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Preface

Inflammation is part of a complex defense reaction of live tissues to injury. It is triggered by
harmful stimuli, including pathogens, physical trauma, radiation, and chemical irritants.
Inflammation is largely mediated by innate and adaptive immune cells in their efforts to
eliminate the initial cause of tissue injury, clear out dead or infected cells, and facilitate tis-
sue repair and wound healing. Hence, acute inflammation is beneficial to the host and must
be tightly regulated. Too little inflammation may lead to progressive tissue destruction, for
example, by the invading pathogen and compromise the survival of the host. In contrast,
exaggerated and chronic inflammation is associated with many diseases ranging from con-
tact allergy and asthma, psoriasis and rheumatoid arthritis, to inflammatory bowel disease,
liver fibrosis, and inflammation of the central nervous system. Thus, a better understanding
of the intricate interactions of the diverse cellular players and their molecular mediators
holds the key to discover novel targets for designing improved immunotherapeutic strate-
gies for the treatment of immune-mediated inflammatory diseases (IMID).

Considering the broad spectrum of IMID and the multidisciplinary scope of inflamma-
tion research, any protocol collection such as Inflammation Protocols will represent a limited
selection of methods and tools to investigate inflammation that is largely biased by the per-
sonal choices of the editors. Owing to our strong conviction that the complex nature of an
inflammatory reaction can best be studied in vivo, we have focused this volume on relevant
animal models of human IMID. While naturally the emphasis lies on mice, we have also
included innovative protocols studying zebrafish and nonhuman primates. Another personal
flavor we introduced to the book is the combination of state-of-the-art descriptions of stan-
dard well-established IMID protocols, with bringing some highly specialized niche proto-
cols such as the isolation and characterization of leukocytes from the aorta or oral mucosa to
broader attention. Finally, we sought to incorporate some emerging technologies such as
CyTOF and RNA sequencing that are currently being developed to study inflammation.
These cutting-edge methods have the high potential to reveal novel targets, which can then
be tested in different IMID models for the benefit of treating human diseases.

This volume of Inflammation Protocols is divided into four parts: The first three parts
describe methods investigating IMID models aftecting epithelial barriers to the environ-
ment, i.c., the skin (Part I), the lung (Part II), and the intestinal and oral mucosa (Part I1I).
The last part illustrates inflammatory disease models of the brain, joints, and vasculature
(Part IV). Despite the established relevance and high significance of in vivo protocols to
study inflammation, there is an increasing awareness of issues concerning their reproduc-
ibility. Therefore, prior to the detailed descriptions of the various experimental protocols,
we provide a viewpoint on how to avoid potential pitfalls in animal inflammation research.

Finally, we are particularly grateful to our friends and colleagues who contributed their
favorite inflammation protocol to this collection. All contributing authors are leading
experts in their respective fields, and we hope that their unique and comprehensive protocols
will inspire the experienced investigator and the young experimenter alike to disentangle
the fascinating process of inflammation.

Mainz, Germany Bjorn E. Clausen
Groningen, The Netherlands Jon D. Laman
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Chapter 1

Reproducibility Issues: Avoiding Pitfalls in Animal
Inflammation Models

Jon D. Laman, Susanne M. Kooistra, and Bjorn E. Clausen

Abstract

In light of an enhanced awareness of ethical questions and ever increasing costs when working with animals
in biomedical research, there is a dedicated and sometimes fierce debate concerning the (lack of) reproduc-
ibility of animal models and their relevance for human inflammatory diseases. Despite evident advance-
ments in searching for alternatives, that is, replacing, reducing, and refining animal experiments—the three
R’s of Russel and Burch (1959 )—understanding the complex interactions of the cells of the immune sys-
tem, the nervous system and the affected tissue/organ during inflammation critically relies on in vivo
models. Consequently, scientific advancement and ultimately novel therapeutic interventions depend on
improving the reproducibility of animal inflammation models. As a prelude to the remaining hands-on
protocols described in this volume, here, we summarize potential pitfalls of preclinical animal research and
provide resources and background reading on how to avoid them.

Key words Animal models, Reproducibility, Repeatability, Replication, Statistics, Randomization,
Research assessment, Publication bias, Robustness, Transgenic artifact, Microbiome, Microbiota,
Immunity, Inflammation, Lymphocytes, Myeloid cells

1 General Background

Reproducibility of experimental findings is a cornerstone to scien-
tific progress, as well as to the rational development of novel medi-
cal interventions. Although the scientific discourse on this theme is
longstanding, during the past 5 years this has developed into an
intense societal debate. A well-researched article in The Economist
(2013) titled “Trouble at the lnb”, attracted broad attention, fol-
lowing up on scientific papers demonstrating disappointingly low
replicability of a selection of major scientific breakthroughs. For
instance, researchers at the Amgen company could replicate not
more than six out of 53 studies on cancer biology [1], a result
highly similar to an analysis performed by Bayer [2].

The importance of this debate is paramount as reproducibility
issues impair true progress, drain limited resources and can negatively
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affect public and political support for research. On the positive
side, a wide array of publications, guidelines, checklists, and online
resources has flourished from the discussions. These will eventually
improve the quality of future studies and data, although it remains
a continuous challenge to not stifle scientific progress with an over-
load of administration.

A strong and creative voice in the debate and the development
of improvements is that of epidemiologist John Ioannidis and col-
leagues such as Steven Goodman. Several of their central contribu-
tions are referred to in this chapter. They recently initiated the
Meta-Research  Innovation Center at Stanford University
(METRICS) to perform “rigorous evaluation of vesearch practices
and find ways to optimize the veproducibility and efficiency of scien-
tific investigations.” Although the emphasis in this effort lies more
on clinical studies and epidemiology, very worthwhile investiga-
tions were also done into animal work [3-6]. Several such papers
contain very practical tables, boxes and checklists for enhancing
reproducibility [7, 8]. Notably, the latter two papers (and also oth-
ers) emphasize that the current scientific reward systems require
improvements: “Scientists may continue publishing and getting
grants, without making real progress, if move publications and more
grants ave all that matters”.

Similarly, microbiologist Ferric Fang and immunologist Arturo
Casadevall have made several constructive and critical contributions
to both the scientific and societal debate on the organization of the
scientific enterprise, including publication bias, scientific integrity,
reward systems, and how these could be improved [9-15].

2 Aims and Outline of this Chapter

It is quite conceivable that for young researchers focusing on their
individual projects and experiments, it can be difficult to select rel-
evant items from the seemingly bewildering array of publications
and resources. This may also be true for some more experienced
and seasoned investigators who are often much pressed for time,
and who by definition were trained in other times.

Hence, this chapter aims to do just that, namely to provide an
accessible toolbox and starter kit, with a particular focus on inflam-
mation in animal models, the theme of this volume. The core of
this chapter is formed by four boxes on definitions (Boxes 1 and
2), distinct resources (Box 3), and practical tips (Box 4). With this
in hand, we hope junior researchers will be able to avoid a consid-
erable series of potential pitfalls. In addition, we provide an exten-
sive reference list, highlighting a number of central publications we
regard particularly informative. Note that not all references are
individually discussed and cited in the text [16-36]. We would like
to recommend that junior researchers starting to work with animal
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models read at least the following key publications: On being a
scientist [ 37 ], the ARRIVE guidelines [ 38, 39], Reproducibility in
science [7], A call for transparent reporting to optimize the predic-
tive value of preclinical research [40], How to make more pub-
lished research true [8], The Leiden Manifesto [41 ], and The fickle
p-value [42]. This amounts to a few-hour investment that will pay
off from a scientific, an ethical, and an educational perspective.

Box 1. Definitions and (mis)understandings

Repeatability, replicability, and reproducibility are terms used to describe the expected outcome of
further experimentation under different conditions. As the terms are often used interchangeably, it
is advised to describe precisely what is meant, instead of assuming that they are self-explanatory.
These three terms are referred to with different and sometimes conflicting meanings, both between
fields (e.g., engineering versus biomedicine), and even within fields, biomedicine being no
exception.

Repeatability—Getting the same results over and over again, without changing anything in the
experimental setup (including the experimenter). This does not exclude that the results are due to
an unknown factor. For example: a method for staining samples gave highly consistent results, until
a new bottle of a standard ingredient was obtained. It later appeared that the ingredient had to be
aged 6 months or more in order to get the desired result.

Replicability—Reproducing results on other samples, or using other methods.
Reproducibility—Results obtained by different people in redoing an experiment.

For instance, in animal behavior experiments, introducing systematic variation of experimental
conditions, termed heterogenization, limited spurious results and improved reproducibility [43].
This seems counterintuitive since one would expect standardization to be beneficial.
Heterogenization is a powerful tool to detect the sensitivity of experiments for unwanted but often
unavoidable variations in conditions, by applying systematic changes that are larger than the
expected random fluctuations. Variations should be carefully planned, and use of experimental
design methods is highly recommended. A statistician’s advice is needed for all but the most simple
setups.

Statistical generalizability—Inferring from a sample to a population. Statistical generalization is
based on sampling theory. This implies that if a sample is not really random (as is often the case)
statistical generalizability is not guaranteed. Especially case control designs where allele frequencies
are compared between groups are vulnerable for random bias due to inadequate matching, because
allele frequencies are subject to exponential variation in closed populations. Inbred strains can have
very different properties from wild type animals. One reason for this is that natural selection in
inbred strains could eliminate all variants with strong and lethal effects that could survive in a
random breeding population.

The results of significance testing (P values) can vary considerably between random samples.
Reporting of results by computing confidence intervals is therefore strongly advised.

Scientific generalizability—Applying the theoretical model based on a particular set of conditions
to other situations.

Largely based on [44] and discussions with Dr. G.J. te Meerman.
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Box 2. A core set of reporting standards for rigorous study design

Randomization

e Animals should be assigned randomly to the various experimental groups, and the method of
randomization reported.

e Data should be collected and processed randomly or appropriately blocked.

Blinding

e Allocation concealment: the investigator should be unaware of the group to which the next
animal taken from a cage will be allocated.

¢ Blinded conduct of the experiment: animal caretakers and investigators conducting the
experiments should be blinded to the allocation sequence.

e Blinded assessment of outcome: investigators assessing, measuring, or quantifying experimental
outcomes should be blinded to the intervention.

Sample-size estimation

e An appropriate sample size should be computed when the study is being designed and the
statistical method of computation reported.

e Statistical methods that take into account multiple evaluations of the data should be used when an
interim evaluation is carried out.

Data handling

e Rules for stopping data collection should be defined in advance.

e Criteria for inclusion and exclusion of data should be established prospectively.

e How outliers will be defined and handled should be decided when the experiment is being
designed, and any data removed before analysis should be reported.

e The primary end point should be prospectively selected. If multiple end points are to be
assessed, then appropriate statistical corrections should be applied.

e Investigators should report on data missing because of attrition or exclusion.

e Pscudo replicate issues need to be considered during study design and analysis.

e Investigators should report how often a particular experiment was performed and whether
results were substantiated by repetition under a range of conditions.

Reproduced with permission from [40].

Box 3. Selection of online reproducibility resources and checklists

Resources Refs
General
The reproducibility initintive aims to identify and reward reproducible research [45]
Transparency and Openness promotion (7OP) guidelines [46,47]
Reporting checklist for Life Sciences articles ( Nature) [26,48]
Meta-Research Innovation Center at Stanford (METRICS) [49]
Protocol exchange ( Nazure) [50]
Reducing IrreProducibility in labOratory STudiEs (RIPOSTE) [51]

Laboratory Quality Management System Training Toolkit ( World Health Organization)  [52]

(continued)
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Box 3. (continued)

Authorship Guidelines (International Committee of Medical Journal Editors) [53]

Reporting guidelines for health research (EQUATOR) [54]

Guidelines from the Federation of American Societies for Experimental Biology (FASEB) [55]

On being a scientist (NITH) [37]
Pipetting techniques

Several manufacturers of manual pipettes (Including Gilson, Mettler Toledo and Eppendorf) [56-58]
have published online tutorials

Animal experimental setup

Animal Research: Reporting of In Vivo Experiments (ARRIVE guidelines) [38,59]
Guidance for the Description of Animal Research in Publications from ILAR [60]
A gold standard publication checklist to improve the quality of animal studies [61]
SYRCLE tool to reduce bias in animal studies [62]
International mouse phenotyping consortium (IMPC) [63]
Experimental design assistant (EDA) from the National Centre for the Replacement, [64]

Refinement & Reduction of Animals in Research (NC3R?)
In vitro cell culture
International Cell Line Authentication Committee (ICLAC) [65, 66]
Guidelines for the use of cell lines in biomedical research [67, 68]

Downstream analyses

Immunohistochemistry [69, 70]
Image acquisition [71]
Digital image analysis do’s and don’ts [72]
Quantification of Western blots using densitometry [73]
Design and reporting of qPCR data: Minimum Information for Publication of [74]

Quantitative Real-Time PCR Experiments (MIQE) guidelines

Identification of functional elements in the genome (e.g., Chromatin [75-77]
Immunoprecipitation, whole genome bisulphite sequencing, DNase sequencing,
FAIRE sequencing): ENCODE guidelines and the Roadmap Epigenomics Project

Minimum Information for Biological and Biomedical Investigations (MIBBI), including  [78]
guidelines for flow cytometry, cellular assays and many others
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Box 4. Selection of pitfalls/pointers/tips/red flags from authors experiences

Awareness/Training and preparation

Many widely used cell lines have been reported to be contaminated. This does not allow for
rigorous testing of hypotheses (an example: when sequencing data from HeLa cells contain
sequences covering the Y-chromosome). However, it is not only old cell lines that have been
passaged for many generations, also newly generated cell lines can be subject to contamination
issues. A recent example is the reported identification of STAP cells [79], a high profile finding that
was not reproducible [80] and involved cell contamination.

Use of siRNA /shRNA strategies to deplete a protein of interest can result in quite severe off target
effects [81]. Using at least 2 independent hairpin sequences and rescue experiments using a cDNA
that is not targeted by the hairpin helps to avoid this. Especially certain cell types, including
embryonic stem cells, appear to be prone to phenotypic changes that are not related to the
downregulation of the gene of interest.

The product sheets depicted on supplier websites are often not updated when new batches of the
reagent are made available. For example in case of polyclonal antibodies targeting posttranslationally
modified proteins, new batches could be less/nonspecific and should always be tested.

The choice of mouse strain can greatly influence results: Inbred vs. outbred, but also more
specifically FVB, C57BL/6, BALB /c, DBA, etc.

Insufficient preparatory reading prior to design of the animal experiment—*“Half a year in the lab
can save half an hour in the library”. This point is also made in the SYRCLE recommendations for
animal studies: a systematic analysis of the literature on the topic should be performed [62].

Lack of formal and high level biostatistics training of junior and experienced researchers. In
conjunction, expert advice of certified statisticians is not sought sufficiently, both for experimental
design and data interpretation.

Exceptional features of individual mouse strains used, including strong bias towards C57Bl/6 mice
due to compatibility with transgenesis. This problem may be alleviated by rapid spread of CRISPR/
Cas technologies pioneered by Jennifer Doudna [82, 83].

Thorough power analysis is required in the design of any animal experiment. Button and colleagues
state that “small studies consistently give more fuvorable (that is “positive”) vesults than larger studies
and that study quality [vigour] is inversely velated to effect size” [84].

Transgenic artifacts: Insufficient awareness of and reporting on the limitations of the transgenic
model used, e.g., leakiness, promoter activity in other than anticipated cell type, the effect of usually
strong viral promoters driving resistance cassettes on nearby genes, or the effect of an inserted
reporter gene as compared to a clean knockout.

Execution

Use of PBS for solutions and in controls results in effects due to the phosphates present in PBS.
0.9% NaCl is a better alternative.

The presence of chicken ovalbumin (OVA) in standard commercial mouse chow can be a serious
confounder in experiments where OVA is used as a model immunogen and tolerogen, for instance
by oral administration.

In the analysis of knockout mice, littermates (wild type and heterozygotes) should be used as
controls, in contrast to wild type animals obtained from commercial or in-house suppliers.

All experimental animals should be genotyped, as well as re-genotyped after termination of the
experiment.

(continued)
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Many aspects of mouse housing can influence experimental outcome. Examples are: the climate in
housing facilities, the effect of specific housing conditions, including bedding material and cage
enrichment, the effect of individual housing, the need of animals to acclimatize after transport, the
effect of circadian rhythm on behavioral experiments, the exact type of food used, or unawareness
of how high-fat food goes rancid quickly, thereby influencing food intake, and, as is becoming
increasingly clear differences in the microbiome between different animal facilities.

Stress can influence experimental outcome and can be induced in animals in response to the
skill-level of the researcher, the presence of other researchers in the facility, fighting or when animals
are used in multiple studies.

Reproducibility can be improved by thorough standardization of experimental procedures,
including the time of injection and sampling etc.

LPS potency can vary greatly between batches. Ideally the same batch/lot should be used
throughout experiments.

A single inbred animal strain formally represents only a single individual in biological terms,
including MHC haplotype.

Animal gender: insufficient systematic use of both male and female animals. Obviously, there are
many scientific and pragmatic reasons why both genders cannot always be used. There is also
enjoyable anecdotal evidence that some regulatory bodies can have overshoot reflexes, for instance
in demanding that female animals are included in prostate research.

Underestimation of irradiation artifacts in experiments to generate bone marrow chimeras (e.g.,
large scale inflammation due to damage in the intestines).

Animals should be formally randomized over groups and rooms.

The observers in animal experiments should be blinded to animal treatment. This is essential, and
logistically not trivial. The coding scheme should be officially secured and locked away from the
observers. Treatment agents should be coded such that their functional identity is not known.

Antigen-adjuvant preparations are critical to all vaccination studies and most autoimmune animal
models. Procedures used are vastly different from lab to lab, and they are often only minimally
described in publications. Sources of variation and confusion include: Poorly characterized peptide
and protein batches, often with contaminations such as LPS and containing protein/peptide
fragments; Highly unreliable weighing of powder-form protein or peptide since this is very
hygroscopic; Inoculum preparation by simple mixing (at different temperatures), versus mixing
using connected syringes providing high shear stress and completely different colloidal properties;
Complete Freund’s Adjuvant (CFA) containing different types of mycobacterium species, ¢.g., M.
tuberculosis versus M. butyricum; Addition of extra mycobacterium to commercial CFA, and
incomplete mention of this in the Materials and Methods section.

For autoimmune disease models, with EAE as the prime example, it can be advised to in vivo titrate
larger batches of self proteins/peptides, in conjunction with the appropriate adjuvant and additional
treatments, such as pertussis toxin (PTX). This allows to calibrate disease course and severity such
that both upmodulation and downmodulation is possible for a large series of future experiments.
Some companies now offer pre-titrated self-antigen /adjuvant emulsions, excluding at least some
sources of variation.

For investigators new to in situ analysis, it is often useful to stress the importance and difference
between tissue controls (e.g., untreated versus treated animals) and positive and negative staining
controls (e.g., First antibody/reagent omission control; For new antibodies an isotype matched
positive control antibody that is sure to work in the tissue under investigation; An isotype/subclass
matched negative control antibody; Confirmatory check that substrate solution is active by mixing
with final step enzyme-linked reagent present in off-flow from sections.

(continued)
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Box 4. (continued)

Tissue-endogenous peroxidase, for instance in neutrophils, is often a confounding factor in HRP
enzyme immunohistochemistry. Addition of low percentage of H,O, in the acetone used for
fixation of frozen sections alleviates this issue, but not always completely. This problem can be
conveniently circumvented by visualizing endogenous peroxidase activity with chloronaphthol,
resulting in a blue-black precipitate.

LPS contamination of glassware, reagents, synthetic peptides, and (recombinant) proteins, such as
ovalbumin. There is evidence that also Ficoll and Percoll can contain unduly high levels of LPS.

Injection of cells or compound into the mouse brain should take into account that very small
volumes should be used, in the order of 0.5 pL. 4 pL is already too much, leading to undue
damage and leakage into other compartments.

Mouse splenic red pulp macrophages contain so much iron from effete erythrocytes, that the group
of Kurts turned an initial artifactual finding into an experimental procedure: even without addition
of magnetic beads, these macrophages can be magnetically isolated [85].

Affinity purification of monoclonal antibodies for in vivo treatment: surprisingly, it does happen that
researchers do not correctly match the biological species in which the antibody was made (large
majority mouse, rat, hamster) with either Protein-A or Protein-G. In addition, an alternative
approach is the classic method of thiophilic agarose. When optimized, this method allows to isolate
100-150 mg of antibody from 3 to 4 1 of culture medium [86].

Isotype controls for in vivo treatment studies: We have argued previously [87] that the use of
antibody isotype controls has very serious limitations and should be discouraged. (1) Undue
crossbinding of the control antibody, to an unknown epitope in the target animal model should be
completely excluded, and this is very difficult to do with certainty. (2) When an antibody isotype
control yields an unexpected outcome, in practice often another one is selected which behaves as
predicted. Hence, there is selection of the isotype control. Strictly speaking, isotype control
treatment could be regarded as a waste of animals and resources since it introduces an uncontrolled
parameter into the experiment [86].

Biased survival of only a fraction of mouse couples joined by parabiosis surgery.

Commercial reagents can be a source of contamination, for instance in microbiome sequencing

[88].

Microbiota typing: We predict that different levels of routine gut microbiota typing of animal
models for inflammation will soon become commonplace. This will be followed by mandatory
typing imposed by top tier journals. Dependent on the application of the model, routine microbiota
typing for other organs and anatomical locations will be implemented (e.g., skin, eye, lungs).

Analysis/Reporting

Insufficient mention in publications of animal housing conditions, including light/dark regime,
(acidified) water, composition of and variation in mouse chow, sound conditions (including radio
music for benefit of investigators and animal care takers), measures to prevent infection.

To prevent publication bias, negative outcomes (i.e., lack of effects) should be published in a way
that data are available to the international community. Fortunately, more types of outlets for such
publications are becoming available, including new journals, and (institutional) server resources.

In silico artifacts: we argue that this is an underestimated source of problems. Examples include:
Uncritical adoption of other investigators spreadsheet designs, including mathematical formulas for
analysis; In addition, experimenters generate large NGS datasets that they often cannot analyze
themselves, whereas bioinformaticians sometimes lack biological background. As a result
unintended mistakes in analysis can go unnoticed.
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Box 4 represents a selection of tips, reccommendations, challenges,
potential pitfalls, and red flags that we experienced in our own
experiments, and that were collected from some of the authors in
this volume. Especially, here we aim to provide original and practi-
cal information to enhance the quality and success rate of your
experiments.

3 Are Animal Models Useful to Model Human Conditions Anyway?

The validity of animal models for human conditions including
inflammatory diseases is a topic of heated and controversial debate
as well as detailed conflicting reviews. For the purpose of this book,
we restrict ourselves to a number of premises:

The discussion is often confused by insufficient separation of
the distinct aims of dissecting basic biology, versus uncover-
ing mechanisms of pathogenesis, versus drug development.

The famous quote “All models are wronyg, but some are use-
ful” by statistician George Box referring to statistical models
was explained by him in 1979 as “Now it would be very
remarkable if any system existing in the veal world could be
exactly represented by any simple model. However, cunningly
chosen parsimoniouns models often do provide remarkably use-
ful approximations. [ .....] For such a model there is no need to
ask the question “Is the model true?”. If “truth” is to be the
“whole truth” the answer must be “No”. The only question of
interest is “ Is the model illuminating and useful?”. Hence, in
animal models of inflammation, it should be defined very
strictly what aspect of the distinct human conditions the sys-
tem should mimic.

The interactions between the highly diverse and mobile
immune cell subsets with complex organ systems cannot be
reliably mimicked with human and in vitro studies only.

Therefore, the calls by some to replace all animal testing by
human studies are ill-founded since the consequence would
be an inacceptable slowing of the pace of discovery, and
many immunological questions would become completely
intractable.

However, there is no doubt that the high attrition rate of
candidate drugs should be reduced by major improvements
and extension of the current animal models. This entire vol-
ume strives to attain such improvements. Several of the
chapters contribute to the three R’s of animal studies, i.e.,
reduction, replacement and refinement [89].
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*  One such improvement could entail an intermediary step
between human trials and the basic research performed in
inbred, genetically modified and SPF-housed mice. These
models are invaluable, allow for rigorous testing and have
resulted in the discovery of many mechanistic insights into
the development of inflammatory diseases. However, recent
reports indicate that the exposure of laboratory mouse
strains to pathogens results in an immune system that is
more comparable to the human situation [90, 91]. Mice
with such a ‘normalized microbial environment’ could
prove highly useful in the future to validate promising ther-
apeutic candidates from “clean” mouse models prior to
clinical trials in patients.

4 Study Design and Statistics

It has been recognized for a while now that the quality and rigor
of statistical methods in (bio)medical publications is often inade-
quate or even poor, both in clinical and in animal studies.
Interestingly, recent papers highlight the (mis)interpretations of
what the p-value represents, and what it can or should not be used
for [42, 92]. A series of measures at different levels aims to miti-
gate this issue, including: More attention for statistics training of
young investigators; Early engagement of certified statisticians in
study design, execution and analysis; Development of guidelines
for statistical reporting that can be adopted by all journals; Within-
study replication of the findings in an independent cohort (now
mostly for human genetics studies); And enhanced statistic rigor in
the review process, with some journals employing independent
statisticians for that purpose.
In animal research, some hot topics on study design include:

*  Optimal balancing of animal number based on ethical
and financial considerations in relation to statistical
power analysis.

e Robust randomization of experimental animals;
Blinding of researchers to treatment; Publication of
neutral or negative outcomes.

e The tendency of some methodologists and, in particu-
lar, animal ethics committees to claim that a single
experiment with relatively large animal groups is to be
preferred over replicate experiments. This is a funda-
mentalissue, and the prestigious Journal of Experimental
Medicine in an editorial quite rightly stated “Although
this is a landable practice [ using large animal groups)
that should apply to all experiments, it has no bearving on
the issue of experimental veproducibility” [93].



Reproducibility Issues Concerning Animal Models 11

e The fact that experimental animals are most often
housed under specified pathogen free (SPF), or other-
wise relatively artificial conditions, with very limited
exposure to environmental pathogens. Moreover, the
SPF status differs between different animal facilities.

e  The genetic background (e.g., C57BL/6 or BALB /c)
can have a strong influence on phenotype. In addition,
for understandable economic reasons, most often
(very) young adult animals of the same sex are used.

The discussion on the usefulness of animal models for inflam-
mation research recently got much confused by an initial paper
bluntly claiming that animal models do not appropriately mimic
human conditions [94]. Subsequently, other researchers reached
exactly the opposite conclusions using the very same data set [95].
This controversy was followed by an extensive debate in a series of
papers. We would like to recommend the commentary by Christoph
Benoist [96] as particularly informative. Another constructive con-
tribution to the discussion is the concise and very balanced review
on the use of animal models for research on aging (in which inflam-
mation is essential) with oftentimes quite subtle pros and cons [97].

An influential effort to improve the quality of animal models is
the establishment of the ARRIVE guidelines [38, 39]. Even if the
ARRIVE guidelines are not compulsory under national conditions,
it is still highly recommended to refer to them in detail for the
design, execution and reporting of animal experiments. A core set
of reporting standards can be found in Box 2. Ioannidis and col-
leagues have also detailed useful recommendations on animal
experimentation [5, 7]. Another approach is the SYRCLE tool to
reduce bias in animal studies employing systematic review [62]. It
employs an adaptation of the Cochrane Risk of Bias analytical tool
for randomized clinical trials. For many animal models of inflam-
mation, extensive recent recommendations have been made, for
instance: Experimental autoimmune encephalomyelitis (EAE) as a
model for multiple sclerosis [98, 99]. Also in a recent effort, a
consortium of six independent research centers analyzed the effect
of a potential stroke therapy using a coordinated, randomized, and
blinded approach [100].

5 Pipetting Techniques, Standard Procedures and Accreditation Systems

Surprisingly, many formal education programs in life sciences and
medicine do not provide systematic and formal training in pipet-
ting skills, however critical to safety, accuracy, and precision of
laboratory research. Sequential pipetting errors in complex and
long experiments can jointly result in dramatic errors. As an exam-
ple, many researchers are not familiar with the technique of reverse
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pipetting and its applications. Occasionally, homemade instruction
materials on pipetting such as YouTube tutorials even spread non-
trivial errors. Several international companies provide good instruc-
tion materials free of charge, and Box 3 lists a selection of those.
Optimally, pipetting skills of new recruits at any career stage should
be validated, and lab policies on calibration and servicing of pipettes
should be clearly communicated.

On a more general note, concise but complete standard oper-
ating procedures (SOP) are crucial for improving reproducibility
within a given department. Laboratory researchers are often under-
standably reluctant to implement formalized quality and accredita-
tion programs such as based on ISO criteria and requiring
independent auditing. However, we argue from experience, that
when executed pragmatically, accreditation strongly improves reli-
ability of the work, and saves time and costs associated with subop-
timal lab organization.

6 Reproducibility of Individual Techniques: qPCR and FACS as Examples

As it is obviously not possible to discuss the myriads of techniques
used in animal experimentation, we use quantitative PCR as an
example. There are examples in the literature where two groups
reach diametrically opposite conclusions based on different qPCR
routines. This has stimulated the design of the MIQE [74, 101].
Even if one does not fully adopt the 30-odd MIQE items to be
reported in publications, it does provide a highly useful checklist.

A technique commonly used in immunology is flow cytome-
try and Fluorescence Activated Cell Sorting (FACS). Considering
the complexity of the technology and the great number of vari-
ables, standardization of experiments and their reporting can
greatly improve reproducibility [102]. Due to the increasing use
of FACS for clinical purposes, the International Council for
Standardization of Haematology and International Clinical
Cytometry Society has also recently published guidelines for cell-
based fluorescence assays [103].

7 Cell Line Authentication and Mycoplasma Contamination

There is a tendency to underestimate or even ignore the importance
of cell line authentication, and verification that mycoplasma does
not contaminate cell lines and primary cultures [67, 104-108].
There are notorious and unfortunate examples of how mis-
identification and cross-contamination of cell lines negatively
affected research fields [109-113]. Attempting to ban cell-line con-
taminants from future literature, many journals now require authors
to verify the source and validity of cell lines at the time of manu-
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script submission. Other positive developments include the estab-
lishment of the Institute for Cell Line Authentication, novel
guidelines and technologies for such authentication, and for
improved detection and eradication of mycoplasma (see Box 3).

8 Research Assessment and Animal Work Robustness

In parallel to the reproducibility debate, discussion on how to rate
the importance and value of research efforts (research assessment)
is recently intense. We raise this issue here briefly since many
(young) researchers trying to select the best publications from the
ocean of literature use the journal impact factor (JIF) as a proxy for
quality of the studies presented in papers. In other words, highly
cited scientific journals would be expected to publish the best-
designed and controlled studies. In a well-phrased paper, Brembs,
Button, and Munafo argue that using journal rank as an assessment
tool is bad scientific practice and that journal rank is a poor indica-
tor of methodological soundness [114]. Their evidence leads to
four conclusions: “1. Journal rank is a weak to moderate predictor
of utility and perceived importance. 2. Journal rank is o moderate to
stronyg predictor of both intentional and unintentional scientific
unreliability. 3. Journal vank is expensive, delays science and frus-
trates vesearchers, and, 4. Journal rank as established by impact foc-
tor violates even the wmost basic scientific standards, but predicts
subjective judgments of journal quality.” Hence, it is clearly a mis-
conception to assume that the JIF correlates well with study qual-
ity. A recent insightful and forward-looking commentary in Nature
issues positive guidelines for more appropriate means of research
assessment [41].

9 Concluding Remarks

We hope this chapter will raise the awareness of reproducibility
issues concerning animal inflammation research and, at the same
time, provides a practical resource for both junior and more expe-
rienced researchers to further improve both the standardization
and innovation of animal models for inflammatory diseases. The
authors welcome any critical comments and suggestions to be
incorporated into future resources on this topic.
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Chapter 2

Hapten-Specific T Cell-Mediated Skin Inflammation: Flow
Cytometry Analysis of Mouse Skin Inflammatory Infiltrate

Nicolas Bouladoux, Clotilde Hennequin, Camille Malosse,
Bernard Malissen, Yasmine Belkaid, and Sandrine Henri

Abstract

Hapten-specific T cell-mediated skin inflammation also known as contact hypersensitivity (CHS) is
characterized by a strong influx of CD8* cytotoxic T cells within the skin upon reexposure of sensitized
individuals to the same hapten. As many other leukocytes are also recruited during this elicitation phase,
we attempted to revisit the skin infiltrate and characterize the inflammatory pattern. Recent improvement
in the isolation in conventional as well as inflammatory dendritic cell and macrophage subsets from tissues
and in the use of appropriate surface markers unraveling their heterogeneity should allow to determinate
their specific functions in the CHS model. Here, we describe procedures to extract those cells from the
skin and to analyze them by flow cytometry using a combination of appropriate surface markers allowing
further transcriptomic analysis and functional assays.

Key words Skin, Contact hypersensitivity (CHS), Dendritic cell subsets, Monocyte-derived cells,
Macrophages, Neutrophils, CD4* T cells, CD8* T cells, yd T cells, Flow cytometry

1 Introduction

Hapten-specific T cell-mediated skin inflammation is known under
various names: contact hypersensitivity (CHS), allergic contact
dermatitis (ACD) or delayed-type hypersensitivity (DTH). This
inflammatory skin disease is common in industrialized countries
[1] and can be mimicked with animal models by painting a hapten
onto the skin allowing the dissection of the pathophysiology of
CHS. Using the strong contact sensitizer 2,4-dinitro-1-
fluorobenzene (DNFB), it was shown that optimal CHS was a
two-step reaction with two temporally and spatially dissociated
phases [2, 3]. The first contact with the hapten on the skin is
referred to as the sensitization phase also called afferent or induc-
tion phase. During this phase, the innate immune system is stimu-
lated leading to the activation of skin dendritic cells (DCs) that
migrate to the skin draining lymph nodes and prime naive T cells
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to become skin-tropic, hapten-specific effector T cells. Upon reex-
posure to the same hapten, those specific T lymphocytes are rapidly
activated within the skin, triggering a strong inflammatory process
within 24-72 h characterizing the elicitation phase that is also
called efferent or challenge phase [4]. At steady-state, the skin con-
tains many cell types of the hematopoietic system including con-
ventional DCs, monocytes, monocyte-derived DCs, macrophages,
0 T cells, ap T cells mainly CD4* T lymphocytes and very few
neutrophils. Conventional DCs were firstly described in lymphoid
organs in the early seventies [5], but due to their low numbers and
the difficulty to extract them, extensive studies assessing their func-
tions were primarily performed using bone marrow- or monocyte-
derived DCs [6-8]. With the use of a few key markers, we could
disentangle the complexity of the skin DC network allowing to
distinguish phenotypically and functionally distinct subsets [9-11].
Moreover, for many years, there was confusion in the field of DC
characterization in tissues as many studies were often mixing con-
ventional tissue DCs derived from DC precursors with monocyte-
derived DCs and even tissue macrophages. Such confusion was
even worse during inflammatory conditions. Indeed, in models
such as CHS, both phases are characterized by a strong influx of
neutrophils and monocytes, which will differentiate into inflamma-
tory monocyte-derived DCs, commonly called Tip-DCs for TNF
and iNOS producing DCs. We and others contributed to improve
cell extraction from mouse skin and unravel the combination of
specific surface markers to stain the immune skin infiltrate and dis-
tinguish the different conventional DC subsets, the monocytes,
monocyte-derived DCs and the macrophages by flow cytometry
[12-14]. Upon inflammation, the analysis of the inflammatory
response can be completed with the same gating strategy [ 14, 15].
In the present protocol, we explain how to thoroughly analyze the
immune skin infiltrate in a DNFB-induced CHS model. Not only
we show how to distinguish the innate cells from the neutrophils
to the DC subsets and macrophages but we also show how to fol-
low the adaptive T cell immune response as it ultimately plays a
major role within the tissue [16-18].

2 Materials

2.1 Induction
of DNFB-Mediated CHS

1. 6-9-week-old, sex- and weight-matched C57BL6 mice.
2. Shaving device and hair depilation cream.

3. Acetone/olive oil vehicle (4:1).

4. 2 4-dinitro-fluorobenzene (DNFB).



2.2 Analysis

of the Leukocyte Skin

Infiltrate by Flow
Cytometry
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Keep all the solutions sterile. Do not add sodium azide to the
solutions.

1.

14.
15.
16.
17.

Basic medium: To 500 mL of RPMI 1640, add 5 mL of peni-
cillin-streptomycin solution (10,000 I1.U, 10,000 pg/mL),
5 mL of 100 mM sodium pyruvate, 5 mL of MEM nonessen-
tial amino acids (100x), 5 mL of 200 mMI-glutamine, 500 pL
of 55 mM BME, and 10 mL of 1 M HEPES. Store at 4 °C.

. Complete medium: Basic medium complemented with 10%

FBS.

. FACS Buffer: PBS, 2% FBS, 5 mM EDTA (combine 100 mL

of 10x PBS, 10 mL of 0.5 M EDTA (pH8.0), 20 mL of inac-
tivated FBS and complete to 1 L with ultrapure water). Filter
through a 0.2 pm filter and store at 4 °C.

. Sorting FACS Buffer: PBS, 10% FBS, 5 mM EDTA (combine

100 mL of 10x PBS, 10 mL of 0.5 M EDTA (pHS8.0), 100 mL

of inactivated FBS and complete to 1 L with ultrapure water).
Filter through a 0.2 pm filter and store at 4 °C.

. DNase stock solution (deoxyribonuclease I from bovine pan-

creas): 10 mg/mL solution in basic medium (resuspend
100 mg of powder in 10 mL of basic medium). Aliquot (1 mL
aliquots) and store at —20 °C.

. DNase working solution: on the day of the experiment, take

500 pL of DNase stock solution at 10 mg/mL and complete
to 10 mL with basic medium. Keep the solution on ice.

. Liberase TL stock solution: 25 mg/mL solution in sterile

water (resuspend 5 mg of powder in 200 pL of sterile water).
Aliquot (50 pL aliquots) and store at —20 °C.

. Liberase TL-DNase working solution: on the day of the exper-

iment, combine 100 pL of Liberase TL stock solution at
25 mg/mL and 500 pLL of DNase stock solution at 10 mg,/mL
and complete to 10 mL with basic medium. Keep the solution
on ice.

. Forceps, scissors.
10.
11.
12.
13.

Petri dishes.
24-well plates.
Automated mechanical disaggregation system (Medimachine).

50 pm sterile disposable chambers (Medicons) to be used on
the Medimachine and allowing an efficient cutting of the tissue
(microblades).

50 pum sterile syringe filters (Filcon).
20 mL sterile syringes and 19G needles.
10 mL sterile pipettes.

70 pm sterile cell strainers.
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18. 15 mL sterile polypropylene (PP) tubes.
19. 1.5 mL sterile Eppendorf tubes.
20. Fc block (clone 24G2).

21. RLT Plus Bufter: Lysis buffer for lysing cells prior to RNA
isolation.

3 Methods

3.1 Induction
of DNFB-Mediated CHS
(See Fig. 1)

Naive

Vehicle

DNFB

CHS

1. Firstly, 2 cm? of fur is removed on dorsal skin using the shaving
device and the hair depilation cream.

2. 24 h later, mice are sensitized by epicutaneous application of
25 pl of 0.5% DNEB diluted in acetone /olive oil (4:1), using
a 200 pl pipette tip.

3. Five days later, mice are challenged on the ear by epicutaneous
application of 25 pl of 0.2 % DNEFB diluted in acetone/ olive
oil (4:1), using a 200 pl pipette tip. This group is called CHS
in Figs 1-6 and Table 4 (see Note 1).

Skin infiltrate
analysis

v

Skin infiltrate

Vehicle Vehicle .
analysis
DO D5 D7
: DNFB  Skin infiltrate
Vehicl
enicie 0.2% analysis
DO D5 D7
DNFB DNFB  Skin infiltrate
0.5% 0.2% analysis
DO D5 D7

Fig. 1 CHS induction model CHS was induced as follows: firstly mice were sensitized by topical application of
0.5% DNFB on the dorsal skin. Five days later, animals were challenged on the ear by topical application of
0.2% DNFB and the ear skin infiltrate was analyzed 2 days later. Ear skin infiltrate analysis was realized com-
paring naive mice (Naive) to mice that received the vehicle only (Vehicle), to mice that received first the vehicle
and then DNFB 0.2 % on the ears (DNFB) and to mice which were sensitized and challenged with DNFB (CHS)
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. Two days after the challenge, sacrifice the mice.

. Using forceps and small surgery scissors, cut the ears 2 mm

from their basis to avoid including hair from the scalp.

. Add 1 mL of PBS in 24-well plates, place the ears on the PBS

and keep on ice.

. Ina 24-well plate, distribute 750 pL Liberase TL-DNase work-

Treatment ing solution per well. You will need 2 wells per mouse (if col-
lecting both ears) (see Note 2).
A 250k ] 4 250k ] 4 2501
98.7 99.7
200K
Naive 150K -
S 100K
= 50K @
0 T T T T T 0 T T T
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K ,103 0 103 104 105
250K 250K . 250K
99.4
200K 1
Vehicle 150k
100K
< 50K
1
O oty ;
3
U) 10 10
(,)250K-
200K
DNFB 150k ]
100K
50K 1
T T T 0 e
200K 250K 0 50K 100K 150K 200K 250K _103 10
: 250K
200K 4
CHS 150K |
100K A
50K
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K -103 0 103 1[)4 105
SSC-A— ——FSC-A—— Sytox ——

Fig. 2 Pre-gating strategy of living cells. Cells were prepared from skin and analyzed by flow cytometry. Cells
are pre-gated according to their size (FSC-A/SSC-A). Doublets and dead cells are excluded using FSC-H and

Sytox blue respectively



26 Nicolas Bouladoux et al.

A Naive Vehicle
A~ g 3
. PR ¢
: 4 )
) 10 3
©
DCs/ 53 o
(50
o
Mono/Macro 8 04
()]
é-1 . 210
= 100 10" 10
B
10 10 10
To}
o
©
>
m
T cells
I;
z
[0}
©
c>x
3
I
=
‘ o
o
S
C ~
Ti 1 100 - 4.86
P4
8 0} 10t
. 2
Neutrophils '~ 3
E 21 10
TC o 0
)
§-10 T R

0 103 104 105

>

Fig. 3 Pre-gating strategy of hematopoietic cells of myeloid or lymphoid lineage Cells were prepared from skin,
run on a flow cytometer, pre-gated on live cells as described in Fig. 1 and further gated to analyze myeloid
populations or T lymphocytes or neutrophils. (a) Myeloid cells including dendritic cells, monocytes, and mac-
rophages (DCs/Mono/Macro) were selected as hematopoietic cells (CD45+) with further exclusion of NK cells,
B cells, T cells, and neutrophils (Lin-) according to the staining presented in Table 1. (b) T lymphocytes were
selected as hematopoietic cells (CD45+) with further exclusion of NK cells, B cells, myeloid cells and neutro-
phils (Lin-) according to the staining presented in Table 3. (¢) Neutrophils were selected as CD11b* and Ly6G*,
which is included in the Lin channel according to the staining presented in Table 2

2. With forceps, separate the internal and external faces of the
ears (the internal face will come with the cartilage) and lay it
down flat on 750 pL Liberase TL-DNase working solution.
The “outside” (epidermis) of each skin layer should be up,
whereas the “inside” (dermis) should be in contact with the
solution (see Note 3).
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+

CD11b- CD24 CD24- CD11b"

CD45* Lin- MHCII

Naive

Vehicle

CD11c

DNFB

CHS

MHCIl —

Fig. 4 Conventional DC subset gating strategy Cells were prepared from skin and analyzed by flow cytometry (see
Table 1). After pre-gating on CD45* Lin—, MHCII* CD11¢°*®+ cells were selected. Conventional DC subsets can
then be discriminated using CD24 versus CD11b. CD24+CD11b-, which correspond to CD24/CD207 dermal DCs
can be further divided according to their expression of XCR1 and CD103. CD24+CD11b* correspond to the
Langerhans cells (LCs). The CD24-CD11b~ population is often referred to as DN DCs and finally, within the
CD24-CD11b* population, only the Ly6C-CD64~ cells correspond to the conventional CD11b* dermal DC subset

3. Incubate for 1:45 h at 37 °C in a cell culture incubator
(5% CO,).
4. To stop the enzymatic treatment, at the end of the incubation,

add 750 pL of DNase working solution and 15 pl of 0.5 M
EDTA.

5. Using fine forceps, collect the ear halves and place them in the
Medicon tissue grinder. Add 1.5 mL of DNase working
solution.

6. Place the Medicon in the Medimachine and turn it on for
8 min.
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CD45" Lin CD11b* Mo Cells CCR2* CCR2

w437.5

Naive

Vehicle

CD24
o Ly6C
- CCR2 —

DNFB

CHS

3.06

L CD11b— —— cDe4—> —— CDe4 —>

Fig. 5 Monocyte, monocyte-derived DC, macrophages gating strategy Cells were prepared from skin and
analyzed by flow cytometry (see Table 2). After pre-gating on CD45* Lin-, total CD11b* cells were selected.
Conventional CD11b* DC subset was excluded using Ly6C and CD64. Monocyte-derived cells (Mo-cells) were
selected based on their expression of Ly6C and CD64. This population can be further divided into CCR2* and
CCR2-. CCR2* cells include dermal monocytes (P1, Ly6C*MHCII-) and dermal monocyte-derived DCs
(P2, Ly6C*MHCII* and P3, Ly6C-MHCII*). CCR2- cells correspond to the dermal macrophages and can be
divided into two populations P4 and P5, which are Ly6C-MHCII- and Ly6C-MHCII*, respectively

7. Collect the cell suspension from the Medicon using a 20 mL
syringe and rinse the Medicon with 8 mL of DNase working
solution.

8. Proceed to the filtration in a 15 mL tube using 50 pm syringe
filter (Filcon).

9. Centrifuge for 5 min at 450 xg and 4 °C.

10. Resuspend the pellet with 1 mL of FACS Buffer and proceed
to counting and staining (see Note 4).

3.4 FACS Staining 1. Prepare the antibody mix as described in Tables 1, 2 and 3
(See Note 5) (without the Sytox blue) (see Note 6). The antibodies are
diluted in FACS Buffer and require to be titrated before use.
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Fig. 6 T cell gating strategy Cells were prepared from skin and analyzed by flow cytometry (see Table 3). After
pre-gating on CD45* Lin—, T cell subsets were further divided according to their expression of yd and 3
TCR. DETC correspond to TCRy&"e", whereas dermal y5 cells correspond to TCRy&™e™edae, Conventional CD4*
and CD8* T cells are found after pre-gating on TCR3 expressing cells

2. Cells are distributed in 1.5 mL Eppendorf tubes for staining
(with a maximum of 1 million cells per tube).

3. Centrifuge for 5 min at 400 x 4.
4. Add Fc block (0.025 pg/mL).
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Table 1

mAbs used for FACS analysis of conventional DC subsets

Conjugate Name Clone Purchased from
Violet laser SytoxBlue Viability Lifetechnologies
(405 nm) BV610 CDl1c N418 Biolegend
BV711 CDI11b M1,/70 Pharmingen
Blue laser FITC Ly6C AL-21 Pharmingen
(488 nm)
Green-Yellow laser Biotin CD103 M290 Pharmingen
(561 nm) PECF594 Streptavidin Pharmingen
PECy5 CD24 M1/69 Biolegend
PECy5.5 CD45 30-F11 eBioscience
RE XCR1 ZET Biolegend
Red laser Alexa700 MHCII M5/114.15.2 Biolegend
(633 nm) APCCy7 Ly6G HK1.4 Biolegend
APCCy7 CD19 6D5 Biolegend
APCCy7 NKI.1 PK136 Biolegend
APCCy7 CD3 145-2C11 Biolegend
APC CD64 X54-5/7.1 BD
5. Incubate for 10 min on ice.
6. Centrifuge for 5 min at 400 x 4.
7. Add 100 pL of antibody mix.
8. Incubate for 30 min on ice and protected from light.
9. Add 1 mL of FACS buffer to wash the cells.
10. Centrifuge for 5 min at 400 x g.
11. Resuspend the cell pellet in Sytox blue diluted (1,/1000) in

3.5 Gating Strategy
for FACS Analysis or
GCell Sorting

12.

FACS buffer.

Cells are ready to be run on the FACS or cell sorter (see
Notes 7 and 8). If clumps appear, filter one more time using a
70 pm cell strainer.

. Gate cells according to their size using FSC and SSC, exclud-

ing debris (see Fig. 2).

. Remove dead cells by gating on Sytox blue negative cells (see

Fig. 2).

. Gate on hematopoietic cells as CD45* cells (see Fig. 3).

. Gate on DCs and monocyte-related cells as dump channel

negative cells (APCCy77) within CD45* cells (see Fig. 3a).

. DC subsets are gated as follows (see Fig. 4 and Tables 1 and

4): within CD45* Lin~ cells, select MHCII* CD11c¢ 'ov tohigh,
Then plot them using CD24 versus CD11b (see Note 6).
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mAbs used for FACS analysis of monocytes, monocytes derived DG, macrophages, and neutrophils

Conjugate  Name Clone Purchased from
Violet laser SytoxBlue Viability Life Technologies
(405 nm) BV610 CDl1c N418 BioLegend
BV711 CD11b M1,/70 Pharmingen
Blue laser FITC Ly6C AL-21 Pharmingen
(488 nm)
Green-yellow laser (561 nm) Biotin CD103 M290 Pharmingen
PECF594 Streptavidin Pharmingen
PECy5 CD24 M1/69 Biolegend
PECy5.5 CD45 30-F11 eBioscience
IRE} CCR2 475301 R&D
Red laser Alexa700 MHCII M5/114.15.2  BioLegend
(633 nm) APCCy7 Ly6G HK1 .4 BioLegend
APCCy7 CD19 6D5 BioLegend
APCCy7 NKI.1 PK136 BioLegend
APCCy7 CD3 145-2C11 BioLegend
APC CDo64 X54-5/7.1 BD
Table 3
mAbs used for FACS analysis of T cell subsets
Conjugate Name Clone Purchased from
Violet laser SytoxBlue Viability Life Technologies
(405 nm) BV650 CD4 RM4-5 Pharmingen
BV421 TCRyd GL3 BioLegend
Blue laser FITC TCRp H57-597 Pharmingen
(488 nm)
Green-yellow laser PECy5.5 CD45 30-F11 eBioscience
(561 nm) PE CDS8p H35-17.2 eBioscience
Red laser APCCy7 MHCII M5/114.15.2 BioLegend
(633 nm) APCCy7 Ly6G HK1 .4 BioLegend
APCCy7 CD19 6D5 BioLegend
APCCy7 NKI1.1 PK136 BioLegend
Alexa700 CD3e 500A2 Pharmingen

Four distinct populations should be found: (a) the dermal
CD24*CD11b~ cells which can be further divided using XCR1
and CD103 (see Note 9), (b) The CD24*CD11b* cells which
correspond to the Langerhans cells (LCs), (c¢) the
CD24-CD11b~ cells and (D) the CD24-CD11b* cells which
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should be further separated using CD64 and Ly6C. The con-
ventional CD24-CD11b* dermal DCs correspond to the
Ly6C-CD64~ cells (see Note 10).

. Monocyte-related cells are gated as follows (see Fig. 5 and

Tables 2 and 4): within CD45* Lin~ cells, select CD24-CD11b*
cells. Then plot them using Ly6C versus CD64. Remove the
Ly6C-CD64~ cells, which correspond to the conventional
CD11b* dermal DCs. On the remaining cells, plot CD64 versus
CCR2 and select CCR2*CD64"" and CCR2-CD64* popula-
tions. Within CCR2*CD64"" cells, by plotting Ly6C versus
MHCII, you candistinguish the monocytes (P1, Ly6 C"MHCII")
and monocyte-derived DCs (P2 and P3, Ly6C-MHCII* and
Ly6C MHCII* respectively), whereas within CCR2-CD64*
cells, the macrophage populations (P4, Ly6C°*"MHCII- and
P5, Ly6C*"MHCII*) can be distinguished.

. T cells are gated as follows: Remove non T cells using dump

channel negative cells (APCCy7~) within CD45* cells (see
Fig. 3b). y6 and af T cells can be separated by plotting TCRf
versus TCRyS (see Fig. 6 and Tables 3 and 4). TCRyd" corre-
spond to the dendritic epidermal T cells (DETC),
TCRygnermediate correspond to the dermal y8 T cells and TCRp*
correspond to the conventional af T lymphocytes. Conventional
af T lymphocytes can be further divided into CD4* and CD8*
T cells (see Fig. 6 and Tables 3 and 4).

. Neutrophils are gated as follows: As Ly6G was included in the

dump channel (se¢ Table 2), within CD45* cells, neutrophils
can be discriminated as CD11b* Ly6G*/Dump* cells (see
Fig. 3c and Tables 2 and 4).

4 Notes

. Appropriate controls should be added such as vehicle only for

sensitization and elicitation (called Vehicle group on the fig-
ures and Table 4), DNFB 0.2 % on ear skin with previous sen-
sitization with vehicle on the dorsal skin (called DNFB group
on Figs. 1-6 and Table 4) as well as untouched skin (called
Naive in Figs. 1-6 and Table 4).

. If you wish to separate the dermis from the epidermis prior to

the digestion treatment, ears can be treated with dispase II
(from Bacillus polymyxa grade 2). Briefly, internal and external
faces of the ears are separated with forceps and laid on 1 mL of
0.4 mg/mL (or 1000 CU/mL) dispase (diluted in PBS) and
incubated 1-2 h at 37 °C or on 1 mL of 0.2 mg/mL dispase
and incubated overnight at 4 °C. Take each ear half from the
dispase solution, dry it on a paper towel and using forceps pull
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off the epidermis from the dermis as well as the cartilage layer
from the internal face, before proceeding to the digestion step.
To digest further, the epidermis and dermis are laid on 500 pl
of collagenase D /4 from Clostridium bistolyticum (5 mg/mL
in RPMI with 0.05% DNase) and incubated 1-2 h at
37 °C. Then tissues are processed using the Medimachine.

. If your experiments require that you extract cells from flank or

back skin of mice, we recommend shaving the skin. Then on a
1 ¢cm? piece of skin, remove the subcutaneous fat using fine
forceps and a scalpel. Using a 300 pl insulin microneedle, inject
the skin biopsy five to ten times with Liberase TL-DNase
working solution and place it on 1 mL of Liberase TL-DNase
working solution in a 24-well plate (dermal side down).
Incubate for 2 h at 37 °C in a cell culture incubator (5% CO,)
and proceed with the grinding as described for the ears (see
step 3.3).

. If the cells need to be restimulated in vitro to assess cytokine

production, at this step the cell pellet should be resuspended
with 1 mL of complete medium (basic medium complemented
with 10% FBS). Cytokine-producing T cell subsets can be eas-
ily distinguished using intracellular FACS staining to detect
1L-17 and IFN-y cytokines [16, 17].

. The antibody mix provided in Tables 1, 2 and 3 can be used

with the appropriate FACS device with four lasers. In our case,
most of the experiments are done using an LSRII for analysis
and a FACS-ARIA for sorting.

. In the past we have used CD207 to discriminate DC subsets

but as it requires intracellular staining, we now use CD24
whose expression correlates perfectly with CD207 and whose
staining is extracellular. This allows further ex vivo functional
assays as well as transcriptomic analysis.

. For ex vivo functional assays, cells are sorted using a flow

cytometer and collected in 5 mL tubes containing 2 mL of
Sorting FACS bufter (10 %FCS EDTA-PBS).

. For microarray analysis, cells are sorted using a flow cytometer

and collected in RNAse free Eppendorf tubes containing 90 pL
of RLT plus buffer for further RNA extraction using a Qiagen
microkit plus.

. XCR1 allows to distinguish cross-presenting DCs in all tissues

and lymphoid organs including the skin [19-21]. Until very
recently, there was no antibody to track them and instead we
were staining them with a dimeric molecule containing XCL1,
which is the ligand for XCRI1 fused with the fluorescent mol-
ecule mCherry (XCLI1-vaccibody) which can also be used for
very efficient targeting-based vaccine [21, 22].
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10. Part of the Ly6C~CD64~ cells may produce aldehyde dehy-
drogenase (ALDH), which is involved in Treg induction
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Chapter 3

Monitoring Skin Dendritic Gells in Steady State
and Inflammation by Inmunofluorescence Microscopy
and Flow Cytometry

Julia L. Ober-Blobaum, Daniela Ortner, Bernhard Haid, Anna Brand,
Christoph Tripp, Bjorn E. Clausen*, and Patrizia Stoitzner

Abstract

Skin dendritic cells (DC) are strategically positioned at the body’s second largest epithelial border to the
environment. Hence they are the first antigen presenting cells that encounter invading pathogens and
environmental antigens, including contact sensitizers and carcinogens penetrating the skin. Moreover, DC
have the unique ability to induce immunity or tolerance and thus take center stage in regulating innate and
adaptive immune responses. Skin DC can be divided into several phenotypically and functionally distinct
subtypes. The three main subsets are Langerin* epidermal Langerhans cells (LC) and Langerin® as well as
Langerin™¢ dermal DC. In the steady state skin DC form a dense network to survey the periphery for
pathogens and harmful substances breaching the cutancous barrier. During inflammation DC become
rapidly activated and start their migration to skin-draining lymph nodes where they initiate antigen-specific
T cell responses. The homeostasis and mobilization of DC in the skin can be visualized by immunofluores-
cent staining of epidermal and dermal sheet preparations or skin sections. Here, we describe in detail how
inflammation can be induced in the skin with tape stripping or FITC painting and how the skin DC net-
work can be monitored using immunofluorescence microscopy and flow cytometry.

Key words Dendritic cells, Epidermal and dermal sheets, FITC painting, Immunofluorescence
microscopy, Langerhans cells, Skin inflammation, Skin cryosections, Tape stripping

1 Introduction

The skin can be divided into an outer epidermis and the underlying
dermis that are separated by a basement membrane. Together they
form a strong mechanical barrier that protects the host from physical
stress and a wide variety of environmental threats, including chemi-
cals and pathogens. In addition, the skin harbors a heterogeneous
population of dendritic cells (DC), professional antigen presenting
cells that orchestrate the immunological barrier and are central
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regulators of innate and adaptive immune responses [1, 2]. In the
steady state, DC continuously scrutinize the skin for invading patho-
gens and along the way sample self- and environmental antigens.
Through an unknown mechanism a small fraction of the cells under-
goes spontaneous maturation, facilitating their chemokine receptor
CCR7-mediated migration to the T cell areas of skin-draining lymph
nodes. During migration, the DC upregulate the expression of sur-
face MHC /peptide complexes and cell adhesion molecules enabling
efficient recognition and interaction with naive antigen-specific T
cells. Encounter of these phenotypically mature DC with T cells rec-
ognizing self- or harmless environmental antigens leads to T cell
anergy, deletion or induction of regulatory T cells (Treg) (tolerizing
Sfunction) [3, 4]. Pathogen invasion together with proinflammatory
signals trigger the functional maturation of DC, which now also
upregulate expression of costimulatory molecules and, importantly,
proinflammatory cytokines. Together, these mediate the activation
and proliferation of naive antigen-specific T cells as well as their polar-
ization towards appropriate T helper (Th) type-1, Th2 or Thl7
eftector cells (sensitizing function) [5-7].

To date, we can distinguish five phenotypically distinct subsets
among the CD11c"MHC-II* DC that reside in healthy mouse skin
using multi-color flow cytometry [8, 9]. The only DC population
present in the epidermis are Langerhans cells (LC), which are char-
acterized by the expression of the C-type lectin Langerin (CD207),
the p,-integrin CD11b and the cell adhesion molecule EpCam. In
addition to transmigrating L.C, the dermis contains a small popula-
tion of Langerin* DC that can be unambiguously recognized by
expression of the chemokine receptor XCRI1, lack CD11b and
EpCam, and can be further subdivided into a CD103* and negative
subset. The by far largest population of DC present in the skin are
Langerin"¢CD11b* dermal DC and, finally, the dermis harbors a
minor population of Langerin®™¢XCR1"¢ DC that are uniquely iden-
tified by high expression levels of the chemokine receptor CX;CRI.
During their low-level migration to skin-draining lymph nodes in
the steady state, emigrating LC are replaced from a local precursor,
while dermal DC are replenished from blood-borne precursors [10,
11]. To compensate for the increased loss of cutaneous DC due to
their enhanced mobilization during inflammation, large numbers of
monocytes infiltrate the skin where they differentiate into CD11¢™#
lovCD11b*CD64* monocyte-derived DC as well as LC [9, 12].
However, these cells mainly activate skin-resident T cells and disap-
pear after resolution of the inflammation.

In light of their phenotypic diversity, major research efforts have
been aimed at dissecting the unique functions of the different skin
DC subsets in balancing immunity and tolerance (reviewed in [1]).
While there is overwhelming evidence for a functional specialization
of the various skin DC populations (division of labor) [13], it is
becoming increasingly clear that a given DC subset exerts a particu-
lar function that may differ depending on the context, i.e., the type
of inflammation. For example, the different skin DC populations



Monitoring Skin DC 39

exhibit functional redundancy during contact hypersensitivity
[14, 15], while LC act as negative regulators of the anti- Lezshmania
immune response [ 16], are essential to induce antigen-specific Th17
responses after epicutancous Candida albicans infection [17], and
mediate cross-tolerance towards epicutaneously applied ovalbumin
[18]. On the other hand, Langerin® dermal DC promote C. a/bi-
cans-specific Thl and efficiently cross-present fungal antigens to
activate cytotoxic T cell (CTL) responses [17]; they are also respon-
sible for cross-priming CTL responses following deposition of the
model antigen ovalbumin in the skin [18].

In all of these studies, advanced multi-color flow cytometry is
essential to distinguish and analyze the small number of cells of
individual DC subsets that can be purified from /are present in the
skin [8, 9, 11]. However, during their life cycle, the morphology,
tissue distribution, mobilization, and migration are important
parameters of skin DC function, which can only be visualized by
immunofluorescence microscopy. Here we describe in detail how
to monitor the skin DC network in the steady state and during
inflammation induced by tape stripping or FITC painting.

2 Materials

2.1 Tape Stripping
of Murine Ear Skin

2.2 FITC Painting

2.3 Epidermal

and Dermal Sheet
Preparation

from Murine Ear Skin

2.3.1 Preparation
of Epidermal and Dermal
Skin Biopsies

. Sex- and weight-matched mice (see Notes 1 and 2).
. Ketamine, xylazine for anesthesia.

. Syringes.

. 25-30 gauge needles.

[ 2B O I S

. 3 M™ Transpore™ Surgical Tape.

. Sex- and weight-matched mice (see Notes 1 and 2).
. Ketamine, xylazine for anesthesia.

. FITC (Fluorescein isothiocyanate isomer I).

. Dimethyl sulfoxide (DMSO).

. Dibutyl phthalate (DBP).

. Acetone.

. Syringes.

(o< BN e NS 2 B N N S

. 25-30 gauge needles.

. Sex- and weight-matched mice (see Notes 1 and 2).
. Carbon dioxide (CO,) for euthanizing animals.
. Scissors.

. Two surgical splinter forceps.

S N S

. 24-well plates.
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2.3.2 Epidermal Sheet
Preparation of Whole Ear
on Tape

2.4 Immuno-
fluorescence Staining
of Murine Ear Skin
Sheets

2.4.1  Immuno-
fluorescence Staining of
Epidermal and Dermal
Sheets

2.4.2  Immunofiuorescent
Staining of Epidermal
Sheets on Tape

6.

7.

14.

S O I S

928

0.1 M phosphate buffer (8.9 g Na,HPO,x2 H,O plus 6.8 g
KH,PO, in 500 ml distilled water, pH 6.8).

0.5 M ammonium thiocyanate solution (ATC) (1.9 g ATC in
50 ml 0.1 M phosphate bufter, pH 6.8).

. Two surgical fine curved forceps.
. Phosphate buftered saline (PBS).
10.
11.
12.

Glass petri dishes.
Acetone.

PBS supplemented with 1% bovine serum albumin (1% BSA/
PRBS, dissolve 1 g BSA in 100 ml PBS).

. Sex- and weight-matched mice (see Notes 1 and 2).

. Carbon Dioxide (CQO,) for euthanizing animals.

. Scissors.

. Two surgical fine curved forceps.

. Depilation cream.

. 15 ml Falcon tubes.

. 12-well plates.

. 20 mM EDTA solution (372 mg in 50 ml phosphate buftfer,

pH 7.2).

. Phosphate buffered saline (PBS).
. 5 cm petri dishes.
. Tesa tape “crystal clear” (see Note 3).

. Optional: Acetone.
. Glycine solution (3 % BSA,/200 mM glycine /PBS, dissolve 3 g

BSA and 1.5 g glycine in 100 ml PBS).
Optional: 0.1 % Sudan black in 70 % ethanol.

. Freshly prepared or thawed epidermal and dermal sheets.
. One fine curved forceps.
. 96-well plate.

. Primary and secondary antibodies for immunofluorescence

staining.

. 1% BSA/PBS.
. VECTASHIELD®

Antifade Mounting Medium (Vector

Laboratories).

. Glass microscopic slides and coverslips.

. Epidermal sheets on tape, prepared fresh or taken from the fridge.

2. Fine curved forceps (Dumont 7).

. Phosphate buftered saline (PBS).



2.5 Preparation and
Immunofluorescent
Staining

of Cryosections

of Murine Skin

2.6 Preparation

of Migratory Skin DC
from Lymph Nodes
for FACS Analysis

o N O v

10.

11.

12.
13.

QN Ul W N~
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. Glycine solution (3% BSA /200 mM glycine /PBS, dissolve 3 g

BSA and 1.5 g glycine in 100 ml PBS).

. Fc-block.
. Saponin solution (10% w/v saponin in PBS).
. Parafilm.

. Humid chamber (an airtight, lightproof plastic box with a wet

tissue at the bottom).

. Blocking solution: 1x PBS containing 3% FCS and 0.02%

Tween 20.

Staining solution: 1x PBS containing 1 % BSA and 0.25 % sapo-
nin (saponin is only necessary for intracellular staining, for
example, for Langerin).

Primary and secondary antibodies for immunofluorescence
staining.
ProLong® Gold Antifade Mountant with DAPI.

Microscope slides, superfrost and coverslips.

. Sex- and weight-matched mice (see Notes 1 and 2).
. Carbon dioxide (CO,) for euthanizing animals.

. Scissors.

. One splinter forceps.

. Freezing microtome.

. Colorless Neg50-Frozen-Section-Medium (Thermo Fischer

Scientific).

7. Poly-L-lysine coated slides.

o]

14.

15.

|92 B NN B S R

. Humid chamber.
. Glass cuvette.

10.
11.
12.
13.

Acetone.
Hydrophobic slide marker (PAP-pen, Sigma-Aldrich).
1% BSA/PBS.

Primary and secondary antibodies for immunofluorescence
staining.

VECTASHIELD® Antifade Mounting Medium (Vector
Laboratories).

Glass microscopic slides and coverslips.

. Fine curved forceps (Dumont 7).

. Fine scissors.

. 1x phosphate buffered saline (PBS).
. 1x PBS containing 2 mM EDTA.

. 500 mM EDTA solution.
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6

7.

. Digestion mix (RPMI 1640, containing 200 U/ml collage-

nase IV and 0.5 U/ml DNase I).

FACS buffer (PBS containing 2 mM EDTA, 3% FCS, and
0.02 % thimerosal).

. 1.5 ml Eppendorf tubes.
. 50 ml Falcon tubes.

10.
11.
12.
13.

15 ml Falcon tubes.
70 pm cell strainer.
Fe-block.

Primary antibodies to stain for skin-derived DC subsets in
lymph nodes.

3 Methods

3.1 Induction of Skin
Inflammation by Tape

Stripping

LC per mm?

Mice are anesthetized with a mixture of 80-120 mg/kg ketamine
and 5-10 mg/kg xylazine in PBS. The dorsal side of the ear is tape
stripped by repeated application and removal of 3 M™ Transpore™
Surgical Tape. For each stripping a fresh piece of tape is lightly
pressed onto the ear and pulled oft [19]. Tape stripping causes

0 10 15 20 25 30
Number of stripping repeats

Fig. 1 Tape stripping induces emigration of LC from epidermis. (a) Number of stripping repeats affects the
network of LC in the epidermis. (b, ¢) Epidermal sheets from steady state skin (b) and tape stripped skin (c)
were stained with antibodies against MHC-class Il. Tape stripping induces emigration of LC from epidermis.
[Reproduced from Holzmann S, J Invest Dermatol, 2004 with permission from Nature Publishing Group.]



Monitoring Skin DC 43

inflammation in the skin and emigration of immune cells like LC
and dermal DC (Fig. 1). Experimental parameters e.g., kind of
tape and number of stripping repeats, are crucial to the outcome of
the procedure. For induction of mild inflammation we recommend
8 strippings, for strong inflammation 12 strippings (se¢ Note 4).

3.2 Induction of Skin 5 mg FITC are dissolved in 100 ml DMSO. Acetone and DBP are
Inflammation by FITC mixed in a 1:1 ratio. The DMSO /FITC is diluted 10-fold in the
Painting Acetone /DBP mixture and mixed well. Mice are anesthetized with
a mixture of 80-120 mg/kg ketamine and 5-10 mg/kg xylazine
in PBS. Both ears (and optional the back) are shaved carefully and
painted with 25 pl FITC solution each (optional: paint 100 pl
FITC solution on the back, i.e., on the posterior flank, lateral to
the spine). After the FITC solution has dried mice are put back
into their cages. After 24, 48, 72, and/or 96 h (see Note 5) mice
are sacrificed and the ears are cut off to prepare epidermal sheets as
depicted in Fig. 2 (see Subheading 3.3 and 3.4), cryosections

untreated

Fig. 2 LC emigration from epidermis after FITC painting. After 24 h LC (stained with MHC-class Il in red) round
up and start to leave the epidermis. 48 h after FITC painting most of the LC have left, while new LC start to
repopulate the epidermis. After 72 h new LC have filled in most of the blanks and after 96 h new LC close the
gaps by extending their dendrites. The LC network is re-established and the epidermis appears comparable to
untreated control samples
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Fig. 3 Epidermal and dermal sheet preparation. Sheets are prepared with thin curved forceps (a) from ear skin
(b). Dorsal ear halves are floated on ATC to split epidermis from dermis (c). Epidermis can be peeled off with
forceps after incubation with ATC on a drop of PBS (d). Alternatively, Tesa tape can be applied to the epidermis
before separating from the dermis to obtain whole ear specimens for immune-fluorescence staining (e)

3.3 Monitoring

of the Epidermal

and Dermal DC
Network—Epidermal
and Dermal Sheet
Preparation: Two
Alternative Techniques

3.3.1  Preparation
of Epidermal and Dermal
Sheets

(Subheading 3.5) or migratory skin DC from skin-draining lymph
nodes for FACS analysis (see Subheading 3.6).

Mice are sacrificed and ears are cut off at their base. The cartilage-
containing ventral ear halves can be removed from the dorsal ear
halves with two surgical splinter forceps. Then the dorsal skin is
floated epidermal side up on 500 pl 0.5 M ammonium thiocyanate
solution for 20 min at 37 °C in a 24-well plate (one ear per well)
(Fig. 3a—c). This chemically digests the basement membrane and
allows the separation of epidermis and dermis [20]. Thereafter the
skin is transferred onto a drop of PBS in a petri dish and the epi-
dermis is separated from the dermis using two surgical curved for-
ceps (Fig. 3d, see Note 6). The epidermal and dermal tissues are
fixed in acetone for 20 min at room temperature in glass petri
dishes. After fixation tissues are washed in a 24-well plate for
10 min twice in PBS and twice in 1% BSA/PBS to remove the
acetone. Epidermal and dermal sheets can be used instantly for
immunofluorescence staining or can be frozen in a drop of PBS
and wrapped in aluminum foil for storage at —20 °C (see Note 7).



3.3.2 Epidermal Sheet
Preparation of Whole Ear
on Tape

3.4 Monitoring

of the Epidermal

and Dermal DC
Network—
Immunofluorescent
Staining of Epidermal
Sheets: Two
Alternative Techniques

3.4.1  Immuno-
fluorescence Staining

of Epidermal and Dermal
Sheets

One-Step Staining
Procedure/Direct Staining
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Mice are sacrificed and the ears are cut off at their base. Depilation
cream is applied onto both sides of the ears and incubated for
3 min at room temperature. Subsequently the ears are washed
twice in 10 ml PBS by vortexing vigorously (se¢ Note 8). Blot the
ears on paper to dry and remove any remaining hair. The ears are
split into the cartilage-containing ventral side and the dorsal side
using two forceps (Fig. 3a—c). Both halves are stretched out on a
reversed 5 cm petri dish with the dermal side facing downwards. A
small piece (~3—4 cm) of tape is applied onto the epidermal side of
each half and rubbed on (se¢e Note 9). Next, the tape—with the
dorsal or ventral half of the ear sticking to it—is carefully taken off
the petri dish and is trimmed to leave only a small rim around the
ear (Fig. 3e). Now the halves are floated with the dermal sides fac-
ing down on 500 pl of 20 mM EDTA solution for 1.5 h at 37 °C
in a 12-well plate (one half per well) to digest the basement mem-
brane and to allow the separation of epidermis and dermis.
Thereafter, the tape—with the ear halves sticking to it—is trans-
ferred with the tape side down into a 5 cm petri dish filled with
~2 ml PBS. The dermis can now be detached from the epidermis
by carefully peeling it off. The epidermis remains glued to the tape.
For fixation the epidermis is floated—epidermis side down—on
500 pl of either 4% PFA or ice-cold acetone for 20 min at room
temperature (PFA) or —20 °C (acetone) in a 12-well plate (one
half per well). After fixation the epidermal sheets are washed twice
in PBS. Afterwards 500 pl of Glycine solution is added per well and
the sheets are incubated for at least 1 h (and up to 1 week) at 4 °C
to reduce potential background fluorescence prior to immunofluo-
rescence staining (see Note 10).

Freshly prepared or thawed epidermal and dermal sheets are cut
into smaller pieces of 5x5 mm and used for immunofluorescence
staining. Stained sheets can be preserved on microscopic slides in
VECTASHIELD® Antifade Mounting Medium for long-term
storage at 4 °C for up to 1-2 years.

Sheets can be incubated with one or a mixture of primary antibod-
ies, which are directly conjugated with different fluorescence dyes.
Antibody staining solutions are prepared in 1% BSA/PBS and
100 pl of antibody solution is used per well containing one piece of
an epidermal or dermal sheet. The tissue is incubated for 1 h at



46 Julia L. Ober-Blébaum et al.

Two- and Three-Step
Staining Procedure/Indirect
Staining

Double Staining

3.4.2 Immunofiuorescent
Staining of Epidermal
Sheets on Tape

37 °C or overnight at 4 °C (see Note 11). The 96-well plates are
covered with a lid or Parafilm during incubation to prevent any
fluid evaporation. After incubation with antibody the sheets are
washed three times for 10 min in 100 pl 1% BSA/PBS in 96-well
plates to remove unbound antibody. The sheets are carefully trans-
ferred from well to well with fine curved forceps. After washing
steps, the sheets are embedded in VECTASHIELD® Antifade
Mounting Medium on glass microscope slides and overlaid with
slide coverslips.

Besides using directly fluorochrome-coupled antibodies one has
the option to use unconjugated primary antibodies, which are
detected in a two or three step staining procedure. These staining
techniques allow amplifying the fluorescent signal in case the
detected molecule is only weakly expressed in the tissue. For the
two-step staining procedure, sheets are incubated with the primary
antibody followed by a fluorochrome-coupled secondary antibody
directed against the host species of the primary antibody. For the
three step staining a biotinylated secondary antibody against the
host species of the primary antibody is used followed by a third
amplification step with streptavidin, which binds to biotin, coupled
to a fluorochrome (see Note 12). As described above stainings are
performed in 100 pl antibody solution for 1 h at 37 °C. After each
staining step the sheets are washed three times for 10 min in 100 pl
1% BSA/PBS in the 96 well plate, followed by embedding in
VECTASHIELD® Antifade Mounting Medium on glass micro-
scope slides.

Sometimes it is helpful to counterstain cells to simultaneously visu-
alize two markers on the same cell, e.g., to visualize DC within the
pool of CD45* leukocytes. In order to achieve this, both molecules
can be stained concurrently with a mix of two fluorescently conju-
gated antibodies. When an indirect staining has to be performed,
we advise to first stain the molecule that is indirectly labeled. It is
important to block open binding sites of the secondary antibody
with 10% serum or 100 pg/ml Ig from the host species of the sec-
ondary antibody for 15 min at 37 °C (se¢e Note 13). Then the
counterstaining with another antibody can be performed. Species-
or isotype-specific secondary antibodies can also be used to avoid
cross-reactivity (see Note 12). An example for a Langerin and
MHC-class II double staining is shown in Fig. 4.

Epidermal sheets are washed once in PBS and incubated in Glycine
solution containing 0.1 % saponin and Fc-block for 5 min at room
temperature. Meanwhile the antibody mix is prepared in 60 pl
staining buffer per sheet (Note 14). A layer of Parafilm is placed at
the bottom of a saturated humid chamber and a rectangle for each
sheet is drawn on the Parafilm (leaving enough space between the
rectangles). A drop of 50 pl staining solution is placed into each
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Fig. 4 Dermal sheets with lymphatic vessels containing migratory Langerin* skin DC. Dermal sheets from
steady state skin (a) and inflammation induced by tape stripping (b) were stained with antibodies against
Langerin (red fluorescence) and MHC-class Il (green fluorescence). Arrowheads indicate lymphatic vessels
filled with migratory skin DC. Double positive cells represent LC and Langerin* dermal DC, MHC-class Il single
positive cells represent Langerin™? dermal DC and macrophages

3.5 Monitoring
of Skin DC—
Preparation

and Staining

of Cryosections

3.5.1 Preparation
of Cryosections

3.5.2 Staining
of Cryosections

rectangle and the sheet is placed carefully on top (tape facing
upwards), avoiding air bubbles. The remaining 10 pl staining solu-
tion is used to fill up any blank area underneath the sheet if neces-
sary. The epidermal sheets can be incubated for 1 h at room
temperature or at 4 °C overnight, depending on the antibodies
used (see Notes 10 and 11). After incubation the sheets are washed
three times in PBS and placed on glass slides (tape facing down-
wards). The sheets are encircled with Pap-Pen and mounted with
ProLong® Gold Antifade with DAPI. Slides can be stored like this
for up to 2 years at 4 °C.

Mice are sacrificed and ears are cut off at their base. Tissue is
embedded in colorless Neg50-Frozen-Section Medium and 8 pm
skin sections are prepared from hardened tissue (—30 °C) in a
freezing microtome at —27 °C. Cryosections are placed on poly-L-
lysine coated microscopic slides, where they are dried for 1 h at
room temperature. Afterwards the microscopic slides with sections
can be either stored long-term at —20 °C or used instantly for
immunofluorescence staining.

Frozen sections are taken out from the freezer and are placed in a
humid chamber for 20 min at room temperature. The sections are
fixed with acetone for 10 min at room temperature in glass cuvettes.
Afterwards acetone needs to evaporate, so let the sections dry for
another 10 min. Before staining draw a circle with a hydrophobic
slide marker (Pap Pen) around each tissue sections to prevent spill-
ing of antibody solution. The sections are stained by applying
100 pl of antibody solution onto the tissue, which is then incu-
bated for 30 min at 37 °C or overnight at 4 °C (se¢c Note 11).
Antibody dilutions are prepared in 1% BSA/PBS. As described
above for sheet staining, the cryosections can be stained with one
or a mixture of primary antibodies in a one, two or three step
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3.6 Analysis

of Migratory Skin DC
from Lymph Nodes
by Flow Cytometry

3.6.1 Preparation
of a Single Cell Suspension

3.6.2 Flow Cytometric
Analysis of Migratory DC
in Skin-Draining Lymph
Nodes After FITC Painting

staining procedure, depending on the expression levels of the mol-
ecule to be detected. Incubations should be performed in a closed
humid chamber to avoid liquid evaporation. Following antibody
incubation sections are washed three times for 5 min in 1% BSA/
PBS to remove unbound antibody. At the end of the staining pro-
cess sections are embedded in VECTASHIELD® Antifade
Mounting Medium on glass microscope slides and covered with
slide coverslips. Stained sections can be stored at 4 °C for up to 1-2
years.

After FITC painting cervical and, if FITC was also applied onto the
back, inguinal lymph nodes are isolated and collected in 1.5 ml
Eppendorf tubes. 200 pl of digestion mix are added to each tube
and the lymph nodes are cut into very small pieces (clean scissors
between samples to avoid cross-contamination). Another 800 pl of
digestion mix are added and the samples are incubated for 45 min
at 37 °C, shaking at ~1000 rpm. After incubation 20 pl 500 mM
EDTA solution per 1 ml digestion mix (final concentration 10 mM)
are added and the samples are incubated for additional 5 min at
room temperature to separate T cell/ DC clusters. The cell sus-
pension is passed over a 70 pm cell strainer and the strainer is rinsed
with 10 ml PBS/ 2 mM EDTA. The cells are centrifuged for 5 min
at 400x g at 4 °C and the supernatant is discarded. The cells are
resuspended in an appropriate volume of PBS /2 mM EDTA and
counted. The cell concentration is adjusted to 10° cells per 50 pl
and 10° cells (50 pl) are taken per staining.

10° cells are used per staining and are incubated with Fe-block for
10 min at room temperature. For the detection of migratory DC
the cells are stained with an antibody cocktail including fixable
Life /dead marker in AmCyan (eBioscience), CD103 in PE (clone
2E7), MHC-II in PerCP-Cy5.5 (clone M5/114.15.2), CD11b in
PE-Cy7 (clone M1/70), Langerin in Alexa 647 (clone 929 F3.01,
Dendritics), CD11c in APC-Cy7 (clone N418), and CD24 in
Pacific blue (clone M1769) in FACS buffer. The cells are incu-
bated with the antibody cocktail for 1 h at 4 °C in the dark.
Following this incubation, the cells are washed with PBS/2 mM
EDTA, resuspended in 100 pl FACS butffer and acquired immedi-
ately with a flow cytometer. An example for the FACS analysis of
FITC positive migratory cells is provided in Fig. 5 (se¢ Note 15).

4 Notes

1. Inflammation and emigration of LC from the epidermis can be
induced in every inbred mouse strain; nevertheless, the degree
of skin inflammation might vary between strains.

2. We recommend not mixing male and female mice in experi-
mental groups. The development of skin inflammation can
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vary between the sexes due to differences in skin thickness and
weight.

3. According to our experience Tesa tape crystal clear is the only
tape that does not tarnish after contact with acetone or alco-
hol. Furthermore it does not impair fluorescence microscopy
since it stays completely transparent.

4. In ecarly experiments using tape stripping LLC were physically
extracted with help of the tape [21, 22]. Milder tape stripping
induces inflammation followed by emigration of LC from the
epidermis [19]. Tape stripping triggers the upregulation of
mRNA for pro-inflammatory cytokines like IL-1a, IL-1, and
TNEF-a in the skin [23], cytokines that are important for the
migration of LC [24].

5. First signs of Langerhans cell emigration can be observed after
24 h, when the cells change their morphology to leave the
epidermis (Fig. 2).

6. Epidermis should be easily removable from the dermis in one
piece. If this is not the case the digestion might be incomplete,
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10.

11.

12.

13.

14.

15.

then incubate the skin for another 5-10 min. Make sure that
all epidermal pieces are peeled off from the dermis.

. Epidermal and dermal sheets can be stored long-term at

—20 °C without any loss of quality. Freshly prepared and fro-
zen sheets show comparable staining results.

. If the ears are still highly inflamed depilation can damage the

delicate epidermis, in this case the depilation step should be
skipped.

. In case of strong tissue inflammation the skin will be oozing

fluid, which prevents it from sticking to the tape properly. In
this case the ears can be pre-fixed in ice-cold acetone for 20 min
prior to splitting them into halves to dehydrate the tissue.

If high background fluorescence is an issue (e.g., after topical
FITC painting), the sheets can be exposed to light for a
minimum of 4 h prior to immunofluorescence staining.
Alternatively, epidermal sheets can be incubated for 20 min in
0.1% Sudan black in 70% ethanol after immunofluorescence
staining. This will result in a blackening of the tape, without
interfering with the antibody staining.

The decision how long primary antibodies are incubated with
the sheets depends on the expression levels of the molecules to
be detected. We recommend shorter incubation of 1 hat 37 °C
for strongly expressed molecules and longer incubation over-
night at 4 °C for weakly expressed molecules.

Indirect staining in a two or three step procedure can result in
unspecific background staining especially in dermal sheets. In
order to quench this effect as well as antibody cross-reactivity
between species, blocking with normal serum (5% v/v) from
the host species of the secondary antibody can be performed
before the staining procedure is started. In addition, secondary
antibodies should be caretully titrated.

Alternatively, the secondary antibody can be replaced by a
F(ab) fragment; a monovalent antibody molecule still binding
to its antigen but lacking the Fc portion. Using a F(ab) frag-
ment as secondary antibody can improve the staining results,
because (1) it eliminates nonspecific binding between Fc por-
tions of antibodies and Fc receptors on cells and (2) F(ab) frag-
ments do not interfere with specific anti-Fc mediated secondary
antibody detection.

In case of a weak staining result due to low expression of the
target molecule, the signal intensity can be increased by replac-
ing the staining solution with a so-called staining enhancer,
such as the Thermo Scientific Pierce Immunostain Enhancer.

This basic protocol can be used to generally analyze migratory
DC after the induction of skin inflammation, e.g., tape strip-
ping, without the possibility to identify FITC* recent skin
immigrants.
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Chapter 4

Visualization of the T Cell Response in Contact
Hypersensitivity

Gyohei Egawa and Kenji Kabashima

Abstract

Contact hypersensitivity (CHS) is the most basic murine model for type IV hypersensitivity. This dermatitis
model is mediated by hapten-sensitized, skin-infiltrating T cells. Recent intravital imaging studies have
demonstrated the dynamic migratory property of skin-infiltrating T cells and the orchestrated interaction
of T cells with dermal dendritic cells. Multiphoton microscopy enables the direct, three-dimensional, and
minimally invasive imaging of in vivo skin samples with high spatiotemporal resolution. Here, we describe
a basic method for the intravital imaging of skin-infiltrating T cells in the DNFB-induced CHS response.

Key words Adoptive transfer, Contact hypersensitivity, Dendritic cell, Hapten, Imaging, Multiphoton
microscopy, T cell

1 Introduction

Contact hypersensitivity (CHS) is a murine model for contact der-
matitis, a prototypic T cell-mediated delayed-type (type IV) hyper-
sensitivity response [1, 2]. The CHS response is induced by the
penetration of small compounds called haptens through the skin
barrier (Fig. 1). Haptens activate keratinocytes to produce various
proinflammatory mediators such as tumor necrosis factor (TNF)-«
and interleukin (IL)-lo/p, which promote the migration and mat-
uration of skin dendritic cells (DCs) [3, 4]. Cutancous DCs,
including epidermal Langerhans cells, capture the haptens and
carry them to the draining lymph nodes and present them to naive
T cells (sensitization phase). T cells that recognize the haptens are
activated and proliferate and then circulate throughout the body.
Upon rechallenge with the same hapten, hapten-specific T cells are
promptly recruited to the lesional skin and induce skin inflamma-
tion (elicitation phase) [5]. Recently, using an intravital imaging
technique, we visualized the cluster formation of skin-infiltrating T
cells in the vicinity of dermal blood capillaries with dermal DCs
and macrophages [6]. Hapten-specific T cells interact with dermal

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_4, © Springer Science+Business Media LLC 2017
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Fig. 1 Schematic representation of a CHS reaction. During the sensitization phase, hapten-bearing dendritic
cells (DCs) migrate into draining lymph node and present antigens to naive T cells. During the elicitation phase,
activated-effector T cells infiltrate into the skin and interact with cutaneous DCs

DC:s for hours and proliferate and produce interferon (IFN)-y in
situ.

Intravital imaging i s an important technique to capture
dynamic biological events such as immune responses. Multiphoton
(MP) microscopy (also referred to as two-photon excitation
microscopy) was first described by Denk et al. [7] and is now com-
monly used for intravital imaging. Compared with conventional
single-photon  excitation microscopy, two-photon excitation
microscopy allows deeper tissue penetration with less photodam-
age, achieving high spatiotemporal resolution. MP can provide
substantial information that is not available using traditional meth-
ods such as histological and flow cytometer-based analysis. Since
noninvasive intravital imaging is easy with mouse ear skin, various
kinds of cutaneous immune responses have been visualized thus far
[8,9].

Here we describe a basic method for the in vivo imaging of
skin-infiltrating T cells in the CHS response. We provide a detailed
description of the induction of the DNFB-mediated CHS response,
T cell-labeling, the adoptive transter of T cells, and how to investi-
gate mouse ear skin with MP microscopy.
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2 Materials

2.1 Animals

2.2 Induction
of the Contact
Hypersensitivity
Response

2.3 Adoptive
Transfer of Effector T
Cells

2.4 Intravital
Imaging of the Skin

B N

. 6-8-week-old, sex- and weight-matched mice (see Notes 1 and 2).

. CD1lc-enhanced yellow fluorescent protein (EYFP) mice

(available from Jax®: stock number 008829) (see Note 3).

. Langerin-enhanced green fluorescent protein (EGEFP) mice

(available from Jax®: stock number 016939) (see Note 4).

. Electric shaver.
. 2,4-dinitrofluorobenzene (DNFB) (see Note 5).
. Olive oil.

. Acetone.

. Standard equipments to collect lymph nodes including cell cul-

ture dish, a 40-pm nylon cell strainer, 1 ml syringe, 15 ml cen-
trifuge tube, and 1 ml microcentrifuge tube.

2. 30-gauge needle insulin syringe.

. 2% RPMI: RPMI 1640 medium supplemented with 2% fetal

calf serum.

. 10% RPMI: RPMI 1640 medium supplemented with 10%

fetal calf serum.

. Phosphate buftered saline (PBS):1.37 M NaCl, 0.027 M KClI,

0.081 M Na,HPO,, 0.0147 M KH,PO,.

. MACS buffer: PBS supplemented with 0.5% bovine serum

albumin and 2 mM EDTA.

. Pan T cell isolation KIT, mouse (Miltenyi Biotec, Bergisch

Gladbach, Germany) (see Note 6).

. Magnetic cell-sorting device (Miltenyi Biotec).

9. CellTrace CFSE dye (Thermo Fisher Scientific, Lafayette, CO,

10.

o NN O\ Ul B~ W

USA).
Cellracker Red CMTPX dye (Thermo Fisher Scientific).

. Two-photon microscope with a tunable (690-1040 nm) Ti/

sapphire laser (Mai Tai DeepSee, Spectra-Physics, Santa Clara,
CA, USA) (see Note 7).

. Inhalation anesthesia apparatus for small animals.

. Cover glass (24 x24 /24 x50 mm).

. Hair removal cream (see Note 8).

. Pentobarbital sodium: 10% (v/v) solution in PBS (se¢ Note 9).
. Isoflurane.

. Grease.

. Immersion oil.
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3 Methods

3.1 Sensitize Mice
with DNFB

3.2 Adoptive
Transfer of Sensitized
T Cells

3.2.1 Preparation
of Single Cell Suspension
of Lymph Node Cells

Before sensitizing mice, keep mice calm in a cage for at least 24 h
(see Note 10).

1.
2.

Prepare 0.5% (w/v) DNFB solution (se¢e Notes 5 and 11).

Shave the abdominal hair thoroughly using an electric shaver
(see Note 12).

. Grasp the mouse in one hand and paint 20 pl of 0.5% DNFB

solution on the shaved abdomen (Fig. 2) (see Note 13).

. Air-dry the DNFB solution.

. Sensitize at least 5 mice (se¢ Note 14).

6. Keep the mice calm for 5 days (see Note 15).

All buffers should be kept on ice (>10 °C).

. Euthanize mice with the proper procedure.

. Collect both sides of the axillary and inguinal lymph nodes (see

Note 16). Put lymph nodes into 5 ml of 2% RPMI in a 15 ml
centrifuge tube and keep on ice.

. Using a syringe plunger, mash the lymph nodes through a

40-pm cell strainer.

. Centriftuge at 3000xy for 3 min at 4 °C and discard

supcernatant.

. Resuspend cells in 10 ml of MACS buffer.

Fig. 2 Mouse sensitization. Hold a mouse in one hand and paint the hapten solu-
tion onto the shaved abdomen as shown



3.2.2 lIsolation of T cells
with Magnetic Cell Sorter

3.2.3 Cell Labeling
with Fluorescent Dyes

3.2.4 Adoptive Transfer
of T cells via Tail Vein
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. Count cells (see Note 17).
. Centrifuge at 3000xyg for 3 min at 4 °C and discard

supernatant.

. Resuspend cells in 40 pl of MACS bufter per 107 cells.

. Add 10 pl of biotin-antibody cocktail per 107 cells.

. Mix well and incubate for 5 min on ice.

. Add 10 ml of MACS butffer.

. Centrifuge at 3000xy for 3 min at 4 °C and discard

supernatant.

. Resuspend cells in 80 pl of MACS buffer per 107 cells.
. Add 20 pl of anti-biotin microbeads per 107 cells.

. Mix well and incubate for 10 min on ice.

. Wash cells as in steps 4 and 5.

10.

. To remove cell clumps, filter the cell suspension through a

Resuspend cells in 1 ml MACS bufter.

40-pm cell strainer.
Isolate T cells with a magnetic cell sorter (see Note 18).
Count cells (see Note 19).

Centrifuge at 3000xg for 3 min at 4 °C and discard
supernatant.

. Resuspend cells in 1 ml of PBS (see Note 20).
. Prepare 1 ml of 10 pM fluorescent dye (CESE or CMTPX)

solution in PBS.

. Mix cell solution with fluorescent dye solution (1:1).

. Incubate for 10 min at 37 °C, inverting the tube every 3 min

(see Note 21).

. Add 10 ml of'ice-cold 10% RPMI.

6. Centrifuge at 3000xy for 3 min at 4 °C and discard

supernatant.

. Wash cells as in steps 5 and 6.
. Count cells.
. Resuspend in 300 pl of 2% RPMI.

. Heat CD11c-EYFP mice with a heating lamp for 5 min (see

Note 22).

2. Fix the mice using a mouse holder.

. Inject 300 pl of T cell suspension into the tail vein with a

30-gauge insulin syringe.

. Proceed to the elicitation of CHS within 2 days.
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3.3 Intravital
Imaging of CHS
Response in the Ear
Skin

3.3.1 Elicitation of CHS
Response

3.3.2  Mouse Preparation
for Intravital Imaging

3.3.3  Placing the Mouse
onto the Microscope Stage

3.3.4 Start Imaging

3.

. Prepare 0.3% (w/v) DNFB solution (se¢e Notes 5 and 23).

. Anesthetize recipient mice by the intraperitoneal injection of

10% pentobarbital sodium solution (10 pl per g body weight)
(see Note 24).

. Grasp the mouse in one hand and paint 20 pl of 0.3% DNFB

solution on the left ear skin (10 pl to the dorsal side and 10 pl
to the ventral side).

. Air-dry the DNFB solution.

. Apply the hair removal cream to the ventral and dorsal side of

the left ear skin. Three minutes later, remove the cream from
the ear using wet cotton or running water (se¢ Note 25).

. Apply the grease to the dorsal side of the left ear using a cotton

swab (see Note 26).
Attach the 24 x 24 mm cover glass to the dorsal side of the left ear.

Place the mouse on a heating pad at 37 °C throughout the imag-
ing procedure.

1.

If necessary, place a single drop of immersion oil on the objec-
tive lens.

. Cover the central hole of the microscope stage with 24 x 50 mm

cover glass and fix it with tape (se¢ Note 27).

. Place a drop of immersion oil onto the cover glass just above

the objective lens.

. Place a mouse onto the stage. Sandwich the ear between two

cover glasses (Fig. 3) (see Note 28).

. Connect the mouse to the anesthetic apparatus. Flow 1% iso-

flurane at a rate of 1 L/min (se¢ Note 29).

. Stabilize the mouse using taping.

. Set the appropriate excitation laser wavelength. The ideal excita-

tion wavelength is 940-960 nm for EYFP and EGFP and 780-
800 nm for CFSE and CMTPX [10]. Collagen fibers in the
dermis can be visualized by second harmonic generation (Fig. 4).

. Commence imaging. We typically take stacks of 15-20 images,

spaced 3.5 pm apart, every 1-5 min for 3-12 h (see Note 30).

4 Notes

. The CHS response is influenced by the hair cycle. It is sup-

pressed in the anagen (hair-growth) phase. To avoid this, the
sensitization of CHS should be completed within the first telo-
gen (resting) phase (6-8 weeks after birth).
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Fig. 3 Fix mouse on the stage. The ear lobe is sandwiched between two
coverslips

Epidermis

Dermis

Fig. 4 Sample image. Skin-infiltrating T cells (red) interact with Langerhans cells
(green). The white-dashed line represents the border between the epidermis and
dermis. Blue: collagen fibers

2. The CHS response is influenced by mouse strain. In general,
the CHS response is stronger in BALB /c mice than C57BL/6
mice.

3. CDllc, also known as integrin aX, is expressed in both epider-
mal Langerhans cells (LCs) and dermal DCs. CD11c expres-
sion is, however, sometimes weak in LCs. This strain is suitable
for the observation of dermal DCs.

4. Langerin, a C-type lectin, is specifically and extensively
expressed in LCs and dermal Langerin* DCs. This strain is suit-
able for the observation of LCs.

5. A variety of haptens are used for the induction of the CHS

response. The standard hapten application chart is shown in
Table 1.
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Table 1
Standard hapten application for CHS response?
Sensitization Elicitation
Concentration Dose Concentration Dose
(%) Solvent () (%) Solvent (ul)
DNEB 0.5 Acetone-olive oil 25 0.3 Acetone—olive oil 20
(4:1) (4:1)
TNCB 7.0 Acetone-olive oil 100 1.0 Acetone—olive oil 20
(4:1) (9:1)
Oxazolone 3.0 100% EtOH 150 1.0 100% EtOH 20

FITC 0.5

Acetone—dibutyl 400 0.5

Acetone—dibutyl 20

phthalate (1:1) phthalate (1:1)

*DNFB 2 4-dinitrofluorobenzene, TNCB 2,4,6-trinitrochlorobenzene, FITC fluorescein isothiocyanate

6.

CD4* T cell isolation kit, CD8* T cell isolation kit, and CD90.2
microbeads are also available.

. An inverted microscope is better suited for observation of the

skin than an upright microscope, because of the ease of fixing
the ear.

. Hair removal cream for humans is suitable.

9. The anesthesia is maintained for 1-1.5 h with intraperitoneal

10.

11.

12.

13.

14.

15.

16.

administration of pentobarbital sodium. Anesthetic gases such
as isoflurane are suitable for longer anesthesia.

Immune responses, including the CHS response, may be sup-
pressed in stressed mice. Mice should be accustomed to their
housing before sensitization.

The specific gravity of DNFB is 1.482 g/cm?. To prepare 6 ml

of 0.5% DNEFB solution, mix 20 pl of DNFB with 4.8 ml ace-
tone and 1.2 ml olive oil.

Care should be taken not to damage the skin during shaving.
Paint DNFEB solution on the center of the abdomen in a coin-
sized area (Fig. 2).

We generally use five sensitized mice for transferring the sensi-
tized T cells into one recipient mouse.

The number of DNFB-sensitized T cells in the draining lymph
nodes reaches a peak at 5 or 6 days post-sensitization.

The draining lymph nodes of the abdominal skin are the axil-
lary and inguinal lymph nodes. If mice are sensitized on the ear
skin or the back skin, collect the auricular or brachial lymph
nodes, respectively.
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Approximately 10% cells can be harvested from the draining
lymph nodes of five sensitized mice.

Separate T cells manually with MACS columns or automati-
cally with an autoMACS pro separator.

Approximately 1.0-2.0x107 T cells are harvested from the
draining lymph nodes of five sensitized mice. Note that not all
T cells are DNFB-specific T cells. If necessary, keep a 50 pl
aliquot for flow cytometry to ensure the purity of T cells.

Cells should be labeled in a medium without FCS. FCS signifi-
cantly interferes with the linkage of fluorescent dye to the cells.

Do not exceed 10 min since the fluorescent dye solution is
cell-toxic.

Use Langerin-EGFP mice if the interaction between T cells
and epidermal Langerhans cells is the target of observation.

To prepare 5 ml of 0.3% DNEFB solution, mix 10 pl of DNFB
with 4 ml acetone and 1 ml olive oil.

The body temperature of the mouse will drop, particularly
after the anesthesia. Keep the mouse on a heating pad and
warm it sufficiently.

Ensure that the hair removal cream does not stay on the ear for
more than 5 min. The cream is stimulative and may modity
skin inflammation.

Handle the ear gently to prevent injuries arising from friction.

Avoid the formation of bubbles when immersion oil is placed
between the objective lens and the cover glass.

Do not apply strong pressure to the ear as it may disturb blood
and lymph circulation, which are important for intravital imag-
ing studies.

The flow rate of isoflurane needs to be increased depending on
the body weight of the mouse.

We observed that labeled effector T cells started to appear in
the dermis within 6 h post-elicitation and formed clusters with
EYFP* dermal dendritic cells. The clusters became larger and
more evident after 24 h [6].
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Chapter 5

Ultraviolet Radiation-Induced Imnmunosuppression:
Induction of Regulatory T Cells

A. Bruhs and T. Schwarz

Abstract

Solar /ultraviolet (UV) radiation exerts a variety of biological effects, including suppression of the immune
system. UV-induced immunosuppression is induced by suberythemogenic/physiological UV doses, and it
affects primarily T-cell driven immune reactions. Another characteristic feature of UV-induced immuno-
suppression is its antigen-specificity. This is due to the induction of T cells with suppressive features, called
regulatory T cells. Since UV-induced regulatory T cells may harbor therapeutic potential phenotypic and
functional characterization of these cells is ongoing. Most of these studies have been performed in the
murine model of contact hypersensitivity. In this protocol we describe a method for the UV-induced sup-
pression of the induction of contact hypersensitivity and the adoptive transfer of immune response.

Key words Contact hypersensitivity, Immunosuppression, Regulatory T cells, Tolerance, Ultraviolet
radiation

1 Introduction

It is well known for decades that ultraviolet (UV) radiation in par-
ticular the mid wave range (UVB, 290-320 nm) suppresses the
immune system. UV-induced immunosuppression exerts unique
features: (1) It is caused by low suberythemogenic doses. (2) It is
antigen-specific and thus differs from immunosuppression caused
by drugs. (3) Primarily T-cell-driven reactions are affected [1].
Most of the relevant studies have been performed in the model of
contact hypersensitivity (CHS) in mice. Topical application of con-
tact allergens (haptens) on the skin results in obligatory sensitiza-
tion. Upon successful sensitization a specific ear swelling response
can be induced by applying much lower concentrations of the same
hapten on one ear (ear challenge; Fig. 1a). This concentration does
not induce swelling in non-sensitized mice, thus excluding a toxic
reaction. In addition, other unrelated haptens do not induce ear
challenge in sensitized mice, indicating the antigen-specificity of
this immune response.

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_5, © Springer Science+Business Media LLC 2017
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Fig. 1 UV radiation induces antigen-specific immunotolerance. (a) Epicutaneous
application of a contact allergen (e.g., 2,4,6-trinitrochlorobenzene [TNCB]) on the
back of the mice followed by a challenge 5 days later on the left ear results in
contact hypersensitivity (CHS) indicated by an ear swelling response. (b) In con-
trast, application of the contact allergen onto UV-exposed skin does not result in
CHS. (c) Lymphocytes and splenocytes obtained from UV-tolerized mice suppress
sensitization against the same hapten in recipient mice after adoptive transfer

Application of haptens onto skin which has been exposed to
suberythemogenic doses of UVB radiation does not result in sensiti-
zation [2]. Since irradiation and hapten application take place in the
same area, this phenomenon is called local immunosuppression.
More importantly, application of haptens onto UV-exposed skin
results in long term immunosuppression since these mice cannot be
resensitized at later time points even without being further UV
exposed. However, all other immune responses are unaffected, indi-
cating the antigen specificity of UVR-induced immunosuppression.

Antigen specificity is due to the induction of antigen-specific
regulatory T cells (Treg) [3] Injection of T cells obtained from
UV- and hapten-treated mice into naive syngeneic mice renders
the recipients resistant to sensitization (adoptive transfer; Fig. 1b).
Again suppression after adoptive transfer is antigen-specific since
all other immune responses against unrelated haptens are not
affected in the recipient mice [3]. Utilizing adoptive transfer
experiments it was shown that UV-induced Treg belong to the
CD4*CD25* subtype and express Foxp3, CTLA-4, GITR and
neuropilin [4-7]. Upon antigen-specific stimulation UV-induced
Treg release interleukin-10 which is crucially involved in
UV-induced immunosuppression [5, 8].

Phototherapy is utilized for various inflammatory dermatoses
which equally well respond to immunosuppressive drugs [9].
Hence, one relevant mode of action of phototherapy may be
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immunosuppression. In contrast to immunosuppressive drugs,
phototherapy is not associated with the typical long term side
effects including superinfections. This might be due to the antigen-
specificity caused by Treg. Hence studies are ongoing to further
characterize UV-induced Treg phenotypically and functionally
with the ultimate aim to utilize these cells in a therapeutic setting
but not only for dermatoses but also for other inflammatory and
(auto)immune diseases.

2 Materials

2.1 UV-Irradiation
of Mice

2.2 Induction
of Contact
Hypersensitivity

2.3 Isolation
of Lymphocytes
and Splenocytes

. Adult female mice (6-7 weeks old) that have been bred and

housed under specific and pathogen-free conditions (se¢ Note 1).

. Shaving device (e.g., Oster A-2).
. UV-source (e.g., TL12 fluorescent lamps, Philips, Eindhoven,

The Netherlands).

. Stopwatch.

. Adult female mice (6-7 weeks old) that have been bred and

housed under specific and pathogen-free conditions.

. 1% (w/v) 2,4,6-trinitrochlorobenzene (TNCB) in 4:1 ace-

tone-olive oil (see Note 2).

. 0.5% (w/v) TNCB in 4:1 acetone-olive oil (see Note 2).

. Spring loaded micrometer.

. 70% (v/v) ethanol.

. Sterile surgical instruments including forceps and pairs of scis-

sors (see Note 3).

. Dissecting board and needles.

4. RPMI complete medium: RPMI 1640 supplemented with

O 0 N O Ul

11.

10% ECS, 2 mM I-glutamine and 100 U/ml Penicillin/
Streptomycin.

. Tubes of appropriate size for lymph nodes and spleen.
. Metal cell strainers (mesh size 100 pm).

. 60 mm Petri dishes.

. 5 ml syringes.

. Disposable nylon cell strainers (mesh size 70 pm).

10.

Erythrocyte lysing buffer: 150 mM NH,CI, 10 mM KHCOs,
1 mM NaEDTA, pH 7.5 (see Note 4).

Hemocytometer.
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2.3.1 Separation

of CD4+CD25-

and CD4+CD25* T Cells
from Lymphocytes

and Splenocytes

1. Magnetic cell sorter (e.g., autoMACS® Pro Separator, Miltenyi
Biotec, or equivalent) including required equipment as col-
umns and bufters for the separation procedure.

2. CD4*CD25* Regulatory T Cell Isolation Kit, mouse (Miltenyi
Biotec, or equivalent).

3. MACS running buffer: DPBS supplemented with 2 mM EDTA
and 0.5% (w/v) BSA.

4. Allophycocyanin (APC)-conjugated CD4 antibody for flow
cytometry.

5. APC-conjugated Ig antibody for flow cytometry.

6. Phycoerythrin  (PE)-conjugated Ig antibody for flow
cytometry.

7. Sterile FACS staining buffer: DPBS supplemented with 1%
(w/v) BSA.

8. Sterile FACS blocking buffer: DPBS supplemented with 3%
(w/v) BSA.

9. Flow cytometer and appropriate analysis software.

2.4 Adoptive 1. 70% (v/v) ethanol.
Transfer of Immune 2. 0.9% sodium chloride injection solution.
Response 3. 1 ml syringes and needles (30G x 2 inch).

4. Red heat lamp.

5. Mouse restrainer usable for tail vein injection.

6. Adult female mice (6-7 weeks old) that have been bred and
housed under specific and pathogen-free conditions as
recipients.

3 Methods

3.1 UV-Induced The contact hypersensitivity (CHS) reaction is a common in vivo
Suppression assay to study cell-mediated host immune responses to contact
of the Induction allergens. The vast majority of contact allergens used in this model
of CHS in Mice are chemically reactive substances of low molecular weight which

have to bind to proteins of the host to exert their antigenic proper-
ties. Thus, these substances are also called haptens. Topical applica-
tion of haptens onto razor-shaved skin of mice results in sensitization
in almost all animals treated (Fig. 1a). In contrast, if the hapten is
painted on skin that was immediately before exposed to rather low
doses of UVB radiation, CHS is not induced (Fig. 1b).

1. On the first day of UV-treatment a large area of the back of the
animals is shaved thoroughly (see Note 5).

2. The shaved backs are exposed to UV radiation (se¢ Note 6)
delivered from a bank of four TL12 fluorescent lamps (Philips,
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Transfer of Immune
Response

3.2.1 Dissection

of the Spleen and Lymph
Nodes and Preparation
of a Single-Cell
Suspension
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Eindhoven, The Netherlands), which emit most of their energy
within the UVB range (290-320 nm) with an emission peak at
313 nm. Mice (see Note 7) are exposed to UV daily for 4 con-
secutive days (1000 J/m?/exposure).

. Sensitization phase: 24 h after the last UV exposure mice are

sensitized by the epicutaneous application of 50 pl of 1%
TNCB solution to the surface of the irradiated area.

. Elicitation phase: 5 days after sensitization each side of the left

ear is treated with 10 pl of 0.5 % TNCB solution (20 pl total).
The vehicle acetone—-olive oil is applied to the right ear. Naive
mice that were not exposed to the sensitizing dose of TNCB
(step 3) serve as negative controls to exclude nonspecific ear
swelling induced by the irritating eftects of the chemical.

. After 24 h ear thickness is measured with a spring-loaded

micrometer (see Note 8). CHS response is determined as the
amount of swelling of the hapten-challenged ear compared
with the thickness of the vehicle-treated ear in sensitized ani-
mals and is expressed as centimeters x 10~* (mean =SD).

UV-induced tolerance can be adoptively transferred into naive
recipients via injection of T cells. As described in several publica-
tions [10-12] lymphocytes and splenocytes obtained from UV-
and hapten-treated mice are sufficient to suppress immune
responses in recipient mice upon adoptive transfer (Fig. lc).
Isolation and injection of enriched CD4*CD25* Treg from bulk
cells will increase the suppressive efficacy in recipients (se¢ Note 9).

1.

Mice are killed by cervical dislocation and placed with the left
side up on a dissecting board.

. Wet fur with 70 % ethanol and cut away about 1 cm? of the skin,

about half-way between the front and back legs (sec Note 10).
The spleen should now be visible under the peritoneum. The
spleen is dissected and placed into RPMI complete medium.

. The mouse is now extended on the back, with the limbs spread

and fixed with needles in the four paws. Using forceps and a pair
of scissors, the skin is cut along the ventral midline from the groin
to the chin, being careful to only cut the skin and not the perito-
neal wall. Four further incisions are made from the start of the first
incision downward to the knees and elbows on both sides. Pull
the skin back on the sides and fix the skin with needles.

. The inguinal, the axillary and the brachial lymph nodes are dis-

sected and placed into RPMI complete medium.

. Spleens and lymph nodes can be pooled (see Note 11).

. Spleens and lymph nodes are put into a sterile metal cell-

strainer, the remaining medium is discarded. The strainer con-
taining organs is placed into a 60 mm Petri dish and 4 ml of
fresh RPMI complete medium are added.
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3.2.2 Isolation
of CD4*CD25* Treg
from a Single-Cell
Suspension

7. Using the barrel of a 5 ml syringe, spleens and lymph nodes are
pressed through the strainer until only fibrous tissue remains in
the strainer. The strainer is washed with fresh RPMI complete
medium.

8. The cells are resuspended using a serological pipette and
sieved through a 70 pm nylon mesh cell strainer into a 50 ml
conical tube. Cells are centrifuged at 300 x4 for 5 min at 4 °
C and resuspended thoroughly in 0.5-3 ml erythrocytes lysis
buftfer (see Note 12) and incubated on ice for not more than
90 s (see Note 13).

9. The reaction is stopped by adding at least twice the volume of
RPMI complete medium. To get rid of precipitates that may
form after adding the medium, the cell suspension is sieved
through a 70 pm nylon mesh cell strainer into a new 50 ml
conical tube. Cells are washed with fresh medium and centri-
fuged at 300 x g for 5 min at 4 °C and resuspended in 10-20 ml
RPMI complete medium, depending on cell density.

10. Using a hemocytometer cells are counted and the absolute cell
number is calculated.

For adoptive transfer experiments we usually inject 5x 107 lym-
phocytes in 200 pl of a 0.9 % sodium chloride injection solution per
mouse. This amount is sufficient to suppress immune responses in
recipient mice, but it can be scaled up to 1x10% lymphocytes.
Alternatively pure Treg can be isolated as described in the follow-
ing section.

For adoptive transfer of bulk lymphocytes directly proceed to
Subheading 3.2.3.

The methodology described here is for using the Miltenyi MACS iso-
lation and autoMACS Pro Separator usage. One could also use other
magnetic separation techniques. Volumes for magnetic labeling given
below are for an initial starting cell number of up to 107 lymphocytes.
For larger initial cell numbers, scale up volumes accordingly.

1. The lymphocytes from Subheading 3.2.1 are counted and cen-
trifuged at 300 xg for 10 min. The supernatant is aspirated
completely and the cells are resuspended in 40 pl MACS
Running Buftfer.

2. 10 pl of Biotin-Antibody Cocktail (se¢ Note 14) are added and
the mixture is incubated for 10 min at 4-8 °C.

3. 30 pl MACS Running Buffer, 20 pl of Anti-Biotin MicroBeads,
and 10 pl of CD25-PE antibody are added to the cells, mixed
well and refrigerated for additional 15 min in the dark at4-8 °C.

4. Cells are washed by adding 1-2 ml of MACS Running Buffer
per 107 total cells and centrifuged at 300 x4 for 10 min. The
supernatant is removed completely and the cells are
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resuspended in 500 pl MACS Running Buffer for up to 108
cells. For larger cell numbers the appropriate amounts of buf-
fer have to be used.

5. After preparing and priming the autoMACS Pro Separator, the
magnetically labeled cells are fractionated using the separation
program “Depl025”. During this procedure CD4* T cells are
enriched by depletion of unwanted cells. Both fractions are
collected and the CD4 positive cells are counted. CD4 nega-
tive cells are discarded (see Note 15).

6. CD4* T cells are centrifuged at 300 x4 for 10 min and resus-
pended in 90 pl of MACS Running Buffer per 107 initially used
lymphocytes.

7. 10 pl of Anti-PE MicroBeads are added to cells, mixed and the
suspension is refrigerated for 15 min in the dark at 4-8 °C.

8. Cells are washed by adding 1-2 ml of MACS Running Bufter
per 107 total cells and centrifuged at 300 x4 for 10 min. The
supernatant is removed completely and the cells are resus-
pended in 500 pl MACS Running Buffer for up to 10% cells.
For larger cell numbers the appropriate amounts of buffer have
to be used.

9. The magnetically labeled CD4* T cells are applied to the
autoMACS Pro Separator and fractionated using the separa-
tion program “Possld2”. Both fractions are collected: The
negative fraction contains CD4*CD25~ T cells and the positive
fraction is the enriched CD4*CD25 Treg fraction.

For adoptive transfer experiments, we usually inject 5x10°
enriched Treg in 200 pl of a 0.9% sodium chloride solution per
mouse into the tail veins.

The enrichment of Treg is proved by double staining of CD4 and
CD25 followed by FACS analysis. As T cells are already labeled
with a CD25-PE antibody during the MACS isolation procedure
(Subheading 3.2.2, step 3), cells have to be stained only with a
fluorochrome conjugated anti-CD4 antibody.

1. About 2-5x 10° cells in 100 pl of CD4*CD25~ and CD4*CD25*
T cells are prepared in a 96-well U-bottom microplate. One well
of T cells for IgG control should be also included. Preparation
of two wells with CD4*CD25" Treg for single staining is recom-
mended for proper compensation of the FACS device.

2. Cells are centrifuged at 300 x4 for 5 min, resuspended in 100 pl
FACS blocking bufter and incubated for 30 min at 4-8 °C.

3. Cells are centrifuged at 300 x g for 5 min and resuspended in
100 pl FACS staining buffer.

4. An appropriate amount of an APC-conjugated CD4 antibody
or IgG antibody is added to the respective wells and cells are
incubated for 60 min at 4-8 °C.
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5. Cells are centrifuged at 300 x4 for 5 min, washed once with
FACS staining butffer, resuspended in 400 pl FACS staining
bufter and subjected to FACS analysis (Fig. 2).

3.2.3 Intravenous For adoptive transfer experiments we usually inject 5 x 107 lympho-
Injection of Isolated Cells cytes or 5x 10° enriched Treg in 200 pl of a 0.9 % sodium chloride
into Naive Mice injection solution per mouse.
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Fig. 2 Separation of CD4*CD25~ and CD4+*CD25* T cells from lymphocytes. Lymphocytes from UV-radiated
donors were isolated, separated in CD4+CD25- and CD4+CD25* T cells by magnetobead separation, stained
with CD4 and CD25 antibodies, and subjected to FACS analysis. (a) Gating strategy to identify lymphocytes. (b)
CD4+CD25* Treg stained with PE and APC-conjugated IgG antibodies. (¢) CD4*CD25- T cells stained with CD4-
APC and CD25-PE antibodies. (d) CD4+CD25* Treg stained with CD4-APC and CD25-PE antibodies
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. Cells are adjusted to the desired concentrations with 0.9%

sodium chloride and taken up by a syringe. Air bubbles are
completely removed.

. Using a red heat lamp, the tail of the mouse is warmed up in

order to dilate the veins (sec Note 16).

. The mouse is placed into a restraining device. The tail is

grasped and gentle pressure is applied in order to stabilize the
tail and raise the veins. The lateral veins are located superficially
and can be visualized by slight rotation of the tail.

. Alcohol is applied to the injection site. By maintaining the nee-

dle and the syringe parallel to the tail, the vein is punctured
and the cells are injected by gentle pressure.

. Once the cells are injected, the needle is removed and pressure

applied with a clean gauze to the injection site to stop
bleeding.

. Continue with step 3, Subheading 3.1 for sensitization and

challenging.

4 Notes

. We prefer using female mice. But the model also works fine

with male mice. An age of at least 6 weeks ensures a fully devel-
oped immune system [13].

. Be careful when working with TNCB! Always wear safety

glasses and gloves. As a potent sensitizer it is an irritant to eyes,
skin, digestive tract, and respiratory tract and very toxic by
inhalation, ingestion, and skin contact. There is also a potential
fire and explosion hazard.

. Use two sets of surgical instruments consisting of two forceps

and one pair of scissors: one for making the incisions through
the skin and a different one for the section of the inner part
and dissection of the organs of the mouse. This lowers the risk
of contamination.

. Erythrocyte lysis buffer can be prepared as a 10x solution and

stored in 1 ml aliquots at —20 ° C. Once thawed and diluted,
the 1x solution is stored at 4 °C and used within 4 weeks.

. Ensure no mice get hurt by shaving the back. Do not irradiate

or sensitize mice with injured skin! You can also shave the mice
one day prior to irradiation or sensitization. Potential irritations
from shaving might disappear in the meantime.

. Prior to radiation, the intensity (mW/cm?) of the UV output

has to be measured in a constant distance (we use 30 cm) using
a UV-Meter. Based on this measurement, the time of UV expo-
sure is calculated so that the UV dose of 1000 J/m?/exposure
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10.

11.

12.

13.

14.

15.

16.

will be delivered to the mice placed in the same distance. You
can use a mouse cage base placed in this distance from the fluo-
rescent lamp to ensure delivery of the correct UV dose.

. Up to three mice can be irradiated at the same time. It is not

necessary to protect their eyes.

. For experienced persons it is possible to measure ear thickness

without anesthesia of the mice. The mouse has to be properly
restrained with pressure behind the neck and immobilized on
a tabletop. We prefer using an isofluran vaporizer for very short
procedures like ear challenge and ear swelling measurements.
The use of isofluran inhalant anesthesia for rodent procedures
is reccommended, due to its wide safety margin, reliability, ease
of administration, and rapid return to consciousness for ani-
mals after end of exposure.

. The CD4*CD25" fraction can also be used in further experi-

ments. The cells can be stimulated with various substances or
molecules in vitro and injected in mice to test the suppressive
capacity of in vitro stimulated CD4*CD25 T cells in different
models. We have shown this for example for the antimicrobial
peptide mBD14 [14].

Do not cut away too much of the skin as it would impede or
even preclude the subsequent dissection of the inguinal lymph
node.

Spleens and lymph nodes from up to six mice can be pooled
and processed at the same time.

The amount of lysis butfer used depends on the pellet size. You
can approximately calculate 0.5 ml lysis buffer per mouse.

The erythrocyte lysis step can be skipped when the suspension
is subjected to magnetic separation as in the first separation
step the erythocytes will be depleted.

Non-CD4* cells are indirectly magnetically labeled with a
cocktail of biotin-conjugated antibodies. The cocktail contains
antibodies against CD8a, CDI11b, CD45R, CD49b, and
Ter-119.

CD4* T cells are pre-enriched by depletion of unwanted cells.
The antibody cocktail described in Note 14 labels all cells
excluding CD4 positive cells. Keep in mind that when using
the MACS program “Depl025” the so-called “positive frac-
tion” contains the labeled, CD4 negative cells. The CD4 posi-
tive cells are unlabeled and thus collected in the so-called
“negative fraction.”

Warm up the tail for about 30-60 s using the red heat lamp. By
holding mouse tail in front of the red heat lamp you prevent
the mouse from over warming as your fingers also became
warm.
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Chapter 6

Surgical Denervation in the Imiquimod-induced
Psoriasiform Mouse Model

Armanda J. Onderdijk, Ineke M. Hekking-Weijma, Edwin F. Florencia,
and Errol P. Prens

Abstract

DPsoriasis is a chronic inflammatory skin disease with a prevalence of 2—-3 %. It appears to result from a combina-
tion of genetic and environmental factors, but the precise pathogenesis is still unknown. Neurogenic inflam-
mation is involved in psoriasis pathogenesis as well, but the role of neurogenic factors is currently unclear.
Molecular studies often involve material obtained from patients. However, many questions and especially
experimental manipulations are not suited for study in humans. Imiquimod application on mouse skin leads to
immune cell infiltration, inflammation with intense redness, epidermal thickening, and scaling that jointly
greatly resembles human psoriasis. Here we describe the use of surgical denervation in the imiquimod-induced
psoriasiform model, to study the role of skin innervation and neuropeptides in the pathogenesis of psoriasis.

Key words Imiquimod, Psoriasis, Mouse model, Denervation, Nerves, Neuropeptides, (y8) T cells,
1L-17,1L-23, TLRY

1 Introduction

Psoriasis atfect millions of people worldwide, yet the precise patho-
genesis is still unknown [1]. The most common form (approximately
90%) is plaque type psoriasis also called psoriasis vulgaris. This com-
mon disease is characterized by hyperproliferation of keratinocytes
and immune cell infiltration including T cells, dendritic cells and neu-
trophils in the dermis and epidermis. Clinically patients suffer from
red, indurated, scaly lesions that can cover the whole body. In the
current view on psoriasis, genetically predisposed keratinocytes are
triggered by environmental factors such as mechanical trauma or cer-
tain drugs. This results in the production of antimicrobial peptides
including HBD2 (beta-defensin) and LL-37 (cathelicidin). LL-37
can form complexes with self DNA and RNA, which subsequently
activate plasmacytoid dendritic cells that produce IFN-a, IL-1,11.-12,
and IL.-23. These cytokines lead to the activation of innate lymphoid
cells and (y8) T cells and cause the differentiation of Thl and Th17
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cells and LL-37 specific effector T cells that migrate to the skin.
These T cells and their cytokines lead to a vicious cycle of inflamma-
tion that cannot be hampered by the regulatory system [2]. Several
observations point to a role for nerves and neuropeptides in psoriasis,
including: clearance of psoriatic lesions after inadvertent denervation,
symmetry of psoriasis lesions, exacerbation of disease by psychologi-
cal stress, and an increase in nerves and neuropeptides in lesional
psoriatic skin [3]. Molecular studies often involve material obtained
from patients. However, many questions and especially experimental
manipulations are not suited for study in humans. Animal studies are
required to further define the role of neurogenic inflammation in this
complex disease. Imiquimod is a TLR7 agonist that signals via the
receptor on macrophages, dermal dendritic cells (DC) and plasmacy-
toid DC via MyD-88 dependent signaling pathways [4]. Signaling
via this route activates a.o. the transcription factor Nf-kB. In humans
imiquimod is used for the treatment of genital warts, actinic keratosis
and superficial basal cell carcinoma. In patients treated with imiqui-
mod, psoriatic skin lesions can be induced and preexisting psoriasis
can be exacerbated [5-10]. These clinical findings led us to develop
the imiquimod-induced psoriasiform mouse model [11] which is
now used worldwide [12]. Repeated imiquimod application on
mouse skin leads to immune cell infiltration, inflammation with
intense redness, epidermal thickening, and scaling that jointly greatly
resembles human psoriasis. The imiquimod-mouse model is depen-
dent on the IL-17/IL-23 axis and largely resembles the initation
phase of human psoriatic lesions [11]. The cutaneous gene expres-
sion profiles associated with the imiquimod-induced psoriasiform
phenotype exhibited statistically significant similarity to the expres-
sion profile of psoriasis in humans [13]. A great advantage of this
model that it is very quick and robust, in which clinical psoriasis
lesions can be obtained by the consecutive application of Aldara™ for
5 days or more on the shaved back of mice. The model is especially
suitable for studying the acute phase of psoriasis and greatly facilitates
research on the mechanism of action that drives psoriasis inflamma-
tion. Many groups have studied components of the skin inflamma-
tion in psoriasis by using this model [14-17]. We have used the
model to better understand the involvement of nerves and neuropep-
tides in psoriasis (unpublished data). In this chapter we describe in
detail the use of the imiquimod-induced psoriasiform mouse model
and the method of surgical denervation.

2 Materials

2.1 Surgical
Denervation in the
Imiquimod-Induced
Psoriasiform Mouse
Model

1. Anesthesia: isoflurane: 2% in O, 1 L/min.

2. Shaving device: use a special small animal clipper to avoid
damage to the skin.

3. Surgical microscope: magnification range 2 to 12x.



2.2 Imiquimod
Induced Psoriasiform
Skin Inflam
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. Surgical instruments: needle holder, scissors, forceps, micro-

surgical scissors, microsurgical forceps.

. Suture material: vicryl 6,/0, FS-3 needle.

. Imiquimod 5% cream (Aldara™, Meda Pharma). Additives:

isostearic acid, benzyl alcohol, cetyl alcohol, stearyl alcohol,
white soft paraffin, polysorbate 60, sorbitan stearate, glycerol,
methyl hydroxybenzoate, propyl hydroxybenzoate, xanthan
gum, purified water.

. Control vehicle cream: Aldara base cream without imiquimod

when available, or a comparable compounded neutral cream.

. Female C57BL/6 mice 6-11 weeks of age, weight matched,

approximately 23 g. Housing under standard animal facility con-
ditions: controlled temperature, humidity, food and water ad lib.
In principle, any wild type or transgenic mouse can be used.

. Balance to assess animal weight.
. Protective gloves.
. Murine Psoriasis Area and Severity Index (PASI) score table.

. Absolute digimatic micrometer.

3 Methods

3.1 Surgical
Denervation

in the Imiquimod-
Induced Psoriasiform
Mouse Model

. Carry out the surgery under clean but not necessarily sterile

circumstances, using surgical gloves and thoroughly cleaned
instruments.

. Bring the animal under deep anesthesia using isoflurane 2% in

O, 1 L/min (see Note 1).

. Shave the back of the animal and both flanks thoroughly (see

Note 2).

. Denervation operation procedure (see Note 3): adjust the micro-

scope, use 4x magnification to open the skin and fascia. Make a
2 cm longitudinal incision along the midline of the back start-
ing at lumbar 2 over the thoracic curvature up to thoracic 10.
Divide the underlying fascia carefully over almost the complete
length of the skin incision. Only the nerves of the right side of
the dorsal skin are transected (Fig. 1). Separate the fascia of the
right lateral side from the underlying muscles by blunt dissec-
tion and retract the fascia along with the skin (see Note 4).
Adjust the microscope to a 6 to 8x magnification. Identify the
12th rib and find the 12th thoracic nerve parallel to the rib.
Expose and mobilize the branch for a distance of about 5-8 mm
distal from the intervertebral foramen. Locate six more nerve
branches distal from the 12th thoracic nerve, expose and mobi-
lize them in the same way. When all seven branches are located
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Fig. 1 Surgical denervation procedure. Microscopic image before transection of the nerves. Arrows point to

nerve branches

Day1

Day 5 Day 7

Fig. 2 Imiquimod-induced psoriasiform skin inflammation. Clinical result of daily topical application of 62.5 mg
of commercially available Aldara™ cream on the shaved right back area (before application (baseline), day 5
and day 7)

3.2 Induction of
Psoriasiform
Dermatitis by
Imiquimod Treatment

and exposed, cut the branches one by one as close to the skin as
possible starting at the thoracic side (see Note 5). Bring the skin
carefully back into its original position. Close the skin with 5-6
interrupted stitches using 6 /0 vicryl on a ES-3 needle (Ethicon).
Sham operation procedure: operate the mice in exactly the same
way without cutting the nerves after exposure and mobilization
of the nerve branches (se¢ Note 6).

. The day previous to the induction of psoriasiform dermatitis (see

Note 2), the back side area of the animals (see Note 7) is cau-
tiously shaved clearing the area for imiquimod treatment and
concurrently preventing lesions and possible cutaneous irritation
(Fig. 2). The baseline weight is determined using a balance.
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2. The animals are weighed daily (see Note 8) and receive a daily

topical administration of 62.5 mg of commercially available
Aldara™ cream on their shaved right back and when applicable
on the right ear for the experimentally defined consecutive
days (typically 6-8) (see Note 9). The mice of the control
group receive a daily topical administration of control cream
(see Note 10). The untreated left back area is the internal
experimental control. The application of Aldara™ represents a
daily dose of 3.125 mg of imiquimod.

. Assessment of local modified PASI of psoriasiform skin inflam-

mation: from the onset of the experiment, the PASI score
assessment is used to monitor the progress of the psoriatic
inflammation in the animals (Fig. 2). The PASI-score erythema
(redness, Fig. 3a) and desquamation (scaling, Fig. 3b) are clini-
cally determined using the scoring table. The induration (thick-
ness) is further determined by micrometer measurements.

. The cutaneous induration is measured by lifting up the skin

and spanning the fixed targeted area with gloves covered index
fingers and thumbs. Duplo measurements of the induration
are acquired at the mid-section of the spanned skin using an
absolute digimatic micrometer.

4 Notes

. During the surgical procedure it is important to prevent dehy-

dration of the eyes of the mice by application of ointment to
the eyes.

. Shave the skin of the mice carefully to avoid damage to the

skin. The reaction of the skin upon shaving can interfere with
the results of the experiment, therefore the application of
imiquimod starts afterl day.

. In addition to biomedical training and IACUC-permission,

one needs basic anatomical knowledge and basic surgical skills
to perform this procedure (making an incision, transecting the
nerves and closing the skin with stitches).

. Handle the skin with great care. Underlying nerves can easily

be damaged.

. Be sure the nerves are clearly visible before they are cut, this

will avoid incomplete disconnection.

. Per animal it takes 30 min initially for the total surgical dener-

vation procedure (including shaving). When one is experi-
enced the average time spent per animal will be 20 min. In
principle all animals survive the procedure when performed
carefully.
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a Back skin scoring for redness

1 2 3 4

Redness Score
None

Light red

Red not dark
Dark red
Extremely red

B WNREO

b Back skin scoring for scaling

T

0 0,5 1.5 2 3

Scaling Score
None

Thin scales, limited surface area

Thicker (mild) scales, modest surface area
Thick scales, rough, larger surface area
Very robust scales, vast surface area

B WNERO

Fig. 3 Modified Psoriasis Area and Severity Index (PASI). Clinical scoring based
on a modified Psoriasis Area and Severity (PASI) to score psoriasiform skin
inflammation in mice; redness (erythema) score (a) and scaling score (b)

7. Psoriasiform skin inflammation can be induced by imiquimod
in every inbred mouse strain. The scoring of redness in white
vs. brown/black mice is essentially equal, but in Balb/C mice
the skin inflammation is easier assessable compared to C57Bl/6
mice, because of the skin pigmentation. However, due to avail-
ability of the various transgenic and knockout mice, we gener-
ally use the C57Bl/6 strains in experiments. In addition,
because of a more pronounced skin inflammation, we routinely
use females.
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If the weight loss of the mice is more than 15 % from baseline,
300 pL of phosphate buffered saline (PBS) has to be injected
intraperitoneally. Usually a single injection suffices. This weight
loss occurs more frequently in C57Bl/6 mice, probably
because their response to imiquimod is more Thl-driven,
whereby more IL-1 and IL-6 is produced, leading to a fever
response and dehydration.

. Ten days after denervation nerves regenerate into the murine

back skin, this limitates the time frame that can be studied.

Note that the additives in vehicle cream may induce alterations
that are TLR-7 independent including activation of the NRLP1

inflammasome by isostearic acid [18].
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Chapter 7

Xenotransplantation Model of Psoriasis

Jeremy Di Domizio, Curdin Conrad, and Michel Gilliet

Abstract

Psoriasis is a chronic autoimmune skin disease affecting approximately 2 % of the population with a major
psychosocial and socioeconomic impact. A causal therapy leading to permanent cure is not available, and
current treatments only lead to limited amelioration, and therefore new therapeutic targets need to be
identified. Recent works demonstrated a predominant role of Tyl7 cells in the pathogenesis of psoriasis;
yet the underlying molecular mechanisms driving the development of the disease are still largely elusive.
Several mouse models of psoriasis including drug-induced models (topical application of imiquimod to the
skin) and genetically engineered mice (constitutive activation of epidermal STAT3, epidermal deletion of
JunB/c-Jun, and epidermal overexpression of Tie2) have been used to study the pathophysiology of the
disease; however such models cannot fully recapitulate all molecular and cellular pathways occurring in
human psoriasis. Xenotransplantation of human pre-psoriatic skin onto immunodeficient mice and trigger-
ing its conversion into a psoriatic plaque is the best model to dissect the mechanisms occurring during the
development of human psoriasis. One model is based on the transplantation of human pre-psoriatic skin
onto SCID mice followed by the transfer of activated autologous T cells. The ex vivo activation of T cells
required to induce the psoriatic conversion of the graft limits the study of early events in the pathogenesis
of psoriasis. Another model is based on transplantation of human pre-psoriatic skin onto AGR129 mice.
In this model, the skin grafting is sufficient to activate human cells contained in the graft and trigger the
conversion of the graft into a psoriatic skin, without the need of transferring activated T cells. Here we
review the methodological aspects of this model and illustrate how this model can be used to dissect early
events of psoriasis pathogenesis.

Key words Preclinical model, Psoriasis, Xenotransplant

1 Introduction

Psoriasis is a chronic-relapsing inflammatory skin disease character-
ized by the formation of erythematous scaly plaques due to aber-
rant hyperproliferation and altered differentiation of keratinocytes
leading to epidermal hyperplasia. Psoriatic skin inflammation is also
characterized by immune cell infiltrates among which T cells are the
main components. The IL-23 /IL-17 axis has now been extensively
demonstrated to be required for the formation of psoriasis through
the generation of Tyl7 cells [1, 2]. Tx17 cells have been shown to
drive autoimmune inflammation in predisposed individuals [1, 3].
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They mainly produce 1L-17A, 1L-17F, 1L-21, I1.-22, and IL.-26
[4-7]. IL-17A, and IL-17F can induce chemokine production by
epithelial cells leading to innate immune cell infiltration [8]. I1.-22
induces proliferation of epithelial cells and is involved in epidermal
acanthosis [9, 10]. Furthermore, 11.-22 and IL.-17 both induce epi-
thelial cell activation and production of antimicrobial peptides [9].
IL-21 does not have a direct inflammatory role but amplifies and
stabilizes the development of T17 cells [11]. Although the role of
Tyul7 cells has been well defined in sustaining skin inflammation,
early events driving the autoimmune T cell cascade and the devel-
opment of psoriasis have remained unclear.

Mouse models offer an experimental system that allows inves-
tigation of these events. Several mouse models of psoriasis have
been developed including the imiquimod-induced model (topical
application of a TLR7 agonist to the skin), the K5-Stat3C model
(expression of a constitutively active mutant STAT3 in basal kera-
tinocytes), the K5-Tie2 model (overexpression of the endothelial
specific tyrosine kinase in basal keratinocytes), the JunB/c-Jun
model (keratinocyte-specific deletion of JunB and c¢-Jun in adult
mice). Despite the many disparities between mice and human skin
such as the denser distribution of hair follicles, thinner epidermis,
and the presence of an underlying muscle layer in mouse skin,
these mouse models recapitulate some aspects of human psoriasis
including the epidermal hyperproliferation, thickening and altered
differentiation of the epidermis, an inflammatory infiltrate that
includes T cells, altered vascularization and responsiveness to cur-
rent anti-psoriatic therapies. However, it is also clear that these
models do not represent all aspects of human psoriasis, which has
been nicely confirmed on the transcriptomics level [12].

Xenotransplantation models in which human uninvolved skin
of a psoriasis patient is grafted onto immunodeficient mice and
converted into a human psoriatic plaque appear to be the most reli-
able model of psoriasis development. One model is based on the
transplantation of uninvolved (pre-psoriatic) skin of a psoriasis
patient onto SCID mice, which are deficient in T- and B cells and
therefore do not reject the human skin xenograft. In this model,
the graft converts into a psoriatic plaque upon intradermal injec-
tion of autologous CD4* T cells activated by IL-2 and bacterial-
derived superantigen (SEB/SEC2) [13]. The requirement of
implanting ex vivo activated T cells limits the use of this model to
investigate early innate events in the development of psoriasis, in
particular the events preceeding T cell activation.

Another xenotransplantation model is the AGRI129 mouse
model of psoriasis. In addition to not having T and B cells, AGR129
mice also lack type I and type II IEN receptors, which reduces NK
cell activity leading to improved acceptance of human skin grafts.
In the AGRI29 mouse model, the pre-psoriatic graft
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spontaneously converts into a fully fledged psoriatic lesion within
35 days [14, 15]. The conversion is triggered by the transplanta-
tion procedure itself (a Koebner phenomenon) and involves the
activation of human immune cells present in the engrafted skin.
The development of the psoriatic lesion is characterized by the
expansion of skin-resident T cells that produce pro-inflammatory
cytokines and accumulate in both the dermis and epidermis and
precedes the hyperproliferation of keratinocytes [14, 16]. This
expansion step relies on the proliferation of T resident memory
cells as human T cell recirculation to the mouse lymphoid organs
has not been observed [14, 16] and is in line with findings demon-
strating that some antigen-experienced memory T cells remain
permanently embedded within the tissues [17].

Several major advances in the understanding of psoriasis patho-
genesis have been made using this model:

1. Plasmacytoid dendritic cells (pDC) infiltrating pre-psoriatic skin
are activated to produce type I IEFN leading to the subsequent
activation of Th17 cells by conventional dendritic cells [15].

2. Conventional dendritic cells in psoriatic skin produce I1L.-23
and blocking IL-23 inhibits the Th17-mediated development
of psoriasis [18].

3. T cells activated in the dermis migrate into the epidermis via
VLA-1 to induce the epidermal psoriatic phenotype [16].

4. Intracpidermal CD8 T cells produce the majority of Thl7
cytokines and trigger the development of the epidermal psori-
atic phenotype [19].

In this chapter, we describe the establishment of the xeno-
transplantation model and how it can be used to dissect the initial
events occurring during the development of psoriasis.

2 Materials

2.1 Harvesting
Human Pre-psoriatic
Skin

2.2 Engraftment of
Pre-psoriatic Skin
Onto Immunodeficient
Mice

1. Chronic plaque-type psoriasis patient.
2. Surgical scissors.

3. Gauze compresses.

1. 7-8-week-old, sex- and weight-matched AGRI129 mice
(B6.129S2-Rag2tml.1Cgn-Ifnarltm1Agt-Ifngrlem1Agt /7).

. Inhalation narcosis device.
. Shaving razor.

. Hair removal cream.

OS2 "IN I 8]

. Surgical scissors.
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. 3M™ Vetbond™ Tissue adhesive.
. Non-adhesive, stretchable, air-permeable bandage.

. Analgesics (Buprenorphin, Acetaminophen).
. Antibiotics (Amoxicilline).

2.3 Histological 1. Scissors and tweezers.

Analysis of the Newly 2. Histology molds.

Deu_/elope_d Psoriatic 3. Tissue freezing embedding medium (O.C.T.).
Skin Lesion

4. Cryostat.

2.4 Flow Cytometry 1. Enzyme cocktail (RPMI 1640 medium supplemented with 1%
Analysis of the Dermal penicillin/streptomycin, 1 mg,/ml Dispase, 1 mg/ml collage-
Infiltrate nase, and 0.1 % DNase).

2. FACS buffer (PBS supplemented with 2 % fetal calf serum and
2 mM EDTA).

3. Fluorescently labeled antibodies and DAPI.

4. Flow cytometer.

3 Methods

3.1 Harvesting 1. Around 4 cm wide keratome skin biopsies in the pre-lesional

Human Pre-psoriatic area (normal-appearing skin at a distance of around 1-2 cm

Skin from the lesion) are taken from the buttocks or upper thigh of
patients with confirmed plaque-type psoriasis (se¢ Note 1).

2. Skin samples are trimmed, kept in PBS-immersed gauze com-
presses to avoid dryness, and rapidly grafted onto mice
(within 3 h).

3. Keratome skin samples are cut into smaller pieces (around
0.5%0.5 cm in size) for grafting onto mice.

3.2 Engraftment 1. AGR129 mice are anesthetized during the whole procedure

of Pre-psoriatic Skin (15 min) by inhalation narcosis with Isofluran (dosage 2.5%

Onto Immunodeficient and induction at 5%).

Mice 2. Mice backs are shaved (electrical razor) and depilated (hair
removal cream).

3. A piece of skin of around 6 mm is removed from the back of
mice and a piece of human skin obtained from keratome
biopsies will be adapted into the wound and sealed by 3M™
Vetbond™ Tissue adhesive.

4. A non-adhesive dressing and a strechable, air-permeable ban-

dage is applied to guarantee optimal healing of the graft with-
out substantially hindering the mice in mobility and food/
water intake. A 2.5 cm wide bandage is wrapped around the
belly and the back between the hind and forelegs and thus does



3.3 Blocking

the Activity

of Potentially Involved
Factors
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not perturbate the moving of mice (see Note 2). The dressing
and the healing of the graft must be checked twice daily for
48 h, daily for the next 3 days, and every other day for up to
28 days. The dressing bandage can be removed 7 days after
engraftment (see Note 3).

5. Analgesia is given to mice as subcutaneous injection of
0.1 mg/kg buprenorphin right after and 12 h after surgery
(see Notes 4 and 5).

1. The development of a fully psoriatic lesion requires the sequen-
tial involvement of activated pDC in the dermis that produce
type I IFN and expansion of T cells into the epidermis that
produce 1L-17 (Fig. 1).

2. To assess the role of a given cytokine or cell type in the devel-
opment of psoriasis, 10 pg of isotype control or blocking anti-
bodies targeting the desired candidate are injected
subcutaneously, intraveneously, or intraperitoneally at day 1
(see Note 6). The solution is injected as 50 pl containing 10 pg
of antibody, which corresponds to a 0.2 mg,/ml solution.

3. The antibody solution is injected every third day until 35 days
(or less according to the kind of antibody) to maintain the
blockade during the development of the psoriatic lesion.

1. To determine whether the human xenograft develops into a
psoriatic skin, grafted skins are excised at day 35 and frozen in
OCT-embedded molds in liquid nitrogen, and stored at
—80 °C until use.

2. 6-pm skin sections are cut with a cryostat.

— pDC /type | IFN
— Tecell/1L-23

— epidermal T cell
— Papillomatosis

Intensity

0 7 14 21 28 35
days

Fig.1 Sequential events occurring during the development of psoriasis. Schematic
representation of the different immunological events preceding the formation of
psoriasis skin lesions. Within the first week following engraftment of nonpsoriatic
skin onto AGR129 mice, pDC present in the dermis are activated to produce type
I IFN (red line). This type | IFN production drives the induction of IL-23, the expan-
sion of T cells, and their differentiation into T417 cells in the following weeks
(green ling). Activated T cells further infilirate the epidermis and produce IL-17
and IL-22 (purple line) that induce hyperproliferation of keratinocytes, epidermal
acanthosis, and changes characteristic of a psoriatic skin lesion (blue line)
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3. Sections are stained with hematoxylin and eosin according to
standard protocols for histological analysis. A psoriatic skin will
show typical hallmarks of psoriasis such as acanthosis, parakera-
tosis, focal loss of granular layer, and dermal immune cell infil-
tration mainly composed of T cells (Fig. 2).

4. To determine whether abnormal keratinocyte proliferation and
differentiation exists, sections are stained with fluorescently
labeled anti-Ki67 and anti-involucrin respectively. Intense
Ki67 positive keratinocytes with a broader expression of invo-
lucrin within the epidermal layers are found in psoriatic lesions.

3.5 Flow Cytometry 1. To determine the nature of the immune cell infiltrate in the
Analysis of the Dermal newly developed psoriatic lesion, grafted skins are excised at
Infiltrate day 35 (or at earlier time points in the case of a kinetics analy-

sis), dermal sheets are separated from epidermal sheets, minced
and digested with 1 mg/ml Dispase and 1 mg/ml collagenase
for 30 min at 37 °C to yield single cell suspensions.

2. Cell suspensions are filtered through a 70 pm cell strainer onto
a 50-ml centrifuge tube and washed with 50 ml of PBS at
500 x4 for 5 min.

3. Cells are resuspended in 200 pl of FACS butffer containing the
desired fluorescently labeled antibodies (Table 1) and DAPI to
exclude dead cells, and stained for 15 min at 4 °C.

4. Cells are then washed with 5 ml of PBS at 500 x4 for 5 min,
resuspended in 200 pl of FACS buffer and immediately
acquired on a flow cytometer.

Fig. 2 Expansion of dermal T cells during the development of psoriasis. Pictures of cryosections stained for
CD3 (red) and hematoxylin (blue) of nonpsoriatic skin on the day of transplantation onto AGR129 mice (Day 0),
and after development of fully fledged psoriasis on day 35. Histological analysis demonstrates the expansion
of CD3+* T cells in the dermis and their infiltration into the epidermis after 35 days. Scale bars, 20 um



Table 1

List of antibodies used for flow cytometry analysis
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Antigen  Cell expression Clone Supplier/dilution
CD3 T cells HIT3a BD Pharmingen™/1 /10
CD4 T cell subset, mono, macro, pDC SK3 BD Pharmingen™/1 /10
CDS8 T cell subset, NK SK1 BD Pharmingen™ /1,/10
CDll1c DC, myeloid cells, B cells, T cell subset S-HCL-3 BD Pharmingen™/1,/100
CD45RA  Naive and effector T cells HI100 BD Pharmingen™/1/10
CD45RO Central and effector memory T cells UCHLI1 BD Pharmingen™/1 /10
CD123 pDC, basophils, macro, DC AC145 Miltenyi Biotec/1,/20
HLA-DR Macro, B cells, DC G46-6 BD Pharmingen™/1/10
BDCA-2 pDC ACl144 Miltenyi Biotec/1,/20
TNF TNE-producing cells MADbI11 BD Pharmingen™ /1 /5
IFN-a, IFEN-a,-producing cells 225.C Chromaprobe, Inc./1/5
IEN-y IFN-y-producing cells B27 BD Pharmingen™/1/5
4 Notes

. Patients do not receive topical or systemic therapy for at least 4

weeks before the study.

. The bandage is rather tight and is held in place well. Mice

rarely remove the bandage within these first 7 days before
removal (clearly less than 5%). The dressing is verified every
day after surgery and must be redone in case a loose bandage
is observed.

. We cut open the bandage above the belly, afterwards it more

or less falls off by itself. The bandage sticks more to itself than
on the mouse hairs when put around the belly. It will therefore
not strip mouse hair when removed.

. Usage of NSAID is not feasible in our model as the inflamma-

tory reaction plays an essential role in the development of
psoriasis.

. Mice weight must be monitored daily for the first 7 days, and

every other day for up to 35 days. If weight loss exceeds 10 %,
mice must be euthanized and the experiment terminated.

. The route of injection and the dosage depends on the nature

of the antibody. For therapeutic antibodies already used in the
clinic, refer to its precise dosage and administration route.
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Chapter 8

A Mouse Model for Atopic Dermatitis Using Topical
Application of Vitamin D3 or of Its Analog MC903

Verena Moosbrugger-Martinz, Matthias Schmuth, and Sandrine Dubrac

Abstract

Atopic dermatitis (AD) is a chronic relapsing inflammatory skin disease with pruritus and high prevalence.
Indeed, 15-30% of children and 2-10% of adults from industrialized countries are affected. Acute AD
lesions are characterized by epidermal hyperplasia associated with a dominant Th2 /Th17 immune response
and dermal inflammatory infiltrates. Moreover, the expression of alarmins such as TSLP, IL-33, and IL-25
is upregulated in acute AD lesions. Topical application of vitamin D3 or of'its low-calcemic analog MC903
induces changes in skin morphology and inflammation resembling immune perturbations observed in
acute lesions of patients with AD. Mice treated with MC903 or vitamin D3 additionally display increased
serum IgE levels, as observed in patients with extrinsic AD. Interestingly, these symptoms are not depen-
dent on mouse gender or on genetic background. Thus, the easiness of this mouse model renders it very
attractive to study immunologic abnormalities involved in AD development or maintenance. Furthermore,
this model might be useful for preclinical studies aiming at unraveling new therapeutic strategies to treat
AD. In this chapter, we describe the induction and major features of MC903 and vitamin D3-induced
AD-like inflammation in mice.

Key words Atopic dermatitis, MC903, Mouse model, Thymic stromal lymphopoietin (TSLP), Skin,
Type 2 T helper cells (Th2), Vitamin D3

1 Introduction

Atopic dermatitis (AD) is a chronic relapsing non-contagious
inflammatory skin disease accompanied by pruritus. Its onset
occurs early in life, most commonly between 6 weeks and 6
months of age. Its incidence culminates around the age of 2 years
and then slowly diminishes. In 50-70% of cases, the disease pro-
gressively regresses and disappears during adolescence. Atypically,
AD can develop with a late onset (<18 years old). Worldwide, the
prevalence of AD is relatively high by affecting 15-30% of chil-
dren and 2—-10% of adults. Noticeably, AD prevalence underwent
a marked increase during the past 30 years, potentially resulting
from increased pollution [1]. In atopic children, regression of

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_8, © Springer Science+Business Media LLC 2017
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eczema can coincide with the development of asthma or allergic
rhinitis, whose incidence starts increasing at the age of 2 and 5
years, respectively. However, incidence of asthma peaks around an
age of 5 years and then slowly decreases to reach its minimal inci-
dence at 15 years. Incidence of allergic rhinitis remains stable
throughout life [2].

The pattern of AD skin lesions is related to patients’ age. In the
perinatal period, erythematous and papulovesicular eruptions with
oozing and crusting are often observed on the face, scalp, and flex-
ures. Later, in childhood, AD is characterized by generalized dry
skin and persistent lichenified flexural lesions on arms and legs.
When AD persists or appears in adults, the disease is mostly local-
ized on extremities (feet and hands) and flexures (elbows, knees,
and neck). It can also manifest as an atopic red face, as chronic
lichenified eczema on the trunk, or as subacute or psoriasiform [3].
The course of AD varies in individuals according to psychologic
state and environment. The physical and environmental factors
involved in adults differ from those in children and this may be
responsible for the different patterns of skin involvement and for
the atypical morphologies [3].

Primary genetic defects affecting keratinocytes and compro-
mising the skin barrier are believed to substantially contribute to
AD development. The defective epidermal barrier permeability has
long been assumed to be a consequence of the immunological
abnormalities observed in AD (“inside-to-outside” paradigm).
Later, skin barrier dysfunction was proposed as the “driving force”
of AD pathogenesis (“outside-to-inside” paradigm). Nowadays, an
“outside-to-inside, back-to-outside” paradigm predominates. In
this pathogenic model, initial skin barrier impairment favors aller-
gen/hapten/chemical ingress in the stratum corneum, which are
taken up by Langerhans cells (LCs) [4]. Activated LCs then migrate
to regional lymph nodes to prime naive CD4* T-lymphocytes into
Type 2 T helper (Th2)/allergic cells or locally activate memory
Th2 cells [5-7]. Th2 cytokines such as I1.-4 and IL-13, produced
not only by skin T cells but also by innate lymphoid cells type 2
(ILCs2), then downregulate genes important to skin barrier func-
tion such as filaggrin (FLG), involucrin or loricrin, further increas-
ing skin permeability to allergens/haptens/chemicals [8§-10]. This
vicious cycle might be amplified by the hyper-proliferation of LCs
which has previously been reported in AD skin [11]. The “outside-
to-inside, back-to-outside” paradigm is strengthened by recent
work showing that increased transepidermal water loss (TEWL) in
newborns precedes overt AD symptoms [12].

Primary skin barrier disturbances observed in AD are, in part,
driven by loss-of-function mutations in the gene encoding the epi-
dermal protein filaggrin (FLG) [13]. However, other genes impor-
tant for skin barrier function are potentially involved. Meta-analysis
of genome-wide association studies identified other risk loci linked
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to AD and involved in epidermal proliferation and differentiation
[14, 15]. However, to date, only FLG mutations were found to
predict dose-dependent alterations in the permeability of epider-
mal barrier [16-18]. In patients with AD, the epidermal barrier
defect is also provoked by abnormal lipid composition and organi-
zation of the straum corneum and by an altered epidermal lipid
metabolism [9, 19-22]. These cutancous lipid abnormalities can
result from upstream genetic alterations in lipid-related genes but
also in genes related to keratinocyte differentiation [16].

During flares, two skin states, i.e., nonlesional vs. lesional coex-
ist in AD patients. Nonlesional skin, despite a normal appearance,
shows epidermal hyperplasia, increased TEWL, and is associated
with deregulated keratinocyte differentiation, a less acidic skin sur-
tace pH and subclinical signs of inflammation [23]. Increased
numbers of Ki67* keratinocytes and upregulation of keratin 16
expression demonstrate a stimulation of keratinocyte proliferation
in nonlesional skin. This keratinocyte hyper-proliferation is not
counteracted by increased apoptosis [24]. Moreover, CD3* and
CD11c* cells are more abundant in nonlesional AD than in healthy
skin [23]. Furthermore, the transcription of genes involved in both
epidermal homeostasis and immune response is largely altered in
nonlesional AD when compared to healthy skin. The expression of
genes encoding for major terminal differentiation proteins, includ-
ing loricrin, FLG, involucrine, corneodesmosine, late cornified
envelope and small proline rich proteins is downregulated [23].
Interestingly, protein levels of Claudin 4, a protein essential for
tight junctions, are enhanced in nonlesional AD when compared
to healthy and lesional skin [25]. The expression of the T-cell trat-
ficking chemokines, CCL17, CCL5, CCL11, CCL18 and the
expression of IL-13 considered as Th2 mediators are markedly
increased whereas expression of genes involved in Thl/IFNy sig-
nalingis moderately triggered in nonlesional AD [23]. Furthermore,
expression of IL-23 /p19 and p40 is increased, suggesting a partial
upregulation of the Th17 immune response [23]. A Th22 immune
response is not induced in nonlesional skin with expression of
1L-22 similar in nonlesional AD and healthy skin [26, 27]. Thus,
nonlesional skin mainly displays a Th2 /Thl7 immune response.
Expression of antimicrobial peptides such as hBD-2 and LL-37
[28, 29] and neutrophil numbers [30] are unaltered in nonlesional
skin when compared to healthy skin and it remains unknown
whether nonlesional AD skin is infiltrated by increased numbers of
ILCs2. Thus, the contribution of innate immunity to nonlesional
AD might rather be minor.

Lesional AD skin exhibits major epidermal hyperplasia, spon-
giosis, lichenification, overt inflammation, possibly bacterial as well
as viral superinfection. Moreover, lesional AD is characterized by
severe skin barrier impairment associated with dramatic increase of
TEWL and strong downregulation of keratinocyte differentiation.
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Skin lesions of AD patients are infiltrated with various immune
cells, such as eosinophils, basophiles, mast cells, dendritic cells
(DCs), CD8* T cells, CD4* T cells, and IL.Cs2 [31]. Recent work
has shown that neutrophils and neutrophil-related molecule such
as DEFB4 and CXCLI are increased in skin lesions of AD patients
when compared to nonlesional skin, thus changing the classical
view on the contribution of neutrophils to AD [30]. Moreover,
higher levels of neutrophils in lesional AD are associated with
Staphylococcus aurens infection and  Staphylococcal coagulase-
induced supraepidermal crust formation [30]. Others reported
lower numbers of polymorphonuclear leukocytes, NK cells and
plasmacytoid DCs (pDCs) in AD lesions, potentially explaining
microbial superinfection [32]. Thus, both abnormal adaptive and
innate immunity contribute to lesional AD [32].

Lesional AD skin develops in two phases, i.c., the acute phase
which lasts only a few hours followed by the chronic phase. Acute
lesions are characterized by a Th2 dominant immune response and
epidermal hyperplasia, very similar to nonlesional AD. However,
acute lesions additionally exhibit increased expression of alarmins
such as 1L-25, I1.-33, and thymic stromal lymphopoietin (TSLP)
which are produced by damaged epidermal cells, mostly keratino-
cytes [33]. These alarmins are believed to promote Th2 immune
response, thus perpetuating immune abnormalities [33]. Because
the acute phase of lesional AD only lasts a few hours, the literature
mostly reports data on the chronic phase of lesional AD. Immune
abnormalities observed in chronic AD lesions are more complex
than in acute lesions because Thl, Th17, Th22, and Th2 immune
responses coexist [26, 27, 34]. Acute and chronic AD lesions can
be distinguished by differential expression pattern of various mol-
ecules (Table 1) [35, 36]. Most of AD skin lesions are colonized
with microbes [37]. Microbial superinfection triggers receptors
such as the protease-activated receptors (PARs), the Toll-like
receptors (TLRs), the C-type lectins (CLRs), and inflammasomes
which, in turn, induce NF-kB activation, reactive oxygen species
(ROS) production, and the release of innate pro-Th2 cell cytokines
including alarmins and  granulocyte-macrophage colony-
stimulating factor (GM-CSF) by epidermal cells [33, 37].
Subsequently, ILCs2 are recruited to AD skin lesions by TSLP,
IL-25, IL-33 but also by prostaglandin D2 [31-33, 38, 39]. Thus,
in chronic AD lesions, microbial superinfection sustains inflamma-
tion by triggering innate immunity via keratinocyte activation.

Various mouse models have been developed in order to better
understand the pathogenesis of AD or to evaluate efficacy of poten-
tial therapies. However, there are no perfect mouse models for AD
because genetically- or chemically-induced AD in mice only
recapitulates part of the features observed in AD patients but never
all [7, 40]. The choice of a mouse model to study AD should be
tailored to the question asked. The mouse model using vitamin D3
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Table 1
Cytokine expression profile in acute versus chronic AD lesions

Acute lesions Chronic lesions

IL-4 1
IL-5 _
IL-10 0

i
—

IIE-1'3 ~t
I1L-31 T
CCL18 ~t
CCL5 ~1
CCL13 =
CCL11 T
TSLP 1
TSLPR =
OX40L =

T T e e e T

IL-9 ~1 =fj
1L-22 T
S100A7 T
S100A8 T
S100A9 1
S100A12 1
IL-32 T
IFN-y =
IL-8 ~1 ~1
IL-1p -t -
IFN-o = ~t
CXCL9 = T
CXCL10 = 1
CXCLI11 = 1
IL-17A i -1
IL-23p19 ~1 =
1L-23p40 = adl
CCL20 1t t
Foxp3 = T

Expression compared to nonlesional AD [35, 36], = unchanged expression, ~1 non
significantly increased, 1 significantly increased
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or its low-calcemic analog, MC903 has been developed by Li et al.
in 2006 [41]. In this model, vitamin D3 or MC903 induces over-
expression of TSLP by keratinocytes leading to the development of
AD-like inflammation [41, 42] and of asthma [43, 44]. Mice
treated with MC903 or vitamin D3 exhibit epidermal hyperplasia
associated with increased dermal inflammatory infiltrates consist-
ing of eosinophils and CD3*, CD4*, CD11c*, GR-1*, and mast
cells [41]. Skin treated with MC903 shows increased levels of
TSLD, IL-4, IL-5, IL-13, IL-31, IL-10, IL-8, IFN-y, and TNE-p
[5,41]. Thus, in this model, a mixed Th2 /Th1 immune response
is triggered by MC903 /vitamin D3 treatment. However, it remains
unknown whether MC903 or vitamin D3 enhances a Thl7 or a
Th22 immune response in mouse skin. Moreover, vitamin D3- or
MC903-treated mice display increased serum IgE [5, 41], as
observed in extrinsic AD. The induction of AD-like symptoms by
vitamin D3 or MC903 requires both adaptive and innate immu-
nity. Indeed, this model has been used to demonstrate the patho-
genic role of LCs in the development of AD [5] and their
hyper-proliferation in AD skin [11]. Furthermore, topical applica-
tions of MC903 and TSLPR deficient mice have been employed to
demonstrate that TSLP signaling in CD4* T cells is required for
memory formation of Th2 cells [45]. Recently, this model has
been utilized to show a TSLP-dependent, IL-33-independent
recruitment of ILCs2 to AD skin [39] and that AD-like inflamma-
tion is improved by microRNA-146a through suppression of
innate immune responses in keratinocytes [46]. Finally, RAG1~/~
mice treated with MC903 display epidermal hyperplasia, increased
skin expression of TSLP, IL-4, IL-6, IL-10, and IFN-y, and
increased skin infiltration with ILCs2, eosinophils, mast cells, and
CD1l1c* cells [39, 41].

Thus, the MC903- or vitamin D3-based AD mouse model
nicely recapitulates important hallmarks of lesional AD. Therefore, it
can be used to address still unanswered questions related to the
complex immune interplay that characterizes lesional
AD. Furthermore, this model might help in deciphering abnormal
adaptive and innate immune responses in AD. The epidermal barrier
function has not yet been investigated in this model, which could be
useful to detail the effects of cutaneous immunity on stratum cor-
neum and tight junction barriers. Moreover, this mouse model
could be used to evaluate the relation between AD and asthma.

To conclude, the big advantage of this model is its casiness.
Indeed, it suffices to topically apply vitamin D3 or MC903 to mouse
skin for several days to obtain AD-like inflammation recapitulating
major AD features [41]. This model does not require tape stripping
which can be tricky, application of occlusive patches onto mouse
back that are sometimes not easy to manage, topical application of
hazardous agents such as oxazolone or 2,4-dinitrofluorobenzene
(DNEFEB), or complex genetic manipulations that take months or
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years to be established. In this chapter, we will provide all technical
details for topically applying vitamin D3 or MC903 to mouse skin in
order to obtain AD-like inflammation.

2 Materials

[©) NN 2 BT NG S I S I

7.

. 8-10-week-old, sex- and weight-matched mice (see Note 1).
. Ethanol 99 % grade pure.

. A high precision balance.

. Safe-lock 1.5 ml black Eppendorf tubes (light safe).

. Eventually a shaving devise and a depilatory cream.

. MC903 (also called calcipotriol, >98 %, Tocris). The working
concentration for MC903 is 45 pM. It can be prepared with an
initial concentration of 450 pM as follows: Dissolve 1 mg
MC903 (MM =412.6 g/mol) in 5.386 ml ethanol. Further
dilute this stock solution ten times in ethanol to reach the
working concentration of 45 pM. Prepare 1 ml aliquots in
small sterile black Eppendorf tubes (safe-lock, light safe) and
store at —20 °C. Aliquots should not repeatedly be thawed and
frozen because of subsequent ethanol evaporation, which will
concentrate the chemical (see Notes 2-4). Argon can be
applied to the Eppendorf tubes to avoid oxidation of MC903
for long-term storage (see Note 5).

Vitamin D3 (also called 1a,25-dihydroxyvitamin D3 or chole-
calciferol, >98% HPLC, Sigma-Aldrich). Dissolve vitamin
D3 in ethanol to a working concentration of 50 pM. It can be
prepared as an initial solution of 500 pM as follows: Dissolve
1 mg vitamin D3 (MM =384.339 g/mol) in 5.204 ml ethanol.
Dilute this solution ten times with ethanol to reach the work-
ing concentration of 50 pM. Use the same storage conditions
as described for MC903 (see Notes 2-5).

3 Methods

Compounds can be topically applied to mouse ears under short
anesthesia with ketamine or isoflurane. Because MC903 is a low-
calcemic vitamin D3 analog, it can be applied to mouse skin at
higher concentrations and for a longer time than vitamin D3.
Therefore, MC903 can be applied not only to mouse ears but also

to

mouse back skin after hair removal (please see below). Vitamin

D3 should only be applied to mouse ears because of it adverse
effects on systemic calcium metabolism.
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3.1 Induction
of AD-Like Skin
Inflammation

3.1.1  Topical Application
of MC903

3.1.2  Topical Application
of Vitamin D3

3.2 Evaluation
of Atopic Inflammation

1.

The

When MC903 is applied to mouse back skin, hair should be
removed 3 days before starting the topical applications (see
Note 6).

. To induce AD-like inflammation with MC903, compound

should topically be applied once daily as follows for (1) mouse
ears (12.5 pl on dorsal and ventral ear side for a total volume
of 25 pl per ear) or (2) back skin (25 pl for a skin area the size
of'a quarter). Altogether, 1.125 nmol MC903 will be applied
per ear or per back skin area every day (see Note 1).

. The sequence of treatment will be the following: 5 days treat-

ment, 2 days interruption, 5 days treatment, 2 days interruption,
1 or 2 days treatment (for a 15-16 day-treatment period).
Control animals are treated in parallel with ethanol only (Fig. 1).

. When vitamin D3 is used, only one ear should be treated

because of adverse effects on systemic calcium metabolism (see
Notes 1 and 2).

. To induce AD-like inflammation with vitamin D3, the com-

pound should topically be applied to one mouse ear (10 pl on
dorsal and ventral ear side for a total volume of 20 pl per ear)
once daily. Altogether, 0.4 nmol vitamin D3 will be applied per
ear and per day according to the following treatment sequence:
4 days treatment, 3 days interruption, 4 days treatment (for a
11 day-treatment period) (see Notes 1 and 2). Control animals
are treated in parallel with ethanol only (see diagram below).

time course of inflammation can be monitored by measuring

ear thickness with a caliper under light anesthesia (Fig. 2a). Upon
treatment, inflammation develops as skin hyper-vascularization and
subsequent skin redness becomes visible (Fig. 2b). Auricular lymph

nod

es are also enlarged after treatment (Fig. 2¢) (se¢e Note 7).

B MC903

[N | NN .

Day 1 5 8 12 15 16

Day

|:| Vitamin D3

v

1 4 8 11

Fig. 1 Diagrams showing the daily treatment scheme for MC903 (in red) and for
vitamin D3 (in yellow)
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Fig. 2 MC903 induces atopic dermatitis-like inflammation in mice. C57BL/6 mice were topically treated with
MC903 on right ear or with ethanol on left ear for 15 days as follow: 5 days topical treatment, 2 days interrup-
tion, 5 days treatment, 2 days interruption, 1 day topical treatment. (a) Time course of ear thickness. Days on
x-axis refer to days after start of the treatment. (b) Pictures of a representative mouse on day 15 showing ear
thickening and hyper-vascularization (arrows) for the ear side treated with MC903. (c) Pictures of representa-
tive auricular lymph nodes from a mouse treated for 15 days with MC903 or ethanol (ETOH). Pictures of rep-
resentative H&E staining from mouse ears after topical treatment with ethanol or MC903 (d) or vitamin D3
according to the 11-day protocol (e). Magnification x100 (/eft panel) or x400 (right panel). (f) Histogram show-
ing expression of TSLP, measured by quantitative PCR, in mouse ears treated with ethanol, or MC903 or vita-
min D3. Results are expressed as % of controls and shown as Mean +SEM. Statistical significance was
determined by a Student-t-test

Histological analysis of mouse skin shows epidermal hyperplasia
and dermal inflammatory infiltrates mostly consisting of lympho-
cytes, macrophages, eosinophils and neutrophils (Fig. 2d) (see
Note 8). The vitamin D3-related symptoms are attenuated due to
shorter treatment time and lower dose of the compound used
(Fig. 2e). However, this protocol is sufficient to induce a robust
TSLP overexpression in mouse skin (Fig. 2f) (see Note 9).
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4 Notes

. This model works in mice regardless of sex and genetic back-

ground (Balb/c versus C57BL/06).

. Mice treated with vitamin D3 will lose weight over time during

the experiment due to interactions between vitamin D3 and
calcium metabolism. Therefore, MC903 should be preferred
to vitamin D3. In case, MC903 is not available, a careful follow
up of the mice should be done; only mice weighting more than
25 g should be used for the experiment.

. Compounds should be stored at —20 °C protected from light

and in aliquots. If possible, remove oxygen in tubes with argon
prior storage (see Note 5). Tubes should have a safe lock and
be additionally sealed with Parafilm to avoid ethanol
evaporation.

. Aliquots of working solution should be prepared to be only

used once. Otherwise, air can induce compound oxidation and
ethanol evaporation.

. Argon is sold as a bottle of gas. The bottle output is usually

connected to flexible plastic tubing at the end of which a glass
Pasteur pipette or a pipette tip is inserted. After opening of the
bottle to release the gas, apply the Pasteur pipette in the
Eppendort tubes for 30 s at least. It takes a bit of time to
eliminate all oxygen. The duration of argon diffusion depends
on the volume of liquid in the tube.

. Itis important to remove hair 3 days prior to topical treatment.

These 3 days are required for skin recovery after hair removal
which inflicts skin traumas. Mice are anesthetized and shaved
on a large back skin area with a shaving device. Then, a thick
layer of depilatory cream is applied onto skin for 4-7 min and
washed away with water only. Cream should be entirely removed
and mice carefully dried using handkerchiefs. To help mice to
recover from anesthesia and hair removal, they can be placed on
a warming table at 35 °C. If no warming table is available, mice
can be placed in between two latex gloves filled with warm
water. This recovery procedure should not exceed 20 min.

. Auricular lymph nodes can be further used for flow cytometry

analyses or for cell cultures as follows: place auricular lymph
node(s) in a 6 well-plate containing 2 ml Hank’s buffer with-
out calcium and magnesium and 2% FCS. Then, dislocate
lymph nodes with curved pincers and pipet the bulk into a
50 ml Falcon tube. Wash the well that has contained lymph
nodes with 2 ml Hank’s buffer and 2 % FCS and add to Falcon
tube. Auricular lymph nodes are then digested with collage-
nase D (120 pl of a 40 mg/ml solution) for 25 min at 37 °C
under shaking. Stop the digestion by adding EDTA (80 pl of a
0.5 M solution) for 5 min at 37 °C under shaking. Single cell
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suspension is obtained by filtering cells through a 40 pm cell
strainer, washed with cold PBS and centrifuged. Finally, dis-
solve the pellet in cold PBS or R10 medium, count cells in a
hemocytometer.

. To perform H&E staining on mouse ears, disinfect tissue with
70% ethanol, remove and fix it overnight at 4 °C in 1 ml of a
4% formalin solution. Then, embed ' ear in paraffin and cut
in 3 pm sections with a microtome. Hematoxylin and eosin
staining is then done as follows: after deparaffinization with
successive xylene and ethanol baths, sections are first stained
with haematoxylin (3 x5 min), washed with 1% acid alcohol
for 2 min and then further stained with eosin for 2 min. After
extensive washings, sections are mounted and examined under
a light microscope.

. To measure expression of TSLP in mouse ears, the following
protocol can be utilized: RNAse-free tubes and solutions
should be used throughout all RNA preparation and RNA
Zap® (Ambion) should be used to clean up instruments. First
disinfect ears with 70 % ethanol, remove and immediately shock
freeze it in liquid nitrogen. Ears can be stored at —80 °C for a
few days or used on the same day to prepare RNA. Skin con-
tains RNases; therefore it is always better to prepare RNA from
skin as soon as possible after removal because the storage can
induce RNA degradation. RNA is then prepared as follows
(adapted from TRIzol data sheet): add 1 ml TRIzol to Y
mouse ear and homogenize with a homogenizer. Incubate
samples for at least 5 min at room temperature. Then, add
200 pl chloroform and mix tubes by inverting for 15 s. Incubate
samples at room temperature for at least 2 min and centrifuge
at 12,000 x g for 15 min at 4 °C. Pipet the aquous phase (the
upper color-less phase) and transfer into a clean tube. Add
500 pl isopropanol and mix by inverting 5-10 times. Let RNA
precipitation at —20 °C overnight. Then, centrifuge samples at
12,000 x g for 10 min at 4 °C. A white pellet should be visible
at the bottom of the tube. To ensure visualization of a pellet,
GlycoBlue™ (Thermofisher) (1:1000) can be added to the
mixure prior overnight precipitation. After centrifugation,
remove supernatant, add 1 ml 75% ethanol and centrifuge
samples at 7500 x g for 10 min at 4 °C. Carefully remove etha-
nol and let the tube drying by inverting on a clean tissue for
5-10 min at room temperature. Clean swabs can alternatively
serve at drying residual ethanol on tube walls. When the pellet
is dried up, add 50 pl TE bufter and vortex well. Samples can
be further incubated at 55-60 °C for 10 min to inactivate pro-
teins (Table 2). Then, genomic DNA can be removed from
samples by DNase treatment according to manufacturer’s
instructions (Ambion, Austin, TX). The removal of genomic
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Table 2
Summary for RNA and cDNA preparation from mouse ears
RNA preparation cDNA preparation
50 pl 100 pl
Step I: Y ear+1 ml TRIzol Step I: Denaturation 1 pg RNA +4 pl Hexamer
Homogenization step (see Note 11)+10 pl

Step 2: Dissociation of
nucleoprotein
complex

Step 3: Isolation of
nucleic acids

Step 4: Precipitation of
nucleic acids

Step 5: Isolation of
nucleic acids

Step 6: Wash

Step 7: RNA solution

Step 8: Inactivation of
proteins

Step 9: RNA
concentration

Incubation for 5 min at  Szep 2: To bring all

room temperature reagents at room
temperature
+200 pl chloroform Step 3: cDNA
Mix synthesis

Centrifuge at 12,000 x g
for 15 min at 4 °C

Transfer color-less phase
into a fresh tube

+500 pl isopropanol Step 4: Enzyme
Mix inactivation
Precipitate overnight at

-20°C

Centrifuge at 12,000xyg  Step 5: Storage
for 10 min at 4 °C

+1 ml 75 % ethanol
Centrifuge at 7500 x g for
10 min at 4 °C

Dry pellet
+ TE bufter

10 min at 55-60 °C

Dilute 1:100 RNA in
RNAse-free distilled
water and measure
absorbance at 260 vs.
280 nm

10 mM dNTP +(gsp
54 pl RNase-free water)
Incubate for 5 min at 65 °C

20 pl 5x buffer+10 pl
0.5 M DTT

Incubate for 10 min at
25 ®C

2 pl Superscript 11
(200 U/ml)

Incubate for 50 min at
42 °C

Incubate for 5 min at
96 °C

cDNA can be stored at
4 °C for short term and
at —20,/-80 °C for
longer storage

DNA allows a more sensitive detection of changes in gene
expression. Ultimately, prepare random primed ¢cDNA from
total RNA (Superscript I RNase H-reverse transcriptase; Life
Technologies) (Table 2). Real-time PCR (Real-time PCR
detection system CFX96; Biorad) is performed using the
Brilliant III Ultra-Fast Quantitative PCR Kit from Agilent
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technologies according to manufacturer’s instructions. Tagman
primer and probe mix are used with this kit and increase PCR
specificity. Sequences for probes and primers specific for mouse
TATA binding protein (see Note 10) and for mouse TSLP
mRNA molecules are synthesized by Microsynth (Balgach,
Switzerland): TSLP forward primer 5'CCT TCA CTC CCC
GAC AAA AC3’, TSLP reverse primer 5’GCC TGG GCA
GTG GTC ATT3’' and TSLP Tagman probe FAM-5'TTG
CCC GGA GAA CAA GAG AAG CCC T3'-TAMRA; TATA
binding protein forward primer 5’ACTTCGTGCAAGA
AATGCTGAA3’, TATA binding protein reverse primer
5" TGTCCGTGGCTCTCTTATTCTCA3’ and TATA binding
protein Tagman probe FAM-5"TCCCAAGCGATTTGC
TGCAGTCATC3'-TAMRA. Aleternatively, pre-made primer
and probe mix are commercially available (Applied Biosystems).
RT-PCR is performed with a first cycle at 95 °C for 3 min and
then 39 cycles as follows: 5 s at 95 °C, 10 s at 60 °C with the
current kit.

TATA binding protein is a good housekeeping gene for skin.
Alternatively, cyclophilin can be used. These two housekeeping
genes are best for the skin. Other housekeeping genes such as
36B4 and beta-2-microglobulin work also satistyingly.

Hexamers are synthesized by Microsynth (Balgach,
Switzerland) and prepared as a 100 pM stock solution in
RNase-free distilled water. Dissolve hexamers in distilled water,
vortex, incubate for 5 min at 55 °C, vortex, further incubate
for 3 min at 55 °C, cool down on ice and store at —20 °C.
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Chapter 9

Particle Bombardment of Ex Vivo Skin to Deliver
DNA and Express Proteins
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Abstract

Particle bombardment of gold microparticles coated with plasmids, which are accelerated to high velocity,
is used for transfection of cells within tissue. Using this method, cDNA encoding proteins of interest intro-
duced into ex vivo living human skin enables studying of proteins of interest in real time. Here, technical
aspects of particle bombardment of ex vivo skin are described using green fluorescent protein (GFP) as
readout for efficiency. This method can be applied on numerous tissues, including in living model animals.

Key words Particle bombardment, Exogenous proteins, Green fluorescent protein, Helios gene gun,
Ex vivo living human skin, Blistering diseases, Live imaging

1 Introduction

Particle bombardment is used as a physical method of cell transfec-
tion in which high density subcellular-sized particles coated with
DNA are accelerated to high velocity to enter cells [1]. The gene
gun was introduced in the 1980s to deliver DNA with brute force
into plant cells to overcome the hard physical cell wall [2, 3].
Subsequently, the method was applied to mammalian cells, live
mice, and intact brain slices [1, 4-6]. To date, gene delivery by
particle bombardment has found its way to target cancer cells for
therapy [7], and in several studies in rodents models to study vac-
cination [8], aiming to reduce the eftects of inflammation [6], and
to decolorize pigmented skin [4].

We use gene gun-mediated delivery of plasmids encoding green
fluorescent protein (GFP) and /or chimeras to study pemphigus, an
autoimmune blistering disease leading to loss of cell-cell adhesion in
the skin and /or mucosa [9-11]. The autoantibodies target desmo-
gleins (Dsgl—4) [12], building blocks of cell-cell adhesion struc-
tures (desmosomes) that provide strength to the tissue [13, 14].

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
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Fig. 1 Workflow of DNA—microparticles preparation

Helio gene gun

In search for the pemphigus pathomechanisms, several models
are used: monolayers of cultured keratinocytes, skin 3D rafts, pas-
sive transfer mouse models, and ex vivo living human skin [15]. In
cultured cell monolayers, autoantibodies (IgG) from a subtype of
pemphigus patients cause internalization of Dsg3 followed by clus-
tering of non-internalized Dsg3 proteins that form ‘linear array’
structures [16]. It is unknown if such a mechanism also occurs in
patients, but auto-antibody-targeted desmogleins are relocalized
and clustered in human skin. Loss of cell-cell adhesion can be
induced in our cultured skin model within 24 h [17].

To follow the fate of IgG and desmoglein in tissue, we imple-
ment particle bombardment with a gene gun to deliver exogenous
DNA encoding a chimeric of a desmosomal protein and a
fluorescent protein in ex vivo living human skin. These can be
imaged in real time using live fluorescence microscopy, thus
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Helios gene gun

< barrel liner

> epidermis
e.x ‘wvo . dermis
living skin
b
<——— biopsy
punch
transfected

T
ex-vivo living skin

[+

biopsy of transfected

< glass bottom dish
ex-vivo living skin

solidified agarose in medium

Fig. 2 Delivery of DNA—microparticles into the skin and preparation for live imaging. (a) DNA coated on the
microparticles is delivered into the ex vivo living human skin using the Helios gene gun. The barrel liner is
placed on the epidermal surface. (b) A punch biopsy is taken from the transfected skin ideally while the skin is
placed on a silicone mold and stretched (not shown). (¢) The transfected skin biopsy is placed into the glass
bottom dish and stabilized using low melting point agarose in medium. Note that the epidermis is placed down
because we use an inverted microscope. The level of medium is indicated with a red line. Check Note 12 when
using an upright microscope

bypassing the need for fixation and permeabilization or physical
sectioning [18]. Here, the protocol for delivery of DNA and analy-
sis of the expression in ex vivo skin is described. The protocol can
be applied or used as a starting point to introduce cDNA encoding
proteins of interest in skin of animals models.

The general bombardment workflow (Fig. 1) is as follows:
preparation of (1) DNA-microparticles mixture; (2) the cartridges;
(3) the tissue; followed by (4) DNA delivery into the tissue and
finally (5) analysis by fluorescence microscopy. First, a suspension
of DNA and microparticles is made which is injected into a tubing
system and equally redistributed on the tubing prep station. The
tube with DNA-microparticles is cut into the smaller pieces: the
bullets. These are loaded into the Helios gene gun. Under pressure
of helium, DNA-microparticles suspension coated on the inner
side of the cartridges is propelled into the target tissue (Fig. 2).
The fluorescent protein will be expressed and is typically analyzed
after 1 day using live imaging, but can also be examined in
cryosections.
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2 Materials

2.1 Materials

for Preparation

of DNA-Microparticles
Mixture

2.2 Materials for
Loading the DNA-
Microparticles

2.3 Materials for
Delivery of the DNA-
Microparticles

into the Target

2.4 Target Tissue

O 0 NN N Ul

. Gold microparticles.

. Polyvinylpyrrolidone (PVP), a stock of 20 mg/ml in ethanol,

store up to 1 month at —20 °C.

. 0.5 M spermidine. Prepare 1 ml of 0.5 M spermidine in 100 %

ethanol.

. Purified plasmid DNA (1 mg/ml) in distilled water.
. 1 M calcium chloride.

. Vortex device.

. Ultrasonic cleaner.

. 15 ml tubes.

. 1.5 ml microfuge tubes.

10.
. Analytical balance.

100 % ethanol.

. Gene gun tubing prep station.

2. Tetzel tubing.

w

O 0 NN N Ul

. Tank with regulator with compressed nitrogen of grade 4.5

(99.995%) or more.

. Nitrogen hose.
. Adaptor tubing.
. 10 ml syringe.

. Tubing cutter.

. Scissors.

. Marking pen.

1. Helios gene gun.

[\
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—

. Tank with regulator with compressed helium of grade 4.5

(99.995%) or more.

. Barrel liners washed in 70 % ethanol.

. Cartridge holder washed in 70 % ethanol.
. Helium hose.

. Ear protection.

. Gloves.

. Flow hood.

. Redundant human skin or animal skin.
. Cell medium, like Dulbecco’s Modified Eagle Medium

(DMEM) with 10% fetal bovine serum (EBS).
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of Transfection

2.6 Preparation
for Imaging
of Transfected Tissue
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. Hank’s balanced salt solution (HBSS).
. Sterile surgical scissors.

. Sterile surgical tweezers.

. Sterile 6-well plates.

. Gloves.

. Flow hood.

O NN O U B~ W

. Fluorescence microscope.
. 6 mm sterile biopsy punch.
. Sterile silicone mold.

. Sterile needles of 0.5 x 16 mm.

SN I I S

. Cell medium, like DMEM without phenol red, supplemented
with 10% FBS.

—

. Fluorescence microscope.
2. Low melting point agarose.

3. Cell medium, like DMEM without phenol red, supplemented
with 10% FBS.

4. Sterile 35 mm glass bottom dishes.

5. Sterile tweezers.
2.7 Material 1. Liquid nitrogen.
for Tissue Sectioning 2. Liquid nitrogen tank.
and Examination 3. Small metal cans for biopsies.
4. Cryostat.
5. Hair dryer.
6. Microscopic glass.
7. Fluorescence microscope.
8. Nuclear stain.
9. Mounting medium.
3 Methods
3.1 DNA- Purified plasmid DNA is precipitated on the microparticles and
Microparticles Mixture  loaded in the Tefzel tube to prepare the cartridges. The DNA—mic-

roparticles will be propelled into the target tissue by helium
pressure.

It is important to optimize the ratio between the amount of
DNA and microparticles and the amount of microparticles deliv-
ered per target, the concentration of PVP and to define the optimal
helium pressure that will lead to the most efficient protein
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3.2 DNA-
Microparticles
Cartridges

expression (se¢e Note 1). Here we use parameters that are optimal
for delivery of DNA encoding GFP to the epidermis of ex vivo liv-
ing human skin. The 1 ml DNA-microparticles mixture will create
17 cartridges (see Note 2).

1. Prepare PVP in 100 % ethanol with a concentration of 0.1 mg,/ml.

2. Weigh 8.33 pg of 1.0 pm gold microparticles in a 1.5 ml
microfuge tube. For other sized microparticles se¢ Note 3.

3. Add 100 pl of 0.5 M spermidine to the gold microparticles.

. Vortex for 5 s, then sonicate in the ultrasonic cleaner for 5 s.

RS

. Add 16.6 pg of plasmid DNA. If using more than one plasmid
with different tags, all of them should be added at this step.

. Vortex for 5 s.
. Sonicate for 5 s.
. Add 100 pl of 1 M CaCl, in a dropwise manner.

. Leave for 10 min at room temperature to precipitate.

NeRe RN BN

10. Spin 15 s and discard the supernatant, which should be clear.

11. Resuspend the pellet and wash 3x with 1 ml ethanol discarding
the supernatants.

12. Add PVP-ethanol (0.1 mg/ml) to the pellet to reach a final
volume of 1 ml. For larger volumes see Note 4.

13. The suspension can be directly used or stored at =20 °C up to
2 months.

Cartridges are prepared by loading the DNA—microparticles sus-
pension into the prep station provided by the Helios gene gun
system (Fig. 1). The suspension is evenly loaded and microparticles
with DNA are settled inside the Tetzel tube and evenly distributed
by rotations, while ethanol is removed and the tube is dried by
nitrogen gas. The cartridges are made by cutting the Tetzel tube
with the DNA-microparticles coated inside and can be inspected
under the light microscope to determine the presence of micropar-
ticles and their density. Follow the manufacturer’s protocol to set
up the tube preparation station.

1. Insert uncut Tefzel tube into the tubing prep station con-
nected to the nitrogen source.

2. Adjust the nitrogen flow on the prep station to 0.3-0.4 1 per
minute (LPM).

3. Dry the tube with nitrogen for 15 min prior the loading of the
DNA-microparticles mixture.

4. Turn oft the nitrogen flow.

5. Remove the dried Tefzel tube from the prep station and cut
75 cm of the tube (see Note 5).



11.
12.
13.

14.

15.

16.

17.

18.

Bombardment of Skin with cDNA 113

. Vortex the DNA-microparticles suspension, so that all the

clumps are removed.

. Connect a 10 ml syringe with a support tube to the Tefzel

tube.

. Bring the DNA-microparticles suspension with a syringe into

the Tefzel tube and bring back the tube to the horizontal posi-
tion to the prep station.

. Allow the DNA-microparticles to settle for 5 min.
10.

Using the connected syringe move the liquid back by constant
speed (see Note 6) leaving the settled microparticles in.

Discard the liquid and disconnect the syringe.
Turn the rotator on.

Open the nitrogen gas, adjust the flow to 0.4 LPM and leave
for 5 min while rotating.

Turn oft the rotator and the nitrogen flow.

Inspect under the light microscope the presence of gold mic-
roparticles and mark with a pen the beginning and the end of
the Tefzel tube with microparticles.

Cut the empty pieces of the Tefzel tube with scissors.

Cut the Tefzel tube with microparticles using the cutting
device to create cartridges.

The cartridges can be directly inserted in the Helios gen gun
to deliver DNA to the target tissue or can be stored at 4 °C. It
is reccommended not to store them longer than 1 month.

19. Prior to delivery into the skin it is recommended to test the

cartridges (see Note 7).
3.3 Manipulation We use live human skin taken immediately after surgery (see
of the Target Tissue Note 8) [19]. Prior to receiving the skin prepare the hood and

all the necessary materials and always work with gloves.

1.
2.

Upon receiving the skin, transfer it into a sterile plastic tube.

Wash the skin in HBSS and inspect the pieces of the skin (see
Notes 9 and 10).

. If subdermal tissue is present, remove it using sterile scissors.

. With sterile scissors cut pieces more than 1 x 1 cm that will fit

the barrel of the gene gun.

. Place the pieces into the 6-well dishes with appropriate

medium, so that the epidermis is in contact with the air. Do
not submerge the skin completely in the medium!

3.4 Delivery of the Cartridges with DNA-microparticles are loaded into the Helios
DNA-Microparticles gene gun and under helium pressure propelled into the tissue. We
into Tissue use helium pressure of 300 Ib per square inch (psi) for the delivery.
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3.5 Examination
of Transfection

See Note 1 for the optimization and Note 11 for testing the Helios
gene gun. The Helios gene gun should be set according to the
manufacturer’s protocol.

1.

o N O v

10.

11.

12.

Load the cartridges into the cartridge holder starting from
number 1.

. Place the holder into the Helios gene gun.
. Place the linear barrel into the Helios gene gun.

. Connect the Helios gene gun with the helium tank and set to

300 psi.

. Place the battery into the Helios gene gun.
. Place ear protection.
. Remove the medium from a well with the targeted tissue.

. Place the linear barrel vertical to the skin touching the epider-

mal side.

. Activate the safety interlock and press the trigger button to

deliver the DNA-microparticles.

Add new medium into the well with the transfected skin leav-
ing the epidermis in the air.

Repeat the DNA delivery depending on the number of car-
tridges and samples. Before discharging the next cartridge
change its position in the cartridge holder in the Helios gene
gun in order to propelle the appropriate cartridge.

Leave the skin in the incubator of 37 °C with 5% CO,
overnight.

The transfected tissue can be examined for protein expression 24 h
after transfection. It can be examined in the uncut version (the
whole piece of skin) or in form of biopsies (Fig. 3).

1.

If using an inverted microscope, skin can be examined in ocu-
lar mode to detect the fluorescent signal (GEP) in 6 well dishes
from the steps 3 and 4.

. If the fluorescent signal is positive proceed with step 3.

. In the flow hood, stretch the skin on a silicone mold using

sterile needles.

. Cut 6-mm biopsies from the transfected piece of skin on the

mold.

. Place the biopsies in glass bottom dishes.
. Add an appropriate amount of medium.

. Examine fluorescence: We use the Lambda mode of a Zeiss

780 microscope (Fig. 4) to check emission spectra. Note that
skin auto-fluoresces and therefore it is essential to perform
this step.
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Fig. 3 Analysis of GFP in transfected living skin. (a) Skin after delivery of DNA encoding GFP in full thickness
and imaged from the epidermal side. Top: Around 60 GFP positive cells. Bottom: enlarged region showing two
transfected cells. (b) Cross section of transfected skin showing localization of the transfected cell (green) in
relation to the epidermal layers (nuclei have been counterstained; biue). Bars: 20 pm

o
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Fig. 4 GFP emission from transfected ex vivo living human skin. (a) Section of skin after gene-delivery imaged
in lambda mode with 488 nm excitation. (b) Emission from areas indicated with arrows. The colors of the
regions of interest match the colors used in the spectra. Note that the emission of the red area corresponds to
the known GFP emission spectra. a.u. arbitrary units
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3.6 Live Imaging
of Transfected Tissue

3.7 Cyrosectioning
of Transfected Tissue

If the fluorescent signal is positive live imaging of the transfected
tissue can be performed. To keep the biopsy stable, these are incu-
bated in low melting point agarose mixed with medium, which
solidifies at room temperature.

1.

[ 2N VSIS

Prepare low melting point agarose (0.4 % together in medium)
and keep at 37 °C.

. Place skin biopsy (see Note 12) in a 35 mm glass bottom dish.
. Pour the low melting point agarose in the dish with the biopsy.
. Leave at room temperature to solidify.

. Place into the microscope and perform live imaging.

If the fluorescent signal is positive, it is optional to examine which
epidermal /dermal layer is transfected. This can be done by cryo-
sectioning the tissue biopsies (Figs. 3 and 4). The sections can be
further stained for other molecules or features of interest.

1.

S 2N NGV I 8]

N

Remove the medium from the biopsies by tapping these a few
times on tissue paper.

. Place the biopsy in the cap of the metal can.
. Place the metal can with the biopsy in it in the liquid nitrogen.
. Store at —80 °C or proceed directly with sectioning.

. Cut 4 pm sections in the cryostat and place sections on the

microscopic glass.

. Dry with the hair dryer for 15 min.
. Optionally perform nuclear staining or immunolabeling.

. Examine the sections for fluorescence (Fig. 2b).

4 Notes

. Optimize the parameters for efficient DNA delivery into the

target in the following order: (1) helium pressure, (2) concen-
tration of PVP, (3) the amount of gold per target and (4) the
amount of DNA per 1 mg of microparticles. Start with 0.5 mg
of microparticles per target and 2 pg of DNA per 1 mg of gold.
Test concentrations of 0, 0.05, and 1 mg/ml of PVP and test
helium pressure of 50, 100, 200, and 400 psi.

. 1 ml DNA-microparticles suspension can fill 21.5 cm of the

Tefzel tube, of which around 17 cartridges can be made. In
order to fill the complete Tefzel tube of 76.2 cm that can fit
into the tube prep station 3 ml of suspension should be made
which can fill off approximately 63.5 cm leaving free ends.
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. The sizes of microparticles are 0.6, 1.0, and 1.6 pm gold. It is

recommended to test which are the most suitable for the
desired target tissue.

. Ifa larger volume of DNA-mircoparticles solution is used, add

200 pl of PVP-ethanol in appropriate concentration, resus-
pend and transfer to a 15 ml tube (step 12). Next, add the
PVP-ethanol to generate the appropriate final volume.

. The entire 75 cm Tefzel tube should be used, even if the solu-

tion only partially fills the tube.

. Load the DNA-microparticles suspension into the Tefzel tube

with a constant speed. It is recommended to practice by loading
ethanol and removing ethanol at a rate of 1.27-2.54 cm/s. If a
peristaltic pump is available it should be calibrated and used.

. Validate the DNA-microparticles by transfecting an easier tar-

get, such as cell lines, prior to delivery to skin. Remember to
use lower helium pressure for cell lines and primary cells. We
recommend 100 psi.

. Keep the time to transfer the skin from the clinic to the lab to

a minimum (<30 min). We have noticed changes in the ultra-
structure of the human skin if the time is prolonged.

. Size and shape of the human skin pieces depends on the sur-

gery type. Chose the operation type were it is possible to have
bigger skin pieces with less of subdermal tissue.

Never pick up the skin by the dermal side, it is very sticky to
the tweezers and hard to manipulate. Always try to hold the
skin at the epidermal side.

Test the Helios gene gun before the delivery of the DNA-mic-
roparticles using an empty cartridge holder.

When using an inverted microscope, the epidermis should be
in contact with the glass bottom of the dish and the whole
biopsy should be merged in medium/low melting point aga-
rose. If an upright microscope is used, the epidermis is up and
in contact with air.
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Chapter 10

Murine Models of Allergic Asthma

Eline Haspeslagh, Nincy Debeuf, Hamida Hammad,
and Bart N. Lambrecht

Abstract

Allergic asthma is a heterogeneous inflammatory lung disease affecting millions of people worldwide and
with a steadily increasing incidence. Mouse models have been of utmost importance in uncovering key
inflammatory cell types, cytokines, and pathways in the development and maintenance of allergic asthma.
Historically, the mainstay in experimental asthma research was sensitizing rodents to the model protein
antigen ovalbumin (OVA) with the pro-Th2 adjuvant aluminum hydroxide, followed by repetitive OVA
exposures to the airways to initiate a Th2-skewed adaptive immune response leading to eosinophilic airway
inflammation and airway hyperreactivity (AHR). In the last 5 years, OVA is often replaced by naturally
occurring allergens such as house dust mite (HDM) or cockroach extracts, but the principle of first sensi-
tizing and then repetitively challenging mice with the same antigen is unchanged. Here, we describe an
often used and relevant HDM-based protocol to establish acute allergic asthma, and the methods we have
developed to rapidly analyze inflammatory cell infiltration in the bronchalveolar lavage fluid by flow cytom-
etry. Moreover, we explain the methods to restimulate T cells from lung-draining mediastinal lymph nodes
with HDM to allow the measurement of cytokine secretion profiles of allergen reactive T cells.

Key words Acute allergic asthma, Bronchoalveolar lavage, Eosinophilia, Flow cytometry, House dust
mite (HDM), Mediastinal lymph nodes, Murine model, Ovalbumin (OVA)

1 Introduction

Worldwide, more than 300 million people suffer from asthma and
its incidence is continuously increasing. Asthma is a chronic airway
disorder characterized by lung inflammation, airway hyperreactiv-
ity (AHR) to nonspecific stimuli and recurring episodes of airway
obstruction, sometimes leading to permanent airway remodeling
and impaired airway function. Allergic asthma, which accounts for
about 80% of asthma cases, is often described as a Th2-driven dis-
ease characterized by IL-5 dependent lung eosinophilia, 11.-4
dependent elevated IgE serum levels and 11-13 dependent AHR
and goblet cell metaplasia (GCM) [1, 2]. Not surprisingly, high
levels of Th2 cytokines can be detected in lung tissue and
bronchoalveolar lavage (BAL) fluid. Current treatments for asthma

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_10, © Springer Science+Business Media LLC 2017
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mainly consist of inhaled corticosteroids and long acting broncho-
dilators, and act in reducing the symptoms without curing the dis-
ease. Although these treatments are effective in most patients, they
can be unsuccessful in some patients and may have side effects [3].
Thus, there is a continuous search for better targeted treatment
strategies that are based on mechanistic insights into disease devel-
opment and progression.

Mouse models have been of invaluable importance in elucidating
key cytokines, cellular networks and pathways in both the develop-
ment and effector phases of allergic asthma. Recently several new
drugs that were discovered in mouse models (such as neutralizing
IL-5 antibodies in cosinophil-rich asthma) have been approved by
the Food and Drug Administration. Until a decade ago, the model
antigen ovalbumin (OVA) was the mainstay in murine asthma mod-
els. In these protocols, mice were first immunized systemically once
or twice with OVA via intraperitoneal (i.p.), intradermal or subcuta-
neous injection, typically together with the adjuvant aluminium
hydroxide (alum) to skew the resulting immune response towards a
Th2-driven response. This was followed by repetitive intratracheal
(i.t.), intranasal (i.n.), or acrosolized OVA-challenges, resulting in an
acute and robust influx of eosinophils in the lungs and the establish-
ment of AHR [4]. OVA-models are rather cheap and are easy to use
considering the tools available. For example, the TCR transgenic
OT-I and OT-II mice, that possess OVA-specific CD8+ and CD4+ T
cells, respectively, are commercially available. Moreover, OVA-based
models have proven extremely valuable in uncovering critical steps in
the induction and maintenance of Th2-mediated asthma. For exam-
ple, it has been shown that the observed eosinophilia and AHR are
independent of IgE or B cells, but require the activation of CD4+ T
lymphocytes via IL-4 mediated activation of the STAT6 pathway [5,
6]. The resulting Th2 cells secrete amongst others 1L-5 and 11.-13,
which play a prominent role in eosinophil activation, and airway
remodeling and mucus hyperplasia, respectively [7, 8]. The critical
role of dendritic cells (DCs) in the OVA asthma model has been stud-
ied in models where DCs were depleted during either sensitization or
challenge to OVA and in studies in which the i.p. sensitization of
OVA/alum was shown to be completely dependent on monocyte
derived DCs [9-11].

However, newly developed drugs targeting the identified key
players and showing efficacy in the murine OVA-model often did
not prove successful in clinical trials [12-14]. Differences in the
underlying mechanisms of disease between OVA-mice and human
patients may account for the failures in clinical translation. Repetitive
OVA sensitization via the lung only leads to a very weak response
after OVA-challenges. In the absence of TLR agonists, the outcome
of OVA inhalation can even be immunological tolerance. Robust
sensitization via the pulmonary route requires the concomitant
administration of the TLR4 agonist LPS [15]. In this scenario of
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pulmonary sensitization, TLR activation by LPS and/or other
immunostimulating pathogen associated molecular patterns
(PAMPs) is necessary for the maturation and activation of antigen
presenting cells (APCs), like DCs. Moreover, the LPS dose can
influence the resulting immune response; whereas OVA adminis-
tered together with high LPS doses induces a Thl-like response,
low doses of concomitant LPS lead to a Th2-like immune response.
The use of alum bypasses the requirement for PAMPs, but might
therefore also bypass innate signals and pathways that naturally
occur in human sensitization and can modify the resulting immedi-
ate and effector immune responses to allergens.

Recently, new acute models of allergic asthma have been vali-
dated that make use of naturally occurring allergens, such as
extracts of house dust mite, cockroach or Alternaria alternata. In
these models, sensitization is carried out via the pulmonary route,
without any need for adjuvant, and triggers a vast immediate innate
immune response next to the initiation of adaptive immunity [16].
These models mimic human disease more closely and aid in unrav-
eling important aspects of allergic sensitization that were not sig-
nificant in the OVA-induced model, such as the necessity of
epithelial expressed TLR4 for efficient sensitization to HDM [17].

It should be taken into account that also these models show
caveats worth mentioning. Whereas human asthma is a chronic con-
dition, inflammation and AHR typically resolve in acute murine
models when challenges are stopped [18]. Next, it is now appreci-
ated that asthma is a very heterogeneous disease with multiple phe-
notypes and endotypes. For example, one subset of patients has very
high levels of neutrophils and Thl7-associated cytokines in BAL,
which is not reflected in the standard HDM-induced asthma model
[19]. Depending on the research question, chronic model or models
of neutrophilic asthma can be used to bypass these issues. Still, to
resolve questions about the eosinophil-rich, steroid-sensitive endo-
type of human asthma, which is present in about half of the patients,
the HDM-induced asthma model proved to be a valid model.

In this protocol, we explain how to establish HDM-induced or
OVA-induced acute allergic asthma in mice and how to analyze the
influx of inflammatory cells in BAL fluid by flow cytometry. Moreover,
we describe how to restimulate the T cells from mediastinal lymph
nodes (MLNs) with HDM to study their capacity to secrete Th2 and
other cytokines. These are two main read-outs informative for the
strength and the nature of the adaptive immune response.

2 Materials

2.1 Establishment
of a Mouse Model

of HDM-Induced Acute
Allergic Asthma

1. 6-8 week old C57Bl/6 mice, ideally specified-pathogen free
(see Notes 1 and 2).
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2.2 Establishment
of a Mouse Model

of OVA-Induced Acute
Allergic Asthma

2.3 Analysis

of the Infiltration

of Inflammatory GCells
in BAL Fluid

2.

Small animal anesthesia device compatible with isoflurane and
a connected induction chamber.

. Vertical restraining device for intratracheal installation (see

Fig. 1).

4. Non-sharp forceps.

AN O
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. Isoflurane.

. House dust mite (HDM) extract from Greer Laboratories,

diluted in sterile phosphate buffered saline (PBS) to a concen-
tration of 5 mg protein content/mL (see Notes 3 and 4).

. Standard laboratory equipment including a shaker, a balance,

ethanol 70% (v/v), syringes, and 26 gauge needles.

. Small animal aerosol inhalation chamber with nebulizer.
. OVA grade V and grade III from Sigma Aldrich.

. Sterile aluminum hydroxide (Al(OH3)).

. Sterile PBS.

. Standard laboratory equipment including syringes, needles (23

and 26 gauge), a centrifuge, an aspirator, a round bottom 96-well
plate, and fluorescence-activated cell sorting (FACS) tubes.

2. Dissection material including forceps and scissors.

W

. A three laser flow cytometer.

. A light microscope, Biirker chamber, and trypan blue for man-

ual cell counting.

. Cannulas, made of 23 Gauge needles with a small piece of

polyethylene tubing around the sharp needle points.

. Small strings.

Fig. 1 Vertical mouse restraining device for intratracheal instillation
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7. Pentobarbital or another anesthetic.

. PBS containing 0.5 mM EDTA for taking BAL fluid.

9. FACS bulffer consisting of PBS containing 0.25 % BSA, 0.5 mM

10.

11.

—

EDTA, and 0.05 % NaNj; (see Note 5).

(Optional) osmotic lysis buffer: ddH,O containing 0.83%
NH,CL 0.1% KHCO3, and 0.1 M EDTA at a pH between 7.1
and 7.4 (adjusted with HEPES).

Staining mix comprised of antibodies in Table 1, diluted in
FACS buftfer (see Notes 5 and 6).

. Standard laboratory equipment including a 24-well plate, 100

MLN Cells with HDM or 70 pm meshes, small petri dishes, and syringes (all sterile).
2. Dissection material including forceps and scissors.
3. A CO, incubator.
4. A sterile 96-well culture plate.
5. A light microscope, Biirker chamber, and trypan blue for man-
ual cell counting.
6. House dust mite (HDM) extract (Greer Laboratories), diluted
in sterile PBS to a concentration of 5 mg protein content/mL.
7. Tissue culture medium (TCM), consisting of RPMI- 1640
medium with GlutaMAX-1 (diluted according to manufactur-
Table 1
Antibody composition of the flow cytometry staining mix for analysis of BAL fluid (see also Notes 5 and 6)
Excitation
Specificity Clone Fluorochrome laser Species  Isotype Supplier Dilution
Siglec-F E50-2440 PE 488 or Rat IgG2a BD 1,/1000
561 nm Pharmingen
CD3e 145-2C11 PE-Cy5 488 or Armenian IgG  Tonbo 1,200
561 nm  Hamster Biosciences
CD19 eBiolD3 PE-Cy5 488 or Rat IgG2a eBioscience 1,400
561 nm
CDl1c N418 PE-Cy7 488 or  Armenian IgG  eBioscience  1,/800
561 nm  Hamster
CDI11b M1,/70 BD Horizon 405nm  Rat IgG2b BD 1,/800
V450 Pharmingen
Ly-6G 1A8 AF700 633 nm  Rat IgG2a BD 1/500
Pharmingen
MHC-II M5/114.15.2 APC- 633 nm  Rat IgG2b eBioscience  1,/1000
eFluor780
CD16,/CD32 Unlabeled 1,/400

(Fc-block)
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er’s instructions), 5% fetal calf serum, gentamycin (diluted
according to manufacturer’s instructions) and 5x107° M
f-mercaptoethanol.

3 Methods
3.1 Establishment 1.
of a Mouse Model
of HDM-Induced Acute 2.
Allergic Asthma
3
4
3.2 Establishment 1.
of a Mouse Model
of OVA-Induced Acute
Allergic Asthma 2
3
3.3 Collection 1.
and Analysis
of Bronchoalveolar
Lavage (BAL) Fluid 2

Dilute the HDM stock (5 mg/mL) to 12.5 pg/mL in sterile PBS
(1 pgin 80 pL/mouse) under sterile conditions (sec Note 7).

Intratracheal instillation: on day 0, anesthetize mice with
2-2.5% isoflurane in air or O,, then place them on the restrain-
ing device in a vertical head-up position with the hind legs on
the bench, and by fixing the two front teeth in a loop of string
(see Fig. 1). Gently pull the tongue out with non-sharp forceps
to prevent any swallowing. Pipet 80 pL of diluted HDM
extract, or 80 pLL PBS as a control, into the mouth and keep
mice in this position until all the fluid is inhaled (see Notes 8
and 9).

. Dilute the HDM stock (5 mg/mL) to 250 pg/mL in sterile

PBS (10 pg in 40 pL/mouse) under sterile conditions (see
Note 7).

. From days 7 to 11, challenge the mice daily intranasally by

pipetting 40 pL of diluted HDM extract directly into the nos-
trils of isoflurane (2 %)-sedated mice (see Note 10).

Prepare an OVA/alum solution of 500 pL sterile PBS per
mouse containing 20 pg/mL OVA grade V and 2 mg/mL
Alum. Just before use, rotate for 30 min at room temperature.

. Intraperitoneal (i.p.) injection: on days 0 and 7, disinfect and

clean the belly of the mice by spraying 70 % ethanol (v/v) and
inject 500 pL. OVA /alum solution, or 500 pLL PBS as a control
in the left lower quadrant just beneath the nipple with a 26 G
needle. Hold the mice with their head downwards to make
sure organs are not pricked (sec Note 11).

. From days 14 to 20, daily challenge mice in an inhalation

chamber by aerosolizing about 10 mL of 1% OVA grade III in
sterile PBS with a nebulizer (se¢e Note 12).

Three or four days after the last challenge, euthanize mice by
giving them an overdose of pentobarbital (100 pL i.p. with
26 G needle).

. Cut the chest wall open up to the chin and remove fat, salivary

glands and the surrounding tegument to expose the trachea.
Make a small incision in the trachea between the first and sec-
ond cartilage ring, bring in a cannula and retain it by knotting
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a string around the cannula and trachea. Collect BAL fluid in a
15 mL tube by flushing the lungs three times with 1 mL of
PBS containing 0.5 mM EDTA via a 1 mL syringe inserted in
the cannula (see Notes 13 and 14). Repeat this step two times
to reach a volume of 3 mL.

. Centrifuge the BAL fluid for 7 min at 400 x g and 4 °C. Discard

the supernatant, resuspend the pellet containing the cells in
200 pLL FACS buftfer, and transfer to a 96-well round bottom
plate. Centrifuge the plate for 3 min at 400x4 and 4 °C,
remove supernatant and again resuspend in 200 pLL FACS buf-
fer (see Notes 15 and 16).

4. Take a small sample (10 or 20 pL) and manually count cells.

. Take some cells from every sample, pool and redistribute in

seven wells for single stains and an unstained control. For one
single stain, 50,000 cells are sufficient.

. Centrifuge the plate for 3 min at 400xg and 4 °C, discard

supernatant and stain a maximum of 5x10° cells in 100 pL
staining mix, consisting of Fc-block, SiglecE-PE, CD3-
PE-Cy5, CDI19-PE-Cy5, CDI11c-PE-Cy7, CDI11b-V450,
Ly6G-AF700, and MHC-II-APC-eFluor780 in FACS buffer.
Incubate for 30 min at 4 °C in the dark (see Notes 5 and 6).

. Add 100 pL FACS bufter and centrifuge the plate (400 xg,

4 °C, 3 min). Remove supernatant, resuspend in 200 pL. FACS
buffer and transfer to FACS tubes for acquisition with a flow
cytometer.
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Fig. 2 Flow cytometry gating strategy for inflammatory cell populations in BAL fluid. Hierarchical gating of
non-debris, single cells, CD11¢" cells, and DCs and macrophages. See text for details
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Fig. 3 Flow cytometry gating strategy for inflammatory cell populations in BAL fluid. Hierarchical subdivision
of CD11¢" cells (see Fig. 1) in T cells, B cells, neutrophils, and eosinophils. See text for details

8. Several gating strategies are possible, but we propose a straight-
forward and validated strategy depicted in Figs. 2 and 3 that is
consistently used in our lab (se¢ Note 17).

(a)

Plot forward scatter-area (FSC-A) against side scatter-A
(SSC-A) and exclude the debris that can be recognized as
events with a very low signal for one or both parameters,
in the lower left corner and at the edges of this plot
(Fig. 2a). ESC-A and SSC-A are dependent on the size
and the complexity of the cell, respectively. Events with
very low FESC-A or SSC-A are too small to be cells and
should therefore not be analyzed further.

Discriminate the doublets from the analysis. When a cell
doublet passes the laser, the width (W), which is the time
necessary for the doublet to pass the laser beam, will be
higher than the W of a singlet. In contrast, the height
(H), which is the maximum signal of the event and is
dependent on the pulse voltage, is similar between sin-
glets and doublets. Therefore, doublets show a dispro-
portion when comparing the parameters W and H and
can be excluded by plotting FSC-W against FSC-H, fol-
lowed by plotting SSC-W against SSC-H. Similarly, one
can also plot FSC-W against FSC-A (A= Wx H) followed
by plotting SSC-W against SSC-A (Fig. 2b, ¢).

(Optional) If desirable, exclude dead cells from the analy-
sis (see Note 5). Plot the fixable Live /Dead (L /D) marker
against FSC-A. Gate out the dead cells that are L/Dheh
and small (low ESC-A). Cells with an intermediate to high
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L/D signal and a high FSC-A tend to be big autofluores-
cent cells such as macrophages and are considered alive.

(d) Separate the remaining alive single cells in two popula-
tions based on CD11c¢ expression (Fig. 2d). CD11chigh ()
cells comprise both dendritic cells (DCs) and macro-
phages, whereas all other cell populations are CD11¢".

(e) In the CD11ch gate, macrophages and DCs can be distin-
guished from each other based on SiglecF and MHC-II
signal (Fig. 2e). Alveolar macrophages express high levels
of SiglecF whereas DCs are negative for SiglecF. Both cell
populations express MHC-II, but macrophages at inter-
mediate (int) levels and DCs at high levels. Check whether
the SiglecFMHC-II" cells delineated as macrophages
have high FSC-A and SSC-A values, which is expected for
the big and complex alveolar macrophages of the lungs
(Fig. 2g). SiglecE-MHC-II" cells that range from FSC-
Alv SSC-AlY to FSC-A" SSC-A™ are defined as DCs
(Fig. 2f).

(f) In the CD11c gate, lymphocytes can be distinguished as
cells expressing either CD3 (T cells) or CD19 (B cells). In this
gating strategy, antibodies to both CD3 and CD19 are cou-
pled to the same fluorochrome (PE-Cy5), therefore T and B
cells are to be discriminated from each other based on the
MHC-II expression on B cells that is not present on T cells
(Fig. 3a). Both CD11c*vCD3/CD19*MCH-II T cells and
CD11c"CD3,/CD19*MCH-II* B cells are small and not
complex cells with a low ESC-A and SSC-A (Fig. 3b, ¢).

(g) Cells that are both low for CD11¢, CD3 and CD19 and
high for CD11b are either eosinophils or neutrophils
(Fig. 3d). Neutrophils are CD11b"Ly-6G* cells that have
a similar FSC-A as lymphocytes but a slightly higher
SSC-A (Fig. 3g). CD11b"Ly-6G~ cells, that moreover
highly express SiglecF, are denoted as cosinophils
(Fig. 3¢). The small but very complex eosinophils occupy
a notable area in the FSC-A-SSC-A plot, consisting of the
FSC-Alv SSC-AM events (Fig. 3f).

9. For every cell population, absolute numbers can be calculated
by multiplying percentages obtained from the FACS software
with total cell counts from manual counting, and dividing the
result by 100. A representative result is shown in Fig. 4 (see
Note 18).

1. After taking the BAL from mice, cut the rib cage open, move
the lungs upwards or sidewards and collect mediastinal lymph
nodes (MLNGs) in a 24-well plate in a sterile, rich buffer (HBSS
or RPMI) on ice. MLNs are located underneath the right lung
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Fig. 4 Representative inflammatory cell infiltration in the BAL fluid (BALF) for a standard HDM-induced asthma
protocol. Mice are sensitized intratracheally with 1 ug HDM extract or mock-sensitized with PBS, followed by
five consecutive HDM-challenges (10 pg intranasally) 1 week later. Four days after the last challenge, eosino-
phil counts in BAL fluid are expected to be around two million. *p< 0.05; **p<0.01; ***p< 0.001; **p<0.0001

lobes next to the right lateral border of the trachea and just
below the thymus (se¢ Note 19).

. Homogenize the MLNs under sterile conditions with the

tamping bar of a syringe, through a 70 or 100 pm mesh, in a
small petri dish in 2x500 pL. TCM. Pipet the cell suspension
from the petri dish into a 15 mL tube.

. Manually count cells and bring samples to a concentration of

two million cells/mL by adding TCM, or by centrifuging and
resuspending in the appropriate volume of TCM.

. For every sample, seed 6 wells of a round bottom 96-well cul-

ture plate with 200,000 cells in 100 pL. TCM per well.

. Dilute the HDM stock (5 mg/mL) to 30 pg/mL in TCM

(6x100 pL per MLLN) and add 100 pL of diluted HDM extract
to every well.

. Incubate for 34 days in a CO, incubator at 37 °C and 5% CO,.
. Spin cells down (400 x g, 3 min, 4 °C).

. For every sample, pool supernatant of the 6 wells into 1 well of

a 24-well plate and freeze at —20 °C for subsequent analysis of
cytokines by ELISA. A representative result is shown in Fig. 5.
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Fig. 5 Representative cytokine secretion levels in supernatants of HDM-restimulated MLN cell cultures for a
standard HDM-induced asthma protocol. Mice are sensitized intratracheally with 1 pg HDM extract or mock-
sensitized with PBS, followed by five consecutive HDM-challenges (10 pg intranasally) 1 week later. Four days
after the last challenge, MLNs are collected, homogenized to single cell suspensions and restimulated in vitro
with HDM for 3 days. MLN cells from HDM-sensitized and -challenged mice secrete significantly more Th2,
Th17 and Treg cytokines in their culture supernatants. **p<0.01

4 Notes

1. 6-8 mice per group are usually enough to obtain statistically
significant results. For control groups, in which variation tends
to be lower, three or four animals may suffice.

2. The strength and nature of responses to OVA, HDM, Der p 1
(a major HDM allergen), and other aeroallergens differ
between mouse strains. Generally, in models of acute asthma,
pulmonary eosinophilia and Th2 cytokine levels in BAL are
significantly higher in C57Bl/6 mice than in BALB/c mice,
whereas they exhibit a less pronounced AHR [20-22]. Mouse
strains might also differ in the underlying pathophysiological
mechanisms leading to the hallmarks of allergic airway disease.
For example, eosinophils are necessary for AHR induction in
C57Bl/6 mice, a requirement not observed in BALB /¢ mice
[6, 23, 24]. Furthermore, A/J mice exhibit intrinsic AHR
without any allergen exposure and that is independent of T
and B cells and IL-4 signaling [25]. For this reason, carefully
select the mouse strain best fit for your research question.
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3. On a bottle of HDM extract, two concentrations are depicted:

use the protein content and NOT the dry weight (wt) to make
your dilution.

. HDM batches, even when bought from the same company, are

not standardized and may therefore vary in composition (e.g.,
LPS, pB-glucan and chitin content, protease activity). Recently it
has been shown in an HDM-based model of allergic asthma that
adding LPS and p-glucans to the HDM leads to a strong pulmo-
nary infiltration of neutrophils on top of cosinophils [26]. Also
other experiments showed that LPS can vastly influence the
asthmatic response, and that the precise effect is dependent on
the dose and the timing of administration [ 17, 27]. Thus, HDM
batches varying in these components can profoundly affect
Th-skewing properties. When using a new HDM batch for the
first time, it is very useful to first characterize the response
induced by your particular batch by doing some standard read-
outs of interest. Great care should be taken when you switch to
a new batch within the same project, and results from the two
batches should carefully be compared.

. BAL fluid contains very little dead cells, however, some scien-

tists still prefer to add a Fixable Live/Dead stain to the anti-
body mix, for example L/D-eFluor506. In this case, use PBS
instead of FACS buffer for all steps.

. Several panel designs targeting the same cell surface markers

are possible. If another panel is designed, or if antibodies are
bought from different suppliers, it is most safe to choose for
the same antibody clones. New antibodies should first be vali-
dated and checked for their optimal dilution and staining con-
ditions before using them in the complete staining mix.

. In our lab, a standard sensitization dose of 1 pg HDM extract

is used, followed by a standard challenge dose of 10 pg for five
times (the “1,/10” protocol). This can be adapted to lower
doses if there is a suspicion that mild effects are masked by the
robust response after sensitization and challenge, or to higher
doses when the read-out(s) of interest are hard to detect.
Always keep in mind that changing the doses of sensitization
or challenges might change the mechanisms behind the
observed responses. For example, Flt317/~ mice, lacking
CD103+ ¢DCs and CDIl1lb+ ¢DCs, show a significantly
reduced influx of cosinophils when using the standard
“1/10”protocol. This suggests that monocyte-derived DCs
(moDCs), the only remaining lung DC population, are not
capable of inducing asthma in this setting. However, when
sensitization and challenge doses are increased to 100 pg,
asthma is induced in Flt31~/~ mice, demonstrating that moDCs
do sensitize mice for HDM when the sensitization dose is high
[28]. Similar dose dependent effects have also been described
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in a cockroach model of asthma [29] and in OVA-protocols,
for example in AHR induction, which is mast cell-dependent
in low challenge frequency/dose protocols, but mast cell-
independent in protocols with higher frequency and dose of
challenges [30].

. It may take some practice to identify when the mice are sedated

enough (to have adequate time to carry out the i.t. installa-
tion) but not too much to avoid them breathing in little shocks.
This depends on the device but typically, we wait until the
respiratory rate is slow and restful, then wait another 10-20 s
before removing the mice from the isoflurance device for
instillation.

. C57Bl/6 and BALB/c mice show a very different behavior

when being exposed to isoflurane. When using BALB /¢ mice,
the timeframe during which the mice are optimally sedated for
i.t. and i.n. instillation (enough but not too much) is shorter.

The exact timing when an i.n. challenge is given is critical and
it may take practice to recognize when the mice should be
removed from the isoflurane device. Typically, the percentage
of administered isoflurane is slightly lower than for i.t. instilla-
tion (2 versus 2.5%) and the mice can be challenged from the
moment the breathing is slow and restful without additional
waiting. When carried out correctly, it takes less than a minute
for the mice to wake up.

Always gently mix the OVA /alum solution by inverting the
tube (or syringe) a few times to make sure that OVA and alum
are homogenously distributed in the tube (or syringe) and that
all the mice are injected with the same amounts of OVA /alum.

1% OVA dilutions in sterile PBS can be made beforehand and
stored in the —20 °C freezer for a couple of months.

Pay attention not to put the cannula too deep into the trachea;
it should not reach the bifurcation of the bronchi.

Sometimes, it can be hard to recover the BAL fluid from the
lungs because a vacuum is created; in this case, the vacuum can
be disrupted by carefully moving the cannula a bit less deep in
the trachea. Watch out not to pull it out completely.

We use this two-step redilution scheme because after aspiration
of the supernatant from the 15 mL tube, a little bit of fluid is
always left at the edges of the tube and consequently cells may
not be resuspended in exactly the same volume after the addi-
tion of FACS buffer. This is important since the absolute cell
counts is one of the main read-outs of this protocol.

Usually, the cell suspensions contain very little red blood cells
(RBCs). However, if some cell pellets stain red, you may facili-
tate the manual cell counting by lysing the RBCs. After the
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17.

18.

19.

first centrifugation round, discard the supernatant and add
300 pL osmotic lysis buffer directly to the 15 mL tubes at
room temperature. After 3 min, neutralize with an excess of
PBS (or FACS bufter), centrifuge and resuspend the samples in
200 pL FACS butfter for transfer to the 96-well plate.

Eosinophils and neutrophils are the most significant inflamma-
tory cell populations in the BALF. By making use of a hierar-
chical gating in which both cell types are only identified in the
end, possible contaminations of these gates with other cell
types are minimized.

As a rule of thumb, eosinophil percentages above 50 % indicate
successful sensitization and challenging.

In PBS controls, MLNs can be extremely small and hard to
see. It helps to carefully push with a forceps on the surround-
ing fat and tissue to move the MLNs upwards and out of their
surroundings. If MLNs are really big, pay attention not to
break them. It may be useful to first detach the MLNs from
their surroundings by gently pulling at the strings keeping
them in place. Do not confuse the MLNs with the thymus just

above them, which is larger and stiffer.
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Chapter 11

Subcutaneous and Sublingual Inmunotherapy
in a Mouse Model of Allergic Asthma

Laura Hesse and Martijn C. Nawijn

Abstract

Allergic asthma, caused by inhaled allergens such as house dust mite or grass pollen, is characterized by revers-
ible airway obstruction, associated with an eosinophilic inflaimmation of the airways, as well as airway hyper
responsiveness and remodeling. The inhaled allergens trigger a type-2 inflammatory response with involvement
of innate lymphoid cells (ILC2) and Th2 cells, resulting in high production of immunoglobulin E (IgE) anti-
bodies. Consequently, renewed allergen exposure results in a classic allergic response with a distinct early and
late phase, both resulting in bronchoconstriction and shortness of breath. Allergen specific immunotherapy
(AIT) is the only treatment that is capable of modifying the immunological process underlying allergic responses
including allergic asthma and both subcutaneous AIT (SCIT) as well as sublingual AIT (SLIT) have proven
clinical efficacy in long term suppression of the allergic response. Although these treatments are very successful
for rhinitis, application of AIT in asthma is hampered by variable efficacy, long duration of treatment, and the
risk of severe side-effects. A more profound understanding of the mechanisms by which AIT achieves tolerance
to allergens in sensitized individuals is needed to improve its efficacy. Mouse models have been very valuable as
a preclinical model to characterize the mechanisms of desensitization in AIT and to evaluate novel approaches
for improved efficacy. Here, we present a rapid and reproducible mouse model for allergen-specific immuno-
therapy. In this model, mice are sensitized with two injections of allergen absorbed to aluminum hydroxide to
induce allergic sensitization, followed by subcutaneous injections (SCIT) or sublingual administrations (SLIT)
of the allergen as immunotherapy treatment. Finally, mice are challenged by three intranasal allergen administra-
tions. We will describe the protocols as well as the most important read-out parameters including measurement
of invasive lung function measurements, serum immunoglobulin levels, isolation of broncho-alveolar lavage
fluid (BALF), and preparation of cytospins. Moreover, we describe how to restimulate lung single cell suspen-
sions, perform flow cytometry measurements to identify populations of relevant immune cells, and perform
ELISAs and Luminex assays to measure the cytokine concentrations in BALF and lung tissue.

Key words Allergic asthma, Subcutaneous immunotherapy (SCIT), Sublingual immunotherapy
(SLIT), Mouse model, Grass pollen (GP), House dust mite (HDM), FlexiVent, Flow cytometry,
Bronchoalveolar lavage, Eosinophilia

1 Introduction

Asthma is the result of a complex interaction between genetic
susceptibility and environmental factors that lead to the inception
of the disease only in the susceptible individual. The most common
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asthma phenotype is allergic asthma, which is caused by inhaled
allergens such as grass pollen (GP), ragweed, cat and dog allergens,
and house dust mites (HDM) [1, 2]. Patients suffering from aller-
gic asthma have reversible airway obstruction, associated with an
eosinophilic inflammation, hyper responsiveness and remodeling
of the airways. The worldwide prevalence of allergic asthma has
dramatically increased over the last 25 years, currently affecting
over 330 million people.

The inflammatory response in allergic asthma is characterized
by the presence of high levels of cytokines such as IL-4, IL-5, and
1L-13, produced by both innate lymphoid cells (ILCs) and T
helper 2 (Th2) cells [3]. These cytokines contribute to the patho-
logical changes of the airways observed in allergic asthma such as
the influx of eosinophils, mucus hypersecretion, airway hyper
responsiveness and airway wall remodeling. In addition, the Th2
dominated adaptive response to the inhaled allergens result in the
presence of allergen-specific IgE. Allergen-induced cross-linking of
IgE bound to the cell surface of mast cells and basophils through
the high affinity IgE receptor will induce degranulation of these
cells resulting in the acute allergic response, leading to broncho-
constriction and vasodilation. The subsequent influx of inflamma-
tory cells including Th2 cells will result in activation of these cells
upon local antigen presentation of the causative allergen, inducing
the late-phase response. Upon recurrent exposure to the allergen,
a chronic and poorly resolving inflammation around the small air-
ways results in permanent changes to the airway wall.

Currently available asthma therapies are focused on control-
ling the ongoing inflammatory process, mainly with inhaled corti-
costeroids (ICS), in combination with long acting beta agonists
(LABA) or leukotriene receptor antagonists (LTRA) [4].
Notwithstanding the clinical success in achieving asthma control,
current asthma treatment regimens fail to cure the disease, as evi-
denced by ongoing airway wall remodeling even in well-controlled
asthma patients and an unaltered risk for asthma attacks either
upon daily ICS use compared to intermittent ICS use or upon ces-
sation of ICS treatment [5, 6]. Moreover, a subset of patients with
severe asthma exists that does not respond to steroid treatment [7,
8]. These shortcomings of current mainstream asthma therapy
indicate the failure of this therapeutic approach to address the
underlying, causative immunological mechanisms, resulting in a
transient suppression of symptoms of asthma in most patients.

The only treatment known to date that is capable of moditying
the immunological process underlying allergic asthma is allergen-
specific immunotherapy (AIT) [9]. Unlike standard asthma treat-
ment, AIT has been shown to provide a long-term protection
against asthma attacks that is maintained upon cessation of therapy
and to reduce medication use in allergic asthma. AIT involves the
administration of gradually increasing amounts of allergen extracts
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for a period of 35 years with the aim of achieving a state of immu-
nological tolerance and subsequently a reduction of clinical mani-
festations in the allergic patients [10]. A Cochrane systematic
review on the application of subcutaneous AIT (SCIT) in asthma
reported an overall efficacy in suppression of symptom score, med-
ication use and both allergen-specific and nonspecific bronchial
hyperresponsiveness [11]. Sublingual AIT (SLIT) treatment for
house dust mite allergy reduced the use of ICS (relative mean
reduction of 50 %) while maintaining asthma control [12]. In addi-
tion to suppressing asthma symptoms and achieving reduced medi-
cation use, grass pollen AIT has also been found to prevent
progression to asthma in children with seasonal allergic rhinocon-
junctivitis [10]. Also AIT treatment has been shown to prevent
progression to asthma in a subset of children [13].

Although the mechanism behind successful immunotherapy
remains, at least in part, unknown, the beneficial effects of AIT are
ascribed to a shift from the Th2 profile seen in allergic asthma
towards a protective T regulatory (Treg) profile that suppresses
allergen specific responses [14]. Clinical improvement after AIT is
associated with increased levels of neutralizing antibodies, produc-
tion of IL-10 and TGF-p, and increased CD4*FoxP3* Treg numbers
and resolution of Th2 inflammation [15-18]. For instance, GP
SCIT treatment has been shown to induce regulatory T cell num-
bers in nasal tissue, associated with reduced tissue Th2 and cosino-
phil cell numbers [17]. Moreover, PBMCs from AIT treated patients
cultured in the presence of allergens produce increased levels of
IL-10 and TGEF-p, reflecting an increased presence or activity of
regulatory T cells [18]. In addition, a recent study employing tetra-
mer technology to track individual Th cell clones in GP allergic
patients elegantly showed that successtul GP SCIT was associated
with a selective loss of those allergen-specific Th2 clones that were
found to be increased in number in GP allergic patients compared to
non-allergic control subjects [16]. Furthermore, blocking IgGs has
been suggested to contribute to successtul AIT, since increased lev-
els of IgGs in serum of AI'T-treated patients has been associated with
the alleviation of allergic symptoms [19-21]. The blocking IgG
hypothesis states that blocking antibodies produced by B cells upon
tolerance induction contribute to successful AIT in two ways.
First, by binding to the allergen directly and thereby competing
with specific IgE preventing cross-linking and subsequent mast cell
and basophil degranulation as well as preventing IgE facilitated anti-
gen presentation. Second, the specific IgG antibodies can bind to
FcyRIIB expressed by B cells, mast cells, and basophils, which can,
upon allergen-mediated IgG cross-linking, provide a negative intra-
cellular signal and prevent activation, even upon co-aggregation
with FceRI.

While SCIT and SLIT have been widely accepted as effective
therapeutic alternatives for allergic rhinoconjuncivitis, application
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in asthma is hampered by the long duration of treatment required
to achieve long-lasting relieve of symptoms, the variable efficacy in
allergic asthma and concerns regarding the safety of treatment.
SCIT injections of allergen extracts have a potential risk of anaphy-
lactic reactions, with an incidence of severe anaphylactic responses
reported to be at around one in a million injections [22 ]. Therefore,
outpatient clinic visits are required for the administration and
monitoring of the therapy [23]. In developing more convenient
alternatives, SLIT has been developed as a less invasive alternative
with proven clinical effects for patients suffering from allergic rhi-
nitis [24]. Herein, uptake of the allergen takes place in the oral
mucosa, where mucosal Langerhans cells in humans and oral
macrophage-like cells in mice have been implicated [25]. Although
the mechanism of action remains to be elucidated, advantages
include the absence of the involvement of the clinic, ease of use
(dropletsor fast dissolving tablets), and relative costs. Understanding
the mechanisms by which AIT suppresses the allergen-induced
asthma symptoms is needed to redesign AIT for better efficacy and
optimal safety, in particular in asthmatic patients.

Previously, animal models have proven to be valuable as a pre-
clinical model to improve AIT and to unravel the mechanisms of
desensitization involved. The development of a predictive and
reproducible AIT protocol was initially based on a mouse model of
allergic asthma using the standard model antigen ovalbumin
(OVA) [26]. Herein, mice were sensitized with OVA without the
use of an adjuvant in seven intraperitoneal injections, followed
after 2 weeks by SCIT treatment using three injections of OVA
(1 mg), and after another 2 weeks challenged by OVA (2 mg/ml)
inhalation once a day (5 min) for 8 consecutive days. The outcome
parameters of SCIT treatment were OVA-specific immunoglobulin
(Ig) levels: sp-IgE, -IgG1 and IgG2a, airway eosinophilia, airway
hyperresponsiveness (AHR), and proinflammatory cytokine pro-
duction by antigen specific T cells (Th2 mediated response), such
as interleukin 4 (IL-4), IL-5, and IL-13. In the initial studies, no
adverse events were recorded in the BALB /c strain of mice, while
the experimental SCIT treatment effectively reduced airway inflam-
mation and AHR and induced spIgGl and splgG2a serum levels.
In addition, spIgE levels were also increased, in accordance with
the initial rise of spIgE in human subjects treated with
SCIT. Importantly however, SCIT treatment in the OVA mouse
model prevented the increase of spIgE levels after allergen chal-
lenge, which is readily observed in control treated mice [27]. After
several improvements, the protocol was reduced to two intraperi-
toneal injections containing OVA accompanied by a sensitizing
adjuvant, Alum (mixture of aluminum hydroxide and magnesium
hydroxide) and three intranasal challenges containing high dose
aerosolized OVA. In addition, OVA SCIT treatment was also
found to be effective in sensitized mice that were challenged by
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OVA inhalation prior to SCIT treatment, indicating the ability of
the experimental treatment to suppress an established allergic air-
way inflammatory response [28]. Throughout the vyears, this
mouse model for SCIT has been used to improve our understand-
ing of the mechanisms of desensitization [26, 29-31]. Examples
include the requirement on neutralizing antibody responses [28],
the crucial role of IL-10 in the induction of tolerance, the essential
contribution of CD4*FoxP3* T regulatory cells (Treg). Aside from
studies on the involvement of B and T lymphocytes, the crucial
role of the antigen presenting cells, mostly DCs, have been inves-
tigated extensively. DCs play a key role in the generation of adap-
tive T cell subsets and, depending on their maturation state, DCs
can respond either immunogenic, in a sensitizing fashion, or
tolerogenic [32]. Tolerogenic DCs have a semi-mature or imma-
ture phenotype, characterized by increased expression of major
histocompatibility complex class II (MHC-II) and B7-2, low
expression of CD40, and no production of proinflammatory cyto-
kines (IL-6 and TNFa). Studies have shown that incubation of
immature DCs with CD4*T cells induce antigen specific Tregs [ 33,
34], postulating that immature DCs play a critical role in Treg cell
generation and peripheral tolerance. Based on these findings, AI'T
can be improved when allergen administration is accompanied by
inhibition of DC maturation or prevention of DC dependent
costimulation. One approach explored to this end is the use of
1,25(OH),vitamin D3, the active metabolite of vitamin D, since it
inhibits NF-kB signaling via the RelB protein, which is essential for
DC differentiation and maturation. Indeed, using the OVA-SCIT
mouse model, co-administration of 1,25(OH),VitD; has been
shown to potentiate the suppressive effects of AIT [29]. In addi-
tion, CTLA4-Ig (Abatacept) was found to enhance efficacy of
SCIT in the OVA mouse model [35].

Although using this mouse model of immunotherapy has pro-
vided a much more detailed insight in the immunological mecha-
nisms, it should not be forgotten that it is merely an experimental
preclinical model using a purified protein (OVA) that lacks the
properties of natural allergens, and which in fact is able to induce
tolerance when inhaled by naive mice [36]. Therefore, the classical
model allergen OVA was replaced with a natural allergen extract
that is also used in human SCIT, such as GP and HDM, and the GP
and HDM SCIT protocols for allergic asthma have been optimized
regarding administered allergen doses (unpublished data). Second,
other administrative routes were optimized, based on a SLIT mouse
model of allergic rhinitis [ 37]. Both administrative routes have been
validated and standardized allowing a head-to-head comparison.
This model allows in-depth characterization of the mechanisms of
SCIT and SLIT treatment for allergic asthma, as well as their opti-
mization using novel approaches including peptide SCIT treatment
or use of alternative formulations and adjuvantia.
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In this protocol, we explain how subcutaneous and sublingual
routes of allergen-specific immunotherapy can be applied in a
mouse model of allergic asthma using natural allergen extracts. We
provide an overview of the most important outcome parameters
for translational studies, including invasive lung function measure-
ments for AHR, specific IgE and IgG levels in serum, ear swelling
tests for the early phase response and measurement of lung tissue
and airway inflammation. Moreover, we describe how to restimu-
late lung single cell suspensions, perform flow cytometry measure-
ments to identify populations of relevant immune cells, and
perform ELISAs and Luminex assays to measure the cytokine con-
centrations in BALF and lung tissue.

2 Materials

2.1 Subcutaneous
and Sublingual
Immunotherapy

in a Mouse Model
of Allergic Asthma

2.2 Ear Swelling Test
and Blood Withdrawal
via Orbital Puncture

1. 7-9-week-old BALB /cBy] mice (females) housed in individu-
ally ventilated cages (IVC).

. Syringes (1 ml) and 25 G needles.

. 20 pl pipet and tips.

. 15 ml tubes.

. Sterile phosphate buffered saline (PBS).

. Rough extract grass pollen (GP, Phleum pratense, Phl p) or
crude extract house dust mite (HDM, Dermatophagoides
prevomyssinus, Der p), resuspended according to Note 1.

7. Sterile aluminum hydroxide (Al(OHj3)), 20% (Imject® Alum).

N U W N

1. Small animal anesthesia device compatible with isoflurane and
a connected induction chamber.

2. Isoflurane (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-
ethane, 4.5 %, halocarbon, isoflurane USP, liquid forinhalation).

3. Oxygen (1.5 ml/min O,).
4. Sterile phosphate buffered saline (PBS).

5. Rough extract grass pollen (GP, Phleum pratense, Phl p) or
crude extract house dust mite (HDM, Dermatophagoides
ptevonyssinus, Der p).

6. 30 G Insulin syringes (0.3 ml 0.30 mmx 8 mm).
7. 1 ml MiniCollect® serum tubes (Greiner Bio-One).

8. Glass microcapillary tubes: micro hematocrit tubes (Na-
Heparinized 80 IU/ml).

9. 1.5 ml tubes and a centrifuge.
10. Digimatic pressure-limited micrometer.

11. Regular hand tissues, hand gloves, and sterile tissues.
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2.3 Lung Function
Measurement
and Section

2.4 Analysis

of the Infiltration

of Inflammatory Gells
in BAL Fluid

2.5 Preparation

of Single Cell
Suspensions of Lung
Tissue, Spleen,

and Draining Lymph
Nodes

1.

Ligatures (6,/0 and 3/0), silicon tubing (0.28 mm and OD:
0.61 mm), syringes (1 and 5 ml), and 25 G needles.

. 20 G intravenous cannula for tracheal cannulation and calibration

(pink, 20GA 1.16IN 1.1 x30 mm BD Insyte-W™).

. 1.5 ml tubes, 15 ml tubes, 24-well cell culture plates,

MiniCollect® serum tubes, and 2 ml cryogen vials.

. Sterile PBS, PBS supplemented with bovine serum albumin (BSA,

5%, heat shock fraction, protease free, low endotoxin, suitable for
cell culture, pH 7, >98 %) and a complete protease inhibitor cock-
tail tablet (cOmplete Mini), and sterile RPMI1640.

. Ketamine (100 mg/ml), Domitor (1 mg/kg), Rocuronium

bromide (10 pg/ml), sterile methacholine.

. Chirurgical microscope (40x) and basic micro-chirurgical

instrument set.

. FlexiVent (SCIREQ), computers, and FlexiWare Software.
. Weighing scale (precision>0.1 g).

. Manometer with syringe and closing valves.

10.
11.

Micro pulse-oxymeter for small animals.

Heating mats for small animals.

. Microscope slides (76 x 26 mm), Shandon filter cards and 70 %

ethanol.

. Cytospin cuvette and metal cytospin slide holder and its driver.
. Pipet-man® with associated pipettes and tips.

. Cyto-centrifuge (Shandon, cytospin 3), regular centrifuge and

aspirator.

. Cell counter machine, 10 ml Coulter counter cups, Isoton I,

and Lyzerglobin.

. Sterile PBS, bovine serum albumin (BSA, 5%, heat shock frac-

tion, protease free, low endotoxin, suitable for cell culture,
pH 7,2>98%).

. Sterile lysis buffer containing 155 mmol /I NH,Cl, 10 mmol/I

KHCOj3;, and 0.1 mmol /1 EDTA.

. Medion Diagnostics Dift-Quick staining set.
. A light microscope with 20x, 40x, and 100x magnification

lenses, immersion oil, and a differential cell counter.

. Standard laboratory equipment including ice, 24-well plates,

petri dishes, sterile scalpels, pipets, Pipet-man with associated
pipets, 50 ml tubes, 70 pm nylon cell strainers and the plunger
of'a 5 ml syringe.

. Safety cabinet (down-flow cabinet) with a closed suction system,

and a standard centrifuge.



144 Laura Hesse and Martijn C. Nawijn

2.6 Restimulation
of Lung Cells and
Draining Lymph Node
(DLN) GCells

2.7 Homogenization
of Lung Tissue

for Total Protein

and Cytokine Analysis

3.

Sterile RPMI1640, and sterile 500 ml RPMI1640 supple-
mented with: 10% (50 ml) fetal calf serum (FCS, comple-
ment inactivated), r-glutamine (200 mM in 0.85% NaCl
solution),

5 ml of 10,000 U/ml penicillin with 10,000 pg/ml strep-
tomycin (PenStrep), (optional) 3% bovine serum albumin
(BSA, heat shock fraction, protease free, low endotoxin, suit-
able for cell culture, pH 7, >98%), (optional) 5 ml MEM vita-
min solution (100x).

4. 4 mg/ml collagenase A and 0.1 mg/ml DNAse 1.

. Cell counter machine, 10 ml Coulter counter cups, Isoton I,

and Lyzerglobin.

. Cryogen vials, a Stratagene box, —80 °C freezer, and liquid

nitrogen storage.

. Storage medium for cells in liquid nitrogen: 50 % HBSS, 40 %

FCS, and 10% DMSO.

. Safety cabinet (down-flow cabinet) with a closed suction system,

standard centrifuge, and a CO, incubator.

. Petri dishes, sterile scalpels, pipets, and Pipet-man® with asso-

ciated pipets.

. Supplemented RPMI1640 and a single cell suspension resulted

from Subheading 2.5.

4. A sterile U-bottom 96-well cell culture plate.
. Rough extract grass pollen (GP, Phleum pratense, Phl p) or

crude extract house dust mite (HDM, Dermatophagoides
ptevonyssinus, Der p).

. Homogenizer, 1.5 ml tubes, 96-well flat bottom ELISA plates,

cryogen vials, and ELISA plate reader.

. BCA protein assay kit.
. Demi water, Tween 20, and 70 % ethanol.
. Luminex buffer containing 50 mM Tris—HCI, 150 mM NaCl,

0.002% Tween, pH 7.5, and (optional) one tablet complete
protease inhibitor cocktail tablet/100 ml buffer (cOmplete
Mini), and (optional) one tablet PhosSTOP phosphatase
inhibitor cocktail tablet/100 ml buffer. Luminex buffer can
be aliquoted and stored at —20 °C.
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2.8 Analysis

of Immunoglobulin
Levels in Serum

and Cytokine Levels
in BAL Fluid,
Supernatant

of Restimulated Single
Cell Suspensions,

and Lung Tissue
Homogenates

2.9 Quantification

of DCs, T Cell
Populations and Innate
Lymphoid Cells

in Lung Single Gell
Suspensions Using
Flow Cytometry

1. ELISAs for immunoglobulins: total IgE, -IgA, -IgGl, and
-IgG2a, as well as specific (sp)IgE, spIgGl, and splgG2a.

2. ELISAs for cytokines of interest like, I1.-4, IL-5, IL-10, IL-13,
and IFNy.

3. Luminex assay for mouse cytokines, choose your cytokines of
interest and combine them in a single Mouse Magnetic
Luminex Screening Assay [ LXSAMSM |.

4. For an overview of all antibodies included in the
immunoglobulin-ELISAs, we would like to refer to Table 1.
For the allergen specific IgE ELISA, we use a “home-made”
biotinylated allergen as a second antibody (se¢ Note 13). To
include a reference line in all specific Ig-ELISAs we use a col-
lection of pooled sera from asthmatic mice (positive controls).
As an example, we include here the total Immunoglobulin E
levels in serum:

(a) NUNC Maxisorp 96-well flat bottom ELISA plates, mul-
tichannel pipet and associated tips, ELISA plate-washer,
-shaker, -and reader.

(b) ELISA butffer containing: 6.06 g/1 Tris (50 mM), 8 g/I
NaCl (136.9 mM), 0.05% Tween 20, 0.744 g/1 EDTA
(2 mM), pH 7.2, and freshly add 5 g/1 BSA.

(c) Wash buffer containing PBS and 0.05 % Tween 20.

(d) Coat: purified rat anti-mouse IgE, clone R35-72 (see
Table 1).

(e) Standard: purified mouse IgE x isotype control, clone
C38-2.

(f) Samples: mouse serum collected on different time points.

(g) Second antibody: biotin rat anti-mouse IgE, clone
R35-118.

(h) Avidin horseradish peroxidase (HRP), OPD peroxidase
substrate, and 4 M H,SO,.

1. FACS tubes (polystyrene) for samples and singles during stain-
ing, 30 pm filter top FACS tubes, standard centrifuge, three
laser flow cytometer (FacsVerse).

2. FACS buffer containing: 1% BSA in PBS.

3. Block butffer containing: 2% normal rat serum (NRS) and 5%
FcBlock (purified and unlabeled CD16,/32 antibody) in FACS
buffer. For intracellular blocking, use 2 % NRS and 5 % FcBlock
in PERM butffer (see Subheading 2.9, item 6).

4. Staining antibodies diluted in FACS buffer according to manu-
facturers’ protocol (see Tables 2 and 3). In some cases, the dilu-
tion of every antibody can be adjusted depending on the
intensity of the fluorescent signal.
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Table 2
Antibodies used for FACS analysis of innate lymphocytes

Specificity Clone Isotype Staining Supplier

Brilliant Violet 605™ anti-mouse D7 Rat IgG2a, Extracellular ~ BioLegend
Ly-6A/E (Sca-1) Antibody

PerCP/Cy5.5 anti-mouse/ 2F1/KLRG1 Syrian hamster  Extracellular ~ BioLegend
human KLRG1 (MAFA) IgG
Antibody

Anti-Mouse CD3e PE 145-2C11 Armenian Extracellular  eBioscience

Hamster IgG

Anti-Mouse CD5 PE 53-7.3 Rat IgG2a, Extracellular  eBioscience

Anti-Mouse CD19 PE eBiolD3 (1D3) RatIgG2a,k Extracellular  eBioscience

Anti-Mouse NK1.1 PE PK136 Mouse IgG2a, ¥ Extracellular  eBioscience

Anti-Mouse Fc epsilon Receptor MAR-1 Armenian Extracellular  eBioscience
I alpha (FceR1) PE Hamster IgG

Anti-Mouse CD11b PE M1,/70 Rat IgG2b, Extracellular  eBioscience

Anti-Mouse CD11c PE N418 Armenian Extracellular  eBioscience

Hamster IgG

Anti-Mouse Ly-6G (Gr-1) PE RB6-8C5 Rat IgG2b, « Extracellular  eBioscience

Anti-Mouse TER-119 PE TER-199 Rat IgG2b, Extracellular  eBioscience

T1/ST2 (IL-33R) Monoclonal ~ DJ8 IgG1 Extra- and mdbiosciences
Antibody, FITC Intracellular

Anti-Mouse CD45 APC 30-F11 Rat IgG2b, Extracellular  eBioscience

Anti-Mouse CD127 APC- A7R34 Rat IgG2a, Extracellular  eBioscience
eFluor® 780

Anti-Human/Mouse Gata-3 TWAJ Rat IgG2b, « Intracellular  eBioscience

PE-Cyanine7

Table 3
Antibodies used for FACS analysis of T cells and DCs

Specificity Clone Isotype Staining Supplier

Brilliant Violet 605™ anti-mouse CD4 Antibody GK1.5 RatIgG2b,k  Extracellular BioLegend

Anti-Mouse CD103 (Integrin alpha E) FITC 2E7 Armenian Extracellular eBioscience
Hamster IgG

Anti-Mouse CD11b APC M1,/70 RatIgG2b,x  Extracellular eBioscience

Anti-Mouse CD11c APC-eFluor® 780 N418  Armenian Extracellular eBioscience
Hamster IgG

Anti-Mouse F4 /80 Antigen PE-Cyanine7 BMS8  Rat IgG2a,x  Extracellular eBioscience

Anti-Human/Mouse Gata-3 PerCP-e¢Fluor® 710 TWAJ  Rat IgG2b, x  Intracellular eBioscience
Anti-Mouse/Rat Foxp3 PE FJK-16s Rat IgG2a,x  Intracellular eBioscience
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5. Fixable live/dead (L/D) cell stain: 1,/1000 dilution in PBS
(V450 dye).

6. Foxp3/transcription factor staining buffer set containing:
fixation/permeabilization concentrate (00-5123), fixation/
permeabilization diluent (00-5223), and permeabilization
buffer (10x, 00-8333, eBioscience). Dilute the concentrate (1
part) with the diluent (3 parts) prior to use (is called FIX).
Dilute the buffer 10x in demi water (PERM bulfter).

3 Methods
3.1 Subcutaneous 1. Sensitization
and Sublingual Mice are injected intraperitoneally on days 1 and 14, with
Immunotherapy GP or HDM allergen extract absorbed to alum dissolved in
in a Mouse Model PBS (total volume 100 pl, see Fig. 1 and Note 2). For GP sen-
of Allergic Asthma sitization, a rough extract of grass pollen (GP, Phleum pratense;
Phl p) containing 8 pg Phl p5a total protein dissolved in 80 pl
PBS (see Note 1, for GP stock solutions) is added to 20 pl
Imject alum for each mouse that needs to be sensitized. For
sensitization against HDM, ( Dermatophagoides ptevonyssinus,
Der p) 5 pg HDM extract in 80 pl PBS is added to 20 pl Imject
alum for each mouse (see Note 1 for HDM stock solutions).
A Sensitization SCIT (s.c.) Challenge (i.n.)
GP or HDM on alum (i.p.) Saline, GP or HDM  Saline, GP or HDM
1 15 29 31 33 45 47 49
22 43 51
serum (Pre1) serum (Pre2) postserum
ear swelling test ear swelling test analysis
B
Sensitization SLIT (s.l) Challenge (i.n.)
GP or HDM on alum (i.p.) Saline, GP or HDM Saline, GP or HDM
1 15 29-33 36-40 43-47 50-54 57-61 64-68 71-75 78-82 94 96 98
22 47 68 92 100
serum (Pre1) serum (Pre2) serum (Pre3) serum (Pre4) postserum
ear swelling test ear swelling test analysis

Fig. 1 Overview of AlT-treatment protocols in BALBcByJ mice. (a) Outline of the SCIT protocol. (b) Outline of the
SLIT protocol. Serum is taken before SCIT (Pre1), before challenge (Pre2 in case of SCIT and Pre4 in case of
SLIT), and after challenges (Post). In case of SLIT, we include two extra serum-time points (Pre2 and Pre3)
during SLIT. Ear swelling tests (EST) are performed before AIT (to confirm sensitization) as well as after AIT (to

confirm effect of AIT)
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3.2 Ear Swelling Test
and Blood Withdrawal
via Orbital Puncture

2. SCIT treatment

Mice are SCIT treated on days 29, 31, and 33, by subcu-
taneous injections (see Note 3) of the allergen dissolved in PBS
(total volume of 100 pl, Fig. la). For GP-SCIT (Phleum
pratense; Phl p), dissolve 500 pg Phl p protein in 100 pl PBS
per injection per mouse. For HDM-SCIT ( Dermatophagoides
prevonyssinus, Der p) use 250 pg HDM in 100 pl PBS per injec-
tion per mouse.

3. SLIT treatment

Mice are SLIT treated for 5 days a week for 8 consecutive
weeks (from day 29 until day 82), by sublingual administration
(see Note 4) of the allergen dissolved in PBS (total volume of
5 pl, Fig. 1b). For GP-SLIT (Phlewm pratense; Phl p), use
500 pg Phl p in 5 pl PBS per administration per mouse. For
HDM-SLIT (Dermatophagoides ptevonyssinus, Der p), use
250 pg HDM protein in 5 pl PBS per administration per
mouse.

4. Allergen Challenges

SCIT treated mice are challenged on days 45, 47, 49,
while SLIT treated mice are challenged on days 94, 96, 98, by
intranasal administration (see Note 5) of the allergen dissolved
in PBS (total volume of 25 pl, Fig. 1). For GP challenges, use
40 pg Phl p protein in 25 pl PBS per administration per mouse.
For HDM challenges, use 25 pg HDM in 25 pl PBS per
administration per mouse.

After sensitization, during SLIT and after SCIT (see Fig. 1), all
mice receive a retro-orbital puncture to collect blood (see Note 6,
Prel-serum; max. 8 ml/kg in 14 days), while under anesthesia
(4.5%, 1.5 ml isoflurane /min O,). Per sample ten small drops are
collected in miniCollect tubes and centrifuged in the lab for 11 min
at 18,000 x g, after which serum is collected in 100 ml aliquots in
1.5 ml Eppendorf tubes and stored at —80 °C for analysis of immu-
noglobulins and cytokines. In combination with these procedures,
the ear swelling tests (EST) are performed (see Figs. 1 and 2),
before and after SCIT and SLIT.

The early phase response to allergen provocation is measured
by performing an ear swelling test (EST) before and after SCIT
and SLIT treatment. Mice are anesthetized using 4.5 %, 1.5 ml iso-
flurane/min O, and 10 pl of PBS containing a low amount of
allergen (either 1 pg GP or 0.5 pg HDM) is injected intradermal in
the right ear of the mouse (see Fig. 2). As a control, 10 pl of PBS is
injected intradermally in the mouse’s left. After 1 or 2 h, ear thick-
ness of both ears is measured using a digimatic pressure limited
force-micrometer at 0.5 N (£0.15 N, se¢e Note 7). The net thick-
ness (A, in mm) can be calculated by subtracting the thickness of
the left ear from the right ear (see Fig. 3a).
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Fig. 2 Photos representing the ear swelling test. Left. Anesthetized mice are intradermally injected with 10 pl
of PBS in the left ear as a control using a small insulin syringe. A small swelling will be visible just below the
skin. Right. after 2 h, ear thickness of both ears is measured using a digimatic force-micrometer. It is important
to keep the micrometer in a horizontal position

3.3 Lung Function
Measurement
and Section

Here, the methods and protocols described are based on the
FlexiVentversion 5.3 (Factory assigned IP address: 192.168.1.200).
While we routinely use intravenous administration of methacho-
line and flexible cannulas for tracheal intubation, alternative
approaches including methacholine inhalation and the use of rigid
cannulas for tracheal intubation have been described as well [38].
In case immunohistochemical analyses of lung tissue, airway wall
remodeling or inflammation is required, this is best performed on
a separate group of mice as the forced oscillation technique of inva-
sive airway resistance measurements can be disruptive of local tis-
sue architecture.

1. Calibration of FlexiVent should be performed according to
the manufacturer’s instructions. Briefly, both airway and cylin-
der pressure need to be calibrated per mouse (weight adjusted)
using a 1 ml syringe, a manometer, and a closed and open can-
nula. For the airway pressure, the first pressure point is zero,
the second is the pressure after putting in 1 ml of air. For the
cylinder pressure, a dynamic tubing calibration is required
using the open and closed cannula according to the manufac-
turer’s instructions.

2. Two days after the final challenge, mice were weighed and anes-
thetized with a mixture of 75 mg/kg ketamine (100 mg/ml)
and 1 mg/kg domitor (0.5 mg/ml, see Note 8) by intraperito-
neal injection (10 pl mix per gram bodyweight). Repeat this
injection with 25 % of the initial dose every 20 min. Be aware that
during the entire procedure the mice should be kept warm.
Furthermore, heart rate, blood pressure and O, saturation should
be monitored using a pulse-oximeter and recorded.

3. All anesthetized mice were cannulated with a 20 G trachea
cannula and a jugular vein cannula, then placed on a computer-
controlled small-animal ventilator (FlexiVent, SCIREQ).
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Fig. 3 Clinical manifestations after AIT. (a) IgE dependent allergic response plotted as net ear thickness (mm)
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treated mice (NC and PC) provide similar swelling since both have been placebo treated and are not chal-
lenged yet. (b) Effective Dose (ED) of methacholine, when the airway resistance reaches 3 cmH,0 s/ml. (c)
Airway hyperactivity (AHR) was measured by FlexiVent and plotted as airway resistance (Rin cmH,0 s/ml) and
as (d) Airway compliance (€ in ml/cmH,0). Absolute values are expressed as mean+SEM (n=8). *P<0.05,
**P<0.01, and ***P<0.005 compared to positive control. NC: negative control, PBS challenged; PC: positive
control, GP challenged; SCIT or SLIT treated mice (300 kSQ), GP challenged

Tracheal cannulation: First, make an incision in the mid-
dle of the neck and tear the underlying tissue carefully with
two sharp pair of tweezers till you see the muscle where the
trachea is lying in. Be careful not to touch the gland around
the trachea, to prevent increased mucus production. Then,
tear the muscle open carefully, completely free the trachea
from underlying tissue and place two ligatures, one at the top
of the trachea and one at the bottom. Third, cut a hole in the
trachea between the trachea rings and place the cannula in the
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trachea and close both ligatures. Attach the upper ligature to
the cannula with a tight knot. Finally, attach the mice to the
FlexiVent machine and set the program to standard breathing
(script running on basic breathing, see Note 9).

Jugular vein cannulation: Make an imaginary line from
the right armpit to the left foreleg and from the right armpit to
the middle of the jaw, then make a 1.5 cm vertical incision
(downwards) on the crossing. Similar as with the trachea can-
nula, tear the underlying tissue carefully with two sharp pairs of
tweezers until you can see the jugular vein and clear it of any
fat or surrounding connective tissue, allowing a curved surgical
tweezer to maneuver underneath the jugular vein. Then, place
a ligature (6/0) around the upper part of the jugular vein,
close it and attach this ligature with some tape to the operating
table to put some tension on it. Now, place a second ligature
(6/0) 0.5 cm down, but do not close the knot completely.
Place a bulldog clamp on the lower ligature to increase the ten-
sion and cut a hole in the vein between the two ligatures. Place
the cannula through the hole in the jugular vein and close the
bottom ligature. Test whether the cannula is in place by care-
fully pulling the plunger of the syringe. A properly cannulated
jugular vein will allow blood to be present in the cannula. Fix
the cannula with both ligatures. Now, several dosages of
methacholine can be given through this cannula according to
the FlexiVent’s protocol (see Notes 9 and 10).

4. Before starting the FlexiVent measurements, all mice receive
a muscle relaxant, 1 pl /g mouse rocuronium bromide (diluted
to 0.125 mg/ml), which is repeated after the methacholine
dosage of 100 pg/kg. When starting the protocol, make sure
the positive end-expiratory pressure (PEEP) is set at 20 mm
H,0O. According to the weight table (se¢ Note 11), methacho-
line is administered intravenously in doses 0, 50, 100, 200,
400, and 800 pg/kg, and airway responsiveness is measured
by obtaining airway resistance (R in cmH,0O s/ml), the
Newtonian resistance (the resistance of the central or con-
ducting airways, Rn in cmH,0O s/ml), and compliance (C in
ml/H,0). Immediately after each methacholine dose flush
the tubing with 30 pl saline to make sure that all methacholine
enters the body.

5. Immediately after this procedure, all mice were sacrificed
under continued anesthesia by collecting blood through a
vena cava puncture (post-serum) in a miniCollect tube. To
start, the abdomen of the mouse is opened and the bowels are
repositioned so that the vena cava is clearly visible. After fat
removal, the vena cava can be punctured using a 25 G needle
on a 1 ml syringe and take out approximately 1 ml of total
blood volume.
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3.4 Analysis

of the Infiltration

of Inflammatory GCells
in BAL Fluid

6. Prepare the body for Broncho-alveolar lavage by opening the
diaphragm so the lungs can fully collapse, but make sure not to
damage the lungs by puncturing. Using a syringe containing
1 ml supplemented PBS (10 ml PBS+1 protease cocktail
inhibitor tablet and 3% BSA on room temperature) on the tra-
chea cannula, the lungs can be flushed gently. During draw-
back of this first ml of supplemented PBS, it is normal that a
small amount remains in the lungs. Store the first mlina 1.5 ml
tube. Repeat this lavage for four times using regular PBS (non-
supplemented, on room temperature) and collect this in a
15 ml tube. Store the first ml lavage on ice as BALF and the
remaining 4 ml on ice to collect extra cells.

7. Hereafter, individual lung lobes and all other necessary organs
can be collected and placed in RPMI11640 medium (~1 ml at
4 °C) and kept on ice. Also, individual lung lobes can be stored
separately in cryogen-vials, and snap-frozen immediately after
isolation in liquid nitrogen and stored at —80 °C for future
analysis. Make sure that the empty cryovials have been weighed
prior to dissection to allow measurement of the net weight of
the lung lobe retrieved during section.

8. Finally, export all FlexiVent data to Excel files and store them
according at the appropriate locations (backed-up network
drive), for analysis of resistance and compliance values (see
Note 12). After analysis of the data, resistance and compliance
values can be plotted in a graph against the doses of MCh
(see Fig. 3¢, d). Furthermore, in analyzing the resistance data,
one could calculate the effective dose (ED) of MCh necessary
to increase AHR to an R of 3 cmH,0 s/ml (ED3) (see Fig. 3b).
Appropriate statistical evaluation includes ANOVA, or in case
of missing values a GEE analysis [39].

Inflammatory cell composition of BAL and lung tissue can be ana-
lyzed by manual counting of cytospin preparations or by flow cyto-
metric analysis. While the latter allows for a far more detailed
analysis, the former does require minimal time investment on the
section day of the experiment.

1. First, all cytospin slides need to be numbered and coated.
Open the slide holder by its driver, insert a clean slide with
appropriate label in the slide holder, place a clean Shandon fil-
ter card on the slide in the holder, insert a clean cuvette in the
holder above the filter card, and put the holder containing
slide—filter card—cuvette in the cyto-centrifuge. Add 20 pl
PBS containing 1% BSA in the whole of cuvette and run the
centrifuge at 550 x4 for 1 min.

2. Centrifuge the first ml of the BAL cell suspension at 590 x g,
4 °C for 5 min and store the supernatant in 100 pl aliquots at
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3.5 Preparation

of Single Cell
Suspensions of Lung
Tissue, Spleen,

and Draining Lymph
Nodes

—80 °C. Do the same for the 15 ml tube containing the addi-
tional BAL cells, only discard the supernatant. Now, resuspend
the pellet of the 15 ml tube in 500 pl lysis buffer and add this
to the pellet of the first ml and incubate for 1 min at room
temperature. Then, centrifuge the cells at 590xyg, 4 °C for
5 min, discard the supernatant and resuspend the pellet in
200 pl PBS containing 1% BSA.

. To count the cells, use an appropriately calibrated method for

cell counting (resulting in a BALF total cell count (7)) and
adjust the number of cells to 1x 10° cells/ml (see Fig. 4a).

. Prepare cytospins by adding 100 pl of the cell suspension

(1x10° cells) to the cuvette of the coated slides and centrifuge
at 550 x g at room temperature for 5 min. Carefully release the
slides from the holder using the driver and let the slides air dry
for 10 min at room temperature. Clean the cuvettes using
demi-water and 70 % ethanol solution overnight.

. Cytospin preparations are stained with a Diff-Quick staining

set (manufacturer’s protocol) and 300 cells per cytospin were
evaluated using the differential cell counter and differentiated
by an observer blinded to the experimental groups into mono-
nuclear cells (M), neutrophils (N), and eosinophils (E) by
standard morphology using a light microscope with 100x
magnification in immersion oil (see Fig. 4b).

. In preparing a single cell suspension from mouse lung, the

left lung lobe (largest) of every mouse is transferred into a petri
dish in the flow cabinet. Using a scalpel, the lobe is cut into a
homogenous paste, dissolved in 2 ml RPMI1640 medium
including 4 mg/ml collagenase A, 0.1 mg/ml DNase I, and
1% BSA, and incubated for 1.5 h at 37 °C. A single cell suspen-
sion is generated by flushing the lung digest through a 70 pm
cell strainer into a 50 ml tube. Cell strainers are washed with
2-5 ml of RPMI (at room temperature) in order to flush out
remaining cells. The collection tubes are centrifuged at 350 x g
for 5 min at 4 °C and the supernatant can be discarded. Pellets
are resuspended in 1 ml lysis buffer and incubated for 3 min at
room temperature. Cells are then centrifuged again at
350 x4 for 5 min at 4 °C and supernatant is discarded. The
cells are counted using a Coulter counter and used for cyto-
spin (see Subheading 2.4 BAL Fluid) and restimulation (see
Subheading 2.6).

. Single cell suspensions of spleen cells are obtained in a simi-

lar fashion, although enzymatic digestion is only required in
case of DC subset analyses. Single cell suspensions are gener-
ated by flushing the spleen tissue suspension through a 70 pm
cell strainer and rinsing the strainer with 5 ml sterile RPMI1640,
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Fig. 4 The eosinophilic and proinflammatory cytokine response after AIT. (a) Total cell counts in broncho-
alveolar lavage fluid (BALF). (b) Differential cytospin cell counts in BALF. M mononuclear cells, E eosinophils, N
neutrophils. Absolute numbers are plotted as median and 10-90 interquartile. (¢ and d) Concentrations of IL-5
and IL-13 measured in restimulated single cell suspensions of lung cells. Concentrations were calculated as
the concentration after 5 day-restimulation minus unstimulated control (PBS) and expressed as mean = SEM
(n=8). *P<0.05, **P<0.01, and ***P< 0.005 compared to positive control

before centrifuging the spleen cells at 550 x g for 5 min. Discard
the supernatant, add 1 ml lysis buffer and incubate for 10 min
at room temperature. Wash the cells with 1 ml RMPI1640
twice and cells are ready for further use. For storage of the cells
in liquid nitrogen, resuspend the cell pellet in 50 % HBSS, 40 %
FCS, and add slowly 10% DMSO, then divide the suspension
over both cryogen vials, and place them in a Stratagene® box in
the —80 °C overnight. The day after, transfer the vials into the
liquid nitrogen.

3. Cells originating from the (lung) draining lymph nodes
(DLN) can be processed in a similar fashion as the lung tissue
cells.
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3.6 Restimulation
of Lung Cells and
Draining Lymph Node
(DLN) Cells

3.7 Homogenization
of Lung Tissue

for Total Protein

and Cytokine Analysis

1. To evaluate the T cell responses in lung tissue single cell sus-

pensions, 200,000 cells/well are restimulated in 250 pl
RPMI1640 (supplemented with 10% ECS, pen/strep; 50 pM
beta-ME) with either 0 or 30 pg of GP or HDM extract in
triplo in 96-well plates (U-bottom). Lung cell cultures are
incubated for 5 days at 37 °C and 5% CO,. The supernatant of
all wells are pooled per mouse, aliquoted iz t7iplo and stored in
—80 °C, for analysis of cytokines.

. Cell suspensions from draining lymph nodes can be restim-

ulated in a similar way as described above. Using a round-
bottom 96-well plate, 200,000 cells/well can be
restimulated with GP or HDM extracts (30 pg/well). Since
lymph node-cell suspensions usually do not contain as much
cells as the lung suspensions, here measurements can be done

in duplo.

To measure levels of specific cytokines, chemokines or other medi-
ators in lung tissue, individual lung lobes are used either freshly at
the day of section, or at a later stage using lung lobes snap-frozen
on the day of section and retrieved from —80 °C for analysis. Use
the identical lung lobe for all mice in the experimental and control
groups. Keep the lung lobes on ice at all times.

1.

Weigh the cryogen vials containing the lung lobe and correct
for the empty cryogen vial weight to obtain the net lung lobe
weight (mg lung tissue).

. Add Luminex buffer in a ratio of 1:5 weight/volume of each

lung (1 mg lung+4 pl buffer).

. Homogenize the lung with the homogenizer (on ice!) for at

least 1 min, until no more large pieces are visible. Then, clean
the homogenizer (dismantle the crusher) with tab water (once)
and ethanol (once) in between samples. Clean and dry the
homogenizer.

. Centrifuge the crushed lung samples at 12,000 x4 for 20 min

at 4 °C.

. Collect supernatants, store them in 100 pl aliquots at —80 °C

until further analysis, and discard the pellets.

. When evaluating cytokine responses between experimental

groups, it is important to measure cytokine-levels (ELISA) and
plot them relative to protein content instead of per ml lung
tissue homogenate. Protein concentrations retrieved from
homogenization of lung lobes vary between individual mice,
so this needs to be corrected for. Therefore, a BCA analysis can
be performed to quantitate protein content of the lung tissue
homogenates according to the manufacturer’s protocol
(Thermo Scientific, Waltham, MA, USA).
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3.8 Analysis

of Immunoglobulin
Levels in Serum

and Cytokine Levels

in BAL Fluid,
Supernatant

of Restimulated Single
Cell Suspensions

and Lung Tissue
Homogenates

1. ELISA measurements can be performed to determine the

immunoglobulin levels in serum of total as well as GP- or
HDM-splgGl, GP- or HDM-splgG2a, GP- or HDM-spIgE
in serum taken at three different time points (prel-, pre2-, and
post-serum, stored at —80 °C).

. Cytokine measurements in BAL fluid, supernatant of restimu-

lated single cell suspensions and lung tissue homogenates can
be performed by ELISA or multiplex analysis (a wide range of
commercial suppliers available). For accurate quantification of
cytokine levels by ELISA, samples should be stored at —80 °C
until measurement, and, as a rule of thumb, samples should be
processed within 3 months from isolation.

. Protocol for Ig-ELISA measurements in sera: coat a high atfin-

ity binding 96-well flat bottom ELISA plate with 100 pl puri-
fied rat anti-mouse IgE/Gl/G2a (se¢ Table 1) in PBS
overnight at 4 °C. Wash the plate five times using 300 pl wash
bufter (PBS containing 0.05 % Tween 20) either with a ELISA
plate washer or by hand. Block the plate using 300 pul ELISA
buffer with 1% BSA at room temperature for 1 h. Empty the
plate, wash once with wash buffer, make sure the wells are
emptied and add the samples and standard (both iz duplo) in a
total volume of 100 pl and incubate for 2 h at room tempera-
ture on the shaker 300 rpm. For concentration of the reference
curve and the appropriate dilution of the serum samples please
refer to Table 1. Usually, pre-sera samples will be diluted 1:30
and post-sera samples 1:60 in ELISA buffer; however several
dilutions can be tested for optimal results. Wash the plate five
times using 300 pl wash buffer. Add detection Ab diluted in
ELISA buffer (see Table 1 and Note 13) to the plate in 100 pl
and incubate for 1.5 h at room temperature on the shaker at
300 rpm. Wash the plate five times using wash bufter. Add
100 pl horseradish peroxidase (HRP) diluted 1:200 in ELISA
buffer and incubate for 1 h at room temperature on the shaker
300 rpm. Wash the plate again and add 100 pl OPD peroxi-
dase substrate (according to manufacturers’ instructions) and
incubate for 10 min in the dark until the coloring reaction is
complete. Stop the reaction by adding 75 pl 4 M H,SO, to
each well. Read the optical density at 490 nm on the ELISA
plate reader. Calculate the concentrations using of the sera
samples based on the reference curve a four parameter model.
The fit of the standard curve should be at least 0.95 (7?). When
performing multiple 96-well plates in one measurement, each
plate should contain a standard curve as well as a few reference
samples that are included on all plates for plate—plate
comparison.
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3.9 Quantification
of DCs, T Cell
Populations,

and Innate Lymphoid
Cells in Lung Single
GCell Suspensions
Using Flow Cytometry

Divide all lung single cell suspensions in the FACS tubes per mouse
per mixture and use a small amount of cells for the single staining
(two donors per single). Start with a wash using 300 pl FACS
Bufter, centrifuge the cells at 590 x g for 5 min and remove super-
natant. Then, resuspend in 100 pl FACS bufter, add an extracel-
lular block using 100 pl Block buffer (2% NRS, 5% FcBlock in
FACS buffer) and incubate for 10 min on room temperature.
Centrifuge, remove supernatant and resuspend in 100 pl FACS
buffer, add 100 pl extra-cellular staining, and incubate for 30 min
on room temperature in the dark (see Tables 2 and 3 for the mix-
tures). Centrifuge and wash in 1000 pl FACS buffer then wash
again in 1000 pl regular PBS. Resuspend in 100 pl PBS, add 75 pl
fixable live dead V450 (1:1000 diluted in PBS) incubate for 15 min
on room temperature in the dark. Wash once in 1000 pl regular
PBS and resuspend in 1000 pl FIX, incubate for 30 min on room
temperature in the dark. Without washing add 1000 pl PERM but-
fer. Centrifuge and remove supernatant and then resuspend in
100 pl PERM buffer containing 2% NRS and 5% FcBlock for
intracellular blocking. After 10 min incubation, centrifuge, remove
supernatant, and resuspend in 100 pl PERM buffer. Then add
100 pl intracellular staining (antibodies diluted in PERM butffer),
and incubate for 30 min on room temperature in the dark (see
Tables 2 and 3 for the mixtures). Without washing add 1000 pl
PERM buffer, centrifuge and remove supernatant. Wash once
more in 1000 pl FACS bufter and remove supernatant. Finally,
resuspend 200 pl FACS buffer and transfer the cells to the 35 pm
cell strainer FACS tube. Measure all singles and samples using a
three laser flow cytometer (eight fluorochromes).

In analyzing the FCS files derived from the measurements,
always start by setting the compensation settings using the single
stained cells, depending on the program used. Once, these are cor-
rected throughout the entire experiment, start the analysis by
excluding all dead cells as well as doublets. The first can be done by
plotting the area of the forward scatter (FSC-A) against the fixable
live dead marker and exclude the dead cells (see Fig. 5a). Second,
all doublets can be excluded using a small selection gate when plot-
ting the area of the side scatter (SSC-A) against the width of the
side scatter (SSC-W, see Fig. 5b). Then, depending on the mix gat-
ing strategies can be adjusted depending on which cell type needs
to be identified and or quantified. Here, as an example, the gating
strategy for ILC2s can be plotted as Lineage negative cells versus
CD45 positive cells (see Table 2 and Fig. 5¢). Subclassification can
be done using GATA3 and CD127, markers that are both expressed
by ILC2s (Fig. 5d).

For the identification of other cell types, CD4 and GATA3 can
be used to identify Th2 cells, CD4 and FoxP3 can be used to identity
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Fig. 5 Gating strategy for the identification of innate lymphoid cells type 2 (ILC2s) in the lung. (a) Gating of live
cells. (b) Doublet cell exclusion. (c) Gating out the lineage negative cells and including the CD45 positive cells.
(d) Gating for only the GATA3 and CD127 double positive cells. (e) ILC2s plotted as Lineage-CD45+GATA3* and
CD127+ % of live cells

Treg cells, and CD11b and CD103 can be used to identity
subpopulations of different types of conventional DCs (see
Table 3). The gating strategy starts similar as mentioned before,
with the exclusion of dead cells and doublets.
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4 Notes

1. Stocks of GP: dissolve the 204 mg dry matter of Phleum
pratense, 225 (MP225PHLpra, 1006674 or 1031225) in
2.125 ml sterile PBS to get a solution containing 60 kSQ /pl
(~96 pg/pl). Aliquot this stock in small 100 ul portions and
store at —20 °C. Stocks of HDM: dissolve 25.0 mg DP extract
FD 12C27 in 500 pl sterile PBS to get a solution containing
50 pg/pl HDM and aliquot this stock in 25 pl portions and
store at =20 °C.

2. Performing intraperitoneal injections: the non-anesthetized
animal is restrained manually (one-handed) and tilted head
down at 35—40° angle so that the intestines fall away from the
injection site. The needle is inserted into the lower right quad-
rant of the abdomen slightly oft the midline anterior to the
bladder. Slight negative pressure is applied to the syringe. To
avoid the likelihood of puncturing or lacerating abdominal
organs, a %2 inch, 27 G needle or insulin syringe is recom-
mended. This route of administration allows for a volume of
up to 1 ml be given safely to a mouse.

3. Subcutaneous injections can be used for administration of
the allergen extracts. The non-anesthetized animal is held
using a standard single handed restraint technique and a 25 G
needle is inserted at the base of a skin tent created by the
thumb and forefinger. A slight negative pressure is applied to
the syringe to ensure proper placement is subcutaneous and
not having accidently damaged a local vein. A total of 100 pl is
injected.

4. For sublingual administration, the non-anesthetized animal
is restrained manually (one-handed) and the head is tilted up at
tull vertical position. Tightly fix the fir between thumb and
index finger, until the mice slightly stick out their tongue.
Using a P20 pipet, 5 pl of allergen solution can be placed
under the tongue, while ensuring that it stays there for 30 s
minimum. It is of paramount importance that the mice do not
swallow the allergen during the administration. After adminis-
tration, maintain the restrained animal for 30 s up-straight to
prevent swallowing until the mouse can be placed back in the
individual ventilated cage (IVC).

5. The intranasal challenges are performed with the mouse
lightly and quickly anesthetized using 4.5 % isoflurane in com-
bination with 1 ml/min O,. Mice are taken out of the anesthe-
sia as soon as their breathing starts to slow down a bit. The
mouse is manually restrained and the tail anchored between
the small finger and the palm. The mouse is held in a supine
position with the head elevated. Right before the mouse wakes
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up (should be within 1 min), the end of a micropipette is
placed at or in the external nares and then the solution is
poured in. Pipet 25 pl of the allergen extract dissolved in PBS,
quickly on each of the nares as the mouse wakes up and inhales
into the lungs. Check visually whether the allergen solution
has been inhaled by the mouse.

. Retro-orbital bleeding targets the venous sinus located

behind the eye. When correctly performed on these
long-anesthetized mice using 4.5 % isoflurane in combination
with 1 ml/min O,, the eyes and health of the animal remain
unaffected. Hold the anesthetized mouse on a flat surface and
gently press it against the flat surface, to force blood from the
thorax to the head. The forefinger of the same hand is used to
pull the dorsal eyelid back producing slight exophthalmos
(bulging of the eye). Then, use a glass microcapillary tube to
penetrate the orbital conjunctiva at the medial or lateral can-
thus of the eye. As soon as blood accumulates in the capillary
lift up the mouse and hold it above the MiniCollect tube and
let ten drops of blood fall in. Be aware, the speed of which the
blood drops in the tube can vary significantly! When punc-
tured just right, you have to act quickly.

. In using the digimatic pressure-limited micrometer, it is really

important to keep it perfectly horizontal when measuring ear
thickness. Therefore, all mice need to remain in the same hori-
zontal position during the measurement. Mice receiving a light
anesthesia, using 4.5 % isoflurane in combination with 1 ml/min
O,, can be placed on a small bridge /cup to make sure the ears
are in the same horizontal position every time.

. Mice can be anesthetized for invasive lung function measure-

ment using the following dilution schedule:

Solution Administration  Dose
Ketamine 100 mg/ml 75 mg/ml 0.75 ul/g mouse
Domitor 0.5 mg/ml 1 mg/ml 1 pl/g mouse

Dilution scheme (100 mg,/ml)

1 ml 5 ml 10 ml
Domitor 200 pl 1000 pl 2000 pl
Ketamine 75 ul 375 ul 750 pl
Saline 725 ul 3625 pl 7250 pl

. A standard script is available within the FlexiWare software,

which can be adjusted to the following format:

FlexiVent script ================
Script: MCh IV DRC Author: LH Date: 15-
02-2012 Changes: LH: 8-6-2016 Adapted to
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new software and doses Adapted to new doses
and comments of Scireq crew 1. Added snap-
shot after TLC (for quality control) 2. Quick
prime 3 instead of quick prime 2 (+ reduction
of number of perturbations) 3. In template
adaptation: addition of constant phase model
for the quick prime perturbations (c) SCIREQ
Inc. 2001-04

// Start of command section // ---———----

—————————————— Start Script, Format = 3.0;
Title = MCh DRC with TLC; //Start DEFAULT
ventilation (Depending on Template) 0:00

Ventilation DEFAULT; // Perform TLC maneu-
ver 1immediately after attaching the ani-
mal 0:02 Prompt MESSAGE=Attach the animal,
then click O©CK to perform two TLC maneu-
vers.; 0:00 Marker TEXT=Performing two TLC
maneuvers at start of the experiment.; 0:00
Ventilation MODE=CFlow; F=10 br/min; Vt=40
ml/kg; IER=1; Pmax=30 cmH2C; 0:05 Ventilation
DEFAULT; 0:15 Ventilation MODE=CFlow; F=10
br/min; Vt=40 ml/kg; IER=1; Pmax=30 cmH20;
0:05 Ventilation DEFAULT; //Do a snapshot
for quality control (check for leakage) 0:05
Perturbation NAME=Snapshot-240; // Log the
substance 0:05 Marker TEXT=Start of MCh
Dose response measurement.; // Start loop
for Baseline 0:02 Loop Begin // Log next dose
0:00 Marker TEXT=Next dose: Baseline ; //
Prepare to inject the mice 0:00 Prompt BEEP ;
0:00 Prompt MESSAGE=Press CK to start base-
line measurement. ; 0:02 Marker TEXT=Mouse is
being injected : Baseline; // Take 6 meas-
urements directly after each other 0:00 Loop
Begin 0:00 Perturbation NAME=QPrime3;
0:00 Loop Return MAXCOUNT=6; // Take 4 meas-
urement for 4 times 0:00 Loop Begin 0:00
Perturbation NAME=QPrime3; 0:40 Loop Return
MAXCOUNT=4 // Prompt user for next dose 0:20
Query MESSAGE=Continue with next dose? (No
to restart previous dose); 0:00 Loop Return
REPLY=NC ; // Start loop for 0 pg/kg 0:02 Loop
Begin // Log next dose 0:00 Marker TEXT=Next
dose: 0 ; // Prepare to inject the mice 0:00
Prompt BEEP ; 0:00 Prompt MESSAGE=Press CK
when ready to inject mouse (0 pg/kg), and
inject immediately thereafter. ; 0:02 Marker
TEXT=Mouse is being injected:0 pg/kg; // Take
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10.

11.

6 measurements directly after each other 0:00
Loop Begin 0:00 Perturbation NAME=QPrime3;
0:00 Loop Return MAXCOUNT=6; // Take 4 meas-
urement for 4 times 0:00 Loop Begin 0:00
Perturbation NAME=QPrime3; 0:40 Loop Return
MAXCOUNT=4; // Prompt user for next dose 0:20
Query MESSAGE=Continue with next dose? (No
to restart previous dose); 0:00 Loop Return
REPLY=NC ; // Start loop for 50 pg/ kg — re-
peat for the dosages 100, 200, 400 and 800
pg/ kg // End of script

Before putting a new syringe on the IV-line, make sure there is
no air remaining in the syringe and cannula (use 5 ml syringe
with saline to fill the 1 ml syringe).

IV injection of several doses of methacholine: see dilution table
and weights:

Dose (119/kg) Dose (mg/ml)
0 0

50 0.01562
100 0.03125
200 0.0625
400 0.125
800 0.25
Weight (g) Injection volume (pl)
20 64

21 67

22 70

23 74

24 77

25 80

26 83

27 86

28 90

29 93

30 96

31 99

&2 102

33 106
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12.

13.

Weight (g) Injection volume (jul)
34 109
35 112
36 115
37 118
38 122
39 129
40 128

Analysis of resistance and compliance data can be performed
using the exported files. Herein, a clear stepwise report is made
tor every subject. When interested in the resistance and com-
pliance values, simply highlight those, together with the COD
values, the PEEP (and optional the Newtonian resistance Ry).
Every dose of MCh gives a peak value in resistance (cmH,0 s/
ml) and a bottom value in compliance (ml/H,0O). Highlight
those for every dose of MCh and for every subject, and plot
them. To ensure high quality data use the coefficient of deter-
mination (COD)-value with a cutoft of 8. This is a quality con-
trol parameter measuring the quality of the single compartment
model fit. Alternatively, all values that are measured with suf-
ficient technical quality (use COD value as a cutoft) can be
plotted to calculate an area under the curve for each individual
methacholine dose. Check whether the PEED was registered as
~20 mm H,O or ~2 cm H,O.

Biotinylation of grass pollen and house dust mites is performed
using the “Thermo Scientific EZ-Link Sulfo-NHS-LC-Biotin,”
an intermediate-length, water-soluble biotinylation reagent for
labeling proteins (Thermo Scientific, 21327). According to the
manufacturers’ protocol, we can adjust the molar ratio of Sulfo-
NHS-LC-Biotin to protein to obtain the level of incorporation
desired (~4-6 biotin groups per allergen-particle). Calculate
millimoles of biotin reagent to add to the reaction for a 20-fold
molar excess: mmol biotin=ml protein x (mg protein/ml pro-
tein) x (mmol protein/mg protein)x (20 mmol biotin/mmol
protein). Then, calculate microliters of 10 mM biotin reagent
solution (stock) to add to the reaction: pl biotin=mmol bio-
tinx (1,000,000 pl/1)x(1/10 mmol). Since, the rough extracts
contain a mixture of proteins with a lot of different molecular
weights, we make an estimate based on SDS-PAGE results. For
the rough extract of GP, we calculated using an average molecu-
lar weight ot 10,000 Da. An example: 1000 pl GPx(3.9 mg
GP/1 ml GP)x (1 mmol GP/10,000 mg GP)x (5 mmol bio-
tin/1 mmol GP)=1.95x10 mmol biotin. Second,
1.95%x107* mmol biotinx (1 x10° pl/1)x(1/10 mmol)=195 ul
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biotin. For the biotinylation reaction take the following steps:
add 180 pl of ultrapure water to the 1 mg microtube to prepare
a 10 mM solution of the biotin reagent (stock) and take out the
calculated volume of biotin to add to your protein solution.
Incubate for 2 h on ice or for 30 min on room temperature. For
optimal performance and stability, we purity the labeled proteins
using a Slide-A-Lyzer™ G2 Dialysis Cassettes, 3.5K MWCO,
0.5 ml according to the manufacturers’ protocol (Thermo
Scientific, 87722). In short, after hydrating the membrane in
PBS for 2 min, using a 1 ml syringe with 18 G needle, slowly fill
the cassette with your biotin—allergen mixture and withdraw any
remaining air. Next, perform a typical dialysis procedure: 2 h at
room temperature in 2 | PBS; then change the PBS and dialyze
for another 2 h; change the buffer again and dialyze overnight at
4 °C. The next day, you can remove the purified sample and
store aliquoted in the —20 °C freezer.
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Chapter 12

Characterization of Group 2 Innate Lymphoid Cells
in Allergic Airway Inflammation Models in the Mouse

Bobby W.S. Li, Dior M.J.M. Beerens, Maarten D. Brem,
and Rudi W. Hendriks

Abstract

Allergic asthma is a chronic inflammatory lung disease mediated by type 2 cytokines produced by T helper
2 (Th2) cells as well as the recently discovered group 2 innate lymphoid cells (ILC2). Due to a lack of
unique markers, the accurate phenotypic characterization and quantification of ILC2 requires a compre-
hensive panel of fluorescently labeled antibodies. The markers that are currently used to characterize ILC2
have not been standardized and often vary between research groups, which poses significant challenges
when comparing data. Intranasal administration of the pro-inflammatory cytokine IL-33 in mice is associ-
ated with strong, Th2 cell-independent ILC2 activation. ILC2 are also activated in mouse models of
allergic asthma based on the physiologically relevant house dust mite (HDM) allergen, which parallel
eosinophilic airway inflammation observed in asthma patients. Here, we describe the analysis of ILC2 by
flow cytometry in these two commonly used allergic airway inflammation models in the mouse.

Key words Allergy and asthma, Group 2 innate lymphoid cells (ILC2), House dust mite,
Interleukin-33, Murine airway inflammation model

1 Introduction

Asthma is a disease of the airways involving chronic inflamma-
tion and remodeling and is characterized by episodes of cough-
ing, wheezing, and shortness of breath. Patients can be clustered
into several endotypes based on symptoms, disease mechanisms
and immunological profile, the most common being allergic
asthma [1]. The T helper 2 (Th2) cell is classically placed in the
center of the pathophysiology of allergic asthma. The Th2 signa-
ture cytokines IL.-4, IL-5, and 1L-13 are key orchestrators of the
hallmarks of asthma. These include persistent inflammation,
smooth muscle cell hyperplasia, mucous cell metaplasia, and air-
way hyperresponsiveness and remodeling [2]. Recently, innate
counterparts of Th2 cells referred to as group 2 innate lymphoid
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cells (ILC2) have been identified as an innate source of type 2
cytokines and have been hypothesized to contribute to the
pathogenesis of allergic asthma [ 3, 4].

Observations that a non-B/non-T cell population was capable
of producing IL-5 and IL.-13 in response to I11.-25 were first made
by Fort et al. in 2001 [5]. It was reported some years later that this
1L-25-dependent population is an important source of type 2 cyto-
kines and that these cells are critically involved in helminth expul-
sion[6].In2010, severalindependentresearch groups characterized
this novel non-B/non-T lymphocyte population in fat associated
lymphoid clusters, mesenteric lymph nodes, spleen, and liver and
found them to be highly responsive to both IL-25 and I1L-33,
although different names were assigned to the cells at the time
[7-9]. Cells with a similar phenotype and cytokine profile were
also discovered in the lung in the context of influenza infection
[10, 11]. A universal nomenclature was proposed and it is now
generally accepted that in the mouse ILC2 are negative for classic
hematopoicetic lineage markers, express Sca-1, CD117 (c-kit),
CD25 (IL-2Ra), CD127 (IL-7Ra), and T1/ST2 (IL-33R) on
their cell surface, and are dependent on the transcription factor
GATA3 [7-9, 12-15].

1L-25 /11.-33-responsive IL.C2 have also been found in human
lungs and are enriched in the nasal polyps of patients suffering
from chronic rhinosinusitis, a typical type 2 inflammatory disease
[16]. These human ILC2 are defined by the expression of the
seven-transmembrane prostaglandin D2 receptor CRTH2/
CD294 and the natural killer marker CD161 and also require
GATA3 [16, 17]. More recently, studies in asthmatic patients
revealed increased numbers of ILC2 in peripheral blood and spu-
tum, compared with healthy controls [18-20]. Moreover, this
population appeared to be steroid insensitive, which is in agree-
ment with in vitro studies showing that TSLP is a major determin-
ing factor in steroid sensitivity of ILC2 [20].

To explore the role of ILC2 in the complex inflammatory
processes of allergic asthma, a number of mouse models have
been developed that mimic allergy and asthmatic responses to
physiological allergens. Intranasal administration of the protease
allergen papain leads to activation of ILC2 and induces eosino-
philic airway inflammation in wild-type as well as T and B cell-
deficient Ragl-/— mice. However, Rag2-/—-112745—-/—- mice that
additionally lack ILC2 do not mount an inflammatory response
to papain and adoptive transfer of wild-type ILC2 into these mice
restored inflammation [21]. In addition, ILC2-derived IL-13
promotes migration of activated lung dendritic cells towards the
lymph nodes where subsequent T cell priming occurs, further
suggesting a central role for ILC2 as early initiators of inflamma-
tion [22]. Experimental asthma models using the fungal allergen
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Alternaria alternata have led to similar results, showing an
1L-33-mediated inflammatory response orchestrated by activated
ILC2 rather than Th2 cells [23, 24]. Together with data showing
that ILC2 are capable of enhancing Th2 cell differentiation and
function, these findings support a model in which ILC2 can
become rapidly activated to provide an early source of type 2
cytokines and bridges the gap between innate and adaptive immu-
nity [25, 26]. In contrast, Ragl—/— mice exposed to Aspergillus
Sfumigatus, another fungal allergen, fail to develop airway inflam-
mation and hyperresponsiveness. Moreover, ovalbumin-driven
airway inflammation is attenuated upon depletion of CD4* T
cells [27, 28]. In house dust mite (HDM)-induced allergic air-
way inflammation, blockade of CD28 signaling strongly dimin-
ishes airway hyperresponsiveness and pulmonary infiltrates of
inflammatory cells in the lung [29]. Interestingly, chronic expo-
sure to a cocktail of Alternaria, Aspergillus, and HDM synergisti-
cally induces airway inflammation, hyperresponsiveness, and
remodeling that is dependent on adaptive immunity [30]. Taken
together, these models instead indicate a critical role for T cells in
mediating and maintaining allergic airway inflammation.
Therefore, the contribution of ILC2 in the induction of allergic
inflammation appears highly dependent on the allergen model.

Here, we describe in detail a T cell-independent and a T cell-
dependent murine model for airway inflammation via intranasal
administration of IL-33 or HDM, respectively. The alarmin cyto-
kine 1L-33 is constitutively expressed in the nucleus of airway
epithelial cells and is released upon cellular stress or injury that
occurs during exposure to a number of different environmental
allergens [31]. IL-33 is a potent stimulator of ILC2 proliferation
and cytokine production and intranasal administration of 1L.-33
leads to eosinophilic airway inflammation reminiscent of allergic
asthma, which provides a unique tool to specifically investigate
ILC2 function during inflammation [32-34]. A more physiologi-
cally relevant mouse model for allergic asthma employs HDM
extract. Intranasal sensitization followed by provocation chal-
lenge with HDM produces ecosinophilic infiltrates in the lung and
airway hyperresponsiveness that closely resembles clinical obser-
vations in patients with allergic asthma [2]. Although there is
abundant literature on mouse ILC2 in a variety of inflammatory
diseases, the markers used to characterize ILC2 have not been
standardized, which poses difficulties when comparing data from
various publications. In this report, we provide a detailed insight
into the induction of airway inflammation in mouse models based
on exposure to IL-33 and HDM, focusing on the characteriza-
tion of the ILC2 phenotype in bronchoalveolar lavage (BAL)
fluid, lungs, and mediastinal lymph nodes (MLN) using flow
cytometry.
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2 Materials

2.1 Induction

of IL-33 and HDM-
Induced Airway
Inflammation

2.2 Collection of BAL
Fluid, Lungs, and MLN

2.3 Preparation
of Single-Gell
Suspension

2.4 Flow Cytometry

Standard laboratory equipment including plates, tubes, syringes,
pipettes, and centrifuges is not listed.

1.

8-16-week-old C57BL,/6 mice housed in a specific-pathogen-
free facility, fed ad libitum, and age- and gender-matched (see
Note 1).

. Recombinant mouse 11.-33 (BioLegend, USA; 0.5 pg,/40 pL;

see Note 2).

. HDM extract from Dermatophagoides pteronyssinus (Greer,

USA; 1 pg/40 pL for sensitization and 10 pg/40 pL for chal-
lenge; see Note 3).

4. PBS.

. Isoflurane anesthesia device.

. Anesthetic and tools suitable for sacrificing mice (see Note 4).

2. Cannula: 23-gaugex 1%in. needle with the tip sheathed by

~10 mm of polyethylene tubing (inner diameter
0.58 mm/0.023 in.) to prevent puncturing of the airways
(Fig. 1a).

. Suture thread.

. PBS containing 0.5 mM ethylenediaminetetraacetic acid

(EDTA).

. Hank’s balanced salt solution (HBSS).

. PBS containing 0.5 mM EDTA supplemented with 0.5%

bovine serum albumin (BSA).

. Osmotic lysis buffer: 8.3% NH,CI, 1% KHCO3;, and 0.04%

Na,EDTA in Milli-Q.

. 100 pm nylon cell strainers.

4. RPMI 1640 Cell culture medium containing 10 % fetal bovine

serum (FBS).

. FACS-buffer containing 0.25% BSA, 0.5 mM EDTA, and

0.05% NaNj; in PBS with a final pH of 7.2.

. For intracellular transcription factor detection: eBioscience

FoxP3 /transcription factor staining kit containing (1) fixation
and permeabilization concentrate and (2) diluent and (3) 10x
wash buffer to be diluted in Milli-Q.

. For intracellular cytokine detection: phorbol myristate acetate

(PMA), ionomycin, and GolgiStop (BD Biosciences, USA). 4%
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Fig. 1 Stepwise procedure for the collection of BAL fluid, lungs, and MLN. (a) A cannula used for the collection
of BAL fluid. The polyethylene sheath prevents puncturing of the airways and is colored red to indicate its
placement. (b) Preparation of the trachea for cannula insertion. The connective tissue is removed and a small
incision is made between the tracheal cartilage along the dotted biue line. (c) Inserted cannula secured by
suture thread. (d) The thoracic cavity can be opened by removing the diaphragm and cutting the ribs on both
sides along the dotted blue line. (€) MLN can be exposed by lifting the right lung lobes and is situated below a
blood vessel

paraformaldehyde (PFA) in PBS as stock solution, diluted 1:2 in
PBS to a 2% working solution. Permeabilization and wash buf-
fer of 0.5 % saponin (Sigma-Aldrich, USA) in FACS-butffer.

4. Purified and unlabeled CD16/CD32 antibody (Fc-block,
clone 2.4G2).

5. Fixable live /dead cell stain (Fixable Viability Dye eFluor® 506,
eBioscience, USA).

6. Antibodies used for flow cytometry, listed in Table 1.

7. Data acquisition is performed using an LSR II flow cytometer
(Beckton Dickinson, USA) equipped with three lasers and
FACSDiva™ software (Beckton Dickinson, USA) and analyzed
by FlowJo v10 (Tree Star Inc., USA) software.
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Table 1

Antibodies used for flow cytometric analysis of ILC2, eosinophils, and neutrophils
Antibody Conjugate Clone Company

ILC2 lineage mix
B220 PE RA3-6B2 eBioscience
CD3e PE 145-2¢11 cBioscience
CD4 PE GKl1.5 eBioscience
CD5 PE 53-7.3 eBioscience
CDI11b PE M1,/70 eBioscience
CDll1c IRE} N418 eBioscience
CD19 PE 1D3 BD Biosciences
CD8a g 53-6.7 cBioscience
FceRla g MAR-1 eBioscience
Gr-1 PE RB6-8C5 BD Biosciences
NKI.1 RE PK136 eBiosciences
TER-119 RE TER-119 eBioscience

ILC2 surface markers
CD45 PE-CF594 13/2.3 Abcam
1COS APC C398.4A eBioscience
KLRGI1 Biotin 2F1/KLRGI1 BioLegend
MHCII Brilliant Violet 650 M5/114.15.2 BD Biosciences
Sca-1 Brilliant Violet 786 D7 BD Biosciences
T1/ST2 Biotin DJ8 MD Bioproducts
T1/ST2 FITC DJ8 MD Bioproducts
Streptavidin APC-eFluor 780 cBioscience
CD25 PerCP-Cy5.5 PCo61.5 eBioscience
CD127 PE-Cy7 A7R34 eBioscience
CD127 cFluor450 A7R34 cBioscience

ILC2 transcription factors
GATA3 eFluor 660 TWAJ-14 eBioscience

ILC2 cytokines
Amphiregulin Biotin Polyclonal R&D Systems
1L-4 Brilliant Violet 711 11B11 BD Biosciences
IL-5 APC TRFK-5 BD Biosciences
1L-13 cFluor 450 cBiol3A eBioscience

Eosinophil and neutrophil surface markers
Gr-1 APC-eFluor 780 RB6-8C5 eBioscience
Siglec-F IR} E50-2440 BD Biosciences
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3 Methods

3.1 Intranasal
Injection

3.2 IL-33-Induced
Airway Inflammation

3.3 HDM-Induced
Airway Inflammation

3.4 Collection of BAL
Fluid, Lungs, and MLN

. Mice are placed in a small gas chamber and are exposed to

2.5% isoflurane anesthesia with an oxygen airflow of 1 L /min
(VerEquip).

. When the breathing rate has dropped to approximately two

breaths per second, hold the mouse by the scruff of the neck
with the abdomen facing you and tilt the body to a 45° angle.

. Caretully place a drop of liquid on the tip of the nose using a

pipette and wait for the mouse to inhale (see Note 5).

. Once the droplet has been successfully inhaled and the breath-

ing rate of the mouse starts to increase, place it on its back in
the cage.

. Mice are administered 0.5 pg recombinant 1L-33 in 40 pL PBS

via intranasal injection under isoflurane anesthesia, as described
above, three times with 1 day of rest between each injection.

. Organs of interest are harvested 1 day after the final injection.

. Control mice are treated with PBS.

. Mice are sensitized with 1 pg HDM extract dissolved in 40 pL

PBS via intranasal injection under isoflurane anesthesia as
described above.

. After a resting period of 7 days, mice are challenged daily to

10 pg HDM extract dissolved in 40 pL PBS by intranasal injec-
tion for 5 consecutive days.

. Organs of interest are harvested 1 day after the final

challenge.

. Control mice are sensitized with PBS and are challenged with

HDM.

. Mice are sacrificed, using 75 mg/kg ketamine combined with

1 mg/kg medetomidine intraperitoneally (i.p.).

. A midline incision is made to retract the skin and the connec-

tive tissue surrounding the trachea is carefully removed.

. A suture thread is placed underneath the trachea by carefully

lifting it with tweezers. This will be used to secure the cannula
in the next step.

. A small incision between the tracheal cartilage is made to insert

a cannula, be careful not to sever the entire trachea (Fig. 1b).
The cannula is secured in place using the suture thread in step
3 by tying a knot around the portion of the trachea housing
the cannula (Fig. 1c¢).
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3.5 Preparation
of Single-Gell
Suspensions

3.6 Flow Cytometry

3.6.1 Intracellular Flow
Cytometry Staining
Protocol for ILC2 Detection

5.

A syringe containing 1 mL PBS supplemented with 0.5 mM
EDTA is attached to the cannula. The lungs are subsequently
washed by gently flushing. Afterwards, the syringe is uncou-
pled and the aspirated BAL fluid is collected in a tube.

. Step 5 is repeated two more times for a total of ~3 mL BAL

fluid.

. The thoracic cavity is then opened by removing the diaphragm

and cutting the ribs on both sides along the dorsal plane. The
connective tissue between the thymus and the ribcage is
removed and a transversal cut is made above the heart to com-
pletely expose the lungs (Fig. 1d).

. The MLN is situated underneath the right lung lobes below a

blood vessel and can be carefully extracted using tweezers and
placed in HBSS for further processing (Fig. 1e).

. Lungs lobes are separated from the bronchi and placed in

HBSS for further processing.

Lung and MLN tissue are mechanically disrupted on a 100 pm cell
strainer using the plunger of a syringe. The strainers are flushed
with 5 mL PBS containing 0.5 mM EDTA and 0.5 % BSA to extract
an optimal amount of cells.

1.

BAL fluid, lung, and MLN cell suspensions are centrifuged at 4°C
400x g for 7 min and the supernatant from the BAL fluid may be
collected for the detection of cytokine levels by ELISA (not dis-
cussed here). Lung and MLN supernatants are discarded.

. BAL and MLN cell pellets are resuspended in an appropriate

volume of cell culture medium for cell counting and are ready
for flow cytometric applications.

. The cell pellet from the lung is resuspended in 1 mL osmotic lysis

buffer and incubated at room temperature for 2 min. Lysis is
stopped by adding 10 mL cold PBS and the suspension is centri-
fuged at 4°C 400 x g for 7 min and the supernatant is removed.

. Cells are resuspended in cold cell culture medium and after a

sample is taken to determine absolute cell numbers, they are
ready for flow cytometric applications.

. To detect cytokine production, one million cells per well in a

96-well plate are stimulated with PMA (50 ng/mL; diluted
from a 1000x stock solution) and ionomycin (300 ng/mL
diluted from a 1000x stock solution), and GolgiStop (1:1500)
diluted in cell culture medium for 4 h at 37 °C prior to anti-
body staining.

. For surface marker staining, one million cells are placed in each

well of'a 96-well plate and are incubated with 40 pL primary anti-
body mix in FACS buffer containing Fc-block for 30 min at 4 °C.



3.6.2 Analysis of Allergic
Airway Inflammation
by Flow Cytometry

3.6.3 Analysis of ILC2
by Flow Cytometry
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3. The samples are then washed once with FACS buffer and once
with PBS.

4. Following this, the cells are incubated with fixable live /dead
stain with 40 pL secondary antibody mix in PBS and incubated
for 15 min at 4 °C.

5. For intracellular transcription factor detection: cells are washed
in PBS, fixed and permeabilized using eBioscience fixation and
permeabilization bufter for 30 min at 4 °C, followed by two
washing steps using eBioscience wash buffer. Next, the pellet is
incubated with 40 pL tertiary antibody mix in wash buffer for
60 min at 4 °C. Finally, the samples are washed, once with
wash buffer and once with FACS bufter, before being resus-
pended in FACS buffer and measured by a flow cytometer
within 1 day (see Note 6).

6. For intracellular cytokine detection: cells are washed in PBS
and fixed using 2% PFA for 15 min at 4 °C followed by two
washes with PBS. After fixation, the cells are permeabilized
with permeabilization and wash buffer containing 0.5 % sapo-
nin for 15 min at 4 °C. Next, the cell pellet is incubated with
40 pL tertiary antibody mix in perm/wash buffer for 60 min at
4 °C. Finally, the samples are washed once with perm/wash
buffer and once with FACS butffer before being resuspended in
FACS bufter and acquired within 1 day (see Note 6).

The number of eosinophils present in the BAL fluid can be used as
an indicator for the severity of allergic inflammation. Successful
induction of airway inflammation yields large numbers of granulo-
cytes, characterized by high side scatter (SSC) and relative low
forward scatter (FSC) values, of which 90% or more consist of
Siglec-F* cosinophils (Fig. 2a). These percentages generally trans-
late to between ~0.5 and ~1.0 million eosinophils in the BAL fluid.
Cellular infiltrates can also be seen in the lungs and typically accu-
mulate around the bronchioles and blood vessels. In addition,
thickened alveolar septa are also observed (Fig. 2b).

To quantity ILC2 in the BAL fluid, living cells that are negative for
the live/dead stain are selected. However, it should be kept in
mind that macrophages are autofluorescent and therefore positive
in the live/dead staining, irrespective of their viability, and are
therefore also excluded. Furthermore, it is possible to remove any
debris in this step that may interfere with subsequent gating. ILC2
are relatively small cells and fall within the general lymphocyte gate
in the ESC/SSC plot. CD45 expression is used to exclude all non-
leukocyte populations and the lineage markers are compiled in a
“dump” channel to readily exclude major hematopoietic cell
populations. ILC2 do not express lineage markers and express high
levels of surface Sca-1. Furthermore, they also express the 11.-33R
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97%

Siglec-F

——— > SSC »

Fig. 2 Extent of eosinophilic inflammation in BAL fluid and lungs after IL-33 or HDM treatment. (a) Flow cyto-
metric identification of eosinophils and neutrophils in the BAL fluid of IL-33-treated mice. Granulocytes are
gated on the basis of high SSC and low FSC values and discriminated as eosinophils or neutrophils using
Siglec-F and Gr-1, respectively. (b) Hematoxylin and eosin (H&E) staining of lung sections from PBS, IL-33, and
HDM-treated mice, showing perivascular infiltrates (indicated by asterisks) and thickening of alveolar walls
(indicated by arrow heads)

component T1/8T2 and intracellular GATA3 (Fig. 3a). Because
GATA3, T1/ST2 and Sca-1 are also expressed by Th2 cells, it is
critically important to optimize the lineage mix and to conserva-
tively gate for lineage-negative cells to ensure no T cells are
included within the ILC2 gate. The level of GATA3 expression
within the ILC2 population is variable between different tissues
(Fig. 3b). This likely reflects the activation state, as we observed
that GATAS3 levels increase when ILC2 are activated by I1.-33
stimulation.

Although GATA3 is a consistent marker for ILC2, it is a
nuclear protein that requires fixation and permeabilization steps
for its detection. For applications where this is not desirable, such
as live cell sorting, surface CD127 may be used as a replacement in
conjunction with Sca-1 and T1/ST2. Although CD25 is also fre-
quently associated with ILC2, its expression is variable (Fig. 3c¢).
The observed differential expression on ILC2, depending on the
type of stimulus applied, precludes the usage of CD25 as a surface



Group 2 Innate Lymphoid Cells in Murine Airway Inflammation 179

70%

85%

——> Live/dead =

—— > Lineage

MFIILC2

@0

8.5%

% of max

— > TUST2 ©
]
— > TUST2

38%

T ™

—> MHCII —  ICOS —» KLRG1

Fig. 3 Gating strategy for the identification of ILC2 in BAL fluid of HDM-treated mice. (a) After exclusion of dead
cells and debris and gating for CD45* lymphocytes, ILC2 are lineage-negative and express high levels of Sca-
1, T1/ST2, and intracellular GATA3. (b) GATA3 expression level by ILC2 is variable between tissues, as shown
by mean fluorescence intensity (MFI) values. (¢) Alternative gating strategy for ILC2 from Lineage— Sca-1*
cells without intracellular staining, using CD127 as an additional marker. CD25 expression is variable within
this population. (d) Analysis of MHCII and ICOS expression in ILC2. (e) Comparative analysis of KLRG1 expres-
sion in ILC2 derived from bone marrow (BM), lung, and MLN. Data are shown as mean +SEM of n=5 mice per
group. All flow cytometry panels are pooled data from >4 mice

marker for accurate quantification of ILC2 numbers. A fraction of
ILC2 express MHCII and ICOS (Fig. 3d) and have sparked inves-
tigations into the interaction of ILC2 with other immune cells [25,
35]. Expression of the co-inhibitory killer-cell lectin like receptor
G1 (KLRGI) has been proposed as a marker acquired by mature
ILC2 under inflammatory conditions [15, 36] and is differentially
expressed between tissues (Fig. 3e).

ILC2 produce IL-5 and IL-13 in steady state and rapidly
expand and upregulate their cytokine production upon stimula-
tion. Amphiregulin production is low in resting ILC2 and is sig-
nificantly upregulated when exposed to 1L-33 or HDM (Fig. 4a).
CD25 is expressed by ~50% of ILC2 in the lung in steady state.
Administration of I1L-33 results in a homogeneous 1LC2 popula-
tion that consistently expresses high levels of CD25. However,
HDM stimulation leads to the expansion of CD25"/~ ILC2 that
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still possess the same cytokine profile as ‘classical”’ CD25* 1LC2
(Fig. 4b, ¢). Additionally, these CD25"/~ ILC2 are present in
higher numbers in this model and significantly contribute to the
total population of type 2 cytokine producing cells (Fig. 4d). It is
conceivable that the CD25"°/-ILC2 population is also prominent
in other allergen-based mouse models of lung inflammation. We
therefore suggest the use of this marker as a method to discrimi-
nate between subpopulations of ILC2 rather than a characteristic
to quantify ILC2 numbers.

>
(2]

PBS IL-33 HDM ILC2 [J CD25+
g 100 _ns W CD25-

ns
o

Percentage

— > L5

IL-13

3%
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Sca-1 ENCD4 Tcells BEBCD25+ILC2 EICD25-ILC2
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PBS IL-33 HDM

51% |

—» CD25
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Fig. 4 CD25- and CD25* ILC2 secrete similar amounts of cytokines in HDM-treated mice. (a) Flow cytometric
analysis of intracellular cytokine production of BAL fluid ILC2 in PBS, IL-33, or HDM-treated mice after stimula-
tion of single-cell suspensions with PMA/ionomycin and GolgiStop for 4 h. (b) Expression of CD25 in BAL fluid
derived ILC2 is dependent on the type of stimulation used. (¢) Analysis of cytokine profiles of CD25~ and CD25*
ILC2 from BAL fluid of HDM-treated mice. (d) Relative contribution of various cell populations to amphiregulin
(Areg), IL-4, IL-5, and IL-13 producing cells in BAL fluid of HDM-treated mice. Single-cell suspensions were
stimulated with PMA/ionomycin in the presence of GolgiStop for 4 h and intracellular cytokine expression was
quantified. Proportions of cytokine producing cells (expressed as percentages of the total number of cytokine-
producing cells) were determined by flow cytometry in ILC2 and CD4 T cells. Data are shown as mean + SEM
of n=4-6 mice per group. All flow cytometry panels are pooled data from >4 four mice. A Mann—-Whitney U
test was used to determine statistical significance between CD25- and CD25* ILC2 in HDM-treated mice
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4 Notes

1. Our observation is that female C57BL,/6 mice tend to develop
more severe cosinophilic lung inflammation than male mice
and therefore it is crucial to gender match between experimen-
tal groups. Difference in the severity of inflammation also exists
between various mouse strains.

2. The potency of recombinant mouse 1L-33 diminishes over time
and has an effective shelf life of 3 months if stored at —80 °C
and 1 week if stored at 4 °C. Avoid repeated freeze—thaw cycles.

3. HDM extract is a natural product and has a variable composi-
tion between batches. It is important to note the endotoxin
content of each batch and to compare the immune response
generated between new and old batches in order to ensure
similar levels of inflammation. If necessary, perform titrations
of different amounts of HDM during challenge.

4. Cervical dislocation is not a viable option due to a high chance
of tearing the trachea, thus preventing the placement of a can-
nula for BAL fluid extraction. Euthanasia by inhalation of CO,
gas potentially damages the immune cells in the lungs, and
thus we recommend methods employing intraperitoneal over-
dose of anesthetic agents like ketamine /medetomidine.

5. If the mice are placed in the isoflurane chamber for extended
periods of time (>1 min), they may become too deeply anes-
thetized and have trouble adequately inhaling the droplet.
This is characterized by an extremely slow breathing rate of
less than once per second. To avoid this, do not anesthetize
more than four mice simultaneously to ensure optimal anes-
thesia. Additionally, it is normal for some mouse strains
such as the C57BL /6 mice to hold their breath for a short
amount of time during intranasal administration. We rec-
ommend not to exceed a volume of 80 pL for intranasal
injections.

6. It is possible to leave the cells in the fixation step overnight at
4 °C and continue the FACS stain the next day if time is an
issue.
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Chapter 13

Induction and Analysis of Bronchus-Associated
Lymphoid Tissue

Henrike Fleige and Reinhold Forster

Abstract

Bronchus-associated lymphoid tissue (BALT) forms spontancously in the lung after pulmonary infection
and has been identified as a highly organized lymphoid structure supporting the efficient priming of T cells
in the lung. To explore the mechanisms and instructive signals controlling BALT neogenesis we used both,
a single dose of vaccinia virus MVA and repeated inhalations of heat-inactivated Psendomonas aeruginosa
(P aeruginosn). Intranasal administration of both pathogens induces highly organized BALT but distinct
pathways and molecules are used to promote the development of BALT. Here, we describe the induction
and phenotype of the distinct types of BALT as well as the immunofluorescence microscopy-based analysis
of the induced lymphoid tissue in the lung.

Key words BALT, Bronchus-associated lymphoid tissue, FDCs, MVA, P. aeruginosa

1 Introduction

Tertiary lymphoid organs, also known as ectopic lymphoid tissues,
form spontancously at sites of chronic inflammation during micro-
bial infection, graft rejection, or autoimmune disease (reviewed in
[1]). Typically, these structures are named according to the ana-
tomical site of their occurrence, such as the bronchus-associated
lymphoid tissue (BALT). BALT represents one of the major con-
stituents of the enormous network of mucosa-associated lymphoid
tissues, which plays an important role as a first line of defense
against many common pathogens. BALT is characterized as lym-
phoid tissue consisting of organized B cell compartments, i.e., B
cell follicles, in which germinal centers can develop, and T cell
areas harboring T cells, antigen-presenting cells as well as high
endothelial venules (HEV) specialized in allowing extravasation of
lymphocytes from the blood [2—4]. Importantly, perivascular infil-
trations of lymphocytes within the lungs are not necessarily equiva-
lent to BALT. In order to meet the definition of BALT, lymphoid
aggregates have to be situated adjacent to a bronchus and next to
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a vein and an artery [4]. At sites of infection, BALT can help to
eliminate pathogens by providing a microenvironment that sup-
ports the local generation of a protective immune response. We
and others have demonstrated that BALT does represent an orga-
nized and functional lymphoid structure that also serves as a gen-
eral priming site for T cells in the lung [3, 5].

The lungs of naive mice and healthy adult humans are typically
devoid of (spontancously developing) BALT. However, viruses like
modified vaccinia virus Ankara (MVA), murine Herpes Virus-68
(MHV-68), and Influenza are known to induce BALT formation,
and animal infection models utilizing some of these viruses have
been established also in our lab [ 3, 5, 6]. Our group could recently
demonstrate that a single intranasal (i.n.) application of the
replication-deficient vaccinia virus MVA is sufficient to induce
highly organized BALT containing visibly segregated B and T cell
zones [5]. Along the same line, repetitive inhalations of heat-killed
bacteria such as Pseudomonas acruginosa ( P. aeruginosa;, [7]) or the
repeated i.n. administration of lipopolysaccharide (LPS; [8]) have
been described to induce BALT in mice. We could recently show
that the type of BALT-inducing pathogen determines which key
factors are required for the development and maturation of
BALT. We identified an IL.-17-dependent pathway that induces
CXCLI12 production by gp38* stromal cells after i.n. administra-
tion of P. aeruginosn, and an IL-17-independent pathway that pro-
motes the differentiation of CXCL1 3-expressing follicular dendritic
cells (FDCs) in MVA-induced BALT. The expression of any of
these two cytokines allows B cells to aggregate in follicular
structures.

In this chapter, we provide a detailed description of the induc-
tion and phenotype of both MVA- and P aeruginosa-induced
BALT and the quantitative and qualitative immunofluorescence
analysis of BALT.

2 Materials

2.1 Induction
of BALT

. 6-12-week-old C57BL/6 mice (sec Notes 1-3).
. Eye ointment.

. Paper towels.

. Pipette + tips.

. MVA: Modified vaccinia virus Ankara is a highly attenuated
orthopoxvirus that lost its capacity to replicate in mammalian
cells [9]. Recombinant MVA constructs have been described pre-
viously and virus stocks were generated by standard methods
[10]. In brief, infect chicken embryo fibroblasts (CEFs) with
virus suspension (0.01-1 TU /cell). Remove inoculum 1 h after
virus adsorption at 37 °C, wash the cells once and incubate with
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fresh medium. Harvest the cells and medium 48 h after infection,
freeze-thaw virus material three times, and homogenize it in a
cup sonicator. Purify MVA from cell debris by ultracentrifugation
for 60 min through sucrose. To determine the infective titer of
MVA stock preparation, titrate the resulting lysate on CEFs.

e To induce MVA-BALT, prepare 107 TU MVA diluted in
40 pl PBS per mouse.

. P aeruginosa: P. aeruginosa strain PAl14 [11] routinely cul-

tured at 37 °C in LB medium. Adjust bacteria to 5x 10° CFU/
ml in PBS and autoclave them at 121 °C for 90 min to heat-
inactivate bacteria.

e To induce P aeruginosa-BALT, dilute 10 pl of a 5x10°
CFU/ml P. aeruginosa stock in 40 pl PBS (final concentra-
tion 5x 107 CFU per mouse).

. Anaesthesia (such as 0.2 mg of ketamine and 0.02 mg

xylazine /g body weight).

. Warming blanket.

. Tissue-Tek OCT.

PBS.

. Kimwipes.

. Prepare a 1:1 mixture of Tissue-Tek OCT and PBS.
. Cryomolds.

. Dry ice.

. Cryostat.

. Adhesive microscope slides, such as HistoBond® adhesive

slides (Marienfeld-Superior).

. Ice-cold acetone.

. Standard immunofluorescence staining equipment including a

slide rack, such as Sequenza™ Slide Rack, Coverplates™ (both
Thermo Scientific), coverslips, and Eppendorf tubes.

. Tris-buffered saline (TBS; 10x): 1.5 M NaCl, 0.1 M Tris—-HCI,

pH 7.4.

. 1x TBS containing 0.05% Tween 20 (TBST).

. Blocking solution: 5% mouse or rat serum+10% anti-FcR

mAb (2.4.G2) in TBST.

. The specifics of monoclonal antibodies used for immunohis-

tology are provided in Table 1.

. DAPI staining solution: use 100 pl of 1 pg/ml DAPI per

cryosection.

. Mowiol (Merck Millipore, Darmstadt, Germany): Add 2.4 g

of MOWIOL® 4-88 to 6 g of glycerol and stir to mix. Add
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Table 1
Monoclonal antibodies used for immunohistological staining of cell surface markers
Specificity Clone Species Isotype Supplier
B220 RA3-3A1 Rat IgM Homemade
CD3 17A2 Rat IgG2bk Homemade
CD21/35 7G6 Rat IgG2bk BD Pharmingen
6 ml of water and stir for several hours at room temperature.
Add 12 ml of 0.2 M Tris—HCI (pH 8.5) and heat to 50 °C for
10 min with occasional mixing. After the MOWIOL® 4-88 dis-
solves, clarify the solution by centrifugation at 5000x 4 for
15 min.
2.4 Immuno 1. Standard immunofluorescence staining equipment including a
histological Staining slide rack, such as Sequenza™ Slide Rack, Coverplates™ (both
of Chemokines Thermo Scientific), coverslips, and Eppendorf tubes.
on Acetone-Fixed 2. Tris-buffered saline (TBS; 10x): 1.5 M NaCl; 0.1 M Tris-HCI,
Slides pH74.
3. 1x TBS containing 0.05% Tween 20 (TBST).
4. Tyramide Signal Amplification (TSA) Kit (PerkinElmer).
5. 0.3-3% H,0, in PBS.
6. TNB blocking buffer: 0.1 M Tris—-HCI, pH 7.5; 0.15 M NaCl;
0.5% Blocking Reagent (PerkinElmer).
7. Blocking solution: 5% mouse serum in TNB Blocking Bufter.
8. The specifics and source of antibodies used for chemokine
staining are provided in Table 2.
2.5 Immuno Immunofluorescence imaging can be performed with any fluores-
fluorescence Imaging cence microscope equipped with 10x and 20x objectives, a sensitive

2.6 Analysis of BALT

fluorescence camera, a motorized stage, and a software package that
allows acquisition of stitched images. For our experiments, we use a
BX61 fluorescence microscope (Olympus) equipped with UPlanSApo
objectives (10x,/0.4 and 20x/0.75) and a motorized XY-stage.
Images are taken at room temperature using an F-View II camera
and processed with cellSens 1.12 software (all from Olympus).

For counting and measuring of individual lymphoid structures any
software equipped with a counting and polygon tool can be used.
For our analysis we used cellSens 1.12 from Olympus. For statisti-
cal analysis any statistic software can be used. For our analysis we
used Prism 4 (Graph-Pad Software, Inc). All significant values were
determined using one-way ANOVA.
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Table 2
Polyclonal antibodies used for immunohistological staining of chemokines
Specificity Clone Species Isotype Supplier
CXCL13 Polyclonal Goat Whole IgG R&D Systems
CXCL12 Polyclonal Goat Whole IgG Peprotech
Anti-goat HRP  Polyclonal Donkey Whole IgG Jackson ImmunoResearch

Laboratories, Inc.

Fig. 1 Intranasal application of MVA or P aeruginosa. (a) Transfer of a droplet
(containing a volume of 40 pl) from a pipette’s tip to the nostrils of a deeply
anesthetized mouse. (b) Passive inhalation of the droplet by the mouse. Please
note eyes of the mice are covered with protective eye ointment to prevent cor-
neal drying or damage

3 Methods

3.1 Intranasal
Instillation of MVA or
P. aeruginosa to
Induce BALT

3.2 Isolation
of the Lung

and Preparation
of Cryosections

. Either dilute 107 IU intact MVA or 5 x 10”7 CFU heat-inactivated

P, aeruginosn in 40 pl PBS per mouse (see Notes 4 and 5).

. Anesthetize mice intraperitoneally with 0.2 mg of ketamine

and 0.02 mg xylazine /g body weight.

. Apply eye ointment to the eyes to prevent corneal drying and

damage.

. Either apply 40 pl of MVA-PBS solution at day 0 or 40 pl of P,

aeruginosa-PBS solution at day 0 and day 6 to the nostrils of
the anesthetized mice (Fig. 1 and see Note 6).

. To minimize heat loss during intranasal instillation and recov-

ery place the mice on a 37 °C pre-warmed warming blanket.

. Sacrifice mice 12 days after the first instillation of either MVA

or P. aeruginosa.

. Open the thorax and perfuse the lung with 10 ml cold PBS via

the right heart ventricle (se¢ Note 7).
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a

Fig. 2 Isolation, embedding and sectioning of the lung. (a) Schematic overview of a murine lung. (b) Filling of
a perfused lung with a 1:1 mixture of Tissue-Tek OCT and PBS via the trachea. (c) Transfer and dorsoventral
embedding of an OCT/PBS-filled lung into an OCT-filled cryomold. (d) Cross section of a cryopreserved lung at
one area of interest. ap apical lobe, az azygous lobe, ca cardiac lobe, di diaphragmatic lobe, /e left lobe, arrow
bronchus, arrowheads trachea

a ventral b
T

section A | | sectionC

D
C\ section “ “
—B , planes
/

A section B section D

é8 ¢8

Fig. 3 Schematic overview of the murine lung and section planes. (a and b) Overview of the four different sec-
tion planes used for histological analysis

!

dorsal

3. Fill the lung with a 1:1 mixture of Tissue-Tek OCT and PBS
(Fig. 2b and see Note 8).

4. Transfer the OCT-filled lung into a cryomold, embed it in OCT
(Fig. 2¢ and see Note 9) and place it on dry ice to freeze it.

5. Perform 8-pm sections with a cryostat (such as CM3050;
Leica).

6. After slicing in a dorsoventral direction, the criterion for the
first section to be used for analysis is approval of macroscopi-
cally visible bronchi (Fig. 2d and see Note 10).

7. At distances of 400-1000 pm, three further sections are sub-
jected to analysis (Fig. 3 and see Note 11).

8. Air-dry the sections and incubate unfixed sections for 10 min

in ice-cold (=20 °C) acetone (see Note 12). Allow the acetone
to evaporate from the sections for 20 min at RT.
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fluorescent Staining of
Cell Surface Markers

3.4 Immuno
fluorescence Staining
of Chemokines
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. Choose two cryosections per lung,/mouse (Fig. 3b) and rehy-

drate in Tris-buffered saline with 0.05% Tween 20 (TBST) for
10 min at RT.

. Transfer the slides assembled with a Coverplate™ into a slide

rack and fill the reservoir with TBST 2-3 times (se¢ Note 13).

. Block with 5% rat serum and 10 % anti-FcR mAb (2.4.G2) in

200 pl TBST for 20 min at RT.

. Stain with antibodies by adding 100 pl of TBST containing the

mAbs cocktail (Table 1) followed by incubation at RT for
60 min.

. Wash the slides 2x with TBST.

6. Add 2x 100 pl of TBST containing 1 pg/ml DAPI and incu-

9.

bate for 2 min.

. Wash the slides 2x with TBST.

. Remove the slides from staining rack and mount slides by gen-

tly adding five drops of MOWIOL to the surface. Gently angle
the coverslip over the sample with one edge touching the slide.

Dry slides at RT for 12 h.

Chemokine staining was performed by using a Tyramide Signal
Amplification (TSA) system according to the manufacturer’s
instructions (PerkinElmer).

Optimized protocol for staining of CXCL13 and CXCL12 on

acetone-fixed cryosections:

1.
2.

Rehydrate cryosections in TBST for 10 min at RT.

Quench endogenous peroxidase activity by incubating slides in
0.3% H,0, to 3% H,O, in PBS (see Note 14).

. Transfer the slides assembled with a Coverplate™ into a slide

rack and fill the reservoir with TBST 2-3 times (see Note 13).

. Block with 5% mouse serum in 200 ul TNB Bufter for 30 min

at RT.

. Label with primary chemokine antibody by adding 100 pl of

TNB Buffer containing the primary antibody (Table 2), fol-
lowed by incubation at 4 °C overnight (see Note 15).

. Wash the slides 2x with TBST.
. Incubate slides with 100 pl horseradish peroxidase (HRP)-

labeled secondary antibody diluted in TBST for 60 min at RT.

. Wash the slides 2x with TBST.

9. Add 100 pl of the Fluorophore Amplification Working Solution

10.

(Tyramide-Cy3 or Tyramide-Cy5 1:50 in provided Diluent
Reagent) to each slide and incubate for 10 min at RT.

Wash the slides 2x with TBST.
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3.5 Quantification
and Gategorization
of BALT

11.

12.

13.

1.

Counterstain  with cell surface markers as required (see
Subheading 3.4).

Remove the slides from staining rack and mount slides by gen-
tly adding five drops of MOWIOL to the surface. Gently angle
the coverslip over the sample with one edge touching the slide.

Dry slides at RT for 12 h.

Immunohistological analysis can be done by using any motor-
ized epifluorescence microscope equipped with an image anal-
ysis software (such as cellSens from Olympus or AxioVision
from Carl Zeiss, Inc.).

. BALT is typically located along major bronchial airways within

the perivascular space identified by densely packed lymphoid
aggregates [4]. In addition to BALT, pulmonary infection in
mice often results in unorganized interstitial lymphocytic infil-
trations not adjacent to a bronchus. Therefore, we define true
BALT by the following criteria:

e Direct proximity to a bronchus and to a vein and an artery
(see Note 16).

*  Organized accumulations of T and B lymphocytes, sepa-
rated in a densely packed B cell follicle surrounded by a T
cell zone.

e Containing DCs, a network of chemokine-expressing stro-
mal cells and depending on its state of maturation FDCs
(see Note 17).

. Immunofluorescence analysis of lungs from pathogen-treated

wildtype (wt) mice reveals the formation of highly organized
BALT 12 days after the induction [5, 12]. One major difference
between MVA- and P. aeruginosa-induced BALT is the lack of
CXCLI13-expressing FDCs in the latter situation (Fig. 4a, b, d,
¢). Here, most likely CXCLI12 substitutes for CXCL13 as the
central B cell recruiting factor (see ref. 5 and Fig. 4c, f).

. Further qualitative analysis of the induced lymphoid aggre-

gates includes the categorization of all aggregates into three
types based on their B cell status (Fig. 5). This can be very
helpful to distinguish between typical BALT and unorganized
perivascular lymphoid infiltrates:

e Type I: lymphoid aggregates displaying the characteristic
morphology of typical MVA- or P aeruginosa-induced
BALT described above (Fig. 5a, d: type I).

e Type II: lymphoid aggregates situated adjacent to a bron-
chus, a vein, and an artery but failed to develop densely
packed B cell follicles but still containing numerous B cells
(Fig. 5b, e: type 1I).



a MVA - B220 CD3 b MvAa-cxcL13 C MVA-CXCL12

d P a -B220 CD3 € Pa -CXCL13

Fig. 4 P aeruginosa-induced BALT lacks CXCL13-expressing FDCs. (a—f) Immunofluorescence micrograph of
BALT 12 days after i.n. administration of intact MVA (a—c) or heat inactivated P aeruginosa (P a.; d-f).
Cryosections of adult lungs from 8- to 12-week-old mice stained with the antibodies as indicated. Bars,
100 pm. For further information please see ref. 12

a MVA-typel b  MVA-typell C  MVA-type

d P a. -type | e P a. -type ll P a. - type lll

Fig. 5 Categorization of lymphoid aggregates. (a—f) Immunofluorescence micrograph of three different types
of lymphoid aggregates, categorized according to their status of B cells. Cryosections of adult lungs from 8- to
12-week-old mice 12 days after i.n. administration of either intact MVA (a—c) or heat-inactivated P aeruginosa
(P a.; d—f) stained with the antibodies as indicated. Bars, 100 pm

B220 CD3
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Fig. 6 Quantitative analysis of induced lymphoid aggregates in the lung. Immunofluorescence panoramic
overview of a lung containing MVA-induced BALT (a) and a detailed micrograph of BALT (b) stained with the
antibodies as indicated. Shown are representative sections indicating counting (a, numbers) and area mea-
surement (b, green line and value) of lymphoid aggregates including BALT using cellSens software (Olympus).
Bar, 100 um. (¢) Quantification and categorization of lymphoid aggregates in the lungs of WT and /-17—/—
mice 12 days after i.n. administration of intact MVA or heat-inactivated Pseudomonas (P, a.). All aggregates of
four different panoramic images were counted and categorized (/eff). Individual sizes of all aggregates were
measured (middle). Cumulative lymphoid size was calculated as the sum of all individual lymphoid aggregates
in each category (righf). Mean and SD; *P< 0.05; ***P<0.001, WT vs. /l-17—'—; color of stars refers to the type
of BALT as indicated

e Type III: lymphoid aggregates situated adjacent to a bron-
chus, a vein and an artery containing none or only very few B
cells, but considerable amounts of T cells (Fig. 5c, f: type I11).

5. For quantitative analysis, whole central sections of four differ-
ent planes of the lung (close to main bronchi and vessels) are
analyzed (Fig. 3). Create a single panoramic image of each sec-
tion (Fig. 6a) and use the counting tool to count all lymphoid
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aggregates and the closed polygon tool to measure the indi-
vidual size of the aggregates (Fig. 6b). Calculate the cumula-
tive lymphoid size of each section as the sum of all individual
lymphoid structures. To quantify lymphoid aggregates accord-
ing to the above mentioned categorization, count and measure
all aggregates of the individual types and calculate the cumula-
tive lymphoid size respectively (Fig. 6¢).

4 Notes

. In principle, BALT can be induced in every (inbred) mouse

strain, but the degree of induction might vary. Due to the
prevalent C57BL /6 background of knockout mice, we prefer-
entially induce and analyze BALT in these mice.

. In studies designed to investigate the effect of age on BALT

formation, it had been observed that neonatal mice (7-days-
old) develop more BALT than weanling mice (28-days-old)
after intranasal exposure of LPS [8, 13]. However, we did not
observe such an effect in MVA-induced BALT formation.
Therefore we recommend to preferentially use mice between
weeks 6 and 12 after birth to induced BALT by MVA. However,
we cannot exclude that younger mice might be more suscep-
tible to develop Psendomonas-induced BALT.

. The degree of BALT induction might also vary depending on

the environment such as housing conditions, food or bedding. In
fact, differences in commensal colonization may alter the number
or repertoire of regulatory T cells, which are known to interfere
with the formation of BALT [14]. Therefore, we recommend to
house experimental mice always under the same conditions.

. For BALT induction by MVA, we use intact virus particles.

MVA lost its capacity to replicate in mammalian cells which
results in a rapid decrease of infected cells shortly after intrana-
sal infection. Nevertheless, a single intranasal application of
MVA induces organized and long-lasting BALT [5].

. In case of BALT induction by P. aeruginosa, we apply inacti-

vated/dead bacteria to circumvent unforced severe lung
inflammation including sepsis and death of for example immu-
nodeficient mice. Repetitive application of autoclaved heat-
inactivated P. aeruginosa leads to equally organized BALT.

. For intranasal administration, gently form a droplet (contain-

ing 40 pl of the solution) at the pipette’s tip and apply it to the
nostrils of the mice. Do not try to instill it actively but rather
let the mice inhale the droplet. To avoid sneezing of the mice
leading to loss of BALT-inducing pathogenic material make
sure the mice are deeply anesthetized. For convenient applica-
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10.

11.

12.

13.

14.

15.

tion to the nostrils, place the mouse flat on the ventral side and
position its head on top of a rolled paper towel (Fig. 1).

. Remove the ribcage and all connective tissue of the mouse.

Perfuse 10 ml of cold PBS through the right heart ventricle
until the lungs are cleared of blood. Remove the heart and
soak up remaining blood with Kimwipes.

. Expose the trachea, cut away all connective tissue, make a little

incision between the cartilage rings and inject ~1 ml of the
prepared mix of OCT and PBS until the lung inflates. Keep the
trachea closed with a forceps to avoid any leakage of the lung.
Dissect out the lung by gently pulling on the trachea and
simultaneously separating it from the esophagus (Fig. 2b).

. For proper analysis of the lung a consistent way of embedding

the lung is indispensable. We therefore recommend embed-
ding the lung always in the same dorsoventral orientation
(Fig. 2¢).

8-pm-thick OCT-embedded cryosections were cut in the dor-
soventral plane. Four different section planes covering four
(apical, azygous, diaphragmatic, and left lobe) of the five lung
lobes were used for analysis (Fig. 3). The first section plane
starts at the point of macroscopic visibility of the first bronchus
in the azygous lobe [14].

The distances of section planes are dependent on the thickness
of the individual lung lobes. For further immunohistological
analysis, sections of all four planes are included (Fig. 3b).

Fixation immobilizes antigens while stabilizing cell morphol-
ogy and tissue architecture. Immunohistological staining with
the antibodies provided in Tables 1 and 2 are optimized for
acetone-fixed tissue. Other fixatives may destroy the immuno-
reactivity of those epitopes.

Using the Coverplate™ technology allows liquids to fill the
gap between the coverplate and the slide which prevents dehy-
dration of the tissue and waste of staining reagents.

HRP catalyzes the activation of the Fluorophore Amplification
Reagent. To minimize background signals, quenching of the
endogenous peroxidase activity is essential. A quenching pro-
tocol according to the tissue being stained needs to be estab-
lished. For chemokine staining on acetone-fixed lungs, we
incubate rehydrated slides for 5 min in 0.5% H,O, followed by
5 min in 1% H,0O, followed by 10 min in 3% H,O,.

Due to potentially high background signals, always run control
slides with each experiment. Include at least a negative control
without primary antibody but including all other reagents.
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Perivascular infiltrations of lymphocytes within the lungs are
not necessarily equivalent to BALT. A part of the interstitial
lymphocytic infiltrations observed in the setting of pulmonary
infection are obviously not situated adjacent to a bronchus as
well as next to a vein and an artery and have to be excluded
from any further analysis consequently.

BALT induced by MVA contains a dense network of CXCL1 3-
expressing CD21 /35 FDCs 12 days p.i. Regardless of its state
of maturation, P. aeruginosa-induced BALT fails to develop
FDCs or other CXCL13-expressing cells. In the absence of
those, other chemokine-expressing stromal cells allow B cell
recruitment and follicle formation [12]. Thus, in order to be
termed BALT, the presence of FDCs is not necessarily required.
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Chapter 14

Messenger RNA Sequencing of Rare Gell Populations
in the Lung and Lung-Draining Lymph Nodes

Alexander Ulges, Edgar Schmitt, Tobias Bopp, and Matthias Klein

Abstract

Next-generation sequencing (NGS) techniques provide unique prospects for in-depth transcriptome anal-
yses. Nevertheless, the emerging and still growing knowledge about the large diversity and heterogeneity
of cells that participate in immunological responses in a tissue- and micromilieu-specific manner calls for
advanced isolation and sequencing methods for the accurate quantification of gene expression in small cell
populations and even individual cells from any organ or tissue. One of the major limitations in performing
transcriptome analyses of rare cell populations was and still is quality and quantity of RNA that often limits
analyses of complex mixtures of immune cell populations. Here, we describe a protocol to isolate rare T
cell populations from the lung and in particular the subsequent methods to isolate high-grade RNA in
order to perform NGS-based transcriptome analyses.

Key words Lung, Rare T cell population, Transcriptome analysis

1 Introduction

Besides of the skin, the lung is probably one of the rare tissues that
are constantly exposed to a large variety of extrinsic substances
(“antigens”) and microorganisms and hence, has to master the dif-
ficult task to mount appropriate immune responses against inhaled
pathogens, while at the same time preserving tolerance to self and /
or harmless antigens. It is becoming apparent that specialized cell
populations undertake this task during an immune response. In
this respect, especially T cells have the ability to respond in an
antigen-specific manner. In this manner, certain T cell subpopula-
tions are capable to tailor immune responses based on their cyto-
kine expression profile. Initially, Mosmann and Coftman recognized
that production of ditferent cytokine panels by distinct T cell
clones was not stochastic but rather T cells could be subdivided
into two distinct subsets according to the production of IFN-y (T
helper (Th)1) and interleukin-4 (Th2) [1]. Inappropriate activa-
tion of these Th subsets was shown to lead to allergic (Th2) or

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_14, © Springer Science+Business Media LLC 2017
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autoimmune (Thl) diseases and it was thought that this can be
prevented by a balanced cross-regulation of Thl- and Th2-
responses [2, 3]. Meanwhile, this Th cell dichotomy was consider-
ably extended and additional CD4* T cells subsets have been
described, among these 1L-17-producing T cells (Th17 cells) [4,
5], Th22 cells [6], and Th9 cells [7, 8]. In contrast, regulatory T
(Treg) cells constitute an essential counterbalance to the various Th
subsets by their ability to suppress and regulate T cell-dependent
adaptive immune responses [9-11]. Adding even more complexity
to the system, recent studies have demonstrated that the environ-
mental and tissue-specific context conditions T cells to become
specialized effector populations in a micromilieu-dependent man-
ner [12-15]. As a result, seemingly homogeneous T cell popula-
tions like distinct Th cells or Ty, cells may indeed comprise a great
variety of different specialized Th and Ty, cell subpopulations in a
given organ that ditfer in their function and with that in their tran-
scriptome. Understanding how T cell subpopulations achieve cel-
lular and functional diversity at the transcriptional level especially
during inflammation and tolerance preservation is a core challenge
in immunological research.

Isolation of total RNA from low cell numbers results in low
amounts of total RNA and commonly used protocols and kits
(NEBnext ultra RNA and Illumina TruSeq RNA library prepara-
tion kits) for library preparation require at least 10 ng of total
RNA as starting material. Picelli et al. introduced Smart-seq2
[16, 17] which allows the generation of full-length ¢cDNA and
sequencing libraries using standard reagents, thereby providing a
highly cost-effective method in generating ¢cDNA libraries even
from a single cell.

Here we present a detailed protocol for the isolation of rare T
cell subpopulations from the lung and the subsequent procedure
to obtain RNA of high quality and final cDNA libraries from small
cell numbers (corresponding to <1 ng of RNA) and to perform
transcriptome analysis by next-generation sequencing.

2 Materials

2.1 Isolation of Rare
Cell Populations

from Lung Draining
Lymph Nodes

. Isopropanol (98%).

. FORENE® 100% (V/V) (active agent: isoflurane).
. Preparation cutlery.

. 6-well plate.

. Minimal Essential Medium (MEM) (Pan Biotech). Medium
was supplemented with 50 pM p-mercaptoethanol, 1 % penicil-
lin/streptomycin, and 2% FCS.

[T N N S

6. Object slides with rough edges.



2.2 Isolation of Rare
GCell Populations
from Lungs

2.3 Isolation of Total
RNA from Lung
Draining Lymph Node
Cells and Lung Cells
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7. 50 and 15 ml Falcon tubes.

. 40 pm cell strainer.

9. FACS buffer: 1x PBS+0.5% BSA+5 mM EDTA +0.01% NaN;.

10.

11.
12.

10.
11.
12.

13.

14.
15.

1.

g1 W

Antibodies for flow cytometry:

Anti-CD4-Pacific Blue (clone RM4.5; eBioscience).
Anti-CD25-PE (clone 3C7; eBioscience).
Centrifuge.

BD FACS ARIA™ II Cell Sorter.

. Isopropanol (98 %).

. FORENE® 100% (V/V) (active agent: isoflurane).
. Preparation cutlery.

. Small petri dishes.

. Scalpel.

. Incubation shaker.

. 10 ml syringes and cannulas (18 G; 1.2 x40 mm).
. Phosphate buftered saline (PBS).

. Gey’s lysis buffer (0.83% ammonium chloride solution):

8.28 g/ NH,Cl+1.0 g/l KHCO;+0.037 g/l EDTA.
50 and 15 ml Falcon tubes.
40 pm cell strainer.

FACS buffer: 1x PBS+0.5% BSA+5 mM EDTA+0.01%
NaNg.

Antibodies for flow cytometry: anti-CD4-Pacific Blue (clone
RM4.5), anti-CD25-PE (clone 3C7).

Centrifuge.
BD FACS ARIA™ II Cell Sorter.

RNeasy® Micro Kit (Qiagen).
RNeasy MinElute® Spin Columns.
Collection tubes (1.5 and 2 ml).
RLT buffer.

RWI butfter.

RPE buffer.

RNase-free water.

. Ethanol p.a. (70 and 80%).
. RNase-free tubes and pipet tips.
. Microcentrifuge allowing centrifugation of 2 ml tubes.

. Vinyl or latex gloves.
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2.4 Assessment

of Concentration

and Quality of Isolated
Total RNA

2.5 Generation
of Full-Length cDNA
Using Smart-seq2

2.5.1 Reverse
Transcription

Nele RN BN

. 14.3 M beta-mercaptoethanol.

. RNase away.

. Sterile, disposable, RNase-free polypropylene tubes.

. RNase-free DNase Set (Qiagen): Prepare DNase stock solu-

tion by dissolving the lyophilized DNase I (1500 Kunitz units)
in 550 pl of RNase-free water. RDD buffer.

. Qubit® 2.0 (Invitrogen).

2. Qubit® RNA High-sensitivity (HS) Assay Kit: Qubit RNA HS

O 0 NN O Ul W

QN Ul R W N

Reagent, RNA HS buffer, RNA HS Standard#1 (0 ng/pl) and
RNA HS Standard#2 (10 ng/pl) in TE buffer.

. Qubit® Assay tubes.

. Bioanalyzer 2100 (Agilent).

. RNA 6000 Pico Kit (Agilent).

. RNase-free pipet tips.

. Vinyl or latex gloves.

. Total RNA.

. RNase-free 1.5 ml polypropylene tubes. Microcentrifuge

allowing centrifugation of 0.5 ml tubes.

. Total RNA.

. RNase away.

. RNase-free pipet tips.
. Vinyl or latex gloves.

. RNase-free water.
. Oligo dT [10 pM].

5'-AAGCAGTGGTATCAACGCAGAGTACT **°AC-3’

The two terminal nucleotide facilitate anchoring the oligo-
nucleotide to the beginning of the polyA tail thereby avoiding
unnecessary amplification of a long part of the polyA tail.

. dNTP [10 mM each].

. Triton X-100 [0.2%]+4 U RNase inhibitor.
. Superscript 11 [200 U /pl].

10.
11.
12.
13.
14.
15.

Superscript 11 bufter.
RNase inhibitor [40 U /ul].
DTT [100 mM].

Betaine [5 M].

MgCl, [100 mM].

LNA-modified TSO [5 pM] (Exiqon):
5'-AAGCAGTGGTATCAACGCAGAGTACA
TG GG*-3'
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Preparation Kit
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of Input DNA

2.6.2 PCR Amplification

16.
17.
18.
19.
20.
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(G")=riboguanosine, (G*)=LNA-modified guanosine
Thermal cycler.
Magnetic stand for 96-well plates.
Vortexer.
Nuclease-free 0.2 ml polypropylene tubes and with caps.

Ice.

. KAPA HiFi HotStart ReadyMix (2x) (KAPA biosystems).

2. IS PCR Primer [10 pM]:

o DR W N (= RS WU NSV O RS RN

[N B S S I S ]

5'-AAGCAGTGGTATCAACGCAGAGT-3’

. RNase-free water and pipet tips.

. Thermal cycler.

. AMpure XP beads (Beckman Coulter).

. 96-well plates, nuclease free, 0.2 ml.

. Magnetic stand for 96-well plates.

. Ethanol [80 %], freshly prepared.

. EB solution (10 mM Tris-Cl, pH 8.5, Qiagen).
. RNase-free water and pipet tips.

. Bioanalyzer 2100 (Agilent).

. High-sensitivity DNA chip (Agilent).

. Nuclease-free pipet tips and water.

. Qubit® 2.0 (Invitrogen).

. Qubit® dsDNA High-sensitivity Assay Kit: The kit includes

concentrated assay reagent, dilution buffer, Qubit dsSDNA HS
Standard#1 (0 ng/pl) and Qubit dsDNA HS Standard#2
(10 ng/pl) in TE-buffer.

. Qubit® Assay tubes.

. Nuclease-free water.

. Input DNA (1 ng of ds cDNA).

. ATM (Amplicon Tagment Mix).

. TD (Tagment DNA buffer).

. NT (Neutralize Tagment buftfer).

. 96-well plate, nuclease free, 0.2 ml with cap strips.
. Nuclease-free pipet tips and water.

. Thermal cycler.

. NPM (Nextera PCR Master Mix).
. Index Primers 1 and 2 (N7XX and S5XX).
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2.6.3 PCR Furification

3.

. Nuclease-free water and pipet tips.

RS

S I I S
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96-well plate, nuclease free, 0.2 ml with cap strips.

. Thermal cycler.

. RSB (Resuspension butffer).

. AmpureXP Beads (Beckmann Coulter).

. Ethanol [80 %], freshly prepared.

. 96-well plate, nuclease free, 0.2 ml with cap strips.

. Nuclease-free pipet tips and water.

2.6.4  Checking 1. Bioanalyzer 2100 (Agilent).
the Quality and Quantity 2. High-sensitivity DNA chip (Agilent).
of the Final cDNA Libraries . .
3. Nuclease-free pipet tips.
4. Qubit® 2.0 (Invitrogen).
5. Qubit® 2.0 dsDNA High-sensitivity Assay.
6. Qubit® 2.0 Assay tubes.
2.6.5 Pooling of Final 1. Barcoded final cDNA libraries.
CDNA Libraries 2. EB solution (10 mM Tris-Cl, pH 8.5, Qiagen).
and Denaturation 3. NaOH [0.2 N, freshly prepared from 10 N stock.
4. HT1 buffer (Illumina MiSeq Reagent Kit v3).
5. Nuclease-free water and pipet tips and 1.5 ml tubes.
2.6.6 DNA Sequencing 1. Denatured cDNA libraries.
(tlumina MiSeq) 2. Flow cell (Illumina MiSeq Reagent v3 kit).
and Analysts 3. Reagent cartridge (Illumina MiSeq Reagent v3 kit).
4. CLC Genomics Workbench (v7) software (Qiagen).
5. Nuclease-free pipet tips.
3 Methods
3.1 Isolation of Rare Carry out all procedures at room temperature, unless otherwise
Cell Populations indicated.
from Lung Draining
Lymph Nodes
3.1.1  Preparation 1. Sacrifice animals using narcotization with isoflurane (sez Note 1).

of Lung-Draining Lymph
Node

2.

Pin the animal with belly up. Wash the mouse with isopropanol
to avoid any contamination with hair. Carefully remove the
skin from the belly and chest using a scissor. Avoid harming

the underlying muscles.



3.1.2 Generation
of Single Cell Suspension
of Lymph Node Cells

3.1.3 Flow Cytometry-
Based Isolation
of Regulatory T (Tge,) Cells
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. Make an incision at the peritoneum straight below the dia-

phragm and open the peritoneum without cutting the
diaphragm.

. Make an incision into the diaphragm. The lung should now

collapse. Then cut the diaphragm lose from the rib cage.
Afterwards cut the rib cage and remove the upper part of the
chest with the sternum. Avoid harming any underlying blood
vessels.

. Draw the lung to the right site (from your direction). You

should now be able to see the backbone with the vena cava.

. The tracheal (lung-draining) lymph node is usually located

below the connection of vena cava and the axillary blood ves-
sel. Carefully dissect the lymph node using two sharp forceps
and store it in a 6-well plate containing 3 ml of'ice cold MEM-
Medium +2 % FCS (see Note 2).

. Disinfect the rough side of two glass slides by immersing in

isopropanol and burning. Let the slides cool down for a few
seconds, then moist them with MEM + 2 % FCS medium.

. Put the lymph node between the rough sides of the glass slides

and carefully disrupt the lymph nodes.

. Wash the glass slides with 3 ml MEM +2 % FCS and collect the

cell suspension in the same 6-well plate, previously used to
store the lymph node.

. Transfer the cell solution into a new 15 ml Falcon tube and

thereby filter the cells from any debris using a 40 pm cell
strainer.

. Wash the well of the 6-well plate with another 3 ml MEM +2 %

FCS and transfer them through the cell strainer into the Falcon
tube.

. Centrifuge the cells for 5 min at 600 x4 and 4 °C. Then care-

fully remove supernatant and wash the cells with 10 ml of ice
cold FACS butftfer.

. Prepare staining solution for Ty, cells by diluting the antibod-

ies in FACS buffer to a final concentration of (se¢ Note 3):
Anti-CD4-Pacific Blue (clone RM4.5) 1.25 pg/ml.
Anti-CD25-PE (clone 3C7) 2.5 pg/ml.

. Centrifuge the washed cells for 5 min at 600 x g at 4 °C. Then

remove the supernatant and resuspend the cells in the staining
solution. We recommend to suspend up to 5x 107 cells/ml.
Incubate the cells for 20 min, 4 °C in the dark.

. Wash the cells by filling up to 10 ml of FACS bulffer. Filter the

solution through a 40 pm cell strainer into a new Falcon tube.



206 Alexander Ulges et al.

3.2 Isolation of Rare
Gell Populations from

Lungs

3.2.1 Preparation
of Lung [18]

3.2.2 Generation
of Single Cell Suspension
of Lung Cells

3.2.3 Flow Cytometry-
Based Isolation of
Regulatory T (Tge,) Cells

Add another 3 ml of FACS buffer to the empty tube. Transfer
solution to the tube containing already filtered solution using
the same 40 pm cell strainer.

. Centrifuge the cells for 5 min at 600x4 and 4 °C. Remove

supernatant and resuspend the cells in FACS buffer (2x107
cells/ml).

. Separate the population of CD4*CD25" cells with a FACS

sorter (see Note 4).

Carry out all procedures at room temperature unless otherwise
indicated.

. Please follow steps 1—4 as described in Subheading 3.1.1.
2. Using a 10 ml syringe with cannula perfuse the lung by

injecting 5-10 ml PBS into the dark, right heart chamber
(see Note 5).

. Remove the lung from the chest and transfer to a small Petri

dish. Subsequently move on to Subheading 3.2.2 (see Note 2).

. Prepare a digestion solution by solving Collagenase type IA in

PBS (1 mg/ml). Prepare 2.6 ml solution per lung.

. Mince the lung thoroughly in a Petri dish with a scalpel, then

transfer the material to a new 50 ml Falcon (see Note 6).

. Wash the Petri dish with 2.5 ml PBS and transfer to the 50 ml

Falcon tube. Add 2.5 ml of digestion solution to the falcon.

. Incubate the solution on an incubation-shaker (125 rpm) for

1 h at 37 °C (see Note 7).

. Further mince residual tissue by pulling the solution up and

down through a 10 ml syringe with cannula.

. Filter the cell suspension through a 40 pm cell strainer and

transfer to a new 50 ml Falcon.

. Flush the digestion Falcon with 5 ml PBS and transfer through

the filter to the cell suspension.

. Centrifuge the cells for 5 min at 600 x g and 4 °C. Then carefully

remove supernatant.

. Remove residual erythrocytes by incubating the cell suspen-

sion in Gey’s lysis buffer for 1 min on ice. Stop the cell lysis
by adding 9 ml PBS. Immediately move on to
Subheading 3.2.3.

. Please perform the experiment as described in Subheading

3.1.3.



3.3 Isolation of Total

RNA from Lung

Draining Lymph Node
Cells and Lung Cells

3.4 Assessment
of Goncentration

and Quality of Isolated

Total RNA

3.4.1

Concentration
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The following section describes the isolation of total RNA from
<1x10* cells using Qiagens RNeasy Micro Kit (se¢ Note 8).

1. After sorting, immediately centrifuge (500x4, 5 min) the cells,

carefully remove complete supernatant by aspiration and lyse the
cell-pelletin 75 pl RLT buffer supplemented with $-mercaptoethanol
(10 pl B-ME per 1 ml RLT bufter) (se¢ Note 9).

2. Carefully pipette up and down until pellet is completely lysed.

11.

12.

13.

. Add 1 volume (75 pl) of 70% cthanol to the lysate and mix

well by pipetting up and down.

. Place an RNeasy MinElute column in a 2 ml collection tube

(supplied with the kit) and transfer sample to the column.
Centrifuge for 15 s at >8000 x 4.

. Discard flow-through and add 350 pl buffer RW1 to the col-

umn. Centrifuge for 15 s at >8000 x g to wash the spin column
membrane.

. Discard the flow-through. Prepare DNase I incubation mix by

adding 10 pl DNase stock solution to 70 pl RDD buffer per
sample. Carefully mix by inverting the tube, do not vortex.

. Add 80 pl of the prepared DNase I incubation mix to the col-

umn membrane and incubate for 15 min at room temperature

(20-25 °C).

. Add 350 pl RW1 buffer to the spin column. Centrifuge for

15 s at >8000 x4 to wash the spin column.

. Discard collection tube with flow-through.
10.

Place column in a new 2 ml collection tube and add 500 pl
RPE buffer to the spin column (see Note 10). Centrifuge for
15 s at >8000 x g to wash the spin column membrane.

Discard the flow-through. Add 500 pl of 80% ecthanol to the
spin column. Centrifuge for 2 min at >8000 x4 the spin col-
umn membrane.

Discard collection tube with flow-through and place spin-
column in a new 2 ml collection tube. Centrifuge at maximum
speed for 5 min.

Discard collection tube with flow-through and place spin col-
umn in a new 1.5 ml tube. Add 14 pl RNase-free water to the
center of the spin column membrane. Centrifuge for 1 min at
maximum speed to elute the RNA.

The Qubit HS RNA assay kit (Invitrogen) allows an accurate quanti-
tation of RNA and the RNA assay is highly selective over dsDNA,
allowing determining the purity of the sample together with the DNA
HS assay kit. It is an easy and very fast method and tolerates common
contaminants like salts and detergents. Initial RNA concentrations
ranging from 250 pg/pl to 100 ng/pl can be determined.
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3.4.2 Quality

Calibrating the instrument:

Users have to calibrate the instrument first. For calibration,
mix 190 ul of RNA HS buffer with 10 pl Standard#1in one Qubit
assay tube and 190 pl RNA HS bufter with 10 pl Standard#2 in
another Qubit assay tube. Vortex for 5 s and shortly spin down the
tubes in a microcentrifuge. Incubate the tubes for 2 min at room
temperature (RT). On the Home Screen of the Qubit 2.0 fluo-
rometer press “RNA” and then choose “RNA high sensitivity”.
Press “Read Standards” to proceed. Insert the tube for Standard#1,
press “read standard#1”, remove tube and insert tube with
Standard#2. Press “read standard#2”to finalize calibration.

Per sample:

1. Prepare Qubit Working solution in a 1.5 ml polypropylene
tube by diluting 1 pl of Qubit RNA HS Reagent in 199 pl
RNA HS bufter (1:200).

2. Transter 198 pl of prepared Working solution into a Qubit
assay tube and add 2 pl of the eluted RNA.

3. Vortex for 5 s and shortly spin down the assay tube.
4. Incubate tube for 2 min at RT.

5. On the Home Screen of the Qubit 2.0 fluorometer press
“RNA” and then “RNA high sensitivity”. Select “No” when
asked to “Read new standards”.

6. Insert RNA containing assay tube. Press “Read next sample”.
Press “Calculate stock conc.” and choose “2 pl” for volume of
sample and choose “ng/pl” as unit.

Check the quality of isolated RNA on the Bioanalyzer 2100 using
a RNA 6000 Pico Kit. The Bioanalyzer 2100 is an electrophoresis
device which separates nucleic acid fragments on a chip based on
their size. It estimates the integrity of total RNA (RNA integrity
number (RIN)) by combining the ratio of the 18S and 28S ribo-
somal RNA and the entire electrophoretic trace of the RNA sample
[19]. A RIN value of >8 is strongly recommended for proceeding
with generation of full-length cDNA.

Wear latex or vinyl gloves throughout the whole workflow.
Adjust the syringe clip to the highest position (for lowest possible
pressure).

Preparation of RNA ladder

. Spin down and heat denature the ladder for 2 min at 70 °C.
. Immediately cool down the ladder on ice.
. Add 90 pl of RNase-free water and mix gently.

. Prepare and store aliquots in RNase-free tubes at —80 °C.

S AT N N S R

. Thaw ladder aliquots on ice before use.
Preparing the gel



3.5 Generation

10.

mRNA-Seq of Low Cell Numbers from Lung 209

. Pipette 550 pl of RNA gel matrix into a spin filter.
2. Centrifuge at 1500 x g for 10 min at RT.
. Aliquot 65 pl filtered gel into RNase-free tubes and store them

at 4 °C.

Determining the RIN value

. Allow RNA dye concentrate to equilibrate to room tempera-

ture, vortex it for 10 s, spin down and add 1 pl of dye to 65 pl
of the filtered gel aliquot. Vortex, spin down at >8000 x4 for
2 min and use prepared gel dye mix within 1 day.

. Pipette 9 pl of gel-dye mix in the appropriate well (white G on

black ground) of the RNA pico chip.

. Close the priming station and press plunger (positioned at

1 ml position) until held by clip.

4. Release clip after 30 s, wait 5 s and open the chip priming station.
. Pipette 9 pl of gel and 9 pl of RNA conditioning solution in

the appropriate (gel: Black G on grey ground; RNA conditioning
solution in well CS) wells.

. Pipette 5 pl of marker into all 11 sample wells and in the

ladder well.

. Pipette 1 pl of heat denatured ladder into the ladder well.
. Pipette 1 pl of RNA sample in each of the 11 sample wells.
. Put the chip on the Chip-vortexer (provided with the

Bioanalyzer) and vortex for 1 min at 2400 rpm.

Run the pico chip on the Bioanalyzer 2100 (see Figs. 1 and 2
for examples of high and bad quality total RNA isolated by
RNeasy Micro Kit).

Smart-seq2 [16, 17] allows the generation of full-length cDNA

of Full-Length cDNA and sequencing libraries using standard reagents. It provides a very
Using Smart-seq2 cheap solution compared to commercially available kits for
generation of full-length cDNA starting with ultra low amounts of
RNA (even with RNA from a single cell). Although Smart-seq2
(F gé A RNA Concentration: 1,236 pg/ul
rRNA Ratio [28s [ 18s]: 2.0
30 RNA Integrity Number (RIN): 8.9 (8.02.08)
| Result Flagging Color: i ——
20 Result Flagging Label: RIN: 8.90
10
N S e s m—
25 200 1000 4000 (nt]

Fig. 1 Example of good quality total RNA eluted by RNeasy Micro-Kit (RIN=8.9)
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RNA Concentration: 982 pg/pl
rRNA Ratio [28s [ 18s]: 1.1

RNA Integrity Number (RIN): 5 (B.02.08)
Result Flagging Color: /]
Result Flagging Label: RIN:5

T
25

T
200

I I T T

1000 4000 [nt]

Fig. 2 Example of bad quality total RNA eluted by RNeasy Micro-Kit (RIN=5)

3.5.1 Reverse
Transcription (1 Sample)

3.5.2  Amplification

allows generation of full-length ¢cDNA from single- or oligo-cell
samples by directly lysing the cell(s) in 0.5 pl o£ 0.2 % Triton X-100,
it is also possible to pipet an appropriate amount of RNA isolated
by RNeasy Micro kit to the reverse transcription reaction. Wear
latex or vinyl gloves throughout the whole workflow and destroy
RNases on the workbench and on pipettes using RNase away.

1. Pipette 1 pl Oligo dT [10 pM], 1 pl ANTP mix [10 mM each],
and 2 pl of Triton X-100 [0.2%] into an RNase-free 0.2 ml
polypropylene tube.

2. Quickly vortex the tube, spin down the solution and place it
on ice immediately.

3. Add 0.5 pl of total RNA sample, pipette solution three times
up and down and incubate at 72 °C in a thermocycler for
3 min. Spin down and immediately place tube back on ice.

4. Prepare RT-mix: Pipette 0.5 pl Superscript II Reverse tran-
scriptase [200 U/ml], 0.25 pl RNase inhibitor [40 U/ml],
2 pl Superscript II bufter, 0.25 pl DTT [100 mM], 2 pl Betaine
[5M],0.9 pl MgClL, [100 mM], 1 pl TSO [10 pM ], and 0.1 pl
RNase-free water into an RNase-free 0.2 ml polypropylene
tube. Pipette up and down five times to mix.

5. Add 3 pl of the sample incubated at 72 °C (step 3) to 7 pl
prepared RT mix (step 4) and pipette up and down to mix
thoroughly. Place sample in thermocycler.

6. Run Reverse transcription on thermal cycler. See Table 1 for
cycling conditions.

7. Immediately place reversely transcribed sample (RTS) on ice.

1. Prepare amplification mix: Pipette 25 pl KAPA HiFi HotStart
ReadyMix (2x), 1 pl IS-PCR Primer [10 pM], and 14 pl
nuclease-free water into an RNase-free 0.2 ml polypropyl-
ene tube. Mix thoroughly by pipetting up and down several
times.
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Table 1
Cycling conditions for reverse transcription

Cycle Temperature (°C) Duration (min:s)
1 42 90:00
2-11 50 02:00
42 02:00
12 70 15:00
13 4 Hold
Table 2

Cycling conditions for amplification of cDNA

Cycle Temperature (°C) Duration (min:s)
1 98 03:00
2-13 98 00:20
67 00:15
72 06:00
14 72 5:00
15 4 Hold
2. Transfer amplification mix (40 pl) to 10 pl RTS from step 7

(Subheading 3.5.1). Pipette up and down five times to mix.
Place tube in the thermocycler.

. Run amplification on thermal cycler. See Table 2 for cycling

conditions (see Note 11).

. Equilibrate Ampure XP beads at room temperature for 30 min.

Before use, vortex Ampure XP beads well for several seconds.

. Pipette 50 pl of Ampure XP beads (ratio 1:1) to the amplified

c¢DNA (from Subheading 3.4.2) and mix thoroughly by pipet-
ting up and down several times until solution is homogencous.
Transfer solution into a well of a 96-well plate and incubate
plate for 8 min at RT.

. Place plate on magnetic stand. Wait for 5 min until the solu-

tion is clear and beads are located at the side adjacent to the
magnet.

. Carefully remove the liquid while plate is still on the magnet

(see Note 12).

. Leave plate on magnet and wash the beads with 200 pl 80%

freshly prepared ethanol. Incubate for 30 s.
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3.5.4 Determining
the Concentration
and Quality

of Full-Length cDNA

6. Repeat steps 4 and 5 for a total of two washes.

7. Carefully remove the liquid while plate is still on the magnet
and let beads dry completely leaving the plate at RT for a mini-
mum of 5 min until a crack can be seen on the surface of the
beads (see Note 12).

8. Take plate oft the magnet and add 17.5 pl EB solution and
carefully mix until beads are completely resuspended.

9. Incubate at RT for 2 min.

10. Place on magnetic rack for 5 min until solution becomes clear
and beads have accumulated at side of magnet.

11. Transfer 15 pl of the supernatant to a new nuclease-free 1.5 ml
tube (see Note 13).

Concentration:

The Qubit HS DNA assay kit (Invitrogen) allows an accurate
quantitation of dsDNA and the DNA assay is highly selective over
RNA. Initial cDNA concentrations ranging from 10 pg/pl to
100 ng/pl can be determined.

Calibrating the instrument:

Users have to calibrate the instrument first. For calibration,
mix 190 pl of DNA HS buffer with 10 pl Standard#1 in one Qubit
assay tube and 190 pl DNA HS buffer with 10 pl Standard#2 in
another Qubit assay tube. Vortex for 5 s and shortly spin down the
tubes in a microcentrifuge. Incubate the tubes for 2 min at room
temperature (RT). On the Home Screen of the Qubit 2.0 fluo-
rometer press “DNA” and then “DNA high sensitivity”. Press
“Read Standard” to proceed. Insert the tube for Standard#1,
press “read standard#1”. Remove standard#1 tube and insert tube
with standard#2. Press “read standard#2”. The device is now
calibrated.

Per sample:

1. Prepare Qubit Working solution in a 1.5 ml polypropylene
tube by diluting 1 pl of Qubit DNA HS Reagent in 199 pl
DNA HS buffer (1:200).

2. Transfer 198 pl of prepared Working solution into a Qubit
assay tube and add 2 pl of the eluted DNA.

3. Vortex for 5 s and shortly spin down the assay tube.
4. Incubate tube for 2 min at RT.

5. On the Home Screen of the Qubit 2.0 fluorometer press
“DNA” and then “DNA high sensitivity”. Select “No” when
asked “Read new standards”.

6. Insert DNA containing assay tube. Press “Read next sample”.
Press “Calculate stock conc.” and choose “2 pl” for volume of
sample used and choose “ng/pl” as unit.
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3.6.1 Tagmentation
of Input DNA
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Quality:

Check the quality of eluted DNA on the Bioanalyzer 2100
using a DNA high sensitivity chip. Wear latex or vinyl gloves
throughout the whole workflow. Adjust the syringe clip to the low-
est position (for maximum pressure).

Preparing the gel-dye mix

Equilibrate HS DNA dye concentrate and HS DNA gel to
room temperature.

1. Pipette 15 pl of HS DNA dye concentrate to HS DNA gel
matrix vial.

2. Vortex, spin down and transfer to spin filter.

3. Centrifuge at 2400 x4 for 10 min and store HS gel-dye mix
light-protected at 4 °C (see Note 14).

Determining quality of eluted DNA

1. Allow prepared gel-dye mix to equilibrate to room temperature.

2. Pipette 9 pl of gel-dye mix in the appropriate well (white G on
black ground) of the DNA HS chip placed on the chip priming
station.

3. Close the priming station and press plunger (positioned at
1 ml position) until held by clip.

4. Release clip after 60 s, wait 5 s and open the chip priming
station.

5. Pipette 9 pl of gel in the remaining gel wells (black G on grey
ground).

6. Pipette 5 pl of marker into all sample wells and in the ladder
well.

7. Pipette 1 pl of HS DNA ladder into the ladder well.
8. Pipette 1 ul of DNA sample in each of the 11 sample wells.

9. Put the chip on the Chip-vortexer (provided with the
Bioanalyzer) and vortex for 1 min at maximum speed
(2400 rpm).

10. Run the chip on the Bioanalyzer 2100 (see Note 15). For an
example of an electropherogram of pre-amplified cDNA library
(see Fig. 3).

“Tagmentation” is performed by using the Nextera XT sample

preparation kit (Illumina). It combines transposon-based fragmen-

tation of input DNA with adding tags, unique adapter sequences,

to the DNA. Those tags are used for a PCR-based amplification of

the input DNA, which additionally adds indices at both ends of the

DNA thereby allowing indexed sequencing of pooled libraries.
Per sample:
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3.6.2 PCR Amplification

[FU] .
200 JJ‘*“’H1
100 ; JL l]1
ne /Al
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35 150 300 500 10380  [bp]

Fig. 3 Electropherogram (bioanalyzer) of pre-amplified cDNA library (14 cycles)

Table 3
Cycling conditions for amplification of library

Cycle Temperature (°C) Duration (min:s)
1 72 03:00
2 95 00:30
3-14 95 00:10
55 00:30
72 00:30
15 72 5:00
16 4 Hold
1. Thaw ATM, TD and input DNA on ice and mix gently by

inverting the tubes.

. Based on the concentration measured by Qubit 2.0 in

Subheading 3.5.4 dilute ecluted DNA (from step 11,
Subheading 3.5.3) to 0.2 ng/pl with nuclease-free water.

. Pipette 10 pl TD buffer into a well of a nuclease free 96-well

plate.

4. Add 5 pl of diluted DNA (from step 2; 1 ng in total).

—

. Pipette 5 pl of ATM to the DNA and TD bufter containing well.

. Gently mix by pipetting up and down several times. Close cap

with cap strip.

. Place plate in the thermal cycler and run at 55 °C for 5 min,

hold at 10 °C.

. Remove cap strip, add 5 pl of NT bufter and mix several times

by pipetting up and down, and incubate for 5 min at RT.

. Thaw NPM and index primers 1 and 2 (N7XX and S5XX).

2. Prepare enrichment PCR in 0.2 ml tube of 96-well plate by

adding 15 pl NPM, 5 pl Index primers 1 (N7XX), and 5 pl
Index primers 2 (N5XX) to 25 pl DNA from Subheading 3.6.1
(step 8) (see Note 16).

. Perform following program on the thermal cycler: See Table 3

(see Note 17).
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. Equilibrate Ampure XP beads at room temperature for 30 min.

Before use, vortex Ampure XP beads well for several seconds.

. Add 90 pl of Ampure XP beads to 50 pl PCR reaction (from

Subheading 3.6.2, step 3) and mix by pipettting up and down

ten times.

. Incubate at RT for 5 min.

. Place plate on magnetic stand for 3 min until supernatant

becomes clear and beads are located at the side of the magnet.

. Remove and discard supernatant while plate is still on magnet.

. Leave plate on magnet and wash the beads with 200 pl of

treshly prepared 80% ethanol. Incubate for 30 s.

7. Repeat steps 5 and 6 for a total of two washes.

10.
11.

12.

. Carefully remove the liquid while plate is still on the magnet

and let beads dry completely leaving the plate at RT for a mini-
mum of 5 min until a crack can be seen on the surface of the
beads (see Note 12).

. Take plate oft the magnet and add 35 pl EB solution and care-

fully mix until beads are completely resuspended.
Incubate at RT for 2 min.

Place on magnetic rack for 5 min until solution becomes clear
and beads have accumulated at side of magnet.

Transfer 30 pl of the supernatant to a new nuclease-free 1.5 ml
tube (see Notes 13 and 18).

See Subheading 3.5.4 for measuring the concentration of each
library by Qubit 2.0 DNA HS assay kit and determining the aver-
age size distribution on the bioanalyzer 2100 using a high-
sensitivity DNA chip. If concentration of final library determined
by Qubit exceeds 10 ng/pl dilute final library to a maximum con-
centration of 10 ng/pl before loading 1 pl of sample on the bio-
analyzer high-sensitivity chip. A bioanalyzer-electropherogram of a
final sequencing library after tagmentation is depicted in Fig. 4.

Calculate molarity of the final libraries by using the determined
concentration (Qubit) and obtained average library size (bioana-
lyzer) as follows:

[FU]—

100
50 /’\
U__._f

ITTT TTTT 1T ll
150 300 500 1000  10380{bp]

Fig. 4 Electropherogram of final library after 12 cycles of amplification (average
size distribution: 700 bp)
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3.6.6 DNA Sequencing
(Mumina MiSeq)
and Analysis

(concentration x 1000/1 x (1/649) x (1 /average

size))x 1000 = Molarity [nM |

1.
2.

Thaw HT1 bufter included in the MiSeq reagent v3 kit.

Dilute each library to 4 nM using EB solution and pool 10 pl
of each sample in a nuclease-free 1.5 ml tube.

. Mix by pipetting up and down several times.

. Transfer 5 pl of pooled libraries to a new, nuclease-free 1.5 ml

tube.

. Add 5 pl of 0.2 N NaOH for denaturing the DNA library and

mix gently by pipetting up and down several times. Incubate
for 5 min at RT (see Note 19).

. Add 990 pl of thawed HT1 buffer (see Note 20).
. Dilute 480 pl of 20 pM library-pool with 120 pl HT1 butter

(see Note 21).

. Place MiSeq reagent cartridge in a water bath until all liquid in

the wells is completely thawed. Invert the cartridge several
times to mix reagents. Load “sample” well of cartridge with
600 pl of 16 pM library pool, put the cartridge in the
appropriate place in the MiSeq and start the sequencing run
(see Note 22).

. Export raw sequencing data (fastq-files) to CLC Genomics

Workbench analysis software and align reads to the appropriate
reference genome choosing the RNA-Seq analysis from the
transcriptomics analysis workflow. Upon mapping of the reads
to the reference genome (see Note 23) choose “Set up experi-
ment” and determine samples to being compared in gene
expression levels for each gene.

4 Notes

. Do not use cervical dislocation or CO, as sacrifice method.

This will result in bleeding, contaminate your sample and make
the tissue preparation more complicated.

. During the whole preparation procedure avoid injuring any

blood vessels. The blood will contaminate your samples and
will exacerbate further tissue preparation.

. Treg cells are usually defined by the expression of the transcrip-

tion factor Foxp3. To further increase the purity of Ty, cells
consider isolating the cells from appropriate Foxp3 reporter
mouse strains which are genetically modified to coexpress
fluorescent proteins (like Green Fluorescent Protein) together
with Foxp3 [20].
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. Ensure purity of CD4*CD25*Foxp3* Tg, cells of a small fraction

of sorted cells by intracellular staining for Foxp3. Do not use
cells with a purity of <98 % of CD4*CD25*Foxp3* cells.

. Perfusion of the lung is necessary to remove blood cells that

could contaminate your cell sample. During perfusion the
color of the lung should turn to a bright white.

. Thoroughly mincing the lung is necessary to increase the yield

of cells that you obtain from the collagenase digestion step.

. A water bath including a shaker is most suitable for digestion

because of the better thermal replacement.

. Since ribonucleases (RNases) are very stable enzymes and even

minimal amounts are sufficent to destroy RNA it is absolutely
essential to clean up the workbench with RNase away and to
wear vinyl or latex gloves to prevent contamination of samples
with RNase.

. Work under a fume hood when handling p-ME.
10.

Before using RPE buftfer for the first time make sure that
96-100% ethanol has been added as indicated on the bottle.

PCR product can be stored at —20 °C for 6 months or longer.

Remove liquid very slowly being careful not to aspirate any

beads.

It is important to remove the supernatant very slowly being
careful not to aspirate any beads. If some beads are accidentally
removed, pipette sample back into the tube and wait until
beads are separated again.

Use prepared gel-dye mix within 6 weeks.
Run the chip within 5 min.

Some experiments require the sequencing of low plexity sam-
ples, i.e., comparing only two libraries. Since Illumina’s MiSeq
uses two different lasers, one to “sequence” G/ T and another
one to “sequence” C/A, it is highly important to select indices
carefully (different bases at each cycle of the index read) to
allow proper base calling and demultiplexing. Illumina recom-
mends for a pool of two samples N701 (TAAGGCGA for first
sample) and N702 (CGTACTAG for second sample) as index
primers#l1 together with any index primers#2.

If you do not want to immediately proceed with PCR purifica-
tion, PCR product can be stored at 4 °C over night.

Sample can be stored at —20 °C for several months.

Adding 5 pl of 0.2 N NaOH to 5 pl of pooled 4 nM libraries
results in 2 nM pooled libraries with 100 mM NaOH.

Dilution with 990 pl HT1 buffer results in 20 pM pooled
libraries with 1 mM NaOH.
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21.

22.

23.

This dilution results in a final pooled-library concentration
of 16 pM with 0.8 mM NaOH. It is of importance that the
concentration of NaOH in the final library after dilution with
HT1 bufter does not exceed 1 mM (0.001 N) since higher
concentrations of NaOH lead to the inhibition of library
hybridization and to the decrease of cluster density.

Concerning mRNA-Seq we normally perform a 50 bp single-
end sequencing run on a MiSeq. It takes less than 8 h and
results in 20-30 million reads passing the filter. Demultiplexing
is automatically done by the MiSeq (when defined by the user
before starting the run).

Depending on the number of reads passing the filter and the
hardware of the computer on which the analysis software is
installed, alignment of reads to the reference genome takes

3-5 h using CLC Genomics workbench (version 7).
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Chapter 15

Isolation and Identification of Intestinal Myeloid Cells

Charlotte L. Scott, Calum C. Bain, and Allan Mcl Mowat

Abstract

The identification of conventional dendritic cells (¢cDCs) and macrophages (m¢) in the intestinal mucosa
has been hampered by the difficulties associated with isolating cells from the intestine and by the fact that
overlapping markers have made it complicated to discriminate them accurately from each other and from
other intestinal myeloid cells. Here we detail the protocols we have developed to isolate live leukocytes
from steady state mouse small and large intestines and describe reliable strategies which can be used to
identify bona fide cDCs, monocytes and macrophages in such preparations.

Key words Dendritic cells, Identification, Intestine, Isolation, Macrophages, Subsets

1 Introduction

1.1 Dendritic Cells, Given the large surface area of the gut and its continual exposure
Macrophages, to a wide variety of agents including dietary constituents, com-
and the Intestinal mensal bacteria, and pathogens, the intestine has evolved to be the
Immune Response largest compartment of the immune system [1]. The intestinal

immune system must be able to discriminate between harmless and
harmful antigens. Whereas tolerance must be induced to harmless
materials such as commensal, self or dietary antigens, active immu-
nity must be generated for the eradication of pathogens. When this
decision making process breaks down, aberrant responses to innoc-
uous antigens may lead to a number of pathologies including food
allergies, celiac disease, and inflammatory bowel diseases such as
Crohn’s disease and ulcerative colitis [2].

Conventional dendritic cells (¢cDCs) and macrophages (md)
are crucial to these immunological processes, playing distinct, but
complementary roles. As the primary sentinels of the immune sys-
tem, cDCs in the intestine continually sample antigens in their
environment and migrate constitutively to the draining mesenteric
lymph nodes (MLNs). Here they present the antigen to naive T
cells and initiate tolerance or active immunity as appropriate by
specifying the ditferentiation of etfector or regulatory T cells. cDCs

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
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1.2 Anatomical
Aspects of the
Intestinal Immune
System

1.3 Mononuclear
Phagocyte
Heterogeneity

in the Intestine

are also responsible for inducing the expression of gut homing
markers on responding T cells, ensuring they migrate back to the
intestinal mucosa once they have differentiated [3-6]. In contrast,
although md may sample antigen locally, they do not migrate to
the draining lymph nodes or prime naive T cells. Instead they are
sessile phagocytes that scavenge bacteria and damaged cells, and
maintain an anti-inflammatory environment in the mucosa via con-
stitutive production of IL10 [7]. If intestinal m¢ do interact with
T cells, this is likely to be a local interaction in the gut wall and
involve T cells that have migrated there after initial activation by
¢DCs in the draining LNs [8]. However, m¢$ may also contribute
to the initial priming of T cells through the transfer of antigen to
neighboring ¢cDCs for subsequent presentation to T cells [9, 10].

The gastrointestinal tract consists of the stomach, small intestine
(SI), caecum, large intestine (colon), and rectum, and it is associ-
ated with a number of organized lymphoid tissues including the
Peyer’s patches (PPs), microscopic isolated lymphoid follicles (ILFs)
and the draining mesenteric lymph nodes (MLNs). PP and ILFs are
important for the generation of immune responses against bacteria
and viruses, while the MLNs are essential for all aspects of tolerance
and immunity in the gut [11]. ¢cDCs are found in all these orga-
nized lymphoid tissues, from which they can usually be isolated and
characterized using the same methods that are used for other sec-
ondary lymphoid organs. Conversely, m¢ are rare in the organized
lymphoid tissues associated with the intestine under steady state
conditions and for these reasons, we concentrate on the large popu-
lations of myeloid cells found in the wall of the intestine itself (the
mucosa). Most of these are found in the lamina propria (LP), the
layer of connective tissue immediately below the epithelium.

Together, cDCs and m¢ are referred to as mononuclear phago-
cytes and those in the intestinal mucosa have many unusual prop-
erties. Despite being first identified many years ago [12], their
isolation and subsequent characterization presents several chal-
lenges to the researcher. As well as being difficult to obtain in sub-
stantial numbers, it is now clear that intestinal cDCs and m¢ share
many phenotypic markers such as CD11b, CD11¢, and MHCII,
meaning these cannot be used to discriminate between them as has
been done in the past (reviewed in [7]). Furthermore, the advent
of multiparameter flow cytometric techniques has revealed consid-
erable heterogeneity among both populations.

As we discuss below, a number of subsets of cDCs are present
in the LP of both small and large intestine and can be separated on
the basis of their expression of CD103 and CD11b. All share the
abilities to acquire antigen in LP and migrate to the draining
MLNSs, where they encounter and present antigen to naive T cells.
As a result, the “migratory” subset of ¢cDCs in MLNs contains
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analogous populations to those seen in LP and similar phenotypic
groups can also be found in PPs ([13-17] and our own unpub-
lished observations). Plasmacytoid DCs (pDCs) are also found in
the LP of the small intestine of both mice and humans, but they do
not migrate to the draining lymph nodes and are absent from the
normal colon [11].

Intestinal m¢y are also more heterogeneous than once thought.
While at birth these derive from embryonic progenitors, recent
studies have shown that these do not maintain themselves through
self-renewal and are instead replaced by monocyte-derived md
within the first few weeks of life [18]. Mature resident m¢ in the
adult intestine are then continuously replenished by circulating
Ly6Ch monocytes that differentiate locally after arrival in the
mucosa. As a result, small numbers of monocytes and intermediary
stages in the development continuum are present even in the steady
state intestine [ 18-20]. Difterent stages within this so-called “mono-
cyte waterfall” can be identified based on their expression levels of
Ly6C, MHCII, F4/80 and CX3CRI1, with newly arrived mono-
cytes being Ly6Ch MHCII-, CX3CR1™ before acquiring MHCII,
then losing Ly6C and finally becoming CX3CRI1M MHCIIM
F4 /80", This generates mature m¢ with characteristic anti-inflam-
matory and homeostatic properties including IL10 production,
hyporesponsiveness to stimulation, expression of scavenger recep-
tors, avid phagocytic activity, and production of tissue remodeling
enzymes ([19-22] and our own unpublished data). Together, these
adaptations allow intestinal m¢ to remodel the mucosa and clear
away effete tissue cells and bacteria without causing inflammation.
This is prevented by IL10R signaling on md, with the main source
of ILL10 being local T cells, although there is also the clear potential
for autocrine effects from the constitutive production of 1110 by the
m¢ themselves [21]. M¢ IL.10 is also important for maintaining the
survival of regulatory T cells in the mucosa [8]. During active immu-
nity or inflammation, the normal differentiation process is disrupted,
leading to the accumulation of Ly6C" monocytes and production of
pro-inflammatory cytokines [23]. Thus, phenotypic characterization
of the monocyte—macrophage waterfall is a powerful tool in defining
the role of this lineage in the intestine under both physiological and
pathological conditions.

Here we describe how to isolate and characterize ¢cDCs and
m¢ from the small and large intestinal mucosa of steady state mice
using precise phenotypic gating strategies.

2 Materials

2.1 Reagent Pre
paration (See Note 1)

1. Calcium and magnesium free (CMF) Hank’s buffered salt
solution (HBSS) containing 2 % fetal calf serum (FCS): stored
at 4 °C.
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CMF HBSS containing 2 mM ethylenediamine tetra-acetic
acid (EDTA) solution: pre-warmed and stored at 37 °C.

. CMF HBSS; pre-warmed and stored at 37 °C.

4. Complete RPMI (cRPMI): RPMI supplemented with 10%

FCS, 2 mM 1-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 50 pM 2-mercaptoethanol, pre-warmed and
maintained at 37 °C.

. FACS butfter: phosphate buffered saline (PBS) containing 2%

FCS and 1 mM EDTA; stored at 4 °C.

. Enzymatic cocktails specific for tissue to be digested (Table 1)

in complete RPMI should be made up fresh immediately
prior to use.

. Antibodies for flow cytometry (Tables 2 and 3).

3 Methods

3.1 Isolation

of Leukocytes

from Small Intestinal
Lamina Propria

Table 1

N O\ Ul

. Kill mouse according to appropriate ethical guidelines and

immediately remove SI from pyloric outlet of stomach to end

of ileum and place in a 9 ml petri dish filled with CMF HBSS
containing 2% FCS (see Note 2).

. Place SI on tissue, soak with PBS and remove fat with

tweezers.

. Carefully remove all Peyer’s patches from SI with scissors (see

Note 3).

. Open SI longitudinally using scissors.
. Wash thoroughly in CMF HBSS 2% FCS in a 9 ml petri dish.
. Cut Sl into 0.5 cm segments.

. Transfer SI segments to 50 ml Falcon tube containing 10 ml

CMF HBSS 2% FCS and keep on ice (see Note 4).

. Manually shake tubes vigorously and then discard supernatant

(see Note 5 and Fig. 1).

Enzyme cocktails for intestinal digestions

Tissue Vol. (ml)

Enzymes Supplier Cat. No Conc.

Small intestine 10

Colon 10

C2139
101104159001

C9623

Collagenase VIII
DNase

Sigma
Roche

0.6 mg/ml
30 pg/ml

Collagenase V Sigma 0.425 mg/ml

Collagenase D
Dispase
DNase

Roche
Invitrogen
Roche

11088882001
17105-041
101104159001

0.625 mg,/ml
1 mg/ml
30 pg/ml
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Typical staining panel used for flow cytometric analysis of intestinal monocytes and macrophages

Antibody Clone Supplier Cat. No Isotype Fluorochrome
Fc Block 2.4G2 Biolegend 101320 N/A N/A
(anti-CD16/
CD32)
CD45 30-F11 Biolegend 103138 Rat IgG2b BV510
CDll1c N418 Biolegend 117318 Ham IgGl PE-Cy7
CDl11b M1/70 Biolegend 101226 Rat IgG2b APC-eFluor780
MHCII M5/114.15.2 Biolegend 107622 Rat IgG2b AF700
CDo64 X54-5/7.1 BD 558539 Mouse AF647 (see Notes 14
IgGl1 and 20)
F4,/80 BMS eBioscience  13-4801-85 Rat IgG2a Biotin (see Notes 14
and 20)
Ly6C HK1 .4 eBioscience  48-5932-82  RatlgG2c  eFluor450
Ly6G 1A8 BD 551461 Rat IgG2a DPE (see Note 22)
Siglec F E50-2440 BD 552126 Rat IgG2a PE (see Note 19)
Streptavidin N/A Invitrogen Q10101MP N/A QDot605
7-AAD N/A Biolegend 420404 N/A PE-Cy5 or PerCP/
PerP-Cy5.5 (see
Note 17)
50 ml falcon tube )
with intestine Nitex mesh
pieces + Funnel
supernatant
Beaker

Fig. 1 Removal of supernatants during digestion of murine intestine and resected human material. Supernatants
are removed by pouring tube contents through Nitex nylon mesh inserted in a funnel, allowing supernatant
waste to drain into a connecting beaker, while tissue is retained on the Nitex nylon mesh
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. Add 10 ml CMF HBSS 2 mM EDTA to remaining pieces of ST

and transfer to a shaking water bath/incubator at 37 °C for
20 min (see Notes 6 and 7).

Manually shake tubes vigorously and then discard
supernatant.

Wash pieces of SI by adding 10 ml warmed CMF HBSS, man-
ually shake tubes vigorously and discard supernatant.

Add 10 ml CMF HBSS 2 mM EDTA and transfer to a shaking
water bath/incubator at 37 °C for 20 min.

Prepare appropriate enzyme cocktail (Table 1) in 10 ml com-
plete RPMI.

Manually shake tubes vigorously and discard supernatant.

Wash by adding 10 ml warmed CMF HBSS, then manually
shake tubes vigorously and remove supernatant.

Add 10 ml of the prepared enzyme cocktail to each tube.

Transfer to a shaking water bath/incubator at 37 °C, for
approximately 20 min, or until all tissue pieces are almost com-
pletely digested, with manual vigorous shaking performed
every 5 min (see Notes 8 and 9).

Add 10 ml cold FACS buffer and store on ice.
Pass single cell suspension through 100 pm cell strainer.
Pass single cell suspension through a 40 pm cell strainer.

Centrifuge at 400 x4 for 5 min and resuspend in 5 ml FACS
bufter.

Count cells (see Note 10) and keep on ice until use.

. Kill mouse according to appropriate ethical guidelines and

immediately remove colon from top of caecum to rectum,
place on tissue, soak in PBS and remove caecum and as much
fat and feces as possible using tweezers (see Notes 2 and 11).

. Open colon longitudinally with scissors (see Note 3).

. Wash thoroughly in CMF HBSS 2% FCS in a 9 ml petri dish.
. Cut colon into 0.5 cm segments.

. Transfer colon to a 50 ml Falcon tube with 10 ml CMF HBSS

2% FCS on ice (see Note 4).

. Manually shake tubes vigorously and discard supernatant (see

Note 5 and Fig. 1).

. Add 10 ml CMF HBSS 2 mM EDTA and transfer to a shaking

water bath/incubator at 37 °C for 15 min (se¢ Notes 6 and 7).

. Manually shake tubes vigorously and discard supernatant.

9. Wash by adding 10 ml warmed HBSS then manually shake

tubes vigorously and discard supernatant.
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3.3 Preparation
of Cells for FACS
Analysis

10.

11.

12.
13.

14.
15.

16.
17.
18.

19.

10.

Add 10 ml CMF HBSS 2 mM EDTA and transfer to a shaking
water bath /incubator at 37 °C for 30 min.

Prepare appropriate enzyme cocktail as per Table 1 in 10 ml
cRPMI.

Manually shake tubes vigorously and discard supernatant.

Wash by adding 10 ml warmed CMF HBSS then manually
shake tubes vigorously and discard supernatant.

Add 10 ml of the enzyme cocktail.

Transfer to a shaking water bath/incubator at 37 °C, for
approximately 45 min, or until all tissue pieces are almost com-
pletely digested, with manual vigorous shaking performed
every 5 min (se¢ Notes 8 and 9).

Add 10 ml cold FACS bufter and store on ice.
Pass single cell suspension through 40 pm cell strainer.

Centrifuge at 400 x4 for 5 min and resuspend in 5 ml FACS
buffer.

Count cells (see Note 12) and keep on ice until use.

. Add 3-5x10° cells in FACS buffer to individual 6 ml FACS

tubes; alternatively, 2—3 x 10° cells can be added to each well of
a 96-well plate.

. Centrifuge at 400xyg for 5 min at 4 °C and discard

supernatant.

. Block Fc receptors by incubating with purified anti-CD16,/32

‘Fc block’ (1:200 dilution) for 20 min at 4 °C in FACS bufter
(see Tables 2 and 3).

. Wash cells by adding FACS buffer (1 ml if using tubes for

staining, 100 pl if using plates), centrifuge at 400 x 4 for 5 min
at 4 °C and discard supernatant.

. Incubate cells with primary antibodies at 4 °C for 20-30 min

in the dark (see Tables 2 and 3; Notes 13-16).

. Wash cells by adding FACS buffer (1 ml if using tubes for

staining, 100 pl if using plates), centrifuge at 400 x4 for 5 min
at 4 °C and discard supernatant.

. Where necessary, incubate with fluorochrome conjugated

streptavidin for 15 min at 4 °C in the dark.

. Wash cells by adding FACS buffer (tubes 1 ml, plate 100 pl),

centrifuge at 400 x g for 5 min, and remove supernatant.

. Add 12 pl per tube 7-AAD (7-aminoactinomycin D) to dis-

criminate live and dead cells (see Note 17).

Analyze on flow cytometer (sec Notes 18-22).
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As we have discussed, investigating the biology of intestinal mono-
nuclear phagocytes has been stifled by a number of factors, many
relating to the use of inappropriate and overlapping phenotypic
markers [7]. The main aims of our work have been to establish reli-
able protocols for obtaining suitable numbers of cells of high viabil-
ity, and then to apply rigorous flow cytometric techniques that can
be used to characterize and distinguish mucosal cDCs and m¢ pre-
cisely. Here we describe the gating strategies and staining panels
that we have found most useful for doing this in murine intestine.

Having obtained suspensions of LP cells by enzymatic digestion as
described above, the first step is to identify live CD45* single cells
in a broad FSC/SSC gate, using a live /dead marker (see Note 17)
and CD45 expression. Next, lincage= MHCII* cells are gated
before m¢ are excluded as F4/80*CD64* cells and cDCs are iden-
tified among the remaining cells as CD11c" cells (Fig. 2a). In the
past, CD11c and MHCII co-expression alone was often used to
identify ¢cDCs, but as CD64*F4 /80* m¢ also express MHCII and
varying levels of CDl1l1c, it is clear that exclusion of these cells is
first necessary before a pure population of ¢cDCs can be obtained
(Fig. 2b) [15, 17, 24, 25]. In addition to CD64 and F4 /80, the
pan m¢ marker CD14 can also be used to exclude m¢ (Fig. 2b). A
further marker to discriminate between ¢cDCs and m¢ is CD26
(Fig. 2b) [26]. Our work confirms that the CD64~F4 /80~ CD11c*
CD26* MHCII* cells are bona fide cDCs as they express CD135
(flt3) and the cDC-specific gene Zbth46; their development in vivo
is dependent on the flt3L. growth factor and they are derived from
committed ¢cDC precursors, (pre-cDCs) [17]. Unlike LP m¢, the

Selection of Selection of lineage- Exclusion of Selection of

Exclusion of doublets live leukocytes MHCII+ cells CD64+F4/80+ mos CD11c+ cDCs

Non-specific markers M¢ marker cDC marker
i
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Fig. 2 Identification of cDCs in the murine intestine. (a) Single live leukocytes are identified among total cells
on the basis of FSC and SSC, followed by exclusion of dead cells and of non-hematopoietic CD45- cells.
Lineage~MHCII* cells are then identified and ¢DCs identified as CD64-F4/80-CD11c*. (b) Expression of CD11c,
MHCII, CD14, and CD26 by CD64+F4/80* m¢> and CD64-F4/80-CD11c* cDCs. cDCs are shown in black and

m¢ are depicted in grey
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CD64~/F4,/80~ CD11c*MHCII* cells also express CCR7, migrate
via lymphatics to draining lymph nodes and are capable of retinoic
acid production [7, 16, 17, 27]. Notably, although often consid-
ered to define cells of the monocyte /macrophage linecage, CCR2
expression is not sufficient to discriminate between these cells and
c¢DCs in the gut, as at least some mature LP ¢DCs express this
receptor [17]. It should be noted that ¢cDCs are relatively more
numerous in the small intestine, whereas m¢ are more frequent in
the large intestine [11]. The pDCs found in the small intestine can
be identified among live CD45 cells as CD317+ (PDCAL) Siglec
H* Ly6C* B220* CD11b~ CD11¢ MHCII® (see Note 18).

3.4.3 ¢DC Subsets The ¢DC population can be separated into four distinct groups
in the Intestinal Mucosa defined on the basis of CD103 and CD11b expression, revealing
CD103*CD11b*, CDI103*CDI11b-, CDI103-CDI11b*, and
CDI103-CD11b" subsets (Fig. 3a). Their proportions vary depend-
ing on the segment of the gut, with the CD103*CD11b* ¢DC subset
predominating in the upper small intestine and CD103*CD11b-
cDCs being most abundant in the colon (Fig. 3b) [11].
The cDC subsets can also be characterized further using addi-
tional markers [16, 17]. CD103*CDI11b* and CD103-CD11b*
DCs all express CD172a (SIRPa) and the transcription factor
IRF4, as do some of the CD103-CD11b~ ¢DCs. The development
of the CD103*CDI11b* subset requires IRF4 and Notch 2
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Fig. 3 Subsets of murine intestinal cDCs. (a) Expression of CD103 and CD11b on ¢DCs from mouse small and
large intestines, identified as shown in Fig. 2. (b) The relative frequencies of cDC subsets in mouse LP varies
along the length of the intestine. (¢) Expression of CD172a (SIRP«), IRF4, XCR1, IRF8, and CD8a by the subsets
of ¢cDCs in mouse small intestinal LP
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signaling in vivo [14, 28]. In contrast, the CD103*CD11b~ ¢DCs
lack CD172a and IRF4, but express XCRI1, CD8a and the tran-
scription factor IRF8 (Fig. 3¢). Their development is dependent
on IRF8 and Batf3 [29, 30]. The CD103-CD11b~ ¢DCs are het-
erogeneous for CD172a, IRF4, CD8a, and IRF8 but lack XCR1
expression (Fig. 2c¢). The exact nature of this population is
unknown. Some may represent precursor cells, while others may
be contaminants of LP preparations derived from isolated lym-
phoid follicles (ILFs) [16]. The CD103-CDIl1lb~ and
CD103-CD11b* ¢DCs are also heterogeneous for expression of
CCR2 ([17] and our unpublished observations).

Much remains to be understood regarding the in vivo func-
tions of the individual populations. While the CD103*CDI11b~
c¢DCs appear to be equivalent to the lineage of Batf3-dependent
IRE8*XCRI1*CD103* ¢DCs that cross-present exogenous antigen
to CD8* T cells in other murine tissues [31-33], the functions of
the other subsets are less well defined. The CD103*CD11b* ¢cDCs
have only been reported in the intestine and they have been shown
to drive the differentiation of FoxP3* regulatory T cells in vitro.
However depletion of CD103*CD11b* ¢DCs in vivo leads to a
defect in T},17 cells in the intestine [13-15, 28, 34], and the num-
bers of regulatory T cells are only reduced under conditions when
both CDI103* c¢DC populations are absent [35]. The
CD103-CD11b* subset of intestinal ¢cDCs may have a relatively
enhanced ability to prime T},17 cells in vitro and this is especially
true of the CCR2* subset of these cDCs [16, 17]. The relationship
of these CD103-CD11b* ¢cDCs to the CD103*CD11b* subset and
to CD11b* ¢cDCs in other mouse tissues is unclear.

Once single, live CD45* cells have been gated in lamina propria
isolates as described above, identification of the m¢ lineage is best
achieved by first taking all cells expressing CD11b (see Note 20)
and then excluding neutrophils and eosinophils on the basis of
their expression of Ly6G and Siglec F respectively (Fig. 4a and
Notes 19-22). Alternatively, eosinophils can be gated out based
on their distinctive SSC™ property (Fig. 4a).

The expression of CD64 can then be used to identify cells of
the monocyte—macrophage lineage and exclude the smaller number
of bona fide CD11b* DCs (Fig. 4a) (see Note 20). Ly6C and
MHCII expression can then be used to delineate the different mat-
uration stages of the monocyte—macrophage “waterfall” within the
total CD64* compartment (Fig. 4b). Ly6C" MHCII- cells are phe-
notypically and morphologically identical to circulating blood
monocytes, whereas transcriptional and functional studies indicate
Ly6Ch MHCII* cells are a more mature stage of differentiation;
both of these populations are present only in small numbers in
healthy intestine and express low/intermediate levels of the pan-md¢
markers CD64 and F4,/80 (Fig. 4b—¢). They produce only low
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Fig. 4 |dentification of monocytes and macrophages in the murine intestine. (a) Gating strategy used to identify
the monocytes and m¢ in steady state mucosa of Cx3cr7+/°% reporter mice. (b) Expression of Ly6C and MHCII
by live CD45* CD11b* Ly6G- SSC" CD64* cells reveals the ‘monocyte waterfall’. (¢) Expression of CD64,
CX3CR1-GFP, and CD11¢ by Ly6C" MHCII-, Ly6C* MHCII*, and Ly6C~ MHCII* cells. (d) The frequency of Ly6C"
MHCII-, Ly6C* MHCII+, CX3CR1™ Ly6C~ MHCII*, and CX3CR1" Ly6C~ MHCII* cells among total CD45* leukocytes.
(e) The expression of Ly6C and MHCII by CD11b* Ly6G* neutrophils, SSC" MHCII- eosinophils and CD64- DC,
illustrating the potential of other myeloid cells to affect the analysis of the monocyte waterfall if not excluded
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levels of 1110, have poor phagocytic activity and low expression of
scavenger molecules [18]. Their numbers expand markedly during
inflammation, where their ability to respond to for example TLR
stimulation and produce cytokines such as TNFa and IL1 allows
them to contribute to immunopathology [19, 20, 23].

The majority population in steady state mucosa consists of
Ly6C~ MHCII" cells, many of which co-express CD11c at rela-
tively high levels (see Note 23). The use of Cx3crI/C* reporter
mice [36] (see Note 24) allows the separation of the Ly6C-
MHCII" compartment into CX3CRI1™ and CX3CRI1" subsets,
with the latter being the dominant and most mature population in
the steady state mucosa. CX3CRI1" Ly6C~ MHCII" cells have the
morphological appearance of mature macrophages with large
‘foamy’ cytoplasm and an abundance of cytoplasmic vacuoles, and
are characterized by the anti-inflammatory and scavenger proper-
ties described above. The CX3CRI1"™ Ly6C~ MHCII" cells are
short-lived intermediaries between recently arrived monocytes and
CX3CRI" macrophages.

F4 /80" CD64" cells that lack both Ly6C and MHCII expres-
sion may also be present in the mucosa depending on microbio-
logical status, although in fully colonized, SPF mice these are rare.

4 Notes

1. Reagents for each experiment can be prepared the night before
they are required and stored at 4 °C, except for enzymes which
must be freshly prepared on the day of the experiment. On the
day of the experiment, all digestion reagents should be placed
at 37 °C prior to use.

2. One SI/colon provides sufficient cells for multi-parameter
FACS analysis of adult mice cDCs and m¢. If cDC subset puri-
fication is required, six SIs or ten colons are needed to obtain
approx. 30,000 cells per subset. If monocyte—macrophage
population purification is required, three SIs or five colons are
needed to obtain approx. 30,000 cells per population. If neces-
sary, SIs or colons can be pooled into one 50 ml Falcon tube,
but reagents must be scaled up appropriately and no more than
three intestines should be pooled per tube. Each volume men-
tioned in the above protocols is for one intestine per tube.

3. PPs must be removed caretully, as they contain ¢DCs that are
distinct from those in LP. This can be done easily, as PPs are
macroscopically visible structures. However many 1000s of
isolated lymphoid follicles (ILFs) are also found in the intes-
tine, particularly the colon. As ILFs cannot be visualized with
the naked eye, it is impossible to remove them and ¢cDCs from
these tissues are likely to be present in small numbers in prepa-
rations of LP.
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12.

13.

14.

15.

16.

17.

In our experience, once excised and cleaned, intestinal seg-
ments can be kept on ice for up to 6 h before digestion with
minimal effect on cell yield and viability.

. Supernatants are removed by pouring cell suspensions into a

beaker through 50 pm nylon mesh inserted in a funnel (Fig. 1).

. EDTA is used to remove the surface epithelial layer, allowing

access of enzymes to the LP in the next steps.

. All shaking steps should be performed at 250 rpm to aid

digestion.

. Some tissue should remain in the 50 ml Falcon tube to prevent

over-digestion, which can compromise the viability of the cells
isolated.

. Try to leave the intestines in the enzyme cocktail for as short a

time as possible. Move on to the next step as soon as the tissue
has been digested.

Typical cell yield from a murine small intestine digestion is
1-5x10° total cells.

The caecum is usually not included for the purposes of isolat-
ing large intestinal leukocytes, but may be useful to include
under certain conditions such as specific infections that involve
the caecum.

Typical cell yield from a murine colon digestion is 5-8 x 10°
total cells.

We typically acquire 1-2 x 10° total cells to be able to visualize
sufficient numbers of all subsets.

For identification of ¢DCs, CD64 and F4/80 arc used to
exclude m¢ in mouse tissues. Either marker will suffice for m¢
exclusion. However, the combination of both is preferable.

We use a broad FSC-A /SSC-A gate to identity cells and a strin-
gent FSC-A/FSC-H gate to identify single cells prior to iden-
tifying live CD45~ cells.

We do not use Percoll or any other pre-enrichment strategy
prior to FACS analysis or sorting, as we find this can result in a
significant loss of multiple cells types including DCs and md.
Enrichment procedures of this kind should be assessed care-
fully before being used routinely.

Alternative live /dead dyes can be used depending on the panel
in use. If 7-AAD or DAPI are used, they should be added a few
minutes prior to FACS analysis and not left on the cells for a
prolonged period of time. Fixable Live /Dead dyes can also be
used and should be added to the first staining step. However
this should be performed in PBS without FCS, as per manufac-
turer’s guidelines.
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Chapter 16

Monitoring and Modulation of Inducible Foxp3+ Regulatory
T-Cell Differentiation in the Lymph Nodes Draining
the Small Intestine and Colon

S. Veenbergen, L.A. van Berkel, M.F. du Pré, A.E. Kozijn,
and Janneke N. Samsom

Abstract

The mucosa-draining lymphoid tissue favors differentiation of inducible Foxp3* regulatory T cells.
Adoptive transfer of T-cell receptor (TCR) transgenic (Tg) T cells is a powerful tool to study antigen-
specific regulatory T-cell differentiation in lymphoid tissues in vivo. The kinetics and nature of the T-cell
response largely depend on the route of antigen administration and degree of clonal competition. Here,
we describe that adoptive transfer of CD4* DO11.10 TCR Tg T cells can be used for monitoring Foxp3*
regulatory T-cell differentiation in the gut-draining lymph nodes. We describe two routes of mucosal anti-
gen administration, e.g., the oral and intracolonic route known to induce T-cell responses in the small
intestine-draining mesenteric lymph nodes (MLN) and distal colon-draining caudal and iliac lymph nodes
(ILN), respectively. In particular, we discuss differences in frequency of inducible Foxp3* regulatory T cells
after adoptive transfer of variable numbers of Tg T cells and various amounts of orally gavaged ovalbumin
(OVA), and explain how Foxp3* regulatory T-cell differentiation can be modulated by coadministration of
the adjuvant cholera toxin (CT) with OVA using this adoptive transfer system.

Key words Adoptive transfer, Clonal competition, Tregs, iTregs, Foxp3, Small intestine and colon,
Mucosal immune regulation, OT-II TCR transgenic

1 Introduction

Adoptive transfer of T cells with the same T-cell receptor (TCR)
specificity, originally developed by Kearney et al. [1] is widely used
to study T-cell differentiation in vivo. In this system, high numbers
of T cells from TCR transgenic mice are transterred into wild type
syngeneic recipient mice that are subsequently exposed to antigen
in vivo. By fluorescently labeling the TCR transgenic cells with a
proliferation marker, the antigen-specific response can easily be
visualized and subsequent analysis of lineage-specific transcription
factors and cytokine expression reveals the type of immune response
generated. The obvious advantage of the adoptive transfer system is

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_16, © Springer Science+Business Media LLC 2017
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the presence of increased numbers of antigen-specific responders
within the pool of naive T cells, which allows for the quantitation of
the T-cell response. In wild type mice, the frequency of antigen-
specific T cells lies below 1,/1000, making analysis of a tailored
response for a specific antigen very difficult [1]. However, an
important disadvantage of the adoptive transfer system is that intro-
duction of an artificial number of TCR transgenic cells in vivo can
cause clonal competition due to clonal abundance [2]. Activation of
antigen-reactive T cells becomes less efficient with increasing num-
bers of transferred cells. In addition, T cells activated in a state of
clonal abundance go through fewer divisions and show an acceler-
ated decline in survival [2-5]. Therefore, the adoptive transfer sys-
tem does not always reflect physiological activation.

Despite these disadvantages, the adoptive transfer system is
often the only method available to determine the effect of an
immunological intervention on T-cell differentiation. The behav-
ior of the antigen-specific T cells and whether antigen-specific
immunity or tolerance is induced depends on the type of antigen
and route of antigen administration. Differentiation of regulatory
T cells (Treg) is often studied in the context of oral tolerance. Oral
ovalbumin (OVA) feed preferentially induces differentiation of
inducible Forkhead box protein 3 (Foxp3)* Treg cells in the mes-
enteric lymph nodes (MLNs) and liver-draining lymph nodes [6-
9], while after intramuscular injection of OVA, Foxp3* Treg
differentiation in the thigh-draining popliteal and inguinal lymph
nodes (PLN) is far less efficient. Using the adoptive transfer sys-
tem, we have recently identified the caudal and iliac lymph nodes
(ILNs) as inductive sites for antigen-specific T-cell responses to
harmless protein antigen that is encountered in the distal part of
the colon [10]. In this chapter, we provide a detailed description of
the induction of Foxp3* Treg cells in MLNs and ILNs after adop-
tive transfer of CD4* DO11.10 TCR Tg T cells. We describe the
effect of varying the total number of adoptively transferred T cells,
the antigen dose and the administration route on Treg differentia-
tion, and will explain how Foxp3* Treg differentiation can be mod-
ulated by coadministration of the adjuvant cholera toxin (CT).

2 Materials

2.1 Adoptive
Transfer of Ovalbumin-
Specific T Gells

2.1.1 Isolation and
Fluorescent Labeling of
CD4*KJ1.26*Rag™"~ T Cells

1. 8-12-week-old DOI11.10 transgenic (Tg)xRag”/~ donor
mice having a T-cell receptor specific for the ovalbumin (OVA)
323-339 peptide (see Note 1).

2. Phosphate-buffered saline (PBS).

3. PBS supplemented with 2 or 10% heat-inactivated (30 min,
56 °C) newborn calf serum (NBCS) (see Note 2).

4. Scissors and forceps.



2.1.2 Intravenous
Injection of
CD4*KJ1.26*Rag~"- T Cells

2.2 Analysis

of Foxp3* Treg
Induction by Flow
Cytometry
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5.
. Sterile 1 ml syringe plunger.
. Erythrocyte lysis buffer consisting of 0.16 M NH,Cl, 0.17 M

[ N SR ]

(928

QN Ul W N~

70-pm nylon cell strainers.

Tris—HCI; pH 7.2.

. Normal mouse serum or unlabeled anti-CD16,/32 antibody.
. Anti-CD4 and anti-DO11.10 Tg TCR (KJ1.26) antibodies.
10.
11.
12.

5,6-carboxyfluorescein succinimidyl ester (CFSE).
Sterile solution of 0.9 % sodium chloride.

Trypan blue 0.4 % solution.

. 8-12-week-old BALB /c recipient mice (se¢ Note 1).
. Sterile 27 gauge needles and 1 ml syringes.
. Infrared heat lamp.

. Restrainer for mice specifically designed for tail vein injection

(Fig. 1a).

. Ethanol 70%.

. Scissors and forceps.

. PBS supplemented with 2 % heat-inactivated NBCS.

. 70-pm nylon cell strainers.

. Sterile 1 ml syringe plunger.

. Normal mouse serum or unlabeled anti-CD16,/32 antibody.

. Fixation/permeabilization concentrate, fixation/permeabili-
zation diluent, and permeabilization bufter.

Fig. 1 Instruments needed for intravenous injection, oral gavage, and intracolonic
administration. (a) Mouse restrainer specifically designed for tail vein injections.
(b) Reusable needles for oral gavage. (c) Cannula for intracolonic administration
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Table 1
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Antibodies used for flow cytometry?

Specificity Clone Species Isotype
CD4 GKl1.5 Rat IgG2b, «
CD25 PC61 Rat IgGI1, A
CD62L MEL-14 Rat 1gG2a,
Foxp3 FJK-16s Rat 1gG2a,
DOI11.10 TCR KJ1-26 Mouse IgG2a

*Dilution depends on vendor and lot number, and needs to be optimized for each antibody

. Anti-Foxp3, anti-CD62L, anti-CD25, anti-CD4 monoclonal

antibodies (see Table 1).

. BD FACSCanto II and Flow]Jo software.

2.3 Intramuscular, 1. Ovalbumin (sec Note 3).
Oral, and Intracolonic 2. Cholera toxin (CT, azide-free).
Administration . . . o
. . 3. Anesthesia isoflurane vaporizer with nose cone circuit.
of Protein Antigen ) ) i ) )
and Adjuvant 4. Sterile solution of 0.9 % sodium chloride.
5. Commercially available gavage needles (Fig. 1b).
6. Polyethylene tubing (inside diameter 0.86 mm, outside diam-
eter 1.27 mm) and sterile 19 gauge needle (Fig. 1c).
7. Insulin 30 gauge, 8 mm syringe.
8. 1 ml syringes.
3 Methods
3.1 Adoptive 1. Spleens are isolated from DO11.10 Tgx Rag/~ mice and kept
Transfer of Ovalbumin- on ice in PBS supplemented with 2% heat-inactivated NBCS
Specific T Cells (see Note 2).
311 Isolation 2. Subsequently, spleens are cut into small pieces and dissociated

of CD4*KJ1.26*Rag"- T
Cells

by gradually pressing them through 70-pm nylon cell strainers
using a sterile 1 ml syringe plunger to obtain single-cell sus-
pensions (see Note 4).

. The strainer is rinsed thoroughly using PBS /2 % NBCS.

. Following preparation of single-cell suspensions, cell pellets

are resuspended in 1 ml erythrocyte lysis butfer per spleen and
incubated for 5 min on ice. Lysing of the erythrocytes is
stopped by adding PBS /2% NBCS in excess (see Note 5).



3.1.2  Fluorescent
Labeling with
5,6-Carboxyfluorescein
Succinimidyl Ester

3.1.3 Intravenous
Injection of
CD4*KJ1.26*Rag"- T Cells
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5.

After washing, cells are resuspended in PBS/2% NBCS, and
the number of viable cells are counted using trypan blue
exclusion.

. A small cell aliquot is transferred into FACS tubes to deter-

mine CD4*KJ1.26*Ray /- T-cell purity. In order to block Fcy
receptors, cell suspensions are preincubated on ice for 10 min
with saturating amounts of anti-mouse CD16,/32 or normal
mouse serum. Next, cells are washed with PBS/2% NBCS,
and stained in 50 pl of PBS/2% NBCS containing anti-CD4
and anti-DO11.10 Tg TCR antibodies, followed by incuba-
tion on ice for 20 min in the dark (Table 1).

. Following incubation, cells are washed with 200 pl PBS/2%

NBCS.

. Subsequently, cells are resuspended in 200 pl PBS/2% NBCS

and acquired on a BD FACSCanto II flow cytometer.
Lymphocytes are gated according to their FSC-A /SSC-A profile
(gate G1, Fig. 2a). A dot plot of KJ1.26/CD4 is used to quantify
the lymphocytes that are double positive for the DO11.10 Tg
TCR and co-receptor CD4 (gate G2, Fig. 2a).

. The remaining cells are washed twice in PBS to remove con-

taminating extracellular protein.

. Subsequently, cells are resuspended in PBS at a concentration

of 1x107 cells/ml before CFSE is added to the cells in a final
concentration of 2 pM. To ensure homogeneous labeling,
CESE has to be added just above fluid level and the cell sus-
pension must be thoroughly mixed by gently swirling for 10 s,
but not vortexing.

. Cells are incubated at 37 °C (water bath or incubator) for

10 min in the dark. After 3 and 7 min, cell suspension should
be swirled to ensure optimal labeling (se¢e Note 6).

. Staining reaction is stopped by washing the cell suspension

sequentially with ice-cold PBS/10% NBCS, PBS/2% NBCS
and 0.9 % sodium chloride, respectively.

. The cells are resuspended in sterile endotoxin-free 0.9%

sodium chloride for intravenous injection.

. Prior to the intravenous injection, BALB /¢ recipient mice are

warmed to dilate the veins by placing a heat lamp above the
cage (see Note 7).

. After 5-10 min, the mice are placed in a restrainer specifically

designed for tail vein injection (Fig. 1a).

. The tail may be wetted with 70 % ethanol to increase contrast

between tail vein and skin, after which the needle is inserted
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Fig. 2 Adoptive transfer of lower numbers of OVA-specific T cells induces an increased percentage of Foxp3* cells
and changes T-cell proliferation kinetics. (a—¢) BALB/c recipient mice were injected intravenously with 2 x 10° or
6 x 10° CFSE-labeled CD4+KJ1.26*Rag"~ T cells and either received 70 mg OVA i.g. or 400 pg OVA i.m. the next
day. Draining lymph nodes (MLN for i.g., PLN for i.m.) were isolated at 72 h after antigen administration and ana-
lyzed by flow cytometry for proliferation kinetics and phenotype (gated on KJ1.26*CFSE* cells). (a) Flow cytometry
gating strategy to define the purity of the isolated CD4+KJ1.26*Rag~'~ T cells. (b) Proliferation kinetics
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into the vein while holding the tail under tension. Keep the
needle and syringe parallel to the tail to avoid perforation.

. Either 2x10° or 6x10% CD4*KJ1.26* cells in 100 pl 0.9%

sodium chloride are injected slowly in the lateral tail vein (see
Note 8).

Peripheral induction of Foxp3* Treg cells upon adoptive transfer
can be detected in the gut-draining lymph nodes within 48-72 h
after administration of soluble antigen via the mucosa [7]. The
lymphoid inductive site for Foxp3* Treg induction largely depends
on the route of antigen administration (see Subheading 3.3). At
times later than 72 h, detection of Foxp3* Treg in the draining
lymph nodes is hindered by egress of fully differentiated lympho-
cytes into the circulation. As a result, antigen-specific T cells in
third or fourth division will be detected in lymphoid tissues other
than their inductive site such as spleen and peripheral lymph nodes.

1.

Draining lymph nodes are isolated and kept on ice in PBS /2%
NBCS.

. Subsequently, lymph nodes are cut into small pieces and dis-

sociated by gradually pressing them through 70-pm nylon cell
strainers using a sterile 1 ml syringe plunger to obtain single-
cell suspensions.

. The strainer is rinsed thoroughly using PBS /2 % NBCS.

. Following preparation of single-cell suspensions, cell pellets

are resuspended in PBS/2% NBCS, transferred into FACS
tubes, and the number of viable cells are counted using trypan
blue exclusion.

. Cell pellets are preincubated on ice for 10 min with saturating

amounts of anti-mouse CD16,/32 or normal mouse serum in
order to block Fcy receptors.

. Following incubation, cells are washed with PBS /2% NBCS,

and stained on ice for 20 min in the dark with 50 pl of PBS /2%
NBCS containing anti-CD4, anti-CD25, and anti-CD62L
antibodies (Table 1).

. Cells are washed with 200 pl PBS 2%,/NBCS before they are

resuspended in 100 pl Fixation/Permeabilization Buffer from
eBioscience. Prepare fresh Foxp3 Fixation/Permeabilization

Fig. 2 (continued) after intragastric (i.g.) and intramuscular (i.m.) administration of OVA, based on CFSE dilution.
Data are representative for two independent experiments (n=3 per group). (¢) Representative dot plot showing
Foxp3 expression in the KJ1.26*CFSE* T cell population. (d) Percentages of Foxp3+ cells in the KJ1.26*CFSE* T
cell population. Each symbol represents one animal and the bars represent the mean per group. Data are pooled
from two independent experiments. *P<0.05 using one-way analysis of variance (ANOVA). i.g. intragastric, i.m.
intramuscular, OVA ovalbumin, MLN mesenteric lymph nodes, PLN popliteal and inguinal lymph nodes



248 S. Veenbergen et al.

working solution by diluting Fixation/Permeabilization
Concentrate (1 part) with Fixation/Permeabilization Diluent
(3 parts).

4. Cell suspensions are incubated on ice for 30 min in the dark.

. Following this incubation, cells are washed with 200 pl 1x per-

meabilization buffer and stained with anti-Foxp3 antibody
(Table 1) in 50 pl 1x permeabilization buffer for 30 min at
4 °C. Prepare a 1x solution of permeabilization bufter by dilut-
ing the 10x concentrate with distilled water prior to use.

. After the staining, cells are washed sequentially with 200 pl 1x

permeabilization buffer and 200 pl PBS 2%/NBCS before
acquiring them on a BD FACSCanto II flow cytometer.

3.3 Intramuscular, One day after the transfer of CD4*KJ1.26* Ray /- cells, BALB/c
Oral, and Intracolonic recipient mice receive protein antigen with or without adjuvant via
Administration of intramuscular, oral, or intracolonic route (se¢ Notes 9-11).
Protein Antigen and

Adjuvant

3.3.1 Intramuscular 1. The mice are restrained by one person who steadies the leg to
Administration of OVA be injected.

2. The second person swabs the area with 70 % ethanol and inserts
the needle of the insulin syringe into the caudal thigh at a 45°
angle.

3. The mice receive 400 pg OVA resuspended in 15 pl 0.9%

3.3.2  Oral Administration 1.

of OVA

sodium chloride in both hind legs (se¢ Note 12).

Animals are restrained and held in a vertical position.

2. The gavage needle is inserted into the right side of the animal’s

mouth (Fig. 1b).

. The needle can be used to raise the head so the esophagus is in

a straight line.

. The needle should slide down the esophagus easily after which

the fluid can be administered slowly.

. After administration, remove the gavage needle from the

esophagus slowly (see Note 13).

Three days after antigen administration, draining lymph nodes

(mesenteric lymph nodes (MLN) for i.g., popliteal and inguinal
lymph nodes (PLN) for i.m.) can be isolated and analyzed for
Foxp3* Treg induction by flow cytometry. In contrast to the PLN,
note that the proliferation kinetics of T cells in the MLN of mice
receiving an adoptive transfer of either 2x10° or 6x10°
CD4'KJ1.26*Rayg/~ T cells is significantly different (Fig. 2b). In
particular, adoptive transfer of 2 x 10° T cells induces more cells to
proceed into division, and more cells reach a higher number of
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divisions when compared to adoptive transfer of 6x10¢ T cells.
These findings are in agreement with previous reports that show an
increase in proliferation and survival upon adoptive transfer of a
lower frequency of naive CD4* T cells [2-5]. Besides proliferation,
the number of transferred T cells also affects the differentiation of
Foxp3* T cells in the MLN, as adoptive transfer of 2x10° T cells
induces a higher percentage of Foxp3* T cells compared to adop-
tive transfer of 6x 10¢ T cells (Fig. 2¢, d). These differences are not
seen in the PLN after i.m. injection. It should be noted that choos-
ing adoptive transfer of lower numbers of CD4*KJ1.26*Ray/~ T
cells to enhance the frequency of inducible Foxp3* Treg will entail
a lower cellular yield and therefore limits the extensiveness of the
FACS panel for further analysis.

With regard to varying antigen dose, the proliferation kinetics
in mice that received either 35 or 70 mg of OVA follows the same
pattern, with the majority of the Tg T cells dividing up to 4-5
times (Fig. 3a). Foxp3 expression, as determined by flow cytome-
try, can be detected in all rounds of T-cell division and the percent-
age of Foxp3* T cells does not significantly differ after gavage of 35
or 70 mg OVA (Fig. 3b). Moreover, no significant differences in
the percentage of Foxp3*CD25* or Foxp3*CD62L* T cells are
observed when comparing mice that received 35 or 70 mg of
OVA. Thus, expression of Foxp3, CD25 and CD62L as well as the
T-cell proliferation kinetics upon oral OVA administration are not
dose-dependent within the range of 35-70 mg of OVA.
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Fig. 3 Proliferation kinetics and expression of Foxp3 by CD4+KJ1.26*Rag~~ T cells in the MLN upon QVA
administration are not dose-dependent. (a and b) BALB/c recipient mice were injected intravenously with
2 x 10° CFSE-labeled CD4+KJ1.26*Rag~"~ T cells and either received 35 or 70 mg OVA i.g. the next day. MLN
were isolated at 72 h after antigen administration and analyzed by flow cytometry for proliferation kinetics and
phenotype (gated on KJ1.26*CFSE* cells). (a) Cell proliferation kinetics of CD4+KJ1.26+*Rag~~ T cells in the
MLN 72 h after oral administration of 35 or 70 mg of OVA, based on CFSE dilution. The results shown are from
one of two experiments with n=2-3 mice per group. (b) Percentages of Foxp3* cells, Foxp3+CD25* cells and
Foxp3+CD62L" cells of the KJ1.26*CFSE* cell population in the MLN. Each symbol represents one animal and
the bars represent the mean per group. The results shown are from one of two experiments with n=2-3 mice
per group. i.g. intragastric, OVA ovalbumin, MLN mesenteric lymph nodes
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3.3.3 Intracolonic

Administration of OVA

Q

% CFSE* cells/division

30

204

104

1. The mice are anesthetized with 2-5% isoflurane in oxygen.
Induction is performed in an induction chamber after which
the mice are positioned in a nose cone (see Note 14). Two
persons are required to perform this procedure. To prevent
droplets from coming out of the anus during intracolonic
administration, mice should be handled or restrained before
anesthesia in order to stimulate the mice to defecate. Overnight
starvation can be an alternative option.

2. The cannula (Fig. 1¢) is wetted with 0.9 % sodium chloride and
gently inserted into the anus to maximally 4 cm (see Notes 15
and 16).

3. The fluid should be administered very slowly to prevent drop-
lets from coming out of the anus (sec Notes 17 and 18).

While oral OVA administration results in antigen-specific pro-
liferation and de novo Foxp3* Treg induction in the MLN, such
Foxp3* Treg differentiation after colonic OVA administration
occurs in the iliac and caudal lymph nodes (ILN) ([10], Fig. 4a, b).
However, irrespective of whether OVA is applied orally or coloni-
cally, Foxp3~ inflammatory cytokine-secreting T cells differentiate
simultaneously to the Foxp3* Treg response in the draining lymph
nodes. Using the adoptive transfer system, frequencies of differen-
tiating inflammatory cytokine-secreting T cells and Foxp3* Treg
can be quantified, since their ratio is often altered in disease. In this
context, we define two ways of restimulation to detect intracellular
cytokines. Cells can be stimulated polyclonally meaning that

ILN after OVAi.c.

Foxp3 ——»

2 3 4 5 6
Number of divisions CFSE——

Fig. 4 Intracolonic OVA administration induces Foxp3* Treg differentiation in the ILN. (@ and b) CD4+KJ1.26*Rag~'-
T cells were purified from DO11.10 transgenic x Rag~"~ mice and labeled with CFSE. Subsequently, BALB/c mice
were given 6 x 10% CFSE-labeled T cells intravenously and 1 day later, received 70 mg OVA i.c. Seventy-two hour
after OVA administration, draining lymph nodes were isolated and analyzed for CD4+KJ1.26+*CFSE*Foxp3+ T
cells by flow cytometry. (a) Percentage proliferating cells in each division peak. Values are depicted as mean
plus SEM of three mice. (b) Representative dot plot showing staining for Foxp3 in the KJ1.26*CFSE* T cell
population. i.c. intracolonic, OVA ovalbumin, /LN caudal and iliac lymph nodes
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approximately  every cell in the population (donor
CD4*KJ1.26*Rag/~ T cells and host BALB/c cells) is activated.
ExamplesareaCD3 /aCD28, PHA,PMA /ionomycin. Alternatively,
restimulation with OVA can be considered as a way to reactivate
only antigen-specific CD4*KJ1.26* Rag~/~ T cells in the population.
The range of OVA concentration can be 0.5-2 mg/ml, but depends
on the TCR transgenic model and should be titrated.

3.34 Adjuvant 1. Mice are given a single oral gavage of 70 mg OVA in combina-
Administration tion with 20 pg cholera toxin (CT). Control animals are given
a single gavage of OVA alone (see Subheading 3.3.2).

2. A single intramuscular injection can be used as a non-
tolerogenic control (see Subheading 3.3.1).

3. Draining lymph nodes (MLN for i.g., PLN for i.m.) are iso-
lated at 72 h after antigen administration and analyzed for pro-
liferation kinetics and Foxp3* Treg induction by flow cytometry
(see Subheading 3.2).

Coadministration of CT with OVA induces more cells to pro-
ceed into division when compared to OVA alone (Fig. 5a) and
aftects T-cell differentiation, as the percentage of Foxp3* T cells in
the MLN is significantly reduced (Fig. 5b). The differentiation of
Foxp3* T cells is not fully blocked by CT as the percentage of
Foxp3* T cells remains higher than the non-tolerogenic i.m.
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Fig. 5 Coadministration of CT with OVA enhances OVA-specifc T-cell proliferation in the MLN and reduces differ-
entiation of Foxp3* T cells. (a and b) BALB/c recipient mice were injected intravenously with 6 x 108 CFSE-labeled
CD4+KJ1.26*Rag~" T cells and received a single gavage of 70 mg OVA with or without 20 ug of CT or a single
i.m. injection of 400 g of OVA the next day. MLN were isolated at 72 h after antigen administration and analyzed
by flow cytometry for proliferation kinetics and phenotype (gated on KJ1.26*CFSE* cells). (a) Proliferation kinetics
of transferred cells based on CFSE dilution. The results shown are from one of three experiments with n=3 mice
per group. (b) Percentage of Foxp3* cells of the KJ1.26*CFSE* cell population in the MLN. The results shown are
from one of three experiments with n=3 mice per group. *P<0.05 using one-way analysis of variance (ANOVA).
i.m. intramuscular, OVA ovalbumin, CT cholera toxin, MLN mesenteric lymph nodes
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control. The same results on T-cell kinetics and Foxp3* T-cell dit-
ferentiation are  obtained when 2x10° CFESE-labeled
CD4'KJ1.26*Ray/~ T cells are transferred (our unpublished
observations).

4 Notes

10.

11.

. All mice are kept under specific pathogen-free housing condi-

tions and fed a standard diet and water ad libitum.

. New Born Calf Serum is a high quality, cost-etfective replace-

ment for Fetal Calf Serum.

. The endotoxin level in OVA should be low and preferably

endotoxin-free OVA should be used. Be aware of the OVA
content in the diet, as it can interfere in the procedure.

. The yield of cells is determined during the procedure of single

cell-suspension preparation. Manual dissociation of the tissue
can cause cell damage and sometimes results in clotting. These
clots can be removed without affecting the procedure.

. All washing steps are performed at 423xyg for 10 min at

4 °C. Unless stated otherwise, cells should be kept on ice at all
times.

. Optimal labeling with CESE is reflected by clearly defined

peaks following division.

. Extra care must be taken to prevent overheating of the animals

while using the heat lamp during intravenous injection.

. It is pivotal to be aware that clonal competition perturbs T-cell

differentiation when using adoptive transter of TCR Tg T cells.
T-cell division can be affected due to clonal competition
between T cells of the same specificity. Reducing the number
of adoptively transferred TCR Tg T cells increases the prolif-
eration and the percentage of differentiating cells. In our sys-
tem, transfer of 2x10° TCR Tg cells is sufficient to yield a
reliable proliferation profile and results in consistent detection
of Foxp3* conversion, but one should realize that a lower
number of transferred cells limits comprehensive FACS
analysis.

. Itis recommended to pre-warm the OVA solution (room tem-

perature or body temperature) before application, because
injection of cold fluid will be painful.

Ovalbumin should preferably be dissolved in sodium chloride
rather than phosphate-buffered saline (PBS), because phos-
phates can have adverse effects in vivo.

The protocol is applicable to the OT-II TCR transgenic mouse
system. However, it should be noted that differences exist
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12.

13.

14.

15.

16.

17.

18.

253

between the DO11.10 and OT-II TCR transgenic system and
OVA dosage, number of adoptively transferred T cells and tim-
ing should be optimized when using OT-11 T cells.

Injection volumes should not exceed 50 pl in the thigh
muscle.

The gavage needle is reusable and should be cleaned immedi-
ately after use with 0.9 % sodium chloride and can be stored in
70% ethanol. Inspect the gavage needle to ensure that there
are no burrs or points that could damage the esophagus.

The use of ketamine as anesthetic during intracolonic OVA
administration should be avoided as it impairs intestinal OVA
absorption.

Inspect the cannula to ensure that there are no burrs or points
that could damage the intestine.

To detect antigen-specific T-cell responses in the ILN after
intracolonic OVA administration, the cannula needs to be
inserted 2.5 cm (C57BL/6) to maximally 4 cm (BALB/¢)

proximal to the anus.

To reach the maximum absorbance during intracolonic admin-
istration, the OVA solution should be administered very slowly
to prevent droplets from coming out of the anus. The amount
of 70 mg OVA should be injected intracolonically in a maximum
volume of 150 pl. Be aware that the whole procedure of intraco-
lonic administration will take approximately 10 min per mouse.

Droplets coming out of the anus can be carefully collected and
reintroduced without causing any damage to the intestine.
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Chapter 17

Isolation and Flow Cytometry Analysis of Innate
Lymphoid GCells from the Intestinal Lamina Propria

Konrad Gronke*, Michael Kofoed-Nielsen*, and Andreas Diefenbach

Abstract

The intestinal mucosa constitutes the biggest surface area of the body. It is constantly challenged by bacteria,
commensal and pathogenic, protozoa, and food-derived irritants. In order to maintain homeostasis, a
complex network of signaling circuits has evolved that includes contributions of immune cells. In recent
years a subset of lymphocytes, which belong to the innate immune system, has caught particular attention.
These so-called innate lymphoid cells (ILC) reside within the lamina propria of the small and large intes-
tines and rapidly respond to environmental challenges. They provide immunity to various types of infec-
tions but may also contribute to organ homeostasis as they produce factors acting on epithelial cells
thereby enhancing barrier integrity. Here, we describe how these cells can be isolated from their environment
and provide an in-depth protocol how to visualize the various ILC subsets by flow cytometry.

Key words Innate lymphoid cells, ILC, Mucosa, Lamina propria, Mucosal inflammation

1 Introduction

Mucosal surfaces are the main entry route for pathogens but also a
large surface often peacefully inhabited by a complex microbiota
and exposed to myriads of nutrient compounds. In particular the
intestinal mucosa is challenged every day, needing to differentiate
between commensal and harmful bacteria [1, 2]. Uncontrolled
activation of the immune system to commensal bacteria may lead
to severe pathological inflammation, while an insufficient response
to pathogens puts the entire organism at risk. An important deci-
sion maker at barrier surfaces is the innate immune system, which
is particularly multifaceted in the gut. During the recent years, a
new player in mucosal immune responses has emerged, innate lym-
phoid cells (ILC) [3]. ILC belong to the lymphoid lineage but do
not express any recombined antigen receptors. They are generated
in the fetal liver during embryogenesis [4] and the bone marrow
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during adult life [5], from where they home to different mucosal
tissues and organs. Based on their expression of key transcription
factors, four different groups of ILC can be differentiated, which
all can be found within the lamina propria of the intestine [6].
Group 1 ILC express T-bet, produce IFN-y and contribute to the
defense against intracellular pathogens [5]. Group 2 ILC are
dependent on GATA-3 and RORa [7, 8] and fend oft helminths
by the production of IL-5 and IL-13 [9, 10]. The third subset of
ILC expresses RORyt and is particularly important for the mucosal
defense against extracellular bacteria. Their main effector cytokines
are IL-17 and IL-22 [11, 12]. IL-22 belongs to the IL-10 family
and acts on epithelial cells because of the restriction of IL-22 recep-
tor expression to non-hematopoietic cells such as epithelial cells
and stroma cells [13]. IL.-22 is expressed even during steady-state
and induces the production of anti-bacterial proteins, which are
constantly secreted into the gut lumen. It also promotes the
fucosylation of proteins [14], which are shed from the surface of
epithelial cells and support commensal microbiota, thus making it
a bona fide homeostatic cytokine. The last subset of ILC is proba-
bly the best known but least abundant at mucosal surfaces. These
are the cytotoxic ILC expressing T-bet and Eomes, which likely
represent the mucosal counterpart of conventional NK cells and
contribute to the killing of virus-infected and tumor cells [15, 16].

As these cells are tightly entangled with extracellular matrix
components, their extraction is challenging and requires a multistep
procedure involving enzymatic digestion releasing lamina propria
cells from their environment. Here we provide a step-by-step proto-
col to isolate lymphocytes as well as myeloid cells from the lamina
propria of the murine intestine. The isolation procedure is based on
an EDTA-mediated dissociation of the epithelium and subsequent
enzymatic digestion of the extracellular matrix. The separation of
leukocytes from epithelial cells and extracellular matrix components
is achieved by Percoll density gradient centrifugation. We also sug-
gest a staining protocol to identify the various ILC subsets within
the lamina propria. While there are certainly various ways to identify
the known ILC subsets, we propose a strategy that can easily identity
most relevant ILC subsets within a limited number of stains without
the use of any specific genetic mouse models (e.g., reporter mice for
lineage-defining transcription factors).

2 Materials

For 3.1 Tissue Harvest

Pre-made solutions Phosphate buffered saline (PBS).
General supplies 50 mL conical test tubes.

Scissors (straight 23 mm edge) and scalpels (blade size #21).
Petri Dishes.

For 3.2 Cell Isolation
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General supplies 50 mL conical test tubes.

Scissors (straight 23 mm edge) and scalpels (blade size #21).

70 pm cell strainer.

Cell Dissociation Medium Hank’s balanced salt solution (HBSS)
with phenol red without calcium or magnesium. Supplement
HBSS with 10 mM HEPES bufter and 5 mM EDTA. We recom-
mend to prepare a sterile 0.5 M EDTA stock and dilute it 1:100.
Digestion Solution HBSS without phenol red (with calcium and
magnesium) supplemented with 500 pg,/mL collagenase D, 500 pg/
mL DNasel, dispase (0.5 U/mL), and 2% FCS (see Note 5).
DMEM-10 Dulbecco’s modified Eagle medium (DMEM) with
10% fetal calf serum (FCS) and 80 mM 2-mercaptoethanol, 8 mg/
mL glutamine, 100 U/mL penicillin, 0.4 mg/mL gentamicin, and
100 mg/mL streptomycin.

For 3.3 Cell Purification
Pre-made solutions Percoll.
10x PBS.

General supplies 50 and 15 mL conical test tubes.

Pasteur pipettes.

DMEM-10 Dulbecco’s modified Eagle medium (DMEM) with
10% fetal calf serum (FCS) and 80 mM 2-mercaptoethanol, 8 mg/
mL glutamine, 100 U/mL penicillin, 0.4 mg/mL gentamicin, and
100 mg/mL streptomycin.

For 3.4 Flow Cytometry

General supplies  V-bottom 96-well plates.

Stoining buffer for flow cytometry PBS supplemented with 2% FCS.
Formaldehyde based fixation and permenbilization solution (we rec-
ommend “Foxp3/Transcription Factor Staining Buffer Set” from
eBioscience; see also Note 15).

Fluorochrome-coupled antibodies.

3 Methods

3.1 Tissue Harvest

As lamina propria lymphocytes are extremely sensitive, all steps are
carried out on ice, unless specified otherwise.

1. Prepare 10 cm petri dishes with ice-cold PBS before the beginning
of the experiment and place on ice. Keep the lids for step 12.

2. After opening the peritoneal cavity, dislodge the small intestine
and colon gently with forceps out of the peritoneal cavity.
Try to already remove the mesenteric fat during this process.
Cut oft the caecum and place the small intestine and colon into
separate petri dishes with PBS (Fig. 1). If preparation of cecal
leukocytes is planned, the caccum can be processed in a similar
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3.2 Cell Isolation 7.

fashion. If the intestines have been separated, treat every piece
as a distinct entity during the following protocol.

. Since we are interested in the ILC of the lamina propria,

remove the Peyer’s patches (of the small intestine) with your
scissors (see Note 1). All leftover fat tissue should be removed
meticulously (see Note 2).

. Cut open the intestine longitudinally with straight 23 mm-

edge scissors and swirl it quickly in the petri dish to remove
large parts of the feces.

. Fill up a 50 mL conical tube with approximately 25 mL ice-

cold PBS and transfer the gut into it. Repeat steps 2-5 for
every mouse that will be analyzed (see Note 3).

. Close the tube and shake it intensely. Replace the PBS with

fresh one and repeat this step until no macroscopic feces can be
detected on the tissue anymore.

Prepare a 50 mL conical tube with 5 mL cell dissociation
medium. Transfer the clean gut into this tube.

. Incubate the samples at 37 °C agitating (120 rpm) in a shaker

for 20 min (see Note 6).

. Remove from shaker and vortex the tube containing the gut

and the cell dissociation medium for 15 s at maximal intensity.
Discard the supernatant (contains epithelial cells) and refill it
with fresh 5 mL cell dissociation medium (see Note 4). Repeat
the incubation from step 8 and vortex again as in step 9.

Stomach

Caecum
y Distal@

i3
Colon Rectum *

Fig. 1 Sketch of the murine gastrointestinal system (not proportional). Within the
peritoneal cavity the following intestinal sections can be found from cranial to cau-
dal: stomach, small intestine (consisting of duodenum, proximal and distal jejunum,
ileum), caecum and colon. Scissors mark possible incision points for the separate
preparation of different compartments (e.g., small intestine and colon)
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After vortexing the gut for a second time, immediately transfer
the gut into ice-cold PBS.

Prepare digestion solution during the last incubation step. You
will need 15 mL digestion solution per sample (small intestine
and colon count as two samples!) (see Note 5).

Take the tissue out of the PBS and shortly dab it on a paper
towel. Then transfer it to a petri dish lid. Use the scissors to cut
the gut into small pieces and mince it further with a scalpel.
Transfer the gut-mash into a 50 mL conical tube with 5 mL
digestion solution.

Incubate the samples at 37 °C agitating in a shaker for 20 min
(see Note 6).

Prepare collection tubes by placing 70 pm cell strainers on
50 mL conical tubes. Add 15 mL of DMEM-10 to each tube.

Remove sample from shaker and vortex for 20 s at maximal force.
Pour the supernatant through the cell strainer into the collection
tube. Collect the gut mash from the strainer surface and retransfer
it into the digestion tube. Add 5 mL fresh digestion solution and
repeat steps 13-15 two more times (see Note 7). To increase the
cell yield, flush the strainer with 2 mI. DMEM-10.

. Pellet the cells for 10 min at 800 x g at 20 °C (see Note 8).
17.

Prepare a Percoll density gradient by adding first 1 vol. of 10x
PBS to 9 vol. Percoll solution. We regard this 90 % Percoll solu-
tion as stock solution. Per sample prepare 3 mL “80%” Solution
by adding 600 pI. DMEM-10 to 2.4 mL Percoll stock solution
and 5 mL “40%” solution by adding 3 mL. DMEM-10 to 2 mL
Percoll stock (see Note 9). Fill 3 mL of “80%” solution into a
15 mL conical tube.

Resuspend the pellet in 1 mL “40%” Percoll solution and after-
wards add the remaining 4 mL and resuspend it shortly again.
Now slowly overlay the 3 mL “80%” with the 5 mL “40%”
solution containing your harvested cells (se¢ Note 10).

Now centrifuge the gradient for 20 min at 1300 x4 without
break. This step has to be carried out at room temperature,
since temperature differences will affect the gradient. Be sure
to disable the break function of your centrifuge, as it would
disrupt the gradient.

Remove the upper phase containing fat and cell debris with a
suction pump or a Pasteur pipette. Use a fresh Pasteur pipette
to collect the ring interphase between the “80%” and “40%”
phases and transfer it into a fresh 15 mL conical tube.

Fill up the tube with flow cytometry buffer, invert it shortly
and centrifuge it for 10 min at 800 xg. From now on, all
centrifugation steps can be done at 4 °C (see Note 11).
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3.4 Flow Cytometry

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Resuspend cells in ~500 pL flow cytometry buffer containing
Fc-Block (CD16/CD32 IgG2b). At this step you can count
the cells.

Aliquot 2.5 million cells into each well of a V-bottom 96-well
plate. Spin down at 450 x 4 for 5 min at 4 °C. The cells should
be kept on ice or at 4 °C throughout the staining procedure
and all centrifugation steps are done as described in this step
(see Note 12).

Wash the cells by resuspending them in 200 pL flow cytometry
staining bufter. Spin down.

Resuspend the cells in 50 pL staining buffer containing the
lineage staining cocktail antibodies and incubate for 25 min on
ice or at 4 °C (see Note 13).

Wash the cells twice by adding staining buffer up to 200 pL
each time.

Resuspend the cells in 50 pL staining buffer containing the
surface staining cocktail antibodies and incubate for 25 min on
ice or at 4 °C in the dark (see Note 14).

Wash the cells twice by adding up to 200 pL staining buffer
each time.

Fix the cells in 100 pL formaldehyde-based fixation and
permeabilization solution overnight at 4 °C in the dark
(see Note 15).

Wash the cells twice by adding staining bufter (or permeabiliza-
tion buffer if the “FoxP3 Kit” is used) up to 200 pL each time.

Resuspend the cells in 50 pL staining buffer (or permeabiliza-
tion bufter if “FoxP3 Kit” is used) containing the transcription
factor staining cocktail antibodies and incubate for 2 h on ice
at 4 °C in the dark (see Note 16).

Wash the cells twice by adding 200 pL staining bufter (or per-
meabilization buffer if “FoxP3 Kit” is used).

Resuspend the cells in 200 pL staining buffer and acquire at
the flow cytometer.

The gating strategy to identify all currently known ILC popu-
lations using the stainings listed within this protocol can be
seen in Fig. 2.

4 Notes

. The Peyer’s patches can be found at the contra-mesenteric side
of the gut. These patches can also be collected and processed
like normal lymph nodes.

. Be careful not to dry out or warm up the gut during this step.
Leftover fat will affect the efficiency of the Percoll gradient
later on.
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Fig. 2 Analysis of ILC subsets based on lineage defining transcription factors and IL-7 receptor expression.
Lymphocytes from the small intestinal lamina propria were isolated, stained, and analyzed by flow cytometry.
Percentages of cells in the respective gates may vary according to genetic background and health status of
the mouse. As CD45.2 is not expressed in all mouse strains, anti-CD45 or anti-CD90 can be used instead
(see Note 14). *ILC1: this population includes ex-RORyt* ILC3 [17], which can be distinguished using genetic
models or by co-staining with CD27 in the small intestine [5]
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3.

As the removal of the gut, the clearance of mesenteric fat,
Peyer’s Patches and the longitudinal opening are time inten-
sive and represent a very vulnerable phase at the same time, we
recommend to process one mouse at a time until the pre-
cleaned gut is put into cold PBS. Due to the high sensitivity to
timing, we recommend to start with no more than four gut
equivalents (i.e., two small intestines and two colons) during
the first runs of this protocol. More experienced users will be
able to increase this number to up to eight guts.

. The EDTA from the cell dissociation medium will sequester

the divalent ions (mostly Calcium) from epithelial cell-
junctions, making it possible to remove the epithelial layer by
mechanical force. Depending on the mouse model you can
shorten the incubation time from 20 to 15 (or even less)
minutes. Have an eye on the color of the cell dissociation
medium, if it turns bright-orange or yellow immediately
replace it with fresh cell dissociation medium. A low pH will
result in massive apoptosis of lamina propria lymphocytes. If
you are interested in epithelial cells of the gut as well, you can
also collect the supernatant after step 9 and proceed with it as
needed (e.g., put it into Trizol for RNA extraction).

. You will need three times 5 mL digestion solution for the prep-

aration of one sample. Since the enzymes are heat sensitive,
this solution should be kept on ice until use. In order to
increase viability of your cells, you can raise FCS levels up to
5%. But be aware that higher FCS concentrations will reduce
digestion efficiency. Some antigens (such as CD27) will be
cleaved off by dispase. If your molecule of interest cannot be
found on the surface, try leaving out the dispase from the
digestion solution. Although extracted cell numbers will drop
dramatically, some antigens can be identified this way.

. Place the tubes into the shaker in a way that the solutions are

constantly mixed thoroughly. We recommend a speed of 120 rpm
and an angle of approximately 30° (0° being horizontal). Optimal
conditions will differ from one model to another.

. In order to increase your yield, you can flush the strainer after

the first digestion with 2-3 mL DMEM-10. During the first
digestion you will collect approximately 60-70% of your total
lymphocytes. More and longer digestion periods will increase
the number of cells you dissociate from the lamina propria, but
will negatively affect your cell viability.

. A good indication of a successful gut preparation is a slight

pink to red color of the tissue. The color originates from
erythrocytes, which are very sensitive to cell death. At the
end of step 16 you should be able to see a small red ring
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within your pellet. If you do not see it, most likely your cells
died during the previous steps.

. The “80%” and “40%” refer to percentage of Percoll stock

solution. The actual Percoll dilutions are 72% and 36%,
respectively.

Resuspension in 1 mL using a 1000 pL pipette will result in a
more homogenous cell suspension. Single cells are more likely
to traffic through the gradient undisturbed and end up in the
right density layer. In order to overlay the “80%” solution with
your “40%” Percoll containing the lamina propria lympho-
cytes, tilt the tube to an almost horizontal angle, decrease your
pipette boy strength and slowly pipette the solution into the
tube. The speed should be determined by gravity and not by
the pump of your pipette boy as it will disrupt the layers. Be
particularly careful when releasing the last drop of the solution
as most pipette boy models will push it out with a certain force.

Inverting the tube is important as just filling it up might not dis-
turb the Percoll layer. This would inhibit pellet formation. When
removing the supernatant after centrifugation, it is advisable to
remove it with a pipette boy until there is less than 1 mL left.
Remove that last bit completely with a 1000 pL pipette.

2.5x 106 cells per staining is enough to accurately analyze pop-
ulations and subpopulations of ILC in the small intestine and
colon. More cells can be used but we advice not to use more
than 5x10°¢ cells per well. If five million cells are used, the
volumes used for the staining steps should also be doubled.

The antibody cocktail to exclude T cells, B cells, and neutro-
phils/monocytes includes the following antibodies:

Antigen Clone Dilution
CD3 145-2C11 1:600
CD5 53-7.3 1:1000
CD19 MB19-1 1:100
Ly6C/G (Grl) RB6-8C5 1:600

We recommend using biotinylated antibodies for the lineage
cocktail, which can then be visualized by fluorophore-coupled
streptavidin. In general, regular resuspension of cells in the
staining solution will positively affect your staining efficiency
(also for the surface and transcription factor stainings).

The following surface staining cocktail, in combination with
subsequent staining for transcription factors, enables the visu-
alization of most populations of ILC in the gut. It includes the
following antibodies:
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Antigen

Clone Dilution

IL7Ra
CD45.2°
CCR6

Streptavidin®

A7R34
104

1:100
1:200
29-21.17 1:100

— 1:8300

“This will work for C57BL /6, all 129 strains, BALB /¢ and
CBA mice. For all other mouse strains, anti-CD45 (clone
30-F11) or anti-CD90 (clone G7) can be used.

bStreptavidin coupled to a fluorochrome of your choice.

15. We recommend fixing the cells in the “Foxp3/Transcription
Factor Staining Buffer Set” from eBioscience overnight as it
gives the brightest transcription factor staining, but any other
formaldehyde based fixation should work as well. A minimum
of 30 min fixation at 4 °C is needed, but better results can be
obtained by fixing overnight.

16. Transcription factor staining cocktail:

Antigen

Clone Dilution

RORyt
T-bet
GATA-3

Eomes

B2D

4B10

TWAJ
DANI1mag

1:200
1:200
1:200
1:200
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Chapter 18

Analysis of Leukocytes in Oral Mucosal Tissues

Asaf Wilensky, Gabriel Mizraji, Yaara Tabib, Hafez Sharawi,
and Avi-Hai Hovav

Abstract

The oral mucosa is constantly exposed to an immense amount of microorganisms, while some colonize the
various anatomical niches existing in the oral cavity. To deal with such a complex challenge, the oral muco-
sal immune system must tolerate commensal microorganisms but prevent invasion of pathogens. Such
activity is likely to be achieved by a wide range of mechanisms that could be similar or different to those
employed by other mucosal tissues. The dental biofilm represents a unique challenge to the mucosal
immune system, and inadequate immune responses might lead to periodontal diseases and the associated
adverse systemic complications. It is thus crucial to study the mechanisms by which the oral mucosal
immune system maintains homeostasis, and also induces protective immune responses against pathogens.
To facilitate probing oral mucosal immunity, we describe here methods allowing immunological analysis
of murine oral tissues using flow cytometry and immunofluorescence techniques.

Key words Oral, Mucosa, Immunity, Flow cytometry, Periodontitis

1 Introduction

The oral cavity is a unique anatomical structure, containing both
soft and hard tissues that are continuously challenged by foreign
antigens from air, food, and microorganisms. The major function
of the local immune system is to protect the various tissues of the
oral cavity such as teeth, gingiva, and jaws. This is achieved by
maintaining immunological and microbial homeostasis, enabling
the survival of commensals in the oral cavity while controlling their
load and ability to invade the mucosa [1]. Upon infection with a
pathogen, the oral mucosal immune system should induce an effec-
tive immune response that will prevent invasion with a minimal
damage to the mucosa [2]. However, the presence of teeth, the
only hard tissue in the body exposed to the hostile external envi-
ronment, makes these immunological tasks highly complicated.
Bacteria colonizing the tooth surface develop a complex and
chronic biofilm, which puts a difficult challenge to the adjacent
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gingiva responsible to maintain local homeostasis [3, 4].
Nevertheless, this equilibrium is often disrupted, resulting in an
excessive inflammatory response destructing soft and hard tissues
[5]. Moreover, this can also facilitate intravascular dissemination of
microorganisms throughout the body associated with adverse sys-
temic conditions [6].

During the past decades much progress has been made in our
understanding of the oral mucosal immune system. This is mainly
attributed to work involving mouse studies, and the development
of various models of experimental periodontitis. These studies
revealed the important role of innate immunity components such
as complement, neutrophils, and dendritic cells, as well as elements
of adaptive immunity, particularly CD4* T cells, in inducing and
regulating mucosal immunity against various oral immunological
challenges [7-10]. Still, our knowledge regarding the mechanisms
utilized by the oral mucosal immune system to fight pathogens is
quite limited. Furthermore, the mechanism by which oral immu-
nological and microbial homeostasis is maintained remains largely
unexplored.

In this chapter, we provide a detailed description of methods
enabling examination of oral mucosal immunity at steady state and
inflammatory conditions. To induce inflammation we choose to
describe the clinically relevant experimental periodontitis model, a
technique by which an oral pathogen such as Porphyromonas gingi-
valis is inoculated by oral gavage to induce inflammation-driven
bone loss. The chapter also describes how to excise and process
various oral tissues, thus facilitating immunological analysis in
other experimental settings.

2 Materials

2.1 Murine Model
of Periodontitis

2.2 Isolation
of Murine Oral Tissues

. 8-10-week-old, sex- and weight-matched mice.

. Anaerobic Wilkins media (Wilkins-Chalgren Anaerobe
Broth—Oxoid).

. Porplyromonas gingivalis (P. gingivalis).
. Carboxymethyl cellulose (CMC).

. Anaerobic sterile saline solution.

. Gavage needle No. 22.

N~
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. Sharp tissue scissors.

. Scalpel holder and No. 10, 15C blades.

. Tissue pliers.

. Working solution: 2% FCS in PBS (Ca* and Mg"* free).
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2.3 Epithelial Sheet 1. Dispase II.
Separation 2. PBS (Ca* and Mg" free).
2.4 Flow Cytometry 1. Working solution: 2% FCS in PBS (Ca* and Mg free), pH 7.2.
2. Propidium Iodide solution or 7-AAD for live/dead cell
discrimination.
3. 70-pm nylon cell strainers.
4. The specifics and source of monoclonal antibodies used for
flow cytometry are provided in Table 1.
2.5 Immuno 1. Hoechst stain.
fluorescence 2. 4% paraformaldehyde or 95 % ethanol.
Microscopy 3. Optimal Cutting Temperature (O.C.T.) compound (Sakura).
4. Liquid nitrogen.
5. Working solution: 2% FCS in PBS (Ca* and Mg* free), pH 7.2.
6. Dispase 11 solution—2 mg,/ml in Working solution.
7. Blocking solution: 8% FCS and 5% Triton in PBS.
8. The specifics and source of monoclonal antibodies used for
immunofluorescence staining are provided in Table 2.
Table 1
Antibodies used for FACS analysis of leukocytes present in murine oral mucosa
Specificity Clone Species Isotype Supplier
CD45 104 Mouse (SJL) IgG2a, Biolegend
MHC II M5/114.15.2 Rat IgG2b, k Biolegend
CDllc N418 Armenian Hamster 1gG Biolegend
CD3 17A2 Rat IgG2b, Biolegend
CD19 6D5 Rat IgG2a, K Biolegend
NKI.1 PK136 Mouse IgG2a, Biolegend
CDl11b M1,/70 Rat IgG2b, Biolegend
Ly6C HKI1 .4 Rat I1gG2c, k Biolegend
Ly6G 1A8 Rat IgG2a, Biolegend
CDh4 GK1.5 Rat IgG2b, k Biolegend
CD8a 53-6.7 Rat IgG2a, x Biolegend
EpCAM G8.8 Rat IgG2a, Biolegend
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Table 2

Antibodies used for immunofluorescence analysis in this study
Specificity Clone Species Isotype Supplier
Langerin eBiol.31 Rat IgG2a eBioscience
MHC II M5/114.15.2 Rat IgG2b, Biolegend
Hoechst Sigma

3 Methods

3.1 Murine Model
of Periodontitis

3.1.1  Growing of
P gingivalis

3.1.2  Preparation of
P, gingivalis for Oral
Gavage

There are various models to induce experimental periodontitis. In
this section we describe a widely used method involving an oral
gavage to administer the oral pathogen P. gingivalis (other oral
pathogens can be also inoculated this way). In this model the mice
are inoculated several times with the pathogen, however, the num-
ber of gavages and the intervals between them varies among the
different groups employing this method. Here, we describe an
approach successfully used in our laboratory in which the mice
receive three consecutive gavages with 2-day intervals (see Note 10).

Prior to growing P. gingivalis prepare Wilkins media as indicated
by the manufacturer, and place in an anaerobic jar at 37 °C for at
least 6 h.

1. Grow frozen P. gingivalisin 9 ml of anaerobic Wilkins medium.
Incubate in anaerobic conditions, 37 °C for 24 h.

2. Check the bacteria in the microscope. If there are no signs of
contamination (for instance, shape and motility), transfer 1 ml
of P. gingivalis to new 9 ml of anaerobic Wilkins medium.
Incubate for 24 h at 37 °C.

3. Check the bacteria in the microscope. If there are no signs of
contamination add 90 ml of anaerobic Wilkins medium.
Incubate at 37 °C for 1 day.

Prepare anaerobic sterile saline solution (250 ml approximately).

1. Spin down bacteria in a pre-cold centrifuge at 4500 x4 at 4 °C
for 20 min.

2. Discard supernatant, add 40 ml of cold anaerobic saline solu-
tion and mix the bacteria.

3. Centrifuge at 4500 x4 at 4 °C for 20 min.
4. Repeat steps 2 and 3.

5. Add 2 ml of cold anaerobic saline solution, mix well and place
the bacteria on ice.



3.2 Isolation of Oral
Tissues

3.2.1 Isolation
of the Buccal Mucosa

10.

11.
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. Quantify bacterial number using spectrophotometer.
. Prepare 4% CMC with saline solution (2 g of CMC in 50 ml

of saline solution), on a hot plate at 56 °C with magnetic stir-
rer. Once the powder has dissolved place the CMC on ice.

. Mix equal volume of 4% CMC with P. gingivalis to obtain

bacteria in 2% CMC.

. Aspirate the prepared bacteria with a 2 ml syringe and cap it

with the gavage needle.

Hold the mouse, insert the needle into the oral cavity and drop
200 pl of the bacteria in 2% CMC (Fig. 1a) (see Note 11).

Repeat Subheadings 3.1.1 and 3.1.2 two more times with 48 h
intervals.

The oral cavity has distinct anatomical niches, each with its unique
leukocyte content, thus suggesting an immunological functional
specification. To isolate each niche properly, one should have a
deep understanding of the anatomy of the murine oral cavity
(Fig. 1b) (see Note 1).

The buccal mucosa is located at the sides of the oral cavity poste-
rior to the commissure, anterior to the anterior pillar and between
the upper and lower vestibule (Fig. 2a).

1.

Using scissors, cut the buccal mucosa in the lower vestibule
until the mandibular ramus.

. Cut the ramus of the mandible, in a deep and strong cut (exter-

nally of the anterior pillar).

. Repeat this step on the other side of the mouth and then pull
down the mandible.

Gingiva
Molars

Tongue

Fig. 1 (a) Representative photograph demonstrating the inoculation of a mouse
with P, gingivalis in 2% CMC solution by oral gavage using a syringe No. 22. (h)
Schematic representation of the oral mucosal surfaces described in this study
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Fig. 2 Representative photographs demonstrating the anatomical location of the
(a) buccal mucosa (white lines), gingiva (black lines), palate mucosa (yellow
lines) and (b) sublingual mucosa

4. Using scissors, incise upper vestibule.

5.

Using a No. 15C blade delineate the anterior and the posterior
limits of the oral mucosa (see Note 4).

6. Peel off and place the tissue in 1 ml of Working solution in a

plate.
3.2.2  Upper Gingiva The gingiva covers the alveolar bone. We describe the isolation of
and Palatal Mucosa the gingiva surrounding the upper molars (Fig. 2a) (se¢ Note 2).

1. Perform steps 1-3 of Dbuccal mucosa isolation
(Subheading 3.2.1).

2. Using sharp bladed scissors, placed perpendicular to the plane
of the palate, make a lateral cut (from right to left) 1 mm pos-
terior to the third molar (it is important to cut through both
soft and hard tissues).

3. With the same scissors, make another lateral cut 2 mm poste-
rior to the incisors.

4. Expose the nasal cavity by pulling down the nose (anterior to
the last cut).

5. Detach the palatal and the maxillary bone from the skull using
scissors placed parallel to the plane of the palate, one blade
inside the nasal cavity and the other laterally (on the mucogin-
gival line) and then make the incision (se¢ Note 3).

6. Repeat the last step in the other side of the mouth.

7. Detach the palatal and maxillary bone.



3.2.3 Sublingual Mucosa

324 Tongue

3.3 Epithelial Sheet
Separation

3.3.1 Separation
of the Epithelial Layer
(see Note 5)
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8. Peel off the soft tissue from the bone using tissue pliers. It is
easier to begin from the anterior aspect.

9. Place the soft tissue on paper (the epithelial side toward it).
With a No. 15C blade separate the gingival tissue from the
palatal mucosa.

10. Place the tissue in 1 ml of Working solution in a plate.

The sublingual mucosa covers the floor of the mouth and it is situ-
ated beneath the tongue, limited by the gingiva laterally and ante-
riorly and with the ventral aspect of the tongue base posteriorly
(Fig. 2b).

1. Perform  steps 1-3 of Dbuccal mucosa isolation
(Subheading 3.2.1).

2. Separate the mandible from the mouse and secure it with nee-
dles. One needle in the tongue stretching it backward. Place
two additional needles on the sides.

3. With a No. 15C blade incise next to the mandibular bone sep-
arating the gingiva from the sublingual tissue at both sides.

4. With Dumont #5c¢ forceps penetrate from the lateral cut and
separate the mucosa from the subjacent muscular tissue.

5. Make anterior and posterior incisions with small scissors.

6. Peel off the sublingual mucosa and place it in working media.

1. Grasp the tongue with Adson forceps and cut the tongue at its
base.

2. To separate the dorsal and ventral aspect cut the tongue trans-
versally with a No. 10 blade.

3. Place the tissue in 1 ml of Working solution in a plate.

Soft tissues of the oral cavity are frequently exposed to bacteria and
other microorganisms. Host-microbe homeostasis is considered to
involve interaction between the outermost layers (i.e., the epithe-
lium) and oral microbiota. The oral mucosal epithelium is strati-
fied, allowing simple separation from the underneath lamina
propria layer while leaving both layers intact.

1. Incubate the oral tissues in 2 ml of Dispase II solution per
sample for 35 min at 37 °C. For sublingual and buccal tissues,
incubate for 1 h. To separate the tongue epithelium, dissect it
to dorsal and ventral halves and then incubate in 1 mg/ml of
Dispase II solution at 4 °C for 4 h.

2. Under a stereoscope, place the samples with the epithelium
side facing up. Use delicate forceps in order to remove the
epithelium from the underlining submucosa (se¢ Note 6).
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3.4 Processing
Murine Oral Tissues
for Preparation

of a Single Cell
Suspension

3.5 Flow Cytometry
Staining (see Note 7)

3.6 Whole Mount
Immunofluorescence
Staining

1.

Mince the tissue to tiny pieces using a blade, and transfer it to
a 15 ml test tube (see Note 8).

. Rinse the plate with 1 ml of digestion solution and transfer it

to the same 15 ml test tube.

. Incubate for 20 min at 37 °C in a shaker.

4. Add 20 pl of 0.5 M EDTA per 2 ml sample to the digested tis-

sue and incubate for an additional 10 min in order to stop the
enzymatic activity.

. Wash the cells with 10 ml of Working solution and spin down

for 8 min at 400 x 4.

. Remove the supernatant and add 2 ml of Working solution.

. Filter the samples through a 70-pum cell strainer and then spin

down the sample for 6 min at 300 x 4.

. Remove the supernatant leaving 300 pl for further staining.

. Count the cells.

. Prepare the antibodies for staining: add the total volume of the

antibodies required to stain all samples to washing medium
(100 pl of washing medium per sample).

. Add 100 pl of the antibody solution to each sample, vortex

and keep on ice for 15 min in the dark (se¢ Note 9).

. Wash the cells with 2 ml of Working solution and spin down

for 6 min at 300 xg.

4. Remove the supernatant and add 300 pl of Working solution.

. Filtrate each sample through a 70-pm nylon cell strainer into a

FACS tube.

. Add 2 pl of the propidium iodide solution 10 min before

acquiring the sample in a flow cytometer.

. Please see Figs. 3 and 4 for gating strategies and representative

results obtained from mice infected with P. gingivalis.

. Separate the epithelial and lamina propria layers as described in

Subheading 3.3.

. Transfer the separated tissues into 4% paraformaldehyde at

4 °C for 1 h orinto ice-cold 95 % ethanol at =20 °C for 45 min.

. Soak the samples in PBS for 15 min at room temperature on a

shaker, and repeat this step three times.

. Incubate the samples in blocking solution for 1 h at room tem-

perature on a shaker.

. Transfer the samples into primary antibody solution (diluted

1:100 in blocking solution) at 4 °C overnight.

. Wash the samples with PBS for 15 min at room temperature

on a shaker, and repeat it three times.
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Fig. 3 Gating strategy for the analysis of leukocyte subsets in the oral mucosa. A general gate is performed on
SSC/FSC plot to discard cell debris. Doublets are then excluded by gating on the events positioned on a diagonal
of FSC-A (area) and FSC-H (height). Live leukocytes are selected by gating on cells that are CD45* but negative
for propidium iodide. The various leukocyte subsets can then be identified using common surface markers
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Fig. 4 Inoculation of P. gingivalis by oral gavage induces a local inflammatory response in the gingiva. Mice
were inculcated with P, gingivalis and 3 days later the frequency of (a) total leukocytes and (b) neutrophils was

determined in the gingiva by flow cytometry
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7. Transfer the samples into secondary antibody solution
(1:200 in blocking solution) at room temperature for 1.5 h on
a shaker.

8. Wash the samples with PBS for 15 min at room temperature
on a shaker, and repeat it three times.

9. Incubate in Hoechst solution (1 pl in 10 ml PBS) at room
temperature for 10 min on a shaker.

10. Wash the samples with PBS for 15 min at room temperature
on a shaker, and repeat it three times.

11. Under a stereoscope, using thin brushes flatten the samples on
slides in the desired orientation, dry the slides carefully with-
out touching the tissues, add fluorescence mounting medium
and close the slides with a cover glass.

12. Refer to Fig. 5 for representative results.

3.6.1  Immuno 1. Extract one side of the lower jaw from each mouse so all three
fluorescence Staining: molars will be included as one part, and insert the tissue into
Cross Sections 4% paratormaldehyde at 4 °C overnight.

2. To discard the bone and the enamel tissues transfer the samples
into 0.5 M EDTA pH 8.5 and incubate at 4 °C for 7 days.
Refresh with new solution every 2 days.

3. Immerse the samples into OCT, snap-freeze in liquid nitrogen,
and store at —80 °C until use.

Tongue Gingiva Buccal
(Whole mount) (cross section) (Whole mount)

100 pm

Langerin Hoechst Langerin Hoechst Langerin MHCII

Fig. 5 Immunofluorescence analysis of oral mucosal tissues. (a) An epithelial layer from the dorsal aspect of
the tongue from a naive B6 mouse was stained for langerin (red), and Hoechst (nuclei, blue) and analyzed by
confocal microscopy. (b) Gingival cross section of a naive B6 mouse was stained with antibodies against lan-
gerin (red) and Hoechst (blue) for immunofluorescence analysis. (¢) An epithelial layer from the buccal of a
naive B6 mouse was stained for langerin (green), MHCII (rec), and Hoechst (nuclei, blue) and analyzed by
confocal microscopy
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. Using a cryostat cut 8 pm cryosections of the jaw and incubate

in a closed chamber at room temperature overnight. The next
day store at —80 °C until use or begin the staining.

. Section can be stained with H&E using standard procedures,

or by immunofluorescence using the protocol indicated in
Subheading 3.6.1 (steps 3-10).

. Dry the slides carefully without touching the tissues, add fluo-

rescence mounting medium and close the slides with a cover
glass.

. Please see Fig. 5 for representative results.

4 Notes

. In this study, we did not specify the strain of P. gingivalis used

to induce inflammation. Several strains of P gingivalis are
described in the literature, and each one of them can be used
to induce local inflammation by oral gavage. Nevertheless, the
various strains might differ in their capacity to cause periodon-
tal bone loss.

. When performing an oral gavage, most of the bacterial solu-

tion should be placed in the oral cavity of the mouse. Hence,
pull out the needle slowly while injecting the solution.

. Excision of the oral mucosal tissues described above requires a

profound understanding of the anatomy of the oral cavity. We
highly recommend including a dentist or an expert of the oral
cavity when executing for the first time the protocols described
in this study.

. Regarding Subheading 3.2.1 (Isolation of the buccal mucosa)

after the anterior and posterior incision the tissue retracts itself.
Take into consideration that the oral mucosa has a pallid pink
color and the muscle underneath is red.

. It is highly recommended to use magnifying lenses (Loupes)

when isolating oral mucosal tissues.

. Regarding Subheading 3.3.1, after the separation of the epi-

thelial sheet, you can use the cells for the distinct oral mucosal
tissues are located close to each other, and each tissue might
contain different types and frequencies of leukocyte subsets. It
is very important to precisely isolate the oral tissues, as failing
to do so will probably lead to inconsistent results.

. When separating epithelial layers, it is important to use the

recommended incubation times in a Dispase solution for each
tissue. Separation of the mucosal epithelium is relatively easy
but requires some practice.

. Regarding step 3.3.1, after the separation of the epithelial sheet,

you can use the cells for further RNA or protein isolation.
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9. When processing large numbers of mice, keep the tissues on
ice until processing.

10.

Due to the small size of the oral mucosal tissues, it is necessary

to pool tissues from at least 2—3 mice in order to obtain suffi-
cient cell numbers for flow cytometry analysis.

11.

Regarding step 3.5, it is recommended to stain cells inside a

hood, without light. Keeping the cells and the solutions on ice
throughout the procedure will increase cell viability.
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Chapter 19

Optimized Mouse Models for Liver Fibrosis

Yong Ook Kim, Yury Popov, and Detlef Schuppan

Abstract

Fibrosis is the excessive accumulation of extracellular matrix components due to chronic injury, with
collagens as predominant structural components. Liver fibrosis can progress to cirrhosis, which is charac-
terized by a severe distortion of the delicate hepatic vascular architecture, the shunting of the blood supply
away from hepatocytes and the resultant functional liver failure. Cirrhosis is associated with a highly
increased morbidity and mortality and represents the major hard endpoint in clinical studies of chronic
liver diseases. Moreover, cirrhosis is a strong cofactor of primary liver cancer. In vivo models are indispens-
able tools to study the cellular and molecular mechanisms of liver fibrosis and to develop specific antifi-
brotic therapies towards clinical translation. Here, we provide a detailed description of select optimized
mouse models of liver fibrosis and state-of-the-art fibrosis readouts.

Key words Biliary fibrosis, Carbon tetrachloride (CCLy), Cirrhosis, Collagen, Extracellular matrix
(ECM), Fibrosis, Hydroxyproline (HYP), Liver fibrosis, Mdr2-knockout, Metavir staging, Panlobular
fibrosis, Picrosirius Red, Thioacetamide (TAA)

1 Introduction

Fibrosis is defined as excessive deposition of extracellular matrix
(ECM) components resulting from a protracted wound-healing
response. Fibrosis is the default response to continuing tissue
injury and associated with most chronic inflammatory diseases.
Advanced fibrosis leads to replacement of functional by scar tissue,
a distortion of the normal vascular architecture and organ dysfunc-
tion or even demise. Moreover, advanced fibrosis is a predisposi-
tion for the development of cancers, especially in epithelial organs.
Therefore fibrotic diseases are responsible for up to 45 % of overall
mortality worldwide [1, 2]. Liver fibrosis and its advanced stage
cirrhosis are characterized by vascular architectural distortion and
liver dysfunction resulting from chronic liver injury [3]. Major eti-
ologies of liver fibrosis and cirrhosis are chronic viral hepatitis B or
C, toxic (e.g., alcoholic) liver disease, autoimmune and biliary dis-
eases, ¢.g., primary biliary cirrhosis (PBC) and primary sclerosing
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cholangitis (PSC), and increasingly nonalcoholic steatohepatitis
(NASH), which is linked to obesity, type 2 diabetes, and metabolic
syndrome [2-5].

Notably, even advanced fibrosis is not considered any longer
static and irreversible, but rather a dynamic process due to a dysbal-
ance of fibrolysis (removal of excessive ECM) tilted in favor of
enhanced ECM synthesis and deposition (fibrogenesis). Thus long-
term suppression of the hepatitis B virus or elimination of the hepa-
titis C virus by effective antiviral therapies have shown that even
(clinically still compensated) cirrhosis can reverse to a noncirrhotic
liver over several years [6, 7]. Combined with the increasing under-
standing of the cellular and intercellular signaling underlying fibro-
genesis or fibrolysis, a relevant focus of translational research is now
aimed at (organ specific) antifibrotic therapies that do not only
inhibit progression but also induce reversal of advanced fibrosis.
Here not only the fibrogenic effector cells that produce the excess
ECM (mainly activated myofibroblasts), but also injured epithelia,
activated immune cells, and vascular cells, and their molecular spe-
cifics have become important pharmacological targets [1-5, 8]. In
basic and translational research the use of rodent models of liver
fibrosis has become indispensable. There exist more fibrosis models
for liver than for other organs, and several of these mirror impor-
tant facets of human pathology. Importantly, it appears that the
fibrotic responses in humans can be replicated fairly well by a good
selection of rodent (mainly mouse) models, and that differences of
involved downstream effector cells (mainly myofibroblasts) and
ECM molecules between species are less obvious than for example
for immune cells and cyto/chemokines [2, 4, 5,9, 10].

Here we present a selection of rodent liver fibrosis models that
we optimized for mechanistic studies and especially for testing and
validation of antifibrotic therapies, as an important step before
clinical translation [8, 9]. Among a variety of rodent models [11]
we prefer to use mouse models that incur much lower costs for
maintenance and reagents, and that permit broad mechanistic
studies due to the broad availability of transgenic animals. Here we
describe Mdr2 (Abcb4, bile canalicular phospholipid flippase)
knockout mice as a model of spontancously progressive secondary
biliary fibrosis [12, 13], and the refined models of toxin-induced
parenchymal liver damage and fibrosis, induced by carbon tetra-
chloride (CCL,) and thioacetamide (TAA) [14]. When performed
properly, the latter two models can be used to study both fibrosis
progression and its regression (after discontinuation of the toxin).
A combination of three of these models (Mdr2~/~ and toxin-
induced progression as well as regression) is a fairly good predictor
of fibrosis scenarios that occur in human livers, despite the usually
more aggressive and faster evolution of fibrosis in the experimental
models [1, 9]. Moreover, in our experience their combination is a
good predictor of antifibrotic drug effects in patients (own
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unpublished data). These (optimized) models have been character-
ized extensively by us and key readouts related to fibrosis, fibro-
genesis, and fibrolysis are well established [2, 9, 12-21]. While
mechanism and phenotype underlying fibrosis in the Mdr2~/~
knockout (accumulation of toxic bile acids in hepatocytes and ini-
tiation of a profibrogenic cholangiocyte response) are well defined
and have a human correlate (progressive familial intrahepatic cho-
lestatasis type 3, PFIC-3; resembling also secondary sclerosing
cholangitis, PSC) [13, 22, 23], the mechanisms of fibrosis induced
by CCL, and TAA have not been fully elucidated. CCL,, like other
haloalkanes, is activated by oxidases to yield the trichloromethyl
(CCl3) radical, which initiates lipid peroxidation and can react
with the sulthydryl groups of proteins leading to hepatocyte necro-
sis, apoptosis, and necroapoptosis [24, 25], with defective repair
and liver fibrosis that increases with the intensity and duration of
toxin exposure. Notably, fibrosis starts from the hepatic centrilob-
ular zone 3 and progresses towards the portal tracts of zone 1,
opposite to the biliary fibrosis in Mdr2~/~ mice. Likewise, the
thiono-sulfur-compound TAA is oxidatively bioactivated in hepa-
tocytes leading to reactive S and S-S oxides that react with amine-
lipids and amino groups of proteins. They are likely to be responsible
tor TAA hepatoxicity [26], yielding a liver damage and fibrosis pat-
tern similar to the CCL,, model, but with a more prominent zone
1 injury. Importantly, the advanced toxin models as performed by
us do not show a significant fibrosis regression (despite a favorable
architectural remodeling) after toxin discontinuation over up to 36
weeks, which makes them excellent predictors of “true antifibrotic
drug effects” for translation towards human studies. In this chap-
ter, we provide an indepth description of these models including
detailed experimental protocols for state-of-the-art fibrosis related
readouts including liver collagen quantification, general histomor-
phometry, and qRT-PCR.

2 Materials

2.1 Mouse Models

2.1.1 Model

of Hepatotoxin (CCL, or
TAA)-Induced Panlobular
Fibrosis Progression

and Fibrosis Regression

2.1.2  Model of Portal/
Periductular Fibrosis
(Mdr2-"- Mice)

1. 7-8-week-old sex- and weight-matched C57BL /6 or BALB /¢
mice (see Note 1).

2. Hepatotoxic reagent: Carbon tetrachloride (CCLy) or thio-
acetamide (TAA), mineral oil and distilled water as vehicle for
CCL,4 or TAA, respectively.

3. 1 ml syringe and gavage needle.

1. 6 week old female (male) Mdr2~/~ mice (C57BL/6) and their
wild type controls (see Note 2).
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2.2 Mouse
Anesthesia and Organ
Collection

2.3 Hydroxyproline
(HYP) Assay

2.3.1 Large Volume
Assay

2.3.2  Microplate Assay

2.4 Histology

2.4.1 Preparation
of Paraffin Sections

1.

2.
3.

Anesthetics (e.g., isoflurane, ketamine—xylazine mixture),
injection needle, and devices for mouse autopsy.

Balance.

Liquid nitrogen.

All solutions are made with ultrapure water (using deionized water
with a resistance of 18 MQ cm at 25 °C) and analytical grade
reagents. Preparation and storage of all reagents at room tempera-
ture (RT) (unless indicated otherwise).

(@ NS A T O I S

QN Ul R W N~

. Hand homogenizer or tissuelyser.

. Dry oven.

. Spectrophotometer.

. 6 N HCIL

. 50% isopropanol.

. 0.84% chloramine-T: 42 mM sodium acetate, 2.6 mM citric

acid, 39.5% (v/v) isopropanol, pH 6.0. Store at 4 °C.

. 12% Ehrlich’s reagent: 0.248 g of p-dimethylamino-

benzaldehyde in 0.27 ml of 60% perchloric acid and 0.73 ml
isopropanol. Should be prepared immediately before use.

. High purity hydroxyproline (HYP) for standards: 0, 0.1, 0.2,

0.4,0.6,0.8,1.0,and 1.6 pg HYP/ml water.

. Hand homogenizer or tissuelyser.
. Dry oven.

. Spectrophotometer.

. 96-well microplate.

. 6 N HCL

. Citrate-acetate acid buffer: 5% citric acid, 7.24 % sodium ace-

tate, 3.4% NaOH, 1.2% glacial acetic acid, pH 6.0. Can be
stored for several months at 4 °C, but should be used at RT
before assay.

. 1.3% Chloramine-T: 32 ml citrate-acetate buffer pH 6.0, 4 ml

distilled water, 4 ml isoropanol, 564 mg Chloramine-T hydrate
(see Note 3). Store at 4 °C.

. 14 % Ehrlich’sreagent: 4.5 g of p-dimethylamino-benzaldehyde,

7.8 ml of 70% perchloric acid, and 18.6 ml isopropanol.
Should be prepared immediately before use.

. High purity HYP for standards: 10, 20, 40, 60, 80, 100, and

200 pg HYP/ml water.

. Tissue processor.

2. Tissue embedder.

. Microtome.
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4. Water bath.

5. Glass slides and cover glass.

6. Mounting medium.

7.4% formaldehyde, a series of graded isopropanol/water,
xylene, paratfin wax.

8. Histology cassette and metal mold.

2.4.2  Picrosirius Red 1. Mayer’s hematoxylin solution.

Staining 2. Picrosirius Red solution: 0.5 g Sirius red, e.g., Direct Red 80,
500 ml of 1.3% saturated aqueous solution of picric acid. The
reagent can be stored at RT for at least 3 years.

3. Acidified water: 5 ml glacial acetic acid, 1 I distilled water.

4. Isopropanol and xylene.

5. Xylene-based mounting medium.

6. Light microscope, Image analyzer (ImageJ; NIH, Bethesda,
MD).

2.4.3  Hematoxylin 1. Mayer’s hematoxylin solution.

and Eosin Staining 2. 0.25% eosin Y solution: 250 ml eosin Y stock solution, 750 ml
80% ethanol, 5 ml glacial acetic acid. 1% stock solution: 10 g
eosin Y, 200 ml distilled water, 800 ml 95 % ethanol.

3. Ethanol and xylene.
4. Xylene-based mounting medium.

3 Methods

3.1 Model 1. Mice are maintained in specific pathogen-free conditions on a

of Hepatotoxin (CCL, 12-h light—12-h dark cycle in an air conditioned room at 25 °C

or TAA)-Induced and provided water and standard mouse pellet chow ad

Panlobular Fibrosis libitum.

Progression 2. Mice receive escalating doses of CCL4 (50,/50 vol. mixed with

and Regression mineral oil) three times per week via oral gavage, starting with
0.875 ml/kg (1st dose, week 1), 1.75 ml/kg (2nd to 9th dose,
week 1-4), 2.5 ml/kg (10th to 23rd dose, week 4-8), and
3.25 ml/kg (after week 8). The working solution can be stored
at RT (see Fig. 1).

3. Alternatively, fibrosis is induced by escalating doses of TAA dis-

solved in 200 pl PBS, intraperitoneally three times a week, start-
ing with 50 mg/kg (1st and 2nd dose, week 1) (see Note 4),
100 mg/kg (2nd to 5th dose, week 1-2), 200 mg/kg (6th to
10th dose, week 2—4), 300 mg/kg (11th to 15th dose, week
4-5), and 400 mg/kg (16th dose onwards, after week 6). The
working solution is stored at 4 °C. Prepare fresh solution every
week (see Fig. 2).
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Fig. 1 Changes of liver HYP content and Picrosirius Red stained area in the CCL,-induced fibrosis progression
and regression models in C57BL/6 mice. (a—d) HYP content per 100 mg liver and per whole liver. HYP content
expressed as (a) relative (g per 100 mg liver, derived from the left and median lobes) at week 1,2, 4, 6, and 8
of fibrosis induction, and (b) total hepatic HYP expressed as g per liver, at week 1, 2, 4, 6, and 8 of fibrosis



3.2 Model of Portal/
Periductular Fibrosis
(Mdr2-"- Mice)

3.3 Hepatic Collagen
Quantification (HYP
Assay) (See Note 7)

3.3.1  Protocol for Large
Volume Assay (See Note 8)
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. For the generation of an advanced fibrosis progression model,

mice are treated for at least 6 weeks, for induction of bridging
fibrosis/cirrhosis treatment is given for 10-12 weeks (see Note
5). To study (advanced or cirrhotic) fibrosis regression, toxins
are applied for 6 or 10-12 weeks, respectively, and the mice are
followed for 2—4 or up to 36 weeks off the toxin, with little or
no spontaneous regression, respectively [ 14] (see Figs. 1 and 2).

. Mice are sacrificed 1-2 days after the last CCL, or TAA appli-

cation by cervical dislocation under general anesthesia, livers
and spleens (plus other organs of interest) are excised and
weighed. Liver specimens from two lobes (e.g., left and right/
median) are either fixed in 4 % buftered formalin or snap-fro-
zen in liquid nitrogen for further analysis.

. Mdr2~/~ mice are maintained under specific pathogen-free

conditions on a 12-h light-12-h dark cycle in an air condi-
tioned room at 25 °C and provided water and standard mouse
pellet chow ad libitum.

. These mice develop spontaneously progressive biliary fibrosis

until 15-18 week of age, with a maximal progression rate from
week 4-12 (see Fig. 3 and Note 6).

. Mice sacrifice and organ sampling are performed as described

in Subheading 3.1.

. Homogenize the liver tissue (150-300 mg liver samples from

two different lobes; these amounts of tissue are necessary for
optimal reproducibility due to the inhomogeneity of the fibro-
sis) in 5 ml of 6 N HCI and hydrolyze at 110 °C for 16 h (see
Note 9).

. After hydrolysis, let samples cool and filter the hydrolysate, then

evaporate 50 pl aliquots under vacuum and remove residual
HCl via evaporation after addition of methanol (se¢ Note 10).

. Dissolve the sediment in 1.2 ml of 50 % isopropanol.
4. Incubate with 0.2 ml of 0.84 % chloramine-T for 10 min at RT.
. Add 1.0 ml of 12 % Ehrlich’s reagent and incubate the mixture

at 50 °C for 90 min.

Fig. 1 (continued) induction. (c) Relative HYP content (ug per 100 mg liver) at week 1 and 4 after cessation of
a 6-week treatment with CCL, (fibrosis regression), (d) total hepatic HYP (ug per whole liver) at week 1 and 4
of regression. Results are expressed as means=SEM (n=6-10 per group). *p<0.01, **p<0.001 as com-
pared to vehicle (a and b) and to 6 weeks fibrosis control (¢ and d) (ANOVA). (e—j) represent the respective
Picrosirius Red stained livers during the course of fibrosis progression and regression. (e) Week 0 control
(Ishak 0), (f) week 1 (Ishak 1), (g) week 2 (Ishak 2), (h) week 4 (Ishak 3), (i) week 8 (Ishak 4, with full developed
septal fibrosis), (j) incipient degradation of septal fibrosis at 4 weeks of regression following 6 weeks of CCL,
induction. Magnification x100, scale bar 100 pm
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Fig. 2 Changes of liver HYP content and Picrosirius Red stained area in the TAA-induced fibrosis progression and
regression models in C57BL/6 mice. (a—d) HYP content per 100 mg liver and per whole liver. HYP content
expressed as (a) relative (ug per 100 mg liver, derived from the left and median lobes) at week 4, 6 and 8 of
fibrosis induction, and (b) total hepatic HYP expressed as pg per liver, at week 4, 6 and 8 of fibrosis induction.
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Fig. 3 Mdr2-- mice develop spontaneous progressive hepatic collagen accumulation. (@) HYP content
expressed as relative (ug per 100 mg liver, derived from the left and median lobes) at week 6, 10, 18, 24 and
40 of age, (b) total hepatic HYP expressed as pg per liver, as calculated by multiplication of individual liver
weights with the relative HYP content. Results are expressed as means + SEM (n=6-10 per group). *p<0.05,
**p<0.01 and ***p<0.001 as compared to 6 weeks Mdr2-- mice (ANOVA). (¢) and (d) Represent the
Picrosirius Red stained livers of FVB wildtype and FVB Mdr2-- mice at age 6 (FVB wt, Ishak 0) and 10 weeks
(FVB Mdr2-"-, Ishak 3, with proliferating bile ductular cells in the portal area). Magnification x100, scale bar
100 pm

Fig. 2 (c) Relative HYP content (ug per 100 mg liver) at week 1 and 4 after cessation of a 6 week treatment
with TAA (fibrosis regression), (d) total hepatic HYP (g per whole liver) at week 1 and 4 of regression. Results
are expressed as means = SEM (n=6-10 per group). *p<0.05, *p<0.01 and ***p<0.001 as compared to
vehicle (a and b) and to 6 weeks fibrosis control (¢ and d) (ANOVA). (e—j) Represent the respective Picrosirius
Red stained livers during the course of fibrosis progression and regression. (e) Week 0 control (Ishak 0), (f)
week 4 (Ishak 2), (g) week 6 (Ishak 3), (h) week 8 (Ishak 4, with full developed septal fibrosis), (i and j) incipient
degradation of septal fibrosis at 1 week (i), and 4 weeks (j) of regression following 6 weeks of TAA induction.
Magnification x100, scale bar 100 pm
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3.3.2  Protocol for 96- 1.

Well Plate Assay (See Note
12)

. Place briefly on crushed ice to chill.

. HYP is then quantitated photometrically at 550 nm compared

to a standard curve (see Note 11).

. Calculate the HYP content of the liver sample using the for-

mula: [Absorption of sample,/0.26]x400=pg HYP /g liver.
Multiplication of this value by the whole liver weight in g yields
the total HYP content per liver.

Homogenize liver tissue (150-300 mg) in 5 ml 6 N HCI, and
hydrolyse samples at 110 °C for 16 h.

2. After hydrolysis, let samples cool.
. Aliquot 5 pl of standards, samples and blanks into the wells of

a 96 well plate in triplicate. Use water for blank.

4. Add 50 pl citrate-acetate buffer to the wells.

10.

11.

3.4 Histology 1.

3.4.1 Preparation
of Slides

. Add 100 pl chloramine-T solution to the wells, incubate at RT

on an orbital shaker at medium-high speed for 20 min (see
Note 13).

. Add 100 pl Ehrlich’s reagent to the wells, measure absorbance

at 550 nm for pre-incubation reading (sec Note 14).

. Incubate the plate at 65 °C for 20-30 min (see Note 15).

. Cool to RT and measure absorbance at 550 nm for post-

incubation reading.

. Subtract the post-incubation from the pre-incubation reading

for each well, including standards, and obtain mean value of
the three wells.

Plot the means into the equation for the standard curve. This
yields the pg/ml of HYP in the hydrolysates.

Multiply this value by the total volume of hydrolysate, then
divide it by the tissue weight used. This is the relative HYP
content of each sample (pg HYP per g liver). Multiply this by
the whole liver weight. This is the total HYP content (pg HYP
per liver).

The left and median (or right) liver lobes are fixed in 4 % form-
aldehyde at 4 °C for 48 h, after which tissues are moved into
70% ethanol for long term storage or dehydrated through a
series of graded alcohol, and finally infiltrated with paraffin
wax. This is usually carried out by an automated tissue proces-
sor, e.g., with a programmed gradient of 40, 60, 80, 90 % iso-
propanol for 1 h each, 100% two times for 1 h and once for
2 h, 100% xylene three times for 1 h, and 100% paraffin two
times for 3 h each. The thus paraffinized tissues are pressed
into a metal mold generally using a paraffin embedding
machine. These blocks can be stored at RT for years.



3.4.2 Sirius Red Staining
(See Note 16)

3.4.3 Hematoxylin
and Eosin (H&E) Staining
(See Note 19)

3.4.4  Staging of Liver
Fibrosis Using the Metavir
Scoring System (See Note 22)
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2. For histology the paraffinized tissue is sectioned using a micro-
tome. Blocks to be sectioned are placed face down on ice for
10 min (or overnight). Trimming is done with 10 pm thick
cuts, once cutting is smooth, proceed with 5-6 pm sections.
Sections are floated on the surface of the 37 °C water bath and
taken up on clean glass slides. Place the slide with paraffin sec-
tion in a 65 °C oven for 20 min to bond the tissue to the glass.

3. Paraffinized tissues must be rehydrated before the staining by
deparaffination, i.e., after melting the paraffin in 65 °C in a dry
oven for 30 min, the paratfinization procedure is reversed,
using 100 % xylene two times for 3 min, 100 % isopropanol two
times for 5 min, 90% and 75 % for 5 min each, dipping in dis-
tilled water two times.

1. Deparaffinize the tissue and stain in Picrosirius Red solution
for 1 h and rinse in distilled water, and wash in acidified water
two times for 5 min.

2. Dehydrate the slides again, e.g., in 90 % isopropanol for 5 min,
100 % isopropanol two times for 5 min, 100 % xylene two times
for 5 min. Drop the xylene-based mounting reagent on the
tissue and cover with a cover glass.

3. Collect the images using a light microscope (x100 magnifica-
tion) (see Note 17). The red stained collagen area is calculated

as the % stained area using an image analyzer, e.g., Image]
(NIH, Bethesda, MD) (see Note 18).

1. Deparaffinize the tissue.

2. Stain the tissue with Mayer’s hematoxylin for 3-5 min, and
wash in running tap water until the water is no longer colored
(5-10 min).

3. Counterstain with Eosin Y working solution for 10-30 s (see
Note 20).

4. Place in 95% ethanol for 30 s and rinse in four changes of dis-
tilled water.

5. Dehydrate the slides, e.g., using 90 % isopropanol for 5 min,
100 % isopropanol two times for 5 min; 100 % xylene two times
tor 5 min. Drop the xylene-based mounting reagent on the
tissue and cover with a cover glass.

6. Capture images using light microscope observation (x200
magnification) (see Fig. 4 and Note 21).

The Ishak staging is simple but broadly validated in clinical sam-
ples, especially for viral hepatitis B and C, but is also used increas-
ingly in rodent fibrosis studies. A major reason is that histological
staging, although being semiquantitative, provides important
additional information on the architectural derangement of the
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Fig. 4 Hematoxylin and eosin stain of necroinflammation in fibrotic livers. (a—c) Panlobular liver fibrosis after
6 weeks of intraperitoneal TAA induction. (d-f) biliary fibrosis in 10 week old Mdr2-/- mice. (a) Infiltrating
leukocytes (monocytes) as stained with hematoxylin appear in a septal pattern. Magnification: (a and d) x50,
(b and e) x100, (c and f) x200, scale bar 100 um

liver, which often does not correlate well with the mere accumula-
tion of ECM. Ishak staging uses seven categories ranging from
normal to cirrhosis based on collagen staining, such as the pre-
ferred Picrosirius Red staining. It correlates with another fre-
quently used scoring system according to Metavir (five categories
from normal to cirrhosis). Both staging systems also include fre-
quently used grading scores for inflammation, which are not dis-
cussed here [27, 28]. In the following the Ishak system is matched
to the corresponding morphometrical collagen proportional area
and the Metavir score;

Stage 0, No fibrosis (normal) (1.9 % stained; Metavir FO).

Stage 1, Fibrous expansion of some portal area, with or without
short fibrous septa (3.0 % stained; Metavir F1).

Stage 2, Fibrous expansion of most portal areas, with or without
short fibrous septa (3.6 % stained; Metavir F2).

Stage 3, Fibrous expansion of most portal areas with occasional
portal to portal (P-P) bridging (6.5 % stained; Metavir F2).

Stage 4, Fibrous expansion of portal areas with marked bridging
(portal to portal (P-P) as well as portal to central (P-C))
(13.7 % stained; Metavir F3).



3.5 Further Readouts
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Stage 5, Marked bridging (P-P and /or P-C), with occasional nod-
ules (incomplete cirrhosis) (24.3 % stained; Metavir F3).

Stage 6, Cirrhosis, probable of definite (27.8 % stained; Metavir F4).

All images of each tissue should be staged, like Picrosirius Red
stain analysis, including more than 10 (-15) images per slide is
recommended to minimize the errors (see Note 23).

A rigorous fibrosis assessment requires further, refined readouts,
such as (1) quantitative reverse transcription PCR for transcript lev-
els related to fibrogenesis, fibrolysis, and inflammation, (2) immu-
nohistochemistry on frozen or paraformaldehyde fixed sections, (3)
fluorescence associated cell sorting, (4) bioactivity determinations,
e.g., for proteolytic enzymes such as matrix metalloproteinases
(MMPs) or for kinase activities. Moreover, any in vivo fibrosis study
should be accompanied by determination of a set of routine (alanine
aminotransferase, bilirubin, creatinine and others) specific (fibrosis
or immune related markers) serum parameters and surrogates rele-
vant to the study. These will not be detailed here but can be found
in publications of our and of other groups [13-16, 21, 29-32].

4 Notes

1. The susceptibility to CCL, and TAA-induced fibrosis relies
considerably on the genetic background of mouse strain. While
FVB/N mice are less susceptible, BALB/c inbred mice are
more responsive to CCLy [26], displaying occasional mortal-
ity, and C57BL/6 mice develop intermediate levels of fibrosis.
We mostly use C57BL /6 mice, due to the availability of knock-
out strains.

2. Mdr2~/~ mice begin to develop biliary fibrosis 4 weeks after
birth [7]. Male FVB background Mdr2~/~ mice develop less
fibrosis compared to females (30 % less at 10 weeks). Therefore,
also for easier cohousing we recommend to preferentially use
females and to avoid using both males and females in a single
experiment.

3. This volume of reagent will suffice for two microplates.
Chloramine-T is hardly dissolved by vortex mixing. If needed,
the suspension can be heated to below 50 °C using a heat
block or water bath to dissolve. This reagent needs to be pre-
pared freshly before each experiment.

4. The intraperitoneal application of TAA frequently results in
higher mortality (<5%) than oral CCL,. This animal loss can
be utmost avoided by applying lower dose(s) for adaptation
(e.g., two doses of 50 or 25 mg/kg as a starting doses) espe-
cially in cases of excessive weight loss (greater than 10%).
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5.

10.

With escalating doses of these hepatotoxins, incipient fibrosis
(two to threefold increased liver collagen) is evident at 3 weeks,
advanced fibrosis (three to fourfold increased liver collagen) at 6
weeks, and bridging fibrosis/cirrhosis (five to sixfold increased
liver collagen) at 12 weeks [14]. For testing the effect of antifi-
brotics on fibrosis progression, the drugs are administered dur-
ing either the whole period of fibrosis induction or (preferably)
during the last 4 weeks before sacrifice. Hepatotoxin and drug
treatment should be spaced apart at least 8 h if administered on
the same day. In proof-of-concept studies for antifibrotics the
test drug can also be given for shorter periods (1-2 weeks), with
mainly qRT-PCR based fibrosis readouts [15, 18].

. For testing antifibrotics in Mdr2~/~ mice, the test drug is

administered preferably either from age of 4-8, or 6-10 weeks
of age before sacrifice (see Fig. 3).

. Hydroxyproline (HYP) is an amino acid that is almost exclu-

sively expressed in collagens, representing between 10 and
14% in the predominant, fibril forming collagens (types
I>1II1>V in liver) [33-35]. The biochemical determination of
hepatic HYP content is the ‘gold standard’ to quantify colla-
gen accumulation in fibrotic tissues, and an essential prerequi-
site to detect antifibrotic drug effects in animal models. Since
the assay is based on the measurement of the HYP oxidized by
Chloramine-T to permit a reaction with the chromophore of
Ehrlich’s reagent [36], this method must be used with caution
for tissues in which excessive free radicals have been produced.
i.e., at least 1 day after the last dose of CCL, or TAA.

. Reliable measurements can only be obtained with larger

amounts of sample, especially in cases of biliary fibrosis.
Exceptionally 30-50 mg of liver tissue can be used but results
must be interpreted with care and higher numbers per group
will be needed to achieve statistical significance. The large vol-
ume assay is a more reliable HYP quantification than the
micro-well plate based assay [37-39].

. Hydrolysis can either be performed with wet (frozen) or dry

(fixed and deparaffinized) tissue with similar results. The
homogenization step can be omitted for small-sized samples,
and replacement of room air in the reaction flask with nitrogen
yields more reproducible results. Screw cap flasks are recom-
mended and the cap should be tightly sealed before hydrolysis
to prevent evaporation. Take caution right after the hydrolysis
when handling the ‘boiling’ acid hydrolysate.

Some charred residue is often produced during acid settling to
the bottom once the sample is stored in the cold room for a
few hours. After the assay, the rest of the acid hydrolysate can
be stored at —20 °C or at RT after drying. However, in solu-
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tion the HYP is slowly (within a few days to weeks) degraded
at RT or at 4 °C.

Liver hydrolysates with high absorptions that reach the nonlin-
ear range of the standard curve need to be further diluted.

This microplate assay is suitable for high throughput analysis
for large numbers of samples [31, 40]. However, because this
assay is quite sensitive to for example pipetting errors, the assay
may need to be repeated to ensure the reading is stable and the
back calculated values of standards match the expected values.
Especially, generation of an accurate linear regression standard
curve is essential. The result should be consistent with the
result of the large volume assay, and also correlate with the
results of the Picrosirius Red morphometry and for example
procollagen mRNA expression.

Only a few minutes before the incubation period ends Ehrlich’s
reagent should be prepared. Mixing the reagents produces an
exothermic reaction. Place briefly on ice to chill to RT as soon
as the reagents are completely mixed. Wear a mask/gloves
handling this toxic reagent and work in a fume hood.

Take the reading right after the mixture stops looking opaque,
which takes approximately 2—-3 min.

If incubated for >30 min, the standard curve becomes nonlin-
ecar and should not be used for the calculation.

The Picrosirius Red stain is for the histological visualization of
collagen. The strongly cationic dye binds to the [Gly-X-Y]»
triple helical structure found in all types of collagens [41]. The
advantage of this stain is the higher specificity for collagen
binding than the Masson’s trichrome stain and the clearer
delineation from other tissue structures. Moreover, it can be
observed both in bright field and polarized light [42 ], with the
color of the fibers under polarized light reflecting the density
of the collagen fibrils.

When collecting the images for morphometrical analysis, tak-
ing more than 10 (—15) images per slide is recommended. This
will encompass almost the whole tissue area on the slide, which
is critical to prevent biased selection of stained areas. Thus, the
collagen-dense large portal tracts in fibrosis should be omitted
or quantified separately from the parenchymal collagen depos-
its that are functionally more relevant and often represent the
bulk of liver collagen. Unfortunately, in most publications, this
is not analyzed separately.

The results should be correlated and compared with the results
of fibrosis scoring [28] and the gold standard of HYP
quantification.
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19.

20.

21.

22.

23.

Hematoxylin and eosin staining is commonly used as a princi-
pal stain in histology. It is commonly used for grading inflam-
matory infiltration, fatty changes (micro- and macro-vesicular),
hepatocyte degeneration (necrosis and apoptosis), and for an
assessment of fibrosis. The staining method involves applica-
tion of hematoxylin which binds to basophilic substances (e.g.,
DNA/RNA) staining them blue. The nuclear staining is fol-
lowed by counterstaining with eosin Y which binds to acido-
philic substances (e.g., proteins) and stains them pink.

The required staining time is determined by the thickness of
the tissue, the age of the solution and the depth of the coun-
terstain desired.

In fibrotic livers the immune cell infiltration can be specified
and semi-quantified (graded); at high magnification orange
colored phagocytosized pigments are often observed in Kupffer
cells; apoptotic hepatocytes are hypereosinophilic and angular
with fragmented and condensed nuclear material within the
cytoplasm; the apoptotic bodies in dark pink may be free or
contained within Kupfter cells; collagen is colored in pale pink
(see Fig. 4). However, for the precise identification of cell pop-
ulations, immunohistochemistry or flow cytometry are needed.

There are several histologic scoring systems developed for
human livers, i.e., the Ishak, the Knodell and the related
Metavir score, originally developed to assess the severity of
chronic viral hepatitis, which includes descriptions of both
necroinflammatory activity (grade) and the stage of fibrosis.
The Knodell score assigns stages from one of four [43], the
Metavir score from zero to four [28], and the Ishak score from
one to six [27]. There are specific scoring systems for biliary
liver diseases (e.g., the Scheuer score) and for nonalcoholic
steatohepatitis (e.g., the Brunt and the NAS score). Scoring
systems that include more stages for describing fibrosis are bet-
ter able to document small changes in fibrosis over time. In
this chapter, we describe the Ishak and Metavir stages with a
focus on fibrosis.

In principle at least two experienced pathologists should be
involved in the scoring after a pre-trial consensus meeting to
clarify the boundaries between the categories. Independent
blinded assessment (without knowledge of sample informa-
tion) of the complete samples should be performed by each
of the pathologists. Assessments should be carried out in as
short a time as possible. Stage scoring is not a measurement,
but a categorical assignment; thus any statistical analysis
should take this into account [28]. The results complement
HYP and morphometrical (Picrosirius Red stained samples)
measurements.


https://en.wikipedia.org/wiki/Staining#Staining
https://en.wikipedia.org/wiki/Histology#Histology
https://en.wikipedia.org/wiki/Haematoxylin#Haematoxylin
https://en.wikipedia.org/wiki/Eosin_Y#Eosin Y
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Chapter 20

Monitoring of Chemically Induced Colitis

Sonja ReiBig and Benno Weigmann

Abstract

Inflammation is a common symptom of inflammatory bowel disease (IBD). Actually, many experimental
models of colitis exist and try to mimic the human situation in order to understand the pathogenesis of
Crohn’s disease and ulcerative colitis. These experimental models of inflammation can be characterized by
specific parameters, which illustrate the proceeding inflammatory process. By use of these models poten-
tially new reagents for improved therapeutic approaches can be analyzed. Here, we describe the TNBS-
mediated colitis model and specify different parameters for the detailed characterization of the inflammatory
process in experimental colitis models.

Key words Colitis, Inflammatory bowel disease, Lamina propria, Mucosal immunology

1 Introduction

Inflammatory bowel diseases like Crohn’s disease and ulcerative
colitis are chronic inflammatory disorders of the intestinal tract
[1]. The cause of the inflammation is unclear but in the last years
progress to reveal the mechanism has been made by using experi-
mental colitis models. To this aim, different models of IBD are
used, like for instance the T-cell transfer, the hapten-induced coli-
tis, the dextran-induced inflammation and even the spontaneous
developing colitis in specific gene-deficient mice [2, 3]. All of these
models try to mimic inflammation or specific inflammatory aspects
in patients but cannot fully substitute the situation in humans. One
of the most widely used chemically induced models of intestinal
inflammation is the TNBS-mediated colitis model, which is useful
to study T helper cell dependent mucosal immune responses. The
TNBS-mediated colitis model resembles a human acute Thl-
related inflammation as CD4+ T cells have been shown to play a
central role in this model [4]. Nevertheless, it is important to rec-
ognize and understand the inflammatory process during the course
of disease. Therefore different parameters of inflammation should
be analyzed during the progression of disease by the researcher

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_20, © Springer Science+Business Media LLC 2017
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[5]. One common and first sign of inflammation is the loss of body
weight during the course of the experimental models. If animals
lose weight, the induction of inflammation should be examined
firstly by mini-endoscopy. The major advantage of this method is,
that mice can be examined quickly and without interfering with
the inflammatory process. The detailed mini-endoscopic investiga-
tions exactly define the status of disease and allow morphological
grading of inflammation. Because inflammation is a multistep pro-
cess, another possibility to analyze inflammatory signs is the
luminol-based in vivo imaging bioluminescence. The substrate
luminol in accordance with the myeloperxoidase (MPO) enzy-
matic activity® of effector cells like neutrophils and monocytes in
the inflamed area, allows visualization in a noninvasive manner,
which can be easily performed. In addition, the extent of the
colonic inflammatory response can be assessed by macroscopic
measurement of the colon. Inflammation leads to a shortening of
the length and thickening of the colon wall compared to healthy
mice. By analyzing cryo- or paraffin-sections of the intestine fur-
ther parameters of inflammation can be investigated. Appropriate
immunohistochemical staining of the intestinal biopsies reveals
inflammation-driven MPO production by neutrophils and mono-
cytes, clearly underlining the inflammatory status. Moreover,
ulcerations, infiltration of neutrophils and the destruction of the
villi/crypt structure in the colon are additional signs of inflamma-
tion and can be investigated by standard hematoxylin and eosin
staining of sections from the intestine. Here, a grading system
based on these results can be applied and help to characterize and
quantify the inflammatory status. Finally, the expression of specific
mRNA molecules from interstinal tissue involved in Ty-driven
inflammation can be quantified by quantitative RT-PCR analysis
(qPCR) to further define the inflammatory process in these experi-
mental models. Together, all these parameters will define and ana-
lyze the complex inflammatory process in experimental colitis
models and might help to translate the obtained results to the
human situation of IBD.

2 Materials

2.1 Equipment

. Balance (optimal for the range from 1 to 50 g).

. Coloview system (Karl Storz, Germany) for Subheading 3.3.2.
. Cryostat.

. Cryo-tubes.

. Electric clipper for animals.

. Flexible catheter (3.5 F, length 20 cm) with soft tip.

N O\ Ok N

. Forceps.



2.1.1 Reagent Setup

2.2 Animals

13.
14.
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. Scissors.

. 20 G needle.
10.
11.
12.

Syringe 1 ml.
Glass slides.

In vivo imaging system (IVIS Lumina, PerkinElmer) for
Subheading 3.6.

Oxygen concentrator (e.g., OxyVet) for Subheading 3.3.1.
Vaporizer (e.g., Vapor) for Subheading 3.3.1.

. 70 and 45 % ethanol.

2. Acetone.

w

O 0 NN N Ul

10.

11.
12.
13.
14.

. Fixation solution: paraformaldehyde (PFA) 4% in PBS

(pH 6.9).

. Formalin solution 10 %.

. Ice-cold phosphate-buffered saline (PBS), pH 7 4.

. Luminol.

. Olive oil.

. TNBS (2,4,6-trinitrobenzenesulfonic acid).

. TNBS challenge solution: Dissolve 1 mg TNBS in 1 ml of 45%

ethanol to obtain a 1% (w/v) solution. Mix the solution carefully.

TNBS sensitization solution: Mix acetone and olive oil in a 4:1
v/v ratio. Dissolve 2.5 mg TNBS in 1 ml of this solution to
obtain a 2.5% (w/v) TNBS sensitization solution. Mix the
solution carefully.

Isoflurane.
Ketamine (e.g., Ketavest 100 mg,/ml).
Xylazine (e.g., Rompun 2%).

Anesthetic solution: Use a mixture of ketamine and xylazine.
Mix 0.6 ml ketamine (100 mg/ml), 0.4 ml xylazine (20 mg/
ml) and 4 ml PBS.

Usually 8-16-week-old sex- and age-matched littermate mice, at
least five mice per experimental group are recommended. The ani-
mals should be kept under same conditions in order to keep identi-
cal gut microbiota, which can influence experimental outcome.

3 Methods

3.1 Induction
of Inflammation
with TNBS

The procedure of inducing TNBS-mediated colitis consists of a
sensitization phase, a challenge phase and the analysis of the result-
ing intestinal inflaimmation. The described protocol requires
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approximately 8 days for the induction of colonic inflammation,
starting with animal sensitization on day 0 and challenge on day 6
(see Note 1).

3.1.1 Sensitization 1.
2
3

3.1.2 Challenge 1.

On day 0, carefully shave an approximately 3 cmx2 cm field on
the skin of the back of the mouse by using an electric clipper.

. To apply the solution, hold the mouse with one hand and use

the other hand to administer 150 pl of the TNBS sensitization
solution on the shaved skin. The solution is quickly absorbed
by the skin. As a control group, mice are treated with sensitiza-
tion solution without TNBS.

. Wait until the solution is absorbed, then return the animals to

their cages. Leave the mice until day 6.

On day 6, weigh and label the sensitized animals.

2. Anesthetize the mice before TNBS challenge. To achieve this,

3.2 Body Weight 1.

use an intraperitoneal injection of 80 pl of a ketamine—xylazine
solution per 10 g body weight. Alternatively, use an isoflurane
inhalation anesthetic system (se¢ Subheading 3.3.1).

. Connect a 3.5 F catheter to a 1 ml syringe and fill the syringe

with the TNBS challenge solution.

. Before TNBS administration, carefully position the catheter

into the murine colon (insertion depth about 3—4 cm proximal
to the anus). Remove stool pellets by flushing the colon care-
tully with a pipette filled with PBS (see Note 2).

. Administer approximately 100 pl of the TNBS challenge solu-

tion into the colonic lumen via the catheter. Administration
should be performed slowly and carefully (se¢e Note 3).

. Remove the catheter and keep the mouse in a vertical position

(head down) for 2-3 min to avoid spilling out the injected
solution.

. Return animals carefully back to their cages.

Take the baseline weight of each mouse obtained before start-
ing the experiment. Depending on the experiment, the mice
are weighed either daily or weekly.

. Make a graph of the body weight measurement by calculating

the average of each mouse group. The body weight should be
illustrated as percentage, using the baseline body weight as
100% (Fig. 1a).

. Make a statistical analysis of the values in order to determine

significance by ANOVA test.

3.3 Mini-Endoscopy This procedure is divided into three parts, the anesthesia, the
endoscopy and the analysis.
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Fig. 1 (a) Graph displays the body weight as percentage of healthy control and colitic mice measured at the
indicated time points (n=3). (b) Photographs of colons isolated from healthy (7), moderate (2), and severe
inflamed colitic (3) mice. (c) Macroscopic examination of colons from healthy (/eff) and inflamed mice (right)

3.3.1 Anesthesia Before the endoscopy procedure starts, mice are anesthetized
either by ketamine—xylazine injection or isoflurane inhalation.

1. Ketamine—xylazine anesthesia: Inject intraperitoneally a vol-
ume of approximately 80 pl ketamine—xylazine per 10 g body
weight. Use the lowest possible dose necessary for anesthesia
for your experiments.

2. Isoflurane inhalation: A vaporizer should be used in order to
provide a constant gas concentration. Isoflurane is adminis-
tered at a final concentration of 4% in a mixture of 36 % oxy-
gen /60 % nitrogen suspension with a steady flow of 1 1/min.
Place the mouse in a container of 20 cm diameter and 10 cm
height, which is linked with the vaporizer. The anesthesia is
induced in 15-30 s, allowing the mouse to be placed in a
supine position. The isoflurane concentration provides a deep
anesthesia with no movement of the legs or abdomen, no pain
signs, and a stable blood pressure combined with steady respi-
ratory rate (see Note 4) [6].

3.3.2  Endoscopy 1. Switch the endoscope on and test the airflow of the pump by
holding the top of the endoscope into a cup of water. The
uprising air bubbles should be steady and slow-going with
middle size (one small bubble in water per second).

2. Take the anesthetized mouse and lay it with its ventral side up
on an absorbent paper or mat. Take the tail with the left hand
and the grip of the endoscope with the right hand or other way
round if you are a left-handed researcher.
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3.3.3 Analysis

3.4 Harvesting
Colonic Tissue
Samples

3. Insert cautiously the top of the endoscope into the rectum of

the mouse and control the behavior of the mouse. The breath-
ing of the mouse should be calm and steady during the
procedure.

. Then move the endoscope carefully as far as possible into the

colon. During this procedure the researcher controls the pro-
cess at the monitor. Since the top of the endoscope is often
fixed the researcher has to be careful if stool pellets are visible
to avoid perforation of the colon.

. Approximately 5 cm into the colon it makes a curve (flexure),

which cannot be passed with a rigid scope. Reaching this end-
point start the recording process while slowly moving the
endoscope back to the anus. The movie can be saved in a com-
mon file format as MP4 or AVI. Try to avoid image compress-
ing of the movie that reduces the quality of the pictures.

. Upon reaching the anus, stop the recording process and lay the

mouse carefully back into the cage.

. Clean the endoscope by using 70% ethanol and control the

breathing of the mouse. In case of isoflurane anesthesia, the
animal should be awake within about 20 s after setting it back
to normal air (see Note 5-7).

. The recorded endoscopy movie should be opened with a movie

application, often delivered by the operating system. Then
start watching the endoscopic examination again. To grade the
inflammation of the colon, use the MEICS score (murine
endoscopic index of colitis severity) consisting of five endo-
scopic parameters: translucency of the colon wall, vascularity of
the mucosa, granularity of the mucosal surface, stool consis-
tency, and the presence of fibrin production [6]. Here, you can
discriminate between four stages of inflammation, which are
numerated as 0-3. The degree of severity is determined as fol-
lows: 0 =no inflammation, 1 = mild inflammation, 2 = moderate
inflammation, 3 =severe inflammation. Overall you can sum up
all five parameters to a highest cumulative score of 15 as maxi-
mum score of inflammation (Table 1).

. By using a picture grabbing movie application you can take an

image of the most representative colon. The image can be
saved as a TIF or JPG file and easily be integrated into a
presentation.

. Translate the numerical scoring system to a diagram illustra-

tion by using adequate statistical analysis software and com-
bine it with the image from the endoscopy movie (Fig. 1b).

. Sacrifice the mice and open their abdomen longitudinal with

SCISSOTrS.



3.5 Evaluation
of Colitis by Histology
and Quantitative
RT-PCR Analysis
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Iiasl)tlzf1five parameters for endoscopic score of inflammation
MEICS Score
Translucency 0-3
Granularity 0-3
Fibrin production 0-3
Vascularity 0-3
Stool consistency 0-3
Total 0-15

2. Identify the small intestine, caecum, and colon. Dissect the
colon from the surrounding mesentery carefully. Cut the pelvis
to dissect the distal colon and rectum. Transect the colon at
the rectum and colonocecal margin to harvest the colon from
rectum till caecum.

3. Measure the length of the colon from the rectum till the cae-
cum, as shortening of the colon is another indicator of inflam-
mation [7].

4. Illustrate the intestinal inflammation and accompanied short-
ening of the colon by taking a picture of'it (Fig. 1¢).

5. For histological analysis and qPCR, cut a small fragment of the
colon (0.5 cm), from the proximal, mid-colon and distal sec-
tion. Flush colon pieces with ice-cold PBS by using a 20 G
needle and a 1 ml syringe until the eluate is clear of stool and
fibrin. Dry the biopsies carefully on an absorbent paper and
place them straight into a labeled cryo-tube. Be sure to main-
tain the correct orientation of the colon sample. Snap freeze
the samples by using liquid nitrogen and store them at —80 °C
(see Note 8).

The severity of the inflammatory response can be assessed by alter-
ations in the histology of the colon and increased expression of
inflammatory cytokines as well as enzymes. Morphology of the
intestinal tissue can be investigated by hematoxylin and eosin
(H&E) staining of cryo or paraffin sections (se¢ Note 6). In general,
paraffin sections can be cut easier and exhibit a better morphology
than cryo-sections. To examine which cells are responsible for the
inflammatory response, cryo-section are analyzed by immunohis-
tochemistry. Here, the expression of inflammatory enzymatic
activity from activated neutrophils is measured by myeloperoxidase
(MPO) staining in combination with or without the macrophage
surface marker F4 /80, T-cell infiltration by CD4 and invasion of
myeloid-derived cells by CD11c¢ staining. Finally, the expression of
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pro-inflammatory mRNA molecules like 1L-6 or TNF-a can be
determined by the isolation of mRNA from tissue with subsequent
transcription to cDNA and qPCR analysis in relation to a house-
keeping gene.

3.5.1 H&E Staining 1. Cut sections 5-15 pm thick from frozen colonic tissue using a
and Immunohistochemistry cryostat and fix them with 4 % PFA fixation solution for 10 min.

2. Wash the fixed sections with PBS one time.

3. Proceed directly with the H&E or immunofluorescence stain-
ing (Fig. 2a, b; Table 2) (see Note 9).

4. For evaluation and scoring of inflammation by means of H&E
and immunostaining use the described criteria (see Note 10) [3].

5. Cryo-sections should be stained for the analysis of specific sur-
face cell markers with denoted antibodies (see Table 2) (see
Note 11) [8].

>

Control

Colitis

w

Control

70pum
—

Colitis

70um 70pm 70um 70um
— — — —

Fig. 2 (a) H&E staining of colons from healthy control and colitis mice. Scale bars, 200 um (fleff) and 70 pm (right).
(b) Immunofluorescence staining of colonic cryo-sections from healthy control and colitis mice, stained for CD4,
MPO, F4/80, and CD11c (red). Nuclei were counterstained with Hoechst 3342 (blug). Scale bars, 70 pm
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Table 2

List of antibodies used for immunofluorescence staining

Primary antibody Dilution Secondary antibody Dilution
a-mouse CD4 (Clone RM4-5) 1:1000  a-hamster-biotin labeled 1:1000
a-mouse CD11c (Clone HL3) 1:200 a-hamster-biotin labeled 1:1000
a-mouse myeloperoxidase (Clone 8F4) 1:20 a-rabbit-biotin labeled 1:1000
a-mouse F4 /80 (Clone BM8) 1:1000  o-rat-biotin labeled 1:1000
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Fig. 3 Colonic tissues from healthy control and colitis mice were analyzed by qPCR for the indicated transcripts
of pro-inflammatory cytokines. Gene expression levels were normalized and set in relation to HPRT gene
expression

3.5.2  Quantitative 1. Take 0.3-0.5 cm of the frozen colon and isolate RNA by using
RT-PCR Analysis a total RNA isolation kit according to manufacturer’s
instructions.

2. Use mRNA as template and convert it into cDNA by using
random primers and reverse transcriptase.

3. Dilute ¢cDNA 1:3 and use quantitative RT-PCR method for
the analysis of inflammatory cytokines (Fig. 3). Gene-specific
primers can be ordered with the following sequences (Table 3)
(see Note 12) [9].

3.6 In Vivo Imaging The use of in vivo imaging systems can visualize signs of inflamma-

of Inflammation tory by detecting reactive oxygen and nitrogen species produced
by the enzymatic activity of activated neutrophils. The chemilumi-
nescent signal is produced in the colon by an activated luminol
agent and can be detected by the imaging system in the green light
range. For monitoring colitis the IVIS system consists of a tight
chamber with a cooled camera.
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Table 3
List of primers used for qPCR

q-PCR

gene Upstream forward primer Downstream reverse primer

IL-6 CTCTGGGAAATCGTGGAAAT CCAGTTTGGTAGCATCCATC
IL-177A ATCCCTCAAAGCTCAGCGTGTC GGGTCTTCATTGCGGTGGAGAG
IEN-y TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTTCATG
TNF-a CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC

. Anesthetize the animals as described in Subheading 3.3.1 with

an isoflurane /oxygen gas mixture. Only in this way it is ensured
that the mice are not moving during the measurement.

. Shave the mouse on the abdominal area by using a depilatory

cream or an electric clipper, because mice have strong back-
ground autofluorescent signals originating from the hair. The
IVIS system has a heated platform to avoid cooling down of
the animals during the anesthesia (see Note 13).

. Dissolve the chemiluminescent probe luminol in sterile H,O

to a final concentration of 20 mmol/I.

. Inject the luminol solution intraperitoneally in a 100 pl vol-

ume into the mouse.

. Lay the mouse quickly into the IVIS chamber and start mea-

suring the light emission beginning 30 s after the injection.
The luminol chemiluminescence is visible in the blue light
range of 435 nm. The detector filter set should be switched to
this wavelength (Fig. 4) [10].

. Take several images, as sometimes the bloodstream of the

mouse needs time to distribute the luminol evenly across the
abdomen.

. After taking the images, place the mouse back into the cage

and control awakening of the animal.

4 Notes

. Typically, signs of the acute inflammation will develop on day

8,9, and 10 post TNBS sensitization. Each investigator should
experimentally determine the working concentration of TNBS,
given a different sensitivity of a variety of different mouse
strains and a distinct composition of the commensal micro-
flora of the local animal facilities.

. Move the catheter very carefully to avoid the damage or per-

foration of the mucosal colon wall by the instillation.
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Image
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Fig. 4 In vivo imaging of colitis by IVIS instrument. Representative images of a
healthy mouse (/eff) and a mouse with colonic inflammation (righf) are shown.
The color scale on the right shows the severity of inflammation from blue to red
as highest inflammation

3. To get comparable results, ensure that the TNBS solution
remains trapped in the colon lumen by careful handling and
avoiding abrupt moving.

4. Supervise the breathing of the animals. It should be steady and
calm. When anesthetized animals get low breathing, stop the
endoscopy procedure and set animals in a preheated cage for
10 min.

5. Sometimes poor optical visibility during the endoscopy process
is resulting from massive fibrin production, stool and contact
bleeding. To avoid this, withdraw the mini-endoscope and
clean it with 70% ethanol before inserting it again. By using
ketamine—xylazine anesthesia, mice should be kept warm after
the endoscopic procedure to ensure recovery from the anes-
thesia. Mice should be awake within 10-30 min after ketamine—
xylazine injection, depending on the dose and healthiness of
the mice.

6. Mortality of animals can be prevented by avoiding perforation
of the colon during the endoscopy procedure. Perforation of
the colon wall results in a peritonitis. Be always careful and try
to avoid abrupt movements with the endoscope. Do not push
the endoscopy with force forward if you feel resistance.

7. Be aware that inflamed animals are very susceptible to perfora-
tion due to thin or bleeding mucosa. Try to reduce the air
pressure of the endoscope in order to avoid intense tension of
the mucosa.
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8.

10.

11.

12.

13.

Alternatively to cryo-sections, also paraffin sections can be used
for H&E staining. Therefore, do not freeze colon samples.
Instead, fix the tissue samples in neutral buffered formalin solu-
tion for 48 h before embedding in paraffin. When colon samples
are fixed with paraffin, thinner sections can be sliced and ana-
lyzed as compared to frozen samples, sliced with a cryostat.

. If cryo-sections will not be used directly for staining, store

them at —80 °C for up to 6 months. When using frozen cryo-
sections, allow them to thaw briefly at room temperature
before the fixation step. After thawing, never freeze sections
for a second time.

The inflammation scoring system for the histological evaluation
of H&E stained colonic sections should be performed in a blinded
manner. The tissue injury index should be calculated by the fol-
lowing parameters: mucosal erosion and ulceration, loss of crypt
architecture, submucosal spread and transmural involvement, loss
of goblet cells and infiltration of neutrophils. These parameters
are graded as follows: grade 0=normal tissue architecture; grade
1 =minimal scattered mucosal inflammatory cell infiltrates, with
or without minimal epithelial hyperplasia; grade 2 =mild scattered
to diffuse inflammatory cell infiltrates, cell infiltrates sometimes
extend into the submucosa associated with erosions, minimal to
mild epithelial hyperplasia, minimal to mild mucin depletion from
goblet cells; grade 3=mild to moderate inflammatory cell infil-
trate, sometimes transmural and often associated with ulceration,
moderate epithelial hyperplasia and mucin depletion; grade
4=marked inflammatory cell infiltrate which is often transmural
and associated with ulceration, marked epithelial hyperplasia and
mucin depletion; grade 5=marked transmural inflammation with
severe ulceration, loss of intestinal glands, and massive infiltration
of neutrophils. The scoring of inflammation based on the H&E
staining of colon tissue cryo-sections needs some training, in
order to obtain reproducible results.

The antibodies for immunofluorescence staining (Table 2) are
recommended for cryo-sections, but not paraffin-sections. For
surface immunostaining of paraffin sections a pioneer experi-
ment is required to identify optimal antibodies and their dilu-
tions. Here no specific suggestions can be made.

For qPCR analysis relative expression factors are always
denoted. For evaluating mRNA expression levels of genes of
interest in intestine tissue, normalize them to a housekeeping

gene like 18S-rRNA or HPRT mRNA [11].

When using fluorescence dyes in green light range, like FITC,
it is recommended to place the animals on an alfalfa-free diet
(Medicago sativa L.) for 2 days in order to reduce autofluores-
cence signals from the background.
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Chapter 21

Oxazolone-Induced Intestinal Inflammation
in Adult Zebrafish

Sylvia Brugman and Edward E.S. Nieuwenhuis

Abstract

Zebrafish are an excellent model for the study of intestinal immunity. The availability of several transgenic
reporter fish for different innate and adaptive immune cells and the high homology in terms of gut function
and morphology enables in depth analysis of the process of intestinal inflammation. Here, we describe a
method to induce intestinal inflammation by intra-rectal injection of the hapten oxazolone in adult zebrafish.

Key words Zebrafish, Intestinal inflammation, Oxazolone, Intra-rectal injection, IBD, Crohn’s dis-
case, Gut barrier function, Ulcerative colitis, Granulocytes

1 Introduction

Starting out as a model for developmental biology, in the last decade
the zebrafish received more and more attention as a model organ-
ism to study immunity. The availability of several immune-gene
transgenic reporter zebrafish, the high fecundity and transparency
early in life has made the zebrafish a unique model. Interestingly,
since zebrafish develop from fertilized eggs and hatch at 2 days post
tertilization (2 dpf), development of the immune system can be
studied in great detail. Macrophages, neutrophils, eosinophils, mast
cells, and dendritic cells have all been identified, with neutrophils
and macrophages being present as early as 30 and 48 h post fertil-
ization respectively [1-5]. There is still debate on the timing of
adaptive immune development. Previously, it was shown that T cell-
dependent and independent immunity was only functional from 4
weeks of age as measured by specific IgM responses [6]. However,
new transgenic reporter zebrafish show the presence of T and B
cells in the periphery as early as 9 days and expression of the newly
discovered IgZ (mucosal Ig) already at 2 weeks post fertilization
[7]. This IgZ (also termed IgT) appears to be the fish equivalent of
mucosal antibody IgA [8, 9]. We have observed small percentages
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of T lymphocytes in the intestines from 3 weeks of age onwards
[10]. Therefore, it is currently believed that at least until 2 weeks of
life, zebrafish do not have mature adaptive immunity and totally
rely on innate immunity for their survival.

Although zebrafish do not have five intestinal segments like
mammals (i.e., jejunum, duodenum, ileum, cecum (appendix),
and colon), there is functional homology. Zebrafish are stomach-
less and have three different gut segments that are discriminated
on the basis of morphology and gene expression: the intestinal
bulb (anterior gut segment), the midgut, and the posterior gut
segment [11]. Digestive enzymes are strongly expressed in the
intestinal bulb segment where the villi (called folds) are longest.
The presence of these digestive enzymes and solute transporters in
the anterior and mid intestines underlines the function of nutrient
absorption in these two segments [12]. The last part of the mid
intestine contains vacuolated M-like cells which might indicate
that besides nutrient absorption this region plays a role in mucosal
immunity [13-15]. The epithelial villi of the posterior region are
short and this part does not contain absorptive enterocytes, but is
likely involved in water absorption [16].

Several models for intestinal inflammation have been devel-
oped for larvae (2,4,6-trinitrobenzenesulfonic acid (TNBS), dex-
tran sulfate sodium (DSS), glafenine) as well as adults (oxazolone,
TNBS) [17-20]. Here we describe a method to induce oxazolone
enterocolitis in adult zebrafish [21].

2 Materials

2.1 Zebrafish of 14
wpf (Adult)

2.2 Anesthetizing
Fish

Different transgenic reporter lines currently exist (mpx:eGFP
myeloperoxidase, neutrophils; mpegl:mCherry macrophage
expressed gene 1, macrophages; Ick:GFP, lymphocyte cell-specific
protein-tyrosine kinase, T lymphocytes; Ighm:GFP, IgM, B lym-
phocytes; Cd4:GFP, CD4, T helper cells) next to the different
wildtype lines such as AB or TL. Depending on your research
question you can use either wildtype or transgenic fish. We have
used both females and males. We did not observe obvious differ-
ences between males and females in this protocol.

1. Preparing stock solution anesthesia

Tricaine (3-amino benzoic acid ethyl ester also called ethyl
3-aminobenzoate) comes in a powdered form. Make a tricaine
solution for anesthetizing fish by combining the following in a
glass bottle with a screw cap: 400 mg tricaine powder, 97.9 mL
double distilled water and ~2.1 mL 1 M Tris (pH 9). Adjust pH
to 7. Store this solution in the freezer (protocol from Zebrafish
Handbook [22], 4th edition, available online at http://zfin.
org/zt_info/ztbook/). Keep the work solution in the fridge in
a dark bottle (light sensitive).
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2.3 Intra-rectal
Injection of Zebrafish

2.4 Recovery
of Zebrafish

2.5 Euthanasia
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Fig. 1 Intra-rectal injection of adult zebrafish. Gently squeeze the abdomen to
locate the anal opening and angle the needle with silicone tubing at the end at 45°

2. Prepare a zebrafish tank for anesthesia

Use a separate tank to anesthetize the zebrafish (one by one).
Add 4.2 mL tricaine stock solution per 100 mL clean tank (sys-
tem) water.

. To perform the injection after the fish is anesthetized, prepare

a petri dish-lid mounted with a tissue soaked in clean tank
water. Fold the tissue into a small wet mold as to hold the fish
belly-up and keep it wet (see Fig. 1).

. Prepare a  fresh solution of 20 mg oxazolone

(4-ethoxymethylene-2-phenyl 2 oxazolin-5-one) in 5 mL
100 % ethanol. Make sure the oxazolone is fully dissolved, and
then add 5 mL PBS (0.8% NaCl, 0.02% KCI, 0.02 M PO,
pH 7.3; protocol from Zebrafish Handbook [22], 4th edition,
available online at http://zfin.org/zt_info/ztbook/). As a
control solution prepare 50 % ethanol solution in PBS.

. Since we inject per bodyweight, a scale that can measure in the

milligram range is needed to be able to inject the right amount
of oxazolone or ethanol.

. For the injection a small syringe is needed, preferably a

Hamilton gastight syringe (100 pL; Chrompack; Hamilton
Company, Bonaduz, Switzerland) of a low volume with blunt
end. As an alternative, a 1 mL syringe can be used connected
to a small needle covered with silicon tubing of a diameter of
less than 1 mm. The disadvantage of using normal 1 mL
syringe is the resistance of the plunger and difficulty to inject
similar small volumes consistently.

. Prepare a separate tank with clean tank (system) water.

. Use of 4 mg tricaine/mL tank (system) water to euthanize the

zebrafish.
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2.6 Fixation 1. Prepare 4 % paraformaldehyde in PBS, pH 7.4.

for Histology

2.7 Cell Suspension 1. Prepare PBS with 2% (heat inactivated) FBS. Use 70 and
for Flow Cytometry 40 pm cell strainers per intestine.

3 Methods

1. Anesthetizing zebrafish

Wear gloves. Transfer the zebrafish from their tank to a separate
tank where they can be easily caught with a net. Be careful not to
stress them by gently taking them out with the net. Catch a zebraf-
ish and transfer it to the tank containing the anesthetic. Wait for
the fish to stop swimming and watch the gill movements. Once
the movement of the gills stops, carefully use the net to see
whether the fish still reacts to mechanical stimulation (gently tap-
ping the table will also show whether the fish is fully anesthetized
or not). Take the fish out of the tank, weigh the fish and transfer
it to the wet tissue on the petri dish lid, belly up (Fig. 1).

2. Injection of oxazolone or ethanol control solution

Gently squeeze the proximal part of the belly to locate the
anal opening. Gently inject 0.6-1.0 pL per 0.1 g of zebrafish
(Fig. 1). Quickly transfer the fish to the recovery tank and wait
for all of the fish to recover before putting them back in the
husbandry system. The faster this procedure is performed the
better. We take approximately 2-3 s to inject the anesthetized
fish and return it to the recovery tank.

3. Dynamics of intestinal inflammation
In our hands, intestinal damage will be visible on histology
within 5 h after injection. The resulting inflammation can be
observed until 1 week after the injection. At 2 weeks after injec-
tion the zebrafish that are left have normal gut morphology.

4. Scoring system to quantify intestinal inflammation

At the desired time points, zebrafish are euthanized using an
overdose of tricaine (<4 mg,/mL). The intestines can be removed
and directly placed in 4% paratormaldehyde. Samples are kept
overnight in 4 % paraformaldehyde at 4 °C. The next day the tis-
sue needs to be transferred to 70% ethanol and kept at 4 °C for
turther processing. Embed the tissue in paraffin and cut 5 pm
sections. Perform an Alcian-Blue Periodic Acid Schiff (PAS)
staining that will stain mucus-producing goblet cells and eosino-
philic granulocytes (PAS-positive cells). Intestinal bulb, anterior
mid-intestine, and posterior mid-intestine are assessed separately.
In Table 1 a description of the scores is given and in Fig. 2 exam-
ples of the different scores per parameter can be found. Total



Table 1

Enterocolits scoring system

Parameter Score 1 Score 2 Score 3
Bowel wall Slightly thickened Moderately thickened ~45 pm  Severely thickened ~75 pm
thickening ~25 pm

Intestinal-fold
architecture
disruption

Goblet cell
appearance

Infiltration of
PAS-positive

Slight disruption

— Disruption of the
barrier

— Slight increase
villus width

Slightly decreased or
increased number
of goblet cells

Some scattered cells

Moderate disruption

— Increased inter-villus
distance and/or gaps
between cells

— Increased villus width

— Decreased villus height

One or two goblet cells per
villus or increased numbers
(>20) with increased mucus
production

Clusters of infiltrating cells at
the base of the folds

Severe disruption

— Gaps between epithelial
cells

— Loss of villi /flattening
of the villi

— Increase in villus width

Complete disappearance of
goblet cells

Massive infiltrates and
clusters at base and

eosinophils along the entire villi
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Fig. 2 Representative pictures of oxazolone-induced gut pathology. (a) Healthy intestines (anterior mid gut), (b)
Bowel wall thickening (score 3, maximum score), (¢) Normal number of Goblet cells (black arrow), (d) Depleted
Goblet cells (score 3, maximum score), (€) normal numbers of eosinophils (black arrow), (f) Increased numbers
of eosinophils (score 3, maximum score). For detailed description of the score please refer to Table 1 and [21]
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enterocolitis score represents the cumulative values of these sep-
arate parameters for all three segments of the intestine.

5. Flow cytometric quantification of immune cells

When using transgenic zebrafish, quantification of the desired
cell type’s presence in the intestines can be achieved by homog-
enizing the intestinal tissue by teasing it through a 70-pm filter
(Greiner One). Use the back of a syringe plunger to disrupt the
tissue. After rinsing in phosphate-buftfered saline (PBS) con-
taining 2 % heat-inactivated newborn calf serum (NBCSi), tis-
sue is further separated using 40-pm filter (Greiner One). After
centrifugation (1350 rpm (300xyg), 4 °C, 10 min, Hereaus
Multifuge 3S-R; Thermo Scientific, Waltham, MA), cells are
taken up in 200 pL. PBS containing 2 % heat-inactivated NBCSi
and 1 pL 7-amino-actinomycin D (Beckman Coulter, Fullerton,
CA) to stain dead cells. The desired cell type can now be mea-
sured by flow cytometry using the appropriate channel.

4 Notes

. Like in mammals the severity of the enterocolitis is dependent

on the diversity of the microbiota [21]. Therefore, the absence
of enterocolitis after oxazolone injection might indicate that
your husbandry system is too clean. Transferring the zebrafish
to separate tank with separate filter system without UV irradi-
ated water will help diversify the intestinal microbiota and make
the fish more susceptible to intestinal inflammation induction.

. Be careful to use a blunt needle or silicone tubing around the

needle not to harm the fish and assess the entire intestine.

. Keep fish wet during injection and try to inject as quickly (but

gently) as possible.

. If fish are fed you can find the anal opening much easier when

squeezing the abdomen.

. First dissolve oxazolone completely in 100% ethanol before

adding water (oxazolone does not dissolve otherwise).

. Buy the smallest amount of tricaine as possible, and store the

bottle in the freezer since its activity will decrease rapidly.

. Do not use demi or normal tap water as system water for the

zebrafish. It usually contains too high levels of metals such as
copper killing the fish. For more information on zebrafish
breeding and husbandry please consult Westerfield [22]. The
zebrafish book, 5th Edition; A guide for the laboratory use of
zebrafish (Danio rerio), Eugene, University of Oregon Press.
Paperback (4th Edition available online: http://zfin.org/zf
info/ztbook /).
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High Dimensional Cytometry of Central Nervous System
Leukocytes During Neuroinflammation

Dunja Mrdjen, Felix J. Hartmann, and Burkhard Becher

Abstract

Autoimmune diseases like multiple sclerosis (MS) develop from the activation and complex interactions of
a wide network of immune cells, which penetrate the central nervous system (CNS) and cause tissue dam-
age and neurological deficits. Experimental autoimmune encephalomyelitis (EAE) is a model used to study
various aspects of MS, including the infiltration of autoaggressive T cells and pathogenic, inflammatory
myeloid cells into the CNS. Various signature landscapes of immune cell infiltrates have proven useful in
shedding light on the causes of specific EAE symptoms in transgenic mice. However, single cell analysis of
these infiltrates has thus far been limited in conventional fluorescent flow cytometry methods by 14-16
parameter staining panels. With the advent of mass cytometry and metal-tagged antibodies, a staining
panel of 35—-45 parameters is now possible. With the aid of dimensionality reducing and clustering algo-
rithms to visualize and analyze this high dimensional data, this allows for a more comprehensive picture of
the different cell populations in an inflamed CNS, at a single cell resolution level. Here, we describe the
induction of active EAE in C56BL/6 mice and, in particular, the staining of microglia and CNS invading
immune cells for mass cytometry with subsequent data visualization and analysis.

Key words Central nervous system, Autoimmunity, EAE, Inflammation, Mass cytometry, High
dimensional data

1 Introduction

Inflammation of the central nervous system (CNS), or neuroin-
flammation, can occur in response to a variety of cues. These
include infection, traumatic brain injury, and degenerative diseases
like multiple sclerosis (MS), Alzheimer’s disease [ 1 ] and Parkinson’s
disease [2]. MS is initiated by autoreactive T cells that mount aber-
rant responses against CNS autoantigens, and is characterized by
the infiltration of immune cells from the periphery across the blood
brain barrier (BBB). This promotes inflammation and demyelin-
ation of neurons, resulting in neuroaxonal degeneration [ 3, 4].
Understanding the complex cellular interactions in the patho-
genesis of MS critically relies on the use of mouse models, one of
which is experimental autoimmune encephalomyelitis (EAE) [5].

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
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EAE manifests as an acute, chronic and relapsing-remitting disease
in different mouse strains [6]. In wild type C57BL/6 mice EAE is
a chronic disease, which results in ascending paralysis of the ani-
mal. It is driven by helper T (TH) cells specific for myelin oligo-
dendrocyte glycoprotein (MOG) which are primed in the periphery
after subcutaneous immunization with an emulsion of MOG pep-
tide or recombinant protein in Complete Freund’s Adjuvant
(CFA). MOG-specific, activated TH cells migrate to the CNS and
are reactivated by vessel-proximal antigen presenting cells (APCs)
and invade early in lesion formation where they secrete pro-
inflammatory cytokines. These cytokines attract an abundant infil-
tration of myeloid cells [7]. Multiple populations of myeloid cells
have been proposed to be involved in the effector phase of the
disease, however recent reports indicated monocyte-derived den-
dritic cells or macrophages as the direct cause of eventual tissue
damage and the critical perpetuator of the neuroinflammation dur-
ing chronic disease [8, 9].

In order to study the role of specific cytokines and cell types in
the progression and possible treatment of EAE and MS, numerous
transgenic mice have been studied. One important readout during
such a study is the landscape of infiltrating cells within the CNS at
the peak of EAE symptoms. Conventional fluorescent flow cytom-
etry has shed much light on the nature of these cell population
landscapes under various knockout conditions but has been limited
to an average of 14-16 parameters (depending on the cytometer)
per staining panel. With the advent of mass cytometry and metal-
tagged antibodies without the need for extensive compensation,
this number has increased to 3545 parameters (and continues to
increase) [ 10]. Along with the application of dimensionality reduc-
tion and clustering algorithms to handle such large data, it is now
possible to obtain a more comprehensive picture of the different
infiltrating cell populations. In this chapter, we provide a detailed
description of the induction and scoring of EAE in C57BL/6
mice, the isolation of the CNS at peak disease and preparation of a
single cell suspension of microglia and infiltrating immune cells,
the staining of cell markers with metal-tagged antibodies for mass
cytometry, and finally the visualization and analysis of the resulting
high dimensional data.

2 Materials

2.1 Experimental
Autoimmune
Encephalomyelitis
(EAE) Induction

1. Rubber free Luer lock syringe with female Luer-to-closed part
and Luer-to-Luer connector part.

2. MOGg;;s 55 peptide (amino acid sequence: MEVGWYRS
PFSRVVHLYRNGK).

3. Complete Freund’s Adjuvant (CFA).



2.2 CNS Isolation
and Preparation

of Single-Cell
Suspension

2.3 Mass Gytometry
Staining

2.4 Acquisition

2.5 Data Analysis
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. 24-Gx 1" Luer needle and 1 ml Luer lock syringe with rubber

plunger head.

. Pertussis toxin.

. Insulin syringe.

. Cage grid.

. Gel-packet food.

. 35-G butterfly needle attached to a 50 ml syringe for

perfusion.

2. PBS.

N OV U W

—

. Clamp.
. Standard laboratory equipment including 70 pm nylon cell

strainers, 50 ml Falcon tubes, eppendorf tubes, 12-well plate.

. Digestion medium: RPMI complemented with 2% FBS, 2 mM

HEPES, 0.4 mg/ml Collagenase D and 2 mg,/ml DNAse.

. EDTA.
. A5 ml syringe with a 20-G needle for homogenizing.

. Fixed angle rotor for centrifuge and fitting 16 ml tubes for one

CNS sample, or 30 ml tubes when two samples are pooled.

. Cell staining medium (CSM): PBS complemented with 0.5%

bovine serum albumin (BSA).

. Horizontal shaker (optional).

. Cisplatin (Sigma Aldrich) solution (1 pM in PBS).
. Heavy-metal tagged antibodies (Fluidigm).

. Cell-ID Intercalator-Ir (Fluidigm).

. Maxpar® Fix and Perm Buffer (Fluidigm).

. Intercalation solution: Maxpar® Fix and Perm Buffer supple-

mented with 1:4000 Cell-ID Intercalator-Ir.

. Milli-Q ultra-pure deionized water.

2. Cell counter or microscope with hemocytometer.

. Maxpar® EQ™ Four Element Calibration beads, diluted

1:10 in Milli-Q water.

. Mass cytometer.

. Cytobank: https://www.cytobank.org/cytobank /
. De-barcoding software (optional): https://github.com/nolan-

lab/single-cell-debarcoder

. Flow]Jo (optional).


https://www.cytobank.org/cytobank/
https://github.com/nolanlab/single-cell-debarcoder
https://github.com/nolanlab/single-cell-debarcoder
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3 Methods

3.1 Experimental
Autoimmune
Encephalomyelitis
(EAE) Induction

3.1.1 Active Induction
of EAE

3.2 Soring of EAE
Disease Symptoms

3.3 CNS Isolation
and Preparation

of Single-Gell
Suspension

1. An emulsion of MOGg; 55 peptide in CFA is prepared using a
rubber-free Luer-Lok syringe and connector system. A total of
200 pg of MOGs; 55 peptide per mouse is diluted in PBS as
required and mixed with an equal volume of CFA, to a final
concentration of 100 pg/100 pl. The mixture is prepared
directly in a rubber free Luer lock syringe which is then con-
nected to a second Luer lock syringe and the mixture is mixed
until a thick white emulsion forms (se¢ Note 1).

2. Male or female C57BL/6 mice are anesthetized and injected
subcutaneously (s.c.) with 100 pl of emulsion into each flank
(200 pl in total) using a 24-Gx 1” Luer needle attached to a
1 ml Luer lock syringe with a rubber plunger head.

3. Following s.c. injection, mice are given 200 ng pertussis toxin
intraperitoneally (i.p.) at the time of immunization (Day 0),
and again 48 h later (Day 2), to aid in activation of a systemic
inflammatory response.

EAE mice are assessed for disease symptoms according to our labo-
ratory scoring criteria (see Fig. 1 and [11]): No disease: 0; distal
limp tail: 0.5; complete limp tail: 1.0; limp tail and hind limb weak-
ness: 1.5; unilateral partial hind limb paralysis: 2; bilateral partial
hind limb paralysis: 2.5; complete bilateral hind limb paralysis: 3;
complete bilateral hind limb paralysis and partial forelimb paralysis:
3.5; moribund (mouse completely paralyzed): 4; death: 5. Mice
scoring 4 or between 4 and 5 are euthanized immediately. Disease
symptoms commonly appear between day 7 and day 10 after
immunization (see Fig. 1) (see Note 2).

1. Mice are euthanized with CO, and perfused with PBS through
the left ventricle of the heart using a 25-G butterfly needle
attached to a 50 ml syringe. The spinal cord is removed by
flushing the spinal column with PBS after clamping the but-
terfly needle into the spinal column. The brain and brain stem
are removed by dissecting the skull.

2. All the CNS tissues are then pooled and cut into small pieces
using scissors in an empty eppendorf tube, transferred to a
12-well plate with 3 ml digestion medium (see Subheading 2.2
and Note 3) and digested at 37 °C for 30 min. Enzymatic
digestion is stopped by adding EDTA to a final concentration
of 5 mM.

3. To homogenize the tissue, the suspension is repeatedly sucked
up and ejected using a 5 ml syringe with a 20-G needle until a
uniform milky homogenate is formed, avoiding excessive
toaming. Thereafter the homogenate is filtered through a
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Fig. 1 EAE disease progression in wild type C57BL/6 mice. (a) Mice were immunized s.c. with 200 pg MOG
peptide emulsified in CFA and 200 ng Pertussis toxin i.p. on Day 0, and with 200 ng Pertussis toxin again on
Day 2. Mice were then scored for symptoms of EAE and sacrificed at Day 16 when the disease score was still
at its peak. (b) Incidence of EAE as determined by the percentage of mice with a disease score of >0.5. (¢) The
mean day of onset of disease symptoms. (d) The mean maximum score reached after 16 days of EAE
progression

70 pm nylon cell strainer into a 50 ml Falcon tube which is
then filled up with PBS and centrituged at 450 x g for 8 min at
4 °C to pellet the cells and myelin.

4. The supernatant is discarded by pouring it off gently, and the
pellet is resuspended in a final volume of 10.5 ml PBS to which
4.5 ml of Percoll is added (15 ml total volume, 30% Percoll).
This is mixed to create a uniform distribution of Percoll and
transferred to a 16 ml tube with a lid for a fixed angle rotor
fitting in a centrifuge and centrifuged at 23,500 x g for 30 min
at 4 °C, without brakes (se¢ Note 4). This step separates the
cells from the myelin by density gradient centrifugation.

5. After centrifugation, a PBS-Percoll gradient will have formed,
each layer containing a specific fraction of the homogenate (see
Fig. 2). The myelin is carefully sucked oft using a suction pump
or pipette. The large middle layer containing the leukocytes
(microglia and cell infiltrates in an EAE CNS or predominantly
microglia in a naive CNS) is transferred without the bottom
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3.4 Mass Cytometry

3.4.1 Cell Surface
Staining and Live/Dead
Discrimination

Myelin

sojelj|iyul pue eljfololw
Buiurejuod uonoely (|99

Red blood cells

Rl

Fig. 2 The PBS-Percoll gradient layer formation after centrifugation. Three clear
layers can be seen and contain specific parts of the CNS homogenate: the top
layer is white and comprises the myelin just beneath the surface of the PBS-
Percoll and can be sucked off with a suction pump; the large middle layer is
transparent and comprises microglia and immune cell infiltrates; the bottom

layer is red and comprises the red blood cells which can be left behind or taken
along with the middle layer of immune cells

layer of red blood cells into a Falcon tube and filtered once
more through a 70 pm nylon cell strainer (see Note 5). This is
topped up with more PBS and centrifuged at 450xy for
10 min to pellet the cells. The supernatant is discarded and the
cells are resuspended in 1 ml cell staining medium (CSM). The
cell suspension is transferred to 1.5 ml eppendort tubes and
centrifuged at 300x g for 5 min. The supernatant is decanted
and the cells are now ready for barcoding (optional) or directly
for surface staining.

Optionally, in a first step individual samples can be barcoded and
combined into a single sample tube (se¢ Note 6). Then the anti-
body mix for the cell surface staining is prepared by adding the
appropriate concentration of each surface antibody in the panel to
100 pl/sample of CSM. In case more than 20 x 10° cells are pres-
ent in the sample, this volume is adjusted so that the concentration
of cells in the antibody mixture does not exceed 200 x 10°/ml.
Cells are incubated for 30 min at 4 °C, preferably on a horizontal
shaker with 500 rpm (see Note 7). Subsequently, 400 pl of cisplatin
solution (1 pM in PBS) are added to the samples on top of the
surface antibody mix and incubated for a further 2 min at room
temperature to allow for the exclusion of dead cells [12]. Lastly,
800 pl of CSM is added and the samples are centrifuged at 300 x g
for 5 min. The supernatant is decanted and the samples are now
ready for optionalg intracellular staining (se¢e Note 8) or DNA
intercalation.



3.4.2 Cell Fixation
and DNA Intercalation

3.4.3 Acquisition

3.5 Data Analysis
3.5.1 Data Quality Check

3.5.2 Data Visualization
and Analysis
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First, the cell pellet is loosened in the remaining volume. Next,
400 pl of intercalation solution is added and the samples are incu-
bated for at least 1 h at room temperature, or overnight at 4°C (see
Note 9). DNA-intercalated iridium allows for the identification of
cells during analysis, and separation from leftover myelin and
debris.

The samples should be left in intercalation solution until the day of
acquisition to prevent leakage of Iridium from the cells. On the day
of acquisition, samples are pulse-vortexed and washed twice with
1 ml of CSM at 600 xg, and lastly once with Milli-Q water. They
should be left in pellet form and at 4 °C until the mass cytometer has
been started up and tuned for acquisition. Immediately prior to
injection of the sample, cells are resuspended in 500 pl of acquisition
beads, counted, the cell concentration is adjusted to 1-2 million
cells per ml, and injected into the mass cytometer (this is the optimal
cell concentration when using the CyTOF Helios and varies between
mass cytometer models).

After acquisition, bead normalization and randomization of the
data using the CyTOF software, the data can be stored in the FCS
file format. In case barcoding has been performed, the combined
file can now be debarcoded into single FCS files (se¢ Note 10).
Next, a manual quality check is performed for each antibody that
was used to stain the cells. This can either be done by uploading
the FCS files onto the web-based analysis platform cytobank [13]
(see Note 11) or by using standard FCS file analysis software such
as FlowJo. Antibodies that failed to give an identifiable positive sig-
nal for their particular marker are excluded from further analysis.

As a first step in data analysis, a suitable visualization of the high-
dimensional data makes it more accessible to the researcher for fur-
ther analysis. Such dimensionality reduction and visualization of the
data can be achieved using a variety of existing algorithms [14, 15].
One of these is the t-Distributed Stochastic Neighbor Embedding
(t-SNE) [16, 17] algorithm which displays the high dimensional
data in a two dimensional plot where cells which are very similar in
the high-dimensional space are located closely together. We will here
describe the computation of the two t-SNE dimensions using the
cytobank platform, however there are plenty of alternative imple-
mentations of the t-SNE algorithm, e.g., within the R-environment,
now also available as a Flow]Jo add-on, or matlab (included in the cyt
analysis platform [17]).

Before the generation of'a t-SNE map, a few manual pre-gating
steps should be performed. In case a visualization of all the immune
cells within the CNS is the aim, then a simple gating on live, single,
and optionally CD45", cells is required (see Fig. 3a). Using the
VviSNE feature within cytobank, the pre-gated population, the
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Fig. 3 Gating and data visualization with t-SNE. (a) Live cells are identified by the two DNA intercalating iso-
topes of Iridium, Ir-191 (DNA1) and Ir-193 (DNA2). Some doublet cells can be identified as DNA"" in the DNA1
channel and are excluded. Dead cells are identified by the dead cell marker Cisplatin, Pt-195, and are also
excluded. The resulting gate comprises live, single cells and can further be gated on CD45+ cells. (b) The two
dimensional t-SNE map depicting a landscape of various cell populations. Cells which are similar in the high
dimensional space are positioned closely together on the two dimensional t-SNE map. (¢) Identification of the
cell populations in (b) by displaying relative expression levels of markers within the panel in the Working
lllustration feature of cytobank. Based on these expression levels, we can identify microglia (CD45"" CD11b*
CD64+), monocytes (CD45M" CD11b* CD64+), B cells (B220+), T cells (CD3*), NK cells (NK1.1+), and neutrophils
(Ly6G*) in this sample of CNS from mice at peak EAE
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according FCS files and the markers to be included in this visual-
ization are selected (see Note 12). If a comparison between two
groups of samples is desired, we recommend to include both sets
of FCS files into one single analysis to allow the direct comparison
of the two groups on the resulting t-SNE map.

Once the two t-SNE dimensions have been calculated, cyto-
bank’s Gating feature and the Working Illustration feature can dis-
play the FCS files separately as well as the expression levels of
different markers across the map to get an instant overview and
identify all immune populations present within the samples
(see Fig. 3b, ¢). Visualization of the high-dimensional data using
t-SNE thus helps to make high-dimensional data more accessible
to researchers for further exploration, but it is only the first step in
a more comprehensive analysis. For further analysis of the data, the
ECS files can be exported from cytobank and imported into a clus-
tering algorithm or an algorithm that identifies stratifying popula-
tions between two groups (see Note 13).

4 Notes

1. MOGg; 55 peptide CFA emulsion: The syringe is connected to
a second syringe ensuring that there are no air bubbles in the
mixture. The mixture is repeatedly injected from one con-
nected syringe to the other (left and right), for approximately
15 min (depending on the volume) during which time the
color turns to white, the mixture feels denser and the emulsion
is formed.

2. Unilateral hind limb paralysis is positive when one hind leg falls
through the cage grid. While there is no world standard for
scoring EAE symptoms, the commonly used scores are 0-5 or
0-6 point scales. Within these scales there is also variation
between laboratories in evaluating the severity of EAE
(reviewed in [18]), and between individual researchers, due to
the subjective nature of the scoring. Variation in the day of
onset of disease symptoms is common and can even vary from
day 7 to day 14. The reason for this variation is not completely
understood and may be a result of the potency of the CFA
used. Mice should be monitored after immunization every sec-
ond day until visible signs of EAE manifest, thereafter mice
should be monitored daily. A gel-packet of food should be pro-
vided inside the cage when mice reach a score of 1.5 or more.

3. Collagenase IV and D purchased from Sigma or Worthington
are used with comparable efficiency in our lab to prepare single
cell suspensions. To prevent over-digestion and potential loss
of cell surface epitopes, we recommend not exceeding the
30 min digestion time and adding EDTA to a final concentra-
tion of 5 mM at the end of the digestion to stop the reaction.
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4. The ratio of PBS and Percoll must be maintained to create the

correct density gradient during centrifugation. These volumes
can be upscaled to accommodate pooled CNS samples. Tubes
of 30 ml for fixed angle rotors are also available. Each closed
tube should be inverted a couple of times before being placed
into the centrifuge to ensure a uniform distribution or PBS,
Percoll and homogenate. It is important to centrifuge samples
with no brakes (or low brakes, depending on the centrifuge)
set on the centrifuge to maintain the PBS-Percoll separation at
the end of the run.

. The bottom layer of red blood cells can also be included in the

main leukocyte fraction to avoid loss of cells of interest.
However, in this case it is recommended to include an erythro-
cyte specific antibody in the staining panel (e.g. Ter119).

. The concept of live cell barcoding comprises labeling of the

individual samples with a unique combination of dedicated
heavy-metal isotopes by which they can be identified unam-
biguously later in the analysis [19-21]. Employing barcoding
significantly reduces antibody consumption, renders possible
sample carry-over during acquisition irrelevant, helps to
exclude inter-sample doublet cells from the analysis and most
importantly it eliminates non-biological inter-sample staining
variability. A possible implementation of this concept is to label
each sample with a unique combination of two or three anti-
CD45 antibodies, conjugated to different heavy-metal iso-
topes. This can be achieved by incubating the samples with the
respective combination of barcoding antibodies diluted in
100 pl CSM for 15-30 min at 37 °C on a horizontal shaker
with 500 rpm. In case CD45 is essential for later discrimina-
tion of CD45 low and high expressing cell populations in the
CNS such as microglia and infiltrates, a further anti-CD45
antibody conjugated to the same heavy-metal isotope (e.g.,
CD45-147 Sm from Fluidigm) for all samples can be added to
the barcoding mix, however it is important to determine the
maximum number of CD45 antibodies that can be used
together per sample without loss of signal due to epitope satu-
ration. After incubation, barcoded samples are washed by add-
ing 1 ml of CSM and centrifuging for 5 min at 300 x4. The
supernatant is discarded, the individual samples are resus-
pended in 100 pl CSM and then combined into a single 1.5 ml
eppendorf tube. The combined sample is washed again by cen-
trifuging the tube for 5 min at 300 xg. All subsequent steps,
starting with the surface staining can now be performed on the
combined sample.

. Staining for several antigens, especially chemokine receptors,

can usually be enhanced by performing the cell surface staining
step for 20-30 min at 37 °C. However, it has to be ensured
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that background staining for other cell surface antigens does
not considerably increase using this approach.

. In case a staining against intracellular antigens is desired in

addition to surface antigens, cells are loosened and fixed by
resuspending them in 300 pl of 1.6 % paraformaldehdye (PFA)
in PBS for 30 min at 4 °C (or the preferred fixation buffer).
Alternatively, fixation can be performed for 10 min at room
temperature which we found to give comparable results. Cells
are washed by adding 1 ml of perm buffer (PBS supplemented
with 0.5% saponin, 2% BSA, and 0.05% sodium azide) and
centrifuging at 600 x4 for 5 min, and decanting the superna-
tant. The antibody mix for the intracellular staining is prepared
by adding the appropriate concentration of each antibody to
100 pl/sample of perm buffer. In case more than 20 million
cells are present in the sample, this volume is adjusted so that
the concentration of cells in the antibody mixture does not
exceed 200x 10 /ml. Cells are incubated for 1 h at 4 °C, pret-
erably on a horizontal shaker with 500 rpm. Afterwards, cells
are washed by adding 1 ml of perm buffer and centrifuging at
600 x g for 5 min and decanting the supernatant.

. We found that cells can be stored up to 2 weeks in intercalation

solution without any significant impact on the quality of the
staining.

Debarcoding of combined samples can either be performed
using dedicated debarcoding software [19] or Boolean gates
on the barcoding channels in FlowJo with subsequent export
of the identified samples.

In addition, cytobank.org offers further tools for data visual-
ization and analysis, such as t-SNE and SPADE. However, in
order to use these functions, a fee-based premium account has
to be purchased.

The number of cells used to generate the t-SNE map can either
be proportional or equal between FCS files and should be opti-
mized. However, the more cells used, the more the time
required to generate the map. Another consideration is the
selection of markers used which requires careful thought and
optimization, since markers that are expressed in a broadly uni-
form manner across cell populations will not contribute to the
resolution of cell populations in the t-SNE map. Conversely,
markers that are expressed discretely by specific cell population
and not by others will allow the separation of these populations
and create clear pseudo-borders in the t-SNE map.

While t-SNE generates visually appealing maps of high dimen-
sional data, it does not output clusters of populations with
defined borders or an analysis of the differences between any
two groups of samples. The clustering algorithm PhenoGraph
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[22] is also available via the cyt platform for matlab and can
output clusters and metaclusters of cell populations whose
frequencies could then be calculated and compared between
samples. Citrus [23], on the other hand, is available as a click-
able R interfaced algorithm and runs clustering of data and
outputs stratifying populations between two or more groups

of samples.
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Chapter 23

Isolation of Microglia and Immune Infiltrates from Mouse
and Primate Central Nervous System

Thais F. Galatro*, llia D. Vainchtein*, Nieske Brouwer,
Erik W.G.M. Boddeke, and Bart J.L. Eggen

Abstract

Microglia are the innate immune cells of the central nervous system (CNS) and play an important role in
the maintenance of tissue homeostasis, providing neural support and neuroprotection. Microglia con-
stantly survey their environment and quickly respond to homeostatic perturbations. Microglia are increas-
ingly implicated in neuropathological and neurodegenerative conditions, such as Alzheimer’s disease,
Parkinson’s disease, and glioma progression. Here, we describe a detailed isolation protocol for microglia
and immune infiltrates, optimized for large amounts of post mortem tissue from human and rhesus macaque,
as well as smaller tissue amounts from mouse brain and spinal cord, that yield a highly purified microglia
population (up to 98% purity). This acute isolation protocol is based on mechanical dissociation and a
two-step density gradient purification, followed by fluorescence-activated cell sorting (FACS) to obtain
pure microglia and immune infiltrate populations.

Key words Microglia, Ex vivo, Acute isolation, FACS, Neuroinflammation, CNS, Multiple sclerosis,
Glioma

1 Introduction

Microglia are the macrophages of the central nervous system
(CNS), originating from erythro-myeloid progenitors in the yolk
sac [1]. Microglia are highly specialized and adapted to their CNS
environment, involved in CNS development and homeostasis [2—
4]. Although microglia and other tissue macrophages, like liver
Kupffer cells and skin Langerhans cells, arise from erythro-myeloid
progenitors, they difter in their developmental programs and their
respective tissue environment plays a major role in determining
their unique gene expression profiles and functions [1, 5, 6].
Under healthy conditions, microglia are the only immune cells
present in the CNS parenchyma. However, under neuropathological

*These authors contributed equally to this work.
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and neurodegenerative conditions, various other immune and anti-
gen-presenting (AP) cells, such as macrophages and dendritic cells,
infiltrate the CNS tissue [7-9], where they modulate further immune
cell infiltration and phenotypes. To elucidate the role of such immune
cells in both normal conditions and disease, it is crucial to obtain siz-
able cell numbers and purity. Here, we present a fluorescence-acti-
vated cell sorting (FACS)-based protocol yielding highly pure immune
cell populations from the CNS of mammals. The flexibility of this
procedure allows diversity in sample origin (mouse, human and non-
human primates) and tissue type (brain or spinal cord).

Contrary to enzymatic dissociation protocols, mechanical dis-
sociation does not require a 37 °C incubation, hence maintaining
the cell surface markers integrity and allowing for phenotype inves-
tigation [10]. The isolation procedure described here consists of
three main steps: (1) mechanical dissociation of the tissue to obtain
a single-cell suspension; (2) separation of cells from debris and
myelin using Percoll gradient centrifugation; and (3) purification
of immune cell types based on cell surface marker expression using
FACS sorting (Fig. 1).

22% Percoll gradient 60-30% Percoll gradient

Mechanical
dissociation

Unstained + single stains (colored wells)
51 and S2 (samples)

Fig. 1 Isolation protocol for microglia and immune infiltrates of the CNS. Step 1: mince brain tissue and dis-
sociate with a glass tissue homogenizer until a homogeneous suspension is obtained. Step 2: myelin and cell
debris are removed by Percoll gradient centrifugation. For small amounts of starting tissue, a single Percoll
gradient is used (22 %) and the resulting pellet is used for the next step. For larger amounts and myelin-rich
starting tissue, a second Percoll gradient separation is applied (60—30 %). In that case, the interphase between
the two Percoll layers is used. Step 3: resulting cell suspension is blocked to reduce nonspecific antibody
binding, then stained for the desired membrane markers. The cell suspension is then filtered in a FACS tube
and FACS sorted (Beckman Coulter MoFlo Astrios/XDP). * Optional: for functional assays perform the 60—30 %
Percoll gradient separation and continue from there
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2 Samples

The origin and condition of the tissue sample is crucial for the end
result of the isolation protocol. We have applied this optimized
protocol to the following:

Mouse

Preferably, mice are perfused with 0.9% physiological saline
solution prior to removal of CNS tissue to avoid contamination of
CNS-immune cells with blood immune cells. Microglia have been
successfully isolated from brain and spinal cord of several experi-
mental conditions and molecular backgrounds, such as aged mice
[11] and aging models (mTerc~; Ercc1*”) [12, 13], EAE (experi-
mental autoimmune encephalomyelitis) [14], GL261 glioma
injected brains, and Alzheimer’s disease models (APP23, 5xFAD).

Human and nonhuman primate samples

Human and nonhuman primate (Rhesus macaque; Macaca
mulatta) brain samples have been collected under the course of
full body autopsies. Donor age (increased cell-death and auto fluo-
rescence with age), neuropathological condition (Alzheimer,
Parkinson, and multiple sclerosis), CSF pH (pH <6.5 results in
poor RNA quality) and post mortem interval (up to 24 h) varied
between these samples, which atfected cell yields. Microglia have
also been successfully isolated from surgical biopsies collected after
tumor resection (glioma) or temporal lobectomy of epilepsy
surgeries.

3 Materials and Solutions

3.1 Materials

. 50 and 15 mL tubes.

. 5,10, and 25 mL pipettes.

. 1 mL, 200 pL, 20 pL, and 10 pL pipettes and tips.

. 800 mL beaker glass with 106 and 300 pm sieve on top.
. 70 pm cell-strainer.

. Round bottom 96-wells microplate.

N OV gk W

. 5 mL polystyrene round-bottom tube with cell-strainer cap
12 x75 mm style, referred to as “FACS tube”.

. 1.7 mL siliconized Eppendorf tubes.

o]

9. 5 cm?® or 15 cm?® glass homogenizers.

10. Centrifuge with controllable acceleration and brake.
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3.2 Solutions

O 0 NN O

. Isolation medium with phenol red (iMed*) (this medium is

not suitable for FACS, due to phenol red interference): 500 mL
of HBSS (1x) with phenol red; 7.5 mLL HEPES 1 M (f.c.
15 mM); 6.5 mL glucose 45 % (f.c. 0.6%).

. Isolation medium without phenol red (iMed~): 50 mL of

HBSS (1x) without phenol red; 750 pL. HEPES 1 M (fic.
15 mM); 650 pL glucose 45% (f.c. 0.6%); 100 pL 0.5 M
EDTA pH 8.0 (f.c. 1 mM).

. Myelin gradient buffer: prepare 1.5 L of NaH,PO,-H,O

(0.78 g/L;f.c. 5.6 mM), solution 1. Prepare 1.5 L of Na,HPO,
2H,0 (3.56 g/L; f.c. 20 mM), solution 2. Adjust solution 1
to pH 7.4 with solution 2. Measure the final volume and add:
8 g/L. NaCl (f.c. 140 mM); 0.4 g/L KClI (f.c. 5.4 mM); 2 g/L
glucose (f.c. 11 mM). Autoclave and keep sterile at 4 °C.

. 22% Percoll gradient solution: 110 mL Percoll; 12 mL NaCl

1.5 M; 378 mL myelin gradient buffer.

. 100%-60%-30% Percoll solution: prepare 100 % Percoll

solution by mixing 27 mL Percoll with 3 mL 10x HBSS. For
60 % Percoll solution mix 18 mL 100% Percoll with 12 mL
PBS; for 30 % Percoll solution mix 9 mL 100% Percoll with 21
mL PBS.

. Virkon®S.

. DAPI (200 pg/mL).
. RNAlater.

. RLT plus.

4 Methods

4.1 Preparation
of a Single-Cell Brain
Tissue Homogenate

The whole procedure is conducted on ice and all centrifugation
steps are performed at 4 °C. When dealing with primate samples,
steps 1-5 are carried out in a laminar flow due to potential biohaz-
ard risk. Waste is collected in 1% Virkon®S solution, stored for
24 h and autoclaved.

1.

2.

Weigh tissue, place it in a petri dish with iMed* and cut it into
2 mm? pieces with a scalpel.

Transfer the minced tissue to a glass tissue homogenizer with
iMed* and homogenize until a uniform solution is obtained.
When using a 5 cm? glass tissue homogenizer, transfer up to
1 g of tissue each time, if a 15 cm? glass tissue homogenizer is
used, portions of 4 g can be transferred. Repeat the procedure
until all tissue is homogenized (see Note 1).

. For small amounts of tissue, use a pre-wetted (with 1 mL of

iMed*) 70 pm cell-strainer on top of a 50 mL tube and filter
the tissue homogenate. For larger amounts of tissue, put
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

106 pm and 300 pm sieves on top of an 800 mL beaker glass
and filter the solution.

. For large (primate) samples, divide the tissue homogenate over

several 50 mL tubes, no more than 1.5 g starting material per
50 mL tube (for example: 7.5 g of tissue results in five tubes).

. Rinse glass homogenizer and beaker glass with extra iMed* and

add to the tissue homogenate after passing it through the sieve.

. Centrifuge at 220 x g, 10 min (brake and acceleration: 9).
. Carefully remove supernatant by pipetting.

. Resuspend the cell pellet in 1 mL of 22 % Percoll solution. Add

19 mL 22 % Percoll solution to the 50 mL tube and mix well
(or add 10 mL when using 15 mL tubes).

. Carefully (without mixing) place 3 mL of PBS on top of the

22 % Percoll solution.

Separate cells and myelin by centrifugation: 20 min, 950 x4
(acceleration 4; brake 0).

Carefully remove the myelin layer by pouring it oft (or pipet-
ting). Leave the cell pellet undisturbed. For human and non-
human primate samples or functional assays that require vital
cells (mouse; i.e. chemotaxis and phagocytosis), continue with
step 12, otherwise continue with step 20.

Resuspend the cell pellet in 1 mL 60% Percoll using 1 mL
pipette tip.

Add 14 mL of 60% Percoll solution (per 50 mL tube) to the
suspension and homogenize.

Caretully place 14 mL of 30 % Percoll on top of the 60 % Percoll
layer.

Careftully layer 3 mL PBS on top of the 30 % Percoll. Centrifuge
for 25 min, 800 x g (acceleration 4; brake 0).

Collect the 60—30% interphase with a pre-wetted (with 1 mL
iMed*) glass pipette and transfer to a 50 mL tube containing
iMed".

Add two volumes of iMed +equivalent to the collected cell-
rich interphase.

Pellet cells by centrifugation: 600 x4, 10 min (brake and accel-
eration: 9).

Remove as much medium as possible (optional: place tube
upside down).

Resuspend cell pellet in 100 pL. iMed~ (the cells can be used
for functional assays).

To prevent aspecific binding of antibodies perform a blocking
step. Incubate samples for 15 min on ice with the following
blocking solution (Table 1):
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Table 1
Blocking reagents

Sample origin Blocking reagent Supplier Amount
Human/macaque FcR-blocking eBioscience 10,100 pL cell suspension
Mouse Anti-mouse CD16/CD32 eBioscience 1,/100 pL cell suspension

4.2 Settings of FACS
Sorting Machine

4.3 Antibody
Incubation Procedure

In order to facilitate fluorochrome compensation and settings of
the FACS machine, unstained and single stained reference samples
should be made. A small volume of the sample(s) can be used for
such purpose (further referred to as FACS setting solution), but
keep in mind some of the markers are only lowly expressed in the
brain. Preferably, beads can be used, or in case of mouse samples,
splenocytes can be used for the settings (see Note 2). If a FACS
setting solution is used, continue with step 22.

22.

23.

24.

26.

27.

28.
29.
30.

31.

Transfer 5 pLL of the sample to a separate tube for the settings.
In case of multiple samples, take 5 pL. of each sample and pool.

For primate samples fill the tube up to 300 pL with iMed",
mouse samples up to 600 pL with iMed".

In a 96-well microplate, pipet 3x 100 pL of FACS setting solu-
tion in 3 wells (unstained, CD11b PE single stain, CD45 FITC
single stain) in case of primate samples; or 6 x 100 pL of FACS
setting solution in 6 wells (unstained, CD11b PE single stain,
CD45 FITC single stain; Ly-6C APC single stain, Ly-6G
APC/Cy7 single stain, CD3 PE/Cy7 single stain) for mouse
samples.

. Add antibodies to the single stains in the 96-well microplate

as indicated in Table 2 below, keep on ice for 20-30 min, in
the dark.

Prepare and add antibody mix to the samples (human: 1,2;
macaque: 1,3; mouse: 4-8) in the falcon tubes as indicated in
Table 2 below, keep on ice for 20-30 min, in the dark.

After incubation, divide the sample solution over several wells
(100 pL in each well of a 96 well microplate). Wash the tube
with an extra 100 pL of iMed™ and pipet in a separate well. Add
100 pL of iMed™ to all wells (single stains and samples).

Spin the cells down for 3 min at 300 x 4.
Remove supernatant and add 100 pL of iMed™ to each well.

Transfer each single stain to an individual FACS tube by filter-
ing it through the pre-wetted (50-100 pL of iMed~) filter.

Combine each divided sample into an individual pre-wetted
(50-100 pL of iMed~) FACS tube.



Isolation of Microglia and Immune Infiltrates from Mouse and Primate CNS 339

Table 2
Antibody dilution

Sample origin Antibody Clone Isotype Supplier Dilution
1. Human/macaque CDI11b PE ICRF44 Mouse IgG1, x  Biolegend 1:25

2. Human CD45 FITC HI30 Mouse IgG1 Biolegend 1:25

3. Macaque CD45 FITC MB4-6D6 Mouse I1gGl Miltenyi Biotec  1:25

4. Mouse CD11b PE M1,/70 Rat IgG2b, eBioscience 1:170

5. Mouse CD45 FITC 30-F11 Rat IgG2b, eBioscience 1:250

6. Mouse Ly-6C APC HK1 .4 Rat IgG2c, Biolegend 1:130

7. Mouse Ly-6G APC-Cy7 1A8 Rat IgG2a, Biolegend 1:100

8. Mouse CD3 PE/Cy7 17A2 Rat IgG2b, Biolegend 1:100

32. Collect the remaining cells with iMed~ (100-150 pL) from the

4.4 FAGS Isolation
Myeloid Cells

33.

34.

35.

36.

37.

38.

39.

96 well microplate and add it to the corresponding FACS
tubes.

1-2 min before starting the FACS procedure add 0.5 pL of
DAPIL.

First, gate on all the events/cells (SSCheisht ys ESCheisht; to gate
out cell debris), second gate on singlets (first gate in SSCith
vs FSChieht followed by FSCYdth vs FSCheieht) (single cells 1
and 2; Fig. 2).

Select the live, single cells by gating against DAPI (DAPI vs
FSChcight).

For primate samples, plot for SSC™# vs a fluorochrome that is
not in the panel (for example PE/Cy7 for primate samples)
and gate for non-autofluorescent cells.

Then plot for CD11b vs CD45, the CD11br>* CD45™ cells are
the microglia. In case mouse samples are used, the microglia
gate 1 can be plotted for SSChight vs Ly-6C, as microglia are
Ly-6Cr¢. A pure microglia population can be sorted (CD11b**
CD45™ Ly-6C™s8; Fig. 2).

In the CD11b vs CD45 plot, the CD11b"eCD451thigh cells
(myeloid gate) are the infiltrates, consisting of macrophages
and neutrophils that can be separated in mouse samples by gat-
ing for Ly-6G and Ly-6C (macrophages are Ly-6Cr Ly-6G"#
and neutrophils are Ly-6C™ Ly-6GP*).

In mouse samples, the CD45"¢" CD11b™¢ fraction (lymphoid
gate) in the CD11b vs CD45 plot can be plotted for SSCheight
vs CD3 and a T-lymphocyte population can be sorted.
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Fig. 2 FACS sorting strategy. To isolate pure populations of microglia and different immune infiltrates (macro-
phages, neutrophils, and T-lymphocytes), cells are first separated from cell debris and the remaining myelin by
a gate in the SSC"9" vs FSCMe", Single cells are selected in the SSC"™ ys FSCi9" followed by FSC¥dh vs
FSCeant gates (single cells 1 and 2 gate). To obtain high quality RNA/DNA samples, live cells can be gated as
DAPI"s (DAPI vs FSC9™). Depending on the experimental condition in mice, three well identifiable cell popula-
tions can be distinguished using CD11b vs CD45 plotting. From the microglia gate 1, microglia can be identi-
fied as Ly-6C"™ when plotting for SSC"9" vs Ly-6C. The myeloid gate contains two main populations when
plotting for Ly-6G vs Ly-6C; macrophages are Ly-6C** Ly-6G"9 and neutrophils Ly-6C™ Ly-6GP*. T-lymphocytes
(CD3*) can be sorted when gating for SSC9" ys CD3 in the lymphoid gate. For the primate samples, after the
live cells gate, the autofluorescent cells should be removed by gating on the non-autofluorescent (AFS) cells
(SSCreient vs a fluorochrome that is not used, preferably APC or PE/Cy7). This has to be performed for human
samples, but is not obligatory for macaque due to less autofluorescence. In the CD11b vs CD45 plot, microglia
can be identified as CD11bres CD45™
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During sorting, cells should be collected in siliconized tubes
filled with the following, depending on desired downstream

e 350 pL RNAlater, in case of RNA /DNA isolation for gene
expression profiling.

e 350 pL iMed, for other applications such as protein isola-
tion and chromatin immunoprecipitation.

Collection of cells by centrifugation will depend on downstream
application. i.e., for RNA/DNA isolation purposes, centrifuge
10 min, 5000 RCF; carefully remove RNA later and lyse (invis-
ible) cell pellet in 350 pL RLTplus and store at —80 °C.

If cells are collected in iMed~, centrifuge for 10 min at 500
RCF, remove supernatant and resuspend pellet in the appro-

. It is advised to use a 5 cm?® glass tissue homogenizer for low

myelin content samples (i.e., mouse brain, spinal cord, glioma
tissue) and a 15 cm?® glass tissue homogenizer for higher
amounts of starting material or samples with high myelin con-

. Mouse splenocyte isolation: conduct steps 1-7 as described

above. Resuspend the pellet in 1 mL of lysis buffer (ammo-
155 mmol/L, potassium bicarbonate
10 mmol/L, sodium edetate 0.1 mmol/L) to remove red
blood cells and incubate on ice for 5 min. Fill to 15 mL with
iMed +and perform step 7 again. Carefully pour off (or pipet)
supernatant and resuspend pellet in 1 mL of iMed—. Use this
cell suspension for the calibration and settings of FACS sorting
machine and continue with step 24.

40.
application:
41.
42.
priate buffer.
5 Notes
1
tent (primates).
2
nium chloride
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Investigating the Lymphatic Drainage of the Brain:
Essential Skills and Tools

Nazira J. Albargothy, Matthew MacGregor Sharp, Maureen Gatherer,
Alan Morris, Roy 0. Weller, Cheryl Hawkes, and Roxana 0. Carare

Abstract

In this chapter we describe in detail the surgical and imaging techniques employed for the study of the
anatomical routes of drainage of cerebrospinal fluid (CSF) and interstitial fluid (ISF) from the brain. The
types of tracers, sites of injection, and volumes injected are crucial. For example, when testing the drainage
of ISF from the parenchyma, volumes larger than 0.5 pL result in spillage of ISF into the ventricular CSF.

Key words Mouse brain, Perivascular lymphatic drainage, Alzheimer’s disease, Interstitial fluid,
Cerebrospinal fluid, Solute clearance, Rodent perfusion, Intraparenchymal stereotactic injections,
Cisterna magna injections

1 Introduction

Apart from blood, there are two major extracellular fluids associ-
ated with the CNS: cerebrospinal fluid (CSF) and interstitial fluid
(ISF). The pathways of communication between the CSF and ISF
or between ISF and the immune system are still unclear. We have
demonstrated in rodents that (1) CSF drains alongside olfactory
nerves into the nasal mucosa [ 1] and (2) solutes drain from the ISF
along basement membranes of capillaries and arteries towards the
surface of the brain [2]. Previous work suggests that ISF reaches
deep cervical lymph nodes, but the exact route is not known [3].
Recent experimental work has demonstrated a “glymphatic” path-
way whereby CSF and ISF equilibrate and the anatomical route is
along the pial-glial basement membranes [4, 5].

In this chapter we describe several well-established surgical and
imaging techniques developed and optimized at the University of
Southampton by Professor Dr Roxana O. Carare and her research
team. These techniques are evident in articles describing the study
of extracellular fluid movement within mouse cerebral tissue [2,

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_24, © Springer Science+Business Media LLC 2017
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5-21]. Briefly, intraparenchymal or intracisternal injections of trac-
ers are performed on mice. The mice are then fixed by perfusion
and their brains removed. Brains are then processed according to
protocols optimized for protein identification (immunohistochem-
istry), tracer movement (fluorescent microscopy) and ultrastruc-
tural tracer position (Floating 3,3’diaminobenzidine (DAB)
immunohistochemistry with electron microscopy). When com-
bined these techniques provide a very powerful set of tools for
advancing knowledge of the morphology and physiology of the
lymphatic drainage of the brain. This is essential for understanding
how soluble biomarker proteins reach the CSF and how the
immune system reacts in neuroimmunological conditions and with
increasing age [22].

2 Materials

2.1 Fluorescent
Tracers for
Parenchymal and
ntracisternal Injection

2.2 Induction
of Anesthesia
for Surgery

2.3 Stereotactic
Injection of Tracers
into Mouse
Hippocampus

A number of materials and reagents are required throughout the
surgical and tissue processing techniques described in this chapter.
Reagents that must be prepared prior to performing these tech-
niques include fixative, appropriately diluted tracers, and anesthetic.

1. 10 mM 10 kDa Dextran Texas Red: Dissolve 5 mg of dextran
in 100 pL of filtered ice-cold 0.01 M phosphate buffered saline
(PBS), pH 7.2. Vortex (5 s) and aliquot 10 pL into ten
Eppendorf tubes. Centrifuge for 5 min. Wrap aliquots in alu-
minum foil and store at —20 °C (see Note 1).

2. 100 pL human amyloid-beta (1-40) HiLyte Fluor 555: Add
50 pL of filtered 1% NH,OH to 0.1 mg of Amyloid-beta
(1-40) HiLyte Fluor 555 (Cambridge Bioscience). Vortex for
30 s. Add 52.6 pL of filtered 0.01 M PBS, pH 7.2. Vortex for
30 s. Pipette 10 pL into five separate Eppendort tubes to pro-
duce stock 200 pL aliquots. Store on dry ice. Add 52.6 pL of
filtered 0.01 M PBS, pH 7.2 to the remaining solution. Vortex
for 5 s. Decanter into 10 pL aliquots to produce 100 pL solu-
tions. Wrap all aliquots in aluminum foil and immediately store
at —80 °C (see Note 2).

1. Experimental mice (see Note 3).
2. Scales.

3. Standard isoflurane anesthesia system.

1. Stereotaxic frame with nosepiece anesthesia attachment.

2. Dissection microscope.

3. Inspection light (ideally gooseneck cold LED) (see Note 4).
4

. Rodent temperature controller system.



2.4 Injection
of Tracers into Mouse
Cisterna Magna

2.5 Perfusion

Fixation

2.5.1

Buffers

o N O U

11.
12.
13.
14.
15.
16.

0 NN O\ U W N

11.
12.
13.
14.
15.
16.
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. Hair clippers (Wella/Contura).
. Micromotor drill with 0.7 mm burr.
. Lacri-lube (ocular lubricant).

. 1-5 pL Hirschmann microcapillary pipette with attached injec-

tion syringe (Fig. 5).

. Pipette puller (see Note 5).
10.

Dissection tools (sterile surgical scalpel (size 10A), tough cut
scissors, forceps tip width 2.5 mm).

0.9 % saline.

Vaseline.

Paper towels.

Cotton buds.

Dust Oft.

Pentobarbitone: 1:10 in 0.9 % saline.

. Stereotaxic frame with nosepiece anesthesia attachment.
. Dissection microscope.

. Inspection light (ideally gooseneck cold LED).

. Rodent temperature controller system.

. Hair clippers (Wella/Contura).

. Micromotor drill with 0.7 mm burr.

. Lacri-lube (ocular lubricant).

. 1-5 pLL Hirschmann microcapillary pipette with attached injec-

tion syringe (Fig. 5).

. Pipette puller (see Note 5).
10.

Dissection tools (sterile surgical scalpel (size 10A), tough cut
scissors, forceps tip width 2.5 mm, length 12 cm and 2x curved
dissection forceps).

0.9 % saline.

Vaseline.

Paper towels.

Cotton buds.

Dust Off.

Pentobarbitone: 1:10 in 0.9 % saline.

. 0.2 M Piperazine- N, N'-bis-2-ethanesulfonic acid (PIPES)

bufter, pH 7.2: Mix 60.48 g PIPES with 900 mL of distilled
water. Add 10 M sodium hydroxide dropwise to bring the pH
up to 7.2. Make up to 1 L with distilled water to produce a
0.2 M solution of PIPES buffer, pH 7.2. Store at 4 °C (see
Note 6).
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2.5.2 Fixatives

2.5.3  Perfusion

2.6 Tissue
Processing

2.6.1 Immuno-
histochemistry

2.

N O\ Ul W

0.01 M phosphate buffered saline (PBS), pH 7.2: Dissolve 50
PBS tablets (Sigma-Aldrich) in 1 L of distilled water to make
10x stock. Dilute 1:10 in distilled water for use. Store stock at
room temperature.

. 4% paraformaldehyde in 0.01 M PBS, pH 7.2: Mix 4 g of para-

formaldehyde with 20 mL distilled water. Heat to 60 °C on a
hotplate stirrer, add 2—4 drops of 1 M NaOH and stir until
solution clears (see Note 7). Make up to 50 mL with distilled
water, add 50 mL of 0.02 M PBS and adjust pH to 7.2 using
NaOH or HCL. Store at 4 °C (see Note 8).

. 3.4% formaldehyde plus 3% glutaraldehyde in 0.1 M PIPES

bufter, pH 7.2: Mix 4 g of paraformaldehyde with 20 mL of
distilled water. Heat to 60 °C on a hotplate stirrer, add 2—4
drops of 1 M NaOH and stir until the solution clears (see
Note 7). Cool slightly and add 12 mL of 25 % EM grade glu-
taraldehyde. Make up to 50 mL with distilled water and add
50 mL of 0.2 M PIPES buffer, pH 7.2. Store at 4 °C.

. Syringe pump.

. Dissection instruments (straight blunt scissors, standard pat-

tern, gently curved blunt serrated larger finger loops, haemo-
stat and small forceps).

.27 Gx0.38” x 12" butterfly needles.
.26 G 2" x0.45 x 13 mm needles.

. 2x20 mL syringes.

. 15 mL tubes.

. Perfusion platform.

Tissue processing for immunohistochemistry and fluorescent/con-
focal microscopy can be performed on wax embedded, fresh
(unfixed) and fixed frozen tissue. The materials listed here are for
protocols optimized for tissue and antigen preservation in fixed
frozen tissue. Processing for electron microscopy is performed on
fixed tissue (Fig. 1).

The following materials are required for the processing of fixed
frozen tissue with optimum tissue and antigen preservation.

1.

g W

30% sucrose: Dissolve 30 g of sucrose in 100 mL of distilled
water. Store at 4 °C.

. OCT cryo-embedding media.
. Base molds.
. Liquid nitrogen.

. Cryostat and associated microtomy equipment.
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Melt and
Wax embedded dehydrate using
ethanol series

Immunohistochemistry Fix tissue with
& fluorescent/
confocal microscopy

Electron microscopy

Unfixed fresh preferred fixative
frozen (ethanol, formalin
etc) for 20 min

Method described

Fixed Frozen here

Method described
here

Fig. 1 Overview of tissue processing types. Boxes highlighted in red are relevant
to the protocols described in this chapter

O 0 NN N

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.

. Superfrost slides.

. Slide staining rack.

. 0.01 M PBS, pH 7.2.

. 3% hydrogen peroxide.
10.
. Primary antibody (Fig. 2) (sec Note 9).
12.
13.
14.

Blocking serum (Fig. 2) (see Note 9).

Secondary antibody.
ABC vector.

0.2 M sodium acetate: Dissolve 1.64 g of sodium acetate in
100 mL of deionized water. Adjust to pH 6.0 using 20 % acetic
acid.

0.1 M sodium acetate: Dilute 50 mL of 0.2 M sodium acetate
in 50 mL of deionized water.

2.5 g nickel ammonium sulfate.

200 mg p-glucose.

40 mg ammonium chloride.

1.5 mg glucose oxidase (store at —18 °C until ready to use).
60 mg DAB.

1in 5 diluted Harris hematoxylin.

Ethanol series in distilled water (50, 70, 95, 100%).

Xylene.

DPX mounting medium.
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2.6.2  Fluorescence/
Confocal Microscopy

Protein of interest Primary antibody |Secondary antibody

Collagen IV :
1 Polyclonal rabbit ; . .
Goat | anti-collagen Iv : Goat anti-rabbit
i Dilution ratio: 1:400 : IgG
Smooth muscle : o
i : Polyclonal rabbit : .
Goir ‘anti-alpha smooth ;: Goat anti-rabbit
! muscle actin ! e[c]
! Dilution ratio: 1: 200 !

Fig. 2 Common antibodies used for immunohistochemistry. The two antibodies
listed here are particularly useful for identifying cerebral blood vessels

Protein of interest Primary antibody [Secondary antibody

Collagen IV
: Polyclonal rabbit | Goat anti-rabbit
i anti-collagen IV | alexaflour488
! Dilution ratio: 1 : 400 ' coniugate
Smooth muscle
actin :‘Mouse monoclonal;
Goat / Donkey / | anti-alpha smooth!  Not required

Horse ! mucle actin (FITC)!
! Dilution ratio: 1: 200 !

Smooth muscle

actin i Polyclonal rabbit | oat anti-rabbit
Goat . alexaflour488
muscle actin conjugate

! Dilution ratio: 1 : 200

‘anti-alpha smooth

Fig. 3 Common antibodies used for fluorescent/confocal microscopy. The three
antibodies listed here are particularly useful for identifying cerebral blood
vessels

The following materials are required for the processing of fixed
frozen tissue.

1. Cryostat and associated microtomy equipment.

2. Superfrost slides.

3. Slide staining rack.

4. 0.01 M PBS,pH 7.2.

5. Blocking serum (Fig. 3) (see Note 9).



2.6.3 Floating DAB
Immunohistochemistry
for Transmission Electron
Microscopy

Human Amyloid-Beta

(1-40) HiLyte Fluor 555
Fibril Test

Vibratome Slicing

Floating DAB
Immunohistochemistry

6.
7.
8.
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Primary antibody (Fig. 3) (see Note 9).
Secondary antibody (Fig. 3).

Mowiol mounting medium.

The following materials are required for the processing of perfu-
sion fixed tissue.

o S L N R S R AW o~
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10.

11.
12.
13.
14.
15.

. Human amyloid-beta (1-40) HiLyte Fluor 555.
. Thioflavin.

. Formbar coated EM grid.

. Oven (set at 37 °C).

. Vibratome.

. 0.01 M PBS, pH 7.2.

. 12-well cell culture plate.
. Small paintbrush.

. Superglue.

. Dissecting blades.

. 24-well cell culture plate.

. Shaker.

. Parafilm.

. 0.01 M PBS, pH 7.2.

. 0.3% hydrogen peroxide: add 10 mL of 30 % hydrogen perox-

ide to 90 mL of 0.01 M PBS, pH 7.2.

. 70% formic acid.
. 0.1% Triton X-100 in 0.01 M PBS, pH 7.2.

. Blocking serum: 5% goat serum with 5% fetal bovine serum in

0.01 M PBS, pH 7.2.

. Mouse monoclonal anti-Ap40 (4G8) (BioLegend): dilute anti-

body 1:100 in 0.01% Triton in 0.01 M PBS, pH 7.2. Wrap
with parafilm to prevent evaporation and store at 4 °C.

Horse anti-mouse biotinylated IgG: dilute antibody 1:400 in
0.01% Triton in 0.01 M PBS, pH 7.2.

ABC vector.
Decionized water.

0.1 M sodium acetate.
20 % acetic acid.

2.5 g nickel ammonium sulfate.
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Tissue Processing
for Electron Microscopy

16.
17.
18.
19.

1.

200 mg p-glucose.

40 mg ammonium chloride.

1.5 mg glucose oxidase (store at —18 °C until ready to use).
60 mg DAB.

Glass vials and rotator.

2. PIPES bufter, pH 7.2.

. 2% aqueous osmium tetroxide: Dissolve 1 g osmium tetroxide

in 50 mL distilled water to produce 2% stock. Store in triple
containment at 4 °C (see Note 10).

. 2% uranyl acetate in 70 % ethanol: Dissolve 2 g uranyl acetate

in 50 mL of 70% ethanol. Store at 4 °C (see Note 11).

. Graded ethanol series in distilled water (30, 50,95, and 100 %).

6. Acetonitrile.

. TAAB resin: Mix 49 g TAAB hardener component with 49 g

TAAB resin component (TAAB Laboratories). Mix well. Add
2.5 mL of TAAB accelerator and mix well. Store at —18 °C
(see Note 12).

. Flat molded embedding capsules (TAAB Laboratories) (see

Note 13).

. Capsule rack.
10.
11.
12.
13.
14.

Oven (set to 60 °C).

Ultramicrotome and associated microtomy equipment.
Formbar coated 200 mesh copper/palladium grids.
Square 200 mesh copper/palladium grids.

Transmission electron microscope.

3 Methods

3.1 Induction
of Anesthesia
for Surgery

. Set oxygen flow meter to 1.7 L /min.

. Switch airflow valve to direct isoflurane and oxygen to the

induction chamber.

. Weigh mouse and place in the induction chamber.
. Set isoflurane vaporizer to level four to induce anesthesia.

. Monitor the level of anesthesia by using the toe pinch response;

surgical plane is reached when the mouse does not respond to
toe pinch.

. Switch airflow valve to redirect isoflurane and oxygen to the

stereotaxic frame.

. Transfer mouse from induction chamber to the stereotaxic

frame isoflurane mask.
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Injection of Tracers
into Mouse
Hippocampus
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This technique allows for the injection of small amounts of tracers
into mouse brain parenchyma at a controlled and physiologically
relevant rate (0.5 pL /2.5 min). After injection, the capillary tip is
left in situ for 2 min to allow for bolus diffusion. A further 5 min
is then given for perivascular drainage. All procedures are per-
formed using a dissection microscope (Fig. 4).

1.

Stereotaxic

Surgical
instruments

Position anesthetized mouse on to a heated pad on the stereo-
taxic frame using mouthpiece and ear bars. The head needs to
be secure and not move when pressure is applied to the scalp
(see Note 14).

. Cover rectal probe in Vaseline and insert into mouse. Regulate

temperature at 37 °C.

. Apply Lacrilube to mouse eyes (see Note 15).

. Make an incision down the midline of the scalp to expose the

skull.

. Clean the surface of the skull using PBS and cotton buds. Air-

dry with Dust Oft.

. Front load the microcapillary pipette with tracer using a 1 mL

Termo syringe attached to the pipette by narrow gauge tubing
(Fig. 5). Attach on to stereotaxic frame using the injection
pipette holder (see Note 16).

Microscope

frame

Light source

Micromotor
drill

Fig. 4 Recommended equipment arrangement for stereotaxic surgeries. All pro-
cedures are performed using a dissecting microscope and an adequate cold LED
light source. All required instruments/reagents should be readily accessible
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- 3 narrow gauge tube
microcapillary

pipette

o R

L

w
tracer/ /
1 mL syringe \

Fig. 5 Microcapillary pipette loading. A 1 mL syringe should be set to the 0.0 mL
mark and fixed to a fine tube connected to the pipette. To load the pipette, the
syringe needs to be pulled very gently until the tracer begins to move into the
capillary. When the desired volume of tracer is loaded, the syringe must be
pushed slightly to produce negative flow and then disconnected from the tube to
take away pressure from the system

7.

10.
11.

12.
13.

14.

15.

16.

17.

Use the stereotaxic X7Z controls to maneuver the microcapil-
lary pipette so that the tip is located over Bregma (the point
where the sagittal and coronal sutures intersect) (Fig. 6).

. Adjust X7 so that the pipette tip is positioned at the hippocam-

pus (ML=—-1.5 mm, AP=-2.0 mm) (Fig. 7) (se¢ Note 17).

. Mark the top of the skull underneath the pipette tip with a fine

marker pen.
Adjust Z-axis to lift the tip away from the skull.

Use a fine drill at medium to high speed to gently shave away
the skull previously marked by the pen. Stop when the dura
mater becomes visible.

Clean the surgery area using PBS, pH 7.2 and cotton buds.

Gently adjust the Z-axis to lower the pipette tip until it touches
the dura and then lower into the hippocampus (DV=1.7 mm).

Slowly press the plunger of the syringe to inject 0.5 pL of
tracer over 2.5 min.

Leave pipette tip in situ for 2 min to prevent reflux and then
slowly remove it from the brain using the Z-axis stereotaxic
control.

After another 3 min inject pentobarbitone intraperitoneally
(200 mg/kg), using a 1 mL syringe and a 26 G
15" % 0.45x13 mm needle.

Wiait for 1 min and then transfer mouse on to perfusion mat.
Prepare mouse for perfusion and start the flushing procedure.



3.3 Injection
of Tracers into Mouse
Cisterna Magna
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Fig. 6 Diagram showing the location of bregma and XY hippocampal stereotaxic
coordinates on mouse brain. The red dashed circle indicates the point at which
the sagittal and coronal sutures intersect

il

HIUII‘IUIHIIIIHLIIIIIIIIII
1 2 13

Fig. 7 Linear Vernier scale measurement. The large main scale (boftom) and
smaller vernier scale (fop) have been set to 20.5 mm. The red dotted line is
aligned with 0 on the vernier scale but does not line up with any division on the
main scale. The green arrow indicates the 0.5 division, which unlike any other
mark, lines up directly with one of the main scale divisions

This should be timed to start when the 5 min perivascular
drainage time has been reached.

Tracers are injected into mouse cisterna magna at a controlled rate
of 0.2 pL./min. For good image analysis it is recommended to
inject between 1 and 2 pL of tracer allowing for a 30 min drainage
time. All procedures are performed using a dissection microscope.

1. Position anesthetized mouse on to a heated pad on the stereo-
taxic frame using mouthpiece and ear bars. The head needs to

be secure and not move when pressure is applied to the scalp
(see Note 14).

2. Cover rectal probe in Vaseline and insert into mouse. Regulate
temperature at 37 °C.

3. Apply Lacrilube to mouse eyes (sec Note 15).
4. Use hair clippers to shave scalp.
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3.4 Perfusion
Fixation

5.

10.

11.

12.
13.

14.

Using a size 10 sterile surgical scalpel, perform a sagittal inci-
sion of the skin inferior to the occiput. Clean the area using
PBS, pH 7.2 and cotton buds.

. Bluntly separate subcutaneous tissue and muscles (m. biventer

cervicis and m. rectus capitis dorsalis major) using 2x curved
dissection forceps. The dura mater of the cisterna magna
(Atlanto-occipital membrane) will appear as a shiny elastic
membrane.

. Gently swab a thin layer of Vaseline or glycerol on the dura to

prevent tracer reflux.

. Readjust the position of the mouse so that the head forms a

135° angle with the body.

. Front load the microcapillary pipette with tracer using a 1 mL

Termumo syringe attached to the pipette by narrow gauge
tubing (se¢e Note 16) (Fig. 5).

Pierce the dura mater lateral to the arteria dorsalis spinalis with
the injection pipette. Inject 1-2 pL at a rate of 0.2 pL/min (see
Note 18).

After injection leave the capillary pipette in situ for 2 min to
prevent reflux and then gently retract it away from the dura.

Leave mouse in situ for 28 min.

Inject pentobarbitone intraperitoneally (200 mg/kg), using a
1 mL syringe and a 26 G 2" x0.45 x 13 mm needle.

Wiait for 1 min and then transfer the mouse on to the perfusion
mat. Prepare mouse for perfusion and start the flushing proce-
dure. This should be timed to start by the time the 30 min
drainage time has elapsed.

Good fixation can be achieved by pertfusing the mouse at a rate of
5 mL/min.

1.

Front load 2x25 mL syringes with 25 mL of fixative or
buffer.

. Attach the syringe that contains buffer on to the perfusion

pump. Attach a 27 Gx0.38”x12” butterfly needle to the
syringe (Fig. 8).

. Clear any trapped air by starting the pump. Stop when a fine

stream of solution is forced out of the butterfly needle.

. Position mouse on to perfusion bed and pin into position via

all four limbs using 4x26 G %2"x0.45 x 13 mm needles.

. Expose the heart by dissection into the thoracic cavity. Use

clamped forceps to maneuver cut regions of ribcage away from
the perfusion site.
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L) Fixative

Perfusion
instruments

Perfusion
pump

Fig. 8 Diagram showing a simple equipment setup for perfusion fixation

o))

. Insert butterfly needle into the left ventricle.

N

. Using fine scissors gently cut into the right atrium.

o)

. Start the perfusion pump. Stop when the liver becomes clear
of blood.

9. Change the syringes and restart pump. Stop when syringe is
empty. Movement of the tail and contraction of muscles will
indicate good fixation.

10. Decapitate mouse, dissect brain and store in fresh fixative.

3.5 Brain Dissection 1. Decapitate the mouse using straight blunt scissors.

[\

. Expose the skull using gently curved scissors. Perform a mid-
line incision along the neck towards the top of the head and
trim away any muscle covering the skull.

w

. Gently peel away the top of the skull and underlying dura
mater from the brain.

4. Lift the brain slightly away from the skull and cut the blood
vessels posterior to the Circle of Willis.

1

. Using closed scissors gently maneuver the brain and olfactory
bulbs away from the skull.

. Store the brain in fresh 4 % paraformaldehyde in 0.01 M PBS,
pH 7.2 for immunohistochemistry or 3.4 % formaldehyde plus
3% glutaraldehyde in 0.1 M PIPES bufter, pH 7.2 for electron
MICroscopy.

)}
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3.6 Immuno-
histochemistry

and Visualization

of Proteins of Interest

The method described below has been optimized for tissue fixation
and antigen preservation. The steps can be applied to a large num-
ber of antibodies (see Note 9). This technique is particularly useful
when trying to ascertain changes in the protein composition of
drainage pathways.

1.
2.

NoREe BN BN

10.

11.
12.

13.
14.
15.

16.
17.
18.

19.

20.
21.
22.
23.
24.

Transfer a freshly perfused mouse brain into 30 % sucrose: 6 h.

Separate the cerebellum and brain stem from the cerebral
hemispheres by slicing though the midbrain.

. Place brain into a base mold with the frontal lobes facing

upwards and cover with OCT cryo-embedding media.

. Lower mold into liquid nitrogen to snap-freeze the tissue.

Store at —80 °C until ready to section.

. Transfer the frozen tissue block onto the cryostat and cut

14 pm thick sections.

. Transfer sections onto superfrost slides.
. Allow tissue to adhere to the slides by leaving to air-dry for 15 min.
. Position slides on a staining rack.

. Remove any remaining OCT by washing slides with 0.01 M

PBS, pH 7.2: 3x5 min.

Quench any intrinsic peroxidase activity by incubating slides
with 3% hydrogen peroxide: 15 min.

Wash with 0.01 M PBS, pH 7.2: 3x 10 min.

Block unspecific antibody binding by incubating in blocking
serum: 30 min.

Tap off excess serum.
Wick away any remaining serum around the brain section.

Incubate in primary antibody (250 pL per slide) at 4 °C in a
moist chamber: overnight (se¢ Note 19).

Drain excess solution from tray.

Wash with 0.01 M PBS, pH 7.2: 3x10 min.

Incubate with secondary antibody at room temperature: 1 h
(Fig. 2).

During step 18 prepare the ABC vector: Dilute reagent A in
0.1 M PBS, pH 7.2 in 0.1 % Triton and vortex briefly. Repeat

for reagent B. Add equal volumes of reagent A to reagent B to
a final concentration of 1 in 200. Store at 4 °C.

Wash with 0.01 M PBS, pH 7.2: 3x10 min.

Tap oft excess PBS.

Wick away any remaining PBS around the brain section.
Incubate in the ABC vector at room temperature: 1 h.
Wash with 0.01 M PBS, pH 7.2: 2x5 min.



25.
26.

27.

28.

29.
30.

31.

32.
33.
34.

35.
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Wash with 0.1 M sodium acetate: 2 x 10 min.

During step 25 prepare DAB reagents: Add 2.5 g nickel
ammonium sulfate, 200 mg bp-glucose, 40 mg ammonium
chloride, and 1.5 mg glucose oxidase to 50 mL of 0.2 M
sodium acetate. Mix using a magnetic stirrer (solution A).
Dissolve 60 mg of DAB in 50 mL of distilled water. Mix using
a magnetic stirrer (solution B).

Mix solution A with solution B just before use (DAB staining
solution).

Incubate with DAB staining solution to reveal color of anti-
body staining: 5 min.

Wash with 0.01 M PBS, pH 7.2: 2x5 min (se¢ Notes 20 and 21).
Nuclear counter staining (optional)

(a) Add 1 in 5 diluted Harris hematoxylin to sections: 2 min
(see Note 22).

(b) Rinse slides in running tap water: 5 min (Fig. 9).

Dehydrate in five changes of ethanol (50, 70, 95, 100, and
100%): 1 min each.

Clear in xylene: 5 min.
Clear in xylene: 2 x2 min.

Mount slides with DPX mounting solution and store at room
temperature (see Note 23).

View antibody staining using light microscopy.

Fig. 9 Diagram showing a common setup for the optional Harris hematoxylin
nuclear counterstaining. Slides are positioned adjacent to one another with no
gaps in between them on supporting rods over a sink. After staining with Harris
hematoxylin the slides are washed for 5 min with running tap water
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3.7 Fluorescence/
Confocal Microscopy

The method described below has been optimized for the visualiza-
tion of fluorescent tracers after parenchymal or cisternal injection.
In most cases, a combination of antibodies specific to components
of the drainage pathways (collagen, smooth muscle, etc.) are used
injunction with injectable fluorescence tracers (e.g., amyloid-beta
(1-40) HiLyte Fluor 555).

1.
2.

10.

11.
12.
13.

14.
15.
16.

17.
18.
19.
20.
21.
22.

Transfer a freshly perfused mouse brain into 30 % sucrose: 6 h.

Separate the cerebellum and brain stem from the cerebral
hemispheres by slicing though the midbrain.

. Place brain into a base mold with the frontal lobes facing

upwards and cover with OCT cryo-embedding media.

. Lower mold into liquid nitrogen to snap-freeze the tissue.

Store at —80 °C until ready to section.

. Transfer the frozen tissue block onto the cryostat and cut

14 pm thick sections.

. Transfer sections onto superfrost slides.

. Allow tissue to adhere to the slides by leaving to air-dry for

15 min.

. Position slides on a staining rack.

. Remove any remaining OCT by washing slides with 0.01 M

PBS, pH 7.2: 3x5 min.

Block unspecific antibody binding by incubating in blocking
serum: 30 min.

Tap oft excess serum.
Wick away any remaining serum around the brain section.

Incubate in primary antibody (250 pL per slide) at 4 °C in a
moist chamber: overnight (Fig. 3) (see Note 19).

Drain excess solution from tray.

Wash with 0.01 M PBS, pH 7.2: 3x10 min.

Incubate with secondary antibody at room temperature: 1 h
(Fig. 3).

Wash with 0.01 M PBS, pH 7.2: 3x10 min.

Tap oft excess PBS.

Wick away any remaining PBS around the brain section.
Mount slides with Mowiol mounting medium.

Air-dry at 4 °C: overnight.

View antibody  staining using fluorescent/confocal
Mmicroscopy.
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The following method enables the identification of human amyloid-

Immunohisto- beta (1-40) HiLyte Fluor 555 after stereotaxic injection into
chemistry and mouse brain. The method consists of four parts: confirming fibril-
Identification of lar properties of the injected amyloid beta, vibratome slicing, DAB
Human Amyloid-Beta immunostaining of human amyloid-beta (1-40) HilLyte Fluor
(1-40) HiLyte Fluor 555, and tissue processing for transmission electron microscopy.
555 by Transmission

Electron Microscopy

3.8.1 Fibrillar Properties
of Amyloid Beta

We have shown that only solutes from the ISF drain along intra-
mural perivascular lymphatic drainage pathways. It is therefore
essential that only non-fibrillar soluble forms of amyloid-beta
(1-40) HiLyte Fluor 555 are used. The steps outlined below
enable this to be confirmed (Fig. 10).

1. Put a small drop of the amyloid-beta (1-40) HiLyte Fluor 555
used previously in surgery onto a Formbar coated EM grid.

2. Air-dry: 5 min.

3. Add a small drop of Thioflavin.

AP used during
surgery

\ /

/\

Remnant from

Polymerisation is nuclea-

Place small amount| | tion dependent - vortex

surgery into oven from time to time

Imediately post-surgery l

place AB onto EM grid +
Thioflavin

Should appear as
fibrillar

Place AB onto EM grid
+ Thioflavin

Should appear as non
fibrillar

Fig. 10 Confirming fibrillar properties of amyloid beta. The diagram depicts a simple procedure to test the
fibrillar properties of the amyloid-beta (Ap) used during surgery
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3.8.2 Vibratome
Sectioning

383 DAB
Immunostaining

4.

[\

QN Ul W W

No fibrils should be observed using transmission electron
Mmicroscopy.

. Put a small amount of the amyloid-beta (1-40) HiLyte Fluor

555 used previously in surgery in a oven set to 37 °C and vor-
tex intermittently: 24 h.

. Put a small drop onto a Formbar coated EM grid.

. Observe using a transmission electron microscope. Fibrils

should be observed.

. Separate the cerebellum and brain stem from the cerebral

hemispheres by slicing though the midbrain.

. Use a small amount of superglue to stick the brain onto the

mounting plate with the frontal lobes facing upwards.

. Attach the mounting plate to the vibratome.
. Fill the water bath with 0.01 M PBS, pH 7.2 to cover the brain.
. Slice the brain into 50 pm coronal sections (see Note 24).

. Use a fine paintbrush to collect sections and transfer them to a

12-well cell culture plate containing 0.01 M PBS, pH 7.2.

The method below details a series of steps in which a small paint-
brush is used to float vibratome tissue sections between different
solutions within wells of a 24-well cell culture plate. Each washing
step requires the use of a different well.

1.
2.

N Ul W

Wash with 0.01 M PBS, pH 7.2 on a shaker: 3 x 10 min.

Quench any intrinsic peroxidase activity by incubating sections
with 0.3 % hydrogen peroxide on a shaker: 30 min.

. Wash with 0.01 M PBS, pH 7.2 on a shaker: 3x 10 min.

. Incubate with 70 % formic acid: 30 s (see Note 25).

. Wash with 0.01 M PBS, pH 7.2 on a shaker: 3x 10 min.

. Block unspecific antibody binding by incubating in blocking

serum: 1 h.

7. Incubate in primary antibody on a shaker at 4 °C: 48 h.

O ©o

10.
11.

. Wash with 0.01 M PBS, pH 7.2 on a shaker: 3x10 min.

. Incubate in secondary antibody on a shaker at room tempera-

ture. Allow for 1000 pL per well: 2 h.
Wash with 0.01 M PBS, pH 7.2 on a shaker: 3 x 10 min.

During step 10 prepare the ABC vector: Dilute reagent A in
0.1 M PBS, pH 7.2 in 0.1% Triton and vortex briefly. Repeat
tor reagent B. Add equal volumes of reagent A to reagent B to
a final concentration of 1 in 200. Store at 4 °C.



3.8.4 Tissue Processing
for Transmission Electron
Microscopy

12.

13.
14.
15.

16.

17.

18.
19.
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Incubate in the ABC vector on shaker at room temperature:
30 min.

Wash with 0.01 M PBS, pH 7.2: 3x10 min.
Wash with 0.1 M sodium acetate: 3 x5 min.

During step 14 prepare DAB reagents: Add 2.5 g nickel
ammonium sulfate, 200 mg p-glucose, 40 mg ammonium
chloride, and 1.5 mg glucose oxidase to 50 mL of 0.2 M
sodium acetate. Mix using a magnetic stirrer (solution A).
Dissolve 60 mg of DAB in 50 mL of distilled water. Mix using
a magnetic stirrer (solution B).

Mix solution A with solution B just before use (DAB staining
solution).

Incubate with DAB staining solution to reveal color of anti-
body staining: 2 min (se¢ Note 20).

Wash with 0.1 M sodium acetate: 3x 10 min.

Dissect regions of interest and cut into 1 mm?3 sections and
transfer into glass vials containing PIPES butfter, pH 7.2. Start
to process for transmission electron microscopy within 10 min
of the final wash with 0.1 M sodium acetate.

The following steps should be performed at room temperature in
a fume hood. Use pipettes to remove /apply each solution. Dispose
of'used chemicals according to local health and safety guidelines. It
is best to use a rotator during the processing to maximum chemical
infiltration.

1.
2.
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Wash in 0.1 M PIPES buffer, pH 7.2: 3x5 min.

Post fix in 1% osmium in 0.1 M PIPES buffer, pH 7.2: 1 h (see
Notes 10 and 26).

. Wash in PIPES bufter, pH 7.2: 3x 10 min.

. Dehydrate in 30% ethanol: 5 min.

. Dehydrate in 50% ethanol: 20 min.

. Stain in 1 % uranyl acetate in 70 % ethanol: 40 min (se¢ Note 11).
. Dehydrate in 70% ethanol: 20 min.

. Dehydrate in 95 % ethanol: Overnight.

. Dehydrate in absolute ethanol: 3 x 15 min.

10.
. Infiltrate with 50:50 acetonitrile: TAAB Resin: Overnight.
12.
13.

Infiltrate with acetonitrile: 10 min.

Infiltrate with fresh TAAB resin: 6 h.

Embed in fresh TAAB resin and polymerize at 60 °C: 16 h (see
Notes 12 and 13).
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4 Notes

10.

11.

. The injectable dextran (Texas red, lysine fixable) is also available

at a lower molecular weight of' 3 kDa. However, the maximum
solubility in aqueous buffer for this dextran is 100 mg,/mL, in
contrast to the 10 kDa dextran where it is 50 mg/mL. This is
due to the decrease in solubility with an increase in the molec-
ular weight.

. Both dextran and amyloid beta are sensitive to changes in

temperature. Amyloid beta will quickly form insoluble oligo-
mers if exposed to several freeze-thaw cycles. It is therefore
best to transfer the tracers from storage to ice at —18 °C only
when ready to load the capillary pipette. Do not refreeze any
unused tracer.

. The procedures here can be applied to most strains of experi-

mental mice. All animal procedures must be approved by and
carried out in accordance with the Institutional committees for
ethical use of experimental animals.

. The light source required to illuminate the skull. Cold type

LEDs are best, as they do not emit heat.

. For minimal tissue damage, the capillary pipette should be

pulled to a diameter of <50 pm. A Sutter P97 Flaming Brown
Pipette puller is recommended.

. It is easier to produce a larger quantity of buffter and decanter

into 100 mL volumes. These can be frozen for long-term
storage.

. Fixatives are hazardous and toxic by inhalation and ingestion.

All procedures should be performed in a fume hood wearing
appropriate PPE.

. 4% paraformaldehyde in 0.01 M PBS, pH 7.2 should be made

fresh and stored for a maximum of 5 days at 4 °C. After 5 days
aldehyde groups begin to form crosslinks reducing its effec-
tiveness as a fixative for immunohistochemistry.

. The type of serum and primary antibody used depends on the

species in which the secondary antibody was raised and the
protein of interest (one which is being localized). All antibod-
ies are diluted in 0.01 M PBS-0.1% Triton X-100.

Osmium tetroxide is used as a secondary fixative; it stabilizes
lipid membranes by reacting with unsaturated acyl chains.
Osmium is volatile and should be handled in a fume hood
wearing appropriate PPE. Dispose of osmium solutions by fol-
lowing local health and safety guidelines.

Uranyl acetate further enhances tissue contrast by reacting
with nucleic acids. It is a derivative of depleted uranium and
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
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should be handled in a fume hood wearing appropriate
PPE. Dispose of uranyl acetate solutions by following local
health and safety guidelines.

Before use allow the resin to reach room temperature before
removing the lid of the container. This avoids water condens-
ing on the surface of the resin.

A large variety of tissue embedding capsules are available for
electron microscopy. We find that flat-bottomed embedding
capsules allow optimal orientation of the tissue.

Initially, the process for securing the mouse’s head to the ste-
reotaxic frame can be challenging for someone performing the
procedure for the first time. It is important that the mouse is
prone with the head secured straight. This ensures accuracy
when adjusting stereotaxic coordinates. There will also be vari-
ations in the height of the mouthpiece and ear bar settings
between age and strain of mouse. Nevertheless, with a little
patience and practice one can become very proficient at using
the stereotaxic frame.

Rodents do not close their eyes while under anesthesia. To
avoid eye dryness and/or cataract formation, Lacrilube (or
other suitable) eye ointment should be used.

Front loading the microcapillary pipette can be tricky. The set-
up we have suggested here allows for the pipette tip to be
dipped into the tracer. The attached 1 mL syringe is then
pulled back to load the microcapillary pipette. When the
desired volume of tracer is loaded, the syringe can be detached
from the tubing to stop any further loading (Fig. 1).

This procedure is not limited to hippocampal injections and
can easily be applied for different stereotaxic coordinates.

Be gentle when using the injection pipette to pierce the dura
mater to avoid making contact with the cerebellum or brain
stem.

Place damp paper towels in slide rack and cover to prevent tis-
sue from drying out.

During this step check the staining has worked using a light
microscope. For increased contrast repeat DAB staining.

DAB is mutagenic. Dispose of by mixing with an excess solu-
tion of acid permanganate overnight in a fume hood. Neutralize
with sodium hydroxide and then filter. Dried filter paper can
be disposed of as general laboratory waste.

An increase in contrast can be obtained by increasing the stain-
ing time in Harris hematoxylin (nuclei will appear more purple
in color). To reduce contrast wash slides in acid alcohol (1%
hydrochloric acid in 70% alcohol) for 10 s and then repeat
stain in Harris hematoxylin for a shorter time period.
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23. To mount slides evenly place a drop of DPX onto the coverslip
and gently lower the slide onto the coverslip at a slight angle.
Remove remaining bubbles by applying gentle pressure onto

the coverslip.

24. A thickness of 50 pm gives reasonable morphology and suffi-
cient antibody penetration.

25.
priate PPE.

26.

Formic acid is corrosive. Handle in a fume hood with appro-

Osmium tetroxide reacts with DAB to produce areas of

increased contrast. It enables areas of specific DAB—amyloid-
beta (1-40) HiLyte Fluor 555 staining to be visualized by
transmission electron microscopy.
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Chapter 25

Quantitative Assessment of Cerebral Basement
Membranes Using Electron Microscopy

Matthew MacGregor Sharp, Anton Page, Alan Morris, Roy 0. Weller,
and Roxana 0. Carare

Abstract

In this chapter we describe in detail the tissue processing techniques we employ for the study of cerebral
tissue by transmission electron microscopy (TEM). In particular, we explain a technique that enables quan-
tification of changes in cerebral basement membranes at the ultrastructural level. This is significant, as age
related pathological conditions affecting the brain are often accompanied by ultrastructural changes in the
cerebral vasculature.

Briefly, experimental mice are fixed by perfusion and their brains removed. Brains are then vibratomed
into 100 pm slices with regions of interest microdissected and processed for TEM following a protocol
optimized for the preservation of cerebral tissue. Changes in the thickness of cerebral basement mem-
branes are then quantified using novel software. Some prior knowledge of general TEM specimen prepara-
tion and sectioning will be useful when performing this protocol.

Key words Transmission electron microscopy, Basement membrane, Tissue processing, Microtomy,
Ultra-thin sectioning, Fixation, Dehydration, Resin embedding, Electron micrograph

1 Introduction

The basement membrane (BM) is an essential component of the
blood vessels, acting as a pathway for the movement of fluids into
and out of the brain [1-3]. Solutes drain from the interstitial fluid
along BM of capillaries and arteries towards the surface of the
brain, a route described as the intramural perivascular drainage
pathway [3]. Cerebral spinal fluid penetrates the brain along pial-
glial BM (gylmphatic pathway) [2].

BMs are dynamic 50-100 nm thick ubiquitous extracellular
protein matrices of collagen type IV, laminin, entactin/nidogen
and proteoglycans such as fibronectin and perlecan that are pro-
duced by epithelial, endothelial and mesenchymal cells [4-6].
Proteins are arranged into a trilaminar structure [7] with networks
of collagen type IV and laminin interconnected by entactin/nidogen

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_25, © Springer Science+Business Media LLC 2017
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and perlecan. Collagen type IV and laminin are critical for BM
stability while entactin/nidogen and perlecan increase stability and
influence structural integrity [8]. This enables blood vessels to
withstand high sheer forces and accommodate changes in blood
volume in the peripheral circulation [4].

BMs are capable of self-remodeling [6] and change with age;
they thicken and show alterations in chemical composition. Age
associated changes in levels of perlecan; fibronectin and laminin
have been demonstrated in mouse brain capillaries and in TGF p-1
transgenic mice that accumulate Ap (amyloid beta) proteins in the
walls of arteries, without overexpression of AP [9, 10]. Increases in
collagen type IV and BM thickening have been reported in aged
human brains. Furthermore, more substantial increases in collagen
type IV have been observed in cerebral vessels of brains affected by
Alzheimer’s disease [11].

Histochemistry and confocal microscopy are widely used tech-
niques to access changes in BM composition. Proteomics, a rela-
tively recent scientific field, can produce a global profile of BM
proteins. In this chapter we describe a technique using quantitative
electron microscopy that enables correlation between BM compo-
sition and BM ultrastructure. This technique allows for the quan-
titative assessment of basement membrane ultrastructure by
measuring BM thickness [12].

2 Materials

2.1 Perfusion
Fixation

2.1.1 Induction
of Terminal Anesthesia

2.1.2 Buffers

2.1.3 Fixatives

. Experimental mice (see Note 1).

. Scales.

. Standard isoflurane anesthesia system.
. Pentobarbitone (1:10 in 0.9 % saline).

[ I ST NS ]

1. 0.2 M piperazine- N, N'-bis-2-ethanesulfonic acid (PIPES)
buffer, pH 7.2: Mix 60.48 g PIPES with 900 mL of distilled
water. Add 10 M sodium hydroxide dropwise to bring the pH
up to 7.2. Make up to 1 L with distilled water to produce a
0.2 M solution of PIPES buffer, pH 7.2. Store at 4 °C (see
Note 2).

1. 3.4% formaldehyde plus 3% glutaraldehyde in 0.1 M PIPES
buffer, pH 7.2: Mix 4 g of paraformaldehyde with 20 mL of
distilled water. Heat to 60 °C on a hotplate stirrer, add 2—4
drops of 1 M NaOH and stir until the solution clears (see
Note 3). Cool slightly and add 12 mL of 25% EM grade
glutaraldehyde. Make up to 50 mL with distilled water and add
50 mL of 0.2 M PIPES buffer, pH 7.2. Store at 4 °C.



2.1.4  Perfusion

2.2 Tissue
Preparation

for Transmission
Electron Microscopy

2.2.1  Vibratome Slicing

2.2.2 Tissue Dissection

2.2.3 Tissue Processing

Heavy Metal Stains

Tissue Dehydration

Tissue Embedding
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. Syringe pump.
. Dissection instruments (straight blunt scissors, standard pat-

tern, gently curved blunt serrated larger finger loops, hemo-
stat, and small forceps).

. 27 Gx0.38"x 12" butterfly needles.

26 G 1" %x0.45x13 mm needles.

. 2x20 mL syringes.
. 15 mL tubes.

. Perfusion platform.

. Vibratome.

. PIPES bufter, pH 7.2.

. 12-well cell culture plate.

. Small paintbrush.

. Superglue.

. Dissecting blades.

. 3.4% formaldehyde plus 3% glutaraldehyde in 0.1 M PIPES

buffer, pH 7.2.

. Dissecting microscope.

2. Dental wax.

. 3.4% formaldehyde plus 3% glutaraldehyde in 0.1 M PIPES

bufter, pH 7.2.

. Dissection blade.
. Small paintbrush.

6. Small glass vials.

. 2% aqueous osmium tetroxide: Dissolve 1 g osmium tetroxide

in 50 mL distilled water to produce 2% stock. Store in triple
containment at 4 °C (se¢ Note 4).

. 1% uranyl acetate in 70 % ethanol: Dissolve 0.5 g uranyl acetate

in 50 mL ethanol. Store at 4 °C (see Note 5).

. Glass vials and rotator.

2. Graded ethanol series (30, 50, 95, and 100%).

. Acetonitrile.

. TAAB resin: Mix 49 g TAAB hardener component with 49 g

TAAB resin component (TAAB Laboratories). Mix well. ADD
2.5 mL of TAAB accelerator and mix well. Store at —18 °C (see
Note 6).

. Flat molded embedding capsules (TAAB Laboratories) (see

Note 7).
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3.

Capsule rack.

4. Oven (set to 60 °C).

2.3 Electron 1. Ultramicrotome and associated microtomy equipment.

Microscopy 2. 1% v/v toluidine blue in 1% w,/v borax: Mix 2 g toluidine blue
powder with 2 g borax in 200 mL of distilled water. Swirl gen-
tly and leave overnight. Filter before use.

3. Reynold’s lead stain: Mix 1.33 g lead nitrate with 1.76 g tri-
sodium citrate in 30 mL of distilled water. Shake intermittently
for 30 min. Add 8 mL sodium hydroxide and make up to
50 mL with distilled water. Decant into 1 mL volumes and
store at 4 °C.

4. Square 200 mesh copper/palladium grids.

5. 90 x 15 mm sterile disposable petri dish.

6. Parafilm.

7. Transmission electron microscope.

8. Digital imaging EMSIS software (formerly iTEM software,
Universal TEM Imaging platform, Soft Imaging System,
Miinster, Germany) or suitable image analysis software.

3 Methods

3.1 Induction 1. Set oxygen flow meter to 1.7 L/min.

of Terminal Anesthesia > Syitch airflow valve to direct isoflurane and oxygen to the
induction chamber.

3. Weigh mouse and place in the induction chamber.

4. Set isoflurane vaporizer to level four to induce anesthesia.

5. Monitor the level of anesthesia by using the toe pinch response;
surgical plane is reached when the mouse does not respond to
toe pinch.

6. Inject pentobarbitone intraperitoneally (200 mg/kg), using a
1 mL syringe and a 26 G 2" x0.45 x 13 mm needle.

7. Wait for 1 min and then transfer the mouse onto the perfu-
sion mat.

3.2 Perfusion Good fixation can be achieved by perfusing the mouse at a rate of
Fixation 5 mL/min (see Note 8).

1. Front load 2x25 mL syringes with 25 mL of PIPES butfter,
pH 7.2 or 3.4 % formaldehyde plus 3 % glutaraldehyde in 0.1 M
PIPES buffer, pH 7.2.

2. Attach the syringe containing PIPES bufter, pH 7.2 onto the

perfusion pump. Attach a 27 Gx0.38”x 12" butterfly needle
to the syringe.



3.3 Brain Dissection

3.4 Vibratome
Slicing
and Microdissection

2.
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. Clear any trapped air by starting the pump. Stop when a fine

stream of solution is forced out of the butterfly needle.

. Position mouse onto the perfusion mat and pin into position

by all four limbs using 4 x6 G 12" x0.45 x 13 mm needles.

. Expose the heart by dissection into the thoracic cavity. Use

clamped forceps to maneuver cut regions of the ribcage away
from the perfusion site.

. Insert butterfly needle into the left ventricle.
. Using fine scissors gently cut into the right atrium.

. Start the perfusion pump. Stop when the liver becomes clear of

blood.

. Change the syringes and restart pump. Stop when the syringe

is empty (see Note 9).

. Decapitate the mouse using straight blunt scissors.

. Expose the skull using gently curved scissors. Perform a mid-

line incision along the neck towards the top of the head and
trim away any muscle covering the skull.

. Gently peel away the top of the skull and underlying dura

mater from the brain.

. Lift the brain slightly away from the skull and cut the blood

vessels posterior to the Circle of Willis.

. Using closed scissors gently maneuver the brain and olfactory

bulbs away from the skull.

. Store the brain in fresh 3.4 % formaldehyde plus 3 % glutaralde-

hyde in 0.1 M PIPES bufter, pH 7.2 for electron microscopy.

. Separate the cerebellum and brain stem from the cerebral

hemispheres by slicing though the midbrain.

Use a small amount of superglue to stick the brain onto the
mounting plate with the frontal lobes facing upwards.

. Attach the mounting plate to the vibratome.

4. Fill the water bath with PIPES buffer, pH 7.2 to cover the

brain.

. Slice the brain into 100 pm coronal sections.

. Use a fine paintbrush to collect sections and transfer them to a

12-well cell culture plate containing fixative.

. Under a dissecting microscope use the fine paintbrush to trans-

fer a coronal slice from the 12 well culture plate onto a piece of
dental wax (see Note 10).

. Dissect regions of interest and cut into 1 mm? sections: Store

in glass vials containing fresh fixative at 4 °C.
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3.5 Tissue
Processing

for Transmission
Electron Microscopy

3.6 Tissue
Sectioning for Electron
Microscopy

3.7 Quantifying
Basement Membrane
Thickness by Electron
Microscopy

The following steps should be performed at room temperature in
a fume hood. Use pipettes to remove /apply each solution. Dispose
of'used chemicals according to local health and safety guidelines. It
is best to use a rotator during the processing to maximum chemical
infiltration.

O 0 N N Ul o W N

—
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. Wash in 0.1 M PIPES buffer, pH 7.2: 2x 10 min.

. Post fix in 1% osmium in 0.1 M PIPES buffer, pH 7.2: 1 h.
. Wash in PIPES bufter, pH 7.2: 2x 10 min.

. Dehydrate in 30% ethanol: 10 min.

. Dehydrate in 50% ethanol: 10 min.

. Stain in 1 % uranyl acetate in 70 % ethanol: 30 min.

. Dehydrate in 95 % ethanol: 10 min.

. Dehydrate in absolute ethanol: 2 x 15 min.

. Infiltrate with acetonitrile: 10 min.

. Infiltrate with 50:50 acetonitrile-TAAB resin: Overnight.

. Infiltrate with fresh TAAB resin: 6 h.

. Embed in fresh TAAB resin and polymerize at 60 °C: 16 h (see

Note 11).

. Trim tissue blocks and shape into a trapezoid containing tissue.
. Cut semi-thin 0.5 pm sections using an ultramicrotome.
. Mount sections on glass slides and dry on a hotplate.

. Stain sections with 1% v/v toluidine blue in 1% w/v borax:

Drop a small amount of 1% v/v toluidine blue in 1% w/v
borax onto the slide. Wait for a green fringe to appear around
the edge of the stain. Remove slide form hotplate and wash
immediately with warm running tap water. Blot-dry.

. Identify areas of interest in the semi-thin sections. Trim the

tissue block and cut ultrathin 80 nm sections (Fig. 1).

. Collect 80 nm sections onto copper grids and allow to air-dry

(see Note 12).

. Counter stain tissue sections with Reynold’s lead stain: Add a
y

tew sodium hydroxide pellets and a square of parafilm to a petri
dish. Put a small drop of Reynold’s lead stain onto the parafilm.
Float grids with section side down on the Reynold’s lead stain
and seal the petri dish. After 5 min wash grids in distilled water
three times and allow to air-dry.

. Using the transmission electron microscope, scan the grid in a

methodical manner from top left to bottom right.

. Identify capillaries in transverse section with visible and well-

defined BM and take a reference image at a magnification of
x9000 (Fig. 1a).
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1.

2. 45.91 nm
3. 41.72 nm
4, 43.20 nm
5. 43.20 nm
6. 51.75 nm
7. 70.91 nm
8. 56.06 nm
9. 57.84 nm
10.59.41 nm

Fig. 1 Quantifying cerebral BM thickness by TEM. (a) Capillary in transverse section with visible and well-
defined BM. TEM original magnification x9000. (b and ¢) High powered electron micrographs of boxes 1 (h)
and 2 (c) seen in (a). The BM (arrows) can be seen separating the endothelium (en) from the surrounding
parenchyma (p). TEM original magnification x50,000. (d) To quantify BM thickness ten perpendicular mea-
surement bars (red bars) are used to measure the distance between the inside and outside edge of the
BM. TEM original magnification x50,000

3. Take two higher powered images at a magnification of x50,000
of the BM at opposite sides of the capillary (Fig. 1b, ¢).

4. Use perpendicular measurement bars to measure the distance
between the inside and outside edges of the BM. Repeat this
ten times for each high-powered micrograph for each capillary
(Fig. 1d). Avoid measuring areas where the BM has been
expanded by the presence of a pericyte.

5. Statistically analyze the measurements using a one-way
ANOVA test, with Bonferroni correction for multiple com-
parisons (significance set at p<0.05).



374 Matthew MacGregor Sharp et al.

4 Notes

10.

11.

12.

. The procedures here can be applied to most strains of experi-

mental mice. All animal procedures must be approved by and
carried out in accordance with the Institutional committees for
ethical use of experimental animals.

. It is easier to produce a larger quantity of buffer and decant it

into 100 mL volumes. These can be frozen for long-term
storage.

. Fixatives are hazardous and toxic by inhalation and ingestion.

All procedures should be performed in a fume hood wearing
appropriate PPE.

. Osmium tetroxide is used as a secondary fixative; it stabilizes lipid

membranes by reacting with unsaturated acyl chains. Osmium is
volatile and should be handled in a fume hood wearing appropri-
ate PPE. Dispose of osmium solutions by following local health
and safety guidelines.

. Uranyl acetate further enhances tissue contrast by reacting

with nucleic acids. It is a derivative of depleted uranium and
should be handled in a fume hood wearing appropriate
PPE. Dispose of uranyl acetate solutions by following local
health and safety guidelines.

. Before use allow the resin to reach room temperature before

removing the lid of the container. This avoids water condens-
ing on the surface of the resin.

. A large variety of tissue embedding capsules are available for

electron microscopy. We find that flat-bottomed embedding
capsules allow optimal orientation of the tissue.

. For good statistical analysis it is reccommended to perfuse and

analyze a minimum of seven mice.

. Movement of the tail and contraction of the muscles will indi-

cate good fixation.

To avoid tissue degradation, microdissect the coronal slice by
transferring the coronal slice onto a small drop of fixative on
the dental wax before dissecting into smaller 1 mm? sections.

It is essential to position the tissue flat against the bottom of the
embedding capsule. A simple way is to fill the capsule with fresh
resin, place the sample into the top of the capsule and allow it
to sink to the bottom. The sample can then be orientated to the
center of the capsule before polymerization of the resin.

A large variety of grids are available for electron microscopy.
We find that square 200 mesh copper/palladium grids are ideal
tor this protocol (Agar Scientific).
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Chapter 26

Microglial Activation by Genetically Targeted Conditional
Neuronal Ablation in the Zebrafish

Nynke Oosterhof, Laura E. Kuil, and Tjakko J. van Ham

Abstract

In neurodegenerative diseases activation of immune cells is thought to play a major role. Microglia are the
main immune cells of the central nervous system. When encountering disease related stimuli microglia
adopt an activated phenotype that typically includes a rounded morphology. The exact role of microglia or
other potentially infiltrating myeloid cells in different brain diseases is not fully understood. In this chapter
we present techniques in zebrafish to induce degeneration of neurons, to activate the microglia, and to
study activation phenotypes by immunohistochemistry and in vivo by fluorescence microscopic imaging.

Key words Zebrafish, Microglia, Macrophages, Brain, Phagocytosis, Neurodegeneration,
Nitroreductase, Live imaging, Immunohistochemistry, Aging, Alzheimer’s disease

1 Introduction

The immune system plays a major role in many brain diseases,
including diseases involving neuronal death. Microglia are brain-
resident macrophages that are thought to be involved in the mainte-
nance of brain homeostasis and the defense against pathogens and
phagocytosis of dead cells and debris [ 14 ]. Upon encountering for
example pathogens, tissue damage or protein aggregates, microglia
adopt a rounded activated phenotype [2]. However, the exact mech-
anisms regulating microglia function and activation are still unclear.
One reason for this lack of knowledge regarding microglia function
is the relative inaccessibility of mammals and in particular the mam-
malian central nervous system (CNS) for in vivo studies.

Zebrafish are highly suitable for in vivo imaging studies, due to
their rapid development and transparency during embryonic and
larval stages [5]. Within 5 days after fertilization many organs,
such as the heart, central nervous system, and cell types have devel-
oped, including innate immune cells and microglia. The zebrafish
CNS is highly similar to the mammalian CNS with regard to devel-
opment, anatomy, and cell types. Zebrafish microglia show strong

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_26, © Springer Science+Business Media LLC 2017
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similarities with mammalian microglia in developmental ontogeny
and function as they are highly effective in phagocytizing apoptotic
neurons [6-9].

As in mammals, primitive yolk sac macrophages colonize the
embryonic brain in zebrafish before their differentiation into
microglia. Intriguingly, this process was already visualized in great
detail almost a decade before this was elegantly shown by mouse
lineage tracing studies [9, 10].

Here, we present techniques to study microglial activation
responses to neurodegeneration using the zebrafish as a model
organism. We previously established transgenic brain-specific
expression of the bacterial gene 7sfB encoding the enzyme nitrore-
ductase (NTR) as a specific, dose-dependent and reversible tech-
nique to induce neuronal cell death in zebrafish larvae [6, 11].
NTR catalyzes the conversion of the prodrug metronidazole
(MTZ) into a DNA-crosslinking agent that causes apoptosis in tar-
geted cells. NTR-mediated neuronal ablation allows controlled
onset and extent of neurodegeneration. This model helped us to
identify a transient activation responses involving increased phago-
cytosis by microglia and as well as an increase in numbers which is
followed by resolution involving apoptosis of microglia by in vivo
imaging and immunohistochemistry [7]. Since MTZ eftectively
crosses the blood-brain barrier, this technique can also be applied
to adult zebrafish [12]. In this chapter, we describe how to use
NTR-mediated neurodegeneration and monitor microglia activa-
tion with high resolution in vivo and in fixed tissue in larval and
adult zebrafish. The system is versatile as expression can be directed
to virtually any cell type and therefore these protocols will also be
applicable to other neuronal or glial cell types or populations of
interest using different promoters.

2 Materials

2.1 Imaging
Microglial Activation
in Response to
Neuronal Ablation
(Larvae)

2.1.1 Induction
of Neuronal Cell Death

1. Zebrafish: tg( NeuroG4-mCherry, UAS-E1b:nsfB-mCherry,
Mpeyl-GFED) [6, 7, 13-15].

2. Standard zebrafish supplies (28-28.5 °C incubator, 9 cm petri
dishes, breeding tanks, automated fish circulation system).

3. 60x E3 stock solution, dissolve 34.4 g NaCl, 1.52 g KCI, 5.8 g
CaCl,, and 9.8 g MgSO, in 2 L ddH,O. Adjust the pH to 7.2
with NaOH tablets and autoclave.

4. 1 M HEPES stock solution, dissolve 238.30 g HEPES in 1 L
ddH,0. Adjust the pH to 7.3 with NaOH tablets and autoclave.

5. Buffered 1x E3 medium, Add 16.6 mL 60x E3 stock solution
and 20 mL 1 M HEPES stock solution to 1 L. ddH,O.

6. 3%l -phenyl 2-thiourea (PTU) stock solution (1000x), dis-
solve 300 mg PTU in 10 mL dimethylsulfoxide (DMSO).
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2.1.2 Live Imaging

and Immunohistochemistry
of Microglial Activation
(See Note 2)

2.2 Imaging
Microglial Activation
in Response

to Neuronal Ablation
(Adult Zebrafish)

2.2.1 Induction
of Neuronal Cell Death
in the Adult Zebrafish Brain

2.2.2 Isolation of Fixed
Complete Zebrafish Brain

7.

379

1 M metronidazole (MTZ) stock solution, dissolve 1.71 g
MTZ in 10 mL DMSO (see Note 1).

. 6-well or 12-well plate.

. Fluorescence dissection microscope (e.g., Leica M165V).

. 10x stock tricaine methanesulfonate solution (MS222; Sigma):

add 0.16 g MS222 to 100 mL buftered 1x E3 medium and
adjust the pH to 7.3 with NaOH (see Note 3). Final
concentration=0.16%.

. 10x PBS stock solution: dissolve 80 g NaCl, 2 g KCI, 144 g

Na,HPO, 2.4 g KH,PO, in 800 mL ddH,O Adjust pH to
7.4. Adjust volume to 1 L with additional distilled H,O.
Sterilize by autoclaving.

. 1.8% low melting point (LMP) agarose (BDH Prolabo): dis-

solve 1.8 g of LMP agarose in 100 mL buffered 1x E3 medium.
Heat in a microwave until it is completely dissolved (see Note 4).

. 4% paratormaldehyde (PFA) in PBS.
. Ix PBS-T (0.4% Triton X-100): add 2 mL Triton X-100

(Sigma) to 500 mL 1x PBS.

. MeOH series in PBS (100%, 75 %, 50%, 25%).
. 10 mg/mL proteinase K stock solution (=1000 x solution).
. Blocking solution: 1% BSA (0.01 g/mL), 1% DMSO (10 pL/

mL) in PBS-T.

. I**antibody solution: 5% BSA (0.05 g/mL) in PBS-T.
10.
11.
12.
13.
14.
15.

2" antibody solution: 2% BSA (0.02 g/mL) in PBS-T.
Plastic Pasteur pipettes.

Glass bottom imaging dishes (MatTek).

1.5 mL microcentrifuge tubes.

Tools to position larvae (e.g., gel loading tips).

Inverted confocal microscope (see Note 5).

. Adult zebrafish: tg( NeuroG4-mCherry, UAS:nsfB-mCherry,

mpeg1-GED) [6, 7, 13-15].

. Standard zebrafish supplies (28-28.5 °C incubator, petri

dishes, breeding tanks, circulation system).

. Dimethyl sulfoxide (DMSO).

4. Metronidazole (MTZ).

. Ice water.

. Dissection microscope (e.g., Olympus SZX16, Leica M165V).
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2.2.3 Sectioning

of Zebrafish Brains

for Immunofiuorescence
Staining

2.2.4  Immuno-
fluorescence Staining
of Zebrafish Brain Sections
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. Scalpel.

. 2x forceps (Dumont #5).

. Spring scissors — 8 mm blades (F.S.T).

. 1x PBS solution (pH 7.4).

. MeOH series in PBS (100 %, 75 %, 50%, 25%).
. 4% PFA in PBS.

. 1.5 mL microcentrifuge tubes.

. MeOH series in PBS (100 %, 75 %, 50 %, and 25 %).
. 4% Low-melting point agarose in PBS: Place the required

amount of PBS in a 50 mL tube, add the required amount of
low-melting point agarose and shake briefly until the solution
is homogeneous. Place the tube in a beaker containing water
and heat it in a microwave until all agarose is dissolved (see
Note 6).

. 1x PBS solution.

. Plastic Pasteur pipette.

. Embedding base molds.

. Scalpel.

. Low-viscosity cyanoacrylate-based instant adhesive.
. 4% PFA in PBS.

. Vibratome (HM650V; Thermo Scientific).

10.

48-well plate.

. Goat serum (Dako).
. 1x PBS-T (0.5% triton X-100): add 2.5 mL Triton X-100

(Sigma) to 500 mL 1x PBS.

. Blocking buffer: Dissolve 1.5 g bovine serum albumin (BSA)

in 50 mL PBST.

. Antibody solution: Dissolve 2.5 g BSA in 50 mL PBST.
. 1x PBS.

. Microscope slides.

. Vectashield mounting medium H1000.

. Glass cover slips.

. Parafilm.
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3 Methods

3.1 Imaging
Microglial Activation
in Response

to Neuronal Ablation
(Larvae)

3.1.1 Induction
of Neurodegeneration
in Zebrafish Larvae

3.1.2 Live Imaging
Zebrafish Larvae

.Day -1: Cross adult zebrafish tg(NeuroG4-mCherrys;

UAS:nstB-mCherry; Mpegl-GED).

. Day 0: Collect the eggs in buffered 1x E3 medium in a 9 cm

petri dish and raise the embryos in a 28-28.5 °C incubator.

. At 1 day post fertilization (dpt) replace medium by buffered

1x E3 medium containing 0.003% PTU (1:1000 dilution
from 3% PTU stock solution) (see Note 7).

. Screen embryos for bright mCherry signal on a fluorescence

dissection microscope. Place the transgenic larvae in a new
petri dish. (see Note 8).

. At 3 dpf or later screen the larvae for Mpegl-GEDP expression

(see Note 9).

. Place the larvae in a 6-well or 12-well plate and replace the larval

medium with buffered 1x E3 medium containing 0.003% PTU
and 2 mM MTZ to induce neuronal cell ablation. Treatment
with 2 mM MTZ for 16 h results in extensive neuronal cell abla-
tion accompanied by microglia activation (se¢ Note 10).

. Wash larvae at least 3x with buffered 1x E3 medium contain-

ing 0.003% PTU (see Note 11).

. The larvae can be subjected to live imaging or fixation for later

staining at the desired time point.

. For live imaging anesthetize the larvae with 0.016 % MS-222 in

buffered E3 medium and place them in a glass bottom imaging
dish (inverted confocal microscope) or in a 6 mm petri dish
(upright confocal microscope) and place the dish under a dis-
section microscope.

. Place 1.8 % low melting point agarose on top of the larvae (see

Note 12).

. For inverted confocal microscope: Quickly position the larvae

upside down with their “nose” facing the glass bottom before
agarose solidifies (Fig. 1a) (see Note 13).

. For upright confocal microscope: Position the larvae with their

“nose” touching the surface on top of the LMP agarose drop
(Fig. 1b) (see Note 14).

. When the agarose has solidified fill the imaging dish with buft-

ered 1x E3 medium containing 0.016% MS-222 to prevent
drying of the sample (see Note 15).

. Continue with imaging. Use appropriate laser wavelength

(e.g.,488 nm to detect GFP and 543, 561 or 594 nm to detect
mCherry). If possible, it is recommended to use the brightfield
channel to include information about the imaging position
(Fig. 2a) (see Note 16).
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a Imaging dish

Larva

E3/MS-222

agarose drop

Objective

Laser beam

Nitroreductase; Mpeg1-GFP

Fig. 1 Live imaging in larval zebrafish. (3) Position of larva in imaging dish for imaging with an inverted confocal
microscope. () In vivo stills showing a GFP-expressing microglia (in green) engulfing an apoptotic neuron (in
magenta, marked with asterisks). Scale bar=10 um

3.1.3  Immunohisto- Prior to fixation anesthetize the larvae with 1x MS-222 and once

chemistry Larvae they are anesthetized transfer them to a 1.5 mL micro centrifuge
tube using a plastic Pasteur pipette or a cut 1 mL tip. It is recom-
mended to perform all washing and incubation steps on a roller
mixer unless stated otherwise (see Note 17). NB: All steps are per-
formed at room temperature (RT) in volumes of 1 mL unless
stated otherwise.

1.

Euthanize the larvae with an overdose of MS-222 and transfer
the larvae to 1.5 mL microcentrifuge tubes (se¢ Note 18).

. Briefly centrifuge the larvae in microcentrifuge tubes to collect

them in the bottom of the tube and remove the medium.

. Add 4 % PFA and invert the microcentrifuge tubes five times to

expose all the larvae to the PFA solution.

. Incubate the larvae at 4 °C in 4% PFA for at least 16 h (see

Note 19).

. Wash the larvae at least twice with PBS-T for 5 min.
. Perform stepwise dehydration with a methanol (MeOH) series

(25%, 50%, 75%, 100%) 5 min per step.

. Store the larvae at =20 °C for at least 24 h. Larvae can be

stored for a few months at —20 °C at this point (see Note 20).

. Perform stepwise rehydration with a MeOH series (75, 50, 25,

and 0%), 5 min per step.
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Larva Control MTZ-treated

Fig. 2 Immunostaining of zebrafish larvae and adult brains. (3) Activated microglia (in green L-plastin+) in 6 dpf
larvae at 1 day post-treatment (dpt) with 2 mM MTZ for 16 h. Phagocytosed neurons are visible as bright
mCherry-positive dots (in magenta). (0) Immunostaining in adult zebrafish brain olfactory bulbs after treatment
with 5 mM MTZ for 48 h. Microglia are shown in green, apoptotic, engulfed neurons are shown in magenta.

Scale bar=50 pm

10.

11.
12.

13.

14.

. Remove the PBST and incubate the larvae in 10 pg/mL pro-

teinase Kin PBS-T for 40 min.

Remove the 10 pg/mL proteinase K solution and incubate the
larvae in 4 % PFA for 20 min.

Wash larvae at least twice with PBST for 5 min.

Remove the PBST and incubate the larvae in the blocking
solution for 2 h.

Remove the blocking solution and incubate the larvae with
400 pL primary antibody solution containing 1:500 rabbit
L-plastin (gift from Yi Feng, University of Edinburgh) at 4 °C
on a shaker for at least 16 h (alternative incubation times may
be required depending on the antibody) (see Note 21).

Wash the larvae at least 10x with PBS-T for 30 min.
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3.2 Imaging
Microglial Activation
in Response

to Neuronal Ablation
(Adult Zebrafish)

3.2.1 Metronidazole
Treatment Adult Fish

3.2.2 Isolation of Fixed
Complete Zebrafish Brain

15.

16.

Remove the PBS-T and incubate the larvae in 400 pL second-
ary Alexa 488 labeled antibody solution (DyLight Alexa 488,
1:250) with 1:10.000 Hoechst on a shaker at 4 °C for at least
16 h (see Note 21).

Wash the larvae at least six times with PBS-T for 10-15 min
and continue for imaging (see mounting live imaging larvae)

(see Note 13).

NB: During the entire experiment zebrafish can be fed according
to the regular feeding regimen. Artemia or other live food is
preferred since this causes less contamination of the water (see
Note 22).

1.

Dissolve 0.642 g MTZ in 3.5 mL DMSO to obtaina 1 M
1000x stock solution and shake thoroughly (se¢ Note 23).

. Fill a breeding tank with 750 mL water tapped from the aquar-

ium water circulation system.

. Transfer the dissolved MTZ to the breeding tank containing

750 mL fish water, resulting in a 5 mM MTZ solution (see
Note 24).

. Transfer up to a maximum of three adult zebrafish to the

breeding tank containing 5 mM MTZ (see Note 25).

. Place the breeding tank containing the fish in an incubator of

28-28.5 °C for 24 h (see Note 26).

. After the first 24 h of the experiment repeat step 30-34 once.

. Euthanize the adult zebrafish on ice water.
. Sever the head just behind the gills using a scalpel.
. Place the head under a dissection microscope.

. Remove the gills, jaws and remaining tissues until only the

skull and eyes are left using forceps.

. Place the skull containing the brain, eyes attached, in 4% PFA

at 4 °C for at least 20 h (see Note 27).

. Wash the skulls containing the brains at least 3x with 1x PBS

for 5 min at room temperature.

. Place the skulls containing the brains with the ventral side fac-

ing upwards and carefully cut the optic nerves (white bands
connecting the eyes to the head) with the scissors and remove
the eyes.

. Split the caudal half of the skull base in two equal parts with

the break line in the rostral to caudal direction (sec Note 28).

. Carefully remove the frontal part of the skull base (se¢ Note 29).
10.

Remove the skull from the brain by pushing the caudal parts of
the skull base apart.
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3.2.3 Sectioning

of Zebrafish Brains

for Immunofiuorescence
Staining

3.2.4 Immuno-
fluorescence Staining

of Zebrafish Brain Sections
(See Note 36)

11.
12.

13.

Collect the brains in 1.5 mL micro centrifuge tubes (se¢ Note 30).

Perform stepwise dehydration with a methanol (MeOH) series
(25%, 50%, 75%, and 100%) 5 min per step at RT.

The brains can be stored at =20 °C for several weeks to months.
For direct use, store them at —20 °C for at least 16 h.

. Rehydrate the zebrafish brains in a methanol (MeOH) dilution

series by subsequently incubating brains in 75% MeOH, 50 %
MecOH, 25% MecOH and 0% MecOH in 1x PBS at RT (see
Note 31).

2. Wash the brains once with 1x PBS to remove methanol traces.

. Use the plastic Pasteur pipette to fill an embedding base mold

with 4% LMP agarose (see Note 32).

. Place the zebrafish brain in the LMD agarose and position it in

the desired orientation (se¢ Note 33).

. Wait until the agarose gel has solidified (sec Note 6).

6. Remove the gel from the embedding base mold and cut it into

a cube (using the scalpel) with at least 2 mm agarose on each
side of the brain. Do not cut the agarose at the ventral side of
the brain (see Note 34).

7. Use the vibratome to cut 80 pm sections of the desired area.

. For immunofluorescence staining transfer the brain sections to

a 48-well plate containing 1x PBS (see Note 35).

. Remove the PBS from the wells containing brain sections,

add ~ 300 pL blocking buffer and incubate at room tempera-
ture on a shaker for 75 min.

. Remove the blocking solution, add ~300 pL antibody solution

1 containing the primary L-plastin antibody (r-plastin, Rabbit,
1:1000, gift from Yi Feng, University of Edinburgh) and incu-
bate at 4 °C on a shaker for at least 16 h.

. Remove antibody solution and was at least 6x with PBST for

20 min.

. Remove PBST, add ~300 pL blocking buffer containing the

secondary antibody (e.g., Dylight a-Rabbit 488, 1:500) and
incubate at 4 °C on a shaker for at least 16 h.

. Remove antibody solution and wash at least 5x with 1x PBS

for 20 min.

. Transfer the brain sections to a microscope slide (see Note 37).

. Place small strips of Parafilm on either side of the brain sections

and place 1-2 drops of Vectashield mounting medium on the
brain sections. Cover with a cover glass and continue to imag-
ing procedure (Fig. 2b) (see Note 38).
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4 Notes

. Dissolved MTZ can be stored at —20 °C (preferably in

aliquots).

. Apoptotic cells can be labeled in vivo by combining imaging

with secA5-YFP transgenic animals or in fixed tissue by TUNEL
staining (Click-it Alexa Fluor 647 kit; Invitrogen) [16].

. 10x MS-222 stock solution can be stored at —20 °C. 10x

MS-222 stock solution can be kept protected from light at
4 °C or room temperature for a few weeks.

. In order to prevent setting of the gel, the 1.8% LMP agarose

solution can be kept at 55 °C.

. We used a Zeiss LSM700, Zeiss LSM780, and Zeiss MPL for

image acquisition. For imaging GFP a laser of 488 nm is neces-
sary and for imaging of mCherry laser lines of 543, 555, 561,
or 594 can be used. We used a 40x water lens with a numerical
aperture (NA) of 1.2 for most of the image acquisition. In
addition to a relatively high NA, this lens has a long working
distance, which is ideal for making high quality images through-
out the entire larval brain. It is possible to increase the quality
of images by using lenses with a higher NA, however, these
lenses usually have a shorter working distance, that do not
allow imaging of the entire brain.

. It is reccommended to make the 4% LMP agarose solution

when the brains have been rehydrated. In order to prevent
premature setting of the gel, it is recommended to dissolve the
agarose while the tube is placed in water and to keep it in the
water while pipetting out the solution. Make sure there are no
bubbles in the low melting point agarose transferred to the
embedding base mold. This can make it more difficult to prop-
erly section tissue.

. PTU prevents pigment formation [17]. As soon as the PTU is

removed from the medium, pigment formation will occur.
Therefore it is important to keep the PT'U in the medium dur-
ing the course of the experiment. An alternative to using PTU
would be the use of fish without pigment formation (e.g.,
Casper, [18]).

. In case a line in which cell type-specific expression is accom-

plished by the use of the Gal4 /UAS system in which the Gal4
driver as well as the NTR are labeled with mCherry, it is rec-
ommended to use the GFP filter for the selection of NTR/
mCherry-positive larvae if possible. Only the larvae with the
highest mCherry expression will show a red central nervous
system while using the GFP filter. This reduces the number of
NTR-negative larvae in the experiment that seem positive.
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10.

11.

12.

13.

14.

15.

Use a plastic Pasteur pipette or a 1 mL Gilson pipette with the
tip cut off (0.5 cm) to transfer the positive larvae to a new petri
dish. The brightest mCherry larvae are positive for both the
neuronal gal4 driver and the UAS:NTR-mCherry construct.

. From 2 to 3dpf onwards MpegI-GFP can be clearly observed.

At 3 dpf the larvae have hatched and will be able to swim
around. To sedate the larvae add some flaked ice to the petri
dishes and allow the ice to melt, while swirling the dish.
Swirling will cause the sedated larvae to accumulate in the cen-

ter of the dish.

Make sure the larvae are treated in the 28-28.5 °C incubator
since lower temperatures may cause a weaker microglia
response. The amount of induced cell death is dose and time
dependent. Therefore one can choose to treat the larvae over a
longer time period with a lower concentration or conversely to
induce the same amount of cell death but over variable time
periods (for more information see van Ham et al., 2012).
Treatment with MTZ will work as soon as NTR is expressed.

The MTZ or DMSO containing solution is removed at the
desired time point and the larvae are washed twice for 10 min
with fresh HEPES buffered E3 containing 0.003% PTU to
remove the MTZ. We put 10-15 larvae per well in a 6-well plate.

When applying the 1.8% LMP agarose make sure the agarose
has cooled to around 30 °C as higher temperatures may dam-
age/kill larvae.

It is crucial to mount the larva as close as possible to the cover
glass, to reduce the distance to the lens as high magnification
objectives tend to have low working distance. Make sure the
larva is positioned correctly before the agarose completely
polymerizes. While the agarose is polymerizing keep the larva
in place with a thin pipette tip or needle. We use Seque /Pro™
Capillary Pipet Tips from Roche.

For in vivo imaging using an upright microscope it is necessary
to use a ceramic/dipping lens. To assure proper positioning of
the larvae for imaging with an upright microscope it is also
possible to mount them as described for the inverted micro-
scope. Then the LMP agarose containing the larva can be
taken out of the glass bottom dish and placed upside down in
a droplet of LMP agarose in a 6 cm petri dish. Make sure to use
sufficient LMP agarose to prevent detachment of the agarose
from the petri dish, as this will cause the larva to move out of
focus during the imaging (Fig. 1a).

Make sure to add the buffered 1x E3 medium with 0.016%
MS-222 very carefully. The agarose detaches easily from the
bottom of the dish. Addition of E3 medium is necessary to
prevent shrinking of the agarose due to dehydration. Also the
larva needs to stay anesthetized during the imaging.
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16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

When a water lens is used for long-term imaging, use Immersol
instead of water as to avoid evaporation. It is crucial to put suf-
ficient buffered 1x E3 medium in the imaging dish and to keep
the lid on the dish to prevent evaporation and subsequent dry-
ing of the LMP agarose.

Put the 1.5 mL tubes in a 50 mL tube to place them on a roller
mixer.

To assure equal antibody labeling in all larvae do not stain
more than 20 larvae in a 1.5 mL tube.

Instead of overnight incubation at 4 °C, 3 h at room tempera-
ture is also sufficient.

Fluorescence of mCherry is retained after immunohistochem-
istry, however when samples are stored for longer time periods
(multiple months) mCherry fluorescence will fade.

In case incubation on a roller mixer is preferred, use at least
400 pL, preferably more, antibody solution. Less solution may
cause insufficient labeling due to larvae sticking to the walls of
the tube diminisheing contact with the antibody solution.

Depending on the ablated brain area or cell type, fish may
show impaired feeding behavior.

The solution should turn slightly yellow.

After transferring the MTZ solution to the water, take care to
mix the MTZ solution with water to obtain a completely trans-
parent homogeneous solution. The mixing can be done by
stirring the solution with a plastic Pasteur pipette.

We have performed these experiments in adult male and female
fish of an age ranging from 3 to 9 months.

It is important to keep the fish at a temperature of at least
28 °C. Lower temperatures may lead to a weaker microglia
response to neuronal cell death.

PFA fixation within the skull facilitates the isolation of the
brains and reduces the chance of damaging and losing brain
tissue during dissection.

This is most easily done by pushing one arm of the forceps in
between the brain and the caudal half of the skull base in the
rostral to caudal direction. Subsequently squeezing of the for-
ceps will result in a break line in the caudal part of the skull
base. Then take out the forceps. Take care not to remove these
parts of the skull base.

After the frontal part of the skull base has been removed the
telencephalon and olfactory bulb should be exposed. This step
is important, because otherwise the chance of losing (part of)
the olfactory bulb is relatively high. Especially in the model
described in this chapter, the eftects are most pronounced in
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30.

31.

32.

33.

34.

35.

36.

37.

38.

the olfactory bulb. Therefore it is important to preserve this
part during the procedure.

It is possible to put multiple brains into a single microcentri-
fuge tube.

In order to assure optimal rehydration, the microcentrifuge
tubes containing the brains can be put in a 50 mL tube during
incubation and placed on a roller mixer.

For horizontal sections, position the brain with the dorsal side
facing upward and the ventral side facing downward. For sec-
tioning it is most convenient to place the brain as close to the
surface as possible. The deeper the brain has sunk, the more
agarose has to be cut before actual sectioning of the brain.

To speed up solidification of the gel, place the embedding base
mold containing the brain on ice. Make sure to check regularly
whether the brain is still in the desired position and correct
when necessary. Sometimes during the solidification of the gel,
the tissue sinks or tilts. This can be easily corrected as long as
the gel has not completely solidified yet.

It is crucial that the ventral part is completely flat for optimal
adhesion to the surface of the magnetic platform during the
sectioning. Otherwise the agarose cube may detach. Also the
position of the brain may change if the ventral part of the aga-
rose tube is not properly cut.

An easy way to transfer the brain sections to a 48-well plate is
to catch the sections on a microscope slide and then to use PBS
to flush them into the desired well in the 48-well plate. It is
possible to place multiple sections per well. 12-well plates can
be used as well; however, much more antibody will then be
required.

All incubation and washing steps should be performed on a
shaker.

One way to transfer the sections to the microscope slide is to
first place a drop of PBS on the microscope slide and then
scoop the sections out of the 48-well plate using a 200 pL
pipette tip. Then hold the tip in the drop of PBS. The brain
section will detach. Then remove excess PBS.

These slides can be stored at 4 °C for several months.
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Chapter 27

Experimental Arthritis Mouse Models Driven by Adaptive
and/or Innate Inflammation

W. Razawy, C.H. Alves, M. Molendijk, P.S. Asmawidjaja, A.M.C. Mus,
and E. Lubberts

Abstract

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease mainly affecting synovial joints. The
clinical presentation of RA shows the heterogeneity of this disease with its underlying complex interactions
between the innate and adaptive immune system and flare-ups of disease. Different disease models such as
collagen induced arthritis, antigen induced arthritis, and Szreptococcal cell wall induced arthritis can be
exploited to investigate different aspects of the pathogenesis of arthritis. The disease can be monitored
macroscopically over time via scoring systems. For histological examination, paratfin embedded knee sec-
tions can be used for hematoxylin and eosin staining to visualize cellular infiltration as well as for tartrate-
resistant acid phosphatase (TRAP) staining to identify osteoclast-like cells. Cellular infiltration of the
synovium by different myeloid cells such as tissue resident macrophages, dendritic cells and neutrophils can
be monitored using flow cytometry. Here, we describe the methods for inducing the different mouse
models for arthritis, including scoring systems per model, histological and flow cytometric analysis.

Key words Antigen induced arthritis, Cellular infiltration, Collagen induced arthritis, Flow cytome-
try, Histology, Streprococcal cell wall, Synovium

1 Introduction

Rheumatoid arthritis (RA) is a chronic systemic autoimmune dis-
ease mainly affecting synovial joints. This disease affects ~1 % of the
population worldwide, most commonly middle-aged women.
Although RA disease etiology is still largely unknown, genetic sus-
ceptibility, auto-antibody formation, and environmental factors
such as smoking are major RA risk factors [1-3]. In early disease,
pro-inflammatory cells migrate to the synovium and induce a
chronic inflammation. As the disease progresses, synovial hyperpla-
sia, angiogenesis, and pannus tissue formation will be induced.
Without proper treatment, these processes will ultimately lead to
irreversible joint destruction.

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
DOI 10.1007/978-1-4939-6786-5_27, © Springer Science+Business Media LLC 2017
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Pro-inflammatory cytokines play a central role in RA. Regulation
of the cytokine imbalance might represent a solid way to control
this disease. The pro-inflammatory cytokines tumor necrosis factor
a (TNFa) and interleukin-6 (I1L-6) play a crucial role in the patho-
genesis of arthritis, driving enhanced production of cytokines, che-
mokines, and degradative enzymes [ 1, 2]. The efficacy of blocking
TNFalpha and IL-6 activity was shown in clinical studies. In addi-
tion, early in the disease process inflammatory T cells and their
cytokines are present in the joint synovium and contribute to the
progression of an early synovial inflammation towards a persistent
and chronic arthritis, indicating that inflammatory T cells and their
cytokines play a central role in the pathogenesis of RA [2, 4-6].

Rheumatoid arthritis is a complex and heterogeneous disease
with interactions between the innate and adaptive immune system
and flare-ups of disease. Currently there is no animal model that
represents all the features of rheumatoid arthritis. However, there
are several mouse models that can be exploited to investigate dif-
ferent aspects of the pathogenesis of arthritis. The collagen induced
arthritis (CIA) model is an autoimmune model in which auto-
reactive T cells and auto-antibodies can be detected. TNFa, 111,
and IL-6 are key cytokines in CIA. An advantage of CIA is the
ability to examine pathological processes leading to disease prior to
the occurrence of symptoms. Antigen induced arthritis (AIA) is a
second (non-autoimmune) model in which joint inflammation is
driven by T cells. This model provides the opportunity to investi-
gate reoccurrences or flare-ups of arthritis. The role of the innate
immune system can be investigated using the Streptococcal cell wall
(SCW) induced model. This acute joint inflammation is strongly
TLR2/NOD2 driven and mediated by myeloid-derived pro-
inflammatory cytokines. The acute inflammation can turn into a
chronic disease with involvement of T cells and their cytokines by
repeated local injections of SCW without using adjuvants such as
Complete Freund’s Adjuvant (CFA). In the chronic phase of SCW
induced arthritis, destruction of bone and cartilage is observed.

Studies of the abovementioned arthritis models have been a
major contribution to our increasing scientific knowledge of arthri-
tis pathogenesis. For example, IL-17 receptor A (IL-17RA) knock-
out mice are completely resistant to the induction of CIA and
blocking II1.-17RA results in reduced AIA score [7]. In addition,
Th17 cells, which are known to produce I1L-17A, play an impor-
tant role in the pathogenesis of arthritis [8]. Another important
cytokine in the pathogenesis of arthritis is IL-23. This was shown
by the resistance of IL-23 knockout mice to develop CIA and full
blown AIA [7-9]. As IL-23 receptor has been shown to be present
on T cells, monocytes, and dendritic cells (DCs), 1L-23 can exert
its pro-inflammatory effects not only on T cells, but also on differ-
ent myeloid cells [10, 11].
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In this chapter the induction of collagen induced arthritis

(CIA), antigen induced arthritis (AIA), and Streptococcal cell wall
(SCW) induced arthritis is explained. Scoring systems and meth-
ods for measuring outcomes macroscopically and histologically
are described. Furthermore, the focus is on the flow cytometric
analysis of cells from the myeloid lineage, isolated from mouse
synovial tissue.

2 Materials

2.1 Collagen Induced

Arthritis

2.2 Antigen Induced

Arthritis

2.2.1

Immunization

. 8-12-week-old C57BL/6JOlaHsd (H2%) for both genders or

male DBA/1 (H29) mice.

2. 2 and 5 ml syringes.

—

. 25 G and 30 G needles.
. Supplemented Complete Freund’s Adjuvant (CFA): Dissolve

100 mg Mycobacterium tuberculosis (Mt) H37Ra in 1 ml
Incomplete Freund’s Adjuvant (IFA). Add 500 pl of the Mt/
IFA solution to 10 ml CFA. Divide the supplemented CFA
over two 10 ml glass vials.

. Immunization emulsion: Dissolve 10 mg of chicken type II

collagen (for C57BL,/6 mice) or bovine type II collagen (for
DBA/1 mice)in 1 ml 0.1 M acetic acid during 16 h in the dark
at 4 °C. Dilute the collagen solution by adding 4 ml of NaCl
(0.9% NaCl in sterile H,O) to reach a concentration of 2 mg/
ml. Push the collagen solution vigorously through a 5 ml
syringe with a 30 G needle into the glass vial containing 5 ml
supplemented CFA (see Subheading 2.1, item 4) to get a final
concentration of 1 mg/ml collagen. Mix vigorously using a
2 ml syringe to make the emulsion (se¢ Note 1).

. Boost emulsion for DBA /1 mice: Dissolve 10 mg of bovine

type I collagen in 1 ml 0.1 M acetic acid overnight in the dark
at 4 °C. Add 9 ml of NaCl (0.9% in sterile H,O) to the dis-
solved collagen to bring the concentration of the collagen type
II to 1 mg/ml. The total volume is 10 ml (sec Note 2).

. Isoflurane system: Isoflurane vaporizer, supply gas regulator,

flowmeter, induction chamber, connection tubing and valves,
face mask or intubation supply.

. 8-12-week-old mice from both genders (see Note 3).

2. 10x NaCl stock: 9% NaCl in sterile H,O.

. Isoflurane system: Isoflurane vaporizer, supply gas regulator,

flowmeter, induction chamber, connection tubing and valves,
face mask or intubation supply.

. 70% ethanol (i.a. injections).
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10.

11.

12.

2.2.2 Intra-articular 1.

(i.a.) injection

. 5x5 cm bandage gauze (i.a. injections).
. Caliper device (i.a. injections).

. Fine scissors (i.a. injections).

. Dressing forceps (i.a. injections).

. Methylated bovine serum albumin (mBSA) stock solution

(40 mg/ml): Dissolve 400 mg of mBSA in 9 ml sterile
H,0. You can speed-up the process by incubating the solution
in a 37 °C heated water bath. If the solution is completely dis-
solved, add 1 ml of 10x NaCl to bring concentration to

40 mg/ml. The solution can be aliquoted in portions of 1.1 ml
and stored at —80 °C.

Supplemented Complete Freund’s Adjuvant (CFA), H37Ra:
Resuspend 100 mg of Mycobacterium tuberculosis (Mt) H37Ra
in 1 ml of Incomplete Freund’s Adjuvant (IFA). Mix 400 pl
(40 mg) dissolved Mt with 10 ml of CFA. Divide this mixture
into two 10 ml glass vials, each containing 5 ml of supple-
mented CFA.

Immunization emulsion: Dilute 1 ml of the mBSA stock solu-
tion (see Subheading 2.2.1, item 9) with 4 ml 1x NaCl to
achieve 8 mg/ml. Transfer this into the glass vial containing
5 ml supplemented CFA (see Subheading 2.2.1, item 10)
using a 5 ml syringe with a 30 G needle. The final concentra-
tion of mBSA is 4 mg/ml. The emulsion must be prepared by
pressing the syringe firmly in order to homogenize. After this,
mix vigorously by using a 2 ml syringe until the mixture turns
into a stiff and white emulsion (see Note 1).

25G needle.

10 mg/ml mBSA: Dilute the mBSA stock solution (see
Subheading 2.2.1, item 9) to 10 mg,/ml by adding 3 ml of 1x
NaCl to 1 ml of the stock solution. The mBSA can be ali-
quoted in portions of 0.5 ml and stored at —80 °C.

2. 50 pl Hamilton glass syringe.

3
2.3 Streptococcal 1
Cell Wall Induced 2
Arthritis

3

4

. 30 G needle.

. 8-12-week-old mice from both genders (sec Note 3).

. 10x NaCl: 9% NaCl in sterile H,O.

. Sterile H,O.

. SCW PGPS 100P: prepare at a concentration of 4.17 mg,/ml

in 1x NaCl (see Note 4).

. Isoflurane system: Isoflurane vaporizer, supply gas regulator,

flowmeter, induction chamber, connection tubing and valves,
face mask or intubation supply.

. 70% ethanol.



2.4 Histology: Mouse
Knees

2.4.1  Preparation
of Knees and Hematoxylin
and Eosin Staining
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7. Caliper device.

8. 5x5 cm bandage gauze.

9. 50 pl Hamilton glass syringe.
10. 30 G needle.

The most common way to process paws for joint morphology, is to
embed them in parathin. The removal of calcium deposits is essen-
tial for a good embedding procedure. Decalcification is usually car-
ried out between the fixation and processing steps. A variety of
agents or techniques have been developed to decalcify tissues, each
with advantages and disadvantages. Consideration must be given
to the type of investigation being carried out. Immersion in solu-
tions containing mineral acids, organic acids, or chelating agents
such as ethylenediaminetetracetic acid (EDTA) are the predomi-
nant methods used. Chelating agents, such as EDTA, work by cap-
turing the calcium ions from the surface of the apatite crystal,
slowly reducing its size. Because the process is very slow but gen-
tle, this reagent is not suitable for urgent specimens but more
appropriate for research applications where very high quality mor-
phology is required or particular molecular elements must be pre-
served [12, 13] (see Note 5).

Strong mineral acids as nitric and hydrochloric acids are used
with dense cortical bone, because they are able to remove large
quantities of calcium in a short time period. As these strong acids
damage cellular morphology, they are not recommended for deli-
cate tissues as bone marrow. Weak organic acids such as acetic or
formic acid are more suitable for use in bone marrow or soft tis-
sues. Formic acid at a 10% concentration is commonly used.

1. 10% formalin.

2. 10% formic acid.
3. Absolute ethanol.
4. 95% ethanol.

5. 70% cthanol.

6. Xylene.

7

. Phosphate buffered saline (PBS; 2.6 mM KH,PO,, 26 mM
Na,HPO,, 145 mM NaCl, pH 7.2).

. Paraffin.

9. Scissors and forceps.

o

10. Histology cassettes.
11. Molds.
12. Embedding station.

13. Microtome.
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2.4.2 Tartrate-Resistant
Acid Phosphatase Staining

2.5 Analysis

of Synovial Cell
Infiltration by Flow
Cytometry

2.5.1 Preparation
of Synovial Tissue

2.5.2 Flow Cytometry

14.
15.
16.
17.
18.
19.
20.

Water bath.

Slides.

Cover slides.
Hematoxylin.
Eosin.

Mounting medium.

Light microscope.

TRAP staining is performed by a leukocyte acid phosphatase kit
from Sigma Chemical Co.

1.
2.

N Ul W

12.5 mg/ml naphthol As-Bi phosphoric acid solution.

7.0 mg/ml Fast Garnet GBC Base solution in 0.4 M hydro-
chloric acid with stabilizer.

. Acetate solution: 2.5 M acetate buffer, pH 5.2+0.1.

. 0.335 M L(+)-tartrate buffer, pH 4.9+0.1.

. Sodium nitrite solution: 0.1 M sodium nitrite.

. 6.0 g/1 hematoxylin, certified, 0.6 g/1 sodium iodate, 52.8 g/1

aluminum sulfate, and stabilizers.

. Fixative solution: Prepare citrate solution: 18 mM citric acid,

9 mM sodium citrate, 12 mM sodium chloride and surfactant,
pH 3.6+0.1. Combine 25 ml citrate solution, 65 ml acetone,
and 8 ml of 37 % formaldehyde. Place in glass bottle and cap
tightly.

. Two staining jars.
. Two 100 ml beakers.

. Standard laboratory equipment including 100-pm nylon cell

strainers, FACS tubes, and 50 ml Falcon tubes.

2. RPMI 1640 without supplements.

. Liberase TM Research grade (collagenase I and 11): dissolve in

sterile H,O to obtain 500 pg/ml and aliquot in 1.5 ml micro-
centrifuge tubes.

. 1 or 2 ml syringes.

. Scissors.

6. 24-well plates.

. FACS bufter: PBS supplemented with 0.5% BSA and 0.05%

sodium azide.

2. 2% paraformaldehyde (PFA) in PBS.

. Antibodies as indicated in Table 2.
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4. Brilliant stain buffer (BD buftfer).
5. Anti-FcyRIT and IIT (Fc block).
6. BD LSRII flow cytometer.

3 Methods

3.1 Collagen Induced
Arthritis

3.1.1 Immunization

3.1.2  Boost Injection

3.1.3 CIA Scoring

3.2 Antigen Induced
Arthritis

The classical background for CIA induction is the DBA /1 strain.
Observed disease incidence and severity in this strain is higher
compared to C57BL/6 mice, since DBA/1 have the H29 MHC
haplotype required for CIA induction. For induction of CIA in the
C57BL/6 or DBA/1 strain, mice are immunized intradermally
(i.d.) with type II collagen (CII)/CFA emulsion to trigger an
immune response. After 21 days, C57BL /6 mice are boosted again
with the same emulsion subcutaneously (s.c in the back of the
neck). DBA/1 mice are boosted intraperitoneally (i.p.) with the
emulsion described under Subheading 2.1, item 6. Collagen
induced arthritis phenotype is observed between days 26-30 after
the first immunization.

1. Put the mice under anesthesia using isoflurane.

2. Immunize mice with 100 pl CII emulsion by an i.d. injection
using a 25 G needle at the base of the tail (see Note 6).

3. Place the mice on a heating pad and carefully monitor their
recovery from the anesthesia (see Note 7).

1. Inject DBA/1 mice i.p. with 100 pl of the 1 mg/ml of CII
solution using a 25G needle.
Between days 26-30 the onset of CIA will start randomly
in the group of mice (see Note 7).

2. Score the mice every other day using the method described
below.

Arthritis development must be scored macroscopically by two
independent observers, without knowledge of the experimental
groups. The maximum score using our scaling system is 8 per
mouse (2 per paw). Mice are considered to have arthritis when
significant changes in redness and/or swelling are noted in the
digits or in other parts of the paws. Arthritis is scored visually using
the following scale per paw: 0, non-inflamed; 1, mild inflamma-
tion; 1.5, marked inflammation; 2, severe inflammation (Fig. 1).

In contrast to CIA where a systemic inflammation occurs affecting
multiple joints, AIA can be induced locally. On day 0 mice are
immunized with mBSA /supplemented CFA emulsion to trigger
an immune response and 7 days after immunization, arthritis is
induced in the knee by an i.a. injection of the mBSA protein. This
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3.2.1 Immunization

3.2.2 |Intra-articular
Injection (day 7)

3.2.3 Caliper
Measurement

0.75-1.00 1.25-150 1.75-2.00

L Ly Ly g o L

Fig. 1 lllustration of possible arthritis scores for the hind paw. In our scaling
system the maximal score per paw is 2. One swollen and red finger has a score
of 0.25, three fingers 0.5, all the five fingers are scored from 0.75 up to 1
depending on the severity. A swollen and red ankle or a swollen and red footpad
counts 0.25-0.5 each depending on the severity. Swollen and red ankle and
footpad are scored as 1. In this scale a score interval of 0.25-0.5 is dependent
on the arthritis severity, defining the size and redness of the swollen area

inflammation occurs within a few days. After ~21 days, the inflam-
mation is resolved (see Note 8).

1

. Put the mice under anesthesia using isoflurane.
2.

Immunize the mice with 100 pl mBSA emulsion by an i.d.
injection at the base of the tail using a 25 G needle.

. Put the mice on a heating pad and carefully monitor their

recovery from the anesthesia.

. Put the mice under anesthesia using isoflurane.

2. Lay the mice in a supine position.

. Spray the knees with ethanol and smoothen the hair in the

direction of growth with a bandage gauze.

. Make a small cut in the skin above the knee, using a pair of fine

scissors and forceps. This will heal within the next day.

. Inject 6 pl (60 pg) of mBSA solution in the knee joints, using

the Hamilton glass syringe with a 30 G needle. Bend the knee
in a 20° position. When you are not so experienced, inject
through the tendon, below the patella in the direction of the
femur. This should go smoothly without scratching the bone.
The needle should just go through the tendon while the patella
is slightly lifted up. Inject the mBSA solution and remove the
needle after about three seconds out of the knee joint.

. Put the mice on a heating pad and carefully monitor their

recovery from the anesthesia.

. Put the mice under anesthesia using isoflurane.

. Spray the knees with ethanol and smoothen the hair in the

direction of growth with a bandage gauze.

. Measure the knee thickness at different time points (day 0, 1,

2, 4, 7, and 10 after i.a. injection) using a caliper device.



3.3 Streptococcal
Gell Wall Induced
Arthritis

3.3.1 |Intra-articular
Injection
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Fig. 2 Representative curve of AIA kinetics during 7 days of caliper measure-
ments. At indicated time points, knee thickness of mBSA treated mice is mea-
sured using a caliper and divided by the values on day 0 (before injection) to
determine the ratio of knee swelling. Peak of knee thickness is observed around
day 4 after which knee thickness gradually normalizes

Measure knee joint thickness at the thickest part of the patella.
All patellae should be measured 3 times by the same observer
at each time point (Fig. 2).

4. Put the mice on a heating pad and carefully monitor their
recovery from the anesthesia.

In contrast to CIA where a systemic inflammation occurs affecting
multiple joints, SCW induced arthritis can be induced locally. In
the acute SCW arthritis model, synovitis is induced with a revers-
ible damage to cartilage, but without bone erosion. However,
chronic inflammation can be induced by repeating i.a. injections of
SCW, leading to bone erosion and destruction of cartilage without
the involvement of adjuvant such as CFA.

1. Put the mice under anesthesia using isoflurane.

2. Spray the knees with ethanol and smoothen the hair in the
direction of growth with a bandage gauze.

3. Make a small cut in the skin above the knee, using a pair of fine
scissors and forceps. This will heal within the next day.

4. Inject 6 pl (25 pg) of SCW solution in the knee joint, using the
Hamilton glass syringe with a 30 G needle. Bend the knee in a
20° position. When you are not so experienced, inject through
the tendon below the patella in the direction of the femur. This
should go smoothly without scratching the bone. The needle
should just go through the tendon while the patella is slightly
lifted up. Remove the needle after about 3 s out of the knee joint.
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3.3.2 Caliper
Measurement

3.4 Histology:
Mouse Knees

3.4.1 Fixation
of Mouse Knees

Caliper measurement
SCW Kkinetics

—
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Fig. 3 Representative curve of SCW kinetics during 8 days of caliper measure-
ments. At indicated time points, thickness of SCW injected knees is measured
using a caliper and divided by the values of the non-injected knees. Peak of
disease occurs around day 1-2 after which knee thickness gradually
normalizes

5. Put the mice on a heating pad and carefully monitor their
recovery from the anesthesia.
Inflammation occurs within a few hours, with its maximum
at day 1, and declines within a week to normal (sec Note 9).

1. Put the mice under anesthesia using isoflurane.

2. Spray the knees with ethanol and smoothen the hair in the
direction of growth with a bandage gauze.

3. Measure knee thickness at different time points (days 0, 1, 2, 3,
4, and 7 after i.a. injection) using a caliper device. Measure knee
joint thickness at the thickest part of the patella. All patellae
should be measured three times by the same observer (Fig. 3).

4. Put the mice on a heating pad and carefully monitor their
recovery from the anesthesia.

1. Remove the skin from the paw.

2. Dissect the knee joint by cutting the femur 1 cm above the
patellar tendon and the tibia 1.5 cm below the patellar tendon.
The entire soft tissue should not be removed to prevent dam-
age to the synovial capsule or destruction of the meniscus (see
Notes 10 and 11).

3. Place the knee in a white embedding cassette in a flexed posi-
tion at an angle of 120° and close properly (see Note 12).

4. Fix the knees in 10 % formalin for a minimum of 72 h at room
temperature. Make sure the knees are submerged in fixative.
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. After 3-6 days of fixation, the knees should be placed in 70%

ethanol, either for immediate use or long-term storage.

Rinse tissue once in PBS.

. Immerse tissue cassette in 10% formic acid for 3-6 days in a

fume hood. The tissue cassettes should be submerged.
Wash tissue with distilled water twice for 8 h to remove the acid.

Store tissue in 70% ethanol.

3.4.3  Paraffin Infiltration In this procedure, tissue is dehydrated through a series of graded
ethanol baths to displace the water and then infiltrated with paraf-
fin. The infiltrated tissues are then embedded into paraffin blocks.
Once the tissue is embedded, it is stable for many years.

Dehydrate and embed the tissue in paraffin using a tissue pro-

cessor machine, as follows (see Note 13):

p—

[——
— O

3.4.4 Embedding Knees 1.

in Paraffin Blocks

NeRE--IN BN R N VN

. 80% ethanol for 5 h at 45 °C.
. 96% ethanol for 5 h at 45 °C.

100% ethanol for 5 h at 45 °C.

. 100% ethanol 5 h at 45 °C.
. Xylene 5 h at 50 °C.

. Xylene 5 h at 50 °C.

. Xylene 5 h at 50 °C

. Paraffin 5 h at 60 °C.

. Paraffin 5 h at 60 °C.

. Paraffin 5 h at 60 °C.

. Paraffin 5 h at 60 °C.

The tissues processed into paraffin will have wax in the cas-
settes. Melt the wax away and place the entire cassette in 58 °C
paraffin bath for 15 min in order to create smooth wax blocks.

. Turn on the heat block to melt the paratfin one hour before

adding the tissue cassettes.

. Open the cassette to view tissue sample and choose a mold that

best corresponds to the size of the tissue. A margin of at least
2 mm of paraffin surrounding all sides of the tissue gives the
best cutting support. Discard the cassette lid.

. Put a small amount of molten paratfin, dispensing from paraf-

fin reservoir, into the mold.

. Using warm forceps, transfer tissue into the mold. For coronal

sections, place the patella facing down in the embedding mold;
the tibia should be almost flat on the bottom of the mold and
the femur directed upwards at a 60° angle from the bottom. It
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3.4.5 Sectioning Knees

Mold

Patella

Fig. 4 Scheme of the embedding of the knee in the paraffin block. For coronal
sections, place the patella facing down in the embedding mold, the tibia should
be almost flat on the bottom of the mold and the femur directed upwards at a 60°
angle from the bottom

—

is important that the joint is flat on the bottom to make sure
that left and right side of the joint will be sectioned at the same
depth (Fig. 4).

. Transfer the mold to the cold plate, and press the tissue gently

flat. Paraffin will solidity in a thin layer, which holds the tissue
in position.

. When the tissue is in the desired orientation, add the labeled

tissue cassette on top of the mold as a backing and press firmly.

. Add hot paraffin from the paraffin dispenser to the mold. Make

sure there is enough paraffin to cover the surface of the plastic
cassette.

. Paraffin solidifies in 30 min. When the wax is completely cooled

and hardened (30 min), pop the paraffin block out of the mold;
the wax blocks should not stick. If the wax cracks or the tissues
are not aligned well, melt the wax again and solidify (see Notes
14 and 15).

. Section the tissues using a microtome.

. Turn on the water bath and make sure that the temperature is

35-37 °C (step 6).

. Place the blocks to be sectioned on an ice block for 10 min.

. Insert the block into the microtome chuck so the wax block

faces the blade and is aligned in the vertical plane.

. Set the dial to cut 20 pm sections in order to plane the block.

Set the dial to cut 7 pm sections once the cutting goes smoothly.

. Angle the blade at 5°. Continue sectioning until the desired

tissue plane is obtained. Once the sections are in the desired
tissue plane and the sectioning is going well, cut five sections
and pick them up with forceps or a fine paint brush and float
them on the surface of the 37 °C water bath (se¢ Note 16). If
the block is not ribboning well then it should be placed back
on the ice block to cool off and firm up the wax.



3.4.6 Hematoxylin
and Eosin Staining

3.4.7 Tartrate-Resistant
Acid Phosphatase Staining

Arthritis Mouse Models 403

7. Place the floating sections onto the surface of clean glass slides.

O 0 N N U R W
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. Place the slides with the paraffin sections on the warming block

in a 65 °C oven for 20 min (so the wax just starts to melt) to
bond the tissue to the glass. Slides can be stored at room
temperature.

. Deparaffinize sections by immerging the slides twice in xylene,

5 min each time.

. Dehydrate in absolute ethanol for 5 min.

. Incubate in 90 % ethanol for 5 min

. Incubate in 70 % ethanol for 5 min.

. Stain in Mayer’s hematoxylin solution for 8 min.

. Wash in running tap water for 10 min.

. Counterstain in eosin Y solution for 30 s up to 1 min.
. Wash briefly in 70 % ethanol.

. Dehydrate with 90 % ethanol for 5 min.

. Incubate in absolute ethanol for 5 min.

. Wash twice in xylene for 5 min each time.

. Mount coverslip to the tissue with xylene based mounting

medium.

Tartrate-resistant acid phosphatase (TRAP) is a histochemical
marker of osteoclast-like cells. TRAP staining can be performed on
EDTA decalcified joints.

B N

. Prewarm deionized water to 37 °C.
. Bring fixative solution to room temperature (18-26 °C).
. Fix slides by immersing them in fixative solution for 30 s.

. Rinse slides thoroughly in deionized water. It is important to

prevent drying of the slides.

. Per 2 slides, add a mixture of 0.5 ml Fast Garnet GBC Base

Solution and 0.5 ml Sodium Nitrite Solution Mix gently and
let stand for 2 minutes.

. Label two 100 ml beakers “A” and “B” and add the following

reagents while mixing (Table 1). Beaker “A” serves as control.

. Label two staining jars “A” and “B” and transfer solutions

from the beakers into the appropriate staining jar.

. Warm the solutions in the jars to 37 °C in water bath.

. Add the slides to the staining jars (temperature should be

37 °C) and incubate 1 h in 37 °C water bath protected
from light.
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Table 1
Contents of beakers A and B

Beakers A (ml) Beakers B (ml)

Deionized water prewarmed 45 45

to 37 °C
Diazotized fast garnet GBC 1.0 1.0

solution from step 5
Naphthol AS-BI phosphate 0.5 0.5

solution
Acetate solution 2.0 2.0
Tartrate solution 1.0

10.

11.

12.

3.4.8 Histopathological 1.

Quantification

3.5 Analysis 1.

of Synovial Cell
Infiltration by Flow
Cytometry

3.5.1 Preparation
of Synovial Tissue

After 1 h, rinse slides thoroughly in deionized water, then
counterstain for 2 min in hematoxylin solution.

Rinse the slides for several minutes in alkaline tap water to blue
nuclei.

Air dry slides and evaluate microscopically. Cover slipping is
not recommended since dye fades with time.

Assess the sections for joint inflammation (cell infiltrate) and
bone and cartilage erosions. Score histopathological changes
in the knee joints in the patella/femur region on three semi-
serial sections of the joint, spaced 70 pm apart.

. Use the following scoring system to determine the severity of

inflammation: Use a scale of 0-3. O=no cellular infiltrate,
1=mild cellularity, 2=moderate cellularity, and 3 =maximal
cellularity (Fig. 5).

. Score the severity of bone and cartilage damage separately

based on erosions using a scale from 0 to 3 (0=no erosion,
1=mild erosion, 2=moderate erosion, and 3=maximal
erosion).

. Score chondrocyte death: (0 =no cell death, 1 =mild cell death,

2 =moderate cell death, and 3 = maximal cell death).

Sacrifice mice and take synovial tissue from the knee joints
without disrupting bone marrow. Cut the patellae ligament
with a fine scissor. Make an incision in the quadriceps to create
space. Bend the knee and make an incision straight down at the
medial side and one at the lateral side of the joint. Cut the
synovium loose by cutting from both sides towards the femur
(see Note 17).

. Put synovium of both knees from one mouse in 2 ml RPMI

medium in a 24-well plate.
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Fig. 5 Histology figures of CIA positive mice with no (a), mild (b), moderate (c), and severe (d) joint inflamma-
tion. (e+f) Serial sections of severe CIA showing focal bone erosion (b, e, f, asterisk) and osteoclast-like cell
activity by TRAP staining (f). The synovial membrane (a, arrow) thickness is increased during disease due to
influx of immune cells and high proliferation of synovial fibroblasts (b and ¢, red bars). In animals with severe
inflammation chondrocyte death can be observed (arrowhead)

. Process the synovium by cutting it into smaller pieces using

scissors before proceeding.

. Transfer the synovium and RPMI medium from the 24-well

plate into a 50 ml tube and add another 3 ml RPMI to reach a
total volume of 5 ml.

. Add 50 pL Liberase and shake the tube gently a few times.

6. Incubate the 50 ml tube at 37 °C, 5% CO, for 1.5-2 h,

depending on the size of the tissue.

. Every 15-30 min, shake the tube by hand (do not vortex).

. After incubation, remove excess tissue by adding the suspen-

sion on top of the cell strainer placed on a 50 ml tube and
crushing the tissue through it with the plunge of'a 2 ml syringe.

. Wash the cell strainer well with medium and discard.
10.
11.

Centrifuge the cells at 380 G for 10 min.

Discard medium and resuspend cells in the remaining volume
in the 50 ml tube. Transfer cells to U-bottom 96-well plates.
The cells are ready to be used for analysis by flow cytometry.
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3.5.2 Flow Cytometric
Analysis of Myeloid Cells

3.5.3 Analysis
of Synovial Myeloid Cells

Table 2
Antibodies used for flow cytometric analysis of synovial myeloid cells

Antibody Label Company Clone

Ly-6G PE-CF594 BD Horizon 1A8

MHCII Pe.Cy7 eBioscience M5/114.15.2
CDl11b ef450 eBioscience M1/70
CD45 BV785 Biolegend 104

CD64 APC Biolegend X54-5/7.1
CDllc RS Biolegend N418

Centrifuge the cells at 280 G for 2.5 min unless stated otherwise.
The indicated volumes of reagents are per well.

1.
. Wash the cells with 150 pl FACS bufter to remove medium.

. Incubate the cells for 30 min with 25 pl Fc block at 4 °C.

. Wash the cells with 150 pl FACS bufter.

. Prepare the antibody mix in BD buffer and incubate the cells

[SLNEN -GN I 8]

Centrifuge the cells in the 96-well plate and discard medium.

in 25 pl of the antibody mix (see Note 18 and Table 2) for
30 min at 4 °C.

. Wash the cells with 150 pl FACS buffer to remove the anti-

body mix.

. Wash the cells with 150 pl PBS (see Note 19).
. Fix the cells with 150 pl 2% PFA and incubate for 5 min at

4 °C in the dark.

. Wash the cells with 150 pl PBS to remove the PFA.
10.
11.

(Optional) Wash the cells with 150 pl FACS buffer.

Take up the cells in 85 pl FACS bufter. The cells are ready to
be measured (see Note 20).

In steady state, the mouse joint harbors a heterogeneous popula-
tion of tissue resident macrophages with very small numbers of
CD11b* DCs, eosinophils and neutrophils present [ 14]. However,
in inflamed conditions the presence of the different cell popula-
tions in the joint with respect to each other is altered. For analyz-
ing cell populations in the inflamed joints, gate on all cells (Fig. 6a).
Exclude the doublets by plotting the forward scatter width (FSC-
W) of fluorescence light against the height (FSC-H). Repeat the
same procedure for the side scatter width and height (SSC-W
against SSC-H) (Fig. 6b). As doublets are bigger and need more
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Fig. 6 Gating strategy for analysis of synovial myeloid cells. (a) Gating on total cells. (b) Doublet discrimination.
(c) Identification of CD45+ cells. (d) Identification of DCs. (e) Identification of CD11b* myeloid cells. (f) Excluding
neutrophils and distinguishing CD64 high and intermediate cells. The CD64™ cells are identified as monocytes
and F480+ CD64+ are macrophages

time to pass through the laser beam, they have a greater pulse
width than single cells. The height correlates with the intensity of
a cell’s signal. Thus, disproportions between H and W in the for-
ward and side scatter can be used to identify doublets.
Hematopoietic cells can be identified based on their expression
of CD45 (Fig. 6¢), which is a member of the protein tyrosine
phosphatase family. The DCs are subsequently identified as CD11c*
MHCII* cells (Fig. 6d). The remaining cells, which are mainly
MHCII-, are CD11b* myeloid cells (Fig. 6¢). Monocytes and
macrophages are highly plastic and can differentiate into different
subsets in response to environmental changes (se¢ Note 21). By
gating on Ly6G* cells, neutrophils can be identified (Fig. 6f).
Neutrophils are necessary for synovial inflammation and are
attracted to the synovium through chemokine-chemokine receptor
interaction [15]. In contrast to resting peripheral blood neutro-
phils, which are relatively short-lived, primed and activated neutro-
phils have undergone molecular changes that extend their life span
and alter their molecular properties. This allows them to carry out
many functions that have been historically attributed to macro-
phages. Furthermore, activated neutrophils gain functions such as
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the synthesis of pro-inflammatory mediators (cytokines and che-
mokines) and the ability to present antigen to T cells. These char-
acteristics equip tissue neutrophils with the capability to actively
drive inflammatory processes (reviewed in [16]).

4 Notes

10.

11.

12.

. The emulsion should look white and have a stiff texture. This

can be tested by dripping the emulsion in water: the emulsion
should stay as a drop in the water.

. For boost induction in C57BL/6 mice, the immunization

emulsion, as described in Subheading 2.1, item 5, can be used.
The mouse is injected s.c. with the immunization emulsion on
the back.

. Model is independent of the mouse strain.

. It is recommended to determine the optimal concentration of

the SCW for a proper induction of inflammation as this may
differ per batch and supplier of SCW.

. Decalcification using formic acid is less suitable for TRAP

staining. When EDTA is used for decalcification, it is not pos-
sible to perform Safranin O staining. Hematoxylin and eosin
staining is possible for both decalcification methods.

. All solutions should be kept on ice.
. Check the mice around day 18-21 for the onset of CIA (1-10%

of the animals can develop CIA before the boost injection).

. It is possible to induce reactivation of arthritis (flare-up), after

the acute phase is resolved (about 21 days after the i.a. injec-
tion of mBSA), by locally injecting 2 pg of mBSA in the knee
joint. This flare-up reaction is predominantly mediated by
memory T cells.

. It is also possible to induce chronic inflammation in the knee

joint by repeating SCW injections on days 8, 15 and 22 after
the first i.a. injection. In contrast to the first injection, which
leads to a macrophage-mediated inflammation during the first
week, repeating SCW i.a. injections will induce a T cell-
mediated chronic inflammation.

Leaving too much soft tissue will lead to unnecessary extra time
for the fixation and impairment of paraffin impregnation.

Bones should always be open at least on one side for better
impregnation of the various chemicals and paraffin.

We aim for coronal sections where patella, femur and tibia can
be found in the same section. If the joint is too flexed, the
patella is positioned too proximal and will not be seen in the
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first sections. If the knee is too straight, the patella is com-
pletely in front of the joint space and therefore will be cut
before the first tibial /femoral sections are made. After fixation
changing the angle is impossible without breaking the
ligaments.

It is important not to keep the tissues in hot paraffin too long
as they might become hard and brittle.

The tissue and paraffin attached to the cassette have formed a
block, which is ready for sectioning.

Tissue blocks can be stored at room temperature for years.

If the specimens fragment when placed in the water bath, the
water may be too hot.

Damaging blood vessels with the scissor must be avoided as
this contaminates samples with blood cells, interfering with the
analysis.

Before using antibodies, it is highly recommended to titrate
the antibody for optimal results with flow cytometry. Since the
amount of tissue obtained from the synovium itself is too low,
antibodies can be titrated on newly harvested splenocytes.

It is recommended to use a live/dead marker for gating out
the dead cells. Live/dead Aqua viability dye (diluted in PBS)
can be used before fixation and incubated 30 min at 4 °C.

When synovium of both knees from one mouse is pooled and
processed well; typically about 100-150,000 events can be
measured by flow cytometry. The amount of events or cells
measured depends on the severity of inflammation. The num-
ber of measured events in naive/non-injected knees is there-
fore lower (50-100,000).

Further subdividing of the CD64™" and CD64"¢" cells can be
done by including antibodies against Ly6C and F480. The
Ly6C* F480"°"CD64™ cells are identified as monocytes and
F480* CD64* are macrophages [14]. CD115 can be used as an
additional marker for the identification of monocytes.
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Chapter 28

Pain Relief in Nonhuman Primate Models of Arthritis

Michel P.M. Vierboom, Elia Breedveld, Merei Keehnen, Rianne Klomp,
and Jaco Bakker

Abstract

Animal models of rheumatoid arthritis are important in the elucidation of etiopathogenic mechanisms of
the disease and for the development of promising new therapies. Species specificity of new biological com-
pounds and their mode ofaction preclude safety and efficacy testing in rodent models of disease. Nonhuman
primates (NHP) can fill this niche and provide the only relevant model. Over the last two decades models
of collagen-induced arthritis (CIA) were developed in the rhesus monkey and the common marmoset.
However, NHP are higher-order animals and complex sentient beings. So especially in models where pain
is an intricate part of the disease, analgesia needs to be addressed because of ethical considerations. In our
model, a morphine-based pain relief was used that does not interfere with the normal development of
disease allowing us to evaluate important mechanistic aspects of the arthritis.

Key words Autoimmunity, Inflammatory arthritis, Nonhuman primates, NSAID, Pain relief, Refinement

1 Introduction

Rheumatoid arthritis (RA) is an immune mediated inflammatory
disease that affects 1% of people in the western countries. RA is
characterized by chronic inflammation of synovial joints. A com-
monly used model for translational research into the (immune-)
mechanisms that initiate or perpetuate inflammatory arthritis and
the development of new therapeutics is collagen-induced arthritis
(CIA). The species of choice are mice and rats [1, 2]. However,
species specificity of new biological compounds sometimes pre-
cludes the use of rodent models. In some cases NHP provide mod-
els to fill this evolutionary gap. However, NHP are higher-order
complex sentient beings and they may only be used for experimen-
tation if there are no valid alternative ways to obtain essential infor-
mation on new therapies or pathogenic mechanisms. Since NHP
are complex sentient living beings it is a moral imperative that we
relieve pain associated with the arthritis to the best of our ability.
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Over the past two decades we have developed CIA models in
the rhesus monkey (Macaca mulatta) [3,4] and the common mar-
moset (Callithrix jacchus) [5]. The protocol described here focuses
on the rhesus monkey CIA model. For the ethical management of
the experiment the animals are sedated twice a week and scored for
the development of clinical signs with a clinical scoring (CS) sys-
tem Table 1. In addition, all animals are inspected by the animal
caretakers on a daily basis. Before the clinical onset of the disease
the animals display behavioral signs of discomfort. This is the
moment the veterinarian decides to start with the administration of
analgesics.

*  Morphine versus the use of paracetamol or NSAID.

The most common classes of compounds for pain relief are
NSAID (nonsteroidal anti-inflammatory drugs), paracetamol, and
opiates [6, 7]. NSAID are used for the treatment of pain (analge-
sic), fever (antipyretic) and inflammation. NSAID’s target both
COX-1 and COX-2 enzymes (also known as prostaglandin G/H or
PGG/H synthase), thereby blocking the production of prostaglan-
dins. NSAID are eftective in the treatment of pain but have a robust
impact on the inflammation. Paracetamol (acetaminophen) is a
mild analgesic with minimal anti-inflammatory properties [8 ], while
opiates like morphine and buprenorphine (Buprecare®) have a very
strong analgesic action with limited anti-inflammatory properties.

Buprenorphine has been selected as an analgesic to treat the
pain resulting from the development of CIA in NHP. Good results
were obtained in the CIA model when buprenorphine was
administered three times daily via intramuscular (i.m.) injection

Table 1
Clinical scoring table
Clinical Monitoring
score Characteristics frequency Maximal duration
0 No disease symptoms Daily End of experiment
0.5 Fever (>0.5 °C) 2x per week 12 weeks
1 Apathy, loss of appetite weight-loss Daily 2x per 10 weeks
week
2 Warm and tender joints, but without STS? 2x per week 6 weeks
3 Moderate STS but normal flexibility of affected 2x per week 4 weeks
joints
4 Severe redness +STS of joints, with joint stiffness ~ 2x per week 2 weeks
5 Humane endpoint: such severe disease that Daily 18 h

cuthanasia is necessary

1§TS=soft tissue swelling; requires sedation of the monkey



Pain Relief in Nonhuman Primate Models of Arthritis 413

during periods of suspected pain. The duration of the analgesic
effect is dependent on the dose administered [9]. It is 25-50x
more potent than morphine [10]. It does not lead to physical
dependence since there are minimal signs of withdrawal after dis-
continuation [11].

The treatment with buprenorphine is aimed at pain relief,
restoring normal behavior including locomotion, and a normal
ecating pattern so that the animal can maintain a normal food sup-
ply. Treatment with Buprenorphine does not influence bodyweight
[12, 13], which is used as a surrogate disease parameter. The loss
of bodyweight is a direct consequence of the TNF-a produced
during the inflammation resulting in a loss of appetite (cachectic
syndrome). The use of buprenorphine for pain relief has been vali-
dated in our rhesus monkey model of CIA (>400 animals) without
interfering in the development of the disease. This has allowed us
to evaluate new anti-inflammatory therapies with significantly less
discomfort to the monkey.

2 Materials

2.1 Animals

2.2 Disease-
Inducing Agent

2.3 Pain Relief

CIA-sensitive animals developing inflammatory arthritis. Indian
origin rhesus monkeys (Macaca mulatta) purpose bred at the
BPRC were selected for absence of the MHC class I resistance
marker Mamu-B*001 as identified by genotyping ([ 14]). Historical
data show that usage of rhesus monkeys from the BPRC colony
that lack this marker give a CIA-incidence of +95% [14-16].

e Complete Freund’s Adjuvant (263810, DIFCO;BD). CFAis a
suspension of desiccated Mycobacterium butyricum in a mix-
ture of paraffin oil and an emulsifying agent, mannide mono-
oleate. Formulation per 10 mL ampule: mannide monooleate
(1.5 mL), paraffin oil (8.5 mL), and Mycobacterium butyri-
cum (5 mg).

e Chicken collagen type II ((Immunization Grade Lyophilized;
MD Biosciences).

e (0.1 M acetic acid.

*  Buprenorphine (Buprecare®) [17]: Increasing doses of
buprenorphine. The dose of the solution is 300 pg/mL.

3 Methods

3.1 Induction of CIA

CIA is induced by immunizing rhesus monkeys, sensitive to to the
development of CIA, with chicken collagen type II dissolved in
0.1 M acetic acid (10 mg/mL) emulsified in an equal volume of
CFA (see Subheading 2.2).
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3.2 Preparation
of CIA Inducing Agent

3.3 Administration
of Pain Relief

Table 2

Example of dose calculation sheet
PID' Time Weight (kg) Dose (pg/kg) Volume (mL)?
17 16.00 9.78 20 0.65
17 23.00 9.78 20 0.65
18 07.30 9.78 40 1.30
18 16.00 9.53 40 1.27
18 23.00 9.53 40 1.27
19 07.30 9.53 60 1.91
19 16.00 9.53 60 1.91
19 23.00 9.53 60 191
20 07.30 9.53 80 2.54
20 16.00 9.53 80 2.54
20 23.00 9.53 80 2.54
21 07.30 9.53 80 2.54

'Post induction day
2Formula to calculate the “Volume” = “Weight” x (“Dose” /300)

Chicken type II collagen (10 mg/vial,) is dissolved for 4 days at
4°Cinin 1 mL of 0.1 M acetic acid. On the day of induction an
equal volume of the collagen solution (10 mg,/mL) is emulsified in
an equal volume of CFA under gentle stirring at 4 °C.

1 mL of this emulsion is injected into the dorsal skin as ten
spots of 100 pL. These spots can develop into granulomatous
lesions that may be irritating and painful. After 2-3 weeks the ani-
mals will start to develop clinical signs of arthritis (swelling of syno-
vial joints) and signs of systemic inflammation, such as cachectic
syndrome.

Buprenorphine is administered three times per day (Table 2; intra-
muscularly with 26 G needles) because its analgesic effect lasts
for+6-12 h ([10]; depending on the dose administered).

4 Notes

1. Important for the assessment of behavioral cues is that we
know the normal behavior of the individual monkey before we
induce the disease (day 0 behavior). For example, if a monkey
has already a quiet behavior then tranquility is not an overt cue
of pain for that monkey.
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2. Protocol for pain assessment.

When a monkey is found to be in pain we immediately start
providing pain relief by intramuscular injection with
buprenorphine.

The animal caretaker inspects the monkeys for behavioral
signs indicating pain. During the experiment the monkey is
offered a piece of marshmallow or a grape, each morning, to
see whether they have normal locomotion and if they put
weight on hands and feet. If a monkey is hanging by its feet and
hands at the bars of the cage we assume the animal has no pain.

The most overt changes in behavior are:

— The monkey shifts on its but through the cage over small
distances to relieve weight from its feet/legs.

— The monkey does not eat its food pellets. This might be
a consequence of the inflammation-induced cachectic
syndrome or pain in joints of hands and jaws preventing
them from grabbing food or chewing the hard pellets.

— The monkey is less mobile and sits quietly in the cage
(less use of limbs), apathy.

3. Three times dosing per day. Treatment in the morning is
administered early in the morning (+7.30) after animal behav-
ior has been scored. The second dose is given late in the after-
noon (x16.00) and the final dose is given late at night
(£23.00). This dosing schedule should provide sufficient pain
reliet during day and night (for an example see Table 2).

4. Treatment doses increasing from 20 pg to 100 pg/kg. The dose
volume administered is based on the last recorded weight (they
are weighed twice per week; see Table 2 for an example). This is
important because animals can lose up to 25% of their weight
over a period of 3—4 weeks. When we do not observe a detect-
able improvement in behavior within 24 h after start of treat-
ment the dose is increased from 20 to 40 pg/kg with an upper
limit of 100 pg/kg. If the monkey does not respond to a dose of
100 pg/kg the pain is defined as untreatable and the animal will
be sacrificed (humane endpoint; clinical score of 5; see Table 1).

5. Animals can be trained to receive i.m. injection of pain relief
drugs without being sedated or brought to the front of the
cage by squeezing.

6. Buprenorphine is injected into the thigh muscle (quadriceps
femoris vastus lateralis).

7. Monkeys that receive pain relief are provided with a rubber
mat to soften the impact on painful joints. If the monkey does
not eat its pellets, the diet is supplemented with soft, small
chopped fruit and vegetables.

8. The use of pain relief in nonhuman primates is mandatory for
a model with serious discomfort as has been described in the
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10.

11.

current protocol. The question arises why this type of pain
relief'is not used in rodent models of CIA. An important con-
dition is that the analgesic treatment should not interfere
with the inflammatory process. Anti-inflammatory effects
have been described for all classes of analgesics. Both
paracetamol [8] and buprenorphine [18] are commonly used
as analgesics, while the impact on inflammation is limited.
However, the analgesic potency of buprenorphine is far
higher than that of paracetamol [11, 19]. NSAID, on the
other hand, have a prominent anti-inflammatory effect and
their analgesic potency is in part a consequence of the sup-
pression of the inflaimmation. Their use is contraindicated
when one wants to evaluate new anti-inflammatory or immu-
nosuppressive compounds.

. We have seen marked improvements after treatment with

buprenorphine. In several cases (when the animal improved
clinically) we reduced the dosage of buprenorphine. If treat-
ment with a new compound is effective in mitigating disease
resulting in the restoration of locomotion and eating habits
and less administration of buprenorphine is required then the
amount of buprenorphine the monkey received might be used
as readout for the effect of' a new treatment.

Is there a danger of addiction? Although buprenorphine is
25-50 times more potent than morphine one of its features is
that no physical dependence has been observed even at the
high dose we use for pain relief. There are no signs of with-
drawal even after acute discontinuation of treatment [11].
On the other hand, the period the animals receive buprenor-
phine is limited and at the end of the experiments the animals
are sacrificed for immunological and histopathological
analysis.

Although side effects as respiratory suppression, nausea or
constipation have been described for morphine and its deriva-
tives, we have not observed any of these adverse effects in our
large cohort of animals (>400 rhesus monkeys) engaged in
CIA experiments, not even in cases where the highest dose was
administered. Nonetheless, special attention should be given
for these effects.
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Chapter 29

Isolation and Characterization of Aortic Dendritic Gells
and Lymphocytes in Atherosclerosis

Tae Jin Yun, Jun Seong Lee, Dahee Shim, Jae-Hoon Choi*,
and Cheolho Cheong*

Abstract

Denderitic cells (DCs) are central to initiate antigen-specific immunity and tolerance. The in vivo develop-
ment and distribution of DCs are now better understood even in nonlymphoid tissues [1]. Atherosclerosis
is a chronic inflammatory disease of blood vessels and DCs are highly enriched in the intimal area of the
aorta, which is predisposed to develop atherosclerosis. Previously, we were the first to show antigen present-
ing DCs and their subsets in the aorta [2, 3]. Here, we discuss several useful methods to characterize not
only DCs but also other immune cells in steady state and atherosclerotic aorta. These comprise multiparam-
cter flow cytometry strategies including intracellular staining and cell sorting, ez face immunohistochemis-
try of DCs and regulatory T cells (Tregs), and Oil Red O staining of atherosclerotic lesions in the aorta.

Key words Atherosclerosis, Dendritic cells, CD11c, Aorta, Macrophage, Regulatory T cells (Tregs)

1 Introduction

In addition to their role in lipid uptake and systemic lipid metabo-
lism [4, 5], DCs have been shown to be important in modulating
immune responses in atherosclerosis in mouse models. For exam-
ple, these studies have demonstrated an atherosclerosis-promoting
role of T cell costimulatory and antigen-presenting molecules
expressed on the surface of DCs (e.g., CD80, CD86, MHCI /1I)
[6, 7], an atheroprotective role of the DC maturation-signaling
pathway through DC-specific elimination of Myd88 [8], and regu-
lation of regulatory T cell (Treg) homeostasis by subsets of DCs,
such as CCL17* DCs and Flt3-dependent DCs [3, 9]. These
observations suggest a critical role for DCs in the regulation of T
cells and possibly atheroprotective Tregs [10].

* Contributed Equally.
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However, it is very demanding to obtain enough aortic DCs to
functionally address their characteristics. In this regard, many studies in
the field of atherosclerosis have used preferentially bone marrow-derived
or lymphoid DCs to uncover the mechanism behind observed athero-
sclerotic phenotypes. Of note, it is prudent to analyze the interplay of
immune cells in healthy and diseased aorta to understand the initiation
and progression of atherosclerosis. Here we summarize useful methods
to analyze DCs and immune cells in healthy and diseased aorta.

The advent of genetically modified mouse models such as low-
density lipoprotein receptor (Ldlr) or Apolipoprotein E (ApoE)-
deficient mice has facilitated atherosclerosis studies in mice that closely
recapitulate human disease [ 11, 12]. While cell type analysis in athero-
sclerotic lesions by immunohistochemistry has been informative,
recent advances in flow cytometric analysis of aortic cell suspensions
allowed monitoring various immune cell types simultaneously in the
aorta [13]. However, autofluorescent macrophages affect flow cyto-
metric analysis of aortic cell suspensions especially in multiparameter
flow cytometry. Therefore, it is critical to remove macrophages from
the beginning to faithfully analyze other immune cells such as DCs
and Tregs. To this end, the use of macrophage specific markers such
as CD64 and MerTK in combination with CD11b or F4 /80 is very
helpful [14, 15]. In our protocol, FACS staining is optimized for 96
well formats to save antibody-related reagents and minimize cell loss.
Of note, several cell surface markers are easily degraded via collagenase
treatment. To overcome this issue, intracellular staining of CD4 is
employed in our protocol [16]. To measure regulatory T cells in the
aorta, CD4 and Foxp3 are simultaneously stained. Notably, the Foxp3
staining method (eBioscience) has been modified and optimized for
aortic Treg measurement.

Traditionally, staining aortic immune cells ez face has provided
valuable information on their anatomical location and distribution. We
previously reported that DCs are enriched in the intimal space of aortas
while macrophages are enriched in adventitia [2, 3]. En face staining
allows one to image both the intimal and adventitia sides of the aorta.
Here, we describe a method to stain whole mount en face of aortic
DCs and macrophages. To this aim, the basic protocol (TSA Protocol,
Life Technologies) has been modified and optimized for the aorta. In
atherosclerotic lesions, Oil Red O staining is a classical method to mea-
sure lesions and assess the severity of atherosclerosis in mouse models
[17]. For a sound assessment of atherosclerotic lesions, it is critical to
embed the aorta in the correct orientation for frozen section prepara-
tion. We illustrate this procedure in detail and show representative
stainings of Oil Red O and CD11c¢* cells in the aorta. Finally, we also
provide one example of functional analysis to differentiate DCs from
macrophages. The classical feature of DCs is their lower phagocytic
activity compared with macrophages [3]. In this protocol, aortic cell
suspensions are incubated with fluorescent beads to assess phagocytic
activity and then purified by fluorescence-activated cell sorting to
observe the morphological characteristics of DCs and macrophages.
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2 Materials
2.1 Mouse Aorta
Isolation

2.1.1  Mouse Handling

2.1.2 Aorta Isolation

2.2 Flow Cytometry
Analysis

2.2.1 Preparation
of Single Cell Suspension

. C57BL/6 mouse.

. 70% ethanol.

. Surgical scissors (Fig. la).
. Surgical forceps.

. 10 ml syringe.

. 24-gauge needle.

. 1x PBS.

. Surgical tray.

eI B N oS I S ]

p—

. Dissecting microscope.

2. Dissecting dish: heat-resistant glass dishes, black wax (Nasco,
SA04451MH), hotplate stirrer (Fig. 1b, ¢, see Note 1).

3. Microdissection scissors.
4. Microdissection forceps.
5. Pin.

1. 1 ml collagenase cocktail: 880 pl 1x HBSS, 100 pl collagenase
type I (Sigma-Aldrich, C0130, 10x stock: 675 U/ml), 10 pl
collagenase type XI (Sigma-Aldrich, C7657, 10x stock:
187.5 U/ml), 10 pl hyaluronidase type I-s (Sigma-Aldrich,
HI1115000, 10x stock: 9 U/ml) (see Note 2).

Fig. 1 Materials for mouse aorta isolation. (a) From /eft to right; angled surgical
forceps with serrated tips, sharp-nose surgical forceps, microdissection forceps,
surgical scissors, and microdissection scissors. (b, ¢) Dissecting dish prepara-
tion. Heat-resistant glass dish before (b) and after (¢) black wax was applied
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2.2.2 Surface Staining

2.2.3 Intracellular Foxp3
Staining

2.3 \Visualization
in Aorta

2.3.1 Dendritic Cell
Staining

2. Rotator.

3. Collagenase digestion tube with cap (Falcon, 352063) (see
Note 3).

4. Parafilm M.

5. 70-pm strainers.

6. 15 ml tube.

7. 500 ml wash media: 25 ml heat-inactivated FBS, 475 ml 1x
RPMI-1640, 5 ml 100x antibiotic-antimycotic.

8. Swinging rotor.

1. Fluorochrome-conjugated monoclonal antibodies (all from
BioLegend): PE-CD45 (clone 30-F11), PerCP/Cy5.5-CD64
(clone X54-5/7.1), BV711-CD11b (clone M1,/70), PeCy7-
CDl11c(cloneN418),andA700-MHCII (clone M5 /114.15.2).

2. FcBlock: culture supernatant from 2.4G2 hybridoma (ATCC,
HB-197).

3. 500 ml FACS buffer: 10 ml heat-inactivated FBS, 490 ml 1x PBS
with calcium/magnesium, 5 ml 100x antibiotic-antimycotic.

4. 96-well v-bottom plates.

5. Microtiter tubes.

6. 5 ml tubes.

7. Flow cytometry analyzer.

1. Fluorochrome-conjugated monoclonal antibodies (all from
BioLegend, unless noted otherwise): APC-CD45 (BD
Biosciences, clone 30-F11), PerCP/Cy5.5-CD64 (clone X54-
5/7.1), BV711-CD11b (clone M1/70), APC-¢780-CD3
(eBioscience, clone 17A2), BV785-CD4 (clone RM4-5), and
PE-Foxp3 (eBioscience, clone FJK-16s).

2. Foxp3 / Transcription Factor Staining Buffer Set (eBiosci-
ence, 00-5523-00).

3. Materials as described in Subheading 2.2.2, from item 2 to 7.

1. 6-well plate.

2. 0.25% Triton X-100: 125 pl Triton X-100, 50 ml 1x PBS (see
Note 4).

3. 1.5 ml tube.

4. 0.3% H,0,: 100 pl 30% H,0,, 10 ml 1x PBS (sec Note 5).

. Monoclonal antibody: Biotin-CD11c mAb (BioLegend, clone

N418).

. TSA kit, HRP-Streptavidin with Alexa Flour 555 (Invitrogen,

T-30955).



2.3.2 0il Red 0 Staining
(en face)

2.3.3 0il Red 0 Staining
(Cryosection)

2.3.4  Immunostaining
(Cryosection)
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7. Shaker.
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. Glass slides for cryosection.
10.
11.
12.
13.
14.
15.

4% formaldehyde: 4 ml 10% formaldehyde, 6 ml 1x PBS.
1x PBS.

Mounting solution.

Coverslip.

Transparent nail polish.

Scotch tape.

. Ldly~/~ mouse or ApoE~/~ mouse.
. CHOW diet (TestDiet, 5015) or Western diet (TestDiet,

AIN-76A).

. Dissecting dish.
. Distilled water.
. Glass slides.

Pin.

. 0.5% Oil Red O solution I: 0.5 g Oil Red O, 100 ml 100%

propylene glycol (see Note 6).

. 85% propylene glycol: 85 ml 100% propylene glycol, 15 ml

distilled water.

. Materials from Subheading 2.3.1, items 10-15.

. Razor blade.

. Embedding mold.

. OCT compound.

. Cryostats.

. Glass slides for cryosection.

. Harris” hematoxylin (National Diagnostics, HS-400).

. 0.5% Oil Red O solution II: 1 g Oil Red O, 100 ml 70 % etha-

nol, 100 ml acetone (see Note 7).

. 70% ethanol.
. Materials from the Subheading 2.3.1, from items 10 to 15.
10.

Mice and materials from Subheading 2.3.2, items 1-4.

. TSA kit, HRP-Streptavidin with Alexa Flour 594 (Invitrogen,

T-20935).

. 0.3% H,0,: 100 pl 30% H,0,, 10 ml 1x PBS (see Note 5).
. Monoclonal antibody: Biotin-CD11lc mAb (BD Pharmigen,

clone HL3).
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2.4 Bead
Phagocytosis Assay

2.4.1 Bead Phagocytosis
and Sorting

4. DAPL

921

. Materials from the Subheading 2.3.1, from items 10 to 15.
. Mouse and materials from the Subheading 2.3.2, trom

itemsl to 4.

. Materials from the Subheading 2.3.3, from items 2 to 5.

. Fluoresbrite 1 pm bead (Polysciences, 15702).

2. Collagenase digestion tube with cap (Falcon, 352063).

. 500 ml culture media: 25 ml sterile heat-inactivated FBS,

475 ml sterile 1x RPMI-1640, 5 ml sterile 100x antibiotic—
antimycotic, 5 ml sterile 100x GlutaMAX, 5 ml sterile 100X
MEM nonessential amino acids. Add sterile 0.5 ml 1000x
2-mercaptoethanol right before using culture media.

4. Fluorochrome-conjugated monoclonal antibodies (all from
BioLegend, unless noted otherwise): APC-CD45 (BD
Biosciences, clone 30-F11), PerCP/Cy5.5-CD64 (clone X54-
5/7.1), BV711-CD11b (clone M1/70), PeCy7-CDllc
(clone N418), and A700-MHCII (clone M5/114.15.2).
5. 15 ml tube.
6. Cell sorter.
7. 500 ml FACS bufter: 10 ml heat-inactivated FBS, 490 ml 1x PBS
with calcium/magnesium, 5 ml 100x antibiotic—antimycotic.
2.4.2  Cytospin 1. Glass slides for cryosection.
and Fixation 2. Shanon filter card.
3. Cytospin cytocentrifuge.
4. 4% tormaldehyde: 4 ml 10% formaldehyde, 6 ml 1x PBS.
5. 1x PBS.
6. DAPI.
7. Mounting solution.
8. Coverslip.
9. Transparent nail polish.
3 Methods
3.1 Mouse Aoria 1. Prepare a 10 ml syringe filled with 10 ml of ice cold 1x PBS
Isolation (per mouse). Attach a 24-gauge needle to the syringe.
3.1.1 Mouse Handling 2. Euthal}izc mouse with CO,. As soon as the mouse stops
breathing, bring it out of the CO, chamber.
3. Spray 70% ethanol onto the mouse and place it on a surgical

tray under a light source.



10.
11.

3.1.2  Aorta Isolation 1.

3.2 FACS Analysis 1.

. Add 100 pl of collagenase cocktail into a collagenase digestion

3.2.1 Preparation
of Single Cell Suspension
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. Place mouse abdomen up and stretched with 24-gauge needles

onto its four paws.

. Locate and lift abdominal skin, insert scissors and make inci-

sions from thoracic cavity to peritoneum. Avoid cutting blood
vessels, which can cause bleeding.

. Open the abdominal wall below the ribcage.
. Lift the sternum with forceps and cut the diaphragm. The

heart should be visible.

. Locate right and left iliac blood vessels between peritoneum

and hind legs and make incisions for blood drainage.

. Insert the 10 ml syringe needle into the apex of the right ven-

tricle and flush the blood out of the mouse for 2 min.
Cut away the entire ribcage to expose the heart and lungs.

Remove lungs, esophagus, and intestine with scissors.

You should be able to see connective tissues along the spine.
The aorta is located along the spine and surrounded by con-
nective tissues.

. Lift the heart and detach connective tissues all the way down

to the bladder.

. Flush the heart again through the right and left ventricles using

a 10 ml syringe containing 10 ml of cold 1x PBS to clean out
residual blood.

. Place the aorta on the dissecting dish (see Fig. 1 for the prepa-

ration of dissection dish) with 1x cold PBS under a dissecting
microscope.

. Using microdissection scissors cut the heart horizontally and

pin the heart with a needle (Fig. 2a).

. Remove the fat and connective tissues surrounding aorta care-

fully, leaving intact the sinus, aortic arch and three arteries
(Brachiocephalic, Left common carotid and Left subclavian
artery) on aortic arch (Fig. 2b, ¢).

. Cut along the lesser curvature side of aorta from aortic sinus to

the end of descending aorta (Fig. 2d, e).

. Cut distal ascending side of aorta where three arteries are

located, from aortic sinus to the end of left subclavian artery
(Fig. 2f, g).

Prepare 1 ml collagenase cocktail.

tube per one isolated aorta (Fig. 2h).

. Cut the aorta into small pieces with surgical scissors to facili-

tate collagenase digestion and add additional 900 pl of collage-
nase cocktail to make 1 ml in total (Fig. 2h).
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Fig. 2 Mouse aorta isolation under dissecting microscope. (a) Isolated tissues containing aorta and heart on
dissecting dish with cold 1x PBS. Heart was cut in half horizontally and pinned on the dissection dish to facili-
tate locating aortic arch and three arteries. (b, ¢) Aorta was trimmed but aortic sinus is still inside the heart (b)
and aortic sinus was separated intact from the heart (¢). (d—g) Trimmed aorta was opened in Y shape. Distal
ascending side of aorta where three arteries are located was cut (d and e) and lesser curvature side of aorta
from aortic sinus to the end of descending aorta was cut (f and g). (h) Isolated aorta in a collagenase digestion
tube was cut into small pieces with surgical scissors and filled with 1 ml of collagenase cocktail. The tube was
closed with cap and tightly sealed with Parafilm

4. Close the tube with a cap and seal the cap tightly with Parafilm.
Then, incubate at 37 °C for 40 min with rotation (Fig. 2h).

5. Remove the tube from incubator after 40 min and centrifuge
the tubes briefly at 800 x 4.

6. Pipette the digested aorta up and down about 100 times and
pass through 70-pm strainers into a 15 ml tube.

7. Wash the collagenase digestion tube with 1 ml of wash media
to minimize cell loss and transfer the 1 ml into the 15 ml tube.

8. Centrifuge the 15 ml tube at 800 xg for 5 min at 4 °C and
aspirate supernatant (Use swinging rotor to maximize cell
pellet).

9. Repeat steps 7 and 8.



3.2.2  Surface Staining 1.

10.
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Resuspend and incubate cells in 150 pl FcBlock at 4 °C for at
least 20 min.

. Prepare antibody cocktail in FACS buffer (anti-CD45, anti-

CD64, anti-CD11b, anti-CD11¢, and anti-MHCII mAb).

. Transfer cells into one well of a 96-well v-bottom plate.

. Centrifuge the plate at 800x g, 4 °C for 2 min and flick the

plate in a quick single motion with sufficient force to discard
supernatant (Do not aspirate).

. Wash the cells in 100 pl of FACS butffer and repeat step 4.
. Resuspend the cells in 30 pl of antibody cocktail at 4 °C in the

dark for 30 min.

. Add 100 pl of FACS bufter, resuspend the stained cells and

repeat step 4.

. Repeat step 7, twice.
. Suspend the stained cells in 100 pl of FACS buffer and pass

through 70-pm strainers into a microliter tube.

Place the microliter tube into a 5 ml tube used for flow cytom-
etry analysis and read the cells on a flow cytometer (Fig. 3a).
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Fig. 3 Aortic lymphocytes gating strategy. (a) Aortic cells from C57BL/6 mouse were stained for CD45, CD64,
CD11b, CD11c, and MHCII. Entire cells from one aorta were acquired. First CD45* lymphocytes were gated and
plotted onto forward scatter (FSC) and side scatter (SSC). Cell doublets were excluded using FCS-A and FSC-W,
and CD64+ macrophage and CD64- non-macrophage cells were separated. Finally, CD64- non-macrophage
cells were plotted onto CD11¢ and MHCIl and CD11c* MHCII* aortic dendritic cells can be identified. (b) Aortic
cells from Ldlr'- mouse fed with western diet for 8 weeks were stained for CD45, CD64, CD11b, CD3, CD4,
and Foxp3. Entire cells from one aorta were acquired. First, CD45* lymphocytes were gated and plotted onto
forward scatter (FSC, not shown) and side scatter (SSC, not shown). Cell duplets were excluded using FCS-A
and FSC-W (not shown). Second, CD64-CD11b- cells were gated. Third, CD3*CD4+ cells were isolated and,
finally, CD4+Foxp3* cells can be identified. Data was analyzed using FlowJo software (TriStar)
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3.2.3 Intracellular Foxp3
Staining

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

. Resuspend and incubate cells in FcBlock at 4 °C for at least

20 min.

. Prepare antibody cocktail in FACS buffer (anti-CD45, anti-

CD64, anti-CD11b, and anti-CD3 mAb).

. Transfer cells into one well of a 96-well v-bottom plate.

. Centrifuge the plate at 800x g, 4 °C for 2 min and flick the

plate in a quick single motion with sufficient force to discard
supernatant (Do not aspirate).

. Wash the cells in 100 pl of FACS butffer and repeat step 4.
. Resuspend the cells in 30 pl of antibody cocktail for surface

markers at 4 °C in the dark for 30 min.

. Add 100 pl of FACS butter, resuspend the stained cells, and

repeat step 4.

. Repeat step 7, twice.
. Prepare fresh 1x Fixation/Permeabilization buffer (50 pl per

sample /well, see Note 8).

Resuspend and fix the surface stained cells in 50 pl of 1x
Fixation /Permeabilization buffer at 4 °C at least 7 h or over-
night (Cover the plate if fixed overnight).

Centrifuge the plate at 800 x g for 3 min and flick the plate in
a quick single motion with sufficient force to discard bufter
(Do not aspirate, sec Note 9).

Prepare fresh 1x Permeabilization buffer (Total 340 pl per
sample /well).

Prepare antibody cocktail in 1x Permeabilization buffer (anti-
CD#4 and anti-Foxp3 mADb).

Resuspend and wash the fixed cells in 100 pl of 1x
Permeabilization buffer.

Centrifuge the plate at 800 x g for 3 min and flick the plate in
a quick single motion with sufficient force to discard bufter
(Do not aspirate).

Repeat steps 14 and 15.

Resuspend and incubate the fixed cells in 40 pl of antibody
cocktail for intracellular staining at 4 °C for 7 h.

Resuspend the stained cells in 100 pl of 1x Permeabilization
buffer and repeat step 15.

Resuspend the stained cells in 100 pl of FACS buffer and
repeat step 15.

Repeat step 19.

Resuspend the surface and intracellular stained cells in 100 pl
of FACS buffer and pass through 70-pm strainers into a micro-
liter tube.



3.3 Visualization
in Aorta

3.3.1  Dendritic Cell
Staining (en face)

22
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. Place the microliter tube into a 5 ml tube used for flow cytom-
etry and analyze the cells on a flow cytometer (Fig. 3b).

. Fix the isolated aorta (prepared from Subheading 3.1.2) in 4%
formaldehyde in a 6-well plate at 4 °C, 40 min.

. Wash the fixed aorta in 1x PBS in a 6-well plate on shaker for
10 min, three times.

. Permeabilize the aorta in 0.25% Triton X-100 in 1.5 ml tube
for 20 min with rotation at room temperature.

4. Repeat step 2.

10.
11.

12.

13.

14.

15.

16.
17.

18.

19.

. Inactivate endogenous peroxidase by incubating the permeabi-
lized aorta in 0.3 % H,O, in a 6-well plate at room temperature

for 1 h.
. Repeat step 2.
. Block the aorta with 2% TSA blocking solution for 1 h with
rotation at room temperature (se¢ Note 10).
. Repeat step 2.
. Incubate the aorta with biotin-CD11c¢ mAb (0.75 pgin 300 pl
of 1% TSA blocking solution) in a 48-well plate at room tem-
perature for 2 h on shaker.
Repeat step 2.

Incubate the aorta with streptavidin-HRP Ab (0.325 pg in
300 pl of 1% TSA blocking solution) at room temperature for
1 h on shaker.

Repeat step 2.

Label the aorta in 300 pl of TSA reaction mix (1 pl Alexa fluo-
rochrome in 300 pl reaction buffer) in 48 well plates on shaker
for 20 min.

Wash the fixed aorta in 1x PBS in a 6-well plate on shaker for
10 min.

Incubate the stained aorta with DAPI (1 plin 5 ml 1x PBS) for
1 min.

Repeat step 2 (see Note 11).

Place the aorta in a Y shape onto a coverslip under a dissecting
microscope and close the coverslip with mounting solution
and another coverslip. (CAUTION: DO NOT fold aorta, this
will result in autofluorescence, poor images, and difficulty in
distinguishing intima and adventitia).

Dry the slide in the dark and seal the coverslip with nail polish.
Tape the sample onto a glass slide.

Examine intima and adventitia by fluorescence microscope
(Fig. 4a—c).



430 Tae Jin Yun et al.

Adventitia

Adventitia

Fig. 4 Visualization of aortic CD11c* cells and atherosclerotic lesions. (a) Fixed and stained aorta was mounted
on coverslips. Intima can be examined by placing it on a glass slide with tape, and adventitia can be examined
by flipping only the cotverslips. (b and ¢) Aorta from C57BL/6 mouse was isolated, fixed and stained for CD11c
and labeled with TSA Alexa 555 kit. White dotted line indicates boundary of aorta and entire aorta image was
taken by tile scanning. Alexa 555 positive cells can be observed in lesser curvature in intima (b) and through-
out in adventitia (c). Inset image shows dendritic cell morphology in intima and non-dendritic cell morphology
with no dendrites in adventitia. Images were examined using LSM 710 confocal microscope (Zeiss). (d and e)
Aortas from C57BL/6 mouse and ApoE~~ mouse, both fed with CHOW diet and 300 days old, were fixed and
stained for Qil Red 0. Aorta from ApoE~- mouse (E) shows atherosclerotic lesions which are not observed in
aorta of C57BL/6 (d). Most of atherosclerotic lesions in ApoE~~ mouse are located in aortic sinus and aortic
arch. Both images show the intima

3.3.2 0il Red 0 Staining 1. Prepare Ldlr/~ mouse or ApoE~/~ mouse fed with western diet
(en face) for at least 6 weeks, or at least 200 days old ApoE~~ mouse fed
with CHOW diet.

2. Place the aorta (prepared from Subheading 3.1.2) on the dis-
secting dish with ice cold 1x PBS under a dissecting
microscope.

3. Pin the aorta in a Y shape so that the atherosclerosis lesions of
intima are exposed.



10.

11.

12.

3.3.3 0il Red 0 Staining 1.

(Cryosection)
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. Replace PBS with 4% formaldehyde and incubate at room

temperature for 1 h.

. Replace 4% formaldehyde with 1x PBS and wash for 1 h.
. Replace PBS with 100% propylene glycol and incubate for

5 min.

. Replace 100 % propylene glycol with 0.5% Oil Red O solution

I and incubate the aorta for 9 h at room temperature.

. Replace 0.5% Oil Red O solution with 85% propylene glycol

and wash the aorta for 10 min.

. Replace 85 % propylene glycol with 1x PBS and wash the aorta

in 1x PBS at room temperature for 1 h.

Place the aorta in a Y shape onto a coverslip under a dissecting
microscope and close the coverslip with mounting solution
and another coverslip.

Dry the slide and seal the coverslip with nail polish. Tape the
sample onto a glass slide.

Examine intima by microscope (Fig. 4d and e).

Prepare Ldlr/~ mouse or ApoE~/~ mouse fed with Western
diet for at least 6 weeks, or at least 200-day-old ApoE~~ mouse
fed with CHOW diet.

. Follow the steps in Subheading 3.1.1 until step 5 in

Subheading 3.1.2.

. Using a sharp razor blade cut along Line-a in the middle

between the bottom of the heart and a plane of both bottom
of right and left atria (Line-b). Line-a is also parallel with
Line-c (Fig. 5a, see Note 12).

. Pin the heart with a needle and remove the fat and connective

tissues surrounding aorta carefully, leaving intact the aortic
arch and three arteries (Brachiocephalic, Left common carotid
and Left subclavian artery) on aortic arch. Please do not sepa-
rate the heart and aorta.

. Fix the heart and aorta in 4% formaldehyde at room tempera-

ture for 1 h (Fig. 5a).

. Wash the fixed heart and aorta in 1x PBS at room temperature

for 1 h (Fig. 5a).

. Cut along Line-d to remove aorta but only leaving the aortic

sinus (Fig. 5a).

. Place the heart and aortic sinus in an embedding mold and fill

with OCT compound at room temperature. Wait for 10 min
(Fig. 5a).

. If the sample floats to the surface, squeeze the tissue with for-

ceps slightly to remove air bubbles.
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Fig. 5 Oil Red 0 staining and CD11c* cell staining with frozen sections from atherosclerotic lesions in aortic
sinus. (a) Isolated heart was cut along Line-a, which is located halfway between the bottom of the heart and a
plane of both lower right and left atria (Line-b). Line-a must be parallel with Line-b, which results in also being
parallel with Line-c. The trimmed heart was fixed and washed in 4 % formaldehyde and PBS, respectively. The
fixed heart was cut along Line-d, which is parallel to both apex of right and left atria, and placed frozen in an
embedding mold filled with OCT compound. (b) The cross section of aortic sinus with three sinus valves was
stained with Qil Red O and Harris’ hematoxylin. Atherosclerotic lesions are shown in red in sinus valves (leff).
Image in inset shows cells stained for CD11c by TSA staining kit (righf) using Eclipse 50i microscope (Nikon)

10. Bring the embedding cassette to —80 °C for at least 4 h.
11. Start cryosection in 5 pm thickness.

12. Cut the frozen block until the heart is exposed and place it on
a glass slide.

13. Examine the slide under the microscope if aortic sinus and
valves are visible.

14. Prepare several slides with intact aortic sinus with all three leaf-
lets of the valve.

15. Wash the slides with distilled water for 3 min.
16. Stain in Harris’ hematoxylin for 30 s.

17. Aspirate hematoxylin and repeat step 15.

18. Apply 70% ethanol for 2 s.

19. Aspirate 70 % ethanol and add 0.5% Oil Red O solution II for
2 min.

20. Aspirate Oil Red O solution and wash with 70 % ethanol for 30 s.
21. Aspirate and wash with 70% ethanol for 30 s again.



3.3.4 Immunostaining
(Cryosection)

3.4 Bead
Phagocytosis Assay

3.4.1 Bead Phagocytosis
and Sorting

22.
23.
24.
25.
26.

o NN O\ Ul N

11.
12.

13.
14.
15.
16.
17.

18.
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Aspirate 70 % ethanol and stain in hematoxylin for 30 s.
Wash the slides with distilled water for 3 min.

Close the slides with mounting solution and coverslips.
Dry the slide and seal the coverslip with nail polish.
Examine by light microscopy (Fig. 5b Left).

. Prepare aortic sinus slides according to the description in

Subheading 3.3.3 up to step 14.

. Dry the slides at 60 °C for 1 h.

. Hydrate sections with PBS at room temperature for 5 min.

. Block endogenous peroxidase activity with 0.3 % H,O, for 1 h.
. Wash the slides twice with PBS for 5 min.

. Block sections with 1% TSA blocking solution for 1 h.

. Repeat step 5.

. Stain sections with biotin-CD11c mAb (0.5 pgin 100 pl of 1%

TSA blocking solution) at room temperature for 1 h.

. Repeat step 5.
10.

Incubate sections with streptavidin-HRP Ab (0.125 pgin 100 pl
of 1% TSA blocking solution) at room temperature for 1 h.

Repeat step 5.

Label sections in 100 pl of TSA reaction mix (0.25 pl Alexa
fluorochrome in 100 pl reaction bufter) for 20 min at room
temperature. Avoid light.

Repeat step 5.

Incubate sections with DAPI (1 plin 5 ml 1x PBS) for 1 min.
Repeat step 5.

Close the slides with mounting solution and coverslips.

Dry the slides in the dark and seal the coverslip with nail
polish.

Examine by fluorescence microscopy (Fig. 5b Right).

. Perform Subheadings 3.1 and 3.2.1 under sterile conditions in

a cell culture hood (Centrifuge samples at 450xyg in
Subheading 3.2.1, instead of 800 x ).

2. All procedures in this Subheading (3.4.1) should be carried

out in sterile conditions in a culture hood.

. Incubate the cells with beads (1 pl of beads/ml) in 1 ml of

sterile culture media in a collagenase digestion tube at 37 °C in
an incubator for 1 h (see Note 13).

. Transfer the cells into a sterile 15 ml tube.
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3.4.2 Cytospin
and Fixation

10.
11.

12.

13.

14.

15.

16.

17.
18.

. Add 1 ml of sterile culture media into the collagenase digestion

tube to collect leftover cells, and transfer into the 15 ml tube.

. Wash the cells with an additional 2 ml of sterile culture media

by centrifuge at 450 x4, 4 °C for 5 min.

. Aspirate supernatant and repeat step 6.

. Resuspend and incubate cells in 300 pl of sterile FcBlock at

4 °C for at least 20 min.

. Prepare antibody cocktail in culture media (anti-CD45, anti-

CDo64, anti-CD11b, anti-CD11¢, and anti-MHCII mAb).
Repeat step 6.

Aspirate supernatant and stain the cells with 300 pl antibody
cocktail at 4 °C for 30 min.

Repeat step 6.
Aspirate supernatant and repeat step 6.

Resuspend the stained cells in 500 pl culture media and pass
through 70-pm strainers into an appropriate tube used for cell
sorting.

Sort the aortic cells into two groups; CD64*CD11b* macro-
phages and CD11c¢*MHCII* dendritic cells.

Wash the sorted cells with 5 ml of sterile FACS buffer at 4 °C
at 450 x g for 15 min.

Aspirate supernatant and repeat step 16.

Aspirate supernatant and resuspend cells in 100 pl of FACS
buffer in the dark at 4 °C (see Note 14).

. Assemble a pre-coated slide and a filter card into one of the

slots of a cytospin centrifuge.

. Transfer 100 pl of FACS sorted sample into the assembled slot,

and spin at 32 x for 5 min.

. Carefully separate the slide from the filter card not to damage

the sample on the slide.

4. Dry the slide for 10 min in the dark at room temperature.

. Prepare 4% formaldehyde and apply it carefully onto the sam-

ple on the slide to fix the cells in the dark at room temperature
for 20 min.

. Wash the slide with PBS for 5 min in the dark at room

temperature.

. Prepare diluted DAPI solution (1 pl in 5 ml of 1x PBS).
. Aspirate 1x PBS from the slide and gently apply 100 pl diluted

DAPI solution for 1 min.

. Aspirate and repeat step 6, twice.
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Aorta Bright Field Bead DAPI Merg_e

Fig. 6 Visualization of Bead phagocytosis in sorted and cytospin centrifuged aortic cells. Total aortic cells from
a C57BL/6 mouse were incubated with Fluoresbrite 1-um beads for phagocytosis, stained with antibodies
(CD45, CD64, CD11b, CD11c and MHCII) for cell sorting and cytospin centrifugation (32 x g, 5 min). Aortic
macrophages were gated from CD45+CD64+CD11b* cells and aortic dendritic cells (DC) were gated from
CD45* CD64-CD11c*MHCII* cells. Cytospin slides were fixed and stained with DAPI. The images were exam-
ined using a LSM 710 confocal microscope (Zeiss)

10.
11.

Close the slide with mounting solution and coverslip.

Dry the slide in the dark and seal the coverslip with nail polish
and examine by fluorescence microscopy (Fig. 6).

4 Notes

. Put glass dishes on a hotplate stirrer. Cut black wax into small

chunks and place into the glass dishes. Increase temperature of
hotplate stirrer until the black wax starts melting. Once the
black wax melts and spreads evenly, leave the glass dishes at
room temperature to solidify. Be careful since the plates are
very hot. Prepare dissecting dishes in fume hood as black wax
produces an unpleasant odor when melted (see Fig. 1).

. All 10X stock enzymes are sterilely reconstituted in 1x HBSS

and aliquots are stored at —20 °C. Carefully check the original
units of each enzyme from the company website.

. All plastic tubes should be made of polypropylene to prevent

the scarce number of aortic lymphocytes from adhering to the
plasticware.

. Always prepare and use fresh 0.25 % Triton X-100. Prepare the

solution at least 1 h earlier since it takes time to dissolve Triton
X-100 in PBS. Triton X-100 is viscous. Slowly release pipette
plunger to allow the pipette tip to fill up with the correct vol-
ume. Discharge Triton X-100 and the pipette tip in PBS to
recover full amount of Triton X-100.
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10.

11.

12.

13.

14.

. Always prepare and use fresh 0.3 % H,O,.
. Gently heat Oil Red O mixed propylene glycol in boiled water.

Avoid overheating above 110 °C, which causes high back-
ground staining of Oil Red O. Filter the Oil Red O solution
with 25 pm filter paper and store in the dark at room
temperature.

. Filter the Oil Red O solution with 25 pm filter paper right

before use.

. Fixation and permeabilization buffers should be diluted

according to the manufacturer’s instructions.

. Fixed cells become slippery and pellets may seem less con-

densed even after centrifugation. Please make sure not to flick
the 96-well plate more than once after centrifugation. If insuf-
ficient force was applied, please re-centrifuge the plate and flick
again to minimize cell loss. If cell loss is still a concern, centri-
fuge the plate for 4-5 min at 800 x 4. Aspiration of supernatant
on a 96-well plate has a high risk of touching cell pellets, and
is not recommended.

Butffers of the TSA kit should be prepared according to the
manufacturer’s instructions.

If the aorta still has high background fluorescent staining in
TSA protocol, wash in PBS for longer until background
decreases. Thus, it is critical to examine background fluores-
cence under a fluorescent microscope or confocal microscope
before mounting.

Line-a and Line-b should be parallel, so that the three aortic
valves can be visualized on the same cross section as Line-c.
During incubation, leave the cap loosely attached to the tube
to allow gas exchange.

1% BSA containing PBS can replace FACS Butffer.
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Chapter 30

Assessment of Vascular Dysfunction and Inflammation
Induced by Angiotensin Il in Mice

Jeremy Lagrange, Sabine Kossmann, and Philip Wenzel

Abstract

Vascular inflammation in cardiovascular diseases is recognized to be linked with immune cell activation.
Recruitment of immune cells into the vessel wall is an early step in angiotensin II-induced vascular dysfunc-
tion and arterial hypertension. Exploring the role of monocytes and macrophages in angiotensin II-induced
hypertension and vascular inflammation in mouse models highlights the importance of these pathophysi-
ological processes. Here we describe our routinely used protocols concerning angiotensin II-induced
hypertension, assessment of blood pressure, vascular function, and immune cell infiltration.

Key words Inflammation, Vascular dysfunction, Endothelial dysfunction

1 Introduction

Chronic or acute vascular inflammation is well recognized to be
part of the pathophysiology of cardiovascular diseases, most impor-
tantly hypertension and atherosclerosis [1, 2]. Vascular inflamma-
tion, endothelial dysfunction, and oxidative stress are also attributed
to activated immune cells. One early step in vascular dysfunction
and arterial hypertension is the recruitment of immune cells into
the vessel wall [3]. T cells, dendritic cells and monocytes/macro-
phages are known to be activated in hypertension and diminishing
the inflammatory response is well known to be beneficial in hyper-
tension and other cardiovascular diseases [4, 5]. Myelomonocytic
cells specifically express the major isoform of lysozyme, lysozyme
M (LysM) [6]. LysM* cells have been shown to be involved in the
pathogenesis of atherosclerosis [7-9]. Drechsler et al. showed in
ApoE~/~ mice under high-fat diet that neutrophils infiltrate arteries
mainly during the early stage of atherosclerosis development.
Rotzius et al. also found granulocytes in atherosclerotic lesions
while neutrophils were located at sites of high monocyte density.
Recently, our work highlighted the role of immune cells and
inflammation in hypertension [5, 10-12]. We showed that

Bjoérn E. Clausen and Jon D. Laman (eds.), Inflammation: Methods and Protocols, Methods in Molecular Biology, vol. 1559,
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ablation of LysM* monocytes from the circulation and macro-
phages from the vasculature attenuates angiotensin II (ATII)-
induced arterial hypertension, vascular dysfunction, and oxidative
stress. Interestingly, depletion of these cells resulted in strongly
attenuated vascular fibrosis as well as medial hypertrophy, suggest-
ing a direct eftect of LysM* cells on ATII-induced vascular remod-
eling. ATII signaling is essential for monocyte migration and
mobilization involving the ATII receptor type 1 [13, 14].

The activation of the immune system is increasingly explored
in animal models of hypertension (angiotensin II-induced hyper-
tension, spontaneously hypertensive rats, salt dependent hyperten-
sion and others). In this chapter we share our routinely used
protocols in the triggering of hypertension, assessment of blood
pressure and vascular reactivity, and quantification of immune cells
present in the vessel wall. Induction of hypertension and vascular
inflammation in mice is possible via implantation of osmotic mini-
pumps releasing angiotensin II at a defined dose and rate of deliv-
ery. Monitoring of blood pressure is performed by telemetry via
carotid catheters or by tail cuff measurements. After 1 week of
treatment vascular reactivity is explored in individual aortic rings in
an organ bath by isometric tension measurement, while flow cyto-
metric analysis of aortic lysates is able to discriminate the amount
and type of immune cells that have migrated into the vascular wall.

2 Materials

2.1 Mouse
Anesthesia
and Surgery

. Midazolam (Ratiopharm GmbH, Ulm, Germany).

. Medetomidine (Pfizer Deutschland GmbH, Berlin, Germany).
. Fentanyl (Janssen-Cilag GmbH, Neuss, Germany).

. 1 ml syringe.

. 26 G needle.

. Alzane (Zoetis, Florham Park, NJ, USA).

. Flumazenil (Hikma pharma, Grifelfing, Germany).

. Buprenorphine (RB Pharmaceuticals, Germany).

O 0 N N Ul W N~

. Braunol (B Braun, Melsungen, Germany).

—
=]

. Octeniderm (Schiilke, Norderstedt, Germany).

p—
—

. Cotton swabs.

p—
\S]

. Bepanthen eye and nose ointment (Bayer, Leverkusen, Germany).

—
w

. Deconex (Borer, Zuchwil, Switzerland).

—
N

. Standard straight scissors.

—
92}

. Thin spring scissors.

—
@)\

. Straight hemostat.



2.2 Angiotensin
Il Pump

2.3 Blood Pressure
Recordings

2.4 Organ Bath

17.
18.
19.
20.
21.
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Curved hemostat.

Straight 0.3 x0.25 mm forceps.
Curved 0.3x0.25 mm forceps.
Shaving razor.

7-0 prolene suture (Ethicon, Inc. Somerville, USA).

. Mini-osmotic pumps (model 1007D, ALZET, Cupertino, CA).
. Angiotensin IT human (Sigma-Aldrich, St. Louis MO, USA).

. Mice carotid catheters, TA-PAI1Cl10 (Data Sciences

International, St. Paul, MN, USA).

. Ponemah 6.00 data acquisition and analysis software or

Dataquest A.R.T. software (Data Sciences International, St.
Paul, MN, USA).

. Leica stereo microscope M50 (Leica Microsystem, Wetzlar,

Germany).

. 26 G needle with a 90° bend point.

. MSZ5000-T-IL-TL stereomicroscope (A.KRUSS Optronic,

Hamburg, Germany).

. Krebs-Henseleit (KH) buffer (freshly prepared), for 1 1 dis-

solve in 0.8 1 of distillated water 5.782 g NaCl, 0.35 g KCl,
0.366 g CaCl,, 0.296 g MgSO,, 0.14 g K,HPO,, 22 g
CsH1,06, 2.1 g NaHCO;, 5.201 g HEPES. Adjust pH to
7.35, complete the volume to 1 I, and keep at 4 °C on ice.

. Organ bath (OB) buffer (freshly prepared), for 5 I dissolve in

4.8 I of distillated water, 28.91 g NaCl, 1.75 g KCI, 1.835 g
CaCl,, 1.48 g MgSO,, 0.7 g K,HPO,, 11.0 g CsH 1,06, 105 g
NaHCO3;, indomethacin 15 ml (15 ml water+17.875 mg
indomethacin+5 drops sodium hydroxide 1 N (1 mol-17!)).
Adjust pH to 7.35 and complete the volume to 5 1.

. Organ baths and Transducers of Radnoti (ADInstruments,

Oxford, UK).

. Octal Bridge Amplifier and 8 /30 Power-Lab (ADInstruments,

Oxford, UK).

. Acetylcholinchlorid (ACh) 99% (Sigma-Aldrich, St. Louis,

MO).

. Indomethacin (Sigma-Aldrich, St. Louis, MO).
. Glycerol trinitrate (GTN) (Nitrolingual) (Pohl-Boskamp

Hohenlockstedt, Germany).

. Prostaglandin F,a (Ann Arbor, Michigan, USA).
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2.5 Flow Cytometric
Analysis of Aortic
Lysates

1

N

ul

. MSZ5000-T-IL-TL stereo microscope (A.KRUSS Optronic,
Hamburg, Germany).

. PBS Gibco with 2% FCS Gold.
. HBSS +/+ or PBS +/+.

. Liberase (1 mg-ml™) (Roche, Mannheim, Germany) or colla-

genase IT (1 mg-ml™) (Gibco, Thermo Fisher scientific,
Dreicich, Germany) and DNase I (50 pg-ml™) (Roche,
Mannheim, Germany).

. Razor: double edge blade, 1 mm thick.

. Monoclonal antibodies (eBioscience, if not stated otherwise):
example of staining.

CD45-APC-cFluor® 780 (clone 30-F11), CD11b-PE
(clone M1/70, BD), Ly6G-FITC (BD), Ly6C-PerCP-Cy5.5
(clone 1A8), F4/80-APC (clone BMS8), TCR beta-PE-Cya-
nine5 (clone H57-597), Fixable Viability Dye eFluor® 506.

. BD FACS CANTO II flow cytometer (Becton Dickinson,
Franklin Lakes, NJ) and FACSDiva software (Becton
Dickinson, Franklin Lakes, NJ).

3 Methods

3.1 Mouse
Anesthesia
and Surgery

3.2 Angiotensin Il
Pump Preparation
and Implantation

. All surgical procedures are performed under anesthesia.
Anesthesia master mix (200 pl/30 g mouse; i.p. injection) con-
tains following substances: midazolam (5 mg-kg™'), medetomi-
dine (0.5 mg-kg™! body weight), and fentanyl (0.05 mg-kg™
body weight). The mix to antagonize anesthesia (“antisedan
mix”, 200 pl/mouse in 1 ml syringe with 26 G needle) is s.c.
injected and consists of Alzane (0.05 mg-kg™') and Flumazenil
(0.01 mg-kg™). An opioid (buprenorphine, 100 pl/mouse,
0.075 mg-kg™") is injected subcutaneously after telemetry cath-
eter surgery for analgesia, one injection before awakening and
2 other injections later (6 h after and 24 h after surgery).

. All surgery procedures are performed on an operation field
with a 39 °C warming platform using disinfectant: Braunol
and octeniderm. Fur is removed with razors or hair removal
cream and cotton swabs. Animal eyes are protected with eye
ointment. All tools used are sterilized in a disinfection bath.
Tools used are: standard straight scissors, thin spring scissors,
straight and curved hemostat, straight and curved
0.3x0.25 mm forceps, shaving razor, 7-0 prolene suture.

. Osmotic mini-pump needs to be filled up with ATII to deliver
1 mg-kg™'-d™! for 7 days. Amount of ATIIi is adjusted to the
weight of each mouse and to the pump rate (see lot specific
value in pump package). Needed amount of ATII is weighed



3.3 Blood Pressure
Recording
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and diluted in sterile saline (se¢ Note 1). Pumps of the control
animals are filled only with sterile saline. Pumps are filled using
a needle supplied by the manufacturer, once the pump is full of
liquid the flow moderator is plugged to the top. Then the pre-
pared pumps are kept in sterile saline at 37 °C for at least 4—6 h.

2. Once the animal is under complete anesthesia, which can be
tested by the rear foot reflexes, the lower back is shaved and
the skin is disinfected with octeniderm. A 1 cm incision is made
perpendicularly to the spine. The pocket for the pump is cre-
ated by inserting a strait hemostat into the incision and slowly
opening and closing it. The pocket must be 1 cm longer than
the pump and a little bit bigger to allow free movements (but
not too big to avoid complete turnaround of the pump). Insert
the pump into the pocket (side with the flow moderator first)
and push it 1 cm deeper than the incision (it is possible to do
this using the fingers over the skin). Then the wound is closed
using sutures or clips (three should be enough) and the lesion
disinfected with Braunol. Anesthesia is antagonized by s.c.
injection of 200 pl antisedan mix to awake the mouse.

1. Prior to surgery, the good health and condition of the animals
is verified using the official stress score sheet (Table 1).
Therefore, before surgery, animals should be monitored once
per day for 2-3 days concerning general condition (appear-
ance, posture, spontancous behavior) as well as for body
weight, food and water consumption (se¢ Note 2).

Prior to implantation, the telemetric transmitters are first put
in sterile saline. The transmitter serial number must be noted and
associated with the respective mouse (this is crucial for the
measurement).

Once the mouse is under complete anesthesia, the animal is
placed in dorsal recumbence on a warmed (39 °C) surgical plate
and the neck hairs are removed using the hair removal cream. Use
the cotton swab to spread the cream and rub it 2 min until hairs
start to fall. Then, wait for two more minutes and remove the
cream and hairs with the spatula and disinfect with octeniderm.
The eyes are protected with ointment during the entire procedure.
Make sure working space and instruments are disinfected before
use. Surgery is performed under a stereomicroscope with a
complete disinfected bench (surgery can also be performed under
laminar flow hood for even better aseptic conditions).

2. A 1-1.5 cm long incision in the skin is made longitudinally in
the neck, next to the trachea. First the pocket for the telemet-
ric transmitter is made by inserting a hemostat into the incision
and slowly opening and closing it. The pocket must be placed
next to the heart and not too deep to avoid movements that
would stretch the catheter and impair the measurement. When
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Table 1
Stress score sheet for animal health
Observation Parameters Score
Behavior Attentive, active, social contacts, normal moves, curious 0
Decreased reaction and moves, limited or excessive activity 1
Crouch and partially segregated from the group, reduced moves 2
and visible pain when walking
Apathetic, no reaction or aggressiveness in handling, strong 3
restricted movement, isolated
Appearance Smooth and glossy fur, grooming, eyes shining 0
Dull fur, grooming (limited or absent), eyes cloudy 1
Partly shaggy, slightly ruffled fur, nasal discharge, eyes sunken, 2
bonded body orifices
Fully shaggy, dull coat, abnormal posture, curved back, eyes 3

closed, cyanosis

Weight In adult: constant. In growing animals: equal growing compared 0
to the same genotype control group

<10% weight loss since the beginning of the experiment or 1
compared with the growth curve

>10<20% weight loss since the beginning of the experiment or 2
compared with the growth curve

<20% weight loss since the beginning of the experiment or 3
compared with the growth curve

<1 cm diameter

>1 cm<1.5 cm diameter

Breathing Normal, uniform and regular 0
Slightly more visible breathing 1

Significantly enhanced breathing 2

Cyanotic mucous membrane, gasping for air 3

Other criteria for Rectal prolapse 3
immediate termination Automutilation 3
Tumor No tumor visible or palpable 0
1

2

3

<1.5 cm diameter or ulcerating

Rating (additive)

0-1=normal. 2-3 =low stress. 4—7 =medium stress, veterinarian or palliative measures should be taken (e.g., analgesics,
glucose in drinking water, frequent inspection 4-7 >24 h). If these measures are ineffective, the animal is euthanized.
8 =immediately euthanize. If one of the parameters alone reaches the score of 3, the animal is immediately euthanized
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opening and closing, the hemostat must be kept close to the
skin and not too deep into the tissues to not break brachial
artery or other vessels. Once the pocket is made, 37 °C sterile
saline is injected into it.

Then the left carotid artery is isolated and prepared. The area
covering the left trachea is dissected using cotton swabs and 0.7-
0.9 mm of the carotid artery is uncovered with thin curved for-
ceps. It is important for the healing to avoid tissue damage. Once
the carotid is free from surrounding tissues, the vagus nerve (a thin
white line adjacent to the carotid) must also be removed from the
vessel. The thin forceps can be closed and slowly opened to gently
mobilize the nerve. Once the artery is completely clean, one for-
ceps is positioned under the vessel and three 7-0 sutures of 10 cm
each are placed under the vessel. The suture close to the head is
closed with two knots, the two other knots are prepared but not
closed. The suture proximal to the aortic arch is clamped and
pulled to interrupt the blood flow. The catheter of the telemetric
transmitter is held with a forceps with one hand while with the
other hand a small incision is made into the vessel (see Note 3),
then the catheter is inserted into the vessel and the middle suture
knot is closed but not too strongly. The clamp suture is then
released and the catheter is inserted deeper into the artery (the
catheter can be pulled until a mark present on it). Once the cath-
eter is in good position the three sutures (even the one closer to
the head) are closed three times over the catheter to ensure com-
plete immobilization (Fig. 1). The transmitter is then inserted into
the pocket, the glands are put back over the trachea and the wound
is closed with separate sutures.

One week after the telemetric transmitter implantation, once
the mouse has recovered well (mouse health and wound healing
must be checked every day), measurement of blood pressure can

= =—-=Jr%_ Telemetric

transmitter

Gel filled
catheter
Left carotid
Knots
Trachea
Vagus nerve \
\\
/ \
! A Pocket for the
\ I transmitter

Fig 1 Implantation of a telemetric transmitter for blood pressure monitoring
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3.4 Organ Bath

be started. The mouse is placed over a receiver platform and the
telemetric transmitter is enabled with a magnet (it is possible to
check whether the transmitter is on or oft with a small radio) (see
Note 4). Then, preparation of the software is made by associating
the transmitter with the receiver. If the DQ ART software is used
the serial number of the transmitter that was noted during the sur-
gery must be entered. If the newest Ponemah 6.00 software is used
this association should be automatically done. The calibration
parameters must be added into the software as well; they can be
found on the front of the transmitter box. Calibration parameters
are also automatically integrated into the software with Ponemah
6.00. Concerning the measurement parameters we recommend to
set the system to a 10 s measurement every 15 min (depending on
the purpose of the study it is possible to make continuous measure-
ments). The control measurement is enabled for 1 week and then
the ATII osmotic mini-pump is implanted for 1 week (see Note 5).
Concerning the data analysis, the mean of each daily measurement
is made in order to avoid daily variations (Fig. 2).

1. Thoracic Aortas are explanted from mice sacrificed by isoflu-
rane or CO, inhalation. Under a stereo microscope in a petri
dish filled with KH buftfer and on ice, fatty tissue surrounding
the vessel is removed as well as blood inside the vessel. Fatty
tissue removal is possible with small straight scissors and a thin
straight forceps. It is very important to avoid stretching of the
vessel during the cleaning process. Clean thoracic aortas are
cut into ring segments of approximately 3-mm length and kept
in KH buffer on ice.

In our studies we use the complete Radnoti Organ bath system
combining the ADInstruments data acquisition system, Bridge

1604 .
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Fig 2 Summary of 384 h of telemetrically recorded systolic blood pressure
(mmHg, millimeter mercury) in C57BL/6 mice measured at baseline for 192 h
and then infused with ATIl. n=4-5 animals/group and results are expressed as
mean = SEM, p<0.05 *, vs. C57BL/6 with 2-way ANOVA
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Linear force transducer

Reagents
Organ bath buffer

(Krebs/HEPES)
Aorticring—__|

Fig 3 Organ bath setup for aortic ring reactivity measurement

Amplifier, Isometric Transducers and LabChart software with a
Radnoti Tissue-Organ Bath Apparatus.

Once the organ bath chambers are completely filled (25 ml)
with temperature-controlled (37 °C) buffer and the transducers
are calibrated, the aortic rings are carefully mounted on triangle
adapters (avoid stretching of the rings) and put in the organ cham-
ber for isometric tension recording (Fig. 3). The solution is con-
tinuously gassed with 5% CO, in O, resulting in a physiological
pH at 7.4.

2. The optimum resting tension for tone development in response
to 80 mM KCl is 1.00 g, which is achieved by gradual stretch-
ing over 1 h (starting at 0.1 g, increase 0.2 g every 5—7 min). It
is important for the analysis to precisely enter what you do into
the LabChart software before every chemical addition or wash
step (for example KCI 1, wash 1, ACh 10 M, GTN 10~* M).

3. To test the contractile capacity of each vessel segment a constric-
tion with KCl is performed by adding KCI at 80 mM final con-
centration (1 ml of 2 M KClI into 25 ml OB buftfer). Then wait
for 10 min, wash and wait again for 10 min. Washing steps are
performed by emptying the chamber by opening the buffer out-
let valve and adding new OB buffer from the reservoir. Repeat
the KCl step a second time for 15 min and wash two times with
7 min intervals.

4. The next step is to start recording of dose response curves to
different vasodilators. First, the vessels need to be precon-
stricted with prostaglandin F,, Add 6 pl of prostaglandin F,,
(5 mg-ml™ in methanol) into the 25 ml chamber (final con-
centration 3.4 pM), wait for 2 min and if nothing happens add
another 3 pl and wait for 15 min for reaching the plateau. After
preconstriction a concentration-response curve cumulative
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3.5 Flow Cytometric
Analysis of Aortic
Lysates

Table 2

1.

increasing concentrations of the endothelium-dependent vaso-
dilator ACh (1 nM to 3 pM) is recorded (2 min between every
concentration). First prepare a serial dilution of ACh from a
2 mM ACh stock solution (stored at —20 °C). See Table 2 for
instructions for the serial dilution preparation. Cumulatively
add the ACh dilutions to the organ chamber following the
instructions in Table 3. Always wait for 2 min in between steps
until the plateau is reached. After adding the last concentration
the chamber is washed two times with 7 min intervals.

. Endothelium independent vasodilator GTN (1 nM to 30 pM) is

used in the same way as ACh. After a preconstriction with pros-
taglandin F,, the different concentrations of GTN are pipetted
into the chamber every 2 min. See Table 4 for preparing GTN
dilutions and Table 5 for instructions for addition of the dilu-
tions to the organ bath chambers. After measuring the final con-
centration the organ bath chamber is emptied and washed.

. Data are analyzed by LabChart software (ADinstruments).

The maximal relaxations (Emax) to ACh or GTN are expressed
as the percentage of the maximal concentration previously
obtained by prostaglandin F,,-induced contraction (Fig. 4).

Freshly harvested aortas are cleaned from surrounding tissue
like described in subheading 3.3, step 1. Length of clean aor-
tas is measured and the aortas are kept in KH buffer on ice.
Before enzymatic digestion aortas are scrambled thoroughly
with a razor blade until very small pieces remain (se¢ Note 7).

— If'the focus of the aortic FACS analysis lies on differentia-
tion of different T-cell subpopulations, enzymatic diges-
tion is performed with 1 mg-ml™! collagenase II in HBSS
+/+ (or PBS +/+) and 50 pg-ml~! DNase.

— If myeloid cells are in the focus of interest, enzymatic
digestion is made with liberase (1 mg-ml=!) in HBSS +/+.

Serial dilution of acetylcholine (ACh)

Final concentration ACh dilution 10—  Volume double distillated water

[M] [pl] Volume ACh

-3 900 100 pl of —2 stock
-4 900 100 pl of —3 dilution
-5 900 100 pl of —4 dilution
-6 900 100 pl of -5 dilution
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Table 3
Pipetting scheme for recording an acetylcholine (ACh) dose-response curve

ACh dilution 10— [M] Volume of ACh dilution added Final concentration in 25 mli

added in each step to chamber [pl] chamber 10— [M]
1 -6 25 -9
2 —6 50 -8.5
3 -5 17.5 -8
4 -5 50 -7.5
5 —4 17.5 -7
6 —4 50 —-6.5
7 -3 17.5 -6
8 -3 50 -5.5
Table 4
Serial dilution of glycerol trinitrate (GTN)
Final concentration GTN Volume double distillated
dilution 10— [M] water [pl] Volume GTN
-3 4632 1368 pl of nitrolingual solution
(1 mg-ml)
—4 900 100 pl of —3 dilution
-5 900 100 pl of —4 dilution
-6 900 100 pl of =5 dilution
Table 5

Pipetting scheme of glycerol trinitrate (GTN) dose-response curve

GTN dilution 10— [M] Volume of GTN dilution added Final concentration in 25 ml

added in each step to chamber [pl] chamber 10— [M]
1 -6 25 -9
2 -6 50 -85
3 -5 17.5 -8
4 -5 50 -7.5
5 —4 17.5 —7
6 —4 50 -6.5
7 -3 17.5 -6
8 -3 50 -5.5
9 -3 175 -5
10 -3 500 45
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log ACh (M)
Fig 4 Concentration—relaxation curve in response to acetylcholine (ACh, endo-
thelium dependent) of isolated aortic segments of C57BL/6 mice with (full cir-
cles) or without (empty circles) ATIl for 7 days n=4 mice per group and results
are expressed as mean+SEM, p<0.05 *, vs. C57BL/6 with 1-way ANOVA of
maximal relaxation

The pieces of the aortas are incubated together with
the enzymatic mix (1 ml per aorta, 2 ml reaction tubes) at
37 °C, 500 rpm for 20-30 min. When aortic pieces are
dissolved, digestion is stopped with ice cold PBS/2 % FCS
(see Note 6) and stored on ice. Cell suspension is then
pressed through a 70 pm strainer (Greiner) in a 50 ml
Falcon tube. Cell mixture is divided in 15 ml Falcon tubes,
cells are pelleted by centrifugation (300x 4, 6 min, 4 °C)
and resuspended in 0.1 ml PBS /2 % FCS. Cells are counted
with trypan blue to estimate living cells. The cells are now
ready for staining (Fig. 5).

2. Unspecific binding is blocked by adding 30 pl/aorta Fc block
(anti-mouse CD16,/32 eBioscience (5 ng-pl~! in PBS/2%
FCS). After 10 min wash once with PBS/2% FCS (300xg,
6 min, 4 °C). Then the master mix is added (30 pl per aorta in
PBS/2% FCS) and the cells are kept in the dark at 4 °C.
Reaction is stopped with 100 pl PBS/2% FCS and cells are
washed again with PBS/2% FCS. Cells are resuspended in
200 pl PBS + FCS before acquisition.

3. In our studies we use based on the aim of our study several dif-
ferent staining protocols (master mixes). In the material part
we give an example of one of our standard protocols in which
we focus on myelomonocyte cell infiltration into the aorta. For
this staining we use a liberase digestion. First of all we always
gate on single cells based on FSC-H/FSC-A and SSC-H/
SSC-H scatter plots. Next we gate on living cell based on the
staining with a Viability dye. In the next step we gate on CD45*
overall leukocytes, then gate out T cells based on TCR beta



1. Aorta cleaning

A A

Fig 5 Aortic cell isolation steps

2. Scrambling
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3. Collagenase
digestion

4. Cell filtration

5. Cell counting

ﬂ;ﬁ

6. Cell labeling

staining. To differentiate between neutrophils and different
monocyte and macrophage population is gated first on CD11b*
cells (all myeloid cells), followed by CDI11b*F4,/80*
(macrophages), Ly6G*Ly6C*CD11b* (neutrophils),
Ly6Che"CD11b*Ly6G- classical proinflammatory monocytes
and Ly6C**CD11b* Ly6G~ nonclassical monocytes.

. Data are analyzed by BDFACSDiva or FlowJo software

(TreeStar). Number of each cell subpopulation is calculated
based on viability staining and live cell counts and normalized
to aortic length.

4 Notes

. Repeated cycles of freezing and thawing of prepared stock ali-

quots of ATII diluted in sterile saline can lead to altered ATII
responses. These problems can be avoided by preparing a fresh
ATTI solution for every new osmotic mini-pump that needs to

be filled.

. Implantation of a telemetric transmitter can be performed on

small mice but, to have a good rate of success we recommend
using mice that weigh at least 22 g.

. Making an incision in a very small vessel to insert a catheter can

be difficult. One easy way to insert a catheter is to use a 26 G
needle with a 90° bend point. Once the point is inserted into
the carotid artery the needle can be used to hold the vessel
while introducing the telemetric transmitter catheter into the
vessel.
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4.

Since the telemetric transmitter can be activated by magnets
the storage must be done far from magnetic devices. Moreover
it is important to check when unpacking the devices that none
of them is activated.

. The battery of the transmitter lasts for 2 months while the mice

are already measured after 2 weeks; the transmitter can be care-
fully extracted (without stretching the catheter) and, given an
undamaged state of the catheter, disinfected and reimplanted
(sometimes the tip of the catheter must be refilled with gel).

. The cell yield mainly depends on digestion efficacy. If the pieces

of aorta are too big, digestion will be ineffective and therefore
last longer, which will destroy a large number of cells.

. Depending on the kind of analysis the number of aortas neces-

sary can vary. One single aorta is enough to perform extracel-
lular stainings, while a pool of 2—-3 aortas might be necessary

for intracellular stainings.
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