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Abstract

Germfree animals have been used to study the effects of microbiota for several decades. In that time,
numbers of differences from specifiathogerree (SPF) animals have been reporteidicluding
differences inabsolute numbers or percentagevariousimmune populations, enormously enlarged
coecumandlack of germinal centers. However, many of the crucial information about structural and
functional differences in their secondary lymphoid organs still remains uncovered. With novel
microscopical approackesuch as light sheet fluorescent microscopy, enabling 3D visualization of
whole samples without processing them to a series of slides, and multicolor cytometry, allowing the
characterization of numbers of cellular populations within a matter of secomdsnaa highly
guantitative manner, the uncoveringfeidamentadifferences finally seems to be within reach.

MHC lI-EGFPknockin mouse model brings the advantages of a fluorescent petpiassed
in physiological histological contextsto both fields. Lymphoid and other tissues can be visualized
microscopically without the need of stainigvenin vivo). Information about the expression of both
plasmamembrandocalizedand intracellular MHC II in various tissuesuld beacquireddirectly.
Combinirg MHC 1I-EGFPknockin mouse model with the gnotobiological approach makes it easy to
visualize any kind of effect and quantify ihcluding the precise identification and preparation of the
lymphoid organs

In the current work, MHC FEGFPknockin mousemodel was optimized for the use in both
light sheet fluorescent microscopy as well as multiparametric flow cytonirregisdissue dissection
all owed for the analysis of individual mesenter:i
Secondry lymphoid organs were compared in spegifithogerfree and gernfree animals using both
microscopic and cytometric approaches, gaining both visual and quantitative information about the
germfree biology. Further work is needed to quantify the resfitten light sheet fluorescent
microscopy with the help of neuronal netwdr&sed analysisTo avoid anysubjective bias,
unsupervised algorithms were adopted for the analysis of flow cytometric results. Reduced absolute cell
number s wer e fawheatd coecal fatehgeznifréesanirpals compared to SPHso
relative quanitity of 0 T cells were decreased across all tissues sampled infgggnmice. B cell
frequencies were relatively increased in spleen and mesenteric lymph nodes, whilartbipsotoxic
T lymphocyte frequencies were decreased. A significant increase gleiiéntages/as observed in
coecal and colonic patche$ germfree animalsOther cell types were also differing significantly in
germfree animals and/or alongthe mesenti ¢ of Peyer 6s patch gradient.

This work paves the path for the usage of MHE@FPknockin mouse model for investigating
the enteremammary pathway in great detail using gnotobiological monocolonized MHEGHP

mouse model.
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List of abbreviations

APC antigen presenting cell

Breg regulatory B cell

CD cluster of differentiation

cDC classical dendritic cell

CITA class Il transactivator

CuBIC Clear, UnobstructedBrain Imaging Cocktails and Computational
analysis

DC dendritic cell

EDTA ethylenediaminetetraacetic acid

EGFP enhanced green fluorescence protein

FBS fetal bovine serum

FlowSOM flow cytometry data analysis using seliganizing maps

FMO fluorescence minus one

GALT gut-associated lymphoid gsie

GF germiree
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IFN interferon
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1. Introduction

Studies @ microbiota areecentlybecoming increasingly populacross the world. A reason for this
phenomenon is the previously unappreciated enormous impact of microbiota on duahéalisease
development that is just becoming clear. The effects of microbiota do not end on the mucosal surfaces,
but rather spread across the whole body.

Gnothobiological approaches were developed to study the effdtie absence ofjiicrobiota
in the sterile environmenthey involve keeping the animal either completely géea or introdung
adefined microbial strain or strains of bateria to study. Alternativebheaper alternative is the
antibiotic treatment (usually by a combination of aiotibs) designed to keep the mice frieem
bacteria.

MHC II-EGFPknockin mouse model is an excellent tool to study the secondary lymphoid
organs, as they emit fluorescene when excitedtidyelaser. This allows for more accurate dissection
of lymphoidorgans under stereomicroscope. Combining the gnothobiological approach with the MHC
II-EGFPknockin mouse model, as used in this work, enables easy visualizatoreritial effects the
germfree mouse exerts. One of the main aims of this workderpare the standard, speficic pathogen
free, mice and gertfree mice with the focus on morphology as well as the composition of secondary

l ymphoid organs, more specifically Peyerds patch



2. Theoretical backround

2.1.Microbiota and intestinal immunity

In recent years, an increasing focus has been set on the effects of microbigtanisatioras well as
function oftheimmune systemThere is als@ rising evidence of the involvement of microbiota and
changes in praptions of individual bacterial strains grathophysiological mechanisms of disease
developmentsuch asnflammatory bowel diseases (IBDsYhe significance of microbiota is most
often perceived in relation to gut homeostaaithoughrecent research confirms its role in other organ
systemssuch as brafn

2.1.1. Metabolites
Microbiota interacts with the intestinal layer t@feasinghumber of metabolite§hese can be classified
into two maingroups: dieindependeninicrobial products, such as lipopolysaccharide (LPS), ATP or
polysaccharide Aand dietdependeninicrobial product$ The latter group can be further divided into
metabolites originating from the host and secondary modified by bacteria (secondary bile acids and
taurine) and metabolites originating from ingested fho@f the directly dietdependent microbial
products,the mostwidely understoodare shorchain fatty acids (SCFAs)particularly acetate,
propionate, and butyragtéhat helpto maintain the atirinflammatory immunestate by epigenetic
mechanisre®. Other microbial metabolitesriginating from dietary compounds thtcilitate the
microbiotahost crosstalk include tryptophan metabolifagole derivatives)polyaminesand moré®.
They helpto maintin epithelial barrier function, antimicrobial peptides production, protection against
colitis, innate lymphoid cell functionl helper (Th) and regulatory T (Treg) cells differentiation and
proliferation or immunoglobulin class A ¢A) productiod’ For instance, longerm antibiotically
treated mice were shown to have systemically lowered proliferation and numbers of Th cellsaas well
locally diminished numbers of Treg cells in Pdyeawatches(PPs)and in mesenteric lymph nodes
(MLNs), demonstrating a complex relationship between microbiota and tife host

SCFAs and other aniinflammatory microbial metabolites areaimly produced by obligatory
anaerobic bacterial strains, while many of the facultative anaewst@e are associated with gut
dysbiosis (i.e. elevated relad or absolute numbers of pathogenic bacteria, a decrease in the abundance
of commensal microbiota or changes in bacterial metabolism or spatial distribution of microbiota in the

gut) and prenflammatory state.

2.1.2. Gut dysbiosis
Gut dysbiosis is associated with a rising number of documented pathological conditions resulting from
immune dysregulation, such atoinflammatory andautoimmune diseases (e.g. systemic lupus
erythematodestype 1 diabetes mellitugheumatoid arthritiand morg, diabetes mellitugype 2,

cardiovascular diseases, obesiigncerjnfectious diseasesndothers(discussed ifi®1914),



The prototype @easeclusterknown to be associated with dysbiosis is IBD&ere is an
ongoing research of the interplagetween genetic polymorphisms/mutationgmost notably
polymorphisms in the nucleotid#nding oligomerization domainontaining protein 2 gerieNOD2),
immune responsdygegulationandthe effect of microbiotand otherenvironmental factorsn the
pathogenesis of IBBs The exact bacterimduced pathophysiological trigger, as well as a single
causative straifor the disease is unknown. However, there is a deaelation between susceptibility
genes, bacterial dysbiosis aalgthormal immune reaction to microbes leading to inflammapiassibly
generating a vicious cycle that resultsworsening conditamof IBD patient$'®. To enlighten the
potential causative role of microbiota for the disease development, several mouse colitis models were
established with impressiveresults. Colitissusceptible mouse strainfr instance TRUC mice,
developed colitis (or developed more severe symptamis)in the presence of microbidta After
microbiota transfefrom mice with colitisso germfree mice or even specific pathogeae (SPF) wild
type (wt) mice, the recipients also developed colitis symptorsalogous results were achievied
clinical trials of ulcerous colitis patients, wherperimental fecal transplaniere used thaesulted in
clinical r emdlstsh yolm mihceerno b he#veral strairs ofilostedudim aphce . g .
Ruminococcyd’. Similarevidence of the obligatory microbial preseaoe/or dysbiosifor the disease
development were demonstrated for other diseases, suobumsatoidarthritis'®1°,

2.1.3. Gut organ axis
One oftherecentmoststriking findngin the field of microbiota is theivid bidirectionalconnection
betweerthegut microbiota andther organsf thehosti the gutorganaxis oftenmediated by immune
system. Examples include thgut-adipose axisyut-boneaxis,gut-heart axis, gukidney axis, gutiver
axis, gutskin axis,and perhaps themost surprising connection found was the-lg#tin axis with
important functional consequences in both health and dfsémaseunological, hormonal, metabolical
and neuronal connections are all pafrthe network connecting gut microbiota to the function of the
brain and vice verdaRecently, the effect of microbiota was proven riamerousneurological
conditions, mo st re®muligie sglerosis, autism spectrumddisordilsprassion
or others®?L Comparative studies of patients with respectiverolegical disorders and control
individuals revealed significambundancshiftsfor various bacterial straifs It was also demonstrated
that SCFAs from gut bacteria affect the development and function of microglia throughout the life of an
individual, provding further links between girain axis as well as the microbigtamune system

interface?.

2.1.4. Microbiota and cancer
Another rapidly emerging topic in the field of microbiota is its relation to ca@eone hangdspecific
bacterial strains can promote tumorigenesis, the classic exampletzedeyelopment @astric cancer
as a result oHelicobacter pyloriinfectior?®. On the other hand, gut microbiota can influence not only

the pathogenesis of cancer, but also the outcome mfecaherapy such as the effectivity of



immunotherapyits adverse effects, such as gnagtsushost disease after hematopoietic stem cell
transplantation of influencing the tumor microenvironméht®. For instance the microbiota was
demonstrated to be essential for the succesbaafkpoint inhibitotherapy® 2. In the future tailoring

the microbiota for theespectivareatment(or vice versarould therefore ban important strategy to

highly improvedisease outcome.

2.1.5. Microbiota versus host genetic backround
Despite the unique outer environment of every individual, resultimgyportantly uniqgue microbiota
composition, we should not omit the genetic factor that comes to play as a response to bacterial
colonization. This variation can be demonstrated on disthouse strains kept under the same living
conditions, that shows differinigvels of IgA productior®®. This finding highlights the influencef
genetic backroundn microbiota diversity and composition from within. It can also be a warning for
experimental design as many procedures may lead to dissimilar results oncetdiffeuse strain is
used. In addition, it may put a limit to the extent fecal microbial transpants or the use of probiotics may
have on longerm changes in microbiotmpositiomeeded for therapeutical success.

2.1.6. Specific bacterial strains and their effecs
So far, the general concept of metabolites, changes and diseases associated with variations in microbiota
was discussed. However, there are also specific bacterial strains with unique effects on the host, that
generally cannot be achieved by other straor only to a lesser extent. Two famous examples are
segmented filamentous bacteria (SFB) and specific strai@ostridium Segmented filamentous
bacteria were documented to induce Th17 response within the individual, that inbkigesduction
of interleukin 17 (11:17) by group 3 innate lymphoid cells (ILC&hd Th cell®3. For adequate Th17
response, bacterial sensing has to be mediated by dendritic cells (DCs) and generally occur@ & Peyer
Patche¥.

On the other handgseral strains oClostridium mainly Clostridium leptumand coccoides
groups were found to have aninflammatory effects by boosting the differentiatias well as the
activationof inducedTreg cells(iTregs) in colonic lamina propria They were also shown to be able
to lessen colitis symptoms upon oral introductio8imilar effect on the activation of Tregs, although
not necessarily on boostirtgeir cell numbers, was observed after the colonization of gexen(GF)
mice withBacteroides fragili¥. Monocolonisation of GF mice witB. fragilis was also able todlance
the Th1/Th2 balance within host (normally skewed towards Th2 in GF aniarasgnsure normal
development of lymphoid organs in the §uithese functions were attributed to bacterial polysaccharide
of B. fragilis®.

Recently a study showed that upon monocolonisation, nearly all bacteria are able to massively
colonize a mune gastrointestinal system, and tdat factoall bacteria had some kind of effect on
immune cell population counts or their functiéhSurprisingly, these seemed to be independent of the

bacterial phylum, as there was no shared effect among strains within any of the bacterial phylla used,



and conversely, there were many sharedotsf letween strains from different phy#fa Therefore, in
conventionally colnized individuals, the complex effects on the Hibglly result from the sum of the
individual effects of all bacterial straimgeighted byrespectivestrain abundanse

However, a recent study showed that (at least in some aspects) colonization by a single bacterial
strain may be sufficient for normal development of murine pugstobacillus plantarumwas able to
fully revert the changes seen in the maturation of youicg kept under GF conditions, such as lower
weight gain and shorter body si%eThese findings indicate that monocolonisation Witplantarum
has a systemic effect on thevelopment ofuvenile miceinto adulthood and that it may provide a
simplified but welldefined system for comparing the effects of microbiota between derenand

conventional breeding conditions.

2.1.7. Microbiota establishment during ontogenesis
There is still and ongoing debate on how and when the microbiota enters the bodies of newborn
individuals, ad which factors affect its compositiorEvidence suggests that there happens to be a
' imited ti me widevelopmeri() A winndcdw ofnt ogenesi s of an
distinct pre or antii nf | ammat ory Ai mpr i ntatcordingto heapresencerof i s e ¢
microbiota that is then carried omater in life, leading to a differing susceptibility to various
inflammatory conditions (e.g. colitis) f@m individuaF®. Thistime period is usually attributed to the
newborn period, from birth until weaning, although anothéstal time period is also increasingly
discussed as evidence suggests that dysbiosis or antibiotic treatment during pregnancy has a profound
impact onthe newbor#“° Placenta may also contain some bacteria, metabolites of which may shape
the early immune system oféeffetus althoughthe findings are still controversial and often even
contradictory*“2 Nonetheless, researchers agree that while some effects may not be imprinted and can
be normalized when Ahealthyo micr digherochages ofs i ndu
developing food allergyappear to be rather permanent once the weaning periotf.efldere is
therefore a critical time for an individual to be introduced to microbiota dalétigery andactation
for their healthy development.

The delivery mode was found to influence the microbiota composition of the newborn child, at
least for the early childhoétl The microbiota enched in the ceasarean section in comparison to vaginal
delivery contained morpotentially pathogenitaxa, which may put infants born via ceasarean section
into greater risk oflevelopingrespiratorytractinfections, at least during their first year dét*. The
group born viavaginal deliveryshowed greater abundanceRBifidobacteriumspecies, beneficial for
overall healtff. The consequens®f delivery mode on microbiota composition were independent from
the outcome of lactatidh

Understandindnow lactationand maternal microbiotafluencethe microbiota composition in
offspring is stillunderinvestigation.Ilt was determined that breast tissue microbabtiers with the

geographical location and alsonot identical to the skin tissue of the breast, with the possibility that



some bactea present in breast tissue may be originating in tHfé4juthe same is true for milk ingested

by the newborn, with the mixture of skin microbiota and some phylla with igtterabundance in

the gut, such aBirmicute$”*8 The bacteria in the breast tissue cathidreforebe transferred to the
newborn by lactation, dhebreast tissue microbiota atite newborngut microbiota share some similar
bacterial phyll&. Although not all bacterial phylla found in milk may stably colonize the newborn,
lactation obviously affects the newborn fecal microbiota, the biggest effect being an increased
abundance oBifidobacteriumspeciesn comparison to formukéed infant$®*°. With the knowledge

that parts of the bacteria or even whaliwe bacteria may be transferred by DCs from the gut (mostly
from Peyerdés Patches) t hiymphgrbloothdsoehe breastiissue hng mp h
milk and that this translocation is strengthened during pregnancy and latgdtiorthe formulatiomof
enteremammary pathway hypothe%is3. Changes to the maternal body during pregnancy could help
enabling increased translocation of bacteria and vaobgsrvedmmune cel from the gut to the
breast, supporting the hypothé&sf8. Despite this evidence, the existence of eateammary pathway
remains controversial and is yet to be fully proven an accepted with the help ofrrestielblogical
approaches.

2.1.8. Approaches for studyingmicrobial effects on the host
Last but not least, two most common approafbiestudying microbiota and its effects on development
andhomeostasis general will be discussed and comparadfly. Antibiotic treatment, offering cheap
and fast results without the need of special equipment or manipulation, is much less standardized than
GF approach, partially due to numerous treatment regiarahdfferent antibiotic combinatiof$ Off-
target drug effects should also be taken into consideration and results shouldllgevatdied with
another approaéh Resistance to antibiotics and colonization with other parts of microbes, such as
viruses and fungi both present difficult challenges to resolve, sometimes leadhe daddition of
antimycotics to the mixture of antibiot®é$’. Bacterial colonization is also still present on the skin (and
to someextent in other sites as well) of treated aniffalGF conditionson the other sidedespite
generally more expensyharder and more time consuming to establish, sff#ble and standardized
approach with the ability to colonize the animal with specific microbiota (gnothobiologic appgfoach)
However, each strain améchgenotype has to be establishietb GF conditiongle novoand with the
special handling options, some experiment types are lithit@dother difference between the two
approaches is thathile GF organisms never interact with microbiota unless colonized, antibiotic
treatment is generally irdduced to adult/adolescent animals atierormal development (although
antibiotic treatment of preghaand lactatinganimalsmay simulate the GF approach for the pups),
which can be both advantageous and disadvantageous depending on specific rese&ramtityidtic
treatment and GF approach ¢hareforeproducddentical or differing results, and some results are still
often inconsistent or controversial depending on the conditions (such as antibiotic treatment regimen or

mouse strain uset) Usingboth thesapproaches, numerous morphological, numeric and/or functional
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differencegboth local and systemic) fromPE mice were found (topic extensively reviewed®n A

few examples include reduced numbers of B and T cells in smadtimdereduced colonic Th cell
numberspr systemic reduction of memory and effector T calisi Treg$®. Many myeloid cell types,

such as macrophages, neutrophils and monocytes were alssdddreaumbers systemicallylt was

also established that to the development of isolated lymphoid folItIEs), bacterial signals (such as
peptidoglycan from gramegative bacteria rolymphotoxin) were essenttdf’l Despite clear
advancements in recent yedtgre is still space for uncovering unknown instances about the impact of
microbiota on development and function of organisms. There is also an increasing amount of dated
informationregarding GF animal morphagy that is ofenwidely acceptednd passed omvith the need

of datareviewing and validatin with newer approaches and metifaddshere is also a need for
guantitativeapproaches sinamtes and abundances of the immune cells/particular microbiota species
could greatly help to understthe overall complexity of thebovementionedconcepts.

2.2.Secondary lymphoid organs

Secondary lymphoid organs consistspfeen, lymph node$pnsils,anrd mucosaassociated lymphoid
tissues. Guassociated lymphoid tissue (GALT) is thaggest and most studied mucosal lymphoid
structure, especially in relation to microbiotdere are two parts of GALT: organiz&RLT, which
will be discussed furthers canposed ofMLNs, PPs in the small intestine (and coecal and colonic
patches)andsolitary intestinallymphoid tissue¢SILTs)1 cryptopatches anttheir mature counterparts
ILFs®3%5, Diffuse GALT contains mostly effector immune cells lamina propria and intraepithelial
lymphocyte®. GALT encompasses a variety of innate and adaptive immune cells, most abundant being
B and T lymphocytescftotoxic, helper ath regulatory, dendritic cells, macrophages, and innate
lymphoid cell$®. The formation and function of GALT structures is under a great influence of
microbiota>°®

Most often, intheanalyses ofhesestructures, only relative abundance changes are discussed,
without the emphasion absolute numberBata on quantification of cells and cell types among these
compartments is relatively scarce and often comes &etimates from histological slides pre-
cytometric eraand data from various sources often diffegnificantly??. Yet even minor abundacne
shifts could have a great impact on the healttphysiological statusTherefore, it is important to
confront thefuniversal truth, qui t e often as par twithaHe quartitdave i s ci en

dataobtained using up to daspproaches.

2.2.1. Pey er 0 s anB solitaryhingestinal lymphoid tissues
Peyer 6s Pat c h@-2&mmanm dameteinemodseaandthe enty macroscopically visible
lymphatic structures within the @it From the luminal side, they are lined M (microfold) cells
transporting antigensnd bacterido the subepithelial donfer antigen presentaticand T cell priming

byDC$>. The bulk mass of Peyer 0s pawitedemmal ceatressi st s



surrounded by smallénterfollicular T cell zone%%8 Germinal centers first appear during the weaning
period andGF mice were reported to lack germinal centers within lymphoid folft1&@She number
of P e y e r dightly pasids evith edifferent strains of mousgender as well as from animal to
animal.For C57BL/6Jf e mal e mi ce, t he aver agmousewsbbearyinpf Pey e
from 5 to 9. Gender also affected the number of cells in PPs, for females being slightly lower than for
males, at abo® . 1 9 °ceélls per@PP-"2 For BALB/c female mice, the number of PPs per mouse was
6-8, with thepooled cell number of B ®pér mousé.

Cryptopatches and ILFs differ in size and cellular eanht While cryptopatches awbout
10C min diameter and areomposednainly of precursoc-kit*IL-7R* cells LTi ILC3s and CD11¢
DCs, ILFs are about 5 timesbigger in diameteand contain & cell germinal centresurrounded by
asmall T- and DGrich aed* ™. ILFs are also lined by M cells on the luminal sihel have analogous
cellular content to PPsjcluding nearly identical ratiasf immune cellsn addition to analogouspatial
organisation of B, T and dendritic cellsearing further similarity tehem’®. However, in GF animals,
composition of ILFs is changed drasticalig,B cells are psent in minority and scarce germinal centers
are found while substantial increase inkit* cells is observed mi mi c k i -differerttidteel, Al e s s
cryptopatcH i k e i p°hVihileacconyeptienal SPF mice has around-200 relatively regularly
interspersed ILFs along the antimesenterice sid the gut, only cryptopatches are detected in
lymphotoxinU" mice, supporting the hypothesis that liriay develop from cryptopat@s as a form of
their maturatio*’® This hypothesis is furthesupportedby a finding that mouse cryptopatches may
give rise to human GALT in a chimeric mouse maated are critial for GALT formatior*. While PP
development starts prenatally, SILT development and maturation into ILFs is initiated after birth and is
dependent on microbidt>. Nonethelessyhile PPs are present in GF mittegPPs are still influenced
by microbiota introduction, as the absolute numbers of cells in PPs as well as B to T lymphocyte ratio

both increase during the weaning peffod

2.2.2. Mesenteric lymph nodes
Mesenteric lymph nodés mice together with duodenopancreatic lymph nodes and caudal lymph node,
drain lymph from the small and large intestine and coecuranianatomical locatichased manner
analogous to humar{see %°. There is also a lymptraining gradient present within MLNSs, resulting
in slightly different composition (e.g. differing relative numbers of DC subsets and presence of food
antigens irupperMLNs 1 draining small intestiné). Murine MLNs arepart of an encapsulatedisty-
like complex within the fatty tissue, placed parallel to the superior mesenteric artery. Usually, the
complex is analysed as a whole, due to the challenging talifevéntiating between individual nodes

within the fatty capsulé.
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Figure 1: Schematic representation of the lymph drainage system from the gastrointestinal tract in mouse. Sites drained by
respective lymph nodes is colovded. Schematic drainaggstem inside the intestinal vilus is depicted on the right. Figure

reprinted from Mowat and Agate

The structure of the individual MLNs is that of classigmhph nodes: the B cetich cortex
with germinal centers, the T celth paracortex where DC:T cell immunological synapse takes place,
and nedulla, containing blood vessels, medullary sinuses and medullary cords rich in macrophages and
plasma cell®. Under physiological conditions, the number of cells in the MLN complex is reported as
nearly 13 millionfor C57BL/6 mice andincreases significantly during infectfénstill, data on MLN
cellularity for different mouse strains differ significantly, up to 60 million for BALB/c stain
However, the overal cellularity ratio remains roughly the same among different studiesyevitbr1
T:B cell ratio in normal conditions and shifting towards B cells during infe€tfarOn the other hand,
germfree animals aresportedto haveslightly reduced size of MLNs, whidack germinal centers (or
have highly diminished numbers) and show reduced numbers gfrggicing plasma cells within the
lymph nodé2.

A unique but dtical function of MLNs on top of lymph filtration includes initiation and
maintairance oforal tolerancethis task being performed by DCs migrating to MLNs fritra gut and
PP$&28 |n fact, morefood antigerpresentation was reported to take place in MLNs than iff PRsde

fromthe antigens and fatty moleculfesm the diet, live bacteria are alsansported from the gut to the



MLNSs, the transport being mediated by CD1IXCs agairf®. The presence of MLNs hinders bacteria
from reaching systemic circulati@md allows for antigen presentation in the MENECR7 chemokine

has acrucial role in the migration of DCs from the gut wall into MIER,

2.2.3. Spleen
Spleen is @econdary lymphoidrgan withan increasing evidence of its importance in receats/éor
example forcontrollingsepsi&'. It reflects systemic changestireimmune system state and function,
which isthe reason why it is ofteexploredor serves as a controt reference for other sitgsnumerous
immunological studi€®. It consists of red pulp, which is the place for blood filtration from pathqgens
old cells and smallerdalies by macrophages, and white pulp, with B and T lymphocyte zones and outer
marginal zone rich in B cells and macrophageat enter the inner follicles once activatéd
Nevetheless, the main functions of spleen include blood filtration and iron salvageggmnifmduction
and immune responde foreign or pathogenic cues in general, ,azwhversely the induction and
conservation of antigen toleraf¢é’.

In mice, spleen consists of abdut. 1 9 8 dells ih ehice, mospredominantoeingB cells
followed byT cells’>?°%1 Spleen also hosts various other immune cell types, such as various DC subsets,
NK cells, monocytes, ILCs, NKT cells, iI' lymphocytes and oth®r No differences in overall cell
numbers between straiG%7BL/6Jand BALB/c) were observed in steady state GFmice, germinal
centers in Beell zones are very rare, similarly to the lymph nétiésowever, his finding reflectghe
activation status of B cells but not necessarily significantly aftettteir numiers, although some
studies describe a decreaseéil numberf the spleen in GF animadsd/or changes in their ratfd?

From above mdioned is obvious that despite the recent focus on interaction between microbiome and
host immune systenmore studies are necessary to reflect the whole spectrum of changes in cellular
content in systemic as well as local immuniparticularly with the pwer of GF or gnotobiological

mousemodels.

2.3.Immune cell populations and their markers

Immune cell populationsensu strictgalmost all cell types could be involved in the immune reactions)
areall of thehematopoietic origiiboth myeloid andlymphoid) andthereforeshare some common traits

and cell surface markerahile significant differencearealsopresent between each populatiBaery
commonimmune cellpopulation such as B and T lymphocytes, macrophages, or Bé3sa spectrum

of submpulations, defined by a unique set of markers (sometim&gie markers araot yetwell
defined§®. Many ofthem varyamong different species, such as human aodse although some are
share®. Respective subpopulations differ not only in their expression profile, but also in abundancies
and distributions among different tisswalthe blood, in their functions and sometimes evartheir
morphology. This chapter is not trying to be and exhausting list of all the different subtypes of all

immune cellpopulationsand their markergr mouseby any means, but rather a highlight of the most
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important core information relevant for this woHence, some cell types, such as eosinophils, basophils
or mast cells will be omitted from this overview.

Being ofthe hematopoietic origin, all immune cells are CD45 posifiwgh a wide range of
surface abundance, glycosylation patterns and, importamtiygra splicing variants)CD45 is a
multiple-isoformtransmembranprotein tyrosine phosphatageesent on all hematopoietic cells except
mature erythrocytesind platelet8**> Therefore,CD45 is a suitable paimmune cell marker to
differentiate between immune cellschother cells in tisswblood that may have similar morphology
to avoid numerological bigs CD45 isresponsible foinducing orattenuating Src kinagamily activity
in lymphocytes dependingon dephosphorylationof respective tyrosiree acording to various
circumstance®. JamuskinasegJAK) and some other proteins have also been reported to be ssstra
for CD45, widening the horizon of CD45 function to other signalling pathways, such as terminating the
JAK/STAT (signal transducer and activator of transcriptipathwayin cytokine signalling®®’. In
conclusionas CD45 is a crucial moleculevariousimmunologicésignalling pathwayand is common
to all immune cellsits positivity as a markeshould always be accounted for in additiorspecific cell

markers for respective immune cell types

2.3.1. Bcells
B cells are a abundansubset of lymphocytes bearitige B cell recepto(BCR), whose main goah
napve iBtoceeobnizes a specific native antigend internalize it fordigestion andantigen
preserationon MHC Il moleculedo T cells Upon costimulation from follicular helper T cell (Tfh),
activation, proliferationandaffinity maturation othe antigerrecognizingB cellis induced producing
memory cells and plasma cellBuring maturation, B cells form germinal centevighin lymphoid
follicles in B-cell rich area®f secondary lymphoid organs where the encounter with foreign antigen
took placethe antigen being scaffolded on follicular dendritic é&llEhoughout the maturation process
in the peripheryjust asduring the development of B cells in the bone marrow, each developmental
stage is characteristic of its unique set of cellular markers.

A nonspecific parB cdl marker (not expressed in plasma cells), present on all antigen
presenting cells (APCs), is CD#0It is a critical costimulatory protein for B cell activation Bfh,
germinal center formation and maturation of B é&lidowever, ypical and most widely useB cell-
specific markers in flow cytometryymmunohistochemistryand therapyare CD19 and CD20WVhile
CD19 is a pasB cell marker and acts as a@xeptor in BCR signalling by signal amplification from
src family kinases, CD20 is a mature B cell markanctioning as a calcium chant&l'®! In mouse,
B220, an isoform of CD4% CD45R,is dso apanB cell marker positive from the pr@ro B cell stage
on. Howerver, unlike CD19, B220 expressiemot restricted for B cells, rather it can be foundame
activatel T cells orplasmacytoiddendritic cell$’?1%, B220 expressiofowers during the B cell
maturation into plara celld®. Instead, CD138 marker is a typical cellular marker for plasma cells,

playing a role in their prsurvival signalling®®1’
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Above mentioned information mostly holds true for conventidabiicular B-2 cells. Other
subpopulations of B cells, however, may not shdlridnespecifications and, rather, express some unique
markers. For example,-B cell, marginal zone B cells and plasma cells share the expression #$CD9
B-1 cells further express CD11b, a myeloid daiégrin markerand are differentially segregated into
B-1a and B1b cells according to the expression of CD5 (positive and negative, respetfivaligyoad
category of regulatory B cells (Bregsgnsu latalsoincluding marginal zone B cells or plasma cells,
is rather defined functionally by the production of anfiammatory cytokine!''°. Its subpopulations
have some defad unique markers, such &D19°'CD21'CD23 for marginal zone B cellor
CD5'CD1d" for B10 cells, both found in spleBh'*2 However, cellular markers are not yet kndian
every subpopulation inuman/mousésuch as B rgulatory 1cellsin mouse)knd the origin and required
conditions for development of different populations are still under investig&tion

A newly describedbut still highyc ont r over si al | yppipdoyctya es Xec i
cellular cross in between B and T lymphocyte, bearing both BCR and T cell receptotfTIER)S
first reported only relatively recently in diabetes mellitus type 1 pat@ndsvas highly discussed and
guestioned immediatel§#11> However,the appearing coexpression of B and T cellular markers is a
long-known phenomenon in flow cytometrygpated by numerous studié8!8, Nevertheless, double
positivity of B and T cell markeis usually accounteébr cellular dubletspther preparation artifacts,
or, in most case not adressed at ‘@f'!%'?° For these reasons, further research will have to be

concluded to confirm these finding® themto be widely accepted in immunological community.

2.3.2. T cells
T lymphocytes,TCR-containingCD3-positive cells, are a population of immune celleompassing
greatvariety of subpopulations with different functiofsomU ECD4* Th cells, further subdivideisito
three main branches of effector T céll§h1, Th2 and Th17 and other smaller populations; Tabsr
regulatory T cell subsetand Tth cells; throughl) BCD8* Tc cells to a population od o cells with
TCR of limited variability. CD3 is groteinco-receptor of TCR, responsible for signal transmission
into the cell as well as CD4 and CD8, recognizing MHC Il and MHC | molecule, respectively. However,
as evidence suggests, soth&ells may physiologically remain CD4 and CD8 double negative outside
of thethymus, wich was previoushattributedonly to lymphoproliferative diseasg$s Similar is also
true for double positive cellsvhich could in physiologicatircumstancesave antiviral or regulatory
effectd?2123 While extracellular marks ofespective Th (and Tc) subpopulations exist (mostly in the
form of chemokine receptors or lectins), intracellular transcription factor magkeck as Ibet,
GATA3 and IRF4R O R @afid Foxp3 for Thl, Th2, Th17 and Treg, respecti\ahy) cytokine secretion
signatures are generallysed more frequentlyf. Of extracellular rarkers,CD25 (which is a -2
receptor alpha chairgnd CTLA4 (a checkpoint inhibitor)both markers of Tregs (ar8regs and

activatedB and Tcells in case of CD25rebest characterizétt'?> Regardingo I cells, they are
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usually recognized by TICR and CD3, although about 30% can also bear CB8a&ptot?®12” Some
of o I cells are also MHC |l positive and caffeetively serve as APC¥,

To uncover the memory phenotype T celldich is linked to alteredxpres&n profile after
their activation akesplace,several other markers aaailable While there is stilicontroversy about
the developmental origin, several T cell memory phenotypes are kf{d#inFirst, two memory
compartment$ central and effector memory T cellsc(and Tem) T were uncovered in peripheral
blood, differing in their exgession of CCR7 (positive and negative, respectively), meaning preferential
homing of Tem into secondary lymphoid organs ang,Tnto peripheral, especially inflametissue$®.
Lymphocyte antigen 6C (Ly6C) was also reported to enhance the homing capdgeityiofo lymph
nodes in mic¥? Residingin peripheral tissues even in homeostatic conditions are the-tissident
memory cellsusually CD69 positive (unlike circulating memory T céfi$)However, their expression
profiles varyaccording to the respective orgénAnother discovered memory T cell population with
stem cell properties, named stem cell memory T cells, is characdtbsighe expression of CCR?7,
CD45RA, and CD95 (Fas), among oth€PsOn the other hand, a terminally differentiated population
withtheree x pr essi on of CD45RA ( sténmacellanemory T celbsy wasfoundf t h e
and named TEMRA. fiis population has varied cell numbers as well as pherstgrgging from one
similar to Tem to the expression of cytotoxic signature, such as the expression of perforin, granzyme B,
and many othet&. Finally, perhaps the mogeeculliar population of memory T cells is the virtual
memory T cell population with memaotike phenotypeof high expression of CD44vhich isable to

react rapidly on the first encounter with an antigad present evein GF micé®’.

2.3.3. NK cells
NK cells, oftenperceived as innate counterparts oc€lls,arecytotoxicinnatelymphocyteslassified
into group 1 ILC&® Asfor all ILC groups,for NK cellsis distinctivethe absence of both BCR and
TCR (and their caeceptors) For NK cell markers, typical is theresence ofNKp46 (naturd
cytotoxicity receptor)andCD56 (neural cell adhesion molecllim humans antK1.1 in micé3%14%,
Other receptors, such as NKG2D arattious speciespecific moleculesregulate the activation $tes
of NK cells*2. While human NK cell repertoire is formed by the comtonas of KIR family iller
Ig-like receptorsreceptors, murine NK cell receptors are of Ly49 famégt{n-like)**>. Some NK cells
also express CD11b and/or CD27 and are further divided intaéxalopmentatategories regarding
the expression of these markers, with défdgrabundance among tissues as well as their functional
capacity**.

2.3.4. NKT cells
NKT cellsshare both Tcell and Nkcell markers theyexpress both TCR, with its aeceptor CD3,
as well agCD56 andNK1.1'5, However, NK1.1 is not expressed in BALB/c mouse strain, as well as

many others, leading to difficulties in identification of NKT cellsome mouse strains, as NKT cells

also do not express NKp#614’ It was also reported that the NK1.1 expression is not completely
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universal among NKT cefl. TCR of NKT cells has a limited variabilityand recognizes lipidic
molecules in the complex with CD14ccording to their TCRNKT cells can be further divideidto

two types type 1is theinvariant NKT cellsubseiwith TCR containing W14-JUL8 rearrangemeiim
mouse or \/P4-JU18 in humangrecognizing primarilyJ-galactosylceramideandtype 2, diverse NKT
cells, recognie various othemglycaipids'“®*® In the sense of CD4 and CD8 molecules expression,
NKT cell can be igher double negative or express CD4 in migedfurther subsets, expressing Thl
Th2-, Th17 or Treglike cytokines have been reported for INKT c€f4%4 In humans, CD8 expression

is also possibl€®. The importance of studying NKT cells and their functions became clear after-an anti
tumorigenic activity was proposed in type 1 NKT cealigl theoppositewas reported in type 2 NKT
cells leading to various therapeutic tridhs Asthma and autoimmune disorders are among other

diseases NKT cells werdentifiedto play an important rolie?!7:158

2.3.5. Innate lymphoid cells
Innate lymphoid cells, a lymphoid population characterized by the absence of both BCR and TCR, is
especially abadant at mucosal surfaces. Three main groups of ILCs are desaeitmding to cytokine
productioni the first group consisiof theaforementioned NK cellsind ILC1, innate counterparts of
Th1l cells.The onlyknownrepresentant of the second group &@2, resembling Th2 cells. The third
group is composed of ILC3, mbring Th17 (and Th22 cells), and lymphoid tissue inducer cells (LTi)
of fetal origin whichantenatallyregulte lymph nodea n d P e y edevélapmenitd 9 ¢nladdition
to thethree groups, ILCreg, a Trdile cell population, was recently describ&dnnate lymphoid cells
mostly lack specific cellular markersié are distinguished by their transcription factor expression
(analogous to T cells) and their cytokine production profiEbl-{; IL-5, IL-9, IL-13; and I:17 and
IL-22 for ILC1, ILC2, ILC3, respectivelyf>. Regardingcell surfacemarkersLC1 are, like NK cells,
NK1.1 and NKp46, as well as CD122 positf?d®* However, unlike NK cells, ILC1 express TRAIL
cytotoxic molecule but do not express perforins (or only in small quantifidglurine ILC2 express
CD44 as well as B127(IL-7Ra) and CD2%31%4 |LC3 can be further subdivided into NK cell egxtor
positive(with the development dependent on microbiata) negative subpopulatioascording to the
expression of NKp4@and some even NK1.1and, together v LTi cells, are CD254 (RANKL), as
well as IL-1R and I1-23R positivé®316516¢ However, ILC3 differ from LTi by the absence of CCR6
and CD4 (most subsetsypression and elower expression of CD12%164167Both ILC2 and ILC3
subsets were demonstrated to express MHC |l aredcapable of antigen presentatigit®
Nonetheless, the phenotype of all ILC subtypes, especially ILC1, is highly-8psadic and positivity
or negativity of many markers must be accounted for in respect to the concreté’ti$susum up,

there is still much to be uncovered about ILC subpopulatibes potential markerand plasticity.

2.3.6. Dendritic cells
Dendritic cells are the main antigpresenting cell type in the body. Thaternalize antigens by

numerous pocesses partially digest them and present them on MHC II (or MHC | by eross
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presentation) to T cells after migration to lymph nodes in a chemiokine gradient. However, DCs do not
form a single uniform population, arsdke in fact categorized into several groups and subgroups with
unique cellular markers and sometimes even form tispaeific populations.

Two main groups of dendritic cells are establishednventionalclassical)DCs (cDCs) and
plasmacytoid dendritic de (pDCs). cDCs can be further subdivided into two subgroups, cDC1 and
cDC2, cDC1 are aisually less abundant than cDQ@#th the exception of thymusput the degree
varies across different tissd&sThey are mainly endowed with cregeesenting capabilitiegnabling
themto prime primarilly CD8+ Tc celld®. Typical cellular markers separating them from cDC2 subset
are CD8in lymphoid tissues and CD1@an integrin)in other tissugsXCR1 (a chemokine receptor)
IRF8 (a transcription factodnd low to no levels of CD118'1’®. On the other hand, CD4+ Th cell
priming cDC2 express high levels of CD11b, IRF4, CDI®& RPUan i nhi bitory Adonbo
receptor)and vary in the expression of Céd F4/80(an adhesioic proteircoupled receptot}”

173175 |n the intestine, an additional CD103+ CD11b+ population was rep6¥téd’’ Both cDC types
express typical cDC markers, such a26[a costimulatory moleculeD11¢ CCR7 and avide rarde
of toll-like receptors (TLRs), the most famous pattexcognition receptot&®1’8 However, murine
CD11c cell surface expression lowers once cDCs are acti{ated

pDCs areasubset od DCs with unique morphology and funéffbiVhile themain furction of
cDCsis to capture antigens lariouscellular processes and prime T cells, pDCs resemble plasma cells
and exceln their ability to produce typednd Il interferongIFNs) as aresponse to viral infectid?.

This is reflectedin their distinct expression @DC-specificcellular markers, such as lower levels of
MHC Il andCD11c expressidi®®. pDCs also bearanique set of markers compared to cDCs, including
Bst2 (a lipid raft associated protein)ly6C, SiglecH (a lectin binding sialic acidand Bcell marker
B220t72173180 Typjcal for pDCs is also the expression of TLR7 ah®§% Similarly to cDCs, pDCs
also express CD26173 CD172a expression and CD4 expression ankens pDCs share with some
cDC2s, while some pDC subsétspecially in the gutan also express CD8, similarly to cDE%473
pDCs also express high levels of IRF8 and only low to intermediatés lefdRF4 transcription

faCt0r172'173'180

2.3.7. Macrophages
Macrophagedunctioning as professional phagocytes and ARG&ling inall peripheral tissues, are
descendants ambryonal macrophages androbnocytes after their extravasation from the bi&bod
Monocytes, CD11b+F4/80+CD115+ cells in mice, can be further dividetivotaubsets. Thelassical,
Ly6C+ subset, patrslextravascular tissues in addition to blood andgiise to tissue macrophages
and even special subset of monoegégived DCs, especially in inflammatory conditions, whereas non
classical Ly6C subset (originting from Ly6C+ monocytes) patrols blood only, not giving rise to
macrophage&. Just as monocytes, macrophages are also known to express, EB/BOalong with
CD14, TLR 2 and 4, anérc gamma receptors (&3, CD32, CD16¥° Additionally, some of them,
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such asdermal alveolar or intestinalmacrophages, can also express CD11c, hinderingedisg
separation fromDCs!®4185 Macrophages are also known to have high autofluorescence, further
complicatingthe problem with cell analysi€.

Macrophages form several subpopulation according to tdivation statusanatomical
distribution, and corresponding cellular marker expressibime basic dichotomy of activated
macrophages are M1 (Acl assi cal @grginflaanmatoryNad agtiAal t er
inflammatory (reparative) phenotypes, respectively. their diferentiation, several unique cellular
markers were found, such as CD38 for the M1 and Egr2 for the M2 poptiatRegarding organ
specific populations, few examples will beprovided Peritoneal macrophages, an abundant, easily
obtainableand frequently analysed population, carlsther subdivided into large and small ipemeal
macrophage subs$et Large peritoneal macrophages are more abundant in steady state and are
characteristic of high levels of F4/80 and CD11b expression, along with the CD11c expression, and low
MHC Il expression, whereas the small peritoneal macrophage subpopulation expresses only lower levels
of F4/80 and CD11b and is negative for CD#1£8 However the expression of MHC Il is higher in
small peritoneal macrophages and they are the prevalent population in inflammatory céffditfons
lymph nales, three distinct subsets of macrophages were fowsubcapsular sinus macrophages
(CD169+CD11b+F4/80), medullary sinus macrophages (CD1682B11b+F4/80+) and medullary
zone macrophages (CD16@D11b+ F4/80+)%, In spleen, four macrophage subpopulations were
reportedi white pulp macrophages, red pulp macrophages, marginal zone macrophages and marginal
zone metallophilic macrophages, differingénels of the expression of CD11b, F4/80 and Tih4n
Peyer 6s pat -denivwed macropbages express CD4, and, together with moraenyted
DCs, pDC marker Bst2 (although lower levels than pB&s)hese examples clearly demonstrate that
macrophage identification is not straightforward and is very tissug subpopulaticdependent, and
various measures talearly differentiate macrophages from other immune cell populations should

always be taken.

2.3.8. Neutrophils

Neutrophils, the most abundant granulocytethe peripheral blood, are myeloid polymorphonuclear
cells. They migrate to the infection site from kdovia diapedesis and fight pathogens either via
phagocytosis and release of intracellular granules, or via netosis, releasiggfrophil extracellular
traps based on cellular chromaffin Typical cellular markers ahurineneutrophils include CD11b and
Ly6G*®31%4 Together with numerous other cell types, neutrophils also expres$®B.y&€ently several
subpopulations were uncovered, both in circulation and ti¥8uUeshe blood, neutrophils are separated
into fresh and aged fractionsith an increase iICXCR4 chemokine receptor, CDii, CD11c, CD49d
and others (possibly promoting emtgrthetissueskxpressiorand decrease iny6G, CD62L and their
size and number of granules during adif¢. Tissuespecific neutrophils can be foundrrany organs
includingspleen(CD62L"°¥ CD118" ICAM-1") or lymph node CCR7-positive}?:19°20° Other forms
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of neutrophils with unique functions include granulocytic myehbédived suppressor cellsxpressing
markers of classical neutrophil$yw density neutrophil@CD15+ CD33+ CD66b+ CD1® in humans)
or tumorassociated neutrophjlsall with a significance in candét?°t Alteration of neutrophil
phenotype was also reported to be achieved by malrabéetabolites, enhancing antimicrobial

properties and lifespaand influencing ageing of neutrophfg97.202,203

2.4.MHC Il molecules and antigen presentation

Major histocompatibility complex (MHC) molecules are highly variable gehyc and polyallelic
transmembrane glycoproteirscoded on chromosontE/ in mice andon chromosomes in humans
(here termed HLA- human leukocyte antiggnFunctionally MHC molecules are responsible for
presentation of peptides time cell surface, either of (mostly) selfittgens in the case of MHC I, or of
nonself, ingested antigens for MHC II. The peptides for antigen presentation fit into grooves on MHC
molecules 10 amino acid residues for MHC | ardé-35 for MHC I1), which are the most variable
3D loci, ensuring avarying binding specificity for different peptidesAlmost every individual has a
unique combination of MHC alleles and is therefore capable of presenting differabinations of
peptidesThis diversity functions as a guarding mechanism agakast vaiability of pathogengand
their appropriate antigenic patterns) so thatpopulation as a whole can survive the infectiasmwell
as shaping the susceptibility to various diseases on an individugfievel

MHC Il is adimeric molecule composed of two transmembrane chainand b), each
containing two extracellular immunoglobulin domainsaddition to the transmembrane segmést
assembly starts in the endoplasmatic reticulum by the dimerizatiJandb subunits. The groove is
covered with drimeric invariant chain molecule (li) until the complex travels through the Golgi network
into the late lysosome&more specifically MVB or MHC Hloading compartmentwhere the li gets
cleaved, leaving amall residie called theclass Itassociated invariant chain pepti¢@LIP) in the
groove for peptide binding. Latdsased on the activation of APCs and reorganization of the vesicular
structure of MVB involving the ncelassical MHC Il variantsan exogenous pepadeplaces th€LIP
in the groove thand mature MH@I molecule travels to the cell surfaée

MHCIli s expressed mostly on Acl assicaandB or Apr
cells, with DCs having thebest presenting capabiljtyand is especially upregulated upon their
activation.The expression of MHC Il is regulateabstly through transcriptioby the master regulator,
CITA (Class Il Transactivatoff®. CIITA has three different functional promotersead used by
adifferent subset of cells and responsive to different ddéC Il production in DCs is mostly under
the control of promoter |, whereas other hematopoietic cells utilize mostly prométeiPitbmoter IV
is inducible, especially by IR, This promoter plays majorrole in macrophages as well asion
hematopoietic celt§’.

As implicated,other, non-professionalntigenpresentingcell types able to express MHC I

and successfully prime a pTvcells (with the higheshteshold for activation)have been reported in
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the past several decadeAt first, inflamed tissues across the bodyia an infection or an
autonflammaton diseass were identified as positit21% This way, critical rolefor the presentation
of antigens with similar sequences to microbial antigens (molecular mimicry) and anipieadly
outside of the reach tfieimmune system (st asbehind the hematoencephalic barrier or inside highly
specialized cellsuch as endocrine célis the devadpment of autoimmune conditiongveuncovered.
In the inflammatory microenvironment,naultitude of cell typegincluding astrocytes, thyroid cells,
pancreatic isleéndotheliakells,neutrophilsand many othejsexpress detectable levels of MHC Il and
often also costimulatory molecules, crucial for succesful primingafuve T cel |l s and
death or aergy?!t2%4,

However, later it was uncovered that MHC |l expression onprofessional APCs can occur
even during homeostasasid serve unique functionsor exarple, studies have found the basal MHC
I molecule expression in intestinal epithelial c€lEECs), with an increasing gradient from the crypt to
the villus,in steadystate conditior’d®. Both IEC and ILC3 MHC Il expression was demonstrated to
help prevent pronflammatory conditions developent in the gut in the steady statben MHC Il
expression was not accompanied by costimulatory molecule exprégsibhNonetheless, the amount
of MHC Il and costimulatory molecweexpression increases in (auto)inflammatory and immune
mediated conditions, such as IBDs or coeliac disease, or during infécttéThis goes hand in hand
with a relatively recent finding of MHC Il expressiam intestinal stem cells (ISCs), with novel
functional contextsatop of the role of a neprofessional APCMHC Il function in ISCs during
homeostasis and inflammatianlinked to their selffenewal capacity as well as a differentiation bias to
either Paneth (Thl microenvironment) of tuft (Th2 microenvironmentks,célough the exact
mechanism remains unknottt In lymph nodes, multiple subtypes of lymph node stromal cells can
also express MHC Il molecules, though usually with a tolerogenic outébiviet another function of
MHC Il expression in mice and various other animals is its role in fertilization, particularly in the
recognition between a sperm and an’&gg

Nonetheless, the most prevalent function of MHC ktlessicalantigen presentation. After a
boom in identifying numerous cell types with cell surffmealizedMHC Il and therefore potential
antigen presenters, it was also uncoveredtkieasurface levels of MHC Il do not always correlate with
MRNA levels or even MHC Il protein content inside the cells. To enlighterpti@somenonseveral
known mechanisms of ceib-cell molecule transfer were proposed and later validated, such as
exosanes(small extracellular vesiclesfrogocytosis (exchange sinallcell membrane patches during
aclose cellular contact, e.g. immunological synapsédimumelingnanotube®22°, This means that not
all cells surfacepositive for MHC 1l have the capability to endogenously produce MHC I, but rather
that they may have acquired it from a nearby ARE.important example of this phenomenon are
basophils, which were first identified as MHC Il positive istanulatoryenvironment but latethe
results were compromised whatack of endogenous MHC |l gxessionwas showf9228 Research

hasdemonstratedhat the surface molecules of MHC Il wesbtainedby trogocytosis frorDCs%.
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Interestingly, exosomesontaining MHC Il moleculegroduced by IECs were identified to stand behind

the presentation of microbial antigens on DCs (at least to ssamt) with both pro- or anti
inflammatory outcomepossiblé®?232 Alternatively, MHC Il molecules together with costitatory
molecules were detected on the surface of murine T cells, which normally do not express MHC I, after
aninteraction with a D3, In conclusion, a finding of surfadsound MHC ll(or other moleculesjoes

not imply the origin of the molecule aralternative ways shoulthe considered, especially if a
discrepancy between surface and intracellular lef@lsnRNA expressiondf MHC Il is observed.
Another thing to consider is the presence of costimulatory molecules (CD80, CD86, CD40) on the cell
surface, severely impactirthe outcome of (noprofessional) APC:T cell interaction. Nonetheless,
MHC Il cell surface positivity can be a good indicator of the involvement of a cell type in immune

reactions, at least under specific conditions.

2.5.MHC Il -EGFP knock-in mouse model

The discovery and isolation of GFP (green fluorescent protein) from the original host, the jellyfish
AequoreaVictoria, has revolutionized the approaches to protein localization in living organisms in the
last several decades so enormously that it wasdmaaa Nobel prize in 2088. Since its discovery,
several variants of GH@r different fluorescent genderived from invertebratesjere established with
shifts in their excitation or emission spectsach as YFP (yellow fluorescent protein) or CFP (cyan
fluorescent protein), providing a way to study several proteins at once, and marfy°.nks&P
(enhanced green fluorescent protein) is a protein developed from the original Gi® lppint
mutations, resulting ithe 35-fold increase othe fluorescence intenstfy. This highly enhanceshe
detection and therefore opens up the door for more precise measurements in the region of interest. Many
hybrid geneswith (E)GFP(or other fluorescent protein variants) inserteéraskins were engineed
since, enabling thdirect in vivo localization of protein of interest, and even quigatibn of their
expressioft’.

MHC II-EGFPknockin mouse model was developed by replacing the origittdaC Il gene
with MHC 1I-EGFPtransgene in29/Sv; H2° murine embryonic stem cetfé After the demonstration
of the lack of functional difference compared to wt mice, the megel first usedas aunique
visualizationtool for the DC:T cell immunological synapsand DC late endosomal compartment
directionaltubulatiorf®. Since then, the model wasossbred with C57BL/6 mouse, generating MHC
II-EGFP C57BL/6 mice. This model, whileibg functionally indistinguishable from wt mice, enables
direct visualization of MHC Hexpressing cells and MHC-tich organs. In comparison to using
fluorescent antibodies, the visualization can be doenévo or right upon dissection, without the need
of any additional time&onsuming steps that may lead to many artifacts while handling or staining tissues
and cells. Compared to traditional antibodies it is also possible to visualize intracellular expression of
MHC Il without the need of any permeabdtion, and, by combining both endogenous and antibody

MHC Il detection, it is also possible to obtain relative ratios of intracellular vs. surface MHC I
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expression. Therefore, this model is suitable for both flow cytometry analysis as well as advanced
microscopy options. 3D visualization tedques such as lightsheet microscopyare especially
advantageous in this model, as all MHC Il positive cells are emitting green fluorescence, whereas
traditional staining techniques are severely limitethe sizeof the sampldy the maximurreffective

dye diffusion intathe tissue. This way, even whole orgéoigganismsxould sometimes be visualized
without the need of additional dissection, so that the 3D picture can dghgtagepresentation of the
actual tissue structure inside the bo@®n top of that, this model enables much more detailed tissue
dissection of MHC Il positive tissues in the body, as well as the observation of otherwise invisible tissue
architecture, such agrgctural patterns composed of small accumulations of MHC Il positive cells in
the tissue, with possible functioralevanceTo sum up, this model is an excellent immunological tool
suitable for numbers of various micros@opnd cytometry techniques, thithe possibility to obtain
multi-dimensional, quantitative datéoselyreflecting the conditions in living organisnisenables the
search for novel phenomeirathe field of professional and ngumofessional APCs and for other, yet
unknown functions ©MHC Il molecule.

2.6.Methods of quantitative histologyi light sheet fluorescence microscopy

The goal of quantitative histology is to count cells or other structures within a sample, usually within a
microscopic slide or a set of slides, and then extraptiateumber to #argerstructure, such as the

organ or a whole organism. Choosing a representative sample is critical and corrections are needed to
account for any unintentional artifacts or biases. This is the reason why, when regarding for example
the @llular content of a whole organ (suchtlasintestine) or an organism, often a difference of several
orders of magnitude is observed between various estimbbesvercomethis highly biased two
dimensional view, 3D visualization techniques, includigntisheet fluorescent microscopy (LSFM),

were developed. Since LSFM was the method used in this work, the following chapter will be solely
focused on this technique, highlighting the strengths and weaknesses of LSFM compared to other

methods such as confmal microscopy.
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Figure 2: The basic scheme tife light sheet microscope. The excitation ligbfue)is focused onto a sigle plamégthin

the sample. The emitted fluoresceixthen detectelly an orthogonal camerégreen) Figure reprinted from Olartest
al. 273_

LSFM is a unique approach to studying 3D samples. Unlike most microscopical methods
including confocal microscopythe cylindrical lens focuses the light into a thin sheet (hence the name
l ight sheet microscopy), rather than i |lwthimi nati n
the sample and minimizes photobleaching and phototgitithe rest of the sample. The signal from
the single plane is then collected by an orthogonally positioned camefigeez2)>°. However the
maximum sample size was limited by light scattering and absorption withsathple, which could
not be quite resolved by rotating the sample. Therefore, the basic premise was later upgraded with a
second source of light located on the opposite side of the sample. The two sources would create a single,
more focused plane by comptitmally combining both signad¥.

The resolution of light sheet microscopy larger sampless generally lower than that of
confocal microscopy especially in thezdimension unless special acquisition techniques and
deconvolution are usé&d 24 This is due tahe light scattering as it travels through the sample. These
special approaches, such as isotropic multiview light sheet microscopy, are therefore able to increase
the penetration depth and visualize bigger samples more thorétigil§th proper optimalization,
sample size omore than 1 cm can be achievethwever,except for the newly available commercial
light sheet systems, the tailorade systems are poorly standardized accross laboratories.

The acquisition speeof the widefield camerais also one of the great advantaged LSFM.
Combined with minimum photobleaching, it offers réale imaging over the course of minutes, hours,
or days, which is the reason whHgngterm dynamic processes are often studied by LSFM.
Unsurprisingly, one of the biggest branches of currpplieations of LSFM is developmental biology,
producing4D (temporal) timdapses, from a single cell to the whole embryo, or imagidgtailed
development of a particular orggd#?*8. Other emerging uses for LSFM are immunology, enabling

scanning of whole organs for immune cells durindaimimationor in the search for disperse and
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unevenly distributed mucosessociated lymphoid tissue; or clinical medicine gimck and easy 3D
tumorassesmenistead of traditional histological slicdé%52

In genergl LSFM enablesn vivo imaging of organismsproviding unique information about
complex functional histological contextdowever, this applies tolamited number of species, such as
zebrafish, as few organisms ar@nsparent, which is essentiat light to travel through the sample. To
enable visualization of other species, special clearing prot¢gefgerally speaking removing lipids
from the sample)such as CUBIGClear, UnobstructedBrain ImagingCocktails andComputational
analysisheedé to be developetf. However, thes often include harsh chemicals and are therefore not
suitable for living organisms. Still, LSFM offers imaging of these samplesmitumorphology with
minimum amount of artifactsompared to other microscopy techniques.

The limitation of light sheemicroscopyis the optical nature afamples (or their parts) with
different refractive index than the scanning solutised as light sheet gets scattered at their interface.
These could include air, crystals, or fat. Only very limited improvement caohieved with clearing
in the lattercase, as in most protocols the fat is incompletely penetrable for most chemicals and sample
preparatiortime needs to be adjusted, which brings the risk of lowdhiagignal/increasinghe noise
in the case of fluoseent samples. Another limitation is the generation of terrabytes of data in the matter
of seconds, which brings out problems with their storage as well as handling and furtherhalysis
This is ahuge problem of moderday imaging technologies that will need tothekled effectively in
the future.

2.7 .Multiparametric flow cytometry and data analysis

Classical flow cytometry isemiroutinelycapable of measuring up to 20 parameters at @viderising
numbe). Recent advancements, such as spectral flow cytomelrigh minimizes the problems with
spectral overlap and compensatierpand the multiparametricityeven furthet®>2%¢ On top of that,
rapidly evolving mass cytometry theoreticallyalmostunlimited in the number of parametérs
However, it is not trivial to envision this 20r moredimensional space on a 2D scregmone (or in a
human brairaccustomed to thinkg in a 3D spacefor further analysisThereforemultiple challenges
are arising in an effort to analyze such data.example it is problematiced manually develop a gating
strategy for all possible combinations of markers and a failure to detect some populatiobsliéep
as well as introducing bias into gated populations depending on a gatingystnadieits hierarchical
configuration The exact gates are also highly unstandardized and nearly irreproduiblenanual
control of larger datasets is extremely tinf&ly

Therefore, several dimensionality reduction algorithms, suctsaket (tdistributed stochastic
neighbor embedding) or UMAPUgfiform Manifold Approximation and Projection for Dimension
Reduction, were develope& 2% Both of these methods are able to comprise the informationdrom
number of dimensions into a 2D (or 3D) space, creating clustamit#robjectsWhile small distances

(especially within a clustesr for nearby clustejsn multi-dimensional space get clustered together by
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t-SNE, closeness in 2D does not mean closeness in-ginignsional spa¢andlarge distances (such

as betweenarious clusters) have no informative v&eContrarily, UMAP is dasteralgorithm where

the distances between clustbetterrepresent the degree of alikeness between different populatidns
the visual output varies less across the samples (although the latter is still a highly discus$et topic)
263 Thedatafrom both algorhitmgan be easilyisualized andclusters ca then begated anddentified
according to their expression pattefhe dimensionality reduction and clustering itself is unsupervised,
however for further work, manuar automatedyating of clusters is needelringing the risk of
subjective bias

Another approach for data analyséstheunsupervised clusteringuch aggeneratig SOMs
(self-organizing maps)including algaithms such as FlowSOMincluded in the FlowJo software
packagepr EmbedSOMwith a new graphical interfadeShinySOM) andmany other§426 These
algorithmsare usually very fast anthn directlytransformdatafrom a multrdimensional spacmto
clusters and then group them intmanually definell number of poplations (metaclustersjThe
clustering is fullyunsupervisedand the analyzing subject only identifies respective (meta)clusters by
their expression patterns, usually visualized gnid or aheatmapWith new algorithms for population
identification emeging, even this next step may soon be routinely autorffated

It is possible and may eenbeneficialto combire the aforementioned two main approaches
(dimensionality reduction or unsupervised clustering) as means of better visualifatidomatically
clustered dafd’. Dimensionality reduction algorithms may provide information about the similarity
between neighboring clusters and therefore help withcéttegorizationof less pronouncedluster
phenotypes, while unsupervised clustering uses a fast and standardarétimaltp cluster different
populations, and is less likely to be influenced by biases, such as spradiagr backround noise as
t-SNE, which maygenerag artificial accessory cluste®® Witht-SNE,he ficl usteri ngo on
generates a different output with every (as the algorithm is stochastigp different samples cannot
be directly compareef. t-SNE also proves ineffectivas a differentiating tool for multiple
subpopulations, differing bigvels of expression of few parametét<On the other hand, tSNE is better
at accounting for differential expression of cellular markers, as within a (meta)cluster using SOMs, a
mean fluorescence intensity value is represented amféneationabout expression variance is f8%t
It is alsooftenused as fitrial-and-erro pathway, identifying the desired number of metaclusters, as
| ower number s, although better reflecting the e
analyze, may not lead separation of some desirpdpulations®’.

It is important to highlight the facthat each unsupervised agais should be preceded by
manual or automated quality control check, to ensure uniformness and meaningfulness of inserted data.
Pregating of living singlet cells is also advised to remove possible problems with clustering and cluster
identification. Last but not least, downsampling for some more tenasuming algorithms $NE)

helps to operate with more manageable running fithes

23



3. Aims

A Establishment of theombinatmal methodological toolboxfluorescent macroscopy, LSM
(light sheet microscopy), and flow cytomettp) study microbiota transfer (entemmammary
pathway) in detailising MHC IFEGFPknockin mouse modehnd unsupervised data analysis.

A Quantitative and qualitative characterization of the gut lymphoid tissue putatively involved in
enteremammary microbiota transfer.

A Description of the effect of microbiota dhe y e r 6 sandonesentdrie gmph nodellular

compositionand functiori comparison of the SPF and Gwe models.
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4. Materials and methods

4.1.Materials

4.1.1. Chemicalsand solutions

BSA (SigmaAldrich) T 1% PBS

Collagenase IVRochg - 1 mg/ml in HBSS {-)

Dispase Gibco i 1 mg/ml in HBSS-/-)

dH.0

DRAQS5 (Invitrogen

EDTA (SigmaAldrich) i 2mM

FBS (Life Technologieyi 3-5% solution in RPMI medium
FormaldehydeSigmaAldrich) T 3,8% in HO

Gelatin SigmaAldrich)

N-TEA (SigmaAldrich)

PBS (pH 7,3; 0,79% NaCl(Lachner), 0,29% N#&PQ.12H0 (Lachner), 0,011%KCI (Penta),
0,031%KHPQ, (Lachema)

PBS with gelatiri 0,02% gelatin (Sigm&ldrich) + 0,01% sodium azide (Sigr#ddrich)
RPMI (Gibco)

Sodium azide (SigmaAldrich) i 0,01% in PBS
SucrosgPenta)i 30% in PBS

Sytox blue(Invitrogen) i 20 000x

TEA (SigmaAldrich)

Triton X-100 (SigmaAldrich) 1 0,5% in PBS

True-Stain Monocyte BlockéM (BioLegend)i 20x

Urea (Lachema)

VersaComp Antibody Capture Bead Kit (Beckman Coulter)

4.1.2. Tissue clearing solutions

Adapted CUBIC protocol?’®

Tissue clearing solution CUBI1: 175 ml dHO, 125 g Urea (25 wt%), 124 mI-NEA (25 wt%), 70
ml Triton X-100 (15 wt%)

Wash 500 ml PBS, 2,5 g 0,5% BSA, 5600,01% Sodium azide (0,01%), 560Triton X-100 (0,1%)
Tissue clearing solution CUBIC 230 ml dHO, 125 g Urea (22,5 %34,5 ml TEA (9 %), 250 sucrose
(45%), Triton %100 (0,1 %)
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4.1.3. Antibodies

Flow cytometry:

Two flow cytometry antibody panels were ugethyeloid and lymphoid. Myeloid panel construction

was inspired by the panel used in The Czech Centre for Phenogenomies;, Blestec. Both panels

were later adjusted because some of the antibodies did not stain properly in the experiment conditions.
Both original and final versions are included. Please note ithatddition to fluorescent antibody
conjugates, there is also MHII-EGFP fluorescence included (when using MHEEGFP mouse

model), fluorescent in FITGind dead cell staining by Sytox Blue.

Marker Fluorophore Dilution Origin Producer
Ly6G Bv421 300x rat BD Biosciences
Bst2 BV605 400x rat BioLegend
F4/80 PEDazzle 594 | 300x rat BioLegend
CD19 APC 40x rat BioLegend
CD11b PerCRCy5.5 200x rat BioLegend
Ly6C BVvV711 200x rat Biolegend
CD45 A-700 100x rat Invitrogen
CD11c PC7 150x hamster BD Biosciences
MHC I APC-Cy7 1000x rat BioLegend

Tablel: Original Myeloid panel

Marker Fluorophore Dilution Origin Producer
Ly6G Bv421 300x rat BD Biosciences
Bst2 PE 300x rat Invitrogen
CD19 APC 40x rat BioLegend
CD11b PerCRCy5.5 200x rat BioLegend
Ly6C BV711 200x rat BioLegend
CD45 A-700 100x rat Invitrogen
CD11c PC7 150x hamster BD Biosciences
MHC I APC-Cy7 1000x rat BioLegend

Table2: Final myeloid Panel

Marker Fluorophore Dilution Origin Producer
TER-119 PacBI 1000x rat BioLegend
CD4 PE 1000x rat exbio
o0 TCR BV605 100x Armenian hamster| BioLegend
CD8 PEDazzle 594 | 1000x rat BioLegend
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CD19 APC 40x rat BioLegend
CD25 PE/Cy7 40x rat BioLegend
NK1.1 BV785 100x mouse BioLegend
CD3 APC-Cy7 100x Armenian hamster| BioLegend
Table3: Original lymphoid panel
Marker Fluorophore Dilution Origin Producer
TER-119 PacBI 200x rat BioLegend
CD4 PE 1000x rat exbio
o0 TCR APC 150x Armenian hamster| BioLegend
CD8 PEDazzle 594 | 1000x rat BioLegend
CD3 PerCRCy5.5 20x Armenian hamster| BioLegend
CD25 PE/Cy7 40x rat BioLegend
NK1.1 BV785 100x mouse BioLegend
CD19 APC-Cy7 150x rat BioLegend
Table4: Final lymphoid panel
Marker Name Dilution Origin Producer
CD16/32 TruStain FcXM PLUS | 1000x rat BioLegend

Table5:0Other antibodies used in flow cytometry

True-Stain Monocyte BlockélM was added to each staining mix (20x dilution).

4.1.4. Expendable supplies

96-well plate (Costar)
Cell strainer 56 n{Corning)
Centrifuge tube$ 15ml, 50ml (Eppendorf)

Eppendorf tubes 0,5ml, 1,5ml, 2ml (Eppendorf)
Petri dishes (Nunc)

4.1.5. Instruments

Centrifuge mini spin plus (Eppendorf)

Centrifuge Universal 16 R (Hettich)
Flow cytometer BD LSR I{BD Biosciences)

Laboratory scalegSchoeller instruments)

Light sheet fluorescent microscof#eiss Lightsheet Z)1

StereomicroscopgCarl Zeiss SteREO Lumar.V)12

Thermoblock Eppendorf Thermomixer comfort)
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4.1.6. Mice

Two mouse models were used: wtCE78and C57R./6 MHC II-EFGPknockin mouse modé®® The

latter was bred in twalistinct environments SPF and gerAree SPF mice were bred i@enter for
Experimental Biomdels, 1st Faculty of Medicine, Charles UniversiBermfree mice were prepared

and bred in Laboratory of Gnothobiology, l nstitu
All mice were kept under standard conditidnd 2 hr day/ ni g B5% relatvg humiditg, , 22AC
ST1 diet (Velaz)ad libitum). All procedures were approved by the Czech Animal Care and Use
Committee and The Institutional Committee for Ethics of Animal Experim@&myg.animal handling

was done under therchrowvg sononJahn FRal ®.i a G

4.1.7. Software for data acquisition and analysis

FI owJ o E1, BDIBbsciénces
ImageJ

R and R studio

FlowSOM plugin

Zeiss ZEN

Arrivis
4.2 Methods

4.2.1. Organ sample preparationfor flow cytometry

The mouse was executed by cervical dislocatiimder the stereomicroscope, MLN complex of MHC
II-EGFP mouse was carefully excised and transferred into the small Petri dish with PBS. MLNs were
separated and put into 1,5ml Eppendorf tubes with#603% FBS in RPMI(*) . In BL mice or control
pooled sample of MH@ EGFP, the whole complex was put into 1,5ml Eppendorf tubes witi0B00

of 3% FBS in RPMISpleen was localized and put into 1,5ml Eppendorf tubes witto603% FBS

in RPMI. Next, the wholantestine was transferred to a large Petri dish and PPs were sequentially
harvested into 1,5ml Eppendorf tubes with ZY@f 3% FBS in RPMI. The collagenase was added to

a concentration of 0,1 mg/ml to each tube and samples were incubated for 40 minut@s7(*) iA C
Thermoblock Next, the samples were always handled on KBTA was added to each sample (250x)
and the samples were pipetted through a cell strainer to a cleaBpieam was resuspended to 20 ml

in a 50 ml centrifugation tube and XD@vere stained per samplafter centrifugation (5 min, 300G),

and discarding the supernatant, the samples were resuspende@infID@iStain FcX™ PLUS (250x)

and transferred to a 98ell split into two for each sample (2 panels). After the centrifogatb min,

300G), the samples were stained by the myeloid and lymphoid panel mixtures for 30 minGtgse(20
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cell for PPs and 5@ for MLNs and spleenand then washed with PBS with gelatin twice. ZD0f
PBS with gelatin were then pipetted to eaample, along with Sytox Blue (ZIO0X).
1 When using dispase, PBS was used instead of RIFBSand the digestion took 10 minutes.
FBS was added along with EDTA to a finl concentration 3%)

4.2.2. Light sheet microscopy

During the whole process, the sample=re kept in dark.Harvested samples (as in previous section)
were transferred to a 1,5ml Eppendorf tube with formaldehyde for one houy.thexsamples were
transferred to a CUBIC 1 solutionfor2l days at 37 AC, dependihayg on
were cleared. Samples were then transferred to a WASH solution and were kept in a fridge for 1 hour.
Next, 1ml of 10000x (MLNs) or 20000x (PPs) diluted DRAQ5 solution in PBS was added to clean
1,5ml Eppendorf tube and samples were incubated icoldehamber for 4 days. The data were then
transferred to CUBI C2 solution and wdightshdee pt i
fluorescent microscopé&Zeiss Lightsheet Z)land ZEN software. Throuhout the whole process of

sample preparatioh, was assi sted by Karol2na Kn2gkovs§.

4.2.3. Data visualization

Stereomicroscopical images were visualized using Fiji software.

Lightsheet data were visualized by ZEN and Arrivis softwares.

4.2.4. Flow cytometry

Flow cytometry data were aquired from HTS, using @6ut of 2000 of the samplespeed 1,5The

acquisition was done usirgpplication settings for each panel.

4.2.5. Data analysis

Data were analysed usifigl o wJ o E1.with the. uge oFlowSOM plugin(basel on R). Statistical

evaluation was done using ANOVA testing in R.
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5. Results

To establish MHC HEGFP mouse model as taol for studying the entermammary pathway
hypothesis, a detailed anatomy and histology ofe¢fevant organs especially MLNs and PRwith

the help of microscopical techniques) as well relative and absolute cell numbers of immune cells in
studied organander physiological conditiorigad to be described. Optimalization of sample preparation
for light sheet microscopy and multicolooW cytometry had to be carried out and fineed to allow

for capturing even minute differences in the composition of lymphoid orcsursed by bacteria. GF
mouse served as a way to capture possible differences comp8&#fel (conventional microbiota &t
conditions.MHC II-EGFP mouse model was used as a tool for detadedndaryymphoid organ
dissection and further analysis by both microscopical and flow cytometric approachesriyination

of both methods the structural as well asghantitative(numerica) perspective on the composition of
MLNs and PPs could bepplied

5.1.Visualization of secondary lymphoid organs by stereomicroscopy

5.1.1. Mesenteric lymph nodes
The first step in both microscopic and cytometric experiments was sampleittmyulesenteric
lymph nodes were retrieved from the peritoneal fatty tissue and split into single lymph nodes. The
number size and 3[patternvaried significantly in both SPF and GF mice (4 including the colonic
lymph node, se€&igure 4 and Figure 3). MLNs were thenassigned a number according to tral
gradient thelast lymph node being the colonic lymph node) and lightsheet or flow cytorsainiples
were prepared. Neemarkablaifferences between SPF and GF mitleN morphologywere observed
(compard-igure4 andFigure3).
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Figure 4: Stereomicroscopic images of MLMNs3 SPF MHC HEGFP mouse. The last lymph node (colonic, lower j
asterisk3 is significantnly separated from the pack of other MLNs that usually only separate with disseutoying
number, configuration and size of MLNs can be seen. Arrows ardk2ie Peyer patches on the nearby small inte!

Scale bars: 1008m.

Figure 3: Stereomicroscopic images of MLNs in GF mice. Varying numbeyd#s as well as a "degree of cohesiveness

be observedSeparated colonic lymph node is indicatd by asteriSkale bars: 1000m.

5.1.2. Peyer patches
After the extirpation of MLNs, the whole intestines were extracteceaachinedor PPs in a sequential
order, from duodenum to the colon. This was performed not to lose the vital information about the

intestinal gradient in PPs, which could enabldirect comparison to the MLN gradiegain, the
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numbers of PPs in the small intestirsied across both SPF and GF animals {£8)5 as well as the
size of PPs, that could be consistingaf 1 A f o | | Figute®As Band G €hemajordifference
was observed in the morphology of coecal patnhSPF mouse thmorphologyof coecal patchs
usuallya singlebulky unit i splitting into of 2 patches in ansall distance from each otheras also
observedcompareFigure5A and B andresembles the PPs in the small inteste the contraryin
GF mice thecoecalpatch usally did not hold a cmpactstructure and was rather dispersedeveral
small units throughout the enlarged coecum {&gere5D). The colon contained-3 small patches
usuallywithin a small area, which were analysed as a whole due to their smalihicelimbers and

lower survival rate (see thidow cytometryi Optimalisation of disspation protocolsection).
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1000 pm

Figure 5: Stereomicroscopic images srhall intestinal PPscoecaland colonigpatctes.(A) PPs anctoecal patctwith typica
patternfrom SPFmousel mage c apt ur e(@) Cdegal patehvaridneir SPF mouseoecal patch made up o
separate units. (C) Small intestine of GBusewith asingle PP compposed of 4 individd#blliclesd. Small "dots" along th
gut stand forputative imicropatches, a structurevisible usingthe MHC IFEGFP mouse modédpartially attributable tc
cryptopatches or dispersed lyphoid tissyB) Dispersed coecal patch in GF moufe) Image of the whole intestine in £
mouse, from duodenum (left) to the colon (right). The intestines contain seven small intestinaé&® fatoh (arrow) ar

colonic patch. I mage captur ed BoalebhasIl®ém. a Gr ob8&8r ov §

5.2.Visualisation of MLNs and PPs using light sheanicroscopy

In MHC [I-EGFP mouse model overaliructural compositiom 3D of MLNs and PPsising MHC I+

EGFP mouse modethe samples for lightsheet microscopy were cleared via the adapted CUBIC
protocol (see Methods section) and the nuclei were stained with DRA&Kasier subsequent analysis
andpotential cell number determinatiofihe concentration of DRAQ5 had to be optimalised for each

analysed organ separatefhetested dilutios were5000x (MLNs), 7500x, 10000x and 20000x (PPs),
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with the finaldilution of 10000x for MLNs and 20000x for PPs. Tihiot experiment was composed of
two sets of MLNs from GF mice={gure 7, only one set is shown hera)ne set of MLNs from SPF
mice Figure6), and one set of PPs from the small intestiFigure8). MLNs needed to be carefully
liberatedfrom the fatty capsule, because DRAQRuId bind tothe fatty droplets féectively, resulting

in an extremely high backround the sampleParticullarPPs and the whole MLN complex from the
wtC57BL/6 mouse were used as antrol for autofluorescenceFigure 9). 3D acquisitions were
performedusing thdight sheet microscope Zeiss Lightsheet @@x objective lens and 488 nnGFP,

561 nmi autofluorescence, and 638 NMDRAQS laser$. The sample preparation andeasurement
were performed with theassi st ance of Kree rfiguted nsad fdfepresgriative § .
demonstration depict a singleapke from the acquisition. Despite the same dilution of DRAQ5 used,
PP2 sample exhibitgérom unknown reasorgmuch higheintensity ofDRAQ5 fluorescencecausing

the signal fromthe nuclei fuse together. Therefordis picture needed to be adjustearually for
presentation purposeall other images are set to the same threshold ratios.

The imagng datasetsvere acquired with the future perspective of countitigthe cells
(including MHC llI-positive cells)in the whole MLN/PP (or at least tlseannal# part of the sample
with the posibility to extrapolate to the whole volumEis has not ydieenentirely successful due to
the smallsized, densely packelymphocytes witthardly visible cellular borderscompare MLNs and
PPs(in the former less than0%6 of cells are MHC Hpositive according the flow cytometrical
evaluation while in the lattertiis the case for over 90% of célldespite deconvolution and several
algorithms useddowever the image®f all lymphoid organs imageseem comparable amoviously
contain a high protoptionf MHC II-positive celly, which make up the vast majority of ceitlsboth
MLNs and PPsas quantified byFlow cytometry(see nexthapter) To tackle this problem, new or
modified algorithms will likely need to be exerted in the fut(ineluding the artificial intelligence
basedeural networkswhich are already used in the laboratory to quantify the levels of microchimersim
in LSM datasets
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Figure 6: Representative LSM image$ (A
MLN sequence from SPF MHC-BHGFF
mouse (B) Detail depictingthe structure ¢
the 2nd MLN. Green: MHC IFEGFP
Magenta: DRAQ5Scale bars: 10@m.



1 00 pm | | 100 pm |

I 100 prm I I 100 prm I

'I 00 pm I H:II] pm I
Figure7: Representative LSM imageithe MLN sequence in GF mou&zeen: MHC I[FEGFP
Magenta: DRAQ5. Scale bars: 166n.
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Figure 8: Representative LSM image$ (A) the sequence of small intestinal
in SPF mouseThe second PP had to be optimised for visualization beac
extremely intensive DRAQSgsial. Green: MHC [FEGFP. Magenta: DRAQ
Scale bars: 10@m.
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Figure 9: Representative LSM imagief (A2 and A MLN structureand (Ba and B PPs in ¢
C57BL/6 mousecapturing "follicle" surrounded by intestinal villiGreen: autofluorescenc
Magenta: DRAQ5. Scale bars: 16fn.

5.3.Flow cytometry

Multicolor flow cytometry requires careful optimalization of each step in order to provide desired
results. Here, the parallel usage of two cytometry panels, myeloid and lymphoid (see Materials and
methods) was performed on the set of separate or pooled MLNs, PPs and tgpteetermine absolute

and relative numbers of cells in each category. Shown is the optimalization process asumetlsisg

findingsand limitations of methods and panels used in this setup.

5.3.1. Optimalisation of the disscciation protocol
Firstly, both ML Ns and spleen (used as a ficontrol 0 secon
immunity) were processed through a cell strainer and PPs were digested by dispase and then filtered
through a cell strainer to obtain single cell suspension. Howevelyid¢lie of myeloid cells was
extremelylow usingjust a cell strainewithout the enzymand the number and percentage of living
cells in PPs variechultifoldly wi t hi n a single mouse. Therefore, a
(Laboratory of Microbiallmmunology, Department of Cell Biology, Faculty of Science, Charles

University), the collagenasgissociatiorwas irtroduced To determine the effectivity amdbustnessf
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collagenase vs. dispase, bttkatmerg were performed 3 times on a whole setepfasated PPs from

a mouse. Theesults are presented ligure 10. Digestion by collagenagarovided a higher yield of

live cells and preserved the percentages of MHfoHitive cells(that could be skewed by different
dying rates of various cell typeketter than dispase. Therefore, collagenase was used as an enzyme of

choice for all subsequent experiments, both for PPs as well as MLNs and spleen.
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Figure 10: Comparisonof dispase and collagenase enzyme treatment on the wielving cells
MHC II-EGFP-positive cells and percentages of MHEEIGFP-positive cells in Peyer patches fr
thesmall intestine (PP_SI), coecal patch (PP_Coecum) and colonic patch (PP_Colon).
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5.3.2. Flow cytometry panels troubleshooting
Before the celldr composition of selected secondary lymphoid organs could be determined, a
compensation matrix had to be calculated for both lymphoid and myeloid phaalomposition of the
panelswas inspired by the panels used e Czech Centre faPhenogenomics, Biocev, Vestec
Especially the myeloid panel compensation proved challenging, as very low positivity percentages of
several markers were observadthe beginningn each of the studied organs. Therefore, single stain
controls for some markg, such as CD11b and F4/80, were performed on tissues with higher abundancy
of positive cells, in this case peritoneal cells (abundant in peritoneal macroplaage®y others, such
as Bst2,VersaComp Antibody Capture Beadere used. After the comperisa was made by my
colleagues, it was applied to the rsitained MLNs and spleen. However, as is demonstratétone
11, while peritoneal macrophages stain hightysgpively for both F4/80 and CD11b, no significant
double positivity could be observed in the studied organs. Therefore, after several unsuccessful
compensation attempts, F4/80 antibody veasovedout from the panel.

macrophages 3 macrophages
995 5 = ] . 2 99E-3

arTtao
qTrTdd

Figure11: F4/80 and CD11b staining of peritoneaglls(left) vs. MLN (rightpf SPF MHC HEGFP mouseNo reliable signe

could be determined for F4/80 outside of peritoneal macrophages.

In the case of Bst2, while the positivcould be determinely the staining beads, it could not
be observed after compensationtoastudied cells (seBigurel?). Therefore, after F4/80 was skipped
from the myeloid panelanew Bst2 antibody with differerftuorophore conjugate was introduced
instead of the original. After that, compensation matrix was successfiiigizedby my colleague Jan
Pales and FMO (fluor escenc eperfornedlsy mefaresdgme maskers r ol s
to clearly differentiate between positive and negative populations for gating purposes (FMO controls

attached in supplements).
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Figure 12:Staining of MLNs by original Bst2 BV605 fluorochroméleft) vs. new Bst2 PE fluorochromgright) used in th

final version of myeloid panel.

For lymphoid panel, most of the markers have clear, almost binary expression in the studied
organs. Therefore, less optimalisation was needed for the most part. However, in the original panel,
CD19 (APC) and CD3(APC-Cy7) antibody fluorescence was acquired by R1 and R3 detectors,
respectively, with relatively big spillover between these two cHanmhis proved to be problematic in
the course of time, as some days, the relationship between these two markers appeared to be not
compensated enough afdiagonafi instead of orthogonal relationship was obserdadaddition,

2 TCR signal was poorly disguishable. Toovercomethese problems, CD19, CD3 andiiCR

antibodies were switched as described in Materials and methods and new compensation matrix was
created by my coll eague VaiICRand@2%antibddi@scanb&fouad= MO ¢
in supplementsection, along with gating strategies for both panels and each organ)studied

However, as can be seen, the usage of the combination of R1 and R3 lasers was not restricted
to the lymphoid panel. Theery same problem with the diagonal formation (clearly demonstrated in
Figure13) could be observed in lymphoid panel between MHC Il and CD19 markers. This is the reason
aseparate analysis needed to be performed for 3 groups of myeloid iresititsut anydiagonal, with

aslight diagonal and with ab)complete diagonal.
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5.3.3. Data analysis with the help of unsuperised algorithms
Reflectingthe great variety of possible combinations of markers on different cell types, as described in
the theoretical section of this work, and relatively large panels used, the decision of not relying on
manual gating was made in ordercapture rare populations. Before any algorithm was run, the data
were pregated to get CD4positive cells (myeloid panel) or erythrocyftee fraction (lymphoid panel)
by conventional gating (see supplements) and manual quality control was periéftaethat, the data
or their downsampled fractions (to get untler2 million event limit in a concatenated sample) were
concatenated and FlowSOM analysis was performed with 25 desired metaclusters and 10 by 10 grid
size for both panels and all organsdan the case of myeloid panel for each diagonal staf3§)BL/6
mouse organ analysis was performed separaibb/resulting FlowSOM map was then applied to each
samplewithin a group The relatively lIgh number of metaclusters was the result of optiasion to
capture rare populations that were not otherwise separated (sittegsell®i CD3+CD4+CD25+
cells). Despite that, some populations, such as neutrophils were not separated in all organs and diagonal
status analyses (MLNs and PPs) due tortlogv number and could therefore not be quantiietbss
all samples. To captuf@reg cell®, the number of metaclusters in PPs needed to be further optimized
to 26 with a grid size of 13 by 13. Representative FlowSOM heatmaps for each organ canveel obser
inFigureld. Only the fino di agonal 0 vFomihaFowSOMsoutguh o wn f |
each population was verifidsy manual control (whether it formed single population in the expected
regon in FSCGA/SSCA dotplot and whether it formed a single population with uniform expression of
markers rather than a spectrum)n not at ed according to its phenoty
(with marker combinations characteristic of a known immutiepopulation) were chosen for further
analysisFor simplification, sme populations, such as B cellsoremory Tcellé ( f ur t hier expl
the chapter Ly6C vs. CD3vere analysed as pooled samsplé several FlowSOMmade populations
(they were splitito several populations by their differential mangesitivity expressiori MHC Il for
B cells(pooled low, medium and high MHCG-éxpressing populations of CD19 cédlls.g. populations
4, 5 and 9 for MLNs in myeloid panel (séégure 14A - left)) and Ly6C for memory T cells
(low/medium and high expressidnre.g. populations 21 and 23 in MLNdow levelsof positivity in
Ly6G were not taken into consideration becanisthe known issue with Ly6G false positivity using
current compensation). pDCs (population 1%-igure 14A - left) were assigned to a population with
high levels of Bt2 and Ly6C and low levels of MHC Il and CD11c. cDC1 and cDC2 (populatidns
and 11 and 13 ikigure14A i left, respectively) were characterized by high expression of CD11c and
MHC Il and differed in their expression of CD11b (low vs. high, respectively). Neutrophils (forming a
separate populian only in spleeri population 5 inFigure14B i left) were characterized as CD11b
high, Ly6G high and Ly6C high cells, with higher FSC and S8€&}ause F4/80 needeallie omitted,
macrophage populations could not be reliably identified

Lymphoid cells were assigned as follows: B cells (CD19+MHEG®FP+- population 3 in
Figurel4A i right), Th cells (CD3+CD4+popul ati on 15), Tc cells (CD3+
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cell so (CD3+CDA4 + CD 7 belts,(CDgo fiCR+- padpulaton 7) RKLcells (NK1.1+
cell s, popul ation 13), NKT cel |l sel(ICD3B +(NKE1L A+MHE
EGFP+CD25 +, popul ation 24) and AX0 | ymphocyte (

expression). These populations were then used for quantitative analysis.
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Figure 14: Heatmaps of FlowSOM populations fr¢A) MLNs,(B) spleen and PPE). Left- myeloid panel, rightlymphoic

panel.
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To better visualize and verify the FlowSOM output, tSNE analysis for some samples was
performed (bigger samples were first downsampled to0D00events). Irthe following figuresthe
representative tSNE outputs for all organs and parfiels ¢ di agonal 6 variant for
used) are visualized witHenoted marker expression as well as visual correlation with FlowSOM

analysis.
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Figure 15: The first 3 out of 7 MLNs visualized by tSNE algorithmyeloid panel
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Figure 16: MLNs 46 visualized by tSNE myeloid panel
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Figure 17: tSNE visualization of concatenated PPs from a single mouseloid panel.

In the case of data containing (sub)complete diagonal of MHC Il and CD19 markers, a manual

check for each FlowSOM population and sample was perforBeade populations were therefore split
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into B-cell and norB-cell fraction for further analysis not to introduce bias into the @il uniform

populations with combination of markers characteristicdi$tinctwell-known population were further

analysed
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Figure 20: The first 3 out of 7 MLNs visualized by tSNE algorithiymphoidpanel.
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Figure21: MLNs 46 visualized by tSNHymphod panel.
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Figure 24: MLN 7 visualized by tSNElymphoidpanel.
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Figure 22: tSNE visualization of spleerlymphoidpanel.
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Figure 23: tSNE visualization of concatenated PPs from a single mdysgphoidpanel.
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