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Summary

Thecontributionof the lung in shapin@NS autoimmunity is gaininglevance in the last yearSentral
nervous system (CNS) reactiVecells can acquire in the lung the potential to invade the ANS
experimental autoimmune encephalomyelitign animal rodel for Multiple sclerosis. Furthermore,

the lung microbiota by modulating the microglial phenotype can act on the effector phase ¢fiNi$
autoreactive process and regulate the disease severity. Finally, the lung can also represent a trigger
site for CNS autoimmunity. Indeed, very low doses of CNS antigen deliveretlantraaare sufficient

to trigger myelinreactive T cells to incbe EAEAS a repercussion of its main task of-gashange, the

lung represents the most extensive surface in contact with the outside environment and is the organ
with the highest level of oxygenation in the body. In this warlgrder to identify pulmongy factors

that can potentially contribute to the efficiency of the lung in triggering autoimmunitg
investigated if oxygen availability determines the function of @éStive T cells in the context of CNS

autoimmunity.

In vitro, we could observe thadn oxygerdeprived atmosphere impaired proliferation and effector
functions of myelirreactive T cells stimulated with the cognate antig@hese functional changes
were associated with a global reprogramming of the transcriptional profile. The hypdxialiss,

rather that impairing, triggered an upregulation of numerous transcripts mainly involved in glucose
metabolism and cell signalling events. These transcriptional changes were clinical relevant. Indeed
myelinreactive T cells stimulated in a hypogitvironment and retransferreth vivoproliferated less

than the normoxic counterpart did and induced a milder disease.

We then assessed if thege vitro findings could be translateid viva We could prove that T cells are
able to sense different oxygdaensions as they circulate throughout the organism. Furthermae,
observedthat myelinreactive T cells residing in the lung were less activated and proliferated less
when stimulated in the lung with the cognate antigen in animals kept under hypoxidticorsd These

data confirmed that alsan vivo the initial steps of T cell activation are depending on the
environmentaloxygen. Finally, when EAE was induced via-oing immunization in animals exposed

to whole body hypoxia during the initial steps Dfcell activation, the disease was milder and the

animals displayed an atypical phenotype.

Taken together, our results indicated that the T cells are able to adapt their function to a broad range
of environmental oxygen conditions by rapidly switching timeétabolism and transcriptional profile.
In the lung, the unique oxygen conditions favour T cells activation and proliferation and therefore

contribute to the capacity of the lung to trigger CNS autoimmunity.
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1. Introduction

1.1 Multiple Sclerosis

Multiple sclerosigMS) § an inflammatorgutoimmune condition affecting the central nervous system
(CNS), characterized by demyelinating lesions in both grey and white matter leading to axonal loss and
neurodegenerationCompston & Coles, 2008; Ransohoff et al., 20M&9generallyfirst appears in

young adultsaged between 20 and 30 yeaaad is moreprevalent in women than in menina 3to 1

ratio (Alonso & Hernan, 2008 About 2.3 millia people are affected worldwidand in Western
countriesMSrepresents one of the main causes of juvenile and adult displdéing responsible for

a significant portion of the expenditure of public health and care systems in these couFfieigm et

al., 2017) The pathogenesis of the disease is still under discusbidgra body of data suggests that
CN&autoreactive CD4cells play a major rolBahbouhi et al., 2010; Hohlfeld et al., 2016; Sospedra

& Martin, 2016)

Regarding its clinical manifestations, MS usually first appeaine form ofa secalled Clinicakblated
Syndrome (CIShn episode of focal neurological dysfunctiasting at least 24 hours that generally
remits completely within the period of one week. The most common signs and symptoms of CIS are

unilateral sight loss, numbness and tingling or balance prob(&assohoff et al., 2015)

Usually CIS givesse to the most common form of the disease, knownrampsingremitting MS
(RRMS), in which the disease presents in the form of clinical flares, isolated or separated iariine,
thereafterthe patientcan recovecompletely or some sequelae may remain. Typically, RRidISes
into a secondary progressive MSPMStharacterised by slow but relentless progression of the
diseasecourse In 10 to 20%of patients(Compston & Coles, 20Q8he disease manifests itself as a
primary progresivedisease form(PPMS), characterised liye lack of relapsingemitting episodes
and an ongoing steady progression from the disease on&etording to recent epidemiological
studies, the age of onset of PPMS is arodbglears, the age at which RRMSaafjenerdy progresses
to SPM$McKay et al., 2015)

1.11 Aetiology of MS and Risk factors
The cause of MS remains unknown. As for othetoimmune disorders such as type 1 diabetes
mellitus, MS is recognised as a multifactorial disease with a complex aetiohped by a

combination of genetiand environmental factors



Genetic risk factors

Evidence for a genetic component of MS wasniin populationbased studies that pointed to an
increased disease risk among close relatives of MS patients. The risk decreases with familiar distance,
the higher concordance rate (about 25 to 308€)ngobsered in monozygotic twingRobertson et

al., 1996; Ebers et al., 2000; Compston & Coles, 20D8¢r the years, mitiple genomewide
association studies (GWARve identifiedmore than 200 loci thattanindependently contribute to

the pathogenesiof the disease.Several of the identified genetic risk factors are associated with
immunerelated genesand are shared with other immune diseag@eecham et al., 2013}he first

loci to be identified were mapped on the Human Leukocyte Antigen (HLA) systeading for
molecules of the major histocompatibility complex (MHC). Specifically, the allele DR15 of the HLA
region (HLADRB1*15:01) has been linked with MS in both Northern European and Northern American
populations(Goodin, 2014)In a more recent revision, this allele has been linked to both an increased

risk of MS development and to a more severe disease phendBaenzini & Oksenberg, 2017)

Among the other identified risk genes, IL2RA, IL17Ra, TNFR1, TNFRSF1A IRF8, CD25, CD6 and BAFF, as
well as genes involved in the metabolism of vitamin D have gained special att¢bson &

Giovannoni, 2019; Sospedra & Matrtin, 2016)

Environmental factors

A variety of environmental risk factors hbeenassociated with the development of MS. The most
commonlyreported are childhood obesity, virmfections, cigarette smoking and dysregulation of the
gut microbiome as well as low levels of vitamin D related with low sunlight exp@&scherio, 2013;
Ascherio & Munger, 2007a, 2007b; Compston & Coles, 2688)ardinghe latter, the exposure to
ultraviolet radiation and increased vitamin D levels, especially before young adulthood, seems to exert
a protective effectgainstMS(Lucas et al., 2015; Munger et al., 2086} could therefore contribute

to explain the weldescribed latitudinal gradient of MS incidence, prevalence and related mortality

(Simpson et al., 2011)

1.1.2MS risk factors directly associateith the lung.

Many of the environmental factors reported to increase the risk of MS are-dissgciated.

Lung infections by influenzaaruses omembers of the Human HegsVirus family such as Epstein
Barr Virus (EBV) and Cytomegalovirus (CMV) have been linked to both an increased risk of MS
development and a worsening of the pexisting diseas@alenius & Hengel, 2014; Lang ef 2002;

Oikonen et al., 2011)EBV isa human herpesrirus infecting preferentially epithelial cells in the



oropharynges and B cellsftér infection, the viruspersists in latent form in B lymphocytes throughout
life (Hatton et al., 2014)Elevated titters of artEBV anbodies are found in serum of MS patients,
and an increased number of CDB cells directed against EBV are found in the circulation during
relapses of M$ANngelini et al., 2013; Pender et al., 201Rdstmortem studies have also revealed a
high number of EBV infected B cells in the CNS lesions of MS p&Berasini et al., 2017Recently

a longitudinal study conducted on 10 million young adults shotiradl EBV infection precededS
onsetandgreatly increases the risk of subsequéfs (Bjornevik et al., 20227t a mechanistic level,
molecular mimicry between EBV and Glufantigens has been propodédor the involvement of EBV

in MS pathogenesid.anz et al., 2022; Pender et al., 2014; Tengvall et al., 2019)

Regardinghe relationship between tobacco smoke and MS, cigarette smoking has been found by
several studies to be strongly associated with both an increased risk of developing MS and a stronger
and more rapid disease progressi@scherio & Munger, 2007b; Goodin, 2014; Hedstrém et al., 2013;
Hernan et al., 2001; Jafari & Hintzen, 201Byurthermore, the risk of disability progression is
significantly increased in patients that started smoking earlier in their lives; thesentmtiéso show

an increased risk of earlier development to a chronic clinical course of the di§gasdstrom &
Nystrém, 2008) Even passive exposure to tobacco smoke (sebamd smoke) has been related to

an early onset of MS in childréHedstrom et al., 2011)

Taken all together, these observations suggest that the lung could play a major role in the

pathogenesis of MS.

1.2Experimental autoimmune encephalomyelitis, EAE

The knowledge we nadays possess about the pathogenesis of d43wvell aseveral currentlysed
therapies are grounded onobservations madén animal models of the disease. Each model mimics
specific aspects of the disease. Unfortunately, no one model can recapitulagatine complexity of
MS. ne of the most relevant animal modete the study of MS is the secalled experimental

autoimmune encephamyelitis shorty EAE.

The germinal idea of EAE appeared by the beginninthefast century, within the context of

invedi A3 GAy3 GKS | ROSNARS STFSOiGa rRoesigB3(RastduNE Y t | & (
Illo, 1996) The vaccine was prepared from spinal cord of rabbits previously inoculated with the virus

andit led in some caseto paresis, ataxia, and impaired breathing and swallowing. In an attempt to
understand these unexpected adverse effeats] 925 Koritschoner and SchewinbiiKpritschonei&

Schweinburg, 1925pbserved that the injection of brain tissue from healthy shéa#p rabbits led to

limb paralysis, thus excluding a viral aetiology of the adverse effects. Shfiegty Thomas Milton



Rivers could shoved that several Rhesus monkeysoculated with rabbit brain developed
demyelinating lesiong the CNS, preferentially localizedbund bloodvesselqRivers et al., 1933;
Rivers & Schwentker, 1935; Schwentker & Rivers, 133d)also observed a correlatitretween
myelin content and diseas@ducing capacity of the brain extract, suggesting that myelin could be
responsible for the disease inductiofhese findinggogether with the developmenof an adjuvant,
YIEYSte& CNBdzyRQa O2 doijioSdby killedRvBatattefiim TaberGulosiand
paraffin oil able to boost the diseagEreund et al., 1945)ed to thedevelopment of the EAE model

(in this form called active AE, aEAE). Since these initial observations, the pathogenesis of EAE has
been extensively investigated. In the sixtigsyas demonstrated that T cells and not antibodies are
the trigger of the diseaséPaterson, 1960)Two decades later, Wekerle and Ben Ninserved that

the transfer ofin vitroactivatedmyelin basic protein (MBPpecific CD4T cells into healthy syngeneic
recipient animalsvas sufficient to induce the disease, thus identifying those cells as the culprit of EAE
(BenNun et al., 1981)

Since its establishment, the EAE moka$ been used in a wide variety of mammals, from pigs and
rabbits to norhuman primatesThe gradualefinement of the roént model has made EAE the most
widely usedmodel today to study CNS autoimmune threafdthough with variationsmainly
depending on animal specidmckgrounds and experimental protocols, thinical picture ofEAE is
mostly characterised byeight lossand ascending paralysistarting with tail tone affection that

developsfrom ataxia and gait disturbances to complete paralysis of the hind and forelimbs.

EAE can be induced by two different protocdlsactive EAE (aEAE) is indubg@mmunisationwith
CNSrelated antigensand 2) transfer EAE (tEAEnGuced bytransferringof in vitro activated CNS

reactiveCD4 T cellsn syngeneic recipients.

1.2.1Active EAE

For the induction of aEAE, animals are immun&dstutaneouslwith myelin antigens suchsanyelin
basic proteifMBB, myelin oligodendrocyte proteiMOGQG or proteolipid protein(PLP (Hemmer et
al., 2002) emulsifiedin CFA The myelin antigenis then presented tendogenousaive T-cells by
oprofessiond€ antigen presenting cell&PCkin thelymph nodedraining the immunisation sitéfter
being activated, theautoreactive T cellaindergo clonal expansion through several rounds of
proliferation and after soméays,they are released into the bloodsteen from where theyenter the
CNS byrossinghe bloodbrain barrier (BBB). In the target tissue, tB&lSreactiveT cells are once
more activated byencountering the cognate antigen presentedlbgal APCs. Thin situactivation

step triggersthe expresion of pro-inflammatory cytokines and chemokines thatluce a massive



recruitment of other immune cellsincluding lymphocytes and monocytesacrophages finally

leading toinflammation, demyelinatiomnd tissue destructio(Mix et al., 201Q)

1.2.2Transfer EAE

A crucial step in transfer EAE is theaddishment of CN&active T cellsn vitro. For this purpose,
animals are immunised subcutaneously with an emulsion of a myelin antigen and an adjuvant, as in
the aEAE set up. Shortly before the onset of the disead® (@ays after immusation), the draning

lymph nodes are removed and the isolated T cells are amplifiiro for one or several rounds by
stimulating them with the cognate antigen in presence of A@esNun et al., 1981)rully activated

T cell (blastsdre then transferred to naive recipient animals. As with the aEAE model, a few days after
transfer, CNSreactive T cells are released into the bloodstream from where they enter the CNS,
overcoming the BBB. Once in the CM® autoreactive T cells, upon in situ reactivation, trigger the

CNS inflammation associated with tissue damage and clinical signs.

The choice of EAE protocol depends on the experimental question. aEAE makes it possible to
investigate the initial event determining the priming of naive T cell in the lymph nodes; the transfer
model offers the possibility of genetically manipulating thiprit T cellsn vitroand then tracking and

functionally characterizing therim vivoduring the entire diseaseourse(Fligel etal., 1999a)
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T cell blasts

Figurel. Infographicdepicting the protocol of transfer EAEhe establishment of a transfer EAE protocol, making it possible
to manipulate CN8irected CD4T cellsn vitro prior to their injection, for instancey expressing fluorescent proteins that
allow the location of pathogenic cells to be tracked over the course of the disease. This has advanced research iofthe field
neuroimmunology. Scheme adapted from Merlini 2021.



1. 3Therole of thelungin CNS awimmunity

The tEAE model has beemployed tofind out aboutthe role of the lung in CNS autoimmunity. By
tracking fluorescently labelled effector memory T cells directed against Mg adlls) in tEAE in
Lewis rats, it could be shown thatgb cells fdlow a precise migratory pattern. Immediately after
intravenoudransfer, Tugrcells disappear from the blood circulation and home into the lung. Here, for
the first 12h, Tigrcells were found scattered in the lung tissue, whereas 24 to 48h after tratsher
were mainly localized around the bronchial structures and in the bronchial associated lymphoid tissue.
Two days after transfer,ukp cells were found in the lundraining mediastinal lymph nodes and 24
hours later, they could be detected in blood, esph and in peripheral organs. Starting on day 3 p.t.,
Tueecells entered the CNS, and this event coincided with the onset of the clinical sym(filiigel et

al., 1999a; Odoardi et al., 2012Vhile residing in the lung, the gene expression profile of the
transferred Tuspcells underwent a drastic reprogramming: the expression of transcripts related to T
cell activation and mliferation decreased, whereas the expression of genes related to T cell maotility,
migration and adhesion was upregulatdeiqure2). These global changes in the expression profile
licensed Wisrpcells to enter the CNShis work performed with tEAE not gnindicated that the lung
represents a hub forvgrcells on their way to the CNS, but also that the lung environment can shape

the encephalitogenic potential of effector T cells.

/T cell blasts /Migratory T cells
\ v \ v
@ e B l A E 3
Lung Blood and Spleen CNS

Migration genes
Activation genes ¥

Figure 2 . In the transfer EAE set upTuse cels home into the lungbefore invadingthe CNSIn a tEAE set up, upon
intravenous transfer, encephalitogenic CD4+ T cells home into the lung of recipient animals where they undergo a refined
change on their gene expression which confers them with thetabdiinvade the CN@doardi et al., 2012)nfographic
adapted from Ransohoff, 2012.

Further data also suggestthat CNS autoimmunity can be initiated the lung Indeed long living
memory Tusrcells, instilled at neonatal age in recipient animals and pergigtiroughout adult life
(Kawakami et al., 2005¢ould be activated in the lung by local delivery of the cognate antigen and

were able to induce CNS disedSmloardi et &, 2012)



In order to characterize the population of cells able to present the antigéme lung, in a preliminary

work | performed together with L. Hosangigures3 and 4), we administered intrarachealy (i.tr) a
seltquenched conjugate of ovalbum{OVAXhat becomes fluorescent upon proteolytic degradation
(DQOVA) We thenquantified the fluorescently labelled APCs in fbeg byflow cytometry. We
observed that 24h after antigen deliveB0% of MHC class ¢ells in the lung had beeable to (ptake

the fluorescent antigen. About the 80% of these potential APCs had a myeloid lineage, evidenced by

their expression of CD11b/c on their surfaEégre3).
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Figure3. Acell population inthe lung is able to take up antigenfrom the airways Intratracheal immursation of naive
Lewis rats with the fluorescent antigen BIY/A allowed our team to discover a subset of myeloid cells (CDINIBICIT)
residing into the lung able to uptake antigen from the airways and potentiadiggmt it to immune cellsA. Experimental
set up.B. FACS plots showing the BIYA derived fluorescence in ti@D11b/¢ MHCIt lungresiding population. Scheme
provided by Dr. L. Hosang

To prove that these cells were indeed able to activate T cellssolated them from the lung and set
them in culture together with restingmkrcells in the presence of cognate antigen; indeagrtells
could be activatedn vitro by the lungderived APCs and once transferred they were able to induce

the diseaseKigue 4).
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Figure4. Tugp cells reactivatedin vitro with APCs isolated from the lung are able to trigger a CNS autoimmune disease
upon intravenous transferAntigen presenting cells (APCs) isolated from the lung tissue were di#e, set in culture, to

fully reactivate myelin spcific CB# effector memory cells presence of the cognate antigen. Upon intravenous transfer,
these fully reactived T cells triggered in the recipient animals anA&A€hematic inphographic of the esqimental setup.

APCs, antigen presenting cells. MBP, myelin basic protein (here, cognate antigen)Effector memory T cells directed
against MBPB. Immune cell composition of the lung tissue. Pie chart representing the different immune cell tiopsila
found in the lung in matters of their frequencg. Clinical course of EAE induced by intravenous transfeigf cells
reactivatedin vitrowith APCs isolated from the lung tissue. Dots connected by lines represent the changes of body weight
in maters of percentage. Bars represent the clinical score of EAE. M&&id (standard error of the mean) are represented.
n=4. Edited image courtesy of Dr. L. Hosang.

Finally, in order to establish a system where the roltheflung in triggering CNS autoimunity could

be systematically investigated, we transferred naive recipient animals with restggcdlls, and
immunised the animals ithe lung with the cognate antigen. Upon immunisation, these animals
developed a classical paralytic disefldesang et al., 20223milar to the one observed in the transfer

set up.

The most striking feature of this luagduced EAE model was that very low doses of antigen, i.e. 100
to 1000 fold lower than the one used in the classical subcutanedngdlyced active EAE, were

sufficient to trigger the disease.

Theseobservations indicate that the lung is not just capable but also extremely efficient in triggering

CNS autoimmunity.



The main task of the lungs is to supply the organism with oxygen required for the most basic chemical
reactions that define life. To do this, the lung tissizsa huge exchange surface of over 100with

the inhaled ambient air, whiclonly lately has beenacknowledged as a nesterile environment,
colonized by a rich microbiom&he observations made in #animal models with the epidemiological
observations identifying lung infections, inflammatory processes and cigarette smoking as risk factor
for MS together with the lung&role of providing oxygen to the body and the presence of a lung
microbiome prompted us to investigate the role of the lung environment in the context of CNS

autoimmunity.We decided to focusn two unique features of the lung tissue:

1 The presence of a distinct lung microbiome

1 The environmental oxygen availability that is highethia lung than in any other organ

1.3.1The lung microbiome as moderator of CNS autoimmunity
Humans are colonised by microbial flora at all contact surfaces with the outside world. While the
structure and function of the microbiome of the intestine orrsks well understood, it was long

assumed that the lungs were sterile, i.e. had no bacterial colonisation at all.

In a recently published workyhich | took part of(Hosang et al., 2022ye were able to determine
that the composition of the lung microbiome plays @nportant role in EAEWe showedhat a low
dose of locally applied antibiotic, able to alter the composition of the lung microbiome, was sufficient

to strongly alter the susceptibility of the CNS to an autoimmune process in animal models for MS.

Searchingo explain how changes in the composition of the lung microbiome affect autoimmune
processes in the CN®ie excluded T cells, different populations of myeloid cells (resident and
circulating) and endothelial cells from the CNS blood vessels as a tatigetwfig dysbiosis and found

the effect to occur directly inside the CNSJpon local application of antibiotic in the lungse
described a change the phenotype of microglial cells of the brain the CNS of antibiotiteated
animals, microglial call showed a lower number of processes, with thicker and shortened
ramifications in comparison with nameated animals.Thesephenotypic changes of the ioroglia
went along with profound functional changes: the microglia reacted significantly less upon
inflammatory $imulations, which resulted in a reduced recruitment of immune cells into the inflamed

brain tissue justifying a reduction of the disease strength in antibiotic treatment aniFiglsre5).

Furthermore,we identified a compound in the bacterialall of Grammnegative bacterianamely
lipopolysaccharide; shortly LPS as theone beingresponsible for thecemote effect observed in

microglial cells.
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Figure5. Thelung-microbiome regulates CNS autoimmunity by conditionimgcroglial reactivity. TheLP Soroducing subset

of lung microbiome sidentified as modulator of CNS autoimmunity by a distal effect exerted on microglial reactivity. Local
treatment in the lung with antibiotics modified the composition of the lung nfi@wane and showed a protective effect

against CNS autoimmunity in a novel EAE model based on the reactivation of myelin directed T cells into the lung. Reproduced
from Hosang et al, Nature 2022.

1.3.20xygen levels as regulator factor of the immune respons

In the adult human, the lung alveoli represent the largest surface in contact with external
environment covering about 70rhof surface(Holt et al., 2008; Wiebe & Laursen, 199%5)ich a broad
surface is needed to efficiently fulfil the task of gas exchange that the lung is solely in charge of.
Facilitating and allowing the uptake of @y haemoglobin in red blood cellsi@d the release of CO

from blood in order to make possible the metabolism of all tissues and systems in the organism, was

long thought to be the only function of the lung.

As direct repercussion of the anatomy of mammalian organisms, the oxygen avgilaftitiin the
organism differs significantly from organ to organ and tissue to tissue, the lung and the upper airways
beingconstantly exposed to a higher oxygen tension, which decreases as the vascular system diverges
and integrates into the different orge (Michiels, 2004; Semenza, 2003)joreover, it has been
demonstrated by the use of oxygesensing probes in laboratory animals, that in healthy conditions
certain organs are characterized by a very low oxygen availability within their parenchyimas the

case of the small intestine but also of several immune organs such as lymph nodes, thymus or spleen
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(Braun et al., 2001; Caldwell et al., 2001; Keeley & Mann, 2019; Taylor & Colgan, Tk gjeady
state oxygen level can change in altered physiological conditions. Inflammfaiaxample, is well

known to promote a hypoxic environme(arhausen et al., 2005)
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Figure6. Oxygen tensions in a selection of human tissues in comparison to standard cell culture cond@iethsulture
conditions used in most of research works represent usually a kypggenated atmosphere to cultured cells reaching levels
up to ten times in folchigher than the physiological oxygen tensions reported in living tissues. Adapted&io&nMootha,
2019

There are substantial differences between oxygen tension experienced by cells in tissues in a living
organism andhe cell culture conditions routinely used in the labs. The oxygen tension in room air at
sea level or in a humidified incubator are 160 mmHg (20.9%) or 140mmHg (18.5%), respectively, and
therefore even higher than the oxgg tension experienced by a cualithin the pulmonary vein (100
mmHg, 13%)Rigure6). These supraphysiological oxygen tensions can affect cell metabolic processes
(Prabhakar & Semenza, 201§¢nerating changes in cell proliferatiGHubbi & Semenza, 201&hd
differentiation (Hawkins et al., 2013among others. Based on these observationghe last years
several new conceptsave emergeduch as, physioxia or physiological hypoxia referring to cell culture
performed at oxygen conditions, more similar to the ones experiencealdatlembedded in a tissue

of the organism. These concepts broke the long stablished conceptual dichotomy between normoxia

and hypoxigAtkuri et al., 2005; McKeown, 2014; Ast & Mootha, 2019)
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In the field of immunolgy, it has become increasingly clear that oxygen availability shapes the
function of both the innate and adaptive immune response modulating immune cell differentiation,
function and overall metabolism (revied in Krzywinska & Stockmann, 2018). The resgoto
oxygen is orchestratechainly by the transcriptional regulator hypoxisducible factor (HIF), which
controls a wide range of oxygen responsive target g€kesywinska & Stockmann, P&, Larbi et al.,
2010; Tao et al., 2015; Tripmacher et al., 2008)

Under normoxic conditions, the cytoplasmic prétyidroxylase domain (PHD) proteins catalyze the
oxygendependent hydroxylation of HIFIproteins allowing it to be recognized by the von Hippel
Lindau (VHLprotein, which serves as E3 ubiquitin ligase triggering the degradation of Hif-the
proteasome. Under hypoxic conditions, the lack of oxygen available impairs the activity of PHD
proteins and norhydroxylated HIF1Lcan bind with HIFL The HIF1 -heterodimer translocateinto

the nucleus wherdt binds to hypoxia responsive elements (HRE) on the DNA and prerinate
transcription of hypoxianduced genes(Cerychova & Pavlinkova, 2018; Fong & Takeda, 2008;
Weidemann & Johnson, 2008)

Regarding T cell biology, it heeen demonstrated that culturing T cells under more physiological
oxygen concentrations induces numerous changes in T cell propertiely, Fipsin antigen mediated

T cell stimulation in 1% to 5% of oxygemvironment,T cell proliferation is reduced asmpared to a
Gy 2NY2EAOE Sy A NP ARSI \Btal., 8005 200Z Larbi et al., BOA0O Loeffler et al.,
1992; Naldini et al., 19977 his effect was maintained even whastrong mitogenic stimuli (such as
CD2&r I1-2) were providedClambey et al., 2012nd was due at least in part; to hypoxiamediated
alterations ofthe T cell receptof(TCR signaling via impaired calcium entfiylakino et al., 2003)
Secondly, in physiological oxygen conditiohsellmetabolism is shifted towards glycolysis and the
redox status of Tells increasgsesembling more closely the one assedin vivo(Atkuri et al., 2007;
Larbi et al., 2010; Tripmacher et al., 2008)irdy, also T cell differentiation and effector function are
influenced. Indeed, in 5% oxygeonditiors, the differentiation of naive T cells in Thl7 cells was
accelerated. Furthermore, in similar oxygen conditions, the lytic capacity of TB@&8lIs and their
cytokine production were increased. Finally, the survival of T cells was also shawni#dy depend

on the oxygen conditiongCaldwell et al., 2001verall, thesén vitro data demonstrate the impact

of oxygen availability on T cell functidsut in additionthey imply that T cells are extremely plasiic
being able to perform their function within a large range of environtakoxygen conditions. Even in

severe hypoxic conditiqii cells are still functional.

This capacity of T cells to adapt their function to different oxygen conditions can be of relémance

vivo. Here, T cells encounter a wide range gf@en tensions wite migrating through the different
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tissues toaffect their function. During development, thymocytes are localized in the relatively low
oxygen environment (<5 mmHg) of the thymus. LateatureT cells travel in any organ of the body
experiencing oxygerehsion ranging from 3 mmHg to 100 mmtdg@grox.0.99% to 13%)Higure §.

In pathological conditions such as inflammation and tumbicells can be exposed for prolonged
periodsto a hypoxic environment. How these different oxygen tensions affect T oelidn is poorly
investigated even if some evidence comes from the tumor field. Indeed, by using a model of lung
metastasis, it has been shown that in the lung the relatively high tension of oxygen determines a local
tolerogenic environment restraining ii@immatory CDZ4and CD8T cell responses and permitting
immunosuppressive. cell differentiation. Such oxygeependent immunosuppressive pulmonary
environment prevents inflammatory responses against innocuous foreign antigens but it fosters
tumor colorization (Clever et al., 2016; Deng et al., 2013; McNamee et al., 2013; Westendorf et al.,
2017) A further study showed that cytolytic activity and effector functions in CD&lls were
increasedin vivoin the hypoxic tumor envirament through the activation of the HIF signaling

pathway(Doedens et al., 2013)
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2. Aims and objectives

The am of myproject was to investigate the role of lung microenvironment in CNS autoimmunity.

Specifically, | tested the hypothesis that a unique characteristic of the lung, namely the presence of
an oxygen tension higher in the lung than in any other tissue, qaalga role in the capacity of the

lung to trigger CNS autoimmunity

2.1Impact ofin vitrohypoxia on ygpcell properties.

In order to examine the relevance of environmental oxygen tensions on T cell function in the context
of CNS autoimmunity, we stutated Tuspcellsin vitrounder normoxic (20% oxygen) and hypoxic (1%

oxygen) conditions and we then evaluated the consequences of these manipulations at several levels.

9 Atcellular levelbyin vitro assessing proliferation, cell viability and effediamctions.

9 At transcriptomic levelby performing a systematic transcriptome study in order to tie down
the changes in the gene expression triggered by the hypoxic stimulus in the contexdrof T
reactivation at different time points upon antigen encounter

1 Atclinical level, by testing the encephalitogenic potentialh@k€ells stimulatedn vitrounder

hypoxic conditions in the context of transfer EAE.

2.2 Impact of wholebody hypoxia on EAE

To investigate whethethe oxygen tension present in the lurmgan affect CNS autoimmunity, we
induced active EAE via inttaacheal immunization in animals previously transferred witaeEells.
We then exposed the animals to whole body hypoxia (10% oxygen) during the phagg oéIT

activation in the lung. Filly, we evaluated the consequences of these manipulations at several levels.

1 Atcellular levelby assessing ex vivadecell proliferation and effector functions.
9 Atclinical level, by testing the encephalitogenic potential gfrTells stimulatedn vivo in

hypoxic conditions in the context of active EAE induced via the lung.

15



16



3. Material and Methods

3.1 Materials

3.1.1 Media and buffers

Unless otherwise indicated, all buffers were prepared with water purified with a@Qpurificaton

system (Merck, Germany).

Phosphate buffered saline (10x P 8.1 mM
1.47 mM
137 mM
2.68 mM

Ammonum-chloride-potassium 150 mM
1mM
0.1 mM

Dulbecco's Modified Eagle Medit 13.4 ¢/l
3.72 ¢/l

Eagle's HEPES medium (EH) 75%
25%

T cell medium (TCM) 950 ml
10 ml
10 ml
10 ml
10 ml
10 ml
4 ul

Restimulation Media (RM) 99%
1%

T cell growth factor medium (TCC  88%
10%
2%

FACS buffer 2 mM
0.5%

NaHPQ (Roth, Germany)

NaH.PQ (Roth, Germany)

NaCl (Roth, Germany)

KCI (Roth, Germany)

adjusted to pH 7.27.4 with HCI (Roth, Germany)

NH,CI (Roth, Germany)

KHC®(Roth, Germany)

Na2xEDTA (Roth, Germany)

adjusted to pH 7.27.4 with HCI (Roth, Germany)

DMEM Powder (Thermddher Scientific, USA)
NaHC®(Roth, Germany)

DMEM
HEPES 1M (Thermo Fischer Scientific, USA)

DMEM

Penicillin/Streptomycin (Thermo Fisher Scientific,
Sodium Pyruvate (Thermo Fisher Scientific, USA)
L-Asparagine monohydrat (Sigrdddrish, Germany)
L-Glutamine (PAN Biotech, Germany)
Non-Essential Aminoacids (Thermo

i -Mercaptoethanol (Roth, Germany)

TCM
Rat serum (in house production)

TCM
Horse serum (Merck, Germany)
IL-2 containing supernatant

Na2xEDTA (Roth, Germany)

Albumin Faction V (Roth, Germany)
in IXDPBS-C&*-Mg?")
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Freezing medium (FM) 80% Horse serum (Merck, Germany)
10% TCM
10% Dimethylsulfoxid, DMSO (Roth, Germany)

Thawing medium (TM) 90% EH
10% Fetal calf serum (Merck, Germany)

Isotonic pecoll (Isopercoll) 90% Percoll (Cytivia USA)
10% 10x PBS

Underlaying percoll 7 ml  Isotonic percoll (Isopercoll)
3.9ml 1xPBS

ELISA blocking buffer 5% BSA
in 1xPBS

ELISA washing buffer 0.05% Tween20 (Roth, Germany)
in 1xPBS

3.1.2 Ragents, chemicals and sera

Reagent Source

Albumin Fraction V Roth, Germany

APC beads (BD Calibrite) BD Biosciences, USA

i -mercaptoethanol Roth, Germany
Collagenase from C.Hystolyticum Merck, Germany
Chloroform Roth, Germany
Diethylether Roth, Germany

Dimethyl Sulfoxide (DMSO) Roth, Germany

DMEM powder Thermo Fisher Scientific, U
DNAse Roche, Switzerland

DPBS (10xyithout CaGland MgCl Thermo Fisher Scientific, U
Fetal Calf serum Merck, Germany

Glycogen Roche, Switzerland
Glycobluecoprecipitant Thermo Fisher Scientific, U
G-418 sulfate solution Capricorn Scientific, Germa
HEPES Thermo Fisher Scientifit) S/
Horse serum Merck, Germany
Hydrochloric acid (HCI) Roth, Germany

Incomplete Freund's Adjuvant (IFA) BD Biosciences, USA
wSO2YoAyYy Iyl wlk G LydsS Preprotech, Germany
Isopropanol (2Propanol) Roth, Germany
Lymphocyte separation medium 1077 (LSM1(PromoCell, Germany
Ketamine Medistar, Germany
Paraformaldehyde Roth, Germany
TRiReagent Merck, Germany

Trypsin EDT#olution (10x) Merck, Germany
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gPCR Martermix Eurogentec, Belgium

Xylazine Echuphar, Belgium
Nucleasefree water Thermo Fisher Scientific, U
Percoll Cytivia, Sweeden

Rat serum In house production
eBioscience FoxP3/transcription factor stainirThemo Fisher Scientific, U¢
BD Perm/Wash 10x Buffer BD Biosciences, USA
Pimonidazole HCI Hypoxyprobe, USA

3.1.3 Antigens and adjuvants

Product Specifications Source

Myelin Basic Protein (MBP) Isolated from guinea pig's brainsin-house production
Ovalbumin (OVA) from chicken egg whiNone Merck, Germany

DQOVA None Thermo Fisher Scientific, U
Complete Freunds Adjuvant 40 mg M. tuberculosis H37Ra BD Biosciences, USA

10 ml Incomplete Freunds AdjuviBD Biosciences, USA

3.1.4 Antilodies

Antigen |Antibody Fluorochrome¢Clone DilutionProducer

h i ¢ / |Mouse IgG1 antiat AF647 R73 1:200 [BioLegend, USA
CD4 Mouse IgG1 antiat PE/Cy7 W3/25 1:200 |BioLegend, USA
CD8a |Mouse IgG1 antiat PerCP 0OX8 1:200 |BioLegend, USA
CD25 |Mouse IgG1 antiat PE 0X%39 1:200 |BioLegend, USA
OX40 |@a2dzaS Laibpatox ¢ I|Bv42l 0X40 1:200 [BD Biosciences, U
FOXP3 [a 2 dza S L 3F-mowse/rat/hurhayiPE 150D 1:200 |BioLegend, USA
LCbifa2dza S L I @NFENg ¢ | yPE DB1 1:200 |BioLegend, USA
IL17a wl G L 3 Bnedse IL17A4 Y ( A|BV421 TC1118H10.]1:200 |BioLegend, US
None [@2dzaS L3IDm ¢ L a 2|PE MOPGC21 1:200 |BioLegend, USA
None |Mouse IgG2b Isotype ctrl Bv421 MPC11 1:200 |BD Biosciences, U
None Wl & L3AIDMZ ¢ La&g2idBval R334 1:200 |BD Biosciences, U
HP1 Mouse IgG1 mAb conjugated ATTO 594 1:200 |Hypoxyprobe, USA

3.1.5 QPCR primers

Gene (Abbreviation) Sequence

3 actin Forward (53" GTA CAACCT CCTTGC AGC TCC™
Reverse (35" TTG TCG ACG ACG AGC GC
Probe: FAM5'-3'-TAMRA CGC CAC CAG TTC GCC ATG GAT
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Probe: FAM5'-3'-TAMRA

Probe: FAM5'-3'-TAMRA

Probe: FAM5'-3-TAMRA

N}d LCb* Forward (53)
Reverse (35"

rat IL17A Forward (5'3")
Reverse (35"

rat FoxP3 Forward (53"
Reverse (35"

3.1.6 Kits

Kit

RevertAidrirst Strand DNA Synthesis kit

AAC AGT AAA GCA AAA AAG GAT ¢
TTC ATT GAC AGC TTT GTG CTG C
CGC CAA GTT CGA GGT GAA CAA

GAG TCC CCG GAG AAT TCC AT
GAG TAC CGC TGC CTT CAC TGT
ATGTGC CTGATGCTGTT

TGG CAA ACG GAG TCT GCAA
TCT CAT CCA AGA GGT GAT CTG (
AGC CGG GAG AGT TTC TCA AGC

Producer
Thermo Fisher Scientific, U

Rat IFN Standard ABTS ELISA DevelopmenPreproTech, Germany

Rat IL17a ELISAMAYeluxe Set

BioLegend, USA

3.1.7 Equipment and consumables

3.1.7.1Equipment

Equipment
Cryobox

Metal cell strainer (100um)
Multichanel micropipette 36800 pl
Pipettes (1; 2.5; 10; 20; 100; 200;
Pipettus

Rat intubation stack

Small animal laringoscope

Small animal laryngoscope-2S
Surgical instruments

Tuberculin glass syringes

3.1.7.2Consumables

ltem
Cannulag(18G, 20G, 24G, 26G)
Cell culture plates 612, 24, 96)

Source

Nalgene, USA

UMG technical workshop,
Starlab, Germany
Eppendorf, Germany
Hirschmann, Germany
UMG technical wikshop,
Penn Century, USA
Penn Century, USA

Fine surgical tools (FST), Germe
Poulten & Graf, Germany

Source
B. Braun, Germany
Thermo Fisher Scientific, USA
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Cell strainers (40, 70, 100um)
Conical centrifuge tubes (15, 50mL)
FACS tubes

gentle MACS C Tubes

Parafilm

Petri dsihes

Pipette filter tips (10, 20, 100, 200, 1000uL)
Pipette tips (10, 20, 10200, 1000pL)
gPCR plates

Reaction tubes (0.2, 1.5, 2mL)
Surgical suture

Syringes

Winged catether (18G)

3.1.8 Instruments and machines

ltem

Cytoflex S

FACS\riall ASORP

gentleMACS dissociator

HeracellM 240cell culture incubator
InvivO2 1400 hypoxia workstation
Laminar flow lbod HERA safe KSP
Microcentrifuge 5418 R

Small animal laringoscope

Sorvall Heraeus multifuge 1R5
StepOne Plus RACR system

Greiner BieOne, Austria/Germany
Greiner BieOne, Austria/Germany
BD Biosciences, USA

Miltenyi Biotec, Germany
Pichiney Plastic Packaging, USA
Greiner BieOne, Austria/Germany
StarLab, Germany

StarLab, Germany

StarLab, Germany

Sarstedt, Germany

B. Braun, Germany

B. Braun, Germany

B. Braun, Germany

Source

Beckmarcoulter, USA
BD Biosciences, USA
Miltenyi Biotec, Germany
Thermo Scientific, USA
BakerRuskinn, USA
Thermo Scientific, USA
Eppendorf Germany
Penn Century, USA
Thermo Scientific, USA
Applied Biosystems, USA

Sunrise Plate readesystem Tecan, USA
T100M Thermal Cycler BioRad, United Kingdom
Tissue chopper Mcllian, USA

3.1.9 Software

Microssoft Office (2010, 2016)
StepOnePlus Software (Version 2.0)
R (version 3.6.0)

R Sudio

DAVID Bioinformatics Resources (2021
Update)

GraphPad Prism (version 8)

FlowJo (version 10)

FACSDiva Software (version 8.0.1)

Microsoft, USA

Applied Biosciences, U<
R Core Team

Rstudio, USA

NIAID/NIH
GraphPad, USA

BD Biosciences, USA
BD Biosciences, USA
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3.2 Methods

3.2.1 Animals

Wild-type (wt) rats on a Lewis (LEW/Crl) background (Rattus norvegicus) were bred at the animal
facility of the University Medical Centre Gottingen (UMG, Germany). The animals were kept in GR
9000 IVC (individually ventilated cages) under specific pathérgen(SPF) cdalitions on a 1zhour
light-dark cycle and ad libitum access to food and drink. No differences in experimental outcome were

noted between sexedll experiments were performed in accordance with the local regulations

3.2.2 Generation and culture of primancell lines

Rat CD4T cells reactive against myelin basic protein (MBP) enginegitbda retroviral systento
express green fluorescent protei@EP) were generated as previously descrifgédgel et al., 1999b;
Kawakami et al., 2005; Lodygin et al., 2088jortly, 6to 8 weeks old female wild type Lewis rats were
subcutaneously immunised with a 1:1 emulsion of complete Freund adjuvant (CFA) containing
Mycobacterium tuberculosigxtract (BD Biosciences, USA) at a concentratiorinog/ml (final
concentrationjand MBP a& 0,5mg/ml concentration(final concentrationjnder shortlasting diethyl
ether anaesthesiaThe immunization emulsion was directly prepared inside the tuberculin glass
syringes (Poulten & Graf, Germany) used for the injectidotal of 15Qul was injeted at the base of

the tail (50ul each side) and into the popliteal cavities (25ul each d\ile¢.days after subcutaneous
immunisation the animals were euthanized by £@sphyxiation and the draining lymph nodes
(popliteal, inguinal and paraaortic) weisolated, retrieved and mashed through a 100isterile
metal cell strainer. The & Y LIK coflsésfefision was aniltured with GP+E86 packaging cell lines

producing replicatiordeficient retroviruses carryingldeomycin G418 resistance cassette.

Priorto the coculture establishment, the packaging cells were previously expanded in 78eim
culture flasks in €ell media (TCMjontaining 10% FCS at 5%,@ad 37°CAfterwards, the GP+E86
cells were susgnded inrestimulation media RM) and plated in 96vell U-bottom plates at a
concentration of 1.%1C cells per plateAt least fivehourslater, the lymph node cell suspension was
addedto the GP+E86 cells in eaafell at a concentration of 201X° cells per plateAntigenwas then
added to a final corentration of 20ugml. Cells wereculturedat 10% C@and 37°C fo#8 hours prior

to the addition of 50juof T cell growth factor media (TCG#r well. One to two days after TCGF
addition, cells were transferred to 98ell flat-bottom platesand negativerl cell selection was started

by supplementing the culture mediaith G418 to a final concentration of 0.4mgim

Seven days (D7) after the initim vitro stimulation, T cells weree-challenged with the cognate

antigen (first restimulation). For this poose, 100 of supernatantwas carefully removedn each
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well andsubstituted with 100jiof fresh RM containing 1.4 x 40radiated (30Gy) rat thymocytes,
serving as antigen presenting cells (APG3)g/ml of MBP and).4mg/ml of G418. Two days later,
50ul/well of TCGF supplementazbntaining G418 were added to each well. Thaay after, T cells
were selected according to theonfluence reached in eaetell andtheir fluorescence brightnessnd
pooled into 10cmcell culturedishes.Seven daysfter this first restimulation, T cells weragain
challenged withtVIBP at a 10pg/ml concentratigigecond restimulation) in presence iofadiated rat
thymocytes at a 20 to 1 ratio (20 thymocytes per counted T cell). This skyerestimulation cycle
could be repeatd up to the ' restimulation. After the 2 restimulation, T cells could be frozen and
stored in liquid nitrogenkor that purposeT cells in a resting state (d&yr 6 afterantigen encounter
were counted and centrifuged at 30RCFand 4°C for 6 mirtes, resuspended ifreezing medium
(FM) and aliquoted into freezing vials in volumes of 11per vial The freezing vials were cooled down
to -80°C into freezing boxes (Cryobox, Nalgene, USA) before being tranééerdiety term into liquid

nitrogen sbrage system

3.2.3T cell culturaunder hypoxic conditions

Prior to each cell culture experimentygkcells where thaw in pre warmed Thawing medium (TM) at
37°C, spun down for 6 minutes at 4°C and 300 RCF; then counted and resuspended at the required
concentration.For the culture of T cells under hypoxic conditions, an InvivO2 1400 workstation (Baker
Ruskin, USA)ystemset at 1% @ 5% Cg) 37°Qof temperatureand 65% of relative humidity was used.

The control (normoxic) group for hypoxic restimulatexperiments wageptin anormal cellculture

incubatorunder 5% Cg&conditions.

3.24 Experimental autoimmune encephalomyeliEAE)

Transfer EAE

Transfer EAE (tEAE) was induced in naive recipient Lewis rats with aged between 8 to 10 weeks.
Animals wereshortly anesthetised with diethyg¢ther and intravenously transferred with either 2 £10

or 0.25 x10 Twercell blasts (Z day afterin vitroantigen encounter). After transfer, clinical score and

body weight changes were registered on a daily basis.

Lungactive EAE
Lung EAE was induced as recently describleddng et al., 2032Shortly, naive animals aged 7 to 10

weeks were injected intravenously with 7.5 RI@sting Tuee cells (five or six days after antigen
encounter) under shorlasting diethylether anaesthesia. 4 hours after that, the animals were
immunised into the lung with an emulsion consisting of equal parts of guinea pig MBE agaml|
(cognate antigen) in CFéontaining200 g /ml of Mycobacterium tuberculosiBl37Ra extractn

minerd oil. For the immunisation procedure, the rats were fixed on a stand in uppigsitionand
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slightly leaing backwards (at 70° in relationship with the operating table). @) emulsion per each

300 g of body weight were instilled in the trachea, poesly located with the help of a veterinary
laryngoscope for small animals (Penn Century, USA) throndi8@ flexible winged catheter. The
complete procedure lasted typically about one minute per animal. After immunisation, clinical score

and body weighchanges were registered on a daily basis.

EAE Clinical scoring

The severity assessment of EAE semiology was done using a 0 to 5 scoring scale, where 0 corresponds
to no neurological affection and 5 relates to a moribund state. The detailed scale igddser the

table that follows:

Score EAE signs

0 No neurological affection
Tail paralysis
Ataxia
Hind limb paralysis
Tetraparesis
Moribund state

g b~ WDN PP

Disease states located in between two grades of the scale were given a score of +0 &ncentiplg

the last fulfilled scalestep.

In some experimental saip (specified in the text), animals developed an atypical clinical course. In
such circumstances, one point was given for every completely fulfilled category in the previous table

and 0.5 scong points were given for partially affected criteria.

3.25 Exposition to whole body hypoxia

For thein vivohypoxia experiments, the cage used for the regular housing of the animals was place
without lid into a in houséuilt hypoxia station made outfanethacrylate planks, sealed together to
prevent atmosphere exchange. The gradual establishment of the final atmosphere containing 10% O
was achieved within the first 30 minutes of exposure. Afterwards, the oxygen composition of the
atmosphere inside thehypoxia station was kept constant for the period contemplated in the
experimental design. After the selected time, animals were brought back to room air and housed as

regular.

To achieve proper atmosphere control, the set up was equipped with a ProQkd6@tmosphere
control unit (BioSpherix, USA). The ProOx360 unit is equipped with an oxygen sensor inserted into the

wall of the hypoxia station. The ProOx360 incorporates an integrated gas injection system, used to
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pump Nitrogen gas into the hypoxia stat until the set atmosphere is achieved. A silent fan is
integrated into the construction of the hypoxia station in order to guarantee the equal composition

of the generated atmosphere.
3.26 Organ retrieval and processing

Euthanasia and perfusion

Animals were euthanized by subcutaneous injection of a lethal dose of ketamine/xylazine, irag150
/IKg ketamine (EcuphaiGermany combined with 30mg /Kg xylazine (Medistar Germany and
transcardiallyperfused with icecold 1xXPBS containing heparat a final concentration of 10000J /1.
After perfusion, the organs of interest were isolated and processed for cytofluorimetric analysis as

follows:

Blood

Blood samples were drawn by heart puncture in syringes previously moistened withVBEDTA
solution afer euthanasia and before the perfusion procedure began. The volume of retrieved blood
(commonly between 3.5 and Bl in adult rats) was combined with the same volume of room
temperature 1XPBS in a 15ml conic bottom tube. Half of volume of blood of Lyaybseparation
medium LSM107Promocell, Germanywas carefully underlayed to the blodBS mix and a density
gradient separation was run in a centrifuge for®hutes at room temperature and 80&®CFEFwith

low acceleration and no brake. After the cefigation, the cloudy interface containing lymphocytes
was retrieved with a Inl pipette and washed with 1RBS into a new tube. Finally, the sample was
spun down for 6 minutes at 3MACFRNd 4°C, the supernatant was sucked up and the cell pellet taken
uplyY G KS NBIj dzi NB RHEPE@HInEdiumaid keptlomi€eS Q &

Lungs

After perfusion, lungs were dissected at the bronchi level and chopped into duhess with a tissue
chopper (Mcllian, USAChopped up lungs were washed with cold EH medium in He§@hCS €
tubes (Miltenyi Biotec, GermanyAfter a standard sim down S for 6 minutes at 4°C and 3&CF,
the washing medium was discarded atttk samples were digested by addizgml of 0.03%
Collagenase IV from Clostridium hystoliticum (Sigktdaich, Germany) in 1RBSThe samples were
then processed with gentleMACS (Miltenyi biotech, Germany) tissue dissofpasgram Multi C_01
run for two times in each sampjeincubated for 30 minutes at 37°Chike shakingand finally
submitted to the progranMulti_C 02 of the gentleMACS system. After that, the digested lungs were
washed with 1xPBS and sequentially filtered through 100um and 70um cell strainers (biefire,
Germany). After SSD, the supernatant was discartiedcell pellet resuspended Bml 40% Percoll
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solutionin a 15 ml conical bottom tube and 5ml of 70P&rcoll solution were carefully underlayed
with the help of a lag hard cannula (70 mm 20 &itached to a 5ml syringe. A density gradient was
run at 4°C, 80®CHor 30 minutesat the minimum acceleratiomndwithout breaks. Tie lymphocyte
rich interphase was retrieved and washed inPIBS to be finally taken up in the required amount of

EH medium supplemented with EQTypicallyl ml.

Spinal cord

Spinal cord from perfused animalsas/carefully dissected and the surrounding meninges were
removed prior to mash the tissue through a 100um metallic mesh. The mashed spinal cord tissue was
adjusted toa final volume of 15ml of EH medium and 5ml of isopercoll solution were atimléte

tube. The samples wergently mixed by inversion and a density gradient was run at 4°1660 RFC

for 30min,at the minimum acceleratioand without breaks The upper layer containing myebhvas
removed, the supernatanivas discarded anthe pellet containinginglecells was resuspended and
washed in 1X¥BS to be finally taken up in the required amount of EH medium supplemented with

EDTAtypically 500uL

Spleen

After perfusion, the spleen was isolated, mashed through a 100um metallic mesh and the resulting
cell suspension was washed one timelixPB&nd spun downThe supernatant was then removed

and the pellet was resuspended im8 of ammoniumchloride-potassium ACK buffer for removing

the erythrocytes After 3 minutes on ice, theeaction was stopped bydaling 20 ml icecold 1xPBS and
spun down. Supernatant was theliscardedand the cell pellet resuspended in the required amount

of EHmedium supplemented with EDTA, typicallgnb

Lymph nodes
After perfusion, lymph nodes were dissected, mashed througan cell strainer GrenierbioOne,
Germany, washed in E#hedium and spun down. The cell pellet was then resuspended in the

required amount of Ekinedium supplemented with EDTA, typically 300
3.2.7 Fluorescence activated cell sortiifghACS)

Staining
FACSstainingwasperformed, if else not indicatedn a V bottom 96well plate.The list of antibodies

used within the context of this work for FAGaining can be find under the section 3.1.4.
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Staining of surface markers

For the surface staining, thersples were washed one time with cold FACS bufet then taken up
in a cockalil of therequiredfluorescently labelleéntibodies(1:200 dilution)in FACS buffeSamples
were stainedfor 30 minutes on ice and protected from light. After that, samplesemgashed once

in FACS buffer and taken up in the wished volume of FACS buffer prior to the analysis.

In case that two-step staining was needed, an additional step of washing wéltold FACS buffer

was added in between of incubations with antibodies.

Intracellular staining for cytokine production

Prior to the staining, samples were stimulated or not withig /mIPhorbol 12myriytate 13acetate
(PMA)GigmaAldrici=. DS NX' I y & 0 | ginRalqum sadt (SigrasirlyGermanyin RMfor

o n MAacgll incubator at 37°@refeldin A (Sigma f RNA OKX DSNXIy&0 Fd F 02y
wasthen add to block cytokine secretion for two hours. If required, the sample were stained for
surface markers as above and thiéxed in a solution of 2% arafomaldehyde PFA on ice for 20
minutes, protected from light. After fixatiosamplesvere washed three timesvith 200uL of 1)PBS

each prior to permeab#ation with 200 pl of BD Fix/Perm (BD Biosciences, USA) working solution
containing 10% of rat serungamples weréncubatedin permeabilgation buffer for 30 minutes, on

ice and protected from lightAfter the permeabilisation step, samples wesgun down andncubated

with a mix of the requirec@ntibodesprepared in permeab#ation buffer for at leas80 minutes, on

ice and protected from light. Finallthe samples were washed once in permeahtion buffer and

finally taken up in the volume of FACS buffer required for the analysis.

Intranuclear staining for transcription factors

If required, the samie were stained for surface markers as aboead then fixed in FoxP3
Fixation/Permeabitation working solution (eBiosciences, USA) for 20 minutes, on ice and protected
from light. After that, cells were washed once with 3X¥P3 Permeabitation buffer €Biosciences,
USA) containing 5% of rat serutaken up in the permeabdation buffer containing theequired
intranuclear antibody and incubated on ice and protected from light for at least 30 minutes. After the
incubation time with the antibody, all sgutes were washed once with the permeadilion buffer

and finally taken up in the volume of FACS buffer required for the analysis.

FACS cell counting

Prior to FACS analysis, and in order to prevent clogging of the FACS instrument, all samples were
filtered through a filteredcap conical FACS tube (BD biosciences, USA). A known volume of beads

suspension containing BD calibrate beads (BD biosciences, USA) in 1xPBS at a known concentration
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was added to each sample immediately before acquisition in ordermgke possiblecell

guantification.

FACS cell sorting

Prior to FACS cell sorting and in order to prevent clogging of the FACS instrument, all samples were
filtered through a filteredcap conical FACS tube (BD biosciences, &M )were sorted by using a

FACS Ariall SORP system (BD Biosciences, USA) which allowed keeping sorted samples at 4°C during
the procedure.Sorted cells were retrieved in 5ml conidadttom FACS tubes (BD biosciences, USA)
coated with cell culture medium supplemented with serum comitag 500 pL of Erhedium. Cell

purity was assessed for each sampiemediatelyafter sorting the samples were transferred to 1.5

ml centrifuge tubes (Eppendorf, Germany) spun down, resuspended in the required amouRk of T

Reagean(SigmaAldrich, German) and stored at80°C until RNA extraction was performed.

3.2.8RNA isolation and cDNA conversion

RNA from sorted cells or total tissue samples, preserved iR&&jent (SigmaAldrich, Germanyat -

80°C was extracted by phase separation with chlorophadiollowed by isopropanol precipitation
FOO2NRAY3I (2 YI ydzFl Ol dzNB NIhen sdlubibzédNdizoull af RyAFee ¢ K S
water (Thermo Fisher Scientific, USA) and storegBAtC until cDNA conversion.

Reverse transcription of the RNAngales into cDNA was performed with the RevertAid First Strand
O5b! aéyikKSaAra 1Al0 0¢KSNY2 CAAKSNI {OASYdGATAOO
3.2.9Quantitative real time PCR

To perform quantitativePCR (qPCEDNA from Total Tissue samples wastddun Nucleasdree
water (Thermo Fisher Scientific, USA) at30ratio. gPCR was performed on a StepOnePlus Read
PCR system (Applied Biosystems, USA) with tapgstific TagMan probes labeled with FAM and
guenched with TAMRA.

Ratbeta actin trarscript (i -actin) was used as #&ouse-keeping gene All measurements were
performed in duplicates and the ffeérence in the CT values betweé¢he individual values did not

exceed 0.5 amplification cycles. The sequences of primers and probes used ailia Bsiettbn 3.1.5

3.2.10Enzymdinked immunosorbent assay (ELISA)

Cell culture supernatant was frozen-80°C at the time of harvest. Later on, the ELISA method was

used to quantify the amount of cytokine present in the samples according to the madmfal NI &
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protocols. Briefly, Nur¢! MaxiSorp™ 96 wellELISA plates (Thermo Fisher, USA) were coated
overnight with capture antibody diluted in BBS. The next day, the samples were thaw and diluted

in ELISA blocking buffer (see table). Unbound capturéaayiwas removed from the plate. The plate

was then washed three times with ELISA washing buffer, and triplicate samples were plated and
incubated for 2 hours. Afterwards, the plate was washed three times with washing buffer prior to the
addition to each wll of detection antibody, diluted in blocking buffer, which was incubated for two
more hours. Plates were then washed with washing buffer three times and ARl conjugate was
added to each well and incubated at room temperature for 30 minutes. AHat, the plate was
washed three times with washing buffer and ABTS liquid substrate was added to each well. Optical
density (OD ) of each well was measured at 405nm with wavelength correction 860am by a

Sunrise plate reader (Tecan, Switzerland)

3.211 Next generation sequencing

Transcriptome analysis using next generation sequencing (NG@raEllssortedat different times
after antigen encounter under either normoxic or hypoxic cell culture conditieas performed at
the Transcriptome and Geme Analysis Laboratory (TAlf)the UniversityMedical Center Goéttingen
(UMG)underthe supervision of Dr. Gabriela Salin@squencing data analysis was performed by Dr.

Orr Shomroni.

Additional statistical analysis and graphical depiction pexformedby Michael Haberand myselby
usingMicrosoft Excel (2010, 2016; Microsoft, USA) and GraphPad Prism (V8; GraphPdeki B2\
component analysis (PCA), gene set enrichment analysis (GSEA) and hierarchical clustering analysis
were performed using RV3.6.0 R Core Team)Biological processes Gene Ontology (GO) term
enrichment analysis, as well as pathway enrichment analysis was performed using DAVID (V6.8; LHRI,
USA).

3.2.12Treatment analysis and statistical analysis of the data

Flow cytometric datavere analysed by using the softwares FloiWldlO (BD Biosciences, USA) and

CytExpert v 2.4 (Beckma@oulter inc., USA).

Statistical analysis were performed by using the softw@mphPad Prism (V8; GraphPad, USA).
ANOVA test was used to compare paran@tri @+ NA I 6f Sa FyY2y3 (GKNBS 2NJ
correction for multpiple samples was apply when applicable. To compare means between unpaired
groups with an assumption of unequal variance between sample sets, the indepentisttvtas

dza SR® t tiah 0.0f®ere conSideded to indicate statistical significance
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4, Results

4.1 Environmental oxygen conditioaffect Tugpcell proliferation

In order to assess the effect thathypoxic environment may haven T cell function we startethy
assessing its effects the antigendrivenproliferation of T eftector memory(Tem) Cells To this endJemcells
expressingreen fluorescent proteinGFPanddirected against myelin basic protein, MBRggEell9,
were plated together with irradiad thymocytesgervingas antigen presenting cells, AROggrcells
were stimulatedwith different doses othe cognate antigen(MBP, 10 pg/ml, 1 pg/ml or 0.1 pg/m)l
or a norcognate antigenpnamelychicken ovalbumifOVA 10 ug/ml), serving as controllvee cells
were then culturedfor 48 hoursunderthe followingenvironmental conditionsl) normoxigapprox.
20% Q) conditiors (48N); 2) hypoxic (1%J0conditions (48H); 3) 24 hours in hypoxic conditions
followed by 24 loursin normoxic conditions (24+24N);and 4) 24 hours in normoxic conditions
followed by 24 h in hypoxic conditions (24N+24&f).infographidllustratingthe experimental design
isdepictedin Figure?.

’-\ Experimental groups:

Normoxic conditions (20%0 -
. TR e e
! [ —
) e—— > [T o 24H+24N
Thymocytes + Ag “ | ——
| ——— o +
‘ T
T o 48H

Hypoxic conditions (1%0,)

:(time)

=R 4

24h 48h

Twge cells

Figure7. Experimental design for thé vitro set up Resting Wizpcells were cultured for 48 hours with thymocytes serving

as APCs in presence of different doses of the cognate antigen (MBP}amgnate antigen (OVA) in different experimental
conditions. 48Nnormoxic environment for 48 hours; 48H: hyipaonditions for 48 hours; 24N+24H: 24 hours in normoxic
conditions followed by 24 hours in hypoxic conditions; 24H+24N: 24 hours in hypoxic conditions followed by 24 hours in
normoxic conditions.

After 48 hours upon antigen encountehe number ofTygpcellswas measured by FAQSgure8).
Under optimal antigen concentration (1ug MBR'mI), Tuee cell proliferationwas reducedby 60 to
70%in the group submitted to hypoxic conditions 48 hours (48H)in comparison with the control
group kept in normoxc conditions(48N). A smilar trend (two-fold reduction)in relation to the

controlswas observed iffygpcells cultured fo24 hoursin normoxic conditions followed by 24 hours
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in hypoxia(24N+24H)In contrast,Tusp cells cultured for 24oursin hypoxa followed by 24 hours in

normoxia(24N+24Hpehaved similarly to the control group.

0.1pg MBP/ml {10 ug OVA/m

10 ug MBP/ml {1 pg MBP/m
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Figure8. An oxygerdeprived environment reduces the number afigb cells retrieved after antigen stimulationNumber

of Tuep cells quantifiedby flow cytometry 48 hours after exposure to the indicated doses of antigens in the indicated
environmental conditions48N, 48hoursin normoxic environment; 48H, 48 hours hypoxic environment; 24H+24I94

hours under hypoxic conditions followed by Zburs under normoxic conditions; 24N+2484 hoursunder normoxic

conditions followed by 24 hoursnderhypoxic conditionsMean+SEM. Cumulative data four independent experiments

Ordinaryoneg | @ ! bh+! gAGK ¢dzl S8Qa O2 NpNEOSHRROL F2NJ Ydzf GALIX S O2YLI

When exposed to a lower dose of antigerudMBP/mI), the numbes of Tuse cellsin the 48H group
were onaverage 50%ess than thenormoxiccontrol group.Atthe higher antigen dosehe 24N+24H

groupbehaved as the 48H growghile the24H+24Ngroupresembledthe normoxiccontrols.

At the lowest investigatediBPdose(0.1ug/ml), no significant differencevasobserved between the
different experimentalconditions though there was aendertially lower (approx. 20% reductign

countof Tvgecellin the 48H group when compared with the reference 48N group.

In the presence ofhe nonrcognate antigen (OVANo differencesin Tygecell proliferation could be

observed between the four different cell culture conditions.
4.2 Environmental oxygeconditionsdo not affectTuspcell viabilitybut affectTvspcell
proliferation

Next we wanted to elucidate whether theeduced number of Tuse cells observed in hypoxic

conditionsupon antigen stimulatiorwas caused bycell death or toa direct impairmentof T cell
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proliferation. Tothis end, expression of phosphatidylserine on the cell surface maasuredusing
flow cytometryby AnnexinV stainingn Tuspcellsstimulated withdifferent doses of MBBnd cultured

for 48 hoursunder normoxic or hypoxic cadlitions.

Phosphatidylserine is a lipid localized in the inner layer of the cell membrane in viable cells. In
apoptotic cells, phosphatidylserine translocates to the outer surface of the cell. Anxiecamalently
binds phosphatidylserine residues. The ggrce of phosphatidylserine in the cell surface can be

assessed by FACS using a fluorescently labelled Arviexin

As shown inFigure 9, the percentage of Annexif* Tugp cells in the control group was dose
dependent, being higher whehyercells were stimlated with the lowest antigen doses. However, no
significant differences in the percentage of Anne¥incells were observed betweeffvsr cells

stimulated in the two environmental oxygen conditions at any of the tested antigen doses.

10 ug MBP/ml 1 ug MBP/ml 0.1 pg MBP/ml

100 = Annexin V - Annexin V + 100 = Annexin V - Annexin V +

80 =

60 ~

Normalized To Mode
Normalized To Mode
Normalized To Mode

Annexin V-APC Annexin V-APC Annexin V-APC
[J Normoxic culture conditions ™ Hypoxic culture conditions

Figure9. Tuspcellsstimulated under hypoxic conditionare viable Tygpcells were stimulatedn vitro under normoxic or
hypoxic conditions with the indicated doses of MBP for 48 hours. Representative overlay histGuyremmalized to mode)
depicting Annexin-V binding to Tisecell surfacePercentage of Annexix* and Annexirv Tygpcellsin the normoxic and
hypoxic cohortss indicated

Next, in order tanvestigate ithe hypoxic environment had direct effect onthe Tugpcell capacity to
proliferate, Tuee cells were stained with the ceproliferation tracking dye Talj Violet before
reactivation under normoxic or hypoxic conditionas previously described’he proliferation dye
diffusesinto the cytoplasm \Were cellular enzymes modify, @&llowingfor its covalent attachment to
cytosolic proteinsWhen Taglt Violet™ cells proliferate with every cell division the intensity of the

staining in the daughter cells decreas®% compared to the parent cell.

By using thisechnique we observedhat underhypoxic conditiongvspcellsunderwent fewercycles
of proliferationcompared tathe normoxiccounterpart Thisreducedproliferation could be observed

at all antigen concentration®ut wasmore pronouncedat higher antigen dose@-igure10). When
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stimulated inthe presence of 10 gMBP/m|, around 30% ofthe hypoxicTuer cells underwent less
than two cell division cycles whereas this percentags13%in the normoxic groupAt 1 pgMBP/m|,
the percentage ohypoxicTusrcellsthat underwent lesghan two cell division cycles wasmosttwice
that of the normoxicTuer cells At the lowest antigen dose (0.1 MBP/ml) the percentage of dgp

cells that did not proliferate was 56% and 41%himhypoxic and normoxic conditignrespectively.

10 ug MBP/m 1 pg MBP/ml 0.1 pg MBP/ml

Normalized To Mode
Normalized To Mode
Normalized To Mode

Tag.it Violet Tag it Violet Tag it Violet

[ Normoxic culture conditions [ Hypoxic culture conditions

Figure10. Anoxygendeprived environment affectsysp cell proliferation. Representative werlayhistograns (normalized
to mode) depicting Twep cell proliferation measured by dilution of the cell trace viok& hoursafter in vitro stimulation
under normoxicor hypoxicconditions in presence dhe indicateddoses of MBP Numbers indicate the grcentage of
divided and nordivided Tugpcells per each condition

Takentogether these resultindicatethat environmental oxygen availabilifoes notinfluenceTusp
cell viability butrather affectsthe proliferation capacity of Mse cellsin an antigen doselependent

manner. At higher antigerconcentrations, the suppressive effect of hypoxia on T cell proliferaion

more pronounced.

4.3 Environmental oxygen conditiordfectthe expression ddctivation markes on the

surface ofTygpcells

In order toassess the effects of environmental oxygen tension on the activationsetéllsin vitro,
we performed a cell surface staining 6D134and CD25IL2R) on Tusrcells stimulated in hypoxic
or normoxic conditionin the presence of MBRO pg/ml, 1ug/ml and 0.1 pg/mlpr OVA(L0 pg/ml)

The expression of botbf these moleculess increased upon T cell activatiand can be detected by
FAG(Figurell).
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Figurell. Anoxygendeprived environmentffectsthe expression ofurface activation markersn Tygp cells Expression
levels of CD134A) and CD25R) on Tugp cells after48 hoursof stimulation underthe indicded environmental oxygen
conditions and in presence dfie indicatedconcentrations ofMIBP orOVA Flow cytometry 48N, 48hoursin normoxic
environment; 48H, 48 houris hypoxic environment; 24H+24184 hoursunder hypoxic conditions followed by 2urs
under normoxic conditions; 24N+242%4 hoursunder normoxicconditions followed by 24 hoursnderhypoxic conditions.
Cumulative dataf 3 independent experimentdlean+SEM. Ordinaryong | @ | bhx! A GK ¢dzl SeQa
comparisons*pXQ.05;**pXQ.01;***pMQ.001; ****p)K.0001

We observed thathe expression of CD13dlone OX40HigurellA) washigherin thenormoxic group
compared with any of the other experimental groups that were at some point exposaadrygen
deprived environment (8H, 24H+24N and 24N+24Hhisholdstrue for all the investigated antigen
conditions. When comparing the three hypoxic conditions, irrespectively of the ddB&entration
CD134 expression was higher in the group switched from hgpoxiormoxia (24H+24Ncompared
to the other two conditions. However, this difference reach&dtistical significanceonly in the
24H+24N group compared to thypoxia groumt the optimal MBP concentration (10g/ml). In such
conditions,the expression of CD134 in ti&H+24N doubled the expression of the hypoxic group
(48H).

In contrast to CD134, at optirhBP dose condition (10ug/mbe expression ofCD25Figure 1B)
was 37.8%higher on averagein Tusp cells stimulated under hypoxic conditiongompared tothe
control graip (48N).The 24+24H group behavedimilarly tothe 48H groupdisplaying an increase
of 21.1% on averag@ comparison with the control groypvhereas the 24H+24droup was similar
to the 48N groupAt lower MBP dose(1mgMBP/mland Q1 ugMBP/ml), there was stilk significantly
higher CD25 expressiofin the groupssubjectedto hypoxia for 48hours (29.3% and 25.7%
respectively) when compared with the normoxic group. No differences between the other two

hypoxic conditios (24N+24H and 24H+24N) anathormoxic grougould beobserved
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4.4Environmental oxygen conditions affegtokineproductionin Tugpcells

To further investigatethe effects of environmental oxygen availability omsdcell function,we
assessedn vitro the capacity ofTwep cells to produce pro-inflammatory cytokinesupon antigen

stimulationusing two different techniques.

In brief, Tuse cells were stimulatedwith MBP at different dosesor with OVAunder the four
environmental oxygen conditioraforementioned After 48hours,intNJ OSft f dzf I NJ adF Ay Ay 3
performed inTugpcells and acquired byACSFurthermorethe cellculture supernatant wasollected

todetectL Cb !  layyELISA M T

80 | é i
> | o E ; k.4 g @ 48N
i - %% b @ 48H
ks © 24H+24N
¥ & g g [ = o 24N+24H
z s e

10 ug MBP/ml | 1 pg MBP/ml | 0.1ug MBP/ml } 10 pg OVA/m

Figure12. An oxygendeprived environment affects the peentage of Tugp cellsproducingL C Percentage DIC b*Tygp

cells48 hoursafter in vitro antigenstimulation underthe indicatedenvironmental oxygen condition&low cytometry48N,

48 hoursin normoxic environment; 48H, 48 hours hypoxic environment24H+24N24 hoursunder hypoxic conditions

followed by 2soursunder normoxic conditions; 24N+242# hoursunder normoxiconditions followed by 24 hoursnder

hypoxic conditionsCumulative dat@f three independent experiment®lean+SEM. Ordinarya@g @ ! bh+! gAGK ¢ dz]
correction for multiple comparison$p.05;**p>K.01

In the intracelllar stainingassay(Figurel2) we observed thatwhen provided with a optimal dose
of the cognate antigen (10g MBP/ml), theLJS N S v (i | *Tvgpcellsfvadov@tedin the hypoxic
grouphby 20%in comparison with the armoxic group As observed for the[ 34 surfaceexpression,
the 24N+24H group behaved as the 48H grdigh(33%reduction compared to the normoxic groyp)
whereas the 24H+24N group was similar to the 48N group.

Atlower MBPconditions(1 pg and 0.Jug MBRE'mI) andwhen Tusrcells were cultured in the presence
of OVA a35% to 50%eduction inlIC b*Tygpcellswas still observabla the 48H group in comparison
with the reference group (48N). At these antigen dosesdifferences were laserved betweerthe

24N+24H group or 24H+24N groapd the normoxigroup.
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When cytokine production was assedd®y ELISfkigurel4), nosignificantRA F FSNBEy 0Sa Ay L Ck
could be observedetween the experimental condition@~igure BA). However in all the tested
conditions,both the 48H and the 24H+24@toup behaved similarly and bothroduced on average

lessL C thanthe normoxic groupThis decreasengedfrom 9.5%in the 48H group and 9.7% in the

24H+24N groupn the 10pug MBP/mI group to28.2%6and 33.6% respectivelwhen Tygp cells were

stimulated withOVA At all tested antigen doseshé 24N+24H gup behaveds the 48N grouplid.

A B
150 150 '
3 3 Bl 48h Normoxia
‘S’ g [ 48h Hypoxia
£ 100+ B 100+ 24h Hypoxia + 24h
3 =] = N .
3 g ormoxia
a a — 24h Normoxia + 24h
> 50+ S 50 Hypoxia
s =
e :
0- T T T 0-
10pg/ml - 1pg/ml - 0,1ug/ml - 10ug/ml 10pg/ml - 1pg/ml - 0,1pg/ml - 10ug/ml
MBP OVA MBP OVA

Figure13. Anoxygendeprived environment affects prinflammatory cytokine production by pgp cells.Relativeamount

of IC b (A) and L17a(B) normalized to the normoxic contr@roduced by Wisp cells underthe indicatedenvironmental
oxygen conditiond8 hours after the encounter with MBP or OVA at the indicated concentrafidean+SD Representative
data of two independent experiments.

Regardinghe production ofL17aFigure 4B), in al the testedantigenicconditionsTuspcellscultured
for 48 hours in hypoxic condition@8H)displayedon averagea 84% reduced capacity to produce
IL17A compared to the normoxic groufhis decrease on IL17 production was loweham24N+24H,

75% on agrage and even lower (56% on averpigethe 24H+24N group.

Takentogethertheseresults suggesid that the production of preinflammatory cytokines depersl
on the environmentabxygen availabilityUpon Tusecell stimulationthe production of IL17&vasvery
sensitive toany testedenvironmental oxygen condition wheredise effect of oxygenon the IFN
productionwasmore dependent on specifiazxygenconditions.Furthermore we couldobserve that
the availability of oxygen in thigrst 24 hoursbut not in the following 24 hourgpon antigen encounter

critically influencd cytokine production.
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4.5Environmental oxygen conditiode not affectFOXP3 expression invgercells

It has been reported thaa hypoxicenvironmentcould polarizenaive T celtowards a regulatory
phenotype (Westendorf et al., 2017Jor thisreason,we assesedthe expression of ther&nscription

factor FOXP3 markerof regulatory phenotype in T cells, ingkcellsstimulatedby MBP or OVA in
the previously described environmental conditiofrgranudear stainingfor FOXP3vasassessed by

FAC38hoursafter antigen encounte(Figue 14).

1.5 : : : *%k
i i L "o

% = i i
845 i i s %
g i e | ° o
S i i e @ © 48H
HU: 054 o o) @ o 0o 24H+24N
o o ! E :
2 e Oé  @oo | T||2g | O 24N+24H

AT i

10 ug MBP/ml i1 ug MBP/ml 10.1 Mg MBP/mI§10pg OVA/mi

Figure14. No main shift toward a regulatory phenotype is observed ifgp cells stimulated under hypoxic conditions

Percentage of FOXP3Jwep cells 48 hours after stimulation with the indicated doses of antigensnder different

environmental oxygen conditions Flow cytometry48N, 48hours in normoxic environment; 48H, 48 houirs hypoxic

environment; 24H+24N24 hoursunder hypoxic conditions followed by &éursunder normoxic conditions; 24N+24p4

hours under nornoxic conditions followed by 24 houmsnder hypoxic conditionsCumulative dataof three independent
experimentsMean+SEM. Ordinaryorg | & ! bh+! GAGK ¢dzl SeQa O2 NMPOSHRROL T2 NJ Ydzf |

Irrespectively of the type and dose of antigen and the environmental conditions, the percentage of
FOXP3wmercells was always lower tha .5%. In the hypoxic group (48H) the percentage FOXR3

cells was always higher than the nornmoxic group. Tis effect becamesignificantwhen Tusp were
stimulated either withthe lowestdose ofMIBP(0.1ug/ml) or with OVA Nodifferenceswere observed
between the two experimental groups that were switched from one oxygen condition to another after

24 hoursof in vitro stimulation, or between tesegroups and thecontrol 48Ngroup.

Thesdn vitroresults suggest that reductionin the environmental oxygen availability duringsgcell
stimulationcrucially affecs both T cell proliferation and cytike production, as well the expression
of surface activation markeraithout affecting Tispcell viability or inducing a switch the Tvspcells
towardsa regulatory phenotypeThese effects weredosedependent They weremore pronounced
when Tusrcellswere stimulated irthe presence of an optimal concentration of the cognate antigen.

Cytokine production an@€D134expressionwere affected alsdn presence of a nenognate antigen
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whichpointsto anantigenindependenteffect ofthe hypoxic environment o Tuspcells Furthermore,
the timing of the exposure seemed crucial. The redumegben availability in the first 24 hours after
antigen exposurgredominantlyaffected the expression of costimulatory molecules and cytokine

production whereas ithe following 24 hoursmainly Tspcell proliferation was affected.
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4.6 Hypoxia induces changes in the global expression profilgefells

Toevaluatethe global effect of environmental oxygen availability aaeCell function, we perforrad
a transcriptome analyss of the T cellsTo this purpose, restingude cells were stimulatedn vitro
under normoxic (approx. 20%)Oor hypoxic (1% £ cell culture conditions. At 3 hours, 6 hours, 12
hours, 24 hours and 48 hours after antigen encoun®ee cells wereisolated by FAG&:I| sorting

(scheme irFigurelb).

A minimum of 2 x10Tusrcells were sorted per experimental condition. After assessment of sorting
purity, samples containing at least 98% g#rlcells were processed for RNA extraantiIsolated RNAs

were then submitted to transcriptomic analysis.

Normoxic conditions (20%0,)

Thymocytes + Ag - E

Hypoxic conditions (1%0,)

'

! ? FACS Cell sorting ‘
Tvier —

' ‘ RNA extraction ‘
t--1 | 1
(time) 3h 6h  12h 24h 48h

A 4

Sequencing

Figure 15. Experimentaldesign and workflow for the transcriptomic studyTvee cells were cultured with irradiated
thymocytesserving asAPCsn presence of the amnate antigen (MBP). Plated cell mixes weuéured either innormoxic
conditions (white-filled arrow, approx. 20% Aor in hypoxiaconditions(greyfilled arrow; 1% ¢). At the indicate time
points, Tugpcells were FAGSrted, RNA was extracted anditer quantification and purity assessment, the samples were
submitted to transcriptomenalysis

In order to get an overview of the sequencing data, principal component analysis was uaad as
exploratory tool. Principle component 1 (PC1) and principhepmment 2 (PC2) captured 54% and 15%

of the variation in the data set, respectiveBidure B). The samples clustered according to the time
point along PC1, indicating that this experimental condition is the main source of variation in the data.
Additiondly, samples clustered according to the hypoxic or normoxic states, suggesting that oxygen
conditions also contributed to the variation in the data. Therefore, we proceeded in our analysis to

investigate transcriptional changes induced by oxygemipdelsin more detail.
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Figure16. Time after antigen encounter and oxygen conditisretermine transcriptional lsanges inTugp cells.Principal

Description
e 0h
A Normoxia

B Hypoxia

timepoint
Oh
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12h
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component analysis dfvgp cellscultured under normoxigtriangles)or hypoxic(square$ conditiors at the indicated time

points (colours) after antigen encounter. Circles: resfiggpcells(time point 0).
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4.7 An oxygerdeprivedenvironment promote transcriptioral activity in yispcells

The sequencin@nalysis detectedl4850 transcpts present in all the sampleJhe differentially
expressed genes (DEGSs) detected at each time point are indicated and displayed as volcano plots
(Figurel?). Volcano plots are a type of scatterplot that shows statistical significdhealfe) versus
magnitude of change (fold change). They enable a quick visual identificatithe ahost regulated

genes i.e. genes with large fold changes that are also statistically significant.

As early a8 hours after antigen stimulatior-{gure18A), several genes (n4T) were differentially
regulated between the two experimental conditions, the number of transcripts upregulated in hypoxic
conditions (mps=141) being considerably higher than tteme of downregulated transcripts
(noowns6). This observation remainedus for most the other time pointsKigure 18A-D). The
number of upregulated and downregulated transcripts promoted by hypoxiasimaisaronly at the

last time point, namely 48 hours upon antigen encountég(re BE).

At a first glance, it stands oubat in all the investigated time points the most upregulated genes in
the hypoxic group (e.dgIn3,Vegfa Slc2aAk4andNdrgl) were all directly regulated by thexygen
sensitive transcription factoHypoxiainducible factor 10 (HIFT). Of note,activation of theHIFD
pathway is avery early andcritical step in the transcriptional response to hypogiad the same
pathway can be also induced by TCR signdlthg et al., 2019; Palazon et al., 20hong the genes
regulated in hypoxidE GIN3 displayed the most consistent and robust overexpresdifhN3 encodes

for the prolyl hydroxylase 3, a cytoplasmic protein directly involved in the negative regulation of the

HIFT response in eukaryotic cells.

Figure17. (next page). Hypoxia induces early and sustained changes in the expression profilgetdlls. AD Volcano
plots depicting the differences in expression profile @§Fcells cltured under normoxic or hypoxic condition at 3 hous$,
6 hours B), 12 hours @, 24 hours D) and 48 hoursH) after antigen encounterRed: transcripts withLog,Fold change
(FO)l m  H.gfBp>6; Greeniranscripts with|Log:FChx M H.gG p<6;Blue, transcripts witHLog,FCK 1 and-Logop>6;
Grey, transcripts withLog,FC| < 1 and-Logp<6. Horizontal and vertical dotted lines show the-offtused for identifying
DEGs.
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4.8Dynamic changes in the expressprofile ofTyspcellsupon hypoxiconditions

Aimingto identify how the expression profile ofude cells changes over time upon hypoxia, we
guantified DEGs in the two experimental conditions at each time point. We visualized intersections
between the DEGs of the analysed time points udilgfset plots to gain an overview of genes
differentially expressed in one or several time points. UpSet plots are an alternative to Venn diagrams
when the number of data & compared at once is too largk an UpSet plot, the total size of each

set is rgoresented on the left bar plot. Every possible intersection is represented by interconnected

nodes on the bottom plot and their occurrence is shown on the top bar plot.

Two different UpSet plots were generated depicting genes upregulated or downregulathet

hypoxic cell culture condition§&igures 18 and 20).
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Figurel8. In hypoxicconditions,nearly 40% of the genes are uniquely upregulated at 48pSet plot for the representation
of the transcripts upregulateih Tygpcells stimulatedn hypoxic condition compared twormoxic. Sets of genes upregulated
at a given time point or at a given intersection of time poiats represented by interconnected nodes on the bottom plot
and their occurrence is shown on the top bar plémnly intersections considered statistically significgmg¥Q.05 and
LogFC>1) have been represented (n=926 transcripts).

We detected 926 transcripts upregulated under oxygieprived ell culture conditionsKigurel9). A
relevant part of them (393 tmascripts) wasxclusivelyupregulated at the latest time point, namely

48 hours after antigen encounter. Functional annotation clustering analysis of genes involved in
biological processes applied to this gene set revealed anhamant in transcripts rel@d to kinase

signalling activity and negative regulation of transcription.
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The second most numerous set of genes included 64 trarts¢hipt were upregulated at all thigme
points. Functional annotation analysis of this group of gene revealed an ergichim transcripts

involved in HF1 signalling pathwaygurel9).
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Figure 19. Hypoxia induces upregulation of several genes regulated by-Heipha HIF1 signalling pathway iRattus
norvegicus KEGG identifier rno04066). Rems marked with a red star were encoded by transcripts upregulated in the
hypoxic group at all the analysed time points. Source: KEGG database.

We detected 1232 transcripts downregulated in the hypoxic vs the normoxic gFigpré20). The
largest &t of these transdpts (1088 out of the 1232) wadownregulated at the time poinof 48
hours. Of them, more than 80% (914 out of 1088) wexelusivelydownregulated at this specific time
point. Functional annotation clustering for biological processeshis specific subset of genes
revealed an enrichment for transcripts encoding for proteins with transmembrane domaingijtprot

glycosylation and podtanslaional modification of proteins.

Contrary to what was observed in the analysis of transcriptegylated under hypoxic conditions,

not a single trangipt was downregulated at all thiéme points.

Taken together these data indicate that hypoxia induces an extensive change in the gene expression

profile of Tweecells. This reprograming is initiatatteady 3 hours after hypoxia exposure but the main
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quantitative changes emerge in the interval-28 hours after hypoxia. HHE seems to play a central

role during the entire process.
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Figure 20. In hypoxic conditionshearly 74% of the genes are uniquely downregulated at 4&pSet plot for the
representation of the transcripts downregulatedTvepcells stimulated in hypoxic conditioms comparison with hormoxic
as inFigure 190nly intersections considered statistically significam{Q.05 and Log-C>1) have been represented (n=1232
transcripts).
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4.9 Gene Set Enrichment Analysisaatool to explore specific, hypoxiependent

progranmes

In order to identifyfunctional programmaelifferentially regulatedin Tuspcells activatedinder either
normoxic or hypoxic conditions, wevaluated the sequencing data by gene set enrichment analysis
(GEA). GSEA is a computational method that determines whether an a priori defined set of genes
shows statistically significant differences between two biological stéddsotha et al., 2003;

Subramanian et al., 2005)

We performed GSEA based on the hallmark gene sets from the Molecular Signaaiadmse
(MiSigDB). MiSigDB is one of the largest repositories of gene sataoliates weldefined biological
states or processes generated by a computational methodology based on identifying overlaps
between gene sets in other molecular signhaturesathaise collections and retaining genes that express

a coordinate expression.

The results bthe GSEA are shownfiigure 2 A-Eas sets of histograms per each time point. The X
axis represents the magnitude of the fold change (FC) for each gene setpfakef a histogram is
localized above 0, the indicated gene set is enriched in hypoxic vs normoxic conditions whereas if the
peak is localized below zero, the specific gene subset is underrepresented in the hypoxic vs the
normoxic group. The colour ofétistograms depicts the adjustedvalue obtained per each analysed

gene set.
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Figure 21. Hypoxiainduces early and sustained changes in the transcriptional program @épTcells GSEA plots
representing the log=C & gene sets found enriched in the experimental groups at the different time points of the gudy.
3h; B, 6h;C 12h;D, 24h;E, 48h. Only statistically significant findings are represented in the plots. Power of the statistical
significance is coded bylour according to the legend.
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comparison with the normoxic counterpart. The measurattiehment of these gene sets was

expected (hypoxia was the stimulus to which we submitted our cells and the variable distiimgu

the experimental groups) and proved the validity of our analytic approach. We also observed that
already at the earliest time point, i.e. 3 hours after antigen stimulation, the getehallmarks
GNBaLRyas 02 -gighdi S NF SEE Y ta NiRESKRT/T3YSY | ardylrttAy3Ice
GAYTFELYYFG2NE NBalLlRyaSaé ¢S MbcelRacivgiedbimdrthypoxiS R A Y
conditions compared to the normoxic control. Similar behaviour was observed in the gene set
KFEffYFINyLAZ aDHYWHAGK SIO NBSAIVAEE gIKARDKa Ay Of dzRS ISy Sa
progression through the cell cycle. These data confirmed our previousciftametry data that

showed a reduction of activation and proliferation imedcells stimulated under hypoxic conidihs.
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TheRe@Y I YAO 2F GKS 3§yi$ GaS & wvahakd rotevibihy, Simcg was

upregulated in the first 3 hours in the normoxic group and then from 24 hours onwards was instead
upregulated in the hypoxic group. A A £ I NJ & Gaitdiab absei®@ed al$d@nyhe hallmark gene

aS0 GhEARIGAQGS LIK2ALK2NEBfFGA2Yyé GKIG 6+ & dzLINSG 3 d
time points 12 hours and 24 hours when proliferative prognaerare particularly prominent. In the

following time mints, the upregulation of genes was reversed; this gene set being more upregulated

in the hypoxic cohort.

Taken together the GSEA data indicated that the oxydgprived environment affects the
metabolism of Tiee cells very rapidly and in a sustained menntriggering among others the
upregulation of gene sets related to glycolysis, fatty acid metabolism or heme metabolism. These
metabolic changes were associated with very early changagitdll functional programe related

to activation and proliferaon.

4.10 A oxygerdeprived environment during.gractivation triggers the upregulation of

specific transcriptselated tothe glycolytic pathway

It has been extensively reported that upon activation, effector T cells experience toalled
Warburgeffect, by which their metabolism switches towards aerobic glyco{¥sidhi et al., 2017)
The function of the Warburg effect in activated effector T cells is incompletely underésadehond,
2018)

¢tKS D{9! NB@ZSIHtSR (GKS KFIfftYIFIN] 3ISyS aSi abDfeoz2fe
time point. To investigate in more detail the changes in the glyiwolyathway over time due to

hypoxic stimulus, we retrieved genes annotated with glycolysis from the Readlatabase

(Gillespie et al., 2022and used it for datanining, i.e. inspectingxpression patterns at the different

time points using heat maps as visualisation t&adj(ire22). Of note, this selection of genes included

both genes encoding enzymes directly involved in the metabolic processing of glucose, as well as

glycolysisassotated genes.
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Figure 22. Hypoxiatriggers the overexpression of apecificsubset of hypoxiaelated genes Heat map showing the
expression level of genes related to the glycolytic pathway in the Reactome da(@ifisspie et al., 2022 hree different
patterns of expressions (clusters 1 to 3) could be identified. Time point and experimental description appeacaadéalr
according to the provided legend.

The hierarchical cluster analysigvealed the existence of three main clusters, based on the gene
expression pattern. A first cluster, including only seven transcripts, contained genes whose expression
was high in resting vkp cells (time point O hours) andedreased in similar manner in both the
experimental groups over time. A second cluster counting 14 transcripts, included genes whose
expression was low in restingsbcells, promptly increased upon hypoxia and remained high in all the
investigated time pimts. In normoxic conditionghe expression of this gene set did not change
initially, but it slowly and moderately increased over tinhe third cluster included 25 different
transcripts whose expression was low in basal conditions and increasedmednta similar manner

in both experimental groups.

Interestingly, both clusters 2 and 3 contained transcripts encoding for key glycolytic enzymes.

| 26 SOSNE Of dzZ2aGSNJ o AyOf dzZRSR (NI yAONRLII&A SyO2RAY
catalysig the reactions fromi -D-Fructosel,6R to Phosphoenolpyruvate. Cluster 2 included
transcripts encoding enzymes localized at the very beginning of the pattoa#slysing the first
OKSYAOIf OKFy3aSa GKFG GKS Y2t SOdk3Ig SRE Fif2dzQiKaSS Tz
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pathway. A scheme of thglycolytic pathway with highlighted enzymes encoded in each of the

hierarchical clusters is providedkiigure23.

[ GLYCOLYSIS / GLUCONEOGENESIS | o

]] 313 l()[l
Hk |' 3139 ll
2711 27163 —

Hk 513.15)[5319]

- D-Clucose < T —
2712 2110 Adpghk——————® g & D-Glucose- 6P &

y [Griilbiie] | '5‘0"315?1“9'” D-Fru: tose-6P
p-D-Glucose 23712 21119 = Pensose
- ':dpg EXEIT] EEEWEI| PO FRRES i g
(extrm i O—{ 271 |—>0—{32136 Pfkbi1, 2, 3,4
(extnoiro—{ 271 —»0—{32136 p-D-Fructose-1,6P2
e 21213]] Aldoa/Aldoc
Glyoeralds hyde-3P
O e A )
Glyeerore-P :
Gapdh[i2r2][1215) :
ez 1 3P |
1219 [1275] :
[12190 i
|
l
Catbon fixetion f_ e
= |
Pgaml1 |5.42.11 : |
. l
Olyoerae 2PO%————— _____ -
|
Enol :
4113 Phosphoe nolpyravate |
- D O——————
Oxebacetss 4119 !
Pyruvate |
e tsholism |
[ 1 )
Citrate 11270} 2791 |[2792 .
cycle [127.01] PP st
A m -
- Py—y—{la
== - O L-Lactake

Pyruvae I

i 1155 Propancate me tsholism
1213] UYL T |
O« » 1127 # O Ethanol
Acetay 1245] 121 | Acetelde hyde WET EutG
00010 517020
(c) Kanehusa Laboratonies

Figure 23. Hypoxia promotes the upregulation of glycolysis raieiting enzymes.Scheme of the metabolic pathway
Glycolysis/gluconeogenesis from tK&G@atabase Proteins encoded by genes localized ingheviously dentified cluster
are colourcoded. Quster 1: green; cluster 2red; cluster 3blue.

Taken togeher, the results of this transcriptomic study showed that an oxydeprived environment
promotes rather than hinders the transcriptional program wsdcells. In the first 24 hours upon

antigen stimulation, the number of transcripts upregulated in th@dwic group was strikingly higher
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than the downregulated ones. At the same time, the hypoxic stimulus induced metabolic and
functional changes inukp cells. Atthe metabolic level, the glycolytic programvhich isnormally
switched on in T cells upon adition was further pushed by the upregulation of a unique set of
glycolytic genes responsible for the entry of the glucose moieties in the pathwalye Adnctional

level, programmerelated to activation and proliferation were tuned down.
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4.11 Environmentaloxygen conditions duringn vitro T cell activation affect the

encephalitogenic potentialf Tygpcells

Up to this point, our data showed that the vitro antigendriven stimulation of Wse cells under
oxygenlimited conditions las pleiotropic effects onwEe cell proliferation and cytokine production.

Next, we wanted to assess whether the oxygen availability during T cell activation would also have an
effect on the encephalitogenic potential ofsgk cells. For this purpose, we e a model of EAE,
induced in rats by i.v. transfer of fully activateged cells. In this model, the animals develop a
monophasic paralytic disease that resembles the relapse phase of MS. The advantage of this system
is the possibility to track and funotially characterize the pathogenic T cells over the entire disease

course.

To test their encephalitogenic potentialygk cells were stimulatedn vitro in the presence of an
optimal dose of the cognate antigen (10 pug MBP/ml) under either normoxic (app®é& @ normoxic
blasts) or hypoxic conditions (1%, @ypoxic blasts). Two days later, 28IQuep cell blasts were
transferred intravenously into naive recipient Lewis rats. An infographic of the experimental setup is

depicted inFigure 2.

’\ %06 cells an

Normoxic conditions (20%0,)

[ b0t ven INormoxic blasts VZ/
2x106 cells .

P et veny I:IHypoxic blasts / ”

’ Hypoxic conditions (1%0,) ‘ - =

(time) ash

Thymocytes
+Ag

TMBP

Figure24. Experimentaldesign of tansfer EAE experimentslyge cellswere stimulated with the cognate antigen vitro
under normoxic (approx. 20%;)or hypoxic conditions (1% 0O2). After 48 hours, 2X142e cell blastswere transferred
intravenously intanaive recipients. The animals were scored on a daily basis. Infographics generated by the author.

Upon transfer, all the animals developed a classic paralytic monophasic dideigsee 25B).
Nevertheless, several significant differencesild be observed between the two cohofEgure25G
P. Overall, the disease was less severe in the group that received hypex@ells in comparison with
the group that received normoxic cells. More specifically, in the hypoxic gheugisease stded one
day later, the clinical signs at the disease onset (Hypoxic cohort:#0.85; Normoxic cohort: 1.6
+0.07)andat the peak of the disease (Hypoxic cohdrB6+0.10; Normoxic cohor2.35+0.04) were
milder. Accordingly dower cumulative EAE are (Hypoxic cohort6.11+0.14;Normoxic cohort7.48

+0.1) could be observed
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Figure25. Tuepcellblastsstimulated in vitro under hypoxic conditiongigger milder clinical signsin the transferEAE AF
EAE was induced by.i transferred of 2x1®ormoxic or hypoxi Tuee cell blasts as described in Figu2é. A. Mean body
weight changes (lines) and mean clinical score (bars) during the course d.E#didence.C.Disease onseD. Disease
peak.E.Cumulative scoreB-F Mean+SEM. Cumulative data from three independent experiméNtsrmoxic blasts: n =10;
hypoxic blasts n=9). Unpairedrest.***p)).001;****p>).0001.

Subtle differences in clinical parameters could potentially have been masked by an overshooting
immuneresponse induced by the transfer of a high number of cells. In order to see more pronounced
differences between the two groups, we applied the same experimental design as above but lowered

the number of transferred Jseblasts from 2 x10to 0.25 x16 (Figure 26).
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As expected, the progression of the disease was slightly dampened. In both groups, the disease started
on day 4cas it was the case when a higher number of T cells was transebrgdhe clinical signs
progressively worsened over #8urs and reached the peak on day 6 after trangfégure ZA). More
importantly, also in this setup, there were significant differences between the two experimental
groups. The cohorthat received Wigp blasts stimulated under hypoxic conditions showsedelayed
disease onseby at least one dayHypoxic cohort 5.2 +0.1;Normoxic cohort 4.3 +0.06) and a
significantly lower clinical score both at the ongetypoxic cohort0.9 +0.1;Normoxic cohort 1.4

+0.1) and at the peafHypoxic cohort1.58 £0.06Normoxic cohort2.78 +0.06pf the diseasdFigure

26.G B).

Taken together, these data indicate that the encephalitogenic potentialigfcElls stimulated under

hypoxic conditions is impaired.
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4.12 An oxygerdeprived environment durinmp vitro aciivationimpairs Tsp cell ability

to invade the CNS

In previous work from our groufOdoardi et al., 2012)t could be observed that upontravenous
transfer, Tusr cells follow a precise migratory pattern. They first home in the lung, before moving to
the mediasinal lymph nodes 2 to 3 days later. From there, they egress back into the blood circulation
and can be found in peripheral organs such spéeen before invading the CNS.

The ameliorated disease course observed in animals transferred with hyp@xicell blasts could
potentially hae been caused by a disturbancetiis behavior. Consequently, we next wanted to
investigate if thein vitro exposure to a hypoxic environment affedtthe migratory pattern of Wigp

cells and their potential to invade the CNS.

We stimulated Wispcells under normoxic or hypoxic conditions as described above and after 48 hours
transferred them imo recipient animals (0.25 x%@at). We then quantified the number ofvke cells

by FACS in peripheral organs (lung, mediastinal lynogles, spleen and blood) and spinal cord from
day 3 to day 6 p.tHigure Z).
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Figure27. HypoxicTugp cell blasts display a reduced capacity to infiltrate the CNSumber of Tigp cells detected in the
indicated organs during theourse of EAE induced by transfer of hypoxic or normadecEllsas in Figure 28A. LungsB.
Mediastinal lymph node<: SpleenD. Blood ande. CNS. Each dot represents a single animal. Mean +SEM. Representative
data of 3 independent experiments inding at least 4 animals/group/time point. Unpaireelést. *pXg).05; **p>K).01;
***p).001;****p<0.0001.

In the lungs othe grouptransferred with normoxic Jercell (normoxic groupblasts, the number of
Tueecells reached a maximum on day 3p.t. and then progressively decreased over timeatimtlaés

that recdved hypoxic wWiep cell blasts lfypoxic group, the peak of fiee cell numbers in the lung was
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observed one day later i.e. on day4. Except for day 6.t., at allother time points the number of
Tuee cells was higher in the normoxic than in the hypoxioug. This difference reached statistical
significance on dayt. when the numbers ofviecells in the hypoxic group was 14 times lower than

the ones in the normoxic control&igure27A).

In the mediastinal lymph nodes and spleen, the kinetics:gf dell numbers was very similar between
the two groups with a peak on day 4 p.t. followed by a progressive reduction instaedll number

over time. In the mediastinal lymph nodes, on day 3 and day 4 p.t the numbeietdls was 2.7

and 2.2-fold lower in the hypoxic than in the normoxic group. No main differences were observed in
the other time points. In the spleen, a lower number @kAcells (1.6fold difference) was observed

exclusively on day 4 p(fFigure Z B-O.

In the blood, the kineticef Tuspcell numbers was different in the two groups. In the normoxic group,
Tuee cell numbers reached the peak on day 3 p.t. and then progressively decreased in the following
days, coinciding with the infiltration ofuge cells into the spinal cord. In ¢hhypoxic group, the
maximum number of Jgp cells in the blood was reached on day 4 p.t. On day 3 p.t., the number of
Tueecells was on average 16 times lower in the hypoxic vs the normoxic group but no differences were

observed at the other time pointéigure 27 D).

In the spinal cord, on day &, Tuee cells could be already detected in the normoxic grougseell
numbers increased more than twenfgld during the following 24 hours. This difference lasted until
the end of the observation period on @& p.t. In the hypoxic groupwdrcells started to invade the
spinal cord on day 4p.t and dramatically increased (about 22 times) 24 hours later. This difference
lasted until the end of the observation period. Of note, the maximal numbegfcElls faund in the

spinal cord in the hypoxic group was three to four times lower than the amoungigfcélls in the

CNS of the reference cohort at the peak gédlcell infiltration Figure27 B).

Taken together, these data indicate that the reduced encepbgdihic potential of msp cells
stimulated under hypoxic conditions is associated with a reduced numbeyigfcélls both in the

peripheral organs and in the CNS.
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4.13CNS inflammation correlates with the invasion pattern,gfdells

We next measurethe expression offng, Il17aand Foxp3n the CNS over the disease coubyaeal

time quantitative PCHh the spinal cordFigure28).

For all the transcripts, in the normoxic group the maximal expression was detected on day 4 p.t.
coinciding with the pak of Tigrcell invasion of the CNS and wasf8Mt higher forlfngand about 27

fold higher forll17athan the corresponding expression in the hypoxic group. In the hypoxic cohort,
the maximal cytokine expression was observed on day.5i.e. at the gak of Tigecell infiltration At

this time point, the expressioaf Ifng was3-fold higherandof l117atwice higher in the hypoxic than

in normoxic group Kigure 2&-C. Notably, when the maximal values in each group were compared,
the expression offng and ll17a detected in the hypoxic cohort was about half of the expression
detected in the reference cohortf(ig; Normaoxic group 0.0051+0.0002 Hypaxic group 0.0023
+0.0003;1117a; Normaxic group 0.003620.0002 Hypaxic group:0.0017+0.000) Figure28A-B). For
Foxp3, the expression in the CNS tissue was low aodnain differences between the two groups

were observed (Normdc group 0.0007+0.0001 Hypsaic group 0.0007+0.0001) Figure280).
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Figure28. Differentexpressiorpattern of pro-inflammatory cytokines and Foxp3 in hypoxic and normoxigdcells in the
CNSExpressiomnf Ifng (A), II17a( B) and Foxp3(Q in totalspinal cord at the indicated time points after transfer of hypoxic
or normoxic blasts as iRigure26. Quantitative PCR. Housekeepiggne:b-actin. Mean+SEM Representative data d3
independent experiments including at least 4 animals/group/time pdisch dot represesta single animalUnpaired t
Test *PKn OppkKAi O#mn & #*1pm0r0001.
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4.14The reactivation ofypoxic Tigpcellsin the target tissue is not impaired

The local reactivation of CN8active T cells in the target organ is a crucial step for disease
pathogenesigBartholoméus et al., 2009; Lodygin et al., 2013)erefore, we asked if an impaired
capacity of the hypoxicukecells to be restimulateh vivoin the target tissue could explain the lower
level of preinflammatory cytokines observed in the spinal cord and the milder clinical course. To
address this question we measured the expression of the surface activatikkera& D134 and CD25
(Figure29) and the production of pranflammatory cytokines IFN iyl Ra(Figure B) in Tuspcells

sorted from blood and spinal cord daily from days 3 {ot6
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Figure29. Theexpression of surface of asttion markers in hypoxid@mspecellsis not impaired in the CNEAE was induced

by transfer of hypoxic or normoxigidecells as ifFigure 26 Medianfluorescence intensity (MFI) of CD129 &énd CD258)

in Tuspcells isolated from blood and spinal cahdough the course of EAE. Each dot represents a single animal. A&
Representative data @hree independent experiments including at least 4 animals/group/time point. Statistical significance
was assessed by ngrarametric tTest.*pQ.05;**pXQ.01;***p)).001***p<0.0001.
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Regarding the surface activation markers, no differences in CD134 expression between the two groups
could be observed in the blood at any time point. When comparing blood and CNS, in both the groups
on day 5 andlay 6 p.t. the expression of CD134 igrlcells was higher in the CNS than in the blood,
indicating that Tiee cells could be reactivated in situ in the target orgarboth the experimental
conditions At the same time points, in the CNS, the expressio@i®134 was significantly higher in

the hypoxic Wisecells in comparison with the normoxic ones. This was also the case orpdawBen

very few Tuspcells could be found in the CNS of animals that received the hypadblasts(Figure

30A).

Regarihg CD25, we did not observe major differences in the blood between the two groups. In line
with the CD134 expression data, CD25 expression was higher in the CNS compared to the blood in
both the groups on days 4, 5 ang®. The expression of this markgrogressively increased from day

3 p.t. to day 6 p.t. in both groups with the increase being more pronounced in the group that received
hypoxic Tigecells. CD25 was higher in the group transferred with normaxiecells on day 3 and 4

p.t. However, athe peak of CD25 expression on day 6p.t. the hypaxecCEllsexpressed on their
surface significantly more CD25 thdahe normoxic counterpart(Hypoic group 28935 +1083
Normaxic group 16804+1047).

We next assessed the capacity afisd cells previousl stimulated under normoxic or hypoxic
conditions and isolated from blood and CNS to produceipilammatory cytokines under basal
conditions and after stimulation with Phorbol 42yristate 13acetat and lonomycin (PMA/IONO)
over the relevant clinical pls& (from day 3 to day 6 p.t.)

No difference between the two cohorts was observed in bldedived Tuspr cells at any time point
(Figure30 A). In both the groups at any time point, the production of cytokines in basal conditions was
higher in the CNS than the bloodderived counterpar(Figure31 A-B), further confirming that Tigp
cellscould be ractivated in the CNS. In the CNS, the highest percentage of normgxaells able to
produce cytokines was observed on day 3p.t. coinciding with the initall Tnfiltration. At this time
point, the few Tigecells that could be retrieved from the CNS in animals transferred with hypoxic blasts

were not able to produce cytokines both in basal conditions and upon stimul@igaore30 B).

Inthe hypoxiccohoBE (G KS LIJSF{ 2F LCb:! LINRtRdz@ididgavigh thg iniial NS | OK.
infiltration of hypoxic Tisrinto the CNS. At this time poirit, K S LIS N S ypiodugirg) Ti2cEllsL C b ¢
was significantly higher in the hypoxic than in the normoxic cohiod was also twdold higher than

the value observed the day before in the CNS of the reference c¢Figrire30 B).
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On days 5 and 6 p.t. the percentage of cytokmmeducing Tiee cells found in the CNS of animals
transferred with hypoxic blasts wasghier than in the group transferred with normoxic blasts, the

difference being statistically significant on dag.& but no longer so on day&t (Figure30 B).
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Figure30. Theexpression of prenflammatory cytokines byhypoxic Tuspcells in the CNS is not impairegAE was induced

as inFigure 2@y transfer of normoxic or hypoxic blasBercentage ofFN , IL17aand IFN*/IL17&a Tugecells in blood &)
andspinal cord B) of animalshroughout the EAE coursia steadystate and upon PMA/IONO stimulation. Flow cytometry.
Each dot represents a single animal. M&SEM. Representative data of three independent experiments including at least
four animals/group/time point. Statistical significance was assessed bypammetrict-Test*p>K).05;**pXK).01;***p>K).001;
#*+%n<0.0001.

64



Next, we quantified the absolute number fizpcells able to produce Cb * = L [ -Ml7 inbothR L Cb !
cohorts in blood and spinal cor&igure31). A relatively higher number of cytokine producing cells

(IFN ™ IL17d or IFN*/1L17d) could be found in the blood of the normoxic cohort in comparison with

the hypoxic cohor{Figure 3A). This observation is consistent with the higher numbers @d-Tells

found in the blood of hypoxic animals. In the CNS, condistéh the pattern ofinfiltration (Figure

27), the cytokineproducing Tiercells peaked on day 4 and on day 5p.t. in the normoxic and hypoxic
group, respectively. Their number was always higher in the normoxic than in the hypoxi¢igue

31B).
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Figure 31. The number ohypoxic Tugpcellsproducing preinflammatory cytokines is reduced in the CNEAE was induced
as inFigure 3 by transfer of normoxic or hypoxic blas&sbsolute number of FN *, IL17& and IFN*/IL17& Tygecells in
blood () andspinal cord B) throughout the EAE coursd-low cytometry. Each dot represents a single animal. M&&M.
Representative data of three independent experiments including at least four animals/gnmepfpioint. Statistical
significance was assessed by fmamametric tTest.*PX).05;**P}).01;***PXQ).001;****p<0.0001.
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Finally we quantified the expression of FOXia3blood and CN8erived Tep cells (Figure32). No
differences between the normoxic angpoxic groups were observed in the blood at any time point
(Figure33A). In the CNS, in the normoxic group the percentage of FOXR3cells was similar atll
examinedime points (around 2.5%). In the hypoxic group, almost no FOXRB3cells were étected

on day 3 and day @.t. On day5p.t. the percentage of FOXPBugpcells increased to 9% and became
significantly higher tham the reference group (Noroxic group2.8%+0.35% Hypaxic group:9.4%
+1.7%). On dy 6 p.t. both groups displayed a mesimilar percentage of FOXPigispcells.Regarding
the total number of FOXP3wugp cells very few positive cells could be detected at any time point in

blood or CNS and no main differences between the two groups could be tminwgendifferent time

points (Figure32B).
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Figure 32. Hypoxichblasts donot acquire a regulatory phenotype in thepinal cord EA was induced as Figure 26y
transfer of normoxic or hypoxic blast8ercentage and absolute numbers of FOXR® cels assessed by FACS. Each dot
represents a single animal. MeaSEM. Representative data of three independent experiments including at least 4 animals
/group /time point. Statistical significance was assessed bypamametric tTest.*p>K).05.

Taken togeher, these results show that the total number of hypoxigricells able to produce pro
inflammatory cytokines in the CNS is reduced but their capacity to be reactivated in situ is not

impaired. No shift towards a regulatory phenotype is observed.
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4.15 Endogenous T cedicruitmentto the CN$reducedin animals that receivieypoxic

TMcheIIs

The local reactivation ofukercells in the CNS induces the release ofipftammatory cytokines and
chemokines that drive the recruitment of endogenous C&ntl CD8T cells. We therefore aimed to
assess the recruitment of endogenous T cells in animals transferred wittedlls stimulated under
normoxic othypoxic conditions. Fdhis purpose, we quantified the number of endogenous @Rt
and CD8T cellsn the CNS daily from day 3 to day 6 pRig(ire33) and mesured their capacity to
LIN2 RdzOS L CHigure34).y R L[ mMT 0
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Figure 33. Reduced infiltration of endogenous T cells in the target tissugon transfer of hypoxic Jgp cells EAE was
induced as irFigure 26by transfer of normoxior hypoxic blastsNumberof endogenou$ ITCRCD4 and CDS8T cells in
the spinal cord. Each dot represents a single animal. M&EM. Representative data of three independent experiments
including at least 4 animals/group/time point. Statistical sigaifice was assessed by ARoarametric tTest. *P>XK).05;
**P)).01;**P)).001;****p<0.0001.

In the normoxic group, both GFEBD4 and CD8T cells started to invade the CNS on day 4p.t. In the
hypoxic group, GFED4 T cells were detectable on day 6p.thereas CDS8T cell invasion started on
day 5p.t. At any time point, the number of GEP4T cells and CD& cells was higher in the normoxic

than in the hypoxic group.

We then measured ithe same animals the production of piaflammatory cytokines iNSderived

GFPCD4 and CDS8T cellsFigure34). We could not observe any difference between the two cohorts
in the percentage of cytokine positive Cod CD8T cells. However, when we quantified the absolute
number of CDZ4or CD8 T cells able to pmuce cytokines, we observed that at any time point the

y dzY 6 S NJ-poflucihgd leells was higher in the normoxic than in the hypoxic gidw@number
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of IL17aproducing T cells was significantly higher in the normoxic group on playwhereas no main

differences were detected at the other time points.
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Figure34. Endogenoud cells recruited in the CNS upon transfer of hypdxige cellsare not functionally impaired EAE
was induced as in Figure 26 by transfer of normaxicypoxic blastsPercentage oft ITCR CD4 (A) and CD8 (B)
endogenous T cells expressifi¥ , IL17a and IFML17ain spinal cord througlbut the EAE coursia steady state and upon
PMA/IONO stimulation. Each dot represents a single animal. M&#EM. Representative data of three inéegent
experiments including at least 4 animals/group/time point. Statistical significance was assessedgararoatric tTest.
*PXQ.05;**P)Q.01;***p>K).001;****P<0.0001.
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Figure35. Activatedendogenous T cells in the CN® aeduced upon transfer of hypoxiee cells EAE was induced as in
Figure 3 by transfer of normoxic or hypoxic blasts. Absolute number &fCR CD4 (A) and CD8(B) endogenous T cells
expressindFN , IL17a and IFML17ain spinal cord througlbut the EAE courseEach dot represents a single animal. Mean
+SEM. Representative data of three independent experiments including at least 4 animals/group/time point. Statistical
significance was assessed by framametric tTest.*PX).05;**P}).01;***PXQ).001;****p<0.0001.

Taken together, these results show an impaired and decreased ability of hypexaells not only to

invade the CNS but also to recruit endogenous T cells into the inflamed tissue.
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4.16Hypoxyprobel allows the detection of thexygenatia status of ¥izecellsin vitro

We next aimed to detedf individual Tisrcellscan sensehe level of oxygeation. For this purpose,

we used the commercial system Hypoxipreb¢HP1) from Hypoxyprobahich can detect hypoxia

as low as 10 mmHg oxygefitis system consists in the nitroimidazole qmmund pimonidazole
hydrochloridein combination with a polyclonal antibody against pimonidazole adducts that can be
detected by FACS or imaging technigues. Pimonidazole is reduced under hypoxic environments and
binds to thiolcontaining intracellular molecules such as glutathione and proteins. The resulting
complexes can be detected by immutabelling(Raleigh et al., 1987The most hypoxic a cell is, the

more reduced is its inner environment, and therefore ghdr amount of pimonidazol8H adducts

are formed and the staining is more intense.

We used the HP1 system to test the oxygenations statUsgifcellsin vitro. To this end we cultured
resting Tusrcells under normoxic or hypoxic conditions in presenicgimonidazole. Two hours later,
GKS al YLX S&a 6SNB FAESRZ aidlAySR | O0O2NRAYy3 (2
cytometry. Aftertwo hoursunderahypoxic environment, restingugecellsshowed & increase in the

staining intensity of HP1 icomparison with the normoxic counterpaffeigure36).
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Figure36. Tuge cellsin vitro display a more intense HPdtaining in hypoxic than in normoxic condition8. Scheme of the
experimental set up. Restingidrcells were cultted under either hypoxic or normoxic conditions for two hours in presence
of pimonidazole. HR biding was assessed two hours later by flow cytome®rHistogram overlay comparing the HP1
binding in Tige cells in hypoxic or normoxic conditions. Not stanlyge cells were used as negative control (dark grey).
Numbers indicates the median fluorescence intensity in each group. Representative data of 2 independent experiments.
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4.17T cells in different organs displayed a different oxygenation status

We next investigated if the HP1 system would allow to identify the oxygenation leab BERGFP

Tuercells andabTCRGFPendogenous T cells in peripheral organs and CNS tissue during tEAE. To this
end, we transferred naive recipient Lewis rats withvitro activated Tiep cells Figure JA). At

different time points of the disease, nameadyn d1 p.t. (preclinical phase), d3 p.t (disease onset) and

d5 p.t. (disease peak), the animals received intraperitoneally pimonidazole and shortly after they were
euthanized. At each time point, peripheral organs and spinal cord were retrieved and mddess
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Figure37. T cellsan different organs displayed different levels of oxygenation through the course of BAEcheme of the
experimental set UpEAE was induced in Lewis rat by transfefyafe cell blasts. At the indicated time points the animals
were injected intraperitoneally witpimonidazole shoty before being euthanized and their organs were analysed by FACS.
B. Pairwisecomparisonf HP tbindingintensity in Tgpcellsisolated from the indicated organs on day 1, day 3 and day 5
p.t. C.Corresponding quantification iabTCRGFPendogenousT cellsDotted lines are set at, indicating no differences
between both compared organs. Meah SEM. Representative dateof 2 independent experiments including-2
animals/group.

By using this approach, we could detect differenaeshe oxygenation status of T cells in the
investigated organsHigure37B). Due to the high variability in the pharmacokinetic of pimonidazole
between the animals, we calculated per each animal and per each time point the ratio of intensity of

HP1 deteted in the different organs. At day 1 p.t., whewedcells are almost exclusively located in
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lung and mediastinal lymph nodes, the ratio of HP1 intensitywvi» dells between the mediastinal
lymph nodes and the lung was 10.6, meaning that the oxygetion level of Tigpcells in the lung
was approximately the double than the one the same cells experimented in the mediastinal lymph

nodes.

At the following time points, namely day 3 p.t. and day 5 méeTells appeared in the blood that was
used as reerence tissue. At the disease onset (day 3 p.tgedells in peripheral tissues (mediastinal
and inguinal lymph nodes) and in CNiSpthyed on average at leasf@d higher staining intensity of
HP1 than the ones localized in the blood (mediastyraph nodes: 2.%0.3; inguinal lymph nodes 1.8
10.1; CNS: 2.50.5). Ter cells in the spleen at the same time point showed no difference in HP1

intensity compared with the blood (04D.1).

At the peak of the disease (day 5 p.t.) the ratios of&falning intensity was qualitatively similar than

what we observed at day 3 p.t., but displayed consistently increased values than the ones observed at
the previous time point (mediastinal lymph nodes: 2043; inguinal lymph nodes: 3#0.4; CNS: 2.8

10.3). Thestaining intensity of HP1 observed ins#cells localized in the spleen was on average 4.4

times higher than the one measured in blosdlated Tigpcells.

The observed differences in the intensity of FRdining may also depenght least in part on the
activation and metabolic status ofidrcells in the different tissues at the different time points of the
disease course. To correct for those factors, we then performed. KRiining onh ITCR GFP
endogenous T cells in the same tissues and at the same time point agdfoells Figure390). Overall,

h ITCRGFPT cells behaved very similar tagsF cells. More specificallygn day 1p.t. the staining
intensity of HP1 of TCRGFPcellsin the mediastinal lymph nodes was 7.2 times high&c) than

the one measured in the same subset of cells isolated from the [Dngay 3p.th TCRGFPT cells
isolated from CNS, mediastinal lymph nodes and inguinal lymph nodes were more oxygdwated t
the ones in the blood (CNS: &8, mediastinal lymph nodes:#.25; inguinal lymph nodes: 116.3).

At the same time point! ITCRGFPT cells isolated from spleen and blood did not show any difference
(0.8+0.1). At the peak of the disease (dayp5.)," TCRGFPcells displayed an intensity of HP1
staining higher in all studied organs than in the blood (CNStB4 mediastinal lymph nodes: 3.2
10.1; inguinal lymph nodes: 44D.1; spleen: 2.20).

Taken together these results demonstrate thk cells can sense the level of oxygen and display
different oxygenation statuses in different tissues, the lung and the CNS being the most and the least

oxygenated organs, respectively.
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4.18In vivohypoxiaimpairs Tispcellproliferationin EAE indued via the lung

Up to now our data showed that hypoxic condition impactedvitro Tuee cell activation and
proliferation upon antigen exposure. Furthermor@, vivg T cells were able to sense different
environmental oxygen conditions. We next sought ttarify whether an oxygemestricted

environment would also affect the reactivation of autoreactiwg dellsin viva

To this end, we exposed a whole animal to hypoxia (@d¢gen) and combined it with a model of EAE
induced via immunisation in the lunggcently established in our lab (Nature, 2022). First we sought
to investigate whether wholdody hypoxia would affect the proliferation ofsde cells reactivated
through intratracheal immunisation with the cognate antigen. To this end, we stained réki#ag
cells with the proliferation marker cell trace violet prior to inj@actthem into naive recipient animals.
After 3 hours, recipients were immus&d into the lung by intratracheal administration of MBP
emulsified inCFA Immediately after intratrachal immunisation, the animals were divided in three
SELISNAYSY(lF-anRAANR @8NEYzZLI gBa adz YA GGSR,) ihdedigdy? t S
after immunisation for 24 hours; a second group, namehA84, was kept under normoxic conditions

for the fird 24 hours after immunisation but submitted to the oxygesstricted atmosphere for the
following 24 hours; a third group was kept under normoxic conditions for 48 hours. 48 hours after
immunisation, all animals were euthargd and their lungs and mediasél lymph nodes were

analysed by FACS. A detailed infographic depicting the experimental set up can be fBignudas.
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Figure 38. Effectof hypoxic environmenbn Tygp cell reactivation into thelung. Scheme of the experinméal set up. Lewis
rats were transferred inravenously with reggisecells previouslyabelledwith cell trace violetshortly after animalswvere
immunised into the lung with an emulsion BfBP andO0~Aand exposed tothe indicatdambiental oxygen contions. 48
hours after immunisation, all animals were euthanised @iekcellsretrived from differntorgans vere analysed by FACS.

We first measured the number ofuEp cells in lungs and mediastinal lymph nod&glre 39. A
significant lower number dfuspcells was found in the lungs of animals exposed to an oxyeduced

atmosphere between 24 hours and 48 hours after lung immunisation in comparison with the normoxic
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group (Tercells per gramNormoxic 1.6 x16 +0.2 x16; 24-48h: 0.5 x10+0.2 x16). The other group
exposed to an oxygedeprived atmosphere for the first 24 hours upon intratracheal immunisation,
showed also a moderate, nestatistically significant reduction inidrcell number (0.9 x13t0.2 x106)

in comparison with the control group

In the mediastinal lymph nodes, rstatistical significant difference was found between any of the
experimental groups. Nevertheless, both groupsbjectedto the oxygenrdeprived environment
showed a reduced number oivde cells compared to the normoxicontrol (Tuee cells per gram:
Normoxic: 22 x10+0.7x16; 0-24h: 7.8 x10+1.5 x16; 24-48h: 13.5x10+1.9 x10).
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Figure 39. Hypoxia affects Tugp cell proliferation in vivo upon lung immunisation Number of Tgp cells in lungs rad

mediastinal lymph nodes&hours afte intra-lung immunsgation of animals previously trangfrred with resting Tige cells.

Each dot representsne animalMean+ SEM.Representative dat of three independent experimer8satistical significance
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The inclusion of the proliferation dye cell trace violet in our experimental design allowed us to perform
a more refined analysis of the proliferative activity @gdcells in the different experimental groups.
FiguresiOAand41Ashow representdte graphs of the distribution of the intensity of the proliferation
dye in Tugecells isolated from lung and mediastinal lymph nodes in each experimental group. In the
lung, the percentage of dividing,dr cells was significantly reduced in the-28h graup (58%at2%)
when compared with the normoxic group (66%4.3%) while no differences could be detected
between the control group and the group exposed to the oxymgsiricted environment directly upon
immunisation (824h: 59%2%;Figure42B). Division ané&xpansion indices werggnificantly reduced

in both hypoxic groups compared to the hormoxic contfeigure40GD).
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Figure40. Tveecell proliferation in the lung is affected by hypoxic environmentA-D. Animals were treateds inFigure

40. Twep cell analysis was performed in luigplated cells 48 hours after in situ immsation. A. Tyep cell proliferation

measuredby dilution of the celtrace violet.B.Percentage offugpcellsthat underwent at leasbnedivision cycleC.Division

index(Number of divisiongor each cell)D. Expansion indefRatio between the total numbers dfgpcells at the encgnd

at the beginning ofthe experimen}. B-D. Mean+ SEMEachdot representone animal. Statistical significance was asssa
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In the mediastinal lymph nodes the results pointed in the same direction but the differences were
even more accentuated. Specifically, all the analysed indices (percentage of dividing cells, division and
expansion indicg) were significantly reduced in the two experimental groups submitted to the
decreased oxygen environments compared to the normoxic group. Of note, all the parameters were
significantly lower in the experimental group exposed to the oxygestricted enwionment
immediately after immunisation than in the group exposed to the hypoxic environment 24 hours after

immunisation Figure41l).
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Figure 41. Proliferative status of Wigp cells in themediastinal lymph nodess affected bya hypoxic environment.A-D.

Animals were treated as in Figure 4Rgpcell analysis was performed in cells isolated from the mediastinal lymph nodes 48

hours after in situ immuisation. A. Tugecell proliferation measuredy dilution of the celtraceviolet. B. Percentage of Wisp

cellsthat underwent at leasbnedivision cycleC.Division indexD. Expansion inde»B-D. Mean+ SEMEach dot represents

one animal. Statistical significance was assessed bygohe2 ! bh+! GAGK ¢dz]l S& Qa pa@sdNNBE Ol A2y
Representative dat d independent experiments including®tanimals per groug:, pXQ.05;**, p>Q.01;***, pXQ.001

Taken together, these results suggest that the exposure to whole body hypoxia impairs the
proliferation of Tuep cells in thelung upon in situ reactivation. The exposure to an oxygeahuced
atmosphere for 24 hours immediately after antigen exposure was able to impair the proliferation of
Tuee cells in lungs and mediastinal lymph nodes 48h after reactivation. The dampening affec
proliferation in lungderived Tusrcells was even more prominent in the group submitted to hypoxia

24 hours after immunisation.
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