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Summary 

The contribution of the lung in shaping CNS autoimmunity is gaining relevance in the last years. Central 

nervous system (CNS) reactive T cells can acquire in the lung the potential to invade the CNS in 

experimental autoimmune encephalomyelitis, an animal model for Multiple sclerosis. Furthermore, 

the lung microbiota by modulating the microglial phenotype can act on the effector phase of the CNS 

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 delivered intra-trachea are sufficient 

to trigger myelin-reactive T cells to induce EAE. As a repercussion of its main task of gas-exchange, 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 work, in order to identify pulmonary factors 

that can potentially contribute to the efficiency of the lung in triggering autoimmunity, we 

investigated if oxygen availability determines the function of CNS-reactive T cells in the context of CNS 

autoimmunity.  

In vitro, we could observe that an oxygen-deprived atmosphere impaired proliferation and effector 

functions of myelin-reactive T cells stimulated with the cognate antigen. These functional changes 

were associated with a global reprogramming of the transcriptional profile. The hypoxic stimulus, 

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 

myelin-reactive T cells stimulated in a hypoxic environment and retransferred in vivo proliferated less 

than the normoxic counterpart did and induced a milder disease. 

We then assessed if these in vitro findings could be translated in vivo. We could prove that T cells are 

able to sense different oxygen tensions as they circulate throughout the organism. Furthermore, we 

observed that myelin-reactive 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 hypoxic conditions. These 

data confirmed that also in vivo the initial steps of T cell activation are depending on the 

environmental oxygen. Finally, when EAE was induced via intra-lung immunization in animals exposed 

to whole body hypoxia during the initial steps of T cell 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 their metabolism 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 sclerosis (MS) is an inflammatory autoimmune condition affecting the central nervous system 

(CNS), characterized by demyelinating lesions in both grey and white matter leading to axonal loss and 

neurodegeneration (Compston & Coles, 2008; Ransohoff et al., 2015). MS generally first appears in 

young adults aged between 20 and 30 years and is more prevalent in women than in men in a 3 to 1 

ratio (Alonso & Hernán, 2008). About 2.3 million people are affected worldwide and in Western 

countries MS represents one of the main causes of juvenile and adult disability, being responsible for 

a significant portion of the expenditure of public health and care systems in these countries (Feigin et 

al., 2017). The pathogenesis of the disease is still under discussion, but a body of data suggests that 

CNS-autoreactive CD4+ cells play a major role (Bahbouhi et al., 2010; Hohlfeld et al., 2016; Sospedra 

& Martin, 2016). 

Regarding its clinical manifestations, MS usually first appears in the form of a so-called Clinical Isolated 

Syndrome (CIS), an episode of focal neurological dysfunction lasting 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 problems (Ransohoff et al., 2015).  

Usually CIS gives rise to the most common form of the disease, known as relapsing-remitting MS 

(RRMS), in which the disease presents in the form of clinical flares, isolated or separated in time, and 

thereafter the patient can recover completely or some sequelae may remain. Typically, RRMS evolves 

into a secondary progressive MS (SPMS) characterised by a slow but relentless progression of the 

disease course. In 10 to 20% of patients (Compston & Coles, 2008), the disease manifests itself as a 

primary progressive disease form (PPMS), characterised by the lack of relapsing-remitting episodes 

and an ongoing steady progression from the disease onset. According to recent epidemiological 

studies, the age of onset of PPMS is around 45 years, the age at which RRMS also generally progresses 

to SPMS (McKay et al., 2015).  

 

1.1.1 Aetiology of MS and Risk factors 

The cause of MS remains unknown. As for other autoimmune disorders such as type 1 diabetes 

mellitus, MS is recognised as a multifactorial disease with a complex aetiology caused by a 

combination of genetic and environmental factors.  
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Genetic risk factors 

Evidence for a genetic component of MS was found in population-based 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 30%) being observed in monozygotic twins (Robertson et 

al., 1996; Ebers et al., 2000; Compston & Coles, 2008). Over the years, multiple genome-wide 

association studies (GWAS) have identified more than 200 loci that can independently contribute to 

the pathogenesis of the disease. Several of the identified genetic risk factors are associated with 

immune-related genes and are shared with other immune diseases (Beecham et al., 2013).The first 

loci to be identified were mapped on the Human Leukocyte Antigen (HLA) system encoding for 

molecules of the major histocompatibility complex (MHC). Specifically, the allele DR15 of the HLA 

region (HLA-DRB1*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 phenotype (Baranzini & 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 attention (Dobson & 

Giovannoni, 2019; Sospedra & Martin, 2016). 

Environmental factors 

A variety of environmental risk factors has been associated with the development of MS. The most 

commonly reported are childhood obesity, viral infections, cigarette smoking and dysregulation of the 

gut microbiome as well as low levels of vitamin D related with low sunlight exposure (Ascherio, 2013; 

Ascherio & Munger, 2007a, 2007b; Compston & Coles, 2008). Regarding the latter, the exposure to 

ultraviolet radiation and increased vitamin D levels, especially before young adulthood, seems to exert 

a protective effect against MS (Lucas et al., 2015; Munger et al., 2006) and could therefore contribute 

to explain the well-described latitudinal gradient of MS incidence, prevalence and related mortality 

(Simpson et al., 2011). 

 

1.1.2 MS risk factors directly associated with the lung. 

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

Lung infections by influenza-viruses or members of the Human Herpes-Virus 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 pre-existing disease (Halenius & Hengel, 2014; Lang et al., 2002; 

Oikonen et al., 2011). EBV is a human herpes virus infecting preferentially epithelial cells in the 
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oropharynges and B cells. After infection, the virus persists in latent form in B lymphocytes throughout 

life (Hatton et al., 2014). Elevated titters of anti-EBV antibodies are found in serum of MS patients, 

and an increased number of CD8+ T cells directed against EBV are found in the circulation during 

relapses of MS (Angelini et al., 2013; Pender et al., 2014). Post-mortem studies have also revealed a 

high number of EBV infected B cells in the CNS lesions of MS patients (Serafini et al., 2017). Recently, 

a longitudinal study conducted on 10 million young adults showed that EBV infection precedes MS 

onset and greatly increases the risk of subsequent MS (Bjornevik et al., 2022). At a mechanistic level, 

molecular mimicry between EBV and CNS autoantigens has been proposed for the involvement of EBV 

in MS pathogenesis (Lanz et al., 2022; Pender et al., 2014; Tengvall et al., 2019) 

Regarding the 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 progression (Ascherio & Munger, 2007b; Goodin, 2014; Hedström et al., 2013; 

Hernán et al., 2001; Jafari & Hintzen, 2011). Furthermore, the risk of disability progression is 

significantly increased in patients that started smoking earlier in their lives; these patients also show 

an increased risk of earlier development to a chronic clinical course of the disease (Sundström & 

Nyström, 2008). Even passive exposure to tobacco smoke (second hand smoke) has been related to 

an early onset of MS in children (Hedström et al., 2011).  

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

pathogenesis of MS. 

1.2 Experimental autoimmune encephalomyelitis, EAE 

The knowledge we nowadays possess about the pathogenesis of MS, as well as several currently used 

therapies, are grounded on observations made in animal models of the disease. Each model mimics 

specific aspects of the disease. Unfortunately, no one model can recapitulate the entire complexity of 

MS. One of the most relevant animal models to the study of MS is the so-called experimental 

autoimmune encephalomyelitis, shortly EAE. 

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

invesǘƛƎŀǘƛƴƎ ǘƘŜ ŀŘǾŜǊǎŜ ŜŦŦŜŎǘǎ ŘŜǊƛǾŜŘ ŦǊƻƳ tŀǎǘŜǳǊΩǎ ǾŀŎŎƛƴŀǘƛƻƴ ŀƎŀƛƴǎǘ rabies in 1882 (Pasteur & 

Illo, 1996). The vaccine was prepared from spinal cord of rabbits previously inoculated with the virus, 

and it led in some cases to paresis, ataxia, and impaired breathing and swallowing. In an attempt to 

understand these unexpected adverse effects, in 1925 Koritschoner and Schewinburg (Koritschoner & 

Schweinburg, 1925)  observed that the injection of brain tissue from healthy sheep into rabbits led to 

limb paralysis, thus excluding a viral aetiology of the adverse effects. Shortly after, Thomas Milton 
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Rivers could showed that  several Rhesus monkeys inoculated with rabbit brain developed 

demyelinating lesions in the CNS, preferentially localized around blood vessels (Rivers et al., 1933; 

Rivers & Schwentker, 1935; Schwentker & Rivers, 1934). He also observed a correlation between 

myelin content and disease-inducing capacity of the brain extract, suggesting that myelin could be 

responsible for the disease induction. These findings, together with the development of an adjuvant, 

ƴŀƳŜƭȅ CǊŜǳƴŘΩǎ ŎƻƳǇƭŜǘŜ ŀŘƧǳǾŀƴǘ ό/C!ύ composed by killed Mycobacterium Tuberculosis and 

paraffin oil able to boost the disease (Freund et al., 1945), led to the development of the EAE model 

(in this form called active EAE, aEAE). Since these initial observations, the pathogenesis of EAE has 

been extensively investigated. In the sixties, it was demonstrated that T cells and not antibodies are 

the trigger of the disease (Paterson, 1960). Two decades later, Wekerle and Ben Nun observed that 

the transfer of in vitro activated myelin basic protein (MBP)-specific CD4+ T cells into healthy syngeneic 

recipient animals was sufficient to induce the disease, thus identifying those cells as the culprit of EAE 

(Ben-Nun et al., 1981). 

Since its establishment, the EAE model has been used in a wide variety of mammals, from pigs and 

rabbits to non-human primates. The gradual refinement of the rodent model has made EAE the most 

widely used model today to study CNS autoimmune threats. Although with variations mainly 

depending on animal species/backgrounds and experimental protocols, the clinical picture of EAE is 

mostly characterised by weight loss and ascending paralysis starting with tail tone affection that 

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

EAE can be induced by two different protocols: 1) active EAE (aEAE) is induced by immunisation with 

CNS-related antigens; and 2) transfer EAE (tEAE) is induced by transferring of in vitro activated CNS-

reactive CD4+ T cells in syngeneic recipients. 

1.2.1 Active EAE 

For the induction of aEAE, animals are immunised subcutaneously with myelin antigens such as myelin 

basic protein (MBP), myelin oligodendrocyte protein (MOG) or proteolipid protein (PLP) (Hemmer et 

al., 2002), emulsified in CFA. The myelin antigen is then presented to endogenous naïve T-cells by 

άprofessionalέ antigen presenting cells (APCs) in the lymph nodes draining the immunisation site. After 

being activated, the autoreactive T cells undergo clonal expansion through several rounds of 

proliferation and after some days, they are released into the bloodstream from where they enter the 

CNS by crossing the blood-brain barrier (BBB). In the target tissue, the CNS-reactive T cells are once 

more activated by encountering the cognate antigen presented by local APCs. This in situ activation 

step triggers the expression of pro-inflammatory cytokines and chemokines that induce a massive 
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recruitment of other immune cells including lymphocytes and monocytes/macrophages, finally 

leading to inflammation, demyelination and tissue destruction (Mix et al., 2010). 

 

1.2.2 Transfer EAE 

A crucial step in transfer EAE is the establishment of CNS-reactive T cells in 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 disease (8-10 days after immunisation), the draining 

lymph nodes are removed and the isolated T cells are amplified in vitro for one or several rounds by 

stimulating them with the cognate antigen in presence of APCs (Ben-Nun et al., 1981). Fully activated 

T cell (blasts) are then transferred to naïve recipient animals. As with the aEAE model, a few days after 

transfer, CNS-reactive T cells are released into the bloodstream from where they enter the CNS, 

overcoming the BBB. Once in the CNS, the 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 naïve T cell in the lymph nodes; the transfer 

model offers the possibility of genetically manipulating the culprit T cells in vitro and then tracking and 

functionally characterizing them in vivo during the entire disease course (Flügel et al., 1999a). 

 

Figure 1. Infographic depicting the protocol of transfer EAE. The establishment of a transfer EAE protocol, making it possible 
to manipulate CNS-directed CD4+ T cells in vitro prior to their injection, for instance by expressing fluorescent proteins that 
allow the location of pathogenic cells to be tracked over the course of the disease. This has advanced research in the field of 
neuroimmunology. Scheme adapted from Merlini 2021. 
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1. 3 The role of the lung in CNS autoimmunity 

The tEAE model has been employed to find out about the role of the lung in CNS autoimmunity. By 

tracking fluorescently labelled effector memory T cells directed against MBP (TMBP cells) in tEAE in 

Lewis rats, it could be shown that TMBP cells follow a precise migratory pattern. Immediately after 

intravenous transfer, TMBP cells disappear from the blood circulation and home into the lung. Here, for 

the first 12h, TMBP cells were found scattered in the lung tissue, whereas 24 to 48h after transfer they 

were mainly localized around the bronchial structures and in the bronchial associated lymphoid tissue. 

Two days after transfer, TMBP cells were found in the lung-draining mediastinal lymph nodes and 24 

hours later, they could be detected in blood, spleen and in peripheral organs. Starting on day 3 p.t., 

TMBP cells entered the CNS, and this event coincided with the onset of the clinical symptoms (Flügel et 

al., 1999a; Odoardi et al., 2012). While residing in the lung, the gene expression profile of the 

transferred TMBP cells underwent a drastic reprogramming: the expression of transcripts related to T 

cell activation and proliferation decreased, whereas the expression of genes related to T cell motility, 

migration and adhesion was upregulated (Figure 2). These global changes in the expression profile 

licensed TMBP cells to enter the CNS. This work performed with tEAE not only indicated that the lung 

represents a hub for TMBP cells on their way to the CNS, but also that the lung environment can shape 

the encephalitogenic potential of effector T cells.   

 

Figure 2 . In the transfer EAE set up, TMBP cells home into the lung before invading the CNS. In 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 the ability to invade the CNS (Odoardi et al., 2012). Infographic 
adapted from Ransohoff, 2012. 

 

 

Further data also suggest that CNS autoimmunity can be initiated in the lung. Indeed long living 

memory TMBP cells, instilled at neonatal age in recipient animals and persisting throughout adult life 

(Kawakami et al., 2005), could be activated in the lung by local delivery of the cognate antigen and 

were able to induce CNS disease (Odoardi et al., 2012). 
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In order to characterize the population of cells able to present the antigen in the lung, in a preliminary 

work I performed together with L. Hosang (Figures 3 and 4), we administered intra-tracheally (i.tr) a 

self-quenched conjugate of ovalbumin (OVA) that becomes fluorescent upon proteolytic degradation 

(DQ-OVA). We then quantified the fluorescently labelled APCs in the lung by flow cytometry. We 

observed that 24h after antigen delivery, 40% of MHC class II+ cells in the lung had been able to uptake 

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

their expression of CD11b/c on their surface (Figure 3).  

 

Figure 3. A cell population in the lung is able to take up antigens from the airways. Intratracheal immunisation of naïve 
Lewis rats with the fluorescent antigen DQ-OVA allowed our team to discover a subset of myeloid cells (CD11b/c+ MHCII+) 
residing into the lung able to uptake antigen from the airways and potentially present it to immune cells. A. Experimental 
set up. B. FACS plots showing the DQ-OVA derived fluorescence in the CD11b/c+ MHCII+ lung-residing population. Scheme 
provided by Dr. L. Hosang 

 

 

To prove that these cells were indeed able to activate T cells, we isolated them from the lung and set 

them in culture together with resting TMBP cells in the presence of cognate antigen; indeed, TMBP cells 

could be activated in vitro by the lung-derived APCs and once transferred they were able to induce 

the disease (Figure 4). 
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Figure 4. TMBP cells reactivated in vitro with APCs isolated from the lung are able to trigger a CNS autoimmune disease 
upon intravenous transfer. Antigen presenting cells (APCs) isolated from the lung tissue were able, when set in culture, to 
fully reactivate myelin spcific CD4+ T effector memory cells in presence of the cognate antigen. Upon intravenous transfer, 
these fully reactived T cells triggered in the recipient animals an EAE. A. Schematic inphographic of the experimental set-up. 
APCs, antigen presenting cells. MBP, myelin basic protein (here, cognate antigen)TMBP-EM, Effector memory T cells directed 
against MBP. B. Immune cell composition of the lung tissue. Pie chart representing the different immune cell populations 
found in the lung in matters of their frequency. C. Clinical course of EAE induced by intravenous transfer of TMBP cells 
reactivated in vitro with APCs isolated from the lung tissue. Dots connected by lines represent the changes of body weight 
in matters of percentage. Bars represent the clinical score of EAE. Means ±SEM (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 role of the lung in triggering CNS autoimmunity could 

be systematically investigated, we transferred naïve recipient animals with resting TMBP cells, and 

immunised the animals in the lung with the cognate antigen. Upon immunisation, these animals 

developed a classical paralytic disease (Hosang et al., 2022), similar to the one observed in the transfer 

set up.  

The most striking feature of this lung-induced EAE model was that very low doses of antigen, i.e. 100 

to 1000 fold lower than the one used in the classical subcutaneously-induced active EAE, were 

sufficient to trigger the disease.  

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

CNS autoimmunity.  
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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 tissue has a huge exchange surface of over 100 m2 with 

the inhaled ambient air, which only lately has been acknowledged as a non-sterile environment, 

colonized by a rich microbiome. The observations made in MS animal models with the epidemiological 

observations identifying lung infections, inflammatory processes and cigarette smoking as risk factor 

for MS, together with the lungsΩ 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 focus on two unique features of the lung tissue:  

¶ The presence of a distinct lung microbiome.  

¶ The environmental oxygen availability that is higher in the lung than in any other organ 

 

1.3.1 The 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 or skin is well understood, it was long 

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

In a recently published work, which I took part of, (Hosang et al., 2022) we were able to determine 

that the composition of the lung microbiome plays an important role in EAE. We showed that 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.   

Searching to explain how changes in the composition of the lung microbiome affect autoimmune 

processes in the CNS, we excluded T cells, different populations of myeloid cells (resident and 

circulating) and endothelial cells from the CNS blood vessels as a target of the lung dysbiosis and found 

the effect to occur directly inside the CNS. Upon local application of antibiotic in the lungs, we 

described a change in the phenotype of microglial cells of the brain. In the CNS of antibiotic-treated 

animals, microglial cells showed a lower number of processes, with thicker and shortened 

ramifications in comparison with non-treated animals. These phenotypic changes of the microglia 

went along with profound functional changes: the microglia reacted significantly less upon 

inflammatory stimulations, which resulted in a reduced recruitment of immune cells into the inflamed 

brain tissue justifying a reduction of the disease strength in antibiotic treatment animals (Figure 5). 

Furthermore, we identified a compound in the bacterial wall of Gramm-negative bacteria, namely 

lipopolysaccharide ς shortly LPS ς as the one being responsible for the remote effect observed in 

microglial cells.  
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Figure 5. The lung-microbiome regulates CNS autoimmunity by conditioning microglial reactivity. The LPS-producing subset 
of lung microbiome was identified 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 microbiome 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. 

 

1.3.2 Oxygen levels as regulator factor of the immune response 

In the adult human, the lung alveoli represent the largest surface in contact with external 

environment, covering about 70m2 of surface (Holt et al., 2008; Wiebe & Laursen, 1995). Such 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 O2 by haemoglobin in red blood cells and the release of CO2 

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 availability within the 

organism differs significantly from organ to organ and tissue to tissue, the lung and the upper airways 

being constantly exposed to a higher oxygen tension, which decreases as the vascular system diverges 

and integrates into the different organs (Michiels, 2004; Semenza, 2003). Moreover, it has been 

demonstrated by the use of oxygen-sensing probes in laboratory animals, that in healthy conditions 

certain organs are characterized by a very low oxygen availability within their parenchyma. This is 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, 2017). This steady 

state oxygen level can change in altered physiological conditions. Inflammation, for example, is  well 

known to promote a hypoxic environment (Karhausen et al., 2005). 

 

 

Figure 6. Oxygen tensions in a selection of human tissues in comparison to standard cell culture conditions. Cell culture 
conditions used in most of research works represent usually a hyper-oxygenated atmosphere to cultured cells reaching levels 
up to ten times in fold higher than the physiological oxygen tensions reported in living tissues. Adapted from Ast & Mootha, 
2019 

 

There are substantial differences between oxygen tension experienced by cells in tissues in a living 

organism and the 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 oxygen tension experienced by a cell within the pulmonary vein (100 

mmHg, 13%) (Figure 6). These supraphysiological oxygen tensions can affect cell metabolic processes 

(Prabhakar & Semenza, 2015), generating changes in cell proliferation (Hubbi & Semenza, 2015) and 

differentiation (Hawkins et al., 2013), among others. Based on these observations, in the last years, 

several new concepts have emerged such as, physioxia or physiological hypoxia referring to cell culture 

performed at oxygen conditions, more similar to the ones experienced by a cell embedded in a tissue 

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

and hypoxia (Atkuri et al., 2005; McKeown, 2014; Ast & Mootha, 2019).  
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In the field of immunology, 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 (reviewed in Krzywinska & Stockmann, 2018). The response to 

oxygen is orchestrated mainly by the transcriptional regulator hypoxia-inducible factor (HIF), which 

controls a wide range of oxygen responsive target genes (Krzywinska & Stockmann, 2018; Larbi et al., 

2010; Tao et al., 2015; Tripmacher et al., 2008).  

Under normoxic conditions, the cytoplasmic prolyl-hydroxylase domain (PHD) proteins catalyze the 

oxygen-dependent hydroxylation of HIF1h proteins allowing it to be recognized by the von Hippel-

Lindau (VHL) protein, which serves as E3 ubiquitin ligase triggering the degradation of HIF1 hby the 

proteasome. Under hypoxic conditions, the lack of oxygen available impairs the activity of PHD 

proteins and non-hydroxylated HIF1h can bind with HIF1̡. The HIF1h -̡heterodimer translocates into 

the nucleus where it binds to hypoxia responsive elements (HRE) on the DNA and promotes the 

transcription of hypoxia-induced genes. (Cerychova & Pavlinkova, 2018; Fong & Takeda, 2008; 

Weidemann & Johnson, 2008). 

Regarding T cell biology, it has been demonstrated that culturing T cells under more physiological 

oxygen concentrations induces numerous changes in T cell properties. Firstly, upon antigen mediated 

T cell stimulation in 1% to 5% of oxygen environment, T cell proliferation is reduced as compared to a 

άƴƻǊƳƻȄƛŎέ ŜƴǾƛǊƻƴƳŜƴǘ όŀōƻǳǘ нм҈ hнύ (Atkuri et al., 2005, 2007; Larbi et al., 2010; Loeffler et al., 

1992; Naldini et al., 1997). This effect was maintained even when a strong mitogenic stimuli (such as 

CD28 or IL-2) were provided (Clambey et al., 2012) and was due ς at least in part ς to hypoxia-mediated 

alterations of the T cell receptor (TCR) signaling via impaired calcium entry (Makino et al., 2003). 

Secondly, in physiological oxygen conditions, T cell metabolism is shifted towards glycolysis and the 

redox status of T cells increases, resembling more closely the one observed in vivo (Atkuri et al., 2007; 

Larbi et al., 2010; Tripmacher et al., 2008). Thirdly, also T cell differentiation and effector function are 

influenced. Indeed, in 5% oxygen conditions, the differentiation of naïve T cells in Th17 cells was 

accelerated. Furthermore, in similar oxygen conditions, the lytic capacity of CD8+ T cells and their 

cytokine production were increased. Finally, the survival of T cells was also shown to crucially depend 

on the oxygen conditions (Caldwell et al., 2001). Overall, these in vitro data demonstrate the impact 

of oxygen availability on T cell function, but in addition they imply that T cells are extremely plastic at 

being able to perform their function within a large range of environmental oxygen conditions. Even in 

severe hypoxic condition, T cells are still functional.  

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

vivo. Here, T cells encounter a wide range of oxygen tensions while migrating through the different 



13 
 

tissues to affect their function. During development, thymocytes are localized in the relatively low 

oxygen environment (<5 mmHg) of the thymus. Later, mature T cells travel in any organ of the body 

experiencing oxygen tension ranging from 3 mmHg to 100 mmHg (approx. 0.99% to 13%) (Figure 8). 

In pathological conditions such as inflammation and tumor, T cells can be exposed for prolonged 

periods to a hypoxic environment. How these different oxygen tensions affect T cell function 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 inflammatory CD4+ and CD8+ T cell responses and permitting 

immunosuppressive Treg cell differentiation. Such oxygen-dependent immunosuppressive pulmonary 

environment prevents inflammatory responses against innocuous foreign antigens but it fosters 

tumor colonization (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 CD8+ T cells were 

increased in vivo in the hypoxic tumor environment through the activation of the HIF signaling 

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

The aim of my project was to investigate the role of lung microenvironment in CNS autoimmunity.  

Specifically, I 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, could play a role in the capacity of the 

lung to trigger CNS autoimmunity.  

2.1 Impact of in vitro hypoxia on TMBP cell properties.  

In order to examine the relevance of environmental oxygen tensions on T cell function in the context 

of CNS autoimmunity, we stimulated TMBP cells in vitro under normoxic (20% oxygen) and hypoxic (1% 

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

¶ At cellular level, by in vitro assessing proliferation, cell viability and effector functions. 

¶ At transcriptomic level, by performing a systematic transcriptome study in order to tie down 

the changes in the gene expression triggered by the hypoxic stimulus in the context of TMBP 

reactivation at different time points upon antigen encounter. 

¶ At clinical level, by testing the encephalitogenic potential of TMBP cells stimulated in vitro under 

hypoxic conditions in the context of transfer EAE. 

2.2 Impact of whole-body hypoxia on EAE  

To investigate whether the oxygen tension present in the lung can affect CNS autoimmunity, we 

induced active EAE via intra-tracheal immunization in animals previously transferred with TMBP cells. 

We then exposed the animals to whole body hypoxia (10% oxygen) during the phase of TMBP cell 

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

¶ At cellular level, by assessing ex vivo TMBP cell proliferation and effector functions. 

¶ At clinical level, by testing the encephalitogenic potential of TMBP cells stimulated in vivo in 

hypoxic conditions in the context of active EAE induced via the lung. 
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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 Mili-Q purification 

system (Merck, Germany). 

Phosphate buffered saline (10x PBS) 8.1 mM Na2HPO4 (Roth, Germany)  

 1.47 mM Na2H2PO4 (Roth, Germany)  

 137 mM NaCl (Roth, Germany) 

 2.68 mM KCl (Roth, Germany) 

  adjusted to pH 7.2 - 7.4 with HCl (Roth, Germany) 

   
Ammonium-chloride-potassium 

buffer (ACK) 

150 mM NH4Cl (Roth, Germany) 

 1 mM KHCO3 (Roth, Germany) 

 0.1 mM Na2xEDTA (Roth, Germany) 

  adjusted to pH 7.2 - 7.4 with HCl (Roth, Germany) 

   
Dulbecco's Modified Eagle Medium 

(DMEM) 

13.4 g / l DMEM Powder (Thermo Fisher  Scientific, USA) 

 3.72 g / l NaHCO3 (Roth, Germany) 

   
Eagle's HEPES medium (EH) 75% DMEM 

 25% HEPES 1M (Thermo Fischer Scientific, USA) 

   
T cell medium (TCM) 950 ml  DMEM 

 10 ml Penicillin/Streptomycin (Thermo Fisher Scientific, 

USA)  10 ml Sodium Pyruvate (Thermo Fisher Scientific, USA) 

 10 ml L-Asparagine monohydrat (Sigma-Aldrish, Germany) 

 10 ml L-Glutamine (PAN Biotech, Germany) 

 10 ml Non-Essential Aminoacids (Thermo 

Fisher Scientific, USA)  4 µl -̡Mercaptoethanol (Roth, Germany) 

   
Re-stimulation Media (RM) 99% TCM 

 1% Rat serum (in house production) 

   
T cell growth factor medium (TCGF) 88% TCM 

 10% Horse serum (Merck, Germany) 

 2% IL-2 containing supernatant  

   
FACS buffer 2 mM Na2xEDTA (Roth, Germany) 

 0.5% Albumin Fraction V (Roth, Germany) 

  in 1x DPBS (-Ca2+ -Mg2+) 
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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 percoll (Isopercoll) 90% Percoll (Cytivia USA) 

 10% 10x PBS 

   
Underlaying percoll 7 ml Isotonic percoll (Isopercoll) 

 3.9 ml 1x PBS 

   
ELISA blocking buffer 5% BSA 

  in 1xPBS 

   
ELISA washing buffer 0.05% Tween20 (Roth, Germany) 

  in 1xPBS 

3.1.2 Reagents, chemicals and sera 

Reagent Source 

Albumin Fraction V Roth, Germany 

APC beads (BD Calibrite) BD Biosciences, USA 

-̡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, USA 

DNAse Roche, Switzerland 

DPBS (10x) without CaCl2 and MgCl2 Thermo Fisher Scientific, USA 

Fetal Calf serum Merck, Germany 

Glycogen Roche, Switzerland 

Glycoblue coprecipitant Thermo Fisher Scientific, USA 

G-418 sulfate solution Capricorn Scientific, Germany 

HEPES Thermo Fisher Scientific, USA 

Horse serum Merck, Germany 

Hydrochloric acid (HCl) Roth, Germany 

Incomplete Freund's Adjuvant (IFA) BD Biosciences, USA 

wŜŎƻƳōƛƴŀƴǘ wŀǘ LƴǘŜǊŦŜǊƻƴ ʴ Preprotech, Germany 

Isopropanol (2-Propanol) Roth, Germany 

Lymphocyte separation medium 1077 (LSM1077) PromoCell, Germany 

Ketamine  Medistar, Germany 

Paraformaldehyde Roth, Germany 

TRI-Reagent Merck, Germany 

Trypsin EDTA solution (10x) Merck, Germany 
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qPCR Martermix Eurogentec, Belgium 

Xylazine Echuphar, Belgium 

Nuclease-free water Thermo Fisher Scientific, USA 

Percoll Cytivia, Sweeden 

Rat serum In house production 

eBioscience FoxP3/transcription factor staining. Thermo Fisher Scientific, USA 

BD Perm/Wash 10x Buffer BD Biosciences, USA 

Pimonidazole HCl Hypoxyprobe, USA 

 

 3.1.3 Antigens and adjuvants 

Product Specifications Source 

Myelin Basic Protein (MBP) Isolated from guinea pig's brains In-house production 

   
Ovalbumin (OVA) from chicken egg white  None Merck, Germany 

   
DQ-OVA None Thermo Fisher Scientific, USA 

   
Complete Freunds Adjuvant 40 mg M. tuberculosis H37Ra BD Biosciences, USA 

 10 ml Incomplete Freunds Adjuvant  BD Biosciences, USA 

  

3.1.4 Antibodies 

Antigen Antibody Fluorochrome Clone Dilution Producer 

ʰʲ¢/w Mouse IgG1 anti-rat  AF647 R73 1:200 BioLegend, USA 

CD4 Mouse IgG1 anti-rat  PE/Cy7 W3/25 1:200 BioLegend, USA 

CD8a Mouse IgG1 anti-rat  PerCP OX-8 1:200 BioLegend, USA 

CD25 Mouse IgG1 anti-rat  PE OX-39 1:200 BioLegend, USA 

OX40 aƻǳǎŜ LƎDнōΣ ˁ ŀnti-rat  BV421 OX-40 1:200 BD Biosciences, USA 

FOXP3 aƻǳǎŜ LƎDмΣ ˁ ŀƴǘƛ-mouse/rat/human  PE 150D 1:200 BioLegend, USA 

LCbʴ aƻǳǎŜ LƎDмΣ ˁ ŀƴǘƛ-rat IFNg PE DB-1 1:200 BioLegend, USA 

IL17a wŀǘ LƎDмΣ ˁ ŀƴǘƛ-mouse IL17A BV421 TC11-18H10.1 1:200 BioLegend, USA 

None aƻǳǎŜ LƎDм ˁ LǎƻǘȅǇŜ ŎǘǊƭ PE MOPC-21 1:200 BioLegend, USA 

None Mouse IgG2b Isotype ctrl BV421 MPC-11 1:200 BD Biosciences, USA 

None wŀǘ LƎDмΣ ˁ LǎƻǘȅǇŜ ŎǘǊƭ BV421 R3-34 1:200 BD Biosciences, USA 

HP1 Mouse IgG1 mAb conjugated  ATTO 594  1:200 Hypoxyprobe, USA 

  

3.1.5 Q-PCR primers 

Gene (Abbreviation)  Sequence 

ß actin  Forward (5'-3') GTA CAA CCT CCT TGC AGC TCC T 

 Reverse (3'-5') TTG TCG ACG ACG AGC GC 

 Probe: FAM- 5'-3'-TAMRA CGC CAC CAG TTC GCC ATG GAT  
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Ǌŀǘ LCbʴ  Forward (5'-3') AAC AGT AAA GCA AAA AAG GAT GCA TT 

 Reverse (3'-5') TTC ATT GAC AGC TTT GTG CTG G 

 Probe: FAM- 5'-3'-TAMRA CGC CAA GTT CGA GGT GAA CAA CCC  

   

   
rat IL17A    Forward (5'-3') GAG TCC CCG GAG AAT TCC AT  

 Reverse (3'-5') GAG TAC CGC TGC CTT CAC TGT  

 Probe: FAM- 5'-3'-TAMRA ATG TGC CTG ATG CTG TT  

   

   
rat FoxP3 Forward (5'-3') TGG CAA ACG GAG TCT GCA A 

 Reverse (3'-5') TCT CAT CCA AGA GGT GAT CTG CTT 

 Probe: FAM- 5'-3'-TAMRA AGC CGG GAG AGT TTC TCA AGC ACT GC 

 

 3.1.6 Kits 

Kit Producer 

RevertAid First Strand DNA Synthesis kit Thermo Fisher Scientific, USA 

Rat IFN-  ɹStandard ABTS ELISA Development Kit PreproTech, Germany 

Rat IL17a ELISAMAXTM Deluxe Set BioLegend, USA 

 

3.1.7 Equipment and consumables 

3.1.7.1 Equipment 

Equipment Source 

Cryobox Nalgene, USA 

Metal cell strainer (100µm) UMG technical workshop, 
Germany Multichanel micropipette 30-300 µl Starlab, Germany 

Pipettes (1; 2.5; 10; 20; 100; 200; 
1000) 

Eppendorf, Germany 

Pipettus Hirschmann, Germany 

Rat intubation stack UMG technical workshop, 
Germany Small animal laringoscope Penn Century, USA 

Small animal laryngoscope LS-2 Penn Century, USA 

Surgical instruments Fine surgical tools (FST), Germany 

Tuberculin glass syringes Poulten & Graf, Germany 
 

 3.1.7.2 Consumables 

Item Source 

Cannulas (18G, 20G, 24G, 26G) B. Braun, Germany 

Cell culture plates (6-, 12-, 24-, 96-) Thermo Fisher Scientific, USA 
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Cell strainers (40, 70, 100µm) Greiner Bio-One, Austria/Germany 

Conical centrifuge tubes (15, 50mL) Greiner Bio-One, Austria/Germany 

FACS tubes BD  Biosciences, USA 

gentle MACS C Tubes Miltenyi Biotec, Germany 

Parafilm Pichiney Plastic Packaging, USA 

Petri dsihes Greiner Bio-One, Austria/Germany 

Pipette filter tips (10, 20, 100, 200, 1000µL) StarLab, Germany 

Pipette tips (10, 20, 100, 200, 1000µL) StarLab, Germany 

qPCR plates StarLab, Germany 

Reaction tubes (0.2, 1.5, 2mL) Sarstedt, Germany 

Surgical suture B. Braun, Germany 

Syringes B. Braun, Germany 

Winged catether (18G) B. Braun, Germany 

 

 3.1.8 Instruments and machines 

Item Source 

Cytoflex S Beckman-coulter, USA 

FACS-AriaII ASORP BD Biosciences, USA 

gentleMACS dissociator Miltenyi Biotec, Germany 

HeracellTM 240cell culture incubator Thermo Scientific, USA 

InvivO2 I400 hypoxia workstation Baker-Ruskinn, USA 

Laminar flow hood HERA safe KSP Thermo Scientific, USA 

Microcentrifuge 5418 R Eppendorf Germany 

Small animal laringoscope Penn Century, USA 

Sorvall Heraeus multifuge 1 S-R Thermo Scientific, USA 

StepOne Plus RT-PCR system Applied Biosystems, USA 

Sunrise Plate reader system Tecan, USA 

T100TM Thermal Cycler BioRad, United Kingdom 

Tissue chopper McIlian, USA 

  

3.1.9 Software 

Microssoft Office (2010, 2016) Microsoft, USA 

StepOnePlus Software (Version 2.0) Applied Biosciences, USA 

R (version 3.6.0) R Core Team 

R Studio Rstudio, USA 
DAVID Bioinformatics Resources (2021 
Update) NIAID/NIH 

GraphPad Prism (version 8) GraphPad, USA 

FlowJo (version 10) BD Biosciences, USA 

FACSDiva Software (version 8.0.1) 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 pathogen-free (SPF) conditions on a 12-hour 

light-dark cycle and ad libitum access to food and drink. No differences in experimental outcome were 

noted between sexes. All experiments were performed in accordance with the local regulations. 

3.2.2 Generation and culture of primary T cell lines 

Rat CD4+ T cells reactive against myelin basic protein (MBP) engineered with a  retroviral system to 

express  green fluorescent protein (GFP) were generated as previously described (Flügel et al., 1999b; 

Kawakami et al., 2005; Lodygin et al., 2013). Shortly, 6 to 8 weeks old female wild type Lewis rats were 

subcutaneously immunised with a 1:1 emulsion of complete Freund adjuvant (CFA) containing 

Mycobacterium tuberculosis extract (BD Biosciences, USA) at a concentration of 1mg/ml (final 

concentration) and MBP at a 0,5mg/ml concentration (final concentration) under short-lasting diethyl 

ether anaesthesia. The immunization emulsion was directly prepared inside the tuberculin glass 

syringes (Poulten & Graf, Germany) used for the injection. A total of 150µl was injected at the base of 

the tail (50µl each side) and into the popliteal cavities (25µl each side). Nine days after subcutaneous 

immunisation the animals were euthanized by CO2 asphyxiation and the draining lymph nodes 

(popliteal, inguinal and paraaortic) were isolated, retrieved and mashed through a 100µm sterile 

metal cell strainer. The ƭȅƳǇƘ ƴƻŘŜΩǎ cell suspension was co-cultured with GP+E86 packaging cell lines 

producing replication-deficient retroviruses carrying a Neomycin G-418 resistance cassette. 

Prior to the co-culture establishment, the packaging cells were previously expanded in 75mm2 cell 

culture flasks in T cell media (TCM) containing 10% FCS at 5% CO2 and 37°C. Afterwards, the GP+E86 

cells were suspended in restimulation media (RM) and plated in 96-well U-bottom plates at a 

concentration of 1.5 x106 cells per plate. At least five hours later, the lymph node cell suspension was 

added to the GP+E86 cells in each well at a concentration of 20 x106 cells per plate. Antigen was then 

added to a final concentration of 20µg /ml. Cells were cultured at 10% CO2 and 37°C for 48 hours, prior 

to the addition of 50µl of T cell growth factor media (TCGF) per well. One to two days after TCGF 

addition, cells were transferred to 96-well flat-bottom plates and negative T cell selection was started 

by supplementing the culture media with G-418 to a final concentration of 0.4mg/ml. 

Seven days (D7) after the initial in vitro stimulation, T cells were re-challenged with the cognate 

antigen (first restimulation). For this purpose, 100µl of supernatant was carefully removed in each 
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well and substituted with 100µl of fresh RM containing 1.4 x 106 irradiated (30Gy) rat thymocytes, 

serving as antigen presenting cells (APCs), 10µg/ml of MBP and 0.4mg/ml of G-418. Two days later, 

50µl/well of TCGF supplemented containing G-418 were added to each well. The day after, T cells 

were selected according to the confluence reached in each well and their fluorescence brightness and 

pooled into 10cm cell culture dishes. Seven days after this first restimulation, T cells were again 

challenged with MBP at a 10µg/ml concentration (second restimulation) in presence of irradiated rat 

thymocytes at a 20 to 1 ratio (20 thymocytes per counted T cell). This seven-day restimulation cycle 

could be repeated up to the 6th restimulation. After the 2nd restimulation, T cells could be frozen and 

stored in liquid nitrogen. For that purpose, T cells in a resting state (day 5 or 6 after antigen encounter) 

were counted and centrifuged at 300 RCF and 4°C for 6 minutes, resuspended in freezing medium 

(FM) and aliquoted into freezing vials in volumes of 1.5ml per vial. The freezing vials were cooled down 

to -80°C into freezing boxes (Cryobox, Nalgene, USA) before being transferred for long term into liquid 

nitrogen storage system. 

3.2.3 T cell culture under hypoxic conditions 

Prior to each cell culture experiment, TMBP cells 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 I400 workstation (Baker 

Ruskin, USA) system set at 1% O2, 5% CO2, 37°C of temperature and 65% of relative humidity was used. 

The control (normoxic) group for hypoxic restimulation experiments was kept in a normal cell culture 

incubator under 5% CO2 conditions. 

3.2.4 Experimental autoimmune encephalomyelitis (EAE) 

Transfer EAE 

Transfer EAE (tEAE) was induced in naïve recipient Lewis rats with aged between 8 to 10 weeks. 

Animals were shortly anesthetised with diethyl-ether and intravenously transferred with either 2 x106 

or 0.25 x106 TMBP cell blasts (2nd day after in vitro antigen encounter). After transfer, clinical score and 

body weight changes were registered on a daily basis. 

Lung active EAE 

Lung EAE was induced as recently described (Hosang et al., 2022). Shortly, naïve animals aged 7 to 10 

weeks were injected intravenously with 7.5 x106 resting TMBP cells (five or six days after antigen 

encounter) under short-lasting diethyl-ether anaesthesia. 4 hours after that, the animals were 

immunised into the lung with an emulsion consisting of equal parts of guinea pig MBP at a 20 µg /ml 

(cognate antigen) in CFA containing 200 µg /ml of Mycobacterium tuberculosis H37Ra extract in 

mineral oil. For the immunisation procedure, the rats were fixed on a stand in upright position and 
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slightly leaning backwards (at 70° in relationship with the operating table). 100 µl of emulsion per each 

300 g of body weight were instilled in the trachea, previously located with the help of a veterinary 

laryngoscope for small animals (Penn Century, USA) through an 18G flexible winged catheter. The 

complete procedure lasted typically about one minute per animal.  After immunisation, clinical score 

and body weight changes 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 is described in the 

table that follows: 

Score EAE signs 

0 No neurological affection  

1 Tail paralysis 

2 Ataxia  

3 Hind limb paralysis 

4 Tetraparesis 

5 Moribund state 

 

Disease states located in between two grades of the scale were given a score of +0.5 complementing 

the last fulfilled scale-step. 

In some experimental set-up (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 scoring points were given for partially affected criteria.  

3.2.5 Exposition to whole body hypoxia 

For the in vivo hypoxia experiments, the cage used for the regular housing of the animals was place 

without lid into a in house-built hypoxia station made out of methacrylate planks, sealed together to 

prevent atmosphere exchange. The gradual establishment of the final atmosphere containing 10% O2 

was achieved within the first 30 minutes of exposure. Afterwards, the oxygen composition of the 

atmosphere inside the hypoxia 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 ProOx360 Unit atmosphere 

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 station 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.  

3.2.6 Organ retrieval and processing 

Euthanasia and perfusion 

Animals were euthanized by subcutaneous injection of a lethal dose of ketamine/xylazine, i.e. 150 mg 

/Kg ketamine (Ecuphar, Germany) combined with 30 mg /Kg xylazine (Medistar, Germany) and  

transcardially perfused with ice cold 1x PBS containing heparin at a final concentration of 10000 IU /l. 

After perfusion, the organs of interest were isolated and processed for cytofluorimetric analysis as it 

follows: 

Blood 

Blood samples were drawn by heart puncture in syringes previously moistened with 80 mM EDTA 

solution after euthanasia and before the perfusion procedure began. The volume of retrieved blood 

(commonly between 3.5 and 5 ml in adult rats) was combined with the same volume of room 

temperature 1x PBS in a 15ml conic bottom tube. Half of volume of blood of Lymphocyte separation 

medium LSM1077 (Promocell, Germany) was carefully underlayed to the blood-PBS mix and a density 

gradient separation was run in a centrifuge for 30 minutes at room temperature and 800 RCF, with 

low acceleration and no brake. After the centrifugation, the cloudy interface containing lymphocytes 

was retrieved with a 1 ml pipette and washed with 1x PBS into a new tube. Finally, the sample was 

spun down for 6 minutes at 300 RCF and 4°C, the supernatant was sucked up and the cell pellet taken 

up iƴ ǘƘŜ ǊŜǉǳƛǊŜŘ ŀƳƻǳƴǘ ƻŦ 9ŀƎƭŜΩǎ-HEPES (EH) medium and kept on ice. 

 Lungs 

After perfusion, lungs were dissected at the bronchi level and chopped into 1mm cubes with a tissue 

chopper (Mcllian, USA). Chopped up lungs were washed with cold EH medium in a gentleMACS C-

tubes (Miltenyi Biotec, Germany). After a standard spin down (SSD) for 6 minutes at 4°C and 300 RCF, 

the washing medium was discarded and the samples were digested by adding 2 ml of 0.03% 

Collagenase IV from Clostridium hystoliticum (Sigma-Aldrich, Germany) in 1x PBS. The samples were 

then processed with gentleMACS (Miltenyi biotech, Germany) tissue dissociator (program Multi_C_01 

run for two times in each sample), incubated for 30 minutes at 37°C while shaking and finally 

submitted to the program Multi_C_02 of the gentleMACS system. After that, the digested lungs were 

washed with 1xPBS and sequentially filtered through 100µm and 70µm cell strainers (Grenier-bioOne, 

Germany). After SSD, the supernatant was discarded, the cell pellet resuspended in 5ml 40% Percoll 
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solution in a 15 ml conical bottom tube and 5ml of 70% Percoll solution were carefully underlayed 

with the help of a long hard cannula (70 mm 20 G) attached to a 5ml syringe. A density gradient was 

run at 4°C, 800 RCF for 30 minutes at the minimum acceleration and without breaks. The lymphocyte 

rich interphase was retrieved and washed in 1x PBS to be finally taken up in the required amount of 

EH medium supplemented with EDTA, typically 1 ml. 

Spinal cord 

Spinal cord from perfused animals was carefully dissected and the surrounding meninges were 

removed prior to mash the tissue through a 100µm metallic mesh. The mashed spinal cord tissue was 

adjusted to a final volume of 15ml of EH medium and 5ml of isopercoll solution were added to the 

tube. The samples were gently mixed by inversion and a density gradient was run at 4° and 1600 RFC 

for 30min, at the minimum acceleration and without breaks. The upper layer containing myelin was 

removed, the supernatant was discarded and the pellet containing single cells was resuspended and 

washed in 1x PBS to be finally taken up in the required amount of EH medium supplemented with 

EDTA, typically 500µL. 

Spleen 

After perfusion, the spleen was isolated, mashed through a 100µm metallic mesh and the resulting 

cell suspension was washed one time in 1xPBS and spun down. The supernatant was then removed 

and the pellet was resuspended in 3 ml of ammonium-chloride-potassium (ACK) buffer for removing 

the erythrocytes. After 3 minutes on ice, the reaction was stopped by adding 20 ml ice-cold 1xPBS and 

spun down. Supernatant was then discarded and the cell pellet resuspended in the required amount 

of EH-medium supplemented with EDTA, typically 5 ml. 

Lymph nodes  

After perfusion, lymph nodes were dissected, mashed through a 70µm cell strainer (Grenier-bioOne, 

Germany), washed in EH-medium and spun down. The cell pellet was then resuspended in the 

required amount of EH-medium supplemented with EDTA, typically 500 µl.  

3.2.7 Fluorescence activated cell sorting (FACS) 

Staining 

FACS staining was performed, if else not indicated, in a V bottom 96-well plate. The list of antibodies 

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

For the surface staining, the samples were washed one time with cold FACS buffer and then taken up 

in a cocktail of the required fluorescently labelled antibodies (1:200 dilution) in FACS buffer. Samples 

were stained for 30 minutes on ice and protected from light. After that, samples were washed once 

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

In case that a two-step staining was needed, an additional step of washing with ice-cold FACS buffer 

was added in between of incubations with antibodies.  

Intracellular staining for cytokine production 

Prior to the staining, samples were stimulated or not with 1 µg /ml Phorbol 12-myriytate 13-acetate 

(PMA)(Sigma-AldrichΣ DŜǊƳŀƴȅύ ŀƴŘ р ˃a ƛƻƴƻƳȅcin calcium salt (Sigma-Aldrich, Germany) in RM for 

ол Ƴƛƴ in a cell incubator at 37°C. Brefeldin A (Sigma-!ƭŘǊƛŎƘΣ DŜǊƳŀƴȅύ ŀǘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ р ˃Ǝ κƳƭ 

was then add to block cytokine secretion for two hours. If required, the sample were stained for 

surface markers as above and then fixed in a solution of 2% Paraformaldehyde (PFA) on ice for 20 

minutes, protected from light. After fixation, samples were washed three times with 200µL of 1x PBS 

each prior to permeabilisation with 200 µl of BD Fix/Perm (BD Biosciences, USA) working solution 

containing 10% of rat serum. Samples were incubated in permeabilisation buffer for 30 minutes, on 

ice and protected from light. After the permeabilisation step, samples were spun down and incubated 

with a mix of the required antibodies prepared in permeabilisation buffer for at least 30 minutes, on 

ice and protected from light. Finally, the samples were washed once in permeabilisation buffer and 

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

Intranuclear staining for transcription factors 

If required, the sample were stained for surface markers as above, and then fixed in FoxP3 

Fixation/Permeabilisation working solution (eBiosciences, USA) for 20 minutes, on ice and protected 

from light. After that, cells were washed once with 1x FOXP3 Permeabilisation buffer (eBiosciences, 

USA) containing 5% of rat serum, taken up in the permeabilisation buffer containing the required 

intranuclear antibody and incubated on ice and protected from light for at least 30 minutes. After the 

incubation time with the antibody, all samples were washed once with the permeabilisation 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 filtered-cap 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 order to make possible cell 

quantification. 

FACS cell sorting 

Prior to FACS cell sorting and in order to prevent clogging of the FACS instrument, all samples were 

filtered through a filtered-cap conical FACS tube (BD biosciences, USA). Cell were sorted by using a 

FACS- AriaII SORP system (BD Biosciences, USA) which allowed keeping sorted samples at 4°C during 

the procedure. Sorted cells were retrieved in 5ml conical-bottom FACS tubes (BD biosciences, USA) 

coated with cell culture medium supplemented with serum containing 500 µL of EH-medium. Cell 

purity was assessed for each sample. Immediately after sorting, the samples were transferred to 1.5 

ml centrifuge tubes (Eppendorf, Germany) spun down, resuspended in the required amount of TRI-

Reageant (Sigma-Aldrich, Germany) and stored at -80°C until RNA extraction was performed.  

3.2.8 RNA isolation and cDNA conversion 

RNA from sorted cells or total tissue samples, preserved in TRI-Reagent (Sigma-Aldrich, Germany) at -

80°C, was extracted by phase separation with chlorophorm followed by isopropanol precipitation 

ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ wb! ǇŜƭƭŜǘ ǿŀǎ then solubilized in 12µL of RNAse-free 

water (Thermo Fisher Scientific, USA) and stored at ς80°C until cDNA conversion. 

Reverse transcription of the RNA samples into cDNA was performed with the RevertAid First Strand 

Ŏ5b! ǎȅƴǘƘŜǎƛǎ ƪƛǘ ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ 

3.2.9 Quantitative real time PCR  

To perform quantitative PCR (qPCR cDNA from Total Tissue samples was diluted in Nuclease-free 

water (Thermo Fisher Scientific, USA) at a 1:30 ratio. qPCR was performed on a StepOnePlus Real-Time 

PCR system (Applied Biosystems, USA) with target-specific TaqMan probes labeled with FAM and 

quenched with TAMRA.  

Rat-beta actin transcript ( -̡actin) was used as a house.-keeping gene. All measurements were 

performed in duplicates and the difference in the CT values between the individual values did not 

exceed 0.5 amplification cycles. The sequences of primers and probes used are listed in section 3.1.5. 

3.2.10 Enzyme-linked immunosorbent assay (ELISA) 

Cell culture supernatant was frozen at -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 manufactǳǊŜǊΩǎ 
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protocols. Briefly, NuncTM MaxiSorpTM 96 well-ELISA plates (Thermo Fisher, USA) were coated 

overnight with capture antibody diluted in 1x PBS. The next day, the samples were thaw and diluted 

in ELISA blocking buffer (see table). Unbound capture antibody was 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 well of detection antibody, diluted in blocking buffer, which was incubated for two 

more hours. Plates were then washed with washing buffer three times and Avidin-HRP conjugate was 

added to each well and incubated at room temperature for 30 minutes. After that, 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 set at 650nm by a 

Sunrise plate reader (Tecan, Switzerland) 

3.2.11 Next generation sequencing  

Transcriptome analysis using next generation sequencing (NGS) of TMBP cells sorted at different times 

after antigen encounter under either normoxic or hypoxic cell culture conditions was performed at 

the Transcriptome and Genome Analysis Laboratory (TAL) of the University Medical Center Göttingen 

(UMG) under the supervision of Dr. Gabriela Salinas. Sequencing data analysis was performed by Dr. 

Orr Shomroni. 

Additional statistical analysis and graphical depiction was performed by Michael Haberl and myself by 

using Microsoft Excel (2010, 2016; Microsoft, USA) and GraphPad Prism (V8; GraphPad, USA). Principle 

component analysis (PCA), gene set enrichment analysis (GSEA) and hierarchical clustering analysis 

were performed using R (V3.6.0; 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). 

3.2.12 Treatment, analysis and statistical analysis of the data 

Flow cytometric data were analysed by using the softwares FlowJoTM v10 (BD Biosciences, USA) and 

CytExpert v 2.4 (Beckman-Coulter inc., USA). 

Statistical analysis were performed by using the software GraphPad Prism (V8; GraphPad, USA). 

ANOVA test was used to compare parametriŎ ǾŀǊƛŀōƭŜǎ ŀƳƻƴƎ ǘƘǊŜŜ ƻǊ ƳƻǊŜ ƎǊƻǳǇǎΣ ¢ǳƪŜȅΩǎ 

correction for multpiple samples was apply when applicable. To compare means between unpaired 

groups with an assumption of unequal variance between sample sets, the independent t-test was 

ǳǎŜŘΦ t ǾŀƭǳŜǎ ƭŜǎǎ than 0.05 were considered to indicate statistical significance. 
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4. Results 

4.1 Environmental oxygen conditions affect TMBP cell proliferation  

In order to assess the effect that a hypoxic environment may have on T cell function we started by 

assessing its effects on the antigen-driven proliferation of T effector memory (TEM) cells. To this end, TEM cells 

expressing green fluorescent protein, GFP, and directed against myelin basic protein, MBP (TMBP cells), 

were plated together with irradiated thymocytes (serving as antigen presenting cells, APCs). TMBP cells 

were stimulated with different doses of the cognate antigen, (MBP, 10 µg/ml, 1 µg/ml or 0.1 µg/ml) 

or a non-cognate antigen, namely chicken ovalbumin (OVA, 10 µg/ml), serving as control. TMBP cells 

were then cultured for 48 hours under the following environmental conditions: 1) normoxic (approx. 

20% O2) conditions (48N); 2) hypoxic (1% O2) conditions (48H); 3) 24 hours in hypoxic conditions 

followed by 24 hours in normoxic conditions (24H+24N); and 4) 24 hours in normoxic conditions 

followed by 24 h in hypoxic conditions (24N+24H). An infographic illustrating the experimental design 

is depicted in Figure 7. 

 

 

Figure 7. Experimental design for the in vitro set up.  Resting TMBP cells were cultured for 48 hours with thymocytes serving 
as APCs in presence of different doses of the cognate antigen (MBP) or non-cognate antigen (OVA) in different experimental 
conditions. 48N: normoxic environment for 48 hours; 48H: hypoxic conditions 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 encounter, the number of TMBP cells was measured by FACS (Figure 8). 

Under optimal antigen concentration (10 µg MBP/ml), TMBP cell proliferation was reduced by 60 to 

70% in the group submitted to hypoxic conditions for 48 hours (48H) in comparison with the control 

group kept in normoxic conditions (48N). A similar trend (two-fold reduction) in relation to the 

controls was observed in TMBP cells cultured for 24 hours in normoxic conditions followed by 24 hours 



32 
 

in hypoxia (24N+24H). In contrast, TMBP cells cultured for 24 hours in hypoxia followed by 24 hours in 

normoxia (24N+24H) behaved similarly to the control group.  

 

 

Figure 8. An oxygen-deprived environment reduces the number of TMBP cells retrieved after antigen stimulation. Number 
of TMBP cells quantified by flow cytometry 48 hours after exposure to the indicated doses of antigens in the indicated 
environmental conditions. 48N, 48 hours in normoxic environment; 48H, 48 hours in hypoxic environment; 24H+24N, 24 
hours under hypoxic conditions followed by 24 hours under normoxic conditions; 24N+24H, 24 hours under normoxic 
conditions followed by 24 hours under hypoxic conditions. Mean ±SEM. Cumulative data of four independent experiments 
Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ŎƻǊǊŜŎǘƛƻƴ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΦ *pҖ0.05; **pҖ0.01 

 

When exposed to a lower dose of antigen (1 µg MBP/ml), the numbers of TMBP cells in the 48H group 

were on average 50% less than the normoxic control group. At the higher antigen dose, the 24N+24H 

group behaved as the 48H group while the 24H+24N group resembled the normoxic controls.  

At the lowest investigated MBP dose (0.1 µg/ml), no significant difference was observed between the 

different experimental conditions, though there was a tendentially lower (approx. 20% reduction) 

count of TMBP cell in the 48H group when compared with the reference 48N group. 

In the presence of the non-cognate antigen (OVA), no differences in TMBP cell proliferation could be 

observed between the four different cell culture conditions. 

4.2 Environmental oxygen conditions do not affect TMBP cell viability but affect TMBP cell 

proliferation 

Next, we wanted to elucidate whether the reduced number of TMBP cells observed in hypoxic 

conditions upon antigen stimulation was caused by cell death or to a direct impairment of T cell 
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proliferation. To this end, expression of phosphatidylserine on the cell surface was measured using 

flow cytometry by Annexin-V staining in TMBP cells stimulated with different doses of MBP and cultured 

for 48 hours under normoxic or hypoxic conditions.  

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. Annexin-V covalently 

binds phosphatidylserine residues. The presence of phosphatidylserine in the cell surface can be 

assessed by FACS using a fluorescently labelled Annexin-V.  

As shown in Figure 9, the percentage of Annexin-V+ TMBP cells in the control group was dose-

dependent, being higher when TMBP cells were stimulated with the lowest antigen doses. However, no 

significant differences in the percentage of Annexin-V+ cells were observed between TMBP cells 

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

 

Figure 9. TMBP cells stimulated under hypoxic conditions are viable. TMBP cells were stimulated in vitro under normoxic or 
hypoxic conditions with the indicated doses of MBP for 48 hours. Representative overlay histograms (normalized to mode) 
depicting Annexin-V binding to TMBP cell surface. Percentage of Annexin-V+ and Annexin-V- TMBP cells in the normoxic and 
hypoxic cohorts is indicated 

 

Next, in order to investigate if the hypoxic environment had a direct effect on the TMBP cell capacity to 

proliferate, TMBP cells were stained with the cell proliferation tracking dye Tag-It Violet  before 

reactivation under normoxic or hypoxic conditions as previously described. The proliferation dye 

diffuses into the cytoplasm where cellular enzymes modify it, allowing for its covalent attachment to 

cytosolic proteins. When Tag-It Violet+ cells proliferate, with every cell division the intensity of the 

staining in the daughter cells decreases 50% compared to the parent cell. 

By using this technique, we observed that under hypoxic conditions TMBP cells underwent fewer cycles 

of proliferation compared to the normoxic counterpart. This reduced proliferation could be observed 

at all antigen concentrations but was more pronounced at higher antigen doses (Figure 10). When 
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stimulated in the presence of 10 µg MBP/ml, around 30% of the hypoxic TMBP cells underwent less 

than two cell division cycles whereas this percentage was 13% in the normoxic group. At 1 µg MBP/ml, 

the percentage of hypoxic TMBP cells that underwent less than two cell division cycles was almost twice 

that of the normoxic TMBP cells. At the lowest antigen dose (0.1 µg MBP/ml), the percentage of TMBP 

cells that did not proliferate was 56% and 41% in the hypoxic and normoxic conditions, respectively. 

 

Figure 10. An oxygen-deprived environment affects TMBP cell proliferation. Representative overlay histograms (normalized 
to mode) depicting TMBP cell proliferation measured by dilution of the cell trace violet 48 hours after in vitro stimulation 
under normoxic or hypoxic conditions in presence of the indicated doses of MBP.  Numbers indicate the percentage of 
divided and non-divided TMBP cells per each condition 

 

Taken together these results indicate that environmental oxygen availability does not influence TMBP 

cell viability but rather affects the proliferation capacity of TMBP cells in an antigen dose-dependent 

manner. At higher antigen concentrations, the suppressive effect of hypoxia on T cell proliferation is 

more pronounced.   

4.3 Environmental oxygen conditions affect the expression of activation markers on the 

surface of TMBP cells 

In order to assess the effects of environmental oxygen tension on the activation of TMBP cells in vitro, 

we performed a cell surface staining for CD134 and CD25 (IL2Ra) on TMBP cells stimulated in hypoxic 

or normoxic conditions in the presence of MBP (10 µg/ml, 1 µg/ml and 0.1 µg/ml) or OVA (10 µg/ml). 

The expression of both of these molecules is increased upon T cell activation and can be detected by 

FACS (Figure 11). 
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Figure 11. An oxygen-deprived environment affects the expression of surface activation markers in TMBP cells. Expression 
levels of CD134 (A) and CD25 (B) on TMBP cells after 48 hours of stimulation under the indicated environmental oxygen 
conditions and in presence of the indicated concentrations of MBP or OVA. Flow cytometry. 48N, 48 hours in normoxic 
environment; 48H, 48 hours in hypoxic environment; 24H+24N, 24 hours under hypoxic conditions followed by 24 hours 
under normoxic conditions; 24N+24H, 24 hours under normoxic conditions followed by 24 hours under hypoxic conditions. 
Cumulative data of 3 independent experiments. Mean ±SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ŎƻǊǊŜŎǘƛƻƴ ŦƻǊ ƳǳƭǘƛǇƭŜ 
comparisons. *pҖ0.05; **pҖ0.01; ***pҖ0.001; ****pҖ0.0001 

 

We observed that the expression of CD134 (clone OX40) (Figure 11A) was higher in the normoxic group 

compared with any of the other experimental groups that were at some point exposed to an oxygen-

deprived environment (48H, 24H+24N and 24N+24H). This holds true for all the investigated antigen 

conditions. When comparing the three hypoxic conditions, irrespectively of the MBP concentration, 

CD134 expression was higher in the group switched from hypoxia to normoxia (24H+24N) compared 

to the other two conditions. However, this difference reached statistical significance only in the 

24H+24N group compared to the hypoxia group at the optimal MBP concentration (10 µg/ml). In such 

conditions, the expression of CD134 in the 24H+24N doubled the expression of the hypoxic group 

(48H). 

In contrast to CD134, at optimal MBP dose condition (10µg/ml) the expression of CD25 (Figure 11B) 

was 37.8% higher on average in TMBP cells stimulated under hypoxic conditions compared to the 

control group (48N). The 24N+24H group behaved similarly to the 48H group, displaying an increase 

of 21.1% on average in comparison with the control group, whereas the 24H+24N group was similar 

to the 48N group. At lower MBP doses (1 mg MBP/ml and 0.1 µg MBP/ml), there was still a significantly 

higher CD25 expression in the groups subjected to hypoxia for 48 hours (29.3% and 25.7% 

respectively)  when compared with the  normoxic group. No differences between the other two 

hypoxic conditions (24N+24H and 24H+24N) and the normoxic group could be observed.  
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4.4 Environmental oxygen conditions affect cytokine production in TMBP cells 

To further investigate the effects of environmental oxygen availability on TMBP cell function, we 

assessed in vitro the capacity of TMBP cells to produce pro-inflammatory cytokines upon antigen 

stimulation using two different techniques.  

In brief, TMBP cells were stimulated with MBP at different doses or with OVA under the four 

environmental oxygen conditions aforementioned. After 48 hours, intǊŀŎŜƭƭǳƭŀǊ ǎǘŀƛƴƛƴƎ ŦƻǊ LCbʴ ǿŀǎ 

performed in TMBP cells and acquired by FACS. Furthermore, the cell-culture supernatant was collected 

to detect LCbʴ ŀƴŘ L[мтa by ELISA.  

 

Figure 12. An oxygen-deprived environment affects the percentage of TMBP cells producing LCbʴΦ Percentage of ICbʴ+ TMBP 
cells 48 hours after in vitro antigen stimulation under the indicated environmental oxygen conditions. Flow cytometry. 48N, 
48 hours in normoxic environment; 48H, 48 hours in hypoxic environment; 24H+24N, 24 hours under hypoxic conditions 
followed by 24 hours under normoxic conditions; 24N+24H, 24 hours under normoxic conditions followed by 24 hours under 
hypoxic conditions. Cumulative data of three independent experiments. Mean ±SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ 
correction for multiple comparisons. *pҖ0.05; **pҖ0.01 

 

In the intracellular staining assay (Figure 12) we observed that, when provided with an optimal dose 

of the cognate antigen (10 µg MBP/ml), the ǇŜǊŎŜƴǘŀƎŜ ƻŦ LCbʴ+ TMBP cells was lowered in the hypoxic 

group by 20% in comparison with the normoxic group. As observed for the CD134 surface expression, 

the 24N+24H group behaved as the 48H group did (33% reduction compared to the normoxic group), 

whereas the 24H+24N group was similar to the 48N group. 

At lower MBP conditions (1 µg and 0.1 µg MBP/ml) and when TMBP cells were cultured in the presence 

of OVA, a 35% to 50% reduction in ICbʴ+ TMBP cells was still observable in the 48H group in comparison 

with the reference group (48N). At these antigen doses, no differences were observed between the 

24N+24H group or 24H+24N group and the normoxic group. 
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When cytokine production was assessed by ELISA (Figure 14), no significant ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ LCbʴ ŀƳƻǳƴǘ 

could be observed between the experimental conditions (Figure 13A). However, in all the tested 

conditions, both the 48H and the 24H+24N group behaved similarly and both produced on average 

less LCbʴ than the normoxic group. This decrease ranged from 9.5% in the 48H group and 9.7% in the 

24H+24N group in the 10 µg MBP/ml group to 28.2% and  33.6% respectively when TMBP cells were 

stimulated with OVA. At all tested antigen doses, the 24N+24H group behaved as the 48N group did.   

 

Figure 13. An oxygen-deprived environment affects pro-inflammatory cytokine production by TMBP cells. Relative amount 
of ICbʴ (A) and IL17a (B) normalized to the normoxic control produced by TMBP cells under the indicated environmental 
oxygen conditions 48 hours after the encounter with MBP or OVA at the indicated concentrations. Mean ±SD. Representative 
data of two independent experiments.  

 

Regarding the production of IL17a (Figure 14B), in all the tested antigenic conditions TMBP cells cultured 

for 48 hours in hypoxic conditions (48H) displayed on average a 84% reduced capacity to produce 

IL17a compared to the normoxic group. This decrease on IL17 production was lower in the 24N+24H, 

75% on average and even lower (56% on average) in the 24H+24N group.  

Taken together these results suggested that the production of pro-inflammatory cytokines depended 

on the environmental oxygen availability. Upon TMBP cell stimulation the production of IL17a was very 

sensitive to any tested environmental oxygen condition whereas the effect of oxygen on the IFNɹ  

production was more dependent on specific oxygen conditions. Furthermore, we could observe that 

the availability of oxygen in the first 24 hours but not in the following 24 hours upon antigen encounter 

critically influenced cytokine production.   
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4.5 Environmental oxygen conditions do not affect FOXP3 expression in TMBP cells 

It has been reported that a hypoxic environment could polarize naive T cell towards a regulatory 

phenotype (Westendorf et al., 2017). For this reason, we assessed the expression of the transcription 

factor FOXP3, a marker of regulatory phenotype in T cells, in TMBP cells stimulated by MBP or OVA in 

the previously described environmental conditions. Intranuclear staining for FOXP3 was assessed by 

FACS 48 hours after antigen encounter (Figure 14).  

 

Figure 14. No main shift toward a regulatory phenotype is observed in TMBP cells stimulated under hypoxic conditions. 
Percentage of FOXP3+ TMBP cells 48 hours after stimulation with the indicated doses of antigens under different 
environmental oxygen conditions.  Flow cytometry. 48N, 48 hours in normoxic environment; 48H, 48 hours in hypoxic 
environment; 24H+24N, 24 hours under hypoxic conditions followed by 24 hours under normoxic conditions; 24N+24H, 24 
hours under normoxic conditions followed by 24 hours under hypoxic conditions. Cumulative data of three independent 
experiments. Mean ±SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ŎƻǊǊŜŎǘƛƻƴ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΦ *pҖ0.05; **pҖ0.01. 

 

Irrespectively of the type and dose of antigen and the environmental conditions, the percentage of 

FOXP3+TMBP cells was always lower than 1.5%.  In the hypoxic group (48H) the percentage FOXP3+TMBP 

cells was always higher than in the normoxic group. This effect became significant when TMBP were 

stimulated either with the lowest dose of MBP (0.1 µg/ml) or with OVA. No differences were observed 

between the two experimental groups that were switched from one oxygen condition to another after 

24 hours of in vitro stimulation, or between these groups and the control 48N group. 

These in vitro results suggest that a reduction in the environmental oxygen availability during TMBP cell 

stimulation crucially affects both T cell proliferation and cytokine production, as well the expression 

of surface activation markers, without affecting TMBP cell viability or inducing a switch in the TMBP cells 

towards a regulatory phenotype. These effects were dose-dependent: They were more pronounced 

when TMBP cells were stimulated in the presence of an optimal concentration of the cognate antigen. 

Cytokine production and CD134 expression were affected also in presence of a non-cognate antigen, 
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which points to an antigen-independent effect of the hypoxic environment on TMBP cells. Furthermore, 

the timing of the exposure seemed crucial. The reduced oxygen availability in the first 24 hours after 

antigen exposure predominantly affected the expression of costimulatory molecules and cytokine 

production whereas in the following 24 hours mainly TMBP cell proliferation was affected.  
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4.6 Hypoxia induces changes in the global expression profile of TMBP cells 

To evaluate the global effect of environmental oxygen availability on TMBP cell function, we performed 

a transcriptome analyses of the T cells. To this purpose, resting TMBP cells were stimulated in vitro 

under normoxic (approx. 20%O2) or hypoxic (1% O2) cell culture conditions. At 3 hours, 6 hours, 12 

hours, 24 hours and 48 hours after antigen encounter, TMBP cells were isolated by FACS-cell sorting 

(scheme in Figure 15).  

A minimum of 2 x104 TMBP cells were sorted per experimental condition. After assessment of sorting 

purity, samples containing at least 98% of TMBP cells were processed for RNA extraction. Isolated RNAs 

were then submitted to transcriptomic analysis. 

 

Figure 15. Experimental design and workflow for the transcriptomic study. TMBP cells were cultured with irradiated 
thymocytes serving as APCs in presence of the cognate antigen (MBP). Plated cell mixes were cultured either in normoxic 
conditions (white-filled arrow, approx. 20% O2) or in hypoxic conditions (grey-filled arrow; 1% O2).  At the indicate time 
points, TMBP cells were FACS-sorted, RNA was extracted and, after quantification and purity assessment, the samples were 
submitted to transcriptome analysis. 

 

In order to get an overview of the sequencing data, principal component analysis was used as an 

exploratory tool. Principle component 1 (PC1) and principle component 2 (PC2) captured 54% and 15% 

of the variation in the data set, respectively (Figure 16). The samples clustered according to the time 

point along PC1, indicating that this experimental condition is the main source of variation in the data. 

Additionally, 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 oxygen in TMBP cells in more detail. 
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Figure 16. Time after antigen encounter and oxygen conditions determine transcriptional changes in TMBP cells. Principal 
component analysis of TMBP cells cultured under normoxic (triangles) or hypoxic (squares) conditions at the indicated time 
points (colours) after antigen encounter. Circles: resting TMBP cells (time point 0). 
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4.7 An oxygen-deprived environment promotes transcriptional activity in TMBP cells 

The sequencing analysis detected 14850 transcripts present in all the samples. The differentially 

expressed genes (DEGs) detected at each time point are indicated and displayed as volcano plots 

(Figure 17). Volcano plots are a type of scatterplot that shows statistical significance (P value) versus 

magnitude of change (fold change). They enable a quick visual identification of the most regulated 

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

As early as 3 hours after antigen stimulation (Figure 18A), several genes (n=147) were differentially 

regulated between the two experimental conditions, the number of transcripts upregulated in hypoxic 

conditions (nUP3h=141) being considerably higher than the one of downregulated transcripts 

(nDOWN3h=6). This observation remained true for most the other time points (Figure 18A-D). The 

number of upregulated and downregulated transcripts promoted by hypoxia, was similar only at the 

last time point, namely 48 hours upon antigen encounter (Figure 18E).  

At a first glance, it stands out that in all the investigated time points the most upregulated genes in 

the hypoxic group (e.g. Egln3, Vegfa, Slc2a, Ak4 and Ndrg1) were all directly regulated by the oxygen-

sensitive transcription factor Hypoxia-inducible factor 1 h  (HIF1h ). Of note, activation of the HIF1h  

pathway is a very early and critical step in the transcriptional response to hypoxia and the same 

pathway can be also induced by TCR signalling (Cho et al., 2019; Palazon et al., 2014). Among the genes 

regulated in hypoxia, EGLN3 displayed the most consistent and robust overexpression. EGLN3 encodes 

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

HIF1h  response in eukaryotic cells.   

 

 

 

 

 

 

Figure 17. (next page). Hypoxia induces early and sustained changes in the expression profile of TMBP cells. A-D Volcano 
plots depicting the differences in expression profile of TMBP cells cultured under normoxic or hypoxic condition at 3 hours (A), 
6 hours (B), 12 hours (C), 24 hours (D) and 48 hours (E) after antigen encounter. Red: transcripts with |Log2Fold change 
(FC)|җм ŀƴŘ -Log10p>6; Green, transcripts with |Log2FC|җм ŀƴŘ -Log10p<6; Blue, transcripts with |Log2FC|< 1 and -Log10p>6; 
Grey, transcripts with |Log2FC| < 1 and -Log10p<6. Horizontal and vertical dotted lines show the cut-off used for identifying 
DEGs.  
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Figure 17. (Legend at the end of previous page) 
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4.8 Dynamic changes in the expression profile of TMBP cells upon hypoxic conditions 

Aiming to identify how the expression profile of TMBP cells changes over time upon hypoxia, we 

quantified DEGs in the two experimental conditions at each time point. We visualized intersections 

between the DEGs of the analysed time points using UpSet 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 sets compared at once is too large. In an UpSet plot, the total size of each 

set is represented 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 downregulated under 

hypoxic cell culture conditions (Figures 18 and 20).  

 

Figure 18. In hypoxic conditions, nearly 40% of the genes are uniquely upregulated at 48h. UpSet plot for the representation 
of the transcripts upregulated in TMBP cells stimulated in hypoxic condition compared to normoxic. Sets of genes upregulated 
at a given time point or at a given intersection of time points are represented by interconnected nodes on the bottom plot 
and their occurrence is shown on the top bar plot. Only intersections considered statistically significant (padjҖ0.05 and 
Log2FC>1) have been represented (n=926 transcripts). 

 

We detected 926 transcripts upregulated under oxygen-deprived cell culture conditions (Figure 19). A 

relevant part of them (393 transcripts) was exclusively upregulated 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 an enrichment in transcripts related to kinase 

signalling activity and negative regulation of transcription. 
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The second most numerous set of genes included 64 transcripts that were upregulated at all the time 

points. Functional annotation analysis of this group of gene revealed an enrichment in transcripts 

involved in HIF-1 signalling pathway (Figure 19). 

 

Figure 19. Hypoxia induces upregulation of several genes regulated by HIF-1 alpha. HIF-1 signalling pathway in Rattus 
norvegicus (KEGG identifier rno04066). Proteins 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 group (Figure 20). The 

largest set of these transcripts (1088 out of the 1232) was downregulated at the time point of 48 

hours. Of them, more than 80% (914 out of 1088) were exclusively downregulated at this specific time 

point. Functional annotation clustering for biological processes in this specific subset of genes 

revealed an enrichment for transcripts encoding for proteins with transmembrane domains, protein 

glycosylation and post-translational modification of proteins. 

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

not a single transcript was downregulated at all the time points.   

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

profile of TMBP cells. This reprograming is initiated already 3 hours after hypoxia exposure but the main 
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quantitative changes emerge in the interval 24-48 hours after hypoxia. HIF-1 sheems to play a central 

role during the entire process. 

 

Figure 20. In hypoxic conditions, nearly 74% of the genes are uniquely downregulated at 48h. UpSet plot for the 
representation of the transcripts downregulated in TMBP cells stimulated in hypoxic conditions in comparison with normoxic 
as in Figure 19. Only intersections considered statistically significant (padjҖ0.05 and Log2FC>1) have been represented (n=1232 
transcripts). 
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4.9 Gene Set Enrichment Analysis as a tool to explore specific, hypoxia-dependent 

programmes 

In order to identify functional programme differentially regulated in TMBP cells activated under either 

normoxic or hypoxic conditions, we evaluated the sequencing data by gene set enrichment analysis 

(GSEA). GSEA is a computational method that determines whether an a priori defined set of genes 

shows statistically significant differences between two biological states (Mootha et al., 2003; 

Subramanian et al., 2005). 

We performed GSEA based on the hallmark gene sets from the Molecular Signatures Database 

(MiSigDB). MiSigDB is one of the largest repositories of gene sets. It annotates well-defined biological 

states or processes generated by a computational methodology based on identifying overlaps 

between gene sets in other molecular signatures database collections and retaining genes that express 

a coordinate expression.  

The results of the GSEA are shown in Figure 21 A-E as sets of histograms per each time point. The X-

axis represents the magnitude of the fold change (FC) for each gene set. If the peak of 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 of the histograms depicts the adjusted p-value obtained per each analysed 

gene set.  
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Figure 21. Hypoxia induces early and sustained changes in the transcriptional program of TMBP cells. GSEA plots 
representing the log2FC of gene sets found enriched in the experimental groups at the different time points of the study. A, 
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 by colour according to the legend. 

 

Lƴ ŀƭƭ ǘƘŜ ŀƴŀƭȅǎŜŘ ǘƛƳŜ ǇƻƛƴǘǎΣ ǘƘŜ ƘŀƭƭƳŀǊƪǎ άIȅǇƻȄƛŀέΣ ƛƴŎƭǳŘƛƴƎ ƎŜƴŜǎ ǳǇ-regulated in response to 

ƭƻǿ ƻȄȅƎŜƴ ƭŜǾŜƭǎΣ άDƭȅŎƻƭȅǎƛǎέ ǿƘƛŎƘ ŀƎƎǊŜƎŀǘŜǎ ƎŜƴŜǎ ŜƴŎƻŘƛƴƎ ǇǊƻǘŜƛƴǎ ƛƴǾƻƭǾŜŘ ƛƴ ƎƭȅŎƻƭȅǎƛǎ ŀƴŘ 

ƎƭǳŎƻƴŜƻƎŜƴŜǎƛǎ ŀƴŘ άƳ¢hw/м ŀŎǘƛǾŀǘƛƻƴέ ǿŜǊŜ ŦƻǳƴŘ ǇƻǎƛǘƛǾŜƭȅ ŜƴǊƛŎƘŜŘ ƛƴ ǘƘŜ ƘȅǇƻȄƛŎ ǎŀƳǇƭŜǎ ƛƴ 

comparison with the normoxic counterpart. The measured enrichment of these gene sets was 

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

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 gene-set hallmarks 

άǊŜǎǇƻƴǎŜ ǘƻ ƛƴǘŜǊŦŜǊƻƴ ŀƭǇƘŀ-signaƭƭƛƴƎέΣ άǊŜǎǇƻƴǎŜ to interferon-ƎŀƳƳŀ ǎƛƎƴŀƭƭƛƴƎέ ŀƴŘ 

άƛƴŦƭŀƳƳŀǘƻǊȅ ǊŜǎǇƻƴǎŜǎέ ǿŜǊŜ ŘƻǿƴǊŜƎǳƭŀǘŜŘ ƛƴ ǘƘŜ ƎǊƻǳǇ ƻŦ ¢MBP cells activated under hypoxic 

conditions compared to the normoxic control. Similar behaviour was observed in the gene set 

ƘŀƭƭƳŀǊƪǎΣ άDнƳ ŎƘŜŎƪǇƻƛƴǘέ ŀƴŘ ά9нŦ ǘŀǊƎŜǘǎέ ǿƘƛŎƘ ƛƴŎƭǳŘŜ ƎŜƴŜǎ ƛƴǾƻƭǾŜŘ ƛƴ 5b! ǊŜǇƭƛŎŀǘƛƻƴ ŀƴŘ 

progression through the cell cycle. These data confirmed our previous flow-cytometry data that 

showed a reduction of activation and proliferation in TMBP cells stimulated under hypoxic conditions. 

E 
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The ŘȅƴŀƳƛŎ ƻŦ ǘƘŜ ƎŜƴŜ ǎŜǘ ƘŀƭƭƳŀǊƪ άL[н-{ǘŀǘр ǎƛƎƴŀƭƭƛƴƎέ was also noteworthy, since it 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 sƛƳƛƭŀǊ άōƛǇƘŀǎƛŎέ Řȅƴamic was observed also in the hallmark gene 

ǎŜǘ άhȄƛŘŀǘƛǾŜ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴέ ǘƘŀǘ ǿŀǎ ǳǇǊŜƎǳƭŀǘŜŘ ƛƴ ǘƘŜ ƴƻǊƳƻȄƛŎ Ǿǎ ǘƘŜ ƘȅǇƻȄƛŎ ƎǊƻǳǇǎ ŀǘ ǘƘŜ 

time points 12 hours and 24 hours when proliferative programme are particularly prominent. In the 

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

in the hypoxic cohort. 

Taken together the GSEA data indicated that the oxygen-deprived environment affects the 

metabolism of TMBP cells very rapidly and in a sustained manner, triggering among others the 

upregulation of gene sets related to glycolysis, fatty acid metabolism or heme metabolism. These 

metabolic changes were associated with very early changes in TMBP cell functional programme related 

to activation and proliferation.   

 

4.10 An oxygen-deprived environment during TMBP activation triggers the upregulation of 

specific transcripts related to the glycolytic pathway 

It has been extensively reported that upon activation, effector T cells experience the so-called 

Warburg effect, by which their metabolism switches towards aerobic glycolysis (Kouidhi et al., 2017). 

The function of the Warburg effect in activated effector T cells is incompletely understood (Salmond, 

2018).  

¢ƘŜ D{9! ǊŜǾŜŀƭŜŘ ǘƘŜ ƘŀƭƭƳŀǊƪ ƎŜƴŜ ǎŜǘ άDƭȅŎƻƭȅǎƛǎέ ŀǎ ǳǇǊŜƎǳƭŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ƘȅǇƻȄƛŎ ƎǊƻǳǇ ŀǘ ŜǾŜǊȅ 

time point. To investigate in more detail the changes in the glycolytic pathway over time due to 

hypoxic stimulus, we retrieved genes annotated with glycolysis from the Reactome-database 

(Gillespie et al., 2022), and used it for data-mining, i.e. inspecting expression patterns at the different 

time points using heat maps as visualisation tool (Figure 22). Of note, this selection of genes included 

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

glycolysis-associated genes. 
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Figure 22. Hypoxia triggers the overexpression of a specific subset of hypoxia-related genes. Heat map showing the 
expression level of genes related to the glycolytic pathway in the Reactome database (Gillespie et al., 2022). Three different 
patterns of expressions (clusters 1 to 3) could be identified. Time point and experimental description appear colour-coded 
according to the provided legend. 

 

The hierarchical cluster analysis revealed 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 TMBP cells (time point 0 hours) and decreased in similar manner in both the 

experimental groups over time. A second cluster counting 14 transcripts, included genes whose 

expression was low in resting TMBP cells, promptly increased upon hypoxia and remained high in all the 

investigated time points. In normoxic conditions, the expression of this gene set did not change 

initially, but it slowly and moderately increased over time. The third cluster included 25 different 

transcripts whose expression was low in basal conditions and increased over time in a similar manner 

in both experimental groups.  

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

IƻǿŜǾŜǊΣ ŎƭǳǎǘŜǊ о ƛƴŎƭǳŘŜŘ ǘǊŀƴǎŎǊƛǇǘǎ ŜƴŎƻŘƛƴƎ ŜƴȊȅƳŜǎ ƛƴ ǘƘŜ άŎƻǊŜέ ƻŦ ǘƘŜ ƎƭȅŎƻƭȅǘƛŎ ǇŀǘƘǿŀȅΣ 

catalysing the reactions from ̡ -D-Fructose-1,6P2 to Phosphoenolpyruvate. Cluster 2 included 

transcripts encoding enzymes localized at the very beginning of the pathway, catalysing the first 

ŎƘŜƳƛŎŀƭ ŎƘŀƴƎŜǎ ǘƘŀǘ ǘƘŜ ƳƻƭŜŎǳƭŜ ƻŦ ƎƭǳŎƻǎŜ ǳƴŘŜǊƎƻŜǎ ƛƴ ƻǊŘŜǊ ǘƻ ōŜ άŀǎǎƛƎƴŜŘέ ǘƻ ǘƘŜ ƎƭȅŎƻƭȅǘƛŎ 
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pathway. A scheme of the glycolytic pathway with highlighted enzymes encoded in each of the 

hierarchical clusters is provided in Figure 23. 

 

Figure 23. Hypoxia promotes the upregulation of glycolysis rate-limiting enzymes. Scheme of the metabolic pathway 
Glycolysis/gluconeogenesis from the KEGG database. Proteins encoded by genes localized in the previously identified cluster 
are colour-coded. Cluster 1:  green; cluster 2: red; cluster 3: blue. 

 

Taken together, the results of this transcriptomic study showed that an oxygen-deprived environment 

promotes rather than hinders the transcriptional program in TMBP cells. In the first 24 hours upon 

antigen stimulation, the number of transcripts upregulated in the hypoxic group was strikingly higher 
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than the downregulated ones. At the same time, the hypoxic stimulus induced metabolic and 

functional changes in TMBP cells. At the metabolic level, the glycolytic program, which is normally 

switched on in T cells upon activation was further pushed by the upregulation of a unique set of 

glycolytic genes responsible for the entry of the glucose moieties in the pathway. At the functional 

level, programme related to activation and proliferation were tuned down.  
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4.11 Environmental oxygen conditions during in vitro T cell activation affect the 

encephalitogenic potential of TMBP cells 

Up to this point, our data showed that the in vitro antigen-driven stimulation of TMBP cells under 

oxygen-limited conditions has pleiotropic effects on TMBP 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 of TMBP cells. For this purpose, we used a model of EAE, 

induced in rats by i.v. transfer of fully activated TMBP 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 functionally characterize the pathogenic T cells over the entire disease 

course.  

To test their encephalitogenic potential, TMBP cells were stimulated in vitro in the presence of an 

optimal dose of the cognate antigen (10 µg MBP/ml) under either normoxic (approx. 20% O2, normoxic 

blasts) or hypoxic conditions (1% O2, hypoxic blasts). Two days later, 2x106 TMBP cell blasts were 

transferred intravenously into naïve recipient Lewis rats. An infographic of the experimental setup is 

depicted in Figure 24. 

 

Figure 24. Experimental design of transfer EAE experiments. TMBP cells were stimulated with the cognate antigen in vitro 
under normoxic (approx. 20% O2) or hypoxic conditions (1% O2). After 48 hours, 2x106 TMBP cell blasts were transferred 
intravenously into naïve recipients. The animals were scored on a daily basis. Infographics generated by the author. 

 

Upon transfer, all the animals developed a classic paralytic monophasic disease (Figure 25B). 

Nevertheless, several significant differences could be observed between the two cohorts (Figure 25C-

F). Overall, the disease was less severe in the group that received hypoxic TMBP cells in comparison with 

the group that received normoxic cells. More specifically, in the hypoxic group the disease started one 

day later, the clinical signs at the disease onset (Hypoxic cohort: 0.55 ±0.06; Normoxic cohort: 1.6 

±0.07) and at the peak of the disease (Hypoxic cohort: 1.66 ±0.10; Normoxic cohort: 2.35 ±0.04) were 

milder. Accordingly a lower cumulative EAE score (Hypoxic cohort: 6.11 ±0.14; Normoxic cohort: 7.48 

±0.1) could be observed. 
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Figure 25. TMBP cell blasts stimulated in vitro under hypoxic conditions trigger milder clinical signs in the transfer EAE. A-F 
EAE was induced by i.v. transferred of 2x106normoxic or hypoxic TMBP cell blasts as described in Figure 26.  A. Mean body 
weight changes (lines) and mean clinical score (bars) during the course of EAE. B. Incidence. C. Disease onset. D. Disease 
peak. E. Cumulative score. B-F: Mean ±SEM. Cumulative data from three independent experiments (Normoxic blasts: n =10; 
hypoxic blasts n=9). Unpaired t-Test. ***pҖ0.001; ****pҖ0.0001. 

 

Subtle differences in clinical parameters could potentially have been masked by an overshooting 

immune response 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 TMBP blasts from 2 x106 to 0.25 x106 (Figure 26). 
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Figure 26. Low numbers of hypoxic TMBP cell blasts trigger a delayed and weaker clinical signs in the transfer EAE. Transfer 
EAE was induced by transfer of 0.25x106 TMBP cell blasts previously activated in vitro under either normoxic or hypoxic 
conditions. A. Mean body weight changes (lines) and mean clinical score (bars) during the course of EAE. B. Incidence. C. 
Disease onset. D. Disease peak. E. Cumulative score. B-F: Mean ±SEM. Cumulative data from three independent experiments 
(Normoxic blasts: n =48; hypoxic blasts n=33). Unpaired t-Test. **pҖ0.01; ****pҖ0.0001. 

 

As expected, the progression of the disease was slightly dampened. In both groups, the disease started 

on day 4 ςas it was the case when a higher number of T cells was transferredς but the clinical signs 

progressively worsened over 48 hours and reached the peak on day 6 after transfer (Figure 27A). More 

importantly, also in this setup, there were significant differences between the two experimental 

groups. The cohort that received TMBP blasts stimulated under hypoxic conditions showed a delayed 

disease onset by at least one day (Hypoxic cohort: 5.2 ±0.1; Normoxic cohort: 4.3 ±0.06) and a 

significantly lower clinical score both at the onset (Hypoxic cohort: 0.9 ±0.1; Normoxic cohort: 1.4 

±0.1) and at the peak (Hypoxic cohort: 1.58 ±0.06; Normoxic cohort: 2.78 ±0.06) of the disease (Figure 

26.C- E).  

Taken together, these data indicate that the encephalitogenic potential of TMBP cells stimulated under 

hypoxic conditions is impaired.   
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4.12 An oxygen-deprived environment during in vitro activation impairs TMBP cell ability 

to invade the CNS 

In previous work from our group (Odoardi et al., 2012), it could be observed that upon intravenous 

transfer, TMBP cells follow a precise migratory pattern. They first home in the lung, before moving to 

the mediastinal lymph nodes 2 to 3 days later. From there, they egress back into the blood circulation 

and can be found in peripheral organs such the spleen before invading the CNS. 

The ameliorated disease course observed in animals transferred with hypoxic TMBP cell blasts could 

potentially have been caused by a disturbance in this behavior. Consequently, we next wanted to 

investigate if the in vitro exposure to a hypoxic environment affected the migratory pattern of TMBP 

cells and their potential to invade the CNS.  

We stimulated TMBP cells under normoxic or hypoxic conditions as described above and after 48 hours 

transferred them into recipient animals (0.25 x106/rat). We then quantified the number of TMBP cells 

by FACS in peripheral organs (lung, mediastinal lymph nodes, spleen and blood) and spinal cord from 

day 3 to day 6 p.t. (Figure 27). 
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Figure 27. Hypoxic TMBP cell blasts display a reduced capacity to infiltrate the CNS. Number of TMBP cells detected in the 
indicated organs during the course of EAE induced by transfer of hypoxic or normoxic TMBP cells as in Figure 28. A. Lungs, B. 
Mediastinal lymph nodes; C. Spleen; D. Blood and E. CNS. Each dot represents a single animal. Mean ±SEM. Representative 
data of 3 independent experiments including at least 4 animals/group/time point. Unpaired t-Test. *pҖ0.05; **pҖ0.01; 
***pҖ0.001; ****p<0.0001.  

 

In the lungs of the group transferred with normoxic TMBP cell (normoxic group) blasts, the number of 

TMBP cells reached a maximum on day 3p.t. and then progressively decreased over time. In the animals 

that received hypoxic TMBP cell blasts (hypoxic group), the peak of TMBP cell numbers in the lung was 
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observed one day later i.e. on day 4 p.t. Except for day 6 p.t., at all other time points the number of 

TMBP cells was higher in the normoxic than in the hypoxic group. This difference reached statistical 

significance on day 3 p.t. when the numbers of TMBP cells in the hypoxic group was 14 times lower than 

the ones in the normoxic controls (Figure 27A).  

In the mediastinal lymph nodes and spleen, the kinetics of TMBP cell numbers was very similar between 

the two groups with a peak on day 4 p.t. followed by a progressive reduction in the TMBP cell number 

over time. In the mediastinal lymph nodes, on day 3 and day 4 p.t the number of TMBP cells 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 of TMBP cells (1.6-fold difference) was observed 

exclusively on day 4 p.t. (Figure 27 B-C). 

In the blood, the kinetics of TMBP cell numbers was different in the two groups. In the normoxic group, 

TMBP cell numbers reached the peak on day 3 p.t. and then progressively decreased in the following 

days, coinciding with the infiltration of TMBP cells into the spinal cord. In the hypoxic group, the 

maximum number of TMBP cells in the blood was reached on day 4 p.t. On day 3 p.t., the number of 

TMBP cells was on average 16 times lower in the hypoxic vs the normoxic group but no differences were 

observed at the other time points (Figure 27 D).  

In the spinal cord, on day 3 pt, TMBP cells could be already detected in the normoxic group. TMBP cell 

numbers increased more than twenty-fold during the following 24 hours. This difference lasted until 

the end of the observation period on day 6 p.t. In the hypoxic group, TMBP cells 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 number of TMBP cells found in the 

spinal cord in the hypoxic group was three to four times lower than the amount of TMBP cells in the 

CNS of the reference cohort at the peak of TMBP cell infiltration (Figure 27 E).  

Taken together, these data indicate that the reduced encephalitogenic potential of TMBP cells 

stimulated under hypoxic conditions is associated with a reduced number of TMBP cells both in the 

peripheral organs and in the CNS.  
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4.13 CNS inflammation correlates with the invasion pattern of TMBP cells 

We next measured the expression of Ifng, Il17a and Foxp3 in the CNS over the disease course by real-

time quantitative PCR in the spinal cord (Figure 28). 

For all the transcripts, in the normoxic group the maximal expression was detected on day 4 p.t. 

coinciding with the peak of TMBP cell invasion of the CNS and was 31-fold higher for Ifng and about 27-

fold higher for Il17a than the corresponding expression in the hypoxic group. In the hypoxic cohort, 

the maximal cytokine expression was observed on day 5 p.t., i.e. at the peak of TMBP cell infiltration. At 

this time point, the expression of Ifng was 3-fold higher and of Il17a twice higher in the hypoxic than 

in normoxic group (Figure 28A-C). Notably, when the maximal values in each group were compared, 

the expression of Ifng and Il17a detected in the hypoxic cohort was about half of the expression 

detected in the reference cohort (Ifng; Normoxic group: 0.0051 ±0.0002, Hypoxic group: 0.0023 

±0.0003; Il17a; Normoxic group: 0.0036 ±0.0002; Hypoxic group: 0.0017 ±0.000) (Figure 28A-B). For 

Foxp3, the expression in the CNS tissue was low and no main differences between the two groups 

were observed (Normoxic group: 0.0007 ±0.0001 Hypoxic group: 0.0007 ±0.0001) (Figure 28C). 

 

Figure 28 . Different expression pattern of pro-inflammatory cytokines and Foxp3 in hypoxic and normoxic TMBP cells in the 
CNS. Expression of Ifng (A), Il17a ( B) and Foxp3 (C) in total spinal cord at the indicated time points after transfer of hypoxic 
or normoxic blasts as in Figure 26. Quantitative PCR. Housekeeping-gene: b-actin. Mean ±SEM. Representative data of 3 
independent experiments including at least 4 animals/group/time point. Each dot represents a single animal. Unpaired t-
Test. *PҖлΦлрΤ **pҖлΦлмΤ ***pҖлΦллмΤ****p<0.0001. 
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4.14 The reactivation of hypoxic TMBP cells in the target tissue is not impaired 

The local reactivation of CNS-reactive T cells in the target organ is a crucial step for disease 

pathogenesis (Bartholomäus et al., 2009; Lodygin et al., 2013). Therefore, we asked if an impaired 

capacity of the hypoxic TMBP cells to be restimulated in vivo in the target tissue could explain the lower 

level of pro-inflammatory cytokines observed in the spinal cord and the milder clinical course. To 

address this question we measured the expression of the surface activation markers CD134 and CD25 

(Figure 29) and the production of pro-inflammatory cytokines IFNɹ ŀƴŘ IL17a (Figure 30) in TMBP cells 

sorted from blood and spinal cord daily from days 3 to 6 p.t. 

 

 

Figure 29. The expression of surface of activation markers in hypoxic TMBP cells is not impaired in the CNS. EAE was induced 
by transfer of hypoxic or normoxic TMBP cells as in Figure 26. Median fluorescence intensity (MFI) of CD134 (A) and CD25 (B) 
in TMBP cells isolated from blood and spinal cord through the course of EAE. Each 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 non-parametric t-Test. *pҖ0.05; **pҖ0.01; ***pҖ0.001;****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 and day 6 p.t. the expression of CD134 in TMBP cells was higher in the CNS than in the blood, 

indicating that TMBP cells could be reactivated in situ in the target organ in both the experimental 

conditions. At the same time points, in the CNS, the expression of CD134 was significantly higher in 

the hypoxic TMBP cells in comparison with the normoxic ones. This was also the case on day 3 p.t. when 

very few TMBP cells could be found in the CNS of animals that received the hypoxic TMBP blasts (Figure 

30A).   

Regarding 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 and 6 p.t. The expression of this marker progressively 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 TMBP cells. CD25 was higher in the group transferred with normoxic TMBP cells on day 3 and 4 

p.t. However, at the peak of CD25 expression on day 6p.t. the hypoxic TMBP cells expressed on their 

surface significantly more CD25 than the normoxic counterpart (Hypoxic group: 28935 ±1083; 

Normoxic group: 16804 ±1047). 

We next assessed the capacity of TMBP cells previously stimulated under normoxic or hypoxic 

conditions and isolated from blood and CNS to produce pro-inflammatory cytokines under basal 

conditions and after stimulation with Phorbol 12-myristate 13-acetat and Ionomycin (PMA/IONO) 

over the relevant clinical phase (from day 3 to day 6 p.t.) 

No difference between the two cohorts was observed in blood-derived TMBP cells at any time point 

(Figure 30 A). In both the groups at any time point, the production of cytokines in basal conditions was 

higher in the CNS than in the blood-derived counterpart (Figure 31 A-B), further confirming that TMBP 

cells could be reactivated in the CNS. In the CNS, the highest percentage of normoxic TMBP cells able to 

produce cytokines was observed on day 3p.t. coinciding with the initial T-cell infiltration. At this time 

point, the few TMBP cells 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 stimulation (Figure 30 B). 

In the hypoxic cohortΣ ǘƘŜ ǇŜŀƪ ƻŦ LCbʴ ǇǊƻŘǳŎǘƛƻƴ ǿŀǎ ǊŜŀŎƘŜŘ ƻƴ Řŀȅ п p.t. coinciding with the initial 

infiltration of hypoxic TMBP into the CNS. At this time point, ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ LCbʴ-producing TMBP cells 

was significantly higher in the hypoxic than in the normoxic cohort and was also two-fold higher than 

the value observed the day before in the CNS of the reference cohort (Figure 30 B). 
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On days 5 and 6 p.t. the percentage of cytokine-producing TMBP cells found in the CNS of animals 

transferred with hypoxic blasts was higher than in the group transferred with normoxic blasts, the 

difference being statistically significant on day 5 p.t. but no longer so on day 6 p.t (Figure 30 B). 

 

 

Figure 30. The expression of pro-inflammatory cytokines by hypoxic TMBP cells in the CNS is not impaired. EAE was induced 
as in Figure 26 by transfer of normoxic or hypoxic blasts. Percentage of IFNɹ +, IL17a+ and IFNɹ+/IL17a+ TMBP cells in blood (A) 
and spinal cord (B) of animals throughout the EAE course in steady-state and upon PMA/IONO stimulation. Flow cytometry. 
Each dot represents a single animal. Mean ±SEM. Representative data of three independent experiments including at least 
four animals/group/time point. Statistical significance was assessed by non-parametric t-Test. *pҖ0.05; **pҖ0.01; ***pҖ0.001; 
****p<0.0001. 
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Next, we quantified the absolute number of TMBP cells able to produce LCbʴΣ L[мт ŀƴŘ LCbʴ-Il17 in both 

cohorts in blood and spinal cord (Figure 31). A relatively higher number of cytokine producing cells 

(IFNɹ +, IL17a+ or  IFNɹ+/ IL17a+) could be found in the blood of the normoxic cohort in comparison with 

the hypoxic cohort (Figure 31A). This observation is consistent with the higher numbers of TMBP cells 

found in the blood of hypoxic animals. In the CNS, consistent with the pattern of infiltration (Figure 

27), the cytokine-producing TMBP cells 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 hypoxic group (Figure 

31B). 

 

Figure 31. The number of hypoxic TMBP cells producing pro-inflammatory cytokines is reduced in the CNS. EAE was induced 
as in Figure 25 by transfer of normoxic or hypoxic blasts. Absolute number of IFNɹ +, IL17a+ and IFNɹ+/IL17a+ TMBP cells in 
blood (A) and spinal cord (B) throughout the EAE course. Flow cytometry. Each dot represents a single animal. Mean ±SEM. 
Representative data of three independent experiments including at least four animals/group/time point. Statistical 
significance was assessed by non-parametric t-Test. *PҖ0.05; **PҖ0.01; ***PҖ0.001; ****p<0.0001. 
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Finally, we quantified the expression of FOXP3 in blood and CNS-derived TMBP cells (Figure 32). No 

differences between the normoxic and hypoxic groups were observed in the blood at any time point 

(Figure 33A). In the CNS, in the normoxic group the percentage of FOXP3+ T MBP cells was similar at all 

examined time points (around 2.5%). In the hypoxic group, almost no FOXP3+ T MBP cells were detected 

on day 3 and day 4 p.t. On day 5p.t. the percentage of FOXP3+ T MBP cells increased to 9% and became 

significantly higher than in the reference group (Normoxic group: 2.8% ±0.35%; Hypoxic group: 9.4% 

±1.7%). On day 6 p.t. both groups displayed a very similar percentage of FOXP3+ TMBP cells. Regarding 

the total number of FOXP3+ TMBP 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 found between different time 

points (Figure 32B).  

 

Figure 32. Hypoxic blasts do not acquire a regulatory phenotype in the spinal cord.  EAE was induced as in Figure 26 by 
transfer of normoxic or hypoxic blasts. Percentage and absolute numbers of FOXP3+TMBP cells assessed by FACS. Each 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 non-parametric t-Test. *pҖ0.05. 

 

Taken together, these results show that the total number of hypoxic TMBP cells 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 cell recruitment to the CNS is reduced in animals that receive hypoxic 

TMBP cells 

The local reactivation of TMBP cells in the CNS induces the release of pro-inflammatory cytokines and 

chemokines that drive the recruitment of endogenous CD4+ and CD8+ T cells. We therefore aimed to 

assess the recruitment of endogenous T cells in animals transferred with TMBP cells stimulated under 

normoxic or hypoxic conditions. For this purpose, we quantified the number of endogenous GFP- CD4+ 

and CD8+ T cells in the CNS daily from day 3 to day 6 p.t. (Figure 33) and measured their capacity to 

ǇǊƻŘǳŎŜ LCbʴ ŀƴŘ L[мт όFigure 34). 

 

 

Figure 33. Reduced infiltration of endogenous T cells in the target tissue upon transfer of hypoxic TMBP cells. EAE was 
induced as in Figure 26 by transfer of normoxic or hypoxic blasts. Number of endogenous h T̡CR+ CD4+ and CD8+ T cells in 
the spinal cord. Each 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 non-parametric t-Test. *PҖ0.05; 
**PҖ0.01; ***PҖ0.001; ****p<0.0001. 

 

In the normoxic group, both GFP- CD4+ and CD8+ T cells started to invade the CNS on day 4p.t. In the 

hypoxic group, GFP- CD4+ T cells were detectable on day 6p.t., whereas CD8+ T cell invasion started on 

day 5p.t. At any time point, the number of GFP- CD4+ T cells and CD8+ T cells was higher in the normoxic 

than in the hypoxic group. 

We then measured in the same animals the production of pro-inflammatory cytokines in CNS-derived 

GFP- CD4+ and CD8+ T cells (Figure 34). We could not observe any difference between the two cohorts 

in the percentage of cytokine positive CD4+ or CD8+ T cells. However, when we quantified the absolute 

number of CD4+ or CD8+ T cells able to produce cytokines, we observed that at any time point the 

ƴǳƳōŜǊ ƻŦ LCbʴ-producing T cells was higher in the normoxic than in the hypoxic group. The number 
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of IL17a-producing T cells was significantly higher in the normoxic group on day 4 p.t. whereas no main 

differences were detected at the other time points.   

 

Figure 34. Endogenous T cells recruited in the CNS upon transfer of hypoxic TMBP cells are not functionally impaired. EAE 
was induced as in Figure 26 by transfer of normoxic or hypoxic blasts. Percentage of ʰT̡CR+ CD4+ (A) and CD8+ (B) 
endogenous T cells expressing IFNɹ , IL17a and IFNɹ/IL17a in spinal cord throughout the EAE course in steady state and upon 
PMA/IONO stimulation. Each 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 non-parametric t-Test. 
*PҖ0.05; **PҖ0.01; ***pҖ0.001; ****P<0.0001. 

 



69 
 

 

Figure 35. Activated endogenous T cells in the CNS are reduced upon transfer of hypoxic TMBP cells. EAE was induced as in 
Figure 25 by transfer of normoxic or hypoxic blasts. Absolute number of ʰT̡CR+ CD4+ (A) and CD8+ (B) endogenous T cells 
expressing IFNɹ , IL17a and IFNɹ/IL17a in spinal cord throughout the EAE course. Each 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 non-parametric t-Test. *PҖ0.05; **PҖ0.01; ***PҖ0.001; ****p<0.0001. 

 

Taken together, these results show an impaired and decreased ability of hypoxic TMBP cells not only to 

invade the CNS but also to recruit endogenous T cells into the inflamed tissue.  
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4.16 Hypoxyprobe-1 allows the detection of the oxygenation status of TMBP cells in vitro 

We next aimed to detect if individual TMBP cells can sense the level of oxygenation. For this purpose, 

we used the commercial system Hypoxiprobe-1 (HP1) from Hypoxyprobe, which can detect hypoxia 

as low as 10 mmHg oxygen. This system consists in the nitroimidazole compound pimonidazole 

hydrochloride in combination with a polyclonal antibody against pimonidazole adducts that can be 

detected by FACS or imaging techniques. Pimonidazole is reduced under hypoxic environments and 

binds to thiol-containing intracellular molecules such as glutathione and proteins. The resulting 

complexes can be detected by immuno-labelling (Raleigh et al., 1987). The most hypoxic a cell is, the 

more reduced is its inner environment, and therefore a higher amount of pimonidazole-SH adducts 

are formed and the staining is more intense. 

We used the HP1 system to test the oxygenations status of TMBP cells in vitro. To this end we cultured 

resting TMBP cells under normoxic or hypoxic conditions in presence of pimonidazole. Two hours later, 

ǘƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ŦƛȄŜŘΣ ǎǘŀƛƴŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ ŀƴŘ ŀŎǉǳƛǊŜŘ ōȅ Ŧƭƻǿ 

cytometry. After two hours under a hypoxic environment, resting TMBP cells showed an increase in the 

staining intensity of HP1 in comparison with the normoxic counterpart (Figure 36). 

 

Figure 36. TMBP cells in vitro display a more intense HP1-staining in hypoxic than in normoxic conditions. A. Scheme of the 
experimental set up. Resting TMBP cells were cultured under either hypoxic or normoxic conditions for two hours in presence 
of pimonidazole. HP-1 biding was assessed two hours later by flow cytometry. B. Histogram overlay comparing the HP1-
binding in TMBP cells in hypoxic or normoxic conditions. Not stained TMBP 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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4.17 T cells in different organs displayed a different oxygenation status 

We next investigated if the HP1 system would allow to identify the oxygenation level of abTCR+GFP+ 

TMBP cells and abTCR+GFP- endogenous T cells in peripheral organs and CNS tissue during tEAE. To this 

end, we transferred naïve recipient Lewis rats with in vitro activated TMBP cells (Figure 37A). At 

different time points of the disease, namely on 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 processed for 

C!/{ ŀƴŀƭȅǎƛǎΦ {ƛƴƎƭŜ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ǳƴŘŜǊǿŜƴǘ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ ŦƻǊ Itм- staining. 

 

Figure 37. T cells in different organs displayed different levels of oxygenation through the course of EAE. A. Scheme of the 
experimental set up. EAE was induced in Lewis rat by transfer of TMBP cell blasts. At the indicated time points the animals 
were injected intraperitoneally with pimonidazole shortly before being euthanized and their organs were analysed by FACS. 
B. Pairwise comparisons of HP1-binding intensity in TMBP cells isolated from the indicated organs on day 1, day 3 and day 5 

p.t. C. Corresponding quantification in abTCR+GFP- endogenous T cells. Dotted lines are set at 1, indicating no differences 
between both compared organs. Mean ± SEM. Representative data of 2 independent experiments including 2-3 
animals/group. 

 

By using this approach, we could detect differences in the oxygenation status of T cells in the 

investigated organs (Figure 37B).  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 detected in the different organs. At day 1 p.t., when TMBP cells are almost exclusively located in 
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lung and mediastinal lymph nodes, the ratio of HP1 intensity in TMBP cells between the mediastinal 

lymph nodes and the lung was 1.9 ±0.6, meaning that the oxygenation level of TMBP cells 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 p.t. TMBP cells appeared in the blood that was 

used as reference tissue. At the disease onset (day 3 p.t.), TMBP cells in peripheral tissues (mediastinal 

and inguinal lymph nodes) and in CNS, displayed on average at least 2-fold higher staining intensity of 

HP1 than the ones localized in the blood (mediastinal lymph nodes: 2.1 ±0.3; inguinal lymph nodes 1.8 

±0.1; CNS: 2.5 ±0.5). TMBP cells in the spleen at the same time point showed no difference in HP1 

intensity compared with the blood (0.9 ±0.1). 

At the peak of the disease (day 5 p.t.) the ratios of HP1-staining 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: 2.4 ±0.3; inguinal lymph nodes: 3.0 ±0.4; CNS: 2.8 

±0.3). The staining intensity of HP1 observed in TMBP cells localized in the spleen was on average 4.4 

times higher than the one measured in blood isolated TMBP cells.  

The observed differences in the intensity of HP1-staining may also depend ςat least in part- on the 

activation and metabolic status of TMBP cells in the different tissues at the different time points of the 

disease course. To correct for those factors, we then performed HP-1 staining on h T̡CR+ GFP- 

endogenous T cells in the same tissues and at the same time point as for TMBP cells (Figure 39C). Overall, 

ʰT̡CR+ GFP- T cells behaved very similar to TMBP cells. More specifically, on day 1p.t. the staining 

intensity of HP1 of h T̡CR+GFP- cells in the mediastinal lymph nodes was 7.2 times higher (±3.3) than 

the one measured in the same subset of cells isolated from the lung. On day 3p.t h T̡CR+ GFP- T cells 

isolated from CNS, mediastinal lymph nodes and inguinal lymph nodes were more oxygenated than 

the ones in the blood (CNS: 3.8 ±1; mediastinal lymph nodes: 2 ±0.25; inguinal lymph nodes: 1.6 ±0.3). 

At the same time point, h T̡CR+ GFP- T cells isolated from spleen and blood did not show any difference 

(0.8 ±0.1). At the peak of the disease (day 5 p.t.), ʰT̡CR+GFP- cells displayed an intensity of HP1-

staining higher in all studied organs than in the blood (CNS: 3.7 ±0.4; mediastinal lymph nodes: 3.2 

±0.1; inguinal lymph nodes: 4.1 ±0.1; spleen: 2.2 ±0).   

Taken together these results demonstrate that T 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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4.18 In vivo hypoxia impairs TMBP cell proliferation in EAE induced via the lung 

Up to now our data showed that hypoxic condition impacted in vitro TMBP cell activation and 

proliferation upon antigen exposure. Furthermore, in vivo, T cells were able to sense different 

environmental oxygen conditions. We next sought to clarify whether an oxygen-restricted 

environment would also affect the reactivation of autoreactive TEM cells in vivo.   

To this end, we exposed a whole animal to hypoxia (10% oxygen) and combined it with a model of EAE 

induced via immunisation in the lung, recently established in our lab (Nature, 2022). First we sought 

to investigate whether whole-body hypoxia would affect the proliferation of TMBP cells reactivated 

through intratracheal immunisation with the cognate antigen. To this end, we stained resting TMBP 

cells with the proliferation marker cell trace violet prior to injecting them into naïve recipient animals. 

After 3 hours, recipients were immunised into the lung by intratracheal administration of MBP 

emulsified in CFA. Immediately after intratracheal immunisation, the animals were divided in three 

ŜȄǇŜǊƛƳŜƴǘŀƭ ƎǊƻǳǇǎΥ ŀ άл-нпƘέ ƎǊƻǳǇ ǿŀǎ ǎǳōƳƛǘǘŜŘ ǘƻ ǿƘƻƭŜ ōƻŘȅ ƘȅǇƻȄƛŀ όмл҈ h2) immediately 

after immunisation for 24 hours; a second group, namely 24-48h, was kept under normoxic conditions 

for the first 24 hours after immunisation but submitted to the oxygen-restricted atmosphere for the 

following 24 hours; a third group was kept under normoxic conditions for 48 hours. 48 hours after 

immunisation, all animals were euthanised and their lungs and mediastinal lymph nodes were 

analysed by FACS. A detailed infographic depicting the experimental set up can be found in Figure 38.  

 

 

Figure 38. Effect of hypoxic environment on TMBP cell reactivation into the lung. Scheme of the experimental set up. Lewis 
rats were transferred inravenously with resting TMBP cells previously labelled with cell trace violet; shortly after, animals were 
immunised into the lung with an emulsion of MBP and CFA and exposed to the indicatd ambiental oxygen conditions. 48 
hours after immunisation, all animals were euthanised and TMBP cells retrived from differnt organs were analysed by FACS. 

 

We first measured the number of TMBP cells in lungs and mediastinal lymph nodes (Figure 39). A 

significant lower number of TMBP cells was found in the lungs of animals exposed to an oxygen-reduced 

atmosphere between 24 hours and 48 hours after lung immunisation in comparison with the normoxic 
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group (TMBP cells per gram: Normoxic: 1.6 x106 ±0.2 x106; 24-48h: 0.5 x106 ±0.2 x106). The other group 

exposed to an oxygen-deprived atmosphere for the first 24 hours upon intratracheal immunisation, 

showed also a moderate, non-statistically significant reduction in TMBP cell number (0.9 x106 ±0.2 x106) 

in comparison with the control group.  

In the mediastinal lymph nodes, no statistical significant difference was found between any of the 

experimental groups. Nevertheless, both groups subjected to the oxygen-deprived environment 

showed a reduced number of TMBP cells compared to the normoxic control (TMBP cells per gram: 

Normoxic: 22 x106 ±0.7x106; 0-24h: 7.8 x106 ±1.5 x106; 24-48h: 13.5x106 ±1.9 x106). 

 

Figure 39. Hypoxia affects TMBP cell proliferation in vivo upon lung immunisation. Number of TMBP cells in lungs and 
mediastinal lymph nodes 48 hours after intra-lung immunisation of animals previously transferred with resting TMBP cells. 
Each dot represents one animal. Mean ± SEM.  Representative dat of three independent experiments. Statistical significance 
was assessed by one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳǊƪŜȅΩǎ ŎƻǊǊŜŎǘƛƻƴ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΦ **: pҖ0.01. 

 

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 of TMBP cells in the different experimental groups. 

Figures 40A and 41A show representative graphs of the distribution of the intensity of the proliferation 

dye in TMBP cells isolated from lung and mediastinal lymph nodes in each experimental group. In the 

lung, the percentage of dividing TMBP cells was significantly reduced in the 24-48h group (58% ±2%) 

when compared with the normoxic group (66% ±1.3%) while no differences could be detected 

between the control group and the group exposed to the oxygen-restricted environment directly upon 

immunisation (0-24h: 59% ±2%; Figure 42B). Division and expansion indices were significantly reduced 

in both hypoxic groups compared to the normoxic control (Figure 40C-D).  
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Figure 40. TMBP cell proliferation in the lung is affected by a hypoxic environment. A-D. Animals were treated as in Figure 
40. TMBP cell analysis was performed in lung-isolated cells 48 hours after in situ immunisation. A. TMBP cell proliferation 
measured by dilution of the cell trace violet. B. Percentage of TMBP cells that underwent at least one division cycle. C. Division 
index (Number of divisions for each cell). D. Expansion index (Ratio between the total numbers of TMBP cells at the end and 
at the beginning of the experiment). B-D. Mean ± SEM. Each dot represents one animal. Statistical significance was assessed 
by one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ŎƻǊǊŜŎǘƛƻƴ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΦ Representative dat of 2 independent experiments 
including 4-5 animals per group. *=pҖ0.05; **, pҖ0.01; ***, pҖ0.001.   

 

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 indices) 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 oxygen-restricted environment 

immediately after immunisation than in the group exposed to the hypoxic environment 24 hours after 

immunisation (Figure 41). 
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Figure 41. Proliferative status of TMBP cells in the mediastinal lymph nodes is affected by a hypoxic environment. A-D. 
Animals were treated as in Figure 40. TMBP cell analysis was performed in cells isolated from the mediastinal lymph nodes 48 
hours after in situ immunisation. A. TMBP cell proliferation measured by dilution of the cell trace violet. B. Percentage of TMBP 
cells that underwent at least one division cycle. C. Division index. D. Expansion index. B-D. Mean ± SEM. Each dot represents 
one animal. Statistical significance was assessed by one-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ ŎƻǊǊŜŎǘƛƻƴ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳparisons. 
Representative dat of 2 independent experiments including 4-5 animals per group. *, pҖ0.05; **, pҖ0.01; ***, pҖ0.001.   

 

Taken together, these results suggest that the exposure to whole body hypoxia impairs the 

proliferation of TMBP cells in the lung upon in situ reactivation. The exposure to an oxygen-reduced 

atmosphere for 24 hours immediately after antigen exposure was able to impair the proliferation of 

TMBP cells in lungs and mediastinal lymph nodes 48h after reactivation. The dampening effect on 

proliferation in lung-derived TMBP cells was even more prominent in the group submitted to hypoxia 

24 hours after immunisation.  

 

 

 

 

 


















































