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Abstract 28 

Background: CD8+ T cells (Tc2) become potent, steroid-insensitive pathogenic 29 

effector cells in experimental asthma undergoing transcriptional reprogramming to IL-13 30 

production in the presence of IL-4. However, no studies have described the effects of 31 

hypoxia exposure on Tc2 differentiation.  32 

 33 
Objective: We determined the effects of hypoxia exposure on IL-13-producing CD8+ 34 

Tc2 cells.  35 

 36 
Methods: CD8+ transgenic OT1 cells, differentiated with IL-2 and IL-4 (Tc2 cells) were 37 

exposed to normoxia (21% O2) or hypoxia (3% O2) and IL-13 production in vitro was 38 

monitored. Following differentiation under these conditions, cells were adoptively 39 

transferred into CD8-deficient mice and lung allergic responses including airway 40 

hyperesponsiveness to inhaled methacholine were assessed. The effects of 41 

pharmacologic inhibitors of hypoxia inducible factor 1α (HIF-1α) and HIF-2α  were 42 

determined as were responses in HIF-1α-deficient OT1 cells.  43 

 44 
Results: Under hypoxic conditioning, CD8+ Tc2 differentiation was significantly 45 

enhanced with increased numbers of IL-13+ T cells and increased production of IL-13 in 46 

vitro. Adoptive transfer of Tc2 cells differentiated under hypoxia restored lung allergic 47 

responses in sensitized and challenged CD8-deficient recipients to a greater degree 48 

than seen in recipients of Tc2 cells differentiated under normoxia. Pharmacologic 49 

inhibition of HIF-1α or genetic manipulation to reduce HIF-1α expression reduced the 50 

hypoxia-enhanced differentiation of Tc2 cells, IL-13 production, and the capacity of 51 

transferred cells to restore lung allergic responses in vivo. IL-4-dependent, hypoxia-52 
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mediated increases in HIF-1α and Tc2 differentiation were shown to be mediated 53 

through activation of JAK1/3 kinase and GATA3.  54 

 55 
Conclusions: Hypoxia enhances CD8+ Tc2-dependent airway hyperresponsiveness 56 

and inflammation through activation of HIF-1α. These findings coupled with the known 57 

insensitivity of CD8+ T cells to corticosteroids suggests that activation of the                  58 

IL-4-HIF-1α-IL-13 axis may play a role in the development of steroid-refractory asthma.  59 

 60 
Capsule summary: Hypoxia exposure amplifies CD8+ Tc2 differentiation with 61 

increased release of IL-13 in vitro and augmentation of lung allergic responses in vivo. 62 

The increases in Tc2 differentiation under hypoxia were shown to be dependent on HIF-63 

1α. 64 

 65 
Clinical implications: Airway inflammation can trigger the hypoxia response pathway 66 

with induction of HIF-1α expression. The combination of CD8+ Tc2 cells, activation of 67 

the hypoxia response pathway and HIF-1α upregulation may contribute to steroid-68 

refractory asthma. 69 

 70 
Key words: Asthma, CD8+ T cells, hypoxia, IL-13, HIF-1α 71 

  72 
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Abbreviations used: 73 

AHR: Airway hyperresponsiverness 74 

BAL: Bronchoalveolar lavage 75 

DEX: Dexamethasone 76 

GATA3: GATA Binding Protein 3 77 

HIF-1α: Hypoxia inducible factor 1α 78 

IFNγ: Interferon-γ 79 

IL: Interleukin 80 

JAK: Janus kinase 81 

KO: Knock out 82 

OVA: Ovalbumin  83 

PAS: Periodic acid–Schiff 84 

pSTAT6: Phospho Signal transducer and activator of transcription 6 85 

Tc2: Type 2 cytotoxic T cells 86 

  87 
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Introduction 88 

Asthma is a complex clinical syndrome characterized by airway inflammation, 89 

airway hyperresponsiverness (AHR), and airflow obstruction. This complexity is 90 

underscored by the number of cell types, mediators, and pathways linked to the 91 

disease. A major advance in the treatment of asthma was achieved with the regular use 92 

of inhaled corticosteroids (ICS) as a controller medication. Nevertheless, despite diligent 93 

compliance and technique, a large percentage of patients with asthma fails to achieve 94 

control of their disease with current therapies 1. A subset of patients with a limited 95 

response to ICS has been defined as severe asthma 2, considered here as steroid-96 

resistant (SR) asthma. Little is understood regarding the underlying mechanisms or 97 

pathways (endotypes) responsible for SR asthma and it is likely that many factors 98 

impede the achievement of asthma control. Defining the underlying mechanism(s) of SR 99 

asthma is a priority but few such endotypes have been well characterized 3-5. One 100 

endotype, characterized by airway eosinophilia, CD4+ Th2 cytokine production, and 101 

steroid responsiveness has been best studied 6. In contrast, asthma associated with 102 

prominent airway neutrophilia has been associated with steroid resistance 7-9. 103 

Neutrophils, unlike eosinophils, fail to undergo apoptosis in the presence of 104 

corticosteroids 9. Other cell types including mast cells and basophils, Th17 cells, and 105 

even some innate lymphocytes (ILCs) may be similarly insensitive to corticosteroids 10-106 

12, linking disease where these cells are prominent in the airways to SR asthma. 107 

Accumulating evidence from studies of animal models and severe asthmatics 108 

has identified the prominence of a subset of CD8+ T cells in the airways and epithelium 109 

which may contribute to steroid-insensitivity and the pathophysiology of severe or fatal 110 
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asthma 13-15. These CD8+ T lymphocytes, unlike CD4+ T cells, are refractory to 111 

corticosteroids 16 and have the capacity to undergo transcriptional reprogramming from 112 

a Tc1-IFNγ- to a Tc2-IL-13-producing lymphocyte subset 17. Numbers of these CD8+ T 113 

cells correlated with reduced lung function and basement membrane thickening 18-21. 114 

Moreover, increased numbers of CD8+ T cells have been demonstrated in lung tissues 115 

following a fatal asthma attack 22. In severe asthmatics, increased numbers of IL-116 

13+CD8+ T cells have also been shown 20. Central to CD8+ T cell reprogramming to IL-117 

13 production was IL-4, which triggered a cascade of transcriptional events culminating 118 

in IL-13 production 17.  119 

Low oxygen tension in tissues (hypoxia) occurs in many pathological conditions 120 

including chronic inflammation and promotes expression of genes through post-121 

translational modifications and stabilization of the α subunits (HIF-1α and HIF-2α) of 122 

hypoxia-inducible factors (HIFs) 23. Although there is growing evidence that HIFs 123 

contribute to the pathophysiology of asthma 24, 25, little is known about HIFs in the 124 

regulation of lung allergic immune responses. Hypoxia has often been considered to be 125 

an inhibitor of T lymphocyte function, although active and robust T cell responses occur 126 

at many hypoxic inflammatory sites 26, 27. Hypoxia-related pathways have been shown to 127 

facilitate differentiation of CD8+ cytotoxic T cells leading to enhanced clearance of 128 

chronic virus infection and tumor cells 28. Such findings indicate that in contrast to 129 

inhibition of some T cell functions, hypoxia exposure may enhance the functional 130 

differentiation of certain T cell subsets. Since HIF-1α expression was increased 131 

following ligation of the T cell receptor 29, we determined whether hypoxia enhanced 132 

transcriptional reprogramming in CD8+ T cells through a HIF-dependent pathway. 133 
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Further, we defined a role for hypoxia and HIF-1α in the enhanced reprogramming of 134 

CD8+ T cells to pathogenic IL-13-producing effector cells. 135 

 136 

  137 
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Materials and Methods 138 

Animals  139 

OT-1 TCR transgenic (OT-1) mice, Lck-Cre/OT-1, Lck-Cre/HIF-1αflox/OT-1 and 140 

homozygous CD8-deficient mice were bred in the animal facility at National Jewish 141 

Health (Denver, CO). OT-1 mice (C57BL/6 background) express a transgenic TCR 142 

specific for SIINFEKL peptide (OVA257-264) 
17. Lck-Cre/OT-1 mice were F2 progeny of 143 

Lck-Cre mice and OT-1 mice. Lck-Cre/HIF-1αflox/OT-1 mice were F2 progeny of Lck-144 

Cre/HIF-1αflox mice (provided by Dr. Holger Eltzschig, University of Colorado Denver, 145 

Aurora, CO) 30 and OT-1 mice. CD8-deficient mice were generated by targeting the 146 

CD8α chain gene in C57BL/6 mice 31. Animal experiments in this study were conducted 147 

under a protocol approved by the Institutional Animal Care and Use Committee of 148 

National Jewish Health.   149 

 150 

CD8+ T cell culture 151 

CD8+ effector memory T cells were generated in vitro as described previously 17, 152 

32, 33. In brief, mononuclear cells were harvested from the spleens of OT-1 mice, 153 

followed by stimulation with 1 µg/mL SIINFEKL peptide (GenScript, Piscataway, NJ) for 154 

1.5 hrs (20x106). Two days after culture, living cells were re-isolated using Histopaque 155 

(Sigma, St. Louis, MO) and cultured in complete RPMI medium 1640 that contained 156 

recombinant mouse IL-2 (20 ng/mL) (Peprotech, Rocky Hill, NJ) or IL-2+IL-4 (20 ng/mL) 157 

(Peprotech). For HIF inhibition experiments, DMSO, 1 µM BAY 87-2243 (Selleck 158 

Chemicals, Houston, TX) or 10 µM HIF-C2 (Xcessbio Biosciences, San Diego, CA) 159 

were added into the medium together with IL-2 or IL-2+IL-4. Cells were either cultured in 160 
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a CO2 incubator in a normoxia (21% O2+5% CO2) or hypoxia chamber (3% O2+5% CO2) 161 

at 37°C. Cytokines and inhibitors were changed ever y day for a further 4 days of 162 

culture. During hypoxia conditioning, O2 and CO2 levels were controlled by Proox C21 163 

(BioSpherix, Lacoma, NY). For JAK inhibition experiments, DMSO, or 25, 50, or 100 nM 164 

of the inhibitor R256 (Rigel Pharmaceuticals, South San Francisco, CA) was added to 165 

the medium together with IL-2+IL-4. R256 was shown to be a selective inhibitor of 166 

JAK1/3 signaling as described 34. Cells were cultured in a CO2 incubator at 37°C and 167 

medium with cytokines and inhibitors were changed every day for a further 4 days of 168 

culture. For flow cytometry analyses, cells were restimulated with 1 µg/mL SIINFEKL in 169 

medium containing 2 µM monensin (Calbiochem, San Diego, CA) for 4 hrs. For ELISA, 170 

cells were restimulated with 1 µg/mL SIINFEKL in medium for 4 hrs at a concentration 171 

of 1x106 cells/mL. 172 

 173 

Steroid-induced apoptosis and effects on cytokine production 174 

To study steroid-induced cell apoptosis, thymocytes were isolated from C57BL/6 175 

mice. Tc1 and Tc2 cells were differentiated from OT1 cells for 4 days. Cells (1x106), 176 

differentiated under normoxia or hypoxia, were cultured in the presence of 0, 10, 100, 177 

1000 nM dexamethasone (DEX) (Sigma, St. Louis, MO) dissolved in methanol for 24 178 

hrs. Annexin V-positive cells were detected by eBioscienceTM Annexin V Apoptosis 179 

Detection Kit APC (Thermo Scientific, Grand Island, NY) and analyzed by flow 180 

cytometry. 181 

To study the impact of DEX on cytokine production, Tc2 cells were differentiated 182 

under normoxia or hypoxia. Cells (1x106) were incubated with 0, 1, 10, 100nM DEX 183 
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dissolved in methanol for 1 hr. Cells were then restimulated with 1 µg/mL SIINFEKL in 184 

medium for 4 hrs at a concentration of 1x106 cells/mL. Supernatant IL-13 production 185 

was measured by ELISA. 186 

 187 

RNA preparation and analyses  188 

Total RNA was extracted from 1x106 differentiated CD8+ T cells using the 189 

NucleoSpin RNA II isolation kit (Macherey-Nagel, Düren, Germany) following the 190 

manufacturer’s protocol. Reverse transcription of total RNA (1 µg) was performed using 191 

the QuantiTect reverse transcription kit (Qiagen, Valencia, CA) following the 192 

manufacturer’s protocol. Quantitative real-time PCR was performed using the SYBR 193 

Green RT-PCR Kit and the ABI 7500 fast real-time PCR system (Applied Biosystems, 194 

Foster City, CA). Primers for GATA3 were as follows: Gata3 forward 5’-195 

GACTCTTCCCACCCAGCAGC-3’, reverse 5’-CCATCTCGCCGCCACAG-3’. Primers 196 

for T-bet were as follows: Tbx21 forward 5’- CAACCAGCACCAGACAGAGATG-3’, 197 

reverse 5’-GACCACATCCACAAACATCCTG-3’. Primers for HIF-1α were as follows: 198 

Hif-1α forward 5’- AACGACCACTGCTAAGGCAT-3’, reverse 5’- 199 

GGCTCCTTGGATGAGCTTTG-3’. 200 

The determined cycle threshold (CT) reflects the number of PCR cycles required 201 

for the fluorescence signal to exceed the detection threshold, which was set to the log-202 

linear range of the amplification curve. The differences in CT values of the gene of 203 

interest and the house keeping gene 18SrRNA were used to calculate delta CT (∆CT) 204 

values. Relative fold changes were then calculated using the 2−∆∆CT algorithm. 205 

 206 
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Immunoblot analyses  207 

CD8+ T cells (5x106) were lysed in SDS buffer containing Halt protease and 208 

phosphatase inhibitor mixture (Thermo Scientific, Grand Island, NY) and sonicated for 209 

10 seconds. Samples were heated for denaturation at 95°C and analyzed by 210 

SDS/PAGE and transferred to nitrocellulose membranes. The membranes were blocked 211 

using buffer containing 5% (wt/vol) non-fat milk and 0.5% sodium azide in tris-buffered 212 

saline with tween (TBST) for 1 hr and incubated with rabbit anti-HIF-1α mAb (Clone 213 

D2U3T, Cell Signaling, Boston, MA) overnight at 4°C . Horseradish peroxidase-214 

conjugated anti-rabbit IgG (GE Healthcare, Wauwatosa, WI) was used to detect HIF-1α 215 

protein. Mouse monoclonal anti-β-actin antibody (Sigma) was used as an internal 216 

control. Immunoreactive bands of Western blots were quantified by densitometric 217 

quantification of autoradiographs using ImageJ (National Institutes of Health) and 218 

expressed as relative HIF-1α normalized by β-actin. 219 

 220 

CD8+ T cell transfection 221 

All retroviral constructs were derived from the MSCV2.2-IRES-GFP retroviral 222 

vector (provided by Dr. J. Hagman, National Jewish Health, Denver, CO). Generation of 223 

retroviruses and infection of cells were described previously 35. Briefly, Phoenix 224 

packaging cells were transfected in a 6-well plate with 20 µg retroviral vector (with 225 

GATA3 shRNA or scrambled shRNA) using 10 µL/well Lipofectamine 2000 (Invitrogen, 226 

Carlsbad, CA) according to the manufacturer’s instructions. Viral supernatants were 227 

collected after 24-48 hrs. On day 0, 2-3 mL of viral particles were used to transduce 228 

1x106 CD8+ T cells. Medium with IL-2+IL-4 was changed every day for an additional 4 229 
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days. GFP+ cells were sorted on day 4 using the MoFlo flow cytometer (Beckman 230 

Coulter, Fort Collins, CO).  231 

 232 

Flow cytometric analyses 233 

Intracellular staining of CD8+ T cells was carried out following stimulation 234 

SIINFEKL as described above. Cells were incubated with anti-mouse CD16/CD32 235 

(2.4G2; BD Bioscience, San Jose, CA) at 4°C for 5 m inutes. After fixation with fixation 236 

buffer (BD Biosciences) and permeabilization with 0.1% saponin (Sigma), cells were 237 

then stained with APC-labeled anti-mouse IFNγ (XMG 1.2; eBioscience, San Diego, 238 

CA) and PE-labeled anti-mouse IL-13 (eBio13A; eBioscience). For staining of 239 

phosphorylated STAT6 and GATA3, CD8+ T cells differentiated in IL-2 + IL-4 for 1, 4, 240 

24 hrs without SIINFEKL stimulation. Cells were stained with APC-labeled anti-mouse 241 

CD8α (53-6.7; eBioscience) and FITC-labled anti-mouse CD3(17A2; eBioscience) then 242 

stained with PE-labeled anti-human/mouse GATA3 (TWAJ; eBioscience) or cells were 243 

stained with FITC-labeled anti-mouse CD8α (53-6.7; eBioscience) and PE-labeled anti-244 

mouse CD3 (17A2; BD Biosciences) then stained with Alexa Fluor 647-labeled anti-245 

mouse STAT6 (pY641; BD Biosciences). Cell staining was analyzed using the Flowjo 246 

software (Tree Star, Ashland, OR). 247 

 248 

Secondary allergen challenge model and adoptive transfer 249 

The secondary challenge model was used as previously described 36 to reduce 250 

the time between cell manipulation, transfer, and assay. The experimental protocol for 251 

sensitization and challenge to OVA was as described previously 16, 36, with some 252 
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modifications. CD8-deficient mice were sensitized with 20 µg of OVA (Calbiochem, 253 

Calbiochem, La Jolla, CA) emulsified in 1.0 mg of alum (AlumImuject; Pierce, Rockford, 254 

IL) on days 0 and 14 by intraperitoneal injection. Mice were challenged (primary) with 255 

0.2% OVA for 20 minutes on days 21, 22, and 23 using an ultrasonic nebulizer (model 256 

NE-U07; Omron Healthcare, Kyoto, Japan). CD8+ T cells (8x105) generated in medium 257 

containing IL-2+IL-4 under 21% O2 or 3% O2 were injected intravenously into OVA-258 

sensitized CD8-deficient mice on day 37. Two hrs after transfer, mice were challenged 259 

(secondary) with 1% OVA for 20 minutes. Airway function was measured and samples 260 

were collected on day 39. Airway function was assessed as described previously 37. 261 

Briefly, changes in airway resistance (RL) of anesthetized and intubated mice were 262 

measured using a whole body plethysmography-based system with artificial ventilation 263 

in response to increasing doses of inhaled methacholine (Sigma). Data are presented 264 

as percent change from the baseline RL values after saline inhalation. Baseline RL 265 

values were not significantly different among the various groups. 266 

 267 

BAL analyses  268 

After measurement of airway function, lungs were lavaged via the tracheal tube 269 

with 1 mL of HBSS. The supernatants were collected, and IFNγ, IL-4, IL-5, and IL-13 270 

(eBioscience) levels were measured by ELISA and total leukocyte numbers were 271 

counted and differentiated as described previously 16, 31.  272 

 273 

Lung histology 274 
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Lungs were fixed in 10% formalin, and then embedded in paraffin 16, 17, 31-33, 38. 275 

Paraffin sections (5- µm thick) were stained with PAS. Mucus-containing goblet cells 276 

were quantified. Histology analyses was performed in a blinded manner under light 277 

microscopy linked to an image system. The numbers of PAS-positive goblet cells were 278 

determined in cross-sectional areas of the airway wall. Six to ten different sections were 279 

evaluated per animal. The measurements were averaged for each animal and the mean 280 

values (±SEM) were determined for each group. 281 

 282 

Statistical analysis 283 

Data from in vivo experiments were from at least three independent experiments 284 

with four mice per group or where the number of replicates is indicated. Results were 285 

expressed as means±SEM. Student’s two-tailed t test was used to determine the levels 286 

of difference between the two groups. ANOVA was used to determine the levels of 287 

difference among more than three groups. Nonparametric analysis using the Mann-288 

Whitney U test or Kruskal-Wallis test was also used to confirm that the statistical 289 

differences remained significant even if the underlying distribution was uncertain. The P 290 

values for significance were set to 0.05 for all tests.  291 
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Results 292 

Hypoxia enhances IL-4-dependent CD8+ T cell transcriptional reprogramming 293 

To determine the effects of hypoxia on CD8+ T cell differentiation, splenic OT-1 294 

CD8+ T cells were differentiated in vitro for four days in the presence of IL-2 or IL-2+IL-295 

4 under normoxic (21% O2) or hypoxic (3% O2) conditions. As previously shown 17, in 296 

the presence of IL-2, CD8+ T cells were predominantly IFNγ-producers (Tc1). In the 297 

presence of IL-2 and IL-4, a marked increase in IL-13+ T cells (Tc2) was observed 298 

when cultured under normoxic conditions (Figs. 1A-1C). Following differentiation, CD8+ 299 

Tc1 and Tc2 cells remained resistant to DEX-induced apoptosis, unlike, for example, 300 

thymocytes (Fig. S1A). When cells were differentiated under hypoxia, the effect on Tc1 301 

cells was minimal. In contrast, when Tc2 cells were differentiated under hypoxia, the 302 

number of IL-13+ cells was markedly increased and IFNγ+ cell numbers were 303 

correspondingly decreased. Following in vitro culture of these cells in the presence of 304 

IL-2+IL-4 (4 days) and antigen activation (4 hrs), the levels of IL-13 released from cells 305 

cultured under hypoxia were more than double compared to cells cultured under 306 

normoxic conditions (Fig. 1D). As shown in Figure 1, the effects of hypoxia exposure 307 

were only seen in the presence of IL-4 and were restricted to Tc2 and not Tc1 308 

differentiation. When CD4+ T cells were differentiated under Th2 polarizing conditions, 309 

hypoxia conditioning did not enhance IL-13 production (data not shown). There was little 310 

difference between cells differentiated in 3% or 1% oxygen when numbers of IL-13+ 311 

cells or IL-13 production were examined (data not shown). As cell viability was lower 312 

under 1% oxygen conditioning, all further hypoxia experiments were carried out under 313 

3% oxygen. When cytokine production was monitored following addition of DEX, 314 
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hypoxia-treated CD8+ T cells were less affected than the normoxia-exposed group. 315 

Even at the highest dose of DEX, cytokine production was largely maintained (Fig. 316 

S1B). 317 

  318 

Enhancement of allergen-induced airway responses following adoptive transfer 319 

of hypoxia-exposed Tc2 cells  320 

Adoptive transfer of Tc2 cells prior to challenge of sensitized CD8-deficient 321 

recipients resulted in the full restoration of AHR, mucus hyperproduction, and airway 322 

eosinophilia 17. Since hypoxia enhanced Tc2 differentiation in vitro, we compared in vivo 323 

outcomes after adoptive transfer of Tc2 cells exposed to either normoxia or hypoxia into 324 

OVA-sensitized or non-sensitized CD8-deficient mice prior to secondary allergen 325 

challenge. OVA-sensitized recipients of Tc2 cells differentiated under normoxia 326 

developed airway allergic responses including methacholine-induced AHR and airway 327 

eosinophilia (Figs. 2A and 2B). OVA-sensitized recipients of Tc2 cells differentiated 328 

under hypoxia showed significantly increased AHR and airway eosinophilia compared to 329 

OVA-sensitized recipients of Tc2 cells differentiated under normoxia. Non-sensitized 330 

recipients of Tc2 cells differentiated under normoxia did not develop allergic airway 331 

responses. 332 

Lung tissue sections were processed for histological analyses and areas stained 333 

with PAS were measured. As shown in Figures 2C and 2D, OVA-sensitized recipients of 334 

Tc2 cells differentiated under hypoxia showed marked increases in inflammatory cell 335 

accumulation and significantly increased numbers of mucus-producing goblet cells 336 

compared to OVA-sensitized recipients of Tc2 cells differentiated under normoxia.  337 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 18 

When bronchoalvelolar lavage (BAL) fluid was assayed at 48 hrs for cytokine 338 

levels (the time AHR and airway inflammation peaked) levels of IFNγ, IL-4, IL-5, and IL-339 

13 were similar in both sensitized recipient groups (Fig. S2). This was not surprising, as 340 

in the secondary challenge model, cytokine levels between groups were most different 341 

at 6 hrs after the last challenge 36. 342 

 343 

Hypoxia exposure leads to increased HIF-1αααα, pSTAT6, and GATA3 protein levels 344 

in Tc2 cells 345 

Hypoxia inducible factors are transcription factors that facilitate cellular 346 

responses to hypoxia and play different roles depending on the specific T-cell subset 347 

examined 23, 39. To determine the molecular events that accompanied IL-4-dependent 348 

Tc2 differentiation under normoxia or hypoxia, mRNA expression levels of Hif-1α, 349 

Tbx21, and Gata3 were examined. When differentiated in IL-2+IL-4, increases in Hif-1α 350 

and Gata3 and decreases in Tbx21 mRNA were detected, but no significant differences 351 

in expression levels of these genes were detectable in cells differentiated under 352 

normoxia or hypoxia for 96 hrs (Fig. S3). However, as shown in Figure 3, HIF-1α, 353 

phosphorylated signal transducer and activator of transcription 6 (pSTAT6) and GATA3 354 

protein levels were significantly increased at 24 hrs following hypoxia exposure in Tc2 355 

cells compared to cultures carried out under normoxia. pSTAT6 protein levels measured 356 

as early as 1 hr and 4 hrs following hypoxia exposure were not increased and increases 357 

were first detected at 24 hrs following hypoxia exposure (Fig. S4). These data indicated 358 

that hypoxia-enhanced Tc2 differentiation was associated with the upregulation of HIF-359 

1α, pSTAT6, and GATA3 protein levels at an early time-point during differentiation.  360 
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Following binding of IL-4 to the IL-4 receptor, Janus kinase 1 (JAK1) and Janus 361 

kinase 3 (JAK3) were activated, leading to the activation and phosphorylation of STAT6 362 

in CD8+ T cells 40. To determine the events leading to IL-4-dependent regulation of HIF-363 

1α, we added an inhibitor of JAK1 and JAK3 during CD8+ T-cell differentiation. We 364 

previously showed this inhibitor to be selective for Th2 and not Th1 or Th17 cells. When 365 

administered to allergen sensitized and challenged mice, inhibition significantly reduced 366 

the full spectrum of lung allergic responses 34. As shown in Figure S5A, Tc2 367 

differentiation as determined by numbers of IL-13+CD8+ T cells was reduced in the 368 

presence of the inhibitor in a dose-dependent manner. In parallel, Hif-1α mRNA 369 

expression was significantly reduced with increasing concentrations of the inhibitor (Fig. 370 

S5B).  371 

As previously demonstrated, GATA3 was induced by IL-4 during CD8+ Tc2 372 

differentiation 17. To determine whether GATA3 regulates Hif-1α gene expression during 373 

Tc2 differentiation, CD8+ T cells differentiated in the presence of IL-2 and IL-4 under 374 

normoxia were transfected with a green fluorescent protein (GFP)-encoding virus 375 

containing an shRNA construct specific for mouse GATA3. A noneffective 29-mer 376 

scrambled shRNA was used as a control. Four days after virus infection and 377 

differentiation in the presence of IL-2+IL-4, GFP-positive cells were sorted and Tc2 378 

differentiation and Hif-1α mRNA expression were assessed. Among the GFP-positive 379 

cells, the numbers of IL-13+ cells identified following antigen-restimulation were 380 

significantly lower in cells transfected with GATA3 shRNA in comparison to the 381 

scrambled shRNA (Fig. S5C). In parallel, Hif-1α gene expression was significantly lower 382 

in the GATA3 shRNA transfected, GFP-positive cells (Fig. S5D). Taken together, these 383 
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data suggested that in CD8+ T cells, Hif-1α gene expression was upregulated by IL-4 384 

through JAK1/3 and GATA3 activation. 385 

 386 

Inhibition of HIF-1αααα impairs Tc2 differentiation under both normoxia and hypoxia 387 

HIFs form a heterodimeric complex which acts as a transcriptional regulator of 388 

genes whose promoters contain hypoxia response elements (HREs) 23. This complex is 389 

comprised of HIF-1β, which is constitutively expressed, and either of the HIF-1α 390 

isoforms, HIF-1α or HIF-2α 23. To determine the role of HIF-1α or HIF-2α in CD8+ Tc2 391 

differentiation, we examined the influence of two HIF inhibitors, BAY 87-2243 and HIF-392 

C2. BAY 87-2243 targets mitochondrial complex 1 and is suggested to inhibit HIF-1α 41. 393 

HIF-C2 is a potent and selective allosteric inhibitor of HIF-2α binding within the internal 394 

cavity of HIF-2α, disrupting hetero-dimerization of the full-length HIF-2 transcription 395 

factor 42, 43. As shown in Figure 4A, BAY 87-2243 impaired Tc2 differentiation under 396 

normoxic and hypoxic conditioning. When culture supernatants from TCR-stimulated 397 

Tc2 cells were compared, IL-13 secretion was also markedly reduced by BAY 87-2243 398 

(Fig. 4B). In contrast, the inhibition of HIF-2α by HIF-C2 in vitro did not affect Tc2 399 

differentiation under either normoxic or hypoxic conditioning (Fig. 4B). These results 400 

suggested that HIF-1α but not HIF-2α played a critical role in IL-4-dependent Tc2 401 

differentiation and the enhancement seen under hypoxic conditioning.  402 

 403 

Consequences of HIF-1αααα deficiency in Tc2 differentiation under hypoxic 404 

conditioning 405 
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To directly determine the role of HIF-1α in the IL-4-dependent transcriptional 406 

reprogramming of CD8+ T cells, CD8+ T cells were harvested from progeny derived 407 

from crossing Lck-Cre/HIF-1αflox mice in which T cells from OT-1 mice were rendered 408 

deficient in HIF-1α (HIF knock-out (KO)). Cells from Lck-Cre mice crossed with OT-1 409 

mice served as (wild type, WT) controls. Cells were differentiated in the presence of IL-2 410 

or IL-2+IL-4 under normoxia or hypoxia. As shown in Figure S6, HIF KO CD8+ T cells 411 

were not completely deficient in HIF-1α; levels were reduced by approximately 85% in T 412 

lymphocytes including CD8+ T cells isolated from HIF KO mice. HIF KO CD8+ T cells, 413 

similar to the WT controls, were fully capable of Tc1 differentiation in the presence of   414 

IL-2 when differentiated under normoxia or hypoxia (Fig. S7), further confirming the 415 

selectivity of the effects of hypoxia on Tc2 conversion and the normalcy of responses to 416 

IL-2 (Tc1) in the genetically-manipulated HIF KO mice. Under normoxia, Tc2 417 

differentiation was not significantly altered in CD8+ T cells from HIF KO mice compared 418 

to cells from the WT controls. However, the frequency of IL-13 single-positive cells was 419 

significantly lower in HIF KO compared to WT CD8+ T cells differentiated under hypoxia 420 

(Fig. 5A). In parallel, analyses of secreted protein levels in cell culture supernatants 421 

confirmed significantly decreased IL-13 production from HIF KO Tc2 cells compared to 422 

WT Tc2 cells cultured under hypoxia (Fig. 5B). HIF-1α deficiency did not significantly 423 

alter IL-13 secretion when the cells were differentiated under normoxia. These data 424 

confirmed that the increased Tc2 differentiation seen under hypoxic conditioning was 425 

dependent on HIF-1α. 426 

 427 
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Impaired development of allergen-induced airway responses following adoptive 428 

transfer of hypoxia-exposed HIF-1αααα-deficient Tc2 cells  429 

Since hypoxia enhanced both Tc2 differentiation in vitro and allergic airway 430 

responses after adoptive transfer of Tc2 cells exposed to hypoxia into sensitized CD8-431 

deficient mice prior to secondary allergen challenge, we compared the outcomes of 432 

transfer of WT and HIF-1α-deficient Tc2 cells differentiated under hypoxia. Recipients of 433 

WT Tc2 cells differentiated under hypoxia developed significant airway allergic 434 

responses including methacholine-induced AHR and airway eosinophilia (Figs. 6A and 435 

6B) compared to mice that did not receive any cells. Recipients of HIF-1α−deficient Tc2 436 

cells differentiated under hypoxia showed significantly reduced enhancement of AHR 437 

and airway eosinophilia compared to the recipients of WT Tc2 cells differentiated under 438 

hypoxia (Figs. 6A and 6B).   439 

Lung tissue sections were processed for analyses of histological changes and  440 

PAS+ cells. As shown in Figures 6C and 6D, recipients of HIF-1α-deficient Tc2 cells 441 

differentiated under hypoxia showed marked decreases in inflammatory cell 442 

accumulation and significantly decreased numbers of mucus-producing goblet cells 443 

compared to recipients of WT Tc2 cells differentiated under hypoxia.   444 
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Discussion 445 

Despite the findings that increased hypoxia-related responses have been 446 

demonstrated in asthma, the specific pathways activated or mechanistic consequences 447 

have not been well defined, especially in the context of disease pathobiology. The goals 448 

of this study were to delineate the role of hypoxia-related responses in mice specifically 449 

as they pertained to CD8+ Tc2-mediated experimental asthma. We demonstrated that 450 

CD8+ T-cell differentiation to IL-13-producing Tc2 cells was enhanced by hypoxia 451 

exposure with significantly increased numbers of IL-13-producing cells and, following 452 

culture, significantly increased IL-13 production. These effects were specific to Tc2 cells 453 

in the presence of IL-4 and were not detected in Tc1 cells or CD4+ Th2 cells. In Tc2 454 

cells differentiated under hypoxia, increased levels of HIF-1α, pSTAT6, and GATA3 455 

protein were detected. Sensitized and challenged CD8-deficient mice which received 456 

Tc2 cells differentiated under hypoxia prior to secondary challenge developed enhanced 457 

airway reactivity to inhaled methacholine and eosinophilic airway inflammation 458 

compared to recipients of Tc2 cells differentiated under normoxia. 459 

Hypoxia inducible factors serve as decisive transcription factors of a variety of 460 

biological responses 23. HIFs are heterodimeric proteins containing one α subunit and 461 

one β subunit. While the β subunit is constitutively expressed, the α subunits are 462 

degraded by von Hippel Lindau complex but are stabilized under hypoxia 23. Previous 463 

studies have demonstrated that HIF-1α may exhibit different activities in asthma 44-46. 464 

The nonspecific HIF inhibitor 2-methoxyestradiol (2ME) reduced pulmonary 465 

inflammatory and airway remodeling responses to ovalbumin (OVA) in mice 45.  In mice 466 

heterozygous for a HIF-1α null allele, diminished lung eosinophilia in response to OVA 467 
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challenge was demonstrated 47. Following exposure of mice to a hypoxic environment 468 

(10% O2) during allergen challenge, the contributions of hypoxia to airway inflammation 469 

and remodeling were determined 48. Although neither hypoxia nor OVA alone induced 470 

significant neutrophil influx into the lung, the combination of OVA and hypoxia induced a 471 

synergistic increase in peribronchial neutrophils and enhanced expression of HIF-1α 472 

and the CXC-family neutrophil chemokine KC. In addition, the combination of hypoxia 473 

and OVA increased eotaxin-1, peribronchial eosinophilia, lung TGF-β1 expression, and 474 

indices of airway remodeling (fibrosis and smooth muscle) compared to either stimulus 475 

alone.  476 

To define the role of the α subunits of HIFs in the hypoxia-induced enhancement 477 

of CD8+ Tc2 cell differentiation, HIF-1α and HIF-2α inhibitors were utilized. Although 478 

there is some controversy as to the specificity of these inhibitors 41-43, our data 479 

suggested that HIF-1α but not HIF-2α was essential to the enhancement of Tc2 480 

differentiation under hypoxic conditioning. When the two inhibitors were compared, HIF-481 

C2 a selective allosteric inhibitor of HIF-2α was shown to have no effect on Tc2 482 

conversion in cells exposed to normoxia or hypoxia; HIF-1α inhibitor, BAY 87-2243 led 483 

to decreases in IL-13+ Tc2 cells and IL-13 production from cultured Tc2 cells. In 484 

contrast to Tc2 differentiation, Tc1 differentiation was not affected by either drug. 485 

To confirm the importance of HIF-1α in Tc2 differentiation in the response to 486 

hypoxia, HIF-1α-deficient mice were used where HIF-1α expression was depleted 487 

exclusively in T cells. Although not completely deficient in HIF-1α protein (approximate 488 

85% reduction), the results using differentiated CD8+ T cells from these mice 489 

established several important aspects. HIF-1α-deficient CD8+ T cells were fully capable 490 
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of Tc1 differentiation in the presence of IL-2 alone. The effects of the deficiency of HIF-491 

1α were most obvious in Tc2 cells exposed to hypoxia where the frequency of IL-492 

13+CD8+ T cells was lower and IL-13 production was markedly reduced compared to 493 

similarly treated WT CD8+ T cells. In the model of experimental asthma, we previously 494 

showed that transferred CD8+ T cells which were exposed to an environment rich in IL-495 

4 displayed changes at the GATA3 and IL-13 promoter indicative of transcriptional 496 

activation and increased IL-13 production 17. Transfer of these cells into CD8-deficient 497 

mice fully restored all lung allergic responses 17. Transfer of hypoxia-exposed, HIF-1α-498 

deficient CD8+ T cells into CD8-deficient recipients failed to restore the full spectrum of 499 

lung allergic responses as seen following transfer of hypoxia-exposed WT CD8+ T cells. 500 

Taken together, the findings established that enhanced Tc2 differentiation under 501 

hypoxia was mediated through HIF-1α activation. 502 

In this study, we demonstrated that when CD8+ T cells were differentiated under 503 

normoxia, HIF-1α mRNA was increased by IL-4 and that hypoxia exposure further 504 

enhanced HIF-1α protein expression in Tc2 cells. As well, increased levels of pSTAT6 505 

and GATA3 protein were only detected in cells differentiated under hypoxia in the 506 

presence of IL-2 and IL-4, but not with IL-2 alone. IL-4 exerts the majority of its activity 507 

by signaling through STAT6. In response to IL-4 binding to its receptor, JAK1 and JAK3 508 

are phosphorylated which in turn phosphorylates STAT6 40. STAT6 is then dimerized 509 

and transported to the nucleus where it regulates gene expression. In activated CD8+ T 510 

cells, IL-13 induction progressed through a series of distinct IL-4/GATA3-regulated 511 

stages characterized by gene expression and epigenetic changes 17. In vitro, IL-4 512 

triggered the stepwise molecular conversion of CD8+ T cells from IFNγ to IL-13 513 
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production. During the initial stage, IL-4 suppressed T-bet expression and induced 514 

GATA3 expression, characterized by histone modifications and RNA polymerase II (Pol 515 

II) recruitment to the GATA3 locus. Exposure to hypoxia appears to have enhanced 516 

these molecular events including increases in levels of pSTAT6 and GATA3. Both 517 

inhibition of JAK1/3 activation, leading to reduced pSTAT6, and silencing of GATA3 518 

reduced Tc2 differentiation and Hif-1α gene expression suggesting that HIF-1α is 519 

regulated by IL-4 downstream of JAK1/3 and GATA3 activation. It is unclear at present 520 

at what level hypoxia and HIF-1α enhanced this IL-4-JAK1/3-pSTAT6-GATA3-IL-13 521 

cascade.  522 

The IL-4-dependent upregulation of HIF-1α in CD8+ T cells is in contrast to 523 

reports in other cell types. In fibroblast-like synoviocytes, IL-4 did not alter levels of HIF-524 

1α 49; in macrophages, IL-4 reduced HIF-1α translation 50. Thus, effects of IL-4 on HIF-525 

1α activation appear variable and dependent on the cell type. To date, only limited 526 

numbers of studies have investigated the specific influence of hypoxic conditioning on 527 

CD8+ T cells. The mammalian target of rapamycin complex 1 (mTORC1) is suggested 528 

to be involved in the regulation of HIF-1α in effector CD8+ T cells 51. Silly et al. explored 529 

the impact of hypoxia on effector CD8+
 
T cells cultured under 5% or 1% O2 

52, 53. These 530 

studies revealed that oxygen deprivation did not modify CD8+ cytotoxic T lymphocyte 531 

(CTL) killing capacities but potently induced IL-10 secretion upon reactivation and 532 

dramatically decreased CTL expansion. Of note, 5% O2 was defined as “physioxia” 533 

reflecting the general levels of oxygen fraction in healthy tissues and 1% O2 as 534 

“hypoxia”, levels found in inflamed or tumor sites 53. In the present study, we observed 535 

similar effects on IL-13 production following Tc2 differentiation whether cells were 536 
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differentiated in 3% or 1% O2.  537 

A critical question in all of the studies associating hypoxia with asthma, 538 

experimental or in asthmatics, is where hypoxic conditioning of cells occurs and at what 539 

levels of O2 concentration. Standard cell culture conditions (95% air and 5% CO2) 540 

expose cells to 20% O2 which is much higher than the O2 concentrations to which most 541 

immune cells are exposed to in vivo. Physioxia in different tissues varies greatly; in the 542 

skin (1.1%), in the brain (4.4%), and was as high as 14.5% in pulmonary alveoli 53. 543 

Tissue oxygen concentrations are likely even lower during an inflammatory response as 544 

edema interferes with the diffusion of oxygen from the microvasculature and the 545 

infiltration of inflammatory cells results in increased O2 consumption 53. The 546 

concentration of oxygen in secondary lymphoid organs is generally low 54, suggesting 547 

that HIFs may be activated in lymphocytes during their normal circulation in the body. 548 

More research is needed to better understand potential effects of varying oxygen 549 

concentrations on the differentiation and survival of subsets of T lymphocytes in various 550 

target organs. Activation of the hypoxia response pathway and increases in HIF-1α can 551 

be induced without hypoxic conditioning as seen in response to inflammation. Moreover, 552 

HIF-1α activity can be associated with asthma directly44-47. 553 

 In summary, hypoxia conditioning significantly enhanced IL-4-dependent 554 

reprogramming of CD8+ T cells to IL-13 production through activation of HIF-1α. 555 

Activation of HIF-1α, STAT6, and GATA3 may be relevant not only to severe asthma, 556 

but also be present in mild and moderate asthmatics. The Tc2 cells differentiated under 557 

hypoxia were capable of enhancing allergen-induced airway inflammation and AHR. 558 

Together with the insensitivity of CD8+ T cells to corticosteroids 16, activation of the IL-559 
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4-hypoxia-HIF-1α-IL-13 axis may play a role in the development of severe, steroid-560 

refractory asthma.  561 

 562 

  563 
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Figure Legends 739 

 740 

Figure 1: Th1 and Th2 cytokine expression in CD8+ T cells differentiated in IL-2 or 741 

IL-2+IL-4 under normoxia or hypoxia.  742 

CD8+ T cells were differentiated in vitro for 4 days under normoxia (21% O2) or hypoxia 743 

(3% O2) in the presence of IL-2 or IL-2+IL-4 followed by SIINFEKL re-stimulation. (A) 744 

Representative results (%) of cells staining for IFNγ and IL-13 following SIINFEKL 745 

stimulation. (B) Percentages of IL-13 single-positive cells from five independent 746 

experiments. (C) Percentages of IFNγ single-positive cells from five independent 747 

experiments. (D) Protein levels of IL-13 in 4-day cultures following differentiation in IL-2 748 

or IL-2+IL-4 and activation by SIINFEKL. Results (means±SEM) are from 5 independent 749 

experiments. ns: not significant, **p<0.01. 750 

 751 

Figure 2: Adoptive transfer of hypoxia-exposed CD8+ Tc2 cells into OVA-752 

sensitized CD8-deficient recipients enhances AHR and airway inflammation.  753 

CD8-deficient mice were initially sensitized and challenged and received no cells 754 

(OVA/OVA), 4x105 CD8+ T cells differentiated in IL-2+IL-4 under normoxia (OVA/OVA + 755 

Tc2_Normoxia) or 4x105 CD8+ T cells differentiated in IL-2+IL-4 under hypoxia 756 

(OVA/OVA + Tc2_Hypoxia) prior to secondary challenge. As control, CD8-deficient 757 

recipients were not initially sensitized but challenged and received no cells (PBS/OVA) 758 

or 4x105 CD8+ T cells differentiated in IL-2+IL-4 under normoxia (PBS/OVA + 759 

Tc2_Normoxia) prior to secondary challenge. (A) Changes in RL were measured in 760 

response to increasing concentrations of inhaled MCh. (B) Eosinophil numbers in BAL 761 
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fluid. (C) Representative photomicrographs of lung histology (PAS staining): I) 762 

PBS/OVA, II) OVA/OVA, III) PBS/OVA + Tc2 normoxia, IV) OVA/OVA + Tc2 normoxia, 763 

and V) OVA/OVA + Tc2 hypoxia. (D) Quantitative analysis of goblet cells. Data for A, B, 764 

and D (means±SEM) are from 2 independent experiments with 8 mice/group. *p<0.05 765 

compared to PBS/OVA and OVA/OVA, +p<0.05  compared to OVA/OVA + Tc2 766 

normoxia.   767 

 768 

Figure 3: Lineage-specific transcription factor protein expression in CD8+ T cells.  769 

CD8+ T cells were differentiated in IL-2 or IL-2+IL-4 under normoxic or hypoxic 770 

conditions. (A) HIF-1 protein levels detected by immunoblot analysis in differentiated 771 

CD8+ T cells. Representative flow cytometry analyses of (B) pSTAT6 and (C) GATA3 772 

protein expression in Tc2 cells differentiated in IL-2+IL-4 for 24 hrs. Cells were gated on 773 

the CD8+ population. Solid line, differentiation under normoxia; dashed line, 774 

differentiation under hypoxia. Experiments were repeated three times with similar 775 

results.  776 

 777 

Figure 4: Effect of HIF inhibitors on Tc2 differentiation. 778 

The vehicle (DMSO) or inhibitors BAY 87-2243 (BAY) or HIF-C2 were added during 779 

CD8+ T cell differentiation. (A) Results of intracellular staining for IL-13 (% positive 780 

cells) following SIINFEKL re-stimulation of cells differentiated in IL-2 or IL-2+IL-4 under 781 

normoxia or hypoxia. (B) IL-13 protein levels after SIINFEKL re-stimulation of cells 782 

differentiated in IL-2 or IL-2+IL-4 under normoxia or hypoxia. Data (means±SEM) are 783 

from 5 independent experiments. **p<0.01, compared with cells differentiated DMSO or 784 

HIF-C2 in each group. 785 
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 786 

Figure 5: IL-13 expression in differentiated HIF-1�-deficient CD8+ T cells. 787 

CD8+ T cells from Lck-Cre/OT-1 (WT) and HIF-1-deficient Lck-Cre/HIF-1flox/OT-1 788 

(HIF KO) mice were differentiated in vitro in the presence of IL-2 or IL-2+IL-4 followed 789 

by SIINFEKL re-stimulation. (A) Results (% positive) of intracellular staining for IL-13 in 790 

cells differentiated in IL-2+IL-4 and SIINFEKL re-stimulation. (B) IL-13 protein levels in 791 

cells differentiated in IL-2 or IL-2+IL-4 under normoxia or hypoxia after SIINFEKL re-792 

stimulation. Data (means±SEM) are from 5 independent experiments. *p<0.05. 793 

 794 

Figure 6: Adoptive transfer of hypoxia-exposed HIF-1�-deficient Tc2 cells results 795 

in reduced restoration of lung allergic responses in CD8-deficient recipients.  796 

CD8-deficient mice were initially sensitized and challenged and received no cells 797 

(vehicle), 4x105 WT CD8+ T cells differentiated in IL-2+IL-4 under hypoxia (WT Tc2) or 798 

4x105 HIF-1-deficient CD8+ T cells differentiated in IL-2+IL-4 under hypoxia (HIF KO 799 

Tc2) prior to secondary challenge. (A) Changes in RL were measured in response to 800 

increasing concentrations of inhaled MCh. (B) Eosinophil numbers in BAL fluid. (C) 801 

Representative photomicrographs of lung histology. (D) Quantitative analysis of PAS+ 802 

areas. Data (means±SEM) are from 2 independent experiments with 8 mice/group. 803 

*p<0.05 compared to vehicle and HIF KO Tc2. 804 
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Figure Legends 

 

Figure S1: Cell apoptosis and IL-13 expression after dexamethasone 

treatment. 

(A) Thymocytes (Thy), Tc1, and Tc2 cells were incubated with 0, 10, 100, 1000 nM 

DEX for 24 hrs, Cells were stained for Annexin V. Results are from 3 independent 

experiments. *p < 0.05. (B) Normoxia-treated (21% O2) and hypoxia-treated (3% O2) 

Tc2 cells were incubated in the presence of 0, 1, 10, 100 nM DEX for 1 hr. Cells 

were then stimulated with SIINFEKL for 4 hrs and supernatant IL-13 was measured 

by ELISA. Cells without DEX treatment were used as control and IL-13 levels were 

calculated as a percentage of the controls. Normoxia-treated and hypoxia-treated 

Tc2 cells were compared at each dose of DEX. Results are from 3 independent 

experiments. *p < 0.05. 

 

Figure S2: Cytokine expression in BAL fluid from CD8-deficient recipients. 

CD8-deficient mice were initially sensitized and challenged and received no cells 

(OVA/OVA), 4x105 CD8+ T cells differentiated in IL-2+IL-4 under normoxia 

(OVA/OVA + Tc2_Normoxia) or 4x105 CD8+ T cells differentiated in IL-2+IL-4 under 

hypoxia (OVA/OVA + Tc2_Hypoxia) prior to secondary challenge. As controls, CD8-

deficient recipients were not initially sensitized but challenged only and received no 

cells (PBS/OVA) or 4x105 CD8+ T cells differentiated in IL-2+IL-4 under normoxia 

(PBS/OVA + Tc2_Normoxia) prior to secondary challenge. BAL fluid was obtained 

48 hrs after the final challenge and cytokine levels were determined by ELISA. 
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Results are from 2 independent experiments with 8 mice/group. ns: not significant, 

ND: not detectable. 

 

Figure S3: Lineage-specific transcription factor mRNA expression in CD8+ T 

cells.  

Hif-1α, Gata3, and Tbx21 mRNA expression was monitored by quantitative RT-PCR 

in CD8+ T cells differentiated in IL-2 or IL-2+IL-4 under normoxia or hypoxia for 4 

days. Data (means±SEM) are from 5 independent experiments. (A) Hif-1α, (B) 

Gata3, and (C) Tbx21 mRNA levels. 

 

Figure S4: pSTAT6 protein levels after hypoxia treatment. 

OT1 cells were cultured in the presence of IL-2+IL-4 under hypoxia for 1hr, 4hr and 

24hr followed by intracellular staining for pSTAT6. OT1 cells (0 hr) were used as 

controls. All cells were gated on CD3+CD8+ populations. All the histograms are 

presented half offset. 

 

Figure S5: Tc2 differentiation and Hif-1αααα mRNA expression in CD8+ T cells 

following inhibition of JAK1/3 and silencing of GATA3.  

(A) CD8+ T cells were differentiated in vitro for 4 days in the presence of IL-2+IL-4 

followed by SIINFEKL re-stimulation. Intracellular staining for IL-13 was carried out 

in CD8+ T cells treated with DMSO, or 25, 50, or 100 nM of the JAK inhibitor (JAKi). 

Percentages of IL-13 single-positive cells from 5 independent experiments are 

shown. **p<0.01, compared to cells differentiated in DMSO. (B) Hif-1α mRNA 
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expression was monitored by quantitative RT-PCR in CD8+ T cells differentiated in 

the presence of IL-2+IL-4 and the JAKi followed by SIINFEKL re-stimulation. 

*p<0.05, **p<0.01 compared to cells differentiated in DMSO. (C) CD8+ T cells were 

transduced with retrovirus expressing scrambled shRNA or GATA3 shRNA. 

Intracellular staining for IL-13 expression in sorted GFP+ transfected cells were 

analyzed. Percentages of IL-13-positive cells from 3 independent experiments are 

shown. *p<0.05. (D) Hif-1α mRNA levels in GFP+ cells following transduction with 

scrambled shRNA or GATA3 shRNA. Data (mean±SEM) are from 3 independent 

experiments. *p<0.05.  

 

Figure S6: HIF-1αααα protein levels in CD8+ T cells from HIF-1αααα-deficient mice.  

(A) HIF-1α protein levels detected by immunoblot analysis. (B) Quantitative 

densitometry of autoradiographs from WT and HIF-1α-deficient CD8+ T cells (HIF 

KO) differentiated in IL-2+IL-4 for 4 days. Relative density of WT T cells was 

assigned a value of 1. A representative result is shown from 3 independent 

experiments with similar results demonstrating a reduction of 85±6% reduction in 

HIF-1α protein levels in HIF KO cells.  

 

Figure S7: IFNγγγγ expression in differentiated HIF-1αααα-deficient CD8+ T cells. 

CD8+ T cells from Lck-Cre/OT-1 (WT) and HIF-1α-deficient Lck-Cre/HIF1αflox/OT-1 

(HIF KO) mice were differentiated in vitro in the presence of IL-2 followed by 

SIINFEKL re-stimulation. IFNγ protein levels in cells differentiated in IL-2 under 
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normoxia or hypoxia after SIINFEKL re-stimulation. Data (means±SEM) are from 5 

independent experiments. 


