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Abstract

Background: CD8+ T cells (Tc2) become potent, steroid-insensitive pathogenic effector cells
in experimental asthma undergoing transcriptional reprogramming to IL-13 production in the
presence of IL-4. However, no studies have described the effects of hypoxia exposure on Tc2
differentiation.

Objective: We determined the effects of hypoxia exposure on I1L-13-producing CD8+ Tc2 cells.

Methods: CD8+ transgenic OT1 cells, differentiated with IL-2 and IL-4 (Tc2 cells) were
exposed to normoxia (21% O,) or hypoxia (3% O,) and IL-13 production /n vitro was

monitored. Following differentiation under these conditions, cells were adoptively transferred into
CD8-deficient mice and lung allergic responses including airway hyperesponsiveness to inhaled
methacholine were assessed. The effects of pharmacologic inhibitors of hypoxia inducible factor
la (HIF-1a) and HIF-2a were determined as were responses in HIF-1a-deficient OT1 cells.

Results: Under hypoxic conditioning, CD8+ Tc2 differentiation was significantly enhanced
with increased numbers of IL-13+ T cells and increased production of IL-13 /n vitro. Adoptive
transfer of Tc2 cells differentiated under hypoxia restored lung allergic responses in sensitized
and challenged CD8-deficient recipients to a greater degree than seen in recipients of Tc2 cells
differentiated under normoxia. Pharmacologic inhibition of HIF-1a or genetic manipulation to
reduce HIF-1a expression reduced the hypoxia-enhanced differentiation of Tc2 cells, IL-13
production, and the capacity of transferred cells to restore lung allergic responses /n vivo.
IL-4-dependent, hypoxia-mediated increases in HIF-1a and Tc2 differentiation were shown to
be mediated through activation of JAK1/3 kinase and GATAS3.

Conclusions: Hypoxia enhances CD8+ Tc2-dependent airway hyperresponsiveness and
inflammation through activation of HIF-1a.. These findings coupled with the known insensitivity

"Corresponding Author: Erwin W. Gelfand, M.D., Department of Pediatrics, National Jewish Health, 1400 Jackson Street, Denver,
CO 80206, USA, Phone: (303) 398-1196, Fax: (303) 270-2105, erwin3460@gmail.com.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest statement: The authors declare no relevant conflicts of interest.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ning et al. Page 2

of CD8+ T cells to corticosteroids suggests that activation of the IL-4-HIF-1a-1L-13 axis may
play a role in the development of steroid-refractory asthma.

Graphical Abstract

Capsule summary:

Hypoxia exposure amplifies CD8+ Tc2 differentiation with increased release of I1L-13 /n vitro
and augmentation of lung allergic responses /n vivo. The increases in Tc2 differentiation under
hypoxia were shown to be dependent on HIF-1a.
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Introduction

Asthma is a complex clinical syndrome characterized by airway inflammation, airway
hyperresponsiverness (AHR), and airflow obstruction. This complexity is underscored by
the number of cell types, mediators, and pathways linked to the disease. A major advance
in the treatment of asthma was achieved with the regular use of inhaled corticosteroids
(ICS) as a controller medication. Nevertheless, despite diligent compliance and technique,
a large percentage of patients with asthma fails to achieve control of their disease with
current therapies®. A subset of patients with a limited response to ICS has been defined

as severe asthma?, considered here as steroid-resistant (SR) asthma. Little is understood
regarding the underlying mechanisms or pathways (endotypes) responsible for SR asthma
and it is likely that many factors impede the achievement of asthma control. Defining

the underlying mechanism(s) of SR asthma is a priority but few such endotypes have
been well characterized3-5. One endotype, characterized by airway eosinophilia, CD4+
Th2 cytokine production, and steroid responsiveness has been best studied®. In contrast,
asthma associated with prominent airway neutrophilia has been associated with steroid
resistance’=2. Neutrophils, unlike eosinophils, fail to undergo apoptosis in the presence of
corticosteroids®. Other cell types including mast cells and basophils, Th17 cells, and even
some innate lymphocytes (ILCs) may be similarly insensitive to corticosteroidsi®-12, linking
disease where these cells are prominent in the airways to SR asthma.

Accumulating evidence from studies of animal models and severe asthmatics has identified
the prominence of a subset of CD8+ T cells in the airways and epithelium which may
contribute to steroid-insensitivity and the pathophysiology of severe or fatal asthmal3-15,
These CD8+ T lymphocytes, unlike CD4+ T cells, are refractory to corticosteroids!6
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and have the capacity to undergo transcriptional reprogramming from a Tc1-1IFN+y- to

a Tc2-1L-13-producing lymphocyte subset!’. Numbers of these CD8+ T cells correlated
with reduced lung function and basement membrane thickening8-21. Moreover, increased
numbers of CD8+T cells have been demonstrated in lung tissues following a fatal asthma
attack?2. In severe asthmatics, increased numbers of 1L-13+CD8+ T cells have also been
shown?0, Central to CD8+ T cell reprogramming to IL-13 production was IL-4, which
triggered a cascade of transcriptional events culminating in 1L-13 productionl.

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

including chronic inflammation and promotes expression of genes through post-translational
modifications and stabilization of the a subunits (HIF-1a and HIF-2a) of hypoxia-
inducible factors (HIFs)23. Although there is growing evidence that HIFs contribute to the
pathophysiology of asthma?4 25, little is known about HIFs in the regulation of lung allergic
immune responses. Hypoxia has often been considered to be an inhibitor of T lymphocyte
function, although active and robust T cell responses occur at many hypoxic inflammatory
sites26: 27, Hypoxia-related pathways have been shown to facilitate differentiation of CD8+
cytotoxic T cells leading to enhanced clearance of chronic virus infection and tumor cells28,
Such findings indicate that in contrast to inhibition of some T cell functions, hypoxia
exposure may enhance the functional differentiation of certain T cell subsets. Since HIF-1a
expression was increased following ligation of the T cell receptor?®, we determined whether
hypoxia enhanced transcriptional reprogramming in CD8+ T cells through a HIF-dependent
pathway. Further, we defined a role for hypoxia and HIF-1a in the enhanced reprogramming
of CD8+ T cells to pathogenic IL-13-producing effector cells.

Materials and Methods

Animals

OT-1 TCR transgenic (OT-1) mice, Lck-Cre/OT-1, Lck-Cre/HIF-1af19%/OT-1 and
homozygous CD8-deficient mice were bred in the animal facility at National Jewish Health
(Denver, CO). OT-1 mice (C57BL/6 background) express a transgenic TCR specific for
SIINFEKL peptide (OVA257_264)1- Lck-Cre/OT-1 mice were F2 progeny of Lck-Cre mice
and OT-1 mice. Lck-Cre/HIF-1afl%/OT-1 mice were F2 progeny of Lck-Cre/HIF-1a 0%
mice (provided by Dr. Holger Eltzschig, University of Colorado Denver, Aurora, CO)30
and OT-1 mice. CD8-deficient mice were generated by targeting the CD8a chain gene

in C57BL/6 mice3l. Animal experiments in this study were conducted under a protocol
approved by the Institutional Animal Care and Use Committee of National Jewish Health.

CD8+ T cell culture

CD8+ effector memory T cells were generated /7 vitro as described previouslyl?: 3233,

In brief, mononuclear cells were harvested from the spleens of OT-1 mice, followed by
stimulation with 1 pg/mL SIINFEKL peptide (GenScript, Piscataway, NJ) for 1.5 hrs
(20x108). Two days after culture, living cells were re-isolated using Histopaque (Sigma,

St. Louis, MO) and cultured in complete RPMI medium 1640 that contained recombinant
mouse IL-2 (20 ng/mL) (Peprotech, Rocky Hill, NJ) or IL-2+IL-4 (20 ng/mL) (Peprotech).
For HIF inhibition experiments, DMSO, 1 uM BAY 87-2243 (Selleck Chemicals, Houston,
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TX) or 10 uM HIF-C2 (Xcesshio Biosciences, San Diego, CA) were added into the medium
together with IL-2 or IL-2+IL-4. Cells were either cultured in a CO, incubator in a
normoxia (21% O,+5% CO») or hypoxia chamber (3% O,+5% CO») at 37°C. Cytokines
and inhibitors were changed every day for a further 4 days of culture. During hypoxia
conditioning, O, and CO» levels were controlled by Proox C21 (BioSpherix, Lacoma,
NY). For JAK inhibition experiments, DMSO, or 25, 50, or 100 nM of the inhibitor R256
(Rigel Pharmaceuticals, South San Francisco, CA) was added to the medium together with
IL-2+1L-4. R256 was shown to be a selective inhibitor of JAK1/3 signaling as described34.
Cells were cultured in a CO» incubator at 37°C and medium with cytokines and inhibitors
were changed every day for a further 4 days of culture. For flow cytometry analyses,

cells were restimulated with 1 pg/mL SIINFEKL in medium containing 2 uM monensin
(Calbiochem, San Diego, CA) for 4 hrs. For ELISA, cells were restimulated with 1 ug/mL
SIINFEKL in medium for 4 hrs at a concentration of 1x10° cells/mL.

Steroid-induced apoptosis and effects on cytokine production

To study steroid-induced cell apoptosis, thymocytes were isolated from C57BL/6 mice. Tcl
and Tc2 cells were differentiated from OT1 cells for 4 days. Cells (1x10%), differentiated
under normoxia or hypoxia, were cultured in the presence of 0, 10, 100, 1000 nM
dexamethasone (DEX) (Sigma, St. Louis, MO) dissolved in methanol for 24 hrs. Annexin
V-positive cells were detected by eBioscienceTM Annexin V Apoptosis Detection Kit APC
(Thermo Scientific, Grand Island, NY) and analyzed by flow cytometry.

To study the impact of DEX on cytokine production, Tc2 cells were differentiated under
normoxia or hypoxia. Cells (1x10°) were incubated with 0, 1, 10, 100nM DEX dissolved
in methanol for 1 hr. Cells were then restimulated with 1 pg/mL SIINFEKL in medium for
4 hrs at a concentration of 1x108 cells/mL. Supernatant IL-13 production was measured by
ELISA.

RNA preparation and analyses

Total RNA was extracted from 1x10°8 differentiated CD8+ T cells using the

NucleoSpin RNA 11 isolation kit (Macherey-Nagel, Diren, Germany) following the
manufacturer’s protocol. Reverse transcription of total RNA (1 ug) was performed

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

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

SYBR Green RT-PCR Kit and the ABI 7500 fast real-time PCR system (Applied
Biosystems, Foster City, CA). Primers for GATA3 were as follows: Gata3forward 5’-
GACTCTTCCCACCCAGCAGC-3’, reverse 5’-CCATCTCGCCGCCACAG-3’. Primers for
T-bet were as follows: 76x21 forward 5’-CAACCAGCACCAGACAGAGATG-3’, reverse
5’-GACCACATCCACAAACATCCTG-3’. Primers for HIF-1a were as follows: Hif-1a
forward 5’-AACGACCACTGCTAAGGCAT-3’, reverse 5’-GGCT CCTT GGAT GAGCTTT
G-3'.

The determined cycle threshold (CT) reflects the number of PCR cycles required for the
fluorescence signal to exceed the detection threshold, which was set to the log-linear range
of the amplification curve. The differences in CT values of the gene of interest and the house
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keeping gene 18SrRNA were used to calculate delta CT (ACT) values. Relative fold changes
were then calculated using the 2-22CT algorithm.

Immunoblot analyses

CD8+ T cells (5x106) were lysed in SDS buffer containing Halt protease and phosphatase
inhibitor mixture (Thermo Scientific, Grand Island, NY) and sonicated for 10 seconds.
Samples were heated for denaturation at 95°C and analyzed by SDS/PAGE and transferred
to nitrocellulose membranes. The membranes were blocked using buffer containing 5%
(wt/vol) non-fat milk and 0.5% sodium azide in tris-buffered saline with tween (TBST) for
1 hr and incubated with rabbit anti-HIF-1a. mAb (Clone D2U3T, Cell Signaling, Boston,
MA) overnight at 4°C. Horseradish peroxidase-conjugated anti-rabbit IgG (GE Healthcare,
Wauwatosa, WI) was used to detect HIF-1a protein. Mouse monoclonal anti-B-actin
antibody (Sigma) was used as an internal control. Immunoreactive bands of Western blots
were quantified by densitometric quantification of autoradiographs using ImageJ (National
Institutes of Health) and expressed as relative HIF-1a normalized by p-actin.

CD8+ T cell transfection

All retroviral constructs were derived from the MSCV2.2-IRES-GFP retroviral vector
(provided by Dr. J. Hagman, National Jewish Health, Denver, CO). Generation of
retroviruses and infection of cells were described previously3°. Briefly, Phoenix packaging
cells were transfected in a 6-well plate with 20 ug retroviral vector (with GATA3 shRNA
or scrambled shRNA) using 10 pL/well Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Viral supernatants were collected after 24-48
hrs. On day 0, 2-3 mL of viral particles were used to transduce 1x10% CD8+ T cells.
Medium with IL-2+1L-4 was changed every day for an additional 4 days. GFP+ cells were
sorted on day 4 using the MoFlo flow cytometer (Beckman Coulter, Fort Collins, CO).

Flow cytometric analyses

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

as described above. Cells were incubated with anti-mouse CD16/CD32 (2.4G2; BD
Bioscience, San Jose, CA) at 40 for 5 m inutes. After fixation with fixation buffer (BD
Biosciences) and permeabilization with 0.1% saponin (Sigma), cells were then stained with
APC-labeled anti-mouse IFNy (XMG 1.2; eBioscience, San Diego, CA) and PE-labeled
anti-mouse IL-13 (eBiol13A,; eBioscience). For staining of phosphorylated STAT6 and
GATA3, CD8+ T cells differentiated in IL-2 + IL-4 for 1, 4, 24 hrs without SIINFEKL
stimulation. Cells were stained with APC-labeled anti-mouse CD8a (53-6.7; eBioscience)
and FITC-labled anti-mouse CD3(17A2; eBioscience) then stained with PE-labeled anti-
human/mouse GATA3 (TWAJ; eBioscience) or cells were stained with FITC-labeled anti-
mouse CD8a (53-6.7; eBioscience) and PE-labeled antimouse CD3 (17A2; BD Biosciences)
then stained with Alexa Fluor 647-labeled antimouse STAT6 (pY641; BD Biosciences). Cell
staining was analyzed using the Flowjo software (Tree Star, Ashland, OR).
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Secondary allergen challenge model and adoptive transfer

The secondary challenge model was used as previously described38 to reduce the time
between cell manipulation, transfer, and assay. The experimental protocol for sensitization
and challenge to OVA was as described previously1®: 36, with some modifications. CD8-
deficient mice were sensitized with 20 pg of OVA (Calbiochem, Calbiochem, La Jolla, CA)
emulsified in 1.0 mg of alum (Alumimuject; Pierce, Rockford, IL) on days 0 and 14 by
intraperitoneal injection. Mice were challenged (primary) with0.2% OVA for 20 minutes

on days 21, 22, and 23 using an ultrasonic nebulizer (model NE-UQ7; Omron Healthcare,
Kyoto, Japan). CD8+ T cells (8x10°) generated in medium containing IL-2+IL-4 under 21%
O, or 3% O, were injected intravenously into OVA-sensitized CD8-deficient mice on day
37. Two hrs after transfer, mice were challenged (secondary) with 1% OVA for 20 minutes.
Airway function was measured and samples were collected on day 39. Airway function

was assessed as described previously3”. Briefly, changes in airway resistance (RL) of
anesthetized and intubated mice were measured using a whole body plethysmography-based
system with artificial ventilation in response to increasing doses of inhaled methacholine
(Sigma). Data are presented as percent change from the baseline RL values after saline
inhalation. Baseline RL values were not significantly different among the various groups.

BAL analyses

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

1 mL of HBSS. The supernatants were collected, and IFN+y, I1L-4, IL-5, and I1L-13
(eBioscience) levels were measured by ELISA and total leukocyte numbers were counted
and differentiated as described previously6:31,

Lung histology

Lungs were fixed in 10% formalin, and then embedded in paraffin6.17.31-33.38 paraffin
sections (5-um thick) were stained with PAS. Mucus-containing goblet cells were quantified.
Histology analyses was performed in a blinded manner under light microscopy linked to an
image system. The numbers of PAS-positive goblet cells were determined in cross-sectional
areas of the airway wall. Six to ten different sections were evaluated per animal. The
measurements were averaged for each animal and the mean values (+SEM) were determined
for each group.

Statistical analysis

Data from in vivo experiments were from at least three independent experiments with four
mice per group or where the number of replicates is indicated. Results were expressed

as means£SEM. Student’s two-tailed t test was used to determine the levels of difference
between the two groups. ANOVA was used to determine the levels of difference among
more than three groups. Nonparametric analysis using the Mann-Whitney U test or Kruskal-
Wallis test was also used to confirm that the statistical differences remained significant even
if the underlying distribution was uncertain. The P values for significance were set to 0.05
for all tests.
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Results

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

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

T cells were differentiated /n vitro for four days in the presence of IL-2 or IL-2+IL-4

under normoxic (21% O,) or hypoxic (3% O,) conditions. As previously shownl?, in the
presence of IL-2, CD8+ T cells were predominantly IFN-y-producers (Tcl). In the presence
of IL-2 and IL-4, a marked increase in IL-13+ T cells (Tc2) was observed when cultured
under normoxic conditions (Figs. 1A-1C). Following differentiation, CD8+ Tc1 and Tc2
cells remained resistant to DEX-induced apoptosis, unlike, for example, thymocytes (Fig.
S1A). When cells were differentiated under hypoxia, the effect on Tc1 cells was minimal. In
contrast, when Tc2 cells were differentiated under hypoxia, the number of IL-13+ cells was
markedly increased and IFN-y+ cell numbers were correspondingly decreased. Following /in
vitro culture of these cells in the presence of IL-2+IL-4 (4 days) and antigen activation (4
hrs), the levels of 1L-13 released from cells cultured under hypoxia were more than double
compared to cells cultured under normoxic conditions (Fig. 1D). As shown in Figure 1,

the effects of hypoxia exposure were only seen in the presence of I1L-4 and were restricted
to Tc2 and not Tcl differentiation. When CD4+ T cells were differentiated under Th2
polarizing conditions, hypoxia conditioning did not enhance IL-13 production (data not
shown). There was little difference between cells differentiated in 3% or 1% oxygen when
numbers of 1L-13+ cells or IL-13 production were examined (data not shown). As cell
viability was lower under 1% oxygen conditioning, all further hypoxia experiments were
carried out under 3% oxygen. When cytokine production was monitored following addition
of DEX, hypoxia-treated CD8+ T cells were less affected than the normoxia-exposed group.
Even at the highest dose of DEX, cytokine production was largely maintained (Fig. S1B).

Enhancement of allergen-induced airway responses following adoptive transfer of
hypoxia-exposed Tc2 cells

Adoptive transfer of Tc2 cells prior to challenge of sensitized CD8-deficient recipients
resulted in the full restoration of AHR, mucus hyperproduction, and airway eosinophilial’.
Since hypoxia enhanced Tc2 differentiation /n vitro, we compared /n vivo outcomes

after adoptive transfer of Tc2 cells exposed to either normoxia or hypoxia into OVA-
sensitized or non-sensitized CD8-deficient mice prior to secondary allergen challenge. OVA-
sensitized recipients of Tc2 cells differentiated under normoxia developed airway allergic
responses including methacholine-induced AHR and airway eosinophilia (Figs. 2A and 1b).
OVA-sensitized recipients of Tc2 cells differentiated under hypoxia showed significantly
increased AHR and airway eosinophilia compared to OVA-sensitized recipients of Tc2 cells
differentiated under normoxia. Non-sensitized recipients of Tc2 cells differentiated under
normoxia did not develop allergic airway responses.

Lung tissue sections were processed for histological analyses and areas stained with PAS
were measured. As shown in Figures 2C and 2D, OVA-sensitized recipients of Tc2 cells
differentiated under hypoxia showed marked increases in inflammatory cell accumulation
and significantly increased numbers of mucus-producing goblet cells compared to OVA-
sensitized recipients of Tc2 cells differentiated under normoxia.
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When bronchoalvelolar lavage (BAL) fluid was assayed at 48 hrs for cytokine levels (the
time AHR and airway inflammation peaked) levels of IFNy, IL-4, IL-5, and IL-13 were
similar in both sensitized recipient groups (Fig. S2). This was not surprising, as in the
secondary challenge model, cytokine levels between groups were most different at 6 hrs
after the last challenge38.

Hypoxia exposure leads to increased HIF-1a, pSTAT6, and GATAS protein levels in Tc2

cells

Hypoxia inducible factors are transcription factors that facilitate cellular responses to
hypoxia and play different roles depending on the specific T-cell subset examined?3: 39,

To determine the molecular events that accompanied IL-4-dependent Tc2 differentiation
under normoxia or hypoxia, mMRNA expression levels of Hif-1a, Tbx21, and Gata3were
examined. When differentiated in IL-2+IL-4, increases in Hif-1a and Gata3and decreases
in 7bx21 mRNA were detected, but no significant differences in expression levels of these
genes were detectable in cells differentiated under normoxia or hypoxia for 96 hrs (Fig. S3).
However, as shown in Figure 3, HIF-1a, phosphorylated signal transducer and activator of
transcription 6 (pSTAT6) and GATAS3 protein levels were significantly increased at 24 hrs
following hypoxia exposure in Tc2 cells compared to cultures carried out under normoxia.
PSTATG protein levels measured as early as 1 hr and 4 hrs following hypoxia exposure were
not increased and increases were first detected at 24 hrs following hypoxia exposure (Fig.
S4). These data indicated that hypoxia-enhanced Tc2 differentiation was associated with the
upregulation of HIF-1a., pSTAT6, and GATAS protein levels at an early time-point during
differentiation.

Following binding of IL-4 to the I1L-4 receptor, Janus kinase 1 (JAK1) and Janus kinase 3
(JAK3) were activated, leading to the activation and phosphorylation of STAT6 in CD8+ T
cells?0. To determine the events leading to IL-4-dependent regulation of HIF-1a., we added
an inhibitor of JAK1 and JAK3 during CD8+ T-cell differentiation. We previously showed
this inhibitor to be selective for Th2 and not Thl or Th17 cells. When administered to
allergen sensitized and challenged mice, inhibition significantly reduced the full spectrum
of lung allergic responses34. As shown in Figure S5A, Tc2 differentiation as determined
by numbers of IL-13+CD8+ T cells was reduced in the presence of the inhibitor in a
dose-dependent manner. In parallel, Hif-Ia mRNA expression was significantly reduced
with increasing concentrations of the inhibitor (Fig. S5B).

As previously demonstrated, GATA3was induced by IL-4 during CD8+ Tc2
differentiationl’. To determine whether GATA3regulates Hif-1a gene expression during
Tc2 differentiation, CD8+ T cells differentiated in the presence of IL-2 and IL-4 under
normoxia were transfected with a green fluorescent protein (GFP)-encoding virus containing
an shRNA construct specific for mouse GATA3. A noneffective 29-mer scrambled sShRNA
was used as a control. Four days after virus infection and differentiation in the presence

of IL-2+1L-4, GFP-positive cells were sorted and Tc2 differentiation and Hif-Za mRNA
expression were assessed. Among the GFP-positive cells, the numbers of IL-13+ cells
identified following antigen-restimulation were significantly lower in cells transfected with
GATA3shRNA in comparison to the scrambled shRNA (Fig. S5C). In parallel, Hif-1a
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gene expression was significantly lower in the GATA3 shRNA transfected, GFP-positive
cells (Fig. S5D). Taken together, these data suggested that in CD8+ T cells, Hif-1a gene
expression was upregulated by IL-4 through JAK1/3 and GATAS3 activation.

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

HIFs form a heterodimeric complex which acts as a transcriptional regulator of genes whose
promoters contain hypoxia response elements (HREs)23. This complex is comprised of
HIF-1p, which is constitutively expressed, and either of the HIF-1a isoforms, HIF-1a or
HIF-2a23. To determine the role of HIF-1a or HIF-2a in CD8+ Tc2 differentiation, we
examined the influence of two HIF inhibitors, BAY 87-2243 and HIF-C2. BAY 87-2243
targets mitochondrial complex 1 and is suggested to inhibit HIF-1a1. HIF-C2 is a potent
and selective allosteric inhibitor of HIF-2a binding within the internal cavity of HIF-2a,
disrupting hetero-dimerization of the full-length HIF-2 transcription factor42 43. As shown
in Figure 4A, BAY 87-2243 impaired Tc2 differentiation under normoxic and hypoxic
conditioning. When culture supernatants from TCR-stimulated Tc2 cells were compared,
IL-13 secretion was also markedly reduced by BAY 87-2243 (Fig. 4B). In contrast, the
inhibition of HIF-2a by HIF-C2 /n vitro did not affect Tc2 differentiation under either
normoxic or hypoxic conditioning (Fig. 4B). These results suggested that HIF-1a. but not
HIF-2a played a critical role in IL-4-dependent Tc2 differentiation and the enhancement
seen under hypoxic conditioning.

Consequences of HIF-1a deficiency in Tc2 differentiation under hypoxic conditioning

To directly determine the role of HIF-1a in the IL-4-dependent transcriptional
reprogramming of CD8+ T cells, CD8+ T cells were harvested from progeny derived

from crossing Lck-Cre/HIF-1af1°% mice in which T cells from OT-1 mice were rendered
deficient in HIF-1a (HIF knock-out (KO)). Cells from Lck-Cre mice crossed with OT-1
mice served as (wild type, WT) controls. Cells were differentiated in the presence of I1L-2
or IL-2+IL-4 under normoxia or hypoxia. As shown in Figure S6, HIF KO CD8+ T cells
were not completely deficient in HIF-1a.; levels were reduced by approximately 85% in T
lymphocytes including CD8+ T cells isolated from HIF KO mice. HIF KO CD8+ T cells,
similar to the WT controls, were fully capable of Tcl differentiation in the presence of IL-2
when differentiated under normoxia or hypoxia (Fig. S7), further confirming the selectivity
of the effects of hypoxia on Tc2 conversion and the normalcy of responses to IL-2 (Tcl)

in the genetically-manipulated HIF KO mice. Under normoxia, Tc2 differentiation was not
significantly altered in CD8+ T cells from HIF KO mice compared to cells from the WT
controls. However, the frequency of IL-13 single-positive cells was significantly lower in
HIF KO compared to WT CD8+ T cells differentiated under hypoxia (Fig. 5A). In parallel,
analyses of secreted protein levels in cell culture supernatants confirmed significantly
decreased 1L-13 production from HIF KO Tc2 cells compared to WT Tc2 cells cultured
under hypoxia (Fig. 5B). HIF-1a deficiency did not significantly alter IL-13 secretion when
the cells were differentiated under normoxia. These data confirmed that the increased Tc2
differentiation seen under hypoxic conditioning was dependent on HIF-1a..
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Impaired development of allergen-induced airway responses following adoptive transfer of
hypoxia-exposed HIF-1la-deficient Tc2 cells

Since hypoxia enhanced both Tc2 differentiation /n vitro and allergic airway responses
after adoptive transfer of Tc2 cells exposed to hypoxia into sensitized CD8-deficient

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

WT and HIF-1a-deficient Tc2 cells differentiated under hypoxia. Recipients of WT Tc2
cells differentiated under hypoxia developed significant airway allergic responses including
methacholine-induced AHR and airway eosinophilia (Figs. 6A and 6B) compared to mice
that did not receive any cells. Recipients of HIF-1a-deficient Tc2 cells differentiated

under hypoxia showed significantly reduced enhancement of AHR and airway eosinophilia
compared to the recipients of WT Tc2 cells differentiated under hypoxia (Figs. 6A and 6B).

Lung tissue sections were processed for analyses of histological changes and PAS+ cells. As
shown in Figures 6C and 6D, recipients of HIF-1a-deficient Tc2 cells differentiated under
hypoxia showed marked decreases in inflammatory cell accumulation and significantly
decreased numbers of mucus-producing goblet cells compared to recipients of WT Tc2 cells
differentiated under hypoxia.

Discussion

Despite the findings that increased hypoxia-related responses have been demonstrated in
asthma, the specific pathways activated or mechanistic consequences have not been well
defined, especially in the context of disease pathobiology. The goals of this study were

to delineate the role of hypoxia-related responses in mice specifically as they pertained to
CD8+ Tc2-mediated experimental asthma. We demonstrated that CD8+ T-cell differentiation
to IL-13-producing Tc2 cells was enhanced by hypoxia exposure with significantly
increased numbers of IL-13-producing cells and, following culture, significantly increased
IL-13 production. These effects were specific to Tc2 cells in the presence of IL-4 and were
not detected in Tcl cells or CD4+ Th2 cells. In Tc2 cells differentiated under hypoxia,
increased levels of HIF-1a, pSTAT6, and GATA3 protein were detected. Sensitized and
challenged CD8-deficient mice which received Tc2 cells differentiated under hypoxia prior
to secondary challenge developed enhanced airway reactivity to inhaled methacholine and
eosinophilic airway inflammation compared to recipients of Tc2 cells differentiated under
normoxia.

Hypoxia inducible factors serve as decisive transcription factors of a variety of biological
responses23. HIFs are heterodimeric proteins containing one a subunit and one B subunit.
While the B subunit is constitutively expressed, the a subunits are degraded by von Hippel
Lindau complex but are stabilized under hypoxia23. Previous studies have demonstrated

that HIF-1a may exhibit different activities in asthma®4-46. The nonspecific HIF inhibitor 2-
methoxyestradiol (2ME) reduced pulmonary inflammatory and airway remodeling responses
to ovalbumin (OVA) in mice®. In mice heterozygous for a HIF-1a null allele, diminished
lung eosinophilia in response to OVA challenge was demonstrated*’. Following exposure

of mice to a hypoxic environment (10% O,) during allergen challenge, the contributions

of hypoxia to airway inflammation and remodeling were determined“8. Although neither
hypoxia nor OVA alone induced significant neutrophil influx into the lung, the combination
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of OVA and hypoxia induced a synergistic increase in peribronchial neutrophils and
enhanced expression of HIF-1a and the CXC-family neutrophil chemokine KC. In addition,
the combination of hypoxia and OVA increased eotaxin-1, peribronchial eosinophilia,

lung TGF-B1 expression, and indices of airway remodeling (fibrosis and smooth muscle)
compared to either stimulus alone.

To define the role of the a subunits of HIFs in the hypoxia-induced enhancement of CD8+
Tc2 cell differentiation, HIF-1a and HIF-2a inhibitors were utilized. Although there is
some controversy as to the specificity of these inhibitors#1-43, our data suggested that
HIF-1a but not HIF-2a was essential to the enhancement of Tc2 differentiation under
hypoxic conditioning. When the two inhibitors were compared, HIF-C2 a selective allosteric
inhibitor of HIF-2a was shown to have no effect on Tc2 conversion in cells exposed to
normoxia or hypoxia; HIF-1a inhibitor, BAY 87-2243 led to decreases in IL-13+ Tc2

cells and IL-13 production from cultured Tc2 cells. In contrast to Tc2 differentiation, Tcl
differentiation was not affected by either drug.

To confirm the importance of HIF-1a in Tc2 differentiation in the response to hypoxia,
HIF-1a-deficient mice were used where HIF-1a expression was depleted exclusively in T
cells. Although not completely deficient in HIF-1a protein (approximate 85% reduction),
the results using differentiated CD8+ T cells from these mice established several important
aspects. HIF-1a-deficient CD8+ T cells were fully capable of Tcl differentiation in the
presence of IL-2 alone. The effects of the deficiency of HIF-1a were most obvious in

Tc2 cells exposed to hypoxia where the frequency of IL-13+CD8+ T cells was lower and
IL-13 production was markedly reduced compared to similarly treated WT CD8+ T cells.
In the model of experimental asthma, we previously showed that transferred CD8+ T cells
which were exposed to an environment rich in IL-4 displayed changes at the GATA3 and
IL-13 promoter indicative of transcriptional activation and increased IL-13 production?’.
Transfer of these cells into CD8-deficient mice fully restored all lung allergic responsest’.
Transfer of hypoxia-exposed, HIF-1a-deficient CD8+ T cells into CD8-deficient recipients
failed to restore the full spectrum of lung allergic responses as seen following transfer of
hypoxia-exposed WT CD8+ T cells. Taken together, the findings established that enhanced
Tc2 differentiation under hypoxia was mediated through HIF-1a activation.

In this study, we demonstrated that when CD8+ T cells were differentiated under normoxia,
HIF-1a mRNA was increased by IL-4 and that hypoxia exposure further enhanced HIF-1a
protein expression in Tc2 cells. As well, increased levels of pSTAT6 and GATA3 protein
were only detected in cells differentiated under hypoxia in the presence of IL-2 and IL-4,

but not with IL-2 alone. IL-4 exerts the majority of its activity by signaling through STAT6.
In response to 1L-4 binding to its receptor, JAK1 and JAK3 are phosphorylated which

in turn phosphorylates STAT640. STAT6 is then dimerized and transported to the nucleus
where it regulates gene expression. In activated CD8+ T cells, IL-13 induction progressed
through a series of distinct I1L-4/GATA3-regulated stages characterized by gene expression
and epigenetic changes 17. /n vitro, 1L-4 triggered the stepwise molecular conversion of
CD8+ T cells from IFNvy to IL-13 production. During the initial stage, IL-4 suppressed T-bet
expression and induced GATAS3 expression, characterized by histone modifications and RNA
polymerase 11 (Pol 1) recruitment to the GATAS locus. Exposure to hypoxia appears to
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have enhanced these molecular events including increases in levels of pSTAT6 and GATAS.
Both inhibition of JAK1/3 activation, leading to reduced pSTATS6, and silencing of GATA3
reduced Tc2 differentiation and Hif-Ia gene expression suggesting that HIF-1a is regulated
by IL-4 downstream of JAK1/3 and GATA3 activation. It is unclear at present at what level
hypoxia and HIF-1a enhanced this IL-4-JAK1/3-pSTAT6-GATA3-1L-13 cascade.

The IL-4-dependent upregulation of HIF-1a in CD8+ T cells is in contrast to reports in
other cell types. In fibroblast-like synoviocytes, IL-4 did not alter levels of HIF-1a.4?; in
macrophages, IL-4 reduced HIF-1a translation®0. Thus, effects of 1L-4 on HIF-1a activation
appear variable and dependent on the cell type. To date, only limited numbers of studies
have investigated the specific influence of hypoxic conditioning on CD8+ T cells. The
mammalian target of rapamycin complex 1 (MTORC1) is suggested to be involved in the
regulation of HIF-1a in effector CD8+ T cells®. Silly et al. explored the impact of hypoxia
on effector CD8+ T cells cultured under 5% or 1% 0,°2 3, These studies revealed that
oxygen deprivation did not modify CD8+ cytotoxic T lymphocyte (CTL) killing capacities
but potently induced IL-10 secretion upon reactivation and dramatically decreased CTL
expansion. Of note, 5% O, was defined as “physioxia” reflecting the general levels of
oxygen fraction in healthy tissues and 1% O, as “hypoxia”, levels found in inflamed

or tumor sites®3. In the present study, we observed similar effects on 1L-13 production
following Tc2 differentiation whether cells were differentiated in 3% or 1% O,.

A critical question in all of the studies associating hypoxia with asthma, experimental or
in asthmatics, is where hypoxic conditioning of cells occurs and at what levels of O,
concentration. Standard cell culture conditions (95% air and 5% CO,) expose cells to

20% O, which is much higher than the O, concentrations to which most immune cells

are exposed to /n vivo. Physioxia in different tissues varies greatly; in the skin (1.1%),

in the brain (4.4%), and was as high as 14.5% in pulmonary alveoli®3. Tissue oxygen
concentrations are likely even lower during an inflammatory response as edema interferes
with the diffusion of oxygen from the microvasculature and the infiltration of inflammatory
cells results in increased O, consumption®3. The concentration of oxygen in secondary
lymphoid organs is generally low>4, suggesting that HIFs may be activated in lymphocytes
during their normal circulation in the body. More research is needed to better understand
potential effects of varying oxygen concentrations on the differentiation and survival of
subsets of T lymphocytes in various target organs. Activation of the hypoxia response
pathway and increases in HIF-1a can be induced without hypoxic conditioning as seen

in response to inflammation. Moreover, HIF-1a activity can be associated with asthma
directly4-47,

In summary, hypoxia conditioning significantly enhanced IL-4-dependent reprogramming
of CD8+ T cells to IL-13 production through activation of HIF-1a. Activation of HIF-1a,
STAT6, and GATA3 may be relevant not only to severe asthma, but also be present in

mild and moderate asthmatics. The Tc2 cells differentiated under hypoxia were capable of
enhancing allergen-induced airway inflammation and AHR. Together with the insensitivity
of CD8+ T cells to corticosteroids!®, activation of the IL-4-hypoxia-HIF-1a-IL-13 axis may
play a role in the development of severe, steroid-refractory asthma.
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Clinical implications:

Airway inflammation can trigger the hypoxia response pathway with induction of
HIF-1a expression. The combination of CD8+ Tc2 cells, activation of the hypoxia
response pathway and HIF-1a upregulation may contribute to steroid-refractory asthma.
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Figure 1: Thl and Th2 cytokine expression in CD8+ T cells differentiated in IL-2 or IL-2+IL-4
under normoxia or hypoxia.
CD8+ T cells were differentiated /n vitro for 4 days under normoxia (21% O5) or

hypoxia (3% O,) in the presence of IL-2 or IL-2+IL-4 followed by SIINFEKL re-
stimulation. (A) Representative results (%) of cells staining for IFN-y and IL-13 following
SIINFEKL stimulation. (B) Percentages of IL-13 single-positive cells from five independent
experiments. (C) Percentages of IFNy single-positive cells from five independent
experiments. (D) Protein levels of IL-13 in 4-day cultures following differentiation in 1L-2
or IL-2+1L-4 and activation by SIINFEKL. Results (means=SEM) are from 5 independent
experiments. ns: not significant, **p<0.01.
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Figure 2: Adoptive transfer of hypoxia-exposed CD8+ Tc2 cells into OVA-sensitized CD8-
deficient recipients enhances AHR and airway inflammation.

CD8-deficient mice were initially sensitized and challenged and received no cells (OVA/
OVA), 4x10° CD8+ T cells differentiated in 1L-2+IL-4 under normoxia (OVA/OVA

+ Tc2_Normoxia) or 4x10° CD8+ T cells differentiated in IL-2+1L-4 under hypoxia
(OVA/OVA + Tc2_Hypoxia) prior to secondary challenge. As control, CD8-deficient
recipients were not initially sensitized but challenged and received no cells (PBS/OVA)

or 4x10° CD8+ T cells differentiated in 1L-2+IL-4 under normoxia (PBS/OVA +
Tc2_Normoxia) prior to secondary challenge. (A) Changes in R were measured in response
to increasing concentrations of inhaled MCh. (B) Eosinophil numbers in BALfluid. (C)
Representative photomicrographs of lung histology (PAS staining): 1) PBS/OVA, Il) OVA/
OVA, I11) PBS/OVA + Tc2 normoxia, 1V) OVA/OVA + Tc2 normoxia, and V) OVA/OVA +
Tc2 hypoxia. (D) Quantitative analysis of goblet cells. Data for A, B, and D (means=SEM)
are from 2 independent experiments with 8 mice/group. *p<0.05 compared to PBS/OVA and
OVA/OVA, *p<0.05 compared to OVA/OVA + Tc2 normoxia.
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Figure 3: Lineage-specific transcription factor protein expression in CD8+ T cells.
CD8+ T cells were differentiated in IL-2 or IL-2 plus IL-4 under normoxic or hypoxic

conditioning. A, HIF-1a protein levels detected by using immunoblot analysis in
differentiated CD8+ T cells. B and C, Representative flow cytometric analyses of pSTAT6
(Fig 3, B) and GATA-3 (Fig 3, C) protein expression in TC2 cells differentiated in IL-2 plus
IL-4 for 24 hours. Cells were gated on the CD8+ population. Solid line, Differentiation
under normoxic conditioning; dashed line, differentiation under hypoxic conditioning.
Experiments were repeated 3 times with similar results.
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Figure 4: Effect of HIF inhibitors on Tc2 differentiation.
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The vehicle (DMSO) or inhibitors BAY 87-2243 (BAY) or HIF-C2 were added during
CD8+ T cell differentiation. (A) Results of intracellular staining for IL-13 (% positive
cells) following SIINFEKL re-stimulation of cells differentiated in IL-2 or IL-2+IL-4 under
normoxia or hypoxia. (B) IL-13 protein levels after SIINFEKL re-stimulation of cells
differentiated in IL-2 or IL-2+IL-4 under normoxia or hypoxia. Data (means+SEM) are
from 5 independent experiments. **p<0.01, compared with cells differentiated DMSO or

HIF-C2 in each group.
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Figure 5: IL-13 expression in differentiated HIF-1-a-deficient CD8+ T cells.
CD8+ T cells from Lck-Cre/OT-1 (WT) and HIF-1a-deficient Lck-Cre/HIF-1aflox/OT-1

(HIF KO) mice were differentiated in vitro in the presence of IL-2 or IL-2 plus IL-4,
followed by SIINFEKL restimulation. A, Results (percentage positive) of intracellular
staining for I1L-13 in cells differentiated in IL-2 plus IL-4 and SIINFEKL restimulation.
B, IL-13 protein levels in cells differentiated in 1L-2 or IL-2 plus IL-4 under normoxic
or hypoxic conditioning after SIINFEKL restimulation. Data (means + SEMs) are from 5

independent experiments. *P < .05.
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Figure 6: Adoptive transfer of hypoxia-exposed HIF-1a—deficient TC2 cells results in reduced
restoration of lung allergic responses in CD8-deficient recipients.

CD8-deficient mice were initially sensitized and challenged and received no cells (vehicle),
4 x 105 WT CD8+ T cells differentiated in IL-2 plus IL-4 under hypoxic conditioning

(WT Tc2), or 4 x 105 HIF-1a-deficient CD8+ T cells differentiated in 1L-2 plus I1L-4
under hypoxic conditioning (HIF KO Tc2) before secondary challenge. A, Changes in RL
were measured in response to increasing concentrations of inhaled methacholine (MCh). B,
Eosinophil numbers in bronchoalveolar lavage fluid. C, Representative photomicrographs
of lung histology. H&E, Hematoxylin and eosin. D, Quantitative analysis of PAS+ areas.
Data (means £ SEMs) are from 2 independent experiments with 8 mice per group. *P < .05
compared with vehicle and HIF KO Tc2.
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