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ABSTRACT

Background In the tumor microenvironment (TME),
hypoxia stands as a significant factor that modulates
immune responses, especially those driven by T cells. As T
cell-based therapies often fail to work in solid tumors, this
study aims to investigate the effects of hypoxia on T cell
topo-distribution in the TME, gene expression association
with T cell states, and clinical responses in melanoma.
Methods To generate detailed information on tumor
oxygenation and T cell accessibility, we used mathematical
modeling of human melanoma tissue microarrays that
incorporate oxygen supply from vessels, intratumoral
diffusion, and cellular uptake. We created tumor maps

and derived plots showing the fraction of CD4 and CD8 T
cells against the distance to the nearest vessel and oxygen
pressure. To assess their function and transcriptional
changes caused by hypoxia, effector T cells were
generated and cultured under hypoxia (0.5% oxygen) or
normoxia (21% oxygen). The T cell hypoxia-transcriptional
signature was compared against datasets from msigDB,
iATLAS (clinical trials of melanoma patients treated with
immune checkpoint inhibitors (ICls)), ORIEN AVATAR (real-
world melanoma patients treated with ICIs), and a single-
cell atlas of tumor-infiltrating lymphocytes.

Results We made three specific observations: (1)

in melanoma T cells preferentially accumulated in
oxygenated areas close to blood vessels (50-100 ym from
the vasculature in the regions of high oxygen availability)
but not in hypoxic areas far from blood vessels. (2) Our
analysis confirmed that under hypoxia, T cell functions
were significantly reduced compared with normoxic
conditions and accompanied by a unique gene signature.
Furthermore, this hypoxic gene signature was prevalent

in resting and non-activated T cells. Notably and clinically
relevant, the hypoxic T cell gene set was found to correlate
with reduced overall survival and reduced progression-
free survival in melanoma patients, which was more
pronounced in non-responder patients undergoing ICI
therapy. (3) Finally, compared with a single-cell atlas of
tumor-infiltrating T cells, our hypoxia signature aligned
with a population of cells at a state termed stress
response state (Tg.).

Conclusions Our study highlights the critical role of
hypoxia in shaping T cell distribution and its correlation
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Hypoxia significantly impairs T cell functions, includ-
ing reduced proliferation and cytokine production.
This impairment may contribute to immune evasion
and resistance to immune therapies, such as im-
mune checkpoint inhibitors (ICls), adoptive transfer
of TILs, and chimeric antigen receptor (CAR) T cells.
Despite the established impact of hypoxia on T cell
function, the precise spatial distribution of T cells in
relation to oxygen availability within the tumor mi-
croenvironment (TME) and how this affects clinical
outcomes in melanoma patients remains unclear.
Additionally, the specific transcriptional changes in
T cells induced by hypoxia and their prevalence in
different T cell states, as well as the implications for
resistance to ICls, have not been thoroughly inves-
tigated. Understanding these aspects is crucial for
developing targeted therapies to overcome hypoxia-
induced resistance and improve immunotherapy
efficacy.

WHAT THIS STUDY ADDS

= This study elucidates the profound impact of hypox-
ia on T cells in melanoma. Our findings reveal that
T cells accumulate in well-oxygenated regions near
blood vessels, whereas hypoxic conditions signifi-
cantly impair their proliferation and cytokine pro-
duction. By addressing the transcriptional changes
induced by hypoxia, we demonstrated its prevalence
in resting and non-activated T cells and termed
stress response state. Moreover, we found that
hypoxia is associated with shorter overall survival
and progression-free survival in melanoma patients,
particularly in non-responders to ICIs. This research
highlights the critical role of hypoxia in modulating
T cell spatial behavior, contributing to immune eva-
sion and poor clinical outcomes in melanoma.

with clinical outcomes in melanoma. We revealed a
preferential accumulation of T cells in oxygenated areas.
Moreover, hypoxic T cells develop a distinct hypoxic
gene signature prevalent in resting, non-activated T cells
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HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= The findings emphasize hypoxia’s critical role in modulating T cell
behavior and its potential as a biomarker for treatment outcomes.
These insights could inform the development of therapeutic strat-
egies aimed at improving T cell function in hypoxic TMEs, thereby
enhancing the efficacy of immunotherapies for melanoma and other
solid tumors. Additionally, the study’s results may influence policies
regarding the evaluation and implementation of combination thera-
pies that target hypoxia to improve patient outcomes.

and T, that was also associated with poorer outcomes, particularly
pronounced among non-responders to ICls.

INTRODUCTION

Chaotic blood vessel formations and drastic differences in
oxygen availability are hallmarks of solid tumors.! Oxygen
concentrations in these tumors can range from 0.3 to
4mm Hg O2, significantly lower than the 20-100mm Hg
O2 found in normal tissues, resulting in a hypoxia envi-
ronment.” Under these low-oxygen conditions, cancer
cells express pro-survival genes, enhancing angiogenesis
and metabolically adapting to oxygen deprivation.” This
adaptation leads to increased cellular proliferation, inva-
sion, treatment resistance, and worsening prognosis.*
In contrast, hypoxia exerts a suppressive effect on T cell
properties.”™ These studies emphasize the need to better
understand hypoxic tumor microenvironments (TMEs)
and find reliable tools to identify T cell populations that
are better suited to target solid tumors.

Studies have demonstrated a relationship between the
type, density, and location of tumor-infiltrating lympho-
cytes (TILs) and clinical outcomes in patients with
colorectal cancer.'” Moreover, gene expression profiling
has emerged as a significant tool in melanoma research,
enabling the identification of specific patterns linked with
melanoma progression and prognosis.'' ' The tumor
mutation burden is another promising biomarker, often
associated with a better response to immunotherapy."”

While cancer cells thrive under hypoxic conditions, T
cells become highly dysfunctional.'* Hypoxia suppresses
T cell cytotoxicity and promotes regulatory T cell
recruitment, further dampening the antitumor immune
response.”” This dual effect of hypoxia—enhancing
cancer cell survival while impairing T cell function—pres-
ents a significant challenge in developing effective cancer
immunotherapies.

We hypothesized that T cell distribution in the tumor
would depend on oxygen accessibility. Our data indi-
cate that in melanoma, oxygen accessibility determines
T cell topo-distribution within the TME, function and
transcriptional program. We focused on highlighting the
effects of hypoxia exposure on T cells, both functionally
and transcriptionally, and how these associate with clin-
ical responses. Using RNA sequencing of effector T cells,
we uncovered a hypoxia-gene signature predominantly
present in inactive T cells. This signature correlates with

decreased survival in melanoma patients and in those
unresponsive to immune checkpoint inhibitor (ICI)
therapy. We compared our gene signature with an exten-
sive single-cell atlas of T cells and found that our hypoxia-
associated signature is enriched in tumorstressed T
cells."®

Our findings further emphasize the significant role of
oxygen accessibility in modulating T cell distribution,
function, and behavior within the TME and how these
factors may affect clinical responses. By understanding the
relationship between hypoxia and T cell activity, we can
better identify which T cell populations are most effective
in targeting tumors. This knowledge may pave the way for
developing improved immune therapeutics that select for
or engineer T cells capable of thriving in hypoxic condi-
tions or that are not yet genetically altered by hypoxia.
Our results highlight the potential for targeting hypoxia-
associated pathways to enhance the efficacy of immuno-
therapies in treating solid malignancies.

MATERIALS AND METHODS

Immunohistochemical analysis and computational modeling
of human melanoma tissue microarray

The study used a human tissue microarray (TMA)
containing 31 biopsy samples (cores and periphery) from
17 melanoma patients treated at Moffitt Cancer Center,
representing different regions of melanoma tumors.
The study was conducted under the approval of the IRB
at Moffitt Cancer Center, ensuring adherence to ethical
guidelines and patient consent protocols. TMA blocks
were sectioned into 5pm thick slices using a microtome
and mounted onto Superfrost Plus microscope slides
(Thermo Fisher Scientific). Slides were deparaffinized
in xylene and rehydrated through a graded series of
ethanol, followed by rinsing in distilled water. For antigen
retrieval, sections were immersed in citrate buffer (pH
6.0), heated in a microwave oven, and cooled at room
temperature. The sections were stained for lymphocytes
(CD3, CD8, and CD4), cell nuclei (DAPI), and vascula-
ture (CD31). The stained TMAs were scanned and saved
as high-resolution images. These images were segmented
using QuPath software'” to identify individual cell posi-
tions and areas. In addition, an in-house MATLAB (The
MathWorks) routine was used to determine the locations
of all capillaries. The spatial distribution of oxygen in the
TMA tissue was modeled based on physics first principles,
as a balance between oxygen supply from the vasculature,
its intratumoral diffusion, and uptake by the cells located
within the tissue, following our previous work.'®%" The
stable oxygen distribution was achieved computationally
by iterative calculation of the reaction-diffusion equation
(eq.1) until the L, norm between two consecutive oxygen
distributions fell below the given threshold, i.e.,

ey =[| v (x, tn+1) - (x, tn) llo< 107

where the change in oxygen y(x,) was given by:
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where ;= The oxygen supply at every vasculature
location was Ypux = 60mmHg .

For the given TMA melanoma tissue with calculated
stable oxygen distribution, two metrics were computed for
each T cell: the distance to the nearest vasculature loca-
tion and the local averaged oxygen level surrounding the
cell. These two measurements were used to characterize
the regions of melanoma tissue occupied by the T cells.
These data were used to generate detailed tumor oxygen-
ation and T cell accessibility maps, showing the oxygen
levels experienced by each T cell and their distances from
the closest vessel.

Generation of effector T cells from healthy donors and
assessing proliferative and functional capacities under
hypoxia

Cryopreserved healthy human peripheral blood
mononuclear cells were obtained from AllCells.
Cryopreserved samples were activated using an anti-
human CD3 OKT-3 clone from inVivoMADb (catalog:
BE00O1-2) at a concentration of 20ng/mL, along
with 300IU/mL of teceleukin (recombinant inter-
leukin-2) from Hoffmann-LA Roche. The cells were
cultured at 37°C in a 5% CO2 incubator for 6days
using Corning RPMI 1640 supplemented with 5%
fetal bovine serum (Sigma-Aldrich) and 5% penicillin-
streptomycin (ThermoFisher). During culture, acti-
vated cells received 60 IU/mL of IL-2 as needed when
the media was changed. After 6 days of culture, the
cells were washed, counted, and stained following
Invitrogen’s CellTraceTM Violet Stain protocol. A
portion of the cells was used for baseline CellTrace
Violet (CTV) measurements. The cells were also
stained with Invitrogen’s near-IR fluorescent reac-
tive dye and an anti-human CD3 dye (UCHT]1 clone)
from BioLegend. Stained cells were analyzed using

a FACSymphony benchtop analyzer. The remaining
cells were split equally and cultured under two condi-
tions: 37°C, 5% CO2, and 21% oxygen (normoxia)
or 37°C, 5% CO2, and 0.5% oxygen (hypoxia). We
used a BioSpherix C-Chamber system. This hypoxia
chamber allows precise control of oxygen levels to
simulate the TM). Cell cultures were maintained
in complete RPMI, and flow cytometry analysis was
performed at 48, 96, 168, and 216 hours after initial
CTV staining. Supernatants from cell cultures on days
8, 11, 13, and 15 were collected for IFN-y and TNF-a
ELISA assays using MAPTECH ELISA Flex kits and
protocols, analyzed with a Bio-Rad xMARKTM Micro-
plate Spectrophotometer. Flow cytometry data were
analyzed using FlowJo software V.10.8.2. Graphs were
generated using GraphPad Prism software V.9.5.1
(528).

RNAseq, pathway enrichment, and survival analysis

Read adapters were detected wusing BBMerge
(V.87.02)*" and subsequently removed with cutadapt
(V.1.8.1).% Processed raw reads were then aligned to
the human genome GRCH38 using STAR (V.2.7.7a).**
Gene expression was evaluated as read count at the
gene level with RSEM (V.1.3.0) (PMID: 21816040)
and the Gencode gene model V.30. Gene expression
data were normalized, and differential expression
analysis between hypoxia and normoxia conditions
was performed using DESeq2.** A gene signature of
upregulated hypoxia genes was defined based on a
log2 fold change cut-off of 2 and an adjusted p value
cut-off of 0.05. Pathway enrichment was analyzed with
GSEA based on signal-to-noise.”” Single-sample GSEA
was calculated using the DRPPM-EASY app.*® Survival
analysis was performed by PATH-SURVEYOR.?” The
pan-cancer T cell atlas of single-cell RNAseq data,
including UMAP coordinates, cell type annotations,
and transcript expression values, were downloaded
from https://singlecell.mdanderson.org/TCM/ and
visualized by ISCVA.* Hypoxia scores were calculated
as the mean expression of genes designated as upreg-
ulated in the “hypoxia 0.1% T cell” signature.

Statistical analysis

A hypoxia score with a threshold of greater than 1 was
used to categorize individual cells from the single-cell
dataset as either hypoxic or normoxic. These cells
were then grouped according to cell type and hypoxic
and normoxic counts were generated. We then created
2x2 matrices for each cell type comparing the hypoxic
and normoxic counts of that cell type to the combined
counts of all other cell types. We then applied a one-
sided Fisher’s exact test for each of these groups to
determine if a statistically significant difference in
the proportion of hypoxic and normoxic cells could
be detected in any cell type. Finally, we applied a false
discovery rate (FDR) correction for each of the p
values to correct for multiple comparisons. A cut-off
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threshold of <0.0001 was used to determine statistical
significance.

RESULTS

Spatial distribution of T cells in human melanoma correlates
with oxygen accessibility and proximity to blood vessels
Given that hypoxia is known to impair T cell functions,”™
and considering that the spatial distribution of T cells in
tumors and their relationship to oxygen availability are
not well understood, we tested the hypothesis that T cell
distribution within the tumor is influenced by oxygen
accessibility. We stained 31 TMAs from 17 patients for
CD31, CD4, CD8, and CD3, as exemplified in figure 1A.
On initial observation, it is apparent that the distribu-
tion of T cells within the TME is not homogeneous but
is segregated into specific areas. To understand this non-
random distribution, we focused on the T cells’ prox-
imity to blood vessels. We examined cells expressing
CD31, also known as Platelet Endothelial Cell Adhesion
Molecule-1, a protein found on the surface of endothe-
lial cells lining the interior surface of blood vessels. This
allowed us to determine the proximity to the vascula-
ture. An example of the individual cell marker staining is
shown (figure 1A).

Using coordinates of individual cells and vessels in each
TMA, we generated tumor oxygenation and T cell acces-
sibility maps (figure 1B) as a balance between oxygen
supply from the vessels, intratumoral diffusion, and
cellular uptake. Next, we determined the level of oxygen
that each T cell is experiencing, as well as the distances
between T cells and their closest vessel, plotted as the
fraction of CD4 or CD8 T cells against the distance to
the closest vessel and oxygen pressure (figure 1C). Anal-
ysis of these results showed that the majority of CD4 and
CD8 T cells (72% and 55.6%, respectively) were accu-
mulated within 50-100 pm from the vasculature, indi-
cated by dark red in figure 1C. Moreover, the fraction
of T cells under hypoxic conditions (<5mm Hg), shown
in dark blue, is less than the fraction of T cells in well-
oxygenated conditions (=40mm Hg), shown in orange
and red (figure 1D), namely 5% vs 33.8% for CD8 cells
and 8.9% vs 26.8% for CD4 cells. Next, we evaluated these
metrics in the rest of the melanoma TMAs separated by
tumor core and periphery. We observed that cumulatively
in all TMAs, CD8 and CD4 T cells were localized close
to the blood vessels (76.3% of CD8 and 68.9% of CD4
in the core TMAs and 62.3% of CD8 and 50.6% of CD4
in periphery TMAs), where there is maximum oxygen
above 40mm Hg (figure 2A,B). We found no apparent
differences between the localization of T cells at the core
(figure 2A) and periphery (figure 2B). The individual
TMA analysis is shown in online supplemental figure S1.
Overall, these findings suggest that T cells in melanoma
tissues are predominantly situated close to blood vessels,
highlighting the importance of oxygen accessibility in T
cell distribution within the TME.

T cell proliferation and cytokine secretion is impaired under
hypoxic conditions

The data above indicate that oxygen accessibility in
the TME and T cell distribution is related. To further
determine the impact of oxygen access, we activated
T cells from healthy donors using anti-CD3 mAb
and IL-2 for 6days. The T cells were then exposed
to a hypoxic condition with 0.5% oxygen or main-
tained in normoxic conditions with 21% oxygen for
3 days. We examined T cell proliferation using CTV
and found that an average of 23% of T cells prolif-
erated under hypoxia compared with an average of
74% under normoxia (figure 3A). Cell counting on
days 6, 10, and 15 further validated these findings
with normoxic T cells having a significant increase
in numbers compared with hypoxic T cells at day 15
(figure 3B). We also measured IFN-v secretion after
restimulation with plate-bound anti-CD3 mAb on days
8,11, 13, and 15 and found that T cells under hypoxia
produce significantly less INF-y compared with T cells
under normoxia (figure 3C). Taken together, these
data indicate that hypoxia hinders the functional
capacity of T cells, such as their ability to proliferate
and produce cytokines.

Hypoxic T cell gene expression is similar to resting T cells
Having demonstrated that oxygen availability dictates
the functional capacity of T cells and associates with
their spatial distribution within the TME, we sought
to determine the impact of oxygen accessibility on
the transcriptional program of T cells. To do this, we
examined the transcriptional alterations in effector
T cells, specifically focusing on how varying oxygen
levels influence gene expression. We used effector T
cells exposed to normoxia and hypoxia for 48 hours.
We found differential gene expression patterns
between T cells in hypoxic vs normoxic environments
(figure 4A). We identified a set of genes that were
significantly reduced under hypoxia compared with
normoxia, forming a T cell hypoxia gene signature
(figure 4B). Next, when we compared these patterns
against a human gene set that differentiates resting
and activated CD8 and CD4 T cells.* * We found
that the gene expression profile for T cells under
hypoxic conditions is enriched for genes typically
upregulated in resting CD4 T cells (figure 4C) and
CD8 (figure 4E). This enrichment starkly contrasts
with the gene expression observed in activated
CD4 and effector CD8 T cells (figure 4D and F),
suggesting that T cells in hypoxic conditions adopt a
gene expression pattern akin to resting or quiescent
T cells, as opposed to those in normoxic conditions.
This demonstrates that the shift in the T cell signa-
ture under hypoxia substantially impacts their tran-
scriptional activity. The data also show that limited
access to oxygen can significantly change T cell gene
expression, which could have major implications for
their clinical effects.
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Figure 1 Spatial distribution of T cells in human melanoma correlates with oxygen accessibility and proximity to blood vessels.
(A) Representative images of human melanoma TMAs stained with CD31 (vasculature), CD4, CD8, and CD3 (T cells). (B)
Corresponding computationally reconstructed oxygenation map of TMA with CDS3 in light blue dots, CD8 T cells shown as green
dots, and CD4 T cells as orange dots. Within the TME, the dark blue regions indicate hypoxic conditions (<5mm Hg), while the
orange and red regions indicate well-oxygenated conditions (=40 mm Hg). (C) Quantification of the fractions of CD4 and CD8

T cells relative to their distance from the nearest blood vessel and (D) corresponding oxygen pressure sensed by the CD8 and
CD4 cells. TMAs, tissue microarrays; TME, tumor microenvironment.
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relative to the distance from the nearest blood vessel and corresponding oxygen pressure in tumor peripheries. Vertical lines
show SEM. TMAs, tissue microarrays; TME, tumor microenvironment.

Hypoxic T cell signature and its clinical implications in
melanoma

Based on these observations, we sought to examine the
hypoxia-induced T cell signature in melanoma clinical
outcomes. Using the CRI iATLAS melanoma RNAseq
dataset,”™® we examined the correlation of the hypoxia
signature with clinical responses in samples from mela-
noma patients prior to immunotherapy treatment. We
found that a hypoxic T cell signature was significantly
correlated with reduced overall survival (OS) (p=0.032)
(figure 5A and online supplemental table S1) and
progression-free survival (PFS) (p=0.0069) (figure 5B and
online supplemental table S2). Separately, we extended
our analysis to the ORIEN AVATAR cohort of melanoma
patients undergoing ICI. We found that in gene expres-
sion data from patient samples prior to ipilimumab (IPI)

and nivolumab (NIVO) treatment, the hypoxic T cell
signature was associated with decreased survival rates,
p=0.042 (figure 5C and online supplemental table S3)
and 0.041 (figure 5D and online supplemental table S4),
respectively. Altogether, the hypoxia T cell signature was
predictive and consistently associated with patients with
the worst clinical outcomes. The consistent patterns
across different datasets and treatment modalities under-
score the clinical significance of hypoxia in T cells prior
to ICI treatment therapy.

T cell hypoxia-signature resembles “CD4/CD8 (termed stress
response state states)”

Our initial analysis compared T cell signatures with
total tumor RNA across multiple datasets to understand
tumor-T cell interactions. Building on this, we conducted
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after restimulation with plate-bound anti-CD3 mAb. N=3 healthy donors. *p<0.05, **p<0.01, ***p<0.0001 by one-way ANOVA.

ANOVA, analysis of variance.
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gene expression profile for T cells under hypoxic conditions is enriched for genes typically upregulated in resting CD4 T cells,
suggesting a shift towards a more quiescent state. (D) T cell hypoxia gene signature enrichment in activated CD4 T cells. Under
normoxic conditions, there is a higher expression of genes associated with activated CD4 T cells, contrasting with the hypoxic
condition which does not show this activation signature. (E) T cell hypoxia gene signature enrichment in naive CD8 T cells.
Under hypoxic conditions, there is an enrichment of genes typically upregulated in naive CD8 T cells, again pointing toward a
less active, more resting-like state. (F) T cell hypoxia gene signature enrichment in effector CD8 T cells. The gene expression
profiles of effector CD8 T cells under normoxic conditions, where an active, effector signature is prominent, contrast with the
hypoxic condition, showing reduced expression of these effector genes. Unpaired two-sample Wilcoxon test of significances is
shown.
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Figure 5 Hypoxic T cell signature and its clinical implications in melanoma. (A) Overall survival analysis of melanoma patients
from the iATLAS dataset. A high hypoxic T cell signature correlates with significantly reduced overall survival. (B) Progression-
free survival analysis showing lower rates in patients with a high hypoxic T cell signature. (C, D) Survival analysis of melanoma
patients from the Moffitt ORIEN cohort treated with immune checkpoint inhibitors. A high hypoxic T cell signature correlates
with decreased survival rates in patients treated with ipilimumab (IPI) and nivolumab (NIVO). Survival was estimated based on

the Kaplan-Meier method.

a more detailed examination by aligning our hypoxia
signature with single-cell RNA sequencing (scRNA) data
of T cells from tumors, using the TCellMap database
assembled by L. Wang’s group'® as a reference. Using the
UMAP technique, we examined the distribution of CD8
and CD4 T cells categorized by their stress levels (stressed
vs not stressed, (termed stress response state (T )
states)) (figure 6A and C). We then overlaid our hypoxia
data on this public dataset (figure 6B and D and online
supplemental table S5).

Under hypoxic conditions, 2943CD8 T cells were
categorized as stressed, while 1923 were not stressed. In
contrast, under normoxic conditions, 2376 CD8 T cells
were stressed, with a substantial 102976 categorized as
not stressed. Statistical analyses showed that Pearson’s
test with Yates’ continuity correction had a * statistic of
34,319 with 1df, indicating a highly significant associa-
tion (p<2.2e-16). Fisher’s exact test confirmed the asso-
ciation, with a p<2.2e-16 and an OR of 66.39914 (95%
CI: 61.72125 to 71.10298), suggesting significantly higher
odds of CD8 T cells being stressed under hypoxic condi-
tions compared with normoxic conditions, (figure 6A,B).

Similarly, under hypoxic conditions, 6271 CD4 T cells
were categorized as stressed, while 3183 were not stressed.
In contrast, under normoxic conditions, 8666 CD4 T cells
were stressed, with a substantial 153,641 categorized as
not stressed. Statistical analyses showed that Pearson’s
test with Yates’ continuity correction had a 2 statistic of
41,848 with 1df, indicating a highly significant associa-
tion (p<2.2e-16). Fisher’s exact test confirmed the asso-
ciation, with a p<2.2e-16 and an OR of 34.91855 (95%
CI: 33.28564 to 36.68525), suggesting significantly higher
odds of CD4 T cells being stressed under Hypoxic condi-
tions compared with normoxic conditions (figure 6C,D).

These findings underscore the pronounced influence
of oxygenation status on CD4 and CD8 T cell stress levels
within the TME, highlighting potential implications for
understanding immune responses in cancer contexts.

DISCUSSION

This study demonstrates the critical influence of hypoxia
on T cell distribution within the TME, highlighting its
profound impact on T cell function and status, and its
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Figure 6 T cell hypoxia-signature resembles CD4/CD8 stressed tumor T cells (T, States). (A, B) Under hypoxic conditions,
2943 CD8 T cells were stressed versus 1923 not stressed. Under normoxic conditions, 2376 CD8 T cells were stressed vs
102,976 not stressed. Pearson’s %2 test (x2=34,319, df=1) and Fisher’s exact test (p<2.2e-16, OR=66.4, 95% Cl: 61.7 to

71.1) indicate a significant association, with higher odds of CD8 T cells being stressed under hypoxia. (C, D) Under hypoxic
conditions, 6271 CD4 T cells were stressed vs 3183 not stressed. Under normoxic conditions, 8666 CD4 T cells were stressed
vs 153,641 not stressed. Pearson’s y2 test (y2=41,848, df=1) and Fisher’s exact test (p<2.2e-16, OR=34.9, 95% CI: 33.3 to 36.7)
indicate a significant association, with higher odds of CD4 T cells being stressed under hypoxia.

clinical implications. Using oxygenation and T cell acces-
sibility maps derived from melanoma TMAs, we reveal a
detailed spatial relationship between T cells and oxygen
availability. Importantly, we identify a distinct hypoxic
gene signature in T cells under low oxygen conditions,
which correlates with stressed and inactive T cells and
poorer prognosis in melanoma patients, particularly
among those who do not respond to ICIs.

Our observations of T cell spatial distribution and
oxygenation levels in melanoma TMASs indicate that T
cells tend to accumulate close to vasculature in highly
oxygenated areas, suggesting that oxygen availability is a
crucial factor in theirlocalization and anti-tumor function.
These findings have significant implications for under-
standing how T cells exert their cytotoxic effects within
the tumor. In cases where immunotherapy is effective,
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T cells might be able to penetrate the tumor from the
periphery and exert their cytotoxic functions. However,
it remains an open question whether T cells primarily kill
tumor cells from the inside or the outside of the tumor
mass. Interestingly, while in cores the number of T cells is
in the thousands and in peripheries they number in the
hundreds, we observed no differences in T cell distribu-
tion between core and peripheral biopsies, suggesting a
uniform influence of oxygenation across these regions.

We found that in some cases, CD4 T cells are located
in hypoxic areas. While our staining strategy did not
include FoxP3, it is possible that these are regulatory T
cells (Tregs). Studies indicate that CD4 T cells, including
Tregs, exhibit specific distribution patterns within the
TME that are significantly influenced by hypoxic condi-
tions. Hypoxia plays a crucial role in promoting the differ-
entiation and function of Tregs. Hypoxia-inducible factor
l-alpha can directly enhance the expression of FoxP3, a
key transcription factor for Treg development, thereby
increasing the number of Tregs in hypoxic regions.”

An important study by Galon et al'’ examined the rela-
tionship between the type, density, and location of TILs
and clinical outcomes in patients with colorectal cancer.
They observed that higher densities of CD3, CD8, GZMB,
and CD45RO cells correlate with improved PFS and OS.
Importantly, their study did not specifically investigate
how hypoxia correlates with these cell types and their
distribution within the TME, focusing instead on the
general presence and characteristics of immune cells in
the TME. Our study also underscores the critical role of
immune cells in influencing clinical outcomes. Future
research should aim to elucidate the precise mecha-
nisms and spatial dynamics of T cell-mediated tumor
cell killing, particularly concerning varying oxygen levels
within the TME. This understanding could inform strate-
gies to enhance T cell infiltration and function in hypoxic
tumor regions, potentially enhancing the efficacy of
immunotherapies.

At the transcriptional level, hypoxic T cells displayed
significant alterations in gene expression. Our RNA
sequencing analysis revealed that hypoxic T cells adopt a
gene expression profile similar to that of resting or undif-
ferentiated T cells, contrasting with the active effector T
cell profile observed under normoxic conditions. Specif-
ically, genes, such as FOS and FOSB, crucial for immune
cell development and cytokine production, were signifi-
cantly downregulated under hypoxia.”® * IFN-y, critical
for T cell activation and promoting antitumor immunity,
was also significantly reduced.”” *' Additionally, VEGFA
was upregulated under low oxygen conditions, promoting
angiogenesis and reflecting adaptive responses to hypoxic
stress.” Other genes impacted by hypoxia include CCL3
(MIP-1ar), FADS1, GRM2, IL17F, INSIG1, LDLR, and
SCD, which play various roles in immune cell recruit-
ment, lipid metabolism, and inflammation.

Our findings align with several previous studies that
have explored the impact of hypoxia on immune cells and
the TME. Wigerup et al'' identified a seven-gene hypoxia

signature associated with worse outcomes in cutaneous
melanoma, supporting our observations on the negative
prognostic impact of hypoxia. Similar to our findings in
melanoma, Buffa ¢t al and Eustace et al* * developed
hypoxia metagenes predictive of poor prognosis and
therapy resistance in various cancers. Ye el al™* demon-
strated that hypoxia-induced transcriptional changes in
lung cancer led to immune suppression and poor clinical
outcomes, paralleling our observations. Toustrup et al*®
identified a hypoxia gene expression classifier predicting
survival in head and neck cancer, reinforcing the value of
hypoxia signatures as prognostic markers across cancers.

However, these studies consistently focus on whole
tumors that include tumor cells and immune compo-
nents. In contrast, our study specifically emphasizes the
hypoxic effects on T cells. By isolating and examining the
T cell population, we highlight the unique transcriptional
and functional impairments induced by hypoxia, which
are distinct from the broader tumor hypoxia effects
observed in previous research. This targeted approach
allows us to pinpoint how hypoxia directly influences T
cell efficacy within the TME, providing a more detailed
understanding of immune evasion mechanisms at the
cellular level.

The clinical implications of these findings are profound,
suggesting that hypoxic conditions within the TME signifi-
cantly impact T cell function and distribution, leading to
poorer clinical outcomes in melanoma patients treated
with ICI. Specifically, our analysis using the iATLASdataset
revealed that a hypoxic T cell signature is associated with
reduced OS and PFS. This was further validated in the
Moffitt ORIEN cohort, where patients with this hypoxic
T cell signature showed decreased OS rates during ICI
therapy. These consistent patterns across various datasets
and treatment modalities highlight the prognostic value
of the hypoxic T cell signature. The implications include
using the hypoxic T cell signature as a prognostic marker,
targeting hypoxic regions within tumors or modulating
hypoxia-induced pathways to enhance immunotherapy,
developing personalized treatment approaches for
patients with a high hypoxic signature, and directing
future research toward therapeutic interventions that
address hypoxia-induced T cell dysfunction. Overall,
considering hypoxia in the TME when developing cancer
immunotherapies could significantly improve patient
outcomes in melanoma and other cancers.

Chu et al'® have identified a unique T cell stress response
state (Tg,,), characterized by heat shock gene expres-
sion, within the TME across various cancer types. This
Tg, state is associated with immunotherapy resistance,
particularly in non-responsive tumors. Similarly, our study
demonstrates that hypoxia significantly impacts T cell
distribution, function, and gene expression, resulting in
a hypoxic T cell signature associated with poorer clinical
outcomes in melanoma patients. Using the UMAP tech-
nique, we examined the distribution of CD8 and CD4
T cells categorized by their stress levels (stressed vs not
stressed) and oxygenation status (hypoxic vs normoxic)
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within the TME, revealing significant findings through
statistical analyses.

Our findings show that under hypoxic conditions, there
is a significantly higher prevalence of stressed CD8 and
CD4 T cells compared with normoxic conditions. Specif-
ically, Pearson’s x* test with Yates’ continuity correction
and Fisher’s exact test revealed highly significant asso-
ciations, with the odds of T cell stress being markedly
higher under hypoxia. These findings underscore the
pronounced influence of oxygenation status on T cell
stress levels within the TME, highlighting potential impli-
cations for understanding immune responses in cancer
contexts.

The pronounced stress response observed in T cells
under hypoxia can be linked to their impaired function-
ality, as evidenced by altered gene expression profiles.
Genes such as FOS, FOSB, and IFN-y, which are crit-
ical for T cell activation and cytokine production, were
significantly downregulated, aligning with the hypoxic
stress response observed in our study. This impaired func-
tion likely contributes to the reduced efficacy of T cells
in targeting and killing tumor cells in hypoxic regions,
thereby affecting overall clinical outcomes.

While reducing oxygen to the tumor site might initially
seem beneficial for starving the tumor, italso risks impairing
the immune response. Enhancing or normalizing tumor
vasculature to improve oxygenation could be a promising
strategy to boost immune responses while simultaneously
making it harder for cancer cells to adapt and survive. This
approach might offer a more balanced and effective way
to target tumors, especially when integrated with immuno-
therapies. Several other studies also support the prognostic
and therapeutic implications of targeting hypoxia in cancer
treatment. For instance, the study by Vaupel and Mayer*’
highlights that tumor hypoxia is associated with resistance
to conventional therapies and a poorer prognosis. This is
in line with our findings that hypoxia contributes to T cell
dysfunction and immune evasion. Moreover, research by
Minchenko et al®® discusses the metabolic adaptations of
tumor cells under hypoxia and the potential for increased
oxidative stress on reoxygenation, suggesting that reoxy-
genation following hypoxia can increase the vulnerability
of tumor cells to oxygen-mediated cell death.

Future research should focus on developing thera-
peutic strategies targeting hypoxia-induced pathways in
T cells. Understanding the mechanisms behind hypoxic
stress responses in T cells is crucial for effective interven-
tions. Investigating how hypoxia drives T cells into a less
active state and identifying targets to reverse this effect
could lead to novel immunotherapies. Engineering T
cells to resist hypoxic stress or enhancing their metabolic
adaptability could improve efficacy in hypoxic TMEs.
Additionally, integrating transcriptional profiling with
clinical data can identify biomarkers for immunotherapy
response, helping tailor approaches to overcome resis-
tance and improve outcomes.

In conclusion, our study reveals critical insights into
the profound influence of hypoxia on T cell distribution,

function, and gene expression within the TME of mela-
noma. We demonstrate that hypoxic conditions lead to
a distinct T cell gene signature associated with compro-
mised antitumor efficacy and poorer clinical outcomes in
melanoma patients, including those receiving ICI therapy.
These findings underscore the need to consider hypoxia
as a pivotal factor in designing effective cancer immuno-
therapies. By targeting hypoxia-induced pathways in T
cells, such as enhancing metabolic adaptability or engi-
neering resilience to hypoxic stress, novel therapeutic
strategies could be developed to improve treatment
responses and patient outcomes in melanoma and other
cancers. This comprehensive understanding of hypoxia-
mediated immune evasion mechanisms highlights prom-
ising avenues for future research and clinical translation.
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