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Hypoxia Is a Dominant Remodeler of the
Effector T Cell Surface Proteome Relative to
Activation and Regulatory T Cell Suppression

James R. Byrnes'
Alan Ashworth*°, Alexander Marson

Immunosuppressive factors in the tumor microenviron-
ment (TME) impair T cell function and limit the antitumor
immune response. T cell surface receptors and surface
proteins that influence interactions and function in the
TME are proven targets for cancer immunotherapy.
However, how the entire surface proteome remodels in
primary human T cells in response to specific suppressive
factors in the TME remains to be broadly and systemati-
cally characterized. Here, using a reductionist cell culture
approach with primary human T cells and stable isotopic
labeling with amino acids in cell culture-based quantita-
tive cell surface capture glycoproteomics, we examined
how two immunosuppressive TME factors, regulatory T
cells (Tregs) and hypoxia, globally affect the activated
CD8* surface proteome (surfaceome). Surprisingly,
coculturing primary CD8" T cells with Tregs only modestly
affected the CD8* surfaceome but did partially reverse
activation-induced surfaceomic changes. In contrast,
hypoxia drastically altered the CD8" surfaceome in a
manner consistent with both metabolic reprogramming
and induction of an immunosuppressed state. The CD4* T
cell surfaceome similarly responded to hypoxia, revealing
a common hypoxia-induced surface receptor program.
Our surfaceomics findings suggest that hypoxic environ-
ments create a challenge for T cell activation. These
studies provide global insight into how Tregs and hypoxia
remodel the T cell surfaceome and we believe represent a
valuable resource to inform future therapeutic efforts to
enhance T cell function.

Cytotoxic CD8" T cells promote tumor cell killing, and
helper CD4* T cells provide support for the antitumor immune
response. In cancer, these cells function in a complex tumor
microenvironment (TME) consisting of a mixture of tumor,
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somatic, and immune cells that create a unique environment in
and around the tumor (1). Tumor-infiltrating effector T cells
(CD8* and CD4", Teffs) also encounter immunosuppressive
regulatory T cells (Tregs) in the TME (2, 3). Tregs express
immune suppressors such as cytotoxic T-lymphocyte asso-
ciated antigen 4 (CTLA-4) (4) and produce immunosuppres-
sive adenosine (5) and cytokines such as transforming growth
factor p (TGFp), interleukin (IL)-10 (6), and IL-35 (7). Further-
more, Tregs and effector T cells compete for IL-2 for prolif-
eration; high expression of the high-affinity IL-2 receptor on
Tregs allows them to out-compete other T cells for available
IL-2 (8). Tregs can also directly kill CD8* T cells via the perforin
pathway (9). Consistent with these many immunosuppressive
activities, increased Treg tumor infiltration is associated with
poor prognosis in a number of cancers, including non-small-
cell lung, hepatocellular, renal cell, breast, cervical, ovarian,
and gastric cancers, as well as melanoma (3, 10, 11).
Another hallmark of the TME is hypoxia due to poor and
variable vascularization within the tumor (1, 12). Hypoxia is
common in the core of tumors and induces dramatic tran-
scriptional changes (1, 12-17). Tumor-associated hypoxia
strongly influences the function of numerous immune cells
from both the myeloid (18) and lymphoid lineages (19-21), with
both stimulatory and inhibitory effects reported (22). Hypoxia
induces expression of ectonucleoside triphosphate diphos-
phohydrolase 1 (ENTPD1 or CD39) and 5 -nucleotidase (NT5E
or CD73) that catalyze the production of immunosuppressive
adenosine from ATP (23). Hypoxia also induces the Warburg
effect, which leads to tumor acidification and subsequent
decreased CD8™ T cell proliferation and cytotoxic activity (24).
Although some studies examining the direct effect of hypoxic
culture of CD8" T cells showed hypoxia enhances cytotoxic
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Hypoxia Is a Dominant Remodeler of the T Cell Surfaceome

activity (25), hypoxia also dramatically reduces cell prolifera-
tion (25, 26). Furthermore, hypoxia promotes recruitment of
Tregs to the tumor (27) and CD8* cells have been observed to
be excluded from areas of tumor hypoxia (28). Recently,
hypoxia was also linked to T cell exhaustion (29). Inhospitable,
hypoxic regions in solid tumors may also limit the function of
chimeric antigen receptor (CAR)-T cells (30), which could
contribute to the limited success of targeting solid tumors with
CAR-T cells. Collectively, although the response of CD8" T
cells to hypoxia is complex, hypoxia appears to have a net
immunosuppressive effect on CD8* T cell function (22).

The cell surface proteome, or surfaceome, mediates T cell
interactions with the external environment, and the effect of
external environmental factors on the T cell surfaceome has
not yet been studied globally. Not only does the surfaceome
help T cells sense and respond to the environmental condi-
tions of the TME, but membrane proteins are useful surface
markers and key regulators of the antitumor function of T cells.
For example, proteins such as programmed death protein 1
(PD1) play crucial roles in the suppression of CD8" cells (31).
Consequently, many current immunotherapies target and
modulate T cells through blockade or engagement of surface
proteins (e.g., anti-PD1 or anti-CTLA-4 therapy, bispecific
T cell engagers) (32). Therefore, profiling how the CD8* T cell
surfaceome changes in response to specific TME factors,
such as Treg-mediated suppression or hypoxia, should
expand our understanding of the basic biological response to
these modulators.

We have taken a reductionist cell culture approach to un-
derstand how Tregs and hypoxia modulate the cell surface
proteome of primary effector T cells. Using quantitative cell
surface proteomics (33, 34) we identified bidirectional changes
in the CD8* T cell surfaceome following classic activation with
agonistic antibodies to CD3 and CD28. We discovered that
coculturing with Tregs, and especially hypoxic culture,
significantly altered the activated CD8" surfaceome in a
manner consistent with reduced CD8" activation. Hypoxia
similarly induced dramatic changes in the CD4*CD25" con-
ventional T cell surfaceome. Collectively, these in vitro findings
provide a resource characterizing the effect of these immu-
nosuppressive factors on the T cell surfaceome and identify
surface proteins for selective targeting of suppressed effector
T cells.

EXPERIMENTAL PROCEDURES
Cell Isolation

Primary human T cells were isolated from leukoreduction chamber
residuals following Trima Apheresis (Blood Centers of the Pacific)
using established protocols (35). Briefly, peripheral blood mono-
nuclear cells (PBMCs) were isolated using Ficoll separation in Sep-
Mate tubes (STEMCELL Technologies) in accordance with the
manufacturer’s instructions. CD8" T cells were isolated from PBMCs
using either the EasySep Human CD8" T cell Isolation Kit or the

RosetteSep Human CD8"* T Cell Enrichment Cocktail (STEMCELL),
following the manufacturer’s protocol. CD4*CD25 conventional
T cells and CD4*CD127'°"CD25* Tregs were isolated from PBMCs
with the EasySep Human CD4*CD127'°"“CD25* Regulatory T Cell
Isolation Kit (STEMCELL). Isolated cell populations were analyzed for
purity by flow cytometry on a Beckman Coulter CytoFlex flow cy-
tometer using a panel of antibodies (anti-CD3 [UCHT1], anti-CD4
[OKT4], anti-CD8a [RPA-T8], anti-CD25 [M-A251], anti-CD45RA
[HI100], and anti-CD127 [A019D5], all from BioLegend). Pilot experi-
ments comparing FACS sorting and magnetic bead separation
showed similar results with respect to cell purity, so magnetic bead
separation was used.

Cell Culture/SILAC Labeling

Following isolation, cells were adjusted to 1e6 cells/ml in RPMI
1640 Medium for stable isotopic labeling with amino acids in cell
culture (SILAC) (Thermo Fisher) supplemented with 100 U/ml Peni-
cillin/Streptomycin (Gemini Bio-Products), 10 mM HEPES (UCSF Cell
Culture Facility), 100 pM non-essential amino acids (Lonza), 1 mM
sodium pyruvate (VWR), 55 pM 2-mercaptoethanol (Gibco),
10 mM N-acetyl-cysteine (Sigma), and 10% dialyzed fetal bovine
serum (Gemini). Media was also supplemented with either light
L-[12C6,14N2] lysine/L-[12C6,14N4] arginine (Sigma) or heavy
L-[13C6,15N2] lysine/L-[13C6,15N4] arginine (Cambridge Isotope
Laboratories). CD8" and CD4* Teffs were stimulated by addition to
tissue culture flasks coated with anti-CD3 (produced in-house, clone
OKT3) and anti-CD28 ([D2Z4E], Cell Signaling) antibodies or with anti-
CD3/anti-CD28 Dynabeads (Thermo) at a 1:1 bead:cell ratio in the
presence of 50 U/ml recombinant human IL-2 (Thermo). Following
2 days of culture, the stimuli were removed and cells allowed to
expand in heavy or light SILAC media with 50 U/ml IL-2 for 12
additional days. Tregs were stimulated using anti-CD3/anti-CD28
Dynabeads (Thermo) at a 1:1 bead:cell ratio and maintained in 300
U/ml IL-2. Following 2 days of culture, the stimuli were removed and
cells allowed to expand in heavy or light SILAC media with 300 U/ml
IL-2 for 9 days and then restimulated with more beads at 1:1 bead:cell
ratio. At day 14, Tregs were counted and put into coculture with CD8
T cells at a 1:1 Treg:CD8" T cell ratio. For flow cytometry examining
the effect of expansion on surface marker expression, cells were
stained with anti-CD69 [FN50], anti-CD71 (TFRC) [CY1G4], anti-SELL
[DREG-56], and anti-IL7R [A019D5] antibodies, all from Biolegend.
Flow cytometry data were acquired as above, analyzed using FlowJo
(v10.7.1).

Baseline CD8* Activation

CD8* T cells were stimulated using anti-CD3/anti-CD28 Dynabeads
(Thermo) at a 1:1 bead:cell ratio and maintained in 50 U/ml IL-2.
Following 2 days of culture, the stimuli were removed and cells
allowed to expand in heavy or light SILAC media with 50 U/ml IL-2 for
12 additional days, at which point CD8* T cells were counted and
restimulated 1:1 with anti-CD3/anti-CD28 Dynabeads for 3 days in the
absence of IL-2. Isotopically labeled activated and resting cells were
then combined 1:1 for downstream processing.

Coculture

On day 14, isotopically labeled CD8" T cells were put into coculture
with Tregs at a 1:1 Treg:CD8" T cell ratio. In addition, at the time of
initiation of coculture, anti-CD3/anti-CD28 Dynabeads were added at
a 1:1 bead:CD8* T cell ratio in the absence of IL-2. At the time of
coculture, the CD8* T cells grown in heavy SILAC media were
cocultured with Tregs, while light-labeled CD8* T cells were kept in
monoculture and grown in light SILAC media. At the end of 3 days of
coculture, CD8* T cells were isolated from coculture using STEMCELL
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CD8" enrichment kits and then combined in equal numbers with the
CD8" T cells grown in monoculture in the light SILAC media. This was
done in the opposite combination of light/heavy SILAC media as well
to ensure there was no bias in the experiment in assigning light or
heavy SILAC media to those T cells grown in co- or monoculture.

Hypoxic T Cell Activation

To model activation in hypoxic conditions, expanded,
SILAC-labeled CD8*, CD4*CD25, or Treg cells were collected,
resuspended in fresh SILAC media, and stimulated using anti-CD3/
anti-CD28 Dynabeads at a 1:10 bead:cell ratio in the absence of IL-
2. Cells were then either cultured at 37 °C, 5% CO, in normoxic
(20% O,) or hypoxic (1% O,) conditions for 3 days. Hypoxic culture
was performed in a Coy Laboratory Products hypoxic cabinet using a
nitrogen/5% CO, balance blend. Cells were then separated from the
Dynabeads and heavy and light cells mixed at a 1:1 ratio in both
forward and reverse SILAC mode (CD8", CD4*CD25 cells) before
surface protein capture. For Western blotting and flow cytometry of IL-
18R1 and CD70, cells were similarly isolated and activated as above.
For Western blot, cells were harvested and lysed using commercial
RIPA buffer (Millipore) supplemented with cOmplete Mini protease
inhibitor cocktail (Sigma). Samples were normalized for protein con-
tent using BCA assay (Pierce) and run on 4 to 12% Novex Bolt Bis-Tris
gels at 200V before transfer to PVDF membranes using an Invitrogen
iBlot 2 system. Membranes were first stained for total protein content
using Revert 700 stain (Li-Cor) in accordance with the manufacturer’s
protocol. Membranes were then blocked with Li-Cor blocking buffer
and stained overnight at 4 °C with 1:1000 diluted primary antibody in
blocking buffer. Primary antibodies used included: 26407-1-AP
(SLC5A6), 14195-1-AP (SLC7A1), and 22787-1-AP (SLC16A3), all
from Proteintech. After staining with 800CW-conjugated anti-Rabbit
IgG secondary antibody (Li-Cor 926-32211, 1:10,000 dilution), blots
were visualized on a Li-Cor Odyssey CLx and images further pro-
cessed using Imaged (v2.1.0/1.53c). For flow cytometry, cells were
stained with GHOST viability dye from Tonbo Biosciences and anti-
IL18R1 [H44] and anti-CD70 [113-16] antibodies, both from Bio-
legend. Flow cytometry data were acquired as above, analyzed using
FlowJo (v10.7.1), and statistically analyzed using a one-way ANOVA
with a Tukey’s multiple comparisons test in GraphPad Prism (v8).

Cell Surface Capture

Cell surface glycoproteins were captured as previously described
(36). Briefly, immediately after combining isotopically labeled cells, the
cells were washed in PBS, pH 6.5, and glycoproteins oxidized with
1.6 mM NalO,4 (Sigma) in PBS, pH 6.5 for 20 min at 4 °C. Oxidized
vicinal diols were subsequently biotinylated with 1 mM biocytin hy-
drazide (Biotium) in the presence of 10 mM aniline (Sigma) in PBS, pH
6.5 for 90 min at 4 °C. Cells were then flash frozen and stored at —80
°C before further preparation. To isolate glycoproteins for mass
spectrometry, cell pellets were lysed with commercial RIPA buffer
(VWR) supplemented with 1X Protease Inhibitor Cocktail (Sigma) and
1 mM EDTA (Sigma) for 30 min at 4 °C. Cells were further disrupted
with probe sonication and biotinylated glycoproteins pulled down with
NeutrAvidin-coated agarose beads (Thermo) for 1 h at 4 °C. Beads
were transferred to Poly-Prep chromatography columns (Bio-Rad) and
sequentially washed with RIPA (PBS pH 7.4 with 0.5% sodium
deoxycholate [Thermo], 0.1% sodium dodecylsulfate [Fisher Scienti-
fic], 1% Nonidet P-40 substitute [VWRY]), high-salt PBS (PBS pH 7.4,
2 M NaCl [Sigma]), and denaturing urea buffer (50 mM ammonium
bicarbonate, 2 M Urea). After washing, beads were collected and
glycoproteins reduced with 5 mM TCEP (Calbiochem) for 30 min at
37 °C and alkylated with 11 mM iodoacetamide (Sigma) for 30 min at
room temperature. Beads were washed with urea buffer and trypsi-
nized on-bead overnight at room temperature with 20 pg trypsin

(Promega). The next day, the tryptic fraction was collected using
Pierce Spin Columns before the beads were again transferred to
PolyPrep columns and washed with RIPA, high-salt buffer, and urea
buffer before a final wash with 50 mM ammonium bicarbonate. Beads
were transferred to a fresh tube and glycopeptides liberated with 5000
U/ml PNGaseF for 3 h at 37 °C. This PNGaseF fraction was collected
as above. Both tryptic and PNGaseF fractions were then desalted with
SOLA HRP SPE columns (Thermo) following standard protocols,
dried, and dissolved in 0.1% formic acid, 2% acetonitrile prior to LC-
MS/MS analysis.

Mass Spectrometry

Mass spectrometry was performed as previously described (36),
with some slight adjustments. All peptides were separated using an
UltiMate 3000 UHPLC system (Thermo) with prepacked 0.75 mm x
150 mm Acclaim Pepmap C18 reversed phase columns (2 pm pore
size, Thermo) and analyzed on a Q Exactive Plus (Thermo Fisher
Scientific) mass spectrometer. For tryptic fractions, 1 pg of resus-
pended peptides was injected and separated using a linear gradient of
3 to 35% solvent B (solvent A: 0.1% formic acid, solvent B: 80%
acetonitrile, 0.1% formic acid) over 230 min at 300 nl/min. Due to the
low peptide yield of the PNGase fraction, the entire fraction was
injected and subsequently separated using the same gradient over
170 min. Data-dependent acquisition was performed using a top 20
method (dynamic exclusion 35 s; selection of peptides with a charge
of 2, 3, or 4). Full spectra with a resolution of 140,000 (at 200 m/z) were
gathered in MS1 using an AGC target of 3e6, maximum injection time
of 120 ms, and scan range of 400 to 1800 m/z. Centroided data from
MS2 scans were collected at a resolution of 17,500 (at 200 m/z) with
an AGC target of 5e4 and maximum injection time of 60 milliseconds.
The normalized collision energy was set at 27 and an isolation window
of 1.5 m/z with an isolation offset of 0.5 m/z was used.

Data Analysis/Statistics

SILAC proteomics data were analyzed as previously described (36).
Briefly, each individual dataset was searched for peptides using
ProteinProspector v6.2.2 against the human proteome (SwissProt
database, August 3, 2017 release, 20,218 entries). Enzyme specificity
was set to trypsin with up to two missed cleavages. Cysteine carba-
midomethyl was set as the only fixed modification; methionine
oxidation, N-terminal glutamate to pyroglutamate, and lysine/arginine
SILAC labels were set as variable modifications. Asparagine deami-
dation was also listed as a variable modification for the PNGaseF
fractions. During the search, the peptide mass tolerance was 6 ppm,
fragment ion mass tolerance was 0.4 Da, and peptide identification
was filtered by peptide score of 0.0005 in ProteinProspector, resulting
in a false discovery rate (FDR) of <1% calculated using the number of
decoy peptides in the SwissProt database. Skyline (UWashington) (37)
software was used to perform quantitative analysis of SILAC ratios
using an MS1 filtering function against a curated list of extracellular
proteins generated via searches for “membrane” but not “mitochon-
drial” or “nuclear” using UniProt subcellular localization annotations,
as previously described (5973 entries) (36). For datasets collected in
forward and reverse SILAC mode, spectral libraries of experiments
were analyzed simultaneously to allow MS1 peaks without an explicit
peptide ID to be quantified using an aligned peptide retention time.
The Skyline report was subsequently exported for ratiometric analysis
using a previously reported custom R script (36). Briefly, low-quality
identifications (isotope dot product <0.8) were removed. For the
tryptic fraction, only proteins with two or more peptides were included
in downstream analysis, whereas for the PNGase fraction, only pep-
tides with N to D deamidation were included. Ratios derived from both
fractions were then combined, centered on a mean of zero, and pre-
sented as median log, enrichment values. Protein-level correlations of
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the PNGase and tryptic fractions can be found in the Supplemental
Materials (supplemental Figs. S2, S7, S11, S14, and S16). Although
combining both the tryptic and PNGase fractions reduces the speci-
ficity for cell surface proteins, coverage is dramatically enhanced,
permitting expanded analysis of global changes induced by the fac-
tors tested in this work. Significance was then determined using a
Mann-Whitney test of peptide ratios for all peptides for a given pro-
tein. Keratin 2, vimentin, and prothrombin showed dramatic enrich-
ment in some light-labeled SILAC samples, suggesting these were
contaminants and were therefore removed from downstream analysis.
Heatmaps comparing expression levels between donors were
generated using heatmapper.ca and other graphs were generated
using GraphPad Prism (v8).

RNAseq data for naive and activated CD8* T cells were down-
loaded from the Database of Immune Cell eQTLs, Expression, and
Epigenomics (DICE) (38). Expression data were gathered for all over-
lapping proteins found in the CD8" activation surfaceomics dataset,
and an average expression level was calculated from all available
donors in the DICE database. The expression ratio between activated
and naive was then calculated and compared with enrichments
observed in the surfaceomics data. STRING analysis was performed
using the online STRING Database (v11.0) and visualized using
Cytoscape (v3.7.2). Gene-set enrichment analysis was performed
using R and the fgsea (v1.18.0) (39) package from Bioconductor as
previously described (40). The biological process annotated gene set
(c5) used was obtained from the MSigDB collection (v7.4.1). GO Cell
Compartment terms were removed due to the surface enriched nature
of the samples.

Experimental Design and Statistical Rationale

For all proteomics experiments cells from at least N = 2 to 3 donors
were used, and where cells were not limiting, SILAC was performed
with switched isotopic coding (forward and reverse mode). Tryptic and
PNGase fractions resulting from glycoprotein enrichment were
analyzed separately and combined at the final protein quantification
stage. Additional details regarding data handling can be found above.
For Western blot and flow cytometry experiments, cells from at least
N = 2 to 3 donors were again used.

RESULTS

Activation Dramatically Alters the CD8" T Cell Surfaceome
in a Bidirectional Fashion

The first step of our strategy was to study how the CD8™ cell
surfaceome responds to activation, and how this response is
altered by Treg suppression or hypoxia (Fig. 1A). Primary
CD8" cells were isolated from healthy donors and expanded
10 to 100-fold with anti-CD3 and anti-CD28 stimulation in the
presence of IL-2. Cells were grown in medium containing light
or heavy isotope-labeled lysine and arginine to quantitatively
compare stimulation conditions using SILAC coupled with a
glycoprotein cell surface capture technique and LC-MS/MS
(33, 34, 36) (Fig. 1A, top). This led to quantitative and uni-
form labeling as assessed by isotope distribution on four
abundant and constitutively expressed proteins (supplemental
Fig. S1). We first compared the activation-induced changes in
the CD8" surfaceome before and after activation with anti-
CDg3/anti-CD28 for 3 days and then examined how the pro-
gram was altered by the addition of primary Tregs or hypoxic
culture (Fig. 1A, bottom).

Surfaceomic analysis of unstimulated and anti-CD3/anti-
CD28-stimulated CD8* T cells from four donors identified a
total of 669 surface proteins (Fig. 1B, supplemental Table S1
and supplemental Fig. S2). Although there was donor-to-
donor variation (supplemental Fig. S3), assessment of a
compiled dataset including fold-change data from the four
donors revealed that about 16% of these proteins (106/669)
consistently showed significant (p < 0.05) 1.5-fold up- or
downregulation. These significantly altered proteins showed
strong correlation between most donors (supplemental
Fig. S3). We observed changes in markers of T cell activa-
tion, including upregulation of two classic T cell activation
markers (CD69 (41) and the transferrin receptor [TFRC] (42)),
and downregulation of the IL-7 receptor (internalized upon
activation) and vasoactive intestinal peptide receptor 1
(VIPR1) (43) (Fig. 1C). Although we found that the cell
expansion necessary for SILAC labeling affected the basal
expression of CD69, TFRC, and the IL-7 receptor
(supplemental Fig. S4), our surfaceomics data demonstrate
that these expanded cells were still sensitive to anticipated
activation-induced changes.

Large-scale network analysis of the significantly altered
proteins demonstrates the roughly symmetrical, bidirectional
response of the T cell surfaceome to activation, with 66 pro-
teins upregulated and 40 proteins downregulated (Figs. 1B
and S5). In addition to CD69 and TFRC, numerous well-
established T cell activation markers were also upregulated,
including CD63 (41), CD83 (44), CD97 (45), and CD109 (46).
Importantly, multiple solute carrier (SLC) transporters were
also upregulated on activated CD8" T cells, including the
amino acid transporters SLC1A5 and SLC7AS5 that have been
previously implicated in supporting T cell activation (47). Of
note, comparison of our proteomics data with RNAseq data
from activated versus resting CD8" cells in the DICE database
revealed a loosely positive correlation (r = 0.25, p < 0.0001,
supplemental Fig. S6A) (38). It is well known that protein and
RNA levels show only mild correlations because of differences
in stability and regulation. Assessment of only proteins that
were significantly changed in our proteomics data revealed a
stronger correlation (r = 0.53, p < 0.0001, supplemental
Fig. S6B). Observed discrepancies could be due to differen-
tial activation conditions, but nonetheless underscore the
importance of protein-level profiling to capture surface protein
remodeling in immune cells.

More globally, pathway analysis of up- and downregulated
cell surface proteins revealed the most significant enrichment
for proteins implicated in immune function, with a slight trend
toward upregulation of these proteins (supplemental Fig. S5A,
proteins annotated for GO.0002376: immune system process
are indicated with green borders). Collectively, these surfa-
ceomic data identify classic (e.g., CD69) and some newly
recognized (e.g., integrin aX [ITGAX], SLC39A14, bone marrow
stromal antigen 2 [BST2]) markers for immune activation of
primary CD8" T cells.
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CD28 stimulation in media supplemented with IL-2 and either heavy or light arginine and lysine. After expansion, cells were stimulated in
varying conditions before surface protein enrichment and protein identification with LC-MS/MS. A, bottom, strategy for assessing the effect of
immunosuppressive stimuli on the activated CD8* T-cell surfaceome. First, the surfaceomic changes associated with CD8* activation in
monoculture under normoxic conditions were analyzed. These changes then served as a baseline for later experiments examining the surfa-
ceomic consequences of activating CD8" T cells in co-culture with primary Tregs or in hypoxic culture. B, Volcano plot of surface protein
changes following stimulation of CD8* T cells with anti-CD3/anti-CD28 beads. Data represent compiled results from N = 4 donors. Proteins with
a —/+1.5-fold change and p < 0.05 were included in downstream analysis. Proteins significantly down- (blue) or upregulated (red) are indicated.
C, Log,(Enrichment Ratio) of indicated proteins. Each dot represents data from an individual donor. Line represents the mean and error bars are
standard deviation. SILAC, stable isotopic labeling with amino acids in cell culture.

Coculture With Tregs Modulates the Activated CD8"
Surfaceome

We next analyzed the effect that primary Tregs have upon
the surfaceome of activated primary CD8" T cells in a 1:1 ratio
coculture after 3 days (Fig. 2A, supplemental Table S2 and
supplemental Fig. S7). Relative to activation alone, Treg
coculture had a mild global impact on the surfaceome of
activated CD8" cells, with significant (p < 0.05) up- or down-
regulation (—/+ 1.5-fold change) of only 34 out of 675 proteins
detected (Fig. 2A). Changes in these proteins were again
largely consistent between donors (supplemental Fig. S8). Of
note, upregulation of TFRC and the proinflammatory cytokine
receptor IL18R1 on the cell surface was blunted by the addi-
tion of Tregs (Fig. 2B). In the presence of Tregs, IL7R showed
variable upregulation between donors, opposite of the trend
seen with cell activation in monoculture (Figs. 1C and 2B).

Similarly, L-selectin (SELL), a protein that is typically down-
regulated with T cell activation (48), was slightly upregulated
on CD8" T cells, again consistent with a suppressive effect of
Tregs (Fig. 2B). Due to the smaller number of significantly
changed proteins in this dataset, network analysis was not as
striking as in the activation dataset (supplemental Fig. S9).
However, in contrast to the CD8* T cell activation dataset,
which demonstrated an upward trend in proteins implicated in
immune processes, there is a downward trend in immune-
annotated proteins when CD8* cells are activated in the
presence of Tregs, consistent with an immunosuppressive
effect. Furthermore, many proteins that were upregulated on
activated CD8* T-cells in monoculture (Figs. 1B and S5) were
downregulated upon activation in the presence of Tregs (11 of
23 downregulated proteins, Figs. 2A and S9). Among these
proteins are several SLCs, including SLC1A5 and SLC7A1.
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Fic. 2. Tregs and hypoxia induce surfaceomic changes representative of immunosuppression. A, CD8" T cells were stimulated with anti-
CD3/anti-CD28 beads either in the absence or presence of Tregs. Following culture, CD8" cells were isolated for cell surface proteomics.
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Collectively, these data suggest that the presence of Tregs
reverses at least part, but not all, of the activation-induced
surfaceomic response in CD8* T cells.

Hypoxia Triggers Large-Scale Surfaceomic Changes in
Activated CD8" T Cells Consistent With
Immunosuppression and Anaerobic Reprogramming

We next wanted to test how hypoxia affects the surfaceome
of activated CD8"* T cells. Over 3 days in culture, activated
CD8" T cells trended toward faster proliferation (~1.3-fold) in
normoxia (20% O,) compared with hypoxia (1% O,), and there
were no substantial differences in cell viabilities (supplemental
Fig. S10). Interestingly, surface proteomics of CD8" T cells
activated in normoxic or hypoxic conditions revealed sub-
stantial remodeling of the surface proteome. Of a total of 1064
proteins identified, 196 were significantly (p < 0.05) up- or
downregulated (-/+ 1.5-fold change, Fig. 2C, supplemental
Table S3 and supplemental Fig. S11) in hypoxia relative to
normoxia. The fold changes observed for these significantly
altered proteins showed higher correlation among donors
(supplemental Fig. S12) than seen in the activation
(supplemental Fig. S3) and Treg coculture (supplemental
Fig. S8) datasets. The upregulation of the hypoxia-induced
glucose transporter SLC2A3 (GLUT3) (49) we observed is
consistent with a shift toward glycolysis. We also observed
downregulation of activin receptor type-1 (ACVR1), which is
sequestered in endosomes under hypoxic conditions (50) (Fig.
2D).

Network visualization of proteins significantly altered by
hypoxia revealed multiple clusters of up- and downregulated
proteins (supplemental Fig. S13A). Interestingly, gene ontology
analysis did not identify significant enrichment for proteins
involved in response to hypoxia (GO.0001666) or cellular
response to hypoxia (GO.0071456). However, four of these
significantly altered proteins are found in the “Hallmark Hyp-
oxia” gene set (SDC4, SLC6A6, $-1,3-Galactosyltransferase 6
[BEGALT6], and SLC2A3) (51). SLC16A3, a transporter induced
in hypoxia, is also upregulated in our culture conditions (Fig. 2C)
(52). Among the 132 hypoxia-upregulated proteins we observed
marked upregulation of proteins involved in protein glycosyla-
tion and glycoprotein metabolic processes (supplemental
Fig. S13B). Tumor hypoxia is well established to cause glycan
remodeling of tumor cell surface proteins (53), and our data
suggest the same may be true for hypoxic T cells. In contrast,

proteins implicated in immune function were strongly repre-
sented in the pool of 64 hypoxia-suppressed proteins. In
addition to the late activation marker IL2RA (CD25), cos-
timulatory receptors, such as CD80 and CD86, as well as re-
ceptors for interleukins-3, -12, and -18 were significantly
downregulated in hypoxic conditions. Several SLCs implicated
inT cell function, including SLC1A5 (47), and the proproliferative
cytokines tumor necrosis factor ligand superfamily member 4
(TNFSF4, OX40 ligand) and TNFSF8 (CD30 ligand) were also
downregulated. Of note, hypoxia led to downregulation of some
immunosuppressive proteins, including CD70 (54) and T-cell
immunoreceptor with Ig and ITIM domains (TIGIT) (55), but
consistent upregulation of the checkpoint molecule V-type
immunoglobulin domain-containing suppressor of T-cell acti-
vation (VISTA, C100rf54) (56) (Fig. 2D). Collectively, these data
reveal that hypoxia induces dramatic remodeling of the acti-
vated CD8" T cell surfaceome and markedly regulates
numerous proteins important for T cell activation.

Analysis of All Datasets Reveals a Conserved Response to
Immunosuppressive Stimuli

We next cross-referenced the observed surfaceomic
changes associated with Treg coculture and hypoxia. Inter-
estingly, gene set enrichment analysis (GSEA) comparing the
expression level of all proteins identified in our datasets
revealed striking downregulation of a number of biological
processes in both the Treg coculture and hypoxia conditions
(Fig. 2E), including L-amino acid transport (Fig. 2F). Consistent
with this observation, analysis of proteins significantly upre-
gulated with CD8* activation but blunted due to hypoxia or
Tregs identified three solute carriers (Fig. 3A, left). Of these,
SLC1A5 and SLC7A1 have been previously implicated in
supporting T cell function following activation. Western blot-
ting for SLC5A6 and SLC7A1 confirmed these transporters are
downregulated in hypoxia, in contrast to a known hypoxia-
induced transporter, SLC16A3 (52), which is upregulated
(Fig. 3B). Furthermore, the proinflammatory cytokine receptor
IL18R1 and potentially inhibitory CD70 (54) that were upre-
gulated with CD8* activation exhibited blunted surface in-
duction with hypoxia and Tregs. Flow cytometry for these
surface markers using cells from seven donors revealed sig-
nificant upregulation of IL18R1 with activation and down-
regulation of IL18R1 in hypoxia, consistent with our
proteomics results (Fig. 3C). CD70 showed similar trends;

Volcano plot shows compiled results from N = 4 donors. Proteins with a —/+1.5-fold change and p < 0.05 were included in downstream analysis.
Proteins significantly down- (blue) or upregulated (red) are indicated. B, Log,(Enrichment Ratio) of indicated proteins. Each dot represents data
from an individual donor. Line represents mean and error bars are standard deviation. C, CD8" T cells were stimulated with anti-CD3/anti-CD28
beads in either normoxic (20% O,) or hypoxic (1% O,) conditions for 3 days. Volcano plot shows compiled results from N = 3 donors. Proteins
with a —/+1.5-fold change and p < 0.05 were included in downstream analysis. Proteins significantly down- (blue) or upregulated (red) are
indicated. D, Log,(Enrichment Ratio) of indicated proteins. Each dot represents data from an individual donor. Line represents mean and error
bars are standard deviation. E, Top 20 enriched gene sets identified by GSEA of all proteins identified in the three datasets. Negative (down-
regulation) and positive (upregulation) normalized effect sizes are shown in blue and red, respectively. SILAC peptide ratio was used to prerank
proteins, then GSEA was performed with the MySigDB C5 GO gene set collection. F, several proteins responsible for L-amino acid transport
(GO:0015807) are upregulated in activated CD8" T cells, but downregulated by both Tregs and hypoxia. Treg, regulatory T cell.

SASBMB

Mol Cell Proteomics (2022) 21(4) 100217 7



Hypoxia Is a Dominant Remodeler of the T Cell Surfaceome

A
”_1 8R1 Downregulated in Hypoxia Upregulated in Hypoxia
CD70
SLC1A5 LY9
SLOSAS 52 IL7R
SLC7A1 NRCAM 132
P2RYS8
4 SIGIRR
3
51
6
9 Downregulated in 35 5 6 Upregulated in

Co-Culture Co-Culture
with Tregs with Tregs
Downregulated with Activation
Upregulated with Activation
B Donor 4 Donor 5 Donor 6 C |L18R1 CD70
N H N H N H 10000
SLcoas W Ao mmmt v el W 15000
s 8000+
SLC7AT ) e G 10000+
i 6000+ o
= =
SLC16A3 - .- - 4000-
5000+
i 2000+
wa N S
Protein - 0- 0-
HHEH
2 & K @ & K
& & 8 ¢ & X
- D N
o — — N N
XQ > X >
. Sl St
Ol o O

Fic 3. Analysis of all datasets reveals commonalities in the effects of Tregs and hypoxia on the activated CD8* T cell surfaceome. A,
left, Venn diagram showing intersection of proteins that were upregulated upon CD8" activation, but downregulated by Treg co-culture or
hypoxia. The five proteins at the intersection of all three datasets are indicated. A, right, Venn diagram showing intersection of proteins
downregulated upon CD8" activation, but upregulated by Treg co-culture or hypoxia. B, Western blot for SLC5A6, SLC7A1, and SLC16A3. CD8*

T cells from three different donors were activated with anti-CD3/anti-
conditions for 3 days before samples were collected for Western blot.

CD28 beads in either normoxic (20% O,, “N”) or hypoxic (1% O,, “H”)
A total protein stain is shown as a loading control. C, flow cytometry of

cells from N = 7 donors were either left resting or stimulated in normoxic (20% O,) or hypoxic (1% O,) conditions for 3 days. Cells were then
collected and stained for either IL18R1 or CD70. Mean fluorescence intensity (MFI) values are shown for each donor. Bars represent means and
error bars show standard error of the mean. Statistical significance was determined using a one-way ANOVA with a Tukey’s multiple com-

parisons test (* indicates p < 0.05). Treg, regulatory T cell.

however, these changes were not statistically significant
(Fig. 3C). Strikingly, when examining proteins downregulated
upon CD8* activation in standard conditions but upregulated
with hypoxia and Tregs, there are nho commonly regulated
proteins (Fig. 3A, right). This suggests that protein upregula-
tion seen during activation in hypoxic conditions may be pri-
marily a general response to hypoxia. Together, the
downregulation of a small but common set of surface proteins
by both Treg coculture and hypoxia may represent a
conserved response of the T cell surface proteome to these
two immunosuppressive stimuli.

CD8* and CD4* T Cells Demonstrate Similar Hypoxia-
Induced Surface Remodeling

Given the dramatic effect of hypoxic culture on the surface
proteome of activated CD8* T cells, we next determined how
hypoxia modulates surface protein expression on another cell
subset important for the antitumor immune response:
CD4*CD25  conventional T cells. Analysis of CD4"CD25™ T
cells from the same donors as in Figure 2C again revealed
dramatic surfaceomic remodeling when these cells were
activated in hypoxic conditions (Fig. 4A, supplemental
Table S4 and supplemental Fig. S14). Of the 1144 proteins
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Fic. 4. CD8" and CD4* Teff surface proteomes respond similarly to hypoxia. A, CD4"CD25™ T cells were stimulated with anti-CD3/anti-
CD28 beads in either normoxic (20% O,) or hypoxic (1% O,) conditions for 3 days. Volcano plot shows compiled results from N = 3 donors.
Proteins with a —/+1.5-fold change and p < 0.05 were included in downstream analysis. Proteins significantly down- (blue) or upregulated (red)
are indicated. B, Spearman correlation comparing the logs(Enrichment Ratio) for both CD8* and CD4* T cells activated under hypoxic condi-
tions. Venn diagrams showing proteins commonly down- (C) or upregulated (D) in hypoxia on both CD8* and CD4" cells. Below each Venn
diagram are results from a GO biological process pathway analysis for commonly regulated proteins using the STRING database. The number of

proteins identified and analysis FDR for each process are indicated.

identified, 992 were also identified in our CD8* hypoxia
dataset. The fold-change ratios of these commonly identified
proteins showed strong correlation (R = 0.82, p < 0.0001)
between CD8" and CD4*CD25" cells (Fig. 4B). Interestingly,
more proteins were significantly up- (306) or downregulated
(204) in the CD4*CD25" dataset, and the magnitude of these
changes was larger than those observed for the CD8" cells.
However, there was a large overlap in the sets of significantly
altered proteins (Fig. 4, C and D). Consequently, functional
enrichment for these overlapping proteins was similar to that
observed when analyzing the CD8* response alone, with

significant downregulation of proteins involved in immune-
related processes (e.g., CD70 and IL18R1) and upregulation
of proteins involved in solute transport (e.g., SLC2AS3,
SLC16A3) and protein glycosylation. Similar experiments us-
ing Tregs also showed that hypoxia enhanced expression of
SLC2A3 and SLC16A3 and reduced expression of IL18R1
(supplemental Table S5 and supplemental Figs. S15 and S16).
Interestingly, hypoxia significantly changed 18% and 45% of
detected surface proteins for CD8* and CD4*CD25  cells,
respectively, but only 9% of detected proteins were changed
on Tregs (supplemental Fig. S15A). Furthermore, more than
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75% of surface proteins significantly altered on the hypoxic
CD8™" T cell surface were also altered on CD4*CD25" cells, but
less than 50% of these proteins were altered on the Treg
surface (supplemental Fig. S15B). Together, these data show
there is substantial similarity in the surfaceomic response of
CD8" and CD4* T cells to hypoxia, whereas the Treg surfa-
ceome appears more resistant to hypoxia-induced surfaceo-
mic changes.

DISCUSSION

A major obstacle effector T cells encounter when mounting
an antitumor immune response is the immunosuppressive
TME. The TME is a complex environment, including a number
of different cell types, stroma, and metabolic factors that
cannot be fully replicated in simple cell culture. Nonetheless,
several factors are known to affect effector T cell function,
such as the presence of Tregs and intratumoral hypoxia. Our
coculture and hypoxic culture experiments are intended to
isolate the role of these important factors in remodeling the T
cell surfaceome, and additional studies are needed to directly
link our in vitro models to an actual TME. However, our studies
illuminate the bidirectional surfaceomic changes on CD8" T
cells associated with cell activation and with immunosup-
pression following coculture with Tregs or hypoxic culture.
The presence of Tregs partly reversed activation-induced
changes in CD8* T cells, consistent with suppressed cell
activation. Perhaps surprisingly, the effect of hypoxia was
much larger. Hypoxia triggered large-scale surfaceomic
remodeling consistent with a general cellular response to the
new metabolic demands of a low oxygen environment. Cross-
referencing of the effects of both Treg coculture and hypoxia
on the surface proteome of activated CD8" T cells exposed a
small, but intriguing list of common changes in the expression
of proteins primarily involved in nutrient transport.

Our approach identified numerous well-established activa-
tion markers (e.g., CD69, TFRC, cytotoxic and regulatory T cell
molecule [CRTAM]) that support T cell function. TNF receptor
superfamily member 18 (TNFRSF or GITR), a known molecule
vital for CD8" antitumor function and agonism of which syn-
ergizes with anti-PD1 checkpoint therapy (57), was upregu-
lated with activation, as was the exhaustion marker
lymphocyte-activation gene 3 (LAGS). Interestingly, CD39,
which facilitates conversion of extracellular ATP to ADP, was
upregulated with activation, whereas NT5E, which converts
ADP to immunosuppressive adenosine, was downregulated
following activation. These opposing changes are consistent
with the recent observation that following activation human T
cells strongly upregulate CD39, whereas NT5E remains near
baseline levels (58). One of the more striking observations in
our activation dataset was the broad and significant upregu-
lation of a number of solute transporters involved in trans-
porting amino acids, vitamins, and other nutrients. Several of
the upregulated transporters (SLC1A5, SLC29A1, SLC2A1,
SLC7A1) have previously been implicated in supporting T cell

function and are crucial to help T cells respond to the meta-
bolic demands following activation (59, 60). A number of cell
adhesion molecules also demonstrated divergent trends
following T cell activation. Many were significantly upregu-
lated, including CD84 (61), activated leukocyte cell adhesion
molecule (ALCAM), which stabilizes the immunological syn-
apse (62), and integrin aX, which is associated with improved
migratory potential (63). However, neuronal cell adhesion
molecule (NRCAM), intercellular adhesion molecule 1 (ICAM1),
and integrin o4 (ITGA4), the latter of which supports T cell
migration (64), were downregulated. The polarity of this
response following activation may be representative of the
complex interactions that an activated T cell must make with
its environment to not only infiltrate an immunologically active
zone, but also interact with target cells. Lastly, coculture with
Tregs downregulated several classic markers upregulated in
activation, TFRC, SLC1A5, and SLC7A1 (47). Of note, the
exhaustion marker hepatitis A virus cellular receptor 2
(HAVCR2, or TIM-3) was also downregulated on CD8" T cells
activated in the presence of Tregs. This may be a conse-
quence of diminished CD8" activation in the presence of
Tregs.

Multiple studies have specifically examined the direct effect
of hypoxia on CD8™ T cells, either by modulating the activity of
the canonical hypoxia-associated transcription factor
hypoxia-inducible factor-1a (HIF-1a) or using hypoxic cell
culture. Doedens et al. showed that knockdown of the nega-
tive HIF regulator von Hippel-Lindau disease tumor suppres-
sor (VHL) enhanced the cytotoxic signature of CD8" cells and
led to sustained effector function (65). Similarly, Gropper et al.
showed that CD8" T cells cultured in 1% O, exhibited
enhanced cytolytic activity (25). However, over 5 days, these
hypoxic CD8* T cells proliferated half as quickly as cells
cultured under normoxic conditions. This is consistent with
other literature reports of reduced CD8" or CD4" Teff prolif-
eration in hypoxic conditions (26, 66). Indeed, we too
observed a trend toward reduced proliferation of CD8" T cells
after 3 days of hypoxic culture (supplemental Fig. S10), and
this may have become more apparent after additional days in
culture (25, 26). Taken with the results of other studies
examining CD8™" function in hypoxia, low oxygen tension ap-
pears to exert a net immunosuppressive effect on the anti-
tumor response (22). Our data add to these focused functional
studies and revealed that hypoxia led to the most substantial
surfaceomic changes of all conditions tested with respect to
the number of proteins demonstrating significant change.
Additionally, the response of CD4*CD25 and CD8™ T cells to
hypoxia was more similar than that of Tregs, suggesting there
may be divergent responses of Teffs and Tregs to hypoxia.

Analysis of the altered surface proteins in hypoxic culture
(e.g., GLUT3 upregulation) reveals changes consistent with a
metabolic change toward glycolysis. One protein that showed
robust upregulation in both CD8" and CD4"CD25" cells was
SLC16A3, a hypoxia-induced lactate transporter that helps
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export lactate produced from glycolysis, which has previously
been implicated in supporting tumor growth (52). Interestingly,
the related SLC16A1 was recently shown to help intratumoral
Tregs metabolically cope with high lactate levels in areas of
tumor hypoxia (67). The role of SLC16A3 upregulation on
hypoxic CD8" and CD4*CD25  cells remains unclear and
further functional follow-up is needed, but previous studies
indicate inhibition of this transporter can enhance effector
function (68). Interestingly, surfaceomic changes in response
to both Treg coculture and hypoxia showed downregulation of
transporters vital for fueling macromolecule production
needed for both proliferation and effector function (Fig. 5).
Whereas the glutamate transporter SLC1A5 and amino acid
transporter SLC7A1 have been previously implicated in sup-
porting T cell activation (47), SLC5A6 is a sodium-dependent
multivitamin transporter that has not been previously impli-
cated in T cell function. Together, these three transporters
may represent a common set of proteins whose expression is
modulated by immunosuppressive factors. Further mecha-
nistic studies are needed to determine if downregulation of
these transporters directly contributes to effector T cell sup-
pression, but this premise is consistent with a recent study
finding that hypoxia-induced metabolic stress promotes T cell
exhaustion (29). It remains to be seen if these solute trans-
porters are also downregulated on infiltrating T cells in vivo,
but our findings help illuminate how Tregs and hypoxia may
lead to the metabolic starvation of effector T cells.

Finally, one global observation from our hypoxic CD8" data
is that although a large number of proteins show significant
change, the magnitude of these changes is moderate, with
only 28/196 (14%) of significantly altered proteins showing a
change of greater than twofold. This may suggest that the T
cell response to hypoxia results in a distributed biology, where
moderate changes in protein abundance collectively lead to a
suppressed state. This complicates functional follow-up of
proteins identified in this study, and additional studies are
needed to relate our observations with TME-induced surfa-
ceomic changes in vivo.

In conclusion, our cell surface proteomics data revealed
upregulation of well-established activation markers following

Treg Co-culture

@
J Nutrient
» | Transporter
Expression
’ Hypoxic Culture

Fic. 5. Tregs and hypoxia limit nutrient transporter expression
on CD8" T cells. Tregs and hypoxia suppress expression of nutrient
transporters on CD8" T cells, potentially limiting T cell nutrient uptake
during activation, and subsequently, T cell proliferation. Treg, regula-
tory T cell.

CD8" stimulation, but also identified many additional upre-
gulated proteins that may augment T cell effector function and
help T cells cope with increased metabolic demands. Both
immunosuppressive factors tested caused significant
changes to the CD8" surfaceome consistent with diminished T
cell function. Interestingly, however, these factors converged
on mediating downregulation of transporters crucial for linking
the T cell activation response and the metabolic shift that
follows stimulation (47). Furthermore, the response of both
CD8* and CD4* effector T cells to hypoxia was remarkably
conserved. Collectively, our findings provide important insight
into the plasticity of the T cell surfaceome and lay the foun-
dation for future efforts to not only further characterize, but
also potentially therapeutically engage, T cell surface proteins
within the TME.
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