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Reactive oxygen species (ROS) promote genomic instability and
fuel oncogenic signaling in cancer, but antioxidant therapies
have so far failed to improve, or worsen, cancer outcomes.
Emerging data suggest that T cells depend on ROS for signal
transduction. In this study, we show that tumors exploit this
dependency, releasing antioxidant enzymes into the tumor
environment to suppress T cell-mediated antitumor immunity.
The interstitial fluid of tumors possesses potent antioxidant
activity, associated with enrichment of the antioxidant enzyme
peroxiredoxin 1 (PRDX1). Extracellular PRDX1 deprives T cells of
ROS, preventing oxidative inactivation of phosphatases required
for T cell receptor—driven kinase signaling and effector function.
Prdx1 is up-regulated upon cancer immunoediting, and loss of
PRDX1 within tumors enhances antitumor immunity and
immunotherapy responses. These findings define a redox-
dependent mechanism of tumor immunosuppression that is
potentially amenable to therapeutic intervention.

Cancer cells exhibit dysregulated redox metabolism, characterized by
increased intracellular production of reactive oxygen species (ROS),
which drive genomic instability through DNA damage and sustain
tumorigenic signaling (Z, 2). This has led to an interest in using anti-
oxidants to prevent or treat cancer. Public use of antioxidant supple-
ments among healthy individuals and cancer patients to counteract the
perceived protumorigenic role of ROS is widespread (3, 4). However,
multiple large randomized controlled trials have paradoxically shown
that antioxidants fail to improve or worsen cancer outcomes (5-8). These
findings underscore the need to better understand how redox dynam-
ics shape not only the biology of cancer cells but also their interactions
with the host. It is increasingly evident that cancer cell-intrinsic meta-
bolic adaptations can profoundly shape the extrinsic tumor microen-
vironment, with important consequences for tumor-specific immunity
(9-13). However, how aberrant redox states of tumors influence anti-
tumor immunity remains unclear.

Recent work has revealed that ROS are essential cofactors for T cell
activation and differentiation (14-18). ROS are generated by cells pri-
marily in the form of superoxide (O, "), which is rapidly converted to
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other ROS species, including hydrogen peroxide (H,0,), which can
passively diffuse across cell membranes or through membrane aqua-
porins (19). In various cellular systems, ROS play a critical role in
signal transduction, enabling kinase pathway activation by transiently
inactivating cellular phosphatases through reversible oxidation of
catalytic cysteines within their active sites (20, 2I). Upon stimulation,
T cells produce extracellular ROS via plasma-membrane nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases (22), which are
required for optimal T cell activation (6). T cells also produce mitochon-
drial ROS upon activation, and although this is largely dispensable for
acute activation, mitochondrially derived ROS regulate T cell differ-
entiation (17, 18). Moreover, treatment of T cells with antioxidant drugs
broadly restricts both T cell activation and effector programs (14, 15).
Thus, T cells are profoundly dependent on ROS for signal transduction
and differentiation, but whether tumors exploit this dependency to sup-
press T cell responses is not known.

Here, we show that cancer cells release antioxidant enzymes into
the tumor interstitium, creating an antioxidant extracellular environ-
ment that is suppressive of T cell activation. Peroxiredoxin 1 (PRDX1), a
ROS-scavenging antioxidant enzyme that neutralizes hydrogen per-
oxide, is abundantly present in the extracellular environment of tumors.
The addition of extracellular PRDX1 to T cells reduces intracellular ROS
abundance, limiting T cell receptor (TCR)-driven kinase signaling and
effector function by maintaining the activity of membrane-proximal
redox-sensitive phosphatases. Cancer cells are the predominant
source of PRDX1 released into the tumor interstitium across multiple
models, and PrdxlI expression is induced upon cancer immunoedit-
ing in vivo. Consequently, genetic disruption of Prdal in cancer cells
reduces interstitial PRDX1 abundance, enhances intratumoral T cell
activation, and sensitizes tumors to antitumor immunity and im-
munotherapy. These findings reveal a previously unrecognized redox-
dependent mechanism of tumor immunosuppression that is potentially
amenable to therapeutic intervention.

Tumor interstitial fluid is highly immunosuppressive and
possesses potent antioxidant activity

We initially sought to examine how the tumor interstitial environment
affects T cell activation and function. To test this, we isolated tumor
interstitial fluid (TIF) from tumors of mice implanted with syngeneic
murine B16-F10 melanoma cells and added it to effector CD8" T cells
undergoing restimulation with antibodies against CD3 (anti-CD3)
in vitro. We found that TIF profoundly suppressed the production of
the effector cytokine interferon-y (IFN-y) when added in dilute quanti-
ties during brief (4 hours) restimulation (Fig. 1A and fig. S1A). TIF
isolated from subcutaneous MC38 colorectal adenocarcinomas pos-
sessed comparable suppressive activity (fig. S1B), and the suppression
extended beyond IFN-y to multiple markers of T cell activation and
cytotoxicity, including tumor necrosis factor (TNF) and the degranula-
tion marker CD107a (Fig. 1B). The suppressive activity of TIF was evi-
dent across a range of anti-CD3 concentrations (fig. S1C) and in the
context of cognate peptide antigen stimulation (fig. S1D). Furthermore,
the interstitial fluid isolated from lungs bearing B16-F10 metastases
profoundly suppressed T cell activation when compared to interstitial
fluid from healthy lungs (Fig. 1C). The suppressive activity of TIF was
retained in the >10-kDa macromolecular fraction and was partially
heat-labile (fig. S1, E and F). Blockade or neutralization of the immu-
nosuppressive molecules PD-1, transforming growth factor-f (TGF-p),
or CTLA-4 failed to reverse TIF-mediated suppression of T cell acti-
vation (fig. S1G). Notably, TIF isolated from Rag2'/ ~ mice, which lack
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Fig. 1. The interstitial fluid of tumors suppresses T cell activation and possesses antioxidant activity. (A) Experimental schema (top) and representative flow cytometry plots
(bottom) showing IFN-y production by effector CD8" T cells restimulated with anti-CD3 (1 pg/ml, 4 hours) in the presence of serum or tumor interstitial fluid (TIF) (1:50 dilution).
Effector CD8™ T cells were harvested 4 days after primary stimulation of splenocytes from OT-I TCR® mice with cognate SINFEKL peptide. (B) Quantification of IFN-y, TNF, and
CD107a expression by CD8* T cells stimulated as in (A). (C) Quantification of IFN-y production by CD8* T cells stimulated with anti-CD3 (1 pg/ml, 4 hours) in the presence of lung
interstitial fluid (IF) or B16-F10 metastasis-bearing lung (lung TIF), both at 1:50 dilution. (D) Heatmap of differentially expressed genes in CD8* T cells stimulated for 2 or 5 hours in
the presence of serum or TIF [[log2FC (fold change)| > O, adjusted P value (Paq;) < 0.05]. Gene expression [row-wise z-scores of logo(FPKM + 1); fragments per kilobase of
transcript per million mapped reads] hierarchically clustered by the Ward.D method. (E) Expression of antioxidant genes (FPKM) in CD8" T cells treated as in (D). (F) Schematic of
ferric reducing antioxidant power (FRAP) assay reaction (left; TPTZ, 2,4,6-tripyridyl-s-triazine) with corresponding measurements of cell-free antioxidant activity in TIF versus
matched serum (right); TIF n = 12, serum n = 8 biological replicates, each from separate tumors. Control reactions showing probe measurements in the absence of Fe** substrate
shown. (G) Pie chart showing proportion of all proteins detected by mass spectrometry in serum and TIF with annotated antioxidant activity (left), and relative abundance of
identified antioxidant proteins in TIF compared to serum (right); antioxidants were annotated using the AOD antioxidant protein database (63). (H) Western blot analysis of PRDX1
abundance in TIF and matched serum, alongside a recombinant PRDX1 standard curve; n = three individual mice per group. (I) Quantification of PRDX1 concentration in TIF and

serum by interpolation from the standard in (H); n = 3 biological replicates, as in (H). (J) Nonreducing SDS-PAGE of TIF isolated in the presence of NEM (50 mM), with or without
B-mercaptoethanol (-ME) reduction, showing native PRDX1 predominantly in its monomeric (reduced) form within TIF; both lanes derived from a single TIF preparation split prior to
reduction. (K) Western blot analysis of PRDX1, thioredoxin reductase 1 (TRXR1) and thioredoxin 1 (TRX1) abundance in TIF and matched serum (1:5 dilution); n = 3 biological replicates
per condition, from different mice than in (H); Ponceau S staining of the same membrane is shown in fig. S3F. Data in (B), (C), (E), (F), and (I) indicate mean + SEM. (BandC)n=4
technical replicates; (E) n = 3 technical replicates; (F) n =12 (TIF) and n = 8 (serum) biological replicates, each from separate tumor-bearing mice; (I) n = 3 biological replicates [as in
(H)]. All quantified data are representative of at least two independent experiments. (B) multiple unpaired two-tailed Student's  tests; (C, E, I) two-tailed unpaired Student's t test; (F)
two-way analysis of variance (ANOVA) with Tukey's multiple comparisons test. *P < 0.05; **P < 0.01; *#*P < 0.001; **+**P < 0.0001.
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adaptive immune cells, possessed similar suppressive activity to that
of TIF from wild-type (WT) mice, suggesting that the suppressive activ-
ity of TIF is largely independent of molecules secreted by adaptive
immune cells (fig. S1H). Thus, the tumor interstitial environment con-
tains a heat-labile macromolecular component that potently inhibits
CD8™ T cell activation and effector function.

To gain broader insight into how TIF affects the CD8" T cell activa-
tion and functional program, we performed RNA sequencing (RNA-seq)
of effector CD8™ T cells undergoing brief restimulation in the presence
of TIF or serum (data file S1). Unsupervised hierarchical clustering of
TIF-regulated genes revealed several clusters of genes with distinct
expression patterns (Fig. 1D; fig. S2, A to C; and data file S2). Moreover,
TIF suppressed the induction of phenotypic markers associated with
T cell activation and exhaustion upon restimulation of effector CD8"
T cells in vitro (fig. S2D).

We observed broad suppression of stimulation-driven transcrip-
tional programs and noted that the genes encoding PRDX1 and SOD1,
potent antioxidant enzymes typically up-regulated in response to oxi-
dative stress, were among cluster 3 genes down-regulated in the pres-
ence of TIF and unaffected by stimulation alone (Fig. 1E). Moreover,
TIF treatment reduced expression of a number of NRF2 target genes
typically up-regulated in response to oxidative stress (fig. S3A). This
raised the possibility that T cells exposed to TIF experience reduced
oxidative stress, leading us to ask whether TIF possesses antioxidant
activity. To measure the antioxidant potential of TIF, we assessed its
ability to reduce ferric (Fe®*) jons to ferrous (Fe?™) ions using the ferric
reducing antioxidant power (FRAP) assay (23). Notably, TIF pos-
sessed substantially greater antioxidant activity than serum isolated
from matched tumor-bearing mice (Fig. 1F). Similarly, interstitial
fluid isolated from B16-F10 metastasis-bearing lungs possessed mark-
edly greater antioxidant activity than interstitial fluid from healthy
lungs (fig. S3B). Moreover, acute treatments with TIF resulted in de-
creased total and mitochondrial ROS in exposed effector CD8™ T cells
(fig. S3, C and D). These data led us to conclude that the interstitial
environment of tumors possesses potent immunosuppressive and
antioxidant activity, although the molecular basis for these properties
and their functional relationship was unclear.

Antioxidant protein PRDX1 is highly enriched in the
extracellular environment of tumors and suppresses

T cell activation

We observed that the interstitial fluid of tumors possesses potent
antioxidant activity. Proteins with antioxidant activity are present
within cells and extracellular spaces and contribute to redox regula-
tion. To determine whether TIF contains antioxidant proteins, we
performed highly quantitative mass spectrometry of tandem mass
tag (TMT)-labeled TIF and serum samples. Among 494 proteins de-
tected, 9 with previously characterized antioxidant activity were identi-
fied, of which peroxiredoxin 1 (PRDX1) was the most highly enriched
in TIF relative to serum (Fig. 1G and data file S3).

We confirmed the enrichment of PRDX1 within TIF by antibody
staining of SDS-polyacrylamide gel electrophoresis (PAGE) Western
blots, which revealed substantial enrichment of PRDX1 in TIF com-
pared to matched serum and upon normalization to total protein,
confirming that PRDX1 abundance in TIF reflects specific enrich-
ment rather than a generalized increase in protein concentration
(Fig. 1H and fig. S3, E to G). This is consistent with prior unbiased
proteomic analyses of human ovarian cancer and non-small cell lung
cancer TIF, which detected PRDX1 among the most enriched proteins
in the tumor extracellular environment (24, 25). Interpolation from
a standard curve of known quantities of purified recombinant PRDX1
enabled estimation of the concentration of PRDX1 within TIF to be
0.95 mg/ml [95% confidence interval (CI), 0.62 to 1.28 mg/ml] (Fig. 1I
and fig. S3H). PRDX1 cycles between a catalytically active reduced
state and an inactive oxidized dimer linked by an intermolecular disulfide
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bond; on nonreducing SDS-PAGE these forms migrate as a monomer
and covalent dimer, respectively. Nonreducing SDS-PAGE of TIF iso-
lated in the presence of the alkylating agent N-ethylmaleimide (NEM),
which preserves the in situ redox state of proteins by capping free
thiols, revealed that PRDX1 exists predominantly in its reduced form
within TIF (Fig. 1J). Furthermore, the physiological PRDX1 recycling
machinery, thioredoxin 1 (TRX1) and thioredoxin reductase 1 (TRXR1),
were enriched within TIF relative to matched serum (Fig. 1K). Together,
these findings indicate that catalytically active PRDX1 and its recycling
machinery are abundantly present in the extracellular environment
of tumors.

Emerging evidence suggests that T cells are dependent upon ROS
for signal transduction (1, 14, 26). We therefore asked whether the anti-
oxidant protein PRDX1 suppresses CD8* T cell activation when present
in the extracellular space. Notably, the addition of purified recombi-
nant PRDX1 to effector T cells during acute (4 hours) restimulation
profoundly suppressed the production of effector cytokines and cyto-
toxic molecules (Fig. 2A and fig. S4A), a finding reproduced across
multiple independent PRDX1 preparations (fig. S4B). Consistent with
its known antioxidant activity, PRDX1 treatment led to a reduction in
both total cellular and mitochondrial ROS (Fig. 2, B and C, and fig. S4,
Cto E). PRDX1 had minimal effect on cellular GSH:GSSG, NAD":NADH,
or NADP":NADPH ratios, reflecting the large buffering capacity of
these cofactor pools (fig. S4F). Notably, IFN-y production was enriched
within the MitoSOX"is" population, and PRDX1 treatment reduced the
frequency of MitoSOX"ish cells; the PRDX1-driven difference in IFN-y
production was minimized upon separate analysis of MitoSOX™&" and
MitoSOX™" cells, indicating that the reduction in mitochondrial ROS
and loss of effector function upon PRDXI1 treatment are associated
(fig. S4, H to J).

Consistent with the antioxidant activity of PRDX1 underpinning its
ability to suppress IFN-y production during T cell restimulation, we
observed similar suppression of T cell activation by widely used anti-
oxidant N-acetyl cysteine (NAC) (Fig. 2D). Likewise, treatment of cells
with PRDX1 or NAC suppressed stimulation-driven T cell proliferation
(Fig. 2E). Intracellular redox systems, including the lipid peroxidation,
glutathione, and thioredoxin pathways, are coupled through shared de-
pendence on reducing equivalents, such that perturbation of one path-
way can alter flux through others (21). We observed that ferrostatin-1,
an inhibitor of lipid peroxidation, suppressed IFN-y production by ef-
fector CD8™ T cells in a dose-dependent manner (fig. S4G), collectively
revealing convergent immunosuppressive effects of mechanistically
diverse antioxidants.

To determine whether the suppressive activity of PRDX1 is de-
pendent upon extracellular ROS depletion, we asked whether en-
hancing extracellular ROS production in T cell cultures overcomes
PRDX1-mediated suppression of T cell activation. To achieve this,
we overexpressed the extracellular ROS-producing NADPH oxidase
component NOX1 in T cells using retroviral transduction before
restimulating these T cells in the presence or absence of extracel-
lular PRDX1. NOX1 overexpression in the absence of PRDX1 drove
supraphysiological cytokine production, whereas NOX1 overexpres-
sion in the presence of PRDXI1 restored cytokine production to base-
line levels (Fig. 2F). The addition of extracellular PRDX1 suppressed
cytokine production to a comparable extent in both control and
NOX1-overexpressing T cells (1.46- and 1.39-fold reductions, respec-
tively). These findings suggest that T cells exist along a functional
continuum determined by the balance of extracellular antioxidants
and pro-oxidants.

To better understand the impact of extracellular PRDX1 on the T cell
activation program, we performed RNA-seq analysis of effector T cells
acutely restimulated in the presence of PRDX1 (data file S4). In ac-
cordance with our proteomic data, treatment of T cells with PRDX1
suppressed the stimulation-driven induction of multiple genes in-
volved in effector function, including Gembd, Ifng, and 112, as well
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Fig. 2. Extracellular PRDX1 suppresses T cell activation by scavenging ROS and limiting kinase signaling. (A) Experimental schema (top) and representative flow cytometry
plots (bottom) showing IFN-y production by effector CD8" T cells restimulated for 4 hours with anti-CD3 (1 ug/ml) in the presence of extracellular recombinant PRDX1 (25 pg/ml)
or vehicle control. Effector CD8™ T cells for the assay were harvested 4 days after primary stimulation of splenocytes from OT- TCRtg mice with cognate SIINFEKL peptide. (B and

C) Representative histograms of total cellular ROS (H,DCFDA) (B) and mitochondrial ROS (MitoSOX) (C) in CD8* T cells treated for 4 hours with PRDX1 (25 pg/ml) or vehicle control,
quantified in fig.S4, C and E, respectively. (D) Quantification of IFN-y* frequency in CD8* T cells stimulated with anti-CD3 (1 pg/ml, 4 hours) in the presence of vehicle, recombinant
PRDX1 (25 pg/ml) or N-acetylcysteine (NAC, 80 mM). (E) Representative histograms (top) and quantification (bottom) of CellTrace Violet (CTV) dilution in CD8" T cells stimulated
for 3 days in the presence of vehicle, PRDX1 (50 pg/ml), or NAC (40 mM). (F) Schematic outlining ROS production by NADPH oxidases (top) and IFN-y* TNF* frequency (bottom) of
effector T cells retrovirally transduced with NOX1 or empty vector (EV) control and subsequently restimulated with anti-CD3 (1 pg/ml, 4 hours) in the presence of recombinant PRDX1
(50 pg/ml) or vehicle control. Fold changes are normalized to the mean of empty vector-transduced vehicle-treated T cells. (G) Volcano plot showing differentially expressed genes in
effector CD8™ T cells restimulated with anti-CD3 (1 pg/ml, 4 hours) in the presence of PRDX1 (50 pg/ml) or vehicle control. (H) Representative flow cytometry plots of phosphorylation
at AKTS*3 and ERKT29%/Y204 residues after stimulation with cross-linked anti-CD3 (10 min) in the presence of PRDX1 (100 pg/ml), NAC (60 mM), or vehicle control. (1) Fold
change median fluorescence intensity (MF1) (relative to unstimulated Veh) of indicated residues in CD8* T cells after anti-CD3 cross-linking (10 min) under the conditions indicated.
(J) Immunoblot of global phosphotyrosine (pTyr) in CD8* T cells after anti-CD3 cross-linking (10 min) in the presence of Vieh or PRDX1 (50 pg/ml). (K) Representative histograms (left)
and quantification (fold change relative to unstimulated Veh) (right) of pERK™2%%Y2% phosphorylation in CD8* T cells after anti-CD3 cross-linking (5 min) in the presence of PRDX1 (50 pg/ml)
with or without SHP1/2 inhibition (NSC-87877, 4 uM). (L) Quantification of IFN-y* frequency of CD8* T cells stimulated with anti-CD3 (1 pg/mL, 4 hours) in the presence of vehicle or
PRDX1 (50 pg/mL) with or without SHP1/2 inhibition (NSC-87877, 4 uM). (M) Quantification of IFN-y* frequency (fold change relative to O ug/ml PRDX1 within each genotype) in
wild-type or PI3K&FO?X effector CD8* T cells restimulated with anti-CD3 (1 ug/ml, 4 hours) in the presence of PRDX1 at the indicated concentrations. Data indicate mean + SEM of
(D, F, L, M) n = 3 technical replicates; (E, I, K) n = 4 technical replicates. All quantified data are representative of at least two independent experiments. (D, F, |, K, L) one-way ANOVA
with Tukey's multiple comparisons test; (M) ordinary two-way ANOVA. *P < 0.05; **P < 0.0L; **#*P < 0.001; **##P < 0.0001; ns, not significant.
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as the oxidative stress response genes Prdxl and Sodl (Fig. 2G and
fig. S5A). Gene set enrichment analysis (GSEA) of global transcrip-
tional changes induced by PRDXI1 treatment revealed a down-
regulation of transcriptional programs associated with T cell
activation and TCR signaling (fig. S5, B to E). The transcriptional
changes induced by PRDX1 treatment were modestly correlated with
those induced by both NAC and TIF treatment, suggesting common-
alities in their mechanism of T cell suppression (fig. S6, A and B, and
data file S5).

In multiple cellular systems, ROS promote kinase signaling by
reversibly oxidizing catalytic cysteine residues in phosphatases,
thereby inhibiting their activity (27, 28). In T cells, TCR-driven ROS
generation leads to oxidation and inactivation of membrane-proximal
phosphatases including SHP-2, permitting sustained signal-driven
kinase pathway activation (29). This led us to hypothesize that PRDX1-
mediated ROS scavenging limits oxidative inactivation of phospha-
tases required for sustained kinase pathway activation downstream
of TCR signaling. Consistent with this hypothesis, the addition of
either PRDX1 or NAC to T cells markedly diminished stimulation-
driven phosphorylation of S6, AKT, ERK, and 4EBP1 and suppressed
global tyrosine and serine-threonine phosphorylation upon anti-CD3
cross-linking, whereas proximal signaling events, including phosphoryl-
ation of LAT and SHP1, were not reduced (Fig. 2, H to J, and fig. S7,
A to D). The preservation of proximal signaling suggests that PRDX1
does not impede extracellular receptor engagement or initial TCR trig-
gering, but rather acts to restrain downstream signal amplification. The
preservation of proximal signaling is consistent with multiple indepen-
dent studies demonstrating that SHP2, whether constitutively activated
by gain-of-function mutation or by deletion of its autoinhibitory SH2
domains, does not alter phosphorylation of TCR { chain, ZAP-70, or LAT
in T cells (30-32). Rather, SHP2 appears to act on effectors downstream
of these proximal components. Accordingly, pharmacological inhibition
of SHP-1/2 limited the ability of PRDX1 to suppress stimulation-driven
ERK™%/Y20% and AKTS*” phosphorylation (Fig. 2K and fig. S8A), and
the ability of both PRDX1 and TIF to suppress IFN-y production (Fig. 2L
and fig. S8B).

Our results suggested that PRDX1 suppresses T cell activation by main-
taining phosphatase activity, which subsequently restricts down-
stream kinase signaling. To test whether constitutive activation of a
kinase pathway downstream of TCR-proximal phosphatases confers
resistance to PRDX1, we used mice carrying a germline gain-of-
function mutation in PI3KS, termed PI3KS™92°K (33, 34). We ob-
served that PI3KS hyperactivation confers significant resistance to
PRDXI1- and TIF-mediated suppression suggesting that PRDX1 and
TIF suppress T cell activation through inactivation of TCR-driven
kinase signaling (Fig. 2M and fig. S8C) (33, 34). We had noted that treat-
ment with PRDX1 down-regulated gene sets associated with mitochon-
drial oxidative phosphorylation (fig. S5E). Addition of extracellular
PRDX1 to CD8" T cells during stimulation caused a mild increase in
glucose uptake, potentially reflecting a compensatory shift toward
glycolytic metabolism (fig. S8D). Collectively, these findings dem-
onstrate that extracellular PRDX1 potently inhibits T cell activation
by scavenging ROS, thereby preserving the activity of the membrane-
proximal phosphatases including SHP1/2, which oppose TCR-induced
kinase signaling.

Cancer cells are the predominant source of extracellular PRDX1
in the tumor interstitium

Our data showed that extracellular PRDX1 potently limits T cell sig-
nal transduction and activation in vitro. To determine the cellular
source of PRDX1 in the interstitial environment of tumors in vivo,
we generated WT and PrdxI™'~ cancer lines using CRISPR-Cas9,
electroporating cancer cells with nontargeting control or PrdaI-
targeting single guide RNAs (sgRNAs) complexed with Cas9 protein,
respectively. Clonally derived Prdar~ B16-F10, YUMMZ2.1, and MC38
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cells exhibited complete loss of PRDX1 protein compared to WT cells
(fig. S9, A). Notably, TIF extracted from subcutaneously implanted
PrdxI”'~ tumors contained substantially reduced concentrations of
PRDX1, demonstrating that cancer cells are the principal source of
PRDXI1 in the tumor interstitium across all models tested (Fig. 3, A
to C, and fig. S9, B to D). Moreover, loss of PRDX1 was associated
with a reduction in the ability of TIF to suppress acute T cell activa-
tion (fig. SOE), despite likely pleiotropic mechanisms of TIF-mediated
suppression.

The release of PRDX1 into the extracellular environment by cancer
cells was not restricted to murine tumors. Analysis of secretomes
from 23 human cancer cell lines spanning 11 cancer types using
nano-liquid chromatography-tandem mass spectrometry (LC-MS/
MS) (35) identified a range of antioxidant proteins released by cancer
cells, with PRDX1 being the most abundant in all but one model
(MDA-MB-435S) (Fig. 3D and fig. SI0A). Given that PRDX1 is released
by cancer cells, we investigated whether PRDX1 expression is dys-
regulated in human cancers. We analyzed bulk transcriptional pro-
files of tumors and matched adjacent normal tissue from patients in
21 cancer types represented in The Cancer Genome Atlas (TCGA). Of
these, we noted that PRDXI mRNA expression is significantly up-
regulated in tumor tissue compared with adjacent normal tissue in
most cancer types (14 of 21 cancer types; P < 0.05), whereas it was sig-
nificantly down-regulated in 4 cancer types (P < 0.05) and not signifi-
cantly different in the remaining histologies (Fig. 3E). Complementing
these findings, measurement of PRDX1 abundance in TIF and
matched serum samples from two patients with melanoma revealed
a substantially higher PRDX1 abundance within TIF compared with
patient-matched serum (Fig. 3F), and that a greater proportion of
PRDX1 in serum than in TIF was found in its inactive hyperoxidized,
sulfonic acid form (fig. S10B). Analysis of previously generated single-
cell RNA sequencing (scRNA-seq) data revealed PRDXI mRNA expres-
sion across multiple cell types within tumors, although its expression
was substantially higher in malignant cells than in nonmalignant
cells when grouped together according to their relative abundance in
both human and mouse tumors (Fig. 3G and fig. S10, C to E) (36, 37).
To evaluate the impact of extracellular PRDX1 on human T cell acti-
vation, we isolated human CD8" T cells from peripheral blood and then
stimulated and differentiated them into effector cells before acute
restimulation in the presence of PRDX1. As in the murine context, hu-
man T cells were similarly sensitive to the suppressive effect of ex-
tracellular PRDX1 (Fig. 3H).

Cancer immunoediting is a process by which cancer cells adapt
under selective pressure from immune attack (38). The observation
that PRDX1 mRNA is up-regulated in human cancers compared to
their normal tissue of origin and that PRDX1 protein suppresses T cell
activation when released by tumors into the extracellular space led us
to ask whether its expression is up-regulated upon cancer immunoedit-
ing. We found that expression of Prdxl mRNA was increased in im-
munoedited versus nonimmunoedited melanoma cell lines derived
from tumors of WT and Ragl-deficient Braf1V00F pen™f yyCreER
mice administered 4-hydroxytamoxifen (4-HT) on the skin surface
(Fig. 3I) (39). Moreover, Prdxl mRNA was increased among immu-
noedited versus nonimmunoedited hepatocellular carcinoma cell lines
derived from tumors of WT and RagI-knockout mice induced by hy-
drodynamic injection of p73-N90-CTNNBI, px330-sgPTENI, px330-
sgPTENZ2, and SBI3 transposase-encoding plasmid vectors as previously
described (39) (Fig. 3J). Beyond carcinogenesis, tumors can undergo
further immunoediting upon checkpoint blockade immunotherapy.
However, we did not observe an increase in PRDX7 mRNA or protein
abundance after checkpoint blockade immunotherapy of human and
mouse melanoma tumors, respectively (fig. S10, F to H) (40). These
findings suggest that up-regulation of PrdxI expression is a feature of
cancer immunoediting during carcinogenesis, promoting the ability
of cancer cells to evade adaptive immunity.
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Fig. 3. PRDX1 is released into the extracellular environment by mouse and human cancer cells and is up-regulated upon cancer immunoediting. (A) Schematic depicting
TIF isolation from subcutaneously implanted WT or PrdxI ™~ tumors. (B) Representative immunoblot of PRDX1in TIF (1:5 dilution) from WT and PrdxI~~ B16-F10, YUMM2.1, and
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(G) Normalized PRDX1 mRNA expression in malignant versus nonmalignant cells from single-cell RNA sequencing (scRNA-seq) of human tumors (37). (H) Quantification of IFN-y*
frequency in in vitro—expanded peripheral blood CD8* T cells from a healthy donor, restimulated with anti-CD3 (1 ug/ml, 4 hours) in the presence of the indicated concentrations of
PRDX1 or vehicle. (I) Schematic (left) and PrdxI mRNA expression (reads per kilobase of transcript per million mapped reads, RPKM; right) in immunoedited versus nonimmunoed-
ited melanoma cell lines derived from tumors arising in BrafV600E ppapf/f TyrCreER mice on an immunocompetent (Ragl*/ *) or immunodeficient (Ragl’/ ~) background (39).

(J) Schematic (left) and relative PrdxI mRNA expression (2 A4V, right) in immunoedited versus nonimmunoedited hepatocellular carcinoma cell lines derived from tumors
induced by hydrodynamic delivery of CTNNBI1®F and PTEN1/2"C vectors into Ragl*/* or Ragl™'~ mice; quantitative reverse transcription—polymerase chain reaction; n = 4
spontaneous tumor cell lines per background. Data in (C), (H), (1), and (J) indicate mean + SEM of (C) n = 3 biological replicates per condition; (H) n = 3 technical replicates from
one representative donor; (I and J) n = 4 spontaneous tumor cell lines per background. (C, H) representative of at least two independent experiments. (C) One-tailed Mann-Whitney
U test per model; (E) Wilcoxon rank-sum test per cancer type; (G) Mann-Whitney U test; (H) one-way ANOVA with Dunnett's multiple comparisons test; (I and J) unpaired two-tailed
Student's t test. #P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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Tumor-derived PRDX1 limits T cell-mediated antitumor
immunity and responses to immune checkpoint blockade

The observation that PRDX1 potently suppresses T cell function in vitro
and is up-regulated in cancer cells upon cancer immunoediting in vivo
led us to test the contribution of PRDX1 to tumor immunosuppression
in vivo. We first asked whether PRDX1 contributes to immune suppres-
sion using the highly immunogenic YUMM2.1 melanoma line, which
harbors clinically relevant genetic alterations modeling key driver muta-
tions found in human melanoma (4I). CRISPR-generated Prdxr"
YUMMZ2.1 melanoma tumors exhibited markedly reduced growth
compared to WT (NTC) controls, leading to tumor rejection that was
fully reversed by depletion of CD4* and CD8" T cells (Fig. 4A).

B16-F10 melanoma cells establish immunologically “cold” tumors
and are typically nonresponsive to immune checkpoint blockade with
anti-PD-1 and anti-CTLA-4 antibodies in the absence of other interven-
tions. Genetic deletion of Prdxl in B16-F10 melanoma cells did not
impair growth rate in vitro or upon subcutaneous implantation in vivo
(fig. S11, A and B). However, genetic deletion of PrdxI sensitized
B16-F10 melanomas to immune checkpoint blockade (ICB) with anti-
PD-1 and anti-CTLA-4 antibodies, and this effect was T cell-dependent
as it was abolished upon combined antibody depletion of CD4* and
CD8* T cells (Fig. 4B and fig. S11, C to E).

In addition, PRDX1 deficiency reduced growth of heterotopic
PM299L hepatocellular carcinomas, and this effect was potentiated
by ICB with anti-PD-1 and anti-CTLA-4 antibodies (Fig. 4C). However,
growth of MC38 colorectal adenocarcinoma tumors was unaffected
by PRDX1 loss both in untreated and anti-PD-1-treated animals, sug-
gesting that the suppressive contribution of PRDX1 is limited to specific
tumors (fig. S11F). These results show that tumor-derived PRDX1 sup-
presses T cell-mediated antitumor immunity and/or immunotherapy
responses across multiple tumor models with distinct genetic drivers
and immunogenicity profiles.

To better understand the basis for enhanced antitumor immunity
and immunotherapy responses of PrdaI-deficient tumors, we analyzed
the phenotype and function of tumor-infiltrating T cells using high-
dimensional flow cytometry. Analysis of the immune infiltrate of
Prdxi-deficient YUMMZ2.1 tumors revealed CD8" T cells expressing
higher levels of the activation markers CD44 and CD69 (Fig. 4D) and
the proliferation marker K;-67 (Fig. 4E). Associated with heightened
activation and enhanced T cell-dependent tumor control, increased
frequencies of T cells from PrdxI-deficient tumors expressed effector
cytokines, including IFN-y and IL-2 upon ex vivo restimulation (Fig. 4,
F and G). To understand the basis for heightened immunotherapy re-
sponsiveness of PrdxI-deficient B16-F10 tumors, we analyzed the im-
mune phenotype of WT and PrdxI-deficient B16-F10 tumors treated
with ICB. High-dimensional flow cytometry analysis enabled visual-
ization of 12 FlowSOM metaclusters whose relationship and marker
expression profiles could be visualized using uniform manifold ap-
proximation and projection (UMAP) dimensionality reduction (Fig. 4,
H and I, and data file S6). Consistent with increased T cell signal transduc-
tion, ICB of mice bearing PrdxI-deficient tumors triggered the relative
expansion of highly activated and proliferative CD8" T cells in clusters
5 and 6, marked by high expression of molecules associated with T cell
activation and exhaustion, including CD44, CD25, and PD-1 (Fig. 4, J
and K, and fig. S11, G and H). In line with increased efficacy, ICB of
Prdzi-deficient tumors resulted in greater CD8" T cell polyfunctional-
ity, including increased production of the effector molecules granzyme
B and IFN-y upon ex vivo restimulation (Fig. 4, L and M).

This study identifies a previously unrecognized axis of immune sup-
pression whereby cancer cells condition their extracellular environ-
ment through the release of antioxidant proteins to deprive infiltrating
T cells of ROS that serve as critical cofactors for their activation. The
antioxidant enzyme PRDX1 is up-regulated upon immunoediting,
abundantly released by multiple cancer models, and highly enriched
in the TIF of both murine and human melanomas. Supplementation
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of recombinant PRDX1 at pathophysiological concentrations into the
extracellular environment of T cells reduced intracellular ROS within
T cells and potently suppressed T cell activation by limiting stimulation-
driven kinase signaling. The suppressive effects of PRDX1 were limited
by overexpression of the extracellular ROS-generating NADPH oxi-
dase NOX1 and were dependent on the activity of SHP family protein
tyrosine phosphatases, suggesting that extracellular PRDX1 regulates
membrane-proximal redox-sensitive phosphatases through local per-
oxide scavenging. This conforms to the emerging paradigm that ROS
accumulation enables TCR signal transduction by reversibly inhibiting
cellular phosphatases that maintain homeostatic control (1, 14, 15, 27).
Genetic ablation of Prdxl in cancer cells substantially reduced in-
terstitial abundance of PRDX], restricted primary tumor growth in a
T cell-dependent manner, and sensitized otherwise unresponsive tu-
mors to combined anti-PD-1 and anti-CTLA-4 immunotherapy. The
release of antioxidants by cancer cells to deprive T cells in the tumor
environment of ROS is analogous to the involvement of Warburg me-
tabolism in depriving T cells of environmental glucose (42, 43), con-
tributing to a broader understanding of how cancer cell metabolic
rewiring generates an extracellular environment hostile to immune
function. Recent studies have shown that the metabolite composition
of the tumor extracellular environment differs substantially from that
of the circulation (44). Our findings extend this framework by dem-
onstrating that tumor-derived proteins enriched within TIF, including
PRDX1 and its recycling machinery, actively reshape the redox land-
scape of the tumor interstitium to further impair antitumor immunity.

Collectively, our data alongside earlier studies point to the presence
of a paramembranous ROS “signalosome” required to control the
threshold for T cell activation. T cells produce extracellular ROS from
plasma membrane NADPH oxidases upon TCR engagement (16, 22),
with aquaporin channels permitting their reentry into the cytosol to
act on membrane-proximal phosphatases such as SHP-2, which are
reversibly inactivated by oxidation of their catalytic cysteines (19, 29).
Because phosphatase inactivation may relieve inhibition of the same
receptor-proximal Kinases that drive oxidase activation, such elements
may thereby form an autocrine feedback loop that potentiates signal
transduction. The importance of extracellular ROS in this paramem-
branous autocrine signaling loop may render it particularly susceptible
to interception by released antioxidant proteins.

Despite widespread interest in targeting oxidative stress in cancer,
antioxidant therapies have largely failed to demonstrate clinical ben-
efit (5, 6, 45). Furthermore, antioxidant administration in preclinical
models has been associated with accelerated tumor growth and en-
hanced metastatic potential (46-51). Indeed, cancers with NRF2 acti-
vation are associated with immunologically cold phenotypes and poor
response to cancer immunotherapy (562-54). Although ROS have roles in
suppressing antimetastatic immunity in some contexts, our findings
show that within the solid tumor environment, tumor-infiltrating lym-
phocytes (TILs) are dependent on ROS for activation, and systemic anti-
oxidant therapies may inadvertently impair antitumor immunity and
promote tumor progression.

PRDXI1 lacks a classical signal peptide and is not secreted via the
conventional endoplasmic reticulum-Golgi pathway. Nonclassical se-
cretion mechanisms have been described, including exosomal release
requiring oxidation-dependent dimerization (55); however, the pre-
dominantly reduced, monomeric state of PRDX1 within TIF suggests
this may not be the primary route of secretion. Rather, given the high
intracellular abundance of peroxiredoxins, passive release from dying
tumor cells likely contributes to the extracellular abundance of PRDX1
in the tumor interstitium.

The presence of an immunosuppressive extracellular thioredoxin-
peroxiredoxin antioxidant system in the interstitial environment of
tumors raises the prospect of therapeutic intervention. Selective
approaches to disrupt this axis could include drug inhibitors of ex-
tracellular PRDX]1, inhibition of extracellular thioredoxin-mediated
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Fig. 4. Tumor-derived PRDX1 limits T cell-mediated antitumor immunity and response to immune checkpoint blockade. (A) Tumor growth of subcutaneously implanted WT and
PrdxI™/~ YUMM2.1 melanoma tumors in mice receiving no depletion or combined anti-CD4 and anti-CD8 T cell-depleting antibodies. (B) Tumor growth of WT and Prdx1~/~ B16-F10
tumors in mice treated with anti-PD-1 and anti-CTLA-4 immune checkpoint blockade (ICB), with or without combined anti-CD4 and anti-CD8 T cell depletion. (C) Tumor growth of WT
and Prdx1™/~ PM299L hepatocellular carcinoma tumors, untreated (no ICB) or treated with anti-PD-1 and anti-CTLA-4 ICB. (D) Representative flow cytometry plots (left) and
quantification (right) of CD44* and CD69™ frequencies among tumor-infiltrating CD8* T cells from WT and PrdxI~/~ YUMM2.1 tumors; n = 13 (WT) and n = 6 (PrdxI~/~) mice from a single
experiment. (E) Representative histogram (left) and quantification (right) of K-67* frequency among tumor-infiltrating CD8* T cells from WT and PrdxI ~/~YUMM2.1tumors; n as in (D).
(F) Frequency of IFN-y*IL-2* double-positive CD8™ T cells after ex vivo restimulation of tumor-infiltrating lymphocytes from WT and Prdx1~/~ YUMM2.1 tumors; n as in (D). (G) Polyfunctional-
ity of tumor-infiltrating CD8" T cells from WT and PrdxI~/~ YUMM2.1 tumors, presented as donut charts of the proportion expressing 0, 1, 2, or 3 of the effector molecules IFN-y,IL-2, and
granzyme B after exvivo restimulation (top), with representative IFN-y versus IL-2 flow plots (bottom). (H) Uniform manifold approximation and projection (UMAP) of live CD3*CD4* or
CD3*CD8* T cells from WT and Prdx1~/~ B16-F10 tumors, untreated or treated with anti-PD-1 and anti-CTLA-4 ICB, analyzed by high-dimensional spectral flow cytometry. (I) Heatmap
of median marker expression (left) across 12 clusters identified by FlowSOM clustering. (J) Stacked bar representation of cluster frequencies from (I) across the four conditions;
quantification of clusters 5 and 6 is shown in fig. S11G. (K) Representative flow cytometry plots of PD-1and CD44 expression on bulk CD8* T cells from WT and Prdx1~/~ B16-F10 tumors,
untreated or treated with ICB; quantification of PD-1*CD44* and CD25* frequencies is shown in fig. S11H. (L) Polyfunctionality of CD8* T cells from WT and PrdxI~/~ B16-F10 tumors,
untreated (Veh) or treated with ICB, presented as donut charts of the proportion expressing 0,1, 2, or 3+ of the effector molecules IFN-y, TNF, IL-2, and granzyme B after ex vivo restimula-
tion. (M) Representative flow cytometry plots of granzyme B and IFN-y expression in CD8™ T cells after ex vivo restimulation of tumor-infiltrating lymphocytes from the conditions in (L).
Data in (A) to (F) indicate mean + SEM. (Ato C) n = 13to 15 mice per group; (D, E, and F) n = 13 (WT) and n = 6 (PrdxI~~). Donut charts in (G) and (L) show the mean proportion of cells
expressing the indicated number of effector molecules. (G) n =13 (WT) and n =6 (Prdx1~'~), (L) n=13 to 15 per group; data representative of at least two independent experiments;
(Ato C) two-way ANOVA with Tukey's multiple comparisons test; (D to F) Mann-Whitney U test. *P < 0.05; **P < 0.0L; *##P < 0.001; **#*P < 0.0001; ns, not significant.
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recycling, or pro-oxidant strategies that elevate ROS in the tumor
environment. Notably, pharmacological ascorbate, which acts as a pro-
oxidant at high concentrations, has demonstrated synergy with ICB
in preclinical models (56-58), consistent with the concept that restor-
ing ROS availability within tumors may enhance T cell-mediated an-
titumor immunity. The development of targeted strategies to disrupt
extracellular antioxidant-mediated immunosuppression, while sparing
systemic and cancer cell-intrinsic activity, may enable enhanced anti-
tumor immunity and immunotherapy responses without increasing
protumorigenic ROS signaling within cancer cells. The ability of T cells
to both generate and sense extracellular peroxide also raises the pos-
sibility of paracrine ROS signaling, enabling immune cells to potentiate
immune activation within tissue locales. Therapeutically modulating
antioxidant capacity may therefore be further relevant to tuning T cell
activation and limiting immunopathology in autoimmunity and infec-
tion (59-63).
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Tumor-derived antioxidants suppress immunity by depriving T cells of reactive
oxygen species
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Sheue-Fen Tzeng, Layla Dahmani, Alexander C. Evans, Sarah K. Whiteside, Yumi Yamashita-Kanemaru, Charlotte J.
Imianowski, Jie Yang, Ignacio Moraga Gonzalez, Jack Chapman, Aws Al-Deka, Klaus Okkenhaug, Michael P. Murphy,
Bartlomiej Swiatczak, Geoffrey Guittard, Enrico Lugli, Lukas Flatz, Ping-Chih Ho, Robert L. Eil, and Rahul Roychoudhuri

Science 393 (6815), . DOI: 10.1126/science.adz8203

Editor’'s summary

Reactive oxygen species (ROS) have a paradoxical role in cancer. Low to moderate ROS levels can stimulate tumor
growth, whereas excessive ROS accumulation triggers oxidative stress and DNA damage. Antioxidant therapies aim
to neutralize free radicals and reduce oxidative stress, but clinical trials have not (yet) demonstrated improved cancer
survival. Wesolowski et al. report that tumors can turn ROS dependency against the immune system, suppressing T
cells and escaping antitumor immunity (see the Perspective by Chandel). Cancer cells secrete antioxidant enzymes,
including peroxiredoxin 1 (PRDX1), into the extracellular space, depriving T cells of ROS needed for T cells to attack
tumors effectively. Removing PRDX1 from cancer cells restored antitumor immunity and made otherwise resistant
tumors sensitive to checkpoint blockade immunotherapy. These results suggest that targeting extracellular redox
mechanisms could enhance the efficacy of immunotherapy. —Priscilla N. Kelly
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