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Hypoxia is linked to acquired resistance to immune
checkpoint inhibitors in lung cancer

Camila Robles-Oteiza'@®, Katherine Hastings?’®, Jungmin Choi>*@®, Isabelle Sirois>®, Arvind Ravi®’@®, Francisco Expésito?®, Fernando de Miguel?®,
James R. Knight®®, Francesc Lopez-Girdldez2®, Hyejin Choi®®, Nicholas D. Soccil®®, Taha Merghoub®* 2@, Mark Awad>“@®, Gad Getz5>1°@,
Justin Gainor7@, Matthew D. Hellmann!®®, Etienne Caron>®, Susan M. Kaech?°®, and Katerina Politi22'@®

Despite the established use of inmune checkpoint inhibitors (ICls) to treat non-small cell lung cancer (NSCLC), only a subset
of patients benefit from treatment and ~50% of patients whose tumors respond eventually develop acquired resistance (AR).
To identify novel drivers of AR, we generated murine Msh2 knock-out (KO) lung tumors that initially responded but
eventually developed AR to anti-PD-1, alone or in combination with anti-CTLA-4. Resistant tumors harbored decreased
infiltrating T cells and reduced cancer cell-intrinsic MHC-1 and MHC-II levels, yet remained responsive to IFNy. Resistant tumors
contained extensive regions of hypoxia, and a hypoxia signature derived from single-cell transcriptional profiling of resistant
cancer cells was associated with decreased progression-free survival in a cohort of NSCLC patients treated with anti-PD-1/PD-
L1 therapy. Targeting hypoxic tumor regions using a hypoxia-activated pro-drug delayed AR to ICls in murine Msh2 KO tumors.
Thus, this work provides a rationale for targeting tumor metabolic features, such as hypoxia, in combination with immune
checkpoint inhibition.

Introduction

Immune checkpoint inhibitors (ICIs) have become a first-line
standard of care, in combination with chemotherapy, for
many patients with advanced non-small cell lung cancer
(NSCLC) (Borghaei et al., 2015; Brahmer et al., 2015; Reck
et al., 2016; Planchard et al., 2018). However, only a subset
of patients receive durable clinical benefit from these agents,
and ~50-60% of patients whose tumors initially respond
eventually develop acquired resistance (AR) (Gettinger et al.,
2018; Schoenfeld and Hellmann, 2020; Memon et al., 2024;
Ricciuti et al., 2024). As increasing numbers of patients re-
ceive immune checkpoint inhibitor therapy, particularly in
the first-line setting and during earlier stages of the disease,
AR will continue to grow as a clinical challenge (Gettinger
et al., 2018; Herbst et al., 2020). Thus, understanding the

underlying mechanisms that allow tumors to escape during
therapy is essential to inform strategies that can delay or
overcome resistance.

Clinical studies of resistance to immune checkpoint inhibi-
tion have converged on the antigen presentation and interferon
(IFN) signaling pathways as important mediators of resistance
(Gettinger et al., 2017; Sade-Feldman et al., 2018; Zaretsky et al.,
2016; Le et al., 2017; Sucker et al., 2017). Alterations in -2 mi-
croglobulin (B2M), a component of the major histocompatibility
complex (MHC) class I complex that is critical for its stable ex-
pression at the cell surface, have been identified in lung cancer,
colorectal cancer, and melanoma with resistance to ICIs
(Gettinger et al., 2017; Sade-Feldman et al., 2018; Zaretsky et al.,
2016; Le et al., 2017). Loss-of-function mutations in JAK1/2 were
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also identified in ICI-resistant melanoma, and these alterations
rendered the tumors insensitive to IFNy signaling, which can
induce cancer cell MHC-I expression (Sucker et al., 2017).
Subsequent studies using mouse models of lung cancer and
melanoma with loss-of-function mutations in B2m, Jakl, and
Jak2 further confirmed the functional relevance of these
mechanisms of ICI resistance (Gettinger et al., 2017; Kalbasi
et al., 2020; Torrejon et al.,, 2020). For example, in Jakl-
deficient tumors that were insensitive to IFNy, restoration of
cancer cell-intrinsic MHC-I expression rendered these tumors
sensitive to adoptive T cell transfer or immune checkpoint block-
ade (Kalbasi et al., 2020; Torrejon et al.,, 2020). Although these
genetic approaches to model resistance have produced strategies to
overcome known drivers of resistance, they are less well suited to
the identification of additional novel mediators of AR.

To address this challenge, we modeled AR to ICIs in a mouse
model of lung adenocarcinoma that was genetically modified to
have an increased tumor mutational burden (TMB). Elevated TMB,
along with T cell infiltration and tumor PD-L1 expression, has been
identified as a biomarker of response to ICIs across diverse cancer
types (Tumeh et al., 2014; Rizvi et al., 2015; Samstein et al., 2019),
consistent with the fact that nonsynonymous mutations can give
rise to neoantigens that are recognized by T cells, the targets of
immune checkpoint inhibition (Gubin et al., 2014; McGranahan
et al,, 2016). Tumors with DNA mismatch repair deficiencies
(MMRd) accumulate somatic mutations, and their elevated TMB
correlates with clinical responses to ICIs (Supek and Lehner, 2015;
Le et al., 2017). As a result of this, MMRd is used as a biomarker to
select patients for treatment with ICIs across indications (Le et al.,
2015). However, not all MMRd tumors with elevated TMB respond
to ICIs, highlighting that additional interrelated factors, including
tumor type and the mechanisms driving mutagenesis, dictate clin-
ical outcomes (Rousseau et al., 2021). Consistent with these findings,
the deletion of core genes involved in DNA mismatch repair in-
cluding Msh2 and Mlhl has been successfully used in murine tumor
models to increase their mutational burden, and in some cases,
increase their sensitivity to ICIs (Germano et al., 2017; Mandal et al.,
2019; Martinez-Usatorre et al., 2021; Westcott et al., 2023).

To investigate novel mechanisms of AR to ICIs, we used
murine syngeneic Msh2 knock-out (KO) lung adenocarcinoma
models with elevated TMB to generate tumors that developed
AR to anti-PD-1], either alone or in combination with anti-CTLA-4
(both clinically relevant in NSCLC). We identified hypoxia as a
key feature of resistant tumors, studied its relevance in a cohort
of NSCLC patients who were treated with ICIs, and identified
an approach to delay the emergence of AR. Thus, by evaluating
the genomic, transcriptional, and functional features that dis-
tinguished resistant tumors from those responding to therapy,
we identified novel vulnerabilities that can be exploited using
combinatorial therapeutic approaches.

Results

T cell-dependent response to ICls in a TMB-high Msh2 KO lung
adenocarcinoma model

To generate lung adenocarcinoma cell lines with an increased
TMB, we used CRISPR/Cas9-mediated genome editing to knock
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out the DNA mismatch repair enzyme Msh2 in two Kras®?P
driven lung cancer models, p53WT LKR13 (Wislez et al., 2005)
and p53flox/flox 368T1 cells (Winslow et al., 2011) (Fig. 1 A, Fig. S1
A). Whole-exome sequencing (WES) of two KO single-cell clones
from each line identified clones with a low (L) or high (H)
number of non-synonymous single nucleotide variants (SN'Vs)
relative to the empty vector (EV) control cells (Fig. 1 B). Msh2
deficiency did not impair cell proliferation in vitro (Fig. S1 B).
We evaluated the growth of EV and Msh2 KO cells in immuno-
compromised nonobese diabetic (NOD) severe combined im-
munodeficient (SCID) Il2rg~/~ (NSG) and Ragl¥© mice and found
no difference in the growth rate of EV and Msh2 KO 368T1 tu-
mors in either strain. In contrast, relative to EV tumors the
LKR13 Msh2 KO tumors had decreased growth rates in both NSG
and RaglX© animals, suggesting that the proliferation of these
cells was impaired via an in vivo-specific tumor cell-intrinsic
mechanism (Fig. S1 C). We also confirmed that LKR13 and 368T1
EV and Msh2 KO cells expressed MHC-I and PD-L1 upon IFNy
stimulation (Fig. S1 D).

To evaluate ICI responses, immunocompetent mice bearing
subcutaneous 368T1 and LKR13 EV and Msh2 KO tumors were
treated with anti-PD-1 + anti-CTLA-4 on day 10 after engraft-
ment (average tumor volume 30-50 mm?), and T cells were
depleted with anti-CD4 and anti-CD8 antibodies starting 1 day
prior to ICI treatment (Fig. 1 C). Although LKR13-EV and 368T1-
EV tumors did not regress upon anti-PD-1 + anti-CTLA-4 treat-
ment, Msh2 KO LKR13-L and LKR13-H tumors demonstrated
significant growth attenuation or regression, respectively, in a
T cell-dependent manner (Fig. 1 D). In contrast, 368T1-L and
368T1-H tumors overall did not regress upon ICI treatment de-
spite harboring TMBs similar to the LKR13 models (Fig. 1 D).

We next examined how increased TMB in Msh2 KO tumors
impacted the immune response to therapy. LKR13-L and LKR13-H
tumors harbored increased CD8* T cells relative to LKR13-EV tu-
mors, and in LKR13-H tumors CD8* T cells also increased after
anti-PD-1 + anti-CTLA-4 therapy (Fig. 1 E). However, CD8* T cell
abundance did not increase in 368T1-L and 368T1-H tumors (Fig. 1
E). IFNy production after ex vivo stimulation was significantly
higher in CD8* T cells from LKR13-L and LKR13-H tumors com-
pared to those from LKR13-EV tumors, whereas CD8* T cell IFNy
production was not significantly altered in 368T1 tumors (Fig. 1 G).
Despite no significant changes in CD4* T cell abundance in the
LKR13 or 368T1 tumors (Fig. 1 F), IFNy production after ex vivo
stimulation was increased in CD4* T cells derived from LKR13-H,
368T1-L, and 368T1-H tumors (Fig. 1 H).

Collectively, the greatest increases in T cell abundance and
IFNy production occurred in LKR13-L and LKRI13-H tumors,
consistent with their T cell-dependent response to ICIs. T cell
depletion also decreased surface PD-L1 expression on CD45"
cancer (and stromal) cells from LKR13-L and LKR13-H tumors,
but not 368T1-L and 368T1-H tumors (Fig. S1 E), consistent with
the role of T cell-derived IFNY in the induction of cancer cell PD-
L1 expression in ICI-responsive tumors (Garcia—Diaz etal., 2017;
Baumeister et al., 2016). Overall, the immune microenvironment
of LKR13-L and LKRI3-H tumors was consistent with these
models’ responsiveness to ICIs, in contrast with the non-
responsive 368T1 models.
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Figure 1. Response to ICls in Msh2 KO LKR13 lung tumors is T cell dependent. (A) Schematic of Msh2 KO lung adenocarcinoma cell lines generated using
CRISPR/Cas9. (B) Number of synonymous (S) and non-synonymous (NS) SNVs identified in four Msh2 KO cell lines relative to EV controls. LKR13 and
368T1 Msh2 KO cells were categorized as having H or L TMB. (C) Experimental strategy: subcutaneous tumors were treated with either Iso or anti-PD-1 and
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anti-CTLA-4 twice weekly starting on day (d) 10 after tumor initiation, and T cells were depleted with anti-CD4 and anti-CD8 antibodies twice weekly starting
on day 9. (D) Tumor growth curves after 500,000 of the indicated cells were injected subcutaneously into syngeneic B6129SF1/) mice (n = 4 mice per group).
(E-H) Abundance of CD8* (E) and CD4 (F) T cells as a percentage of CD45* cells and IFNy secretion after ex vivo stimulation in CD8* (G) and CD4* (H) T cells in
LKR13 (left) and 368T1 (right) tumors on day 22 after tumor initiation (n = 4 mice per group). Significance was determined using a two-tailed Student’s t test (D)
or one-way ANOVA (E-H). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant.

Msh2 KO lung tumors develop acquired resistance to ICls
LKR13-H tumors chronically treated with anti-PD-1 or anti-PD-
1 + anti-CTLA-4 initially responded to the ICIs (defined from
here onwards as a reduction in tumor volume of at least 30%
compared to pre-treatment), but eventually developed AR
(Schoenfeld et al., 2021) (Fig. 2, A and B). We collected tumors at
a late AR timepoint (day 39) when tumors had an increase in
volume of at least 20% (of note, an increase in the sum of the
longest diameters of 220% would be considered progressive
disease as per RECIST v1.1 criteria in patients) (Schoenfeld et al.,
2021). We also defined an early AR timepoint (day 26) when
tumors had an increase in volume of any magnitude. To exclude
the possibility that the generation of anti-drug antibodies
(Kverneland et al., 2018) could result in tumor outgrowth during
chronic treatment, we isolated tumors that had developed AR
to anti-PD-1 or anti-PD-1 + anti-CTLA-4 and subcutaneously
transplanted either dissociated CD45~ cancer (and stromal) cells
or ~2 mm? tumor pieces into new recipient mice, which then
received anti-PD-1 or anti-PD-1 + anti-CTLA-4 once their tumors
reached an average volume of 30-50 mm? (Fig. 2 C). Mice im-
planted with either AR tumor pieces (which maintained the tu-
mor's tissue organization and microenvironment) or dissociated
AR cancer cells did not respond to ICI therapy, confirming the
resistance phenotype and suggesting that resistance was cancer
cell-intrinsic in this setting (Fig. 2 D).

We performed WES in isotype (Iso) control and ICI-resistant
LKR13-H tumors to determine whether resistant tumors gained
genomic alterations that have been implicated in the develop-
ment of AR to ICIs in cancer patients (Fig. S1 F). We did not
identify genomic alterations in genes related to antigen pro-
cessing and presentation (B2m), IFNy signaling (Ifngrl, Ifngr2,
Jakl, Jak2, Stat1), or tumor-intrinsic immune suppressive pathways
(Pten). AR tumors had a greater number of non-synonymous
SNVs compared to Iso treated tumors, possibly because they
were collected at a later time-point after engraftment: day 39
versus day 16 for Iso.

Resistant tumors harbor dysfunctional tumor-infiltrating
lymphocytes (TILs)

Because we did not identify genomic alterations that have been
clinically associated with AR to ICIs (although this does not
preclude the possibility that novel mutations may contribute to
resistance), we focused on transcriptional changes that could be
associated with resistance. We performed single-cell RNA se-
quencing (scRNAseq) on LKRI13-H tumors treated with Iso or
treated with either anti-PD-1 (P) or anti-PD-1 + anti-CTLA-4
(P+C) that were responding or had developed (late) AR to
therapy. Because Iso and responding tumors were highly in-
filtrated by immune cells, whereas AR tumors were poorly
immune-infiltrated and harbored a greater proportion of CD45~
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cancer (and stromal) cells (native cell frequencies shown in
Fig. 3 A), we pooled cells at a normalized 2:1:1 ratio of T cells,
other immune cells, and cancer (and stromal) cells across all
treatment groups prior to sequencing. Globally, AR tumor cells
clustered separately from Iso and responding cells regardless of
treatment (anti-PD-1 or anti-PD-1 + anti-CTLA-4) across clusters
of lymphocytes, myeloid cells, and cancer cells identified by
lineage marker genes, and <1.5% of cells were identified as
stromal or endothelial cells (Fig. S2, A and B).

Within the sub-clustered lymphocyte compartment (Fig. 3 B),
we identified 15 clusters of CD8* T cells and 5 clusters of CD4*
T cells, of which 2 were Foxp3* regulatory T cells (Tregs) that
were enriched in AR tumors (Fig. S2, C-E). We also identified
three clusters of Ncrl* NK and Tcrg-C4* v/8T cells, which were
enriched in Iso and responding tumors (Fig. S2, D and E). We
focused on the Cd8* and Cd4* Foxp3~ TILs from Iso, responding,
and AR tumors (Fig. 3 C). T cells from both AR (predominantly in
clusters 2 and 14) and Iso and responding tumors (predomi-
nantly in cluster 3) expressed naive and migratory T cell genes
(e.g., Sell, Slprl). Similarly, expression of proliferative genes
(e.g., Mki67) was found in both AR (predominantly in cluster 13)
and Iso and responding TILs (predominantly in clusters 10 and
16). In contrast, genes related to T cell effector functions in-
cluding cytotoxicity (e.g., Gzma, Prfl), cytokine secretion (e.g.,
Tnf, 112, Ifng), T cell receptor activation (e.g., Nr4al), and che-
mokine secretion (e.g., Cxcll0) were predominantly expressed by
Iso and responding TILs (clusters 9, 15, 8, 12). Cluster 9 ex-
pressed the broadest range of genes related to effector T cell
function and contained the lowest frequency of AR TILs. How-
ever, genes related to T cell exhaustion (e.g., Pdcdl, Lag3) were
also expressed by Iso and responding TILs (predominantly in
clusters 22, 0, 4, and 6), indicating that even in tumors re-
sponding to therapy a significant proportion of TILs lacked ef-
fector functions and expressed markers of T cell exhaustion. AR
TILs (predominantly in clusters 18 and 21) also expressed ex-
haustion genes. Cluster 21, derived almost entirely from AR to
anti-PD-1 cells, showed particularly elevated expression of
transcription factors associated with T cell exhaustion, Eomes
and Tox.

Immunophenotyping via flow cytometry validated these re-
sults, demonstrating a decrease in TILs both at early (day 26) and
late (day 39) AR timepoints compared to TILs in tumors re-
sponding to anti-PD-1 (Fig. 3 D). In tumors treated with anti-PD-
1 + anti-CTLA-4, we found a significant decrease in the number
of CD4* TILs and a trend toward decreasing CD8* TILs in AR
tumors (Fig. 3 D). Similarly, IFNy production after ex vivo
stimulation was higher in TILs isolated from responding tumors
than from early and late AR tumors (Fig. 3 E). Treg abundance
was also increased in early and late AR tumors (Fig. 3 F).
Collectively, tumors with AR to ICIs harbored fewer TILs
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Figure 2. Msh2 KO LKR13-H tumors develop acquired resistance to ICls. (A) Experimental strategy for induction of acquired resistance: 500,000 LKR13-H
cells were injected subcutaneously into syngeneic B6129SF1/) mice treated with either Iso, anti-PD-1 (P), or anti-PD-1 + anti-CTLA-4 (P+C) twice weekly
starting on day (d) 10. Tumors were collected on day 16 from mice that received Iso or were responding (R) to therapy. Tumors from mice that developed AR to
therapy were collected on day 26 (early AR) or day 39 (late AR). (B) LKR13-H tumor growth curves up to day 16 (left) or day 39 (right; note different axis scales).
A cohort of mice was treated until day 16 (n = 6 mice per group) and the remaining mice were treated until day 39 (n = 6 mice per group; data shown are
representative of at least two independent experiments). (C) Experimental strategy for transplantation of resistant tumors: LKR13-H tumors that developed
acquired resistance to either anti-PD-1 or anti-PD-1 + anti-CTLA-4 (n = 3 mice per group) were collected on day 39. Half the tumor volume was dissociated and
the CD45- cancer (and stromal) cell fraction was isolated via FACS, whereas the remaining half of the tumor was dissected into ~2 mm? pieces. The tumor
pieces and dissociated cancer (and stromal) cells were subcutaneously implanted into syngeneic B6129SF1/) mice and treated with either Iso, anti-PD-1, or
anti-PD-1 + anti-CTLA-4 on day 7 (tumor pieces; n = 3-4 mice per group) or day 13 (dissociated cells, n = 2-3 mice per group). (D) Tumor growth curves for
tumor pieces (left) and dissociated cells (right) isolated from resistant tumors and transplanted into new syngeneic hosts; no significant difference in final

tumor volumes was found between isotype and IClI-treated groups. Analyses were performed using two-tailed Student’s t test (B and D). **P < 0.01, ***P <

0.001.

compared to responding tumors, and AR TILs were charac-
terized by impaired effector function and expression of T cell
exhaustion genes.

After sub-clustering myeloid cells (Fig. S2 F, top) from the
full scRNAseq dataset (Fig. S2 A), we identified five dendritic cell
(DC) and eight monocyte/macrophage clusters (Fig. S2 F, bot-
tom). Although three of five DC clusters contained cells pre-
dominantly from Iso and responding tumors, DC cluster 18
expressed genes related to tissue residency and c¢DCl differen-
tiation (Itgae, Xcrl, Irf8) and contained cells from both respond-
ing and AR tumors, suggesting that these cells were not depleted
from resistant tumors. However, monocyte/macrophage clus-
ters defined by elevated expression of chemokines Cxcl9 (cluster
6) or Cxcll0 (cluster 9) contained cells predominantly from Iso
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and responding tumors; decreased expression of these chemo-
kines may contribute to T cell exclusion from AR tumors (Fig.
S2 F).

Resistant cancer cells lose MHC-II expression despite intact
IFNy responses

To investigate whether cancer cell-intrinsic mechanisms con-
tributed to the exclusion of TILs at resistance, we analyzed
differentially expressed genes (DEGs) in cancer cells (Krt8+ and
Krt18+; Fig. S2 B) in the scRNAseq dataset (Fig. 4 A and Fig. S3 A)
and performed gene-set enrichment analysis (GSEA) (Table S1).
Of note, the Gene Ontology (GO) Antigen Processing & Presen-
tation gene set was significantly enriched (false discovery rate
[FDR] q value <0.25; P value <0.05) in cancer cells responding to
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Figure 3. Decreased immune infiltration and dysfunctional TILs in tumors with AR to ICls. (A-C) LKR13-H tumors were collected from B6129SF1/) mice
that received Iso and mice that were responding (R) to either anti-PD-1 (P) or anti-PD-1 + anti-CTLA-4 (P+C) therapy on day 16. Tumors were collected from
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mice that developed AR to therapy on day 39 (late AR). (A) The percentage of CD4+ and CD8+ T cells, CD45+ CD4/8~ other immune cells, and CD45" cancer
(and stromal) cells isolated via FACS from LKR13-H tumors (n = 3 mice per group). (B) UMAP projection showing lymphocytes from LKR13-H tumors in A
colored by treatment condition (top) and cluster (bottom). NK, natural killer. (C) Percentage of cells by treatment condition (top) and heatmap showing mean
expression of selected genes (bottom) in CD4/8* T cell clusters from B. (D-F) LKR13-H tumors were collected from mice that received Iso and mice that were
responding (R) to either anti-PD-1 (P) or anti-PD-1 + anti-CTLA-4 (P+C) therapy on day 16. Tumors were collected from mice that developed AR to therapy
either on day 26 (early AR) or day 39 (late AR). Number of CD8" (left) and CD4~ (right) T cells (D), number of CD8* (left) and CD4* (right) T cells producing IFNy
after ex vivo stimulation (E), and number of Foxp3* Tregs (F) in LKR13-H tumors (n = 4-7 mice per group). Significance was determined using one-way ANOVA
(D-F). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant.

ICIs, whereas the Hallmark Hypoxia gene set was significantly
enriched (FDR q value <0.25; P value <0.05) in cancer cells with
AR (Fig. S3, B and C).

Surprisingly, the expression of MHC-I (H2-DI, H2-K1), Tapl,
and Tap2 was only slightly reduced in AR cancer cells, yet the
expression of MHC-II (H2-Aa, H2-Abl) and the MHC-II chape-
rone Cd74 was markedly reduced (Fig. 4 B). MHC-II can be in-
duced by IFNy, and although constitutively expressed genes in
the IFNy signaling pathway (e.g., Ifngrl, Jakl) were expressed at
similar levels in Iso, responding, and AR cancer cells, IFN-
inducible genes (e.g., Statl, Irfl) were markedly decreased in
these cells. Importantly, the MHC-II transactivator, Ciita, was
also reduced in AR cancer cells (Fig. 4 B). Validating these
findings, CD45~ cancer (and stromal) cells from AR tumors, ei-
ther at an early (day 26) or late (day 39) resistance timepoint,
had significantly reduced cell surface MHC-II and MHC-I levels
compared to responding tumors (Fig. 4 C), and cell surface PD-L1
was similarly reduced (Fig. S3 D).

Based on this unexpected cancer cell-intrinsic MHC-II ex-
pression, we next tested whether CD4* T cells were required for
response to ICIs. Depletion of CD4* T cells alone (or CD8* T cells
alone) abrogated the response to ICIs in LKR13-H tumors, con-
sistent with prior co-depletion results (Fig. 4 D and Fig. S3 E).
Neutralizing IFNY also abrogated the response to ICIs (Fig. 4 D).
Both CD4* T cell depletion and IFNy neutralization, but not CD8*
T cell depletion, resulted in decreased MHC-I and MHC-II ex-
pression in CD45~ cancer (and stromal) cells, further high-
lighting the role of IFNy in driving cancer cell-intrinsic MHC
expression in vivo (Fig. 4 E). To distinguish between decreased
availability of IFNy in the tumor microenvironment (TME)
versus cancer cell-intrinsic defects in IFN signaling as drivers of
MHC-II loss in resistant cancer cells, we generated two cell lines
from LKR13-H tumors with AR to anti-PD-1 (PAR60, PAR74) and
two cell lines from tumors with AR to anti-PD-1 + anti-CTLA-4
(PCAR15, PCAR24). Upon in vitro exposure to IFNy, PAR and
PCAR cell lines retained the capacity to induce MHC-II, MHC-],
and PD-LI, indicating that IFN signaling was not impaired in AR
cancer cells (Fig. 4 F and Fig. S3 F). Collectively, these results
suggest that loss of MHC-II in resistant cancer cells is a conse-
quence of decreased IFNy availability in the TME, partly caused
by T cell exclusion and dysfunction.

Despite their similar levels of IFNy-induced surface MHC
expression, we investigated whether there was a difference in
the abundance of peptide antigens presented by AR cancer cells
compared to control LKR13-H cells. Using mass spectrometry
(MS), we identified a decrease in the abundance of peptides
presented by MHC molecules in resistant cancer cells (Fig. S4,
A-D). We identified approximately half as many MHC-I (H2-KP
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and H2-D) and MHC-II (H2-IAP) restricted peptides from
PCARI15 and PCAR24 cells compared to LKR13-H cells (Fig. S4, C
and D). Using the MhcVizPipe workflow (Kovalchik et al., 2022),
the binding affinity of eluted 8-12-mer peptides to H2-KP and
H2-DPb, and of 9-22-mer peptides to H2-IAP, was predicted with
NetMHCpan (Fig. S4, E and F top). Unsupervised GibbsCluster
analysis was performed to identify MHC-I and MHC-II peptide
binding motifs, and these were similar across the three cell lines
(Fig. S4, E and F bottom). Although the mixed background of the
cell lines precluded us from definitively identifying neoantigens,
these results suggest that resistant PCAR15 and PCAR24 cells
presented fewer total peptides.

Hypoxia in resistant tumors is associated with decreased
cancer cell-intrinsic MHC-1l and TIL exclusion

Tumor hypoxia is associated with poor outcomes across diverse
cancer types and contributes to primary resistance to ICIs, partly
by promoting immunologically “cold” or “excluded” TMEs with
poor T cell infiltration (Vaupel and Mayer, 2007; Barsoum et al.,
2014). GSEA of cancer cell clusters indicated that the Hallmark
Hypoxia gene set was enriched in tumors resistant to ICIs (Fig.
S3 C), and over half of the enriched hypoxia genes were related
to glycolysis, including Slc2al (which encodes the glucose
transporter Glutl) and several glycolytic enzymes (Fig. 5 A; ad-
ditional glycolytic enzymes and hypoxia-related genes are
shown in Fig. S5 A). We also identified a cluster of macrophages
with elevated expression of glycolysis-related genes that were
derived almost exclusively from AR tumors (Fig. S2 F). To val-
idate these results, we measured glucose uptake and hypoxia in
ICI-treated tumors. CD45~ cancer (and stromal) cells from both
early and late AR tumors had increased hypoxia detected by
pimonidazole staining via flow cytometry (Fig. 5 B). Impor-
tantly, early AR tumors (particularly those treated with anti-PD-
1 + anti-CTLA-4) were not significantly larger than isotype-
treated control tumors, indicating that the elevated hypoxia
was not simply attributable to differences in tumor size (Fig. S5
B). Pimonidazole staining by immunofluorescence (Fig. 5, C-E)
also showed that late AR tumors had increased hypoxia, quan-
tified by fields of view (FOV) (Fig. 5 C) or per tumor (Fig. S5 C).
Confirming the link between hypoxia and glycolysis, CD45"
cancer (and stromal) cells from AR tumors (with the exception
of early AR to anti-PDI tumors) had increased uptake of the
fluorescent glucose analog 2-NBDG compared to responding
tumors, suggesting increased glycolytic potential (Fig. 5 F).

For FOV in which a hypoxic region was detected and con-
tained at least 10 cells, we compared the abundance of CD3*
T cells in hypoxic versus normoxic tumor regions of that same
FOV. T cells were significantly reduced in hypoxic regions of
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genes in cancer cells from A by treatment condition. (C) Surface expression of MHC-I (left) and MHC-I (right) in CD45~ cancer (and stromal) cells isolated from
LKR13-H tumors collected from isotype-treated B6129SF1/J mice (Iso) and mice that were responding (R) to either anti-PD-1 (P) or anti-PD-1 + anti-CTLA-4
(P+C) therapy on day 16, and mice that developed AR to therapy either on day 26 (early AR) or day 39 (late AR) (n = 4-7 mice per group). (D) LKR13-H tumors
were treated with isotype or anti-PD-1 + anti-CTLA-4 and with either anti-CD4, anti-CD8, or anti-IFNy antibodies twice weekly starting on day 10 (n = 4 mice
per group). (E) Surface expression of MHC-II (left) and MHC-I (right) in CD45~ cancer (and stromal) cells isolated from tumors shown in D collected on day 22
(n = 3-4 mice per group). (F) Expression of MHC-II after in vitro IFNy stimulation in LKR13-H cells and four cell lines derived from LKR13-H tumors that
developed acquired resistance to either anti-PD-1 (PAR60, PAR74) or anti-PD-1 and anti-CTLA-4 (PCAR15, PCAR24). Significance was determined using one-
way ANOVA (C and E) or two-tailed Student’s t test (D). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

tumors responding to ICIs. Similarly, T cells were significantly
reduced in hypoxic regions of tumors resistant to anti-PD-1 +
anti-CTLA-4, and a trend towards a decrease was seen in tumors
resistant to anti-PD1 alone (Fig. 5 E). Immunofluorescence
staining also showed that the overall abundance of T cells was
decreased in AR tumors (Fig. S5 D).

Because hypoxia can cell-intrinsically modulate cancer cell MHC-I
expression (Murthy et al, 2019; Marijt et al., 2019), we tested
whether hypoxia could similarly impact MHC-II expression in LKR13
cells exposed to IFNy under normoxic (21% O,) or hypoxic (1% O5)
conditions in vitro. Although IFNy-induced MHC-I expression was
not affected by hypoxia, MHC-II induction was impaired under hy-
poxic conditions in (Msh2 WT) LKRI3-EV cells, (Msh2 KO) LKR13-H
cells, and two cell lines derived from ICI-resistant LKR13-H tumors
(PCAR15, PCAR24) (Fig. 5 G and Fig. S5 E).

Together, these results suggest that increased hypoxia in resistant
tumors can contribute to impaired cancer cell MHC-II expression not
only through T cell exclusion and reduced T cell-derived IFNy but
also through cancer cell-intrinsic mechanisms.

Hypoxia correlates with worse outcomes in NSCLC patients
treated with ICIs

Because hypoxia emerged as a dominant feature of tumors that
developed AR, we generated a hypoxia metagene signature from
the LKR13-H scRNAseq data (see Materials and methods) and
correlated its expression with lung cancer patient outcomes
following immune checkpoint inhibition in 152 whole tran-
scriptome RNAseq specimens from the Stand Up To Cancer-
Mark Foundation (SU2C-MARK) cohort, collected prior to ICI
treatment (Ravi et al., 2023). The majority of these patients were
treated with PD-1/PD-LI inhibitors alone, although a subset re-
ceived PD-1/PD-L1 inhibitors in combination with CTLA-4. Re-
sponse to checkpoint inhibitors in this cohort correlated with
nonsynonymous TMB (Rizvi et al., 2015) and an exhausted CD8*
T cell signature (Sade-Feldman et al., 2018), in line with prior
studies. We first assessed the expression of the hypoxia meta-
gene across three response categories quantified using RECIST
vL1 criteria: partial response or complete response (PR/CR),
stable disease (SD), or progressive disease (PD), and we found
that higher hypoxia metagene expression was associated with
PD (Fig. 6 A). Moreover, high hypoxia metagene expression was
strongly associated with decreased progression-free survival
(P < 0.005, log-rank test; Fig. 6 B).

Combination treatment with anti-hypoxia agent TH-302 and
ICls extends the benefits of ICI therapy

To test whether reducing tumor hypoxia could delay AR, we
used TH-302, a hypoxia-activated pro-drug that is active under

Robles-Oteiza et al.

Targeting hypoxia in tumors with acquired resistance to ICls

low oxygen tension and cytotoxic to proliferating cells (Meng
et al., 2012; Duan et al., 2008). Mice bearing LKR13-H tumors
were treated with Iso, anti-PD-1 + anti-CTLA-4, TH-302, or ICIs
plus TH-302 starting on day 10 after tumor initiation (Fig. 6 C).
After 10 days of treatment, TH-302 alone did not significantly
impact tumor burden compared to Iso, and the addition of TH-
302 to ICIs did not impact response to ICIs at this early timepoint
(Fig. 6 D, left). Consistent with these results, the abundance and
cytokine production of CD8* and CD4* T cells were generally not
impacted by TH-302 treatment at day 16, although anti-PD-1 +
anti-CTLA-4 either alone or in combination with TH-302 re-
duced the abundance of Foxp3* Tregs (Fig. S5, F-H). LKR13-H
tumors eventually developed AR during chronic treatment with
ICIs, but the combination of TH-302 and ICIs significantly de-
layed the emergence of AR (Fig. 6 D, right). TH-302 alone also
increased MHC-II expression on CD45™ cancer (and stromal)
cells, further supporting a role for hypoxia in cell-intrinsically
modulating MHC-II in vivo (Fig. S5 I). Tumors that developed
AR to the combination of ICI + TH-302 had increased expression
levels of anti-apoptotic protein Bcl-2, but not senescence-
associated protein HMGBI (Fig. S5, J-L). Pimonidazole immu-
nofluorescence staining quantified using QuPath confirmed that
TH-302 reduced hypoxic tumor areas (Fig. 6, E and F; and Fig.
S5 M).

Discussion

To identify novel drivers of AR to ICIs in lung cancer, we in-
vestigated the genomic, transcriptional, and functional features
of Msh2 KO tumors that initially responded but eventually de-
veloped AR to anti-PD-1 alone or anti-PD-1 plus anti-CTLA-4. We
found that resistant tumors were characterized by elevated
hypoxia, decreased TILs, decreased cancer-cell intrinsic MHC-I,
and most strikingly, MHC-II. Hypoxia was also associated with
worse outcomes on ICIs in lung cancer. Targeting hypoxic tumor
regions with TH-302, a hypoxia-activated cytotoxic agent, de-
layed AR to therapy.

Consistent with prior studies of tumors with genetically en-
gineered MMRd (Germano et al., 2017; Mandal et al., 2019;
Martinez-Usatorre et al., 2021; Westcott et al., 2023), we found
that Msh2 deletion in two Kras®'?P-driven lung adenocarcinoma
cell lines from distinct mouse models (p53WT LKR13 [Wislez
et al, 2005; Johnson et al., 2001] and p53flex/flox 368T1
[Winslow et al., 2011; DuPage et al., 2009]) led to the accumu-
lation of somatic mutations and resulted in an elevated TMB
(Fig. 1 B). Subcutaneous Msh2 KO LKR13-L and LKR13-H tumors
responded to ICIs, consistent with findings in B16F10 and CT26
models (Mandal et al., 2019). Yet Msh2 KO 368T1-L and 368T1-H
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Figure 5. Hypoxia in acquired resistant tumors is associated with decreased cancer cell-intrinsic MHC-Il and TIL exclusion. (A) Dotplot showing the
cancer cell expression of Hallmark Hypoxia genes enriched in tumors with AR to either anti-PD-1 or anti-PD-1 + anti-CTLA-4 by treatment condition.
(B) Expression of hypoxia marker pimonidazole in CD45 cancer (and stromal) cells from LKR13-H tumors collected from isotype-treated B6129SF1/)
mice (Iso) and mice that were responding (R) to either anti-PD-1 (P) or anti-PD-1 + anti-CTLA-4 (P+C) therapy on day 16, and mice that developed AR to therapy
either on day 26 (early AR) or day 39 (late AR) (n = 4-7 mice per group). (C-E) Immunofluorescence staining for pimonidazole (FITC, green) and CD3 (Alexa Fluor
594, red) in LKR13-H tumors collected from mice treated with Iso and mice that were responding (R) to either anti-PD-1 (P) or anti-PD-1 + anti-CTLA-4 (P+C)
therapy on day 16 and mice that developed AR to therapy on day 39 (n = 3 mice per group). DNA was stained with Hoechst (blue). (C) Percent hypoxic (pi-
monidazole+) area quantified using QuPath from at least six FOV per tumor. (D) Immunofluorescence images representative of the average percent hypoxic area
in each treatment group. Scale bars, 50 um. (E) Percentage of CD3* T cells quantified using QuPath in pimonidazole+ hypoxic areas and pimonidazole- normoxic
areas for each FOV from C in which hypoxia was detected. (F) Uptake of glucose analog 2-NBDG in CD45~ cancer (and stromal) cells from LKR13-H tumors
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collected as in B. (G) Surface expression of MHC-Il and MHC-I after 48 h in vitro IFNy stimulation under 21% oxygen (normoxia) or 1% oxygen (hypoxia) in Msh2
WT LKR13-EV cells, Msh2 KO LKR13-H cells, and two cell lines derived from LKR13-H tumors that developed acquired resistance to anti-PD-1 and anti-CTLA-4

(PCAR15, PCAR24). n = 3-4 technical replicates, representative of two (PCAR15,

PCAR24) or four (LKR13-EV, LKR13-H) independent experiments. Significance was

determined using one-way ANOVA (B, C, and F), paired two-tailed Student’s t test (E), or unpaired two-tailed Student’s t test (G). *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001, n.s., not significant. MFI, mean fluorescence intensity.

tumors, which are p53 deficient, did not respond to ICIs despite
harboring similar numbers of non-synonymous SNVs as the
LKRI13 tumors (Fig. 1 D). Although these results could suggest
that p53 deficiency may contribute to the lack of response to ICIs
in the Msh2 KO 368T1 tumors, immunogenic and isogenic lung
cancer models which differ only in their p53 mutational status
would be required to investigate this possibility. Yet 368T1 and

LKR13 cells differ in other important ways: (1) they are derived
from distinct murine models (Kras™SL-G12D/+; p5aflox/flox yepgys
Kras™!, respectively) and (2) the Msh2 KO lines each harbor
unique non-synonymous mutations, despite similar overall
TMBs. In the clinic, median TMBs and response rates to PD-1
pathway inhibitors are similar or higher in patients with
KRAS-mutant lung adenocarcinomas harboring TP53 mutations

Figure 6. Hypoxia ablation extends the ben-
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erage percent hypoxic area in each treatment

group. Scale bars, 50 um. (F) Percent hypoxic
(pimonidazole+) area quantified using QuPath
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from at least three FOV per mouse. Significance
was determined using Mann-Whitney U test (A),
log-rank test (B), two-tailed Student’s t test (D)
or one-way ANOVA (F). *P < 0.05, **P < 0.01,
***p < 0.001.

Pimonidazole
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compared to those with TP53-WT tumors (Skoulidis et al.,
2018), further suggesting that p53 deficiency is not the only
mediator of primary ICI resistance in the Msh2 KO 368T1 tu-
mors. Indeed, in autochthonous Kras®?P-driven and p53-
deficient lung tumors, Msh2 deletion or APOBEC3B expression
increased TMB but did not sensitize tumors to ICIs (although
some cell lines derived from these models with even higher
TMB than the original tumors were sensitive) (Martinez-
Usatorre et al., 2021; Westcott et al., 2023; Boumelha et al.,
2022). These studies along with others (Wolf et al., 2019;
Gejman et al., 2018; McGranahan et al., 2016) indicate that mu-
tational intra-tumoral heterogeneity (ITH) likely affects tumor
immunogenicity and sensitivity to ICIs. In our study, both ICI-
sensitive LKR13-L and LKR13-H tumors and ICI-insensitive
368T1-L and 368T1-H tumors were clonal, suggesting that addi-
tional features beyond TMB and ITH can shape sensitivity to ICs.

Unexpectedly, tumors responding to ICIs expressed high
levels of cancer cell-intrinsic MHC-II, whereas resistant cancer
cells did not (Fig. 4, B and C). These results are consistent with
murine lung cancer studies in which tumor MHC-II expression
correlated with response to anti-PD-1 therapy (Johnson et al.,
2020). In cancer patients, bulk and cancer cell-specific MHC-II
expression correlates with improved clinical outcomes, includ-
ing after ICIs (Ayers et al., 2017; Cristescu et al., 2018; Axelrod
et al., 2019; Datar et al., 2021; Johnson et al., 2016). In NSCLC,
cancer cell-specific MHC-II was identified in ~70-85% of cases,
and tumors with reduced tumor-specific MHC-II harbored
fewer T cells, a pattern similar to resistant LKR13-H tumors
(Datar et al., 2021). Thus, MHC-II expression in LKRI3 cells was
consistent with the broad expression of cancer cell-intrinsic
MHC-II in human lung cancers. We also found that the capacity
of LKRI13 cancer cells to induce MHC-II, but not MHC-I, after
exposure to IFNy was impaired in a cell-intrinsic manner under
hypoxic conditions (Fig. 5 G). Hypoxia has been shown to impair
IFNy-stimulated MHC-I expression in B16F10 and other cancer
cells, either alone (Murthy et al., 2019) or in combination with
glucose deprivation (Marijt et al., 2019), in part by reducing Statl
phosphorylation levels (Ivanov et al., 2007; Chandrasekaran
et al., 2019). In contrast to these findings, the capacity of
LKRI13 cells to induce MHC-I (and PD-L1) upon IFNy stimulation
was not impacted, and only MHC-II was affected. Although
the specific mechanisms by which hypoxia regulates cancer
cell-intrinsic IFNy-driven MHC-II induction remain to be de-
termined, our results identify a previously unrecognized link
between hypoxia and MHC-II expression that warrants further
investigation and exemplifies the heterogeneity of responses to
hypoxic stress across different cancers.

Solid tumors in which proliferation outpaces the capacity of
tumor vasculature, itself often dysregulated (Kerbel, 2008), to
provide oxygen to rapidly dividing cells are characterized by
gradients of oxygen availability and heterogeneous oxygen
consumption (Pouyssegur et al., 2006; Wilson and Hay, 2011).
Tumor hypoxia is correlated with poor prognosis and resistance
to radio-, chemo-, and immune therapies (Minassian et al., 2019;
Walsh et al., 2014; Zandberg et al., 2021) and contributes to the
generation of immunosuppressive tumor microenvironments
(Barsoum et al., 2014). In a small cohort of melanoma patients
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with tumors resistant to anti-CTLA-4 therapy who went on to
receive anti-PD-1, transcriptional profiling revealed that non-
responders to anti-PD-1 treatment had tumors with increased
expression of genes associated with hypoxia and glycolysis
(Jaiswal et al., 2020). Increased expression of glycolysis-related
genes was also correlated with decreased T cell infiltration in
melanoma and lung cancer (Cascone et al., 2018). Analysis of
transcriptional hypoxia signatures from 19 tumor types using
TCGA datasets identified lung squamous carcinomas as among
the most hypoxic tumor types, and lung adenocarcinomas had
intermediate overall hypoxia but one of the highest levels of
intertumoral variability in hypoxia (Bhandari et al., 2019).
Similarly, an analysis of human lung tumors using multimodal
imaging and intra-operative '3C-glucose infusion found a high
degree of inter- and intra-tumoral heterogeneity in glucose
utilization, in which less-perfused tumor regions relied more on
glucose metabolism and had enhanced expression of genes re-
lated to glycolysis as well as oxidative phosphorylation (Hensley
et al., 2016). Thus, hypoxia-associated metabolic re-wiring, in-
cluding increased glucose metabolism, is heterogeneous within
lung cancers. This heterogeneity could produce localized hy-
poxic regions within tumors which may be less responsive to
immune therapies.

By contributing not only to a reduction in cancer cell intrinsic
MHC-II expression, but also to the exclusion of T cells, hypoxia
emerged as a dominant feature of resistant LKR13-H tumors.
Interestingly, while AR tumors exhibited an elevated hypoxia
signature and increased pimonidazole staining indicative of
hypoxia, the transcriptional levels of Hifla itself were reduced.
This could be due to negative feedback of its expression and
variability in Hifla levels following chronic exposure to hypoxia
(Cavadas et al., 2015; Lin et al., 2011). T cells were drastically
reduced in resistant tumors compared to tumors responding to
ICI therapy (Fig. 3, A, D, and E), and in particular T cells were
excluded from hypoxic tumor regions, which were themselves
increased in resistant tumors (Fig. 5, B-E). T cell exclusion from
hypoxic tumor areas has been identified in a range of murine
cancers (Hatfield et al., 2015; Jayaprakash et al., 2018), and di-
verse methods including treatment with metformin (Scharping
et al., 2017; Jaiswal et al., 2020; Park et al., 2021) or TH-302
(Jayaprakash et al., 2018), or genetically inhibiting oxidative
metabolism (Najjar et al., 2019) have been employed to reduce
tumor hypoxia. Targeting tumor hypoxia resulted in increased
sensitivity to ICI treatment in models of melanoma (Scharping
et al., 2017; Najjar et al., 2019) colon carcinoma (Scharping et al.,
2017), and prostate cancer (Jayaprakash et al., 2018). However,
in a model of AR to combination immunotherapy (including
anti-PD-1 and anti-CTLA-4) generated by serial in vivo passage
of B16 melanoma tumors, tumor hypoxia reduction via metfor-
min treatment failed to sensitize mice to immunotherapy
(Jaiswal et al., 2020). In addition, targeting glycolysis with either
2-Deoxy-D-glucose (a glucose structural analog) or the LDH-A
inhibitor GSK2837808A also failed to sensitize resistant tumors
to immunotherapy (Jaiswal et al., 2020). These results suggest
that, once immunotherapy-resistant tumors acquired a hyper-
metabolic phenotype characterized by increased hypoxia, gly-
colysis, and oxidative phosphorylation, targeting these pathways
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pharmacologically was insufficient to reverse the resistance
phenotype.

Based on these findings, we hypothesized that combating AR
to ICIs in LKR13-H tumors would require targeting tumor hy-
poxia before resistance to immunotherapy emerged, with the
goal of preventing or delaying resistance rather than overcom-
ing an established resistant state. Thus, rather than waiting for
the outgrowth of ICI-resistant tumors and testing additional
combination therapies in resistant tumors, we evaluated the
impact of adding the hypoxia-activated cytotoxic agent, TH-302,
to combination anti-PD-1 plus anti-CTLA-4 treatment from the
initiation of therapy on day 10 after tumor engraftment.
Although LKRI3-H tumor regression upon treatment with
anti-PD-1 and anti-CTLA-4 was not further enhanced by the
addition of TH-302 during the first 10 days after treatment ini-
tiation, the triple combination therapy delayed the emergence of
AR (Fig. 6 D). TH-302 monotherapy did not significantly impact
tumor burden compared to isotype-treated controls; thus, the
benefit of TH-302 treatment only emerged in the context of
combination therapy with ICIs. TH-302 becomes activated under
hypoxic conditions and is non-specifically cytotoxic to actively
dividing cells in this setting (Meng et al., 2012). Therefore, TH-
302 does not reduce tumor hypoxia directly, but rather it kills
cells within hypoxic regions. In a prostate cancer model, TH-302
reduced the abundance of myeloid-derived suppressor cells,
which accumulated in hypoxic regions (Jayaprakash et al., 2018).
In contrast, T cells were not expected to be killed by TH-302
because they were excluded from hypoxic regions and had rel-
atively lower rates of proliferation (Jayaprakash et al., 2018).
Therefore, the cytotoxicity of TH-302 would be expected to
primarily affect cancer and myeloid cells, but not T cells. Hypoxic
regions are precisely those areas that are largely inaccessible to
T cells and protected from immunotherapy-enhanced T cell-
mediated killing. Therefore, the combination of ICIs and TH-302
can be envisioned as a “divide and conquer” approach, where
distinct tumor regions, as defined by their oxygen tension, are
susceptible to killing by either immunotherapy-boosted T cells or
by the nonspecific cytotoxic activity of TH-302.

A phase I clinical trial of TH-302 in combination with anti-
CTLA-4 (ipilimumab) in patients with advanced solid tumors
demonstrated that the combination was well tolerated and de-
tected anti-tumor activity, including in tumors that did not re-
spond to ICIs, providing a strong rationale for additional clinical
testing (Hegde et al., 2021). Additional agents that can reduce
tumor hypoxia, such as the mitochondrial complex I inhibitor
metformin, have also been combined with ICIs. Although ret-
rospective studies of patients treated with metformin and ICIs
did not identify significant improvements in progression-free or
overall survival (Afzal et al., 2018; Augustin et al., 2023), case
studies reporting improved clinical outcomes in patients who
received metformin with ICIs (Kim et al., 2021; Wu et al., 2021),
together with compelling results in murine models (Scharping
etal., 2017) provide a rationale for additional clinical studies
of metformin combined with ICIs (e.g.,, NCT04114136,
NCT03994744, NCT03048500). Of note, a study of metformin
combined with anti-PD-1 therapy (nivolumab) in patients with
microsatellite stable metastatic colorectal cancer—a setting in
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which anti-PD-1 monotherapy does not provide clinical benefit
(Le et al., 2015)—showed limited efficacy and was stopped
(Akce et al., 2023). In future studies, it will be important to
identify settings (acquired versus primary resistance to ICls,
for example) and biomarkers of sensitivity to hypoxia-
targeting agents.

Tumor hypoxia, either inferred from transcriptional hypoxia
signatures or from staining for carbonic anhydrase IX in patient
tumors, has been associated with primary resistance to ICI
therapy (Hugo et al., 2016; Zandberg et al., 2021; Najjar et al.,
2019). Identifying patients with elevated tumor hypoxia during
the course of ICI treatment could help to identify patients more
likely to develop AR to therapy, estimated to be 50-60% of
NSCLC patients who initially respond to ICIs (Gettinger et al.,
2018; Schoenfeld and Hellmann, 2020; Memon et al., 2024;
Ricciuti et al., 2024). Non-invasive methods to quantify tumor
hypoxia, such as ['8F]-fluoromisonidazole (*8F-FMISO) positron
emission tomography (PET) imaging (Lee and Scott, 2007),
could be used to longitudinally monitor patients receiving ICI
therapy to identify those patients in which tumor hypoxia may
contribute to the development of AR; this approach has been
proposed in preclinical models (Reeves et al., 2022; McNeal
et al., 2024). In patients with glioblastoma treated with bev-
acizumab and evofosfamide (TH-302), 8F-FMISO PET was em-
ployed to identify candidate circulating biomarkers of tumor
hypoxia, suggesting an alternative approach to longitudinally
and non-invasively monitor tumor hypoxia during the course of
ICI treatment (Lodi et al., 2022).

Here, we have identified tumor hypoxia and loss of MHC-II
as dominant features of tumors with AR to ICIs. Targeting hy-
poxic tumor regions with TH-302, a hypoxia-activated cytotoxic
agent, cooperated with ICI therapy and delayed the emergence
of AR. Thus, our work provides additional rationale for the po-
tential of hypoxia-targeting approaches, specifically to delay the
emergence of AR to ICIs.

Materials and methods

Generation and analysis of Msh2 KO cells

Murine lung adenocarcinoma cells LKR13 (generated by Julien
Sage [Wislez et al., 2005] and generously shared by Tyler Jacks
[Massachusetts Institute of Technology, Cambridge, MA, USA])
and 368T1 (generated and generously shared by Monte Winslow
[Stanford University, Stanford, CA, USA] [Winslow et al., 2011])
and all genetically modified sub-lines (EV controls, LKR13-EV
and 368T1-EV; and Msh2 KO clones, LKR13-L, LKR13-H, 368T1-L,
368T1-H) were cultured at 37°C with 5% CO, in RPMI-1640
(21870-076; Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum (#16140071; FBS; Gibco) and 1% penicillin/
streptomycin (#15140122; Pen/Strep; Gibco).

Msh2 KO LKRI13 and 368T1 cells were generated using
CRISPR/Cas9. Two guides (guide 1 forward: 5'-GCGCCGTGTAAA
AGTCGCCG-3'; guide 1 reverse: 5'-CGGCGACTTTTACACGGC
GC-3'; guide 2 forward 5-GCGCTTCTTTGAGGGCATGC-3';
guide 2 reverse 5'-GCATGCCCTCAAAGAAGCGC-3') targeting
exon 1 of the Msh2 gene were cloned into the Cas9 single guide
RNA (sgRNA) expression vector PX458 (#48138; Addgene) that
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contains a GFP reporter. An empty expression vector (EV)
lacking an sgRNA was also used. LKR13 and 368T1 parental cells
were transiently transfected with the EV or vectors targeting
Msh2 using Lipofectamine 2000 (#11668030; Thermo Fisher
Scientific). GFP* single-cell clones were isolated via FACS 48 h
after transfection with Msh2 targeting vectors, and Msh2 deletion
was confirmed via immunoblotting. Cells were lysed in ice-cold
radioimmunoprecipitation assay buffer supplemented with
protease inhibitor, equal amounts of total protein were sepa-
rated by gel electrophoresis on Mini-PROTEAN GTX 4-20% gels
(Bio-Rad), transferred onto nitrocellulose (Bio-Rad), and probed
with the following antibodies using dilutions recommended by
the manufacturer: Msh2 (#2017; Cell Signaling, targeting the
N-terminus); Msh2 (#70270; Abcam, targeting the C-terminus),
and B-actin (#47778; Santa Cruz). Two Msh2 KO single-cell
clones each from LKRI13 and 368T1 parental cells generated us-
ing independent guide sequences were selected for further
analysis. In vitro proliferation assays were performed in 3T3
format, in which 3 x 10° cells were counted and plated every 3
days. Every in vivo experiment using Msh2 KO cells was per-
formed using cells of the same passage number that were cry-
opreserved in a single batch and cultured in vitro for 10-12 days
prior to tumor engraftment.

For in vitro IFNy assays, cells were incubated with 200 U/ml
recombinant murine IFNy (#485-MI-100; R&D Systems) for 48 h
under either normoxic (21% O,) or hypoxic (1% O,) culture
conditions. Single-cell suspensions were washed with
phosphate-buffered saline (PBS) containing 2% FBS, then
stained with the following antibodies on ice for 30 min: MHC-
ILAPC (#107614; BioLegend), MHC-I:PE (#114507; BioLegend)
and PD-LI:PE-Cy7 (#124314; BioLegend). Flow cytometry data
were acquired on an LSR II (BD) with FACSDiva and analyzed
with FlowJo (TreeStar).

Animal studies

Animal studies were performed in compliance with Yale Uni-
versity’s Institutional Animal Care and Use Committee (protocol
11364; assurance number D16-00416). 6-8-wk-old B6129SF1/]
(FL; #101043; JAX stock) and B6.129S7-Ragl™Mom/] (Ragl¥o;
#002216; JAX stock) mice purchased from Jackson Laboratory
and NOD SCID Il2rg~/- (NOD.Cg-Prkdescid Il2rgtmlWjl/Sz] or
NSG; #005557; JAX stock) mice bred from Jackson Laboratory
stocks were housed in a specific pathogen-free facility.
500,000 LKRI13-EV, LKR13-L, LKR13-H, 368T1-EV, 368T1-L, or
368T1-H cells in 100 pl sterile PBS were injected subcutaneously
into the right flanks of mice. Tumor lengths (L) and widths (W)
were measured using calipers and volumes (V) were calculated
using the formula V = 0.52 x L x W2, Tumors were measured at
least twice a week starting on day 6 after engraftment. Mice were
randomized to treatment groups once their mean tumor volume
reached between 30 and 50 mm?® (day 10 after tumor engraft-
ment unless otherwise noted).

Treatments

Mice were treated twice weekly via intraperitoneal (i.p.) injec-
tion with 250 pg of the following monoclonal antibodies from
BioXCell: anti-PD-1 clone RMP1-14 (#BE0146); anti-CTLA-4 clone
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9H10 (#BE0131); IgG2a Iso for anti-PD-1 (#BE0089); or polyclo-
nal Syrian hamster IgG Iso for anti-CTLA-4 (#BE0087). TH-302
(#ATE448430720; Sigma-Aldrich) was delivered continuously
every other day via i.p. injection at 50 mg/kg (Liu et al., 2012;
Jayaprakash et al., 2018). To detect hypoxia, tumor-bearing an-
imals were injected with 80 mg/kg pimonidazole (#HP-200;
Hypoxyprobe) via i.p. injection 90 min prior to sacrifice.

For immune depletion studies, mice were treated twice
weekly via i.p. injection with 200 g of the following antibodies
from BioXCell: anti-CD4 clone GKL5 (#BE0003-1) to deplete
CD4* T cells, anti-CD8 clone 53-6.7 (#BE0004-1) to deplete CD8*
T cells, and anti-IFNy clone XMGL.2 (#BP0055) to neutralize
IFNy. To confirm CD4* and CD8* T cell depletion, splenic and
tumor-infiltrating lymphocytes were analyzed via flow
cytometry.

Re-transplantation experiments and isolation of AR cell lines
Tumors from mice that had developed AR to anti-PD-1 alone or
anti-PD-1 + anti-CTLA-4 were collected on day 39 after en-
graftment. Half of the tumor volume was minced and enzy-
matically disrupted to produce a single-cell suspension from
which CD45- tumor (and stromal) cells were isolated via FACS
(see flow cytometry details below). To establish AR tumor-
derived cell lines, the sorted cells were plated in RPMI-1640
supplemented with 10% FBS and 1% Pen/Strep. For re-
transplantation experiments, sorted AR tumor cells were
resuspended in 100 pl sterile PBS and injected subcutaneously
into the right flank of tumor-naive mice. The remaining AR
tumor half was dissected into ~2 mm3 pieces and implanted
subcutaneously into the right flank of tumor-naive mice. Once
the transplanted AR tumors reached an average volume of
30-50 mm? (day 7 for AR tumor pieces, day 13 for dissociated
AR tumor cells), mice were treated with therapeutic antibodies.
Re-transplanted tumors derived from AR to anti-PD-1 tumors
were treated with either anti-PD-1 or Iso, and re-transplanted
tumors derived from AR to anti-PD-1 + anti-CTLA-4 tumors
were treated with either anti-PD-1 + anti-CTLA-4 or Iso.

WES

Genomic DNA was isolated from tumor cell lines after
in vitro culture and from in vivo tumors flash-frozen in
liquid nitrogen and then crushed. Library preparation and
sequencing was performed by the Yale Center for Genome
Analysis (YCGA). Whole-exome libraries were prepared
using the SeqCap EZ Mouse exome capture system (Roche)
followed by 100 bp paired-end sequencing on the Illumina
HiSeq4000 platform or the NovaSeq 6000 S2 platform with
a target coverage of 150x. Raw sequencing reads were
mapped to the mouse reference genome (GRCm38 build)
using BWA-MEM followed by the Genome Analysis Toolkit
(GATK) Best Practices workflow. SNVs and indels were
called using Mutect2. Msh2 KO samples (in vitro cultured cell
lines and in vivo tumors) were compared to Msh2 WT EV
control cells to obtain the SNVs relative to the EV controls.
Likely damaging variants were annotated including prema-
ture termination, canonical splice site, frameshift insertion/
deletion, and missense mutation using Annovar.
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Immunophenotyping via flow cytometry

Tumor tissue was minced in RPMI1640 with 2% FBS, 200 U/ml
collagenase IV (#S5138; Sigma-Aldrich), and 1 pg/ml DNase
(#D5025; Sigma-Aldrich) and digested at 37°C for 30 min.
Samples were filtered through a 70-um cell strainer, incubated
with ammonium-chloride-potassium lysing buffer for 3 min,
washed with PBS, and resuspended in RPMI1640 with 2% FBS.
For intracellular cytokine staining after ex vivo stimulation with
phorbol-12-myristate 13-acetate (PMA) and ionomycin, single-
cell suspensions were incubated in RPMI1640 with 10% FBS and
Brefeldin A (Thermo Fisher Scientific) at 37°C for 5 h. For ex vivo
2-NBDG staining, single-cell suspensions were washed in PBS
and incubated in 290 pM 2-NBDG (#235976; Abcam) at 37°C for
20 min. Single-cell suspensions were washed using PBS with 2%
FBS, incubated with a-FcyRIII/II antibody (2.4G2) on ice for
15 min, and then stained on ice for 30 min. For intracellular
staining, samples were fixed and permeabilized with the Foxp3/
Transcription Factor Staining Buffer Set (Thermo Fisher Sci-
entific) and then stained on ice for 45 min. The following anti-
bodies were used for surface staining: CD45:BV711 (#103147; 1:
400 dilution; BioLegend), CD3:APC-Cy7 (#100222; 1:100;
BioLegend), CD4:BUV737 (#612761; 1:200; BD Biosciences),
CD8:BV605 (#563152; 1:200; BD Biosciences), CD44:PerCP
(#103035; 1:200; BioLegend), MHC-I:PE (#114507; 1:200; Bio-
Legend), MHC-II:APC (#107614; 1:200; BioLegend), and PD-L1:
PE-Cy7 (#124314; 1:200; BioLegend). The following antibodies
were used for intracellular staining: Foxp3:APC (#17-5773-82; 1:
100; eBioscience), IFNy:PE-Cy7 (#505826; 1:100; BioLegend),
and anti-pimonidazole:FITC (#HP2; 1:100; Hypoxyprobe). Dead
cells were excluded using Live/Dead Red Fixable Viability Dye
(#L34973; 1:2,000; Thermo Fisher Scientific). Flow cytometry
data were acquired on an LSR II (BD) with FACSDiva and an-
alyzed with FlowJo (TreeStar).

scRNAseq

Sample preparation

LKR13-H tumors treated with Iso, and tumors responding to
anti-PD-1 or anti-PD-1 + anti-CTLA-4 were collected on day 16
after engraftment. Tumors that had developed AR to anti-PD-1 or
anti-PD-1 + anti-CTLA-4 were collected on day 39 after engraft-
ment (late AR timepoint). Tumors were processed to generate
single-cell suspensions as described for flow cytometry experi-
ments and stained with the following antibodies: CD45:Pa-
cificBlue (#103126; 1:500; BioLegend), CD8:PE (#100512; 1:
100; BioLegend), CD4:PE (#100708; 1:100; BioLegend), and CD3:
APC-Cy7 (1:50). Dead cells were excluded using Live/Dead Red Fix-
able Viability Dye (1:500). CD45*CD3*CD4/8* T cells, CD45*CD3-CD4/
8~ other immune cells, and CD45" cancer (and stromal) cells were
sorted on a FACSAria (BD) into RPMI-1640 supplemented
with 2% FBS. For each individual tumor, the three sorted cell
populations—T cells, other immune cells, and CD45 cancer
(and stromal) cells—were combined at a 2:1:1 ratio.

Sequencing

An equal number of cells from three mice per experimental
condition were pooled and 17,000 cells from each condition
were loaded on the 10x Genomics Chromium System. Library
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preparation and sequencing was performed at YCGA. Library
preparation was performed using 10x Genomics reagents ac-
cording to the manufacturer’s instructions, and sequencing was
performed with a target of 300 million reads per sample (target
10,000 cells) on the Illumina NovaSeq 6000 platform.

Data analysis

Cell Ranger was used to generate fastq files from raw call files,
align reads to the mmlO reference genome, filter reads, and
aggregate the cell-by-gene matrices for each individual sample.
Seurat (v4.0.3) was used to process, analyze, and visualize the
data. The data were filtered to include only cells with <15%
mitochondrial reads and >100 genes, and genes expressed in >10
cells. Raw reads were normalized and the top 3,000 variable
genes were identified using the Seurat SCTransform function
while regressing mitochondrial content. Principal component
analysis was performed on the most variable genes, followed
by graph-based clustering using the FindClusters function to
generate clusters that were visualized using the dimension
reduction method Uniform Manifold Approximation Projec-
tion (UMAP) using the first 50 principal components. Clusters
containing cancer cells, lymphocytes, and myeloid cells were
identified via the expression of cell lineage marker genes (shown
in Fig. S2 B). Cancer cells, lymphocytes, and myeloid cells were
subsetted, doublets were removed based on co-expression of cell
markers, and the data were re-analyzed with SCTransform while
regressing for batch. Cluster frequencies by sample were nor-
malized to the number of cells per sample and stacked column
plots were generated using ggplot2 (v3.3.5). Mean scaled ex-
pression values of each gene were calculated per cluster, and
heatmaps were generated with values scaled by gene using
pheatmap (v1.0.12).

To calculate DEGs, cancer cell and lymphocyte counts were
log-normalized and scaled using the Seurat NormalizeData and
ScaleData functions, followed by the FindAllMarkers function to
identify DEGs in each cluster and in each sample. GSEA using the
preranked method was performed using the top DEGs across
different cancer cell and lymphocyte samples with the GO and
Hallmark gene sets. Gene sets that were significantly enriched
(FDR q value <0.25; P value <0.05) in both AR to anti-PD-1 and
AR to anti-PD-1 + anti-CTLA-4 cancer cell samples, as well as
gene sets that were significantly enriched in both responding to
anti-PD-1 and responding to anti-PD-1 + anti-CTLA-4 cancer cell
samples, were considered for downstream analysis (Table S1).

Immunofluorescence and immunohistochemistry

Tumors were dissected into 4% paraformaldehyde (Electron
Microscopy Services), fixed overnight at room temperature, and
then rehydrated in 70% ethanol. Yale Pathology Tissue Services
produced paraffin-embedded sections according to standard
methods. After citrate-based antigen retrieval, immunofluores-
cence staining was performed with anti-pimonidazole:FITC
and rabbit anti-CD3 (Spring Biosciences) antibodies overnight
at 4°C and fluorescent secondary antibody for 1 h at room
temperature (anti-rabbit AlexaFluor594; Thermo Fisher Sci-
entific). Total DNA was stained with Hoechst-33342 (Thermo
Fisher Scientific). Images were acquired on an inverted
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widefield microscope (Zeiss). QuPath was used to measure
tumor hypoxia based on the percentage pimonidazole positive
area per FOV quantified using a FITC signal intensity
threshold. CD3* T cells were quantified using the cell detec-
tion algorithm in QuPath followed by an AlexaFluor594 signal
intensity threshold. To quantify the percentage of T cells con-
tained within either normoxic or hypoxic areas, only FOV in
which a hypoxic area was identified and contained at least 10
cells were considered. The percentage of T cells contained within
either normoxic or hypoxic areas, as well as the overall T cell
abundance, was calculated for each individual FOV. Immuno-
histochemistry was performed after citrate-based antigen re-
trieval for staining with rabbit anti-HMGBl (#6893, 1:200
dilution; Cell Signaling Technology) or Tris/EDTA-based antigen
retrieval for staining with recombinant anti-Bcl-2 (#ab182858, 1:
500 dilution; Abcam). Images were acquired on an inverted
widefield microscope (Zeiss) and QuPath was used to quantify
the percentage of positive cells and the mean cell intensity.

Analysis of NSCLC patient RNAseq data

We derived a hypoxia metagene signature from those genes
within the Hallmark Hypoxia gene set that were significantly
enriched in both murine LKR13-H tumors that developed AR to
anti-PD-1 and to anti-PD-1 + anti-CTLA-4. This corresponds to a
subset of the genes shown in Fig. 5 A, which encompass genes
significantly enriched in either treatment group. We then turned
to RNAseq data from 152 NSCLC patients treated with ICIs from
the SU2C-MARK cohort, which was analyzed as in Ravi et al.
(2023). For the genes in the hypoxia signature, we took the
mean of the log,-transformed transcripts per million (TPMs) and
compared samples to each other by z-scoring the averages. We
then compared z-scores across the best objective response (BOR)
groupings of PR/CR, SD, or PD. Survival analysis was performed
using progression-free and overall survival data. Patients were
binned into high and low hypoxia metagene expression categories
using the median expression level as the cut-point.

Immunopeptidomics

The following antibodies were used for the immunopurification
(all from BioXcell): anti-Mouse H2 (M1/42.3.9.8) MHC class I
(BE0077) and anti-Mouse H2-IAd/IEd (M5/114) MHC class II
(BE0108). Polyprep chromatography column (#7311553; Bio-
Rad), CNBr activated sepharose 4B (#45000066; Fisher),
Dynamag-2 (#12321D; Invitrogen), 1.5 ml Protein LoBind from
Eppendorf, (022431081; Fisher), 2 ml Protein LoBind from Ep-
pendorf (#02243100; Fisher), 2.0 ml Costar microfuge tubes,
2 ml (3213; Corning) 15 ml Falcon tubes (352096; Corning), solid
phase extraction disk, ultramicrospin column C18 (the nest
group, #SEMSSI8V, 5-200 pl), low retention tips: EPLORET
reload tip 10, 200, 1,000 pl (#2717349, #2717351, #2717352;
Fisher). Acetonitrile (ACN, #A9964), trifluoroacetic acid (TFA,
#AA446305Y), formic acid (FA, #ACl147930010), chaps
(#22020110GM), PBS (Buph, phosphate buffer saline packs,
#28372), ammonium bicarbonate (#A643-500), sodium deoxycho-
late (#89905), and phenyl-methylsulfonyl fluoride (#AAB2214603)
were purchased from Fisher. Combined inhibitor EDTA-free
(#A32961) was purchased from Bio-Rad.
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Cell lysis

Three biological replicates of 1 x 102 cells for each cell line were
collected and washed twice with PBS and dried pellets were
stored at -80°C until use. Cell pellets were gently thawed and
resuspended with 0.5 ml cold PBS. The total volume (cells in
PBS) was measured and the equivalent volume of 2x cell lysis
buffer (1% chaps in PBS and 1 pellet/10 ml of combined inhibitor
EDTA-free, 2 mM phenyl- methylsulfonyl fluoride, 2% octyl-p-d
glucopyranoside) was added. Cell lysates were incubated and
rotated for 1 h at 4°C using the Revolver apparatus (20 RPM).
Cleared cell lysates were harvested following 20 min by cen-
trifugation at 17,927 RCF (13,000 RPM) at 4°C (fixed rotor).
Supernatants were transferred into new 2.0-ml tubes and kept
on ice.

Bead coupling and immunoprecipitation

MHC class I and II peptides were immunopurified as in Sirois
et al. (2021). Briefly, 80 mg of sepharose CNBr-activated beads
were coupled with 2 mg of antibody. Sepharose antibody-
coupled beads were incubated with the cell lysate overnight at
4°C using a slow rotating wheel Revolver apparatus (22 RPM).
Immunocapture of MHC class I and MHC class II complexes
using the antibody-coupled beads was performed serially.
First, cell lysates were incubated with the MHC class I
antibody-coupled beads at 4°C overnight. Then, the mixture
was transferred into a BIO-Rad column. The flowthrough (cell
lysate depleted of MHC class I complexes) was recovered and
re-incubated overnight at 4°C with MHC class II coupled beads.
Then, the antibody-coupled beads were washed sequentially
using the Bio-Rad columns with 10 ml of buffer A (150 mM NacCl
and 20 mM Tris-HCl pH 8), 10 ml of buffer B (400 mM NaCl
and 20 mM Tris-HCl pH 8), 10 ml of buffer A, and 10 ml of
buffer C (20 mM Tris-HCl pH 8.). MHC-ligand complexes were
eluted from the beads with 2 x 300 pl of 1% TFA. MHC-ligands
were eluted using C18 columns pre-conditioned with 200 pl of
methanol followed by 80% acetonitrile/0.1% TFA and spin at 1,545
RCF in a fixed rotor. The flowthrough was aspirated and 200 pl of
0.1% TFA was added to the column and spun again. 3 x 200 pl of the
MHC-ligand complexes solution was loaded into the column fol-
lowed by a wash (200 pl) with 0.1% TFA and spin. The stage tips
were transferred onto a 2.0 ml Eppendorf tube and peptides were
eluted with 3 x 200 pl of 28% ACN-0.1% TFA. The flowthrough
containing the eluted peptides was stored at -20°C for MS analysis.

Liquid chromatography with tandem mass spectrometry
(LC-MSMS) analysis and peptide identification

Samples were solubilized in 4% FA. Each biological replicate was
divided into three technical replicates for LC-MSMS analysis
and loaded on a home-made reversed-phase column (150-pm i.d.
by 250-mm length, Jupiter 3 um C18 300 A) with a gradient from
5 to 30% ACN-0.1% FA and a 600 nl/min flow rate on an Easy
nLC-1200 connected to an Orbitrap Eclipse (Thermo Fisher
Scientific). Each full MS spectrum was acquired at a resolution
of 120,000, an automatic gain control (AGC) of 4E5 with auto-
matic mode for the injection time. It was followed by tandem-MS
(MS-MS) spectra acquisition on the most abundant multiply
charged precursor ions for a maximum of 3 s. Tandem-MS
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experiments were performed using higher energy collisional
dissociation at a collision energy of 30%, a resolution of 30,000,
an AGC of 1.5E5, and an injection time of 300 ms. Data files were
processed using PEAKS X software (Peaks Pro V10.6; Bio-
informatics Solutions) using the mouse database UniProtKB/
Swiss-Prot (2019_09) for self-antigens. “Unspecified enzyme
digestion” was selected for the enzyme parameter and mass
tolerances on precursor and fragment ions were 10 ppm and 0.01
Da, respectively. Variable modifications were deamidation (NQ)
and oxidation (M). All other search parameters were the default
values. Final peptide lists were filtered using average local con-
fidence (ALC) of 80% and with an FDR of 1% using the Peaks
software. Data were visualized using MVP software (https://
github.com/CaronLab/MhcVizPipe) (Kovalchik et al., 2022).

Statistical analysis

Statistical analyses for murine model experiments were per-
formed using GraphPad Prism (v9.2.0). One-way or two-way
ANOVA with multiple comparison testing, or two-tailed paired
or unpaired Students t test, was used to determine statistical
significance (*P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001) as
indicated in the figure legends.

Online supplemental material

Fig. S1 shows the CRISPR/Cas9-mediated KO of Msh2; 368T1 and
LKRI13 tumor growth curves in immunocompetent, RaglX®, and
NSG mice; surface expression of MHC-I and PD-L1 in 368T1 and
LKR13 cells with and without IFNy treatment; surface expres-
sion of PD-LI in CD45" cancer (and stromal) cells isolated from
368T1 and LKR13 tumors; and SNVs identified in isotype treated
LKR13-H tumors and those with AR to anti-PD-1 or anti-PD-1 +
anti-CTLA-4. Fig. S2 shows UMAPs of cells isolated from LKR13-
H tumors; UMAPs depicting expression of genes that were used
to support cell-type assignments; heatmaps of selected genes in
lymphocyte and myeloid clusters; and barplots showing the a-
bundance of cells per cluster from each treatment condition. Fig.
S3 shows a barplot of the abundance of cancer cells per cluster
from each treatment condition; GSEA profiles enriched in cancer
cells from tumors that were responding to anti-PD-1 or anti-PD-
1 + anti-CTLA-4 or that had developed AR to these treatments;
surface expression of PD-L1 in CD45~ cancer (and stromal) cells
isolated from tumors that were responding or had developed
resistance to ICls, or were isotype-treated; abundance of CD8*
and CD4* T cells isolated from tumors treated with isotype or
anti-PD-1 + anti-CTLA-4 and with either anti-CD4, anti-CD8, or
anti-IFNy antibodies; and surface expression of MHC-I and PD-
L1 in LKR13-H cells and four cell lines derived from LKR13-H
tumors that developed AR to ICIs, with and without IFNy
treatment. Fig. S4 shows a surface expression of MHC-I and
MHC-II in LKR13-H cells and two cell lines derived from LKR13-
H tumors that developed AR to ICIs, with and without IFNy
treatment; the length distribution of eluted peptides bound to
MHC-I and MHC-II identified via immunopeptidomics from
IFNy-treated cells; heatmaps showing the number of peptides
with binding affinity scores for MHC-I and MHC-II alleles; and
peptide binding motifs based on unsupervised GibbsCluster
analysis. Fig. S5 shows expression of selected hypoxia-related
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genes in cancer cells from tumors that were responding or had
developed resistance to ICIs, or were isotype-treated; volumes of
tumors that were isotype-treated or tumors with AR to ICIs
collected on day 26, corresponding to the early AR timepoint;
immunofluorescence staining of hypoxia (via pimonidazole) and
T cells (via CD3) in tumors that were responding or had devel-
oped resistance to ICIs, or were isotype-treated; surface MHC-II
and MHC-I expression in LKR13-EV, LKR13-H, and two cell lines
derived from LKR13-H tumors that developed AR to ICIs, with
and without IFNy treatment and under normoxic or hypoxic
conditions; and the following in LKR13-H tumors treated with
Iso or anti-PD-1 + anti-CTLA-4 and/or TH-302: abundance and
FNy production of CD8* and CD4* T cells, abundance of Foxp3*
Tregs, surface expression of MHC-II in CD45~ cancer (and
stromal) cells, representative immunohistochemistry images
and quantification of expression levels of Bcl-2 and HMGBI, and
quantification of pimonidazole immunofluorescence staining.
Table S1 shows significantly enriched GO and Hallmark gene
sets in cancer cells from LKR13-H tumors that were responding
or developed AR to ICIs.

Data availability

The murine WES data in this study, underlying Figs. 1and S1, are
available in Sequence Read Archive at PRJNA1153947. The pa-
tient WES data underlying Fig. 6, published in Ravi et al. (2023),
are available in dbGaP (phs002822.v1.pl). The murine scRNAseq
data in this study, underlying Figs. 3, 4, 5, S2, S3, and S5, are
available in the Gene Expression Omnibus at GSE275877. Other
data can be found in the paper or its online supplemental
material.
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Figure S1.  Validation of Msh2 KO tumors. (A) Immunoblot analysis of C-terminal and N-terminal Msh2 expression in EV and Msh2 KO (L and H) LKR13 and
368T1 cells; B-Actin is a loading control; data shown are representative of two independent experiments. (B) In vitro proliferation assay of EV and Msh2 KO (L
and H) cells. (C) Tumor growth curves after 500,000 of the indicated cells were injected subcutaneously into NSG (top) and Rag1*® (bottom) mice (n = 3-4
mice per group). (D) Surface expression of MHC-I and PD-L1in EV and Msh2 KO (L and H) cells with and without IFNy treatment in vitro. (E) Expression of PD-
L1in CD45" cancer (and stromal) cells from EV and Msh2 KO (L and H) LKR13 (top) and 368T1 (bottom) tumors on day 22 after tumor initiation in immu-
nocompetent B6129SF1/J mice (n = 4 mice per group). (F) Number of synonymous (S) and non-synonymous (NS) SNVs identified in Msh2 KO LKR13-H tumors
collected from B6129SF1/) mice that were either treated with Iso, or were treated with and developed AR to anti-PD-1 or anti-PD-1 and anti-CTLA-4. Sig-
nificance was determined using one-way ANOVA (E). *P < 0.05, ***P < 0.001. Source data are available for this figure: SourceData FS1.
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Figure S2. Single-cell RNA sequencing reveals broad differences in cancer cells and the immune microenvironment between responding and re-
sistant tumors. (A) UMAP projection of cells isolated from LKR13-H tumors colored by treatment condition (top left) and cluster (top right) showing 44,024
cells total and split by treatment condition showing the number of cells per treatment (bottom). (B) UMAP projection of all cells analyzed depicting expression
of genes that were used to support cell-type assignments shown in A, top right panel. (C) UMAP projection depicting expression of selected genes in lym-
phocytes from A that were computationally isolated and re-clustered as shown in Fig. 3 C. (D) Heatmap showing mean expression of selected genes in
lymphocyte clusters from Fig. 3 C. (E) Percentage of cells in Treg and natural killer (NK)/y8T cell clusters from D by treatment condition. (F) UMAP projection
showing sub-clustered myeloid cells from LKR13-H tumors shown in A colored by cluster (top) and percentage of cells in each cluster by treatment condition
(middle) and heatmap showing mean expression of selected genes (bottom) in DCs (clusters 14, 15, 11, 17, 18) and monocytes/macrophages (clusters 7, 10, 2, 3,
8, 4, 6, 9) computationally sub-clustered from A. R, responding; P, anti-PD-1; P+C, anti-PD-1 + anti-CTLA-4.
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Figure S3. Cancer cells in resistant tumors have elevated hypoxia and reduced antigen processing and presentation. (A) Percentage of cells by
treatment condition in cancer cell clusters. (B) GSEA profiles showing enrichment for the GO Antigen Processing & Presentation gene set in cancer cells from
tumors responding (R) to anti-PD-1 or anti-PD-1 + anti-CTLA-4 but not those with AR to therapy. (C) GSEA profiles showing enrichment for the Hallmark
Hypoxia gene set in cancer cells from tumors with AR to anti-PD-1 or anti-PD-1 + anti-CTLA-4 but not those responding to therapy. False discovery rate (FDR);
Normalized enrichment score (NES). (D) Expression of PD-L1in CD45 cancer (and stromal) cells isolated from LKR13-H tumors collected from isotype-treated
B6129SF1/) mice (Iso) and mice that were responding (R) to either anti-PD-1 (P) or anti-PD-1 + anti-CTLA-4 (P+C) therapy on day 16, and mice that developed
AR to therapy either on day 26 (early AR) or day 39 (late AR) (n = 4-7 mice per group). (E) Abundance of CD8* (left) and CD4* (right) T cells in LKR13-H tumors
treated with isotype or anti-PD-1 + anti-CTLA-4 and with either anti-CD4, anti-CD8 or anti-IFNy antibodies twice weekly starting on day 10 and collected on
day 22 (n = 3-4 mice per group). (F) Surface expression of MHC-I (top) and PD-L1 (bottom) after in vitro IFNy stimulation in LKR13-H cells and four cell lines
derived from LKR13-H tumors that developed AR to either anti-PD-1 (PAR60, PAR74) or anti-PD-1 and anti-CTLA-4 (PCAR15, PCAR24). Significance was
determined using one-way ANOVA (D and E). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure S4. Decrease in the abundance of peptides presented on MHC in resistant cancer cells. (A and B) Surface expression of MHC-I (A) and MHC-II (B)
after in vitro IFNy stimulation in Msh2 KO LKR13-H cells and two cell lines derived from LKR13-H tumors that developed acquired resistance to anti-PD-1 and
anti-CTLA-4 (PCAR15, PCAR24); data shown are representative of two independent experiments. Immunopeptidome analysis was performed on IFNy-treated
cells to eliminate the confounding effects of differences in MHC expression. (C and D) Length distribution of eluted peptides bound to MHC-I (C) and MHC-II
(D). (E and F) Heatmaps showing the number of peptides with binding affinity scores for H-2DP and H-2K> MHC-I alleles (E) and H-21AP MHC-I alleles (F) for
each cell line (top). Peptide binding motifs based on unsupervised GibbsCluster analysis for each cell line (bottom).
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Figure S5. Hypoxia in tumors with acquired resistance to ICls can be targeted with TH-302. (A) Dotplot showing the expression of additional glycolytic
enzymes (Pfkm, Aldoa, Pgam1, and Pkm) as well as Hifla, Arnt, Epasl, Arnt2, and Vegfa in cancer cells by treatment condition (related to Fig. 6 A). (B) Final
volumes for isotype-treated tumors from B6129SF1/| mice collected on day 16 (Iso) and tumors from mice with AR to anti-PD-1 or anti-PD-1 + anti-CTLA-4
collected on day 26 (early AR). (C and D) Immunofluorescence staining for pimonidazole (FITC, green) and CD3 (Alexa Fluor 594, red) in LKR13-H tumors
collected from mice treated with Iso and mice that were responding (R) to either anti-PD-1 (P) or anti-PD-1 + anti-CTLA-4 (P+C) therapy on day 16 and mice
that developed AR to therapy on day 39 (n = 3 mice per group). (C) Average percent hypoxic (pimonidazole+) area per tumor quantified using QuPath.
(D) Percentage of CD3* T cells quantified using QuPath from at least three FOV per tumor. (E) Representative histograms showing expression of MHC-II
and MHC-I after in vitro IFNy stimulation under 21% oxygen (normoxia) or 1% oxygen (hypoxia) in Msh2 WT LKR13-EV cells, Msh2 KO LKR13-H cells, and
two cell lines derived from LKR13-H tumors that developed AR to anti-PD-1 and anti-CTLA-4 (PCAR15, PCAR24). Mean fluorescence intensities (MFls) are
labeled for IFNy-treated samples. (F~-M) Mice harboring LKR13-H tumors were treated with either Iso or anti-PD-1 and anti-CTLA-4 twice weekly and/or
with TH-302 every other day starting on day 10 after tumor initiation. (F~H) Abundance of CD8* (left) and CD4 (right) T cells (F), IFNy secretion after
ex vivo stimulation in CD8* (left) and CD4* (right) T cells (G), and abundance of Foxp3* Tregs (H) in LKR13-H tumors collected on day 16. Data is pooled from
two independent experiments with four mice per group (total eight mice per group). (1) Expression of MHC-I1 in CD45" cancer (and stromal) cells in LKR13-H
tumors collected on day 39 (isotype and TH302) or day 53 (anti-PD-1 + anti-CTLA-4 and TH302 + anti-PD-1 + anti-CTLA-4). Data is representative of
two independent experiments with three to four or five mice per group. (J-L) Immunohistochemistry staining in LKR13-H tumors collected from mice
treated with Iso or anti-PD-1 + anti-CTLA-4 and/or with TH-302 (n = 3-4 mice per group). (J) Representative images of H&E (top), Bcl-2 (middle), and
HMGB1 (bottom). Scale bars, 50 um. (K and L) Quantification using QuPath of mean Bcl-2 cell intensity (left) and percent cells expressing Bcl-
2 (right) (K) and percent cells expressing HMGB1 (L). (M) Average percent hypoxic (pimonidazole+) area per tumor quantified using QuPath from
immunofluorescence staining for pimonidazole (FITC, green) in LKR13-H tumors collected from mice treated with Iso or anti-PD-1 + anti-CTLA-4
and/or with TH-302 (n = 3-4 mice per group). Significance was determined using one-way ANOVA (B-D, F-H, and K-M) or un-paired two-tailed
Student’s t test (I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant.
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Provided online is Table S1. Table S1 shows significantly (FDR q value <0.25; P value <0.05) enriched GO and Hallmark gene sets in
cancer cells from LKR13-H tumors responding (R) or with AR to anti-PD-1 (P) or anti-PD-1+anti-CTLA-4 (P+C).
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