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SUMMARY

Lung cancer treatment has benefited greatly through advancements in immunotherapies. However,
immunotherapy often fails in patients with specific mutations like KEAPZ, which are frequently
found in lung adenocarcinoma. We established an antigenic lung cancer model and used it to
explore how Keapl mutations remodel the tumor immune microenvironment. Using single-cell
technology and depletion studies, we demonstrate that KegpZ-mutant tumors diminish dendritic
cell and T cell responses driving immunotherapy resistance. This observation was corroborated
in patient samples. CRISPR-Cas9-mediated gene targeting revealed that hyperactivation of the
NRF2 antioxidant pathway is responsible for diminished immune responses in KeapZ-mutant
tumors. Importantly, we demonstrate that combining glutaminase inhibition with immune
checkpoint blockade can reverse immunosuppression, making KeapZ-mutant tumors susceptible
to immunotherapy. Our study provides new insight into the role of KEAPI mutations in immune
evasion, paving the way for novel immune-based therapeutic strategies for KEAPI-mutant
cancers.
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Zavitsanou et al. show that KEAPI mutations in lung cancer promote immune evasion

by suppressing dendritic and T cell responses, elucidating the mechanisms underlying
immunotherapy resistance of KEAPI-mutant tumors. These findings underscore the importance of
stratifying patients by KEAPI mutation status and pave the way for novel therapies.

INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths worldwide. Non-small cell lung
cancer (NSCLC), including lung adenocarcinoma (LUAD), accounts for 85% of lung cancer
cases.23 Despite improvements in therapy, NSCLC mortality remains high, with fewer

than 20% of patients surviving after 5 years.2 Recently, immunotherapy has emerged as

an important therapeutic intervention for a range of cancer types, including NSCLC.4
Immunotherapeutic approaches include the use of monoclonal antibodies against major
checkpoints, such as cytotoxic T lymphocyte antigen protein 4 (CTLA4) and programmed
death receptor 1 (PD1) or its ligand PDL1 (reviewed in Sharma et al.®). Despite promising
results of immune checkpoint blockade (ICB) in NSCLC, either alone or with chemotherapy,
improvements in survival are modest, and only a subset of patients achieve long-lasting
remission.>8 Understanding what limits the efficacy of these treatments is critical for
development of future therapies.

Emerging evidence suggests that T cell presence in the tumor immune microenvironment
(TIME) has an impact on immunotherapy response.® Cytotoxic T lymphocytes (CTLs) are

Cell Rep. Author manuscript; available in PMC 2023 December 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zavitsanou et al.

RESULTS

Page 4

the main drivers of the anti-tumor immune response and are associated with improved
outcomes and responses to ICB therapies.10:11 Accordingly, CTL chemoattractants such as
CXCL9/CXCL10 and cytokines like type | and type Il interferons have also been associated
with favorable outcome, as they can promote CTL effector function.12-14 In addition, Batf3-
dependent conventional type I dendritic cells (CD103 DCs) can modulate anti-tumor T cell
responses via chemokine production and presentation of tumor-associated antigens, together
with providing co-stimulatory or inhibitory signals.1>-17 Importantly, CD103 DCs have
been shown to control ICB responses in preclinical models and correlate with improved
survival in humans.18-21 The full spectrum of tumor-intrinsic and host-dependent factors
that determine the strength of anti-tumor immune responses remains to be fully elucidated.

One approach to address immunotherapy resistance is to define tumor-intrinsic genetic
mutations that modulate the TIME and therapy response. Kelch-like ECH-associated
protein 1 (KEAPI) is the third most frequently mutated gene in LUAD.22 KEAP1 is an
adaptor protein for the Culin 3 (CUL3)/Ring box 1 (RBX1) E3 ubiquitin ligase complex.

It targets the antioxidant transcription factor NRF2 for degradation, thereby preventing

its nuclear accumulation and activation of the antioxidant program.23-2% The majority

of somatic mutations in KEAPI are missense or truncating events that can generate
dominant-negative forms of KEAP1.26-29 We previously established that KEAPLis a
tumor-suppressor gene by demonstrating that Keap? loss accelerated Kras-driven LUAD
progression3? and metastasis.3! Clinical data have revealed that KEAPI-mutant lung
cancers are resistant to standard-of-care radiation,32 covalent KRASCG12C inhibitors,33-35 and
ICB.36-40 Fyrthermore, KEAPI-mutant lung cancers are associated with a TIME lacking T
cells,*! suggesting that mutations in KEAPI can have an impact on immune surveillance.

In this study, we investigated whether tumor-intrinsic KeapZ mutations remodel the

TIME and promote resistance to ICB. Using an antigenic mouse model of LUAD, we
demonstrate that KegpZ-mutant tumors suppress CD103 DC-mediated CD8 T cell immunity
and drive resistance to immunotherapy. Consistent with this, our analysis of patient
biospecimens showed decreased T cell and DC infiltration in KEAPI-mutant tumors.

Using CRISPR-Cas9 editing, we confirmed that NRF2, one of the main KEAP1 binding
partners, promotes immune evasion in KeapZ-mutant tumors. Finally, we demonstrated that
combining glutaminase inhibition with ICB effectively reverses this immunosuppression and
sensitizes this LUAD subtype to immunotherapy. Taken together, our study reveals how
tumor-intrinsic KEAPI mutations subvert anti-tumor immune responses and opens a new
therapeutic avenue of combining metabolic modulators targeting glutamine metabolism and
ICB therapies for malignancies characterized by these mutations.

Keapl mutation accelerates tumor growth in antigenic and autochthonous mouse models
of lung adenocarcinoma

Given that previous studies have implicated tumor-intrinsic KEAPI mutations in failure
to respond to 1CB,36-40 we sought to examine the impact of KEAPI mutations on
cancer growth and immune surveillance. We generated an orthotopic transplant model
of KrasS12DI*: p53= (KP) lung cancer®? with cells expressing either a wild-type or a
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dominant-negative form of Keapl (Keapl R470C), the most frequently listed mutation of
KEAP1 in the COSMIC database (Figures 1A and S1A).28:43 Because earlier work has
demonstrated that Kras-driven mouse LUAD models do not elicit robust T cell responses
and do not respond to immune checkpoint inhibition therapy,*4-48 we elected to establish

a 'Y chromosome-driven antigenic mouse model of LUAD. We utilized gene-targeted male
tumor cells (Figure S1B) and introduced them orthotopically into immunocompetent female
hosts (Figure 1A). We hypothesized that the presence of Y chromosome antigens will elicit
an antigenic response in female recipients as previously shown in the context of lymphoma
and liver cancer.42:°0 We validated our H-Y-driven system by ensuring that male KP tumor
cells trigger an immune response in females but not in males. Indeed, KP cells grew rapidly
in male mice, while tumor growth was reduced in female hosts (Figure 1B). We then
performed antibody-mediated depletion of CD4 or CD8 T cells in female and male hosts.
Depletion of either CD4 or CD8 T cells resulted in increased tumor burden in female (Figure
1C), but not in male mice (Figure 1D).

To investigate the role of Keapl mutation in modulating antitumor immune responses, we
injected Keap wild-type and mutant male mouse lung cancer cells into immunocompetent
female hosts (Figure 1E). Critically, KeapZ-mutant tumors displayed accelerated growth
kinetics compared with controls in female mice (Figure 1E) and increased tumor burden
measured by histological analysis (Figure 1F). However, no difference in tumor growth
based on Keap1 mutation was observed in male recipients (Figures 1G, 1H, and S1F).

To confirm loss of KEAP1 function in our dominant-negative model, we analyzed NQO1
levels through immunohistochemistry, since Kegp1 loss is known to activate the NRF2
pathway.30:52:53 Qur staining confirmed that KeapI-mutant tumors expressed higher levels
of NQO1, a downstream target of NRF2 (Figure 1F). In line with this, KeapI-mutant cells
expressed higher levels of NRF2 target genes (Ngol, Blvrb, and Slc7all) in vitro compared
with Keap wild-type cells (Figure S1C).

In vitro proliferation analysis of KeapI wild-type and mutant cells showed no differences,
suggesting that KeapZ mutation does not have an impact on the intrinsic proliferative
capacity of LUAD cells (Figure S1D). To control for Keap overexpression, we also
generated LUAD cells carrying an empty control vector. The /n vitroand in vivo growth

of tumor cells transduced with an empty vector was similar to that of cells transduced

with Keap wild-type vector (Figures S1D-S1F). We hypothesized that if KeapZ mutation
promotes tumor growth by dampening immune responses, then KeapZ-mutant and wild-type
tumors should grow at similar rates in NOD-SCID IL2Rgamma™!! (NSG) female mice that
lack B, T, and natural killer (NK) cells. Indeed, we observed no differences, suggesting that
Keapl mutations elicit faster tumor growth by subverting the anti-tumor immune response
(Figure 11I).

We corroborated our findings of the impact of KEAP1 deficiency on tumor growth by
evaluating additional LUAD orthotopic models. While the R470C mutation is one the

most frequently occurring KEAPI mutations in LUAD, we wanted to validate that the
increased proliferation of KP tumors also occurs upon genetic loss of Keapl. Utilizing

the parental male KP cell lines, we generated Kegp1-deficient cells (sg Keapl) via CRISPR-
Cas9 gene editing. We confirmed increased expression of NRF2 target genes in knockout
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cells, including NgoZ (Figure S1G), compared with cells that received the control sgRNA
(sgControl). Consistent with the KeapZ-mutant R470C cell line, sgKeap tumor cells grew
significantly faster than their controls (Figure S1H) and tumor-bearing lungs had increased
weight, indicative of increased tumor burden (Figure S11).

We next sought to investigate how KeapZ mutation affects tumor growth and immune
surveillance in an autochthonous genetically engineered mouse model (GEMM) of LUAD.
We generated Kras-SL-G12D/+. Trpsflox/flox mice expressing wildtype Keapl (Keap1?/%),
mice heterozygous for the floxed KeapI conditional allele (Keap1™*), or animals
homozygous for the conditional allele (Keap2™) (Figure S1J). Intratracheal administration
of Cre-expressing lentivirus leads to the induction of LUAD tumors in these animals. Tumor
burden quantification based on histological analysis revealed that partial loss of Keapz
resulted in increased tumor burden (Figure 1K). Interestingly, mice in which Cre-mediated
deletion resulted in homozygous loss of Keap had similar tumor burden compared with
animals with a wild-type KeapZ allele (Figure 1K), which is consistent with prior studies®?
and data from human tumors suggesting that more aggressive tumors first acquire a
missense or truncating mutation in one allele and then undergo loss of heterozygosity.26:27
Immunohistochemical staining for NQO1 displayed the expected gradient, where Keap1*/*
tumors had little to no staining, KeapZ™* tumors had focal staining, and Keap2™/f were
strongly positive (Figure 1K).

To investigate the mechanisms by which KegpZ-mutant lung tumors could drive immune
evasion, we sorted tumor cells from the lungs of immunocompetent female mice with

KP tumors carrying a wild-type or KeapI-mutant allele and performed transcriptional
profiling by RNA sequencing (RNA-seq). We found that 655 genes were upregulated,
while 1,108 were downregulated in mutant compared with wild-type cells (Figure S2A).
Pathway enrichment analysis revealed that NRF2-regulated pathways were upregulated
and interferon pathways were the top downregulated pathways in KegpZ-mutant tumor
cells (Figure S2B). Interferon production has been shown to be critical for activation

of cross presentation of tumor antigens by DCs to CD8 T cells, as well as for T cell
recruitment into the tumor microenvironment.12:54.55 Dysregulated chemokine signaling
may contribute to immune evasion, as chemokines are essential for migration of both
activating and immunosuppressive leukocytes in the TIME.12-14.16,56.57-60 \Afe examined
chemokine expression in wild-type and mutant tumor cells. A total of seven chemokines
were differentially expressed (Cxcl9, Cxcl10, Cxcl16, Ccl20, Cxcl3, Cxcl5, and Cxcl15),
with all of them being expressed at lower levels in KeapZ-mutant compared with wild-type
tumor cells (Figure S2C). The reduced expression of these chemokines can contribute to
diminished infiltration of key anti-tumor immune cells.

To examine whether genotype-specific differences were affecting the ability of tumor cells
to produce interferons (IFNs), we stimulated cells with poly(dA:dT), poly(dG:dC), or IFN-
a. Poly (dA:dT) is able to stimulate both DNA and RNA sensors, while poly(dG:dC)
specifically stimulates DNA sensors. IFN-a binds to IFN receptors on the surface of tumor
cells and activates the JAK-STAT pathway and subsequent IFN production. We treated
Keapl wild-type, Keapl-mutant, and wild-type cells pretreated with the small molecule
NRF2 activator Ki-696 with stimulators of IFN signaling and assessed the expression of
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type | IFN genes using quantitative real-time PCR (Figure S2D). We observed that Keap!
mutation or hyperactivation of the NRF2 pathway did not have an impact on the ability

of tumor cells to produce type | IFNs and had no apparent impact on the IFN-stimulated
genes. This result suggests that the diminished IFN response gene signature observed in the
RNA-seq analysis of ex vivoisolated KeapZ-mutant tumors could be specific to the altered
TIME of KeapI-mutant tumors, rather than tumor-intrinsic upregulation of IFN response
pathways. To investigate whether altered type | IFN signaling influences KeapZ-mutant
tumor growth /n vivo specifically, we blocked IFN signaling using an anti-IFN-a./p receptor
(anti-IFNAR) antibody.>* After tumor engraftment, administration of anti-IFNAR antibody
drastically accelerated the growth of KeapI wild-type tumors (Figure S2E). Remarkably,
blockade of type I IFN signaling had no impact on the growth dynamics of KeapZ-mutant
tumors (Figure S2E). These findings suggest that dampened IFN signaling within the TIME
is one of the mechanisms by which Keap-deficient tumors evade immune surveillance.

Keapl mutation prevents CD103 DC accumulation and activation in lung adenocarcinoma

tumors

To investigate how Keap mutation alters the immune microenvironment, we performed
single-cell RNA-seq (sScRNA-seq) of wildtype and mutant lung tumors. We sorted lung-
infiltrating immune cells (while excluding circulating leukocytes using intravenous injection
of fluorescently tagged CD45 antibody). We identified 14 clusters in our SCRNA-seq
analysis representing major immune cell lineages with granulocyte, T lymphocyte, B cell,
macrophage, and DC subsets being the most abundant populations (Figures S3A-S3D).
Given the critical roles of DCs and T cells in anti-tumor immunity, we wanted to investigate
how Keapl mutation affects DC-mediated T cell immune surveillance. Tissue-resident DCs
consist of two subsets: Batf3-dependent CD103/CD8 DCs specialized in cross presenting
antigens to CD8 T cells®® and CD11b DCs, which drive CD4 helper T cell responses.62:63
CD103 DCs are essential for anti-tumor immune responses in multiple preclinical mouse
models, including the KP lung cancer model.15-19:47.54.55.64 T get a more detailed look

at TIME-associated DC populations, we further subclustered the DCs into six populations
(Figure 2A). The CD103 DC cluster expressed the canonical genes /fgae, Xcr1, Clec9a, and
Naaa, while CD11b DC characteristic transcripts included /tgam, Mgl2, and CD209a.%5 In
addition to bona fide CD103 and CD11b DC genes, the proliferating CD103 and CD11b DC
clusters also expressed the cell-cycle and proliferation markers Birc5, Mki67, TopZa, Stmnl,
Cks1b, HistlhZae, Hist1h1b, and Histih2ap. The mreg DC cluster expressed Ccr7, Fscnl,
and //4i1, as previously shown.#” pDCs expressed the canonical genes Bst2, Siglech, Ccr9,
Ly6d, and Kik1 (Figure S3E).56 Our scRNA-seq analysis of KeapZ-mutant tumors revealed
decreased numbers of CD103 DCs, increased frequency of pDCs, and modestly increased
CD11b and mreg-DC numbers (Figures 2B and 2C).

Using our flow cytometry strategy, we were able to distinguish CD103 DCs and CD11b
DCs (Figure S4A). We found fewer CD103 DCs in KeapZ-mutant tumors compared with
wild-type tumors, while CD11b DCs remained unchanged (Figures 2D, 2E, and S4B).
Consistent with the immunosuppressive role of KeapZ mutation, there was no difference in
CD103 DC infiltration between wild-type and mutant tumors in the less antigenic setting of
male hosts (Figure S4C). When examining our other LUAD models, CD103 DC infiltration
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was lower in the Kegp1-knockout tumors (Figure S4D) compared with controls, as well in
the autochthonous model comparing Keapf/* with Keap1*'* tumors (Figure 2F). Together,
these findings indicate that tumor-intrinsic loss of KeapZ leads to diminished CD103 DC
infiltration. When we examined markers of DC activation, we observed that CD103 DCs
from Keapl wild-type tumors displayed higher levels of co-stimulatory molecules such as
CDA44 and CD86 compared with DCs from mutant tumors (Figure 2G). To examine the
spatial distribution of CD103 DCs in Keapl wildtype and mutant tumors, we conducted
multi-color immunofluorescence staining. We observed that CD103 DCs were primarily
found in the tumor periphery (Figure 2H). Analysis of KeapZ wildtype tumors revealed
notably increased intratumoral infiltration (Figure 2H) and higher overall CD103 DC
numbers (Figure 2H) compared with KeapI-mutant tumors. We reasoned that if Keapl-
mutant tumors suppress CD103 DC-mediated anti-tumor immune responses, then Keapl
wild-type and mutant tumors should grow similarly in CD103 DC-deficient Batf3~/~ hosts.
Analysis of Batf3"* and Batf3'~ female C57BL/6J hosts demonstrated that, although
mutant tumors displayed accelerated growth in wild-type mice, the difference in growth
kinetics and tumor burden between these tumor genotypes was no longer evident in Batf3/~
hosts (Figures 2J and 2K).

We next examined whether human tumors with KEAPI mutation display signs of immune
evasion. To assess infiltration of antigen-presenting cells (DCs) we used Nanostring GeoMx
digital spatial profiling. Using a tissue microarray (TMA) containing KEAPZ wild-type

and mutant LUAD human samples, we acquired GeoMx data from three different areas

of each sample (Figure 2L). We developed protein modules that describe DCs (CD11c/HLA-
DR) and mononuclear phagocytes (CD11c/HLA-DR/CD14/CD68/CD163) and evaluated
the TMAs in which we distinguished between tumor and adjacent normal tissue based on
pankeratin staining (Figures 2L and 2M). We observed a reduction in the expression of

both DC modules in KEAPI-mutant tumors compared with patient samples in which the
allele had no evident mutations (Figure 2M), consistent with our preclinical mouse model
data. Interestingly, KEAPI mutation status negatively correlated with levels of proteins
involved in antigen presentation (B-2-microglobulin and HLA-DR)%67 (Figure 2N), in
accordance with a reduction in DC-associated signatures (Figure 2M). This suggests that
genetic inactivation of KEAPI results in decreased DC infiltration in both mice and humans.

Keapl mutation suppresses CD103 DC-mediated CD8 T cell immunity

CD103 DCs are responsible for taking up dead tumor cells and cross priming CD8 and
CD4 T lymphocytes.18.61.68.69 Fyrthermore, they can also promote recruitment and local
expansion of CD8 T lymphocytes and support their effector function.”® We thus sought

to determine whether reduced number and functionality of CD103 DCs observed in KeapI-
mutant tumors was driving defective T cell responses. We identified 10 phenotypically
distinct populations of T cells in our sScRNA-seq dataset based on gene expression profiles
(Figure 3A). Based on patterns of gene expression, we identified CD8 and CD4 naive
cells (Sell*Ccr7*Dapl1*igfbpa™) and early activated CD8 and CD4 T cells characterized
by intermediate expression of Se//, Ccr7, and LefI and upregulation of activation markers
common to both CD4 and CD8 T cells (Cc/5and Nkg?) or unique to either CD8 (Kirk1,
Xcll, Cd7,and Ly6c2) or CD4 T cells (Cd28) (Figure S5A). We also observed effector/
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exhausted CD4 and CD8 T cells that robustly expressed markers of exhaustion (Pdcdl,
Tigit, Lag3, and Bhlhe40) (Figures 3A and S5A). Another cluster was a CD8 population
that appeared to be a cell state between early activated and exhausted cells, as it expressed
markers of activation but had no notable expression of exhaustion markers. There were two
additional CD4 clusters that appeared to be T regulatory cells (//2ra, Ctla4, Klrg1, Foxp3,
and 7nfrsf4) and Thl cells (Vim, Ahnak, 1d2, Cripl, Lgals1, and S100a4) based on gene
expression profiles (Figures 3A and S5A).71.72

Keap1 wild-type tumors had a notable enrichment of both CD4 and CD8 early

activated cells (Figures 3B and 3C), consistent with CD103 DCs facilitating T cell
activation.16:19.20.54.55 xean7-mutant tumors had higher numbers of CD8 exhausted T cells.
In line with a more immunosuppressive TIME of mutant tumors, wild-type tumors had more
Th1 cells, while KeapI-mutant tumors were enriched in T regulatory cells (Tregs) (Figures
3B and 3C). Reconstruction of the T cell receptor (TCR) repertoire from our sScRNA-seq
data revealed that lungs with KegpZ-mutant and wild-type tumors were infiltrated with
clonally expanded T cells, suggesting antigen-specific responses (Figure S5B). Notably,
while the CD8 activated/exhausted T cell cluster was characterized by clonal T cells in

both tumor genotypes, KeapZ-mutant tumors were characterized by the presence of clonally
expanded Tregs.

Flow cytometric analysis (gating strategy in Figure S6A) revealed an overall reduction in

T cell infiltration in the lungs of mice with KegpZ-mutant tumors compared with lungs

of animals with KP tumors (Figures 3D, 3E, and S6B). The difference in number of
recruited T cells appears to be driven by a decrease in both CD4 and CD8 T cell subsets in
KeapI-mutant tumors (Figures 3D and 3E). CD8 T cells infiltrating KegpZ-mutant tumors
expressed lower levels of activation (CD69, PD1, and CD44) and proliferation (Ki67)
markers (Figure 3F). Importantly, we observed fewer CD8 T cells producing the effector
cytokines IFN-y and TNF-a critical for tumor control in mutant tumors (Figure 3G).
Consistent with the KegpZ R470C mutant model, we found that KeapZ-knockout tumors also
had reduced activated CD8 T cells and diminished proliferation of CD8 lymphocytes (Figure
S6C). Furthermore, CD8 T cells from the sgKeap condition also had blunted IFN-y and
TNF-a production compared with wild-type KP tumors (Figure S6D).

Examining CD4 T cells of wild-type and mutant orthotopic tumors, we found no significant
differences in their activation or proliferation. However, mutant tumors had fewer cytokine-
producing CD4 T cells (Figures S6E-S6G). Interestingly, CD4 T cells were skewed toward
Tregs and away from a pro-inflammatory Th1 cell phenotype in KeapZ-mutant tumors,
consistent with the immunosuppressive role of this mutation (Figure S6H). Strikingly, there
was no difference in total T cells or frequency of Tregs in the less antigenic setting of male
hosts (Figure S61).

To further investigate whether KeapZ mutation inhibits CD8 and/or CD4 anti-tumor
immunity, we performed antibody-mediated depletion of CD8 and CD4 T cells to examine
what role Th and cytotoxic T cells play in tumor immune surveillance. Depletion of CD8
T cells resulted in accelerated growth (Figure 3H) and increased tumor burden of Keapl
wild-type tumors without affecting the growth of KeapZ-mutant tumors (Figure 3I). This
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suggests the presence of active CD8 T cell immune surveillance in wild-type, but not
KeapI-mutant, tumors. Depletion of CD4 T cells resulted in accelerated growth of both
wild-type and mutant tumors, suggesting that there is active CD4 T cell immune surveillance
in both tumor genotypes (Figures S6J and S6K).

We next examined whether human tumors with KEAPIZ mutation display defects in T

cell immune surveillance. We previously identified KEAPI-mutant LUAD tumors using
targeted exome capture and validated these results via NQO1 staining.39 Using multiplex
immunofluorescence, we found that KEAPIZ wild-type tumors have increased infiltration of
total CD3 T cells, CD8 T cells, and PD1-expressing CD8 T cells compared with mutant
tumors (Figure 3J). In line with results from our mouse models of this malignancy, we

did not observe any significant differences in the CD4 T cell infiltration patient samples
irrespective of their KEAPI mutation status (Figure S6L).

In summary, we demonstrated that KeapZ-mutant tumors suppress CD8 T cell immune
surveillance, promoting T cell exhaustion marked by reduced activation, diminished
proliferation, and decreased effector molecule production. Importantly, KEAPI-mutant
human tumors also exhibit a similar deficit in CD8, but not CD4, T cell infiltration. Overall,
our characterization of the immune landscape in Keap wild-type and mutant tumors, along
with depletion studies, provides critical insight into how loss of KEAP1 function disrupts the
CD103DC-CD8 anti-tumor axis and compromises immune surveillance.

Keapl mutation impairs response to immune checkpoint blockade

Engagement of CD103 DCs and T cells is a critical determinant of success of
immunotherapies in several preclinical models of cancer.18-21 Moreover, recent evidence
implicates tumor intrinsic mutations in KEAPZ in immunotherapy resistance in
humans.36-40 This prompted us to investigate whether suppression of the DC-CD8 T cell
axis by KegpI-mutant tumors can drive resistance to ICB. Despite several efforts to establish
genetically defined KRAS-driven LUAD mouse models that induce T cell responses and can
respond to ICB therapy,44:45:48.73-75 tq the best of our knowledge, none have been shown to
respond to ICB therapy.#6:48 We took advantage of our H-Y-driven orthotopic mouse model
to study how KeapI-mutation subverts anti-tumor immune responses to ICB.

To investigate immune responses and tumor growth kinetics of wild-type and mutant
tumors following immunotherapy, we injected wild-type and mutant male KP cell lines
orthotopically into C57BL/6J female mice (Figure 4A). After engraftment, we treated mice
with anti-PD1 monoclonal antibody (clone 29F.1A12) or isotype control. We selected this
clone following testing of different anti-PD1 clones in an MC38 model (Figures S7A and
S7B). Since higher tumor burden can promote resistance to ICB,”® we initiated anti-PD1
treatment when both genotypes had equivalent tumor burden (Figure S7C). Overall, Keap1
wild-type tumors responded better to anti-PD1 treatment than mutant tumors (Figures 4A—
4C, S7D, and S7E). These results validate the clinical studies and confirm that the central
role of KEAP1 in resistance to ICB.36:37 We did not observe changes in the numbers of T
lymphocytes or DC populations (Figures 4D and 4E) upon anti-PD1 treatment. However,
immunotherapy treatment resulted in increased CD8 T cell proliferation irrespective of
Keapl status (Figure 4F). We then investigated the production of effector molecules by T
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lymphocytes. We observed increased expression of IFN-y and TNF-a in both CD4 and
CD8 T cells in Keap1 wild-type but not mutant tumors (Figures 4G and S7F). These results
indicate that, although antibody treatment promotes proliferation of CD8 T cells in both
genotypes, anti-tumor T cell responses are blunted in KegpZ-mutant tumors.

NRF2 signaling pathway promotes immune evasion in Keapl-mutant tumors

Although KEAP1 binds with many proteins, cancer genome sequencing revealed that
mutations in KEAPI and NRFZ2 genes are mutually exclusive. This implies that NRF2
hyperactivation is primarily responsible for tumorigenic effects of a mutated KEAP1/NRF2
pathway.’’ Given that several lines of evidence point to the immunoregulatory role of the
NRF2 antioxidant pathway,8-82 we performed functional studies to determine whether
NRF2 is the major substrate of KEAP1 that promotes immune evasion. Using CRISPR-Cas9
editing and two different guides against Ar72, we generated Nrf2-deficient (NrfZ'") Keap1-
mutant KP cells. Both NRF2 and its downstream target gene HmoxZ showed decreased
protein levels in Nrf2”~ KeapI-mutant cells, similar to the Keap wild-type cells (Figure
S8A). Other NRF2 target genes (Ngol, Blvrb, and S/c7a11) were also downregulated,
confirming successful reversal of NRF2 hyperactivation in KegpIZ-mutant cells (Figure S6B).
In vitro proliferation of Nrf2-deficient cells was unchanged compared with Arf2wild-type
cells (Figure S8C), indicating that Ar72loss does not have an impact on tumor-intrinsic
KeapI-mutant cell proliferation.

To investigate whether the NRF2 pathway is responsible for driving immune evasion in
KeapI-mutant tumors, we injected male KeapZ-mutant cells, wild-type (sgTom) cells, or
cells deficient for Airf2into female mice (Figure 5A). We found that KegpZ-mutant tumors
lacking Nirf2 grew considerably slower compared with Arf2-sufficient KeapZ-mutant tumors
(Figure 5A). Flow cytometric analysis revealed that downregulation of the NRF2 antioxidant
pathway in KeapIZ-mutant tumors resulted in increased infiltration of CD103 DCs, while
CD11b DCs remained unchanged (Figure 5B). Importantly, although we did not observe any
changes in the number of total T cells, both CD8 and CD4 T cells infiltrating Arf2-deficient
KeapI-mutant tumors had increased cytokine production (IFN-y and TNF-a.) compared
with KeapZ-mutant tumors with a hyperactive NRF2 pathway (Figures 5C and S8D).

These data demonstrate that tumorintrinsic hyperactivation of the NRF2 pathway impairs
accumulation of CD103 DCs, thereby subverting immune surveillance by T lymphocytes.

Glutamine blockade synergizes with immunotherapy to reverse immunosuppression and
resistance in Keapl-mutant tumors

We previously showed that a hyperactive NRF2 pathway in KegpZ-mutant tumors

drives significant metabolic rewiring that makes these tumors dependent on exogenous
glutamine.39-83 Importantly, KeapZ-mutant cells are highly sensitive to CB-839, a
glutaminase inhibitor, which blocks the conversion of glutamine to glutamate.39:83-85 Since
glutamine availability is critical for effector T cell function, we hypothesized that targeting
the NRF2-driven metabolic rewiring of KeapZ-mutant tumors using CB-839 may enhance
anti-tumor T cell responses. We modeled this /n vitroby examining T cell killing of tumors
in the presence of CB-839. We generated KeapI wild-type and mutant cell lines expressing
LucOS, which contains luciferase fused to T cell antigens.**73 These cells were then
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co-cultured with different ratios of activated OTI T cells with varying doses of CB-839,
and viability was measured by bioluminescence after 24 h. Addition of CB-839 did not
enhance T cell-mediated killing of Keap! wild-type tumor cells (Figure 5D). However,

in a dose-dependent manner, CB-839 significantly increased the killing of KegpZ-mutant
tumors by OTI T cells (Figure 5D), demonstrating that inhibiting glutaminase can augment
anti-tumor T cell function.

Given the enhancement in T cell-mediated killing by CB-839 /n vitro, we then asked
whether CB-839 can sensitize KegpZ-mutant tumors to anti-PD1 treatment. We treated
orthotopic KeapI-mutant tumors with CB-839 and monoclonal a-PD1 antibody alone or
in combination. Interestingly, we observed that the combination of CB-839 with a-PD1
was more effective compared with single agents or vehicle control, resulting in decreased
tumor burden and extended survival (Figures 5E and 5F). KP cells expressing a Keap
dominant-negative mutant were not responsive to CB-839 /n vivo, in contrast to prior
studies using KeapZ-null cells,3%:83 which could be the result of CB-839 acting on various
immune cell populations that have been shown to have diverse metabolic programs and
differential sensitivity to glutamine metabolism modulation.86-89 Consistent with this idea,
it is important to highlight that those prior /n vivo CB-839 studies were conducted using
non-immunogenic tumor cells or immunodeficient mouse models.30:83.84

Finally, we wanted to assess whether treatment of a-PD1 in combination with CB-839

is sufficient to reverse the immunosuppressive changes driven by KeapI-mutant tumors.
Combination therapy resulted in a robust increase in CD103 DCs, while CD11b DCs
remained unchanged (Figure 5G). We then examined whether augmented CD103 DC
infiltration could promote a T cell-mediated anti-tumor immune response. Interestingly,
we observed increased infiltration of T lymphocytes (Figure 5H) and enhanced expression
of the effector molecules IFN-y and TNF-a in CD8 and CD4 T cells (Figures 51 and
S6D). On the other hand, treatment with either CB-839 or a-PD1 alone did not reverse
the immunosuppressive TIME state established by KeapZ-mutant tumors (Figures 5G-5I).
These findings pave the way for a new therapeutic approach that combines metabolic
modulators targeting glutamine metabolism with ICB therapies to treat lung cancer patients
with KEAPI mutation and a hyperactive NRF2 signaling pathway.

DISCUSSION

Cancer immune evasion is a major obstacle in designing effective anti-cancer therapies.%
Tumors can diminish their immunogenicity through multiple mechanisms: impaired
antigen presentation, compromised recruitment and activation of T cells, or an increased
presence of suppressive cells and modulators. Emerging clinical data highlight that
alterations in KEAPI are associated with poor prognosis, resistance to multiple therapies
including immunotherapy,32:36:37 and reduced T cell infiltration.*1 Understanding the
mechanisms of KEAPI-dependent immune evasion can pave the way for new immune-based
therapeutic interventions. Here we demonstrated that KeapZ loss of function dampens
type I IFN signaling and CD103 DC-orchestrated CD8 T cell immunity, thereby driving
immunotherapy resistance. Furthermore, analysis of human samples demonstrated that
tumor-intrinsic KEAPI mutation similarly promotes immune evasion in cancer patients.

Cell Rep. Author manuscript; available in PMC 2023 December 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zavitsanou et al.

Page 13

These findings indicate that KEAPZ inactivation in LUAD could function as a key immune
evasion mechanism.

Our ex vivo analysis indicates that Keap inactivation is associated with reduced IFN and
IFN-stimulated chemokine signatures (Figures S2A-S2C), pathways that are essential for
anti-tumor immunity.12-14 However, /in vitro analysis of tumor lines showed equivalent

IFN production in Keap wild-type and mutant tumor cells in response to various stimuli
(Figure S2D). This result suggests that our /77 vitro methods may not adequately capture

the complexity of the tumor microenvironment (TME). Further /n vivo experiments revealed
that blocking type I IFN had no impact on KegpZ-mutant tumors but did accelerate the
growth of Kegp wild-type tumors (Figure S2E). This points to a suppression of type | IFN
signaling, although the precise mechanism remains elusive. Additional studies are needed to
fully delineate the role of IFN signaling pathways in KEAPI-mediated immunosuppression
and the dynamic interaction of DCs and T cells in the TIME.

T cell infiltration in the TME has been correlated with better prognosis and responses to
ICB.2:91 Although DCs were primarily studied for their ability to prime T cells in the lymph
nodes, they are now also recognized as key players at the primary tumor site.1319.70 Here
we demonstrated that KegpZ-mutant lung tumors are characterized by decreased CD103

DC infiltration and activation (Figures 2D-2I, S4B, and S4C), resulting in diminished CD8
effector T cell responses (Figures 3H and 31). Our analysis reveals that CD8 T cells from
KeapI-mutant tumors appear more exhausted and have lower levels of activation markers,
decreased proliferative capacity, and reduced production of effector molecules (Figures 3A-
3G).

Since KeapI-mutant tumors drastically modulate the TIME via suppression of CD103 DCs
and CD8 T cells, we wanted to investigate whether Kegpl mutation could be driving
resistance to ICB. Most immunogenic cancer models rely on the expression of model
antigens, such as ovalbumin and LCMV-derived peptides,*44573.74 or mismatch repair
genetic variants.#8:75 Importantly, none of these lung cancer models have been shown

to respond to ICB therapy,*6:48 hindering studies aimed at investigating immunotherapy
responses. We hypothesized that the lack of responses might be driven by the absence of a
diverse antigenic landscape. We confirmed that our H-Y-driven antigenic model can drive
anti-tumor T cell responses (Figures 1B—1D). Moreover, our examination of the T cell
repertoire showed evidence of clonal immune responses within the tumors (Figure S5B).
Future studies will be required to define the specific antigens present in these models and to
establish the tumor reactivity of the clonal T cells.

Our /n vitro assays demonstrated that inhibition of glutaminase with CB-839 can promote
the CD8-dependent killing of KEAPI-mutant cancer cells (Figure 5D). These data are
supported by prior studies in T cells that demonstrate that inhibition of glutamine
metabolism results in enhanced tumor killing.86:92 In the immunogenic LUAD mouse
model, glutaminase inhibition can sensitize KeapZ-mutant tumors to immunotherapy
(Figures 5E and 5F). Given the synergistic benefit we observed between glutaminase
inhibition and ICB therapy, an exciting future research direction would be to examine how
the rewiring of glutamine metabolism in KeapZ-mutant tumors affects anti-tumor immune
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responses. Our group, along with others, has shown that KeapZ-mutant tumors have elevated
antioxidant production83:85 and a heightened dependency on exogenous non-essential amino
acids such as glutamine and serine.30:83.85 Glutamine®8:93.94 and serine® are essential for

T cell activation. Examining the TIME metabolic landscape will give additional insight into
how KeapI-mutant tumors are driving immunosuppression.

NRF2, the most well characterized target of KEAP1, has been suggested to transcriptionally
regulate immunomodulatory pathways such as chemokine production and the cGAS/
STING-induced type I IFN pathway, albeit primarily in an /in vitro or non-tumor
setting.”9:81.82 Gijven that point mutations within KEAPI can impair targeting and
degradation of multiple ETGE motif-containing substrates (PALB2, MCM3, IKKB, and
DPP3),96-99 we sought to investigate whether NRF2 is the KEAP1 primary binding partner
promoting immune evasion. Interestingly, we showed that loss of Nrf2in KeapI-mutant
tumors results in delayed tumor Kinetics in our immunogenic model and reverses the
majority of immunosuppressive phenotypes in the TME. Given the pleiotropic role of

the KEAP1/NRF2 pathway in tumorigenesis, it remains to be determined which of the
downstream targets of NRF2 is underlying the immune evasion phenotype of KEAPI-
mutant tumors.

Finally, our work has important clinical implications. We have demonstrated that KEAPI-
mutant LUAD patients display an immunosuppressive phenotype (Figures 2, 3, and 5)
and are resistant to ICB (Figure 4). Our group has previously shown that KegpZ-mutant
tumors are highly sensitive to the glutaminase inhibitor CB-839,30:83.85 which blocks

the conversion of glutamine to glutamate. We combined CB-839 glutaminase inhibition
with a-PD1 treatment, effectively sensitizing KeapZ-mutant tumors to immunotherapy.
This combination was more effective in suppressing KeapZ-mutant tumor growth than
either agent alone. Importantly, the combination therapy reversed the immunosuppressive
phenotypes associated with KegpZ-mutant tumors. We hope our studies will encourage
development of new therapeutic strategies combining ICB with glutamine metabolism
inhibitors for patients with KEAPI-mutant tumors that are refractory to the standard-of-care
combination of chemotherapy and immunotherapy.

Limitations of the study

Our study defines the impact of KegpZ-mutant lung tumors in the suppression of anti-tumor
T cell responses. A possible mechanism of immunosuppression is due to depletion of
metabolites, such as glutamine, from the TME, which in turn impairs T cell function. One
way to elucidate the metabolites involved would be to perform metabolic rescue experiments
in the context of in vitro T cell killing assays. We also found that KegpZ-mutant tumors
grow independent of DC function using Batf3~~ mice, yet it remains unknown if changes
in tumor metabolism affect antigen cross presentation. In addition, our study highlights the
synergy of CB-839 and anti-PD1 in enhancing anti-tumor T cell responses. Yet, a recent
phase 2 trial found no clinical benefit of CB-839 (telaglenastat) combined with standard-of-
care immunotherapy in KEAP1-mutant patients. Further studies will assess the efficacy

of combining checkpoint inhibitors with newer, broader-acting, glutamine antagonists.
Furthermore, while our TCR analysis revealed clonal responses within the tumors, antigen-
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specific T cell responses to the tumor itself remain unproven. Functional studies of the
clonal TCRs identified would be essential to determine the specificity of T cells from the
TME toward tumor antigens. Finally, we demonstrated that KegpZ-mutant tumors suppress
type | IFN signaling using an anti-IFNAR antibody. However, it is unclear whether this
suppression occurs in tumor cells or in surrounding immune cells. To understand if tumor-
intrinsic IFN signaling is affected, further studies employing IFNAR-knockout mice or
tumor-specific knockout of IFNAR are necessary.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Dr. Sergei Koralov
(sergei.koralov@nyulangone.org).

Materials availability—Plasmids generated are available upon request.

Data and code availability

. Single-cell RNA-seq data have been deposited at GEO and are publicly available
as of the date of publication. Accession numbers are listed in the key resources

table.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this work

paper is available from the lead contact upon request.

METHOD DETAILS

Mice—All animal procedures were approved by the NYU Langone Medical Center
Institutional Animal Care and Use Committee (IACUC). Animals were housed according

to IACUC guidelines in ventilated caging in a specific pathogen free (SPF) animal facility.
C57BL/6J mice were bred in house or purchased from Jackson Laboratories. OT-1 mice were
obtained from the Schwab laboratory at NYU. B6.129S(C)-Batf3tM1KmM;j were purchased
from Jackson Laboratories. Animals acquired from Jackson laboratories were housed for at
least one week in our SPF facility prior to experiment initiation. Kras-SL-G12D/+: p5/fl
were crossed to KeapZf/fl (Taconic, 8799). For tumor induction, mice 6-10 weeks of

age were infected intratracheally with Cre-expressing lentivirus as previously described.100
Males or female mice were used as specified in the figure legends.

Tumor cell line generation—KrasC12D/*: p537/= cells were isolated from a
KrastSL-G12D/+. p53/fl C57BL/6J male mouse that was infected with adenovirus expressing
constitutive Cre recombinase. No clonal selection was performed. We generated Keapl
overexpressing cells by cloning the mouse KeapZ cDNA into Gibson compatible lentiviral
backbone with hygromycin resistance cassette. KeapIR470C point mutation was generated
by QuickChange Il Site-directed Mutagenesis (Agilent) per manufacturer’s protocol. Cells
infected were selected with 600ug/ml hygromycin. All cell lines tested negative for
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mycoplasma (PlasmoTest, InvivoGen). Cells were maintained in DMEM (Cellgro, Corning)
supplemented with 10% fetal bovine serum (FBS) (Sigma Aldrich) and gentamycin
(Invitrogen). For Nrf2and Keapl knockout, cells were generated by transducing cells with
the plasmid lenticrispr V2 puro (Addgene #98290) cloned with a specific guide. Two days
after transduction cells were selected with 8 ug/mL puromycin for 5 days. Sequence of
CRISPR guides: Nrf2.1:

5’-CACCGTGGAGGCAAGACATAGATCT-3;
5’-AAACAGATCTATGTCTTGCCTCCAC-3’;

Nrf2.2: 5’-CACCGAGGTTGGGGCAGCACCTGCT-3;
5’-AAACAGCAGGTGCTGCCCCAACCTC-37;

Keapl: 5’-CACCGCCGAAGCCCGTTGGTGAACA-3’;

5’- AAACTGTTCACCAACGGGCTTCGGC-3'.

Tumor cell injections—Tumor cells were harvested by trypsinization and washed three
times with PBS. For lung orthotopic experiments, 7-10-week-old mice were injected
intravenously with 2x10° KP cells expressing GFP and luciferase in 200ul endotoxin-free
PBS. For MC38 subcutaneous injections, cells were injected into both right and left flack
of each recipient mouse at 5x10° cells in 100ul of endotoxin free PBS containing 2.5mM
EDTA.

Virus preparation—Lentivirus was produced by co-transfection of HEK293 cells with
viral vector and packaging plasmids (psPAX2, pMD2G) using PEI Pro (PolyPlus). Virus
containing media was collected 48h and 72h post transfection and filtered through 0.45uM
PVDF filter. For cell line generation, harvested virus was added onto target cells in the
presence of 8ug/ml polybrene (Millipore). For /n vivo experiments, harvested virus was
concentrated by ultracentrifugation at 25000rpm for 2h at 4°C, dissolved in PBS and stored
at —80°C. Virus titration was performed using the Green-Go reporter cell line as previously
described.101

Proliferation assay—~For cell proliferation assays, cells cultured in DMEM/10% FBS
were trypsinized and plated into 6 well plates at 2*1075 cells and 2ml DMEM/10%FBS
media per well. Cells were counted at days 1, 3 and 6 post plating.

qPCR—mRNA was harvested from tumor cells using RNeasy mini kit (Qiagen) according
to manufacturer’s protocol. cDNA was synthesized from mRNA using SuperScript VILO
(Invitrogen) according to manufacturer’s protocol. Real-time PCR was performed with
StepOne Plus PCR system using SybrGreen master mix (Applied Biosystems). Primer
sequences used were as follows:

UTY-F: 5’-GAGGTTTTGTGGCATGGGAG -3’;

UTY-R: 5’-TGCAGAAGATAACGAAGGAGCTA-3’;
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Blvrb-F: 5’-CCGATGTGGACAAGACTGTG-3’;
Blvrb-R: 5’-TCGGACATTACTGTAGTGGGACT-3’;
Ngol-F: 5’-AGCGTTCGGTATTACGATCC-3’

Ngol-R: 5’-AGTACAATCAGGGCTCTTCTCG-3’;
Slc7all-F: 5’-GATTCATGTCCACAAGCACAC-3’;
Slc7all-R: 5°-GAGCATCACCATCGTCAGAG-3’;
ISG15-F 5’- GGAACGAAAGGGGCCACAGCA-3’;
ISG15-R 5’- CCTCCATGGGCCTTCCCTCGA-3’;
IFNB -F 5° - GCTCCTGGAGCAGCTGAATG-3’;

IFNB - R 5’ — CGTCATCTCCATAGGGATCTTGA-3’;
CXCL10-F 5 - TGATTTCAAGCTTCCCTATGGC - 3’;
CXCL10-R5 —ATTTTCTGCCTCATCCTGCT -3,
IRF7 - F 5 - GAAGAGGCTGGAAGACCAACTTC-3;

IRF7 - R 5’- GAATTGTCTTGGCGCAAGATAA,

Stimulation assays—Tumor cells were plated in DMEM/10% FBS overnight. Next day,
they were treated with 1ug/ml polydA:dT (Inviogen), 1ug/ml polydG:dC (Invivogen), and 10
ng/ml IFN-a (R&D, 12100-1). They were collected at the timepoints indicated in the figure.
Media were collected and then tumor cells were directly lysed on the plates according to
RNeasy mini kit (Qiagen) protocol.

Antibody depletion experiments—For depletion of CD8 and CD4 T lymphocytes,
anti-CD8a antibodies (clone: 2.43, Bioxcell) and anti-CD4 (GK1.5, Bioxcell) were used.
Antibodies were diluted in PBS and injected intraperitoneally at 150ug/mouse twice a week
(Monday, Friday), 7 days after tumor cell implantation until the end point of the experiment.

Labeling of circulating cells—Circulating immune cells were labeled using
intravenously injected APC-conjugated CD45 antibody (30-F11, Biolegend) 3 minutes prior
to sacrifice as previously described.4°:102

Histology analysis—Mice were euthanized by lethal doses of ketamine and xylazine.
Lungs were inflated and incubated overnight at room temperature (RT) with 10% formalin.
They were subsequently transferred to 70% ethanol, and subsequently embedded in paraffin.
5uM sections were stained with H&E or subjected to other immunohistochemical staining.
For immunohistochemistry (IHC) we used antibody against NQO1 (1:100, HPA007308,
Sigma-Aldrich). Immunohistochemistry was performed on a Leica Bond RX and slides
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were imaged on a Leica SCN400F whole slide scanner. For NQO1, antigen retrieval was
performed using antigen retrieval buffer pH=6 (Leica) for 20min. For detection, Leica
Bond Polymer Refine Detection secondary antibody was used according to manufacturer’s
protocol. Total tumor lung area was quantified via H&E-stained slides using QuPath
software.193 Tumor burden and IHC analyses were done in a blinded fashion.

Immune cell isolation from lung tumors—Lungs were harvested at timepoints
indicated in figure legends. Lungs were minced on glass slides followed by digestion using
a cocktail of collagenase IV (125U/ml, Sigma), DNASE | (40U/ml, LifeTechnologies),

1X HEPES (Cellgro) in RPMI. Samples were incubated at 37°C for 35min and mixed by
inverting every 5-8min. Digestion was quenched by adding RPMI containing 1ImM EDTA
final concentration. Digested samples were strained through 70um cell strainers followed by
red blood cell lysis (BD PharmLyse, BD Biosciences) for 10 min at 4°C.

Immune checkpoint blockade treatments—For immune checkpoint blockade
treatment optimization on mc38 tumors anti-PD1 (RMP1-14, Bioxcell), anti-PD1 (mPD1-
4H2-mlgG1-D265A, clone 6A1_RAS_Ab, Bristol Myers Squibb), anti-PD1 (29F.1A12,
Bioxcell), anti-PD-L1 (10F.9G2, Bioxcell) was used. For isotype controls, IgG2b (LTF-2,
Bioxcell), IgG1 (Bristol Myers Squibb), 1gG2a (2A3, Bioxcell) were used. Tumor volume
was measured by caliper, with volume calculated based on the following formula: (Length
x Width2 x (3.14/6)). After tumor engraftment (~40-50mm3 tumor size) and before tumors
reach 100mm3, animals were randomized and assigned to treatment group. For treatments
of KP lung orthotopic tumors, anti-PD1 (29F.1A12, Bioxcell) was used. For anti-PD1
treatments, antibodies were diluted in PBS and injected intraperitoneally at 200ug/mouse
three times a week until the end point of the experiment. For anti-PD-L1 treatment, mice
were given a total of three doses intraperitoneally at 200pug/mouse every other day.

Anti-IFNAR treatment—Anti-IFNAR (MAR1-5A3) and isotype controls (IgG1,
MOPC-21) were obtained from Bioxcell. Antibody was diluted in PBS. On day 0 of
treatment mice were administered intraperitoneally 500 ug of either anti-IFNAR or isotype
control then 250 ug every other day.

OTl/tumor in vitro killing assay—KeapI wildtype or Keapl mutant (R470C) KP cell
lines were transduced with a lentivirus expressing LucOS and hCD2. Cells were then sorted
for hCD2. OT1 CD8 T cells were isolated from a spleen of an OTl mouse via negative
magnetic selection. T Cells were activated in RPMI using plate bound anti-CD3 (Invitrogen
145-2C11) and anti-CD28 (Ebioscience 16-0281-82) in a 96 well flat bottom plate coated
with goat anti-hamster 1gG (MP Biomedical 856984). After 72 hours, T cells were expanded
in a 75 mL flask with RPMI supplemented daily with recombinant mouse IL-2 (Peprotech,
25 IU/mL). On day 4 LuCOS expressing tumor cells were plated in a 96 well plate (10000
cells per well). Next day, OTI T cells were co-cultured with tumors cells (1,3, and 5:1

T cell:tumor ratio) and CB-839 (10 — 1000 nM) or vehicle (DMSO). 24 hours later cells
bioluminescence was measured in a plate reader.

CB-839 treatment—Animals were treated with 200 mg/kg CB-839 or vehicle (Calithera,
San Francisco, California) twice daily (morning and evening) administered through oral
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gavage as before.104 The vehicle contained 25% (w/v) hydroxypropyl-B-cyclodextrin in 10
mmol/L citrate (pH 2.0), and CB-839 was formulated at 20 mg/mL for a final dosing volume
of 10 mL/kg.

Mouse tissue immunofluorescence—Tissues were processed as previously
described.195 Harvested tissues were fixed in PLP buffer1% overnight at 4°C. Tissues were
then dehydrated in 30% sucrose for 24 hours at 4°C and subsequently embedded in OCT
media and stored at —80°C. 20mm sections were loaded on to racks (Shandon Sequenza)

and washed with PBS. Sections were blocked with anti-CD16/CD32 (BioLegend, clone 93,
1/300) diluted in 1x PBS, 2% FBS, and 2% goat serum for 1h at RT. Staining antibodies
were diluted in 1x PBS with 2% FBS, and 2% goat serum. Following blocking, sections
were then incubated with fluorescently conjugated antibodies for CD11c (N418, Biolegend,
1/100), CD4, (Gk1.5, Biolegend,1/100), CD103 (M290, Biolegend, 1/100) diluted in PBS
with 2%FBS and 2% goat serum for 1h at room temperature. Zeiss LSM 880 confocal
microscope with the Zeiss Zen Black software was used for imaging. Confocal microscopy
images were analyzed using the Bitplane Imaris x64 version 9.0.2 software. Images were
filtered with the 3x3x1 median filter function to reduce background autofluorescence. To
quantify different cell types within tumor lesions, “spots” were made from either the positive
or negative signal combinations of CD45circ-CD11c+ CD103+ (CD103 DCs). Tumors were
manually constructed into “2D surfaces” based on positive GFP signal. The “find spots close
to surfaces” function was then performed on generated spots and surfaces with a threshold
of 0.5 to quantify generated spots located within the surfaces. These quantifications are
reported as the number of spots present within constructed tumor surfaces per surface area to
control for differences in tumor area between images.

Human tissue immunofluorescence—5um paraffin sections were stained using Akoya
Biosciences® Opal ™ multiplex automation kit reagents unless stated otherwise. Automated
staining was performed on Leica BondRX® autostainer. The protocol was performed
according to manufacturers’ instructions with the following antibodies: anti-CD3 (LN 10,
Biocare Medical, 1/75, Opal570), anti-CD8 (C8/144, Cell Signaling Technology, 1/500,
Opal620), anti-PD-1 (D4W2J, Cell Signaling Technology, 1/200, Opal520), anti-Foxp3
(236A/E7, Thermo Fisher Scientific, 1/100, Opal780). All slides underwent sequential
epitope retrieval with Leica Biosystems epitope retrieval 2 solution (ER2, EDTA based,
pH9, Cat. AR9640), primary and secondary antibody incubation and tyramide signal
amplification (TSA) with Opal® fluorophores. Primary and secondary antibodies were
removed during epitope retrieval steps while fluorophores remain covalently attached

to the epitope. Semi-automated image acquisition was performed on a Vectra® Polaris
multispectral imaging system. After whole slide scanning at 20X the tissue was manually
outlined to select fields for spectral unmixing and analysis using InForm® version 2.4.7
software from Akoya Biosciences. For each field of view, a tissue segmentation algorithm
(tissue/no tissue) was run prior to cell segmentation. Cells were segmented based on nuclear
signal (DAPI). Cells were phenotyped after segmentation using inForm’s trainable algorithm
based on glmnetl package in R. Phenotypes were reviewed for different samples during
training iterations.
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Flow cytometry and FACS—For surface staining, single cell suspensions were incubated
for 10min with Fc receptor block (2.4G2, Bioxcell) at 4°C, followed by antibody staining for
either 15min (for adaptive immune markers) or 30min (for innate immune markers) at 4°C.
Staining was performed in FACS buffer (PBS, 2%BSA, 1mM EDTA). For cytokine staining,
single cell suspensions were treated with a cell stimulation and protein transport inhibition
cocktail, containing Golgi Plug (55029, 1/1000, BD Biosciences), Golgi Stop (555029,
1/1000, BD Biosciences), PMA (1/10000), lonomycin (1/1000) for 3.5h. at 37°C in RPMI
supplemented with 10%FBS. Cells were then surface stained as above, fixed in 2%PFA and
permeabilized with 0.5% saponin. For transcription factors, staining was performed with

the Foxp3 Staining Buffer kit (00552300, eBioscience). Fluorochrome conjugated antibodies
with the following specificities were used: CD3 (ebio500A2, ebioscience), CD4 (RM4-5,
ebioscience), CD4 (GK1.5, BD bioscience), CD45 (30-F11, BD bioscience), CD8 (53-6.7,
BD bhioscience), CD44 (IM7, ebioscience), CD62L (MEL-14, ebioscience), CD69 (H1.2F3,
ebioscience), Gr-1 (RB6-8C5, ebioscience), Rorgt (Q31-378, BD Bioscience), Ki67 (B56,
BD Bioscience), IFN-y (XMG1.2, ebioscience), TNF-a (MP6-XT22, ebioscience), Foxp3
(FIJK-16s, ebioscience), Thet (4B10, ebioscience), GATA3 (TWAJ, ebioscience), TCRb
(H57-597, ebioscience), PD-1 (J43, ebioscience), CD86 (GL1, BD Bioscience), CD11b
(M1-70, Biolegend), CD11c (N418, Biolegend), CD103 (2E7, Biolegend), CD64 (X54—
5/7.1, Biolegend), CD80 (16—-10A1, Biolegend), IA/IE (M5/114.15.2, eBioscience), Siglec-F
(E50-2440, BD Bioscience). For viability dye (1/1000, Biolegend), cells were stained in
100ul PBS for 10min at RT. Samples were acquired using BD LSR Fortessa Cell Analyzer.
For sorting, single cell suspensions were resuspended in FACS buffer (PBS, 2%FBS,
0.01%Tween) and stained for viability dye (1/1000, Biolegend) in 100ul PBS for 10min

at RT followed by surface staining with antibody specific for CD45 (30-F11, PercPcy55,
1/300, Biolegend). Tumor cells (for RNA-seq) were sorted for singlets, live cells, negative
for CD45 and GFP positive. Immune cells (for single cell RNA seq) were sorted for singlets,
live cells, negative for CD45 circulating antibody, and CD45 positive. Cells were sorted into
pre-chilled tube containing DMEM supplemented with 20% FBS. Data were analyzed with
FlowJo software (Tree Star Inc).

RNA-seg—Tumor cells were sorted as described above. RNA was isolated using Purelink
RNA mini kit (Invitrogen) per manufacturer’s protocol. cDNA was synthesized from

RNA using SMARTer PCR cDNA synthesis kit (Clontech) per manufacturer’s protocol.
Sequencing libraries were prepared using Nextera XT DNA library preparation kit
(IMlumina) per manufacturer’s protocol. Samples were pooled at equimolar ratios. Libraries
were loaded on an SP11 cycle flow cells and sequenced on Illumina NovaSeq6000.

Read qualities were evaluated using FASTQC (Babraham Institute) and mapping to
GRCmM38 (GENCODE M25) reference genome using STAR programs!%7 and RSEM108
and with default parameters. Read counts, TPM and FPKM were calculated using RSEM.
Identification of differentially expressed genes between wild-type and mutant tumor cells
was performed using DESeq?2 in R/Bioconductor. Genes without valid adjusted-p values
(p-adj ==NA) were removed. All plots were generated using customized R scripts. Pathway
enrichment analysis was performed using GSEA program?® based on log2FC values. Gene
sets were downloaded from MsigDB.110
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Single cell RNA seq—Samples were multiplexed using cell hashing antibodies. These
were covalently and irreversibly conjugated to barcode oligos by iEDDA-click chemistry
(“home conjugated”) as previously described.111112 Cells were incubated for 10min with
Fc receptor block (2.4G2, Bioxcell) and subsequently with hashing antibodies for 30min at
4°C. Cells were washed three times in PBS containing 2% bovine serum albumin (BSA) and
0.01% Tween followed by centrifugation (300g) for 5min at 4°C and supernatant aspiration.
After final wash, cells were resuspended in PBS and filtered through 40um cell strained.
Cells from each sample were pooled and loaded into 10X Chromium. Gene expression
together with Hashtag oligo (HTO) libraries were processed using Cell Ranger (v5.0.0)

in count mode. UMI count matrices from each modality were imported into the same
Seurat object as separate assays. Cell-containing droplets were selected using the default
filtering from Cell Ranger count “filtered_feature_bc_matrix”. Viable cells were filtered
based on having more than 250 genes detected and less than 55% of total UMIs stemming
from mitochondrial transcripts. HTO counts were normalized using centered log ratio
transformation before hashed samples were demultiplexing using the Seurat::HTODemux
function (positive.quantile set to 0.93). Cells from two separate droplet emulsion reactions
were combined using the standard SCTrans-form integration workflow in the Seurat (v4)
R package.13 Multimodal integration was performed using the weighted-nearest neighbor
(WNN) method available in Seurat. Briefly, a WNN network was constructed based on
modality weights estimated for each cell using FindMultiModalNeighbors function. Cell
clusters were identified using FindClusters function based on the weighted SNN (WSNN)
graph using leiden algorithm at various resolutions, ranging from 1 to 1.6. Cell types were
annotated based on canonical cell type markers as well as differential expressed genes of
each cluster identified using FindAllMarkers function in Seurat. Clusters expressing markers
of the same cell type were merged into a single cluster. Single cell TCR sequence data
was processed using Cell Ranger vdj pipeline to identify TCR genes and CDR3 sequences.
For each sample, full length, productive TCR beta and alpha chains were retained for
downstream analysis. Clonal expansions were determined using nucleotide sequences of
CDR3 sequence of both chains and TRR alpha and beta genes that appeared in at least 5
cells based on all samples. TCR information was added as metadata into the SCRNASeq
Seurat object based on cell barcodes and sample information.

Nanostring GeoMx digital spatial profiling—Slide preparation was performed
following the GeoMx DSP instructions. Briefly, 5um TMA sections were baked for 2 hrs at
60 degrees Celsius before loading onto an automated slide strainer (LeicaBiosystems Bond
RX). Slides underwent Baking and Dewaxing steps followed by blocking for 60 minutes
with buffer “W’ (part of the slide prep kit for GeoMx). GeoMx antibody incubation was
performed overnight at four degrees Celsius with the following combination of antibody
panels: Human Immune Cell Profiling Protein Core, Human Immune Activation Status
Protein, Human Immune Cell Typing Protein, Human IO Drug Target Protein, Human
Pan-Tumor Protein (v1.0 for all panels and core). The Human Solid Tumor TME (v1.0)
morphology marker kit was used to visualize pan-cytokeratin and CD45 antigens on the
slide scan. Digital counts from barcodes corresponding to protein probes were analyzed as
follows: raw counts were first normalized with internal spike-in controls (ERCC) to account
for system variation. Data was normalized using the geometric mean of housekeeping
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antibody counts for Histone H3 and S6. The module score was calculated by first rescaling
each gene across measurements by dividing by the maximum value across measurements,
then for each measurement, taking the mean of genes included in each module. Normalized
values were visualized with boxplots. The wilcoxon test was used to calculate statistics
between conditions. One outlier sample was removed. Outlier samples were determined as
having values above the 98™ percentile in more than 20 proteins. Ggplot and ggpubr R
packages were used to generate plots and statistics.

Statistics—Values are represented as mean + SEM. Statistical analyses were performed
using Prism 9 (GraphPad Software) and a p value<0.05 was considered significant. All
animal experiments contained at least n>3 mice. Mann-Whitney test for flow cytometry and
lung weight experiments with less than 2 experimental groups. One-way analysis of variance
(ANOVA) and Tukey’s test for lung weights and histological analysis with more than two
experimental groups. Two-way ANOVA for growth /n vivo growth kinetics and OTI tumor
killing experiments. Survival analysis was performed using the Log-Rank (Mantel Cox) test.
*P<0.05; **P<0.01; ***P<0.001; ****P < 0.0001.
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KEAPI mutations in lung cancer suppress anti-tumor CD103 DC and CD8 T
cell responses

Hyperactivation of NRF2 is responsible for immune evasion in KEAP1-
mutant tumors

Glutaminase inhibition can sensitize KEAP1-mutant tumors to
immunotherapy
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Figure 1. Loss of Keapl promotes immune evasion and accelerated tumor growth in a novel
antigenic model of LUAD

(A) Schematic of our antigenic H-Y-driven orthotopic mouse model.

(B) Growth Kinetics (left) of male KP tumors established in female or male hosts with
endpoint lung weights (right).

(C) Growth kinetics (left) of male KP cells grown in female hosts following antibody-
mediated depletion of CD4 or CD8 T lymphocytes with endpoint lung weights (right).5
(D) Growth kinetics (left) and endpoint lung weights (right) of male KP cells injected into
male hosts following antibody-mediated depletion of CD4 or CD8 T lymphocytes.

(E) Growth kinetics of Keap wild-type and mutant KP cells in females.

(F) Representative images of H&E and NQO1 immunohistochemical staining of Keapl
wild-type and mutant KP tumors in female hosts.

(G) Growth kinetics of Keap wild-type and mutant KP cells injected into male hosts.
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(H) Lung weight measured on day 26 in female and male mice bearing KeapZ wild-type and
mutant tumors.

(1) Growth kinetics (left) and endpoint luminescence (right) of Keap! wild-type and mutant
male cells injected into immunodeficient (NSG) female mice.

(J) Schematic of KP Keap1**, Keap1V'*, or Keap1!l GEMM mice infected with 20K TU
Cre-expressing lentivirus.

(K) Representative H&E and NQO1 immunohistochemical staining of Keap1*/*, Keap1/*,
and KeapIVf KP tumors and tumor area quantification of mice infected with Cre-expressing
lentivirus and sacrificed 3.5 months post infection. Scale bars, 2 mm. Each experimental
subgroup had n = 6 mice. Each symbol represents an individual mouse. *p < 0.05; **p <
0.01; ***p < 0.001; ***p < 0.0001.
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Figure 2. Absence of CD103 DC-mediated anti-tumor immune responses in Keapl-mutant
tumors

(A) UMAP of DC subclusters identified by sScRNA-seq colored by cell type.

(B) UMAP of the distribution of DC subclusters in KeapZ wild-type (WT, blue) and mutant
(MUT, red) lung tumors.

(C) Bar plot showing distribution of the DC clusters in Keapl wild-type and mutant mouse
lung tumors.

(D) Representative flow cytometry plots for CD103 versus CD11b within a CD11c*MHCII*
DC gate.

(E) Percentage of CD103 and CD11b DCs out of total tissue-infiltrating immune cells
(CD45*CD45circ™) in normal (non-tumor) lung and lungs with orthotopic Keap wild-type
and mutant tumors.
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(F) Percentage of CD103 and CD11b DCs out of total tissue-infiltrating immune cells
(CD45*CD45circ™) in normal (non-tumor) lung and lungs with autochthonous genetically
engineered mouse model (GEMM) Keap wild-type and mutant tumors.

(G) Percentage of CD86, CD44, and CD80 among CD103 DCs in wild-type and mutant
Keapl tumors. FMO (fluorescence-minus-one) control shown for all markers.

(H) Confocal images of lung tumor sections from Keap wild-type and mutant KP tumors.
GFP (tumors) is shown in green, circulating CD45" cells are shown in blue, CD11c is shown
in red, and CD103 is shown in yellow. Scale bars, 100 um. Images are representative of
individual tumors from =5 mice per genotype.

(1) Quantification of tissue-infiltrating CD103 DCs (CD11c*CD103*CD45circ™) in tumor
(GFP*) areas. Each symbol represents an individual tumor.

(J) Growth kinetics of Keap wild-type and mutant lung orthotopic tumors in C57BL/6J and
Batf3 !~ female mice measured by bioluminescence.

(K) Quantification of tumor burden (tumor area/total lung area) of KeapZ wild-type and
mutant tumors in C57BL/6J and Batf3/~ based on H&E staining. Scale bars, 2 mm. Each
experimental subgroup had at least n = 6 mice.

(L) Representative image of the LUAD tissue microarray. Scale bars, 1 mm. Three regions
of interest per tumor sample were quantified. Pancytokeratin-positive staining is shown in
green, negative is shown in magenta, and DAPI is shown in blue.

(M) Boxplots showing expression of CD11c/HLA-DR and CD11C/HLA-DR/CD14/CD68/
CD163 protein modules in KEAPI wild-type (n = 19) and mutant (n = 19) patient tumor
samples from tumor microarray containing LUAD patient samples. The microarray was
stained and analyzed using the Nanostring GeoMx platform. Expression is shown for
pancytokeratin-positive areas.

(N) Boxplots showing expression for individual proteins: B-2-microglobulin and HLA-DR.
Each symbol represents an individual mouse or human tumor core. *p < 0.05; **p < 0.01;
****p < 0.0001.
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Figure 3. Keapl-mutant tumors suppress CD8 T cell responses and promote T cell exhaustion
(A) UMAP of T cell subclusters identified by sScRNA-seq, colored by cell type.

(B) UMAP of the distribution of T cell subclusters in KeapZ wild-type (WT, blue) and

mutant (MUT, red) lung tumors.

(C) Bar plot showing distribution of T cell clusters in KegpZ wild-type and mutant mouse

lung tumors.

(D) Percentage of CD3, CD4, and CD8 T cells among tissue-infiltrating immune cells (for
CD3) or of tissue-infiltrating TCRB™ T cells in non-tumor lung (normal) and lung with
Keap1 wild-type or mutant orthotopic tumors. Each symbol represents an individual mouse.

Each experimental subgroup had n = 4 mice.

(E) Percentage of CD3, CD4, and CD8 T cells among tissue-infiltrating immune cells (for
CD3) or of tissue-infiltrating TCRB* T cells in non-tumor lung (normal) and lung with
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Keap1 wild-type or mutant GEMM tumors. Each symbol represents an individual mouse.
Each experimental subgroup had n =4 mice.

(F) Percentage of CD69, PD1, CD44*CD62L", or Ki67 among CD8* T cells in wild-type
and mutant Keapl tumors. Each symbol represents an individual mouse. Each experimental
subgroup had n =5 mice.

(G) Percentage of intracellular IFN-y- or TNF-a-positive cells among the CD8* T
lymphocytes in wild-type and mutant KeapZ tumors. Each symbol represents an individual
mouse. Each experimental subgroup had n =5 mice.

(H) Growth kinetics of Keap! wild-type and mutant tumors measured by bioluminescence in
female hosts upon CD8 T cell depletion.

(1) Representative images of lung tumor burden and quantification by H&E staining. Scale
bars, 2 mm.

(J) Representative H&E (top) and immunofluorescence (bottom) images of KEAPI wild-
type and mutant human tumors. DAPI is shown in blue, CD3 in green, CD8 in red, Foxp3

in magenta, and PD1 in orange. Scale bars, 20 um. Quantification of T cells (CD3*), CD8 T
cells (CD8*), and PD1* CD8 T cells (CD8*PD1*) in KEAPI wild-type and mutant human
tumors is shown at the bottom. Tumor area was identified based on H&E staining. *p < 0.05;
**p < 0.01.
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Figure 4. Keapl mutation drives immunotherapy resistance in antigenic Kras-driven lung
adenocarcinoma mouse model

(A) Growth kinetics of Keap wild-type (WT, left) and mutant (MUT, right) KP cells
injected intravenously in female C57BL/6J hosts upon treatment with anti-PD1 monoclonal
antibody or isotype control. Each experimental subgroup had n = 6 mice.

(B) Representative images of lung tumor burden and quantification (tumor area/total lung
area) by H&E staining of KeapI wild-type and mutant orthotopic tumors treated with either
isotype or a-PD1. Scale bars, 2 mm. Each experimental subgroup had n = 6 mice.

(C) Waterfall plots showing the percentage of tumor growth of KeapZ wild-type and mutant
lung tumors treated with isotype control or anti-PD1.

(D) Percentage of CD103 and CD11b DCs among tissue-infiltrating immune cells in the
lungs of animals with Kegp? wild-type or mutant tumors treated with anti-PD1 or isotype
control.

(E) Percentage of CD3* lymphocytes among tissue-infiltrating immune cells. Each
experimental subgroup had n =5 mice.

(F and G) Percentages of Ki67* cells (F) or intracellular IFN-y- and TNF-a-positive cells
within the CD8 T cell gate in KeapI wild-type and mutant tumor-bearing mice treated with
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anti-PD1 or isotype control. Each experimental subgroup had at least n = 5 mice. Each
symbol represents an individual mouse. *p < 0.05; **p < 0.01.
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Figure 5. NRF2 pathway drives immune evasion in Keapl-mutant tumors, and glutamine
modulation synergizes with ICB to reverse immunosuppression and immunotherapy resistance

(A) Growth kinetics of Nrf2-wild-type and Nrf2-deficient KeapZ-mutant KP cells injected

intravenously into female C57BL/6J hosts measured by bioluminescence.
(B) Percentage of CD103 and CD11b DCs among tissue-infiltrating immune cells in the
lungs of animals with wild-type or Nrf2-deficient KeapZ-mutant tumors.

(C) Percentage of CD3 lymphocytes among tissue-infiltrating immune cells and percentage

of intracellular IFN-y- and TNF-a-positive cells among the CD8 T lymphocytes. Each
experimental subgroup had n =5 mice.

(D) Activated OTI1 CD8 T cells were co-cultured with LucOS-expressing KeapI-mutant
wild-type KP cell lines in the presence of CB-839 (n = 3). After 24 h, the bioluminescen
signal was measured and plotted normalized to the zero T cell condition.

(E) Representative images of lung tumor burden and quantification by H&E staining of

and
t

KeapI-mutant tumors treated with vehicle/isotype control, a-PD1, CB-839, or combination
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of a-PD1 and CB-839. Histological samples were collected from a sample other than those
used for survival studies, and all tissues came from the same time point. Scale bars, 2 mm.
(F) Survival of C57BL/6J female mice injected with KegpZ-mutant KP cells and treated with
vehicle/isotype control, a-PD1, CB-839, or a combination of a-PD1 and CB-839, with n >
11.

(G) Percentage of CD103 and CD11b DCs among tissue-infiltrating immune cells in the
lungs of animals with KegpZ-mutant tumors treated with vehicle/isotype control, a-PD1,
CB-839, or a combination of a-PD1 and CB-839.

(H) Percentage of CD3* lymphocytes among tissue-infiltrating immune cells.

(1) Percentage of intracellular IFN-y- and TNF-a.-positive cells among the CD8 T
lymphocytes infiltrating the lungs of animals with KeapZ-mutant tumors treated with
vehicle/isotype control, a-PD1, CB-839, or a combination of a-PD1 and CB-839. Each
symbol in the bar plots represents an individual mouse. *p < 0.05; **p < 0.01; ***p < 0.001,;
***kp < 0.0001.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-mouse CD3 eBioscience 500A2
anti-mouse CD4 eBioscience RM4-5
anti-mouse CD8 BD bioscience 53-6.7
anti-mouse CD45 BD bioscience 30-F11
anti-mouse CD4 BD Bioscience GK1.5
anti-mouse CD44 eBioscience IM7
anti-mouse CD62L eBioscience MEL-14
anti-mouse CD69 eBioscience H1.2F3
anti-mouse GR1 eBioscience RB6-8C5
anti-mouse Rorgt BD Bioscience Q31-378
anti-mouse Ki-67 BD Bioscience B56
anti-mouse IFN gamma eBioscience XMG1.2
anti-mouse TNF alpha eBioscience MP6-XT22
anti-mouse FoxP3 eBioscience FJK-16s
anti-mouse Thet eBioscience 4B10
ant-mouse GATA3 eBioscience TWAJ
anti-mouse TCRb eBioscience H57-597
anti-mouse PD1 eBioscience J43
anti-mouse CD86 BD Bioscience GL1
anti-mouse CD11b Biolegend M1-70
anti-mouse CD11c Biolegend N418
anti-mouse CD103 Biolegend 2E7
anti-mouse CD64 Biolegend X54-5/7.1
anti-mouse CD80 Biolegend 16-10A1
anti-mouse 1A/IE eBioscience M5/114.15.2
anti-mouse SiglecF BD Bioscience E50-2440
anti-human CD3 Biocare Medical LN10
anti-human CD8 CST C8/144
anti-human PD1 CST D4wW2]
anti-human FOXP3 Thermo Scientific 236A/ET
anti-mouse CD11c Biolegend N418
anti-mouse CD4 Biolegend GK1.5
anti-mouse CD103 Biolegend M290
anti-mouse NQO1 Sigma Aldrich HPA007308
Chemicals, Peptides, and Recombinant Proteins

IFN-alpha R&D 12100-1
Deposited Data

scRNA-seq and RNA-seq data GEO GSE241482

Experimental Models: Cell Lines
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REAGENT or RESOURCE SOURCE IDENTIFIER
KrasL.SL-G12D/+; p53l/fl lung adenocarcinoma cells Tyler Jacks Lab N/A

(1233, 1234)

Experimental Models: Organisms/Strains

B6.129S(C)-Batf3tmikmm/j Jackson Laboratories 013755
Keap1if Taconic 8799
Kras-SL-G12D/%, 5l Jackson Laboratories 032435

Oligonucleotides

uTty

Blvrb

Ngol

Slc7all

1ISG15

IFN beta

CXCL10

IRF7

UTY-F: 5-GAGGTTTTGTGGCATGGGAG -3,
UTY-R: 5’-TGCAGAAGATAACGAAGGAGCTA-3’

Blvrb-F: 5’-CCGATGTGGACAAGACTGTG-3’;
Blvrb-R: 5°-TCGGACATTACTGTAGTGGGACT-3’

Nqol-F: 5’-AGCGTTCGGTATTACGATCC-3’
Ngol-R: 5’-AGTACAATCAGGGCTCTTCTCG-3’;

Slc7all-F: 5’-GATTCATGTCCACAAGCACAC-3’;
Slc7all-R: 5’-GAGCATCACCATCGTCAGAG-3’;

ISG15-F 5°- GGAACGAAAGGGGCCACAGCA-3’;
ISG15-R 5’- CCTCCATGGGCCTTCCCTCGA-3’

IFNB -F 5 = GCTCCTGGAGCAGCTGAATG-3’;
IFNB - R 5" - CGTCATCTCCATAGGGATCTTGA-3’;

CXCL10-F5 - TGATTTCAAGCTTCCCTATGGC - 37;
CXCL10-R5 - ATTTTCTGCCTCATCCTGCT -3’;

IRF7 - F 5" - GAAGAGGCTGGAAGACCAACTTC-3’;
IRF7 - R 5’- GAATTGTCTTGGCGCAAGATAA;

Software and Algorithms

GraphPad Prism v9

FlowJo

N/A
N/A
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