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Neoantigen-specific T cells are strongly implicated as being critical for
effective immune checkpoint blockade treatment (ICB) (e.g., anti–PD-1
and anti–CTLA-4) and are being targeted for vaccination-based thera-
pies. However, ICB treatments show uneven responses between pa-
tients, and neoantigen vaccination efficiency has yet to be established.
Here, we characterize neoantigen-specific CD8+ T cells in a tumor that
is resistant to ICB and neoantigen vaccination. Leveraging the use of
mass cytometry combined with multiplex major histocompatibility
complex (MHC) class I tetramer staining, we screened and identified
tumor neoantigen–specific CD8+ T cells in the Lewis Lung carcinoma
(LLC) tumor model (mRiok1). We observed an expansion of mRiok1-
specific CD8+ tumor-infiltrating lymphocytes (TILs) after ICB targeting
PD-1 or CTLA-4 with no sign of tumor regression. The expanded
neoantigen-specific CD8+ TILs remained phenotypically and function-
ally exhausted but displayed cytotoxic characteristics. When combin-
ing both ICB treatments, mRiok1-specific CD8+ TILs showed a stem-like
phenotype and a higher capacity to produce cytokines, but tumors did
not show signs of regression. Furthermore, combining both ICB treat-
ments with neoantigen vaccination did not induce tumor regression
either despite neoantigen-specific CD8+ TIL expansion. Overall, this
work provides a model for studying neoantigens in an immunother-
apy nonresponder model. We showed that a robust neoantigen-
specific T-cell response in the LLC tumor model could fail in tumor
response to ICB, which will have important implications in designing
future immunotherapeutic strategies.
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Currently, one of the most successful immunotherapeutic in-
terventions for treating cancers is targeting T cell checkpoints

such as PD-1 or CTLA-4, that improve the effector T cell response
through distinct pathways (1, 2). Both inhibitors have showed
promising results, improving both patient outcomes and overall
survival. However, with an unpredictable and uneven response
across different cancer types and treatment settings (3, 4), the
efficacy of these therapies needs to be improved.
In this context, presence of neoantigens in the tumor cells—

unique mutated proteins derived from either viral oncogenic pro-
teins or nonsynonymous somatic mutations—elicits a potent im-
mune response that improves treatment efficacy (5–11). While this
is especially true in tumors with a high tumor mutational burden
(TMB) and thus a high neoantigen load, recent studies showed a
likely better correlation between neoantigen immunogenicity and
treatment response (8, 12, 13). Although neoantigen discovery
could lead to some very attractive therapeutics (including adoptive
T cell therapy and neoantigen vaccine) (14–16), the challenges of
predicting and identifying neoantigens remain (8, 17). In addition,
since TMB is not perfectly predictive, more is to be learned about
how to efficiently tackle neoantigen-associated therapies (18, 19).
In mice, neoantigens have been studied mostly in immunother-

apy responder models (20–23). In d42m1-T3 methylcholanthrene

(MCA) sarcoma for instance, two immunodominant neoantigens
have been identified and showed to be reactivated upon anti–PD-1
and/or anti–CTLA-4 blockade, enabling an effective tumor rejec-
tion that could be boosted via neopeptide-based vaccination (21).
Notably, using mass cytometry, CD8+ tumor-infiltrating lympho-
cytes (TILs) that are specific for these neoantigens showed a dra-
matic phenotypic change between treated versus untreated tumors
(22, 24), leading to the question as to whether the phenotypes of
neoantigen-specific CD8+ TILs could accurately predict treatment
outcome. This concept has been extensively studied in the recent
years to identify reliable biomarkers for immunotherapy response,
and numerous works have addressed the paradigm of “exhausted”
versus “precursor exhausted” T cells (25–29). While “exhausted”
T cells are often associated with dysfunction and reduced capacity
to control tumor growth, “precursor exhausted” refers to T cells
capable of proliferation after immunotherapy that maintain
memory characteristics and a long-term effective T cell response
(27). As each of these populations is well characterized with a
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unique protein, transcriptomic, and epigenetic signature, assessing
the profile of tumor-specific CD8+ T cells in this setting would be
important to understand their role and reshape their response in
immunotherapy (30).
Here, we use a syngeneic model of lung cancer in mice widely

described as nonresponsive to immune checkpoint blockade
(31–34). With the advantage of being derived from a spontane-
ous tumor, we hypothesize that neoantigen-specific T cells in
Lewis Lung carcinoma (LLC) are elicited despite a relatively low
tumor mutational burden and nonresponsiveness to checkpoint
blockade immunotherapy. We first validated the neoantigen
prediction performed with bioinformatic approaches by ex vivo
screening of the neopeptides using mass cytometry and further
analyzed the role of tumor-specific CD8+ T cells in tumors re-
sistant to immune checkpoint blockade therapy.

Results
Identification and Characterization of Neoantigen-Specific CD8+

T Cells in LLC. In order to screen for neoantigen-specific CD8+

T cells in LLC, we sequenced the transcriptome of normal and
tumor tissues to identify tumor-specific mutations. In silico, we
predicted 209 neoantigen peptides following our criteria of se-
lection (Fig. 1A and Table S1; Materials and Methods). To
identify CD8+ T cells specific for these neoantigens, we com-
bined the use of mass cytometry with multiplex MHC class I
tetramer staining strategy as previously described (22, 35, 36).
Briefly, each peptide-MHC (pMHC) was tagged with a unique
triple-coding streptavidin scheme, allowing for detection of 220
different tetramers in a cytometry by time-of-flight (CyTOF)
panel that used 12 channels for metal-tagged streptavidins
(SAV) (Fig. 1B; Materials and Methods). The remaining mass
cytometry channels were dedicated to T cell–targeted phenotypic
markers (Table S2). LLC tumors were collected from B6 mice
between day 14 and 16 after tumor inoculation, processed and
enriched for both CD45+ and T cells, and stained with the mul-
tiplex tetramer mixture followed by surface antibodies (Materials
and Methods). Samples were acquired on the Helios mass
cytometer and analyzed using dimension reduction algorithms such
as Uniform Manifold Approximation and Projection (UMAP)
[Materials and Methods (37); Fig. 1C]. Neoantigen-specific T cells
were defined as CD8+ T cells positive for an exact three-SAV
code. Among the 209 MHC class I tetramers that were simulta-
neously used, we detected only one tetramer hit (KMYQYARL),
with a G946T mutation on the gene RIOK1 that we will call
mRiok1 from now on (Table S1 and Fig. 1D). As negative controls,
we showed the expression of all SAV for this neoantigen, and we
did not detect cells positive for this tetramer in the CD4+ or CD4–

CD8– T cell compartment (SI Appendix, Fig. S1 A and B). Fur-
thermore, we validated by flow cytometry the presence of neo-
antigen mRiok1-specific CD8+ T cells in LLC tumors (Fig. 1E),
and we were as well able to detect these cells in different peripheral
organs at lower frequencies (SI Appendix, Fig. S1C).
We next investigated the phenotype of mRiok1-specific CD8+

T cells in LLC tumors and peripheral organs. Based on the
UMAP plot, we observed several cell clusters in the tumors that
indicated a heterogeneous composition of CD8+ TILs (Fig. 1F
and SI Appendix, Fig. S1D). These cell clusters showed charac-
teristics of effector (CD69– CD44+), tissue resident memory
(CD69+, CD44+, and CD103+/−), or exhausted (PD-1+, CD39+)
cells (Fig. 1F). When plotting mRiok1-specific CD8+ T cells above
total CD8+ T cells, we observed that these cells mostly fell into the
exhausted cluster, with a high expression of exhaustion markers
including CD39 (51 ± 17%), Tim-3 (65 ± 12%), and PD-1 (80 ±
13%) (Fig. 1G). In the periphery, mRiok1-specific CD8+ T cells
showed a different phenotype. With a profile similar between
draining lymph nodes and spleen, mRiok1-specific CD8+ T cells
expressed a central memory phenotype (CD27+CD62L+CD44+),
whereas they expressed CD39 and are negative for CD62L in the

lungs (SI Appendix, Fig. S1 D and E). Our observations indicated
the presence of exhausted neoantigen-specific CD8+ TILs that
could potentially play a role in LLC antitumor response.

Neoantigen-Specific T Cells Expand in Tumors Resistant to Anti–PD-1
and –CTLA-4 Therapies. Since neoantigen mRiok1-specific CD8+

TILs were exhausted and expressed PD-1, we next assessed the
efficacy of anti–PD-1 treatments in our experimental settings. We
measured the tumor volume between day 7 and 16 in the control
group (treated with isotype IgG2a) and in mice treated with
anti–PD-1 antibody (Fig. 2A). We did not observe any significant
difference in tumor growth between both groups, indicating that
LLC tumor was resistant to anti–PD-1 therapy. Interestingly, we
detected a significant expansion of mRiok1-specific CD8+ TILs in
anti–PD-1–treated mice, reaching up to 20% of total CD8+ TILs
(mean 11 ± 5%) and 8% of total TILs (mean 3.8 ± 2.5%)
(Fig. 2B). As anti–CTLA-4 blockade has also been shown to en-
hance tumor-specific CD8 T cell response in cancer (38, 39), we
treated LLC tumors with anti–CTLA-4 or the isotype control
(IgG2b) (Fig. 2C). Similar to anti–PD-1 treatment, anti–CTLA-4
blockade did not induce any significant regression in tumor growth
compared to the control group, showing that LLC tumor was also
resistant to anti–CTLA-4 therapy. As observed during anti–PD-1
treatment, the frequency of mRiok1-specific CD8+ TILs increased
in anti–CTLA-4–treated mice, reaching 8% of CD8+ TILs (mean
4.7 ± 2.8%) and 3% of total TILs (mean 1.4 ± 1%) (Fig. 2D).
As we wanted to explore the kinetics of this expansion, we

assessed the frequency of mRiok1-specifc CD8+ TILs at different
timepoints by harvesting LLC tumors from different conditions 2 d
after each treatment—at day 9, 13, and 16. We detected a con-
tinuous expansion of mRiok1-specifc CD8+ TILs in treated mice
over time compared with the control group and starting as early as
the first antibody treatment (SI Appendix, Fig. S2). In addition,
parallel evaluation of Ki-67 expression in both anti–PD-1– or
anti–CTLA-4–treated mice confirmed the specific proliferation of
mRiok1-tet+ CD8 TILs, which expansion reached the maximum
at day 16 (Fig. 2E).
Taken together, these results showed that LLC tumors were

resistant to anti–PD-1 or anti–CTLA-4 therapy. However, both
therapies induced an expansion of neoantigen-specific T cells.

Neoantigen-Specific T Cells Remain Exhausted after Anti–PD-1 or
Anti–CTLA-4 Treatment. We next investigated the phenotypic
changes of mRiok1-specific CD8+ TILs during anti–PD-1 or
anti–CTLA-4 treatment. UMAP analysis showed that mRiok1-
specific CD8+ TILs after anti–PD-1 maintained the same pheno-
type as in isotype-treated mice, with a slight but not significant in-
crease of exhaustion markers expression such as CD39 and Tim3
(Fig. 3A). CD73 expression on neoantigen-specific CD8+ TILs was
found to be significantly lower in anti–PD-1–treated tumors, sug-
gesting T cell exhaustion status as well (40–42). Of note, we observed
a decrease of CD103 expression on neoantigen-specific CD8+ TILs
after anti–PD-1 treatment, which is reported to be associated with a
poor clinical outcome (43–45). As for anti–CTLA-4–treated tumors,
neoantigen-specific CD8+ TILs also displayed a similar phenotype
compared with the isotype group, except for ICOS, which was ele-
vated after anti–CTLA-4 treatment (Fig. 3B). Similar to anti–PD-
1–treated tumors, we observed a decrease of CD73 expression on
neoantigen-specific CD8+ TILs after anti–CTLA-4, confirming the
exhausted phenotype of these cells after both therapies.
Additionally, we investigated the functional properties of

neoantigen-specific T cells after anti–PD-1 or anti–CTLA-4 treat-
ment. We first evaluated the production of Granzyme B (GzB), a
secreted molecule inducing apoptosis in tumor cells and associated
with exhaustion status (27). Analysis at different treatments time-
points showed that neoantigen-specific CD8+ TILs accumulated as
CD39+GzB+ cells in the tumors after anti–PD-1 or anti–CTLA-4
therapy, just as in the untreated group (Fig. 3C). Next, we measured
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the production of IFN-γ and TNF-α, two cytokines implicated in
antitumor responses. Following stimulation with Phorbol 12-myristate
13-acetate (PMA)/Ionomycin, we observed that neoantigen-specific
CD8+ TILs were not capable of cytokine production and did not
show any improvement after anti–PD-1 or anti–CTLA-4 treatment as
compared to the isotype control (Fig. 3D).
These data provided a deep profiling of neoantigen mRiok1-

specific CD8+ TILs upon immune checkpoint blockade and
showed that the expanded mRiok1-specific CD8+ TILs after
anti–PD-1 or anti–CTLA-4 treatment accumulated in the tumors
and remained phenotypically and functionally exhausted.

Combining Anti–PD-1 and Anti–CTLA-4 Blockades Slightly Improves
Tumor Response with Functional Stem-Like Neoantigen-Specific
T Cells. As anti–PD-1 and anti–CTLA-4 treatment distinctively af-
fects the tumor-infiltrating CD8 immune response, we assessed the
effects of combination therapy (21, 46, 47). As compared to the
control group, combined treatment with both anti–PD-1 and

anti–CTLA-4 showed an overall slower tumor growth from day 10
after tumor inoculation, despite a fairly high range of tumor vol-
umes across experiments (Fig. 4A). Similar to monotherapy, we
detected an expansion of neoantigen-specific CD8+ TILs after
combination therapy as compared to the control group, reaching up
to 40% of total CD8+ TILs (mean 13.3 ± 11%) and 28% of total
TILs (mean 5.8 ± 8%) (Fig. 4B). Comprehensive CyTOF profiling
revealed that neoantigen-specific CD8+ TILs from anti–PD-1 +
anti–CTLA-4–treated mice more frequently expressed SCA-1,
suggesting acquisition of a memory stem-like phenotype (Fig. 4C)
(48). This was reported for neoantigen-specific CD8+ TILs in MCA
sarcoma after effective anti–CTLA-4 treatment as well (22).
mRiok1-specific CD8+ TILs also expressed less CD73 in anti–PD-1
+ anti–CTLA-4–treated mice, as seen previously in monotherapy
conditions. Interestingly, we found that neoantigen-specific CD8+

TILs highly expressed CD28 and ICOS, two markers associated
with stem-like properties for CD8+ TILs (28, 49) (Fig. 4 C and D).
To further validate the acquisition of a stem-like phenotype for
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neoantigen-specific CD8+ TILs treated with anti–PD-1 + anti–
CTLA-4, we analyzed the draining lymph nodes by flow cytom-
etry and assessed the expression of both CD39 (exhaustion marker)
and Ly108 [also known as SLAMF6, stem-like T cell marker (25, 27,
29, 49)]. We observed a higher frequency of CD39–Ly108+

mRiok1-specific CD8+ T cells, indicating accumulation of periph-
eral neoantigen-specific CD8+ T cells with stem-like characteristics
(Fig. 4E and SI Appendix, Fig. S3A). Finally, we showed that
neoantigen-specific CD8+ TILs after combination therapy were
capable of producing more IFN-γ and TNF-α compared to the
control group (Fig. 4F and SI Appendix, Fig. S3B).
Taken together, these results showed that neoantigen-specific

T cells acquired a stem-like profile and polyfunctionality proper-
ties after anti–PD-1 and anti–CTLA-4 combined therapy. None-
theless, LLC tumors remained resistant to the treatment.

Neoantigen-Specific T Cells Expand in Tumors Resistant to Neoantigen
Vaccination.With the advent of neoantigen-associated therapies for
cancer treatment and especially neoantigen vaccines (14–16), we
investigated whether neoantigen immunization alone or in com-
bination with immunotherapy would improve antitumor response.
We first assessed the effectiveness of vaccination by immunizing a
wild-type mouse (i.e., LLC-tumor free) with the mRiok1 peptide.
A week after neoantigen peptide vaccination, we detected mRiok1-
specific CD8+ T cells in the blood, spleen, and lymph nodes of
vaccinated mice but not in the control mice, confirming the validity
of our vaccination approach in inducing a neoantigen-specific
CD8+ T cell response (Fig. 5A). Next, we evaluated the frequen-
cies of mRiok1-specific CD8+ TILs following neoantigen vaccine
and observed an expansion of these cells compared to the control
group (Fig. 5B). However, we found no difference in tumor growth
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between both groups (Fig. 5C). Similarly, in both combinations of
neoantigen peptide vaccine with monotherapy treatment (anti–PD-
1 or anti–CTLA-4) or dual treatment (anti–PD-1 + anti–CTLA-4)
following tumor inoculation, we did not observe a better antitumor
response compared with the control group (Fig. 5 D and E). In-
terestingly, no synergistic effect was observed between neoantigen
vaccine and immune checkpoint blockade (ICB) treatment in
enriching the tumor neoantigen–specific T cell pool. mRiok1-tet+

CD8+ T cells from the tumors of all vaccinated mice (alone or in
combination with ICB treatment) showed an exhausted phenotype
(CD39+PD-1+) and are dysfunctional, and fewer cells in periphery
are found to be stem-like (CD39–Ly108+) compared to the

untreated group (SI Appendix, Fig. S4). Altogether, these data
showed that while neoantigen vaccination with mRiok1 elicited to
an endogenous immune recognition, it did not help improve re-
sponse to immunotherapy in LLC tumors.

Discussion
For the past 5 y, preclinical models have showed the feasibility to
predict, identify, and develop vaccines using neoantigen(s). In
human tumors, neoantigen-specific T cells were identified and
characterized (50, 51). Case reports provided evidence that these
cells (CD8 and CD4) can be harnessed to mediate tumor re-
gression (52, 53), and phase I clinical trials demonstrated that
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neoantigen vaccines are immunogenic (14, 16). While neo-
antigen identification has become the “gold rush” in the era of
immunotherapy, neoantigen-based therapy is not a magic bullet
to cure cancer. For instance, tumor cells can escape neoantigen-
specific T cells by losing MHC class I allele–presenting neo-
antigen (53). Neoantigen-specific T cells can also become
exhausted and require ICB therapy to restore their functions
(e.g., anti–PD-1).
In this work, we showed that in the context of LLC tumor,

neoantigen-specific CD8+ T cells are expanded after ICB mon-
otherapies but accumulate in the tumors as exhausted cells and
fail to elicit a potent antitumor response. When treated with dual
therapy (anti–PD-1 and anti–CTLA-4), LLC tumors showed a
slightly slower growth with some of the neoantigen-specific
CD8+ T cells acquiring characteristics of stem-like T cells (ex-
pression of CD28, ICOS, and Ly108). This is in line with recent
studies showing correlation between stem-like tumor-reactive
T cells and clinical benefits, by opposition to terminally differ-
entiated neoantigen-specific T cells that lead to a poor clinical
response (30, 54). It is known that ICB dual and monotherapies
have distinct cellular and molecular mechanisms. Notably,
tumor-infiltrating T cells in dual-therapy–treated mice present
an enhancement of T cell effector genes and cytokine response
in the tumors (21, 55), and recent studies have shown an ex-
pansion of activated effector CD8+ T cells as well (46, 47). In
our study, we showed that mRiok1-tet+ CD8+ T cells from
combined therapy acquired a higher proportion of stem-like cells
and a more functional profile and yet displayed an insufficient
response to the treatment. Whether these data applicable to one
neoantigen in a particular model is representative or only spe-
cific to this antigen remains to be explored. Furthermore, un-
derstanding what could be still missing for these cells would be
crucial, and one unexplored aspect of our study is the impact of
the tumor microenvironment, including the role of other im-
mune cells (33, 56, 57). It would be interesting to investigate, for
instance, the role of neoantigen-specific CD4+ T cells in LLC, as
it was described to be essential for antitumor response in MCA
sarcoma (23). One could also establish mutated cell lines to
express mRiok1 de novo and assess neoantigen vaccination in an
ICB-responsive model. On the other hand, understanding how
combination treatment induces more stem-like neoantigen-
specific CD8+ TILs is essential, as it would help improve cur-
rent therapies by expanding stem-like T cells or restoring the
functionality of exhausted cells. Recent works support the dif-
ferentiation of stem-like into terminally exhausted T cells, fa-
voring the maintenance of stem-like cells at their state instead of
a potential reversion of the terminally exhausted T cells. Further
single-cell transcriptomic and spatial analyses on mRiok1-
tet+CD8+ TILs could help decipher the mechanistic pathways
underlying the antitumor response and unravel the heterogeneity
and dynamics within these cells.
ICB therapy combined with neoantigen vaccine has emerged

as a new approach to boost antitumor response. The rationale
using cancer vaccine in combination with ICB is to induce a long-
term control of the disease by inducing a strong neoantigen re-
sponse (58), and preclinical studies have showed tumor eradi-
cation using this strategy (59, 60). However, our results did not
show improvement in antitumor response. One possible expla-
nation could be the fact that we vaccinated with only a single
MHC-I–restricted neoantigen, thus administering vaccine with
epitope(s) targeting CD4 T cells as well could lead to a better
efficiency in antitumor response (23). Another possibility could
be related to the vaccine modalities used in this study that are
not fully representative of the clinical settings (prophylactic
context) and might not have employed the optimal route and
adjuvant (33, 61).
Thus far, mouse models that have been used to study cancer

neoantigens consist of immunotherapy responder models with a

high tumor mutation burden (20, 21). It is commonly established
that neoantigen load, tumor mutation burden, and patient sur-
vival/response to immunotherapy are correlated (10, 18, 62).
However, our data reconsider this consensus, as we observed a
clear neoantigen-specific T cell expansion in a nonresponder
model. Several works have recently pointed this discrepancy as
well, in different types of cancers with or without immunotherapy
treatment (51, 63, 64). This dissociation could be explained by
neoantigen clonality as previously reported (50, 65). In that
event, resistance would be conferred by selection of subclonal
mutations with low immunogenicity (50, 66, 67). Another possi-
bility could be copy number loss of tumor suppression genes that
lead to elimination of neoantigen-expressing tumor clones during
treatment (68). However, next-generation sequencing of the
mRiok1 locus reveals that mutant allele frequencies of mRiok1
are stable in vivo regardless of the treatment regimen (SI Ap-
pendix, Fig. S5A). This suggests that even though there is a sig-
nificant expansion of mRiok1-specific CD8+ T cells following ICB
treatment, there is no strong selection against cancer cells har-
boring the neoantigen. In addition, we showed maintenance of
MHC-I and -II expression on tumors treated with ICB, excluding
the possibility of target antigen loss (SI Appendix, Fig. S5B).
Overall, our work provides a model to study mouse tumor

neoantigens and revisits the role of tumor-specific CD8+ T cells in
response to immunotherapy. We reinforce the importance for
tumor-specific T cells to sustain stem-like and effector properties
and highlight that neoantigen-specific CD8+ T cells alone can be
insufficient to mediate an effective antitumor response in this
model. Since LLC is a model with a relatively low tumor mutation
load, our work could be translated into immunologically cold
epithelial human tumors with low to moderate response to ICB, as
well as cancer types with an excessively low rate of ex vivo
neoantigen-specific CD8+ T cells being detected from in silico
prediction (51). We believe this study will lead to important
considerations in improving current therapeutic approaches and
developing new anticancer strategies.

Materials and Methods
Neoantigen Prediction. Whole exome and RNA sequencing, mutation calling,
and neoantigenpredictionwereperformedas previously described (69). Briefly,
somatic single nucleotide variants (SNVs) were identified from exome se-
quencing data. Variants were annotated, and SNVs were filtered to identify
nonsynonymous, exonic variants. MHC-I binding affinity of LLC SNVs were
predicted for H2-Db and H2-Kb haplotypes. Predicted MHC-I binders were
selected based on their relative ranking in NetMHCpan 2.8, where the top
0.5% of ranked peptides were considered strong binders, top 2% ranked
peptides weak binders, and those ranked >2% nonbinders, giving us 2,700
candidates. The expression of predicted strong and weak binders was con-
firmed with RNA sequencing data and candidates with >1 fragments per ki-
lobase per million, the mutant allele expressed, and a predicted MHC-1
binding affinity of <500 nm was further selected resulting in 209 peptides.

Mice.All experiments were performed with C57BL/6 female mice aged from 5
to 12 wk and purchased from Jackson Laboratory. All experiments were
conducted at Fred Hutchinson Cancer Research Center according to approved
Institutional Animal Care and Use Committee protocols.

LLC Tumor Inoculation and Antibody Treatment. LLC tumor cells were obtained
from B.W.R. laboratory and cultured following American Type Culture Col-
lection guidelines. Briefly, cells were thawed from frozen stocks and expanded
using Dulbecco’s modified eagle medium–based growth medium containing
10% heat-inactivated fetal bovine serum. When tumor cells reached 70 to
80% confluency, they were trypsinized, washed with phosphate-buffered sa-
line (PBS), filtered, and resuspended in 10 M/mL. All B6 mice were injected
with 1 M of cells (100ul) subcutaneously on the right hind flank, and tumor
growth was monitored every 2 to 3 d. Tumor width and length weremeasured
using calipers, and mice were euthanized if tumor volume exceeded
2,000 mm3 or became inflamed/ulcered. For antibody treatment, mice were
treated intraperitoneally with 200 μg of either anti–PD-1 (murine IgG2a, clone
RMP1-14) and/or anti–CTLA-4 (murine IgG2b, clone 9D9) or their respective
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isotype control (IgG2a, clone 2A3, IgG2b, clone MPC-11) on day 7, 10, and 14
post–tumor inoculation. All antibodies were purchased from BioXcell.

Neoantigen Vaccination. Mice were prophylactically vaccinated subcutane-
ously with 100 ug of mRiok1 peptide in 100 uL PBS in combination with 1:1
volume of Complete Freund’s Adjuvant (InvivoGen) (day -12). Blood was
collected on day 7 and fluorescence-activated cell sorting (FACS) stained to
confirm the presence of mRiok1-tet+ CD8 T cells (day -5). Mice were boosted
with another shot of neoantigen vaccine, and tumor cells were injected 5 d
after (day 0). When applicable, anti–PD-1 and/or anti–CTLA-4 treatment was
given as described in the Antibody Treatment section. As controls, mice were
immunized with either PBS or the mRiok1 peptide alone.

Antibodies and SAV. Purified antibodies lacking carrier proteins were pur-
chased according to the list in Table S2. Antibody conjugation was performed
according to the protocol provided by Fluidigm. Streptavidin was labeled as
previously described (35).

MHC Monomer Production and Multiplex Tetramer Preparation. H2Kb and
H2Db pMHC complexes were synthesized in house as previously described
(35). Specific pMHC monomers were then generated by ultraviolet (UV) ir-
radiation using the peptides of interest as described previously (22, 51).
Briefly, 5 μL of each of the 209 peptides at 1 mM was added to 100 μL
corresponding H2 monomer (Kb or Db) at 100 μg/mL in a 96-well plate. A
total of 11 control peptides (LCMV, Flu, and OVA) were also included (Table
S1). The three plates were then placed in a UV crosslinker (365 nm) for 10 mn
and kept in the refrigerator at least overnight before tetramerization.

For multiplex MHC-tetramer staining, each tetramer was labeled with a
combination of three metal-labeled SAV. Using 12 different metal-labeled
SAV, 220 possible combinations (12 choose 3) were generated. Each specific
combination was associated with a different peptide. Each metal-labeled
streptavidin (50 μg/mL) was mixed for each combination using an auto-
mated pipetting device (TECAN). For tetramerization, each peptide–MHC
complex–metal-labeled–streptavidin combination (50 μg/mL) was added in
three steps (3 × 20 μL) according to the coding scheme. Then, tetramerized
pMHC complexes were incubated with free biotin for 10 min (10 μM, Sigma).
All different tetramers were combined and concentrated using a 50-kDa
Amicon filter (Millipore) to a final volume of 500 μL. Then, 500 μL PBS, 1%
bovine serum albumin, and 0.02% sodium azide was added. Before staining,
the tetramer mixture was filtered using a 0.1-μm filter (Millipore).

Tissue Collection, Cell Isolation, and Preparation. At 14- to 16-d post–tumor
inoculation (or before when applicable), mice were euthanized and tumors
and different peripheral organs (draining lymph nodes (LNs), lungs, spleen,
nondraining LNs, and blood) were collected. Tumors and lungs were
mechanically dissociated into small pieces and digested at 37 °C for 1 h in
Roswell Park Memorial Institute Medium (RPMI) + collagenase IV (1 mg/mL)
+ DNase (10 ug/mL) (both from Sigma). For spleen and blood, red blood cells
were removed using 1× red blood cell lysis buffer (Thermofisher). Single-cell
suspensions were then filtered through a 70-μm strainer and washed using
RPMI. For tumor samples, cells were then enriched for T cells using negative
selection (mouse pan T cell isolation kit II, Miltenyi) and selected for CD45-
positive cells (mouse CD45 microbeads, Miltenyi) before proceeding to flow
cytometry or CyTOF staining.

PMA/Ionomycin Stimulation and Flow Cytometry Intranuclear Staining. Following
cell isolation and preparation, samples were stained for FACS using mRiok1-
tetramer (1 h at room temperature) and surface antibodies (20 min each at
4 °C) in Table S2. For intranuclear staining, cells were fixed and permeabilized
using Foxp3 transcription factor staining buffer set (eBioscience) and incubated
with intracellular antibodies for 30 min at 4 °C. Samples were run on BD
FACSCelesta and analyzed using FlowJo. For evaluation of cytokine production,

samples were stimulated before staining with PMA at 50 ng/mL and Ionomycin
at 1 μg/mL (Sigma) along with Brefeldin A at 1× (eBioscience) for 4 h. mRiok1-
tetramer and subsequent antibodies stainings were carried on after a wash in
FACS buffer. For MHC-I and MHC-II expression, tumors from different treat-
ment conditions were surface stained at D16 with antibodies in Table S2 and
7-AAD (Biolegend) following manufacturer’s instructions.

CyTOF Staining. Cells were stained with 5 μM cisplatin (viability marker) in PBS
for 5 min at 4 °C as previously described (70, 71), followed by the tetramer
mixture for 1 h at room temperature and the antibody mixture for 15 min at
4 °C (Table S2). Cells were then fixed in 2% paraformaldehyde overnight.
The following day, cells were washed using PBS, barcoded using a single
combination of two in-house bromoacetamidobenzyl-ethylenediamine tet-
raacetic acid (Dojindo)–linked metal barcodes diluted in PBS (Pd-102, Pd-104,
PD106, PD108, or Pd-110) for each sample, for 30 min at 4 °C. Cells were
washed again and stained with DNA (Cell-ID intercalator-Ir, Fluidigm) for
10 min at room temperature. After three more washes with dH20, samples
were combined and acquired on CyTOF as previously described (10, 72).

UMAP Analysis. After mass cytometry (CyTOF) acquisition, any zero values
were randomized using a uniform distribution of values between 0 and −1
using R. The signal of each parameter was normalized based on EQ beads
(Fluidigm) as described previously (73). Each sample was debarcoded using
manual gating on Flowjo. Exported samples or cells of interest were then
exported and used for UMAP analysis similar to that previously described
using customized R scripts based on the “flowCore” and “uwot” R packages
(37). In R, all data were transformed using the logicleTransform function
(flowCore package) using the following parameters: w = 0.25, t = 16,409,
m = 4.5, and a = 0 to roughly match scaling historically used in FlowJo. For
heatmaps, median intensity corresponds to a logical data scale using for-
mula previously described (74). The colors in the heat map represent the
measured means intensity value of a given marker in a given sample. A
seven-color scale is used with black–blue indicating low expression values,
green–yellow indicating intermediately expressed markers, and orange–red
representing highly expressed markers.

Genomic DNA Isolation and Targeted Sequencing. Genomic DNA was isolated
from 10 mg tumor tissue using the Qiagen DNeasy Blood and Tissue Kit (Cat
No. 69504) per the manufacturer’s instructions. A total of 50 ng genomic
DNA was used as input for PCR amplification of the RIOK1 locus, using primers
containing Illumina barcodes compatible with next generation sequencing
platforms (FWD: ACACTCTTTCCCTACACGACGCTCTTCCGATCTcccttttcattc-
caggccagcc, REV: GACTGGAGTTCAGACGTGTGCTCTTCCGATCTcaca-gtacag-
cgggacttgc). The resulting amplicon was purified using a 1× AMPureXP Bead
clean up per manufacturer’s instructions (Beckman Coulter Life Sciences
Part No. A63881). The purified product was submitted to GENEWIZ for
AmpliconEZ sequencing. Reads were mapped to the predicted amplicon
and mutation frequencies were quantified using the CRISPResso compu-
tational pipeline (75).

Data Availability. All study data are included in the article and/or supporting
information.
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