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Immune checkpoint blockade (ICB) is efficacious in many diverse
cancer types, but not all patients respond. It is important to under-
stand the mechanisms driving resistance to these treatments and to
identify predictive biomarkers of response to provide best treatment
options for all patients. Here we introduce a resection and response-
assessment approach for studying the tumormicroenvironment before
or shortly after treatment initiation to identify predictive biomarkers
differentiating responders from nonresponders. Our approach builds
on a bilateral tumor implantation technique in a murine metastatic
breast cancer model (E0771) coupled with anti-PD-1 therapy. Using
our model, we show that tumors frommice responding to ICB therapy
had significantly higher CD8+ T cells and fewer Gr1+CD11b+ myeloid-
derived suppressor cells (MDSCs) at early time points following ther-
apy initiation. RNA sequencing on the intratumoral CD8+ T cells iden-
tified the presence of T cell exhaustion pathways in nonresponding
tumors and T cell activation in responding tumors. Strikingly, we
showed that our derived response and resistance signatures signif-
icantly segregate patients by survival and associate with patient
response to ICB. Furthermore, we identified decreased expression
of CXCR3 in nonresponding mice and showed that tumors grown in
Cxcr3−/− mice had an elevated resistance rate to anti-PD-1 treat-
ment. Our findings suggest that the resection and response tumor
model can be used to identify response and resistance biomarkers
to ICB therapy and guide the use of combination therapy to further
boost the antitumor efficacy of ICB.

immune checkpoint blockade | tumor immune microenvironment | breast
cancer | bilateral tumor model | predictive biomarkers

Immune checkpoint blockade (ICB) is revolutionizing the treat-
ment of cancer (1). Monoclonal antibodies that block immu-

nosuppressive PD-1/PD-L1 interactions (anti-PD-1: nivolumab,
pembrolizumab; anti-PD-L1: atezolizumab, avelumab, and dur-
valumab) are FDA approved for more than 20 indications, in-
cluding metastatic melanoma, nonsmall cell lung cancers, kidney
cancers, and MSIhi tumors (1–3). However, only a subset of patients
responds, and response rates differ substantially in different cancers
(4). For example, clinical studies have demonstrated benefits
of anti-PD-1/anti-PD-L1 therapies in patients with metastatic
triple negative breast cancers (TNBCs) (5–8), as well as advanced
ER+/HER− breast cancer (BCs) (9) with an objective response
rate ranging from 5 to 24% in patients receiving either anti-PD-1
(5, 9) or anti-PD-L1 treatment (4, 7, 8). This treatment regimen
particularly benefitted those with high PD-L1 expression in the
tumor microenvironment (TME) (10). However, more than 75%
of BC patients who received treatment did not show any objective
response. Thus, it is crucial to decipher the resistance mechanisms
in these nonresponders to ICB and design more effective treat-
ment strategies to overcome resistance. Additionally, identifying

biomarkers that will predict response in BC patients is important
for further development of this treatment modality.
There is currently a lack of consensus on what biomarkers are

the most useful for predicting response to ICB. Immunohistochemical
evaluation of PD-L1 protein expression in the TME (from core
biopsies and resected tumors) has been widely used as a predictor
of response to anti-PD-1/anti-PD-L1 therapy (1). However, PD-L1
expression is an imperfect biomarker, as some patients with PD-L1
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negative tumors respond, while some patients with PD-L1-
expressing tumors can be nonresponsive. Similarly, tumor muta-
tional burden has failed to live up to its promise as a biomarker
(11). Other potential biomarkers include T cell infiltration and
proliferation in a tumor, IFNγ signature, microbiota, and blood
vessel normalization (12–18). Thus, there is an urgent need to
discover biomarkers for ICB response, as well as identification of
markers associated with resistance that could be targeted thera-
peutically in combination with ICB to improve patient outcomes.
In vivo experimental mouse models that recapitulate human

tumors have been valuable tools to elucidate mechanisms of
benefit from and resistance to immunotherapy, but identification
of predictive biomarkers using mouse models has been challeng-
ing. It is difficult to biopsy a mouse tumor due to its small size, and
once the entire tumor has been resected, its subsequent response
to treatment cannot be assessed. Consequently, higher throughput
methods that enable comprehensive analyses of the TME at early
time points coupled with evaluation of subsequent response to
therapy are sorely needed. Here, we developed a bilateral tumor
implantation approach to permit resection as well as evaluation of
response in a BC mouse model following treatment at early time
points. By implanting two orthotopic BC tumors in the same
mouse, we could evaluate and elucidate early determinants of
response to ICB using the resected tumor and monitor the re-
sponse of the nonresected tumor to ICB. A similar bilateral im-
plantation approach was recently used for mesothelioma and
kidney cancer models (19). Our approach is distinct from obser-
vations of the abscopal effects in which localized radiation treat-
ment of one tumor shrinks a metastatic tumor at a distant site (20,
21). In addition, our approach differs from the instigator and re-
sponder model in which two different cell lines are implanted in
immunodeficient mice to study dissemination of metastatic cancer
cells (22). By using our resection and response model, there is
sufficient tumor tissue to perform a number of in depth analyses
at early time points (e.g., multiparameter flow cytometry, mi-
croscopy, and high throughput sequencing methods such as RNA
sequencing [RNA-seq]), while still acquiring full tumor growth
kinetics and/or survival data in an unmanipulated tumor.
We used our bilateral tumor implantation model system to

identify potential biomarkers of resistance that could differen-
tiate responders from nonresponders to ICB therapy in BC. We
found that responder mice had higher levels of CD8+ T cell
infiltration in the TME. Transcriptomic analysis of CD8+ tumor
infiltrating lymphocytes (TILs) at early time points following
ICB treatment revealed distinct gene signatures distinguishing
responders from nonresponders. Importantly, these gene signa-
tures for responder and nonresponder tumors significantly cor-
relate with responder and nonresponder gene signatures derived
from melanoma patients, as well as with overall survival in a BC
patient cohort (23–25). These findings demonstrate the value of
this “resection and response” tumor model for identification of
novel and clinically relevant biomarkers to predict response to
ICB therapy and guide the use of combination therapies for BC
and other cancers.

Results
A Model for Studying the Tumor Microenvironment in Early Stages of
Immunotherapy. To explore ICB response-associated mechanisms
in BC models, we characterized responses to an anti-PD-1 an-
tibody in an orthotopic E0771 breast cancer model in C57BL/6
mice. While the majority of mice responded to therapy and showed
tumor remission, we observed a consistent trend in which ∼30
to 40% of the mice did not respond (Fig. 1A). These mice were
cohoused from birth in our laboratory’s defined-flora animal
facility, eliminating differences in host microbiota as a reason for
variability in response to ICB (26, 27). We observed a bimodal
response to ICB across the mice, in which mice that responded
to therapy showed a sharp reduction in tumor burden which

began at ∼7 d following treatment initiation and mice that did
not respond showed similar growth rates to IgG-treated (control)
mice (Fig. 1 A and B).
To investigate if the variability in response of tumors to therapy

was a tumor-centric or mouse-centric phenomenon, we developed a
bilateral tumor system in which two tumors were implanted in ge-
netically identical and cohoused mice, and their response to
anti-PD-1 antibody was monitored (Fig. 1C). We observed that the
variability in response to ICB in our model was mouse centric, in
that two mammary tumors within the same mouse showed the same
trend in tumor progression or regression following treatment
(Fig. 1C and SI Appendix, Fig. S1 A–C). When responder mice were
rechallenged with the same number of E0771 cancer cells, none of
the mice developed tumors, suggesting that following treatment a
robust host memory response occurred in the responder mice.
Given that response to anti-PD-1 antibody varied in geneti-

cally identical and cohoused mice and was mouse centric (both
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Fig. 1. A model for studying TMEs before or shortly after ICB treatment
initiation while maintaining response-to-treatment assessment ability. (A
and B) Identical tumor cells implanted in C57BL/6 cohoused littermates give
rise to different responses to an anti-PD-1 antibody. Representative results
from two independently repeated experiments (n = 15). (A) Tumor growth
in ICB-treated (anti-PD-1) and control (IgG) mice bearing orthotopic E0771
breast tumors in C57BL/6 mice. Mice were time and size matched 8 d post-
tumor inoculation and treated with anti-PD-1 mAb or IgG on days 8, 11, and
14. The treated mice exhibit two distinct trends of growth following ICB
therapy, indicative of response or no response. n = 15. Representative results
from three independent experiments. (B) Integrated tumor growth behavior
of mice bearing E0771 breast tumors. The growth trend of treated mice
begins to diverge at day 15, separating them into “responder” or “nonre-
sponder” groups. ***P < 0.0005, by two-way ANOVA with Sidak’s multiple
comparisons test. Error bars indicate SEM. (C) The same numbers of E0771
breast tumor cells are implanted orthotopically into the left and right
mammary fat pad (MFP) of each mouse. The paired tumors show the same
growth trend of either progression or regression on ICB treatment. Repre-
sentative data of two experiments with n = 10 (treatment) or n = 5 (IgG
control) mice. (D) Overview of the bilateral tumor implantation approach to
study the TME at early time points in responders versus nonresponders to
immunotherapy. The same number of tumor cells are implanted at two
distinct locations of each mouse. One tumor is removed and processed for
analysis before response can be assessed. The second tumor is monitored to
classify the mouse as a responder or nonresponder.
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tumors in the same mouse either responded or failed to respond
to therapy), our bilateral tumor system seemed ideal for studying
the TME before or in early stages of ICB treatment and for
monitoring response to ICB (Fig. 1D). We hypothesized that this
system could be used to identify early determinants of response,
as well as biomarkers that distinguish responders from nonre-
sponders at early stages of ICB treatment. In this system, the
same number of tumor cells are implanted into the left and right
mammary fat pad of each mouse at the same time. One tumor
can be removed for analysis before or shortly after treatment
initiation, and the other tumor is monitored to determine whether
the mouse is a responder or nonresponder to therapy (Fig. 1D). In
establishing this model, we validated that while the total tumor
burden decreased upon resection of one tumor as expected (SI
Appendix, Fig. S1D), the resection of one of the two tumors did
not change the average individual tumor volume of the mouse
(SI Appendix, Fig. S1E). Additionally, when we transplanted a
responding-tumor into a nonresponder mouse, it remained a
responder, pointing to a TME-dominant response. When we
transplanted a nonresponding tumor into treatment-naïve mice,
it remained a nonresponder. Lastly, if we transplanted a non-
responding tumor into a responder mouse, there was a pseudo-
tumor growth period before all of the tumors regressed, pointing
to a host memory response (SI Appendix, Fig. S1F). To test for
generalizability of our bilateral tumor approach, we evaluated
tumor growth and response to ICB in a B16-F10 melanoma
model and observed a similar mouse-centric response, in which
both implanted B16-F10 tumors responded to therapy in the
same manner (SI Appendix, Fig. S2). Interestingly, B16-F10 tumors
were more resistant to treatment and responders eventually re-
lapsed, suggesting that the bilateral tumor approach in the B16-
F10 model may be suitable for studying partial responders and
tumor relapse. A similar bilateral tumor approach was used in
Zemek et al. (19) for mesothelioma and kidney cancer models,
further supporting the generalizability of this approach.

Low Tumor Infiltration with CD8+ T Cells before and Shortly after ICB
Treatment Is Associated with Poor Response to ICB. To determine
whether response to treatment was associated with differences in
the immune TME, we analyzed the immune cell populations in
the tumors by flow cytometry. We collected the tumors before
the point of growth separation to explore features associated
with tumor progression or regression at a time point when out-
come cannot yet be assessed by tumor size or growth (Fig. 2A).
Responding tumors had significantly higher infiltration of cyto-
toxic CD8+ T cells (Fig. 2 B and C), consistent with studies
reporting that high numbers of preexisting TILs could be indi-
cators of better response to ICB and that increased CD8+ T cell
infiltration enhanced antitumor immunity through promoting vessel
normalization (18, 28, 29). Immunofluorescence staining of the
tumors also showed higher infiltration of CD8+ T cells in the TME
of responding tumors (Fig. 2C). In addition, responding tumors had
lower numbers of CD11b+Gr1+ myeloid-derived suppressor cells
(MDSCs), indicating a less immunosuppressive TME (Fig. 2D)
(30, 31).
To further investigate whether the increased CD8+ T cells

were preexisting in the responding tumors or induced by the
treatment, we analyzed the immune cell populations at different
time points during the treatment. We isolated and evaluated
tumors before and 2 d after each anti-PD-1 dose, at days 0, 2, 5,
and 8 following treatment initiation; the tumors had comparable
size at the time of analysis. Since pretreatment tumor burden
could be a predictor for response to anti-PD-1 antibody (32), we
also evaluated the tumor burden prior to treatment initiation.
We observed that although there was a trend where responding
tumors presented with smaller tumor burden, there were no sig-
nificant differences in pretreatment tumor size (SI Appendix, Fig.
S3A). Notably, the responding tumors had increased numbers of

CD8+ T cells prior to therapy (day 0) when compared to the
nonresponding tumors (Fig. 2E and SI Appendix, Fig. S3B). The
infiltration of CD8+ T cells increased as the treatment progressed
for the responding tumors, but not in the nonresponding tumors,
as measured by both frequency of CD8+ T cells of total CD45+

cells (Fig. 2E) as well as a CD8/tumor burden ratio (SI Appendix,
Fig. S3C). The increase in the CD8/tumor burden ratio (SI Ap-
pendix, Fig. S3C) over time demonstrates that the density of CD8+

T cells relative to tumor cells is changing in responders compared
to nonresponders, though further work is needed to determine
whether there is a certain threshold density associated with re-
sponse. Although there was an increase in CD8+ T cells in the
nonresponding mice after the first dose of treatment, the CD8+

T cell frequency stabilized after this initial increase (Fig. 2E),
suggesting that the CD8+ T cells in nonresponders might not be
able to mount sufficient immune responses to eradicate the tu-
mors (32, 33). In addition, there was a significant increase in the
ratio of CD8+ to CD4+FoxP3+ regulatory T (Treg) cells in the
responding mice but not the nonresponding mice (Fig. 2F), further
suggesting a more immunostimulatory TME in responders. How-
ever, at the time of initial treatment there was no significant differ-
ence in the ratio of Treg cells to tumor burden between responders
and nonresponders (SI Appendix, Fig. S3D). Additionally, the fre-
quency of Treg cells of the CD45+ population in tumors was similar
between responding and nonresponding tumors for the first two
doses of anti-PD-1, and then we observed a significant decrease in
the frequency of Treg cells in the responding tumor after the third
dose of anti-PD-1 therapy (SI Appendix, Fig. S3E). Taken together,
our findings suggest that the responder mice have a more immu-
nostimulatory TME with a greater density of CD8+ T cells that
increases over time with anti-PD-1, while nonresponding tumors
show a lack of effector CD8+ T cell infiltration and activation.

Early-Stage ICB Transcriptional Gene Signatures of Nonresponders
Show Association with T Cell Exhaustion. To further characterize
the role of T cells in response and resistance to anti-PD-1 therapy,
we performed RNA-seq of CD8+ T cells sorted from size-matched
tumors isolated before the point of growth separation (Fig. 2A).
Mice were treated with ICB for three doses at days 8, 11, and 14
following tumor inoculation, and tumors were isolated at day 15.
We observed that the first two principal components, derived from
a principal component analysis (PCA) on all genes across all sam-
ples, perfectly separated the responder and nonresponder samples,
indicating that the strongest factors of variability in the data asso-
ciate with the responder and nonresponder status (Fig. 3A and
Datasets S1 and S2).
To establish a gene signature that captures differences in CD8+

T cells across responders and nonresponders that are present
shortly following ICB initiation, we conducted a differential-
expression analysis and found 85 genes that were up-regulated in
responders and 69 genes that were up-regulated in nonresponders
and upon inspection showed consistency in expression within each
phenotype (Fig. 3B, Dataset S3, and SI Appendix, Methods),
constructing early-therapeutic stage responder and nonresponder
signatures. Examination of the biological processes that were dif-
ferentially regulated by the two groups using gene set enrichment
analysis (GSEA) (34) showed that the responder signature was
highly enriched for pathways related to T cell activation and in-
flammatory response, consistent with enhancement of immune re-
sponses (Fig. 3 C andD and Dataset S4). Additionally, up-regulated
genes in responders were enriched for an acute lymphocytic
choriomeningitis virus (LCMV) infection CD8+ T cell gene signa-
ture as compared to chronic LCMV (24, 35), indicating that within
the responding tumors the CD8+ T cells are in a more activated
rather than exhausted state (Fig. 3 C and D and Dataset S4).
The nonresponder signature was enriched for a gene signature

of CD8+ T cells from a chronic LCMV infection as compared to an
acute LCMV infection (24), indicating that within the nonresponding
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mice the CD8+ TILs are in a more exhausted rather than acti-
vated state, even shortly after ICB treatment (Fig. 3 C and D and
Dataset S4). In addition, genes in the nonresponder signature
were enriched for pathways associated with active cell cycle
(Fig. 3 C and D and Dataset S4). While we observed this en-
richment for cell cycle pathways at the transcriptional level, we
did not observe a difference in the levels of Ki-67 across the
responders and nonresponders when measured by flow cytom-
etry (SI Appendix, Fig. S4). Our observations align with studies
that have shown that PD-1 could arrest the early cell cycle pro-
gression of T cells in the G1 phase (36–38).

High Expression of CXCR3 on Effector T Cells Is a Functional Driver of
Initial Response to ICBs. Following our observations that the CD8+

gene signature up-regulated in responder mice is significantly
associated with T cell activation (Fig. 3 C and D), we explored
whether protein measurements of CD8+ T cells from tumors
prior to therapy initiation support this observation. We used our
bilateral tumor implantation approach to collect one tumor from
mice for pretreatment baseline analysis and to monitor the other
tumor after treatment to classify the mice as responders or

nonresponders. Using flow cytometry, we found that CD8+ T cells
from responder mice expressed higher levels of markers of T cell
activation and function, including ICOS, granzyme B (Fig. 4A), and
the immunostimulatory cytokines IL2, TNFα, and IFNγ (Fig. 4B),
confirming our sequencing analysis. Importantly, the CD8+ T cells
from responder mice had higher expression of both TNFα and
IFNγ, indicating polyfunctionality (Fig. 4B).
To evaluate potential causal roles for genes within our tran-

scriptional signatures in driving response to ICB, we evaluated
Cxcr3, one of the top 25 differentially expressed genes in our
dataset preferentially expressed on CD8+ T cells of responding
tumors (SI Appendix, Fig. S5 and Dataset S3). We chose to validate
Cxcr3 as a potential biomarker in our model, given its importance in
effector T cell activity, as well as response to ICB in other models
(39, 40). Effector CD8+ T cells require CXCR3 for trafficking to
the tumor vascular interface and functional vasculature is critical for
response to immunotherapies (17, 18, 41). Activated T cells often
use CXCR3 to migrate to inflammatory sites that secrete high levels
of CXCR3 ligands, CXCL9, CXCL10, and/or CXCL11 (42–44).
Since we observed significant infiltration of CD8+ T cells in the
TME even before treatment (Fig. 2E), we investigated whether
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Fig. 2. Responder mice have distinct TME characteristics before and shortly following treatment initiation. Bilateral E0771 tumor-bearing mice were treated
with anti-PD-1 mAb or IgG (control) on days 8, 11, and 14 after tumor inoculation; n = 6 to 12. Representative data are from three independently repeated
experiments. (A) Outline of bilateral tumor implantation experiment to transcriptionally profile CD8+ T cells shortly following anti-PD-1 therapy. The same
number of tumor cells were implanted orthotopically into the left and right mammary fat pad (MFP) of each mouse; one tumor was removed at day 7
following treatment initiation for analysis and response was assessed by monitoring growth in the remaining tumor. (B) Relative percentages of CD8+ T cells
in total CD45+ populations in tumors resected at day 7 following treatment initiation, as evaluated by flow cytometry. Tumors from responder mice show
increased numbers of CD8+ T cells, compared to tumors from nonresponder mice or mice treated with control IgG. ***P < 0.0005, by one-way ANOVA with
post hoc Student’s t test. Error bar indicate SEM. (C) Representative immunofluorescence images of tumors from responding and nonresponding mice
extracted at day 7 following treatment initiation stained for CD8+ T cells (red) and nuclei (blue). Cancer cells were GFP labeled (green). Tumors from responder
mice have higher infiltration and uniformly distributed CD8+ cells in the TME. (Scale bar, 100 μm [for enlarged images] and 500 μm [for whole tumor images].)
(D) Relative percentages of CD11b+Gr1+ MDSCs in tumors resected at day 7 following treatment initiation, as evaluated by flow cytometry. Tumors from
responder mice show decreased numbers of MDSCs, compared to tumors from nonresponder mice or mice treated with control IgG. *P < 0.05; ***P < 0.0005,
by one-way ANOVA with post hoc Student’s t test. Error bar indicate SEM. (E and F) Tumors were collected from the experimental cohort (one tumor collected
per mouse) at days 0 (no treatment), 2 (after one dose), 5 (after two doses), and 8 (after three doses) and evaluated for (E) CD8+ T cell infiltration and (F) CD8+/
Treg ratio by flow cytometry; n = 4 to 11 from each experiment. T cell infiltration and CD8+/Treg ratio increases in tumors from responders, but not in tumors
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CXCR3 expression on CD8+ T cells could be a predictive bio-
marker for response to anti-PD-1 therapy.
We evaluated CXCR3 protein expression using our bilateral tumor

implantation approach, collecting one tumor prior to immunotherapy
initiation and monitoring the remaining tumor to assess response
to treatment. The frequency of the CXCR3+ CD45+ cell pop-
ulation was higher in the responders compared to nonresponders
(Fig. 4C). There was no difference in the CXCR3+ CD45− pop-
ulations between the groups (SI Appendix, Fig. S6A). Consistent

with our RNA-seq analysis, we observed higher expression of
CXCR3 on the CD8+ T cells in the responding tumors (Fig. 4D),
suggesting CXCR3 may be important for triggering antitumor im-
munity in the TME. We also evaluated CXCR3 expression in other
immune cell populations and observed a trend toward higher
CXCR3 expression in CD19+ B cells and CD4+ T cells, but the
results were not statistically significant (SI Appendix, Fig. S6B). Thus,
the difference in CXCR3 expression between the responders and
nonresponders primarily came from the CD8+ T cell population.
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Fig. 3. Transcriptional profiling of CD8+ TILs extracted shortly following treatment initiation yields distinct gene signatures for responders and nonresponders.
CD8+ tumor-infiltrating T cells were extracted from tumors surgically removed at day 7 following anti-PD-1 therapy and response was assessed from the remaining
paired tumor. (A) PCA of the transcriptional profiles of CD8+ TILs shortly following anti-PD-1 therapy (7 d) shows that the first two principal components separate
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To examine the functional significance of CXCR3 expression
in response to PD-1 blockade, we examined whether CXCR3
deficiency might lead to lower therapeutic response. We implan-
ted the same numbers of tumor cells orthotopically into Cxcr3−/−

or wild-type (WT) mice and treated them with anti-PD-1 antibody.
Loss of CXCR3 promoted a nonresponder phenotype early in the
response, with only 30% of Cxcr3−/− mice responding to ICB as
compared to the typical 60 to 70% seen in WT (Fig. 4 E and F)
mice at day 15 posttreatment initiation. However, CXCR3 defi-
ciency was not sufficient to sustain the nonresponder phenotype
later in the response. After day 15 posttreatment initiation, 43%
of the nonresponsive tumors began to regress. These findings
suggest there may be compensatory mechanisms that enable re-
sponses to anti-PD-1 in Cxcr3−/− mice. Considering that exhausted
CD8+ T cells acquire a fixed differentiation state at the epigenetic
level (45, 46), we investigated whether Cxcr3 might be regulated
epigenetically. We examined open chromatin regions using
assay for transposase-accessible chromatin (ATAC) sequencing
data from publicly available datasets (45, 47, 48) in naïve, effector

(acute LCMV) day 8 postinfection (p.i.), memory (acute LCMV day
30 p.i.), and exhausted CD8+ T cell subsets (chronic LCMV day
30 p.i., progenitor and terminal exhausted subsets). We found that
effector and exhausted CD8+ T cells responding to viral infection
had more open chromatin regions in the Cxcr3 locus than naïve or
memory (acute LCMV day 30 p.i.) CD8+ T cells (SI Appendix,
Fig. S7). Collectively, these data highlight the importance of
CXCR3 in promoting antitumor immunity in responder mice,
though additional mechanisms can compensate in the absence
of CXCR3.

Mouse-Derived Responder and Nonresponder Gene Signatures Are
Predictive of Patient Survival and Response to ICB. Using our
CD8+ T cell transcriptional profiles derived from partitioning
responder from nonresponder mice (Fig. 2A), we hypothesized
that transcriptional gene signatures, incorporating tens to hun-
dreds of genes, may be a powerful tool in predicting respon-
siveness to immunotherapy. To this end, we tested if our derived
responder and nonresponder gene signatures (Fig. 3B) are pre-
dictive of response to ICB and general survival in human patients.
To test our hypothesis, we conducted three separate lines of
analyses based on 1) survival rates of BC patients as they relate to
our gene signatures, 2) bulk RNA-seq from BC and melanoma
patient samples, and 3) ICB response association based on single-
cell RNA-seq of CD8+ T cells from patient samples.
To evaluate our gene signatures as predictive measures within

the BC patient landscape we analyzed how our responder and
nonresponder signatures align with survival rates in BC patient
samples available via the METABRIC database (23). We assessed
connections between our gene signatures and general survival in
the BC context because comprehensive BC response to ICB
datasets is not yet available. To test for associations between
our gene signatures and survival in BC patients, we developed a
correlation-based method to identify subsets of patient samples
that score either highest or lowest for expression of a given sig-
nature (e.g., our responder signature) (Materials and Methods).
Following the identification of patient subsets from the META-
BRIC database that were paired with either our responder or
nonresponder mouse-derived signatures, we assessed survival rates
of BC patients and observed a significant association of the pa-
tients scoring highly for the nonresponder signature with worse
survival, and a potential trend of the patients scoring highly for the
responder signature with better survival (P = 0.035 and 0.1, re-
spectively, Fig. 5A and Dataset S6).
While the mouse-derived nonresponder signature showed

significant associations with BC patient survival (Fig. 5A), we
hypothesized that a more accurate human-adjusted signature
could be derived by applying a computational strategy to cus-
tomize the mouse-derived signatures to the human context.
Briefly, each mouse signature was used as a “core,” to which the
correlation in expression of all human genes was computed. An
adjusted human signature was derived by including human genes
that had correlation values of three SDs or higher with the mouse
signature (Dataset S5). Following this procedure to construct
human-adjusted responder and nonresponder signatures, we
observed that the responder and nonresponder signatures sig-
nificantly associated with better and worse survival rates in BC
patients, respectively (Fig. 5 B and C and Dataset S6). Last, to
ensure that our reported results are consistent within BC types,
we restricted our analyses to patient samples with basal-like
cancers (since our mouse model was based on such). While
these analyses did not result in statistically significant partitions
due to the limited patient data available, we identified similar
trends of associations between our gene signatures and patient
survival in five out of six tests (SI Appendix, Fig. S8). Moreover,
when defining the patient subsets by quartiles (rather than SD
thresholds) to increase the patient count in each group and hence
our statistical power, we observed a significant association of all
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Fig. 4. Expression of CXCR3 on T cells as a potential biomarker of response
to anti-PD-1 therapy. (A and B) Flow-cytometry measurements show CD8+

T cells extracted from tumors prior to treatment initiation express higher
levels of (A) markers of T cell activation and function and (B) the indicated
cytokines in responders than in nonresponders; n = 6 to 9. P < 0.05 by Stu-
dent’s t test. Error bars indicate SEM. (C and D) Tumors in mice that respond
to anti-PD-1 treatment express higher levels of CXCR3 prior to treatment
initiation; n = 6 to 9. Flow-cytometry analysis shows elevated CXCR3 levels in
(C) total CD45+ cells (P = 0.012) and in (D) CD8+ T cells (P = 0.010) in tumors
extracted from responder mice (by Student’s t test). Error bars indicate SEM.
(E) CXCR3 deficiency results in delayed response to ICB. Tumor growth in
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posttreatment there is a clear separation between responders and nonre-
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three responder signatures with survival (P values of 0.046, 0.012,
and 0.001 for the mouse-derived, 10-gene human adjusted and
complete human adjusted signature, respectively).
To test the relevance of the transcriptional differences we

observed in the mouse model in predicting response to ICB in
patients, we utilized TIDE, a predictive computational tool based
on human melanoma patients, to assess ICB response probability
in patients based on their transcriptome (49). First, we ran the
TIDE predictor on our mouse CD8+ T cell RNA-seq transcrip-
tional profiles (generated shortly after ICB initiation) and found
that the TIDE predictor accurately partitioned the mice into re-
sponders and nonresponders (Fig. 5D). The accurate prediction by
TIDE of the response within our mouse model to ICB indicates
that there are shared transcriptional elements within the predic-
tive landscape of response to ICB in human melanoma patients
and the genetically identical mice in our BC model. Next, we in-
vestigated whether our derived responder and nonresponder gene
signatures associated with response to ICB in patient cohorts in-
dependent of The Cancer Genome Atlas (TCGA) dataset. We
explored a melanoma patient-derived single-cell RNA-seq dataset
(25) and found a significant association between our responder
and nonresponder signatures with the melanoma patient-derived
CD8+ T cell activation and exhaustion signatures (25), respec-
tively (Fig. 5 E and F and Dataset S4). Interestingly, these patient-
derived CD8+ T cell activation and exhaustion signatures were
observed to be significantly associated with response and resis-
tance of the melanoma tumors to ICB, respectively (25). Our
responder and nonresponder signatures significantly associated
with T effector memory and T resident memory signatures derived
from treatment-naïve BC tumors (50), respectively (Fig. 5 E and F
and Dataset S4).
Taken together, our observations suggest that a strong factor

at play in determining and predicting patient responses to ICB is
not genetics based, because transcriptional signatures derived
from our mouse model significantly overlap with transcriptional
signatures associated with patient response. Moreover, our tran-
scriptional signatures were derived from early time points after
initiation of ICB treatment, suggesting that at early time points
transcriptional information from patients could be used to evaluate
prognosis.

Discussion
Although studies have begun to uncover the resistance mecha-
nisms of response to ICBs in solid tumors (51), such studies in
BCs are still largely unexplored. TNBCs are of particular signifi-
cance for study because of the low response rates to ICB alone in
patients. A major limitation to interrogating such mechanisms in
mice has been the inability to couple comprehensive analyses of
tumors early during treatment (e.g., when the tumors are still
comparable in size between groups) with the ultimate disease
outcome later following treatment. While some methods like in-
travital microscopy (IVM) have been useful for tracking longitu-
dinal antitumor responses in some settings, IVM has a number of
limitations that preclude its ability to be widely used for biomarker
studies (42, 52). Here we utilized a model of resection and re-
sponse evaluation to investigate the responsiveness of breast tu-
mors to anti-PD-1 blockade using a bilateral tumor approach in
mice. We observed higher levels of CD8+ TILs in the TME of
responder mice. Transcriptomic analysis of CD8+ TILs at early
time points following anti-PD-1 treatment identified gene signa-
tures that distinguished responders from nonresponders. Notably,
these gene signatures were associated with response or resistance
to ICB in patients as well as patient survival rates. These findings
demonstrate the potential for this approach to discover mecha-
nisms of response and resistance to ICB therapy and identify
clinically relevant biomarkers to predict response to ICB therapy,
as well as new therapeutic targets.

We focused on the T cell compartment in this study due to our
observation that low levels of CD8+ TILs prior to treatment were
associated with nonresponsiveness to PD-1 blockade. Moreover,
using our resection and response model, we showed that within
CD8+ T cells there were robust gene signatures associated with
response and that those aligned with observed signatures in pa-
tients. Based on these analyses and our observation that patient
survival rates significantly associated with our generated responder
and nonresponder signatures, we envision that future studies
could construct a classifier that utilizes distinct attributes of these
human-adjusted signatures to assist with patient diagnostics and
treatment decisions. While in this work we were underpowered to
build an explicit classification tool to predict response, our ob-
servations indicate that there is a strong potential for building such
classifiers based on the significant transcriptional differences in
CD8+ T cells shortly following treatment in our mouse model and
the associations observed between those transcriptional changes
and survival or response to ICB in patients. Although our work
highlights the relevance of using CD8+ T cell transcriptional sig-
natures, additional work using histological analysis to determine
how “immune hotspots” and the proximity of protective immune
components (e.g., activated CD8+ T cells) with tumor cells would
also be of interest to determine the density of CD8+ T cells
needed for response in this setting. Furthermore, future studies
aimed at further dissecting the immune composition of responder
versus nonresponder tumors as well as key pathways driving re-
sponse versus resistance from multiple cell types would be infor-
mative for identifying novel targets to improve patient responses
to ICB. While our flow cytometry data showed a general decrease
in Gr1+ MDSCs and an increase in the CD8/Treg ratio, more
comprehensive profiling of both innate and adaptive immune
populations would be useful. Consistent with this notion, a recent
study by Zemek et al. (19) used a similar technique to identify
pretreatment factors that are important for response to ICB
treatment in mesothelioma and kidney cancer by profiling a
number of both myeloid and lymphoid populations. They found
that more activated infiltrating natural killer (NK) cells were
present in pretreatment responder tumors, and therapeutic in-
terventions aimed at recruitment of this population into tumors
prior to ICB improved response rates. This complementary work
highlights the utility of interrogating the entire immune com-
partment within the TME in a resection and response-type model.
Follow up studies in the E0771 BC model used in our study would
be useful to elucidate other features within the TME that are
predictive and causal of response, including both protective and
regulatory immune populations (e.g., CD4+ Foxp3− T cells, Treg
cells, MDSCs, etc.) as well as nonimmune populations (e.g., endo-
thelium, cancer-associated fibroblasts [CAFs], cancer cells, etc.).
Our transcriptomic analysis of CD8+ T cells at an early stage

of ICB therapy revealed signatures that captured differences in
CD8+ T cells across responders and nonresponders that are
present shortly following ICB initiation. These mouse-derived
responder and nonresponder gene signatures were associated
with response or resistance in patients, respectively, as well as
with survival rates. However, future studies are needed to vali-
date our transcriptional signatures in breast cancer patients who
receive ICB, once the data become available. When comparing
our CD8 responder and nonresponder gene signatures to the
available ICB-treated cohort databases (in which only bulk
RNA-seq of the tumors is available) (19, 43), we did not observe
significant associations of our derived gene signatures with re-
sponse. This observation could be a result of substantial differences
across the datasets such as the time of sample collection (pre- vs.
shortly post-ICB treatment initiation), the cell population se-
quenced (bulk tumor vs. the CD8+ component), the difference in
the types of tumors modeled, and difference of the ICB therapy
administered (anti-PD-1 vs. anti-PD-L1). We further demon-
strated that responding tumors had a more immunostimulatory
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TME by having increased levels of T cell activation markers and
cytokines (IL2, TNFα, and IFNγ). Immune checkpoint therapies
induce the production of IFNγ, which is critical for enhancing
T cell responses (15, 44). Our data suggest that strategies to in-
crease tumor-specific T cell immunity such as vaccine or chemo-
therapy could lead to greater efficacy. Indeed, combining PD-L1
blockade with nab-paclitaxel achieved an objective response rate
of 42% in the patients with triple negative breast cancer, compared
to 24% with PD-L1 alone (8). Moreover, new data have shown that
the combination of anti-PD-L1 (atezolizumab [Tecentriq]) with
chemotherapy including nab-paclitaxel met the primary endpoint
of improved pathological complete response as an initial treat-
ment for people with early triple negative breast cancer through
the IMpassion031 trial, providing increasing excitement about use
of checkpoint blockade in BC. In nonresponding tumors in our
study, we observed an enrichment of a signature associated with
exhaustion (24), suggesting that the severity of exhaustion could be
a mechanism associated with resistance to anti-PD-1 in this BC
model. In some models, combinations of antibodies blocking PD-1
with other immune checkpoints such as CTLA-4, LAG-3, or
TIGIT showed better response rates than treating with anti-PD-1
alone (53–56). Our previous work with E0771 has shown that
combination anti-PD-1 and anti-CTLA-4 resulted in a similar
responder versus nonresponder rate (∼30% nonresponders) (57)
as anti-PD-1 alone in the current study, suggesting that the addi-
tion of CTLA-4 blockade in E0771 would not have been sufficient
to overcome exhaustion in this model. However, future studies
examining different types of combinations to overcome barriers
limiting protective antitumor immunity are warranted.
Focusing on a T cell trafficking signal within our responder

signature, we found that CXCR3 expression had functional sig-
nificance in tumor rejection upon PD-1 blockade, as reported in
ref. 40, as most Cxcr3−/− mice did not respond to PD-1 blockade.
CXCR3 is a key inflammatory chemokine receptor that plays a
major role in immune cell trafficking through binding the IFN-
inducible chemokines CXCL9, CXCL10, and CXCL11 (40, 58).
Our data showed that a greater frequency of CD8+ T cells ex-
presses CXCR3 in responder mice compared to nonresponder
mice. However, it is unclear whether CXCR3 is being regulated
at the genomic level, or if it is being regulated at the epigenetic
level. Considering that effector and exhausted CD8+ T cells
responding to viral infection had more open chromatin regions
in the Cxcr3 locus than naïve or memory (acute LCMV day 30
p.i.) CD8+ T cells (SI Appendix, Fig. S7), additional studies ex-
amining the role of epigenetic regulation in responders versus
nonresponders are warranted. Interestingly, some Cxcr3−/− mice
were transiently resistant to anti-PD-1 antibody, suggesting com-
pensatory mechanisms that are highly sensitive to other cytokines
may circumvent CXCR3 deficiency (39, 59). One possibility is that
other inflammatory trafficking pathways eventually overcome this
resistance in Cxcr3−/− mice, such as other chemokine receptors
(e.g., CCR5/CCL3,4,5 axis), integrins (e.g., α4β1/VCAM-1 or
LFA-1/ICAM-1), or selectins (e.g., PSGL1 binding of P-selectin
and/or E-selectin) (60). Another possibility is that without CXCR3,
antitumor CD8+ T cells have delayed migration to tumors due
to a failure to migrate toward CXCL9 and/or CXCL10 produced
by high endothelial venules (HEVs) in the draining lymph node
(dLN), which could affect their trafficking to the tumor and/or
their differentiation within the LN (61, 62). Future studies in
Cxcr3−/− mice, including comparing transcriptional profiles of re-
sponders and nonresponders, would be informative for elucidating
these compensatory mechanisms. Further investigation of this
mechanism and additional pathways governing CD8+ T cell
responses within the breast TME is crucial for developing optimal
therapies for BCs (63).
In order for chemokine-mediated trafficking to occur, both the

ligand (CXCL9 or CXCL10) and receptor (CXCR3) must be
present; consequently, regulation at the level of both the ligand

and receptor could be contributing to productive antitumor im-
munity in this setting. Since CXCL11 is not expressed in B6 mice,
CXCL9 and CXCL10 are the main drivers of CXCR3-mediated
trafficking in this mouse model (58, 64, 65). Upon stimulation
with inflammatory cytokines, including IFNγ, CXCL9, and CXCL10,
can be produced by a number of different cell types, including
monocytes, fibroblasts, endothelial cells, and cancer cells (58, 65).
The mechanisms by which the CXCR3/CXCL9-10 trafficking axis
contributes to productive antitumor immunity in this setting re-
main unclear. Considering regulation of the ligand, it is possible
that elevated inflammatory cytokines in the TME of responder
mice drive higher CXCL9 and CXCL10 production, acting as a
stronger chemoattractant for CXCR3+ CD8+ T cells. Alterna-
tively, it is possible that responder and nonresponder tumors have
a differential composition of cell types capable of producing
CXCL9 and CXCL10. Lastly, it is possible that the nonresponder
tumors either specifically lack CXCL9 and CXCL10 (which would
be consistent with these tumors being immunologically “cold”) or
that these tumors express higher levels of immunosuppressive
chemokines that may either repel CD8+ T cells or attract regu-
latory populations such as MDSCs. Interestingly, Ccl1 and Xcl1
are up-regulated in CD8+ T cells in nonresponder tumors. CCL1
is the ligand for CCR8, a chemokine receptor involved in recruiting
monocytes, NK cells, Tregs, DCs, and certain populations of B cells
(66). XCL1 is the ligand for XCR1, which is expressed by cross-
presenting DCs, and may be involved in helping CD8+ T cells
colocalize with antigen presenting cells (67). Additional work is
needed to further define how these opposing chemokine pathways
are functioning to regulate antitumor immunity in this setting.
Lastly, our data highlight the importance of evaluating the

dynamic immune modulation of the TME early during treatment
to understand the potential benefit of immunotherapy. Our find-
ings provide a general approach for investigating mechanisms of
resistance to ICB and identifying predictive biomarkers of re-
sponse. For example, this model may be useful in interrogating
additional mechanisms by which these cohabiting, inbred mice
respond differently to therapeutic interventions in tumors. Studies
suggest that even though inbred mouse strains were created to be
essentially genetically identical, these mice are made through
many generations of brother-sister mating, and minor variations
can arise over time that could create differences in the host im-
mune responses (68, 69). Performing whole genome sequencing in
this model could be useful for addressing the contributions of
minor genetic variations to the responder versus nonresponder
phenotype. In addition other “-omics” approaches may be coupled
with this method to provide a comprehensive investigation of the
dynamic changes within the TME. While our study focused on
better understanding CD8+ T cell dynamics in the TME, these
studies could be expanded to examine a number of both immune
and nonimmune (e.g., CAFs, cancer cells, etc.) compartments
within the tumor. In summary, this method presents a way to
dissect how different cell types in the TME contribute to response
and resistance to immunotherapies before and early during ICB
treatment, and has the potential to identify new therapeutic tar-
gets and combination therapies.

Materials and Methods
Mouse Tumor Models. All animal experiments were performed using 6- to
8-wk-old female C57BL/6 mice. For bilateral tumor models, 200,000 cells
were implanted at the same time into both third mammary fat pads of a
mouse. Tumor sizes were measured with a caliper. All animal procedures
were carried out following the Public Health Service Policy on Humane Care
of Laboratory Animals and approved by the Institutional Animal Care and
Use Committee of Massachusetts General Hospital.

Histology. Mice bearing orthotopic E0771 tumors were split into time- and
size-matched (∼75 mm3) treatment groups. Tumor sizes were measured with
a caliper. The mice were then treated with an anti-PD-1 antibody (200 μg,
RMP1-14, BioXcell) or a control IgG antibody (200 μg, 2A3, BioXcell) on days

23692 | www.pnas.org/cgi/doi/10.1073/pnas.2002806117 Chen et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
3,

 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002806117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2002806117


www.manaraa.com

8, 11, and 14. Tumors were isolated at different time points during the treat-
ment. The tumors were removed, fixed in 4% formaldehyde in phosphate-
buffered saline (PBS) (30 min/mm diameter of tissue), incubated in 30% su-
crose in PBS overnight at 4 °C, and frozen in optimal cutting temperature
compound (OCT) (Tissue-Tek). Frozen sections (20 μm thick) were blocked with
5% normal donkey serum (NDS) and immunostained with primary antibodies.
CD8 was stained (BioLegend, 53.6-7, 1:100 dilution) and slides were counter-
stained with DAPI (Vector Labs).

RNA-Sequencing.Mice bearing orthotopic E0771 tumors were treated with an
anti-PD-1 antibody (200 μg, RMP1-14, BioXcell) or a control IgG (200 μg, 2A3,
BioXcell) on days 8, 11, and 14. At day 15, the tumors were then excised and
single cell suspensions were made. The suspensions were diluted in PBS buffer
with 2% bovine serum albumin (BSA) and 1 mM ethylenediaminetetraacetic
acid (EDTA) and the CD45+CD3+CD8+ T cell population was sorted on FACS
Aria 2. RNA was extracted using Myone Silane Dynabeads (Thermo Fisher
Scientific). The RNA fragments were barcoded using 8-bp barcodes in con-
junction with standard Illumina adaptors. Agencourt AMPure XP bead cleanup
(Beckham Coulter/Agencourt) and 14 PCR cycles were used to amplify the
samples. Sequencing was carried out on a HiSEq. 2000 (Illumina). Using the
aligner Salmon (http://salmon.readthedocs.io/en/latest/salmon.html) under

default filtering settings, sequencing reads (fastqs) were aligned to, and
count estimates calculated for, GenCode-annotated mouse (mm12, vM9)
transcripts.

For extended materials and methods please SI Appendix.

Data Availability. All study data are included in the article and SI Appendix.
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