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ABSTRACT
Triple-negative breast cancer (TNBC) is an aggressive and molecularly diverse breast cancer subtype
typified by the presence of p53 mutations (»80%), elevated immune gene signatures and neoantigen
expression, as well as the presence of tumor infiltrating lymphocytes (TILs). As these factors are
hypothesized to be strong immunologic prerequisites for the use of immune checkpoint blockade (ICB)
antibodies, multiple clinical trials testing single ICBs have advanced to Phase III, with early indications of
heterogeneous response rates of <20% to anti-PD1 and anti-PDL1 ICB. While promising, these modest
response rates highlight the need for mechanistic studies to understand how different ICBs function, how
their combination impacts functionality and efficacy, as well as what immunologic parameters predict
efficacy to different ICBs regimens in TNBC. To address these issues, we tested anti-PD1 and anti-CTLA4 in
multiple models of TNBC and found that their combination profoundly enhanced the efficacy of either
treatment alone. We demonstrate that this efficacy is due to anti-CTLA4-driven expansion of an
individually unique T-cell receptor (TCR) repertoire whose functionality is enhanced by both intratumoral
Treg suppression and anti-PD1 blockade of tumor expressed PDL1. Notably, the individuality of the TCR
repertoire was observed regardless of whether the tumor cells expressed a nonself antigen (ovalbumin) or
if tumor-specific transgenic T-cells were transferred prior to sequencing. However, responsiveness was
strongly correlated with systemic measures of tumor-specific T-cell and B-cell responses, which along with
systemic assessment of TCR expansion, may serve as the most useful predictors for clinical responsiveness
in future clinical trials of TNBC utilizing anti-PD1/anti-CTLA4 ICB.
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Introduction

The importance of the tumor microenvironment, especially
tumor infiltrating lymphocytes (TILs), on the immunologic
control of cancers has long been recognized; however, multiple
layers of immune suppression have prevented immune targeted
therapies from being broadly successful.1 One such layer is the
balance between inhibitory and stimulatory signals, also known
as immune checkpoints, which normally maintain self-toler-
ance and immune homeostasis.2,3 In na€ıve T-cells, these inhibi-
tory checkpoint molecules are upregulated in parallel with
T-cell activation and are now recognized as powerful pathways
by which tumors can suppress T-cells.4,5 Checkpoint molecules
are also highly expressed on T regulatory cells (Tregs) and can
mediate direct suppression of T-cell responses.6,7

Of the many immune checkpoint proteins described, the two
best validated therapeutically are cytotoxic T lymphocyte antigen 4
(CTLA4, targeted by ipilimumab and tremelimumab) and

programmed cell death protein 1 (PD1, targeted by nivolumab and
pembrolizumab). Antibodies against these proteins are approved
by the FDA for treatment of six types of cancer, including mela-
noma, lung, renal cell, bladder, types of colorectal, and head and
neck cancer, with numerous clinical trials underway for other types
of cancer.8-11 As clinical studies have progressed, several observa-
tions have been made: 1) treatment is more effective for certain
types of cancer than others, 2) clinical efficacy is heterogeneous
within responsive cancers, with only a fraction of individuals
responding to treatments, and 3) many responsive patients experi-
ence durable clinical responses lasting more than 3 years, presum-
ably mediated by effective tumor-specific immunity.12 While
effective antitumor responses are hypothesized to depend on the
presence of tumor infiltrating lymphocytes (TILs), emergence of
mutated neoantigens, and expression of immune checkpoint mole-
cules, it is unknown exactly what parameters can best predict the
emergence of effective immune responses at an individual level.13-15
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These points are illustrated in early trials of estrogen
receptor (ER)-/progesterone receptor (PR)-/human epidermal
growth factor receptor 2 (HER2)- (triple-negative) breast can-
cer (TNBC), an aggressive breast cancer subtype with only che-
motherapeutic treatment options, for which anti-PD1/PDL1
therapy has resulted in tumor regression in a modest 12–20%
of patients across multiple clinical trials to date.16-20 This
response rate is comparable to those demonstrated in other
responsive cancers and occurs despite widespread infiltration
of TILs and expression of PDL1 in the majority of TNBC
patient samples, with tumoral PDL1 expression being highest
in TNBC compared to other breast cancer subtypes.21-27 Addi-
tionally, »80% of TNBC possess p53 mutations and are charac-
terized by a high degree of genomic dysregulation that results
in a comparatively high mutational rate and subsequent ele-
vated neoepitope burden.28 Over 40 clinical trials are ongoing
or will soon begin enrollment to evaluate the efficacy of these
checkpoint inhibitors in TNBC, most of which combine single
ICB therapies with other interventions. However, few studies
have investigated the mechanisms that underlie responsiveness
of these antibodies in isolation making it difficult to propose
rational therapeutic combinations.8,29,30

Currently the only approved combination of ICB antibodies
in oncology is anti-PD1 and anti-CTLA4. While this combina-
tion has demonstrated elevated toxicities in early studies of
melanoma (>50% Grade III/IV), recent studies employing
reduced doses and sequential use have achieved more clinically
acceptable toxicity profiles, which along with the use of cortico-
steroids, has controlled toxicities in most patients.31 Thus,
while toxicity remains a critical concern, these approaches have
led to more widespread use of the anti-CTLA4/anti-PD1 com-
bination in Phase III trials for NSCLC, renal cell, head and
neck, gastric, lung, mesothelioma and glioblastoma. Early indi-
cations suggest that this combination will be more effective
than either monotherapy, but it remains unknown how it will
synergize in TNBC. More importantly, it is unknown which
specific patients of a particular type of cancer may benefit from
these combinations. Thus, while there is considerable promise
in the use of these approved ICB antibodies in cancers like
TNBC, there remain critical gaps in a complete mechanistic
understanding of their function in specific tumor types, how
these ICB antibodies interact at an individual level, as well as
how important certain factors are in influencing local immuno-
therapeutic outcomes (i.e. presence of neoantigens, TIL reper-
toire, PDL1 expression, FoxP3C Treg infiltration, etc.).

To address these gaps in knowledge and guide the future
clinical use of approved ICBs in TNBC, we established a mouse
model of TNBC and tested the efficacy of anti-PD1 and anti-
CTLA4 checkpoint blockade, both alone and in combination.
We demonstrated that while treatment with anti-PD1 or anti-
CTLA4 alone had a moderate anti-tumor effect, complete
tumor regression was only observed in animals treated with
both antibodies. We further confirmed this finding in several
other models of TNBC. We analyzed the impact of these thera-
pies on the TCR repertoire of tumor bearing mice and identi-
fied significant changes following treatment with anti-CTLA4
that were not altered by the addition of anti-PD1. We went on
to investigate these therapies using a model of TNBC express-
ing a non-self gene, ovalbumin (OVA), with multiple possible

neoantigenic epitopes. These studies confirmed the individual
role of anti-PD1 in suppressing immune responses against
TNBC and anti-CTLA4 in expanding immunodominant T-cell
clones and inducing epitope spreading. Surprisingly, significant
heterogeneity was observed in the TCR repertoires of individual
mice, with the expanded clones being almost entirely unique
for each tumor even when a population of transgenic T-cells
specific for a dominant OVA epitope was adoptively trans-
ferred. Collectively these results suggest that dual checkpoint
blockade may be necessary to enhance clinical activity in some
tumor types as strategies that release local immune suppres-
sion, like anti-PD1, may not be effective without a broadening
of the T-cell repertoire by an agent like anti-CTLA4.

Results

Immunologic profile of pre-clinical TNBC model

To investigate the impact of checkpoint antibodies in TNBC,
we first established an orthotopic TNBC model using the ER-/
PR-/HER2-, p53 mutated, basal-like murine breast cancer cell
line E0771.32,33 These cells were derived from a spontaneous
medullary breast cancer in C57/BL6 mice and readily form
aggressive tumors when implanted into the mammary fat pad
of mice (Fig. 1A). We further evaluated these cells by RNAseq
and confirmed that in addition to p53 being mutated (one stop
codon mutation at G32� and another R334P tetramerization
mutation, similar to those seen in Li-Fraumeni syndrome and
breast cancer patients34-36), there are approximately 5 muta-
tions per megabase of the genome. This mutation rate puts this
cell line within the upper range of reported mutational load
seen in human breast tumors and would be predicted to regu-
larly form neoantigens.14 More than 7% of the mutations found
in this cell line are predicted to have a moderate to high impact
on the affected proteins and over 44% are predicted to cause
missense or nonsense proteins (Sup table 1 and 2). Taken
together, this RNAseq data indicates that this cell line is pre-
dicted to have a clinically relevant number of neoantigens pres-
ent. In addition, our previous research shows that human
TNBCs secrete multiple inflammatory factors, leading to signif-
icant infiltration by immune cells.37

To determine if this model would exhibit immune infiltra-
tion in vivo, E0771 cell were injected and tumors analyzed
at the terminal endpoint. These analyses demonstrated that
tumors arising from E0771 cells contained large populations of
lymphoid and myeloid cells, similar to human TNBC (Fig. 1B).
Substantial numbers of inflammatory monocytes and neutro-
phils were present in these tumors, but macrophages could also
be found (Fig. 1B). There were both CD4C and CD8C T-cells in
the tumors, with the majority of intratumoral CD4C T-cells
being FoxP3C Treg cells (Fig. 1C). Evaluation of expression of
immune checkpoint molecules revealed that TILs had high
expression of both CTLA4 and PD1 compared to the spleen,
with Tregs having the highest expression of CTLA4 (Fig. 1D
and E). Analysis of the E0771 tumor cells revealed expression
of PDL1 (Fig. 1F, dashed line) that was significantly increased
on tumor cells in vivo (Fig. 1F, solid line), similar to levels
induced in vitro after IFN-g stimulation (Fig. 1F, dotted line).
Collectively, these results suggest that the E0771 pre-clinical
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model possesses many of the immunologic prerequisites identi-
fied in human TNBCs that would predict responsiveness to
ICB antibody therapies.

The combined impact of anti-PD1 and anti-CTLA4
on anti-tumor immunity in TNBC

Based on our immunologic characterization of E0771 TNBCs
in vivo, we hypothesized that this model would be particularly
susceptible to ICB targeting PD1 and/or CTLA4. E0771 tumor
bearing (>100 mm3) mice were treated with anti-PD1, anti-
CTLA4, or a combination of both. Control mice were treated
with isotype matched irrelevant antibodies. Surprisingly, treat-
ment with anti-PD1 and anti-CTLA4 alone elicited only mod-
erate anti-tumor effects in this model while their combination
resulted in a profound anti-tumor response, with 80% of mice
demonstrating complete tumor regression (Fig. 2A). Critically,
we found that these responses were not limited to our E0771
model, as this treatment was highly effective against other
TNBC cell lines (4T1 and JC) (Sup Fig. 1A and 1B) and led to
long term survival of highly aggressive spontaneously occurring
triple-negative breast tumors in MMTV-PYMT transgenic
mice (Sup Fig. 1C).38 This suggested that anti-CTLA4/anti-
PD1 dual ICB was having a synergistic impact on anti-tumor
immune responses.

Changes in the TCR repertoire of TNBC TILs and PBMCs
following checkpoint blockade

To further understand the mechanism of action of these ICBs on
the immune response to TNBC, we evaluated their impact on the
intratumoral and systemic TCR repertoire. In these experiments,

we treated mice as before (Sup Fig. 2A and 2B) and after 1 week,
we sequenced the CDR3 region of the b-chain of T-cell receptors
present in peripheral blood and tumors and performed paired
analysis of available samples.39 TCR sequence analysis of TILs
demonstrated a significant increase in the number of productive
TCR templates present in the tumors of mice treated with anti-
CTLA4 alone and the anti-PD1/anti-CTLA4 combination, but
not in mice treated with anti-PD1 alone (Fig. 2B). A clonality
score was used in which 0 represented a perfectly polyclonal popu-
lation and 1 represented a perfectly monoclonal population. Treat-
ment with anti-CTLA4 led to an increase in this clonality score,
indicating that the T-cell populations were becoming more
mono- or oligoclonal (Fig. 2C). While this indicates an expansion
of several dominant clones, the number of unique TCR rearrange-
ments was also increased following treatment with anti-CTLA4,
demonstrating a broadening of the repertoire (Fig. 2D). This is
further demonstrated by graphing the proportion of total TCR
transcripts that are accounted for by the top 10 clones, with each
of the top 10 being shown in a different color (Fig. 2E). The blue
bar represents the fraction of the repertoire that is accounted for
by all remaining clones not in the top 10. This analysis highlights
the shift that occurs in the repertoire of anti-CTLA4 treated
tumors, with approximately half of the total population being rep-
resented by the top 10 clones. Thus, anti-CTLA4 treatment
resulted in a simultaneous expansion of dominant clones while
also increasing the diversity of the overall repertoire in the tumor.
Similar trends were seen in the PBMCs, however the overall clon-
ality score did not increase significantly and the outgrowth of
hyperexpanded clones was not as evident (Sup Fig. 2C and 2D).

We further compared the TCR repertoires based on overall
similarity of the CDR3 sequences within the repertoires, with a
score of 0 being completely dissimilar and a score of 1 being

Figure 1. Characterization of immune infiltration in E0771 TNBC tumor model. (A) E0771 cells were orthotopically implanted into the mammary fat pad of C57 BL/6 mice
and tumor volume was measured biweekly. (B) Tumors were enzymatically digested and analyzed for immune cell infiltration when tumors reached terminal endpoint
volume. Gating as follows: CD45CCD11-CD4C or CD8C T cells, CD45CCD11bCLy6ChiLy6G- monocytes, CD45CCD11bCLy6Ghi neutrophils, CD45CCD11bCLy6 C-Ly6G-
F480C macrophages (C) CD45CCD11b-CD8b-CD4CFoxP3C Tregs from spleens and tumors were quantified by flow cytometry when tumors reached terminal endpoint
volume. (D) Representative histograms from tumors and spleens pregated on live, CD45C, CD11b-, CD8b-, CD4C, FoxP3C or FoxP3- (top) and quantification (bottom).
(E) CD45CCD11b-CD8bC or CD45CCD11b-CD4C cells from the spleen or tumors were analyzed for expression of PD1 when tumors reached terminal volume. (F) E0771
cells grown in culture, E0771 cells grown in culture with 10ng/ml recombinant IFNg for 48 hours, or taken ex vivo from tumors grown orthotopically in the mammary fat
pad of C57 BL/6 mice when tumors reached terminal endpoint volume were stained for PDL1 expression. Error bars indicate SEM. Representative of 3 experiments. n D 5
mice per group; �P < 0.05; ��P < 0.01; ���P < 0.001 by paired t-test.
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identical. When tumor samples from all mice were compared,
the TIL TCRs between mice were largely dissimilar (Fig. 2F).
TCRs in PBMCs showed an intermediate level of similarity
between mice, consistent with the randomly generated,
broad population of T-cells generally expected in circulation
(Fig. 2G). Finally, the repertoires that showed the highest
degree of similarity were the matched blood and tumor samples
from the same mouse, showing that the outgrowth of T cell
clones in any given tumor were also found in systemic circula-
tion (Fig. 2H). These studies demonstrate the individual nature
of the TCR repertoire present in each mouse, independent of
treatment and in spite of the homogenous nature of the experi-
mental system.

Using an OVA expressing TNBC model to evaluate
checkpoint mechanisms of action

Overall, the TCR sequencing analysis revealed that anti-CTLA4
treatment leads to broad repertoire changes, regardless of the
presence of anti-PD1. However, the profound anti-tumor
response is only seen when both therapies are combined, sug-
gesting unique, complimentary mechanisms of action for each
therapy. To probe these mechanisms, we modified our E0771
cell line to express a non-self gene, ovalbumin (OVA) (Sup
Fig. 3A). OVA has a 76% protein homology overlap with its
nearest murine homolog, serpinb3, and therefore contains
many neoantigenic determinants to facilitate immunological
tracking and potentially homogenize immune responses
between mice. Critically, we found that inclusion of OVA did
not alter growth kinetics of the parental E0771 line in vitro or

in vivo when implanted in SCID/beige mice (Sup Fig. 3B and
C). In immunocompetent mice, this cell line allowed for track-
ing of tumor specific T-cell responses by restimulating spleno-
cytes with an immunodominant OVA peptide (SIINFEKL) and
assessing IFN-g production by ELISPOT (Sup Fig. 3D) or B
cell responses by quantitating OVA specific antibodies in the
serum by ELISA (Sup Fig. 3E). We confirmed that despite a
detectable anti-OVA response in these mice, expression of the
immune target (OVA) was retained in tumors ex vivo from
C57BL/6 mice, although levels were decreased relative to the
initial cell line or tumors grown in SCID/beige mice (Sup
Fig. 3F). This suggests that immune responses to OVA neoepi-
topes occurred, but that they only elicited a modest anti-tumor
response.

To evaluate a potential role for non-self neoepitope-specific
T-cells in controlling tumor growth, we adoptively transferred
OVA-specific, TCR transgenic T-cells (OTI cells) intravenously
(IV) 3 days after implantation of E0771-OVA cells. Cells were
transferred at this early timepoint to allow time for in vivo acti-
vation, expansion, and infiltration into tumors before they
became too large. Surprisingly, we found that transfer of 1 £
106 OTI cells had no effect on tumor growth and 5 £ 106 OTI
cells had only a minor, non-statistically significant, impact
(Sup Figure 3G), despite substantial infiltration of tumors by
OTI T-cells at the terminal endpoint shown (Sup Figure 3H).
Taken together, we hypothesized that the tumor microenviron-
ment of E0771-OVA tumors was immunosuppressive and tar-
geting these pathways could enhance responses.

Subsequently, we tested our checkpoint inhibitors in this
model and again saw that while either checkpoint inhibitor
alone was effective, only the combination of anti-PD1 and anti-

Figure 2. Dual blockade of PD1 and CTLA4 has profound anti-tumor effect on E0771 TNBC tumors and TCR repertoire. (A) E0771 cells were orthotopically implanted into
the mammary fat pad of C57 BL/6 mice and measured biweekly. Mice were randomized into groups and treated with anti-PD1 and/or anti-CTLA4 (IgG2 a) antibodies
biweekly beginning when tumors measured >100 mm3 or were treated with isotope controls antibodies. (B-D) High-throughput quantitative sequencing of the rear-
ranged TCR b genes of tumor or PBMC samples. Analyses were performed using immunoSEQ analyzer software (Adaptive Biotechnologies) and represent a single experi-
ment. (B) Number of total productive TCR templates present in tumors. (C) Clonality score of TCRs present in tumors. (D) Number of unique TCR rearrangements present
in tumors. (E) Frequency of the top ten TCR clones found in individual tumor samples. Each color (red through green) at the top of the bars represents the top 10 individ-
ual clones. The blue bar represents all remaining clones present in the sample. (F-H) Similarity heat map between individual tumor and PBMC samples. Dark red score of
1 is exactly the same and white score of 0 is completely dissimilar. (F) Similarity between tumor samples. (G) Similarity between PBMC samples. (H) Similarity between
tumor and PBMC samples. Error bars indicate SEM. n D 5 per group for A; n D 3-5 per group for B-E; n D 2-5 per group for F; �P < 0.05; ��P < 0.01, ���P < 0.001 by one-
way ANOVA with Bonferroni’s multiple comparisons test to isotype control group.
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CTLA4 led to complete tumor regression (Fig. 3A). To deter-
mine if these changes were the result of altered tumor-specific
immunity, we assessed systemic anti-OVA responses. Notably,
enhanced tumor-specific adaptive responses were only
observed when both antibodies were used (Fig. 3B and C).

Additionally, we observed a significant increase in the fre-
quency of TILs in dual treated mice at the terminal endpoint
shown that was not seen with either therapy alone (Fig. 3D).
Moreover, the proportion of live cells that were CD45C cells
increased in dual treated tumors (data not shown) and the

Figure 3. Dual blockade of PD1 and CTLA4 has profound anti-tumor effect on neoantigen expressing E0771-OVA tumors and has same effect on TCR repertoire. (A)
E0771-OVA cells were grown subcutaneously in C57 BL/6 mice and tumor volume was measured biweekly. Mice were randomized into groups and treated with anti-PD1
and/or anti-CTLA4-IgG2 a antibodies biweekly beginning when tumors measured>100 mm3 or left untreated. (B) Splenocytes from mice in (A) taken at the terminal end-
point were stimulated as indicated and IFN-g producing cells were analyzed by ELISPOT. (C) Serum from mice in (A) taken at the terminal endpoint was analyzed by ELISA
for anti-OVA antibodies. (D) CD4C and CD8C T cells from tumors of mice in (A) taken at the terminal endpoint were quantified by flow cytometry. (E) CD4C FoxP3C
Tregs from tumors of mice in (A) taken at the terminal endpoint were quantified by flow cytometry. (F) Effector T cell: Treg ratio from (D) and (E) was calculated. A-E repre-
sentative of 3 experiments. (G-M) High-throughput quantitative sequencing of the rearranged TCR b genes. Analyses were performed using immunoSEQ analyzer soft-
ware (Adaptive Biotechnologies) and represent a single experiment. (G) Number of total productive TCR templates present in tumors. (H) Clonality score of TCRs present
in tumors. (I) Number of unique TCR rearrangements present in tumors. (J) Frequency of the top ten TCR clones found in individual tumor samples. Each color (red
through green) at the top of the bars represents the top 10 individual clones. The blue bar represents all remaining clones present in the sample. (K) Frequency of the
top clone (left) and the OTI TCR clone (right) in each E0771-OVA tumor (L) Frequency of the top clone in each E0771 tumor (M) Similarity heat map between individual
tumor samples. Dark red score of 1 is exactly the same and white score of 0 is completely dissimilar. Error bars indicate SEM. n D 5 per group for A-F; n D 3-5 per group
for G-M; �P < 0.05; ��P < 0.01; ���P < 0.001 by one-way ANOVA with Bonferroni’s multiple comparisons test to E0771-OVA control group; P value in (C) are for both
aCTLA4 and aCTLA4/aPD1 groups.
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frequency of Tregs present in treated tumors decreased, signifi-
cantly altering the effector:Treg ratio in favor of effector T-cells
(Fig. 3E and F). These results suggest that dual ICB promotes
an effective T-cell response, possibly dominated by a T-cell
clonal expansion to an OVA neoepitope.

TCR repertoire changes in the E0771-OVA model
are identical to those found in E0771 model

To determine the nature of T-cell expansion in the context of a
commonly expressed non-self antigen, we repeated our TCR
sequencing studies in this OVA-expressing model to confirm
the effect of treatment and observe the impact of OVA on the
TIL TCR repertoire. Given OVA expression, we hypothesized
that the repertoire would be more consistent between individ-
ual mice, as it would be heavily biased towards an anti-OVA
response. To further test this hypothesis, we transferred a mod-
est number of OVA-specific OTI cells (105) into all mice the
day after tumor implantation to serve as an immunodominant,
trackable tumor-specific T-cell clone that we predicted would
be highly expanded in ICB treated mice. We then treated estab-
lished E0771-OVA tumors with our previous antibody combi-
nations and sequenced the CDR3 region of the b-chain of
T-cell receptors present in tumors. In this experiment, mice
were either sacrificed when tumors began to regress or when
they reached a terminal endpoint volume (Sup Figure 3I).

As with the parental E0771 tumors, anti-CTLA4 treatment
led to a significant increase in the productive TCR templates,
the clonality score, and the number of unique TCR rearrange-
ments present in TILs (Fig. 3G-3I). Similarly, we again saw out-
growth of hyperexpanded clones within the TILs such that the
top 10 clones accounted for more than 50% of the total reper-
toire (Fig. 3J). Unexpectedly, the OTI TCR sequence (CASSRA-
NYEQYF) represented an expanded clone in only one of the
samples (1 of 15) and, while present in some, it was absent

from most of the tumor samples (8/15, Fig. 3K). Critically, this
clone was not found in any of the mice when the tumors were
not expressing OVA (data not shown). These data indicate that
OT-I expansion in the tumor microenvironment was heteroge-
neous among mice and that endogenous T-cells targeting other
tumor epitopes were dominant. Interestingly, a single clone
(CDR sequence CGARVRGNSDYTF) was present in a major-
ity of the samples and represented one of the expanded clones
in nearly half of the samples regardless of whether the tumor
expressed OVA or not (Fig. 3K and 3L). This provides further
evidence that the expression of OVA did not overshadow the
response to other tumor antigens. Contrary to our prediction,
evaluation of individual clone sequences again revealed very
little similarity between mice despite a non-self gene expressing
multiple neoantigens (Fig. 3M). Likewise, when the similarity
of repertories were compared between OVA and non-OVA
expressing tumors, a similar lack of overlap was seen between
tumors regardless of OVA expression (Sup Fig. 3J).

It is also important to note that the inclusion of OVA did not
alter the overall response of mice to various ICB therapies
(Fig. 3A). These results demonstrate that while OVA-specific
immune responses occurred in these mice, the transfer of OVA
specific T-cells did not enhance responsiveness or constitute a
significant portion of expanded TILs in most mice. Furthermore,
OVA expression did not elicit more homogenous responses in
ICB treated mice or predict responsiveness to ICB therapies.

The role of CTLA4 and Tregs in TNBC immunity

To better understand the underlying mechanisms of the anti-
tumor responses elicited by dual ICB, we focused our attention
on understanding the T-cell expansion mediated by ICB anti-
bodies in TNBC. The TCR repertoire analysis revealed that
anti-CTLA4 treatment leads to broad repertoire changes,
regardless of the presence of anti-PD1. Having established a
system that allows us to track anti-tumor immune responses

Figure 4. Targeting CTLA4 depletes intratumoral Tregs and enhances anti-tumor responses. (A) Flow cytometry intracellular staining of CTLA on CD4C FoxP3- or CD4C
FoxP3C T cells from the spleens of E0771-OVA tumor bearing mice and E0771-OVA tumors when tumors had reached a terminal endpoint. Representative histograms
and summary data shown. Gray histogram represents staining control. (B) E0771-OVA cells were grown subcutaneously in C57 BL/6 mice and tumor volume was mea-
sured biweekly. Mice were randomized into groups and treated with anti-CTLA4 antibodies biweekly beginning when tumors measured >100 mm3 or left untreated. (C)
CD45CCD11b-CD4CFoxP3C Tregs in tumors from mice in (B) at the terminal endpoint were quantified by flow cytometry. (D) Splenocytes from mice in (B) at the termi-
nal endpoint were stimulated as indicated and IFN-g producing cells were analyzed by ELISPOT. A-D representative of 3 experiments. Error bars indicate SEM. n D 5 per
group for A-E; �P < 0.05; ��P < 0.01; ���P < 0.001 by one-way ANOVA with Bonferroni’s multiple comparisons test to E0771-OVA control group.
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and recapitulates the repertoire changes seen with the parental
TNBC cell line, we wanted to examine mechanistically how
each antibody was impacting tumor growth. We have previ-
ously shown that the majority of CD4C T-cells in E0771
TNBC tumors are FoxP3C Treg cells that express high levels of
CTLA4 (Fig. 1C and 1D), and this pattern is also true in our
E0771-OVA tumors (Fig. 4A). We and others have previously
noted a reduction in tumor-infiltrating Tregs following treat-
ment with anti-CTLA4 (Fig. 3E). To understand the impact of
CTLA4 antibodies on this population in TNBC, we utilized dif-
ferent isotypes of anti-CTLA4 that would either primarily block
receptor function (IgG1) or could additionally elicit antibody-
dependent cell-mediated cytotoxicity (ADCC) (IgG2a).40-43

This activity was confirmed by in vitro ADCC assays of
CTLA4C cells using both antibody isotypes (Sup. Fig 4A).

We administered these antibodies to E0771-OVA tumor-
bearing mice and found that while both isotypes had an anti-
tumor effect, the effect seen with anti-CTLA4-IgG2 a was more
profound than with anti-CTLA4-IgG1 (Fig. 4B). To confirm
whether this anti-tumor effect resulted from a reduction of
FoxP3C Treg cells, we evaluated their splenic and tumor Treg
populations. We noted as before a significant decrease in the
frequency of Tregs present in anti-CTLA4-IgG2 a treated
tumors (Fig. 4C). Interestingly, these effects were specific to the
tumor microenvironment as Treg ratios in the spleens of anti-
CTLA4-IgG2a mice remained unchanged compared to anti-
CTLA4-IgG1 and control mice (Sup Fig. 4B). Additionally, we
found that anti-CTLA4-IgG2a elicited significantly weaker
antibody-dependent cell phagocytosis (ADCP) compared to
anti-CTLA4-IgG1, further suggesting that elimination of Tregs
was mediated by ADCC (Sup Figure 4C). These findings are
consistent with other reports of tumor specific Treg depletion
by anti-CTLA4 in other tumor models.40,44,45 However, we
noted comparable increases in anti-OVA T-cell responses in
both CTLA4 treatment groups (Fig. 4D). This suggests that

CTLA4 blockade is responsible for enhanced systemic anti-
OVA immunity, but that Treg depletion within the tumor
microenvironment is critical in allowing these augmented
immune responses to directly suppress tumor growth. There-
fore, local depletion of CTLA4C Tregs and blockade of inhibi-
tory CTLA4 signaling may have a tandem impact in enhancing
T-cell infiltration into the TNBC tumor microenvironment.

TNBC express PDL1 and suppress PD1C T-cells and anti-
tumor immunity in vivo
While anti-CTLA4 antibodies were critical for T-cell expan-
sion, the combination with anti-PD1 antibodies had a syn-
ergistic effect and greatly enhanced anti-tumor immunity.
In our E0771 TNBC tumors, PDL1 is highly expressed on
tumor cells, while PD1 is highly expressed on various T-cell
populations Fig. 1E and F), although it is unclear what role
tumor expressed PDL1 plays in TNBC. A recent study sug-
gests that tumor-specific PDL1 expression is critical for
immunosuppression of certain immunogenic tumors, but
may be less critical in other types of cancer.46 To under-
stand how PDL1 expression by TNBC cells impacts tumor-
specific T-cell function, we first compared the IFN-g
response of OVA-specific OTI cells to three different TNBC
tumor stimulator cells in an ELISPOT assay: E0771 cells,
E0771-OVA cells, and E0771-OVA expressing cells that
were engineered to overexpress PDL1 (PDL1-OE) (Sup
Figure 5A). E0771-OVA cells elicited IFN-g secretion from
a significant number of OTI cells; however, 4-fold fewer T-
cells secreted IFN-g in response to E0771-OVA-PDL1-OE
(Fig. 5A). We next assayed the cytolytic activity of OTI cells
against the same three populations of tumor cells. Although
75% of control OVAC cells were killed by OTI cells,
E0771-OVA-PDL-OE cells were largely protected from this
OTI T-cell mediated killing (Fig. 5B). Taken together, these

Figure 5. Manipulation of PDL1/PD1 enhances tumor targeting by immune cells. (A) ELISPOT assay for IFN-g producing cells with OTI T cells as responders and E0771
parental, E0771-OVA or E0771-OVA PDL1 OE tumor cells as stimulators. (B) E0771 cell lines expressing luciferase were incubated with indicated ratios of OTI T cells and %
of live cells as measured by luciferase expression compared to no OTI control is shown. (C) E0771-OVA or E0771-OVA PDL1-OE tumors were grown subcutaneously in C57
BL/6 mice and measured biweekly. (D) E0771-OVA GFP-CRISPR control or E0771-OVA PDL1 KO tumors were grown subcutaneously in C57 BL/6 mice and measured
biweekly. (E) E0771-OVA GFP-CRISPR control or E0771-OVA PDL1 KO tumors were grown as before and on day 3 post tumor implantation, 1 £ 106 OTI T cells were trans-
ferred IV into a cohort of each group. (F) Serum from terminal bleed of mice in (E) was analyzed by ELISA for anti-OVA antibodies. (G) Splenocytes from mice in (E) at the
terminal endpoint were stimulated as indicated and IFN-g production was analyzed by ELISPOT. A-B representative of 3 experiments. C-G representative of 2 experiments.
Errors bars indicate SEM. n D 5 per group for A-F; �P < 0.05; ��P < 0.01; ���P < 0.001 by 2-tailed Student’s t test or one-way ANOVA with Bonferroni’s multiple compari-
sons test to E0771-OVA control group.
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in vitro assays establish the negative impact of PDL1
expression by E0771 cells on effector T-cell function.

As PDL1 expression suppressed T-cell cytotoxicity, we also
wanted to determine if it had a direct impact on TNBC growth,
as has been reported in other cancers.47,48 We found that
although overexpression of PDL1 did not alter the growth of
E0771-OVA cells in vitro, there was a small enhancement of
tumor growth when these cells were implanted in immunode-
ficient SCID-beige mice (Sup Figure 5B and C). However, over-
expression of PDL1 significantly enhanced growth kinetics
compared to the unmanipulated cell line in immunocompetent
mice (Fig. 5C), supporting a dominant role for PDL1 in TNBC
immune evasion.

We also examined the impact of the loss of PDL1 on tumor
growth using a CRISPR/Cas9 system to knock-out PDL1 in
TNBC cells. Single clones were selected and evaluated for
expression of PDL1 by flow cytometry (Sup Figure 5D). We
found clones with both partial and full KO of PDL1 utilizing
different CRISPR sgRNA targeting sequences. We observed a
profound decrease in tumor growth of full PDL1-KO E0771-
OVA cells compared to control lines in immunocompetent
animals (Fig. 5D). Implantation of the partial PDL1-KO dem-
onstrated an intermediate reduction in growth, corresponding
to the intermediate level of PDL1 expression (Sup Figure 5E).
Interestingly, PDL1 expression was selected for in vivo, as ex
vivo analysis of tumor PDL1 showed selection for a PDL1hi

population (Sup Fig. 5F). Growth of PDL1-KO cells in immu-
nodeficient SCID mice was also slightly reduced, which was
consistent with the enhanced growth seen by PDL1-OE (Sup
Fig. 5G). Many of the CD45C cells within the tumor also
express high levels of PDL1 (data not shown), however the dra-
matic impact of knocking out PDL1 in the tumor cells specifi-
cally demonstrates the vital role for PDL1 on tumor cells rather
than CD45C cells in altering tumor growth.

To determine if this growth difference of PDL1-KO cells was
due to an increased functionality of T-cells within the tumor, we
again utilized the OTI T-cell transfer system. We implanted con-
trol or full PDL1 knockout cells and transferred 1 £ 106 OTI T-
cells IV 3 days post tumor implantation. As before, the OTI
transfer had minimal impact on tumor growth of control tumors
but transfer of 1 £ 106 OTI T-cells was highly effective at stop-
ping the growth of PDL1-KO tumors, with several mice remain-
ing tumor free after OTI transfer (Fig. 5E). Notably, analysis of
serum showed high titers of anti-OVA antibodies in this group
(Fig. 5F), suggesting that the destruction of OVAC tumors by
OTI cells triggers systemic antibody responses to OVA. Notably,
OVA is not expressed on the cell surface of our tumor cells and
anti-OVA antibodies generated in tumor bearing mice do not
bind tumor cells directly (data not shown). Additionally, splenic
analysis demonstrated an increased response to the OVA peptide
SIINFEKL, with no increase in background responses (Fig. 5G).
These findings of immune evasion and decreased CD8 T-cell
function as the result of tumor specific PDL1 expression are con-
sistent with other recent work using CRISPR/Cas9 to knock out
PDL1 in colorectal tumor models.46

We had previously tested how effective treatment with anti-
PD1 was in this model and saw a partial anti-tumor response
(Fig. 3A). It is interesting to note the incomplete effect seen

with anti-PD1 treatment compared to PDL1 knockout, which
is most likely due to a deficiency in the local dosage and tissue
penetration achieved with antibody treatment. Altogether,
the moderate impact seen with treatment of tumor bearing
mice with PD1 blocking antibodies highlights the role TNBC
specific PDL1 expression plays in locally suppressing tumor-
specific T-cells within the tumor and the need for additional T-
cell activation systemically by another agent like adoptive cell
transfer or anti-CTLA4 treatment in this TNBC model.

Heterogeneity of anti-tumor immunity in OVAC
TNBC model

Given the use of genetically identical animals implanted with a
TNBC cell line expressing the same non-self gene, the lack of
repertoire similarity between mice was surprising, but reflective
of the tumor-specific systemic adaptive immune responses
observed in individual mice. While the group averages reflected
significant differences between treatment strategies, treated
mice largely grouped into responders and non-responders.
This divergence persisted across all (OVA and non-OVA)
experiments despite identical treatment strategies. We reana-
lyzed immune responses from mice bearing E0771-OVA
tumors whose response to treatment resulted in tumor regres-
sion (responders) versus those whose tumors continued to
grow while being treated (non-responders) (Sup Fig. 6). This
response grouping analysis demonstrated that responsive mice
had significantly higher systemic tumor-specific adaptive
immune responses compared to non-responders (Fig. 6A and
6B). Despite the correlation of anti-OVA antibodies with
responsiveness, we could not detect any surface expression of
OVA in these tumors (data not shown). This suggests that their
presence is a better indicator of immune responses primed
against tumor cells rather than direct anti-tumor effects of the
anti-OVA antibodies themselves. In addition, when the per-
centage of TILs was graphed against tumor size, increased infil-
tration correlated with smaller tumors (Fig. 6C) while
increased frequency of Tregs within tumors correlated with
increased tumor size (Fig. 6D). Analysis of individual TCR rep-
ertoires demonstrated that the repertoires of responsive mice
had a higher clonality score and an increased number of TCR
templates present in their tumors (Fig. 6E-G). The presence of
expanded clones is also a hallmark of tumors that responded to
treatment (Fig. 6H). These data demonstrate the critical impact
of checkpoint inhibition in expanding primed adaptive
responses to achieve anti-tumor immunity and suggest that
these immune correlates may be an effective means to predict
patient responses.

Discussion

Despite the promising clinical outcomes of ICB targeting PD1/
PDL1 in TNBC in clinical trials, the phase I clinical data sug-
gests that the use of these antibodies in isolation will be ineffec-
tive for the majority (»80%) of TNBC patients.16-20 These
modest clinical outcomes are in spite of the fact that most
TNBCs are characterized by high levels of TILs, neoantigen

e1421891-8 E. J. CROSBY ET AL.



expression, and elevated immunosuppressive molecules; which
are currently thought to be the immunologic prerequisites for
responsiveness to ICB therapies.13-15 This discrepancy high-
lights the need for additional mechanistic study into the use of
these ICB antibodies in TNBC, as well as how their

combination might allow for enhanced efficacy. To address
these gaps, we investigated the combined use of anti-PD1 and
anti-CTLA4 antibodies in TNBC using an immunologically rel-
evant model to human TNBC that containing elevated TILs
and expression of neoepitopes and immune checkpoint genes.

Figure 6. Unique patterns seen in mice that respond to treatment, regardless of what treatment. (A) E0771-OVA cells were grown subcutaneously in C57 BL/6 mice. Mice
were randomized into groups and treated with anti-PD1 and anti-CTLA4-IgG2 a antibodies biweekly beginning when tumors measured>100 mm3 or left untreated. Sple-
nocytes from these mice were stimulated as indicated and IFN-g production was analyzed by ELISPOT. (B) Serum from mice treated as in (A) was analyzed by ELISA for
anti-OVA antibodies. Data shown in (A) and (B) is pooled from 2 independent experiments. (C) Correlation of tumor volume with the % of TILs. (D) Correlation of tumor
volume with the % of Tregs. (E-H) Regrouping of data presented in Fig. 3. (E) Number of total productive TCR templates present in tumors. (F) Clonality score of TCRs pres-
ent in tumors. (G) Number of unique TCR rearrangements present in tumors. (H) Frequency of the top ten TCR clones found in individual tumor samples. Each color (red
through green) at the top of the bars represents the top 10 individual clones. The blue bar represents all remaining clones present in the sample. Error bars indicate SEM.
Data are grouped as responders (tumors decreasing in size post treatment) and untreated/non-responders (tumors continuing to grow post treatment or left untreated).
nD 6-9 per group for A and B; nD 3-5 per group for C-H; � P < 0.05; �� P < 0.01; ��� P < 0.001 by two-tailed Student’s t-test.
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Using this model, we demonstrate that treatment with a combi-
nation of antibodies targeting CTLA4 and PD1 stimulates an
effective anti-tumor immune response better than either anti-
body alone, an effect that we confirmed in several other TNBC
models. We further used this model to dissect the immunologic
contribution and mechanisms underlying each antibody, as
well as their combination (Fig. 7). Finally, an analysis of differ-
ence between responsive and unresponsive mice revealed that
different immune correlates could predict responsiveness in
individual mice.

We show that CTLA4 antibodies dramatically altered the
systemic T-cell response, causing an increased clonality due to
expansion of immunodominant clones but also a broadening of
the number of unique clones present in the tumors. In addition,
anti-CTLA4 led to a depletion of Tregs specifically in the tumor
microenvironment (Fig. 7D). While it is widely accepted
that anti-CTLA4 functions at the level of T-cell priming, its
impact on CTLA4C Tregs is only now beginning to be appreci-
ated. Consistent with work from several other groups, we
have shown that treatment with anti-CTLA4 results in
the depletion of Tregs specifically from the TNBC tumor

microenvironment.40,44,45 Treg elimination with the tumor and
systemic blockade of CTLA4C Tregs may also explain the large
number of immune-related adverse events (irAEs) seen in clini-
cal studies of CTLA4 antibodies (ipilimumab and tremelimu-
mab), where Grade III toxicities were observed in up to 25% of
treated patients.49,50 While we did not observe these overt tox-
icities in our studies, this may relate to the short duration of
our treatment, incomplete blockade of CTLA4, or relative na€ıve
nature of the specific pathogen-free mouse immune system. A
recent study did show that treatment of human monocytes
with ipilimumab results in ADCC of Tregs ex vivo, but addi-
tional clinical studies will be needed to define the role that
tumor Treg depletion or systemic blockade of CTLA4C Treg
functionality is playing in these irAEs.51

Treatment with aPD1 had a modest anti-tumor effect but
no enhancement of systemic anti-tumor responses or expan-
sion of TCR repertoire were observed at the terminal end-
point. We further investigated if anti-PD1/PDL1 inhibition
had a direct impact on TNBC tumor growth, independent of
T-cell responses. Although several studies have identified a
tumor-specific signaling role for PDL1 in certain cancer

Figure 7. Mechanism of action for dual checkpoint blockade. (A) T cell expansion in the lymphoid tissue is hampered by negative signals from CTLA4. (B) Intratumoral
Tregs and PDL1 expression by tumor cells dampen T cell responses within the tumor. (C) Treatment with anti-CTLA4 blocks engagement with CD80/86 and allows for
expansion of T cells. (D) Binding of anti-CTLA4 to Tregs allows for blockade of contact mediated suppression of T cell responses and antibody-dependent cell-mediated
cytotoxicity (ADCC) of Tregs by NK cells and/or monocytes. Anti-PD1 blocks engagement of PD1 with tumoral PDL1 and leads to enhanced cytokine production by CD4
and CD8 T cells and increased tumor cell killing by CD8 T cells.
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lines,47,48 we did not observe any growth differences in PDL1-
KO or PDL1 overexpressing TNBC cells in vitro. However,
we observed a modest growth reduction from PDL1-KO
TNBC cells and a modest growth advantage of PDL1 overex-
pressing TNBC cells in mice. Unlike some reports in
melanoma,52 we were unable to detect PD1 expression in our
tumor population in vitro or ex vivo (data not shown). These
results suggest that PD1-PDL1 interactions may mediate a
growth pathway between tumor cells and other non-T-cells in
the tumor microenvironment, possibly through PD1 express-
ing dendritic cells, tumor-associated macrophages, or another
myeloid derived population.53-57

However, we observed the greatest anti-tumor activity fol-
lowing combination of anti-PD1 and anti-CTLA4 in all models
of TNBC that we tested, characterized by an expanded TCR
repertoire. Consistent with this, analysis of the TCR repertoire
following radiation and dual checkpoint inhibition in B16F10
melanoma tumors also revealed an increased maximal clonal
frequency.58 As we saw in our mouse model, examination of
the TCR repertoire of breast cancer patients demonstrated a
significant increase in the number of unique TCR clones fol-
lowing anti-CTLA4 treatment but not after treatment with
anti-PD1.59-62 These findings are consistent with a model in
which CTLA4 blockade enhances T-cell priming, allowing for
an increased number of unique clones while also allowing for
the expansion of immune dominant clones (Fig. 7C). In con-
trast, anti-PD1 functions locally within the tumor, enhancing
T-cell function and potentially increasing T-cell retention as
has been seen in other cancers63 (Fig. 7D).

Critically, the TCR repertoire analysis revealed a surprising
lack of similarity between mice, even when tumors expressed
the non-self neoantigen OVA. Despite transfer of immunodo-
minant OVA-specific OTI T-cells after OVAC tumor implan-
tation, this clone was expanded in only one of the tumors and
was undetectable in over half of the tumors examined (Fig. 3K).
While OTI is a widely recognized immunodominant OVA-spe-
cific T-cell clone in C57/BL6 mice, it is possible that some of
the other expanded clones could be OVA specific. However,
this seems unlikely given that a single clone was identified in a
majority of the mice regardless of whether the tumor cells
expressed OVA, suggesting that this dominant clone was not
OVA specific. Moreover, the expression of OVA in TNBC cells
did not significantly alter response rates to ICB therapies. Based
on these findings, we suspect that the unique nature of TCR
expansion, rather than the expression of specific neoantigens,
may explain the majority of variability in response to treatment
(Fig. 6). This is supported by a recent study demonstrating no
significant association between the level of neoantigen burden
and T-cell ‘inflamed’ microenvironment across most cancers
(including breast cancer).64 The striking individual heterogene-
ity in our studies are reminiscent of clinical trial data from
patient responses to checkpoint inhibition, with patients either
seeing a durable clinical benefit or having no response at all.65

This shared feature may make our model ideal to further probe
for pre-clinical biomarkers for response.

In our analysis of responsive mice, we observed that sys-
temic OVA-specific T-cell and B-cell responses strongly corre-
lated with anti-tumor responses. This occurred in spite of the
lack of expansion of OTI T-cells in tumors after adoptive

transfer. This may suggest that effective T-cell responses in the
TNBC TME precipitate adaptive epitope spreading to other
antigens to potentially augment anti-tumor immunity. This
seems particularly relevant for anti-OVA antibodies, given their
inability to bind the surface of E0771-OVA cells (data not
shown). Consistent with our data, a recent longitudinal study
found that signatures of adaptive immune activation present in
tumor biopsy samples obtained early during the course of treat-
ment are highly predictive of eventual response to immune
checkpoint blockade.13 Based on these findings, we predict that
monitoring overall immune activation, systemic T-cell and
B-cell responses to common cancer antigens, and general char-
acteristics of the TCR repertoire breadth may be a better indica-
tor of individual responsiveness. Supportive of this prediction,
the ability of PBMCs to produce IFN-g following ex vivo
restimulation correlated with favorable survival outcomes in
response to dual checkpoint therapy.66 Furthermore, a recent
clinical study determined that systemic T-cell repertoires of
complete responders to PD-1 antibody therapies of virally
induced cancers had the largest expansion of T-cells clones spe-
cific to self-antigens and not to non-self viral neoantigens.67 As
such, the further identification of reliable biomarkers that target
treatment to those who are most likely to see clinical benefit is
critically important given the significant toxicities associated
with these therapies.68,69

Collectively, our study demonstrates that PD1 and CTLA4
checkpoint blockade inhibits immunosuppression of TILs
through distinct, complementary mechanisms to expand
unique T-cell repertoires and enhance their effectiveness in
TNBC. These findings suggest that these combinations may be
effective in treating TNBC and that their inclusion may also
enhance the efficacy of adoptive T-cell and CAR T-cell
therapies.70,71 Moreover, our results highlight that the expan-
sion of effector TILs is unique to each tumor, despite the
expression of a common non-self gene with multiple neoanti-
genic epitopes and the transfer of T-cells specific for the immu-
nodominant neoantigenic epitope. These surprising results
suggest that the expression of neoantigens may not be adequate
to select immune checkpoint blockade responsive patient popu-
lations in all tumor types. However, our studies also revealed
that systemic tumor-specific adaptive immunity and TCR
expansion in peripheral blood strongly correlates with the anti-
tumor response. These findings indicate the potential utility of
monitoring systemic immune response and TCR expansion of
TILs as potentially the most useful correlates in clinical studies
utilizing CTLA4 and PD1 antibodies in TNBC.

Materials and methods

Cell lines

E0771 medullary breast adenocarcinoma cells were a kind gift
from Dr. Erik Nelson originally isolated from a spontaneous
cancer in C57 BL/6 mice at the Jackson Laboratory in 1939.32

E0771 cells were maintained in DMEM with 10% FBS and cell
lines generated through lentiviral transduction using OVA and
Firefly Luciferase containing viruses (cloning details available
upon request). 4T1 and JC cells were obtained from the Ameri-
can Tissue Culture Collection.
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RNA sequencing (RNAseq) and analysis

E0771 cells were purchased from CH3 Biosystems (Amherst,
New York), and cultures were maintained with 10% FBS
(Atlanta Biologicals), 1% penicillin-streptomycin (Thermo-
Fisher), and 10 mM HEPES (ThermoFisher) in DMEM. Total
RNA was extracted from E0771 cultures using the Qiagen
RNeasy Mini Kit according to the manufacturer’s protocol.
RNA-sequencing libraries were prepared with 3 mg total RNA
input using the Illumina TruSeq Stranded mRNA Library Prep
Kit according to the manufacturer’s protocol. Sequencing was
performed on the Illumina NextSeq500 with the help of
the Cedars-Sinai Medical Center Genomics Core generating
approximately 60 M and 23 M reads. Reads were aligned to the
mm9 version of the mouse reference genome using the STAR
aligner. The GATK pipeline was used to call variants from the
aligned data to generate a VCF file, which was subsequently
annotated using SnpEff and filtered for Trp53 using SnpSift.

Mice

Female C57 BL/6 (Jackson Labs, Bar Harbor, MA), SCID-beige
(Jackson Labs, Bar Harbor, MA), OTI (B6.129S6-Rag2tm1Fwa-
Tg(TcraTcrb)1100Mjb; Jackson Labs, Bar Harbor, MA), OTI-
GFP/CD45.1 (C57 BL/6-Ly5.2/Cr-RAG2KO-Tg(TcraTcrb)
1100Mjb/J; from Dr. Phillip Scott, University of Pennsylvania),
MMTV-tTA (from Dr. Kay Wagner, University of Nebraska
Medical Center, Omaha, Nebraska72) and PYMT (from Dr. Bill
Muller McGill University, Montreal, Quebec, Canada38) mice
between the ages of 6 and 12 weeks old were used for all experi-
ments. All mice were maintained, bred, and used in accordance
with Duke IACUC-approved protocols.

Tumor cell implantation

E0771 and 4T1 cells were injected subcutaneously into the
mammary fat pad or flank of mice (1 £ 105 cells per ani-
mal) and measured biweekly. Tumor measurements were
made using calipers and volumes calculated using the for-
mula (v D width�width�(length/2)).

Antibody/DT treatment

Antibodies against PD1 were given IP 200 mg/mouse bi-weekly
(Clone RMP1-14; BioxCell, West Lebanon, NH) and CTLA4
were given IP 200 mg/mouse bi-weekly (Clone 9D9 IgG1 and
IgG2 a; kind gift from Bristol Myers Squibb). Diphtheria toxin
(Sigma, St. Louis MO) was given IP 1 mg/mouse bi-weekly.

Flow cytometry

For flow cytometry, cells were isolated from spleens, lymph
nodes or tumors. Unless indicated, all flow cytometry was done
on spleens and tumors from mice when tumors reached a
terminal endpoint volume (»2000 mm3). Prior to staining,
tumors were digested using a mix of collagenase (1 mg/mL),
DNAse (20 U/mL), and hyaluronidase (100 mg/mL) for 90
minutes at 37�C. Digested tumors, spleens, and LNs were
mechanically dissociated by smashing through a 40-mm cell

strainer (Greiner Bio-One). Red blood cells were lysed with
RBC lysing buffer (Sigma). Fixable Aqua dye (Invitrogen) was
added to assess cell viability. Cells were incubated with fluoro-
chrome-conjugated antibodies and fixed with 1% formalin
(Sigma). For intracellular staining, a FoxP3 Fix/Perm kit was
used according to the manufacturer’s instructions (eBio-
science). Antibodies used include: PD1 (29F.1A12or RMP1-
30), PDL1 (10F.9G2), CD45 (30F11), CD8b (YTS156.7.7), CD4
(GK1.5), NK1.1 (PK136), CD44 (IM7), CD11b (M1/70), Ly6C
(HK1.4), F480 (BM8), Ly6G (1A8), FoxP3 (FJK-16S) and/or
CTLA4 (UC10-4B9) (all Biolegend). Data were collected using
an LSR II flow cytometer (BD Bioscience) and analyzed with
FlowJo software (Tree Star).

ELISA

Plates were coated with 50 mg/ml OVA protein (BioLegend,
San Diego, CA) overnight, washed with PBS C 0.05% Tween
20, and blocked with PBS C 1% BSA (Sigma). A serial dilution
of serum was added, followed by an anti-mouse IgG streptavi-
din-HRP conjugated secondary (1:2000; 7076; Cell Signaling
Technology, Danvers, MA). Plates were developed with TMB
substrate (Biolegend) and absorbance determined using a Bio-
Rad Model 680 microplate reader (Bio-Rad, Hercules, CA,
USA). Data points were plated with technical duplicates.

ELISPOT

Mouse IFN-g ELISPOT assay (Mabtech Inc., Cincinnati, OH)
was performed according to according to manufacturer’s
instructions. Briefly, splenocytes (500,000 cells/well) were incu-
bated in RPMI-1640 medium (Invitrogen) with 10% fetal
bovine serum for 24 hours. Cells were stimulated with OVA
peptide (SIINFEKL; 1 mg/ml; Sigma) or irrelevant HIV-gag
peptide mix (2.6 mg/ml: JPT, Germany). PMA (50 ng/ml) and
Ionomycin (1 mg/ml) (Sigma) were used as positive controls.

CRISPR gene targeting

Gene targeting of PDL1 and control GFP by CRISPR/Cas9 was
accomplished through the use of pLentiCRISPRv2 (a gift from
Feng Zhang, Addgene plasmid # 52961).73 Genes were targeted
using the guide sequences (GTACACCACTAACGCAAGC
and TGGTTGATTTTGCGGTATG) and (AGTACACCAC-
TAACGCAAGC and GGACTTGTACGTGGTGGAGTA) for
PDL1 or (GGGCGAGGAGCTGTTCACCG) for the GFP con-
trol and selection of cells using puromycin selection. Successful
targeting of PDL1 was determined by flow cytometry screening
after single cell clonal selection. Control cells were made using
guide sequence targeting GFP rather than PDL1.

Luciferase killing assay

E0771-OVA cells were stably infected with a luciferase express-
ing lentivirus (GreenFire-1, SBI Palo Alto, CA) and selected for
Luciferase expression. These cells were plated 5,000-7,000 cells/
well in 96 well plates with various concentrations of OTI cells.
Each condition was plated with 12 replicates. Plates were incu-
bated for 24–72 hours before tumor cell death was measured
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after lysing cells in a Tritonx100 lysis buffer. Luciferase content
was measured using a Veritas microplate luminometer (Turner
Biosystems). Fraction of live cells at each OTI concentration
was calculated as a percent of the signal measured in control
wells that received no OTI cells.

TCR sequencing

A >10 mg portion of each tumor was flash frozen. Peripheral
blood was collected into 4% sodium citrate buffer before
PBMCs were isolated using Histopaque-1083 (Sigma). All
TCR-b characterization was performed by Adaptive Biotech-
nologies using the ImmunoSeq TCR-b ‘survey level’ mouse
assay for tumors and ‘deep level’ mouse assay for PBMC.39

OTI TCR tracking was based on the OTI sequence
CASSRANYEQYF.

Quantitative rt-PCR

Real-time PCR was performed using an ABI 7300 system using
standard methods and intron spanning primers for OVA
(forward 5’-CCCCATTGCCATCATGTCAG-3’ and reverse 5’-
TGCCACACTGAGCTTCAATACTG-3’). Expression differen-
ces were assessed using the comparative cycle threshold (CT)
method against GAPDH control gene.

MTT assay

A total of 5000 cells were plated in a final volume of 0.2ml in
96-well flat bottom plates with indicated concentrations of
Trastuzumab-DM1. After 3 days, 20ml of a 5mg/ml MTT solu-
tion in phosphate-buffered saline were added to each well for
4 h. After removal of the medium, 100 ml of dimethylsulfoxide
were added to each well. The absorbance at 540 nm was deter-
mined using a Bio-Rad Model 680 microplate reader (Bio-Rad,
Hercules, CA, USA). At minimum, triplicate wells were assayed
for each condition.

ADCC/ADCP luciferase assay

We used CytoTox-GloTM Cytotoxicity Assay (ADCC) or
ADCP FcgRIIa-H Bioassay (Promega, Madison WI) according
to the manufacturer’s instructions. Briefly for ADCP, we plated
25 k target cells (MDA-MB-231-CTLA4C) the day before and
incubated the cells with the indicated concentration of antibody
for 30 minutes. After that time, effector cells were added at a 2:1
ratio and the assay was read at 6 hours post-incubation.

Statistical analysis

Data are presented as mean § SEM. Tumor volumes, flow
cytometry, ELISA, and ELISPOT data from experiments with
3 or more treatment groups were analyzed by 1-way
ANOVA with Bonferroni’s multiple comparisons test. A
2-tailed, unpaired Student’s t test was used for experiments
with only 2 groups. Tumor volumes were analyzed at the ter-
minal endpoint only, unless otherwise indicated. Statistical
analysis was performed using Prism (GraphPad). P values of
0.05 or less were considered statistically significant. Not all

significant differences are shown in every graph. �P < 0.05;
��P < 0.01; ���P < 0.001
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