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ABSTRACT

Immune exclusion inhibits anti-tumor immunity and response to immunotherapy, but its
mechanisms remain poorly defined. Here, we demonstrate that Trophoblast Cell-Surface Antigen
2 (TROP2), a key target of emerging anti-cancer Antibody Drug Conjugates (ADCs), controls
barrier-mediated immune exclusion in Triple-Negative Breast Cancer (TNBC) through Claudin 7
association and tight junction regulation. TROP2 expression is inversely correlated with T cell
infiltration and strongly associated with outcomes in TNBC. Loss-of-function and reconstitution
experiments demonstrate TROPZ is sufficient to drive tumor progression invivoinaCD8 T cell-
dependent manner, while its loss deregulates expression and localization of multiple tight
junction proteins, enabling T cdll infiltration. Employing a humanized TROP2 syngeneic TNBC
model, we show that TROP2 targeting via hRS7, the antibody component of Sacituzumab
govitecan (SG), enhances the anti-PD1 response associated with improved T cell accessibility
and effector function. Correspondingly, TROP2 expression is highly associated with lack of
response to anti-PD1 therapy in human breast cancer. Thus, TROP2 controls an immune

exclusion program that can be targeted to enhance immunotherapy response.

Synopsis

This study defines a new mechanism of barrier-mediated immune exclusion in cancer controlled
by TROP2-dependent tight junctions. This mechanism drives tumor progression but can be
targeted via TROP2-directed antibody drug conjugates to activate anti-tumor immunity and

enhance immunotherapy response.
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INTRODUCTION

Within normal tissues, mechanical barriers are a mgjor self-defense mechanism that serves to
exclude invading pathogens, maintain tissue integrity, and precisely regulate permeability to
unwanted immune infiltration that can damage healthy tissues % These barrier mechanisms are
co-opted in diverse cancers, where emerging data suggest that extracelular matrix and
intercellular junctions exclude immune cells and bioactive molecules as a mechanism of immune
evasion *°. Such barrier mechanisms are aso recognized as an impediment that prevents many
patients from deriving benefit from immunotherapy ©°. While barrier-mediated immune
exclusion has been studied extensively in normal immune-privileged organs **?, a detailed

understanding of its role in anti-tumor immunity is lacking.

Trophoblast cell surface antigen 2 (TROP2) is a transmembrane glycoprotein expressed on the
cell surface in select epithelial tissues. TROP2 is also overexpressed in a variety of carcinomas,
including triple negative breast cancer (TNBC), a highly aggressive subtype that contributes
disproportionately to breast cancer morbidity and mortality ** **. The potential contribution of
TROP2 in cancer remains controversial, however. TROP2 overexpression has been implicated in
avariety of tumor phenotypes including proliferation, survival, invasion and stem cell character,
while other work suggests a contribution of TROP2 loss to tumorigenic cell signaing * °.
Encoded by TACSTD2, TROP2 is a pardog of EpCAM and is comprised of extracellular,
transmembrane and intracellular domains. Diverse signaling pathways that promote cancer
phenotypes are reported to be activated by TROP2, including PI3K/AKT *', MAPK/ERK *8,

JAK/STAT *, and B-catenin %, in multiple cases attributed to signaling via the 26-amino acid

intracellular domain. In contrast, Loss of TROP2 function is observed in human gelatinous drop-
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like corneal dystrophy (GDLD), an inherited disease characterized by increased corneal
basement membrane permeability 2%, Thus, substantial uncertainty exists regarding the critical

functions and mechanisms of TROP2 in cancer.

TROP2 is now a major focus for cancer therapy, asit is the target of multiple recently-devel oped
antibody-drug conjugates (ADCs), including Sacituzumab govitecan (SG). SG was the first ADC
approved by the FDA for treatment of TNBC and combines a TROP2-targeted antibody with a
topoisomerase 1 (TOPL) inhibitor as cytotoxic payload 2 %. As a single-agent, SG improves both
progression-free and overall survival compared to standard chemotherapy for patients with
metastatic TNBC % 2°. Notably, it remains unclear whether targeting TROP2 via SG and other
ADC:s has therapeutic relevance other than as a TOPL inhibitor delivery mechanism. Addressing
the contribution of TROP2 in this context will likely inform future therapeutic combinations

incorporating ADCs, including with immune checkpoint inhibitors.

Here, through in vivo loss- and gain-of-function approaches we reveal a specific role for TROP2
in barrier-mediated immune exclusion that drives tumor progression in TNBC. We find that
TROP2 is required for tight junction barrier integrity in TNBC, independent of its intracellular
signaling domain, thereby enforcing an immune-poor microenvironment and conferring a poor
response to immune checkpoint inhibition. This effect can be reversed via TROP2 targeting to

enhance response to anti-PD1 therapy in vivo.
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RESULTS

Given substantial controversy regarding TROP2 function in cancer, we began with an unbiased
approach to define pathways associated with TROP2 expression via analysis of RNAseq data
from human breast tumors. We employed Gene Set Variation Analysis (GSVA), an adaptation of
Gene set enrichment (GSE) that is robust and highly suited to the inter-patient heterogeneity
characteristic of human cancer ®. An immunity pathway was the most negatively correlated
pathway with TROP2 expression in breast cancer, while the pathway most positively associated
with TROP2 was tight junctions (Fig. 1A). We therefore hypothesized that TROP2 expression
might influence the tumor microenvironment in breast cancer, and next interrogated an
independent tumor dataset using TIMER, which infers cell populations from bulk RNAseq .
TROP2 expression was strongly inversely correlated with T cell and immune effector genes
including PD1 (PDCD1), granzyme (GZMB) and perforin (PRF1), in multiple breast cancer
subtypes but most strongly in TNBC (Fig. 1B). We also confirmed that TROP2 was associated
with a signature of Tumor Immune Dysfunction and Exclusion (TIDE) in adistinct cohort ° (Fig.
S1A). As it is known that lymphocyte counts are prognostic in TNBC * *, we assessed the
association of TROP2 levels with relapse-free, metastasis-free and overall survival in basal-like
cancers, which are primarily TNBC. High TROP2 expression in each case predicted poor
outcome and short survival (Fig. 1C and Supplementary Fig. S1B, C). Thus, TROP2 is
associated with a paucity of T cells and poor outcomes in triple-negative and basal-like breast

cancers.

To understand the mechanisms of TROP2 in TNBC we employed multiple TROP2-expressing

syngeneic TNBC models. We ablated endogenous TROP2 via CRISPR-Cas-9 (Fig. 1D), then
6
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tested effects in vitro and in vivo through mammary fat pad injection using both immune-
deficient and immune-competent hosts. Consistently, loss of TROP2 had no significant effect on
proliferation in vitro or on tumor growth in T-cell deficient (nude) mice (Fig. 1E and F,
Supplementary Fig. S2A-C). In contrast, TROPZ2 loss substantially attenuated tumor growth in
immune-competent mice compared to control tumors harboring a Cas9/non-targeting gRNA
control vector (Fig. 1G and Supplementary Fig. S2D). These data suggest that TROP2 promotes

tumor growth in an immune-dependent manner.

Immunohistochemistry analysis revealed few CD3" T cells in TROP2-expressing tumors
(TROP2-WT), whereas TROP2-knockout (TROP2-KO) tumors were more heavily infiltrated
(Fig. 2A and B, Supplementary Fig. S2E and S2F). All of these results were consistent across
both murine TNBC models (Fig. 1-2 and Supplementary Fig. S2A-F). Using flow cytometry, we
then analyzed T cel sub-populations in TROP2-WT and TROP2-KO tumors. We observed
significant increasesin CD8" T cell populationsincluding effector memory cells (CD44"/CD62L"
) and activated PD1" and Granzyme® cdls (Fig. 2C-H) in TROP2-KO tumors. Furthermore,
RNAseq analysis of the bulk tumors deconvoluted using CIBERSORT and TIMER consi stently
demonstrated significant increases in CD8" cells (Supplementary Fig. S2G). Collectively, these
data show that loss of TROPZ results in infiltration of effector memory and activated T cellsin

association with breast tumor regression.

We then tested directly the contribution of cytotoxic T cells in the setting of TROP2 loss. We

carried out IgG-mediated CD8 T cell depletion in mice bearing TROP2-WT or matched TROP2-
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KO TNBC tumors (Fig. 2I). In mice treated with control 1gG, tumors with loss of TROP2
displayed a substantial growth disadvantage as we had observed previously. However, in the
setting of CD8 depletion the difference in growth between TROP2-KO and TROP2-WT tumors
was abolished (Fig. 2J). These differences were also reflected in tumor progression and animal
survival to a humane endpoint, as loss of TROP2 led to increased survival of 1gG-treated mice,
whereas survival was not different in mice bearing TROP2-KO vs. TROP2-WT tumors in anti-
CD8 treated mice (Fig. 2K). Taken together, these findings support arole for TROP2 in immune

cell exclusion of CD8" effector cells that drives tumor progression.

We next sought to uncover how TROP2 may instigate immune excluson and to probe the
concordance in TROP2-associated pathways between our murine models and human tumors.
Thus, we carried out bulk RNAseq analysis of matched TROP2-WT and TROP2-KO tumors and
identified altered transcriptional programs via Gene Set Enrichment Analysis (GSEA). Indeed,
we observed agreement in signatures associated with TROP2 expression in human and mouse
tumors, as the top gene sets positively enriched in TROP2-WT versus TROP2-KO tumors
involved cell-cell contact and tight junctions, whereas the most negatively enriched pathways
were those involving inflammation, tumor immune responses, and T cell cytotoxicity (Fig. 3A
and Supplementary Fig. S3A). The potential association of TROPZ2 in this context with tight
junctions was particularly intriguing, as TROP2 is reported to have a highly tissue-selective role
in tight junction formation within the normal corneal epithelium, which is disrupted by germline
loss-of-function TACSTD2 mutations . In the cornea, TROP2 interacts with Claudin 7, a key
tight junction protein whose downregulation is known to result in disruption of these structures

% Thus, we next tested the physical interaction of TROP2 and Claudin 7, and observed strong
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co-immunoprecipitation (co-1P) of the two proteins in both human and murine TNBC cells (Fig.
3B). We then performed immunofluorescence for Claudin 7 in the TROP2-WT and TROP2-KO
TNBC tumors. As anticipated, in tumors expressing endogenous TROP2, Claudin 7 showed
primarily membrane localization and strong co-localization with TROP2, indicative of intact
tight junctions. However, tumors with loss of TROP2 demonstrated substantially decreased
expression and abrogated membrane localization of Claudin 7 protein, as well as decreased
expression of both Claudin 7 and Claudin 1 mRNA (Fig. 3C, D and Supplementary Fig. S3B).
We further probed tight junction integrity through analysis of Occludin, atransmembrane protein
that plays a critical role in the barrier function of tight junctions ** *. While TROP2-WT tumors
demonstrated strong membrane Occludin staining, TROP2-KO tumors showed dramatic loss of
Occludin gtaining and localization, as well as decreased mMRNA expression (Fig. 3E, F and
Supplementary Fig. S3B). Notably, Claudin 1, 7 and Occludin expression are all highly
positively correlated with TROP2 expression in human breast tumors (Supplementary Fig. S3C).
Thus, TROP2 physically interacts with Claudin 7 in TNBC, and its loss disrupts tight junctions

via altered expression and localization of multiple integral tight junction proteins.

We next employed recongtitution experiments to establish whether restoration of TROP2
expression was sufficient to mediate immune exclusion and tumor progression. Prior studies
have linked TROP2 signaling and function in cancer to its intracellular domain (ICD), whereas
binding to Claudin 7 may be mediated through its transmembrane region *°. Therefore, we tested
whether the ICD was required to promote immune exclusion and tumor progression by
generating a truncated TROP2 protein containing the extracellular and transmembrane domains

(TROP2-ECDTM) but lacking the ICD. We recongtituted TROP2-KO TNBC cells with either
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full-length TROP2 or the TROP2-ECDTM truncation mutant, and confirmed by flow cytometry
that both proteins were localized to the cdll surface (Fig. 4A). We found that indeed the truncated
TROP2-ECDTM physically associated with Claudin 7 by co-IP (Supplementary Fig. S3D).
Neither full-length TROP2 nor the ECDTM mutant affected tumor cell proliferation compared to
TROP-2 KO cdls in vitro (Fig. 4B). We then implanted the TROP2-KO or the TROP2
reconstituted cells into syngeneic hosts. TROP2 reconstitution strongly promoted tumor growth
in vivo as demonstrated previously, and most importantly reconstitution with TROP2-ECDTM
conferred a similar growth advantage (Fig. 4C). TROP2-ECDTM recongtitution fully restored
Claudin 7 expression to the level seen in full length TROP2-reconstituted tumors (Fig. 4D and
E), and this effect was associated with a substantial decreasein T cell infiltration in reconstituted
tumors (Fig. 4F and G). These findings demonstrate that the C-terminal intracellular domain of
TROP2 is dispensable for Claudin 7 interaction and expression that are associated with immune

exclusion and TNBC progression in vivo.

Based on these findings we sought to therapeutically exploit the role of TROP2 in immune
exclusion by testing effects of TROP2 targeting on response to PD1 checkpoint blockade.
Sacituzumab govitecan (SG) is a TROP2 directed antibody drug conjugate (ADC) comprised of
the hRS7 antibody, whose binding to TROP2 on the cell surface results in its rapid
internalization, linked to a topoisomerase 1 inhibitor *’. To circumvent complications induced by
the SG cytotoxic payload-topoisomerase 1 inhibitor, we choose to employ naked hRS7 in
combination with PD1 checkpoint blockade. This experiment required reconstitution of TROP2-
KO TNBC cdls with human TROP2 (hTROP2), as hRS7 does not interact with the murine

protein. We first demonstrated that hTROP2 interacted strongly by co-IP with murine Claudin 7
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in these cells (Fig. 5A and B). Accordingly, following implantation of cells reconstituted with
either control vector or hTROP2 into syngeneic hosts, we observed a significant growth
advantage of the hTROP2-expressing tumors (Supplementary Fig. S4A). Furthermore, analogous
to the effects of murine TROP2 reconstitution, while TROP2-KO tumors reconstituted with
control vector were heavily infiltrated with T cells, hTROP2-reconstitued tumors demonstrated a
paucity of T cells throughout the tumor (Supplementary Fig. S4B and C). We then generated
larger cohorts of tumor-bearing mice and carried out a 4-arm experiment, treating with control
vehicle, hRS7, anti-PD1, or the combination. Single-agent hRS7 did not significantly affect
tumor progression, indicating little or no cytotoxic effect of hRS7 alone at doses used. Similarly,
anti-PD1 alone had little effect in this relatively poorly immunogenic model. In contrast, the
combination of hRS7 and anti-PD1 significantly impeded tumor progression in hTROP2-
reconstituted tumors (Fig. 5C). Importantly, immunofluorescence staining and
immunohistochemistry showed a significant reduction of Cludin7 and increased CD3" cdlls,
respectively, in the hRS7-treated tumors compared to vehicle group (Fig. 5D-G), suggesting a
disrupted tight junction barrier and increased permeability of immune infiltration. In addition, the
anti-PD1 and combination treatment significantly enhanced the proportion of early activated
(TIM3CD8'PD1") CD8" T cdls (Fig. 5H, ). Thus, dua TROP2 targeting and immune
checkpoint blockade is superior to either treatment alone in abrogating tumor progression in
TNBC. Collectively, our data suggest that both increasing immune accessibility via TROP2
targeting and boosting immune effector function via anti-PD1 are necessary to achieve a

significant tumor growth suppression.
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Finally, we sought to test the contribution of TROP2 to immunotherapy response in human breast
cancer. We identified cohorts with available pre-treatment tumor RNAseq data in which breast
cancer patients were treated with anti-PD1 therapy (Pembrolizumab), either with or without
chemotherapy (Cohorts 1 and 2, respectively * %%). We examined the impact of TROP2
expression on treatment effect through bulk/pseudo-bulk RNA analysis, plotting the odds ratio
(OR) for effect as a function of TROP2. We found that for both cohorts high TROP2 expression
was dSgnificantly  negatively  associated  with  treatment  effect (OR  for
Pembrolizumab/chemotherapy Cohort 1: 0.06, 95% CI 0.0-0.61; OR for Pembrolizumab alone
Cohort 2: 0.06, 95% CI 0.01-0.36) (Fig. 6A). In these same datasets, expression of the highly
homologous epithelial protein EpCAM was not significantly associated with treatment effect in
either cohort, and PD-1 expression was significantly positively associated with effect more
strongly in Cohort 2 than Cohort 1 (Fig. 6A). We also took advantage of Cohort 2 single-cell
RNAseq (scRNAseq) data to demongtrate that TROP2 expression specifically among epithelial
cells was significantly associated with treatment effect (OR: 0.15, 95% CI 0.02-0.84), while
again EpCAM was not (Supplementary Fig. S5A-C). In addition, when we analyzed the subset
of cells identified as CD8 T cells and stratified the patient tumors by epithelial TROP2
expression, we found that CD8 T cells from tumors with high TROP2 exhibit primarily a naive
signature, while those from tumors with low TROP2 had higher interferon response and
cytotoxicity signatures (Fig. 6B). These results comport with our discovery that TROPZ2
expression promotes a program of T cel exclusion, resulting in diminished immune cell
engagement and persistence in a naive state, while low TROP2 tumors are more accessible to

immune cdlls, resulting in activation and cytotoxicity (Fig. 6C).
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DISCUSSION

Our study reveals a heretofore unidentified role of TROP2 expression in cancer, enabling a tight
junction (TJ)-based barrier mechanism to exclude T cells and evade anti-tumor immunity. These
findings have implications far beyond TROP?2 itself, as they underscore a potentially broad role
for TJs as a mechanism of barrier-mediated immune exclusion in human cancer. Accordingly,
this work suggests the possibility that targeting not only TROP2 but also other tight junction-
associated proteins could be fruitfully employed to reverse immune evasion and enhance anti-
tumor immunity. Furthermore, although our study focuses on breast cancer, TROP2 is likely to
play a similar role in control of TJs, the immune microenvironment and checkpoint blockade
response in other tumor types that exhibit aberrant TROP2 expression, including melanoma,

ovarian and lung cancers > .

Notably, we do not observe significant cell-autonomous effects of TROP2 knockout on tumor
cell proliferation in vitro or tumor progression in immunodeficient models. Furthermore, we find
that recongtitution of knockout cells with a truncated TROP2 mutant lacking the intracellular
signaling domain is sufficient to fully restore claudin integrity and tumor growth in vivo. While
our findings do not exclude a potential contribution of the TROP2 intracellular domain and its
signaling in some contexts, these results highlight for the first time a central role of claudin
interaction and TJmediated immune exclusion as drivers of tumor progression mediated by

TROP2 ©°,
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The potential ability of TROP2 to control TJ integrity and immune exclusion in multiple cancer
types contrasts with the highly tissue-specific corneal TJ dysregulation associated with germline
TROP2 mutation %. While the precise mechanism of this tissue specificity is not clear, it could
possibly be explained by functional redundancy between TROP2 and EpCAM for claudin
regulation in non-tumor contexts “* *2. In TNBC, we find that loss of TROP2 is sufficient to
disrupt claudin expression and localization in vivo, and that claudin is restored by TROP2
reconstitution. Further underscoring the central role of TROP2 for TJ regulation in TNBC, we
find that TROP2-KO tumors also display significantly lower Claudin 1/7 and Occludin mRNA
than TROP2-WT tumors, potentially mediated by a recently-described positive feedback loop

between tight junction barrier dysfunction and inflammation *.

We show directly that TROP2 impedes tumor infiltration by immune cellsin TNBC models, and
that loss of TROP2 enables recruitment of key effector memory, PD1" and activated CD8" T cell
subsets. Correspondingly, we find that blocking TROP2 with the TROP2-directed antibody
component of SG sensitizes refractory TNBC tumors to PD1 inhibition in vivo. In addition, this
dual TROP2/PD1 blockade promotes both intra-tumoral accessibility and activation of
antitumor T cells. Supporting the relevance of our findings in the clinic, we demonstrate that
TROP2 levels are a negative predictor of clinical response and clona T cell expansion for breast
cancer patients recelving anti-PD1 therapy, including single-agent Pembrolizumab without
chemotherapy. The central function defined herein for TROP2 in TJmediated immune exclusion
has broad implications for how TROP2-targeted and other ADCs are employed in the future.
Multiple tumor types appear to exhibit TROP2-associated immune exclusion, and these would be

reasonable candidates for therapeutic testing with emerging ADCs targeting not only TROP2 but
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also other TJ components, potentially in combination with immune checkpoint blockade, which
is currently under study in breast cancer “**°. An immune-mediated effect linked to TROP2/TJ
targeting also highlights the potential for the next generation of ADC designs. These could
include the possible incorporation of bispecific immune cell engagers, and immune-activating
rather than cytotoxic payloads. Finally, the pivotal link exemplified by TROPZ2 between
intercellular junctions as mechanical barriers and anti-tumor immune exclusion opens up
additional new opportunities for innovative investigation and therapeutic development in the

field of anti-cancer immunity.
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METHODS

Cdll Lines

Trop2 was knocked out in mouse mammary tumor cell lines 4T1 (MGH Center for Molecular
Therapeutics Cell Bank) and AT-3 (Sigma-Aldrich, SCC178) usng TROP2 sgRNA
CRISPR/Cas9 All-in-One Lentivector set (ABM, 460591140595). A CRISPR/Cas9 vector with
non-targeting SyRNA (ABM, KO010) was used to generate control Trop2-WT cells. In short,
lentiviral packaging was performed by cotransfecting HEK293T cells with CRISPR/Cas9 vector
and LV-MAX Lentiviral Packaging Mix (Gibco, A43237V) using Lipofectamine2000
(Invitrogen, 11668-019). After 48h, lentivirus-containing medium was collected, filtered, and
used to infect the target tumor cdll lines. The infected cells were then expanded and selected by
puromycin. Human triple negative breast cancer cell lines MDA-MB468 and HCC1806 were

obtained from the MGH Center for Molecular Therapeutics Cell Bank.

The mouse TROP2 cDNA was used to generate expressing plasmids (VectorBuilder) carrying
full length TROP2 and TROP2 ECDTM truncated version. Control vector carrying same
lentiviral elements but without TROP2 sequence was used as control (Stuff). Human TROP2
cDNA was used to generate hTROP2 expressing plasmid (GeneCopoeia), and empty vector (EV)
was used as control plasmid. Reconstituted cells were selected using hygromycin to get stably
infected pools. Mouse TROP2 expression plasmids used in the rescue experiments all contain

silence mutations at the sgRNA-targeting region.

I mmunoprecipitation and |mmunoblotting
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Immunoprecipitation was performed using Pierce Classic Magnetic IP Kit (Thermo Scientific,
88804) with minor modifications. Briefly, 1-3 million cells were lysed with IP lysis buffer
including protease/phosphatase inhibitor cocktail (Cell Signaling Technology, 5872) for 10 mins.
The lysates were centrifuged at 13,000g for 10 mins at 4 degrees to remove debris. The lysate
was precleared with 1gG for 3-4h at 4 degrees before the overnight incubation with human
TROP2 antibody (Invitrogen, 14-6024-82) or mouse TROP2 (R&D, AF1122). The euted
proteins were analyzed by immunoblotting following standard SDS-PAGE. For regular
immunoblotting, cultured cells were washed with ice-cold PBS, lysed with 1X SDS lysis buffer
(GenScript, MB01015), and analyzed by standard SDS-PAGE. The primary antibodies include
anti-mouse TROP2 (Invitrogen, MA5-29829), anti-human TROP2 (Abcam, ab214488), anti-

CLAUDINY (Invitrogen, 34-9100), and anti-ACTIN (Cell Signaling Technology, 3700).

In Vivo Tumor Study and Treatment

All animal experiments were approved by the Institutional Animal Care and Use Committee at
Mass General Hospital. Eight-week-old female BALB/C (Jackson Laboratory, 000651) and nude
(MGH Cox-7 gnotobiotic animal facility) mice were used for in vivo studies. Mice were
randomly allocated where appropriate. For antibody and drug treatments, tumors were first
measured and randomized into each treatment group to control similar average starting size. 4T1
and AT-3 cells were injected in the mammary fat pad at 0.4-100x[110° cellsin 100 pl PBS, unless
otherwise stated. Tumors were measured with calipers on the indicated days (volume = 0.5 x
length x width?). Tumors were harvested for immunophenotyping by flow cytometry analysis,
immunohistochemistry (IHC), or immunofluorescence (IF) at the experiment’'s end point.

Survival curve was determined by tumor volume larger than 1,000 Tmm?® or animal death.
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For anti-PD1 and hRS7 treatment experiments, 4T1 Trop2 KO+hTROP2 were injected into
BALB/C mice and allowed to grow to reach approximately 1000Jmm?®, the mice were then
randomized and allocated to four treatment groups. Isotype control 1gG (InVivomab, BE0O089),
anti-PD1 (InVivomab, BE0146) antibodies and/or hRS7 (Gilead) were injected intraperitoneally
twice per week until the end point. The treatment doses were 250 pg/injection for SG and 100

pg/injection for IgG/anti-PD1. Tumor measurements were blinded whenever possible.

For CD8" T cell depletion, each mouse was administered intraperitoneally 2007ug anti-mouse
CD8 (BioxCel, BEO061) or 1gG2b isotype control (BioxCell, BEOO90) one day before tumor

inoculation and twice per week thereafter.

Flow Cytometry Analysis

Single-cell suspensions of tumors were obtained by mincing and passing the tissues through 70
um filters. Cells were stained with Viability Ghost Dye (Tonbo Biosciences, 13-0870) at 4 1°C
for 10 Imins, followed by anti-CD16/32 blocking (Tonbo Bioscience, 70-0161-U500) at 41 1°C
for 10Cmin. For surface proteins, cells were stained with anti-CD45 (BioLegend, 103108), anti-
CD3 (BioLegend, 100209), anti-CD8a (BioLegend, 100714), anti-TIM3 (BioLegend, 119703),
anti-CD44 (BioLegend, 103041), anti-CD62L (BioLegend, 104410), and anti-PD1 (BD
Biosciences, 563059) in FACS buffer (2% FBSin PBS). For cytokine staining, cells were treated
with anti-CD3/CD28 (Thermo Fisher, 11452D) at 37 1°C overnight and then with BD GolgiPlug
(BD Biosciences, 550583) at 37/ /°C for 501h. Following surface staining, cells were
permeabilized using BD Cytofix/Cytoperm kit (BD Biosciences, 554714), and stained with anti-

Granzyme B (Invitrogen, 48-8898-82). All antibodies were used at 1:150 dilution. Cells were
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fixed using 1% paraformaldehyde and analyzed by BD FACSAria. Data analysis was done on

BD FACSDiva and HowJo software.

For splenocytes, single cell suspension was obtained in the same manner as tumors. For 4T1
surface TROP2 staining, live cells were directly stained with anti-mouse TROP2 (R&D,

FAB1122A).

I mmunofluorescence and Immunohistochemistry

Tumor tissues were carefully dissected and embedded in Tissue-Tek optimal cutting temperature
compound (OCT, Sakura Finetek USA). 20um tissue section was collected and fixed in 4% PFA
(diluted from 16% stock in PBS) for 15 minutes at room temperature. After washing with PBS
for 3 times every 5 min to remove OCT and then incubate in blocking solution (5% normal
donkey serum, 0.25% Triton X-100 in PBS) for 1h at room temperature, followed by incubation
with anti-Claudin7 antibody (1:100 dilution; Invitrogen, 34-9100) and anti-Trop2 antibody
(10ug/ul; RD system, AF1122) in blocking solution overnight at 4°C. After proper washing,
Alexa Fluor 488-conjugated donkey anti-goat secondary antibody (1:500 diluted in blocking
solution) for Trop2 and Alexa Fluor 568-conjugated donkey anti-rabbit secondary antibody
(1:500 diluted in blocking solution) for Claudin 7 were applied to the tissue section for 1h at
room temperature. After washing with PBS four times, tissue sections were preserved in
mounting medium. The specimens were mounted with Vectashield and examined with a Zeiss
Imager Z2 confocal microscope with 40x NA 1.40 oil differential interference contrast objective

at room temperature (22°C) using Zeiss Zen 2.6 Blue edition software.
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For CD3 gtaining, formalin-fixed paraffin-embedded (FFPE) mouse tumor tissues were cut into
4um sections for staining. Samples were deparaffinized with xylene and then decloaked. Anti-
CD3 (dilution: 1:800; Dako, A0452) antibody was incubated at room temperature for 30 min,
followed by incubation with rabbit polymer for 30 mins. The samples were stained with 3,3-
Diaminobenzidine, counterstained with hematoxylin and then lithium carbonate, and dehydrated
to xylene. Imaging of the samples was performed on OLY MPUS DP74 microscope. Percentages

of CD3-positive cells were quantified using QuPath software (v.0.4.1) (https://qupath.github.io).

Tumor margin for CD3" quantification was defined as a region spanning 250um on either side of
the tumor—stroma border. Staining of tumor Occludin used Occludin (E6B4R) Rabbit mAb
(CST, 91131), and the analysis for signal intensity was done using Fiji/lmagel software

(https://fiji.<cl).

For Claudin7 immunofluorescence in Trop2 KO 4T1 rescued with full length or ECDTM
TROP2, the staining protocol of FFPE samples was identical. The samples were incubated with
anti-Claudin7 antibody (1:50 dilution, Invitrogen, 34-9100) at room temperature for 1h, followed
by Alexa Flour 555-conjugated goat ant-rabbit secondary antibody (1:500 dilution in blocking
buffer). Imaging of the samples was done on Zeiss Imager Z2 confocal microscope. Quantitation
of immunofluorescence was performed using HALO image analysis platform (Indica Labs).
Using the Area Quantification FL (v2.3.4) module, intensity thresholds were set globally across
all 20x confocal images to identify pixels positive for Claudin7 Alex Fluor 568 fluorescent stain.
The percentage of positive pixels out of al pixels within the manually annotated tumor area was
determined for each image. The images were manually annotated to exclude staining and
imaging artifacts from analysis. Cell segmentation and compartment quantification were

performed using the HALO HighPlex FL module, which included nuclear detection with the
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default Al algorithm based on DAPI signal. Cell compartments were assigned as “membrane’
and “non-membran€e’. For each cdll, the average intensity of Claudin7 Alexa Fluor 568 signal per
compartment was determined. Due to the expected membranous staining of Claudin7, a

positivity threshold for each image was set as the median non-membrane signal.

RNA-Seq

RNA sequencing was done using 4T1 Trop2 WT and KO tumors frozen sections. Total RNA was
extracted using RNeasy Plus Mini Kit (Qiagen, 74134). RNA integrity was checked with Agilent
4200 TapeStation System. Following DNA contaminant removal and rRNA depletion, RNA-Seq
libraries were constructed using NEBNext Ultra Il RNA Library Preparation Kit for [llumina. In
brief, RNAs were fragmented at 94°C for 15 min. First and second strand cDNA synthesis was
done using primers for random priming sites and Unique Molecular Identifiers (UMIs), which
were incorporated into final cDNA. After adapter ligation, cDNAs were purified and enriched by
PCR to generate sequencing libraries. RNA-Seq libraries were sequenced using Illumina HiSeq
400 platform, and analysis was done on HiSeq Control Software (HCS). Raw fastq file for each
tumor sample was generated by demultiplexing with Illumina bcl2fastq 2.17 software. Gene set

enrichment analysis was done using GSEA 4.3.2 software (gsea-msigdb.org).

Bioinformatic analysis

For single cell data processing, original data were retrieved from European Genome-phenome
Archive (EGA) and Gene Expression Omnibus (GEO) with data accession no.
EGADO00001006608 **. SCTransform was used to normalize the data. AggregateData function in
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muscat package was used to generate pseudobulk counts for cancer epithelial cells and total
immune cells. EdgeR package was used to perform TMM standardization after O was removed to
generate counts per million (CPM) expression matrix. For bulk RNA-seq analysisin GSE241876
¥ same edgeR based methods as mentioned above for single cell were used to generate CPM
expression matrix. For the calculation of Odds Ratios, samples were divided into two groups
according to the CPM values of the gene. The Optimal Cutpoints package was used to calculate
the Youden index to determine the optimal cutoff value, and the logistic regression was then used
to generate OR and 95% CI. Non-responsive group (NR) includes progressive disease (PD) and
stable disease (SD), and responsive group (R) includes partial responses (PR) and complete
responses (CR). T cell receptor clonotype expansion or non-expansion categories were defined

by original paper through single-cell T cell receptor (TCR)-seq.
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Figure Legends

Figure 1. TROP2 promotes mammary tumor growth and immune excluson in
immunocompetent hosts. A, Top 20 pathways positively (blue) or negatively (green) associated
with TROP2 expression in human breast cancer identified by Gene Set Variation Analysis
(GSVA) using METABRIC dataset. Top and bottom quartiles of TROP2 expression were used to
compute the association. B, Correlation between TROP2 and immune cell markers in multiple
cancer types by TIMER analysisin the TCGA database. Red dashed box indicates breast cancers.
C, TROP2 predicts poor overall survival in basal subtype of breast cancer. Generated by Kaplan-
Meier Plotter database (https.//kmplot.com/analysis/). D, Western blot for TROP2 in wildtype
(WT) and Trop2 knockout (KO) 4T1 cdls. E-G, WT and KO 4T1 tumor cell growth in cell
culture (E); in immunocompromised (nude) hosts (n = 10 tumors per group) (F), and in
syngeneic immunocompetent BALB/C hosts (WT, n = 12 tumors; KO, n = 10 tumors) (G).

Figure 2. TROP2 promotes mammary tumor immune exclusion. A and B, Representative

images (A) and quantification (B) of CD3' T cell IHC staini ng in WT and KO tumor margins
and cores. C and D, Representative flow cytometry contour plots (C) and quantification (D) of

CD44 CD62L effector memory CD8' T cellsin WT and KO tumors. E and F, Representative

flow cytometry contour plots (E) and quantification (F) of PD1" activated CD8 T cells in WT
and KO tumors. G and H, Representative flow cytometry histogram (G) and quantification (H)

of Granzyme B mean fluorescence intensity (MFI) in CD8' T cdls in WT and KO tumors.

|, Percentages of CD8' cdls among CD3' T cdls in splenocytes harvested from mice treated
with control 1gG or anti-CD8 depleting antibodies. J, Trop2-WT and -KO 4T1 tumor growth
curves in BALB/C mice treated with control IgG or anti-CD8 depleting antibodies (WT, n = 10
tumors per group; KO/IgG, n = 8 tumors; KO/anti-CD8: n = 6 tumors). K, Kaplan-Meier
survival curves of WT and KO tumor-bearing BALB/C mice treated with control 1gG or anti-
CD8 depleting antibodies (WT, n = 10 mice per group; KO/IgG, n = 9 mice; KO/anti-CD8: n= 8

mice).
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Figure 3. TROP2 promotes a tight junction-mediated barrier and inhibits a pro-
inflammatory tumor immune microenvironment. A, Enriched pathways from Gene set
enrichment analysis (GSEA) on bulk RNA-seq of Trop2-WT and KO 4T1 tumors harvested from
BALB/C hosts. B, Western blot analysis showing co-immunoprecipitation (co-IP) of Claudin7
and TROP2 using IgG or anti-TROP2 in Trop2-WT and KO 4T1 (left pandl), MDA-MB468
(middle pandl), and HCC1806 (right panel) TNBC cdls. C, Representative tumor tissue
immunofluorescence images of TROP2, tight junction molecule Claudin7, and DAPI (nuclear
stain), showing TROPZ2/Claudin 7 co-localization, and loss of Claudin7 expression and
membrane localization with TROP2 knockout. D, Quantification of proportion of membrane
Claudin7-expressing cellsin WT and KO 4T1 tumors for panel C. E, Representative tumor tissue
immunofluorescence images of Occludin and DAPI (nuclear stain) showing loss of Occludin
expression with TROP2 knockout. F, Quantification of Occludin intensity in WT and KO 4T1

tumors for panel E.

Figure 4. TROPZ2 intracdlular domain is dispensable for its tight junction and immune
barrier function. A, Histogram showing flow cytometry analysis of cell-surface TROP2 in
Trop2-KO 4T1 reconstituted with control vector (Stuff), Full-Length TROPZ2, or C-terminal
truncated ECDTM mutant. B, In vitro proliferation of Trop2-KO 4T1 reconstituted with control
vector, Full-Length TROP2 or ECDTM truncated mutant. C, Tumor growth curves of Trop2-KO
4T1 reconstituted with control vector (Stuff), Full-Length TROP2, or C-termina truncated
ECDTM TROP2 mutant in BALB/C immunocompetent hosts (n = 10 tumors per group). D,
Representative tumor tissue immunofluorescence images of Claudin7 in tumors harvested from
panel C. E, Quantification of Claudin7 for pane D. F and G, Representative images (F) and
quantification (G) of CD3" T cell IHC staining in tumors harvested from panel C.

Figure 5. TROP2 targeting via the naked anti-TROP2 antibody of SG promotes anti-PD1
efficacy. A, Western blot of Trop2-KO 4T1 cells reconstituted with empty vector (EV) or human
TROP2 (hTROP2). B, Western blot showing co-IP of hTROP2 and Claudin 7 in Trop2-KO 4T1
cells recongtituted with hTROP2. C, Tumor growth curves for KO+hTROP2 (hRS7+anti-PD1, n
= 10 tumors; n = 8 tumors per group for other three groups) in BALB/C mice treated with
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Vehicle, hRS7, anti-PD1, or hRS7+anti-PD1 combination. Treatment started when tumors
reeched 100 mm®. Arrows indicate treatment days. D, Representative tumor tissue
immunofluorescence images of Claudin7 in tumors harvested from panel C. E, Quantification of
Claudin7 for panel D. F and G, Representative images (F) and quantification (G) of CD3" T cell
IHC staining in tumors harvested from panel C. H and |, Representative flow cytometry contour

plots (F) and quantification (G) of TIM3 early activated CD8'PD1 T cellsin tumors harvested
from panel C. *p<0.05, **p<0.01.

Figure 6. High TROP2 associates with non-responses to immune checkpoint inhibitorsin
human breast cancers. A, Odds ratios for associations between gene expression (PDCD1
(PD1), TACSTD2 (TROP2) and EPMCAM) and response to anti-PD1 therapy. Cohort 1:
Response (evaluated radiologically using RECIST criteria) to combination Pembrolizumab,
Carboplatin, and Nab-paclitaxel among patients with advanced TNBC *; NR: non-responsive,
R: responsive. Cohort 2: Response assessed by T cell receptor clonotype expansion following
pre-operative single-agent Pembrolizumab for breast cancer **, NE: no clonotype expansion, E:
yes clonotype expansion. B, Violin plots derived from single-cell RNAseq data from the cohort

in (A), showing subset signature scores among CD8' T cdllsin tumors expressing low vs. high
epithelial TROP2 *. CD8 signatures are derived from PMID: 37248301. C, Proposed model for
TROP2-mediated immune exclusion in breast cancer. Left, TROP2 enables a claudin/tight
junction-mediated mechanical barrier to exclude antitumor immune infiltration. Right, genetic
deletion or pharmacological blockade of TROP2 deregulates the tight junction-mediated

mechanical barrier and allows antitumor immune infiltration.
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Supplementary Figure L egends

Supplementary Figure S1. A, Correlation between TROP2 and cytotoxic T lymphocyte score
(CTL) in GSE10885 dataset by TIDE analysis. B and C, Correlation between TROP2 and
relapse free survival (B) or distant metastasis free survival (C) in basal subtype of breast cancer,
generated by Kaplan-Meier Plotter database (https.//kmplot.com/analysis/).

Supplementary Figure S2. A, Western blot for wildtype (WT) and Trop-2 knockout (KO) AT-3
cells. B-D, Trop2-WT and -KO AT-3 tumor growth curves during in vitro cell culture (B), in
immunocompromised (nude) hosts (WT, n = 4 tumors, KO, n = 3 tumors) (C), and in
immunocompetent C57BL/6 (BL6) hosts (WT, n = 6 tumors, KO, n = 4 tumors) (D). E and F,

Representative images (E) and quantification (F) of CD3' Tcdl IHC dai ning of WT and KO AT-
3 tumor margins and cores. G, Computational deconvolution of tumor-infiltrating immune
subsets from bulk RNAseq of WT and KO 4T1 tumors using CIBERSORT (left pandl) and
TIMER algorithm (right panel). Red boxes highlight significant differences in CD8" T cdll

populations.

Supplementary Figure S3. A, Gene set enrichment analysis of bulk RNA-seq from Trop2-WT
and -KO 4T1 tumors (blue asterisk: positive NES; red asterisk: negative NES). B, Gene
expression (normalized gene counts) for Claudin-7 (Cldn7), Claudin-1 (Cldnl), and Occludin
(Ocln) from RNAseq of WT and KO tumors. C, Correlation between TROP2 and
CLDN1/CLDN7/OCLN expression in basal breast cancer patient cohorts by TIMER analysis
using TCGA database. D, Western blot showing co-IP of TROP2 and Claudin 7 using 1gG and
anti-TROP2 in Trop2-KO 4T1 reconstituted with Stuff, Full-Length TROP2, or ECDTM
truncated mutant. FL: full length.

Supplementary Figure $4. A, Tumor growth curves for KO+EV and KO+hTROP2 4T1 in
BALB/C mice (KO+EV, n = 6 tumors, KO+hTROP2, n = 8 tumors). B and C, Representative
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images (B) and quantification (C) of CD3" T cell IHC staining of KO+EV and KO+hTROP2

tumor margins and cores.

Supplementary Figure S5. A, PDCD1 (PD1), TACSTD2 (TROP2) and EPCAM expression
derived from pseudobulk analysis of single-cell RNAseq data in TCR clonotype expanded (E)
vs. non-expanded (NE) cases following pre-operative single-agent pembrolizumab *. B, Gene
expression as in (A) from bulk RNAseq in responsive (R) vs. non-responsive (NR) cases
following Pembrolizumab, Carboplatin, and Nab-paclitaxel *. C, Odds ratios for associations
between gene expression within the epithelial cell populations and responses (E vs. NE) in the
Cohort in (A). *p<0.05, **p<0.01.
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