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The tumor-suppressor PTPN2 is diminished in a subset of triple-negative breast cancers (TNBCs). Paradoxically,
PTPN2-deficiency in tumors or T cells in mice can facilitate T cell recruitment and/or activation to promote antitumor
immunity. Here, we explored the therapeutic potential of targeting PTPN2 in tumor cells and T cells. PTPN2-deficiency
in TNBC associated with T cell infiltrates and PD-L1 expression, whereas low PTPN2 associated with improved
survival. PTPN2 deletion in murine mammary epithelial cells TNBC models, did not promote tumorigenicity but
increased STAT-1-dependent T cell recruitment and PD-L1 expression to repress tumor growth and enhance the
efficacy of anti-PD-1. Furthermore, the combined deletion of PTPN2 in tumors and T cells facilitated T cell recruit-
ment and activation and further repressed tumor growth or ablated tumors already predominated by exhausted
T cells. Thus, PTPN2-targeting in tumors and/or T cells facilitates T cell recruitment and/or alleviates inhibitory

constraints on T cells to combat TNBC.

INTRODUCTION
Triple-negative breast cancer (TNBC), which accounts for 15 to 20%
of all breast cancers, is an aggressive disease with poor outcomes
when compared to hormone receptor or human epidermal growth
factor receptor 2 (HER2)-positive breast carcinomas (I). As a con-
sequence, considerable effort has been invested in defining new
therapeutic avenues for TNBC. In the last few years, it has become
clear that the immune system plays a critical role in influencing the
course of TNBC disease progression and that approaches that engage
the immune system, such as immune checkpoint-based therapies,
can provide substantial benefit and enhance overall survival (1).
The presence of tumor-infiltrating lymphocytes (TILs), especially
CD8" T cells in TNBC, is associated with better prognosis and an
increased chance of pathological complete response to chemotherapy
(2-7). However, this can be influenced by the overall immune landscape
and the abundance of immunosuppressive cells such as CD4"FOXP3"
regulatory T cells (Treg) and myeloid-derived suppressor cells
(MDSCs) within the tumor microenvironment (6). Along with CD8"
T cells, the expression of immune evasion molecules, such as PD-L1
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(programmed death-ligand 1) on tumor cells and/or immune cells
in the tumor microenvironment, can influence TNBC prognosis
(8, 9). The engagement of inhibitory ligands, such as PD-L1, herpes
virus entry mediator [HVEM; also known as TNF Receptor Super-
family Member 14 (TNFRSF14)], and major histocompatibility
complex II (MHC-II) within tumors, with T cell inhibitory recep-
tors such as programmed cell death protein-1 (PD-1), Band T lym-
phocyte attenuator (BTLA), and lymphocyte activation gene-3
(LAG-3) on T cells, promotes T cell tolerization or exhaustion and
permits tumors to avoid immune destruction (8, 9). Nonetheless, the
presence of TILs and the expression of immune evasion molecules
such as PD-L1 afford unique opportunities for using immuno-
modulatory approaches, such as those blocking the PD-L1/PD-1
immune checkpoint, which have been highly successful in the treat-
ment of immunogenic tumors such as melanoma (8).

Exciting results from the phase 3 IMpassion130 trial comparing
chemotherapy versus chemotherapy plus a-PD-L1 have underscored
the potential for immune checkpoint blockade in combating TNBC
(10). Patients with PD-L1" TNBC in this trial derived an unprece-
dented overall survival benefit of 10 months (25 months versus
15.5 months; progression-free survival of 7.5 months versus 5 months).
The poor prognosis for TNBC and unmet need culminated in the
Food and Drug Administration granting accelerated approval for
the use of a-PD-L1 in combination with paclitaxel for unresectable
locally advanced or metastatic TNBC expressing PD-L1 (10).
This represents the first immunotherapy treatment approved for
breast cancer. Although only a subset of patients with TNBC de-
rived significant benefit from a-PD-L1 therapy, the results of this
trial substantiated the therapeutic potential of immunotherapy
in TNBC.

Nonetheless, understanding the molecular basis for the hetero-
geneity in TIL abundance in TNBC and extending the utility of
immunotherapy to patients that may otherwise have low TILs or
engage alternate immune evasion strategies remain as major chal-
lenges (I). Previous studies have shown that activation of the Ras/MAPK
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(mitogen-activated protein kinase) pathway after neoadjuvant che-
motherapy decreases TILs and promotes immune evasion in
TNBC by repressing signaling induced by interferon-y (IFNy) (11).
IFNY signals via Janus-activated kinase 1 (JAK-1) and JAK-2 and
signal transducers and activators of transcription 1 (STAT-1) and
STAT-3 (12). In breast cancer, increased STAT-1 Y701 phosphoryl-
ation (p-STAT-1) serves as an independent prognostic indicator of
increased survival (13) and is associated with improved responses
to chemotherapy (14), whereas increased STATI mRNA is part of a
molecular signature associated with improved metastatic outcome
in estrogen receptor-negative (ER™) tumors and TNBC (15). STAT-1
can not only directly repress the proliferation of breast cancer cells
but can also act indirectly to promote T cell-dependent immune
surveillance by driving the expression of T cell chemoattractants such
as CXCL9 and components of the antigen presentation machinery
(16-19). In human breast cancer, CXCL9 expression has been asso-
ciated with increased TILs and improved survival (2). In addition,
IFN-induced STAT-1 signaling drives the expression of Cd274
(encodes PD-L1), Tnfrsfl14 (encodes HVEM), and H2ab (encodes
MHC-II) (20, 21). Whereas the STAT-1-mediated expression of
PD-L1 may render tumors amenable to PD-1 checkpoint blockade,
the concomitant engagement of the BTLA4 and LAG-3 checkpoints
(21) may diminish the effectiveness of a-PD-L1/0-PD-1 therapy or
ultimately render tumors resistant. Thus, approaches that generally
enhance the recruitment and function of TILs and overcome the
immunosuppressive tumor microenvironment may ultimately be
more effective in combating TNBC than the targeting of individual
checkpoints, such as PD-1.

One approach by which to bolster antitumor immunity in TNBC
is to consider targeting protein tyrosine phosphatases (PTPs) such
as PTPN2 (also known as T cell PTP or TCPTP) that can influence
both T cell recruitment and T cell function (22-24). PTPN2 is a ubig-
uitous phosphotyrosine-specific phosphatase that predominantly
exists as two variants in humans: a 48-kDa variant, which is targeted
to the cytoplasmic face of the endoplasmic reticulum by a hydro-
phobic C terminus, and a shorter 45-kDa variant that is targeted to
the nucleus and shuttles between the nuclear and cytoplasmic envi-
ronments (25); a third less-common 41-kDa PTPN2 variant also
exists and lacks both endoplasmic reticulum- and nuclear-targeting
motifs (26). Both the 48- and 45-kDa PTPN2 variants can dephos-
phorylate and inactivate cytoplasmic substrates, such as Src family
kinases (SFKs) and the JAK-1/3 protein tyrosine kinases (PTKs),
whereas the 45-kDa nuclear variant can additionally dephosphorylate
nuclear substrates, such as STAT-1, STAT-3, and STAT-5 in a cell
context-dependent manner (25, 27-32) . PTPN2 deficiencies in cell
lines, xenografts, and genetically engineered mouse models of cancer
promote PTK and STAT-3/5 signaling and tumorigenicity (32-34).
In humans, PTPN2 is deleted in 6% of all T cell acute lymphoblastic
leukemias (T-ALL) and is associated with increased NUP214-ABL1
and JAK/STAT oncogenic PTK signaling (35). Previously, using a
validated monoclonal antibody (CF4) that specifically detected
PTPN2 by immunohistochemistry, we reported that PTPN2 was
also decreased in 28.5% (34 of 119) of breast cancers, including 44%
(20 of 44) of ER™ breast cancers and 67% (16 of 24) of TNBCs (34),
whereas others have shown that PTPN2 is deleted in a subset of
breast cancers (36, 37). The latter studies also used a polyclonal
antibody to report that PTPN2 protein was low in 53.3% (354 of 664)
of breast cancers and most commonly absent in ER™ tumors (36, 37).
We have shown that PTPN2 deficiency can promote PTK/STAT-3
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signaling and the anchorage-independent growth of human breast
cancer cells in vitro, as well the growth of human TNBC xenografts
in immunocompromised nude mice (34). Moreover, we have reported
previously that the absence of PTPN2 can also promote the develop-
ment of hepatocellular carcinomas (32), whereas others have shown
that PTPN2 deletion can facilitate skin carcinogenesis (33). Thus,
PTPN2 can serve as a tumor suppressor in T-ALL and potentially
solid tumors, including breast cancer. Nonetheless, recent studies
have shown that PTPN2 deletion in syngeneic melanoma and colon
tumors promotes IFNy/JAK-1/STAT-1 signaling, T cell recruitment,
and antigen presentation and enhances the response to PD-1 blockade
(23). Moreover, other studies have shown that the deletion of PTPN2
in T cells promotes antitumor immunity by facilitating T cell activa-
tion and alleviating T cell exhaustion (22, 24, 38). In this study, we
assessed the relative impact of PTPN2 deletion in mammary epithe-
lial cells (MECs) and tumor cells on tumorigenesis versus antitumor
immunity and explored the therapeutic potential of targeting PTPN2
in tumor cells and T cells to combat TNBC.

RESULTS

Low PTPN2 correlates with PD-L1 expression and T cell
infiltrates in TNBC

The deletion of PTPN?2 in syngeneic tumors and the promotion of
IFN/JAK-1/STAT-1 signaling can increase antigen presentation and
T cell recruitment and enhance the response to PD-1 therapy (23).
We have reported previously that PTPN2 is not detected in a subset
of ER™ breast cancers and TNBCs (34). Therefore, we assessed
whether low PTPN2 specifically in TNBC might be associated with
increased TILs and PD-L1 expression. We monitored PTPN2 status
by immunohistochemistry and TILs by histology and staining for
CD3e, a component of T cell receptor (TCR) multisubunit signal-
ing complex. To screen for PTPN2 in TNBC, we generated a mono-
clonal antibody (RE5a) to recombinant human 45-kDa PTPN2; RE5a
recognized an epitope between residues 1 and 317, a region that
incorporates the PTPN?2 catalytic domain, which is identical in the
PTPN2 variants (fig. S1, A and B). By immunoblotting, RE5a variably
detected the 48- and 45-kDa variants of PTPN2 in human TNBC
cell lines (fig. S1C); RE5a also detected the less-common 41-kDa
PTPN2 variant in two of six TNBC cell lines (fig. S1C). Moreover,
RE5a specifically detected PTPN2 by immunohistochemistry, as
assessed by monitoring for PTPN2 immunoreactivity in sections
from control HeLa tumor xenografts, as compared to those in which
PTPN2 had been stably knocked down with a PTPN2-specific short
hairpin RNA (shRNA) (fig. S1D). As noted previously (34), using
RE5a, we could readily detect both nuclear and cytoplasmic local-
ized PTPN2 in luminal and basal MECs in human mammary tissue
(fig. S1E). We screened 28 TNBCs of which 9 were negative for
PTPN2 (Fig. 1A, fig. S2, and table S1); for PTPN2-negative TNBCs,
we confirmed the presence of PTPN2-positive lymphocytes as a
control. Among TNBCs that were positive for PTPN2, both nuclear
and cytoplasmic staining was evident (Fig. 1A and fig. S2). An
analysis for intratumoral TILs revealed that seven of nine PTPN2-
negative TNBCs had a TIL-predominated phenotype (=50%;
P < 0.0001; Mann-Whitney U test), as assessed histologically
(hematoxylin and eosin), whereas only 1 of 19 PTPN2-positive
TBNCs had a TIL-predominated phenotype (P = 0.0002; Fisher’s
exact test) (Fig. 1B, fig. S2, and table S1). PTPN2-negative TNBCs
that had high TILs also stained positive for CD3g, consistent with
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Fig. 1. PTPN2 deficiency in TNBC correlates with the presence of T cells and the expression of PD-L1. (A to C) Sections from formalin-fixed and paraffin-embedded
TNBC tumors from 28 patients were deparaffinized, rehydrated, and processed for (B) histology (hematoxylin and eosin), and TILs were highlighted, or processed for
(A to C) immunohistochemistry (counterstained with hematoxylin) and stained for PTPN2 (RE5a), CD3, or PD-L1. Representative images of PTPN2-positive and PTPN2-negative
TNBCs are shown. Significance of CD3* TILs in (B) was determined using two-tailed Mann-Whitney U test and, in (B and C), using Fisher's exact test; ***P < 0.001; ****P < 0.0001.

the infiltration of T cells (Fig. 1B and fig. S2). To determine whether
the absence of PTPN2 in TNBC might promote STAT-1 signaling
and the recruitment of T cells, we monitored for the STAT-1
transcriptional target PD-L1 (20) by immunohistochemistry. We
found that the majority (8 of 9) of PTPN2-negative tumors stained
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strongly for PD-L1, whereas only 1 of 19 of PTPN2-positive tumors
stained for PD-L1 (P < 0.0001; Fisher’s exact test) (Fig. 1C, fig. S2,
and table S1). Therefore, PTPN2 deficiency in human TNBCs
correlates with high PD-L1 expression and a preponderance of
T cell infiltrates.
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Low PTPN2 mRNA correlates with improved survival

Given the well-established positive correlation of T cell infiltrates
with survival (2-7), we sought to explore the potential impact of low
PTPN?2 expression on the survival of patients with breast cancer
(Fig. 2). First, we interrogated a previously generated microarray
gene expression dataset of 243 consecutively collected patients with
stage I to III breast cancer (cohort 1) (39) as well as second microarray
gene expression dataset from 462 patients with stage I to III breast
cancer (The Cancer Genome Atlas; cohort 2) and correlated PTPN2
expression to patient outcome and clinical variables. PTPN2 expres-
sion in each case was normally distributed, and patients were split
into quartiles of PTPN2 expression for analysis. We found that those
patients with PTPN2 expression in the upper quartile had significantly
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poorer breast cancer—specific survival than the patients with PTPN2
expression in the lowest quartile {hazard ratio (HR) = 2.0 [95% con-
fidence interval (CI) = 1.2 to 3.3], P = 0.009 by univariate Cox re-
gression analysis for cohort 1 (Fig. 2A); HR =2.1 (95% CI =1.1to 4.2),
P =0.030 for cohort 2 (Fig. 2B)}. Chi-square analyses showed that
patients with high PTPN2 mRNA expression had an increased likeli-
hood of large (>20 mm) ER", high-grade tumors of the basal-like
(cohort 1; table S2A) or TNBC (cohort 2; table S2B) subtypes. Next,
we specifically assessed the impact of low PTPN2 mRNA expression
on the survival of patients with TNBC. To this end, we interrogated
a published microarray gene expression dataset of 238 patients with
stage I to III TNBC (Fig. 2C) (40). Once more, patients with PTPN2
expression in the upper quartile had significantly poorer survival
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Fig. 2. Low PTPN2 mRNA expression is associated with improved breast cancer-specific survival. Microarray gene expression data from (A) tumors of 243 patients
with stage | to lll breast cancer (cohort 1), (B) 462 patients with stage | to lll breast cancer (cohort 2), or (C) 238 patients with stage | to Il TNBC was interrogated to correlate
high and low PTPN2 mRNA with survival. Times to disease-specific deaths were plotted as Kaplan-Meier survival curves. Cox proportional hazards regression was used for

univariate analysis of the prognostic impact of PTPN2 expression.
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than patients in the lowest quartile [HR = 1.3 (95% CI = 1.0 to 1.7),
P = 0.042 by univariate Cox regression analysis]. Therefore, low
PTPN2 expression in breast cancer, including TNBC, is linked with
improved survival.

PTPN2 deletion in MECs promotes hyperplasia and dysplasia
but not tumors

Although PTPN2 deficiency may increase TILs and PD-L1 expres-
sion in TNBC and be associated with improved survival, the dele-
tion of PTPN2 also has the potential to promote tumorigenicity by
driving tyrosine phosphorylation-dependent signaling (32-35).
Previous studies have shown that the deletion of PTPN2 in the liver or
in the epidermis can promote STAT-3 signaling and tumorigenicity
(32, 33). Accordingly, we assessed whether the deletion of PTPN2 in
MECs might promote the genesis of cancer. Using an antibody (6F3)
that specifically detects murine PTPN2 (fig. S3A), we found that
nuclear PTPN2 was detected in luminal MECs in 4- to 10-week-old
mice (fig. S3B) and throughout gestation (fig. S3C) and was also
detected in cytokeratin 8 (CK8)-negative basal/myoepithelial cells
(fig. S3D). Therefore, we deleted PTPN2 using the B-lactoglobulin
(BLG)-Cre transgene that is activated in the alveolar luminal epi-
thelial cells of the mammary gland with full recombination occur-
ring after lactation (41). Although BLG is only expressed in luminal
ER™ progenitors in virgin mice, expression occurs in basal and
luminal cells after a pregnancy/lactation/involution cycle (42). Pre-
vious studies have used the BLG-Cre transgene to delete tumor sup-
pressor genes in C57BL/6 mice and promote the formation of basal
tumors (42, 43). Thus, we crossed Ptanﬂ/ﬂ (C57BL/6) with BLG-Cre
(C57BL/6) mice and subjected the resulting BLG-Cre;Ptanﬂ/ﬂ mice
to two rounds of pregnancy and processed inguinal mammary glands
for histological analysis at least 3 weeks post-weaning; the deletion
of PTPN2 in multiparous mice did not affect the survival of progeny
at 21 days postpartum, consistent with mammary gland develop-
ment and lactation not being overtly altered (table S3). PTPN2 was
effectively deleted in MECs from multiparous mice, but only deleted
in a subset of MEC:s in nulliparous mice, as assessed by immunohisto-
chemistry (fig. S4); the efficient MEC deletion of PTPN2 in multip-
arous mice was also reaffirmed by flow cytometry (monitoring for
PTPN2 in CD45 CD24*CD29" luminal and CD45 CD24*CD29"
basal MECs; fig. S5). PTPN2 deletion in MECs was associated with
increased STAT-3 signaling as assessed by STAT3 Y705 phospho-
rylation (p-STAT-3) and increased proliferation (Ki67 staining) as
assessed by immunohistochemistry (fig. S6A). The mammary
epithelium is organized into ducts and lobules and comprises CK8"
luminal and CK14" basal cells arranged into bilayered structures;
single layers of luminal cells line the lumen surrounded by basal/
myoepithelial cells (44). The deletion of PTPN?2 resulted not only in
increased MEC proliferation but also in perturbations in the bilayer
organization of mammary ducts, typified by the multilayering and
intraductal growth of epithelial cells that was evident in a significant
proportion of ductal-lobular structures (fig. S6B); aberrant mammar
ducts were not evident in multiparous Ptanﬂ/ﬂ or BLG-Cre;Ptpn2*'*
controls (fig. S6C). We therefore subjected a cohort of 45 Ptpn2™/
and 43 BLG-Cre;Ptpn2"" mice to five full-term pregnancies (with
each cycle lasting approximately 2 months) with the intention of
increasing the potential for tumor formation and processed mice
for analyses at 1 year of age. No palpable tumors were detected in
the aged BLG-Cre;Ptpn2"/ mice. Histologically, no overt differences
were evident in the overall density and distribution of mammary
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ductal and alveolar structures, and there were no signs of hyperplastic
nodules, characterized by focal aggregates of multilobular units.
Notably, mammary ductal and alveolar structures did not show any
signs of hyperplasia or the structural aberrations otherwise readily
evident in younger BLG-Cre;Ptanﬂ/ﬂ mice after two rounds of preg-
nancy (fig. S7, A to C). Instead, mammary ductal and lobular struc-
tures were evident that were surrounded by CK8 CK14™ infiltrates
that included CD3e" T cells (fig. S7, B and C). Therefore, although
PTPN2 deficiency can promote ductal-lobular hyperplasia and
dysplasia in mice, this does not readily lead to the formation of
mammary tumors. Instead, PTPN2 deficiency may concomitantly
facilitate the recruitment of T cells to prevent tumor development.

PTPN2 deletion in MECs promotes STAT-1 signaling and

T cell recruitment

We next explored the cell autonomous mechanisms by which the
deletion of PTPN2 in MECs may facilitate T cell recruitment. To
this end, we first bred Ptpn2™" (FVB/n) mice with MMTV-CreA
(FVB/n) (45) mice to delete PTPN2 in both luminal and basal MECs
in nulliparous mice (45), so that basal MECs could be isolated to
analyze the impact of PTPN2 deficiency on ductal-lobular MEC
outgrowths; basal MECs compose of mammary stem cells that are
unique in their capacity to renew a mammary epithelial tree (46).
PTPN2 was effectively deleted in MECs in nulliparous MMTV-
CreA;Ptpn2™ mice (fig. S8A), and this was accompanied by increased
p-STAT-3 (fig. S8B), proliferation (fig. S8C), and overt ductal dys-
plasia (fig. S8D), as also seen in multiparous BLG—Cre;Ptanﬂ "M mice
(fig. S6B); aberrant mammary ducts were not evident in Ptpn2ﬂ/ﬂ or
MMTV-Cre;Ptpn2*'* controls (fig. $9). Next, we adoptively trans-
ferred freshly isolated CD45°CD24*CD29" basal MECs (Fig. 3 and
fig. 10, gating strategy) from 12-week-old Ptpn2™ (FVB/n) versus
MMTV-CreA;Ptpn2//fl (FVB/n) female mice into the cleared mam-
mary fat pads of 3-week-old FVB/n female recipients (Fig. 3A) and
monitored for the development of ductal-lobular MEC outgrowths
after 12 weeks. No overt macroscopic outgrowth defects were evident
(as assessed by whole-mount carmine alum staining; Fig. 3B), and
engraftment was similar between the genotypes. As in multiparous
BLG-Cre;Ptpn2™" (C57BL/6) female mice or nulliparous MMTV-
CreA;Ptpn2/f! (FVB/n) female mice, PTPN2 deficiency in transplanted
FVB/n MECs resulted in increased p-STAT-3 and proliferation
(Ki67 staining; Fig. 3C) and the expansion of CK8" MECs so that
the lumens of a large proportion of ducts and acini were filled with
MEC:s (Fig. 3, D and E). Moreover, in some instances, CK8" MECs
in MMTV-CreA;Ptpn2¥# outgrowths formed multiple layers detached
from surrounding CK14" basal cells (Fig. 3, D and E). Notably, the
hyperplastic/dysplastic MMTV—CreA;Ptanﬂ/ﬂ MEC outgrowths
were accompanied by a significant increase in host-derived
PTPN2-positive and CK8/CK14-negative lymphocytic infiltrates
(Fig. 4, A and B, and fig. S11A). A large proportion of the lympho-
cytic infiltrates that predominated the MMTV-CreA;Ptpn " MEC
outgrowths were positive for the T cell marker CD3e (Fig. 4C and
fig. S11A), whereas B220" B cells were evident in a small number of
PTPN2-deficient MEC outgrowths (Fig. 4D and fig. S11A) as as-
sessed by immunohistochemistry; using Opal multiplex immuno-
histochemistry, we found that the recruited T cells included both
CD4" and CD8" T cells (fig. S11, B and C). Moreover, robust
p-STAT-1 was evident in PTPN2-negative MMTV—CreA;Ptanﬂ 4
MEC outgrowths (Fig. 4E and fig. S11A); the increased p-STAT-1
was not attributed to increased STAT-1 protein, as assessed by
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Fig. 3. Hyperplasia and dysplasia in PTPN2-deficient MEC outgrowths. (A) CD45-CD24*CD29" MECs were isolated from the mammary glands of 12-week-old Prpnzﬂ/ﬂ
and MMTV-Cre;Ptpn2™" females and transplanted contralaterally into the cleared mammary fat pads of 3-week-old FVB/n female mice. The transplanted fat pads were
collected after 12 weeks and fixed in formalin, and (B) whole mounts stained with carmine alum to assess epithelial repopulation or processed for either (C) immunohisto-
chemistry and stained for PTPN2, STAT-3 Y705 phosphorylation (p-STAT-3), and Ki67 (counterstained with hematoxylin) or (D and E) immunofluorescence microscopy
and stained for CK8, CK14, and DNA [4',6-diamidino-2-phenylindole (DAPI)] to identify nuclei. In (C), p-STAT-3- or Ki67-positive MECs were quantified; three mice per
genotype were scored, with three randomly selected fields of view scored per section. (E) Quantification of perturbed ductal structures in Ptanﬁ/ﬂ and MMTV—Cre;Ptanﬂ/ﬂ
MEC outgrowths; four repopulated fat pads per mouse were scored per genotype with at least five randomly selected fields of view and 50 structures scored per gland.
Results in (C) and (D) are means + SEM; significance was determined using two-tailed Student’s t tests; *P < 0.05; ***P <0.001.
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Fig. 4. PTPN2 deficiency promotes STAT-1 signaling and T cell recruitment in MEC outgrowths. (A to E) Ptpn2"" and MMTV-Cre;Ptpn2™" MEC mammary gland
outgrowths were processed for immunohistochemistry (counterstained with hematoxylin) and immunofluorescence microscopy staining for PTPN2, CK8, CK14, CD3 (to
mark T cells), B220 (to mark B cells), p-STAT-1, and DNA (DAPI). p-STAT-1in PTPN2-negative MMTV—Cre;Ptanﬂ/ﬂ MECs are highlighted by arrowheads. (F) Ptpnzﬂ/ﬂ
(C57BL/6) CD24"CD29'"° luminal MECs were purified by fluorescence-activated cell sorting, transduced with Ad-CMV-BGal or Ad-CMV-iCre and processed after 72 hours for
quantitative real-time PCR (qPCR) to assess Ptpn2 expression. (H) Ptpn2ﬂ/ﬂ (C57BL/6) or Ptpn2ﬂ/ﬂ;5tarlﬂ/+ (C57BL/6) CD24*CD29" luminal MECs were serum-starved and left
untreated or stimulated with IFNy (100 ng/ml, 72 hours) and processed for qPCR to assess Cxcl9 and Cxcl10 expression. Results are means + SEM from three independent experiments;
significance in (G) was determined using two-tailed Student’s t test and in (H) using two-way analysis of variance (ANOVA); *P < 0.05; ****P <0.0001. (I) Ptpn2™" (C57BL/6) or
Ptpnzﬂ/ﬂ;Smﬂﬂ” (C57BL/6) CD24*CD29" basal MECs were transduced with Ad-CMV-BGal or Ad-CMV-iCre and were injected contralaterally into the cleared mammary fat
pads of 3-week-old syngeneic C57BL/6 female recipients. After 12 weeks, MEC outgrowths were processed for immunohistochemistry monitoring for p-STAT-1 and
CD3* T cell infiltrates. Representative results from four to five repopulated fat pads per genotype per treatment are shown.
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immunohistochemistry (fig. S12). Previous studies have established
that the deletion of PTPN2 in tumor cells can enhance IFNy/JAK-1/
STAT-1 signaling and the expression of T cell chemoattractants
such as C-X-C Motif Chemokine Ligand 9 (CXCL9), CXCL10, and
C-C Motif Chemokine Ligand 5 (CCLS5) to facilitate T cell recruit-
ment (23). To determine the extent to which the heightened STAT-1
signaling in PTPN2-deficient MEC outgrowths may facilitate lym-
phocyte recruitment, we sought to correct the enhanced STAT-1
signaling by reducing the total amount of STAT-1 protein by 50%.
To this end, we crossed Ptanﬂ/ﬂ (C57BL/6) mice onto the Stat"*
(C57BL/6) background and infected CD45°CD24"CD29" lumi-
nal MECs or CD45"CD24*CD29" basal MECs (Flg 4F) from
the resultant Ptpn2"":Stat1”* versus Ptpn2"";Stat 1"+ mice with
adenoviruses expressing Cre recombinase (Ad-CMV-iCre) or
B-galactosidase (Ad-CMV-BGal) as a control. Ptpn2 levels were
reduced by approximately 60% (Fig. 4G), consistent with the adeno-
viral infection being suboptimal. Nonetheless, this was sufficient to
markedly increase the expression of the STAT-1 target genes Cxcl9
and Cxcl10 (Fig. 4H), and this was largely corrected by Stat1 hetero-
zygosity. The corresponding infected basal MECs were transplanted
into the contralateral cleared mammary fat pads of 3-week-old synge-
neic C57BL/6 females and the impact on STAT-1 signaling and T cell
recruitment assessment by immunohistochemistry after 12 weeks.
As in MMTV-CreA;Ptpn2”" MEC outgrowths in FVB/n recipients,
outgrowths arising from the transplantation of Ad-CMV-iCre-
transduced Ptpn2"fl MECs in C57BL/6 recipients had aberrant
structures, including acini with filled lumens (fig. S13). In addition,
Ad-CMV-iCre-transduced Ptanﬂ/ﬂ MEC outgrowths had higher
p-STAT-1 and CD3e" T cell infiltrates than outgrowths from con-
trol Ptpn2ﬂ/ﬂ MECs transduced with Ad-CMV-BGal (Fig. 41). Stat1
heterozygosity largely corrected the increased p-STAT-1, otherwise
associated with the deletion of PTPN2, as well as the recruitment of
CD3e" T cells (Fig. 41 and fig. S14), but did not correct the aberrant
acini (fig. S13) that likely arise from heightened PTK/STAT-3 sig-
naling. Together, these results are consistent with PTPN2 defi-
ciency in MECs promoting STAT-1 signaling and thereby T cell
recruitment and antitumor immunity to eliminate aberrant ductal-
lobular structures in the mammary gland that may otherwise
develop into hyperplastic nodules and/or tumors with age.

PTPN2 deletion in mammary tumors variably promotes

STAT-1-dependent T cell recruitment and antitumor immunity
Having established that the deletion of PTPN2 in MECs does not
promote the development of mammary tumors, but instead may
facilitate the recruitment of T cells and antitumor immunity, we
thereon assessed the impact of PTPN2 deletion in mammary tumor
cells. Specifically, we took advantage of syngeneic murine models of
TNBC and assessed the influence of PTPN2 deletion on STAT-1
versus STAT-3 signaling and the impact on tumorigenicity versus
antitumor immunity. To this end, we used CRISPR ribonucleo-
protein (RNP)-based genome editing and a synthetic single guide
RNA (sgRNA) to delete Ptpn2 in AT3 adenocarcinoma cells, which
form TNBC-like tumors when implanted into the mammary fat
pads of mice; AT3 cells do not express ER, progesterone receptor
(PR), or ErbB2 (murine HER2) and are derived from a mammary
tumor arising in MMTV-PyMT transgenic FVB/n mice backcrossed
onto the C57BL/6 (H—2b) background (47). PTPN2 deletion en-
hanced both interleukin-6 (IL-6)-induced p-STAT-3 and IFNYy-
induced p-STAT-1 (Fig. 5A) but did not overtly affect tumor cell

Goh et al., Sci. Adv. 8, eabk3338 (2022) 23 February 2022

proliferation in vitro as assessed in colony-forming assays (fig.
S15A). To assess the impact of PTPN2 deficiency on tumor growth
in vivo, we implanted control and PTPN2-deficient AT3 mamma-
ry tumor cells into the inguinal mammary fat pads of syngeneic
immunocompetent C57BL/6 mice (Fig. 5B). PTPN2 deletion increased
nuclear p-STAT-1 and p-STAT-3 in AT3 mammary tumors in vivo
as assessed by immunohistochemistry (Fig. 5C). Despite promot-
ing STAT-3 signaling, PTPN2 deficiency suppressed the growth of
AT3 syngeneic mammary tumors in vivo (Fig. 5B). The suppres-
sion of tumor growth was accompanied by a marked increase in
the expression of STAT-1 target genes, including Cxcl9 and Cxcl10
(encoding CXCL9 and CXCL10), which facilitate lymphocyte re-
cruitment (Fig. 5D and fig. S15B). On the other hand, the enhanced
STAT-3 signaling was accompanied by the increased expression of
the STAT-3 target genes 1110 and Ccl5, which can facilitate tumor
immune evasion (Fig. 5D). Nonetheless, in line with the increased
Cxcl9 and Cxcl10 expression, PTPN2 deficiency in AT3 tumors was
accompanied by increased lymphocyte infiltration, including CD3e"
T cells, as assessed by immunohistochemistry (Fig. 5C). The in-
creased lymphocyte recruitment included CD4" and CD8" effector/
memory (CD44MCD62L°) T cells and NK1.1* natural killer (NK)
cells that promote antitumor immunity (Fig. 5E and fig. S16, gating
strategy), as well as immunosuppressive Treg. PTPN2 deletion also
increased the expression of other STAT-1 target genes, including
Tapb, Tapl, and H2k1 (encodes MHC-I) (Fig. 5D) that promote
antigen presentation and Cd274 (encodes PD-L1), Hvem/Tnfrsf14
(encodes HVEM/TNFRSF14), and H2ab1 (encodes MHC-II) (Fig. 5D
and fig. S15B) that encode ligands for the PD-1, BTLA4, and LAG-3
checkpoints (12, 20, 21). Consistent with this, we found that PTPN2
deletion also significantly enhanced the response of AT3 tumors to
PD-1 checkpoint blockade, where a-PD-1 was otherwise ineffective,
and significantly increased survival (Fig. 6, A and B). Therefore,
PTPN2 deletion in mammary tumors can promote STAT-1 sig-
naling and T cell recruitment and repress tumor growth while
also enhancing the response to immunotherapy.

To determine the extent to which the repression of AT3 tumor
growth by PTPN2 deficiency might be ascribed to the recruitment
of lymphocytes, we implanted control and PTPN2-deficient AT3
tumor cells into the mammary fat pads of Ragl™~ (C57BL/6) mice
that lack T cells and B cells and assessed tumor growth. Notably,
tumor growth in immunocompromised Rag]l ~~ mice was not sig-
nificantly repressed by PTPN2 deficiency (Fig. 5F) despite increasing
nuclear p-STAT-1 (fig. S15C). These results point toward the re-
pression of tumor growth by PTPN2 deficiency in AT3 tumors
in Ragl™* (C57BL/6) mice being attributable to the recruitment of
lymphocytes. Therefore, these findings are consistent with PTPN2
deficiency in AT3 mammary tumors driving T cell recruitment and
antitumor immunity.

Next, we assessed whether the heightened STAT-1 signaling in
PTPN2-deficient AT3 tumors may be responsible for increased T cell
recruitment and antitumor immunity. However, we first examined
whether IFN expression may be increased in PTPN2-deficient AT3
mammary tumors to independently drive STAT-1 signaling and
antitumor immunity. PTPN2 deficiency did not affect the ex-
pression of IFNo (Ifnal) or IFNB (Ifnbl) in AT3 tumors in either
C57BL/6 or Ragl™~ mice (Fig. 7A). By contrast, IFNy expression
(Ifng) was increased significantly in PTPN2-deficient AT3 tumors
in C57BL/6 mice (Fig. 7A); the increased IFNY expression was reliant
on the recruitment of T cells, as it was not evident in Ragl™~ mice.

8 of 22

2202 ‘YT Yoo\l Uo A1SIBAIUN 840 e Te 610°30Us 105" MMM/ SA1Y Lo} papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

A Control sgRNA Ptpn2 sgRNA B
IFNy (min):0 5 15306090 0 5 15306090 AT3 tumors in C57BL/6
p-STAT-1 - _
(Y701) —~— - - 200
<« ® Control sgRNA 120
STAT.1 VRIS wiWamw | Ei1s0] =18 =
P— % O Ptpn2 sgRNA . E100
PTPN2 Eqgof (=10 i 5 eo
. © 2 60l
ACHN [ - oy - - - — > E
£ 501 g 40
AT3 cell lysates E £
= 2
Control sgRNA Ptpn2 sgRNA =20
A (minY. T 0
IL-6 (Min): 0 5 15306090 0 5 1530 60 90 S 12 15 13 20 22 24 26 20 33 36 T3 tors
p-STAT-3 —_——— ———— Time (days) Day 36
(Y705)
STAT-3 -
AT3 cell lysates
C AT3 tumors
Control sgRNA Ptpn2 sgRNA ” ” *
T g g 03 > m Control 3 06 = Control
- B SgRNA o sgRNA
= Z 02 =3 & o4 n=3)
® P OPfpn2 b 0O Ptpn2
9 100 um S sgRNA & sgRNA
‘100iim S 0.1 (h=3) 5§ 0.2 (n=3)
5 N ]
NS i 0.0 i 0.0
£
i c
‘g_ -% 5001 = m Control
8 8 400 sgRNA
5 (n=3)
530 O Ptpn2
&I 8 200 sgRNA
Ol - ~ (n=3)
il %, 100
L s S o
D STAT-1 target genes STAT-3 target genes
5161 *H* *k Kk H Control T 4 = Control
S 8 = sgRNA £ SgRNA
<Z( 4 .k *k (n=9-10) <Z( 3 (n=9-10)
':é 3 o 0O Ptpn2 L‘E: 2 ul O Ptpn2
. o SgRNA 5 SgRNA
5 ) (n=9-10) § 1 N * % (n =9-10)
™
<o O WO 0 A A Ak Ak <o §
%) A A A ©
e < <9 ¥ 0:\"[\@“55‘ \,\’Le“’ Pl 00\600(\6 o WO W® (P e WO
E F 2001 AT3 tumors in Rag17/~
AT3 tumors day 36 @ Control sgRNA
_ 25 4 .1 . 3 i @ Control E 1509 (n=6) gm
2 o 20 o a sgRNA £ O Ptpn2 sgRNA T °
2g2 3 o o o 2 (n=9) o8l ®®
X @ 0 0O Ptpn2 £ i [m]
2 o 10 o2 go 5 100 £
5215 8 sgRNA 5 =z 6
S o 2 E% > z
EE 10 s ] 5 | =3
€8 1 £ 50 2
o 05{ o I% = 52 o [m}
0o 0 e O KA 1E1 0 CDcD25 0~ E 0
CD4* . *
5 7 101214161921232528 30 AT3 tumors
EffiMem EffiMem CD3"  FOXP3*Tregs Time (days) Day 30

Fig. 5. PTPN2 deletion promotes STAT-1 signaling and the T cell-mediated repression of syngeneic AT3 mammary tumor growth in mice. (A) AT3 control cells
(control sgRNA) or those in which PTPN2 had been deleted by CRISPR RNP (Ptpn2 sgRNA) were stimulated with IFNy or IL-6 for the indicated times. p-STAT-1, p-STAT-3,
and PTPN2 protein levels were assessed by immunoblotting. (B to E) AT3 control or PTPN2-deficient cells were injected into the fourth inguinal mammary fat pads of
female C57BL/6 mice, and (B) tumor growth was monitored. (C) Tumors were processed for immunohistochemistry staining for p-STAT-1, p-STAT-3, or CD3 (counter-
stained with hematoxylin). (D) mRNA expression of STAT-1 and STAT-3 target genes in AT3 tumors was assessed by qPCR. (E) The number of TILs including CD4" and CD8"
T cells with a CD44"CD62L'° effector/memory (Eff/Mem) phenotype, NK1.1*CD3™ NK cells, and CD4*CD25"FoxP3* Tieqs were analyzed by flow cytometry. (F) AT3
control PTPN2-deficient cells were injected into the fourth inguinal mammary fat pads of female Rag1™~ mice, and tumor growth was monitored. Representative results
(means + SEM) from at least two independent experiments are shown. In (B) and (F), significance was determined using two-way ANOVA test and, in (D) and (E), using
two-tailed Mann-Whitney U test. For tumor weights in (B), significance was determined using two-tailed Mann-Whitney U test. In (B) and (F), tumors were analyzed at end
point. In (C), results are representative of five mice per group, and images were taken at x10 (p-STAT-1 and p-STAT-3) or x20 (CD3) magnification; sections from three mice per
group were scored with three fields of view scored per section, and significance was determined using two-tailed Student’s t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P <0.0001.
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This was not unexpected, as T cells, along with NK cells, are major
sources of IFNy in tumors and PTPN2 deficiency in AT3 tumors
increased T cell recruitment. These results indicate that the increased
STAT-1 signaling and T cell recruitment in PTPN2-deficient AT3
tumors cannot be attributed to increased tumor IFN production,
but rather may be an outcome of enhanced responses to cytokines,
as noted in vitro (Fig. 5A). Next, we sought to attenuate STAT-1
signaling in PTPN2-deficient tumors. Specifically, we determined
whether blocking the type I IFN (IFNa/pB) receptor IFNARI in
PTPN2-deficient AT3 tumors might repress STAT-1 signaling,
because PTPN2 deficiency resulted in increased p-STAT-1 in AT3
tumors even in Ragl~”~ mice (fig. $15C), where IFNy expression
was negligible (Fig. 7A). Mice with palpable PTPN2-deficient AT3
mammary tumors were injected with a-IFNARI every 3 days,
and effects on tumor growth were assessed (Fig. 7B). The blockade
of IFNARI signaling significantly attenuated the repression of tu-
mor growth otherwise achieved with the deletion of PTPN2 in AT3
tumor cells (Fig. 7B). This was accompanied by decreased nuclear
p-STAT-1, as assessed by immunohistochemistry (fig. S17A); re-
pressed STAT-1 target gene expression (Fig. 7C); and repressed
T cell and NK cell recruitment, as assessed by flow cytometry or
CD3 immunohistochemistry (Fig. 7, D and E). In keeping with the
repressed T cell recruitment, IFNY (Ifng) expression was also reduced
by the blockade of IFNARI signaling (Fig. 7C). Therefore, PTPN2
deficiency and the promotion of IFNa/p signaling in tumors can
facilitate the recruitment of T cells.

To directly assess the contributions of STAT-1, we took advantage
of CRISPR RNP gene editing and specific sgRNAs to delete Stat] in
PTPN2-deficient AT3 tumor cells (fig. S17B). The deletion of Stat1
largely ablated the IFNy-induced expression of STAT-1 target genes
including Cxcl9, Cxcl10, and Cd274 in vitro (fig. S17C). Moreover,
the deletion of Statl attenuated the repression of tumor growth
otherwise achieved with PTPN2 deficiency (Fig. 8A). This was
accompanied by the repressed expression of STAT-1 target genes,
including T cell/NK cell chemoattractant (Cxcl9 and Cxcl10), im-
mune checkpoint ligand (Cd274, Tnfrsfl4, and H2ab1), and antigen
presentation (Tapb, Tapl, and H2k1) genes (Fig. 8B). This was also
accompanied by the repression of T cell and NK cell recruitment
as assessed by flow cytometry (Fig. 8C) or CD3e immunohisto-
chemistry (Fig. 8D). These results are consistent with PTPN2 defi-
ciency increasing T cell recruitment and antitumor immunity and
repressing AT3 mammary tumor growth by promoting the IFN-STAT-1

Goh et al., Sci. Adv. 8, eabk3338 (2022) 23 February 2022

signaling axis. These findings are consistent with previous studies
demonstrating that the deletion of PTPN2 in syngeneic MC38
colon carcinomas or B16F10 melanomas can also increase STAT-1
signaling and T cell recruitment, albeit by promoting the response
to IFNy to promote antitumor immunity (23), a finding that we
have also recapitulated.

Although our findings point toward PTPN2 deficiency in TNBC
driving T cell recruitment, a small subset of PTPN2-positive TNBCs
nonetheless have high TILs (Fig. 1). Accordingly, we also sought to
assess the impact of deleting PTPN2 in a syngeneic mammary
tumor model with high TILs. To this end, we deleted PTPN2 in
murine E0771 adenocarcinoma cells, which originate from a
spontaneous medullary mammary tumor in a C57BL/6 mouse (48).
E0771 cells grow aggressively when implanted into the mammary
fat pads of mice and are predominated by TILs, a robust immuno-
suppressive tumor microenvironment with abundant MDSCs and
Tregs and high levels of PD-L1 (24, 49). Orthotopic E0771 mammary
tumors resemble human TNBC as they are ER-, PR-, and ErbB2-
negative, mutant for TRP53 and have basal-like characteristics (48).
As with AT3 cells, PTPN2 deletion in E0771 cells using CRISPR RNP
gene editing resulted in enhanced IL-6-induced STAT3 signaling
and IFNy-induced STAT-1 signaling in vitro (fig. S18A). However,
p-STAT-1 was already increased in E0771 mammary tumors when
compared to AT3 tumors in vivo, and this was only moderately, if
atall, increased by PTPN2 deficiency (Fig. 9A). This coincided with
significantly increased IFNP levels in E0771 versus AT3 tumors, as
well as heightened IFNy expression in E0771 tumors that was un-
affected by PTPN2 deficiency and approximated that seen in PTPN2-
deficient AT3 tumors (Fig. 9B). Consistent with the heightened
IFNP/y expression and p-STAT-1, the STAT-1 target genes Cxcl10
and Cd274 (PD-L1) were increased in control E0771 versus AT3
mammary tumors in vivo (Fig. 9C). The expression of Cxcl10 and
Cd274 in control E0771 tumors approximated that in PTPN2-deficient
AT3 tumors (Fig. 9C). PTPN2 deficiency in E0771 mammary tumors
moderately increased Cxcl9 expression (fig. S19A), but other STAT-1
target genes, including Cd274, were decreased rather than increased
(fig. S19A). Unlike in AT3 tumors (Fig. 5C), PTPN2 deficiency in
E0771 tumors did not result in significant differences in p-STAT-3
as assessed by immunohistochemistry (fig. S18B) and did not overtly
influence the proliferation of cells in vivo as assessed by Ki67 staining
(fig. S18B). Moreover, PTPN2 deletion had no effect on the growth
rates of E0771 mammary tumors in C57BL/6 mice (fig. S19B) and it
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Fig. 7. The effects of PTPN2 deficiency on AT3 mammary tumor growth are reliant on IFNAR1 signaling. (A to E) AT3 control cells (control sgRNA) or those in which
PTPN2 had been deleted by CRISPR RNP (Ptpn2 sgRNA) were injected into the fourth inguinal mammary fat pads of female C57BL/6 or Ragl’/’ mice. (A) IFNa (Ifna), IFNB
(Ifnb), or IFNy (Ifng) mRNAs in AT3 control or PTPN2-deficient mammary tumors were assessed by gPCR. (B to E) C57BL/6 mice bearing PTPN2-deficient AT3 tumors were
injected with IFNAR1 blocking antibody or PBS control every 3 days, and (B) tumor growth was monitored. (C) Tumor Cxcl9, Cxcl10, Cd274, and Ifng mRNAs were assessed by
gPCR. (D) TiLs including CD4" and CD8" T cells with a CD44"CD62L" Eff/Mem phenotype and NK1.1*CD3™ NK cells were analyzed by flow cytometry. (E) Tumors were processed
for immunohistochemistry staining for CD3 (counterstained with hematoxylin). Representative results (means + SEM) from at least two independent experiments are shown.
In (A) and (C) to (E), tumors were analyzed at end point. Tumor sizes in (A) were C57BL/6 control sgRNA, 562 = 97; C57BL/6 Ptpn2 sgRNA, 205 + 40.2; Rag1~'~ control sgRNA,
640.9+155;and Rag1™~ Ptpn2 sgRNA, 555 = 90.1. In (A), significance was determined using two-tailed Mann-Whitney U test. In (B), significance was determined using two-way
ANOVA test and, in (C) to (E), using one-way ANOVA test. In (E), results are representative of five mice per group, and images were taken at x20 magnification; sections from three
mice per group were scored with three fields of view per section, and significance was determined using two-tailed Student's t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P<0.0001.
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Fig. 8. The effects of PTPN2 deficiency on AT3 mammary tumor growth are reliant on the promotion of STAT-1 signaling. (A to D) AT3 control cells (control sgRNA)
or those in which PTPN2 (Ptpn2 sgRNA) or PTPN2 and STAT-1 (Ptpn2/Stat1 sgRNA) had been deleted by CRISPR RNP were injected into the fourth inguinal mammary fat
pads of female C57BL/6 mice, and (A) tumor growth was monitored. (B) Tumor STAT-1 target gene expression was assessed by qPCR. (C) TILs including CD4* and CD8" T cells
with a CD44"CD62L"° Eff/Mem phenotype and NK1.17CD3~ NK cells were analyzed by flow cytometry. (D) Tumors were processed for immunohistochemistry staining for
CD3 (counterstained with hematoxylin). Representative results (means + SEM) from two independent experiments are shown. In (B) to (D), tumors were analyzed at end
point. In (A), significance was determined using two-way ANOVA test and, in (B) to (D), using one-way ANOVA test. In (D), results are representative of five mice per group,
and images were taken at x20 magnification; sections from three mice per group were scored with three fields of view per section, and significance was determined using

two-tailed Student’s t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P <0.0001.

did not alter growth rates in immunodeficient Ragl ™~ mice (fig. $19C),
where tumor growth otherwise exceeded that in C57BL/6 mice (fig.
§19, B and C). In addition, in keeping with the elevated IFN/STAT-1
signaling and the increased Cxcll0 expression, CD3e™ T cell infil-
trates were already elevated in E0771 versus AT3 tumors as assessed
by immunohistochemistry (Fig. 9A); although the deletion of PTPN2
promoted the further recruitment of CD4" and CD8" T cells (fig. S19D),
the increase was less pronounced than that in PTPN2-null AT3 tu-
mors (Fig. 5E). In addition, NK cells in PTPN2-null versus control
E0771 tumors were not significantly increased, but Tycg were in-
creased (fig. S19D). Moreover, monocytic and granulocytic MDSCs
that are immunosuppressive were markedly elevated in E0771

Goh et al., Sci. Adv. 8, eabk3338 (2022) 23 February 2022

mammary tumors when compared to AT3 tumors and increased
further by the deletion of PTPN2 (fig. S20A). Consistent with the
overt immunosuppressive immune landscape, tumor-infiltrating
CD8" T cells in PTPN2-null E0771 tumors had an exacerbated
PD-1"Tim3" exhausted phenotype (50) that was not seen in PT-
PN2-null AT3 tumors (fig. S20B). Together, our findings using two
different syngeneic models of TNBC indicate that the deletion of
PTPN2 does not enhance mammary tumor development. However,
the extent to which PTPN2 deletion promotes STAT-1 signaling
and thereby antitumor immunity may be dictated by independent
factors that drive IFN expression and influence the inflammatory
and immunosuppressive state of the tumor.
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Fig. 9. E0771 mammary tumors exhibit heightened IFN expression, STAT1 signaling, and T cell infiltrates independent of PTPN2. Control tumor cells (control sgRNA)
or those in which PTPN2 (Ptpn2 sgRNA) had been deleted by CRISPR RNP were injected into the fourth inguinal mammary fat pads of female C57BL/6 mice. The resulting
control or PTPN2-deficient AT3 or E0771 mammary tumors were processed for (A) immunohistochemistry staining for p-STAT-1 or CD3 (counterstained with hematoxylin)
or (B and C) gPCR monitoring for the expression of (B) IFN genes or (C) STAT-1 target genes. Tumor sizes in (B) were AT3 control sgRNA, 594 + 31.2; AT3 Ptpn2 sgRNA,
234.4+37.2;E0771 control sgRNA, 1020 + 163.0; and E0771 Ptpn2 sgRNA, 1006 + 412.8. Tumor sizes in (C) were AT3 control sgRNA, 656.0 + 92.4; AT3 Ptpn2 sgRNA, 218.8 + 32.4;
and E0771 control sgRNA, 746.1 £ 96.7. Representative results (means + SEM) from at least two independent experiments are shown. In (B) to (C), significance was determined
using one-way ANOVA test or two-tailed Mann-Whitney U test (#). In (A), results are representative of five mice per group, and images were taken at x10 (p-STAT1) or x20 (CD3)
magnification; sections from three mice per group were scored with three fields of view per section, and significance was determined using two-tailed Student’s t test;
*or #P < 0.05; **P < 0.01.

PTPN2 deletion in tumor cell and T cells elicits superior
antitumor immunity

Previous studies have shown that, in T cells, PTPN2 has an integral
role in T cell-mediated immune surveillance and that its deletion
promotes T cell-mediated antitumor immunity (22, 24, 38). In par-
ticular, we have shown that deletion of PTPN2 in T cells prevents

the formation of hematological malignancies and solid tumors that
otherwise occur in aged mice heterozygous for the tumor suppressor
P53 (24), which is frequently mutated in TNBC (I). Moreover, we
have shown that the growth of immunogenic AT3-OVA mammary
tumors implanted into the mammary fat pads of mice is markedly
attenuated when PTPN2 is deleted in T cells (24). PTPN2 deletion
Goh etal., Sci. Adv. 8, eabk3338 (2022)
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not only enhances TCR signaling and IL-2-induced STATS5 signaling
in T cells to promote T cell activation and cytotoxicity (24) but also
STAT-1 signaling to overcome T cell exhaustion (22). Accordingly,
we sought to determine whether the combined targeting of PTPN2 in
mammary tumor cells and T cells might not only facilitate the
recruitment of T cells but also alleviate inhibitory constraints on
recruited T cells to repress the growth of tumors. To this end, we
implanted control or PTPN2-deficient AT3 or E0771 tumor cells
into the inguinal mammary fat pads of Ptanﬂ/ﬂ control mice or
Lck—Cre;Ptanﬂ/ﬂ T cell-specific PTPN2-deficient mice and as-
sessed tumor growth (Fig. 10). Notably, we found that, whereas the
deletion of PTPN2 in T cells alone was sufficient to repress the
growth of AT3 mammary tumors (Fig. 10A), the combined deletion
of PTPN2 in AT3 tumor cells and T cells further enhanced the re-
pression of tumor growth (Fig. 10A). This was accompanied by
the increased recruitment and/or expansion of effector T cells
with enhanced cytotoxic activity (as assessed by expression of IFNy,
TNF, and granzyme B) as well as increased NK cell recruitment
(Fig. 10, B and C). The increased T cell and NK cell numbers in
tumors were accompanied by the promotion of STAT-1 signaling,
as reflected by the increased expression of Statl target genes, in-
cluding Cxcl9, Cxcl10, and Cd274 (Fig. 10D). On the other hand,
although the deletion of PTPN2 in E0771 tumor cells on its own had
no effect on tumor growth, PTPN2 deletion in T cells completely
ablated tumor growth irrespective of PTPN2 status in tumors
(Fig. 10E). Therefore, approaches aimed at targeting PTPN2 in tu-
mors and T cells may afford a means for not only enhancing TILs
and the activation and cytotoxicity of recruited T cells, but also
markedly enhance the antitumor activity of T cells in TNBCs that
may already be predominated by TILs.

DISCUSSION
The host immune response plays a key role in cancer progression
and the response to therapy. In TNBC, the presence of TILs, espe-
cially CD8" T cells, is widely recognized as a predictor of good
prognosis in both adjuvant and neoadjuvant settings (4-6). More-
over, TNBCs with TILs and high PD-L1 show improved responses
to PD-1 checkpoint blockade (51). Our findings indicate that an im-
portant factor influencing the infiltration of T cells and the expres-
sion of PD-L1 in TNBC may be PTPN2 and its negative regulation
of STAT-1 signaling. Moreover, in keeping with its impact on TILs,
our studies indicate that PTPN2 status may also influence survival.
We and others have reported previously that the deletion or
inactivation of PTPN2 can contribute to tumorigenesis through the
promotion of PTK signaling (32-35). For example, PTPN2 deletion
in T-ALL drives oncogenic JAK/STAT and NUP214-ABL1 PTK
signaling and tumorigenesis (35), whereas the deletion or oxidative
inactivation of PTPN2 in hepatocytes in obesity promotes STAT-3
signaling and the development of hepatocellular carcinomas (32).
In contrast, we found that the deletion of PTPN2 in MECs or
syngeneic mammary tumors did not promote tumor formation, de-
spite enhancing STAT-3 signaling. Although we cannot exclude the
possibility that the deletion of PTPN2 in the context of other onco-
genic events, such as BRACI mutations or overexpressed PTKs such
as epidermal growth factor receptor that are frequent in TNBC (52),
might promote tumorigenesis, it is noteworthy that, even in aged
multiparous mice, where oncogenic events are more likely to occur,
the deletion of PTPN2 in MECs did not promote tumor formation.

Goh et al., Sci. Adv. 8, eabk3338 (2022) 23 February 2022

The aberrant ductal and lobular structures that were otherwise
readily evident in younger mice could not be detected in aged MEC-
specific PTPN2-deficient mice. Instead, the deletion of PTPN2 pro-
moted STAT-1 signaling and facilitated the recruitment of T cells to
eliminate hyperplastic or dysplastic nodules and prevent tumori-
genesis or repress the growth of established syngeneic mammary
tumors. STAT-1 signaling is driven predominantly by type I (IFNa/p)
and type II (IFNy) IFNs; type I IFNs signal via JAK-1 and Tyk-2,
which phosphorylate STAT-1 to STAT-3, whereas IFNY signals via
JAK-1 and JAK-2, which phosphorylate STAT-1 and STAT-3, to
facilitate the formation of STAT-1 homodimers or heterodimers
that translocate the nucleus to mediate the transcription of distinct
subsets of genes (12). JAK-1 and JAK-3 and STAT-1, STAT-3, and
STAT-5 can serve as direct bona fide substrates of PTPN2 (27-31).
Notably, the nuclear 45-kDa variant of PTPN2 is unique in its
capacity to directly dephosphorylate p-STAT-1 in the nucleus (28).
Although we have not directly addressed the influence of PTPN2
deficiency on STAT-1 signaling in human breast cancer, we have
shown that PTPN2 deficiency in TNBC is associated with the pres-
ence of PD-L1, a transcriptional target of STAT-1 (20). PTPN2 de-
ficiency in TNBC was also associated with the infiltration of T cells,
whereas low PTPN2 message was linked with improved survival.
Using the validated monoclonal PTPN2 antibody RE5a described
in this study, we have shown that both nuclear and cytoplasmic
PTPN2 can otherwise be detected in TNBCs, as well as in MECs in
human mammary glands, by immunohistochemistry; this was also
noted previously using another validated monoclonal PTPN2 anti-
body, CF4 (34). Moreover, using either RE5a or CF4, both the 48- and
45-kDa PTPN2 variants can be variably detected in TNBC cells
lines or tumor homogenates by immunoblotting (34). By contrast,
an independent study using a commercially available polyclonal
PTPN2 antibody reported that PTPN2 was predominantly cyto-
plasmic and rarely nuclear in breast cancer (36, 37). This study also
noted that despite PTPN2 being absent in 53.3% (354 of 664) of
breast cancers, especially ER™ tumors, there was no correlation with
TNBC (37). This discrepancy may be attributed to the inability of
this antibody to detect the nuclear variant of PTPN2 by immuno-
histochemistry. Although our current studies do not preclude PTPN2
loss occurring and affecting the progression of other breast cancer
subtypes, they reaffirm that PTPN2 deficiency does occur in TBNC
and may be of functional relevance. Furthermore, although our find-
ings need to be validated in larger cohorts of patients with breast
cancer, they nonetheless suggest that, at least for a subset of TNBCs,
PTPN2 status might serve not only as a marker for PD-L1 in tumor
cells, but also as a marker for TILs, and that the abundance of PTPN2
may dictate the survival of patients with TNBC. Moreover, tumor
cell PTPN2 status along with the mutational burden and other bio-
markers might ultimately help predict immunotherapeutic efficacy
in breast cancer, beyond PD-L1 expression, which is expressed at
different levels, not only in tumor cells but also immune cells (1).
Beyond the potential predictive value in TNBC, our studies indicate
that the inhibition of PTPN2 in at least a subset of PTPN2-positive
TNBCs might ultimately help facilitate T cell recruitment and anti-
tumor immunity, as well as enhance the response to PD-1 therapy.
We found that the deletion of PTPN2 and the resultant STAT-1-
mediated expression of T cell/NK cell chemoattractants and antigen
presentation genes were associated with marked TILs and CD8"
T cell recruitment and the repression of AT3 mammary tumor
growth. This occurred despite the concomitant recruitment of
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Fig. 10. PTPN2 deletion in tumor cells and T cells promotes superior antitumor immunity. (A to D) AT3 control cells (control sgRNA) or those in which PTPN2 had
been deleted by CRISPR RNP (Ptpn2 sgRNA) were injected into the fourth inguinal mammary fat pads of female Ptpn2™" versus Lck-Cre;Ptpn2™" mice, and (A) tumor
growth was monitored. (B) TILs including CD4* and CD8* T cells with a CD44MCD62L" Eff/Mem phenotype were analyzed by flow cytometry. (C) CD8" TILs were stimu-
lated with phorbol 12-myristate 13-acetate/ionomycin in the presence of Golgi Stop/Plug and stained for intracellular IFNy and TNF. Intracellular granzyme B (GrzB) was
detected in unstimulated CD8" T cell tumor infiltrates. (D) Tumor STAT-1 target genes were assessed by gPCR. (E) E0771 control sgRNA or Ptpn2 sgRNA cells were injected
into the fourth inguinal mammary fat pads of female Ptpn2™ versus Lck-Cre;Ptpn2™ mice, and tumor growth was monitored. Representative results (means £+ SEM) from
at least two independent experiments are shown. In (A) and (E), significance for tumor growth was determined using two-way ANOVA test; in all other instances, significance
was determined using two-tailed Mann-Whitney U test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P <0.0001.
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immunosuppressive Tregs and MDSCs. Moreover, the promotion of
STAT-1 signaling also increased the expression of immune evasion
ligands, such as PD-L1, and significantly enhanced the response to
0-PD-1 therapy in AT3 tumors, which were otherwise resistant to
PD-1 blockade. This is consistent with the findings of others who
have reported that the deletion of PTPN2 in syngeneic MC38 colon
tumors or BI6F10 melanomas injected into the flanks of C57BL/6
mice can enhance IFNy-induced STAT-1 signaling and the response
to immunotherapy (23). In contrast to the latter, we found that
enhanced STAT-1 signaling, T cell recruitment, and PD-L1 expres-
sion were reliant on the promotion of IFNARI (IFNa/B) signaling.
However, the extent to which PTPN2 deficiency may promote
IFNo/B versus IFNYy responses is likely to be context dependent, and
heightened responses to IFNy derived from recruited T cells would
be expected to further exacerbate p-STAT-1 to promote antitumor
immunity. Unlike the Manguso et al. (23) study, the deletion of
PTPN2 did not universally promote STAT-1 signaling in murine
mammary tumors to affect the immune landscape. We found that
the effects of PTPN2 deletion on STAT-1 signaling, TILs, and PD-L1
expression in E0771 mammary tumors were modest. Consistent
with this, we found that deletion of PTPN2 did not affect the growth
of E0771 tumors. These tumors already exhibited heightened STAT-1
signaling and were predominated by TILs and high PD-L1 expres-
sion. This may have been attributed to the increased IFNp and IFNy
expression in E0771 versus AT3 tumors, which could independently
drive STAT-1 signaling and T cell recruitment to negate the impact
of PTPN2 deficiency. We found that IFNy expression in E0771
tumors approximated that in PTPN2-deficient AT3 tumor cells. In
pilot studies, we also found that PTPN2 deletion had no significant
effect on the growth of syngeneic 4T1 mammary carcinomas, where
IFNo/p expression was considerably higher than in AT3 tumors, or
even E0771 tumors. Studies in rodents and humans have shown that
heightened IFN signaling in TNBC is associated increased antitumor
immunity, decreased metastasis, and increased survival (53, 54).
Thus, the extent to which PTPN2 status may influence TILs and the
response to immunotherapy in breast cancer may be dictated by the
expression of components of type I/II IFN signaling pathways and/or
the expression of IFN-regulated factors that drive the production
of IFNs (53). Consistent with this, our studies indicate that a subset
of PTPN2" human TNBCs (1 of 19) can have high TILs and express
PD-LI1. Hence, the therapeutic targeting of PTPN2 in tumor cells
alone would not be expected to universally enhance the response to
immunotherapy in TNBC. Moreover, we cannot formally exclude
the possibility that, in some cases, targeting PTPN2 in tumor cells
alone might facilitate tumorigenesis.

On the other hand, our studies suggest that the systemic inhibi-
tion of PTPN2, or at least its inhibition in both tumor cells and
T cells, might have significant benefit and facilitate both the recruit-
ment of TILs and/or the activation of CD8" T cells within the tumor
to repress tumor growth. The combined deletion of PTPN2 in
tumor cells and T cells enhanced the repression of AT3 mammary
tumor growth and completely prevented the growth of E0771 mam-
mary tumors that were otherwise unaffected by the deletion of PTPN?2.
This is consistent with previous studies that have shown that the
deletion of PTPN2 in T cells can promote the activation and cyto-
toxicity of CD8" T cells while also overcoming the exhaustion of
T cells to enhance tumor immunosurveillance and prevent or re-
press tumor growth (22, 24). While the activation of T cells is
dependent on the promotion of TCR-mediated Lymphocyte-specific

Goh et al., Sci. Adv. 8, eabk3338 (2022) 23 February 2022

protein tyrosine kinase (LCK) signaling and IL-2-induced STAT-5
signaling (24), the ability of T cells to overcome exhaustion is reliant
on the promotion of IFN signaling and the expansion of a progeni-
tor pool of exhausted T cells (22). However, other studies have also
reported that the deletion of PTPN2 in antigen-presenting den-
dritic cells can facilitate T cell activation and repress the growth of
carcinogen-induced colorectal tumors (38). Moreover, although
deleting PTPN2 throughout the hematopoietic compartment in
adult mice can lead to inflammatory disease and multiorgan auto-
immunity (55), the deletion of PTPN2 in 50% of immune cells
within the hematopoietic compartment is sufficient to repress the
growth of syngeneic MC38 tumors without promoting systemic
inflammation (22). Therefore, these studies point toward a potential
therapeutic window for the systemic inhibition of PTPN2 to combat
TNBC and possibly other cancers. In the context of TNBC at least,
our studies suggest that these pharmacological approaches might
not only drive IFN-STAT-1 signaling in tumor cells and thereby
antigen presentation and T cell recruitment, but also help T cells
overcome the immunosuppressive tumor microenvironment. These
approaches may be effective on their own or in combination with
other therapies, including PD-1 checkpoint blockade and po-
tentially chemotherapy, because IFN signaling in tumor cells has
been shown to contribute to the efficacy of chemotherapy in murine
models of breast cancer (12, 56). Consistent with this, recently
developed PTPN2 inhibitorsare nowin clinical trials (NCT04417465
and NCT04777994) in patients with locally advanced or meta-
static tumors and are being tested alone and in combination
with o-PD-1.

In summary, the results of this study point toward PTPN?2 eliciting
both cell autonomous and non-cell autonomous effects on TNBC
development. We demonstrate that PTPN2 deficiency in tumor cells
may be favorable by driving STAT-1 signaling and thereby T cell
recruitment, PD-L1 expression, and antitumor immunity to enhance
survival and the response to immunotherapy. Moreover, we report
that the combinatorial targeting of PTPN2 in tumor cells and T cells
can yield added benefit by alleviating inhibitory constraints on
recruited T cells or reinvigorating otherwise exhausted preexisting
intratumoral T cells to combat TNBC.

METHODS

Mice

Ptanﬂ/ﬂ (C57BL/6) mice have been described previously (30, 57) and
were backcrossed onto the FVB/n background strain for more than
10 generations. Lck—Cre;Ptanﬂ/ﬂ [C57BL/6; Lck-Cre: Research
Resource Identifier (RRID):International Mouse Strain Resource
(IMSR)_JAX:006889] (57), Stat " (C57BL/6; IMSR catalog no.
EM:09906, RRID:IMSR_EM:09906) (58), and PtanﬁF [C57BL/6;
RRID:Mouse Genome Informatics (MGI):5436254] (59) mice have
been described previously. MMTV-CreA (FVB/n; IMSR catalog
no. JAX:003551, RRID:IMSR_JAX:003551) mice (45) were provided
by J. Visvader (Walter and Eliza Hall Institute, Australia) and were
bred with Ptanﬂ T (FVB/n) mice to generate MMTV-Cre;Ptpn2ﬂ n
(FVB/n) mice. Tg(LGB-cre)74Acl/] (BLG-Cre; C57BL/6; IMSR cata-
log no. JAX:017836, RRID:IMSR_JAX:017836) mice were from The
Jackson Laboratory (Ben Harbor, ME) and were bred with Ptanﬂ/ﬂ
(C57BL/6) mice to generate BLG—Cre;Ptanﬂ/ﬂ (C57BL/6) mice.
C57BL/6] (RRID:IMSR_JAX:000664) and Ragl_/_ (RRID:IMSR_
APB:4878) mice were purchased from the Walter and Eliza Hall
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Institute Animal Facility (Kew, Australia), whereas FVB/n and CD1
mice were from the Monash Animal Research Platform (Clayton
Australia). Mice were maintained on a 12-hour light-dark cycle
in temperature-controlled high-barrier facilities with free access to
food and water. Experimental mice were fed a standard chow (4%
fat; Barastoc, Ridley AgriProducts, Australia).

Animal ethics

All experiments were performed in accordance with the National
Health and Medical Research Council NHMRC) Australian Code
of Practice for the Care and Use of Animals. All protocols were
approved by the Monash University School of Biomedical Sciences
Animal Ethics Committee (ethics number: MARP/2015/137) or the
Peter MacCallum Animal Ethics and Experimentation Committee
(ethics numbers: E572 and E604).

Materials

Rabbit p-STAT-1 (Tyr7°1) (clone 58D6) [Research Resource Identifi-
er (RRID): AB_2198287), rabbit p-STAT-3 (Tyr’*®) (clone D3A7)
(RRID: AB_2255568], mouse STAT-3 (clone 124H6) (RRID:
AB_331757), rabbit STAT-1 (#9172) (RRID: AB_2198300), rabbit
Ki67 (clone D3B5) (RRID: AB-2687446), mouse Ki67 (clone #8D5)
(RRID:AB_2797703), and rabbit Vinculin (clone E1E9V) (RRID:
AB_2728768) antibodies were from Cell Signaling Technology
(Danvers, MA); mouse actin (clone ACTNO05) (RRID: AB_1954910)
antibody was from Thermo Fisher Scientific (Waltham, MA);
rabbit CK8 (clone EP1628Y) (RRID: AB_869901), mouse CK14
(clone LL002) (RRID: AB_306091), and rabbit CD3e (clone SP7)
antibodies were from Abcam (Cambridge, UK) (RRID: AB_446487);
rabbit FLEX CD3e Ready-to-Use was from Agilent Dako (RRID:
AB_2732001) (Glostrup, Denmark); and mouse PTPN2 6F3 antibody
was from MediMabs (Quebec, Canada). InVivoMAD anti-mouse
PD-1 (clone RMP1-14), InVivoMAb anti-mouse IFNAR1 (clone
MARI1-5A3), and InVivoMAb rat immunoglobulin G2a (IgG2a)
isotype control were purchased from Bio X Cell (Lebanon, NH).

MEC isolation and culture

MECs were isolated as described previously (46). Briefly, the thoracic
and inguinal mammary fat pads (with inguinal lymph node removed)
of adult female mice were isolated, chopped with scalpels, and
digested overnight at 37°C with gentle rocking with collagenase/
hyaluronidase (STEMCELL Technologies, Melbourne, Australia) in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 supplemented
with 5% (v/v) fetal bovine serum (FBS). Cell suspensions were then
digested further in trypsin/EDTA (0.25%) for 2 min and then deoxy-
ribonuclease I (DNase I) (5 pg/ml)/Dispase (5 U/ml) for 10 min at
37°C. Red blood cells were lysed using the Red Cell Lysis Buffer
(Sigma-Aldrich, St. Louis, MO); cells were stained with Brilliant Violet
421 (BV421)-conjugated rat anti-mouse CD24 (BD Biosciences,
San Jose, CA), CD29 phycoerythrin—cyanine 7 (PE-Cy7)-conjugated
rat anti-mouse CD29 (BioLegend, San Diego, CA), and allophyco-
cyanin (APC)-conjugated rat anti-mouse CD45 (BD Biosciences,
San Jose, CA); and CD45 CD24*CD29" luminal and CD45~CD24"
CD29" basal MECs were sorted using the BD FACSAria Fusion Cell
Sorter (BD Biosciences, San Jose, CA). Where indicated, basal or
luminal MECs were cultured in MEC medium [DMEM/F12 sup-
plemented with 1% (v/v) FBS, penicillin (100 U/ml)/streptomycin
(100 pg/ml), cholera toxin (100 ng/ml), hydrocortisone (500 pg/ml),
insulin (10 pg/ml), and EGF (5 ng/ml)] at 37°C, 5% CO..
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Where indicated, CD45"CD24"CD29" luminal or CD45 CD24"
CD29" basal MECs from Ptpn2™ or Ptpn2"%;Stat 1"+ (C57BL/6)
mice were plated onto six-well plates precoated with the ECL Cell
Attachment Matrix (Merck) in MEC medium overnight and then
transduced with adenoviruses expressing Cre recombinase alone
(Ad-Cre) or BGal (Ad-LacZ) (Vector Biolabs, Malvern PA) at a
multiplicity of infection of 50 for 6 hours. Cells were then allowed to
grow to confluence for 5 to 7 days before collection for quantitative
real-time polymerase chain reaction (PCR) analysis (luminal MECs)
or mammary fat pad transplantation (basal MECs).

Mammary fat pad transplantation

Mammary fat pad transplantations were performed as described
previously (46, 60). Briefly, 3-week-old female C57BL/6 or FVB/n mice
were anesthetized with 2% (v/v) isoflurane in oxygen (1.5 liter/min),
and a small inverted Y incision was made at the lower trunk. The
three main blood vessels running to the mammary gland around the
proximal lymph node were cauterized to prevent excessive bleeding,
and the bridge connecting mammary fat pads 4 and 5 was severed
using the cauterizer. The region of the mammary fat pad between
the nipple and before the proximal lymph node was removed (cleared),
and CD45"CD24"CD29" basal MECs were injected (5000 cells/10 pl)
into the remaining portion of the epithelium-free mammary fat pad
between the inguinal lymph node and the midline. From each donor
(pooled samples from three donors), three recipients were trans-
planted, with each recipient receiving wild-type basal MECs into
one fat pad and Ptpn2-null basal MECs into the contralateral
mammary fat pad. MEC outgrowths were assessed after 12 weeks.

Mammary fat pad whole-mount carmine alum staining,
immunohistochemistry, and immunofluorescence microscopy
Mammary gland development was assessed by whole-mount carmine
alum staining. Briefly, inguinal fat pads were dissected, stretched on
a microscope slide, fixed overnight in 4% neutral buffered formalin,
and incubated in a series of phosphate-buffered saline (PBS),
70% ethanol, and three 100% ethanol washes, 1 hour each. Whole
mounts were then stained in carmine alum [0.2% (w/v) carmine
and 0.5% (w/v) aluminum potassium sulfate] overnight, rinsed in
distilled water, and dehydrated in 70 and then 100% ethanol, followed
by xylene before being imaged in methyl salicylate. Whole mounts
were scanned using an Olympus BX51 microscope and analyzed
using OlyVIA software (Olympus, Tokyo, Japan) measuring ductal
diameters.

For immunohistochemistry and immunofluorescence microscopy,
inguinal fat pads were formalin-fixed and paraffin-embedded in
formalin. Sections were dewaxed in Histosol (Trajan Scientific
Australia) for 3 x 5 min and dehydrated in ethanol (3 x 5 min), and
antigens were retrieved in tris/EDTA (pH 8.0) buffer for 10 min in
a pressure cooker (70 kPa). For immunohistochemistry, endogenous
peroxidase activity was blocked in 3% H,O, for 10 min, and sections
were blocked in 2% (w/v) bovine serum albumin (BSA) in 50 mM
tris-HCI (pH 7.2) for 1 hour at room temperature and primary
antibodies p-STAT-1 (Tyr’*") (1:500; Cell Sigaling Technology),
p-STAT-3 (Tyr’®) (1:150; Cell Signaling Technology), Ki67 (1:500;
clone D3B5, Cell Signaling Technology), and STAT-1 (1:200; Cell
Signaling Technology), and o-PTPN2 monoclonal 6F3 diluted in
50 mM tris-HCI (pH 7.2) and 1% (w/v) BSA was incubated over-
night (4°C) and visualized using anti-rabbit or anti-mouse secondary
antibodies conjugated with horseradish peroxidase (HRP)-labeled
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polymer (Dako EnVision+ System- HRP Labeled Polymer, Dako
Products, Agilent, Santa Clara, CS) plus 3,3’-diaminobenzidine (DAB)
chromogenic staining. Cells were counterstained with hematoxylin
for 1 min before rinsing in distilled water. Slides were then de-
hydrated in ethanol (3 x 5 min), cleared in Histosol (3 x 5 min), and
mounted in DPX Mountant (Sigma-Aldrich, St. Louis, MO). Sec-
tions were scanned using the Aperio Scanscope AT Turbo (Aperio,
Vista, CA).

For immunofluorescence microscopy, sections were blocked in
5% normal goat serum in 0.4% Triton X-100 in PBS for 1 hour and
incubated with primary antibodies p-STAT-1 (Tyrml) (1:500; Cell
Signaling Technology), a-CK8 (1:500; Abcam), a-CK14 (1:500;
Abcam), a-CD3¢e (1:250; Dako) and a-PTPN2 monoclonal 6F3 di-
luted in 0.1% Triton X-100 in PBS overnight at 4°C and then goat
anti-rabbit IgG (H + L) Alexa Fluor 488 or goat anti-mouse IgG
(H + L) Alexa Fluor 568 (1:1000; Invitrogen, Thermo Fisher Scientific,
Waltham, MA) secondary antibodies for 1 hour at room tempera-
ture. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) before mounting in Dako mounting medium (Dako Prod-
ucts, Agilent, Santa Clara, CS). Fluorescence sections were scanned
and imaged using the Nikon C1 Inverted Microscope based on
Nikon Eclipse Ti (Nikon Instruments, Melville, NY).

Mammary tumor immunohistochemistry

and immunofluorescence microscopy

For immunohistochemical analysis of mammary tumors, tumors
were dissected and fixed in buffered formalin solution for 48 hours.
Tissues were embedded in paraffin, and 4-um sections of the entire
block were prepared. After deparaffinization and rehydration, sec-
tions were subjected to antigen retrieval in tris/EDTA buffer (pH 8.0)
at 120°C for 5 min. Sections were blocked with 1.5% (v/v) horse
(Ki67) or goat (p-STAT-1, p-STAT-3, and CD3) serum in PBS for
30 min at room temperature and incubated overnight (4°C) with
p-STAT-1 (Tyr"™) (1:500; Cell Signaling Technology), p-STAT-3
(Tyr705) (1:2005 Cell Signaling Technology), Ki67- (1:400; clone #8D5,
Cell Signaling Technology), or CD3-positive cells (1:200; Abcam).
After washing with PBS, p-STAT-1, p-STAT-3, Ki67-, or CD3-
positive cells were visualized using rabbit (p-STAT-1, p-STAT-3,
and CD3) or mouse (Ki67) IgG VECTORSTAIN ABC Elite and DAB
Peroxidase Substrate Kits (Vector Laboratories, UK). Sections were
counterstained with hematoxylin and imaged on an Olympus CX43
microscope (Olympus, Tokyo, Japan).

Tumor cell culture

The C57BL/6 mouse breast carcinoma cell line E0771 (a gift from
R. Anderson, Peter MacCallum Cancer Centre) and the C57BL/6
mouse mammary tumor cell line AT3 have been previously de-
scribed (47, 48). Ptpn2 was deleted in E0771 cells, and Ptpn2 and
Stat1 were deleted in AT3 cells using CRISPR RNP-based gene edit-
ing. Cells were transfected with recombinant Cas9 (74 pmol; Alt-R
S.p. Cas9 Nuclease V3, Integrated DNA Technologies) precomplexed
with synthetic single guide RNAs (sgRNAs) (600 pmol; Synthego)
targeting the Ptpn2 locus (Ptpn2; 5'-AAGAAGUUACAUCUUAA-
CAC-3') or the Stat1 locus (Statl sgRNA#1, 5'-GGUCGCAAACGAG-
ACAUCAU-3'; Statl sgRNA#2, 5'-GAGGAGGUCAUGGAAGCGGA-3')
or nontargeting sgRNAs (5'-GCACUACCAGAGCUAACUCA-3')
as a control using the P3 Primary Cell 4D-Nucleofector X Kit
(Lonza, Basel Switzerland) according to the manufacturer’s in-
structions; Statl sgRNA#1 was used in in vivo studies. AT3 and
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E0771 tumor cells were cultured in high-glucose DMEM supple-
mented with 10% (v/v) FBS, L-glutamine (2 mM), penicillin (100 U/ml)/
streptomycin (100 pg/ml), MEM nonessential amino acids (0.1 mM),
sodium pyruvate (1 mM), Hepes (10 mM), and 2-mercaptoethanol
(50 uM) at 37°C, 10% CO,. Human TNBC CAL-120 (a gift from
R.]J. Daly, Monash University, Australia), MFM223 (a gift from
R.]J. Daly, Monash University, Australia), MDA-MB-468, MDA-
MB-453, MDA-MB-231, and MDA-MB-157 cell lines (American
Type Culture Collection) were cultured in RPMI 1640 supple-
mented with 10% (v/v) FBS, penicillin (100 U/ml)/streptomycin
(100 pg/ml), and bovine insulin (10 pg/ml) at 37°C, 10% CO..
Where indicated, tumor cells were serum-starved in 0.1% (v/v) FBS
for 4 hours and stimulated with IL-6 (10 ng/ml) or IFNYy (2 ng/ml)
at 37°C, 10% CO; for the indicated times and processed for immu-
noblotting or quantitative real-time PCR. For immunoblotting,
cells were washed with ice-cold PBS and lysed in ice-cold radio-
immunoprecipitation assay (RIPA) lysis buffer [50 mM Hepes (pH
7.4), 1% (v/v) Triton X-100, 1% (v/v) sodium deoxycholate, 0.1%
(v/v) SDS, 150 mM NaCl, 10% (v/v) glycerol, 1.5 mM MgCl,, 1 mM
EGTA, 50 mM sodium fluoride, pepstatin A (1 pg/ml), aprotinin
(5 pg/ml), I mM benzamadine, 1 mM phenylmethysulfonyl fluoride,
and 1 mM sodium vanadate], clarified by centrifugation (16,000,
10 min, 4°C), resolved by SDS-polyacrylamide gel electrophoresis
(10%), transferred to polyvinylidene difluoride (Merck, Darmstadt,
Germany), and immunoblotted.

Syngeneic tumor models

Eight- to 10-week-old female C57BL/6 mice, Ptanﬂ/ﬂ versus Lck-Cre;
Ptpn2™ mice, or Ragl™~ mice were anesthetized with isoflurane and
injected orthotopically with 5 x 10° tumor cells resuspended in 20 ul
of PBS into the fourth mammary fat pad. Palpable tumors were
measured using calipers until they reached 200 mm?” and then
extracted for quantitative PCR, histology, or flow cytometry. For
IFNARI1-blocking experiments, mice inoculated with AT3 Ptpn2
sgRNA cells were treated with mouse IFNARI1 antibody (200 ug per
mouse in 200 pl of PBS via intraperitoneal injection) starting day 12
post-tumor cell injection and continued until control tumors reached
200 mm?. Tumors were then extracted for quantitative PCR, histology,
or flow cytometry.

Immune checkpoint blockade

C57BL/6 mice bearing large (~50 mm?) AT3 tumors received four
intraperitoneal injections of a-PD-1 (200 pg in 200 pl of PBS; clone
RMP1-14) or rat IgG2a isotype control (100 pg in 200 pl of PBS, Bio
X Cell) every 4 days. Mice were euthanized at the experimental end
point (200 mm? of tumor size) and survival was monitored.

Analysis of TILs

Tumors were digested at 37°C for 30 min using a cocktail of colla-
genase type IV (1 mg/ml) (Worthington Biochemicals) and DNasel
(0.02 mg/ml) (Sigma-Aldrich) in DMEM supplemented with 2% (v/v)
FBS. Cells were passed through a 70-um cell strainer (BD Biosciences)
and processed for flow cytometry. Cells were stained with the spec-
ified antibodies on ice for 30 min and analyzed using a Fortessa or
Symphony (BD Biosciences). Data were analyzed using FlowJo 10.7.1
(Tree Star Inc.) software. For cell quantification, a known number
of Flow-Count Fluorospheres (Beckman Coulter) was added to sam-
ples before analysis. Dead cells were excluded with propidium iodide
(1 ug/ml; Sigma-Aldrich) or LIVE/DEAD Fixable Near IR stain
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(Thermo Fisher Scientific). For the detection of intracellular FoxP3,
the Foxp3/Transcription Factor Staining Buffer Set (eBioscience)
was used according to the manufacturer’s instructions. For the
detection of intracellular TNF and IFNy, TILs were incubated with
phorbol 12-myristate 13-acetate (50 ng/ml; Sigma-Aldrich) and
ionomycin (1 pug/ml; Sigma-Aldrich) in the presence of BD GolgiStop
and BD GolgiPlug for 4 hours in complete T cell medium [RPMI
1640 supplemented with 10% (v/v) FBS, L-glutamine (2 mM),
penicillin (100 U/ml)/streptomycin (100 pg/ml), MEM nonessential
amino acids (0.1 mM), sodium pyruvate (1 mM), Hepes (10 mM),
and 2-B-mercaptoethanol (50 uM)]. For the detection of intracellular
granzyme B, TILs were left unstimulated. Cells were fixed, stained
for CD4 and CD8 and then permeabilized with the BD Cytofix/
Cytoperm Kit according to the manufacturer’s instructions, intra-
cellularly stained for TNF and IFNy or granzyme B, and processed
for flow cytometry.

The following antibodies from BD Biosciences, BioLegend, or
eBioscience were used for flow cytometry: BV421-conjugated TCR-3
(H57-597; BioLegend catalog no. 109229, RRID:AB_10933263),
PE-Cy7-conjugated or APC-conjugated CD4 (RM4-5; BD Biosciences
catalog no. 561099, RRID:AB_2034007; BD Biosciences catalog
no. 553051, RRID:AB_398528), BV711 or APC-conjugated CD8
(53-6.7; BioLegend catalog no. 100759, RRID:AB_2563510; BD
Biosciences catalog no. 553035, RRID:AB_398527), PE-conjugated
CD25 (P61; BD Biosciences catalog no. 553866, RRID:AB_395101),
BV786-conjugated CD44 (IM7; BD Biosciences catalog no. 563736,
RRID:AB_2738395), fluorescein isothiocyanate (FITC) or APC-Cy7-
conjugated CD45 (30-F11; Thermo Fisher Scientific catalog no.
11-0451-85, RRID:AB_465051; BD Biosciences catalog no. 557659,
RRID:AB_396774), BV421-conjugated CD62L (Mel-14; BioLegend
catalog no. 104435, RRID:AB_10900082), BV711-conjugated CD11b
(M1/70; BioLegend catalog no. 101241, RRID:AB_11218791),
PE-conjugated F4/80 (BM8; BD Biosciences catalog no. 565410,
RRID:AB_2687527), PE-Cy7-conjugated NK1.1 (PK136; BD Bio-
sciences catalog no. 552878, RRID:AB_394507), BV605-conjugated
Ly6G/C (RB6-8C5; BioLegend catalog no. 108439, RRID:AB_2562333),
FITC-conjugated Ly6G (1A8; BD Biosciences catalog no. 551460,
RRID:AB_394207), APC-conjugated TNF (MP6-XT22; BD Biosciences
catalog no. 561062, RRID:AB_2034022), PE-Cy7-conjugated IFNy
(XMG1.2; BD Biosciences catalog no. 557649, RRID:AB_396766),
BV421-granzyme B (GB11; BD Biosciences catalog no. 563389,
RRID:AB_2738175), BV421-conjugated FoxP3 (MF23; BD Bio-
sciences catalog no. 562996, RRID:AB_2737940), or FITC-conjugated
FoxP3 (FK]J-16s; Thermo Fisher Scientific catalog no. 11-5773-80,
RRID:AB_465242).

Quantitative real-time PCR

RNA was extracted using RNAzol reagent (Sigma-Aldrich, St. Louis,
MO), and RNA quality and quantity were assessed using NanoDrop
2000 (Thermo Fisher Scientific, Waltham MA). mRNA was reverse-
transcribed using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA)
and processed for quantitative real-time PCR using the Fast SYBR
Green Master Mix (Applied Biosystems, Thermo Fisher Scientific,
Waltham MA). PrimePCR SYBR Green Assay (Bio-Rad, Hercules,
CA) primer sets were used to perform quantitative real-time PCRs
for Cxcl9 (QMmuCID0023784), Cxcl10 (QMmuCED0049500),
Tapbp (QMmuCEP0035035), Tapl (QMmuCEP0057739),
Tnfrsfl14 (QMmuCIP0031437), H2ab1l (QMmuCIP0029038), Bcl2
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(gMmuCEP0042187), Ccl5 (QMmuCEP0057452), Ccndl
(@QMmuCIP0035710), Slc2al (QMmuCEP0037046), Hifla
(@MmuCIP0030996), 1110 (qMmuCEP0053393), 1l6 (qMmuCEP0054186),
Vegfa (QMmuCEP0042478), Myc (QMmuCIP0028153), Tgfbl
(QMmuCEP0053152), Cd274 (QMmuCED0044192), H2k1
(QMmuCEP0034842), Ifnal (qMmuCEP0062630), Ifnbl
(@MmuCEP0058870), and Ifng (QMmuCID0006268). Relative gene
expression was determined by normalization to the house-keeping
gene Rps18 (qMmuCEDO0045430), and AAC; analysis was performed.

PTPN2 antibody generation

Recombinant human 45-kDa PTPN2 used for immunization was
produced in Escherichia coli BL21(DE3) cells transformed with
pET-TC45 plasmid and purified by Diethylaminoethyl (DEAE)
cellulose and carboxymethyl (CM)-Sepharose chromatography
as described previously (61). Mouse monoclonal PTPN2 antibod-
ies were generated by the Monash Antibody Technologies Facility
(Monash University, Australia). Briefly 6-week-old CD1 mice were
injected intraperitoneally with recombinant human 45-kDa PTPN2
(12.8 pg per mouse) in Sigma Adjuvant System (Sigma-Aldrich, St.
Louis, MO), with three boosts given every 2 weeks for 6 weeks.
After the final boost, primary splenocytes were isolated, fused with
myeloma Sp2/0 cells, and plated onto 96-well plates to generate
antibody-producing hybridomas. Supernatants from the resulting
hybridomas were screened for PTPN2 antigen-positive lines using
microarrays (printed using the Arraviet Super Marathon, Array-
Jet, Roslin, UK), standard enzyme-linked immunosorbent assays,
and by immunohistochemistry monitoring for PTPN2 staining in
control versus PTPN2-deficient HeLa cells as described previously
(34). Specific PTPN2 clones were subcloned to monoclonality by
limiting dilution. The clonal hybridoma line RE5a was expanded
and adapted to serum-free and suspension culture, and the human
PTPN2-specific RE5a antibody was purified by affinity chroma-
tography using the Millipore Protein G Sepharose Fast Flow
(Merck, Darmstadt, Germany). The RE5a isotope was IgG3x, as
determined using the IsoStrip Mouse Monoclonal Antibody Isotyping
Kit (Roche, Basel, Switzerland) according to the manufacturer’s
instructions.

PTPN2 antibody validation

The binding region for the RE5a antibody on human 45-kDa PTPN2
was assessed by Western blot analysis monitoring for immuno-
reactivity toward recombinant human 45-kDa PTPN2 used for
immunization or recombinant glutathione S-transferase-PTPN2
fusion proteins encompassing either full-length human PTPN2
(residues 1 to 387), a series of C-terminal truncation mutants (1 to
376, 1 to 359, and 1 to 349), or the C-terminal noncatalytic domain
(318 to 381) of PTPN2 produced in E. coli BL21(DE3) cells and puri-
fied using glutathione Sepharose 4 Fast Flow (Merck, Darmstadt,
Germany) as described previously (61, 62). The specificity of the
RE5a antibody for PTPN2 was assessed by immunoblotting and
immunohistochemistry using control HeLa cells and PTPN2-deficient
HeLa cells described previously (34). Briefly, PTPN2-deficient cells
HelLa cells were transduced with control or PTPN2 (TRCN0000002783)-
specific MISSION shRNA lentiviral particles (Sigma-Aldrich) and
selected in puromycin as described previously (34). To generate
tumor xenografts for immunohistochemical analyses, control and
PTPN2-deficient HeLa cells were injected into the flanks of BALB/c
nu/nu mice, and the resultant tumors (1000 mm?>) were extracted,
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fixed in buffered formalin, and paraffin-embedded, and sections were
cut and immediately processed for RE5a immunohistochemistry
(as described for tumor immunohistochemistry studies) and counter-
stained with hematoxylin. The specificity of the RE5a antibody for
PTPN2 in human TNBCs was assessed by immunoblotting-clarified
(16,000¢) RIPA lysates of the immortalized human TNBC cell lines
CAL-120, MDA-MB-468, MDA-MB-453, MDA-MB-231, MFM223,
and MDA-MB-157.

TNBC immunohistochemistry

Ethics approval for the use of TNBC tissues was obtained from the
Monash University Human Research Ethics Committee (25836).
Twenty-eight female cases of ER-negative, PR-negative, and HER2-
negative (triple negative) invasive carcinoma not otherwise speci-
fied (World Health Organization, 2018) of breast (average age of
73 years old) were obtained through the archives of the Alfred
Health Anatomical Pathology Department.

Immunoperoxidase staining performed on the tissue blocks
included RE5a (Monash Antibody Technologies Facility, Monash
University), PD-L1 (PD-L1 IHC 22C3 pharmDX, Agilent, Santa Clara,
CS), and FLEX polyclonal rabbit anti-human CD3 Ready-to-Use
using the DAKO EnVision FLEX, High pH (Dako Omnis) GV800
on the Dako Autostainer (Dako Products, Agilent, Santa Clara, CS).
Serial sections were taken from each block for additional immuno-
peroxidase staining. All sections had control positive and negative
tissue on the same slide. Cases were analyzed as positive with RE5a
when there was nuclear and/or cytoplasmic immunoreactivity;
internal controls of PTPN2-positive lymphocytes were used. Cases
were analyzed as positive for PD-L1 when any membrane staining
of tumor cells was seen; internal controls of positive macrophages
were used. Stromal TIL analysis was performed using the consensus
scoring recommendations (63). For analysis, when the TIL score
was >50%, the case was deemed as high TILs; CD3 immunoreactivity
was used verify the extent of CD3" T cell infiltrates.

Microarray data analyses

Previously generated microarray gene expression data from the
tumors of 243 patients with stage I to III breast cancer (cohort 1)
(39) or from 462 patients with stage I to III breast cancer (https://
tcga-data.nci.nih.gov/tcga/) (cohort 2) were interrogated to cor-
relate PTPN2 expression to patient outcome and clinical variables.
Among cohort 1, 189 (78%) patients were ER-positive, 168 (69%)
were PR-positive, and 41 (17%) were HER2-positive. One hundred
twenty-one (50%) were lymph node-positive, the mean tumor size
was 23 mm, and the mean patient age was 44. Among cohort 2, 358
(77%) patients were ER-positive, 299 (65%) were PR-positive,
and 99 (21%) were HER2-positive; 229 (50%) were lymph node-
positive, and the mean patient age was 58.9. We also interrogated a
previously generated microarray gene expression data from the
tumors of 238 patients with stage I to III TNBC (40) and correlated
PTPN?2 expression to patient outcome; 108 (46%) were lymph node-
positive, the mean tumor size was 24.3 mm, and the mean patient
age was 54.6.

Gene expression data analysis was performed in R software with
additional Bioconductor packages (www.r-project.org and www.
bioconductor.org). The primary end point for the survival analyses
was breast cancer-specific survival, which was measured from the
date of diagnosis to death from breast cancer or otherwise censored
at the time of the last follow-up visit or at non-disease-related death.
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Times to disease-specific deaths were plotted as Kaplan-Meier sur-
vival curves. Cox proportional hazards regression was used for uni-
variate analysis of the prognostic impact of PTPN2 expression. For
statistical analysis, SPSS (version 15.0.1; SPSS Inc., Chicago, IL)
software was used.

Statistical analyses

Unless otherwise indicated, statistical analyses were performed with
GraphPad Prism software 8.4.3 using the nonparametric two-tailed
Mann-Whitney U test, the parametric two-tailed Student’s ¢ test, or
the one-way or two-way analysis of variance (ANOVA) using Tukey
or Sidak post hoc comparison. P < 0.05 was considered as significant
(*P < 0.05, **P < 0.01, and ***P < 0.001).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk3338

View/request a protocol for this paper from Bio-protocol.
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