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CANCER

CD8" T cell immunity blocks the metastasis
of carcinogen-exposed breast cancer

Kaiwen Li'?", Tiancheng Li'%, Zhaoyi Feng', Mei Huang', Lei Wei3, Zhiyu Yan', Mark Long®,
Qiang Hu?, Jianmin Wang?, Song Liu3, Dennis C. Sgroi®, Shadmehr Demehri'*

The link between carcinogen exposure and cancerimmunogenicity is unclear. Single exposure to 12-dimethylbenz[a]
anthracene (DMBA) at puberty accelerated spontaneous breast carcinogenesis in mouse mammary tumor
virus-polyoma middle tumor-antigen transgenic (MMTV-PyMT*? or PyMT) and MMTV-Her2/neu'? (Her2) mice.
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Paradoxically, DMBA-treated PyMT and Her2 animals were protected from metastasis. CD8" T cells significantly
infiltrated DMBA-exposed breast cancers. CD8" T cell depletion resulted in severe lung and liver metastasis in
DMBA-treated PyMT mice. Besides increasing tumor mutational burden, DMBA exposure up-regulated Chemokine
(C-C motif) ligand 21 (CCL21) in cancer cells and heightened antigen presentation. CCL21 injection suppressed
breast cancer growth, and CCL21 receptor deletion attenuated T cell immunity against cancer metastasis in
DMBA-treated PyMT animals. CCL217 expression correlated with increased mutational burden and cytolytic activity
across human cancers. Higher CCL21 levels correlated with increased CD8" T cell infiltrates in human breast cancer
and predicted lower breast cancer distant recurrence rate. Collectively, carcinogen exposure induces immune-
activating factors within cancer cells that promote CD8* T cell immunity against metastasis.

INTRODUCTION

Cancer immunotherapeutics are effective for the treatment of a
subset of cancers such as melanoma, which have large T cell infil-
trates at baseline (I). However, most cancers show low response
rates to current immunotherapeutics including immune checkpoint
blockade (2). This is particularly evident in breast cancer, which has
relatively low T cell infiltrate at baseline (3, 4). Even in patients with
programmed death ligand 1 (PD-L1)-positive advanced breast can-
cer, programmed cell death protein 1 (PD1) blockade shows an
overall response rate of 18.5% (5). Therefore, it is critical to identify
the determinants of cancer-immune recognition to transform the
“cold” breast tumors into “hot” immunogenic tumors.

Breast cancer is the most common internal malignancy and a
leading cause of cancer-related mortality in women of all ages
around the world (6). The presence of tumor-infiltrating CD8" T cells
in breast cancer is associated with a significant reduction in the
relative risk of death from disease in both estrogen receptor (ER)-
negative (HER2-positive and -negative) and the ER-positive HER2-
positive subtypes (7). However, up to 57.6% of primary breast tumors
lack tumor-infiltrating CD8" T cells (8, 9). In addition, immuno-
suppressive regulatory T cells (Tregs) that are present in 77.8 to 82%
of primary breast tumors block antitumor immunity and promote
metastasis (9-11). Tregs inhibit effector CD8" T cells by preventing
their differentiation and proliferation or directly blocking CD8"
T cell-mediated cytotoxicity (12). Hence, it is essential to identify
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the factors that can increase the CD8" T cells and block Thegs in breast
cancer to heighten the antitumor immunity against this disease.

Carcinogen exposure and the ensuing increase in tumor muta-
tional burden (TMB) is a major cancer characteristic that is tightly
linked to higher tumor immunogenicity and improved efficacy of
immunotherapeutics (2, 13-17). Environmental carcinogens introduce
DNA damage and mutations, and drive carcinogenesis (18, 19). In
addition to increased TMB, DNA damage and other cellular im-
pacts of carcinogen exposure may result in the release of innate im-
mune-activating signals, which can play an important role in the
induction of immunity against cancer cells (20, 21). Thus, it is criti-
cal to determine how carcinogens induce immunity against cancer
and identify the mediators of the cancer immunogenicity down-
stream of carcinogen exposure that accompany increased TMB yet
have therapeutic potential. Ultimately, these signals can be used to
transform cold tumors into hot immunogenic tumors.

Carcinogen exposure such as smoking is associated with a signifi-
cant increase in the risk of breast cancer (22). To determine the role
of carcinogen exposure on the immune response to breast cancer, we
investigated the impact of 7,12-dimethylbenz[a]anthracene (DMBA)
on breast cancer immunogenicity in oncogene-driven murine models
of breast carcinogenesis. We studied mouse mammary tumor virus-
polyoma middle tumor-antigen transgenic (MMTV-PyMT'¢ or PyMT)
and MMTV-Her2/neu'® (Her2) mice, which are well-established
spontaneous breast cancer models and mimic luminal breast cancer
in humans (23). DMBA belongs to the family of polycyclic aro-
matic hydrocarbons, which are the main carcinogens in cigarette
smoke and environmental pollutants (24, 25). We treated PyMT
and Her2 animals with a single dose of DMBA at puberty when
MMTYV promoter is turned on in the mammary epithelial cells and
before any breast tumor is developed. Long-term monitoring of
the animals demonstrated that T cell immunity had no impact on
controlling the accelerated rate of primary breast cancer devel-
opment in DMBA-exposed PyMT and Her2 mice. However, these
animals were protected from metastasis in a CD8" T cell-dependent
manner. Furthermore, we found DMBA-treated breast cancer cells
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to express high levels of CCL21, which is a T cell-recruiting chemo-
kine (26), and to contain significantly more activated antigen-pre-
senting cells (APCs) in addition to increased TMB. CCL21 signaling
was essential for the immune-activating effects of DMBA in breast
cancer, and CCL21 was sufficient to transform a cold breast tumor
into a hot immunogenic tumor. Last, CCL21 expression correlated
with increased TMB, immune cytolytic activity (CYT), and T cell
infiltrates in human cancers and a lower risk of breast cancer distant
recurrence in patients. Collectively, our findings demonstrate that
carcinogen exposure induces immune-activating pathways within
the cancer cells that subsequently lead to an immunogenic transfor-
mation of cancer.

RESULTS

Breast cancer metastasis is blocked in

DMBA-exposed animals

To determine the impact of carcinogen exposure on breast cancer
development, we treated PyMT mice with a single oral dose of 1 mg
of DMBA or olive oil (carrier) at puberty and before the onset of
breast tumorigenesis (fig. S1A). After DMBA or olive oil treatment,
mice were monitored weekly for any sign of breast cancer develop-
ment. PYMT-DMBA mice had a significantly shorter breast tumor
latency compared with PyMT-olive oil controls (P = 0.0069;
Fig. 1A). PyMT-DMBA mice developed significantly more palpable
breast tumors compared with their olive oil-treated counterparts
(P < 0.05 starting at week 9; fig. S1, B and C). Furthermore, the life
spans of PyYMT-DMBA mice were significantly shorter than olive
oil-treated controls because their primary breast tumors reached
the terminal size faster (P < 0.0001; Fig. 1B). A single exposure to
DMBA did not induce breast tumors in wild-type (WT) mice (Fig. 1
and fig. S1). When PyMT mice reached their terminal stage, the size
of the tumors, tumor histopathological grades, and overall tumor
burden in the PyMT-DMBA group were similar to the olive oil-
treated controls at their terminal stage (fig. S1, D to F). However,
DMBA-treated PyMT mice showed significantly fewer breast cancer
metastatic foci in their lung compared with olive oil-treated mice
(P =0.0135; Fig. 1, C and D). Minimal liver metastasis was detected
in PyMT-DMBA mice and PyMT-olive oil controls (Fig. 1, Eand F,
and fig. S2). DMBA-treated Her2 mice also experienced accelerated
primary breast tumor development and markedly reduced lung
metastasis compared with olive oil-treated controls (figs. S3 and S4).
These findings demonstrate the association between DMBA expo-
sure and a block in breast cancer metastasis in genetically predis-
posed animals.

T cells accumulate in breast cancers of mice

exposed to DMBA

CD8" T cells can restrict cancer cell dissemination from the primary
tumor site, while Trg impair the immune-mediated suppression of
metastasis (27, 28). To examine the possibility that T cells blocked
metastasis of breast cancer exposed to DMBA, we characterized
T cell infiltrates in the primary breast tumors of PyMT and Her2 mice
treated with DMBA or olive oil. CD8" T cell frequency and CD8"
T-to-Thg ratio were significantly increased in the tumor-draining
lymph nodes of PyMT-DMBA mice compared with controls (Fig. 2A
and fig. S5A). Likewise, we observed increased CD8" T cell frequen-
cy and higher CD8" T-to-Tyg ratio in PyMT-DMBA breast tumors
compared with their controls (Fig. 2B). Quantification of T cells on
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Fig. 1. Breast cancer metastasis burden is lower in DMBA-treated PyMT mice.
(A) The time to tumor onset in DMBA-treated PyMT mice compared with olive oil-
treated PyMT and DMBA-treated WT mice (log-rank test). (B) The survival rate of
DMBA-treated PyMT mice compared with olive oil-treated PyMT and DMBA-treated
WT mice (log-rank test). The survival rate was determined by the time point at
which the animals’largest primary tumor reached its terminal size. (C and D) Breast
cancer metastasis burden in the lung of PyMT mice exposed to DMBA versus olive
oil. (C) Representative images of hematoxylin and eosin (H&E)-stained lung
(arrows point to metastatic foci) and (D) the number of lung metastatic foci per
mouse in each group (graph shows means + SD; Mann-Whitney U test). (E and
F) Metastasis burden in the liver of DMBA- and olive oil-treated PyMT mice shown
as (E) representative images of H&E-stained liver tissue (the arrow points to a met-
astatic focus) and (F) liver metastasis grades for PyMT-DMBA and PyMT-olive oil
mice (Fisher's exact test; liver metastasis grades are defined in fig. S2B). n=8in
each PyMT group and n =5 in WT group. Scale bars, 2 mm (lung) and 100 um (liver).

histological sections revealed that more T cells and CD8" T cells
accumulated in the stroma surrounding PYMT-DMBA breast tu-
mors than the olive oil-treated controls; however, T cells did not
infiltrate into the tumor parenchyma (Fig. 2, C to E). We identified
an increased number of lymphoid aggregates (LAs) containing
T cells and APCs around the primary breast tumors of DMBA-treated
PyMT mice (Fig. 2F and fig. S5B). Increased CD8" T cell frequency
and higher CD8" T-to-Theg ratio were also found in Her2-DMBA
breast tumors compared with controls (fig. S5C). Quantification of
the T cells demonstrated more T cells and CD8" T cells in Her2-DMBA
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Fig. 2. Cytotoxic T lymphocytes infiltrate the breast tumors of DMBA-exposed
PyMT mice. (A and B) T cell subset frequencies and cD8* T/Treq ratio in the (A) tumor-
draining lymph nodes and (B) breast tumor of DMBA- and olive oil-treated PyMT
mice. Flow cytometry data were used for this analysis, which were collected when
PyMT animals reached the end point. (C to E) CD3* T cell and CD8" T cell infiltrates
in the stroma and parenchyma of the breast tumors demonstrated by (C) represen-
tative immunofluorescence (IF) images of CD3- and CD8-stained tumor tissues and
the bar graphs of (D) CD3* T cell and (E) CD8" T cell quantifications in high-power
field (hpf) images of PyMT-DMBA and PyMT-olive oil breast tumors. (F) LA quanti-
fications per square millimeter of PyMT-DMBA and PyMT-olive oil breast tumors.
n=8in each group. *P<0.05, **P <0.01, and ***P <0.001, Mann-Whitney U test.
Graphs show means + SD. Scale bar, 100 um. ns, not significant.

breast tumors compared with olive oil-treated controls (fig. S5, D
and E). Collectively, these data indicate the induction of an anti-
tumor T cell immunity against breast cancer progression upon
exposure to DMBA.
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CD8" T cells are required for blocking the metastasis

of breast cancer in DMBA-exposed mice

To determine the role of adaptive immunity in primary breast can-
cer development and metastasis in PyMT-DMBA mice, we generated
PyMT mice harboring homozygous null mutations in the recombi-
nase activating gene-1 (Ragl) lacking mature T and B lymphocytes
(MMTV-PyMT'%Ragl ™~ or PYMTRaglKO). We treated PyMT and
PyMTRag1KO mice with one oral dose of 1 mg of DMBA at puberty
(fig. S6A) and monitored their breast cancer development weekly.
PyMTRaglKO-DMBA mice had similar tumor latency, palpable
breast tumor counts over time, and survival rate compared with
PyMT-DMBA mice (fig. S6, B to D). Likewise, the endpoint primary
breast tumor sizes, tumor histopathological grades, and breast
tumor burden were similar between PyMTRaglKO-DMBA and
PyMT-DMBA mice (fig. S6, E to G). Therefore, the depletion of
mature T and B cells did not affect the development of primary
breast cancer in DMBA-exposed PyMT mice. In contrast, the loss
of mature T and B cells in DMBA-treated PyMTRag1KO mice led to
a significant increase in breast cancer metastasis to the lung includ-
ing the size and the number of the metastatic foci (P = 0.0052;
Fig. 3, A and B). Notably, we also found a significant metastatic bur-
den in the liver of PyMTRag1KO-DMBA mice, which was not de-
tectable in PYMT-DMBA animals (P = 0.0025; Fig. 3C). To further
verify that adaptive immune-mediated restriction of metastasis is
specific to DMBA-exposed breast cancer, we treated PyMT and
PyMTRaglKO mice with a single dose of olive oil at puberty (fig.
S7A) and monitored breast cancer development weekly. The loss of
mature T and B cells did not accelerate the primary breast cancer
development or metastasis in olive oil-treated PyMTRag1KO mice
compared with PyMT controls (figs. S7 and S8).

Considering that B cells did not infiltrate PYMT-DMBA or
PyMT-olive oil breast tumors (fig. S9) and the previously reported
prometastatic role of CD4" T cells in PyMT mice (29), we examined
the role of CD8" T cells in blocking breast cancer metastasis in
PyMT-DMBA mice using anti-CD8c.—depleting antibody (fig. S10A).
The depletion of CD8" T cells did not affect the development of
primary breast cancer in DMBA- or olive oil-treated PyMT mice
(fig. S10, B to G). In contrast, the loss of CD8" T cells in DMBA-treated
PyMT mice led to a significant increase in breast cancer metastasis to
the lung compared with control immunoglobulin G (IgG)-treated
PyMT-DMBA mice (P = 0.011; Fig. 3, D and E). CD8" T cell-
depleted PyMT-DMBA mice also had a significant metastatic burden
in the liver compared with control animals (P = 0.012; Fig. 3, F and G).
CD8" T cell depletion did not affect metastasis outcomes in olive
oil-treated PyMT mice (Fig. 3, D to G). These findings demonstrate
that CD8" T cells play an essential and specific role in blocking
breast cancer metastasis in DMBA-exposed mice.

Further characterization of CD8" and CD4" T cells revealed a
trend toward an increase in PD1* CD8" T cells in the breast tumors
of PyYMT-DMBA mice compared with their olive oil-treated con-
trols (P = 0.07; fig. S11, A and B). However, we did not detect any
PD-L1 expression on PyMT-DMBA tumor cells (fig. S11C). Tumor-
infiltrating CD8" T cell activation or exhaustion status remains
unchanged in breast tumors of mice exposed to DMBA (fig. S11).
To determine whether CD8" T immunity against primary breast
tumors of DMBA-exposed PyMT mice could be enhanced by anti-
PD1 therapy, we treated PYMT-DMBA mice with anti-PD1 antibody
as soon as the first breast tumor reached 5 mm in diameter (fig.
S12A). We repeated the intraperitoneal antibody injection every
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Fig. 3. CD8" T cells are required for blocking breast cancer metastasis in DMBA-treated PyMT mice. (A and B) Metastasis burden in the lung of DMBA-treated PyMT
and PyMTRag1KO mice demonstrated by (A) representative H&E-stained lung images (arrows point to metastatic foci) and (B) a bar graph of the number of lung meta-
static foci in each group. (C) Metastasis burden in the liver of DMBA-treated PyMT and PyMTRag1KO mice shown as representative images of H&E-stained liver tissue
(arrows point to metastatic foci) and liver metastasis grades. n=10in each group for (A) to (C). (D and E) Metastasis burden in the lung of DMBA- and olive oil-treated PyMT
mice injected with anti-CD8 antibody (ab) or control IgG demonstrated by (D) representative H&E-stained lung images (arrows point to metastatic foci) and (E) bar graph
of the number of lung metastatic foci in each group. (F and G) Metastasis burden in the liver of DMBA- and olive oil-treated PyMT mice injected with anti-CD8 antibody
or control IgG shown as (F) representative images of H&E-stained liver tissue (arrows point to metastatic foci) and (G) liver metastasis grades in anti-CD8 antibody-treated
PyMT-DMBA mice compared with the control groups combined. n=5 to 6in each group for (D) to (G). Mann-Whitney U test was used for lung metastasis, and Fisher's exact
test was used for liver metastasis. Liver metastasis grades are defined in fig. S2. Graphs show means + SD. Scale bars, 2 mm (lung) and 100 pum (liver).

other day for five more doses (fig. S12A). Primary breast cancer de-
velopment in PyMT-DMBA mice was not affected by anti-PD1
treatment as measured by tumor latency, tumor burden, and sur-
vival analysis (figs. S12 and S13). Considering the minimal meta-
static burden in PyMT-DMBA mice at the baseline, we were not
able to detect any further reduction in lung metastasis in PyMT-DMBA
mice treated with anti-PD1 antibody (fig. S13). T cell infiltrates at
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the sites of the primary breast tumor development in PyMT-DMBA
mice did not show any significant change upon anti-PD1 antibody
treatment (fig. S14). Similarly, anti- cytotoxic T lymphocyte-associated
protein 4 (CTLA4) therapy in PyMT-DMBA mice had no impact
on their primary breast cancer or metastasis outcomes (figs. S15
and S16). Together, these results suggest that the immune check-
point blockade does not affect the primary breast cancer development
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in mice that are exposed to carcinogen likely due to lack of T cells
infiltrating into the tumor parenchyma.

TMB is increased in breast cancer cells of mice

exposed to DMBA

TMB is reported to be positively correlated with increased tumor-
infiltrating lymphocytes (TILs) and to be associated with heightened
CD8" T cell CYT in multiple cancer types (30, 31). To determine
whether DMBA treatment led to an increase in breast cancer TMB,
we performed exome sequencing on DNA extracted from primary
breast tumors of DMBA- and olive oil-treated PyMT mice and
compared the results to the breast glands of WT littermates. Breast
tumors from DMBA-exposed mice had more somatic single-nucleotide
variants (SN'Vs) than controls (Fig. 4A). Furthermore, we detected
significantly more missense variants in breast tumors of DMBA-
exposed animals (P = 0.038; Fig. 4B), which is a predictor of in-
creased neoantigen load and a higher antitumor T cell immunity
against cancer. Signatures of point mutations were represented
more in breast tumors of DMBA-treated mice but not in olive oil-
treated controls, with a preferential association of DMBA exposure
with T — A transversion (Fig. 4C). To examine the impact of in-
creased neoantigens in PyMT-DMBA breast tumors on T cell im-
munity against breast cancer metastasis, we performed immunoSEQ
high-throughput DNA sequencing of the tumor-infiltrating T cell
receptor B gene (TCRB). TCRB sequencing demonstrated no differ-
ences in the degree of T cell clonality and entropy in the breast
tumors of DMBA-treated mice compared with olive oil-treated mice
(fig. S17, A to C). Likewise, T cell entropy did not correlate with the
number of missense mutations in the breast tumors or the burden
of lung metastasis across the animals (fig. S17, D and E). Thus, a
single exposure to DMBA before breast tumorigenesis increased the
mutational burden in breast tumors and resulted in a potent antitumor
immunity found in PYMT-DMBA mice.

CCL21 is up-regulated in breast cancer cells of PyMT mice
exposed to DMBA

We hypothesized that carcinogens such as DMBA not only increase
TMB but also induce the release of immune-activating factors,
which can contribute to the immunogenic transformation of cancer
cells. To test this hypothesis, we analyzed 113 chemokines and cyto-
kines in protein lysates prepared from primary breast tumors of
PyMT mice treated with DMBA or olive oil. Among this large array
of immune factors, we found only three factors, CCL21, CCL6, and
resistin, to be up-regulated in DMBA-exposed breast tumors com-
pared with controls (Fig. 5, A and B, and fig. S18A). Among them,
CCL21 chemokine was expressed in breast cancer cells (Fig. 5C),
which was implicated in antigen presentation and T cell priming
(26, 32). Consistent with this function of CCL21, we detected an
increased number of major histocompatibility complex class II-
positive (MHCII") APCs in breast tumors of PyMT-DMBA mice
compared with PyMT-olive oil controls (P = 0.0002; Fig. 5, D and E).
Among APCs, we found CD11c" dendritic cells (DCs) to be signifi-
cantly increased in PyMT-DMBA tumors (P = 0.0047; fig. S18, B to
D). PyYMT-DMBA tumor-infiltrating APCs expressed significantly
higher levels of MHCI (P = 0.0051; fig. S18, E and F). We found a
marked up-regulation of serum CCL21 levels in DMBA-treated
mice compared with olive oil-treated mice (P = 0.0007; fig. S19A) and
its significant negative correlation with the number of lung meta-
static foci across DMBA - and olive oil-treated animals (P = 0.0324;
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fig. S19B). The assessment of Ccl21 gene expression and CCL21
protein levels in primary breast tumors of DMBA- and olive oil-
treated PyMT mice revealed that the DMBA exposure resulted in
CCL21 overexpression at the posttranscriptional level (fig. S20).
The measurement of CCL21 protein levels in small (<0.25 g) to
large (>2 g) primary breast tumors showed its loss as tumors grew
in olive oil-treated PyMT mice (fig. S20B). In contrast, breast tumors
in DMBA-treated animals expressed high CCL21 levels as they
reached their terminal size (fig. S20B). These findings demonstrate
that DMBA exposure up-regulates a T cell-recruiting chemokine in
the breast cancer cells, which associates with improved antigen pre-
sentation within the breast tumor microenvironment and reduced
risk of lung metastasis.

CCL21 is a potent inducer of antitumor CD8* T cell immunity
downstream of DMBA exposure

To assess the impact of CCL21 on enhancing T cell response against
breast cancer, we generated a breast cancer cell line using a PyMT
tumor on the C57BL/6 background. PyMT cells were injected
subcutaneously adjacent to the inguinal mammary fat pads of syn-
geneic WT mice. Six days later, palpable breast tumors received 1 ug
of CCL21 intratumoral injections every other day for six doses.
Breast tumors that received CCL21 grew significantly slower com-
pared with phosphate-buffered saline (PBS; carrier)-treated controls
(Fig. 6A). We found significantly increased CD3" and CD8" T cells
infiltrating the PyMT breast tumors in response to CCL21 compared
with PBS injections (Fig. 6, B to D). Unlike CCL21, the intratumor-
al injection of CCL6 had no impact on PyMT tumor growth in WT
mice (fig. S21A). Next, we examined whether tumor growth inhibi-
tions by CCL21 relied on adaptive immunity and injected PyMT
breast cancer cells into Rag1KO mice, followed by intratumoral in-
jection of CCL21 or PBS. CCL21 had no impact on breast tumor
growth in the absence of T and B cells (fig. S21B). To investigate the
role of CCL21 in the immunogenic transformation of DMBA-exposed
breast cancer, we treated PyMT cells with DMBA or dimethyl sulf-
oxide (DMSO) (carrier control) in culture and selected a pair of single-
cell clones with matched proliferation in vitro (fig. S22, A to C).
Similar to spontaneous breast tumors, CCL21 was up-regulated in
DMBA-treated PyMT cells compared with DMSO-treated and pa-
rental PyMT cells (P = 0.0286; fig. S22D). DMBA-treated PyMT
cells formed markedly smaller tumors compared with DMSO-treated
PyMT cells in WT mice, while no significant difference in tumor
growth was observed between these cell lines in Ragl1KO animals
(Fig. 6E and fig. S22E). Accordingly, DMBA-treated PyMT cells
formed significantly bigger tumors in RaglKO compared with WT
mice (fig. S22F). However, DMSO-treated PyMT cells formed tumors
with similar kinetics in WT and Rag1 KO mice (fig. S22G), which confirmed
the low immunogenicity of parental PyMT breast cancer cells.

To examine the role of CD8" T cell immunity in suppressing
PyMT-DMBA tumor growth, we depleted CD8" T cells in WT mice
that were implanted with PyMT-DMBA versus PyMT-DMSO cells
using an anti-CD8p antibody. CD8" T cell depletion led to a signif-
icant increase in PyMT-DMBA tumor growth rate compared with
IgG-treated controls (Fig. 6F). However, CD8" T cell depletion had
no impact on the growth of PyMT-DMSO tumors in WT mice
(Fig. 6G). Next, we injected DMBA-treated PyMT cells into WT
and Cecr7”™ (Ccr7KO) mice, which lack the receptor for CCL21.
PyMT-DMBA cells developed significantly bigger tumors in Ccr7KO
compared with WT mice, which indicated that blocking the
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Fig. 4. A single exposure to DMBA at puberty increases TMB in PyMT breast tumors. (A and B) Dot plots (A) and the summary of somatic mutations (B) detected in
breast tumors of PyMT mice exposed to DMBA versus olive oil determined by exome sequencing. D, DMBA-treated; O, olive oil-treated. n = 3 in each group. P value, one-
tailed Mann-Whitney U test comparing DMBA- and olive oil-treated breast tumors. UTR, untranslated region. (C) SNV signatures in breast tumors of PyMT mice exposed
to DMBA versus olive oil. SNVs were identified and characterizedasC - A,C > G, C->T,T>AT->CorT>G.

CCL21-CCR?7 axis was essential for control of DMBA-exposed breast
cancer growth (Fig. 7A). Quantification of the T cells demonstrated
a significant decrease in CD3" T cell and CD8" T cell infiltrates
in DMBA-treated PyMT tumors in Ccr7KO compared with WT
mice (P < 0.01; Fig. 7, B to D). The deletion of Ccr7 in DMBA-treat-
ed PyMT mice did not affect spontaneous breast tumor develop-
ment (figs. S23 and S24). However, DMBA-treated PyMTCcr7KO
mice developed significantly more breast cancer metastases in the
lung compared with DMBA-treated PyMT mice (P = 0.0079;
Fig. 7, E and F). Together, our findings demonstrate that CCL21 is
sufficient to induce T cell immunity against cold breast tumors and
the CCL21-CCR?7 axis plays a critical role in the immunogenic
transformation of breast cancer in carcinogen-exposed animals.

Lietal, Sci. Adv. 2021; 7 : eabd8936 18 June 2021

CCL21 is positively correlated with the mutational burden
and T cell infiltration in human cancers and reduced risk

of breast cancer distant recurrence

We investigated the correlations of CCL21, CCL23 (homolog of
mice Ccl6 in human), and RETN (encoding resistin) that were
up-regulated upon DMBA exposure with TMB across The Cancer
Genome Atlas (TCGA) cancer types. Median CCL21 expression
had positive correlations with median total somatic mutations and
missense mutations across TCGA cancer types [P = 0.006 (Rho = 0.47)
and P = 0.0099 (Rho = 0.45), respectively; Fig. 8, A and B]. However,
no significant correlation between median CCL23 and RETN ex-
pressions and TMB was observed across cancer types (fig. S25, A to
D). In addition, we did not find any correlations between CCLI9
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Fig. 5. DMBA exposure up-regulates CCL21 in PyMT breast cancer cells. (A) Representative images of cytokine arrays performed on equal amounts of protein lysates
from primary breast tumors of DMBA- and olive oil-treated PyMT mice. Red boxes highlight the factors that show significantly higher protein levels in breast tumors of
DMBA-exposed PyMT mice. (B) Bar graph of cytokine arrays on breast cancers of DMBA- and olive oil-treated PyMT mice. Significantly up-regulated (red), down-regulated
(black), and no change (gray) immune factors in breast tumors of PyMT mice exposed to DMBA compared with carrier control are shown (P < 0.05). The red arrow high-
lights CCL21 relative levels in the tumor lysates. n=3in each group. CCL21 up-regulation was confirmed using enzyme-linked immunosorbent assay (ELISA) on a larger
number of samples (fig. S20). VEGF, vascular endothelial growth factor; PDGF-BB, platelet-derived growth factor BB; MMP-2, matrix metalloproteinase 2; LIF, leukemia inhib-
itory factor; LDLR, low-density lipoprotein receptor; IL7, interleukin-7; IGFBP-3, insulin-like growth factor binding protein 3; ICAM-1; intercellular adhesion molecule-1;
GDF-15, growth and differentiation factor 15. (C) Representative images of CCL21 immunohistochemical staining on breast tumors of DMBA- and olive oil-treated PyMT
mice. (D and E) Tumor-infiltrating T cells and MHCII* APCs demonstrated by (D) representative images MHCII- and CD3-stained breast cancer tissues and (E) bar graph of
APC counts in PyMT-DMBA and PyMT-olive oil breast tumors. APCs were quantified in 10 randomly selected hpf images per sample. Note the LAs with dense T cell/
APC populations that are primarily found in the breast tumors of DMBA-exposed PyMT mice. n=8in each group. ***P=0.0002, Mann-Whitney U test. Graphs show
means + SD. Scale bars, 100 um.

chemokine expression [sharing the same receptor (CCR7) with  cancer types [(P = 0.002 (Rho = 0.55); Fig. 8C]. CCL21 was ex-
CCL21] and TMB in TCGA data (fig. S25, E and F). A metric for pressed by human breast cancer cells, and breast cancers with high
immune CYT has been validated on the basis of expression levels of ~ CCL21 levels had significantly higher CD3" and CD8" T cell infiltrates
granzyme A (GZMA) and perforin (PRFI1) across TCGA cancers, compared with CCL21 low breast cancers (P =0.004 and P =0.007,
which are two key cytolytic effectors and highly up-regulated upon  respectively; Fig. 9, A to C). In a cohort of 265 hormone receptor-
CD8" T cell activation in the tumors (31, 33). Median CCL21 ex-  positive (HR"), lymph node-positive primary breast tumors (table
pression was positively correlated with median CYT across TCGA ~ S1) (34), high CCL21 expression by tumor cells associated with a
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Fig. 6. CCL21 suppresses breast tumor growth through the induction of antitumor CD8" T cell immunity in vivo. (A) Spider plot of PyMT breast tumor growth in WT
mice treated with 1 ug of CCL21 or sterile PBS (carrier only) intratumorally every other day six times starting at day 6 after PyMT cell injection (**P < 0.01 starting at day 8,
n=10in each group). (B to D) Tumor-infiltrating CD3* T and CD8" T cells shown as (B) representative images of CD3- and CD8-stained tumor tissues, (C) CD3* T cell, and
(D) CD8™ T cell counts in CCL21- and PBS-treated breast tumors. Note that T cells were rarely found in PBS-treated breast tumors. n=5 in each group. (E) Spider plots of
DMBA- and DMSO-treated PyMT breast cancer cell growth in WT mice (WT-A and WT-O, respectively; ***P < 0.0001 starting at day 12; n=10in each group). (F) Spider plot
of DMBA-treated PyMT breast tumor growth in WT mice treated with anti-CD8 versus IgG control antibody (n =8 per group; **P < 0.01 starting at day 6). (G) Spider plot
of DMSO-treated PyMT breast tumor growth in WT mice treated with anti-CD8p versus IgG control antibody (n =8 per group). Mann-Whitney U test was used. Graphs

show means + SD. Scale bar, 100 um.

significantly lower risk of distant recurrence (P = 0.0174; Fig. 9D).
These associations strongly suggest that CCL21 is an important me-
diator of antitumor immunity in human cancers.

DISCUSSION

To identify the immune-activating factors that can transform cold
tumors into hot immunogenic tumors, we focused on carcinogens
as the causative agents for increased total and clonal TMB, which is
a cardinal cancer characteristic positively associated with cancer
immunogenicity and response to immunotherapy (2, 13, 14, 17).
Chemical carcinogens such as DMBA are prominent inducers of
TMB (35). Therefore, we asked, besides increased TMB, what
immune-activating factors are induced by carcinogens in non-
immunogenic cancers such as breast cancer. First, we demonstrate
that a single exposure of breast glands to DMBA at puberty accelerates
the initiation of primary breast cancer development in spontaneous
breast cancer models (18, 19). In stark contrast, carcinogen-exposed
mice have a significantly less metastatic burden. CD8" T cell immu-
nity is responsible for this blockade in metastasis. In addition to
increased mutations, carcinogen exposure leads to the up-regulation
of CCL21 chemokine in breast cancer cells, which plays a critical
role in the immunogenic transformation of breast cancer (36, 37).
Last, high CCL21 levels associate with increased TILs in human

Lietal, Sci. Adv. 2021; 7 : eabd8936 18 June 2021

breast cancers, reduced breast cancer distant recurrence in a large
clinical cohort of HR" lymph node-positive primary breast cancers,
and increased TMB and CYT across human cancer types. Therefore,
our mechanistic studies on carcinogen-induced cancer immunoge-
nicity have led to the identification of CCL21 as an immune-activating
factor expressed by the cancer cells, which can be used for cancer
immunotherapy. These outcomes uncover the importance of eluci-
dating the immune-inductive properties of carcinogen exposure
besides increased TMB, which can be therapeutically exploited.
Environmental carcinogens initiate and promote cancer devel-
opment across multiple cancer types (18, 19). However, it has re-
cently become evident that carcinogen-induced cancers have high
TMB, contain a high number of TILs at baseline, and show a favor-
able response to cancer immunotherapy including immune check-
point blockade (13, 14, 38). The association between increased TMB
and cancer immunogenicity has been attributed to the generation
of neoantigens in carcinogen-exposed cancers (13, 39, 40). Al-
though neoantigens can provide targets for a tumor-specific T cell
response and their recent use as therapeutic vaccines has shown
efficacy (41, 42), the induction of mutations in cold tumors to gen-
erate neoantigens is not a viable therapeutic option. Accordingly,
we find that the cell-autonomous carcinogenic impact of DMBA in
the primary breast cancer cells is dominant over any immune-related
benefits; a single exposure to DMBA markedly accelerates the
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Fig. 7. CCL21/CCR7 signaling is required for the suppression of DMBA-treated
breast tumor growth and metastasis. (A) Spider plot of DMBA-treated PyMT
breast tumor growth in Ccr7KO (Ccr7KO-A; n = 8) compared with WT (WT-A; n=10)
mice. ¥*P < 0.005 starting at day 8. (B to D) T cell infiltrates in Ccr7KO-A compared
with WT-A breast tumors demonstrated by (B) representative images of CD3- and
CD8-stained tumor tissues, quantification of (C) CD3* T cells and (D) CD8" T cells
within hpf images of Ccr7KO-A (n=7) and WT-A (n =4) breast tumors (**P < 0.01).
(E and F) Metastasis burden in the lung of DMBA-exposed PyMT and PyMTCcr7KO
mice demonstrated by (E) representative H&E-stained lung images (arrows point
to metastatic foci) and (F) bar graph of the number of lung metastatic foci in each
group. n=>5in each group. Mann-Whitney U test was used. Graphs show means + SD.
Scale bars, 100 um (tumor) and 2 mm (lung).

primary breast tumor kinetics in PyMT and Her2 mice, which is not
altered by the deletion of T cells or the addition of anti-PD1/anti-
CTLAA4 therapies. However, breast cancer metastasis is blocked in a
CD8" T cell-dependent manner in DMBA-exposed animals. Therefore,
our findings suggest that the immune-inductive effect of carcinogen
exposure plays a beneficial role against cancer metastasis, where the
efficacy of immune checkpoint blockade and its correlation with high
TMB have been clinically observed (2).

Metastasis is the leading cause of cancer-related death (43).
During metastasis, cancer cells can be exposed, recognized, and
killed by the immune system (12). CD8" cytotoxic T cells play a
major role in mediating this immune restriction, and the suppression
of CD8" T cells results in increased cancer metastasis and reduced
survival including in patients with breast cancer (7, 27, 44, 45). De-
spite accelerated primary tumor development, DMBA treatment
results in a significantly reduced breast cancer metastasis in PyMT
and Her2 mice accompanied by increased tumor-infiltrating CD8"

Lietal, Sci. Adv. 2021; 7 : eabd8936 18 June 2021

A P =0.006
—100.01 Rho =0.47 cyo.  DLBC LuAD
N o0 ¢ .STAD..LUSC
d TGCT @®HNSC
o ¢ PRAD MESO
« 10.01 KICHe  BRCA® .
S} CEC® LIHC  gpLca SKCM
=S T.HCA ucse eKIRC
o THYM  SARC ?Xap
'; 1.01 * No. of patients
o 2 + 50
5 hee . 100
= 01 *UVM Leo e 500
LAML ®  GBM ® 1000
30 100 300
Median no. of total somatic mutation
B P =0.0099
— 100.04 Rho = 0.45 .DLBC LUAD
N paape CHOC <rap BLUSC
d T8CT ®
MESOPRAD 4282
8 10.0 KICHe ;RCA. |_|HCESCA .
° @THCA Kire UCEC eBLca SKEM
s C READ
o STym  SARCS, ooV
'E 1.01 ues ke No. of patients
8 ‘Acc + 50
3 VM * 100
= o1 ° S 500
: L LGGq  Gam ® 1000
10 30 100 300
Median no. of missense mutation
C P =0.002
_ Rho=0.55 ;o panp ostU0
g S TgCT
O 10.01
—
© THYM @
= 8ARC KIRC
o 1.01 °
'E ‘ KIRP' No. of patients
9 « UM * 100
2 0.1 ® 500
@LGG GBM [ ] 1000
1 3 10

Median CYT: GZMA, PRF1
log average expression (TPM)

Fig. 8. CCL21 expression is positively associated with TMB and immune CYT
across human cancers. (A to C) Correlations between median TPM of CCL27 and
the median number of (A) total somatic mutations, (B) missense mutations, and (C)
median immune CYT across 32 TCGA cancer types (Spearman’s rank correlation).
As previously described, only solid tumors are included in the CYT correlation in (C)
(37). ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA,
breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical
adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC,
lymphoid neoplasm diffuse large B cell lymphoma; ESCA, esophageal carcinoma;
GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma;
KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney
renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, brain lower
grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma;
LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous
cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adeno-
carcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous
melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors;
THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial
carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.
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Fig. 9. High CCL21 expression by cancer cells is associated with increased TILs
and reduced risk of distant recurrence in human breast cancer. (A and B) T cell
infiltrates in human breast cancers with high and low CCL21 levels. Bar graphs
show (A) CD3" T and (B) CD8* T cell counts in human breast cancers. Each bar rep-
resents single breast cancer. Cell counts were based on 8 to 10 randomly selected
hpf images. n=7in each group. Mann-Whitney U test was used. Graphs show
means + SD. (C) Representative images of CCL21 immunohistochemical staining
and CD3 and CD8 IF-stained human breast cancer tissues. (D) Representative images
of CCL21 immunohistochemical staining on HR* lymph node-positive (LN*) hu-
man breast cancer TMA samples and its correlation with distant recurrence rate.
n=265. clinical characteristics of TMA samples are listed in table S1. Log-rank test
was used. Scale bars, 100 um.

T cellsand CD8" T cell-to-Tig ratio ratio in the breast tumors and
the tumor-draining lymph nodes. In the absence of CD8" T cells,
DMBA exposure results in severe metastatic disease as evidenced by
increased metastatic foci in the lung and the appearance of signifi-
cant liver metastasis. The role of DMBA as the inducer of antitumor
T cell immunity against breast cancer metastasis is supported by
studies on PyMTRag1KO mice showing a delay in metastasis com-
pared with PyMT animals in the absence of DMBA exposure (29).

Lietal, Sci. Adv. 2021; 7 : eabd8936 18 June 2021

The similar structure and carcinogenic effects of DMBA to common
environmental carcinogens (25) and its ability to increase TMB and
induce antitumor T cell immunity in breast cancer models enable the
investigation of the immune-activating factors that are up-regulated
in the cancer cells in association with carcinogen exposure and
increased TMB. These factors can have fundamental roles in the in-
duction of antitumor immunity and be potential candidates for
therapeutic intervention.

Among an array of cytokines and chemokines, we have found
CCL21 chemokine to be up-regulated in DMBA-exposed breast
cancer cells. CCL21 is known to be expressed by high endothelial
venules of secondary lymphoid organs such as lymph nodes and
spleen, and its signaling through CCR?7 recruits and activates T cells
during an inflammatory response (46). CCL21 recruits T cells and
antigen-stimulated DCs to colocalize into T cell zones of secondary
lymphoid organs thereby promoting an early immune activation
(26, 47). An intratumoral vaccine of autologous DCs overexpress-
ing CCL21 has shown efficacy in the induction of antitumor T cell
immunity in patients with lung cancer (48). Our findings reveal that
breast cancer cells themselves express CCL21 in mice and humans,
which is up-regulated in cancer cells exposed to carcinogens. Fur-
thermore, CCL21 induction is accompanied by increased APCs and
T cells surrounding DMBA-exposed breast tumors in the form of
LAs. CCL21 signaling is critical for the immunogenic effects of
DMBA on breast cancer cells, and CCL21 is sufficient to promote
immunity against cold breast tumors. Therefore, CCL21 intratu-
moral injection may provide a therapeutic approach to transforming
cold breast cancers into hot immunogenic tumors that will be re-
sponsive to current immunotherapeutics.

In summary, our results reveal that the immunogenic impact of
environmental carcinogens goes beyond the generation of neo-
antigens and demonstrate how the immune-inductive factors that
are up-regulated within the carcinogen-exposed cancer cells can
suppress cancer metastasis. Future studies are warranted to identify
the full array of cytokines and chemokines that are induced by envi-
ronmental carcinogens in various cancer types to harness the most
potent mediators of antitumor immunity for cancer immunotherapy.
Last, our findings indicate that genetically engineered mouse models
of cancer, which have very low TMB and immunogenicity at base-
line (49-52), can be exposed to carcinogens to generate cancers that more
closely resemble human disease. These refined models will be par-
ticularly beneficial for mechanistic studies in cancer immunology.

MATERIALS AND METHODS

Mice

All mice were housed under pathogen-free conditions in an animal
facility at Massachusetts General Hospital in accordance with
animal care regulations. PyMT (a gift of D. DeNardo, Washington
University in St. Louis) and PyMTRaglKO mice were maintained
on BALB/c background by backcrossing from FVB over 12 generations.
PyMTCcr7KO female mice on BALB/c x C57BL/6 background were
compared with MMTV-PyMT'%Ccr7*~ (PyMT) littermates. All other
strains of animals were purchased from certified vendors (table S2).
Age-matched female mice were used in all the breast cancer studies.

Human tissue samples
Deidentified human breast cancer samples were used in the study.
Formalin-fixed paraffin-embedded tissue sections (5 um) and tissue
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microarray (TMA) slides were used for manual CCL21 immunobhis-
tochemistry (IHC) and CD3/CD8 immunofluorescence (IF) stain-
ing. Stained cells were counted blindly.

Spontaneous breast carcinogenesis studies

PyMT and PyMTRag1KO female mice received 1 mg of DMBA (cat-
alog no. D3254, Sigma-Aldrich, St. Louis, MO) dissolved in 100 ul
of olive oil or 100 pl of olive oil (carrier alone) by oral gavage at 4 to
6 weeks of age. Her2 mice were treated with 1 mg of DMBA
dissolved in 100 pl of olive oil or 100 ul of olive oil by oral
gavage at 7 weeks of age. MMTV-PyMT'";Ccr7*~ (PyMT) and
MMTV-PyMTtg;Cch/’ (PyMTCcr7KO) female littermates re-
ceived 1 mg of DMBA dissolved in 100 pl of olive oil by oral gavage
three times at 30, 35, and 40 days of age. In the immune checkpoint
blockade study, PYMT mice were treated with DMBA as above.
When tumors reached 5 mm in diameter, mice received an intraper-
itoneal injection of 250 ug of anti-PD1 (catalog no. BE0273, Bio X
Cell, West Lebanon, NH) or IgG2a isotype (catalog no. BP0089,
Bio X Cell) or 200 pg anti-CTLA4 (catalog no. BE0164, Bio X Cell)
or IgG2a isotype (catalog no. BE0086, Bio X Cell) every other day
for six doses. In the CD8" T cell depletion study, PyMT mice
were treated with DMBA or olive oil as above. Mice received an in-
traperitoneal injection of 750 pg of anti-CD8a antibody (catalog no.
BEO0117, Bio X Cell) or IgG isotype (catalog no. BE0090, Bio X
Cell) for the first dose delivered 2 days before oral DMBA gavage,
and then, the injections were repeated at the dose of 250 ug of anti-
bodies weekly. Tumor onset and growth were monitored every
week. The animals were harvested once their tumors reached 2 cm
in diameter or the mice showed any sign of distress or weight loss.

Breast cancer cell lines

PyMT breast cancer cell line derived from spontaneous PyMT
breast cancer in C57BL/6 background as previously described (53).
PyMT cells were passaged at 70% confluency. In the DMBA-treated
PyMT cells experiment, PyMT cells were treated with 20 umol/liter
DMBA dissolved in DMSO (catalog no. 25-950-CQC, Thermo Fisher
Scientific, Waltham, MA) or DMSO at 30 to 50% confluency for
24 hours. Cells were then washed and passaged. When cells reached
30 to 50% confluency, they were treated by chemicals as above for
another 24 hours. In total, cells were treated six times. Zombie
Green (catalog no. 423111, BioLegend, San Diego, CA)-negative
live single cells were sorted by fluorescence-activated cell sorter and
cultured in three 96-well plates (288 pairs), followed by the selec-
tion of 12 growth-matched pairs and then 6 growth-matched pairs
based on CellTiter 96 Nonradioactive Cell Proliferation Assay
(catalog no. PAG4000, Promega, Madison, WI). Last, one growth-
matched cell line pair was selected for further experimentation.

In vivo breast cancer cell line studies

For tumor graft experiments, 1 x 10° breast cancer cells were injected
into both flanks adjacent to the inguinal mammary fat pads of WT,
RaglKO, and Ccr7KO mice on the C57BL/6 background. Tumor
growth was monitored every day. For chemokine injection experi-
ment, WT and RaglKO mice were injected with 1 pg of recombi-
nant mouse CCL21 (catalog no. 586408, BioLegend) in 50 pl of
sterile PBS or 50 ul of sterile PBS alone intratumorally every other
day for six times starting at day 6 after cancer cell injection. WT
mice were injected with 1 pg of recombinant mouse CCL6 (catalog
no. 758504, BioLegend) in 50 ul of sterile PBS or 50 ul of sterile PBS

Lietal, Sci. Adv. 2021; 7 : eabd8936 18 June 2021

alone intratumorally every other day for four times starting at day 6
after cancer cell injection. For the CD8" T cell depletion experi-
ment, WT mice received an intraperitoneal injection of 750 pg of
anti-CD8 antibody (catalog no. BE0223, Bio X Cell) or IgG isotype
(catalog no. BE0094, Bio X Cell) for the first dose delivered 2 days
before tumor injection, and then the injections were repeated at the
dose of 250 pg of each antibody weekly. The mice were harvested
once their tumors reached 2 cm in diameter or the mice showed any
sign of distress or weight loss.

Exome sequencing

Genomic DNA (gDNA) was extracted from fresh-frozen samples stored
in —80°C with QTAGEN DNeasy Blood and Tissue Kit (catalog no. 69504,
QIAGEN). The gDNA was sequenced by next-generation sequenc-
ing system at Novogene Co. Ltd. (Beijing, China). Briefly, sequenc-
ing libraries and 180- to 280-base pair gDNA fragments were
generated. The gDNA fragments were adenylated at 3’ ends and
ligated with adapter oligonucleotides. The library of gDNA frag-
ments was enriched by polymerase chain reaction (PCR) reaction
and hybridized with liquid phase of a biotin-labeled probe. Exons
were captured by magnetic beads with streptomycin and enriched
in a PCR reaction. After products were purified and quantified,
sequencing was performed using HiSeq 4000.

Somatic mutation calling

The bioinformatics analysis began using high-quality paired-end
reads passing Illumina RTA filter aligned to the National Center for
Biotechnology Information (NCBI) mouse reference genome (GRCm38)
using Burrows-Wheeler Aligner (BWA) (54). PCR duplicated reads
were marked and removed using Picard (http://broadinstitute.github.
io/picard/). Putative SNV's and insertions/deletions were identified by
running Strelka (v1.0.15) with default parameters (55). The putative
somatic mutations were compared to the public mouse germline
databases including dbSNV (56) and Mouse Genomes Project by
the Wellcome Trust Sanger Institute (57) to further exclude false
somatic calls introduced by unapparent germline events. The re-
maining mutations were annotated using ANNOVAR (58) with the
NCBI RefSeq (reference sequence) database. Ambiguous putative
mutations were manually inspected to exclude potential false calls
introduced by likely sequencing or mapping artifacts. The muta-
tional signatures, in terms of the patterns of substitution types of
the mutated base with the immediately 5" and 3’ bases, were sum-
marized using a customized program for SNVs of each tumor.

TCR sequencing

TCRP chain Complementarity-determining region (CDR) were se-
quenced at Adaptive Biotechnologies (Seattle, WA) using gDNA iso-
lated from primary breast tumors of PyMT mice. Multiplex PCR was
used to amplify rearranged TCR CDR3 sequences and characterize
tens of thousands of TCRP CDR3 chains. T cell clonality and entropy
were analyzed by the immunoSEQ Analyzer platform provided by
Adaptive Biotechnologies.

Protein analysis

Lysates of mouse breast tumors or serum were used to quantify
cytokines by Proteome Profiler Mouse XL Cytokine Array (catalog
no. ARY028, R&D Systems, MN, Canada) and mouse enzyme-linked
immunosorbent assay (ELISA) kits for CCL21 (catalog no. LS-F23035,
LSBio, Seattle, WA), interferon-o (IFN-0) (catalog no. BMS6027TWO,
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Thermo Fisher Scientific) and IFN-B (catalog no. 439407, BioLegend).
Quantification of the spot intensity in the arrays was conducted by
subtracting background in Image] (version 2.0.0). The CCL21 protein
measurement in breast tumors of various weights was performed by
collecting tumor samples from DMBA- and olive oil-treated PyMT
mice at postnatal day 90 (for small tumors) and end point.

Quantitative PCR

The mouse Ccl21 mRNA levels were determined by quantitative
PCR with an ABI 7500 PCR system (Thermo Fisher Scientific) and
SYBR Green Supermix (catalog no. 1725121, Bio-Rad). The primers
were as follows: mouse CCL21, 5'-GTGATGGAGGGGGTCAG-
GA-3’ (forward) and 5'-GGGATGGGACAGCCTAAACT-3' (reverse);
and mouse glyceraldehyde-3-phosphate dehydrogenase, 5'-AAT-
GTGTCCGTCGTGGATCTGA-3' (forward) and 5'-GATGCCT-
GCTTCACCACCTTCT-3’ (reverse).

Flow cytometry

Tumor drainage lymph nodes were lysed and homogenized to
collect single-cell suspensions. Tumor single-cell suspensions were
also prepared, and TILs were isolated using CD45" Microbeads on
magnetic columns (Miltenyi Biotec Inc.). Cells were stained with
the following surface antibodies: CD3, CD4, CD8a, CD25, CD28,
CTLA4, MHCI, MHCI], PDI, and T-Cell Immunoglobulin And
Mucin Domain-Containing Protein 3 (TIM-3) (table S3). Next,
cells were fixed and permeabilized by the True-Nuclear Transcrip-
tion Factor Buffer Set (BioLegend). After fixation and permeabilization,
intracellular stains were performed using the following antibodies:
granzyme B and Forkhead box P3 (FOXP3) (table S3). Stained
cells were assayed using a BD LSRFortessa flow cytometer (BD
Biosciences), and data were analyzed using FlowJo software (Tree
Star, Ashland, OR).

Histology, IF, and IHC

TMA of 265 HR" and lymph node-positive primary human breast
cancer samples were from a well-annotated retrospective case series
at a single academic institution (Massachusetts General Hospital,
Boston, MA) (34). Tissue samples were fixed in 4% paraformalde-
hyde (catalog no. 441244, Sigma-Aldrich) solution in PBS overnight
at 4°C. Samples were processed and embedded in paraffin. Paraffin-
embedded tissues were cut at 5 um and stained for hematoxylin and
eosin (H&E). For IF staining, sections were incubated with anti-mouse
or anti-human primary antibodies, followed by fluorochrome-
conjugated secondary antibodies (table S3). Sections were counter-
stained with 4',6-diamidino-2-phenylindole nuclear stain. For IHC
staining, sections were incubated with anti-mouse PyMT, anti-mouse
PD-L1, anti-mouse CCL21, and anti-human CCL21 antibodies, fol-
lowed by horseradish peroxidase (HRP)-conjugated secondary
antibodies (table S3). Sections were stained with InmPACT DAB
Peroxidase (HRP) Substrate kits (table S3) and counterstained with
hematoxylin. IF and IHC images were captured and quantified
blindly under x200 magnification [high-power field (hpf)].

TCGA data analyses

Tumor types selected from TCGA studies were adrenocortical car-
cinoma (ACC), bladder urothelial carcinoma (BLCA), breast inva-
sive carcinoma (BRCA), cervical squamous cell carcinoma and
endocervical adenocarcinoma (CESC), cholangiocarcinoma (CHOL),
colon adenocarcinoma (COAD), lymphoid neoplasm diffuse large
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B cell lymphoma (DLBC), esophageal carcinoma (ESCA), glioblastoma
multiforme (GBM), head and neck squamous cell carcinoma (HNSC),
kidney chromophobe (KICH), kidney renal clear cell carcinoma
(KIRC), kidney renal papillary cell carcinoma (KIRP), acute my-
eloid leukemia (LAML), brain lower grade glioma (LGG), liver
hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD),
lung squamous cell carcinoma (LUSC), mesothelioma (MESO),
ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma
(PAAD), prostate adenocarcinoma (PRAD), rectum adenocarcinoma
(READ), sarcoma (SARC), skin cutaneous melanoma (SKCM), stom-
ach adenocarcinoma (STAD), testicular germ cell tumors (TGCT),
thyroid carcinoma (THCA), thymoma (THYM), uterine corpus
endometrial carcinoma (UCEC), uterine carcinosarcoma (UCS), and
uveal melanoma (UVM). TCGA gene expression data of untreated
primary tumors samples included the available “Level_3” gene-level
data, which were downloaded from the Broad GDAC Firehose
(https://gdac.broadinstitute.org). Transcript lengths and transcript
IDs to gene symbols alignment from GDAC Firehose were per-
formed using UCSC hgl9 version (59). Transcripts per kilobase
million (TPM) were determined by rescaling coverage estimates by
multiple of 1 x 10° and used as normalization counts for all genes.
Point mutation data from PanCancer Atlas were downloaded from
cBioPortal for Cancer Genomics (http://cbioportal.org), which sup-
plies the following “.maf” (mutation annotation format). TCGA data
were analyzed in R software (version 3.5.1).

Calculation ofimmune “CYT”

CYT was obtained as previously described (31). Briefly, CYT was
calculated as the geometric mean TPM of GZMA and PRFI genes
per sample. For each expression value, 0.01 was added before trans-
formation for avoiding logging zero. Only solid tumor types were
included for calculating CYT as previously shown (31).

Genotyping

PCR was used to genotype genetically engineered mice. The follow-
ing primer pairs were used for detection of PyMT transgenes and
Ragl WT and mutant alleles (all primers shown are 5’ to 3'):
PyMT'8, ATACTGCTGGAAGAAGACGAAATCCTTG (forward)
and CTCTGTGAGTAGCTCTCATTCTCTGACTC (reverse); Ragl™,
CCAGTAGATACCATTGCGAAGAGG (forward) and CACGTTCT-
GTGAACCATGCTCTATC (reverse); Ragl™, CCGCTTCCATTGCT-
CAGCGG (forward) and ACGTTCTGTGAACCATGCTCTATC
(reverse); Ccr7*, TAAGGGCATCTTTGGCATCT (forward) and
GGTGATCAAGGCCTCCACT (reverse); Ccr7-, TAAGGG-
CATCTTTGGCATCT (forward) and AGACTGCCTTGGGAAAAG-
CG (reverse).

Statistical analysis

Tumor onset and survival analyses were performed using the log-
rank test. Fisher’s exact test was used for liver metastasis grade out-
comes. Mann-Whitney U test was used as the test of significance for
tumor counts, tumor volumes, metastasis burden, cell counts, and
somatic mutation burden. ¢ test for the Pearson correlation coeffi-
cient was used to determine significance in correlations between
T cell entropy, serum CCL21 levels, the number of tumor missense
mutations, and the number of lung metastatic foci in mice. The cor-
relations between gene expression and mutations and CYT in
human tumors were examined by the Spearman rank correlation
test. All statistical tests are two-tailed unless otherwise specified.
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A P value of less than 0.05 was considered significant. All error bars
represent SD.

Study approval

All animal studies were approved by the Massachusetts General
Hospital Institutional Animal Care and Use Committee. Massachusetts
General Hospital Institutional Review Board approved the deiden-
tified human tissue study.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/25/eabd8936/DC1

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