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Efferocytosis produces a prometastatic landscape
during postpartum mammary gland involution
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Breast cancers that occur in women 2-5 years postpartum are more frequently diagnosed at metastatic stages and

correlate with poorer outcomes compared with breast cancers diagnosed in young, premenopausal women. The molecular
mechanisms underlying the malignant severity associated with postpartum breast cancers (ppBCs) are unclear but relate

to stromal wound-healing events during postpartum involution, a dynamic process characterized by widespread cell death

in milk-producing mammary epithelial cells (MECs). Using both spontaneous and allografted mammary tumors in fully
immune-competent mice, we discovered that postpartum involution increases mammary tumor metastasis. Cell death

was widespread, not only occurring in MECs but also in tumor epithelium. Dying tumor cells were cleared through receptor
tyrosine kinase MerTK-dependent efferocytosis, which robustly induced the transcription of genes encoding wound-healing
cytokines, including IL-4, IL-10, IL-13, and TGF-p. Animals lacking MerTK and animals treated with a MerTK inhibitor exhibited
impaired efferocytosis in postpartum tumors, a reduction of M2-like macrophages but no change in total macrophage levels,
decreased TGF-f} expression, and a reduction of postpartum tumor metastasis that was similar to the metastasis frequencies
observed in nulliparous mice. Moreover, TGF-f blockade reduced postpartum tumor metastasis. These data suggest that
widespread cell death during postpartum involution triggers efferocytosis-induced wound-healing cytokines in the tumor
microenvironment that promote metastatic tumor progression.

Introduction

Although pregnancy at a young age decreases a woman’s lifetime
breast cancer risk (1, 2), the first 5 years following a pregnancy at
any age are associated with increased breast cancer risk, a risk that
continues to increase with age (3-6). Given the societal trends in
Western cultures of postponing childbirth later into women’s lives,
the incidence of malignant postpartum breast cancer is expected
to increase. Currently, breast cancers diagnosed 2-5 years post-
partum account for nearly 25% of all premenopausal breast can-
cers (7). Importantly, breast cancers diagnosed 2-5 years post-
partum are diagnosed more frequently as metastatic disease and
correlate with decreased disease-free survival (DFS) versus breast
cancers occurring in premenopausal nulliparous women (4, 7, 8).
In contrast, many studies have shown that breast cancers diag-
nosed during pregnancy do not correlate with decreased DFS (8,
9), although there remains some debate about this conclusion.
The observation that postpartum breast cancers (ppBCs) correlate
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with reduced DFS suggests that events occurring in the postpar-
tum breast augment the malignant severity of tumors existing
therein. This hypothesis is supported by studies in which breast
cancer cells transplanted into involuting mouse mammary fat
pads grow and invade more rapidly than do cells transplanted into
mammary glands of nulliparous mice (10-12). This postpartum
transplantation model elegantly distinguished the microenviron-
mental influences of the involuting postpartum mammary gland
versus the mammary gland at other reproductive stages (3, 10-15).
Thus, it is imperative to understand how the changing landscape
of the postpartum breast accelerates cancer progression in order
to design more effective therapies for patients suffering from
ppBC or strategies to limit the alterations leading to ppBCs.
M2-like macrophages are a critical driving force of malig-
nancy in the postpartum mammary microenvironment through
enhanced cyclooxygenase 2 (COX2) production and through
enhanced extracellular matrix (ECM) remodeling (16, 17). How-
ever, it is unclear what triggers macrophage polarization during
postpartum involution toward an M2-like phenotype. Further,
cytokines produced by M2-like macrophages (e.g., IL-4, IL-10,
IL-13, TGF-B1, and EGF) (18-21) are associated with increased
breast cancer malignancy (22-25). It should be noted that these
cytokines, which are involved in wound healing and immune
suppression, are produced abundantly during postpartum invo-
lution to support mammary remodeling (26-29), consistent with
their potential involvement in ppBC progression. In addition, our
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previous work shows that MerTK, an RTK required for efficient
efferocytosis by macrophages and epithelial cells, is elevated dur-
ing postpartum involution (30) and is involved in the accumula-
tion of Th2-like tumor-associated leukocytes in preclinical mam-
mary tumor models (31).

We have used the MMTV PyVmT transgenic mouse model
(32) to assess how postpartum mammary involution and remod-
eling affects malignant progression of spontaneous mammary
tumors within the context of their native microenvironment and
within a fully competent immune system. Tumor metastasis was
elevated 10-fold by events occurring during postpartum invo-
lution, triggered by stromal responses to widespread tumor cell
death, including increased M2-like macrophage characteristics
and enhanced production of wound-healing and immunosuppres-
sive cytokines. These changes in the stromal microenvironment
were orchestrated by MerTK, which is responsible in large part
for the clearance of dying cells (efferocytosis) by macrophages or
other efferocytes. We demonstrate that MerTK inhibition or gene
targeting abolished efferocytosis, M2-like macrophage polariza-
tion, production of wound-healing cytokines, and reduced tumor
metastasis in the postpartum setting. Our data reveal a critical role
for MerTK and efferocytosis in driving stromal wound-healing
and remodeling events that contribute to ppBC malignancy.

Results

Increased metastasis of tumors in the postpartum mammary gland.
Previous studies demonstrated that breast tumor cell lines trans-
planted into mouse mammary glands just prior to postpartum
involution are more invasive and metastatic than the same tumor
cells transplanted into the mammary fat pads of age-matched vir-
gin mice (11, 12). We recapitulated these findings using primary
mammary tumor cells (PMTCs) derived from MMTV PyVmT
mice, which we transplanted into the mammary fat pads of WT
FVB female mice. Prior to tumor cell injection, age-matched mice
(42 days of age) were randomized into 2 groups: 1 remaining nul-
liparous and 1 that would breed for 1 to 3 days. Primary tumor cells
were injected when mice were 59-61 days of age, corresponding
to 14.5 to 16.5 dpc in the parous group (Figure 1A), such that par-
tuition occurred 4-7 days after tumor injection. Pups were with-
drawn from dams at partuition to initiate postpartum involution
in the parous group. Tumors became palpable 11 days (on average)
after tumor cell injection in both groups, corresponding to invo-
lution day 6 (Inv d6) in the parous group and suggesting that late
pregnancy and postpartum events did not affect tumor latency
(T,,=11days, P> 0.05, log-rank test). Tumors in parous mice grew
at a modestly increased rate compared with what was observed
in virgin mice (Figure 1B). However, lungs harvested at postinjec-
tion day 39 revealed that metastatic lung lesions occurred in 5 of 6
parous mice, but were not detected in age-matched virgin mice (O
of 6 mice, Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/]JCI76375DS]1).

We extended these findings using spontaneous tumors aris-
ing in MMTV PyVmT transgenic mice, with the added advantages
of endogenously forming tumors within a fully intact immune
system (32). Female mice remained as virgin mice or were
impregnated at 42 to 44 days of age. Synchronized pregnancies
within this 3-day window allowed us to make age-matched com-
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parisons between genetically comparable animals, establishing
reproductive history as the major experimental variable (Fig-
ure 1C). In the parous group, pups were withdrawn at partuition
because MMTV PyVmT dams are unable to nurse their offspring.
Pregnancy did not affect average tumor latency (T,, = 56 £ 5 days
in virgin mice; T, = 52 * 3 days in parous mice) (Supplemental
Figure 2, left panel), total tumor burden (Supplemental Figure
2, right panel), tumor cell proliferation (Supplemental Figure 3),
or PyvmT expression (Figure 1D). Histological differences were
apparent between virgin and parous groups, including milk within
the ductal lumens of parous mouse tumors (but not virgin mouse
tumors) at partuition/64 days of age, which was resorbed during
the course of postpartum involution (Supplemental Figure 4).
Although the number of lung metastases was similar in 64-day-
old virgin and parous mice (partuition in the parous group) and
in 71-day-old virgin and parous mice (Inv d7 in the parous group),
lung metastases in the parous group increased by 10-fold in
85-day-old parous mice (Inv d21) as compared with the metas-
tases seen in 85-day-old virgin mice (Figure 1, E and F). These
models demonstrate that changes occurring in the mammary
microenvironment during involution have a profound impact on
metastasis, without affecting primary tumor burden.

We investigated phosphorylation of STAT3 (p-STAT3) in
tumors from virgin and parous mice, as p-STAT3 is an early event
in the involution signaling cascade and is known to correlate with
increased aggressiveness in several tumor models. We found rela-
tively equal levels of p-STAT3 in parous and virgin mice at 71 days
of age (corresponding to Inv d7 in the parous group) and at 85 days
of age (corresponding to Inv d21 in the parous group, Figure 1D).
We also measured p-AKT and p-ERK, which revealed similar lev-
els of each in virgin and parous mice at 71 days of age (Inv d7 in
parous group). At 84 days of age, AKT and ERK phosphorylation
was modestly decreased in the parous group (Inv d21) as com-
pared with that detected in the virgin group.

Increased cell death and efferocytosis in postpartum mammary
tumors. To begin understanding how postpartum involution might
establish a prometastatic tumor microenvironment (TME), we
examined the physiological events that characterize postpartum
involution in the normal breast. A remarkable feature of postpar-
tum involution is transient but widespread cell death throughout
the milk-producing mammary epithelium (33). However, it is cur-
rently unknown whether tumors within the breast during postpar-
tum involution are similarly subjected to a vast presence of dying
cells. Using TUNEL analysis to measure dying/dead tumor cells,
we found very few TUNEL* cells in tumors from virgin mice at
64 days, 71 days, 85 days, and 104 days of age (Figure 2, A and
B). However, the frequency of TUNEL" cells increased more than
5-fold in tumors harvested from 71-day-old parous mice (Inv d7)
and diminished at later involution time points. This is the first
demonstration to our knowledge that mammary tumors also expe-
rience a peak in cell death during postpartum involution.

During physiological postpartum involution, dying mam-
mary epithelial cells (MECs) are cleared from the mammary
gland through efferocytosis, a process by which macrophages and
other phagocytes recognize, bind to, and engulf dying cells (34,
35). Macrophages require the RTK MerTK to engulf dying cells,
particularly during postpartum involution, when dying cells are
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Figure 1. Postpartum involution increases metastasis of mammary tumors. (A and B) Orthotopic allograft model of ppBC. (A) Approach used to model
ppBCs in WT female virgin mice. 42-day-old mice were randomized into 2 groups: (a) one that remained nulliparous and (b) one bred for 3 days with WT
male mice. Tumors in 56- to 59-day-old mice (14.5-16.5 dpc) were injected. Pups were withdrawn at partuition. Tumors and lungs were harvested from
97-day-old mice (Inv d33 in the parous group). (B) Tumor volume, measured 2-3 times per week, is shown as the average tumor volume + SD. 1 = 6-8 per
group. ; *P < 0.05; ***P < 0.001. (C-F) Immune-competent, spontaneous ppBC model. (C) Approach used to model ppBCs in MMTV PyVmT mice. Female
mice were randomized at 42 days of age into 2 groups: (a) one that remained nulliparous and (b) one bred for 3 days with WT male mice. P = NS by log-
rank test. (D) Whole-tumor lysates assessed by Western blot analysis using the indicated antibodies. Each lane represents tumor lysates harvested from a
distinct mouse. (E) Representative images of histological lung sections. Original magnification, x400. (F) Quantification of the number of lung metastases
per mouse; each point represents a single mouse. Midline represents the average. n = 9-12 per group. P values were calculated by Student’s t test.

very abundant (30). In normal mammary glands, MerTK expres-
sion is low during puberty, maturity, and pregnancy, but is rapidly
induced during postpartum involution, when cell death peaks
(30). To determine whether MerTK is similarly induced in post-
partum mammary tumors during involution, we used Western
blot analysis of whole-tumor lysates collected at partuition (Inv

dO0) and at postpartum involution time points (Inv d7, Inv d21, and
Inv d40). We found that tumor MerTK expression was low at the
end of pregnancy (Inv dO, 64 days of age), but was strongly ele-
vated in tumors harvested at Inv d7 (Figure 2C), a time point when
TUNEL" dead tumor cells were at their peak (Figure 2B). Tumor
lysates harvested from age-matched MerTK”- mice did not show
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Figure 2. Increased tumor cell death and efferocytosis in ppBCs. (A) TUNEL analysis of tumors from virgin and postpartum mice. Representative images
are shown. Original magnification, x400. (B) Average TUNEL* cells per field (5 random fields/sample; n = 4-6). ***P < 0.001 by Student’s t test. (C)
Western blot analysis of whole-tumor lysates harvested at partuition (64 days old), Inv d7 (71 days old), Inv d21 (85 days old), and Inv d40 (104 days old).
+/+ denotes MerTK*/* PyVmT tumors; /- denotes MerTK~-PyVmT tumors. (D) WT mice treated with BMS-777607 (Inv d1-7). Representative histological sec-
tions of mammary glands harvested 1 hour after final treatment. Black arrows indicate hypercondensed nuclei of dead cells; yellow areas indicate necrotic
cells; single asterisk indicates milk fat globule. Original magnification, x400. (E-G) Allografted ppBCs treated with BMS-777607 (Inv d1-7). (E) Tumor vol-
ume was measured 2-3 times per week and is shown as the average tumor volume + SD. n = 6-8 per group. **P < 0.01; *P < 0.05. (F) Whole-tumor lysates
and MerTK immunoprecipitates from tumor lysates were assessed by Western blot analysis. (G) Representative histological sections of tumors harvested
1 hour after final treatment on Inv d7. Arrows indicate hypercondensed nuclei of dead cells. Original magnification, x400; x600 (inset). (H) Schematic
approach to assess ppBCs in MerTK*/* PyVmT and MerTK~- PyVmT mice. Average latency is indicated on timeline. P = NS by log-rank test. (I) TUNEL analy-
sis of tumors at Inv d7. Representative images are shown. Original magnification, x400. (J) Average TUNEL" cells per field (5 fields/sample;

n = 4-6 per condition). P < 0.01 by Student’s t test.

Spontaneous MMTV PyVmT tumors
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any MerTK expression, as expected. In MerTK*/* tumors, postpar-
tum tumor MerTK levels remained elevated throughout Inv d40,
as compared with what was detected in tumors harvested at Inv
dO, consistent with the hypothesis that MerTK plays an important
role in directing efferocytosis in postpartum mammary tumors.

To test this hypothesis directly, we used the MerTK tyrosine
kinase inhibitor (TKI) BMS-777607 (36) to impair MerTK activity
in mammary tumors during postpartum involution. We first con-
firmed that BMS-777607 impaired efferocytosis during postpartum
involution in normal mammary glands. Beginning at Inv d1, mice
were treated with BMS-777607 once daily through Inv d7. MerTK
inhibition produced a substantial accumulation of dying/dead cell
bodies, necrotic cells, and lipid (milk fat) globules in postpartum
mammary glands (Figure 2D), similar to what has been reported in
MerTK-deficient mammary glands during postpartum involution
(30) and thus confirming that BMS-777607 inhibits MerTK-depen-
dent efferocytosis. Next, we modified the allografted ppBC model
shown in Figure 1A, adding daily treatments with BMS-777607
beginning at Inv d1 and ending on Inv d7 (Figure 2E). This brief
treatment window coincided with the peak in dying tumor cell bur-
den (Figure 2B) and with the peak induction of MerTK expression
(Figure 2C). BMS-777607 treatment for the first 7 days of involution
did not affect tumor latency, but caused a slight decrease in the post-
partum tumor growth rate. Western blot analysis of MerTK immu-
noprecipitates from tumor lysates harvested on Inv d7 showed
decreased MerTK tyrosine phosphorylation in BMS-777607-
treated samples compared with what was detected in vehicle-
treated tumors (Figure 2F). Importantly, dead cell bodies were
abundant in BMS-777607-treated tumors on Inv d7, but not in vehi-
cle-treated tumors, demonstrating that MerTK signaling is neces-
sary for efferocytosis in postpartum mammary tumors (Figure 2G).

Because BMS-777607 can inhibit other RTKs related to
MerTK, we confirmed our findings using genetic MerTK ablation.
MerTK”- mice (inbred to FVB) crossed with MMTV PyVinT mice
were randomized into virgin or breeding groups in which pregnan-
cies were synchronized in 42-day-old mice, as described in Figure
1D. MerTK loss was confirmed in tumors from virgin mice by West-
ern blot analysis of whole-tumor lysates (Supplemental Figure 5A).
MerTK loss in virgin mice did not affect tumor latency, total tumor
burden, tumor cell proliferation, or tumor cell death (Supplemen-
tal Figure 5, B-E). Tumors from virgin MerTK”- and MerTK** mice
were histologically similar (Supplemental Figure 5F). These data
are consistent with reports that MerTK expression is not detected
in the tumor epithelial cell population of MMTV PyVmT tumors
(31), explaining in part why MerTK loss had no overt effect on
tumor latency or growth in nulliparous mice. However, given the
profound burden of dying cells that require clearance from the
mammary gland (11, 28, 29, 37) and mammary tumors (Figure
2B) during postpartum involution and the known role of MerTK in
efferocytosis, it is possible that MerTK loss uniquely affects tumor
progression in the context of postpartum involution.

We examined this hypothesis in tumors harvested from
parous MerTK"* and MerTK’- mice at the end of pregnancy/Inv
dO (when pups were withdrawn), Inv d7, Inv d21, and Inv d40
(Figure 2H). MerTK loss was confirmed by Western blot analysis
at each time point (Figure 2C). We found that MerTK loss did not
affect tumor latency in parous mice (Figure 2H; log-rank test).

RESEARCH ARTICLE

However, TUNEL analysis revealed a dramatic increase in the
presence of dead cell bodies in MerTK7-PyVmT tumors at Inv d7
(Figure 21). Dead cell bodies in MerTK”" tumors remained promi-
nent throughout postpartum Inv d40 (Figure 2J). Because we did
not observe increased TUNEL staining in mammary tumors from
virgin MerTK”~ mice (Supplemental Figure 5E) and because previ-
ous studies demonstrate that MerTK is poorly expressed in MM TV
PyVmT tumor cells (31), these data suggest that MerTK loss did not
increase tumor cell death per se, but caused an accumulation of
dead cell bodies throughout postpartum involution due to a fail-
ure in efferocytosis. This is supported by annexin V staining of
purified, cultured MerTK** PyVmT and MerTK”~ PyVmT primary
tumor cells, which revealed similar levels of cell death in both
groups (Supplemental Figure 5G).

Pharmacological or genetic MerTK ablation decreases postpar-
tum mammary tumor metastasis. To define the potential rela-
tionship between (a) widespread postpartum tumor cell death,
(b) efferocytosis of dying tumor cells, and (c) postpartum tumor
progression, we examined the impact of pharmacological MerTK
inhibition on metastasis of postpartum mammary tumors in our
allografted model of ppBC (described in Figure 2E), in which
tumor-bearing mice were treated daily with BMS-777607 begin-
ning on Inv d1 and ending on Inv d7. Tumor metastases were
counted in lungs harvested at Inv d33 (Figure 3A), revealing
metastatic lung lesions in 5 of 6 parous mice treated for 7 days
with vehicle, but in only 1 of 6 parous mice treated for 7 days with
BMS-777607. These data suggest that MerTK inhibition during
early postpartum involution decreases mammary tumor metas-
tasis. Metastases were not detected in the lungs of tumor-bearing
virgin mice (with or without BMS-777607 treatment) age-
matched to the postpartum group.

These findings were confirmed using genetic MerTK ablation
in our spontaneous tumor model of ppBC (described in Figure
2H). We found that although genetic MerTK loss in virgin mice did
not affect the number of lung metastases (Figure 3B), MerTK loss
in parous mice diminished the number of metastatic lung lesions
by more than 3-fold and by more than 6-fold at Inv d21 and Inv
d40, respectively (Figure 3C). Importantly, MerTK loss did not
affect total tumor burden in parous mice at Inv d0, d7, d21, or d40
(Supplemental Figure 6A), although histological changes associ-
ated with impaired efferocytosis were apparent in MerTK-defi-
cient postpartum mammary tumors, such as accumulation of dead
cells in fluid-filled lumens (Supplemental Figure 6B), which we
confirmed by TUNEL analysis (Supplemental Figure 6C). Taken
together, these data establish a relationship between MerTK-
mediated efferocytosis and the prometastatic environment in
postpartum mammary tumors.

Increased expression of wound-healing cytokines in postpartum
mammary tumors. Genes including I/4, Il10, and Tgfbl encod-
ing wound-healing and immunosuppressive cytokines are often
induced in response to efferocytosis(38-40). Transcriptional
induction of wound-healing and immunosuppressive cytokine sig-
natures is a major feature of the normal mouse mammary gland
during postpartum involution (26, 28, 37, 41), due at least in part
to high levels of efferocytosis occurring in this setting (30). We
used a publicly available quantitative reverse transcription-PCR
(qQRT-PCR) dataset measuring expression of Th2 cytokine genes
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Figure 3. Postpartum involution increases metastasis of ppBCs in a MerTK-dependent manner. (A) Left panels: Representative images of histological
lung sections harvested from 98-day-old virgin and parous mice harboring orthotopic allografts of mammary tumor cells (corresponding to 38 days after
tumor cell injection in both groups and corresponding to Inv d33 in the parous group). Mice were treated with BMS-777607 for 7 days beginning at 64 days
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in each mouse. P < 0.01 by Student’s t test. Original magnification, x40. (B and C) Left panels: Representative histological lung sections from virgin (B) and
parous (C) MerTK**PyVmT and MerTK~-PyVmT mice. Original magnification, x40. Right panels: Metastatic burden was quantified from H&E-stained lung
sections from all 5 lung lobes in each mouse. P values were calculated by Student’s ¢ test.
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in human breast tissue specimens collected from premenopausal
women who were either nulliparous or who were within O to 2
years of a recent full-term pregnancy (27). These data revealed
elevated IL13 and TGFBI levels in postpartum samples (n = 4-13)
compared with what was seen in samples from nulliparous women
(n = 4-20) (Figure 4A). IL4 was not reported in this dataset,
although mouse models have shown upregulation of Il4 during
postpartum involution (16, 26, 42). Levels of CD68 (a molecular
marker for total macrophage content), IFNG (a Thl-like cytokine),
and CDHI (encoding E-cadherin, to control for epithelial content)
were similar in samples harvested from nulliparous and postpar-
tum women. These findings suggest that transcripts encoding
wound-healing or Th2-like cytokines are locally elevated in post-
partum breast tissue in humans, similar to what is seen in mice,
supporting the utility of mouse mammary tumor models to under-
stand how postpartum changes in the breast microenvironment
contribute to deadly tumor metastasis.

To determine whether postpartum mammary tumors upreg-
ulate wound-healing and immune-suppressive cytokines, we
compared cytokine levels in spontaneous MMTV PyVimT tumors
harvested from 71-day-old virgin and parous (Inv d7) mice. Using
a cytokine antibody array to gain a broad and unbiased view of
cytokine expression in postpartum mammary tumors (Supple-
mental Figure 7), we found that IL-4 and IL-10 were detected at
very low levels in tumors from virgin mice, but were upregulated
in tumors from postpartum (Inv d7) mice (Figure 4B). Most cytok-
ines examined were similar in virgin and postpartum tumors (Sup-
plemental Figure 7), including osteopontin (Figure 4B). Cytokine
transcripts measured by qRT-PCR analysis of whole-tumor RNA
harvested confirmed 1110, Il4, and Tgfbl upregulation in postpar-
tum mammary tumors over what was seen in tumors from virgin
mice (Figure 4C), demonstrating that these wound-healing cytok-
ines are locally synthesized in the postpartum mammary TME. It
should be noted that wound-healing Th2-like cytokines are fre-
quently detected in clinical breast tumors (24, 43) and are associ-
ated with decreased DFS in breast cancer patients (24, 43).

Decreased wound-healing cytokines in postpartum MerTK’-
tumors. Macrophage-mediated efferocytosis is known to trigger
the production of wound-healing Th2-like cytokines, including
IL-10 and TGF-f1, although the link between tumor cell efferocy-
tosis and TME cytokine levels has not been widely investigated.
If efferocytosis in postpartum breast tumors is the primary trig-
ger for the production of Th2-like cytokines, we predicted that
the blockade of efferocytosis through MerTK inhibition would
prevent postpartum induction of wound-healing cytokines in
tumors. We tested this hypothesis using a cytokine antibody array
of whole-tumor lysates from postpartum MerTK*”* and MerTK”
mammary tumors harvested at Inv d7 (Figure 4D). Postpartum
MerTK”~ tumors exhibited decreased IL-4, IL-10, and IL-13 levels
as compared with the levels detected in MerTK*”* tumors (Figure
4E). Most of the cytokines we examined were measured at similar
levels in postpartum MerTK”* and MerTK7- tumors (Supplemen-
tal Figure 8). These results were confirmed by qRT-PCR analysis
of whole-tumor RNA, revealing reduced I/4, 1l10, and TgfbI tran-
scripts in postpartum MerTK7~ mammary tumors as compared
with those detected in postpartum MerTK** tumors (Figure 4F).
Similarly, whole-tumor RNA from allografted tumors treated with
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BMS-777607 from Inv d1 to Inv d7 revealed decreased I/10 and
Tgfbl mRNAs, although I/4 transcripts were not altered by BMS-
777607 (Figure 4G). These studies suggest that MerTK-mediated
efferocytosis enhances wound-healing Th2-like cytokine levels in
postpartum mammary tumors.

Efferocytosis of dying breast cancer cells induces Th2-like cytokine
expression. To investigate a mechanistic link between postpartum
tumor cell death and cytokine modulation by tumor-associated
macrophages, we generated a coculture-based model in which
dying breast cancer cells could be engulfed by neighboring mac-
rophages. To generate a model of dying mammary tumor cells, we
transduced PyVmT primary mammary tumor cells expressing fluo-
rescent mCherry with adenovirus expressing herpes simplex virus-
thymidine kinase (HSV-TK), rendering these cells sensitive to
gancyclovir-inducible cell death (Figure 5A). After 32 hours in the
presence of gancyclovir, PyVinT mCherry TK cells displayed more
than 85% cell death (Figure 5B and Supplemental Figure 9). These
PyVmT mCherry TK cells were cocultured with GFP-labeled mouse
macrophages (Raw267.4), followed by treatment of cocultures with
gancyclovir to induce cell death specifically in the tumor cell pop-
ulation (but not in neighboring macrophages) (Figure 5B and Sup-
plemental Figure 9). BMS-777607 was used in this coculture model
to block MerTK activity. Cocultures treated with BMS-777607 (1
uM) displayed reduced MerTK tyrosine phosphorylation (Figure
5C), as did cocultures treated with a goat anti-mouse MerTK-
neutralizing antibody (ref. 44 and Supplemental Figure 10).

Fluorescence microscopy demonstrated that many dying
PyVmT mCherry TK tumor cells were contained within cytoplas-
mic vacuoles of GFP* macrophages (Figure 5D, white arrows),
while others remained free in culture (Figure 5D, yellow arrows).
However, cocultures treated with BMS-777607 failed to exhibit any
mCherry* inclusions within GFP* macrophages, confirming that
efferocytosis was blocked by BMS-777607. PyVimT mCherry TK
cells remaining in culture after 32 hours were counted, revealing
a loss of 68.7% of gancyclovir-treated PyVmT mCherry TK tumor
cells after 32 hours in coculture with macrophages, as compared
with the number of recovered PyVmT mCherry TK tumor cells
lacking gancyclovir treatment or lacking macrophage coculture
(Figure 5E). Importantly, BMS-777607 blocked the clearance of
dying PyVmT mCherry TK tumor cells. We obtained similar find-
ings using MCF7 mCherry human breast cancer cells infected with
Ad.TK (Supplemental Figure 9), which revealed reduced recovery
of dying MCF7 mCherry TK cells in the presence of macrophages.
BMS-777607 inhibited clearance of dying MCF7 mCherry TK
tumor cells by Raw264.7 macrophages (Figure 5F). Similarly, pre-
incubation of cocultures with a neutralizing anti-mouse MerTK
antibody prior to treatment with gancyclovir impaired the clear-
ance of dying MCF7 mCherry TK tumor cells, confirming the role
of MerTK in this macrophage-mediated process (Figure 5F).

To investigate efferocytosis-induced changes in cytokines,
the efferocytosis coculture assay required modification because
Ad.TK altered cytokine levels, even in the absence of efferocyto-
sis (not shown). Therefore, we induced cell death in nonadherent
suspensions of MCF7 cells using the Bcl-2/Bcl-xL inhibitor ABT-
263 (1 uM) in combination with the phosphatidylinositol-3 kinase
(PI3K) inhibitor BKM-120 (1 uM) for 4 hours (Figure 5G). Cells
were washed 5 times to remove residual drug, then were cultured

jci.org  Volume124  Number1l  November 2014

4743



4744

RESEARCH ARTICLE The Journal of Clinical Investigation

A CDH1
25 NS
2.0 "
151 2.2
1‘0 . . %
. 0.5 .
P=NS
0 x 0l—
Nulliparous + + - + -
Postpartum - + - - - + - +
B Virgin Inv d7 Cc
003 216 215 237 413 415 419 422 o 114 Tot1
. 8- * 5- * 5 - *
Osteopontin ® — ® ®
2 6 24, 24
Lungkine 2 2 2
g E O 3 S 34
T 44 k= ke
[=] [=] [=]
~HHHE EEER -
= 21 = =
c o 14 o 1
E E E
U- . o 0‘ " . 0- . o
Virgin Inv d7 Virgin Inv d7 Virgin Inv d7
=[] [l HEEE
Spontaneous tumor model, 71-d-old
GASE IL- ‘I2p40 GAS6E IL-12p40
“ 'Axl[l 'coas[l *e ’ a A"'[l: :cmel:l .:: .
'i - " ‘i‘ . L ] - . . . ﬂ
GranB IFN =
'h‘f: he® 3 IL-4 1L-1 'h‘f: o |+ GranB| | . & IL-4 1L-1
(0} i ' § - g 8 ' [} : . .. . o R
= . e .MFG.-Egﬂ a » = I] .MFG‘-Eglj o
. ok & ® L3 . . T
"‘13 : DVEGF-D . . AL - 3 . TR DVEGF-D '
IL- 12p?0 IL-17R VEGFH3 IL-12p70 IL-17R VEGFR3
E IL-4 IL-10 IL-13 F 1.5 o 4 Tgfb1
1.407 P=003 1.69 72006 1.2 F=0007 © 0121 e 2151
= i £ T 2 * 2 — 2
2 108 £1.21 2 £ 4.0 £ 0.91 g
2" o 0.8 G G G 1.01
(=18 (=% (=% o o °
'g 0.70 _023 0.8 _023 o S 0.61 K]
5 8 To.a- < 0.5 < < o5
© 0.35- ©0.41 ® Z Z g.3- Z "
[ i i o o 0. [
M ¢ s i
0.00- 0.0- 0.0 T 0.0- 0.0- 0.0~
+[+ ofa +/+ -l + [+ f- 4+ -l- $+ .- 4+ o
G o 4 Tgfb1
1.57 buid 47 1.51 *
@ @ @
(=] o o
=4 = =4
i1 £ 5.1
S 1.0 S 51.01
- h=] h=]
o Y °
<o.5 < <g54
= 0.5 = . I = 0.5
c [i= c
* AL e ;
0.0 ] 0.0 T
BMS- 777607 - + - + - +

Figure 4. Increased expression of Th2-like cytokines in postpartum tumors requires MerTK. (A) A publicly available gqRT-PCR dataset of RNA expression
levels in normal breast biopsies harvested from premenopausal nulliparous women and premenopausal women 0-2 years after a full-term pregnancy (27)
was queried for relative expression levels of the indicated transcripts, which were normalized to dataset housekeeping genes. P values were calculated by
Student'’s t test. n = 4-20 per group. (B) Cytokine antibody array was performed using lysates from spontaneous MMTV PyVmT tumors harvested from
71-day-old mice (n = 4 tumors per group). Individual cytokine spots are shown from identical exposures. (C) Whole-tumor RNA from 71-day-old virgin and
postpartum (Inv d7) mice was assessed by qRT-PCR for /110, /4, and Tgfb1. Values are the average relative transcripts levels + SD. n = 4 tumors analyzed in
6 replicate experiments. *P < 0.05 by Student's t test. (D) Cytokine antibody array was performed using lysates from MerTK*/* PyVmT and MerTK~- PyVmT
postpartum tumors (Inv d7). n = 4. (E) Densitometry-based quantitation of relative cytokine levels in whole-tumor lysates. Selected cytokines of interest
are shown. Values are the average + SD. nn = 4. P values were calculated by Student’s t test. (F) RNA isolated from whole tumors collected from 71-day-old
parous MerTK** PyVmT and MerTK~-PyVmT mice at Inv d7 was assessed by gRT-PCR to quantify //10, /4, and Tgfb1. Values shown are the average + SD.
n=4.*P<0.05; ****P < 0.0001 by Student’s t test. (G) RNA isolated from whole tumors from parous mice treated from Inv d0 to Inv d7 with or without
BMS-777607 was assessed by gRT-PCR to quantify //10, //4, and Tgfb1. Values shown are the average + SD. n = 4. *P < 0.05; **P < 0.01 by Student’s t test.
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alone or in combination with Raw267.4 mouse macrophages.
Annexin V staining revealed that this approach induced cell death
in more than 70% of all MCF7 cells (Supplemental Figure 11).
After 16 hours of coculture, we used ELISAs to measure protein
levels of mouse IL-4 (mIL-4) and mIL-10 in the cultured media.
The use of mouse macrophages to engulf human breast cancer
cells allowed us to exploit antibody specificity to capture mouse
cytokines (macrophage-derived, in this case), while excluding
human cytokines (tumor cell-derived, in this case). When macro-
phages, dying MCF7 cells, or live MCF7 cells were cultured alone
in serum-free media, only low levels of mIL-4 and mIL-10 were
detected (Figure 5H). However, coculture of macrophages with
dying MCF?7 cells, but not live MCF7 cells, significantly increased
mIL-4 and mIL-10 (Figure 5H). Whole-cell RNA after 16 hours
revealed increased Tgfbl transcript levels in macrophages cocul-
tured with dying MCF7 cells, but not with live MCF7 cells (Figure
5H). Further, MerTK inhibition using BMS-777607 or goat anti-
mouse MerTK-neutralizing antibody decreased mIL-4 levels in
cultured media (Figure 5I). We found that induction of mIL-10
occurred when macrophages were cocultured with dead MCF7
cells, but not in the presence of the neutralizing MerTK antibody
(Supplemental Figure 12). These data suggest that MerTK-depen-
dent efferocytosis of dying breast cancer cells induces Th2-like
cytokines in the postpartum TME.

Increased infiltration of tumor-associated macrophages in
postpartum mammary tumors. During physiological postpar-
tum involution, macrophages expressing M2-like (alternatively
activated) molecular markers, such as arginase 1 (ARG1) or
CD206, are the predominant macrophage population in the
mammary gland (16, 45, 46). Importantly, M2 macrophages
increase the malignancy of ppBCs in transplantable models
(10, 13). We examined the impact of postpartum involution on
macrophages in spontaneous MMTV PyVmT tumors (Figure
6A). Immunofluorescence detection of the macrophage marker
F4/80 revealed that macrophage density was similar in tumors
from 71-day-old virgin and postpartum mice (Inv d7) (Figure
6B). However, macrophages localized to the tumor periphery in
samples from virgin mice, but infiltrated the tumor epithelium
of postpartum tumors, in agreement with what is known regard-
ing macrophages in postpartum involution (16). We measured
ARGI1 by IHC in mammary tumors from virgin or postpartum
(Inv d7) mice (Figure 6C), finding substantially increased ARG1
in tumors harvested during postpartum involution compared
with what was found in virgin samples (Figure 6D). Expression
of Mrcl, the gene encoding the M2 molecular marker CD206,
was also markedly elevated in whole-tumor RNA harvested at
Inv d7 (Figure 6E). These findings were confirmed in samples
harvested from allografted PyVmT tumors, revealing that Mrcl
levels were also higher in tumors harvested at postpartum Inv d7
compared with what we observed in tumors from age-matched
virgin mice (Figure 6E). In contrast, Nos2 (encoding iNOS, a
marker of M1-like macrophages) was expressed at similar lev-
els in tumors from 71-day-old virgin and 71-day-old postpartum
mice (Supplemental Figure 13). Thus, postpartum involution
increases intratumoral M2-like macrophages, consistent with
what has been reported for the normal mammary gland during
involution and in other models of ppBC.
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To determine whether MerTK-mediated efferocytosis is a
critical driving force for M2 macrophage polarization in postpar-
tum mammary tumors, we assessed macrophages in spontane-
ous MMTV PyVmT mammary tumors from parous MerTK”* and
MerTK”~mice at postpartum Inv d7 (Figure 6F). Loss of MerTK did
not affect total macrophage density and did not affect the number
of intratumoral macrophages (Figure 6G), suggesting that MerTK
and efferocytosis are not required to recruit tumor macrophages
during postpartum involution. However, postpartum MerTK”-
tumors harvested at Inv d7 harbored fewer ARG1" cells (the
M2-like marker) (Figure 6, Hand I) and expressed decreased Mrcl
levels as compared with postpartum MerTK*”* mammary tumors
(Figure 6]). Additionally, pharmacological inhibition of MerTK
using BMS-777607 from Inv d1 to Inv d7 resulted in decreased
Mrcl expression levels (Figure 6]). These data suggest that MerTK
signaling in the TME during postpartum involution does not affect
macrophage recruitment to tumors, but enhances the acquisition
or maintenance of M2-like phenotypes of macrophages in post-
partum tumors. Importantly, these data indicate that MerTK inhi-
bition can be used to diminish M2-like macrophage phenotypes in
postpartum mammary tumors.

Increased TGF-f signaling increases mammary tumor metas-
tasis during postpartum involution. To determine the impact of
efferocytosis-induced cytokines on postpartum mammary tumor
metastasis, we used an antibody-based approach to neutralize
2 candidate cytokines, IL-4 and TGF-B1, in postpartum tumors
(Figure 7A). Beginning at partuition, tumor-bearing WT mice
were treated with the mIL-4 antibody 11B11 twice weekly through
Inv d14. Western blot analysis of whole-tumor lysates confirmed
immune depletion of IL-4 from postpartum tumors (Figure 7B).
Despite decreased IL-4 in the TME, the number of metastatic
lung lesions was statistically similar in mice treated with 11B11
compared with the number of lesions in mice treated with an iso-
type-matched IgG (Figure 7C).

In contrast, tumor-bearing mice treated with the anti-
mouse TGF-p-neutralizing antibody 1D11 twice weekly through
Inv d14 displayed reduced levels of p-Smad2 in whole-tumor
lysates at Inv d15 (Figure 7D) and reduced numbers of meta-
static lung lesions at Inv d40 (Figure 7E) as compared with
tumors treated with isotype-matched IgG. These findings sug-
gest that efferocytosis-induced TGF-B expression increases
TGF-f signaling in mammary tumor cells during postpartum
involution to enhance tumor metastasis. Interestingly, post-
partum tumors treated with the IL-4 antibody 11B11 displayed
a further increase in Tgfbl mRNA (Supplemental Figure 14A)
and increased p-Smad?2, a TGF-B-activated transcription factor
(Supplemental Figure 14B).

TGF-B signaling is known to increase motility and invasion of
mammary tumor cells. To determine whether efferocytosis is capa-
ble of inducing TGF-B-mediated tumor cell invasion, we first estab-
lished efferocytosis cocultures composed of dead MCF7 cells (as
established in Figure 5G) cocultured with Raw267.4 macrophages
and collected the cultured media after 16 hours (efferocytosis-con-
ditioned media) (Figure 7F). We used media from cocultures of
live MCF7 cells with Raw267.4 macrophages for comparison (live
cell-cocultured media). We used efferocytosis-conditioned media
to stimulate serum-starved recipient PyVmT primary tumor cells in
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Figure 5. MerTK-dependent efferocytosis of dying breast cancer cells induces production of TGF-, IL-10, and IL-4. (A) Schematic of a novel breast cancer
efferocytosis coculture assay. PyVmT cells expressing mCherry and HSV-TK were cocultured with GFP-Raw264.7 macrophages. Gancyclovir caused cell death
in HSV-TK* PyVmT cells. BMS-777607 or neutralizing anti-MerTK antibody was used to block MerTK-dependent efferocytosis. (B) Gancyclovir-inducible cell
death in PyVmT cells. Original magnification, x400. (C) Western blot analysis of whole-cell lysates or MerTK immunoprecipitates from cocultures treated
with or without BMS-777607 (1 uM) for 16 hours. (D) Representative fluorescent images of cocultures. White arrows indicate condensed mCherry* tumor
cells within cytoplasmic vacuoles of GFP* macrophages; yellow arrows indicate condensed mCherry* cells free in culture. Original magnification, x400.

(E) mCherry* cells remaining after 32 hours in coculture. ****P < 0.0001 by Student's t test. (F) Remaining MCF7-mCherry cells were quantified. Values
represent the average + SD. **P < 0.01; ***P < 0.001. n = 6. (G) MCF7-mCherry cells were cultured for 4 hours in suspension with BKM120 (1 uM) plus ABT-263
(2 uM) to induce cell death, then seeded over adherent Raw264.7 cells and cocultured for 16 hours with or without BMS-777607 or anti-MerTK antibody. (H)
Mouse IL-4 and IL-10 ELISA of cultured media and gPCR to measure mouse Tgfb7 transcripts in whole coculture RNA. Values represent the average + SD. n
=4, each assessed in duplicate. **P < 0.01. (I) Mouse IL-4 ELISA of cocultured media. n = 4, each sample assessed in duplicate. Values are the average + SD.
**P < 0.01by Student’s t test. PyV-mCh-TK, PyVmT-mCherry-TK; PyV-mCh, PyVmT-mCherry.
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Figure 6. M2 polarization of postpartum tumor-associated macrophages requires MerTK. (A-E) Tumor sections of MMTV
PyVmT spontaneous mammary tumors from 71-day-old virgin and postpartum mice were used for analysis. (A) Represen-
tative immunofluorescent images showing CK8/18 (red) and F4/80 (green) staining; nuclei were counterstained with DAPI
(blue). n = 4. Green arrows indicate peritumoral F4/80* macrophages; white arrows indicate intratumoral macrophages.
Original magnification, x100. (B) Average (+ SD) number of total (left panel) and intratumoral (right panel) macrophages
per x400 field. n = 4, 5 fields per sample. ****P < 0.0001 by Student’s t test. (C) Representative images of IHC ARG1 stain-
ing. n = 4. Original magnification, x400. (D) Average number of ARG1* cells per x400 field. (n = 4). Values are the average +
SD. P < 0.001 by Student'’s t test. (E) Whole-tumor RNA assessed by gRT-PCR to quantify relative Mrc1. Values shown are
the average + SD. n = 4. ** P < 0.01 by Student’s t test. (F-)) MerTK** PyVmT and MerTK~- PyVmT postpartum mammary
tumors from 71-day-old mice. (F) Representative immunofluorescent images of CK8/18 (red) and F4/80 (green) staining;
nuclei were counterstained with DAPI (blue). n = 4. White arrows indicate intratumoral macrophages. (G) Total (left panel)
and intratumoral macrophages (right panel) per x400 field. n = 4, 5 fields per sample. Values are the average + SD. Stu-
dent’s t test. (H) Representative IHC images of ARG1 staining. Original magnification, x400. (I) Average number of ARG1*
cells per x400 field. n = 4. Values are the average + SD. ***P < 0.001 by Student's t test. (J) Whole-tumor RNA assessed by
gRT-PCR to quantify Mrc. Values are the average + SD. n = 4. *P < 0.05 by Student’s t test.

culture, inducing p-Smad?2 to a greater extent than cultured media
harvested from “live cell” cocultures (Figure 7G). We found that
p-Smad?2 induced in response to efferocytosis-conditioned media
was inhibited by the TGF-f receptor type 1 (TBR1) inhibitor SD208 (1
uM), confirming that bioavailable TGF- is upregulated in response
to efferocytosis. Efferocytosis-conditioned media increased inva-  nosed with ppBC (Figure 7K).
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sion of PyVmT primary

tumor cells through
Matrigel-coated  Tran-
swell filters  (Figure

7H), as did recombi-
nant TGF-p1 (2 pg/ml).
Invasion through Trans-
well filters in response
to both efferocyto-
sis-conditioned media

and TGF-p1 was
blocked by the TPR1
inhibitor SD208.

These results sug-
gest that efferocytosis
induces TGF-p in the
postpartum mammary
TME, thus enhancing
tumor cell invasion and
migration. This hypoth-
esis was tested in a 3D
invasion assay, in which
spheroids  generated
from human breast
cancer-derived cell
lines (MDA-MB-361
and SKBR3) were
embedded in a col-
lagen matrix (2.5 mg/
ml), then cultured for
24 hours. Cultures were
imaged at O and 24
hours following TGF-p1
treatment,  revealing
that TGF-B1 increased
cellular invasion away
from spheroids into the
surrounding  collagen
matrix (Figure 7I). We
observed that tumor
cell invasion from
spheroids was inhibited
by SD208 (Figure 7J).
Similarly, efferocyto-
sis-conditioned media
(but not live cell-condi-
tioned media) induced
invasion of tumor cells
from the spheroid into
the collagen matrix, but
was blocked upon treat-

ment with SD208. Altogether, these data suggest that increased
metastasis of postpartum breast tumors is due in large part to
efferocytosis-dependent cytokine modulation in the postpartum
mammary gland and identify MerTK and TGF-p as potential ther-
apeutic targets to improve the outcome for young women diag-
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Discussion

Premenopausal breast cancers diagnosed during postpartum
involution are more frequently diagnosed at metastatic stages
as compared with premenopausal breast cancers diagnosed in
nulliparous women, pregnant women, or women whose preg-
nancies occurred more than 10 years before diagnosis (5-8).
We have used a spontaneous model of breast cancer to study
postpartum mammary tumors within the context of the native
TME and a fully competent immune system. Postpartum involu-
tion profoundly increased tumor metastasis in this spontaneous
tumor model. We verified the results using an allografted mam-
mary tumor model introduced at late pregnancy, which would be
less influenced by pregnancy-associated events. Results from the
present study establish a causal relationship between the tissue
remodeling events of physiological postpartum involution and
the increased metastasis of postpartum mammary tumors. Both
scenarios are characterized by a transient widespread wave of
cell death, efferocytosis, M2 macrophage polarization, and pro-
duction of key wound-healing cytokines, of which the latter 2
correlate with advanced disease and reduced DFS in breast can-
cer patients (16, 24, 25, 43).

Our results suggest that increased tumor cell death during
postpartum involution triggers efferocytosis, which then induces
a stromal wound-healing response that enhances tumor malig-
nancy. Importantly, we identified that MerTK, a critical regula-
tor of efferocytosis in physiological postpartum involution (30),
is also required for efferocytosis in postpartum mammary tumors
during involution, driving M2 macrophage polarization and
wound-healing cytokine production. Pharmacological MerTK
inhibition using BMS-777607 reduced efferocytosis, wound-heal-
ing cytokines, and metastasis in postpartum mammary tumors.
Although BMS-777607 also inhibits Met, Ron, Axl, and Tyro3
(36), we confirmed that MerTK uniquely performs these roles
in postpartum mammary tumors using genetic MerTK ablation
(Supplemental Figure 15). Additional studies will be required to
determine how these other RTKs contribute to postpartum tumor
progression, but we propose that BMS-777607 might be used for
short durations during postpartum breast remodeling as a poten-
tial strategy to inhibit MerTK-mediated efferocytosis and the
wound-healing events that follow.

A widespread burden of dying cells in any healthy or injured
tissue requires a mechanism to clear dying cells (47-49). In
some tissues, such as the epidermis or the gut, dying cells can be
sloughed. However, in other tissues, including the retina or the
involuting mammary gland, removal of dying cells is achieved
through efferocytosis, a process that relies on MerTK (49-52).
MerTK recognizes, binds to, and engulfs dying cells marked by
phosphatidyl serine (PS), doing so in conjunction with its lig-
ands (Gas6, protein-S, galectin-3, Tubby, and Tubby-like pro-
tein 1 [TULP-1]; reviewed in ref. 39]. Efferocytosis is known
to produce a shift in macrophage phenotypes toward M2-like
characteristics (albeit through unknown mechanisms) and to
induce transcription of Th2-like cytokines, including [/10 and
Tgfbl (53-55). Genetically engineered mouse models demon-
strated that signaling through IL-4 and TGF-p also enhances
M2 macrophage polarization (21, 56, 57). Thus, it is possible
that MerTK initiates M2 macrophage polarization through effe-
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rocytosis-mediated induction of IL-4 and TGF, although this
hypothesis remains to be tested. Based on our findings herein,
we propose that MerTK-dependent efferocytosis is the driving
force behind changes in cytokine levels during physiological
postpartum involution and in postpartum mammary tumors.
This hypothesis is supported by previous studies showing that
MerTK loss from the mammary gland during physiological post-
partum involution reduces efferocytosis of dying MECs, caus-
ing impaired upregulation of /10 and Tgfb1 (30). Other studies
demonstrated that MerTK-mediated efferocytosis of dying neu-
trophils or injured cardiomyocytes, liver cells, or lung epithelial
cells induces the transcription of wound-healing cytokines that
promote resolution of acute inflammation and tissue repair (47,
50, 54, 58-62). While MerTK-mediated efferocytosis is desir-
able in physiological (e.g., postpartum involution of the breast)
or pathological (e.g., tissue damage) wound-healing situations,
our results suggest that efferocytosis-mediated tissue repair in
tumors would enhance tumor metastasis. We show herein that
MerTK was in large part responsible for the exaggerated metas-
tasis of ppBCs and for a robust M2-like macrophage presence in
postpartum tumors, without affecting total tumor macrophage
content. Thus, our studies provide the first illustration to our
knowledge of how efferocytosis promotes malignant cancer pro-
gression in the endogenous TME.

These findings are consistent with previous reports indicat-
ing that loss of MerTK or its ligand Gas6 decreases tumor malig-
nancy in transplantable tumor models in virgin mice, without
affecting macrophage recruitment to tumors (31, 63). The previ-
ous studies reported that adoptive transfer of MerTK-deficient
bone marrow reduced tumor growth over the course of 20 weeks
and altered tumor cytokine levels, although lung metastasis and
efferocytosis were not reported in this model (31). Together,
the current and previous studies suggest that MerTK inhibition
reduces tumor malignancy through impaired efferocytosis-
induced cytokine modulation. Conversely, increased MerTK
expression correlates with decreased DFS in many cancers and
may decrease tumor response to chemotherapies (64-66), albeit
through unknown mechanisms.

Our results indicate that efferocytosis-induced expression
of TGF-B1 increases invasion and motility of mammary tumors
cells and that blocking MerTK for the first 7 days of involution,
or blocking TGF-p for the first 14 days of involution, is sufficient
to impair formation of lung metastases through later time points.
The observation that a 7-day time course of MerTK inhibition dur-
ing early involution was sufficient to provide a therapeutic effect
is of great interest, as a potential on-target side effect of sustained
MerTK inhibition may be increased autoimmunity. Limited use of
a MerTK inhibitor during a short postpartum window would mini-
mize the risk of developing autoimmunity and may be sufficient to
limit the profound wound-healing response initiated by efferocy-
tosis during postpartum involution.

In summary, we have shown that changes that occur dur-
ing physiological postpartum involution, including widespread
cell death, MerTK-dependent efferocytosis, and induction of
wound-healing cytokines, similarly occur in postpartum mammary
tumors, enhancing tumor metastasis. This knowledge will advise
new potential strategies for the prevention and treatment of ppBCs.
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Figure 7. Postpartum TGF-$1 induction increases metastasis of ppBCs. (A) Postpartum mammary tumors were treated with antibodies against IL-4
(11B11) or TGF-B (1D11) twice weekly (Inv d1-14). (B) Western blot analysis of whole-tumor lysates 24 hours after final treatment. (C) Average number of
lung metastases per mouse. Each point represents 1 mouse. Midline and whiskers represent the average + SD. Student’s t test. n = 9-12. (D) Western blot
analysis of whole-tumor lysates 24 hours after final treatment. (E) Average number of lung metastases per mouse. Each point represents 1 mouse. Midline
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Methods

Mice. All mice were inbred on an FVB background for more than 10
generations. WT FVB, MMTV PyVmT and MerTK’/" mice (67), orig-
inally referred to as MerP, were purchased from The Jackson Labo-
ratory. Mice were genotyped by PCR of genomic DNA as previously
described(30). Female virgin mice were randomized into 2 groups: (a) 1
group that remained virgin, and (b) 1 group that was bred from 42 to 44
days of age with WT male mice. Pregnancies were timed according to
identification of a vaginal semen plug, indicating 0.5 dpc. PyVmT pri-
mary mammary tumor cells harvested from MMTV PyVinT polyclonal
tumors (previously described in ref. 68) were collected by trypsiniza-
tion, suspended 1:1 in growth factor-reduced Matrigel, and 1 x 10° cells
were injected into the inguinal mammary fat pads of 57- to 59-day-old
virgin or pregnant (14.5-16.5 dpc) WT female mice. MMTV PyVnT
mice were bred with MerTK7~ mice to generate MerTK** PyVmT and
MerTK7-PyVmT mice. Mice were monitored daily for tumor formation
by manual palpation. Pups were withdrawn at partuition to initiate
involution, such that partuition was deemed Inv dO. Mice were main-
tained until no longer than 104 days of age, corresponding to Inv d40.
In some cases, mice were treated by oral gavage with BMS-777607
(Selleck Chemicals) once daily for 7 days at 50 mg/kg in 50 pl of 0.1%
Tween 80 and 0.5% methylcellulose. Where indicated in the figures,
mice were treated twice weekly with 11B11 or 1D11 or isotype-matched
IgGs (10 mg/kg) for 2 weeks beginning at Inv d0. 1D11 (HB-9849) and
11B11 (HB-188) were purchased from ATCC. Hybridomas were cul-
tured, and antibodies were harvested and purified by the Vanderbilt
Antibody and Protein Shared Resource.

Western analysis, immunoprecipitation, and cytokine antibody
arrays. Cells and tissues were homogenized in ice-cold lysis buffer
(50 mM Tris, pH 7.4, 100 mM NaF, 120 mM NaCl, 0.5% NP-40, 100
uM Na,VO,, 1X protease inhibitor cocktail [Roche]), sonicated for 10
seconds, and cleared by centrifugation at 4°C, 13,000 g for 5 minutes.
Protein concentration was determined using the BCA Protein Assay
(Pierce Biotechnology). Proteins were separated by SDS-PAGE, trans-
ferred to nitrocellulose membranes, blocked in 3% gelatin in TBS-T
(Tris-buffered saline, 0.1% Tween 20), incubated in primary antibody
overnight and in HRP-conjugated anti-rabbit or anti-mouse for 1 hour,
and developed using ECL substrate (Pierce Biotechnology). The fol-
lowing primary antibodies were used: MerTK (o-actin, 1:10,000; Sig-
ma-Aldrich); AKT and S473 P-Akt (1:2,000 and 1:500, respectively;
Cell Signaling Technology); S6 and P-S6 (1:1,000; Cell Signaling
Technology); Rabll (1:1,000; Cell Signaling Technology). Immu-
noprecipitation of MerTK from 1 mg protein lysate or cell lysate was
performed using goat anti-mouse MerTK antibody (R&D Systems).
For cytokine arrays, whole-tumor lysates were collected and cytokine
levels assayed as outlined in the mouse cytokine C1000 (8) antibody
array protocol (RayBiotech). Relative cytokine levels were quantified
using Image] software (NIH).

Histological analysis, IHC, and immunofluorescence. Tumors and
mammary glands were fixed in 10% formalin (VWR Scientific), par-
affin-embedded, sectioned (5 um), and stained with H&E at the Van-
derbilt University Medical Center Translational Pathology Shared
Resource. IHC using rabbit antibodies against PCNA (FL-261, diluted
1:200) or arginase 1 (N-20, diluted 1:100) was performed as previously
described (69) and developed using the Vectastain kit (Vector Labo-
ratories). TUNEL analysis was performed with the TUNEL kit (Milli-
pore). Immunofluorescence staining was performed with the following
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antibodies in 12% fraction V BSA (RPI Corp.): CK8 1:500 (RDI, Fitzger-
ald); F4/80 1:100 (Invitrogen); and goat anti-hamster and anti-rabbit
1:200 (Molecular Probes, Life Technologies). Slides were mounted in
SlowFade with DAPI (Molecular Probes, Life Technologies).

gRT-PCR. Whole-tumor RNA was harvested with an RNeasy
kit (QIAGEN), and ¢cDNA was synthesized (High Capacity; Applied
Biosystems) and amplified using the murine cDNA-specific prim-
ers (Integrated DNA Technologies) listed in Supplemental Methods,
along with SYBR Green Supermix (Bio-Rad). The following prim-
ers were used: MRCI (forward: 5° CCCTCAGCAAGCGATGTGC 3’
reverse: 5-GGATACTTGCCAGGT CCCCA-3); iNOS (forward:
5'-GGAGCATCCCAAGTACGAGTGG-3; reverse: 5'-CGGCC-
CACTTCCTCCAG); ILIO (forward: 5'-GGCGCTGTCATC-
GATTTCTCC; reverse: 5'-GGCCTTGTAGACACCTTGGTC); Tgfbl
(forward: 5'-CGCAACAACGCCATCTATGAG; reverse: 5-CGG-
GACAGCAATGGGGGTTC);IL4 (forward:5'-GGTCACAGGAGAAGG-
GACG; reverse: 5'-GCGAAGCACCTTGGAAGCC);, IL12b (forward:
5'-GGAGTGGGATGTGTCCTCAG; reverse: 5'-CGGGAGTCCAGTC-
CACCTCT); CCL3 (forward:5'-CCACTGCCCTTGCTGTTCTTCTCT;
reverse: 5'-GGGTGTCAGCTCCATATGGCG); and RplpO (forward:
5'-TCCTATAAAAGGCACACGCGGGC; reverse: 5-AGACGATGT-
CACTCCAACGAGGACG). Target gene Ct values were normalized
to mRplpO (housekeeping gene) Ct values according to the formula:

(Cttargeggm- CtRplpO) Sample A - (Ctlargel gene-CtRplpO)Sample B*
as the mean in fold differences (+ SE, n=4).

Values were analyzed

Macrophage, ACs, and efferocytosis coculture assay. PyVmT pri-
mary mammary tumor cells and MCF7 human breast cancer cells
(ATCC) were transduced with viral particles (Ad.mCherry [Vector
Biolabs], Ad.HSV-TK (70), or pBABE-GFP [10668; Addgene], and
pLL5.0-LoxP-mCherry [Gateway]) at 5 x 10? particle-forming units
per milliliter. Raw264.7 mouse macrophage cells (ATCC) were
transduced with pBMN-GFP. Where indicated in the figures, cells
were treated with gancyclovir (Sigma-Aldrich). To generate apop-
totic MCF7, cells were treated in suspension with 1 pum BKM120 plus
2 um ABT-263 (both inhibitors from Selleck Chemicals) for 4 hours,
washed 5 times with PBS to remove residual drug, and used directly
for efferocytosis assays or for annexin V staining. For efferocytosis
coculture assays, Raw264.7-GFP cells (10*/well) and PyVmT or
MCF7 cells (72 hours after infection with Ad.mCherry and Ad.HS-
V-TK) were seeded together in a monolayer in 24-well plates in 2%
FBS and cultured for 24 hours prior to the addition PBS or gancy-
clovir. Cells were imaged at 8, 16, and 32 h after addition of gancy-
clovir. Cells were collected and counted under fluorescence after 32
hours of coculture. In some experiments, Raw264.7-GFP cells (10*/
well) were seeded in a monolayer in 24-well plates and cultured for
24 hours prior to the addition of 10° live MCF7-mCherry or 10° dead
MCF7-mCherry cells in serum-free media. Where indicated in the
figures, BMS-777607 (1 um) or a neutralizing goat anti-mouse MerTK
antibody (AF591, 25 pg/ml; R&D Systems)(44) was added 2 hours
prior to the addition of gancyclovir or 2 hours prior to the addition of
dead MCF7 cells to macrophage monolayers. Live and dead MCF7
cells were similarly seeded without Raw264.7 cells as single cultures.
Media were collected after 16 hours of coculture, passed through a
0.2-um filter, and used neat (250 pl) to quantify murine IL-10 and
IL-4 by ELISA (BioLegend) according to the manufacturer’s proto-
col. Total remaining cells were collected after 16 hours of coculture,
lysed, and RNA was collected using an RNeasy kit (QIAGEN).
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Collagen invasion assay. MDA-MB-361 and SKBR3 cells were
purchased from ATCC and used at low passage. Single-cell suspen-
sions of cells (1 x 10%) were cultured in low-adhesion plates (Corn-
ing Inc.) for 7 days in serum-free media supplemented with insulin
and hydrocortisone to generate spheroids, which were transferred to
collagen type I (2.5 mg/ml; Invitrogen), and collagen gels were poly-
merized according to the manufacturer’s directions. Collagen matri-
ces were overlain with uncultured media with or without TGF-$1
(2 pM) and with or without the TRI inhibitor SD208 (1 uM), or with
cultured media harvested from Raw264.7 macrophages cocultured
with either live cells (live cell-cocultured media) or dead cells (effe-
rocytosis-cultured media) with or without SD-208. Spheroids were
photographed immediately (¢ = O hours) and again after 24 hours of
culture. The area of each colony at each time point was measured
in pixels using Olympus DP2 software. The area at O hours was sub-
tracted from the area at 24 hours to obtain the invasion area of the
colony over the 24-hour period.

Statistics. All statistical analysis was carried out using GraphPad
Prism software. Kaplan-Meier tumor-free survival analysis was used
to assess tumor latency. One-way ANOVA or an unpaired 2-tailed
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Student’s ¢ test, with a 95% confidence interval, was used to deter-
mine significance for all other data. A P value less than 0.05 was con-
sidered significant.

Study approval. Mice were maintained in AAALAC-approved ani-
mal facilities at Vanderbilt University. The protocols performed herein
were reviewed and approved by the IACUC of Vanderbilt University.
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