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1. INTRODUCTION.

We have proposed experiments to test the hypothesis that MerTK-mediated efferocytosis by tumor
associated macrophages (TAMSs) is a major limitation to effective therapeutic responses, because
efferocytosis of dying tumor cells drives production of wound-healing/Th2-likecytokines, limits anti-tumor
immunity, and promotes tumor growth. Two Aims were proposed to test this hypothesis. The goal of Aim
1 was to determine if MerTK-directed efferocytosis modulates cytokine expression, leukocyte infiltration,
and growth of mouse mammary tumors, specifically testing the hypothesis that loss of MerTK would
impair efferocytosis of dying tumor cells by TAMs, thus limiting production of Th2/WH cytokines in the
tumor microenvironment (TME), resulting in decreased tumor growth and metastasis. This Aim relies on
the use of an immune competent mouse mammary tumor model with systemic loss of MerTK, measuring
intra-tumoral leukocytes and tumor epithelial cell signaling using flow cytometry. This Aim also proposed
using a novel cell co-culture model to assess MerTK-mediated efferocytosis by time-lapse microscopy.
The goal of Aim 2 was to measure the impact of MerTK-directed efferocytosis on tumor re-emergence in
therapeutically treated breast cancers, specifically testing the hypothesis that loss of MerTK-directed
efferocytosis in the TME will limit Th2/WH cytokines, thereby preventing immune tolerance and tumor
regrowth. Like experiments proposed in Aim 1, those proposed in Aim 2 use an immune competent mouse
mammary tumor model with systemic loss of MerTK or with pharmacological MerTK inhibition,
measuring intra-tumoral leukocytes and tumor epithelial cell signaling in the post-therapeutic setting using
flow cytometry and monitoring post-treatment tumor progression.
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3. Accomplishments
l. Overview.

We have proposed experiments to test the hypothesis that MerTK-mediated efferocytosis by tumor
associated macrophages (TAMS) is a major limitation to effective therapeutic responses, because
efferocytosis of dying tumor cells drives production of wound-healing/Th2-like cytokines, limits anti-
tumor immunity, and promotes tumor growth. Scope: Two Aims were proposed to test this hypothesis.

. What were the major goals of the project?

The goal of Aim 1 was to determine if MerTK directed efferocytosis modulates cytokine expression,
leukocyte infiltration, and growth of mouse mammary tumors, specifically testing the hypothesis that
loss of MerTK would impair efferocytosis of dying tumor cells by TAMs, thus limiting production of
Th2/WH cytokines in the tumor microenvironment (TME), resulting in decreased tumor growth and
metastasis. The goal of Aim 2 was to measure the impact of MerTK-directed efferocytosis on tumor
reemergence in therapeutically treated breast cancers, specifically testing the hypothesis that loss of
MerTK directed efferocytosis in the TME will limit Th2/WH cytokines, thereby preventing immune
tolerance and tumor regrowth.

I1l.  what was accomplished under these goals?

Table 7. Statement of Work Timeline
Year Yearl Year2 Year3

Quarter Q1 Q2 Q3 04 105 06 |7 ko8 g9 |o10 p11 j12

Task 1 [Generate tumor-bearing mice

Aim |Task 2 [Tumeor formation &progression

1 |Task 3 [Tumor and tissue analysis *
Task 4 [maging of efferocytosis

Task 5 |Generate tumor-bearing mice

Aim (Task 6 [Tumer formation
2 |Task 7 [Tumer treatment and growth

Task B [Tumer and tissue analysis _

Year 1 (Quarters 1-4)

i Task 1. Generate tumor-bearing mice. [Taskl was completed, in accordance with the
scheduled timeline, in Year 1, Quarters 1-4.] We used three rounds of breeding (as shown in
Statement of Work Table 5, below) to generate 12 female MerTK++NICcherry mice and 12 female
MerTK--NICcherry mice. These studies were completed in early Quarter 4 (March, 2014), resulting in
a complete cohort (controls and experimentals) of age-matched siblings born between March 1, 2014
and March 20, 2014.

Year 1-2 (Quarters 1-7)

ii. Task 2. Tumor formation and progression. (Quarters 1-7). The average tumor latency for the
MMTV-NIC mouse model is 6.5 months. Thus, mice generated in Task1 developed tumors arising
between late Quarter 5 and early Quarter 7. We palpated mouse mammary glands twice weekly to
detect tumors beginning when mice were 3 weeks of age to detect tumors.
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Year 2 (Quarters 5-8)

Task 3. Tumor and tissue analysis. [Task 3 was completed, in accordance with the
scheduled timeline, Year 2, Quarters 5-8] Our major findings are shown below, and are
published in Journal of Clinical Investigation (Cook et al., 2013; published manuscript is
enclosed as Appendix 1) and published in Journal of Clinical Investigation (Stanford et al.,
2014, enclosed as Appendix 2)

Loss of MerTK does not affect the rate of mammary tumor formation (i.e., tumor latency) in
nulliparous female mice. (See Appendix 2, Supplemental Figure S5B)

Loss of MerTK does not affect the rate of mammary tumor growth (tumor volume) or
proliferation (PCNA+ cells) in nulliparous female mice. (See Appendix 2, Supplemental Figure
S5D)

Loss of MerTK does not affect the number of CD45+ leukocytes in the tumor microenvironment.
(Appendix 2, Supplemental Figure S5C).

Loss of MerTK increases macrophages and dendritic cells in the tumor microenvironment
(Appendix 1, Figure 3A-3B).

Loss of MerTK increases tumor-induced lymphocyte proliferation (Appendix 1, Figure 3D)
Loss of MerTK does not affect the number of TUNEL+ cells in mammary tumors from
nulliparous mice. (Appendix 2, Supplemental Figure S5E)

. Widespread cell death during post-partum involution induces M2 macrophage polarization, but

this is blocked by MerTK loss. (Appendix 2, Figure 6C-E and Figure 6H-J).

Loss of MerTK does not affect the number of nulliparous female tumor-bearing mice harboring
lung metastases or the average number of lung metastases per mouse. (Appendix 2, Figure 3B).
However, in the context post-partum involution, when efferocytosis increases causing increased
tumor metastasis, loss of MerTK blocks the post-partum increase in the number of lung
metastases (Appendix 2, Figure 3C).

Loss of MerTK causes an accumulation of dying tumor cell bodies (carcasses) in the context of
post-partum involution, but not in tumors from nulliparous mice. (Appendix 2, Figure 2A-B).
Loss of MerTK does not profoundly affect expression of TGFf, IL-10, or IL-4 in tumors
harvested from nulliparous mice, but MerTK loss prevents the induction of tumor TGFj, IL-10,
and IL-4 during post-partum involution. (Appendix 2, Figure 4A-G, and Appendix 1, Figure
3C-D).

Targeted inhibition of TGFf using the antibody 1D11 does not affect tumor metastasis in
nulliparous mice, but blocks the post-partum induction of metastasis (Appendix 2, Figure 7D-J),
revealing a key role for TGFf signaling in MerTK-directed enhancement of metastasis during
post-partum involution.

Year 2 (Quarters 5-8)

iv.

Task 4. Imaging of efferocytosis. [Task 4 is complete, in accordance with the scheduled
timeline, Year2 Quarters 5-8.] Our major findings are listed below, and are published in the
Journal of Clinical Investigation (Appendix 2).

Co-culture of live breast cancer cells with macrophages does not induce the engulfment of tumor
cells by macrophages. In contrast, co-culture of dying breast cancer cells with macrophages
induces the engulfment of the dying tumor cell by macrophages. (Appendix 2, Figure 5D-E)



B. Engulfment of the dying cell (i.e., efferocytosis) is blocked upon inhibition of MerTK using anti-

MerTK antibodies or small molecular tyrosine kinase inhibitors of MerTK. (Appendix 2, Figure
5D-F)

Efferocytosis of dying cancer cells by macrophages induces expression changes in macrophages
that support the production of Th2-like/wound healing cytokines, including IL-4, 1L-10, and
TGFbeta. (Appendix 2, Figure 5H-1)

Blockade of MerTK (i.e., blockade of efferocytosis) blocks induction of wound healing
cytokines. (Appendix 2, Figure 5H-1)

Year 3 (Quarters 9-12)

Vi.

Vil.

Task 5. Generate tumor-bearing mice. [Task 5 is completed, in accordance with the
scheduled timeline, Quarters 9-12]. While this task was not experimental in nature, it was a
necessary step for enabling the experiments outlined below in Task 7. Thus, our major findings
for Task 5 are that tumor-bearing mice were generated as expected, and we able to move on to
Task6 (another necessary but non-experimental task that enabled progression to Task7
experimentation).

Task 6. Tumor formation and progression. [Task 6 is completed, in accordance with the
scheduled timeline, Quarters 9-12.] While this task was not experimental in nature, it was a
necessary step for enabling the experiments outlined below in Task 7. Thus, our major findings
for Task 6 are that tumor generation occurred as expected, and we able to move on to Task 7.

Task 7. Tumor treatment and growth. [Task 7 is completed, in accordance with the C.
scheduled timeline, Quarters 9-12.]

A. Apoptosis in response to therapeutic treatment of breast cancer increases tumor
collagen accumulation (Figure 1A-1B). We used the MMTV-HER?2 transgenic mouse model of
HER2-amplified breast cancer. These tumors develop in the FVB mouse background, which is a
fully immune-competent model. These tumors express human HER2, which drives tumor formation.
Previous studies confirmed that these tumors are lapatinib-sensitive, and that lapatinib-treated tumor
cells undergo apoptosis. Therefore, when MMTV-HER2 mammary tumors reached a volume of 100
mm?®, mice were randomized into two treatment groups (Figure 1A), the first receiving a single
treatment with vehicle (50 ul of 0.5% methyl cellulose and 0.1% tween-80 in sterile water), and the
other receiving a single treatment with lapatinib (100 mg/kg, emulsified in 50 pl vehicle). TUNEL
analysis of tumors collected 1 day after treatment with lapatinib confirmed lapatinib-mediated
induction of apoptosis in MMTV-HER2 tumors (Figure 1B, upper panel, N = 3 per condition). To
examine potential wound healing in tumors in the post-treatment setting, we harvested tumors 7 days
after the single treatment with lapatinib, and assessed tumors histologically (Figure 1B, lower
panels). Analysis of formalin-fixed paraffin embedded (FFPE) tumor sections stained with
hematoxylin and eosin (H&E) revealed extracellular matrix (ECM) deposition throughout lapatinib-
treated tumors, while vehicle-treated tumors did not display ECM accumulation.

B. Apoptosis in response to therapeutic treatment of breast cancer increases immune
suppressive leukocytes in tumors (Figure 1). We assessed additional molecular markers of
wound healing, including wound healing-associated Tregs and M2-like macrophages/MDSCs, in
lapatinib-treated tumors. Immunohistochemical staining for FoxP3, a molecular marker of TgegS, was
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markedly increased in lapatinib-treated tumors, as was staining for Arginase 1, a marker of M2-like
macrophages and MDSCs.

C. Apoptosis in response to therapeutic treatment of breast cancer increases immune
suppressive cytokines in tumors (Figure 1C). RT-qPCR analysis of tumors harvested 7 days
after treatment revealed increased expression of genes encoding wound healing-associated cytokines
1110, 1113, and Tgfbl (Figure 1C, N = 3), which collectively dampen cytotoxic immune responses.
Importantly, we saw upregulation of Mertk in lapatinib-treated tumors, consistent with the hypothesis
that increased MerTK-mediated efferocytosis is upregulated in the context of widespread tumor cell
death.

Figure 1. Treatment-induced apoptosis increases immune suppressive TME

A 100 mm?3 MMTV-HER2
tumors
!
Vehicle Lapatinib

(singe dose on d0) (singe dose on d0)

C MMTV-HER2 tumors
Treatment Day 7

Vehicle (7d)

8- mz Mertk
P <0.0001 P <0.001

6
* Tgfb1
Mo M P <0.001 =
P=0.005 ns.

Lapatinib - + - + - + - + - +

H&E

Relative mRNA
B

_FOXP3

A. Schematic of treatment groups.
B. Histological analyses of tumors
collected 1 day or 7 days after a
single treatment with lapatinib. Red
arrows indicate TUNEL+ cells in
upper panel.

C. RT-gPCR analysis of tumors

D. Inhibition of MerTK-mediated efferocytosis in lapatinib-treated MMTV-HER2 tumors
(Figure 2A-2B). We administered a single dose of vehicle or lapatinib to MMTV-HER2 tumor-
bearing mice when tumors reached 100 mm?, then further randomized these into two additional
groups for daily treatment with vehicle (50 ul of 0.5% methyl cellulose and 0.1% tween-80 in sterile
water), or daily treatment with the MerTK inhibitor BMS-777607 (20 mg/kg, emulsified in 50 pl
vehicle). It should be noted that BMS-777607 also inhibits the receptor tyrosine kinases Met, Ron,
Axl, and Tyro-3. Western analysis of tumors harvested 1 day after initial treatment confirmed
lapatinib-mediated inhibition of HER2 tyrosine phosphorylation, and lapatinib-mediated blocked of
Akt phosphorylation (Figure 2B), consistent with the known role of HER2 in driving PI3K/AKkt
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pathway. Western analysis confirmed that lapatinib treatment did not alter MerTK tyrosine
phosphorylation, but that BMS-777607 potently blocked MerTK tyrosine phosphorylation. Further,
these studies revealed that BMS-777607 did not alter P-Akt levels, either as a single agent or in
combination with lapatinib.

E. Blockade of MerTK-mediated efferocytosis fails to inhibit IL-10 induction in the
therapeutic setting (Figure 2C). To examine the impact of MerTK-mediated efferocytosis on
establishing a wound healing phenotype following lapatinib treatment, we harvested tumors 7 days
after initial treatment, using RT-qPCR to measure relative expression of wound healing-associated
cytokines IL-13, IL-4, and I1L-10 (Figure 2C). Although we expected that MerTK inhibition would
have blocked the lapatinib-induced elevation of wound healing cytokines, this occurred only for IL-
13, and not for IL-4 or for IL-10.

Figure 2. BMS-777607 blocks efferocytosis but not immune suppressive wound
healing features in lapatinib-treated tumors
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days

F. Blockade of MerTK-mediated efferocytosis fails to block collagen deposition and immune
suppressive leuukocyte accumulation (Figure 2D-2E). TUNEL analysis of FFPE sections from
tumors harvested 1 day after initial treatment revealed that MerTK inhibition using BMS-777607
increased the number of TUNEL+ cells in lapatinib-treated tumors (Figure 2D). Although this could
be interpreted as an increase in total tumor cell death, this scenario is unlikely given that MMTV -
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HER2 tumor cells do not inherently express MerTK (data not shown), and given that BMS-777607
did not affect P-Akt levels when used alone or in combination with lapatinib (Figure 2B). Therefore,
we tentatively conclude that the increased content of TUNEL+ cells in samples treated with lapatinib
+ BMS-777607 is due to the blockade of efferocytosis, resulting in an accumulation of dead cell
bodies. Analysis of FFPE tumor sections harvested on treatment day 7 revealed that BMS-777607 had
little impact on ECM deposition, as seen in H&E-stained sections, or the presence of Arg-1 cells, as
measured by immunohistochemistry (Figure 2D). Flow cytometry of tumors harvested 7 days after
treatment revealed that tumors treated with the combination of lapatinib + BMS-777607 harbored an
increased content of MDSCs (CD45"CD11b"F4/80™9Ly6G") and Tregs
(CD45'CD3'CD4"CD8™9FoxP3") over what was seen in tumors treated with lapatinib alone (Figure
2E). Additionally, the mean fluorescence intensity (MFI) of LAG3 in CD8+ T-cells was robustly
increased in tumors treated with the combination of lapatinib + BMS-777607, suggesting that, rather
than increased cytotoxicity of CD8+ T-cells as we might have anticipated, we found increased anergy
and/or exhaustion of CD8+ T-cells upon inhibition of efferocytosis. These data have not yet been
published.

G. Blockade of MerTK-mediated efferocytosis will increase necrosis (Figure3A). In sterile
wounds of untransformed tissues, blockade of efferocytosis causes apoptotic cells to undergo a
secondary necrosis (Figure 3A), which is known to cause IFNy induction and a pro-inflammatory
response. Interestingly, IFNy also induces expression of an enzyme called IDO-1, a potently immune
suppressive enzyme (Figure 3A), which converts tryptophan (Trp) to kynurenine (Kyn), thus
supporting expansion of Tregs and MDSCs, preventing expansion of effector T-cells, and blocking
maturation of NK, DC, and macrophages, collectively dampening inflammation to promote wound
healing in post-necrotic sterile wounds.

H. IFNG directly correlates with IDO1 expression in invasive breast cancers, which correlates
with a worse outcome for patients (Figure 3B). We examined the correlation between IFNG and
IDO1 mRNA levels in clinical breast tumor specimens using an expression dataset generated from
invasive breast cancers curated by The Cancer Genome Atlas (TCGA), confirming a direct correlation
between IFNG and IDO1(Figure 3B, left panel). The potential importance of IDO-1 in breast tumors
was illustrated in this same dataset, revealing that overall survival (OS) of patients whose tumors
over-expressed IDOL1 (defined as levels 2.0 S.D. greater than the median levels of all samples
combined) was substantially diminished as compared to the remaining patients (Figure 3B, right
panel), underscoring the key role of IDO-1 in tumor progression.

I. Blockade of MerTK-mediated efferocytosis increased 1fng and Idol levels and IDO-1
activity in therapeutically-treated tumors in vivo (Figure 3C-3E). We measured Ifng and Ido1
levels in MMTV-HER2 tumors treated with a single dose of lapatinib (or vehicle) on day 0, followed
by 7 daily treatments with BMS-777607 (or vehicle) as described in Figure 2A. We found increased
levels of both Ifng and Idol in tumors treated with the combination of lapatinib and BMS-777607 as
compared to those treated with lapatinib alone (Figure 3C, left two panels). Further, ELISA-based
measurements of Kyn and Trp in plasma harvested from tumor-bearing mice revealed a large increase
in the Kyn:Trp ratio, consistent with increased IDO-1 activity (Figure 3C, right panel)

Because numerous factors within the complex TME might cause upregulation of IDO-1 activity, we
used a cell culture-based model to understand how blockade of MerTK-mediated efferocytosis might
affect Idol and Ifng expression by RT-gPCR. MMTV-HER2-derived primary mouse mammary tumor
cells were treated with lapatinib (1 uM) and the Bcl-2/Bcl-xL inhibitor ABT-263 (1 uM) in
suspension for 2 hours to induce the intrinsic apoptosis pathway. These cells were washed in serum-
free media 5 times to remove the inhibitors, then plated at a ratio of 5:1 with the mouse macrophage-
like cell line, RAW264.7, in 1% heat-inactivated serum. Parallel monocultures of RAW264.7 cells
were maintained for comparison. Mono- and co-cultures were treated with a neutralizing anti-MerTK
monoclonal antibody, or with a control antibody (goat 1gG2a). After 4 hours, the cultured media was
11



Fig.3. MerTK inhibition following tumor cell death increases IDO-1 expression and activity
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A. Schematic of how blockade of efferocytosis using antibodies or compounds against MerTK would cause secondary necrosis of apoptotic
tumor cells, causing IFN-mediated induction of IDO-1. B. Analysis of TCGA-curated invasive breast cancer datasets for expression of IDO1 and
IFNG, and assessing how IDO1 might correlate with outcome. C. MMTV-HER2 tumors treated with lapatinib £ BMS777607 were assessed by
RT-qPCR; plasma of tumor bearing mice was assessed by Kyn and Trp ELISAs. D. Raw264.7 cells co-cultured + apoptotic MMTV-HER2 and + a
neutralizing MerTK antibody for 4 hours were assessed by RT-qPCR for Ifng and /do1. E. Differentiated THP-1 cells were co-cultured with live,
apoptotic, or necrotic MCF7 cells, in the presence or absence of BMS-777607 and/or epacadostat. ELISA was used to measure Kyn in the

collected and filtered. The adherent Raw264.7 were washed to remove apoptotic (non-adherent)
MMTV-HER?2 cells, then the filtered media was replaced onto the respective well. Cells were then
cultured for an additional 18 hours. This approach revealed that the presence of apoptotic MMTV-
HER?2 cells had no impact on Ifng expression by Raw264.7 cells, but caused a 4-fold induction of
Idol levels (Figure 3D). Interestingly, the neutralizing MerTK antibody induced Ifng and 1do1
expression in mono-cultured Raw264.7 cells, even in the absence of apoptotic tumor cells. However,
blockade of MerTK in the context of co-culture with apoptotic tumor cells increased Ifng levels nearly
8-fold, and Ido1 levels nearly 10-fold.

A similar approach was used in the human monocyte-like cell line THP-1, which was differentiated to
macrophages using GM-CSF for 3 days. Non-adherent (undifferentiated) cells were removed prior to
co-culture with apoptotic tumor cells. In this case, we used the human breast cancer cell line MCF7
for co-culture with THP-1 cells. We tested live MCF7 cells, apoptotic MCF7 cells [inducing the
intrinsic apoptotic pathway with a combination of the PI3K/mTOR dual kinase inhibitor BEZ-235

12



(1uM) and ABT-263 as described above] and necrotic MCF7 cells (one cycle of rapid freeze/rapid
thaw in serum-free DMEM). Mono- and co-cultures were incubated 4 hours (a time point to prevent
the secondary necrosis of apoptotic tumor cells in the presence of the THP-1 cells). Differentiated
THP-1 cells were washed, then cultured for an additional 48 hours. (It is possible that the co-cultures
with live MCF7 cells retained some of the MCF7 cells after washing.) Cultured media was collected
and assessed by ELISA for Kyn, revealing increased Kyn accumulation in co-cultures with necrotic
MCEF7 cells, but not in co-cultures with live or apoptotic MCF7 cells (Figure 3E, left panel).

Importantly, we found that the Incyte IDO-1 inhibitor epacadostat (500 nM) blocked Kyn
accumulation in the media from THP-1 co-cultured with necrotic cells (Figure 3E, right panel),
confirming that necrotic tumor cells, like necrotic cells in untransformed tissues, increases IDO-1
activity. While apoptotic MCF7 cells did not induce Kyn production from THP-1 cells, inhibition of
MerTK-mediated efferocytosis using BMS-777607 in co-cultures resulted in robust Kyn production,
which was blocked upon treatment with epacadostat. These results support the idea that blockade of
MerTK-mediated efferocytosis results in secondary necrosis of dying tumor cells, IFNg induction, and
IDO1 activation. These results are not published.
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IV.  What opportunities for training and professional development has the project provided?
This project has provided me the opportunity to develop my research program, my scientific
network, and my scientific communication skills.

V. How were the results disseminated to communities of interest?
A. These results were published in three research articles and one book chapter.
a. Cooketal., 2013, J Clin Invest. 123(8):3231-42;
b. Stanford et al., J Clin Invest. 2014 Nov;124(11):4737-52; ,
c. Vaught and Cook, Oncotarget. 2015 Sept. 22; 6(28): 24590-2459),
d. Vaught, Stanford, and Cook, Cancer Cell and Microenvironment. 2015.
NIHMSID:689387

B. These results were also presented at internationally attended scientific conferences:
1. Innate immune response to cell death in the post-partum mammary gland
increases malignancy of parity associated tumors.
Stanford JC, Fingleton B, Owen P, and Cook RS.
2013 AACR Special Conference Advances in Breast Cancer, San Diego CA.
Published in Molecular Cancer Research 2013. 11(10 Supplement):B097.

2. Cell death and efferocytosis generate a pro-metastatic landscape during
mammary gland involution that increases disseminatioin of post-partum breast
cancers.

Cook RS, Earp HS, and Stanford JC.
2014 San Antonio Breast Cancer Symposium.
Published in Cancer Research 2015. 75(9 Supplement):P-04-02.

3. Tumor wound healing response to treatment-induced tumor cell death increases
tumor metastasis
Cook RS.
2015 AACR Inaugural Conference on Cancer Immunotherapy, New York, NY
Published in Cancer Research 2015. 75(15 Supplement): 2916

C. These results were presented at invited presentations at three medical schools
1. “Wound healing in the tumor microenvironment” presented by Rebecca S. Cook
New Horizons in Breast Cancer Research, the 14" Annual Meharry Medical College-
Vanderbilt University- Tennessee State University U54 Cancer Partnership. Meharry
Medical College, Nashville, TN. April 10, 2015.

2. “Efferocytosis accelerates malignant tumor progression” presented by Rebecca S.
Cook

Gordon Research Conference on Apoptotic Cell Clearance. University of New
England, Biddeford, ME. June 24, 2015.

VI.  What do you plan to do during the next reporting period to accomplish the goals?

Nothing to report.
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4.

IMPACT:

I. What was the impact on the development of the principal discipline(s) of the project?
We have discovered and reported that MerTK-expressing tumor leukocytes support tumor tolerance, a process

that involves decreased expansion of CD8+ T-lymphocytes in the tumor and in the tumor draining lymph
node (Cook et al., 2013). Further, we report that macrophages support efferocytosis in the tumor
microenvironment, resulting in a robust induction of tumor wound healing, characterized by macrophage-
mediated expression of TGFbeta, IL-10, and IL-4 (Stanford et al., 2014). TGFbeta induction drove
enhanced metastasis following widespread efferocytosis. Inhibition of MerTK or TGFbeta, but not IL-4,
blocked the induction of metastasis following widespread tumor cell death (Stanford et al., 2014). We
reported that MerTK inhibition in combination with lapatinib modestly decreased metastatic dissemination
of HER2-overexpressing mouse mammary tumors as compared to either inhibitor used alone [conference
abstract published in Cancer Research 2015. 75(15 Supplement): 2916]. However, immune suppressive
tumor leukocytes were upregulated in lapatinib-treated tumors treated with MerTK inhibitor (Figure 3,
final report).

It should be said that, although metastatic dissemination was reduced upon inhibition of efferocytosis, not
all metastatic dissemination was eliminated. Further, not all immune-suppressive cytokines that are
normally upregulated in response to efferocytosis were blocked when efferocytosis was inhibited. This
suggests that other mechanisms operate to resolve immune responses in the tumor microenvironment when
efferocytosis is impaired. Because blockade of efferocytosis leads to a secondary necrosis, our current
hypothesis is that necrosis initially induces potent type | immunity in tumors, this is followed by resolution
of inflammation. In support of this idea, models of necrosis that occur in non-transformed tissue, such as in
the case of ischemia, for example, reveal that necrosis induces a ‘sterile inflammation’ response, that is
followed by a coordinated upregulation of pro-resolving factors aimed at limiting immune-mediated
damage in surrounding healthy tissues. For example, the tryptophan metabolizing enzyme IDO-1 is often
upregulated in cases of ischemia, and in other examples of necrosis. Interestingly, IDO-1 is a known
suppressor of anti-tumor immunity. Our future directions will focus on analysis of IDO-1 in response to
secondary necrosis within the tumor microenvironment.

References.

MerTK inhibition in tumor leukocytes decreases tumor growth and metastasis.

Cook RS, Jacobsen KM, Woffard AM, DeRyckere D, Stanford JC, Prieto AL, Redente E, Sandahl M,
Hunter DM, Strunk KE, Graham DK, and Earp HS.

J Clin Invest. 2013 123(8):3231-42.

Efferocytosis produces a prometastatic landscape during postpartum mammary gland involution.
Stanford JC, Young C, Hicks D, Owens P, Williams A, Vaught DB, Morrison MM, Lim J, Williams M,
Brantley-Sieders DM, Balko JM, Tonetti D, Earp HS 3rd, Cook RS.

J Clin Invest. 2014 Nov;124(11):4737-52.

Tumor wound healing response to treatment-induced tumor cell death increases tumor metastasis
Cook RS.

2015 AACR Inaugural Conference on Cancer Immunotherapy, New York, NY

Published in Cancer Research 2015. 75(15 Supplement): 2916

.What was the impact on other disciplines?
Nothing to report
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I11.What was the impact on technology transfer?
Nothing to report

IV. What was the impact on society beyond science and technology?
These studies will impact our understanding of the breast tumor microenvironment. Therapeutically-
induced widespread cell death followed by efferocytosis, massive Th2-like cytokine production,
immune tolerance and tumor ‘wound healing’ would suggest that current therapeutic strategies that
induce tumor cell death are self-limiting based on the immune system’s inherent response to cell death.
However, targeted inhibition of efferocytosis in combination with current therapeutic inhibitors would
impair Th2-like cytokine production, immune tolerance, and ‘wound healing’ in the treated tumor,
allowing the full effect of the therapeutic inhibitor to be revealed, vastly improving the response to
current treatment strategies to decrease breast cancer mortality.
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5. CHANGES/PROBLEMS:

a.

Changes in approach and reasons for change
i. Nothing to report
Actual or anticipated problems or delays and actions or plans to resolve them
i. Nothing to report
Changes that had a significant impact on expenditures
i. Nothing to report
Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents
i. Nothing to report
Significant changes in use or care of human subjects
i. Nothing to report
Significant changes in use or care of vertebrate animals.
i. Nothing to report
Significant changes in use of biohazards and/or select agents
i. Nothing to report
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6. Products
a. Publications, conference papers, and presentations

MerTK inhibition in tumor leukocytes decreases tumor growth and metastasis.

Cook RS, Jacobsen KM, Woffard AM, DeRyckere D, Stanford JC, Prieto AL, Redente E, Sandahl M,
Hunter DM, Strunk KE, Graham DK, and Earp HS.

J Clin Invest. 2013 123(8):3231-42.

Efferocytosis produces a prometastatic landscape during postpartum mammary gland
involution.

Stanford JC, Young C, Hicks D, Owens P, Williams A, Vaught DB, Morrison MM, Lim J, Williams
M, Brantley-Sieders DM, Balko JM, Tonetti D, Earp HS 3rd, Cook RS.

J Clin Invest. 2014 Nov;124(11):4737-52.

Clearance of dying cells accelerates malignancy.
Vaught DB and Cook RS.
Oncotarget. 2015 Sept. 22; 6(28): 24590-24591. Pubmed PMID:26387138.

Efferocytosis creates a tumor microenvironment supportive of tumor survival and metastasis.
Vaught DB, Stanford JC, and Cook RS.
Cancer Cell and Microenvironment. 2015. NIHMSID:689387.

Innate immune response to cell death in the post-partum mammary gland increases malignancy of
parity associated tumors.

Stanford JC, Fingleton B, Owen P, and Cook RS.

2013 AACR Special Conference Advances in Breast Cancer, San Diego CA.

Published in Molecular Cancer Research 2013. 11(10 Supplement):B097.

Cell death and efferocytosis generate a pro-metastatic landscape during mammary gland involution
that increases disseminatioin of post-partum breast cancers.

Cook RS, Earp HS, and Stanford JC.

2014 San Antonio Breast Cancer Symposium.

Published in Cancer Research 2015. 75(9 Supplement):P-04-02.

Tumor wound healing response to treatment-induced tumor cell death increases tumor metastasis
Cook RS.

2015 AACR Inaugural Conference on Cancer Immunotherapy, New York, NY

Published in Cancer Research 2015. 75(15 Supplement): 2916

“Wound healing in the tumor microenvironment” presented by Rebecca S. Cook

New Horizons in Breast Cancer Research, the 14" Annual Meharry Medical College-Vanderbilt
University- Tennessee State University U54 Cancer Partnership. Meharry Medical College, Nashville, TN.
April 10, 2015.

“Efferocytosis accelerates malignant tumor progression” presented by Rebecca S. Cook
Gordon Research Conference on Apoptotic Cell Clearance. University of New England, Biddeford, ME.
June 24, 2015.
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“Apoptotic cell clearance in the tumor microenvironment” presented by Rebecca S. Cook
Rigel Pharmaceuticals, Inc. South San Francisco, CA. June 8, 2015.

“Taking out the trash: The role of efferocytosis in breast cancer” presented by Rebecca S. Cook
Dartmouth University Giesel School of Medicine. Hanover, NH. November 23, 2013.

b. Books or other non-periodical, one-time publications

Efferocytosis creates a tumor microenvironment supportive of tumor survival and metastasis.
Vaught DB, Stanford JC, and Cook RS.
Cancer Cell and Microenvironment. 2015. NIHMSID:689387.

c. Other publications, conference papers, and presentations.
Nothing to report

d. Website(s) or other Internet site(s)
Nothing to report

e. Technologies or techniques
1. Imaging of efferocytosis using fluorescent microscopy.
2. Controlled timing of apoptotic tumor cell death
3. Controlled necrotic tumor cell death

f. Inventions, patent applications, and/or licenses

1. Generated a cohort of mice that will form spontaneous mCherry+ tumors in efferocytosis-competent
(MerTK+/+) and efferocytosis-impaired (MerTK*) backgrounds.

g. Other Products
Nothing to report
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7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
| Name: || Rebecca S. Cook |

| Project Role: || Pl |

Researcher Identifier (e.g.
ORCID ID): eRA login: COOKR1

| Nearest person month worked: || 12

|
|Contribution to Project: || Intellectual contribution, experimental design, interpretation of data |
| Funding Support; || NIH 5P50CA098131-13 (also this grant) |
| Name: || Jamie C. Stanford |
| Project Role: || Post-doctoral Research Fellow |

Researcher Identifier (e.g.
ORCID ID): unknown

| Nearest person month worked: || 12 |

| Contribution to Project: || Experimental performance |

T32 Training grant Molecular Influences in the Tumor
Funding Support: Microenvironment, J. Chen, PI

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the last reporting period?
Nothing to report.

What other organizations were involved as partners?
Nothing to report.
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8. SPECIAL REPORTING REQUIREMENTS
h. COLLABORATIVE AWARDS
Nothing to report
i. QUAD CHARTS:
Nothing to report
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9. APPENDICES:
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J Clin Invest. 2014 Nov;124(11):4737-52.
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MerTK inhibition in tumor leukocytes
decreases tumor growth and metastasis
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Karen E. Strunk,® Douglas K. Graham,34 and H. Shelton Earp IlI8
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Bloomington, Indiana, USA. "Department of Pediatrics, National Jewish Health, Denver, Colorado, USA. 8Departments of Pharmacology and Medicine and
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MerTK, a receptor tyrosine kinase (RTK) of the TYRO3/AXL/MerTK family, is expressed in myeloid lineage
cells in which it acts to suppress proinflammatory cytokines following ingestion of apoptotic material. Using
syngeneic mouse models of breast cancer, melanoma, and colon cancer, we found that tumors grew slowly and
were poorly metastatic in MerTK~~ mice. Transplantation of MerTK~~ bone marrow, but not wild-type bone
marrow, into lethally irradiated MMTV-PyVmT mice (a model of metastatic breast cancer) decreased tumor
growth and altered cytokine production by tumor CD11b* cells. Although MerTK expression was not required
for tumor infiltration by leukocytes, MerTK~~ leukocytes exhibited lower tumor cell-induced expression of
wound healing cytokines, e.g., IL-10 and growth arrest-specific 6 (GAS6), and enhanced expression of acute
inflammatory cytokines, e.g., IL-12 and IL-6. Intratumoral CD8* T lymphocyte numbers were higher and lym-
phocyte proliferation was increased in tumor-bearing MerTK~~ mice compared with tumor-bearing wild-type
mice. Antibody-mediated CD8* T lymphocyte depletion restored tumor growth in MerTK~~ mice. These data
demonstrate that MerTK signaling in tumor-associated CD11b* leukocytes promotes tumor growth by damp-
ening acute inflammatory cytokines while inducing wound healing cytokines. These results suggest that inhi-
bition of MerTK in the tumor microenvironment may have clinical benefit, stimulating antitumor immune
responses or enhancing immunotherapeutic strategies.

Introduction

MerTK is a member of a receptor tyrosine kinase (RTK) family
that also includes AXL and TYRO3. Family members undergo
ligand-induced homodimerization, followed by catalytic tyrosine
kinase activation and intracellular signaling (1-4). Cross-phospho-
rylation has also been demonstrated within this RTK family, sug-
gesting heterodimerization (5). These RTKs are widely expressed
in many epithelial tissues and in cells of the immune, nervous, and
reproductive systems (2, 6). The MerTK ligands include growth
arrest-specific 6 (GASG6) (7, 8), protein-S (9, 10), tubby and tubby-
like protein-1 (TULP1) (11), and galectin-3 (12). Several of these
ligands are present in serum, and all are expressed locally in some
tissues. These ligands bind to the extracellular domain of MerTK,
resulting in tyrosine kinase activation.

With respect to neoplastic diseases, MerTK is expressed in non-
neoplastic cells found in the tumor microenvironment. MerTK is
also ectopically expressed or overexpressed in many hematologic
and epithelial malignant cells. Moreover, expression of MerTK
and GASG6 correlates with poor prognosis or chemoresistance
in some human tumor types (1, 2, 13-19). However, the mecha-
nisms by which increased MerTK signaling contributes to tumor
malignancy remain unknown.
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Duke-NUS, and the Sanford-Burnham Medical Research Institute are handled not
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Studies using mice devoid of MerTK revealed its critical role at
the interface of innate and adaptive immunity (4, 20, 21). Innate
immunity requires rapid and robust activation in response to
pathogens or wounding. However, this response must be restrained
to prevent inflammation-associated tissue damage or immunity
against self-antigens. MerTK signaling plays a central role in damp-
ening the innate immune response in DCs and macrophages (21).
One mechanism by which MerTK performs this task is through
efferocytosis, the physiological process by which apoptotic cells
are engulfed by phagocytes (22). MerTK ligands, including GASG6,
simultaneously bind to MerTK expressed on phagocytes and to
phosphatidylserine presented on the outer plasma membrane leaf-
lets of apoptotic cells (23, 24). This complex ligand (GAS6 bound to
externalized phosphatidylserine) activates MerTK tyrosine kinase
signaling, initiates phagocytosis of apoptotic material, and drives
transcriptional changes that cause suppression of proinflamma-
tory cytokines, such as IL-12, and increases in inflammatory repres-
sors, such as IL-10 (25, 26). Therefore, MerTK-mediated efferocyto-
sis is necessary to maintain tissue homeostasis in organs harboring
abundant apoptotic materials, such as the retina and the postlac-
tational mammary gland (27, 28).

MerTK similarly dampens TLR-induced production of proin-
flammatory cytokines, such as IL-6, IL-12, and type I interferons
(IFNs), which fail to be downregulated in MerTK~~ mice (4, 24,
29). For example, low doses of lipopolysaccharide in MerTK~~ mice
resulted in death from endotoxic shock associated with high levels
of TNF-a. (30). Failure to dampen acute innate immunity leads to
secondary pathological activation of T and B lymphocytes directed
at self-antigens (4, 26, 29, 31, 32). This is especially important
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Tumor-associated macrophages also pro-
duce immune-modulating cytokines such
as IL-10, which may decrease antitumor
immunity by suppressing proinflamma-
tory cytokine expression, limiting antigen
presentation, and dampening of T lym-
phocyte-mediated tumor cell cytotoxicity
(41, 42). For example, antigen presen-
tation in the context of increased IL-12
results in clonal expansion of CD8* T lym-
phocytes (43); the suppression of IL-12 in
the tumor microenvironment suggests a
mechanism by which tumor-associated
macrophage-mediated changes in antigen
presentation and cytokine production

R may directly decrease T cell-mediated
v antitumor immunity.

Interestingly, the characteristically low
IL-12/high IL-10 production observed
in tumor-associated macrophages is also
seen in macrophages and DCs following
efferocytosis. Because MerTK appears to
be a central regulator of the transition

K
e
D
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Figure 1

MMTV-PyVmT

B16:F10 MC38 cytokine production following efferocyto-
sis, and because MerTK-deficient macro-
phages produce increased proinflamma-
tory cytokines, we tested the hypothesis

that MerTK in the tumor microenviron-

Decreased tumor malignancy in MerTK~- microenvironment. (A) MMTV-PyVmT mammary tumor
cells injected into the mammary fat pads and B16:F10 tumor cells injected intradermally formed
tumors with a delayed latency in MerTK-- mice as compared with that in MerTK++ and MerTK*~
mice. P values comparing MerTK*+ to MerTK-- were determined using the log-rank (Mantel-Cox)
test. (B) H&E-stained sections of tumors harvested 30 days after tumor cell injection in MerTK+*
mice and 180 days after tumor cell injection in MerTK-- mice. Boxed regions are shown at higher
magnification below and indicate the monotonous sheets of tumor cells in MerTK** mice and the
compartmentalized nature of the implanted tumor cells in MerTK-- mice. Original magnification,
x100 (top row); x600 (bottom row). (C) Lung metastases were enumerated in tumor-bearing
mice at 14 days after MMTV-PyVmT tumor palpation (n = 14-16), at 7 days after B16:F10 tumor
palpation (n = 5), and at 7 days after MC38 tumor palpation of subcutaneously implanted MC38
cells. Horizontal bars represent average numbers of lung metastases per mouse. P values were
calculated using Student’s t test for MMTV-PyVmT tumors (comparing MerTK+*+ to MerTK=-)
and using a 1-tailed Mann-Whitney test for B16:F10 and MC38 tumors. *P < 0.05. ***P < 0.001.

ment aids malignant tumor progression
by suppressing antitumor immunity. We
show here that loss of MerTK in the tumor
microenvironment of MerTK 7/~ mice (30)
slowed the establishment, growth, and
metastasis of mammary tumors and mel-
anomas in immune competent, syngeneic
mice. These findings were recapitulated in
spontaneous mammary tumors in recipi-
ents of MerTK”~bone marrow transplants.
Very early immune responses to syngeneic

given that apoptotic cells accumulate in the absence of MerTK
(23, 28), providing an enriched source for intracellular “self” anti-
gens in the context of heightened acute inflammatory signals and
enhanced B and T lymphocyte activity. Therefore, MerTK signal-
ing on macrophages and DCs lies at the interface of the innate and
adaptive immune systems. Combined loss of MerTK, AXL, and
TYRO3 results in a highly active autoimmune state, with massive
lymphocyte proliferation and lupus-like autoimmunity (33).
Numerous studies indicate that tumor-associated macrophages
correlate with a poor prognosis in patients with cancer (34-36).
Reduction of macrophage presence in mouse models of breast
cancer by genetic loss of CSFI, or by antibody-mediated blockade
of CSF1 receptor signaling, substantially reduced tumor metas-
tasis (37, 38), demonstrating that malignant tumor progression
is promoted by macrophages. Tumor-associated macrophages
generally secrete wound healing cytokines that increase growth of
epithelial tumor and stromal cells in experimental models (39-41).
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tumor cell implantation in MerTK~7~ mice
included decreased IL-10 and increased
IL-12 production, increased leukocyte
proliferation, and a higher level of tumor CD8" T lymphocytes as
compared with early tumor-induced responses in MerTK”* mice.
Isolation of CD11b* cells from tumors revealed MerTK-depen-
dent repression of proinflammatory cytokines. Antibody-based
depletion of CD8" T lymphocytes restored tumor growth in
MerTK 7~ hosts. These results suggest that MerTK in the immune
compartment of the tumor microenvironment suppresses innate
immunity and promotes tumor progression. They also suggest
that inhibition of MerTK signaling may produce an immunomod-
ulatory, therapeutic benefit in some human tumors.

Results
Prolonged tumor latency and decreased metastasis in MerTK~~ bosts. To
determine whether host-derived MerTK in the tumor microen-
vironment affects tumor formation and growth, primary mouse
mammary tumor cells derived from female MMTV-PyVnT mice
(43) (inbred into the C57BL/6 genetic background) were injected
Number 8
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Figure 2

MerTK-deficient leukocytes confer tumor resistance to MerTK+* mice. (A) Whole cell lysates harvested
from MMTV-PyVmT primary mammary tumor cells were assessed by Western analysis using antibodies
indicated. Whole spleen lysates harvested from MerTK++ and MerTK-- mice were used as positive and
negative controls, respectively, for MerTK expression. Whole spleen lysates harvested from MerTK*+
mice were used as a positive control for AXL expression. Whole brain lysates harvested from Tyro3++ and
Tyro3-- mice were used as positive and negative controls from TYROS expression. (B—D) Bone marrow
harvested from MerTK*+ or MerTK-- donors was delivered by tail vein injection into lethally irradiated
6-week-old female MMTV-PyVmT recipients. (B) Average tumor volume + SEM measured in live mice
by MRI at 15.8, 17.8, and 19.8 weeks of age. (C) Representative transverse MRI slices of age-matched
MMTV-PyVmT recipients of MerTK+* or MerTK-- bone marrow in the lower abdomen/pelvic region. The
arrows indicate the location of the spine, while the tumor (T) margins are identified by the red dotted line.
(D) Total tumor weight measured at 21 weeks of age (time of necropsy). Horizontal bars represent average
total tumor weight + SEM (n = 14). The P value was calculated using Student’s t test. *P < 0.05. (E) Mam-
mary fibroblasts harvested from MerTK+*+ and MerTK-- mice were cotransplanted with MMTV-PyVmT
tumor cells into the mammary fat pads of MerTK** mice, and tumor latency was measured.
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growth in a dose-dependent man-
ner. C57BL/6-derived B16:F10
mouse melanoma cells injected
orthotopically formed intrader-
mal tumors in MerTK”* mice
with an average latency of 26
days, compared with 48 days in
MerTK - littermates (P < 0.0001;
Figure 1A). Similarly, a third syn-
geneic model demonstrated pro-
longed latency. C57B1/6 MC38
colon cancer cells were implanted
subcutaneously; in MerTK** mice
tumors formed with an average
latency of 27 days as compared
with 46 days in MerTK~/~ mice
(P <0.0001, data not shown).
Histological analysis of MMTV-
PyVmT tumors that formed in
MerTK~/~ mice revealed distinct
differences from those growing in
MerTK** mice. Tumors harvested
from MerTK"”* mice displayed
densely packed solid sheets of
cells, with prominent hyperchro-
matic nuclei and little cytoplasm,
regions of central necrosis, and
invasion into skeletal muscle (Fig-
ure 1B). In contrast, tumors har-
vested from MerTK 7/~ mice were
small and harbored more connec-
tive tissue as opposed to the frank
cellularity of tumors in MerTK"*
hosts (Figure 1B). MerTK~~ mice
were less prone to formation of
lung metastases (Figure 1C), with
only 3 out of 15 MerTK~/~ mice
presenting with lung micrometas-
tases derived from MMTV-PyVnT
primary tumors, as compared
with 13 out of 15 wild-type mice
and 16 out of 17 MerTK*~ mice
exhibiting MMTV-PyVmT lung
metastases. Lung metastases were
not detected in any MerTK~~ mice
bearing B16:F10 tumors, while 3
out of 5 wild-type mice displayed
B16:F10 lung metastases. Like-
wise, 4 out of 5 subcutaneously
implanted MC38 colon cancer

orthotopically into the inguinal mammary fat pads of female
wild-type (MerTK"*) and MerTK~~ recipient mice. While tumors
formed in MerTK"”* mice with an average latency of 28 days, latency
was delayed in MerTK~~ littermates (P < 0.001). Tumors remained
unpalpable in 70% of MerTK~/~ mice throughout the entire study
period of 198 days (Figure 1A). Mice carrying one functional MerTK
allele (MerTK"~ mice) formed tumors with an average latency of 49
days, which was intermediate between MerTK** mice (P < 0.001)
and MerTK~~ mice (P < 0.001, Mantel-Cox test). This suggests that
MerTK signaling in the stromal environment enhances tumor
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cell tumors in MerTK** mice yielded lung metastases, whereas none
were detected in the MerTK~~ mice (Figure 1C). These data suggest
that MerTK signaling in the tumor microenvironment leads to
increased tumor growth and malignant progression.

MerTK~/~ leukocytes confer tumor resistance in MerTK** mice.
There are complex autocrine and paracrine interactions between
tumor-associated macrophages and the epithelial cells in preclin-
ical breast cancer models and presumably in human breast can-
cer. These have been well characterized in the polyoma middle
T model. To rule out a potential role of MerTK in our C57/Bl6
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Figure 3

Altered early tumor response in MerTK-deficient mice. (A) Repre-
sentative H&E-stained and cytokeratin-stained sections of mammary
glands 4 days after injection with MMTV-PyVmT cells are shown. Boxed
regions are shown at higher magnification below. Original magnifica-
tion, x100 (top row); x600 (bottom rows). (B) Single cell mammary sus-
pensions harvested 4 days after intramammary tumor cell injections
were stained for CD11b and CD11c. Proportions of CD11b*CD11c-
macrophages and CD11b+*CD11c* dendritic cells relative to total PBS-
treated MerTK++ CD11b*CD11c* population is shown. *P < 0.05. (C)
RNA harvested 4 days after PBS, MMTV-PyVmT, or B16:F10 injection
into the inguinal mammary fat pad was assessed by qPCR to detect
IL-10 and IL-12p40 transcripts. (D) Serum collected 4 days after injec-
tion of PBS, MMTV-PyVmT, or B16:F10 tumor cells into the inguinal
mammary fat pad was assessed by ELISA to measure IL-12p70 and
IL-6. (C and D) Values shown, calculated using the (C) 86CT method
or (D) serum levels, represent the average + SD (n = 6), relative to the
level detected in PBS-treated MerTK++ samples. *P < 0.05; **P < 0.01;
***P < 0.001. (E) Mice were inoculated with B16:F10 cells by i.p. injec-
tion. After 4 days, mice were treated with BrdU. Splenocytes harvested
after 1 hour treatment with BrdU were stained with anti-BrdU and pro-
pidium iodide and assessed by flow cytometry.

PyVmT cells, we measured MerTK protein expression by Western
analysis. Protein lysates from cultured tumor cells did not express
MerTK. MerTK was detected in whole spleen lysates harvested
from MerTK** mice but not MerTK”/~ mice (Figure 2A). Certain
paracrine ligands (e.g., GAS6) might bind to other members of
this RTK family in PyVmT cells; therefore, we examined the pro-
tein expression of AXL and TYRO3. Neither AXL nor TYRO3 were
expressed in the PyVmT breast cancer cells. qPCR of RNA levels
confirmed these findings (data not shown).

However, as MerTK is expressed in hematopoietic cells, we used
bone marrow reconstitution assays to determine the impact of
MerTK ablation within bone marrow-derived subpopulations of
the tumor microenvironment. We harvested bone marrow from
MerTK~~ x UBC-GFP and MerTK** x UBC-GFP donors and deliv-
ered marrow to lethally irradiated 6-week-old C57BL/6 female
transgenic MMTV-PyVmT mice. After 4 weeks, mice exhibiting
>75% GFP* hematopoietic cells were used for further analysis. At
this time point (10 weeks of age), the majority of mice had already
developed tumors, consistent with the published average tumor
latency in this aggressive tumor model (44). Therefore, it was not
feasible to detect potential differences in tumor latency. Instead,
tumor growth was measured by MRI over the following 11 weeks,
revealing reduced tumor volume in MerTK~7~ bone marrow recip-
ients as compared with that in MerTK”* bone marrow recipients
(Figure 2, B and C). Similarly, upon sacrifice at the study end
point (21 weeks of age), total tumor weight was decreased nearly
2 fold in MerTK~~ bone marrow recipients as compared with that
in MerTK*”* bone marrow recipients (Figure 2D). To measure the
burden of apoptotic material in these tumors, immunofluorescent
detection of apoptotic cells by TUNEL analysis in these late-stage
tumors (19.8 weeks of age) was performed. The number of apop-
totic tumor cells within F4/80* macrophages was not altered in
recipients of MerTK 7/~ bone marrow as compared to what was seen
in tumors harvested from MerTK”* bone marrow recipients (Sup-
plemental Figure 1; supplemental material available online with
this article; d0i:10.1172/JCI67655DS1).

Because bone marrow-derived mesenchymal stem cells might
give rise to fibroblasts in the tumor microenvironment that could
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modulate tumor growth and metastasis (45), we investigated the
impact of MerTK~/~ fibroblasts in the tumor microenvironment.
10¢ mammary fibroblasts harvested from MerTK7~ and MerTK"*
donors were cotransplanted with MMTV-PyVmT tumor cells into
MerTK”* mammary fat pads. The rate of tumor formation was sim-
ilar in mice receiving MerTK 7/~ or MerTK** fibroblasts (Figure 2E).
Together, these data suggest that loss of MerTK from the immune
compartment, but not the fibroblast compartment, of the tumor
microenvironment is sufficient to delay tumor formation.

Altered early tumor response in MerTK~~ mice. To examine early
immune response in the tumor microenvironment, inguinal
mammary glands were harvested 4 days after MMTV-PyVmT tumor
inoculation. At this time, tumor cells were evident in the injected
mammary glands of both MerTK** and MerTK~~ mice, as shown
in H&E-stained sections and by immunohistochemical detection
of pan-cytokeratin (Figure 3A). However, higher-power magnifi-
cation of the injection site revealed histological differences at this
early stage, including an abundance of matrix deposition and
reduced tumor cellularity in MerTK~/~ samples as compared with
that in MerTK"* samples (Figure 3A). After removal of the intra-
mammary lymph node, mammary cell suspensions were stained
with antibodies against CD11b and CD11c to identify tumor-
recruited macrophages and DCs. To control for injection-induced
changes in the cell populations, we injected sterile phospho-
buffered saline (PBS) into the contralateral mammary fat pads. The
results revealed that, in early-stage implanted tumors, there are
differences in basal macrophage and DC levels in MerTK~~ mam-
mary glands as compared with those in MerTK** mammary glands
(Figure 3B). At 4 days after tumor inoculation into the mammary
gland, the percentages of macrophages and DCs were relatively
unchanged in MerTK** mice as compared to those in PBS-injected
MerTK** mice. In contrast, tumor cell injection in MerTK~~ fat pads
generated a >4-fold increase in macrophages and >3.5-fold increase
in DCs over PBS-injected MerTK~~ mammary glands.

RNA isolated from single cell mammary suspensions harvested
at 4 days after tumor (or PBS) inoculation revealed increased tran-
script levels encoding the wound healing/tolerogenic cytokine IL-10
in MerTK** samples but not in MerTK 7/~ samples (Figure 3C). Con-
versely, transcripts encoding the proinflammatory cytokine IL-12
were elevated 10 fold at 4 days after MMTV-PyVmT tumor cell inoc-
ulation in MerTK~~ mice but not in MerTK"”* mice. We similarly
assessed 1110 and 1112 mRNA levels 4 days following implantation
of B16:F10 mouse melanoma cells into the mouse mammary fat
pad. Tumor-recruited cells were collected 4 days after tumor cell
injection. I110 transcript levels were substantially increased in sam-
ples from tumor cell-inoculated MerTK** mice as compared with
those from PBS-inoculated MerTK** mice. However, 1/10 transcript
levels were unchanged in cells harvested from tumor cell-inoculated
MerTK~~ mice (Figure 3C). While I/12 transcript levels remained rel-
atively unchanged in MerTK** cells harvested from PBS- and tumor
cell-treated mice, cells harvested from MerTK~~ mice expressed more
1112 transcripts 4 days after tumor cell injection as compared with
4 days after PBS injection (Figure 3C). Serum IL-12p70 and IL-6 lev-
els were increased 4 days after intramammary MMTV-PyVmT tumor
cell injection into MerTK~~ mice, but not MerTK** mice, over what
was seen in PBS-injected MerTK~~ and MerTK"* mice, respectively
(Figure 3D). Mammary fat pad injection of B16:F10 tumor cells
also generated increased serum IL-12p70 and IL-6 levels in MerTK~~
mice (Figure 3D). We repeated this analysis 4 days after injection of
B16:F10 tumor cells i.p. into MerTK"* and MerTK~~ mice, yielding
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Altered cytokine production in MerTK--tumor microenvironment. (A and B) Immunohistochemistry for (A) F4/80 and (B) MerTK in tumors from
(A) MerTK++ and MerTK-- mice and (B) MerTK*+ mice. Original magnification, x400 (A); x600 (B). (C) Single cell MMTV-PyVmT tumor suspen-
sions harvested from MerTK++ (solid line) and MerTK-- (tinted area) mice were stained for CD45 and F4/80. Representative plots for live cells
are shown. Average + SEM; n = 4. (D) Total RNA harvested 4 days after PBS, MMTV-PyVmT, or B16:F10 injection was assessed by qPCR for
Gas6 and Mfge8. d3CT values shown represent average + SD (n = 6) relative to PBS-injected MerTK++ values. **P < 0.01. (E) Serum IL-12p70
was measured by ELISA in serum harvested 3—4 weeks after tumor cell inoculation (n = 13). **P < 0.01. (F and G) CD11b* cells were harvested
from MMTV-PyVmT tumors (F) 8 weeks and (G) 15 weeks after bone marrow transplant. GFP+CD45+*CD11b* cells were purified from tumors and
cell lysates were analyzed by cytokine array. *P < 0.05.
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similar results. Cells harvested by peritoneal lavage were used to
assess expression of transcripts encoding IL-10 and IL-12. I/10 tran-
scripts were elevated in cells isolated from MerTK"* mice inoculated
with B16:F10 cells by i.p. injection as compared with those in cells
from MerTK** mice inoculated with PBS (Supplemental Figure 2).
In contrast, I/10 transcripts were not elevated in MerTK~~ mice inoc-
ulated with B16:F10 cells. Elevated I/12 transcripts were observed in
peritoneal lavage cells harvested from tumor-inoculated MerTK~~
mice as compared with what was seen in PBS-inoculated mice or
tumor-inoculated MerTK** mice. Serum IL-6 was also elevated in
MerTK~~ mice inoculated i.p. with B16:F10 tumor cells (Supple-
mental Figure 2). We used the B16:F10 i.p. inoculation model to
assess splenocyte proliferative activity. BrdU labeling of mice for
1 hour, 4 days after i.p. tumor cell or PBS inoculation, revealed that
BrdU incorporation into splenocytes was similar in MerTK”* and
MerTK~~ mice inoculated with sterile PBS and that BrdU incorpora-
tion increased in both MerTK"* and MerTK~~ splenocytes harvested
4 days after i.p. tumor cell injection as compared with splenocytes
from PBS-injected, genotype-matched mice (Figure 3E). However,
the tumor-induced increase in BrdU-positive splenocytes was sub-
stantially greater in MerTK~~ mice compared with that in tumor-
treated MerTK"”* mice, suggesting that tumor-induced leukocyte
proliferation was exaggerated in the absence of MerTK.

Altered tumor microenvironment in established tumors in MerTK*/* and
MerTK~~ mice. Immunohistochemical detection of F4/80, a mac-
rophage marker, demonstrated macrophage infiltration of ortho-
topic MMTV-PyVmT tumors grown in MerTK"”* and MerTK~~ mice
(Figure 4A). MerTK staining was detected in B16:F10 and MMTV-
PyVmT tumor macrophages grown in MerTK** mice (Figure 4B).
To verify that MerTK7~ macrophages were capable of infiltrating
spontaneously forming tumors, we generated single cell suspen-
sions from MMTV-PyVmT mice harboring MerTK/~ and MerTK*/*
immune cells and stained cell suspensions for CD45, a cell surface
marker of leukocytes, and F4/80. MerTK** and MerTK~~ CD45*
leukocytes were detected at similar proportions of the total cell
population (Figure 4C), revealing similar levels of CD45* tumor
leukocytes and comparable levels of MerTK** and MerTK~/~
tumor-associated macrophages in these established tumors.

Transcripts encoding the MerTK ligand, GAS6, were identified
by qQRT-PCR in RNA isolated from mammary glands 4 days after
MMTV-PyVmT tumor cell injection into the mammary fat pads
of MerTK"* and MerTK~~ mice. Gas6 levels in MerTK*”* mammary
glands were >3-fold higher in tumor cell-injected glands as com-
pared with those seen in the contralateral PBS-injected mammary
gland, suggesting that GASG is elevated in the tumor microen-
vironment within 4 days (Figure 4D). Increased Gas6 mRNA lev-
els were also detected in MerTK*/* samples harvested 4 days after
B16:F10 cell inoculation, consistent with previous reports of
elevated Gas6 levels in the tumor microenvironment (46). How-
ever, Gas6 remained unchanged in the MerTK~/~ mice after tumor
cell inoculation with MMTV-PyVmT or B16:F10 cells. Because the
MerTK~~ tumor microenvironment did not induce Gas6 expres-
sion, it is possible that MerTK signaling may be part of the mecha-
nism by which tumors upregulate GAS6 in the microenvironment.
MFGES encodes another phosphatidylserine-interacting ligand
used for efferocytosis by macrophages (47). Similar to Gas6, Mfge8
transcript levels were elevated in response to tumors in MerTK**
but not MerTK~~ samples (Figure 4D).

Cytokine expression in the microenvironment of established
tumors was examined to determine whether the cytokine expres-
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sion patterns seen 4 days after tumor cell injection were sustained.
Serum IL-12p70 was measured 3-4 weeks after mammary fat pad
injection of MMTV-PyVmT tumor cells. As compared with that in
tumor-bearing MerTK** mice, serum IL-12p70 was increased in
tumor-bearing MerTK~~ mice (Figure 4E), confirming that MerTK
signaling in the tumor microenvironment suppresses proinflam-
matory cytokine production in both early and late stages of tumor
progression. To specifically assess MerTK-dependent cytokine
modulation in macrophages and DCs in the tumor microenviron-
ment, we harvested CD11b" cells from transgenic MMTV-PyVinT
mice 8 weeks after lethal irradiation and bone marrow trans-
plantation from MerTK*/* or MerTK~/~ donors. Protein lysates
from CD11b" cells were assessed by cytokine array, revealing
increased levels of IL-1f, IL-6, and IL-12p40 in tumor-associated
MerTK7~ CD11b* cells as compared with levels seen in MerTK"”*
CD11b* cells (Figure 4F). CD11b* cells from transgenic MMTV-
PyVmT mice harvested 15 weeks after bone marrow transplant
revealed significantly elevated IL-6 levels in MerTK~~ tumor-as-
sociated CD11b"* cells (Figure 4G). M1- and M2-programmed
tumor-associated F4/80" macrophages were identified in situ
using antibodies against inducible nitric oxide synthase (iNOS)
and arginase-1 (Argl), respectively. These results confirmed that
the density of macrophages in the tumor microenvironment was
relatively similar in tumors grown in MerTK"* or MerTK~~ bone
marrow recipients. Recipients of MerTK~~ bone marrow showed
a modest decrease in the ratio of M2 to M1 tumor-associated
macrophages as compared with what was seen in tumors har-
vested from MerTK"* bone marrow recipients, although this trend
was not statistically significant (Supplemental Figure 3). Taken
together, these data demonstrate that targeted loss of MerTK from
tumor-associated CD11b* cells increases and sustains expression
of proinflammatory cytokines, suggesting that MerTK signaling
within tumor-associated monocyte-derived cells limits the expres-
sion of proinflammatory cytokines.

CD8* T lymphocytes are more abundant in the MerTK~/~ tumor micro-
environment. Four days after MMTV-PyVmT tumor cell inoculation
into the mammary fat pad, mammary lymph nodes were removed
and the remaining tissue was used to generate single cell suspen-
sions. Staining for CD8 and CD4 revealed that the total CD8*CD4-
population was decreased in tumor-inoculated MerTK”* sam-
ples (Figure 5A) but remained unchanged in tumor-inoculated
MerTK~~ mice. Because NK cells express MerTK and also express
CD8, we measured the relative presence of NK cells in the early
tumor microenvironment by staining the CD8"CD4- population
with NK1.1. Although a slight increase in NK1.1*CD8*CD4- lev-
els was observed in tumor-inoculated MerTK*/* mice, this did
not reach statistical significance (Figure 5B). Similar levels were
seen in MerTK~/~ mice treated with either PBS or with tumor
cells. While these results do not rule out the impact of MerTK on
tumor-infiltrating NK cell behavior, these data suggest that NK
cell numbers are not greatly affected in the early tumor microen-
vironment by MerTK. Immunohistochemical detection of gran-
zyme B was used to detect cytotoxic leukocytes (such as CD8*
T lymphocytes, NK cells, or NKT cells) in the tumor microenvi-
ronment of MMTV-PyVmT tumors 3-8 weeks after tumor trans-
plant. Granzyme B-positive cells were more abundant in tumors
grown in MerTK~~ mice as compared with those in tumors grown
in MerTK"* littermates (Figure 5C). In contrast to what was seen
with the CD8'CD4- population (Figure SA), we found an early
tumor-elicited increase in the CD8 CD4"* population in MerTK*/*
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Figure 5

Increased presence of CD8+ T lymphocytes in MerTK-- microenvi-
ronment is required for inhibition of tumor growth. (A and B) Flow
cytometric analysis of CD8/CD4—- and NK1.1+CD8+-stained mam-
mary gland suspensions 4 days after MMTV-PyVmT or PBS injection,
with quantification (n = 6). (C) Immunohistochemistry for granzyme B.
Original magnification, x600. (D and E) Flow cytometry and quantita-
tion of (D) CD8-CD4+* and (E) CD25+*CD4+ cells in mammary gland
suspensions collected 4 days after intramammary injection of tumor
cells or PBS. (F-H) MMTV-PyVmT tumor cells were injected into mam-
mary fat pads of anti-CD8 antibody—treated mice. Mammary glands/
tumors were collected after 28 days for analysis. (F) CD8/CD4—stained
tumor suspensions were assessed by flow cytometry. (G) Representa-
tive histological sections are shown. Original magnification, x200. (H)
Average MMTV-PyVmT tumor volume at 28 days after inoculation is
shown + SD (n = 8). P values were calculated using Student’s t test.
*P < 0.05; **P < 0.01.

mice but a slight decrease in MerTK7/~ mice (Figure SD). We fur-
ther examined this population for expression of CD25 to iden-
tify Tregs. Similar basal levels of CD4*CD25" cells were identified
4 days after PBS injection into MerTK”* and MerTK~~ mice (Figure
SE). Although levels of CD4*CD25" cells increased in response to
tumors, the increase was similar in MerTK*/* and MerTK~~ mice.

Depletion of CD8* T Llymphocytes restores tumor growth in MerTK~/~
mice. CD8* T lymphocytes were depleted from MerTK** and
MerTK~~ mice using antibodies against CD8. Mice were pre-
treated with anti-CD8 for 1 week prior to MMTV-PyVmT tumor
inoculation into mammary fat pads, and antibody treatment was
maintained for 3 weeks following tumor inoculation. Tumor cell
suspensions were stained with antibodies against CD4 and CD8,
revealing decreased presence of CD8'CD4- cells in the tumor
microenvironment of mice treated with anti-CD8 antibody, as
compared with those treated with isotype-matched antibody con-
trol (Figure S5F). Histological examination revealed that, while
MerTK~~ mice treated with the isotype control antibody devel-
oped small tumors comprising primarily matrix and stromal cells
(Figure 5SG), MerTK~/~ mice treated with anti-CD8 antibodies devel-
oped larger, more aggressive tumors, with densely packed tumor
epithelial cells, closely resembling the histological appearance of
tumors grown in MerTK"* mice (Figure 5G). Tumors grown in
MerTK~~ mice were nearly 3-fold larger upon CD8 depletion as
compared with those grown in IgG2a-treated MerTK~~ mice (Fig-
ure SH). These data suggest that, in the MerTK”~ tumor microen-
vironment, CD8" T lymphocytes are, at least in part, responsible
for decreased tumor mass.

Discussion

The stromal microenvironment in which a tumor exists greatly
influences its pathophysiology. Specifically, tumor-associated
macrophages in human and mouse tumors have been correlated
with poor prognosis and increased malignant progression. This was
illustrated by studies in which targeted inhibition of CSF1 receptor
signaling in tumor-associated macrophages, through gene target-
ing or through antibody-based pharmacologic strategies, decreased
tumor growth and metastasis in mice (37, 38, 41, 48, 49). Therefore,
tumor macrophages are valid therapeutic targets. Macrophages and
DCs can produce the cytokines and growth factors that encourage
tumor progression and metastasis, such as IL-10, which dampen
antitumor immune responses (40). We demonstrate here that the
MerTK** microenvironment responds very rapidly after tumor cell
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implantation by increasing production of IL-10 and GAS6 and
decreasing production of IL-12. These cytokine changes are cor-
related with a decreased local presence of CD8* T lymphocytes in the
tumor. IL-10 and GAS6 induction in the tumor microenvironment
required MerTK, as tumor-induced IL-10 and GAS6 expression was
not observed in MerTK-deficient mice. This is consistent with previ-
ous data suggesting that MerTK is required in the innate immune
system to induce IL-10 following efferocytosis and TLR activation
(3,4,21,50,51). We also showed that MerTK-deficient cells in the
tumor microenvironment express increased IL-12 and IL-6, proin-
flammatory cytokines known to be repressed by MerTK signaling in
response to efferocytosis or TLR activation (4, 32).

Our results demonstrating upregulation of GAS6 in the tumor
microenvironment of MerTK”* mice are consistent with a previ-
ously published study, demonstrating GAS6 expression in tumor
macrophages and showing that genetic loss of Gas6 in the micro-
environment of syngeneic tumor transplants decreases tumor
growth (46). In these studies, GAS6 was not required for tumor
infiltration by macrophages; this is consistent with our finding
that tumor-associated macrophage numbers are not altered by loss
of MerTK. MerTK was needed for full induction of GAS6 in the
tumor microenvironment, supporting a model in which MerTK
signaling induces GAS6 expression in tumor macrophages, cre-
ating positive feed-forward signaling through MerTK. Sustained
MerTK signaling would maintain the repression of proinflamma-
tory cytokines and induce wound healing/tolerogenic cytokines,
ultimately resulting in decreased antitumor immunity. In the
PyVmT models, we have demonstrated that the GAS6 receptors
MerTK, AXL and TYRO3 are absent and, thus, the production or
lack of production of GASG is irrelevant to the tumor cell per se.

Several studies using genetic disruption of MerTK, AXL, and
TYRO3 in mice demonstrated that the innate immune system
responds to pathogen-mimicking agents (TLR activation) with an
early increase in IL-12, IL-6, and type I IFN production, followed
by MerTK-, AXL-, and TYRO3-dependent reduction of proinflam-
matory cytokine expression, and finally with induction of wound
healing and tolerogenic cytokines (IL-10, TGF-B) (3, 4, 21, 50, 51).
In the absence of these receptors, the innate immune system is
unable to dampen expression of proinflammatory cytokines and
unable to induce production of tolerogenic cytokines. Similarly,
we found that early responses of the innate immune system in the
MerTK** tumor microenvironment were characterized by damp-
ened levels of IL-12 and increased levels of IL-10. However, loss of
MerTK from the tumor microenvironment caused sustained IL-12
induction (for up to 14 weeks), without induction of IL-10. There-
fore, it is possible that the innate immune system uses MerTK
signaling in the tumor microenvironment in a way that parallels
MerTK function in wounding responses.

Alternatively, MerTK in the tumor microenvironment may
respond to efferocytosis. Apoptosis occurs in all tissues, and gen-
erally apoptosis rates are higher in rapidly proliferating tumors as
compared with quiescent tissues. One major physiological role of
MerTK s to clear apoptotic material through efferocytosis (23). To
ensure that presentation of self-antigens does not stimulate auto-
immunity following efferocytosis, macrophages suppress IL-12
production upon efferocytosis and induce IL-10 production (47).
This limits CD8" T lymphocyte expansion and reduces antigen
presentation. It is possible that macrophage-mediated efferocyto-
sis of apoptotic tumor cells drives the cytokine expression patterns
that characterize tumor-associated macrophages. This scenario,
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while not proven, would predict that modulating the consequence
of chronic efferocytosis, through targeted inhibition of MerTK,
would increase IL-12 levels, decrease IL-10 levels, increase tumor
CD8" T lymphocytes, and decrease malignant progression. How-
ever, this hypothesis remains to be tested, requiring a systematic
evaluation of efferocytosis in the tumor microenvironment. We
did not observe major differences in apoptotic material in the
microenvironment of MerTK"* and MerTK~7/~ mice in late-stage
tumors (Supplemental Figure 1). However, dramatic differences
in apoptotic cell numbers are only seen in acute challenges in
MerTK~~ mice (23). Other macrophage receptors eventually clear
apoptotic material, but these alternative clearance mechanisms do
not suppress the inflammatory response to the extent that MerTK
does. This conclusion is substantiated by the autoimmune pheno-
type seen in the MerTK~~ mice.

IL-12 stimulates antitumor immunity in several models of epi-
thelial tumors in part by promoting CD8* T lymphocyte expansion
(43). Because MerTK suppresses IL-12 production in the tumor
microenvironment, MerTK signaling may suppress antitumor
immunity through suppression of CD8" T lymphocyte prolifera-
tion. Consistent with this idea, we found that depletion of CD8* T
lymphocytes restored tumor growth in the MerTK-deficient tumor
microenvironment. In the case of AXL/TYRO3/MerTK triple-defi-
cient mice, sustained IL-12 levels in normal tissues correlated with
increased presence of CD8* T lymphocytes and induction of adap-
tive immunity against self-antigens (21). While this response would
be undesirable in normal tissues, immunity against tumor-specific
antigens may improve the outcome of patients with cancer. This is
supported by increasing evidence gained by expression microarrays
that correlates tumors bearing a Th1 (e.g., IL-6, IL-12, CD8, gran-
zyme B) gene expression signature with an improved outcome over
tumors bearing a Th2 (e.g., IL-10, TGF-f, IL-4, cathepsin, IL-13,
CD4) signature (38, 52, 53). Recent work has shown that tumors
can orchestrate the immune response in a manner advantageous
for tumor growth, metastasis, and escape from immune surveil-
lance (54). The present data suggest that inhibition of MerTK sig-
naling may be a promising therapeutic intervention that can break
the deleterious immune suppression cycle by directly targeting
the tumor-associated innate immune system. This could shift the
immune response toward a more favorable antitumor one. MerTK
inhibition that would set the stage for an antitumor Th1 response
combined with new clinical agents designed to prolong antitumor
T cell action may well provide an additive anticumor effect.

Methods

Mice. All mice regardless of genotype were inbred to C57BL/6 for at least
10 generations. MerTK/~ mice, originally referred to as MerkP mice, have
been previously described (30).To generate MerTK** and MerTK~/~ siblings,
MerTK*~ males and females were mated to generate the expected Mende-
lian ratios of offspring, which were genotyped using the following primers:
forward 5'-GAATTTACCTTTCACAGGTTGCGG; reverse 5'-TCGTCAA-
GAAGGCGATAGAAGGCG. Mice were maintained in American Asso-
ciation for Accreditation of Laboratory Animal Care-approved animal
facilities at the University of North Carolina under an approved JACUC
protocol. Where indicated, mice were treated with BrdU (10 mg/kg in ster-
ile PBS) by i.p. injection 1 hour prior to tissue collection.

Transplantation of tumor cells. Primary mammary tumor cells were derived
from a female MMTV-PyVmT mouse inbred to C57BL/6 for 6 generations
as previously described (54). B16:F10 cells were obtained from American
Type Tissue Culture Collection. For orthotopic injections into the mam-
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mary fat pads, 106 MMTV-PyVmnT cells were resuspended in 100 ul sterile
PBS (in the presence or absence of 0.5 x 10° mouse mammary fibroblasts
harvested from 6-week-old virgin MerTK"”* or MerTK~~ female C57BL/6
mice) and injected centrally in the right no. 4 inguinal fat pad of 6-week-
old virgin mice. For orthotopic injections into the dermis, 103 B16:F10
melanoma cells were resuspended in 100 ul PBS and injected intrader-
mally between the scapulae of 6-week-old mice. For subcutaneous injec-
tion, 1 x 10 MC38 colon cancer cells were injected into the flank. Tumors
were detected by manual palpation. Statistical analysis of average tumor
latency was assessed by log-rank test. Where indicated, i.p. injection of
3 x 103 B16:F10 cells was performed in 100 ul PBS, and cells were collected
in MEM by peritoneal lavage after 4 days.

Histological analysis and immunobistochemistry. Tumors and mammary
glands were harvested and immediately fixed in 10% formalin (VWR Sci-
entific). Paraffin-embedded tumors and mammary glands were sectioned
(5 wm), rehydrated, and peroxidase-quenched with 3% H,O,. Rehydrated
slides were stained with H&E by the UNC Lineberger Animal Histopathol-
ogy Core Facility. Immunohistochemistry was performed as previously
described (S5, 56) using the following polyclonal antibodies: F4/80 (6A545,
Santa Cruz Biotechnology Inc.; diluted 1:200), MerTK (produced by the
Earp laboratory) against a peptide in the intracellular domain of human
MerTK; diluted 1:100), pan-cytokeratin (H240, Santa Cruz Biotechnol-
ogy Inc.; diluted 1:500), and granzyme B (Santa Cruz Biotechnology Inc,;
diluted 1:200). Slides were washed in PBST and then incubated in biotiny-
lated anti-rabbit or anti-rat antibody (Vector Laboratories) and developed
using the Vectastain Kit (Vector Laboratories). Sections were photographed
using the Zeiss LCM 210 microscope and Scion Image 2.0 software.

Western blot analysis. MMTV-PyVmT tumor cells were lysed in lysis buf-
fer (50 mM HEPES, pH 7.5, 150 mM NaCl, 10 mM EDTA, 10% glycerol,
and 1% Triton X-100) supplemented with phosphatase inhibitors (1 mM
Na3VO, and 0.1 mM Na;MoQ4) and protease inhibitors (Complete Mini,
Roche Applied Science). Whole spleen lysates harvested from MerTK”* and
MerTK~7/~ mice and whole brain lysates harvested from Tyro3*/* and Tyro3~~
mice were prepared in sodium chloride-Tris-EDTA buffer and sonicated.
Whole protein lysates were separated on 8% Tris-glycine SDS-PAGE gels
(Life Technologies) and then transferred to nitrocellulose membranes
(iBlot, Life Technologies). Membranes were probed with primary antibod-
ies: anti-mouse MerTK (AF591, R&D Systems; diluted 1:2,000), anti-mouse
AXL (AF854, R&D Systems; diluted 1:1,000), and anti-TYRO3 rabbit sera
(produced by the Prieto laboratory; diluted 1:20,000)

Bone marrow transplantation. Six-week-old female MMTV-PyVmT mice were
lethally irradiated with 9.5 Gy split over 2 doses. 1 x 10¢ bone marrow cells
from C57BL/6-Tg(UBC-GFP)30Scha/] (The Jackson Laboratory) MerTK*/*
or MerTK 7/~ donors were delivered to irradiated mice by tail vein injection.
After 4 weeks, recipient mice that expressed >75% GFP in peripheral blood
indicated successful engraftment and were included for further analysis.
Animals were housed and experimental procedures were done in accordance
with the regulatory standards approved by the University of Colorado,
Anschutz Medical Campus’ JACUC.

Tumor measurement by MRI. Mammary gland tumor growth was mea-
sured over time by MRI. Mice were anesthetized with 1.5% to 2.5% inhaled
isoflurane and were placed in the 4.7 Tesla Bruker MRI/MRS PharmaScan.
Gadolinium-DTPA bismethylamide (gadodiamide, OMNISCAN) was
administered intravenously as a contrast agent. Axial plane images of the
animals were obtained using conventional T1-, T2-, and proton density-
weighted MRI. Additional fast imaging with steady-state precession (FISP)
images were required in order to exclude cysts from the tumor volume cal-
culations, and all images were processed using Bruker ParaVision software.
The total tumor volume of each tumor was calculated from the resulting
images by multiplying the pixel volume by the number of pixels within
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the tumor area by hand-tracing the ROI with “track” command from each
set of slices. All MRI acquisitions and data analysis were performed at the
University of Colorado Cancer Center Animal Imaging Core.

qRT-PCR. Total RNA was isolated using RNeasy (Qiagen) from single
mammary cell suspensions and from peritoneal lavage collections. Total
RNA (10 ng) was reverse transcribed with transcript-specific primers
and then amplified with transcript-specific primers using SyBR Green
(Invitrogen), according to manufacturer’s instructions, with a temperature
of 62°C. The following primers and probes were used. Gas6, 5'-TCTTCT-
CACACTGTGCTGTTGCG and 5'-GGTCAGGCAAGTTCTGAACACAT;
mouse [[12p40, 5" TTATGTTGTAGAGGTGGACTGG and 5'-TTTCTTTG-
CACCAGCCATGAGC; mouse 1110, 5"TGGCCCAGAAATCAAGGAGC and
5'-CAGCAGACTCAATACACACT; mouse Mfge8, forward: 5'-GGGCCT-
GAAGAATAACACGA and 5'-AGGGCAACTTGGACAACAAC; and mouse
Gapdh, 5'-AACGACCCCTTCATTGAC-3" and 5'"-TCCACGACATACTCAG-
CAC. The CT for each transcript within each sample was corrected for the
CT of Gapdh within each sample, normalized to the CT of a single sample,
and converted into relative levels of expression using the 8dCT method,
such that all values are presented as a fold change in reference to a single
sample. Samples were analyzed 6 times.

ELISA. Serum was collected by cardiac puncture and immediately stored
in frozen aliquots. Neat serum was analyzed by ELISA for mouse IL-12p70
(R&D Systems) and IL-6 (R&D Systems) according to manufacturer’s
directions. Standard curves generated using manufacturer-supplied IL-12
and IL-6 were used to calculate serum concentrations of each protein.

Flow cytometry. Single cell suspensions of tumors or mammary glands
were generated by mechanical tissue disruption using razor blades followed
by 30 minutes in 1 mg/ml collagenase A (Sigma-Aldrich) in DMEM, 10
minutes in 1 mg/ml dispase (BD Biosciences), 2 minutes in 0.25% trypsin
(BD Biosciences), and 5 minutes in DNase I (Stem Cell Technologies). Sin-
gle cell splenocyte suspensions were generated by forcing spleens through
70-w and 40-p mesh filters. Cells (1.5 x 10°) were blocked with mouse Fcy
III/II Receptor Block (BD Biosciences) for 10 minutes prior to 30-minute
incubation at room temperature with the following fluorescence-conju-
gated BD Pharmingen antibodies (BD Biosciences) diluted 1:200: rat anti-
mouse Thyl (53-2.1), rat anti-mouse CD8 (53-6.7), rat anti-mouse CD4
(GK1.5), rat anti-mouse CD3 (500A2), rat anti-mouse CD45 (30F11),
rat anti-mouse CD11b (M1/70), hamster anti-mouse CD11c (HL3), and
mouse IgG2a anti-mouse NK1.1 (PK136). Alternatively, splenocytes were
fixed and permeabilized (BD Cytofix/Cytoperm, BD Biosciences), DNA
was denatured using 1 M HCl for 15 minutes, and cells were stained with
FITC-conjugated anti-BrdU antibody (1:100, BD Biosciences) for 1 hour.
Cells were washed and counterstained with propidium iodide. Cells were
analyzed at the UNC Flow Cytometry Core Facility on a Cytek-modified
5-color FACSCalibur using hardware single-color compensation.

Tumor-associated macrophage isolation. CD11b* tumor-associated macro-
phages were isolated from freshly digested (serum-free DMEM with 0.1%
Collagenase I [Sigma-Aldrich] and DNasel [EMD Millipore] at 37°C for 45
minutes) single cell suspensions, which were enriched using CD11b mag-
netic beads (Miltenyi Biotec) and MS Columns (Miltenyi Biotec) according
to the manufacturer’s directions.
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Cytokine array. Whole cell lysates were prepared in lysis buffer (50 mM
HEPES, pH 7.5, 150 mM NaCl, 10 mM EDTA, 10% glycerol, and 1% Tri-
ton X-100) supplemented with phosphatase inhibitors (1 mM NazVO,
and 0.1 mM Na,MoOy) and protease inhibitors (Complete Mini, Roche
Applied Science). Relative protein expression was analyzed on custom
cytokine arrays, using 100 ug lysates according to the manufacturer’s
instructions (RayBiotech). The cytokine membranes were quantified by
densitometric analysis using Image] 1.440 (NIH) with the MicroArray
Profile plug-in (OptiNav).

Antibody-mediated immune-depletion of CD8 cells. Mice were treated by i.p.
injection of anti-mouse CD8 antibody (clone 53.6.7, BioXCell) at 2.5 mg/kg
in sterile PBS twice weekly for 2 weeks prior to inoculation with MMTV-
PyVmT tumor cells and afterward for an additional 4 weeks.

In situ identification of TUNEL-positive cells and macrophage-programming
markers. Immunofluorescent in situ staining of apoptotic cells in paraf-
fin-embedded tumors and mammary glands was done using the Dead
End Fluorometric TUNEL system (Promega). Sections were subsequently
stained with anti-F4/80-PE (Serotec; diluted 1:100) and DAPI. Triple stain-
ing to identify macrophage-programming status was performed using
antibodies against F4/80-PE (Serotec; diluted 1:100), iNOS-FITC (BD Bio-
sciences; diluted 1:100), and Arginase I-AMCA (Santa Cruz Biotechnology
Inc.; 1:100) as previously described (57). Images were acquired on a Zeiss
Axioplan 2 epifluorescent microscope.

Statistics. Data represent the mean + SEM of all experiments, unless oth-
erwise noted. Statistical significance was calculated by Mantel-Cox test
(tumor latency), Student’s ¢ test, Student’s ¢ test with Welch’s correction
for unequal variance (tumor weight, tumor volume), or analysis of variance
using Prism 5 (GraphPad Software) unless otherwise noted.

Study approval. All studies involving mice were performed with approval
from the IACUCs of the University of North Carolina, Chapel Hill, North
Carolina, USA, or the University of Colorado, Anschutz Medical Campus.
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Appendix 2.

Efferocytosis produces a prometastatic landscape during postpartum mammary gland involution.
Stanford JC, Young C, Hicks D, Owens P, Williams A, Vaught DB, Morrison MM, Lim J, Williams M,
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Efferocytosis produces a prometastatic landscape
during postpartum mammary gland involution

Jamie C. Stanford,’ Christian Young,? Donna Hicks,' Philip Owens," Andrew Williams,' David B. Vaught, Meghan M. Morrison,’
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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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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
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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
generated
breast
cancer-derived cell
(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
collagen

spheroids
from human

lines

surrounding
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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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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Supplemental Figure S1. The number of lung metastases per mouse was determined in histological lung
sections of all five lung lobes. Each point represents lung metastases in one mouse. Midline and whisk-
ers are average and S.D. N = 6. P = 0.006, Student’s T-test.
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Supplemental Figure S2. A. Kaplan-Meier curve representing the percentage of MMTV-PyVmT mice per
group remaining tumor free. n.s., not significant,
B. Total mammary burden was measured as (total mammary weight + mouse weight) X 100. Multi-focal

mammary tumors that arise in MMTV-PyVmT grow into each other, making individual tumor volume

measurements in live mice unfeasible by current means.
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Supplemental Figure S3. Proliferating cell nuclear antigen (PCNA) was used as a molecular marker of
cycling tumor cells. A. Immunohistochemical detection was performed in tumors harvested from 71 d old
virgin mice and 71 d old mice at Inv d7. B. The percentage of the tumor population that was PCNA posi-
tive was calculated (average + S.D., N = 4, assessing 5 randomly chosen 400X fields per sample).
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Supplemental Figure S4. Hematoxylin and eosin-stained sections of mammary tumors harvested from
age-matched mice that were either nulliparous (top row) or parous (bottom row). Representative images
are shown. N = 4-6 per group. Original magnification of images was taken at 100 X, using low power to

demonstrate the widespread histological features of the mammary tumors.
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Supplemental Figure S7. Cytokine antibody array of whole tumor protein lysates harvested from age-
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Supplemental Figure $12. Murine IL-10 was quantitated by ELISA in cultured media harvested from Raw264.7 mu-
rine macrophages cultured alone for 16 hours in the presence or absence of the goat anti-mouse MerTK neutralizing
antibody, or co-cultured with dying MCF7 cells (DCs) for 16 hours in the presence and absence of the MerTK anti-
body. Cultured media was collected, passed through a 0.2 micron filter, and used neat for ELISA on pre-coated 96-
well plates.
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Supplemental Figure $13. gqRT-PCR to detect NOS2 transcripts in whole tumor RNA harvested from
MMTV-PyVmT mice at 71 days of age. Mice were either virgin, or were at Inv d7. Values shown are the
average of 4 tumor RNA samples, each analyzed in six replicates. P = not significant, Student’s T-test.
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Editorial

Clearance of dying cells accelerates malignancy

David B. Vaught and Rebecca S. Cook

The breast endures vast changes during reproductive
phases of a woman’s life (puberty, pregnancy, lactation,
post-partum involution, post-menopausal involution).
Each phase uniquely shapes cancer susceptibility,
formation, and progression. Although pregnancy at a
young age decreases lifetime breast cancer risk, the first
five years following pregnancy at any age are associated
with increased breast cancer risk regardless of the
woman’s age, and with even greater risk with increasing
age at the woman’s first pregnancy [1]. Increasingly,
women are postponing child-birth, which may increase the
incidence of post-partum breast cancer (ppBC), defined as
those breast cancers diagnosed 2-5 years after pregnancy.
These ppBCs are distinguishable from those breast cancers
that are diagnosed and treated during pregnancy, and
which never are exposed to post-partum/post-lactational
involution, and which correlate with a favorable
prognosis. Currently, ppBC accounts for nearly 25% of
all breast cancers in young (pre-menopausal) women. In
contrast, ppBCs are highly aggressive, metastatic, and
life-threatening, even when corrected for molecular breast
cancer subtype and for the age of the woman at diagnosis
[1].

Mouse models of ppBC that specifically compare
mammary tumors from nulliparous (virgin) mice to those
from age-matched parous (single pregnancy) mice confirm
that post-partum involution increases metastasis by up
to 10-fold [2,3]. The molecular mechanisms underlying
the exaggerated lethality of post-partum breast cancers
are related to an exaggerated abundance of M2-like
tumor associated macrophages, which produce immune
suppressive and wound healing cytokines and proteases
that modify the post-partum mammary (and tumor)
microenvironment [4], although the mechanisms that
trigger this shift in macrophage behavior in the post-
partum mammary gland remained obscure. It was recently
demonstrated that widespread cell death, a hallmark of
the mammary gland during post-partum involution when
milk production ceases, triggers macrophage-mediated
efferocytosis, M2 macrophage polarization and Th2
cytokine production in normal mammary glands during
post-partum involution [5]. Remarkably, widespread cell
death efferocytosis, macrophage M2 polarization, and
Th2 cytokine-mediated wound healing in malignant post-
partum breast cancers was similarly observed [3].

Under physiological conditions, dying cells are

www.impactjournals.com/oncotarget

rapidly removed from the breast to prevent secondary
necrosis of the dying cell, wherein intracellular antigens
released from the necrotic cell might trigger inflammation,
tissue damage, or autoimmunity [6]. To ensure suppression
of inflammation or autoimmunity, efferocytosis is coupled
with production of cytokines that dampen tissue-damaging
immune responses, such as interleukin (IL)-10, IL-4, and
Transforming Growth Factor (TGF)- [7]. Macrophages
use multiple cell surface protein to recognize and engulf
dying cells. Among these, the receptor tyrosine kinase
(RTK) MerTK is essential for post-partum efferocytosis
and for subsequent induction of immunosuppressive and
wound healing cytokines [6]. Genetically engineered
mouse models lacking MerTK activity display impaired
efferocytosis and limited expression of wound healing
cytokines during post-partum involution, resulting in
severe immune-mediated damage and scarring to the post-
partum mammary gland that interferes with the success of
lactogenesis upon future pregnancies [5].

We recently found that efferocytosis was a key
driver of malignant progression in ppBCs, responsible
for exaggerated M2-like polarization of tumor-infiltrating
macrophages and production of IL-4, TGFp, and IL-10 [3].
Genetic MerTK ablation inhibited efferocytosis in ppBCs,
blocked macrophage M2-like polarization, impaired
expression of efferocytosis-induced cytokines, and
repressed formation of lung metastases. Pharmacologic
inhibition of MerTK for the first 7 days of post-
partum involution similarly blocked efferocytosis, and
significantly decreased metastatic burden. Thus, a causal
relationship exists between the tissue remodeling during
physiological postpartum involution and the increased
metastasis of postpartum mammary tumors. Both
scenarios are characterized by transient and widespread
programmed cell death, efferocytosis, and the abundant
M2-like macrophages and wound-healing cytokines that
associate with reduced breast cancer survival.

These observations highlight tumor cell death as
a double-edged sword in the tumor microenvironment:
although the chemotherapies, targeted therapies and
radiation provide the benefit of widespread tumor cell
death and tumor shrinkage, widespread efferocytosis
in response to tumor cell death may enhance tumor
wound healing, thus limiting the effectiveness of the
targeted agent. In some cases, efferocytosis may even
promote tumor metastasis. These issues require careful
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consideration and experimental testing, as the role of
efferocytosis in modulating the stromal response to
therapeutically-induced tumor cell death is not fully
understood. These recent findings support future endeavors
to examine efferocytosis/MerTK targeting in combination
with current treatment strategies to block unhealthy ‘tumor
healing’ and improve tumor response to treatment.
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