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During tumor progression, immune system phagocytes continually clear apoptotic cancer cells in a process known as
efferocytosis. However, the impact of efferocytosis in metastatic tumor growth is unknown. In this study, we observed that
macrophage-driven efferocytosis of prostate cancer cells in vitro induced the expression of proinflammatory cytokines
such as CXCL5 by activating Stat3 and NF-kB(p65) signaling. Administration of a dimerizer ligand (AP20187) triggered
apoptosis in 2 in vivo syngeneic models of bone tumor growth in which apoptosis-inducible prostate cancer cells were
either coimplanted with vertebral bodies, or inoculated in the tibiae of immunocompetent mice. Induction of 2 pulses of
apoptosis correlated with increased infiltration of inflammatory cells and accelerated tumor growth in the bone. Apoptosis-
induced tumors displayed elevated expression of the proinflammatory cytokine CXCL5. Likewise, CXCL5-deficient mice
had reduced tumor progression. Peripheral blood monocytes isolated from patients with bone metastasis of prostate
cancer were more efferocytic compared with normal controls, and CXCL5 serum levels were higher in metastatic prostate
cancer patients relative to patients with localized prostate cancer or controls. Altogether, these findings suggest that the
myeloid phagocytic clearance of apoptotic cancer cells accelerates CXCL5-mediated inflammation and tumor growth in
bone, pointing to CXCL5 as a potential target for cancer therapeutics.
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as a potential target for cancer therapeutics.

Introduction

The most common site of prostate cancer metastasis is bone, with
an incidence of 65%-80% in patients with advanced disease (1).
Once cancer cells spread to bone, they significantly alter normal
bone remodeling, resulting in bone fractures, nerve compression,
pain, and hypercalcemia (2). In bone, cancer cells find a protective
and supportive microenvironment that promotes metastatic out-
growth. Prevention of bone metastasis is a major goal of treatment,
and elucidation of the crucial factors contributing to the develop-
ment of skeletal metastasis is key. Some mechanisms have been
proposed, and monocytic myeloid cell populations attracted to the
tumor microenvironment have been identified as critical media-
tors of inflammation (3, 4). One study found that CD11b* myeloid
cells expressing integrin a,B, were mobilized to the skeletal tumor
microenvironment via interaction with VCAM-1 expressed in breast
tumor cells (5). Similarly, another breast cancer study showed that
macrophages expressing o, promote cancer cell survival and lung
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During tumor progression, immune system phagocytes continually clear apoptotic cancer cells in a process known as
efferocytosis. However, the impact of efferocytosis in metastatic tumor growth is unknown. In this study, we observed that
macrophage-driven efferocytosis of prostate cancer cells in vitro induced the expression of proinflammatory cytokines

such as CXCL5 by activating Stat3 and NF-kB(p65) signaling. Administration of a dimerizer ligand (AP20187) triggered
apoptosis in 2 in vivo syngeneic models of bone tumor growth in which apoptosis-inducible prostate cancer cells were either
coimplanted with vertebral bodies, or inoculated in the tibiae of immunocompetent mice. Induction of 2 pulses of apoptosis
correlated with increased infiltration of inflammatory cells and accelerated tumor growth in the bone. Apoptosis-induced
tumors displayed elevated expression of the proinflammatory cytokine CXCLS5. Likewise, CXCL5-deficient mice had reduced
tumor progression. Peripheral blood monocytes isolated from patients with bone metastasis of prostate cancer were more
efferocytic compared with normal controls, and CXCL5 serum levels were higher in metastatic prostate cancer patients
relative to patients with localized prostate cancer or controls. Altogether, these findings suggest that the myeloid phagocytic
clearance of apoptotic cancer cells accelerates CXCL5-mediated inflammation and tumor growth in bone, pointing to CXCL5

metastasis (6), suggesting that this interaction may be essential for
both cancer colonization and osseous progression.

The bone microenvironment is rich in factors that promote the
mobilization, proliferation, and differentiation of proinflammatory
cells, which interact with disseminated tumor cells, promoting sur-
vival and colonization. This occurs through multiple inflammation-
mediated molecular mechanisms that originate feed-forward
amplification loops between tumor cells, inflammatory cells,
osteoblasts, osteoclasts, and bone marrow stromal cells to perpet-
uate a chronic inflammatory state (7).

A successful antiinflammatory therapy that targets tumor
metastasis has been associated with reduced infiltration of bone
marrow-derived myeloid cells and prometastatic macrophages (8).
Recently a crucial role of bone macrophages in the progression of
prostate cancer skeletal metastasis was demonstrated in vivo using
models of conditional macrophage depletion (9). Furthermore, spe-
cial attention has been dedicated to macrophage-directed cancer
immunotherapy based on the transformation of macrophages from
M2 to M1 type to elicit antitumor responses (10). These approaches
have the potential to inhibit tumor progression and metastasis.

Persistent inflammation also exacerbates cell stress and tis-
sue damage, causing apoptotic/necrotic cell death. The clearance
of dying cells occurs mainly through phagocytosis by macro-
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Figure 1. Inflammatory cytokine and transcription factor activation in cocultures of macrophages and highly apoptotic (HA) cells. (A and B) Superna-
tants were collected from macrophages (M®s) alone or cocultured with RM1(HA), PC3(HA), BMSC(HA), or MC4(HA) cells for 18-20 hours and analyzed via

inflammatory cytokine array. (A) Representative images. (B) Quantification of cytokines induced. (€) mRNAs isolated from cocultures described in A were

analyzed by quantitative PCR (gPCR). (D) mRNAs isolated from M®s alone or cocultured with RM1(HA), MPEC(HA), or BMC(HA) were analyzed by qPCR for
indicated genes. (E) ELISA for total CXCL1and CXCLS levels in supernatants of M®s alone or cocultured with RM1(HA) or PC3(HA). (F) Transcriptional activ-
ity cell arrays (TRACER). Analysis of bone marrow-derived M®s transfected with transcription factor (TF) reporter constructs and cocultured with RM1(HA)
or MC4(HA) cells. Data from experimental repeats (n = 5 and n = 2 independent experiments for RM1 for MC4, respectively) were combined. Measurements
were log -transformed and normalized to average intensity of control reporter and then to background. Finally, data were normalized to the initial reporter

measurement for each treatment condition at 0 hours. Heatmaps show TF grouping according to cluster analysis for each cell line and the statistical sig-

nificance, **P < 0.01, #P < 0.001, determined using limma package. Data in B-

P < 0.0001 (1-way ANOVA).

phages and other cells (11). Phagocytosis of apoptotic cancer cells
(termed efferocytosis) is a process often underestimated during
tumor progression due to rapid clearance by phagocytes (11).
Tumor cell death, significantly amplified by chemotherapies or
other targeted therapies, triggers extensive efferocytosis, which
has been suggested to accelerate further tumor growth at least in
part by inducing M2-like macrophage polarization and resultant
protumoral functions (12, 13).

Using in vivo models of skeletal tumor growth and apoptosis-
inducible prostate cancer cells, the role of apoptotic cancer
cell clearance in skeletal tumor progression was investigated.
A critical role of efferocytosis-induced inflammation mediat-
ed by macrophage-derived CXCL5 was discovered as a novel
mechanism underlying skeletal metastasis and a viable target
for cancer therapeutics.

E are mean + SEM, n = 3 per group; *P < 0.05, **P < 0.01, *P < 0.001,

Results

Proinflammatory cytokines are induced in macrophages upon apop-
totic cancer cell efferocytosis. Immunofluorescence and flow cyto-
metric studies show that bone marrow-derived macrophages
(Ms) effectively efferocytose apoptotic cells (12, 14). We hypoth-
esized that macrophages discriminate between different types of
apoptotic cells and orchestrate a distinctive response according-
ly. To investigate the production of proinflammatory cytokines,
cocultures of macrophages and different highly apoptotic (HA)
cells were analyzed (Supplemental Figure 1A; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI192466DS1). Two prostate cancer cell types (murine RM1 and
human PC3) and 2 noncancer cell types (murine osteoblastic MC4
and murine primary bone marrow stromal cells [BMSCs]) were
used. RM1 cells, derived from C57BL/6] mice, represent a valuable
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Figure 2. Efferocytosis of apoptosis-inducible prostate cancer RM1-iC9 cells. (A) Apoptosis-inducible RM1-iC9 cells were treated with VEH or AP and
analyzed by Western blot for the activation of inducible caspase-9 (iC9) and apoptosis-associated caspase-3. AP treatment increased processed caspase-9
and cleaved caspase-3, reflecting apoptosis (see complete unedited blots in the supplemental material). (B) Bone marrow M®s were cocultured with RM1-
iC9 cells stained with Cell Trace-CFSE (Invitrogen), and treated with VEH or AP for 18 hours. The cocultures were stained with F4/80-APC antibody and
analyzed by flow cytometry. Representative FACS images from ImageStream showing M®s alone (APC*, red gate), RM1-iC9 alone (CFSE*, green gate), and
3 different examples of M®s engulfing RM1-iC9 (APC*CFSE*, yellow gate). (C) Bar graphs indicating the percentage of efferocytic M®s (APC*CFSE* cells),
M®s with high internalization of RM1-iC9, and engulfed RM1-iC9 (APC*CFSE") relative to total cancer cells (CFSE* plus APC*CFSE*) after treatment with
VEH or AP. (D) mRNAs isolated from APC*CFSE* gated cells (efferocytic M®s) of M®+RM1-iC3(AP) and APC* gated cells (nonefferocytic M®s) of M®+RM1-
iC9 (VEH) samples were analyzed by gPCR for selected genes. Fold changes were expressed relative to the nonefferocytic M® values (VEH). Data in Cand D
are mean = SEM, n = 3 per group; **P < 0.01, *P < 0.001 (2-tailed Student’s t test).

model for investigations of prostate cancer interactions with bone
marrow stroma as they promote osteolytic lesions accompanied
by periosteal bone deposition in immunocompetent C57BL/6]
mice (9, 15). Human PC3 cancer cells, originally isolated from
prostate cancer bone metastasis (16), have been used extensively
for their ability to metastasize to the bone when injected in immu-
nocompromised mice via intracardiac inoculation (17). Secreted
proteins from cocultures of macrophages and apoptotic cells were
analyzed using inflammation arrays (Figure 1A), and results were
quantified and normalized relative to macrophage-alone controls
(Figure 1B). The cytokines expressed upon efferocytosis of apop-
totic cancer cells differed from noncancer cells, suggesting that
different pathways were activated in macrophages. Cytokine acti-
vation of CCL5, CXCL1, CXCLS5, IL-6, and IL-12(p40/p70) was
observed in macrophages cocultured with apoptotic cancer cells,
but not apoptotic noncancer cells. Upon noncancer apoptotic cell
engulfment, CCL2 was the only cytokine significantly upregulat-
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ed in macrophages interacting with apoptotic MC4 cells (Supple-
mental Figure 1B). Other cytokines, like CCL2 and MIP-1q, were
increased in cocultures with PC3(HA) but not in cocultures with
RM1(HA) cells, and a small increase in the proinflammatory cyto-
kines sTNFRI and sTNFRII (soluble TNF receptors I and II) was
observed for both RM1 and PC3 (Supplemental Figure 1B). Apop-
totic cells alone showed reduced levels of cytokines compared
with macrophages alone (Supplemental Figure 1C). Intriguingly,
the proinflammatory factors CCL5, CXCL1, CXCL5, and IL-6
have been shown to have tumor-promoting functions in different
contexts (18, 19). To determine the transcriptional regulation in
macrophages, quantitative PCR mRNA expression analyses were
performed for CXCL1, CXCL5, and IL-6 to compare macrophage
responses to the different apoptotic cells. Figure 1C indicates that
these cytokineswere transcriptionally upregulated in macrophages
interacting with apoptotic cancer cells in contrast with noncancer
cells, which correlates with the cytokine array results. Since pros-
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Figure 3. Efferocytosis-induced activation of Stat3 and NF-kB signaling mediates inflammatory response in macrophages. (A) M®s were cocultured

20 hours alone or with apoptotic RM1(HA) cells. Protein from cocultures was analyzed by Western blot for activation of NF-kB and Stat3 signaling using
consecutively the following antibodies (panels from top): phospho-NF-xB(p65) [p-NF-kB(p65)], p-Stat3, and p100/p52. Bottom panel shows total protein
for each sample. (B) Protein bands in the blots were quantified and normalized to total protein for each sample. Graphs depict the fold changes for p-p65,
p-Stat3, p52/p100 ratio, and p52 relative to M® signal, respectively. (C) Stattic, a selective inhibitor of Stat3 activation, was incubated with M®s (12.5 uM)
for 1 hour, then removed before coculture with RM1(HA) for 5 hours. Protein was analyzed by Western blot using the p-Stat3 antibody. (D) Bay11-7082, an
inhibitor of NF-xB signaling, was preincubated with M®s (20 uM) for 1 hour before coculture with RM1(HA) for 5 hours. Protein was analyzed by Western
blot using the p-p65 antibody. Graphs in C and D depict the quantification of p-Stat3 and p-p65 signals normalized to total protein (lower panel) relative to
the average M® control (VEH), respectively. See complete unedited blots in the supplemental material. (E) mRNAs were isolated from cocultures at 5 and
20 hours of incubation as described in the experiments in C and D and analyzed by qPCR for indicated genes. Graphs show the fold change relative to M®
control for each group. Data in B are mean + SEM, n = 4 per group (2-tailed Student’s t test), or n = 3 per group in C-E (1-way ANOVA); **P < 0.01,

#P < 0.001, 'P < 0.0001.

tate cancer cells are of epithelial origin, we investigated whether
the inflammatory responses induced in macrophages were a result
of their interaction with apoptotic epithelial cells. Similarly to the
experiments above (Supplemental Figure 1A), we used apoptotic
mouse primary prostate epithelial cells (MPECs), apoptotic total
bone marrow cells (BMCs) (isolated from mouse tibiae), or apop-
totic RM1 cells (all originated from C57BL/6] mice) in cocultures
with bone macrophages to analyze changes in gene expression of
the different inflammatory cytokines (CCL5, CXCL1, CXCL5, and
IL-6). Only apoptotic RM1 cancer cells were capable of inducing
an inflammatory response in bone marrow macrophages (Fig-
ure 1D). ELISA evaluation for CXCL1 and CXCLS5 proteins in the
coculture media for apoptotic cancer cells (Figure 1E) confirmed

the cytokine array results and aligned with the mRNA analyses.
Altogether, these results suggest that the clearance of apoptotic
cells by macrophages induced a selective response dependent on
the cell type engulfed and a common inflammatory expression
pattern in macrophages efferocytosing apoptotic cancer cells.

To investigate the transcription factor activity in macrophages
in response to the apoptotic cells, we used TRACER (transcrip-
tional activity cell array) technology (Figure 1F and ref. 20). The
activity of 13 transcription factors was investigated in cocultures
with apoptotic RM1 or MC4, 2 cell lines that induced a differen-
tial response in macrophages. Macrophages were transduced
with a reporter luciferase construct containing the DNA binding
site for each transcription factor or a control vector and the lucif-

jci.org  Volume128  Number1 January 2018
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Figure 4. In vivo syngeneic osseous implant tumor model. Vertebral bodies (vossicles) from C57BL/6) donor mice (7-day-old males) were inoculated with
RM1-iC9 cells, and subcutaneously implanted in C57BL/6) recipient mice (7-week-old males). Mice were randomly divided in 2 groups and treated with
VEH or AP to induce apoptosis in RM1-iC9 cells. (A) Experimental design for tumor vossicle model. (B) Tumor volumes were measured by caliper every 1-2
days starting at day 4. RM1-iC9 tumor vossicle volumes were compared between VEH and AP; n = 13 per group. Data are mean + SEM; **P < 0.01, *P <
0.001, 1P < 0.0001 vs. VEH (2-way ANQVA). (C) Images of RM1-iC9 VEH- and AP-treated tumor vossicles. Tumor weight (g) was measured at sacrifice, 13

days afterimplantation; n = 13 per group. (D) Representative H&E images of tumor vossicles showing vossicle fragments surrounded by tumor cells at x10
(scale bars: 200 um) and x40 (scale bars: 40 um) original magnifications. Areas of necrosis are highlighted by blue lines in the x10 images. Apoptotic (black
arrowheads) and mitotic cells (green arrowheads) are indicated at x40 original magnification. (E) Apoptotic and mitotic cells were quantified (by a trained
pathologist) inside non-necrotic tumor areas (5 fields at x20 per tumor vossicle sample); VEH (n = 9) and AP (n = 11). (F) CXCL5 ELISA analysis of total pro-
tein lysates from VEH- (n = 10) and AP-treated (n = 11) tumor vossicles. (G) Graphs depicting the correlation between CXCL5 protein (determined by ELISA)
and tumor weight. The Pearson correlation coefficient (r) and P values are indicated. Data in C, E, and F are mean + SEM; *P < 0.05, **P < 0.01, ¥P < 0.001

(2-tailed Student’s t test).

erase activity monitored over time in M®, M®+RM1(HA), and
M®+MC4(HA). The results were normalized to macrophages
alone and to the O hour (initial time) (Figure 1F). NF-kB and IRF1
were activated in MO+RM1(HA) but not in MO+MC4(HA) cocul-
tures. Both transcription factors activate inflammatory responses
and in some contexts cooperate with the activation of proinflam-
matory cytokines (21, 22). These findings correlate with the dif-
ferential inflammatory response of macrophages in the cocultures
with the apoptotic prostate cancer RM1 and the noncancer MC4
cells (Figure 1, A-C). Although Stat3 activation was not detected
in the TRACER assays, other studies have suggested activation of
this pathway by efferocytosis (12). It is possible that the specific
Stat3 regulatory elements in the construct may require additional
enhancer sequences to achieve activation upon efferocytosis.
Efferocytosis induces an inflammatory response via activation
of Stat3 and NF-kB signaling. To better understand the role of
efferocytosis, we generated apoptosis-inducible prostate cancer

jci.org  Volume128  Number1  January 2018

cells, RM1-iC9, from murine RM1 cells using the viral construct
for inducible caspase-9 (iC9) (23). The induction of apoptosis
and resultant caspase-3 activation were validated by treatment
with the dimerizer drug AP20187 (AP) or control vehicle (VEH)
followed by Western blot analysis of cell extracts (Figure 2A).
Formation of processed caspase-9 and corresponding cleaved
caspase-3 confirmed apoptosis activation in AP-treated cells. To
verify that the inducible apoptotic RM1-iC9 cells were able to be
efferocytosed, cells were prelabeled with CFSE dye, cocultured
with macrophages, and treated with VEH or AP. After 16-18 hours
the cells were collected, labeled with F4/80-APC antibody, and
analyzed using the ImageStream flow cytometer (Abcam), which
provides microscopic event images. Double-positive APC*CFSE*
cells indicate efferocytic macrophages (macrophages engulfing
apoptotic RM1-iC9 cells) as depicted in Figure 2B (yellow gate).
The APC*CFSE* gate exhibited images with green apoptotic can-
cer cells engulfed by red F4/80" macrophages (Figure 2B) with
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high internalization, indicating efferocytosis. In the APC*CFSE*
gate, efferocytosis was observed at different stages of digestion
correlating to the position of the cell in the plot. The brightest cells
in the CFSE axis showed less digested cancer cells inside macro-
phages (Figure 2B). As expected, the percentage of cells (gated
from single cells in focus) with high internalization was strikingly
higher in the samples treated with AP relative to VEH (Figure 2C).
Furthermore, the percentages of highly internalized cells were
similar to the percentages of cells gated as APC*CFSE*, validat-
ing that this gate demonstrates that efferocytosis increased with
the induction of apoptosis in cancer cells. When apoptosis was
induced with AP, the proportion of engulfed RM1-iC9 cells rela-
tive to total cancer cells was approximately 30%, compared with
less than 5% when the cells were treated with VEH (Figure 2C).
Macrophages from the APC*CFSE"* gate, which had been cocul-
tured with apoptosis-induced RM1-iC9 (AP-treated) cells, were
sorted by flow cytometry and compared with APC*-gated mac-
rophages sorted from VEH samples. Quantitative PCR analyses
revealed higher (5- to 10-fold) mRNA expression of the proin-
flammatory cytokines CXCL5, CCLS5, and IL-6 in efferocytic mac-
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Figure 5. Increased tumor-accelerating myeloid inflammatory cells in
AP-treated tumor vossicles. Thirteen days after vossicle implantation,
tumor cell populations were analyzed by flow cytometry in VEH (n = 10)
and AP (n = 12) groups. Gates were established according to 1gG isotype
controls for each antibody. Graphs and representative plots are shown for
each group. (A-E) Tumor populations of F4/80*CD206" cells (A), CD11b*Gr-1*
cells (B), CD206* cells (C), Gr-1* cells (D), and CD68* fraction in CD11b* cells
(E). PB, Pacific Blue (Bio-Rad). Data represent the mean + SEM; *P < 0.05,
**P < 0.01(2-tailed Student’s t test). Additional flow results are shown in
Supplemental Figure 3A.

rophages (APC*CFSE*-sorted) as compared with nonefferocytic
(APC*-sorted) macrophages (Figure 2D).

Simultaneous activation of Stat3 and NF-«B signaling in the
tumor microenvironment has been identified as a critical element
of inflammation-associated tumor progression (24, 25), and here,
NF-«B was identified as a critical transcription factor induced in
efferocytic macrophages (Figure 1F). Thus the increase in phos-
phorylation/activation of NF-kB(p65) and Stat3 occurring in mac-
rophages via efferocytosis of apoptotic RM1 cells was further inves-
tigated. Protein lysates isolated from cocultures of macrophages
and RM1(HA) cells were analyzed by Western blot and quantified.
Figure 3A depicts consecutive blotting of the membrane with anti-
bodies for phosphorylated (p) p65, p-Stat3, and NF-kB2(p100/
p52), respectively. Quantification of Western bands normalized to
total protein in each lane (bottom panel in Figure 3A) showed acti-
vation (phosphorylation) of both canonical NF-kB(p65) (p-p65)
and Stat3 (p-Stat3) signaling in efferocytic macrophages (Figure
3B). No significant changes in the processing of NF-kB2(p100)
precursor to produce p52 (noncanonical NF-kB signaling) were
induced by efferocytosis (Figure 3B), which suggests the predom-

jci.org  Volume 128  Number1 January 2018


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/1

RESEARCH ARTICLE

A

N
N
h

Recipient

N
o

o
©
1

Tumor volume (cmd)
o o
s

The Journal of Clinical Investigation

- WT
-©- CXCL5™

B
2
= =
= k=
()
< =
:
O
X 5
o [

D E 0.15 *
= T *
~
E" ) lg) 0.104
5) d 0.054 °
1T &
(@] Qo)
0.00f—m4@M@8 ¥ —
WT CXCL5" WT CXCL57"-

10 11 12 13

3 4 5 6 7 9
Time (days)
C
1 |5 oo "> . [ Control
\3 m‘-.‘.:: v |:| ..' - ..V - D”_-1a
ol 3E||§| A .. e s[OTCAB
Slhge + v o s TP
O S - L i - :
T pos pore m— o [JcxeLs
R = | Lo e | (] cCL2
E 0 DE';D s e (] STNFRI
n: e { TR LR [11L-12(p40/70)
o ) . - . b o - DM|P-1V
51 -wT
° CJCXCL5™
=
S 1.0
© (8]
c O
Rl
D 2 o5
©
o) #
o
Il X NN DS K
o N 9 N D A
L L X Y
£ O S L 9N
[N K A /\,@\Q

v

Figure 6. Prostate cancer growth in bone vossicles is hindered in CXCL5- mice. (A) WT (CXCL5*/*) and CXCL5- recipient mice (7wk males) were implant-
ed subcutaneously with RM1-iC9 inoculated vossicles isolated from WT or CXCL5”- donor mice (7d males), respectively. Recipient mice from both groups
were treated with AP at days 7 and 11 to induce apoptosis. Tumor volumes were quantified. An independent experiment with similar results is shown in
Supplemental Figure 4A. Data are mean + SEM; *P < 0.05, #P < 0.001, 'P < 0.0001 vs. WT controls (2-way ANOVA). (B) Gross image of tumors and graph of
quantified tumor weights; n = 6 per group. (C) Total protein lysates of tumor vossicles from WT and CXCL57- mice were analyzed via inflammatory cyto-
kine array. Quantification of cytokines expressed is represented as signal relative to the positive controls in the array; n = 4 independent arrays per group.
(D and E) Protein lysates were analyzed by ELISA for the expression of CXCL5 (D) and CXCL1 (E) in the tumor vossicles of WT and CXCL5/~ mice; n = 13 per
group. Data in B-E are mean + SEM; *P < 0.05, P < 0.001, 'P < 0.0001 (2-tailed Student’s t test).

inant role of canonical signaling in the efferocytic inflammatory
response. The apoptotic RM1-only lysates demonstrated insignifi-
cant signals for p-Stat3 or p-p65, which is consistent with the apop-
totic stage of these cells.

To evaluate the dependence of Stat3 and NF-kB in inflamma-
tory cytokine production, cocultures of macrophages and apop-
totic RM1 cells were treated with the small-molecule inhibitors
Stattic (Stat3 phosphorylation inhibitor; ref. 26) and Bay11-7082
(IxBa phosphorylation inhibitor; refs. 27, 28). Figure 3, C and D,
demonstrates the inhibition of p-Stat3 and p-p65 after 5 hours of
coculture pretreated with Stattic or Bay11-7082, respectively. Nei-
ther Stattic nor Bay11-7082 inhibited efferocytosis (Supplemen-
tal Figure 2A); however, both inhibitors significantly mitigated
proinflammatory cytokine expression in macrophages at 5 and 20
hours of coculture (Figure 3E).

Treatment with emetine, an IxkBa phosphorylation inhib-
itor (29), reduced efferocytosis in cocultures of macrophages
with apoptosis-induced RM1-iC9 (Supplemental Figure 2B).
This correlates with Supplemental Figure 2, C and D, which
shows that emetine blocked the AP-induced increase of both
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p-NF-kB(p65) and p-Stat3 in the F4/80* macrophage popu-
lation. Furthermore, Ly6B (Ly6-B.2 or antigen 7/4), a bone
marrow-derived inflammatory macrophage antigen (30),
was increased when efferocytosis was activated with the AP
dimerizer (Supplemental Figure 2E), while inhibition of effe-
rocytosis with emetine reduced Ly6B, which is consistent with
the inflammatory response of macrophages upon efferocyto-
sis of apoptotic cancer cells. However, emetine inhibited not
only p-NF-kB(p65) but also p-Stat3 and efferocytosis, differ-
ing from the Bay11-7082 inhibitor results. Therefore, the com-
bined effect of Stattic and Bayl1-7082 on efferocytosis was
determined. Pretreatment of macrophages (1 hour) with the
combination of these inhibitors (same concentrations used in
Supplemental Figure 2A) resulted in a complete abrogation of
efferocytosis (Supplemental Figure 2F). These findings sug-
gest that the effect of emetine on efferocytosis may be due do a
simultaneous blocking of Stat3 and NF-«B activation.

Altogether these findings correlate efferocytosis with per-
sistent inflammation within the tumor microenvironment via acti-
vation of Stat3 and NF-«B signaling in macrophages.
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Cancer cell death accelerates tumor progression and increases
tumor CXCL5 levels. To investigate how efferocytosis of cancer
cells affects prostate cancer tumor progression in bone, an osseous
implant vossicle model was used (9, 17, 31). Apoptosis-inducible
RMI1-iC9 cells were coimplanted with vertebral bodies (vossicles)
of 7-day-old C57BL/6] mice into the subcutaneous compartment
of 7-week-old C57BL/6] mice (Figure 4A). Tumors were repeated-
ly measured, and in the first 7 days no significant change in tumor
volume was observed (Figure 4B). At day 7 after implantation, mice
were randomized into 2 groups that were injected i.p. with VEH or
the AP dimerizer to induce apoptosis in the RM1-iC9 cancer cells
and subsequent efferocytosis. Tumor measurements revealed that
induction of cancer cell apoptosis accelerated tumor growth, which
was significant 4 days after AP treatment (day 11; Figure 4B). Apop-
tosis was induced again at day 11, and tumor growth continued to
accelerate (days 12 and 13). At study end (day 13), tumor vossicles
were collected, and tumor weight was significantly increased in the
AP group compared with VEH (Figure 4C). Representative images
of H&E tumor vossicle sections show bone structures surrounded
by tumor cells as well as the presence of necrotic areas and apop-
totic and mitotic cells in both VEH and AP tumors (Figure 4D).
Analysis of tumor sections showed significantly higher apoptotic

3

WT CXCL57-
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WT CXCL57-
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Figure 7. F4/80" and Ly6B* infiltration into tumor vossicles
is hindered in CXCL5~- mice. (A) Representative fluores-
cence images of F4/80* (Opal 570) and Ly6B* (Opal 520) cells
in tumor vossicle sections from WT and CXCL57- mice at x50
original magnification (scale bars: 50 um). (B) Quantifica-
tion of F4/80* and Ly6B* staining (4 fields at x10 per tumor
vossicle sample); n = 8 per group. (C) Macrophage morpholo-
gy at x100 original magnification (scale bars: 30 pm) showing
some M®s with extended arms (engulfing-like shape)
surrounding large nuclei (blue, DAPI) typical of cancer cells.
Image depicts the WT and CXCL57/- M®s (red) infiltrating
the tumor. Data in B are mean + SEM; *P < 0.05 (2-tailed
Student’s t test).

cell numbers in the AP-treated tumors relative to VEH,
while no significant changes were observed in mitotic
cell numbers between groups (Figure 4E). Consider-
ing that mice were sacrificed 2 days after the last AP
treatment, it was expected that a major proportion of
apoptotic cells would be cleared. Nevertheless, this
result validates the effectiveness of AP treatment for
the induction of cancer cell apoptosis in vivo.

As described above (Figure 1), in vitro results
showed that CXCL5 was highly induced in macro-
phages upon efferocytosis of cancer cells. CXCL5
expression has been shown to correlate with prostate
cancer progression and metastasis and is associated
with stromal inflammation (32). To investigate wheth-
er expression of proinflammatory CXCL5 correlates
with the induction of apoptosis in AP-treated mice,
total protein from tumor vossicles was collected and
analyzed by ELISA. As observed in Figure 4F, a signif-
icant increase in CXCL5 was detected in the AP-treat-
ed group, aligning with induction of apoptosis and
consequent efferocytosis. A significant correlation
between tumor weight and CXCL5 concentrations was found for
both VEH- and AP-treated tumor vossicle groups (Figure 4G).

The immune cell composition of tumor vossicles was analyzed
via flow cytometry. The AP-treated group (induced efferocytosis)
showed significantly increased F4/80*CD206"* myeloid cells (Fig-
ure 5A), which characterizes M2-like macrophages (33). Other
myeloid cells also showed increased infiltration in the AP-treated
tumor vossicles, including: CD11b*Gr-1* (monocytic/granulocytic
cells associated with tumor progression and antitumor immunity)
(34, 35) (Figure 5B), total CD206" and Gr-1* (characterizes inflam-
matory monocytes/granulocytes; ref. 36) (Figure 5, C and D),
and CD68* within the CD11b* population (marker of phagocytic
myeloid cells; aligns with higher efferocytosis induced by apopto-
sis) (Figure 5E). Other flow results are shown in Supplemental Fig-
ure 3A. Furthermore, whole blood count of VEH- and AP-treated
mice revealed no significant differences (Supplemental Figure
3B), suggesting that the results observed in the tumor microenvi-
ronment are local and not related to general changes in the circu-
lating monocytes/neutrophils.

CXCL5, a crucial inflammatory-microenvironment cytokine
that accelerates tumor progression. As CXCL5 was found to
increase with cancer cell death and efferocytosis in the tumor
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Figure 8. Flow cytometry analysis
of WT and CXCL5~/- tumor vossi-
cles. Changes in tumor vossicle cell
populations of F4/80* cells (A),
F4/80*CD206" cells (B), CD11b*Gr-1*
cells (C), CD11b*Ly6B* cells (D), Ly6B*
cells (E), CD68" cells (F), and CD86*
cells (G) in WT (n =14) and CXCL5/~
(n =12) mice are represented. Gates
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FITC isotype controls for each antibody.
Representative plots for each group
are shown. Additional flow results
are shown in Supplemental Figure
4C. Data are mean + SEM; *P < 0.05
(2-tailed Student’s t test).
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microenvironment, the specific role of CXCL5 was addressed
using CXCL57 mice in the vossicle implant model. To avoid any
possible compensation with CXCL5 produced by immune cells,
vossicles from CXCL57" mice were inoculated with the RM1-iC9
cells and implanted in CXCL57" mice. Similarly, WT (CXCL5*%)
vossicles were implanted in WT mice (Figure 6A). To induce
apoptosis and efferocytosis and hence increase the expression
of CXCLS5 (in accordance with results in Figure 4), both groups
were injected with AP at days 7 and 11 as described. Figure 6A and
Supplemental Figure 4A demonstrate tumor growth deceleration
in the CXCL57" mice compared with WT, and CXCL57" mouse
tumors had significantly reduced weight at study end (Figure 6B).

Proinflammatory cytokine profiling in tumors from WT and
CXCL57" mice revealed that CXCL5 was the only cytokine that
was significantly different with distinctively lower levels in the
CXCL57" mice (Figure 6C). These results were confirmed by
ELISA (Figure 6D) and demonstrate that the major contribu-

jci.org  Volume128  Number1  January 2018

tion of CXCLS5 in the tumor microenvironment originated from
the host and not from the tumor. However, since the cytokine
array has limited detection, a more sensitive ELISA revealed a
significant decrease in CXCL1 levels (Figure 6E). This may be
explained by reduced inflammation in CXCL5~" mice as a conse-
quence of strikingly lower CXCL5 levels. These findings suggest
a crucial role of host-derived CXCLS5 in prostate cancer tumor
progression in the bone microenvironment.

Apoptotic cells were counted inside the non-necrotic tumor
sections, and no differences were found (Supplemental Figure
4B), which confirmed that AP treatment induced apoptosis in
WT and CXCL57" vossicles similarly. There were no differences
in mitotic cell numbers even though tumor growth was reduced.
This could be due to a temporal effect, since the analysis of the
tumors was performed at the experimental endpoint (2 days after
AP treatment), which does not account for earlier differential
effects in tumor growth.
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Figure 9. Engulfment of apoptosis-inducible RM1-iC9 cancer cells in the mouse model of intratibial
inoculation. (A) Experimental schematic. GFP-labeled RM1-iC9 cells (2 x 10%) were inoculated in the
left tibiae of C57BL/6) mice. Mice were randomized at day 5 (postinjection), divided into 2 groups,

VEH- or AP-treated, for 5 hours, then sacrificed. Bone marrow cells were isolated and analyzed by flow
cytometry using APC-labeled CD11b or F4/80 antibodies. (B) Representative flow cytometry plots corre-
sponding to bone marrow cells isolated from tumor-inoculated and contralateral control tibiae stained
with CD11b-APC antibody. (C) Percentage of CD11b*GFP* (efferocytic) cells relative to total CD11b* cells

in the bone marrow population isolated for each tibia. (D) Percentage of nonengulfed GFP* RM1-iC9
cancer cells relative to total bone marrow population for each tibia. (E-G) Corresponding plots and

tibiae  tibiae analyses similar to B-D, respectively, but using the F4/80-APC antibody; n = 6 mice per group with the
Day 0 . . . .
Sacrifice exception of AP-Control (n = 5). Gates were established according to APC-labeled IgG isotype controls
(see Supplemental Figure 6, A and B, for gating scheme). Data are mean + SEM; *P < 0.05, **P < 0.01,
B Control #P < 0.001, TP < 0.0001 (1-way ANOVA).
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Fluorescence IHC of sections inside the tumor vossicles was
performed. While areas inside the tumor vossicles were high-
ly infiltrated by inflammatory F4/80* macrophages (red) and
Ly6B- cells (green) (Figure 7A), quantitative analysis revealed that
CXCL57 mice exhibited fewer F4/80* macrophages and Ly6B*
inflammatory cells (Figure 7B). Figure 7C depicts the engulfing
morphology observed in some macrophages when interacting
with large nuclei, typical of tumor cells in comparison with the
smaller nuclei of macrophages (37).

Cell analysis of tumor vossicles via flow cytometry revealed sig-
nificantly reduced F4/80* macrophages, F4/80*CD206" M2-like
macrophages, and CD11b*Gr-1* myeloid cells in CXCL57" mice
(Figure 8, A-C), as well as reduced CD11b*Ly6B* and total Ly6B*
inflammatory cells (Figure 8, D and E). These results align with the
IHC findings (Figure 7) and the in vitro data (Supplemental Figure
2E), in which Ly6B was increased via efferocytosis and in correla-
tion with inflammation. Furthermore, a decrease in total CD68*

phagocytic macrophages (the majority also F4/80%) was observed
(Figure 8F). In contrast, an increase in cells expressing the T lympho-
cyte-activating antigen CD86" was detected in the CXCL57" tumor
vossicles (Figure 8G). Additional flow results are shown in Supple-
mental Figure 4C. Interestingly, the blood count of mice bearing
tumor vossicles revealed significantly lower concentrations of leu-
kocytes, lymphocytes, and monocytes in WT versus CXCL57 mice,
where CXCL57" mice demonstrated values within the normal range
(Supplemental Figure 4D). These findings suggest that increased
recruitment of inflammatory cells into the tumors of WT mice may
be responsible for a reduction of these cells in circulation, an effect
that was not observed in WT mice or alleviated in CXCL57 mice.
For more in-depth analyses, flow cytometric results were
compared between tumor vossicles and bone marrow myeloid
cells from tumor-free WT and CXCL57" mice. In the bone mar-
row of the CXCL57" mice the percentages of Gr-1, Ly6B, Ly6C,
Ly6G, and CD11b myeloid cells were higher than in WT mice
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(Supplemental Figure 5A). These findings agree with the previ-
ously reported increase in Gr-1* cells in CXCL57" mice and the
suggested role of this cytokine in bone marrow neutrophil homeo-
stasis (38). Increased numbers of neutrophils were also found in
the blood of CXCL57" mice relative to WT, but no changes in other
leukocytes were observed (Supplemental Figure 5B). In contrast,
the bone marrow analysis of tumor-free mice showed a signifi-
cantly lower percentage of CD86* and no changes in total F4/80*
cells (Supplemental Figure 5A). Since the intratumoral changes in
myeloid cell populations are skewed in the opposite direction rel-
ative to tumor-free bone marrow, the differences observed in the
tumor infiltration are not likely related to overall changes in the
normal bone marrow of these mice; instead these changes high-
light tumor environment specificity.

Altogether these findings demonstrate the critical role
of the CXCL5 produced by the efferocytic macrophage as an

jei.org  Volume 128  Number1 January 2018

VEH

AP

The Journal of Clinical Investigation

Figure 10. Cancer cell death induces
accelerated tumor growth and bone
osteolysis in the intratibial tumor
model. (A) Experimental schematic.
Mice injected with RM1-iC9 cells were
randomized before VEH or AP treat-
ment. (B) Representative uCT images
showing trabecular bone in VEH and
AP cancer-inoculated tibiae and the
corresponding contralateral controls
(nontumor) (scale bars: 400 pum). (C)
Bone parameters quantified by uCT:
trabecular bone volume relative to
total volume (Tb.BV/TV), trabecular
number (Th.N), trabecular thickness
(Tb.Th), trabecular spacing (Tb.Sp),
cortical thickness (Cortical Th), and
total bone volume relative to total vol-
ume (BV/TV); VEH (n =11) and AP (n =
12). (D) Representative images of H&E
sections of tumor-inoculated VEH and
AP tibiae. Tumor areas are highlighted
in yellow and necrosis in green (scale
bars: 400 pum). (E) Quantification of
tumor area relative to total bone area
(Tm.Ar/T.Ar). (F) Necrotic area relative
to tumor area inside the bone. (G)
Images inside the tumor areas of sec-
tions stained using F4/80 and Ly6B
antibodies for VEH and AP (x50) (scale
bars: 200 pum). (H) Quantification of
F4/80" (n =11 per group) and Ly6B*
VEH (n = 11) and AP (n = 12) staining

(3 fields inside tumor area at x20 per
sample). Data are mean + SEM; *P <
0.05, **P < 0.01, 'P < 0.0001 (2-tailed
Student’s t test).
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inducer of inflammation-accelerating tumor growth in the
bone microenvironment.

Cancer cell death induces accelerated tumor growth and bone
destruction, while CXCL5 deficiency hinders tumor progression.
Since the accelerated growth of cancer RMI1-iC9 cells in the
osseous vossicle model resulted in a large proportion of cells
growing outside the bone, the effect of cancer cell death in
tumor progression was further analyzed in an intratibial inocu-
lation model. Engulfment of cancer cells after apoptosis induc-
tion mediated by AP treatment was evaluated. RM1-iC9 cells
were GFP-labeled upon transfection with a lentiviral reporter
construct prior to their inoculation into the left tibia of mice.
Mice were randomized into groups treated with AP or VEH for
5 hours at day 5 after cancer inoculation (Figure 9A). Following
this treatment, the bone marrow cells of the left tibia (tumor-
inoculated) and the contralateral right tibia (control) were iso-


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/1
https://www.jci.org/articles/view/92466#sd
https://www.jci.org/articles/view/92466#sd
https://www.jci.org/articles/view/92466#sd

The Journal of Clinical Investigation

>
=
—
@

* 6 *k

° o
=5l .
T oo b
] % \§4 1.
°® Z
Ko}
[

Tb.BV/TV (%)
o o &

(=}

WT CXCL5™" WT CXCL5"

Cortical Th (mm)
o o
SO
o¢—§—¢o

Tm.Ar/T.Ar (%)
5 8
o 4
%%o

N W
o oo

WT CXCL5™"-

lated and analyzed by flow cytometry using APC-labeled CD11b
or F4/80 antibodies. The CD11b*GFP* or F4/80*GFP* popula-
tions in Figure 9, B and E, indicate the CD11b* or F4/80" effero-
cytic cells (engulfing cancer cells), respectively. Representative
VEH and AP (tumor-inoculated) and corresponding contralat-
eral (control) bone marrow cell plots are shown (Figure 9, B and
E). APC-labeled IgG isotype control antibodies for both CD11b
and F4/80 were used to determine the gates and representa-
tive plots (Supplemental Figure 6, A and B). The percentages
of engulfing CD11b* or F4/80" cells were calculated for tumor-
inoculated and control tibiae relative to total CD11b* or F4/80*
cells, respectively. Engulfing CD11b* and F4/80" cells increased
in the bone marrow of AP-treated tumor tibiae (AP-Tumor)
relative to VEH-treated tumor (VEH-Tumor) or their controls
(Figure 9, C and F). Furthermore, increased CD11b* engulfing
cells were observed in the VEH-Tumor relative to VEH-Control
(Figure 9C), while no significant difference was found in the
F4/80" engulfing population (Figure 9F). No differences were
found in any bone marrow population between VEH-Control
and AP-Control (contralateral) tibiae (Figure 9, C and F).

The percentage of nonengulfed GFP* RM1-iC9 cells was cal-
culated relative to total cells. While higher numbers of GFP* RM1-
iC9 cells were observed in the bone marrow of all tumor tibiae
relative to control, AP treatment significantly increased this popu-
lation when compared with VEH, indicating rapid growth of can-
cer cells after AP treatment (Figure 9, D and G).

Tb.Th (mm)
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Figure 11. CXCL5 deficiency hinders tumor growth

0.06 NS and bone osteolysis in the intratibial model. Both
WT (n = 8) and CXCL5"~ (n = 7) mice were inocu-
0.05 ?E' % lated with RM1-iC9 cells via intratibial injection
r o and treated with AP, similarly to Figure 10A. (A)
Representative uCT images showing trabecular
0.04

bone in the tumor tibiae for WT and CXCL5”/~ mice
(scale bars: 400 um). (B) Bone parameters were
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WT CXCL5 quantified by uCT in tumor-injected tibiae for WT
and CXCL5, similarly to Figure 10C. (C) Repre-
30 NS sentative images of H&E sections for WT and
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L 25 %o_ (scale bars: 400 pum). (D) Quantification of tumor
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I~ s are mean * SEM; *P < 0.05, **P < 0.01, *P < 0.001
5 1(5) (2-tailed Student’s t test).
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To further understand the effects of cancer cell apoptosis and
subsequent efferocytosis on tumor progression and bone remodel-
ing, the RM1-iC9 cells were inoculated via intratibial injection (day
0) and treated with VEH or AP at days 6 and 8 (Figure 10A). Tibiae
(tumor-inoculated and control) were collected at day 9 and analyzed
by micro-computed tomography (uCT). The analysis of AP-Tumor
tibiae showed significant reduction in trabecular and total bone
volume and reduced trabecular number and thickness with a corre-
sponding increase in trabecular spacing relative to VEH-Tumor (Fig-
ure 10, B and C). No changes were observed in the cortical bone (Fig-
ure 10C). These results suggest that escalated bone osteolysis was
induced by increased tumor growth via amplified efferocytosis and
the predominant osteolytic nature of RM1 cells. However, to exclude
the possibility that differences in bone volume could be due to an
effect of AP in nontumor cells, uCT analysis revealed no differences
in bone between VEH-Control and AP-Control contralateral tibiae
(Supplemental Figure 7), confirming that the differences observed
between AP and VEH in the tumor are a result of the tumor-induced
osteolysis mediated by cancer cell apoptosis. Furthermore, osteo-
clast tartrate-resistant acid phosphatase-positive (TRAP*) stain-
ing measured in bone inside the tumors (regions of interest [ROIs]
depicted in Supplemental Figure 8A) demonstrated no differences in
either osteoclast surface per bone surface or osteoclast number per
bone surface (Supplemental Figure 8B), suggesting that the changes
in trabecular and total bone volume are concomitant with osteolytic
activity but not with increased osteoclast numbers.
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Changes in the bones of AP-Tumor tibiae relative to the
VEH-Tumor were correlated with the increased tumor progression
seen in the AP-treated vossicle model. Tumor areas normalized to
total bone area demonstrated that tumors were larger in AP-treated
mice compared with VEH (Figure 10, D and E). The percentage
of necrosis calculated as the ratio of necrotic areas divided by the
total tumor area inside the bone demonstrated that increased tumor
necrosis is induced by AP (Figure 10, D and F). These results sug-
gest that the induction of apoptosis, resulting in larger tumors, also
induces necrosis, perhaps enhanced by the limited capacity of mac-
rophages to effectively clear the large proportion of apoptotic cells
at an advanced stage of tumor growth. Consistent with the induc-
tion of apoptosis by AP, IHC inside the tumor revealed increased
numbers of F4/80* and Ly6B* cells suggesting increased inflamma-
tion in tumors where cell death was stimulated (Figure 10, G and H).

Altogether these experiments demonstrated that induction of
apoptosis with AP increased efferocytosis, rapidly stimulated can-
cer growth in the bone, and increased bone osteolysis.

Next, the role of CXCLS5 in inducing tumor acceleration was
investigated. An experiment comparing tumor growth in the bones

jci.org  Volume128  Number1  January 2018

of WT (CXCL5*%*) and CXCL57" mice was performed. Using the
same approach described above (Figure 10A), RM1-iC9 cells were
inoculated via intratibial injection in 6-week-old mice. To maxi-
mize proinflammatory CXCL5 expression, WT and CXCL57" mice
were treated with AP to induce cancer cell apoptosis. At endpoint,
uCT analysis was performed on tumoral tibiae. CXCL5-deficient
mice had significantly higher trabecular bone volumes relative to
WT, increased trabecular numbers, and reduced trabecular spac-
ing (Figure 11, A and B).

H&E-stained tumor sections showed reduced tumor areas in
CXCL57" mice relative to WT (Figure 11, C and D), confirming the
proinflammatory role of CXCL5 induced by efferocytosis of apop-
totic cancer cells.

Nonclassical (CD16%) phagocytic peripheral blood mononuclear
cells and CXCL5 serum levels associated with human prostate can-
cer skeletal metastasis. Peripheral mononuclear cells serve as cir-
culating immune cells in the blood recruited to replenish tissue-
resident cells. A previous study reported that CD16* (nonclassical)
monocytes presented a significant enrichment in genes involved in
cytoskeletal arrangement and phagocytosis (39, 40). In response
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to the findings in the skeletal metastatic experimental model, we
hypothesized that prostate cancer bone-metastatic patients would
have increased circulating phagocytic monocytes compared
with controls due to the presence of circulating tumor cells. Flow
cytometric analysis of peripheral blood samples revealed that
bone-metastatic patients (characteristics in Supplemental Table
1) harbored increased circulating CD68* (a phagocytic marker)
cells compared with healthy controls (Figure 12A). These patients
also had increased mononuclear CD14*CD16* and CD144"CD16*
cells (a patrolling monocyte subset) (ref. 41 and Figure 12B). Both
of these populations express CD68 (Supplemental Figure 9A).
However, no significant differences were identified in the classical
CD14*CD16 mononuclear population. The average age in male
control (noncancer) patients was lower than in the bone-meta-
static patients (Supplemental Figure 9B), but no significant cor-
relation was found inside each group between the ages and the
percentages of the different populations: CD68*, CD144"CD16,
CD14*CD16", and CD14*CD16" (Supplemental Figure 9C). Other
studies have suggested that monocytes expressing both CD14 and
CD16 are elevated in patients with cancer (42). To investigate the
efferocytic capabilities of freshly isolated mononuclear cells from
prostate cancer bone-metastatic patients compared with control,
cells were cultured with phosphatidylserine-coated apoptotic-
mimicry beads. Monocytes (CD14") isolated from patients with
prostate cancer skeletal metastases had significantly greater effe-
rocytosis (double-positive for beads and CD14) compared with
cells from normal (noncancer) patients (Figure 12C).

Consistent with these results, we hypothesized that phago-
cytic monocytes/macrophages would increase serum levels of
the inflammatory CXCL5 cytokine in bone metastasis patients
because of tumor cell clearance both in circulation and in the bone
marrow compartment. A cohort of serum samples from patients
with progressive advanced castration-resistant prostate cancer
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Figure 13. Model of efferocytosis-induced

prostate cancer tumor growth in the bone

microenvironment. Bone macrophages (M®s)
Ly6B engage and efferocytose apoptotic cancer
cells to induce the activation of Stat3 and
NF-xB(p65), which stimulate the production
of proinflammatory cytokines including CCL5,
CXCL1, IL-6, and CXCL5. CXCLS5 is a crucial
chemoattractant of inflammatory myeloid
cells, including CD11b*Gr-1%, Ly6B* cells, and
increases M2 (F4/80+CD206* cells) polarization,
all resulting in perpetual inflammation and
immunosuppression that stimulate tumor
growth. OC, osteoclast; OB, osteoblast.

CD206

4 F4/80

Osteocyte

metastatic to bone with multiple lesions (=3 lesions), with no pri-
or chemotherapy for metastatic disease and no signs of ongoing
infection or another malignant disease, was analyzed (Supple-
mental Table 2). These samples were compared with cohorts of
patients with either localized high-risk prostate cancer or non-
cancer patients. The age distribution from each group is shown
in Supplemental Figure 10A. All samples were analyzed by ELISA
to measure 3 closely related cytokines: CXCL5, CXCL6 (a human
cytokine homologous to mouse CXCL5), and IL-8 (CXCLS).
Human IL-8 is a proinflammatory cytokine with no direct murine
homolog, suggested to be functionally homologous with murine
CXCL1, CXCL5, and CXCL6 (43). Intriguingly, normal samples
displayed significantly higher serum CXCLS5 relative to localized
cancer samples (Figure 12D). Importantly, considerably higher
levels of CXCL5 were detected in the serum of bone-metastatic
patients compared with other groups, while no significant dif-
ferences were observed for CXCL6 (Figure 12E). Contrary to the
CXCL5 results, serum samples from bone-metastatic patients
showed significantly reduced IL-8 concentrations relative to nor-
mal and localized samples (Figure 12F). Furthermore, no signif-
icant correlation was found between the CXCL5 or IL-8 serum
concentrations and the age of patients for each group, respectively
(Supplemental Figure 10B). Altogether these findings suggest the
predominant role of proinflammatory CXCL5 in prostate cancer
bone metastasis in concert with the increased phagocytic circulat-
ing CD68*CD14*CD16" monocytic cell population.

Discussion

Persistent inflammation in the tumor microenvironment is a com-
mon denominator of cancer progression characterized by the infil-
tration of myeloid cells that facilitate tumor expansion and metas-
tasis (44). Chronic inflammation increases cell stress and tissue
damage, which induces apoptotic/necrotic cell death. Conse-
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quently, several aggressive tumors are characterized by high apop-
totic rates, which are often underestimated as a result of efficiency
of clearance (efferocytosis) (11). Efferocytosis is a fundamental
function of professional phagocytes (mainly macrophages) and
an essential mechanism of normal tissue homeostasis that also
prevents inflammation. However, here we present new evidence
suggesting that the response of bone marrow macrophages when
engaged in efferocytosis of prostate cancer cells differs from the
response when engaged with cells that bone marrow macrophages
would normally encounter, such as osteoblasts and stromal cells.

Cancer cell efferocytosis was found to induce an inflammatory
response in macrophages characterized by the expression of CCLS5,
CXCL1, CXCLS5, and IL-6, which have been correlated with tumor
inflammation mechanisms and metastasis in several cancer types
(45, 46). Accordingly, these findings suggest that the induction of
efferocytosis leads to activation of NF-kB(p65) and Stat3 signaling
and proinflammatory cytokine expression. Blocking NF-«kB(p65)
or Stat3 signaling mitigated the expression of inflammatory cyto-
kines in macrophages, while simultaneous inactivation of these
pathways blocked the efferocytic function of macrophages. Since
neither Stattic nor Bay11-7082 inhibited efferocytosis when used
alone, these findings further suggest that these two pathways are
not only activated by efferocytosis, but are critical components of
this mechanism, where at least one has to be fully active for this
essential function of macrophages. In accordance, NF-xB(p65)
and Stat3 are steadily activated in immune cells, where they selec-
tively regulate each other to trigger amplification loops that stimu-
late the production of protumor inflammatory factors (7, 24, 25). It
has been suggested that continuous activation of Stat3 is a prereq-
uisite for these tumor-promoting immune responses (47). Further-
more, activation of Stat3 by efferocytosis mediates the M2-like
polarization of bone marrow macrophages (12). In vivo studies
in breast and colon cancer showed that efferocytosis induced M2
polarization and metastasis, while increased cell death correlated
with poorer outcomes (13, 48). Moreover, the proinflammatory
cytokine IL-6 induced M2-like macrophage polarization in human
macrophages (49). Our findings suggest that efferocytosis induces
tumor-promoting inflammation mediated by the persistent activa-
tion of Stat3 and NF-kB(p65) in macrophages.

The bone marrow is a myeloid-rich microenvironment for
seeding and colonization of metastatic cells. Using apoptosis-
inducible murine RM1 prostate cancer cells and bone vossicles
as a syngeneic model of osseous environmental tumor growth,
it was demonstrated that induced cancer death accelerated
tumor progression. RM1 cells were chosen in this study as these
cells are derived from prostate epithelium of C57BL/6] mice and
overexpress the Ras and Myc oncogenes, which resembles the
oncogene-specific gene expression signatures of prostate cancer
patient samples and is associated with prostate cancer progression
(50, 51). The vossicle model provides an osseous scaffold for tumor
growth where cancer cells are implanted directly in the interacting
bone niche. This interaction between tumor and bone is critical,
especially at the early stages of tumor growth. The importance of
bone in the vossicle serving as scaffold was demonstrated in pre-
vious experiments in which tumor growth was accelerated in the
vossicles isolated from a Gas67~ mouse relative to controls after
implantation in the same host. In these experiments tumor growth
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was assessed in vossicles where tumors overgrew the bone scaf-
folds (31). Another example of the vossicle model highlighting
the bone microenvironment in tumor progression revealed that
ablation of the osteoblast niche hindered prostate cancer growth
in tumor vossicles (17). Furthermore, it was recently reported that
macrophage ablation decelerated tumor growth using the RM1/
vossicle model (9).

Elevated numbers of apoptotic cells were observed in the tumor
vossicles where apoptosis was induced, and cell death induced a
higher percentage of F4/80*CD206" (M2-like) macrophages in
tumors, which correlates with increased polarization induced by
efferocytosis (12). Furthermore, CD11b*Gr-1* cells, expressing
markers of myeloid-derived suppressor cells (MDSCs), were also
increased in tumors where cell death was induced. Although over-
lapping values of different immune cell populations were detected
by flow cytometry between VEH- and AP-treated groups, this could
be explained by the significant level of apoptosis found in RM1-iC9
control tumors and/or the possibility that AP treatment did not
equally reach all cancer cells because of the complexity of large
tumors. For similar reasons, a high variability in the CXCL5 concen-
trations was detected in the tumors linked to the various levels of
apoptosis, which would overlap in some cases with controls. While
we cannot exclude the important role of other proinflammatory
cytokines, the critical role of CXCLS5 is further supported by the sig-
nificant correlation found between CXCL5 levels and tumor weight.

Other studies have identified CXCL5 as a predictor for
bone-metastatic prostate cancer (52), and in a breast cancer meta-
static model it was shown that this cytokine is a factor secreted by
tumor-associated osteoblasts to function as an inducer of epithelial-
to-mesenchymal transition and metastasis (53). Furthermore, in
a model of rhabdomyosarcoma, it was demonstrated that anti-
body-mediated neutralization of CXCR2 (a receptor for CXCL5)
enhanced anti-PD1 effectiveness by preventing the tumor infil-
tration of the CD11b*Ly6G" suppressor cells (54). However, none
of these works identified the proinflammatory efferocytic macro-
phage as a trigger of tumor growth in the bone microenvironment.

Using the CXCL57 mice in a syngeneic tumor vossicle model
delineated the crucial role of host-derived CXCLS5 in the mecha-
nism of cell death-induced tumor progression. CXCL5 deficien-
cy significantly inhibited tumor progression in bone vossicles.
Although the cytokine array might have missed other cytokines
represented at lower concentrations, CXCL5 was expressed at
considerable levels, and the major contribution was from the host
microenvironment and not the cancer cells. Intriguingly, ELISA
analysis showed reduced levels of CXCL1 in CXCL57" vossicles
versus WT. Although CXCL1, a cytokine that interacts with the
same receptor (CXCR2) as CXCL5, was expressed at lower levels
in the tumor in comparison with CXCL5, these results are consis-
tent with reduced cell death-induced inflammation mediated by
CXCL5 deficiency in the vossicles.

Analysis of CXCL57 tumor vossiclesrevealed reduced percent-
ages of M2-like (F4/80*CD206") and phagocytic (CD68'F4,/80*)
macrophages as well as inflammatory Ly6B* cells and granulocytic
CD11b*Gr-1" cells that characterize MDSCs, all of which aligns with
reduced inflammation and efferocytosis and the role of CXCLS5 as
a crucial chemoattractant of MDSCs. Importantly, and in contrast,
increased influx of CD86" cells was identified within CXCL57-
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tumors as compared with WT. Recent findings using a mouse mod-
el of lung carcinoma demonstrated the role of CD86* myeloid cells
in the tumor microenvironment as mediators of the antitumoral
effects of carbon monoxide treatment (55), where depletion of
CD86" cells with neutralizing antibody accelerated tumor growth.
These results suggest that the reduced tumor progression shown
in CXCL57" mice is at least partially due to increased CD86" cells
with antitumor activity.

Flow cytometry and IHC results included overlapping values
within the F4/80, Ly6B, and CD86 populations between WT and
CXCL57" mice, suggesting that other proinflammatory cytokines
may play a role and partially compensate for the CXCL5 defi-
ciency to support tumor growth. Nevertheless, the osseous vossi-
cle model presented valuable information about the changes in
immune cell populations infiltrating the tumors associated with
the activation of apoptosis and efferocytosis and in correlation
with tumor progression.

Mixed osteoblastic and osteolytic lesions occur in patients
with metastatic prostate cancer, all characterized by aberrant bone
remodeling where osteoblastic bone formation and signaling are
linked to osteolytic bone resorption (56). Previous findings using
RM1 cells showed that macrophage depletion decelerated tumor
growth but had differential effects on bone, dependent on mode
of depletion, suggesting that in bone metastasis, macrophages
may be more important for tumor progression than their effects in
the bone (9). In the present study with RM1-iC9 cancer cells, the
apoptosis inducer AP increased apoptotic cell engulfment, which
was accompanied by accelerated growth of cancer cells. This
rapid in vivo increase in cancer cells after AP treatment was not
observed in vitro in cocultures of macrophages and RM1-iC9 cells
(no change in nonengulfed cancer cells relative to VEH controls)
(Supplemental Figure 6C). This result could be associated with the
activation of inflammation-mediated immunosuppression within
the bone microenvironment, allowing cancer cells to grow faster
in a debilitated immune environment.

The accelerated tumor progression in the bone reported here
resulted in increased osteolysis, necrotic cell death, and inflam-
mation as detected by increased F4/80* and Ly6B* cell infiltra-
tion. Previous in vivo studies in prostate cancer models suggest
that activation of CD11b*Gr-1* cells in the bone marrow was medi-
ated by IL-6 to accelerate tumor progression (34, 35). These find-
ings suggest that increased bone marrow macrophage infiltration
into the tumors results in CXCL5 and other proinflammatory cyto-
kines that facilitate recruitment and activation of CD11b*Gr-1%,
which enhances immunosuppression and tumor growth. Similar-
ly, AP-treated tumors in CXCL5-deficient mice resulted in decel-
erated tumor progression and osteolysis, supporting the critical
role of this cytokine; however, the overlap variability detected in
some tumor areas and bone volumes suggests a potential role of
other efferocytosis-induced proinflammatory cytokines in tumor
progression. Furthermore, because osteolytic bone destruction
was predominantly found in the in vivo models used in these stud-
ies, these findings may not be fully applicable to the osteoblastic
lesions observed in human skeletal metastases.

CD14'CD16" monocytes account for only 8% of all mono-
cytes and exhibit a higher rate of phagocytosis, which is associated
with acute and chronic inflammation (57). In metastatic gastro-
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intestinal carcinoma, patients exhibited a significant elevation
in a unique CD16* blood-monocyte population, which did not
correlate with sepsis or bacterial infection (58). The presence of
this monocyte subset predicted tissue invasiveness of cholangio-
carcinoma and was elevated in patients with solid tumors. In the
present study we analyzed phagocytic circulating blood mono-
cytes (CD68") that were either classical (CD14*CD16°), nonclas-
sical (CD14'CD16%), or patrolling (CD14%™CD16%) in patients
with prostate cancer bone metastasis and noncancerous control
patients. While no difference was found in total CD14*CD16"
monocytes relative to normal (noncancer controls), a significant
increase was identified in the CD14*CD16* and the CD144™CD16*
(low CD14) monocytes in bone-metastatic patients with overlap
in populations observed compared with normal controls, which
may be related to the bone-metastatic disease being at differ-
ent stages of progression. It is likely that at early stages of meta-
static disease these values may be closer to normal, while more
advanced metastatic disease would exhibit the highest increase
in these cell populations. Although the CD14¢4™CD16* monocytes
have been shown to respond poorly to bacterial signals, they also
express high levels of selected inflammatory cytokines in response
to viruses via TLR7 and TLR8 (41). Studies on human monocytes
indicated that CD14*CD16* cells play an important role in inflam-
matory diseases such as rheumatoid arthritis (42), and a recent
report suggests that these nonclassical monocytes display inflam-
matory features (59), which correlates with our findings showing
increased CD68*CD14*CD16* nonclassical phagocytic monocytes
and proinflammatory CXCLS5 in blood serum of bone-metastatic
compared with normal (noncancer) patients. Our results further
suggest an important role of both CD144"CD16 and CD14*CD16*
monocytes in metastasis-promoting inflammatory responses.

In mice, CXCLS5 exhibits a predominant role in the neutro-
phil influx to the lung as a result of inflammation induced by LPS
inhalation, which aligns with its role in human inflammatory
diseases as a neutrophil chemoattractant (38). The expression
of CXCL6, a human homolog of mouse CXCL5 (60), was sig-
nificantly upregulated in prostate cancer tissues and correlated
with high Gleason scores (27) (61). However, analysis of blood
serum from prostate cancer bone-metastatic patients revealed
differences in CXCL5 when comparing with normal or high-risk
localized cancer, while no significant differences were observed
for CXCL6. Recently it has been proposed that murine CXCL5 is
the functional homolog of human IL-8 (62); however, contrary
to the findings with human CXCL5, the analysis of IL-8 serum
levels in the same patient cohort showed higher IL-8 expression
in the serum of noncancer and localized cancer relative to the
bone-metastatic group. Further analysis with human macro-
phages will provide clues and help clarify the production of such
cytokines induced by efferocytosis.

In summary, these findings reveal a new mechanism by which
the clearance of dying tumor cells by macrophages induces per-
sistent inflammation in the tumor bone microenvironment via
expression of CXCL5 and other proinflammatory cytokines to
facilitate cancer progression (Figure 13). Since enhanced cell death
and efferocytosis are produced by cancer therapies, the identifica-
tion of CXCLS5 as a crucial factor in this mechanism provides an
important clue for designing additional successful therapies.
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Methods

Cell lines and animals. Murine prostate cancer RM1 cells were originally
a gift from Timothy C. Thompson (Baylor College of Medicine, Hous-
ton, Texas, USA) (63, 64). Apoptosis-inducible RM1-iC9 cells were
developed by transduction of murine RM1 with the viral construct
for inducible caspase-9 (iC9) as previously described (23). The new-
ly constructed RM1-iC9 cells were characterized by an independent
laboratory (IDEXX BioResearch), which confirmed origination from
the C57BL/6] mouse strain, the same profile as the parent RM1, and
no contamination was detected. PC3 cells (also tested by IDEXX Bio-
Research) were obtained from the American Type Culture Collection
(ATCC). MC3T3-E1 subclone 4 (MC4) cells (ATCC CRL2593) were
provided by Renny T. Franceschi (University of Michigan). C57BL/6]
mouse primary prostate epithelial cells (MPECs) were obtained from
Cell Biologics (C57-6038).

All animal experiments were performed with approval from the
University of Michigan Institutional Animal Care and Use Commit-
tee. Control WT mice (C57BL/6]) were purchased from the Jackson
Laboratory. CXCL57" knockout mice on a C57BL/6] background were
donated by George Scott Worthen and Junjie Mei (Division of Neona-
tology, Children’s Hospital of Philadelphia, University of Pennsylva-
nia, Philadelphia, Pennsylvania, USA) (38).

Vossicle (vertebral body) subcutaneous RMI-iC9 tumors. The vossicle
model, which provides an osseous scaffold for tumor growth in a bone
microenvironment, has been previously described (9, 31). Detailed
description is provided in Supplemental Methods.

Intratibial injection model. Apoptosis-inducible RM1-iC9 murine
prostate cancer cells (2 x 10%) or RM1-iC9-GFP (RM1-iC9 cells trans-
duced with GFP-reporter lentiviral construct; Lenti-GFP, University
of Michigan Vector Core) were injected in the left tibiae of C57BL/6]
mice under anesthesia as previously described (9). Detailed descrip-
tion is provided in Supplemental Methods.

Human mononuclear cell isolation. Human peripheral blood mono-
nuclear cells were isolated from 7.5 ml of venous blood collected in
EDTA-coated vacutainer tubes (Becton Dickinson). Samples were
collected at the University of Michigan Comprehensive Cancer Cen-
ter from patients with prostate cancer bone metastases as well as from
healthy donors without any cancer history. Complete description is
provided in Supplemental Methods.

Statistics. Statistical analyses were performed in GraphPad Prism
6 (GraphPad Software Inc.) using unpaired 2-tailed Student’s ¢ test to
compare differences between 2 groups with significance of P less than
0.05. One-way ANOVA with multiple-comparisons tests was used to
compare 3 or more groups with significance of Pless than 0.05. The in
vivotumor progression was analyzed using 2-way ANOVA with multiple
comparisons. Human peripheral blood mononuclear cell populations
and human ELISA data were analyzed using nonparametric rank tests;
2-group comparisons were tested with a Wilcoxon rank test, and when
more than 2 groups were tested the Kruskal-Wallis rank test was used
at significance of P less than 0.0083 (using the Bonferroni multiple-
comparisons adjustment).
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TRACER data from multiple experimental repeats were combined.
Measurements were log -transformed and normalized to the average
intensity of the control reporter, which contained only the minimal
TATA-box promoter. The data were further normalized to background,
defined as cells transfected with reporter virus but not administered
apoptotic cells. Finally, data were normalized to the initial reporter
measurement for each treatment condition at O hours. Statistical sig-
nificance among background and experimental groups was determined
using the R package limma (65). To generate heatmaps, the log, fold
change for each condition and time point was averaged among repli-
cates. Reporters were grouped into 4 clusters using k-means clustering.

Study approval. All participating patients were enrolled in our
prospective study (HUMO0052405), which was approved by the Uni-
versity of Michigan Medical School Institutional Review Board (Ann
Arbor, Michigan, USA). All patients provided their written informed
consent prior to their participation in the study.

Additional methods and extended descriptions are provided in
Supplemental Methods.
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