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Immune effector monocyte—neutrophil cooperation
induced by the primary tumor prevents metastatic
progression of breast cancer
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Metastatic behavior varies significantly among breast cancers. Mech-
anisms explaining why the majority of breast cancer patients never
develop metastatic outgrowth are largely lacking but could underlie
the development of novel immunotherapeutic target molecules. Here
we show interplay between nonmetastatic primary breast cancer
and innate immune response, acting together to control metastatic
progression. The primary tumor systemically recruits IFNy-producing
immune effector monocytes to the lung. IFNy up-regulates Tmem173/
STING in neutrophils and enhances their killing capacity. The immune
effector monocytes and tumoricidal neutrophils target disseminated
tumor cells in the lungs, preventing metastatic outgrowth. Importantly,
our findings could underlie the development of immunotherapeu-
tic target molecules that augment the function of immune effector
monocytes and neutrophils.

metastatic breast cancer | immune effector monocytes |
CCR2 | CCL2 | STING

Metastatic breast cancer is a major clinical challenge, ac-
counting for a discouraging 400,000 deaths per year world-
wide (1, 2). Importantly, metastatic behavior varies significantly
among breast cancers with ~10 to 15% of breast cancer patients
developing distant metastases (3). A wide range of tumor-derived
and stromal factors has been shown to promote metastatic progres-
sion (2, 4). However, although the majority of breast cancer patients
never develop metastatic breast cancer, it remains to be determined
whether primary breast cancer tumors can actively induce a systemic
antimetastatic immune response protecting patients from metastatic
outgrowth, which could potentially provide the backbone for the
future development of immunotherapeutic target molecules.

Cancer immunotherapy has proven to be a promising treatment,
improving the survival of patients with cancer; however, currently
there are no immunotherapies available for advanced breast can-
cer (5). In fact, the majority of current cancer immunotherapies
primarily target or augment the function of T lymphocytes rather
than myeloid cells, which have an important role in innate im-
munity and are critical regulators of metastatic breast cancer (5, 6).
The main myeloid populations involved in metastatic breast cancer
are mononuclear monocytes and macrophages, and polymorpho-
nuclear neutrophils (7-9). Within each myeloid population there is
a continuum of subpopulations that can have either a pro- or
antitumoral phenotype (6, 7). Novel cancer immunotherapies that
activate and augment the function of antitumoral myeloid sub-
populations could have therapeutic potential and be clinically
important for patients with advanced breast cancer.

Here we elucidate whether nonmetastatic primary human breast
cancer can evoke an antimetastatic myeloid immune response at
the metastatic site, explaining disparities in the development of
metastatic breast cancer in patients. We took advantage of the
difference in metastatic efficiency between various breast cancer
patient-derived xenograft (PDX) lines (10, 11). The PDX model
harbors bona fide malignancy characteristics directly from the
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patients’ breast cancer tumors and is hence an attractive preclinical
model to find novel therapeutic alternatives for metastatic breast
cancer (12). We furthermore validated our PDX-derived findings
with a large primary breast cancer tissue microarray (TMA), pleural
effusions from breast cancer patients and an immunocompetent
syngeneic mammary cancer model. Taken together, we reveal in-
terplay between the primary breast cancer tumor and myeloid im-
mune response, acting together to control metastatic progression.

Results

Monocyte Recruitment in a Nonmetastatic Model. We studied 3
different triple negative breast cancer PDX lines that in prior
work we found had high (PDX lines HCI-001 and HCI-010) or
poor (PDX line HCI-002) spontaneous metastatic efficiency
(Fig. 1 4 and B and SI Appendix, Table S1) (11). Their metastatic
behavior in mice recapitulated patterns similar to those observed in
the original patients (11, 12). The PDX tumors were transplanted
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orthotopically and allowed to grow to end point (~20 to 25 mm
in diameter) in nonobese diabetic (NOD)/severe combined
immunodeficient (SCID) mice, which are deficient in mature T
and B cells but can have functionally activated innate immune
cells (13, 14). Accordingly, they provide an appropriate model
to explore the direct impact of innate immune cells in human
metastatic breast cancer.

To discern if the differences in the metastatic behavior of the
PDXs were independent or dependent upon mechanisms intrinsic
to the cancer cells we did a bilateral transplantation experiment
(Fig. 1C). We asked if either a highly metastatic or a poorly met-
astatic PDX line could systemically modulate metastatic efficiency
of the other PDX line. We used the HCI-001 line, which has
similar primary tumor growth kinetics as HCI-002 but excluded the

A HCI-001

HCI-010

HCI-002

HCI-010 line from the experiment since HCI-010 tumors grow
slower (SI Appendix, Fig. S14) (12). As expected, we did not detect
any metastatic foci in lungs of HCI-002 tumor-bearing mice
(transplanted to only 1 side), (Fig. 1D). Intriguingly, compared to
HCI-001 tumor-bearing mice (transplanted to only 1 side), the
number of metastatic foci in the lungs of HCI-001/HCI-002 tumor-
bearing mice decreased (Fig. 1D). These findings suggest that the
poorly metastatic PDX line HCI-002 evoked a cancer cell-
independent mechanism that systemically inhibited metastatic
breast cancer.

Next, we evaluated the nature of the immune microenviron-
ment in lungs from mice bearing tumors from highly metastatic
compared to poorly metastatic PDX lines (Fig. 1E). The 2 highly
metastatic PDX lines (HCI-001 and HCI-010) induced a significant
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Fig. 1. Monocyte recruitment in a nonmetastatic model. (4) Representative flow cytometry plots illustrating disseminated tumor cells (human CD298* and mouse
Lin~ [lineage negative for CD31, CD45, and Ter119]) in lungs of HCI-001, HCI-010, and HCI-002 tumor-bearing mice. (B) Hematoxylin and eosin (H&E) staining of lungs
show metastatic foci in HCI-001 and HCI-010 tumor-bearing mice, indicated with black arrows and dashed lines. (Scale bar, 50 pm.) (C) Schematic illustration of
experimental approach. (D) Number of metastatic foci per lung lobe; HCI-001 (n = 8), HCI-001/HCI-002 (n = 8), HCI-002 (n = 5), mean + SEM, 2 technical repeats. (E)
Representative flow cytometry plots illustrate the gating of immune cells (CD45*), neutrophils (CD11b*Gr-1"9"), and monocytes/macrophages (CD11b*Gr-1'"%) in
lungs of PDX tumor-bearing mice. (F) Frequency (percentage of CD45") of lung monocytes in WT (n = 12), HCI-001 (n = 8), HCI-010 (n = 8), and HCI-002 (n = 14) tumor-
bearing mice, mean + SEM, >5 technical repeats. (G) Frequency (percentage of CD45") of BrdU* monocytes in bone marrow and lung after 2 (bone marrow [n = 6],
lung [n = 5]), and 72 h (bone marrow [n = 4], lung [n = 4]) BrdU pulse, mean + SEM, 3 technical repeats. (Mann-Whitney U test, *P < 0.05, **P < 0.01, ***P < 0.001).
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increase in neutrophil (CD1 1b+Gr-1high) frequency in the lungs
and a significant decrease in monocyte/neutrophil ratio compared
to wild-type (WT) NOD/SCID mice (SI Appendix, Fig. S1 B and
(), which supports previous findings showing that neutrophils can
promote metastatic progression of breast cancer (15, 16). In-
terestingly, the lungs of mice bearing the poorly metastatic PDX
line HCI-002 showed an increased frequency of monocytes/mac-
rophages (CD11b*Gr-1"%) (Fig. 1F). Analysis of BrdU in-
corporation at different time points in lungs and bone marrow
showed that monocytes/macrophages (CD11b*Gr-1'°%, hereafter
referred to as monocytes), most likely, was the end result of re-
cruitment from the bone marrow rather than local proliferation of
lung resident macrophages, further supporting a systemically me-
diated recruitment of monocytes. BrdU" monocytes in HCI-002
tumor-bearing mice were significantly lower in frequency in lung
compared to bone marrow after 2 h of BrdU incubation and most
probably accumulated in the lungs, as illustrated by a significant
increase of BrdU" monocytes in lungs after 72 h of BrdU in-
cubation, while there was no accumulation of BrdU* monocytes in
bone marrow (Fig. 1G).

Taken together, our data indicate that the myeloid immune
microenvironment in the metastatic niche can be different in the
context of highly metastatic primary tumors compared to poorly
metastatic primary tumors. Moreover, the PDX-derived data
demonstrate that the myeloid immune response can be system-
ically and differentially activated in NOD/SCID mice and sup-
port the PDX model as a means of studying the role of myeloid
cells in metastatic breast cancer.

Immune Effector Monocytes. To further characterize the recruited
monocytes, we next asked whether C-C chemokine receptor type
2 (CCR2), a marker for circulating inflammatory monocytes
(17), was present on monocytes infiltrating the lungs of HCI-002
tumor-bearing mice. Immunohistochemical (IHC) staining for
CCR?2 revealed clusters of CCR2* cells with a monocyte-type
morphology in the lungs of the poorly metastatic PDX line
HCI-002, but few in HCI-001 and HCI-010 tumor-bearing mice
(Fig. 24). By flow cytometry, we confirmed that mice trans-
planted with HCI-002 tumors had an increased infiltration of
CCR2" monocytes into the lungs (Fig. 2 B and C and SI Appendix,
Fig. S2 A and B). Of note, the infiltration of CCR2* monocytes to
the mammary gland of wild-type mice and to the primary tumor of
PDX-bearing mice did not differ (SI Appendix, Fig. S2C), hence
tumor-derived CCL2 might primarily act on CCR2* monocytes in
the bone marrow, initiating their recruitment to the lungs.

Our PDX-derived data revealed that the myeloid immune mi-
croenvironment in the metastatic niche can be different in the
context of metastatic primary tumors compared to nonmetastatic
primary tumors and suggested an antimetastatic role for CCR2*
monocytes. To determine whether this correlation can also be
observed in clinical samples, we evaluated pleural effusions from
breast cancer patients for the presence of CCR2* cells by IHC.
Intriguingly, pleural effusions with a large number of malignant
cells largely lacked infiltrating CCR2" cells. In contrast, pleural
effusions with a low number of malignant cells had abundant in-
filtration of CCR2™ cells with monocyte-type morphology (Fig. 2 D
and E). Taken together, the CCR2 staining on pleural effusions from
breast cancer patients supported an antimetastatic role for CCR2*
monocytes. They clearly demonstrate that the nature of the myeloid
microenvironment at the metastatic site can be profoundly different
between breast cancer patients and suggest that a high number of
CCR2" cells might be correlated with lower metastatic burden.

Environmental cues, including tumor-derived factors, can repro-
gram myeloid cells at the transcriptional level and thereby dictate
their phenotype (18). To expand our knowledge of how CCR2*
monocytes in a nonmetastatic context can be reprogrammed and
how they inhibit metastatic outgrowth, we compared CCR2*
monocytes infiltrating the lungs of HCI-002 tumor-bearing mice

21706 | www.pnas.org/cgi/doi/10.1073/pnas. 1907660116

to CCR2" monocytes infiltrating the lungs of mice bearing the
highly metastatic PDX line HCI-001 by RNA sequencing
(RNAseq). Transcriptomic analysis of CCR2* monocytes from
HCI-002 tumor-bearing mice revealed an up-regulation of genes
associated with an immune effector response (e.g., Clgc, Trpm4,
Trimll1, Pglyrpl, Ccl2, 116, Ifit3, and Ifit2), and gene ontology
(GO) analysis revealed a pattern of enrichment in pathways re-
lated to tumoricidal capacity (e.g., response to IFNy, response to
tumor necrosis factor [TNF], and regulation of natural killer
activation, as compared to CCR2" monocytes from HCI-001
tumor-bearing mice) (Fig. 2 F and G). We did not find any sig-
nificant difference in natural killer (NK) cell infiltration in lungs
or in peripheral blood between WT and any of the PDX-bearing
mice (SI Appendix, Fig. S2 D and E).

Reprogramming into Tumoricidal Neutrophils. Previous studies have
shown that IFNy and TNFa can enhance the killing capacity of
neutrophils, and that CCR2* monocytes augment the fungal
killing capacity of neutrophils (19-21). While macrophages and
neutrophils cooperate against microbial pathogens (22), less is
known about their cooperation against cancer. Accordingly, we
next asked if CCR2* monocytes, which produced both IFNy and
TNFa (SI Appendix, Fig. S2 F and G), cooperate with neutrophils
to prevent metastatic breast cancer by inducing a tumoricidal
neutrophil phenotype. To this end we used Ly6G* neutrophils and
CCR2" monocytes from immunocompetent Bagg albino labora-
tory bred (BALB/c) mice. Indeed, WT BALB/c Ly6G" neutro-
phils and CCR2* monocytes in coculture had significantly
enhanced tumoricidal capacity (Fig. 34). Of note, CCR2™ mono-
cytes lacked tumoricidal capacity and did not enhance the
tumoricidal capacity of neutrophils (SI Appendix, Fig. S3 A and B).
While recombinant TNFa alone killed breast cancer cells, it did
not significantly enhance the tumoricidal capacity of WT BALB/c
Ly6G" neutrophils in vitro (Fig. 3B). In contrast, recombinant
IFNy alone did not exert any killing capacity but significantly en-
hanced the killing capacity of Ly6G* neutrophils (Fig. 3B). To
elaborate further on the finding that CCR2" monocytes accumu-
lating in the lungs of HCI-002 tumor-bearing mice, might enhance
the tumoricidal capacity of neutrophils, we determined the killing
capacity of lung-derived neutrophils from the PDX model. We
sorted lung neutrophils from WT NOD/SCID mice and from
NOD/SCID mice bearing either the highly or poorly metastatic
PDX lines and compared their tumoricidal capacity in vitro. In-
triguingly, only neutrophils derived from lungs of HCI-002 tumor-
bearing mice, which are significantly infiltrated with CCR2* mono-
cytes (Fig. 2 A-C), were able to kill breast cancer cells (Fig. 3C).
Since we did not detect a systemic increase of IFNy or TNFa
in the serum from HCI-002 tumor-bearing mice compared to
HCI-001 tumor-bearing mice, we hypothesized that neutrophils
might be reprogrammed into a tumoricidal phenotype locally in
the lung metastatic niche. Moreover, conditioned medium
(CM) from cultured CCR2" monocytes did not enhance the
tumoricidal capacity of neutrophils (SI Appendix, Fig. S3B),
supporting the idea that the reprogramming into a tumoricidal
phenotype might be contact dependent and occurs locally at the
metastatic site. To this end, we performed single-cell gene-
expression analysis on peripheral blood- and lung-derived
neutrophils taken from HCI-001 and HCI-002 tumor-bearing
mice (Fig. 3D and SI Appendix, Fig. S44). We compared 96
genes related to the immune system and relevant for the met-
astatic niche (SI Appendix, Table S2). Remarkably, principal
component analysis (PCA) plots (Fig. 3E) and unsupervised
hierarchical clustering of individual HCI-002 neutrophils
showed that the majority of peripheral blood-derived neutro-
phils were distinct from lung-derived neutrophils, supporting
the idea that neutrophils were reprogrammed locally in the lung
microenvironment (Fig. 3F and SI Appendix, Fig. S4B). On the
contrary, the majority of peripheral blood-derived HCI-001
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Fig. 3. Reprogramming into tumoricidal neutrophils. (A) Tumoricidal capacity of Ly6G* neutrophils in coculture with CCR2* monocytes (control [n = 10],
CCR2* [n=10], Ly6G* [n = 22], CCR2*-Ly6G* [n = 10[), mean + SEM (Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 4 technical replicates).
(B) Tumoricidal capacity of Ly6G™ neutrophils (control [n = 12], Ly6G* [n = 21]) together with recombinant CCL2 (CCL2 [n = 9], CCL2 -Ly6G™* [n = 9]),
recombinant TNFo (TNFa [n = 12], TNFa -Ly6G™ [n = 21]) and recombinant IFNy (IFNy [n = 12], IFNy -Ly6G* [n = 21]), mean + SEM (Student's t test, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, 3 to 4 technical replicates). (C) Tumoricidal capacity of lung-derived neutrophils from WT and PDX-bearing mice
(control [n = 18], WT [n = 4], HCI-001 [n = 3], HCI-002 [n = 5]), mean + SEM (Mann-Whitney U test, *P < 0.05, **P < 0.01, 3 technical repeats). (D) Schematic
illustration of experimental approach. (E) PCA plot showing a distinct population with peripheral blood (red) and lung-derived (green) neutrophils, from HCI-
002-bearing mice, with some overlap. (F) Heatmap and dendrogram showing unsupervised hierarchical clustering of individual neutrophils from mice bearing
HCI-002 tumors, for the genes that were significantly different between peripheral blood and lung-derived neutrophils (4 technical replicates).

neutrophils had similar gene-expression profiles to lung-derived  Characterization of Tumoricidal Neutrophils. To characterize and
HCI-001 neutrophils (S Appendix, Fig. S4 C and D). Moreover, elaborate further on the finding that lung neutrophils from HCI-
single-cell gene-expression analysis revealed that ne and mmp9, 2 002 tumor-bearing mice are antimetastatic and have enhanced
genes associated with protumoral neutrophils (23), were nega- tumoricidal capacity, we compared them to neutrophils from HCI-
ared to HCI-001 001 tumor-bearing mice by RNAseq. GO analysis on neutrophils

purified from lungs of HCI-002 and HCI-001 tumor-bearing mice
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confirmed that cellular pathways related to tumoricidal capacity
(e.g., response to IFNy, cell redox homeostasis, and inflammatory
response) were up-regulated in neutrophils from the lungs of HCI-
002 tumor-bearing mice (Fig. 44). Moreover, RNAseq analysis
revealed prominent differences between genes associated with
immune effector response between the 2 groups of neutrophils.
While Lep! and Atg5 were significantly down-regulated in HCI-
002 compared to HCI-001 lung-derived neutrophils, Ccl2, 116, and
Tmem173 were among a number of transcripts significantly up-
regulated (Fig. 4B). Interestingly, TMEM173 (also known as
STING and part of the cGAS-STING pathway recognizing cyto-
solic DNA) is a transmembrane protein located in the endoplas-
mic reticulum (ER), which improves vaccination against metastatic
breast cancer and mediates antitumor immunity (involving lym-
phocytes and dendritic cells) upon recognition of tumor-derived
DNA (24-28). However, whether neutrophils also have a part
in STING-mediated antitumoral immune response is largely
unexplored.

In support of these observations that suggest an antitumoral
neutrophil phenotype, we found that breast cancer patients with
high gene expression of TMEM1I173, had significantly lower re-
currence rates and, importantly, recombinant IFNy increased the
gene expression of TMEM173 in neutrophils (Fig. 4 C and D),
further supporting a role for TMEM173 in the IFNy-induced
killing capacity of neutrophils. Future studies would be war-
ranted to determine that TMEM173, indeed, is expressed by
human neutrophils and not by the tumor cells or other stromal
cells and explore other mediators besides IFNy that could up-
regulate TMEM173 in neutrophils.

Validation in an Immunocompetent Model. To validate an anti-
metastatic role for CCR2* monocytes and Trmem173"¢" neutrophils
in an immunocompetent model, we exploited the basal-like murine
mammary cancer cell line 4T1 (29). We orthotopically transplanted
4T1 cells into syngeneic immunocompetent WT and CCR2
knockout (KO) BALB/c mice to recapitulate tumor progression
and spontaneous metastasis. The primary tumors grew faster in
CCR2KO mice and half of the mice in this group had to be killed
before experimental week 6 (Fig. 5 4 and B). By experimental week
6 the tumor burden between WT mice and remaining CCR2KO
mice did not differ, hence the increase in metastatic burden seen in
CCR2KO mice (Fig. 5C) was independent of tumor size. Immu-
nofluorescent (IF) staining for CCR2 and cleaved caspase-3, which
recognizes apoptotic cells, showed CCR2" cells, which were F480*
(SI Appendix, Fig. S54), in close proximity to cleaved caspase-3-
positive metastatic 4T1 cells in the lungs of WT mice (Fig. 5 D and
E). Moreover, IF staining showed CCR2* cells in near proximity to
Ly6G™ cells (SI Appendix, Fig. S5B) and revealed dense infiltration
of Ly6G*/TMEM173* neutrophils only in the area where we had
found dense infiltration of CCR2* cells surrounding apoptotic
metastatic 4T1 cancer cells in WT mice (Fig. 5 D and F).

Taken together, these data further support an antimetastatic
role for CCR2" monocytes and local reprogramming of neu-
trophils into a tumoricidal TMEM173* phenotype. Moreover,
they support local cooperation between CCR2" immune effector
monocytes and TMEM173* neutrophils against metastatic breast
cancer in the lung microenvironment.

Cytokine Profile in the PDX Model. To explore the underlying
mechanism for primary tumor-induced myeloid cooperation and
the difference in myeloid cell recruitment between PDX lines
HCI-001, HCI-010, and HCI-002, we analyzed serum from PDX-
bearing mice on human cytokine arrays and evaluated RNAseq
data previously done on the xenografts (10). The highly meta-
static PDX lines HCI-001 and HCI-010 had similar cytokine
profiles, including expression of the potent neutrophil chemo-
attractant, chemokine (C-X-C motif) ligand 1 (CXCL1) (S/
Appendix, Fig. S4 A-C). In contrast, the transcript for C-C motif
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chemokine ligand 2 (CCL2) was differentially expressed in the
HCI-002 xenograft, and CCL2 was detected by the human cy-
tokine array only in serum from HCI-002 tumor-bearing mice,
but not in the 2 other PDX lines (SI Appendix, Fig. S4 A and B).
Intriguingly, further analysis of serum with the human cytokine
42-plex discovery assay revealed that CCL2 was the top cytokine
differentially produced in HCI-002 compared to HCI-001 tumors
(Fig. 64). Importantly, CCL2 is a ligand for CCR2 and is im-
portant for the recruitment of CCR2* monocytes (30). Signifi-
cant for these studies, human CCL2 binds to murine CCR2 (31,
32). We further confirmed the difference in tumor-derived CCL2
with a human-specific ELISA for CCL2 in serum from PDX
mice. CCL2 was produced at a considerably higher level by the
PDX line HCI-002 (Fig. 6B).

Lower Recurrence Rate for CCL2M%" Tumors. Our breast cancer
PDX model with known differences in metastatic efficiency gave
us a unique and clinically relevant opportunity to reveal a tumor-
derived factor that can create an antimetastatic lung microen-
vironment, namely CCL2. To expand our understanding and
clinically validate our PDX-derived data in human breast cancer,
we stained a breast cancer TMA that included 406 primary tu-
mor samples with at least 10 y follow-up (33) for CCL2 (Fig. 6C).
Intriguingly, the patients with CCL2'°™ tumors, accounting for
~20% of the cases, had significantly higher recurrence rates
(including local, regional, and distant recurrences), (Fig. 6D and
SI Appendix, Table S2), and this was independent of breast
cancer subtype (SI Appendix, Fig. S6 A-C). The majority of tu-
mors, however, were CCL2""Mi8% and these patients had a much
better prognosis (Fig. 6D and SI Appendix, Table S2). Worthy of
note, we interrogated 39 microarray data of established breast
cancer PDX lines, which are from patients with a poor prognosis
(34). These data demonstrated that CCL2 had low expression in
the majority of PDX lines, which further supports a nontumorigenic
role for CCL2 (Fig. 6E).

Discussion

Previous studies generally have focused on identifying mecha-
nisms that promote metastatic progression of breast cancer (4,
7). Here we took a somewhat contrary approach and inquired
whether the fact that the majority of breast cancer patients, in-
cluding those with tumors growing as rapidly as highly metastatic
tumors, do not develop metastatic breast cancer might be due to
their primary tumors evoking an antimetastatic myeloid immune
response. We focused our investigation on myeloid cells, since
myeloid cells are critical regulators of metastatic progression and
the potential of targeting and modulating them therapeutically
still remains largely unexplored. Here we uncovered a tumor-
initiated myeloid cell-controlled pathway where immune effec-
tor monocytes and TMEM173* neutrophils cooperate against
metastatic breast cancer. Intriguingly, neutrophils become
TMEM173" in the lung microenvironment infiltrated with CCR2*
monocytes surrounding apoptotic metastatic breast cancer cells,
supporting myeloid cooperation against metastatic breast cancer.
Indeed, activation of the STING pathway with the agonist, 5,6-
dimethylxanthenone-4-acetic acid (DMXAA) has been shown to
induce recruitment and cooperation between T lymphocytes,
monocytes, and neutrophils against breast cancer (35). Impor-
tantly, our PDX model was propagated in NOD/SCID mice,
which lack functional T lymphocytes, which could imply that
TMEM173-mediated antitumoral myeloid immune response
might also function independent of T lymphocytes.

In our model, IFNy up-regulated 7mem173 and enhanced the
tumoricidal capacity of neutrophils. In line with our findings,
previous work has shown that IFNy, and also TNF and CCL2, can
enhance the killing capacity of neutrophils (19, 21, 24, 36). While
we did not find any evidence that TNFa or CCL2 enhanced
the killing capacity of neutrophils or recruitment of CCR2*
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bearing mice (n = 3) compared to lung-derived neutrophils from HCI-001 tumor-bearing mice (n = 2). (B) Volcano plot of immune effector genes (GO:0002252)
in lung-derived neutrophils from HCI-002 tumor-bearing mice (n = 3) compared to lung-derived neutrophils from HCI-001 tumor-bearing mice (n = 2). (C)
Kaplan-Meier plots displaying recurrence-free survival of breast cancer patients with either low (black) or high (green) gene expression of TMEM173 (Log-
rank test, ****P < 0.0001). (D) Relative mRNA expression of Tmem173 in control WT BALB/c peripheral blood Ly6G" neutrophils and Ly6G* neutrophils
treated with 20 ng/uL recombinant IFNy in OptiMEM medium for 16 h, mean + SEM (Student’s t test, *P < 0.05, 3 technical repeats).
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Fig. 5. Validation in an immunocompetent model. (A) In vivo imaging systems of WT and CCR2KO BALB/c mice 4 wk after orthotopically transplanted with
4T1 cancer cells. (B) Tumor growth kinetics in WT (n = 15) and CCR2KO mice (n = 10), mean + SEM. #At 6 wk, 12 of WT mice were still in the experiment, while
only 5 CCR2KO mice were left due to tumors growing to end point (~20 to 25 mm in diameter) prior to 6 wk. (C) Number of spontaneous metastatic foci per
lung lobe in WT (n = 12) and CCR2KO mice (n = 10), mean + SEM (Student’s t test, *P < 0.05). (D) Metastatic foci in WT lung stained for (i) CCR2 (green), (ii)
cleaved caspase-3 (red), (iii) merge (DAPI [blue]), and (iv) H&E of the same lung section with a dashed line around the metastatic foci. (Scale bar, 50 um.) ()
Magnification of metastatic foci in D, showing CCR2" cells (green, indicated with white arrows) in intimate proximity with apoptotic cancer cells (red, in-
dicated with white arrowheads). (F) Merged picture. Metastatic foci in WT BALB/c lung stained for Ly6G (green), TMEM173 (red), and DAPI (blue). (Scale bar,
50 pm.) (/) Magnification of Ly6G*/TMEM173* cells indicated with white arrows within the metastatic foci. (if) Magnification of Ly6G*/TMEM173~ cells outside
the metastatic foci.
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Fig. 6. Antimetastatic role of CCL2. (A) Human cytokines detected in serum from HCI-002 and HCI-001 tumor-bearing mice using human multiplex cytokine
array. Cytokines not detected by the array are not shown. Data are expressed as fold change of the mean of 3 mice for each group. (B) Concentration of
human CCL2 in serum from WT (n = 5), HCI-001 (n = 4), HCI-010 (n = 4), HCI-002-tumor-bearing mice (n = 5), mean + SEM (Mann-Whitney U test, *P < 0.05,
**P < 0.01). (C) Representative images of CCL2-stained primary human breast cancer tumors; score 0, score 1, score 2, and score 3. (Scale bar, 50 pm.) (D)
Kaplan-Meier plots (Log-rank test) displaying recurrence-free survival according to CCL2'°% © and CCL2™"ish (1_3) tumor-staining intensity in primary human
breast cancer, (Log-rank test, *P < 0.05). (E) Analysis of CCL2 transcript expression in PDX samples reveals that the great majority of established breast cancer
PDX lines are CCL2'°". Arrows indicate PDX lines HCI-001, HCI-010, and HCI-002.

neutrophils, IFNy-producing CCR2* monocytes significantly
infiltrated the lungs of mice transplanted with the poorly meta-
static CCL2"&" PDX line HICI-002 and only FICI-002 lung neu-
trophils, which were Timem173"", had tumoricidal capacity. The

21712 | www.pnas.org/cgi/doi/10.1073/pnas. 1907660116

above data concerning the role of IFNy and up-regulation of
Tmem173 and enhanced tumoricidal capacity, together with
neutrophil-reprogramming occurring in the lung and the fact that
neutrophils became TMEM173" only in the lung microenvironment
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infiltrated with CCR2* monocytes, indicate a role for IFNy-
producing CCR2* monocytes and the enhanced tumoricidal ca-
pacity of TMEM173* neutrophils. However, whether stimulation
with IFNy and up-regulation of TmemlI73 is a prerequisite for
conditioning into tumoricidal neutrophils is still unknown and will
have to be determined by future studies.

The data concerning the role of CCR2* monocytes and its
chemokine CCL2 for metastatic progression are contradictory.
On the one hand, there are data, in line with our work, showing
that CCR2* monocytes are cytotoxic (20) and antitumoral (37)
and that CCL2 in breast cancer has an antimetastatic role (36,
38, 39). On the other hand, there are data showing that
CCR2" monocytes and CCL2 are involved in promoting meta-
static breast cancer (40-45). Notably, the great majority of prior
studies showing that CCR2* monocytes and CCL2 promote
metastatic progression, have injected breast cancer cells i.v. or
intracardially into mice with no primary tumors, which does not
capture the role of CCR2" monocytes and CCL2 in clinically
relevant spontaneous metastatic progression of breast cancer.
Importantly, we investigated the role of CCR2" monocytes and
CCL2 in spontaneous metastasis, which more faithfully depicts
clinical metastatic progression and our data emanated from PDX
models that resemble the parental tumor histology and were
established as reliable models harboring bona fide properties
directly from breast cancer E'atients. Here we showed that
CCR2" monocytes in a CCL2"" context acquired an immune
effector profile and inhibited metastatic progression of breast
cancer. Importantly, CCR2" monocytes in a CCL2'°" context
had a significantly different transcriptomic profile. Hence, the
contradictory findings of CCR2* monocytes in breast cancer
might partially be explained by the fact that the inflammatory
milieu dictates their phenotype and, accordingly, the tumoral
role of CCR2" monocytes. Indeed, the CCR2 receptor has other
ligands besides CCL2 (46). Future studies are warranted to un-
derstand the potential role of other tumor-derived ligands re-
sponsible for recruitment of CCR2* monocytes and unravel
other additional markers to better characterize subpopulations
of CCR2" monocytes.

The clinical relevance of our PDX-derived data was confirmed
with a large breast cancer TMA. Importantly, breast cancer pa-
tients with CCL2™™M&" tymors had a significantly lower re-
currence rate. Our study analyzes the protein levels of CCL2 in
breast cancer tumor cells, specifically, and correlates it to both
clinicopathological features and recurrence. Our data are in line
with a previous study showing that high CCL2 serum levels in
breast cancer patients correlated with favorable prognostic var-
iables (47). Other clinical papers, commonly cited when claiming
that CCL2 correlates with decreased survival, either only de-
termined that tumor cells express CCL2 (48), or correlated
CCL2 with ER negativity, but did not provide any clinical out-
come data (49). Indeed, we observed that CCL2 is more highly
expressed in ER-negative and basal breast cancer, but impor-
tantly, breast cancer patients with CCL2™"€" tumors within
each breast cancer subtype more rarely had recurrence. Worthy
of note, there are now therapeutic alternatives being developed
aiming at targeting the CCL2/CCR?2 axis in cancer patients (46).
With our clinically validated data revealing an antimetastatic
role for CCL2 and CCR2* monocytes in breast cancer, great
caution should be taken before administrating drugs targeting
the CCL2/CCR?2 axis.

Taken together our study revealed one mechanism by which
bone marrow-derived CCR2" immune effector monocytes, sys-
temically recruited by tumor-derived CCL2, in cooperation with
tumoricidal TMEM173" neutrophils prevent metastatic out-
growth of breast cancer (Fig. 7). It is, however unlikely that the
CCL2/CCR2/TMEM173 axis is the only mechanism by which
breast cancer tumors control metastatic progression. Moreover,
the CCL2/CCR2/TMEM173 axis might be unique to the lung
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Fig. 7. A working model of a tumor-initiated, myeloid cell-controlled path-
way that is antimetastatic. Tumor-derived CCL2 systemically recruits cytotoxic
IFNy- and TNFa-producing CCR2* immune effector monocytes from the bone
marrow to the lungs. CCR2* monocytes in the lungs then reprogram and en-
hance the antitumoral capacity of neutrophils. While TNFa has a direct
tumoricidal effect, IFNy up-regulates Tmem173 and enhances the killing ca-
pacity of neutrophils. CCR2* monocytes act in cooperation with tumoricidal
Tmem173"9" neutrophils locally in the lung microenvironment preventing
metastatic outgrowth of breast cancer.

metastatic niche, since the metastatic efficiency to the bone
marrow did not differ in our PDX model (metastatic efficiency to
bone marrow: 14.3%, 26%, and 16% for HCI-001, HCI-010, and
HCI-002, respectively) (11), suggesting that other mechanisms
might control the bone metastatic niche. There were a number of
other cytokines and chemokines that differed between metastatic
and nonmetastatic tumors. Future studies, preferably including
the wide array of established breast cancer PDX lines (34) would
help elucidate which are significant regulators of metastasis and
point to additional potential myeloid immunotherapeutic targets.
Indeed, our data suggest that 20% of breast cancer patients,
having CCL2'*" tumors independent of breast cancer subtype,
might benefit from the future development of cancer immuno-
therapies that activate and augment the function of antimetastatic
immune effector monocytes and TMEM173* neutrophils.

Methods and Materials

Cell Lines and Animal Experiments. The syngeneic mammary cancer cell line
4T1 were obtained from the American Type Culture Collection (ATCC) or
University California, San Francisco (UCSF) Cell Culture Facility and authen-
ticated by short-tandem repeat profiling by ATCC. Mycoplasma contamina-
tion testing was performed routinely. The 4T1 cells were grown in standard
conditions that can be found on the ATCC site. Lentiviral vector PLKO
(Addgene 29783) (50) was transfected using a lipid-based method into 4T1
cells. Transfected cells were selected using puromycin (3 pg/mL) for 10 wk,
reseeding 1:10 every 2 to 3 d. The stable 4T1 cells were then fluorescence-
activated cell sorted by mCherry expression and screened for their luciferase
activity using the Luciferase Assay System (Promega).

The generation and propagation of PDX tumors in NOD/SCID mice have
been previously described (10, 11). NOD/SCID mice were purchased from The
Jackson Laboratory. For spontaneous metastasis assays, 1 x 10° syngeneic
4T1 mammary cancer cells in 1:1 RPMI/Matrigel were injected orthotopically
into the fourth mammary fat pad of 7-wk-old female BALB/c mice. Jason
Rock, UCSF, San Francisco, CA, provided CCR2KO mice on BALB/c background
(51). CCR2-sufficient BALB/c mice were either homozygous or heterozygous
for CCR2. The growth kinetics of the tumors were measured by caliper
weekly and the tumor volumes were calculated using the formula: V =
0.52 x length x (width)?. The UCSF Institutional Animal Care and Use Com-
mittee approved all animal experiments. Blinding was not possible.

Tissue Collection. Peripheral blood for serum collection was collected after
cutting the right atrium. The peripheral blood was allowed to clot at room
temperature for 30 min and then centrifuged. The supernatant (serum) was
collected and stored at —80 °C. Next, peripheral blood was collected by
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injecting 10 mM EDTA in p-PBS through the left ventricle. The peripheral
blood was mixed 1:1 with 2% dextran for sedimentation of red blood cells
using standard methods. Supernatants were collected, centrifuged, and any
remaining erythrocytes were lysed. Bone marrow was collected from femurs
by flushing marrow with Hanks’ salt solution using a 27-G needle followed by
centrifugation and lysis of any remaining erythrocytes. Primary tumors and
lungs were mechanically chopped and placed in collagenase medium for 45
min at 37 °C followed by centrifugation and DNase treatment. Samples were
filtered through a 70-um filter and any remaining erythrocytes were lysed. All
samples were frozen in 90% serum and 10% DMSO and stored in liquid N,.

Fluidigm Dynamic Array Experiments. Viable neutrophils (CD45*Ly6G™ cells) in
peripheral blood or lungs of tumor-bearing mice were single-cell sorted into
a 96-well plate. All of the experimental procedures hereafter have been
described in detail elsewhere (11). In brief, single-cell gene-expression ex-
periments were performed using Fluidigm’s 96.96 qPCR DynamicArray
microfluidic chips.

Statistics. All of the data are expressed as mean + SEM. GraphPad Prism 7 was
used for all statistical analysis. P values were generated using the nonparametric
test, Mann-Whitney U test, when sample size was less than 20; otherwise and
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