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Metastatic breast cancers (mBCs) are largely resistant to immune
checkpoint blockade, but the mechanisms remain unclear. Primary
breast cancers are characterized by a dense fibrotic stroma, which
is considered immunosuppressive in multiple malignancies, but the
stromal composition of breast cancer metastases and its role in
immunosuppression are largely unknown. Here we show that liver
and lung metastases of human breast cancers tend to be highly
fibrotic, and unlike primary breast tumors, they exclude cytotoxic
T lymphocytes (CTLs). Unbiased analysis of the The Cancer Genome
Atlas database of human breast tumors revealed a set of genes
that are associated with stromal T-lymphocyte exclusion. Among
these, we focused on CXCL12 as a relevant target based on its
known roles in immunosuppression in other cancer types. We
found that the CXCL12 receptor CXCR4 is highly expressed in both
human primary tumors and metastases. To gain insight into the
role of the CXCL12/CXCR4 axis, we inhibited CXCR4 signaling pharmacologically and found that plerixafor decreases fibrosis, alleviates solid stress, decompresses blood vessels, increases CTL
infiltration, and decreases immunosuppression in murine mBC models. By deleting CXCR4 in αSMA+ cells, we confirmed that these
immunosuppressive effects are dependent on CXCR4 signaling in
αSMA+ cells, which include cancer-associated fibroblasts as well
as other cells such as pericytes. Accordingly, CXCR4 inhibition more
than doubles the response to immune checkpoint blockers in mice
bearing mBCs. These findings demonstrate that CXCL12/CXCR4mediated desmoplasia in mBC promotes immunosuppression and
is a potential target for overcoming therapeutic resistance to immune checkpoint blockade in mBC patients.
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collagen matrix produced by CAFs may also present a physical
barrier to the infiltration of T lymphocytes (10, 11). Furthermore,
mechanical compression of tumor blood vessels through buildup of
physical pressure, termed “solid stress,” by CAFs and matrix leads
to tissue hypoxia and low pH (12, 13). Hypoxia and/or low pH can
preferentially promote T-regulatory cell (Treg) infiltration and
activity, increase the expression of immune checkpoint proteins
such as PD-L1, and suppress the activity of T lymphocytes (14–18).
While fibrosis has been extensively investigated in primary
breast tumors (10), there is a paucity of knowledge about the
tumor microenvironment (TME) in metastatic lesions. Moreover,
it remains unclear whether desmoplastic stroma contributes to
immune suppression in mBC. The choice of therapy for mBC is
typically based on pathological assessment of primary tumors;
Significance
Although immune checkpoint blockade (ICB) along with nabpaclitaxel has increased progression-free survival in triplenegative breast cancer patients, a large fraction of metastatic
breast cancer (mBC) patients do not benefit from ICBs. The
presence of a fibrotic tumor microenvironment can suppress the
immune response to cancer. Here we found fibrosis and immunosuppression in both primary and metastatic breast cancer lesions. We show that targeting CXCR4/CXCL12 signaling, using
plerixafor, an Food and Drug Administration-approved drug,
reduces fibrosis, alleviates immunosuppression, and significantly
enhances the efficacy of immune checkpoint blockers in preclinical models of mBC. Our findings provide a deeper understanding of mechanisms by which desmoplasia promotes
immunosuppression in mBC and suggest a clinically translatable
approach that can be combined with immunotherapy in patients
to enhance therapeutic response.
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lthough recent clinical trials have reported durable responses in some metastatic breast cancer (mBC) patients
receiving programmed cell death-1 (PD-1) or programmed cell
death-ligand 1 (PD-L1) inhibitors, particularly in patients with
triple-negative breast cancer, the overall response rate to immune checkpoint blockade (ICB) is still limited compared with
success rates in other malignancies (1, 2). The mechanisms underlying poor response of mBC to novel immunotherapies are
largely unclear. A hallmark of some other nonresponsive tumors,
such as pancreatic ductal adenocarcinomas, is desmoplasia.
These tumors are highly fibrotic-rich in cancer-associated fibroblasts (CAFs) and extracellular matrix (ECM) (3–6).
The fibrotic state can cause immunosuppression through multiple mechanisms. TGF-β1, an immunosuppressor promoted by
tumor hypoxia, is known to drive matrix production by CAFs and
to promote exclusion of T lymphocytes from tumors (7, 8). Specifically, FAP-expressing CAFs repel T lymphocytes from penetrating into tumors. This exclusion of T lymphocytes by CAFs may
be driven in part by CXCL12/CXCR4 signaling (9). The dense
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of spontaneous lung metastasis and sensitizes the mBC tumors to
immune checkpoint blockers.
Results
CXCL12/CXCR4 Axis Is a Potential Mediator of Cytotoxic T-Lymphocyte
Exclusion in Human Breast Cancer. To understand the potential

mechanisms that may contribute to immunosuppression in mBC
and to identify potential targets for intervention, we first analyzed human breast cancer (BC) gene expression data from
TCGA (20). We identified genes the expression of which is
strongly correlated with genes connected with T-lymphocyte
exclusion in cancer—TGFB1, FAP, and COL1A1 (7–9). We
found that 1,207 genes correlated with TGFB1, 785 with FAP,
and 727 with COL1A1 (Datasets S1–S3). Among these highly
correlated genes, 273 genes overlapped (Fig. 1A). Gene Ontology
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thus, poor response rates for metastatic disease may in part be due
to differences between the primary and metastatic TME (19).
In this study, we first performed unbiased analysis of the The
Cancer Genome Atlas (TCGA) database on human breast cancer
and found CXCL12/CXCR4 signaling as a potential T cell exclusion mechanism in mBC. By analyzing paired biopsies of primary and metastatic legions, we then confirmed that CXCR4
expression correlates with desmoplasia and immunosuppression in
both human primary and metastatic breast tumors. To reveal the
underlying mechanisms, we employed preclinical models of mBC
and found that inhibiting CXCL12/CXCR4 signaling or deleting
CXCR4 in aSMA+ cells alleviates desmoplasia and reduces immunosuppression in mBC. Finally, we demonstrated that pharmacological inhibition of CXCR4—using an FDA-approved drug
plerixafor (AMD3100)—significantly decreases the development

Fig. 1. CXCR4 is strongly correlated with desmoplasia- and immune checkpoint-related gene and protein expression in human breast cancers. (A) Venn
diagram of the number of genes associated with FAP, TGFB1, and COL1A1 from breast invasive carcinoma mined from the human breast cancer TCGA
database. (B) Immunohistochemistry (IHC) staining of human formalin-fixed paraffin-embedded (FFPE) tissues for CXCR4 in primary tumor, metastatic lesions,
and adjacent normal tissues. CXCR4 is overexpressed in both primary and metastatic human breast tumors, compared with normal tissues. (C, Left) Kaplan–
Meier survival analysis of patients stratified by high CXCR4 expression (>70%) vs. low expression in cancer-cell–rich regions of the tumor (log-rank P = 0.084).
(C, Right) Kaplan–Meier survival analysis of patients stratified by high stromal CXCR4 expression (>30%) vs. low expression (* log-rank P = 0.008; n = 17). (D)
IHC images showing CXCR4 and PD-L1 in matched pairs of primary and metastatic human BC tissues (Left, lung metastases; Right, liver metastasis). Both
primary and metastatic tissues show high levels of CXCR4 and PD-L1, enriched in tumor stromal regions. (E) Representative IHC staining of human FFPE tissues
with CD31, CAIX, aSMA, and Collagen I in matched pairs of primary and metastatic BC tissues (Left, lung metastases; Right, liver metastases). Both primary and
metastatic tissues show high level of fibrosis. H&E staining of corresponding regions are shown. (F) Representative IHC staining of CD8+ T cells in primary and
metastatic BC tissues. A, adjacent normal tissue; T, tumor region (circled in white). (G–J) Pearson correlation coefficients of CXCR4 mRNA expression from the
TCGA BRCA dataset with immune checkpoint markers (G) CTLA4 (r = 0.54, P < 0.0001) and (H) PDCD1 (r = 0.51, P < 0.0001), desmoplasia marker (I) COL1A1 (r =
0.23, P < 0.001), and Treg marker (J) FOXP3 (r = 0.53, P < 0.001), combined from all BC patients (n = 1,215). (Scale bar, 100 μm.)
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analysis of the overlapping genes revealed enrichment for
genes in the pathway “regulation of cell migration” as a top hit
(Dataset S4), indicating potential genes that may affect Tlymphocyte infiltration into mBC tumors. We found that 38 of
the 273 genes were among this category. Among these genes,
CXCL12 has been implicated in immunosuppression through its
receptor CXCR4 in other cancers (9, 21–23). Targeting the
CXCL12/CXCR4 pathway increased antitumor immunity largely
by reducing intratumoral FoxP3+ Tregs (21, 22) and improved
the outcome of PD-1 blockade in murine models of pancreatic
and liver cancers (9, 21).
CXCR4 Correlates with Desmoplasia and Immunosuppression in
Human mBC. To determine whether CXCR4 expression differs

in primary versus metastatic tumors, we next examined the TME
in paired primary and metastatic lesion biopsies from 17 mBC
patients (10 primary/liver metastases and 7 primary/lung metastases). We found that CXCR4 was highly expressed in both
metastatic sites, compared with normal tissues (Fig. 1B and SI
Appendix, Fig. S1A). Although CXCR4 expression levels were
similar in both primary tumor and metastatic lesions, there was a
significant correlation between the two sites in paired cases (SI
Appendix, Fig. S1 A and B). In addition, high expression of
cancer (>70%) and stromal (>30%) CXCR4 was indicative of
shorter progression-free survival in these patients (Fig. 1C). We
also found strong colocalization of CXCR4 and PD-L1
expression in both primary tumor and liver or lung metastases
from the same patients (Fig. 1D and SI Appendix, Fig. S1C).
There was also higher expression of PD-L1 in the metastatic
lesions compared with primary tumors; however, there was no
correlation between the two sites, indicating that higher expression of PD-L1 in the primary tumor did not necessarily
confer higher expression in the metastases (SI Appendix, Fig. S1
D and E). Furthermore, we histologically assessed these samples
for CD8+ cytotoxic T-lymphocyte (CTL) infiltration and found
that the metastatic lesions are largely devoid of CTLs (Fig.
1F). Although there was a trend toward a negative correlation

between CXCR4 and CD8 expression, it was not significant (SI
Appendix, Fig. S1F). We also found that the metastatic lesions
are enriched in CAFs and collagen I and are hypoxic (Fig. 1E
and SI Appendix, Fig. S2). Further analysis of TCGA gene expression data also indicated a strong positive association between
CXCR4 expression and desmoplastic and immunosuppressive
markers such as COL1A1, CTLA4, PDCD1, and FOXP3 (Fig. 1 G–
J). The correlation was consistent regardless of the tumor subtypes,
as well as in node-positive mBC (SI Appendix, Fig. S3). Collectively,
these findings suggest that CXCL12/CXCR4 signaling could play an
important role in promoting fibrosis and immunosuppression in
both the primary and metastatic TME of mBC.
CXCR4 Inhibition Decreases CAF Recruitment, Desmoplasia, and Solid
Stress in a Mouse Model of BC. Next we sought to determine

whether AMD3100—a CXCR4 blocker—could be used to reduce fibrosis and immunosuppression in mBC. Expression of
CXCR4 has been shown to be elevated in CAFs isolated from
primary human breast tumors (23). We first examined whether
CXCR4 plays a role in the recruitment of CAFs to tumors in a
mouse model of BC that recapitulates the fibrosis observed in
human HER2+ BC (MCa-M3C; derived from a MMTV-PyVT
spontaneous BC mouse model). We implanted mammary fat
pad windows in transgenic reporter mice expressing αSMA
promoter-driven DsRed to mark activated CAFs, realizing that a
small population of other cells such as pericytes also express
αSMA (24–26). We then implanted these mice with CFP-labeled
MCa-M3C cells and treated them with saline (control) or
AMD3100 through continuous infusion using osmotic pumps
(21). Using time-lapse imaging with intravital multiphoton microscopy, we found that AMD3100 reduced the accumulation of
αSMA+ cells in the TME to a greater degree than saline (control) (Fig. 2A). Accumulation of αSMA+ cells started around day
3 posttumor implantation in control mice, while such recruitment was largely delayed in the treatment mice. We next
orthotopically implanted MCa-M3C tumor cells in wild-type
FVB mice, treated these mice with AMD3100 or saline, and

Fig. 2. Inhibition of CXCR4 reduces stromal αSMA+ cells in tumors. (A) αSMA-dsRed mice bearing mammary fat pad windows were implanted with MCaM3C-CFP breast tumors. Representative time-lapse images from intravital multiphoton microscopy of cancer cells (blue) and αSMA+ cells (red) at days 1, 3, 7,
and 13 postimplantation and during treatment of AMD3100 or saline (control). CXCR4 inhibition delays the accumulation of αSMA+ cells at both the center
and periphery of the tumors. (Scale bar, 100 μm.) (B) Area fractions and representative histology images of tumor αSMA+ cells show that AMD3100 reduces
density of αSMA+ cells in the tumors (*P < 0.05, Student’s t test). (Scale bar, 100 μm.)
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CXCR4 Inhibition Decreases Profibrotic and Immunosuppressive Gene
Expression in Mouse Models of BC. To understand how CXCR4

inhibition might affect tumor fibrosis and immunosuppression,
we performed qRT-PCR on RNA extracted from MCa-M3C
tumors treated with AMD3100 or control. Consistent with our
observation of a reduction of CAF recruitment and activity, we
found that CXCR4 inhibition significantly reduced several
markers of desmoplasia (Cxcr4, Tgfb, Ctgf, Edn1) (Fig. 3E). We
confirmed similar results in a second syngeneic model of triplenegative mBCs, E0771 (SI Appendix, Fig. S5A). We also analyzed
the gene expression levels of various immunomodulatory chemokines and cytokines in the MCa-M3C tumors using a qRT-

PCR array and confirmed the top hits by qRT-PCR (Fig. 3F).
Treatment with AMD3100 increased expression of Ifng and
Gzmb (Fig. 3F), which are known to be critical for antitumor
immunity (28). Notably, we found that AMD3100 reduced expression of Cxcl5 and Cxcr2 (Fig. 3F and SI Appendix, Fig. S5B),
which have been implicated in promoting lung metastases in
mBC (29–31). We also found that, although the fractions of
intratumoral CD8a+ T cells were similar between the groups,
there was a decrease in the infiltration of FoxP3+ regulatory
T cells in tumors treated with AMD3100 (SI Appendix, Fig. S6).
To test whether this change in immune-related factors can be
attributed to CAFs, we implanted orthotopic MCa-M3C tumors
into transgenic αSMA-DsRed mice and treated the mice with
AMD3100 or saline (control) for 10 d. The immunosuppressive
subtype of CAFs express high levels of both αSMA and FAP in
human breast cancers (32); therefore, we also evaluated the
FAP+ CAFs in this model. We confirmed CXCR4 expression in
the αSMA+ cells, with FAP+ cells expressing a negligible level of
CXCR4 (SI Appendix, Fig. S7 A and B). Next we sorted out two
populations of CAFs, CD45−dsRed+ (αSMA+) and CD45−FAP+,
and measured chemokine/cytokine gene expression in these
CAFs using a qRT-PCR array. In both sorted CAF populations,
we found decreased expression of Cxcl5 (SI Appendix, Fig. S8).
These data suggest that CXCR4 inhibition alleviates the fibrotic
and immunosuppressive TME induced by CAFs and further reduces prometastatic signaling.
CXCR4 Blockade and αSMA+ Cell-Specific CXCR4 Knockout Decreases
Immunosuppression in BC. As the CXCL12/CXCR4 axis is a known

driver of CAFs in breast cancer (32) and CAFs appear central
to T-lymphocyte exclusion in bladder and colorectal cancers
(7, 33), we next investigated the effects of αSMA+ cell-specific

Fig. 3. Inhibition of CXCR4 reduces tumor desmoplasia and immunosuppression. (A–D) Histological and biomechanical quantification of orthotopic Mca-M3C
tumors in mice treated with AMD3100 or saline (n = 7). (A) AMD3100 decreases relative solid stress level in BC tumors (*P < 0.05). (B) AMD3100 increases vessel
decompression (*P < 0.01), as indicated by increased fractions of tumor blood vessels with open lumen, shown in representative images of tumor CD31+
vessels. (Scale bar, 100 μm.) (C) Quantification of hypoxic fractions in tumors measured by pimonidazole injection and staining shows that AMD3100 reduces
tumor hypoxia (*P < 0.05). (D) Quantification of tumor collagen I area fractions shows that AMD3100 reduces expression of collagen I in the tumors (*P <
0.05). (E and F) Gene expression (qRT-PCR) analysis on whole tumors isolated from mice treated with AMD3100 or saline (control; n = 3–4).
AMD3100 decreases fibrosis-related genes (E) and modulates expression of immune-related genes (F). Error bars indicate SEM. Analysis by unpaired two-sided
Student’s t test.
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then isolated the tumors at day 10 posttreatment to evaluate
whether inhibition of αSMA+ cell recruitment through CXCR4
can reduce fibrosis (Fig. 3 A–D). We histologically confirmed the
reduction of αSMA+ cell density in AMD3100-treated mice
(Fig. 2B). CAFs in desmoplastic tumors generate a type of
pressure called solid stress and transmit this pressure through the
matrix to compress blood vessels (12). This vessel compression
resulting from desmoplasia can lower drug and oxygen delivery
(13, 27). We measured solid stress using the bulk tumor opening
method (12) and found that AMD3100 significantly reduced
solid stress levels (Fig. 3A). AMD3100 treatment also decompressed tumor blood vessels (Fig. 3B) without increasing vessel
density (SI Appendix, Fig. S4A), indicating an increase in perfusion. Decompressing existing collapsed blood vessels is known
to decrease tumor hypoxia (13). Indeed, we found that AMD3100
treatment decreased hypoxia, measured using pimonidazole
staining (Fig. 3C). Moreover, AMD3100 treatment substantially
lowered collagen I and hyaluronan expression (Fig. 3D and SI
Appendix, Fig. S4 B and C) compared with the control.

CXCR4 signaling in breast TME. To this end, we first confirmed there was expression of CXCR4 on CAFs in both primary and metastatic lesions (SI Appendix, Fig. S9). Therefore,
we generated a αSMA + cell-specific conditional CXCR4
knockout mouse model of mBC. We crossed Cxcr4flox/flox mice
with those carrying a Cre-ERT2 transgene under control of the
αSMA promoter to generate αSMA-Cre-ERT2/Cxcr4flox/flox mice
(Fig. 4A). To induce knockout of Cxcr4 expression specifically in
αSMA+ cells, which largely represent CAFs, we injected tumornaive mice daily with tamoxifen, the ERT2 agonist, for 2 wk
before tumor implantation. We implanted orthotopic E0771 breast
tumors into αSMA-Cre-ERT2/Cxcr4flox/flox or Cxcr4flox/flox (control)

mice from the same cohort. Flow cytometry analyses of tumors
extracted at day 14 confirmed reduced expression of CXCR4
in αSMA+ cell populations in the tumors (Fig. 4B). The
knockout mice had a reduced fraction of CXCR4+ αSMA+
cells compared with the control and to a greater degree than
wild-type mice treated with the CXCR4 inhibitor AMD3100.
Analysis by qPCR also validated decreased expression of
Cxcr4 and Cxcl12 in the tumors (SI Appendix, Fig. S10A). We
also observed a reduction in the total αSMA+ population in
these tumors (SI Appendix, Fig. S10B).
To better understand how CXCR4 in CAFs might affect the
immune microenvironment, we analyzed immune cell populations

Fig. 4. Conditional deletion of CXCR4 in aSMA+ cells reduces immunosuppression and improves animal survival. (A) Schematic of generation of a αSMACreERT2/Cxcr4flox/flox mouse. Mice with CXCR4 alleles flanked by LoxP sites (Cxcr4flox/flox) were bred with αSMA-CreERT2 mice expressing CreERT2 specifically in
the αSMA+ cells to generate αSMA-CreERT2/Cxcr4flox/flox mice. (B–F) Conditional knockout of CXCR4 expression was induced by daily injection of tamoxifen
(10 mg/kg) for 2 wk before tumor implantation (n = 5–8). Control mice also received tamoxifen. (B) Flow cytometry analysis of CXCR4+ αSMA+ expression
level in E0771 breast tumors implanted in αSMA-CreERT2/Cxcr4flox/flox mice, αSMA-CreERT2-negative (control), or wild-type mice. The wild-type mice were
treated with AMD3100 via osmotic pumps for 2 wk. AMD3100 reduces the CXCR4+αSMA+ cell population (*P < 0.05), and the genetic deletion (αSMACreERT2) further decreases the population (**P < 0.01). (C) Flow cytometry analysis of cytotoxic lymphocytes (CD8) and regulatory T-lymphocyte (Treg)
populations from orthotopic E0771 breast tumors. The αSMA-CreERT2/Cxcr4flox/flox mice have increased CD8+ cell fractions and decreased Treg cell fractions.
*P < 0.05, by one-way ANOVA. (D, Left) Immunohistochemical analysis of hypoxia (pimonidazole injection) from orthotopic E0771 breast tumors is quantified.
Both the AMD3100 treatment and genetic deletion (αSMA-CreERT2/Cxcr4flox/flox) reduce hypoxic fractions of the tumors (*P = 0.049, **P = 0.0034, Student’s
t test). (D, Right) Linear regression analysis shows strong negative correlation between infiltration of CD8+ T cells and hypoxia (r = −0.55, P < 0.05; Pearson
correlation). (E, Left) Quantification of the number of spontaneous lung metastatic nodules after primary (mammary fat pad) tumor resection at day 21. Both
the AMD3100 treatment and genetic deletion reduce spontaneous metastasis formation in the lung (*P < 0.05, **P < 0.001, Student’s t test). (E, Right)
Representative gross images of lungs stained with Bouin’s solution. Black arrow points to example of lung nodules. (F) Kaplan–Meier survival analysis of
metastatic setting studies in mice with spontaneous lung metastases arising from orthotopic E0771 tumors. The mice were treated with saline (Cre-mice) or
AMD3100 (wild-type) using an osmotic pump for 2 wk. Both AMD3100 treatment and genetic deletion improve animal survival (P < 0.05, by log-rank test).
Error bars indicate SEM.
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αSMA+ Cell-Specific CXCR4 Deletion Decreases Metastasis and
Improves Survival in mBC. We next assessed the effects of silenc-

ing CAF-specific signaling on metastatic development. To examine spontaneous metastases formation, we implanted orthotopic
E0771 breast tumors in the mice and resected the primary
tumors once they reached a tumor diameter of 13 mm. Three
weeks after primary tumor resection, we killed the mice and
examined their lungs for metastatic nodules. There were significantly fewer lung metastases in both αSMA-Cre-ERT2/Cxcr4flox/flox
and AMD3100-treated mice versus controls, with the highest reduction observed in the αSMA-Cre-ERT2/Cxcr4flox/flox group (Fig.
4E). Correspondingly, both genetic deletion and pharmacological
blockade of CXCR4 also allowed for a moderate but significant
extension of animal survival (Fig. 4F).
CXCR4 Blockade Improves T Cell Infiltration and Response to ICBs in
mBC. Given that CXCR4 inhibition decreased fibrosis and im-

munosuppression, we assessed whether it could render the largely
resistant mBCs responsive to ICB therapies. Since CXCR4
inhibitors effectively decreased spontaneous BC lung metastasis,
we first investigated whether blocking CXCR4 signaling might
have reprogrammed the metastatic tumor microenvironment,
MEDICAL SCIENCES

in these tumors by flow cytometry. Tumors from the αSMA-CreERT2/Cxcr4flox/flox mice had increased numbers of cytotoxic CD8+
CTLs, decreased numbers of FoxP3+ Tregs, and an increased
ratio of CTL to Tregs versus the control, indicating a reversal of
immunosuppression (Fig. 4C and SI Appendix, Fig. S11). Moreover, histological analysis revealed substantially lower hypoxia in
the tumors of αSMA-Cre-ERT2/Cxcr4flox/flox and AMD3100-treated
mice (Fig. 4D). Notably, there was a strong inverse correlation
between the infiltration of CD8 CTLs and hypoxia (Fig. 4D). Since
CXCR4 has been shown to promote myeloid cell recruitment (34–
36), we next analyzed tumor-infiltrating myeloid cells in the mice.
There were no significant changes in the total myeloid cell
population or the percentage of CD45+CD11b+Gr1+ myeloidderived suppressor cells (SI Appendix, Fig. S12 A and B).
However, there was a 50% reduction in CD11b+ Gr1+ Ly6G+
neutrophils in both CreERT2 and AMD3100-treated mice (SI
Appendix, Fig. S12C). On the other hand, we observed a reduction in CD11b+ F4/80+ macrophages only in the
AMD3100-treated mice (SI Appendix, Fig. S12D). These results
suggest a potential mechanism of CAF-mediated recruitment
of neutrophils to the TME via activation of CXCR4 signaling.

Fig. 5. Inhibition of CXCR4 reduces desmoplasia and increases effector to regulatory T-lymphocyte ratio in the lung metastases. (A–D) Representative histology images of lung metastases derived from orthotopic E0771 breast tumors. Immunofluorescence (IF) images of lung metastases were field-of-view
images from the mosaic confocal imaging. After primary tumor resection, the mice were treated with AMD3100 in combination with an ICB mixture of
α-CTLA-4 and α-PD-1 for one cycle, and the lung metastases were collected for analysis. (A) H&E stainings of spontaneous lung metastases from E0771 tumors.
The metastatic nodules (red arrows) are significantly larger in the control, compared with all three treatment groups. (Scale bars, 100 μm.) (B) Representative
images of IF staining of hyaluronan. Treatment with AMD3100 reduces the hyaluronan fraction in the metastatic TME. (C) Representative images of IF
staining of collagen I. Treatment with AMD3100 reduces collagen I in the metastases. (D) Representative IF images showing aSMA (red), collagen I (white),
and CD3 (green) in the metastases. Combination of AMD3100 and ICB increases infiltration of CD3+ cells into the TME. (E and F) Flow cytometry analysis of
lung metastases derived from orthotopic E0771 breast tumors. (E) CD3+CD4+Foxp3+ regulatory T cell population. Both the monotherapy and combination
therapy decrease Foxp3 T cells in the tumors (*P = 0.017, by one-way ANOVA). (F) CD8+ to Foxp3+ Treg ratio. Both AMD3100 groups increase the ratio of
effector CD8+ T cells to Treg, and the combination of AMD3100 with immunotherapy mixture further extends the ratio (*P = 0.026, by one-way ANOVA). n =
5. Error bars indicate SEM. (Scale bar, 100 μm.)
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with or without ICBs. To evaluate this, we implanted orthotopic
MCa-M3C breast tumors in the mice, resected the primary tumors at a tumor diameter of 13 mm, and initiated treatment 1 wk
postsurgery, when mBCs were established (based on our prior
studies). We then treated the mice with a combination therapy of
AMD3100 and a mixture of ICBs against the immune checkpoint
cytotoxic T-lymphocyte–associated protein 4 (α-CTLA-4) and
α-PD-1. Three weeks after primary tumor resection, we analyzed
the lung metastatic nodules. Macroscopic observation revealed
that the lung mBCs displayed significantly smaller metastatic
nodules in the treatment groups (Fig. 5A). Furthermore, immunohistochemical analysis of the lung nodules showed that
metastatic TME also presented with various levels of fibrosis, as
indicated by strong deposition of collagen-I and hyaluronan (Fig.
5 B and C). In comparison, we found that treatment with
AMD3100 and/or ICBs had lowered ECM expression levels in the
metastatic nodules, possibly due to the smaller size of these metastases (37). Interestingly, we observed that in the metastases
CD3 T lymphocytes were present mainly along the periphery of
the tumors, displaying a T cell exclusion phenomenon (Fig. 5D)
(9, 33). AMD3100 reduced αSMA+ cells and disrupted such
physical exclusion and allowed more T cells to infiltrate into the
TME when combined with ICB (Fig. 5D). This suggests that
CXCR4 inhibition potentially facilitated the infiltration of T cells
into contact with cancer cells and delayed metastatic growth.
We also profiled the immune cell populations from the metastases by flow cytometry. We found that AMD3100 treatment decreased the number of CD4+FoxP3+ Tregs and increased the ratio
of CD8+ to CD4+ FoxP3+ cells (Fig. 5 E and F and SI Appendix,
Fig. S13 A and B), while the ICB mixture also increased the CD8+
to Treg ratio. In addition, the combination of AMD3100 with ICBs
showed greater reversal of immunosuppression than the monotherapy (Fig. 5 E and F). Although qRT-PCR analyses showed that
AMD3100 alone did not alter cytokine expression in the metastases, the combination therapy of AMD3100 and ICBs increased the
expression of several markers of T cell activity (Ifng, Gzmb, Gzma,
Tnfa) while decreasing the expression of immunosuppressive
markers (Il10, Tgfb1) and checkpoint molecules (Tigit, Tim3,
Pdl1, Pdcd1, Ctla4) (SI Appendix, Fig. S13C), suggesting a shift to
an immunostimulatory TME.
CXCR4 Inhibition Sensitizes Largely Resistant mBC Models to ICBs.

Finally, we sought to test whether CXCR4 inhibition sensitizes
mBCs to ICB. We tested the combination of AMD3100 with ICB
therapy in the metastatic setting in three mBC mouse models:
MCa-M3C (HER2+), E0771 (triple negative), and 4T1 (triple
negative). We implanted orthotopic breast tumors in the mice,
resected the primary tumors, and waited 3 (4T1) or 7 d (MCaM3C and E0771) before treatment to allow established metastases to develop. CXCR4 inhibition increased response rates to
ICBs and resulted in significantly fewer metastases in the lungs
(Fig. 6 A–C). Monotherapy of AMD3100 alone provided moderate survival benefits in two of the models, MCa-M3C and
E0771, but not in 4T1 (Fig. 6 D–F). In contrast, the combination
therapy increased median survival of the mice bearing 4T1 tumors by 35%, with 2 long-term survivors of 10. The combination
also extended the median animal survival by 76% (60 versus
34 d) for the mice with metastatic MCa-M3C, with 2 long-term
survivors of 10. Furthermore, 57% of the mice with metastatic
E0771 were disease-free for more than 6 mo after treatment of
the combination therapy, extending from a median survival of
35 d in the control. This doubled the 29% cure rate for ICB
treatment alone. Thus, these findings indicate that alleviating
tumor desmoplasia and immunosuppressive TME with CXCR4
inhibition sensitizes models of immunotherapy-resistant mBC.
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Fig. 6. CXCR4 inhibition improves outcome of ICBs. (A–C) Quantification of
lung nodules in mice with spontaneous lung metastases arising from
orthotopic breast tumors. Mice were treated with AMD3100 or saline (control) through an osmotic pump for 2 wk and with or without immune
checkpoint blockades (α-CTLA-4 and α-PD-1) on days 2, 5, and 8. Lungs were
collected and counted at the end point of the metastatic survival studies.
Both AMD100 or combination therapy of AMD310 with immunotherapy
mixture reduces metastatic nodules (E0771: *P = 0.011, MCa-M3C: *P =
0.0018, 4T1: *P = 0.001). By Student’s tests. Error bars indicate SEM. n = 7–10.
(D–F) Kaplan–Meier survival analyses of metastatic setting study in mice with
spontaneous lung metastases arising from orthotopic breast tumors, by logrank tests. (D) Animal survival in mice with spontaneous E0771 lung metastases. The immunotherapy mixture improves median animal survival time
by day 43 (**P < 001), and the combination with AMD3100 greatly extends
the animal survival by curing four of seven mice (*P < 0.0001). n = 7. (E)
Animal survival in mice with spontaneous MCa-M3C lung metastases. The
immunotherapy mixture does not improve median animal survival time, but
the combination with AMD3100 extends the animal survival by 76%, curing
2 of 10 mice (*P < 0.001). n = 9–10. (F) Animal survival in mice with spontaneous 4T1 lung metastases. The immunotherapy mixture does not improve
median animal survival time, but the combination with AMD3100 extends
the animal survival by 35% (*P = 0.055), curing 2 of 10 mice. n = 9–10.

Discussion
CXCR4 is a chemokine receptor frequently overexpressed by
many solid tumors such as breast, colon, and prostate (38). High
expression levels of CXCL12 and CXCR4 are predictive of poor
prognosis in BC patients (39). CXCR4/CXCL12 signaling promotes CAF recruitment, activation, and matrix production in
BCs, and tissue hypoxia induces CXCL12 and CXCR4 expression in both cancer cells and stromal cells through HIF1a activation (16). Signaling through CXCR4 in BCs also promotes
VEGF-dependent angiogenesis, myeloid cell recruitment, tumor cell migration, and resistance to therapy (34, 36, 40–42).
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Importantly, gradients of CXCL12, the chemotactic ligand of
CXCR4, can attract cancer and other stromal cells and regulate
their growth and migration at the metastatic sites (38, 43, 44). As
such, blocking CXCR4 reduces the development of metastases
(38, 45). Our data demonstrate that targeting CXCR4 can also
improve the therapeutic efficacy of ICB in metastatic breast
cancers.
Breast cancers and other highly desmoplastic tumors are
generally poorly perfused and hypoxic, all contributing to poor
drug delivery and effectiveness. The chemotactic and metastatic
responses mediated by CXCR4 have been demonstrated in
various solid cancers (38, 45–47). Furthermore, a recent study
has shown that some CAFs can be immunosuppressive and that
they may be driven by CXCR4/CXCL12 signaling to promote the
recruitment and survival of regulatory T cells (32). Our results
are consistent with Costa et al.’s (32) observation that CXCR4
signaling in the immunosuppressive αSMA+ CAFs can promote
infiltration of FoxP3+ Tregs. However, future studies are needed
to delineate the role of various cell types expressing αSMA. We
may also be observing some reversal of immunosuppression related to hypoxia, which can promote CAF expression of TGF-β
leading to exclusion of CD8+ T cells from the tumor parenchyma to restrain antitumor immunity following immunotherapy
(7, 8). In addition, it has been demonstrated that the CXCL5/
CXCR2 axis can promote recruitment of Gr1+ CD11b+ cells
into the TME and further contribute to TGFβ1-mediated metastasis to the lung (30, 31, 48). Our observation that CXCR4
inhibition can decrease the expression of Cxcl5 in αSMA+ cells,
which consist of mostly CAFs, may point to a mechanism of
CAF-driven recruitment of immunosuppressive CXCR2+ cells
such as tumor-associated macrophages and neutrophils. As such,
inhibiting CXCR4 could reprogram CAFs to down-regulate expression of prometastatic cytokines to reduce metastatic development and provide a more favorable outcome when combined
with ICB.
This report characterizes T-lymphocyte exclusion, fibrosis, and
immunosuppression in the metastases of breast cancers. Understanding the degree of fibrosis and how it influences the local
tumor microenvironment in metastatic sites of BCs will provide
valuable insights for the development of antimetastatic therapies. However, larger cohorts of human metastatic breast samples from different genetic subsets should be evaluated to help

determine whether desmoplasia-targeting therapies such as angiotensin inhibitors (49, 50) and CXCR4 inhibitors (9, 51) that
are safe and approved for other indications will benefit patients
with late-stage metastatic disease, including metastasis with different histopathological growth patterns (52–55). Given that
CXCR4 signaling is a key driver for tumor fibrosis and immunosuppression, it is reasonable to speculate that combining
CXCR4 inhibition could potentially unleash further benefits of immunotherapy in mBC patients.
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