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EGFR is a master switch between immunosuppressive
and immunoactive tumor microenvironment in
inflammatory breast cancer
Xiaoping Wang1,2*†, Takashi Semba1,2†, Ganiraju C. Manyam3, Jing Wang3, Shan Shao1,2,
Francois Bertucci4,5, Pascal Finetti4, Savitri Krishnamurthy1,6, Lan Thi Hanh Phi1,2,7,
Troy Pearson1,2, Steven J. Van Laere8, Jared K. Burks9, Evan N. Cohen1,10, James M. Reuben1,10,
Fei Yang11, Hu Min12, Nicholas Navin12, Van Ngu Trinh1,2, Toshiaki Iwase1,2, Harsh Batra11,
Yichao Shen13, Xiang Zhang13, Debu Tripathy2, Naoto T. Ueno1,2,14*

Inflammatory breast cancer (IBC), the most aggressive breast cancer subtype, is driven by an immunosuppres-
sive tumor microenvironment (TME). Current treatments for IBC have limited efficacy. In a clinical trial
(NCT01036087), an anti-EGFR antibody combined with neoadjuvant chemotherapy produced the highest path-
ological complete response rate ever reported in patients with IBC having triple-negative receptor status. We
determined the molecular and immunological mechanisms behind this superior clinical outcome. Using novel
humanized IBC mouse models, we discovered that EGFR-targeted therapy remodels the IBC TME by increasing
cytotoxic T cells and reducing immunosuppressive regulatory T cells and M2 macrophages. These changes were
due to diminishing immunosuppressive chemokine expression regulated by transcription factor EGR1. We also
showed that induction of an immunoactive IBC TME by an anti-EGFR antibody improved the antitumor efficacy
of an anti–PD-L1 antibody. Our findings lay the foundation for clinical trials evaluating EGFR-targeted therapy
combined with immune checkpoint inhibitors in patients with cancer.
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INTRODUCTION
Immune checkpoint inhibitors (ICIs) have revolutionized breast
cancer treatment. Two randomized trials, KEYNOTE-522 (1) and
IMpassion031 (2), using the combination of an anti–programed
death-1 (PD-1) antibody (pembrolizumab) or an anti–programed
death ligand-1 (PD-L1) antibody (atezolizumab) with neoadjuvant
chemotherapy (NAC; immunochemotherapy) have shown substan-
tial improvement in pathological complete response (pCR) rate in
patients with breast cancer. The findings of KEYNOTE-522 led to
pembrolizumab approval as first-line therapy for patients with

early-stage triple-negative breast cancer (TNBC) by the U.S. Food
and Drug Administration. However, in KEYNOTE-522, the pCR
rate was only 13.6% higher in the immunochemotherapy group
than in the chemotherapy-alone group. Limited benefit of ICIs is
also evident in other cancers for which ICIs have been used as front-
line treatments, including melanoma and lung cancer (3–7). Fur-
thermore, recent evidence revealed that a portion of patients with
non–small cell lung cancer who initially responded to ICIs went
on to develop recurrences that were resistant to ICIs (8, 9), a
finding that is likely to be replicated in TNBConce the new standard
of care is widely implemented in the clinic. This leads us to consider
that the critical, near-term need for breast cancer therapeutics is to
improve or maximize patients’ responses to ICIs.
Mechanistic studies into the interplay between the immune

system and tumor cells identified the critical role of the tumor mi-
croenvironment (TME) in dictating the impact of ICIs on tumor
progression (10). TMEs characterized by immunosuppressive com-
ponents, including M2 macrophages, regulatory T cells (Tregs),
myeloid-derived suppressor cells (MDSCs), and immunosuppres-
sive cytokines/chemokines, are associated with ICI failure (11,
12). Preclinical and clinical studies have indicated that targeted
therapy affects immune aspects of the TME and improves the clin-
ical benefits of ICIs (13, 14). Therefore, identifying readily available
pharmacological strategies that can modify the immune profile of
the breast tumor and make it more susceptible to ICIs is a critical
research goal in translational breast oncology.
Among the aggressive forms of breast cancer, inflammatory

breast cancer (IBC) is the most lethal and least treatable (15). IBC
accounts for 2 to 4% of breast cancer cases but causes 8 to 10% of
breast cancer deaths. Despite significant improvement in patient
survival with a multimodal therapeutic approach, the median
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overall survival of patients with IBC is still poor. In addition, there is
a critical need to develop new, IBC-tailored breast cancer therapeu-
tic strategies (15–18). Several IBC research groups have demonstrat-
ed that the TME is a critical driver of the IBC clinical phenotype and
promotes IBC metastasis (19–21). Immune profiling in patients
with stage III or de novo stage IV IBC who received NAC demon-
strated an increase in tumor-infiltrating lymphocytes in the tumors

of patients who had a pCR (22, 23), suggesting that the presence of
cytotoxic immune cells is closely related to IBC tumor response to
chemotherapy. For this reason, we set out to identify clinic-ready
treatments that can immune modulate the IBC TME and prime
the tumor for ICI treatment.
Our laboratory has established epidermal growth factor receptor

(EGFR) as an independent prognostic marker for recurrence and

Fig. 1. Panitumumab treatment
remodels the TME in IBC human-
ized mouse models. (A) Tumor
growth curve of SUM149 xenograft
in humanized mice (SUM149-hu-
NSG-SGM3) treated with control
IgG2 and panitumumab (five mice
per group). Data are summarized as
means ± SEM. *P < 0.01. (B) Immu-
nohistochemistry (IHC) staining (left)
of phosphorylated EGFR (pEGFR)
and Ki67 and quantification of
staining intensity (right) in tumor
tissues from IgG2- and panitumu-
mab-treated SUM149-hu-NSG-SGM3
mice. *P < 0.01. (C) Tumor growth
curve of BCX010 xenograft in hu-
manized mice (BCX010-hu-NSG-
SGM3) treated with control IgG2 and
panitumumab (six mice per group).
Data are summarized as
means ± SEM. *P < 0.05. (D) IHC
staining (left) of pEGFR and Ki67 and
quantification of staining intensity
(right) in tumor tissues from IgG2-
and panitumumab-treated BCX010-
hu-NSG-SGM3 mice. *P < 0.01. (E)
Uniform manifold approximation
and projection (UMAP) plot of all
tumor-resident cells from SUM149-
hu-NSG-SGM3 tumors treated with
IgG2 and panitumumab (two tumor
samples per group). Only cells con-
taining at least 100 gene features
and mitochondrial gene counts of
less than 20% were used (13,931
cells in IgG2-treated tumor samples
and 11,593 cells in panitumumab-
treated tumor samples). Clusters
denoted by color are labeled with
the inferred cell types. (F) Heatmap
of pooled gene expression within
the epithelial cells among samples
treated with IgG2 and panitumu-
mab. These genes are involved in
the immune response. (G) Enrich-
ment of pathways associated with
epithelial-mesenchymal transition,
TNF-α signaling via NF-κB, inflam-
matory response, IL-6/JAK/STAT3
signaling, and IL-2/STAT5 signaling
in IgG2-treated compared to pani-
tumumab-treated SUM149 epitheli-
al tumor cells in humanized mice. (H) Volcano plot of significant differentially expressed genes in CD8+ T cells after panitumumab treatment in SUM149-hu-NSG-SGM3
tumors. PmAb, panitumumab; RBC, red blood cells; FC, fold change; n.s., not significant; FDR, false discover rate.
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survival (24, 25) and as a critical therapeutic target in IBC. This
work led to a phase 2 clinical trial for patients with IBC
(NCT01036087) with an anti–EGFR humanized antibody, panitu-
mumab, combined with NAC. Panitumumab and NAC induced the
highest rate (42%) of pCR yet achieved in patients with triple-neg-
ative IBC (26). This success suggested that EGFR-targeting treat-
ments should be part of IBC-specific treatment strategies, but
which mechanisms were involved in this response remains unclear.
Given the critical role of the TME in driving IBC aggressiveness

and the promising clinical benefits of panitumumab, we asked
whether EGFR-targeted treatments exert their clinical efficacy by
modulating the TME in IBC. To answer this question, we embarked
on a multifaceted mechanistic study using tumor samples from a
clinical trial and a combination of in vitro and in vivo studies. In
particular, we used novel humanized IBC mouse models to under-
stand the immunological and biological impact. The work present-
ed here demonstrates that panitumumab regulated the global
expression of tumor-associated chemokines, which led to changes
in immune cell infiltration and the subsequent antitumor effect. We
also identified the transcription factor early growth response
protein 1 (EGR1) as the putative mediator between EGFR signaling
and the expression of immunosuppressive chemokines.
Furthermore, we show that patients who achieved a pCR follow-

ing panitumumab and NAC treatment had an increased presence of
CD8+ T cells and reduced presence of Tregs and M2 macrophages in
tumor tissues after panitumumab treatment but before chemother-
apy, suggesting that panitumumab alone induced the switch in the
TME immune status. Critically, we demonstrated that panitumu-
mab enhanced the efficacy of an anti–PD-L1 antibody in reducing
IBC tumor growth in vivo. Our results reveal a previously unde-
scribed role of EGFR in immune remodeling of the IBC TME and
support developing a new rational therapeutic strategy based on
combining EGFR-targeted therapy with ICIs. While the work pre-
sented here is IBC specific, we further discuss the likely generaliz-
able mechanisms that may affect future therapeutic development in
other “cold” cancers by suppressing the EGFR pathway.

RESULTS
Panitumumab converts the IBC TME from
immunosuppressive to immunoactive
To understand the superior antitumor effect of panitumumab in pa-
tients with triple-negative IBC (NCT01036087) (26), we established
IBC SUM149 and BCX010 xenografts in humanized mouse models,
which allowed us to directly study the interactions between the
human immune microenvironment and tumor cells in mice (27,
28). We confirmed the presence of human CD45+, CD3+, CD4+,
and CD8+ cells in tumor tissue (fig. S1). Panitumumab substantially
reduced SUM149 (Fig. 1A) and BCX010 (Fig. 1C) tumor growth
and inhibited EGFR signaling (Fig. 1, B and D) in these humanized
mouse models. To achieve an unbiased and comprehensive assess-
ment of the impact of panitumumab on the TME in vivo, we per-
formed a single-cell RNA sequencing (scRNA-seq) analysis using
tumor cells isolated from control immunoglobulin G2 (IgG2)– or
panitumumab-treated SUM149-hu-NSG-SGM3 mice (Fig. 1E and
fig. S2A). Panitumumab decreased the percentage of epithelial cells
but increased the percentages of CD8+ T cells, fibroblasts, and mast
cells in tumor tissue (fig. S2B). In addition, differential gene expres-
sion analysis showed that panitumumab reduced the gene

expression of immunosuppressive cytokines and chemokines, in-
cluding TGFβ1, CCL26, CSF1, TGFβ2, TGFβ3, CCL2, CXCL3,
CCL20, CXCL8 (IL-8), IL1B, CXCL2, and CXCL14, but increased
the gene expression of chemokines that function as antitumor
immune modulators, including CCL19, CX3CL1, and CXCL10
(Fig. 1F and fig. S3A).
Gene set enrichment analysis revealed that compared to IgG2-

treated tumors, panitumumab-treated tumors had suppressed
genes related to epithelial-mesenchymal transition, tumor necrosis
factor–α (TNF-α) signaling via nuclear factor κB (NF-κB), inflam-
matory response, interleukin-6 (IL-6)/Janus kinase (JAK)/signal
transducer and activator of transcription 3 (STAT3) signaling, and
IL-2/STAT5 signaling (Fig. 1G, fig. S3B, and table S1) but an en-
riched interferon-α response pathway (fig. S3C and table S1) (29–
31). In CD8+ T cells, panitumumab decreased the expression of im-
munosuppressive molecules, including KLRC1 (NKG2A) (32),
CSF1 (33),HAVCR2 (TIM3), S100A7 (34), and S100A8 (35), but in-
creased the expression of molecules that can boost cytotoxic T lym-
phocyte response or enhance T cell activation, proliferation, and
differentiation, including APOE (36), ISG15 (37), and LMNA
(Fig. 1H and table S2) (38). In summary, scRNA-seq results indicate
that panitumumab induces changes in IBC tumor cells and the
tumor immune microenvironment that may increase antitumor
immune response.
Next, we examined the functional consequences of the changes

in the tumor immune microenvironment after panitumumab treat-
ment using flow cytometry and multiplexed immunofluorescence
staining. In SUM149-hu-NSG-SGM3 mice, panitumumab in-
creased CD8+ T cells and decreased Tregs in the peripheral blood
(fig. S4A) and tumor tissues (Fig. 2A). Panitumumab also increased
CD8+ T cells in tumors of BCX010-hu-NSG-SGM3 mice (fig. S4B),
suggesting that our finding was not tumor cell line dependent. Mul-
tiplexed immunofluorescence staining revealed more CD3+CD8+ T
cells but fewer Tregs and M2 macrophages in panitumumab-treated
SUM149 and BCX010 tissues than in IgG2-treated tissues (Fig. 2B
and fig. S4C). In addition, increased IFNG gene expression and
more CD8+CD3+granzyme B+ cells in panitumumab-treated
tissues (average of 20.42 cells/mm2 versus 1.38 cells/mm2) revealed
stronger cytotoxic T cell activity in panitumumab-treated than in
IgG2-treated SUM149 tumors (Fig. 2, C and D). These findings in-
dicate the increased presence of cytotoxic T cells in vivo after EGFR
inhibition.
To assess the clinical implications of panitumumab-induced

tumor immune microenvironment changes, we performed multi-
plexed immunofluorescence staining on eight pairs of matched
patient tissues collected before and after panitumumab treatment
from a phase 2 trial of panitumumab combined with NAC in
primary human epidermal growth factor receptor-2 (HER2)-nega-
tive IBC (NCT01036087; Fig. 2, E to G) (26). The clinicopatholog-
ical characteristics of these patients are shown in table S3. In the
three patients with a pCR, we observed an increase in CD8+ T
cells and a decrease in Tregs and M2 macrophages after panitumu-
mab treatment, suggesting a change toward an immunoactive TME
(Fig. 2F). However, this pattern of changes was not observed in the
five patients without a pCR (Fig. 2G). The samples were obtained
following panitumumab treatment but before the initiation of che-
motherapy, and thus, the immune changes can be ascribed only to
EGFR inhibition. These results suggest that a pCR to
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panitumumab/NAC in patients with IBCmay be associated with an
immunoactive TME induced by panitumumab.
The fact that EGFR inhibition by panitumumab modulated the

tumor-associated immune profile suggests that EGFR is involved in
maintenance of the immunosuppressive microenvironment in IBC.
To confirm this, we knocked down EGFR expression in SUM149
cells and examined the effect on the migration of immunosuppres-
sive M2 macrophages and Tregs. As shown in Fig. 2H, SUM149
EGFR knockdown clones, shEGFR-4 and shEGFR-5, induced less

migration of M2 macrophages and Tregs than control knockdown
clone shCtrl, suggesting that EGFR signaling is necessary for medi-
ation of immunosuppressive signals and subsequent recruitment of
immunosuppressive cells.
Together, these results indicate that panitumumab inactivated

the EGFR pathway, enhanced the infiltration of cytotoxic T cells,
and reduced the infiltration of Tregs and M2 macrophages in IBC
tumors. These changes in the tumor immune microenvironment

Fig. 2. Panitumumab treatment affects the
TME in IBC tumors. (A and B) Changes in CD8+ T
cells, Tregs, and M2 macrophages in tissues of
IgG2- and panitumumab-treated SUM149-hu-
NSG-SGM3 mice analyzed by flow cytometry (A)
and multiplexed immunofluorescence staining
(B). (A) *P = 0.05 and **P < 0.001. (B) *P < 0.05. (C)
Panitumumab-treated tissues have increased
IFNG gene expression compared to IgG2-treated
tissues in SUM149-hu-NSG-SGM3 mice. *P < 0.05.
(D) Panitumumab-treated tissues have more
CD3+CD8+G&B+ cells than IgG2-treated tissues in
SUM149-hu-NSG-SGM3 mice as analyzed by
multiplexed immunofluorescence staining. Scale
bars, 50 μm. (E to G) Changes in CD8+ T cells, M2
macrophages, and Tregs after panitumumab
treatment in matched tissues from three patients
with IBC having a pCR (F) or five patients with IBC
without a pCR (G) to panitumumab/NAC in
primary HER2-negative IBC (NCT01036087). (E)
Representative images of multiplexed immu-
nofluorescence staining of CD3, CD8, CD68,
CD163, FOXP3, and CK7 in IBC patient tissues at
baseline (before panitumumab treatment, left)
and week 2 (after panitumumab treatment, right).
The numbers of CD8+ T cells (CD3+CD8+), M2
macrophages (CD68+CD163+), and Tregs (CD3+-

FOXP3+) in five randomly selected areas of each
slide were calculated. Each symbol represents the
same patient. Scale bars, 50 μm. (H) EGFR knock-
down SUM149 clones shEGFR-4 and shEGFR-5
induce less migration of M2 macrophages and
Tregs than control knockdown clone shCtrl in in
vitro coculture transwell assays. *P < 0.01. G&B,
granzyme B; DAPI, 4′,6-diamidino-2-phenylindole;
FBS, fetal bovine serum. Experiments in (C) and
(H) were independently repeated with three rep-
licates each time.
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suggest that EGFR mediates tumor immunosuppression and that
panitumumab may improve the antitumor immune response.

Panitumumab alters chemokine expression relevant to
TME immune status in IBC
To explore the mechanism by which EGFR modulates the TME in
IBC, we measured cytokine expression in tumor tissues from IgG2-
and panitumumab-treated SUM149-hu-NSG-SGM3 mice using a
cytokine antibody array (fig. S4D). We found that panitumumab
reduced the expression of CCL20, CXCL5, CCL2, and IL-8 in
SUM149-hu-NSG-SGM3 mice [Fig. 3A (left); fig. S4, D and E;
and table S4] and BCX010-hu-NSG-SGM3 mice (fig. S4F), which

have been reported to suppress the antitumor immune response
and are linked to various cancers (39–43). In contrast, panitumu-
mab increased the expression of several chemoattractants for T
cells and natural killer cells, including CCL4, CCL5, CXCL9, and
CXCL10, which we validated by reverse transcription polymerase
chain reaction (RT-PCR) [Fig. 3A (right), fig. S4D, and table S4].
The concept that the EGFR pathway regulates the expression of
these chemokines was further supported by our findings that
EGFR knockdown and panitumumab in SUM149 cells resulted in
the same cytokine and chemokine expression changes (Fig. 3, B
and C).

Fig. 3. Panitumumab treatment affects the TME by regulating chemokine expression in IBC cells. (A) Expression of chemokines in SUM149-hu-NSG-SGM3 tumors
treated with IgG2 and panitumumab by quantitative RT-PCR (qRT-PCR). Three tumor samples per group. *P < 0.01. (B and C) EGFR knockdown (B) or panitumumab
treatment (C) affects chemokine expression in SUM149 cells by qRT-PCR. *P < 0.005 and **P < 0.05. (D) Recombinant proteins CCL4, CCL5, CXCL9, and CXCL10 individually
or in combination increase the migration of CD8+ T cells. *P < 0.01 and **P < 0.05. (E) Kaplan-Meier metastasis-free survival curves in patients with IBC according to high
(N = 70) and low (N = 51) metagene scores of CCL4, CCL5, CXCL9, and CXCL10mRNA expression. P = 2.62 × 10−2. (F) Box plot of metagene score of CCL2/CCL20/CXCL5/IL-8
mRNA expression according to 252 non-IBC patients and 137 patients with IBC. P = 5.51 × 10−3. (G) Kaplan-Meier overall survival curves in patients with IBC according to
high and low CCL20mRNA expression. P = 2.36 × 10−2. (H) Recombinant protein CCL20 reduces the migration of CD8+ T cells. *P < 0.05. (I) Recombinant proteins CCL2,
CCL20, CXCL5, and IL-8 individually or in combination induce the migration of M2 macrophages. *P < 0.001 and **P < 0.01. (J) Recombinant proteins CCL2 and CCL20
induce themigration of Tregs. *P < 0.01. (D) and (H) to (J) were transwell migration assays. Data are summarized as means ± SD in (A) to (D) and (H) to (J). Experiments in (A)
to (D) and (H) to (J) were independently repeated three times with three replicates each time.
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We further confirmed that chemokines CCL4, CCL5, CXCL9,
and CXCL10 individually or in combination increased the migra-
tion of CD8+ T cells (Fig. 3D), which is consistent with previous
reports (44, 45). Our analysis of these chemokines in IBC clinical
samples revealed that high expression of the CCL4/CCL5/CXCL9/
CXCL10metagene correlated with better 5-year metastasis-free sur-
vival of patients with IBC (Fig. 3E) and triple-negative IBC (fig.
S4G), implying that this cadre of cytokines plays a critical role in
IBC tumor progression and tumor response. Panitumumab–
down-regulated chemokines CCL2, CCL20, CXCL5, and IL-8 are
known to suppress the antitumor immune response (39–42). We
found that patients with IBC had significantly higher expression
of the CCL2/CCL20/CXCL5/IL-8 metagene than patients with
non-IBC (Fig. 3F). Furthermore, high CCL20 expression correlated
with worse overall survival of patients with IBC (Fig. 3G). To un-
derstand the role of CCL20 in the immune profile of IBC, we inves-
tigated the impact of CCL20 on the migration of CD8+ T cells. We
found that CD8+ T cell motility was down-regulated following
CCL20 treatment (Fig. 3H). Conversely, CCL2, CCL20, CXCL5,
and IL-8 individually or in combination increased the migration
of M2 macrophages (Fig. 3I). CCL2 and CCL20 also increased the
migration of Tregs (Fig. 3J), suggesting that these chemokines may
participate in the recruitment of immunosuppressive cells to the
tumor. In support of this interpretation, we found that patients
with IBC having a pCR to panitumumab/NAC had decreased
CCL2 gene expression after panitumumab treatment, whereas pa-
tients with IBC without a pCR to panitumumab/NAC had similar
CCL2 gene expression before and after treatment (fig. S4H). To-
gether, these results demonstrate that panitumumab modulates
the IBC TME by increasing the secretion of chemoattractants for
cytotoxic T cells and reducing the secretion of immunosuppressive
chemokines. These results point to the critical roles of tumor-se-
creted chemokines in maintaining the immunosuppressive micro-
environment in IBC.

The EGFR pathway regulates immunosuppressive
chemokines CCL2, CCL20, CXCL5, and IL-8 through EGR1
in IBC
We next asked how EGFR regulates the expression of immunosup-
pressive chemokines CCL2, CCL20, CXCL5, and IL-8 in IBC. EGR1
is a transcription factor up-regulated in patients with IBC (46). In a
nonbiased analysis of human clinical samples obtained before and
after panitumumab exposure, panitumumab substantially down-
regulated EGR1 gene expression in tumors of patient with IBC
from the panitumumab/NAC clinical trial (26). Consistent with
these results, we found that EGR1 expression was down-regulated
by panitumumab in SUM149 and BCX010 cells (Fig. 4A and fig.
S5A). EGR1 plays a critical role in regulating growth, differentiation,
survival, and immune response (47, 48). Therefore, we hypothe-
sized that EGR1 mediates CCL2, CCL20, CXCL5, and IL-8 expres-
sion in response to EGFR signaling in IBC.
To test this hypothesis, we investigated whether EGFR regulates

EGR1 in IBC cells. Panitumumab reduced EGR1 protein expression
in tumor samples from SUM149-hu-NSG-SGM3 and BCX010-hu-
NSG-SGM3 mice (Fig. 4B) and in SUM149 and BCX010 cells (fig.
S5B and S5C). EGF stimulation activated EGFR signaling and up-
regulated the expression of EGR1, but this effect was abrogated by
pretreatment with panitumumab in SUM149 cells (Fig. 4, C and D)
and BCX010 cells (fig. S5, D and E). Pretreatment with mitogen-

activated protein kinase kinase (MEK) inhibitor trametinib, but
not phosphatidylinositol 3-kinase (PI3K) inhibitor AZD8186, in-
hibited the up-regulation of EGR1 by EGF stimulation in both
SUM149 (Fig. 4E) and BCX010 cells (fig. S5F), suggesting that
the EGFR pathway regulates EGR1 expression through extracellular
signal–regulated kinase (ERK) but not AKT. To understand how the
EGFR pathway modulates EGR1 protein levels, we used the protea-
some inhibitor MG-132 to examine whether EGFR promotes EGR1
protein stability. We found that MG-132 mitigated the down-regu-
lation of EGR1 expression by panitumumab or EGFR kinase inhib-
itor erlotinib in SUM149 cells, suggesting that the EGFR pathway
regulates the protein stability of EGR1 (Fig. 4F).
Next, we examined whether EGR1 contributes to EGFR-regulat-

ed chemokine expression. Depletion of EGR1 in SUM149 and
BCX010 cells reduced the expression of CCL2, CCL20, CXCL5,
and IL-8 (Fig. 4G and fig. S5G). EGR1 knockdown also reduced
the up-regulation of these genes upon EGF stimulation (Fig. 4H),
confirming that EGFR promotes the expression of immunosuppres-
sive chemokines via EGR1. Chromatin immunoprecipitation assay
confirmed that EGF stimulated the binding of EGR1 to the promot-
er region of CCL2, CCL20, CXCL5, and IL-8 in SUM149 cells
(Fig. 4I), suggesting that EGR1 transcriptionally regulates the ex-
pression of these genes in response to EGFR signaling. Together,
these results indicate that EGR1 is, at a minimum, one of the
major transcription factors involved in creating the immunosup-
pressive cytokine milieu in IBC and provide a mechanistic link
between EGFR signaling and the immunosuppressive TME.

Combination of panitumumab with anti–PD-L1 antibody
enhances inhibition of triple-negative IBC tumor growth in
humanized mouse models
Given that panitumumab induced a shift of the IBC TME from im-
munosuppressive to immunoactive by regulating chemokine secre-
tion, we reasoned that EGFR inhibitionmight prime IBC tumors for
immune checkpoint inhibition. To test this hypothesis, we com-
bined panitumumab with an anti–PD-L1 antibody and measured
the impact of the combination on SUM149 tumor growth in immu-
nocompetent humanized mice. We chose the anti–PD-L1 antibody
because we observed more PD-L1–positive macrophages in panitu-
mumab-treated SUM149 humanized mouse tissue than in IgG2-
treated SUM149 humanized mouse tissue (fig. S5H). We used a
suboptimal therapeutic dose of panitumumab to avoid masking
any combinatorial enhancement. The combination treatment in-
hibited the growth of SUM149 tumors more than either single-
drug treatment (Fig. 5A). We observed similar results in BCX010-
hu-NSG-SGM3 mice (Fig. 5B). These results suggest that the mod-
ulation of the TME by panitumumab enhanced the antitumor effi-
cacy of the ICI in IBC. Analysis of tumor tissue from SUM149-hu-
NSG-SGM3 mice showed that panitumumab decreased EGR1
protein expression (fig. S5I) and reduced expression of CCL2,
CCL20, CXCL5, and IL-8 (fig. S5J), confirming our in vitro and
clinical findings. Multiplexed immunofluorescence staining con-
firmed increased CD8+ T cells and decreased Tregs and M2 macro-
phages in tumor tissues from panitumumab-treated SUM149-hu-
NSG-SGM3 mice (Fig. 5C), mirroring the findings from the pani-
tumumab/NAC clinical trial (Fig. 2F). Critically, the combination of
panitumumab and anti–PD-L1 antibody resulted in a markedly in-
creased presence of CD8+ T cells and a decreased presence of Tregs
and M2 macrophages compared with either treatment alone
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Fig. 4. The EGFR pathway regulates the expression of CCL2, CCL20, CXCL5, and IL-8 through EGR1 in IBC. (A) Panitumumab treatment reduces the gene expression
of EGR1 in SUM149 cells. *P < 0.001. (B) Panitumumab treatment reduces the expression of EGR1 protein in SUM149-hu-NSG-SGM3 and BCX010-hu-NSG-SGM3mice. Left:
Representative images. Right: Quantitative data. *P < 0.001. (C) EGF (20 ng/ml) stimulates the expression of EGR1 in SUM149 cells. (D) Pretreatment with panitumumab
mitigates the up-regulation of EGR1 by EGF stimulation in SUM149 cells. (E) Pretreatment with MEK inhibitor trametinib, but not PI3K inhibitor AZD8186, inhibits the up-
regulation of EGR1 by EGF stimulation in SUM149 cells. (F) MG-132 (5 μM) treatment mitigates the decrease of EGR1 expression induced by panitumumab (20 μg/ml; top)
and erlotinib (1 μM; bottom) treatments in SUM149 cells. (G) EGR1 knockdown reduces the expression of CCL2, CCL20, CXCL5, and IL-8 genes in SUM149 cells. *P < 0.05 and
**P < 0.01. (H) Effect of EGF stimulation on the expression of CCL2, CCL20, CXCL5, and IL-8 genes in shCtrl and shEGR1-B and shEGR1-C clones of SUM149 cells. P value of
shEGR1 clones compared to shCtrl upon EGF stimulation: *P < 0.001 and ** P = 0.01. (I) EGR1 binds to the promoter region of CCL2, CCL20, CXCL5, and IL-8 genes in
SUM149 cells upon EGF stimulation. * P < 0.05. Data are summarized as means ± SD in (A) and (G) to (I). DMSO, dimethyl sulfoxide. Experiments were independently
repeated three times with three replicates each time.
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(Fig. 5C). As shown in the proposed model (Fig. 5D), our results
confirm that panitumumab converts the IBC TME from immuno-
suppressive to immunoactive and enhances the efficacy of immune
checkpoint inhibition, providing the critical evidence necessary for
future clinical trials.

DISCUSSION
This is the first report of a clinically actionable mechanism of sensi-
tization of IBC tumors to ICIs. We show that EGFR is one of the

central signaling molecules involved in the maintenance of the im-
munosuppressive TME in IBC (Fig. 5D). We show that inhibiting
EGFR with the humanized antibody panitumumab, which is
already in clinical trials for patients with IBC (26), remodels the
TME by regulating the expression of chemokines in IBC cells. Fur-
thermore, we present evidence that these chemokines are responsi-
ble for the recruitment of immune cells into the tumor milieu, as
demonstrated by increased infiltration of CD8+ T cells and de-
creased infiltration of M2 macrophages and Tregs in vivo following
panitumumab treatment. We also provide additional evidence that

Fig. 5. Synergistic antitumor effect of panitumumab combined with anti–PD-L1 antibody in humanized mouse models. (A) Tumor growth curves of SUM149
xenograft in humanized mice (SUM149-hu-NSG-SGM3) treated with control IgG2, panitumumab, anti–PD-L1 antibody, and combination. Eight mice per group. *P < 0.05.
(B) Tumor growth curves of BCX010 xenograft in humanized mice (BCX010-hu-NSG-SGM3) treated with control IgG2, panitumumab, anti–PD-L1 antibody, and combi-
nation. Eight mice per group. *P < 0.001. (C) Changes in CD8+ T cells, Tregs, andM2macrophages in tissues of each group in SUM149-hu-NSG-SGM3micewere analyzed by
multiplexed immunofluorescence staining. Scale bars, 50 μm. *P < 0.05, **P < 0.01, and ***P < 0.001. (D) Proposed mechanism by which panitumumab treatment re-
models the IBC TME. Left: The activation of EGFR signaling stabilizes EGR1, which regulates the expression of chemokines CCL2, CCL20, CXCL5, and IL-8. The secretion of
these chemokines creates an immunosuppressive TME, which attracts Tregs andM2macrophages but inhibits the recruitment of T cells. Right: Panitumumab inhibits EGFR
signaling and induces EGR1 degradation, which reduces the secretion of CCL2, CCL20, CXCL5, and IL-8 from IBC cells, changing the TME from immunosuppressive to
immunoactive. Data are summarized as means ± SEM in (A) and (B) and means ± SD in (C).
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the EGFR-mediated expression of immunosuppressive chemokines
is regulated by EGR1, the stability of which is dependent on EGFR
activation.
IBC remains one of the most challenging breast cancers to treat,

as the standard-of-care therapies for identical molecular subtypes
produce markedly worse outcomes in patients with IBC than in
non-IBC patients (49). While the recent approval of pembrolizu-
mab as a frontline treatment for early-stage TNBC will likely shift
the therapeutic picture, it is unlikely to markedly affect treatment
for patients with IBC, as 60% of them do not have triple-negative
disease. Furthermore, preliminary results of our ongoing study of
atezolizumab combined with chemotherapy in IBC
(NCT03202316) showed that among seven patients treated with ate-
zolizumab and anti-microtubule agent eribulin, only one patient
demonstrated a tumor response. This evidence highlights the
need to identify new combination strategies for patients with pro-
gressive disease and nonresponders. The critical clinical question
for IBC, at this moment, based on discovery, is whether strategies
are clinically available for maximizing the effect of ICIs and turning
IBC into an immunoresponsive tumor. Given the historically high
pCR rate in patients with triple-negative IBC following panitumu-
mab/NAC therapy (NCT01036087), a combination of panitumu-
mab with an ICI is the logical next step in the clinical setting.
Our findings that panitumumab enhances the therapeutic efficacy
of an ICI in a preclinical model warrant further clinical evaluation
of this combination strategy in patients with triple-negative IBC and
other cancer types.
Up-regulation of EGR1 in IBC patient samples compared to

non-IBC patient samples was previously reported (46). However,
the role of EGR1 in IBC pathobiology was unclear. The present
study partially answers this question by demonstrating that the
EGFR pathway regulates the stability of EGR1 and that EGR1 reg-
ulates the expression of CCL2, CCL20, CXCL5, and IL-8 in IBC.
Because we found that these chemokines play a role in recruiting
immunosuppressive M2 macrophages and Tregs, we speculate that
EGR1may play a critical role in IBC tumor progression and possibly
tumor resistance by regulating the expression of immunosuppres-
sive chemokines. Identifying additional molecular factors upstream
and downstream of EGR1 and dissecting the underlying mecha-
nism of how EGR1 modulates the tumor immune microenviron-
ment will help us further define the role of this pathway in IBC.
In addition to providing a mechanistic link between EGFR and
the immunosuppressive TME, our finding that EGR1 is the putative
transcription factor for the immunosuppressive cytokines offers
clinically actionable information for identifying patients likely to
benefit from EGFR inhibition. It is critical that EGR1 be studied
as a potential biomarker for patients with IBC and for any other pa-
tients with cancer being considered for EGFR-targeted therapy.
To our knowledge, we are the first to report that EGFR mediates

immunosuppression in IBC and that this effect is largely dependent
on EGR1-mediated transcription of immunosuppressive chemo-
kines. This mechanism aligns with previous research implicating
tumor-derived chemokines as the critical mediators of tumor
immune evasion. For example, CCL2, CCL20, CXCL5, and IL-8
are known to suppress the antitumor immune response by recruit-
ing tumor-associated macrophages, neutrophils, and MDSCs into
the TME (39–43, 50). We identified a decrease in expression of
these chemokines following panitumumab treatment, which was
correlated to impaired recruitment of M2 macrophages and Tregs

into the tumor. High expression of immunosuppressive CCL20 is
associated with worse overall survival of patients with IBC. Al-
though not significant, we did find a trend that suggests a correla-
tion between the change in CCL2 levels and pCR status following
panitumumab/NAC treatment (fig. S4H). Equally important, the
work presented here also allows us to identify a group of effector
molecules for EGFR efficacy. Our finding that increased CCL4,
CCL5, CXCL9, and CXCL10 levels after panitumumab treatment
promote migration of CD8+ T cells suggests that targeting EGFR
could remodel the TME and consequently enhance tumor control
by ICIs. Using clinical samples, we found that high tumor expres-
sion of CCL4, CCL5, CXCL9, and CXCL10 is associated with im-
proved metastasis-free survival of patients with IBC (Fig. 3E). In
melanoma, the expression of tumor-derived CCL4, CCL5,
CXCL9, and CXCL10 was correlated with tumor-infiltrating lym-
phocytes (45), and the same chemokine signature was associated
with infiltration of CD8+ T cells in solid tumors (44, 51). Previous
work also showed that EGFR signaling decreased CXCL10 and
CCL5 expression and thus reduced CD8+ T cell infiltration in the
EGFR-mutated lung adenocarcinomas (52). While further studies
are needed on the exact role of individual or combinations of che-
mokines in IBC, we can envision our results having an immediate
effect in clinical research across the spectrum of cancers as we try to
identify signatures that may predict the efficacy of ICIs.
Here, we describe the first humanized mouse models of IBC.

Until now, the lack of a syngeneic IBC mouse model has prevented
examination of the immune system effect in IBC and prevented re-
searchers from studying clinically relevant immunotherapy or im-
munotherapy combinations before proceeding to clinical trials. The
humanized mouse models of IBC that we describe here replicate the
clinical effects of panitumumab on the immune cell profile of tumor
tissue. Widespread use of these models may allow more rapid iden-
tification of the molecular mechanisms that drive IBC and effective
therapeutic combinations. That said, the fact that these models were
established using allogeneic human leukocyte antigen (HLA) par-
tially matched CD34+ human pluripotent stem cell (HPSC)
donors, and IBC tumors may affect the evaluation of antigen-spe-
cific T cell responses (53). However, these are the only models avail-
able now that allow us to study the critical cross-talk between the
IBC tumor and its immune microenvironment. We are establishing
a humanized mouse model using CD34+ HPSCs with complete
major histocompatibility complex matches with IBC tumor and
an IBC transgenic mouse model. We anticipate that these next-gen-
eration IBC animal models will address the current limitations and
help us further decipher the role of the immune system and the
TME in the progression and treatment response of IBC.
With respect to translational implications for other solid tumors,

our work aligns with previous reports (52) but provides a likely
mechanism by which targeting EGFR can lead to changes in the
TME. For example, previous work has shown that EGFR inhibitor
erlotinib improves the efficacy of anti–PD-1 antibody in EGFR-
mutated non–small cell lung cancer by decreasing CD4+ effector
Treg infiltration in the TME (52). In colorectal cancers, anti-EGFR
therapy in combination with chemotherapy results in increased cy-
totoxic T cell infiltration (54), leading some to argue that anti-EGFR
treatments should be combined with ICIs in this cancer (55). That
said, we are the first to offer a likely mechanism of action for these
observations, including the central role of immunosuppressive che-
mokines and EGR1, both of which can serve as potential biomarkers
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for patient selection in other tumors. EGR1 specifically seems to
have a highly context-dependent role in tumor progression, with
both tumor-promoting (56, 57) and tumor-suppressing (58, 59) ac-
tivities reported in the literature. Therefore, as this strategy is tested
in the clinic, a careful analysis of this downstream pathway for both
IBC and other cancers will be necessary.
In conclusion, our data identified a previously unknown biolog-

ical mechanism by which panitumumab remodels the immunosup-
pressive TME and boosts the antitumor immune response. We
reveal that the EGFR signaling–mediated immunosuppressive
TMEmay be one of the reasons for ICI resistance. The combination
of panitumumab with an ICI has amore substantial inhibitory effect
on tumor growth than ICI alone, warranting further investigation in
clinical trials. While the work presented here is IBC specific, in-
spired by the high need for new therapeutic strategies in this
patient population, this mechanism will likely have broad implica-
tions across ICI-resistant or ICI-nonresponsive tumors. Last, the
chemokines identified in our report warrant further investigation
for their roles as predictive biomarkers and therapeutic candidates.
Therefore, our work provides critical insights for developing novel
combination approaches with enhanced therapeutic efficacy of ICIs.

MATERIALS AND METHODS
Experimental design
The objective of this study was to (i) understand the molecular and
immunological mechanisms behind the clinical outcome of an anti-
EGFR antibody, panitumumab, combined with NAC in patients
with IBC having triple-negative receptor status (NCT01036087)
and (ii) evaluate whether EGFR-targeted therapy can prime the
tumor for ICI by modulating the IBC TME. IBC SUM149 and
BCX010 cells were xenografted in humanized mice to study the
impact of panitumumab on human immune cells in vivo. Mice
were randomly allocated into control and drug treatment groups,
and n = 5, 6, or 8 mice per group were analyzed. scRNA-seq analysis
of SUM149 tumors treated with IgG2 and panitumumab in human-
izedmicewas conducted to achieve an unbiased and comprehensive
assessment of the impact of panitumumab on the TME in vivo. The
changes in the TME in humanized mouse models were analyzed by
flow cytometry and multiplexed immunofluorescence staining. The
effect of panitumumab on the TME was examined in matched
patient tissues collected before and after panitumumab treatment
from a phase 2 trial of panitumumab combined with NAC in
primary HER2-negative IBC (NCT01036087). The study was ap-
proved by the Institutional Review Board of The University of
Texas MD Anderson Cancer Center. The association of chemokine
gene expression with IBC patient outcomes was analyzed using the
mRNA expression data of 137 IBC and 252 non-IBC clinical
samples collected within the World IBC Consortium.

Cell lines
Human IBC cell line SUM149 was purchased from Asterand Bio-
science Inc. Human IBC cell line BCX010 was provided by
F. Meric-Bernstam (MD Anderson Cancer Center). These cells
were validated using Short Tandem Repeat (STR) DNA fingerprint-
ing at MDAnderson, and tests for mycoplasma contamination were
negative. SUM149 and BCX010 cells were grown in Ham’s F-12
medium supplemented with 10% fetal bovine serum (FBS),

insulin (5 μg/ml), hydrocortisone (1 μg/ml), and 1% antibiotic-
antimycotic.

Animal studies
Humanized CD34+ NSG-SGM3 female mice aged 14 to 16 weeks
were purchased from the Jackson Laboratory. All animal experi-
ments were performed with approval from the MD Anderson Insti-
tutional Animal Care and Use Committee. The amount of human
CD45+ cells in peripheral blood wasmeasured and confirmed by the
Jackson Laboratory. Tumor cells, 4 × 106 SUM149-Luc or 5 × 105
BCX010 cells, mixed with 50% Matrigel matrix, were injected into
the mammary fat pad of mice. Mice were randomly grouped when
tumor size reached 100 to 150 mm3 and subjected to drug treat-
ment. For single panitumumab treatment, mice were treated with
IgG2 or panitumumab at 4 mg/kg via intraperitoneal injection
once a week. For panitumumab and anti–PD-L1 antibody combi-
nation treatment, mice were treated with control IgG, panitumu-
mab (100 μg/kg), anti–PD-L1 antibody (200 μg per mouse), or
the combination at the same doses via intraperitoneal injection
once a week. Tumor volume and body weight were measured
once a week. Tumor volume was calculated by the formula
(L ×W2) × 0.5, where L represents tumor length andW represents
tumor width. When drug treatment was completed, mice were eu-
thanized, and tumor samples were subjected to single-cell dissoci-
ation for fluorescence-activated cell sorting (FACS) analysis and
scRNA-seq or collected and flash-frozen and embedded in paraffin
blocks.

Single-cell RNA sequencing
SUM149-hu-NSG-SGM3 mice treated with IgG2 and panitumu-
mab were euthanized, and tumor tissues were dissociated into
single-cell suspension using the Tumor Dissociation Kit in combi-
nation with gentleMACS dissociators according to the manufactur-
er ’s instructions. The 10x Genomics Chromium Single Cell 3′
Library, Gel Bead Kit v3, and Chromium Chip B Single Cell Kit
were used to capture cells on the controller, aiming for cell recovery
in a range of 5000 to 10,000 cells. According to the manufacturer’s
protocol, captured cells were subjected to single-cell gel bead-in-
emulsions, reverse transcription, cDNA amplification, and purifica-
tion. Twenty-five percent of the cDNA was used to generate the
library using the Chromium i7 Multiplex Kit. The barcoded librar-
ies were cleaned using AMPure beads and assessed using Agilent
D1000 ScreenTape. Ten libraries were pooled at a final concentra-
tion of 10 nM and sequenced on a NovaSeq6000 S2 sequencer at the
Advanced Technology Genomics Core at MD Anderson.
Raw sequencing data were preprocessed using the Cell Ranger

pipeline from 10x Genomics to align and generate quality control
metrics. Only cells containing at least 100 gene features and mito-
chondrial gene counts of less than 20% were used. The R package
Seurat was used to normalize unique molecular identifier counts
and cluster the RNA expression data (60). The dimensionality
was further reduced using the uniform manifold approximation
and projection method (61). Cells were classified into specific
types on the basis of predefined marker gene expression in the clus-
tered data (62–66). Expression analysis was performed on individ-
ual cell types using cells expressing a minimum of 500 genes.
Differential expression analysis was performed between treatment
groups using DESeq2 (67) after pooling counts across the
samples. Significantly differentially expressed genes were defined
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on the basis of a false discover rate (FDR) cutoff of 0.05 and log fold
change of 1. Further downstream pathway exploration was per-
formed by preranked gene set enrichment analysis based on log2
fold change among treatment groups across the cell types using
the Hallmark pathway database (68).

FACS analysis of tumor-infiltrating immune cells
Dissociated single cells from tumor tissues were treated with RBC
Lysis Buffer to lyse red blood cells. Cells were stained using the
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit and stained with
fluorochrome-conjugated cell surface markers, including mouse
CD45 (mCD45), human CD45 (hCD45), hCD3, hCD4, hCD8,
hCD25, and hCD127. The cell pellets were resuspended with 1%
FBS in phosphate-buffered saline for FACS on Gallios (Beckman
Coulter) and analyzed using Kaluza software (version
2.1.00001.20653). hCD45+ cells were gated from the mCD45− pop-
ulation. CD8+ T cells were defined as CD3+CD8+, and Tregs were
defined as CD3+CD4+CD25+CD127−.

Multiplexed immunofluorescence staining and imaging
Tissues from patients with primary HER2-negative IBC were col-
lected from a phase 2 trial of NAC with panitumumab, nab-pacli-
taxel, and carboplatin followed by an anthracycline-containing
regimen (NCT01036087) (26). The expression of human CD3,
CD8, CD68, CD163, Forkhead box P3 (FOXP3), CD45RO, gran-
zyme B, and cytokeratin 7 (CK7) in SUM149-hu-NSG-SGM3 or
BCX010-hu-NSG-SGM3 tissues or IBC patient tissues was analyzed
using the Opal Polaris 7 Color immunohistochemistry kit following
the manufacturer ’s instructions. Multiplex stained slides were
imaged using Vectra 3.0 (PerkinElmer) at ×20 magnification.
inForm Tissue Analysis Software version 3.0 (Akoya) was used to
analyze images, including cell segmentation, phenotyping, and
cell quantitation. Staining and imaging are described in detail in
the Supplementary Materials.

In vitro immune cell migration assay
To obtain peripheral blood mononuclear cells (PBMCs), healthy
donors’ buffy coats were purchased from Gulf Coast Regional
Blood Center. PBMCs were isolated from the buffy coats by
density gradient centrifugation with Ficoll-Paque PLUS and then
seeded in cell culture plates with RPMI 1640medium supplemented
with 10% FBS. The purification of CD8+ T cells, Tregs, and macro-
phages from PBMCs and the procedure of migration assay are de-
scribed in detail in Supplementary Materials.

Cytokine antibody array
The fresh-frozen SUM149 tumors treated by IgG2 and panitumu-
mab in SUM149-hu-NSG-SGM3 mice were dissociated and lysed
with radioimmunoprecipitation assay (RIPA) buffer complemented
with protease inhibitor and phosphatase inhibitor cocktails. Cyto-
kines and chemokines in lysed tumor samples were detected using a
human cytokine antibody array, which contains 80 cytokines and
chemokines, following the manufacturer’s protocol. The intensities
of signals were quantified by densitometry with ImageJ software
(v1.52), and positive controls were used to normalize the results
from different membranes. The expression of cytokines/chemo-
kines was quantified and normalized relative to IgG2 control. Cyto-
kines or chemokines with more than 1.5-fold change were subjected
to validation with quantitative RT-PCR (qRT-PCR).

RNA isolation and qRT-PCR
Total RNA was extracted from cells or frozen tumor tissues using
the RNeasy Mini Kit, and cDNA was generated using the Super-
Script II Reverse Transcriptase Kit according to the manufacturer’s
instructions. qRT-PCR was performed using Power SYBR Green
PCR Master Mix, and transcript levels were normalized to house-
keeping gene RPL3 or GAPDH. Primer sequences are described
in the Supplementary Materials.

Enzyme-linked immunosorbent assay
SUM149 tumor tissues treated with IgG2 or panitumumab were
mechanically dissociated and lysed with RIPA buffer complement-
ed with protease inhibitor and phosphatase inhibitor cocktails. Ac-
cording to the manufacturer ’s instructions, the levels of CCL2,
CCL20, CXCL5, and IL-8 were quantitatively measured using
R&D Systems Human ELISA kits.

EGFR or EGR1 stable or transient knockdown in IBC cells
EGFR stable knockdown clones in SUM149 cells have previously
been generated (69). Mission lentiviral transduction particles tar-
geting EGR1 were purchased from Sigma-Aldrich. EGR1 stable
knockdown clones in SUM149 cells were generated according to
the manufacturer ’s instructions. EGR1 expression in BCX010
cells was transiently knocked down using Lipofectamine
RNAiMAX reagent according to the manufacturer’s instructions.
The detailed information on shRNA and small interfering RNA is
described in the Supplementary Materials.

Analysis of expression of chemokines in patients with IBC
We analyzed the mRNA expression data of 137 IBC and 252 non-
IBC clinical samples (N = 389) collected within theWorld IBC Con-
sortium (70). IBC was defined clinically according to international
consensus criteria (71). Collection criteria, sample characteristics,
and gene expression profiling have been previously described
(70), and more details are described in the Supplementary Materi-
als. The expression level of chemokine genes, including CCL4,
CCL5, CXCL9, CXCL10, CCL2, CCL20, CXCL5, and IL-8, was ana-
lyzed as a continuous value and as a discrete value using median
expression level as a cutoff to define the high and low expression.
Combined chemokine gene expression was analyzed using a meta-
gene approach defined by the mean of standardized expression of
included genes. Combined chemokine metagenes were analyzed as
continuous values and discrete values using median value as the
cutoff to define high and low expression levels.

Statistical analysis
All statistical analyses were performed using GraphPad Prism
8. Data were analyzed by a two-tailed Student’s t test. P < 0.05
was considered significant. The error bars represent the SD or
SEM as indicated in each figure legend.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S5
Tables S1 to S4
References
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