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ABSTRACT
◥

Immunosuppressive elements within the tumor microenvi-
ronment, such as tumor-associated macrophages (TAM), can
present a barrier to successful antitumor responses by cytolytic T
cells. Here we employed preclinical syngeneic p53 null mouse
models of triple-negative breast cancer (TNBC) to develop a
treatment regimen that harnessed the immunostimulatory effects
of low-dose cyclophosphamide coupled with the pharmacologic
inhibition of TAMs using either a small-molecule CSF1R inhib-
itor or an anti-CSF1R antibody. This therapeutic combination
was effective in treating several highly aggressive TNBC murine
mammary tumor and lung metastasis models. Single-cell RNA
sequencing characterized tumor-infiltrating lymphocytes includ-
ing Th cells and antigen-presenting B cells that were highly
enriched in responders to combination therapy. In one model
that exhibited long-term posttreatment tumor regression, high-
dimensional imaging techniques identified the close spatial
localization of B220þ/CD86þ-activated B cells and CD4þ T cells
in tertiary lymphoid structures that were present up to 6 weeks

posttreatment. The transcriptional and metabolic heterogeneity
of TAMs was also characterized in two closely related claudin-
low/mesenchymal subtype tumor models with differential treat-
ment responses. A murine TAM signature derived from the T12
model was highly conserved in human claudin-low breast can-
cers, and high expression of the TAM signature correlated with
reduced overall survival in patients with breast cancer. This TAM
signature may help identify human patients with claudin-low
breast cancer that will benefit from the combination of cyclo-
phosphamide and anti-CSF1R therapy. These studies illustrate
the complexity of the tumor immune microenvironment and
highlight different immune responses that result from rational
immunotherapy combinations.

Significance: Immunostimulatory chemotherapy combined
with pharmacologic inhibition of TAMs results in durable treat-
ment responses elicited by Th cells and B cells in claudin-low TNBC
models.

Introduction
Triple-negative breast cancer (TNBC) is a heterogeneous group of

breast cancers defined by the absence of estrogen receptor, proges-

terone receptor, and Her2. TNBC disproportionately affects young
women and especially those of African ancestry and is an aggressive
subtype of breast cancer with an overall poorer prognosis compared
with other breast cancer subtypes (1). At present, the primary systemic
treatment option for TNBC in the adjuvant setting is multiagent
chemotherapy.ManyTNBCs are chemotherapy sensitive, and patients
have pathologic complete response (pCR) rates of 30%–53% when
treated with an anthracycline/taxane containing regimen (1–3). How-
ever, those patients who do not achieve a pCR have a poor progno-
sis (4). Immunotherapy is now approved for use in patients with PD-
L1þ metastatic TNBC as well as neoadjuvant treatment of TNBC; but
even among PD-L1þ patients the response is variable (5). Promising
results in patients with TNBC treated with immune checkpoint
inhibitors and chemotherapy have been reported where the pCR rate
was 65% compared with 51%with chemotherapy alone (6). Therefore,
immune checkpoint inhibitors may play a role in the early treatment
for patients with TNBC, but the variability in therapeutic responses
and patient outcomes remains a concern.

A common feature of TNBCs is their epithelial-to-mesenchymal
transition (EMT) phenotype. EMT is an evolutionarily conserved
developmental program during which cells lose epithelial markers
and gain mesenchymal traits. EMT confers metastatic properties to
cancer cells by enhancing mobility, invasion, and resistance to apo-
ptotic stimuli. Moreover, intermediate or “partial EMT” tumor cells
acquire increased plasticity and stemness properties, and exhibit
marked therapeutic resistance (7). Our group reported the first results
of neoadjuvant clinical trials in which residual breast cancers after

1Department of Molecular and Cellular Biology and Dan. L Duncan Comprehen-
sive Cancer Center, Baylor College of Medicine, Houston, Texas. 2Translational
Biology and Molecular Medicine, Baylor College of Medicine, Houston, Texas.
3Jan and Dan Duncan Neurological Research Institute at Texas Children’s
Hospital, Houston, Texas. 4Immunomonitoring Core, Center for Immunotherapy
Research, Houston Methodist Research Institute (HMRI), Houston, Texas.
5Department of Molecular and Human Genetics, Baylor College of Medicine,
Houston, Texas. 6Department of Integrative Biology and Pharmacology, The
University of Texas Health Science Center at Houston, Houston, Texas.
7Salk Institute for Biological Studies, Salk Cancer Center, NOMIS Center for
Immunobiology and Microbial Pathogenesis, La Jolla, California. 8Lineberger
Comprehensive Cancer Center, University of North Carolina, Chapel Hill, North
Carolina.

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

CorrespondingAuthors: JeffreyM. Rosen, Department ofMolecular andCellular
Biology, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030.
Phone: 713-798-6210, E-mail: jrosen@bcm.edu; and Xiang H.F. Zhang, E-mail:
xiangz@bcm.edu

Cancer Res 2022;82:2281–97

doi: 10.1158/0008-5472.CAN-21-3714

�2022 American Association for Cancer Research

AACRJournals.org | 2281

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/12/2281/3155451/2281.pdf by U

niversity of N
orth C

arolina user on 12 July 2022

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-3714&domain=pdf&date_stamp=2022-6-2
http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-3714&domain=pdf&date_stamp=2022-6-2


conventional endocrine therapy (letrozole) or chemotherapy (doce-
taxel) displayed these intermediate EMT features and tumor-initiating
properties (8).

We have developed multiple transplantable preclinical syngeneic
TNBC genetically engineered mouse (GEM) models, which have been
characterized genomically (9, 10) and with respect to their immune
microenvironments. Using these models, we have identified a role for
neoantigens and the importance of B cells and T follicular helper
cells (11). By integrating the immunologic characterization of murine
syngeneic mammary tumor models with analyses of human breast
cancer datasets, we have demonstrated a relationship between EMT
and myeloid cells, specifically tumor-associated macrophages (TAM;
ref. 12). We also have leveraged our syngeneic GEM models to define
the response to immune checkpoint blockade therapy with emphasis
on the myeloid cell environment (12). The EMT hallmark gene
signature also has been found to be enriched in residual tumors after
neoadjuvant chemotherapy in TNBC, and these tumors displayed a
high level of residual polarized macrophages that can suppress T-cell
proliferation and activation (12). Claudin-low tumors, a subtype of
TNBC, adopt a spindle-like morphology indicative of their highly
mesenchymal nature. These TNBC claudin-low models have been
characterized with respect to their immune microenvironment and
have an enrichment in TAMs as compared with TNBC basal-like
murine tumors. Furthermore, increasing the mutation burden in
certain claudin-low tumors has been shown to improve their respon-
siveness to immunotherapy. These are, therefore, appropriate preclin-
ical models in which to determine the functional importance of TAMs.

Single-cell RNA sequencing (scRNA-seq) as well as profiling of T-
cell receptor (TCR) repertoires have proven to be valuable tools to
dissect the cellular heterogeneity in various cancers. By combining
high-dimensional transcriptomic data of individual tumor-infiltrating
immune cells with bulk RNA-seq data from multiple murine mam-
mary tumor models, we began to understand the complex dynamics
that prevent tumors from undergoing long-term regression. Further-
more, we have harnessed the immunostimulatory effects of the low-
dose chemotherapeutic agent cyclophosphamide (Cytoxan, CTX)
aided by the depletion of immunosuppressive TAMs using either a
small-molecule inhibitor ormAb toward CSF1R to successfully induce
durable long-term responses in highly aggressive primary murine
mammary tumors. Furthermore, we observed the presence of tertiary
lymphoid structures (TLS), identified B-cell subpopulations that are
enriched in responders and identified a macrophage signature that
could be used to identify patients with claudin-low breast cancer that
might benefit from this treatment combination.

Materials and Methods
Cell lines

T11 and T12 cell lines were generated in the Rosen laboratory from
primary T11 and T12 tumors by selection of epithelial cells expressing
the neomycin cassette in G418 and cultured in DMEM/high glucose
with 10% FBS, 100 IUmL�1 penicillin/streptomycin (Lonza), 5 mg/mL
insulin, 10 ng/mL mouse EGF, and 1X Antibiotic-Antimycotic
(#15240062, Thermo Fisher) and hydrocortisone. Cells were main-
tained in a humidified incubator at 37�C with 5% CO2. Mycoplasma
testing was carried out on the cell lines once a month.

Animals studies
All animals were used according to a protocol approved by the

Institutional Animal Care and Use Committee at Baylor College of
Medicine. Female 5–6 weeks old BALB/c mice were ordered from

Envigo Laboratories and experiments were carried out in age matched
animals. Female 5–6 weeks old NSG mice (NOD.Cg-Prkdc scid il2rg
tm1Wjl/SzJ; stock no. 005557) were ordered from Jackson Labs. Mice
were house in the TMF Mouse Facility at the Baylor College of
Medicine in SPF/climate-controlled conditions with 12-hour day or
night cycles. They were supplied with fresh chow and water from an
auto water system continuously.

Mammary fat pad injection
The generation of T12, T11, and 2151R tumor models has been

described and characterized previously and tumor chunks were stored
in liquid nitrogen for long-term storage in FBSþ 10%DMSO. Prior to
surgery, tumor chunks were thawed and washed in PBS. Tumor
chunks were implanted directly into a small cavity in the mammary
fat pad. Mice were monitored for tumor growth and were randomized
into treatment groups when the tumors were approximately 5 mm in
diameter.

In vivo treatment studies using pexidartinib
Cyclophosphamide (Sigma-Aldrich, PHR1404-1G) was resus-

pended in sterile PBS (Lonza) and injected intraperitoneally at the
concentration of 100 mg/kg, once a week for the entire treatment
period and the control mice were injected with the same volume of
sterile PBS. PLX3397 was obtained from Plexxikon, Daichii Sankyo
and was added to a chow made by Research Diets. Mice were fed the
chow ad libitum. The drug concentration in the chow was 275 ppm in
most of the experiments described which corresponds to 5 mg/kg per
mouse except for the low-dose experiments with a concentration of
75 ppm. Control mice were given the same chow without PLX3397.
Mice were weighed and monitored for signs of drug toxicity weekly.
Tumors were measured using calipers three times a week for the
duration of the treatment.

In vivo treatment studies using SNDX-ms6352
For the studies using a high-affinity anti-CSF1R antibody, SNDX-

ms6352 was obtained from Syndax Pharmaceuticals, Inc. and was
administered via intraperitoneal injection weekly for 4 weeks at the
concentration of 40 mg/kg for the first dose followed by 20 mg/kg for
the remaining three doses. Control mice were injected with equal
volume of mouse IgG1 isotype control (Bio X Cell, BE0083).

In vivo T-cell depletion studies
Mice were injected intraperitoneally with anti CD4 (100 mg,

BE0003-1) or anti CD8 (150 mg, BE0061) antibodies obtained from
Bio X Cell Laboratories, twice times weekly. Optimal antibody con-
centrations were obtained from previous validation experiments. This
was repeated during the entire treatment course.

Tail vein injection
Female 5–7 weeks old BALB/c mice were injected with tumor cells

dissociated from fresh T12mammary tumors. Cells (200,000) in sterile
PBS were injected in per mouse using a 27-gauge syringe. Mice were
randomized into treatment groups at day 10 after injection and were
given three weekly treatments of CTX and PLX3397 chow ad libitum,
following which the mice were sacrificed and the lungs were collected
for further analysis.

T-cell isolation and in vitro immunosuppression assay
Spleens were harvested from 8-week-old JEDI mice and physically

dissociated using a scalpel. Splenocytes were filtered through a 70-mm
cell strainer. Red blood cells were lysed using RBC lysis buffer
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(#B4300062518TN, Tonbo Biosciences). CD3þ T cells were enriched
using negative selection of biotinylated antibodies B220, CD11b,
CD11c, andGr-1 (#559971, BDPharmingen) andmagnetically sorting
using EasySep Mouse Biotin Positive Selection kit (#18559, Stemcell).
CD3þ T cells were activated using a 1:1 ratio Dynabead Mouse T
Activator CD3/CD28 (#00775477, Thermo Fisher Scientific) for
72 hours in T-cell media containing RPMI1640 (VWR), 5% heat-
inactivated FBS, 55 mmol/L ß-mercaptoethanol, and 5 ng/mL IL2 (#
202-IL-050/CF, R&D Systems). Activated CD3þ T cells were isolated
from Dynabead Mouse T Activator CD3/CD28 (#00775477, Thermo
Fisher Scientific) using negative selection. T12-unlabeled and GFP-
labeled cell lines were seeded at a density of 2,500 cells per well in a 96-
well plate. After 24 hours, T cells were added at a 10:1 effector/target
ratio with 10,000; 1,000; 100; 10; 1; 0 m of phosphoramide mustard
(#M123069, MuseChem). Each condition was run in triplicate. The
conditions include coculturing with T cells and drug, and wells with
drug alone. The plate was incubated in an Incucyte (Essen) and
fluorescence and phase images were taken every hour for 48 hours.
The analysis was run using Incucyte S3 software and graphed using
Graphpad Prism 8. For coculture experiments, TAMs were isolated
from fresh T12 or T11 tumors using the marker F480 by FACS. They
were seeded at a 1:1 ratio with the T cells in themediamentioned above
with 20% tumor cell conditioned medium. The cells were kept in
culture for 72 hours, following which, the T cells and tumor cells were
separated and analyzed by flow.

Tissue staining
Primary tumor and lung tissue were fixed in 4% paraformaldehyde

overnight and transferred to 70% ethanol for long-term storage. The
tissue was embedded in paraffin blocks by the Breast Center Pathology
Core at Baylor College of Medicine. IHC was performed according
to Rosen Lab protocols (https://www.bcm.edu/research/labs/jeffrey-
rosen/protocols). Primary antibodies used were ordered fromAbcam-
anti-CD4(EPR19514), Anti-CD8a (YTS169.4), S100A8(EPR3554),
F480(CI: A3-1) or eBioscience B220(RA3-6B2). Biotinylated second-
ary antibodies were ordered from BioLegend.

Tissue quantification
IHC slides were quantified utilizing ImageJ. All images were first set

to 8-bit black and white the same threshold was then applied to all
images tominimize background and eliminate unspecific staining. The
percent positivity was obtained and from four random sections within
each tissue. Two-way ANOVA, followed by multiple comparisons test
was performed using GraphPad Prism version 9.0, GraphPad
Software.

Flow cytometry
Tumors were dissociated using the MACs mouse tumor dissocia-

tion kit (Miltenyl Biotec) and suspended in PBSþ1% FBS. The cells
were incubated in blocking buffer containing 1:200CD16/32 (clone 93,
eBioscience) for 30 minutes on ice. They were subsequently stained by
fluorescent-conjugated primary antibodies at previously validated
concentrations for 1 hour on ice. Following three PBSþ1% FBS
washes, the cells were resuspended in ice cold PBS or fixed in 1%
paraformaldehyde for immediate acquisition on the LSR Fortessa at
the Baylor College of Medicine FACS and Cell Sorting core. Data were
further analyzed using FlowJo Software version 10.0.

The following antibodies against mouse antigens were used:
anti-CD3e (145-2C11), anti-CD4 (GK1.5), anti-CD8 (53-6.7; all
from eBioscience); anti-B220 (RA3-6B2), anti-CD11b (M1/70)),
anti-CD45 (30-F11), anti- F4/80 (BM8), anti-Ly6G(IA8; all

from Tonbo); anti-CD127 (SB/199, BD Biosciences), anti-CD44
(IM7, BD Biosciences), anti-CD62 L (MEL14, BioLegend), Anti-
KI67(16A8, BioLegend), anti-CSF1R(AFS98, BioLegend), anti-
KLRG1(2F1, BioLegend).

IMC staining and quantification
IMC staining and data processing was done at the Houston

Methodist Immuno-Monitoring Core. Metal-conjugated antibodies
were ordered from Fluidigm or validated and conjugated to metals
using theMaxPar antibody conjugation kit (Fluidigm). The antibodies
used were suspended in BSA and azide-free buffers and after conju-
gation they were diluted in Candor PBS Antibody Stabilization
solution (Candor Bioscience) for long-term storage at 4�C.

Paraffin-embedded tumor tissue samples were sectioned onto slides
with each section having a thickness of 5 mm. The sections were baked
at 60�C overnight, deparaffinization was performed in xylene and the
sections were rehydrated in a graded series of ethanol solutions (90%,
80%, 70%, and 50% for 10 minutes each. Antigen retrieval was
performed using 1 mmol/L sodium citrate buffer (pH 6) for 20minutes
in a heated water bath. Blocking buffer containing 3% BSA in TBS was
added to each section and the slides were incubated at room temper-
ature for 1 hour. The sections thenwere incubated inmetal-conjugated
primary antibodies at 4�C overnight. The next day, samples were
washed four times in TBS-T, following which, they were stained with
Cell-ID Intercalator (Fluidigm) for nuclear staining. Three random
sections per tumor section measuring 0.5� 0.5 mm were ablated and
imaging mass cytometry data were segmented by ilastik and CellPro-
filer. Histology topography cytometry analysis toolbox (HistoCAT)
and R (Version 1.2.5042) were used to analyze the images and perform
clustering and neighborhood analysis.

qPCR protocol and primer sequences
RNA was isolated from primary mouse tumor tissue using TRIzol

reagent (# 15596018, Thermo Fisher Scientific). Total RNA was then
reversed transcribed into cDNA using the RT2 first-strand kit
(#330401, Qiagen). Real-time quantitative RT-PCR was carried out
in triplicates utilizing the amfiSure qGreen Q-PCR Master Mix
(#Q5602005, GenDEPOT) using a StepOnePlus Real-Time PCR
System (Applied Biosystems) and analyzed using the comparative Ct

method (2�DDCt) with GAPDH as the housekeeping reference gene.
Primer sequences were obtained from Addgene (Table 1).

RNA-seq analysis
Tumor sample mRNA quality was measured using the Agilent

Bioanalyzer and libraries for mRNA-seq were made using total RNA
and the Illumina TruSeq mRNA sample preparation kit. Paired end (2
� 50 bp) sequencing was performed on a Illumina HiSeq 2000/2500
sequencer at the UNC High-Throughput Sequencing Facility. Con-
sequential fastq files were aligned to the mouse mm10 reference
genome using the STAR aligner algorithm. Ensuing BAM files were
sorted and indexed using Samtools and quality control was performed
using Picard. Transcript read counts were determined using Salmon.

Table 1. List of primer sequences used in qPCR analysis.

Gene name Primer sequence

Nd1-F Mouse ACGCAAAATCTTAGGGTACA
Nd1-R Mouse GAGTGATAGGGTAGGTGCAA
Cytb-F Mouse TCCTTCATGTCGGACGAGGC
Cytb-R Mouse AATGCTGTGGCTATGACTGCG

Chemotherapy/Macrophage Inhibition Leads to TNBC Regression
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The RNA-seq data were processed and normalized as published
previously. Gene expression signatures were calculated as the median
expression of all the genes in the signature as published previously.
Nontreated tumors from existing published gene expression data were
used for this study and can be accessed on the Gene Expression
Omnibus (GEO) under accession GSE124821. All the bulk RNA-
seq data for T12, T11, and 2151R are available under accession
GSE173260.

Single-cell isolation and scRNA-seq analysis
Tumors were dissociated as described previously and CD45þ cells

were isolated from tumors using the Miltenyi Magnetic Enrichment
Kit or FACS. Fresh cells were suspended inPBS and library preparation
was carried out by the Single Cell RNA Sequencing core at Baylor
College of Medicine using the 10� Genomics Chromium RNA-seq 5
prime Kit. The samples were sequenced at the Genomic and RNA
Profiling Core at Baylor College of Medicine on Nextseq 500 or
NovaSeq 6000 sequencing machines from Illumina.

Raw data have been uploaded on GEO under accession number
GSE165987.

Single-cell data sequencing and processing cellranger count
and vdj

Fastq files with range of 26–28 bps for R1 and 89–96 bps for R2 were
processed using the Cell Ranger Single-Cell Software Suite provided by
10�Genomics, V3.0.2. Reads were aligned tomouse genome (mm10),
which is available on cellranger’s website http://cf.10xgenomics.com/
supp/cell-exp/refdata-cellranger-mm10-3.0.0.tar.gz. Filtered gene-
barcodes matrices that passes the default cell ranger threshold for
detection were used for further analysis. We obtained an average of
1,803 unique genes per cell with a median of 1,413 and an average of
7,668 unique transcripts per cell with a median of 4,147, which is
comparable with similar scRNA-seq studies. For the VDJ samples, the
fastqfiles were processed using the cellranger vdj pipeline and the reads
were aligned to the GRCm38 reference genome, which is also available
on cellranger’s website at http://cf.10xgenomics.com/supp/cell-vdj/
refdata-cellranger-vdj-GRCm38-altsensembl-2.2.0.tar.gz.

Data processing
The first analysis that studied T cells consisted of four samples:

16805 (PBS), 17746 (CSF1R), JR20876 (combination), and JR20877
(CTX). The second analysis studying myeloid cells consisted of four
samples: T12 (16800 and 16805) and T11 (Gao1 and Gao2) mice
models. All downstream analysis wad performed using Seurat R
package, V3.1.3 and Monocle3_0.2.0.

Seurat
Downstream analysis of the RNA data was performed using the

Seurat R package, V3.1.3 (13). Cells with greater than 10% mitochon-
drial counts were removed. Outlier cells with greater than 40,000 were
removed. All rps, rpl, mt, and gm genes were also removed. The data
were normalized and the top 3,000 genes with the highest residual
variance were selected as the highly variable genes Seurat’s SCTrans-
form. SCTransform also filters out genes that are present in less than
five cells. This resulted in 31,167 cells and 15,976 genes from 36,198
cells and 31,053 genes for the T-cell study whereas it was 19,352 cells
and 15,365 genes from 21,325 cells and 31,053 genes for the myeloid
study. The principal component analysis (PCA) scores were computed
using Seurat’s RunPCA function and the clusters were identified using
first 30 PCs with a resolution of 1.2 for the Tcell study while the
myeloid study uses the same number of PCs but with a resolution

of 0.8. The Uniform Manifold Approximation and Projection
(UMAP) projection were for both studies were generated using
the first 30 PCs with a default parameter of 0.3 minimum distance
and k ¼ 30 neighbors.

T-cells study samples were further split into CD4 T cells and CD8 T
cells. CD4 T cells were subset based on Cd4 > 0.5 and Cd3e >1 while
CD8 T cells were subset based on Cd8a > 0.5 and Cd3e > 1. Cells that
intersect between the CD4 and CD8 T cells subset were removed. This
resulted in a subset of 3,859 unique CD4 T cells and 2,346 unique CD8
T cells and the raw counts with the original number of genes of 23393
(rps, rpl, mt, and gm genes were removed). SCTransform was per-
formed on both the CD4 and CD8 T-cell subsets, which resulted in
3,859 cells and 11,758 genes, while it was 2,346 cells and 11,918 genes
for CD8 T cells. For CD4 T cells, the PCA scores were recalculated and
the clusters were reidentified using the first 30 PCs with a resolution of
1.5. For CD8 T cells, the clusters were identified using the first 50
recalculated PCs resolution of 1.0. The UMAP projection were regen-
erated using the first 30 PCs for CD4 T cells while CD8 T cells used the
first 50 PCs. The other UMAP parameters remained unchanged with a
default parameter of 0.3 minimum distance and k ¼ 30 neighbors.

CD19 B cells were subset based on Cd19 > 0.5 on the SCT assay of
the T-cell samples, which resulted in 630 cells. SCTransform was
performed on the raw counts of 23,393 genes. This output a Seurat
object with 630 cells and 10,509 genes. PCA scores were again
recalculated and the clusters were reidentified using the first 30 PCs
with the default resolution of 0.8. The UMAP projections were
recomputed with default parameter of 0.3 minimum distance and
k ¼ 30 neighbors.

Itgax D cells were selected by subset Itgax > 0.5 from the SCT assay
of the T-cell samples. The output of the subset is 1,510 cells. SCTrans-
formwas performed on the raw count of 23,393 genes and this resulted
in 1,510 cells and 12,143 genes. PCA scores were recomputed and
clusters were reidentified using the first 30 PCs with a default reso-
lution of 0.8. TheUMAP projections were reinitialized with the default
parameter of 0.3 minimum distance and k ¼ 30 neighbors.

For the myeloid study, macrophages and monocytes cells were
subset based on the SingleR Immgen annotation (14). A total of 15,718
cells were subsetted with the raw counts of the original 23,393 genes.
The datawere renormalized using SCTransform,which outputs 15,718
cells and 14,688 genes. The PCA scores were recomputed and 30 PCs
were used to reidentify the clusters with a resolution of 0.8. TheUMAP
projection were obtained using the first 30 PCs with the default
parameter of 0.3 minimum distance and k ¼ 30 neighbors.

Annotation
For CD8 T cell, the clusters were manually annotated with the

following annotation: Nfkbiaþ CD8þ central memory T cells (Tcm;
cluster 0, 6, 7, 9, 11, and 13), Ly6a CD8þ Tcm (cluster 2), Smad7þ

CD8þ T na€�ve (Tn; cluster 1 and 14), GzmbþCD8þ Teff (cluster 4 and
5), Mki67þ CD8þ Tprof (cluster 12) and Lag3þ CD8þ Tex (cluster 3
and 10). As for CD4 T cell, the clusters were manually annotated as:
CD4 Tn (cluster 0, 3, 4, 7, 9, and 10), CD4 Tcm (cluster 1, 5, 8, 13, and
14), Foxp3þ regulatory T cells (Treg; cluster 2 and 12) and CD4 T act
(cluster 6 and 11). For the CD19 B cells, cluster 4 and 5 were removed
while the other clusters were annotated as follows: cluster 0 and 2—FO
B cells, Cluster 1—activate germinal center (GC) B cells and cluster 3—
plasma cells clusters ofmyeloid study andD cells were annotated using
the new SingleR, V1.0.5, which is available at https://bioconductor.org/
packages/release/bioc/html/SingleR.html. The Immgen reference,
which has a collection of 830 microarray samples—with 20 main cell
types and 253 subtypes—was used as the reference to annotate the
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dataset. The SingleR annotation were used to subset myeloid cells in
the myeloid study. After the subset, the clusters were reinitialized and
the UMAP were recomputed. This resulted in 20 clusters. Cluster 14
and 19 were removed because of being outliers and the rest of the
clusters were annotated as: CD83þ TAMs (cluster 1, 7, 10, 12, 13, 15,
17, and 18), S100a4þ TAMs (cluster 2 and 5), Ly6c2þ monocytes
(cluster 3 and 9), Acp5þ TAMs (cluster 4 and 11) and Irf71þ TAMs
(cluster 0, 6, 8, and 16).

Differentially expressed genes
Differential expression test was done using theWilcoxon rank-sum

test, which is the default of Seurat’s FindMarkers function for all genes
that has not been filtered out. Log fc threshold ¼ 0 and min.pct ¼ 0
parameters were used. The test was conducted for both the Seurat
clusters and the cell-type clusters annotated by SingleR. Three extra
comparison were made for CD4 and CD8 T cells, which were
combination versus CSF1R, combination versus CTX, and combina-
tion versus all.

Ligand receptor analysis
Significant ligand-receptor (LR) pairs were identified using the same

method as described previously (15, 16). We focused our analysis on
the 2,422 LR pairs published in these studies as well. A ligand or
receptor is considered expressed if the SCT-normalized data are 0.5 in
at least 10% of the cells. If a ligand or receptor is not considered
expressed, the expression value will be set to zero. P values were
generated from 1,000 permutations with random shuffling the cell
labels. A LR is considered significant if the interaction score is at least 2
and P < 0.01.

External patient data analysis
Patient data analysis was done as described previously using already

published datasets. RNA-seq and patient outcomes are already avail-
able for the CALGB 40603 data in the database of Genotypes
and Phenotypes(dbGaP,https://www.ncbi.nlm.nih.gov/projects/gap/
cgi-bin/study.cgi?study_id¼phs001863.v1.p1), while data for SCANB
are available on the GEO (accession nos. GSE81538 and GSE96058).

Pathway analysis
Pathway analysis was carried out on subsets of CD68þmyeloid cells

in T12 and T11 tumors. Differential gene expression was obtained
using the Wilcoxon rank-sum test, logFc > 0.5 using R studio.
Signatures obtained were labeled T11vsT12 and T12vsT11 signatures
and they were used for pathway analysis and patient data analysis in
the article (Supplementary Table S2a and 2b). Gene set enrichment
analysis (GSEA) was used to determine if pathways were statistically
different in the tumormodels using FDR< 0.1 as cutoff. Gene signature
pathways related to metabolism were downloaded fromMSigDB (17).
Gene ontology and reactome analysis was performed analysis was
performed usingmurine specific biological pathways lists downloaded
from the Gene Ontology Database and Fisher exact test was used to
determine the significance of the pathways.

Statistical methods
Sample sizes were not predetermined for treatment studies and are

denoted in the figure legends. Each in vivo experiment was repeated at
least three times with independent cohorts of mice. Data are shown as
the mean � the SEM. All in vitro experiments were repeated three
times independently. Each condition was done in biological replicates
and the combined data were used to determine the P values. Statistical
analysis was carried out using Graphpad Prism or R Studio (version

1.2.5042). Statistical significance for tumor volumes was carried out
using unpaired paired t tests or two-way ANOVAwith a P value lower
than 0.05 being considered significant. Survival analyses were evalu-
ated by Kaplan–Meier curves and the log-rank (Mantel–Cox) test.

Results
p53�/� syngeneic TNBC GEMmodels recapitulate human TNBC
subtypes and respond to low-dose immunostimulatory
chemotherapy treatment

A previous screen using “standard-of-care” drugs on a claudin-low
p53 null syngeneic GEM model of TNBC, T11, showed that T11
tumors were resistant tomost conventional chemotherapy treatments,
but responsive to low-dose CTX (100 mg/kg; ref. 18) treatment
(Supplementary Fig. S1a). We extended these studies to two other
independently derived claudin-low models, T12 and 2151R. These
tumors have an enrichment for the EMT pathway (Fig. 1A) and also
are highly infiltrated byTAMs (Fig. 1B; Supplementary Fig. S1b)when
compared with other more basal-like or luminal-like p53�/� models
such as 2225 L and 2208L. Thus, they represent ideal preclinicalmodels
to develop regimens to treat the subset of TNBC that are less likely to
undergo pCR following neoadjuvant chemotherapy. Principal com-
ponent analysis showed that the three claudin-low tumormodels, T11,
T12, and 2151R clustered together as compared with tumor models
from basal (2225L) and luminal (2208L) subtypes, indicating a certain
degree of transcriptomic similarity between these models. However,
there is still some level of transcriptomic heterogeneity between these
threemodels (Fig. 1C). This observation led us to questionwhether the
heterogeneity was related to the immune microenvironment in these
tumors, especially in T12.

T12 tumors implanted in the mammary fat pads of Balb/c mice
showed a greater decrease in tumor volume as compared with NSG
mice that lack T cells, B cells, and functional natural killer cells
(Supplementary Fig. S1c), suggesting a possible synergy between T
cells and CTX was required for superior T12 tumor cell killing. This
was supported by in vitro assays using GFP-targeting T cells derived
from JEDImice that showed a significant increase in cell death ofGFPþ

T12 cells upon addition of an active metabolite of CTX, phosphor-
amide mustard, as CTX needs to be metabolized in the liver into its
active form and cannot be used in vitro (Supplementary Fig. S1d).
Furthermore, flow cytometry analysis revealed an increase in the
numbers of CD4þ and CD8þ T cells in T12 tumors after CTX
treatment in immunocompetent Balb/c mice (Supplementary
Fig. S1e). Antibody depletion of CD4þ resulted in an impaired
response to CTX (Supplementary Fig. S1f) but did not fully abolish
the differences in response between of Balb/c mice compared with
NSGmice, indicating there could be a possible synergy between the T-
cell subtypes as well as other cells NSGmice lack including B cells, that
promotes tumor regression. Further analysis of treated tumors that
had been treated with CD4 depleting antibody showed an enrichment
in TAMs as well as lower numbers of CD8þ T cells (Supplementary
Fig. S1g). As CTX-treated tumors always recurred after treatment
cessation, we then asked whether TAMs mediated the resistance to
CTX treatment, and if so whether a treatment targeting TAMs would
synergize with low-dose CTX and lead to a durable tumor response.

The enrichment of TAMs in these models (Fig. 1C) and the
previously known roles of TAM in therapeutic resistance including
immunosuppression of T-cell functionality prompted us to hypoth-
esize that combining CTX and anti-TAM treatment may further
improve the treatment of this subset of TNBC. To test the response
of these three independent models to CTX as a single agent and in
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Figure 1.

p53�/� syngeneic TNBC GEM recapitulate human TNBC subtypes and respond to low-dose immunostimulatory chemotherapy treatment.A,Heatmap for pathways
enriched in p53�/� tumor models. B, IHC for F4/80þ TAMs and CD8þ T cells on p53�/� tumor models. H&E, hematoxylin and eosin. C, PCA on p53�/� tumor models.
D, Treatment schema for combination therapy using low-dose CTX and a CSF1R inhibitor PXB. E–G, Combining low-dose CTX with a Csf1r inhibitor (PXB) leads to a
reduction in tumor burden in T12 and2151R p53�/�mouse tumors and stasis in T11. Number in parentheses shows the specificnvalues of biologically independentmice
per treatment group.P valuewas computedby two-sided t test.H–J, Improved survival inmouse tumormodels after combination treatment. Treatmentwas stopped
at day 30. Survival benefit was assessed by Kaplan–Meier curves using the log-rank (Mantel–Cox) test. Dotted line marks point of treatment cessation.
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combination with PXB, a small-molecule inhibitor of CSF1R, we
implanted the three independent claudin-low p53 null tumor models
T11, T12, and 2151R (Fig. 1A–C) into the mammary fat pads of
immunocompetent Balb/c mice. CSF1R is a well-known macrophage
recruitment and differentiation factor. Besides CSF1R, PXB also
inhibits C-KIT and FLT3. It has been widely used in preclinical studies
to deplete TAMs (19). Tumors were allowed to reach a size of
approximately 5 mm in diameter and were then randomized into
four treatment groups-PBS, CTX, PXB, and CTX þ PXB (Fig. 1D).
Consistent with previous reports on other TNBCmodels, PXB failed to
show efficacy as a single agent in all three claudin-low models.
However, PXB had not been used in combination with CTX, which
has immunostimulatory properties. All three models responded to
single-agent CTX treatment but recurred with differential kinetics
either during treatment or following cessation of treatment. Strikingly,
combination treatment led to long-term durable regression in two of
three tumor models namely T12 and 2151R as well as tumor stasis in
T11 (Fig. 1E–G). Importantly, no tumors recurred in T12 while one of
eight tumors recurred in 2151R within 30 days after treatment
cessation (Fig. 1H and I). In contrast, all T11 tumors grew back upon
treatment cessation (Fig. 1J). Flow cytometry analysis also revealed
that combination-treated T12 tumors had a significant reduction in
the numbers of F480þ CSF1Rþ TAMs as compared with CTX alone
(Supplementary Fig. S1h) as well as a significant enrichment of
CD8þ T cells that expressed markers of Tcms (CD62L and CD127)
and CD8þ effector memory T cells (CD62LþCD127þCD44þ), as
compared with single agent–treated tumors (Supplementary
Fig. S1i). This therapeutic combination was also successful with
a 3.3� lower dose of PXB (Supplementary Fig. S1j). Finally, we also
used a high-affinity murine mAb, SNDX-ms6352 (20), directed
toward CSF1R to treat T12 and 2151R tumors in combination with
low-dose CTX. Combination of SNDX-ms6352 and CTX lead to
dramatic tumor regression in both models and depleted F480þ

macrophages within the tumor in T12 tumors (Supplementary
Fig. S1k and S1L).

Combination therapy leads to an expansion of CD8þ/CD4þ

T cells and B cells in responsive T12 tumors
We next employed imaging mass spectrometry to visualize

and quantify the spatial interactions of various immune cell types
in the tumor immune microenvironment in both the T12 highly
responsive and T11 poorly responsive models (Fig. 2A and B).
Compared with treatment of PBS or single agents PXB or CTX, the
CTX þ PXB combination increased juxtaposition between T cells
(clusters 1–7) and B cells (cluster 14) or dendritic cells (DC; cluster
15). Interestingly, CTX alone appeared to stimulate interactions
between T cells and macrophages (cluster 18). Addition of PXB
diminished this effect. The increased interactions between T cells
and macrophages may potentially explain the reduced response to
single-agent CTX.

T11 tumors that responded poorly to combination therapy were
populated byPan-CKþKI67þPDL1þproliferating (clusters 11 and 12;
Supplementary Fig. S2a and S2b) tumor cells that had no significant
interactions with subpopulations of CD8þ and CD4þ T cells (clusters
1–7; Supplementary Fig. S2a and S2b), indicating the lack of infiltrating
T cells unto the tumor core. T-cell and B-cell interactions were also not
observed in T11 tumors after combination therapy, contrasting with
T12. This is indicated by clusters 1–7 and 14 (Supplementary Fig. S2a
and S2b, highlighted in black). As indicated by clusters 11 and 12
(Fig. 2B, highlighted in red), there was a reduced number of Ki67þ

proliferating cells that were in close contact with CD4þ T cells in T12

tumors following combination therapy as compared with T11 tumors
(cluster 4, 5, 6, and 7; Fig. 2B; Supplementary S2c, highlighted in
black). Studies have shown that TAMs can be recruited by tumors cells
to escape T cell–mediated killing. using flow cytometry, we found that
the number of CSF1Rþ F480þ TAMs after combination treatment was
higher in nonresponsive T11 tumors (Supplementary Fig. S2d). TAMs
have immunosuppressive effects on T cell–mediated tumor cell killing,
T-cell differentiation and proliferation, which may explain the resis-
tance of T11 tumors to combination treatment.

To further elucidate the immune effects of CTXþPXB in the highly
responsive T12 TNBC model, we performed scRNA-seq and com-
bined V(D)J sequencing of TCRs on CD45þ immune cells across all
four treatment groups. UMAP projections of the cells revealed dif-
ferent clusters of immune cells across the four different treatment
groups including Cd68þ TAMs, S100a8þ neutrophils, Cd19þ B cells as
well as Cd8þ and Cd4þ T cells (Fig. 2C). However, most immune cells
from PBS- and CTX-treated mice clustered separately from combi-
nation-treated tumors (Fig. 2D). Upon further analysis, we observed a
nearly complete depletion of Cd68þ TAMs and low S100a8þ neu-
trophils in the combination-treated group as well as a significant
expansion ofCd4þ andCd8þT cells (Fig. 2E; Supplementary Fig. S2e).
The expression of common TAMmarker gene Adgre1(F480), was not
expressed at a consistent/detectable level on shallow scRNA-seq and so
Cd68was used as a monocyte/TAMmarker. PXB single agent–treated
tumors had high levels of S100a8þ neutrophils supporting previous
studies showing the accumulation of tumor-infiltrating neutrophils
upon TAM depletion in treatment refractory mice (Supplementary
Fig. S2f). Pathway analysis using genes significantly enriched in the
S100a8þ neutrophil cluster as compared with the other immune
cells, showed a significant enrichment of pathways related to
granulocyte and monocyte activation and aggregation, and path-
ways related to the suppression of T-cell proliferation and activation
(Supplementary Fig. S2g).

TAMs in responsive T12 and nonresponsive T11 tumors are
phenotypically distinct

The lack of durable response in T11 tumors was unexpected and
led to the question why these genetically and phenotypically similar
models displayed a differential response to combination treatment.
To address this question, we further analyzed the scRNA-seq data
using Seurat. Five major clusters of TAMs were identified, including
Ly6c2þ monocytes, Cd83þ TAMs, Irf7þ TAMs, Acp5þ TAMs and
S100a4þ TAMs (Fig. 3A and B; Supplementary Fig. S3a). Strikingly,
T12 TAMs are predominantly Cd83þ whereas T11 TAMs appear to
be more heterogeneous and distribute in all five clusters. Interest-
ingly, the baseline expression of Csf1r was significantly higher
in T12 than T11 TAMs, suggesting a lower dependence on this
signaling pathway by T11 TAMs for survival/differentiation
(Fig. 3C and D).

In fact, we identified a G12V activating mutation of kras in T11
(data not shown), which was accompanied by increased pMAPK
compared with T12 (Supplementary Fig. S3b), all of which may
contribute tomore resistance to combination treatment of T11 tumors.

To further delineate the differences between T11 andT12TAMs, we
performed pathway analysis on differentially expressed genes in
pretreatment T11/T12 TAMs. T12 TAMs were enriched in pathways
related to immune activation including those involved in defense and
inflammatory responses (Fig. 3E) and TAM activation markers
such as C1qa. Surprisingly, T12 TAMs expressed higher levels of
markers related to immunosuppressive macrophages such as Spp1
(Supplementary Fig. S3c). This indicates that M2 “like” T12 TAMs are
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Figure 2.

Combination therapy leads to an expansion of CD8þ/CD4þ T cells and B cells in responsive T12 tumors. A, Imaging mass cytometry analysis of the tumor immune
microenvironment in T12 tumors before and after treatment. Representative images overlaid with seven markers (F480, Ly6C, Ly6G, CD11b, CD4, CD8a, B220) for
each treatment group. B, Neighborhood analysis of T12 tumors in which the color of the squares indicates significant pairwise interactions or avoidance between
PhenoGraph defined cellular metaclusters. Highlighted interactions include CD8þ/CD4þ T cells (clusters 1–7), B220þ B cells (cluster 14), and CD11Cþ CD86þ DCs
(cluster 15). Three ROIs were ablated per tumor section. n¼ 3–5 independent biological replicates per treatment group. C, UMAP plot showing CD45þ immune cell
clusters before and after treatment in T12 tumor model. D, UMAP plot showing CD45þ immune cells split by treatment group. E,Quantification of main immune cell
clusters in four treatment groups.
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also sensitive to CSF1R inhibition They also showed a downregulation
of genes related to oxidative phosphorylation (Supplementary
Fig. S3d). In contrast, T11 TAMs expressed higher levels of oxidative
phosphorylation–related genes such as CytB andNd1 (Supplementary
Fig. S3e). Interestingly, 2151R and T12 had similar levels of expression
of these genes at a transcript level, which suggests a degree ofmetabolic
similarity in these two responsive models. Further studies are required
to elucidate the role of metabolism in TAMs that survive CSF1R
inhibition and whether targeting oxidative phosphorylation could
provide a vulnerability to inhibit these cells.

Combination therapy leads to polyclonal expansion T cells that
exhibit memory cell phenotypes

To further understand T-cell functionality in the absence of immu-
nosuppressive tumor-infiltrating TAMs after combination treatment,
we next focused our analysis on Cd8þ T cells in all four treatment
groups. The reclustering of 2,346 CD8þ T cells (Materials and Meth-
ods) from all four treatment groups in T12 tumors revealed six
different clusters of T cells including Smad7þ na€�ve Cd8þ T cells,
NfkbiaþCd8þ centralmemory/memory precursor T cells,Ly6aþCd8þ

central memory T, Gzmbþ Cd8þ effector T cells, Mki67þ Cd8þ

Wilcoxon, P < 2.2e−16
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Figure 3.

TAMs in responsive (T12) and nonresponsive (T11) tumors are phenotypically distinct. A, UMAP plot showing CD68þ myeloid cell subclusters including Ly6c2þ

monocytes, Irf7þ TAMs, Acp5þ TAMs, and S100a4þ TAMs from untreated T12 and T11 tumors (two per group; gene names are italicized and protein names are in
uppercase). B, Quantification of TAM subclusters in untreated T12 and T11 tumors. C, Plot showing differentially expressed genes between T12 TAMs and T11 TAMs
(log2-fold change > 0.5; P < 0.05). D,Quantification of Csf1r expression in T12 and T11 TAMS. P > 0.05 was considered significant and was calculated using Wilcoxan
rank-sum test. E, Enrichment of select activation- and metabolism-related pathways in T12 and T11 CD68þ myeloid cells using GSEA.
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Combination therapy leads to polyclonal expansion T cells that exhibit memory cell phenotypes. A, UMAP plot showing Cd8þ T cell clusters of the four treatment
groups and split by sample type. Clusters were annotated using the Immgen database (5), SingleR (data not shown), and using known markers. B,Quantification of
Cd8þT-cell subsets in different treatment groups.C,Feature plots showing the expression of selectmemory/exhaustion/activationmarkers in CD8þT cells.D,Clonal
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proliferative T cells, and Lag3þ exhausted Cd8þ T cells (Fig. 4A;
Supplementary Fig. S4a). The NFkbiaþCd8þ Tcms were greatly
increased after combination therapy as compared with the other
subpopulations of T cells (Fig. 4B). These cells in the combination-
treated group expressed high levels of markers such as Jun, Id3, and
Nfkbia, which are markers of exhaustion resistance (21),longevity (22)
and are required for the maintenance of secondary lymphoid struc-
tures (23). In addition, these cells expressedmarkers of early activation
such asCd28 andCd69 that also control T-cell differentiation as shown
in the corresponding feature plots. Consistent with these results,
combination-treatedCd8þTcells also had a low expression of terminal
exhaustion markers such as Pdcd1, Lag3, and Tigit as compared with
those in untreated or single agent–treated mice (Fig. 4C; Supplemen-
tary Fig. S4b). Thus, scRNA-seq analyses confirmed flow cytometry
results and revealed a profound expansion of long-lived, Cd8þ mem-
ory T cells upon combined PXB and CTX treatment, which may help
explain that durable responses were observed for up to 30 days
posttreatment.

Most antitumor responses by CD8þ T cells are due to their clonal
expansion triggered by specific tumor antigens that are presented by
antigen-presenting cells (APC) such as CD11Cþ DCs and B220þ B
cells (24). Macrophages can present antigens as well but cannot
infiltrate lymph nodes or secondary lymphoid structures that are
usually the sites of antigen presentation. In these experiments,
exhausted CD8þ T cells in PBS- and CTX-treated groups exhibited
higher clonality, which is consistent with studies showing monoclonal
enrichment of exhausted T cells after checkpoint blockade (25).
However, the T cells in the combination-treated group showed a
polyclonal expansion with no enrichment for a single clone
(Fig. 4D; Supplementary Fig. S4c), suggesting that depletion of TAMs
may fundamentally alter the antigen-presentation and/or clonal
expansion process.

To functionally validate the memory status of T cells after combi-
nation treatment, we rechallenged T12 tumor-bearing mice 15 days
posttreatment with fresh T12 tumor chunks that were implanted into
the contralateral mammary gland. Seventy percent of these mice
showed a complete or partial rejection of these newly implanted
tumors (Fig. 4E and F). This result further supports the role of the
combination treatment on establishing long-term immune memory
against tumor cells.

Using combination treatment, we were also able to successfully
target established T12 lung metastases using an experimental metas-
tasis tail veinmodel (Supplementary Fig. S4d). CTX alonewas also able
to successfully inhibit lung metastasis as compared to PBS- or PXB-
treated mice (Supplementary Fig. S4e). Single-agent PXB treatment
significantly increased the lung metastasis burden, when compared to
PBS-treated mice (Supplementary Fig. S4f and S4g). These results are
like those reported for MDA-MB231 cells in SCIDmice indicative of a
distinct lung tumor microenvironment where a subset of TAMs could
play a stronger antitumor role as compared with the TME in the
mammary gland tumors (26).CTX alone also lead to a reduction of
lung metastasis however combination treatment resulted in a signif-
icantly higher number of B220þ B cells and CD4þ/CD8þ T cells as
compared with CTX alone (Supplementary Fig. S4h and S4i). Follow-
up studies are needed to test whether combination treatment can
promote long-term regression of lung metastasis as compared with
CTX alone.

For CD4 T cells treatment, UMAP analysis showed four different
clusters Ccr7þ Cd4þ na€�ve, Cd40lgþ Cd4þ Tcm, Cd69þ Cd4þ T cells
(activated) and Foxp3þ Tregs. Of these Cd4þ Tn and Cd4þ Tcm cells
were enriched after combination therapy while Foxp3þ Tregs were

enriched in single-agent CTX-treated mice (Fig. 5A and B).
The Cd4þ Tn cells expressed common na€�ve markers such as Ccr7,
Sell, Lef1, and low levels of Cd69, which is typically a marker of early
T-cell activation (27). However, CD4þ Tcm cells enriched after
combination treatment has increased expression of Cd69 and other
markers associated with T-cell longevity and survival such as Id3/
Fos/Jun (Fig. 5C; Supplementary Fig. S5a and S5b). This supports
recent studies that have shown that the transcriptomes of Tn and
Tcm cells derived from patients do not represent two discrete states
between these two populations but rather show a continuum of gene
expression (28).

In addition, V(D)J analysis revealed a polyclonal expansion of these
subsets aswell (Supplementary Fig. S5c).Cd4þTn andTcms expanded
after combination treatment also displayed increased expression of the
CD40 ligand (lg), which is a member of the TNF family of ligands
(Fig. 5C). CD40lg is expressed primarily on activated T cells. However,
it is also present on B cells, DCs, and macrophages. The receptor for
CD40lg is CD40. It was first discovered on B cells but is also expressed
on other APCs such as DCs (29). CD40/CD40lg is essential for the
survival of APCs including B cells where it can lead to the maturation
of B cells, increase their ability to effectively present antigens to T cells
and form germinal centers (30). To determine whether there was
a relationship between the Cd40lg Tcm cells and the Cd19þ B cells
that expanded after combination treatment we performed LR analysis
for all four treatment groups. Interestingly, we identified a unique
interaction between CD4T cells and B cells in the combination-treated
group, which was CD40lg and Traf3 (Fig. 5D). Previous studies
have implicated TRAF3 in the inhibition of canonical and noncanon-
ical NFkB signaling as well as a reduction in CD40 transcript.
However, this effect is thought to be cell type specific. Other
studies have shown that TRAF3 can mediate class switching, which
is essential for B cells to proliferate and generate a diverse antibody
repertoire directed toward multiple tumor antigens (31). On the basis
of these results, we then decided to study the reciprocal interactions
between B cells and CD4 Tcm cells in the singly and combination-
treated mice.

Activated B cells expand after combination therapy andmay be
the main APCs within the TLSs

scRNA-seq data for all four treatment groups for Cd19þ B cells
revealed three discrete subclusters including Cd19þ B cells, Cd86þ

activated B cells (ABC) that expressed high levels of Cd40 and GC-
like B cells that expressed GC markers such as Bcl6. ABCs were
enriched after combination treatment (Fig. 6A and B) and these
cells had increased expression of Cd40 and Rel as compared with the
na€�ve B cells (Supplementary Fig. S6a). Rel is a member of the NFkB
family of transcription factors and is essential for the long-term
survival of ABCs. These B cells also expressed immunoglobulin
transcript genes such as Ighm and Ighd (Supplementary Fig. S6a);
however, this remains to be validated at a protein level.

Besides CSF1R, PXB has also been shown to inhibit FLT3, which is
an important DCmaturation factor. We did not observe an expansion
of antigen presenting DCs after combination treatment. However,
pathway analysis of ABCs showed increased expression of antigen
presentation pathways to bothCD8þ andCD4þT cells, indicating that
after combination treatment, B cells most likely are the chief APCs
instead of DCs or macrophages. Interestingly, one of the top pathways
identified in theGO analysis of activated B cells in combination treated
mice was related to lymphoid organ development (Fig. 6C). Reactome
analysis showed an upregulation of NFkB survival signaling, indicat-
ing the Cd40lg–Traf3 interactions are not inhibitory in this context
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Figure 5.

CD4þ T cells and B cells play an important role in mediating long-term tumor regression. A, UMAP plot showing Cd4þ T-cell clusters in the four treatment groups.
Clusters were annotated using the Immgen database (5), SingleR (data not shown), and using known markers. B, Quantification of Cd4þ T-cell subsets in different
treatment groups.C,Violin plots showing the expression of selectmemory, activation, and exhaustionmarkers in Cd4þ T-cell subclusters.D, Select LR pairs involved
in Cd4þ T-cell and Cd19þ B-cell signaling. P < 0.01 was considered significant (see Materials and Methods). List of significant LR analysis between Cd4þ T cells and
Cd19þ B cells, Cd68þ myeloid cells, and Itgaxþ DCs is available in the Supplementary Materials and Methods.
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Activated B cells expand after combination immunotherapy and are the main APCs to CD4þ T memory cells with TLSs. A, UMAP plot showing Cd19þ B-cell clusters
of the four treatment groups and split by sample type. Clusters were annotated using the Immgen database (5), SingleR (data not shown), and using knownmarkers.
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(Supplementary Fig. S6b). These data suggest that both CD4þ T cells
and CD86þ activated B cells are essential for long-term response to
CTX and PXB in our models.

Consistent with this long-lasting durable response to combination
treatment, we observed presence of TLSs in the tumor beds of treated
mice bearing regressed T12 tumors 6 weeks posttreatment as com-
pared with the untreated or single-agent tumors that were harvested
7 days posttreatment (Fig. 6D; Supplementary Fig. S6c and S6d). We
also observed TLSs in the primary mammary gland site in mice that
completely rejected T12 tumor rechallenge (data not shown). Fur-
thermore, they expressed endomucin, which is a component of heavy
endothelial venules (32)-a known TLS marker (Supplementary
Fig. S6e). Because long-lasting TLS have been implicated in improved
responses to checkpoint blockade therapy, we performed IMC
and observed highly significant interactions between subsets of
CD8þ/CD4þ memory T cells (clusters 1–5; Fig. 6E) and B220þ B
cells (clusters 8 and 9; Fig. 6E) and avoidance of CD11Bþ F480þ

macrophages and LY6Cþ monocytes (clusters12 and 13; Fig. 6E).
Using markers obtained from our scRNA-seq analysis to further
delineate B-cell heterogeneity at a protein level, we identified two
B-cell subpopulations that were B220þCD86þ and B220þCD86�

(clusters 8 and 9; Fig. 6E).
Wenext askedwhetherwhether a certain B-cell subset preferentially

interacts with T cells in TLS. We observed significant interactions
between B220þ CD86þ B cells and CD8þ/CD4þ CD44þ T cells
(clusters 1, 2, 4, 5 with cluster 9; Fig. 6D). CD44 is a known memory
T-cell marker along with CD62L, but we did not detect a high number
of these cells in our scRNA-seq data while the mice were on treatment
and only identified these cells in TLS, 30 days after therapy. They could
possibly represent a subset of T cells that expand after combination
therapy and are long lived/help in promoting long-term tumor
regression. CD4þCD44þ T cells (cluster 4) interacted with
B220þCD86þ B cells (cluster 9) but had no significant interactions
with CD11Cþ DCs (cluster 10, Fig. 6E). This indicates the possibility
that antigen presenting B cells can persist at least 6 weeks posttreat-
ment and may be the main APCs in long-lasting TLSs after combi-
nation therapy. Further studies are needed both to establish a func-
tional role and to understand the mechanisms by which B cells might
promote the formation of antitumor TLSs.

T12 TAM signature is upregulated in patients with claudin-low
breast cancer

To determine whether there was any clinical correlation with
these immune cell subsets, we derived a signature using differen-
tially expressed genes (log Fc>0.03) from the T12 and T11 TAMs
(Supplementary Table S1). We applied T12 TAM and T11 TAM
signatures to two datasets obtained from patients with stage II–III
TNBC from the CALGB 40603 trial (33) and the SCAN-B data-
set (34). While the T11 TAM signature was not specifically asso-
ciated with these human claudin-low tumors, the T12 TAM sig-
nature was significantly upregulated in human claudin-low tumors
from patients with TNBC (Fig. 7A–D). In addition, high expression
of the T12 TAM signature was associated with a decreased overall
survival in patients with TNBC from the SCAN-B dataset with the
T11 signature did not significantly affect prognosis (Fig. 7E and F).
We also saw the increased expression of the T12 TAM signature
when we looked at claudin-low tumors across all breast cancer
subtypes including TNBC in multiple datasets including TCGA,
METABRIC and SCANB (Supplementary Fig. S7a and S7b). This
underscores the complexity of TAMs even within closely related
claudin-low murine models and establishes that the T12 murine

model shows similar tumor gene expression (35), and now here,
similar immune cell features as human claudin-low tumors.

Discussion
In this study, we performed an in-depth analysis of single agent and

combination treated preclinical TNBCmodels using the latest scRNA-
seq and VDJ- seq techniques, as well as sophisticated imaging tech-
nologies such as IMC. These tools have provided new insights into
changes in the immune microenvironment before and after combi-
nation treatment with both chemotherapies and macrophage-
targeting therapies. Surprisingly, these studies revealed a subtle het-
erogeneity that exists between genetically and phenotypically related
models that appear to be enriched for similar immune cell types such as
macrophages and pathways such as the EMT pathway. The models
used in this study, namely T12, T11 and 2151R have shown varying
responses to a low-dose CTX and a small-molecule CSF1R inhibitor.
While T12 and 2151Rmodels display a dramatic response leading to as
complete long-lasting regression of the primary tumors upon treat-
ment cessation, T11 tumors display stasis while undergoing treatment
but recurred rapidly once treatment cessation.

Spatial analysis done in TNBC has shown that tumors with a high
number of CD8þ T cells that infiltrate into the tumor core have
more favorable prognosis as compared to stroma restricted cells,
indicating the importance of understanding the TIME architecture
with respect to immune cells. One limitation of IMC analysis is the
requirement to pick random portions of the tumor section to ablate
and visualize. Thus, IMC is not the best method to quantify immune
cell numbers as compared with flow cytometry or IHC staining
techniques such as IF/IHC, where you can image the entire section,
especially for large untreated tumor sections in the untreated
groups. This is illustrated in the staining for F480þ TAMs in
PBS-treated tumors. However, the power of this technique enabled
us to visualize the spatial interactions between a large number of
tumor infiltrating cells including Ki67þ tumor cells and a variety of
immune cells.

TAMs classically have been classified as either M1-like and M2-like
type macrophages with activating and immunosuppressive functions,
respectively although more recent studies have illustrated that this
designation is overly simplified and there is a much more complex
spectrum of activities. Studies that have performed scRNA-seq on
patients with colorectal cancer have identified subsets of C1QBþ
macrophages that have differential sensitivity to CSF1R blockade (36).
These results are consistent with our data that shows T12 TAMs have
high C1qb expression, also express higher levels of Csf1r and are more
sensitive to PXB. Conversely the T11 TNBC model is infiltrated by
highlymetabolically active TAMs that are marked by the expression of
S100a4 and Acp5. In addition, while T12 TAMS appear to have an
increase of the cytokine metabolism pathways and genes related to
glycolysis, T11 TAMs seem to depend upon oxidative phosphorylation
for their energy needs. Whether this is a consequence of the kras
mutation observed in the T11 model remains to be established.

Depletion of TAMs within the tumor microenvironment coupled
with a low dose of immunostimulatory chemotherapy was able to elicit
durable tumor regression and an expansion of polyclonal long-lived
Tcms in certain TAM infiltrated models. These cells persist for long
periods of time at the primary tumor site after tumor regression and
they may also facilitate tumor rejection upon rechallenge. This
response was dependent upon the combination of the immunostimu-
latory chemotherapywithCSF1R inhibition andwas not observedwith
single agents. Previous studies with PXB in combination with a taxane
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were performed using the MMTV-PyMTmodel, which is classified as
a luminal-like breast cancermodel. These studies focused on the role of
CD8T cells and targetingmacrophage recruitment/response pathways
in combination with cytotoxic chemotherapy, but durable responses
were not observed in this model. Furthermore, these studies did not
report a role for B cells or the spatial relationships between B and
T cells. The current study identified mouse models that will provide
invaluable tools to study TAM heterogeneity in the future. Further-
more, the publicly available scRNA-seq datasets of T11 and T12
tumors provide a resource to explore TAM heterogeneity in greater
detail. It also uncovered the presence of a highly conserved TAM
signature derived from the T12 claudin-low tumor model across
multiple human breast cancer datasets including TNBC and provides

us with a preclinical rationale to test out a combination of CTX and
anti-CSF1R inhibition in the clinical setting. Further studies are
required to identify therapeutic vulnerabilities in the poorly responsive
T11 claudin-lowmodel as well as identify CSF1R inhibitors with lower
levels of toxicity and higher specificity.

Another unexpected and unique observation seen in the present
studies was the existence of TLSs within the primary tumor site that
persisted after treatment. While these structures have been implicated
in improving the prognosis for patients that respond to checkpoint
inhibition, they are usually thought to be transient and have not been
studied in detail in mouse models of TNBC. We observed that TLS
coinfiltrated by antigen presenting CD86þ B cells and CD4þ CD44þ

memory T cells can persist within the tumor site for extended periods

Figure 7.

T12 TAM signature is upregulated in
patients with claudin-low breast can-
cer and activated B-cell signatures
correlate with pCR in patients with
TNBC after neoadjuvant therapy. A,
Downregulation of T11 TAM signature
in patients with TNBC claudin-low
breast cancer as compared with other
TNBC subtypes in CALGB 40603 and
SCANB clinical trial datasets. B, Up-
regulation of T12 TAM signature in
patientswith TNBC claudin-low breast
cancer as compared with other TNBC
subtypes in CALGB 40603 clinical trial
datasets. C, Downregulation of T11
TAM signature in patients with TNBC
claudin-low breast cancer as com-
pared with other TNBC subtypes in
SCANB clinical trial datasets. D, Up-
regulation of T12 TAM signature in
patientswith TNBC claudin-low breast
cancer as compared with other TNBC
subtypes in SCANB clinical trial data-
sets. E and F, Association of T1 and T12
TAM signature with decreased overall
survival in patientswith TNBC from the
SCANB dataset.
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of time posttreatment and may be important in achieving long-term
disease control. Antimacrophage treatment might be especially effi-
cacious in certain patients with claudin-low breast cancer as it could
abolish immunosuppressive T12 macrophages and perhaps unleash B
cell–mediated immunity. Further genetic studies are required to
establish a functional role for Th cells and antigen-presenting B cells
in these models.

Future studies using these models may help elucidate the mechan-
isms by which tumors of the same subtype differentially respond to
treatment. A higher proportion of treatment-resistant circulating stem
cellsmay explain the failure ofCD8þmemoryT cells tomount a strong
antitumor response. Further studies are also required to elucidate the
mechanisms that account for the phenotypic switch following the
initial recruitment of macrophages to pathways that recruit immu-
nosuppressive neutrophils. Amore detailed analysis of the tumors that
recur in the primary and metastatic sites is also needed. These
preclinical studies will need to be extended to longitudinal studies in
patients with new therapeutic combinations that can target potential
immunologic transitions to better improve long-termprogression-free
survival. Although pexidartinib recently gained FDA approval to treat
tenosynovial giant cell tumors, its utility in other cancers has been
limited because of both off target effects inhibiting c-kit and fms-like
tyrosine kinase 3 (FLT3) and rare liver toxicity (37). Thus, pexidartinib
was discontinued for safety concerns in the I-SPY2 randomized
clinical trial after accrual of only nine patients (38). One potential
advantage of using preclinical models is to improve therapeutic regi-
mens that very often lead to serious adverse events in patients that
might be irreversible and cause long-lasting damage. Accordingly, we
used a reduced (3.3� lower dose) of PXB in combination with CTX to
reduce potential liver toxicity. The low-dose combination treatment
also yielded a significant survival benefit for primary tumors as
compared to single agent–treated T12 tumors. This illustrates the
potential efficacy of drug combinations given at less than theMTD, but
rather at a minimal effective dose. An alternative may be the use of
axatilimab, a novel mAb with high affinity for CSF1R, which is
currently in phase II trials for chronicGVHD (NCT04710576)without
any reported liver toxicity. In addition, several novel macrophage
inhibitors are in development. However, based upon the current
studies it will be critical to test these in combination with the
appropriate immunostimulatory chemotherapy.

Finally, the current study also further highlights the need to further
understand the heterogeneity in immune cell subsets cell subpopula-
tions. Future studies need to carefully examine their role in patients
with TNBC that do not respond to chemotherapy and to develop
targeted treatments that can modulate B-cell functionality like studies
being done in TAMS. These results highlight the need to integrate
newer techniques such as sc RNA-seq in combination with high-
dimensional imaging data to analyze patient samples to enhance our
understanding of TILS and therapeutic response.

Authors’ Disclosures
S.-H. Chen reports other support from Ansun Pharma LLC outside the

submitted work. J.T. Chang reports grants from Cancer Prevention and Research
Institute of Texas during the conduct of the study. C.M. Perou reports grants
from NCI-CA148761 during the conduct of the study and personal fees from
Bioclassifier LLC outside the submitted work; in addition, C.M. Perou has a patent
for U.S. Patent No. 12,995,459 issued, licensed, and with royalties paid from
Bioclassifier. No disclosures were reported by the other authors.

Authors’ Contributions
S. Singh: Conceptualization, resources, data curation, software, formal analysis,

supervision, validation, investigation, visualization, methodology, writing–original
draft, writing–review and editing. N. Lee: Resources, data curation, software, formal
analysis. D.A. Pedroza: Validation, investigation, visualization, methodology,
writing–review and editing. I.L. Bado: Conceptualization, data curation, formal
analysis, visualization, writing–original draft, writing–review and editing.
C. Hamor: Data curation, investigation. L. Zhang: Resources, data curation,
software, formal analysis. S. Aguirre: Data curation, validation, methodology.
J. Hu: Data curation, software, formal analysis. Y. Shen: Data curation, formal
analysis, validation. Y. Xu: Resources. Y. Gao: Resources, data curation. N. Zhao:
Data curation, investigation. S.-H. Chen: Resources, supervision. Y.-W. Wan:
Conceptualization, resources, supervision. Z. Liu: Conceptualization, supervision.
J.T. Chang: Formal analysis, supervision. D. Hollern: Conceptualization,
resources, data curation, software, formal analysis, supervision, visualization,
writing–review and editing. C.M. Perou: Conceptualization, resources, supervi-
sion, writing–original draft, project administration, writing–review and
editing. X.H.F. Zhang: Conceptualization, resources, supervision, funding
acquisition, writing–original draft, project administration, writing–review and
editing. J.M. Rosen: Conceptualization, resources, supervision, funding acquisi-
tion, methodology, writing–original draft, project administration, writing–review
and editing.

Acknowledgments
The authors acknowledge Dr. Xi Chen for his help reviewing the article, and

Ipshita Thakur for illustrating the mice used in the treatment schemes. They thank
Jonathan Shepherd for his help with bioinformatic analysis. These studies were
supported by grants NCI-CA148761(C.M. Perou and J.M. Rosen), Breast Cancer
Research Foundation, NCI CA151293, U.S. Department of Defense DAMD
W81XWH-16-1-0073 and W81XWH-18-1-0574, Susan G. Komen CCR14298445,
and McNair Medical Institute (X.H.F. Zhang), CPRIT grant RP160283(S. Singh),
CPRIT grant RP170668 (J.T. Chang), the Dan L. Duncan Comprehensive Cancer
Center (NCI: P30: CA125123) and Pathology Core of the Lester and Sue Smith Breast
Center and T32CA203690-01A1 (D.A.P and Y.G). This project also was supported by
the Advanced Technology Cores at BCM: Genomic and RNA Profiling Core (NCI:
CA125123), Single Cell Genomics Core, Cytometry and Cell Sorting Core (CPRIT-
RP180672), and IntegratedMicroscopyCore (NIH:DK56338 andCA125123;CPRIT:
RP150578 and RP170719).

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

Received November 4, 2021; revised March 2, 2022; accepted April 11, 2022;
published first April 20, 2022.

References
1. Rouzier R, Perou CM, Symmans WF, Ibrahim N, Cristofanilli M, Anderson K,

et al. Breast cancer molecular subtypes respond differently to preoperative
chemotherapy. Clin Cancer Res 2005;11:5678–85.

2. Sharma P, Lopez-Tarruella S, Garcia-Saenz JA, Ward C, Connor CS, Gomez
HL, et al. Efficacy of neoadjuvant carboplatin plus docetaxel in triple-
negative breast cancer: combined analysis of two cohorts. Clin Cancer Res
2017;23:649–57.

3. Sikov WM, Berry DA, Perou CM, Singh B, Cirrincione CT, Tolaney SM,
et al. Impact of the addition of carboplatin and/or bevacizumab to
neoadjuvant once-per-week paclitaxel followed by dose-dense doxorubicin

and cyclophosphamide on pathologic complete response rates in stage II to
III triple-negative breast cancer: CALGB 40603 (Alliance). J Clin Oncol
2015;33:13–21.

4. Symmans WF, Wei C, Gould R, Yu X, Zhang Y, Liu M, et al. Long-
term prognostic risk after neoadjuvant chemotherapy associated with
residual cancer burden and breast cancer subtype. J Clin Oncol 2017;35:
1049–60.

5. Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al.
Investigators IMT. atezolizumab and nab-paclitaxel in advanced triple-negative
breast cancer. N Engl J Med 2018;379:2108–21.

Singh et al.

Cancer Res; 82(12) June 15, 2022 CANCER RESEARCH2296

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/12/2281/3155451/2281.pdf by U

niversity of N
orth C

arolina user on 12 July 2022



6. Schmid P, Cortes J, Pusztai L, McArthur H, Kummel S, Bergh J, et al.
Pembrolizumab for early triple-negative breast cancer. N Engl J Med 2020;
382:810–21.

7. Pastushenko I, Blanpain C. EMT transition states during tumor progression and
metastasis. Trends Cell Biol 2019;29:212–26.

8. Creighton CJ, Li X, Landis M, Dixon JM, Neumeister VM, Sjolund A, et al.
Residual breast cancers after conventional therapy display mesenchymal as well
as tumor-initiating features. Proc Natl Acad Sci U S A 2009;106:13820–5.

9. Pfefferle AD, Agrawal YN, Koboldt DC, Kanchi KL, Herschkowitz JI,Mardis ER,
et al. Genomic profiling of murine mammary tumors identifies potential
personalized drug targets for p53-deficient mammary cancers. Dis Model Mech
2016;9:749–57.

10. Pfefferle AD, Herschkowitz JI, Usary J, Harrell JC, Spike BT, Adams JR, et al.
Transcriptomic classification of genetically engineered mouse models of breast
cancer identifies human subtype counterparts. Genome Biol 2013;14:R125.

11. Hollern DP, Xu N, Thennavan A, Glodowski C, Garcia-Recio S, Mott KR,
et al. B cells and t follicular helper cells mediate response to checkpoint
inhibitors in high mutation burden mouse models of breast cancer. Cell 2019;
179:1191–206.

12. Kim IS, Gao Y,Welte T,WangH, Liu J, JanghorbanM, et al. Immuno-subtyping
of breast cancer reveals distinct myeloid cell profiles and immunotherapy
resistance mechanisms. Nat Cell Biol 2019;21:1113–26.

13. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, et al.
Comprehensive integration of single-cell data. Cell 2019;177:1888–902.

14. Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A, et al. Reference-based analysis
of lung single-cell sequencing reveals a transitional profibrotic macrophage.
Nat Immunol 2019;20:163–72.

15. Ramilowski JA, Goldberg T, Harshbarger J, Kloppmann E, Lizio M,
Satagopam VP, et al. A draft network of ligand-receptor-mediated multicellular
signalling in human. Nat Commun 2015;6:7866.

16. Vento-Tormo R, Efremova M, Botting RA, Turco MY, Vento-Tormo M,
Meyer KB, et al. Single-cell reconstruction of the early maternal-fetal
interface in humans. Nature 2018;563:347–53.

17. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P,
Mesirov JP. Molecular signatures database (MSigDB) 3.0. Bioinformatics
2011;27:1739–40.

18. Khan KA, Ponce de Leon JL, Benguigui M, Xu P, Chow A, Cruz-Munoz W,
Man S, et al. Immunostimulatory and anti-tumor metronomic cyclophos-
phamide regimens assessed in primary orthotopic and metastatic murine
breast cancer. NPJ Breast Cancer 2020;6:29.

19. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden SF, et al.
Leukocyte complexity predicts breast cancer survival and functionally regulates
response to chemotherapy. Cancer Discov 2011;1:54–67.

20. Tolcher AW, Rasco D, Sharma S, Taylor M, Quaranto C, Tamang DL, et al.
SNDX-6352–0502: A phase 1, open-label, dose escalation trial to investigate the
safety, tolerability, pharmacokinetics and pharmacodynamic activity of SNDX-
6352 in combination with durvalumab in patients with unresectable, recurrent,
locally-advanced, or metastatic solid tumors [abstract]. In: Proceedings of the
Annual Meeting of the American Association for Cancer Research 2020; 2020
Apr 27–28 and Jun 22-24. Philadelphia (PA): AACR; Cancer Res 2020;80(16
Suppl):Abstract nr CT242.

21. Lynn RC, Weber EW, Sotillo E, Gennert D, Xu P, Good Z, et al. c-Jun
overexpression in CAR T cells induces exhaustion resistance. Nature 2019;
576:293–300.

22. Yang CY, Best JA, Knell J, Yang E, Sheridan AD, Jesionek AK, et al. The
transcriptional regulators Id2 and Id3 control the formation of distinct memory
CD8þ T cell subsets. Nat Immunol 2011;12:1221–9.

23. Wuerzberger-Davis SM, Chen Y, Yang DT, Kearns JD, Bates PW, Lynch C, et al.
Nuclear export of the NF-kappaB inhibitor IkappaBalpha is required for proper
B cell and secondary lymphoid tissue formation. Immunity 2011;34:188–200.

24. Menares E, Galvez-Cancino F, Caceres-Morgado P, Ghorani E, Lopez E, Diaz
X, et al. Tissue-resident memory CD8(þ) T cells amplify anti-tumor immu-
nity by triggering antigen spreading through dendritic cells. Nat Commun
2019;10:4401.

25. Yost KE, Satpathy AT, Wells DK, Qi Y, Wang C, Kageyama R, et al. Clonal
replacement of tumor-specific T cells following PD-1 blockade. Nat Med 2019;
25:1251–9.

26. Doak GR, Schwertfeger KL, Wood DK. Distant relations: macrophage functions
in the metastatic niche. Trends Cancer 2018;4:445–59.

27. Shinoda K, Tokoyoda K, Hanazawa A, Hayashizaki K, Zehentmeier S,
Hosokawa H, et al. Type II membrane protein CD69 regulates the formation
of resting T-helper memory. Proc Natl Acad Sci U S A 2012;109:7409–14.

28. Cano-Gamez E, Soskic B, Roumeliotis TI, So E, Smyth DJ, Baldrighi M, et al.
Single-cell transcriptomics identifies an effectorness gradient shaping the
response of CD4(þ) T cells to cytokines. Nat Commun 2020;11:1801.

29. Elgueta R, Benson MJ, de Vries VC, Wasiuk A, Guo Y, Noelle RJ. Molecular
mechanism and function of CD40/CD40L engagement in the immune system.
Immunol Rev 2009;229:152–72.

30. Koike T, Harada K, Horiuchi S, Kitamura D. The quantity of CD40 signaling
determines the differentiation of B cells into functionally distinct memory cell
subsets. Elife 2019;8:e44245.

31. Jabara HH, Weng Y, Sannikova T, Geha RS. TRAF2 and TRAF3 independently
mediate Ig class switching driven by CD40. Int Immunol 2009;21:477–88.

32. Tang H, Zhu M, Qiao J, Fu YX. Lymphotoxin signalling in tertiary lymphoid
structures and immunotherapy. Cell Mol Immunol 2017;14:809–18.

33. Shepherd JH, Ballman K, Polley MC, Campbell JD, Fan C, Selitsky S, et al.
CALGB 40603 (alliance): long-term outcomes and genomic correlates of
response and survival after neoadjuvant chemotherapy with or without carbo-
platin and bevacizumab in triple-negative breast cancer. J Clin Oncol 2022;
40:1323–34.

34. Brueffer C, Vallon-Christersson J, Grabau D, Ehinger A, H€akkinen J, Hegardt C,
et al. Clinical value of RNA sequencing-based classifiers for prediction of the five
conventional breast cancer biomarkers: a report from the population-based
multicenter sweden cancerome analysis network-breast initiative. JCO Precis
Oncol 2018;2:PO.17033135.

35. Herschkowitz JI, Zhao W, Zhang M, Usary J, Murrow G, Edwards D, et al.
Comparative oncogenomics identifies breast tumors enriched in functional
tumor-initiating cells. Proc Natl Acad Sci U S A 2012;109:2778–83.

36. Zhang L, Li Z, Skrzypczynska KM, Fang Q, Zhang W, O’Brien SA, et al. Single-
cell analyses inform mechanisms of myeloid-targeted therapies in colon cancer.
Cell 2020;181:442–59.

37. Lewis JH,GelderblomH, van de SandeM, Stacchiotti S,Healey JH, TapWD, et al.
Pexidartinib long-term hepatic safety profile in patients with tenosynovial giant
cell tumors. Oncologist 2021;26:e863–e73.

38. Symmans WF, Yau C, Chen YY, Balassanian R, Klein ME, Pusztai L, et al.
Assessment of residual cancer burden and event-free survival in neoadjuvant
treatment for high-risk breast cancer: an analysis of data from the I-SPY2
randomized clinical trial. JAMA Oncol 2021;7:1654–63.

AACRJournals.org Cancer Res; 82(12) June 15, 2022 2297

Chemotherapy/Macrophage Inhibition Leads to TNBC Regression

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/12/2281/3155451/2281.pdf by U

niversity of N
orth C

arolina user on 12 July 2022



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


