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Abstract: Early detection of cancer recurrence using specific biomarkers remains a clinically unmet need, although 
methodologies for monitoring tumor markers, cell-free DNA, and circulating tumor cells have been established for 
decades. Tumor recurrence develops in metastatic or dormant cancer cells under continuous immune surveillance. 
Alterations in the population and function of immune cells may contribute to cancer recurrence. Here, we utilized an 
animal model to imitate breast tumor recurrence after surgical resection and investigated the abundance and gene 
expression profiles of immune cells using NanoString analysis. Bioinformatic analysis of a published single-cell RNA 
sequencing database of myeloid-derived suppressor cells (MDSCs) was performed to identify common targets be-
tween the two studies. Identified biomarkers were validated using human peripheral blood mononuclear cell (PBMC) 
datasets. The inhibitory effect of MDSCs on T-cell proliferation was assessed in vitro. Our data demonstrated that 
the number of MDSCs significantly increased during recurrence. Comparison of our NanoString data with a single-
cell RNA sequencing dataset of MDSCs in another spontaneous breast cancer model identified colony-stimulating 
factor 3 receptor (Csf3r)-positive MDSCs as a potential marker for predicting tumor relapse. We validated our find-
ings using two previously published PBMC databases of patients with breast cancer with or without recurrence and 
confirmed the elevated MDSC gene signature and CSF3R expression in patients with tumor recurrence. 35 patients 
with breast cancer were also included in our study, that patients with higher levels of CSF3R had worse survival. In 
vitro experiments demonstrated that Csf3r+ MDSCs exhibited enhanced reactive oxygen species (ROS) levels and 
robust T-cell suppression ability. We conclude that an increase in CSF3R+ MDSCs is a potential biomarker for early 
detection of tumor recurrence in patients with breast cancer.
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Introduction

The development of novel therapeutic drugs  
or interventions, such as tyrosine kinase inhibi-
tors, monoclonal antibodies, and immunother-
apy, has greatly improved the survival of pa- 
tients with breast cancer over the past decad- 
es. However, tumor recurrence at different met-
astatic sites is frequently observed after treat-
ment and is a major cause of death. Early 
detection of tumor recurrence using specific 
blood biomarkers remains a clinically unmet 
need for breast cancer.

Different biomarkers have been tested for the 
early diagnosis and disease monitoring of pa- 

tients with breast cancer [1], of which one is a 
protein marker. Recent studies have used two 
protein markers, the carcinoembryonic antigen 
and cancer antigen 15-3, to detect breast can-
cer recurrence [2, 3]. Although the results sug-
gest that these markers are useful, their sensi-
tivity and specificity are unsatisfactory. Another 
method is liquid biopsy, which identifies circu-
lating tumor cells (CTC) or cell-free tumor DNA 
(ctDNA). Ortolan et al. showed that ctDNA le- 
vels are positively associated with breast can-
cer relapse [4]. Cailleux et al. also demonstrat-
ed that the presence of ctDNA in the blood of 
patients with breast cancer who received neo-
adjuvant chemotherapy was correlated with an 
increased risk of recurrence [5]. The third meth-
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od involves immune-cell profiling. The abun-
dance of monocytes in the peripheral blood 
has been linked to good prognosis and reduced 
relapse in breast cancer patients [6]. A de- 
crease in the absolute lymphocyte count is 
associated with shorter overall survival [7]. 
Additionally, a low neutrophil-to-lymphocyte ra- 
tio and high lymphocyte-to-monocyte ratio pre-
dict longer locoregional recurrence-free and 
distant metastasis-free survival [8].

Myeloid-derived suppressor cells (MDSC) are a 
heterogeneous group of immune cells derived 
from myeloid progenitors that originate from 
hematopoietic stem cells [9]. MDSCs comprise 
two distinct subgroups: granulocytic MDSCs 
(g-MDSCs) and monocytic MDSCs (m-MDSCs). 
MDSCs can inhibit T-cell function through sev-
eral mechanisms, including (A) induction or 
expansion of regulatory T-cells (Tregs), (B) de- 
pletion of key amino acids that are essential for 
T-cell growth and differentiation, and (C) inter-
ference with T-cell migration and viability [10]. 
In patients with breast cancer, MDSC levels in 
the blood are approximately 10-fold higher than 
those in healthy individuals and correlate with 
advanced stage and lymph node invasion [11]. 
However, it remains unclear whether the abun-
dance of MDSCs is altered during tumor relapse 
and whether a specific subset of MDSCs can 
predict recurrence.

In this study, we established an orthotopic ani-
mal model by inoculating 4T1 mouse breast 
cancer cells into the mammary fat pad of 
BALB/c mice and investigated the alteration  
in the gene expression profiles in different 
immune cell populations in the mouse periph-
eral blood at different experimental stages. 
Next, we analyzed a single-cell transcriptomic 
database of MDSCs generated from a sponta-
neous breast cancer model to confirm our find-
ings. Functional assays were also performed to 
determine the suppressive effect of CSF3R+ 
MDSCs on T-cell proliferation. Finally, clinical 
validation was performed using two public 
peripheral blood mononuclear cells (PBMC) 
datasets from patients with breast cancer, with 
or without recurrence. Our findings suggest th- 
at an increase in blood CSF3R+ MDSCs is an 
important biomarker for predicting breast can-
cer recurrence.

Materials and methods

Mice

BALB/c mice were purchased from the National 
Laboratory Animal Center (Taipei, Taiwan). The 
mice were housed in a specific pathogen-free 
environment with a 12/12 h light/dark cycle. All 
the experiments were approved by the Animal 
Care and Use Committee of the National Health 
Research Institute. In vivo experiments were 
conducted according to the AAALAC Verification 
Letter #001596 with protocol No. 109037-A.

PBMC isolation and RNA extraction

Mouse blood was collected in Microtainer® (BD) 
with ethylenediaminetetraacetic acid (EDTA) 
and incubated with 1 ml of ACK lysis buffer 
(Gibco, Grand Island, NY, USA) for 5 min at room 
temperature to lyse red blood cells. PBMCs 
were spun down by centrifugation at 1500 rpm 
for 10 min at 4°C and washed twice with phos-
phate-buffered saline (PBS). RNA was extract-
ed using the Direct-Zol RNA Miniprep Kit (ZYMO 
RESEARCH) according to the manufacturer’s 
instructions.

NanoString panels and data preprocessing

The total RNA of PBMCs was subjected to 
NanoString nCounter analysis to examine the 
expressions of immune-related genes using the 
PanCancer Immune Profiling Panel and genes 
involved in myeloid innate immunity using the 
Myeloid Innate Immunity Panel. The raw data 
files in the RCC format were imported into the 
nSolver analysis software (version 4.0, Nano- 
String Technologies) to generate gene expres-
sion profiles. Count data without nSolver soft-
ware processing were exported and used for 
quality control (QC) and data normalization in 
the R language environment (https://www.r-
project.org). Overlapping genes between these 
two panels showed high correlations (Supple- 
mentary Figure 1A). Principal component analy-
sis (PCA) showed no significant batch effects 
between panels (Supplementary Figure 1B). 
These samples were merged into one dataset 
for subsequent data normalization. This da- 
taset comprised 24 samples (12 mice × 2 
immune/myeloid panels) across 1190 probes, 
including 1156 endogenous genes, 20 house-
keeping genes, 8 negative control probes, and 
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6 positive control probes. Each count was 
transformed to a log2 scale and normalized 
using positive control probes and housekeep-
ing genes to reduce variation.

Isolation of mouse T-cells and MDSCs

Mice splenocytes were isolated with syringe 
rubber in a 70-μm cell strainer (Meltenyi 
Biotec). Ice-cold RPMI-1640 with 10% fetal 
bovine serum (FBS) and 1% penicillin-strepto-
mycin (PS) were utilized to resuspend spleno-
cytes. The cells were then centrifuged at 1500 
rpm for 5 min at room temperature. ACK lysis 
buffer was added to lyse red blood cells, and 
mononuclear cells were collected. T-cells were 
isolated using a mouse CD4+ and CD8+ T-cell 
isolation kit (Miltenyi Biotec, Bergisch Gladba- 
ch, Germany), and MDSCs were collected using 
a mouse MDSC isolation kit (Miltenyi Biotec).

In vitro T-cell suppression assay

Isolated T-cells were activated using 2 µg/ml 
anti-mouse CD28 (#102115, BioLegend, San 
Diego, CA, USA) and 0.5 µg/ml CD3ε antibody 
(#100339, BioLegend) in RPMI-1640 with 5% 
FBS, 1% PS, and 5 ng/ml recombinant mouse 
IL-2 (#575404, BioLegend). Activated T-cells 
were co-cultured with Csf3r- or Csf3+ MDSCs in 
a 1:1 ratio in 2 ml RPMI-1640 for 48 h. After 
co-culture, cells were harvested and incubated 
with TruStain FcX™ (anti-mouse CD16/32) anti-
body (Biolegend, #101319) in a 1:100 dilution 
on ice for 10 min. Cells were then stained with 
anti-CD3 antibody (#561388, BD) in a 1:100 
dilution for 40 min at 4°C. The samples were 
washed twice with PBS and subjected to flow 
cytometry using an Attune NxT cytometer 
(Thermo Fisher Scientific, Waltham, MA, USA).

Reactive oxygen species (ROS) assay

Cells were incubated at 37°C for 30 min in 
Hanks’ balanced salt solution with 5 µmol/L 
dichlorofluorescin diacetate (DCF-DA) in the 
dark. After incubation, the cells were washed 
twice with PBS, and fluorescence was analyzed 
using an Attune NxT cytometer (Thermo Fisher 
Scientific).

Analysis of the single-cell RNA sequencing 
dataset

A single-cell RNA-sequencing dataset was 
downloaded from the Gene Expression Om- 

nibus (GEO; https://www.ncbi.nlm.nih.gov/gds) 
under the accession number GSE139125 [12]. 
The dataset was generated from fluorescence-
activated cell sorting-isolated Cd11b+/Gr1+ ce- 
lls collected from the spleens of control wild-
type (WT) and tumor-bearing mouse mammary 
tumor virus promoter-driven polyomavirus mid-
dle T antigen (MMTV-PyMT) mice using the 10× 
Genomics Chromium platform (10× Genomics). 
Two cell-gene UMI matrices were imported into 
the R package Seurat (version 4.0.1) [13], and 
the Seurat pipeline was used to integrate and 
identify clusters. Cells expressing fewer than 
500 genes or cells with more than 8% of the 
total UMI counts in the mitochondrial genome 
were considered low-quality, dead, or dying and 
were excluded from subsequent analyses. 
Normalization was performed by scaling the 
total UMI counts to over 10000 to reduce cell-
to-cell differences in the capture efficiency of 
the transcripts. Each expression value was 
transformed to a log2 scale after adding one 
count to avoid undefined values at zero counts. 
Canonical correlation analysis (CCA) was per-
formed to integrate cells from WT and MMTV-
PyMT mice based on the default parameters, 
and PCA was used to categorize the genes in 
each cell. Consequently, 20 clusters were iden-
tified from the first 20 principal components. 
The distribution of cells in each cluster was 
summarized using t-distributed stochastic nei- 
ghbor embedding (t-SNE) plots (Supplementary 
Figure 2A and 2B), as implemented in the R 
package Rtsne. Cell type annotation was based 
on the canonical marker genes used by 
Alshetaiwi et al. [12]. The dotted plot repre-
sents the average and percentage expression 
levels of the marker genes in each cluster 
(Supplementary Figure 2C). m-MDSCs and 
g-MDSCs were annotated based on the MDSC 
signature, and 105 genes showing differential 
expression between WT and MMTV-PyMT mice 
in both m-MDSCs and g-MDSCs were identified 
[12]. The reanalysis of the data is available 
from the Single Cell Portal (https://singlecell.
broadinstitute.org/single_cell) under the acce- 
ssion number SCP1868.

GEO datasets

For the analysis, we downloaded two public 
datasets, GSE65517 [14] and GSE201085 [6]. 
The GSE65517 dataset contained information 
on the Illumina HumanHT-12 V4 bead chip gen-
erated from monocytes of four patients with 
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metastatic breast cancer and three healthy 
controls. The raw data were log2 (count+1) 
transformed and normalized using the Robust 
Spline Normalization algorithm implemented in 
the R package lumi. Gene expression was iden-
tified using probes showing the maximum aver-
age expression across seven samples. The 
GSE201085 dataset contained RNA-seq data 
generated from the whole blood of nine patients 
with triple-negative breast cancer with recur-
rence information. The quality control of these 
data was evaluated at different levels, includ-
ing RNA quality, raw read data, alignment, and 
gene expression. Raw RNA-seq paired ends 
were mapped to the human reference genome 
hg19 using STAR 2.7.3. The raw read count 
matrix (GSE201085_featurecounts.csv) was 
downloaded from the GEO and normalized to 
the Trimmed Mean of M-values (TMM). A quasi-
likelihood negative binomial generalized log-
linear model was used to assess the signifi-
cance of CSF3R expression between patients 
with and without recurrence using the R pack-
age edgeR [15]. Specifically, the “glmQLFit” 
function was used to fit the model, and the 
“estimateGLMTrendedDisp” function was used 
to estimate the dispersion.

Estimation of MDSC abundance

MDSC abundance in our NanoString dataset 
was estimated based on the average expres-
sion of 29 genes among the 105 genes de- 
fined as the MDSC signature [16]. We used the 
modified MDSC signature available in our study 
panels to estimate the abundance of MDSC in 
blood samples.

Gene set variation analysis (GSVA)

For each sample, GSVA was used to evaluate 
the enrichment level of a priori-defined gene 
set as implemented in the R package GSVA 
[17]. The hallmark gene sets and KEGG path-
way databases in the Molecular Signatures 
Database (MSigDB; version 7.1 (https://www.
gsea-msigdb.org/gsea/msigdb/)) were used as 
previously defined gene sets. The differentially 
enriched gene sets in MSigDB between the two 
conditions were identified using a t-test with a 
false discovery rate of less than 0.05 (q-value < 
0.05).

Patient samples

The buffy coats of female patients with breast 
cancer were obtained from an ongoing clinical 
study. This study was approved by the In- 
stitutional Review Board (IRB) of the National 
Cheng Kung University Hospital (IRB No. A-ER-
112-265). Buffy coat samples were collected 
from female patients with breast cancer who 
visited the outpatient clinic of the National 
Cheng Kung University Hospital, Tainan, Taiwan, 
between October 2017 and October 2019.

Human buffy coat sample preparation

Buffy coat samples collected from 35 breast 
cancer patients were stored at -80°C. After 
thawing on ice, the samples were mixed with  
1 ml of ACK lysis buffer (Thermo Fisher, # 
A1049201) for 5 min at room temperature and 
centrifuged at 1500 rpm. Cell pellets of the 
buffy coat were stained with BD Pharmingen™ 
Human BD Fc Block according to the manufac-
turer’s instructions. The cells were stained for 
CD14 (BD Pharmingen, #555397), CD15 (BD 
Pharmingen, #560828), and CSF3R (BD Phar- 
mingen, #554538) for 30 min at room temper-
ature. After washing with 1X FACS buffer, the 
samples were fixed with 3% formaldehyde and 
analyzed by flow cytometry.

Statistical analysis

Pearson’s correlation was used to assess cor-
relations between the two NanoString panels. 
Student’s t-test was used to assess the differ-
ences in means between groups. To address 
multiple comparison issues, the q-value was 
calculated using the R package q-value. A gene 
was considered differentially expressed if the 
q-value was less than 0.05 and the fold change 
was greater than 1. All data were analyzed 
using the R statistical software (version 4.1.3).

Results

Accumulation of MDSCs and generation of an 
immunosuppressive microenvironment during 
breast tumor recurrence

To study the alterations in immune cell popula-
tions in the blood during tumor recurrence, we 
established an orthotopic model by inoculating 
luciferase-tagged mouse 4T1 (4T1-luci) breast 
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Figure 1. Scheme of blood collection and NanoString analysis in tumor recurrence animal model. Twelve (four 
groups, n = 3/group) 6-week-old female BALB/c mice were included in this study. Six mice were subcutaneously 
transplanted with luciferase-tagged 4T1 (4T1-luc) mouse breast cancer cells (1×106 cells per mouse) into the 4th 
mammary fat pad. At week 3, one set of paired normal (n = 3) and tumor-bearing mice (n = 3) were euthanized, 
and PBMCs were collected. Another 3 tumor-bearing mice underwent tumor resection and suture surgery. The mice 
were monitored for tumor recurrence weekly using an IVIS imaging system. When a bioluminescent signal appeared 
(between weeks 5 and 7), tumor-recurrent paired mice were sacrificed for PBMC collection. PBMCs from 12 mice 
were subjected to NanoString analysis using nCounter® Mouse Myeloid Innate Immunity V2 panel (754 genes) and 
nCounter® Mouse PanCancer Immune Profiling Panels (770 genes).

cancer cells into the 4th mammary fat pad of 
BALB/c mice (Figure 1). Three weeks after inoc-
ulation, paired normal and tumor-bearing mice 
were sacrificed for blood collection and mono-
nuclear cell isolation. Tumors of another three 
tumor-bearing mice were removed by surgical 
resection, and tumor recurrence was moni-
tored by detecting bioluminescence using an 
IVIS imaging system. When a bioluminescent 
signal appeared, mice were sacrificed for blood 
collection. Tumor recurrence in mice was vari-
able and was detected approximately 2-4 
weeks after tumor dissection (5 to 7 weeks 
after cancer cell inoculation). Isolated mono-
nuclear cells were subjected to NanoString 
analysis using the nCounter Mouse Myeloid 

Innate Immunity V2 panel (754 genes) and the 
Mouse PanCancer Immune Profiling Panel (770 
genes). The count data were exported and used 
for quality control and data normalization using 
the R language. Pearson’s correlation and PCA 
showed no batch effects between the two pan-
els (Supplementary Figure 1A and 1B).

GSVA demonstrated elevated gene pathways 
related to leukocyte function, toll-like receptor 
(TLR) activation, and interleukin upregulation in 
tumor-recurrent mice, indicating a host defen- 
se against cancer cells by the immune system 
(Figure 2A). In contrast, decreased T-cell-
mediated cytotoxicity, decreased B-cell func-
tion, and attenuation of antigen processing 
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Figure 2. Immune profiling of the PBMCs collected from tumor-bearing and tumor-recurred mice using NaonoString analysis. A. Cellular functions of PBMCs of 
individual groups analyzed by GSVA. B. Cell type proportions among normal mice (light green box), tumor-bearing mice (yellow box), and tumor-resected mice with 
recurrence (orange box) estimated using CIBERSORTx with LM22 and custom MDSC signature matrix. The results were summarized to the 13 cell types, including B-
cells, plasma cells, CD8+ T-cells, CD4+ T-cells, NK cells, DC cells, mast cells, eosinophils, G-MDSCs, monocytes, m-MDSCs, and total MDSCs. C. Cell type abundances 
were estimated based on the average expression of the cell type-specific gene sets [12, 16]. D. The expression of 64 differentially expressed genes in PBMCs of 
normal, tumor-bearing, and tumor-recurred mice in the NanoString analysis. n.s.: not significant; *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001; ****: 
p-value < 0.0001.
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suggested immunosuppression. We further de- 
fined our cell clusters of the NanoString data by 
CIBERSORTx proportion using these markers 
and found that MDSCs, especially g-MDSCs, 
increased significantly in tumor-bearing (week 
3) and tumor-recurrent (week 5-7) mice (Figure 
2B). A decrease in the number of B-cells was 
also observed in mice with tumor recurrence. 
No significant alterations were observed in 
other immune cells. In cell score analysis by 
gene cluster averaging, both tumor-bearing  
and tumor-recurrent mice showed elevated 
neutrophil, macrophage, and MDSC signatures 
(Figure 2C). Moreover, a reduction in the abun-
dance of CD8+ T and natural killer (NK) cells 
was observed. Sixty-four differentially express- 
ed genes between normal, tumor-bearing, and 
tumor-recurrent mice were identified using 
NanoString analysis (Figure 2D). Among them, 
several genes, including Camp, Cxcr2, Csf3r, 
Cebpb, C5ar1, Osm, Ccr1, and Prg2, were con-
sistently upregulated in the immune cells of 
tumor-bearing and tumor-recurrent mice. KEGG 
pathway analysis revealed a correlation bet- 
ween the hematopoietic cell lineage and the 
upregulation of G-scf, Il-6, Cd14, Cd33, Cd34, 
and Cd11b in tumor-recurrent mice compared 
to healthy controls (Figure 3). These data sug-
gest that circulating MDSCs may build an immu-
nosuppressive microenvironment to promote 
tumor relapse.

Csf3r+ MDSCs are significantly increased 
during tumor recurrence and are capable of 
inhibiting T-cell proliferation

Constitutive overexpression of the polyomavi-
rus middle T antigen (PyMT) using the mouse 
mammary tumor virus (MMTV) promoter results 
in the spontaneous development of breast 
tumors in mice that closely recapitulate human 
breast tumorigenesis [18]. To verify our find-
ings, we analyzed single-cell RNA sequencing 
data of MDSCs collected from an MMTV-PyMT 
breast cancer mouse model [12]. Using classi-
cal immunophenotyping markers, we identified 
Cd3g (T-cells), Cd79a and Cd19 (B-cells), Csf1r 
and Ccr2 (monocytes), Ly6g and Cxcr2 (neutro-
phils), and a subset of undetermined cells 
(Figure 4A). The cell numbers and proportions 
of various cell types were compared between 
the WT and MMTV-PyMT mice, and an obvious 
increase in MDSCs was observed (Figure 4B). 
In hallmark pathway analysis, several signaling 

pathways were upregulated in tumor MDSCs, 
including interleukin-6 (Il-6), Janus kinase-sig-
nal transducer and activator of transcription 
(Jak-Stat), tumor necrosis factor-alpha (Tnf-α) 
signaling via nuclear factor kappa B (Nf-κb), 
and interferon (Ifn) family response (Figure 4C). 
Conversely, metabolic pathways, including oxi-
dative phosphorylation, bile acid metabolism, 
and fatty acid metabolism, were downregulat-
ed. KEGG pathway analysis revealed cytokine-
cytokine receptor interaction and JAK-STAT sig-
naling as the top two enriched pathways, su- 
ggesting that stimulation of type I and II cyto-
kine receptors by cytokines and interferons 
leads to JAK phosphorylation and STAT activa-
tion (Figure 4D). Interestingly, the pathways 
involved in the regulation of lysine degradation 
and the biosynthesis of unsaturated fatty acids 
were dramatically suppressed in tumor MDSCs.

A comparison of the 64 differentially expressed 
genes in our NanoString analysis and the 105 
differentially expressed genes altered in tumor 
MDSCs in the single-cell RNA sequencing data 
identified ten common genes (Cd84, Cxcr2, 
Csf3r, Osm, Ccr1, C5ar1, Amica1, Dusp1, 
Prok2, and Arg2; Figure 2D). Among them, 
Cxcr2, Csf3r, Osm, Ccr1, and C5ar1 were also 
upregulated in tumor-recurrent mice, indicating 
the possibility of using these markers to identi-
fy a subset of MDSCs to detect tumor relapse. 
We focused on Cxcr2, Csf3r, and Ccr1 because 
these chemokine receptors are associated 
with the accumulation and trafficking of MDSCs 
to primary or metastatic tumors. We repeated 
our mouse experiments and collected blood 
samples for MDSC analysis. As shown in Figure 
5A, the percentage of total MDSCs increased 
in the blood of tumor-bearing mice. After tumor 
dissection, the percentage of total MDSCs 
decreased to normal control levels. When the 
tumor recurred, the total MDSC abundance 
increased again (P = 0.033 and 0.04, com-
pared with the levels in the normal control and 
tumor dissection groups, respectively). Csf3r+ 
MDSCs represented a small proportion (approx-
imately 2%) of the total MDSCs in normal mice 
(Figure 5B). Interestingly, the percentage of 
Csf3r+ MDSCs was not altered in tumor-bearing 
and tumor-dissected mice. However, a robust 
increase in Csf3r+ MDSCs in tumor-recurrent 
mice (P = 0.02 and 0.017, compared to the  
levels in the normal control and tumor dissec-
tion groups, respectively) was found, suggest-
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Figure 3. Enrichment of pathway genes in hematopoietic cell lineage in tumor-recurred mice. The NanoString results reported in Figure 2 were subjected to KEGG 
pathway analysis. The gene expression profile of the PBMCs of tumor-recurred mice showed enrichment of pathway genes in hematopoietic cell lineage when com-
pared to that of normal mice. Genes, including G-CSF and IL-6, are strongly expressed in tumor-recurred mice.
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Figure 4. Identification and annotation of MDSCs in scRNA-seq data. (A) In the t-SNE plot, the cells were colored 
based on the cell types identified from the canonical marker genes. The cell type was annotated as “undetermined” 
because all marker genes identifying monocytes or neutrophils were either expressed or non-expressed simultane-
ously in this cell type. (B) The upper bar chart shows the numbers of T-cells, B-cells, monocytes, m-MDSC, neutro-
phils, and g-MDSC in MMTV-PyMT and WT mice; the bottom bar chart shows the proportions of these cell types 
in MMTV-PyMT and WT mice. The differentially enriched (C) hallmark and (D) KEGG gene sets analysis between 
MMTV-PyMT and WT mice within MDSCs.
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Figure 5. CSF3R+ MDSCs are elevated in the PBMC of tumor-recurred mice and exhibit higher immunosuppressive 
activity. The PBMC samples of various groups of mice were collected and subjected to marker staining. The popula-
tions of (A) CD11b+/Gr1+ and (B) CD11b+/Gr1+/Csf3r+ MDSCs studied by flow cytometry. (C) CD3+ T-cell populations 
assessed by flow cytometry after co-culture with Csf3r- or Csf3r+ MDSCs isolated from the spleen of tumor-bearing 
mice, with the results normalized to the T-cell group, defined as 1 (gray bar). (D) Intracellular ROS levels of various 
sub-populations of MDSCs measured by DCF-DA staining, with the fluorescent intensities normalized to the total 
MDSC group, defined as 1 (gray bar). n.s.: no significance, *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 
0.001; ****: p-value < 0.0001.

ing that this subset of MDSCs could be a more 
reliable biomarker for predicting tumor relapse. 
Next, we investigated the inhibitory effects of 
Csf3r+ MDSCs on T-cell proliferation. Because 
the abundance of CSF3R+ MDSCs was very low 
in the peripheral blood, we isolated Csf3r- and 
Csf3r+ MDSCs from the spleens of tumor-bear-
ing mice. As shown in Figure 5C, Csf3r+ MDSCs 
suppressed T-cell proliferation more effectively 
than Csf3r- MDSCs. In addition, we detected 
ROS production, an indicator of MDSC function, 
using DCF-DA staining and demonstrated a 3.7-
fold increase in ROS in Csf3r+ MDSCs com-

pared to that in Csf3r- MDSCs (Figure 5D). 
These results suggest that blood Csf3r+ MDSCs 
are potential biomarkers for the prediction of 
tumor relapse and that these MDSCs exhibit 
strong T-cell suppression activity.

MDSC signature and CSF3R expression are 
elevated in the blood of patients with breast 
cancer with tumor recurrence

Most public databases contain genetic infor-
mation on tumors but not on PBMCs in patients 
with cancer. Two public datasets (GSE65517 
and GSE201085), which included microarray 
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Figure 6. Validation of MDSC abundance and Csf3r mRNA expression in clinical PBMC datasets. Boxplots of MDSC 
signature in (A) monocytes from patients with metastatic breast cancer compared with healthy donors and (B) whole 
blood from patients with TNBC with recurrence compared with those without recurrence. Boxplot of Csf3r mRNA 
expression in (C) monocytes and (D) whole blood from patients with metastatic breast cancer and patients with 
TNBC with recurrence, respectively. (E) CD14+/CD15-/CSF3R+ cell population of 35 patients with breast cancer, 29 
with no recurrence (median = 544, 544/10000 cells) and 6 with recurrence (median = 650, 650/10000 cells). (F) 
Kaplan-Meier survival curve of 35 patients.

and RNA sequencing data of PBMCs collected 
from patients with breast cancer, with or with-
out locoregional relapse or metastasis, were 
used for clinical validation. We first compared 
the expression of the MDSC signature report- 
ed in a previous single-cell RNA sequencing 
study [12] using these two datasets. The MDSC 
signature scores significantly increased in pa- 
tients with breast cancer with tumor recurrence 
in both the datasets (P = 0.045 and 0.002  
in GSE65517 and GSE201085, respectively; 
Figure 6A and 6B). Next, we investigated the 
CSF3R mRNA levels in these two datasets and 
found higher CSF3R expression in patients with 
metastatic or recurrent tumors (P = 0.071 and 
0.019 in GSE65517 and GSE201085, respec-
tively; Figure 6C and 6D). To obtain more reli-
able results, human buffy coat specimens (n = 
35) were collected for further analysis. A total 
of 35 patients with invasive ductal carcinoma 

were included, with six patients showing 
relapse. Characteristics of the 35 patients 
enrolled in this study are listed in Table 1. The 
age range of the patients was 30-78 years, with 
a median age of 58 years. All patients with 
breast cancer were clinically classified as hav-
ing stages I-III. 5 patients with primary breast 
cancer received neoadjuvant chemotherapy, 
24 received adjuvant chemotherapy, and 6 did 
not receive chemotherapy (nil). Flow cytometric 
analyses revealed the presence of CD14+/
CD15-/CSF3R+ cells in the PBMCs of patients 
with breast cancer. The median number was 
544/10000 cells (n = 29) in patients without 
recurrence and 650/10000 cells (n = 6) in 
those with recurrence (Figure 6E). However, 
there was no significant difference in CSF3R 
expression between patients with and without 
recurrence (P = 0.567). We next performed a 
Kaplan-Meier plot by utilizing a log-rank test 
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mant cancer cells. When immunity is sup-
pressed in patients with cancer, tumor recur-
rence may develop. In this study, we found that 
an increase in MDSCs in the peripheral blood is 
a potential biomarker of tumor relapse. MDSCs 
are immunosuppressive cells that effectively 
inhibit the function and proliferation of cytotox-
ic T-cells. Accumulating evidence suggests that 
MDSCs play a pivotal role in the progression of 
breast cancer. Bergenfelz et al. reported that 
m-MDSC levels are elevated in patients with 
metastatic breast cancer and are potential bio-
markers for monitoring disease progression 
[14]. In addition, breast cancer patients with 
high levels of m-MDSCs had worse survival 
rates [19]. Using a similar tumor formation and 
resection model as that shown in this study, 
Monteran et al. investigated the effect of adju-
vant chemotherapy on the modulation of im- 
munosuppression and metastatic relapse [20]. 
They found that doxorubicin treatment stimu-
lated the production of complement factors in 
lung fibroblasts, which enhanced the recruit-
ment of MDSCs to lung tissues, leading to T-cell 
dysfunction and increased lung metastasis. 
Inhibition of MDSC recruitment by blocking che-
motherapy-triggered complement signaling re- 
duces metastatic relapse in the lungs. This 
study clearly demonstrated the important role 
of MDSCs in the establishment of an immuno-
suppressive microenvironment in the premeta-
static niche. Recently, Liu et al. demonstrated 
that upregulation of aldehyde dehydrogenase 
1A1 (ALDH1A1) in breast cancer cells enhanc-
es the production of granulocyte-macrophage 
colony-stimulating factor (GM-CSF), resulting in 
the expansion of MDSCs and the generation of 
an immunosuppressive microenvironment that 
accelerate tumor progression [21]. The increase 
in MDSCs also correlates with malnutrition, 
bone destruction, and worse clinical outcom- 
es in patients with breast cancer [22, 23]. 
Furthermore, a meta-analysis of 40 studies 
revealed that breast cancer patients showed 
the most significant association between high 
MDSC levels and poor OS (pooled hazard ratio 
= 3.053) [24]. Although these studies clearly 
demonstrated the association between MDSC 
levels and clinicopathological features, wheth-
er MDSC abundance in the peripheral blood 
could be a predictor of tumor recurrence is not 
known. Using animal studies and bioinformat-
ics analysis, we provide the first evidence that 
an increase in CSF3R+ MDSCs is a potential 

Table 1. Clinicopathologic characteristics of 
the invasive ductal carcinoma cohort
Characteristics No. (%)
Age (years):median (range) 58 (30-78)
Gender
    Male 35 (100)
    Female 0 (0)
Cancer type
    Breast invasive carcinoma 35 (100)
c T stage
    1B 2 (5)
    1C 10 (29)
    2 21 (60)
    3 1 (3)
    4 1 (3)
c N stage
    0 23 (66)
    1 10 (29)
    2 2 (5)
c Stage
    IA 11 (31)
    IIA 12 (34)
    IIIA 2 (5)
    IIB 9 (26)
    IIIB 1 (3)
Chemotherapy
    Adjuvant 24 (69)
    Neoadjuvant 5 (15)
    Nil 6 (16)
Surgery
    Breast conserving surgery 16 (46)
    Total mastectomy 19 (54)
Recurrence
    Yes 6 (16)
    No 29 (84)
Death
    Yes 5 (15)
    No 30 (85)

and found higher relapse-free survival in 
patients with low CSF3R expression (cut-off 
value < 450) than in patients with high CSF3R 
expression (P = 0.078; Figure 6F). These data 
suggest that the MDSC population and CSF3R 
expression were both increased in the PBMCs 
of patients with breast cancer with metastatic 
or recurrent tumors, in agreement with the  
findings in our orthotopic and MMTV-PyMT 
models.

Discussion

Immune surveillance is a critical process for 
preventing the relapse of metastatic or dor-
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biomarker for predicting tumor relapse in 
patients with breast cancer.

CSF3R is a cognate receptor for granulocyte 
colony-stimulating factor (G-CSF), an important 
cytokine that participates in the regulation of 
granulocyte proliferation, differentiation, and 
survival [25]. CSF3R activation by G-CSF stimu-
lates downstream signaling, including the JAK/
STAT, AKT, and MAPK pathways. Currently, 
G-CSF is used to prevent chemotherapy-in- 
duced neutropenia in patients with breast can-
cer [26]. However, recent studies have high-
lighted possible detrimental effects of G-CSF 
on breast cancer. Waight et al. showed that 
tumor-released G-CSF acts via MDSCs to pro-
mote breast tumorigenesis in multiple mouse 
models [27]. Ravindranathan et al. demonstrat-
ed that G-CSF derived from breast cancer cells 
decreased the efficacy of autologous tumor cell 
vaccination and that inhibition of G-CSF signal-
ing enhanced protective immunity in experi-
mental animals [28]. In addition, patients with 
breast cancer with high serum levels of G- 
CSF have a shorter disease-free survival after 
chemotherapy with bisphosphonate zoledronic 
acid [29]. Because G-CSF plays a critical role in 
the regulation of the development and differen-
tiation of neutrophils, this cytokine may also 
affect the neutrophil phenotype and heteroge-
neity to accelerate breast cancer progression. 
Geng et al. also demonstrated that an elevated 
neutrophil-to-lymphocyte ratio correlated with 
worsened disease-free survival and a higher 
risk of recurrence in patients with breast can-
cer who underwent curative resection [30]. 
Similarly, an increase in neutrophil-to-lympho-
cyte ratio also predicts late relapse in patients 
with breast cancer [31]. In patients with neoad-
juvant chemotherapy-treated breast cancer, 
higher levels of tumor-infiltrating neutrophils 
are significantly associated with shorter dis-
ease-free survival and are a predictor of a high 
incidence of recurrence [32]. These studies 
support the notion that tumor-derived G-CSF 
may expedite the recruitment of tumor-promot-
ing immune cells, such as MDSCs, N2 neutro-
phils, and M2 macrophages, to create a favor-
able microenvironment for tumor relapse.

The two critical findings of this study are note-
worthy. First, the increase in CSF3R+ MDSCs  
in the peripheral blood predicts tumor recur-
rence more precisely than the increase in total 

MDSCs, although they only account for 2% of 
the total MDSCs. In a clinical setting, the detec-
tion of this specific subset of MDSCs is impor-
tant. Second, CSF3R+ MDSCs may play an 
important role in promoting tumor relapse. We 
hypothesized that minimal residual metastatic 
breast cancer cells release G-CSF to stimulate 
the expansion of CSF3R+ MDSCs, as detected 
in the peripheral blood. These cells are then 
recruited to metastatic cancer cells to sup-
press immune surveillance and promote can-
cer cell outgrowth. The fact that the number of 
CD14+/CD15-/CSF3R+ cells in patients with 
recurrence was not significantly different from 
that in patients without recurrence may be due 
to the limited number of patients analyzed. 
Indeed, we found that patients with higher lev-
els of CSF3R had worse survival and that 
CSF3R+ MDSCs were more effective in inhibit-
ing T-cell proliferation, suggesting a stronger 
immunosuppressive activity of these MDSCs. 
However, our hypothesis warrants further ex- 
perimental and clinical validation. 

Collectively, our results identified CSF3R+ MD- 
SCs as biomarkers for predicting tumor recur-
rence in patients with breast cancer and sug-
gested the possibility of preventing metastatic 
relapse by targeting the G-CSF-CSF3R axis.

Conclusion

In this study, we provide evidence that MDSCs 
in the peripheral blood are significantly incre- 
ased during tumor relapse in experimental ani-
mal models and patients with breast cancer. 
More importantly, we report for the first time 
that a subset of CSF3R+ MDSC may predict 
breast cancer recurrence more precisely. In 
vitro functional assays also demonstrated that 
Csf3r+ MDSCs exhibited stronger T-cell sup-
pression activity, which may help cancer cells 
escape immune surveillance and promote tu- 
mor recurrence. A large population study is 
required to validate the clinical significance of 
CSF3R+ MDSCs for the early detection of meta-
static relapse in patients with breast cancer 
after surgical resection or chemotherapy.
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Supplementary Figure 1. Gene profiles of the two NanoString panels. A. The bar chart of the Pearson correlation 
coefficients between genes in the two NanoString panels. The means and standard deviations of correlations were 
estimated using all pairs of triplicates between panels and confirmed to have high consistency (correlation = 0.88-
0.95). B. The scatter plot of PC1 and PC2 from the PCA of the two panels.
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Supplementary Figure 2. Identification and annotation of clusters in the scRNA-seq data. In the t-SNE plot, the cells 
were colored based on the PyMT and WT mice or Seurat clusters. A. The cell distributions from the t-SNE plot. B. The 
clusters identified using integrated analysis in the R package Seurat. C. The dot plot of the average expression and 
percent expression of marker genes in each cluster.


