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SUMMARY
Tumor-associated macrophages (TAMs) are the predominant cells that express programmed cell death
ligand 1 (PD-L1) within human tumors in addition to cancer cells, and PD-L1+ TAMs are generally thought
to be immunosuppressive within the tumor immune microenvironment (TIME). Using single-cell transcrip-
tomic and spatial multiplex immunofluorescence analyses, we show that PD-L1+ TAMs are mature and im-
munostimulatory with spatial preference to T cells. In contrast, PD-L1– TAMs are immunosuppressive and
spatially co-localize with cancer cells. Either higher density of PD-L1+ TAMs alone or ratio of PD-L1+/PD-
L1– TAMs correlate with favorable clinical outcome in two independent cohorts of patients with breast can-
cer. Mechanistically, we show that PD-L1 is upregulated during the monocyte-to-macrophage maturation
and differentiation process and does not require external IFN-g stimulus. Functionally, PD-L1+ TAMs are
more mature/activated and promote CD8+ T cells proliferation and cytotoxic capacity. Together, our findings
reveal insights into the immunological significance of PD-L1 within the TIME.
INTRODUCTION

Programmed cell death ligand 1 (PD-L1), ligand for PD1, may be

expressednot onlyby cancer cells, but alsobymyeloid cellswithin

the tumor immune microenvironment (TIME).1,2 It is well estab-

lished that PD-L1-expressing cancer cells could develop adaptive

immune resistance via directly inhibiting the cytotoxicity of PD1+

T cells.3 Recent studies demonstrated that tumor-associated

macrophages (TAMs) are the predominant cells that express

PD-L1 within the human TIME.4 The biological significance and

functional role of PD-L1+ TAMs within human tumors remain un-

clear.Mechanistic studiesbasedonmurine tumormodelsdemon-

strated that PD-L1-expressing TAMs play important roles in sup-

pression of anti-tumor immunity.5–7 However, clinical studies

showed that PD-L1-expressing TAMs correlate with better overall

survival in non-immunotherapy-treatedpatientswith lungcancer,8

liver cancer,9 or breast cancer (BC).10 Furthermore,PD-L1 expres-

sion bymyeloid cells ismore predictive of response to PD1/PD-L1

blockade than PD-L1 expression by cancer cells in patients with

bladder cancer,11 urothelial carcinoma,12 orBC.13 These contrast-
Cell Rep
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ing findings onPD-L1-expressing TAMs raise important questions

about the immunoregulatory functional significance of PD-L1

expression on TAMs.

Transcriptomic profile analyses of human TAMs via single-cell

RNA sequencing (scRNA-seq) revealed high heterogeneity, but

lack of PD-L1 expression.14–20 This may be due to PD-L1 gene

dropout from scRNA-seq data since it is a low-abundance tran-

script.21 Studies using bioinformatic simulation with scRNA-seq

data reported that human PD-L1+ TAMs upregulate antigen-pre-

senting genes and may be immunosuppressive to T cells.22 On

the other hand, studies by ex vivo functional assays reported

that PD-L1+ TAMs from patients with lung cancer may not inhibit

the cancer cell killing capacity of autologous tumor-specific

T cells,23 reflecting inconsistencies about the function of human

PD-L1+ TAMs.

In this report, we sought to explore the immunoregulatory

functional significance of PD-L1 expression on TAMs from pa-

tients with BC via transcriptomic analysis at the single-cell level,

coupled with cell-cell spatial interaction analysis via multiplex

immunofluorescence (mIF) and ex vivo immunological functional
orts Medicine 5, 101420, February 20, 2024 ª 2024 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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assays with autologous T cells. Our analyses reveal important

functional differences between PD-L1+ vs. PD-L1– TAMs, and

provide insights into the immunoregulatory roles of PD-L1+

TAMs within the human TIME.

RESULTS

scRNA-seq reveals differential expression profiles of
human PD-L1+ vs. PD-L1– TAMs
While recent transcriptomic analysis of human TAMs via

scRNA-seq showed clusters of TAMs with potential clinical

implications,1,19 these studies did not specifically address

PD-L1+/hi vs. PD-L1–/lo TAMs. This may be due to gene dropout

in scRNA-seq data as PD-L1 is a low expression transcript.21

To assess the transcriptomic profile of PD-L1 expression in

TAMs, we applied scRNA-seq (10X Genomics) to untreated

primary human breast tumors (luminal, n = 4, freshly prepared

single-cell suspension from digested tumor) and focused on

differential expression profiles of PD-L1+/hi vs. PD-L1–/lo

TAMs. Utilizing the Seurat scRNA-seq analysis pipeline,

including unsupervised clustering and Uniform Manifold

Approximation and Projection (UMAP), we first identified 10

cell types including myeloid cells (Figure S1A). Next, by sub-

clustering myeloid cells, we identified/annotated TAMs (8 clus-

ters, n = 2,220 cells) (Figure 1A) among all cell types after

excluding other myeloid cells such as mast cells and dendritic

cells (Figures S1B–S1E). To overcome the PD-L1 dropout hur-

dle, we utilized SIGLEC15, an immune co-inhibitory ligand

whose expression was shown to be mutually exclusive with

PD-L1 in tumor-infiltrating myeloid cells,24 to identify clusters

of PD-L1+ SIGLEC15– and PD-L1�SIGLEC15+ TAMs (Fig-

ure 1B). By examining the blend expression of PD-L1 and

SIGLEC15 within each TAM cluster, we confirmed the

mutually exclusive expression pattern of PD-L1 and

SIGELC15 in TAMs (Figure S1F) and dichotomized TAM clus-

ters into PD-L1+SIGLEC15� (range from 39.4% to 73.5%) vs.

PD-L1�SIGLEC15+ (range from 26.5% to 60.6%) populations

(Figures 1C and 1D). To further validate this approach of PD-

L1+/� TAMs identification via the cluster-based dichotomization

of PD-L1/SIGLEC15 gene expression in scRNA-seq, we simul-

taneously performed flow cytometry to quantify the expression

of PD-L1 protein on TAMs (CD14+ and HLA-DR+; gating strat-

egy in Figure S2A) from the same tumor tissues. This confirmed

similar percentages of PD-L1+/hi TAMs identified by flow

compared with scRNA-seq (Figure 1E).
Figure 1. Expression profile differences between PD-L1+/hi vs. PD-L1–/

(A) scRNA-seq analysis of TAMs (n = 2,220 cells) from untreated primary breast

(B) UMAP showing mutually exclusive expression of PD-L1 and SIGLEC15 in TA

(C) Dichotomization of TAM clusters into PD-L1+/hi and PD-L1–/lo subpopulations

(D) PD-L1 expression of PD-L1+/hi and PD-L1–/lo subpopulations.

(E) Representative flow cytometry plot showing PD-L1+% TAMs, peripheral mono

(left panel), and PD-L1+% quantification was compared between analysis via sc

(F) Overlay of the expression of common M1 and M2 signature genes in the PD-

(G) Volcano plot showing differentially expressed genes (DEGs) between PD-L1+

(H and I) Expression distribution of selected genes involved in maturation, pro-in

fatty acid metabolic, or extracellular matrix (I) between PD-L1+/hi and PD-L1–/lo T

(J) PD-L1+/hi and PD-L1–/lo TAMs were flow sorted from freshly prepared single-ce

for ELISA after 16 h. Paired t test. *p < 0.05, **p < 0.01.
Next we addressed whether the commonly used M1 vs. M2

classification of macrophages25 overlaps with our dichotomiza-

tion of PD-L1+/hi vs. PD-L1–/lo TAMs. We found that the expres-

sion of M1 and M2 signature genes (Table S1) were common to

both PD-L1+/hi and PD-L1–/lo TAMs (Figure 1F) (Figure S2B),

consistent with recent reports showing individual TAMs from hu-

man tumors generally express both M1 and M2 genes.14,19,26

Therefore, PD-L1+/hi vs. PD-L1–/lo TAMs do not fit within this sim-

ple canonical M1 vs. M2 dichotomy.

Differentially expressed gene (DEG) analysis (Figure 1G) re-

vealed that PD-L1+/hi TAMs had higher levels of macrophage

maturation marker genes (e.g., CD83, CD74, HLA-DRA/B, and

HLA-DQA/B), pro-inflammatory genes, including cytokines/che-

mokines (e.g., IL1B, CXCL2/3/8, and CCL3/4/18) and comple-

ment components (e.g., C1QA/B/C), and transcriptional activa-

tors (e.g., FOS, JUNB, and CEBPD) (Figure 1H). In contrast,

PD-L1–/lo TAMs had higher expression of anti-inflammatory

genes (i.e., CD9, CD52, IL1RN, and CSTB), genes with pro-tu-

mor functions (e.g., osteopontin [SPP1], MMP9, and SPARC),

genes involved in fatty acid metabolism (e.g., FABP4/5 and

LPL), and genes involved in extracellular matrix organization

(e.g., fibronectin 1 [FN1], COL1A1/2, and COL3A1) (Figure 1I).

Notably, gene set enrichment analysis identified multiple distinct

functional features of PD-L1+/hi vs. PD-L1–/lo TAMs (Figure S2C).

As for the most enriched pathways, PD-L1+/hi TAMs were en-

riched for hallmarks of inflammatory response while PD-L1–/lo

TAMs were enriched for hallmarks of epithelial-mesenchymal

transition (Figure S2D). To validate the DEGs identified by

scRNA-seq, we flow sorted PD-L1+/hi and PD-L1–/lo TAMs from

freshly prepared single-cell suspension of human breast tumor

and examined the levels of pro-inflammatory cytokines/chemo-

kines in supernatant after 16 h by ELISA.We found that the levels

of IL1b and CCL4 were significantly higher for PD-L1+/hi than PD-

L1–/lo TAMs (Figure 1J). Given the differential expression profiles

revealed by our scRNA-seq, these data suggest that PD-L1+/hi

TAMs might be more mature/activated and immunostimulatory,

while PD-L1–/lo TAMs might be immunosuppressive and pro-

tumor.

To assess the generalizability of the differential expression

profiles of human PD-L1+/� TAMs revealed by our scRNA-seq,

we also analyzed published scRNA-seq transcriptomic data of

human TAMs from luminal breast tumors (n = 6).14 We identi-

fied/annotated TAMs (11 clusters, n = 3,130 cells) among all

cell types (Figures S3A–S3E). Similar to our findings, the expres-

sion pattern of PD-L1 and SIGLEC15 in TAMs was also mutually
lo TAMs from human breast tumors revealed by scRNA-seq

tumor (n = 5 patients, ER+) shown as a UMAP, highlighting identified clusters.

Ms.

.

cytes, and intratumoral T cells from the same tumor tissue used for scRNA-seq

RNA-seq and flow cytometry (right panel).

L1+/hi vs. PD-L1–/lo TAM dichotomization.
/hi vs. PD-L1–/lo TAMs.

flammatory or transcriptional activator (H), and anti-inflammatory, pro-tumor,

AMs. ****p < 0.0001. Wilcoxon rank-sum test.

ll suspension of digested breast tumor (n = 4) and supernatants were collected
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Figure 2. Expression profile of PD-L1+/� TAMs from patients with TNBC revealed by published scRNA-seq data

(A) Published (Pal et al.27) scRNA-seq transcriptomic clustering of TAMs (n = 4,484 cells) from untreated primary TNBC breast tumors shown as a UMAP.

(B) Mutually exclusive expression of PD-L1 and SIGLEC15 in TAMs.

(legend continued on next page)
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exclusive in public data (Figures S4A and S4B), allowing us to

similarly dichotomize TAMs clusters into PD-L1+SIGLEC15�

and PD-L1�SIGLEC15+ TAMs (Figure S4C). DEG analysis also

revealed maturation marker genes (i.e., HLA-DQA/B), pro-in-

flammatory genes (i.e., C1QA/C and IL1B), and transcriptional

activator genes (i.e., FOSB and CEBPD) that were upregulated

in PD-L1+/hi TAMs. In contrast, anti-inflammatory genes (i.e.,

CD9 and IL1RN), pro-tumor genes (i.e., SPP1 and TREM2), fatty

acid metabolic genes (i.e., FABP4/5 and LPL), and extracellular

matrix organization genes (i.e., FN1) were upregulated in PD-

L1–/lo TAMs (Figures S4D and S4E).

To further investigate the differential expression profiles of

PD-L1+ vs. PD-L1– TAMs from patients with another molecular

subtype of BC, we also analyzed published scRNA-seq tran-

scriptomic data of TAMs from human triple-negative BC

(TNBC) tumors (n = 8).27 We identified/annotated TAMs (11 clus-

ters, n = 4,484 cells) (Figure 2A) among all cell types

(Figures S5A–S5E). After dichotomizing TAM clusters into PD-

L1+/hi and PD-L1–/lo TAMs (Figures 2B–2D) based on the expres-

sion patterns of PD-L1 and SIGLEC15 among different clusters

(Figure S5F), DEG analysis revealed that various maturation

and pro-inflammatory genes were upregulated in PD-L1+/hi

TAMs while various anti-inflammatory and pro-tumor genes

were upregulated in PD-L1–/lo TAMs (Figures 2E and 2F). These

findings in TNBC are similar to the differential expression profiles

of PD-L1+/� TAMs from luminal breast tumors.

Based on another published report of scRNA-seq transcrip-

tomic data of TAMs from patients with BC treated with neoadju-

vant anti-PD1 immunotherapy (n = 19),28 we further tested the

potential regulatory effects of PD-L1+ TAMs on intratumoral

PD1+ T cells. We identified/annotated TAMs (13 clusters, n =

12,952cells) amongall cell types (FiguresS6A–S6F). After dichot-

omizing TAM clusters into PD-L1+/hi and PD-L1–/lo TAMs

(Figures 2G and 2H) based on the expression patterns of PD-L1

and SIGLEC15 among different clusters (Figure S6G), we anno-

tated TAMs based on whether patients exhibited clonal expan-

sion of intratumoral PD1+ T cells after the anti-PD1 treatment

into TAMs fromexpanded or non-expanded tumors, respectively

(Figure 2I). Interestingly, the abundance of PD-L1+/hi TAMs was

significantly higher in tumors with immunotherapy-induced

clonal expanded PD1+ T cells (Figure 2J), supporting the notion

that PD-L1+/hi TAMs are not immunosuppressive to T cells.

Among the observed DEGs in PD-L1+/hi and PD-L1–/lo TAMs

identified by the in-house and public scRNA-seq analyses, we

found that very fewoverlappedbetweenDEGsandM1/M2genes

(Figure S7), supporting the notion that PD-L1+/hi vs. PD-L1–/lo

TAMsdonot fitwithin this simple canonicalM1vs.M2dichotomy.
(C) Dichotomization of TAM clusters into PD-L1+/hi and PD-L1–/lo subpopulations

(D) PD-L1 expression of PD-L1+/hi and PD-L1–/lo subpopulations.

(E) Volcano plot showing differentially expressed genes (DEGs) between PD-L1+

(F) Expression distribution of selected genes involved in maturation, pro-inflamma

(G) Published (Bassez et al.28) scRNA-seq transcriptomic clustering and dichoto

oadjuvant anti-PD1 immunotherapy into PD-L1+/hi and PD-L1–/lo subpopulations

(H) PD-L1 expression of PD-L1+/hi and PD-L1–/lo subpopulations. ****p < 0.0001.

(I) TAMs were annotated based on whether patients exhibited clonal expansion

expanded.

(J) The percentages of PD-L1+/hi TAMs were compared between tumors with an

Mann-Whitney test.
Thus, analyses of these public TAM datasets are consistent with

our in-house scRNA-seq findings, supporting the notion that PD-

L1 is amarker formoremature/activated and immunostimulatory

TAMs within human breast tumors.

Clinical outcome significance of PD-L1+/� TAMs in two
independent cohorts of patients with BC
Expression of intratumoral PD-L1 was reported to correlate with

poor prognosis in patients with BC.29 More recently, PD-L1+

TAMswere reported to associate with improved prognosis in pa-

tients with TNBC.10 We sought to further investigate the clinical

significance of PD-L1 expression on TAMs by using both public

bulk-tumor transcriptomic datasets and in-house patients with

BC. We generated gene signatures for PD-L1+/hi or PD-L1–/lo

TAMs from top upregulated genes in the DEGs that overlapped

between our and public scRNA-seq analyses (Table S2), which

may represent distinct immunoregulatory functions of PD-

L1+/hi (mature/activated and pro-inflammatory) vs. PD-L1–/lo

TAMs (anti-inflammatory and pro-tumor). To explore the prog-

nostic value of PD-L1+/� TAMs, we used these gene signatures

to divide patients with luminal BC into high-expressing (top

25%) vs. low-expressing (bottom 25%) groups. In the dataset

of the Molecular Taxonomy of Breast Cancer International Con-

sortium (METABRIC) (n = 1098), patients with high gene signa-

ture of PD-L1+/hi TAMs (top 25%) had better relapse-free survival

(RFS) (log rank test, p = 0.001) vs. the bottom 25%,while patients

with high gene signature of PD-L1–/lo TAMs had worse RFS

(p = 0.036; Figure 3A). In addition, the PD-L1+/hi TAMs gene

signature also showed favorable prognostic significance

(p = 0.014) while the PD-L1–/lo TAMs gene signature correlated

with worse RFS (p = 0.036) in the dataset of The Cancer Genome

Atlas (TCGA) (n = 789) (Figure 3B). Furthermore, the gene signa-

ture ratio of PD-L1+/PD-L1– TAMs showed favorable prognostic

significance in METABRIC (p < 0.0001) and in TCGA (p = 0.032)

(Figures 3A and 3B). PD-L1+/hi TAMs also significantly correlated

with better RFS for patients with TNBC in theMETABRIC dataset

(n = 269) by using the gene signature of PD-L1+/hi TAMs (top 10

upregulated genes) revealed by published scRNA-seq data from

patients with TNBC (Figure S8A). On the other hand, expression

level of CD68 did not show significant association with clinical

outcome in METABRIC or TCGA datasets (Figures S8B and

S8C). To further confirm that PD-L1+/hi vs. PD-L1–/lo TAMs do

not simply fit within the canonical M1 vs. M2 dichotomy,

we used the M1, M2, or the ratio of M1/M2 gene signature to

divide patients with BC into high-expressing (top 25%) vs.

low-expressing (bottom 25%) groups but found no significance

correlation with RFS (Figure 3C).
.

/hi vs. PD-L1�/lo TAMs.

tory, anti-inflammatory, and pro-tumor between PD-L1+/hi and PD-L1–/lo TAMs.

mization of TAMs (n = 12,952 cells) from patients with TNBC treated with ne-

.

Wilcoxon rank-sum test.

of intratumoral PD1+ T cells after the anti-PD1 treatment as expanded or non-

ti-PD1-induced expanded vs. non-expanded clonal PD1+ T cells. **p < 0.01.
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In relation to T cells, we found that expression of CD8A

strongly correlated with the gene signature of PD-L1+/hi TAMs

in both METABTRIC (r = 0.52, p < 0.0001) and TCGA (r = 0.6,

p < 0.0001) datasets, but not with the gene signature of PD-

L1–/lo TAMs (Figures S8D and S8E). Using the immune-related

functional gene signatures,30 we found that tumors enriched

with PD-L1+ TAMs had significantly higher score for T cell activa-

tion and cytotoxicity (Figure S8F), suggesting that PD-L1+ TAMs

are not immunosuppressive. Mechanistically, tumors enriched

with PD-L1+ TAMs had similar gene signature score for interferon

(Figure S8F) and similar expression levels of IFNA/B/G (data

not shown), indicating that PD-L1 upregulation on TAMs might

be independent of interferons. Moreover, we performed the

CIBERSORT deconvolution method to characterize cell compo-

sition differences between tumors with high vs. low gene signa-

ture of PD-L1+/hi TAMs (top 25% vs. bottom 25%). This showed

that M1 macrophages, CD4+ memory resting T cells, and CD8+

T cells were more abundant in tumors with high PD-L1+/hi

TAMs gene signature (Figure S8G). Together, these public

bulk-tumor transcriptomic analyses are consistent with our

scRNA-seq data and support the notion that PD-L1+ TAMs could

be immunostimulatory, while PD-L1– TAMs could be immuno-

suppressive and pro-tumor.

To further validate the clinical significance of PD-L1 expres-

sion on TAMs, we examined the association between PD-L1+/�

TAMs in archival FFPE tissues and RFS in two independent in-

house cohorts of patients with luminal BC who had been clini-

cally followed for at least 36 months via whole-slide quantifica-

tion or tissue microarray (TMA), respectively (schematic shown

in Figure 3D). In cohort 1 (n = 49, clinical and pathological char-

acteristics summarized in Table S3; representative immunofluo-

rescence staining of PD-L1, CD68, andDAPI shown in Figure 3E),

we performed Kaplan-Meier survival analysis and log rank test to

determine the relationship between PD-L1+/� TAM density and

RFS. Patients were divided into two populations using median

density of PD-L1+ or PD-L1– TAMs as the cutoff value. We found

that patients with PD-L1+ TAM density below median (p = 0.038)

and patients with PD-L1– TAMs above median (p = 0.046) had

worse RFS (Figure 3F). These results were further validated in

a separate cohort in which PD-L1 expression of TAMswas quan-

tified using TMA. In cohort 2 (n = 93, clinical and pathological

characteristics summarized in Table S3), we performed the

same immunofluorescence staining and also found that patients

with below medium density of PD-L1+ TAMs (p = 0.02) and pa-

tients with above medium density of PD-L1– TAMs (p = 0.01)

had worse RFS (Figure 3G). Furthermore, patients (cohorts 1
Figure 3. PD-L1+ TAMs are associated with favorable clinical outcome

(A and B) Kaplan-Meier relapse-free survival (RFS) curves and log rank test gene

ratio of PD-L1+/PD-L1– TAMs in the luminal BC cohorts of METABRIC (n = 1098

(C) Kaplan-Meier analyses for theM1,M2, or the ratio ofM1/M2 gene signature in t

and low-expressing groups based on a 25% cutoff of the gene signature.

(D) Schematic summarizing the histological quantification method in cohorts 1 a

(E) Representative immunofluorescence staining of PD-L1, CD68, and DAPI to id

(F–H) Using Kaplan-Meier estimate and log-rank test, relapse-free survival (RFS)

cohort 1 (n = 49) (F) and in cohort 2 (n = 93) (G) or low and high density ratio of PD-L

used as the cutoff to divide patients into low vs. high groups.

(I) Univariate andmultivariate analysis for the prognostic significance of the densit

above medium (n = 142).
and 2 combined) with above medium density ratio of PD-L1+/

PD-L1– TAMs had better RFS (p = 0.0003) (Figure 3H). In

contrast, density of TAMs alone showed no correlation with clin-

ical outcome in either cohort (data not shown). We also found

that patients with above medium density ratio of PD-L1+/PD-

L1– TAMs tend to have better overall survival (OS) (p = 0.08)

(Figure S8H). In addition, the density of PD-L1+ TAMs was signif-

icantly higher in TNBC than in luminal subtype but was not signif-

icantly associated with tumor grade, or T status or N status

(Figures S8I and S8J). In multivariate analysis adjusted for clini-

copathological characteristics (age, tumor stage, grade, and

nodal status), the density ratio of PD-L1+/� TAMs retained highly

prognostic significance for RFS (p = 0.0099) (Figure 3I). The

clinical outcome significance found in these two independent

cohorts highlight differences in immunoregulatory potential be-

tween PD-L1+ vs. PD-L1– TAMs.

PD-L1+ and PD-L1– TAMs have different cell-to-cell
interaction preference
To further explore the immunological function of PD-L1

expression on TAMs, we performed mIF staining to concurrently

identify PD-L1�/+ TAMs (PD-L1�/+CD68+), CD8+ T cells

(CD3+CD8+), CD4+ T cells (CD3+CD8�), and cancer cells (cyto-

keratin+) within the TIME of untreated primary breast tumors

(n = 36; representative staining image as shown in Figure S9A).

Stained slides were scanned, and spatial coordinates of cells

were obtained from the corresponding phenotype map (Fig-

ure 4A). We quantified the number of PD-L1+ TAMs and cancer

cells and found that the ratio of PD-L1+TAM/cancer cells is about

1:1 in the whole-slide total area (Figure 4B), which are consistent

with known findings that intratumoral PD-L1 expression ismainly

on TAMs and cancer cells. Utilizing the accepted assumption

that two cells are more likely to be interacting if the distance be-

tween their nuclei is less than 20 mm,31 we quantified the number

of CD8+ T cells, CD4+ T cells, and cancer cells within 20 mm of

PD-L1– vs. PD-L1+ TAMs (Figure 4C). We found that the number

of CD8+ or CD4+ T cells within 20 mmof PD-L1+ TAMswas signif-

icantly higher than to PD-L1– TAMs, while the number of cancer

cells within 20 mmof PD-L1+TAMswas significantly lower than to

PD-L1– TAMs (Figure 4D). These spatial differences indicate that

PD-L1+ TAMs have a higher tendency to interact with T cells,

while PD-L1– TAMs tend to interact more frequently with cancer

cells. Interestingly, we found that PD-L1– TAMs but not PD-L1+

TAMs also tend to self-cluster (Figure 4E), suggesting the

possible presence of certain local factors that may suppress

maturation and PD-L1 expression on TAMs. Consistent with
in two independent cohorts of patients with BC

rated for the gene signature of PD-L1+ vs. PD-L1– TAMs or the gene signature

) (A) and TCGA (n = 789) (B) datasets.

he luminal BC cohorts ofMETABRIC (n = 1098). Patients were divided into high-

nd 2 of patients with luminal BC.

entify PD-L1+ and PD-L1– TAMs.

was compared between patients with low and high density of PD-L1+ TAMs in

1+/PD-L1� TAMs in combined cohorts 1 and 2 (n = 142) (H). Median density was

y ratio of PD-L1+/PD-L1– TAMs. Hazard ratio calculated with belowmedium vs.
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Figure 4. PD-L1+ and PD-L1– TAMs have different cell-to-cell interaction preferences

(A) Multiple immunofluorescence staining and corresponding phenotypemap of representative breast tumor tissue section for PD-L1+ TAMs (CD68+PD-L1+), PD-

L1– TAMs (CD68+PD-L1–), CD8+ T cells (CD8+), CD4+ T cells (CD3+CD8�), and cancer cells (CK+).

(B) Whole-slide quantification of the ratio of PD-L1+ TAMs/cancer cells in total area.

(legend continued on next page)
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the differential gene expression profiles revealed via scRNA-seq,

these mIF analyses suggest that PD-L1+ TAMs may be immu-

nostimulatory and chemoattract T cells, while PD-L1– TAMs

could be pro-tumor by interacting with cancer cells.

To gain further insights into the interactions between PD-L1�/+

TAMsand other cells revealed by ourmIF analyses, we performed

contact-dependent and secreted factor-mediated cell-cell inter-

action analysis using CellPhoneDB and CellChat from our

scRNA-seq data. Based on known receptor-ligand pairs, we

observed 843 and 729 significant ligand-receptor interactions be-

tween PD-L1+ or PD-L1– TAMswith other cell types (i.e., T cells, B

cells, cancer cells, or stromal cells) within the TIME, respectively.

PD-L1+ TAMs displayed more interactions with CD8+ or CD4+

T cells than PD-L1– TAMs, including contact-dependent interac-

tions (such as AREG-ICAM1 and CD162-CD62L) and secreted

factors (such as annexin 1 [ANXA1] and MIF) mediated interac-

tions (Figure 4F, left). In contrast, PD-L1– TAMs displayed more

interactions with cancer cells than PD-L1+ TAMs, including con-

tact-dependent interactions of fibronectin/collagen with integrin

(FN1-integrin aVb1 and COL6A2-integrin a2b1) and secreted fac-

tors (such as SPP1 and VEGFA) mediated interactions (Figure 4F,

right). These differential cell-cell interaction preferences again

support that PD-L1+ TAMs could be immunostimulatory to che-

moattract and interact with T cells, while PD-L1– TAMs tend to

interact more with cancer cells. Together, these results are in

accord with our mIF findings and gene expression patterns re-

vealed by scRNA-seq.

PD-L1 is upregulated during the monocyte-to-
macrophage maturation/differentiation process
It is generally accepted that themajority of TAMs are derived from

tumor-infiltrating peripheral bloodmonocytes.32Wehypothesized

that PD-L1 could be upregulated during the monocyte-to-macro-

phage maturation/differentiation process. To test this hypothesis,

we examined the expression of PD-L1 on peripheral blood mono-

cytes from untreated patients with BC by flow cytometry. We

found that PD-L1 levels were low on fresh monocytes but were

upregulated upon ex vivo resting (freshly isolatedPBMCs followed

by 8 h resting in culture medium) (Figures 5A and 5B, gating strat-

egy in Figure S9B). Notably, PD-L1 levels on adherentmonocytes/

macrophages were significantly higher than onmonocytes in sus-

pension after resting (Figures 5C and 5D). In addition, we found

that all monocyte-derived macrophages became PD-L1+ after

in vitro differentiation (Figure S9C). These findings suggest that

PD-L1 may be upregulated during the monocyte-to-macrophage

maturation/differentiation process.

PD-L1 expression can be induced by a number of soluble fac-

tors,33 of which IFN-g is the most prominent inducer of PD-L1.34

To examine whether PD-L1 upregulation is due to the potential

presence of IFN-g in culture medium, we flow sorted PD-L1–
(C) Schematic representing the calculation of cell-cell interaction based on CD8+

PD-L1+ or PD-L1– TAMs.

(D) CD8+ T cells, CD4+ T cells, or cancer cells within a radius of 20 mm from the

(n = 36). ****p < 0.0001, **p < 0.01. Wilcoxon paired test.

(E) The number of TAMs within 20 mm to PD-L1+ TAMs (left) or PD-L1– TAMs (rig

(F) Dot plots of ligand-receptor interactions between PD-L1+ or PD-L1– TAMs and

seq transcriptomic analysis. Gray dot represents no significant interaction was f
monocytes from freshly isolated BC patients’ PBMCs and rested

in serum-free medium, along with blocking antibodies against

both IFN-g and IFN-g receptors. Importantly, we found that

PD-L1 was still significantly upregulated on monocytes after

resting (Figures 5E and 5F), indicating that PD-L1 on mono-

cytes/macrophages could be upregulated duringmaturation/dif-

ferentiation independent of IFN-g.

Next we examined whether various functional-related proteins

in monocytes/macrophages co-upregulate with PD-L1 during

the maturation/differentiation process. Levels of maturation

markers (such as CD54, CD69, and CD83), M1/M2 markers

(such as HLA-DR,MRC1, and CD163), immune co-stimulatory li-

gands (such as CD40, CD80, and CD86), immune co-inhibitory

ligands (such as PD-L2, B7-H3, and B7-H4), Fcg receptors

(CD16, CD32, and CD64), and chemokine receptors (CSF1R

and CCR5) were all significantly higher on PD-L1+ than on PD-

L1– monocytes from patients with BC after ex vivo resting (Fig-

ure 5G; representative flow plots in Figures S10A–S10F). We

also examined the activation of intracellular signal transduction

pathways via levels of phosphorylated signaling proteins (such

as STATs, mTOR, and Akt) by phosflow cytometry (gating strat-

egy in Figure S9D). Notably, levels of phosphorylated STAT1,

STAT3, mTOR, and Akt were significantly higher in PD-L1+

than in PD-L1– monocytes (Figure 5H; representative flow plots

in Figure S10G). To further explore the molecular mechanisms

of PD-L1 upregulation, we used various small-molecule inhibi-

tors against ERK1/2, STAT1, Akt1/2/3, PI3Ka/d/b, NF-kB, and

mTOR signaling pathways during the ex vivo resting of mono-

cytes from patients with BC (Figure 5I). We found that ERK inhib-

itor significantly suppressed the PD-L1 upregulation, which

indicates that the observed PD-L1 upregulation during mono-

cyte-to-macrophage differentiation is partially dependent on

ERK signaling pathway. These findings suggest that PD-L1 on

monocytes could be upregulated after peripheral blood mono-

cytes infiltrate tumor and that PD-L1 may be a marker of more

mature and activated TAMs.

To further examine the functional relationship between PD-L1

upregulation and IFN-g, we stimulated peripheral monocytes

from ex vivo rested BC patients’ PBMCs with IFN-g for 15 min

and examined IFN-g-induced STAT1 phosphorylation (pSTAT1)

via phosflow cytometry (Figure 6A). We found that the percent-

age of PD-L1+ monocytes responded to IFN-g stimulation

(determined by DpSTAT1+% after IFN-g stimulation) was signif-

icantly higher than PD-L1–monocytes (Figure 6B), indicating that

PD-L1+ monocytes are primed to respond to IFN-g stimulation.

We observed a significant positive correlation between PD-

L1+% and DpSTAT1+% in monocytes (Figure S11A) and

confirmed that IFN-g-induced pSTAT1 was higher in flow-sorted

PD-L1+ monocytes from PBMCs (Figures S11C and S11D).

Importantly, levels of IFN-g receptor (IFN-gR1) were significantly
T cells, CD4+ T cells, or cancer cells within a radius of 20 mm from the nuclei of

nuclei of PD-L1+ or PD-L1– TAMs in untreated primary luminal breast tumors

ht) (n = 36). Paired t test. ****p < 0.0001.

CD4/8+ T cells (left panel), and cancer cells (right panel) based on our scRNA-

ound.
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higher on PD-L1+ than on PD-L1– monocytes (Figure 6C; repre-

sentative flow plot in Figure S11B). In addition, we further

confirmed that IFN-g stimulation not only dose dependently up-

regulated PD-L1 but also downregulated IFN-gR1 onmonocytes

simultaneously (Figures 6D and 6E). Thus, PD-L1+ monocytes/

macrophages have higher expression levels of IFN-g receptors,

suggesting that PD-L1 on monocytes/macrophages could be

upregulated independent of IFN-g.

Next we examined the IFN-g stimulation responsiveness in

TAMs from freshly prepared single-cell suspensions with un-

treated human breast tumors (Figure 6F; gating strategy in Fig-

ure S11E). Similar to the findings in monocytes/macrophages,

the percentage of PD-L1+% TAMs responded to IFN-g stimula-

tion (Figure 6G) and levels of IFN-gR1 (Figure 6H; representative

flow plots in Figure S11F) were significantly higher in PD-L1+/hi

TAMs than in PD-L1–/lo TAMs. Furthermore, we examined the

expression of IFN-g receptor on PD-L1+ TAMs by mIF (Figure 6I)

and confirmed that the IFN-gR1+% was significantly higher for

PD-L1+ than for PD-L1– TAMs (Figure 6J). In addition, we exam-

ined the responsiveness to IFN-g stimulation in PD-L1+ BC cells

(Figure 6K). Interestingly, the percentage of PD-L1–/lo cancer

cells that responded to IFN-g stimulation was significantly higher

than PD-L1+/hi cancer cells (Figures 6L and 6M), which is the

opposite to PD-L1+/hi vs. PD-L1–/lo TAMs. Therefore, these find-

ings indicate that PD-L1 could be upregulated independent of

IFN-g, and that PD-L1+/hi monocytes/macrophages are primed

for the responsive to IFN-g stimulation.

Functionally PD-L1+ monocytes/macrophages are
mature/activated and immunostimulatory
To investigate immune-related functional differences between

PD-L1+ vs. PD-L1– monocytes/macrophages, we performed

phagocytosis assay (pH-sensitive pHrodo dye conjugated

E. coli) with peripheral blood monocytes after ex vivo resting

and PD-L1 upregulation (Figure 7A). We found that PD-L1+/hi

monocytes showed significantly higher capacity of phagocytosis

than PD-L1–/lo monocytes (Figure 7B), consistent with the notion

that PD-L1 may be a marker for more matured/activated mono-

cytes/macrophages. Next we examined the immunoregulatory

functions of PD-L1+/� monocytes/macrophages upon co-culture

with autologous T cells labeled with CellTrace proliferation dye af-

ter flow sorting from ex vivo rested BC patients’ PBMCs (Fig-

ure 7C). Remarkably, PD-L1+/hi macrophages had significantly

higher stimulatory effects on CD8+ T cell proliferation than PD-

L1–/lo macrophages (Figure 7D). In contrast, we observed similar

stimulatory effects of PD-L1+ and PD-L1– macrophages on

CD4+ T cell proliferation (Figures S11G and S11H). PD-L1 block-
Figure 5. PD-L1 is upregulated during the monocyte-macrophage mat

(A and B) Freshly isolated PBMCs from newly diagnosed patients with BC (n = 12

blood monocytes are shown in representative flow plots (A) and compared betw

(C and D) PD-L1+% between in suspension vs. adherent monocytes after 8 h res

(E and F) PD-L1+%monocytes between flow sorted fresh PBMCs vs. 8 h rested PB

t test.

(G and H) MFI ratio of surface protein levels (G) and phosphorylated signal transd

from patients with BC. Wilcoxon paired test.

(I) Peripheral blood monocytes from patients with BC (n = 6) were treated with sma

(fludarabine at 50 mM), Akt1/2/3 (MK-2206 2HCl at 0.5 mM), PI3Ka/d/b (LY294002

resting. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Shown are mean ± SEM
ing antibody did not suppress the stimulatory of PD-L1+ mono-

cyte/macrophages on T cell proliferation (Figure 7D) despite

PD1 expression on T cells (Figure S11I), indicating that the stimu-

latory effects of PD-L1+/hi macrophages on T cell proliferationmay

not be mediated via PD-L1:PD1 interaction. We next addressed

whether PD-L1+/� macrophages suppress antigen-specific

T cell killing by using CD3/CD19 bispecific antibody (BiTE, Blina-

tumomab). We co-cultured CD8+ T cells with CD19-expressing

cancer cells together with autologous PD-L1�/+ monocytes from

ex vivo rested BC patients’ PBMCs and examined the killing ca-

pacity of CD8+ T cells by flow cytometry (Figure 7E). We found

that the presence of BiTE greatly induced the expression of PD1

and CD137 on CD8+ T cells (Figure 7F), confirming that the

observed cancer cell killing was antigen specific. Importantly,

we found that PD-L1–/lo macrophages but not PD-L1+/hi macro-

phages significantly suppressed CD8+ T cell killing (Figures 7G

and 7H). PD-L1 blocking antibody did not change the effect of

PD-L1+/hi macrophages on T cell killing (Figures 7G and 7H).

These functional results are consistent with the notion that PD-

L1+ monocytes/macrophages are functionally more mature/acti-

vated and immunostimulatory, while PD-L1– monocytes/macro-

phages may be immunosuppressive.

DISCUSSION

TAMs represent the dominant infiltrating immune cells inmost hu-

man tumors and play important immunoregulatory roles within the

TME.35–37While TAMsare generally divided along a simplisticM1/

M2 dichotomy,32 recent scRNA-seq transcriptomic analysis of tu-

mor-infiltrating myeloid cells from human tumors revealed hetero-

geneous subsets of TAMs with distinct transcriptomic patterns

and diverse functional markers across different cancer types.19

Furthermore, TAMs are now known to the predominant cells

that express PD-L1 within the human TIME.4 Whether human

PD-L1+ TAMs are immunosuppressive and the functional signifi-

cance of PD-L1 expression on TAMs remained unclear. Building

on these recent reports, we show that PD-L1+ TAMs from human

breast tumors are moremature/activated and immunostimulatory

similar to M1-like macrophages, while PD-L1– TAMs are less

mature and immunosuppressive similar to M2-like macrophages.

These findings are collectively supported by our scRNA-seq tran-

scriptomic analysis, mIF and spatial cell-cell interaction analysis,

and ex vivo functional assays.

As monocyte-derived macrophages can cross-present

antigens to CD8+ T cells, PD-L1 may play a protective role on

PD-L1-expressingmyeloid cells against killing by PD1+ cytotoxic

T cells.23 Similarly, PD-L1 may protect PD-L1-expressing
uration/differentiation process

) were ex vivo rested in RPMI 1640 with 10% FBS for 8 h. PD-L1+% peripheral

een fresh vs. rested monocytes (B).

ting (n = 8) are shown in representative flow plots (C) and compared (D).

MCs (n = 5) are shown in representative flow plots (E) and compared (F). Paired

uction protein levels (H) on PD-L1+ vs. PD-L1– monocytes in 8 h rested PBMCs

ll-molecule inhibitors (Selleck) against ERK1/2 (SCH772984 at 0. 5 mM), STAT1

at 5 mM), NF-kB (QNZ at 5 mM), and mTOR (rapamycin at 0.1 mM) during the 8 h

.
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dendritic cells (DCs) from T cell killing, as reported in a mouse tu-

mor study with PD-L1-specific knockout in DCs.38 As such, it is

possible that the major functional purpose of PD-L1 expression

on TAMs is not immune suppression, but to protect PD-L1-ex-

pressing TAMs against T cell killing. Consistent with this notion,

our finding that PD-L1 is a maturation marker during the mono-

cyte-macrophage differentiation process is supported by animal

studies, which showed that PD-L1 could be upregulated during

the maturation of macrophages39 or hematopoietic stem cells.40

In addition to binding to PD1 across cells via trans interaction,

PD-L1 can also bind CD80 on the same cell via cis interaction.41

PD-L1:CD80 cis-heterodimerization inhibited both PD-L1:PD-1

and CD80:CTLA-4 interactions through distinct mechanisms,

but preserved the ability of CD80 to activate the T cell co-stimu-

latory receptor CD28.42 Thus, PD-L1 on TAMs can also exert an

immunostimulatory function by repressing the CTLA-4 axis.

Recent studies demonstrated that the immunoregulatory roles

of PD-L1 expression on macrophages and DCs might be largely

different. By using an animal tumor model with PD-L1-specific

knockout in DCs or macrophages, it has been shown that PD-

L1 knockout in DCs but not inmacrophages induced effective tu-

mor immunity.43 Within tumor-draining lymph nodes from mela-

noma patients, PD-L1:PD1 interactions are mainly established

between PD1+ CD8+ T cells and PD-L1+ DCs, whereas PD-L1+

macrophages rarely interacted with T cells.44 Together with our

findings described here, these data suggest that the functional

significance of PD-L1 expression on TAMs might not be immu-

nosuppressive against PD1+ T cells.

Histological quantification of PD-L1 within tumors remains

challenging and provides limited prognostic and predictive value

in clinical settings thus far.45 This may be due to heterogeneous

expression of PD-L1 on different cell types within tumors, post-

translational modifications of PD-L1, or different antibody plat-

forms.46–48 PD-L1 expression on TAMs has been reported to

associate with better response to immune checkpoint thera-

pies,13,49 whereas PD-L1 expression on peripheral monocytes

was associated with shorter survival.50 Our finding that PD-L1

could be rapidly upregulated during the monocyte-macrophage

differentiation/maturation process independent of IFN-g pro-

vides additional clues into the reported inconsistencies of intra-

tumoral PD-L1 quantification as a biomarker.

Beyond cancer cells, TAMs are another major source of PD-L1

expressionwithin tumors. It remains unclear what effects anti-PD-

L1 immunotherapy has on PD-L1-expressing TAMs. TAMs exert

their immunoregulatory roles mainly by secreting various soluble

proteins including cytokines/chemokines, pro-angiogenic factors,
Figure 6. PD-L1 upregulation in TAMs could be IFN-g independent

(A–C) PBMCs from patients with BC were rested and stimulated with IFN-g. Re

phorylation of STAT1 (pY701) in peripheral monocytes (A) from patients with BC

compared between PD-L1–/lo vs. PD-L1+/hi monocytes.

(D and E) Rested PBMCs from patients with BCwere stimulated with IFN-g at 0.2,

are shown in the representative flow plots (D) and compared (n = 6) (E). One-wa

(F–H) Single-cell suspensions from freshly prepared primary breast tumors were

pSTAT1 (G) and levels of IFN-gR1 (H) between PD-L1–/lo vs. PD-L1+/hi TAMs from

(I and J) Multiplex immunofluorescence staining (I) and quantification of IFN-gR1

bars, 100 mm.

(K–M) Representative flow plots showing PD-L1 expression (K) and IFN-g-induce

cancer cells (n = 8). Paired t test. **p < 0.01, ***p < 0.001, ****p < 0.0001. Shown
and immunosuppressive factors.51,52 One recent study53 divided

TAMs from human tumor into pro-tumor and anti-tumor subsets

based on the expression of soluble factors SPP1 and CXCL9.

Consistent with this notion, our ex vivo functional assays showed

that PD-L1 blocking antibody did not suppress the T cell stimula-

tory effects of PD-L1+monocytes/macrophages. Immunostimula-

tory functions of PD-L1+ TAMs do not depend on PD-L1-PD1 in-

teractions, and thus anti-PD-L1 immunotherapymay not block the

immunoregulatory functions of PD-L1+ TAMs.

In summary, our study provides insights into the functional and

clinical significance of PD-L1 expression on TAMs in human

breast tumors. Collective findings from our in-house and public

scRNA-seq data, cell-cell spatial interaction analysis, and

ex vivo functional assays reveal that PD-L1+ TAMs are immunos-

timulatory rather than immunosuppressive as commonly

thought. As such, their presence reflects an immune active

TIME and may explain why they predict response to anti-PD1/

PD-L1 (ICI) therapy. Further studies are warranted to investigate

the impact of anti-PD1/PD-L1 immunotherapies on the function

of PD-L1+ TAMs in vivo.

Limitations of the study
A potential limitation of this study is the immunoregulatory roles

of PD-L1+ TAMs in ICI immunotherapy remain unexplored. While

our functional assays reveal that PD-L1+ TAMs are immunosti-

mulatory and that PD-L1– TAMs are immunosuppressive, these

ex vivo experiments do not fully recapitulate the complexities

of the TIME. Future studies with longitudinal tumor samples

before and after immunotherapy will provide further understand-

ing of how ICIs may modulate PD-L1+ TAMs in mediating clinical

efficacy. Another important but unanswered question is whether

PD-L1+ and PD-L1– TAMs have similar roles within other human

tumor types in addition to BC. Finally, the functional signifi-

cances of PD-L1 expression on TAMs within primary vs. meta-

static tumors need to be further explored.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human CD3 (clone UCHT1) BD Biosciences Cat# 563546; RRID:AB_2744387

Anti-human CD8 (clone SK1) BD Biosciences Cat# 561617, RRID:AB_10896281

Anti-human CD16 (clone 3G8) BD Biosciences Cat# 563689; RRID:AB_2744299

Anti-human CD33 (clone P67.6) BD Biosciences Cat# 333946; RRID:AB_399961

Anti-human CD40 (clone 5C3) BD Biosciences Cat# 561211; RRID:AB_10584325

Anti-human CD80 (clone L307.4) BD Biosciences Cat# 560926; RRID:AB_10565975

Anti-human CD83 (clone HB15e) BD Biosciences Cat# 565336; RRID:AB_2739191

Anti-human CD86 (clone 2331) BD Biosciences Cat# 563460; RRID:AB_2744455

Anti-human CSF1R (clone 9-4D2-1E4) BD Biosciences Cat# 564945; RRID:AB_2739022

Anti-human CXCR4 (clone 12G5) BD Biosciences Cat# 555976; RRID:AB_398616

Anti-human B7-H4 (clone MIH43) BD Biosciences Cat# 562787; RRID:AB_2737794

Anti-human VISTA (clone MIH65.rMab) BD Biosciences Cat# 566669; RRID:AB_2739762

Anti-human IFNgR1(clone GIR208) BD Biosciences Cat# 558934; RRID:AB_397163

Anti-human pSTAT1 (clone pY701; 4a) BD Biosciences Cat# 612596; RRID:AB_399879

Anti-human pSTAT3 (clone pS727; 49/p-Stat3) BD Biosciences Cat# 558099; RRID:AB_397024

Anti-human pSTAT5 (clone pY694; 47/Stat5) BD Biosciences Cat# 560117; RRID:AB_1645546

Anti-human pmTOR (clone pS2448; O21-404) BD Biosciences Cat#563489; RRID:AB_2736872

Anti-human pAkt (clone pS473; M89-61) BD Biosciences Cat# 560378; RRID:AB_1645328

Anti-human PD-L1 (clone 29E.2A3) BioLegend Cat# 329714; RRID:AB_2563852

Anti-human CD14 (clone HCD14) BioLegend Cat# 325617; RRID:AB_830690

Anti-human PD-L2 (clone MIH18) BioLegend Cat# 345515; RRID:AB_2783233

Anti-human B7-H3 (clone MIH42) BioLegend Cat# 351010; RRID:AB_2728323

Anti-human CD45 (clone HI30) BioLegend Cat# 304043; RRID:AB_2562498

Anti-human HLA-DR (clone LN3) BioLegend Cat# 327007; RRID:AB_893579

Anti-human CD54 (clone HA58) BioLegend Cat# 353108; RRID:AB_10900254

Anti-human CD69 (clone FN50) BioLegend Cat# 310932; RRID:AB_2563696

Anti-human MRC1 (clone 15-2) BioLegend Cat# 321122; RRID:AB_10899411

Anti-human CD163 (clone GHI/61) BioLegend Cat# 321122; RRID:AB_10899411

Anti-human CD32 (clone FUN-2) BioLegend Cat# 303229; RRID:AB_2894576

Anti-human CD64 (clone 10.1) BioLegend Cat# 305028; RRID:AB_2563822

Anti-human CCR2 (clone K036C2) BioLegend Cat# 305028; RRID:AB_2563822

Anti-human CCR5 (clone J418F1) BioLegend Cat# 359145; RRID:AB_3068173

Anti-human PD-L1 (SP142) Abcam Cat# ab228462; RRID:AB_2827816

Anti-human CD3 (clone LN10) Biocare Medical Cat#3152

Anti-human CD8 (clone SP16) Biocare Medical Cat#CRM 311; RRID:AB_2750579

Anti-human CD68 (clone KP1) Biocare Medical Cat#033; RRID:AB_2885063

Anti-human Cytokeratin (clone AE1/AE3) Biocare Medical Cat#CM 011; RRID:AB_2811020

LIVE/DEAD Fixable Blue ThermoFisher Cat#L23105

Chemicals, peptides, and recombinant proteins

ERK1/2 inhibitor SCH772984 Selleck Cat# S7101

STAT1 inhibitor Fludarabine Selleck Cat# S1491

Akt1/2/3 inhibitor MK-2206 2HCl Selleck Cat# S1078

PI3Ka/d/b inhibitor LY294002 Selleck Cat# S1105
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NF-kB inhibitor QNZ Selleck Cat# S4902

mTOR inhibitor Rapamycin Selleck Cat# S1039

Critical commercial assays

pHrodo phagocytosis assay ThermoFisher Cat# P35366

Deposited data

Single-Cell RNA-sequencing

data – In-house dataset

This paper GSE248288

Software and algorithms

Flowjo v10 Flowjo software https://www.flowjo.com/

Graphpad Prism v9 Graphpad software https://www.graphpad.com/

EndNote X8 Endnote software https://endnote.com/

BioRender BioRender website https://www.biorender.com/

QuPath QuPath software https://doi.org/10.1038/s41598-017-17204-5

R R Core Team https://www.R-project.org/

Python Python Software Foundation http://www.python.org

Seurat Stuart et al.54 https://doi.org/10.1016/j.cell.2019.05.031

icellnet Noël et al.55 https://doi.org/10.1038/s41467-021-21244-x

CellPhoneDB V2.0 Efremova et al.56 https://github.com/ventolab/CellphoneDB

Customized scRNA-seq analysis pipeline This paper https://doi.org/10.5281/zenodo.10472431
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Peter P.

Lee (plee@coh.org).

Materials availability
This study did not generate new unique materials or reagents.

Data and code availability
d The in-house scRNA-seq expression data can be obtained from Gene Expression Omnibus (GEO: GSE248288). All data re-

ported in this paper is available from the lead contact upon request.

d All analysis code has been deposited at Zenodo: https://doi.org/10.5281/zenodo.10472431 and is publicly available. DOIs are

listed in the key resources table.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient tumor and blood samples
Treatment naive female patients with breast cancer (age range 27–93) were selected for this study. Fresh breast tumors tissues were

separated from fat tissues andminced into pieces up to 2mm in diameter with scalpel blades. Single-cell suspensions were prepared

by using the gentleMACS Dissociator (Miltenyl Biotec, Auburn, CA, USA) according to the standard protocol. Tissue homogenates

were treated with 0.26 Wunsch U/ml Liberase and 10 U/ml DNase (Sigma-Aldrich, St. Louis, MO, USA) for up to 1 h as needed. The

digested tissue homogenates were then filtered through a 100 mm filter. CD45+ cells were enriched with human CD45 positive se-

lection kit (STEMCELL Technologies, Vancouver, BC, Canada). Peripheral bloodmononuclear cells (PBMCs) were isolated from hep-

arinized blood by Ficoll-Paque density centrifugation and cryopreserved in 10% DMSO FBS. PBMCs were obtained from patients

prior to surgery or any therapy and only PBMC samples with cell viability R85% after thawing were selected.

Tissue microarray (TMA) of human breast tumor tissues (cohort #2) were purchased from Shanghai Outdo BioTech Company

(Shanghai, China). The study was approved by the Ethics Committee of Shanghai Outdo BioTech Company.

This human study was approved by the Institutional Review Board of City of Hope Comprehensive Cancer Center. All patients had

signed written informed consents.
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METHOD DETAILS

scRNA-seq analysis of in-house data
Freshly prepared single-cell suspensions of digested tumor tissues were used and single-cell RNA sequencing was performed using

the ChromiumSingle-Cell v2 30 Chemistry Library, Gel Bead, Multiplex andChip Kits (10x Genomics) according to themanufacturer’s

protocol.

TAMs identification
CellRanger (v3.0) was used to align sequence reads to human genome (GRCh38) and count the aligned transcripts for each cell. The

raw counts for each tumor sample were directly filtered, normalized, and scaled by Seurat R package (v3.2.3). Specifically, we first

removed the genes detected by less than 3 cells and the cells with less than 5 non-zero expressing genes. Next, we calculated the

percentage of all the counts belonging to mitochondrial genes for each cell. Lastly, we set 3 criteria based on Seurat official recom-

mendation to finally remove the ‘‘dirty’’ cells/droplets: 1) potential empty droplets: cells who had less than 200 genes with non-zero

expression, 2) potential doublets: cells who had more than 2500 genes with non-zero expression, 3) dying/dead cells: cells whose

mitochondrial gene expression percentage larger than 20%.

The normalization was implemented by Seurat with default settings. The top 2,000 most variable protein-encoding genes were

selected for principal component analysis. All the tumor samples were integrated with standard integration workflow in Seurat

(i.e., ‘‘FindIntegrationAnchors’’ and ‘‘IntegrateData’’ functions in Seurat with default settings). PCA was implemented for the inte-

grated data object. By using the two heuristic methods in Seurat (i.e., modified Jack Straw procedure and ranking variance method),

the top 20 principal components were used for the further non-linearly dimensional reduction (i.e., UMAP) and unsupervised clus-

tering analysis. The dimensional reduction and unsupervised clustering were implemented by Seurat with its default settings.

Gene markers for each cluster were identified by ‘‘FindAllMarkers’’ function with default settings.

PD-L1/SIGLEC15 dichotomization
All the TAM cells were split by their original sample resources and the cell raw counts of TAMs were re-normalized and re-integrated

with the same procedures described above. The top 18 principal components were used for the further non-linearly dimensional

reduction (UMAP) and unsupervised clustering analysis. The clustering resolution was set as 0.5, which produced 12 clusters.

The blending expression was generated by FeaturePlot function in Seurat with its default settings. Based on the blending expression

pattern and clustering results on UMAP, clusters were annotated as PD-L1+/hi TAM or PD-L1-/lo TAM.

Transcriptomic profiling
The differential expression analysis was used to profile the transcriptomic features for PD-L1+/� TAMs, which was implemented by

‘‘FindMarkers’’ function with ‘‘MAST’’ method. The significantly differentially expressed genes (sDEGs) were defined as log2FC > 0.5

or < �0.5 and adjusted p value% 0.10. These sDEGs were further used in gene set enrichment analysis (GSEA) with the pre-ranked

mode, in which the log2FC was used as the ranking score. GSEA was implemented with GSEA software and hallmark gene sets in

Molecular Signatures Database (v7.4).

Cell-cell interaction (CCI) analysis
CCI analysis was implemented by the cluster annotations for all the cell population in TME, which described above. The CellPhoneDB

v2.0 was implemented through its Python package (https://github.com/Teichlab/cellphonedb) and the visualization of the results was

implemented by customized R scripts. The ICELLNET was implemented through its R package (https://github.com/sourmelis-lab/

ICELLNET) and similarly the result visualization was finished by customized R scripts.

scRNA-seq analysis of public data
Public single-cell RNA-seq data (i.e., raw counts) was downloaded from Gene Expression Omnibus (GSE114725, GSE161529) and

from http://biokey.lambrechtslab.org. The raw counts were filtered, normalized, integrated, and scaled by Seurat R package (v4.1.0)

with the exact same settings described above. By using the two heuristic methods in Seurat (i.e., modified Jack Straw procedure and

ranking variance method), the top 30 principal components were used for the further non-linearly dimensional reduction (UMAP) and

unsupervised clustering analysis. Similarly, the clusters with CD14+CD68+HLA-DRA+ cells were annotated as TAM cluster, which

was further analyzed to identify the PD-L1+/� TAMs.

Again, the same analysis pipeline was used for the TAM clustering and PD-L1/SIGLEC15 dichotomization for public data. Gener-

ally, all the TAM cells were split by their original sample resources and the cell raw counts of TAMs were re-normalized and re-inte-

grated with the same procedures described above. Based on the blending expression pattern and clustering results on UMAP, clus-

ters were annotated as PD-L1+/hi TAM or PD-L1-/lo TAM. The differential expression analysis was used to profile the transcriptomic

features for PD-L1+/� TAMs, which was implemented by ‘‘FindMarkers’’ function with ‘‘MAST’’ method. The significantly differentially

expressed genes (sDEGs) were defined as log2FC > 0.5 or < �0.5 and adjusted p value % 0.10.
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Flow cytometry
The following antibodies were utilized: CD3 (UCHT1), CD8 (SK1), CD16 (3G8), CD33 (P67.6), CD40 (5C3), CD80 (L307.4), CD83

(HB5e), CD86 (2331), CSF1R (9-4D2-1E4), CXCR4 (12G5), B7-H4 (MIH43), VISTA (MIH65.rMab), IFNgR1(GIR208), pSTAT1

(pY701; 4a), pSTAT3 (pS727; 49/p-Stat3), pSTAT5 (pY694; 47/Stat5), pmTOR (pS2448; 021–404), pAkt (pS473; M89-61), PD-L1

(29E.2A3), PD-L2 (MIH18), B7-H3 (MIH42), CD14 (HCD14), CD45 (HI30), HLA-DR (LN3), CD54 (HA58), CD69 (FN50), MRC1 (15-2),

CD163 (GHI/61), CD32 (FUN-2), CD64 (10.1), CCR2 (K036C2), CCR5 (J418F1), LIVE/DEAD Fixable Blue Dead Cell Stain.

For the phosphoflow cytometry, PBMCs were stimulated with IFNg (Peprotech, Rocky Hills, NJ, USA) at 50 ng/mL at 37�C for

15 min followed by fixation with 1.5% paraformaldehyde (PFA) for 10 min at room temperature. Cells were washed with PBS to re-

move PFA, and permeabilized by the addition of 100% methanol. Flow cytometry was performed using Fortessa Flow Cytometers

(BD Biosciences). Flow cytometry data was analyzed using FlowJo software (Tree Star Inc., Ashland, OR, USA.).

Multiplex immunofluorescence staining and image analysis
Formalin-fixed paraffin-embedded (FFPE) breast tumors tissues were cut into 3-mm sections and affixed to microscope slides. They

were deparaffinized with xylene and rehydrated with decreasing concentrations of ethanol in water. Heat-induced epitope/antigen

retrieval was performed in EnVision FLEX Target Retrieval Solution, High pH (pH 9) (K8004/5, Agilent, Santa Clara, CA, USA) or AR6

buffer (pH 6) (PerkinElmer, Hopkinton, MA, USA) using amicrowave oven. Blocking was performed for 10min using Antibody Diluent,

Background Reducing (S3022, Agilent) to minimize non-specific background staining. Tissue slides were stained with the following

primary antibodies for 1 h on a shaker at room temperature: CD3 (LN10), CD8 (SP16), CD68 (KP1), PD-L1 (SP142), Cytokeratin (AE1/

AE3), and then detected by a horseradish peroxidase (HRP)-conjugated secondary antibody followed Opal fluorescence IHC Kit

(PerkinElmer) at a 1:100 dilution following a 10 min incubation. To perform multicolor immunofluorescent staining, the slide would

be serially stained with the microwave incubation acting to remove previous antibodies while simultaneously exposing the next

epitope of interest. After staining the final marker, cell nuclei were stained with DAPI (PerkinElmer) and the slides were mounted

with ProLong Gold Antifade Reagent (P36930, ThermoFisher, Waltham, MA, USA).

Stained sides were whole-slide scanned using the Vectra 3.0 System (PerkinElmer) which initially captured fluorescent spectra of

10x Olympus lens objective (10x) images in five channels (DAPI, FITC, Cy3, Texas Red, Cy5). Using Phenochart whole slide reviewer

(PerkinElmer) regions of interest (ROIs) were selected and 25%of the images within the ROIs were systemically gridded and selected

to unbiasedly capture tissue heterogeneity. The selected images were then captured at 20x Olympus lens objective (20x) using the

Vectra in the same channels. Images of single-stained tissues and unstained tissues were used to extract the spectrum of each fluo-

rophore and tissue autofluorescence in the 20x images and to create a spectral library to perform multispectral unmixing in inForm

Cell Analysis (PerkinElmer).

The X and Y coordinates of the center of each cell’s nucleus were acquired by QuPath v0.3.2. The percentages of cells within 40

pixels (20 mm) to neighbor cells of a particular phenotype were determined by the K-nearest neighbor algorithm using R version 3.2.3.

Ex vivo functional assay
Phagocytosis assay

Cryopreserved PBMCs of patients with BC were thawed and rested for 16hrs in RMPI 1640 with 10% FBS. Then PBCSs were incu-

bated with pHrodo Green E.Coli Bioparticles conjugate (ThermoFisher) for 3hrs according to the manufacturer’s protocol. The

phagocytotic capacity of PD-L1+/� monocytes/macrophages (pHrodo green+%) were measured by flow cytometry after the

incubation.

Autologous T cell proliferation

Freshly isolated PBMCs from patients with BC were rested for 16hrs in RMPI 1640 with 10% FBS and the PD-L1+/� monocytes were

flow sorted from rested PBMCs. The autologous T cells were isolated using CD3 positive selection kit (STEMCELL Technologies) and

labeled with CellTrace Violet (ThermoFisher). Then the sorted PD-L1+/� monocytes were co-cultured with T cells at 1:1 ratio for

4 days with or without PD-L1 blocking antibody (5 mg/ml) and the proliferation of CellTrace violet-labeled cells were measured by

flow cytometry. The proliferation stimulation activity was calculated by the cell number ratio of (CD8/CD4+CD14)/(CD8/CD4) as

the stimulatory index.

BiTE killing assay

Freshly isolated PBMCs from patients with BC were rested for 16hrs in RMPI 1640 with 10% FBS and the PD-L1+/� monocytes were

flow sorted from rested PBMCs. The PD-L1+/� monocytes and autologous memory CD8+ T cells (CD8+CD45RA-) were flow sorted

from rested PBMCs. The CD19+ K562 cancer cells, PD-L1+/�monocytes andCD8+ T cells were co-cultured at 1:1:1 ratio for 2 days in

the presence of the CD19/CD3 bispecific antibody (BiTE/Blinatumomab, 5 mg/ml) and the killing ability of CD8+ T cells weremeasured

by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analyseswere performed using software in R andGraphpad Prism (GraphPadSoftware, La Jolla, CA, USA). The details

of the test significance computation were specified in the figure legends. All tests with p value < 0.05 were considered statistically

significant.
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