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SUMMARY
Strategies to increase intratumoral concentrations of an anticancer agent are desirable to optimize its ther-
apeutic potential when said agent is efficacious primarily within a tumor but also have significant systemic
side effects. Here, we generate a bifunctional protein by fusing interleukin-10 (IL-10) to a colony-stimulating
factor-1 receptor (CSF-1R)-blocking antibody. The fusion protein demonstrates significant antitumor activity
in multiple cancer models, especially head and neck cancer. Moreover, this bifunctional protein not only
leads to the anticipated reduction in tumor-associated macrophages but also triggers proliferation, activa-
tion, and metabolic reprogramming of CD8+ T cells. Furthermore, it extends the clonotype diversity of tu-
mor-infiltrated T cells and shifts the tumor microenvironment (TME) to an immune-active state. This study
suggests an efficient strategy for designing immunotherapeutic agents by fusing a potent immunostimula-
tory molecule to an antibody targeting TME-enriched factors.
INTRODUCTION

Tumor-associated macrophages (TAMs) are one of the most

abundant tumor-infiltrated immune cell types that create an

immunosuppressive tumor microenvironment (TME) to repress

antitumor immunity1,2 and facilitate metastatic colonization.3–5

Increased infiltration of TAMs is associated with a worse prog-

nosis of patients with cancer.6–8 TAMs are therefore considered

to be a prime target in the TME over the past decade, with exten-

sive approaches aimed at eliminating or repolarizing TAMs to

remodel the TME.9–12 A major strategy for targeting TAMs is to

block the colony-stimulating factor-1 receptor (CSF-1R), either

by using monoclonal antibodies that prevent ligand (CSF-1 and

IL-34) binding or small-molecule inhibitors that prevent down-

stream signaling.13–15 However, the results of CSF-1R inhibitors/

antibodies have been relatively disappointing to date, with no sig-

nificant benefit in most anticancer clinical trials.16–18 Thus, a

means to overcome the hurdles to more effective cancer therapy

presented by TAMs remains an urgent but unmet medical need.
Cell Rep
This is an open access article und
Interleukin-10 (IL-10) has long been recognized as an anti-in-

flammatorymediator through inhibition of antigen-presenting cells

(APCs).19 However, the pleiotropic nature of IL-10 is now well es-

tablished, especially with regard to its antitumor effects.20,21 IL-

10exertsantitumor activitybydirectlyactivating the IL-10 receptor

(IL-10R) onCD8+ T cells and natural killer (NK) cells.22–25 IL-10 pre-

vents dendritic cell (DC)-mediated apoptosis of tumor-specific

CD8+ T cells through IL-10R signaling on DCs.26 We recently

showed that IL-10 stimulates the oxidative phosphorylation of

terminally exhausted T cells to reinvigorate their proliferation and

antitumor activity.27,28 In consideration of the therapeutic applica-

tion of IL-10, a half-life-extended form of IL-10 (pegylated IL-10)

demonstrated effective tumor control in mouse models.29 Pegy-

lated IL-10 was well tolerated in cancer clinical trials, which

showed induction ofCD8+ T cell immunity.22,23However, the short

half-life of pegylated IL-10 has limited its application. Another form

of half-life-extended IL-10 includes an immunoglobulin Fc domain

fusionprotein (IL-10-Fc),whichactsdirectlyonCD8+ terminallyex-

hausted T cells to reprogram metabolic activities, restoring their
orts Medicine 4, 101154, August 15, 2023 ª 2023 The Author(s). 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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proliferation and antitumor activity in mouse tumor models.28

Despite theextendedhalf-life of IL-10-Fc, peri-tumoral administra-

tion of the IL-10-Fc was employed to minimize adverse systemic

effects.28 Developing an optimal form of IL-10 that can be effec-

tively delivered to the TME with minimal systemic side effects is

the major challenge of the clinical application of IL-10 therapy.

Recently, emerging evidence has revealed the spatial associ-

ation between APCs and T cells in the TME. Tumor-specific

CD8+ T cells are closely associated with APCs in ovarian can-

cer.30 The spatiotemporal codependency between CD8+ ex-

hausted cells and TAMs was also noted, and the depletion of

TAMs was found to reinvigorate the effector potential of the ex-

hausted T cells.31 Furthermore, macrophage-binding proteins

can be delivered either though binding to peripheral macro-

phages first or to already tumor-resident macrophages.32 In

the present study, we generated an anti-CSF1R antibody-IL-10

fusion protein based on the hypothesis that this will result in bet-

ter delivery of IL-10 to the TME and thereby result in greater reju-

venation of terminally exhausted T cells in TAM-enriched tumors.

Our positive results highlight the potential for the development of

such an antibody-IL-10 fusion protein as a promising strategy

against TAM-enriched cancers.

RESULTS

An IL-10high/CSF1Rlow profile correlates with an
activated immune signature and favorable prognosis in
head and neck cancer
Basedonthepromisingantitumoreffectsof IL-10,20,21,28weaimed

to develop an IL-10-based fusion protein for anticancer treatment.

The potential of the spatiotemporal correlation between macro-

phages and T cells30,31 prompted us to focus on macrophages

as a target to deliver IL-10 to intratumoral T cells. Among the

different types of tumors, macrophages were most abundant in

head and neck squamous cell carcinoma (HNSCC), breast cancer

(BRCA), colorectal adenocarcinoma (COAD), lung adenocarci-

noma (LUAD), lungsquamouscell carcinoma (LUCC), liver hepato-

cellular cancer (LIHC), andskincutaneousmelanoma (SKCM) (Fig-

ure S1A; Table S1). Intriguingly, we observed a significant
Figure 1. Clinical relevance of the expression levels of IL-10 and CSF-

(A and B) The correlation of RNA level between IL-10/IL-10-RA axis and CSF-1R of

N= 1,218), and colon adenocarcinoma (COAD;N= 329) in TheCancerGenomeAt

(C) Kaplan-Meier survival analysis of HNSCC-, BRCA-, or COAD- patients with di

low, lower quartile. p values were estimated by log-rank test.

(D and E) The correlation of RNA level between IL-10/IL-10-RA axis and HPV p

correlation (r).

(F–I) 3D scatterplots for analyzing the expression of CD8+ T score and tumor-ass

TCGA-HNSCC. CD8+ T or TAM scores were expressed from blue to red gradient c

(J) 3D scatterplots for the expression of different cytokine genes related to IL-10

(K) Schematic outlines represent the approach of digital spatial profiling (DSP) an

from 6 patients). ROIs were categorized as peri-normal tissue (normal), primary tu

100 or 200 mm as indicated.

(L) DSP analysis of CSF1R, IL-10, and IFNG in ROIs of HNSCC samples. The ROI

Atlas) panel with 1825 RNA-binding oligonucleotide probes.

(M) Correlation between expression levels of IL-10 and IFNG from DSP data. Th

(N) DSP analysis of the TAM score and CD8+ T score related to tumor spatial loc

(O) Left, a scatterplot of IL-10 andCSF1R gene expression levels in TCGAHNSCC

the bottom 50% of CSF1R (CSF1Rlow). Right, survival analysis between groups o

log-rank test.
correlation of the expression of the CSF1R and IL-10-IL-10RA

axis in HNSCC, BRCA, and COAD of The Cancer Genome Atlas

(TCGA) cohort (Figures 1A, 1B, andS1B). However, the prognostic

impact of the IL-10-IL-10RA axiswas shown inHNSCC, i.e., a high

expression of either IL-10 or IL-10RA correlated with a better

outcome in patients with HNSCC but not in patients with BRCA

or COAD. The expression of CSF1R had no prognostic impact in

all three types of patients with cancer (Figure 1C). We herein fo-

cusedmore onHNSCC, where responses to current immunother-

apies had potential room for improvement.33,34 The positive corre-

lation between the expression of the IL-10-IL-10RA axis and

CSF1R was validated in the RNA sequencing data of HNSCC

from Taipei Veterans General Hospital (TVGH) (Figures S1C and

S1D; Table S2). In HNSCC, human papillomavirus (HPV)+ cases

display distinct clinical characteristics compared with non-HPV-

infected patients.35 We categorized TCGA HNSCC cases into

HPV+ and HPV� ones. The results revealed that HPV positivity

did not influence the correlation betweenCSF1R and the IL-10-IL-

10RA axis (Figures 1D and 1E).

We next examined the correlation of IL-10/IL-10RA/CSF1R and

the expression of cytokine genes and immune cell signatures in

HNSCC. First, we analyzed the correlation between IL-10/IL-

10RA/CSF1R expression and CD8+ T cell score and TAM score

in HNSCC. Coexpression of IL-10/IL-10RA andCSF1Rwas asso-

ciatedwithahigherCD8+Tcell scoreandTAMscore inbothTCGA

and TVGH cohorts (Figures 1F–1I and S1E–S11H). An increased

expression of the cytokine genes IFNG, IL-2, IL-6, and IL-12B

was noted in the CSF1RhighIL-10high/CSF1RhighIL-10RAhigh pa-

tients (Figures 1J andS1I).Wenext examined the geneexpression

profiles from another set of TVGH HNSCC samples analyzed by

the spatial transcriptomics technology Digital Spatial Profiler

(DSP) (Tables S3A and S3B). The regions of interest (ROIs) were

categorized as normal counterparts, inner tumors, outer invasive

fronts, and metastatic tumors by a pathologist to represent their

different levels of aggressiveness (Figure 1K). A gradually

increased CSF1R from the inner tumors to the invasive fronts to

the metastatic tumors was seen, whereas a trend of a decrease

in IL-10 and IFNGwas noted from the inner tumors to the invasive

fronts to themetastatic tumors (Figure 1L). A significant correlation
1R in patients with cancer

head and neck squamous carcinoma (HNSCC; N = 566), breast cancer (BRCA;

las (TCGA) database. The correlation was determined byPearson correlation (r).

fferent expression profiles of IL-10, IL-10RA, and CSF1R. High, upper quartile;

ositivity in TCGA-HNSCC cases. The correlation was determined by Pearson

ociated macrophage (TAM) score related to IL-10/IL-10RA axis and CSF1R in

olor dots (low to high). The value expressed by RNA level (log2(norm_count+1)).

and CSF1R in TCGA-HNSCC.

alysis of human HNSCC (14 slides with 171 regions of interest [ROIs] analyzed

mor (inner tumor and outer tumor), and metastatic lymph node (LN). Scale bar,

s (500 mm in diameter) were analyzed using a DSP CTA (Cancer Transcriptome

e correlation was determined by Pearson correlation (r).

ation in ROIs of HNSCC samples.

patients. Red dots indicate the patients with the top 50%of IL-10 (IL-10high) and

f IL-10highCSF1Rlow (red line) and others (blue line). p value was estimated by a
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between IFNG and IL-10 was demonstrated in the analyzed ROIs

(Figure 1M). To investigate the correlation betweenTAMandCD8+

T cells inDSPdata, a gradual increaseof the TAMscorewasnoted

from non-invasive inner tumors to the invasive/metastatic tumors;

nevertheless, the change of CD8+ T cell score among different re-

gions was not significant (Figure 1N). A significant correlation

betweenTAMscoreandCD8+Tcell scorewasdemonstrated (Fig-

ure S1J). The spatial transcriptomics result indicated that expres-

sion of IL-10/IL-10RA was associated with less invasiveness

and an activated immune signature, whereas CSF1R/TAM score

correlated with aggressiveness in HNSCC. Last, we analyzed the

prognostic impact of IL-10-CSF1R in patientswithHNSCC.Asub-

group of patients with HNSCC with the IL-10highCSF1Rlow profile

had a favorable outcome (Figure 1O); on the contrary, IL-10high

CSF1Rhigh did not have prognostic impact (Figure S1K). Taken to-

gether, the clinical data suggest a correlation of the expression of

the IL-10/IL-10RA axis and CSF1R and an association of the IL-

10highCSF1Rlow profile with an immunostimulatory signature and

favorable prognosis of patients with HNSCC. This finding impli-

cates a potential therapeutic impact of the stimulation of the IL-

10/IL-10R axis in combination with the blockade of CSF-1R for tu-

mors with abundant macrophages and T cells.

The anti-CSF1R-IL-10 fusion protein BF10 harbors the
bioactivity of both IL-10 and anti-CSF1R
Based on the above clinical analysis, we generated anti-CSF1R-

IL-10antibody fusionproteins for subsequently experiments. The

bifunctional anti-CSF-1R-IL-10 fusion protein (namedBF10) con-
Figure 2. Generation and characterization of the bifunctional anti-CSF

(A) Schematic representation of the bifunctional anti-CSF-1R-IL-10 fusion protein

of the CSF-1R fragment (mouse IgG2a) separated by a 14 amino acid linker.

(B) SDS-PAGE of BF10 and the anti-CSF-1R antibody. N, non-reducing; R, redu

(C) Dose-dependent binding affinity of anti-CSF-1R Ab, BF10, and IL-10-Fc to r

sentative data of three independent experiments. Each point (OD value) was exp

(D) The competition activity of anti-CSF-1R, BF10, and IL-10-Fc. Serial dilutions o

binding reaction. The values were measured by absorbance and expressed as an

independent experiments was shown.

(E) STAT3 reporter assay. IL-10RA-overexpressed HeLa cells were seeded into a

dilutions of IL-10-His tag, IL-10-Fc, anti-CSF1R, and BF10 were added into wel

(Promega). The calculated curve of one representative data of three independen

(F) Effects of BF10 on T cell proliferation. CFSE-labeled CD8+ T cells were activate

50 ng/mL anti-CSF-1R, IL-10, or BF10 was added as indicated. Data are cumulat

shown as mean ± SD, and the statistics were calculated using one-way ANOVA

(G) Oxygen consumption rate (OCR) of CD8+ T cells with BF10 treatment. Isolat

(0.05mg/mL) for 30min and then sequential addition of the Seahorse assay reage

the effect of BF10 on T cell metabolism. Representative curve is one of three inde

using Student’s t test.

(H) The serum concentration of BF10. Mice received the equivalent dose treatm

intravenous injection. 10 mL blood was diluted and collected as the indicated time

10 concentration.

(I) The biodistribution of 111In-BF10. Tumor-bearing mice with or without clodrona

weighted. The radioactivity of the sample was measured, and the value was exp

(J) The SPECT images of HNSCC/Q1-2 tumor-bearing mice receiving radiolabel

spleen; L, liver.

(K) The blood clearance kinetic of 111In-BF10. 111In-BF10 were intravenously (i.v.)

were expressed as the percentage injected dose per milliliter (%ID/mL). The half-l

using Student’s t test. *p < 0.05 and **p < 0.01.

(L andM) Representative images of the biodistribution of BF10. HNSC/Q1-2Lucifera

for 16 h before in vivo bioluminescence detection (L), and subsequently, tissues (

(M). Scale bar, 100 or 800 mm as indicated.
sists of a murine immunoglobulin G2a (IgG2a) isotype anti-

mCSF-1R antibody with a human IL-10 monomer fused to the

heavy-chain C terminus via a linker sequence (Figure 2A). The

fusion protein was generated based on the fact that human IL-

10 could cross-react with mouse IL-10R28,36 and that the bioac-

tivity of the IL-10 IgG fusion (IL-10-Fc) has been approved.28

SDS-PAGE was performed to validate the molecular weight of

BF10. A higher molecular weight of the heavy chain of BF10

(�65 kDa) compared with the original anti-CSF1R antibody

(aCSF1R) heavy chain (�50 kDa) was evident, while the molecu-

lar weight of light chains was the same (�25 kDa) in BF10 and

a-mCSF-1R (Figure 2B). BF10 harbored a similar binding affinity

(Figure 2C) and neutralization capacity (Figure 2D) to mCSF-1R

compared with a-mCSF-1R. The binding abilities of BF10 to

mIL-10Ra and hIL-10-Ra were validated (Figures S2A–S22G).

We next examined the in vitro bioactivity of BF10. BF10 had a

comparable ability to suppress CSF1-dependent proliferation of

murine M-NFS-60 cells (Figure S2H). BF10 stimulated a similar

degree of STAT3 promoter activity in IL-10Ra-expressing HeLa

cells as IL-10 did (Figure 2E). Next, we performed macro-

phage-CD8+ T cell coculture assays to examine whether BF10

treatment could sustain T cell proliferation. CD3/28-stimulated

CD8+ T cells were cocultured with IL4-primed macrophages

and were treated with either IL-10-Fc, a-mCSF-1R, BF10, or a

control IgG. As expected, IL-4-primed macrophages sup-

pressed T cell proliferation, and anti-mCSF1R antibody did not

reverse this macrophage-mediated suppression of T cell prolif-

eration. In contrast, both IL-10-Fc and BF10 effectively rescued
-1R-IL-10 fusion proteins

(BF10). BF10 was designed by genetically fusing human IL-10 to the C terminus

cing.

ecombinant mouse CSF-1R protein by ELISA. Calculated curve of one repre-

ressed as the average of two repeats and was presented as mean ± SD.

f the test proteins were preloaded into the well before mouse CSF-1 to CSF-1R

OD value (450–650 nm). Calculated curve of one representative data of three

96-well plate with complete DMEM medium (10% FBS) at 37�C for 4 h. Serial

l for 18 h. Luciferase activity was measured using ONE-Glo Luciferase Assay

t experiments was presented as mean ± SD.

d with anti-CD3 and anti-CD28 in absence or presence of IL-4-primed BMDMs.

ive results of two independent experiments (n = 6 per group). The results were

with Tukey test.

ed splenic CD8+ T cells from tumor-bearing mice were pretreated with BF10

nts of oligomycin (1 mM), FCCP (0.5 mM), and Rot/antimycin A (1 mM) to examine

pendent experiments and n = 3 repeats per each assay. p value was calculated

ents of BF10 (20 mg/kg), IL-10-Fc (10 mg/kg), or IL-10-tag (5 mg/kg) using

s (0.25, 1, 2, 4, 8, 24, 48, and 72 h) and was subjected to ELISA to detect the IL-

te-liposome before BF10 injection. After 24 h, tissue samples were excised and

ressed as a percentage of the injected dose per gram of sample (%ID/g).

ed 111In-BF10 injection. Mice were imaged at 24 h after injection. T, tumor; S,

injected, and blood samples were collected at the indicated time points. Data

ife (T1/2) of the curve was estimated by Prism (v.9.2.0). p values were calculated

se tumor-bearing mice were i.v. injected with Vivo680Tag-labeled BF10 (150mg)

tumor, spleen, or tdLNs) were isolated for fluorescence-Vivo680Tag detection

Cell Reports Medicine 4, 101154, August 15, 2023 5



Ctrl BF10
0

500

1000

1500

2000
Total CD8 T cells

***

N
um

be
rs

of
T

c e
ll s

/p
er

im
ag

e

Ctrl BF10
0

100

200

300

400

500
CD8 T (Peri-Tumor)

n.s

Ctrl BF10
0

500

1000

1500

2000 CD8 T (Central-Tumor)

**

0 5 10 15 20 25 30
0

200

400

600

800

1000

1200

Tu
m

or
gr

ow
th

(m
m

3 )

Days after tumor inoculation

Clodro.+ BF10
PBS+ IL10
PBS+ BF10
Clodro. alone
Tumor Ctrl.

Clodro.+ IL10

D

H

I KJ

L M

A B

C

N

Ctrl. BF10 CD8+BF10
0

50

100

150

200

250 Day 6
Day 22

C
ha

ng
e

in
B

io
lu

m
in

es
ce

ne

E

G

F

0
20
40
60
80

100

20 30 40 50 60 70 80 90
Days after tumor inoculation

Pe
rc

en
ts

ur
vi

va
l Tumor Ctrl.

Clodro. alone
Clodro. + IL10
Clodro. + BF10
PBS+ IL10
PBS+ BF10**

***
***

***

0

100

200

300

400

As
pa

rta
te

tra
ns

am
in

as
e

(A
ST

,I
U/

L)

Ctrl.
IL10

CSF1R
BF10

0

30

60

90

Al
an

in
e

tra
ns

am
in

as
e

(A
LT

,I
U/

L)

Ctrl.
IL10

CSF1R
BF10

Ctrl. IL-10 CSF1R BF10
0.0

0.1

0.2

0.3

0.4

Sp
le

en
w

ei
g h

t(
g)

p = 0.9500 p = 0.0204

p = 0.0955

10 15 20 25 30
0

20

40

60

80

100

Pe
rc

en
ts

ur
vi

va
l

Ctrl.
CD8+BF10

BF10

Days after tumor inoculation

0 10 20 30 40 50
0

300

600

900

1200

1500

Tu
m

or
gr

ow
th

(m
m

3 )

Days after tumor inoculation

IL10 (n=10)
CSF1R (n=8)

BF10 (n=8)

Ctrl. (n=8)

** **

(legend on next page)

6 Cell Reports Medicine 4, 101154, August 15, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
T cell proliferation, and BF10 outperformed IL-10-Fc (Figures 2F

andS2I).We further generated two clones of fusion proteins con-

sisting of human aCSF-1R (a-hCSF-1R) and IL-10-Fc to validate

the efficacy of aCSF-1R-IL-10 on human immune cells (Fig-

ure S2J). The fusion protein (huAb) reduced the viability of human

macrophages (Figure S2K) and increased the secretion of inter-

feron g (IFN-g) and granzyme B by human activated CD8+ T cells

(Figure S2L). We examined the metabolic profiling of CD8+ cells

treated with the BF10 ex vivo by an Agilent Seahorse analyzer

because IL-10 induces metabolic reprogramming of T cells.28

BF10 increased the oxygen consumption rate of the splenic

CD8+ T cells (Figure 2G). This result suggests that BF10 elicits

a similar effect on metabolic reprogramming on CD8+ T cells

as IL-10Fc did in the previous study.

We investigated the pharmacokinetic of BF10, IL-10-Fc, and

IL-10-His in vivo by examination of the serum concentration of

BF10 at different time points by ELISA. Both IL-10-Fc and BF10

had a longer, better half-life than IL-10-His. Interestingly, di-

fferent patterns of serum concentration changes were noted

between BF10 and IL-10-Fc (Figure 2H). We next examined

the tumor targeting and tissue biodistribution of BF10 by intra-

venous injection of radiolabeled BF10 (111In-BF10) into tumor-

bearing mice. The serum concentration of BF10 first validated

in non-tumor-bearing mice with a half-life (T1/2) around 63.5 h

(Figure 2I). Micro-single-photon emission computed tomogra-

phy (SPECT)/CT images demonstrated an obvious uptake of
111In-BF10 in spleen, liver, lymph node, and tumor tissues.

Depletion of macrophage significantly reduced BF10 accumu-

lation in spleen, tumor, and lymph nodes (Figures 2J and 2K).

We further applied another bioluminescence assay to confirm

the binding capability of BF10 in vivo. We labeled BF10 with

a near-infrared (NIR) fluorochrome, VivoTag. Labeled BF10

was intraperitoneally injected into mice bearing luciferase-ex-
Figure 3. BF10 suppresses tumor growth via increasing tumor-infiltrat

(A–C) Experimental scheme. The HNSCC/Q1-2Luciferase tumor cells (5 3 105 cells

(Ctrl)-IgG (30 mg/kg), IL-10-Fc (20 mg/kg), aCSF1R (30 mg/kg), or BF10 (36 mg/

according to different molecular weights of antibody components as described in

(B), and spleen weight (C) were recorded and analyzed. The survival analysis was

1,500 mm3 or a length >1.5 cm. Statistical analyses were evaluated using one-wa

method and a log rank test. **p < 0.01.

(D) Experimental scheme for assessing liver toxicity. Mice received a three-do

collected and examined for the levels of ALT and AST. The quantified results were

Student’s t test (two groups comparison) and one-way ANOVA (more than 3 gro

(E and F) The experimental schema with BF10 treatment (E) and an illustration of d

for staining. Tumor tissue was separated into 3 regions, which are defined as peri

bar, 250 mm.

(G) Representative images of the distribution of tumor-infiltrated CD8+ T cells wi

(H) Quantitative results of tumor-infiltrated CD8+ T cells within tumor tissues. Im

Inform software. The average numbers of the CD8+ T cells were counted and exp

were calculated using Student’s t test. **p < 0.01 and ***p < 0.001.

(I) Experimental scheme of CD8+ T cell depletion by administration with indicated t

out using 200 mg anti-CD8 antibody (i.p. every 3 days) simultaneously with or wi

(J) Bioluminescence intensity measured and quantified using Xenogen IVIS 100

(K) The Kaplan-Meier survival curve of the tumor-bearing mice receiving control

recorded when they died spontaneously, had a tumor diameter of 1.5 cm, or had

(L) Scheme of the macrophage depletion experiment. Tumor-bearing mice were

cotreatment of IL-10-Fc or BF10 with a 3 day interval for following tumor growth

(M and N) Tumor-bearing mice (N = 6–7 per group) received the treatments as i

calculated using the formula V = (length 3 width 3 width)/2. Values represent tum

method and a log-rank test (N). **p < 0.01 and ***p < 0.001.
pressing syngeneic murine HNSCC tumors, and mice were

analyzed by IVIS imaging 16 h later, followed by collection of

tumors, tumor-draining lymph nodes (tdLNs), and spleens for

analysis. A combination of luciferase bioluminescence and Vivo

Tag fluorescence imaging showed that BF10 accumulated in

tumors as well as sporadic areas within the peritoneal cavity

(Figure 2L). The VivoTag fluorescence images within the tissues

confirmed the distribution of BF10 to tumors, tdLNs, and sp-

leens (Figure 2M). In summary, these experiments confirm the

bioactivity and specificity of the aCSF1R-IL-10 fusion proteins.

The subcomponents IL-10 and a-mCSF1R both
construct the antitumor activity of BF10
We examined the antitumor effect of BF10 in syngeneic murine

tumormodels.We first applied themouse syngeneic cancer plat-

form (MuScreen,CrownBio), anda total of 9 cancer cell lineswere

utilized. Suppression of tumor growth was observed in most

types of cancers with the exception of prostate cancer (RM-1),

albeitwith a somewhat limitedeffect inPan02 (pancreatic cancer)

and lung cancer (B16BL6) (Figures S3A and S3B). There was a

positive correlation between tumor growth inhibition and the per-

centage of estimated macrophages (Figure S3C), implying the

potential of a better efficacy of BF10 on macrophage-enriched

tumors. We subsequently focused on the antitumor activities of

BF10 in HNSCC owing to the evidence from clinical sample ana-

lyses (Figure 1) and the high abundance of TAMs37–39 and relative

immune responsiveness of HNSCC.40,41 Abundant infiltrated

macrophages were found within the tumor microenvironment of

the murine HNSCC syngeneic model, and the relative tumor

growth inhibition (TGI) by BF10 is about 68.5% (Figures S3D

and S3E). This result justified the selection of HNSCC as a candi-

date type of cancer for BF10 treatment. The antitumor efficacy of

BF10 was validated in the subcutaneous tumor model formed
ing CD8+ T cells and TAM depletion

) were subcutaneously inoculated into mice and received treatments of control

kg) for six doses as indicated. All mice received the equivalent dose treatment

the STAR Methods. After 8 weeks, tumor growth curve (A), survival proportion

defined as death spontaneously within 1month or a tumor burden size reaching

y ANOVA with post-hoc Tukey test. The survival was analyzed by Kaplan-Meier

se treatment as indicated and were sacrificed at day 15. Mouse serum was

presented as mean ± SD, and these statistics were calculated using unpaired

ups) with Tukey test. **p < 0.01.

ifferent tumor regions (F). The orthotopic HNSCC tumor tissues were collected

-tumor (PT; green), central-tumor (CT; blue), and peri-normal tissue (red). Scale

th BF10 treatment.

ages were captured and analyzed by the Vectra Polaris Imaging System and

ressed per field (1,397 3 1,048 mm2) using Inform software analysis. p values

reatments in orthotopic HNSCC tumormodel. CD8+ T cell depletion was carried

thout BF10.

imaging system on days 6 and 22 for indicating the tumor growth.

(n = 8), BF10 (n = 8), and anti-CD8 plus BF10 (n = 7). The death of mice was

their eating behavior affected at day 24.

treated with clodronate-liposome (200 mL per 20 g body weight), followed by

and survival.

ndicated. Tumor size was measured by digital caliper, and tumor volume was

or growth curve in all groups (M). The survival was analyzed by Kaplan-Meier
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from the syngeneic murine HNSCC cell line MTCQ1-2

(Figures S4A–S4D). We next examined whether BF10 harbored

a better antitumor efficacy compared with its subcomponents

(IL-10 and a-mCSF1R) in the subcutaneous HNSCC model.

With the treatment of an equivalent molar ratio of BF10 or its sub-

components, IL-10-Fc and BF10 both significantly suppressed

tumor growth, and BF treatment performed best among all

groups. In contrast, a-mCSF1R barely repressed tumors (Fig-

ure 3A). A trend of better survival was noted in the BF10 group

compared with IL-10-Fc, a-mCSF-1R, or control IgG (Figure 3B).

BF10 did not induce splenomegaly (Figure 3C) and caused no

deleterious effect in liver compared to the elevated liver enzymes

in mice receiving a-mCSF1R treatment (Figure 3D).

Wenext investigated the influenceof different treatments on im-

mune cells in the HNSCC model. Increased CD8+ T cells and

reduced CD11b+Ly6C+ monocyte numbers were noted in the pe-

ripheral blood of BF10-treated mice compared with control (Fig-

ure S4E). A significant enrichment in the infiltration of CD8+

T cells was shown in the tumors after BF10 treatment (Figure S4F),

especially in the central part of tumors (Figures 3E–3H and S4G).

We further examined the tumor samples from four treatment

groups (control, IL-10-Fc, a-mCSF-1R, BF10). BF10 treatment re-

cruited more CD8+ T cells to the central tumor part and reduced

F4/80+ TAM infiltration. a-mCSF-1R treatment reduced TAMs

without significantly affecting intratumoral CD8+ T cells. IL-10-Fc

marginally increased intratumoral CD8+ T cells without affecting

TAMs (Figure S5A). Furthermore, we conducted an investigation

into the influence of BF10 on various mouse models, including or-

thotopic and subcutaneous injection models, as the immune mi-

croenvironments in these models may differ. Orthotopic tumors

exhibited a greater infiltration of CD8+ T cells and macrophages

compared with the control group. Notably, administration of

BF10 significantly amplified the influx of CD8+ T cells in tumors

from bothmodels, and this effect wasmore pronounced in the or-

thotopic model (Figure S5B).

We further examinedwhether both subcomponents ofBF10 (IL-

10 and a-mCSF1R) contributed to the antitumor efficacy through

modulating their corresponding immune cells, i.e., CD8+ T cells

by IL-10 and TAMs by a-mCSF1R. We first depleted CD8+

T cells in BF10-treated tumor-bearing mice (Figure 3I). Successful

depletion of CD8+ T cells was confirmed by analyzing the post-
Figure 4. BF10 repopulates infiltrated immune cells in tumor tissues a

(A) Experimental scheme. The HNSC/Q1-2 tumor cells (5 3 105 cells) were orth

components (Ctrl-IgG, IL-10-Fc, aCSF1R, and BF10) with a 3 day interval for 3 do

(B–D) Population of CD8+ T cells (B), TAMs (C), and CD4+ T cells (D) in tumors fr

(E) Representative plots (left) and population (right) of the granzyme B (GZMB)-p

(F) Representative population of the TCF1+ Tim3� T cells (Prog Tex) and the TCF

T cells from the indicated mice.

(G–H) Representative images of CD8+ T cell numbers from the indicated groups

(G) Multiplexed immunofluorescence (mIF) staining performed with Opal 7-Color

(hyacinth). Representative composite images obtained and quantified by the Vec

(H) Quantitative result of CD8+ T cells.

(I–K) Representative image of Ki67 expression in tumor-draining LNs (tdLNs).

(I) The isolated tdLN examined by immunohistochemistry (IHC). The brown color

(J) Representative mIF images of tdLN. The isolated tdLNs were stained with DAP

tissue composite images were captured and analyzed with the Vectra Polaris Im

(K) Quantification of the cell number of CD8+PD1+, CD8+PD1+Ki67+, and CD19+

mean ± SD, and the statistics were calculated using unpaired Student’s t test.

appropriate test. **p < 0.01.
treatmentbloodand tumorsamples (FiguresS6AandS6B).Deple-

tion of CD8+ cells abrogated the antitumor effect of BF10 (Fig-

ures 3J, 3K, S6C, and S6D). We next depleted TAMs to confirm

the antitumor role of the a-mCSF1R subcomponent in BF10 (Fig-

ure 3L). IL-10-Fc or BF10monotherapy effectively suppressed tu-

mor growth and possessed survival benefits as expected. Treat-

ment with the macrophage-depleting agent clodronate-liposome

suppressed tumor growth and improved survival marginally. Co-

treatment with clodronate-liposome and IL-10-Fc showed a

similar result to IL-10-Fc monotherapy. Importantly, cotreatment

with clodronate-liposome and BF10 significantly attenuated the

antitumor activity of BF10 (Figures 3M and 3N). Taken together,

the above results indicate that BF10 provides potent antitumor ef-

fect andsurvivalbenefit and thatbothsubcomponents ofBF10 (IL-

10 and a-mCSF1R) contributed to the antitumor efficacy.

BF10 modulates tumor-infiltrated immune cells and
elicits immune activation
We next examined the impact of BF10 on the tumor-infiltrated im-

mune cells in the murine orthotopic HNSCC model (Figure 4A).

BF10 showed the most prominent increase in the infiltration of

CD8+ T cells. Reduction of TAMs was shown both in the aCSF-

1R- and BF10-treated groups. A slightly increased trend in CD4+

Tcellwasnoted in theBF10-treatedgroupcomparedwith thecon-

trol group (Figures 4B–4D). We further investigated the composi-

tion of infiltrated CD8+ T cells (Figures 4E and 4F; the gating strat-

egy of flow cytometry is in Figure S7). Both IL-10-Fc and BF10

treatments significantly increased the GZMB+ cytotoxic popula-

tion of CD44+CD8+ T cells within the TME (Figure 4E). In addition,

different subsetsofexhaustedCD8+Tcells responding to IL-10-Fc

and BF10was noted. BF10 treatment expanded the terminally ex-

hausted CD8+ T cells (Term Tex) population with a relatively mild

increase in progenitor exhausted CD8+ T cells (Prog Tex) (Fig-

ure 4F). In contrast, IL-10-Fc increased the Prog Tex population

without significantly influencing the Term Tex population. We

next applied the multicolor immunofluorescent (mIF) staining to

examine the influence of BF10 treatment on infiltrated immune

cells. Consistently, BF10 performed best at increasing the infil-

tratedCD8+ T cells comparedwith its subcomponents (Figures 4G

and 4H), and BF10 increased GZMB+ cells as expected (Fig-

ure S8A). We examined the tdLNs and spleen from BF10-treated
nd LNs

otopically inoculated into mice, followed by administrations of the indicated

ses. Tumor-infiltrated CD45+ immune cells were assessed by flow cytometry.

om the indicated groups.

roducing tumor-infiltrating T cells from the indicated tumors.

1� Tim3+ T cells (Term Tex) among total tumor-infiltrating CD44+ PD-1+ CD8+

.

IHC kit (PerkinElmer) for CD4 (green), CD8 (sky blue), GZMB (red), and nuclei

tra Polaris Imaging System and Inform software. Scale bar, 100 mm.

indicates Ki67+ cells. Scale bar, 300 mm.

I (blue), CD8 (green), PD-1 (yellow), FoxP3, CD19 (pink), and Ki67 (red). Whole-

aging System and Inform software. Scale bar, 400 mm.

cells in the BF10-treated versus control group. The data were presented as

(two group comparison) and one-way ANOVA (more than 3 groups) with an
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mice. Treatment with BF10 significantly boosted the proliferation

of immune cells in the germinal centers of spleens and tdLNs

(Figures 4I, S8D, and S8E). Further examination of tdLNs showed

that BF10 treatment increased the numbers as well as the density

ofCD8+PD-1+, CD8+PD-1+Ki67+, andCD19+ cells (Figures 4J, 4K,

S8C,S8D,andS8F). Theabove results indicate thatBF10enriches

the number and activity of tumor-infiltrated T cells as well as in-

duces immune activation.

BF10 activates multiple immune-related signaling
pathways and expands the clonal diversity of tumor-
infiltrated T cells
We compared the impact of BF10 treatment on the transcriptomic

changes of tumors to the subcomponent treatment (IL-10-Fc and

a-mCSF1R) (Figure 5A). A gene set enrichment analysis (GSEA)

showed that BF10 treatment was associated with the signature of

IFN-g response (Figure 5B), IFN-a response (Figure 5C), inflamma-

tory response (Figure 5D), complement (Figure 5E), and genes up-

regulated in CD8+ T cells (GEO: GSE41867) (Figure 5F). Moreover,

the BF10 treatment group revealed the most enriched expanded

immune signature (Table S4)42 compared with IL-10-Fc, aCSF1R,

and control (Figure S9A). Single-sample GSEA (ssGSEA) revealed

a gene expression profile of BF10-treated tumors compared with

the treatment of subcomponents or control (Figure 5G).

Next, we investigated potential signaling pathways influenced

by BF10. We enrolled two syngeneic murine tumor models (4T1/

Balb-c BRCA model and MTCQ1-2/C57BL/6 HNSCC model) to

reduce the influence of tumor-type-specific effect and treated

the mice with control IgG, IL-10-Fc, aCSF-1R, or BF10. Tumors

were obtained for RNA sequencing (RNA-seq) and for further

analysis of the consistently upregulated/downregulated genes

in both models (Figure 5H; Tables S5 and S6 for HNSCC and

S7 and S8 for BRCA). A significant proportion of the top 12 upre-

gulated/downregulated gene-related pathways were associated

with immune responses (Figure 5I), which validated the immuno-

modulatory effects of these agents.We further focused on exam-

ining the genes/pathways influenced by different treatments in

HNSCC through multiple comparisons. Compared with the con-

trol group, both BF10 and IL-10-Fc activated the expression of

immune-related genes and pathways, effects that were mostly

not observed in the aCSF-1R-treated group. For example,

Wnt7a, Mmp9, Stfa2, C1s2, Elane, Apo11a, and H2-Dmb2 were
Figure 5. Transcriptomic and TCR repertoire analysis of the samples f
(A) An illustration of mice receiving the indicated treatment followed by tumor iso

(B–F) Enrichment plots of genes sets in BF10 versus control in mouse tumor samp

(B), IFN-a response (C), inflammatory response (D), complement (E), and genes

(G) The heatmap of GSEA enriched pathways in treatment groups. The normaliz

(H) Schema of bioinformatic strategy to study the effect of BF10 within tumor micr

and BRCA/4T1) treated with BF10, IL-10-Fc, aCSF-1R, or control were collected

fold and p < 0.05 or <0.5-fold and p < 0.05). DEGs were analyzed using 2 modu

Discovery (DAVID; https://david.ncifcrf.gov/) and (2) Ingenuity Pathway Analysis

(I) DAVID functional Gene Ontology analysis.

(J) IPA.

(K) Immune repertoire TCR sequencing of CD8+ T cells. Tumor-bearing mice recei

RNA extraction of isolated CD8+ T cells for TCR immune repertoire analysis. The d

CDR3 sequencing from tumor and spleen. The number of the bracket indicates ob

Application.

(L) Examination of the TCR immune repertoire using Morisita-Horn index.
upregulated in IL-10-Fc- and BF10-treated samples but not in

aCSF1R-treated tumors. In contrast, Clec4a, Clec4b1, Dpep2,

Slamf9, and Lilra5a were downregulated in the aCSF1R group

but not in the IL-10-Fc and BF10 groups (Figures S9B–S9D).

Many pathways, such as TREM1 signaling, the TME pathway,

DC maturation, Fcg receptor-mediated phagocytosis, leukocyte

extravasation signaling, and the complement system, were acti-

vated both in the IL-10-Fc- and BF10-treated samples but not in

theaCSF1R-treated tumors (Figure 5J). Twopathwayswere spe-

cifically activated in the BF10-treated group compared with the

IL-10-Fc group: B cell receptor signaling and IL-15 production

(Figure 5J).

Recognition of tumor-associated antigen by T cell receptor

(TCR) is a major determining factor for effective antitumor im-

mune response. High diversity of TCR repertoire is associated

with a better prognosis and with better responses to immune

checkpoint blockade therapies.43,44 Here, we analyzed the

TCR repertoire of CD8+ cells harvested from tumors, tdLNs,

and spleens of mice receiving treatment of BF10 or subcompo-

nents versus control (Figure S9E). Tumor-specific TCRa and

TCRb sequencing demonstrated that the CD8+ cells from tumors

or tdLNs of BF10-treated mice harbored the highest clonotype

diversity compared with the other groups, whereas IL-10-Fc

treatment increased the diversity of the TCR repertoire of CD8+

cells from spleen (Figures 5K and S9F). TheMorisita-Horn calcu-

lation index and the TCR clonotype report supported the fact that

BF10 treatment induces the most clonotype diversity compared

with the other treatments (Figures 5L and S9G; Table S9). In su-

mmary, the above results indicate that BF10 outperforms sub-

component treatments in the active immune signature of tumor

samples and that BF10 increases TCR clonotype diversity in

CD8+ cells from tumors and tdLNs to the greatest extent com-

pared with subcomponents or control.

BF10 repopulates tumor-infiltrated T cells by increasing
Term Tex cells and reducing regulatory T cells
To further understand the impact of BF10 on tumor-infiltrated im-

mune cells, single-cell RNA-seq (scRNA-seq) was performed in

murine orthotopic HNSCC tumors treated with IL-10-Fc,

aCSF1R, BF10, or a control IgG. CD45+ cells were isolated

from the tumor samples and analyzed using scRNA-seq, and

CD45� cells were reserved for bulk RNA-seq analysis. The
rom mice treated with BF10 versus its subcomponents
lation for bulk RNA-seq and gene set enrichment analysis (GSEA).

les. Significant pathways were identified by GSEA gene set of IFN-g response

upregulated in CD8 T cells (GEO: GSE41867) (F).

ed enrichment score (NES) and p value are shown.

oenvironment. Tumors derived from two syngeneic tumor models (HNSC/Q1-2

for bulk RNA-seq to investigate the differentially expressed genes (DEGs; >1.5-

les: (1) Bioinformatics Database for Annotation, Visualization, and Integrated

(IPA).

ved treatments of Ctrl-IgG, IL-10, anti-CSF1R, or BF10 for 3 doses, followed by

ata are shown as clonotype diversity and distribution of both TRAC and TRBC

served diversity in the enrichment metrics of QIAseq-RNA Immune Repertoire
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flowchart is illustrated in Figure 6A. Bulk RNA-seq of the CD45�

cells showed that BF10 was associated with the reactive oxygen

species (ROS) pathway, IFN-g response, and inflammatory res-

ponse as compared with the control treatment (Figure S10A).

Compared with the IL-10-Fc treatment group, BF10 treatment

was also more closely associated with the signatures of ROS,

IFN-g response, and inflammatory response (Figure S10B). For

scRNA-seq of CD45+ cells, sorted tumor-infiltrated leukocytes

(19,558 cells) were clustered into 7 groups (Figure 6B). The

expression of the immune markers in different clusters is shown

in Figures 6C and 7, and the populations of immune cells were

defined as shown in Figure 6D. Among the three treatment

groups, T cells were mostly enriched in the BF10 group. TAMs

were depleted in the aCSF-1R group and reduced in the BF10

group, as expected. Interestingly, monocytes were significantly

reduced in all three treatment groups, and NK cells were most

prominently enriched in the aCSF-1R group. An unexpected in-

crease in neutrophils was noted in the BF10 group (Figure 6E).

We further dissected the T cell subpopulations. By observing

the relative percentages of subgroups, BF10 reduced the regu-

latory T cell (Treg) population and increased the Term Tex pop-

ulation, whereas the IL-10-Fc group also increased the Term

Tex population, albeit to a lesser degree, without significantly

influencing Tregs. aCSF1R treatment did not influence the

T cell subpopulations (Figures 6F and 6G). BF10 upregulated

the genes related to T cell exhaustion more significantly than

IL-10-Fc (Figure 6H). To address the role of neutrophils in

BF10-mediated antitumor effect, a neutrophil-depletion experi-

ment was performed. Neutrophil depletion causes a minor effect

on tumor growth and survival of the mice (Figures S10C–S10F).

In summary, the results indicate that BF10 shapes T cell subpop-

ulations by increasing CD8+ Term Tex and reducing the percent-

age of Tregs, which may contribute to its antitumor effect.

BF10 elicits durable protective effect and potentiates
anti-PD1 efficacy
We next investigated the effect of BF10 under tumor rechallenge.

We treated HNSCC tumor-bearing mice with BF10 until total

regression of the tumors was reached. The tumor-free (TF) mice

wereselected for subsequent tumor rechallengeexperiments (Fig-

ure 7A). A significant and durable protective effect was demon-

strated in the BF10-treated mice compared with the unexposed

mice (Figures 7B and 7C). An ex vivo examination of the parental

tumor cell line cocultured with CD8 T+ isolated cells from BF10-
Figure 6. scRNA-seq analysis of syngeneic HNSCC treated with BF10

(A) Experimental scheme for scRNA-seq. TILs were isolated. Single-cell libraries w

and sequenced with Illumina NovaSeq 6000. Data were processed and analyzed

detailed analysis of T cell subtype was assessed with ProjecTILs (v.1.0). CD45�

(B) Top, uniform manifold approximation and projection (UMAP) plot of the total

indicated in brackets. Bottom, a heatmap to represent the top 10 upregulated g

(C) UMAP plots of markers for different types of immune cells.

(D) UMAP plot of color-coded immune cell types as indicated (reference: CellKb

(E) Left, UMAP plots of cell-type distributions in different treatment groups. Right,

(F) Projection of T cells into a TIL reference atlas using ProjecTILs in tumors of diffe

previous literature45; black cells represent projected cells from the treatment gro

atlas.

(G) T cell subtype composition and proportion of the four treatment conditions w

(H) DEGs in exhausted T cells (Texs) between pairs of treatments.
treated TF mice showed that CD8+ T cells from BF10-treated

mice were able to repress tumor cell growth (Figures S11A

and S11B).

Next, we examined whether BF10 potentiates the antitumor

activity of anti-PD1 (aPD1) because BF10 increased the diversity

of the TCR repertoire of tumor-infiltrating lymphocytes (TILs)

(Figures 5K–5L), which is associated with the response to im-

mune checkpoint blockade.43,44 Furthermore, BF10 increased

the CD8+ Term Tex population (Figures 4F, 6F, and 6G). Mice

with HNSCC were subjected to the treatment of BF10, aPD1,

or both in combination versus control (Figure 7D). BF10 revealed

a significant antitumor effect consistent with previous data,

whereas aPD1 treatment showed a moderate effect in murine

HNSCC. The combination of BF10 with aPD1 showed nearly

complete suppression of the tumors (Figures 7E, S11C, and

S11D). The tumor volume changes and the endpoint tumor vol-

ume also supported a better antitumor efficacy in the combina-

tion treatment group compared with the single agents

(Figures 7F and 7G). Treatment with BF10, aPD1, or the combi-

nation did not alter the body weight of the mice (Figure 7H). We

collected the sera of the mice for cytokinome analysis (Fig-

ure S11E). Combination treatment harbored a higher effect in

producing inflammatory cytokines (IFN-g, IL-1b, IL-2, IL-6, IL-

10, IL-12p40, and TNF-a) and certain chemokines (e.g., CCL-

11, eotaxin-2, CCL-1, CCL-2, and CXCL-9) than single treat-

ments (Figures 7I and 7J). The angiogenic factors were not

significantly and consistently influenced by the combination

treatment (Figure S11F). In summary, the combination of BF10

and aPD1 provided better efficacy against murine HNSCC. An

increased induction of certain proinflammatory cytokines and

chemokines is shown in the combination treatment group, which

might contribute to the immune cell recruitment and antitumor

activities induced by BF10 and aPD1.

DISCUSSION

In this study, we generated a proof-of-concept bifunctional anti-

body, BF10, by fusing an anti-CSF-1R antibody with IL-10. The

goal of this design is to enhance the delivery of IL-10 to the TME

and concurrently shape the immune environment. We selected

CSF-1R as the target of the ‘‘basal’’ antibody based on the

following. First, we validated the clinical relevance of IL-10/IL-

10R and CSF1R in tumor samples. Second, there was a high pro-

portionofTAMs in tumor-infiltrated immunecells ofHNSCC.Third,
or its subcomponents

ere prepared using a Chromium NextGEM Single Cell 30 Reagent Kit (v.3.1 kit)

with Cell Ranger pipeline (v.5.0.1, 103Genomics) and Loupe browser (v.5.0). A

cells were harvested for bulk RNA-seq.

cells colored by the 7 major cell lineages. The cell counts of each cluster are

enes of each cluster.

, https://www.cellkb.com/immune.).

pie charts showing the immune cell compositions of different treatment groups.

rent treatment groups. Colored cells represent the reference states defined by

ups, and black contour lines represent the density of projected cells over the

ith subtypes defined by ProjecTILs classifier.
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Figure 7. BF10 provides durable antitumor effect and potentiates anti-PD1 therapy

(A) Schema of the tumor rechallenge experiments. HNSCC/Q1-2 tumor cells (33 105 cells) were subcutaneously injected into left flank of mice followed by BF10

treatment until tumor regression. Tumor-free mice were selected and rechallenged with a secondary implantation of the tumor cells (1 3 106 cells) on the right

flank. Tumor growth was recorded for 1 month after rechallenge.

(B) Representative photos of the mice that received tumor rechallenge.

(C) Tumor volume curve of the BF10-treated, tumor-free mice or control mice. The data are shown as means ± SEM (N = 10–16 per group).

(D–J) Tumor-bearing mice (Q1-2, subcutaneous) were treated with isotype control or anti-PD1 (200 mg) and/or BF10 (36 mg/kg) as indicated.

(D) Experimental scheme. Treatment started when tumor size reached 100 mm3. The mice were sacrificed on day 31.

(E)Tumor growth curve. The data were presented asmean ±SD, and the statistics were calculated by one-way ANOVAwithmultiple comparisons test. **p < 0.01.

(F) Waterfall plot showed tumor volume percentage change of individual mice.

(G) The ratio of tumor-free mice over total mice in each group (N = 5–6 per group). Tumor-free volume was defined as <50 mm3.

(H) The measurements of body weights in mice.

(I and J) The serum (N = 4 per group) from mice with indicated treatments was analyzed using the Mouse Cytokine Antibody Array (RayBiotech, QAM-CAA-4000

for 200 cytokines). The signals of dots are normalized to internal positive and negative controls on the same array. The calculated data values are shown as

heatmaps of proinflammatory cytokines (I) and chemokines (J).
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the importance of the physical interplay between APCs (especially

TAMs) andTcells (especially exhaustedTcells)within theTMEhas

been gradually uncovered.31,46 Fourth, the efficient delivery of

macrophage-targeting agents to tumor sites by either peripheral

macrophages or TAMs was demonstrated. The results of this

study highlight the potential development of antibody-fused IL-

10-Fc in the future. The selection of basal antibodies can be

extended to target the proteins enriched in the TMEwith immuno-

modulatory functions.

In our study, significant antitumor activity was demonstrated

in both BF10 and IL-10-Fc, and BF10 outperformed its sub-

components IL-10 and a-mCSF1R. The potential explanations

include the following. First, the antitumor activity of BF10 was

abolished by depletion of either CD8+ T cells or TAMs, indi-

cating that both subcomponents contribute to its therapeutic

efficacy. Second, BF10 increased the greatest clonotype diver-

sity of TCRs of CD8+ T cells in tumors or tdLNs compared with

its subcomponents. Third, BF10 has the best ability to repro-

gram the TME to an immune-active state, as proven by tran-

scriptomic experiments. Interestingly, BF10 had a better ability

to enrich Term Tex and reduce Tregs compared with IL-10-Fc.

The BF10 biodistribution experiment indicates that BF10 accu-

mulated not only in the tumor but also in the tdLN and spleen,

indicating the potential extra-tumoral immunomodulatory ef-

fects of BF10.

Here,weselectedHNSCCas themajor target diseasebecause

of the abundance of TAMs in HNSCC in previous studies47,48 and

our analyses, and the accumulation of TAMs in the TME nega-

tively correlated with the clinical outcomes of patients with

HNSCC.47 In recent years, the paradigm shift of the treatment

in recurrent/metastatic (R/M) HNSCC has been due to the great

success of immune checkpoint inhibitors (ICIs).49–51 However,

the relatively low response rate of ICI monotherapy reduces en-

thusiasm and indicates persistent unmet medical needs in R/M

HNSCC. Recent studies have suggested that ICIs alone may

not be sufficient because of the dominant role of the TME in

governing tumor immune surveillance and cancer immune

evasion.52–54 Therefore, simultaneous activation of tumor-spe-

cific T cells and shaping of the TME serve as an opportunity to

resolve the shortcomings of current therapies.

In summary, we present the antitumor efficacy of the bifunc-

tional fusion protein BF10 in multiple murine models, especially

HNSCC. BF10 enhances CD8+ T cell recruitment to the central

tumor region, induces proliferation and metabolic reprogram-

ming of CD8+ T cells, and reduces Tregs and TAMs. The combi-

nation of BF10 and aPD-1 further enhances antitumor activity

and boosts proinflammatory cytokine production. Our results

provide a promising drug design strategy for the future develop-

ment of immuno-oncology agents.

Limitations of the study
A significant limitation of the current study is the lack of evalua-

tion regarding the impact of BF10 on tumor-specific T cells in

HNSCC. This is primarily due to the unavailability of a suitable

model, such as Yumm1.7 for melanoma, to investigate tumor-

specific T cells in HNSCC. We did not employ the Yumm1.7

model in this study due to our focus on HNSCC. Nonetheless,

it is imperative to establish a tumor-specific T cell model to
explore the antitumor response for future advancements in

anti-HNSCC immunotherapy.
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BB700 anti-mouse F4/80 Antibody (T45-2342) BD Biosciences Cat#746070; RRID: AB_2743450

PE anti-mouse CD206 Antibody (C068C2) BioLegend Cat#141706; RRID: AB_10895754

BV605 anti-mouse I-A/I-E Antibody (M5/114.15.2) BioLegend Cat#107639; RRID: AB_2565894

BV421 anti-mouse CD11c Antibody (N418) BD Biosciences Cat#565452; RRID: AB_2744278

BV480 anti-mouse NK1.1 Antibody (PK136) BD Biosciences Cat#746265; RRID: AB_2743597

BV650 anti-mouse CD3e Antibody (145-2C11) BD Biosciences Cat#564378; RRID: AB_2738779

R718 Anti-mouse CD4 Antibody (RM4-5) BD Biosciences Cat#566939; RRID: AB_2869957

PE-/Dazzle594 anti-mouse CD25 Antibody (PC61) Biolegend Cat#102048; RRID: AB_2564124

AF647 anti-mouse FoxP3 Antibody (MF23) BD Biosciences Cat#560401; RRID: AB_1645201

BB700 anti-mouse CD44 Antibody (IM7) BD Biosciences Cat#566506; RRID: AB_2744396

BV605 anti CD8a Antibody (53–6.7) Biolegend Cat#100744; RRID: AB_2562609

PE-Cy7 CD279/PD-1 Antibody (RMB1-30) BD Biosciences Cat#748265; RRID: AB_2872693

BV711 anti-mouse CD366 Antibody (5D12) BD Biosciences Cat#747622; RRID: AB_2744188

BV421 anti-Granzyme B Antibody (GB11) BD Biosciences Cat#563389; RRID: AB_2738175

PE anti-mouse TCF1/TCF7 (C63D9) Rabbit mAb Cell Signaling Cat#14456; RRID: AB_2798483

Ki-67 antibody (D3B5) Cell Signaling Cat#9129; RRID: AB_2687446

CD45 (D3F8Q) Rabbit mAb Cell Signaling Cat#70527; RRID: AB_2799780

CD4 (D7D2Z) Rabbit mAb Cell Signaling Cat#25229; RRID: AB_2798898

CD8a (D4W2Z) Rabbit mAb Cell Signaling Cat#98941; RRID: AB_2756376

F4/80 (D2S9R) Rabbit mAb Cell Signaling Cat#70076; RRID: AB_2799771

Granzyme B (D6E9W) Rabbit mAb Cell Signaling Cat#46890; RRID: AB_2799313

PD-1 (D7D5W) XPR Rabbit mAb Cell Signaling Cat#84651; RRID: AB_2800041

FoxP3 (D6O8R) Rabbit mAb Cell Signaling Cat#12653; RRID: AB_2797979

CD19 (D4V4B) Rabbit mAb Cell Signaling Cat#90176; RRID: AB_2800152

TIM-3 (D3M9R) Rabbit mAb Cell Signaling Cat#83882; RRID: AB_2800033

In VivoMab anti-mouse CD8a (2.43) BioXCell BE0061; RRID: AB_1125541

In VivoMab rat IgG2b isotype control (LTF-2) BioXCell BE0090; RRID: AB_1107780

(Continued on next page)
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In VivoMab anti-mouse PD1 (RMP1-14) BioXCell BE0146; RRID: AB_10949053

In VivoMab rat IgG2a isotype control (2A3) BioXCell BE0089; RRID: AB_1107769

In VivoMab anti-mouse Ly6G/Ly6C (NIMP-R14) BioXCell BE0320; RRID: AB_2819047

Biological samples

14 slide specimens form 6 HNSCC patients for Digital

spatial profiling of RNA analysis (Figures 1K–1M, 1N,

and S1J; Tables S3A and S3B)

Taipei Veterans General

Hospital

TVGH-IRB certificate

No.2018-06-001BC

44 tumor samples with 21 normal counterparts from 21

HNSCC patients for RNA-seq analysis (Figures S1C–

S1H; Table S2)

Taipei Veterans General

Hospital

TVGH-IRB certificate

No.2017-05-013AC

Mouse tumor biopsies for flow cytometry analysis

(Figure 4)

This paper NYCU, IACUC No.

1081014rr, 1081205,

1100713, 1110915

Mouse tumor biopsies for Bulk RNA sequencing

(Figures 5A–5G)

This paper NYCU, IACUC No.

1081014rr, 1081205,

1100713, 1110915

Mouse tumor biopsies for single cell RNA sequencing

(Figure 6)

This paper NYCU, IACUC No.

1081014rr, 1081205,

1100713, 1110915

Mouse tumor biopsies for T cell receptor (TCR)

sequencing (Figures 5K and S5F)

This paper NYCU, IACUC No.

1081014rr, 1081205,

1100713, 1110915

Mouse serum for cytokine array (Figures 7I, 7J, S9E,

and S9F)

This paper NYCU, IACUC No.

1081014rr,1081205,

1100713, 1110915

Chemicals, peptides, and recombinant proteins

Recombinant human IgG1 Fc (Human Fc-G1) BioXCell BE0096

Recombinant human IL10-Fc Elixiron Immunotherapeutics Inc. Customized

anti-mouse CSF1R (AFS98) Elixiron Immunotherapeutics Inc. Customized

IL10/anti-mCSF1R fusion protein (BF10) Elixiron Immunotherapeutics Inc. Customized

IL10/anti-hCSF1R fusion protein (huAb#1,2) Elixiron Immunotherapeutics Inc. Customized

Recombinant human IL10-Histag Elixiron Immunotherapeutics Inc. Customized

Critical commercial assays

VivoTag 680XL Protein labeling Kit Perkin Elmer NEV11118

LEGEND MAX Human IFN-g ELISA Kit BioLegend 430107

LEGEND MAX Human Granzyme B ELISA Kit BioLegend 439207

BD Cytofix/cytoperm BD Biosciences 554714

Fc Receptor binding reagent ebioscience 16-9161-73

Novolink Max Polymer Detection Systems Leica Biosystems RE7280-K

Opal 7 Color Manual IHC Kit Akoya Biosciences NEL811001KT

Opal 480 Reagent Pack Akoya Biosciences FP1500001KT

Opal 780 Reagent Pack Akoya Biosciences FP1501001KT

Opal Polymer anti-Rabbit HRP Kit Akoya Biosciences ARR1001KT

Tumor Dissociation Kit, mouse Miltenyi Biotec 130-096-730

Dead Cell Removal Kit Miltenyi Biotec 130-090-101

Quant-iT RNA BR Assay Kit Thermo Fisher Q10213

TruSeq Stranded mRNA Library Prep Kit Illumina Inc RS-122-2101

QIAseq Immune Repertoire RNA Library Kit QIAGEN 333705

Chromium Next GEM Single Cell 30 Reagent Kit (v3.1) 10x Genomics PN-1000128

CD8a+ T cell isolation kit, mouse Miltenyi Biotec 130-104-075

CD8a (Ly-2) MicroBeads, mouse, positive selection Miltenyi Biotec 130-177-044

(Continued on next page)
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CD45 MicroBeads, mouse Miltenyi Biotec 130-052-301

XFp Cell Mito Stress Test Kit Seahorse Bioscience 103010–100

Real-Time ATP Rate Assay Kit Seahorse Bioscience 103591–100

XFp FluxPak Seahorse Bioscience 103022–100

Chromium Next GEM Single Cell 30 Reagent Kit (v3.1) 10x Genomics PN-1000128

Deposited data

TCGA RNA sequence data (HNSCC patients) This paper https://portal.gdc.cancer.gov/

projects/TCGA-HNSC

TCGA RNA sequence data (BRCA patients) This paper https://portal.gdc.cancer.gov/

projects/TCGA-BRCA

TCGA RNA sequence data (COAD patients) This paper https://portal.gdc.cancer.gov/

projects/TCGA-COAD

Cohort analysis of patient survival data (TCGA-HNSC,

TCGA-BRCA, and TCGA-COAD); Figures 1C, 1O,

and S1K

This paper https://xenabrowser.net/

TVGHRNA sequence data (HNSCCpatients), 44 tumor

samples with 21 normal counterparts from 21 HNSCC

patients

This paper GEO: GSE178537 (Figures 1K,

1L, 1M, 1N, S1C–S1H, and S1J;

Tables S2 and S3)

Mouse RNA sequence data (Tumor tissue; HNSCC/

Q1-2 mixed)

This paper GEO: GSE193054 (Figures 5B–5F;

Tables S5 and S6)

Mouse RNA sequence data (Tumor tissue; BRCA/4T1) This paper GEO: GSE193045 (Figure 5H;

Tables S7 and S8)

Mouse RNA sequence data (Tumor tissue; HNSCC/

Q1-2, 3 triplex)

This paper GEO: GSE193051 (Figure S5A)

CD45-nagative cells sequence data (Tumor tissue;

HNSCC/Q1-2)

This paper GEO: GSE193050

(Figures S6A and S6B)

Single cell sequence data of CD45+ cells of

Ctrl, IL10, antiCSF1R and BF10-treated

mouse model (Tumor tissue; HNSCC/Q1-2,

Orthotopic)

This paper GEO: GSE190111 (Figure 6)

TCR repertoire sequence data of Ctrl, IL10, antiCSF1R

and BF10-treated mouse model (Tumor, Spleen and

tdLN tissues; HNSCC/Q1-2)

This paper GEO: GSE216119 (Figures 5K,

5L, S5F, and S5G; Table S9)

Experimental models: Cell lines

Mouse: MTC-Q1 (HNSC/Q1-2_Luc) This paper N/A

Mouse: 4T1 (4T1-Luc2) ATCC CRL-2539

Experimental models: Organisms/strains

Mouse: C57BL/6JNarl National Laboratory Animal

Center, Taipei, Taiwan

N/A

Mouse: BALB/cByJNarl National Laboratory Animal

Center, Taipei, Taiwan

N/A

MuScreenTM efficacy assay CrownBio Inc. N/A

Software and algorithms

CIBERSORT Alizadeh Lab (Newman

et al. 2015)55
https://cibersort.stanford.edu/

GraphPad Prism 8 GraphPad Software, San

Diego, CA

https://www.graphpad.com/

DAVID Bioinformatics Resources 6.8 LHRI (Huang et al., 2009)56 https://david.ncifcrf.gov/

Ingenuity Pathway Analysis (IPA) QIAGEN https://digitalinsights.qiagen.com/

Gene Set Enrichment Analysis (GSEA) UC San Diego and Broad

Institute (Subramanian

et al., 2005)57

https://www.gsea-msigdb.org/gsea/

index.jsp

ImmGen ImmGen Groups http://www.immgen.org/

(Continued on next page)
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CellKb Combinatics Inc. https://www.cellkb.com/

Cell Ranger v3.0 10x Genomics Inc. https://www.10xgenomics.com/

Loupe Browser 5.0 10x Genomics Inc. https://www.10xgenomics.com/

Rstudio N/A https://rstudio.com/

Seurat v3.0 N/A https://satijalab.org/seurat/

ProjecTILs v1.0 N/A https://rdrr.io/github/carmonalab/

ProjecTILs

Phenochart Akoya Biosciences https://www.akoyabio.com/

phenoptics/software/

inForm Tissue Analysi Software Akoya Biosciences https://www.akoyabio.com/

phenoptics/software/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources, reagents, and samples should be directed to the Lead Contact, Muh-Hwa Yang

(mhyang2@nycu.edu.tw).

Materials availability
The materials and reagents used in this study are listed in the key resources table. Reagents generated in our laboratory in this study

or previous studies are available upon request.

Data and code availability
d Bulk RNA-seq and single-cell RNA-seq data have been deposited at GEO and are publicly available under accession numbers

(GEO: GSE193051, GSE193045, GSE193054, GSE190111, GSE193050, and GSE216119). The survival and gene expression

data of TCGA HNSCC cohort were based on UCSC Xena dataset63 (https://portal.gdc.cancer.gov/projects/TCGA-HNSC) and

cBioPortal (https://xenabrowser.net/).64

d This paper does not report original code.

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 SUBJECT DETAILS

Human HNSCC samples
The clinical samples and studies conducted in this research received approval from the Institutional Review Board (IRB) of Taipei

Veterans General Hospital (TVGH IRB No. 2014-03-004AC, 2017-05-013AC, 2018-06-00). Informed consent was obtained from

all HNSCC patients before sample collection. Individual information was de-identified according to IRB-approved protocols. A total

of 65 samples were collected from 21 patients and subjected to bulk RNA sequencing. The patient cohort consisted of 21 male in-

dividuals with ages ranging from 35 to 75 years. All patients had a pathological diagnosis of squamous cell carcinoma of the head and

neck and had not undergone any prior anticancer treatment. Detailed clinical characteristics of the 21HNSCCpatients is presented in

Table S2.

Mice
C57BL/6J and BALB/c mice (6–8 weeks old) were purchased from the National Laboratory Animal Center (Taipei, Taiwan) and were

housed in a pathogen-free environment (50%humidity and 22�C). Animal experiments were conducted according to theGuide for the

Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Utilization Committee of National Yang

Ming Chiao Tung University (IACUC certificate No. 1081014rr, 1081205, 1100713 and 1110915). All mice were acclimated for 3 to

7 days before the experiment. We employed a mouse orthotopic model using oral cancer cells (MTCQ1-2 abbreviated as Q1-2)

derived from tongue carcinogenesis. To ensure compliance with the principles of the 3Rs (Replacement, Reduction, and Refinement)

in animal research, we made a deliberate decision to administer the orthotopic tumor inoculation via buccal mucosa injection. This

choice was guided by two primary considerations. Firstly, direct inoculation in the tongue was observed to significantly disrupt the

feeding behavior of the mice, which could potentially introduce confounding factors into the study. Secondly, by opting for buccal
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mucosa injection, we aimed to create a microenvironment that more closely resembled the natural conditions of the tongue. This

approachallowedus toconduct experimentswithgreater feasibilitywhile still preserving theessential characteristics of theoral cavity.

Cell lines
Mouse breast cancer cell lines (4T1, CRL-2539) were purchased from the American Type Culture Collection (ATCC). HNSCC/Q1-

2Lucferiease is a luciferase-expressing subline from parental MTC-Q1 (mouse oral cancer cell line), which was kindly provided by

Dr. Kuo-Wei Chang (Department of Dentistry, National Yang Ming Chiao Tung University of Taiwan). All cell lines were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS (HyClone) and penicillin/streptomycin (1% v/v, Gibco)

at 37�C in 5% CO2.

METHOD DETAILS

Bioinformatics analysis of The Cancer Genome Atlas (TCGA) and VGH_HNSCC patients
The TCGARNAsequencing (RNA-Seq) data andclinical characteristics of patientsweredownloaded from theGenomicDataCommons

(GDC) Portal (https://portal.gdc.cancer.gov) and UCSC Xena database (https://xenabrowser.net/). The analysis contains nine different

cancer types, including head and neck squamous carcinoma (HNSCC), breast cancer (BRCA), colon adenocarcinoma (COAD), lung

adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), prostate adenocarcinoma (PRAD), liver hepatocellular carcinoma

(LIHC), skin cutaneousmelanoma (SKCM), and kidney renal clear cell carcinoma (KIRC). Differential gene expression (DEG)was normal-

ized toFPKMor log2 (norm_count+1). The immunecell compositionwasestimatedbygeneexpressiondatausingCIBERSORTanalysis,

which quantifies the proportions of immune cells among different cancer types (https://cibersort.stanford.edu/). For comparison with

TCGA_HNSCC data, we also enrolled sequencing data from Taipei Veterans General Hospital (VGH_HNSCC; 65 primary or metastatic

tumors from21 patients; the characteristics of the patients are shown in Table S2). For survival analysis, we categorized TCGA_HNSCC

patients into high- and low-level groups according to the expression levels of the highest and lowest quartiles of the candidate genes.

Individual information for the patients was de-identified under Institutional Review Board (IRB)-approved protocols of Taipei Veterans

General Hospital (VGH-IRB certificate No. 2014-03-004AC; No. 2017-05-013AC; No. 2018-06-001BC). The immune cell type and

gene list have been described in detail58,59 and were used for the cell score correlation of CSF-1R and IL-10/IL10-RA axis.

Digital spatial profiling (DSP) of RNA analysis in HNSCC samples
The FFPE slides (5 mm) from HNSCC specimens were used for GeoMx DSP analysis. All protocols were performed with instrument

manual (NanoString, Seattle WA) and as described (Merritt et al., 2020). Briefly, fresh-cut tissue sections were stained with multiplex

cocktail oligonucleotides probes (UV-photocleavable) and four fluorescent markers against epithelial cells (Pan-cytokeratin), T cells

(CD3e), macrophages (CD68), and cell nuclei (DNA GeoMx Nuclear Stain) to visualize tumor tissue architecture and cell morphology,

followed by scanning with GeoMx DSP instrument. Spatial images and segmented regions of interest (ROIs) were generated from a

total of 171 ROIs, each with a diameter of 500 mm, across 14 slides obtained from six patients with HNSCC. The accuracy and validity

of these segmented ROIs were confirmed through careful assessment by a pathologist. Next, selected ROIs were UV-illuminated and

released indexing oligonucleotides were collected for NanoString optical barcodes hybridization and nCounter sequencer analysis.

The Cancer Transcriptome Atlas (CTA) which targets �1800 genes across tumor biology and immune response, was enrolled for

selected ROIs analysis. The outlier probes were dropped from downstream data analysis. Then, the data were processed by Q3

normalization. Individual counts were normalized against the 75th percentile of the signal from their own ROI. The clinical character-

istics of the 6 patients for DSP study is shown in Table S3A. The RNA values of the ROIs are listed in Table S3B.

Tumor model and treatment
In tumor growth studies, PBS-resuspended cancer cells (5 3 105 of Q1-2 or 5 3 104 of 4T1) were mixed 1:1 (v/v) with BD Matrigel

(#354234) and were inoculated into mice by orthotopic or subcutaneous injection as indicated in the figures. Tumor growth was

measured twice a week using a digital caliper, and the treatment started when the tumor size reached 100 mm3. Tumor-bearing

mice received intraperitoneal treatment with IL-10-Fc (20 mg/kg), anti-CSF-1R (30 mg/kg), BF10 (36 mg/kg) or control IgG

(30 mg/kg) for a total of 4–6 doses in different experiments. All mice received the equivalent dose treatment according to different

molecular weights of antibody components. The molecular weights of IL10-Fc, anti-CSF-1R and anti-CSF1R-IL10 (BF10) were

92 kDa, 150 kDa, and 185.5kDa, respectively. After tumor injection (20–36 days), the mice were sacrificed, and tumor samples

were collected for flow cytometry assays, immunohistochemistry, immunofluorescence, and RNA sequencing. The survival analysis

was defined as death spontaneously within one month or a tumor burden size reaching 1500 mm3 or length >1.5 cm.

MuScreen examination of BF10 antitumor activity in syngeneic tumor models
TheCrownBioMuScreen platformwas utilized to examine the antitumor activity of BF10 in other syngeneicmousemodels of different

cancer types. Briefly, BALB/c mice (6–8 weeks old, female) were implanted subcutaneously with 53105 CT26 (ATCC CRL-2638), 53

105EMT6 (ATCCCRL-2755), 13106H22 (RRID:CVCL_H613), or 13106Rencacells (ATCCCRL-2947).C57BL/6mice (6–8weeksold,

female) were implanted subcutaneously with 33105 LL2 (ATCCCRL-1642), 13 106 MC38 (RRID:CVCL_B288), or 33106 Pan02 cells

(RRID:CVCL_D627). Mice were randomized into treatment groups when the tumor volume reached 50–100 mm3. Mice were then
Cell Reports Medicine 4, 101154, August 15, 2023 e5
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injected intraperitoneally twice weekly with 36 mg/kg anti-CSF1R/IL-10 fusion protein. Tumor volume was measured twice per week

by calipermeasurements until the end of the study. The percentage of tumor growth inhibition (TGI%)was calculated from the ratio of

volume change in treatment and control between Day 0 and the end after final dosing.

Generation of bifunctional anti-CSF-1R/IL-10 fusion proteins
The bifunctional anti-CSF-1R/IL-10 fusion proteins were designed with the goal of delivering IL-10 to TAM-rich tumors while blocking

CSF-1R signaling and boosting the antitumor CD8+ T cell response. For mouse experiments, recombinant anti-CSF-1R/IL-10 fusion

protein (BF10) was designed by genetically fusing human IL-10 polypeptide to the C-terminus of CSF-1R antibody (clone AFS98) of

mouse IgG2a, which was separated by a 14-amino-acid linker. The human recombinant bifunctional fusion protein was designed by

genetically fusing human IL-10 to the N-terminus of human IgG1 Fc fragments separated by a 14-amino-acid linker. The desired gene

segments, preceded by an IL-2 secretion sequence required for secretion of recombinant proteins, were obtained using the Thermo

gene synthesis service and cloned into a mammalian expression vector. A bifunctional antibody was generated by transient trans-

fection of the expression plasmids into ExpiCHO-S cells (Thermo Scientific), and the supernatant containing the fusion protein was

purified using Protein A Sepharose Beads (GE Healthcare) according to the manufacturer’s protocol. The quality of the purified an-

tibodies was examined by SDS–PAGE in the presence and absence of a reducing agent and stained with Coomassie blue.

ELISA of BF10 binding activity and neutralization
Recombinant human CSF1R-His (Biolegend), human CSF1R-Fc, mouse CSF1R-Fc (Sino Biological), or mouse/human IL-10Ra

fusion protein (R&D Systems) were immobilized on 96-well microtiter plates overnight at 4�C. The wells were washed with wash so-

lution (0.05% Tween 20 in imidazole-buffered saline) and blocked with 1% BSA. Serial dilutions of the antibodies or Ab/IL-10 fusion

proteins were added to the wells and incubated at 37�C for 1 h. For binding ELISA, peroxidase-conjugated goat anti-human kappa

light chain antibody (Sigma) was applied for 1 h at 37�C. For competition ELISA, biotinylated CSF1-His (Biolegend) was applied for 1 h

at 37�C, and then streptavidin-HP (Jackson ImmunoResearch) was applied for 1 h at RT. After washing, the wells were developed

with TMB substrate, and the reaction was stopped with 1 N HCl. Thereafter, the absorbance was measured at 450 nm and 650 nm.

The EC50 and IC50 values were calculated using GraphPad Prism 8.

Inhibition of CSF-1-dependent cell survival of macrophages by anti-CSF1R antibodies
Human peripheral blood was obtained from healthy donors. Peripheral blood mononuclear cells (PBMCs) were immediately isolated

by density gradient centrifugation using Ficoll-Paque Plus (GE Healthcare). CD14+ monocytes were isolated by using anti-human

CD14 conjugated magnetic beads (Miltenyi Biotec). To generate monocyte-derived macrophages, human CD14+ monocytes

(2 3 106 cells/mL) were cultured in culture medium (RPMI-1640 containing 10% FBS) supplemented with 100 ng/mL CSF-1 for

6 days. In the proliferation assay, differentiated macrophages (23104 per well) were incubated with serial dilutions of antibodies

in culture medium in 96-well plates. CSF-1 (10 ng/mL) was then added to the cells. Cell survival was measured 72 h after stimulation

using a CellTiter-Glo assay (Promega).

IL10R-STAT3 reporter assay
The biological activity of the bifunctional BF10 protein was determined by the STAT3 reporter assay. HeLa cells overexpressing IL-

10RAwere seeded into a 96-well plate at a concentration of 8000 cells/well in 0.1mL complete medium (DMEMcontaining 10%FBS)

at 37�C for 4 h. Serial dilutions of the indicated components of IL-10-Histag, IL10-Fc, anti-CSF1R antibody, and BF10 were added to

the cells and cultured for 18 h. Luciferase activity was measured using the ONE-Glo Luciferase Assay (Promega) according to the

manufacturer’s protocol. The calculated curve of one representative data of three independent experiments was presented as

mean ± S.D. All data analyses were performed using GraphPad Prism (San Diego, CA).

CD8+ T cell proliferation assay
A macrophage-mediated suppression assay on CD8+ T cell proliferation was performed as described previously with modifications

(27). CD8+ T cells were isolated from the spleens of C57BL/6/J mice using a negative selection Mojosort kit (BioLegend) and labeled

with 5 mg/mL CFSE (Life Technology) for 10 min at 37�C protected from light. Cells were washed twice and resuspended in medium

containing 10 ng/mLmurine IL-2 (Peprotech) and 10 ng/mLmurine CSF-1 (Peprotech). Then, cells were seeded on wells coated with

anti-CD3 and anti-CD28 antibodies (2 mg/mL) to allow activation alone or at a ratio of 2:1 (2-CD8T:1-BMDM) with BMDMs previously

treated for 24 h with 10 ng/mL IL-4 (Peprotech). During coculture, either CSF-1R Ab (CD115, Invitrogen), rIL-10-Fc or BF10 was

added at a concentration of 50 ng/mL. After 72 h, CD8 T cells were collected, stained and analyzed by flow cytometry.

Seahorse metabolomics analysis
Themetabolic effects of BF10-treated CD8+ T cells were examined by using a Seahorse XF Cell Mito stress Kit (Agilent Technologies)

according to the manufacturer’s instructions. In brief, isolated splenic CD8+ T cells from tumor-bearing mice were seeded in pre-

coated XF24 culture plate, followed by incubation with XF RPMI medium containing pyruvate (1 mM), glutamine (2 mM), and glucose

(5 mM). After 37�C incubation (30min, non-CO2 condition), The assay plate with CD8+ T cells was treated with BF10 (0.05 mg/mL) for
e6 Cell Reports Medicine 4, 101154, August 15, 2023
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30min, then sequentially addition of the seahorse assay reagents of Oligomycin (1 mM), FCCP (0.5 mM) and Rot/antimycin A (1 mM) to

examine the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of T cells.

Serum pharmacokinetics of BF10
The in vivo retention time curve of BF10, IL10-Fc and IL10-tag were assessed using a single intravenous bolus injection in mice. Mice

were received the equivalent dose treatments of BF10 (20mg/kg), IL10-Fc (10mg/kg) or IL10-tag (5 mg/kg) using intravenous admin-

istration, then followed by collecting peripheral blood (10 mL blood) at the indicated time (0.25, 1, 2, 4, 8, 24, 48, 72 h). The collected

bloods were immediately diluted with 1X PBS (1:9), then centrifuged (300g, 5min) and store the supernatant until IL10 ELISA assay.

Preparation of 111In-labeled BF10 and the animal SPECT/CT imaging of 111In-labeled BF10
The diethylenetriaminepentaacetic acid (DTPA)-modified antibodies were prepared as previously reported.60 Briefly, a 20-fold molar

excess of p-SCN-Bn-DTPA dissolved in bicarbonate buffer (0.05M, pH = 9.2) was added to a reaction vial containing the antibodies.

Themixturewas reacted at 37�C for 2 h. After the reaction, the crudeproductwas loadedonto a 10-kDamembrane columnand centri-

fuged at 10,000 g for 10 min to remove the unreacted chelate. The centrifugation step was repeated twice for complete removal. For

radiolabeling, 111In-InCl3 (37MBq) was loaded to a vial containing 40 mL of sodium citrate buffer (0.1M, pH = 5.0) and thenDTPA-con-

jugated antibodies (0.1 mg) were added. The reaction mixture was kept at 40�C for 20 min. The radiolabeling efficiencies and radio-

chemical purities of the 111In-labeled BF10were determined by radio-thin layer chromatography (radioTLC), which was performed on

an instant TLC plate (ITLC,Merck, NewJersy, USA) using sodium citrate buffer (0.5M, pH = 5.5) as themobile phase, by using a scan-

ner (AR2000, Bioscan, Washington, USA). The animal SPECT/CT images were acquired using the nanoSPECT/CT imaging modality

(Mediso, Hungary) at Cheng Gung Memorial Hospital, Taoyuan City, Taiwan. Static imaging was performed for 30 min at 24 h after

intravenous injection of 18.5 MBq of 111In-DTPA-BF10. Standard uptake values (SUVs) of tumor and muscle were calculated using

the AMIDE software (Version 1.0.5). The tumor-to-muscle ratio (T/M) was applied to eliminate the individual difference.

Biodistribution studies of 111In-labeled BF10 and the blood clearance kinetic of 111In-labeled BF10
The tumor-bearing mice were sacrificed at 24 h post-injection of 18.5 MBq of 111In-labeled BF10 (with carrier; total 500 mg). Samples

of blood, heart, lung, liver, stomach, intestines, spleen, kidney, lymph node, muscle, and tumor were excised, cleaned, and weighed.

The radioactivity of samples was determined by a gamma counter (Wizard 2, PerkinElmer Inc., USA). The tissue uptake was ex-

pressed as a percentage of the injected dose per gram of sample (%ID/g). The 1.85–3.7 MBq of 111In-labeled BF10 (in 150 mL normal

saline) were injected via orbital sinus and the blood sampleswere collected from the tail vein with 1 mL ofmicro-capillary tubes at 0.17,

0.5, 1, 2, 20, 24, 48, and 72 h post-administration. The radioactivity of blood samples was measured by a 2470 Wizard Gamma

counter (PerkinElmer, Waltham, MA, USA). Data were expressed as the percentage injected dose per milliliter (%ID/mL). The area

under the curve (AUC) and half-life (T1/2) of the curve were estimated by Prism (version 9.2.0).

Activation of CD8+ T cells by IL-10
Human CD8+ T cells were isolated from PBMCs using CD8 magnetic beads (Miltenyi Biotec). Human tumor-infiltrating lymphocytes

(TILs) were isolated from TNBC patient biopsy samples (National Taiwan University Hospital, IRB No: 2014121193RINC). Isolated

CD8+ T cells and TILs were activated with T cell TransAct (Miltenyi Biotec) for 3 days. Following activation, T cells were treated

with Ab/IL-10 fusion proteins for 3 days and restimulated with anti-CD3 (Biolegend) for 4 h. Concentrations of IFN-g and granzyme

B in cell culture media were measured by ELISA (Biolegend) according to the manufacturer’s instructions.

Antibody labeling, biodistribution and in vivo imaging
Purified BF10 fusion proteins were labeled using a near-infrared (NIR) fluorochome labeling Kit (VivoTag 680XL, PerkinElmer) accord-

ing to the manufacturer’s instructions. HNSC/Q1-2Lucferiease tumor cells were subcutaneously inoculated into syngeneic mice

(C56BL/6) for tumor growth. After a 2-week growth period, HNSC/Q1-2Lucferiease tumor-bearing mice were intravenously injected

with VivoTag680-labeled BF10 (150 mg) for 16 h followed by in vivo bioluminescence and fluorescence detection using a Xenogen

IVIS 100 imaging system. For the biodistribution of BF10, mouse tissues with VivoTag680 signals, including tumor, spleen and tu-

mor-driving lymphoid node (tdLN), were isolated to confirm the existence of BF10 by fluorescence examination with a Vectra Polaris

Imaging system (Akoya Biosciences).

Immunohistochemistry (IHC)
The IHC experiments were performed using a Novolink polymer detection system kit (# RE7150-K, Lecia Biosystem) according to the

manufacturer’s protocol. Briefly, formalin-fixed, paraffin-embedded (FFPE) tumor sections (5 mm thick) were deparaffinized and re-

hydrated, followed by antigen retrieval with Tris-EDTA solution (pH 9.0). After washingwith PBS-T (0.05%Tween 20) thee times, sam-

ple slides were treated with Peroxidase Block and Protein Blocking reagents (Lecia Biosystem) before overnight primary antibody

incubation (1:250 for CD8 #98941; 1:1000 for Ki-67 #9129, both from Cell Signaling Technology). Next, the slides were incubated

with horseradish peroxidase (HP)-conjugated polymer (30 min, RT), followed by diaminobenzidene (DAB) development and counter-

staining with Mayer hematoxylin. The serial slices were also stained with hematoxylin and eosin for histologic examination. Images

were captured at 20X magnification using an Olympus microscope system (Olympus B351; Olympus Corp., Japan).
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In vivo depletion of CD8+ T cells or macrophages
For CD8+ T cell depletion, 200 mg anti-mouse CD8a antibody (clone 2.43, BioXcell) or isotype control (rat IgG2b, BioXcell) was intra-

peritoneally (i.p.) injected into mice every three days four times in the presence or absence of BF10 cotreatment. The depletion ef-

ficacy of CD8 T cells was examined by flow cytometry analysis of mouse peripheral blood samples (pre-bleed and post-bleed) and

IHC as indicated. The macrophage depletion was accomplished by intraperitoneal administration of Clodronate-Liposome (Lipo-

soma BV, Netherlands) as our previous study.3 Briefly, Tumor-bearing mice were received with Clodronate- and/or PBS- liposome

solution (200mL contains 1mg clodronate for 20g mice) at the indicated time, followed by co-treatment of IL-10-Fc or BF10 with a

three-day interval for tumor growth analysis.

Flow cytometry assays
Mouse samples of tumor-infiltrating leukocytes (TILs) and peripheral blood cells were collected to analyze immune cell composition by

flow cytometric analysis. For TILs, tumors tissues were minced into small pieces and incubated in RPMI containing 2% FBS, DNase I

(1 mg mL�1; Sigma-Aldrich), and collagenase (0.5 mg mL�1; Sigma-Aldrich) for 30 min at 37 �C. After cells were filtered with a 70-mm

cell strainer, filtered cells were incubated with RBC Lysing Buffer (Biolegend) to lyse red blood cells and then washed with FACS buffer

(phosphate-bufferedsalinewithheat-inactivated2%FBSand0.1%sodiumazide). TILswere further enrichedbyPercoll density gradient

centrifugationat 800g for 30 min. Fc receptors oncellswereblockedwith anti-CD16/32antibodyon ice for 15 minbefore staining.Viable

cellsweredeterminedusingaBDHorizonFixableViabilityStain 450 reagent (BDBiosciences) at roomtemperature for 15 min.Cellswere

processed for surface marker staining and then intracellular molecule staining. Samples were analyzed on Cytek Aurora or LSRII flow

cytometers (BD Biosciences), and data were analyzed with FlowJo v10. The following antibodies were used for flow cytometry: anti-

CD3ε (17A2), anti-CD4 (RM4-5), anti-CD8a (53.6.7), anti-CD11b (M1/70), anti-CD11c (N418), anti-CD19 (6D5), anti-CD45 (30-F11),

anti-CD103 (2E7), anti-Ly6G (1A8), anti-MHC class II I-Ab/I-E (M5/114.15.2), anti-FoxP3 (MF-14), anti-NK1.1 (HP-3G10), anti-F4/80

(T45-2342), anti-CD44 (IM7), anti-Tim3 (RMT3-23), anti-PD-1 (RMP1-30), and TCF1(C63D9). Besides anti-TCF1 (C63D9; Cell Signaling

Technology), other antibodieswere purchased fromBiolegend or BDBiosciences. For peripheral blood samples, bloodwas drawn and

mixedwith ACKRBC lysis buffer (1:9) for 3min of incubation. After centrifugation, cell pellets werewashed, blockedwith Fc blocker and

resuspended in FACS buffer for surface marker staining (30 min on ice), then followed by flow cytometers analysis.

Multiplex immunofluorescence staining of mouse samples
FFPE sections of mouse tissues (tumor, spleen and tdLN) were processed as described in IHC analysis. For multiple marker staining,

samples were analyzed using the Opal 7-Color manual IHC kit (NEL811001KT, Akoya Biosciences, Waltham, MA) according to the

manufacturer’s recommendations. The dilutions of primary antibodies were preoptimized by the signal intensity of IHC assays and

then applied to the Opal IHC multiplex platform. These antibodies included CD4 (1:20, #25229), CD8a (1:250, #98941), F4/80 (1:250,

#70076), Ly6G (1:500, #MBS-2556115), PD-1 (1:100, #846541), CD19 (1:1000, #90176), granzyme B (GZMB, 1:250, #46890), FoxP3

(1:200, #12653) and Ki-67 (1:1000, #9129). Briefly, epitope-retrieval tissue slides were washed twice with TBS-T, followed by block-

ing with a blocking/antibody diluent solution (10 min, RT, Akoya #ARD1001EA). Then, slides were incubated with primary antibody

(4�C, overnight), followed by HP-conjugated polymer secondary for 10 min at RT. After washing with TBS-T twice, a single Opal fluo-

rophore working solution (Opal 480, 520, 540, 570, 620 and 690 stock reagents) was prepared and further incubated with the slides

for an additional 10 min for first-round Opal signal generation. Then, the primary antibody-HP polymer-Opal complex was removed

by HIER treatment as described above for secondary antibody binding. The repeated staining steps and antibody-Opal complex

removal were terminated until all Opal fluorophores were used. Finally, the tissue slides were mounted with Fluoroshield medium

with DAPI (Sigma–Aldrich, #F6057). Images were acquired and processed with the Vectra Polaris Automated Quantitative Pathology

Imaging System and inform tissue analysis software (Akoya Biosciences). All comparative images were obtained using identical area

and camera settings. Detailed information on the antibodies used in the experiments is listed in Table S9.

Bulk RNA sequencing and biologic inference
To examine the effects of BF10 on the TME, tumor tissues were collected frommurine breast cancer (4T1) and HNSCC (Q1-2) models

treated with 4 doses of IL-10-Fc, anti-CSF-1R antibody, BF10 or control IgG for RNA sequencing. Briefly, total RNAwas extracted from

resected tumor tissues using the TRIzol protocol and quantified with a Quant-iT RNA BR assay kit (Thermo Fisher). RNA-Seq libraries

were prepared using the TruSeq Stranded mRNA Library Prep Kit, followed by PCRwith KAPA HiFi Polymerase according to the man-

ufacturer’s instructions. Librariesweresequencedusingan IlluminaNextSeq550systemtogenerate33–40million readsper samplewith

a read length of 75 bp. Sequenced data were aligned to the mouse reference genome mm10 (GRCm38.101). Sequence reads were

normalized to 10million reads per sample and log2 transformedwith the formula log2(((expression gene3O library size)106)+1), where

the library sizewas the sumof all expression valuesper sample.Geneexpressiondifferenceswith anFDRvalue of 0.05or smaller and an

expressiondifferenceR50%wereconsideredstatistically significantanddeterminedasdifferentiallyexpressedgenes (DEGs). Toclarify

the possible biological pathways influenced by BF10, an online bioinformatics database (DAVID Bioinformatics Resources 6.8) was

applied to analyze significant changes in DEGs (FC > 1.5 and p < 0.05; FC < 0.5 and p < 0.05). Ingenuity pathway analysis software

(IPA, QIAGEN) was used to examine the functional connectivity of genes related to pathways in HNSC/Q-1 tumor samples between

groups. Gene set enrichment analysis (GSEA) was performed to determine whether there were significant differences in the defined

gene set between the 2 different treatment groups. The expanded immune gene signature was described as previously reported,42
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and the expression score in this study was defined as the average expression level ofCd3d, Ido1, Ciita, Cd3e, ccl5, Gzmk, Cd2, Cxcl13,

Il2rg, Nkg7, Cxcr6, Lag3, Tagap, Cxcl10, Stat1 and Gzmb.

Generation of mouse TCR immune repertoire sequencing data
Total RNA of CD8+ T cells was extracted as described inmethod of bulk RNA sequencing. The same amount RNA (100 ng andRIN >8)

of indicated group was applied to construct RNA-seq libraries using QIAseq Mouse TCR Sequencing kit (#333705, Qiagen). Briefly,

cDNA synthesis was completed with TCR-specific RT primers, which recognize the constant region of T cell receptor alpha, beta,

gamma, and delta. Next, the cDNA molecule was assigned with a unique molecular index (UMI) by ligating a 12-base oligo adapter

with sample index. Following UMI assignment and reaction cleanup, TCR target enrichment was performed by single primer exten-

sion, followed by processing with sample indexing primer and universal primer for libraries amplification. Finally, TCR libraries were

sequenced using an Illumina NextSeq 550 system for CDR3 region. All protocols and steps were performed according to the man-

ufacturer’s instructions, reference report.61 Samples were processed by the assistance of Cancer Progression Research Center (Na-

tional Yang Ming Chiao Tung University) and analyzed data were completed by QIAseq Immune Repertoire RNA Library Kit Data

Analysis Portal (https://geneglobe.qiagen.com/us/analyze). The relative clonotype information and diversity results from the QIAseq

Immune Repertoire report were also evaluated using the Morisita-Horn index. This index was utilized to compare the similarity of

treatment-induced differences across all groups and different tissues.

Single-cell RNA sequencing
The schematic protocol of scRNA-seq is shown in Figure 6A. Tumor tissues were harvested from the HNSC/Q1-2Lucferiease orthotopic

cancer model with four doses of control-IgG or IL-10 or anti-CSF-1R and BF10. Single-cell suspensions were isolated with kits (mouse

dissociation kit, RBC lysis solution, dead cell removal kit) and a gentleMACSdissociator. All of the above reagents/instrumentswere ob-

tained fromMiltenyi Biotech and followed the manufacturer’s protocols. Next, CD45+ tumor-infiltrating lymphocytes (TILs) and CD45�

cellswereseparatedusingCD45+MicrobeadsandMACSLScolumns (Miltenyi Biotech). The separatedcellswerewashed twicewith1X

PBS and resuspended in DMEM containing 5% FBS at a cell density of 1000 cells/ml. Cell suspensions were processed by drop-based

scRNAseq using a Chomium Next GEM Single Cell 30 Reagent Kit (v3.1 kit, 10x Genomics), followed by a reverse transcription reaction

within GEM droplets containing one cell, one gel bead and reverse transcript reagents for cDNA library preparation. Single-cell libraries

weresequencedusingan IlluminaNovaSeq6000System(Illumina Inc.).Thesequenced readswereprocessedwith theCellRangerpipe-

line (v5.01, 10xGenomics) and thenmapped to themouse genome (GENCODE vM23/Ensembl 98) using Cell Ranger software (10xGe-

nomics) and furtheranalyzedbyLoupeBrowser (10xGenomics).Low-qualitycells andpotentialdoubletswere ruledoutbymitochondrial

counts (>10%) and feature values per gene (greater than 95% of the total samples or cells expressed fewer than 1000 genes). Dimen-

sionality reduction and visualizationwere analyzedby theUMAPalgorithmwith the default settingsof LoupeBrowser. For T cell subsets,

we evaluated the expression of T cell marker genes using the UCell package for gene signature scoring.45 T cell subtype annotationwas

performedwithProjecTILs v1.062 using default parameters. Differential expressionanalysis for cells of a specific subtypewasperformed

using the FindMarkers function of Seurat with default parameters; the results were displayed using the EnhancedVolcano package

(https://github.com/kevinblighe/EnhancedVolcano) using a log2(fold-change) threshold of 1.

Neutrophil depletion
To deplete neutrophils, we administered 200mg of anti-mouse Ly6G/Ly6C antibody (clone NIMP-R14, BioXcell) intraperitoneally (i.p.).

The effectiveness of neutrophil depletion was assessed through flow cytometry analysis of mouse peripheral blood samples (pre-

bleed and post-bleed) and immunohistochemistry (IHC), as indicated. The experimental scheme and protocols were presented in

Figure S10C. In brief, mice received either Ly6G/6C or Mock (Rat-IgG2b) treatment one day before the experiment, followed by

co-treatment of PBS or BF10 with a three-day interval for tumor growth analysis.

Combination therapy of BF10 with anti-PD-1 blockade
A subcutaneous HNSC/Q1-2Lucferiease mousemodel was used for the combination therapy. Tumor-bearing mice received an isotype

control or anti-PD-1 (200 mg) and/or BF10 (36 mg/kg) when the average tumor size reached 150 mm3. The antibody treatments of

BF10 or isotype control (clone 2A3, BioXcell) or anti-mouse PD-1 (clone. RMP1-14, BioXcell) were intraperitoneally injected at

3-day intervals for a total of six doses. Tumor size was measured and recorded using a digital caliper.

Cytokine array assay
Mouse serum samples were analyzed using a Quantibody Mouse Cytokine Array 4000 Kit (QAM-CAA-4000, RayBiotech) to examine

the expression levels of various cytokines according to the manufacturer’s instructions. This combinational assay kit contains five

glass array slides (Q4, Q5, Q6, Q7 and Q8) to quantitatively detect 200 mouse cytokines using a multiplexed sandwich ELISA plat-

form. Briefly, serum samples were diluted 2-fold with PBS into wells and then incubated overnight at 4�C. Next, the slides were

washed and incubated with a biotinylated antibody cocktail mixture at room temperature for 2 h, followed by further incubation

with Cy3 dye-streptavidin reagent for 1 h. After 5 washes, the slides were detected with a laser scanner imaging system using the

Cy3 channel (Axon Instruments, GenePix). The signal values of the spots were processed with RayBio analysis software, and

each array contained internal controls to normalize the data.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were conducted with a minimum of two independent replicates, each consisting of more than four technical repeats.

The data are presented as the mean ± standard deviation (S.D.), unless otherwise specified with standard error of the mean (S.E.M.).

Statistical analysis for comparing differences between two groupswas performed using a two-sided unpaired Student’s t-test. Func-

tional assays among the four treatment groups were evaluated using one-way ANOVA with post-hoc Tukey test. Pearson’s correla-

tion test was employed to analyze the correlation between two factors. Survival rates were assessed using the Kaplan-Meier curve

and log rank test. All statistical analyses were conducted using GraphPad Prism (v8). Statistical significance was denoted as follows:

* for p % 0.05, ** for p % 0.01, and *** for p % 0.001.
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