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Blockade of CCR5* T Cell Accumulation in the Tumor
Microenvironment Optimizes Anti-TGF-£/PD-L1 Bispecific

Antibody

Ming Yi, Tianye Li, Mengke Niu, Yuze Wu, Bin Zhao, Zhuoyang Shen, Shengtao Hu,

Chaomei Zhang, Xiaojun Zhang, Jing Zhang, Yongxiang Yan, Pengfei Zhou, Qian Chu,*

Zhijun Dai,* and Kongming Wu*

In the previous studies, anti-TGF-8/PD-L1 bispecific antibody YM101 is
demonstrated, with superior efficacy to anti-PD-L1 monotherapy in multiple
tumor models. However, YM101 therapy can not achieve complete regression
in most tumor-bearing mice, suggesting the presence of other
immunosuppressive elements in the tumor microenvironment (TME) beyond
TGF-f and PD-L1. Thoroughly exploring the TME is imperative to pave the
way for the successful translation of anti-TGF-/PD-L1 BsAb into clinical
practice. In this work, scRNA-seq is employed to comprehensively profile the
TME changes induced by YM101. The scRNA-seq analysis reveals an increase
in immune cell populations associated with antitumor immunity and
enhances cell-killing pathways. However, the analysis also uncovers the
presence of immunosuppressive CCR5* T cells in the TME after YM101
treatment. To overcome this hurdle, YM101 is combined with Maraviroc, a
widely used CCR5 antagonist for treating HIV infection, suppressing CCR5* T
cell accumulation, and optimizing the immune response. Mechanistically,
YM101-induced neutrophil activation recruits immunosuppressive CCR5* T
cells via CCR5 ligand secretion, creating a feedback loop that diminishes the
antitumor response. Maraviroc then cleared these infiltrating cells and offset
YM101-mediated immunosuppressive effects, further unleashing the
antitumor immunity. These findings suggest selectively targeting CCR5
signaling with Maraviroc represents a promising and strategic approach to
enhance YM101 efficacy.

1. Background

Immunotherapy has emerged as a rev-
olutionary paradigm in the realm of
cancer treatment, offering new hope
to patients with previously untreatable
malignancies.l?] One of the most promis-
ing avenues within immunotherapy is the
inhibition of programmed death protein-1
(PD-1) and its ligand PD-L1, collectively
referred to as anti-PD-1/PD-L1 therapy.>-#!
This approach has not only showcased
remarkable clinical success but has also
led to enduring responses and extended
survival across a spectrum of cancer
types.l’l Consequently, anti-PD-1/PD-L1
agents have assumed a pivotal role in
modern oncology, securing approvals for
utilization in an expanding repertoire
of malignancies, including non-small
cell lung cancer (NSCLC), breast cancer,
and melanoma.l'>!® Nevertheless, the
profound potential of anti-PD-1/PD-L1
therapy remains constrained by intrinsic
and acquired resistance, necessitating a
profound comprehension of the underlying
mechanisms.[19-24]
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Transforming growth factor-beta (TGF-p) has emerged as a
central protagonist in the narrative of resistance to anti-PD-1/PD-
L1 therapy.?>-8] In its capacity as a multifaceted cytokine, TGF-8
wields pleiotropic influence over various constituents of the tu-
mor microenvironment (TME), encompassing tumor-infiltrating
lymphocytes (TILs), dendritic cells (DCs), macrophages, neu-
trophils, and cancer-associated fibroblasts (CAFs).[2-31] Recent
research endeavors have illuminated the pivotal role played by
TGF-p in nurturing an immunosuppressive milieu, thereby con-
tributing to the resilience of cancer cells against the effects of
anti-PD-1/PD-L1 therapy.[*’! Comprehending the intricate inter-
play between the TGF-p pathway and the PD-1/PD-L1 axis is
crucial in the development of strategic interventions to mitigate
treatment resistance and augment immunotherapy efficacy.**34

Recognizing the substantial impact of TGF- on the immune
landscape within tumors and its consequent influence on anti-
PD-1/PD-L1 therapy, researchers have embarked on the devel-
opment of dual-blockade therapies that concurrently target the
TGF-p pathway and the PD-1/PD-L1 axis.3°] These approaches
hold great promise in dismantling the collagen barrier erected
by TGF-g while synergistically augmenting the antitumor im-
mune response mediated by PD-1/PD-L1 blockade.**! Numer-
ous preclinical and clinical studies have been initiated to assess
the safety and efficacy of these anti-PD-1/PD-L1 combined with
TGF-B blockade regimens.[37-*!]

Our previous work unveiled the world’s first anti-TGF-g/PD-
L1 bispecific antibody (BsAb), known as YM101.2] YM101
demonstrated remarkable efficacy against various tumor mod-
els, particularly those categorized as immune-excluded tumors.
However, despite its substantial advantages over anti-PD-L1
monotherapy, YM101 frequently failed to achieve a complete re-
sponse (CR) in the majority of cases. It has been well-established
that YM101 plays a pivotal role in enhancing T-cell infiltration
and facilitating the transformation of immune-excluded tumors
into inflamed ones. Nevertheless, the precise alterations in im-
mune cell profiling following YM101 treatment have remained
elusive. The ability to identify and manipulate immune cell sub-
sets associated with YM101’s efficacy holds significant promise
for improving its performance. Therefore, a comprehensive eval-
uation of the TME is meaningful for the successful translation
of anti-TGF-$/PD-L1 BsAD into clinical practice. Such investiga-
tions are vital for overcoming the current resistance challenges
and improving the landscape of cancer immunotherapy.
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2. Results

2.1. Enhanced Antitumor Activity of anti-TGF-f/PD-L1 BsAb
YM101

YM101 exhibited robust antitumor activity across various murine
tumor models, including EMT-6 and CT26. Remarkably, both
tumor models, typically unresponsive to anti-PD-1/PD-L1 thera-
pies partially due to TGF-f-mediated immune evasion, displayed
significant tumor growth retardation upon YM101 treatment.
This effect surpassed the performances of individual anti-TGF-
p and anti-PD-L1 therapies, aligning with our previous findings.
Moreover, during the seven-week observation period, YM101
substantially prolonged the survival of tumor-bearing mice, no-
tably surpassing outcomes achieved by other treatment groups
(Figure 1a). Collectively, the antitumor potency of YM101 ex-
ceeded that of its parental antibodies. However, it is worth not-
ing that YM101 therapy did not achieve a complete cure for most
tumor-bearing mice, with some succumbing to the high tumor
burden.

2.2. Single-Cell Transcriptome Profiling of the TME after YM101
Treatment

After administering three doses of YM101, we harvested fresh
EMT-6 tumors for single-cell RNA sequencing (scRNA-seq)
(Figure 1b). Subsequently, through unsupervised clustering anal-
ysis, we categorized cells into 31 clusters. Leveraging the Sin-
gleR and InferCNV packages and established markers, we identi-
fied eight distinct cellular lineages, including macrophages, neu-
trophils, monocytes, NK cells, T cells, cDCs, pDCs, and tumor
cells (Figure lc—e). Based on the results of distribution prefer-
ence analysis, T cells, NK cells, monocytes, pDCs, and ¢DCs
showed a strong distribution preference in YM101-treated tu-
mors, whereas neutrophils were enriched in isotype antibody-
treated tumors (referred to as CTL) (Figure S1, Supporting Infor-
mation). Consistent with prior studies highlighting YM101’s ca-
pacity to augment immune cell infiltration and revive antitumor
responses, we examined the state of tumor cells. Gene set enrich-
ment analysis (GSEA) based on hallmark gene sets revealed en-
riched inflammatory response-associated pathways (IFN-a, IFN-
y, TNF, IL-2, and IL-6 signaling) in the YM101-treated group.
Additionally, apoptosis and P53 pathways exhibited higher en-
richment scores, potentially linked to enhanced tumor-killing
efficacy mediated by YM101. Conversely, the enrichment score
of epithelial-mesenchymal transition (EMT) was notably lower
in the YM101 group, indicative of hampered TGF-f signaling
(Figure 1f). GSEA based on KEGG datasets indicated enrich-
ment in antigen processing and presentation, cytokine-cytokine
receptor interaction, and cytosolic DNA sensing pathways within
the YM101 group. Conversely, VEGF, mTOR, ERBB, and TGF-
p signaling pathways displayed significantly reduced enrich-
ment scores (Figure 1g). At the transcriptional level, YM101
markedly upregulated the expression of genes encoding antigen-
presentation machinery elements (Cd74, H2-D1, H2-DMa, H2-
Q4, H2-K1, H2-Q7, H2-T22, H2-Q6, Tap1, and B2m) and pro-
inflammatory cytokines (Cxcl1, Ccl8, Cxcl2, and Csf1) (Figure 1h).
This data collectively suggests that YM101 not only promotes
tumor cell apoptosis by restoring antitumor responses but also
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elevates pro-inflammatory mediators and enhances tumor cell
antigen presentation, thereby fortifying the entire cancer-
immunity cycle.

2.3. Secondary Analyses of Multiple Immune Cells

To accurately discern the roles of various immune cell subsets in
YM101 therapy, we conducted secondary analyses encompassing
multiple immune components. Initially, we explored the func-
tional disparities between the YM101 and CTL groups across
the entire T-cell population. Results from GSEA illuminated
the increased enrichment scores of pro-inflammatory signaling,
metabolic pathways, and cell proliferation signaling in T cells
from the YM101 group. Conversely, YM101 diminished the en-
richment scores of TGF-# and apoptosis signaling within T cells
(Figure 2a). Furthermore, YM101 augmented the levels of genes
responsible for chemokines, cytokines, and cell-killing molecules
within T cells (Figure 2b). Subsequently, we performed reclus-
tering analyses of T cells, identifying six T-cell subpopulations,
including Treg, cytotoxic CD8* T cells, effector-memory CD8" T
cells, early-activated CD8" T cells, early-activated CD4* T cells,
and central-memory CD8" T cells (Figure 2c). Annotations for
T-cell subsets relied on common markers, with Foxp3* designat-
ing Treg, Gzmb* Prf1* for cytotoxic CD8* T cells, Cd44* Sell* for
central-memory T cells, Cd44* Sell~ for effector-memory T cells,
and Cd69* for early-activated T cells (Figure S2, Supporting In-
formation). Cytotoxic CD8* T cells and effector-memory CD8* T
cells showed preferential enrichment in YM101-treated tumors,
while Tregs were CTL-enriched (Figure 2d) (Figure S3, Support-
ing Information).

NK cells were stratified into immature and mature NK-cell
subsets. Although no significant difference was observed in the
ratio between these subsets, YM101 notably expanded the ab-
solute cell count of mature NK cells. Here, Itgam*Cd27- cells
were designated as mature NK cells, while others were charac-
terized as immature NK cells (Figure S4a—d, Supporting Infor-
mation). Generally, NK cells from the YM101 group displayed
enriched pro-inflammatory pathways, encompassing inflamma-
tory response, IFN-a, IFN-y, TNF, IL-2, IL-6, JAK-STAT, Toll-
like receptor (TLR), T-cell receptor (TCR), B-cell receptor (BCR),
chemokine, and cytokine signaling (Figure S4e, Supporting In-
formation), indicative of enhanced functions and activities.

Tumor-infiltrating macrophages constitute a highly hetero-
geneous group within the TME.I*}] Collectively, macrophages
within the YM101 group exhibited enrichment in immune-
supportive pathways, including inflammatory response, vari-

www.advancedscience.com

ous cytokine or chemokine pathways, antigen presentation and
processing, TLR, NOD-like receptor (NLR), RIG-I-like recep-
tor (RLR), and cytosolic DNA sensing pathways (Figure S5a,
Supporting Information). These macrophages were catego-
rized into ten subpopulations based on specific markers, in-
cluding macrophage-Mki67, M1-111b, M1-Rsad2, M2-Sparc, M2-
S$100a8/9, M2-Mmp9, M2-Mmp12, M2-Malat1, M2-Fn1, and M2-
Siglec1. While M1-like subsets are associated with immunostim-
ulatory roles, M2-like subsets are linked to immunoinhibitory
functions in classical immunological paradigms. GSEA results
indicated that the two M1-like subsets exhibited robust pro-
inflammatory characteristics (Figure S5b-e, Supporting Infor-
mation). Notably, all M1-like macrophage subsets showed a dis-
tribution preference in YM101-treated tumors, but some M2-like
macrophage subsets, such as M2-Mmp12and M2-Fn1, were CTL-
enriched (Figure S6, Supporting Information).

Similarly, cDCs within the YM101 group displayed higher en-
richment scores in inflammatory response, antigen presenta-
tion, and processing, as well as innate immune sensing path-
ways (TLR and RLR). Conversely, the enrichment scores for
Wnt, mTOR, and vascular endothelial growth factor (VEGF)
signaling pathways were markedly lower in the YM101 group
(Figure S7a, Supporting Information). Total cDCs were further
classified into six subclusters based on common markers:*!
c¢DC1-Clec9a, cDC1-Ccl22, cDC2-Itgax, cDC2-Cd209a, cDC-Lyz2,
cDC-S100a8/9. Among them, ¢cDC1-Clec9a and c¢DC2-Cd209a
possessed enhanced immune stimulation and antigen presenta-
tion capabilities (Figure S7b—d, Supporting Information). Anal-
ysis revealed that these two subsets were preferentially enriched
in tumors treated with YM101 (Figure S8, Supporting Informa-
tion). In sum, YM101 treatment effectively invigorated antigen
presentation cells (APCs) within the TME.

Furthermore, a minor population of monocytes was identified
in this model. Overall, YM101 endowed monocytes with height-
ened pro-inflammatory signaling (e.g., TNF, IFN-a, IFN-y, IL-
2, and IL-6), antigen presentation and processing capabilities,
innate immune sensing pathways (NLR and RLR), and phago-
cytosis. However, TGF-§ signaling was suppressed in mono-
cytes of the YM101 group (Figure S9a, Supporting Information).
Monocytes were categorized into three groups based on spe-
cific markers: monocyte-Ly6c2, monocyte-Cd74, and monocyte-
S$100a8/9. Among the three subpopulations, monocyte-Cd74
exhibited the highest expression of MHC-coding genes, fol-
lowed by monocyte-Ly6c2 and monocyte-S100a8/9. GSEA re-
vealed that the monocyte-Cd74 subset possessed the most
potent antigen presentation capabilities, while the monocyte-
$100a8/9 subset exhibited the weakest antigen presentation

Figure 1. The enhanced antitumor activity of YM101. Mice were randomized into distinct treatment groups when tumor volumes reached 100 mm3, with
seven mice per group. Treatment commenced at this point and continued for six doses. For antibody treatments, tumor-bearing mice received equimolar
quantities of hlgG (6.6 mg kg™'), PD-L1 blocking antibody (6.6 mg kg™'), TGF-f neutralizing antibody (6.6 mg kg™"), or YM101 (9 mg kg™') every 2
days via intraperitoneal injection (n = 7). a) The tumor growth and survival curves of tumor-bearing mice. b) The schematic diagram of the single-cell
RNA sequencing (scRNA-seq) project. Following three doses of YM 101 administration, fresh EMT-6 tissues were collected. Tumor tissues underwent
treatment with the dissociation buffer at 37 °C for 40 min. Subsequently, nanobeads for CD45 positive selection were utilized to isolate sufficient immune
cells for scRNA-seq. Living cells were then enriched via fluorescent cell sorting. Cells from two mice within the same group were pooled to form one
sample, which was then loaded onto a 10x Genomics Chromium Controller. c) Uniform manifold approximation and projection (UMAP) plot for the
TME components of EMT-6 tumors. d) Heatmap showing the expression levels of cluster-specific genes. e) Histogram representing the proportions of
different types of immune cells in each sample. f) Heatmap depicting GSEA results of tumor cells based on Hallmarker sets. g) Heatmap depicting GSEA
results of tumor cells based on KEGG sets. h) Violin plots showing genes significantly upregulated in the tumor cells of the YM101 group. Statistical
analyses were performed using Student’s t-test and Log-rank test (a). Significance is indicated as: ““p < 0.01, **p < 0.001, “"p < 0.0001.

Adv. Sci. 2024, 11, 2408598 2408598 (4 of 20) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED ADVANGER

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com
a b s Ccl4 Cels Cels Cels Nkg7
CTL YMI101 mm CTL
[ — :
Enrichment l [ YM101
Inflammatory response . High ‘
5 IFN-a response I P
£ IFN-y response lfing f Lag3 Haver2 Irfl Kirkl d 10
£ MYC targets v2
= E2F targets . Low
| | IL-6-JAK-STATS3 signaling L =
TNFA signaling via NF-kB c &mwr_memmy D' T g
TGE-B signaling - g
h=
Apoptosis Q §_
DNA replication % . 5 Treg &
- NK-mediated cytotoxicity 2 ' N \'\"ié 9 Cytotoxic CDS*T E
8 Cytokine-cytokine receptor interaction Early-actlvatggi. o N - Effect CD8* T
- 3% .
M Chemokine signaling pathway . CD§'T . @ of-memory
Nitrogen metabolism ggiga;:memory f’“ AN 9 Early-activated CD8* T
Nicotinate and nicotinamide metabolism g L [ Early-activated CD4* T
Glycine, serine and threonine metabolism Cytotoxic CD8F s, Early-activated
o . < CD4'T Central-memory CD8* T 0
Histidine metabolism
UMAP-1 CTL YMI01

CTL YMI101

(4]

Hallmarker

Enrichment h 100
MYC targets V2 . High
MYC targets V1 g
Inflammatory response .
IFN-0. response iy .
IFN-y response |l Low 9 : : i « Nl-Remlg §, = N1-Retmlg
TNFA signaling v1a.NF-1'<B § 3 A i o N2-Cxcll0 8 == N2-Cxell0
IL-6-JAK-ST§T3 s.1gna1mg & 7 ) 3 o N3-Cxcl3 g = N3-Cxcl3
IL-2-STATS signaling : . © N4-Mmp9 % == N4-Mmp9
[ | Cytokine-cytokine receptor interaction : * N5-Cd63 3 = N5-Cd63
Chemokine signaling pathway ? ; i N6-mt-Col © N6-mt-Col
[ | Cytosolic DNA sensing pathway - g
8 TLR signaling pathway
E NLR signaling pathway
RLR signaling pathway UMAP-1
JAK-STAT signaling pathway 0
NK-mediated cytotoxicity T CTL ymiol
f N1 N2 N3 N4 N5 N6 1 N1 N2 N3 N4 N5 N6
[ e Gene expression Enichment
High [ High
Anxal .
Remlg | Inflammatory response
Taldol . IFN-q response
Ifitm6 9
1 s IFN-y response
ror MLov e
Il z - IL-2-STATS signaling
ez TL6-JAK-STATS3 signaling
I3
Cxel3 - TNFA signaling via NF-kB
Cxel2
Ccl3
| Srgn Cytokine-cytokine receptor interaction
Mmp9
‘ C;Zfz Cytosolic DNA sensing pathway
gjj § RLR signaling pathway
mt-Col M - TLR signaling pathway
mt-Co2 . )
mt-Co3 I:i NLR signaling pathway

Figure 2. Secondary analysis of tumor-infiltrating T cells and neutrophils. a) Heatmap depicting GSEA results of total T cells. b) Violin plots showing
genes significantly upregulated in the T cells of the YM 101 group. c) Uniform manifold approximation and projection (UMAP) plot showing the results
of reclustering analysis of T cells. d) Histogram representing the proportions of T cell subsets in the CTL and YM101 group. €) Heatmap showing
GSEA results of total neutrophils. f) Heatmap showing the expression levels of common neutrophil markers. g) Uniform manifold approximation and
projection (UMAP) plot showing the results of reclustering analysis of neutrophils. h) Histogram representing the proportions of neutrophil subsets in
the CTL and YM101 groups. i) Depicting the intrinsic features of neutrophil subsets by GSEA.
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capacity (Figure S9b—e, Supporting Information). Contrary to
monocyte-Ly6c2, the monocyte-S100a8/9 subset was enriched in
CTL (Figure S10, Supporting Information). These data suggested
that YM101 reduced monocytes with poor presentation capabil-
ities, contributing to an overall increase in the immunostimula-
tory potential of the monocyte population.

Neutrophils also constituted a highly complex and heteroge-
neous population within the TME. Concerning total neutrophils,
YM101 treatment resulted in increased inflammatory response
and innate immune sensing pathways (TLR, NLR, RLR, and
cytosolic DNA sensing) (Figure 2e). Based on common mark-
ers, the neutrophil subset was classified into six subgroups:
N1-Retnlg, N2-Cxcl10, N3-Cxcl3, N4-Mmp9, N5-Cd63, and N6-
mt-Col (Figure 2f-h). GSEA indicated that the N2-Cxcl10 sub-
set displayed the most robust inflammatory response and in-
nate immune sensing signaling (Figure 2i). Further analysis
showed that, relative to other subtypes of neutrophils, N2-Cxcl10
neutrophils showed a strong distribution preference in YM101-
treated tumors (Figure S11, Supporting Information). Collec-
tively, our data suggested that YM101 induced the accumulation
of activated neutrophils within the TME.

2.4. YM101-Enhanced T Cell Communication Network

To elucidate cell-to-cell interactions among various TME compo-
nents, we employed the CellChat package to infer biologically sig-
nificant cell communication. Notably, we observed extensive cell
communication networks, particularly involving macrophages
and other cell types (Figure S12, Supporting Information). The
YM101 group exhibited an overall growth in cell communi-
cations, encompassing both interaction number and strength
(Figure 3a—c). Intriguingly, YM101 amplified cell communica-
tions within pro-inflammatory and cell-killing pathways, which
included IFN-II, Fas ligand (FASLG), growth differentiation fac-
tor (GDF), TNF, C-C motif chemokine ligand (CCL), and C-
X-C motif chemokine ligand (CXCL). Conversely, YM101 di-
minished cell-to-cell interactions within IL-4 and TGF-p signal-
ing pathways (Figure 3d). We then identified cell communi-
cations specific to the YM101 and CTL groups across individ-
ual cell types (Figure S13, Supporting Information). Within T
cells, we detected biologically significant cell communications
within CCL and CXCL pathways, exclusive to the YM101 group
(Figure 3e). Given the pivotal role of T cells in antitumor re-
sponses, we further scrutinized cell-to-cell interactions between
T cells and other cell types within CCL and CXCL pathways. For
CCL signaling, we observed limited interactions between T cells
and macrophages/pDC/monocytes in the CTL group, whereas
YM101 significantly bolstered communication between T cells
and myeloid cells, particularly macrophages, pDCs, and neu-
trophils (Figure 3f). Similarly, CXCL signaling exhibited scarce
biologically significant cell communication in the CTL group.
However, following the YM101 treatment, interactions between
T cells and myeloid cells were markedly intensified (Figure 3g).
Subsequently, to precisely depict incoming and outgoing sig-
naling patterns for individual cell types, we calculated and visual-
ized the strength of signaling flow based on the CellChat pack-
age. As described earlier, the strength of incoming CXCL and
CCL signaling flow was notably stronger in T cells of the YM101
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group (Figure S14, Supporting Information). The observed sig-
naling flow pattern suggests that tumor-infiltrating T cells may be
stimulated through paracrine CXCL and CCL signaling, thereby
contributing to the heightened efficacy of YM101. Finally, to iden-
tify specific ligand-receptor pairs contributing to the heightened
CXCL and CCL signaling flow, we analyzed the expression lev-
els of all ligand-receptor pairs associated with CXCL and CCL
signaling and calculated the corresponding probability of cell
communication. Our results revealed that YM101-induced en-
hancement of T-cell communications largely depended on CCR2,
CCR5, and CXCR6 signaling. In particular, the CCL3/4-CCR5
signaling (from neutrophil to T cell) and the CXCL16-CXCR6 sig-
naling (from macrophage/cDC to T cell) were significantly en-
hanced after YM101 treatment (Figure 3h). Our data suggested
that YM101 might stimulate various cells within the TME to se-
crete CCL and CXCL molecules, thus attracting the recruitment
and regulating the functions of CCR2*, CCR5*, and CXCR6* T
cells.

2.5. The Intrinsic Features of Ccr2*, Cer5*, Cxcr6* T Cells in the
TME

Given the role of CCL and CXCL pathways in T-cell chemotaxis
and recruitment, we hypothesized that the enhanced incoming
CXCL and CCL signaling flows might contribute to the infiltra-
tion of CCR2*, CCR5%, and CXCR6" T cells. Consequently, we
investigated the features of Ccr2*, Cer5*, and Cxer6* T cells fol-
lowing YM101 treatment based on the scRNA-seq data. Based
on Ccr2 mRNA levels, T cells were divided into two groups:
Cer2t and Cer2™ (Cer2 read count: 0) T cells. In total 692 T cells
of the YM101 group, 495 were Ccr2™ (71.5%), and 197 were
Cer2* (28.5%) T cells (Figure 4a). Contrary to cytotoxic CD8% T
cells, effector-memory CD8" T cells and early-activated CD8" T
cells were enriched in Ccr2" subtype (Figure 4b) (Figure S15a,
Supporting Information). Within multiple T-cell subpopulations,
particularly cytotoxic CD8* T cells, Ccr2 expression was asso-
ciated with decreased levels of genes encoding degranulation
(Nkg?) and cell-killing activities (Prf1, Fasl, and Ifng) (Figure 4c).
KEGG enrichment results indicated that Ccr2 expression was
linked to lower enrichment scores for TCR, immune cytotoxic-
ity, DNA replication, JAK-STAT, and mTOR pathways (Figure 4d).
Additionally, GSEA data revealed that Ccr2 expression might in-
hibit TCR signaling, cell killing, and immune response-mediated
programmed cell death (PCD) (Figure 4e.{).

Similarly, T cells could be classified into Cer5* and Cer5~
(Ccr5 read count: 0) subsets (Figure 4g). Effector-memory CD8*
T cells were preferentially distributed in Cer5* T-cell subset,
while Tregs were enriched in Ccr5~ T-cell subset (Figure 4h)
(Figure S15b, Supporting Information). Further analyses indi-
cated that Cer5 expression was correlated with higher expression
of genes encoding immunoinhibitory molecules (Arg2, 1118bp,
Lgals3, Cd274, and Havcr2) (Figure 4i). KEGG enrichment analy-
sis suggested that Ccr5 expression reduced the enrichment scores
of TCR, immune cytotoxicity, MAPK, ERBB, JAK-STAT, and RLR
pathways (Figure 4j). GSEA data indicated that Ccr5 expression
could dampen T cell activation and their cytotoxic functions
(Figure 4k,]l). These results suggested that Ccr5* T cells might
act as an immunosuppressive factor in the TME.
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Conversely, T cells could be divided into two groups (Cxcr6*
and Cxcr6™) based on the median Cxcr6 mRNA level (Figure 4m).
Cytotoxic CD8" T cells showed a strong distribution prefer-
ence in the Cxcr6* T-cell subset, whereas Tregs and effector-
memory CD8" T cells were enriched in the Cxcr6~ T-cell subset
(Figure 4n) (Figure S15c, Supporting Information). Notably, the
Cxcr6® T-cell subset exhibited higher levels of genes encoding
degranulation (Nkg7), cell-killing activities (Ifng, Tnf, Fasl, Prfl,
and Gzmb), and chemokines (Ccl3) (Figure 40). GSEA results
indicated that increased Cxcr6 expression was associated with
enhanced immune cytotoxicity, cell killing, and TCR signaling
(Figure 4p,q). In summary, Cxcr6* T cells appeared to be im-
munostimulatory components contributing to the immune re-
naissance induced by YM101. Importantly, Ccr5 and Cxcr6 ex-
pression levels were significantly increased following YM101 ad-
ministration, while Ccr2 expression was decreased (Figure 4r).
Moreover, Cer5t T cells and Cxcr6t T cells were specifically de-
tected in the YM101 group. Conversely, the specificity of Ccr2*
T-cell distribution in different treatment groups was not ob-
served (Figure 4s). Therefore, our focus in the following study
was mainly on Cer5* T cells and Cxcr6* T cells.

Subsequently, we evaluated the immune states of CXCR6* and
CCR5* T cells in YM101-treated tumor tissues using flow cy-
tometry (Figure S16a,b, Supporting Information). Our flow cy-
tometry data demonstrated increased T-cell activation marker
CDG69 expression in CXCR6*CD3* and CXCR67CD8* T cells
(Figure 5a). Additionally, CXCR6*CD8* T cells exhibited elevated
levels of cytotoxicity-associated cytokines, such as Granzyme-
B and IFN-y (Figure 5b). In contrast, CCR5" T cells pre-
sented a state of immune exhaustion and compromised cyto-
toxic potential. The proportions of Tim-3*, PD-1*, and Tim-
3*PD-1* cells were heightened in CCR5*CD3* and CCR5*CD8"*
T cells (Figure 5c). Furthermore, a significant reduction in
Granzyme-B and IFN-y was observed in CCR5*CD8* T cells
(Figure 5d). Immunofluorescent (IF) staining assays confirmed
the co-expression of immunoinhibitory molecules such as PD-L1
and Arg2 in CCR5* T cells (Figure 5e). Interestingly, flow cytom-
etry data indicated that the expression of CCR5 and CXCR6 in
T cells is largely mutually exclusive, with low CXCR6 expression
within CCR5* T cells and vice versa (Figure S16¢,d, Supporting
Information).

Subsequently, we confirmed that the activation of naive T cells
was inhibited in the presence of CCR5" T cells. Specifically, when
naive T cells were co-cultured with CCR5* T cells, there was a
notable reduction in their proliferation and expression levels of
activation markers CD44 and CDG69. This impairment in T cell
activation was partially reversible upon the introduction of anti-
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PD-L1 antibody and Arginase inhibitor, indicating the potential
pathways through which CCR5* T cells exert their suppressive
effects (Figure 5f). In summary, our findings substantiate the en-
hanced functions of CXCR6™ T cells, while underscoring CCR5*
T cells as an immunosuppressive subset characterized by dimin-
ished cytokine production and enhanced immunomodulation ca-
pabilities.

2.6. Blocking CCR5* T Cell Accumulation Improves YM101
Efficacy

We hypothesized that YM101 effectively promoted the infiltra-
tion and recruitment of various T cells, including CCR5" T cells
and CXCR6* T cells. While the latter exhibited immunostimu-
latory activities contributing to the superior efficacy of YM101,
the former acted as an immunoinhibitory factor, undermining
antitumor responses. To validate our hypothesis that blocking
CCR5* T cell accumulation improves YM101 efficacy, we evalu-
ated the antitumor effects of CCRS5 inhibitor (CCR5i) Maraviroc
in combination with YM101 in multiple murine tumor models.
In EMT-6, 4T1, and CT26 models, Maraviroc effectively syner-
gized with YM101 to suppress tumor growth and reduce tumor
burden (Figure 6a-1). Notably, the 4T1 model was previously re-
garded as having a poor response to YM101. Encouragingly, we
found that Maraviroc effectively improved YM101 performance
in the 4T1 model.

Moreover, tumor-bearing mice that had received the combi-
nation therapy and exhibited complete tumor regression were
rechallenged with the same tumor cell line. In the combina-
tion treatment groups of these tumor models, four out of ten
(EMT-6), two out of ten (4T1), and two out of ten (CT26) mice
achieved complete remission. These cured mice were then used
for the tumor rechallenge. Remarkably, these mice displayed
complete resistance to tumor rechallenge, indicating the induc-
tion of durable antitumor immunity by combination therapy
(Figure 6d,h,]). These findings suggest that combination ther-
apy not only effectively eliminates established tumors but also
induces long-lasting immune memory, protecting against tu-
mor recurrence. Besides, in EMT-6, 4T1, and CT26 models, the
combination treatment significantly prolonged the survival of
tumor-bearing mice (Figure 6m-o) without significant toxic ef-
fects or weight loss (Figure S17a—c, Supporting Information).
Apart from cell-line-derived tumor models, the combination ther-
apy retarded the tumor development and extended survival in the
AKT/Ras-driven spontaneous hepatocellular carcinoma (HCC)
model (Figure 6p-r) (Figure S17d, Supporting Information).

Figure 3. Intercellular ligand-receptor prediction among tumor-infiltrating T cells and other cells revealed by CellChat package. a,b) Bar plots showing
the number and strength of intercellular interactions in the CTL and YM 101 groups. c) The size of the circles corresponds to the counts of different cell
lineages, while the thickness of the edges signifies the intensity of interaction between these populations. The loops colored red were strengthened in
the YM101 group, and these colored blue loops were strengthened in the CTL group. d) Differential incoming or outgoing signaling patterns of T cells in
the CTL and YM 101 groups. The bars colored red were the relative strength of the CTL group, and the colored blue bars were the relative strength of the
YM101 group. e) Scatter plots presenting differential signaling patterns of T cells in CTL and YM101 groups. The signaling pathways colored red were
specific in the CTL group, and these colored blue pathways were specific in the YM101 group. f) Chord diagrams and circle plots of the inferred CCL
signaling flow targeting T cells. g) Chord diagrams and circle plots of the inferred CXCL signaling flow targeting T cells. h) Bubble plots depict potential
ligand-receptor pairs contributing to the enhanced CCL and CXCL signaling flows in the YM 101 group. Dot color signifies communication probabilities,
while dot size corresponds to calculated p-values. The absence of dots indicates zero communication probability. The p-values are calculated using a
two-sided permutation test.
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Figure 4. The intrinsic features of Cer2", Cer5%, and Cxer6* T cells of the YM101 group. a) Uniform manifold approximation and projection (UMAP)
clustering for Ccr2~ and Cer2t T cells after YM101 treatment. In total 692 T cells, 495 were Ccr2~ (71.5%), and 197 were Ccr2* (28.5%) T cells. b)
Histogram representing the proportions of T-cell subsets in the Ccr2™ and Cer2*™ T cells of the YM101 group. c) Violin plots showing the expression
levels of T cell activation-associated markers. d) Heatmap showing enrichment analysis results of Ccr2™ and Cer2* T cells of the YM101 group. e,f)
GSEA enrichment plots showing the differences between Ccr2~ and Cer2* T cells of the YM101 group. g) UMAP plot showing the results of reclustering
analysis of T cells according to Ccr5 level. h) Histogram representing the proportions of T-cell subsets in the Cer5~ and Cer5t T cells of the YM 101 group.
i) Violin plots showing the expression levels of immune suppression-associated markers. j) Heatmap showing enrichment analysis results of Ccr5~ and
Cer5T T cells of the YM101 group. k,I) GSEA enrichment plots showing the differences between Cer5~ and Cer5™ T cells of the YM101 group. m) UMAP

plot showing the results of reclustering analysis of T cells according to Cxcr6 level. n
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2.7. Mechanisms Underlying Combination Therapy Efficacy

To dissect the mechanisms underlying the enhanced therapeutic
effects of combination therapy, we explored the activation state
of TILs within the TME. Flow cytometry assays were conducted
to investigate the changes in the TME following combination
therapy (Figure S18, Supporting Information). EMT-6 tumor tis-
sues were harvested to quantify the numbers of multiple tumor-
infiltrating immune cells. Although both YM101 monotherapy
and the combination of YM101 with Maraviroc substantially ex-
panded TILs, Maraviroc did not result in additional increases
in T-cell infiltration (Figure 7a,b). However, the combination
therapy effectively mitigated YM101-mediated CCR5* T-cell ac-
cumulation, with modest effects on CXCR6" T-cell infiltration
(Figure 7c—f). Consequently, the combination therapy relatively
expanded CXCR6™ T cells and upregulated the ratio of CXCR6™
to CCR5* T cells (Figure 7g). Next, we assessed the activity, prolif-
eration, and cytotoxic functions of TILs among the four groups.
Flow cytometry data demonstrated that the combination ther-
apy significantly increased the numbers of proliferating T cells
(Ki67* T cells), early-activated T cells (CD69* T cells), and cyto-
toxic CD8" T cells (INF-a*, IFN-y*, Perforin*, and Granzyme-B*
CD8* T cells) (Figure 7h—o). Additionally, the combination treat-
ment elevated the numbers and cytotoxicity activity of NK cells
(Figure 7p-t). Moreover, compared to YM101 alone, the combi-
nation treatment decreased the numbers of exhausted T cells
(Tim-3* and PD-1* T cells) and immunosuppressive PD-L1* T
cells (Figure 7u—x). Also, our earlier investigations have substan-
tiated that YM101 can efficiently enhance T-cell infiltration and
overcome resistance to immunotherapy by reducing peritumoral
collagen deposition.*?! In alignment with these prior observa-
tions, we observed a significant suppression of peritumoral col-
lagen production with YM101, both alone and in combination
with Maraviroc (Figure S19, Supporting Information). Besides,
IF assays indicated that the combination therapy substantially in-
creased PerforintCD8" T cells in the TME. Relative to YM101
monotherapy, additional Maraviroc not only expanded tumor-
infiltrating CD8* T cells but also conferred upon these CD8" T
cells the enhanced cytotoxic potential (Figure 7y).

Subsequently, we conducted bulk RNA-seq assays to com-
prehensively assess the impact of combination therapy on the
TME. Principal component analysis (PCA) results revealed that
the combination therapy group exhibited a distinct expression
profile, partially resembling YM101 but significantly differing
from the other two groups (Figure 8a). Differentially expressed
gene (DEG) analysis identified 1766, 176, and 1197 genes with
significantly upregulated or downregulated expression in the
CTL, YM101, and CCR5i groups, when compared to the com-
bination therapy. Among these DEGs, genes encoding immune
cytotoxicity-associated molecules such as Prfl (Perforin), Ifng
(IFN-y), and Gzmb (Granzyme-B) were upregulated in the com-
bination therapy (Figure 8b,c). Subsequently, we performed en-
richment analysis to annotate the biological functions of these
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DEGs. The results demonstrated significant enrichment of path-
ways related to immune response, NK cell activation, adaptive im-
mune response, T-cell receptor signaling, T-cell co-stimulation,
T-cell activation, negative regulation of T-cell apoptosis, posi-
tive regulation of T-cell proliferation, cytokine and chemokine
signaling, and IFN-y production in the combination therapy
(Figure 8d). Furthermore, we quantitatively assessed the effects
of the combination therapy using four immune signatures, in-
cluding T cells, NK cells, IFN-a response, and IFN-y response.
Our data illustrated that the combination therapy effectively in-
creased the corresponding immune scores, indicating a system-
atic enhancement in multiple aspects of the cancer-immunity cy-
cle (Figure 8e-h).

Given the reported capacity of CCR5i to stimulate antitumor
immune responses by modulating tumor-infiltrating myeloid
cells,[®! we proceeded to evaluate the quantity and activity of
myeloid cells using flow cytometry assays. In contrast to the pro-
nounced impact of YM101 on myeloid cells, the influence of Mar-
aviroc was comparatively modest. Within this model, the Maravi-
roc administration resulted in only a slight reduction in MDSC
numbers. Consequently, the addition of Maraviroc to YM101
therapy did not significantly increase DC quantity, reduce MDSC
accumulation, or alter macrophage polarization (Figure S20, Sup-
porting Information). To further verify whether the synergistic ef-
fect of YM101 and Maraviroc is achieved through the modulation
of immunosuppressive cells like MDSCs, we specifically depleted
macrophages, MDSCs, and Tregs in the EMT-6 tumor model us-
ing CLD-Lp, anti-DR5, and anti-CD25. The effectiveness of de-
pletion was confirmed through flow cytometric analysis of tumor
tissues. Across these EMT-6 models with the depletion of specific
immune cell populations, Maraviroc was found to still enhance
the therapeutic effect of YM101, suggesting that the synergy be-
tween YM101 and Maraviroc might be realized through bypass
mechanisms other than the direct targeting of these immuno-
suppressive components (Figure S21, Supporting Information).
Considering the potent efficacy of YM101 in clearing immuno-
suppressive MDSCs and macrophages, and the relatively modest
regulatory effect of Maraviroc on myeloid cells, it is unlikely that
Maraviroc enhances the therapeutic effects of YM101 by target-
ing these cells. Hence, based on the results of in vivo models and
scRNA-seq, we hypothesize that CCR5* T cells may be the pri-
mary targets through which Maraviroc exerts synergistic effects
with YM101.

Analysis of the intercellular communication network sug-
gested that the communication between CCR5" T cells and
myeloid cells, especially neutrophils, was significantly enhanced
following YM101 treatment. We speculate that neutrophils
mainly mediate the post-treatment accumulation of CCR5* T
cells. Based on the scRNA-seq data analysis, YM101 signif-
icantly increased the expression levels of Ccl3 and Ccl4 in
total neutrophils, with notable Ccl3 upregulation in the N2-
Cxcl10, N3-Cxcl3, and N4-Mmp9 subsets and Ccl4 increase in
five subsets excluding N1-Retnlg (Figure 9a). Additionally, flow

Cxcr6™ and Cxer6t T cells of the YM 101 group. o) Violin plots showing the expression levels of T cell activation and cytotoxicity-associated markers. p,q)
GSEA enrichment plots showing the differences between Cxcr6™ and Cxcr6* T cells of the YM 101 group. r) Violin plots showing the expression levels of
Ccr2, Cer5, and Cxer6 in T cells of the CTL and YM 101 groups. s) UMAP plots showing the expressions of Cer2, Cer5, and Cxer6 in T cells of the CTL and

YM101 groups.
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Figure 5. The opposite functions of CXCR6" and CCR5" T cells. a—d)
cells, Granzyme-B*CXCR6TCD8" T cells, IFN-y*CXCR6TCD8* T cells, Tim

Representative images and quantitative analysis of CD69TCXCR6' T
-37PD-1tCCR5* T cells, Granzyme-B*CCR5TCD8™ T cells, and IFN-y*

CCR5*CD8" T cells in flow cytometry assays (n = 10). e) Representative images and co-localization analysis of immunofluorescent staining show-
ing the expression of Arg2 and PD-L1 in CCR5" T cells. Immunofluorescent staining was performed on YM101-treated EMT-6 tumor samples. The
histogram on the right represents the signal intensities along the white line indicated in the CD3 image. f) Flow cytometry assays to measure the influ-
ences of tumor-infiltrating CCR5™ T cells on the activation of naive T cells under the stimulation of anti-CD3/CD28 (n = 2 for negative control without
stimulation, n = 3 for others). Quantitative analyses of CFSE dilution, along with CFSE-labeled CD69% and CD44* T cells, indicating T cell activation.

Statisti

cytometry analysis of EMT-6 tissues treated with YM101 showed
a significant increase in CCL3* neutrophil number (Figure 9b).
Furthermore, neutrophils were specifically depleted in mice us-
ing an anti-Ly6G antibody, with the depletion verified by flow cy-
tometry. The results showed that the number of CCR5* T cells
in the TME decreased with the specific depletion of neutrophils,
and the Maraviroc-enhanced antitumor activity of YM101 was
abolished (Figure 9c—e). Previous studies reported the activa-

Adv. Sci. 2024, 11, 2408598 2408598 (11 of 20)

| analyses were performed using paired Student’s t-test (a—d) and Student’s t-test (f). Significance is indicated as: “p < 0.05, “p < 0.01, ““p <

tion of neutrophils following immunotherapy.*#’! Consistently,
YM101 therapy promoted neutrophil activation, which highly
expressed chemokines such as CCL3 and CCL4. Therefore, we
conclude that YM101-induced neutrophil activation recruits im-
munosuppressive CCR5" T cells via CCR5 ligand secretion, cre-
ating a feedback loop that diminishes the antitumor response.
Using a CCRS inhibitor like Maraviroc can counteract this
feedback, boosting the effect of YM101 (Figure 9f).
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Figure 6. The synergistic antitumor effect between YM101 and CCR5 blockade. All mice were randomly assigned to one of four groups, namely the
control, Maraviroc (CCRS5i), YM101, and Maraviroc combined with YM101. Treatment was started when tumor volumes reached 50 mm?. Maraviroc
(50 mg kg™") was administered daily by intraperitoneal injection. For antibody treatments, tumor-bearing mice received equimolar quantities of higG
(6.6 mgkg™") or YM101 (9 mg kg™") every two days via intraperitoneal injection. The blue line indicates Maraviroc treatment, while the red line represents
antibody treatment. Mice were euthanized when tumor volumes reached 2000 mm? or at the end of experiments. a—c) Efficacy evaluation in the murine
breast cancer EMT-6 model (n = 10). d) Rechallenge assay in the EMT-6 model (n = 4). e—g) Efficacy evaluation in the murine breast cancer 4T1 model
(n = 10). h) Rechallenge assay in the 4T1 model (n = 2). i—k) Efficacy evaluation in the murine colon cancer CT26 model (n = 10). |) Rechallenge
assay in the CT26 model (n = 2). m—o) The overall survival curves of EMT-6, 4T1, and CT26 models (n = 10). p,q) Tumor burden of spontaneous
hepatocellular carcinoma (HCC) model. Surviving tumor-bearing mice were euthanized, and their livers were harvested 35 days after plasmid injection.
The representative images of mouse livers were shown (n = 8; note: one mouse in the CTL group died before liver collection at the end of the experiment).
r) The overall survival curves of spontaneous HCC model (n = 8). Statistical analyses were conducted using Student’s t-test (except for survival analysis)
and Log-rank test (for survival analysis). “p < 0.05, “p < 0.01, “*p < 0.001, “**p < 0.0001 indicate significant differences compared to the Maraviroc
combined with YM101 group.
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Figure 7. Therapy combining Maraviroc with YM 101 enhanced the activities of tumor-infiltrating lymphocytes in the EMT-6 model. a—x) Quantitative
analysis in the flow cytometry assays included CD3" T cells, CD8" T cells, CCR5* T cells, CXCR6™ T cells, CCR5 to CXCR6™ T ratio, proliferating T cells
(Ki67* T cells), early-activated T cells (CD69" T cells), cytotoxic CD8" T cells (TNF-a*t, IFN-y*, Perforin*, and Granzyme-B*), NK cells, activated NK
cells (TNF-a*, IFN-y™*, Perforin™, and Granzyme-B*), Tim-3* PD-1% T cells, and immunosuppressive PD-L1T CD8* T cells. The number of immune cells
per 100 mg of EMT-6 tissue was determined and compared (n = 5). y) Representative images of immunofluorescent staining showing PerforintCD8*

significant differences compared to the Maraviroc combined with YM 101 group.

3.Di

In this study, we observed the superior antitumor potential of
anti-TGF-$/PD-L1 BsAb YM101 in murine tumor models. Al-

scussion

though the efficacy was better than that of anti-PD-1, YM101

Adv. Sci.

. 2024, 11, 2408598

2408598 (13 of 20)

therapy did not achieve complete tumor regression in all tumor-
bearing mice. As we previously reported, the efficacy of YM101
was limited in multiple tumor models. Besides TGF-f and PD-1
signaling pathways, other immunoinhibitory factors in the TME
also participate in cancer immune evasion and contribute to
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Figure 8. Combination therapy with Maraviroc and YM101 induced alterations in the TME and boosted the expression of antitumor immunity-related
genes in the EMT-6 model. a) The principal component analysis shows the similarities of different groups. b,c) The heatmap displays differentially
expressed genes among the four groups, with a focus on immune-killing genes such as Ifng, Tnf, and Gzmb, which were quantitatively assessed (n = 4).
d) Gene Ontology (GO) and KEGG enrichment analysis highlighting significantly enriched biological processes and signaling in the Maraviroc combined
with the YM101 group. e—h) Scores of immune signatures, presented as heatmaps showing the scaled expression levels of genes composing immune
signatures. Statistical analyses were performed using Student’s t-test (c,e-h). “p < 0.05, “p < 0.01, “p < 0.001, “**p < 0.0001 indicate significant

differences compared to the Maraviroc combined with YM101 group.

immunotherapy resistance.l**#"] Therefore, exploring changes in
the TME composition is meaningful to maximize YM101 efficacy
and reduce the risk of treatment resistance.

Here, our scRNA-seq data unveiled the intricate landscape of
the TME and provided insights into the cellular and molecu-
lar changes induced by YM101. The analysis categorized cells
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into distinct clusters representing various immune cell lineages,
including macrophages, neutrophils, monocytes, NK cells, T
cells, cDCs, pDCs, and tumor cells. Notably, YM101 treatment
significantly altered the composition of the TME by expand-
ing the ratios of immune cell populations associated with an-
titumor immunity, such as T cells, NK cells, pDCs, c¢DCs, and
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Figure 9. Mechanisms underlying the synergistic effect of CCR5 antagonist and YM101. a) Comparative boxplot analysis depicting the expression levels
of Ccl3 and Ccl4 in the total neutrophil population and within specific neutrophil subsets in CTL and YM101-treated groups. b) Flow cytometry results
showing the impact of YM 101 treatment on CCL3 expression in neutrophils (n = 5). c) Flow cytometry analysis evaluating the influences of neutrophil
depletion on the presence of CCR5* T cells in the TME following YM101 administration (n = 5). d,e) Establishing the EMT-6 tumor model to investigate
the influence of neutrophil depletion on the synergistic efficacy of CCR5 antagonist and YM101 (n = 8). Statistical analyses were conducted using Stu-
dent’s t-test. ““p < 0.01, ““p < 0.001, “**p < 0.0001 indicate significant differences. f) Schematic diagram showing the synergistic effect. TGF- plays
a pivotal role in cancer immune evasion and resistance to immunotherapy by inhibiting the functions of various immune cells and fostering the gener-
ation of peritumoral collagen. This physical barrier surrounding the tumor impedes immune cell penetration into the tumor microenvironment (TME),
culminating in the formation of immune-excluded tumors. The anti-TGF-8/PD-L1 bispecific antibody YM101 has demonstrated efficacy in dismantling
the peritumoral collagen barrier, facilitating immune infiltration, and partially overcoming immunotherapy resistance. However, YM101 also activates
neutrophils within the TME, increasing the expression of CCR5 ligands such as CCL3 and CCL4. This upregulation drives the chemotaxis of immuno-
suppressive CCR5* T cells into the TME. These cells, highly expressing immunosuppressive markers like PD-L1, and Arg2, infiltrate the TME following
the collagen barrier disruption, eventually undermining the immunotherapy efficacy. To surmount this challenge, we devised a strategy by combining
YM101 with Maraviroc, a CCR5 antagonist. This synergistic approach not only curtailed the accumulation of CCR5™ T cells with immunosuppressive
traits but also fine-tuned the immune response orchestrated by YM101.
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M1-like macrophages, while reducing immunosuppressive M2-
like macrophages. Furthermore, YM101 treatment strengthened
pathways related to inflammatory responses, antigen presenta-
tion, cell-killing, and innate immune sensing within the TME. In
contrast, the enrichment of pathways associated with immuno-
suppression such as TGF-f signaling was notably reduced. Also,
the YM101-treated group exhibited an overall increase in cell
communications, including both the number and strength of in-
teractions. These enhanced cell communications were primar-
ily associated with pro-inflammatory and cell-killing pathways.
Conversely, YM101 reduced intercellular interactions within IL-
4 and TGF-f signaling pathways. Downstream analyses within
T cells showed that increased cell communications within the
CCL and CXCL pathways were unique to the YM101 group, par-
ticularly with myeloid cells. Generally, these scRNA-seq find-
ings provided valuable insights into the mechanisms underly-
ing the antitumor effects of YM101, highlighting its ability to re-
shape the TME and promote a pro-inflammatory and immunos-
timulatory microenvironment conducive to antitumor immune
responses.

Further investigation revealed that YM101-induced enhance-
ment of T-cell communications largely depended on CCR5 and
CXCRG6 signaling. Importantly, Cer5* and Cxcr6* T cells were
significantly expanded following YM101 treatment, indicating
the potential immunomodulatory effects of YM101 on these
T cell subsets. Cxcr6" T cells in the YM101 group exhibited
enhanced cytotoxicity and immune activation, suggesting their
immunostimulatory roles. In contrast, Cer5* T cells possessed
hampered TCR signaling but strengthened immunomodula-
tory effects. Arg2, 1118bp, Lgals3, and Cd274 (encoding Arg2, IL-
18BP, galectin-3, and PD-L1, respectively) are well-established
immunosuppressive factors,>*>2 which were significantly in-
creased in Cer5* T cells. Considering that CCR5 and CXCR6 sig-
naling are responsible primarily for T-cell chemotaxis and re-
cruitment, it is logical to assume that YM101 promotes the re-
cruitment and infiltration of CCR5" and CXCR6* T cells. How-
ever, CCR5* T cells within the TME exhibit immunosuppressive
characteristics, potentially acting as the Trojan horse that hinders
the efficacy of antitumor immune responses and limits the ther-
apeutic effects of YM101.

Notably, our scRNA-seq data have uncovered that CCR5* T
cells constitute a diverse and multifaceted group, encompassing
Tregs, cytotoxic CD8" T cells, and both effector and central mem-
ory T cells. This diversity implies that CCR5* T cells can assume
varied roles across different pathologies and biological scenarios.
For instance, CCRS signaling has been reported to be involved
in T cell chemotaxis, activation, and even apoptosis, highlight-
ing its multifunctional features.>>** In addition, CCR5* Tregs
have been identified to exhibit more pronounced immunosup-
pressive capabilities than their CCR5~ counterparts.l>>%¢ Fur-
thermore, our analysis revealed a notable increase in the propor-
tion of effector memory CD8* T cells among total CCR5* T cells.
This finding aligns with recent studies that have identified sub-
sets of memory-like CD8" T cells demonstrating Treg phenotypes
and functions.[’] We speculate that this heterogeneous group of
CCRS5™ T cells contributes to immunosuppression within the tu-
mor milieu. Therefore, blocking CCR5" T-cell accumulation in
the TME might be feasible to further improve YM101 perfor-
mance.
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In murine tumor models, Maraviroc combined with YM101
suppressed the accumulation of CCR5* T cells and increased the
CXCRG6* T cell population. This shift in the balance of T cell sub-
sets contributed to the improved therapeutic outcomes observed
with combination therapy. Importantly, the combination therapy
induced durable antitumor immunity, as demonstrated by the re-
sistance to tumor rechallenge in mice that had achieved complete
tumor regression. These findings underscore the significance of
selectively targeting CCR5 to optimize the therapeutic potential
of immunotherapies like YM101. By removing the immunosup-
pressive component, combination therapy not only enhanced im-
mediate treatment outcomes but also established long-lasting im-
mune memory, protecting against tumor recurrence.

CCRS5 is commonly regarded as a core coreceptor for the en-
try of human immunodeficiency virus (HIV), and CCRS an-
tagonists such as Maraviroc have been widely used for HIV
treatment.®®) However, the role of CCRS signaling in cancer
is still controversial. On the on hand, accumulated evidence
demonstrated that hyperactive CCRS5 signaling could be hijacked
to support tumor progression. CCR5 signaling endows tumor
cells with enhanced capabilities of invasion, DNA damage re-
pair, stemness, angiopoiesis, metabolic reprogramming, and im-
mune evasion.[>** In previous studies, CCR5 signaling causes
cancer immune escape mainly by recruiting immunosuppres-
sive cells such as MDSCs, M2-like macrophages, CCR5* Tregs,
and CAFs.[*656] On the other hand, CCR5 has been identi-
fied as a T-cell-intrinsic marker of immune checkpoint inhibitor
sensitivity.[’] In this study, we observed a significant increase in
CCR5* T cell accumulation within the TME following YM101
treatment, characterized by diminished T cell activity yet height-
ened immunosuppressive capacity. While this observation might
seem to contradict previous findings, it complements them upon
closer examination. Our results show that YM101 remodels the
immune microenvironment, inhibits tumor growth, and simul-
taneously promotes CCR5* T cell accumulation. This enhanced
presence of CCR5* T cells is associated with partial tumor regres-
sion and a more immunosupportive TME post-immunotherapy,
aligning with earlier research and indicating no discrepancy.

However, we interpret the increased infiltration of CCR5* T
cells not as a direct contributor to tumor immunity, but rather as
a negative feedback mechanism after immune activation. In our
study, the accumulation of CCR5* T cells within the tumor set-
ting emerged as a secondary effect, in turn dampening the antici-
pated boost in tumor immunity following YM101 therapy. Block-
ing the recruitment of these sub-optimally activated T cells fur-
ther enhances the therapeutic effect of YM101. This suggests that
the selective modulation of CCRS signaling may be a valuable
strategy in cancer immunotherapy, provided that the complex in-
terplay between immune cell subsets is carefully considered. Col-
lectively, this concept of combination therapy, as demonstrated in
our study with YM101 and Maraviroc, could extend to a broader
range of immunotherapies and represents a promising avenue
for future research in the field of cancer immunotherapy.

4. Conclusion

In this study, we observed the superior antitumor potential of the
anti-TGF-g/PD-L1 BsAb YM101 and explored the intricate land-
scape of the TME after YM101 treatment by scRNA-seq analysis.
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The results confirmed the capacity of YM101 to create a pro-
inflammatory and immunostimulatory TME conducive to anti-
tumor immune responses. Moreover, YM101 treatment signif-
icantly expanded CCR5* and CXCR6* T cell populations, with
distinct functional consequences. CXCR6* T cells exhibited en-
hanced cytotoxicity and immune activation, whereas CCR5* T
cells displayed immunosuppressive characteristics. Blocking the
recruitment of CCR5* T cells, which could potentially act as a
Trojan horse hindering antitumor immune responses, emerged
as a promising strategy to further optimize YM101 therapy.

5. Experimental Section

Cell Line and Agents:  Murine tumor cell lines, namely EMT-6 (breast
cancer), 4T1 (breast cancer), and CT26 (colon cancer), were cultured in
RPMI-1640 medium supplemented with 10% fetal bovine serum. Thera-
peutic agents, including the Isotype antibody (hlgG), PD-L1 blocking an-
tibody, TGF-p neutralizing antibody, and anti-TGF-#/PD-L1 BsAb YM101,
were sourced from Wuhan YZY Biopharma. The CCRS antagonist Maravi-
roc (UK-427857) was acquired from MCE corporation.

Murine Tumor Models:  For two orthotopic breast cancer models EMT-
6 and 4T1, BALB/c mice received inoculations of 5 x 10° cells in the
right mammary fat pad. For the subcutaneous colon cancer model CT26,
BALB/c mice were inoculated with 1 x 10% CT26 cells in the right groin.
The antitumor efficacy of YM101 was validated in EMT-6 and CT26
models. Mice were randomized into distinct treatment groups when
tumor volumes reached 100 mm3, with seven mice per group. Treat-
ment commenced at this point and continued for six doses. For anti-
body treatments, tumor-bearing mice received equimolar quantities of
higG (6.6 mg kg™"), PD-L1 blocking antibody (6.6 mg kg™"), TGF-g
neutralizing antibody (6.6 mg kg='), or YM101 (9 mg kg™") every 2
days via intraperitoneal injection. Tumor volume was measured using
the formula: 0.5 x length x width?. Survival was monitored for 7 weeks
post-inoculation, with mice euthanized when tumor volumes reached
2000 mm? or at the end of in vivo experiments.

Moreover, the efficacy of YM101 combined with Maraviroc was evalu-
ated in EMT-6, 4T1, and CT26 models (ten mice per group). Treatment (in-
cluding CTL, YM101, Maraviroc, and the combination) was started when
tumor volumes reached 50 mm3. Mice received antibody administration
three times at the doses mentioned above. Maraviroc (50 mg kg™') was
administered daily by intraperitoneal injection.[8] Besides, to obtain suf-
ficient tumor tissues for subsequent RNA-seq and flow cytometry assays,
the mouse experiments were repeated and delayed the treatment when tu-
mor volumes reached 300 mm3. Furthermore, to mimic the real process
of tumor initiation and development in vivo, we established an AKT/Ras-
driven spontaneous murine HCC model through hydrodynamic injection,
delivering 5 pg of myr-AKT1 and 25 ug of NRasV12 plasmids, plus 2 pg
of sleeping beauty transposase in saline, into the tail vein of C57BL/6
mice.l%°] Livers were harvested to evaluate the impact of the treatment
on tumor burden. Then, we repeated this spontaneous HCC model for
survival analysis, with a total follow-up period of over 2 months.

The animal operations in this study were evaluated and approved by
the Institutional Animal Care and Use Committee of The First Affiliated
Hospital, College of Medicine, Zhejiang University (No. 2023-378).

scRNA-Seq:  The scRNA-seq project was based on the PRJNA837188
data with updated analysis pipeline.l’?] In brief, following three doses of
YM101 administration, fresh EMT-6 tissues were collected. Tumor tissues
underwent treatment with the dissociation buffer (RPMI-1640 medium
containing 0.5 mg mL™" DNase I, 0.5 mg mL™" Hyaluronidase, and
1 mg mL~" Collagenase B) at 37 °C for 40 min. Subsequently, nanobeads
for CD45 positive selection (480028, BioLegend) were utilized to isolate
sufficient immune cells (~80%) for scRNA-seq. Living cells were then en-
riched via cell sorting. Cells from two mice within the same group were
pooled to form one sample, which was then loaded onto a 10x Genomics
Chromium Controller. SCRNA-seq libraries were generated in accordance
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with the 10x Genomics Chromium single-cell 5’ reagent kits v2 protocol.
For this study, CTL- and YM101-treated samples (six tumors per group,
pooled as three samples per group) were used for scRNA-seq analysis.

Raw Data Processing and Analysis for scRNA-Seq:  Using the GRCm39
reference genome, the standard Cell-ranger analysis pipeline (version
6.1.2) was followed. R software (version 4.3.1) with the Seurat package
(version 4.3.0.1) was employed for subsequent analyses. Cells with poor
quality, defined by more than 10% mitochondrial gene expression, fewer
than 200 detected genes, or more than 20 000 detected transcripts, were
filtered out, resulting in 45 012 cells for PCA. The top 50 dimensions were
utilized for t-distributed stochastic neighbor embedding (t-SNE) and uni-
form manifold approximation and projection (UMAP) reduction. Employ-
ing a resolution of 1.5, cells were clustered via the FindClusters function of
the Seurat package. SingleR package (version 1.8.0) and common markers
were used to annotate a total of 31 clusters. Tumor cell clusters were an-
notated using the InferCNV package (version 1.16.0). Odds ratios (ORs)
were used to gauge the preference of specificimmune cluster distributions
in CTL or YM101-treated tumor tissues.!”'l Adopting the thresholds estab-
lished by Zhang's team, we consider an OR greater than 1.5 as indicative of
preferential distribution in a specific tissue type, whereas an OR below 0.5
signifies non-preferential distribution, commonly equivalent to adjusted
p-values far less than 0.0001.

GSEA was used to depict the features of specific immune cell subsets,
employing the singleseqgset package (version 1.2.9) (Tables S1-S13, Sup-
porting Information). DEGs were identified through the FindMarkers func-
tion (Log-fold change more than 0.25, adjusted p below 0.05, minimum
detection rate: 0.1) within the Seurat package. Functional enrichment anal-
ysis was conducted using the ClusterProfiler package (version 4.8.2), with
the significance threshold set at an adjusted p-value below 0.05. Recluster-
ing analyses of immune cells were performed via the Seurat package, fol-
lowing the above-mentioned pipeline. After quality control, normalization,
scaling, PCA, FindClusters function (50 dimensions), and FindMarkers func-
tion (resolution: 0.5), common markers were employed to annotate im-
mune subclusters. Specifically, signature genes for myeloid cell recluster-
ing were adapted from a classic scRNA-seq analysis pipeline contributed
by Zhang et al.[44]

Cellular Interaction Analysis: Analysis of cell-to-cell communication
numbers and intensities was carried out using the CellChat package (ver-
sion 1.6.1) with the CellChatDB.mouse database.[”?] The interaction within
multiple components of the TME was evaluated with default parameters.
Visualization of cell communication was facilitated through netVisual func-
tions of the CellChat package. Interaction intensity was presented using
heatmaps generated by the netVisual_heatmap function. The netAnaly-
sis_signalingChanges_scatter function was utilized to visualize differential
outgoing and incoming signaling pathways. Ligand-receptor pairs con-
tributing to CCL and CXCL signaling interactions were compared and vi-
sualized using netVisual_bubble function.

Flow Cytometry for the TME Exploration: Tumor tissues were minced
and incubated with a dissociation buffer (RPMI-1640 medium containing
200 U mL~" DNase-l and 1 mg mL~" Collagenase V) at 37 °C for 30 min.
Following filtration through a 40 um cell strainer and treatment with red
blood cell lysis buffer, dead cells were stained with Fixable Viability Dye
eFluor 780, and anti-CD16/CD32 antibody was added to minimize non-
specific staining in subsequent steps. Flow cytometry staining antibodies
for in vivo experiments were listed in Table S14 (Supporting Information).
Other auxiliary reagents, including Leukocyte Activation Cocktail with BD
GolgiPlug, FOXP3 Fix/Perm Buffer Set, and Cell Staining Buffer were used
in the assay. The cell number per 100 mg of fresh tissue was measured
using a Vi-Cell Auto instrument. All flow cytometry experiments were con-
ducted on the BD Symphony A3 platform and analyzed using Flow)o soft-
ware (10.8.1, BD).

IF Staining:  Fresh tumors were fixed with 4% paraformaldehyde for
48 h, followed by embedding in paraffin wax and sectioning. IF staining
was conducted utilizing the tyramide signal amplification technique. An-
tibodies recognizing CD3 (ab237721, Abcam), CD8 (ab217344, Abcam),
CCR5 (YT0936, Immunoway), Arg2 (ab264066, Abcam), PD-L1 (64988,
CST), Perforin (31647, CST), and Collagen | (ab270993, Abcam) were
utilized in IF assays according to the manufacturer’'s recommendations.
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Captured images were reviewed using the Caseviewer platform, and re-
gions of interest (ROIs) were delineated by two pathologists. Quantitative
or co-localization analysis of images was performed using Image) soft-
ware (1.53). Expression abundance was calculated based on integral opti-
cal density (IOD) or proportions of positive pixels.

Flow Sorting and T Cell Co-Incubation: To confirm the inhibitory func-
tion of CCR5™ T cells in immune responses, we utilized flow cytometry to
sort these cell populations from EMT-6 tumor tissues after YM 101 treat-
ment. The cell sorting assay was performed based on the MoFlo XDP FACS
platform (Beckman Coulter). Concurrently, naive T cells were isolated from
the spleens of BALB/c mice using magnetic bead separation (Mouse CD3
T Cell Isolation Kit, 480024, BioLegend), labeled with CFSE (5 um, 65-0850-
84, ThermoFisher), and activated with anti-CD3/CD28 (precoated anti-
CD3:5ug mL~T1, 100302, BioLegend; anti-CD28: 2 pg mL~1, 102116, BioLe-
gend). These naive T cells (1 x 10° mL~") were then co-cultured with iden-
tical numbers of either CCR5% T cells or CCR5™ T cells, in conditions with
or without the addition of anti-PD-L1 antibody (10° pM, YZY) or Arginase
inhibitor (0.1 mg mL™", HY-155108, MCE). Three days later, the prolifera-
tion of naive T cells was evaluated using the CFSE dilution assay. As these
cells proliferate, the fluorescence intensity of CFSE decreases by half with
each cell division. By measuring the proportion of progeny cells to the to-
tal T cell population, the relative proliferation rate was determined. The
proliferation index for each experimental group was calculated by compar-
ing the ratio of progeny cells in that group to the reference ratio observed
in the CTL group. This comparison provided a parameter that represents
the relative proliferation capacity of the cells in each group. Moreover, ac-
tivation markers such as CD44 and CD69 were analyzed to assess T cell
activation.

In Vivo Immune Cell Depletion: Given the regulatory role of CCRS5i
on various immune cells within the TME, such as Tregs, MDSCs, and
TAMs, the aim was to assess the dependence of the synergistic antitu-
mor effect of Maraviroc and YM101 on these immunosuppressive cells.
Hereto, these cell populations were selectively dependent on EMT-6-
bearing mice. For macrophage depletion, clodronate liposomes (CLD-Lp,
40337ES08) and PBS control liposomes (PBS-Lp, 40338ES08) from Yeasen
Biotechnology were used. Mice received 200 pL CLD-Lp (5 mg mL™", in-
traperitoneal injection) or PBS-Lp prior to EMT-6 cell inoculation, with
additional doses every 4 days.[”?] To eliminate MDSCs in vivo, EMT-
6 bearing mice were treated with intraperitoneal injections of anti-DR5
(50 pg per mouse, BE0161, BioXCell) or control IgG (Armenian hamster
1gG, BE0091, BioXCell), with additional injections every 3 days.[#] Treg de-
pletion was achieved through a single intravenous injection of anti-CD25
(400 ug per mouse, BE0O012, BioXCell) or control IgG (rat IgG1, BEO08S,
BioXCell).[”>] For neutrophil depletion, an initial intraperitoneal injection
of anti-Ly6G (400 pg per mouse, BP0075-1, BioXCell) or control 1gG (Rat
1gG2a, BP0089, BioXCell) was given, followed by 100 pg doses three times
weekly.l¢] The efficacy of depletion was confirmed by the loss of the tar-
geted immune cells in EMT-6 tumor tissues, as determined by flow cytom-
etry assays.

Bulk RNA-Seq:  In bulk RNA-seq assays, treatment was initiated when
tumor volumes reached 300 mm3. EMT-6 tumor tissues were collected for
total RNA extraction using TRIzol reagent (15596026, Invitrogen). Follow-
ing DNA digestion with DNase-I, RNA quality was assessed based on the
A260/A280 ratio and 1.5% agarose gel electrophoresis. RNA quantification
was performed using the QubitTM RNA Broad Range Assay kit (Q10210,
Life Technologies). Subsequently, stranded RNA sequencing library prepa-
ration was conducted using 2 ug total RNA, in combination with the KC-
Digital Stranded mRNA Library Prep Kit (DR08502, Wuhan Seghealth)
and Ribo-off rRNA Depletion Kit (MRZG12324, Illumina), following the
manufacturer’s instructions. Library products within the range of 200-
500 bps were enriched and sequenced using NovaSeq 6000 (lllumina).
The Mus_musculus.GRCm38 reference genome was utilized for mapping
deduplicated reads. Reads mapped to exons were counted and scaled in
terms of RPKM (Reads Per Kilobase Million). A standard RNA-seq analysis
pipeline was employed for differential analyses. DEG was defined as a gene
with more than a two-fold difference in expression and an adjusted p-value
below 0.05. DEG analysis was performed using the DESeq2 package (ver-
sion 1.40.2), and visualization of DEG analysis was accomplished based
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on the pheatmap package (version 1.0.12). Functional enrichment was car-
ried out using the ClusterProfiler package (version 4.8.2), with pathways
having an adjusted p-value below 0.05 considered statistically significant.
Immune signatures were scored based on public gene lists and compared
as previously described.[*?]

Statistical Analyses: Statistical analyses were predominantly carried
out using GraphPad Prism 8 and R software. Student’s t-test, with or with-
out Welch's correction, was used to compare two groups when the data
followed a normal distribution. In cases where data did not meet normal-
ity assumptions, Mann—-Whitney tests were employed. Survival analysis
of tumor-bearing mice was performed using the Log-rank test. Data were
presented as mean =+ standard deviation (SD). All tests were two-sided,
and differences with a p-value below 0.05 were considered significant.
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