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Anti-HER2xCCR4 bispecific antibody
enhances antitumor immunity in
advanced HER2-positive tumors by
chemotaxis blockade and depletion of
tumor-associated Tregs, without
inducing systemic toxicity

Chaokun Wang, Jiachang Li, Yue Tong, Haotian Chang, Jingyi Xu, Hanchen Zhu,

Yongmei Yin, Meng Meng, Rimo Xi

ABSTRACT

Background CCR4" regulatory T cells (Tregs), which

are widely present in peripheral circulation and tumor
microenvironment (TME), promote tumor immune evasion
by infiltrating human epidermal growth factor receptor
2-positive (HER2*) tumors in a chemokine-driven manner.
However, therapies targeting CCR4 (eg, mogamulizumab)
for systemic Treg depletion risk significant toxicity and
have far been confined to hematological malignancies.
Notably, tumor-chemotactic peripheral Tregs—key
precursors to tumor-infiltrating Tregs (tumor-infiltrating
lymphocyte (TIL)-Tregs)—remain overlooked.

Methods We designed and expressed four candidate
anti-HER2xCCR4 DVD-Ig bispecific antibodies with varying
degrees of anti-CCR4 domain masking, while leaving
anti-HER2 domains fully exposed, to preferentially deplete
tumor-associated Tregs, including TIL-Tregs and tumor-
chemotactic peripheral Tregs. Stability and antitumor
activity were assessed in vitro. In human immune system-
reconstituted NOG mice, we systematically: (1) conducted
a comprehensive dose-response evaluation of the XL-11
to characterize pharmacological efficacy and potential
systemic toxicity, (2) assessed the immune memory, (3)
studied the synergy of XL-11 with programmed cell death
protein-1/programmed death-ligand 1 (PD-1/L1) blocker,
and (4) analyzed pharmacokinetic profile (PK).

Results The lower affinity for CCR4 compared with
HER2 enables anti-HER2xCCR4 DVD-Igs to priority

target TIL-Tregs, and reduce binding to peripheral Tregs
compared with mogamulizumab. Anti-HER2x CCR4 DVD-
Igs inhibit Treg chemotaxis to TME, and killing Tregs and
HER2* tumor cells through antibody-dependent cellular
cytotoxicity. Among the candidates, XL-11, which had the
greatest exposure of the anti-CCR4 domain, was selected
for in vivo evaluation due to its superior stability and
potent antitumor activity. In vivo models of gastric cancer
and breast cancer, XL-11, by reducing TIL-Tregs and
increasing CD8*/Tregs ratios, induces potent antitumor
activity even in advanced stages, with no evidence of
metastasis. Concurrently, XL-11 specifically depletes
tumor-chemotactic peripheral Tregs, further enhancing

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Regulatory T cells (Treg) depletion is a promising
cancer immunotherapy strategy especially in hu-
man epidermal growth factor receptor 2 (HER2)*
tumors; however, specifically eliminating Tregs
remains challenging. Tumor-chemotactic periph-
eral Tregs—key precursors to tumor-infiltrating
lymphocyte-Tregs—have been overlooked by
current immunotherapies. CCR4 is essential for
Treg migration, the effectiveness of mogamuli-
zumab against solid tumors has not been con-
clusively shown, and its use is associated with
systemic toxicity.

WHAT THIS STUDY ADDS

= A novel tetravalent anti-HER2xCCR4 bispecific
antibody XL-11 is presented that allows for specif-
ically deplete tumor-associated Tregs in an HER2-
directed manner. Furthermore, we established a
novel animal model supporting lymphoid, myeloid,
and natural Killer cell coexistence, and providing
comprehensive preclinical testing for XL-11. XL-
11 demonstrated effective inhibition of tumor
growth and metastasis in advanced HER2* tu-
mors, with absence of systemic toxicity following
prolonged or high-dose treatment due to XL-11
reducing peripheral CCR4" Tregs to physiological
levels instead of causing Tregs exhaustion. XL-11
also acts synergistically with anti-programmed
cell death protein-1 (PD-1) therapy, and exhibits
favorable stability and pharmacokinetic (PK) sup-
porting clinical translation.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= We have proposed a promising strategy for ad-
vanced HER2* malignancies. This work advances
Treg-targeted therapies, broadens the application
of mogamulizumab, and enhances the effect of
anti-PD-1 antibodies on tumors.

BM) Group

Wang C, et al. J Immunother Cancer 2025;13:€012829. doi:10.1136/jitc-2025-012829

'salbojouyoal Jejiwis pue ‘Buluresy |y ‘Buiuiw elep pue 1xa) 01 parejal sasn 1o} Buipnjour ‘ybLAdod Ag pajoslold
1sanb Aq Gz0z 1aquiadaq gz uo wodfwg-ouly/:sdiny woly papeojumoq ‘GZ0z Jaquiadad TZ U0 6282T0-S20Z-0Ml/9ETT 0T Se paysiignd 1s.iy 119oue) jo Adelay ] ounwiwi Joj jeuinor


https://jitc.bmj.com/
https://orcid.org/0000-0002-9735-4790
https://doi.org/10.1136/jitc-2025-012829
https://doi.org/10.1136/jitc-2025-012829
https://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2025-012829&domain=pdf&date_stamp=2025-11-19

antitumor immunity while avoiding reducing Tregs throughout the body
even at a high dose (10 mg/kg). There was no increase in memory T cells.
In addition, XL-11 enhances the antitumor activity of anti-PD-1 antibodies
and shows superior PK properties.

Conclusions XL-11 mediates potent antitumor immunity in advanced
HER2™ tumors while avoiding reducing Tregs throughout the body. XL-11
also acts synergistically with anti-PD-1 therapy, and exhibits favorable
stability and PK supporting clinical translation. This work advances
Treg-targeted therapies in HER2* tumors and overcomes the therapeutic
limitations of mogamulizumab.

BACKGROUND

Advanced human epidermal growth factor receptor
2-positive (HER2") tumors, including breast, gastric,
and non-small cell lung cancers, are characterized by
increased metastasis and therapy resistance.' > While
immunotherapy, particularly anti-programmed cell death
protein-1 (PD-1)/programmed death-ligand 1 (PD-L1)
therapies combined with trastuzumab or chemotherapy,
shows promising results in clinical trials, response rates
remain modest (typically 10-15%).” This limited efficacy
is partly attributed to immunosuppressive tumor micro-
environment (TME).* Future strategies aim to incorpo-
rate novel immunomodulators and optimize combination
therapies to improve therapeutic outcomes.

Regulatory T cells (Tregs), suppressive cells that drive
tumor immune evasion, accumulate in the peripheral
blood of patients with cancer and are enriched within
tumor-infiltrating lymphocytes (TILs).” The chemokine
receptor CCR4, expressed on the surface of Tregs, medi-
ates Tregs chemotaxis toward TME-secreted CCL17/
CCL22, recruiting peripheral CCR4" Tregs into the
TME.® CCR4" TIL-Tregs suppress effector T cells (Teff
cells) through inhibitory cytokines (eg, interleukin
(IL)-10, transforming growth factor-beta (TGF-B)) and
cell-contact mechanisms.” ® Treg infiltration inversely
correlates with clinical outcomes. In HER2" tumors,9
emphasizing the therapeutic potential of depleting
CCR4" TIL-Tregs. Notably, tumor-chemotactic periph-
eral Tregs, characterized by high levels of CCR4 expres-
sion, exhibit tumor-specific enrichment and enhanced
immunosuppressive capacity, making them become high-
priority therapeutic targets.'” ' In this study, TIL-Tregs
and tumor-chemotactic peripheral Tregs are referred to
as tumor-associated Tregs.

While CCR4-targeted Treg therapies have demon-
strated clinical efficacy,' they face two challenges: (1)
non-selective depletion risks systemic toxicity,"”” and (2)
failure to address tumor-chemotactic peripheral Tregs—
key precursors for TIL-Treg replenishment."*™® To over-
come these limitations, spatially restricted strategies are
needed to eliminate tumor-associated Tregs without
affecting normal Treg function.

Bispecific antibody (BsAb) enables dual antigen
targeting with tunable affinity for precision therapy.'? *’
In this study, we developed four anti-HER2xCCR4 DVD-
Igs featuring differential masking of anti-CCR4 domains
while fully exposing anti-HER2 domains. This design

depletes tumor-associated Tregs while sparing systemic
Tregs. Among the candidates, XI-11 demonstrates the
most potent antitumor efficacy in vitro. In vivo, XL-11
demonstrates effective antitumor immunity without
systemic toxicity, acts synergistically with anti-PD-1
therapy, and exhibits good stability and pharmacokinetic
(PK), offering a translatable therapeutic strategy for
advanced HER2" tumors.

METHODS

Generation and stability analysis of BsAbs

The variable regions of trastuzumab and mogamuli-
zumab were used as the outer and inner domains of the
DVD-Ig, respectively. The light chain variable regions
were connected via linkers TVAAPSVFIFPP and TVAAP,
and the heavy chain variable regions were linked with
ASTKGPSVFPLAP and ASTKGP. Those variable regions
were inserted into the vector pAb2c0-hCK and pAb20-
hCHIgG1 (Synbio Technologies, China), respectively.
The plasmids containing the heavy and light chain genes
were co-transfected using PEI (FT401-01, TransGen
Biotech, China) into HEK293F cells which were culti-
vated in the SMM 293-TII (M293TII, Sino Biological,
China). Recombinant proteins were isolated using
rProtein A beads gravity column (SA012GCO1, Smart-
Lifescience, China).

To assess thermal stability, ELISA plates were coated
with HER2 (HE2-H5225, ACRO Biosystems, Beijing,
China) or CCR4 (CSB-CF004843HU, CUSABIO, https://
www.cusabio.cn) protein overnight at 4°C. After blocking
with 5% bovine serum albumin (BSA), 1 hour heat-treated
antibodies were added and incubated at 37°C. Following
further washes, the plates were incubated with goat anti-
human IgG-HRP (SE101, Beijing Solarbio Science &
Technology), developed with 3, 3’, 5, 5’-tetramethylben-
zidine (TMB), and absorbance was measured at 450 nm.

Cell lines

Human cancer cell lines, MDA-MB-231, NCI-N87 and
SKBR3, obtained from Procell, were cultured in RPMI-
1640 or DMEM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (Gibco,
USA). Cells were incubated at 37°C with 5% CO,, while
the medium pH was maintained at 7.2-7.4.

Surface plasmon resonance

Protein A and His chips were used to immobilize DVD-Ig
and CCR4, respectively. HER2 and DVD-Ig, 500 nM initial
concentration, twofold serial dilution served as analytes.
The running buffer was phosphate-buffered saline (PBS)
for HER2 experiments and PBS with 0.05% Fos-12 for
CCR4 experiments. Regeneration was performed at
10pL/min for 60s using 10mM glycine—-HCI. Data were
fitted using Biacore T200 software to determine the disso-
ciation constant (Kd).

2

Wang C, et al. J Immunother Cancer 2025;13:¢012829. doi:10.1136/jitc-2025-012829

'salbojouyoal Jejiwis pue ‘Buluresy |y ‘Buiuiw elep pue 1xa) 01 parejal sasn 1o} Buipnjour ‘ybLAdod Ag pajoslold
1sanb Aq Gz0z 1aquiadaq gz uo wodfwg-ouly/:sdiny woly papeojumoq ‘GZ0z Jaquiadad TZ U0 6282T0-S20Z-0Ml/9ETT 0T Se paysiignd 1s.iy 119oue) jo Adelay ] ounwiwi Joj jeuinor


https://cn.sinobiological.com/other-products/cell-culture-medium-m293tii
https://www.cusabio.cn
https://www.cusabio.cn

Indirect ELISA

HER2 and CCR4 antigens were coated onto plates. The
next day, the plates were blocked with 5% BSA for 2 hours.
Subsequently, serially diluted antibodies were added to
the plates and incubated at 37°C for 2hours. After the
plates were washed, antibodies binding was detected
using goat anti-human IgG-HRP. The absorbance values
were read at 450 nm.

Ligand blocking ELISA

Human CCL22 (CSB-AP000951HU, CUSABIO, https://
www.cusabio.cn) was coated onto plates. After the
unbound CCL22 was removed, the plates were blocked
with 5% BSA. Subsequently, the DVD-Ig and CCR4-His
were mixed and added to the coated plates. Finally, anti-
bodies binding was detected using anti-His antibody-HRP
(BP5016-01, ACE). The absorbance values were read at
450 nm.

Cell binding assay

Cells were resuspended in flow cytometry buffer
containing antibodies to be tested and incubated at 37°C
for 1hour. Unbound antibodies were washed off and
incubated with goat anti-human IgG-Fc/FITC (SF105,
Beijing Solarbio Science & Technology) for 30 min at 4°C.
The data acquisition was performed on BD LSRFortessa
and analyzed using Flow]o software.

Induction of Tregs in vitro

CD4' T cells were isolated from peripheral blood mono-
nuclear cells (PBMCs) obtained from Milestone Biolog-
ical Science & Technology, and then induced into Tregs
using human Treg robust expansion kit (CT-011, Stemery
Biotech, China). CCR4 fragments obtained from Synbio
Technologies were transduced into Tregs to generate
Treg-CCR4 cells.

DVD-lg mediated co-binding assays

SKBR3 cells stained with carboxyfluorescein succin-
imidyl ester (CFSE) (S1076, Solarbio Science & Tech-
nology) and Treg-CCR4 cells stained with PKH26 (D0030,
Solarbio Science & Technology) were mixed and incu-
bated for 30 min in flow cytometry buffer containing the
antibodies. The proportion of CFSE"™ PKH26" cells was
assessed by flow cytometry. CFSE-stained SKBR3 cells
were pre-fixed on confocal plates, and PKH26-stained
Treg-CCR4 cells were co-cultured with the antibodies for
12 hours. After removing unbound cells, the co-binding
of cells was observed under a confocal microscope (LSM
800 with Airyscan).

Antibody-dependent cellular cytotoxicity assay

The cytotoxic activity of antibodies was assessed using
LDH cytotoxicity assay kit (KTA1030, Abbkine, Wuhan,
China). PBMCs obtained from Milestone Biotechnolo-
gies were used as effector cells, with SKBR3, NCI-N87, or
Treg-CCR4 cells as target cells, at an effector cells:target
cells (E:T) ratio of 25:1. Maximum release was deter-
mined by adding 10% Triton X-100, while spontaneous

and background release were measured using assay buffer
in the presence of target cells alone or in cell-free wells,
respectively. After 3hours of incubation, the supernatant
was incubated with lactate dehydrogenase (LDH) reac-
tion solution for 30 min, and absorbance was measured
at 565 nm. Cytotoxicity was calculated as follows: cytotox-
icity% = ((experimental release — spontaneous release) /
(maximum release — spontaneous release)) x 100.

Chemotaxis assay

Chemotaxis was assessed using well chambers (5 pm pore
size). The medium in the upper chamber held Tregs and
antibodies, while the lower chamber contained tumor
culture medium supernatant with recombinant CCL22.
After 4hours at 37°C, the number of cells in the lower
chamber was counted.

Regulatory T-cell suppression assay

CDS8" T cells, as Teff, were acquired from Milestone
Biotechnologies. Treg and CFSE-labeled Teff cells were
co-cultured at a 1:4 ratio (Treg: Teff) in the presence of
test antibodies for 48 hours. Tregs-mediated suppression
of Teft cells proliferation was assessed by flow cytom-
etry. The concentrations of interferon (IFN)-y and IL-2
in culture medium supernatant were assessed using
an ELISA kit (JL12152, JL19265-5, Shanghai Jianglai
Biotechnology).

Stable cell clone establishment

MDA-MB-231-Luc cells and lentiviral particles were gener-
ated by Synbio Technologies. Human HER2 was cloned
into the pCDH-CMV-MCS-EF1-Puro vector and trans-
fected into 293T cells. Lentiviral particles were gener-
ated and used to treat MDA-MB-231-Luc cells. Stable cell
clones were selected with puromycin. HER2 expression
on MDA-MB-231-HER2-Luc cells was assessed by flow
cytometry.

Construction of tumor models and human immune system in
vivo

All mice were purchased from Vital River. Human CD34"
HSC and PBMC were purchased from Milestone Biolog-
ical Science & Technology. All mice experiments were
conducted in compliance with protocols approved by
the Nankai University Animal Care and Use Committee
(Approval Number: 2024-SYDWLIL-000770). All treat-
ments (intraperitoneal injection) were administered
every 6Gdays once tumor volumes reached approxi-
mately 100 mm?®. Tumor volumes and body weights were
recorded every 3days, with tumor volumes calculated as
(Iengthxwidth?) /2.

In therapeutic efficacy experiments of gastric cancer
(NCI-N87) and breast cancer (MDA-MB-231-HER2-Luc),
6—-8weeks old female NOG (NOD/Shi-scid IL2Ry /")
mice were irradiated (1.5Gy) followed by immune
reconstruction via tail vein injection with 5x10* human
CD34" HSC. To expand natural killer (NK) cells, mice
received daily intraperitoneal injections of 5pg hIL-2
obtained from Sihuan Bioengineering for 7days, and
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2.5pg hIL-15 obtained from Stemery Biotec every 5 days
(three total injections). After 15 days, tumors were estab-
lished by subcutaneous injection of NCI-N87 cells (3x10°
cells/mouse) or orthotopic injection of MDA-MB-231-
HER2-Luc cells (5x10° cells/mouse) which were mixed
with Matrigel (082724, Mogengel Bio) in 1:1 ratio.

For comprehensive dose-response and combination
therapy with anti-PD-1/PD-L1 (T9908, T9902 TargetMol,
USA) assessments in the gastric cancer, 1day before
immune reconstitution (5x10° human PBMCs via tail vein
injection), NOG mice were inoculated subcutaneously
with NCI-N87 cells (3x10°¢ cells/mouse and 5x10° cells/
mouse) which were mixed with Matrigel in 1:1 ratio. To
expand NK cells, on the day of PBMC injection, mice
received intraperitoneal injections of 2pg/mouse hIL-2
and 50ng/mouse hIL-15 (every other day) for four times.

Flow cytometry analysis of samples from animals

Fresh blood was treated with erythrocyte lysis (E-CK-A105,
Elabscience Biotechnology) for 10min at 4°C. After
centrifugation at 300x g for 5min, the leukocyte pellet
was collected for subsequent analysis. Tumor tissues were
minced into 2-4mm fragments and digested with DNA
endonuclease, trypsin, and collagenase obtained from
Solarbio at 37°C until complete dissolution. The isolated
cell was passed through a 200-mesh nylon mesh, resus-
pended in staining buffer, and prepared for analysis. The
fluorescent dyes obtained from Elabscience are listed in
online supplemental table SI.

Living imaging

Following intraperitoneal injection of the D-fluorescein
potassium salt (IL2330, Beijing Solarbio Science & Tech-
nology), a 15min waiting period was maintained. Once
mice were anesthetized with isoflurane gas, the mice
were transferred to the imaging platform to ensure that
the animals were comfortable and well-immobilized. The
software (IVIS Spectrum) of the in vivo imaging system
obtained the specific photon signal emitted by tumor
cells.

H&E and IHC staining

For H&E staining, the nuclear was marked using 10%
hematoxylin staining, and the cytoplasmic was marked
using 1% eosin staining. For immunohistochemistry
(IHC), antigen retrieval was performed using citrate
buffer heated in a microwave oven. Endogenous perox-
idase activity was blocked with 3% HO. Sections were
incubated overnight at 4°C with primary antibody against
target protein, followed by incubation with an HRP-
conjugated secondary antibody. Signal was developed
using DAB substrate, and sections were counterstained
with hematoxylin.

PK analyses

XL-11 was administered via tail vein injection at 10mg/
kg to 8-week female C57BL/6] mice obtained from
Vital River. Serum samples were collected at 5min,

2hours, 8hours, 24hours, 48 hours, 96 hours, 168 hours,
240 hours, 336 hours, and 504 hours post-dosing.

Statistical analyses

All analyses were conducted using GraphPad Prism V.7.
All the experiments were performed with at least three
independent biological replicates, and results were
shown as means+SD. The Student’s two-tailed t-test was
used for statistical analysis. P values<0.05 were considered
significant.

RESULTS

Analysis of GGR4 expression on Tregs from nat PBMCs, tumor
PBMCs and TILs

To evaluate antitumor applicability of targeting HER2
and CCR4 simultaneously, we analyzed the CCR4
expression on Tregs from healthy mice PBMCs, cancer
mice PBMCs and TILs. The Tregs, which accounted for
approximately 2.13% of CD4" T cells in the nat PBMCs,
had 49.8% expressing CCR4. The Tregs, which accounted
for approximately 17.75% of CD4" T cells in the tumor
PBMCs, had 87.9% expressing CCR4. The Tregs, which
accounted for approximately 59.78% of CD4" T cells in the
TILs, had 98.8% expressing CCR4 (figure 1A-D). These
data demonstrate that Tregs are enriched in the tumor
PBMCs and TILs. The CCR4" Tregs are the majority Tregs
type in the tumor PBMCs and TILs. A significantly higher
proportion of CCR4" cells in Tregs than CD8" T cells and
conventional T cells (Tconv) (figure 1C,D) indicates that
CCR4 may be a promising target for selective elimination
of Tregs in the TILs.

The CCR4 is more highly expressed on TIL-Tregs
(destination) than on Tregs of tumor PBMCs (source)
(figure 1C,D), corroborating that Tregs can migrate to
tumor sites when they gain more highly CCR4 expression
in the peripheral circulation, which ultimately contrib-
utes to tumor immune escape. Thus, decreasing CCR4"
Tregs in the peripheral circulation of tumor individuals
also contributes to antitumor effect. Notably, approxi-
mately half of the Tregs from nat PBMCs are CCR4 posi-
tive (figure 1C,D), demonstrating that CCR4" Tregs have
an important function under physiological conditions.

Anti-HER2xCCR4 DVD-Ig preferentially target TIL-Tregs

CCR4 blockers may cause systemic toxicity due to the
exhaustion of peripheral Tregs essential for immune
homeostasis.?! To restrict antitumor activity to the tumor
site, we developed a symmetric quadrivalent BsAb with
one Fcregion, two high-affinity external variable domains
(VD1) targeting HER2 and two low-affinity internal vari-
able domains (VD2) targeting CCR4. VD1 and VD2 are
connected by two linkers designed as one long linker (L)
and one short linker (S). To verify the effect of linker
length on VD2 affinity and function, we constructed four
anti-HER2xCCR4 DVD-Igs: XL-11 (L-L), XL-12 (L-S),
XL-21 (S-L), and XL-22 (S-S) (figure 2A). The high
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Figure 1 Flow cytometry analyses of CCR4 expression on Treg in NCI-N87 gastric cancer model. CD8* T cells (CD3"CD8"),
Tconv (CD3*CD4*CD257) and Tregs (CD3*CD4*CD25*CD1277) were isolated from peripheral blood and TILs. (A) Representative
flow cytometry plots. (B) Percentages of Tregs from nat PBMCs, tumor PBMCs and TILs. (C) Percentages of CCR4" cells on
each T-cell subset from nat PBMCs, tumor PBMCs and TILs, representative histograms, with dotted lines indicating gating.

(D) CCR4 expression on T-cell subsets in nat PBMCs, tumor PBMCs and TILs. Each data point represents a mouse sample,
n=4. Values were expressed as mean+SEM. PBMC, peripheral blood mononuclear cell; Tconv, conventional T cell; TIL, tumor-

infiltrating lymphocyte; Treg, regulatory T cell.

purity and correct structure of the four candidates were
confirmed (figure 2B).

Surface plasmon resonance (SPR) indicated that
DVD-Ig constructed did not reduce the affinity of VDI
compared with HER2 parental single-targeting anti-
body (o-HERZ2). All four candidates exhibited reduced
affinity for CCR4 compared with the CCR4 parental
single-targeting antibody (0-CCR4). Among them, XIL-11
showed the highest affinity for CCR4, followed by XL-21,

XIL-12, and XI-22 (figure 2C and online supplemental
figure S1). These conclusions were confirmed by ELISA
(figure 2D,E). Furthermore, the four candidates exhib-
ited lower affinity for CCR4 (EC,=21.59nM-1277 nM)
than for HER2 (EC, =5.772nM-9.267 nM) (figure 2D,E),
indicating enhanced selectivity for HER2™ TIL-Tregs.
Competitive ELISA results showed that the four candi-
dates could block the binding of hCCL22 to CCR4, with
XL-11 being the most effective (figure 2F). Flow cytometry
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Figure 2 The structures and properties of four anti-HER2xCCR4 DVD-Igs. (A) Anti-HER2xCCR4 DVD-Igs consist of two VD1
and two VD2. The VD1 and VD2 are connected by linkers of different lengths. (B) SDS-PAGE gels of purified proteins under

NR and R conditions determined the molecular weights of the anti-HER2xCCR4 DVD-Ig. (C) The affinity of anti-HER2xCCR4
DVD-Igs to HER2 and CCR4 protein was determined by SPR. (D, E) The affinity of anti-HER2xCCR4 DVD-Igs to HER2 protein
(D) and CCR4 protein (E) was determined by ELISA. (F) Competitive ELISA was used to assess the competition of CCL22
protein and antibodies in binding to CCR4 protein. (G) Flow cytometry analysis of HER2 expression in MDA-MB-231 (left), SKBR
(middle), and NCI-N87 (right) cells. (H) Flow cytometry analyzes the binding of anti-HER2xCCR4 DVD-Igs to MDA-MB-231

(left), SKBR (middle), and NCI-N87 (right) cells. Representative flow cytometry plots. (I) Representative flow cytometry plots.

(J) CCR4 expression on Treg-CCR4 cells was assessed by flow cytometry. (K) Flow cytometry analyzed the HER2xCCR4
DVD-Ig mediated co-binding of SKBR3 cells and Treg-CCR4 cells by calculating CFSE* PKH26" populations. (L) Confocal
microscopy was used to observe the co-binding of SKBR3 cells and Treg-CCR4 cells mediated by anti-HER2xCCR4 DVD-Ig.
Green: HER2" cells, red: CCR4" cells. Microscope magnification: x200 times. All in vitro experiments were performed three
times independently. HER2, human epidermal growth factor receptor 2; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; SPR, surface plasmon resonance; Treg, regulatory T cell; VD, variable domains.

results showed that the binding of four candidates to three
cell lines with low (MDA-MB-231), medium (SKBR3), and
high (NCI-N87) HER2 expression (figure 2G), respec-
tively, was similar to 0-HER2, and the binding capacity was
enhanced with the level of HER2 expression (figure 2H).

Treg-CCR4 cells were generated to serve as tumor-
associated Tregs (figure 2J). Flow cytometry indicated
that the four candidates could mediate the connection
between HER2" cells and Treg-CCR4 cells; however, this
phenomenon was not observed after incubation with
o-HER2, o-CCR4, and Combo (figure 21 and K). This

co-binding phenomenon can also be observed through
laser confocal microscopy (figure 2L), which serves as the
precondition for the function of antibodies within the
TME.

XL-11 eliminates tumor-associated Tregs in vitro and prevents
exhaustion of Tregs in the peripheral circulation

Given that the circulating and intratumoral CCR4" Tregs,
via chemokine-driven infiltration, promoting tumor
immune evasion by inhibiting Teff-mediated antitumor
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Figure 3 XL-11 eliminates tumor-associated Tregs in vitro and prevents the exhaustion of Tregs in the peripheral circulation.
(A-C) The in vitro ADCC assays of SKBR3 (A), NCI-N87 (B), and Treg-CCR4 cells (C). (D) Schematic of chemotaxis assay.

(E) Anti-HER2xCCR4 DVD-Ig inhibited CCL22 chemotaxis to Treg-CCR4" cells. (F-I) Teff cells were labeled with CFSE. The
proportion of Teff cells was assessed by flow cytometry (F, G), and IFN-y (H) and IL-2 (J) in the culture medium supernatant
of the co-culture system was assessed by ELISA. (J) CD3* CD4" T cells from PBMC were isolated and differentiated to Tregs
in vitro, and the proportion of CD3* CD4" T cells (left) and Tregs (middle, right) was assessed by flow cytometry. (K) The
binding of anti-HER2xCCR4 DVD-Ig to Tregs was assessed by flow cytometry. All in vitro experiments were performed three
times independently. Values were expressed as mean+SEM. ADCC, antibody-dependent cellular; CFSE, carboxyfluorescein
succinimidyl ester; HER2, human epidermal growth factor receptor 2; IFN, interferon; IL, interleukin; PBMC, peripheral blood
mononuclear cell; Teff, effector T cells; Treg, regulatory T cell.

irnmunity,7 we attempted to identify a candidate with o-HER?2 (figure 3A,B). Compared with o-CCR4, the four
optimal antitumor activity. candidates mediated varying degrees of Tregs killing, with

At 4,000ng/mL, the four candidates mediated the the XIL-11 mediating the strongest cytotoxicity, followed
lysis of approximately half of tumor cells, similar to the by XI-21, XL-12, and XI-22 (figure 3C). Chemotaxis
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assay demonstrated that all candidates blocked CCL22-
induced Treg migration, with XL-11 showing the greatest
blocking ability, followed by XL-21, XL-12, and XL-22
(figure 3D,E). Separated Teff cells (CD4" Teff and CD8"
Teff) were co-cultured with Tregs, the proliferation of Teff
cells was inhibited, and the secretion of IFN-y and IL-2
was significantly reduced. Treatment with the four candi-
dates can overcome Treg-mediated immunosuppression
and thereby enhance the Teff cell-mediated immune acti-
vation (figure 3F-I). Notably, XL-11 had a better activity
to overcome Treg-mediated immunosuppression than
other candidates.

To assess the safety of four candidates in the periph-
eral circulation, CD4" T cells were isolated from periph-
eral blood (purity >85%) and differentiated into Tregs
(figure 3J). Those four candidates exhibited signifi-
cantly reduced binding to peripheral circulating Tregs
compared with o-CCR4 (figure 3K), implying a lower risk
of systemic CCR4" Treg depletion. Among the four candi-
dates, XI-11 was chosen for in vivo research due to its
superior antitumor efficacy.

XL-11 effectively reduced tumor-associated Tregs in vivo
Based on previous research,”*" we transplanted human
hematopoietic stem cells (huHSC-CD34") into NOG mice
and treated with hIL-2 and hIL-15 to establish a mice
model with a humanized immune system. Flow cytometry
analysis using CD45 (leukocyte), CD56 and CD16 (NK
cell) markers confirmed that this treatment significantly
expanded the populations of human leukocytes and NK
cells within 15 days, with no weight loss (figure 4A-F).

The antitumor efficacy of XL-11 was evaluated in HSC-
NOG mouse models bearing NCI-N87 gastric cancer
tumors (figure 4G). Compared with the control group
(the mean tumor volume was 334.9 mm?®), while o-HER2,
0-CCR4, and their combination only suppressed tumor
growth (the mean tumor volumes were 202.6, 242.2 and
181.2mm?, respectively), XL-11 induced marked tumor
regression, reducing the mean volume to 83.5mm?
(figure 4H-]). In addition, targeting the tumor directly
(o-HER2) is more effective than immunosuppressive
cell depletion (0-CCR4), and their combination demon-
strates a synergistic effect. There were no adverse events
or substantial weight loss among all treatment groups
(figure 4K).

The composition of TILs determines whether it
promotes immune evasion or antitumor immunity.?’
To elucidate the antitumor mechanism of XI-11, the
frequency changes of CD8" T cells and Tregs in TILs were
analyzed. XL-11’s antitumor activity is primarily medi-
ated by marked reduction in Tregs, which increased the
CDS8’/Treg ratio, rather than by enhancing CD8" T-cell
infiltration (figure 4L-N). Notably, although XIL-11’s
VD2 exhibits weaker affinity than o-CCR4, XL-11 elim-
inated more intratumoral Tregs, potentially due to
avoiding excessive exposure in systemic circulation. This
was confirmed by analyzing peripheral CCR4" Tregs:
0-CCR4 and Combo caused almost complete exhaustion

of peripheral Tregs, whereas XIL-11 achieved a significant
reduction of peripheral Treg while maintaining their
number within the physiological range (figure 40,P).

XL-11 effectively suppressed the growth and metastasis of
advanced HER2" tumor in vivo with no systemic toxicity
To assess the efficacy and potential systemic toxicity
of XL-11 during prolonged treatment, the MDA-MB-
231-HER2-Luc cells were used to generate an orthot-
opic metastasis tracking model (online supplemental
figure S2). Long-term data collection (over 50 days) was
performed until the mice exhibited severe graft-versus-
host disease or death due to metastasis (figure 5A).

XL-11 exhibited superior and sustained antitumor
activity, decreasing the mean tumor volume from
386.3mm° to 111.8 mm?®, and almost halting tumor
growth after 20 days, outperforming all other treat-
ments (0-HER2: 303.6 mm?3, o-CCR4: 213.9 mm?3, Combo:
164.9mm?®) (figure 5B-D). In the o-CCR4 group, half of
the mice were observed to be arched back and lethargic,
and even died, which can be divinable due to the over-
depletion of Tregs. Only one mouse death in the Combo
group, which is potentially attributable to the lower dose
of o-CCR4. In contrast, there was no treatment-related
death, significant weight loss and organ damage in the
XL-11 group (figure 5B, E, F and G). In vivo imaging
revealed that the 40th and 51st days after tumor trans-
plantation, only XIL-11-treated tumors did not show any
signs of metastasis. All of the mice in the control and
o-HER2 group died after 51 days due to the progression
of cancer (figure 5H).

Our research findings indicate that XL-11 effectively
inhibits the growth and metastasis of advanced HER2"
tumor with a favorable safety profile.

XL-11 has good clinical translational potential
The comprehensive dose-response evaluation of XL-11 is
essential for evaluating its clinical translational potential.
We administered hIL-2 and hIL-15 to hPBMC-NOG mice
to expand NK cells (online supplemental figure S3A-D).
Mice bearing NCI-N87 tumor cells were treated with
XL-11 at 1, 3, and 10mg/kg (figure 6A). XL-11 treatment
resulted in dose-dependent antitumor activity and intratu-
moral Tregs depletion (figure 6B-E, online supplemental
S4A). A certain degree of tumor growth inhibition was
observed even at the lowest dose (1 mg/kg). The high-
dose (10mg/kg) XL-11 reduced peripheral Tregs, while
maintaining their number within the physiological range
(figure 6F), without organ damage (online supplemental
figure S5). We also assessed the proportion of memory
T cells in peripheral blood (online supplemental figure
S6A). While memory T cells were present in tumor-
bearing mice, XL-11 treatment did not significantly alter
its proportion, suggesting that XL-11 does not enhance
the formation of immunological memory in this model
(online supplemental figure S6B,C).

Given that overcoming the immunosuppressive TME
is critical to improving the antitumor activity of immune
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Figure 4 XL-11 effectively reduced tumor-associated Tregs in vivo. (A) Schematic representation of animal experiments. (B)
Representative histogram of the proportion of leukocytes in the peripheral circulation, with dotted lines indicating gating. (C)
The proportion of leukocytes in the peripheral circulation. (D) Representative flow cytometry plot. (E) The proportion of NK cells
in the peripheral circulation. (F) The body weight of mice. Each data point represents a sample, n=3. (G) Schematic diagram

of animal experiments. (H) Tumor mass. () Tumor weight. (J) Tumor growth curve. (K) Body weight of mice. (L) The percentage
of Tregs in TILs in each group. (M) The percentage of CD8" T cells in TILs in each group. (N) The ratios of CD8*/Tregs in TILs

in each group. (O) Representative histograms of the percentage of CCR4™ cells in Tregs in the peripheral circulation of each
group, with dotted lines indicating gating. (P) The percentage of CCR4" cells in Tregs in the peripheral circulation of each group.
Each data point represents a sample, n=6. Values were expressed as mean+SEM. FC, flow cytometry; HER2, human epidermal
growth factor receptor 2; i.p., intraperitoneal; IL, interleukin; NK, natural killer; TIL, tumor-infiltrating lymphocyte; Treg, regulatory

T cell.

checkpoint blockade, we evaluated the antitumor activity
of XL-11 combined with PD-1/L1 blockers (figure 6G).
Compared with the control group (mean tumor volume:
912.2mm?3), the PD-1/L1 blockers have shown limited
antitumor activity. XL-11 (272.2mm?) demonstrated
superior efficacy to o-PD-1 (806.2mm?®) or o-PD-L1
(698.7mm?) use alone. There was a strong synergistic
effect when XIL-11 combined with PD-1 blocker (mean
tumor volume: 135.4mm?) without causing weight loss

(figure 6H-K). This combination also enhanced CD8" T
cells infiltration. A transition from “cold” to “hot” tumor
was observed (figure 6L, online supplemental S4B). In
contrast, the combination with o-PD-LL1 was less effective
(392.7mm?).

Table 1 The thermal melting temperature (T ) is
defined as the temperature at which 50% of antibodies
after heat treatment still maintain their binding ability to
the antigen molecules.
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Figure 5 XL-11 effectively suppressed the growth and metastasis of advanced HER2" tumor in vivo with no systemic toxicity.
(A) Schematic diagram of animal experiments. (B) Tumor mass. (C) Tumor weight. (D) Tumor growth curve. (E) Body weight

of mice. (F) Representative images of mice. (G) Representative H&E staining images after XL-11 treatment, the scale bar was
0.1mm. (H) In vivo imaging experiments assess breast cancer metastasis. Each data point represents a sample, n=6. Data were
expressed as mean+SEM. HER2, human epidermal growth factor receptor 2; IL, interleukin.

Assessing the stability and PK of XL-11 is important to
confirm its structural stability and bioactivity. Thermal
stability assessment as figure 6M,N and table 1 revealed
that the T for the anti-HER2 and anti-CCR4 domains
of XL-11 were 62.89°C and 61.19°C, respectively. For
comparison, the T —of the parental antibodies trastu-
zumab and o-CCR4 were 72.59°C and 65.28°C. These
results confirm that XL-11 exhibits good thermal stability.
As figure 60 and table 2 revealed that XL-11 had a half-
life of approximately 4.5 days.

DISCUSSION
Reducing Tregs is a promising approach in treating

28 29

HER2-positive tumors. Immunotherapy targeting

Tregs has been studied in preclinical models and clinical
trials of a variety of tumors with promising results.”’™*
However, it is still a challenge to find an efficient immu-
notherapy that can overcome Treg-mediated immuno-
suppression without side effects. In this study, we present
the rational design of anti-HER2xCCR4 DVD-Ig XL-11.

XL-11 takes advantage of the relatively high affinity to
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Figure 6 XL-11 has good clinical translational potential. (A) Schematic representation of comprehensive dose-response
evaluation experiments. n=5. (B) Tumor mass. (C) Tumor weight. (D) Tumor growth curve. (E) The quantitative evaluation of
Foxp3 positive area. (F) The percentage of Tregs in the peripheral circulation was assessed by flow cytometry. (G) Schematic
representation of the study on synergistic effect of XL-11 and PD-1/L1 blocker. n=4. (H) Tumor mass. (I) Tumor weight. (J) Tumor
growth curve. (K) Body weight of mice. (L) The immunohistochemical images of CD8 positive area, the scale bar was 0.2 mm.
(M, N) The thermal stability assessment shows the binding of heated XL-11 to the HER2 (left) and CCR4 (right) protein. (O) The
time-concentration curves following the first (2hours) and last (day 21) intravenous administrations of 10mg/kg XL-11. n=5.
Values were expressed as mean+SEM. HER2, human epidermal growth factor receptor 2; IL, interleukin; PD-1, programmed cell
death protein-1; PD-L1, programmed death-ligand 1; Treg, regulatory T cell.

HER2 on tumor and the modest affinity to CCR4 on
tumor-associated Tregs to induce a potent antitumor
effect through ADCC without causing obvious side effects
by avoiding the exhaustion of Tregs essential for immune
homeostasis in peripheral circulation.

Table 1 The thermal stability assessment
Tm-HER2 (°C) Tm-CCR4 (°C)

a-HER2 72.59 N/A
a-CCR4 N/A 65.28
XL-11 62.89 61.19

CCR4, C-C Chemokine Receptor type 4; HER2, human epidermal
growth factor receptor 2; Tm, The thermal melting temperature.

Many studies have shown that the high level of Tregs
is associated with poor prognosis of tumors.”* There-
fore, eliminating TIL-Tregs is important in enhancing
antitumor effects. Denileukin-diftitox enables diph-
theria toxin to enter the cell by binding to CD25 and
killing Tregs. However, due to the universal expression
of IL-2R on Teff cells, its application to other tumors
treatment such as melanoma has been limited.™ Simi-
larly, ipilimumab binding CTLA-4 eliminates Tregs by
the ADCC. However, it may increase the side effects on
other immune cells.”’ Targeting TIL-Tregs while avoiding
non-targeted tissues is difficult due to the widespread
expression of markers on immune cells. Our data show
that the delivery of CCR4 blocker by XL-11 to TIL-Tregs
is effective and safe, which is partly due to CCR4" Tregs

Wang C, et al. J Immunother Cancer 2025;13:€012829. doi:10.1136/jitc-2025-012829
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Table 2 PK parameters of XL-11 after a single intravenous injection of 10mg/kg into mice

t1/2 Auco-t AUCO-oo MRTO-t max

(hour) (hourxpg/mL)  (hourxpg/mL)  Vss (mL/kg) CL (mL/hour/kg) (hour) C__ (ug/mL) (hour)
Trastuzumab  440.65 18959 71 34065.78 5.41 0.008 214.75 87.07 0.08
XL-11 109.06 9946.925 9628.24 3.03 0.02 122.33 114.34 0.08

AUC, _, area under the serum concentration-time curve from time zero to infinity; AUC

. area under the serum drug concentration-

time curve up from time zero to the last measurable concentration; CL, total body clearance following vascular administration of the

drug; C__.,
concentration; PK, pharmacokinetic; t
in the steady state.

effective half-time; T

1/2? max’

being the predominant Tregs type in TILs and partly due
to the moderate affinity of the XL-11’s internal domain.
Our in vivo experiments have shown that XL-11 is safer
than o-CCR4. Other studies have also indicated that
combining high-affinity and low-affinity approaches can
minimize side effects. For example, using BiTE with lower
CD3 affinity can reduce the risk of T-cell overactivation.”™
Similar designs are also demonstrated in blinatumomab
and catumaxomab.™ *’

Notably, previous studies have focused on eliminating
TIL-Tregs, disregarding that increasing peripheral Tregs

maximum drug concentration observed in the serum; MRT_,, mean reaction time from time zero to the last measurable
time of the first occurrence of C

Vss, apparent volume of distribution

max’

might enhance the metastatic potential of tumor cells.*'

It is another focus of Tregs-targeted therapy to precisely
target tumor-chemotactic peripheral Tregs while avoiding
the exhaustion of Tregs essential for immune homeostasis
in peripheral circulation. Although XI-11 decreases
the binding affinity of Tregs, it still retains the binding
ability to the Tregs with higher CCR4 expression in the
peripheral circulation. Furthermore, tumor-chemotactic
peripheral Tregs, with higher CCR4 expression, are in
the process of chemotaxis toward the TME, so it is easier
to bind with XL-11. It has shown that XL-11 can reduce

Figure 7 A schematic illustrating the mechanism of XL-11-mediated antitumor activity without systemic toxicity. (a) CCR4
ligands CCL22 and CCL17 establish a chemotactic microenvironment around the tumor, recruiting peripheral CCR4* Tregs
into the TME. XL-11 inhibits CCL22/CCL17-CCR4 binding, suppressing Treg chemotaxis and infiltration into the TME. (b) XL-
11 targets tumor cells and TIL-Tregs to eliminate these cells by inducing ADCC. This action overcomes TIL-Treg—mediated
suppression and restores the function of Teff. Additionally, XL-11 prevents TIL-Treg migration to metastatic sites via CCR4
blockade. (c) XL-11 depletes tumor-chemotactic Tregs with high expression of CCR4 while maintaining Tregs essential for
immune homeostasis in peripheral circulation. ADCC, antibody-dependent cellular cytotoxicity; ECM, extracellular matrix;
HER2, human epidermal growth factor receptor 2; Teff, effector T cells; TIL, tumor-infiltrating lymphocyte; TME, tumor

microenvironment; Treg, regulatory T cell.
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tumor-chemotactic peripheral CCR4" Tregs and maintain
the number of peripheral CCR4" Tregs at normal levels.

We also demonstrated the in vivo antitumor efficacy
of XL-11 relying on the ADCC effect. The traditional
PBMC-NOG mouse has a short window period,” which
is not long enough to carry out research. The HSC-
NOG mice have a long window period but lack NK
cells. Therefore, there is no suitable animal model for
in vivo study of antibodies that rely on ADCC to exert
antitumor effect.** *® Previous research has shown that
the cytokine-stimulated SCID mice have sufficient
NK cells to support ADCC. Similar methods that use
cytokine to expand NK cells have been reported in
other mouse models.*"*® In NK cells expanded HSC/
PBMC-NOG mice, we demonstrated that XL-11 can
effectively deplete tumor-associated Tregs, resulting
in a potent and long-term antitumor activity in HER2"
tumors, without systemic toxicity in prolonged/high-
dose treatment.

Regarding antitumor activity, XL-11 specifically
eliminates HER2" tumor cells and tumor-associated
Tregs. Meanwhile, XL-11 can suppress the migration
of peripheral Tregs to tumors, as well as the migra-
tion from primary tumor to metastatic sites, resulting
in sustained effects on the growth and metastasis of
advanced HER2' tumors. Regarding safety, XL-11
reduced peripheral Tregs to physiological levels
rather than exhausted, thus avoiding systemic toxicity
even in prolonged/high-dose treatment (figure 7).
Regarding clinical translational potential, XL-11
exhibits wide therapeutic window, good thermal
stability and PK parameters. Notably, XL-11 demon-
strates strong synergistic effects with anti-PD-1 therapy
and enhances its efficacy by converting “cold” tumors
into “hot” tumors through increased CD8" T cells
infiltration. In summary, XL-11 is a promising thera-
peutic strategy for advanced HER2" tumors.
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