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Epigenetic Reprogramming Potentiates ICAM1 Antibody
Drug Conjugates in Preclinical Models of Melanoma

Peng Zhang,* Changjuan Tao, Ye Lu, Peijing Li, Xing Wang, Yujie Dai, Yun Xi,
Takaya Shimura, Xinfang Li, Jianmin Fang, Liu Yang,* Dawei He,* and Peng Guo*

Therapeutic benefits and underlying biomechanism(s) of antibody drug
conjugates (ADC) in combination with other targeted therapeutics are largely
unknown. Here, the synergy between ADC and epigenetic drug decitabine
(DAC), a clinically approved DNA methylation inhibitor, in multiple preclinical
models of melanoma specifically investigated. Mechanistically, the underlying
biomechanisms of how DAC cooperatively worked with ICAM1 antibody
conjugated DNA topoisomerase I inhibitor DXd (I1-DXd) is elucidated. DAC
treatment significantly enhanced anti-tumor efficacy of I1-DXd by
upregulating antigen expression, enhancing antibody internalization and
potentiating tumor sensitivity by epigenetically reprogramming of melanoma.
Meanwhile, I1-DXd/DAC combination also exerted regulatory effects on
tumor microenvironment (TME) by enhancing tumor infiltration of innate and
adaptive immune cells and improving penetration of ADCs with a boosted
antitumor immunity. This study provides a rational ADC combination strategy
for solid tumor treatment.
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1. Introduction

Melanoma is the most aggressive and
deadly type of skin cancers, accounting
for over 80% of skin cancer deaths despite
representing only 1% of skin cancers.[1]

Patients with advanced or metastatic
melanoma have limited treatment options
after tumor progression on immune-
checkpoint therapy and targeted therapy
including v-RAF murine sarcoma viral
oncogene homolog B1 (BRAF)/mitogen-
activated protein kinase (MEK) inhibitors.
A large retrospective cohort study from 5
international melanoma centers reported
that the median overall survival of advanced
melanoma patients after resistance to BRAF
inhibitors was only 2.9 months,[2] high-
lighting an urgent and unmet medical need
for more effective targeted therapeutics.
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Antibody-drug conjugates (ADCs) are emerging therapeutic
agents demonstrating excellent efficacy against various refrac-
tory and metastatic solid tumors.[3] ADC could deliver highly cy-
totoxic payloads specifically to target-expressing cancer cells by
covalently conjugating the payloads with a tumor-homing mon-
oclonal antibody. Previous attempts to develop anti-melanoma
ADCs included DEDN6526A targeting endothelin B receptor
(ETBR) [4] and glembatumumab vedotin targeting transmem-
brane glycoprotein NMB (GPNMB).[5] The two aforementioned
ADCs, both carried antimitotic payload monomethyl auristatin
E (MMAE), were not progressed beyond phase I and phase II
trials, due to limited efficacy and dose-limiting toxicity. There-
fore, there is still an urgent need to optimize ADC for melanoma
by utilizing different targets and cytotoxic payloads. In our previ-
ous work, intercellular adhesion molecule 1(ICAM1) was identi-
fied as a promising cell membrane target for melanoma through
an unbiased and quantitative screening.[6] ICAM1 is a type I
membrane-bound glycoprotein, belonging to the immunoglobu-
lin (Ig) superfamily.[7] Moreover, high ICAM1 expression also cor-
relates with poor prognosis in melanoma and drug resistance in-
cluding BRAF/MEK inhibitors.[6,8] Our previous studies reported
that ICAM1 ADCs are potent in ablating multiple refractory solid
tumors including triple-negative breast cancer [9] and anaplas-
tic thyroid cancer.[10] Here we evaluated two proof-of-principle
ICAM1 ADCs with different mechanisms of action (MoA) for
melanoma treatment in vitro and in vivo.

More importantly, to achieve more durable responses and
higher response, combination therapies of ADCs and other
anticancer drugs hold the promise of providing synergistic
or additive benefits against refractory tumors via potentiat-
ing ADC treatment.[11] A promising opportunity is targeting
non-mutational epigenetic tumor microenvironment, a hall-
mark of cancer with important roles in cancer development
and progression.[12] To address this, we performed an unbiased
screening of melanoma cells with a library of 29 validated chem-
ical probes that selectively target different epigenetic regulators.
According to the screening results, we identified the DNA methy-
lation (DNMT) inhibitor decitabine (DAC, an FDA-approved and
specific hypomethylating agent by inactivation of DMNTs) as the
potential partner drug for ADC combination therapy. In the lat-
ter settings of this study, we explored the synergistic effects of
ICAM1-ADC/DAC combination therapy in multiple preclinical
models of melanoma. Furthermore, we elucidated the key bi-
ological mechanisms that how DAC can work in synergy with
ICAM1-ADC by remodeling tumor microenvironments (TME).

Taken together, this study queried the single-agent efficacy of
two different ICAM1-ADCs in preclinical models of melanoma.
In addition, to unlock the potential of ADC for cancer therapy,
we also sought to develop a strategy to enhance the efficacy of
ICAM1-ADC through combination with DAC, although the effi-
cacy of ICAM1-ADC as a single agent was remarkable across the
preclinical models.

2. Results

2.1. Potency of ICAM1-ADC monotherapy for melanoma

We have previously identified ICAM1 as a potential target for
melanoma.[6] The overexpression of ICAM1 in melanoma was

subsequently clinically validated by the Cancer Genome Atlas
Program (TCGA) and Human Protein Atlas (HPA) datasets. The
expression of ICAM1 in TCGA melanoma patients was sig-
nificantly high than normal controls (t = -39.681; p < 0.001;
Figure 1A). In HPA datasets, ICAM1 IHC staining intensity in
9/12 patients was scored strong and 3/12 patients were scored
moderate (Supplement Figure S1A). In TCGA melanoma co-
hort, the prognosis of high-ICAM1 expression group was sig-
nificantly worse than low-ICAM1 expression group (low-ICAM1
group vs. high ICAM1 group: hazard ratio 0.61, p < 0.001; log-
rank p < 0.001; Supplement Figure S1B). There was a posi-
tive correlation between the mRNA levels of ICAM1 and the
presence of BRAF mutations, which are among the most com-
mon genetic alterations in melanoma (r = 0.23, p < 0.001; Sup-
plement Figure S1C). Further, the cell line mRNA expression
matrix of melanoma, which was obtained from the Cancer De-
pendency Map dataset (https://depmap.org/portal/), also vali-
dated the overexpression of ICAM1 in most of 81 melanoma
cell lines (Supplement Figure S1D). Then, three established
melanoma cell lines with different ICAM1 expression (C32,
high ICAM1 expression, ranking 3/81; SK-MEL-1, medium
ICAM1 expression, ranking 41/81; A375, medium-low ICAM1
expression, ranking 67/81) and normal 293T cell line as the
ICAM1-negative control were used to perform in vitro experi-
ments. The overexpression of ICAM1 in melanoma was identi-
fied with immunofluorescent (IF) staining and flow cytometry
and ICAM1 was predominantly localized on cytoplasmic mem-
branes of melanoma cell lines (Figure 1B-C and Supplement
Figure S1E). In comparison, ICAM1 expression of 293T was un-
detectable (Figure 1B-C and Supplement Figure S1E). The in-
ternalization of ICAM1 antibody was also evaluated with two
independent approaches: time-dependent flow cytometry and
IF staining. The internalization rate of ICAM1 antibody at 4 h
post-incubation was determined as 32.6% (A375), 55.6% (C32)
and 35.2% (SK-MEL-1), respectively (Figure 1D). The IF stain-
ing images intuitively validated that PE-conjugated ICAM1 anti-
bodies initially bound on cytoplasmic membrane of melanoma
cells and then were gradually internalized with incubation
time (Supplement Figure S1F). These results strongly support
that ICAM1 is a potential drug delivery target of ADCs for
melanoma.

To evaluate the efficacy of ADCs with different MoAs for
melanoma, we evaluated two in-house ICAM1-ADCs (namely
I1-MMAE and I1-DXd) previously developed by us [10] via
conjugating monoclonal ICAM1 antibodies with two clinically
proven linker and payload combinations: GGFG-DXd and MC-
Vc-Pab-MMAE (Figure 1E). The DARs of I1-DXd and I1-MMAE
were determined by HIC as 8 and 4, respectively (Supplement
Figure S1G-H), in consistency with clinical ADCs with the same
linker and payload combination.[3,13] I1-DXd acts on melanoma
cells via its DNA topoisomerase I inhibitor DXd payload whereas
I1-MMAE through microtubule inhibitor MMAE payload. As
shown in Figure 1F, both I1-DXd and I1-MMAE show potent
in vitro efficacies against all three melanoma cell lines with IC50
values of 7.7 and 11.7nM for A375; 1.6 and 5.2nM for C32; 2.1
and 2.6nM for SK-MEL-1, respectively. It is noteworthy that the
IC50s of IC1-MMAE and I1-DXd were both lower than pacli-
taxel, which is currently recommended to treat melanoma by
NCCN guideline. In comparison, no cytotoxicity was observed
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in normal 239T cells due to the lack of ICAM1 expression
(Figure 1F).

To evaluate the in vivo efficacy of ICAM1-ADCs, we first es-
tablished a melanoma patient-derived xenograft (PDX) model
(Figure 1G and Supplement Figure S2A). The HE staining of
PDX faithfully retains the morphology of original tumors and
the H score of ICAM1 expression in PDX was 190 (Figure 1G).
In this PDX model, treatment with I1-DXd or I1-MMAE was
initiated at the intravenous (i.v.) dosage of 5 mg/kg/week via
tail vein injection. As controls, tumor-bearing mice were treated
with PBS, ICAM1 antibody alone or paclitaxel as controls at
same dosage and time interval. Analysis via two-way ANOVA
demonstrated significant differences in drug efficacy across var-
ious groups (F = 30.43, p < 0.001). Subsequent post hoc test-
ing with Bonferroni adjustments indicated that both I1-DXd
and I1-MMAE treatments markedly reduced tumor growth com-
pared to the PBS and paclitaxel controls at the study endpoint
(day 30). Specifically, comparisons showed significant differ-
ences in tumor volume reduction between the PBS and I1-
DXd groups (Bonferroni-adjusted p = 0.010), PBS and I1-MMAE
groups (Bonferroni-adjusted p = 0.010), paclitaxel and I1-DXd
(Bonferroni-adjusted p = 0.035) as well as the paclitaxel and I1-
MMAE groups (Bonferroni-adjusted p = 0.041), as illustrated in
Figures 1H and 1I. Notably, there was no significant difference
in tumor volume reduction between the I1-DXd and I1-MMAE
groups in the melanoma PDX model (Bonferroni-adjusted p >

0.05).
Correlatively, the terminal tumor weights were determined

as 0.83±0.56g (PBS), 0.84±0.47g (ICAM1 mab), 0.61±0.19g (pa-
clitaxel), 0.16±0.07g (I1-MMAE) and 0.08±0.02g (I1-DXd), re-
spectively. The one-way ANOVA results showed the tumor mass
weight at end point among different groups was statistically dif-
ferent (F = 6.695, p = 0.001). The post hoc with Bonferroni
analysis revealed that the terminal tumor weights in I1-DXd
and I1-MMAE groups were significantly lower than PBS (PBS
vs. I1-DXd, Bonferroni-adjusted p = 0.017; PBS vs. I1-MMAE,
Bonferroni-adjusted p = 0.034). The tumor mass weight at end
point in I1-DXd group was significantly lower than paclitaxel
group (Paclitaxel vs. I1-DXd, Bonferroni-adjusted p = 0.041),
while the difference between I1-MMAE and paclitaxel group was
not statistically different (Paclitaxel vs. I1-MMAE, Bonferroni-
adjusted p = 0.082), as is shown in Figure 1J. No obvious body
weight changes were observed in tested groups (Supplement
Figure S2B), suggesting that ICAM1-ADCs were well tolerated
without off-target toxicity in mice. These in vivo results support
that ICAM1-ADC monotherapy has potent anti-melanoma activ-
ity for melanoma.

2.2. Synergistic anti-tumor efficacy of ICAM1-ADCs in
combination with DAC in vitro and in vivo

The abnormal epigenetic mechanism gives rise to oncogenic
properties and is a hallmark of melanoma.[14] To identify a po-
tent epigenetic inhibitor as a partner for ADC combination ther-
apy, we first performed a cell-based chemical screening by 29
epigenetic inhibitor candidates from Genomics of Drug Sensi-
tivity in Cancer (GDSC2) for melanoma cell growth inhibition.
The 29 epigenetic chemical compounds, which are drug candi-
dates currently in preclinical or clinical development, were key
epigenetic regulatory proteins by Structural Genomics Consor-
tium (SGC) collection and classical epigenetic targets.[15] As is
shown in Figure 2A, DNMTs inhibitor, KDMs inhibitor, DOT1L
inhibitor and HDACs inhibitor showed consistently low IC50s
across all three melanoma cell lines among 29 epigenetic chem-
ical compounds. In selecting a partner drug for ADC, we con-
sidered both IC50 values and clinical potential. Among the four
candidates, KDMs inhibitor and DOT1L inhibitor lack clinical
data. While HDACs inhibitor has been trialed as monotherapy,
its efficacy in combination therapy remains unexplored. In con-
trast, DAC has undergone clinical evaluation in combination
with temozolomide for melanoma treatment,[16] demonstrating
promising outcomes with a disease control rate (DCR) of 61%
and a median overall survival (OS) of 12.4 months in a cohort of
35 patients (2 complete responses [CR], 4 partial responses [PR],
and 14 stable diseases [SD]). This performance suggests a poten-
tial advantage over the historical 1-year OS rate. The observed
clinical tolerance and synergistic efficacy indicated DAC as a
preferable partner for ADC combination therapy. Besides, analy-
sis of Cancer Dependency Map dataset [17] also validated DNMT1
knockout by CRISPR/Cas9 gives high essential gene score in the
epigenetic targets across melanoma cell lines, featuring a critical
role for DNMT1 in melanoma (Supplement Figure S2C). We vali-
dated the DNMT1 overexpression in melanoma by TCGA dataset
(Supplement Figure S2D). Previous studied demonstrated that
DNMT1 was a hallmark of melanoma and indicating poorer
survival in melanoma patients.[14,18] In TCGA of melanoma co-
hort, melanoma patients with high DNMT1 expression exhibited
poorer disease-free survival, but the difference was not statisti-
cally significant (Log-rank p = 0.083; Supplement Figure S2E).
Given decitabine (DAC), a clinically approved DNMT inhibitor,
has shown promising efficacy and clinical safety in phase I clini-
cal trials for melanoma,[16,19] DAC was selected to combine with
ICAM1-ADCs to explore the potential synergistic antitumor effi-
cacy in vitro and in vivo. In the in vitro experiments, tumor cell
inhibition of each DAC/ADC combination was presented with

Figure 1. ICAM1-ADCs show potent anti-tumor efficacy in melanoma as monotherapy. (A) Box plots compare ICAM1 mRNA levels via melanoma to
normal tissue; (B) Human melanoma cell and normal 293T surface expression of ICAM1 by flow cytometry (PE-labeled antibody); (C) Representative
images of IF staining of ICAM1 in human melanoma cells and normal 293T cell. Scale bar 10 μm; (D) Internalization curve of ICAM1 in melanoma
cells (A375, C32 and SK-MEL-1) quantified by flow cytometry; (E) Schematic illustration and chemical structures of two ADC linkers and payloads; (F)
In vitro cell growth inhibitory activity in A375, C32, SK-MEL-1 and 293T cell. Each point represents the mean and SD (n = 3). The red horizontal dotted
line indicates the half maximal inhibitory; (G) Representative images of HE and IHC staining for ICAM1 in melanoma PDX model. Scale bar 50 μm; (H)
Image of excised subcutaneous PDX tumors from mice treated with PBS (sham), I1 mab, I1-MMAE, or I1-DXd group (n = 5 per group); (I) Δ tumor
volume in PDX model by tumor volume measurement by caliper. *p < 0.05; **p < 0.01; Bonferroni-adjusted p value < 0.05 was considered statistically
significant. (J) Tumor mass at the endpoint of PDX tumors quantified by weight. *p < 0.05; **p < 0.01; Bonferroni-adjusted p value < 0.05 was considered
statistically significant.
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SynergyFinder (a web application for interactive analysis and vi-
sualization of multi-drug combination response data) to probe
combination effects in a dose-response matrix. The results
showed that a higher dosage of ADC caused even higher inhi-
bition of cell growth rate in combination with the correspond-
ing DAC treatment (Figure 2B). To quantify the synergistic ef-
fect of different ADCs (I1-DXd and I1-MMAE) and DAC, syn-
ergy scores were calculated using the highest single agent (HSA)
model method by SynergyFinder.[20] The HSA synergy scores of
I1-DXd and DAC combination were determined as 20.1 for A375;
11.0 for C32 and 14.4 for SK-MEL-1 (Supplement Figure S2F),
respectively. The HSA synergy scores I1-MMAE and DAC com-
bination were determined as 19.2 for A375; 6.3 for C32 and
10.3 for SK-MEL-1, respectively (synergy scores less than -10 in-
dicated that the interaction between two drugs is likely to be
antagonistic; synergy scores from -10 to 10 indicated that the
interaction between two drugs is likely to be additive; synergy
scores larger than 10 indicated that the interaction between two
drugs is likely to be synergistic). The combination of I1-DXd and
DAC in A375 (medium-low ICAM1 expression) cells achieved
the highest synergy score. Based on the results that synergy
scores of I1-DXd and DAC combination are consistently higher
than 10, this finding indicates that the interaction of two drugs
is likely to be synergistic, warranting further investigation in
vivo.

We next evaluated the synergistic effects of I1-DXd and
DAC combination (Combo) in the previously established PDX
melanoma model. Two-way ANOVA analysis indicated signifi-
cant differences in drug efficacy across groups (F = 39.15, p <

0.001). Subsequent Bonferroni-adjusted post hoc tests showed
that the combination therapy group significantly reduced tumor
growth compared to both PBS and I1-DXd groups at the study
endpoint (day 24) (PBS vs. Combo, Bonferroni-adjusted p =
0.002; I1-DXd vs. Combo, Bonferroni-adjusted p = 0.011), as
depicted in Figures 2C-D. One-way ANOVA revealed significant
variations in terminal tumor weights among the groups (F =
15.58, p < 0.001), with Bonferroni-adjusted post hoc analysis
showing significantly lower tumor weights in the I1-DXd and
combination therapy groups compared to PBS (PBS vs. I1-DXd,
Bonferroni-adjusted p = 0.001; PBS vs. Combo, Bonferroni-
adjusted p < 0.001). While the average tumor weight at the
endpoint was lower in the combination therapy group than in
the I1-DXd group, this difference was not statistically significant
(0.044g vs. 0.160g, Bonferroni-adjusted p > 0.05), as illustrated
in Figure 2E. Meanwhile, two-way ANOVA analysis indicated
that no obvious weight loss was observed among the treatment
groups (F = 0.096, p = 0.961) (Supplement Figure S2G), sug-

gesting that the combination of I1-DXd and DAC was well
tolerated in mice. Moreover, pathological staining reveals that
Combo group exhibited more apoptotic phenotypes (nuclear
condensation and nuclear fragmentation; Figure 2F). Ki67 im-
munohistochemistry was employed to evaluate cell proliferation,
as illustrated in Figures 2G-H. One-way ANOVA analysis iden-
tified significant differences in Ki67 positivity across groups (F
= 53.01, p < 0.001). Bonferroni-adjusted post hoc comparisons
indicated significantly reduced Ki67 positive cells in both the
I1-DXd and Combo groups compared to the PBS control (PBS
vs. I1-DXd, Bonferroni-adjusted p < 0.001; PBS vs. Combo,
Bonferroni-adjusted p < 0.001). Notably, the Combo group
exhibited a further significant reduction in Ki67 positive cells
compared to the I1-DXd group (Bonferroni-adjusted p = 0.043),
indicating enhanced anti-proliferative effects. Additionally,
one-way ANOVA analysis showed no significant differences in
liver function tests (ALT, AST), total bilirubin (TB), creatinine,
and blood urea nitrogen (BUN) across the groups (ALT: F =
0.388, p = 0.764; AST: F = 0.255, p = 0.856; TB: F = 0.696, p
= 0.568; Creatinine: F = 0.273, p = 0.843; BUN: F = 0.385, p =
0.765), as shown in Figure 2I. This indicates that the treatments
did not induce significant hepatotoxicity or nephrotoxicity,
maintaining a favorable safety profile. Besides, no evidence
of physiological changes and organ-related damages was ob-
served in H&E staining of major normal organs (Supplement
Figure S2H), indicating that combination of I1-DXd and DAC
is biologically safe without off-target toxicities in the mouse
model.

We next chose luciferase-transfected A375 cells (A375-luc),
which has moderate-low expression of ICAM1, to construct an
orthotopic xenograft tumor model to further confirm the anti-
tumor and anti-metastatic efficacy of I1-DXd monotherapy or
combined with DAC. In Figure 3A-B, Combo group facilitated
the maximal reduction of tumoral bioluminescence intensity
among all tested groups. The napierian logarithm (ln) of tumor
bioluminescence intensity across different groups was analyzed
using two-way ANOVA. This analysis demonstrated significant
differences in drug effects (F = 39.04, p < 0.0001). On day 10,
the combination therapy group showed a reduction in fluores-
cence intensity compared to the I1-DXd group, although this dif-
ference did not reach statistical significance (I1-DXd vs. Combo,
Bonferroni-adjusted p = 0.087), as depicted in Figure 3C. By day
20, Bonferroni-adjusted post hoc analysis indicated that the com-
bination therapy group significantly reduced fluorescence inten-
sity relative to both the PBS and I1-DXd groups (PBS vs. Combo,
Bonferroni-adjusted p < 0.001; I1-DXd vs. Combo, Bonferroni-
adjusted p = 0.034), shown in Figure 3D. On day 30, fluorescence

Figure 2. Combination with DAC significantly enhances the ICAM1-ADC anti-tumor efficacy in vitro and in vivo. (A) Chemical screen of 29 epigenetic
probes identifies DNMT1 inhibitor as potential therapeutic target for melanoma. The color scale represents the z-score of IC50. The lower IC 50 values
indicated stronger anti-proliferative activities effect in melanoma cells; (B) Combined inhibitory effects of various combination matrix of ICAM1-ADCs
(0-66.7 nM) and DAC (A375: 0–100 μM; C32 and SK-MEL-1:0-50 μM) in melanoma cells; (C) Image of excised subcutaneous PDX tumor from mice
treated with PBS (sham), DAC, I1-DXd, or Combo group (n = 5 per group); (D) Δ tumor volume curve in PDX model by tumor volume measurement
by caliper. *p < 0.05; ***p < 0.001; Bonferroni-adjusted p value < 0.05 was considered statistically significant. (E) Tumor mass weight at end point of
subcutaneous PDX tumors. **p < 0.01; ***p < 0.001; Bonferroni-adjusted p value < 0.05 was considered statistically significant. (F) Representative
HE image of tumor in different groups. Scale bar 20μm. Yellow arrow indicated nuclear condensation; red arrow indicated nuclear fragmentation; (G)
Representative Ki67 IHC staining image of tumor in different groups. Scale bar 20μm; (H) Quantitation of Ki67 positive cell proportion in different
groups. *p < 0.05; ***p < 0.001; Bonferroni-adjusted p value < 0.05 was considered statistically significant. (I) Blood chemistry parameters (ALT, AST,
TB, BUN and Cre) measured when treated mice were sacrificed in different groups.
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intensity in the combination therapy group was significantly
lower than in the I1-DXd group (t = 3.573, p = 0.007), as illus-
trated in Figure 3E. Correlatively, Kaplan-Meier survival analysis
indicated that the combination therapy group demonstrated a sig-
nificantly improved survival benefit over the PBS group (PBS vs.
I1-DXd, p = 0.003; PBS vs. Combo, p = 0.003; Figure 3F). Ad-
ditionally, one-way ANOVA was utilized to assess differences in
survival times among groups, revealing significant disparities (F
= 478.5, p < 0.001). Bonferroni-adjusted post hoc analysis fur-
ther confirmed that both the I1-DXd and the combination groups
had significantly extended survival times compared to the PBS
group (PBS vs. I1-DXd, Bonferroni-adjusted p < 0.001; PBS vs.
Combo, Bonferroni-adjusted p < 0.001), as illustrated in Supple-
ment Figure S2I. However, there was no significant difference
in survival times between the I1-DXd and combination therapy
groups (Bonferroni-adjusted p > 0.05). The major organs were
also excised for examining spontaneous metastases of A375-luc
tumors when tumor-bearing mice were sacrificed. The biolumi-
nescence intensity of major organs in different groups was com-
pared by one-way ANOVA analysis. The one-way ANOVA anal-
ysis revealed that the bioluminescence intensity in kidney (F =
2.526, p = 0.094) and spleen (F = 2.984, p = 0.062) among differ-
ent groups were not statistically different (Figure 3G). The biolu-
minescence intensity in heart (F = 3.374, p = 0.044), liver (F =
10.36, p = 0.001) and lung (F = 3.775, p = 0.032) among different
groups were statistically different. The post hoc with Bonferroni
analysis of heart bioluminescence intensity revealed that Combo
group could significantly attenuate fluorescence intensity in com-
parison with PBS group (PBS vs. Combo, Bonferroni-adjusted p
= 0.046). The fluorescence intensity difference in heart between
PBS and I1-DXd group was not statistically different (PBS vs. I1-
Dxd, Bonferroni-adjusted p = 0.220). The post hoc with Bonfer-
roni analysis of bioluminescence intensity in liver revealed that
I1-DXd and Combo group could both significantly attenuate flu-
orescence intensity in comparison with PBS group (PBS vs. I1-
Dxd, Bonferroni-adjusted p = 0.001; PBS vs. Combo, Bonferroni-
adjusted p = 0.002), as shown in Figure 3H-I. The post hoc
with Bonferroni analysis of bioluminescence intensity in lung
revealed that Combo group could significantly attenuate fluores-
cence intensity in comparison with PBS group (PBS vs. Combo,
Bonferroni-adjusted p = 0.034). The fluorescence intensity dif-
ference in lung between PBS and I1-DXd group was not statis-
tically different (PBS vs. I1-Dxd, Bonferroni-adjusted p = 0.257),
as shown in Figure 3J-K. Specially, Combo group could effectively
attenuate melanoma metastasis to lung and liver tissues. These
findings indicate that DAC may work in synergy with ADCs to
attenuate melanoma primary tumor growth and its metastases.

2.3. I1-DXd monotherapy boosts anti-tumor immunity and
synergistically enhanced by DAC

To further investigate the immunoregulatory roles of I1-DXd and
DAC combination on anti-tumor immunity, we first established
an immunocompetent animal model using murine melanoma
B16OVA cells transduced with human ICAM1 genes (B16OVA-
hICAM1) (Supplement Figure S3A-D), which is used to deter-
mine the in vivo efficacy of I1-DXd and DAC combination. The
drug and dosage regimes were same with A375-luc model. As is
shown in Figure 4A and Supplement Figure S3E, the B16OVA-
hICAM1 tumor growth was potently suppressed in the Combo
group, which is significantly more effective than I1-DXd or DAC
monotherapy. The two-way ANOVA analysis revealed that the
drug effects were statistically different (F = 26.89, p < 0.001)
in different groups. Then post hoc with Bonferroni analysis
results revealed that Combo group significantly attenuated tu-
mor growth in comparison with PBS and I1-DXd groups at end
point (PBS vs. Combo, Bonferroni-adjusted p = 0.006; I1-DXd
vs. Combo, Bonferroni-adjusted p = 0.022). After tumor exci-
sion, the results were confirmed by examining terminal tumor
weights (Figure 4B). One-way ANOVA analysis determined sig-
nificant differences in tumor weight across the study groups (F
= 10.95, p < 0.001). Bonferroni-adjusted post hoc analysis in-
dicated that the I1-DXd and combination therapy groups had
significantly reduced tumor weights compared to the PBS con-
trol group (PBS vs. I1-DXd, Bonferroni-adjusted p = 0.007; PBS
vs. Combo, Bonferroni-adjusted p < 0.001). Although the tumor
weight in the combination therapy group was lower than in the
I1-DXd group, this reduction did not reach statistical significance
(0.122g vs. 0.464g; Bonferroni-adjusted p = 0.758), as shown in
Figure 4B.

To further elucidate the immune responses associated with
treatment efficacy, whole transcriptional profiles of fresh tumor
tissues harvested from different groups (PBS, I1-DXd, DAC, or
Combo group) surveyed by RNA-Sequencing (RNA-Seq) were
compared. The differentially-expressed genes (DEGs) among dif-
ferent groups were shown as the volcano map and the top 20
DEGs were presented (Supplement Figure S3F). The KEGG en-
richment analysis among different groups were shown in Sup-
plement Figure S4G-I. In Figure 4C, the transcriptomic results
revealed that Combo and I1-DXd groups substantially upregu-
lated the expression of interferon signature genes (e.g., IFNG,
IRF3, IFNGR1), antigen presentation genes (e.g., Mx2, H2-M2,
Psmd13), chemokine and cytokine genes (e.g., CCL1, XCL1,
TNF) and downregulated the expression of collagen formation
genes (e.g., COL1A1, MMP9). Afterwards, the abundance of

Figure 3. I1-DXd monotherapy or in combination with DAC inhibits melanoma metastasis and improves survival in mice bearing A375-luc xenograft
tumors. (A) Representative bioluminescent images of mice A375-luc xenograft tumors in different groups at different time points after injection; (B)
Bioluminescence signal intensity at different time points in different groups (n = 5 per group); (C) Quantitative analysis of natural logarithm of tumor
bioluminescence signal intensity in different groups at day 10. **p < 0.01; Bonferroni-adjusted p value < 0.05 was considered statistically significant. (D)
Quantitative analysis of natural logarithm of tumor bioluminescence signal intensity in different groups at day 20. **p < 0.01; ***p < 0.001; Bonferroni-
adjusted p value < 0.05 was considered statistically significant. (E) Quantitative analysis of natural logarithm of tumor bioluminescence signal intensity
in different groups at day 30. **p < 0.01. (F) Kaplan–Meier survival curve of mice in different groups; (G) Bioluminescence signal intensity of major
organs (heart, liver, lung, kidney and spleen) when mice were sacrificed in different groups; (H) Representative bioluminescence images of liver in
different groups; (I) Quantitative analysis of liver metastasis burden as depicted from natural logarithm of bioluminescence signal intensity. **p < 0.01;
Bonferroni-adjusted p value < 0.05 was considered statistically significant. (J) Representative bioluminescence images of lung in different groups; (K)
Quantitative analysis of lung metastasis burden as depicted from natural logarithm of bioluminescence signal intensity. *p < 0.05; Bonferroni-adjusted
p value < 0.05 was considered statistically significant.
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different infiltrating immune cells in each sample was evalu-
ated by the CIBERSORT algorithm with the mouse immune
cell matrix. As is shown in Figure 4D, the proportions of im-
mune cells exposed several remarkable dissimilarities in I1-DXd
or Combo group when compared with PBS group. Specially, the
proportion of CD8+T cells, NK cells and M1 macrophage cells
were compared among different groups. One-way ANOVA anal-
ysis demonstrated significant differences in the proportion of
CD8+T cells across these groups (F = 6.013, p = 0.019). Fur-
ther, Bonferroni post hoc analysis revealed that the CD8+T cell
proportion in the combination therapy groups was significantly
higher than in the PBS control group (Bonferroni-adjusted p =
0.027; Figure 4E). Similarly, NK cell proportions varied signifi-
cantly among groups (F = 20.86, p < 0.001), with the combina-
tion therapy groups showing a significantly higher proportion of
NK cells compared to both the PBS and I1-DXd groups (PBS vs.
combination, Bonferroni-adjusted p < 0.001; I1-DXd vs. combi-
nation, Bonferroni-adjusted p = 0.012; see Figure 4F). However,
the differences in M1 macrophage cell proportions among the
four groups did not reach statistical significance (F = 1.062, p
= 0.418). H&E staining tumor tissue sections also revealed that
I1-Dxd or Combo treatment was associated with increased lym-
phoid cell infiltration and degenerative tumor cells. The increase
of infiltrating immune cells was further confirmed by the mul-
tiplex immunofluorescence of tumor samples in different treat-
ment groups (Figure 4I and Supplement Figure S4A). The CD8
(pink) was used as a marker of CD8+T cells, CD11b (red) was
used as a marker of NK cells and the CD86 (green) was used
as a marker of M1 macrophage. In terms of fluorescence in-
tensity, significant differences were observed among groups for
CD8+T cells (F = 8.449, p = 0.001), NK cells (F = 4.587, p =
0.016), and M1 macrophage cells (F = 4.424, p = 0.019). Bonfer-
roni post hoc analysis indicated that the fluorescence intensity of
CD8+T cells in the combination therapy groups was significantly
higher than in the PBS group (Bonferroni-adjusted p = 0.001;
Figure 4J). The same analysis for NK cells and M1 macrophage
cells showed that their fluorescence intensities in the combina-
tion therapy groups were significantly higher than in the PBS
group (NK cells: Bonferroni-adjusted p = 0.015; Figure 4K. M1
macrophage cells: Bonferroni-adjusted p= 0.017; Figure 4L). The
Combo group demonstrated the highest tumoral proportions
of CD8+T cells, NK cells and M1 macrophage cells among all
groups. Collectively, these findings indicated that the I1-DXd and
DAC combination exerted a synergistic immunoregulatory effect
through accommodating more infiltrated innate and adaptive im-
mune cells to enhance antitumor immunity effect in melanoma
TME.

2.4. DAC upregulates the expression of ICAM1 via dsDNA
accumulation and increase internalization of ICAM1 antibodies

Given antigen expression is a key factor for binding and in-
ternalizing ADCs.[21] As revealed by results of aforementioned
transcriptomic data, DAC treatment could effectively up-regulate
ICAM1 expression in response to DNMTs inhibition (Figure 5A).
The gene set enrichment analysis revealed that the cytosolic
DNA sensing pathway was enriched in DAC group (NES = 1.38;
p = 0.04), indicating the accumulation of double-stranded de-
oxyribonucleic acid (ds-DNA) (Figure 5B). To further validate
dsDNA formation, IF staining with a dsDNA antibody identi-
fied that DAC effectively induced the accumulation of dsDNA
in both A375 and SK-MEL-1 cells (Figure 5C and Supplement
Figure S4B). The fluorescence intensity of dsDNA in DAC group
was significantly higher than PBS groups in A375 cells (t =
6.455, p < 0.001; Figure 5D) and SK-MEL-1 cells (t = 8.263, p
< 0.001; Figure 5E). The underlying molecular steps of dsDNA
accumulation inducing ICAM1 expression were previously re-
ported through NFkB, JNK and MAPK pathways.[22] To system-
ically evaluate the impact of DAC on the melanoma cell mem-
brane expression of ICAM1 at protein level, A375 and SK-MEL-
1 cells were pre-treated with DAC (48h) and ICAM1 membrane
expression were evaluated using flow cytometry. The results re-
vealed that the MFI of ICAM1 significantly increased after DAC
treatment in A375 cells (t = 9.942, p = 0.001) and SK-MEL-1 cells
(t = 6.679, p = 0.002; Figure 5F), indicating that DAC treatment
significantly increased ICAM1 membrane expression. To make
the analysis more comprehensive, the membrane expression of
ICAM1 at the single cell level analyzed by Cytobank was further
divided into low- and high-expression subgroups. Figure 5G illus-
trates that the expression rate of ICAM1 significantly increased
in A375 cells (t = value: 4.374; p = 0.048) and SK-MEL-1 cells (t
= 6.254, p = 0.024) following DAC treatment, as determined by
paired t-tests. Moreover, we also investigated the impact of DAC
pre-treatment on the melanoma cell internalization of ICAM1 an-
tibodies. Figure 5H illustrates the procedure for evaluating the in-
ternalized antibody quantities. According the flowchart, further
analysis using two-way ANOVA showed statistically significant
differences in the effects of DAC treatment between the control
and DAC groups for both A375 cells (F = 29.04, p = 0.006) and
SK-MEL-1 cells (F = 32.66, p = 0.004). Independent t-tests in-
dicated a significant enhancement in ICAM1 antibody internal-
ization in the DAC-treated groups compared to controls. In A375
cells, this increase was significant at 2 hours (t = 4.208, p = 0.013;
Figure 5I) and became more substantial by 4 hours (t = 5.369,
p = 0.005; Figure 5I). Similarly, in SK-MEL-1 cells, significant

Figure 4. I1-DXd remodels TME to activate anti-tumor immunity and synergizes with DAC in immunocompetent mice bearing B16OVA-hICAM1. (A) Δ
tumor volume curve in immunocompetent mice bearing B16OVA-hICAM1 by tumor volume measurement by caliper. *p < 0.05; **p < 0.01; Bonferroni-
adjusted p value < 0.05 was considered statistically significant. (B) Tumor mass at end point of subcutaneous tumors quantified by weight. **p <

0.01; ***p < 0.001; Bonferroni-adjusted p value < 0.05 was considered statistically significant. (C) Heat map of IFN signature, antigen presentation,
chemokine, cytokine and collagen formation genes in different groups (n = 3 samples per group); (D) Relative proportion bar chart of 25 infiltrated
immune cells in each samples according to CIBERSORT algorithm; (E-G) Quantitative analysis of CD8+T cells (E), NK cells (F) and M1 macrophage
cells (G) in different groups. *p < 0.05; ***p < 0.001; Bonferroni-adjusted p value < 0.05 was considered statistically significant. (H) Representative
HE staining images in different groups. Blue arrow indicated lymphoid cells; red arrow indicated tumor cells; green arrow indicated degenerative tumor
cells; (I) Representative multiplex immunofluorescence images of tumor samples in different groups for CD8 (pink), CD86 (green) and CD11b (red);
(J-L) Fluorescence intensity analysis of CD8+T cells (J), NK cells (K) and M1 macrophage cells (L) in different groups. *p < 0.05; **p < 0.01; Bonferroni-
adjusted p value < 0.05 was considered statistically significant.
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increases were observed at 2 hours (t = 3.877, p = 0.017;
Figure 5J) and at 4 hours (t = 4.363, p = 0.012; Figure 5J). At
last, IF staining (Figure 5K) visualized DAC disposition substan-
tially increased the exposures of A375 (t = 3.079, p = 0.037;
Figure 5L) and SK-MEL-1 cells (t= 4.770, p= 0.008; Figure 5M) to
ICAM1 antibodies (antibody quantities located in cell membrane
and internalized by cell), respectively. These findings strongly
support that DAC effectively upregulates ICAM1 expression on
melanoma cell surface and enhances internalization of ICAM1
antibodies, providing drug delivery benefits for ICAM1-ADCs.

2.5. DAC potentiates melanoma cytotoxicity of I1-DXd

Given that the mechanism of action (MoA) of I1-DXd primar-
ily acts on inducing apoptotic cancer cell death via its cytotoxic
payload of DXd, a DNA topoisomerase inhibitor, we next inves-
tigated the impact of DAC on the sensitivity of melanoma cell
to I1-DXd treatment. In consistence with the outstanding in-
hibitory effects on melanoma tumor growth, we observed that
Combo and I1-DXd groups potently activated apoptosis-related
genes in our transcriptomic analysis (Figure 6A). The apoptosis
pathway also was enriched in both I1-DXd and Combo group
by KEGG pathway enrichment analysis (I1-DXd vs. PBS, NES
1.46, p = 0.01; Combo vs. PBS, NES 1.33, p = 0.03; Figure 6B).
To validate our transcriptomic results at protein level, we per-
formed western-blot and identified substantially increased lev-
els of cleaved caspase-3 and pH2aX, two established markers of
cell apoptosis, in the Combo group. The upregulated pH2aX ex-
pression in the Combo group was also visually confirmed by IF
staining in both A375 and SK-MEL-1 cells (Figure 6D). The one-
way ANOVA analysis indicated significant differences in the flu-
orescence intensity of pH2aX across various groups in A375 cells
(F = 44.76, p < 0.001). Subsequent Bonferroni post hoc analysis
revealed that the fluorescence intensity of pH2aX in the combi-
nation therapy groups was significantly higher than in the PBS,
DAC, and I1-DXd groups (PBS vs. Combo, Bonferroni-adjusted
p < 0.001; DAC vs. Combo, Bonferroni-adjusted p < 0.001; I1-
DXd vs. Combo, Bonferroni-adjusted p = 0.015; Figure 6E). Sim-
ilarly, in SK-MEL-1 cells, the fluorescence intensity of pH2aX
varied significantly among groups (F = 59.24, p < 0.001), with
the combination therapy groups showing significantly greater
intensity compared to the PBS, DAC, and I1-DXd groups (PBS
vs. Combo, Bonferroni-adjusted p < 0.001; DAC vs. Combo,
Bonferroni-adjusted p < 0.001; I1-DXd vs. Combo, Bonferroni-
adjusted p = 0.044; Figure 6F). The apoptotic morphologies of
melanoma cells induced by I1-DXd or in combination with DAC
were observed intuitively by transmission electron microscope
(TEM) (Figure 6G-H). These above findings support that DAC

potently sensitizes melanoma cells to I1-DXd treatment by im-
proving apoptotic cancer cell death.

2.6. DAC enhances tumor penetration of I1-DXd

Inspired by the RNA-seq results (Figure 4C and Figure 5A) that
DAC could upregulate ICAM1 expression and reprogram the
tumor microenvironment (increasing infiltrating immune cells,
upregulating chemokines and downregulating collagen forma-
tion genes), we speculated that DAC may improve tumor pene-
tration of I1-DXd. Thus, we studied the impact of DAC treatment
on the tumoral biodistribution of the fluorophore Cy3-labeled I1-
DXd (I1-DXd-Cy3) in PDX model (Figure 7A). The whole tumor
imaging captured the overall I1-DXd-Cy3 distribution after 48h
following intravenous delivery at the same doses as the efficacy
study. Nuclear staining was performed using Hoechst 33258 and
vasculature staining was performed by CD31. We calculated the
fluorescence intensity from tumor edge to tumor core. The in-
dependent t-test demonstrated that DAC treatment significantly
increased the fluorescence intensities of I1-DXd-Cy3, both at the
tumor edge (t = 2.484, p = 0.037; Figures 7B-C) and in the tumor
core (t = 2.358, p = 0.046; Figures 7D-E), indicating that DAC
effectively enhances solid tumor penetration of I1-DXd-Cy3. The
distance map further confirms that I1-DXd-Cy3 achieved a sub-
stantially better tumoral penetration with assistance from DAC
treatment (Figure 7F-G).

Lastly, we concluded this study by drawing a schematic dia-
gram of the anti-tumor mechanism of I1-DXd monotherapy and
synergistic antitumor mechanisms of I1-ADC in combination
with DAC (Figure 8).

3. Discussion

Malignant melanoma is a highly aggressive tumor with limited
treatment options, especially after failure of immune therapy.[23]

Although ADC has emerged as paradigm-shifting therapeutic
strategy for many cancers including breast and gastric cancers,[24]

there is no ADC clinically approved for melanoma currently. To
address this unmet medical need and to respond to the concerns
noted in the real-world practice, we report the development of
rationally designed ADCs targeting ICAM1 as a potent targeted
therapeutic for treating melanoma through direct killing of ma-
lignant cells in multiple cell line-derived xenografts (CDX) and
PDX models of melanoma. Further, we discovered that ICAM1-
ADC could reprogram TME into an active immune microenvi-
ronment in the immunocompetent xenograft model. The dual
therapeutic benefits of ICAM1-ADC might pave the road for

Figure 5. DAC induces ICAM1 expression and increases the internalization of ICAM1 antibody. (A) Heat map showing the down-regulation of DNMTs
and up-regulation of ICAM1 and dsDNA sensor genes in the DAC group compared with PBS group; (B) GSEA for gene sets associated with cytosolic DNA
sensing pathway in DAC group vs. PBS group; (C) Representative images of IF staining of dsDNA in different groups. Scale bar 10 μm; (D-E) Quantitative
fluorescence intensity analysis of dsDNA in A375 cells (D) and SK-MEL-1 cells (E). ***p < 0.001; (F) MFI change calculated by flow cytometry after DAC
treatment. n = 3 biological replicates; (G) Quantitative analysis of ICAM1 high expression rate after DAC treatment. n = 3 biological replicates. ICAM1
high expression rate was defined by the rate of cells with ICAM1 expression higher than the middle point of the peak of the highest expressing sample
in each cell line; (H) Schematic illustration for ICAM1 antibody internalization assay; (I) Quantitative analysis of ICAM1 antibody internalization at 2h
and 4 h after DAC treatment in A375 cell (I) and SK-MEL-1 cell (J). *p < 0.05; **p <0.01; (K) Representative images of IF staining of ICAM1 antibody
at 4 h after DAC treatment. Scale bar 10 μm; (L-M) Quantitative fluorescence area analysis of tumor cell exposure to ICAM1 antibody at 4 h after DAC
treatment in A375 cell (L) and SK-MEL-1 cell (M). *p < 0.05; **p <0.01.
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clinical development of ADC for melanoma. Furthermore, we
propose a rational therapeutic strategy that combines ADC and
epigenetic drug DAC and elucidate the possible synergistic
mechanism of this drug combination.

Combination therapy is a widely acknowledged strategy to
increase the likelihood of achieving complete remission and
cure by cooperating through diverse mechanisms of action,
particularly when dealing with the complexities of tumor
heterogeneity.[11] To date, therapeutic benefits and underlying
biomechanism(s) of ADCs in combination with other targeted
therapeutics remain elusive. In this study, we identified the part-
ner of choice with synergy in antitumor activity from the perspec-
tive of epigenetics by performing an unbiased screening of 29
epigenetic chemical compounds. After screening, we identified
DNA methylation inhibitor (DAC) as an effective choice of com-
bination with “magic bullets” ADC for melanoma. DNA methyla-
tion, as the main epigenetic modification and a well-known epi-
genetic marker, is modified by DNA methyltransferase (DNMTs).
Previous study has reported that aberrant DNA methylation was
significantly associated with poorer prognosis [14,25] and more re-
sistant to chemotherapy and BRAF inhibitors in melanoma.[26]

The reversible nature of DNA methylation makes it a desirable
therapeutic target of combination treatment. Previous clinical tri-
als for melanoma have shown the safety of DAC in combined
with other drugs such as temozolomide [16] and interleukin-2[27]).
In this study, we specifically investigated the synergy between I1-
DXd and DAC, demonstrating superior in vivo efficacy than I1-
DXd monotherapy in multiple preclinical models of melanoma.
Additionally, DAC did not add to the toxicity of I1-DXd therapy
when combined.

Rational drug combinations require the understanding of how
DAC works in synergy with I1-DXd. Mechanistically, we discov-
ered that combination with DAC generates five major advantages
for improving the in vivo efficacy of I1-DXd as follows: (1) I1-DXd
monotherapy reprogrammed TME to boost anti-tumor immu-
nity in synergy with DAC; (2) DAC upregulates ICAM1 expres-
sion on melanoma cell surface via dsDNA accumulation; (3) DAC
increases the cellular internalization of ICAM1-ADC; (4) DAC
sensitizes melanoma tumors to I1-DXd treatment via promot-
ing apoptosis; (5) DAC enhances tumor penetration of I1-DXd
in vivo. The anti-tumor efficacy of ADC largely depends on anti-
gen expression, internalization of ADC within tumor cells, and
the potency of the cytotoxic payload.[28] In this study of in vitro
experiments, we found that DAC could significantly promote the
accumulation of dsDNA. Previous study reported that the accu-
mulation of dsDNA could activate the cytosolic DNA sensing
by the cGAS-STING pathway and thus upregulate the expres-
sion of IRF3,[29] which could directly bound to the ICAM1 pro-
moter to induce ICAM1 expression.[30] High ICAM1 expression
in melanoma correlates with poor outcomes.[14] However, sev-
eral ADC clinical research revealed that antigen loss is a pre-
dominant cause for acquired resistance of ADC treatment.[31]

The DAISY trial underscored this by showing a 65% reduction
in HER2 expression in patients experiencing tumor progression
with T-DXd, a HER2-targeted ADC.[31] Similarly, the absence of
TROP2 was linked to initial resistance to sacituzumab govitecan,
a TROP2-targeted ADC.[32] Addressing antigen loss, combina-
tion therapy with ADCs presents a promising strategy.[11] For in-
stance, Osimertinib, an EGFR tyrosine kinase inhibitor, has been
found to synergize with HER3-targeted ADCs by boosting HER3
expression and enhancing ADC uptake in lung cancer cells.[33]

Concurrently, DAC functioning through a distinct mechanism,
may complement I1-DXd, potentially mitigating intrinsic ADC
resistance. This integrated approach suggests a viable pathway
to counteract antigen loss and improve response rates in ADC
treatments. Besides, DAC also significantly increases the num-
ber of internalized ICAM1 antibodies. To sum up, the increase
of membrane expression and internalization of ICAM1 could sig-
nificantly increase the antibody exposure of tumor. On the other
hand, DAC also significantly promotes the apoptotic cancer cell
death by I1-DXd in comparison with I1-DXd monotherapy, as ev-
idenced by RNA sequencing, western-blot, TEM and morphol-
ogy of H&E staining slices. DXd, as the cytotoxic payload of I1-
DXd, is a DNA topoisomerase I (TOP1) inhibitor with higher
anti-tumor activity and cell membrane permeability than SN-38.
The inhibition of TOP1 has been reported to induce apoptosis of
tumors.[34] Our findings also provide the first experimental ev-
idence that DXd-based ADCs exhibit potent anti-tumor efficacy
against melanoma.

Another important finding of this work is the TME remodel-
ing effect of I1-DXd monotherapy or combined with DAC. TME
plays a key role in malignancy development, progression, and
metastasis orchestrated by the intricate crosstalk between cellular
and non-cellular components.[35] The mechanism of melanoma
immune evasion after immune therapy included suppressing
ability of antigen presentation, decreasing mutational burden
and upregulating of coinhibitory receptors.[36] Previous study
revealed that DAC alone could upregulate immunostimulatory
genes (Cxcl1, Cxcl10, IRF7 etc.) and enhance lymphocyte migra-
tion and function.[37] In this study, we investigated the biological
functions of I1-DXd single agent or combined with DAC on anti-
tumor immune responses using immunocompetent mice bear-
ing B16OVA-hICAM1 tumor. As demonstrated by CIBERSORT
analysis and multiplex immunofluorescence of tumor tissue,
the proportions of infiltrating anti-tumor immune cells (CD8+T
cells, NK cells and M1 macrophage cells) in TME are signifi-
cantly increased after the treatment of I1-DXd. More importantly,
the I1-DXd mediated TME amelioration was significantly en-
hanced when combined with DAC. The characterization variabil-
ity of TME also provided insight into the immunomodulatory
properties after I1-DXd and DAC combination treatment rely-
ing on the activation of a diverse array of antitumor immune
cascades. It is conceivable that the traits together contribute
to the ADC/DAC combination-mediated enhanced infiltrating

Figure 6. DAC enhances the anti-tumor efficacy of I1-DXd by synergistically inducing apoptotic cancer cell death. (A) Heat map of apoptosis-related
genes expression in different groups; (B) GSEA for gene sets associated with apoptosis pathway in the Combination group vs. PBS group; (C) Western
blots showing the DNA damage and apoptosis response followed by I1-DXd monotherapy or combination treatment with DAC. 𝛽-Actin is the loading
control; (D) Representative images of IF staining of pH2AX in different groups. Scale bar 10 μm; (E-F) Fluorescence intensity analysis of pH2AX in
different groups in A375 cell (E) and SK-MEL-1 cell (F) (n = 100 cells per group); *p < 0.05; ***p < 0.001; Bonferroni-adjusted p value < 0.05 was
considered statistically significant. (G-H) Representative TEM image of A375 (G) and SK-MEL-1 (H) after different treatment for 24h.
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Figure 7. DAC enhances tumor penetration of I1-DXd. (A) Schematic design of I1-DXd biodistribution in PDX tumor; (B) Representative fluorescence
images of tumor edge; yellow dotted line indicated the margin of tumor; (C) Representative fluorescence images of tumor core; (D) Quantitative analysis
of fluorescence intensity in tumor edge in control or DAC group (n = 5 per group). *p < 0.05; (E) Quantitative analysis of fluorescence intensity in tumor
core in control or DAC group (n = 5 per group). *p < 0.05; (F) Representative fluorescence images of the whole tumor in different groups; (G) Euclidean
distance map of I1-DXd-Cy3 distribution in different groups (n = 5 per group).

anti-tumor immune cells might revert resistance to the benefit
of immune checkpoint blockade.

The tumor penetration depth of ADC was multi-factorially de-
termined by target density, internalization rate, antibody molec-
ular weight, drug dose, and tumor physiology. Based on the ame-
liorated TME remodeling and increasing tumoral exposure of
ICAM1 antibodies, the impact of DAC on tumor penetration of
I1-DXd was further evaluated in the PDX model of melanoma.
We found that DAC pretreatment helped I1-DXd to readily ex-
travasate and significantly enhanced tumor penetration of I1-
DXd, especially in the tumor core. Such improved tumor penetra-
tion ability of ICAM1-ADC induced by DAC may yield greater ef-
ficacy and improve clinical success rates for ADCs, since solid tu-
mor tissue penetration holds the key for their clinical efficacy.[38]

Our findings provide in vivo evidence that DAC pretreatment im-
proves tumor penetration of ADCs.

To further enhance this study, more efforts could be taken
into action in four following aspects: (1) although our data show
that epigenetic inhibitor DAC significantly enhanced in vivo effi-
cacy of ICAM1-ADCs by providing diverse advantages from drug
delivery to TME remodeling, their key molecular steps remain
needs to be identified in more detailed biomechanism investi-

gations. (2) PDX models, being directly transplanted into mice,
offer a greater degree of heterogeneity and variability compared
to CDX. To enhance the robustness of our findings, we have
utilized two complementary CDX models (A375-luc in immun-
odeficient and B16OVA in immunocompetent mice) to address
the variability encountered with the PDX model. (3) given that
mice exhibit a higher tolerance to various ADC payloads com-
pared to humans,[39] the safety and toxicity profile of coadminis-
tration of epigenetic drugs in combination with ADC have yet to
be clearly understood and further studies are needed in large an-
imals and non-human primates, which more accurately mirror
human clinical responses and tolerances. (4) we are working on
next-generation ADCs featuring dual payloads (cytotoxic payload
and epigenetic inhibitor) that simultaneously deliver two cooper-
ative agents into same target tumor cells in our future study. The
preliminary results showed encouraging prospects.

4. Conclusion

In summary, our study provides critical insights into the develop-
ment of promising ADC candidates for melanoma-targeted ther-
apy. Furthermore, this study revealed that DAC could enhance

Figure 8. Schematic depicting the antitumor mechanisms of I1-ADC monotherapy (A) and the synergistic antitumor mechanisms of I1-ADC in combi-
nation with DAC (B).
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antitumor efficacy of ICAM1-ADC with different mechanisms.
These findings provide supporting rationale for ICAM1-ADC as
candidate for melanoma and pursue DAC as a combination part-
ner. This combination could also open a new avenue for ADC-
based therapeutics for treating other intractable malignancies.

5. Experimental Section
Cell lines and cell culture: Human melanoma cell lines A375, C32

and SK-MEL-1 were obtained from the American Type Culture Collection
(ATCC). The normal human embryonic kidney HEK 293T cell was main-
tained in our lab. Mouse melanoma cell line B16OVA was kindly provided
by Prof. Hao Chang at HIM. To construct the hICAM1+ mouse melanoma
cell line, the full-length human ICAM1 gene (NM_000201) was retro-virally
introduced into B16-OVA cells (B16OVA-hICAM1) with lentivirus vector
GV492. Then, cell pools stably expressing hICAM1 were selected and in-
dividual clones were isolated by single-cell sorting with flow cytometry. An
empty vector (pQCXIN, Clontech) was also retro-virally introduced as neg-
ative control (B16OVA-mock).

All cell lines were cultured with the appropriate media (RPMI 1640 for
A375, MEM supplemented with MEM non-essential amino acids solution
for SK-MEL-1, DMEM for C32, 293T and B16OVA) supplemented with 10%
heat-inactivated FBS at 37 °C in a humidified incubator with 5% (vol/vol)
CO2.

Evaluating cell surface ICAM1 expression and its internalization: The
ICAM1 expression levels were quantified by Beckman Coulter’s CytoFLEX
LX Flow Cytometer with ICAM1 antibodies (Cat 353106, BioLegend, San
Diego, CA) as previously detailed.[40] The internalization assay was per-
formed in melanoma and 293T cells following our reported protocol.[10]

Briefly, the detached cells were first incubated with unconjugated anti-
human ICAM1 antibodies (Cat 322702, BioLegend, San Diego, CA) for
30min at 4 °C. After washing, the primary ICAM1 antibodies bound
on cell membranes were allowed to be internalized for different time
points (0min, 30min, 60min, 120min, 240min at 37 °C). A secondary PE-
conjugated anti-mouse IgG (BioLegend, San Diego, CA) was added to the
stained cell for 30min and then rinsed by PBS, fixed by paraformaldehyde
(4%) for flow cytometry. The internalization efficiency was calculated by the
formula (1-mean cell fluorescence intensity (t = incubation time)/mean
cell fluorescent intensity (t = 0 min) × 100%. The extent of internalization
was presented with internalization curve which was generated by internal-
ization efficiency at different time points. As previously reported by us, the
Quantum™ Simply Cellular® (QSC) microspheres kit (Bangs Laborato-
ries, IN, USA) was applied to quantify the cell surface expression of ICAM1
on various cancer cell lines.[41]

Fluorescence imaging by confocal microscopy: PE conjugated ICAM1 an-
tibody was incubated with cells at 37 °C for 45min, then washed, fixed and
then analyzed by confocal microscopy (Nikon A1 HD25; Nikon, Japan).
For internalization experiments, detached cells were incubated with PE-
conjugated ICAM1 antibody for different time points, then processed and
analyzed as described in “Internalization assay”. To analyze the accumu-
lation of dsDNA and pH2AX, the dsDNA antibody (Cat ab27156, Abcam,
Cambridge, UK) or pH2AX antibody (Cat 2577, Cell signaling, Bionordika,
Stockholm, Sweden) was incubated with cells, then washed. The sec-
ondary PE-conjugated anti-mouse IgG (BioLegend, San Diego, CA; diluted
1: 1000) or secondary FITC-conjugated anti-mouse IgG (Cat A22110; Ab-
bkine, China) was incubated for 1 hour at room temperature. Next, the
cells were washed thrice with PBS to remove unbound secondary antibody.
Cell nuclei were counterstained with Hoechst 33258 in PBS for 10 minutes
at room temperature.

Western blot: Cell lines were lysed with RIPA lysis buffer. SDS-page and
western blot were performed using standard protocols.

Preparation of antibody drug conjugates and evaluating cell cytotoxicity
of ADCs: The payloads of the two ICAM1-ADCs were deruxtecan (DXd)
and monomethyl auristatin E(MMAE). I1-DXd and I1-MMAE were pre-
pared (GLP grade) by MabPlex (Yantai, China) via covalently conjugated
ICAM1 antibody (R6.5c, GeneScript) with corresponding ADC linker and

payload combinations (MC-GGFG-DXd and MC-VC-PAB-MMAE). The av-
erage drug-to-antibody ratios (DARs) of I1-DXd and I1-MMAE were mea-
sured by using hydrophobic interaction chromatography (HIC). In the cy-
totoxic assay, the melanoma and 293T cells were seeded in a 96-well plate
at a density of 2000–5000 cells. After overnight incubation, the cell culture
medium was replaced with the medium containing either ICAM1-ADCs or
control chemo drugs at serial diluted concentrations. After 96h, cell cyto-
toxicity was determined by using a CCK-8 kit (KeyGEN Biotech, China) fol-
lowing the manufacturer’s protocol. The absorbance at 450nm was mea-
sured with an ELISA browser (Bio-Tek EL 800, USA). IC50s were calculated
by GraphPad Prism v9 (GraphPad Software, Inc., La Jolla, CA).

In vivo efficacy of ICAM1 ADCs: All animal experiments were per-
formed according to the protocols approved by the Institutional Animal
Care and Use Committee (IACUC) of Zhejiang Cancer Hospital.

To generate CDX, A375-luc cells (2 × 106) were injected subcutaneously
with matrigel (Corning, 100 μL) in the flanks of 6-week-old male nude
mice. To generate melanoma PDX, fresh melanoma fragments were trans-
planted subcutaneously into the right flank of anaesthetized nud mice.
To generate immunocompetent subcutaneous xenograft model, C57BL/6
mice (aged 4–6 weeks) were inoculated with 2 × 106 B16OVA-hICAM1
cells into the right flank by subcutaneous (s.c.) injection. Then the tumor-
bearing mice were randomly divided into different treatment groups (n
≥ 5 per group). In the in vivo study, the paclitaxel, ICAM1 antibody,
I1-DXd or I1-MMAE were injected at an equivalent dosage of 5 mg/kg
per week via tail vein injection with a total of 2 courses. The DAC was
injected at a dosage of 5 mg/kg 3 times weekly via intraperitoneal in-
jections with a total of 6 courses. The DAC dosage used in mice was
converted from dose treating human hematopoietic malignancies (15
mg/m2/d). The dose conversion was based on the FDA recommendation
(https://www.fda.gov/downloads/drugs/guidances/ucm078932.pdf ) and
previous literature.[42] Tumor growth was monitored twice weekly by two-
dimensional measurements using a vernier caliper. The tumor size was
monitored. Animals were also monitored closely for signs of discomfort or
pain and weight. Tumor volume was estimated according to the formula:
tumor volume (mm3) = tumor width2 × tumor length × 0.5. Animals were
euthanized at the end of the study, or when tumors reached 1500 mm3.
The tumor and major organs from different groups were embedded, cutted
into 4-μm-thick sections and hematoxylin and eosin (H&E) stained with
hematoxylin and eosin (H&E) and immunohistochemistry (IHC). Subse-
quently, bright-field images were taken using SlideView VS200 (Olympus,
Japan) for histological examination. The serum levels of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), blood concentration
of creatinine (BUN) and creatinine (Cre) were determined with biochemi-
cal analyzer Hitachi-7180 (Hitachi, Yokohama, Japan).

RNA sequencing and analysis: Total RNA from excised tumors in
tumor-bearing immunocompetent C57BL/6 mice was isolated using TRI-
zol (Thermofisher, 15596018) following the manufacturer’s procedure.
The total RNA quantity and purity were assessed by Bioanalyzer 2100
and RNA 6000 Nano LabChip Kit (Agilent, CA, USA, 5067-1511) with RIN
number >7.0. The RNA samples were then used to construct sequenc-
ing library. After total RNA was extracted, mRNA was purified with two
rounds of purification and then mRNA was fragmented into short frag-
ments using divalent cations under elevated temperature (Magnesium
RNA Fragmentation Module (NEB, cat.e6150, USA) under 94 °C; 5–7min).
The cleaved RNA fragments were reverse-transcribed to produce cDNA.
The average size of cDNA fragments in the library was 300 ± 50 bp. At
last, the 2 × 150 bp paired-end sequencing (PE150) was performed on
an Illumina Novaseq™ 6000 (LC-Bio Technology CO., Ltd., Hangzhou,
China) following the vendor’s recommended procedure. Reads obtained
from the sequencing machines includes raw reads containing adapters
or low-quality bases which will affect the following assembly and analy-
sis. Thus, to get high-quality clean reads, reads were further filtered by
Cutadapt (https://cutadapt.readthedocs.io/en/stable/, version: cutadapt
1.9).

Differentially expressed genes (DEGs) analysis was performed by R
package edgeR. The genes with the parameter of false discovery rate
(FDR) < 0.05 and absolute fold change > 2 were considered differentially
expressed genes. Differentially expressed genes were then subjected to
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enrichment analysis of KEGG pathways. Advanced Heatmap Plots to vi-
sualize specific gene expressions were performed by OmicStudio tools
(https://www.omicstudio.cn). Based on the RNA sequence data, the in-
filtrating proportion of immune cells in each sample was deconvoluted by
“CIBERSORT” algorithm [43] with the mouse immune cell matrix.[44]

Fluorescence histology for imaging ADC tumor distribution: The tumor
distribution of fluorescent ADC was assessed by fluorescence imaging.
Briefly, the PDX mice were pretreated with DAC (5mg/kg, i.p.; day 1 and
day 3) or PBS when the tumor volume was about 250mm3. Then ICAM1-
DXd-Cy3 was administered via tail-vein injection in PDX mice at a dosage
of 5mg/kg mouse weight. At 48h post injection, mice were sacrificed and
tumors were then resected. The resected tumors were optimal cutting tem-
perature (OCT)-embedded and flash frozen in liquid nitrogen, then were
sectioned into 10μm-thick slices using a cryostat. Before imaging, tumor
slices were stained with anti-mouse CD31 (BioLegend, 102402) overnight
at 4 °C and incubated with fluorophore-conjugated secondary antibodies
(Alexa Fluor 488 goat anti-rabbit IgG; 1: 500; Abbkine, Wuhan, China) for
30 min. Nucleus was stained by Hoechst 33258 (Hoechst) for 10 min. Mi-
croscopy was performed using fluorescence microscope (Nikon A1 HD25;
Nikon, Japan) with a 20× objective. The images were obtained by stitching
smaller images with the Olympus software and were analyzed using Im-
ageJ image analysis software. The central part of the whole tumor region
was defined as the tumor core and the tumor edge was defined as within
200μm interface between tumor and non-malignant tissue.

Statistical analysis: Quantitative data are presented as the means ±
standard deviations (SD). Statistical evaluations were conducted using
the Pearson correlation test to assess correlations. For comparisons be-
tween two independent or two paired samples, the independent samples
t-test and paired t-test were utilized, respectively. For analyses involving
multiple comparisons, a two-way mixed ANOVA was employed, and in
instances of significant differences, one-way ANOVA was applied to fur-
ther investigate these disparities. Post hoc with Bonferroni analyses were
conducted where deemed necessary to adjust for multiple comparisons.
When multiple comparisons were applied, the adjusted p value was mea-
sured by Bonferroni correction.[45] The Bonferroni-adjusted p value was
defined as the uncorrected p value multiplied by the number of compar-
isons and Bonferroni-adjusted p value < 0.05 was considered statistically
significant.[46] This study designated the change in tumor volume from
baseline (Δ tumor volume) as the primary endpoint and selected the fi-
nal tumor weight as the secondary endpoint to assess antitumor activity.
Statistical analysis was performed using Stata 13 or GraphPad Prism v9
(GraphPad Software, Inc., La Jolla, CA). The figures were performed using
GraphPad Prism v9 and Origin 8.0 (Origin Software, Inc., OriginLab, USA)
software. The p value <0.05 was considered statistically significant.
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