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Abstract

Background To date, many efforts have been made to understand the resistance mechanism of trastuzumab in human epider-
mal growth factor receptor 2 (HER2)-positive breast and gastric cancer. However, there is still a huge unmet medical need
for patients with trastuzumab resistance.

Methods In our study, we generated four trastuzumab-resistant (HR) cancer cell lines from ERBB2-amplified gastric and
biliary tract cancer cell lines (SNU-216, NCI-N87, SNU-2670, and SNU-2773).

Results Here, we found higher PD-L1 expression in trastuzumab-resistant (HR) HER2-positive cancer cells than in parental
cells, and blocking PD-L1 reversed the resistance to trastuzumab in HR cells. Trastuzumab upregulated PD-L1 expression
via NF-kB activation in both parental and HR cells, however, led to DNA damage only in parental cells. The WEE1 inhibitor
adavosertib, which downregulates PD-L1 expression, enhanced trastuzumab efficacy by blocking BRCA1-CMTM6-PD-L1
signals and the HER2-CDCP-1-SRC axis. Additionally, the levels of galectin-9, CD163, FoxP3, and CTLA-4 were dimin-
ished by blocking WEEL in the presence of human PBMCs in vitro.

Conclusion Taken together, the strategy of co-targeting HER2 and WEEI could overcome resistance to trastuzumab in

HER2-positive cancers, supporting further clinical development in HER2-positive cancer patients.
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Introduction

Gastric cancer (GC) is common worldwide in terms of its
incidence, and biliary tract cancer (BTC) is a relatively rare
tumor that is more commonly diagnosed in Korea than in
western countries [1, 2]. Notably, human epidermal growth
factor receptor 2 (HER?2) overexpression represents 10-15%
and 10-20% of GC and BTC, respectively [3, 4]. As of 2019,
several anti-HER?2 targeted agents have been approved for
patients with HER2-positive breast cancer and gastric can-
cer. Trastuzumab is a representative anti-HER2 monoclonal
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antibody [5] and, in combination with chemotherapy, is a
standard of care for patients with HER2-positive GC and
breast cancer. However, resistance remains a major chal-
lenge in HER2-targeted therapies.

Programmed cell death ligand 1 (PD-L1) is an immune
checkpoint that plays a vital role in the tumor microenviron-
ment and can affect the killing ability of immune cells [6].
Recent research has reported that trastuzumab could upreg-
ulate PD-L1 expression to evade the immune response in
breast cancer cells [7, 8]. Furthermore, PD-L1 is involved in
the DNA damage response (DDR) pathway of cancer cells
[9]. Among the resistance mechanisms to trastuzumab, the
role of PD-L1 modulation and its interaction with the DDR
pathway has not yet been discovered in HER2-positive
cancers.

DDR pathway alterations have been frequently found
in patients with GC and BTC [10, 11]. Given the molecu-
lar characteristics, both GC and BTC are potential candi-
dates for DDR-targeted drug development. WEEI is a core
member of the DDR signaling pathways [12-14]. We have
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evaluated the anti-tumor effect of a WEE] inhibitor in pan-
creatic cancer [15] and reported that WEE] inhibition dra-
matically downregulated PD-L1 expression in pancreatic
cancer cells by reducing CKLF-like MARVEL Transmem-
brane Domain Containing 6 (CMTMG6) expression.

In the current study, we aimed to evaluate the role of
PD-L1 in trastuzumab resistance in HER2-positive cancers
with or without immune cells and to explore WEEI inhibi-
tion as a strategy to overcome trastuzumab resistance by
PD-L1 modulation.

Materials and methods
Human cell lines and reagents

We established two patient-derived, ERBB2-amplified bil-
iary tract cancer cell lines, SNU2670 and SNU2773, respec-
tively [16]. SNU216 and NCI-N87, two ERBB2-amplified
gastric cancer cell lines, were purchased from the Korean
Cell Line Bank (Seoul, South Korea). All cells were cultured
in RPMI-1640 medium (Welgene Inc., Gyeongsan, Korea)
containing 10% fetal bovine serum and 10 ug/ml gentamicin
at 37 °C with 5% CO,. Trastuzumab was purchased from
Roche (Korea). The WEEI inhibitor adavosertib was kindly
provided by AstraZeneca (Macclesfield, Cheshire, UK).
Trastuzumab-resistant (HR) cell lines were generated as
previously described [17].

Cell viability assay

Cells were seeded in 96-well plates at a density of
0.5-8 x 10? cells per well, incubated overnight at 37 °C, and
then exposed to various concentrations of trastuzumab and/
or adavosertib for 72 h. No treatment was a control. A 50
pl aliquot of 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetra-
zolium bromide (MTT) solution (Sigma-Aldrich, St. Louis,
MO, USA) was added to each well and the incubation was
continued at 37 °C for 4 h. The medium was removed and
150 pl of dimethyl sulfoxide (DMSO) was added to each
well and mixed. The absorbance at 540 nm was measured
with a VersaMax Microplate Reader (Molecular Devices,
Sunnyvale, CA, USA). The experiments were performed
three times.

Trypan blue staining

Cells (2 x 10°) were seeded into 60-mm dishes and treated
with 5 pg/ml of trastuzumab and/or 0.5 pM of adavosertib
for 72 h. The cells were then stained with trypan blue
solution (#T10282, Thermo Fisher Scientific, Waltham,
MA, USA). Next, the cell viability was measured using
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Countess™ Automated Cell Counter (Thermo Fisher Sci-
entific). The experiments were performed three times.

Colony-forming assay

Cells (0.5-7x 10%) were seeded in 6-well plates and exposed
to various concentrations of trastuzumab for 10 days. The
colonies were then stained with Coomassie Brilliant Blue
for 2 h and counted using Gel Doc system software (Bio-
Rad, Hercules, CA, USA). Each experiment was repeated
three times.

SiRNA transfection

Cells (1.5-8 x 10°) were seeded in 100-mm dishes and incu-
bated 48 h with normal medium. SiRNAs specific for target
genes and negative control were purchased from Genolution
(Seoul, Korea). Cells were transfected with each siRNA at
50 nM final concentration for 24 h. Then cells were har-
vested and re-seeded for cell viability assay, colony-forming
assay and western blotting. The sequence of specific siR-
NAs was used as follows. Negative control: 5" CCUCGU
GCCGUUCCAUCAGGUAGUU 3/, 5i-CD274 (PD-L1): 5
GAAUCAACACAA- CAACUAAUU 3/, si-RELA (NF-xkB
p65): 5' GACAAGUGGCCAUUGUGUUUU 3, si-BRCA1:
5" GGAAAUGGCUGAACUAGAAUU 3, si-CREBI1: 5’
GCAACCAAGUUGUU- GUUCAUU 3, si-TEADI1: 5’
CAAACAGGGAUACACAAGAUU 3'. Each experiment
was performed three times.

Western blot analysis

Cells (2-8 x 10°) were seeded in 100-mm dishes and
exposed at indicated conditions. The proteins were harvested
as previously described [15]. Primary antibodies against
the following molecules were purchased from Cell Sign-
aling Technology (Beverley, MA, USA): WEE1 (#4936),
p-WEE1-Ser642 (#4910), p-HER2-Tyr 1248 (#2247),
HER2 (#2165), CDC2 (#9112), p-CDC2-Tyr15 (#9111),
p-NF-kB p65-Ser536 (#3033), NF-kB p65 (#8242), CtIP
(#9201), PD-L1 (#13684), p-SRC-Tyr 416 (#2101), SRC
(#2108), p-CDCP-1-Tyr707 (#13111), CDCP-1 (#4115),
BRCA1 (#9010), p-CREB-Ser133 (#4095), CREB (#4034),
TEADI1 (#12292), FOXA2 (#3143), PCNA (#13110),
CD163 (#93498), FOXP3 (#12632), CD8a (#85336). Anti-
PD-1 antibody (#ab52587) was from Abcam Bioscience
(Cambridge, UK); Anti-p-actin antibody was from Sigma-
Aldrich; anti-yH2AX antibody (#05-636) was from Mil-
lipore (Billerica, MA, USA); anti-CTLA-4 (#sc-9094) and
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH,;
#sc-25778) were from Santa Cruz Biotechnology (Dallas,
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TX, USA); anti-CMTM-6 (#PA5-34747), Galectin-9 (#PAS-
50966), and secondary antibodies were from Thermo Fisher
Scientific.

Cell cycle analysis

Cells (2x 10°) were seeded in 60-mm dishes and treated
with adavosertib (0, 0.25, and 0.5 pM) for 48 h. The cells
were then harvested and fixed with 70% ethanol at—20 °C
for 2 days. An aliquot of 7 pl of 20 mg/ml RNase A (Invit-
rogen, Carlsbad, CA, USA) was added to each well and the
plates were incubated for 10 min at 37 °C. Finally, propid-
ium iodide (PI; Sigma-Aldrich) was added to each well and
the cells were analyzed on a FACSCalibur flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA). Each experi-
ment was repeated three times.

Immunoprecipitation

Cells were seeded in 150-mm dishes at a density of 1x 10°
cells/dish, treated with adavosertib for 72 h. Anti-BRCA1
antibody (#9010, Cell Signaling Technology), anti-IgG anti-
body (#2729, Cell Signaling Technology) and Protein A/G
PLUS agarose (#sc-2003, Santa Cruz Biotechnology) were
used. Finally, samples were analyzed by western blotting
as described above. Each experiment was performed three
times.

Comet assay

Cells (2-4 x 10°) were treated with 5 pg/ml of trastuzumab
and/or 0.5 pM of adavosertib for 72 h. Then alkaline comet
assay was conducted as previously described [15]. Tail
moment (migration of DNA fragments) and intensity (DNA
content) were measured using the Comet Assay IV program
(Andor Technology, Belfast, UK). Each condition was ana-
lyzed in three independent experiments.

Human cytokine array

Cells (2-4 x 10°) were seeded in 60-mm dishes and exposed
to trastuzumab and/or adavosertib for 24 h. The cell super-
natant was then collected and 700 pl of each sample was
analyzed using the Proteome Profiler Human Cytokine Array
Kit (#ARY005B, R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. Spot intensities
were measured using ImagelJ software (National Institutes of
Health, Bethesda, MD, USA).

Immunofluorescence

For immunofluorescence, cells (1.5-2 x 10°) were seeded
into confocal dishes. After 24 h, trastuzumab (5 pg/ml) and/

or adavosertib 0.5 pM were added for 48 h. Subsequently,
the cells were fixed by 4% paraformaldehyde (#P2031,
Biosesang, Gyeonggi-do, Korea) for 10 min and then
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich)
for 5 min. The primary antibodies were used as follows.
Anti-PD-L1 (#59949, Cell Signaling; 1:50), anti-CMTM6
(#PAS5-55472, Thermo Fisher; 1:100). Goat anti-Rabbit IgG
Antibody Alexa Fluor 594 (#11012, Thermo Fisher; 1:100)
and Alexa Fluor 488 (#11008, Thermo Fisher; 1:100) were
used as secondary antibodies. The cells were stained with
DAPI solution (Sigma-Aldrich) for 1 min. The image was
captured using a Zeiss LSM 510 laser scanning microscope
(Carl Zeiss). The experiment was repeated three times. The
signal intensity was analyzed by ImagelJ software.

In vitro human PBMC-mediated killing assay

Primary peripheral blood mononuclear cells (PBMC) were
obtained from healthy donors according to the Institutional
Review Board of Seoul National University Hospital guide-
lines (approval number: H-1811-106-987). The isolated
PBMC was activated with 100 ng/ml of anti-CD3 anti-
body (#160037-85, Invitrogen; Waltham, MA, USA) and
human recombinant Interleukin-2 (#78036.3, STEMCELL
Technologies; Vancouver, Canada) for 3 days. Cancer cells
were labeled with CellTrace™ Far Red Cell Proliferation
Kit (#34564, Invitrogen) and seeded in 60-mm dishes at a
density of 2—4 x 10° cells per dish. After 24 h of incuba-
tion, activated PBMC (Cancer cell: PBMC =1:10) and CD3/
CD28 tetrameric antibody complexes were added (#10991,
STEMCELL Technologies), followed by trastuzumab (5 pg/
ml) and/or adavosertib (0.5 pM) treatment for 48 h. Then
the cancer cells and PBMC were harvested and permeabi-
lized and washed using Fixation/Permeabilization Solution
Kit (#554714, BD Bioscience, Franklin Lakes, NJ, USA).
Finally, the percentage of V450-cleaved caspase 3 (#560627,
BD Biosciences) was detected by BD FACS Canto II system.
The experiment was repeated three times.

Mouse xenograft experiments

Animal experiments were performed at the Biomedi-
cal Center for Animal Resource Development of Seoul
National University (Seoul, Korea) according to institu-
tional guidelines, and prior approval of the study proto-
col was obtained from the Institutional Animal Care and
Use Committee. Four-week-old female athymic nude mice
were purchased from Orient Bio Inc. (Gyeonggi-do, South
Korea). SNU2670HR cells were resuspended at 2x 10’
cells in 100 pl of PBS and injected subcutaneously. The
tumor volume was calculated using the formula: vol-
ume = [(width)2 X height]/2. When the tumor volume reached
500 mm?®, the mice were randomly assigned to four groups
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of four mice to receive (1) vehicle (2-hydroxypropyl-p-
cyclodextrin solution), (2) trastuzumab was injected intra-
peritoneally twice weekly at 4 mg/kg for 3 weeks, or (3)
adavosertib was administered by oral gavage once daily at
60 mg/kg for 3 weeks (5 days on/2 days off), (4) combination
treatment for 3 weeks. Body weights and tumor sizes were
measured every other day.

Immunohistochemistry

Sections of paraffin-embedded xenograft tumor tissues
were deparaffinized and dehydrated. Proliferating cells
were detected by staining with anti-Ki-67 antibody (Gene-
Tex Inc.) at a dilution of 1:100. Anti-PD-L1 (#13684, cell
signaling), anti-BRCA1 (#ab16780, Abcam biosciences),
and anti-CMTMB6 antibodies (#PA5-34747, Thermo Fisher
Scientific) were used at dilutions of 1:200.

Mouse cytokine array

Immediately before killing, the mice were bled and serum
and spleen samples were prepared. Aliquots of 500 pl of
serum and 300 pg of spleen lysates were analyzed using
the Proteome Profiler Mouse XL Cytokine Array Kit
(#ARY028, R&D Systems) according to the manufacturer’s
instructions. Spot intensities were measured using Imagel
software.

Statistical analysis

Analyses were conducted using SigmaPlot version 10.0
(Systat Software Inc., San Jose, CA, USA). Data are pre-
sented as the means + standard errors (SE). All statistical
tests were two sided. Differences were considered significant
if the p values were < 0.05. Combined drug effects were ana-
lyzed by calculating the combination index (CI) with Cal-
cuSyn software (Biosoft, Cambridge, United Kingdom). CI
values of < 1, 1, and > 1 indicate synergistic, additive, and
antagonistic effects, respectively.

Results

Knockdown of PD-L1 enhances the anti-proliferative
effects of trastuzumab in HR cells

To understand the acquired resistance mechanisms to trastu-
zumab, the characteristics of HR cells were evaluated. First,
we detected the basal protein expression levels to compare
the difference between parental and HR cells (Fig. 1a).
PD-L1 expression was upregulated in all HR cells compared
with their parent cells.
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PD-L1 expression was disrupted using small interfering
RNAs (siRNAs) in all cell lines, and then the MTT assay
and colony-forming assay were performed (Fig. 1b, c). As
determined by the MTT assay, no significant difference was
found in the response of the parental cells to trastuzumab
treatment with PD-L1 knock-down. By contrast, under trans-
fection with si-PD-L1, growth was inhibited in HR cells with
trastuzumab treatment to the same extent as that observed
in parental cells (Fig. 1b). To confirm the anti-proliferative
effect of si-PD-L1 with trastuzumab treatment, the colony-
forming assay was conducted. As shown in Fig. 1c, knock-
down of PD-L1 in all cell lines led to reduced colony for-
mation. Additionally, the effect was more profound in HR
cells than in parent cells (Fig. 1d). These data suggested that
upregulated PD-L1 expression might partially contribute to
resistance to trastuzumab in HR cells.

Trastuzumab mediates nuclear factor
kappa-light-chain-enhancer of activated B cells
(NF-kB) activation, which contributes to PD-L1
upregulation

To identify the mechanism of PD-L1 upregulation by tras-
tuzumab in HER2-positive cancer cells, the signals related
to PD-L1 expression were assessed by western blotting. All
four HR cell lines exhibited upregulated phosphorylation of
NF-kB p65 compared with parental cells (Fig. 2a). Given
that NF-kB activation has been identified as a transcrip-
tional enhancer of PD-L1 expression previously [18], we
asked whether the increased p-NF-«xB levels contributed to
the PD-L1 upregulation in HR cells. Subsequently, we ran-
domly selected one of the HR cell lines, SNU2670HR, and
then transfected the cells with si-RELA before trastuzumab
treatment. Treatment with 5 pg/ml of trastuzumab for 24 h
led to PD-L1 upregulation in the control group but not in
the NF-kB p65 knockdown group (Fig. 2b). Additionally,
we observed that trastuzumab induced the accumulation
of y-H2AX, a DNA damage marker, only in parental cells
(Fig. 2¢). Here, we wanted to evaluate whether DDR path-
way is related to PD-L1 expression.

WEET1 inhibition reduces PD-L1 expression by BRCA1
downregulation

In line with our previous findings [15], Fig. 3a displays
that WEE1 inhibition reduced PD-L1 expression in a dose-
dependent manner in both parental and HR cells. Next,
we selected two groups of cells to conduct subsequent
experiments, NCI-N87/NCI-N87HR (GC) and SNU2670/
SNU2670HR (BTC). Interestingly, the population of sub-G1
was significantly increased by WEEI inhibition, especially
in HR cells (Fig. 3b). To better understand the anti-tumor
effects of the WEEI inhibitor, the cells were exposed at
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Fig. 1 Characteristics of trastuzumab-resistant (HR) cells. a Four
HR cell lines were generated, and the basal expression of PD-L1 was
detected using western blotting. The data represent three independ-
ent experiments. b Cells were transfected with PD-L1-specific siR-
NAs or control siRNAs for 24 h. Next, the MTT assay was conducted
using different concentrations of trastuzumab (0, 0.01, 0.1, 1, 10,
and 100 pg/ml) for 72 h. PD-L1 expression was detected using west-

ern blotting after the MTT assay. All the experiments were repeated
three times. *p <0.05, **p <0.01. ¢ and d Cells were transfected with
PD-L1-specific siRNAs or control siRNAs for 24 h. Subsequently,
the cells were re-harvested for the colony-forming assay. Cells were
exposed to dose-dependent trastuzumab (0, 0.1, 1, 10, and 100 pg/ml)
for 10 days. All the experiments were repeated three times. *p <0.05,
**p<0.01, #+*p <0.001
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Fig. 1 (continued)

different times of adavosertib treatment. Consistent with the
above data, PD-L1 expression was disrupted by adavosertib
within 48 h, accompanied by CMTMS6 reduction (Fig. 3c).
Moreover, we detected the downregulation of p-SRC, phos-
phor-CUB domain-containing protein 1 (p-CDCP-1), and
p-HER?2 levels in all four cell lines. Additionally, in response
to adavosertib, all the cell lines displayed a dramatic reduc-
tion of BRCA1, forkhead box protein A2 (FOXA2), and
phosphor-CAMP-responsive element binding protein
(p-CREB) expression, but TEA domain family member
1(TEAD-1) expression remained unchanged in SNU2670
cells (Fig. 3c). TEAD-1 is a transcription factor that has
been shown to promote tumorigenesis in GC and BTC [19,
20]. Based on our cell cycle analysis, SNU2670 is less sensi-
tive to trastuzumab than the other three cell lines. Whether
unaltered TEAD-1 expression is related to less sensitivity to
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adavosertib remains to be further evaluated (Fig. 3b). These
data above strongly suggest that adavosertib can efficiently
block the transcription factors involved in the DDR signal-
ing pathway.

Recently, CMTMG6 has been identified as a PD-L1 post-
transcriptional regulator [21]. To evaluate whether CMTM6
reduction is correlated with PD-L1 expression in our study,
SNU2670HR cells were exposed to adavosertib with or
without the proteasome inhibitor MG132 for 48 h (Fig. 3d).
Adavosertib did not downregulate PD-L1 expression in the
presence of MG132. Next, we asked how the WEEI inhibitor
mediates CMTMG6 expression in HER2-positive cells. Based
on our findings above, we speculated that CMTM®6 might be
mediated by WEEI inhibition via transcription factors such
as BRCAI, CREB, or TEAD-1. To confirm this hypoth-
esis, the expression levels of both PD-L1 and CMTM6 were
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Fig.2 Mechanism of PD-L1 upregulation by trastuzumab. a West-
ern blotting was performed to detect PD-L1-related proteins. The
data represent three independent experiments. b Cells were trans-
fected with RELA-specific siRNAs or control siRNAs for 24 h. Next,
SNU2670HR cells were treated with 5 pg/ml of trastuzumab for 24 h.

detected after transfection with si-BRCA1, si-CREB, or si-
TEAD-1 in SNU2670HR cells (Fig. 3e). Interestingly, we
observed that all the constructs contributed to decreased
expression of PD-L1 and CMTMS6, but si-BRCA1 blocked
the expression of PD-L1 more profoundly than si-CREB or
si-TEAD-1. We conclude that WEE1 inhibition mediates
CMTMB6 expression through multiple signals. Most recently,
inconsistent with our data, PD-L1 has been demonstrated to
be an upstream signal of BRCAL1 in the DDR pathway [9].
Therefore, we knocked down PD-L1 expression using si-PD-
L1 in SNU2670HR cells, and the BRCA1 expression level
was evaluated. However, we detected no change in BRCA1
expression (Fig. 3f). Additionally, we performed immuno-
precipitation to address the interaction between BRCA1
and WEEI. Notably, the levels of WEE1 bound to BRCAI
were dramatically reduced in the presence of adavosertib
(Fig. 3g). Based on our observations, we hypothesized that
the CMTM6-PD-L1 signaling pathway might be regulated
by BRCAL after treatment with adavosertib.

Furthermore, we tried to understand the mechanism
of reduction of p-HER2/p-SRC/p-CDCP1 signals by
adavosertib. The interaction among HER2, SRC, and
CDCP-1 has been reported in breast cancer cells previ-
ously [22]. HER2-SRC crosstalk depends on the expres-
sion levels of p-CDCP-1 on the cell surface. Adavosertib-
mediated p-CDCP1 reduction may have contributed to the

PD-L1 expression was evaluated by western blotting. All the experi-
ments were repeated three times. ¢ The indicated cell lines (NCI-
N87/NCI-N87HR/SNU2670/SNU2670HR) were exposed to 5 pg/ml
of trastuzumab for 24 h. The proteins were then isolated to conduct
western blotting. Each experiment was repeated three times

downregulation of the p-HER2 and p-SRC levels (Fig. 3c).
Here, when BRCA1 or CREB-1 expression was disrupted
in SNU2670HR cells, the p-CDCP1 level was significantly
declined (Fig. 3h). These results prompted us to perform a
combination treatment of trastuzumab and adavosertib in all
parental and HR cell lines.

WEET1 inhibition augments trastuzumab efficacy
in HR cells

To assess the combined anti-proliferative effects, the MTT
assay was conducted for 72 h. The combination index (CI)
value at ED50 illustrated synergism in all HR and some
parental cells, but not in NCI-N87 cells (Fig. 4a). Next, we
utilized Trypan blue staining to monitor cell viability under
the different treatments in SNU2670HR cells. As expected,
trastuzumab (93%) did not affect the cell viability com-
pared with the control (91%), adavosertib (63%) remarkably
reduced the cell viability, and combination treatment (33%)
had more potent efficacy than each drug alone (Fig. 4b). The
comet assay data also supported the rationale for the com-
bination strategy in HR cells. Trastuzumab-induced DNA
damage occurred in NCI-N87 and SNU2670 cells, but not
in NCI-N87HR and SNU2670HR cells (Fig. 4c). However,
analysis of the tail intensity and moment demonstrated a
synergistic combination effect in both parental and HR cells.
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«Fig. 3 Anti-tumor effect of a WEEI inhibitor (adavosertib) in HER2-
positive GC and BTC cells. a Cells were treated with different doses
of adavosertib (0, 0.25, and 0.5 pM) for 72 h. Western blotting was
conducted three times. b The indicated cell lines (NCI-N87/NCI-
N87HR/SNU2670/SNU2670HR) were treated with different doses
of adavosertib (0, 0.25, and 0.5 pM) for 48 h to perform cell cycle
analysis. The sub-G1 population with fold change was analyzed using
three independent datasets. *p <0.05, **p <0.01. ¢ The indicated cell
lines (NCI-N87/NCI-N87HR/SNU2670/SNU2670HR) were exposed
to 0.5 uM adavosertib in a time-dependent manner (0, 12, 24, 48, and
72 h). Various proteins were evaluated by western blotting. All the
experiments were repeated three times. d Western blotting was per-
formed on SNU2670HR cells left untreated or treated with 0.5 pM
adavosertib, 1 pM MG132, or their combination for 48 h. The data
represent three independent experiments. e-h SNU2670HR cells
were transfected with BRCAl-specific siRNAs, CREBI-specific
siRNAs, TEAD-1-specific siRNAs, PD-L1-specific siRNAs, or con-
trol siRNAs for 24 h. The related molecules were detected by west-
ern blot analysis. All the experiments were repeated three times. g
SNU2670HR cells were left untreated or were treated with 0.5 pM
adavosertib. After 72 h, immunoprecipitation and western blot-
ting were performed to analyze the interaction between BRCA1 and
WEEI1. All the experiments were repeated three times

To confirm, we monitored several representative signals
related to cell proliferation and DDR using NCI-N87/HR
and SNU2670/HR cell lines (Fig. 4d). HER2 phosphoryla-
tion was strongly reduced in co-treated cells compared with
cells treated with each drug alone. The combination treat-
ment also remarkably blocked p-CDC2 expression in both
parental and HR cells. Additionally, trastuzumab-induced
PD-L1 upregulation was downregulated by adavosertib.
CMTMB6 expression was not interrupted by trastuzumab but
was decreased by adavosertib. The CtBP (carboxy-terminal
binding protein) interacting protein (CtIP), a DNA double-
strand break (DSB) resection factor, was downregulated in
adavosertib and co-treated cells, but more obviously in HR
cells [23]. Proliferating cell nuclear antigen (PCNA) and
p-SRC were more dramatically decreased in HR cells than in
parental cells by adavosertib /combination treatment. Next,
immunofluorescence assay was performed using SNU2670
and SNU2670HR cells (Fig. 4e). Analysis of images showed
that trastuzumab significantly increased PD-L1 expression in
both parental and HR cells, and dual treatment with trastu-
zumab and adavosertib synergistically decreased the PD-L1
level. In line with the western blotting data, CMTM®6 expres-
sion was efficiently reduced after combination treatment but
was not regulated by trastuzumab alone. Because cytokines
play important roles in the tumor microenvironment [24],
we measured the cytokine release levels in SNU2670 and
SNU2670HR cells (Fig. 4f). Notably, SNU2670 cells
released very low levels of cytokines that were barely detect-
able within 24 h. However, SNU2670HR cells released sev-
eral cytokines, including chemokine (C-X-C motif) ligand
1 (CXCL-1), interleukin-6 (IL-6), IL-8, macrophage migra-
tion inhibitory factor, and plasminogen activator inhibitor-1
(PAI-1). Among them, the CXCL-1 and PAI-1 levels were

reduced by trastuzumab or adavosertib alone but were more
significantly decreased under the combination conditions.
These data suggest that increased cytokine release might
partially contribute to trastuzumab resistance, and combina-
tion therapy could diminish cytokine release.

WEE1 inhibition reverses trastuzumab resistance
in the presence of PBMCs

To better evaluate the anti-tumor effects of the combination
strategy, SNU2670 or SNU2670HR cells were co-cultured
with or without human peripheral blood mononuclear cells
(PBMCs). As shown in Fig. 5a, human PBMCs were acti-
vated by IL-2 and CD3 for 72 h and then were co-incubated
with cancer cells (cancer cells:PBMCs = 1:10) with or with-
out drug treatment for 48 h. First, we detected the cleaved
caspase-3 population to evaluate whether the combination
strategy modulated PBMC-mediated killing ability. In
SNU2670 cells, both trastuzumab and adavosertib signifi-
cantly induced cleaved caspase-3 increase, and this effect
was enhanced under PBMC co-cultured conditions (Fig. 5b).
In SNU2670HR cells, trastuzumab did not affect caspase-3
cleavage while adavosertib showed dramatically increased
caspase-3 cleavage. In the presence of PBMCs, trastuzumab
reduced caspase-3 cleavage compared with control cells, but
adavosertib and combination treatment still showed excellent
killing ability versus the control group (Fig. 5b). Second, to
better understand the effects of trastuzumab and adavosertib
on immune modulation, we performed western blotting to
monitor the signal changes of several immune parameters
with or without PBMCs (Fig. 5¢). Based on our observa-
tion, galectin-9 was downregulated by adavosertib in both
SNU2670 and SNU2670HR cells but was more blocked by
combination treatment in the presence of PBMCs. CD163,
an M2-type macrophage marker, was also reduced by ada-
vosertib or combined treatment. In addition, trastuzumab
increased the expression of FoxP3 and CTLA-4, which are
mainly expressed on regulatory T (Treg) cells, whereas
adavosertib reduced this expression. Consistent with the
previous results, PD-L.1 was upregulated after trastuzumab
treatment in both SNU2670 and SNU2670HR cells in the
presence or absence of PBMCs. Although strong expression
of PD-L1 was detected in PBMCs mixed with SNU2670
or SNU2670HR cells, adavosertib reduced PD-L1 expres-
sion dramatically. Given that PD-L1 is expressed on cancer
cells and immune cells, we speculated that adavosertib might
also block PD-L1 expression in immune cells. However, we
detected no change in PD-1 expression after trastuzumab
or adavosertib exposure. Importantly, in response to ada-
vosertib, CD8 expression was enhanced in both parental
and HR cells. Here, according to the above results, we real-
ized that WEEI inhibition could overcome trastuzumab
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resistance in HER2-positive cancer cells in vitro, even in
the presence of PBMCs.

Co-targeting of HER2 and WEE1 shows strong
anti-tumor growth activity in vivo

To confirm the anti-tumor activity of the combination
strategy, we established a mouse xenograft model using
SNU2670HR cells. After three weeks of treatment, trastu-
zumab alone did not affect tumor growth (Fig. 6a). Ada-
vosertib monotherapy significantly delayed tumor growth,
and the combination strategy showed a stronger inhibitory
effect on tumor growth than each drug alone (Fig. 6a). Dur-
ing the animal experiments, none of the animals showed
significant body weight loss (Fig. 6b). Regarding immuno-
histochemistry staining of tumor tissues and consistent with
our in vitro findings, PD-L1 expression was increased by
trastuzumab treatment and was reduced by adavosertib expo-
sure (Fig. 6¢). High levels of CMTM6 and BRCA1 expres-
sion were detected in both control and trastuzumab-treated
groups but were strongly downregulated in the adavosertib
-alone and combination groups. Expression of the prolifera-
tion marker ki67 was reduced by adavosertib and combi-
nation treatment but remained unchanged by trastuzumab
monotreatment. Moreover, western blotting from isolated
tumors showed that the combination therapy had strong
inhibitory effects on tumor growth signals in HR xenograft
models (Fig. 6d). The expression of p-HER2 was blocked by
trastuzumab and further downregulated by additional treat-
ment with adavosertib. The WEEI inhibitor adavosertib
(60 mg/kg) efficiently blocked p-WEE1 expression. We also
confirmed that trastuzumab upregulated PD-L1 expression,
while adavosertib downregulated PD-L1 expression. Similar
to the IHC results, BRCAI expression was attenuated in
the adavosertib mono-and combination groups. Importantly,
beyond PD-L1, another immune checkpoint molecule, galec-
tin-9, was dramatically blocked by combination treatment.
As expected, adavosertib alone and combination treatment
increased the y-H2AX level, which represents DNA dam-
age accumulation. We also found that CD163 expression
was reduced by adavosertib alone and combination treat-
ment, therefore, we speculated that adavosertib might change
tumor microenvironment to some extent through reverse M2
type macrophage polarization (Fig. 6d).

Finally, we performed mouse cytokine release analysis
using mouse sera and spleens. As shown in Fig. 6e, among
the various cytokines, the chemokine (C—C motif) ligand
6 (CCL6), insulin-like growth factor-binding protein 2
(IGFBP-2), and regenerating islet-derived protein 3 gamma
(Reg3@G) levels were synergistically reduced by combination
treatment in the serum samples. The cytokine production by
spleens was also measured subsequently. Dual combination
therapy remarkably reduced the chitinase-3-like protein 1
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Fig.4 Combination effects of trastuzumab and adavosertib. a Differ- p
ent concentrations of trastuzumab (0, 0.01, 0.1, 1, 10, and 100 pg/ml),
adavosertib (0, 0.001, 0.01, 0.1, 1, and 10 pM), and trastuzumab plus
adavosertib were added to SNU2670HR cells for 72 h. Cell viabil-
ity was calculated using the MTT assay, and the combination index
at ED50 was analyzed using CalcuSyn software. All the experiments
were repeated three times. CI values of <1, 1, and>1 indicate syn-
ergistic, additive, and antagonistic effects, respectively. b Three days
after the addition of trastuzumab alone (5 pg/ml), adavosertib alone
(0.5 pM), or their combination, the cells were stained with Trypan
blue and then the cell viability was monitored. Green indicates live
cells, and red indicates dead cells. The data represent three inde-
pendent experiments. ¢ Cells were incubated with the indicated
doses of trastuzumab (5 pg/ml), adavosertib (0.5 pM), or their com-
bination for 72 h. The comet assay was performed three times, and
the tail intensity and moment were analyzed. *p <0.05, **p <0.01,
*##%p <(0.001. d Western blotting was conducted after treatment with
trastuzumab (5 pg/ml), adavosertib (0.5 pM), or their combination
for 72 h. The data represent three independent experiments. e Rep-
resentative immunofluorescence images of the indicated cells after
treatment with trastuzumab (5 pg/ml), adavosertib (0.5 pM), or their
combination for 48 h. Blue indicates DAPI, red indicates PD-L1,
and green indicates CMTM6. The intensity was measured using
ImagelJ. The data represent three independent experiments. *p <0.05,
*##%p <0.001, ns: no significance. f Human cytokine array analysis
of the indicated cells treated with trastuzumab (5 pg/ml), adavosertib
(0.5 pM), or their combination for 24 h. Spot intensities were quanti-
fied using Imagel software. 1, CXCL-1; 2, IL-6; 3, IL-8; 4, MIF; 5,
PAI-1. *p <0.05, **p <0.01, ***p <0.001

(YKL-40), CD105, and matrix metallopeptidase 9 (MMP-
9) levels compared with monotherapy (Fig. 6e). Given that
these cytokines have been reported to be related to tumor
progression, the regulatory mechanism of trastuzumab and
adavosertib in cytokine release in HR cells needs further
investigation [25, 26]. In summary, WEEI inhibition over-
comes trastuzumab resistance in HR tumor-bearing mice.

Discussion

To better identify the mechanism of HER? resistance, con-
tinuous efforts have been underway in the past decade [5,
27]. Previously, trastuzumab has been shown to upregulate
PD-L1 expression in breast cancer [7, 8]. In those studies,
trastuzumab treatment upregulated PD-L1 expression in
HER?2-positive breast cancer cells under PBMC co-incu-
bated conditions, leading to trastuzumab resistance [7]. In
contrast to our data, they did not observe PD-L1 upregula-
tion without PBMC environment. Notably, another study
demonstrated that trastuzumab increased the PD-L1 expres-
sion in tumor-associated macrophages in both HER2-posi-
tive breast cancer patients and a humanized mouse model
[8]. Although we did not specifically detect PD-L1 expres-
sion in macrophages, based on Fig. 5c¢ data, trastuzumab
enhanced PD-L1 expression in the presence of PBMCs. We
speculated that trastuzumab might induce PD-L1 upregula-
tion in both tumor cells and immune cells in HER2-positive
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Fig.4 (continued)

cancer cells. The most recent data revealed that the dual
inhibition of HER2 and PD-L1 successfully enhanced the
anti-tumor effect of anti-HER2 therapy alone in a mouse
model [28]. Importantly, pembrolizumab (PD-1 inhibitor) in
combination with trastuzumab therapy exhibited an objec-
tive response in patients with HER2 (+) PD-L1 (+) breast
cancer in a phase Ib-II clinical trial [29]. A phase III clinical
trial is ongoing for patients with HER2-positive advanced
GC and gastroesophageal junction adenocarcinoma using

@ Springer

the combination of pembrolizumab plus trastuzumab plus
chemotherapy (ClinicalTrial.gov, NCT03615326). Our study
provides a rationale that the PD-1/PD-L1 axis can affect the
anti-tumor effect of trastuzumab in HER2-positive cancers.
In our study, we demonstrated that high PD-L1 expression in
HR cells contributed to trastuzumab resistance and could be
overcome by WEEI inhibition through BRCA1 reduction.
Because PD-L1 plays a pivotal role in the immune
response [30], the PD-L1 regulatory mechanisms have been
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Fig.5 Combination effects of trastuzumab and adavosertib in the
presence of human PBMCs. a Schematic diagram for the in vitro pro-
cedures of the human PBMC killing assay. b Cells were exposed to
trastuzumab (5 pg/ml), adavosertib (0.5 pM), or their combination for
48 h in the absence or presence of activated human PBMCs. Next,

the cleaved caspase-3 percentage was detected by flow cytometry.
The experiments were repeated three times. *p<0.05, **p<0.01,
*#*%p <0.001. ¢ The cells were treated as shown (b). The related
immune parameters were captured by western blotting. The data rep-
resent three independent experiments
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«Fig. 6 Anti-tumor effects of combination therapy in the SNU2670HR
xenograft mouse model. a SNU2670HR tumor growth curves of the
control, trastuzumab (4 mg/kg), adavosertib (60 mg/kg), and combi-
nation groups. *p<0.05, **p<0.01, ***p<0.001. b Body weights
(g) in SNU2670HR-xenografted mice within days after treatment.
(¢) The pathologic examinations were conducted using hematoxy-
lin and eosin (H&E) staining (x400). Immunohistochemical analy-
sis of PD-L1 (x400), CMTM6 (x400), BRCA1 (x400), and Ki67
(x400) staining in SNU2670HR xenograft-excised tumors. d West-
ern blot analysis of various proteins harvested from isolated tumors.
The data represent three independent experiments. e Mouse cytokine
array analysis of serum and spleens collected from xenografted mice.
Spot intensities were measured using ImagelJ software. 1. CCL6; 2.
IGFBP-2; 3. Reg3G; 4. YKL-40; 5. CD105; 6. MMP9. *p<0.05,
**p <0.01, ¥**¥p <0.001

uncovered. Regarding the transcriptional levels, hypoxia-
inducible factor alpha, signal transducer and activator of
transcription 3, NF-kB, and Myc have been identified as
regulators of the CD274 mRNA level [31, 32]. Concern-
ing the post-transcriptional levels, CMTM6, glycogen syn-
thase kinase 3, dolichyl-diphosphooligosaccharide-protein
glycosyltransferase subunit STT3, and cyclin-dependent
kinase 4 contribute to the stabilization of PD-L1 expression
in multiple cancer types [33]. In our previous publication,
we observed that the weel inhibitor (adavosertib) reduced
PD-L1 and CMTMG6 expression in pancreatic cancer cells
[15]. Therefore, we focused on revealing the regulatory
mechanisms of WEE1 inhibitors on CMTM6-PD-L1. Con-
sistent with our previous finding, adavosertib dramatically
downregulated the CMTM6-PD-L1 signaling pathway in
HER2-positive cancer cells, and we observed that BRCA1/
CREB/TEADI were involved in CMTM6 modulation.

To our knowledge, CMTMG6 is a novel protein whose
function has been rarely understood thus far. Most recently,
Guan and colleagues found that high expression of CMTM6
in gliomas is associated with a poor survival rate and posi-
tively regulates T-cell tolerance and Treg-cell differentiation
[34]. In non-small cell lung cancer, CMTM6 expression was
detected in approximately 70% of cases, and co-expression
of CMTMG6 and PD-L1 in the stroma was correlated with
longer overall survival in patients receiving immunotherapy
[35]. However, no evidence exists currently on the role of
CMTMBG6 expression in GC or BTC. Notably, the regulatory
mechanism of CMTMG6 expression has not been studied in
any type of cancer.

Several immune cell markers were assessed by trastu-
zumab or adavosertib treatment using healthy donor PBMCs
in our study (Fig. 5). One of our major novel findings was
that CD163 (M2 type macrophage), FoxP3 (Treg), and
CTLA-4 (Treg) were downregulated by adavosertib in both
parental and HR cells. We also monitored the reduction of
galectin-9 expression by the combination strategy in both
in vitro and in vivo models. As a T-cell immunoglobulin and
mucin-domain containing-3 partner, high levels of galectin-9

negatively modulate the immune response and are associ-
ated with a poor prognosis in patients with solid tumors [36,
37]. The association between T-cell immunoglobulin and
mucin-domain containing-3/galectin-9 and WEE1 has not
been assessed previously. Concerning the role of galectin-9
in the tumor microenvironment, our finding provided more
detailed evidence for the use of the WEEI inhibitor. In addi-
tion, as shown in Fig. 4f, adavosertib reduced PAI-1 release
in HR cells, interrupting M2 macrophage recruitment and
polarization [38]. Our data supported that adavosertib might
modulate macrophage polarization and the Treg-cell popu-
lation in tumor microenvironment to enhance the immune
response. In xenograft experiments, the release of several
mouse cytokines was significantly suppressed by combina-
tion therapy, including CCL6, IGFBP-2, Reg3G, YKL-40,
CD105, and MMP-9. High CCL6 levels promote fibroblast
differentiation and Treg cell function, leading to immune
suppression in the pancreatic cancer tumor microenviron-
ment [39]. In solid tumors, overexpression of IGFBP-2,
Reg3G, YKL-40, and MMP-9 is associated with tumori-
genesis through accelerating immunosuppression [25, 26,
40]. The depletion of CD105 is also involved in DNA repair
disruption in prostate cancer [41]. Although the role of ada-
vosertib in cytokine release is incompletely understood, we
highly suggest that the immune response may be enhanced
by adavosertib treatment.

Furthermore, earlier studies described that adavosertib
modulates immune parameters to enhance the immune
response [42, 43]. For example, human head and neck cancer
cells responded well to natural killer (NK) cell therapy in the
presence of adavosertib, and a similar result was observed
in murine oral cells [42]. The modulation of NK cell func-
tion mediated by adavosertib is very expected since one of
the modes of action of trastuzumab is antibody-dependent
cellular cytotoxicity (ADCC). When NK cells are activated,
they release a large number of cytokines such as interferon,
which leads to an increase in the expression of PD-L1 in
tumor cells and further inhibits the effect of NK cells [44].
Effector NK cells are also negatively affected by galectin-9
level [45]. As shown in Fig. 5c, adavosertib downregulated
both PD-L1 and galectin-9 expression in both SNU2670 and
SNU2670HR cells. These findings support WEEI inhibition
might enhance trastuzumab-mediated ADCC effect.

Another research team has demonstrated that G2/M cell
cycle checkpoint activation is a resistance mechanism of
cytotoxic T lymphocyte (CTL) killing ability and could be
reversed by adavosertib [43]. In the present study, CD8«
expression was enhanced after adavosertib treatment in the
presence of human PBMCs (Fig. 5c). Because CD8w is pre-
dominantly expressed on CTL but is also expressed on den-
dritic cells and natural killer cells, further study is needed
to monitor which CD8a in immune cells is modulated by
adavosertib.
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Fig.7 The cartoon illustrates the resistance mechanism of trastu-
zumab and the signal change by adavosertib in HER2-positive cancer.
Left, shows PD-L1 upregulation contributes to trastuzumab resist-
ance in HER2-positive cancer cells. Right, shows adavosertib can

As a potent DDR-targeted agent, adavosertib has been
studied in different cancer types in both preclinical and
clinical trials [46]. Consistent with previous publications,
adavosertib significantly suppressed cell proliferation and
cytokine release, increased the sub-G1 population and DNA
double-strand breaks, and blocked related signals. Here,
we further discovered that adavosertib could diminish the
p-HER/p-CDCP-1/p-SRC signaling pathway in both paren-
tal and HR cells through direct blockade of BRCA1 and
p-CREB expression (Fig. 3c, h). Interestingly, upregulated
CDCP-1 has been shown to stimulate SRC activation, lead-
ing to trastuzumab resistance in HER2-positive breast can-
cer [22]. Moreover, we have previously reported that SRC
activation partially contributes to trastuzumab resistance in
HER2-positive GC and BTC cells [17].

PD-L1 inhibition might reverse trastuzumab resist-
ance in HER2-positive cancer cells. The WEE1 inhibitor
has potent anti-tumor effects through inducing apoptosis,
DNA strand breaks, and inhibition of cell growth while
downregulating PD-L1. Previously, trastuzumab combined
with a PARP inhibitor (olaparib) showed more potent anti-
tumor effects than trastuzumab alone in HER2-positive
breast cancer [47]. Another research team has demon-
strated that NF-xB -IL8 signaling pathway is the main tras-
tuzumab resistance mechanism and PARP inhibitor could
block the PARP1- NF-xB -IL8 signals to overcome tras-
tuzumab resistance in HER2-positive breast cancer [48].
In our study, si-PD-L1 can reverse trastuzumab resistance
in HR cells, and WEE!1 inhibitor not only downregu-
lates PD-L1 expression but also increases PARP cleav-
age (data not shown), but does not affect IL-8 level. Our

@ Springer

oversome the reastuzumab resistance through downregulation of PD-
L1-CMTM6-BRCAL1 signaling pathway. Adavosertib also reduces
HER2-CDCP-1-SRC signals and immune related signals

data supported that NF-xkB -PD-L1 upregulation might
be a core resistance mechanism at least in gastric and
biliary tract cancer. Regarding PARP inhibitors, PD-L1
expression can be upregulated by PARP inhibitors such
as olaparib [49]. Therefore, we speculated that the WEE1
inhibitor might be more suitable than the PARP inhibitor
to overcome trastuzumab resistance. In addition, the HER2
expression level was detected in our previous study. HER2
level is upregulated in two HR cell lines (SNU216HR and
NCI-N87HR) compared to respective parental cells and is
reduced in the other two HR cell lines (SNU2773HR and
SNU2670HR) [17]. HER2 loss might be one of trastu-
zumab resistance mechanisms in some HR cells, but not all
cells. Given these circumstances, using the WEE]1 inhibi-
tor against trastuzumab resistance is recommended, espe-
cially in patients with post-trastuzumab treatment (Fig. 7).

Overall, our results demonstrated that upregulated PD-L1
on cancer cells contributed to trastuzumab resistance and
could be reversed by WEE1 inhibition in HER2-positive
cancer cells. The findings in this study support further clin-
ical development of co-targeting DDR and HER2 for the
treatment of patients with HER2-positive cancer.
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