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ABSTRACT

Background Immune checkpoint inhibitors (ICls) are emerging treatments for advanced
hepatocellular carcinoma (HCC); however, evidence has shown they may induce
hyperprogressive disease via unexplained mechanisms.

Methods In the current study, we investigated the possible stimulative effect of ICls on
programmed cell death-ligand 1 (PD-L1)-harboring liver cancer cells under immunocompetent
cell-free conditions.

Results The sarcomatous HAK-5 cell line displayed the highest expression of PD-L1 among 11
human liver cancer cell lines used in this study. HLF showed moderate expression, while HepG2,
Hep3B, and HuH-7 did not show any. Moreover, sarcomatous HCC tissues expressed high levels
of PD-L1. We observed approximately 20% increase in cell proliferation in HAK-5 cells treated
with anti-PD-L1 antibodies, such as durvalumab and atezolizumab, for 48 h compared with that of
those treated with the control IgG and the anti-PD-1 antibody pembrolizumab. No response to
durvalumab or atezolizumab was shown in PD-L1-nonexpressing cells. Loss-of-function and
gain-of-function experiments for PD-L1 in HAK-5 and HepG2 cells resulted in a significant
decrease and increase in cell proliferation, respectively. Phosphorylated receptor tyrosine kinase
array and immunoprecipitation revealed direct interactions between PD-L1 and AXL in tumor cells.
This was stabilized by extrinsic anti-PD-L1 antibodies in a glycosylated PD-L1-dependent manner.
Activation of AXL, triggering signal relay to the Akt and Erk pathways, boosted tumor cell
proliferation both in vitro and in xenografted tumors in NOD/SCID mice.

Conclusion Collectively, this suggests that anti-PD-L1 antibodies stimulate cell proliferation via
stabilization of the PD-L1-AXL complex in specific types of liver cancer, including in HCC with

mesenchymal components.

Significance

Therapeutic anti-PD-L1 antibodies promote cell proliferation by stabilizing the PD-L1-AXL
complex in PD-L1-abundant neoplasms, including in HCC with mesenchymal components. Such

a mechanism may contribute to the development of hyperprogressive disease.
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Introduction

The elucidation of immune checkpoint mechanisms has led to major advances in cancer therapy.
One of the major targets of antibodies (Abs) against identified immune checkpoint molecules, or
immune checkpoint inhibitors (ICls), is the programmed cell death-1 (PD-1)/programmed cell
death-ligand 1 (PD-L1) pathway. PD-1 is mainly found on the cell membrane of cytotoxic T
lymphocytes (CTLs), whereas PD-L1 is widely expressed on neoplastic and non-neoplastic cells,
including on dendritic and monocytic cells. The binding of PD-L1 to PD-1 leads to CTL apoptosis,
resulting in a state of immune exhaustion (1-3). ICls can improve CTL function and induce
antitumor effects by blocking the PD-1/PD-L1 signaling pathway (4). The PD-1/PD-L1 pathway
regulates various cellular biological effects other than cancer immune evasion mechanisms, such
as cell proliferation (5), epithelial-mesenchymal transition (EMT) (6), stemness (7), and glucose
metabolism (8, 9). However, most of the detailed mechanisms remain unclear.

Hyperprogressive disease (HPD), a condition wherein tumors grow rapidly after treatment
with ICls, has recently been observed in ICl-treated patients (10). In primary liver cancer, the
incidence of HPD was reported as 10% in ICl monotherapy-treated patients with the disease (11).
Thus far, two underlying mechanisms of HPD have been proposed. One is that the Fc region of
the anti-PD-1 antibody (Ab) differentiates local tumor macrophages into M2-like tumor-associated
macrophages (TAMs), tilting the tumor microenvironment toward an immunosuppressive state
(12). The other is that administered anti-PD-1 Abs activate PD-1" regulatory T cells (Tregs) and
suppress anti-tumor immunity (13-15). However, the precise mechanism of HPD remains unclear.
A previous report (5) suggests that anti-PD-L1 Abs may activate proliferative signals in liver
cancer cells via its target molecule PD-L1 and induce HPD. In this study, we investigated whether
anti-PD-L1 Abs directly interact with PD-L1 and stimulate the proliferation of liver cancer cells

under immunocompetent cell-free conditions.

Materials and Methods
Patients and tumor tissues

Thirty-three patients (26 male and 7 female) with HCC participated in this study (Table 1).
The patients underwent curative resection of HCCs between 2000 and 2017 at Kurume
University Hospital. Informed consent for this study was obtained from all patients according to
the principles stated in the Declaration of Helsinki. The study plan was approved by the Ethical
Committee of Kurume University (study registration no. 16264). HCC was diagnosed by at least
two pathologists (J.A. and H.Y.), independently according to the WHO classification. Histological
grades of the 33 HCCs were as follows: 5 well-differentiated, 5 moderately differentiated, 5 poorly

differentiated, and 18 sarcomatous types. HCC tissues of the three patients treated with
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trans-catheter arterial chemoembolization (TACE) showed sarcomatous features.

Immunohistochemistry and staining scores

Five-um thick tumor tissue sections were prepared from paraffin-embedded blocks and
boiled for 30 min in a high-pH target retrieval solution (Agilent Technologies, Inc., Santa Clara, CA,
USA). Sections were pre-blocked with normal horse serum and incubated with an anti-PD-L1 Ab
(clone E1L3N; Cell Signaling Technology, Inc., Danvers, MA, USA) for human samples and with
an anti-Ki-67 Ab (clone MIB1 (Dako); Agilent Technologies, Inc.) for mouse samples at 4°C
overnight. Positive immunoreactive signals were visualized using the EnVision+ system (Dako)
and a DAB kit (Dako). Hematoxylin and rabbit IgG were used for nuclear counterstaining and
negative controls, respectively.

PD-L1 staining scores were evaluated semiquantitatively according to the previous report
(16) for the intensity of positive signals and stain-positive area. For the Ki-67 labeling index,
Ki-67-positive cells/1000 tumor cells examined were automatically counted after setting the
threshold for binarization in the ImagedJ 1.53 software. For immunohistochemical assessment of
infiltrative cells in mouse xenografted tumors including CD3* cells, CD8* cells, dendritic cells,
macrophages, and natural killer (NK) cells, the primary Abs anti-CD3-¢ Ab, anti-CD8-a Ab,
anti-CD11c Ab, anti-F4/80 Ab, and anti-NK1.1 Ab (all obtained from Cell Signaling Technology)
were used, respectively. All images of the stained sections were obtained with an all-in-one
fluorescence microscope (BZ-X700, KEYENCE, Osaka, Japan).

Cell lines

Liver cancer cell lines HepG2, HuH-7, and Hep3B were purchased from the American Type
Culture Collection (Manassas, VA, USA). HLF was obtained from the Japanese Cancer Research
Resources Bank (Tokyo, Japan). HAK-5 was originally established from peritoneal effusion in a
patient with sarcomatous HCC in the Department of Pathology of Kurume University School of

Medicine (17). All cell lines were grown and passaged under conditions reported previously (16).

ICIs and IgGs

The ICls including pembrolizumab, durvalumab, and atezolizumab were purchased from
Selleck (Houston, TX, USA). IgGs was from Medical and Biological Laboratories Co, Ltd (Tokyo,
Japan).

Western blotting
Cell- and tissue-derived protein preparation and SDS-PAGE were performed as in our

previous study (16). Abs for the following molecules were obtained from Cell Signaling
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Technology: PD-L1, PD-L2, PD-1, p-AXL, AXL, p-Akt, Akt, phosphorylated extracellular
signal-regulated kinase (p-Erk)1/2, and total Erk1/2: all were used at 1:1,000 in dilution. Abs
against GAPDH and TurboGFP were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA) and OriGene Technologies, Inc. (Rockville, MD, USA), respectively. To visualize
protein-derived signals, horseradish peroxidase (HRP)-labeled secondary Abs, ECL Plus
Western Blotting Detection Reagents (Amersham Pharmacia Biotech, Buckinghamshire, UK),
and an image analyzer (LAS-4000; Fuijifilm, Tokyo, Japan) equipped with Multi Gauge software,

version 3.0 (Fuijifilm) were used (16).

Quantitative real-time (qRT)-PCR analysis

TagMan-based qRT-PCR assay was carried out using a 7500 Fast Real Time PCR System
(Applied Biosystems, Foster City, CA, USA) according to the previous report (16). The
pre-designed probes were PD-L1 (CD274) (Assay ID, Hs00204257 m1) and AXL
(Hs01064444 _m1). Gene expression levels relative to those of GAPDH (Hs02758991 g1) were
calculated by the AA-CT method implemented in StepOne Software 2.0 (Applied Biosystems).

Overexpression of PD-L1

A green fluorescent protein (GFP)-tagged PD-L1-expressing plasmid (RC213071) and an
empty vector (PS100010) were purchased from OriGene Technologies. To establish stably
transfected clones, HuH-7 and HepG2 cells were transfected with PD-L1 cDNA or the mock
vector using TranslIT-LT1 (Mirus, Madison, WI, USA). After transfection, PD-L1-overexpressing
clones (PD-L1-HuH-7 and PD-L1-HepG2) were selected with 400 ug/mL G418 (Nacalai Tesque).

Control cell clones (Ctrl-HuH-7 and Ctrl-HepG2) were selected in a similar manner.

Knockdown (KD) of PD-L1 and ectopic expression of PD-L1 mutants

Lentiviral transduction particles containing PD-L1 shRNAs (sc-39699) or non-targeting
shRNAs (sc-108080) were obtained from Santa Cruz Biotechnology. Stable PD-L1-KD cells and
mock cells were selected using 1 ug/mL puromycin (Sigma-Aldrich by Merck KGaA, Darmstadt,
Germany) according to our previous study (16).

To generate wild-type PD-L1-expressing and unglycosylated PD-L1 mutant (4NQ) cells (7),
we obtained pGIPz-PD-L1 WT and pGIPz-PD-L1 4NQ plasmids, respectively, from Addgene
(Watertown, MA, USA), and then packaged them into lentiviruses (VectorBuilder Inc., Chicago, IL,
USA). The viral constructs were designed to silence endogenous PD-L1 expression by shRNA
and enforce the expression of exogenous wild-type or unglycosylated PD-L1 (7). Cells were
transfected with the viral particles using TranslIT-Lenti Transfection Reagent (Mirus) and the
stable clones were selected using 1 yg/mL puromycin.
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Cell proliferation assay

To assess cell proliferation, a CDA-1000 automated cell counter (Sysmex, Kobe, Japan) was
used for counting the viable cells in suspension on days 0, 2, 4, and 6. To evaluate the
proliferation-stimulating role of anti-PD-L1 Abs in PD-L1-expressing liver cancer cells,
durvalumab (25 ng/mL) and atezolizumab (25 ng/mL) were used in comparison with the control
IgG isotype (25 ng/mL) and the anti-PD-1 Ab pembrolizumab (25 ng/mL), and the cell number
was counted on day 2. To ensure the function of AXL, the specific agonist growth arrest specific 6
(Gas6) (R&D systems, Inc., Minneapolis, MN, USA) and the specific inhibitor bemcentinib

(Selleck) were used.

Immunocytochemistry

For immunocytochemical staining, cells were fixed with fresh 4% paraformaldehyde at 25 +
2°C for 15 min and washed in PBS containing 0.05% Tween-20 (PBS-T). Blocking of nonspecific
reactions and incubation with primary and secondary Abs were performed as described
previously (18). For nuclear staining, VECTASHIELD Mounting Medium with
4’ 6-diamino-2-phenylindole (DAPI) (Burlingame, CA, USA) was used. For double staining of
PD-L1 and AXL, a mouse monoclonal anti-PD-L1 Ab and a rabbit monoclonal anti-AXL Ab (both,
Cell Signaling Technology, Inc.) were used as primary Abs and Alexa Fluor 488 goat anti-mouse
IgG (H+L) Ab and Alexa Fluor 568 goat anti-rabbit IgG (H+L) Ab (both, Molecular Probes, Eugene,
OR, USA) were used as secondary Abs. Samples incubated with rabbit and/or mouse IgG were
utilized as negative controls. Immunofluorescent signals were visualized with a BZ-X700
microscope (KEYENCE).

p-Receptor Tyrosine Kinase (p-RTK) array

HAK-5 cells were treated with atezolizumab (25 ng/mL) or IgG isotype (25ng/mL) for 24 h.
The harvested cell-derived lysates were subjected to a comparative analysis of p-RTK protein
levels using a Proteome Profiler Human Phospho-RTK Array Kit (R&D Systems, Minneapolis, MN,
USA). The p-RTK array membranes were pre-blocked with 5% bovine serum albumin-containing
0.01 M Tris-buffered saline (TBS) (pH 7.4) for 1 h and then incubated with cell lysates containing
equal amounts of protein between test and control samples. After washing with TBS containing
0.1% Tween-20, the membranes were incubated with an HRP-marked anti-phosphotyrosine Ab
for 2 h at 25+2 °C. Visualization of target proteins and their densitometric analysis were

performed in a similar manner to that of the Western blotting section.

Immunoprecipitation (IP)

Total cell lysates prepared with an NP-40-based lysis buffer were incubated with Abs against
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PD-L1 and AXL followed by Recombinant Protein G Agarose (Thermo Fisher Scientific, Waltham,
MA, USA) at 4 °C. Antigen-Ab-bead complexes were centrifuged and washed with Tris-based
buffer. Immunoblots were probed with Abs to PD-L1, p-AXL, AXL, and ubiquitin (A5) (Santa Cruz

Biotechnology) and detected as in the Western blotting section.

Deglycosylation by peptide-N-glycosidase (PNGase) F
Total cell lysates were incubated with PNGase F (N-Zyme Scientifics, Doylestown, PA, USA)
at 37 °C for 1 h to digest N-linked oligosaccharides. Both glycosylated and unglycosylated PD-L1

proteins were then detected by Western blotting.

Xenograft mouse model

PD-L1-HepG2 and Ctrl-HepG2 cells (5.0 x 108) were subcutaneously implanted into the flank
of 5-week-old male NOD/Shidic-scidJcl (NOD/SCID) mice (Clea Japan, Inc., Osaka, Japan).
When the measured tumor volume (0.52 x length x width?) reached 150 mm?, the tumor-bearing
mice were randomly divided into four treatment groups (n=6 in each) as follows: 1)
Ctrl-HepG2-injected mice treated with IgG, 2) Ctrl-HepG2-injected mice treated with atezolizumab,
3) PD-L1-HepG2-injected mice treated with IgG, and 4) PD-L1-HepG2-injected mice treated with
atezolizumab. IgG and atezolizumab were intraperitoneally administered three times a week at
the dose of 10 mg/kg/mouse. The tumor volumes were measured every two days. Mice were
sacrificed four weeks after the beginning of the treatments, and the tumors were resected for
subsequent immunohistochemistry and Western blotting. All animal experiments were ethically

performed according to the guidelines described previously (16).

Statistical analysis
Data analyses were performed using JMP Pro 15.0 software (JMP, Tokyo, Japan). An
unpaired Student's t-test was used to assess statistically significant differences between the two

groups. All data are expressed as the mean £ SEM.

RESULTS
Expression of PD-L1 in human HCC tissues and liver cancer cell lines
Immunohistochemically, membranous PD-L1 was clearly expressed in poorly differentiated
HCC tissues, weakly expressed in moderately differentiated tissues, and faintly or not expressed
in well-differentiated tissues (Fig. 1A). Sarcomatous HCC, followed by poorly-differentiated HCC,
significantly expressed the highest levels of PD-L1 out of the 33 HCCs studied (Fig. 1B). Western
blot analysis using liver cancer cell lines showed that PD-L1 was consistently and markedly
expressed in HAK-5, a sarcomatous HCC cell line (17). PD-L1 was also shown to be moderately
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expressed in HLF, with the appearance of mesenchymal cell features, although it was not
expressed in HepG2, Hep3B, or HuH-7 (Fig. 1C). Neither PD-L2 nor PD-1 expression was faint or
absent in all the tested cell lines (Fig. 1C). The expression trend of PD-L1 was also confirmed at
the transcriptional level (Fig. 1D).

Gene silencing of PD-L1 in the HAK-5 cell line

KD of PD-L1 with shRNAs in HAK5 cells was confirmed by Western blotting and qRT-PCR (Figs.
2A and B). Significantly decreased cell proliferation was demonstrated in PD-L1-KD HAK-5 cells
compared with the control mock cells (Fig. 2C), suggesting a direct involvement of PD-L1 in
promoting tumor cell proliferation.

Anti-PD-L1 Abs drive tumor cell proliferation

To prove the accelerating potential of PD-L1 in tumor cell proliferation, we stimulated HCC cells
with anti-PD-L1 Abs. When HAK-5 cells were exposed to the anti-PD-L1 Ab atezolizumab, cell
proliferation was significantly increased compared with cells in the IgG-treated group (Fig. 3A),
and the increase was dosage-dependent up to 25 ng/mL (Fig. 3B). Durvalumab, another PD-L1
Ab, also promoted cell proliferation (approximately 20%) like atezolizumab, but the anti-PD-1 Ab
pembrolizumab and IgG did not in 48-h incubation (Fig. 3C).

Gain-of-function experiments using PD-L1/GFP-overexpressing liver cancer cells

We generated PD-L1/GFP-overexpressing liver cancer cell lines based on the commonly
used liver cancer cells HepG2 and HuH-7 (Figs. 4A and B). Immunocytochemically, the ectopic
expression of PD-L1/GFP was localized on the plasma membrane in HepG2 cells, in contrast to
the cytoplasm in HuH-7 cells (Fig. 4C). Interestingly, HepG2 cells, but not HuH-7 cells, sharply
responded to atezolizumab treatment and proliferated in a dosage-dependent manner (Fig. 4D).
Given that PD-L1 is a type | transmembrane protein (19), its physiological localization is
suggested to be crucial for intracellular signaling of PD-L1-mediated cell proliferation.

AXL complexes with PD-L1

Since the localization of PD-L1 on the cell membrane was critical for anti-PD-L1 Ab-promoted
cell proliferation, we explored potential collaborating membranous molecules, including RTKs.
Comprehensive array analysis of p-RTKs in the atezolizumab-treated HAK-5 cells revealed that
insulin receptor (IR), insulin-like growth factor-1 receptor (IGF-1R), and AXL were phosphorylated
in comparison with the IgG-treated cells (Fig. 5A). Then, we evaluated the expression levels of
the most activated molecule, AXL, by gqRT-PCR and Western blotting; however, there was no
upregulation found from either analysis (Fig. 5B). Considering possible inter-molecular
interactions between PD-L1 and AXL, we performed IP-Western blot experiments, and found that
the two molecules were complexed together during treatment with anti-PD-L1 antibodies (Figs.
5C and D). Colocalization of the two molecules PD-L1 and AXL, suggesting a strong
inter-molecular interaction, was visualized by immunocytochemistry in the atezolizumab-treated
HAK-5 cells (Fig. 5E). To confirm that the simultaneous use of an AXL inhibitor and an anti-PD-L1
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antibody has clinical relevance in the treatment of HCC, the following two experiments were
performed: one is to ascertain the cell-proliferating function of the Gas6-stimulated AXL, and the
other is to assess the inhibiting effect of the specific AXL inhibitor bemcentinib on the boosted cell
proliferation by anti-PD-L1 antibodies plus Gas6 in PD-L1-expressing HCC cells. As a result,
Gas6 significantly promoted cell proliferation of the PD-L1-expressing HAK-5 cells under
co-stimulation with anti-PD-L1 antibodies, suggesting that the AXL signaling was boosted
(Supplementary Fig. 1A). In the inhibition experiment, bemcentinib canceled the boosted
proliferation of the cells treated with both anti-PD-L1 antibody and Gas6 (Supplementary Fig. 1B).

N-glycosylation is necessary for the binding of PD-L1 with AXL

Glycosylation of proteins plays an important role in protein-protein interactions. Thus, we
speculated that highly glycosylated PD-L1, displaying N-glycosylation at four conserved
asparagine residues, greatly contributes to forming the PD-L1/AXL complex. In an IP-Western
blotting experiment using PNGase F to remove N-glycans from protein substrates of HAK-5 cells,
the thick band representing glycosylated PD-L1, including 43-kDa bands, completely
disappeared following enzymatic treatment, and the PD-L1/AXL interaction was lost accordingly
(Fig. 5F). In the next experiment, using the wild-type PD-L1-expressing cells (WT) and
unglycosylated PD-L1 mutant cells (4NQ), the binding of PD-L1 to AXL was abolished in
unglycosylated 4NQ cells following treatment with atezolizumab (Figs. 5G and H). This implies
that direct binding between PD-L1 and AXL is critically dependent on the N-glycosylation of
PD-L1.

PD-L1 Abs promotes xenografted tumor growth of PD-L1-overexpressing HepG2 cells

We assessed whether the anti-PD-L1 Ab atezolizumab promotes the growth of xenografted
tumors in NOD/SCID mice (Fig. 6A). Since the sarcomatous HAK-5 cells and their mutants
(PD-L1-KD HAK-5 cells and the control mock cells) did not form any tumors in the mice,
PD-L1-HepG2 and Ctrl-HepG2 cells were used in our animal experiments. Consistent with our
in-vitro data, the rate of growth of PD-L1-HepG2-based tumors was remarkably accelerated by
atezolizumab administration on day 14, followed by a gradual but significant increase in
PD-L1-HepG2-based tumors without treatment (Fig. 6A). Growth of Ctrl-HepG2-based tumors,
which consisted of cells lacking endogenous PD-L1 expression (Figs. 1C and D), was not
promoted by atezolizumab treatment.

Immunohistochemical analysis of Ki-67 showed that atezolizumab-treated
PD-L1-HepG2-based tumor tissues displayed the highest index by a significant amount, followed
by their untreated counterparts (Fig. 6B). In Western blot analysis for the xenografted tumor
tissues was focused on identifying the expressions of AXL and its downstream signaling
molecules, including p-Akt, Akt, p-Erk1/2, and Erk1/2. We found that the expressions of p-Akt and
p-Erk1/2 were significantly increased in the atezolizumab-treated PD-L1-HepG2-based tumors
compared with their untreated counterparts and Ctrl-HepG2-based tumors (Fig. 6C). Our findings
indicate that the downstream signal relays of AXL are activated by atezolizumab treatment in vivo.
Further analysis of infiltrative cells in the xenografted tumors, no significant difference in positive
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cells/microscopic field was observed in dendritic cells, macrophages, or NK cells among the four
groups (Supplementary Fig. 2). There were no CD3" cells or CD8" cells in the tumors (data not
shown).

DISCUSSION

In this study, we found that anti-PD-L1 Abs 1) stabilized PD-L1 on the cell surface of liver
cancer cells, 2) enhanced the interaction between PD-L1 and AXL in a PD-L1 glycan-dependent
manner, and 3) promoted the activation of Akt and Erk1/2, which are downstream signals of AXL,
thereby enhancing the proliferation of liver cancer cells, particularly of the sarcomatous type.

First, we found that the expression levels of PD-L1 in human HCC tissues were enhanced in
association with the dedifferentiation of the tumor. This was consistent with the previous findings
that PD-L1 is strongly expressed in aggressive HCCs with poor prognoses (20). In addition, we
found for the first time that PD-L1 expression was strongest in sarcomatous HCC, both in vitro
and in vivo. This finding is supported by the high expression of the protein in sarcomatoid lung
carcinoma (21). Therefore, it is thought that the EMT-involved transformation of cancer cells into
sarcomatous cells promotes immune evasion by expressing PD-L1 in those cells (6).

It has been suggested that one of the mechanisms of HPD is the activation and numerical
superiority of PD-1* Treg cells in the tumor microenvironment (13, 14). In addition, we
hypothesized that direct stimulation of PD-L1-expressing tumors with anti-PD-L1 Abs could be
involved in rapid growth during HPD. To prove this hypothesis, we used a simple cell culture
without the presence of immunocompetent cells such as dendritic cells and lymphocytes, and
found that anti-PD-L1 Abs directly stimulated tumor cell proliferation not only in sarcomatous liver
cancer cells that strongly express PD-L1 but also in the cells that ectopically overexpress PD-L1.
At this point, it is noteworthy that the proliferation-promoting effect of anti-PD-L1 Abs was
observed only when the overexpressed PD-L1 was localized on the plasma membrane of the
tumor cells. Recently, it has been shown that PD-L1 expressed on the cell membrane can be
translocated to the nucleus by deacetylation of lysine residues in the cytoplasmic domain (22)
and that the activated genes through its nuclear translocation were those regulating immune
response and inflammation, but not cellular proliferation. This is consistent with previous findings
that the PD-L1 molecule does not have any specific domain structure for stimulating cellular
proliferation. These findings together led us to speculate that PD-L1 may be involved in
transmitting cell-proliferating signals into the cancer cells by being conjugated with another
molecule localized at the cell membrane. We hypothesized that membrane-localized molecules
such as RTKs that are professionally involved in cell proliferation may be involved in this and
therefore conducted a p-RTK array experiment. Thus, we identified AXL as a partner of PD-L1 in

promoting tumor cell proliferation in the presence of anti-PD-L1 Abs. AXL is isolated from human
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chronic myelogenous leukemia (23), and its expression is correlated with tumor malignancy and
poor prognosis of patients with various cancers (24). In HCC, AXL has been reported to be
involved in the suppression of apoptosis and the enhancement of cell proliferation and migration
(25), and its expression level correlates with tumor recurrence rate and poor prognosis of patients
(26).

Glycans that interact with proteins in vivo often exist in clusters of multiple glycans (27).
Therefore, we investigated the role of glycosylation of PD-L1 molecules in the protein-protein
interaction between PD-L1 and AXL (28). In general, N-glycosylation (asparagine-linked
glycosylation) plays a pivotal role in many biochemical events, including protein-protein
interactions (29, 30). In the extracellular domain of PD-L1, four N-glycosylation sites (N35, N192,
N200, and N219) have been identified and reported to be required for binding to PD-1 in
mediating its immunosuppressive effects (31). Based on these findings, we established a
sarcomatous liver cancer cell line, in which intrinsic PD-L1 was silenced and non-glycosylated
PD-L1 was overexpressed. The results showed that the PD-L1-AXL interaction was not observed
in the cells lacking PD-L1 N-glycosylation. Thus, we revealed, for the first time, such unique
interaction between PD-L1 and the oncogene product AXL on the tumor cell membrane in the
presence of anti-PD-L1 Abs in a PD-L1 glycan-dependent manner. Interestingly, it was reported
that PD-L1 and AXL are co-expressed in renal cell carcinoma with poor prognosis (32). This
suggests that the PD-L1-AXL axis is involved in the malignant traits of tumor cells. Furthermore,
activation of the PI3K/Akt and/or Erk pathways downstream of AXL is also considered a possible
mechanism of PD-L1 upregulation (33). Therefore, our findings indicate that AXL-triggered
upregulation of PD-L1 possibly forms a positive feedback loop that stabilizes AXL on the tumor
cell membrane and activates downstream signaling of AXL under specific conditions, including in
the presence of anti-PD-L1 Abs. Further studies are needed to clarify the clinical relevance of
this.

The effects of extrinsic anti-PD-L1 Abs in boosting tumor growth were reproduced in
xenografted tumor models of NOD/SCID mice, resulting in the activation of the Akt and Erk
pathways. The unique role of the PD-L1-AXL axis in immunodeficient environments does not
explain the complicated molecular mechanism of HPD in the human body, but the PD-L1-AXL
interaction-mediated enhancement of tumor cell proliferation may occur in patients with the
following cancer milieu, in particular: 1) cancers with high expression of PD-L1 and AXL, which
undergo EMT-mediated sarcoma-like changes (34), and 2) cancers in the older individuals and
patients with a low neutrophil-to-lymphocyte ratio and impaired immune function (35, 36). Very
recently, the phase Il COSMIC-312 clinical trial, in which atezolizumab was combined with
cabozantinib, a multi-kinase inhibitor with anti-AXL activity, displayed the superior efficacy of

combination pharmacological therapy in advanced HCCs compared with sorafenib alone (37). As
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a result, the median progression-free survival of the combination therapy (6.8 months) was
significantly longer than that of sorafenib (4.2 months) (P=0.0012) (37). The outcome suggests
that combinatorial usage of AXL inhibitor and anti-PD-L1 Ab may suppress the tumor
cell-proliferating role of the Ab in the tumor microenvironment of HCC. The potential of AXL in
canceling the anti-PD-L1-induced boost of cell proliferation in sarcomatous HCC cells may
support the idea.

In conclusion, this study revealed that anti-PD-L1 Ab stabilizes the PD-L1-AXL complex on
the surface of HCC cells and activates the downstream signaling of AXL (i.e. the Akt and Erk
pathways), thereby boosting tumor cell proliferation. Further analysis of tumor factors, including
EMT, sarcomatous changes, and immune checkpoint molecules, as well as patient background,

is needed to determine the extent to which the PD-L1-AXL axis impacts the mechanism of HPD.
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FIGURE LEGENDS

Figure 1.

Expression of PD-L1 in human HCC tissues and liver cancer cell lines. A, PD-L1 is most highly
expressed in sarcomatous (Src) HCC tissues, followed by poorly (Por) and moderately (Mod)
differentiated HCC tissues. B, Immunostaining scores showing Src tissues as having the highest
expression of PD-L1. CH, chronic hepatitis. LC, liver cirrhosis. C and D, Western blotting and
gRT-PCR for PD-L1 expression in human liver cancer cell lines. The sarcomatous HAK-5 cells
show the strongest PD-L1 expression at both the protein (C) and mRNA (D) levels. **, P<0.01
and ***, P<0.001.

Figure 2.

Knockdown (KD) of PD-L1 in the HAK-5 cell line. HAK-5 cells were transfected with
PD-L1-targeting shRNAs or control (Ctrl) shRNAs, and their stable transfectants were selected,
respectively. A, Western blot analysis of the indicated proteins in PD-L1-KD cells and Ctrl mock
cells. B, PD-L1T mRNA expression levels quantified by qRT-PCR. C, Comparison of cell

proliferation between PD-L1-KD cells (red line) and Ctrl mock cells (black line). **, P<0.01.

Figure 3.

Anti-PD-L1 Abs increase tumor cell proliferation. A, Cell proliferation under the treatment with
atezolizumab (Atz) (25, 50, and 500 ng/mL), 25 ng/mL of IgG, and the vehicle in HAK-5 cells. A
significant increase in Atz-treated cell number was observed. *, P<0.05. B, Cell number on day 2
following treatment with various concentrations of Atz (5, 10, 25, 50, and 500 ng/mL), 25 ng/mL of
IgG, and the vehicle in HAK-5 cells. A significant increase is seen at concentrations of more than
or equal to 25 ng/mL of Atz. *, P<0.05. C, Comparison of HAK-5 cell number on day 2 following
treatment with an anti-PD-1 antibody (25 ng/mL of pembrolizumab (Pem)) and anti-PD-L1
antibodies (25 ng/mL of durvalumab (Dur) and 25 ng/mL of Atz). A significant increase is seen in
cells treated with Dur and Atz. IgG, 25 ng/mL. * P<0.05. D, Comparison of the
proliferation-promoting activity of Atz (25 ng/mL) on day 2 among the three cell lines HepG2,
HuH-7, and HLF. A significant increase in cell proliferation is seen only in Atz-treated HLF cells,
which moderately express PD-L1 (See Fig. 1C and D). *, P<0.05.

Figure 4.

Gain-of-function experiment using PD-L1/GFP-overexpressing liver cancer cells. A,
Immunocytochemistry for PD-L1 (red), counterstained with DAPI for nuclei (blue). Co-localization
of GFP (green) and PD-L1 (red) in the PD-L1/GFP-HuH-7 cells (left panels) and
PD-L1/GFP-HepG2 cells (right panels) is shown (original magnification x 400). Forced expression
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of PD-L1 is localized on the plasma membrane of HepG2 cells, while it is seen in the cytoplasm of
HuH-7 cells. B and C, Overexpression of GFP-tagged PD-L1 in HuH-7 and HepG2 cells
(PD-L1/GFP-HuH7 cells and PD-L1/GFP-HepG2 cells) shown by qRT-PCR (B) and Western blot
analysis (C). D, Relative cell number on day 2 in PD-L1/GFP-HuH-7 cells (left panel) and
PD-L1/GFP-HepG2 cells (right panel) following treatment with 10 and 25 ng/mL of Atz, and 25
ng/mL of IgG. *, P<0.05 and **, P<0.01.

Figure 5.

AXL is a partner molecule of PD-L1, driving cell proliferation. A, (Left panel) RTK array analysis
exploring RTKs responsible for the Atz-promoted cell proliferation in HAK-5 cells. Atz, 25 ng/mL.
IgG, 25 ng/mL. (Right panel) Comparative quantification of spot pixel densities for phosphorylated
(p-) RTKs between IgG-treated cells (black columns) and Atz-treated cells (red columns). IR,
insulin receptor. IGF-IR, insulin-like growth factor-1 receptor. B and C, qRT-PCR for evaluating
the expression levels of AXL mRNA (B) and Western blot analysis (C) for evaluating the
expressions of AXL and PD-L1 in HAK-5 cells treated with Dur or Atz (both 25 ng/mL). D,
IP-Western blotting using anti-AXL Ab and anti-PD-L1 Abs to demonstrate AXL-PD-L1 interaction.
E, Immunocytochemical double staining of PD-L1 and AXL in the Atz-treated HAK-5 cells (upper
4 panels). The lower 4 panels are negative controls. F, HAK-5 cells were treated with Atz or IgG
(both 25 ng/mL), and the cell lysates were incubated in the presence or absence of PNGase F.
Then, the lysates were subjected to IP using anti-AXL Ab, followed by immunoblotting using Abs
for AXL and PD-L1. The enzymatic digestion of protein glycosylation leads to the loss of the
PD-L1-AXL interaction. G, Genetically engineered-unglycosylated PD-L1 mutant cells (4NQ)
show no thick bands for glycosylation in PD-L1 compared with the wild-type PD-L1-expressing
cells (WT) under treatment with Atz (25 ng/mL). H, In Atz-treated 4NQ cells, there is no

interaction between PD-L1 and AXL in the IP experiment.

Figure 6.

Atz promotes xenografted tumor growth of PD-L1-overexpressing HepG2 cells in NOD/SCID
mice. A, Growth of PD-L1-HepG2-based tumors is markedly driven by Atz treatment on day 14,
followed by a gradual but significant increase in PD-L1-HepG2-based tumors without treatment.
Growth of Ctrl-HepG2-based tumors, consisting of cells lacking endogenous PD-L1 expression,
is not promoted by treatment. *, P<0.05; **, P<0.01; and ***, P<0.001. Red asterisks indicate
“PD-L1-HepG2 Atz” vs. “PD-L1-HepG2 IgG”, and blue ones “PD-L1-HepG2 IgG” vs. “Ctrl-HepG2
Atz’/“Ctrl-HepG2 1gG”. B, Ki-67 staining for representative xenografted tumor tissues (upper
panel) and its labeling index (lower panel). The Atz-treated PD-L1-HepG2-based tumors have the

significantly highest indices among the 4 groups, followed by the untreated PD-L1-HepG2-based
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tumors. *, P<0.05 and **, P<0.01. C, Western blot analysis for the expressions of AXL and its
downstream signaling molecules, including p-AKT, AKT, p-Erk1/2, and Erk1/2 (left panel). The
expression levels of p-AKT and p-Erk1/2 are significantly elevated in the Atz-treated
PD-L1-HepG2-based tumors compared with their untreated counterparts and Ctrl-HepG2-based
tumors (right panels). *, P<0.05 and **, P<0.01.

Supplementary Figure 1.

AXL stimulated with anti-PD-L1 antibody is more powerful. A, Gas6 (200 ng mL), an agonistic
ligand for AXL, significantly promotes cell proliferation of the PD-L1-expressing HAK-5 cells under
co-stimulation with anti-PD-L1 antibodies. B, The boosted cell proliferation is canceled by the
specific AXL inhibitor bemcentinib at the concentration of 500 nM, that is IC50 in the cells.
Concentrations of IgG, durvalumab (Dur), and atezolizumab (Atz) are all 25 ng/mL. *, P<0.05 and
** P<0.01.

Supplementary Figure 2.
Immunohistochemical analysis of immune cells infiltrated in the xenografted tumors. No
significant difference in positive cell numbers or areas/high-power field is shown in dendritic cells

(CD11c*), macrophages (F4/80%), or NK cells(NK1.1*) among the four groups.
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Table 1. Patients’ characteristics

Subjects All (n=33)
Age (years) 70 [53-79]
Sex

Female 7 (21%)

Male 26 (79%)
Differentiation grades

Well 5 (15%)

Moderately 5 (15%)

Poorly 5 (15%)

Sarcomatous 18 (55%)
Previous therapies

TACE 3 (9%)

None 30 (91%)
Etiology

Hepatitis B 4 (12%)

Hepatitis C 21 (64%)

Non-viral 8 (24%)
Cirrhosis/Non-cirrhotic

Cirrhosis 8 (24%)

Non-cirrhotic 25 (76%)

Note: Values are expressed as median [range] or percentage. “Non-viral” include alcoholic liver
diseases, non-alcoholic fatty liver diseases, and chronic liver diseases of unknown etiologies.

Abbreviations: TACE, trans-catheter arterial chemoembolization.
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Supplementary Figure 2
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