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Glycosylation of immune receptors and ligands, such as T-cell receptor (TCR), major
histocompatibility complex (MHC), and co-inhibitory molecules, regulates immune signaling
activation, antigen presentation, and immune surveillance. Recent studies revealed that the
glycan structures of co-inhibitory molecules are required for receptor-ligand interaction, a
critical feature for activating cancer immune evasion. However, it is unclear how oncogenic
signaling initiates glycosylation of co-inhibitory molecules to induce immunosuppression.
Here we show interleukin (IL)-6-activated Janus kinase 1 (JAK1) phosphorylates programmed
death-ligand 1 (PD-L1)-Tyr112, leading to the recruitment of endoplasmic reticulum (ER)-
associated N-glycosyltransferase, STT3A, which catalyzes the glycosylation of PD-LI,
contributing to its stability. A positive correlation between IL-6 and PD-L1 expression levels
was observed in tumor samples from patients with hepatocellular carcinoma (HCC).
Furthermore, IL-6 blockade led to downregulation of PD-L1 and increased sensitivity to anti-
T-cell immunoglobulin mucin-3 (Tim-3) immune checkpoint therapies in animal models.
These results identify a mechanism regulating initiation of PD-L1 glycosylation and suggest
that the combination of anti-IL-6 and anti-Tim-3 is an effective, biomarker-driven, therapeutic

strategy in HCC.
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CHAPTER 1. INTRODUCTION

1.1 Epidemiology and current therapeutic landscape of Hepatocellular carcinoma (HCC)

Liver cancer is the second most common cause of cancer death worldwide, and mortality
rates due to liver cancer are steadily increasing. Hepatocellular carcinoma (HCC) and
cholangiocarcinoma (CCA) are the two most frequent types of liver cancer, with more than 1
million newly diagnosed cases per year (1). HCC makes up approximately 90% of all primary
liver cancers and usually develops in the context of chronic liver inflammation due to a variety
of causes such as viral infections, heavy alcohol consumption, obesity, or nonalcoholic fatty
liver disease (NAFLD) (2-9). The risk factors for HCC are well defined with 45% of diagnosed
cases in US attributed to chronic hepatitis B and hepatitis C (HBV and HCV) infection. Among
cases diagnosed in patients without evidence of chronic HBV or HCV infection, majority (55%)
are due to excessive alcohol consumption, non-alcoholic steatohepatitis (NASH) and obesity
(9, 10). The majority of patients with HCC cases are diagnosed at an advanced stage, where
curative surgical treatment (resection or liver transplantation) is not possible and their only
therapeutic option is palliative systemic therapy. The multi-kinase inhibitors sorafenib (front-
line) and regorafenib (second-line) are targeted therapies approved by the U.S. Food and Drug
Administration (FDA) for advanced HCC. However, overall response rates are low (2% and
10%, respectively) and, compared to placebo, the improvement in media overall survival was
modest (~3 months) (9, 11). Therefore, there is an urgent and unmet need to develop; 1) novel
therapeutic approaches that will improve overall survival for patients with HCC. 2) Decreasing
rates of systemic and local recurrence by enhancing the effectiveness of immune surveillance

in patients with HCC patients, and 3) suitable biomarkers for early detection through an in
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depth analysis of molecular features and oncogenic pathways contributing totumorigenesis in

HCC.(12).

Immunotherapeutic approaches inhibiting co-inhibitory ligand/receptor interaction and
blocking immunosuppressive signaling in immune cells have resulted in significant survival
benefit in patients across multiple tumor types (13). Multiple co-inhibitory receptors and
ligands have been determined to contribute to the maintenance of immune evasion and immune
dysfunction in HCC, including cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)(14),
programmed cell death protein-1 (PD-1) and its ligand (PD-L1), lymphocyte-activation gene
3 (LAG-3) and its ligand (MHC-II and fibrinogen-like protein 1)(15, 16), Tim-3 and its ligand
(galectin-9)(17), and adenosine A2a receptor (A2aR) (18). The tumor microenvironment is the
primary location that immune cells interact with and eliminate cancer cells (19) and blocking
the interaction between PD-1 and PD-L1 on immune cells and cancer cells, respectively, is one
of the major strategies for immune normalization in the tumor microenvironment (20). Notably,
tumor cells expressing high levels of PD-L1 and exhausted infiltrating CD8(+) T cells were
both enriched in tumor region of HCC patient samples (21). In addition, PD-L1 overexpression
in the tumor microenvironment has been associated with tumor aggressiveness, poorer clinical
outcome and postoperative recurrence in HCC (22). More recently, the PD-1 antibody
nivolumab, was approved in the second line setting for the treatment of advanced HCC
refractory to sorafenib on the basis of a 20% objective response rate in advanced HCC (23).
While the approval of nivolumab represents an encouraging step forward in the treatment of
HCC, more needs to be done to improve its efficacy in this setting. Because mechanism-driven,
biomarker-guided combinatorial treatment strategies are generally considered to be an

effective strategy to improve existing treatment paradigms (24, 25), uncovering the
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mechanisms underlying the biosynthesis of PD-L1 and PD-1 may lead to the development of
mechanism-driven immunotherapies that improve response rates and survival in patients with

HCC.

Inflammation is a key component of the innate immune response and plays critical roles
at different stages of tumorigenesis, including initiation, proliferation, angiogenesis, epithelial-
mesenchymal transition, invasion, and metastasis. Furthermore, inflammation also affects
cancer immune evasion and response to treatment (26-28). Multiple molecular pathways linked
between cancer-associated inflammatory response and HCC have also be identified and these
mechanisms have been proposed as therapeutic targets (26, 29, 30). Of note, high levels of
inflammatory cytokine, IL-6, within the tumor or plasma has been correlated with poor
prognosis in advanced HCC (31, 32). Mechanistically, IL-6 has been shown to promote cell
proliferation, enhance tumor metastasis, and is required for tumor-initiating cell maintenance
via the autocrine IL-6/LIN28 pathway (3, 4, 31, 33). Although it also has been reported that
IL-6 signaling suppresses the antitumor immune response in tumor microenvironment, the
underlying mechanism is not fully understood (7). Therefore, elucidating the role that IL-6

plays in regulating PD-L1 expression may improve current therapeutic strategy of HCC.

1.2 Cancer immunotherapy

Cancer immune escape is one of the hallmarks for human tumors development (34) and
augmenting immune surveillance in patients with cancer has been a fundamental strategy in
the development of cancer immunotherapy (13, 20, 35-37). To date, two broad approaches

have been utilized to enhance the anti-tumor immune response. First, effector cells and

14



molecules of the immune system have been used to directly eliminate tumor cells in a process
also known as “passive immunotherapy”. This approach includes antibody-targeted therapy
and its derivatives (e.g., antibody-drug conjugates), and chimeric antigen receptor (CAR)-T
cell/ CAR-Natural Killer (NK) cell therapy. Passive immunotherapy applies the power of
modern technology and specifically targets tumor cells using molecules located on the cell
surface (38, 39). Second, manipulating endogenous regulatory and/or activating processes in
order to enhance the anti-immune response, also known as “active immunotherapy”, has also
led to much success in recent years. Examples of such an approach include: 1) using cytokines
or cancer vaccines to enhance antigen uptake, processing, and presentation to T cells by antigen
presenting cells (APCs; 2) increasing the activation and expansion of naive T cells by vaccine
and anti-CTLA-4 therapy; 3) intensifying the effector phase of the immune response in tumor
microenvironment (13, 35, 40) using adoptive cell therapy with ex vivo stimulated. Currently,
multiple immunotherapeutic agents have either been approved by FDA or are currently being
tested in clinical trials, including IL-2 therapy, immune checkpoint blockade (ICB; anti-
CTLA4, PD-1 and PD-L1 antibodies), (CAR)-T cell therapy (Kymriah and Yescarta; for
targeting CD19), oncolytic virus (41) and cancer vaccines (Human papillomavirus
(HPV) vaccine). Overall, these strategies focus on for boosting immune surveillance in cancer

patients, and have provided profoundly clinical benefit in patients with cancer.

1.3 The biosynthesis and post-translational modification of PD-L1

PD-L1 (also known as B7 homolog 1 and CD274), is an immune checkpoint protein and
its engagement with PD-1 receptor on T cells activates co-inhibitory signaling, thereby
suppressing the function of cytotoxic T lymphocytes (CTLs)and allowing cancer cells to evade
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immune surveillance (19, 42). Although PD-L1 or PD-1 blockade has demonstrated resulted
in improved outcomes in the clinic (19, 36, 43), the mechanism of increased PD-L1 expression
in tumor microenvironment is not fully understand.

Intrinsic and adaptive signaling pathway tightly control the expression of immune
checkpoint molecule in tumor microenvironment (44). Several oncogenic signaling pathways
upregulate PD-L1 RNA expression or maintain the stability of PD-L1 mRNA in cancer cells,
including epidermal growth factor receptor (EGFR), the transcription factor MYC, KRAS, and
the kinase AKT (45-48). These mechanisms have been proposed as potential cancer therapeutic
targets. In addition to oncogenic signaling pathways, PD-L1 expression can also be
upregulated through an adaptive signaling pathway in response to anti-tumor immune activity
(44). Notably, IFN-y secreted by infiltrating lymphocytes activates the STAT1 pathway in
tumor cells, leading to increased transcription of PD-L1 RNA. In addition, IFN-y-induced
activation of the e[F4F—STAT1-PD-L1 axis also enhances the expression of PD-L1 via post-
transcriptional regulation (49). Although these findings provide additional insight into
potential mechanisms by which PD-L1 expression is regulated by the anti-tumor immune
response, the role of oncogenic signaling pathways in suppressing the anti-tumor immune
response through regulation of PD-L1 expression after protein translation remains unclear.

Recent studies on glycoprotein biosynthesis in cancer cells suggested that targeting this
process could represent an effective biomarker-guided therapeutic strategy to improve
response rates to immunotherapy (50-53). Notably, PD-L1 was shown to be highly
glycosylated (52, 53), and N-linked glycosylation (N-glycosylation) of PD-L1 critically
maintains its protein stability and is required for its interaction with PD-1 (51-53). Specifically,

N-glycosylation of PD-L1 prevents its serine (Ser)/threonine (Thr) phosphorylation by
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glycogen synthase kinase 33 (GSK3[3) and consequently reduces subsequent recruitment of [3-
TrCP-induced protein degradation, thereby stabilizing PD-L1 and suppressing the activity of
CTLs (52). In addition, the p65/CSN5 and CDK4/6 signaling pathways have also been reported
to maintain PD-L1 stabilization by modulating its ubiquitination (54, 55). We recently further
demonstrated that the endoplasmic reticulum (ER)-associated N-glycosyltransferase isoforms
STT3A and STT3B, which are the catalytic subunits of the oligosaccharyltransferase complex,
are critical for N-glycosylation and stabilization of PD-L1 (53). Moreover, our recent research
also showed AMP-activated protein kinase (AMPK) phosphorylates newly synthesized PD-L1
within the ER lumen. This Ser phosphorylation of PD-L1 results in abnormal N-glycosylation
structure on PD-L1 and triggers ER-associated degradation of PD-L1 (56). However, it is still
unclear how the oncogenic pathways directly initiate PD-L1 glycosylation and enhance its

immunosuppressive function in cancer cells.

1.4 Rationale

Previously, we showed that N-linked glycosylation on PD-L1 is required for
maintaining PD-L1 stability and interaction with PD-1. In addition, inhibiting the PD-L1/PD-
1 interaction with a glycosylation-specific antibody demonstrated significant therapeutic
efficacy in cancer mouse model. However, the mechanism by which oncogenic signaling
pathways initiate the glycosylation process of PD-L1 is not well understood. Based on results
from an unbiased screen, we found that the IL-6/JAK1 pathway maintains PD-L1 stability in
HCC cells. Because glycosylation is required for PD-L1 stability, we therefore asked whether

IL-6/JAK1 pathway upregulates PD-L1 by modulating its glycosylation and hypothesize that
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a combinatorial treatment approach involving anti-IL-6 and an immune checkpoint inhibitor is

a potential therapeutic strategy for improving patient survival in HCC.
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CHAPTER 2. MATERIAL and METHODS

2.1 Animal and toxicity studies

All animal experiments were performed in accordance with guidelines approved by the
MD Anderson Institutional Animal Care and Use Committee. Male 6-to-8-week-old C57BL/6J
(000664) and NSG (005557) mice were purchased from The Jackson Laboratory (Bar Harbor,
ME, USA). Murine Hepa 1-6 cells (5 x 10°), pGIPZ-sh(m)PD-L1/Flag-(m)PD-LIWT or
Y112F Hepa 1-6 cells (5 x 10°), BI6F10 cells (5 x 10%), or pGIPZ-sh(m)PD-L1/Flag-(m)PD-
LIWT or Y112F B16F10 cells (5 x 10%) in 50 ul of medium mixed with 50 pl of Matrigel
basement membrane matrix (BD Biosciences) were injected subcutaneously into the right
flanks of mice. IL-6 (150 png, MP5-20F3; Bio X Cell, West Lebanon, NH, USA) and Tim-3
(150 pg, B8.2C12; Bio X Cell) antibodies and an isotype control antibody (150 pug, BEOOSS;
Bio X Cell) were administered to mice via intraperitoneal injection following the indicated
treatment protocol (Figure 12 and 18). Tumor size was measured as indicated in the figures
(Figure 13,19, 47, 49 and 52), and tumor volume was calculated using the formula 1/2 x length
x width?. Blood (200 pl) was collected from the orbital sinuses of mice using microhematocrit
capillary tubes at the end of the experiment. Serum samples were subjected to biochemical
analysis for the liver marker enzymes alanine transaminase (ALT) and aspartate transaminase
(AST) and the kidney marker byproducts creatinine (CK) and blood urea nitrogen (BUN) to
measure the toxicity of therapy using a COBAS INTEGRA 400 plus analyzer (Roche
Diagnostics, Rotkreuz, Switzerland) in the Department of Veterinary Medicine and Surgery at

MD Anderson.
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2.2 Immunohistochemical staining (IHC) of human HCC samples

Paraffin-embedded HCC tissue array slides with 183 patient samples were obtained
from Liver Surgery Department at Zhongshan Hospital, Fudan University (Shanghai, People’s
Republic of China). Immunohistochemical staining of tissue array was performed as described
previously (52). Briefly, tissue samples were incubated with antibodies against IL-6 (sc-
130326; Santa Cruz Biotechnology) and PD-L1 (ab205921; Abcam) and then incubated with
an avidin-biotin-peroxidase complex. Visualization was performed using amino-
ethylcarbazole chromogen. For statistical analysis, the Fisher exact test and Spearman rank
correlation coefficient were used, and P values less than 0.05 were considered statistically
significant. Using histologic scoring, the staining intensity was ranked into one of three groups:

high (score 3), medium (score 2) and low (score 1 and 0).

2.3 Reagents

MG-132 and cyclophosphamide were purchased from Sigma-Aldrich. The following
reagents were purchased from PeproTech Rocky Hill, NJ, USA): IFNy, CCL1, IL-6,
macrophage colony-stimulating factor, chemokine (C-X-C motif) ligand 9, CCL3, TNFa,
TNFp, and platelet-derived growth factor-BB. Ruxolitinib was purchased from Advanced

ChemBlocks (Burlingame, CA, USA).

2.4 Plasmids and constructs

A pGIPZ dual expression construct for knockdown and re-expression of Flag PD-L1

was constructed as described previously (Li et al., 2016). Briefly, green fluorescent protein
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cDNA on a pGIPZ-sh human (h) PD-L1 clone (3'-untranslated region of (h)PD-L1:
TTGACTCCATCTTTCTTCA; Thermo Fisher Scientific, Pittsburgh, PA, USA) was replaced
with Flag-(h)PD-L1 WT (shRNA and ORFeome Core, MD Anderson). The pGIPZ-sh(h)PD-
L1/Flag-PD-L1 Y112F and ngPD-L1 (four glycosylation sites: N35, N192, N200, and N219
to Q) were generated via site-directed mutagenesis of pGIPZ-sh(h)PD-L1/Flag-PD-L1 WT.
The same methods were applied for generating pGIPZ-sh mouse (m) PD-L1/Flag-(m)PD-L1
WT and Y112F plasmids using pGIPZ-sh(m)PD-L1 clone #3 (Thermo Fisher Scientific) and
Flag-(m)PD-L1 WT (shRNA and ORFeome Core, MD Anderson). pPET21a His-PD-L1 was
constructed by inserting the extracellular domain of PD-L1 (a.a. 19-238) into a pPET21a vector.
pcDH-mycJAK1 was constructed by cloning JAK1 cDNA from 293T cells and inserting it into

a pcDH vector.

2.5 Cell culture

The cell lines Hep 3B, SK-HEP-1, A375, Hepa 1-6, and B16F10 were obtained from
the ATCC (Manassas, VA, USA), and HA95T/VGH (HAS59T) was obtained from the Center
of Molecular Medicine, China Medical University (Taichung, Taiwan). According the
characteristic result from ATCC, The SK-HEP-1 cell was isolated from ascites of liver cancer
patient and had been identified as being of endothelial origin. All cells were independently
confirmed using short tandem repeat DNA fingerprinting at The University of Texas MD
Anderson Cancer Center (Houston, TX, USA), and tests for mycoplasma infection were
negative. All cell lines were cultured in Dulbecco’s modified Eagle’s medium supplemented

with 10% fetal bovine serum and 1% antibiotic mixture. For cytokine stimulation and inhibitor-
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based treatment experiments, cells were serum-starved overnight and then treated under the

indicated conditions.

2.6 Generation of exogenous PD-L1 stable cells, and other knockdown (KD) and

knockout (KO) stable cells

Using a pGIPZ-shPD-L1/Flag-PD-L1 dual expression construct, a lentivirus was
generated, and Hep 3B, SK-HEP-1, HAS59T, and A375 stable cells expressing Flag-PD-L1 WT,
Y 112F, or ngPD-L1 mutants with endogenous PD-L1 KD were established. The same method
was employed for establishing stable murine Hepa 1-6 and B16F10 cells with Flag-PD-L1 WT
or Y112F expression. JAK1-KD stable cells were generated using pLKO-JAK1 short hairpin
RNA (TRCN0000295813; Sigma-Aldrich). STT3A-KO stable cells were generated using an
STT3A CRISPR-Cas9 KO plasmid (sc-405155; Santa Cruz Biotechnology, Dallas, TX, USA)

according to the manufacturer’s instructions.

2.7 Transfection of small interfering RNA and expression vectors

Commercial small interfering RNAs were used to knock down expression of JAK1 (#1
SASI Hs01 00174612 and #2 SASI HsO1 00174613; Sigma-Aldrich), JAK2 (#l1
SASI Hs02 00338675 and #2 SA SASI _Hs01 00041551; Sigma-Aldrich), and TYK2 (#1
SASI Hs01 00107854 and #2 SASI HsOl1 00107856; Sigma-Aldrich). These small
interfering RNAs were transfected into Hep3B and SK-HEP-1 pGIPZ shPD-L1/Flag-PDL1
WT cells using an electroporator (Nucleofector II; Lonza, Basel, Switzerland) according to the

manufacturer’s instructions. pPCMV HA -ubiquitin, pGIPZ shPD-L1/Flag-PDL1 WT, or Y112F

22



were transfected into HEK-293T cells using Lipofectamine LTX with Plus Reagent (15338100;

Life Technologies, Grand Island, NY, USA).

2.8 Western blotting and co-immunoprecipitation (co-1P)

Whole-cell extracts were prepared by lysing cells in a lysis buffer containing 20 mM
Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2 mM NaF, 1
mM Na3VOs, and protease inhibitor cocktail (B14002; Biotool, Houston, TX, USA) freshly
added to lysis buffer before lysis. Immunoblotting was performed with primary antibodies
against PD-L1 (13684, 1:1000; Cell Signaling Technology, Danvers, MA, USA), PD-LI
(GTX104763, 1:2000; GeneTex, Irvine, CA, USA), JAK1 (sc-376996, 1:1000; Santa Cruz
Biotechnology), JAK1 (610231, 1:2000; BD Biosciences, San Jose, CA, USA), JAK2 (3230,
1:1000; Cell Signaling Technology), TYK2 (14193, 1:1000; Cell Signaling Technology),
STT3A (sc-100796, 1:1000; Santa Cruz Biotechnology), Flag-tag (14793, 1:2000; Cell
Signaling Technology), Flag-tag (F1804, 1:4000; Sigma-Aldrich), HA-tag (3724, 1:3,000; Cell
Signaling Technology), phosphorylated STAT3 (Tyr705; 9145, 1:3000; Cell Signaling
Technology), STAT3 (sc-482, 1:2000; Santa Cruz Biotechnology), a.-tubulin (B-5-1-2, 1:5000;
Sigma-Aldrich), and B-actin (A2228, 1:5000; Sigma-Aldrich). For co-IP, cells were lysed in
lysis buffer. Lysates (2 mg) were mixed with antibodies against PD-L1 (13684, 1:200; Cell
Signaling Technology), STT3A (sc-100796, 1:200; Santa Cruz Biotechnology), Flag-tag
(14793, 1:200; Cell Signaling Technology), Flag-tag (F1804, 1:200; Sigma-Aldrich) overnight
at 4°C and then pulled down using a protein G magnetic bead (161-4023, 1:10; Bio-Rad
Laboratories, Hercules, CA, USA) at 4°C for 6 hr. WB signals were analyzed and quantified

using the Image Studio Lite software program (LI-COR Biotechnology, Lincoln, NE, USA).
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2.9 Trypsinization of endoplasmic reticulum microsomal fractions

ER microsomal fraction was collected from cells by ER enrichment kit (NBP2-29482,
Novus Biologicals, Littleton, CO). After pretreatment with or without 1% Triton X-100 for 3
min, trypsin/EDTA (0.625 g/L trypsin and 0.05 g/ EDTA in PBS) solution was added to ER
microsomal fraction. Samples were incubated for the indicated time. After trypsinization,
samples were analyzed by Western blotting using primary antibodies against IREla
(32941:2000; Cell Signaling Technology), HSP90B1 (NBP2-42379, 1:3000; Novus

Biologicals), or JAK1 (610231, 1:2000; BD Biosciences).

2.10 Immunofluorescence staining

Cells were washed with phosphate-buffered saline (PBS) and fixed in an ice-cold
acetone-methanol mixture (1:1) for 5 min. After washing in PBS three times, the cells were
placed in a blocking buffer (10% normal goat serum and 1% bovine serum albumin in PBS) at
room temperature for 1 hr. The cells were then stained with primary antibody against JAK1
(sc-376996, 1:50; Santa Cruz Biotechnology) or HSP90B1 (nb300-619, 1:100; Novus
Biologicals, Littleton, CO, USA) with 5% normal goat serum and 0.2% bovine serum albumin
in PBS at 4 °C overnight. Secondary antibody conjugated to Alexa Fluor 594 or 488 (1:3,000;
Life Technologies) were used to visualize the primary antibody. Afterward, the cells were
counterstained with Hoechst dye and mounted. To show the binding between JAK1 and PD-
L1, cells were subjected to Duolink in situ fluorescent staining (DUO92101; Sigma-Aldrich)

with anti-JAKI1 (sc-376996, 1:50; Santa Cruz Biotechnology) and anti-PD-L1 (ab205921,
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1:100; Abcam, San Francisco, CA, USA) primary antibodies according to the manufacturer’s
instruction. After the Duolink assay, cells were further subjected to anti-HSP90B1
immunofluorescence staining as described above. Fluorescent images of the cells were
observed under an LSM 710 confocal microscope (Carl Zeiss, Oberkochen, Germany). For
image quantification of JAK1 expression, a custom software program was designed using
MATLAB to analyze image data. Images were processed with background subtraction and
using a Gaussian filter with a width of 2 pixels to reduce noise. Cells were then segmented
using a watershed algorithm and Otsu’s thresholding method. Cytoplasmic
immunofluorescence signals were calculated as the average intensities within the cytoplasmic
regions. For immunofluorescent staining of mouse tumor samples, tumors were isolated from
mice, embedded in optimal cutting temperature blocks, and frozen for cryostat sectioning.
Cryostat sections (8 um thick) were fixed with 4% paraformaldehyde for 15 min at room
temperature. After washing in PBS, sections were incubated in a blocking solution (PBS with
3% donkey serum, 1% bovine serum albumin, 0.3% Triton X-100, pH 7.4) for 30 min at room
temperature. Samples were stained with primary antibodies against CD8 (MCA609G, 1:100;
Bio-Rad Laboratories) and granzyme B (AF1865, 1:500; R&D Systems, Minneapolis, MN,
USA) in an antibody reaction buffer (PBS plus 1% bovine serum albumin, 0.3% Triton X-100,
pH 7.4) overnight at 4 °C followed by secondary antibodies conjugated with Alexa Fluor 350,
488, 546, and 647 (1:3,000; Life Technologies) at room temperature for 1 hour. Hoechst 33342
(Life Technologies) was used for nuclear staining. Fluorescent images of the cells were

observed as described above.
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2.11 Quantitative real-time RT-PCR

Total RNA was extracted from cells using an RNeasy Mini Kit (QIAGEN, Valencia,
CA, USA) after washing with PBS. cDNA was synthesized from purified RNA using a
SuperScript 11 First-Strand cDNA synthesis system (18080051; Life Technologies) according
to the manufacturer’s instructions. Quantitative polymerase chain reaction (PCR) analysis was
performed using a real-time PCR machine (iQS5; Bio-Rad Laboratories). The comparative Ct
method was used for data analysis. Human PD-L1 mRNA was normalized to human actin
mRNA. The primer sequences for quantitative real-time reverse transcription-PCR were as
follows: human PD-L1-F, 5-TCACTTGGTAATTCTGGGAGC-3'; human PD-L1-R, 5'-
CTTTGAGTTTGTATCTTGGATGCC-3" human actin-F, 5'-

GCAAAGACCTGTACGCCAACA-3'"; human actin-R, 5'-TGCATCCTGTCGGCAATG-3".

2.12 In vitro kinase assay

Expression of the recombinant proteins His-PD-L1 WT and His-PD-L1 Y112F
(extracellular domain; a.a. 19-238) was induced in Escherichia coli (BL21) using isopropyl 3-
D-1-thiogalactopyranoside, and the proteins were purified using a HisTALON Superflow
Cartridge (635683; Clontech, Mountain View, CA, USA). Purified recombinant proteins were
incubated with activated JAK1 kinase (SRP0335; Sigma-Aldrich) and 0.2 mM ATP in a kinase
buffer (5 mM MgClz, 5 mM MnClz, 50 uM Na3VOs, 50 mM HEPES, pH 7.4, 5 mM DTT) at
30°C for 30 min. The kinase reaction was stopped by the addition of sodium dodecyl sulfate

sample and boiling. The samples were analyzed using Western blotting.
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2.13 Antibody generation and detection

An anti-PD-L1 Y112 phosphorylation antibody (anti-pY 112 PD-L1) was generated
against the region near the Tyrl12 phosphorylation site of PD-L1. The phosphorylated
synthetic peptide [C-QDAGV(pY)RCMISYGGADYKR] was used for immunization in the
mice. The antibody was generated as described previously (Li et al., 2016). For detecting
ngPD-L1 Y112 phosphorylation, antibodies were preincubated with cold or hot peptide for 2
h at 4°C and applied to pull-down of Y112 phosphorylation of ngPD-L1 using co-IP as

described.

2.14 Flow cytometric analysis and cytotoxic T lymphocyte (CTL) profile analysis in

mouse tumors

Single-cell suspensions were prepared and resuspended in a staining buffer (554656;
BD Biosciences). Human tumor cells were stained with APC-PD-L1 (329707, 1:100;
BioLegend, San Diego, CA, USA) according to standard protocols. To analyze CTL profiles
and PD-L1 levels in mouse tumor samples, a Mouse Tumor Dissociation Kit (130-096-730;
Miltenyi Biotec, Bergisch Gladbach, Germany) and gentle MACS Octo Dissociator (130-096-
427; Miltenyl Biotec) were used to digest mouse tumors into single cells. After removing red
blood cells and hybridizing with CD16/CD32 antibody (TruStain fcX; 101319, 1:50;
BioLegend), single cells were stained for flow cytometry according to standard protocols with
antibodies against the following: PE-CD45 (103105, 1:200; BioLegend), APC-CD3¢ (100311,
1:100; BioLegend), APC/Cy7-CD8a (100713, 1:100; BioLegend), and APC-PD-L1 (124311,
1:100; BioLegend). For further intracellular staining, cells were fixed, permeabilized, and

stained with Pacific Blue IFNy (505817, 1:50; BioLegend), Pacific Blue Granzyme B (515407,
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1:50; BioLegend), or FITC- Granzyme B (515403, 1:50; BioLegend). Stained cells were
analyzed using a BD FACSCanto II cytometer (BD Biosciences). Data were processed using

the FlowJo software program (Ashland, OR, USA).

2.15 CD8+ tumor-infiltrating lymphocytes (TILs) co-culture assay

Mouse Tumor Dissociation Kit (130-096-730; Miltenyl Biotec) and gentle MACS Octo
Dissociator (130-096-427, Miltenyl Biotec) were applied to digest tumors from mice. Percoll
gradient assay (17-5445-01, GE Healthcare) was then performed to enriched leukocytes. CD8"
TILs was isolated by Mouse CD8" T Cell Isolation Kit (19853, STEMCELL Technologies,
Vancouver, BC, Canada). The isolated CD8" TILs was activated by Dynabeads™ Mouse T-
Activator CD3/CD28 (11456D; Thermo Fisher Scientific) for 3 days according to the
manufacturer’s protocol. The experiments were performed in DMEM medium with IL-2 (10
ng/mL). Cancer cells were allowed to adhere to the plates overnight and then incubated for 48
hr with activated CD8" TILs in the presence or absence of IL-6 (20 ng/ml), IgG control
antibody (5 pg/ml, BEO101; Bio X Cell) or mouse PD-L1 antibody (5 pg/ml, BE0090; Bio X
Cell). The ratios between cancer cells and CD8" TILs is 1:5. T cells and cell debris were
removed by PBS wash, and living cancer cells were then quantified by a spectrometer at OD

(570 nm) followed by crystal violet staining.

2.16 Study population

Under the IRB approval from The University of Texas MD Anderson Cancer Center,

total of 103 newly diagnosed patients with pathological and/or radiological confirmed HCC
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diagnosis were recruited during 2014 as part of ongoing case-control study. Blood sample were
collected at time of diagnosis prior to treatment intake. Clinico-radiological-pathological
features of HCC patients were retrieved from medical records. Plasma samples were shipped
to perform by Rules-Based Medicine ("RBM") to test the circulating level of IL6 certified by
Clinical Laboratory Improvement Amendments (CLIA). Mean value was assessed in 200
normal control group who were included in the case-control study and defined as spouses and

friends of other cancers.

2.17 Statistical analysis

Statistical analyses were performed using SPSS analysis tools (IBM Corporation,
Armonk, NY, USA) or the Prism software program (GraphPad Software, San Diego, CA,
USA). All data were presented as means =+ standard deviation (S.D.). The Mann-Whitney test
was used to compare two groups. One-way and repeated-measures ANOVA were used to
compare multiple groups. The log-rank (Mantel-Cox) test was used to compare mouse survival

rates. P values less than 0.05 were considered statistically significant.
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CHAPTER 3. RESULTS

3.1 The Interleukin (IL)-6/Janus kinase 1 (JAK1) pathway positively regulates PD-L1

protein stability

To identify the signaling pathways that potentially affect the glycosylation and
stabilization of PD-L1 in HCC, we selected pathways based on the following three criteria: 1)
cytokine levels are increased in HCC patients with poor prognosis and are able to upregulate
PD-L1 protein expression because PD-L1 glycosyation affects PD-L1 protein stability; 2)
downstream tyrosine (Tyr) and Ser/Thr kinases interact directly with PD-L1, particularly those
for which therapeutic inhibitors are approved and whose activities are blocked by these
inhibitors; and 3) activated mutations are reported in HCC (Figure 1). We intended to screen
for HCC-related cytokines that may upregulate PD-L1 protein expression. To that end, we
developed Hep-3B and SK-HEP-1 cancer stable cells which express exogenous PD-L1
independently of the transcriptional regulation of endogenous PD-L1 by first knocking down
endogenous PD-L1 and then re-expressing Flag-tagged PD-L1 using a cDNA construct driven
by an exogenous CMV promoter (Figure 2). PD-L1 expression in those cell lines, Flag-PD-L1
wild-type (WT)-Hep 3B and Flag-PD-L1 WT-SK-HEP-1 cells, was no longer regulated by the
endogenous PD-L1 promoter and/or splicing events. If PD-L1 protein expression is
upregulated by any cytokines in those cells, it likely occurs via posttranslational modifications.

Multiple cytokines, including interferon (IFN)y, C-C motif chemokine ligand 1 (CCL1),
Interleukin (IL)-6, macrophage colony-stimulating factor (M-CSF), chemokine (C-X-C motif)
ligand 9 (CXCL9), CCL3, tumor necrosis factor (TNF)a, TNFp, and platelet-derived growth
factor-BB (PDGF-BB), are elevated in HCC patients with severe hepatitis and correlated with

poor prognosis (57). Among them, IL-6 and TNFo/B markedly enhanced the levels of
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exogenous PD-L1 protein expression in Flag PD-L1 WT-Hep 3B and WT-SK-HEP-1 cells
(Figure 3). The TNF/p65/CSNS5 pathway has been shown to enhance PD-L1 expression by
upregulating deubiquitination (55). In addition to the TNF family, our present findings
suggested that IL-6 also upregulates PD-L1 protein expression with an unknown mechanism.
Next, we examined PD-L1-binding partners of Tyr/Ser/Thr kinases by mass spectrometry and
Ingenuity Pathway Analysis (Supplemental Figure 1B) and identified two kinases, Janus
kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), which are directly downstream of IL-6
signaling (Figure 4).

A high percentage of genetic alternations in the Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) pathway (45.5%) has been reported in HCC (1, 58).
Moreover, high levels of IL-6 in tumor regions are correlated with poor prognosis in advanced
HCC (31). HCC patients with high plasma IL-6 levels exhibited significantly poorer overall
survival (median, 8.0 vs. 13.9 months) compared with those with low IL-6 levels (32). This
prompted us to further investigate whether PD-L1 expression is upregulated by the IL-6/JAK1
pathway as HCC harbors a relatively high percentage (~7%) of gain-of-function JAKI
mutations (58). In addition, multiple IL-6/JAK1 pathway-blocking antibodies and inhibitors,
e.g., IL-6 antibody siltuximab, IL-6 receptor antibody tocilizumab, and JAK1/2 kinase
inhibitor ruxolitinib, have been approved by the FDA (6, 7), which makes it easier to translate
into clinical setting. Indeed, PD-L1 protein expression was increased after IL-6 stimulation
and decreased after treatment with ruxolitinib in Flag-PD-L1 WT-Hep 3B and WT-SK-HEP-
1 cells (Figure 5). We observed similar results in parental human Hep 3B and SK-HEP-1
(Figure 6) and mouse melanoma cells (Figure 7), suggesting that the endogenous PD-L1 is also

under the same regulation. In a time-course experiment, IL-6—induced PD-L1 protein
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expression peaked at 12 hours after ligand stimulation (Figure 8), which was similar to the
previously reported protein half-life of PD-L1 (52). Treatment with ruxolitinib, a JAK1/2
kinase inhibitor, blocked IL-6—induced PD-L1 protein expression (Figure 8, lanes 5, 6 and 7
vs. 2,3 and 4) whereas the addition of proteasome inhibitor MG132 restored PD-L1 expression
(Figure 9, lane 4 vs. 5). Moreover, knocking down JAK1 but not TYK2 reduced PD-L1 protein
expression (Figure 10). Taken together, these data suggested that the IL-6/JAKI1 pathway
upregulates PD-L1 expression and maintains PD-L1 protein stability in HCC cells likely

through the proteasome pathway.
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Figure 1. Strategy for identifying oncogenic pathway involved in PD-L1 post-
translational modification and glycosylation.
Schematic of the strategy using the indicated criteria (1, 2, and 3) to identify pathways that

potentially upregulate PD-L1 expression via posttranslational modifications.
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Figure 2. Map of dual expression pGIPZ constructs

Dual expression pGIPZ constructs were used to generate stable cell lines. pGIPZ vectors
containing a short hairpin RNA sequence targeting the 3'-untranslated region of human or
murine PD-L1 were used as templates. The original green fluorescent protein cDNA was

replaced with cDNA from Flag-PD-L1 WT, Y112F, or ngPD-L1 (four glycosylation sites: N35,

N192, N200, and N219 to Q).
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Figure 3. Cytokines upregulate PD-L1 protein level.
WB analysis of exogenous PD-L1 expression in Flag-PD-L1 WT-Hep 3B and WT-SK-HEP-

1 cells stimulated with different cytokines for 18 hours.
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Figure 4. PD-L1 associated Tyr/Ser/Thr kinases and which can be targeted by available
inhibitors

(A) Flag PD-L1 was immunoprecipitated from stable cells using a Flag M2 bead, purified via
gel elution after electrophoresis, and subjected to liquid chromatography-tandem mass
spectrometric analysis to identify PD-L1 associated partners. The binding proteins were
examined using Ingenuity Pathway Analysis to identify Tyr and Ser/Thr kinases. (B) Potential
PD-L1-associated kinases that can be targeted by U.S. FDA-approved or commercially

available inhibitors.
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Figure 5. IL-6/JAK pathway upregulates PD-L1 protein level in HCC cancer cells.
WB analysis of exogenous PD-L1 expression in Flag-PD-L.1 WT-Hep 3B and WT-SK-HEP-

1 cells under IL-6 stimulation (20 ng/ml) or co-treatment with the JAK1/2 inhibitor ruxolitinib

(10 umol/L) for 18 h.
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Figure 6. IL-6/JAK pathway upregulates endogenous PD-L1 in HCC cancer cells.

Flow cytometric (A), Western blot (B), and quantitative RT-PCR (C) analyses of PD-L1
expression in parental Hep 3B and SK-HEP-1 cells with or without exposure to IL-6 (20 ng/ml)
and/or ruxolitinib (10 umol/l) for 18 h. Fold increase in PD-L1 protein expression level after
the indicated treatment in Hep 3B or SK-HEP-1 cells (control set to 1) are shown below the

blot. Three independent experiments were performed for RT-PCR. Error bars, mean + S.D.
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Figure 7. IL-6/JAK pathway upregulates endogenous PD-L1 protein level in mouse
melanoma cells.

Flow cytometric analysis of PD-L1 expression in parental B16F10 cells with or without
exposure to mouse IL-6 (25 ng/ml) for 18 h. The relative fold-change in the mean fluorescence

intensity (M.F.I.) of PD-L1 is shown. Error bars represent = S.D. *P < 0.05. Mann-Whitney

test.
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Figure 8. IL-6—-induced PD-L1 protein expression peaked at 12 hours after ligand
stimulation.

WB analysis of exogenous PD-L1 expression in Flag-PD-L1 WT-Hep 3B cells with IL-6

stimulation (20 ng/ml) or co-treatment with ruxolitinib (10 pumol/L) for the indicated time.
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Figure 9. Proteasome degradation is involved in IL-6-induced PD-L1 protein

upregulation.
WB analysis of exogenous PD-L1 expression in the presence or absence of IL-6 stimulation
(20 ng/ml, 18 h), ruxolitinib (10 pmol/L, 18 h), or the proteasome inhibitor MG132 (10 umol/L,

6 h).
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Figure 10. JAK1 is required for PD-L1 protein stability.

WB analysis of exogenous PD-L1 expression in Flag PD-L1 WT- SK-HEP-1 and WT-Hep 3B

cells with knockdown of the indicated genes by small interfering RNA.
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3.2 IL-6 and PD-L1 expression is positively correlated in tumor tissues from HCC

patients and high IL-6 plasma level is associated with poor prognosis

To further validate the IL-6 and PD-L1 relationship in human HCC tumors, we
analyzed the correlation between IL-6 and PD-L1 expression in 183 HCC patient tumor tissues.
As expected, patients with high IL-6 expression also had elevated PD-L1 expression in tumors
(Figure 11). Specifically, about 79% of tumor samples with high IL-6 expression exhibited
strong PD-L1 staining, and 49% of those with low IL-6 expression exhibited weak or no PD-
L1 staining. These result suggested that IL-6 is physiologically significant and clinically
relevant to PD-L1 expression in HCC.

Previously, Shao et al. reported that high IL-6 level is associated with poorer prognosis
of HCC patients (32). To further determine the clinical relevance IL-6 level and prognosis of
HCC patients, we analyzed the plasma level of IL-6, clinicopathological features, and survival
in 104 HCC patients from different cohort (Table 1). On the basis of this clinical cohort, we
used the median value of IL-6 plasma level from control group (6 pg/ml) as a cutoff value to
determine those with normal or low value versus those with high value in HCC patient cases.
These results were the similar to that of previous studies (32, 59) in which the advanced HCC
staging and shorter median survival months (6.4 vs. 19.7 months) were observed in the cohort
of HCC patients with high IL-6 plasma level. Together with results from prior studies, the
current findings indicated that high IL-6 level in plasma/serum is correlated with poor
prognosis of HCC patients, and that IL-6 expression is positively correlated with PD-L1

expression at tumor region in HCC patients.
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Expression of IL-6
-+ ++ +++ Total
PD-L1 -+ 49 (89.1%) 19(29.2%) 1(1.6%) 69 (37.7%)
++ 6(10.9%) 34(52.3%) 12(19.0%) 52 (28.4%)
+++ 0(0.0%) 12 (18.5%) 50 (79.4%) 62 (33.9%)

Total 55 (100%) 65 (100%) 63 (100%) 183 (100%)
P value, p=0.0001

7 2
RaeC 4 N8

Figure 11. High IL-6 expression also had elevated PD-L1 expression in HCC tumor
samples.

Correlations between expression levels of IL-6 and PD-L1 in surgical specimens of HCC
analyzed using the PASS Pearson chi-square test. Representative images of IL-6 and PD-L1

expression levels in tumor regions in HCC patients.
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. Low Values High Values

Variable P value
N=60 (%) N=143 (%)

Sex 0.1

Male 39 (65%) 33 (76.7%)

Females 21 (35%) 10 (23.3%)

Hepatitis (HCV/HBV) 0.1

Positive 29 (48.3%) 26 (60.5)

Negative 31(51.7) 17 (39.5)

Cirrhosis 0.1

Presence 32 (53.3%) 29 (67.4)

Absence 28 (46.7%) 14 (32.6%)

Child-Pugh 0.006

A 8 (13.3%) 4(9.3%)

B 48 (80%) 26 (60.5%)

C 4 (6.7%) 13 (30.2%)

TNM Staging

10 25 (49%) 10 (23.8%) 0.03

III-A-III-B 12 (23.5%) 19 (45.2%)

III-C-1IVB 14 (27.5%) 13 (31%)

BCLC Staging 0.02

0-B 14 (24.6%) 3 (7%)

CD 43 (75.4%) 40 (93%)

CLIP Staging 0.0001

0-2 37 (72.5%) 14 (33.3%)

3 10 (19.6%) 13 (31%)

4-6 4 (7.8%) 15 (35.7%)

Median Survival (95% CI) months  19.7 (15-5-23.8) 6.4 (1-16.5) 0.04

Table 1. Correlation between IL-6 plasma level and staging in HCC patients.

Associations between plasma IL-6 levels and HCC patient characteristics and median survival

months
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3.3 Blocking IL-6/JAK1-mediated PD-L1 protein stability enhances the efficacy of anti-

T-cell immunoglobulin mucin-3 (Tim-3) immunotherapy

Because blocking IL-6/JAK1 pathway abolished PD-L1 stability in vitro and IL-6
expression is positively correlated with of PD-L1 expression in human HCC tumor tissues and
poorer prognosis of HCC patients, we next asked whether neutralization of IL-6, which blocks
IL-6/JAK1 pathway, downregulates PD-L1 expression and functionally mimics anti-PD-1/PD-
L1 effects to reduce HCC tumorigenesis in vivo. In addition, previous studies have also shown
that combined blockade of immune checkpoints was more effective in reversing T cell
exhaustion and restoring anti-tumor immunity than single agent treatment (19, 36, 43, 53). Co-
expression of Tim-3 and PD-1 on tumor-infiltrating lymphocytes has been as an indicator of T
cell exhaustion, including CD8 T cells, in the HCC and other cancers tumor microenvironment
(17, 60). We further asked whether combining IL-6 antibody with other immune checkpoint
therapies can enhance the therapeutic efficacy. We examined the effects of anti-IL-6 and anti-
Tim-3 combination therapy in a Hepa 1-6 liver cancer immunocompetent mouse model (Figure
12), which has been used in multiple cancer immunotherapy researches (61). Notably,
combining IL-6 and Tim-3 antibodies reduced tumor growth and increased response rates
much more significantly than did each treatment alone in immunocompetent mice bearing
Hepa 1-6 tumors (Figure 13) without causing significant changes in kidney or liver function
or body weights (Figure 14). As expected, treatment with the IL-6 antibody decreased PD-L1
expression levels in the tumor regions (Figure 15). Of note, the regression of tumor growth
was detected in combination treatment group and tumors were eradicated in 30% of mice (3/10)
in that group in 3 treatment cycles (indicated by arrows in Figure 12 combined group). Notably,
no tumor recurrence was observed in these mice with complete response over 8§ months (data

not shown). The combination of anti-IL-6 and anti-Tim-3 not only downregulated PD-L1 but
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also markedly increased the population of granzyme B and IFNy-positive CD8 T cells in the
tumor region (Figure 16). Importantly, we observed significantly improved overall survival
rate compared with either antibody alone with only 3 treatment cycles (Figure 17). Similar
results were observed in a more aggressive B16F10 melanoma model (Figure 18 to 20). These
results indicated that blocking the IL-6 pathway downregulates PD-L1 expression and

enhances efficacy of anti-Tim-3 immunotherapy.
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Figure 12. Anti-IL-6 and Tim-3 monoclonal antibody combined therapy in Hepa 1-6
tumor bearing mice

(A) Schematic of the treatment schedule for the IL-6 and Tim-3 monoclonal antibody (mAb)
combination therapy. (B) Growth of Hepa 1-6 tumors in mice treated with the IL.-6 monoclonal
antibody (mAb), Tim-3 mAb, or the combination. The number of mice that experienced tumor

progression in each group is shown in parentheses. The gray box in each panel indicates the

duration of treatment
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Figure 13. Size and weight of tumors from indicated treatments in Hepa 1-6 tumor
bearing mice.

(A) Representative images showing tumor harvested from mice bearing Hepal-6 tumors
administered IL-6 mAb, Tim-3 mAb, or the combination. (B) Weight of Hepa 1-6 tumors in
mice given an [L-6 mAb, Tim-3 mAb, or both (n = 6). Error bars represent £ S.D. **P < 0.01;

*akxP <0.0001. one-way ANOVA.
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Figure 14. In vivo toxicity detection.

Body weight, and kidney and liver function indicators in Hepa 1-6 tumor-bearing mice (n =

5) after each indicated treatment. Maximum and normal ranges are indicated by the dashed
lines. Error bar, mean = S.D. NS, not significant.
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Figure 15. PD-L1 level is decreased in tumor region under IL-6 blockade condition.

(A) Flow cytometric analysis of cell surface PD-L1 expression in Hepa 1-6 tumor region (non-
CD45" population) treated with the indicated regimens (n = 7). The relative fold-change in the
M.F.I. of PD-L1 is shown. (B) Representative images of immunofluorescence staining for PD-
L1, CDS, and granzyme B (GB) expressions in tumor regions in mice administered the
indicated treatment. Magnified images showing co-localization of CD8 and granzyme B

signals. Error bars represent = S.D. ****P <(.0001. one-way ANOVA.
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Figure 16. Population of activated cytotoxic CD8" T cell is increased in tumor
microenvironment from tumor bearing mice with combined therapy.

(A) The percentage of granzyme B-positive CD3"/CD8" T cells in Hepa 1-6 tumors with the
indicated treatments according to flow cytometry analysis (n = 7). (B) Percentage of IFNy-
positive CD3"/CD8" T cells in tumor samples obtained from Hepa 1-6 tumor-bearing mice
administered the indicated treatments (n = 6). Error bars represent + S.D. **P < (0.01; ***P <

0.001; **#*P <(0.0001. one-way ANOVA.
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Figure 17. Anti-IL-6 and Tim-3 antibodies combined therapy improve Hepa 1-6 tumor

bearing mice survival rate.

Survival curves for the data in Figure 12. *P <. 0.05; ***P < 0.001; ****P < (0.0001. log-rank

[Mantel-Cox] test.
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Figure 18. Anti-IL-6 and Tim-3 antibodies combined therapy reduce tumorigenesis in
B16F10 tumor bearing mice.

(A) Schematic of the treatment schedule for the combination of IL-6 and Tim-3 mAbs in
B16F10 tumor bearing mice. (B) Tumor growth in mice bearing B16F10 tumors were
administered IL-6 mAb, Tim-3 mAb, or the combination (n = 8). The gray box in each panel
indicates the duration of treatment. Error bars, mean + S.D. ***P < (0.001; ****P < (0.001,

repeated-measures ANOVA.

54



8 *%

Control ‘ . . . — *

e @ @ @ @ % Jé{[r

0 T T T T

combined| @ @ @ @ Cor. A Cy,
= Yoy O 7 0"”}7@
o

"4 g,

tumor weight (g
N
1

Figure 19. Size and weight of tumors from indicated treatments in B16F10 tumor bearing

mice.

Tumor size and weight (n = 5) of mice administered the indicated treatment. Error bars, mean

+ S.D. *P <0.05;**P < 0.01, one-way ANOVA.
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Figure 20. Anti-IL-6 and Tim-3 antibodies combined therapy enhances immune
surveillance in B16F10 tumor microenvironment.

(A) Flow cytometric analysis of granzyme B-positive CD3*/CD8" T cells in BI6F10 tumors
subjected to the indicated treatments (n = 5). (B) Flow cytometric analysis of the cell surface
expression of PD-L1 from B16F10 tumors subjected to the indicated treatment (n = 5). Error

bars, mean = S.D. *P < 0.05;**P < 0.01; ***P <0.001, one-way ANOVA.
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3.4 IL-6/JAK1 pathway upregulates PD-L1 expression by enhancing its association with
N-glycosyltransferase STT3A

Encouraged by the downregulation of PD-L1 expression via neutralization of IL-6 and
the impressive therapeutic efficacy from the combination of anti-IL6 and anti-Tim3 therapy in
vivo, we sought to investigate the detailed molecular mechanisms. To this end, we first asked
whether glycosylation is involved in IL-6/JAK1-mediated PD-L1 stabilization since N-
glycosylation maintains protein stability of PD-L1 (51, 52). We used a mutant PD-L1 in which
four glycosylation sites (N35, N192, N200, and N219) on its extracellular domain are mutated
to mimic the non-glycosylated form (ngPD-L1) (51, 52) (Figure 21). Under IL-6 stimulation,
PD-L1 WT protein expression was increased, but the increase was attenuated by the addition
of ruxolitinib in Flag-PD-L1 WT-Hep 3B and WT-SK-HEP-1 cells (Figure 21, lanes 1-3). As
expected, ngPD-L1 expression was not affected by IL-6 or ruxolitinib (Figure 21, lanes 4-6).
Similar results were observed in Flag-PD-L1 WT-PD-L1 and ngPD-L1 melanoma cells with
the same treatment (Figure 22). These results suggested that glycosylation is required for the
IL-6/JAK1 pathway-enhanced PD-L1 protein stability in cancer cells.

To further explore the mechanism underlying IL-6/JAK1 pathway-mediated
upregulation of PD-L1 expression via glycosylation, we searched for N-glycosyltransferases
that may interact with PD-L1. Among the 15 N-glycosyltransferases identified as PD-L1-
associated proteins (51), seven are components of oligosaccharyltransferase complex and
located in the endoplasmic reticulum (ER; Table 2). STT3 isoforms, the catalytic subunits of
the oligosaccharyltransferase complex, are essential for PD-L1 glycosylation and protein
stabilization (53). Therefore, we compared the complex forming ability of PD-L1 with the
STT3 isoforms. We found that STT3A associated with ngPD-L1 much stronger than did WT

PD-L1 by co-immunoprecipitation (co-IP; Figure 23). Knocking out STT3A also blocked IL-
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6/JAK1-induced PD-L1 expression in HCC and melanoma cells (Figure 24 and Figure 25). Of
note, IL-6 enhanced the complex forming ability of JAK1 and STT3A with ngPD-L1 and
increased ngPD-L1 Tyr phosphorylation (4G10), which were attenuated by ruxolitinib
treatment (Figure 26, lane 2 vs. 1 and 3). Activated JAK1 directly phosphorylated ngPD-L1
(please see later in Figure 33). These results suggested that IL-6 modulates PD-LI
glycosylation initiation by enhancing JAKI1/ngPD-L1 association, JAKI-driven Tyr
phosphorylation, and STT3A recruitment.

Because glycosylation initiation mainly occurs in the ER and JAK1 interacts with
ngPD-L1, we further examined the localization of their interaction. Using commercially
available JAK1 (Figure 27) and PD-L1 (Ab205921; specifically recognizes the extracellular
domain of PD-L1) antibodies, we detected co-localization of PD-L1/JAK1 interaction in the
ER with an ER marker, HSP90B1, by Duolink assay (Figure 28). During protein glycosylation
in the ER, the glycosylated region of PD-L1 (extracellular domain of PD-L1) is exposed to the
ER lumen (Figure 29) (62). To further confirm whether JAK1 resides in the ER lumen, we
explored an approach recently developed to validate the localization of a kinase in the ER (30).
In brief, we used trypsin to digest the ER fractions with or without pre-permeabilization and
then measured the protein levels of JAK1, ER transmembrane protein IREla (cytosolic part),
and ER lumen protein HSP90B1, using the indicated antibodies (illustrated in Figure 30) (56).
In the non-permeable fraction (group 2), signals for the cytosolic domain of IREla were
rapidly reduced after trypsinization, but the protein levels of JAK1 and HSP90B1 were
maintained in two different cancer cell lines (Figure 30 and 31, Triton X-100 (-)). However, in
the permeable fraction (group 3), no signals of cytosolic and luminal proteins were detected

after trypsinization (31 and 32, Triton X-100 (+)). These results strongly suggested localization
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of JAKI inside the ER lumen. Together, these findings suggested that the JAK1/PD-L1
interaction occurs inside the ER lumen and supported the notion that JAK1 is involved in PD-

L1 glycosylation in the ER.
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Figure 21. IL-6 enhance PD-L1 protein stability via glycosylation in HCC cells.

WB analysis of exogenous PD-L1 expression in Flag-PD-L1 WT or non-glycosylated PD-L1
(ngPD-L1) Hep 3B or SK-HEP-1 cells with or without exposure to IL-6 (20 ng/ml) and/or
ruxolitinib (10 umol/L) for 18 h. Schematic diagram of ngPD-L1 mutants used in this study.

The numbers indicate amino acid positions on the PD-L1.
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Figure 22. IL-6 enhance PD-L1 protein stability via glycosylation in melanoma cells.
WB analysis of exogenous PD-L1 expression in WT and ngPD-L1 A375 cells with or without

exposure to IL-6 (20 ng/ml) and/or ruxolitinib (10 pmol/L) for 18 h.
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Name Localization Other
PGM3 cytosol
B3GNT3 golgi apparatus
TMEM165 golgi apparatus
VCP nucleus, cytosol and ER
KRTCAP2 plasma membrane or ER
MOGS ER
ALGS ER
DPAGTI1 ER
STT3A ER
STT3B ER
DDOST ER Oligosaccharyl-
DADI ER transferase
MGAT4B ER complex
RPN1 ER
RPN2 ER

Table 2. Candidates of PD-L1-interacted N-glycosyltransferases.
Candidates were described previously (51) and cataloged via their localization from
http://www.genecards.org/information. Oligosaccharyl-transferase complex members are

labeled as red.
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Figure 23. STT3A associated with ngPD-L1 much stronger than did WT PD-L1
Immunoprecipitation (IP) followed by WB analysis of STT3A or PD-L1 level in indicated

plasms transfected Hep3B cells.
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Figure 24. STT3A is required for IL-6-induced PD-L1 upregulation in HCC cells.

WB analysis of PD-L1 expression in HA59T control or STT3A knockout (KO) cells with or

without IL-6 stimulation (20 ng/ml, 18 h).
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Figure 25. STT3A is required for IL-6-induced PD-L1 upregulation in melanoma cells.
WB analysis of the indicated proteins in control and STT3A knockout A375 cells with or

without exposure to IL-6 (20 ng/ml) for 18 h.
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Figure 26. IL-6 enhances JAK1 and STT3A interact with ngPD-L1 and increases Tyr
phosphorylation of ngPD-L1.
IP followed by WB analysis of JAK1, STT3A, and ngPD-L1 tyrosine phosphorylation

(4G10) in Flag-ngPD-L1-SK-HEP-1 or Hep 3B cells with or without exposure to IL-6 (20

ng/ml) and ruxolitinib (10 umol/L) for 30 min.
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Figure 27. Characterization of the JAK1 antibody for immunofluorescence staining.

Hep 3B control short hairpin RNA (shCtrl), JAK1 knockdown short hairpin RNA (shJAK1),
and JAK1 overexpressing (mycJAK1) cells were subjected to immunofluorescence staining
and Western blot analysis with JAK1 antibody (sc-376996). Quantitation of
immunofluorescence staining are described in Materials and Methods. S.E., short exposure;

L.E., long exposure. Bars represent means. ****P < (0.0001, one-way ANOVA.
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Figure 28. Interaction of JAK1 and PD-L1 in ER region.
Duolink assay of JAK1 and PD-L1 interaction in Hep 3B cells. The red dots indicate
locations of their interaction. Green fluorescence (HSP90B1) was used as ER marker, and

DAPI as a nuclear marker.
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ER region

Figure 29. Schematic showing JAK1/PD-L1 interaction in the ER.
Model for showing JAK1 interact with PD-L1 extracellular domain. (IC: intracellular domain,

TM: transmembrane domain, EC: extracellular domain)
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Figure 30. Model illustrating trypsinization of the ER fractions.

ER fraction without trypsin. All markers can be detected (group 1). ER fraction subjected to

trypsin digestion without permeabilization. Cytosolic portions of ER proteins were not

detected after digestion whereas luminal portions of ER proteins were detected (group 2). ER

fraction subjected to trypsin digestion with permeabilization (1% Triton X-100). No markers

were detected (group 3).
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Figure 31. JAK1 is located in ER lumen in Hep 3B cells.

Trypsin digestion of ER fractions with (group 3) or without (group 2) permeabilization in Hep
3B cells.
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Figure 32. JAK1 is located in ER lumen in MDA-MB-231 cells.
Trypsin digestion of ER fractions without (group 2) or with permeabilization (group 3) in MB-

231 cells.
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3.5 JAK1 phosphorylates PD-L.1 at Y112 to enhance STT3A association with PD-L.1 and

induces glycosylation of PD-L1 to maintain its protein stability

After validating that JAK1 interacts with ngPD-L1, we further tested our hypothesis
that JAK1 directly phosphorylates ngPD-L1. We performed an in vitro kinase assay and
detected Tyr-phosphorylation sites on immunoprecipitated exogenous PD-L1 from cells via
mass spectrometric analysis. Result from in vifro kinase assay suggested that recombinant
ngPD-L1 was strongly phosphorylated by JAK1 (Figure 33). Mass spectrometric analysis also
identified only one Tyr-phosphorylation site (Y112) on PD-L1, which is a highly conserved
residue across different species (Figure 34). Mutation of PD-L1 Y112 to phenylalanine (F)
abrogated phosphorylation as shown by an in vitro kinase assay (Figure 35, lane 3 vs. 5). To
recapitulate IL-6/JAK1-mediated phosphorylation of PD-L1 Y112 (pY112) in vivo, we
generated two monoclonal antibodies against PD-L1 pY 112, 10A5.2 and 6G3.1 (Figure 36).
Higher levels of phosphorylated ngPD-L1 were pulled down from cells using both PD-L1
pY112 antibodies under IL-6 stimulation. In contrast, treatment with ruxolinitib or
phosphorylated Y112 PD-L1 blocking peptide (hot peptide) abrogated the increase in IL-6—
mediated phosphorylation of ngPD-L1 Y112 (Figure 37). These results indicated that IL-6—
activated JAK1 phosphorylates ngPD-L1 at Y112.

To determine whether PD-L1 pY112 is required for IL-6/JAKI-induced PD-LI
stability through glycosylation, we generated Flag-PD-L1-Y112F-expressing HCC cells by the
above-described dual expression method (Figure 2). Notably, exogenous PD-L1 protein
expression was significantly reduced in the Y112F cells (Figure 38 and Figure 39). Moreover,
the Y 112F mutation did not affect the protein expression in ngPD-L1 (Figure 38). These results
further supported that Y112 is required to maintain protein stability in glycosylation steps.

Consistent with our results described above, PD-L1 mRNA level was not affected by the
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Y 112F mutation (Figure 40). As expected, IL-6 stimulation and/or treatment with ruxolinitib
had no effect on the levels of total PD-L1 Y112F protein (Figure 39, lanes 7-10) or membrane-
bound PD-L1 Y112F (Figure 41) compared with their effects on PD-L1 WT expression (Figure
39, lanes 1-6 and Figure 41). However, treatment with MG132 increased PD-L1 Y 112F protein
expression (Figure 41, lanes 12 vs. 7). Taken together, these results suggested that the IL-
6/JAK1 pathway requires Y 112 phosphorylation to maintain PD-L1 stability via glycosylation.

The results above indicated that STT3A enhances PD-L1 protein expression via the IL-
6/JAK1 pathway and associates with phosphorylated ngPD-L1 (Figure 23 to 25). Compared
with PD-L1 WT, binding of STT3A to the PD-L1 Y112F mutant was substantially reduced,
supporting the notion that IL-6/JAK1-phosphorylated PD-L1 at Y112 recruits STT3A for
glycosylation (Figure 42). Given that glycosylation is required to maintain PD-L1 stability by
preventing its ubiquitination (52), we also examined the turnover rates of PD-L1 treated with
or without ruxolinitib and PD-L1 Y112F mutant in both HA59T and Hep 3B HCC cells. The
results indicated that Y112F mutation or ruxolinitib treatment induced faster turnover of PD-
L1 compared with control (Figure 43 and Figure 44). Consistently, we detected more
ubiquitination of PD-L1 Y112F than PD-L1 WT in the presence of MG132 (Figure 45). These
results suggested that PD-L1 Y112 phosphorylation plays an important role for its interaction

with STT3A, glycosylation initiation process, and subsequent protein stabilization.
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Figure 33. JAK1 directly phosphorylates ngPD-L1.
Recombinant ngPD-L1 protein from the pET 21a system was subjected to an in vitro kinase
assay under the indicated conditions followed by Western blot analysis to detect Tyr

phosphorylation using 4G10 antibody.
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Figure 34. Tyrosine 112 of PD-L1 is phosphorylated.
Tyrosine 112 phosphorylation of PD-L1 was detected by liquid chromatography-tandem

mass spectrometric analysis. Sequence alignment of Y112 PD-L1 across different species.
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Figure 35. JAK1 directly phosphorylates PD-L1 at Y112 in in vitro.
In vitro kinase assay and WB analysis of tyrosine phosphorylation (4G10) of recombinant

PD-L1 WT and PD-L1 Y112F protein.
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Figure 36. Antibody 10AS.2 and 6G3.1 detect PD-L.1 Y112 phosphorylation in dot blots.
Characterization of the PD-L1 pY112 antibodies generated by dot blotting. The antibody
specifically recognizes the hot peptide (pY112) but not the cold peptide (Y112) or the other
random peptides with Tyr phosphorylation (p-Tyr). This specific reaction of the PD-L1 pY 112
antibody was completely neutralized by excessive amount of the PD-L1 pY 112 hot peptide.
4G10 antibody was used to detect p-Tyr on pY 112 PD-L1 peptide, random #1 and #2 peptide.

Amido black staining was performed to show peptides on the nitrocellulose membrane.
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Figure 37. Antibody 10A5.2 and 6G3.1 detect PD-L1 Y112 phosphorylation in cells.

Cell lysates were subjected to immunoprecipitation (IP) followed by WB analysis to determine
PD-L1 protein levels in SK-HEP-1 (A) or Hep3B (B) ngPD-L1 cells treated with or without
IL-6 (20 ng/ml, 30 min) and ruxolitinib (10 pmol/L, 30 min) using the indicated antibodies,

which were preincubated with cold or hot PD-L1 peptides (pY112).
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Figure 38. Y112F mutation only reduce PD-L1 protein stability but not ngPD-L1 in

cells

WB analysis of lysates from each cells. Schematic diagram of various PD-L1 mutants used in
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Figure 39. IL-6/JAK1 pathway upregulate PD-L1 WT protein expression but not
Y112F mutation protein in HCC cancer cells.

WB analysis of exogenous PD-L1 expression in Flag-PD-L1 WT or Y112F in SK-HEP-1 (A)
or Hep 3B (B) cells with or without exposure to IL-6 (20 ng/ml, 18 h), ruxolitinib (10

umol/L, 18 h), and/or MG132 (10 umol/L, 6 h). S.E., short exposure; L.E., long exposure.
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Figure 40. RNA expression level of PD-LL1 WT or Y112F in Hep 3B cells.
Quantitative RT-PCR analysis of RNA from PD-L1 WT and PD-L1 Y112F Hep 3B cells.
Three times independent experiments were performed. Error bars, mean + S.D. NS, not

significant, Mann-Whitney test.
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Figure 41. Surface level of PD-L1 WT or Y112F in SK-HEP-1 cells

Flow cytometric analysis of cell surface PD-L1 level in Flag PD-L1 WT- SK-HEP-1 or Y112F-
SK-HEP-1 cells with or without exposure to IL-6 and/or ruxolitinib (n = 3). The relative fold-
change in the mean fluorescence intensity (M.F.I.) of PD-L1 is shown. Error bars, mean + S.D.

*axEP <0.0001, NS, not significant, one-way ANOVA.
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Figure 42. Losing PD-L1 Y112 phosphorylation reduces STT3A association.
Flag-PD-L1 WT or Y112F transfected 293T cells with exposure to MG132 (10 umol/L, 6 h)

were subjected to IP followed by WB analysis to determine the STT3A levels with the

indicated antibodies.
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Figure 43. Y112F mutation or ruxolinitib treatment induced faster turnover of PD-L1

in HA-59T cells

Cycloheximide (CHX; 50 umol/L) chase assays of PD-L1 protein turnover rates in Flag-PD-

L1 WT-HASIT cells treated with or without ruxolitinib (10 pmol/L) and Flag PD-L1 Y112F-

HAS9T cells without ruxolitinib by WB analysis (n = 3). Error bars, mean £+ S.D. ***P <0.001,

repeated-measures analysis of variance [ANOVA] with Tukey’s post-hoc honest significant

difference test.
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Figure 44. Y112F mutation or ruxolinitib treatment induced faster turnover of PD-L1
in Hep 3B cells.
WB analysis of Flag PD-L1 WT- or Y112F-Hep 3B cells treated with cycloheximide (CHX;

50 uM) or ruxolitinib (10 pM) for the indicated times.
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Figure 45. Increased ubiquitination in PD-L1 Y112F protein.

WB analysis of PD-L1 WT and Y 112F protein ubiquitination level in 293T cells treated with

or without MG132 (10 umol/L, 6 h) with the indicated antibodies.
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3.6 PD-L1 Y112 phosphorylation is required for liver cancer tumorigenesis in

immunocompetent mice

Next, we asked whether PD-L1 Y112 phosphorylation governs PD-L1-driven cancer
immune evasion in vivo and whether blocking the IL-6/JAK1/PD-L1 Y112
phosphorylation/STT3 A signaling axis reduces PD-L1 expression level and enhances immune
surveillance. To this end, we first generated Hepa 1-6 mouse hepatoma cells stably expressing
PD-L1 WT or Y112F using the dual expression method. IL-6 stimulation and/or treatment with
ruxolinitib had effect on the levels of total PD-L.1 WT protein (Figure 46, lane 1-3) but not on
Y 112F mutation protein (Figure 46, lane 4-6). This result suggest Y112 phosphorylation is
criticial for IL-6/JAK1-driven glycosylation and stabilization of PD-L1 in Hepa 1-6 cells.

To further validate the above phenomenon in vivo, we injected them into both
immunodeficient (non-obese diabetic/severe combined immunodeficient, interleukin-2
receptor y-chain (—/—) null [NSG] mice) and immunocompetent mice. The PD-L1 WT and
Y 112F Hepa 1-6 tumors from NSG mice exhibited similar growth and weight compared with
WT tumors (Figure 47); however, the levels of PD-L1 expression were lower in the Y112F
tumors than in WT tumors (Figure 48). In contrast, we observed striking tumor regression
(Figure 49) and no relapsed tumors for over 11 months (Figure 50) in immunocompetent mice
bearing PD-L1 Y112F compared with those with PD-L1 WT tumors. Moreover, more
activated CD8" (granzyme B") T cells were present, and PD-L1 expression levels were much
lower in Y112F tumors than that in WT tumors (Figure 51). Similar but less profound results
were observed in mice bearing tumors derived from PD-L1 WT- or Y112F-expressing B16F10
melanoma cells (Figure 52). To further determine whether CDS8" tumor-infiltrating
lymphocytes (TILs)-driven killing effect is reduced by IL-6/JAKI1/PD-L1 Y112

phosphorylation axis in cancer cells, we performed TILs co-culture assay using PD-L1 WT
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and Y112F Hepa 1-6 cells (Figure 53). The PD-L1 WT Hepa 1-6 cells had increased survival
rate under co-cultured with isolated and re-activated TILs in presence of IL-6 (Figure 53). This
effect was abolished by the addition of PD-L1 neutralizing antibody. As expected, IL-6
stimulation had no effect on the survival of PD-L1 Y112F Hepa 1-6 cells co-cultured with
TILs, supporting the critical role of the IL-6/JAK1/PD-L1 Y112 phosphorylation axis in cancer
cell immune evasion from CD8" TILs. Together, these results indicated PD-L1 Y112
phosphorylation is crucial for maintaining PD-L1 stabilization and its immune checkpoint
function. Therefore, blocking the IL-6/JAK1/PD-L1 Y112 phosphorylation signaling axis
should reduce PD-L1 expression and enhance immune surveillance in the tumor

microenvironment.
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Figure 46. IL-6/JAK1 pathway upregulate PD-L.1 WT protein expression but not Y112F

mutation protein in Hepa 1-6 cells.

WB analysis of exogenous PD-L1 expression in Flag-PD-L1 WT or Y112F in Hepa 1-6 cells
with or without exposure to IL-6 (20 ng/ml, 18 h) and ruxolitinib (10 umol/L, 18 h). Error bars

represent £ S.D. ***P < (.001; ****P <(.0001. one-way ANOVA.
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Figure 47. Tumorigenesis of PD-L1 WT and PD-L1 Y112F Hepa 1-6 cells in
immunedeficient mice.

(A) Tumor growth of PD-L1 WT- Hepa 1-6 or Y112F-Hepa 1-6 cells in immunodeficient
(NSG) mice (n = 6). (B) Tumor weight (left) and images of tumors (right) harvested from NSG
mice inoculated with PD-L1 WT-Hepa 1-6 or Y112F- Hepa 1-6 cells. Scale bar, 1 cm. Error

bars represent + S.D. NS, not significant. Mann-Whitney test
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Figure 48. Surface level of PD-L1 WT and PD-L1 Y112F on Hepa 1-6 tumor.
Flow cytometric analysis of cell surface PD-L1 expression on PD-L1 WT- Hepa 1-6 or Y112F-
Hepa 1-6 tumors (n = 5). The relative fold-change in the mean fluorescence intensity (M.F.1.)

of PD-L1 is shown. Error bars represent + S.D. ***P < (.001, Mann-Whitney test.
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Figure 49. Tumorigenesis of PD-L1 WT and PD-L1 Y112F Hepa 1-6 cells in
immunocompetent mice.
Individual tumor growth curves of PD-L1 WT- Hepa 1-6 or Y112F-Hepa 1-6 cells in

immunocompetent (C57BL/6J) mice (n = 6).
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Figure 50. Survival curves of PD-L1 WT and PD-L1 Y112F Hepa 1-6 cells in
immunocompetent mice.
Survival curves of PD-L1 WT- Hepa 1-6 or Y112F-Hepa 1-6 cells in immunocompetent

(C57BL/6J) mice (n = 6). One mouse in the PD-L1 Y112F group died accidently at day 145.

*x%%P <0.0001, Log-rank Mantel-Cox test
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Figure 51. Population of activated CD8+ T cells in PD-LL1 WT or Y112F Hepa 1-6 tumor
microenvironment.
Representative immunofluorescence staining of PD-L1, CD8, and granzyme B expression in

the indicated Hepa 1-6 stable cell-generated tumors.
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Figure 52. Tumor progression of PD-L1 WT and Y112F cells in B16F10 tumor bearing
immunocompetent mice.

(A) Tumor growth and size of PD-L1 WT-B16F10 or Y112F-BI16F10 tumors in
immunecompetent mice (n = 6). (C) Flow cytometric analysis of cell surface PD-L1 from PD-
L1 WT- B16F10 and Y112F- B16F10 tumors (n = 5). The relative fold change of the mean
fluorescence intensity (M.F.I.) of PD-L1 is shown. Error bars, mean + S.D. NS, not significant.
**p < 0.01; ****P < 0.0001, repeated-measures ANOVA in (A) and Mann-Whitney test in

(B).
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Figure 53. Growth ability of PD-L1 WT and Y112F Hepa-16 cells co-cultures with CD8*
tumor-infiltrating lymphocytes (TILs).

TILs co-culture assay. Hepa 1-6 PD-L1 WT and Y112F cells were co-cultured with activated
CD8" TILs from Hepa 1-6 tumor bearing mouse for 48 hr with or without IL-6 (20 ng/ml),
PD-L1 antibody or IgG control antibody. Cells were subjected to crystal violet staining. (n =

4). Error bars represent £ S.D. *P <(.05; ***P <(0.001. one-way ANOVA. NS, not significant.
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3.7 Proposed working model how PD-L1 protein tyrosine phosphorylation, glycosylation
initiation, and stability are regulated by the IL-6/JAK1 signaling pathway

Collectively, our results indicated that IL-6-activated JAK1 interacts with and
phosphorylates non-glycosylated PD-L1 at Y112 residue in the ER where the Y112-
phosphorylated PD-L1 increases its association with glycosyltransferase, STT3A, to initiate
glycosylation. The glycosylated PD-L1 is stabilized and enhance the cancer immune escape

from T cells in tumor microenvironment (Figure 54).
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Figure 54. A proposed working model showing PD-L.1 protein Y112 phosphorylation,
glycosylation initiation, and stability regulated by the IL-6/JAK1 signaling pathway for
cancer immune escape.

Under IL-6 stimulation, JAK1 interacts and phosphorylates non-glycosylated PD-L1 at Y112
in tumor cells, which enhances the association with STT3A for glycosylation initiation.
Blocking the IL-6/JAK1 pathway leads to the loss of PD-L1 stability and sensitizes tumor cells

to anti-Tim-3 immune checkpoint therapy.
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CHAPTER 4. DISCUSSION

4.1 Significance and Conclusion

Due to there are limited treatment options for early or advantage stage of HCC patients,
HCC is still the second most common cause of cancer death worldwide (63, 64). In patients
with advanced HCC, the response rate to PD-1/PD-L1 blockade is approximately 20%. Thus,
a deeper understanding of the biosynthesis of PD-L1 could result in the development of
therapeutic strategies that may improve the efficacy of immunotherapy in this setting. .
Previously, we reported that N-linked glycosylation of PD-L1 is required for maintaining PD-
L1 stability and its interaction with PD-1 (52, 53, 56), and targeting PD-L1 with a
glycosylation-specific antibody resulted in significant therapeutic benefit in a murine model of
triple-negative breast cancer (51). However, the oncogenic signaling pathways initiating the
glycosylation process of PD-L1 is not fully understood. Elucidating this mechanism may
enhance the clinical effectiveness of current anti-PD-1/PD-L1 therapy through more specific
patient selection or the development of novel, biomarker-driven combinatorial treatment

approaches involving immunotherapeutic agents.

Here, we show that IL-6/JAK1 pathway-mediated tyrosine Y112 phosphorylation of PD-
L1 is critical for the recruitment of N-glycosyltransferase, glycosylation initiation, protein
stability, and subsequent cancer immune evasion. Blocking IL-6 downregulated PD-LI
expression and sensitized tumors to T cell killing. Thus, a deeper understanding of the
mechanisms of glycosylation initiation of additional immune co-inhibitory molecules may lead
to the development of more effective combinatorial treatment approaches to enhance the

efficacy of immune checkpoint blockade.
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In our study, we also showed that IL-6/JAK1/PD-L1 Y112 phosphorylation/STT3A
signaling axis is required for liver tumorigenesis in immunocompetent mice (Figure 49 and
50). Importantly, increased expression of IL-6 is correlated with high PD-L1 expression in
human HCC tumor tissue (Figure 11). Considering that the anti-PD-1 antibody, nivolumab,
only achieves a response rate of 20% patients with advanced HCC, IL-6 could potentially serve
as a biomarker predicting response to anti-PD-L1/PD-1 therapy in patients with HCC.
Furthermore, previous studies have shown that IL-6 induces the expression of PD-1 in
activated T cells, implying that reducing IL-6 expression in the tumor microenvironment may
stimulate the anti-tumor immune response (7). Those studies and our current report together
suggest that blocking the IL-6 pathway may abolish PD-L1/PD-1-driven cancer immune
escape via different mechanisms in the tumor microenvironment (7, 65, 66) (model shown in
Figure 53). This prompted us to further investigate a novel combinatorial treatment approach
involving anti-IL-6 and -Tim-3 in murine models of liver cancer. Specifically, up to 80% of
liver cancer-bearing mice responded to this combination without significant adverse effects
(Figure 12 and 14). Because suppression of tumor growth and elevation of CTLs in the tumor
region were also observed in aggressive B16F10 melanoma-bearing mice, the same therapeutic

strategy may be generalized to other cancer types.

4.2 Oncogenic pathways for protein glycosylation in cancer

Glycosylation of proteins is a key regulatory step for governing several
pathophysiological processes in cells. Despite recent progress providing more insight into the
role of genomic alterations in tumorigenesis, there is still a limited understanding of the
functional significance of the glycome and glycoproteome in cancer (67). Notably, specific

glycan signatures present on tumor cells can be exploited as a target for blocking tumorigenesis.
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In addition, aberrant glycosylation structures of oncoproteins can serve as neo-antigens for
activating specific T cells (68). Indeed, the molecular pathways regulating protein
glycosylation may contain novel therapeutic opportunities to enhance the efficacy of ICB for
cancer patients.

Our study provides new insight into how oncogenic pathways directly orchestrate post-
translational modification crosstalk to enhance glycoprotein generation, namely initiation of
PD-L1 glycosylation by recruiting STT3A via JAK1-phosphorylated PD-L1. Employing this
approach makes possible the identification of potential oncogenic pathways that amplify the
ability of glycoproteins to enhance the malignant phenotypes of tumors. Although our study
suggests that IL-6/JAK1 pathway-mediates tyrosine Y112 phosphorylation of PD-L1 and
enhances the interaction of PD-L1 and STT3A, we cannot exclude the possibility that IL-
6/JAK1/STAT pathway also upregulates the expression of other N-glycosyltransferases, which
may accelerate the glycosylation process in tumor cells. To validate whether other members of
the STAT family are also involved in PD-L1 post-translational modification or glycosylation
and increase PD-L1 protein levels, we treated PD-L1-overexpressing cells with IL-6 and
examined the expression levels of PD-L1 and the phosphorylation status of STAT1, STAT3,
and STATS. In our study, we only observed increased phosphorylation of STAT3 (Fig 55,
Lane 1 and 2) but not STAT1 or STATS. To further test whether activated STAT3 is involved
in PD-L1 post-translational modification and enhances PD-L1 protein expression, we blocked
the IL-6/JAK1/STAT3 pathway with ruxolinitib (JAK1 inhibitor) and HO-3867 (STAT3
inhibitor). Interestingly, enhanced levels of exogenous PD-L1 was abrogated only by

ruxolinitib (Lane 2 vs. 3) but not HO-3867 (Lane 2 vs. 4), suggesting that the IL-6/JAK1

102



signaling axis we proposed in this study is the dominant mechanism responsible for the

enhanced PD-L1 protein expression in tumor cells.
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Figure 55. STAT family is not involved in IL-6/JAK1-driven PD-L1 upregulation.
WB analysis of cell lysates from Flag-ngPD-L1-Hep 3B cells with/without IL-6 stimulation
exposure to IL-6 (20 ng/ml, 18 h), ruxolitinib (10 umol/L, 18 h), and/or HO-3867 (10 umol/L,

18 h).
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4.3 PD-L1 biosynthesis in endoplasmic reticulum (ER)

Mechanisms of PD-L1 biosynthesis are tightly controlled by post-translational
modifications, including phosphorylation, glycosylation, and ubiquitination, all of which are
critical for stabilization of PD-L1 and immune escape (51, 52, 54, 55, 69, 70). However, the
cellular location of PD-L1 phosphorylation and glycosylation in tumor cells remains unknown.
In this study, we showed that JAK1 is a PD-L1 binding partner in the ER and Tyr
phosphorylation on PD-L1 by the IL-6/JAK1 pathway is essential for PD-L1’s association with
N-glycosyltransferase, STT3A, which prevents ubiquitination and degradation of PD-L1.
Although JAK1 has been shown to localize to the cytoplasmic membrane for JAK/STAT
signaling pathway transduction and to the nucleus in epigenetic gene regulation by
phosphorylating histone 3 Y41 as an oncoprotein (71-73), the current study further reveals its
localization in the ER lumen to facilitate its interaction with PD-L1. Interestingly, we analyzed
the JAK1 sequence using the software SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/),
and did not find an ER leader sequence on JAK 1. However, when cells were stimulated by IL-
6, we observed increased JAK 1 proteins in the ER fraction and higher levels of phosphorylated
ngPD-L1 was pulled down by the 6G3.1 antibody from the ER fraction (Figure 55). These
results indicate that IL-6 may cause JAK1 to translocate to the ER, resulting in phosphorylation
of ngPD-L1 Y112. In addition, the JAK family has been shown to be transported into the
nucleus by a membrane receptor (71). Previous studies also demonstrate that membrane
receptors can translocate into different cell organelles via retrograde trafficking pathways, i.e.,
from membrane to ER to nucleus (74, 75). These findings suggest a potential mechanism for
the translocation of activated JAK1 to the other cellular compartments that would be

worthwhile to explore in the future. In addition, we recently reported that metformin-activated
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AMPK directly binds to and phosphorylates PD-L1 at Ser 195 in the ER. This event results in
abnormal glycosylation of PD-L1 and leads to PD-L1 degradation via ER-associated protein
degradation (ERAD) (56). A supply of ATP is required for kinase activation, but the catalysis
of ATP uptake into the ER is still not fully understood. A recent study by Klein et al. reported
that SLC35B1, also known as AXER (ATP/ADP exchanger in the ER membrane), maintains
the ATP supply for protein biosynthesis in the ER (76), providing an explanation of how
Tyr/Ser/Thr kinase gains ATP for their kinase activities in ER lumen. Together with our current
findings, Tyr/Ser/Thr kinases can associate with PD-L1 in the ER and regulate PD-L1

glycosylation.
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Figure 56. IL-6 causes JAK1 to translocate to the ER region and subsequent
phosphorylation ngPD-L1 Y112

(A) WB analysis of total cell lysates or ER fractions from Flag-ngPD-L1-Hep 3B cells
with/without IL-6 stimulation (20 ng/ml, 30 min). (B) Results of IP followed by WB analysis
to determine ngPD-L1 pulled down levels in ER fractions from Flag-ngPD-L1-Hep 3B cells

treated with or without IL-6 (20 ng/ml, 30 min) using the 6G3.1 antibodies.
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4.4 Targeting IL-6/JAK1 for cancer immunotherapy

The IL-6/JAK/STAT3 pathway is aberrantly hyperactivated in multiple types of cancer
and hyperactivation of this pathway is associated with a malignant phenotype and poor
prognosis patients with cancer. Inhibitors of the ILI16/JAK/STAT3 pathway have
demonstrated profound clinical benefit in patients with cancer by reducing tumor cell growth
and stimulating the anti-tumor immune response (5, 7, 77, 78). In preclinical tumor mice
models, inhibition of IL-6 in the tumor microenvironment results in enhanced efficacy of anti-
PD-L1 (66, 79). Moreover, activation of JAK1 and JAK2 has been shown to upregulate the
expression of immune checkpoint molecules (80, 81). However, loss of function of JAK family
members contributes to the resistance of cancer to anti-CTLA4 and anti-PD-1 therapy by
reducing neoantigen presentation and IFNy-induced cancer cell apoptosis in patients (35, 82-
84). Thus, direct inhibition of JAK1 kinase activity may disrupt immune surveillance in the
tumor microenvironment. However, inactivation of IL-6 by a neutralization antibody in a
combination with Tim-3 antibody has resulted in significant therapeutic efficacy. Recently,
Miao et al. showed that PBRM]I deficiency in tumors upregulates the IL-6/JAK/STAT3
pathway and was associated with a clinical benefit in patients with clear cell renal cell
carcinoma receiving anti-PD-1 therapy (85). This phenomenon may be due to the activation of
the IL-6/JAK pathway which in turn increases PD-L1 expression in tumor cells. Thus, blocking
the PD-L1/PD-1 pathway may boost CTL activity in PBRM-deficient cancer patients and
further increase response rates. Treatment with immune checkpoint inhibitors has been shown
to stimulate the production of IL-6 in serum, which can result in psoriasiform dermatitis,
arthritis, and Crohn’s disease in patients with cancer. Therefore, blocking the IL-6 pathway

may reduce the severity of these side effects and extend the duration of immunotherapy (7).
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4.5 Future direction

Overall, the mechanism of IL-6/JAK1-driven phosphorylation and glycosylation of
PD-L1 leading to enhanced immune evasion in HCC provides a potential therapeutic target for
a novel combinatorial treatment approach with an accompanying biomarker which may
improve outcomes in HCC through better patient selection and enhanced therapeutic efficacy.
This study also opens an avenue toward the understanding of how oncogenic kinases initiate
protein glycosylation and amplify the ability of glycoproteins to enhance the malignant

phenotypes of tumors.

The localization and function of activated JAK family has not been well characterized.
Although once thought that JAK family proteins reside only in the cytoplasm, recent studies
suggest that JAK1 and JAK2 exist in the nucleus of tumor cells and enhance cell proliferation
(71, 72). Interestingly, our study found that JAK1 could also be isolated from the ER fraction
and translocation of JAKI into the ER could be stimulated by IL-6. ER-resident proteins
contain a C-terminal KDEL-like motif for preventing secretion has been demonstrated. KDEL
receptors localized in Golgi apparatus interact with protein with KDEL-like motif and triggers
retrieval back to the ER via a coat protein [-dependent pathway (86). However, the amino acid
sequence of JAKI lacks an ER leader sequence or KDEL-like motif, implying that other
mechanisms regulate the translocalization of JAK family under cytokine stimulation.
Association with membrane receptors and translocation into different cell organelles via
retrograde trafficking pathways is one potential mechanism. However, this current study only
provides limited data in support of this hypothesis. Identifying the mechanism by which of

member proteins and Ser/Thr/Tyr kinases translocate into the ER would open an avenue to
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understand how kinases regulate the post-translational modification of oncoproteins in the ER

by the signals from membrane receptor.

The tumor microenvironment is critical for promoting immune evasion and tumor
recurrence. In our study, we utilized subcutaneous HCC and melanoma mouse models to assess
the therapeutic efficacy of our proposed combinatorial treatment strategy. Since the
subcutaneous HCC mouse model cannot completely mimic the liver tumor microenvironment,
we should interpret with caution the therapeutic efficacy of the combination of anti-IL-6 and
Tim-3 in our study. Since majority of liver cancers develop in the setting of chronic
inflammatory conditions, like NASH or NAFLD, the design of suitable mouse models is
fraught with multiple technical challenges (61). To test the efficacy of novel
immunotherapeutic agents and their ability in preventing tumor recurrences, the spontaneous
HCC mouse model with chemically-induced liver cirrhosis will be an important preclinical
model for monitoring the response to therapy (87). This approach will also provide more detail

of cancer immunogenomics and mechanism of immunotherapy resistance in future.
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