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Abstract

Therapeutic blockade of the PD-1/PD-L1 axis is recognized as an effective treatment for numerous cancer types. However,
only a subset of patients respond to this treatment, warranting a greater understanding of the biological mechanisms driv-
ing immune evasion via PD-1/PD-L1 signaling and other T-cell suppressive pathways. We previously identified a head
and neck squamous cell carcinoma with human papillomavirus integration in the PD-LI locus upstream of the transmem-
brane domain-encoding region, suggesting expression of a truncated form of PD-L1 (Parfenov et al., Proc Natl Acad Sci
USA111(43):15544-15549, 2014). In this study, we extended this observation by performing a computational analysis of 33
other cancer types as well as human cancer cell lines, and identified additional PD-L] isoforms with an exon 4 enrichment
expressed in 20 cancers and human cancer cell lines. We demonstrate that cancer cell lines with high expression levels of exon
4-enriched PD-L1 generate a secreted form of PD-L1. Further biochemical studies of exon 4-enriched PD-L1 demonstrated
that this form is secreted and maintains the capacity to bind PD-1 as well as to serve as a negative regulator on T cell function,
as measured by inhibition of IL-2 and IFNg secretion. Overall, we have demonstrated that truncated forms of PD-L1 exist
in numerous cancer types, and have validated that truncated PD-L1 can be secreted and negatively regulate T cell function.
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Introduction

Cancer immunotherapy is now recognized as an effective
strategy for the treatment of numerous tumor types [1,
2]. One prominent example has been the clinical efficacy
of antibodies targeting the PD-1 receptor and its ligands,
agents that have been approved for the treatment of multi-
ple tumor types [1, 2]. Numerous clinical trials are under-
way to determine the efficacy of PD-1/PD-L1 blockade in
additional cancers, as well as combination approaches to
build upon the initial success of PD-1/PD-L1 blockade.
Although there has been considerable success in treating
patients using anti-PD-1/PD-L1 therapies, only a subset
of patients respond to this treatment and our knowledge
of the diverse mechanisms driving cancer immune evasion
is limited.

The PD-1/PD-L1 signaling axis is a major mechanism
of immune evasion in cancer [3], specifically by inhibit-
ing T cell function in the immune microenvironment [4].
Both cancer and hematopoietic cells have been shown to
express the PD-1 ligands PD-L1 and PD-L2, which bind to
the PD-1 receptor expressed by activated T and B cells [3,
4]. The engagement of the PD-1 receptor with its ligands
inhibits CD8 + T cell activation, function and survival
[4-6], therefore, providing a direct and potent mechanism
of immune evasion.

HPYV is the etiologic agent for nearly all cervical cancers
and an increasing proportion of head and neck squamous
cell carcinomas (HNSCCs) [7]. Oncogenic viruses pre-
sent foreign antigens to the immune system (e.g., HPV E6
and E7) and induce immune tolerance to prevent an anti-
tumor T-cell response to viral antigens [8]. One recently
reported mechanism governing anti-viral immune escape
is PD-L1/PD-L2 locus amplification in Epstein-Barr virus
(EBV) associated lymphomas and gastric cancers, as well
as PD-L1 overexpression with HPV infection in head and
neck cancer [9-12]. We previously reported pan-cancer
computational analyses of HPV integration sites in the
human genome [13, 14], and while we did not observe
amplification of PD-L1/PD-L2 in HPV-associated cancers,
we did identify a novel potential mechanism of immune
evasion represented by a case in which integration of
HPV into the CD274 (PD-L1I) locus between exons 4 and
5 drove overexpression of the 5’ exons (exons 1-4) of PD-
L1, suggesting the production of a truncated form of PD-
L1 [13]. This putative truncated form of PD-LI differed
from those characterized in a recent report highlighting
expression of PD-LI lacking the 3' UTR as a mechanism
of PD-L]I overexpression in diverse cancers [15].

In this study, we characterize this novel PD-LI inte-
gration event and show that it leads to the production
of a truncated and alternatively polyadenylated mRNA
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and a secreted rather than membrane-bound protein. We
extend our observation into a large cohort of human can-
cers [Cancer Cell Line Encyclopedia (CCLE) and The
Cancer Genome Atlas (TCGA) databases] and normal
tissue (Genotype-Tissue Expression (GTEx) database)
and demonstrate that exon 4-enriched isoforms of PD-LI
are expressed in multiple cancer types including bladder,
breast, lung, ovarian and other non-HPV driven cancers
and cancer cell lines. We further characterize this exon
4-enriched form of PD-L1 using biochemical approaches
and cellular assays and show that this form is indeed
secreted and negatively affects T cell function. In all,
our data demonstrate that a truncated and secreted form
of PD-L1 is produced in numerous cancer types and can
negatively regulate T cell function. Our data, combined
with previous reports of PD-L1 serum detection [16-18],
suggest that a genomic basis exists in cancer for produc-
tion of secreted PD-L1, a finding that may have important
implications for cancer patients receiving PD-1/PD-L1
blocking therapies.

Materials and methods
Cancer cell line encyclopedia analysis

After downloading RNA-seq data for 935 cell lines from
the National Cancer Institute (NCI) Genomic Data Com-
mons [19], gene abundances and exon counts were quan-
tified using default parameters in StringTie (v1.3.2d) [20,
21]. Kernel density plot representation was used to express
the univariate distribution of RNA-seq reads to determine
not-detected cutoff of fragments per kilobase of transcript
per million mapped reads (FPKM) < 1. Individual cell line
expression values are available at https://doi.org/10.5281/
zenodo.1413358.

TCGA and GTEx analysis

Gene and exon quantification data was downloaded for
cancer, TCGA [22], and corresponding normal tissue,
GTEx [23], from the recount2 database [24]. The cancers
included in the analysis were: LAML—acute myeloid leu-
kemia, ACC—adrenocortical carcinoma, BLCA—bladder
urothelial carcinoma, BRCA—breast invasive carcinoma,
CESC—cervical squamous cell carcinoma and endocervical
adenocarcinoma, CHOL—cholangiocarcinoma, COAD—
colon adenocarcinoma, DLBC—diffuse large B-cell lym-
phoma, ESCA—esophageal carcinoma, GBM—glioblas-
toma multiforme, HNSC—head and neck squamous cell
carcinoma, KICH—kidney Chromophobe, KIRC—kidney
renal clear cell carcinoma, KIRP—kidney renal papillary
cell carcinoma, LIHC—Iiver hepatocellular carcinoma,
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LUAD—Ilung adenocarcinoma, LUSC—Ilung squamous
cell carcinoma, MESO—mesothelioma, OV—ovarian
serous cystadenocarcinoma, PAAD—pancreatic adenocar-
cinoma. PCPG—pheochromocytoma and paraganglioma,
PRAD—prostate adenocarcinoma, READ—rectum ade-
nocarcinoma, SARC—sarcoma, SKCM—skin cutaneous
melanoma, STAD—stomach adenocarcinoma, TGCT—
testicular germ cell tumors, THCA—thyroid carcinoma,
THYM—thymoma, UCEC—uterine corpus endometrial
carcinoma, UCS—uterine carcinosarcoma, UVM—uveal
melanoma. Kernel density plot representation was used to
express the univariate distribution of RNA-seq reads of all
genes to determine not-detected cutoff of RPKM < 1. Indi-
vidual tumor expression values are available at https://doi.
org/10.5281/zenodo.1413358.

Kernel density

Kernel density plot representations were used to express
the univariate distribution of RNA-seq reads for all protein-
coding genes and the exon 4-enriched PD-LI. The kernel
density plots were calculated in R (ver. 3.4.1) using the den-
sity function with default parameters.

Pairwise Spearman’s correlation analyses

To determine the correlations between the expression of
exon 4-enriched PD-LI and T cell genes for all cancer types,
we performed pairwise Spearman’s correlation analyses. The
correlation and heatmap plots were calculated in R (ver.
3.4.1) using the rcorr and corrplot functions, respectively,
with default parameters.

Primary cells and cell lines

PBMCs were isolated from healthy donor blood from the
Brigham and Women’s Blood Bank, and cultured in com-
plete Iscove’s Modified Dulbecco’s Medium media [[IMDM
(Gibco, #12440053), 10% Human AB male serum (Gemini,
#100-512), penicillin/streptomycin/glutamine (PSG; Corn-
ing, #30-009-CI)]. HEK293T cells and CAL62 cells were
grown in Dulbecco’s Modified Eagle’s medium (Gibco,
#11965092), 10% FCS, PSG, and 1 mM sodium pyruvate
(Gibco, #11360-70). RKO cells were grown in EMEM
[American Type Culture Collection (ATCC), #30-2003],
10% FCS, PSG, and 1 mM sodium pyruvate. RERF-LC-
ADI1 cells were grown in RPMI 1640 (Gibco, #11875093),
10% FCS, PSG, and sodium pyruvate.

Cloning and constructs

For hemagglutinin (HA) tagged constructs (PD-L1-HA,
sec-PD-L1-long-HA and sec-PD-L1-short-HA) PD-L1

sequences were amplified by PCR from full-length PD-L1
(Origene) and simultaneously HA-tagged and cloned into
pcDNA3.1 (-) (Thermo, V79520).

Transfections

HEK?293T cells were transfected with PD-L1-HA, sec-PD-
L1-long-HA and sec-PD-L1-short-HA with XtremeGene 9
(Roche, #06365779001) at a ratio of 1:3 (DNA:transfection
reagent) in Opti-MEM (Gibco, #31985070) according to
manufacturer’s instructions. The following day, media was
changed to serum-minus media, and the next day media was
harvested for protein precipitation. 2 days post-transfection,
media was harvested for ELISA, cells were used for flow
cytometry, or lysate was collected for western blotting.

Flow cytometry

For measuring surface localization of HA-tagged PD-L1,
HEK?293T cells transfected with HA-tagged PD-L1 con-
structs (PD-L1-HA, sec-PD-L1-long-HA and sec-PD-
L1-short-HA) or empty vector (pcDNA3.1(-)) were stained
for PD-L1 48 h post-transfection. Briefly, cells were lifted
with Accutase Cell Detachment Solution (Innovative Cell
Technologies, Inc, #AT104) and rinsed. Cells were incu-
bated with primary antibody (anti-human PD-L1-PE, clone
MIHI1, mouse IgG1, x, 1:20, eBioscience, #12-5983) or
isotype control (PE mouse IgGl, x, clone P3.6.2.8.1, eBio-
science, #12-4714-41), in blocking buffer (2% Human AB
serum (Gemini, #100-512), 2% Fc-block (Miltenyi Biotech,
#130-059-901), 2 mM EDTA in PBS) for 30 min on ice.
Cells were washed and incubated with LIVE/DEAD yel-
low stain (1:1000, Thermo, #L.34959) for 10 min on ice.
Cells were washed, resuspended in flow buffer, and analyzed
with a BD LSRII/Fortessa. 10,000 events were collected.
For characterizing T cell blasts, cells were stained for CD3,
CD4 and CD8. T cell blasts were incubated with conjugated
primary antibodies at 1:50 (anti-human CD3 PerCP-eFluor
710, eBioscience, #46-0036; APC/Cy7 anti-human CDS,
Biolegend, #344713; PE/Cy7 anti-human CD4, Biolegend,
#300511) in blocking buffer for 30 min on ice. Cells were
washed and incubated with LIVE/DEAD yellow stain for
10 min on ice followed by washing, fixation in 4% paraform-
aldehyde, and analysis on a BD LSRII/Fortessa. For PD-L1
surface staining of cancer cell lines, cells were stained as
described with the following antibodies: anti-human CD274-
APC (1:100, clone 29E.2A3, mouse IgG2b, x, Biolegend,
#329707) or isotype control (1:100, clone MPC-11, mouse
IgG2b, «, Biolegend, #400319). Analysis was performed on
a FACS Canto RUO. Between 20,000 and 50,000 events
were recorded. All flow data was analyzed and automatic
compensation was performed using FlowJo (FlowJo, LLC).
For data analysis, cells were first gated on forward scatter
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versus side scatter, then single cells were gated on using
side scatter height versus side scatter width, followed by
forward scatter height versus forward scatter width. Dead
cells were then excluded by gating on LIVE/DEAD yellow
negative cells.

PD-L1 sandwich ELISA

Soluble PD-L.1 was measured by sandwich ELISA adapted
from Zhou et al. [25]. For measuring soluble PD-L1 in
media from cell lines and transfected cells, cells were plated,
and after 2 days, when cells were about 70-80% confluent,
media was taken for ELISA. Briefly, flat bottom 96-well
plates (eBioscience, #44-2404-21) were coated with 2 ug/ml
anti-PD-L1 capture antibody recognizing the IgV domain aa
19-131 (29E.12B1, gift from Dr. Gordon Freeman), blocked
with blocking buffer (1% BSA in PBS), washed, and then
samples were added. Standard curves were made with
human PD-L1-histidine tagged fusion protein (Sino Biologi-
cal, #10084-HO8H). The plate was washed and a detection
antibody recognizing a region in the PD-L1 IgV domain
non-overlapping with 29E.12B1 [25] was used at 1:2,500
(29E.2A3-Biotin, Biolegend, #329704) in 1% BSA in PBS.
The plate was washed, and streptavidin-HRP (Southern
Biotech 7100-05) was then added at 1:20,000 in 1% BSA
in PBS. The plate was washed and 3,3’,5,5'-tetramethylb-
enzidine (TMB) peroxidase substrate (Cell Signaling Tech-
nology (CST), #7002S) was added for 30 min. TMB stop
solution (CST, #7004S) was added, absorbance was read on
a Tecan Infinite M200 Pro plate reader at 450 nm, and pro-
tein concentrations were determined using GraphPad Prism
6 Software.

PD-1 binding assay

Binding ability of PD-L1 to PD-1 was measured using a
functional ELISA with an R&D Systems protocol based on
the literature indicating PD-1 receptor as a binding part-
ner for PD-L1 [26]. Briefly, flat bottom 96-well plates were
coated with 100 ng/ml Fc-tagged recombinant human PD-L.1
(rhPD-L1-Fc) chimera protein (R&D Systems, #1086-PD-
050). To account for non-specific binding, wells with no
PD-1 were used. Plates were washed, blocked in block-
ing buffer (1% BSA in PBS), and coated with rhPD-L1-Fc
(extracellular region of PD-L1 as positive control, R&D
Systems, #156-B7-100), sec-PD-L1-long-Fc (R&D Systems,
custom-made product) or rhigG1-Fc (negative control, R&D
Systems, 110-HG-100) in 1% BSA in PBS at varying con-
centrations in pg/ml. For antibody blocking experiments,
rhPD-L1-Fc and sec-PD-L1-long-Fc was used at 1 pg/ml,
and an anti-PD-1 blocking antibody (mouse IgG1, clone
EH12 (EH12.1), kind gift from Dr. Gordon Freeman), an
anti-PD-L1 blocking antibody that detects a region in the
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CD80 binding domain different than the detection antibody
used [27, 28] (mouse IgG1, MIH]1 clone, eBioscience, #16-
5983-82), and IgG1 isotype control (LEAF Purified Mouse
IgG1, « Isotype control, MOPC-21 clone, Biolegend,
#400124) were used at 10 pg/ml. Anti-PD-L1 and the corre-
sponding IgG1 isotype control antibody was incubated with
PD-L1 protein prior to addition to the plates. Anti-PD-1 anti-
body and the corresponding IgG1 Isotype control antibody
was incubated directly on plates in 1% BSA in PBS after
blocking of the plate, prior to addition of rhPD-L1-Fc and
sec-PD-L1-long-Fc protein. Plates were washed, and incu-
bated with detection antibody recognizing the IgV domain
within the CD80 binding region [25] (1:2,500; 29E.2A3-
Biotin, Biolegend, #329704) in 1% BSA in PBS. The plate
was then washed and streptavidin-HRP (1:20,000; Southern
Biotech, #7100-05) was added in 1% BSA in PBS. The plate
was washed again and TMB peroxidase substrate was added
for 30 min. TMB stop solution was added and absorbance of
ELISA plates were read on a SpectraMax 190 plate reader at
450 nm. OD values were normalized to maximum binding
values of thPD-L1. GraphPad Prism 6 was used for non-
linear fit of data and K, value calculation with a one-site
specific binding model, and calculated K; and B,,,, values
were used to plot the Scatchard graph.

max

PD-L1 functional assays

The PD-L1 functional assay was performed using an
R&D Systems protocol adapted from Freeman et al. [5].
PBMCs were isolated using Ficoll-Paque Plus at a ratio of
1:2 (Ficoll-Paque:blood; GE Healthcare, #GE17-1440-02).
The buffy coat was washed with PBS and erythrocytes were
lysed according to manufacturer’s instructions (Human
Erythrocyte Lysing Kit, R&D Systems, #WL1000). PBMCs
were washed and either used fresh or frozen for later use.
Fresh or thawed PBMCs were cultured in complete IMDM
media and T-cell blasts were generated as per R&D Sys-
tems protocol with IL-2 and PHA. Day 9 T-cell blasts were
washed with IMDM and plated in complete IMDM media
at 1ES cells per well in round bottom 96 well plates which
had been pre-coated with anti-CD3 antibody (3 pg/ml; BD,
#555336) overnight at 4C followed by a wash and coating
with thPD-L1-Fc (R&D Systems, #156-B7-100), sec-PD-
L1-long-Fc (R&D Systems, custom product) or rthIgG1-Fc
(R&D Systems, #110-HG-100) at 20 pg/ml or 40 pg/ml for
3-4 h at 37C. C-terminal Fc-tagged sec-PD-L1-long was
custom made by R&D Systems. 24 h after plating, media
was harvested and frozen at — 80 °C for IL-2 (OptEIATM
IL-2 ELISA kit II, BD, #550611) and IFNg (OptEIATM
IL-2 ELISA kit II, BD, #550612) ELISA assays. Absorbance
of ELISA plates were read on a SpectraMax 190 (Molecular
Devices) plate reader at 450 nm, and protein concentrations
were determined with SoftMax Pro 5 (Molecular Devices).
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Western blotting

Cell lysates were harvested using Radioimmunoprecipitation
assay (RIPA) buffer (CST, #9806S) with protease (Complete
Mini Protease Inhibitor Cocktail, Roche, #11836153001)
and phosphatase inhibitors (Set I & II, EMD Millipore,
#524624, 524625). Briefly, RIPA buffer was added to cell
culture dishes, and the lysate was scraped off plates using a
cell scraper. Lysate was mixed at 4 °C for 20 min, spun down
to remove debris, and protein concentration was measured
using a Bradford assay (Protein Assay Dye Reagent Con-
centrate, Bio-Rad, #5000006). Between 30 and 100 pg of
total protein was prepped in Laemmli SDS protein loading
buffer (Boston Bioproducts, #BP-111R), boiled, and loaded
on a 4-12% Bis-Tris gel (NuPAGE Novex, #NP0322BOX).
For protein precipitation, trichloroacetic acid (TCA; Sigma,
#T0699) was used. Media was changed on cells to serum-
free media the day before media harvest (1 day post-trans-
fection or plating of non-transfected cells). Briefly, TCA
was added to media at 1:4, and samples were spun down.
The protein pellet was washed with acetone, dried, resus-
pended in Laemmli SDS protein loading buffer, boiled, and
directly loaded on a 4-12% Bis-Tris gel for SDS-PAGE. A
nitrocellulose membrane was used (Fisher, #EP4H00010)
for transfer. Blots were blocked for an hour at room tem-
perature (RT) and incubated with primary antibody over-
night at 4C. 10% milk was used for blocking, and primary
antibody was resuspended in 5% milk or 2% BSA. Blots
were washed and incubated with the appropriate secondary
antibodies in 5% milk or 2% BSA. Blots were washed and
enhanced chemiluminescence substrate was used accord-
ing to manufacturer’s instructions (Amersham ECL Prime
Western Blotting Detection Reagent, #RPN2232). Blots
were then developed on film and scanned or digitized using
an ImageQuant LAS 4000 luminescent image analyzer (GE
Healthcare Life Sciences), for the appropriate exposure
times. The following primary antibodies were used: rabbit
anti-CD274 (1:100; Abcam, #ab58810), anti-mouse beta-
actin (1:1000, Cell Signaling technology #3700), mouse
anti-HA (1:1000; 16B12, Covance, #MMS-101P), mouse
anti-vinculin (1:10,000; hVIN-1, Sigma, #V9131). The fol-
lowing Pierce HRP-conjugated secondary antibodies were
used at 1:20,000: goat anti-mouse (#31444), goat anti-rabbit
(#31460). Goat anti-mouse secondary antibody (1:5000,
Jackson Immuno Research Labs#115035146) was used for
detecting beta-actin. Densitometry analysis was performed
using Imagel software, where signal (percentage) was nor-
malized to the loading control [29].

Immunofluorescent staining

HEK293T and cancer cells were grown on coverslips over-
night, and HEK293T cells were transfected as described.

48 h later, cells were fixed with 4% paraformaldehyde,
washed with PBS, and permeabilized with 0.1% Triton
X-100. Cells were washed with PBS, and blocked in Anti-
body Dilution Buffer (Ventana Medical Systems, Inc.,
#ADB250) for 1 h at RT. Cells were then incubated with
primary antibody diluted in Antibody Dilution Buffer at
4 °C overnight at the following dilutions: mouse anti-HA
(1:1000; 16B12, Covance, #MMS-101P), rabbit anti-f-
catenin (1:1000; CST, #9587S), rabbit anti-PD-L1 (1:500;
EPR19759, Abcam, #ab213524). Cells were washed 3X in
PBS, and incubated with the following secondary antibodies
diluted in Antibody Dilution Buffer at RT for an hour: goat
anti-mouse [gG-Alexa Fluor 488 (1:1000; ThermoFisher
Scientific, #A-11001), donkey anti-rabbit IgG-Alexa Fluor
568 (1:1000; ThermoFisher Scientific, #A-10042), goat
anti-rabbit IgG Alexa Fluor 488 (1:500; Fisher Scientific,
#A11034). Cells were then washed 2x in PBS, and coun-
terstained with Hoechst 33342 diluted in PBS (1:1000;
Invitrogen, #H3570) for 10 min at RT. Cells were washed
2x in PBS and mounted on microscope slides (Denville
Ultra Frost, Denville Scientific Inc., #M1002) with Slow-
Fade Diamond Antifade Mountant (ThermoFisher Scien-
tific, #536967) or mounting media containing DAPI was
applied to cells (Electron Microscopy Sciences, #1798550)
and sealed with nail polish. Cells were then imaged on an
Olympus BX50 Upright Fluorescent Microscope using a
DP73 camera and a 100x oil immersion lens for 293T cells
and inverted Zeiss LSM 780 multiphoton laser scanning
confocal microscope using a 63X oil immersion lens for the
cancer cell lines.

Statistical analysis

GraphPad Prism 6 Software and Microsoft Excel were used
to generate graphs, and GraphPad Prism 6 was used to cal-
culate ANOVA, K, and B,,,, values. One-way ANOVA was
used with a Dunnett’s test for multiple comparison correc-
tion for IL2 and IFNg ELISA comparisons, and a two-way
ANOVA was used with a Dunnett’s test for multiple com-
parison correction for PD-1 binding with neutralizing anti-
bodies. A p value < 0.05 was considered significant.

Results

PD-L1 with a high exon 4/5 expression ratio
is expressed in a variety of cancer types

We previously performed a computational analysis of next-
generation whole genome and RNA sequencing data from
279 HNSCCs (TCGA), where we investigated genomic sites
of HPV integration and identified a case where HPV 16 inte-
grated in the intron after exon 4 of the PD-L1 (CD274) locus
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[13]. We now extended this analysis and performed de novo
alignment and re-assembly of PD-L] transcripts in this case
and identified an apparently novel transcript with an alter-
native 3' region with a readthrough of 56 nucleotides into
the intron after exon 4, an in-frame stop codon and an alter-
native polyadenylation signal (Fig. 1a,b [13]). There was a
predicted difference in amino acid sequence after exon 4 as
compared to wild-type PD-L1, specifically, with the inclu-
sion of an alternative 18 amino acid sequence (Fig. 1b,c).
We hypothesized that this form of PD-L1 may be secreted,
since it lacks the transmembrane domain encoded by exon 35,

(@  PD-L1

Chr9 5,455,000 5,460,000 5,465,000

and prior reports have demonstrated the existence of soluble
PD-L1 protein in human serum [16, 30].

To determine if PD-LI isoforms predicted to be secreted
are unique to the single HNSCC case, we further investi-
gated the presence and prevalence of PD-LI isoforms with
high exon 4 expression relative to the 3’ exons (by measur-
ing the expression ratio of exon 4 to exon 5) in a variety of
cancers by analyzing TCGA data from 33 different cancer
types as well as corresponding normal tissue (Fig. 2a,b;
Figs. S1, S2). The expression of the fourth and fifth exons
was measured and plotted as a ratio on the y-axis (PD-LI

5,470,000

HPV
Integration

AGCTGAATTGGTCATCCCAGGTAATATTCTGAATGTGTCCATTAAAATATGTCTAACACTGTCCCCTAGCACCTAGI

Exon 4 Intron HPV
Integration
(b) :
chro Wild-type PD-L1
5,463,070 5,463,100 5,465,500 5,465,550
Exon 4 ) Exon 5 )

UUUAGGAGAUUAGAUCCUGAGGAAAACCAUACAGCUGAAUUGGUCAUCCCA
FRRLDPEENHTAELVIP

chr9 HPV-integrated PD-L1

5,463,100

GAACUACCUCUGGCACAUCCUCCAAAUGAAAGGACUCACUUGGUAAUUCUGGGAGCCAUCUUAUUAUGC

ELPLAHPPNERTHLVILGAILLC

5,463,150

Exon 4

Intron

UUUAGGAGAUUAGAUCCUGAGGAAAACCAUACAGCUGAAUUGGUCAUCCCA GGUAAUAUUCUGAAUGUGUCCAUUAAAAUAUGUCUAACACUGUCCCCUAGCACCUAG

FRRLDPEENHTAELVIP
C .
© Wild-type PD-L1
5463070 5463100  5465,500 5,465,550
Exon 4 Exon §

FRRLDPEENHTAELVIP ELPLAHPPNERTHLVILGAILLC
chro HPV-integrated PD-L1
r!
5,463,100 5,463,150
Exon 4 Intron
FRRLDPEENHTAELVIP GNILNVSIKICLTLSPST*

Fig.1 HPV Integration into the PD-LI locus in a head and neck
squamous cell carcinoma patient. a Genomic track showing a previ-
ously published case whereby HPV16 was found to be integrated in
the intron between exon 4 and exon 5 of the PD-LI locus, resulting in
expression of a b transcript with an alternative 3' region including a
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GNILNVSIKICLTLSPST*

readthrough of 56 nucleotides into the intron after exon 4, including
a stop codon and an alternative polyadenylation signal. The predicted
difference in amino acid sequences is depicted b, ¢, with an alterna-
tive 18 amino acid sequence after exon 4 [13]
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Fig.2 Expression of exon 4-enriched PD-L1 isoforms in various can-
cer types. a The expression of PD-LI isoforms with high exon 4/5
expression ratios was measured in 33 different cancer types in the
TCGA dataset and corresponding normal tissue from GTEx. The
x-axis represents the log2 expression of total PD-LI. The y-axis rep-
resents the PD-LI exon 4/5 expression ratio, which is the expression
of the fourth exon of PD-LI over the expression of the fifth exon of
PD-LI. The HNSCC index case is labeled (TCGA_CV_5443). b Vio-
lin plot of expression of PD-LI isoforms with high exon 4/5 expres-
sion ratios in cancer types ordered by decreasing median PD-LI
expression. Observed differences are significant as determined by an
ANOVA comparison of the means (p value <0.0001). Cancer type
abbreviations are defined in the “Materials and methods”. ¢ Cancer
cell lines were analyzed for the expression of exon 4-enriched PD-L1

exon 4/5 expression ratio), with the expression of total PD-
L1 on the x-axis. We observed an enrichment of expression
of the fourth exon of PD-L1I as compared to the fifth exon in
multiple cancer types, with 116 cases out of a total of 9981
(1.68%) demonstrating a ratio of expression of exon 4—exon
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as described in a), from the CCLE dataset. The y-axis represents the
log2 expression. The top two cell lines (RKO, blue; CAL62, green)
with the highest PD-LI exon 4/5 expression ratio as well as with the
highest total PD-LI expression were chosen for protein verification.
RERF-LC-Ad1 (red, arrow) was chosen as a negative control, given
it had high PD-L1 expression and a low PD-LI exon 4/5 expression
ratio. d, e Media from RKO, RERF-LC-Ad1, CAL62, and HEK293T
(negative control) was analyzed for PD-L1 protein expression. d
Media was used in an ELISA to measure PD-L1 present in the media.
Data are from two separate experiments. The mean and SEM are plot-
ted. e Protein was precipitated from media with TCA precipitation or
isolated in cell lysates and analyzed with western blotting for PD-L1
protein expression. Vinculin was used as a loading control

5 at a level equal to or greater than our HNSCC index case.
Further examination across tumor types indicated that lung
and head and neck cancers expressed the greatest number
of cases with elevated ratios of exon 4—exon 5 (adjusted p
value < 2e—16 by Wilcoxon rank sum test for both tumor
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«Fig.3 Sec-PD-Ll1-long is secreted and not localized to the mem-
brane. a Diagram depicting the differential sequences of sec-PD-L1-
long and sec-PD-Ll-short. b, ¢ PD-L1-HA, sec-PD-L1-long-HA,
sec-PD-L1-short-HA were expressed in HEK293T cells and PD-L1
protein in media was measured by b ELISA. Data are from three
separate experiments. ¢ PD-L1 was measured in media using TCA
precipitation and in cell lysates by western blot by probing for HA
tag. Vinculin was used as a loading control. Densitometry was per-
formed where the HA signal was normalized to vinculin and the ratio
of HA signal in the media versus lysate is depicted. d, e HEK293T
cells were transfected with empty vector (pcDNA3.1(1)), PD-L1-HA,
sec-PD-L1-long-HA and sec-PD-L1-short-HA, and 2 days later were
d stained for PD-L1 (PE), and surface PD-L1 was analyzed with flow
cytometry. Duplicates were performed, and 10,000 events were col-
lected. The percent PD-L1 positive cells are shown. Data are repre-
sentative of multiple experiments. e Cells were immunofluorescently
stained for HA tag (green), p-catenin (red), and with Hoechst (blue),
and imaged with a fluorescent microscope. 10 um scale bar is shown

types) and prostate cancer and low grade glioma had the
lowest level of enrichment (adjusted p value <2e—16 by
Wilcoxon rank sum test for both tumor types) (Fig. 2b).
Additionally, expression of exon 4 versus 5 was significantly
enriched when comparing tumor to normal-matched tissue
across TCGA (adjusted p value < 2.2e—16 by Kruskal-Wal-
lis test). To determine if enrichment of the fourth exon is
unique to cancerous tissues, we analyzed normal tissue PD-
L1 mRNA expression from GTEx [23]. The ratio of exon
4/5 of PD-LI showed an enrichment in multiple tissue types
with the greatest expression in normal lung tissue and lowest
in the brain (adjusted g value <2e—16 for both tissue types
by Wilcoxon rank sum test) (Fig. S1b).

To assess whether overexpression of the 5’ exons of PD-
LI might be associated with specific features of the tumor
immune microenvironment, we first confirmed prior reports
of a correlation among total PD-L] expression with expres-
sion of T cell activation-associated genes coding for IFNg,
CXCL10, PD-1, PRF1, ICOS, CD8, GZMA, and TIGIT
[31-33] in 29 tumor types (combined p value < 0.1)(Fig. S4).
Similar correlations were not observed when considering
tumors with enrichment of exon 4 of PD-LI as compared to
exon 5. Additionally, we investigated the correlation between
the ratio of exon 4 versus exon 5 of PD-LI and patient sur-
vival in the TCGA datasets and did not observe an associa-
tion between a high ratio and overall survival (Fig. S3).

Given that TCGA samples are comprised of tumor cells
with stroma, we explored whether this fourth exon-enriched
form of PD-LI could be expressed by pure tumor cells. Uti-
lizing CCLE data [34], we determined exon-level patterns
of PD-L1 expression in 935 cancer cell lines in the CCLE
(Fig. 2¢). We did observe an enrichment of the expression of
the fourth exon relative to the fifth exon (PD-LI 4/5 expres-
sion ratio) in cancer cell lines, with 4.1% (39/935) of cell
lines demonstrating clearly measurable expression of total
PD-L1I along with a PD-LI exon 4/5 expression ratio of > 1.
These data demonstrate that numerous different cancer types

express PD-LI isoforms enriched for the 4th exon relative to
the 5th exon, and that cancer cells themselves can produce
this isoform.

PD-L1 with exon 4 enrichment is secreted

To examine whether a secreted PD-L1 protein could be
detected in cell lines with expression of PD-L1 isoforms with
a high exon 4/5 ratio, we selected two cell lines (RKO, colon
carcinoma, blue; CAL62, thyroid anaplastic carcinoma,
green) that had the highest PD-L1 exon 4/5 expression ratios
(> 1.1) in conjunction with high total PD-LI expression
(>5.0 log2 FPKM), for further analysis (Fig. 2c). We also
selected a cell line with high full-length PD-LI expression
(3.99 log2 FPKM) but a low exon 4/5 expression ratio (0.74,
RERF-LC-Ad1, lung adenocarcinoma, red) as a negative
control. To determine if cell lines with enrichment of expres-
sion of the 5' exons of PD-LI might produce a truncated and
secreted form of PD-L1, we performed a PD-L1 ELISA on
spun cell culture media from unmanipulated RKO, CAL62,
RERF-LC-Ad1 and HEK293T (negative control) cells grow-
ing in log phase in standard cell culture conditions. PD-L1
was quantified in the media from cell lines using ELISA
(Fig. 2d), where we detected PD-L1 in the media of RKO
cells (4.97 ng/ml) and CAL62 cells, albeit at a lower level
(0.17 ng/ml). We were unable to detect PD-L1 in the media
of HEK293T cells or RERF-LC-Ad]1 cells, as predicted from
the computational analysis. As an orthogonal approach, we
performed trichloroacetic acid (TCA) precipitation of media
proteins from the same cell lines and also generated cell
lysates for western blotting (Fig. 2e). We detected the pres-
ence of a shorter isoform (~36 kD) of PD-L1 in media pre-
cipitates from RKO cells but not from RERF-LC-AdI1 cells,
nor was PD-L1 detected from HEK293T cells. PD-L1 was
not detectable from CALG62 cells with this method, possibly
explained by the very low level of PD-L1 detected in the
media by ELISA. RERF-LC-Ad]1 cells were found to have
a high level of PD-L1 in the cell lysate, as expected. Flow
cytometry was performed to measure the surface expression
of PD-L1 (Fig. S5a) with surface PD-L1 detected in RKO,
CAL62 and RERF-LC-Ad1 cells by flow. Immunofluores-
cent microscopy demonstrated principally cytoplasmic stain-
ing for RKO, CAL62 and RERF-LC-AdI cells (Fig. S5b).
These data demonstrate a correlation between truncated PD-
L1 isoform RNA and secreted PD-L1 protein confirmed by
both ELISA and western blot.

We next sought to further define the localization of trun-
cated PD-L1 using the HEK293T cell line model which
does not express detectable baseline PD-L1. We expressed
an HA-tagged truncated PD-L1 that we identified in the
HNSCC case (sec-PD-L1-long) (Fig. 1) in HEK293T cells,
which included the readthrough into the intron of the 56
intronic nucleotides (Fig. 3a). We also overexpressed an
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HA-tagged short form of sec-PD-L1-long (sec-PD-L1-
short) including sequences up until the last codon of exon
4, excluding the intronic readthrough, to determine the effect
of this intronic region on the production and localization of
the protein. We overexpressed wild-type HA-tagged PD-L1
in HEK293T cells as a control. Media was then subjected
to ELISA (Fig. 3b) and TCA precipitation to determine the
amount of PD-L1 in media as compared to intracellular
PD-L1 (Fig. 3c). Data from the ELISA demonstrated that
sec-PD-L1-long was present in the media at higher levels
(8.7 ng/ml) as compared to wild-type PD-L1 (3.4 ng/ml),
but, interestingly, not as high as the short form of sec-PD-
L1-long (sec-PD-L1-short) (115 ng/ml). Total expression
of sec-PD-L1-short was higher than sec-PD-L1-long, how-
ever (Fig. 3b). Densitometry analysis of the HA signal in
the media versus the lysate from the western blot validated
that sec-PD-L1-long was indeed secreted more than main-
tained in the cell (ratio=4:1), with sec-PD-L1-short being
secreted at a slightly lower ratio (3:1) (Fig. 3c). Ratios of
HA in media/lysate were higher in both sec-PD-L1-long and
sec-PD-L1-short compared to PD-L1 (ratio=1:10) (Fig. 3c).
The higher amount of sec-PD-L1-short detected by ELISA
and western blot compared to sec-PD-L1-long is, therefore,
likely due to a higher total expression rather than significant
impacts of the C-terminal sequence on secretion.

To measure membrane localization of the PD-L1 iso-
forms, sec-PD-L1-long-HA, sec-PD-L1-short-HA and
PD-L1-HA expressing HEK293T cells were stained with
an anti-PD-L1 antibody, and the amount of PD-L1 on the
surface of cells was measured with flow cytometry (Fig. 3d).
High levels of PD-L1 was measured on the surface of PD-L1
cells (80.2%), as expected, but little PD-L.1 was measured
on the surface of sec-PD-L1-long- (1.02%), and sec-PD-
L1-short-expressing (0.016%) cells (Fig. 3d). Immuno-
fluorescent microscopy of HEK293T cells overexpressing
sec-PD-L1-long-HA, sec-PD-L1-short-HA and PD-L1-HA
corroborated our observations made by flow cytometry,
with high membrane staining being observed in cells over-
expressing PD-L1, as assessed by co-staining for B-catenin
as a membrane marker, but only cytoplasmic staining being
observed in cells overexpressing sec-PD-L1-long and sec-
PD-L1-short (Fig. 3e). Together, these data demonstrate
that sec-PD-L1-long and the short form of sec-PD-L1-long
are preferentially secreted by cells as opposed to being
membrane-bound.

Sec-PD-L1-long retains the ability to bind PD-1
and inhibits IL-2 and IFNg secretion in primary T
Cells

To test whether truncated PD-L1 retains the ability to bind

the PD-1 receptor, a PD-1 functional ELISA was performed
with an Fc-tagged sec-PD-L1-long (sec-PD-L1-long-Fc),
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Fc-tagged recombinant human PD-L1 (thPD-L1-Fc) as a
positive control, or IgG1-Fc as a negative control (Fig. 4a).
Sec-PD-L1-long retained the ability to bind the PD-1 recep-
tor, albeit at a lower capacity (K;=50.92 nM) than rhPD-
L1 (K;=1.57 nM). Blocking antibodies against PD-1 and
PD-L1 reduced the ability of sec-PD-L1-long to bind PD-1
by 11 fold and 80 fold, respectively (Fig. 4b).

To determine whether sec-PD-L1-long retains the func-
tion of wild-type PD-L1 in terms of T cell suppression, the
effect of sec-PD-L1-long on IL-2 and IFNg secretion was
measured from cultured primary human T cell blasts. T cell
blasts were verified to be mostly CD3+ using flow cytom-
etry, with an average CD3 positivity of 83%, with on aver-
age 30% and 64% of CD3+ cells being CD4+ and CD8+,
respectively (Fig. S6). T cell blasts were incubated with sec-
PD-L1-long-Fc, thPD-L1-Fc, or IgG1-Fc, in the presence of
an anti-CD3 antibody. IL-2 and IFNg levels were measured
in the media after 24 h using ELISA (Fig. 4c,d, Fig. S7).
IL-2 levels were found to be decreased with sec-PD-L1-
long incubation in a dose-dependent manner, with a 1.2 and
1.4 fold decrease in IL2 secretion with 20 pg/ml and 40 pg/
ml sec-PD-L1-long incubation, respectively (Fig. 4c). IFNg
levels were also found to be decreased with sec-PD-L1-long
treatment in a dose-dependent manner, with a decrease of
IFNg levels of 1.15 and 1.22 fold with 20 pg/ml and 40 pg/
ml sec-PD-L1-long incubation, respectively (Fig. 4d). Inter-
estingly, IL2 and IFNg levels were not inhibited as strongly
as with the positive control rhPD-L1, likely due to lower
levels of PD-1 binding. Together, these data demonstrate
that sec-PD-L1-long acts as a negative regulator of T cells.

Discussion

In this study, we extended observations made in our previous
computational analysis of genomic sites of HPV integration,
where we identified HPV integration in the PD-L]I locus in a
HNSCC tumor, suggesting expression of a truncated form of
PD-L1 [13]. We performed computational de novo assembly
of this truncated form that led to the identification of a novel
expressed PD-LI variant and identified additional truncated
forms of PD-LI in multiple human cancers and cancer cell
lines. We verified the presence of secreted PD-L1 protein in
two of the human cancer cell lines that had high expression
levels of exon 4 versus exon 5 of PD-LI, including a colon
cancer cell line (RKO) and a thyroid anaplastic carcinoma
cell line (CALG62), and validated that the truncated PD-L1
isoform from the HNSCC is preferentially secreted and
maintains the ability to bind PD-1 as well a negative regula-
tory effect on T cell function, as measured by inhibition of
IL-2 and IFNg secretion.

Our work has provided evidence that the presence of
secreted PD-L1 may be due to the expression of novel
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Fig.4 Sec-PD-L1-long retains the capacity to bind to PD-1 and nega-
tively affects T cells. a PD-1 binding capacity of IgG1-FC (negative
control), thPD-L1-FC (positive control) or sec-PD-L1-long-FC was
measured using a functional ELISA, where mean OD was meas-
ured at varying concentrations of IgG1-FC, thPD-L1-FC or sec-PD-
L1-long-FC protein. K, values are displayed. The corresponding
Scatchard graph displaying the differences in slope (—1/K;) of thPD-
L1-FC (medium gray) or sec-PD-L1-long-FC (light gray) is shown
as an inset. Data are from two separate experiments. b The ability of
PD-L1 and PD-1 neutralizing antibodies (10 pg/ml) to block PD-1
binding to rhPD-L1-FC and sec-PD-L1-long-FC was tested with a
functional ELISA. An IgGl isotype control antibody was used as a

PD-L]I isoforms, and our data are corroborated by a study
by Mahoney et al., co-published together with ours. In their
work, titled “A secreted PD-L1 splice variant that cova-
lently dimerizes and mediates immunosuppression”, the
authors describe a similarly spliced variant of PD-L1 with a
readthrough into the fourth intron, which negatively effects
T cell function and is widely expressed in various human
cancers as well as normal tissues. Others have also recently
demonstrated PD-L1 splice variants being responsible for
soluble PD-L1 protein in other cancers, such as melanoma
[25]. The soluble PD-L1 proteins found in melanoma are
due to splice variants found in either exon 4 (PD-L1-3 and
PD-L1-12) or exon 5 (PD-L1-3 and PD-L1-9) which pro-
duce a premature stop codon before the transmembrane
domain-encoding region (PD-L1-3 and PD-L1-12) or in a

20 40 20 40 20 40
Protein Concentration (ug/ml)

negative control. Normalized mean OD values compared to incuba-
tion with the appropriate IgG1 isotype control conditions are plot-
ted. Data are from two separate experiments. A two-way ANOVA
was used. The mean and SEM are plotted. ¢, d Primary human T cell
blasts were incubated with IgG1-FC (negative control), rhPD-L1-FC
(positive control) or sec-PD-L1-long-FC at either 20 ug/ml or 40 ug/
ml in the presence of anti-CD3 for 24 h, and media was harvested to
quantify ¢ IL-2 and d IFNg with ELISA. Samples were run in dupli-
cate. N=5. Normalized protein levels compared to the appropriate
IgG1-Fc control are plotted. A one-way ANOVA was used. The mean
and SEM are plotted. *p <0.05, **p <0.01, ***p <0.001

loss of the domain (PD-L1-9). However, we propose a trun-
cated PD-L1 due to a readthrough of the intron after fourth
exon with a premature stop codon and polyadenylation site.

Interestingly, we and others detected secreted PD-L1
when wild-type PD-L1 was overexpressed [35]. Frigola
et al. [36] detected secreted PD-L1 from adherent cells of
normal PBMCs, such as dendritic cells, when activated with
PHA. Interestingly, Frigola et al. [36] did not detect the pres-
ence of secreted PD-L1 in activated T cells, suggesting that
increased expression of PD-L1 is not sufficient in itself for
the secretion of PD-L1, and other factors likely also help
determine whether PD-L1 is membrane-bound or secreted.
An additional explanation for secreted PD-L1 protein
expression could be active cleavage of wild-type PD-L1 at
the cell surface. Chen et al. [35] demonstrated that the levels
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of secreted PD-L1 can be reduced by treating a PD-L1 over-
expressing mouse fibrous cell line with a broad-spectrum
matrix metalloprotease inhibitor.

The presence of a secreted form of PD-L1 in the serum
of cancer patients has been reported previously, such as in
gastric cancer, renal cell carcinoma, non-small cell lung can-
cer and melanoma [16—18, 25]. Most studies demonstrating
the detection of PD-L1 in human blood have not character-
ized the isoform type. Zhou et al. [25] show the presence of
longer as well as truncated PD-L1 forms in human blood.
Circulating PD-L1 in patients could be short secreted ver-
sions lacking the transmembrane domain similar to that
described herein, cleaved extracellular PDL-L1 as described
by others [35], or even full-length PD-L1 in exosomes [37].
Nevertheless, there have been mixed reports on the impli-
cations of circulating PD-L1 on the prognosis of patients.
Zhang et al. [18] report a worse prognosis in pre-treated
non-small cell lung cancer patients expressing high levels
of circulating PD-L1. Another study demonstrated a better
prognosis in gastric cancer patients with higher circulating
PD-L1 before treatment [17]. Frigola et al. [16] demon-
strated that renal cell carcinoma patients who experienced a
doubling of circulating PD-L.1 had a 41% increase in the risk
of death. The direct link between the secretion of PD-L1 by
tumors and the ability to detect levels of circulating PD-L1
has not yet been proven and the diversity and amino acid
identity of secreted PD-L1 forms has not yet been compre-
hensively defined. Clearly, further work needs to be done to
better understand how soluble PD-L1 affects conventional
treatment response and prognosis.

Our experiments using human T cell blasts to measure
the effect of sec-PD-L1-long on T-cell function did support
that there is a preservation of a negative regulatory effect
of sec-PD-L1-long on T cells. The decreased ability of sec-
PD-L1-long to bind to PD-1 as compared to rhPD-L1, which
includes only the extracellular region of PD-L1, likely is
due to either the absence of amino acids directly proximal
to the cell membrane present in thPD-L1, or the presence
of the amino acids encoded for by the intronic read-through
of sec-PD-L1-long. This decrease in PD-1 binding capacity
likely explains the differences in ability to suppress cytokine
secretion by sec-PD-L1-long compared to thPD-L1.

Our TCGA analysis of wild-type PD-LI expression cor-
related with the expression of several T-cell genes in all
cancers when combined, highlighting a general adaptive
resistance to immune cell response (Fig. S4). However, a
similar analysis did not demonstrate a positive correlation
between the expression of a truncated form of PD-LI with T
cell genes. Expression of the full-length PD-L1 was higher
than that of truncated PD-LI, which could account for this
difference in association with T cell gene expression. Further
studies are needed to determine the comprehensive effects
of a secreted form of PD-L1 on immune response in vivo.
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Another unanswered question is whether a high level of
secreted PD-L1 detected in the serum of cancer patients
predicts a worse response to anti-PD-L1/PD-1 antibody
treatment, as it can be imagined that circulating PD-L1,
or perhaps higher levels of secreted PD-L1 in the tumor
microenvironment, may act as a scavenger of anti-PD-L1
therapeutic antibody or that secreted PD-L1 may outcom-
pete anti-PD-1 antibody, rendering anti-PD-L1/PD-1 treat-
ments less effective. One published paper by Zhou et al. [25]
has suggested that in malignant melanoma, patients with
the highest pretreatment circulating PD-L1 levels tended to
have more rapidly progressing disease after anti-PD-1 treat-
ment, but the sample size was small. More work is needed
to understand the implications of circulating PD-L1 levels
on immunotherapy efficacy.

In conclusion, our data demonstrate the existence of trun-
cated, secreted PD-L1 isoforms in cancer that retain negative
immunomodulatory functions and warrant further investiga-
tion into the effect of these PD-L1 isoforms on prognosis and
treatment response.
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