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ABSTRACT
ADAM10 and ADAM17 expression and soluble PD-L1 (sPD-L1) predict poor prognosis in many malignancies,
including in patients treated with PD-(L)1 inhibitors. The mechanism of soluble PD-L1 production and its
effects are unknown. Here we uncover a novel mechanism of ADAM10- and ADAM17-mediated resistance to
PD-(L)1 inhibitors. ADAM10 and ADAM17 cleave PD-L1 from the surface of malignant cells and extracellular
vesicles. This cleavage produces an active sPD-L1 fragment that induces apoptosis in CD8 + T cells and
compromises the killing of tumor cells by CD8 + T cells. Reduced tumor site PD-L1 protein-to-mRNA ratios
predict poor outcomes and are correlated with elevated ADAM10 and ADAM17 expression in multiple
cancers. These results may explain the discordance between PD-L1 immunohistochemistry and PD-(L)1
inhibitor response. Thus, including ADAM10 and ADAM17 tissue staining may improve therapy selection.
Furthermore, treatment with an ADAM10/ADAM17 inhibitor may abrogate PD-(L)1 inhibitor resistance and
improve clinical responses to PD-(L)1 immunotherapy.
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Introduction

ADAM10 and ADAM17 (TACE) contribute to cancer mortality.
High expression of one or both of these closely related metzincin
metalloproteinases portends unfavorable outcomes in biliary,
breast, cervical, gastric, hepatocellular, lung, nasopharyngeal,
ovarian, pancreatic, skin, and urothelial malignancies.1–5 They
also predict treatment resistance in breast, colorectal, hepatocel-
lular, and lung cancers.6–9

Long-standing dogma held that metalloproteases contribute
to tumor growth and metastasis through enzymatic degradation
of the extracellular matrix and tumor cell attachments.10 More
recently they have also been shown to alter signaling through
modification of surface ligands and receptors such as Notch,
HER2, EGFR, and NKG2D.11–13 Metalloprotease inhibitors
have shown promise in preventing post-radiation resistance in
non-small cell lung cancer and in treating breast cancer.6,9 The
effect of ADAM10 and ADAM17 inhibition on antitumor
immunity is not well understood.

In this study we explore the role of ADAM10 and ADAM17
at the PD-1/PD-L1 immune checkpoint and in driving resistance
to anti-PD-(L)1 therapy. The programmed cell death protein-1
(PD-1) immune checkpoint is a critical regulatory mechanism in
antitumor immunity.14 Programmed death-ligand 1 (PD-L1,
CD274, B7H1) on tumor cells and other cells engages PD-1 on
immune cells to downregulate essential anti-cancer immune
functions. Clinical PD-(L)1 inhibitors like pembrolizumab,

nivolumab, and atezolizumab obstruct this PD-L1-mediated
immunosuppression.15 These monoclonal antibodies against
PD-1 or PD-L1 improve survival for patients with melanoma,
non-small cell lung cancer, renal cell carcinoma, bladder cancer,
colorectal cancer, and other advanced malignancies.16

Despite the successes of PD-(L)1 inhibitors against these can-
cers, only a fraction of patients benefit from treatment.17 In some
indications, tumor PD-L1 staining is performed to select patients
who are most likely to respond. Surprisingly, many tumors that
express PD-L1 are resistant to PD-(L)1 inhibitors; conversely,
some PD-L1-negative tumors respond to PD-1/PD-L1 blockade.18

Understanding mechanisms of PD-(L)1 inhibitor resis-
tance is crucial in improving antitumor immunity and survi-
val. Here, we report a novel anti-PD-(L)1 resistance
mechanism mediated by metalloproteases ADAM10 and
ADAM17. We show that tumor ADAM10 and ADAM17
cleave the PD-L1 ectodomain from tumor cells and extracel-
lular vesicles (EVs) to form soluble PD-L1 (sPD-L1). sPD-L1
induces apoptosis in human CD8 + T cells, which can be
overcome by ADAM10/ADAM17 inhibition.

Materials and methods

Cell culture

Malignant cell lines 786–0, Karpas-299, and Du145 (ATCC)
were grown in RPMI 1640 (Invitrogen) supplemented by 10%
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FBS and maintained at 37°C in 5% CO2 at the concentrations
specified. Malignant cell lines A549 (ATCC) and Mel-B7H114

were grown in DMEM (Gibco) supplemented by 10% FBS
and maintained at 37°C in 5% CO2 at the concentrations
specified. Cells were used within 4–6 passages after thawing.
Mycoplasma testing was performed and negative on each cell
line used.

Cell lines were treated as specified with ARP-101, doxycy-
cline hyclate, MMP-9 Inhibitor I, Ro 32–3555, TAPI-0, TAPI-
2, UK370106 (Santa Cruz); Aprotinin, E-64, GI254023X,
Pepstatin (Sigma); DMSO, PBS (Mediatech); and/or recombi-
nant human IFN-γ (Biosource). Inhibitor concentrations,
listed in Supplemental Table 4, were based on common con-
centrations in the literature. Supernatants were isolated from
cell culture by ultracentrifugation. Cell lines were also treated
as specified with negative control, ADAM10, or ADAM17
siRNA pools (Dharmacon) with lipofectamine (Fisher) per
manufacturer protocols.

Human PBMCs from healthy donors were isolated by
Lymphoprep gradient centrifugation and CD8 + T lympho-
cytes were further purified by negative selection using
a magnetic enrichment method (StemCell Technologies).
Purified CD8 + T cells (2 × 105 cells/200 µl) were stimulated
with anti-CD3 antibodies over 24 h and treated as specified
with supernatants, recombinant Fc-PD-L1 (R&D Systems),
nivolumab (BMS), pembrolizumab (Merck), and/or atezolizu-
mab (Genentech) at the indicated concentrations. PBMCs
were stimulated with PHA-L (Sigma) over 24 h. Viable cells
were counted by trypan blue exclusion or analyzed by flow
cytometry as indicated.

ELISA

Enzyme-linked immunosorbent assay (ELISA) was performed
as previously published.19 In brief, paired mouse IgG2 mono-
clonal antibody clones H1A and B11 against extracellular
human PD-L1 were utilized in a capture-detection plate
assay using biotinylation and HRP-streptavidin detection.
This assay is specific for sPD-L1 and does not exhibit cross-
reactivity to other B7-H homologues. Concentrations were
determined by optical density (OD) measurements along
a known standard curve of recombinant human PD-L1.

Flow cytometry

Antibodies and reagents used for flow cytometry were Annexin-
V-FITC, anti-CD16/32 (BioLegend); anti-PD-L1 (Fisher, clone
MIH1); anti-ADAM10 (Abcam, clone 11G2); anti-ADAM17
(Lifespan Biosciences, clone 1F6); anti-human IgG (Biosource);
anti-mouse IgG (Invitrogen); isotype controls (eBioScience);
TMRE-PE (Abcam); and BD Wash/Perm (Becton Dickenson).
Atezolizumab (Genentech) was conjugated with Alexafluor-
647 per the manufacturer’s protocol (Invitrogen). Flow cytometry
was performed on a CytoFLEX LX flow cytometer (Beckman
Coulter) and analyzed using FlowJo software (Treestar).

Flow cytometry of extracellular vesicles (EVs) was performed
on isolated supernatants from cell culture. Supernatants were
initially centrifuged to remove non-adherent cells. These super-
natants were then centrifuged according to existing protocols

and analyzed using an A50-Micro Plus Nanoscale Flow
Cytometer (Apogee FlowSystems) gating for mid-intensity
light angle light scatter (LALS) and marker of interest.20

Nanoscale flow cytometer calibration was performed using
a standard reference bead mix.

Immunohistochemistry/immunofluorescence

Tissue samples from consented human subjects were obtained as
formalin-fixed paraffin-embedded blocks from clinical archives.
This process was overseen and approved by the Mayo Clinic
Institutional Review Board (IRB, protocol number 15–000934).
For immunohistochemistry (IHC), specimens were sectioned
(5 µm) and stained with antibodies against ADAM10 (Abcam,
clone 11G2), ADAM17 (Lifespan Biosciences, clone 1F6), or PD-
L1 (Cell Signal, clone E1L3 N). Immunohistochemistry slides
were counterstained with hematoxylin. Images were reviewed by
a pathologist and scored positive for moderate to intense stain-
ing. For immunofluorescence (IF), cells were cultured as speci-
fied, fixed in paraffin, and counterstained with DAPI and
rhodamine-conjugated wheat germ agglutinin (WGA-
rhodamine) prior to imaging by confocal microscopy.

Calcein immunofluorescence-based survival was assayed
by automated live microscopy at 10-min intervals. In brief,
786–0 cells were treated with control, ADAM10, and/or
ADAM17 siRNA. Cells were then washed and loaded with
5uM calcein for 30 min and subsequently washed and treated
with PHA-L-activated PBMCs from healthy donors at a 10:1
ratio in 96-well plates. Automated microscopy was performed
at 10-min intervals in each of 6 wells per treatment group
over 4 h with the EVOS cell imaging system (Thermo Fisher).
Calcein-positive densitometry was quantified using ImageJ
(NIH) and plotted versus time zero control.

Cancer Genome Atlas data

Level 3 data including sequence per million mapped frag-
ments (FPKM) transcript data from validated RNA-seq
experiments and PD-L1 protein levels from validated reverse
phase protein array (RPPA) experiments was downloaded for
all available patients in The Cancer Genome Atlas (TCGA)
database. RPPA data were normalized to scale and a simple
PD-L1 protein-to-mRNA ratio for each tumor was calculated
by dividing reverse phase protein array (RPPA) PD-L1 pro-
tein levels by RNA-seq CD274 levels. Survival analysis was
performed by Cox proportional hazards modeling and all data
were right censored for analysis. PD-L1 protein-to-mRNA
ratio cutoffs were generated by iterative Cox proportional
hazards modeling without correction for age or stage of
tumor as described.21 Regression modeling was performed
for each cancer subset using the base R! linear regression
model. P < .05 was considered statistically significant.

Statistical analysis

Statistical consultation was generously provided by Nathan
Foster and Paul Novotny of the Mayo Clinic Center for
Clinical and Translational Science (CCaTS). Bioinformatics
support was provided by the Mayo Clinic Division of
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Biomedical Statistics and Informatics. All statistical analyses
were performed using R! Statistical Software (R Foundation).
Unpaired student’s t-test assessed statistical differences in
experimental groups except where otherwise indicated.
Figures comprising box plots show quartile values and indi-
vidual data points. Mean values and 95% confidence intervals
(CI) are indicated in corresponding supplemental figures and
tables. P < .05 was considered statistically significant. In
figures, p values are denoted <0.05 with *, <0.01 with **,
and <0.001 with ***.

Results

Low PD-L1 protein-to-mRNA ratios predict poor overall
survival and are associated with higher metalloprotease
mRNA expression in papillary renal cell carcinoma and
other malignancies

Disparate tumor PD-L1 protein staining and clinical response to
PD-(L)1 inhibitor therapy frustrates regulators, pathologists, and
clinicians.18 We hypothesized that post-translational tumor PD-
L1 loss may explain both the variability of PD-L1 expression and
the discordance between PD-(L)1 staining and clinical responses
to PD-(L)1 inhibitors. To determine whether PD-L1 protein
levels are commensurate with CD274 (PD-L1) mRNA expres-
sion in human tumors, we queried The Cancer Genome Atlas
(TCGA) for normalized reverse phase protein array (RPPA) PD-
L1 protein levels and for normalized CD274 RNA-seq transcript
sequences per million mapped fragments (FPKM) and calcu-
lated a PD-L1 protein-to-mRNA ratio for each sample. A violin
plot of these ratios by cancer subtype is shown (Figure 1(a)).
Most cancer subtypes demonstrate substantial variation in PD-
L1 protein-to-mRNA ratios.

We next considered whether tumor PD-L1 protein-to-
mRNA ratio might predict overall survival in these malignan-
cies. We performed Cox proportional hazards testing between
groups of high and low protein-to-mRNA ratios for each
malignancy, controlling for age and tumor stage at diagnosis.
A forest plot and table reporting group size (n), cutoff values,
and hazard ratios of death with 95% confidence intervals (CI)
are shown (Figure 1(b), Table 1). Low PD-L1 protein-to-
mRNA ratios predicted poor survival in adrenocortical ade-
noma, urothelial bladder cancer, breast cancer, papillary renal
carcinoma, low grade glioma, hepatocellular carcinoma, and
mesothelioma when controlling for age and tumor stage. Low
PD-L1 protein-to-mRNA ratios predicted improved outcomes
for renal clear cell carcinoma and stomach adenocarcinoma.
Survival between groups without regard to age or stage at
diagnosis was also analyzed with similar results
(Supplemental Figure 1a, Supplemental Table 1).

Given these findings, we hypothesized that low PD-L1
protein levels in cells expressing PD-L1 mRNA may result
from surface PD-L1 ectodomain shedding to produce soluble
PD-L1. We previously showed that renal carcinoma cells
produce a soluble form of PD-L1 (sPD-L1) and that patients
with high serum sPD-L1 experience worse outcomes in renal
cancer.19 In our Cox proportional hazards models, low PD-L1
protein-to-mRNA ratios predict strikingly poor outcomes in
papillary renal cell carcinoma (Figure 1(c)).

The source of soluble PD-L1 is uncertain. While others
have reported secreted PD-L1 splice variants,22 we hypothe-
sized that PD-L1 may be cleaved from the surface of tumor
cells. In particular, closely related metzincin metalloprotei-
nases ADAM10 and ADAM17 commonly cleave immune
cell surface ligands. To test the hypothesis that ADAM10
and ADAM17 cleave surface PD-L1, we compared normalized
RNASeq FPKM for ADAM10 and ADAM17 in tumor sam-
ples with PD-L1 protein-to-mRNA ratios in papillary renal
cell carcinoma by linear regression model (Figure 1(d)).
ADAM17 mRNA expression levels showed significant inverse
correlation with PD-L1 protein-to-mRNA ratios in papillary
kidney cancer. Similar analyses were performed on all other
TCGA cancer subsets (Supplemental Figure 1b, Supplemental
Table 2). In all 26 cancer subtypes in the dataset, ADAM10
and/or ADAM17 transcripts were significantly inversely cor-
related with tumor sample PD-L1 protein-to-mRNA ratios.
While correlative in nature and encompassing whole tumor
beds including stromal cells, these results suggested a possible
role for ADAM10 and/or ADAM17 in PD-L1 removal from
the tumor cell surface.

ADAM10 and ADAM17 (TACE) cleave sPD-L1 from the
surface of tumor cells

To test our hypothesis that tumor surface proteases ADAM10
and ADAM17 cleave surface PD-L1 to release sPD-L1, we
screened multiple malignant cell lines with a variety of related
metalloprotease inhibitors (including aderbasib, TAPI-0,
TAPI-2, and GI-254023X) and with broad protease inhibitors
(Supplemental Figure 2). In these cell lines, we found that
inhibitors of metalloproteases ADAM10 and ADAM17 con-
sistently and significantly reduce tumor cell line supernatant
sPD-L1 at 48 h.

Focusing on our renal cancer model, we treated wild-type
786–0 renal cancer cells with DMSO vehicle control versus
protease inhibitors over 48 h and assayed cell supernatants for
sPD-L1 by ELISA. 786–0 renal carcinoma cells produced
copious sPD-L1 in vitro at high cell titers and on interferon-
γ treatment, but an inhibitor of ADAM10 and ADAM17
reduced measurable supernatant sPD-L1 (Figure 2(a),
Supplemental Table 3). Inhibiting ADAM10 and ADAM17
did not alter PD-L1 mRNA levels (Supplemental Figure 3).
786–0 renal cancer cell line sPD-L1 production varied pre-
dictably with incubation time, cell concentration, and inhibi-
tor concentration (Supplemental Figure 4a-b). 786–0 and
other cell lines that produce sPD-L1 express surface
ADAM10 and ADAM17 by flow cytometry (Supplemental
Figure 4c).

786-0-PD-L1-GFP renal carcinoma cells carry a PD-L1
overexpression construct with an intracellular C-terminus
GFP tag. To further characterize PD-L1 cleavage by
ADAM10 and ADAM17, we labeled N-terminus surface PD-
L1 on 786-0-PD-L1-GFP cells with Alexafluor-647-conjugated
anti-PD-L1 antibody atezolizumab (ATZ-Alexa647) at time 0
and treated with DMSO vehicle control versus metallopro-
tease inhibitor TAPI-2 (Figure 2(b)). After 24 h, we measured
fluorescence by flow cytometry and confocal microscopy. By
flow cytometry, 786-0-PD-L1-GFP cells treated with this
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broad inhibitor maintained more intact PD-L1 as evidenced
by abundant GFPhigh/Alexa647+ cells versus vehicle-treated
control (Figure 2(c), Supplemental Figure 5a-b). 786-0-PD-
L1-GFP cells visualized by confocal microscopy at one-hour
post-treatment maintained both total cell PD-L1 (GFP-PD-L1,
green) and starting surface PD-L1 (ATZ-A647, purple) which
were localized to the cell surface (WGA-rhodamine, red) by
confocal microscopy (Figure 2(c)). At 24 h, vehicle control-
treated cells lost both starting surface PD-L1 and total PD-L1
with perinuclear localization of residual GFP. In contrast,
TAPI-2-treated cells at 24 h maintained both total PD-L1
and starting surface PD-L1. Similar results were seen by
immunofluorescence and flow cytometry when ADAM10
and ADAM17 were knocked down with pooled siRNA
(Figure 2(d), Supplemental Figure 5 c-d). Similar results

were seen in the MB-MDA-231 breast cancer cell line
(Supplemental Figure 6a). Inhibition with ADAM10-specific
peptide TIMP-1 and ADAM17-specific function-blocking
monoclonal antibody D1A similarly maintained 786-0-PD-
L1-GFP surface PD-L1 at 24 h versus vehicle control and
prevented sPD-L1 generation (Supplemental Figure 6b).

Karpas-299 cells also release ADAM10-cleaved sPD-L1
(Supplemental Figure 3b, 4c). We treated these cells with
vehicle control, TAPI-2, or exogenous recombinant
ADAM10 or ADAM17 and measured surface PD-L1 staining
by flow cytometry (Figure 2(e)). TAPI-2-mediated ADAM10/
ADAM17 inhibition increased surface PD-L1 staining, while
recombinant ADAM10 and ADAM17 each significantly
reduced surface PD-L1 staining. Unlike 786–0 renal carci-
noma cells, Karpas-299 cells, and other cell lines tested,

Figure 1. Low PD-L1 protein-to-mRNA ratios predict poor overall survival and higher metalloprotease mRNA expression in papillary renal cell carcinoma and other
malignancies. (a) Cases from The Cancer Genome Atlas (TCGA) public dataset were queried for PD-L1 protein levels by reverse phase protein array (RPPA) and for
CD274 (PD-L1) RNA-seq transcript sequence per million mapped fragments (FPKM). A PD-L1 protein-to-mRNA ratio was calculated for each tumor sample. Variability
of PD-L1 protein-to-mRNA ratios is shown by cancer subtype in a violin plot. (b) Cases in each cancer subtype were divided into high versus low PD-L1 protein-to-
mRNA ratio groups. Survival for each group, controlling for age and tumor stage at diagnosis, was compared by Cox proportional hazards modeling and reported by
forest plot (see Table 1). (c) Cases of papillary renal cell carcinoma were divided by high versus low protein-to-mRNA ratio (cutoff 2.56E-6) and survival was
compared, controlling for age and stage at diagnosis. (d) ADAM10 and ADAM17 expression (RNASeq normalized FPKM) in each papillary renal cell carcinoma case
from TCGA were plotted against PD-L1 protein-to-mRNA ratios and correlation was analyzed by linear regression. ADAM17 expression correlated inversely with PD-L1
protein-to-mRNA ratios (p < .0001). Additional analyses across the TCGA dataset are reported in Supplemental Figure 1 and Supplemental Tables 1–2. Corresponding
cancer subtype names and data are listed in Table 1. *** P < .001.
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A549 lung carcinoma cells express surface PD-L1 but neither
ADAM10 nor ADAM17 (Supplemental Figure 4c). A549 cells
do not produce high levels of sPD-L1. We treated these cells
with exogenous recombinant ADAM17 in culture medium
over 48 h. Exogenous ADAM17 induced A549 sPD-L1 shed-
ding as measured by ELISA (figure 2(f)). Notably, PD-L1
protein-to-mRNA ratio did not correlate with survival in
patients with lung cancer in The Cancer Genome Atlas data-
set (Supplemental Figure 1b).

Primary melanoma ADAM10 and ADAM17 staining
correlates negatively with PD-L1 staining

ADAM10/ADAM17-mediated tumor sPD-L1 cleavage
occurred in a variety of tumor cell lines as described above.
In primary tumors, cell PD-L1 staining is often performed on
tumor samples prior to treatment. However, tumor PD-L1
staining does not always predict treatment response.18

Furthermore, PD-L1 expression varies within the same
tumor both spatially and temporally.23–25

Advanced melanomas are commonly treated with a PD-1
inhibitor such as pembrolizumab for first-line therapy,
although most tumors exhibit or acquire resistance to
treatment.26 In our TCGA analysis, patients with melanomas
demonstrating low PD-L1 protein-to-mRNA ratios trended
toward worse outcomes than patients whose tumors featured
high PD-L1 protein-to-mRNA ratios (Figure 3(a)).

To assess whether ADAM10 or ADAM17 activity contri-
butes to tumor surface PD-L1 staining variability, we stained
sequential melanoma sections with antibodies against
ADAM10, ADAM17, and PD-L1 (Figure 3(b-c),
Supplemental Figure 7). In the eight samples stained from
different patients with melanoma, PD-L1 and ADAM10 or

ADAM17 staining were mutually exclusive. Samples positive
for PD-L1 were negative for ADAM10 and ADAM17 (Figure
3(b), Supplemental Figure 7A). Conversely, samples positive
for ADAM10 and/or ADAM17 were negative for PD-L1
(Figure 3(c), Supplemental Figure 7B-D). This negative corre-
lation was statistically significant by Fisher’s exact test
(Supplemental Figure 7E). As a positive internal control,
ADAM10 was observed in endothelial cells surrounding
blood vessels.

Tumor-derived sPDL1 induces activated human CD8 + T
cell apoptosis and competes with PD-(L)1 inhibitors for
effect on CD8 + T cells

We hypothesized that ADAM10 and ADAM17-generated
tumor-derived sPD-L1 may induce human CD8 + T cell
death. To characterize sPD-L1-mediated immune cell death,
we treated CD8 + T cells from healthy human donors over 48
h with recombinant Fc fusion PD-L1 protein (Figure 4(a),
Supplemental Table 5). Recombinant Fc-PD-L1 significantly
reduced CD8 + T cell survival.

To determine whether ADAM10- and ADAM17-generated
sPD-L1 induce immune cell death despite treatment with PD-
(L)1 inhibitors, we treated CD8 + T cells from healthy human
donors with sPD-L1-rich supernatant from Karpas-299 cells
for 48 h with or without PD-(L)1 inhibitors and measured cell
survival by trypan blue staining (Figure 4(b)). sPD-L1-rich
supernatants reduced CD8 + T cell survival despite pre-
treatment with PD-(L)1 inhibitors. Conversely, Karpas-299
cell supernatant generated in the presence of inhibitor
TAPI-2 to prevent sPD-L1 production did not induce
CD8 + T cell death.

Table 1. Low PD-L1 protein-to-mRNA ratios predict worse survival in multiple malignancies. Cox proportional hazards modeling of death from tumors expressing
high versus low PD-L1 protein-to-mRNA ratios by cancer subtype controlling for age and stage at diagnosis. See Figure 1B.

Cancer subtype
TCGA
Code

High PD-L1 protein-to-mRNA
ratio (n)

Low PD-L1 protein-to-mRNA
ratio (n)

Hazard Ratio
(survival) p value

Protein-to-mRNA ratio
cutoff

Adrenal cortical adenoma ACC 22 70 4.959 <0.0001 5.34E-06
Urothelial Bladder Cancer BLCA 96 336 1.461 0.03103 1.77E-06
Breast Cancer BRCA 54 45 7.243 0.00423 2.95E-06
Cervical Cancer CESC 101 70 2.163 0.07434 2.72E-06
Cholangiocarcinoma CHOL 20 18 0.893 0.8451 5.12E-06
Diffuse Large B Cell

Lymphoma
DLBC 18 15 1.9e9 0.9991 6.38E-06

Glioblastoma GBM 27 43 1.075 0.80368 1.70E-06
Head/Neck Small Cell Cancer HNSC 28 104 1.687 0.14302 1.30E-06
Kidney Chromophobe KICH 39 45 0.403 0.24837 5.83E-06
Kidney Clear Cell KIRC 489 27 0.549 0.0306 5.54E-06
Kidney Papillary KIRP 22 211 5.761 <0.0001 2.56E-06
Lower Grade Glioma LGG 26 320 3.639 <0.0001 1.74E-06
Hepatocellular Carcinoma LIHC 23 203 2.713 0.00074 3.97E-06
Lung Adenocarcinoma LUAD 49 77 0.672 0.22831 2.41E-06
Lung Squamous Carcinoma LUSC 53 83 0.719 0.29557 1.26E-06
Mesothelioma MESO 27 32 2.953 0.00055 1.81E-06
Pancreatic Adenocarcinoma PAAD 24 75 1.562 0.14166 2.70E-06
Pheochromocytoma/

Paraganglioma
PCPG 37 51 3.345 0.14991 4.99E-06

Prostate Adenocarcinoma PRAD 25 163 3.949 0.17245 5.04E-06
Rectal Adenocarcinoma READ 87 46 0.914 0.82775 4.92E-06
Sarcoma SARC 105 120 2.078 0.00111 3.68E-06
Melanoma SKCM 76 69 1.548 0.20823 3.59E-06
Stomach Adenocarcinoma STAD 29 56 0.351 0.00805 3.52E-06
Testicular Germ Cell Tumor TGCT 41 68 4.793 0.2289 2.72E-06
Thyroid Carcinoma THCA 21 157 4.233 0.32823 3.37E-06
Thymoma THYM 32 55 1.123 0.87919 4.25E-06
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Figure 2. ADAM10 and ADAM17 (TACE) cleave sPD-L1 from the surface of tumor cells. (a) Wild-type 786–0 renal cancer cells were grown in conditions known to
induce sPD-L1 production (density 106 cells/ml with interferon-γ or density 107 cells/ml with vehicle control) in the absence or presence of ADAM10/ADAM17
inhibitor TAPI-0 over 48 h. Supernatants were collected and assayed for sPD-L1 by ELISA. Box plots shown. Additional cell lines, inhibitors, and concentrations shown
in Supplemental Figures 3 and 4. (b) Schematic for panels C-D. 786–0 cells expressing C-terminus PD-L1 GFP (786-0-PDL1-GFP) at 3 · 104 cells/ml were labeled with
Alexafluor-647-conjugated atezolizumab (ATZ-Alexa647) and then treated as indicated prior to assay. (c) ATZ-Alexa647-labeled 786-0-PDL1-GFP cells treated with
DMSO vehicle or TAPI-2 were assayed for maintained surface PD-L1 (GFPhigh/Alexa647+) by flow cytometry at 24 h. ATZ-Alexa647-labeled 786-0-PDL1-GFP cells
treated with DMSO vehicle versus TAPI-2 were visualized for nuclei (DAPI, blue), C-terminus PD-L1 (PD-L1-GFP, green), lipid membranes (WGA-rhodamine, red), and
N-terminus PD-L1 (Atezolizumab-A647, purple) by immunofluorescence at 1 h and 24 h. Vehicle control-treated cells showed perinuclear localization of residual GFP
(gray arrows). TAPI-2 treated cells showed increased total PD-L1 and starting surface PD-L1 (white arrows). Box plots quantifying flow cytometry shown, compared
statistically by Student’s t-test. (d) ATZ-Alexa647-labeled 786-0-PDL1-GFP cells treated with control siRNA versus ADAM10/ADAM17 siRNA versus TAPI-2 were

e1744980-6 J. J. ORME ET AL.



We further hypothesized that high doses of PD-1 inhibitor
may prevent sPD-L1-mediated CD8 + T cell death. We treated
CD8+ human T cells isolated from 12 different healthy human
donors with increasing concentrations of PD-1 inhibitor pembro-
lizumab in the presence of supernatant from 786 to 0 wild type
versus 786-0-PD-L1-null cells and measured Annexin-V-positive,
TMRE-negative apoptotic cells by flow cytometry (Figure 4(c-d),
Supplemental Figure 8). High doses of pembrolizumab reduced
CD8 + T cell apoptosis in each matched donor. In a confirmatory
experiment, the PD-L1 inhibitor atezolizumab at high concentra-
tions also rescued CD8 + T cells from sPD-L1-mediated apoptosis
(Supplemental Figure 9). Spiking supernatants with inhibitor did
not reduce CD8 + T cell apoptosis. These results suggest that
ADAM10 and ADAM17 cleave surface PD-L1 to produce sPD-
L1, which in turn induces CD8 + T cell apoptosis and prevents
PD-(L)1 inhibitor function (Figure 4(e)).

We next sought to determine whether sPD-L1 exposure
broadly dampens antitumor immunity. We isolated peripheral
blood mononuclear cells (PBMCs) and pre-treated them with
supernatant from wild-type versus PD-L1-deficient786-0 cells
over 4 h. We also loaded 786–0 PD-L1-deficient cells with
calcein dye. These calcein-loaded PD-L1-null tumor cells were
then washed and treated with the above PBMCs at 10:1 versus
medium control and visualized by microscopy for tumor
calcein positivity at 0, 60, and 120 min (figure 4(f)). PD-L1-
negative supernatant-treated PBMCs significantly reduced
tumor cell survival at 60 and 120 min versus media control
and PD-L1 positive supernatant-treated PBMCs.

We further considered whether ADAM10 and/or ADAM17
activity in the tumor itself prevents tumor cell killing by per-
ipheral blood mononuclear cells (PBMCs). We knocked down
ADAM10 and/or ADAM17 expression in 786–0 wild-type and
PD-L1-null renal cancer cells using siRNA, then washed and
loaded with calcein dye. We cocultured these tumor cells with
healthy peripheral blood mononuclear cells (PBMCs) at a 10:1
ratio and measured the loss of calcein-positive cells by auto-
mated fluorescence microscopy at 10-min intervals
(Supplemental Figure 10). Knockdown of tumor cell
ADAM10, ADAM17, or both significantly increased PBMC-
mediated tumor cell death in wild-type, but not PD-L1-
deficient, 786–0 cells. This suggests that this resistance is
mediated by ADAM10 and/or ADAM17 and requires PD-L1.

Tumor cells may secrete PD-L1-positive extracellular vesi-
cles (EVs) to downregulate tumor immunity.27 Both
ADAM10 and ADAM17 are known extracellular vesicle
components.28 To investigate whether ADAM10 or
ADAM17 cleave PD-L1 from the surface of EVs, we labeled
786–0 PD-L1-overexpressing cells with Alexafluor-647-
conjugated atezolizumab and incubated over 24 h. We then
isolated EVs from the cell supernatant and incubated an
additional 24 h in the presence of vehicle control versus

TAPI-2 and analyzed EVs by nanoflow cytometry
(Supplemental Figure 11). Treatment of vesicles with TAPI-2
significantly increased the number of ATZ-positive EVs
remaining after 24 h, suggesting that ADAM10 and
ADAM17 continue to cleave PD-L1 after tumor EV release.

Discussion

In the present work, we showed that tumor-associated met-
zincin metalloproteinases ADAM10 and ADAM17 cleave PD-
L1 from the surface of tumor cells to induce apoptosis in
CD8 + T cells and dampen anti-tumor immunity. These
findings represent a novel mechanism of resistance to PD-
(L)1 inhibitors. This newfound activity of tumor ADAM10
and ADAM17 may explain several phenomena observed in
human cancers. First, high serum sPD-L1 is a predictor of
poor response to PD-1 inhibition in some malignancies and
predicts poor outcomes overall in hepatocellular carcinoma,
cholangiocarcinoma, lung cancer, melanoma, myeloma, NK
T cell lymphoma, and others.29–37 Tumor ADAM10 and
ADAM17 cleave sPD-L1 that may mediate this PD-1 inhibitor
resistance by inducing CD8 + T cell death. sPD-L1 may also
act as a sink for circulating PD-L1 inhibitors (see Figure 4(e)).

Second, high sPD-L1 is a positive prognostic indicator in
a minority of tumor types, including stomach
adenocarcinoma.38,39 Stomach adenocarcinoma is one of the
only two malignancies for which our analysis found an asso-
ciation between lower PD-L1 protein-to-mRNA ratios and
improved outcomes. Different sPD-L1 cleavage products gen-
erated by ADAM10 and/or ADAM17 either alone or in
sequence may have different effects on the PD-1 receptor,
and different resistance mechanisms may further account for
these differences. Future studies of products of proteolytic
PD-L1 cleavage – including whether ADAM10 and
ADAM17 cleave PD-L1 at the same sites and whether all
products exhibit similar activities – are warranted.

Third, some tumors that do not have detectable PD-L1
expression on pathology samples respond to PD-1/PD-L1
inhibition.18 The activity of ADAM10 and ADAM17 may
explain negative PD-L1 staining in these cases. It may also
explain the spatial and temporal variability of surface PD-L1
expression in some tumors.23–25 Further, sPD-L1 derived
from a subset of tumor cells may protect distant malignant
cells from anti-tumor immunity. Combined ADAM10/
ADAM17/PD-L1 immunohistochemistry and serum sPD-L1
may thus better select patients for PD-(L)1 inhibitor therapy
in future studies.

While these data suggest that tumor-derived soluble PD-
L1 may play a role in tumor immunosuppression, there is
currently no animal model of sPD-L1-induced resistance. It
is also unknown how these findings relate to previously

visualized for nuclei (DAPI, blue), C-terminus PD-L1 (PD-L1-GFP, green), lipid membranes (WGA-rhodamine, red), and N-terminus PD-L1 (Atezolizumab-A647, purple)
by immunofluorescence at 24 h. Corresponding siRNA and flow cytometry data in Supplemental Figure 5A-D. Box plots quantifying flow cytometry shown, compared
statistically by Student’s t-test. (e) Karpas-299 cells were treated with vehicle control versus TAPI-2, recombinant human ADAM10, or recombinant human ADAM17
over 24 h and PD-L1 positive cells were measured by flow cytometry. Box plots quantifying flow cytometry mean fluorescence intensity (MFI) shown, compared
statistically by Student’s t test. (f) A549 lung carcinoma cells were treated with vehicle control versus recombinant human ADAM17 (TACE) over 24 h and sPD-L1 was
measured from cell supernatants by ELISA. Box plots and statistical data including p value versus control, mean, and 95% confidence intervals by unpaired Student’s
t-test are shown. *** P < .001, ** P < .01, * P < .05. Additional-related experimental data are in Supplemental Tables 3–4, Supplemental Figures 5–6.
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Figure 3. Primary melanoma ADAM10 and ADAM17 staining correlates negatively with PD-L1 staining. (a) Cases of melanoma were divided by high versus low
protein-to-mRNA ratio (cutoff 3.59E-6) and overall survival, ADAM10 expression, and ADAM17 expression were compared by Cox proportional hazards testing and
unpaired Student’s t-test, respectively. Similar analyses across the TCGA dataset are reported in Table 1, Supplemental Figure 1, and Supplemental Tables 1–2.
Primary melanoma samples were stained for ADAM10 (pink, column 1), ADAM17 (pink, column 2), and PD-L1 (brown, column 3) by immunohistochemistry (IHC). 10x
and 60x magnification shown for each sample. Dashed rectangle in the 10x magnification images (row 1) denotes the area of 60X magnification (row 2). An asterisk
(*) denotes moderate to intense staining as scored by a pathologist. (b) In Case 1, melanoma cells stained positively for PD-L1 but not for ADAM10 or ADAM17. (c) In
Case 2, melanoma cells stained positively for ADAM10 but not for ADAM17 or PD-L1. Additional cases in Supplemental Figure 7A-D. Fisher’s exact test showed
significant negative correlation between ADAM10/ADAM17 and PD-L1 staining (odds ratio 0, CI 0–0.832, p = .018; see Supplemental Figure 7E).
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published secreted PD-L1 splice variants.22 While we
observed that PD-L1 is also shed from the surface of extra-
cellular vesicles, further work is required to determine the
relative contribution of exosome-derived sPD-L1 to resis-
tance. It is also uncertain whether removal of either
ADAM10 or ADAM17 alone, as in our siRNA studies but
not in our peptide and antibody inhibitor experiments, is

sufficient to rescue PD-(L)1 inhibitor sensitivity. This may
reflect the difference between RNA-level silencing of
enzyme expression versus cell surface-limited competitive
inhibition of ADAM10 and ADAM17 by peptide and anti-
body in these experiments. Given differences in tumor sub-
type expression and the many modes of regulation of
ADAM10 and ADAM17 activity, different tumors may

Figure 4. Tumor-derived sPD-L1 induces activated human CD8 + T cell death and competes with PD-(l)1 inhibitors for effect on CD8 + T cells. Human CD8 + T cells
from unique healthy donors were cultured (a) in the presence of PBS control versus 5 µg/ml or 10 µg/ml recombinant sPD-L1 or (b) in the presence of sPD-L1-rich
Karpas-299 cell line supernatant with or without PD-(L)1 inhibitors. Cell survival was measured by trypan blue staining. CD8+ human T cells from unique healthy
donors were cultured in the presence of supernatant from wild type versus PD-L1 knockout 786–0 cells in the presence of varying concentrations of PD-1 inhibitor
pembrolizumab. Apoptosis was measured by TMRE and Annexin-V staining on flow cytometry (c), percent TMRE-negative Annexin-V-positive apoptotic cells in
treatment groups are reported (d). Additional flow diagrams in Supplemental Figure 8. A model of ADAM10/ADAM17-induced sPD-L1-mediated PD-(L)1 resistance is
diagrammed (e). Healthy human PBMCs from unique donors were treated with supernatant from wild type versus PD-L1-knockout 786–0 cells over 4 h. PBMCs were
then isolated and added to calcein-labeled 786–0 PD-L1 knockout cells at a 10:1 ratio and cell survival was visualized by microscopy and quantified at 0, 1, and 2
h (f-g). Cells in this figure were numbered where helpful. Statistical analyses performed with unpaired Student’s t-test (see Supplemental Table 5). *** P < .001, **
P < .01, * P < .05.
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respond differently to blockade of both or either of these
enzymes. Clinical studies are warranted to validate these
findings in patients.

Our findings further support that pre-treatment tumor
expression of PD-L1 by immunohistochemistry is insufficient
to determine whether a patient may benefit from a PD-(L)1
inhibitor. Combination PD-L1 and ADAM10/ADAM17
immunohistochemistry as well as serum sPD-L1 measure-
ment may further improve therapeutic decision-making.
Our results additionally suggest potential novel therapeutic
approaches to PD-(L)1 inhibitor-resistant tumors. For
instance, patients with selected malignancies could be treated
initially with higher doses of a PD-L1 inhibitor that recog-
nizes sPD-L1, although these doses in vivo may be prohibi-
tively high. It is also unknown whether clinical PD-L1
inhibitors bind sPD-L1 fragments equally. Clinical trials
would be appropriate to address these questions.
Alternatively, selected patients could be treated first with
plasma exchange to remove circulating sPD-L1 followed by
a PD-(L)1 inhibitor. Selected malignancies could otherwise be
treated at the source with an inhibitor of ADAM10/ADAM17
in conjunction with a PD-(L)1 inhibitor to improve response.
While genetic loss of these proteases is lethal in mice and
causes severe inflammatory disease in humans, clinical inhi-
bitors of ADAM10 and ADAM17 have been studied and
found to be safe in other indications.40
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