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Abstract
Expression of programmed death ligand 1 (PD-L1) on the surface of tumor cells and its interaction with programmed cell 
death protein 1 (PD-1) on tumor-infiltrating lymphocytes suppress anti-tumor immunity. In breast tumors, PD-L1 expression 
levels are the highest in estrogen receptor-negative, progesterone receptor-negative, and human epidermal growth factor 
receptor 2-negative (triple-negative) cancers. In this study, we show that a portion of PD-L1 exogenously expressed in several 
triple-negative breast cancer cell lines, as well as endogenous PD-L1, is proteolytically cleaved by cell surface metallopro-
teases. The cleavage generates an ~ 37-kDa N-terminal PD-L1 fragment that is released to the media and a C-terminal PD-L1 
fragment that remains associated with cells but is efficiently eliminated by lysosomal degradation. We identify ADAM10 
and ADAM17, two closely related members of the ADAM family of cell surface metalloproteases, as enzymes mediating 
PD-L1 cleavage. Notably, treatment of cells with ionomycin, a calcium ionophore and a known activator of ADAM10, or 
with phorbol 12-myristate 13-acetate, an activator of ADAM17, dramatically increases the release of soluble PD-L1 to the 
media. We postulate that ADAM10 and/or ADAM17 may contribute to the regulation of the PD-L1/PD-1 pathway and, 
ultimately, to anti-tumor immunity in triple-negative breast cancer.
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Abbreviations
ADAM	� A disintegrin and metalloprotease
AEBSF	� 4-(2-Aminoethyl)benzenesulfonyl fluoride 

hydrochloride
BCA	� Bicinchoninic acid
FBS	� Fetal bovine serum
GAPDH	� Glyceraldehyde 3-phosphate dehydrogenase
GEO	� Gene expression omnibus
HOPS	� Homotypic fusion and vacuole protein sorting
HS	� Horse serum
FcγRIII	� Low-affinity IgγFc region receptor III
LAG-3	� Lymphocyte activation gene 3 protein
M/F	� Myc/FLAG tag
MMP	� Matrix metalloprotease

PD-1	� Programmed cell death protein 1
PD-L1	� Programmed death ligand 1
PMA	� Phorbol 12-myristate 13-acetate
siRNA	� Small interfering RNA
sPD-L1	� Soluble programmed death ligand 1
COSMIC	� The catalogue of somatic mutations in cancer 

database
TAPI-2	� Tumor necrosis factor protease inhibitor 2
TNBC	� Triple-negative breast cancer
VPS18	� Vacuolar protein sorting-associated protein 18

Introduction

Immune checkpoint blockade represents one of the most 
promising immunotherapies for the treatment of solid 
tumors. The therapy involves blocking the interaction 
between a negative immune checkpoint regulator, such 
as programmed cell death protein 1 (PD-1) on T cells, 
with programmed death ligand 1 (PD-L1) expressed in the 
tumor microenvironment [1]. Since the PD-1/PD-L1 path-
way attenuates T cell activity and promotes tumor immune 
escape, anti-PD-1/PD-L1 therapeutics can stimulate 
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anti-tumor responses, reduce tumor growth, or even cause 
tumor remission in patients with advanced cancers [1].

In breast cancer, the PD-1/PD-L1 axis is considered a 
particularly promising therapeutic target in triple-negative 
tumors (estrogen receptor-negative, progesterone receptor-
negative, human epidermal growth factor receptor 2-nega-
tive) [2]. Triple-negative breast cancer (TNBC) is the most 
immunogenic breast cancer subtype, with more prominent 
immune infiltration and higher expression levels of PD-L1 
than other tumor subtypes [3, 4]. Within tumors, PD-L1 
is expressed both in tumor cells and in tumor-infiltrating 
lymphocytes, including CD4+ or CD8+ T cells, and 
macrophages [3, 4]. Despite the favorable immune char-
acteristics of TNBCs, their response to anti-PD-1/PD-L1 
therapy is rather modest and varies significantly among 
patients [2]. Recently reported objective response rates 
to anti-PD-1/PD-L1 monotherapies in patients with meta-
static TNBCs remained below 25% [5, 6], and response 
rates to a combination of anti-PD-L1 antibody plus chem-
otherapy were lower than 60% [7]. To further improve 
therapeutic outcomes of PD-1/PD-L1 blockade and to help 
identify biomarkers that can predict patient’s response to 
anti-PD-1/PD-L1 therapies, a better understanding of all 
aspects of the PD-1/PD-L1 pathway is needed, includ-
ing the role of tumor-derived PD-L1 and its regulation in 
tumor cells.

PD-L1 gene expression is regulated at the transcriptional 
and post-transcriptional levels [8], and PD-L1 protein is 
further regulated post-translationally via ubiquitination, 
glycosylation, palmitoylation, or lysosomal degradation 
[9–13]. Transmembrane PD-L1, the main protein isoform 
of PD-L1, resides at the cell surface, but also on the surface 
of exosomes that are secreted to the extracellular milieu [14, 
15]. Soluble forms of PD-L1, containing an intact receptor-
binding domain and lacking the transmembrane domain, 
have also been described, and they result either from an 
alternative PD-L1 mRNA splicing [16, 17] or from cleavage 
of the transmembrane PD-L1 protein. Proteolytic cleavage of 
PD-L1 was described in renal cell carcinoma [18], mesen-
chymal stromal cells [19, 20], and head and neck squamous 
cell carcinoma [21], but it has not been investigated in breast 
cancer.

In this study, we demonstrate unambiguously a proteo-
lytic cleavage of PD-L1 in triple-negative breast cancer cell 
lines. The cleavage generates a distinct soluble N-terminal 
PD-L1 fragment, which is detectable by ELISA and immu-
noblotting, and a C-terminal PD-L1 fragment that remains 
associated with cells but is efficiently eliminated by lysoso-
mal degradation. We also identify a disintegrin and metal-
loprotease 10 (ADAM10) and ADAM17, two closely related 
members of the ADAM family of cell surface metallopro-
teases [22], as enzymes mediating PD-L1 cleavage. We pos-
tulate that ADAM10 and/or ADAM17 may contribute to the 

regulation of the PD-L1/PD-1 pathway and, ultimately, to 
anti-tumor immunity in TNBC.

Materials and methods

Reagents and antibodies

Recombinant human IFN-γ was from eBioscience (San 
Diego, CA), batimastat, aprotinin, pepstatin, leupeptin, 
matrix metalloprotease (MMP)-9 inhibitor I, GI254023X, 
CL-82198, bafilomycin A1, monensin, ammonium chloride, 
and phorbol 12-myristate 13-acetate (PMA) were from Mil-
liporeSigma (Burlington, MA), AEBSF was from Fisher 
Scientific (Hampton, NH), ionomycin and tumor necrosis 
factor protease inhibitor 2 (TAPI-2) were from Cayman 
Chemical (Ann Arbor, MI). Fetal bovine serum (FBS) and 
horse serum (HS) were from Gibco Thermo Fisher Scientific 
(Waltham, MA). ON-TARGETplus human ADAM10 small 
interfering RNAs (siRNAs; J-004503-06 and J-004503-
07; siA10#1 and siA10#2, respectively), siGENOME 
human ADAM17 siRNAs (D-003453-02 and D-003453-
03; siA17#1 and siA17#2, respectively), and Dharmafect 4 
transfection reagent were from Dharmacon (Lafayette, CO). 
Human PD-L1 DuoSet ELISA kit was from R&D Systems 
(Minneapolis, MN). Anti-PD-L1 mAbs, clones E1L3N and 
E1J2J, anti-ADAM10 pAb #14194, and anti-glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) mAb, clone D16H11, 
were from Cell Signaling Technology (Danvers, MA), anti-
ADAM17 pAb was from QED Bioscience (San Diego, 
CA), anti-Myc tag mAb, clone 9E10, was from Invitrogen 
(Carlsbad, CA), and anti-FLAG tag mAb (DYKDDDDK) 
was from GenScript (Piscataway, NJ).

Cell culture

MDA-MB-231, BT549, MCF10A, A549, and DU-145 cells 
were from the American Tissue Culture Collection (Manas-
sas, VA). SUM149 and SUM159 cell lines were obtained 
from Asterand (Detroit, MI). MDA-MB-231, DU-145, 
and A549 cells were cultured in DMEM/F12 medium with 
10% FBS and 10 mM HEPES. BT549 cells were grown in 
RMPI-1640 medium containing 10% FBS and 5 μg/ml insu-
lin. SUM149 and SUM159 cells were cultured in Ham’s 
F-12 medium supplemented with 5% FBS, 10 mM HEPES, 
5 μg/ml insulin, and 1 μg/ml hydrocortisone. MCF10A 
cells were cultured in DMEM/F-12 supplemented with 5% 
horse serum, 0.5 µg/ml hydrocortisone, 20 ng/ml human 
EGF, and 10 µg/ml insulin. Cells were maintained at 37 °C 
under humidified atmosphere containing 5% CO2. siRNA 
transfections were performed using 50 nM siRNA (total 
concentration) and 2 μl Dharmafect 4 (for MDA-MB-231 
cells) or Dharmafect 2 reagent (for A549 and DU-145 cells) 
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per well in six-well plates. One day after transfection, cells 
were transferred to fresh complete media and incubated for 
additional 24–48 h.

Stable overexpression of PD‑L1

Cells were plated in 12-well plates (1x105 cells/well). The 
next day, 2 ml of fresh media containing human PD-L1 
(NM_014143) lentiviral particles (2x105 transducing units/
well; OriGene, Rockville, MD) and polybrene (8 μg/ml) 
were added. Two different PD-L1 clones were used: Myc/
FLAG (M/F)-tagged (RC213071L3V) and GFP-tagged 
(RC213071L4V). The M/F-tagged construct contained 
the following C-terminal sequence after the PD-L1 insert: 
TRTRPLEQKLISEEDLAANDILDYKDDDDKVWVGS-
GATNFSLLKQAGDVEENP, with the Myc and FLAG 
tags underlined and the P2A peptide sequence italicized. 
The GFP-tagged construct also contained the C-terminal 
P2A sequence. P2A is a self-cleaving peptide that sepa-
rated PD-L1-M/F or PD-L1-GFP and puromycin N-acetyl 
transferase encoded in the expression vectors. In parallel, 
cells were incubated with control GFP lentiviral particles 
(PS100093V). After 24 h, cells were transferred to fresh 
media, re-plated into six-well plates, and incubated with 
puromycin for the next 7–10 days. The optimal concentra-
tions of puromycin for each cell line were determined by 
performing kill curve experiments and were as follows: 
MDA-MB-231, 0.4 μg/ml; BT549, 0.3 μg/ml; MCF10A, 
1 μg/ml; SUM159, 1 μg/ml; SUM149, 0.3 μg/ml; A549, 
0.5 μg/ml; and DU-145, 0.5 μg/ml.

PD‑L1 ELISA

Cells were incubated in six-well plates for 24–72 h in media 
with various treatments, as indicated. Conditioned media 
were centrifuged for 15 min at 21,000×g, and concentrations 
of soluble PD-L1 (sPD-L1) in the supernatants were meas-
ured using human PD-L1 DuoSet ELISA kit (R&D Sys-
tems) and a BioTek H1M microplate reader. Cells remaining 
attached to plates were lysed with lysis buffer, and protein 
concentrations were determined using the bicinchoninic acid 
(BCA) assay (Thermo Fisher Scientific). To account for pos-
sible differences in cell densities between individual wells, 
sPD-L1 concentrations measured by ELISA were normal-
ized to equal protein concentration in all cell lysates.

Immunoblotting

Immunoblotting was performed, as described [23]. For sig-
nal detection, we used SuperSignal West Pico or West Femto 
chemiluminescence detection kit (Thermo Fisher Scientific) 
and Azure c500 digital imaging system.

Results

To determine whether PD-L1 is released from the sur-
face of breast cancer cells, we measured concentrations of 
sPD-L1 in conditioned media from four different human 
TNBC cell lines, MDA-MB-231, BT549, SUM159, and 
SUM149, as well as from the untransformed human mam-
mary cell line MCF10A, using a sandwich ELISA assay 
employing antibodies specific for the extracellular domain 
of PD-L1. In parallel, PD-L1 in cell lysates was examined 
by immunoblotting.

The amount of PD-L1 detected in the lysates of 
unstimulated cells was the highest in MDA-MB-231 
cells and the lowest in SUM149 cells (MDA-
MB-231 > SUM159 > BT549 ≈ MCF10A > SUM149) 
(Fig. 1a). This order of expression corresponded well to 
PD-L1 mRNA levels determined by RNA sequencing [24, 
25] (Gene Expression Omnibus (GEO): GSE73526 and 
GSE48213; https​://www.ncbi.nlm.nih.gov/geo/). Concen-
trations of sPD-L1 in the conditioned media from unstimu-
lated cells were very low, except for MDA-MB-231 cells, 
where sPD-L1 reached ~ 100 pg/ml (Fig. 1b). Stimulation 
of cells for 48 h with 10 ng/ml human IFN-γ dramatically 
increased cellular levels of PD-L1 (Fig. 1a), consistent 
with the known role of IFN-γ in the regulation of PD-L1 
expression [26]. Importantly, treatment of cells with IFN-γ 
also significantly increased concentrations of sPD-L1 in 
the conditioned media from all five cell lines (Fig. 1b).

Human PD-L1 mRNA can be alternatively spliced, gen-
erating transcripts that are translated into soluble forms of 
PD-L1 protein [16, 17]. Similar to the main PD-L1 splice 
variant, these alternative variants are induced by IFN-γ [16]. 
To exclude the possibility that increased concentrations of 
sPD-L1 detected after stimulation with IFN-γ were simply 
due to an increased expression of a soluble PD-L1 isoform, 
we established cells with stable constitutive overexpression 
of transmembrane PD-L1. Recombinant PD-L1 contained a 
C-terminal GFP tag or a tandem M/F tag. Immunoblotting of 
cellular lysates showed the presence of several PD-L1 bands, 
ranging from ~ 70 to ~ 90 kDa for PD-L1-GFP, and from ~ 50 
to ~ 70-kDa for PD-L1-M/F (Fig. 2a), which was most likely 
due to post-translational protein modifications. Importantly, 
conditioned media from cells with stable overexpression of 
PD-L1 contained much higher concentrations of sPD-L1 
than the parental cells, typically approaching 2–4 ng/ml for 
MDA-MB-231 cells, 0.4–1 ng/ml for the remaining breast 
cancer cells, and 0.2–0.75 ng/ml for MCF10A cells after 
a 2-day incubation period (Fig. 2b). After parallel meas-
urement of PD-L1 concentrations in cell lysates by ELISA, 
we estimated that sPD-L1 released to the media repre-
sented ~ 5–10% of the total PD-L1 protein in breast cancer 
cells and ~ 1% of PD-L1 in MCF10A cells.

https://www.ncbi.nlm.nih.gov/geo/
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Next, we asked whether sPD-L1 represented an authen-
tic cleavage product of transmembrane PD-L1. This 
question was important because cancer cells often shed 
large amounts of exosomes [14], and PD-L1-containing 
exosomes might be detected by ELISA. We focused on 
three cell lines: MDA-MB-231-PD-L1-M/F, BT549-PD-
L1-M/F, and MCF10A-PD-L1-M/F, with high, interme-
diate, and low secretion of sPD-L1, respectively. After 
centrifugation of the conditioned media at 120,000×g for 
1.5 h, a standard method for sedimentation of exosomes 
[27], sPD-L1 was detected in the supernatants and not the 

pellets (Fig. 3a). This result indicated that PD-L1 detected 
in the conditioned media represented a soluble protein and 
not exosomal transmembrane PD-L1. Furthermore, incu-
bation of cells in serum-free medium did not diminish the 
levels of sPD-L1 (Fig. 3b), indicating that cellular pro-
teases, rather than proteolytic enzymes from the serum, 
played a role in generating sPD-L1.

To unambiguously demonstrate that sPD-L1 was gen-
erated by proteolytic cleavage of transmembrane PD-L1, 
we examined conditioned media from MDA-MB-231 cells 
overexpressing PD-L1 (which release the highest amounts 
of sPD-L1) by immunoblotting, using an antibody spe-
cific for the extracellular domain of PD-L1 (E1J2J). Cells 
were incubated in serum-free medium in this experiment 
to avoid interference from serum albumin in the detection 
of PD-L1. First, we observed low amounts of full-length 
PD-L1 in the conditioned media (Fig. 3c), which might 
be due to a slightly decreased cell viability in the absence 
of serum. Most importantly, we detected an ~ 37-kDa 
N-terminal PD-L1 fragment in conditioned media from 
MDA-MB-231 cells overexpressing PD-L1-M/F or PD-
L1-GFP, but not in cell lysates (Fig. 3c). This fragment 
was not observed in conditioned media from control GFP 
cells, most likely because the level of endogenous sPD-L1 
was below the antibody detection limit. Importantly, while 
the molecular weights of full-length PD-L1-M/F and PD-
L1-GFP were different due to the presence of two different 
C-terminal tags, the size of the 37-kDa fragment released 
to the media was the same, indicating that this fragment 
must have been derived from the recombinant PD-L1-M/F 
and PD-L1-GFP proteins via the cleavage at the same site 
within the two constructs.

We next investigated the fate of the C-terminal fragment 
of PD-L1. If the 37-kDa N-terminal cleavage product is 
released to the media, a complementary C-terminal PD-L1 
fragment should remain associated with cells. Inspection 
of the lower molecular weight region of the immunob-
lots obtained with the antibody specific for the cytoplas-
mic domain of PD-L1 (E1L3N) revealed the presence of a 
weak ~ 18-kDa band in the lysates of BT549 cells expressing 
PD-L1-M/F, but not in the lysates of control cells expressing 
GFP (Fig. 4a). To visualize the 18-kDa fragment in MDA-
MB-231-PD-L1-M/F or MCF10A-PD-L1-M/F lysates, cells 
needed to be incubated for 24 h in the presence of 10 µM 
chloroquine, a weak base that leads to the inhibition of lyso-
somal protein degradation. Chloroquine treatment did not 
have a significant effect on full-length PD-L1-M/F (Fig. 4a). 
This result suggests that the 18-kDa cleavage product is not 
stable in MDA-MB-231 or MCF10A cells and is efficiently 
degraded by lysosomal enzymes. Chloroquine was not 
required for stabilization of the 18-kDa PD-L1 fragment in 
BT549 cells (Fig. 4a, see “Discussion”). The same 18-kDa 
band was also detected with anti-Myc and anti-FLAG 

Fig. 1   Interferon-γ increases PD-L1 protein levels in cell lysates and 
in culture media. Human breast cancer cells SUM159, SUM149, 
MDA-MB-231, BT549, and human non-transformed mammary epi-
thelial cells MCF10A were incubated for 48 h without or with 10 ng/
ml human IFN-γ. a Cell lysates were analyzed by Western blotting 
using anti-PD-L1 antibody (E1L3N). GAPDH is a gel loading con-
trol. b Concentrations of sPD-L1 in the media were measured by 
ELISA. Values are means ± SD from three replicate measurements, 
normalized to equal protein concentration in all cellular lysates. 
P values were determined by unpaired two-tailed Student’s t test. 
Results in a and b are representative of three independent experi-
ments
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antibodies (Fig. 4b), confirming that this band represented 
the C-terminal fragment of the PD-L1-M/F protein.

We next used three other drugs to inhibit lysosomal func-
tion: ammonium chloride, a weak base, monensin, a Na+/

H+ ionophore, or bafilomycin A1, an inhibitor of vacuolar-
type H+-ATPase (V-ATPase). As in the case of chloroquine, 
these treatments increase lysosomal pH and impair lysoso-
mal protein degradation. In MDA-MB-231-PD-L1-M/F or 

Fig. 2   Elevated levels of soluble PD-L1 in culture media after stable 
overexpression of transmembrane PD-L1. PD-L1-GFP, PD-L1-M/F, 
or GFP alone, were stably overexpressed in MCF10A, SUM159, 
SUM149, MDA-MB-231, and BT549 cells. a PD-L1 overexpression 
was confirmed by Western blotting using cell lysates and anti-PD-
L1 antibody (E1L3N). Endogenous PD-L1 is not detectable at this 

exposure time. GAPDH is a gel loading control. b Concentrations of 
sPD-L1 in conditioned media were measured by ELISA. Values are 
means ± SD from three replicate measurements, normalized to equal 
protein concentration in all cell lysates. P value was determined by 
one-way ANOVA, followed by Tukey’s multiple comparisons test. 
Results are representative of three independent experiments

Fig. 3   Soluble PD-L1 is generated by a proteolytic cleavage of 
transmembrane PD-L1. a Conditioned media from MDA-MB-231, 
BT549, or MCF10A cells with stable overexpression of PD-L1-M/F 
were centrifuged at 120,000×g for 1.5  h. sPD-L1 in the superna-
tants (S), pellets (P), and total media prior to centrifugation (T) was 
assayed by ELISA. Values are means ± SD from three replicate meas-
urements. Results are representative of two independent experiments. 
b MDA-MB-231, BT549, or MCF10A cells stably overexpressing 
PD-L1-M/F were incubated for 24 h in media with or without serum. 
sPD-L1 in the media was assayed by ELISA. Values are means ± SD 
from three replicate measurements, normalized to equal protein con-

centration in all cellular lysates. Results in a and b are representative 
of three independent experiments. c MDA-MB-231 cells with stable 
overexpression of PD-L1-M/F, PD-L1-GFP, or GFP alone were incu-
bated in serum-free media for 24  h. Conditioned media (70  μl, out 
of 1  ml of the total volume) or cell lysates (5  μl, out of 500  μl of 
the total volume) were analyzed by Western blotting using an anti-
body specific for the extracellular domain of PD-L1 (E1J2J). The 
N-terminal PD-L1 fragment detected in the media but not the lysates 
is indicated by a red arrow. GAPDH is a gel loading control for lysate 
samples. Results are representative of two independent experiments
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MCF10A-PD-L1-M/F cells, an 18-h treatment with 10 mM 
NH4Cl or a 4-h treatment with 20 μM monensin or 0.1 μM 
bafilomycin A1 increased the abundance of the 18-kDa 
C-terminal PD-L1 fragment (Supplementary Figs. 1–3). In 
BT549-PD-L1-M/F cells, these treatments did not have a 
major impact on the C-terminal PD-L1 fragment (Supple-
mentary Figs. 1–3), corroborating the results obtained with 
chloroquine.

Finally, we asked whether a similar C-terminal fragment 
can be detected after the cleavage of endogenous PD-L1. 
Parental MDA-MB-231, BT549, or MCF10A cells were 
incubated for 48 h with IFN-γ to boost PD-L1 expression, 
and for an additional 24 h with chloroquine to stabilize the 
putative C-terminal cleavage product. As shown in Fig. 4c, 
a weak 14-kDa band corresponding to the C-terminal PD-L1 
fragment was detected in the lysates of IFN-γ- and chloro-
quine-treated MDA-MB-231 and MCF10A cells. The dif-
ference in the molecular weight of this band and the C-ter-
minal PD-L1-M/F fragment, 14 kDa versus 18 kDa, could 
at least partially be due to the presence of additional 53 
residues in the PD-L1-M/F construct (predicted molecular 
weight of ~ 5.9 kDa, see “Materials and methods”). Similar 
to BT549-PD-L1-M/F cells, in parental BT549 cells chlo-
roquine did not have a major effect on the stability of the 
C-terminal PD-L1 fragment.

To determine which enzyme(s) mediate the cleavage of 
PD-L1, we first incubated cells with inhibitors of differ-
ent classes of proteases. It was shown previously that high 
concentrations of ilomastat (GM6001), a broad-spectrum 
hydroxamate-based metalloprotease inhibitor, partially sup-
pressed the release of sPD-L1 in mouse L-929 cells (connec-
tive tissue) [28]. Inhibitors of other classes of proteases have 
not been tested. Here, MDA-MB-231, BT549, or MCF10A 
cells overexpressing PD-L1-M/F were treated for 2 days with 
the following inhibitors: 5 μM batimastat, another broad-
spectrum hydroxamate-based metalloprotease inhibitor, 
0.1 mM AEBSF or 10 μg/ml aprotinin, two serine protease 

inhibitors, 10 μg/ml pepstatin, an aspartic protease inhibi-
tor, or 10 μg/ml leupeptin, a cysteine protease inhibitor. In 
all three cell lines, the release of sPD-L1 was significantly 
decreased only by batimastat (Fig. 5a–c). These results indi-
cated that PD-L1 cleavage was selectively mediated by the 
member(s) of the metalloprotease family of enzymes.

Previous reports implicated two matrix metalloproteases, 
MMP-9 and MMP-13, in the cleavage of PD-L1 in human 
foreskin fibroblasts and in head and neck cancer cells [19, 
21]. Our analysis of the results of global gene expression pro-
filing of breast cancer cells by high-throughput sequencing 
[24, 25] indicated, however, that the expression of MMP-9 
and MMP-13 in MDA-MB-231, BT549, and MCF10A 
cells is very low (GEO:GSE73526 and GSE48213; https​://
www.ncbi.nlm.nih.gov/geo/). Since batimastat also inhibits 
ADAM metalloproteases, in addition to MMPs, and since 
ADAM10 and ADAM17 are highly expressed in MDA-
MB-231, BT549, and MCF10A cells, as well as in SUM159 
and SUM149 cells [24, 25], we hypothesized that these two 
ADAMs may be involved in PD-L1 cleavage in our system. 
Indeed, treatment of MDA-MB-231, BT549, or MCF10A 
cells overexpressing PD-L1-M/F with 30 μM GI254023X, 
a known selective inhibitor of ADAM10 [29], or 30 μM 
TAPI-2, a selective inhibitor of ADAM17 [30], significantly 
decreased the release of sPD-L1 to the media (Fig. 5d–f). In 
contrast, incubation of cells with 1 μM MMP-9 inhibitor I 
or 50 μM CL-82198, a specific MMP-13 inhibitor, did not 
block the release of sPD-L1 (Fig. 5d–f). Furthermore, the 
measured IC50 values for GI254023X (Fig. 5g) and TAPI-2 
(Fig. 5h) in MDA-MB-231-PD-L1-M/F cells were 0.20 μM 
and 0.16 μM, respectively. These submicromolar IC50 values 
were similar to the IC50 values for GI254023X or TAPI-2 
in ADAM10- or ADAM17-mediated cleavage reactions 
of model substrates in vitro [29, 30], suggesting that these 
ADAMs might be involved in the cleavage of PD-L1 in 
intact cells studied here.

To validate our results of pharmacological inhibition of 
ADAM10 and ADAM17, the two ADAMs were down-reg-
ulated using siRNAs. Transfection of two different siRNAs 
targeting ADAM10 into MDA-MB-231-PD-L1-M/F cells 
resulted in ~ 70% down-regulation of ADAM10 expres-
sion and ~ 60% inhibition of sPD-L1 release to the media 
(Fig. 6a, b). Transfection of two different siRNAs targeting 
ADAM17 led to almost complete loss of ADAM17 expres-
sion and 40–60% decrease of sPD-L1 in the media (Fig. 6a, 
b). Combination of all four siRNAs targeting both ADAM10 
and ADAM17 resulted in ~ 80% inhibition of the release 
of sPD-L1 (Fig. 6b). Collectively, these results confirmed 
that the cleavage of transmembrane PD-L1-M/F in MDA-
MB-231 cells was mediated, in a large part, by ADAM10 
and ADAM17.

ADAM10 and ADAM17 expression is not restricted to 
breast cancer cells. To determine whether PD-L1 may be 

Fig. 4   Detection of the C-terminal proteolytic fragment of PD-L1. 
a MDA-MB-231, BT549, or MCF10A cells overexpressing PD-
L1-M/F or GFP (control) were incubated for 24 h in the absence or 
presence of 10  μM chloroquine (CQ). Cell lysates were analyzed 
by Western blotting using an antibody specific for the cytoplasmic 
(CYT) domain of PD-L1 (E1L3N). The low molecular weight region 
of the blot (indicated by the box) is also shown after a longer expo-
sure time. b MDA-MB-231 cell lysates from a were analyzed by 
anti-PD-L1 (E1L3N), anti-Myc, or anti-FLAG antibody. Short and 
long exposures of the low molecular weight region are shown. CTF, 
C-terminal fragment. c Parental MDA-MB-231, BT549, or MCF10A 
cells were incubated for 48 h in the presence or absence of 10 ng/ml 
IFN-γ, and then for additional 24 h with 10 μM CQ in the presence or 
absence of IFN-γ, as indicated. Cell lysates were analyzed by Western 
blotting using the E1L3N anti-PD-L1 antibody. The low molecular 
weight region of the blot (indicated by the box) is also shown after 
a longer exposure time. GAPDH is a gel loading control. Results are 
representative of three (a) or two (b, c) independent experiments
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Fig. 5   Cleavage of transmembrane PD-L1 is mediated by ADAM10 
and ADAM17. a MDA-MB-231, b BT549, or c MCF10A cells over-
expressing PD-L1-M/F were incubated for 48  h in complete media 
containing 5  μM batimastat (B), 0.1  mM AEBSF (AE), 10  μg/ml 
aprotinin (Ap), 10  μg/ml pepstatin (P), 10  μg/ml leupeptin (L), or 
control media without inhibitors (C). d MDA-MB-231, e BT549, or 
f MCF10A cells overexpressing PD-L1-M/F were incubated for 1 day 
in serum-free media containing 30 μM GI254023X, 30 μM TAPI-2, 
1 μM MMP-9 inhibitor I, 50 μM CL-82198, or control media with-
out inhibitors. In a–f, concentrations of sPD-L1 in the media were 
measured by ELISA. Values are means ± SD from three replicate 

measurements, normalized to equal protein concentration in all cel-
lular lysates. P values were determined by unpaired two-tailed Stu-
dent’s t test. Results are representative of three (a, d–f) or two (b, c) 
independent experiments. g, h MDA-MB-231-PD-L1-M/F cells were 
incubated for 1  day in serum-free media containing indicated con-
centrations of GI254023X (g) or TAPI-2 (h), followed by measuring 
sPD-L1 in the media by ELISA in triplicates. sPD-L1 concentrations 
in the absence of inhibitors were set at 100%. IC50 values for each 
inhibitor were determined after a non-linear regression curve fitting 
(four-parameter log(inhibitor) vs response) using GraphPad 6.0
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cleaved by ADAM10 and/or ADAM17 in other cancer cell 
types, we overexpressed PD-L1-M/F in DU-145 prostate 
cancer cells and A549 lung cancer cells (Supplementary 
Fig. 4a). In both cell lines, we detected increased levels of 
sPD-L1 in the conditioned media of PD-L1-M/F-expressing 
cells versus GFP-expressing cells (Supplementary Fig. 4b). 
ADAM10 or ADAM17 knockdown using siRNAs signifi-
cantly decreased the concentration of sPD-L1 in the media 
(Supplementary Fig. 4c, d), indicating that ADAM10- and 
ADAM17-mediated cleavage of PD-L1-M/F is not restricted 
to breast cancer cells.

Notably, ADAM10 activity in cell-based assays can be 
rapidly up-regulated by the calcium ionophore ionomycin, 
whereas ADAM17 activity can be augmented after stimula-
tion of protein kinase C with phorbol esters [31, 32]. Here, 
a 45-min incubation of MDA-MB-231-PD-L1-M/F cells 
with 1 μM or 2.5 μM ionomycin dramatically increased 
the release of sPD-L1. This effect was dose dependent and 
was diminished in cells transfected with siRNAs target-
ing ADAM10 (Fig. 6c). Also, a 2-h treatment of cells with 
25 ng/ml or 50 ng/ml PMA augmented the concentration 
of sPD-L1 in the media in a dose-dependent manner, and 
this effect was significantly reduced by transfection with 
siRNAs targeting ADAM17 (Fig. 6d). In sum, these results 
confirmed the role of ADAM10 and ADAM17 in PD-L1 
cleavage and demonstrated that ADAM10- or ADAM17-
mediated release of sPD-L1 from the cell surface can be 
rapidly and potently up-regulated by ionomycin-induced 
increase of intracellular concentrations of calcium ions or 
by stimulation of cells with PMA.

Discussion

Our studies provide evidence that human transmembrane 
PD-L1 is subject to proteolytic cleavage by ADAM10 and 
ADAM17 in breast cancer cells and in the normal epithelial 
cell line MCF10A. Importantly, selective up-regulation of 
ADAM10 activity upon treatment of cells with a calcium 
ionophore or stimulation of ADAM17 activity via phor-
bol ester-mediated activation of protein kinase C readily 
increases the release of sPD-L1. In the tumor microenvi-
ronment in vivo, intracellular calcium concentrations or 
protein kinase C activity may rise in response to a number 
of extracellular signals. Thus, although PD-L1 cleavage in 
unstimulated cells in vitro appears low and does not exceed 
10% of the total cellular PD-L1, the cleavage in vivo may 
be considerably augmented by physiological stimuli in the 
tumor microenvironment.

Inhibition of sPD-L1 release in our experiments by chem-
ical inhibitors or siRNAs targeting ADAM10 and ADAM17 
did not exceed ~ 80%. This could be partially due to incom-
plete inhibition of ADAM activity/expression, in particular, 

incomplete elimination of ADAM10 by siRNAs (see 
Fig. 6a). However, we cannot rule out that other mechanisms 
also contributed to the release of sPD-L1, such as secretion 
of exosomal PD-L1 or cleavage by other proteases. When 
cells were incubated in the presence of serum, sedimentation 
of exosomes did not have a major effect on the measured 
levels of sPD-L1 in the media. However, after incubation 
of cells in serum-free media, some full-length PD-L1, in 
addition to the ~ 37-kDa fragment, was detected in the con-
ditioned media (see Fig. 3), suggesting that some exosomal 
PD-L1 might have contributed to the pool of PD-L1 in the 
media, at least under serum-free conditions.

Previous reports linked MMP-9 and MMP-13 to the 
cleavage of PD-L1 in fibroblasts and in head and neck car-
cinoma cells [19, 21]. However, these two MMPs are not 
highly expressed in cells tested here, and thus are unlikely 
to mediate PD-L1 cleavage. Furthermore, MMP-9 and 
MMP-13 are secreted enzymes, and their substrates typi-
cally include components of the extracellular matrix, rather 
than transmembrane proteins [33]. ADAM10 and ADAM17 
are, in contrast, membrane-bound proteases whose known 
substrates comprise transmembrane receptors, growth fac-
tor or cytokine precursors, and adhesion proteins [34, 35]. 
Notably, several ADAM10 and/or ADAM17 substrates con-
tain two or more Ig-like domains and a membrane-proximal 
stalk region, for example, low-affinity IgγFc region recep-
tor III (FcγRIII) [36], lymphocyte activation gene 3 protein 
(LAG-3) [37], or nectin-4 [38]. PD-L1, with two Ig domains, 
IgV and IgC, and a short stalk region connecting IgC to the 
transmembrane domain, is another example of this class of 
substrates.

ADAM10 or ADAM17-mediated cleavage of FcγRIII, 
LAG-3, and nectin-4 occurs in their membrane-proximal 
stalks. Based on our results, we propose that the metallo-
protease cleavage site in PD-L1 is also located in the stalk 
region, between V225 and H240 (Fig. 6e). Cleavage of PD-
L1-M/F within this region would generate two products 
of ~ 24 kDa and ~ 13 kDa (the N-terminal and C-terminal 
fragments, respectively). Since the extracellular domain of 
PD-L1 is glycosylated and ~ 12- to 15-kDa larger than the 
non-glycosylated form [10], the actual size of the N-terminal 
cleavage product would roughly correspond to the 37-kDa 
sPD-L1 identified here. The predicted size of the C-terminal 
cleavage product is smaller than the 18-kDa PD-L1-M/F 
fragment described here. This discrepancy may be due to 
abnormal mobility of this fragment in SDS-PAGE or it 
may be caused by PD-L1 mono-ubiquitination [9]. Since 
ADAMs do not recognize specific consensus sequences and 
their cleavage sites are poorly defined, additional studies are 
needed to determine the exact position of ADAM-mediated 
cleavage within PD-L1.

The C-terminal PD-L1 cleavage product appeared unsta-
ble in MDA-MB-231 and MCF10A cells. This result was 
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somewhat unexpected in the context of recent studies, which 
identified CMTM6 and CMTM4, two MARVEL domain-
containing transmembrane proteins, as critical regulators 
of PD-L1 stability [12, 13]. Biochemical characterization 
of CMTM6:PD-L1 complexes using PD-L1/PD-L2 chime-
ras suggested that the transmembrane domain of PD-L1 is 
required for the interaction with CMTM6 [13]. The C-ter-
minal PD-L1 fragment observed here comprised the trans-
membrane domain of PD-L1 but, nevertheless, was signifi-
cantly less stable than full-length PD-L1 in MDA-MB-231 
and MCF10A cells. These results suggest that the presence 
of the transmembrane domain of PD-L1 is not sufficient for 
the interaction with CMTM6. This observation may have 
significant implications when designing methods to disrupt 
the interaction between PD-L1 and CMTM6, to destabilize 
PD-L1, and to overcome the immune evasion by tumor cells.

Interestingly, in BT549 cells, the C-terminal PD-L1 
fragment appeared more stable and was detectable in 
the absence of lysosome inhibition (see Fig. 4 and Sup-
plementary Figs.  1–3). According to the Catalogue 
Of Somatic Mutations In Cancer (COSMIC) database 
(https​://cance​r.sange​r.ac.uk/cell_lines​), BT549 cells 
carry a homozygous R438C mutation in the VPS18 gene 
(ENSG00000104142), and this mutation is predicted to 
be protein-damaging according to the SIFT and PolyPhen 
prediction tools available at the Ensembl genome browser 
(http://uswes​t.ensem​bl.org). Vacuolar protein sorting-
associated protein 18 (VPS18) is a component of the 

mammalian homotypic fusion and vacuole protein sorting 
(HOPS) complex required for fusion of endosomes with 
lysosomes [39]. Thus, it is possible that increased stabil-
ity of the C-terminal PD-L1 cleavage product generated 
by ADAM10/17 is a consequence of its impaired delivery 
to lysosomes, but this hypothesis needs further testing.

An important question remains: what are the biologi-
cal consequences of PD-L1 cleavage? Specifically, in the 
context of breast tumors in vivo, does the cleavage weaken 
or improve anti-tumor immunity? While a soluble extra-
cellular domain of PD-L1 was reported to inhibit T cell 
responses in some circumstances [20, 40], it is generally 
believed that a soluble monomeric PD-L1 does not deliver 
a strong negative regulatory signal through PD-1. This 
is underscored by a recent discovery of a new secreted 
PD-L1 variant that has an ability to form homodimers 
through a Cys residue in its unique C-terminal tail and, 
unlike a monomeric soluble PD-L1, to inhibit lymphocyte 
function [17].

Instead, the cleavage of transmembrane PD-L1 may 
increase anti-tumor immunity, for example by reducing 
the amount of PD-L1 on tumor cells [19] or by providing 
sPD-L1 that competes with membrane-bound PD-L1 for 
PD-1. Furthermore, sPD-L1 may exert an immuno-stimu-
latory effect through its binding to CD80 (B7-1). While it 
has been previously established that, in addition to PD-1, 
PD-L1 also interacts with CD80 [41], recent studies have 
further demonstrated that PD-L1 and CD80 bind only in cis, 
on the same cell surface, in a parallel orientation [42–44]. 
CD80 homodimer, when not bound to PD-L1, interacts in 
trans with a co-inhibitory receptor CTLA4 or with a co-
stimulatory receptor CD28 [45]. Remarkably, PD-L1:CD80 
heterotrimer is unable to bind to PD-1 or CTLA4 on the 
neighboring cell, but binds to and activates CD28 equally 
well as free CD80 [44]. Thus, it is conceivable that sPD-
L1 produced in one location within the tumor, with high 
local expression of transmembrane PD-L1 and high expres-
sion/activity of ADAM10 or ADAM17, diffuses to a differ-
ent location where it binds to CD80 and switches it from 
a CTLA4 ligand to a CD28 ligand, effectively promoting 
T cell activation. Importantly, such a function of sPD-L1 
would not be mimicked by exosomal PD-L1, because the 
exosomal membrane would sterically prevent PD-L1 and 
CD80 to interact in a parallel orientation.

Finally, within the tumor microenvironment, ADAM10 
and ADAM17 are expressed not only in cancer cells but also 
in tumor-infiltrating immune cells [34]. While we have not 
tested whether ADAM10 or ADAM17 might cleave PD-L1 
in immune cells, the ubiquitous expression of these two 
ADAMs and regulation of their activities by a number of 
physiological signals clearly position them as new modula-
tors of the PD-1/PD-L1 immune checkpoint pathway.

Fig. 6   The effect of ADAM10 and ADAM17 knockdown on the 
cleavage of PD-L1. a, b MDA-MB-231-PD-L1-M/F cells were trans-
fected with two different siRNAs targeting ADAM10 or ADAM17, 
a combination of all four siRNAs, or with control siRNA. Three 
days after transfection, ADAM10 and ADAM17 expression was ana-
lyzed by Western blotting (a), and concentrations of sPD-L1 in the 
media were measured by ELISA (b). Arrows, the nascent full-length 
ADAMs; arrowheads, the processed forms; GAPDH is a gel load-
ing control. In b, values are means ± SD from three replicate meas-
urements, normalized to equal protein concentration in all cellular 
lysates. P values were determined by one-way ANOVA, followed by 
Dunnett’s multiple comparisons test. c MDA-MB-231-PD-L1-M/F 
cells were co-transfected with siRNA#1 and #2 targeting ADAM10 or 
with control siRNA. Two days after transfection, cells were incubated 
for 45  min in serum-free medium containing 0, 1  μM, or 2.5  μM 
ionomycin (IO), an activator of ADAM10, followed by ELISA for 
sPD-L1. d MDA-MB-231-PD-L1-M/F cells were co-transfected 
with siRNA#1 and #2 targeting ADAM17 or with control siRNA. 
Two days after transfection, cells were incubated for 2 h in complete 
medium containing 0, 25  ng/ml, or 50  ng/ml PMA, an activator of 
ADAM17, followed by measuring sPD-L1 by ELISA. Values are 
means ± SD from three replicate measurements. In c and d, P values 
were determined by unpaired two-tailed Student’s t test. Results are 
representative of three (b) or two (c, d) independent experiments. 
e Predicted location of the cleavage site in PD-L1. The structure of 
human PD-L1 (aa 19-232, PDB ID: 3FN3) is shown. The Ig-like 
V-type domain is required for the interaction with PD-1. The mem-
brane-proximal unstructured region between V225 and H240 most 
likely contains the metalloprotease cleavage site
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