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Abstract

Posttranslational modifications (PTM) of PD-L1 have
emerged as important regulatory mechanisms that modulate
immunosuppression in patients with cancer. In exposure to
inflammatory cytokines, cancer cells and antigen-presenting
cells, such as macrophages and dendritic cells, express PD-L1
to inhibit the activity of effector T cells through PD-1 engage-
ment. Recent studies suggested that glycosylation, phosphor-
ylation, ubiquitination, sumoylation, and acetylation play
important roles in the regulation of PD-L1 protein stability
and translocation and protein–protein interactions. Aberrant

alterations of PTMs directly influence PD-L1–mediated
immune resistance. On the basis of the newly identified
regulatory signaling pathways of PD-L1 PTMs, researchers
have investigated the cancer therapeutic potential of natural
food compounds, small-molecule inhibitors, and mAbs
by targeting PD-L1 PTMs. Results of these preclinical
studies demonstrated that targeting PTMs of PD-L1 yields
promising antitumor effects and that clinical translation of
these therapeutic strategies is warranted. Cancer Res; 78(22);
6349–53. �2018 AACR.

Introduction
The field of immunotherapy has dramatically reshaped the

landscape of cancer therapy since the development of immune
checkpoint blockade (1). The FDA has approved mAbs targeting
immune checkpoint ligands and receptors such as PD-L1 and
PD-1 for treatment of more than 25 types of cancer (2). Despite
PD-1/PD-L1 blockade therapy having shown remarkable clinical
benefit, response rates to date have rarely exceeded 40% across
multiple cancer types (3, 4). Identifying the optimal therapeutic
strategy that enhances the efficacy of immune checkpoint block-
ade has become a new challenge to resolve (5, 6). Therefore,
understanding the molecular interaction between immunosup-
pressive cells and T cells in the primary and metastatic tumor
microenvironments is of particular interest.

Immunosuppression is triggered by stimuli that emanate from
intracellular oncogenic signaling or tumor microenvironments.
Over the past several years, investigators have shown that a
number of intracellular and extracellular factors, such as IFNg ,
TGFb, MYC, and miR-200 modulate PD-L1 expression via tran-
scriptional and posttranscriptional regulation (for detailed
reviews, see refs. 7, 8). Only recently have researchers explored
the posttranslational regulations of PD-L1 expression and activity
and their effects on immunosuppression. Reported results suggest

that PD-L1–mediated immunosuppression is extensively regulat-
ed by protein glycosylation, phosphorylation, and ubiquitination
(reviewed below; summarized in Fig. 1 and Table 1). Given
that posttranslational modification (PTM) machineries are often
therapeutic targets for pharmacologic inhibition of cancer (9),
targeting PD-L1 PTMs may be a novel strategy for enhancing
antitumor immune responses. This review focuses on recent
discoveries regarding PD-L1 PTMs and their potential impact on
cancer therapy.

N-Linked Glycosylation of PD-L1
N-linked glycosylation is a biosynthetic secretory pathway in

the endoplasmic reticulum (ER) and Golgi apparatus (10, 11).
The N-linked glycosylation process is initiated in the ER by
oligosaccharyltransferase, which transfers a 14-sugar core glycan
from dolichol to an asparagine residue of an N-X-T/S motif (in
which N is asparagine, X is any amino acid except proline, S is
serine, and T is threonine) in newly synthesized nascent proteins
that have entered the ER lumen (10, 11). The core glycan is then
trimmed and further processed in the ER and Golgi apparatus
before the glycosylated protein is translocated to the cell mem-
brane (10, 11). Once glycosylation is dysregulated, the protein is
transported to the cytosol and rapidly undergoes ER-associated
degradation (12). A recent study showed that in the majority of
cells in which it is expressed, PD-L1 is highly glycosylated with
heterogeneous expression patterns on Western blots (13).
Although the 33-kDa form of nonglycosylated PD-L1 can be
detected, the majority of PD-L1 is glycosylated with a heteroge-
neous molecular weight ranging from 45 to 55 kDa on Western
blots (13). Inhibitors ofN-linked, but notO-linked, glycosylation
altered themigratory shift of PD-L1on SDS-PAGE, suggesting that
PD-L1 is primarily N-glycosylated (14). Mass spectrometric anal-
ysis demonstrated that the asparagine residues of four N-X-T/S
motifs in the PD-L1 extracellular domain—N35, N192, N200,
and N219—are highly glycosylated (13). Substitution of these
four asparagines with glutamine (4NQmutant) abolished PD-L1
glycosylation and suppressed the migratory shift of PD-L1 (13).

1Department of Molecular and Cellular Oncology, The University of Texas MD
Anderson Cancer Center, Houston, Texas. 2Department ofNeurology,McGovern
Medical School, The University of Texas Health Science Center at Houston,
Houston, Texas. 3Center for Molecular Medicine and Graduate Institute of
Biomedical Sciences, China Medical University, Taichung, Taiwan.

J.-M. Hsu and C.-W. Li contributed equally to this article.

Corresponding Author: Mien-Chie Hung, Department of Molecular and Cellular
Oncology, Unit 108, The University of Texas MD Anderson Cancer Center, 1515
Holcombe Boulevard, Houston, TX 77030. Phone: 713-792-3668; Fax: 713-794-
3270; E-mail: mhung@mdanderson.org

doi: 10.1158/0008-5472.CAN-18-1892

�2018 American Association for Cancer Research.

Cancer
Research

www.aacrjournals.org 6349

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/22/6349/2770842/6349.pdf by guest on 19 M

ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-18-1892&domain=pdf&date_stamp=2018-11-2


Functionally, N-linked glycosylation of PD-L1 is known to be
important for PD-L1–mediated immunosuppression in two
ways. First, PD-L1 protein is stabilized by its glycosylation. Li
and colleagues (13) demonstrated that the protein half-life of
glycosylated PD-L1 (gPD-L1) is at least 4-fold longer than that of
nonglycosylated PD-L1 in cycloheximide chase assays, suggesting
that glycosylation of PD-L1 enhances PD-L1's protein stability.
Glycosylation of N192, N200, andN219 but not N35 contributes
to PD-L1's protein stability (13).N-linked glycosylation of PD-L1
on cancer cells stabilized PD-L1 by preventing its degradation via
the 26S proteasome and enhanced its engagement with PD-1 on
CD8þ T cells (13). Moreover, Maher and colleagues (15) and
D'Arrigo and colleagues (16) reported that the PD-L1–associated
chaperone Sigma1 and cochaperone FKBP51s upregulated PD-L1
expression by facilitating PD-L1 glycosylation and stabilization in
the ER (15, 16). Pharmacologic inhibition of Sigma1 (15) or
FKBP51s (16) activity reduced PD-L1 expression and activated T
cells in vitro in prostate cancer, triple-negative breast cancer
(TNBC), and glioblastoma models. In addition to its functional
effects in the general cell population, Hsu and colleagues (17)
recently revealed that PD-L1 glycosylation contributes to PD-L1
enrichment in cancer stem cells. Epithelial–mesenchymal transi-
tion–induced high expression of STT3, the catalytically active
subunit of oligosaccharyltransferase, in cancer stem cells

increased PD-L1 glycosylation, leading to PD-L1 upregulation in
cancer stem cells and cancer immune evasion. Antagonizing this
process by etoposide treatment destabilized PD-L1 and sensitized
cancer cells to anti-Tim3 therapy in syngeneic mouse models of
TNBC and colon cancer (17). These findings suggested that
glycosylation is a critical regulator of PD-L1 protein expression
and a therapeutic target for PD-L1 blockade.

Second, glycosylation of PD-L1 regulates PD-L1/PD-1 interac-
tion. Li and colleagues (14) found that 4T1 cells expressing
wild-type PD-L1 grew much faster than did 4T1 cells expressing
the PD-L1 4NQ mutant in immunocompetent BALB/c mice.
However, these two cell lines grew similarly after inoculation
into SCID mice, suggesting that glycosylation of PD-L1 is impor-
tant for its immunosuppressive function in mice. Furthermore,
mechanical studies of EGF/EGFR–stimulatedPD-L1 glycosylation
in TNBC revealed that b-1, 3-N-acetylglucosaminyltransferase 3
(B3GNT3)-mediated poly-N-acetyllactosamine (poly-LacNAc) is
required for PD-L1/PD-1 interaction (14). Poly-LacNAc moieties
were detected on the glycan structure of both N192 and N200 of
PD-L1 (13). B3GNT3–mediated PD-L1 and PD-1 interaction can
be blocked by inhibitors of N-linked, but not O-linked, glycosyl-
ation, suggesting that B3GNT3 mediates PD-L1 and PD-1 inter-
action through N-linked glycosylation instead of O-linked glyco-
sylation (14). B3GNT3 is highly expressed in basal-like breast
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Figure 1.

Regulation of PD-L1 by PTMs. Overview of the molecular (black) and pharmacologic (red) regulations of PD-L1 N-linked glycosylation, serine/threonine
phosphorylation, and polyubiquitination.
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tumors, and this high expression correlates with poor survival
(14), implying that B3GNT3 is a new therapeutic target for TNBC.
Indeed, 4T1 cells lacking B3GNT3 expression grew in SCID mice,
but not in immunocompetent BALB/c mice. These results sug-
gested that PD-L1 glycosylation is critical for PD-L1–mediated
immunosuppression. Anti–gPD-L1 antibodies blockPD-L1/PD-1
interaction, and one of these antibodies also induced PD-L1
internalization, resulting in PD-L1 degradation in lysosome,
which allowed for the creation of a new antibody-drug conjugate
of this anti–gPD-L1 antibody (anti–gPD-L1-MMAE) for the erad-
ication of TNBC cells, even in the surrounding cancer cells with
low or no PD-L1 expression (14). This suggests that direct target-
ing of PD-L1 glycosylation is an effective strategy for enhancing
immune checkpoint therapy.

Serine/Threonine Phosphorylation of
PD-L1

Nonglycosylated PD-L1 is a labile protein with a half-life of
about 4 hours. Li and colleagues (13) found that nonglycosylated
PD-L1 is degraded by the ubiquitin/proteasome system after
being phosphorylated by glycogen synthase kinase 3b (GSK3b).
They identified two consensus GSK3b phosphorylation motifs
(S/TXXXS/T, in which S is serine, T is threonine, and X is any
amino acid) at T180 and S184 of PD-L1's extracellular domain.
Thephosphorylationof PD-L1byGSK3b results in the association
of PD-L1 with the E3 ligase b-TrCP, leading to degradation of PD-
L1 in the cytoplasm. The b-TrCP–binding DSGmotif (in which D
is aspartate, S is serine, and G is glycine) at S176 catalyzes K48
ubiquitination of PD-L1 and subsequent PD-L1 degradation by
the 26S proteasome. Glycosylation of N192, N200, and N219
created a spatial hindrance and disrupted GSK3b and PD-L1
interaction, leading to PD-L1 protein stabilization.

Because EGFR, which is overexpressed in TNBC cells, activates
AKT, resulting in GSK3b inhibition, EGFR activation stabilized
PD-L1 protein (13). In addition, previous studies demonstrated
that EGFR transcriptionally upregulated PD-L1 through multiple
pathways (7), including PI3K–AKT–mTOR pathway (18),
IL6/JAK/STAT3 pathway (19), and NFkB pathway (20). In line
with these findings, Li and colleagues as well as other researchers
showed that inhibition of EGF signaling by an EGFR tyrosine
kinase inhibitor (TKI) downregulates PD-L1 (13, 21, 22) and
enhances the therapeutic efficacy of PD-1 blockade in syngeneic
mouse models of TNBC and colon cancer (13). On the other
hand, Jiao and colleagues (23) showed that the PARP1 inhibitor

olaparib inactivates GSK3b and in turn upregulates PD-L1 expres-
sion in cancer cells, resulting in attenuation of antitumor immune
responses. The combination treatment of PD-L1 blockade with
olaparib resensitized olaparib-treated cancer cells to T-cell killing
and provided better therapeutic efficacy than did single-agent
therapy with PD-L1 blockade or olaparib in a syngeneic TNBC
mouse model. The combination of PD-L1 blockade with PARP
inhibitors is also supported by a hypothesis that the genomic
instability induced by PARP inhibition could result in increased
neoantigens, leading to activation of antitumor immune
responses (24). Via GSK3b phosphorylation–mediated PD-L1
downregulation, investigators in these studies developed two
potentialmechanism-driven combinations of PD-1/PD-L1 block-
ade with targeted therapies.

Polyubiquitination and Degradation of
PD-L1

Accumulating evidence demonstrates that PD-L1 is extensively
regulated by the ubiquitin/proteasome pathway (13, 25–28), sug-
gesting that targeting of PD-L1 polyubiquitination is an alternative
approach to enhancing immune checkpoint therapy. As discussed
above, b-TrCP is the E3 ligase responsible for nonglycosylated
PD-L1polyubiquitinationanddestabilization. Inductionofb-TrCP
expression by treatment with resveratrol reduced PD-L1 protein
expression in TNBC cells (13). In a subsequent study of chronic
inflammation–induced cancer cell immune escape, Lim and col-
leagues (25) further demonstrated that the deubiquitinase CSN5-
catalyzed proteolytic removal of polyubiquitination from PD-L1 is
critical for tumor infiltrating macrophages to suppress antitumor
immune responses. Macrophages secreted proinflammatory
cytokine TNFa to activate NFkB and then induce CSN5 expression
in cancer cells. Subsequently, CSN5 inhibited the ubiquitination
and degradation of PD-L1, thereby enhancing PD-L1/PD-1
interaction to escape T-cell–immune surveillance (25). In this
regard, inhibition of CSN5 activity by curcumin reduced chronic
inflammation–mediated PD-L1–based immunosuppression and
benefited anti-CTLA4 therapy in syngeneic mouse models of
TNBC, melanoma, and colon cancer (25).

ER is not the only cellular compartment in which PD-L1
polyubiquitination occurs. Mezzadra and colleagues (26) and
Burr and colleagues (27) independently identified CMTM6 as a
PD-L1 regulator. Their studies collectively suggested that CMTM6
associated with PD-L1 at the plasma membrane and in recycling
endosomes and regulated PD-L1 specifically located in these two

Table 1. Targeting PTMs of PD-L1 enhances antitumor immune responses

PD-L1 PTM Regulator Therapy Preclinical tumor model Reference

N-linked glycosylation B3GNT3 Anti-gPD-L1-MMAE TNBC (14)
FKBP51s SAFit Glioblastoma (16)
Sigma1 IPAG Prostate cancer, TNBC (15)
STT3 Etoposide þ anti-Tim-3 Colon cancer, TNBC (17)

Serine/threonine phosphorylation GSK3b EGFR TKI þ anti-PD-1 Colon cancer, TNBC (13)
PARP inhibitor þ anti–PD-1 TNBC (23)

Polyubiquitination b-TrCP Resveratrol TNBC (13)
CSN5 Curcumin þ anti-CTLA4 TNBC, colon cancer, melanoma (25)
SPOP CDK4/6 inhibitor þ anti–PD-1 Colon cancer (28)
STUB1 CMTM6 knockout Melanoma (27)

Acetylation n/a EGFR TKI Skin cancer (22)
Tyrosine phosphorylation n/a EGFR TKI Skin cancer (22)
Monoubiquitination n/a EGFR TKI Skin cancer (22)

Abbreviation: n/a, not available.
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cellular compartments. CMTM6 prolonged the PD-L1 protein
half-life by preventing PD-L1 from undergoing polyubiquitina-
tion by the E3 ubiquitin ligase STUB1 (26, 27). CMTM6depletion
downregulated PD-L1 expression and enhanced tumor-specific
T-cell activity in a syngeneic melanoma mouse model. On the
other hand, Zhang and colleagues (28) demonstrated that cullin
3-SPOP is an E3 ubiquitin ligase responsible for fluctuating PD-L1
expressionduringcell-cycleprogression.CyclinD–cyclin-dependent
kinase 4 phosphorylated and stabilized SPOP, leading to poly-
ubiquitination and downregulation of expression of PD-L1 pro-
tein in late G1 and S phases. In syngeneic colon cancer mouse
models, treatment with the cyclin-dependent kinase 4/6 inhibitor
palbociclib increased PD-L1 protein expression and synergized
with anti–PD-1 therapy to elicit enhanced therapeutic efficacy.
Taken together, these results suggested that the regulatory
mechanisms of PD-L1 polyubiquitination in different cellular
compartments or cell-cycle phases can serve as therapeutic targets
to improve immunotherapy efficacy in patients with cancer.

Translating Combination Therapy to the
Clinic

The goal of a mechanistic study of PD-L1 is to translate basic
research into clinical application. On the basis of themechanisms
underlying the posttranslational regulations of PD-L1 expression
and activity, researchers have rationally designed many combi-
natorial strategies targeting these regulations for cancer treatment
and evaluated them in preclinical studies (Table 1). The studies
described herein have yielded strong evidence for moving
their basic research findings into clinical trials. Several proposed
combinations for cancer treatment are being tested in clinical
trials, including cyclin-dependent kinase 4/6 inhibitors plus
PD-1/PD-L1 blockade therapies (NCT03294694, NCT03147287,
NCT03386929, and NCT03292250), PARP inhibitors plus PD-1/
PD-L1 blockade therapies (NCT02657889, NCT03307785, and
NCT03308942), and EGFR inhibitors plus PD-1/PD-L1 blockade
therapies (NCT03082534, NCT02764593, and NCT02039674).
Investigators have tested other proposed combinations, such as
curcumin plus anti-CTLA4 therapy (25) and etoposide plus anti-
Tim-3 therapy (17), to determine their safety and efficacy in
preclinical mouse tumor models, suggesting that the success of
the combinatory strategy may provide a scientific base for further
analysis in the clinical setting. Thus far, the preclinical data were
achieved under specific experimental conditions in certain types
of disease models, that is, high EGFR-expressing TNBC mice can
benefit from immunotherapy. In this regard, identifying the right
patient background is critical for testing in human trials.

Future Perspectives
In addition to N-linked glycosylation, serine/threonine phos-

phorylation, and polyubiquitination as discussed above, Horita
and colleagues (22) reported that PD-L1 is subjected to acetyla-
tion, tyrosine phosphorylation, and monoubiquitination upon
EGF stimulation. Furthermore, characterization of the functional
impacts of these novel PTMs on PD-L1 may extend our under-
standing of the regulatory network behind PD-L1 expression and
provide new approaches to improving immunotherapy efficacy.
In addition to PD-L1, the vast majority of immune receptors are
glycoproteins. However, researchers have made little progress in
understanding the biological significance of glycosylation in
immunology. In a systematic study of 22 immune ligand-receptor

pairs, N-linked glycosylation was required for coinhibitory
ligand/receptor engagement, such as that for PD-L1/PD-1,
PD-L1/B7.1, PD-L2/PD-1, and PVR/TIGIT (14). Of note,N-linked
glycosylation is somewhat less critical for costimulatory ligand/
receptor interaction. It remains unclear why glycosylation only
seems to be critical for the coinhibitory signaling. It is likely that
the glycosylation structure is preferential for engaging with coin-
hibitory receptors or glycosylation is favorable for activating
inhibitory signaling, triggers the ITIM motifs association with
phosphatase, and thereby deactivates T cell. However, this result
lays the foundation for studying the regulatory effect of glycosyl-
ation on signaling of certain types of lymphocyte receptors. Future
work should focus on developing preclinical models to unravel
the regulatory process stepwise. In addition to immune check-
point blockade, protein glycosylation is critical for antigen pre-
sentation, adaptive T-cell transfer, and cancer vaccine develop-
ment. A lack of appropriate technology for analyzing protein
glycosylation likely has limited our understanding of these bulky
and extremely complex carbohydrate structures of proteins.
Therefore, developing new technologies to advance investigation
of glycosylation and open another avenue for deciphering the
impact of glycosylation on cancer immunotherapy is of interest.

As PTM has emerged as an important aspect of PD-L1 regula-
tion, there still are issues and challenges awaiting to be resolved.
For example, unglycosylated PD-L1 undergoes fast protein deg-
radation by GSK3b and b-TrCP machinery. However, it remains
elusive that how ER–bound PD-L1 can be transported to the
cytoplasmand thenbedegradedby the26Sproteasome. It is likely
that ERAD machinery is critical to the PD-L1 stability. Future
work may focus on how the PTM of PD-L1 interacts with cyto-
plasmic degradation machinery, that is, phosphorylation and
glycosylation of PD-L1 modulate the ERAD pathway. Although
membrane-bound PD-L1 associates with PD-1 for immunosup-
pression, PD-L1 also expresses in the ER, Golgi, nucleus, and
cytoplasm (16, 29). How does PTM of PD-L1 influence its
subcellular localization and thus contribute to the oncogenic
function of the intracellular PD-L1? With more and more PTM
of PD-L1 being identified, harnessing PD-L1 expression in com-
partment dependent manner may provide new insights for more
therapeutic options in the future.
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