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Abstract

Expression of programmed death-ligand 1 (PD-L1) is frequently observed in human cancers.
Binding of PD-L1 to its receptor PD-1 on activated T cells inhibits anti-tumor immunity by
counteracting T cell-activating signals. Antibody-based PD-1-PD-L1 inhibitors can induce durable
tumor remissions in patients with diverse advanced cancers, and thus expression of PD-L1 on
tumor cells and other cells in the tumor microenviroment is of major clinical relevance. Here we
review the roles of the PD-1-PD-L 1 axis in cancer, focusing on recent findings on the mechanisms
that regulate PD-L1 expression at the transcriptional, posttranscriptional, and protein level. We
place this knowledge in the context of observations in the clinic and discuss how it may inform the
design of more precise and effective cancer immune checkpoint therapies.

Introduction

The T cell-based immune system has evolved to recognize and destroy aberrant cells, such
as pathogen-infected cells and cancer cells. Detection of such aberrant cells occurs through
binding of the T cell receptor (TCR) on T cells to peptide-major histocompatibility
complexes (MHC) on target cells. However, the outcome of this interaction is to a very large
extent controlled by a series of co-stimulatory and co-inhibitory receptors and their ligands
(also known as immune checkpoints). By regulating the quantity and functional activity of
antigen-specific T cells, these checkpoint pathways play a critical role in limiting tissue
damage and maintenance of self-tolerance.

Among all immune checkpoints, the PD-L1-PD-1 pathway has stood out because of its
proven value as a therapeutic target in a large number of malignancies. At present,
antibodies targeting the PD-L1-PD-1 axis are being evaluated in more than 1,000 clinical
trials and have been approved for cancers including melanoma, non-small cell lung cancer
(NSCLC), renal cell carcinoma (RCC), Hodgkin’s lymphoma, bladder cancer, head and
neck squamous cell carcinoma (HNSCC), Merkel-cell carcinoma, and microsatellite
instable-high (MSI-H) or mismatch repair-defi-cient (dIMMR) solid tumors. Despite the
considerable improvement in patient outcome that has been achieved with PD-L1-PD-1
blockade, durable responses to these therapies are observed in only a minority of patients

"Correspondence: t.schumacher@nki.nl.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sunetal.

Page 2

and intrinsic therapy resistance is common. In some tumor types, expression of PD-L1 on
tumor cells and in the tumor microenvironment has been associated with clinical response,
highlighting the need for a better understanding of the processes that regulate PD-L1
expression.

In this review, we first discuss the fundamental biology of the PD-L1-PD-1 immune
checkpoint. We then describe the promise and limitations of current anti-PD-L1-PD-1
therapies and the relevance of PD-L1 expression in predicting clinical response.
Subsequently, we cover the current understanding of the molecular mechanisms that control
such PD-L1 expression. In this section we dissect the complex regulatory network that
determines PD-L1 levels into five major components that involve (1) genomic aberrations,
(2) inflammatory signaling, (3) oncogenic signaling, (4) microRNA-based control, and (5)
posttranslational modulation. Finally, we will discuss how this knowledge may guide further
research and potentially be used to design more precise and effective cancer immune
checkpoint therapies.

The PD-L1-PD-1 Axis: Structure and Function

Programmed cell death protein 1 (PD-1; also called CD279) is one of the co-inhibitory
receptors that is expressed on the surface of antigen-stimulated T cells (Ishida et al., 1992).
PD-1 interacts with two ligands, PD-L1 (CD274) and PD-L2 (CD273). Expression of PD-L2
is observed on, for instance, macrophages, DCs, and mast cells. PD-L1 expression can be
detected on hematopoietic cells including T cells, B cells, macrophages, dendritic cells
(DCs), and mast cells, and non-hematopoietic healthy tissue cells including vascular
endothelial cells, keratinocytes, pancreatic islet cells, astrocytes, placenta
syncytiotrophoblast cells, and corneal epithelial and endothelial cells. Both PD-L1 and PD-
L2 can be expressed by tumor cells and tumor stroma. Engagement of PD-L2 at such tumor
sites may potentially contribute to PD-1-mediated T cell inhibition (Yearley et al., 2017).
However, to date, there is no compelling evidence indicating that antibodies against PD-1,
which block binding to both PD-L1 and PD-L2, show higher clinical activity than antibodies
against PD-L1. These data are consistent with a model in which PD-L1 is the dominant
inhibitory ligand of PD-1 on T cells in the human tumor microenvironment.

Both PD-1 and PD-L1 are type | transmembrane proteins that belong to the immunoglobulin
(1g) superfamily. PD-1 consists of an Ig-V like extracellular domain, a transmembrane
domain, and a cytoplasmic domain that harbors two tyrosine-based signaling motifs (Ishida
etal., 1992; Zhang et al., 2004). PD-L1 contains an 1g-V and Ig-C-like extracellular domain,
a transmembrane domain, and a short cytoplasmic tail that does not contain canonical
signaling motifs (Dong et al., 1999; Keir et al., 2008; Lin et al., 2008). Interactions between
the extracellular domains of PD-L1 and PD-1 can induce a conformational change in PD-1
that leads to phosphorylation of the cytoplasmic immunoreceptor tyrosine-based inhibitory
motif (ITIM) and the immunoreceptor tyrosine-based switch motif (ITSM) by Src family
kinases (Gauen et al., 1994; Straus and Weiss, 1992; Zak et al., 2015). These phosphorylated
tyrosine motifs subsequently recruit the SHP-2 and SHP-1 protein tyrosine phosphatases to
attenuate T cell-activating signals. While traditionally PD-1 engagement was thought to
reduce the strength of the TCR signal itself (Chemnitz et al., 2004; Sheppard et al., 2004;
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Ugi et al., 1994), recent work suggests that the co-stimulatory receptor CD28, rather than the
TCR, may be a primary target for dephosphorylation by the SHP2 phosphatase (Hui et al.,
2017). In addition to its interaction with PD-1, PD-L1 can also interact with CD80, which
may deliver inhibitory signals to activated T cells (Butte et al., 2007; Park et al., 2010).
Engagement of PD-1 by PD-L1 alters the activity of T cells in many ways, inhibiting T cell
proliferation, survival, cytokine production, and other effector functions (Butte et al., 2007,
Chang et al., 1999; Curiel et al., 2003; Dong et al., 1999; Freeman et al., 2000; Keir et al.,
2006; Latchman et al., 2004).

While the effects of checkpoint signaling through PD-1 are reasonably well understood,
potential “reverse signaling” through PD-L1 has been explored less, possibly because of the
absence of canonical signaling motifs in the short cytoplasmic tail of PD-L1. Nevertheless,
some evidence has been obtained for a signaling role of the PD-L1 molecule. First,
stimulation of PD-L1 by recombinant PD-1 delivers pro-survival signals to tumor cells,
resulting in resistance to Fas- or staurosporine-induced apoptosis (Azuma et al., 2008).
Moreover, antibody-based PD-L1 targeting reduces mTOR activity and glycolytic
metabolism in tumor cells in the absence of T cells (Chang et al., 2015). Finally, PD-L1 can
protect tumor cells from the cytotoxic effects of type | and type Il interferons and from
cytotoxic T lymphocyte (CTL)-mediated cytolysis with no requirement of PD-1 signaling in
T cells (Azuma et al., 2008; Gato-Cafas et al., 2017). While it was shown that the
cytoplasmic domain of PD-L1 is critically required for this antiapoptotic signaling (Azuma
et al., 2008), it remains unclear which intracellular factor(s) participate(s) in such proposed
signal transduction. In spite of the above data on potential signaling through PD-L1, the
current thinking on the mechanism of action of PD-1 and PD-L1 blocking agents focuses to
a very large extent on their effects on the activity of PD-1-expressing T cells.

PD-1 Expression in Tolerance, Infection, and Cancer

The PD-L1-PD-1 axis is a critical determinant of physiological immune homeostasis. PD-1-
deficient mice of different genetic backgrounds are prone to develop lupus-like autoimmune
disease (Nishimura et al., 1999) or fatal autoimmune cardiomyopathy (Nishimura et al.,
2001). Similarly, genetic or antibody-based inhibition of PD-1 accelerates diabetes onset in a
non-obese diabetic (NOD) background (Ansari et al., 2003; Wang et al., 2005). Moreover,
PD-1-deficient mice have altered thymic T cell education (Nishimura et al., 2000) and PD-
L1 blockade has been shown to impair fetomaternal tolerance (Guleria et al., 2005).
Collectively these data demonstrate a critical role for PD-1 in immune tolerance at various
levels. Upon recognition of antigen, T cells rapidly express PD-1 (Agata et al., 1996), and it
has been demonstrated that PD-1 expression on recently activated T cells is involved in
modulating the strength of the initial T cell response (Honda et al., 2014). Consistent with a
role of PD-1 in suppressing T cell activity, inhibition of the PD-1-PD-L1 axis increases
immune responses toward pathogens (Erickson et al., 2012; Lazar-Molnér et al., 2008; Liu et
al., 2014; Yao et al., 2009).

Chronic infection and cancer are both characterized by the continued presence of antigen-
expressing target cells. Work in mouse models of chronic LCMV infection has provided
compelling evidence that in such a setting of chronic antigen encounter, T cells
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progressively lose effector functions, developing into an exhausted (or dysfunctional) state
(Wherry and Kurachi, 2015). Importantly, high expression of PD-1 is one of the defining
characteristics of such exhausted T cells (Wherry and Kurachi, 2015). Furthermore, in
exhausted T cells, PD-1 has a role in maintenance of the dysfunctional state, both in chronic
infection (Barber et al., 2006) and in cancer (Hirano et al., 2005). In human cancers, PD-1-
positive T cells in tumors (Gros et al., 2014) and in peripheral blood (Gros et al., 2016) are
enriched for tumor reactivity, again consistent with antigen-driven PD-1 expression.
However, PD-1 expression can also be induced by other factors, such as IL-10 (Sun et al.,
2015) and TGF-b (Park et al., 2016), and “bystander T cells” in mouse tumor models do
express intermediate levels of PD-1 (Erkes et al., 2017). Next to its role on T cells, recent
data provide evidence for a role of PD-1 on other cell types. In one study, a case was made
for a possible role of PD-1 expression on melanoma cells (Kleffel et al., 2015). In addition,
blockade of the interaction between PD-1 and PD-L1 has been shown to counteract the
activity of immunosuppressive PD-1" B cells in hepatocellular carcinoma (Zhao et al.,
2016). Finally, Gordon et al. (2017) have demonstrated how PD-1 blockade can enhance
tumor cell phagocytosis by PD-1* macrophages. A detailed discussion of PD-1 biology in
the context of normal physiology (Sharpe and Pauken, 2018) and T cell exhaustion (Wherry
and Kurachi, 2015) is provided elsewhere.

The PD-1-PD-L1 Axis as a Therapeutic Target: Clinical Value and Issues

Remaining

Given their role in T cell suppression, PD-1 and PD-L1 have over the past years developed
into prominent targets of antibody-based cancer therapeutics. In 2010, the first data were
reported on the clinical activity of PD-1-blocking agents in patients with colorectal cancer,
melanoma, and renal cell carcinoma, demonstrating an acceptable toxicity profile and
providing the first evidence of antitumor activity (Brahmer et al., 2010). Subsequent studies
have revealed significant activity of PD-1 blockade in a large variety of cancers, leading to
clinical approval for treatment of melanoma (Larkin et al., 2015; Ribas et al., 2015; Robert
et al., 2015a, 2015b; Weber et al., 2015, 2017), NSCLC (Antonia et al., 2017; Borghaei et
al., 2015; Brahmer et al., 2015; Fehrenbacher et al., 2016; Herbst et al., 2016; Langer et al.,
2016; Reck et al., 2016), MSI-H and dMMR cancers (Kok et al., 2017; Le et al., 2017, 2015;
Overman et al., 2017), RCC (Motzer et al., 2015), Hodgkin’s lymphoma (Ansell et al., 2015;
Chen et al., 2017b), urothelial carcinoma (Balar et al., 2017a, 2017b; Bellmunt et al., 2017;
Patel et al., 2018; Powles et al., 2017; Rosenberg et al., 2016; Sharma et al., 2017b), HNSCC
(Ferris et al., 2016; Seiwert et al., 2016), Merkel-cell carcinoma (Kaufman et al., 2016),
hepatocellular carcinoma (HCC) (El-Khoueiry et al., 2017), and gastric cancer (Fuchs et al.,
2017). On the other hand, in tumor types such as non-MSI colorectal cancer, prostate cancer,
ovarian cancer, and breast cancer, the clinical activity of anti-PD-1-PD-L1 monotherapy is
only modest. Furthermore, even in tumor types for which PD-1-PD-L1 blockade is how an
approved therapy such as NSCLC, only a fraction of patients shows objective clinical
responses (Table 1).

The observed heterogeneity in clinical response to PD-1-PD-L1 blockade has led to a major
effort to understand which parameters predict clinical response to these therapies. From a

Immunity. Author manuscript; available in PMC 2020 December 24.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sunetal.

Page 5

conceptual point of view, this question can be divided into two smaller questions. First, is
there evidence that the PD-1-PD-L1 inhibitory axis is active in a given tumor? Second, for
those tumors in which the PD-1-PD-L1 axis is operational, would blockade of this inhibitory
interaction suffice to re-activate the process of tumor cell killing? With respect to the second
question, tumor control by T cells is critically dependent on a series of distinct parameters
that can be summarized in a “cancer immunogram” that depicts the state of cancer-immune
interaction in an individual patient (Blank et al., 2016). In support of this model, the
outcome of PD-L1-PD-1 blockade has now been shown to be influenced not only by PD-L1
expression (as discussed in the next section), but also by a series of unrelated parameters that
include (1) the “foreignness” of the tumor, (2) the immune status of the patient, (3) the
presence and activity of the intratumoral T cell infiltrate, (4) the presence of other inhibitory
processes within the tumor, and (5) the sensitivity of tumor cells to tumor-specific T cells at
that site.

With respect to the role of tumor foreignness, in most (Goodman et al., 2017; Rizvi et al.,
2015; Rosenberg et al., 2016) but not all (Hugo et al., 2016) studies, the number of non-
synonymous DNA mutations in human tumors has been shown to correlate with the
likelihood of response to PD-1 axis blocking therapies, consistent with the view that the
amount of neoantigens influences the likelihood and/or strength of T cell recognition
(Schumacher and Schreiber, 2015). While this correlation has now been described for a
series of tumor types, the most compelling evidence for a role of “tumor foreignness” has
come from the demonstration that MSI-H tumors, which carry an uncommonly high
mutational load, respond particularly well to inhibition of the PD-L1-PD-1 pathway as
compared to other tumors of the same histology (Kok et al., 2017; Le et al., 2017, 2015).

Several parameters that reflect the general immune status of patients, such as absolute
lymphocyte count (ALC), neutrophil to lymphocyte ratio (NLR), and absolute eosinophil
count, are also being considered as predictive biomarkers for response to PD-1-PD-L1
blocking therapies. These parameters have previously shown value in predicting response to
CTLA-4 blockade. To date, only neutrophil to lymphocyte ratio has shown predictive value
in one study that examined response to PD-1-PD-L1 blockade (Bumma et al., 2017).
Recently, the frequency of circulating monocytes has also been described as a systemic
biomarker to predict response to anti-PD-1 immunotherapy (Krieg et al., 2018).

As a third category of predictive markers, assays that measure accumulation of (clonally
expanded) T cells and the activity of such T cells at tumor sites have been shown to be
informative. As specific examples, the presence of CD8-positive cells at the tumor invasive
margin (Tumeh et al., 2014), clonality of the intratumoral TCR repertoire (Snyder et al.,
2017; Tumeh et al., 2014), and a transcriptional signature in which interferon (IFN)-y-
response genes are included (Ayers et al., 2017; Fehrenbacher et al., 2016; Seiwert et al.,
2016) all form positive predictive markers. In addition to providing information on
intratumoral T cell activity, RNA-seq data have also been utilized to derive a specific
transcriptional profile that correlates with lack of response to anti-PD-1 therapies with some
of the genes that show increased expression in non-responders, such as IL-10, known to be
immunosuppressive (Hugo et al., 2016).
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Finally, two classes of predictive markers may be found at the level of tumor cell recognition
and tumor cell sensitivity to T cell attack. Specifically, defects in the antigen presentation
machinery have been identified in various malignancies (Seliger, 2014). Such defects could
lead to both intrinsic and acquired resistance to PD-1-PD-L1 inhibition, and evidence for the
latter has already been obtained (Sade-Feldman et al., 2017; Zaretsky et al., 2016). MSI-H
tumors should be a useful testing ground to further understand the clinical impact of such
alterations, as the beta-2 micro-globulin (B2M) gene, a critical component of the HLA class
| antigen presentation pathway, contains microsatellites that are prone to mutation in this
class of tumors (Yamamoto et al., 2001). Interestingly, also defects in the IFN-y receptor
pathway have been identified in patients that have developed resistance to PD-1 blocking
therapies (Sade-Feldman et al., 2017; Zaretsky et al., 2016). Consistent with this
observation, genetic screens have identified inhibition and inactivation of the IFN-y receptor
pathway as a mechanism of resistance of tumor cells to T cell attack, both /in vitro (Patel et
al., 2017) and /n vivo (Manguso et al., 2017). Whether the observed role of the IFN-y
receptor pathway primarily reflects its effect on expression of components of the antigen
presentation machinery, or direct cytotoxic or cytostatic effects of IFN-y receptor signaling
in tumor cells, remains to be established.

The Role of PD-L1 Expression in Immunotherapy Response

Expression of PD-L1 within the tumor microenvironment has predictive value for response
to monotherapies blocking the PD-L1-PD-1 axis in many studies in melanoma (Robert et al.,
2015a; Weber et al., 2017, 2015), NSCLC (Borghaei et al., 2015; Fehrenbacher et al., 2016),
and bladder cancer (Rosenberg et al., 2016), but was not predictive in all studies (Motzer et
al., 2015; Sharma et al., 2017b). Of note, in certain tumor types, such as bladder cancer
(Rosenberg et al., 2016), predictive value is primarily observed for PD-L1 expression on
immune infiltrating cells rather than tumor cells, whereas for NSCLC, PD-L1 expression on
both immune cells and tumor cells has shown predictive value (Fehrenbacher et al., 2016).
These observations have encouraged experimental research to dissect which of the two cell
compartments is more relevant in PD-L1-mediated suppression of tumor control. In a first
study that aimed to address this issue, Noguchi et al. (2017) took advantage of a murine
transplantable sarcoma system in which tumor cells fail to grow in mice treated with PD-1
axis blocking agents. In this setting, selective disruption of PD-L1 on tumor cells resulted in
tumor control in most, but not all, animals. Of note, those PD-L1-negative tumors that
escaped immune elimination were still sensitive to antibody-mediated PD-L1 blockade,
indicating that PD-L1 expression on both cell compartments can play a role under these
experimental conditions (Noguchi et al., 2017). In another study, Lau et al. (2017)
transplanted either PD-L1-proficient or -deficient tumor cells in either wild-type or PD-L1-
deficient mice and observed that absence of PD-L1 from either of the two cell compartments
impaired tumor growth, with optimal tumor control being observed when PD-L1 was absent
from both cell compartments. In a third report, Juneja et al. (2017) used a similar strategy
and implanted either highly immunogenic or mildly immunogenic PD-L1-proficient tumors
in either wild-type, PD-L1 plus PD-L2-deficient, or PD-1-deficient mice to dissect once
again the role of PD-L1 on the different cell compartments. In these experiments, PD-L1 on
non-tumor cells played a dispensable role in case of MC38, the most immunogenic cell line.
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In contrast, in case of the less immunogenic cell lines, PD-L1 expression on both the tumor
and non-tumor compartment contributed to tumor growth (Juneja et al., 2017). Collectively,
these data indicate that PD-L1 expression on both cell compartments can play a role, but that
the relative importance of both cell compartments is context dependent. In one of these
reports (Juneja et al., 2017), the most immunogenic tumor did not rely on non-autonomous
PD-L1 expression, but whether this reflects a causal link between immunogenicity and PD-
L1 dependency on different cell compartments has not been assessed. Another parameter
that is likely to influence the relative role of PD-L1 on tumor cells and stromal cells is its
relative expression level on the two cell compartments. In a recent report, in which loss of
the PD-L1 3’ UTR was shown to increase the levels of PD-L1, it was observed that tumor
cells with increased PD-L1 protein have a greater suppressive capacity in /n7 vitroand in vivo
assays (Kataoka et al., 2016). Consistent with these data, overexpression of PD-L1 on tumor
cells has been shown to prevent rejection of two highly immunogenic murine cancer cell
lines in immunocompetent hosts (Noguchi et al., 2017). Other contextual factors that should
be assessed in future work are the relative abundance of PD-L1* tumor cells and PD-L1*
stromal cells, the specific type(s) of stromal cells that express the PD-L1 protein, and the
role that additional suppressive pathways may play.

With the very rapid increase in clinical studies that evaluate combination immunotherapies,
it will be important to also understand the value of PD-L1 as a predictive marker in those
settings. In melanoma, combination therapy with anti-PD-1 and anti-CTLA-4 results in a
numerical increase in progression-free survival relative to anti-PD-1 monotherapy.
Strikingly, the added value of CTLA-4 blockade in this study appeared restricted to those
patients with tumors that were PD-L1 negative before start of treatment (Larkin et al., 2015),
in line with the model that CTLA-4 blocking therapies broaden the tumor-specific T cell
response (Kvistborg et al., 2014). Conceivably, increased tumor-specific T cell reactivity
induced by CTLA-4 blockade could in this setting lead to IFN-y-induced PD-L1 expression,
at which point blockade of the PD-1-PD-L1 axis would also become valuable.

In spite of the value of PD-L1 staining as a predictive marker in different tumor types, many
PD-L1-positive tumors do not respond, and a fraction of PD-L1-negative tumors do respond
to PD-L1-PD-1 blockade (Table 2). Clinical response of seemingly PD-L1-negative tumors
may be explained by technical issues (e.g., inadequate sampling of the tumor, or insufficient
sensitivity of the detection technique that is used), by a potential role of the PD-L1-PD-1
axis outside of the tumor microenvironment, by the dynamic nature of PD-L1 expression, or
by immune cell inhibition through PD-L2. Conversely, absence of clinical response in
PDL1-positive tumors may be explained by mechanisms described in the prior section, such
as loss of tumor cell sensitivity to T cell effector mechanisms, or the presence of additional
immunosuppressive mechanisms in the tumor microenvironment, such as TGF-b
(Mariathasan et al., 2018). As an alternative explanation, absence of response in PD-L1-
positive tumors may occur in settings in which the observed PD-L1 expression is not due to
an ongoing immune response but is driven by other mechanisms.

Given the emerging evidence indicating how PD-L1 levels on different intratumoral cell
compartments can influence tumor control and predict treatment response, it is critical to
understand how the levels of PD-L1 expression at the cell surface are regulated, and also
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how this regulation may vary between tumor cells and (different) immune cells. In the next
sections, we will discuss the data demonstrating that PD-L1 levels in tumors are regulated in
a highly complex manner, with expression being influenced by genomic aberrations,
transcriptional control, mRNA stability, oncogenic signaling, and protein stability (Figure 1,
Table 3).

Genetic Alterations at the PD-L1 Locus

The two ligands of PD-1, PD-L1 and PD-L2, are located on chromosome 9p24.1, only 42
kilobases apart. Over the past years, both amplifications and translocations have been
implicated in increasing the levels of PD-L1 in several types of tumors. 9p copy number
amplifications were initially shown to occur in cases of Hodgkin’s lymphoma and
mediastinal large B cell lymphoma and were reported to correlate with increased expression
of PD-L1 and PD-L2. Interestingly, janus kinase 2 (JAK2), which is involved in transduction
of pro-inflammatory signals known to modulate PD-L1 expression (see below), is also
located on chromosome 9p and its amplification was suggested to contribute to increased
PD-L1 expression by enhancing IFN-y receptor signaling (Green et al., 2010). In a
subsequent study that analyzed 571 cases of mediastinal large B cell lymphoma, genetic
aberrations were also observed frequently, with translocations being identified in 20% of the
cases and amplification in 29% of the cases (Twa et al., 2014). Furthermore, in-depth
analysis of a larger cohort of Hodgkin’s lymphomas showed alterations of the PD-L1 PD-L2
locus in 97% of the cases tested (Roemer et al., 2016). In both of these studies, samples
harboring genomic aberrations show increased PD-L1 and PD-L2 expression (Roemer et al.,
2016; Twa et al., 2014). Evidence for a functional role of locus amplification in pathogenesis
is given by the fact that Hodgkin’s lymphomas respond particularly well to PD-1 blocking
agents (Ansell et al., 2015; Armand et al., 2016; Chen et al., 2017b; Younes et al., 2016). It
should be noted, though, that these data do not provide conclusive evidence for positive
selection of PD-L1, as co-amplification of PD-L2 is generally observed and may also
explain the activity of anti-PD-1 therapy. Amplification of the chromosomal portion
containing PD-L1, PD-L2, and JAK2 has also been reported in cases of NSCLC, in which
they were associated with elevated PD-L1 expression (Ikeda et al., 2016). Similarly,
amplifications of 9p24 and focal amplifications of PD-L1 have been described in a small
subset of small cell lung cancer patients (George et al., 2017). PD-L1 amplification has
likewise been observed in cases of squamous cell carcinoma of the oral cavity (Straub et al.,
2016) and in Epstein-Barr virus (EBV)-positive gastric cancer (Cancer Genome Atlas
Research Network, 2014).

A series of reports has provided compelling evidence that PD-L1 protein levels are also
regulated by microRNAs (miRNA) that bind to the 3° UTR of the PD-L1 mRNA (reviewed
below). In line with a regulatory role of the 3 UTR of the PD-L1 gene, loss of this gene
segment as a consequence of different structural variations has been described in a small
fraction of human tumors of diverse histology and correlates with increased PD-L1
expression of those tumors. Furthermore, deletion of the 3’ UTR of the PD-L1 gene by
CRISPR Cas9 results in increased PD-L1 mRNA stability in human and murine cells,
thereby increasing their resistance to T cell attack /n vitro and /n vivo (Kataoka et al., 2016).
Likewise, in a genetic screen for factors that modulate PD-L1 expression, gene trap vector
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integrations that result in loss of the 3” UTR of the PD-L1 gene were enriched in cells with
high PD-L1 levels (Mezzadra et al., 2017).

To date, whether tumors with chromosomal aberrations that result in higher PD-L1
expression show an increased response rate to PD-L1-PD-1 blocking agents has not been
systematically explored. However, an ovarian cancer patient harboring disruption of the 3’
UTR of PD-L1 was reported as an exceptional responder to PD-1 blockade (Bellone et al.,
2018), and chromosomal aberrations of the locus should in future work be explored as a
potential biomarker.

Control of PD-L1 Gene Expression through Inflammatory Signaling

Expression of the PD-L1 gene has been shown to be controlled by inflammatory signaling,
consistent with the physiological role of the PD-1-PD-L1 axis in suppressing T cell
activation. A number of soluble factors produced by immune cells have over the past years
been described as inducers of PD-L1. In one of the first reports indicating that PD-L1 could
be employed by tumor cells as a defense mechanism against T cell attack (Dong et al.,
2002), regulation of PD-L1 by IFN-y was described for various tumor types, healthy tissues,
and immune cells, and this has been extended in further studies (Brown et al., 2003; de
Kleijn et al., 2013; Kryczek et al., 2008; Mazanet and Hughes, 2002; Nakazawa et al., 2004;
Schoop et al., 2004; Wintterle et al., 2003). IFN-vy is a pro-inflammatory cytokine that is
abundantly produced by T cells upon activation and that is also produced by NK cells.
Binding of IFN-vy to its receptor results in signaling through the classical JAK-STAT
pathway, preferentially through STAT1, thereby inducing increased expression of a series of
transcription factors, called the interferon-responsive factors (IRFs) (Platanias, 2005). Of
those factors, IRF1 has been shown to play a central role in the IFN-y-mediated induction of
PD-L1 (Lee et al., 2006). IFN-+y is generally considered the most prominent soluble inducer
of PD-L1, and expression of PD-L1 may therefore be viewed as a crude measure of local
IFN-vy signaling and T cell activity in most settings. It is important to realize though that the
effects of IFN-y on PD-L1 expression can be context dependent. As an example, some
evidence has been obtained suggesting that PD-L1 expression on tumor and immune cells
can be differentially regulated. In a sarcoma mouse model, treatment of mice with IFN--y-
blocking antibodies largely abrogated PD-L1 expression on tumor cells but only partially
reduced PD-L1 levels on tumorassociated macrophages (Noguchi et al., 2017). Importantly,
mutations in JAK1 and JAK2 have been described in tumors that were unresponsive to PD-1
blockade despite a high number of somatic mutations. It is plausible that such tumors do not
rely on the PD-L1 pathway to escape immune recognition, but have evolved alternative
strategies (Shin et al., 2017).

Next to IFN-vy, type | interferons, i.e., IFN-a and IFN-B, can also induce PD-L1 expression
in cultured melanoma cells, endothelial cells, monocytes, and dendritic cells (Eppihimer et
al., 2002; Garcia-Diaz et al., 2017; Schreiner et al., 2004). Interestingly, exposure to type |
interferons has a much greater effect on PD-L2 than on PD-L1 expression in melanoma
cells, highlighting their differential regulation. This study systemically interrogated other
signaling pathways that may affect IFN signaling in melanoma, and identified that silencing
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of MAK14, CRKL, and PI3K greatly impairs IFN-y-mediated PD-L1 expression in these
tumor cell types (Garcia-Diaz et al., 2017).

Interferons are not the only inflammatory stimuli that have been linked to PD-L1 expression.
For instance, treatment of macrophages (Loke and Allison, 2003), monocytes (Huang et al.,
2013), primary bone marrow-derived dendritic cells (Mezzadra et al., 2017), and bladder
cancer cells (Qian et al., 2008) with lipopolysaccharide (LPS) leads to increased PD-L1
expression. LPS signals through toll-like receptor (TLR) 4, and the subsequent induction of
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) results in induction
of type I interferons (Lu et al., 2008), possibly explaining the link between LPS exposure
and PD-L1 expression. In addition, it has been demonstrated that inhibition of the NF-kB
pathway impairs IFN-y-mediated induction of PD-L1 in melanoma cells in a context in
which NF-kB was not directly stimulated, suggesting a crosstalk between the two pathways
(Gowrishankar et al., 2015). Similarly, stimulation of TLR3 with polyinosinic-polycytidylic
acid (poly(l:C)) was shown to result in increased PD-L1 expression on dendritic cells (Pulko
et al., 2009), endothelial cells (Cole et al., 2011), and neuroblastoma cells (Boes and Meyer-
Wentrup, 2015). Whether this effect is directly due to TLR3 triggering or is mediated by an
autocrine or paracrine factor that is produced upon TLR3 stimulation was not established.
Other inflammatory stimuli that have been shown to induce PD-L1 are IL-17 in monocytes
(Zhao et al., 2011) and prostate and colon cancer cells (Wang et al., 2017b), IL-10 in
dendritic cells and monocytes (Curiel et al., 2003; Zhao et al., 2011), TNF-a in endothelial
cells (Mazanet and Hughes, 2002), myelodysplastic syndrome blast cells (Kondo et al.,
2010), dendritic cells, monocytes (Ou et al., 2012; Zhao et al., 2011), RCC (Quandt et al.,
2014), prostate, breast cancer (Lim et al., 2016), and also colon cancer cells (Wang et al.,
2017b), IL-4 in RCC (Quandt et al., 2014), IL-1b in dendritic cells (Karakhanova et al.,
2010), IL-6 in dendritic cells (Karakhanova et al., 2010; Kil et al., 2017), and IL-27 in
dendritic cells (Karakhanova et al., 2011; Matta et al., 2012) and ovarian cancer cells
(Carbotti et al., 2015). Finally, TGF-b, a molecule that is in general considered an anti-
inflammatory cytokine, appears to have a context-dependent effect on PD-L1 expression.
Specifically, whereas exposure of cultured monocytes (Ou et al., 2012) or tubular epithelial
cells (Starke et al., 2007) to TGF-b represses PD-L1 expression, production of TGF-b by
CD8 T cells in an /in vivo model of pancreatic islet transplantation was shown to be required
for sustained expression of PD-L1 by the same cells (Baas et al., 2016), in line with the
observation that TGF-b induces PD-L1 expression in dendritic cells /n7 vitro (Ni et al., 2012;
Song et al., 2014). Similarly, IL-12-mediated PD-L1 regulation is also context dependent, as
it positively regulates PD-L1 in endothelial cells and monocyte-derived macrophages but
represses its expression in macrophages derived from the monocytic cell line THP-1 (Xiong
et al., 2014). While the data above indicate that PD-L1 expression can be regulated by a
substantial number of inflammatory mediators, in many cases it is unclear whether such
induction occurs in an indirect manner, for instance via regulation of IFN production. In
addition, more data are required to establish (1) in which cell types these different stimuli do
or do not alter PDL1 levels, (2) whether such regulation is also observed in vivo, and (3)
what the functional consequences of the altered PD-L1 expression are on local T cell
function.
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Aberrant Oncogenic Signaling Influences PD-L1 Expression

Alterations in major signaling pathways that control cell survival, proliferation, and
differentiation constitute key events in cancer development and maintenance (Hanahan and
Weinberg, 2011). In addition to fueling cancer progression in a tumor cell-intrinsic manner,
certain oncogenic signaling pathways may also contribute to tumor outgrowth by driving
PD-L1 expression, thereby potentially contributing to immune evasion. Findings in this area
are of relevance not only because they can highlight mechanisms of PD-L1 gene
(dys)regulation, but also because they may offer hypotheses on combinations of immune
checkpoint therapies and therapies targeting oncogenic signaling pathways that could be
tested clinically. Evidence obtained over the past years demonstrates that oncogenic
signaling stemming from altered activity of basal transcription factors, effector components
of signaling pathways, and upstream receptors can all influence PD-L1 expression.

A number of oncogenic transcription factors have been identified that directly regulate PD-
L1 transcription. Elevated expression of the MYC oncogene contributes to tumorigenesis
and is seen in approximately 70% of human cancers (Dang, 2012). Genetic or
pharmacological inactivation of MYC has been shown to result in reduced PD-L1 expression
in multiple mouse and human tumor cell models including melanoma, NSCLC, leukemiga,
lymphoma, and HCC (Atsaves et al., 2017; Casey et al., 2016; Wang et al., 2017a). In
addition, chromatin immunoprecipitation (ChIP) analysis revealed that MYC binds to the
PD-L1 promoter (Casey et al., 2016), indicating that PD-L1 expression can be directly
regulated by MYC at the transcriptional level. Consistent with these data, it has been
reported that MY C expression positively correlates with PD-L1 expression in NSCLC (Kim
et al., 2017). Hypoxia represents a key feature of most tumors, as the expanding tumor mass
often outgrows the oxygen supply. Tumors respond to this oxygen deficiency by activating a
series of hypoxia-inducible factors (HIFs). As a result of HIF activation, a transcriptional
program that promotes angiogenesis and tumor metastasis is initiated (Brown and Wilson,
2004; Liao et al., 2007). In addition, this response can result in increased PD-L1 expression.
Specifically, both HIF-1a and HIF-2a have been shown to physically interact with the
hypoxia response element (HRE) in the promoter region of PD-L1 (Barsoum et al., 2014;
Messai et al., 2016). PD-L1 expression has been shown to be regulated by HIF-1a in mouse
melanoma, human breast cancer, prostate cancer, NSCLC cells, and myeloid-derived
suppressor cells (MDSCs) (Barsoum et al., 2014; Guo et al., 2017; Koh et al., 2015; Noman
et al., 2014), and by HIF-2a in renal cell carcinoma cells (Messai et al., 2016), as shown by
perturbation of gene expression. STAT3 is a transcription factor that promotes cell
proliferation, metastasis, and survival. It acts downstream of a variety of growth factors and
cytokines and is found to be constitutively active in various cancers (Buettner et al., 2002).
Multiple studies indicate that active STAT3 can directly act on the promoter of PD-L1 to
increase its expression in human lymphoma and HNSCC cells (Atsaves et al., 2017; Bu et
al., 2017; Marzec et al., 2008). Similarly, NF-kB, a family of transcription factors, can be
activated in cancers by oncogenic mutations and cytokines produced in the inflammatory
microenvironment. It has been reported that inhibition of the NF-kB pathway leads to
decreased PD-L1 expression in human NK/T cell lymphomas, melanoma cells, and primary
monocytes (Bi et al., 2016; Gowrishankar et al., 2015; Huang et al., 2013). The observed
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binding of RELA (p65; a subunit of NF-kB) to the PD-L1 promoter in NSCLC cells (in the
form of a RELA-MUC1-C complex), monocytes, and breast cancer cells suggests that NF-
kB can directly regulate PD-L1 transcription (Bouillez et al., 2017; Huang et al., 2013; Xue
etal., 2017). AP-1, a dimeric transcription factor consisting of c-Jun, FOS, MAF, or ATF
subunits, is strongly oncogenic (Shaulian and Karin, 2002). Tandem candidate AP-1 binding
sites were identified in the first intron of PD-L 1, which potentially recruit AP-1 components
to elevate PD-L 1 transcription in Hodgkin’s lymphoma cells (Green et al., 2012). Since
EBV-encoded latent membrane protein-1 (LMP1) triggers AP-1 and JAK-STAT activity
(Kieser et al., 1997; Chen et al., 2013), EBV infection could conceivably contribute to the
increased expression of PD-L1 that is observed in the subset of classical Hodgkin’s
lymphoma (CHL) in which no 9p24.1 amplification was detected (Green et al., 2012). In
line with this, EBV* CHLs are characterized by relatively higher PD-L1 H scores than their
EBV counterparts, in spite of the similar distribution of 9p24.1 amplification in EBV™* and
EBV CHLs (Roemer et al., 2016), although this difference may also be explained by IFN-y
production upon T cell recognition of EBV antigens. In melanoma cells that have developed
resistance to BRAF inhibition, constitutive PD-L1 expression (here defined as PD-L1
expression that is not dependent on external stimuli) can be mediated by both JUN and
STATS3, as interference with expression of either one blocked PD-L1 expression (Jiang et al.,
2013).

As described above, PD-L1 expression can be induced in various cell types by inflammatory
cytokines such as IFN-y (Chen, 2004; Dong et al., 2002; Eppihimer et al., 2002; Keir et al.,
2008). Cyclin-dependent kinase 5 (CDKJ5), a serine-threonine kinase that is highly expressed
in medulloblastoma and many other cancers, can regulate PD-L1 expression through its
influence on the IFN-y-signaling pathway. Mechanistically, CDK5 destabilizes IRF2, a
competitive repressor of IRF1, by posttranslational modification of the co-repressor
IRF2BP2, and this destabilization then leads to IRF1-mediated induction of PD-L1 (Dorand
etal., 2016).

The phosphatidylinositol 3-kinase (PI3K) signaling pathway impacts cancer cell survival,
proliferation, metabolism, and mobility. The AKT-mTOR cascade that sits downstream of
PI13K can be activated by type | and type Il interferons and controls interferon-dependent
MRNA translation (Kaur et al., 2008; Lekmine et al., 2004), implying a certain level of
cooperation between interferon receptor signaling pathway and AKT-mTOR signaling
pathway. In line with this, pharmacological inhibition of PI3KAKT signaling suppressed
IFN-y-induced PD-L1 expression, while loss of PTEN (a tumor-suppressor gene that
negatively regulates PI3K-AKT signaling) strengthens PD-L1 expression in CRC and
NSCLC cells (Song et al., 2013; Zhang et al., 2017b). In addition, the PI3K-AKT pathway
can regulate PD-L1 expression in an IFN-y-independent manner in NSCLC, CRC, glioma,
breast cancer, and melanoma cells (Atefi et al., 2014; Lastwika et al., 2016; Parsa et al.,
2007; Song et al., 2013; Xu et al., 2014), and in melanoma and breast cancer cells, it was
suggested that this regulation occurs at least partially by altering PD-L1 mRNA levels (Jiang
et al., 2013; Mittendorf et al., 2014). Moreover, PI3K signaling is critically involved in the
increase in PD-L1 expression following EGF stimulation in NSCLC cells, 17b-estradiol
treatment of estrogen receptor alpha (ERa)-positive breast cancer cells, CpG
oligodeoxynucleotide, or poly(1:C) stimulation of dendritic cells, and HIV infection of APCs
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(Karakhanova et al., 2010; Lastwika et al., 2016; Muthumani et al., 2011; Yang et al., 2017).
Finally, some studies have shown that the influence of PI3K inhibition on PDL1 expression
varies substantially across melanoma cells, but the underlying mechanisms have yet to be
revealed (Atefi et al., 2014; Gowrishankar et al., 2015).

The MEK-ERK pathway is commonly activated in human cancers, in most cases due to
abnormal upstream signaling initiated by amplification or activating mutations in receptor
tyrosine kinases, the RAS GTPase, or BRAF (Roberts and Der, 2007). Evidence suggests
that MEK-ERK signaling can regulate PD-L1 gene expression through crosstalk with
inflammatory signaling. Chemical or genetic suppression of MEK has been shown to inhibit
IFN-y-induced STAT1 phosphorylation and PD-L1 transcription in multiple myeloma cells
(Liu et al., 2007). In line with this, activation of MEK-ERK signaling by PMA or by a
constitutively active variant of MEK (MEK-DD) increases PD-L1 expression, and this effect
can be abolished by MEK inhibition in multiple myeloma cells (Liu et al., 2007; Loi et al.,
2016). Similarly, in BRAF mutant melanoma cells that have developed resistance to BRAF
inhibition, constitutive PD-L1 expression is elevated in conjunction with the activation of
JUN. JUN is a primary target of MAPK signaling and cooperates with STAT3 in
transcriptional regulation of PD-L1 expression. It was suggested that suppression of MEK
leads to decreased PD-L1 expression through inactivation of JUN and STAT3 in melanoma
cells and in several NSCLC cells (Jiang et al., 2013; Sumimoto et al., 2016; Zhang et al.,
1999). In addition, the increased PD-L1 expression seen in multiple myeloma, bladder
cancer, lymphoma, and dendritic cells upon stimulation by TLR ligands can be abrogated by
MEK inhibition (Karakhanova et al., 2010; Liu et al., 2007; Qian et al., 2008; Yamamoto et
al., 2009). Moreover, p38 MAPK, an effector in another MAPK signaling cascade that
functions in parallel to the MEK/ERK pathway, also positively regulates PD-L1 expression
in multiple myeloma, bladder cancer, lymphoma cells, and dendritic cells (Karakhanova et
al., 2010; Qian et al., 2008; Yamamoto et al., 2009).

Activation of KRAS, epidermal growth factor receptor (EGFR), and anaplastic lymphoma
kinase (ALK) due to genetic alterations or ligand stimulation can drive PD-L1 expression
via their downstream effector pathway(s). In some KRAS mutant NSCLC cells, silencing of
KRAS by RNAI decreases ERK activation which in turn can suppress PD-L1 expression
(Chen et al., 2017a; Sumimoto et al., 2016). In line with this, ectopic expression of mutant
KRAS results in increased PD-L1 expression in bronchial epithelial cells (Chen et al.,
2017a). Recently, it was shown that RASMEK signaling in part controls expression of PD-
L1 in NSCLC cells by modulating the stability of the PD-L1 transcript (Coelho et al., 2017).
Activating mutations in EGFR, and also stimulation with EGF, induce PD-L1 expression in
bronchial epithelial cells, NSCLC, head and neck cancer (HNC), and breast cancer cells.
Consistent with these data, pharmacological inhibition of EGFR reduces constitutive and
IFN-y-induced PD-L1 expression (Akbay et al., 2013; Chen et al., 2015; Concha-Benavente
et al., 2016; Lin et al., 2015; Zhang et al., 2016). The increase in PD-L1 expression that
occurs as a result of EGFR activation in NSCLC cells can be blocked by rapamycin
(Lastwika et al., 2016) and by an ERK inhibitor (Chen et al., 2015), suggesting mTOR- and
ERK-dependent regulatory mechanisms. In addition, in different studies in head and neck
cancer and NSCLC, evidence was obtained that supports a model in which NF-kB p65,
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STAT3, and/or JAK2-STAT1 serve as mediators between EGFR signaling and PD-L1
expression (Concha-Benavente et al., 2016; Lin et al., 2015; Zhang et al., 2016).

Finally, oncogenic ALK signaling often results from gene translation or amplification, and
the NPM-ALK fusion protein has been shown to promote PD-L1 expression via STAT3 and
MEK-ERK in lymphomas (Marzec et al., 2008; Yamamoto et al., 2009). Likewise, in
NSCLC cells harboring the EML4-ALK fusion gene, PD-L1 expression is increased by the
constitutively active ALK kinase, with ERK, AKT, STAT3, and HIF1a as downstream
mediators (Koh et al., 2015; Ota et al., 2015).

While there are now abundant data on the regulation of the PD-L1 gene by a number of
signaling pathways that are frequently activated in cancer, a number of aspects remain to be
clarified. First, discrepancies with respect to the role of different signaling components are
sometimes observed across studies. Specifically, in contrast to the above-mentioned studies
that demonstrate that MEK-ERK signaling positively regulates PD-L1 expression, in two
other studies MEK inhibitor treatment had no effect or even increased PD-L1 expression in
mouse breast cancer, NSCLC, and melanoma cells (Atefi et al., 2014; Liu et al., 2015; Loi et
al., 2016). Moreover, whereas the increased PD-L1 expression upon EGFR activation was in
one case shown to be mediated by the AKT-mTOR pathway (Lastwika et al., 2016), in a
second study it was shown not to depend on AKT, but on ERK (Chen et al., 2015). These
inconsistencies may be explained in several ways. First, inhibition of a major signaling node,
such as the MEK-ERK or PI3K-AKT pathway, initiates signaling rewiring through feedback
loops and pathway crosstalk to compensate for the perturbations (Sun and Bernards, 2014).
Depending on both the specific cell or tissue type used and the duration or the intensity of
pathway inhibition, the kinetics and specific type of compensatory signaling can vary.
Support for this potential explanation is provided by time-course experiments that show that
PD-L1 expression can fluctuate during treatment of KRAS mutant NSCLC cells with either
a MEK inhibitor or AKT inhibitor (Lastwika et al., 2016; Minchom et al., 2017). In addition,
the effect of the same pathway may vary between cell systems depending on the activity of
other pathways. As a somewhat more trivial explanation for the observed discrepancies, the
small-molecule kinase inhibitors that are frequently used to assess pathway involvement
often have multiple targets. When different inhibitors are used to target the same pathway, a
different outcome may result from differential off-target effects (Klaeger et al., 2017). As a
second topic that deserves further attention, while the relationship between activity of
signaling pathways and expression of PD-L1 has now been documented in many cell
systems, it is presently unclear whether the increased PD-L1 expression that is observed acts
as a positive selection pressure for pathway activation or is a mere epiphenomenon. As an
example, MYC activation leads to increased transcription of a plethora of genes, and
enhanced expression of only a part of these is likely to form a driving force in oncogenesis.

mMiRNA-Mediated PD-L1 mRNA Regulation

In normal physiology, miRNAs function as posttranscriptional regulators of gene expression
by mediating target mRNA degradation and/or by inhibiting translation. Recently, the role of
miRNAs in regulating PD-L1 expression has been revealed. Such regulation can either
involve direct binding to the PD-L1 mRNA, or occur indirectly, by influencing the
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expression of other PD-L1 regulators. miR-513 was the first miRNA identified as a PD-L1
regulator. miR-513 suppresses PD-L1 at the level of translation by direct binding to the 3’
UTR of PD-L1 mRNA. It was shown that IFN-y suppresses miR-513 expression, and
enforced expression of miR-513 blocks IFN-y-induced PD-L1 expression in cholangiocytes
(Gong et al., 2009, 2010). In contrast, miR-155 can be induced by TNFa and IFN-y and
suppresses PD-L1 expression at the protein level by direct binding to the 3° UTR of PD-L1
in human dermal lymphatic endothelial cells (Yee et al., 2017). Together, miR-513 and 155
can be considered a system to fine-tune PD-L1 expression upon IFN-vy signaling. miR-34a,
another miRNA that binds to the 3° UTR of PD-L1, has been shown to reduce PD-L1
mMRNA levels in AML (Wang et al., 2015) and NSCLC cells (Cortez et al., 2015). In
NSCLC, it was suggested that p53 suppresses PD-L1 expression via miR-34 (Cortez et al.,
2015; Wang et al., 2015). Moreover, miR-142-5p (Jia et al., 2017), miR-93, and miR-106b
(Cioffi et al., 2017) in pancreatic cancer, miR-138-5p (Zhao et al., 2016) in CRC, miR-217
(Miao et al., 2017) in laryngeal cancer, miR-200 (Chen et al., 2014; Gibbons et al., 2014;
Xie et al., 2017) in NSCLC and gastric cancer, miR-152 (Xie et al., 2017) and miR-570
(Wang et al., 2013) in gastric cancer, miR-17-5p (Audrito et al., 2017) in melanoma, and
miR-15a, miR-193a, and miR-16 (Kao et al., 2017) in malignant pleural mesothelioma have
all been identified as suppressors of PD-L1 expression. As discussed above, the structural
variations in the 3’ region of the PD-L1 gene that are found in adult T cell leukemia-
lymphoma, diffuse large B cell lymphoma, and stomach adenocarcinoma (with variable
frequencies ranging from 2%-27%) are known to lead to increased PD-L1 mRNA levels. A
role of altered miRNA binding in the observed increase in PD-L1 mRNA levels appears
plausible (Kataoka et al., 2016). Next to these direct effects, miRNAs can also influence PD-
L1 expression in an indirect manner. Specifically, miR-20, miR-21, and miR-130b repress
PTEN, which in turn causes increased PD-L1 expression in CRC (Zhu et al., 2014), and
miR-197 suppresses PD-L1 expression via its direct action on the CKS1B-STAT3 cascade in
NSCLC (Fujita et al., 2015).

PD-L1 Regulation at the Protein Level

Posttranslational regulation is final mechanism by which the level of PD-L1 expression is
modulated, and several regulators of the PD-L1 protein have recently been identified. In two
large-scale genetic screens in pancreatic cancer cells and CML-derived haploid cells,
CMTMBG was identified as a positive regulator of PD-L1 expression (Burr et al., 2017;
Mezzadra et al., 2017). Interference with CMTM6 expression reduces both constitutive and
IFN-y-induced PD-L1 protein expression, with no effect on PD-L1 mRNA levels. This
control of PD-L1 levels by CMTMBG has to date been observed in all cell systems tested,
including melanoma, NSCLC, breast cancer, pancreatic cancer, thyroid cancer, and CRC,
and also LPS-stimulated primary dendritic cells. However, the magnitude of CMTM6-
mediated PD-L1 regulation does differ substantially across the cell models tested. A
modifier genetic screen in CMTM6-deficient cells identified CMTM4 as a second PD-L1
regulator. The variable effect size of CMTM6 modulation across cell systems may therefore
potentially be explained by differences in CMTM4 levels, but may also point to additional
context dependencies. Mechanistically, CMTM®6 was shown to bind to PD-L1 and thereby
increase its half-life, presumably by preventing ubiquitination and lysosomal degradation
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during protein recycling. Mass spectrometric analysis suggests that CMTM6 associates with
only a limited number of proteins, adding to its attractiveness as a possible target (Burr et al.,
2017; Mezzadra et al., 2017). One aspect of the CMTM®6-PD-L1 interaction that deserves
further attention is whether CMTMG6 has additional roles in this complex. Such roles could
involve the clustering of PD-L1, allowing PD-L1 co-localization with other proteins, and/or
signal transduction in the PD-L1-expressing cell.

As another proposed mechanism of PD-L1 protein regulation, in a study by Zhang et al.
(2017a), it was demonstrated that the level of PD-L1 protein fluctuates during the cell cycle
and that the cyclin D-CDK4 cascade participates in the regulation of PD-L1 levels in human
cervical cancer and breast cancer cells. CDK4 phosphorylates SPOP, which stabilizes the
latter by dissociating it from the ubiquitin E3-ligase complex APC/CCd1, SPOP is an
adaptor protein of Cullin 3 (CUL3), which interacts with and serves as an E3 ubiquitin ligase
for PD-L1. Thus, CDK4 functions as a negative regulator of PD-L1 expression by indirectly
regulating its ubiquitination (Zhang et al., 2017a). Evidence has also been obtained for a
possible interaction between glycogen synthase kinase 3b (GSK3b) and non-glycosylated
PD-L1 in breast cancer cells, thereby increasing PD-L1 degradation (Li et al., 2016). In
addition, glycosylation of PD-L1 appears to influence its interaction with PD-1. Regulation
of such glycosylation has been proposed as an additional level of control, but evidence for
physiological relevance is presently limited (Li et al., 2018). Finally, evidence has been
obtained indicating that, in addition to the role of NF-kB signaling in transcriptional
regulation of PD-L1, NF-kB signaling induces expression of COP9 signalosome 5 (CSN5),
resulting in increased PD-L1 protein levels in breast cancer cells through removal of
ubiquitin chains (Lim et al., 2016).

Comparison of the effect of the different regulatory processes described in the sections
above makes it apparent that the effect size of different PD-L1 regulators varies widely. In
addition, the role of a given PD-L1 regulator can vary strongly, both between tissues and
between tumors. As a straightforward example, whereas some tumors show a very profound
increase in PD-L1 levels upon IFN-y exposure, only a minor induction is observed in other
cases. In the coming years, it will be important to understand under which conditions a
specific regulatory process contributes to the PD-L1 levels in human cancers in a
physiologically meaningful way.

Concluding Remarks

Immunotherapies that target the PD-L1-PD-1 axis have demonstrated unprecedented
efficacy in the treatment of a variety of human cancers. Nevertheless, only a proportion of
patients show objective responses to treatment, with only a small fraction experiencing
complete responses.

PD-L1 expression has undergone extensive assessment with respect to its value as a
predictive biomarker of anti-PD-1-PD-L1 therapies (Pitt et al., 2016; Sharma et al., 2017a).
As shown in a number of cancer types, patients with PD-L1-positive tumors have a higher
objective response rate and improved progression-free survival and overall survival as
compared to PD-L1-negative subgroups (Borghaei et al., 2015; Fehrenbacher et al., 2016;
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Robert et al., 2015a; Rosenberg et al., 2016; Weber et al., 2015, 2017). However, a non-
negligible number of exceptions is observed, both with patients in the PD-L1-negative
subgroup still benefiting and with patients with PD-L1-positive tumors displaying intrinsic
resistance to therapy (Carbognin et al., 2015). A major goal is therefore to improve our
ability to predict response to these agents. Such an improvement will certainly come in part
from a better understanding of the activity of other inhibitory mechanisms in individual
patients (Blank et al., 2016). At the same time, a better understanding of the activity of the
PD-1-PD-L1 axis itself in individual tumors can be expected to contribute. Specifically:

One reason why PD-L1 expression is thought to have information value with
respect to outcome upon PD-1-PD-L1 targeting is the fact that PD-L1 expression
is frequently driven by IFN-y exposure. As such, intratumoral PD-L1 expression
can be seen as an indirect measure of local T cell activity. A confounder in these
analyses, however, is that PD-L1 expression is also regulated by many other
mechanisms, thereby reducing its accuracy as a measure of T cell activity.
Strategies to distinguish IFN-y-induced and IFN-y-independent PD-L1
expression would therefore be of value. A straightforward way to achieve this
goal would for instance be the simultaneous measurement of other IFN-+y-
induced genes (Seiwert et al., 2016).

As a second issue, the expression of PD-L1 may potentially increase during
PD-1-PD-L1 blockade in some patients, thereby reducing the predictive value of
a low pre-treatment PD-L1 expression. Specifically, in a case in which PD-L1
blockade reactivates rare tumor-reactive T cells, the resulting local cytokine
secretion can induce multiple positive feedback loops: IFN-y-induced production
of CXCL9 and CXCL10 can promote T cell infiltration, and IFN-y-induced
increases in expression of components of the antigen presentation machinery can
enhance visibility of tumor cells to T cells. The possible occurrence of such
feedforward loops makes it important to understand whether PD-1-PD-L1
blockade is or is not likely to spark enhanced T cell reactivity in an individual
tumor.

As a third and slightly related issue, as the ambition should be to understand
whether the PD-1-PD-L1 axis is active in the tumor of an individual patient, it is
somewhat counterintuitive to solely focus on expression of PD-L1. This issue is
all the more important in view of the fact that intratumoral T cells can vary
widely in the levels of PD-1 that they express (Thommen and Schumacher,
2018), and the effect of PD-1-PD-L1 axis blockade on T cells with different
levels of PD-1 expression are presently ill understood. In addition to the possible
joint assessment of expression of PD-L1 and PD-1, it may also be attractive to
identify downstream consequences of PD-1 ligation in intratumoral T cells and
other PD-1-expressing cells in tumor microenvironment, as a direct strategy to
probe the activity of the PD-1-PD-L1 axis.

It is presently unclear whether our increased understanding of PD-L1 regulation will offer
novel opportunities for therapeutic intervention. As described above, aberrant cell signaling
that results from genetic or epigenetic alterations drive PD-L1 expression in many cancers,
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and these pathways may be targeted with small molecules to reverse this effect. Whether this
will add to the activity of current anti-PD-1-PD-L1 antibodies depends on whether the
current agents already fully block checkpoint signaling. Especially at sites of close T cell-
tumor cell contact, it would seem possible that newly emerging checkpoint molecules may
not be occupied sufficiently fast by antibody to fully prevent ligand binding. By the same
token, dual targeting of CMTM6 and PD-L1 may conceivably form a strategy to more
efficiently block the PD-1-PD-L1 checkpoint. Specifically, as CMTMBG is constitutively
expressed, targeting of this molecule may pro-actively limit IFN-y-induced adaptive PD-L1
expression by reducing the CMTMBG6 pool available for PD-L1 stabilization. Finally, the
identification of such a bewildering variety of regulatory mechanisms of the PD-L1
checkpoint makes analysis of regulatory pathways that control the expression of other
immune checkpoints also a highly attractive research area.
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Figure 1. Overview of the Regulatory Mechanisms of PD-L1 Expression
Regulators are color coded by class. Green, (inflammatory) cytokine receptors; orange,

signal transduction components; blue, microRNAs; red, genetic alterations; brown, PD-L1
protein partners and modifiers. Directionality (“up” or “down”) and references are provided

in Table 3.
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Table 1
Overview of Approved Indications for PD-1 and PD-L1 Blocking Agents
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Tumor Type Target Antibody Response Rate Notes Reference
Melanoma PD-1 - nivolumab CR 3.3%, PR 28.3% Checkmate-037. Previously treated, PD- Weber et al., 2015
L1* IHC predictive.
CR 4%, PR 30% Checkmate-066. Previously untreated, Robert et al., 2015a
BRAF wild-type, PD-L1* IHC predictive.
CR 8.9%, PR 41% Checkmate-067. Combination with Larkin et al., 2015
Ipilimumab.
Hazard ratio 0.65 versus Checkmate 238. Stage Il and 1V, Weber et al., 2017
ipilimumab adjuvant adjuvant therapy after resection. PD-L1*
IHC predictive.
PD-1 - pembrolizumab  CR 5-6%, PR 27-29% Keynote-006. Ipilimumab naive. Robert et al., 2015b
CR 2-3%, PR 19-23% Keynote-002. Ipilimumab refractory. Ribas et al., 2015
NSCLC PD-1 - nivolumab CR 0.7%, PR 19.3% Checkmate-017. Second line squamous Brahmer et al., 2015
NSCLC, PD-L1* IHC not predictive.
CR 1.4%, PR 17.8% Checkmate-057. Second line non- Borghaei et al., 2015
squamous NSCLC, PD-L1* IHC
predictive.
PD-1 - pembrolizumab  CR 4%, PR 41% Keynote-024. PD-L1 > 50%, first line. Reck et al., 2016
Hazard ratio 0.53 versus Keynote-021. PD-L1 > 1%, first line, Langer et al., 2016
chemotherapy alone combination with chemotherapy.
ORR 18-19% (PD-L1 > Keynote-010. PD-L1 > 1%. Previously Herbst et al., 2016
1%), 29-30% (PD-L1 > treated.
50%)
PD-L1 - atezolizumab ~ OS 12.6 m versus 9.7 m POPLAR and OAK. Previously treated. Fehrenbacher et al.,
in chemotherapy arm PD-L1* IHC on tumor and IC predictive. ~ 2016
PD-L1 - durvalumab Hazard ratio 0.52 versus PACIFIC. Stage I, durvalumab after Antonia et al., 2017
placebo chemotherapy. PD-L1* IHC not
predictive.
RCC PD-1 - nivolumab ORR 21.5% Checkmate-025. Progressive patients on Motzer et al., 2015
or after anti-angiogenic therapies. PD-L1*
IHC not predictive.
HNSCC PD-1 - nivolumab OS 7.5 mversus 5.1 m Checkmate-141. Patients progressing Ferris et al., 2016
for investigator’s choice after platinum-based chemotherapy. PD-
L1* IHC predictive.
PD-1 - pembrolizumab  CR 5%, PR 11% Keynote-012. Patients recurrent on or Seiwert et al., 2016
after chemotherapy. PD-L1* IHC and
IFN-y-related gene expression predictive.
Urothelial PD-1 - nivolumab CR 2.6%, PR 17% Checkmate-275. Patients progressing Sharma et al., 2017b
carcinoma after chemotherapy.

PD-1 - pembrolizumab

ORR 21% Keynote-045. Patients progressing after Bellmunt et al., 2017
chemotherapy. PD-L1* IHC not
predictive.

ORR 28.6% Keynote-052. Cisplatin-ineligible Balar et al., 2017a

patients. PD-L1* IHC predictive.

PD-L1 - atezolizumab

CR 6.7%, PR 16.8%

NCTO02951767. Cisplatin-ineligible
patients.

Balar et al., 2017b

CR 5.5%, PR 9.4%

NCT02108652. Chemotherapy refractory.
PD-L1* IHC on IC predictive.

Rosenberg et al., 2016
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Tumor Type Target Antibody Response Rate Notes Reference
PD-L1 - avelumab CR 5.6%, PR 10.6% (at6  JAVELIN solid tumors. Patients failing Patel et al., 2018
months follow-up) platinum-based chemotherapy. Weak
predictive value for PD-L1* IHC.
PD-L1 - durvalumab CR 2.7%, PR 14.3% NCT01693562. Patients that are Powles et al., 2017
progressive, ineligible, or have refused
platinum-based chemotherapy. PD-L1*
IHC on tumor and IC predictive.
Merkel cell PD-L1 - avelumab CR 11.4%, PR 21.6% JAVELIN Merkel 200. PD-L1 expression Kaufman et al., 2016
carcinoma and polyomavirus status not predictive.
Hodgkin’s PD-1 - nivolumab CR 14%, PR 55% Checkmate-039 and Checkmate-205. Ansell et al., 2015
lymphoma Patients progressing after autologous
HSCT and brentuximab vedotin.
PD-1 - pembrolizumab  CR 22%, PR 47% Keynote-087. Relapsed or refractory Chenetal., 2017b
Hodgkin’s lymphoma.
MSI-H and PD-1 - nivolumab CR 2.7%, PR 30% Checkmate-142. Patients progressing Overman et al., 2017
dMMR CRC after or ineligible for chemotherapy.
MSI-H and PD-1 - pembrolizumab  ORR 39.6% NCT-01876511. Patients with no Le etal., 2015, 2017
dMMR solid satisfactory alternative treatment options.
tumors
HCC PD-1 - nivolumab ORR 14.3% Checkmate-040. Patients progressing El-Khoueiry et al., 2017

after sorafenib. PD-L1* IHC not
predictive.

Gastric cancer ~ PD-1 - pembrolizumab

Fuchs et al., 2017

ORR 13.3% in PD-L1 positive

Keynote-059. Disease
progression after at least
two prior lines of
therapy.

Clinical trials leading to approval, patient subgroups, and predictive value or lack of predictive value of intratumoral PD-L1 expression are
indicated where applicable. Abbreviations are as follows: NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma; HNSCC, head and neck
squamous cell carcinoma; MSI-H, microsatellite instability high; dMMR, mismatch repair deficient; CRC, colorectal cancer; HCC, hepatocellular
carcinoma; CR, complete response; PR, partial response; ORR, overall response rate; OS, overall survival; IHC, immunohistochemistry; IC,

immune cells.
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Potential Explanations for Discrepencies between Clinical Response to PD-1-PD-L1
Blocking Therapies and Intratumoral PDL1 Expression

Clinical Response

PD-L1 expression  Non responding

Responding

PD-L1 negative

false negative in assays role of PD-L1 outside of the tumor
microenvironment dynamic nature of PD-L1 expression role
of PD-L2

PD-L1 positive other suppressive mechanism(s) tumor insensitivity to T
cells expression of PD-L1 not due to an ongoing
immune response

Immunity. Author manuscript; available in PMC 2020 December 24.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Sunetal.

Regulators of PD-L1
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Table 3

Type

Regulators of PD-
L1

Tissue type

Inflammatory
signaling

IFN-y

T multiple tumor types (Dong et al., 2002), endothelial cells (Mazanet and Hughes, 2002),
glioma (Wintterle et al., 2003), renal tubular epithelial cells (Schoop et al., 2004), colon cancer
(Nakazawa et al., 2004), monocytes (Brown et al., 2003), dendritic cells and macrophages
(Brown et al., 2003; Kryczek et al., 2008), neutrophils (de Kleijn et al., 2013)

IFN-a and IFN-a

1 endothelial cells (Eppihimer et al., 2002), monocytes and dendritic cells (Schreiner et al.,
2004), melanoma (Garcia-Diaz et al., 2017)

TLR4 1 macrophages (Loke and Allison, 2003), bladder cancer (Qian et al., 2008), monocytes
(Huang et al., 2013), dendritic cells (Mezzadra et al., 2017)

TLR3 * dendritic cells (Pulko et al., 2009), endothelial cells (Cole et al., 2011), neuroblastoma (Boes
and Meyer-Wentrup, 2015)

1L-17 T monocytes (Zhao et al., 2011), prostate and colon cancer (Wang et al., 2017b)

IL-10 1 dendritic cells (Curiel et al., 2003), monocytes (Zhao et al., 2011)

TNF-a 1 endothelial cells (Mazanet and Hughes, 2002), myelodysplastic syndrome blasts (Kondo et
al., 2010), dendritic cells (Karakhanova et al., 2010), monocytes (Zhao et al., 2011),
monocytes (Ou et al., 2012), RCC (Quandt et al., 2014), breast cancer (Lim et al., 2016),
prostate and colon cancer (Wang et al., 2017b)

IL-4 T RCC (Quandt et al., 2014)

IL-1B 1 dendritic cells (Karakhanova et al., 2010)

IL-6 1 dendritic cells (Karakhanova et al., 2010; Kil et al., 2017)

1L-27 * dendritic cells (Karakhanova et al., 2011; Matta et al., 2012), ovarian cancer (Carbotti et al.,
2015)

TGF-p * dendritic cells (Ni et al., 2012; Song et al., 2014), T cells (Baas et al., 2016)
|
renal tubular epithelial cells (Starke
et al., 2007), monocytes (Ou
etal., 2012)

IL-12 1 endothelial cells (Eppihimer et al., 2002),
monocyte-derived macrophages (Xiong et
al., 2014)
| THP-1-derived macrophages (Xiong et al., 2014)

Oncogenic signaling MYC * melanoma, NSCLC, HCC, osteosarcoma, leukemia and (mouse) lymphoma (Casey et al.,

2016; Atsaves et al., 2017; Wang et al., 2017a)

HIFla 1 breast cancer, prostate cancer (Barsoum et al., 2014), mouse myeloid cells (Noman et al.,
2014), NSCLC (Guo et al., 2017)

HIF2a T RCC (Messai et al., 2016)

STAT3 T lymphoma (Marzec et al., 2008; Atsaves et al., 2017), melanoma (Jiang et al., 2013),
HNSCC (Bu et al., 2017)

RELA * primary monocytes (Huang et al., 2013), melanoma (Gowrishankar et al., 2015), NSCLC
(Bouillez et al., 2017), breast cancer (Xue et al., 2017)

MUC1-C T NSCLC (Bouillez et al., 2017)

JUN * lymphoma (Green et al., 2012), melanoma (Jiang et al., 2013)

CDK5 * medulloblastoma (Dorand et al., 2016)

(PTEN loss) PI3K-
AKT-mTOR

1 glioma (Parsa et al., 2007), dendritic cells (Karakhanova et al., 2010), monocytes
(Muthumani et al., 2011), CRC (Song et al., 2013), melanoma (Jiang et al., 2013; Atefi et al.,
2014; Gowrishankar et al., 2015), NSCLC (Xu et al., 2014; Lastwika et al., 2016; Zhang et al.,
2017b), breast cancer (Mittendorf et al., 2014; Yang et al., 2017)

MEK-ERK

* multiple myeloma (Liu et al., 2007), NSCLC (Sumimoto et al., 2016), melanoma
(Jiang et al., 2013; Liu et al., 2015), bladder cancer
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Type Regulators of PD- Tissue type

L1
(Qian et al., 2008),
lymphoma (Yamamoto et al.,
2009), dendritic cells (Karakhanova et al., 2010)
| melanoma (Atefi et al., 2014), mouse breast
cancer (Loi et al., 2016), NSCLC
(Liu et al., 2015)

MAPK14 * multiple myeloma (Liu et al., 2007), bladder cancer (Qian et al., 2008), lymphoma
(YYamamoto et al., 2009), dendritic cells (Karakhanova et al., 2010)

RAS T NSCLC (Sumimoto et al., 2016; Coelho et al., 2017; Chen et al., 2017a; Guo et al., 2017),
mouse lung (Lastwika et al., 2016), bronchial epithelial cells (Chen et al., 2017a)

EGFR T NSCLC (Akbay et al., 2013; Chen et al., 2015; Lin et al., 2015; Zhang et al., 2016; Lastwika
et al., 2016; Coelho et al., 2017), bronchial epithelial cells (Akbay et al., 2013), breast cancer
(Li et al., 2016), head and neck cancer (Concha-Benavente et al., 2016)

ALK ™ lymphoma (Marzec et al., 2008; Yamamoto et al., 2009), NSCLC (Ota et al., 2015; Koh et
al., 2015)

microRNA miR-513 | cholangiocytes (Gong et al., 2009; Gong et al., 2010)

miR-155 | dermal lymphatic endothelial cells (Yee et al., 2017)

miR-34a | AML (Wang et al., 2015), NSCLC (Cortez et al., 2015)

miR-142-5p | pancreatic cancer (Jia et al., 2017)

miR-93, miR-106b

| pancreatic cancer (Cioffi et al., 2017)

miR-138-5p | CRC (Zhao et al., 2016)

miR-217 | laryngeal cancer (Miao et al., 2017)

miR-200 L NSCLC (Chen et al., 2014; Gibbons et al., 2014), gastric cancer (Xie et al., 2017)
miR-152 | gastric cancer (Xie et al., 2017)

miR-570 | gastric cancer (Wang et al., 2013)

miR-17-5p | melanoma (Audrito et al., 2017)

miR-15a, miR-193a,
miR-16

| malignant pleural mesothelioma (Kao et al., 2017)

miR-20, miR-21, 1 CRC (Zhu et al., 2014)
miR-130b
miR-197 I NSCLC (Fujita et al., 2015)

Genetic alteration

amplifications

1 Hodgkin’s lymphoma (Green et al., 2010; Roemer et al., 2016), B cell lymphoma (Green et
al., 2010; Twa et al., 2014), NSCLC (lkeda et al., 2016), SCLC (George et al., 2017),
squamous cell carcinoma of the oral cavity (Straub et al., 2016), stomach cancer (Cancer
Genome Atlas Research Network, 2014)

translocations

T mediastinal large B cell lymphoma (Twa et al., 2014)

disruption of 3’

T multiple tumor types, e.g., T cell leukemia, T and B cell lymphoma, stomach

UTR region adenocarcinoma (Kataoka et al., 2016)
Post-translational CMTM6 * melanoma, NSCLC, CRC, thyroid cancer, dendritic cells, CML-derived cells, pancreatic
regulation cancer, breast cancer (Burr et al., 2017; Mezzadra et al., 2017)

CMTM4 T NSCLC, melanoma, CML-derived cells (Mezzadra et al., 2017)

CDK4 | cervical cancer, breast cancer cells (Zhang et al., 2017a)

GSK3B | breast cancer (Li et al., 2016)

B3GNT3 1 breast cancer (Li et al., 2018)

CSN5 1 breast cancer (Lim et al., 2016)

Up and down arrows are used to annotate positive and negative regulators of PD-L1s, respectively.
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