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Abstract
The development of immune checkpoint inhibitors has changed the treatment paradigm for advanced cancers
across many tumor types. Despite encouraging and sometimes durable responses in a subset of patients, most
patients do not respond. Tumors have adopted the PD-1/PD-L1 axis for immune escape to facilitate tumor growth,
which can be leveraged as a potential target for immune checkpoint inhibitors. On this basis, PD-L1 protein
expression on tumor or immune cells emerged as the first potential predictive biomarker for sensitivity to immune
checkpoint blockade. The goal of our study was to evaluate PD-L1 as a predictive biomarker based on all US Food
and Drug Administration (FDA) drug approvals of immune checkpoint inhibitors. We evaluated the primary studies
associated with 45 FDA drug approvals from 2011 until April 2019. In total, there were approvals across 15 tumor
types. Across all approvals, PD-L1 was predictive in only 28.9% of cases, and was either not predictive (53.3%) or not
tested (17.8%) in the remaining cases. There were 9 FDA approvals linked to a specific PD-L1 threshold and
companion diagnostic: bladder cancer (N = 3), non-small cell lung cancer (N = 3), triple-negative breast cancer (N =
1), cervical cancer (N = 1), and gastric/gastroesophageal junction cancer (N = 1) with 8 of 9 (88.9%) with immune
checkpoint inhibitor monotherapy. The PD-L1 thresholds were variable both within and across tumor types using
several different assays, including approvals at the following PD-L1 thresholds: 1, 5, and 50%. PD-L1 expression was
also measured in a variable fashion either on tumor cells, tumor-infiltrating immune cells, or both. In conclusion,
our findings indicate that PD-L1 expression as a predictive biomarker has limitations and that the decision to
pursue testing must be carefully implemented for clinical decision-making.
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Introduction
Immune checkpoint inhibitors have changed the treatment landscape for many tumor types, particularly in
the metastatic setting. Since the first Food and Drug
Administration (FDA) approval in 2011, the pace of discovery has increased dramatically. While meaningful,
durable responses are achieved in some patients, the
majority of patients do not respond. Thus, predictive
biomarkers of sensitivity and resistance to immune
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checkpoint blockade are needed. To date, the search for
predictive biomarkers has been challenging given the
dynamic interplay between these antibodies and the
immune microenvironment and the heterogeneity of
immune milieu in different tumor types [1]. The most
frequently studied biomarker, PD-L1 protein expression
on either tumor or immune cells, emerged early based on
the mechanism of interaction between PD-1 and PD-L1
[2]. Specifically, PD-1 (CD279), predominantly expressed
on surface of activated T and B lymphocytes, plays a vital
role in maintaining peripheral and central immune cell
tolerance by binding to its ligands, PD-L1 (B7-H1) and
PD-L2 (B7-DC), and inhibiting peripheral T-cell activation
[1]. PD-L1 is expressed on a variety of normal and
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immune cell types and is much more commonly present
than PD-L2 [3]. Tumor cells have also adopted this PD-1/
PD-L1 mechanism to suppress immune surveillance and
facilitate tumor growth [2]. Thus, the use of immune
checkpoint blockade particularly in patients with tumor
and tumor-infiltrating immune cell population expressing
PD-L1 has been of critical interest.
Herein, we systematically evaluated pivotal trials leading to all FDA approvals of immune checkpoint inhibitors from 2011 to 2019 and report the status of PD-L1
expression as a predictive biomarker. In addition, we
carefully examined the FDA indications that were specifically linked to PD-L1 testing. Finally, we discuss the
challenges of PD-L1 as a biomarker and offer future
directions for biomarker investigation in the immunotherapy space.

Methods
We examined all immune checkpoint inhibitor FDA
approvals from the first approval in 2011 until April 1st
2019. Institutional Review Board (IRB) approval was
waived for this retrospective study given that no patientprotected health information was utilized. In total, 45
approvals were found over this time period using the
following FDA website:
https://www.fda.gov/drugs/resources-information-ap
proved-drugs/hematologyoncology-cancer-approvalssafety-notifications. We then evaluated the primary articles from the specific clinical trial or trials that were
linked to the FDA approval (Additional file 1: Table S1).
For each study, the potential for PD-L1 as a predictive
biomarker was examined, either with respect to predicting
response of the approved drug as compared to chemotherapy or to predict treatment response at a higher threshold
of PD-L1 expression compared to a lower threshold in
single-agent studies. For each trial, we recorded the PD-L1
cutoff(s) studied, whether PD-L1 expression pertained to
tumor and/or immune cells, the PD-L1 assay utilized, and
whether the FDA approval was linked to a cutoff and/or
assay. In addition, we reported whether the FDA approval
was related to another predictive biomarker for response to
immune checkpoint inhibitors.
Summative data were analyzed using categorical variables. Response data across trials were not compared
given the variability of trial designs including single-arm
vs. various comparator groups, different PD-L1 thresholds, and multiple tumor types included in our analyses.
Results
In total, there were 45 FDA approvals from 2011 to
April 2019. The pace of approvals increased over time
with one in 2011, two in 2014, seven in 2015, seven in
2016, twelve in 2017, thirteen in 2018, and three thus far
in 2019. The majority of the approvals were as a result
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of Phase II (22/45, 49%) and Phase III (20/45, 44%) clinical trials. Approvals included fifteen tumor types
(NSCLC (N = 11), melanoma (N = 8), bladder (N = 5),
renal (N = 2), head and neck (N = 2), colon (N = 2), hepatocellular (N = 2), small cell lung cancer (N = 2), Merkelcell carcinoma (N = 2), squamous cell carcinoma of the
skin (N = 2), Hodgkin’s lymphoma (N = 2) and the following with one each (breast, cervical, gastric/gastroesophageal junction (GEJ), primary mediastinal B-cell
lymphoma, and one that was tissue agnostic). The most
commonly approved immune checkpoint inhibitors included pembrolizumab (N = 18), nivolumab (N = 11),
followed by atezolizumab (N = 5), ipilimumab with nivolumab (N = 3), ipilimumab (N = 2), durvalumab (N = 2),
cemiplimab (N = 2), and avelumab (N = 2).
With respect to PD-L1 status, nine FDA approvals
were linked to PD-L1 testing (Table 1). Approvals related to PD-L1 status included the following tumor
types: bladder cancer (N = 3), NSCLC (N = 3), triplenegative breast cancer (N = 1), cervical cancer (N = 1),
and gastric/GEJ cancer (N = 1) (Fig. 1). The PD-L1
thresholds were variable both within and across tumor
types and indications, including approvals at the following PD-L1 thresholds: 1, 5, and 50%. The type of cells
expressing PD-L1 also varies by approval. For example,
for NSCLC, approval was based on staining for PD-L1
on tumor cells. In contrast, the triple-negative breast
cancer approval was based on tumor-infiltrating immune
cells, and the cervical cancer approval used a composite
proportion score of tumor and immune cells. Eight of
nine approvals (89%) were for immune checkpoint inhibitor monotherapy. Furthermore, FDA indications
were tied to different companion diagnostics, depending
on the antibody used in the particular study leading to
approval. These included SP142 (Ventana Medical Systems), SP263 (Ventana Medical Systems), and IHC 22C3
(Dako North America, Inc.).
Across the 45 cases included, PD-L1 was predictive in
28.9% of the approvals and was either not predictive
(53.3%) or not tested (17.8%) in the remaining cases
(Fig. 2). The reporting of PD-L1 expression across studies was highly variable with the following types of cells
examined: tumor cells (N = 22), tumor and immune cells
(N = 10), immune cells (N = 2), tumor or immune cell
(N = 1), not stated (N = 2), or not performed (N = 8). The
only other predictive biomarker that was related to an
approval was microsatellite-high (MSI-high)/mismatch
repair-deficient status in three cases.

Discussion
Based on the hypothesis that PD-L1 is a crucial protein for
tumor immune escape and its presence indicates a potential
target for immune checkpoint inhibitors, PD-L1 emerged
as an early biomarker to be tested in immunotherapy
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Fig. 1 Number of immune checkpoint inhibitor FDA approvals by tumor type: The colors in the key denote whether PD-L1 testing was approved
(blue) or not approved (green) as a companion diagnostic. Abbreviations: GEJ = gastro-esophageal junction; HCC = hepatocellular carcinoma;
HL = Hodgkin’s Lymphoma; NSCLC = non-small cell lung cancer; PMBCL = primary mediastinal B-cell lymphoma; RCC = renal cell carcinoma; SCC =
squamous cell carcinoma; SCLC = small cell lung cancer

Fig. 2 Number of immune checkpoint inhibitor FDA approvals by year: The colors in the key denote the predictiveness and approval status of
PD-L1 status as a companion diagnostic. The labeled tumor types (in blue) represent approvals with PD-L1 testing as a companion diagnostic.
Abbreviations: GEJ = gastroesophageal junction, NSCLC = non-small cell lung cancer
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clinical trials. In fact, more than 80% of pivotal trials that
led to FDA approval had PD-L1 expression as a correlate.
Despite the widespread investigation in the clinical trial
setting, this study illustrates the imprecise nature of PD-L1
as a predictive biomarker. Specifically, PD-1 positivity predicted increased response in less than 30% of studies and
importantly, only 20% of all approvals have companion PDL1 diagnostic testing. Furthermore, the estimates of utility
of PD-L1 biomarker may be exaggerated as our review only
included “positive” trials that resulted in FDA approvals.
Several reasons may account for the heterogeneity in
PD-L1 predictiveness. Firstly, as our findings highlight,
there is a large variability amongst the included trials in
terms of type of tissue tested (fresh vs. archival), type of
PD-L1 assay, PD-L1 expression cutoffs, and type of cells
(tumor vs. immune vs. both) tested for PD-L1 expression.
This presents a significant challenge for pathologists and
clinicians to decipher the various modes of testing and its
application in routine clinical practice. Second, PD-L1 expression is regulated by several molecular pathways and
by other immune cells in the tumor microenvironment
and its ability to drive immunogenicity may be variable for
different tumor types [4]. In animal model systems, early
evidence suggests that PD-L1 expression on both tumor
and immune cell may contribute to tumor evasion and
inhibiting antitumor immunity across different tumor
types [5]. The relative contribution of these cell components is likely context dependent. For example, one study
in NSCLC patients treated with atezolizumab demonstrated objective response rates for high tumor cell PD-L1
and high immune cell PD-L1 of 40 and 22%, respectively,
and that these populations were independent [6]. Third,
PD-L1 expression has temporal and spatial heterogeneity
[7] and can be altered with exposure to prior therapies [4].
Although PD-L1 testing has not delivered as a broadly
applied biomarker, it holds value for certain tumor types
as outlined in Table 1 and remains the most common
immune-based biomarker in current clinical practice. In
NSCLC, two large phase III studies revealed the superiority
of pembrolizumab over chemotherapy in prolonging survival in platinum-refractory and chemotherapy-naïve patients harboring PD-L1 expression > 1% and > 50%,
respectively [8, 9]. Despite its promise as a useful biomarker,
in the first year after approval, PD-L1 testing in NSCLC was
utilized in only approximately 11% of community practices
[10]. Although the use of PD-L1 testing has increased over
time since its approval [10], the true estimates in academic
and community settings remain uncertain. In urothelial carcinoma, atezolizumab and pembrolizumab, were approved
with their companion PD-L1 diagnostic testing, Ventana
SP142 and Dako IHC 22C PharmDx Assay, respectively, for
first-line platinum-ineligible patients. These approvals were
based on superior clinical efficacy in PD-L1+ tumors, compared to PD-L1- tumors, in platinum-refractory patients.
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Specifically, atezolizumab improved ORR in PD-L1+
compared to PD-L1- tumors [11], while pembrolizumab demonstrated a survival benefit when compared
to standard chemotherapy irrespective of PD-L1 status
[12]. Durvalumab was also approved with its own PDL1 diagnostic, Ventana SP263, for platinum-refractory
patients, based on improved ORR; however, the use of
this diagnostic was designated only as complementary.
Despite the promising durable responses in many
patients harboring PD-L1 expression, there was no
correlation between degree of PD-L1 expression and
response rate in these clinical trials [13]. Additionally,
some patients without PD-L1 expression also demonstrated durable responses [13]. Thus, the clinical utility
of PD-L1 in urothelial carcinoma at this time is rather
limited. On the contrary, patients with heavily pretreated gastric/GEJ and platinum-refractory cervical
cancers who harbor PD-L1 expression can potentially
benefit from immune checkpoint blockade as an additional form of therapy [14, 15]. Most recently, PD-L1
companion diagnostic testing was approved for firstline treatment of triple-negative breast cancer. This
was based on phase III data, which showed improved
PFS and ORR in patients receiving nab-paclitaxel with
atezolizumab compared to nab-paclitaxel alone with
clinical efficacy that was predominantly observed in
patients with PD-L1+ tumors [16].
Our study has several limitations. First, we only included studies leading to FDA drug approval. Therefore,
our analyses overestimated the predictive nature of PDL1 as a biomarker. Second, given the variety of study
designs, lines of therapy, and tumor types, we could not
evaluate pooled outcome measures across studies. Lastly,
we cannot define the basis of FDA for companion PDL1 diagnostic testing approvals, as there were three studies that were predictive but not approved.
In addition to PD-L1 expression, an intensive search for
novel predictive biomarkers for immune checkpoint blockade is taking place. One example is tumor mutational
burden (TMB), which refers to the number of somatic mutations in tumors, tends to be higher in particular tumor
types, such as melanoma, NSCLC, and urothelial carcinoma
due to mutagenic exposures [17]. Recently, clinical trials for
NSCLC and urothelial carcinoma indicate that TMB may
in fact be predictive [18–20]. Additionally, TMB also appears to be independent of PD-L1 status [21]. However,
some challenges for clinical implementation of TMB include defining uniform detection methods and appropriate
thresholds for response by tumor type [22]. Other potential
predictive biomarkers include T cell-inflamed gene expression profile (GEP) and tumor-infiltrating lymphocytes
(TILs) [23, 24].
Collectively, our findings highlight the complexity of
establishing uniform biomarkers for response to immune
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checkpoint inhibitors. Compared to matching a particular
drug with a known genomic mutation, fusion, or protein
overexpression, the immune-based interactions are dynamic and complex [25]. The move towards combining
immune checkpoint inhibitors with chemotherapy and/or
other novel agents may further limit the utility of PD-L1
expression. Therefore, additional studies are needed to establish reliable and dynamic predictive biomarkers that
may vary across tumor type and indication. In the meantime, pathologists and oncologists must be careful to
utilize the immune checkpoint inhibitors linked to PD-L1
status in the appropriate, FDA-approved setting.
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