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Abstract

Background: To achieve optimal outcomes, an individual approach is needed in the treatment and care of patients. The
potential value of tumor mutational burden (TMB) status and/or programmed cell death ligand 1 (PD-L1) expression as
biomarkers to predict which patients are most likely to respond to checkpoint inhibitors has been explored in many studies.
The goal of this targeted literature review is to identify data available for TMB status and/or PD-L1 expression that predict
response to checkpoint inhibitors and/or anti-cytotoxic T-lymphocyte—associated protein 4 (CTLA-4) antibodies.

Methods: Targeted literature searches were performed using electronic medical databases (MEDLINE, Embase, and BIOSIS)
and interet searches of specified sites. Bibliographies of key systematic literature reviews and meta-analyses also were
reviewed for studies of interest.

Results: The review identified 27 studies of non-small cell lung cancer (NSCLC), 40 studies of melanoma, 10
studies of urothelial cancer, and 5 studies of renal cell cancer indications. Studies also were identified in other
cancer types, e.g., colorectal, breast, gastric, and Merkel cell cancer and squamous-cell carcinoma of the head
and neck.

Twelve trials, including six in NSCLC and four in melanoma, evaluated TMB as a predictor of outcomes. A
TMB of 210 mutations per megabase was shown to be an effective biomarker in the CheckMate 227 study.
PD-L1 expression was included in the majority of identified studies and was found to predict response in in
melanoma and in all types of NSCLC. Prediction of response was not a prespecified analysis in some studies;
others had small sample sizes and wide confidence intervals. A clear predictive trend for PD-L1 expression
was not identified in renal, breast, gastric, or Merkel cell cancer.

Conclusion: Based on data contained in this review, assessment of TMB status and PD-L1 expression may help enhance
the prediction of response to checkpoint inhibition in some tumors, such as NSCLC and melanoma. In this rapidly
growing area of research, further exploratory biomarkers are being investigated including tumor-infiltrating lymphocytes,
immune profiling (e.g, effector T cells or regulatory T cells), epigenetic signatures, T-cell receptor repertoire, proteomics,
microbiome, and metabolomics.
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Background

Precision Medicine and the Current Approach

According to the Precision Medicine Initiative, precision
medicine is “an emerging approach for disease treatment
and prevention that takes into account individual variabil-
ity in genes, environment, and lifestyle for each person”
[1]. Using this instead of a one-size-fits-all approach
allows physicians to predict more accurately which treat-
ment and prevention strategy will work for which patient
groups for a specific disease. Despite sharing a histological
phenotype, patients with the same cancer type may have
distinct genetic elements, tumor microenvironments, and
biochemical pathways and thus will require individualized
treatment to optimize clinical benefit.

A current approach to precision medicine is to use gen-
omic markers to target health care interventions. Accord-
ing to Phillips et al. [2], there were approximately 75,000
genetic tests on the market in 2017, of which about 86%
were single-gene tests. The remaining tests included
multi-analyte assays, noninvasive prenatal test, whole ex-
ome (protein coding only) sequencing (WES), and whole
genome sequencing, so called next-generation sequencing.

The potential value of tumor mutational burden
(TMB) and/or programmed cell death ligand 1 (PD-L1)
expression biomarkers to enhance the prediction of
which patients are most likely to respond to checkpoint
inhibitors that target programmed cell-death protein or
PD-L1 has been explored in multiple studies [3—-6].

TMB/Tumor Mutational Load
TMB, also known as tumor mutational load (TML), is a
measure of the number of mutations within a tumor gen-
ome, sometimes defined as the total number of nonsynon-
ymous point mutations per coding area of a tumor
genome [7]. During their replication, tumor cells can de-
velop multiple somatic mutations because of genetic in-
stability that can alter protein-coding genes and
potentially aberrant protein expression. These proteins are
then broken down into peptides that may act as antigens
or neoantigens once they are presented by the major
histocompatibility complex on the tumor cell surface,
which may be recognized by tumor-infiltrating lympho-
cytes (TILs), thereby triggering an immune response [8].
TMB has potential to predict the volume of neoantigens
generated and thus the potential for eliciting an antitumor
response and response to immunotherapy. Because of this
predictive potential, TMB is emerging as a prominent
independent biomarker for prediction of response to pro-
grammed cell death protein 1 (PD-1)/PD-L1 (PDx) path-
way inhibitors in multiple cancer types [9], aided by the
development of next-generation sequencing.

TMB as a biomarker was originally evaluated in ad-
vanced melanoma patients using WES data [10]. High
mutational load showed a correlation in this study with
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a clinical benefit when treated with the cytotoxic T-
lymphocyte—associated protein 4 (CTLA-4) inhibitor ipi-
limumab. The CheckMate 227 trial evaluated different
nivolumab-based regimens versus chemotherapy in pa-
tients with non-small cell lung cancer (NSCLC) and
showed that treatment with nivolumab plus ipilimumab
in patients with a burden of at least 10 mutations per
megabase was associated with longer progression-free
survival (PFS) [4].

Checkpoint Inhibitors PD-1/PD-L1 and CTLA-4

Naive T cells require both antigen presentation and a sec-
ond costimulatory signal, usually CD28, to be activated. In
contrast to CD28, PD-1 delivers a negative signal when
bound to its ligands PD-L1 and programmed cell death
ligand 2 (PD-L2) (Error! Reference source not found.).
PD-1 suppresses T-cell activation by recruiting SHP-2,
which inactivates ZAP-70, a crucial molecule in T-cell re-
ceptor signaling. PD-L1 can be produced in normal tissues
and is crucial to prevent immune-mediated damage at the
time of an inflammatory response as the activation of PD-
1 inhibits T-cell effector functions [3, 11, 12]. Its expres-
sion is upregulated by interferon y (IFN-y) and other cyto-
kines that are released by activated T cells.

Unfortunately, cells from many different human tumors
can evade host immune surveillance by expressing PD-L1
on their surface. TILs recognize antigens expressed by
tumor cells and presented by antigen-presenting cells,
subsequently releasing IFN-y leading to expression of PD-
L1. An overexpression of PD-LI can result in an adaptive
immune resistance within the tumor environment [3].
PD-L1 expression can also be driven by constitutive sig-
naling pathways that involve phosphatase and tensin
homolog, anaplastic lymphoma kinase, and epidermal
growth factor receptor (EGFR) mutations [13].

Checkpoint inhibitory therapy is a form of cancer
treatment currently under research globally for which
James P. Allison and Tasuku Honjo received the Nobel
Prize in Physiology or Medicine in 2018. The therapy in-
hibits immune checkpoints such as PD-L1 or PD-L2,
PD-1, or CTLA-4, the first immune checkpoint receptor
to be characterized. CTLA-4 is upregulated after T-cell
activation and serves to down-regulate T-cell function to
maintain T-cell homeostasis by binding to CD80; the
same ligand is binding to CD28 for T-cell activation.
Blocking CTLA-4 as the negative regulator of immune
response can enhance antitumor immunity.

Currently, one antibody targeting CTLA-4 is clinically
approved, ipilimumab, although others are in develop-
ment. Nivolumab, cemiplimab, and pembrolizumab are
the currently approved anti—PD-1 treatments for various
cancer types. Approved anti—-PD-L1 drugs that are on
the market are atezolizumab, avelumab, and durvalu-
mab. The activity of these checkpoint inhibitors has
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been studied in several cancers, including lung, breast,
gastric, pancreatic, ovarian, renal cell, melanoma, and
glioblastoma [14].

These immunotherapies may overcome immune inhib-
ition and enhance or preserve the immune response
against cancer cells. However, not all patients respond to
anti-PD-1 or PD-L1 therapies, and so it is important to
identify biomarkers that can predict clinical response [3].

The US Food and Drug Administration has approved
four immunohistochemistry (IHC)-based assays to detect
PD-L1 expression using diagnostic monoclonal anti-
bodies: IHC 22C3, 28-8, SP142, and SP263 [15]. A re-
view by Lantuejoul et al. [16] noted that a number of
studies have shown a close analytical agreement for the
Dako 22C3, Dako 28-8, and Ventana SP263 assays for
tumor cell staining in NSCLC, with poor concordance
for the Ventana SP142 assay and for immune cells.

This review will show the data available on TMB sta-
tus and PD-L1 expression that predict response to PDx
checkpoint inhibitors and anti-CTLA-4 antibodies.

Methods

Search Strategy

We searched MEDLINE, MEDLINE In-Process, Embase,
and BIOSIS from August 2007 to April 2018. Search
terms used combinations of free text and Medical Sub-
ject Heading (MeSH) terms. We used terms relating to
TMB, PD-L1, PD-1, CTLA-4, precision medicine, can-
cer, and drugs of interest. No language or geographical
limitations were applied.

To identify more recent studies, we also searched abstracts
of the meetings for the American Association for Cancer Re-
search, the Molecular Medicine Tri-Conference, and the
European Society for Medical Oncology from 2015 through
2018 and the Society for Immunotherapy of Cancer and the
American Society of Clinical Oncology from 2016 through
2018. In addition, we manually searched the reference lists of
relevant systematic reviews and meta-analyses published in
the 2years prior to the search date for further studies of
interest.

Study Selection

We included studies of adults with any tumor type,
treated with ipilimumab, tremelimumab, nivolumab,
pembrolizumab, atezolizumab, avelumab, or durvalu-
mab, that investigated biomarkers such as TMB status
or the expression of checkpoint inhibitors PD-L1, PD-1,
and CTLA-4 and were looking for subpopulations com-
paring different cutoffs. We included randomized, non-
randomized, and observational studies that reported at
least one outcome of the following: overall survival (OS),
PFS, time to progression, overall response rates, re-
sponse rates, or relapse-free survival. We excluded stud-
ies in children, studies that did not have a treatment or
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outcome of interest, those that had a sample size of less
than 50, and articles published before 2007 or abstracts
before 2015.

Identified titles and abstracts were reviewed for inclu-
sion against the predefined criteria by one researcher.
To check for potential error or bias, a random 10% se-
lection was also reviewed by another researcher; any dif-
ferences were then resolved by consensus. Full-text
articles were then obtained and reviewed in the same
manner. Data of interest were extracted from the in-
cluded studies by one reviewer and was verified by a sec-
ond researcher. Extracted data included important study
and baseline characteristics, OS, PFS, and response rates.

Results

The total number of articles identified and the screening
process are shown in Fig. 1. After the elimination of dupli-
cates, we reviewed 2768 titles and abstracts for inclusion and
selected 681 articles to review at full text. After completion
of screening process, we included 213 articles in this review:
100 primary studies and 113 secondary articles.

Of the 102 studies, we identified 27 studies for
NSCLC, 40 studies for melanoma, 10 studies for urothe-
lial cancer, and 5 studies for renal cell cancer indica-
tions. Fewer studies were identified for other cancer
types, such as squamous-cell carcinoma of the head and
neck (n=2), colorectal cancer (n=3), gastric cancer
(n=2), breast cancer (n=1), Hodgkin’s disease (n=1),
Merkel cell cancer (n = 1), small cell lung cancer (n=1),
and pancreatic cancer (#=1). Some studies presented
data for multiple indications. Table 1 lists the indications
we identified for each drug of interest. The studies were
highly heterogenous, investigating a range of biomarker
cutoffs with a variety of biomarker assays. The study
characteristics and reported outcomes of all the studies
of interest are presented in Additional file 1: Table S1.

NSCLC

We identified 27 studies (69 references, including 3
pooled analyses) that presented outcome data of interest
for NSCLC. Eleven studies presented data for nivolumab
as treatment, 5 for atezolizumab, and 3 for pembrolizu-
mab; the remaining studies reported data on other treat-
ments or mixed treatments.

Six studies reported OS or PES data for populations
using TMB as a biomarker, as shown in Table 2. The cut-
off points used included < 10, > 10, <12, > 12, > 13, < 14,
> 14, > 16, <16, <20, and > 20 mutations per megabase;
some studies also reported TMB as low, medium, or high.
Due to the varying definitions of TMB, it is difficult to
draw direct comparisons between studies.

The most commonly applied TMB cutoff points
were > 10, > 16, and > 20 mutations per megabase. How-
ever, the studies that used these cutoff points used
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Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses Diagram

different definitions of TMB (blood or tissue based). B-
FIRST [29] reported the greatest increase of median PFS
(9.5 months) at the cutoff point >16 when using cutoff
points ranging from >12 to >20.

The CheckMate 227 study [4] reported a median PFS
of 3.2 and 7.2 months for TMB < 10 and TMB > 10, re-
spectively, for patients treated with first-line nivolumab
3 mg/kg plus ipilimumab 1 mg/kg. Nivolumab 3 mg/kg
also was the first-line treatment used in CheckMate 026
[17]; the median PFS was 4.1 months for low or medium
TMB and 9.7 for high TMB. A higher OS (18.3 vs. 12.7
months) was reported for the high-TMB group than for
the low- or medium-TMB group. Interestingly, despite
this study finding no association between PD-L1 expres-
sion and TMB, patients with both a high TMB and a
PD-L1 expression of >50 had a higher response rate
(75%) than patients with one (32—-34%) or neither (16%)
of these factors, suggesting that they are independent

biomarkers predictive of response. It should be noted
that the CheckMate 227 and CheckMate 026 studies
used different methods to assess TMB (FoundationOne
CDx assay and whole exome sequencing, respectively).
Two studies looked at TMB in second-line therapy
and beyond when comparing atezolizumab and doce-
taxel therapy. Both OAK [6] and POPLAR [23] studies
used the cutoff points > 10, > 16, and > 20, and both re-
ported an inverse relationship between TMB and OS
HR. The OAK and POPLAR studies both used blood-
based approaches to assess TMB. The OS HRs for the
individual TMB cutoffs differed between studies: in
OAK, they were 0.69, 0.64, and 0.65, respectively, for the
three cutoff points, while in POPLAR, they were 0.59,
0.56, and 0.51, respectively [6, 23]. This difference could
be attributed to the difference in population sizes or be-
cause patients with known EGFR or anaplastic lymph-
oma kinase mutations were excluded in Rittmeyer et al.
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Table 1 Indications Included in Identified Studies by
Intervention

Drug Indication(s)

CTLA-4 inhibitors

Melanoma (n = 25), NSCLC (n=3), mCRC (n=1),
SCLC (h=1), RCC (n=1), pancreatic (n=1)

Melanoma (n=3)

Ipilimumab

Tremelimumab

PD-1 inhibitors
Nivolumab NSCLC (n=14), melanoma (n = 14), RCC (n=3),
urothelial (n=2), SCCHN (n=1), GC (n=1), mCRC
(n=1), Hodgkin's disease (n=1), SCLC (n=1)
Melanoma (n =9), NSCLC (n = 6), urothelial (n=2),
Pembrolizumab mCRC (n=2), GC (n=1), breast cancer (n=1),
SCCHN (n=1)

PD-L1 inhibitors

Atezolizumab NSCLC (n =6), melanoma (n = 2), urothelial (n =3),

RCC(h=2)

Avelumab NSCLC (n = 1), Merkel cell cancer (n = 1), urothelial
(n=1)

Durvalumab NSCLC (n=2), urothelial (n=1)

CTLA-4 cytotoxic T-lymphocyte-associated protein 4; GC gastric cancer; mCRC
metastatic colorectal cancer; NSCLC non-small cell lung cancer; PD-1
programmed cell death protein 1; PD-L1 programmed death ligand 1; RCC
renal cell cancer; SCCHN squamous-cell carcinoma of the head and neck; SCLC
small cell lung cancer

[6]. In addition, increasing TMB may be prognostic but
not predictive; i.e., tumors with higher levels of TMB
would be less responsive to chemotherapy. As no confi-
dence intervals (Cls) were reported for either study, it is
not possible to determine the degree of significance of
the difference in OS HR results between the studies.

Finally, Yaghmour et al. [28] investigated patients who
had solid tumors, were treated with any checkpoint in-
hibitor, and had undergone next-generation sequencing.
This study reported that OS was significantly higher in
patients who were in the top quintile for TMB (hazard
ratio [HR] = 5.78; 95% CI, 1.40-15.12). However, no sig-
nificant difference was found in the population of pa-
tients who had NSCLC (P = 0.205; HR = undefined [95%
CI, 0.53-25.70]).

Sixteen studies reported OS or PFS data in patients with
NSCLC and with PD-L1 expression as a biomarker, as
shown in Additional file 1: Table S2. The cutoff values for
PD-L1 expression in tumor and/or immune cells used in-
cluded < 1%, < 5%, < 10%, < 50, 1 to 49%, = 1%, = 5%, > 10%,
and > 50%. Unfortunately, not all studies reported the PD-L1
expression cutoffs used. Additionally, study durations differed
and, in some studies, the median OS or the upper limit of
the CI was not reached.

The CheckMate 227 study [4] reported OS and PFS data
in patients with NSCLC and both PD-L1 expression and
TMB status as biomarkers (Additional file 1: Table S3).

The median OS for first-line treatment with nivolu-
mab was highest in the subgroup with PD-L1 expression
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>50% [17]. In CheckMate 026 [17], the median OS for
PD-L1 expression >1% was 13.7 months with nivolumab
3 mg/kg, compared with 20.2 months with nivolumab 10
mg/kg as treatment in CheckMate 012 [30]. The median
OS for second-line treatment with nivolumab at a dose
of 3 mg/kg ranged from 9.3 months to 17.7 months for
patients with a PD-L1 expression >1%, 10.0 to 19.4
months for PD-L1 expression >5%, 11 to 19.9 months
for PD-L1 expression >10%, and 8.7 to 10.5 months
for PD-L1 expression <1% in CheckMate 057 and
017 [31, 32].

For second-line treatment with atezolizumab (1200
mg), the median OS ranged from 15.5 to 15.7 months
for PD-L1 expression >1%, 15.5 to 16.3 months for PD-
L1 expression >5%, 15.1 to 20.5 months for >50%, and
9.7 to 12.6 months for PD-L1 expression < 1% in OAK
and POPLAR [6, 23]. Rittmeyer et al. [6] differentiated
the patient population into squamous and nonsquamous
NSCLC. Comparing the median OS for PD-L1 expres-
sion >50% showed that survival appeared to be better in
patients with nonsquamous NSCLC (22.5 months) than
in patients with squamous NSCLC (17.5 months). Simi-
lar differences were shown for the other PD-L1 expres-
sion cutoffs.

Melanoma

We identified 40 studies (53 references) that presented
outcome data of interest for melanoma; however, limited
OS and PFS data were available. Only 3 studies reported
OS or PFS data using TMB as a biomarker (Table 3),
while 5 studies reported OS or PFS data using PD-L1 ex-
pression (Additional file 1: Table S4).

Yaghmour et al. [28] reported that OS was higher in
patients with a TMB in the top quintile (median gen-
omic alterations = 16.5) than OS in patients with a TMB
in the lower quintiles (median genomic alterations = 2)
(HR =3.29; 95% CI, 0.75-25.53). Patients were treated
with nivolumab, pembrolizumab, or ipilimumab. Roszik
et al. [34] also found that OS was higher in patients
treated with ipilimumab who had a high predicted TMB
(>100) compared to those with a low predicted TMB
(<100) (median = undefined vs 582 days, P < 0.006). Add-
itionally, Johnson et al. [33] and Yaghmour et al. [28]
found that patients with a high TMB (> 23.1 mutations/
megabase) had higher OS and PFS than those with inter-
mediate TMB (3.3-23.1 mutations/megabase) or low
TMB (< 3.3 mutations/megabase) (OS: median = not
reached vs. 300days vs. 375days, P<0.001; PFS: me-
dian = not reached vs. 89days vs. 86days, P<0.001).
Patients were treated with nivolumab, pembrolizumab,
or atezolizumab.

Two studies (KEYNOTE-001 and KEYNOTE-006) used
a PD-L1 expression cutoff of 1%, both investigating pem-
brolizumab [35-38]. The median OS was significantly
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Table 2 Tumor Mutation Burden as Predictor of Non-small Cell Lung Cancer Outcome: OS and PFS Data
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Trial/Author (Year) Subpopulation or Treatment No. of 0S PFS
Population Patients Median (95% Cl), HR(95% Cl) Median (95% Cl), HR(95% C)
Months Months
CheckMate 026 High TMB NIVO 3 mgr/kg Q2W 47 183 (114-NE) 1.1 (0.64- 9.7 (5.1-NE) 0.62 (0.38-1.0)
Carbr t al. (2017 1.88
e @07) Platinum-based 60 188 (11.3-NE) ) 58 (42-85)
Socinski et al. (2016) chemotherapy Q3W
[18] Low or medium NIVO 3 mg/kg Q2W M 12.7 (9.9-16.1) 099 (0.71- 4.1 (2.8-54) 1.82 (1.3-2.55)
TML 14
Platinum-based 94 13.2 (9.5-15.2) ) 6.9 (5.5-86)
chemotherapy Q3W
CheckMate 227 TMB 2 10 mutations  NIVO + IPI 139 NR NR 7.2 (55-132) 0.58 (97.5% Cl,
Hell t al. 2018 b 041-0.81
[4? mann et al. (2018) per m Chemotherapy 160 NR NR 55 (44-58) )
TMB < 10 mutations  NIVO + IPI 191 NR NR 32 (2.7-43) 1.07 (0.84-1.35)
b
perm Chemotherapy 189 NR NR 55 (43-56)
OAKa TMB =10 ATEZO vs. DTX 251 NR 0.69 (NR) NR 0.73 (NR)
Ritt t al. (2017,
[6'] meyer etal. Q017) g 16 158 NR 064 (NR)  NR 065 (NR)
Gadgeel et al. (2017)  TMB =20 105 NR 065 (NR)  NR 061 (NR)
[19]
Barlesi et al. (2016)
[20]
Hida et al. (2018) [21]
Gandara et al. (2017)
[22]
POPLARa TMB =10 ATEZO vs. DTX 96 NR 0.59 (NR) NR 0.68 (NR)
Fehrenbacher et al.
(2016) [23] TMB 2 16 63 NR 0.56 (NR) NR 0.57 (NR)
Smith et al. 2016) TMB = 20 4 NR 051 (N} NR 058 (NR)
[24]
Mazieres et al. (2016)
[25]
Vansteenkiste et al.
(2015) [26]
Spira et al. (2015) [27]
Gandara et al. (2017)
[22]
Yaghmour (2016) TML: top quintile > First line, NIVO or IPI 50 (overall NR 329 (0.75- NR NR
28 tient 2553
(28] TML: other quintiles patients) NR ) NR NR
B-F1RST Blood-based TMB 2  ATEZO 22 NR NR 3 0.95 (90% Cl,
Velcheti (2018) [29] 12 0.55-1.63)
Blood-based TMB < 36 NR NR 32
12
Blood-based TMB = 14 NR NR 34 0.73 (90% Cl,
14 0.39-1.39)
Blood-based TMB < 44 NR NR 32
14
Blood-based TMB = 11 NR NR 95 049 (90% Cl,
16 0.23-1.04)
Blood-based TMB < 47 NR NR 28
16
Blood-based TMB 2 8 NR NR 9.5 0.23 (90% Cl,
20 0.08-0.62)
Blood-based TMB < 50 NR NR 27

20

ATEZO atezolizumab; C/ confidence interval; DTX docetaxel; HR hazard ratio; IPI ipilimumab; mb megabase; NE could not be estimated/not reached;
NIVO nivolumab; NR not reported; OS overall survival; PFS progression-free survival; Q2W every 2 weeks; Q3W every 3 weeks; TMB tumor mutational
burden; TML tumor mutational load

“Blood based TMB
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Table 3 Tumor Mutation Burden as Predictor of Melanoma Outcome: OS and PFS Data
Trial/Author (Year)  Subpopulation or Population  Treatment No. of oS PFS
Patients Median (95% Cl), HR Median (95% Cl), HR
Months (95% Cl) Months (95% ClI)
Johnson et al. High (> 23.1 mutations NIVO, PEM, and 65 NE NR NE NR
(2016) [33] per mb) ATEZO
Intermediate (3.3-23.1 65 9.9 (NR) NR 2.9 (NR) NR
mutations per mb)
Low (< 3.3 mutations 65 12.3 (NR) NR 2.8 (NR) NR
per mb)
Roszik et al. Predicted TML < 100 IPI 19 19.14 (NR) 035 NR NR
(2016) [34] Predicted TML > 100 57 Undefined (NR) (016-077) NR NR
Yaghmour et al. TML: top quintile NIVO, PEM, 50 (overall NR 3.29 NR NR
(2016) (28] TML: other quintiles combined and IPI patients) NR (0.75-2553) NR NR

ATEZO atezolizumab; C/ confidence interval; HR hazard ratio; IPI ipilimumab; mb megabase; NE could not be estimated/not reached; NIVO nivolumab; NR not
reported; OS overall survival; PFS progression-free survival; TML tumor mutational load

higher in patients with PD-L1 expression >1% than in pa-
tients with PD-L1 expression < 1%, with an HR between
0.55 and 0.83 [35, 36]. Three other studies (CheckMate
066, CheckMate 067, CheckMate 069) used a PD-L1 ex-
pression cutoff of 5% [36, 39, 40], but the results are
inconclusive.

Other Indications

Limited literature was identified for other cancer
types. We identified 10 studies of urothelial cancer, 5
studies of renal cell cancer, and 18 for other indica-
tions. Details of these studies are reported in
Additional file 1: Table S1.

Discussion

This review was conducted to identify published data re-
garding immune-related TMB status and PD-L1 expres-
sion that may predict response to PDx checkpoint
inhibitors and anti-CTLA-4 antibodies. A total of 27 tri-
als were identified for NSCLC, 40 trials for melanoma,
10 trials for urothelial cancer, and 5 trials for renal cell
cancer; fewer trials were identified for the other cancer
types. OS data were mainly identified for the NSCLC
and melanoma indications. Data are available not only
for different treatments but additionally for different
lines of treatment.

A total of 12 studies reported on TMB, 6 of which
were in NSCLC, where TMB appears to be a predictive
biomarker for response. Five of the 6 studies reported
PFS data. CheckMate 227 [4], OAK [6], POPLAR [23],
and B-FIRST [29] showed an improved response at the
cutoff points of 210 and > 16 mutations per megabase,
whereas CheckMate 026 [17] showed an improved re-
sponse at a high TMB or a TMB in top quintiles, re-
spectively. OS data also suggested that TMB could be an
effective biomarker in NSCLC.

It should be noted that a number of studies question-
ing the potential benefit of the use of TMB assessment
to predict response to checkpoint inhibitors in NSCLC
have been published since the April 2018 cutoff for this
review. Langer et al. [41] evaluated the relationship be-
tween TMB and outcomes in KEYNOTE-021 cohorts C
(pembrolizumab plus carboplatin and pemetrexed) and
G (randomized 1:1 to pembrolizumab plus carboplatin
and pemetrexed or carboplatin and pemetrexed alone).
In this study, TMB was not significantly associated with
objective response rate, PFS, or OS for pembrolizumab
plus chemotherapy or chemotherapy alone as first-line
therapy for metastatic nonsquamous NSCLC. Garassino
et al. [42] found that TMB was not significantly associ-
ated with efficacy of pembrolizumab plus chemotherapy
or placebo plus chemotherapy as first-line therapy for
metastatic nonsquamous NSCLC in KEYNOTE-189.
Finally, TMB was not significantly associated with re-
sponse to nivolumab plus ipilimumab compared with
nivolumab for squamous NSCLC in Lung-MAP Sub-
Study S1400I [43].

The IMvigor210 study [44, 45] in urothelial cancer
and the Van Allen et al. [46] study in metastatic melan-
oma were able to show that TMB correlates with clinical
benefit such as PFS and OS, but de Vlasco et al. [47] did
not identify such a correlation in metastatic renal cell
cancer when investigating a poor-risk group in the
CheckMate 025 study.

Sixteen studies that reported OS or PFS data and PD-
L1 expression as a biomarker were identified in patients
with NSCLC. The studies reported the use of different
assays and a number of different PD-L1 expression cut-
offs, ranging from <1% to 250%; not all of the studies
reported the cutoff used. The median OS for first-line
treatment with nivolumab was highest in the subgroup
with PD-L1 expression >50% [17]. The second-line ate-
zolizumab OAK study showed that PD-L1 expression
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>50% improved survival in nonsquamous NSCLC (22.5
months) compared with squamous NSCLC (17.5
months). Similar differences were shown for the other
PD-L1 expression cutoffs. For NSCLC, PD-L1 expression
data are reported in a number of studies, and PD-L1 ex-
pression appears to be an appropriate biomarker for pre-
dicting response for all NSCLC types.

In melanoma, 3 studies reported OS or PFS data and
TMB. Roszik et al. [34] also found that OS was higher in
patients treated with ipilimumab who had a high predicted
TMB (>100) compared to those with a low predicted
TMB (<100). Johnson et al. [33] and Yaghmour et al. [28]
found that patients with a high TMB had higher OS and
PES than those with intermediate TMB or low TMB
treated with nivolumab, pembrolizumab, or atezolizumab.

Additionally, 5 studies in melanoma reported OS or PFS
data and the PD-L1 expression biomarker. The median
OS was significantly higher in patients with PD-L1 expres-
sion 21% than in patients with PD-L1 expression < 1% in
the pembrolizumab KEYNOTE-001 and KEYNOTE-006
trials, with an HR between 0.55 and 0.83 [35, 36].

Data Gaps

The majority of data on TMB status and PD-L1 expres-
sion were identified for NSCLC, melanoma, and urothe-
lial cancer but not the other cancer types. In addition,
the majority of the biomarker data were identified for
TMB and PD-L1 expression (biomarkers with limited
data were PD-1 and CTLA-4 expression).

There is currently a lack of standardization on TMB
calculation and reporting. The Friends of Cancer Re-
search have an ongoing initiative to develop a consensus
solution on how best to standardize current methods of
TMB calculation [48]. Potentially useful biomarkers in
squamous-cell NSCLC (Additional file 1: Table S1) are
the SQ-cytoscore as used in Eberhardt et al. [49] or IFN-
y gene expression in both NSCLC types [50]. Iafolla and
Juergens [51] suggest additional biomarkers that should
be investigated further, including TILs, immunoprofiling
(e.g., effector T cells or regulatory T cells), epigenetic
signatures, T-cell receptor repertoire, proteomics, micro-
biome, and metabolomics. A few of these have been in-
vestigated in some of the studies presented in this
review; however, the data are very limited and need fur-
ther investigation.

Additional biomarkers such as high levels of micro-
satellite instability, which may relate to TMB with
respect to the potential for increased antigenicity or
tumor visibility to the immune system have been clin-
ically validated and led to a multitumor approval for
pembrolizumab.

While a clear predictive trend for PD-L1 expression
was identified in studies of NSCLC and melanoma, this
was not the case for other cancer types, including
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Merkel cell carcinoma, gastric, renal, and breast cancers.
For these indications, other biomarkers are needed to
enable individual prediction on whether a treatment will
be successful for a patient or patient group.

The next generation of co-inhibitory receptor targets,
such as lymphocyte-activation gene 3 and T-cell im-
munoglobulin and mucin-domain containing-3 [52], be-
long to the same receptor class as PD-1 and CTLA-4
but have unique functions, especially at tissue sites regu-
lating distinct aspects of immunity, that are not yet fully
understood. Herbst et al. [53] have evaluated these tar-
gets, but further investigation is needed.

With ongoing research into resistance to checkpoint
inhibitors and also hyperprogressive disease [54, 55],
there is potential for new biomarkers for response
checkpoint inhibitors to be identified in the future.

Conclusions

Based on the data contained in this review, assessment
of TMB status and PD-L1 expression may help enhance
the prediction of response to checkpoint inhibition in
some tumors, such as NSCLC and melanoma. Carbone
et al. [17] did a comparison which was not powered for
statistical analysis that showed that in the nivolumab
groups of the CheckMate 026 study, patients with both a
high TMB and a PD-L1 expression level of 50% and
above had a higher response rate compared to the other
groups with a high TMB or a high PD-L1 expression.
Following the date of publication cutoff for this review a
number of studies have been published that question the
potential benefit of the use of TMB assessment to pre-
dict response to checkpoint inhibitors in NSCLC and
other tumors. Additional exploration into the signifi-
cance of TMB across the range of tumor types is re-
quired to define the scope of its applicability as a
biomarker.

Different cutoffs for TMB and percentage cutoffs for
PD-L1 expression were used in the studies identified,
and some studies did not report the cutoffs used. Add-
itional biomarkers that should be investigated further in-
clude TILs, immunoprofiling (e.g., effector T cells or
regulatory T cells), epigenetic signatures, T-cell receptor
repertoire, proteomics, microbiome, and metabolomics.
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