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Abstract
Background

Colorectal cancers (CRCs) expressing programmed death ligand 1 (PD-L1) have poor prog-
nosis. In the multicohort KEYNOTE-028 trial, the anti-PD-1 antibody pembrolizumab was
evaluated in 20 PD-L1—positive advanced solid tumors. Herein, we report results for the
advanced CRC cohort.

Methods

Patients with advanced, treatment-resistant PD-L1—positive carcinoma of the colon or rectum
were enrolled, regardless of microsatellite instability (MSI) status. Pembrolizumab 10 mg/kg
was administered every 2 weeks for up to 2 years or until disease progression/unacceptable
toxicity. Response was assessed every 8 weeks for the first 6 months and every 12 weeks
thereafter. Primary end points were safety and overall response rate by investigator review per
Response Evaluation Criteria in Solid Tumors version 1.1. Data cutoff was June 20, 2016.

Results

Of 137 patients with CRC and samples evaluable for PD-L1 expression, 33 (24%) had PD-
L1—positive tumors, of which 23 were enrolled. Median follow-up was 5.3 months, and 8
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patients (35%) reported treatment-related adverse events (AEs), most commonly fatigue

(n =3, 13%), stomatitis (n = 2, 9%), and asthenia (n = 2, 9%). One patient (4%) experienced
grade 4 treatment-related increased blood bilirubin. No grade 3 AEs, discontinuations, or
deaths were attributed to treatment. Most patients (n = 15, 65%) experienced progressive
disease. One partial response occurred in a patient (4%) with MSI-high CRC.

Conclusion

Pembrolizumab demonstrated a favorable safety profile in advanced PD-L1—positive CRC.
Antitumor activity was observed in a single patient with MSI-high CRC, warranting further
evaluation in this patient population. (Clinicaltrials.gov registration: NCT02054806)

Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in the United States
and the third leading cause of cancer-related deaths in men and women [1,2]. Worldwide,
almost 700,000 people died as a result of CRC in 2012 [3]. The occurrence of CRC and CRC-
related mortality rate increases with age; median age at diagnosis is 68 years, and 93% of deaths
occur in people aged >50 years [1,4]. The relative 5-and 10-year survival rates for CRC after
diagnosis are 65% and 58%, respectively [1]. Survival is strongly associated with stage at diag-
nosis; most cases are diagnosed at later stages, and the 5-year survival rate is only 13% for
those with distant metastases [1].

CRC is a heterogeneous disease driven in part by loss of genomic stability. Molecular phe-
notypes of CRC are defined by the mutational status of genes encoding mismatch repair
(MMR) proteins (encoded by MLHI1, MSH2, MSH6, or PMS2), RAS (encoded by KRAS), and
RAF (encoded by BRAF) [5]. MMR deficiency, which results in microsatellite instability
(MSI), occurs across the CRC genome and reflects genetic dysfunction, whereas KRAS and
BRAF mutations are thought to drive disease development [5]. High levels of MSI are found in
approximately 15% of CRC tumors (known as MSI-high [MSI-H] tumors) and are generally
attributable to either epigenetic silencing or germline mutations in MMR genes [5]. MSI status
is generally thought of as a positive prognostic marker for early-stage CRC; overall survival
(OS) is superior for patients with early disease and the MSI-H subtype compared with those
with microsatellite-stable (MSS) disease [5]. However, for patients with metastatic CRC, MSI
status is considered a negative prognostic marker.

The interaction between the programmed death 1 (PD-1) receptor with its ligands, PD-L1
and PD-L2, normally functions as an immune checkpoint that regulates the balance between
T-cell activation, immune tolerance, and immune-related tissue damage, and is a pathway
hijacked by tumors to evade immune surveillance [6-8]. PD-1 is expressed on T, B, and natu-
ral killer T cells, as well as activated monocytes and a large proportion of tumor-infiltrating
lymphocytes (TILs) in various tumors [6,8]. Binding of PD-L1 (expressed on cells of multiple
lineages) or PD-L2 (expressed on macrophages and dendritic cells) to the PD-1 receptor ulti-
mately inhibits T-cell function [9].

Both PD-1 ligands can be constitutively expressed or induced in a variety of cell types,
including tumor cells [7,8]. PD-L1 overexpression by tumors (eg, in breast, lung, melanoma,
liver, head and neck, and colon tumors) might enable tumor cells to block antitumor immune
responses, and is associated with poor prognosis [6,8,9]. Expression of PD-1 pathway compo-
nents on tumor cells and evidence that they play a critical role in tumor immune evasion
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renders this pathway an attractive target for therapeutic intervention. In CRC tumors, PD-L1
expression is predominantly associated with TILs, with limited PD-L1 expression on the
tumor cells themselves [10].

Pembrolizumab is a highly selective humanized immunoglobulin G4/x monoclonal anti-
body designed to directly block the PD-1:PD-L1/PD-L2 interaction by binding to PD-1. Pem-
brolizumab has demonstrated robust antitumor activity and a favorable safety profile in
multiple tumor types, and is currently approved in more than 60 countries for one or more
advanced malignancies.

An association between therapeutic response to PD-L1 blockade and pretreatment tumor
PD-L1 expression has been reported [11]. However, therapeutic responses have been observed
in patients with PD-L1-negative tumors, and the prognostic/predictive utility of tumor PD-L1
expression has yet to be validated because such expression is heterogeneous and may be
affected by prior therapies [12]. Herein, we report the safety and antitumor activity of pembro-
lizumab in a cohort of patients with advanced PD-L1-positive CRC (both MSI and MSS)
enrolled in the phase Ib multicohort KEYNOTE-028 trial (ClinicalTrials.gov identifier:
NCT02054806).

Patients and methods
Study design and patients

KEYNOTE-028 was an international, multicenter, open-label, nonrandomized, single-arm
phase Ib trial that was designed to assess the safety of pembrolizumab and to explore whether
pembrolizumab showed antitumor activity in 20 different cohorts of patients with advanced
solid tumors considered to have significant unmet medical need. All patients were screened
prior to enrollment for PD-L1 positivity (as defined in the Treatment and Assessments sec-
tion). Herein, we report results for the cohort of patients with advanced colon or rectal adeno-
carcinoma. This study was conducted at 15 investigational sites in Canada, France, Italy, the
Republic of Korea, Spain, the United Kingdom, and the United States.

Patient eligibility criteria included age >18 years, measurable disease at baseline based on
Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1, Eastern Cooperative
Oncology Group performance status of 0 or 1, and adequate organ function (hematologic,
renal, hepatic, and coagulation) as determined by laboratory testing within 10 days of the first
pembrolizumab dose. For the CRC cohort, all patients had tumor samples assessed for MMR
proficiency, and eligible patients must have had PD-L1-positive, histologically or cytologically
confirmed, locally advanced, or metastatic colon or rectal adenocarcinoma for which prior
standard therapy was ineffective or for which standard therapy did not exist or was not consid-
ered appropriate. The procedure for MMR testing was not specified in the study protocol, and
therefore, MMR status was retrospectively determined by the investigator.

Exclusion criteria included prior anticancer monoclonal antibody therapy within the 4
weeks preceding the first pembrolizumab dose; chemotherapy, targeted small-molecule ther-
apy, or radiation therapy within the 2 weeks preceding the first pembrolizumab dose; diagnosis
of immunodeficiency or need for systemic steroid therapy within the 7 days preceding the first
pembrolizumab dose; prior therapy with antibodies against PD-1, PD-L1, or any other
immune-checkpoint inhibitor; active autoimmune disease; interstitial lung disease; active
infection necessitating systemic therapy; and active brain metastases.

Treatment and assessments

Patients received pembrolizumab intravenously at a dose of 10 mg/kg once every 2 weeks
(Q2W) for 24 months or until confirmed disease progression, unacceptable adverse events
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(AEs), withdrawal of consent, or investigator decision to discontinue pembrolizumab. Re-
sponse was assessed by computed tomography (CT) or magnetic resonance imaging (MRI)
every 8 weeks for the first 6 months, and every 12 weeks thereafter. AEs were monitored
throughout the study and for 30 days after treatment discontinuation and were graded accord-
ing to the National Cancer Institute Common Terminology Criteria for Adverse Events, ver-
sion 4.0. Information on serious AEs was collected for 90 days after the end of treatment. AEs
of special interest were defined as events with potentially drug-related immunologic causes
that were consistent with an immune phenomenon, regardless of attribution to treatment or
immune relatedness by the investigator.

An archived formalin-fixed, paraffin-embedded tumor sample or a newly obtained biopsy
specimen was assessed at a central laboratory for PD-L1 expression at screening with a labora-
tory-developed prototype immunohistochemistry (IHC) assay (QualTek Molecular Laborato-
ries, Goleta, CA, USA) [13] using the 22C3 antibody (Merck & Co., Inc., Kenilworth, NJ,
USA). PD-L1 positivity was defined as membrane staining in >1% of scorable cells or the pres-
ence of a distinctive interface pattern in neoplastic cells and contiguous mononuclear inflam-
matory cells [13].

End points

Primary end points were safety and overall response rate (ORR) by investigator review. ORR
was defined as the proportion of patients experiencing complete response or partial response
per RECIST v1.1 at any time during the study. A confirmation assessment of ORR was
required per RECIST v1.1. Secondary end points were progression-free survival (PFS), defined
as time from enrollment to the first documented instance of disease progression according to
RECIST vl1.1 or death from any cause, whichever occurred first; OS, defined as time from
enrollment to death from any cause; and duration of response (DOR), defined as time from
first RECIST v1.1-based response to disease progression in patients who experienced partial
response or better.

Study oversight

The study protocol (number MK-3475-028-02; S1 Protocol) and all amendments were
approved by the appropriate institutional review boards and ethics committees at each partici-
pating institution. The study was conducted in accordance with the protocol, Good Clinical
Practice guidelines, and the ethical principles outlined in the Declaration of Helsinki. All
patients provided written informed consent.

Statistical analyses

Per protocol, multiple interim analyses could be performed because of the sequential design of
the study. A sequential monitoring procedure was used to evaluate efficacy and futility after
>6 patients in a specific cohort had >1 postbaseline response assessment. Enrollment contin-
ued provided >1 of the first 6 patients responded. Using the sequential probability ratio test
(SPRT) method in the open-source R software environment (available at https://www.r-
project.org/), a sample size of 22 evaluable patients per cohort was calculated to provide 80%
power to demonstrate that the best ORR exceeded 10% at an overall one-sided 8% alpha-level
if the true best ORR was 35%. An ORR of 35% was considered to be clinically meaningful for
each of the 20 tumor types investigated in the study. The efficacy analysis population included
all patients who received >1 dose of pembrolizumab and had measurable disease at baseline.
The safety analysis population included all patients who received >1 dose of pembrolizumab.
The truncated sequential probability test was used to evaluate ORR, whereas PFS, OS, and
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DOR were analyzed using the Kaplan-Meier method. All statistical tests were conducted at the
one-sided alpha level of 0.025 using SAS, version 9.3 (SAS Institute, Cary, NC, USA). The data
cutoff for this analysis was June 20, 2016.

Results
Patient baseline characteristics

A total of 138 patients with CRC were screened for tumor PD-L1 expression (Fig 1). Adequate
tumor samples for evaluation of PD-L1 expression were available for 137 of these patients, 33
(24%) of which had PD-L1-positive tumors. Ten of these 33 patients were excluded from
enrollment because of inadequate organ function (n = 5), lack of advanced disease (n = 2), hav-
ing received investigational therapy within 4 weeks preceding the first pembrolizumab dose

(n = 1), withdrawal of consent (n = 1), or cohort enrollment quota having been achieved
(n=1). The 23 remaining patients were enrolled in the study between March and June 2014.

m Patients screened for PD-L1 (n=138)

Inadequate sample (n=1) |«

\
Samples evaluable for PD-L1 (n=138)

PD-L1 positive tumors (n=33)
Excluded (n=10)
* Inadequate organ function (n=5)
* Lack of advanced disease (n-2)
* Received investigational therapy
within 4 wks (n=1)
* Cohort fully enrolled (n=1)

Y

\ 4
Enrolled and received
pembrolizumab (n=23)

» Adverse event (n=3)

Discontinued pembrolizumab (n=23)
* Physician decision (n-2)
* Progressive disease (n=17)
» Withdrawal by subject (n=1)

Analysis ¢

Safety population: Received =1 dose
of pembrolizumab (n=23)

Efficacy population: Received
21 dose of pembrolizumab
and had measurable disease
at baseline (n=23)

Fig 1. CONSORT diagram.
https://doi.org/10.1371/journal.pone.0189848.9001
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Table 1. Baseline demographics and clinical characteristics.

Characteristic N=23
Median age, years (range) 57 (40-78)
Sex, n (%)

Male 13(57)
Female 10 (43)
Race, n (%)

White 11 (48)
Asian 6 (26)
Black or African American 2(9)
Not specified 4(17)
ECOG performance status, n (%)

0 6 (26)
1 16 (70)
Unknown 1(4)
MMR mutational status, n (%)

MSS 22 (96)
MSI-H 1(4)
Tumor histology, n (%)

Adenocarcinoma 22 (96)
Lieberkuhn adenocarcinoma 1(4)
Tumor location, n (%)

Colon 16 (70)
Rectum 5(22)
Cecum 1(4)
Colon and rectum 1(4)
Prior adjuvant or neoadjuvant systemic therapy, n (%) 11 (48)
Prior lines of therapy for advanced disease, n (%)

0 1(4)
2 7 (30)
3 7 (30)
4 5 (22)
>5 3(13)
Categories of prior therapy for early or advanced disease,* n (%)

Chemotherapy 23 (100)
Monoclonal antibody 18 (78)
Antibody therapy 5 (22)
Investigational therapy 2(9)
Hormonal therapy 1(4)
Immunomodulatory therapy 1(4)
Unknown 2(9)

Abbreviations: ECOG, Eastern Cooperative Group Oncology Status; MMR, mismatch repair; MSI-H,

microsatellite instability-high; MSS, microsatellite-stable.
*Patients may have received >1 category of prior therapy.

https://doi.org/10.1371/journal.pone.0189848.t001

Median age was 57 years (range, 40-78 years) and 13 patients (57%) were men (Table 1). The
majority of patients had received previous treatment for advanced disease, with 15 (65%) hav-

ing received > 3 prior therapies. One patient (4%) had MSI-H CRC.
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Safety

The median follow-up duration as of the data cutoff date was 5.3 months (range, 1.0-26.2
months). Treatment-related AEs were reported for 8 patients (35%). Events that occurred in
more than one patient were fatigue (n = 3, 13%), stomatitis (n = 2, 9%), and asthenia (n =2,
9%) (Table 2). There were no grade 3 treatment-related AEs. One patient (4%) experienced
grade 4 treatment-related increased blood bilirubin level (Table 2). One patient (4%) experi-
enced an AE of likely immune etiology: grade 2 hyperthyroidism. There were no AE-related
study discontinuations or deaths attributable to treatment.

Antitumor activity

The ORR was 4% (95% confidence interval [CI], 0.1%-22%); 1 patient in this cohort experi-
enced partial response based on RECIST v1.1 by investigator review, with a time to response of
1.7 months (Fig 2). Four patients (17%; 95% CI, 5%-39%) experienced stable disease with a
median duration of 5.1 months (range, 3.6-9.3 months; Fig 2). Among the remaining patients,
15 (65%; 95% CI, 43%-84%) had progressive disease (Fig 2) and 3 were not assessed for effi-
cacy: 2 because of discontinuation owing to AEs unrelated to treatment and 1 because of cli-
nical progression before the first imaging assessment. There was no obvious discernible
pattern with regards to number of lines of prior therapy or location of metastases between the
1 patient with partial response, the 4 patients with stable disease, and the remaining patients.
The overall clinical benefit rate (proportion of patients who experienced complete response,
partial response, or stable disease >6 months) was 13% (95% CI, 3%-34%).

There was a decrease from baseline in the size of the target lesions in 3 of 19 patients (16%)
with an evaluable postbaseline tumor assessment (Fig 3). In the 1 patient who experienced

Table 2. Treatment-related adverse events.

Treatment-related adverse events Grade 1 or2 Grade 3 Grade 4
N=23 n (%) n (%) n (%)
Fatigue 3(13) 0 0
Asthenia 2(9) 0 0
Stomatitis 2(9) 0 0
Arthralgia 1(4) 0 0
Constipation 1(4) 0 0
Decreased appetite 1(4) 0 0
Diarrhea 1(4) 0 0
Erythema 1(4) 0 0
Flatulence 1(4) 0 0
Myalgia 1(4) 0 0
Nausea 1(4) 0 0
Pruritus 1(4) 0 0
Vomiting 1(4) 0 0
Increased blood bilirubin 0 0 1(4)

Adverse events were graded according to the National Cancer Institute Common Terminology Criteria for
Adverse Events, version 4.0, where grade 1 = mild, with asymptomatic or mild symptoms or clinical or
diagnostic observations only, with intervention not indicated; grade 2 = moderate, with minimal, local, or
noninvasive intervention indicated or limiting of age-appropriate instrumental activities of daily living; grade
3 = severe or medically significant but not immediately life threatening or hospitalization or prolongation of
hospitalization indicated or disabling or limiting of self-care activities of daily living; grade 4 = life-threatening
consequences or urgent intervention indicated; and grade 5 = leads to death.

https://doi.org/10.1371/journal.pone.0189848.t1002
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Fig 2. Treatment exposure and response duration. Includes patients evaluable for best overall response
per Response Evaluation Criteria in Solid Tumors version 1.1 by investigator review (n = 20). The length of
each bar represents the time to the last imaging assessment.

https://doi.org/10.1371/journal.pone.0189848.9002

partial response to treatment, the response was maintained over multiple assessments (dark
blue line in Fig 3), with a response duration of 22.7 months as of the data cutoff date (blue bar
with yellow triangle in Fig 2).

The 1 patient who responded to pembrolizumab treatment was a 54-year-old man who was
the only patient in this cohort with MSI-H CRC. This patient’s tumor also harbored a
BRAF'®F mutation. A detailed report of this patient is described in a separate publication
[14]. This patient withdrew study consent and discontinued treatment at 23.2 months, at
which time there was no evidence of disease progression.

Median PFS was 1.8 months (95% CI, 1.4-1.9 months), and the 6-month and 12-month
PES rates were 17.4% and 4.3%, respectively (Fig 4A). Median OS was 5.3 months (95% CI,
2.2-11.0 months), and the 6-month and 12-month OS rates were 43.5% and 29.8%, respec-
tively (Fig 4B).

Discussion

The current study indicates that pembrolizumab monotherapy was well tolerated in patients
with heavily pretreated PD-L1-positive advanced CRC but that there was limited antitumor
activity in this otherwise unselected patient population. The safety profile reported for this
cohort was consistent with that of previous experience for pembrolizumab in advanced solid
tumors [15]. Antitumor response was in line with other reported studies of anti—-PD-1 therapy
in advanced CRC. For example, in a phase I study of the anti-PD-L1 antibody BMS-936559
(MDX-1105) in patients with advanced cancer, no objective responses were reported in
patients (n = 18) with advanced CRC [16]. In another phase I study, the anti-PD-1 antibody
nivolumab was administered to patients who had select advanced solid tumors, including
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Fig 3. Change from baseline in tumor size. (A) Maximum change from baseline. (B) Longitudinal change
from baseline.Both panels include patients with >1 evaluable postbaseline tumor assessment per Response
Evaluation Criteria in Solid Tumors version 1.1 by investigator review (n=19).

https://doi.org/10.1371/journal.pone.0189848.9003

CRC (n = 19), again yielding no objective responses in the CRC cohort during the initial study
period (treatment for up to 2 years, follow-up of patients with stable disease, or ongoing objec-
tive response for 1 year) [17]; 1 patient with MSI-H CRC ultimately experienced complete
response and at last evaluation (with no antineoplastic therapy for 3 years) had no evidence of
disease recurrence [18]. In line with emerging evidence for a possible correlation between TIL
PD-L1 expression and response to anti-PD-1 therapy [10,11], assessment of that patient’s
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tumor revealed PD-L1-positive infiltrating

macrophages and lymphocytes [18]. It has been

suggested that because many CRC tumors do not express PD-L1, they are unlikely to respond

to anti-PD-1/PD-L1 therapies [19].

In contrast with the other studies mentioned herein, all patients enrolled in the CRC cohort
of KEYNOTE-028 had PD-L1-expressing tumors and response was still limited to a single

patient with known MSI-H disease and a BRA

associated with poor prognosis [20,21], and

FV60%E mutation. BRAF mutations in CRC are

combined MSI-H/BRAF mutant status has been
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shown to have adverse prognostic significance [22]. MSI-H CRC tumors also seem to have
greater PD-L1 expression than their MSS counterparts, possibly suggesting that PD-1 check-
point blockade may be particularly beneficial in the management of MSI-H CRC [10]. In the
current study, antitumor activity was observed in MSI-H CRC (n = 1/1) but not in MSS CRC

(n =22/23), even when patients were preselected for PD-L1 expression, albeit not for equivalent
levels of PD-L1 expression. These results are consistent with those of the phase I KEYNOTE-
016 study of pembrolizumab in patients with MSI-H CRC and non-CRC tumors [23,24]. In
KEYNOTE-016, the ORR of the CRC and non-CRC MMR-deficient (MSI-H) arms were 57%
(95% CI, 39%-73%) and 53% (95% CI, 36%-70%), respectively, whereas that in the MSS CRC
arm was 0% (95% CI, 0%-13%) [23,24]. Furthermore, antitumor activity was observed in only
the 2 MRR-deficient arms (in which the median PFS and OS were not reached) and not in the
MMR-proficient arm (median PFS of 2.3 months, median OS of 6.0 months) [23,24]. Based on
these results, the US Food and Drug Administration has granted breakthrough therapy designa-
tion to pembrolizumab for the treatment of patients with MSI-H metastatic CRC.

The dose of pembrolizumab administered in the current study (10 mg/kg Q2W) is higher
than that used in other studies (2 mg/kg every 3 weeks [Q3W], 10 mg/kg Q3W, or 200 mg
Q3W) [15,25,26] and is higher than the currently approved doses (2 mg/kg Q3W and 200 mg
Q3W) [27]. In other studies, the tolerability of pembrolizumab across all 3 of these doses was
similar in cohorts of patients with various advanced solid tumors [17,28,29] The current study,
albeit small, does not support any potential benefit to increasing the pembrolizumab dose as a
way of improving the therapeutic response.

The following study limitations should be noted. The KETNOTE-028 study was designed
as a multicohort, single-arm, non-randomized study evaluating 20 PD-L1-positive advanced
solid tumor types. Because of the multicohort design, the sample size for any given tumor type,
including CRC, was small (approximately 22 patients per tumor type), and there were no
active comparator groups. Additionally, analyses of association between PD-L1 expression
level and response to pembrolizumab were powered to be performed across the 20 advanced
solid tumor types, and therefore, are not appropriate to present for any single cohort.

Conclusion

In conclusion, the results from this small cohort of patients enrolled in the hypothesis-generat-
ing phase Ib KEYNOTE-028 trial demonstrate that pembrolizumab monotherapy has an
acceptable safety profile but limited antitumor activity in patients with heavily pretreated
PD-L1-positive advanced CRC. Ongoing phase II and III studies are assessing the safety and
efficacy of pembrolizumab as monotherapy in previously treated advanced MSI-H or MMR-
deficient CRC (KEYNOTE-164, ClinicalTrials.gov identifier: NCT02460198) and as mono-
therapy versus chemotherapy for advanced MSI-H CRC (KEYNOTE-177, Clinical Trials.gov
identifier: NCT02563002). These studies are also evaluating the relationship between genetic
variation and response to pembrolizumab with the aim of identifying potential predictive bio-
markers. Additionally, novel combinations with pembrolizumab to increase the immunoge-
nicity of CRC:s are being widely studied.

Supporting information

S1 Protocol. KEYNOTE-028 study protocol.
(PDF)

S1 Checklist. TREND checklist.
(PDF)
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