cancers
Review

Tackling Cancer Resistance by Immunotherapy:
Updated Clinical Impact and Safety of
PD-1/PD-L1 Inhibitors
Shifaa M. Abdin 1 , Dana M. Zaher 2
1
2
3
4

*

ID

, El-Shaimaa A. Arafa 3,4

ID

and Hany A. Omar 1,2,4, *

ID

College of Pharmacy, University of Sharjah, Sharjah 27272, UAE; U00044748@sharjah.ac.ae
Sharjah Institute for Medical Research, University of Sharjah, Sharjah 27272, UAE; U17105878@sharjah.ac.ae
Department of Pharmacology and Toxicology, College of Pharmacy and Health Sciences, Ajman University,
Ajman 346, UAE; e.arafa@ajman.ac.ae
Department of Pharmacology and Toxicology, Faculty of Pharmacy, Beni-Suef University,
Beni-Suef 62514, Egypt
Correspondence: hanyomar@sharjah.ac.ae; Tel.: +971-06-505-7411

Received: 10 December 2017; Accepted: 23 January 2018; Published: 25 January 2018

Abstract: Cancer therapy has been constantly evolving with the hope of finding the most effective
agents with the least toxic effects to eradicate tumors. Cancer immunotherapy is currently among
the most promising options, fulfilling this hope in a wide range of tumors. Immunotherapy aims to
activate immunity to fight cancer in a very specific and targeted manner; however, some abnormal
immune reactions known as immune-related adverse events (IRAEs) might occur. Therefore,
many researchers are aiming to define the most proper protocols for managing these complications
without interfering with the anticancer effect. One of these targeted approaches is the inhibition of
the interaction between the checkpoint protein, programmed death-receptor 1 (PD-1), and its ligand,
programmed death-ligand 1 (PD-L1), via a class of antibodies known as PD-1/PD-L1 inhibitors.
These antibodies achieved prodigious success in a wide range of malignancies, including those
where optimal treatment is not yet fully identified. In this review, we have critically explored and
discussed the outcome of the latest PD-1 and PD-L1 inhibitor studies in different malignancies
compared to standard chemotherapeutic alternatives with a special focus on the clinical efficacy
and safety. The approval of the clinical applications of nivolumab, pembrolizumab, atezolizumab,
avelumab, and durvalumab in the last few years clearly highlights the hopeful future of PD-1/PD-L1
inhibitors for cancer patients. These promising results of PD-1/PD-L1 inhibitors have encouraged
many ongoing preclinical and clinical trials to explore the extent of antitumor activity, clinical efficacy
and safety as well as to extend their applications.
Keywords: cancer; immunotherapy; PD-1; PD-L1; checkpoint inhibitors; nivolumab; pembrolizumab;
pidilizumab; atezolizumab; durvalumab; avelumab

1. Introduction
Cancer therapy has regularly shown glimmers of hope in the search for the most effective measure
with the least toxic effects to eradicate tumors. Various approaches have been implemented in cancer
therapy, which include surgery, radiation, chemotherapy and targeted therapy. The continuous process
of research has shifted the focus in the last century toward immunotherapy as a novel tool for fighting
cancer. The concept of utilizing immunity as a therapeutic technique was first introduced in 1957 by
Thomas and Burnett, who discussed the ability of tumors to provoke an immune response [1]. Then,
it was verified that the human immune system can recognize and eliminate malignant cells through
both the innate and adaptive systems [2,3]. Thus, cancer immunotherapy was established based on
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modulating the immune system to combat tumors in contrast to the traditional strategies that aim to
target tumors for eradication [4,5].
The growing evidence on the role of immunity in treating cancer has given rise to multiple
strategies such as the inhibition of cancer checkpoint proteins. Checkpoint proteins are considered
a vital part of the immune system expressed on different immune cells with the ability to initiate
an immune response either by their activation or inhibition [6]. In 1997, Rituximab was the first
approved immunomodulatory monoclonal antibody (mAb) in cancer immunotherapy targeting the
B-lymphocyte antigen, CD20, in non-Hodgkin lymphoma [7].
The activation of checkpoint proteins expressed on T-lymphocytes such as cytotoxic T-lymphocyte
antigen 4 (CTLA-4) and PD-1, usually helps the tumor cells to escape detection by the immune
system. Thus, the inhibition of these checkpoint proteins would activate the immune system against
tumors [8]. Compared to chemotherapy and targeted therapy, checkpoint inhibitors have demonstrated
higher rates of response, remission, and overall better survival rates in numerous kinds of tumors [9].
However, the primary documented cancer resistance with the use of PD-1 pathway inhibitors aroused
initial doubts regarding their clinical applications [10]. In addition, IRAEs associated with the use of
checkpoint inhibitors might hinder their application [11]. PD-1 receptors are related to the CD28 family,
which is located on numerous immune cells, including T and B lymphocytes and natural killers. PD-L1
(B7-H1, CD274) is a protein that belongs to the B7 family, which acts as a ligand for PD-1 receptors.
PD-L1 expression is diverse as it can be located on some of the tumor-infiltrating immune cells,
including myeloid-derived suppressor cells, T cells, B cells, monocytes, macrophages and dendritic
cells. In addition, the presence of PD-L1 was documented on different types of non-hematopoietic
tissues [12]. Moreover, it can be upregulated in some types of cancers that utilize these checkpoints to
escape immune defenses through the interaction between PD-L1 ligands expressed in these tumors
and the inhibitory PD-1 receptors on immune cells [12].
This binding acts as an off-switch to immunity, preventing the activation of immune cells against
cancer cells [13]. PD-1/PD-L1 inhibitors block this binding, and help the immune cells to regain their
defensive role (Figure 1). However, in some types of malignancies, the expression of PD-L1 is induced
by the inflammatory mediator, IFN-γ, from the tumor stromal cells which inhibits CD8+ cytotoxic
γ
T cells from inducing an anti-tumor response.
Thus, tumors would acquire an adaptive resistance
through PD-L1 upregulation, which is one of the obstacles against the application of PD-1/PD-L1
inhibitors [14].

Figure 1. Diagram depicting the anticancer mechanism of PD-1/PD-L1 inhibitors. Tumor cells escape
from the anti-tumor activity of T cells by the binding of PD-L1 to the PD-1 receptor. PD-1 or PD-L1
antibodies block the binding of PD-L1 on tumor cells to PD-1 receptors on T cells, which allows T cells
to induce the immune response against tumor cells. MHCI, Major histocompatibility complex I; TCR,
T cell receptor; PD-L1, Programmed death-ligand 1; PD-1, Programmed death-receptor 1; Ab, antibody.
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The efficacy of PD-1/PD-L1 pathway inhibitors was demonstrated in over 15 types of tumors with
high success rates compared to traditional chemotherapy [15]. One of these explored malignancies
is the non-small cell lung cancer (NSCLC). Since lung cancer was not considered immunogenic,
the association between immune response and lung cancer was discussed historically to be of poor
strength [16]. However, counteracting evidence came to the fore in the discovery of the expression of
PD-L1 in lung tumor cells, which suggested the role of T-cells in combatting NSCLC [17]. The efficacy
of PD-L1 inhibitors was initially verified in different animal models of NSCLC before the approval of
many PD-L1 inhibitors for NSCLC treatment [18,19].
Since these agents target the immune system, tumors whose growth and development are
affected by the immune system would be greatly affected. For example, in metastatic melanoma
(MM), many approaches targeting the immune system have been used and thus, immunotherapy
for MM is well defined [20]. The U.S. food and drug administration (FDA) first approved the use of
interferon and interleukin 2 (IL-2) for melanoma based on better responses compared to the use of
classical chemotherapy [21]. The first immune checkpoint inhibitor approved for MM was ipilimumab,
a CTLA-4 inhibitor [22]. Another immune checkpoint inhibitor, nivolumab, which is a PD-1 inhibitor
was FDA approved for MM treatment [23]. The urothelial bladder cancer is another malignancy where
multiple PD-1/PD-L1 inhibitors are FDA approved for the treatment. This tumor has a well-known
immunogenicity, due to its marked high expression levels of immune-related factors such as PD-L1
and other immune markers [24]. Therefore, any cancer with proven expression of the PD-L1 ligand
should be a potential target for these checkpoint inhibitors.
In this review, we have critically explored and discussed the outcome of the latest PD-1 and PD-L1
inhibitor studies in different malignancies compared to standard chemotherapeutic alternatives with
a special focus on the clinical efficacy and safety.
2. PD-1 Inhibitors
2.1. Nivolumab
Nivolumab (BMS-936558/MDX-1106/ONO 4538), an IgG-4 mAb, is a PD-1 inhibitor, which has
a broad spectrum of activity in different types of tumors (Table 1) [23,25]. Many clinical studies have
demonstrated the superiority of nivolumab over chemotherapy and provided evidence of tolerability
when it comes to patients’ survival rates and response parameters [24]. In light of the continuous and
successful results of nivolumab use in MM patients, in 2014, the FDA granted nivolumab accelerated
approval for its use in MM patients who did not respond to other treatments [26]. One of the phase
III trials compared the efficacy of nivolumab to dacarbazine, a chemotherapeutic agent, as a first-line
treatment in MM patients with negative B-RAF mutation [27]. In this study, 418 MM patients were
randomized to receive either dacarbazine or nivolumab at a dose of 300 mg/kg every two weeks.
The 1-year survival rate of patients on nivolumab was 73%, and only 11.7% of them displayed
adverse events. On the other hand, 42% of patients who received chemotherapy (dacarbazine) had
an overall survival (OS) rate of one year and 17.6% displayed adverse events [27]. Thus, the conducted
trial confirmed the superiority of nivolumab over chemotherapy due to a higher response rate and
better tolerability. In another phase I/II cohort study, a total of 107 melanoma pretreated patients
were enrolled, to receive nivolumab intravenously twice a week at a dose range of 0.1–10 mg/kg.
The median OS was 17 months and the objective response rate (ORR) was 31% [23].
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Table 1. PD-1- inhibitors.
Number of
Patients

Median OS

ORR (%)

PFS

Control Drug

NCT Number

Ref.

B-RAF negative MM
Melanoma pretreated
Advanced NSCLC
Advanced NSCLC
NSCLC
GEJC
Advanced and
metastatic GEJC

418
107
272
582
52
493

17 m
9.2 m
12.2 m
19.4 m
5.32 m

40
31
20
19
28
11.2

5.1 m
3.7 m
3.5 m
2.3 m
3.6 m
1.61 m

Dacarbazine
Docetaxel
Docetaxel
Docetaxel
Placebo

NCT01721772
NCT00730639
NCT01642004
NCT01673867
NCT01454102
NCT02267343

[27]
[23]
[28]
[28,29]
[30]
[31]

59

6.8 m

18

-

-

NCT01928394

[32]

III

Head and neck cancer

361

7.5 m

-

2m

NCT02105636

[25]

II

Ovarian cancer

20

20 m

-

3.5 m

Methotrexate/
Docetaxel/Cetuximab
-

-

[33]

II/III
IB
II

NSCLC
Urothelial cancer
MM
Metastatic
nasopharyngeal carcinoma
MM
TNBC
Ovarian cancer
rrPMBCL

1034
33
150

12.7 m
-

44.8
38
-

4m
31 wk

Docetaxel
-

NCT01905657
NCT02335424
-

[34]
[35]
[36]

27

-

25.9

-

-

NCT02054806

[37]

135
27
26
18

-

41
18.5
41

38% (10 mg/kg)
-

-

NCT1295827
NCT02447003
NCT02054806
NCT01953692.

[38]
[39]
[40]
[41]

66

-

72

72%

NCT00532259

[42]

17

-

-

-

-

-

[43]

II

DLBCL
Hematological
malignancies
Melanoma

103

-

5.9

2.8 m

-

NCT01435369

[44]

AMP-224

I

Solid tumors

6

-

-

-

-

-

[45]

AMP-514

I

Advanced malignancies

150

-

-

-

-

NCT02118337

[46,47]

Drug

Phase

Indication (Case)

Nivolumab

III
I/II
III
III
I
III
I/II

Pembrolizumab

IB
I
IB
IB
IB
Pizilizumab

II
I

NCT, National clinical trial; PFS, Progression free survival; OS, Overall survival; ORR, Objective response rate; MM, Metastatic melanoma; NSCLC, Non-small cell lung cancer;
GEJC, Gastroesophageal junction cancer; TNBC, Triple negative breast cancer; rrPMBCL, Relapsed or refractory primary mediastinal large B-cell lymphoma; DLBCL, Diffuse large
B-cell lymphoma.
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Other studies were performed to explore the effect of nivolumab in NSCLC treatment.
Some of these trials assessed its efficacy as a second-line treatment upon the initiation of other types
of therapy. The latest related preformed trials are the CheckMate 017 and CheckMate 57 [28,29].
Both are phase III trials, which were performed on patients with advanced NSCLC after or during the
initiation of platinum-based drugs as chemotherapy. These trials randomized the patients into two
groups, either to receive docetaxel or nivolumab and both trials showed results favoring nivolumab
over docetaxel. The CheckMate 017 trial, which was implemented on 272 patients, resulted in a median
OS with nivolumab of 9.2 months compared to 6.0 months with docetaxel, and a higher ORR with
nivolumab (20%) compared to (9%) within docetaxel-treated patients. This trial has also demonstrated
a higher safety profile for nivolumab, in which only 7% of the nivolumab-treated group displayed
grade 3–4 therapy-related adverse events, unlike the docetaxel group, where the adverse events were
exhibited in 55% of treated patients [28]. In addition, CheckMate 57 confirmed the previous results,
but on a larger scale, as it was applied on 582 patients with the same conditions as CheckMate 017.
CheckMate 57 showed the superiority of nivolumab with the following results: median OS with
nivolumab recorded as 12.2 months (95% CI, 9.7–15.0), while in the docetaxel arm, the median OS was
recorded as 9.4 months (95% CI, 8.0–10.7) [29].
These findings were the reasons behind the FDA approval of nivolumab use as a second-line
treatment in advanced NSCLC, in 2015 [28]. Further trials to investigate nivolumab efficacy as a sole
first-line agent in NSCLC were performed. The CheckMate 012 trial showed an ORR of 28% in NSCLC
patients with a positive PD-L1 expression in patients treated with nivolumab [30]. However, nivolumab
showed no superiority when compared to platinum-based chemotherapy as a first-line agent, according
to the CheckMate 026 trial results [48]. These studies concluded that enough evidence has been
collected, making the use of nivolumab as a second-line treatment in both MM and NSCLC highly
recommended. Nonetheless, there is no doubt that nivolumab would be of great benefit in MM, since it
is known to be one of the most immunogenic cancers [49]. Currently, many ongoing trials are exploiting
the use of nivolumab in other types of solid tumors such as gastric cancer. A phase III trial was
performed to investigate the capacity of nivolumab in solving the poor prognosis of gastroesophageal
junction cancer (GEJC). In this trial, a group of 493 patients, who failed to achieve a response to
chemotherapy, were randomized to receive nivolumab or a placebo. Patients treated with nivolumab
showed superior results to the placebo with a median OS of 5.32 months vs. 4.14 months with the
placebo and an ORR of 11.2% compared to 0% with the placebo. Based on these findings, nivolumab
would be a favored treatment option for GEJC [31]. Furthermore, CheckMate 032, a phase I/II study,
was preformed specifically on advanced and metastatic cases of GEJC. This study presented supporting
evidence of the previously demonstrated tolerance and response data upon the use of nivolumab
as a monotherapy in this type of gastric cancer. Among the 59 enrolled PD-L1-positive patients,
18% were noted as an ORR [32]. Nivolumab has again proved its superiority over the regular use of
chemotherapy in Head and Neck cancer, according to the randomized phase III trial. The CheckMate
141 study enrolled 361 Head and Neck cancer patients, all of whom were previously treated with
platinum-based compounds. In this study, patients were given either nivolumab at a dose of 3 mg/kg
every two weeks or the researcher’s selection of chemotherapeutic drug. The nivolumab group
achieved 7.5 months median OS compared to 5.1 months with the chemotherapy group; in addition,
nivolumab-treated patients had lower death risk by 30% [25]. Lastly, nivolumab was also investigated
in ovarian cancer; two cohort studies were conducted in which a total of 20 chemotherapy-resistant
patients were treated with nivolumab at a 1 mg/kg or 3 mg/kg dose. Among the 20 enrolled patients,
the overall median survival was 20 months; the best overall response was 15% and only eight patients
showed grade 3–4 adverse events [33]. All the previously described uses of nivolumab across different
malignancies share a higher clinical efficacy and a lower potential for treatment-related adverse
events compared to chemotherapy. However, in rare cases, nivolumab can result in potentially more
harmful side effects than displayed by chemotherapy-treated patients, as shown by IRAEs. One of
the life threatening IRAEs is interstitial lung disease (ILD), which was reported to be an adverse
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event resulting from nivolumab use in three NSLC patients; two out of those three patients died of
respiratory failure [50]. This contradicts with the encouraging results that favored nivolumab use
over chemotherapy in NSCLC patients. To conclude, the IRAEs associated with nivolumab represent
a drawback, especially when it comes to nivolumab recognition as a first-line agent. Hence, further
investigation is required to target the prevalence of such deadly side effects, and to define the type of
tumor in which nivolumab application would be the best option.
2.2. Pembrolizumab
Pembrolizumab (MK-3475) is an IgG-1 mAb that is considered to be a highly potent and
selective PD-1 inhibitor [51]; it was approved by the FDA for the treatment of both MM and NSCLC
(Table 1) [52,53]. In NSCLC, pembrolizumab displayed a great efficacy as a first- and second-line
treatment. The KEYNOTE-001 phase II/III trial is one of the studies that confirmed pembrolizumab’s
success in NSCLC. This trial enrolled 1034 NSCLC patients previously treated with chemotherapy,
immunotherapy, epidermal growth factor receptor (EGFR) inhibitor or anaplastic lymphoma kinase
(ALK) inhibitor who had positive PD-L1 expression. Patients in this trial were randomized to
receive either 2 mg/kg or 10 mg/kg of pembrolizumab in addition to a group of patients who
received 75 mg/m2 of docetaxel, administered every 3 weeks. Parallel to nivolumab trials, the results
were in favor of pembrolizumab over docetaxel as a chemotherapeutic agent in the two different
regimens. The median OS was 10.4 and 12.7 months for those who received 2 mg/kg and 10 mg/kg of
pembrolizumab, respectively. On the other hand, docetaxel patients had 8.5 months as a median OS.
Furthermore, better tolerance was noted in patients treated with pembrolizumab, where only 13–16%
of the patients expressed adverse effects compared to 35% in docetaxel-treated patients [34].
The efficacy and safety of pembrolizumab as a first-line agent in NSCLC gave more promising
results than nivolumab against chemotherapy. The ORR with pembrolizumab as a first-line therapy
was 44.8%. However, the ORR of the docetaxel-treated group was only 27.8% with 2.2 months as
the median time of response to both groups [54]. Studies revealed another potential application of
pembrolizumab, i.e., the treatment of recurrent and metastatic urothelial cancer that may include the
urethra, the ureter, or the pelvis [55]. The lack of a defined effective therapy for this type of cancer
illustrates the importance of pembrolizumab’s role, which is demonstrated in the documented results
in comparison to the conventional therapy [55].
The antitumor efficacy of pembrolizumab according to the results of the KEYNOTE-012 study
was durable; it revealed a good response rate. About 33 urothelial cancer patients were enrolled in this
phase IB study to receive pembrolizumab at a dose of 10 mg/kg every two weeks. The retrieved ORR
was 38% among the PD-L1-positive patients and 5% of the pembrolizumab-treated patients displayed
grade 3–4 adverse effects [35].
Currently, a phase II study (KEYNOTE-052) is running, in which urothelial cancer patients are
enrolled to receive pembrolizumab as a first-line agent [56]. If this study manages to prove the
efficacy of pembrolizumab, it will replace cisplatin, the conventional indicated drug for urothelial
cancer. The treatment with cisplatin requires a functional kidney which restricts the number of eligible
patients [57]. Therefore, pembrolizumab would improve cancer prognosis and broaden the spectrum
of patients’ eligibility for the available treatment.
MM is another FDA approved indication of pembrolizumab as an anticancer agent.
In KEYNOTE-002, a phase II clinical trial [38], pembrolizumab demonstrated its powerful role and
superiority over chemotherapy in the treatment of melanoma patients. In this trial, 540 patients
were allocated to three groups; two groups were assigned to receive either 2 mg/kg or 10 mg/kg
of pembrolizumab every three weeks, and the third group of patients were given chemotherapy.
The higher administered dose of pembrolizumab (10 mg/kg) resulted in the best progression-free
survival (PFS) percent at six months (38%) compared to 34% and 16% in the 2 mg/kg group and in the
chemotherapy-treated group, respectively. However, the best tolerance among patients was revealed in
the group treated with 2 mg/kg of pembrolizumab, in which only 11% of them showed adverse effects,
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whereas 14% and 26% of the patients who were given 10 mg/kg of pembrolizumab and chemotherapy,
respectively, experienced adverse effects [38].
Furthermore, the efficacy of pembrolizumab in MM patients was demonstrated in another large
phase I clinical trial, which enrolled MM patients to receive pembrolizumab at a dose of 2 mg/kg
or 10 mg/kg once every two or three weeks [36]. The highest ORR (49%) was achieved in patients
treated with 10 mg/kg once every two weeks, which was assessed by RECIST 1.1 through independent
central review, and the median PFS was noted to be 31 weeks with a follow-up period exceeding
13 months for all the treated patients [36]. Additional types of tumors were found to be sensitive
to the antitumor activity of pembrolizumab as the metastatic and the recurrent nasopharyngeal
carcinoma. The KEYNOTE-028 study, a phase IB nonrandomized trial, enrolled 27 pretreated patients
to receive pembrolizumab at a dose of 10 mg/kg every two weeks. The ORR among these patients
was 25.9% and 15% of them displayed treatment-related adverse events that were classified to be
below grade three [37]. The latest study investigating pembrolizumab potency was in triple-negative
breast cancer (TNBC) patients. KEYNOTE-012 is a phase IB trial that provided initial evidence on the
potential efficacy [39]. In this study, 27 TNBC female patients were enrolled and received 10 mg/kg of
pembrolizumab every two weeks; 18.5% was documented as the ORR and no severe toxicities were
noted [39].
A similar phase IB study (KEYNOTE-028), which was performed in PD-L1-positive ovarian
cancer patients, provided promising preliminary results. Among the 26 enrolled patients, one patient
achieved a complete response and two patients showed partial response after treatment with 10 mg/kg
of pembrolizumab once every two weeks. The best OR was 11.5% and all patients experienced ≥1
adverse events such as fatigue, anemia and decreased appetite [40]. Thus, further investigations
may introduce pembrolizumab as an effective and well tolerated agent in the treatment of breast
and ovarian cancer. Finally, it was proven that pembrolizumab anticancer activity is not restricted
only to solid tumors, but also covers the relapsed or refractory primary mediastinal large B-cell
lymphoma (rrPMBCL) which is a challenging tumor to cure. The multi-cohort study, KEYNOTE-013,
showed successful outcomes, as the ORR was 41% among the 18 enrolled rrPMBCL patients [41].
Accordingly, we can observe the wide range of anti-cancer activity of pembrolizumab in both solid
and hematological malignancies. This finding would also propose pembrolizumab as a powerful
treatment option for cancer duplicities in which the patients have more than one type of cancer such as
melanoma and B-cell chronic lymphocytic leukemia. Multiple cases on such duplicity were reported
owing to immunological defects [58].
Pembrolizumab applications suggest certain similarities to nivolumab-reported studies and
findings. Both agents share comparable results in terms of their clinical efficacy in certain tumor
types such as in melanoma, in addition to the fact that both were the first FDA approved checkpoint
inhibitors for the same indications [59]. However, in NSCLC, nivolumab did not show superiority
over chemotherapy as a first-line treatment, unlike pembrolizumab. This variation encouraged
many investigators to explore whether such discrepancies are drug-dependent or not by conducting
molecular and clinical comparisons. Nivolumab and pembrolizumab were found to be highly
related at the molecular level. In addition, in vitro and preclinical experiments did not indicate
any drug-dependency. These findings suggest that the reported differences from clinical trials are
unlikely to be drug dependent [60].
2.3. Pidilizumab
Pidilizumab (CT-011) is an IgG-1 mAb that targets PD-1 protein (Table 1). The efficacy of
pidilizumab was found to be due to the induction of T lymphocytes and the anti-cancer activity
of natural killer cells [61]. Pidilizumab is particularly potent in different types of hematological
malignancies; most of the reported studies and trials exploited its activity against them. Pidilizumab is
the first agent to be used clinically for the treatment of diffuse large B-cell lymphoma (DLBCL) [43].
The achieved success in the early phase of clinical trials in DLBCL led the scientists to perform
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a phase II trial in which patients were given pidilizumab after autologous hematopoietic stem cell
transplantation (auto-HSCT) [62]. Among the 66 treated patients, the 16 months OS was 85% and
the reported 16 months PFS was 72%. In addition, patients who did not yet possess a measurable
malignancy following HSCT, displayed a good response to pidilizumab treatment in 51% of the
enrolled cases, where complete remission (CR) and partial remission (PR) were attained in 34%
and 27% of the enrolled cases, respectively [42]. Hence, the positive responses and prolongation
in PFS periods among post-HSCT Pidilizumab-treated DLBCL patients support the theories behind
the pidilizumab antitumor activity in this type of malignancy [42]. Furthermore, a phase I study
investigated pidilizumab potency in multiple hematological malignancies. In this study, patients
were enrolled with various advanced hematological malignancies including acute myeloid leukemia,
multiple myeloma, chronic lymphocytic leukemia, Hodgkin lymphoma and non-Hodgkin lymphoma.
The use of pidilizumab displayed a clinical benefit of 33%. The observed durable response was more
than 13 months [43].
Besides pidilizumab activity in hematological malignancies, a phase II clinical trial revealed its
powerful activity in refractory cases of melanoma [44]. In this study, 103 refractory and previously
treated melanoma patients were randomized to receive pidilizumab at two different intravenous
doses (1.5 or 6 mg/kg) every two weeks. The OS after one year of treatment was 64.5% with no
significant difference between the doses. In conclusion, we can recognize the antitumor activity array
of pidilizumab as being more specific to hematologic malignancies; however, this does not eliminate
its role in other tumor types as more research is currently ongoing.
2.4. AMP-224 and AMP-514
AMP-224 is a fusion protein composed of the programmed death-ligand 2 (PD-L2) extracellular
region and the fragment crystallizable (FC) region of the human IgG-2A (Table 1) [63]. Unlike other
PD-1 inhibitors, AMP-224 does not induce an immune response by solely blocking the PD-1 receptors;
rather, it is suggested that it functions by eliminating exhausted effector cells, i.e., PD-1 highly expressed
T cells [63].
Therefore, AMP-224 might exhibit distinct safety and efficacy results as an anticancer agent
compared to other PD-1 inhibitors, due to the differences in their biological nature and mechanisms
of action. An ongoing study in solid tumors has shown promising tolerance in one patient to a dose
of 30 mg/kg. Thus, more crucial outcomes are expected to be revealed by the end of the study [45].
Other reports have displayed the application of AMP-224 in metastatic colorectal cancer, in which
adequate peripheral anticancer activity was documented in colorectal cancer patients treated with
radiation. However, this positive response upon the administration of AMP-224 might be due to
the radiation-induced expression of PD-L1 and this is the current concern that the study is trying to
resolve [64].
Among the specific reactions seen with the use of AMP-224 was infusion reactions, which can be
explained by the unique nature of this agent [63]. This phenomenon was noted in 69% of patients with
advanced solid malignancies across dose cohorts [63]. As a result, the loss of AMP-224 activity and
efficacy due to such reaction may hinder its use.
AMP-514 is another PD-L2 fusion protein that aims to activate immune defense cells by blocking
PD-1 [46]. This agent is still under clinical evaluation in multiple running trials; many of them are
exploiting its activity, safety and tolerability in solid tumors; there is also a study investigating its
potency in combination with other drugs in advanced malignancies [46,47]. Both agents AMP-224
and AMP-514 are in the early stages of clinical trials and their use as anticancer agents is currently
under investigation.
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3. PD-L1 Inhibitors
3.1. Atezolizumab
Atezolizumab (MPDL3280A/RG7446) is an IgG-1 humanized antibody that blocks the
PD-1/PD-L1 interaction, by targeting the expressed PD-L1 on numerous kinds of malignant cells
(Table 2). The blockage of the PD-1/PD-L1 pathway stimulates the immune defense mechanisms
against tumors. During the development of this agent, the FC region of IgG-1 was modified in such
a way as to limit hyperactivity reactions, including antibody-dependent cell-mediated cytotoxicity and
complement-dependent cytotoxicity (CDC), thus decreasing the risks and the side effects associated
with atezolizumab use [65].
Table 2. PD-L1 inhibitors.
Drug
Atezolizumab

Durvalumab

Clinical
Phase

Indication (Case)

Number of
Patients

OS

ORR
(%)

PFS

Control
Drug

NCT
Number

Ref.

II
II
III
I
I
II

Urothelial cancer
Urothelial cancer
NSCLC
NSCLC
MM
TNBC
mRCC

310
119
287
1225
45
21
305

15.9 m
12.6 m
13.8 m
-

14.8
23
13
26
24
-

2.7 m
2.8 m
35%
6.1 m

Docetaxel
Docetaxel
Sunitinib

NCT02108652
NCT02108652
NCT01903993
NCT02008227
NCT01375842
NCT01375842
NCT01984242

[66]
[67]
[68]
[69]
[70]
[71]
[72]

I/II

NSCLC
Advanced solid
tumors
Urothelial
bladder cancer

I/II
IB
Avelumab

I
IB
II

Solid tumors
MUC
mMCC

198

-

14

-

-

NCT01693562

[73]

151

-

-

-

-

NCT01693562

[74]

61

-

31

-

-

NCT01693562

[75]

>1700
44
88

11.3 m

40
31.8

70%
2.7 m

-

NCT01772004
NCT01772004
NCT02155647

[76]
[77]
[78]

NCT, National clinical trial; PFS, Progression free survival; OS, Overall survival; ORR, Objective response
rate; NSCLC, Non-small cell lung cancer; MM, Metastatic melanoma; TNBC, Triple negative breast cancer;
mRCC, Metastatic renal cell carcinoma; MUC, Metastatic urothelial cancer; mMCC, Metastatic merkel
cell carcinoma.

In 2016, atezolizumab became the first agent to gain FDA approval as a second-line treatment of
urothelial cancer. This approval was based on the results of a cohort study that enrolled 310 urothelial
cancer patients, previously treated with chemotherapy [66]. Atezolizumab was given intravenously at
a dose of 1200 mg every three weeks. The ORR indicated the efficacy, which was 14.8%. Nonetheless,
6.5% of the treated patients experienced IRAEs [66]. Furthermore, atezolizumab was an efficient
solution to the eligibility obstacle in treating urothelial cancer patients with chemotherapy. In a phase
II study, among 119 urothelial cancer patients ineligible to cisplatin, the ORR was 23%, after treatment
with atezolizumab as a first-line agent [67].
Numerous trials have proven the efficacy of atezolizumab in NSCLC treatment, which pushed the
FDA to approve its use as a second-line treatment for previously treated advanced NSCLC patients who
are expressing PD-L1 [79]. In a phase II study, 287 NSCLC patients were randomized to receive either
docetaxel or atezolizumab. A median OS of 12.6 months was recorded in the atezolizumab-treated
patients compared to 9.7 months in the docetaxel group (p = 0.04) [68]. In addition, a phase III study that
enrolled 1225 patients with NSCLC, has also proved the superiority of atezolizumab over docetaxel.
PD-L1-positive patients treated with atezolizumab presented an ORR (14%) which was better than
the ORR (13%) for the docetaxel-treated group [69]. When atezolizumab was given to PD-L1-positive
NSCLC patients as a first-line agent, it achieved an ORR of 27% according to the BIRCH trial [80].
Atezolizumab was found to be effective against other types of cancer as well. Durable ORR
and promising tolerability were noted in a phase I clinical trial preformed with 45 MM patients.
The enrolled patients received atezolizumab every three weeks at a dose of 20 mg/kg. The observed
PFS for 24 weeks was 35% and the ORR was 26% [70]. In addition, TNBC was successfully managed
by atezolizumab; multiple trials have demonstrated its efficacy, thus promoting atezolizumab to phase
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III trials. Another related phase I study enrolled 21 TNBC patients to receive atezolizumab at a dose of
1200 mg every three weeks, resulting in a 24-week PFS of 33% [71].
The IMmotion150 study declared interesting findings about the immunotherapy role in kidney
cancer treatment. The goal of this study was to explore the efficacy of atezolizumab in local or metastatic
renal cancer patients and to compare it to the effectivity of sunitinib, a tyrosine kinase inhibitor. A total
of 305 renal cancer patients were randomized into three groups to receive either atezolizumab alone or
in combination with an angiogenesis inhibitor agent such as bevacizumab, and the third group was
treated with sunitinib [72]. The study did not reveal a major difference between the three groups as the
measured median PFS was 6.1, 11.7 and 8.4 months for atezolizumab, combination of atezolizumab
and bevacizumab, and sunitinib groups, respectively. In addition, the treatment with atezolizumab
in both groups was of good tolerability with no major safety concerns [72]. Thus, based on these
promising results, a phase III trial is currently running to compare atezolizumab in combination with
bevacizumab against sunitinib [81]. The current research on atezolizumab has the potential to provide
powerful evidence to extend its FDA approval for tumors other than urothelial and NSCLC.
3.2. Durvalumab
Durvalumab (MEDI4736) is a humanized IgG-1 antibody designed to block the PD-L1. It has
been designed in a similar fashion to atezolizumab with modifications to the FC region for minimal
immune reactions (Table 2) [82]. Among the studies executed with this agent, some trials are exploring
the efficacy of durvalumab in pancreatic cancer treatment. A phase IB/II study aimed to compare
the safety and effectiveness of durvalumab and ibrutinib, a tyrosine kinase inhibitor, in pancreatic
ductal adenocarcinoma (PDA) [83]. In addition, two phase I studies were carried out to evaluate
durvalumab as a monotherapy in PDA [84]. Several more trials explored durvalumab use in PDA,
either as a monotherapy or in combination regimens. However, the results of most of these trials
are still pending. One of these trials tested durvalumab against NSCLS in 198 patients who received
durvalumab (10 mg/kg every two weeks) [73]. The observed ORR among these patients was 14%
while about 48% of them displayed adverse effects below grade 3 [73]. In another study, which was
performed on multiple types of cancer, durvalumab resulted in an ORR of 25% when administered at
a dose of 10 mg/kg every three weeks. Adverse events were reported in 33% of the patients with only
7% classified as grade 3 [74].
Moreover, durvalumab was extensively studied in urothelial cancer. A phase IB study reported its
efficacy in advanced urothelial bladder cancer patients with an ORR of 31%. Furthermore, a good safety
profile was attained in this trial as the most reported side effects were fatigue and decreased appetite
and only 4% of these patients showed grade 3 treatment-related adverse events [75]. These positive
findings support the results of other studies and trials; hence, it was not surprising that durvalumab
eventually was approved by the FDA as a second-line treatment option for local or advanced urothelial
carcinoma [85].
The continued success of this agent encouraged the researchers to explore its efficacy and potential
anti-cancer activity in several treatment combinations, aiming to come up with the optimum cure.
However, the safety of this agent is still not fully guaranteed as its combination with other agents
increased the potential toxicity. For example, an administered combination of durvalumab with
a CTLA-4 inhibitor, tremelimumab, resulted in inflammatory myopathy in a 68-year-old NSCLC
patient; fortunately, this adverse effect was resolved upon the discontinuation of this regimen [86].
3.3. Avelumab
Avelumab (MSB0010718C) is a distinguished IgG-1 antibody that inhibits PD-L1 [87]. It differs
from other developed PD-L1 inhibitors by its unique ability to activate the innate immune system
and by its dual mode of action, as it can eliminate malignancies by both the effector T cells and
antibody-dependent cell-mediated cytotoxicity (ADCC) (Table 2). Despite the fact that these mAbs
are either designed or engineered to eliminate ADCC, ADCC has, however, been implicated as
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an important mechanism in several highly effective mAb-mediated cancer therapies [87]. Avelumab
efficacy is currently under investigation across 16 types of tumors by a series of large international
clinical trials called JAVELIN clinical trials [87]. Among these trials is the phase I multi-cohort JAVELIN
solid tumor study, which is described as one of the largest studies to date, as it enrolled more than
1700 patients. It focused on examining the avelumab efficacy in 12 different types of tumors, including
breast cancer, NSCLC, skin cancer (melanoma), ovarian cancer, renal cancer, adrenocortical cancer,
urothelial cancer, gastric cancer, and head and neck cancer [76]. In this study, avelumab was given
every two weeks in a dose escalation manner to achieve 10 mg/kg. Positive initial responses were
noticed among NSCLC, gastric cancer, advanced metastatic breast cancer, metastatic Merkel cell
carcinoma (mMCC) and urothelial carcinoma. The available safety data of this study indicate that
across the different tumor types, avelumab was well tolerated by the patients. In addition, the observed
adverse events were mostly below grade 3, with very minimal responses above it [76].
The JAVELIN solid tumor studies include a phase IB trial in metastatic urothelial cancer (MUC),
which showed impressive outcomes. Avelumab was administered as a second-line treatment to
44 MUC patients and resulted in an ORR of 40%, in addition to 12 weeks PFS of 70%. Similar to
durvalumab, these positive findings in the management of MUC by avelumab pushed the FDA to
accelerate its approval as a second-line treatment [77].
The most exciting fact revealed about avelumab is its astonishing efficacy in a very aggressive
immunogenic skin cancer type called mMCC. In March 2017, avelumab succeeded in obtaining FDA
approval as an anti-cancer agent to cure mMCC [88]. The JAVELIN Merkel 200 phase II study presented
evidence supporting the success of avelumab in mMCC treatment in which out of the 88 metastatic
MCC patients receiving avelumab, 9.6% had complete remission. In addition, the ORR was 31.8% with
six months PFS of 40% [78].
Beyond any doubt, avelumab is one of the unique PD-L1 inhibitors that tapered difficult
malignancies such as mMMC, and it gave hope to mMMC patients after the absence of approved
treatments for a long period. Most of the research on avelumab is still in progress, just like other
PD-1/PD-Ll agents; the complete picture of this promising agent is yet to be presented as it might be
the answer to many more pressing problems in the oncology field.
4. Conclusions
Targeting PD-1/PD-L1 axes in an attempt to eradicate malignancies, via the activation of the
immune system, demonstrated great success in numerous types of tumors. To date, the cumulative
research efforts lead to the use of PD-1/PD-L1 inhibitors as official FDA approved agents in many
tumors such as MUC, NSCLC, MM and MCC. In fact, the clinical field is very active nowadays, running
trials to further evaluate the safety and efficacy of these agents [14]. It is noteworthy to mention that
almost all the examined agents share positive results in similar types of malignancies. Yet, some of
them demonstrated superiority such as the excellence of avelumab in the treatment of mMCC and the
recognized potency of pidilizumab in hematological malignancies.
When it comes to comparing PD-1/PD-L1 inhibitors to classical chemotherapeutic agents, it is
clearly observed that some of them can be considered as equals. This was revealed in multiple
reported studies of PD-1/PD-L1 inhibitors such as nivolumab and pembrolizumab, which presented
similar, and in some cases even higher, responses regarding the potency in addition to being safer
in different malignancies compared to standard chemotherapeutic agents [26,53]. However, to date,
these impressive reports have not been able to eliminate the role of other chemotherapeutic agents;
nevertheless, a huge number of PD-1/PD-L1 agents are still under development. Future studies might
achieve the auspicious aims.
In addition, the use of PD-1/PD-L1 agents is not as well established as the detailed defined use of
chemotherapy. In fact, many trials are currently running with the aim of identifying the safest dosage
regimens and establishing the most potent and proper combination of the PD-1/PD-L1 inhibitors with
chemotherapy or any other known treatment for cancer. These combinations could be a therapeutic
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option with outstanding results, but the low safety might be the limiting factor, which is an obstacle
that many trials are trying to solve. Another drawback against the application of these antibodies is
the incidence of IRAEs, which can lead to fatal events on rare occasions and so cannot guarantee the
safety of the patients.
The low expression of PD-L1 in cancer cells is another limitation for the use of PD-1/PD-L1
inhibitors due to the direct correlation between the expression level of PD-L1 and therapeutic response.
Therefore, the lower the level of PD-L1, the less the expected therapeutic outcome. Many studies
have shown that the patient’s response to these agents depends on the level of the PD-L1 expression.
This fact was illustrated by collective reports which showed that out of 1400 essayed patients, response
was noted in 45% of the PD-L1-positive patients, while in the PD-L1-negative patients, only 15%
showed a similar response. Hence, this offers certain selectivity regarding the responsiveness of
patients to the use of PD-1/PD-L1 inhibitors [89,90].
Since these agents target immunity, they may result in abnormal immune reactions and generate
toxicity that affects the skin, gut, lung, liver and other tissues [91]. Among the IRAEs are the
documented cases of ILD following treatment with nivolumab and the neurological complications
documented with the administration of both nivolumab and pembrolizumab [91]. Therefore, it is
evident that more investment is needed in the area of PD-1/PD-L1 inhibitors to come up with definite
figures and numbers regarding the frequency and incidents of these IRAEs. More efforts should also
be made to define the most proper protocols for managing these complications without interfering
with the anticancer effect.
In conclusion, based on the reported basic and translational studies, the continuous research
and development of PD-1/PD-L1 inhibitors has fostered breakthrough findings in the treatment of
challenging tumors. Considering the safety of these agents, PD-1/PD-L1 inhibitors are generally
better tolerated than classical chemotherapeutic agents. Nevertheless, more preclinical and clinical
investigations are required to elucidate the key mechanisms and predictive biomarkers of the efficacy
and safety of these agents and to limit the risk of IRAEs.
Acknowledgments: This work was funded by Al Jalila Foundation, United Arab Emirates (Grant number
AJF201610).
Author Contributions: All authors were responsible for writing and review of the manuscript.
Conflicts of Interest: The authors declare no conflicts of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.

Burnet, F.M. The concept of immunological surveillance. Prog. Exp. Tumor Res. 1970, 13, 1–27. [PubMed]
De Visser, K.E.; Eichten, A.; Coussens, L.M. Paradoxical roles of the immune system during cancer
development. Nat. Rev. Cancer 2006, 6, 24–37. [CrossRef] [PubMed]
Caligiuri, M.A. Human natural killer cells. Blood 2008, 112, 461–469. [CrossRef] [PubMed]
Atkins, M.B.; Sznol, M. Cancer immunotherapy: Past progress and future directions. Semin. Oncol. 2015, 42,
518–522. [CrossRef] [PubMed]
Gubin, M.M.; Schreiber, R.D. Cancer. The odds of immunotherapy success. Science 2015, 350, 158–159.
[CrossRef] [PubMed]
Chen, L.; Flies, D.B. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat. Rev. Immunol.
2013, 13, 227–242. [CrossRef] [PubMed]
Smith, M.R. Rituximab (monoclonal anti-CD20 antibody): Mechanisms of action and resistance. Oncogene
2003, 22, 7359–7368. [CrossRef] [PubMed]
Couzin-Frankel, J. Breakthrough of the year 2013. Cancer immunotherapy. Science 2013, 342, 1432–1433.
[CrossRef] [PubMed]
Robert, C.; Thomas, L.; Bondarenko, I.; O’Day, S.; Weber, J.; Garbe, C.; Lebbe, C.; Baurain, J.F.; Testori, A.;
Grob, J.J.; et al. Ipilimumab plus dacarbazine for previously untreated metastatic melanoma. N. Engl. J. Med.
2011, 364, 2517–2526. [CrossRef] [PubMed]

Cancers 2018, 10, 32

10.

11.

12.
13.

14.

15.
16.

17.
18.

19.
20.
21.
22.

23.

24.

25.

26.
27.

28.

13 of 17

Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.;
Carvajal, R.D.; Sosman, J.A.; Atkins, M.B.; et al. Safety, activity, and immune correlates of anti-PD-1 antibody
in cancer. N. Engl. J. Med. 2012, 366, 2443–2454. [CrossRef] [PubMed]
Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.;
Smylie, M.; Rutkowski, P.; et al. Combined nivolumab and ipilimumab or monotherapy in untreated
melanoma. N. Engl. J. Med. 2015, 373, 23–34. [CrossRef] [PubMed]
Chinai, J.M.; Janakiram, M.; Chen, F.; Chen, W.; Kaplan, M.; Zang, X. New immunotherapies targeting the
PD-1 pathway. Trends Pharmacol. Sci. 2015, 36, 587–595. [CrossRef] [PubMed]
Marincola, F.M.; Jaffee, E.M.; Hicklin, D.J.; Ferrone, S. Escape of human solid tumors from T–cell recognition:
Molecular mechanisms and functional significance. In Advances in immunology; Dixon, F.J., Ed.; Academic
Press: Cambridge, MA, USA, 1999; Volume 74, pp. 181–273.
Alsaab, H.O.; Sau, S.; Alzhrani, R.; Tatiparti, K.; Bhise, K.; Kashaw, S.K.; Lyer, A.K. PD-1 and PD-L1
Checkpoint signaling Inhibition for cancer immunotherapy: Mechanism, combinations, and clinical outcome.
Front. Pharmacol. 2017, 8, 561. [CrossRef] [PubMed]
Sharma, P.; Allison, J.P. The future of immune checkpoint therapy. Science 2015, 348, 56–61. [CrossRef]
[PubMed]
Jadus, M.R.; Natividad, J.; Mai, A.; Ouyang, Y.; Lambrecht, N.; Szabo, S.; Ge, L.; Hoa, N.; Dacosta-Iyer, M.G.
Lung cancer: A classic example of tumor escape and progression while providing opportunities for
immunological intervention. Clin. Dev. Immunol. 2012. [CrossRef] [PubMed]
Holt, G.E.; Podack, E.R.; Raez, L.E. Immunotherapy as a strategy for the treatment of non-small-cell lung
cancer. Therapy 2011, 8, 43–54. [CrossRef] [PubMed]
Zhang, Y.; Huang, S.; Gong, D.; Qin, Y.; Shen, Q. Programmed death-1 upregulation is correlated
with dysfunction of tumor-infiltrating CD8(+) T lymphocytes in human non-small cell lung cancer.
Cell. Mol. Immunol. 2010, 7, 389–395. [CrossRef] [PubMed]
Seetharamu, N.; Preeshagul, I.R.; Sullivan, K.M. New PD-L1 inhibitors in non-small cell lung cancer—Impact
of atezolizumab. Lung Cancer 2017, 8, 67–78. [CrossRef] [PubMed]
Jazirehi, A.R.; Lim, A.; Dinh, T. PD-1 inhibition and treatment of advanced melanoma-role of pembrolizumab.
Am. J. Cancer Res. 2016, 6, 2117–2128. [PubMed]
Finn, L.; Markovic, S.N.; Joseph, R.W. Therapy for metastatic melanoma: The past, present, and future.
BMC Med. 2012, 10, 23. [CrossRef] [PubMed]
Hodi, F.S.; O’Day, S.J.; McDermott, D.F.; Weber, R.W.; Sosman, J.A.; Haanen, J.B.; Gonzalez, R.; Robert, C.;
Schadendorf, D.; Hassel, J.C.; et al. Improved survival with ipilimumab in patients with metastatic melanoma.
N. Engl. J. Med. 2010, 363, 711–723. [CrossRef] [PubMed]
Topalian, S.L.; Sznol, M.; McDermott, D.F.; Kluger, H.M.; Carvajal, R.D.; Sharfman, W.H.; Brahmer, J.R.;
Lawrence, D.P.; Atkins, M.B.; Powderly, J.D.; et al. Survival, durable tumor remission, and long-term safety
in patients with advanced melanoma receiving nivolumab. J. Clin. Oncol. 2014, 32, 1020–1030. [CrossRef]
[PubMed]
Inman, B.A.; Sebo, T.J.; Frigola, X.; Dong, H.; Bergstralh, E.J.; Frank, I.; Fradet, Y.; Lacombe, L.;
Kwon, E.D. PD-L1 (B7-H1) expression by urothelial carcinoma of the bladder and BCG-induced granulomata:
Associations with localized stage progression. Cancer 2007, 109, 1499–1505. [CrossRef] [PubMed]
Harrington, K.J.; Ferris, R.L.; Blumenschein, G., Jr.; Colevas, A.D.; Fayette, J.; Licitra, L.; Kasper, S.; Even, C.;
Vokes, E.E.; Worden, F.; et al. Nivolumab versus standard, single-agent therapy of investigator’s choice in
recurrent or metastatic squamous cell carcinoma of the head and neck (CheckMate 141): Health-related
quality-of-life results from a randomised, phase 3 trial. Lancet Oncol. 2017, 18, 1104–1115. [CrossRef]
Wilkinson, E. Nivolumab success in untreated metastatic melanoma. Lancet Oncol. 2015, 16, e9. [CrossRef]
Robert, C.; Long, G.V.; Brady, B.; Dutriaux, C.; Maio, M.; Mortier, L.; Hassel, J.C.; Rutkowski, P.; McNeil, C.;
Kalinka-Warzocha, E.; et al. Nivolumab in previously untreated melanoma without BRAF mutation. N. Engl.
J. Med. 2015, 372, 320–330. [CrossRef] [PubMed]
Brahmer, J.; Reckamp, K.L.; Baas, P.; Crino, L.; Eberhardt, W.E.; Poddubskaya, E.; Antonia, S.; Pluzanski, A.;
Vokes, E.E.; Holgado, E.; et al. Nivolumab versus docetaxel in advanced squamous-cell non-small-cell lung
cancer. N. Engl. J. Med. 2015, 373, 123–135. [CrossRef] [PubMed]

Cancers 2018, 10, 32

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

14 of 17

Borghaei, H.; Paz-Ares, L.; Horn, L.; Spigel, D.R.; Steins, M.; Ready, N.E.; Chow, L.Q.; Vokes, E.E.; Felip, E.;
Holgado, E.; et al. Nivolumab versus docetaxel in advanced nonsquamous non-small-cell lung cancer.
N. Engl. J. Med. 2015, 373, 1627–1639. [CrossRef] [PubMed]
Gettinger, S.; Rizvi, N.A.; Chow, L.Q.; Borghaei, H.; Brahmer, J.; Ready, N.; Gerber, D.E.; Shepherd, F.A.;
Antonia, S.; Goldman, J.W.; et al. Nivolumab monotherapy for first-line treatment of advanced non-small-cell
lung cancer. J. Clin. Oncol. 2016, 34, 2980–2987. [CrossRef] [PubMed]
Kang, Y.-K.; Satoh, T.; Ryu, M.-H.; Chao, Y.; Kato, K.; Chung, H.C.; Chen, J.-S.; Muro, K.; Kang, W.K.;
Yoshikawa, T.; et al. Nivolumab (ONO-4538/BMS-936558) as salvage treatment after second or later-line
chemotherapy for advanced gastric or gastro-esophageal junction cancer (AGC): A double-blinded,
randomized, phase III trial. J. Clin. Oncol. 2017, 35. [CrossRef]
Le, D.T.; Bendell, J.C.; Calvo, E.; Kim, J.W.; Ascierto, P.A.; Sharma, P.; Ott, P.A.; Bono, P.; Jaeger, D.;
Evans, T.R.J.; et al. Safety and activity of nivolumab monotherapy in advanced and metastatic (A/M)
gastric or gastroesophageal junction cancer (GC/GEC): Results from the CheckMate-032 study. J. Clin. Oncol.
2016, 34. [CrossRef]
Hamanishi, J.; Mandai, M.; Ikeda, T.; Minami, M.; Kawaguchi, A.; Murayama, T.; Kanai, M.; Mori, Y.;
Matsumoto, S.; Chikuma, S.; et al. Safety and antitumor activity of anti-PD-1 antibody, nivolumab, in patients
with platinum-resistant ovarian cancer. J. Clin. Oncol. 2015, 33, 4015–4022. [CrossRef] [PubMed]
Herbst, R.S.; Baas, P.; Kim, D.W.; Felip, E.; Perez-Gracia, J.L.; Han, J.Y.; Molina, J.; Kim, J.H.; Arvis, C.D.;
Ahn, M.J.; et al. Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced
non-small-cell lung cancer (KEYNOTE-010): A randomised controlled trial. Lancet 2016, 387, 1540–1550.
[CrossRef]
Plimack, E.R.; Bellmunt, J.; Gupta, S.; Berger, R.; Chow, L.Q.; Juco, J.; Lunceford, J.; Saraf, S.; Perini, R.F.;
O’Donnell, P.H. Safety and activity of pembrolizumab in patients with locally advanced or metastatic
urothelial cancer (KEYNOTE-012): A non-randomised, open-label, phase 1b study. Lancet Oncol. 2017, 18,
212–220. [CrossRef]
Kefford, R.; Ribas, A.; Hamid, O.; Robert, C.; Daud, A.; Wolchok, J.D.; Joshua, A.M.; Hodi, F.S.; Gangadhar, T.C.;
Hersey, P.; et al. Clinical efficacy and correlation with tumor PD-L1 expression in patients (pts) with melanoma
(MEL) treated with the anti-PD-1 monoclonal antibody MK-3475. J. Clin. Oncol. 2014, 32. [CrossRef]
Hsu, C.; Lee, S.-H.; Ejadi, S.; Even, C.; Cohen, R.B.; Le Tourneau, C.; Mehnert, J.M.; Algazi, A.;
van Brummelen, E.M.J.; Saraf, S.; et al. Safety and antitumor activity of pembrolizumab in patients with
programmed death-ligand 1–positive nasopharyngeal carcinoma: Results of the KEYNOTE-028 study.
J. Clin. Oncol. 2017, 35, 4050–4056. [CrossRef] [PubMed]
Ribas, A.; Puzanov, I.; Dummer, R.; Schadendorf, D.; Hamid, O.; Robert, C.; Hodi, F.S.; Schachter, J.;
Pavlick, A.C.; Lewis, K.D.; et al. Pembrolizumab versus investigator-choice chemotherapy for
ipilimumab-refractory melanoma (KEYNOTE-002): A randomised, controlled, phase 2 trial. Lancet Oncol.
2015, 16, 908–918. [CrossRef]
Nanda, R.; Chow, L.Q.; Dees, E.C.; Berger, R.; Gupta, S.; Geva, R.; Pusztai, L.; Pathiraja, K.; Aktan, G.;
Cheng, J.D.; et al. Pembrolizumab in patients with advanced triple-negative breast cancer: Phase ib
keynote-012 study. J. Clin. Oncol. 2016, 34, 2460–2467. [CrossRef] [PubMed]
Varga, A.; Piha-Paul, S.A.; Ott, P.A.; Mehnert, J.M.; Berton-Rigaud, D.; Johnson, E.A.; Cheng, J.D.; Yuan, S.;
Rubin, E.H.; Matei, D.E. Antitumor activity and safety of pembrolizumab in patients (pts) with PD-L1
positive advanced ovarian cancer: Interim results from a phase IB study. J. Clin. Oncol. 2015, 33. [CrossRef]
Zinzani, P.L.; Ribrag, V.; Moskowitz, C.H.; Michot, J.M.; Kuruvilla, J.; Balakumaran, A.; Zhang, Y.; Chlosta, S.;
Shipp, M.A.; Armand, P. Safety and tolerability of pembrolizumab in patients with relapsed/refractory
primary mediastinal large B-cell lymphoma. Blood 2017, 130, 267–270. [CrossRef] [PubMed]
Armand, P.; Nagler, A.; Weller, E.A.; Devine, S.M.; Avigan, D.E.; Chen, Y.-B.; Kaminski, M.S.; Holland, H.K.;
Winter, J.N.; Mason, J.R.; et al. Disabling immune tolerance by programmed death-1 blockade with
pidilizumab after autologous hematopoietic stem-cell transplantation for diffuse large B-cell lymphoma:
Results of an international phase II trial. J. Clin. Oncol. 2013, 31, 4199–4206. [CrossRef] [PubMed]
Berger, R.; Rotem-Yehudar, R.; Slama, G.; Landes, S.; Kneller, A.; Leiba, M.; Koren-Michowitz, M.; Shimoni, A.;
Nagler, A. Phase I safety and pharmacokinetic study of CT-011, a humanized antibody interacting with
PD-1, in patients with advanced hematologic malignancies. Clin. Cancer Res. 2008, 14, 3044–3051. [CrossRef]
[PubMed]

Cancers 2018, 10, 32

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.
54.

55.

56.

57.

58.

59.

60.

15 of 17

Atkins, M.B.; Kudchadkar, R.R.; Sznol, M.; McDermott, D.F.; Lotem, M.; Schachter, J.; Wolchok, J.D.;
Urba, W.J.; Kuzel, T.; Schuchter, L.M.; et al. Phase 2, multicenter, safety and efficacy study of pidilizumab in
patients with metastatic melanoma. J. Clin. Oncol. 2014, 32. [CrossRef]
LoRusso, P.M.; Powderly, J.; Burris, H.A.; Kittaneh, M.; Grice, J.; Smothers, J.F.; Brett, S.; Fleming, M.;
May, R.J.; Marshall, S.; et al. Abstract LB-193: Phase I study of safety, tolerability, pharmacokinetics,
and pharmacodynamics of AMP-224 (B7-DC Fc fusion protein) in a regimen containing cyclophosphamide
(CTX) in patients with advanced solid tumors. Cancer Res. 2013, 73. [CrossRef]
Infante, J.R.; Goel, S.; Tavakkoli, F.; Marshall, S.; Robbins, P.B.; D’Angelo, G.; Gribbin, M.J.;
Karakunnel, J.J.; Naing, A. A phase I, multicenter, open-label, first-in-human study to evaluate MEDI0680,
an anti-programmed cell death-1 antibody, in patients with advanced malignancies. J. Clin. Oncol. 2015, 33.
[CrossRef]
Hamid, O.; Chow, L.Q.M.; Tavakkoli, F.; Marshall, S.; Gribbin, M.J.; Karakunnel, J.J.; Gray, J.E. Phase
I, open-label study of MEDI0680, an anti-programmed cell death-1 (PD-1) antibody, in combination
with MEDI4736, an anti-programmed cell death ligand-1 (PD-L1) antibody, in patients with advanced
malignancies. J. Clin. Oncol. 2015, 33. [CrossRef]
Socinski, M.; Creelan, B.; Horn, L.; Reck, M.; Paz-Ares, L.; Steins, M.; Felip, E.; van den Heuvel, M.;
Ciuleanu, T.E.; Badin, F.; et al. NSCLC, metastatic CheckMate 026: A phase 3 trial of nivolumab vs
investigator’s choice (IC) of platinum-based doublet chemotherapy (PT-DC) as first-line therapy for stage
iv/recurrent programmed death ligand 1 (PD-L1)-positive NSCLC. Ann. Oncol. 2016, 27. [CrossRef]
Shin, T.; Kennedy, G.; Gorski, K.; Tsuchiya, H.; Koseki, H.; Azuma, M.; Yagita, H.; Chen, L.; Powell, J.;
Pardoll, D.; et al. Cooperative B7-1/2 (CD80/CD86) and B7-DC costimulation of CD4+ T cells independent
of the PD-1 receptor. J. Exp. Med. 2003, 198, 31–38. [CrossRef] [PubMed]
Nakahama, K.; Tamiya, A.; Taniguchi, Y.; Sasaki, Y.; Akira, M.; Atagi, S. Severe acute interstitial lung disease
after nivolumab in three non-small cell lung cancer patients with imaging findings of airway obstruction
adjacent to lung tumors. J. Infect. Chemother. 2017, 23, 826–829. [CrossRef] [PubMed]
Khoja, L.; Butler, M.O.; Kang, S.P.; Ebbinghaus, S.; Joshua, A.M. Pembrolizumab. J. Immunother. Cancer 2015,
3. [CrossRef] [PubMed]
Sul, J.; Blumenthal, G.M.; Jiang, X.; He, K.; Keegan, P.; Pazdur, R. Fda approval summary: Pembrolizumab
for the treatment of patients with metastatic non-small cell lung cancer whose tumors express programmed
death-ligand 1. Oncologist 2016, 21, 643–650. [CrossRef] [PubMed]
Bagcchi, S. Pembrolizumab for treatment of refractory melanoma. Lancet Oncol. 2014, 15, e419. [CrossRef]
Reck, M.; Rodríguez-Abreu, D.; Robinson, A.G.; Hui, R.; Csőszi, T.; Fülöp, A.; Gottfried, M.; Peled, N.;
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