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Programmed cell death-1 (PD-1)/programmed death-ligand 1 (PD-L1) checkpoint inhibitors are widely
used in many types of solid tumors, and are often considered to be in the same immunotherapy sub-
class. This review explores whether specific agents in these two categories exhibit differences in their
mechanism of action, pharmacokinetics and pharmacodynamics, and clinical efficacy and safety. Due to
the complicated functional pathways in the immune checkpoint system, the epitopes, interfaces and sig-
nal pathways between PD-1: PD-L1/PD-L2, PD-L1/CD28/CTLA-4: B7-1 axes often overlap and affect each
other. Therefore, the mechanisms of action of PD-1 and PD-L1 inhibitors reflect the corresponding cross
connectivity and their unique characteristics. Only head-to-head comparative studies can provide defini-
tive information regarding clinical efficacy and safety differences between specific PD-1/PD-L1 inhibitors.
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Programmed cell death-1 (PD-1)/programmed death-ligand 1 (PD-L1) inhibitors are commonly considered as
being in the same subclass of immunotherapeutic agents and are widely used in malignant melanoma (MM),
non-small-cell lung cancer (NSCLC) and many other types of tumors. However, there is considerable interest
among researchers as to whether specific agents in these two categories exhibit differences in their mechanism of
action, pharmacokinetic and pharmacodynamic characteristics, clinical efficacy, and safety. This review analyzes the
differences between agents in each category and the related underlying mechanisms, and explores whether these
differences can contribute to differences in clinical efficacy and safety, and could thus provide some basis for clinical
decision making and patient selection.

Mechanism of action
Targeted signaling
PD-1 inhibitor: PD-1/PD-L1 & PD-1/PD-L2 axis

PD-1 is a key immune checkpoint receptor, which mainly expresses on activated T, B, dendritic (DCs), natural
killer (NK) and Treg cells. On the surface of activated T cells, PD-1 expression is upregulated after the recognition
of peripheral antigens by T cells; subsequently, the elevated binding of PD-1 to PD-L1 and PD-L2 becomes a
key step for downstream inhibitory signaling [1]. PD-1 is also associated with increased Treg-cell proliferation and
enhanced immunosuppressive function (Figure 1).

A series of inflammatory cytokines, such as IFN-γ, which is secreted by activated T and NK cells, can promote
PD-L1 expression in a variety of cell types, including epithelial, endothelial, hematopoietic and tumor cells.
Oncogenes may also play an important role in stimulating the expression of PD-L1. In contrast, PD-L2 is expressed
mainly in activated DCs, macrophages, bone marrow-derived mast cells, peritoneal B1 cells, helper T (Th) 2
cells and intrapulmonary nonhematological cells. Similar to PD-L1, PD-L2 expression can be observed in some
types of tumor cells. PD-L1 and PD-L2 expression is correlated in tumors; however, in some types of tumor cells,
PD-L1 can be present in the absence of PD-L2, and vice versa [3,4]. After the recognition of tumor antigens by
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Figure 1. Programmed cell death-1/programmed cell death ligand-1 signaling pathways.
Reproduced with permission from [2] C© Frontiers in Pharmacology (CC BY 4.0) (2017).

peripheral T-cell receptors (TCRs), PD-L1 or PD-L2 will bind to PD-1 and activate downstream-related signaling
pathways, block TCR signaling via feedback inhibition, and downregulate the expression of specific antiapoptotic
molecules including Bcl-xL and proinflammatory factors, ultimately inhibiting T-cell survival, proliferation and
immune function. In addition, the interaction of PD-1 with its ligand can also affect the cell cycle (by increasing the
expression of p15 decreasing the transcription level of SKP2, preventing T cells from entering the G1 phase, and
eventually inhibiting cell proliferation), stimulate tumor-specific T-cell apoptosis and promote the differentiation
of Th cells into Tregs [5].

Although the role of PD-L1 has been evaluated more thoroughly by clinical researchers, and PD-L1 has also
been used more widely in clinical settings, PD-L2 also plays an important role in the negative regulation of T
cells, one of the necessary conditions that lead to immune tolerance [6]. PD-L2 can also bind to repulsive guidance
molecule b. Blockade of the repulsive guidance molecule b–PD-L2 interaction markedly impaired the development
of respiratory tolerance by interfering with the initial T-cell expansion required for respiratory tolerance [7]. Previous
studies showed that T-cell activity in PD-L2 knockout mice was enhanced, the amounts of activated CD4+/CD8+

T cells stimulated by exogenous antigen were increased, and PD-L2 knockout also resulted in the disappearance of
T-cell tolerance against foreign antigens [6]. In general, the functions of PD-L1 and PD-L2 overlap, but they also
have their own unique features. PD-L1 has priority in controlling the interaction of T cells and antigen-presenting
cells, inhibiting PD-L1-enhanced hapten-induced contact hypersensitivity (CH) in a mouse model, and increasing
the number of T cells in draining lymph nodes, whereas PD-L2 inhibition did not show a similar strengthening
effect [8]. On the other hand, PD-L2 possesses the ability to drive the Th1 cell response through IFN-γ, and
signaling of the PD-1/PD-L2 pathway can significantly inhibit TCR-mediated CD4+ T-cell proliferation and
cytokine production [9]. Blocking PD-L2 on the DC surface enhanced the proliferative capacity of T cells and the
production of cytokines such as IFN-γ and IL-10 [5]. Dual inhibition of PD-L1 and PD-L2 can show a synergistic
effect [5].

Since the binding of PD-L1 and PD-L2 to PD-1 is cross competitive [10], when PD-1 inhibitors anchor the
binding site and conformation of PD-1, the interaction between PD-1 and both PD-L1/PD-L2 ligands can be
blocked simultaneously. Therefore, PD-1 inhibitors are able to completely antagonize the PD-1/PD-L1 and PD-
1/PD-L2 axes, whereas PD-L1 inhibitors selectively block only the interaction between PD-1 and PD-L1, but
retain the activity of the PD-1/PD-L2 pathway [11].

PD-L1 inhibitor: PD-1/PD-L1 & B7-1/PD-L1 axis

In addition to its interaction with PD-1, PD-L1 can also bind to B7-1. Both B7-1 and B7-2 belong to the B7 family,
which can interact with CD28 to initiate a series of stimulatory signals for T-cell activation [9]. In the early stages
of T-cell activation, cytotoxic T lymphocyte-associated antigen 4 (CTLA-4, another type of immune checkpoint
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molecule) can competitively bind with B7-1/B7-2 to inhibit CD28: B7 signaling, thereby preventing T-cell
activation. B7-2 has been shown to be constantly expressed at a low level on the surface of antigen-presenting cell,
and can be activated rapidly; in contrast, B7-1 only showed inducible expression after B7-2 activation [12]. Previous
studies have shown that PD-L1 can also bind competitively to B7-1, and there is overlap between the binding
interfaces of PD-L1: B7-1, CD28: B7-1 and CTLA-4: B7-1 [12]. Therefore, PD-L1 can inhibit T-cell activation and
immune effector cytokine production, along with other inhibitory pathways such as CTLA-4. However, protein
equilibrium dissociation constant (KD) data showed that the KD value of PD-L1: B7-1 (KD = ∼1.7 μM) was
between that for CD28: B7-1 (KD = 4 μM) and CTLA-4: B7-1 (KD = 0.2 μM). Because the KD value is inversely
related to protein affinity, the greater the KD value, the weaker the affinity. Therefore, the affinity of the PD-L1:
B7-1 interaction is much lower than that of CTLA-4: B7-1 [12]. Although PD-L1 inhibitors disrupt the interaction
between PD-L1 and B7-1, CTLA-4 may also compensatively disqualify this ‘immunosuppressive’ effect, leaving
the immune system still at the inhibited status controlled by the checkpoint molecule. In addition, the interaction
between CTLA-4: B7-1 and CD28: B7 signaling often plays an important role in the early stage of T-cell activation,
which weakens, inhibits and/or abrogates the activation of naive T cells in the second lymphoid organs (such as
lymph nodes), while the high expression of PD-L1 is often specifically limited to tumor cells and immune cells in
the tumor microenvironment [13]. Therefore, more evidence is still required to determine whether the inhibition
of PD-L1 will affect the axis of PD-L1/B7-1/CD28 and the corresponding early activation process of T cells.

Isotype of monoclonal of antibody
The binding of antibodies and antigens is very specific. Via the unique variable regions of antibodies in most cases,
an antibody can specifically recognize an antigen. This one-to-one correspondence relationship enables antibody
drugs to have fewer adverse events and higher efficiency. Antibodies in the human body can be divided into five
types, including IgA, IgD, IgE, IgG and IgM. These five types of antibodies have their own functions and different
half-lives.

When antibody engineers were faced with choosing from this array to develop therapeutic agents, practical
and functional concerns led them to focus on the IgG class. Even within this class, only IgG1, IgG2 and IgG4
have been used, as various considerations have largely excluded the use of IgG3 [14]. IgG1 and IgG3 have two
unique characteristics: antibody-dependent cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC).
Because of these two mechanisms, once IgG1 and IgG3 bind with an antigen on target cells, the cells will be deleted.
This is obviously not suitable for a PD-1 antibody, which is aimed at activating T cells rather than killing T cells.
But IgG2 and IgG4 subtypes have a much lower potency to mediate ADCC than IgG1 and IgG3 [15]. Therefore,
IgG4 was chosen for nivolumab rather than IgG2, which binds mainly to sugar antigens. No in vitro ADCC or
complement-dependent cytotoxicity activity was observed with nivolumab in assays using PD-1-expressing activated
T cells as target cells, suggesting that nivolumab is unlikely to deplete PD-1-positive cells [16]. Pembrolizumab also
belongs to IgG4 subclass of human antibodies [17].

For PD-L1 inhibitors, antibody design is theoretically aimed at depleting target tumor cells via an ADCC effect,
so that all PD-L1 inhibitors are chosen as the IgG1 isotype. But immune checkpoint antibodies of the IgG1 isotype,
such as atezolizumab [18] and durvalumab [19] are genetically engineered to eliminate ADCC activity to protect
PD-1/PD-L1-positive immune cells. Avelumab is the single exception of a therapeutic antibody, which exploits
immune checkpoint inhibition and ADCC-mediated killing of tumor cells simultaneously [20].

Action site & conformation
Representative PD-1 inhibitors (i.e., nivolumab, pembrolizumab) and PD-L1 inhibitors (i.e., atezolizumab, durval-
umab, avelumab) are fully human or humanized monoclonal antibodies. When the antibodies bind to the epitopes
of antagonist targets, they can anchor the corresponding domains and form a stable conformation through the
interaction of molecular bonds. Since the binding of a molecule to its corresponding ligand/receptor, and the
subsequent conformational changes are often the starting point of the delivery of signaling, downstream signals
may hardly be delivered or substantially diminished once the binding sites are competitively occupied or even
surrounded by the antibodies; thereby, antibodies can suppress the physiological or pathological role of the targeted
molecule [21]. Structurally, there are differences in the acting domains, antigen epitopes and conformational changes
between each inhibitor/molecule (i.e., each antibody/antigen), and these differences at the molecular level can be
attributed to differences in antibody affinity, binding duration and clinical utility [22–24].
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Figure 2. Binding sites and molecular conformation of representative programmed cell death-1/programmed cell death ligand-1
inhibitors. (A) Stereo view of the detailed interface of PD-1/PD-1 inhibitors (i) pembrolizumab and (ii) nivolumab. Stereo view of the
detailed interface of PD-L1/PD-L1 inhibitors Fab fragment, (iii) atezolizumab, (iv) durvalumab and (v) avelumab. (B) Surface
representations of the PD-1 molecules in the complex structures of PD-1/PD-L1 (i), PD-1/pembrolizumab (ii), PD-1/nivolumab (iii),
PD-L1/atezolizumab (iv), PD-L1/duralumab (v) and PD-L1/avelumab (vi).
PD-1: Programmed cell death-1; PD-L1: Programmed cell death ligand-1.
Reproduced with permission from [22] C© Nature Communications (CC BY 4.0) (2016); Reproduced with permission from [23] C© Springer
Nature (2019); Reproduced with permission from [30] C© Nature (CC BY 4.0) (2017).

PD-1 is a type I transmembrane protein, major domains of which contain an extracellular immunoglobulin
variable region (IgV)-like domain, a transmembrane domain and C-terminal amino acid residues in the cytoplasmic
region [25]. Among them, the cytoplasmic domain of PD-1 contains two independent phosphorylation sites, namely
the immunoreceptor tyrosine inhibition motif (ITIM) and the immunoreceptor tyrosine transfer motif (ITSM).
A phosphorylated PD-1 peptide, corresponding to the C-terminal (ITSM), acts as a docking site in vitro for both
SHP-2 and SHP-1, while the phosphorylated peptide containing the N-terminal PD-1 (ITIM) associates only
with SHP-2 [26]. When PD-1 binds to its ligand, tyrosine phosphorylation occurs in the intracellular domain.
Phosphorylated ITSM can recruit SHP-1 and SHP-2, and cause the dephosphorylation of downstream signaling
molecules such as PIK3/AKT, ZAP70, CD3ξ and PKCθ, and thus inhibit the antigen signal and other costimulatory
signals from transferring into the nucleus [1]. Consequently, these motifs are implicated in its immunosuppressive
effects. Interfering with PD-1 signal transduction, either by antibody blockade or any other means, enhances T-cell
functions by potentiating signal transduction from the TCR signalosome [27]. On the other hand, as a member of the
B7 family, PD-L1/PD-L2 molecules are type I transmembrane glycoproteins with an IgV and an immunoglobulin
constant region (IgC)-like region in the extracellular domain that is connected to a short, charged cytoplasmic zone
through a hydrophobic transmembrane region [25]. The homology among PD-L1 and PD-L2 in human is 40% [28].

Although the binding epitope is different for each inhibitor, similar inhibitor–antigen interactions can be
observed between PD-1/PD-L1 and each inhibitor. The binding of PD-1 to nivolumab or pembrolizumab directly
covers part of the binding sites for PD-1 and PD-L1, and thus results in conformational changes in the BC loop
(residues 57-63) and the FG loop (residues 127-124) of the PD-1 extracellular region [29]. The arrangement of the
BC, FG region disrupts the PD-1/PD-L1 interaction. On the other hand, the CC’FG loop on the β-sheet of the
PD-L1 extracellular region is a key domain for the binding of PD-L1 to all antibodies (Figure 2). The common
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Table 1. Molecular characteristics of representative programmed cell death-1/programmed cell death ligand-1 inhibitors.
Molecular characteristics Parameters (PD-1 or PD-L1 with each inhibitor)

Nivolumab Pembrolizumab Atezolizumab Durvalumab Avelumab

Acting domain N-loop; FG, BC loop C’D loop CC’FG antiparallel
�-sheet; BC, CC’, C’C” and
FG loops

Parallel �-sheet; A, G, F
and CC’ loops/strands

Parallel �-sheet; CC’FG
loop/strand

Major binding sites D29, R30, S60, K131; P28,
L128, A129, etc.

N66, T76, K78, S87, K131;
F63, E84, S87, etc.

E58, Q66, V111 (hydrogen
bond); R113, R125 (salt
bridge)

D26, R113; Y123, K124,
R125 (hydrogen bond)

I54, Y56, M115, Y123
(hydrogen bond); E58, Q66,
R113, A121

Buried surface 1349 Å 2126 Å 2106 Å 1624 Å 1865 Å

Affinity (KD) 1.45 nM 400 pM 1.75 nM 0.667 nM 0.046 nM

KD: Protein equilibrium dissociation constant; PD-1: Programmed cell death-1; PD-L1: Programmed cell death ligand-1.

antigen epitopes on PD-L1 include PD-L1Y56, E58, R113, M115 and Y123, all of which are located in the CC’FG
loop, providing a key intracellular interaction force for the binding of PD-1/PD-L1 [30]. In comparison, the KD

value for PD-1 and PD-L1 is about 8.2 μM, which is much higher than the KD values among all antibodies
and PD-1 or PD-L1 (Table 1). As has been noted earlier, the KD value is inversely proportional to the strength of
protein binding affinity so, on the contrary, all the antibodies can demonstrate far greater affinity to PD-1 or PD-L1
than that between PD-1 and PD-L1 or PD-L2 (i.e., the physiological interaction between each molecule involved
in the PD-1 pathway), thus showing sufficient efficacy in blocking the PD-1 signal transmission pathway [28]. It
should be noted that pembrolizumab mainly binds to the C’D loop of PD-1, whereas nivolumab mainly binds
to the N-terminal loop [29]. Therefore, there are almost no overlapping antigen binding epitopes, domains and
areas on PD-1 for these two antibodies [29]. Competitive binding assays also showed that the binding of nivolumab
and pembrolizumab with PD-1 is partially complementary, suggesting that the simultaneous administration of
pembrolizumab and nivolumab may be considered for future therapy [29,31].

Pharmacokinetic & pharmacodynamic characteristics
Taking nivolumab as an example, Phase I clinical trials showed that nivolumab had a high PD-1 occupancy, with a
mean peak occupancy of 85% (range: 70–97%) [32], which was consistent with the high PD-1 affinity of nivolumab
observed in in vitro studies [33]. Nivolumab at a trace dose as low as 0.04 ng/ml was sufficient to occupy >70%
of PD-1 molecules on the surface of T cells, suggesting that even though the serum concentrations of nivolumab
in patients’ peripheral blood were below the detection threshold (<1.2 μg/ml), the drug concentration was still
sufficient to maintain relatively high PD-1 occupancy in the tumor microenvironment [33]. In addition, nivolumab
exhibited durable PD-1 occupancy, with plateau occupancy being maintained even when serum concentrations
were undetectable. Regardless of the administered dose, a sustained mean occupancy of >70% of PD-1 molecules
on circulating T cells was observed for as long as 2 months after infusion [33].

The Checkmate 077 trial (cohort A) evaluated the pharmacokinetic profile of nivolumab in small-scale Chinese
NSCLC (n = 9) and nasopharyngeal cancer (n = 6) populations [34]. The pharmacokinetic profile of nivolumab in
the Chinese population was found to be similar to that in western populations. The peak plasma concentration, time
to peak concentration, area under the plasma concentration time curve and half-life of nivolumab in the Chinese
population showed no significant differences compared with values obtained in a western population [35]. The
pharmacokinetic and pharmacodynamic parameters of some other PD-1/PD-L1 inhibitors are shown in Table 2,
although specific data are not available in all cases. As shown in Table 2, pharmacokinetic/pharmacodynamic
parameters determine the standard dosage, frequency and schedule of administration for each drug. In general,
all of the PD-1/PD-L1 inhibitors can maintain a relatively high drug concentration and sustained or durable
antitumor efficacy.

Clinical efficacy & safety
NSCLC is one of the most widely understood and clinically applied fields for PD-1/PD-L1 inhibitors. Currently,
four PD-1/PD-L1 inhibitors, including two PD-1 inhibitors (nivolumab and pembrolizumab) and two PD-L1
inhibitors (atezolizumab and durvalumab) have been approved for the treatment of locally advanced/metastatic
NSCLC. The results of representative randomized, controlled studies in NSCLC are shown in Table 3.
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Table 2. Pharmacokinetics and pharmacodynamic characteristics of representative programmed cell
death-1/programmed cell death ligand-1 inhibitors.
Pharmacokinetics &
pharmacodynamic
characteristics

Parameters (PD-1 or PD-L1 with each inhibitor)

Nivolumab Pembrolizumab Atezolizumab Durvalumab Avelumab

Mean peak occupancy 85% (70–97%) [36] N/A N/A N/A N/A

Median/target occupancy 64–70% [37] ∼60% [38] �65% [36] N/A 76–93% (mean value) [39]

Mean plateau occupancy 72% (59–81%) [36] N/A N/A N/A N/A

Time to steady state
(weeks)

12 weeks (Q2W) [36] 19 weeks (Q3W) [36] 6–9 weeks (Q3W) [36] 16 weeks (Q2W) [36] 4–6 weeks (Q2W) [36]

Cumulative dose 3.7-fold [36] 2.2-fold [36] 1.91-fold (AUC) [36] 4.3-fold [36] 1.25-fold [36]

Mean elimination
half-life (t1/2, days)

25 [36] 23 [36] 27 [36] 17 [36] 6.1 [36]

AUC: Area under the curve; N/A: Not available; PD-1: Programmed cell death-1; PD-L1: Programmed cell death ligand-1; Q2W: Every 2 weeks; Q3W: Every 3 weeks.

Table 3. Clinical efficacy of representative programmed cell death-1/programmed cell death ligand-1 inhibitors in
non-small-cell lung cancer.
Drug Trial (Phase) Study population Patients (n) ORR (%) mPFS

(months)
mOS
(months)

PD-1 inhibitors

Nivolumab [40] Checkmate 017 (III) Previously treated advanced/metastatic squamous
cell carcinoma

272 20 3.5 9.2

Nivolumab [41] Checkmate 057 (III) Previously treated advanced/metastatic
nonsquamous cell carcinoma

582 19.2 2.3 12.2

Nonsquamous cell carcinoma subgroup;
PD-L1 ≥1%

– 30.9 – 17.1

Pembrolizumab [42] KEYNOTE-001 (I) Previously treated advanced/metastatic NSCLC;
PD-L1 ≥1%

495 19.4 3.7 12.5

Pembrolizumab [29] KEYNOTE-010 (II/III) Previously treated advanced/metastatic NSCLC;
PD-L1 ≥1%

1034 18 4.0 10.4

PD-L1 inhibitors

Atezolizumab [43] POPLAR (II) Previously treated advanced/metastatic NSCLC 287 15 2.8 11.4

Atezolizumab [44] OAK (III) Previously treated advanced/metastatic NSCLC 1225 14 2.8 13.8

Nonsquamous cell carcinoma; PD-L1 ≥1% – 18 – 17.6

Avelumab [45] NCT01772004 (I) Previously treated advanced/metastatic NSCLC 184 12 2.9 –

mOS: Median overall survival; mPFS: Median progression-free survival; ORR: Objective response rate; NSCLC: Non-small-cell lung cancer; PD-1: Programmed cell death-1; PD-L1:
Programmed cell death ligand-1.

Despite a series of studies focusing on comparisons of PD-1/PD-L1 inhibitors with standard chemotherapy
in the subsequent line treatment setting of NSCLC, only nivolumab-related studies divided NSCLC patients
into squamous cell carcinoma and nonsquamous cell carcinoma subgroups, according to the patients’ histological
features, and allowed separate subanalyses to be conducted. The Checkmate 017 study, which was conducted in
patients with squamous cell carcinomas (n = 272) [40], showed that the objective response rate (ORR: 20 vs 9%;
p = 0.008), median overall survival (mOS: 9.2 vs 6.0 months; p < 0.001) and median progression-free survival
(mPFS: 3.5 vs 2.8 months; p < 0.001) were all significantly improved in nivolumab-treated patients compared
with patients receiving docetaxel. Regardless of the PD-L1 expression status, patients with advanced squamous cell
carcinoma can benefit from second-line nivolumab treatment. Outcomes in the Checkmate 057 study (n = 582),
which was conducted in patients with nonsquamous cell carcinoma, were similar to those observed in patients with
squamous cell carcinoma [41]. The overall ORR (19 vs 12%; p = 0.008) and mOS (12.2 vs 9.4 months; p = 0.002)
were significantly improved in nivolumab-treated patients in comparison with those receiving docetaxel. However,
patients with positive PD-L1 expression (≥1%) had a better response to nivolumab (31 vs 12%), and the survival
benefit with nivolumab compared with chemotherapy was more significant in these patients (hazard ratio = 0.59).

Participants in subsequent line studies of pembrolizumab treatment involved the overall population of NSCLC
patients with positive PD-L1 expression (i.e., PD-L1 ≥1%). The KEYNOTE-001 study (n = 495) [42] demonstrated
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that regardless of the histological type, the overall ORR of PD-L1-positive patients who received pembrolizumab
treatment was 19.4%, and the mOS was 12.0 months. The KEYNOTE-010 study, a randomized controlled study
comparing pembrolizumab with docetaxel, showed that the ORR (18 vs 9%, respectively) and mOS (10.4 vs
8.5 months, respectively; p = 0.0008) were significantly improved in the pembrolizumab arm compared with the
chemotherapy arm. However, no significant difference in mPFS (4.0 vs 4.0 months, respectively; p = 0.07) was
observed [46]. Similar to the results obtained with nivolumab in patients with nonsquamous cell carcinoma, patients
with higher PD-L1 expression (such as PD-L1 ≥50%) showed an improved response and survival benefits with
pembrolizumab.

Similar to studies with pembrolizumab, participants in subsequent line studies of atezolizumab treatment
involved the overall population of NSCLC patients without stratification according to the histological type.
However, corresponding retrospective subanalyses were performed for subgroups of squamous or nonsquamous
cell carcinoma and patients were stratified according to their PD-L1 expression status. Results from the OAK study
(n = 1225) [44] showed no significant differences in ORR (14 vs 13%, respectively) and mPFS (2.8 vs 4.0 months,
respectively) between the atezolizumab or docetaxel treatment arms, but mOS in atezolizumab-treated patients was
significantly improved (13.8 vs 9.6 months, respectively; p = 0.0003). Regardless of whether patients were positive
or negative for PD-L1 expression or had squamous or nonsquamous cell carcinoma, a survival benefit (in mOS)
was observed with atezolizumab treatment [44].

Further studies of similar populations to those in the above studies may provide more information on the
comparative effectiveness of each inhibitor. An intuitive, horizontal comparison of the PD-1 inhibitor nivolumab
with the PD-L1 inhibitor atezolizumab in PD-L1-positive (PD-L1 ≥1%) nonsquamous cell carcinoma patients,
showed a numerically higher ORR in patients treated with nivolumab than in those treated with atezolizumab
(30.9 vs 18%, respectively) [41,44]. A pooled analysis of large-scale, randomized, controlled trials (n = 4755) of PD-
1/PD-L1 inhibitors in NSCLC, advanced melanoma and genitourinary cancer indirectly compared the efficacies
of each drug. The ORRs of nivolumab-treated patients in PD-L1-positive and -negative subgroups were 39.3%
(34.1∼44.4%) and 22.9% (19.4∼26.3%, p < 0.0001), respectively; corresponding rates in patients treated with
pembrolizumab were 30.3% (25.2−35.3%) and 10.8% (3.3−18.4%), respectively. Due to limited data, pooled
statistical analysis for atezolizumab was not performed, but the ORR of atezolizumab-treated patients ranged from 20
to 29% and from 10 to 26% in PD-L1-positive and -negative subgroups, respectively [47]. Recently, a meta-analysis
of five trials involving 3024 NSCLC patients found that indirect comparisons of immune checkpoint inhibitors
revealed little evidence of differences between nivolumab, pembrolizumab and atezolizumab [48]. However, in terms
of safety, a recently published paper showed that nivolumab had a narrow and mild toxicity spectrum, which makes
it the best option so far, especially for the treatment of lung cancer [49].

In general, there have been no significant differences in efficacy between PD-1 and PD-L1 inhibitors in large-scale
clinical trials. Definitive conclusions about comparative efficacy should therefore be based on population-based
studies or large-scale head-to-head comparative studies.

To date, no head-to-head study has been performed to compare the safety of each PD-1/PD-L1 inhibitor;
therefore, safety comparisons among the drugs cannot be evaluated directly, but results from large-scale Phase III
clinical studies may provide some useful information [40,41,43,44,46,50]. Overall, both the incidence of any grade
of adverse events (AEs) and serious AEs induced by PD-1 or PD-L1 inhibitors are significantly lower than with
traditional treatment regimens such as chemotherapy. The safety profile of PD-1/PD-L1 inhibitors is distinct from
that observed with chemotherapy; AEs, and mainly include fatigue, skin/gastrointestinal/kidney/liver/endocrine
system-related events and toxicity, and pneumonia. When the incidence of any grade of AEs, high-grade AEs
(grade 3–5), treatment-related AEs, or common symptoms such as fatigue, diarrhea and rash, is considered, no
obvious numerical differences were found, suggesting that the safety characteristics among PD-1/PD-L1 inhibitors
are similar (all p > 0.3; see Table 4 for details). However, population-based studies or large-scale head-to-head
comparisons are still required to provide more robust clinical evidence.

When monotherapy with PD-1/PD-L1 drugs in advanced MM is considered (Table 5), two PD-1 blockers,
nivolumab and pembrolizumab have been tested in Phase III trials and approved for the treatment of nonresectable
and metastatic MM. The approval of nivolumab by the EMA was based on two studies: the CheckMate-066 and
-037 studies. CheckMate-066 was a randomized, double-blind, Phase III study involving 418 previously untreated
BRAF wild-type patients with unresectable or metastatic MM. The primary end point (overall survival [OS]) was
reached in patients treated with nivolumab, and the median progression-free survival (PFS) was 5.1 months with
nivolumab as compared with 2.2 months with the comparator treatment dacarbazine (HR: 0.43; 95% CI: 0.34–
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Table 4. Clinical safety of representative programmed cell death-1/programmed cell death ligand-1 inhibitors in
non-small-cell lung cancer.
Adverse events (AEs) PD-1 inhibitors PD-L1 inhibitors

Nivolumab,
% [40,41,51–59]

Pembrolizumab,
% [46,50,60–64]

Atezolizumab,
% [43,65,66]

Durvalumab, % [67] Avelumab, % [68,69]

Any grade ≥3 grade Any grade ≥3 grade Any grade ≥3 grade Any grade ≥3 grade Any grade ≥3 grade

Any AE (%) 58–82 7–22 61–82 10–27 66–94 16–40 ∼64 ∼5 78 13

Skin

– Pruritus 7–29 �1 11–21 1 11–14 0–1 ∼3 0 NR NR

– Rash 6–26 �1 10–21 2 9–14 0–1 NR NR 13 0

– Vitiligo 10–11 �1 9–11 �1 NR NR NR NR NR NR

Gastrointestinal

– Diarrhea 7–16 0–2 8–20 1 11–20 0–2 ∼10 0 7 0

– Colitis 1–3 1 1–4 1–2 1 �1 NR NR NR NR

Liver

– Elevated ALT levels 1–4 �1 2–8 �1 2–4 0–3 NR NR 1 1

– Elevated AST levels 1–4 �1 3–10 1 2–3 0–3 NR NR

Endocrine system

– Hypothyroidism 4–9 �1 8–10 �1 7–9 0 NR NR 3–6 0

– Hyperthyroidism 0–3 �1 3–8 �1 1 �1 NR NR 2 0

– Hypophysitis �1 �1 �1 �1 �1 �1 NR NR NR NR

Others

– Pneumonia 1–5 0–2 4–6 1–2 3 �1 NR NR 1 0–1

– Nephritis/acute kidney
injury

1–3 0–2 �1 �1 2 2 ∼2 ∼2 NR NR

– Neurotoxicity �1 �1 �1 �1 NR NR NR NR NR NR

Treatment stopped due to
irAE

5–8 4–7 4–8 ∼2 2

ALT: Alanine transaminase; AST: Aspartate aminotransferase; irAE: Immune-related adverse event; NR: Not reported; PD-1: Programmed cell death-1; PD-L1: Programmed cell death
ligand-1.

Table 5. Clinical efficacy and safety of representative programmed cell death-1/programmed cell death ligand-1
inhibitors in metastatic melanoma.
Drug Phase Study population Treatment arm Efficacy data Grade 3–4 or 3–5

AEs
Ref.

PD-1 inhibitors

Nivolumab (Checkmate
066)

III (n = 418) Unresectable stage III or IV
melanoma; no prior systemic
treatment; no BRAF mutation

Nivolumab vs dacarbazine Median PFS: 5.1 vs
2.2 months;
ORR: 40 vs 13.9%

11.7 vs 17.6% [51]

Nivolumab (CheckMate
037)

III (n = 405) Unresectable stage III or IV
melanoma after ipilimumab or
after ipilimumab and BRAFi for
BRAF mutants

Nivolumab vs
investigator’s choice of
chemotherapy (dacar-
bazine or
paclitaxel + carboplatin)

ORR: 31.7 vs 10.6% 5 vs 9% [70]

Pembrolizumab
(KEYNOTE 006)

III (n = 834) Unresectable stage III or IV
melanoma; no more than one
prior systemic treatment

Pembrolizumab (q14 or
q21) vs ipilimumab

ORR: 33.7/32.9% vs
11.9%

13.3/10.1% vs
19.9% (grade 3–5)

[51]

PD-L1 inhibitors

Atezolizumab I (n = 43) Advanced melanoma Dose escalation ORR: 26%;
24-week PFS: 41%

NA [71]

NA: Not available; ORR: Objective response rate; PFS: Progression-free survival; q14: Once every 14 days; q21: Once every 21 days.

0.56; p < 0.001). The ORR was 40.0% with nivolumab and 13.9% dacarbazine (odds ratio: 4.06; p < 0.001).
The 11.7% of AEs were grade 3 or 4, and no therapy-related deaths were reported [51]. The CheckMate-037 study
of nivolumab versus chemotherapy demonstrated that patients previously treated with ipilimumab (or ipilimumab
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and a BRAF inhibitor in BRAFV600-positive patients) can still respond to nivolumab as compared with dacarbazine
or carboplatin and paclitaxel therapy; the ORR in the two groups was 31.7 and 10.6%, respectively [70]. AEs were
comparable to those in the Check-Mate 066 study. In the Phase III trial Keynote-006 study, significantly higher
PFS and OS were found with pembrolizumab compared with ipilimumab (ORR was 33% in both pembrolizumab
arms and 11.9% in the ipilimumab arm). However, monotherapy data with PD-L1 inhibitors are currently very
limited. As summarized in Table 5, atezolizumab has demonstrated preliminary efficacy in advanced melanoma
with an ORR of 26% and 24-week PFS of 41% [71].

Thus, it is difficult to compare PD-1 and PD-L1 drugs in advanced melanoma due to the limited data available
with PD-L1 therapy. A combination strategy involving a PD-1 blocker and a CTL-A4 inhibitor has recently been
explored [72].

Conclusion
In recent years, the crystal structures of PD-1 and PD-L1 have been revealed, but there is continued debate concern-
ing the implications of theoretical differences between the PD-1 and PD-L1 inhibitors in terms of clinical benefit.
This review has illustrated the complicated signaling pathways of PD-1: PD-L1/PD-L2, PD-L1/CD28/CTLA-4:
B7-1 axes in the immune checkpoint system. The binding affinity of each antibody to either PD-1 or PD-L1 is
much higher than that between PD-1: PD-L1, with each antibody partially or completely covering the binding
sites, anchoring the key domains to prevent the binding of PD-1 and PD-L1, and thus showing sufficient potency
to block the negative signal of the checkpoint pathway. Generally speaking, the mechanisms of action of PD-1 and
PD-L1 inhibitors are, to some extent, different with different binding targets, but they also reflect corresponding
cross connectivity and each inhibitor’s unique characteristics.

On the basis of current clinical data, the efficacy and safety profiles of PD-1 and PD-L1 inhibitors are promising,
showing no significant differences between the two classes of drugs. However, even in horizontal comparisons of
large-scale, randomized clinical trials, differences in patient characteristics and disease characteristics may still lead
to bias in terms of the superiority–inferiority conclusion.

Future perspective
Many clinical trials of PD-1/PD-L1 inhibitors have been conducted in different solid tumors. While some PD-1
drugs have achieved positive results, some PD-L1 drugs have produced negative results in the same tumor, and
vice versa. Is this by chance or is there some scientific rational behind this phenomenon? Will there be any clinical
differences between PD-1/PD-L1 drugs for certain tumors in the future? Perhaps only head-to-head comparative
studies between active drugs can provide definitive information regarding efficacy and safety differences between
specific PD-1/PD-L1 drugs. In addition, there remains an unresolved issue as to whether PD-L1 drugs could
be used as subsequent lines of therapy after resistance has occurred to PD-1 inhibitor treatment, and vice versa.
Recently, some studies have been initiated to investigate this issue. Thus, our review is quite critical in highlighting
important future considerations, not only in terms of clinical treatment decisions for specific tumor types, but also
possibly in terms of changes in immunotherapy treatment.
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Executive summary

Background
• Programmed cell death-1 (PD-1)/programmed death-ligand 1 (PD-L1) checkpoint inhibitors are used widely in

many types of solid tumors, and are often considered to be in the same immunotherapy subclass.
• Due to the complicated functional pathways in the immune checkpoint system, the epitopes, interface and signal

pathways between PD-1: PD-L1/PD-L2, PD-L1/CD28/CTLA-4:B7-1, axes often overlap and affect each other.
• Therefore, the mechanisms of action of PD-1 and PD-L1 inhibitors reflect corresponding cross connectivity and

unique characteristics of each agent.
Binding affinities
• The binding affinity of each antibody to either PD-1 or PD-L1 is much higher than that between PD-1: PD-L1, with

each antibody partially or completely covering the binding sites, anchoring the key domains to prevent the
binding of PD-1 and PD-L1.

• PD-1 and PD-L1 inhibitors therefore exhibit sufficient potency to block the negative checkpoint pathway signal.
Clinical efficacy & safety
• On the basis of current clinical data, the efficacy and safety profiles of PD-1 and PD-L1 inhibitors are promising,

showing no significant differences between the two classes of drugs.
• Many clinical trials of PD-1/PD-L1 inhibitors have been conducted in different solid tumors. While some PD-1

drugs have achieved positive results, some PD-L1 drugs have had negative results in the same tumor, and vice
versa.

• In general, there has been no significant difference in the efficacy between PD-1 and PD-L1 inhibitors in
large-scale clinical trials.

• Whether PD-L1 drugs could be used as subsequent lines of treatment after resistance has occurred to PD-1
inhibitor treatment, and vice versa, remains an unresolved issue.

• Only head-to-head comparative studies can provide definitive information regarding clinical efficacy and safety
differences between specific PD-1/PD-L1 inhibitors.
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