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Seeing is believing: anti-PD-1/PD-L1 monoclonal antibodies in
action for checkpoint blockade tumor immunotherapy
Shuguang Tan1, Catherine W-H Zhang2 and George F Gao1

Structural immunology, focusing on structures of host immune related molecules, enables the immunologists to see what the
molecules look like, and more importantly, how they work together. Antibody-based PD-1/PD-L1 blockade therapy has achieved
brilliant successes in clinical applications. The recent breakthrough of the complex structures of checkpoint blockade antibodies
with their counterparts, pembrolizumab with PD-1 and avelumab with PD-L1, have made it clear how these monoclonal antibodies
compete the binding of PD-1/PD-L1 and function to blockade the receptor-ligand interaction. Herein, we summarize the structural
findings of these two reports and look into the future for how this information would facilitate the development of more efficient
PD-1/PD-L1 targeting antibodies, small molecule drugs, and other protein or non-protein inhibitors.
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The late structural biologist and crystallographer Don C. Wiley
once said, ‘I don’t believe the biology until I see it’.1 Crystal-
lography (and now cryo-EM) has provided an additional pair of
glasses for scientists to see the biological molecules in action.2

Three-dimensional structures of molecules have extensively
promoted not only the progress of basic biology, but also the
development of multiple targeting drugs in industry, for example,
influenza A virus neuraminidase (NA) inhibitors and Abl-tyrosine
kinase inhibitors.3–5 On the basis of the structures of N2 and N9
NAs and the naturally occurring NA inhibitor, 2-deoxy-2,3-
didehydro-N-acetylneuraminic acid (Neu5Ac2en), two inhibitors,
zanamivir and oseltamivir, were designed and developed to
inhibit NA activity and have now been widely used in clinical
applications to fight against influenza A virus infections.3 These
two inhibitors were among the earliest and most successful
examples of structure-based drug design and also have led to the
development of other anti-influenza inhibitors. Another represen-
tative example of structure-based drug design is the tyrosine
kinase inhibitor, imatinib mesylate (Gleevec, STI571 or CP57148B),
to treat chronic myeloid leukemia as well as other blood
neoplasias and solid tumors with etiologies based on activation
of these tyrosine kinases.4 As an important subfield of structural
biology, how will the structural immunology contribute to drug
design to modulate immune responses is considered to be a key
issue to promote translational medicine in the field.
Immune checkpoint blockade therapy has taken center stage

from the corner especially since tumor immunotherapy was
selected as Breakthrough of the Year by Science in 2013.6 T-cell
activation involves multiple paired molecular interactions includ-
ing T-cell receptor (TCR)/peptide major histocompatibility complex
(pMHC) interactions, CD4 (or CD8)/pMHC co-receptor interactions
and co-stimulatory ligand-receptor interactions under the current
two-signal system theory (Figure 1a left).7–12 Besides, activated
T cells also need co-stimulatory and co-inhibitory molecules to
modulate TCR-mediated antigen specific T-cell responses and
self-tolerance.10,11 Programmed cell death 1 (PD-1) is a member of

the CD28 superfamily and was first discovered as a gene
upregulated in a T-cell hybridoma undergoing cell death, therein
the name was originated.13 PD-1 ligand 1 (PD-L1) and PD-1 ligand
2 (PD-L2) were identified to be the ligands (PD-Ls) of PD-1.14,15

Studies show that co-inhibitory molecules such as PD-1 and PD-L1
induce immune suppression in the tumor microenvironment
which subsequently leads to the tumor immune escape (Figure 1a
middle).16–19 Modulating PD-1/PD-L1 paired signal has become
the priority choice in immune checkpoint blockade therapy based
on substantial evidence indicating that blockade of PD-1 pathway
can effectively induce anti-tumor immune responses by restora-
tion of T-cell function and inhibiting intra-tumoral Treg cells within
the tumor microenvironment (Figure 1a right).20–23 Monoclonal
antibodies (MAbs) take advantages of specific binding to antigens
with its complementarity-determining region (CDR) loops of both
heavy chain (VH) and light chain (VL) and immune activating
mediated by fragment crystallizable (Fc) region (Figure 1b), and
thus have been widely used for PD-1/PD-L1 immune checkpoint
blockade therapy.24 Multiple PD-1/PD-L1 blockade antibodies
have been approved for clinical use or have entered into clinical
trials, such as pembrolizumab, nivolumab, avelumab and atezo-
lizumab and so on, and have shown great efficacies to treat
multiple advanced-stage tumors.25–28

Although MAb based immunotherapy has achieved great
successes in fighting against multiple tumors in clinical applica-
tion, some basic questions and concerns yet exist. It is unclear how
the MAbs interact with PD-1 or PD-L1 to block the interaction of
PD-1/PD-L1, though dominant negative competition for the
receptor-ligand interaction is proposed. Are there any hot spots
in PD-1 or PD-L1 for checkpoint blockade MAb targeting? Can we
predict the possible mutational escapes on PD-1 or PD-L1 under
the immune selective pressure of the MAbs during immune
checkpoint blockade therapy in the future? Though mutational
escape in PD-1 or PD-L1 has not been reported, CD19 mutational
escapes or alternative splicing under chimeric antigenic redirected
T-cell immunotherapy have already been observed.29 And is there
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any possibility that we could design a better therapeutic MAb
targeting the hot spots and avoid antigen mutational escape? All
these questions remain unanswered.

The recently reported avelumab/hPD-L1 and pembrolizumab/
hPD-1 complex structures by our group and Song group have
provided clear structural information on how the therapeutic
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MAbs abrogate the binding of PD-1/PD-L1.30–32 As a PD-L1
targeting antibody, avelumab is a human IgG1 antibody co-
developed by Merck (Darmstadt, Germany) and Pfizer, which is
now in multiple phase III clinical trials against non-small cell lung
cancer (NSLC) (NCT02395172), advanced renal cell cancer
(NCT02684006) and gastric cancer (NCT02625610). Complex
structure of avelumab/hPD-L1 shows that the avelumab utilizes
both VH and VL to bind to the IgV domain of PD-L1 on its side
(Figure 1c).30 The VH of avelumab dominates the binding to
hPD-L1 while VL contributes partial contacts. The binding of
avelumab on hPD-L1 predominantly consists of the C, C’, F, and G
strands and the CC’ loop of hPD-L1. The blockade binding of
avelumab is mainly occupied by the VH chain, with minor
contribution from VL chain (Figure 1c). The mechanism of
avelumab blockade involves the protruding HCDR2 loop to
compete the binding of hPD-1 to hPD-L1. Pembrolizumab
(Keytruda, also known as lambrolizumab and MK-3475), a
humanized IgG4 monoclonal antibody targeting hPD-1 developed
by Merck & Co., Inc., has been approved by the US Food and Drug
Administration for advanced melanoma and NSCLC.24 Na et al.31

reported that the interaction of pembrolizumab with hPD-1 is
mainly located on the flexible C’D loop and the C, C’ strands of
PD-1 (Figure 1d). Though the C’D loop is not involved in the
interaction with hPD-L1, it contributes major contacts with
pembrolizumab through multiple contacts. Pembrolizumab utilize
both heavy chain and light chain to bind to C’D loop of hPD-1.
The C’D loop contributed pivotal contacts with pembrolizumab
with the fact that one site mutation in C’D loop (D85G)
would absolutely eliminate the binding. Thus, the blockade of
the hPD-1/hPD-L1 interaction by pembrolizumab is mainly
dependent on the binding to the C’D loop and stereo specific
blockade on the C and C’ strands of PD-1 to compete with the
binding of hPD-L1. The binding affinities (Kd) of pembrolizumab to
hPD-1 and avelumab to hPD-L1 are 27.0 and 42.1 pM,
respectively.31 On the other hand, the binding affinity between
hPD-1 and hPD-L1 is 0.77–8.2 μM,33–35 which is much weaker than
that of the MAbs. The strong binding of pembrolizumab to hPD-1
and avelumab to hPD-L1 would enable the binding priority of the
therapeutic MAbs with checkpoint molecules and subsequent
blockade of the hPD-1/hPD-L1 interaction.
In addition, there are also very reasons that the development of

small molecules or low-molecular weight protein drugs targeting
PD-1/PD-L1 signal are in urgent need to achieve a more efficient
treatment. First, the efficacy of PD-1/PD-L1 blockade strongly
depends on the molecular accession of antibody with PD-1 or
PD-L1. However, accession of PD-1 or PD-L1 molecules in the
tumor microenvironment by the penetrated MAbs is less efficient
because of the large size of the MAbs and the complexity of

tumor microenvironments, which further limits their functional
potential.36 Second, therapeutic MAbs maintained the Fc fragment
would induce cytotoxic immune responses even engineered with
IgG4 class or antibody-dependent cell-mediated cytotoxicity
(ADCC) defective mutations.37,38 Because PD-1 and PD-L1 are also
expressed on anti-tumor T cells, the utilization with PD-1 or PD-L1
MAbs usually accompanied with undesirable side effect including
depletion of the very lymphocytes they are intended to activate.
Taken together, development of small molecules or low-molecular
weight protein drugs are still in urgent need even with the
existence of so many antibody drugs under development or in the
market.
Complex structure of PD-1/PD-L1 has brought promising

perspectives to structure-based drug design to interrupt the
PD-1/PD-L1 interaction. It is now clear how the PD-1 interact with
PD-L1 since murine PD-1 (mPD-1)/hPD-L1, mPD-1/mPD-L2 and
hPD-1/hPD-L1 complex structures were resolved.39–41 Based on
the complex structure of mPD-1/hPD-L1, Roy Maute et al.42

designed a yeast-surface display system for a directed evolution to
generate high-affinity PD-1 that antagonizes PD-L1. 22 amino acid
residues of PD-1 contributing to the contacts with PD-L1 were
selected for randomization. Two-generations of yeast-surface
display library evolution were conducted which resulted in a
high-affinity consensus hPD-1 with enhanced binding affinities
(Kd) of ∼ 100 pM with hPD-L1 compared with the mild binding
affinities of a Kd value of 3.8 μM for wild type hPD-1. In contrast to
anti-PD-L1 MAbs, high-affinity PD-1 enabled superior tumor
penetration without inducing depletion of peripheral effector
T cells. In addition, the high-affinity PD-1 also showed superior
tumor suppression efficacy compared with antibodies in mouse
colon carcinoma model. Moreover, a small molecule drug
developed by Curis, Inc. (Lexington, KY, USA), CA-170 (oral PD-L1,
PD-L2 and V-domain Ig suppressor of T-cell activation (VISTA)
checkpoint antagonist), has entered into Phase I clinical trial in
patients with advanced tumors and lymphomas (NCT02812875).
The recent report on pembrolizumab/hPD-1 and avelumab/

hPD-L1 complex structures have enabled the scientists to see
how the checkpoint blockade MAbs interact with the correspond-
ing targets and how this would compete the binding with
PD-1/PD-L1. All this information would shed light on the
development of the next-generation MAbs or small inhibitory
molecules. However, additional therapeutic antibody/PD-1 (or
PD-L1) complex structures are still needed to draw a clearer map
of how therapeutic MAbs work. Structural immunology has now
helped the scientists to see what the immune checkpoint
therapeutic MAbs look like and how they work, it is now the
responsibility of researchers from both basic science and industry
to build more efficient therapeutics to bedside.

Figure 1. Monoclonal antibody-based immune checkpoint blockade and tumor immunotherapy. (a) Mechanisms of antibody-based immune
checkpoint blockade for tumor therapy. Left, tumor specific T cells could kill the targeted cancer cells through the interaction of specific TCR,
co-receptor CD8 and co-stimulatory molecules on T cells and the cancer specific antigens presented on cancer cells. Middle, upregulation
of PD-1 on T cells and PD-L1 on cancer cells would induce the exhaustion of anti-tumor T cells and subsequent tumor immune escape.
Right, monoclonal antibodies with PD-1/PD-L1 blockade activity would restore tumor specific T-cell function and kill the tumor cells.
(b) Diagrammatic sketch of monoclonal antibody. The fragment of antigen binding (Fab) of monoclonal antibody consists variable region of
both heavy chain (VH) and light chain25 and consistent region of heavy chain (CH1) and light chain (CL). The specific binding to antigen usually
involves the three CDR loops from both VH and VL. (c) Superimposition of the hPD-L1/avelumab complex structure with the hPD-1/hPD-L1
complex structure. hPD-1 and avelumab are shown as ribbon (hPD-1 in red, avelumab-scFv VH in yellow, and VL in blue) while hPD-L1 was
shown in surface mode. Right, binding surface of hPD-L1 for hPD-1 or avelumab. The binding residues for hPD-1 on hPD-L1 are colored in red,
whereas residues contacted by the avelumab VH or VL are colored in yellow or blue, respectively, and the overlapping residues used by both
the receptor hPD-1 and avelumab are colored in green. (d) Superimposition of the hPD-1/pembrolizumab-Fab complex structure with the
hPD-1/hPD-L1 complex structure. Left, hPD-L1 and pembrolizumab are shown as ribbon (hPD-L1 in cyan, pembrolizumab VH in lemon, and VL
in orange) while hPD-1 was shown in surface mode. Right, binding surface of hPD-1 for hPD-L1 or pembrolizumab. The binding residues for
hPD-L1 on hPD-1 are colored in cyan, whereas residues contacted by the pembrolizumab VH or VL are colored in lemon or orange,
respectively, and the residues that contacts with both VH and VL are colored in hotpink. The overlapping residues used by both hPD-L1 and
pembrolizumab are colored in purple.

PD-1/PD-L1 targeting blockade antibodies
S Tan et al

3

Signal Transduction and Targeted Therapy (2016) e16029



ACKNOWLEDGEMENTS
This work was supported by the Ministry of Science and Technology of China (973
program: 2013CB531502), the National Natural Science Foundation of China (NSFC;
31390432 and 31500722).

COMPETING INTERESTS
The authors declare no conflict of interest.

REFERENCES
1 Harrison SC. Don C. Wiley (1944-2001). Cell 2002; 108: 313–315.
2 Chen Y, Shi Y, Cheng H, An YQ, Gao GF. Structural immunology and crystal-

lography help immunologists see the immune system in action: how T and NK
cells touch their ligands. IUBMB Life 2009; 61: 579–590.

3 Du J, Cross TA, Zhou HX. Recent progress in structure-based anti-influenza
drug design. Drug Discov Today 2012; 17: 1111–1120.

4 Wong S, Witte ON. The BCR-ABL story: bench to bedside and back. Ann Rev
Immunol 2004; 22: 247–306.

5 Wu Y, Bi Y, Vavricka CJ, Sun X, Zhang Y, Gao F et al. Characterization of two
distinct neuraminidases from avian-origin human-infecting H7N9 influenza
viruses. Cell Res 2013; 23: 1347–1355.

6 Couzin-Frankel J. Breakthrough of the year 2013. Cancer immunotherapy. Science
2013; 342: 1432–1433.

7 Bretscher P, Cohn M. A theory of self-nonself discrimination. Science 1970; 169:
1042–1049.

8 Cunningham AJ, Lafferty KJ. A simple conservative explanation of the H-2
restriction of interactions between lymphocytes. Scand J Immunol 1977; 6: 1–6.

9 Gao GF, Tormo J, Gerth UC, Wyer JR, McMichael AJ, Stuart DI et al. Crystal structure
of the complex between human CD8alpha(alpha) and HLA-A2. Nature 1997; 387:
630–634.

10 Gao GF, Jakobsen BK. Molecular interactions of coreceptor CD8 and MHC class I:
the molecular basis for functional coordination with the T-cell receptor. Immunol
Today 2000; 21: 630–636.

11 Gao GF, Rao Z, Bell JI. Molecular coordination of alphabeta T-cell receptors and
coreceptors CD8 and CD4 in their recognition of peptide-MHC ligands. Trends
Immunol 2002; 23: 408–413.

12 Lafferty KJ, Cunningham AJ. A new analysis of allogeneic interactions. Aust J Exp
Biol Med Sci 1975; 53: 27–42.

13 Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of Pd-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell-death.
EMBO J 1992; 11: 3887–3895.

14 Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H et al. Engagement
of the PD-1 immunoinhibitory receptor by a novel B7 family member leads to
negative regulation of lymphocyte activation. J Exp Med 2000; 192: 1027–1034.

15 Latchman YWC, Chernova T, Chaudhary D, Borde M, Chernova I, Iwai Y et al.
PD-L2 is a second ligand for PD-1 and inhibits T cell activation. Nat Immunol 2001,
2: 261–268.

16 Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A et al.
Coregulation of CD8(+) T cell exhaustion by multiple inhibitory receptors during
chronic viral infection. Nat Immunol 2009; 10: 29–37.

17 Blank C, Kuball J, Voelkl S, Wiendl H, Becker B, Walter B et al. Blockade of PD-L1
(B7-H1) augments human tumor-specific T cell responses in vitro. Int J Cancer
2006; 119: 317–327.

18 Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato N. Involvement of PD-L1 on
tumor cells in the escape from host immune system and tumor immunotherapy
by PD-L1 blockade. Proc Natl Acad Sci USA 2002; 99: 12293–12297.

19 Kataoka K, Shiraishi Y, Takeda Y, Sakata S, Matsumoto M, Nagano S et al. Aberrant
PD-L1 expression through 3 '-UTR disruption in multiple cancers. Nature 2016;
534: 402-+.

20 Curiel TJ, Wei S, Dong HD, Alvarez X, Cheng P, Mottram P et al. Blockade of B7-H1
improves myeloid dendritic cell-mediated antitumor immunity. Nat Med 2003; 9:
562–567.

21 Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ, Kuchroo VK et al.
PD-L1 regulates the development, maintenance, and function of induced reg-
ulatory T cells. J Exp Med 2009; 206: 3015–3029.

22 Tan S, Gao GF. New hope for cancer treatment: cancer Immunotherapy. Chinese
Sci Bull 2015; 60: 3155–3157 (in Chinese).

23 Wang HY, Lee DA, Peng G, Guo Z, Li Y, Kiniwa Y et al. Tumor-specific human CD4+
regulatory T cells and their ligands: implications for immunotherapy. Immunity
2004; 20: 107–118.

24 Callahan MK, Postow MA, Wolchok JD, Targeting T. Cell co-receptors for cancer
therapy. Immunity 2016; 44: 1069–1078.

25 Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D et al.
Nivolumab and ipilimumab versus ipilimumab in untreated melanoma. N Engl J
Med 2015; 372: 2006–2017.

26 Chapman PB, D'Angelo SP, Wolchok JD. Rapid eradication of a bulky mela-
noma mass with one dose of immunotherapy. N Engl J Med 2015; 372:
2073–2074.

27 Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz C et al. MPDL3280A
(anti-PD-L1) treatment leads to clinical activity in metastatic bladder cancer.
Nature 2014; 515: 558–562.

28 Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L et al. Pembrolizumab
versus Ipilimumab in Advanced Melanoma. N Engl J Med 2015; 372:
2521–2532.

29 Sotillo E, Barrett DM, Black KL, Bagashev A, Oldridge D, Wu G et al. Convergence of
Acquired Mutations and Alternative Splicing of CD19 Enables Resistance to
CART-19 Immunotherapy. Cancer Discov 2015; 5: 1282–1295.

30 Liu K, Tan S, Chai Y, Chen D, Song H, Zhang CW et al. Structural basis of anti-PD-L1
monoclonal antibody avelumab for tumor therapy. Cell Res 2016; e-pub ahead of
print 30 August 2016; doi:10.1038/cr.2016.102.

31 Na Z, Yeo SP, Bharath SR, Bowler MW, Balikci E, Wang CI et al. Structural basis for
blocking PD-1-mediated immune suppression by therapeutic antibody pem-
brolizumab. Cell Res 2016; e-pub ahead of print 21 June 2016; doi:10.1038/
cr.2016.77

32 Tan S, Chen D, Liu K, He M, Song H, Shi Y et al. Crystal clear: visualizing the
intervention mechanism of the PD-1/PD-L1 interaction by two cancer therapeutic
monoclonal antibodies. Protein Cell 2016; e-pub ahead of print 4 November 2016;
doi:10.1007/s13238-016-0337-7.

33 Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman GJ. Programmed death-1
ligand 1 interacts specifically with the B7-1 costimulatory molecule to inhibit
T cell responses. Immunity 2007; 27: 111–122.

34 Cheng X, Veverka V, Radhakrishnan A, Waters LC, Muskett FW, Morgan SH et al.
Structure and interactions of the human programmed cell death 1 receptor. J Biol
Chem 2013; 288: 11771–11785.

35 Collins AV, Brodie DW, Gilbert RJ, Iaboni A, Manso-Sancho R, Walse B et al. The
interaction properties of costimulatory molecules revisited. Immunity 2002; 17:
201–210.

36 Lee CM, Tannock IF. The distribution of the therapeutic monoclonal antibodies
cetuximab and trastuzumab within solid tumors. BMC Cancer 2010; 10:
255–265.

37 Brahmer JR, Drake CG, Wollner I, Powderly JD, Picus J, Sharfman WH et al.
Phase I study of single-agent anti-programmed death-1 (MDX-1106) in refractory
solid tumors: safety, clinical activity, pharmacodynamics, and immunologic
correlates. J Clin Oncol 2010; 28: 3167–3175.

38 Simpson TR, Li FB, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F et al.
Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines the
efficacy of anti-CTLA-4 therapy against melanoma. J Exp Med 2013; 210:
1695–1710.

39 Lazar-Molnar E, Yan Q, Cao E, Ramagopal U, Nathenson SG, Almo SC. Crystal
structure of the complex between programmed death-1 (PD-1) and its ligand
PD-L2. Proc Natl Acad Sci USA 2008; 105: 10483–10488.

40 Lin DY, Tanaka Y, Iwasaki M, Gittis AG, Su HP, Mikami B et al. The PD-1/PD-L1
complex resembles the antigen-binding Fv domains of antibodies and T cell
receptors. Proc Natl Acad Sci USA 2008; 105: 3011–3016.

41 Zak KM, Kitel R, Przetocka S, Golik P, Guzik K, Musielak B et al. Structure of the
complex of human programmed death 1, PD-1, and its ligand PD-L1. Structure
2015; 23: 2341–2348.

42 Maute RL, Gordon SR, Mayer AT, McCracken MN, Natarajan A, Ring NG et al.
Engineering high-affinity PD-1 variants for optimized immunotherapy and
immuno-PET imaging. Proc Natl Acad Sci USA 2015; 112: E6506–E6514.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2016

PD-1/PD-L1 targeting blockade antibodies
S Tan et al

4

Signal Transduction and Targeted Therapy (2016) e16029

http://dx.doi.org/10.1038/cr.2016.102
http://dx.doi.org/10.1038/cr.2016.77
http://dx.doi.org/10.1038/cr.2016.77
http://dx.doi.org/10.1007/s13238-016-0337-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Seeing is believing: anti-PD-1/PD-L1 monoclonal antibodies in action for checkpoint blockade tumor immunotherapy
	Acknowledgements
	References


