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Abstract: Blockade the interaction of the programmed celtd protein 1 (PD-1) and its
ligand, programmed death-ligand 1 (PD-L1) can pnewamune evasion of tumor cells
and significantly prolong the survival of cancertipats. Currently marketed drugs
targeting PD-1/PD-L1 pathway are all monoclonalkardies (mAbs) that have achieved
great success in clinical trials. With the condtaamerging problems of antibody drugs,
small molecule inhibitors have attracted the aitendf pharmaceutical chemists due to
their controllable pharmacological and pharmacdikinproperties, which make them
potential alternatives or supplements to mAbs tuliege PD-1/PD-L1 pathway. However,
the insufficient target structure information hinsléhe development of small molecule
inhibitors. Since the publication of human-PD-1/lamPD-L1 (hPD-1/hPD-L1) crystal

structure, more and more cocrystal structures ofbspAcyclopeptides and small
molecules with PD-1 and PD-L1 have been resolveues& complexes provide a
valuable starting point for the rational design peptide-based and small synthetic

molecule inhibitors. Here we reviewed the non-adip inhibitors that have been



published so far and analyzed their structure-agtivelationships (SAR). We also
summarized the cocrystal structures with hot sjpbestified, with the aim to provide
reference for future drug discovery.

Key words: Peptide-based and small synthetic molecule itdri&i PD-1/PD-L1 pathway,

rational design, tumor immunotherapy, cocrystalatires, structure-activity relationship

1. Introduction

As a host defense system, the immune system psdiedty against various diseases
such as cancer. However, cancer cells can escapetfie immune system and continue
to grow via a variety of immune evasion strategiesluding down-regulation of
cell-surface MHC class | molecules, secretion ahumosuppressive factors, and lack of
T cell costimulation[1]. Therefore, restoring thetiecancer effect of immune system is
an important direction in anti-cancer research. gamed to the traditional cancer
therapies such as chemotherapy and radiotherapycahcer immunotherapy marks a
completely different way of treating cancer by &gg the immune system rather than
the tumor itself[2]. In recent years, cancer imntheoapies including immune
checkpoint inhibitors[3], chimeric antigen recepircell therapy[4] and adoptive cell
therapy with tumor-infiltrating lymphocytes[5] hawechieved great clinical success,
which make the cancer immunotherapy a current topimtensive research and bring

new hope to cancer patients. Among these, the irenshieckpoint inhibitor is the most



mature immunotherapy and has the highest sharaikenthan the rest[6].

Immune checkpoints act as the regulators of theunensystem and are almost
B7/CD28 and TNF/TNFR superfamily members. They bandivided into stimulatory
checkpoint molecules and inhibitory checkpoint maales whose function is to maintain
self-tolerance and prevent the immune system frovading cells indiscriminately[7]
through the real-time coordination with lymphocwivity. Until now, the best-studied
immune checkpoints are cytotoxic T lymphocyte-agged antigen 4 (CTLA-4), PD-1
and PD-L1. With the encouraging clinical resultdmfimumab (targeting CTLA-4) and
Pembrolizumab (targeting PD-1), immune checkpoimtikitors have cemented its
potential in patients and were selected as the mgzdrtant scientific breakthrough of
2013 by the journafcience[8]. However, the anti-CTLA-4 therapy encounteresesal
problems in cancer treatment and drug developmd®&[9In contrast to CTLA-4, the
drug development of PD-1/PD-L1 pathway has madel @a@gress in recent years.

PD-1, also known as CD279, is the second-generafionmune checkpoint protein
isolated by Ishida Y in 1992[14]. PD-1 belongs lte €D28 family and expresses on T
cells, regulatory T cells (Tregs), exhausted Tsgell cells, natural killer cells, natural
killer T (NKT) cells, dendritic cells (DCs), and ror-associated macrophages
(TAMs)[15, 16]. As a 55-kDa monomeric type | sudatansmembrane glycoprotein,
PD-1 molecule consists of an extracellular IgV doma transmembrane domain and an

intracellular cytoplasmic domain containing two ustural motifs, immune



tyrosine-based inhibitory motif (ITIM) and immuneceptor inhibitory tyrosine-based
switch motif (ITSM)[17].The two ligands of PD-1 neaule, PD-L1 (CD274) and PD-L2
(CD273), belong to B7 family and share 37% sequdmm@ology. PD-L1 has been
detected on antigen presenting cells, non-lymphmigans and non-haematopoietic
cells[11, 18], whereas PD-L2 expression is mor¢ricdsd and is mainly found in DCs
and a few tumor lines[19]. The 40-kDa PD-L1 is etyl transmembrane protein
comprising extracellular IgV and IgC domains, asrmembrane domain and intracellular
domains. The PD-1/PD-L1 interaction releases anbdsitory signal to activated T cells,
which induces T cell apoptosis, anergy, and fumetie@xhaustion[20, 21]. As a result, T
cells activities to antigenic stimuli including fiferation, cytokine secretion and
cytolytic activity are reduced. Normally, PD-1 anddely expressed PD-L1 act as an
intrinsic negative feedback system to down-reguthte immune system and promote
self-tolerance by suppressing T cell inflammatocivity. However, the overexpressed
PD-L1 on the surface of tumor cells can induce Tscdysfunction and suppress
antigen-specific T cell responses[22]. And in castrto CD80 and CD86, PD-L1 is
overexpressed by various solid tumors, indicatibglPPD-L1 pathway is the dominant
immune checkpoint pathway in the tumor microenvinent (TME). It develops an
important mechanism for tumor immune evasion inpada immune resistance[23].
Therefore, PD-1/PD-L1 pathway has become an impbrttarget to restore

tumor-specific T-cell function for eliminating tumocells. In addition to cancer,



PD-1/PD-L1 pathway is closely related to autoimmyrit has been proven that in PD-1
knockout mice the disruption of peripheral tolemmwuld lead to a negative regulation
of lymphocyte activation, which ultimately resultéd the appearance of autoimmune
features, such as glomerulonephritis and destriahritis[24, 25]. For humans, the
PD-1/PD-L1 signaling pathway is associated withetyp diabetes, systemic lupus
erythematosus, multiple sclerosis, rheumatoid @ighand so on. In rheumatoid arthritis,
the expression of both soluble PD-1 in synoviaidfland plasma and PD-1 in synovial
fluid-derived CD4+ T cells is increased[26, 27]. Mdover, PD-L1 expressed in synovial
fluid myeloid DCs is also elevated. Viral infectiartan lead to chronic infection by

affecting the PD-1/PD-L1 signaling pathway, avoglthe surveillance and killing effects

of immune system. For example, PD-1 expressionumadn immunodeficiency virus

(HIV) infection mediates the depletion of CD8 TlIselwhich causes reduced immune
clearance in virally infected host cells[28]. Moveg Tregs and Mucosal-associated
invariant T cells (MAITs) in HIV patients also owspress PD-1[29, 30]. The abnormal
expression of PD-1 are positively related to impdirimmune function, disease
progression, and decreased CD4 T cell count. Itdnpisignaling through the

PD-1/PD-L1 pathway is also associated with neuiokdgliseases, which is supposed to
regulate immune cells in the CNS as a mechanisavaal inflammation in the brain. In

patients with Alzheimer's disease and mild cogaeitimpairment, PD-1 expression on

CD4 + T cells and PD-L1 expression on CD14 + madcages/monocytes are



reduced[31].

The anti-tumor mechanisms of immune checkpointaibis comprise the blockade
of inhibitory signals transmission and the diretimslation to activate cytotoxic T
lymphocytes. Currently, the marketed drugs targeRD-1/PD-L1 pathway are all mAbs
(Table 1). In 2014, Food and Drug Administratio £ approved the first two mAbs
(Pembrolizumab and Nivolumab) targeting PD-1 mdiedato market. Another three
mAbs (Atezolizumab, Durvalumab and Avelumab) targetPD-L1 molecule appeared
on the market during the next few years. Thesdadyi drugs have achieved tremendous
clinical success and significantly improved thevstal of patients with certain cancers.
However, along with the impressive clinical effetie problems of antibody drugs have
also emerged over time[32, 33]. First, antibodygdrare not orally bioavailable and have
a poor diffusion due to their high molecular weigBecond, mAbs always have a poor
permeability. Third, high-affinity antibodies oftdmnd tightly to the first encountered
antigen on the periphery of the tumor, which makesm inaccessible to internal
targets[34]. Moreover, the Fc domain of IgG antipedn interact with various receptors
on different cells surface which in turn affectitheetention in the circulation. The last
but the most important is mAbs are immunogenic taat lead to severe immune-related
adverse events (irAEs) with deadly outcomes in cases. The long half-lives and strong
target occupancy of PD-1- and PD-L1-directed mAbsult in the sustained target

inhibition, which also contributes to the intradtayp of irAEs. In terms of production,



the high production cost and poor stability of mAlasder the promotion and application
of the immunotherapy. In order to address the &étiahs of the current antibody drugs,
low-molecular-weight PD-1/PD-L1 inhibitors with bet pharmacokinetic profiles are

becoming the focus of research. However, the dewadmt of small molecule immune

checkpoint inhibitors lags far behind mAbs. To thest of our knowledge, only one
patented PD-1/PD-L1 inhibitor CA-170 has undergoli@cal trials. Other few series of

peptide-based and small molecule inhibitors havenbesported primarily in patent

applications, but no further information is dis@dsso far. The lack of target structure
information restricted the rational design of smatlolecule inhibitors targeting

PD-1/PD-L1 pathway. However, since the publicatddrthe hPD-1/hPD-L1 complex in

2015[35], more and more cocrystal structures ofbadies, cyclopeptides, and small
molecules targeting PD-1 and PD-L1 have been phddis In recent years, several
reviews have summarized the disclosed peptide-basddsmall molecule inhibitors[6,

36-40] and the published cocrystal structures[4lid3letail. In addition to summarize

the recent progress in drug development, our rewpecifically describes the SAR of
representative peptide-based and small moleculgpgoonds and we focus on analyzing
the hot spots identified in published cocrystalistures with the aim to provide reference
for future drug discovery.

Table 1. FDA-approved PD-1/PD-L1-directed mAbs



Generic Name
Target Company Indication Affinity
(Brand Name)
Nivolumab (Opdivo) PD-1 Bristol-myers melanoma, non-small-cell lung cancer, 1.45 nM
squibb renal cell carcinoma (RCC), squamous
cell carcinoma of the head and neck
(SCCHN), Hodgkin lymploma,

hepatocellular carcinoma, urothelial

carcinoma, colorectal cancer, stomach

cancer.
Pembrolizumab PD-1 Merck melanoma, head and neck squamous cell27 pM
(Keytruda) carcinoma (HNSCC), non-small-cell lung

cancer (NSCLC), Hodgkin lymphoma,
urothelial carcinoma, solid tumors,
gastric or gastroesophageal junction
adenocarcinoma, colorectal  cancer,
stomach metastatic cancer.
Atezolizumab PD-L1 Roche urothelial carcinoma, NSCLC, bladder 400 pM
(Tecentriq) cancer

Avelumab PD-L1 Merck/Pfizer metastatic Merkel cell carcinoma, A p




(Bavencio) urothelial carcinoma
Durvalumab PD-L1  AstraZenaca  urothelial carcinoma, NSCLC 667 pM

(Imfinzi)

2. PD-1/PD-L1 pathway

There are two mechanismsfor the overexpressionDeL P on tumor cell surface
(Figure 1). The inherent mechanism relies on thangk of the internal signaling
pathways, transcriptional factors and epigenettofa in tumor cells. It is demonstrated
that up-regulation of PD-L1 can be caused by atitimaof transcriptional factors
epidermal growth factor receptor (EGFR)[44], sigrednsducer and activator of
transcription 3 (STAT3)[45], hypoxia-inducible factalpha (HIF-&)[46] and NF«xB[47]
as well as signaling pathways such as AKT-mTOR wayf48], mitogen-activated
protein kinase (MAPK) pathway[49], COX2/mPGES1/PGH2athway[50] and
phosphatidylinositol 3-kinase (PI3K) signaling pa#ty[51]. And PD-L1 expression is
negatively correlated with human epidermal growdbtdr receptor-2 (HER2)[44] and
several microRNAs (miR-570, miR-513, miR-197, miRa3and miR-200)[52]. External
mechanismalso induces tumor cells to overexpresd RPDActivated T cells, natural
killer cells and other cells involved in tumor alaace could secrete a dimerized soluble
cytokine, interferon gamma (IB\ to kill tumor cells. In order to resist the alaace
effect of IFNy, tumor cells develop an adaptability mechanismwitich PD-L1 and

indoleamine 2,3-dioxygenase (IDO) are overexpresséake immunosuppressive effects



in TME[7]. When engaged with a ligand, the intradelr ITIM and ITSM motifs of
PD-1 become phosphorylated. In turn phosphoryldi@# and ITSM recruit the
phosphatases src homology region 1 (SHP-1) anb@srology region 2 (SHP-2) to the
PD-1 intracellular domain[53]. SHP-1 and SHP-2 sappress the downstream signaling
pathways of the T-cell receptor (TCR) including RIBkt, RAS, extracellular-signal
regulated kinase (ERK), c-Myc pathways and so o#fGl{Figure 1). The consequences
are decreased T cell activation, proliferation aoavival as well as the reduction of
cytokine production.These consequences are formedhitee mechanisms. . First,
overexpressed PD-L1 on tumor cells delivers apaptsignal thus promoting the
apoptosis of activated tumor antigen-specific Ts¢eh which cytokines IL-10 and Fasl
are involved[57]. Second, PD-1/PD-L1 interactiomtrols the initiation of T-cell anergy
andexhaustion in peripheral and lymphoid organsf, and hinders CDO8T cells
differentiation into functional cytolytic T lymphgtes[60]. Last, PD-1/PD-L1 pathway
promotes the development and function of Treg dellsmaintain immune homeostasis,
suppress Teff cells and keep the threshold of T6 @gdtivation high enough to prevent
autoimmuity[61]. Recent studies revealed that PPBLL1 interaction is not limited in
TME and PD-L1 expressed on immune cells also infles antitumor CDST cell
responses[60]. It can be concluded that PD-1/P@idckpoint blockade therapies may
enhance the priming but limit the survival of amitor CD8 T cells by interfering with

the intrinsic pro-survival/antiapoptotic role of 8DT cells for PD-L1 signaling. Other



studies also revealed that membrane-bound PD-PBAdl have soluble forms[62]. It is
hypothesized that the binding between soluble PERD-1) and membrane-bound
PD-L1 or PD-L2 may prevent the PD-1/PD-L1 and PBHJ2 interactions from
different cells, thus improving the antitumor imnitynof T cells[63]. Frigolaet al.
discovered soluble PD-L1 (sPD-L1) can induce thepégsis of CD4 and CD8 T
lymphocytes[64] and several other studies confirntedt sPD-L1 is a negative
therapeutic and prognostic biomarker in severaignaht tumors[65, 66]. But whether
soluble PD-L1 (sPD-L1) can bind to membrane-boumd1Pto deliver an inhibitory
signal remains unresolved. For these reasons, tdbkecking of membrane-bound
PD-1/PD-L1 interaction is the main strategy forreat inhibitor development. The
mechanism of action of the currently reported inthils targeting PD-1/PD-L1 is to
inhibit the binding of PD-1 and PD-L1 by occupyitigir extracellular interaction sites.
Although the binding sites and direction of diffietrénhibitors is diverse, according to the
crystal structure published, inhibitors mainly bittdthe flatp-sheets of both PD-1 and
PD-L1, which is dominant in PD-1/PD-L1 interactidiacromolecular inhibitors include
mAbs and cyclic peptides form 1:1 complexes witairthargets, while small molecule
inhibitors have been reported to inhibit PD-1/PD4ignaling by binding to the dimeric
targets. The binding modes of these inhibitors éldescribed in detail in the following

sections.
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Figure 1. The internal mechanism and external nmsha of increased PD-L1

expression and the effect of PD-1/PD-L1 pathway aells.

3. Structures of PD-1/PD-L1 Complexes and Cocrystal Structures of Monoclonal
Antibodies

The first high-resolution crystal structure estsliing the structural foundations of
mouse PD-1 (mPD-1) and human PD-L1 (PDB ID: 3BIKgswpublished in 2008[67].
Despite the obtained crystals provide importanonmiation of the mPD-1/hPD-L1
interaction, they have differences in the detaflshe binding modes with the naturally

occurring hPD-1/hPD-L1 complex because the sequétedity between human and



mouse PD-1 is only 64%. Within the crystal, mPDrd &PD-L1 form a 2:1 complex

which is inconsistent with the 1:1 binding stoighietry determined by biochemical
assays. One of the mPD-1 molecules was noted agstallization artifact by authors

afterwards since its limited interface is unable sigpport a strong protein-protein
interaction (PPI1)[68, 69]. Moreover, the mPD-1/hBEDeomplex is not allowed to assess
the extent of plasticity when starting from apotpmos. Later the overall structures of
apo-hPD-1 (PDB: 3RRQ) and apo-hPD-L1 (PDB: 3BISyempublished[68]. But these

apo-proteins cannot account for the significantsfidgtly of hPD-1 upon complex

formation.

The crystal structure of hPD-1/hPD-L1 complex wasldsed by Zalet al in 2015
(PDB ID: 4ZQK)[35]. The hPD-1 and hPD-L1 molecukrg almost orthogonal to each
other such that their interaction is completely ratstl by the-strands on the large and
hydrophobic surfaces of their respective IgV domaexcluding IgV loops). The
asymmetric unit within the complex contains one HPolecule and one hPD-L1
molecule, confirming the 1:1 stoichiometry. Withthe complex, hPD-1 assumes a
B-sandwich Ig V-type topology with a characterigfisulfide bridge formed by Cys54
and Cys123 but lacks the second disulfide bridgeotagr family members (CD28,
CTLA-4, and ICOS). Similar to hPD-1, the N-termirtidmain of hPD-L1 also assumes
the Ig V-type topology. The hPD-1/hPD-L1 interaatics mainly constituted by the

central hydrophobic core on the front CC’'IB&heets of both partners. A buried region



of mixed polar/nonpolar interactions adjacent thglrbphobic core also plays an
important role. The periphery of both regions isnposed of networks of polar residues
which form hydrogen bonds to provide additionakmction. Comparative analysis of
the hPD-1 extracted from the hPD-1/hPD-L1 compled the apo-hPD-1 demonstrated
that the complex formation does not require largekbone reorganization of hPD-1 but
causes subtle rearrangements of the CC’ loop. T@eld@p in apo-hPD-1 assumes an
“open” conformation where all amino acid side clsain the loop point towards the
solvent. Complex formation changes the CC’ loopff@pen” conformation to “closed”
conformation with a 90° twist and approximately 5di&placement of Ccarbons. The
CC’ loop rearrangement causes big movements of sesidues, which results in the
formation of four hydrogen bonds to stabilize théial transient interaction of hPD-1
and hPD-L1 (Figure 2). It is worth noting that t8€’ loop in apo-mPD-1 displays a
“closed” conformation and has a slight displacemgyan ligand binding, indicating the
CC’ loop rearrangement is unique to hPD-1. Simylatie plasticity of hPD-L1 induced
by complex formation does not entail large backboegmganization but makes subtle
changes to the arrangement of the side chainsilootitig to the interface. The majority
of observed displacements of the side-chain atooes dot exceed 3 A and can be
considered as small adjustment of local space @n& on the interaction surface
except Arg113 in hPD-L1 Arg113). The distal side-chain atoms #frg113 has a ~5 A

displacement to form an intermolecular salt bridgth Glu136 and a hydrogen bond



with | Glu58. But the orientation ofArgll3 in apo-hPD-L1 is possibly affected by
crystal packaging, thus it is unreasonable to dpezuhe significance ofArgll13 in
complex formation. Other pronounced movement ine@slthe side chains @fGlu58,

LMet115, Tyr123, lle54 and Alal21.

| ys-124

A\
LY

hFD-1|;I5D-L1, PDB ID: 4ZQK
Figure 2. The overall structure of hPD-1/hPD-L1 atheé hydrogen bonds formed
between the CC’ loop and PD-L1. The residues of I8P are colored by wheat and the

residues of PD-L1 are colored by purple.

It appears that the 2.45 A resolution hPD-1/hPDeoplex provides a perfect
starting point for the rational structure-basedgddesign (SBDD) of small molecules
against PD-1/PD-L1 interaction. Z&k al have put forward several hot spots (Figure 3)
on the surface of hPD-1 and hPD-L1. They foundhbespot residues of hPD-1 in the
hPD-1/hPD-L1 interaction are almost hydrophobidgdess located on the front CC'FG
B-strands comprising Asn66, Tyr68, Glyl124, lle126ul28, lle134, and Glu136. Among

these, Glyl24 and surrounding residues form a Ipfbbic cleft to accommodate



L Tyr123 (Figure 3). Upon ligand bindingTyr123 plays an important role in deepening
the cleft and enforcing the conformation of CC’pofmom “open” to “closed”, Tyr123
also makes important interactions with the surraugadesidues comprising-n stacking
interaction with Tyr68, alkyk interaction with 1lel34 as well as hydrogen bond
interaction with Glul36 and Thr76. Thereby the @WXcleft is a perfect anchor site to
insert an aromatic ring. However, it is challengitgy target the shallow pocket in
apo-PD-1 which assumes a “closed” conformation. ypdthesis that the intrinsic
flexibility of CC’ loop could convert PD-1 betweethe “closed” and “open”
conformation has been put forward. Neverthelessagnient-based drug design using a
limited number of tyrosine derivatives to occupg taly124 cleft did not succeed. It may
due to the transient state of the Glyl24 cleftasdhto target with fragments. Another
reason may be the fragments are unable to prouffieisnt binding energy to maintain
the “open” conformation of hPD-1. Two promising legtots have been defined on the
surface of hPD-L1 (Figure 3). The first hot spotasclassical hydrophobic pocket
comprising the side chains @fyr56, | Glu58, | Argl13, Metll15, and Tyrl23. The
pocket accommodates 1le134 in hPD-1 and a six-mesdb@&omatic ring is supposed to
have a suitable size to the pocket. The secondguitnext to the first one accommodates
lle126 in PD-1. It is composed pMet115, Alal21, and Tyrl123 and can be anchored
with a branched aliphatic moiety with a hydrogemdba@onor to form interaction with

LAlal21. However, no fragment-based drug desigrbeas carried out.
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(Em}

apo-PD-L1, PDB ID: 38IS PD-L1 extracted from hPD-1/hPD-L1
Figure 3. Hot spots of PD-1 and PD-L1. (A) The Gi¢Xkleft in the “open” and “closed”
conformations of PD-1 and the detailed interactomtween Tyrl23 and PD-1. The
green dash line indicates a hydrogen bond and itile dash line indicates an alkyl-
interaction. (B) The two proposed small moleculadimg pockets in the “open” and
“closed” conformations of PD-L1.

So far, only two crystal structures of mAbs bouadhPD-1 have been reported, the
Nivolumab/hPD-1 complex (PDB ID: 5GGR, 5WT9)[42, ]70and the
Pembrolizumab/hPD-1 complex (PDB ID: 5JXE, 5B8C, G&[42, 71, 72].
Pembrolizumab and Nivolumab developed by Merck & @ad Bristol-Myers Squibb
(BMS) were proved by FDA in the same year for tleatment of patients with NSCLC,

melanoma and HNSCC. Nivolumab and Pembrolizumabbatk 1gG4 antibodies and



form a 1:1 complex with hPD-1. They both utilizeakg chains and light chains to
interact with PD-1 with 1932.5and 1774 Aburied surfaces respectively. However, a
comparative analysis of Pembrolizumab/hPD-1 complek Nivolumab/hPD-1 complex
revealed the distinct binding modes of these twiibadies. In the Nivolumab/hPD-1
complex, the interaction surface of hPD-1 involtles N-terminal loop as well as the FG
and BC loops in the IgV domain. Though it is thestfitime that the N-terminal loop
(L25-P34) outside the IgV domain has been obseilvedminates the Nivolumab/hPD-1
interaction. Structural analysis revealed the Mateal loop contributes 10 out of 16
hydrogen bonds in the Nivolumab/hPD-1 interactiSpecifically, the residues Leu25,
Ser27, Pro28, Asp29 and Arg30 in N-terminal looprf® 10 hydrogen bonds with Ser30,
Asn3l and Gly33 in HCDR1 as well as Trp52, Tyr58 &ys57 in HCDR2 (Figure 4).
Superposition of the Nivolumab/hPD-1 complex arel hPD-1/hPD-L1 complex reveals
Nivolumab outcompetes hPD-L1 for binding to hPDBly contrast, Pembrolizumab
assumes a different orientation to interact withDHP and has a steric clash with
Nivolumab. As exhibited in Figure 4, their bindisgrfaces are close to each other but
not overlap. It is worth noting that the C'D loopthin the IgV domain of hPD-1
contributes predominantly polar, charged and hyldobgc interactions to the
Pembrolizumab/hPD-1 complex. Specifically, Asp85h&D-1 establishes a salt bridge
with Arg™® (Arg99 of the Pembrolizumab Fab heavy chain). &rgBvolves in a

T-shaped stacking interaction with A¥(Arg96 of the Pembrolizumab Fab light chain).



The residues Glu84, Ser87, GIn88 and Gly90 in @aplmake several hydrogen bonds
in the complex formation. The structural superposishows that Pembrolizumab has an
overlapping interface with PD-L1 and PD-L2. Althéughe loops of hPD-1 are
disordered in the hPD-1/hPD-L1 complex, these twatal structures demonstrate that
the loops can also provide important binding endogythe compound binding. Thus, in
comparison to the flap-sheets lacking small molecule binding sites, thapldomain

may become potential target for future structurseldasmall immunomodulators design.

Nivolumab

Figure 4. The superposition structure of Pembraliab/PD-1 complex and
Nivolumab/PD-1 complex and the detailed interactibrthe N-loop with Nivolumab as
well as the C'D loop with Pembrolizumab. The gredash line indicates a hydrogen
bond and the orange dash line indicatemastacking interaction.

Recently, the cocrystal structures of hPD-L1 in ptax with Avelumab (PDB ID:
5GRJ)[73], BMS-936559 (PDB ID: 5GGT)[42], Atezolinab (PDB ID:5XXY)[74] and
Durvalumab (PDB ID: 5X8M)[75] have been publisheelyealing the precise epitopes
and binding modes involved in the antigen-antibodyeractions (Figure 5). A

comprehensive comparison study of these hPD-LXkdide antibodies helps us better



understand the mechanism of hPD-L1 inhibition amdvides new insights into the
rational design of small molecule modulators. A thrst hPD-L1-directed mAb
approved by FDA in 2016, Atezolizumab developedTegentriq is a IgG1l antibody.
Avelumab and Durvalumab are another two 1gG1 adigmarketed in 2017, which are
developed by Bavencio and Imfnzi respectively. BRE3559 is a fully human IgG4
antibody under clinical trials. Comparative anaysvealed the binding epitopes of these
antibodies and hPD-1 are overlapped, resultindhénlilockade of paired molecules to
bind each other. Although the binding directiond &imding sites of these antibodies are
different, they all form key interactions with tieentral COFG B-sheets and share five
identical hot spot residues (Tyr56, Glu58, Arg1¥@t115 and Tyr123). However, the flat
CCFG B-sheets is hard for SBDD to discoverlead compouldsiddition to the front
B-sheets, the loop domains of hPD-L1 provide add#icnteractions to stabilize the
complexes. Specifically, Atezolizumab makes extemsnteractions with the BC, CC
C'C", and FG loops of hPD-L1. Durvalumab also interath the CC loop and the
N-terminal region of hPD-L1 through a salt bridgedavan der Waals contacts. The
interactions between the BC/CZ, and FG loops and BMS-963559 provide additional
affinity. As for Avelumab, it forms multiple hydreg bonds with Asp61 in CC’ loop.
More importantly, these loops in the cocrystal gtinees adopt similar conformations as
in apo-PD-L1, indicating these loops are in thedpiadive binding conformation before

ligand binding. In the current situation thatthe 'B& B-sheets of hPD-L1 lacking



suitable hot spots, these loops have the potetatibe valuable targets for future small
molecule inhibitors design. However, small moleatdsign targeting loop domains still
have some problems. For example, the loop domam#si@ recommended to target in
medicinal chemistry because they are labile and teapresent its actual conformation in

crystal complexes. Moreover, there are rare sutidesssamples to borrow.

Avelumab BMS-936559

Figure 5. The superposition of the PD-1 binding sihd anti-PD-L1 mAbs binding sites
on PD-L1. The binding site of PD-1 is colored byasyand the binding sites of
Atebrolizumab (A), Duvalumab (B), Avelumab (C) aBS-936559 (D) are colored by
purple, green, yellow and red, respectively. Therlapped binding site is colored by
orange. The dashed boxes show the superpositiothefsame PD-L1 loops in
mMADb/PD-L1 complex (colored as mAb binding site) apb-PD-L1 protein (colored by

cyan). The structural similarity is evaluated bg tioot-mean-square deviation (RMSD)



values.

In addition to the crystal structures mentionedvabmther compounds that have
crystal structures reported include nanobody KN®@8pjand two macrocyclic-peptide
inhibitors[77]. As a smaller PD-L1-directed antilypdKNO35 not only obtains high
affinity, good pharmacokinetic profiles, satisfagtpermeability and stability but also it
can be administered as a subcutaneous injectiorrddgclic-peptide inhibitors also
showed excellent inhibitory activities {610 nM) towards hPD-L1 in the homogenous
time resolved fluorescence (HTRF) assay. The bodnmodes of these compounds are
similar with the mAbs like Avelumab and BMS-9365%&ming major interactions with

the flat surface of the IgV domain of PD-L1.

4. Inhibitors targeting the PD-1/PD-L1 pathway
4.1 Peptides and peptidomimetics as inhibitors of the PD-1/PD-L1 pathway

Among the reported peptides and peptidomimetic$ibitors developed by
Aurigene have excellent activities toward hPD-1 hade a clear optimization process as
shown in Figure 6A. In 2014, Aurigene Discovery fAieglogies and Laboratoires Pierre
Fabre have announced a collaboration license opepdde AUNP-12 (Figure 6B) for
the treatment of cancer. AUNP-12 is the first pagotinhibitor of PD-1/PD-L1 pathway
and has a shorter half-life to overcome the phaokiaetic limitations of current

antibody modulators and better control irAEs. Segaes of the hPD-1 extracellular



domains which are critical for ligand-receptor natgion were considered as starting
points for the design of 7- to 30-mer peptide daixes with a non-linear fashion. As one
of the most active peptides, AUNP-12 (a 29-mer)@¥8jibited an E€; value of 0.72 nM
on HEK293 cells expressing hPD-L2 and 0.41 nM onAVvIAB-231 cells expressing
hPD-L1 in a rat peripheral blood mononuclear céMBMC) proliferation assayn vivo
studies showed AUNP-12 was potent in {Fpfoduction assay and efficiently restored
the proliferation and effector functions of spleyi@s and PBMCs. In preclinical models,
AUNP-12 inhibited the growth of B16F10 mouse melaaocells by 44% (5 mg/kg,
subcutaneously once daily, 14 days). It also itéibihe growth of 4T1 cells by 44% in
the mouse breast cancer animal model (3 mg/kg,usaibeously, once daily, 40 days) in
which 10% of the animals showed complete remissiod other 10% reached partial
remission. AUNP-12 also reduced lung metastasiBI6F10 cells in mice (5 mg/kg,
subcutaneously, once daily, 11 days) and reduaadrtiourden in kidney injected with
renal carcinoma cells (5mg/kg, once daily, 21 da¥y&jrtherin vivo studies revealed
AUNP-12 had a sustained PD (> 24h) and was weadratéd with no significant toxicity
at any of the tested doses. Because AUNP-12 wasfitsie peptide inhibitor of
PD-1/PD-L1 pathway and showed superior efficacy marad to therapeutic agents used
in the clinic, the activity of AUNP-12 in mouse spbcyte proliferation CFSE (5,
6-carboxyfluorescein diacetate, succinimudyl edteged assay at 100 nM was identified

as the standard for Aurigene compounds[79, 80]. BAR of AUNP-12 shows



shortening C-terminal chain length of branched idegtwould result in loss of activity.

And the acylation on C-terminal lysine side chaynwhrious long-chain aliphatic acids is
well tolerated, whereas the acylation on N-termiseine side chain results in loss of
activity. Moreover, unbranched peptides, partidyléine N-terminal heptapeptide show

excellent activities.

A o
H H
H;N-Ser-Asn-Thr-Ser—N N=Phe-Ser-COOH
AUNP-12 ©—> SNTSESF-NH, IJH/\/\’
07 "NH,
29-mer peptides heptapeptide heptapeptide peptidomimetic

NH, !/
HO
04\: &
1 1]
N NS SN, 6= HaN-Ser—NH-NH-Asn~C-Thr.COOH
N-O

1,2,4-oxadiazole compound Tripeptide peptidomimetic

. Ser-Asn-Thr-Ser-Glu-Ser-Phe. < |high activity
pam— ., can be acylated
Ser-Asn-Thr-Ser-Glu-Ser-Phe N Phe-Arg-VaI-Thr-GIn-Leu-AIa-Pro-Lys-AIa-G[n-lIeE-LysiGlu-NHz

H o H oaau®

(shorter chains lead to loss of activity)

1

100% in mouse splenocyte proliferation assay
Figure 6. (A) The optimization procedure of Aurigémpeptides and peptidomimetics.
(B) The structure and SAR of AUNP-12.

In the AUNP-12 discovery process, Aurigene sci¢satisund compoun@ (Figure



7), a shorter heptapeptide, is equipotent to AUIRPifh the mouse splenocyte
proliferation rescue assay [81]. Compouhd@omprising the modified BC loop (amino
acid 24-30) of hPD-1 extracellular domain led te tturther development of several
series of linear hepta- and octapeptides deriveth the BC loop with a central linker of
various nature and length between amino acids 2B28n Compound exhibited a
4-fold induction in the mouse splenocyte prolifeyatassay inhibited by human breast
cancer MDA-MB-231 cells overexpressing PD-L1. Fartim vivo studies demonstrated
a reduced lung metastasis by 64% in C57BL/6J méegibg melanoma B16F10 cells (5
mg/kg, subcutaneously, once daily, 14 days). SARhig series of linear peptides
tolerates small substituents on the phenyl ringtydation on the N-terminal and
D-amino acids in certain positions including anlbnalog. In addition to the linear
peptides, 7- to 9-mer cyclic peptides derived frilim same BC loop were rigidified by
amide bonds between the side chains of lysine artdrgate or between the N-terminal
serine and C-terminal arginine to give lactams. goumd3 (Figure7) was shown to be
active in rescuing splenocyte proliferation up 84at 100 nM concentration. Furthiar
vivo studies demonstrated compoubhceduced the rate of tumor metastases by 54% in a
lung metastasis model of B16F10 melanoma in miaadikg, subcutaneous, once daily,
14 days), compared to a 48% reduction for Taxdhatsame dose. SAR reveals that
replacement of the N-terminal serine or other ngssdin the central positions of the

peptide by various amino acids does not lead toedsed activity[82].



small substituents | —,

1
o 5 0 ~ 0
-_ui:q?lﬂfser-Asn-Thr-Ser—N N Ao~N N NH,
% H o H
. 0” "NH; OH
e .

87% in mouse splenocyte proliferation assay
SNTSESF-NH,

96.5% in mouse splenocyte proliferation assay 0
0 \ N
H
Ser~ . Th ’"Se"\N Ser-Phe-NH,
H o H o
3

78% in mouse splenocyte proliferation assay

Figure 7. The structures and SAR of compoRrashd3.

A peptidomimetic is a small-protein like chain dgmd to mimic a peptide. By
applying this concept in drug development, Aurigeresearchers found tripeptide
peptidomimetics with diacylhydrazine and urea gsoupotently inhibiting both
PD-1/PD-L1 and PD-1/PD-L2 signaling pathway in tha@enocyte effector function
assay by monitoring IFNrelease. Peptidomimetit(Figure 8)is one of the most active
compounds with high activities in rescuing splerecgroliferation up to 68% at 100
nM[83]. Peptidomimetic4 also showed Efgvalues in the nanomolar range to both
PD-L1 (EGo=30 nM) and PD-L2 (E&=40 nM). In vivo studies showed that
peptidomimeticd reduced tumor growth by 46% in a CT-26 colon camaeuse model
(3mg/kg, 25 days) and was active agaidsgudomonas aeruginosa in a lung infection
model in mice (10 mg/kg, three times daily, 11 dagAR shows that the methylation of

the N-terminal hydroxy and amino groups as wellttees amidation of the C-terminal



carboxyl would result in decreased activity. Howewbe methyl esterification of the
C-terminal threonine carboxyl group was well toteca Further modification of this
scaffold using various amino acid side chains edhe identification of new series of
tripeptide peptidomimetics with improved activitieAs a selected compound,
peptidomimetic (Figure 8)with a lysine side chain gave splenocyte proliferarates
of 87% in mouse splenocyte proliferation rescueays484]. SAR demonstrates that
connecting the C-terminal carboxyl group with apaaagine or glycine increases activity,
whereas connecting the N-terminal amino group teedne and displacement of the
diacylhydrazine group would impair activity. In atigh to linear tripeptide
peptidomimetics, cyclic tripeptide peptidomimetiedso have been discovered as
immunomodulators by Aurigene researchers. Comp@ufidgure 8)with a glycol chain
gave splenocyte proliferation rates of 92% in mosapknocyte proliferation rescue
assays[85]. Further SAR studies show that compowittisa glycol chain is more potent

than that with an aliphatic chain.
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Figure 8. (A) The structures and SAR of compodrahd5. (B) The schematic diagram
of structural transformation as well as the strresand SAR of compourtl

In a further peptidomimetic study, Aurigene reshars designed and synthesized a
novel series of PD-1/PD-L1 antagonists in which thitormylhydrazine moiety is
rigidified by an oxadiazole or thiadiazole ring. dontrast to the above bulky peptides,
some peptidomimetics with excellent biological aties in this series have similar
volume and molecular weight as small molecules. ifstance, compound (Figure 9)
with a molecular weight of 215 rescued splenocytdiferation by 93% at 100 nM in
CFSE proliferation assays[86]. Further modificatiaxi compound include linking the
serine or threonine amino acid to the 1,2,4-oxadéastructures through a urea group
and replacing the original serine and asparague chains with structurally similar side

chains, like threonine and glutamine. The deriveatmompound8 (Figure 9) gave



splenocyte proliferation rates of 91% while no Ifert activity data have been
provided[87]. SAR demonstrates that the amidatibthhe C-terminal carboxyl group and
the methylation of the N-terminal hydroxy group Wwbteduce the activity. In addition to
the 1,2,4-oxadiazole scaffold, similar modificasonwere implemented in
1,3,4-oxadiazole (thiadiazole) scaffold. In a palirstructurally similar compounds, the
compound with an 1,3,4-oxadiazole ring is more potiean that with a 1,3,4- thiadiazole
ring. Other modifications focus on altering the aggine side chain into aspartic acid,
glutamic acid and glutamine side chains. HoweJee, ¢ffect on the activity of both
1,2,4-oxadiazole and 1,3,4-oxadiazole compoundméertain. As a positive example,
compound9 (Figure 9) gave splenocyte proliferation rate®2% in mouse splenocyte

proliferation rescue assays[88].
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Figure 9. The structures and SAR of compoun8and9.

Further researches led to the identification ofuBstituted oxadiazole structures



reported in patent W02016142886 and W02016142884.slibstituent groups include
aliphatic, aromatic and heterocyclic rings withfeliént sizes. SAR of 3-substituted
1,2,4-oxadiazole structure appeares to toleratezoye, piperidine and morpholine rings.
For example, compountl0 (Figure 10) with a pyrazine ring showed the high@z¥o
rescue in the above mouse splenocyte assays[89hci@entally, 1,3,4-oxadiazole
compoundll (Figure 10) with a piperazine substituent is digghly active compared to
other 3-substituted 1,3,4-oxadiazole compounds [90]

\\ NH,
SRR L L
> N A OH > (o] 2 OH
N LN N~ °N N N™ °'N

P N_g/\H N ] 'El_‘:l\f/\H N I

piperidine and morpholine ]

rings are tolerated

10 11

92% in mouse splenocyte proliferation assay 63% in mouse splenocyte proliferation assay

Figure 10. The structures and SAR of compoilddnd11.

In addition, 124 compounds with the 1,2,4-oxadiezstaffold and 55 compounds
with the 1,3,4-oxadiazole scaffold were synthesiz@tl various amino acid side chains.
Surprisingly, the activity of the 1,2,4-oxadiazatiempoundl12 (Figure 11) with an
alkylated glutamine side chain exceeds the actmtpAUNP-12 with a 119% rescue of
splenocyte proliferation at 100 nM[87]. Activity tdaof 1,2,4-oxadiazole scaffold also
shows that attaching another amino acid and estdidn at the C-terminal carboxyl
would lead to a decline in activity. Moreover, stitiision of the urea group with a
sulfonyl group resulted in decreased activity wisldfonylurea groups could restore

partial activity. In contrast, the overall activitf 1,3,4-oxadiazole compounds is lower.



The most potent compourik8 (Figure 11) gave 79%» mouse splenocyte proliferation
CFSE based assayhich is weaker than the original compound withireerasparagine

and threonine side chains (80.3% in mouse spleaquliferation assay)[91].
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Figure 11. The structures and SAR of compoi@dnd13.

4.2 Small molecules as inhibitors of the PD-1/PD-L1 pathway

Sharpeet al. from Harvard University first screened small nooiles containing
sulfamonomethoxine and sulfamethizole scaffold Fégl12) can inhibit PD-1/PD-L1
pathway in 2011 (Figure 12). Tha vitro efficacy of these compounds was tested by
using wild type PD-4T cells and PD-1 T cells. The results showed the sulphonamide
derivatives have inhibitory activity at a concetitm of 0-10 mmol/L. And these
inhibitors rescued PD-1 mediated inhibition in PDFg cells only when PD-L2 was
present. Sulphonamide derivatives also rescued RbDetliated inhibition of IFN
secretion in the micromolar range in an {Hklease assay using transgenic mouse
T-cells expressing PD-1. In terms of toxicity, thgotoxicity of such compounds is weak

because toxic compounds are eliminated in thealn#icreen using PD-IT cells.The



substitution patterns of sulfamonomethoxine (commgbul3) focus on the
methoxypyrimidine part. The pyrimidine ring canreplaced by pyridine and substituted
by methyl and phenyl groups. For sulfamethizoleg tthiadiazole derivatives of
compoundl4 is active and the amino group can be replacedaldlyaenate (compourib)
and ureido (compound?). Furthermore, compound8 with a pyridine ring also
showed good results in cell assays. As the firstaliered small molecule inhibitors,

sulphonamide derivatives are promising as lead comgs for further modification[92].
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Figure 12. The structures of sulphonamide deriesti¥, 15, 16, 17 and18.

Scientists from BMS have discovered a novel sasfesmall molecule inhibitors
targeting PD-L1[93]. These small molecule inhibst@montain a mono-ortho substituted
biphenyl moiety which links to another phenyl rivig a methylene amine group. A novel
HTRF binding assay using europium cryptate-labeleti-lg was established to detect

the activity of these compounds. As a result, nnbshe synthesized compounds showed



PD-L1 affinity in the nanomolar range. As selectatmpounds, compouniB and 20
(Figure 13) showed I values of 146 nM and 18 nM respectively. Thererardurther

in vitro andin vivo studies to support the biological activity of teiries of compounds.
Recently, the cocrystal structures of compotfdand20 (PDB IDs: 5J80 and 5J89) as
PD-L1 antagonists were resolved by Holak group®®} with the resolution of 2.3 A and
2.2 A respectively. In contrast to the antibodigghva 1:1 binding stoichiometry, the
asymmetric unit in the crystal contains four protaiolecules which could be organized
into two dimers with one small molecule inhibitochting at the center of each dimer. As
shown in the Figure 13, the small molecule ins@tts a deep, hydrophobic channel with
a roughly cylindrical shape in the cross sectionciwhs formed by the dimerization of
PD-L1. The channel is open to the solvent on treesade and is closed on the other side
since BMS compounds provoke a rearrangement ofithe chain ofaTyr56 thereby
closing the other side of the cleft (the proteinecales are annotated by subscripts A and
B). Unlike antibody drugs directly occupying the Rbinding epitope on PD-L1 surface,
further biological assays demonstrated that comgel® and20 induce the dimerization
of targets and play an important role in the hommuti stabilization by forming
hydrophobic and electrostatic interactions withhb&®D-L1 proteins. Docking studies
also showed dimerization was sterically feasible tla¢ cell surface. Taking the
BMS-202/PD-L1 complex as an example, the 2-metphbnyl group anchors at the

bottom of the pocket. The distal phenyl ring witkine biphenyl group forms a T-stacking



interaction with the sidechain @ffyr56 and is further stabilized viaalkyl interactions
with the sidechains ofMet115 andsAlal21. The methyl phenyl ring rotates about 45°
with respect to the distal phenyl ring and is ledain the center of the cleft. It forms
hydrophobic interactions witgMet115 andiAlal21 and the its methyl group inserts into
a pocket formed byMet115,,Alal21 andaTyrl23. The methyl group also serves to turn
the phenyl groups out of coplanarity. The inte@wi of methoxy-pyridine moiety
involve ther-n stacking interaction witlyTyr56, the carbonyk interaction with the
backbone ofaAlal2l, the aniome interaction with pAspl22, the water-mediated
lone-pairst interaction withaPhel9 and the water-mediated interactions of thiorgl
group with the sidechains ofAsp122 andalysl124 and the backbone carbonyl of
aTyrl23. The extended N-(2-aminoethyl) acetamideetydiorms additional electrostatic
interactions with the A monomer including a watezéhated interaction with the
backbone carbonyl ofPhel9. But due to the flexibility of the acetamigmup and
solvent-exposed environment, further interactionhef extended moiety differs between
the monomers. The binding surface of BMS-8 and BNI3-explicitly occlude the PD-1
binding site in both PD-L1 proteins, which providerational for their PD-1/PD-L1
blocking function. In addition, the internal inteton between the monomers also
occupies the PD-1 binding epitope. After illumimgtithe binding mode of compouid
and 20, the previously proposed hot spots based on th21RPD-L1 complex was

redefined by authors. A single continuous area isting of | Tyr56,  Met115,1le116,



LtAlal21 and Tyrl23 is treated as new hot spot. In conclusibe, substituted biaryl
derivatives are the first series of true small-mole inhibitors of PD-1/PD-L1
interaction and they clearly demonstrated that FEIL1 interaction could be inhibited
by non-peptide-derived small molecules with highepay. Although these molecules
lack suitable drug-like properties to become leaohgounds, their scaffold and binding

mode provide a blueprint for the future small maleanodulators design.



Qi J@”E O?’\’ 1

19 (BMS-8) 20 (BMS-202)
ICs = 146 NM ICs = 18 nM
B

PD-L1 homodimer Small molecule binding site
" " \ 3

"*r:

Button of the pocket  gTyr56

QU A0TL Q807X

Solvent
exposed area

07 N
Acetamide

Biphenyl ATYIS6

A monomer PDB ID: 5J89 B monmer

Figure 13. Detailed analysis of the crystal strreguwf PD-L1 and compouri® and20.
(A) The structures of compountb and 20. (B) Detailed intermolecular interactions
between compound0 and the PD-L1 homodimer. The surface of PD-L1 ks are
expressed in purple while the small molecule irtbiisi are colored by yellow. The green

dash line indicates a&-n stacked interaction and the black dash line indgaa



conventional hydrogen bond in the 2D diagram. {Bdt spots” on the surface of each
PD-L1 monomer. The BMS-202 interaction surface mlored by orange with
corresponding residues labeled black while the iptesly described additional sites are
depicted in cyan with corresponding residues labeli¢h blue.

Later Holak group published two novel cocrystaustures of BMS-37 (compound
21) and BMS-200 (compoungp) to a resolution of 2.35 A and 1.7 A respectivgNDB
IDs: 5N2D, 5N2F)[94]. The 16 values of both compourl and22 (Figure 14) are less
than 100 nM. Cocrystal structures showed compdinghares the similar binding mode
with compoundl19 and 20 since they all contain the (2-methyl-3-biphenylgigthanol
scaffold. However, compound 22 with a
[3-(2,3-dihydro-1,4-benzodioxin-6-yl)-2-methylphdhymethanol scaffold surprisingly
induces the significant conformation change,®yr56 (Figurel3). It is discovered that
the 2,3-dihydro-1,4-benzdioxine moiety of BMS-20fbyokes the rotation ofTyr56
thereby making the hydrophobic cleft accessiblesdgtvent on both sides. It not only
eliminates the steric hindrance but also providdditeonal interaction betweegTyr56
and the 2,3-dihydro-1,4-benzodioxane moiety. Thstatliphenyl ring of BMS-200
interacts witha Tyr56 through ar-c interaction and forms a hydrogen bond wifial21.
The central methyl phenyl ring is also rotated tdyground 45° to make hydrophobic
contacts withhaMet115,5Met115 andaAlal21 and alkyl interactions witkTyr123. The

substituted 2,5-difluorophenyl ring is stabilizeg br stacking interaction witRTyr56



and the halogen bonding between fluorine atom,@sp122. Furthermore, the extended
(S)-4-amino-3-hydroxybutyric acid moiety make twgdhogen bonds with Thr20 and
sGIn66. In conclusion, the rotation @yr56 demonstrates that the binding site within

the homodimer is flexible and provides further guide for the design of small molecule

inhibitors to PD-L1.
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Figure 14. Detailed analysis of the crystal strregwf PD-L1 and compouritd and22.
(A) The structures of compourfl and22. (B) Left framed picture shows the detailed
intermolecular interactions between compow2®l and the PD-L1 homodimer. The
residues of PD-L1 molecules are expressed in gndele compound22 is colored by
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line indicates ar-n stacked interaction. Right framed picture showes dkierlay of the
BMS-37/PD-L1 and BMS-200/PD-L1 structures. Compo@fds colored by silver and
compound?2 is colored by yellow. The movement ©Fyr56 (blue) that is induced by the
2,3-dihydro-1,4-benzdioxine group compared with th&yr56 (silver) in the
BMS-37/PD-L1 complex.

In the same year, another patent W0O2015160641 ssasd by BMS to expand the
scope of patent protection[96]. In this patent, thedification focused on linking the
benzonitrile or cyanopyridine to the central phetiytfough an ether bond and the
2,3-dihydrobenzo[b][1,4]dioxine group was introddde replace the distal phenyl ring in
most of the patented compounds. Most compoundsisnpatent showed higher activity
in the HTRF binding assay, with 4¢values being in the range of 0.6-10 nM. For
example, the Ig values of selected compound BMS-1001 (compo@3) and
BMS-1166 (compoun@4, Figure 15) are 2.25 nM and 1.4 nM, respectivéhe Holak
group resolved the crystal structures of thesedsrapounds (PDB ID:5NIU, 5NIX) and
carried out a series of experiments on them[95].tHa metabolic activity assay,
compound23 and24 showed low toxicity to the Jurkat T cells (ECs}WEG;, values of
33.4 and 40.5 pM compared to the most toxic comgeBMS-37 and -242) with &g
values between 3-6 uM. CompouB8 and24 are also able to restore the activation of
effector Jurkat T-cells with higher E&£values in three-digit nanomolar range and lower

maximal cell activation levels compared to the ichih antibodies (E€ = 0.333-1.15



nM). Moreover, compoun@3 and24 can dose-dependently abrogate the inhibitory effec
of soluble PD-L1 (sPD-L1) on the activation of Tlisehrough interacting with cell
surface PD-1. The structural basis of compo@8dand 24 with PD-L1 is similar with
compound20 that provokes the rotation @ffyr56. The most obvious difference is the
benzonitrile moiety occupies the pocket composedAr§113, gTyrl23, gArgl25 and
AAsp61. It provides additional hydrophobic conteantsl hydrogen bonds between BMS
compounds and PD-L1, involving a-m stacking interaction withgTyrl23 and
hydrogen-bond interactions with the side chainsAfg125. The extended moieties of
compound23 and 24 also provide additional hydrogen bonds to increthse affinity.
After revealing the binding mode of BMS compoundsthors also identified a two
aromatic ring system as the minimal fragment resiida for the PD-L1 binding which is
helpful for future small molecule inhibitors desighocking simulation of compoun2B
and 24 at separate PD-L1 monomers showed the same eicatiyetavorable binding
mode observed in the crystal structureaBD-L1, suggesting a model in which BMS
compounds transiently bind the first PD-L1 to faanpreformed complex and recruit the
second PD-L1 molecule later. If the model is vedfexperimentally, the development of

BMS compounds would be directed to monomeric bisider
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Figure 15. Detailed analysis of the crystal strreguof PD-L1 and compour8 and24.
(A) The structures and activities of compou8l and 24. (B)(C) Binding pocket of

benzonitrile group and detailed intermolecularratéions between compou28 and24



with PD-L1. The green dash line indicates-a stacked interaction, the black dash line
indicates a conventional hydrogen bond and the geradash line indicates a
charge-charge interaction.

BMS researchers further explored the biphenyl stifin patent WO2017066227
aiming to obtain more active compounds[97]. Basedtlte structures of the above
compounds, explicit examples in this patent extangyrrolidine ring from the distal
phenyl ring via an ether bond. The purpose of tglification may be similar with the
benzonitrile to interact with the residues exposedsolvent on the other side of the
hydrophobic channel. The selected highly active mmwmds 25 (Figure 16) have
excellent 1@y values of 0.5 nM in the HTRF binding assays. Téedivity assays of
BMS compounds on PD-1/PD-L2 and CD80/PD-L1 intecamst demonstrated these
compounds work as both PD-1/PD-L1 and CD80/PD-Itéraction blockers. In addition
to adding long-chain substituents to the distalngheing, various heteroaromatic rings
are introduced to replace the distal or proximamth ring of the biphenyl group in the
recent BMS patent[98] As a selected compound, caimg@6 showed the Ig, value less
than 10 nM in the HTRF binding assays. No furthetdgical assays have been reported

to support their activities.
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Figure 16. The structures and activities of comizihand26.

Recently, Incyte company published several noveleseof immunomodulating
inhibitors of the PD-1/PD-L1 interaction. As showm Figure 17, the core scaffold
structure of these compounds is a biphenyl grouigwis similar to the BMS compound,
and the difference lies in the aromatic ring ar&ldbnnecting chain attached to biphenyl.
Compound27 (Figure 17B) from patent WO2017106634[99] obtaansentral pyridine
ring and a characteristic amide linker insteadhef éther bond of the above compounds.
The 1G value of the compound7 in the HTRF assay is less than 10 nM. SAR shows
the proximal phenyl ring of the biphenyl group fevsubstitution of cyano group while
the distal phenyl ring can be replaced by the ®dzbdioxan. Moreover, the 4-position
of the central pyridine ring can tolerate small tithents. Compoun@8 (Figure 17B)
from patent WO2018013789 obtains a pyridone rirdyglrowed I1Gyvalue less than 100
nM in the HTRF assay. Activity data shows methgatiof the amino group in the

pyridine is well tolerated while ethylation coulesult in the decline of activity[100].



A
J;:nw (Gl .Bwa

core scaffold structure

m.. O @ -
08 @ N A
0 B O~
(o]
enhance the actwny Lethylation is not tolerateaj

N/\/OH o] ,I‘!L
S (JT
0” "OH

small substituents

can be replaced by
1,4-benzodioxan
27
IC50< 10 NM IC59< 100 NnM

Figure 17. (A) The core scaffold structure and cel® examples of Incyte compounds.
(B) The structures and SAR of compouzdsand?28.

In their second approach, Incyte researchers figitlithe linker between the
biphenyl group and the aromatic ring. Several sené fused-heterocycle were
introduced to replace the aromatic ring and thedamthain. Some highly active
compounds showed &g values less than 100 nM in the HTRF binding as$ay.
example, compoun®9 (Figure 18) obtains a [1,2,4]triazolo[1,5-a]pyridiscaffold[101].

SAR showed the halogen atom can be replaced bgydn®-containing aliphatic chains.



The 4,5,6,7-tetrahydrothiazolo[5,4-c]pyridine so&df of compound30 (Figure 18) can
extend hydroxyl or carboxyl-containing aliphaticaais[102]. Further analysis showed
the proximal phenyl ring of the biphenyl group daareplace by pyridine ring and the
distal one tolerates small substituents. Compo8hd(Figure 18) obtains a central
piperidine ring which link another cycloalkane atérocycle via an amino group[103].
Substituents can be introduce into the 6- and Ttqus of the benzo[d]oxazole moiety in
compound32 (Figure 18)[104]. Similar with the modification dhcyte compounds,
ChemoCentryx researchers rigidified the linker tlyto forming fused-heterocycles with
the proximal phenyl ring of the biphenyl group. Yheave applied to patent another
series of compounds with a 2,3-dihydrobenzodioxincsure[105]. In the same time, a
novel enzyme-linked immunosorbent assay (ELISA) lieen established to measure the
inhibitory activity of compounds targeting PD-L1hd |G, values of these compounds
were reported to be in the nanomolar range. Fompig compound33 (Figure 18)
exhibits highin vivo efficacy (1Go<100 nM) as a PD-L1 antagonist. SAR favors the
cyano group on the pyridine ring and the S-configjon of the chiral carbon in the
dihydrobenzodioxin. Moreover, small substituenke Ihalogen are well tolerated in the

distal phenyl ring and the amino group can be wmulaby N-containing heterocyclic

group.
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Although traditional high-throughput screen andyfrent-based lead discovery are

helpful to identify lead compounds, the large agdrbphobic interface of PD-1/PD-L1

considerably increase the chances of discoverisg faositive hits. Recently Hanleyal.

have described the salicylic acids, an extremefgraon compound subclass in screening

libraries, interfere with the time-resolved fluozeace resonance energy transfer

(TR-FRET) for the PD-1/PD-L1 assay in a high-thropigt screening. The result

indicated this scaffold was promising to inhibiet®D-1/PD-L1 interaction and NCI

211717 (compoun@®4) and NCI 211845 (compourn®b, Figure 19) are representative



examples. However, later researches revealed tigaiarge signal enhancement was
principally induced by the interaction of the swglate chelator moiety with the
cryptand-ligated europium FRET donor, which indéchtsalicylates appeared as false
positive hits[106]. Haret al. also utilized the appropriate screening methodfasar
plasmon resonance (SPR) technology, to evaluataftimty and competitive inhibition
of caffeoylquinic acid compounds (CQAs) against BBD-L1. Kinetic models
demonstrated the affinities of CQAs with PD-1 araHPL ranged from 0.50 to 8iM,
which were weaker but equivalent to the affinityvien PD-1 and PD-L1 (0.1i/M)
and were similar with thg-peptide antagonists (0.51-g®1). The maximum inhibition
rates and Igyvalues of CQAs were also determined, suggestingor@Q@As (compound
36, Figure 19) with 1G, values of 36.5M were more effective than the di-CQAs to
inhibit PD-1/PD-L1 pathway. These results sugge§i€As have the potential to block
PD-1/PD-L1 interaction. It is worth noting thatgtstudy firstly used SPR technology to
screen the small molecule inhibitors targeting PBEEL1 pathway. In contrast to the
NMR-based AIDA and HTRF, where the proteins hade¢omodified in advance, SPR
avoids these problems and is efficient to evaltlaebinding affinities of small molecule

inhibitors[107].
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In China, small molecule drug development targetivegPD-1/PD-L1 pathway has
made remarkable progress. Institute of Materia Reedf Beijing disclosed a series of
bromine substituted small molecules as PD-L1 inbib[108]. As a representative
compound, compound37 (Figure 20) inhib3its PD-1/PD-L1 interactions in the
femtomolar range (1§=8x10"*M) in the HTRF assay using Cisbio PD-1/PD-L1 bingin
assay kit. These compounds also work as activeganissts in the IFi-release assay in
PBMC expressing PD-1. The results showed particutgslementations can partially
relieve the inhibitory effect of PD-L1 on IFNy a0 1InM. In preclinical models of
allograft (xenograft) breast, colon, lung, melanoamal metastatic cancers, these small
molecules exhibited promising anti-tumor activitycreased the proportion of several
lymphocytes and had synergistic effects with chém@py. In addition, Sua al. from
China pharmaceutical university has discovered terivatives of 2-substituted
isonicotinic acid. Compound8 (Figure 20) showed a 36% inhibition ratio at @ in

the PD-1/PD-L1 HTRF assay[109]. Guangzhou MaxinowbBhrmaceuticals also has



disclosed an aromatic acetylene or aromatic etleytenmpound. Compour@d (Figure
20) has a significant inhibitory effect @& 18 nM) on PD-1/PD-L1 interaction in the

HTRF assay[110].

a7 38 39
IC5o = 8+10"* M inhibition ratio = 36% at 10 uM ICsp =18 nM

Figure 20. The structures of compouB¥] 38 and39.
5. Perspective

PD-1/PD-L1 inhibitors have become a highly popuksearch topic and achieved
exciting results in the field of cancer treatme®t far, five mAbs targeting PD-1 or
PD-L1 are already available and more antibody draigs in clinic trials. They have
showed unprecedented clinical efficacy to more tR@ncancer types. However, in
contrast to the excellent clinical performance, dieéects of antibody drugs such as poor
oral bioavailability, low tumor permeability, lovarget selectivity and intractable irAEs
limit its development. These defects mainly conmnfrthe nature of the antibody itself
and its poor pharmacokinetic properties. Althoulgéd binding affinity of peptide-based
and small molecule inhibitors on targets may beriof to antibody drugs, their steerable
pharmacokinetic properties and mature researclersystake it possible to overcome the

existing problems of antibody drugs and becomelt@nnative or complementary method



to regulate the PD-1/PD-L1 pathway.

With more and more crystal structures publishée, design of small molecule
inhibitors targeting the PD-1/PD-L1 pathway has arensolid foundation. First, the
binding modes of mAbs and peptides can provideuggrint for the design of small
molecule inhibitors. Simplification from macromoiges to small molecules has become
a more mature method for inhibitor design. There tublished small molecule
compounds can be roughly divided into two categorieone is small
molecules/peptidomimetics containing oxadiazoledr@zole scaffold discovered by
Harvard College and Aurigene Discovery Technolgg@sd the other containing a
biphenyl scaffold has been widely researched. Désigderivatives and performing
screening according to these important pharmaceghgoxadiazole and biphenyl)
provide a promising direction in small moleculeibitor design. Considering that cancer
immunity is an extremely complicated process, sfiglget therapy may not be able to
prevent cancer cells escaping from the immune sy$iteough other pathways and may
even activate rapid amplification of other tumomegg, which in turn leads to drug
resistance and the development, recurrence, andstasis of tumors. Therefore,
multiple-target therapy plays an increasingly intpot role in cancer treatment. Currently,
the combination of anti-PD-1/PD-L1 antibodies arldeo therapies (immune checkpoint
inhibitors, chemotherapy, radiotherapy, and va®)imee ongoing in about 1,000 clinical

trials to explore potentially synergistic therapedtrategies[111]. The results of some



drug combinations are encouraging such as the cwmtbn of Pidilizumab and
Rituximab for the treatment of recurrent folliculgrmphoma is well tolerated and
effective[112]. It is also worth noting that somentbination therapies seem to lead to
increased toxicity. For example, the combinatiorpifmumab and Nivolumab showed
significantly increased toxicity compared to morestdpy[113, 114]. In this respect,
small-molecule inhibitors targeting multiple sigingl pathways have unique advantages
and can display different therapeutic mechanismmpewed to mAbs. It is possible to
select another target based on the results ofcalimirug combination, the research
situation of targets and whether inhibitors havsilgsir pharmacokinetic properties. For
example, VISTA and PD-L1 are simultaneously exprdsm the surface of some cancer
cells and CA-170 in clinical trials is able to ibHiboth of them, which demonstrates the
potential of dual-target inhibitors.

Currently, the development of small-molecular intais lags far behind antibody
drugs. The lack of target structure informationtnieged the reasonable design of small
molecule inhibitors targeting PD-1/PD-L1 pathwayD-E/PD-L1 interaction is a
protein-protein interaction with a large interaatisurface and few conventional small
molecule binding pockets. In order to discover ibts on this paired protein, a more
detailed analysis of target structures needs tocdreied out. For this purpose, the
combination of the structural biology and compuginulation techniques is of crucial

importance and is necessary for the subsequerdnahtidesign of small molecules.



Computer-aided drug design (CADD) strategies may ph important role at this stage,
but their methods must also be changed accordinbetecharacteristics of the PPl and
cannot be rigidly adhered to traditional ways. Adtog to the characteristics of
PD-1/PD-L1 interactions, build focused libraries sh@mportant implications for
improving the hit rate of compound screening beeacsnventional small molecule
databases may be difficult to find well-structutedd compounds. In addition, as several
hot spot residues on both PD-1 and PD-L1 have lbsmtified, fragment-based drug
design and other methods may also play a uniqeeimdhis aspect.

Build efficient and accurate screening systemdsis af great importance for small
molecules design. As a protein-protein interactithrg in vitro screening strategy of
PD-1/PD-L1 is different from kinase, GPCR and otheditional targets. The use of
biophysical methods, such as SPR, isothermal ittratalorimetry (ITC), HTRF,
TR-FRET and other methods to build a rapid screesistem is critical. The screening
at the cell level also needs to highlight the cstisgus of immune regulation, which also
depends on the cooperation of cell biology, stmatthiology and other disciplines.

Researches on small molecule inhibitors targetiregRD-1/PD-L1 pathway is still
in the early stage, but it has good prospects. ISmakcule inhibitors can not only
improve oral bioavailability, but also reduce protion costs and irAEs. In addition,
small molecule inhibitors targeting multiple signgl pathways can provide a novel

mechanism for preventing immune evasion. As moré mwore crystal structures of



PD-1- and PD-L1-directed inhibitors have been miidd, the structures of the PD-1 and
PD-L1 have been widely studied and several hotsspate been discovered. This laid a
solid foundation for drug discovery, and the comation of structural biology and
computer simulation technology can accelerate pincggress. However, there are still
problems to be resolved. For example, the mechaofsRD-1/PD-L1 pathway and the
cooperation and antagonism between the PD-1/PDHdL adher targets has not been
thoroughly studied. In terms of drug design, tla dnd hydrophobif-stands also bring
difficulties in drug design. Therefore, establishenreasonable research system, ensuring
the activity and selectivity of compounds and explp the possibility of targeting
multiple targets will be critical tasks for the sessful development of potent

PD-1/PD-L1 inhibitors.
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Highlights:

® Cancer immunotherapy has achieved great success in recent years.

® The discussed monoclonal antibodies, peptidomimetics and patented small
molecules.

® Analysisof the crystal structures of monoclona antibodies and small molecules.

® The structure and activity relationship of representative small molecules.



