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Abstract

The PD-1 immune checkpoint pathway is a highly validated target for cancer immunotherapy.
Despite the potential ad-vantages of small molecule inhibitors over antibodies, the discovery of
small molecule checkpoint inhibitors has lagged behind. To discover small molecule inhibitors of
the PD-1 pathway, we have utilized a fragment-based approach. Small molecules were identified
that bind to PD-L1 and crystal structures of these compounds bound to PD-L1 were obtained.
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Genomic instability arising from somatic mutations and chromosomal rearrangements is a
hallmark of intrinsic carcinogenesis.! The host immune system can potentially recognize
and eliminate highly mutated cells by a process referred to as immune surveillance.2 Cancer
cells can adapt to escape this host defense mechanism by exploiting endogenous T cell
immune tolerance pathways, termed immune checkpoints. An important mechanism of how
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cancer can evade the immune response is through the PD-1/ PD-L1 immune checkpoint
signaling pathway.3 Programmed Death 1 (PD-1) suppresses T cell cytolytic function when
bound to its ligand PD-L1.% 5 PD-L1 is upregulated in most cancer types via induction of
PD-L1 expression by IFN+y (secreted from tumor infiltrating T cells) and by constitutive
expression of PD-L1 resulting from oncogene activation.3 & Indeed, the presence of PD-L1
in the tumor microenvironment is generally correlated with poor prognosis in multiple
cancer types.’

Therapeutic antibodies that target PD-1 and PD-L1 have been successful as single agents in
numerous clinical trials and have revolutionized the field of immuno-oncology. To date five
antibodies that target the PD-1 pathway are now FDA approved for the treatment of 11
different types of cancer, and their indications are continuously expanding.® Although
current antibody-based therapies can offer substantial benefits, the intrinsic properties of
antibodies have negative implications when targeting the PD-1 / PD-L1 signaling axis. These
concerns include suboptimal tumor penetration, the expense due to the high cost of
manufacturing, and potential immunogenicity.9-13 Most importantly, current PD-1/ PD-L1
blocking antibodies have half-lives on the order of 3 to 4 weeks.14 15 Long-term inhibition
of the PD-1 signaling pathway can result in immune related adverse events (irAEs). The
prevalence, severity, and management of various irAEs with checkpoint inhibitors in many
cancer types is well documented and has been reviewed extensively.16-19 Moreover, higher
toxicity rates are expected when these drugs are combined with chemotherapy and other
immunotherapeutic agents.

An alternative therapeutic approach is to use small molecules to block the PD-1/PD-L1
interaction. Small molecule inhibitors of the PD-1 pathway can address the problems
associated with antibody-based therapeutics. A small molecule inhibitor could have
improved tumor penetration, oral bioavailability, a longer shelf-life, and lower production
costs.10-13. 20 Because the pharmaceutical and pharmacokinetic profile of a small molecule
can be easily modulated, inhibitors could be designed to be rapidly cleared from the body to
minimize irAEs and allow for more flexible dosing regimens. These advantages are expected
to be especially important for combinatorial immunotherapies.

Despite these potential advantages, the discovery of small molecule inhibitors has greatly
lagged behind mABs. This is likely because PD-1 and PD-L1 proteins are predicted to be
challenging drug targets for small molecules.?! The PD-1/ PD-L1 interaction is large (1,970
A2) and lacks deep hydrophobic pockets traditionally found in more druggable proteins.22
One approach for targeting challenging protein-protein interactions is to utilize fragment-
based methods. Indeed, fragment-based methods have generated high affinity inhibitors to
other protein-protein interactions previously thought to be “undruggable”. 23 24 While many
biochemical and biophysical techniques exist to screen fragment libraries, we prefer protein-
observed NMR spectroscopy because of the many advantages including direct measurement
of weak binding fragments, the ability to measure binding affinity without a secondary assay
and the possibility of identifying the binding location on the protein if the resonance
assignments are known.25
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To date there have been no reported attempts to develop small molecule inhibitors of the
PD-1 signaling pathway by fragment-based methods. Herein, we report the results of a
fragment-based screen of PD-L1 using NMR. From this screen, many novel chemotypes
were identified which were subsequently found to displace PD-1. X-ray co-crystal structures
of the fragments bound to PD-L1 were obtained to identify their binding site. These results
serve as starting points for further optimization of PD-L1 small molecule inhibitors.

PD-L1 is a transmembrane protein that belongs to the 1g superfamily consisting of an
extracellular N-terminal VV domain (IgV) and one C domain (IgC) connected by a short
linker. 1H-15N HMQC spectra containing both domains (18-239) was unsuitable for
fragment screening due to humerous unresolved peaks and inconsistent peak intensities.
Because the IgV domain of PD-L1 is the sole interaction domain of PD-1, the IgC domain
was removed in attempt to improve the HMQC spectrum. However, initial constructs of the
IgV domain were unstable at concentrations typically required for generating high quality
HMQC spectra (> 15 uM). To obtain a construct that was suitable for protein observed NMR
screening, over 100 different PD-L1 IgV constructs were designed and tested for stability.
Multiple C-terminal tags were found to stabilize the IgVV domain including an 8-Lys tag, S-
tag, and a previously reported 6xHis tag.22 These constructs had well resolved HMQC
spectra but were unstable when mixed with concentrations of fragments necessary to
conduct a fragment-based screen. To further stabilize this construct, H140 was mutated to a
glu, H140E, on the C-terminal helix to form additional electrostatic interactions with the IgV
domain. Indeed, an X-ray structure obtained of this construct reveals that H140E forms two
hydrogen bonds to the backbone amides of Q107 and L106 resulting in a conformational
change of Q107 to allow additional hydrogen bonds with S80, R84, and D107 (Figure 1).
With exception of these residues, the fold of PD-L1 is unaffected by this mutation with a
calculated RMSD of 0.198 A compared to the wildtype construct (5C3T).22 The H140E
mutation was found to stabilize PD-L1 in the presence of fragments and was used to screen
our fragment library.

Screening conditions were optimized by adjusting the number of fragments and their
concentration per mixture. The quality of IH-15N HMQC spectra for each sample were
monitored at various time points. Optimal screening conditions were found to be 30 uM of
PD-L1 with mixtures of 6 fragments at 400 uM each. Using these conditions, our fragment
library which consists of 13,800 fragments was screened against PD-L1 by recording
1H-15N SOFAST-HMQC NMR spectra. Hits in mixture samples were noted by monitoring
chemical shift changes compared to HMQC spectra of PD-L1 in the absence of fragments
(Figure 2B). Mixture samples containing chemical shifts greater than 1 standard deviation
above the average chemical shift were designated as hits for deconvolution. Mixtures were
deconvoluted by testing each fragment individually at 800 uM concentration. In total, a
diverse set of 226 fragments (1.6% hit rate) were found to bind to PD-L1, and these were
clustered into 18 different chemotypes (Figure 2A). A 400-fragment analog screen designed
by substructure similarity searches generated an additional 100 fragments that bound to PD-
L1. The binding affinities of hits were determined by NMR titration experiments to range
from 1.2 mM to > 3 mM with ligand efficiencies less than 0.24 (Figure 2A). However, the
binding affinities of many fragments were not able to be measured accurately due to limited
compound solubility and/or peak broadening at higher concentrations.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2020 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perry et al.

Page 4

Only one set of resonance perturbations were identified in the screen. These resonances
corresponded to the PD-1 binding site of PD-L1 based on the partially assigned H and 1°N
resonances (Figure 2B-C). To further validate these hits, a PD-1/ PD-L1 NMR-based
antagonist induced dissociation assay (AIDA) was utilized.2% 27 The AIDA assay was
performed by the addition of a slight molar excess of 14N PD-L1 to 15N PD-1 causing
HMQC signals to broaden corresponding to complex formation. The addition of fragments
that displace 1°N PD-1 from 14N PD-L1 result in a rescue of the 1°N PD-1 signal. In total,
36 of the 104 tested fragments were able to displace PD-1 at fragment concentrations of 800
UM. The rescue percentages of fragments 1 — 9 are shown in Figure 2A. Higher
concentrations of fragments resulted in higher percent rescue values, with Fragment 1
resulting in 75% rescue at 2 mM concentration (Figure 2D). In total, 36 of the 104 tested
fragments were able to displace PD-1. These hits belonged to multiple hit clusters yielding a
diverse set of chemotypes that displace PD-1. Certain chemotypes overrepresented from this
assay are shown in Figure 2A. In general, fragments with higher binding affinity displaced
PD-1, suggesting the ability to inhibit PD-1 binding is based on affinity to PD-L1. Unique
chemotypes identified contain 5,6 fused bicycles (fragments 1, 4-6, 8). 5,6 linked biaryl ring
systems (fragments 1-3, 9), and 6,6 linked biphenyl ring systems (fragment 8). Prevalent
moieties included mono and di substituted phenyl rings (fragments 2, 3, 5-7, 9) and sulfur
containing heterocycles (fragments 1, 2, 4, 6). These chemotypes were prioritized for
generating X-ray co-crystal structures and further SAR development.

The PD-1 binding site of PD-L1 is blocked by crystal packing in the 1gV6His-H140E
construct. To force crystal packing into a new space group with an accessible PD-1 binding
site, V76 was mutated to threonine. Using a V76T construct, 14 PD-L1 fragment co-crystal
structures were obtained. All fragments co-crystalized as a PD-L1 homodimer with a
fragment at the interface of two monomers (2:1 stoichiometric ratio of PD-L1 to fragment),
similar to previously reported structures (Figure 3A).26: 28. 29 While the V76T mutation
allowed for successful co-crystallization of fragments to PD-L 1, this mutation did not alter
the protein compared to the wildtype construct (5C3T) with a calculated RSMD of 0.38 A.
Fragments all share a similar binding pose inside a cylindrical shaped hydrophobic pocket
formed by the residues 154, Y56, M115, Y123, and A121 of each PD-L1 monomer (Figure
3A). These residues are also critical for the hydrophobic interactions between PD-1 and PD-
L1 (Figure 3B) and thus rationalize the displacement of PD-1 using the AIDA NMR assay.
Interactions of the fragment with PD-L1 are mostly hydrophobic with only a few examples
forming additional hydrogen bonds. For example, fragment 1 forms multiple interactions
with monomer A including: face-to-edge rt stacking interactions with AY56, r-alkyl
interactions with AM115 and AA121 and water mediated hydrogen bonding with AD122 and
with the amide of AY123 (Figure 3C). Additional interactions with monomer B include: -
alkyl interactions with BA121, BM115 and BY56 and a o-hole interaction with the amide
carbonyl of BM115. (Figure 3D).

In addition to the fragment co-crystal structures, structural information of other PD-L1
inhibitors including macrocyclic peptides and small molecule inhibitors patented by Bristol-
Myers Squibb (BMS) have been obtained by us and others.20: 22: 28-30 BMS small molecule
inhibitors also crystallize as PD-L1 homodimers. Overlay of co-crystal structures of the
reported BMS small molecule ligands with our fragment containing structures show a
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similar binding pose to PD-L1 (Figure 4, green and yellow sticks). The structural
information on how this diverse set of fragment chemotypes bind to PD-L1 can be used to
design novel PD-L1 small molecule inhibitors.

Macrocyclic peptides (MCP) also developed by BMS bind to monomeric PD-L1 with low
nanomolar affinity.31 Co-crystal structures reveal a phenylalanine side chain of the MCP
overlays with the phenyl moiety present in most fragment hits (Figure 4, green and blue
sticks). This structural information suggests these fragments could be incorporated into an
MCP to make additional interactions with PD-L1. Indeed, this strategy has been used
previously in our lab to significantly improve the binding affinity of a peptide to replication
protein A (RPA).32

In conclusion, small molecule inhibitors of immune checkpoint proteins are highly sought
after due to the potential advantageous pharmaceutical properties compared to currently
used mABs. However, despite the exciting potential of small molecule inhibitors, there are
limited reports of efforts to develop such molecules. This is likely due to the notion that the
checkpoint proteins are predicted to be challenging targets for small molecules due to the
relatively flat binding surfaces of these proteins.33 Indeed, fragment screens of both CTLA-4
and PD-1 against our fragment library resulted in low hit rates and suboptimal starting points
for further development. Based on these screening results, we concluded that PD-1 and
CTLA-4 are unlikely to be druggable by small molecules. However, a fragment screen of
PD-L1 resulted in a much higher hit rate (1.6%) and appears to be druggable.

Herein, we report the results of our fragment-based screen on the PD-L1 IgV domain. In
total, 226 hits were identified from a screen of 13,800 fragments. Of these hits, 36 were able
to displace PD-1 in solution using an NMR-based AIDA assay. Co-crystal structures were
obtained of 14 fragments as PD-L1 homodimers as seen in previously characterized BMS
PD-L1 inhibitors.26: 28. 29 Using structure-based design and fragment merging approaches,
these fragments could be rapidly incorporated into existing PD-L1 inhibitors to generate
novel inhibitors with higher binding affinity and/or improved pharmaceutical properties.
Although the PD-1/ PD-L1 interaction is thought to be difficult to target by small
molecules, the fragment screening results reported here yielded novel chemotypes that could
serve as starting points for the further development of PD-L1 inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A

Figure 1:
A) PD-L1 IgV-6his X-ray structure with H140, H142, Q107 and Y32 highlighted (sticks) to

show stabilizing interactions of the C-terminal 6His helix. B) H140E mutation (green sticks)
forms two hydrogen bonds with Q107 and L106 backbone amides. C) Overlay of PD-L1
IgV-6His and PD-L1 IgV-6His-H140E to show conformational change of Q107 to form
additional interactions with other residues that stabilize the IgV construct. PD-L1 IgV-6His
PDB code: 5C3T and H140E mutant PDB code: 6NP9.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2020 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Perry et al.

A

5

Kq = nfa' Ky=1.2mM

PD-1rescue =1

Page 9

1

2
EZ:QI:‘LM W J -

K= 1.9 mM

LE =nfa LE=0.24 LE=0.24 - PR
PD-1rescue =2 PD-1 rescue =2 PD-1rescue =2 b * o
- ¢ ® .-
4 5 ] - ‘! « ®

o O~

b e -
i Q—\ N " e - -
Cf@ﬂﬂ m " R113°° &Y $,° ° .

Ky=2.5mM K, = nfa' Ky=2.9mM
LE=021 LE = n/a LE=019 o T, o2 = i
PD-1 rescue =2 PD-1 rescue = 2 PD-1 rescue =1 . ‘- e
Y56/ 4 *k
= -
7 8 9 ) °
" - .0 . - -
H =
Q . o3 » 5
N -
QL {1
iRy BTE 10 9 8 7
Ky=3mM K, =n/a’ Ky=nfa'
LE=0.19 LE=nfa LE=nfa

PD-1 rescue = 1 PD-1rescue =1

Figure 2:
A) Selected fragment hits identified in the fragment screen that displace PD-1. PD-1 rescue

score is based on the percent of G90 signal rescued of 1°N labeled PD-1 at 800 uM fragment
concentration. Score 1 indicates 1 — 15% signal rescue and score 2 indicates > 15% signal
rescue. 1Ky values could not be determined due to solubility limits and/or peak broadening.
B) SOFAST HMQC spectra of PD-L1-6His-H140E in the absence (blue) and presence of
800 uM fragment #2 (red). Shifted peaks and corresponding amino acid are indicated by
orange boxes. C) X-ray structure of PD-1 bound to PD-L1 with highlighted residues (orange
sticks) that have resonance perturbations from HMQC spectra suggest fragments bind to PD-
L1 at the PD-1 binding site (°PDB Code: 4ZQK). D) NMR based ADIA assay showing
fragment displace PD-1 from PD-L1. HMQC PD-1 spectrum is broadened by the addition of
unlabeled PD-L1 (red). Rescue of signal intensity by addition of 2 mM of fragment 1 (blue)
suggests fragment 1 displaces PD-1 from PD-L1. Inset 1D slice of the HMQC spectra shows
rescue of signal intensity from G90 of PD-1. The peak intensity is broadened by the addition
of 14N PD-L1 (red) compared to 1°N PD-1 alone (green). Addition of 2 mM of fragment 1
rescues approximately 75% of the signal intensity (blue).
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Figure 3:
A) Overlay of fragments 1, 3 and 9 PD-L1 co-crystal structures. B) Fragments occupy the

PD-1 binding site of PD-L1. PD-1 (blue cartoon PDB: 4ZQK) clashes with fragments shown
on monomer A. Monomer B of the PD-L1 dimer is indicated by transparent surface. C and
D) Highlighted binding pose of fragment 1 on monomer B (gold) and monomer A (gray).
Residues in contact with fragment 1 are shown as sticks. PBD codes: Fragment 1: 6NM7,
fragment 3 6NOJ: fragment 9: 6NOS.
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Overlay of Fragment 1 (green) with BMS small molecule inhibitor (yellow) and BMS
macrocyclic peptide inhibitor (teal) of PD-L1. PDB codes: Fragment 1: 6NM7, BMS small
molecule 105: 6NM8, BMS peptide-71: 6NNV.

BMS peptide-71
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