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Abstract

Immune checkpoint inhibitors targeting the PD-1/PD-L1 pathway have become a “game-changer” in the cancer treatment.
However, none of the small molecular inhibitors has been approved yet. To explore the advantages and disadvantages of various
scaffolds, different biological evaluations were performed on the three selected small inhibitors, namely Incyte-001, Incyte-011,
and BMS-1001. In the HTRF assay, BMS-1001 showed the best binding activity for PD-L1 (ICs5y = 0.9 nM) while Incyte-011
(IC50=5.293nM) was twice more potent than the Incyte-001 (ICso=11nM). Also, only Incyte-O11 increased the IFN-y
production. Notably, the Incyte-001 exhibited the highest cytotoxicity (ECso= 1.635 uM). Interestingly, Incyte-001 (injected
intravenously 2 mg/kg) also displayed good blood-brain barrier permeability and reached a high concentration in the brain tissue.
Finally, molecular docking and modeling studies suggested that the compounds bind in a pocket at the interface of two PD-L1
monomers. Overall, our work shows that PD-1/PD-L1 small molecular inhibitors have different biological characteristics
depending on their unique skeletons, which can be further improved to better their clinical application.
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immune response, and thereby facilitate the survival of
tumor cells [7, 8]. Therefore, the ICIs have become one of
the most promising agents in cancer therapy.

Notably, the monoclonal antibodies (mAbs) of PD-1/PD-
L1 inhibitors have shown significant clinical effectiveness in
various tumors including melanoma, lung cancer, Hodgkin
lymphoma, urothelial carcinoma, bladder cancer, colorectal
cancer, renal cell carcinoma, and glioblastoma [9-12]. And
these monoclonal antibodies showing their advantages, also
have several disadvantages such as lack of oral bioavail-
ability, prolonged half-life, poor permeability, immune-related
adverse effects (irAEs), and relatively lower clinical response
in brain tumors [13—15]. However, these shortcomings can be
overcome by developing small molecular inhibitors.

Recently, a series of small molecular inhibitors,
including macrocyclic peptides, peptide mimetics, and
non-peptide small molecular inhibitors, have been dis-
covered for improvement of treatment [16—19]. Among
them, small molecules discovered by Bristol-Myers
Squibb (BMS) exhibit activity in the nanomolar range.
Their skeletons have a biphenyl group connected to a
substituted aromatic ring by a benzyl ether bond. Shortly,
other companies including Incyte, Gilead, and etc., also
disclosed similar compounds, including a series of
C2 symmetrical skeleton compounds. Interestingly,
through the HTRF (Homogeneous Time-Resolved Fluor-
escence) assay and cell-based co-culture PD-L1 signaling
assay, C2 symmetrical skeleton compounds with dimer-
structure are revealed to be more effective than the
monomers [20]. However, the reason remains unknown.
And their toxicity and druggability still need to be eval-
uated. Furthermore, unlike monoclonal antibodies, these
small molecular inhibitors may have the potent for
crossing the blood-brain barrier (BBB) and for the treat-
ment of central neural system (CNS) tumors. Therefore, it
is vital to evaluate their blood-brain barrier (BBB)
penetrability and distribution in the brain.

Scheme 1 Structures of Incyte-
001, Incyte-011 and BMS-1001
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Here, we have conducted several biological evaluations
and performed modeling methods to estimate the inhibitory
effects of distinct molecules that target the PD-1/PD-L1
pathway. The monomer 001 (Incyte-001) and dimer com-
pounds 011 (Incyte-011) from Incyte, reported for great
activity in the patents, were selected as representative for
which no other exact experimental data is available. For the
same reason, BMS-1001 was selected from many patents by
BMS in this research (Scheme 1). Their abilities to block the
binding of PD-1/PD-L1 were verified by using the ELISA
assay. And the cytotoxicity profiles were detected in A549
cells. Meanwhile, we also evaluated their abilities to pene-
trate the blood-brain barrier (BBB) and distribution in the
brain. Finally, using computer-aided drug design (CADD),
we analyzed the related amino acid residues that interact
with compounds.

Results and discussion
Chemistry

The synthesis of Incyte-001 is shown in Scheme 2 [21].
Starting with commercially available 2-amino-6-
bromobenzonitrile 1, Suzuki coupling reaction with
phenyl-boronic acid produced biphenylnitrile product 2.
The resulting compound was treated with O-(7-Aza-
benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexa-
fluorophosphate  (HATU) and coupled with 5-
bromopicolinic acid 3 to provide bromopicolinamide
intermediate 4. Then, this was reacted with pinacol vinyl
boronate in the presence of palladium catalyst to obtain
vinylpicolinamide compound 5. Next, using K;0sO,/
NalOy, classical oxidative cleavage of double bond in the
compound 5 resulted in formylpicolinamide 6. Lastly,
reductive amination with ethanolamine produced the final

product Incyte-001.
HO
Selesah
0 O o} o} oH

BMS-1001

H
SOSU DR
H\/@AN N S
H
Ho N _N O o)

@ Springer

Incyte-011



Medicinal Chemistry Research

CN O CN N B O N, N/lBr
b
Br NH, a NHz L po. L N
O O o
0
2 3 4

c O N NS d Ny NS0
N NS N A
O o O 0
5 6

OH
CN N7 N
H | H
N I
(T

Incyte-001

Scheme 2 Reagents and conditions: (a) phenylboronic acid, Pd(PPh;),, Na,CO3, 1,4-dioxane, H,O; (b) HATU, DIPEA, DMF; (c) pinacol
vinylboronate, Pd(dppf)Cl,, NaHCOs3, 1,4-dioxane, H,O; (d) NalOy4, K,0s0y, 2,6-lutidine, THF, H,0; (e) ethanolamine, NaBH;CN, DCM
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Scheme 3 Reagents and conditions: (a) Bis(pinacolato)diboron, Pd
(dppf)Cl,, KOAc, 1,4-dioxane; (b) Pd(PPhj),, Na,COs3, 1,4-dioxane,
H,0; (c) HATU, DIPEA, DMF; (d) pinacol vinylboronate, Pd(PPhs),,

The synthesis of Incyte-011 is shown in Scheme 3 [22].
Pinacol boronation of commercially available 3-bromo-2-
methylaniline 7 with bis(pinacolato)diboron under standard
condition produced arylboronate 8 in good yield, which was
subsequently Suzuki coupled with 3-bromo-2-chloroaniline 9.
The resulting biphenyl-diamine intermediate 10 was treated
with HATU and coupled with 5-bromopicolinic acid 3 to
obtain compound 11 with 58% yield. Compound 11, reacted
with pinacol vinylboronate and catalyzed with tetrakis(triphe-
nylphosphine) palladium, produced dienes compound 12 in
good yield. Then, the oxidative cleavage of the dienes inter-
mediate 12 with K,0sO4/NalO, provided an aldehyde

Incyte-011

Na,CO3;, 1,4-dioxane, H,O; (e) NalO4, K,OsOy4, 2,6-lutidine,THF,
H,0; (f) ethanolamine, NaBH3;CN, DMF

intermediate 13 in mild yield. Finally, reductive amination
with ethanolamine yielded the desired product Incyte-011.

The synthesis of BMS-1001 is shown in Scheme 4
[23]. Starting from commercially available 3-Bromo-2-
methylbenzoic acid 14, reduction reaction with BH;-THF
produced (3-bromo-2-methylphenyl)methanol product 15,
which was coupled with (2,3-dihydrobenzo[b][1,4]dioxin-6-
yl)boronic acid to obtain intermediate 16. Then, the inter-
mediate 16 was reacted with 2,4-dihydroxy-5-methylben-
zaldehyde (Mitsunobu Reaction) to obtain the compound 17
which upon reductive amination with Serine produced the
final product BMS-1001.
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Scheme 4 Reagents and conditions: (a) BH;-THF, THF; (b) XPhos Pd G2, K;PO,, THF; (¢) DIAD, PPh;, THF; (d) Cs,CO3, DMF; (e) NaBH;CN,
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Homogeneous time resolved fluorescence (HTRF)

The PD-1/PD-L1 blocking abilities of the compounds were
estimated using the HTRF assay. We found that both
compounds from Incyte Inc. showed great activities within
the nanomolar range. The ICs, values of the compound 001
and 011 were 11nM and 5.293nM, respectively. This
suggested that compound 011 is almost twice potent than
the compound 001. And the result is consistent with a
previous report [20]. More interestingly, BMS-1001 dis-
played the best result with an ICsy value of 0.9 nM in our
study, which is worth exploring furthermore (Fig. 1).

In vitro estimation of IFN-y secretion levels

Many studies showed that blockade of the PD-1/PD-L1
interaction could re-activate T cell function such as the
secretion of IFN-y, which suggested the inhibition of
immune escape in the tumor cells [24]. Thus, an in vitro T
cell co-culture assay was performed to assess the T cell
activation effect of selected compounds (Fig. 2). Treatment
with Incyte-011 increased the production of IFN-y in a
dose-dependent manner. And the level of IFN-y had
reached to 200 pg/mL at the maximum dose (1 uM) of
Incyte-011. However, the compound Incyte-001 and BMS-
1001 had failed to affect IFN-y production significantly.
Obviously, Incyte-011 was more potent in blocking the PD-
1/PD-L1 interactions, compared with the monomer mole-
cular Incyte-001. For BMS-1001, the different chemical
skeleton could be the reason for such an outcome.

The PD-1/PD-L1 signaling pathway can restrict the for-
mation of immune response through a variety of ways. By
inhibiting the proliferation, activation and secretion of
effector T cells, the pathogen can infect the body for a long
time. This tolerance state can be broken by blocking PD-1/
PD-L1, which is conducive to clearing the pathogen. To
date, blocking the PD-1/PD-L1 signaling pathway has been
shown to be effective against LCMV, HBV, HCV and HIV
infection [25]. The above PD-L1 small molecule inhibitors
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Fig. 1 Activities of compound Incyte-001 (red); Incyte-011 (orange);
BMS-1001 (blue) in HTRF assay

with significant IFN-y secretion stimulating effect are also
expected to play a role in infectious diseases.

Evaluation of cytotoxicity

To evaluate the cytotoxicity of the compounds, the survival
assay was performed in A549 tumor cells. Up to 10 uM,
Incyte-011 and BMS-1001 exhibited no significant cyto-
toxicity. However, at 10 uM, Incyte-001 decreased the cell
survival rate to 70%, showing more obvious cytotoxicity
than the other two compounds. The ECs, value of Incyte-
001 was 1.635 uM (Fig. 3).

Brain and blood distribution of compounds in mice

As described above, Incyte-001, Incyte-011, and BMS-
1001 showed promising PD-1/PD-L1 blockade in vitro.
Next, the pharmacokinetic (PK) properties and blood-brain
barrier (BBB) permeability of the three compounds were
assessed. The corresponding distribution parameters are
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Fig. 3 Cytotoxicity of compound Incyte-001, Incyte-011 and BMS-
1001 on A549 cell

summarized in Fig. 4. After iv administration (2 mg/kg, n =
3), BMS-1001 showed a plasma C,,,x of 5600 ng/mL at
around 0.08 h, indicating a moderate systematic exposure.
However, the immeasurable concentration in brain showed
BMS-1001 had no ability to cross the BBB. It seems that
the amino acid chain of BMS-1001 led to a poor PK profile
and decreased its concentration by enhancing metabolism
in the body. For Incyte-011, the plasma C,, values was
nearly 400 ng/mL, which was higher than the brain con-
centration. This suggested that Incyte-011 had poor
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Fig. 4 Brain and plasma distribution of compounds in mice: (A)
Incyte-001; (B) Incyte-011; (C) BMS-1001

pharmacokinetic properties. Interestingly, though the
plasma C,,x of Incyte-001 was low, it exhibited the highest
Chax value of 4000 ng/mL in the brain compared to the
other two compounds. This suggested that Incyte-001 can
effectively cross the BBB and therefore it may be clinically
used against CNS cancer.
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Fig. 5 Interactions between Incyte-001 and PD-L1. The RMSD of protein PD-L1 (A) and free energy decomposition (B) of PD-L1 and Incyte-001
for a 3ns MD simulation. C Molecular docking of Incyte-001 and PD-L1. D 2D interactions between Incyte-001 and PD-L1

Molecular binding modeling between PD-L1 and
compounds

To examine the binding ability between PD-L1 and respec-
tive small molecules, we performed 3 ns molecular dynamic
(MD) simulations of PD-L1 bound compound complexes
such as PD-L1/Incyte-001, PD-L1/Incyte-011, and PD-L1/
BMS-1001. The root means square deviation (RMSD) plot of
the complexes (Figs. 5A, 6A, and 7A) revealed that PD-L1
protein reached the equilibrium after 3 ns MD simulation,
having fluctuation of ~1 A or 2 A, respectively.

To investigate the amino acids involved in binding, the
MM/GBSA decomposition protocol in AmberTools was
used to decompose the Gibbs free energy (Figs. 5B, 6B, and
7B). We found that the residues Tyr56, GIn66, Metl15,
Alal21, Aspl22, Tyrl23, and Lys124 made favorable
binding contributions between PD-L1 and Incyte-001 (or
Incyte-011, BMS-1001). Importantly, the Lys124 and Glu58
provided a positive energy for the binding of PD-L1 and
Incyte-011 (or BMS-1001), explaining the worse binding of
Incyte-001. Besides, PD-L1/Incyte-011 and PD-L1/BMS-
1001 complexes exhibited lower binding free energy
(—70.4386 and —76.3274 kcal/mol, respectively) than the
PD-L1/Incyte-001 (—55.1401 kcal/mol), suggesting stronger
binding in the latter.

@ Springer

Furthermore, molecular docking and dynamic simula-
tion were performed to compare the different conforma-
tions and interactions between PD-L1 and the three
compounds, as reported previously [26]. Incyte-001,
Incyte-011, and BMS-1001 bind in the pocket at the
interface of two PD-L1 monomers (Figs. 5C, 6C, and 7C).
The binding pocket is formed by several key residues
including aGln66, aMet105, aAlal2l, aAspl22 bTyr56,
bMetl15, and bAspl22 (Fig. 5D). Also, the exposed
benzene ring of the biphenyl group makes a n-r interaction
and a m-sigma interaction with bTyr56 and aAspl22,
respectively. Besides, the methyl phenyl ring forms n-
alkyl interactions with bMetl15 and aAlal2l. The pyr-
idine ring generates m-alkyl interactions with bAlal21 and
aMet105, while the extended ethanolamine moiety forms
two hydrogen bonds with aGIn66 and a salt bridge with
bAsp122, respectively. The interactions between PD-L1
and Incyte-011 are shown in Fig. 6D. The biphenyl group
interacts with aAlal21, bMetl15, alle54, aMetl15, and
bAlal21 to form m-alkyl interactions, respectively. The
pyridine group is involved in n-m interactions with aTyr56
and bTyr56 and m-anion interactions with aAspl122 and
bAsp122, respectively. The ethanolamine group forms
hydrogen bonds with aArgl25, aAsp61, and bAspl122.
Figure 7D depicts the binding site composed of aGln66,
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for a 3 ns MD simulation. C Molecular docking of Incyte-001 and PD-L1. D 2D interactions between Incyte-001 and PD-L1

aMetl15 aAlal21, aAspl122, aTyr123, aLys124, aArgl25,
blle54, bGIn66, bVal68, bMetl115, and bAlal21 residues.
The interactions between PD-L1 and the other two com-
pounds were almost similar. Interestingly, in addition to
these, the benzonitrile portion of the pocket interacts with
aArgl13, aTyr123, aArgl25, and bAsn63. Especially, the
p-nt interaction with the aArgl25 may be the reason for
increased potency.

Briefly, this part of the work offers a structural insight to
explain the difference in the binding activity of monomers,
dimers, and the different chemical skeleton compound with
PD-L1. Interestingly, the binding type and free energy of
BMS-1001 can strongly support the best activity of inhi-
bition for PD-1/PD-L1.

Conclusion

The immune checkpoint proteins PD-1/PD-L1 are the key
proteins affecting the T cell function, which also play a
crucial role for tumor immunotherapy. We employed a
series of biological tests to estimate the inhibitory activ-
ities of the three PD-L1 inhibitors: Incyte-001, Incyte-011,
and BMS-1001. In the HTRF assay, all three compounds

showed great efficacies and inhibited PD-1/PD-L1 inter-
actions in the nanomolar range, in which BMS-1001
exhibited the highest activity (ICso=0.09 nM). And the
dimer Incyte-011 (ICs50=5.293nM) is two-fold more
potent than the monomer Incyte-001 (IC5y=11nM),
which is consistent with the previous report [20]. Sub-
sequent molecular docking indicated that additional
interactions of BMS-1001, such as a hydrogen bond with
the aArg125, may account for this result.

Inhibition of PD-1/PD-L1 causes the activation of T cell
function such as the pro-duction of IFN-y. Therefore, an
IFN-y production assay was performed in our study. We
found only Incyte-011 (1 uM) increased the level of IFN-y
dose-dependently, with a value of 200 pg/mL at 1 pM (the
maximum dose). And in the cytotoxicity assay, Incyte-001
displayed the highest cytotoxicity (ECsy=1.635uM)
against the A549 cells comparing with other two com-
pounds. The results suggested that the dimer Incyte-011 has
more anti-tumor activity and less cytotoxicity than the
monomer molecular Incyte-001. PD-L1 small molecule
inhibitors with more significant IFN-y secretion stimulating
effect are also expected to play a role in infectious diseases.

For exploring the potent of CNS tumors treatment, we
assessed the pharmacokinetic (PK) properties and blood-
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brain barrier (BBB) permeability of the three com-pounds. In
our study, Incyte-001 reached a C,,,x of 4000 ng/mL in the
brain and a C,; < 1000 ng/mL in the blood, while Incyte-
011 and BMS-1001 both had lower C,,, in the brain and
higher C,,,c in the plasma, suggesting that the monomer
molecular Incyte-001 has a good BBB permeability and its
concentration in brain is higher. This could be related to
better endocytosis [27]; however, it demands further valida-
tion. Besides, having a lipophilic structure may help the
monomers to easily penetrate the BBB.

Overall, compared with the monomers (Incyte-001), the
skeleton of the dimers (Incyte-011) offers high inhibitory
activity which suggests that a dimeric structure of BMS-
1001 may have even better efficacy. Interestingly, only
Incyte-O11 increased the IFN-y production obviously. And
Incyte-001, which is inferior to Incyte-011 and BMS-1001
in the above aspects, had a good BBB permeability. Our
work has suggested that the dimeric structure of small-
molecule PD-L1 inhibitors have higher inhibitory activity
and Incyte-001 may have great clinical potential against
CNS tumors, which set the basis for further improvement
during the drug design for different tumor treatment.

@ Springer

Experimental
Chemistry
General chemistry

All reagents and solvents were obtained directly from the
suppliers and were used without further purification. The 'H
NMR spectra were recorded using a Bruker AVANCE III
spectrometer in the CDCl; and DMSO-dg solution, with
tetramethylsilane (TMS) as the internal standard. Chemical
shift values are reported in ppm. The three compounds
were synthesized according to the corresponding patents
(WO2017106634A1, WO2018119221A1, WO2015160641A2)
and the procedures are available in the supporting information.

Homogeneous time resolved fluorescence (HTRF)

The compounds were sequentially diluted following a
concentration gradient. In a 96-well plate, 2 uL of the target
compounds dilution was mixed with 4 uLL of Tag 1-PD-L1
protein, and 4 puL. of Tag 2- PD-1 protein, successively.
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The mixtures were in-cubated for 15 min at room tem-
perature (RT). Then the mixture of 10 pL anti-Tagl-Eu3+
and anti-Tag2-XL665 were added, and the plate was sealed
to incubate for 2h at RT in the dark. Finally, the fluores-
cence signal was detected at 665nm and 620 nm. The
ELISA data and IC50 values were calculated using
Graphpad 7.0 software.

In vitro estimation of IFN-y production

The 293T-OS8-hPDL1 cells were treated with Mitomycin C
for 1.5h and washed with PBS thrice. The cells (50,000
cells/well) were added to a 96-well plate. After 2 h, the cells
were treated with different concentrations of the respective
compounds (100 uL. hPD-L1 and 1 pL compounds). After
another 4 h, the CD3 + T cells were extracted, counted, and
added to the 96-well plates. Then, the compounds were
added and co-cultured at 37 °C. After 36 h, the supernatants
were collected to estimate the levels of IFN-y. The result
was treated with Graphpad software and the statistical
analysis was made by ¢ test.

In vitro cell-proliferation assay

The cytotoxicity was detected with the CCK8 assay. The
A549 cells were cultured in 96-well plates for 24 h. The
compounds were sequentially diluted and was mixed with
0.1% DMSO in total 100 uL of medium. Then the solutions
were added and co-cultured for 2 days. The 10 uL solution of
CCK8 was added and co-cultured for 4 h. Then the fluores-
cence signal at 450 nm was tested by a microplate reader and
the EC5, values were calculated using Graphpad 7.0 software.

In vivo the brain and plasma distribution of
compounds

All animal experiments were performed following the
guidelines of Zhejiang University Laboratory Animal
Center. The BALB/c male mice were obtained from the
Zhejiang Academy of Medical Sciences. The mice venous
blood (100 uL) and brain tissue (100 uL) samples were
collected at 0, 0.083, 0.25, 0.5, 1, 2, 4, and 8 h after intra-
venous injection of the test compounds. The plasma and
brain tissue homogenates were obtained by centrifugation
and stored at —20 °C till further use.

Molecular docking

The crystal structure (PDB ID: 5NIU) was obtained from
http://www.rcsb.org/ and treated using Schrodinger Proce-
dures such as residual repair, hydrogen optimization, water
removal, and energy minimization were performed with
Protein Preparation Wizard of Schrodinger. The LigPrep

module with OPLS3e force field was used to ionize and
minimize the ligands. The preprocessed proteins and
ligands were docked in the Ligand Docking module.

Molecular dynamics (MD) simulation

The molecular dynamics (MD) simulations were carried out
using AmberTools. First, the system was solvated, neu-
tralized, and relaxed to avoid possible space collision. Each
part was then heated and maintained at 300 K with a time
step of 2 fs using long-distance static electricity. The cut-off
value was adjusted to 8.0 A to deal with space interaction.
Each part was subjected to a 3 ns MD simulation.
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