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Abstract

Pioneering success of antibodies targeting immune check-
points such as PD-1 and CTLA4 has opened novel avenues for
cancer immunotherapy. Along with impressive clinical activ-
ity, severe immune-related adverse events (irAE) due to the
breaking of immune self-tolerance are becoming increasingly
evident in antibody-based approaches. As a strategy to better
manage severe adverse effects, we set out to discover an
antagonist targeting PD-1 signaling pathway with a shorter
pharmacokinetic profile. Herein, we describe a peptide antag-
onist NP-12 that displays equipotent antagonism toward
PD-L1 and PD-L2 in rescue of lymphocyte proliferation and
effector functions. In preclinical models of melanoma, colon
cancer, and kidney cancers, NP-12 showed significant efficacy
comparable with commercially available PD-1–targeting

antibodies in inhibiting primary tumor growth andmetastasis.
Interestingly, antitumor activity of NP-12 in a preestablished
CT26 model correlated well with pharmacodynamic effects
as indicated by intratumoral recruitment of CD4 and CD8 T
cells, and a reduction in PD-1þ T cells (both CD4 and CD8)
in tumor and blood. In addition, NP-12 also showed
additive antitumor activity in preestablished tumor models
when combined with tumor vaccination or a chemothera-
peutic agent such as cyclophosphamide known to induce
"immunologic cell death." In summary, NP-12 is the
first rationally designed peptide therapeutic targeting PD-1
signaling pathways exhibiting immune activation, excellent
antitumor activity, and potential for better management
of irAEs.

Introduction
Recent advances in achieving highly durable clinical responses

via inhibition of immune checkpoint proteins including CTLA-4
and PD-1 have revolutionized the outlook for cancer thera-
py (1–5). Immunotherapies including checkpoint inhibitors
are being considered as the "fifth pillar" of cancer therapy,
as witnessed by the approval of a number antibodies targeting
PD-1/PD-L1 immune checkpoint signaling pathway spanning an
expanding list of indications (6–9). In contrast to blocking
CTLA4, antibodies that target PD-1/PD-L1 signaling pathway
have stolen the limelight primarily because of the observed
efficacy in multiple clinical indications with toxicities that appear
to be less common and less severe (10). However, along with
impressive clinical activity (response rate of �25% with either
anti-CTLA-4 or anti-PD-1 as single agent, but >50% with a

combination), severe immune-related adverse events (irAE) due
to the breaking of immune self-tolerance are becoming increas-
ingly evident. IrAEs � grade 3 severity occurs in up to 43% of
patients with CTLA4 agent and �20% with PD-1/PD-L1 agents.
The incidence of irAEs with antibodies is dose-dependent, with
greater toxicity at higher dose levels (11, 12). Sustained target
inhibition as a result of a long half-life (>15–20 days) and
approximately 70% target occupancy for months are likely con-
tributing to severe irAEs observed in the clinic with antibodies
targeting immune checkpoint proteins (13–15).Hence,we set out
to develop novel immune checkpoint blockers with potent anti-
tumor activity but with a shorter pharmacokinetic profile as a
strategy to better manage severe adverse effects.

Initial efforts in identifying nonantibody-based approaches for
checkpoint antagonism was reported by investigators at Harvard
University (Cambridge, MA) by demonstrating the immunomo-
dulating activity in an IFNg release assay in transgenic mouse
T cells that express PD-1 (16). Phage display technique employed
by researchers at Zhengzhou, Tsinghua and Zhejiang Sci-Tech
Universities yielded hydrolysis-resistant D-peptides as metabol-
ically stable PD-L1 antagonists (17). Although these D-peptides
exhibit desirable pharmacokinetic profile, a completely nonna-
tive sequence that is also composed of all D-amino acids, may be
highly immunogenic. Potential generation of antidrug antibodies
against this D-peptide upon dosing in patients may render this
agent ineffective in subsequent administrations. We conceptual-
ized an alternate peptide-based approach based on the native
sequence to minimize immunogenicity by identifying and
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stabilizing critical fragments from the discontinuous epitopes at
the interface of PD-1 with PD-L1 interaction. In this article we
report detailed in vitro and in vivo pharmacologic characterization
of the lead peptide NP-12. To our best knowledge NP-12 is the
first rationally designed nonantibody-based pharmacologically
active immune checkpoint antagonist targeting PD-1 signaling
pathways.

Materials and Methods
Test compound

NP-12 [Ser-Asn-Thr-Ser-Glu-Ser-Phe-Lys(Ser-Asn-Thr-Ser-Glu-
Ser-Phe)-Phe-Arg-Val-Thr-Gln -Leu-Ala-Pro-Lys-Ala-Gln-Ile-Lys-
Glu-NH2] was synthesized in-house (Aurigene Discovery Tech-
nologies Ltd.), according to the processes described in the U.S.
patent 8907053, inparticular thosedescribed in example 2 (18). A
scrambled peptide with identical amino acid composition was
synthesized using similar synthetic procedure as that of NP-12.

Mouse splenocyte or human peripheral blood mononuclear
cell proliferation assay

For all in vitro assays, 10 mmol/L NP-12 stock was prepared in
water and diluted further in the assay media to achieve test
concentrations. Mouse splenocytes (10 � 106 cells/mL) or iso-
lated peripheral blood mononuclear cells (PBMC; 10–20 � 106

cells/mL) from human blood were treated with 1 mmol/L of
carboxyfluorescein succinimidyl ester (CFSE; eBioscience) in pre-
warmed 1 � PBS/0.1% BSA solution for 10 minutes at 37�C.
Excess CFSE was quenched by adding 5 volumes of ice-cold
culture media to the cells and incubated on ice for 5 minutes.
CFSE-labeled splenocytes/PBMCswere further given three washes
with ice-cold RPMI (Gibco) media containing 10% FBS
(HyClone). CFSE-labeled splenocytes/PBMCs (1� 105 cells/well,
in 96-well plate) were added to wells containing recombinant
PD-L1 (R&D Systems) or PD-L2 (R&D Systems; both 10 nmol/L)
andNP-12peptideor anti-PD-1 antibody (eBioscience) or isotype
controls (eBioscience). Cells were stimulated with host-specific
anti-CD3 and anti-CD28 antibodies (eBioscience; 1 mg/mL each)
and the cell culture was further incubated for 72 hours at 37�C
with 5% CO2. After incubation, cells were collected by centrifug-
ing at 500 � g for 5 minutes at 2–8�C and the cell pellet was
washed three times with FACS buffer by centrifuging the plates at
200 � g for 5 minutes at 2–8�C. The cells were resuspended in
FACS buffer and transferred into FACS tubes and acquired using
BD FACSCalibur (model: E6016) with 488-nm excitation and
521-nm emission filters. Each experimental condition was carried
out in triplicates. Percent proliferation and rescue for a given test
compound concentration was calculated by normalizing individ-
ual percent peptide proliferation values to percent anti-CD3 and
anti-CD28 antibodies stimulated proliferation. EC50 values were
derived by plotting transformed data into nonlinear fit in sig-
moidal dose–response curve using GraphPad Prism 5 software.

Mouse splenocyte or human PBMC IFNg release assay
Mouse splenocytes (1� 105 cells/well) or isolated PBMCs from

human (1 � 105 cells/mL) were added to wells in 96-well plate
containing recombinant mouse or human PD-L1 or PD-L2 (both
10 nmol/L) and NP-12 peptide or anti-PD-1 antibody or isotype
controls. Cells were stimulated with host-specific anti-CD3 and
anti-CD28 antibodies (1 mg/mL each) and the cell culture was
further incubated for 72 hours at 37�C with 5% CO2. After

72 hours of incubation, the cell culture supernatants were col-
lected after brief centrifugation of culture plates (200 � g for
5 minutes at 2–8�C) and processed for IFNg measurement by
ELISA following the manufacturer's protocol (mouse, DY-485
and human, DY-285; R&D Systems). Each experimental condi-
tion was carried out in triplicates. Percent IFNg release was
calculated as a ratio of test compound IFNg concentration (sub-
tracted with that in PD-L background control) to anti-CD3þ anti-
CD28þ control (subtractedwith that inPD-Lbackground control)
multiplied by 100. EC50 values were derived by plotting trans-
formed data in sigmoidal dose–response curve using GraphPad
Prism 5 software.

Characterization of immune cell population in splenocyte
culture upon rescue from the PD-L1–mediated inhibition

Mouse splenocytes were cultured at 1 � 105 cells/well in 96-
well culture plate containing RPMI completemedia (RPMIþ 10%
FBS þ 1 mmol/L sodium pyruvate þ 10,000 units/mL penicillin
and 10,000 mg/mL streptomycin) in the presence or absence of
recombinantmousePD-L1 (10nmol/L) andNP-12 (100nmol/L)
or anti-PD-1 antibody (100 nmol/L, clone J43). Cells were stim-
ulated with anti-mouse CD3e and anti-mouse CD28 antibodies
(1 mg/mL each) and cultured for 72 hours at 37�Cwith 5%CO2 in
incubator. Cells were harvested after 72 hours of culture, washed
thricewith ice cold FACSbuffer, and stainedwithfluorescent dye–
conjugated antibodies for CD4 and CD8 T cells, B cells, natural
killer (NK) cells, and regulatory T cells (Treg; eBioscience) by
incubating the samples in dark for 30 minutes on ice. After
incubation, cells were washed thrice with FACS buffer and
the cell suspension was fixed and permeabilized using fixation/
permeabilization buffer (eBioscience) followed by intercellular
staining with anti-Ki67 and FoxP3 antibodies (eBioscience).
These labeled cells were washed and further suspended in FACS
buffer and were analyzed in FACSCalibur acquiring at least
50,000 of total events on live gate in scatter plot. Percentage of
cells positive to each marker was gated and analyzed for percent
Ki67þ and interpreted accordingly.

Disruption of the interaction of PD-1 with PD-L1
The effect of PD-1–derived peptide (NP-12) and a scrambled

control peptide (NP-S1; with similar number and type of amino
acids as inNP-12), for their ability to inhibit PD-1 interactionwith
PD-L1 was evaluated by using sulfo-SBED cross-linking meth-
od (19, 20). Briefly, 180 mmol/L of sulfo-SBED (Thermo Fisher
Scientific)was incubated for 1 hour in darkwith 1mmol/L of PD-1
(R&DSystems). After incubation, excess sulfo-SBEDwas removed
by centrifuging the mixture in a 3-kDa Microcon centrifugal filter
tubes at 18,000� g for 30minutes at 25�C. Complex was washed
twice with 1� PBS by centrifugation. Concentrated reaction
mixture was collected by inverting the same filter tubes into fresh
vials and by spinning at 950 � g for 3 minutes. In parallel,
200 nmol/L of PD-L1 (R&D Systems) was incubated with differ-
ent concentrations of NP-12 (200 nmol/L, 500 nmol/L, and
1 mmol/L) or NP-S1 (200 and 500 nmol/L) in separate tubes for
1 hour at room temperature in dark. After incubation, PD-L1
and NP-12/NP-S1 complex were further incubated with sulfo-
SBED–PD-1 complex for 1 hour in dark. The complex was then
cross-linked in an UV cross-linker for 5minutes with 15 watts five
tubes at 5-cm distance. The complex was detected by running on
8% SDS-PAGE. The proteins were transferred on to a nitrocellu-
lose membrane and the complexes were detected by probing the
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membrane with streptavidin–horseradish peroxide (HRP;
1:2,000 dilutions in 5% BSA in 1 � TBST). Membrane was
exposed to SuperSignal West Pico chemiluminescent substrate
(1:1 ratio). The bound protein complexes were captured on to
X-ray film and band intensity was quantified by using Bio-Rad
Quantity One software.

Plasma protein binding, plasma and metabolic stability of
NP-12

NP-12 was tested for plasma protein binding (test concentra-
tion 10 mmol/L), plasma stability (test concentration 10 mmol/L),
and metabolic stability (test concentration 1 mmol/L) as per the
protocols reported in the literature (21–24).

Pharmacokinetics of NP-12 in Balb/c mice
All animal experimental procedures used in these studies

including pharmacokinetic, pharmacodynamic, and efficacy
experiments were approved by the Institutional Animal Ethical
Committee based on the Committee for the Purpose of Control
and Supervision on Experiments on Animals (India) guidelines.
NP-12 was administered either intravenously or subcutaneously
to the animals at a dose of 3 mg/kg to determine the pharmaco-
kinetic parameters using 5% dextrose water as formulation. After
administration, blood samples were collected at regular intervals
until 24 hours and centrifuged to obtain the plasma fraction. The
plasma samples were processed by SPE method and the eluent
were analyzed by LC/MS-MS to determine the plasma concen-
tration of the compound. From intravenous administration,
plasma concentration after injection (C0 minutes), the area under
the concentration�time curve from time zero to infinity (AUC
0�¥), the mean residence time, volume of distribution (Vdss),
and clearance (CL) for eachmouse were obtained. Themaximum
plasma concentration (Cmax), time to reach maximum plasma
concentration (Tmax), and AUC 0�¥ were obtained from subcu-
taneous administration of NP-12. On the basis of the intravenous
and subcutaneous parameters, bioavailability of NP-12 was
calculated.

Syngeneic mouse studies
In all in vivo tumor growth inhibition (TGI) studies, tumor

volumes were measured two times weekly using digital calipers
and the volumewas expressed inmm3using the formulaV¼ 0.5a�
b2, where a and b are the long and short diameters of the tumor,
respectively. Bodyweights and clinical signs weremonitored twice a
week. NP-12 was dissolved in 5% dextrose water for all the in vivo
studies, except for B16F10 mouse melanoma and Renca tumor
models where 1 � PBS was used. Fresh formulation was prepared
every day. Compound and vehicle controls were dosed subcutane-
ously once a day at a dosing volume of 10 mL/kg body weight.

For syngeneic efficacy studies in CT26 colon carcinomamodel,
a suspension of 2 � 106 cells (source: ATCC, cultured under
ATCC-suggested conditions) were injected subcutaneously to the
6- to 8-weeks old male Balb/c mice (in-house). Dosing started
5 days after cell implantation when average tumor volumes
were around 60 mm3 (n ¼ 10). Dosing continued for 17 days.
Anti-PD-1 antibody (Clone J43 from BioXCell) was dosed intra-
peritoneally at 100 mg/animal once every week. Tumor volumes
measured on day 17 were used to calculate percent TGI. Tumor
volume of each animal is compared with the average tumor
volume of vehicle control group to calculate TGI and error bars.
Five animals from each of the treatment groups (satellite arms)

were sacrificed after 17 days of dosing and analyzed for CD69 and
PD-1 expression on CD4 and CD8 T cells by flow cytometry.
Briefly, the samples (blood and tumor) were collected on the day
17 of the study. PBMCs from whole blood were collected by
density gradient centrifugation, by over laying samples on histo-
paque (1083) and centrifuged at 800� g for 20minutes. Opaque
layer comprising of PBMCs were collected and stained with
fluorophore-conjugated antibodies (CD4-APC, CD8-FITC,
CD69-PE, and PD-1-PE; eBioscience) and incubated for 20 min-
utes on ice. The samples were washed and further suspended
pellets in FACS buffer and acquired using BD FACSCalibur.
Tumor samples collectedwere subjected tomechanical disruption
and infiltrating cells were isolated by density gradient centrifu-
gation as detailed above.

For the experiment with cyclophosphamide, 100 mg/kg of
cyclophosphamide was dosed once intraperitoneally on day 5
after cell implantation (first day of dosing for all other groups).

For evaluating inhibition of metastasis in B16F10 mouse
melanomamodel, 0.1�106B16F10 cells (source; ATCC, cultured
under ATCC-suggested culture conditions) were injected intrave-
nously to the tail vain of C57B6 mice (in-house) on day 0 and
dosing startedonday 1. Animalswere dosed every day for a period
of 14 days and monitored for clinical signs and body weight loss.
At the end of 14 days study period, animals were sacrificed and
discrete metastatic foci were counted with naked eye. Percent
inhibition ofmetastasis in each treatment groupwas calculated as
reduction in average metastatic foci in each group compared with
that in vehicle group.

For syngeneic study with Renca cells, a suspension of 0.5� 105

cells (source: ATCC, cultured under per ATCC-suggested condi-
tions) were injected orthotopically to the anterior capsule of right
kidney of 6- to 8-weeks-old female Balb/c mice (in-house). Mice
were randomized (n ¼ 15 per group) 5 days after the recovery
period from the day of surgery. For vaccination, Renca cells
(1 � 106) were irradiated at 160 Gy by gamma irradiation
(Gamma Irradiation Chamber-5000, Department of Atomic
Energy, Board of Radiation and Isotope Technology, Mumbai,
Maharashtra, India) and injected subcutaneously on day 4, 7, and
10 post cell implantations. Animals were dosed starting from 5th
day of cell implantation and dosing continued for 21 days.
Animals were sacrificed on day 21 to record tumor weight
(difference in weight between left and right kidneys). Average
tumor weight in the treatment arms was compared with that of
vehicle control arm to calculate percent TGI.

Statistical analysis
Data analysis was performed using GraphPad Prism software.

One-way ANOVA was used to determine the statistical signifi-
cance. Unless noted otherwise, error bars in figures represent the
SE of independent determinations.

Results
Identification of lead candidate

As an alternative to antibody-based approach, we sought to
discover and develop peptide-based immune checkpoint antago-
nists capable of targeting PD-1/PD-L1 signaling pathways. We
reasoned that such therapeutic agents would likely allow better
management of irAEs due to relatively shorter pharmacokinetic
exposure. The rational design strategy was initiated by synthesiz-
ing and analyzing strands and loops of PD-1 from the interface of

Peptide Antagonist of PD-1 Signaling Pathway

www.aacrjournals.org Mol Cancer Ther; 18(6) June 2019 1083

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/6/1081/1861918/1081.pdf by guest on 19 M
ay 2023



PD-1/PD-L1 interaction for functional antagonism. The interact-
ing strands and loops sequences from the interface were based on
the crystal structure reported by Lin and colleagues (25). Initially
individual strands and loops were designed, synthesized, and
screened in a functional assay at a single concentration of
100 nmol/L for rescue of mouse splenocyte proliferation in the
presence of recombinant PD-L1. Among the preliminary hits,
NK-14 peptide designed on the basis of sequences from FG loop
and G-strand was identified as a starting point. NK-14 rescued
PD-L1–mediated inhibition of proliferation of mouse spleno-
cytes to the tune of 52% (Table 1). Addition of D-strand to NK-14
resulted in NK-15, which showed marginal increase in activity.
Further addition of sequences from BC loop to NK-15 resulted in
NK-56 that increased the rescue to 87%. Because addition of BC
loop increased activity significantly, we wanted to test the tandem
repeat of BC loop in the NK-56 backbone. But as observed with
peptide NK-77, the tandem repeat of BC loops spaced with one
lysine resulted in compromised activity. We then decided to
incorporate BC loop as a branch and toward achieving this
design we first introduced a branching point using lysine as in
peptide NP-03 with retention of activity. At the branching
point in the N-terminus of linear sequence we introduced BC
loop (NP-12), as well as other loops from the PD-1 ectodomain
such as CC' loop (NL-17) and FG loop (NM-26). Among the
designed peptides, NP-12 was able to fully rescue the inhibition
of proliferation mediated by PD-L1 in mouse splenocyte assay.
An all D-amino acids version of NP-12 was inactive in the
same assay.

NP-12 disrupts the interaction of PD-1 with PD-L1
After observing the functional antagonism of both PD-L1 and

PD-L2, we sought to determine whether the functional antago-
nism is the result of disruption of the interaction of PD-1 with
PD-L1. Recombinant human PD-1 was labeled with sulfo-SBED
containing an amine-reactive NHS-ester group and UV light
activatable aryl azide group and cross-linked with recombinant
human PD-L1 in the presence or absence of NP-12. Successful
label transfer to the interacting protein (PD-L1) as a result of
complex formation was determined by Western blot analysis

using streptavidin–HRP. The complex formation of PD-1 with
PD-L1 was inhibited to the extent of 65% and 93% at 2.5- and
5-fold molar excess addition of NP-12 with respect to PD-L1
concentration. In contrast, addition of scrambled peptide did not
disrupt the complex formation. Schematic representationof cross-
linking assay and dose-dependent disruption as determined by
Western blot analysis with streptavidin–HRP is represented
in Fig. 1A and B. Increase in PD-1–PD-L1 interaction at lower
concentration of NP-12 was an outlier and was not reproducible.
In a cell-based binding assay, the preferential binding of
FITC-labeled NP-12 to PD-L1–overexpressing CHO-K1 cells as
compared with the parental cells expressing low levels of PD-L1
indicates that NP-12 binds to PD-L1 (Supplementary Fig.
S1A–S1E).

NP-12 restores the proliferation and IFNg rescue from mouse
splenocyte and human PBMC inhibited by recombinant PD-L1
or PD-L2 proteins

Functional antagonism of PD-L1 or PD-L2 signaling by NP-12
was evaluated by monitoring the rescue of T-cell activation
inhibited in the presence of these ligands in mouse splenocyte
or human PBMC cultures. Mouse splenocytes or human PBMCs
stimulatedwith anti-CD3andanti-CD28antibodies are known to
activate T cells inducingproliferation and cytokine secretion. Also,
during their activation, these cells start expressing immune check-
point receptor PD-1. In this study, recombinant PD-L1 and PD-L2
proteins were used to inhibit T-cell proliferation stimulated in the
presence of anti-CD3 and anti-CD28 antibodies (Fig. 2A and D).
Human PBMCs isolated from individual donors in which pro-
liferation and IFNg release were inhibited by PD-L1 and PD-L2
(a minimum inhibition of 50% for proliferation and 70% for
IFNg release) were used in the assays for analyzing the test agents.
In these functional assays, in the presence of PD-L1or PD-L2, anti-
PD-1 antibody and the peptide antagonist NP-12 showed a dose-
dependent rescue of proliferation or IFNg secretion. Four inde-
pendent experiments were performed using mouse splenocytes
and human PBMCs from four independent mice/human donors.
Average EC50 values for antibody or NP-12 are presented in
Supplementary Table S1A and S1B. Representative EC50 graphs

Table 1. Structure–activity relationship studies leading to the discovery of NP-12

Compound number N-terminus Percent rescue of proliferationa

NK-14 52

NK-15 66

NK-56 87

NK-77 57

NP-03 74

NL-17 13

NM-26 90

NP-12 100

aPercent rescue of mouse splenocyte proliferation inhibited by recombinant PD-L1 at 100 nmol/L test concentration. Sequences used for the design and synthesis of
peptide; BC loop, SNTSESF; D strand, FRVTQ; FG loop, LAPKA; G strand, QIKE.

Sasikumar et al.

Mol Cancer Ther; 18(6) June 2019 Molecular Cancer Therapeutics1084

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/6/1081/1861918/1081.pdf by guest on 19 M
ay 2023



plotted from splenocytes from 1 mouse and PBMCs from
1 human donor are presented in Figs. 2B, C, E, and F and3B,
C, E, and F).

In mouse splenocyte culture, the anti-PD-1 antibody (clone
J43) showed a dose-dependent response in rescuing the prolif-
eration (Fig. 2B and E) with average EC50 values of 18.2� 6.1 and
18.6 � 10.2 nmol/L against PD-L1 and PD-L2, respectively
(Supplementary Table S1A). Isotype control (Armenian hamster
IgG), did not rescue the proliferation indicating the specificity of

the rescue to mouse PD-1 antagonism. The peptide antagonist
NP-12 rescued the proliferation in the mouse splenocyte assay
system (Fig. 2B and E) with average EC50 values of 17 � 3.6 and
16.6 � 3.1 nmol/L against rmPD-L1 and rmPD-L2, respectively
(Supplementary Table S1A).

In human PBMC cultures, the anti-human PD-1 antibody
(clone J116) also showed a dose-dependent rescue (Fig. 2C
and F) with average EC50 values of 40.9 � 19.4 and 37.5 �
18 nmol/L against rhPD-L1 and rhPD-L2, respectively

Figure 1.

NP-12 disrupts interaction of PD-1 with PD-L1 in an SBED cross-linking assay. Schematic representation (A) and dose-dependent disruption as determined by
Western blot analysis with streptavidin-HRP (B). NP-12 was tested at 200 (1� relative to PD-L1), 500 (2.5� relative to PD-L1), and 1,000 nmol/L (5� relative to
PD-L1).

Figure 2.

In vitro functional activity of NP-12. PD-L1–mediated rescue of proliferation (assay format in A) in mouse splenocyte (B), and human PBMCs (C). PD-L2–mediated
rescue of proliferation (assay format in D) in mouse splenocyte (E) and human PBMCs (F).
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(Supplementary Table S1B). Isotype control (mouse IgG1k), did
not rescue this activity indicating the specificity of rescue to
human PD-1 antagonism. NP-12 was also able to significantly
rescue recombinant human PD-L1- and PD-L2–mediated inhibi-
tion of in vitrohumanPBMCproliferation stimulated by anti-CD3
and anti-CD28 antibodies (Fig. 2C and F), and average EC50

values for NP-12 in CFSE-labeled PBMC proliferation assay
experiment were found to be 63.3 � 49.8 and 44.1 �
20 nmol/L against PD-L1 and PD-L2, respectively (Supplemen-
tary Table S1B).

Rescue of IFNg secretion when stimulated with anti-CD3 and
anti-CD28 antibodies in both mouse splenocytes culture and
human PBMCs by the appropriate PD-1 antibodies, but not
with the isotype control indicated the usefulness of this system
to characterize the functional antagonism of PD-L1/PD-L2
(Fig. 3A and D). Anti-mouse PD-1 antibodies rescued IFNg
secretion (Fig. 3B and E) with average EC50 values of 22.5 � 5.4
and 20.7 � 10.2 nmol/L against mouse PD-L1 and PD-L2,
respectively (Supplementary Table S1A), whereas human PD-1
antibody rescued IFNg secretion (Fig. 3C and F) with average
EC50 value of 33 � 8.6 and 33.2 � 12.2 nmol/L against human
PD-L1 and PD-L2, respectively (Supplementary Table S1B).
NP-12 showed potency in restoring the IFNg release inhibited
by recombinant mouse PD-L1 and PD-L2 (Fig. 3B and E) with
average EC50 values of 49.4 � 15.4 and 51.0 � 22.5 nmol/L
against mouse PD-L1 and PD-L2, respectively (Supplementary
Table S1A) and average EC50 values of 84.3 � 43.2 and 98.8 �
42.3 nmol/L against human PD-L1 and PD-L2, respectively
(Supplementary Table S1B). The clinical relevance of NP-12 is
evident from the enhanced the T-cell activity in terms of higher
IFNg secretion in the antigen recall assays, which measures the
ability to stimulate antigen-specific memory T cells in PBMCs
(Supplementary Figs. S2–S4).

NP-12 rescues proliferation of both CD4 and CD8 immune cell
subsets

Because NP-12 showed potent restoration of proliferation and
IFNg release in functional studies, we sought to characterize
specific T-cell subsets impacted by the addition of NP-12. Anti-
CD3- and anti-CD28 antibody–stimulated mouse splenocytes
had an increased CD4 and CD8 T-cell subsets over the unstimu-
lated condition as expected (Fig. 4). In the presence of recombi-
nant PD-L1 both CD4 and CD8 T-cell population decreased
(P < 0.0001 as compared with anti-CD3 and -CD28 stimulation).
NP-12 at 100 nmol/L was able to inhibit PD-L1 effect on both
CD4 and CD8 T cells, indicating that NP-12 was able to revert
PD-L1 effects and these effects were comparable with anti-PD-1
antibody (P < 0.0001 as compared with PD-L1 treatment). Inter-
estingly, CD4 Tregs and proliferating Tregs were reduced in
NP-12- and anti-PD-1 antibody–treated groups (P < 0.005) as
compared with anti-CD3, CD28 stimulation. A reduction in the
number of Tregs and an increase in the CD4þCD8þ cells by
affecting their proliferation upon NP-12 treatment could be
supportive of the potential for an protective antitumor immunity
by blocking the PD-1/PD-L1 pathway. An increase in the percent-
age of proliferating B cells compared with stimulated control
(likely an indirect effect or artifact of the mixed cell culture
system) and a further increase with NP-12 addition, and no
evidence on change in NK cells phenotype were also observed
from these experiments.

NP-12 exhibits desirable absorption, distribution, metabolism
and excretion (ADME) and Drug Metabolism and
Pharmacokinetics (DMPK) profile

To determine the dose and route of administration for phar-
macologic characterization of NP-12, the peptide was evaluated
for its ADME and pharmacokinetic properties. Plasma protein

Figure 3.

In vitro functional activity of NP-12. PD-L1–mediated IFNg release (assay format in A) in mouse splenocyte (B) and human PBMCs (C). PD-L2–mediated IFNg
release (assay format in D) in mouse splenocyte (E) and human PBMCs (F).
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binding of NP-12 was found to be 93.9% in mice plasma with a
plasma stability of more than 60% remaining at 6 hours at tested
concentration of 10 mmol/L. NP-12 showed a half-life of more
than 90 minutes in mouse liver microsomes. The pharmacoki-
netics of single dose of NP-12 administered by subcutaneous
route at a dose of 3 mg/kg or intravenously at a dose of 3 mg/kg
was studied in male Balb/c mice (Supplementary Fig. S5A and
S5B). NP-12 exhibited medium clearance and low volume of
distribution. Peak plasma levels were reached between 0.2 and
0.4 hours post subcutaneous dosing. Absolute bioavailability was
found to be 77% in mice.

NP-12 inhibits spontaneous hematogenous spread in the
B16F10 melanoma model

BecauseNP-12was effective in rescuing T cells frombothPD-L1
and PD-L2, we tested the efficacy of NP-12 in B16F10 mouse
melanoma spontaneous lung metastasis model. B16F10 cells
were injected intravenously on day 0 and dosed with NP-12
starting from day 1. The animals were administered with NP-
12 subcutaneously at 3 mg/kg/day dose for a period of 14 days.
Treatment with NP-12 resulted in a 66% reduction in metastatic
nodules as compared with a vehicle control (Fig. 5A).

NP-12 inhibits tumor growth and modulates immune
activation markers in circulation and in tumors in CT26 colon
carcinoma model

CT26 is an immunogenic colon tumor model that demon-
strates PD-L1 expression on tumor cells, as well as tumor-
infiltrating immune cells in vivo. This model is reported to be
responsive to agents targeting PD-1/PD-L axis (26). Hence, to
evaluate the single-agent antitumor efficacy and subsequent
pharmacodynamic modulation, NP-12 was tested in this model.

NP-12 was tested at 0.1 and 1 mg/kg doses along with a
vehicle control and a PD-1 antibody control (J43 Clone,
100 mg/animal/week). When compared with the vehicle-treated
group, NP-12–treated groups showed significant TGI in a dose-
dependent manner. Group treated with 0.1 mg/kg of NP-12
showed a TGI of 35% and the group treated with 1 mg/kg of
NP-12 showed 53% TGI (Fig. 5B). Five animals from each of the
same treatment groups were also taken up for monitoring
immune activation markers in circulation and tumors. Data
represented as percentage change as compared with vehicle con-
trol. Analysis of T-cell subsets indicated an increase in CD4 and
CD8 T cells, activated CD8 CD4 T cells (CD69þ cells) with both
NP-12 andPD-1 antibody treatment in blood, whereas significant
percentage increase in activated CD4 T cells (CD69þ) was evident
only with NP-12 treatment (1 mg/kg; P < 0.005; Fig. 5C). In
tumors, there was an increase in CD8 T cells and cells with double
positive for CD4 and CD8 markers with both NP-12 and PD-1
antibody, whereas increase in activated CD4 T cells (CD69þ) was
observed with NP-12 at 0.1 and 1 mg/kg (Fig. 5D). A significant
percentage increase in activated CD8 T cells (CD69þ) was
observed with both NP-12 and PD-1 antibody (P < 0.05). Inter-
estingly, decrease in CD8 T-cells expressing PD-1 was observed
with both NP-12 and PD-1 antibody treatment, whereas statisti-
cally significant decrease in CD4 T-cells expressing PD-1 was
observed only with NP-12 treatment (P < 0.05).

NP-12 shows significantly improved antitumor efficacy when
combined with tumor vaccination and cyclophosphamide

To test whether the immunologic cell death caused by irradi-
ated cells imparts any additional antitumor effects, NP-12 was
administered to animals vaccinatedwith gamma-irradiated Renca
cells (27). When compared with vehicle control group, TGI of

Figure 4.

Effect of NP-12 and anti-mouse PD-1 antibody (clone J43) on rescue of proliferation on lymphocyte subsets.
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54% was observed in NP-12–treated group and the group treated
with NP-12 in combination with the vaccination showed a TGI of
74% as compared with 37% in vaccination alone group (Fig. 6A).

Low dose of cyclophosphamide is known to reduce the Treg
population and thereby enhance efficacy of immunomodulatory
agents (28). NP-12 at 3 mg/kg resulted in 41% TGI as a single
agent. Cyclophosphamide alone at 100 mg/kg resulted in 85%
TGIonday25 (Fig. 6C). ATGIof 93%wasobservedwhen3mg/kg
of NP-12 was combined with cyclophosphamide at 100 mg/kg
indicating additive antitumor effect. Analysis of survival curves
indicated amedian survival for cyclophosphamide alone group as
34 days whereas for the combination of NP-12 and cyclophos-
phamide as 41 days, further supporting an additive survival
benefit (Fig. 6B).

It is important to note that NP-12 was well tolerated in all the
in vivo studies as indicated by lack any reduction in the body
weights or clinical signs in any of the treatment groups during the
study period.

Discussion
NP-12 is a 29-amino acid branched peptide behaving as a PD-1

decoy generated from the selected portions of the human PD-1
receptor. Structure activity analysis revealed that the peptide
designs based on incorporation of specific loops and strands in
a noncontiguous manner using an extra lysine as a branching

point showed desirable activity. NP-12with sequences or residues
taken fromBC loop,D strand, FG loop, andG strand arranged in a
noncontiguous manner is the first reported rationally designed
peptide. The maximal PD-L1 antagonistic activity observed with
peptide NP-12 is likely due to the optimal spatial disposition of
the critical residues of PD-1 for interaction with PD-L1 from two
BC loops (complementary determining region 1) arranged in a
branched fashion along with D strand, FG loop, and G strand.

We employed a functional assay–based screening approach for
identifying lead compounds. A functional assay–based screening
was favored to potentially identify agents including those which
modulate the activity either by allosteric binding or by inducing
PD-1/PD-L1 complex destabilization rather than potent disrup-
tion. Interestingly, similar strategies have been applied to identify
functionally potent and efficacious anti-PD-1 antibodies (29, 30).
In the functional assays, NP-12 displayed equipotent antagonism
toward PD-L1- and PD-L2–mediated T-cell exhaustion. Equipo-
tent antagonism of both PD-L1 and PD-L2 is analogous to that
achieved with an anti-PD-1 antibody as opposed to selective
PD-L1 antagonism by anti-PD-L1 antibody.

NP-12 was also tested for its ability to directly modulate cells
stimulated with anti-CD3 alone, anti-CD28 alone, or anti-CD3
plus anti-CD28 signaling. NP-12 caused no effect on anti-CD3,
anti-CD28, or anti-CD3 plus anti-CD28 antibodies–induced
splenocyte proliferation without inhibitory proteins like PD-L1
or PD-L2. These observations confirm that NP-12 did not affect

Figure 5.

In vivo pharmacologic activity of NP-12 in syngeneic mouse models. Anti-metastatic effect in B16F10 mouse melanomamodel (A), TGI (B), and modulation of
immune activation markers in blood (C) and tumors (D) in CT26 mouse colon carcinoma model.

Sasikumar et al.

Mol Cancer Ther; 18(6) June 2019 Molecular Cancer Therapeutics1088

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/6/1081/1861918/1081.pdf by guest on 19 M
ay 2023



T-cell receptor signaling mediated through anti-CD3/CD28
antibodies stimulation. Disruption of binding by NP-12 to
PD-1/PD-L1 complex as revealed in the cross-linking study
further supports that that the T-cell activation is mediated
through the antagonism of PD-1 signaling.

On the basis of the comparable potency in restoring prolifer-
ation and IFNg release fromPBMCs/splenocytes fromhuman and
mouse and desirable pharmacokinetic profile, NP-12 was evalu-
ated for antitumor activity in syngeneic mouse models of cancer
such as colon carcinoma (CT26), renal cell carcinoma (Renca),
andmelanoma (B16F10). These tumor types were selected on the
basis of the published information on the expression of the PD-L1
as an immune escape mechanism (31). Differences in the degree
of response in the models are likely due to differences in PD-L1
expression, presence or absence of other immune checkpoint or
immune stimulatory signaling, and angiogenesis trafficking
immune cells in to tumors. Among the models evaluated,
B16F10 melanoma is reported to be poorly immunogenic and
generally has not responded well for anti-PD-1 or anti-PD-L1
agents (32).

Antitumor efficacy of NP-12 correlates with intratumoral
recruitment of CD4 and CD8 T cells, and a reduction in PD-1

expressing T cells (both CD4 and CD8). Activation of T-cell
subsets along with reduction in PD-1þ cells indicates immune
modulation upon treatment with NP-12. Increase in activated
CD4 T cells (CD69þ) only with NP-12 but not with anti-PD-1
antibody (J43) could be due to different kinetics of activation of
CD4 population between two treatments.

It is well documented that immunotherapeutic approaches
including antagonists of immune checkpoints such as PD-1 and
CTLA4 work best in combination with tumor vaccines or thera-
peutic agents known to induce immunologic cell death. In agree-
ment with these reports, NP-12 also showed greater inhibition of
primary tumor growth when combined with a vaccination
approach in Renca orthotropic model and in combination with
cyclophosphamide in the CT26 subcutaneous tumor model.
Analysis of CT26 tumor model survival curves shows a significant
survival advantage in combination with cyclophosphamide.

As expected for a peptide agent, NP-12 exhibited a relatively
shorter pharmacokinetic exposure with a t1/2 of 0.22 hours.
However, even with the shorter pharmacokinetic exposure, once
a day dosing resulted in efficacy comparable with that observed
with anti-PD-1 antibody indicating that a sustained pharmaco-
kinetic exposure is not needed to achieve efficacy. Efficacywithout

Figure 6.

Antitumor activity of NP-12 in combination with vaccination in mouse Renca renal cell carcinomamodel (A), survival advantage (B), and antitumor activity in
combination with cyclophosphamide (C) in CT26 mouse colon carcinoma model.
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the continuous drug exposure could be an advantage inmanaging
immune-related toxicities. Antibodies targeting PD-1 and PD-L1
show immune-related toxicities albeit at lower frequency com-
paredwith anti-CTLA4 antibodies. Sustained target inhibition as a
result of a long half-life (>15–20 days) and approximately 70%
target occupancy for months are likely contributing to severe
irAEs observed in the clinic with antibodies targeting immune
checkpoint proteins. The current management of irAEs with anti-
PD-1/PD-L1 includes treatment cessation along with administra-
tion of steroids and or anti-TNF agents.

In summary, we have developed first rationally designed
peptide with equipotent antagonism against PD-L1 and PD-L2,
significant antitumor activity in vivo either as a single agent or with
significant additive effect in combination with agents reported to
cause immunologic cell death along with desirable pharmacody-
namic marker modulations. These results demonstrate the
significant advantages of NP-12 in inhibiting PD-1 signaling
pathway without continuous drug exposure as in the current
clinically approved agents.
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