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Epitope mapping reveals the binding mechanism of a functional antibody
cross-reactive to both human and murine programmed death 1
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ABSTRACT
Of the inhibitory checkpoints in the immune system, programmed death 1 (PD-1) is one of the most promising
targets for cancer immunotherapy. The anti-PD-1 antibodies currently approved for clinical use or under
development bind to human PD-1 (hPD-1), but not murine PD-1. To facilitate studies in murine models, we
developed a functional antibody against both human and murine PD-1, and compared the epitopes of such
antibody to a counterpart that only bound to hPD-1. To quickly identify the epitopes of the 2 antibodies, we used
alanine scanning andmammalian cell expression cassette. The epitope identificationwas based on PD-1-binding
ELISA and supported by affinity ranking of surface plasmon resonance results. The hPD-1 epitopes of the 2
functional antibodies were also compared with the binding region on hPD-1 that is responsible for PD-L1
interaction. In silico modeling were conducted to explain the different binding modes of the 2 antibodies,
suggesting a potential mechanism of the antibody cross-species binding.

Abbreviations: PD-1, programmed death-1; PD-L1, programmed death-ligand 1; CDR, complementary-determining
region; hPD-1, human PD-1; mPD-1, murine PD-1
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Introduction

Blockade of a specific pathway that shields tumor cells from
immune response is promising in the treatment of multiple can-
cers, including advanced melanoma, ovarian cancer and advanced
non-small cell lung cancer.1-3 Programmed death-1 receptor
(PD-1), an immune inhibitory receptor expressed on activated B
cells, T cells and myeloid cells,4 has critical roles in regulating stim-
ulatory and inhibitory signals in the immune system.5 PD-1
belongs to the CD28/CTLA-4 subfamily within the immunoglobu-
lin super family. PD-1 ligands PD-L1 (B7-H1, CD274) and PD-L2
(B7-DC, CD273) present not only on antigen presenting cells, but
also on various types of tumor cells. As one of the immune-check-
point proteins, PD-1 plays an important role in down-regulating
T-cell activation and mediating the escape of tumor cells from
immune surveillance by binding to its ligands PD-L1 and PD-L2
expressed on the surface of tumor cells.6-8 Therefore, PD-1 is a tar-
get for immunotherapy.9-12 To date, 2 anti-PD-1 antibodies (pem-
brolizumab and nivolumab) have been approved,13, 14 and more
are under clinical development.

Although those antibodies are useful in clinical treatment, so
far no antibodies targeting human PD-1 (hPD-1) have been
shown to cross-react to murine PD-1 (mPD-1). Prior to clinical
studies, mouse models are often used to test the efficacy, phar-
macokinetics and toxicity of drug candidates; therefore, an anti-
body that binds both hPD-1 and mPD-1 may simplify and
accelerate preclinical studies of PD-1 antibody-based novel ther-
apy, including combination therapy or bispecific antibodies.15-17

Due to the relatively low homology between human and
murine PD-1 sequence (62% in extracellular domain), develop-
ing a functional antibody cross-reactive to both human and
murine PD-1 is especially challenging. However, because
human PD-L1 can bind to both hPD-1 and mPD-1,18, 19 we
believed that the 2 PD-1 molcules share some structural simi-
larities, and therefore it should be possible to develop a func-
tional antibody binding to both hPD-1 and mPD-1. We
immunized rats with hPD-1 and mPD-1, screened a large num-
ber of rat hybridoma clones, and successfully identified func-
tional antibodies against both hPD-1 and mPD-1. One of the
lead antibodies not only has high binding affinity on hPD-1
and mPD-1, but also shows functionality (significantly
improved CD4C T cell proliferation and interferon (IFN)-g
secretion in mixed lymphocyte reaction assay). It also pro-
longed survival time of tumor-bearing mice (data not shown).
To our knowledge, this is the first report of a functional anti-
PD-1 antibody with human and murine cross-species reactiv-
ity. Here, we report the epitope of this antibody and explore the
mechanism of its cross-species binding activity.

Results

Characterization of antibodies

A series of monoclonal antibodies were generated by screening
a large number of hybridoma clones after immunizing rats
with hPD-1 and mPD-1 proteins. Among them, rat IgG2a
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antibody r16.88.9 (R9), which has a kappa light chain, was
found to bind to both hPD-1 and mPD-1 (Fig. 1A). Another
rat IgG2b antibody r1.103.11 (R11), which has a lambda light
chain, only bound to hPD-1 but not to mPD-1 (Fig. 1A). The
third hPD-1-binding rat antibody r11.148.10 (R10) was not
functional in blocking the interaction of PD-1 and PD-L1, but
it still bound to hPD-1 (Fig. 1A, B). This antibody was chosen
as a control antibody to be used to monitor the structure stabil-
ity of PD-1 protein after alanine mutations. The binding activi-
ties of the 3 antibodies were confirmed via fluorescence
activated cell sorting (FACS) using a hPD-1-positive cell line
(Fig. 1B). In the FACS assay, R10 was not capable of blocking
hPD-1 binding to PD-L1, while R11 and R9 could block
hPD-1 binding to hPD-L1 with IC50 at 13.14 and 2.07 nM,
respectively.

R9 could block hPD-1 binding to hPD-L1 with IC50 at 0.92 nM
(Fig. 1C) and block mPD-1 binding to mPD-L1 with IC50 at
33.79 nM (Fig. 1D). R9 also significantly improved CD4C T cell
proliferation and IFN-g secretion in a dose-dependent manner in
mixed lymphocyte reaction (MLR) assay (Fig. 1E and F).

Moreover, R9 showed comparable hPD-1 binding activity
and hPD-L1 competition activity with pembrolizumab and
nivolumab. In hPD-1 binding assay (Fig. 1G), EC50 of R9 was
2.16 nM, which was close to pembrolizumab and nivolumab
(EC50 at 1.32 nM and 1.50 nM, respectively). In hPD-L1 com-
petition assay (Fig. 1H), R9 was capable of blocking PD-1 bind-
ing to PD-L1 with IC50 at 0.92 nM, which was also very close to
pembrolizumab and nivolumab (IC50 at 0.57 nM and 0.72 nM,
respectively).

Epitope mapping

To identify the epitopes of R9, R11 and R10, we conducted an
alanine scan on the extracellular domain of hPD-1, and exam-
ined how the mutations affected binding of the 3 antibodies.
Codon of alanine residue on hPD-1 was mutated to glycine
codon, and the codons of all other residues were mutated to
alanine codon. The binding results were mainly based on
enzyme-linked immunosorbent assay (ELISA) data and sup-
ported by surface plasmon resonance (SPR) data. The muta-
tions on hPD-1 that significantly reduced antibody-binding (>
55%) are shown in Table S1 and Fig. S1. Analysis of all these
residues on the hPD-1 crystal structures (PDB code 3RRQ and
4ZQK) revealed that some of the residues (e.g., Val144, Leu142,
Val110, Met108, Cys123; see Table S1 for complete list) were
fully buried in the protein. These residues are likely critical to
maintain PD-1 structure rather than directly contacting anti-
bodies. The observed binding reduction probably resulted from
the instability or even collapse of the hPD-1 structure after ala-
nine substitutions. This was evidenced by the fact that these
mutations also affected PD-1 binding of the control antibody
R10, which did not compete with PD-L1, and thus likely bound
to a different location on hPD-1. These PD-1 residues were
therefore not considered part of the epitopes of the antibodies.
The final determined epitope residues are listed in Table 1.
There were 9 positions for R11 and R9, and 10 residues for the
control antibody R10. To understand how the discovered anti-
bodies blocked hPD-L1, the hot spots residues interacting with
hPD-L118 were also identified (Table 1).

It is noteworthy that some alanine-substitutions caused local
structural perturbations that may not have been significant
enough to affect the binding of R10. Therefore, use of the con-
trol antibody may not filter out all the false hot-spot residues.
For example, analyzing the hPD-1 crystal structure revealed
that residues Pro35 and Phe82 were partially buried in the pro-
tein, but the nuclear magnetic resonance (NMR) structures
showed that they could be exposed sometimes. Since no further
experiments were conducted to elucidate these details, we kept
the data in Table 1 as they were.

From the data in Table 1, it was quite clear that the 2 func-
tional antibodies R11 and R9 shared a very similar epitope,
whereas the nonfunctional antibody R10 had a different epi-
tope. The epitope residues shared by R9 and R11 composed
similar residues from C, C0, and G strands, as well as the FG
loop. The only notable differences were residues Asp85 and
Gln133, which were identified to be important to R11 binding,
but not to R9. Checking the positions of these 2 residues on the
PD-1 structures revealed that Gln133 was located in the G
strand, which was structurally quite conserved in both human
and murine PD-1 proteins, while Asp85 was located in the
region where mPD-1 held a b-sheet, but hPD-1 had a flexible
loop.18, 20 The interactions associated with Asp85 could poten-
tially be a more important obstacle that prevented the antibody
R11 from being species cross-reactive.

The binding sites of hPD-L1 were expected to be close to the
epitopes of R11 and R9, as its interactions to hPD-1 could be
effectively blocked by the 2 antibodies. To evaluate this possi-
bility, all residues shown in Table 1 were therefore mapped on
the hPD-1 crystal structure for better visualization (Fig. 2).
Again, 2 functional antibodies R11 and R9 shared a similar epi-
tope (Fig. 2B and C), except residue Asp85 (shown as a red
dot) on the C’D loop of hPD-1 (corresponding to the C00 strand
of mPD-1). Overall, the binding sites of hPD-L1 concentrated
in the middle of C, F, G strands, the regions partially over-
lapped with the epitopes of 2 functional antibodies (Fig. 2A).
Antibody R11 and R9 blocked the binding of hPD-1 to hPD-L1
likely due to steric hinderance. In contrast, the data indicated
that the control antibody R10 bound to a completely different
location, not involving the PD-L1 binding sites at all (Fig. 2D).

Data in Table 1 and Fig. 2 were consistent with the findings
from the competition assay in Fig. 1C, and clearly explained
the reason why R11 and R9 could effectively block PD-L1 bind-
ing, and R10 cannot. Asp85, which is important to R11 bind-
ing, but not to R9, could potentially be the key residue that
affects their cross-reactivity to mPD-1.

Kinetic analysis of macromolecular interaction using SPR
biosensors

To further confirm the epitopes identified by ELISA, we mea-
sured the off-rate constant Kd of hPD-1 mutants to antibody
R11 and R9 using SPR technology. Although SPR was less sen-
sitive than ELISA, the obtained Kd values could be used for
ranking antibody affinity. All data were normalized to the posi-
tive control (several different alanine codons were point-substi-
tuted for alanine residues on hPD-1) and the cutoff was set at
2-fold higher than the positive control. Six hot spot residues,
Val64, Ala129, Asp85, Gln133, Ala132, Lys131 on hPD-1 were
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Figure 1. Characterization of antibodies. (A) Cross-reactivity of anti-PD-1 antibodies to human/mouse PD-1. Each antibody was coated on 96-well plate overnight and
incubated with hPD-1-His protein (filled shapes) and mPD-1-His protein (open shapes), and then HRP-conjugated anti-His antibody was added for detection. (B-D) Binding
titration of the antibodies to hPD-1 expressed on CHO-S cells (B), competition of anti-PD-1 antibodies with hPD-L1 to hPD-1 expressed on CHO-S cells (C) and competition
of anti-PD-1 antibody R9 with mPD-L1 to mPD-1 expressed on 293F cells were detected using FACS instrument as described in Materials and Methods. (E-F) Anti-PD-1
antibody R9 can enhance CD4C T cell proliferation (E) and IFN-g production (F) in a dose-dependent manner in mixed lymphocyte reaction assay as described in Materials
and Methods. (unpaired, 2-tailed t test; � p< 0.05, �� p< 0.01, ��� p< 0.001). (G-H) Comparison of R9, pembrolizumab (Pemb) and nivolumab (Nivo) in hPD-1 binding (G)
and hPD-L1 competition (H) using FACS method as described in Materials and Methods.
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Table 1. List of all identified hot spot residues on hPD-1. The first 2 columns are the hot spots for PD-L1 binding. Data were obtained from the latest paper of hPD-1/hPD-
L1 co-crystal structure.18 The rest are the hot spot residues binding antibodies, identified in alanine scanning experiments (Cutoff: binding fold change < 0.55). All the
identified residues are listed in the sequence order (the original ranking can be found in Table S1).

hPD-L1 on hPD-1 residue location R11 on hPD-1 residue location R9 on hPD-1 residue location R10 on hPD-1 residue location

N66 C V 64 C P 35 A L 41 A0
Y68 C P 83 C0 V 64 C V 43 A0
G124 F �D 85 C00 F 82 C0 V 44 A0
I126 F L 128 FG P 83 C0 T 45 A0
L128 F A 129 FG L 128 FG D 48 A0B
I134 G P 130 FG A 129 FG A 50 B
E136 G K 131 FG P 130 FG F 56 B

A 132 FG K 131 FG �R 86 C00
Q 133 G A 132 FG � 93 C00D

R 143 G

�The C00 strand observed on mPD-1 is replaced by a flexible loop on hPD-1.18,20 We continued using C00 to label this region for the purpose of an easy comparison to mPD-1.

Figure 2. Hot spot residues mapped on hPD-1 structure. (A) hPD-L1 binding site. Data were obtained from the literature.18 (B-D) Binding sites of antibody R11, R9 and the con-
trol antibody R10, respectively. Data were from Table 1. Colors in the pictures are included to help distinguish differences between epitopes. The structure of hPD-1 was taken
from the crystal structure (PDB code 4ZQK), whose missing loops (Asp85-Asp92) were remodeled by adopting initial conformations from the NMR structure (PDB code 2M2D).
The back b-strands are A0 , B, E, D, A and G0 . The front sheets are labeled in G, F, C and C0 . The C00 strand observed in mPD-1 lost its secondary structure in hPD-1.18, 20
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identified for R11 and one residue Pro35 for R9 (Fig. 3). All of
the hot spot residues found by SPR were consistent with the
epitopes detected by ELISA.

Modeling the interaction of antibody and hPD-1 protein

As the epitopes of R9 and R11 were very similar, to explain the
difference of the 2 antibodies in cross-species binding, we used
in silico modeling to predict their binding mode and to shed
light on the possible mechanism. Antibody Fv homology
modeling and antibody-antigen docking were conducted to
search their possible binding poses on the available hPD-1
structure. Complex models were selected and ranked based on
comprehensive evaluations of computational docking scores, as

well as experimental mutagenesis data. Fig. 4 showed the final
selected binding poses of 2 studied antibodies.

Since the epitopes of the 2 antibodies were very similar, it
was not surprising that their binding modes shared some com-
mon features. Computational docking suggested that both anti-
bodies used their heavy chains to bind to the hot-spot residues
on C, C0 strand and C’D loop (C00 strands on mPD-1 corre-
spondingly), i.e., residue Val64, Pro83 and Asp85. The conse-
cutive epitope residues Leu128-Gln133 on the FG loop and G
strand behaved like a linear epitope, buried in the middle of
VL-VH interface in both cases.

Despite some common ground, the binding details were
proposed to be quite different, which could help explain why
they behaved differently in cross-reacting to mPD-1. Antibody
R11 has a relatively long complementary-determining region
(CDR) H3 loop (13 residues in Kabat numbering). Besides
burying the FG loop, the docking model (Fig. 4A) suggested
that it might also directly bind to Val64 and Asp85 of hPD-1
by means of 2 residues on the tip of the loop, which were
Gly100 and its neighbor Arg100A. Because Gly100 had no
side-chain atoms and was small enough, the tip of CDR H3
could insert into a hydrophobic cleft on hPD-1 made by Val64
and Leu128 without much resistance. This special posture in
turn anchored and stabilized the CDR H3 loop, and thus pro-
vided a suitable distance for residue Arg100A to form a salt
bridge with Asp85 in the hPD-1 C’D loop. Asp85 is located in
the region where human and murine PD-1 show substantial
structural deviations (see discussion below). Since antibody
R11 could not cross-react to murine PD-1, the existence of this
salt bridge might be critical in affecting the cross-reactivity
capability of the antibody.

In contrast, antibody R9 has a very short CDR H3 loop (only
6 residues, Kabat numbering), and was predicted to bind to the
hydrophobic residues on the F and G strands (Fig. 4B). In addi-
tion, the kappa light chain of R9 has a CDR L1 that adopts a

Figure 3. Kinetic analysis of macromolecular interaction. The off-rate constant K(d)
of PD-1 mutants to R11 and R9 antibodies were measured using surface plasmon
resonance biosensors. Fold changes were calculated based on the average value of
control mutants. The fold changes of 6 residues to R11 and one residue to R9
exceeded the cutoff (2-fold).

Figure 4. Putative binding modes of R11 (A) and R9 (B) to hPD-1, conducted by in silico modeling. The sticks on hPD-1 structures are the hot-spot residues listed in
Table 1. The lines show the neighboring environment near the epitope residues. VH and VL frameworks were colored in green and cyan, respectively. Heavy chain CDRs
were colored in salmon and light chain CDRs were colored in wheat. Computational docking results suggested that the Arg100A on CDR H3 of antibody R11 formed a
salt bridge (yellow dashes) with Asp85 on hPD-1.
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much extended canonical structure. The special structure of
CDR L1 and H3, combined with the geometries of other CDRs,
created a relatively wide and deep groove at VL-VH interface.
The FG loop of hPD-1 might be buried in the groove and
wrapped around by the CDRs with good structural comple-
mentarity. Unlike R11s CDR H3, the conformation and length
of R9s CDR H3, once binding to F and G strands, could not
contact the C’D loop of the antigen. The docking model sug-
gested that CDR H1 was more likely to directly bind to the C’D
region of hPD-1. Residue Asp85 on hPD-1 might form hydro-
gen bonds with the side chain or backbone atoms of some resi-
dues in CDR H1, but no strong interactions like salt bridges
were observed in the model. This hypothesis was supported by
the result of alanine mutation at Asp85, in which only moder-
ate antibody affinity loss was observed for antibody R9
(Table S1). Antibody R9 was known to exhibit species cross-
reactivity. Compared with R11, which had strong interactions
to C’D loop of hPD-1, R9s unique cross-reactivity might origi-
nate from its binding mainly on the FG loop of the antigen.

The influences of hot spots to antibody cross-reactivity
capability

Inspired by docking models, we further investigated the
contributions of different parts of the epitope to the cross-
reactivity behaviors of the antibodies. We mutated hot spot
residues in hPD-1 to their corresponding amino acids in
mPD-1, and measured how the antibodies responded to
these changes.

The sequences and structures of PD-1 proteins of 2 spe-
cies are shown in Fig. 5. The hPD-1 hot-spot residues (to
R11 binding) that we identified, as well as the correspond-
ing mPD-1 amino acids, are highlighted. Some of the hot-
spot residues existed in both human and murine antigens
(Leu128, Pro130, Lys131, Ala132), suggesting that they were
less likely to affect antibody cross-reactivity capability.
Others showed some obvious differences in sequences:
Val64-Met64, Pro83-Cys83, Asp85-Gly85, Ala129-His129
and Gln133-Lys133. The positions of these residues were

Figure 5. Comparison between human and murine PD-1 structures. (A) Crystal structure of hPD-1 (PDB code 4ZQK). The missing loop (Asp85-Asp92) were remolded.
Sticks and lines on the structure are the marks of the identified hot-spot residues in charge of antibody R11 and R9 binding (Table 1). (B) Crystal structure of mPD-1 (PDB
code 3BIK). Corresponding to the positions of hot-spot residues on hPD-1, sticks and lines on mPD-1 are the amino acids having different and same residue types, respec-
tively. The structural differences between 2 proteins were marked in orange. (C) Sequence alignment of human and murine PD-1 structures. Arrows are the hot-spot resi-
dues identified for R11 binding. Marked box highlighted the amino acid differences in mPD-1.
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roughly located in 3 regions on PD-1 structure: C strand,
C’D loop (including C0 strand) and FG loop (including G
strand). We decided to mutate each of 3 hPD-1 segments
to the corresponding mPD-1 sequences.

Val64 is the only hot-spot residue in the C strand. The
mutant of the first segment (M1) was therefore chosen as
V64M. The second segment C’D loop exhibited big struc-
tural differences in human and murine PD-1. We superim-
posed 2 structures and selected the second mutant (M2)
83PEDRSQPGQDC93 to 83CNGLSQPVQDA93 based on the
segments that did not overlap well. The third segment (M3)
is the entire FG loop comprising Ala129 and Gln133. Con-
sidering Lys135-Glu135 was the only neighboring position
showing an apparent difference, we included this position
in the third mutant (A129H, Q133K, K135E), in case it
might affect antibody cross-reactivity. The binding activities
of these mutants to both antibodies were evaluated, and the
results are displayed in Fig. 6.

For R11, all M1-M3 mutants of hPD-1 reduced antibody
binding, to the extent of 50.4%, 0.5% and 63.6%, respec-
tively (Fig. 6A). As expected, M2 mutant almost abolished
the binding of PD-1 to the R11 antibody, which indicated
the sequence and structure differences of C’D loop (includ-
ing Asp85) clearly dominated the binding specificity of R11
to hPD-1. In contrast, antibody R9 responded to the 3
mutants in a very different way. M1 and M2 still reduced
R9 binding to the level of 31.8% and 34.5%; however,
mutant M3 exhibited obvious improvement in the affinity,
with the relative binding changes to 133.2% (Fig. 6B). This
indicated that when R9 binds to mPD-1, the binding loss of
other regions was compensated by the increase of better M3
binding. This result was consistent with the hypothesis
derived from the docking model, in which that FG loop

and G strand were predicated to be the most important seg-
ment for R9 binding.

Discussion

Although therapeutic antibodies are developed for human use,
in the preclinical stage the efficacy and safety of the molecules
need to be evaluated in animal models, which typically involve
testing in rodents. Different approaches may be used to test
therapeutic candidates. For example, therapeutic antibody can-
didates can be tested in transgenic mice carrying the corre-
sponding human target, or a surrogate antibody that only
binds to a murine target can be used. However, the most
straightforward and cost-effective approach is to test an anti-
body that is cross-reactive to both human and murine targets
in a mouse model.

The cross-reactivity of an antibody depends on the struc-
tures of 2 antigen homologs and the specific area where the
antibody binds. Human and mouse PD-1 proteins share
only 62% sequence identity in their extracellular domains,
but the main structural differences lie only in the BC loop
and the C’D loop of hPD-1 (or the BC loop and C00 strand
of mPD-1), as shown in Fig. 5. NMR structures further
confirm that hPD-1 contains a very flexible BC loop and
has a complete structure loss in the C00 strand region.20

Avoiding these 2 regions, but binding to structurally con-
served areas on PD-1, could potentially allow a binding
molecule to cross-react to both hPD-1 and mPD-1. This is
how human PD-L1 binds to both human and murine PD-1
molcules, as revealed by their complex co-crystal structures
(Fig. S2). Guided by this structural knowledge, we hypothe-
sized that antibody R9 might have adopted the same inter-
action mechanism as hPD-L1, while R11 probably had

Figure 6. The influences of some epitope hot spots to the capability of antibody cross-reactivity. The hot spots located on hPD-1 were changed to the corresponding
mPD-1 amino acids and the binding activity of (A) R11 and (B) R9 were tested by ELISA. M1: V64M; M2: 83PEDRSQPGQDC93 to 83CNGLSQPVQDA93; M3: A129H, Q133K,
K135E. 2 mg/ml of each antibody was coated at 96-well plate overnight and incubated with (A) 10 ng/ml and (B) 150 ng/ml mutants, then HRP-anti-His antibody were
added for detection. The relative binding changes of the PD-1 mutants were normalized to the original binding of antibody and hPD-1 (unpaired, 2-tailed t test; � p<
0.05, �� p< 0.01, ��� p< 0.001).
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significant interactions with the structure-variant regions,
and therefore only binds to hPD-1. Although no critical hot
spot was detected in the BC loop, alanine scanning experi-
ments indeed identified Asp85 in the C’D loop of hPD-1
(corresponding to the C00 strand in mPD-1) as a critical res-
idue for R11 binding, but not for that of R9. This seemed to
support the conclusion that R9 did not contact the struc-
tural variant C’D loop much, causing it to be insensitive to
the structural differences and cross-react with mPD-1. To
further illustrate this possibility, we modeled these antibod-
ies and their docking on PD-1.

Computational docking, conducted under the guidance of
alanine scanning data, suggested that both antibodies should
inevitably interact with the C’D loop of hPD-1 because of
the epitope locations and antibody size compared with the
PD-1 protein. R11 seemed to mainly bind C’D loop of
hPD-1, as a strong salt bridge between CDR H3 and anti-
gen C’D loop was observed (Fig. 4A). Antibody R9 was also
observed to contact the C’D loop using its CDR H1, but no
salt bridge was found. Additionally, R9 might be capable of
burying the antigen FG loop due to R9s deep groove at VL-
VH interface (Fig. 4B). The models suggest that the anti-
body’s binding affinity could be contributed by multiple
components.

Inspired by the hypothesis from docking models, we fur-
ther tested the relative contribution of each epitope compo-
nent to antibody binding. Alanine scanning told us how
antibodies responded to alanine mutation on the antigen,
which was informative to locate the epitope,21 but did not
provide answers about how the antibody responded and
accommodated the murine amino acids at the correspond-
ing location when cross-reacting to mPD-1. Three segments,
C0 strand (Val64), C’D loop (83PEDRSQPGQDC93), and FG
loop (Ala129, Gln133, Lys135) were mutated to their corre-
sponding murine sequences, and antibody responses to
these mutant were evaluated (Fig. 6). The results showed
that the binding affinity of antibody R11 was indeed domi-
nated by the interactions with C’D loop on the antigen.
Antibody R9, however, exhibited a unique binding behavior.
The human/murine chimeric sequence and structural differ-
ences in C0 strand and C’D loop obviously suppressed R9
binding, but the mutations in FG loop actually improved
binding. Clearly, antibody R9 preferred the mPD-1 FG
sequence. This set of data indicated that antibody R9 did
not bypass the structural variant region on PD-1 to cross-
react to both species. Instead, it actually lost certain binding
on C0 strand and C’D loop when binding to mPD-1, but
this was compensated by more favorable interactions with
mPD-1s FG loop.

The delicate hPD-1/mPD-1 cross-reactivity mechanism
revealed here highlights the challenge in generating human/
murine PD-1 cross-reactive antibodies. Indeed, antibody R9
was generated by screening thousands of hybridoma clones
(data not shown). Considering the importance and broad appli-
cation of PD-1 antibodies in treating various cancers, we hope
the reported antibodies, as well as their binding mechanism,
will spark new ideas of potential rational design to achieve
cross-reactivity and facilitate preclinical testing of antibody
drug candidates.

Materials and methods

Generation of PD-1 expression cassettes

Human and murine PD-1 sequences were obtained from the
Swiss-Prot database (Q15116 and Q02242, respectively). For
each residue of the human PD-1 extracellular domain (ECD),
point amino acid substitutions were made using 2 sequential
PCR steps. A pcDNA3.3-hPD-1_ECD.His plasmid that enco-
des ECD of human PD-1 and a C-terminal His-tag was used as
template, and a set of mutagenic primers with a melting
temperature (Tm) more than 75�C and 10–15 bases of tem-
plate-complementary sequence on both sides of desired point
mutation codon were used for the first PCR step using the
QuikChange lightning multi-site-directed mutagenesis kit (Agi-
lent technologies, 210513), according to the manufacturer’s
instructions. Dpn I endonuclease was used to digest the paren-
tal template after mutant strand synthesis reaction. In the
second PCR step, a pair of primers (pCMV: 50-GCGTTGA-
CATTGATTATTGAC; pTK: 50-GGAAGAAAGCGAAAG-
GAGC) were designed for the amplification of the linear DNA
expression cassette, which was composed of a CMV promoter,
an extracellular domain (ECD) of PD-1, a His-tag and a herpes
simplex virus thymidine kinase (TK) polyadenylation. Cassettes
were purified using AxyPrepTM PCR clean-up kit (Axygen Bio-
sciences, AP-PCR-250).

Different PD-1 expression cassettes were generated by using
an overlap extension polymerase chain reaction (OE-PCR)
technique21, 22 and were extracted from agarose gels using
NucleoSpinTM Gel and PCR Clean-up Kit (Macherey & Nagel,
740609.250).

Expression and quantification of PD-1 mutants

The FreeStyleTM 293 expression system (Life Technologies,
K900001) was used for the expression of PD-1 mutants. Briefly,
suspension-cultured HEK293F cells (Life Technologies,
R79007) in 24-well plates (106 cell/ml/well) were transfected
with a mixture of 1–2 mg cassette and 2 mL 293fectinTM reagent
(Life Technologies, 12347019), and conditioned media were
harvested 4»5 d after transient transfection. PD-1 mutant pro-
tein in conditioned media was quantified by competition
ELISA. In brief, gradient-diluted hPD-1_ECD.His protein as
standard (range from 4000 ng/ml to 2 ng/ml) and diluted
supernatant of each mutant were added to 250 ng/ml hPD-
1_ECD.His protein pre-coated plates. Ten minutes later,
0.2 mg/ml of horseradish peroxidase (HRP)-conjugated anti-
His antibody (Rockland Immunochemical, 200–303–382) was
added to plates. The final reaction was developed using TMB
substrate and absorbance was measured at 450 nm after termi-
nation with 2 M HCL. The concentration of each mutant in
conditioned media was calculated from the standard curve.

ELISA binding assay

2 mg/ml of each antibody was coated on 96-well plate overnight
for ELISA binding assay. After interacting with PD-1 mutant
protein or with gradient diluted commercial hPD-1_ECD.His
(Sino Biological, 10377-H08H) and mPD-1_ECD.His (Sino
Biological, 50124-M08H), 0.2 mg/ml of HRP-conjugated anti-
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His antibody (Rockland Immunochemical, 200–303–382) was
added as detection antibody. The absorbance was read at
450 nm as described above. The binding of silent alanine sub-
stitutions served as the positive control group and was used for
normalization of fold changes.

FACS analysis

For antibody binding titration test, hPD-1 positive CHO-S cells
(2£ 105/well) were incubated with diluted anti-PD-1 antibod-
ies, including pembrolizumab (purchased from Merck & Co.,
Inc.,) and nivolumab (synthesized based on 5C4 in US. Patent
No. 9084776B2) at 4 �C for 1 h. FITC-conjugated goat anti-rat
antibody (Jackson ImmunoResearch, 112–095–008) or FITC-
conjugated goat anti-human antibody (Jackson ImmunoRe-
search, 109–095–008) was used as detection antibody. For
hPD-1/hPD-L1 competition test, hPD-1 positive CHO-S cells
(2£ 105/well) were incubated with diluted antibodies and 5 mg/
ml hPD-L1.ECD.mFc at 4 �C for 1 h. FITC-conjugated goat
anti-mouse Fc (anti-mFc) antibody (Abcam, ab98716) was
used as detection antibody. For mPD-1/mPD-L1 competition
test, mPD-1 positive 293F cells (2£ 105/well) were incubated
with diluted R9 antibody and 5 mg/ml mPD-L1.ECD.mFc at
4 �C for 1 h, FITC-conjugated goat anti-mFc antibody (Abcam,
ab98716) was used as detection antibody. After incubating with
detection antibody at 4 �C in the dark for 1 h, cells were washed
and then resuspended in PBS containing 1% BSA for subse-
quent flow cytometric analysis. The mean fluorescence inten-
sity (MFI) values were detected using FACS instrument (BD
Biosciences, BD FACSCantoTM II).

MLR assay

Primary dendritic cells (DCs) were mixed with 1£ 105 CD4C T
cells at a ratio of 1:10 in the presence or absence of antibody,
and were incubated at 37 �C, 5% CO2 for 5 d. The effect of anti-
body on CD4C T cells proliferation was measured as the incor-
poration of 3H-thymidine (PerkinElmer, NET027001MC) into
the proliferating cells in counts/min (CPM), and human IFN-g
secretion was measured by ELISA using matched antibody
pairs (Thermo Fisher Scientific, M700A and M701B) according
to the manufacturer’s protocol.

SPR biosensor analysis

The off-rate constants K(d) of hPD-1 mutants to anti-PD-1
antibodies were measured based on SPR technology imple-
mented in ProteOnTM XPR36 protein interaction analysis sys-
tem (Bio-Rad Laboratories, 1760100). The GLC sensor chip
(Bio-Rad Laboratories, 1765011) was activated and anti-PD-1
antibody in NaAc buffer was covalently immobilized on the
chip. The chip was deactivated and washed until the baseline
stabilized, then PD-1 mutants in conditioned media were
injected into channels in parallel at a flow rate of 50 mL/min
for an association phase of 300 seconds, followed by 600 sec-
onds dissociation. Response units were monitored using the
ProteOn imaging system and data analyses were performed
with the ProteOn ManagerTM software (Bio-Rad Laboratories,

1760210). Fold changes were calculated based on the average
value of control mutants.

Antibody homology modeling

The Fv homology models of R11 and R9 antibodies were con-
structed based on their amino acid sequences, using the “Model
Antibody” module in Discovery Studio. Both light and heavy
chain were first annotated in Kabat numbering scheme, with
CDR loops and framework regions all identified. The sequence
of each segment (either CDR or framework) was then individu-
ally searched in the antibody structure database curated from
PDB to find its closest structural templates. All searching hits
were ranked by the sequence similarity to the queries. The VL-
VH orientation templates were obtained in a similar way, but
via searching the entire Fv sequences. Only those structures
with high resolution (< 2.8A

�
) and low B-factor (< 50) were

selected as candidates for further investigations. If certain con-
formational variability exists among the top searching hits (e.g.,
templates of CDR H3 loop), the MODELER program in Dis-
covery Studio was used to model the structure via effectively
combining the information from multiple templates. A rough
antibody Fv structure was created after assembling all modeled
structural segment into VL and VH domains, and superimpos-
ing them on the top of the orientation template. Further energy
optimization of the entire Fv protein was then conducted, and
the pose with the lowest energy was chosen to be the final anti-
body model.

Human PD-1 structures

PD-1 is a transmembrane glycoprotein composed of an Ig V-
type extracellular domain, a transmembrane helix, and a cyto-
plasmic tail. The extracellular domain is responsible for binding
partner recognition and immune checkpoint control, and
therefore is extremely important. The crystal structures of
hPD-1 extracellular domain, in both unbound and bound con-
ditions to its ligand hPD-L1, are publicly available (PDB code
3RRQ and 4ZQK, respectively). However, both structures are
missing the coordinates of important residues Asp85-Asp92.
This is the region where mPD-1 holds a b-strand labeled as C.00

The failure of solving the crystal structure in this area is a
strong indication that it might be a very flexible loop instead of
a stable b-sheet. By inspecting the NMR structures of hPD-1
(PDB code 2M2D), it is further confirmed that this region is
essentially a featureless loop and possesses significant flexibil-
ity.20 To apply the crystal structures in the following modeling
and analysis, the missing loop was built using the MODELER
program in Discovery Studio, which borrowed and combined
all loop conformations from NMR data. The final loop confor-
mation was selected based on energy ranking. For consistency
of terminology and convenience in comparing the human/
murine PD-1 structures, we continued to use C00 to label this
special loop (Asp85-Asp92).

Antibody-antigen docking

Computational protein-protein docking program ZDOCK,
integrated in Discovery Studio, was used to predict the binding
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mode of discovered functional antibodies (R11 and R9) to
hPD-1. Keeping the position of antigen fixed as a receptor, the
antibody models were translated and rotated around the recep-
tor in a rigid-body manner to search possible binding poses.
Inspecting the structures of hPD-1 in PD-L1 bound and
unbound conditions (PDB code 4ZQK and 3RRQ, respectively)
revealed obvious conformational changes, especially in the
region of loop CC0 (Met70-Asp77).18 Since it is quite difficult
to predict which state the antigen prefers to adopt when anti-
body binds, both conformations were taken into account in
docking experiments. In addition, by knowing that CDR loops
on antibody and hot spot residues on antigen (identified in ala-
nine scanning experiments) are roughly the binding sites for
each other, to reduce the searching space and relieve the scor-
ing pressure, rigid-body docking was performed with loose
constraints to ensure proper antibody-antigen contact. Further-
more, additional filtering process was conducted to filter decoys
in which the pose of antibody had no overlap with PD-L1. The
survived binding poses were refined and rescored using
CHARMm-based optimization procedure (RDOCK). The most
reasonable binding pose was selected after comprehensive eval-
uations of RDOCK scores and experimental mutagenesis infor-
mation. The control antibody R10 and its binding behaviors
were not modeled because it binds to a very different location
and cannot block PD-L1.
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