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A B S T R A C T

Tumor cells can escape immune surveillance through the programmed cell death protein 1 (PD-1) axis sup-
pressing T cells. However, we recently demonstrated that high-affinity variants of soluble human programmed
death-ligand 1 (shPD-L1) could diminish the suppression. We propose that in comparison to the wild-type shPD-
L1, the further affinity enhancement will confer the molecule with opposite characteristics that augment T-cell
activation and immunotherapeutic drug potential. In this study, a new shPD-L1 variant, L3C7c, has been gen-
erated to demonstrate ∼167 fold greater affinity than wild-type hPD-L1. The L3C7c-Fc fusion protein demon-
strated completely opposite effects of conventional PD-1 axis by promoting redirected T-cell proliferation, ac-
tivation and cytotoxicity in vitro, as being slightly better than that of anti-PD1-Ab (Pembrolizumab). Moreover,
L3C7c-Fc was more effective than Pembrolizumab in enhancing redirected T cells’ ability to suppress Mel624
melanoma growth in vivo. As a downsized L3C7c-Fc variant, L3C7v-Fc improved the anti-tumor efficacy in vivo
when combined with dendritic cell vaccines. In conclusion, our studies demonstrate that high-affinity hPD-L1
variants could be developed as the next generation reagents for tumor immunotherapy based on the blockade of
the PD-1 axis.

1. Introduction

The programmed cell death protein 1 (PD-1) axis that involves the
interaction between PD-1 and PD-1 ligand-1 (PD-L1) is utilized by
cancer cells to resist anti-tumor immunity [1]. PD-L1 is originally
identified as a cell-surface glycoprotein [2]. The expression of PD-L1
has been found constitutively on a broad range of somatic cells [2] and

the majority of human tumor cells [3,4]. The interaction of PD-L1 with
PD-1 expressed on activated T cells causes the PD-1 axis to attenuate T-
cell growth and cytokine secretion, leading to T-cell exhaustion and the
maintenance of peripheral tolerance [2,5]. Cancer cell-associated PD-L1
increases the apoptosis of antigen-specific T cell clones in vitro [6] and
creates tumor resistance to immunotherapy in vivo [7]. Moreover, the
elevated levels of PD-L1 and PD-1 are closely correlated with the
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progression, poor prognosis, and reduced overall survival of various
human cancers [3,4].

Recently, blockading inhibitory immune checkpoints has been
considered a promising immunotherapy approach, as it enhances the
immune response to cancer. Various studies have shown that block-
ading the PD-1/PD-L1 interaction using anti-PD-1/PD-L1 antibodies or
soluble PD-1 can rescue T cells from a functional exhaustion state,
enhance anti-tumor immunity and inhibit tumor growth [8–10]. Cur-
rently, Pembrolizumab (anti-PD-1 antibody) has been approved by the
Food and Drug Administration for clinical treatment of advanced non-
small cell lung cancer (NSCLC) [11]. Although that immuno-oncology
agent delivers significantly longer overall survival and higher objective
response rates than docetaxel [11], monoclonal antibodies have diffi-
culty entering the tumor sites due to their large size (∼150 KDa), which
leads to suboptimal anti-tumor efficacy [10]. Although significant T-
cell suppression was observed during the binding of wild-type soluble
hPD-L1 to membrane-bound PD-1, our previous study found that high-
affinity soluble hPD-L1 produced diminished hPD-1 suppressive effects
[12]. In this study, we obtained a new hPD-L1 variant, L3C7c, that
exhibited greater affinity enhancement than the previously reported
molecules [12]. We sought to determine whether the new high-affinity
hPD-L1 variant might exhibit completely opposite effects in comparison
to the low affinity wild-type molecule. Furthermore, a variant with
smaller size (∼75 KDa) and superior permeability might be able to
improve anti-tumor responses with other immunotherapeutic strate-
gies.

High-affinity T-cell activation core (HATac)-NYE is a new soluble bi-
specific agent that combines ultra-high-affinity TCR with an anti-CD3
single chain antibody. It can redirect T cells to specifically recognize
and kill target cells [13]. On the other hand, dendritic cells (DCs) are
considered to be the most potent antigen-presenting cells and used as
vaccines to powerfully initiate specific immune response against tu-
mors. The efficacy of DC against tumors can be improved by blockading
PD-1/PD-L1 immune checkpoints [8]. Thus, the combination of high-
affinity hPD-L1 variants with either HATac-NYE molecule or DC vac-
cines is potential developments for cancer immunotherapy strategies.
Our results revealed that high-affinity hPD-L1 variants could be used to
blockade the PD-1 axis and improve tumor suppression by both HATac
and vaccines in vivo. These results provide the foundation for opti-
mizing clinical applications.

2. Materials and methods

2.1. Mice and cell lines

BALB/c mice (Female; 8 weeks old; 18 ± 2 g) were purchased from
Vital River Laboratories. NOD-SCID-B2mnull mice (Female; 8 weeks old;
20 ± 3 g) were purchased from the Model Animal Research Center of
Nanjing University. The CT26 cells were purchased from the Chinese
Academy of Sciences Shanghai Cell Resource Center. The Mel624 cells
(HLA-A*0201+NY-ESO-1+) were kindly provided by Prof. Cassian Yee
(MD Anderson Cancer Center, USA). The NCI-H1299 cells (HLA-
A*0201+NY-ESO-1+) were generated by transfecting NCI-H1299 cells
with HLA-A*0201, which were purchased from the Chinese Academy of
Sciences Shanghai Cell Resource Center. The cell lines were treated
with M-Plasmocin (Invivogen) for 1 week after resuscitation, cultured
continuously for less than 2 months, and authenticated for character-
istic markers and growth properties as described previously.
Mycoplasma testing was performed monthly using PCR. The tumor cell
lines were grown in Dulbecco's modified Eagle's medium (Gibco) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco)
at 37 °C in a humidified 5% CO2 incubator. Human peripheral blood
samples of anonymous healthy donors were obtained from the
Guangzhou Blood Center. Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Hypaque gradient centrifugation and main-
tained in RPMI-1640 medium (Gibco) supplemented with 10% FBS at

37 °C in a humidified 5% CO2 incubator.

2.2. Fluorescence-activated cell sorting (FACS)

Cell-surface staining and intracellular staining were executed as
previously described [12]. The experiments used the following re-
agents: Carboxyfluorescein diacetate succinimidyl ester (CFDA-SE;
Molecular Probes); antibodies specific for human CD3-FITC (Clone
UCHT1), PD-1-PE (Clone EH12.1), PD-L1-PE-CyTM7 (Clone MIH1), IFN-
γ-PE (Clone B27), IL-2-APC (Clone MQ1-17H12), CD25-PE (Clone M-
A251), CD107a-Alexa Fluor® 647 (Clone H4A3), active caspase-3-Alexa
Fluor® 647 (Clone C92-605); for mouse PD-L1-PE (Clone MIH5), PD-1-
PE (Clone J43). Non-reactive isotype matched antibodies served as
controls. All of the antibodies were purchased from BD Biosciences.
Fluorescence was evaluated by FACS analysis using BD Accuri™ C6
within 4 h after cell staining and the data were analyzed using FlowJo
software (Tree Star).

2.3. PD-L1-Fc and L3C7c-Fc proteins binding to PD-1 on cells confirmed by
competitive assays

The experiment was performed as previously described [12].
Briefly, human PBMCs and lymph node cells from BALB/c mice were
stimulated with phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich)
and ionomycin (Ion.; Sigma-Aldrich) for 24 h and 48 h. Human PBMCs
were simultaneously added with either hPD-L1-Fc or L3C7c-Fc at serial
concentrations (0.067 μM, 0.2 μM, 0.6 μM, 1.2 μM, 2.4 μM and 5.4 μM)
combined with anti-human PD-1-PE (5 μL; Clone EH12.1). The murine
lymph node cells were simultaneously supplemented with L3C7c-Fc
(0.8 μM) combined with anti-mouse PD-1-PE (4 μg/mL; Clone J43).
Fluorescence was evaluated by FACS.

2.4. Cell assays

Human PBMCs were co-cultured with either NCI-H1299 cells or
Mel624 cells in the presence or absence of HATac-NYE (1 nM) at the E:T
ratio of 5:1. For the lactate dehydrogenase (LDH) assay, as anti-PD-1
antibody at 10 μg/mL was reported to verify PD-1 axis blockade in vitro
[7,14], serial concentrations (5 μg/mL, 10 μg/mL and 20 μg/mL) of
hPD-L1-Fc, L3C7c-Fc, anti-PD1-Ab (Pembrolizumab; Supplemental
Fig. 1) prepared as reported [15] or IgG4 (Merck-Millipore) were added
and incubated for 24 h. The LDH release was tested using the CytoTox
96® non-radioactive cytotoxicity kit (Promega), and the percentage lysis
was calculated according to the manufacturer's instructions. For the
incucyte assay, 10 μg/mL of hPD-L1-Fc, L3C7c-Fc, Pembrolizumab or
IgG4 was added in the presence of YOYO®-3 Iodide (1:10000 dilution;
Invitrogen) for 72 h. Images were taken every 2 h, and the number of
apoptotic cells per mm2 was quantified using YOYO®-3 Iodide and the
IncuCyte ZOOM (Essen Bioscience) as previously described [16]. All
conditions were assayed in triplicate. The cells were incubated with
either hPD-L1-Fc (10 μg/mL) or L3C7c-Fc (10 μg/mL) for 8 h in the
active caspase 3 assay, and 24 h in the cytokines and active markers
assay by FACS. To analyze proliferation and IFN-γ secretion, the PBMCs
alone were stimulated using a combination of anti-CD3 Ab (Clone
OKT3; Biolegend) and anti-CD28 Ab (Clone CD28.2; Biolegend) in the
presence or absence of hPD-L1-Fc (20 μg/mL or 60 μg/mL), L3C7c-Fc
(20 μg/mL or 60 μg/mL) or Pembrolizumab (20 μg/mL or 60 μg/mL)
respectively as previously described [12].

2.5. Preparation of dendritic cell (DC) vaccine

Bone marrow mononuclear cells were isolated from BALB/c mice
and cultured at a density of 2×106 cells/mL in RPMI-1640 medium
supplemented with granulocyte-monocyte colony-stimulating factor
(50 ng/mL; PeproTech), interleukin 4 (25 ng/mL; PeproTech) and 10%
FBS at 37 °C in 5% CO2. The culture medium was renewed at day 3 and
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day 5. At day 5, immature DCs were pulsed with CT26 tumor lysate for
16 h, followed by the addition of tumor necrosis factor α (10 ng/mL;
PeproTech) for 48 h to induce DC maturation.

2.6. Treatment of CT26 cell-bearing BALB/c mice

BALB/c mice were housed under specific pathogen free conditions
in a 12 h light/dark cycle, and received general rodent diet and water.
All experiments were carried out in accordance with a protocol ap-
proved by IACUC (No. 2013001) and Animal Welfare Assurance (No.
A5748-01). On day 0, mice were subcutaneously implanted with
CT26 cells (5× 105/mouse). On day 7, tumor-burdened mice (n = 20)
were randomized into four groups using a Random Group Generator,
each of which contained five mice. Those groups were vehicle PBS, DC
vaccine, DC vaccine + L3C7c-Fc and DC vaccine + L3C7v-Fc. For all of
the groups except the vehicle group, the therapeutic DC (5 × 106/
mouse) were injected subcutaneously once, and L3C7c-Fc (10mg/kg)
and L3C7v-Fc (10mg/kg) were injected intraperitoneally every day for
11 days. Tumors were measured with callipers in two perpendicular
dimensions. Tumor volumes were calculated with the following for-
mula: volume mm3 = (length×width2)/2 [17]. After the final ad-
ministration, mice were maintained for 2 days, then anesthetized and
sacrificed.

2.7. Treatment of Mel624 cell-bearing NOD-SCID-B2mnull mice

The NOD-SCID-B2mnull mice were maintained under sterile en-
vironment-controlled conditions in a 12 h light/dark cycle and received
sterilized rodent diet and water. Daily observation was performed and
clinical signs were recorded. All experimental procedures were ap-
proved as described above. The mice were injected subcutaneously with
Mel624 cells (1× 106/mouse) at day 0. At day 9, mice (n=25) were
randomly grouped as above and injected intravenously with human
PBMCs (2×107/mouse, HLA-A*0201+). The groups were vehicle PBS,
HATac-NYE, HATac-NYE + Pembrolizumab, HATac-NYE + L3C7c-Fc
and HATac-NYE + hPD-L1-Fc. One hour after PBMCs being injected,
HATac-NYE (0.07 mg/kg), Pembrolizumab (10 mg/kg), L3C7c-Fc
(10 mg/kg) and hPD-L1-Fc (10 mg/kg) were administered in-
travenously in 100 μL PBS, and the vehicle group was administered
100 μL PBS. This was repeated every other day for 10 times. After the
final administration, the mice were maintained for 6 days, then an-
esthetized and sacrificed. The measurement and calculation of tumors
were as described above.

2.8. Statistical analysis

The statistical analysis and graphical presentations were computed
with GraphPad Prism V5.0 software (GraphPad Software Inc.). The data
were expressed as the mean ± SEM. Unpaired student's t-test was used
to determine the statistical significance between groups, with P < 0.05
being considered as significant (two-tailed). The size of the samples and
number of repetitions were given in the corresponding figure legends.

3. Results

3.1. Construction of high-affinity human PD-L1 variant L3C7c

The high-affinity variant called L3C7-hPD-L1 [12] was combined
with three mutations, F19W, I65F and Q66S, taken from other high-
affinity variants to generate a new molecule named L3C7c (Fig. 1A).
Surface plasmon resonance (SPR) assay showed that L3C7c had ∼167-
fold greater affinity for binding to hPD-1 than wild-type hPD-L1
(Fig. 1B). L3C7c-Fc demonstrated stronger hPD-1 specific binding than
hPD-L1-Fc in an ELISA assay (P < 0.001). However, hPD-L1-Fc and
L3C7c-Fc were both coated at similar densities, as an HRP-conjugated
anti-hIgG Fc antibody detected similar signals from both molecules

(Fig. 1C). The competitive binding analysis showed that L3C7c-Fc sig-
nificantly decreased the anti-hPD-1 antibody binding to hPD-1, which
was expressed on the surface of ∼34.4% of the T cells, in a dose-de-
pendent manner. The binding curves indicated that L3C7c-Fc had
greater potency than wild-type hPD-L1-Fc (Fig. 1D). These results
confirmed that the strength of L3C7c-Fc binding to hPD-1 was stronger
than that of hPD-L1-Fc. In addition, it has been shown that hPD-L1 can
bind murine PD-1 (mPD-1) with similar affinities as the murine coun-
terpart in vitro [18]. We observed that L3C7c-Fc (0.8 μM) competed
with anti-mPD-1 antibody binding to mPD-1 of murine lymph node
cells, significantly reducing the antibody staining signals (Fig. 1E and
F). Although we performed the selections using hPD-1 as the receptor,
the resultant hPD-L1 variant L3C7c-Fc could bind to mPD-1 specifically.

3.2. L3C7c-Fc promoted stimulated PBMC to proliferate and secrete IFN-γ

To reveal the effects of L3C7c-Fc on human PBMC proliferation and
IFN-γ secretion, we detected the CFDA-SE pre-stained PBMCs after anti-
CD3/CD28 stimulation with or without the presence of L3C7c-Fc, hPD-
L1-Fc, or Pembrolizumab respectively. Wild-type hPD-L1-Fc inhibited
the proliferation of the stimulated PBMCs in a dose-dependent manner.
However, Pembrolizumab and high-affinity variant L3C7c-Fc promoted
the proliferation of PBMCs at similar levels (Fig. 2A and B). On the
other hand, L3C7c-Fc and Pembrolizumab increased IFN-γ expressing
cell populations by ∼20% and ∼12.5% respectively, but the wild-type
hPD-L1-Fc did not (Fig. 2C and D). The new functional feature of
L3C7c-Fc, promoting PBMC IFN-γ secretion, was slightly superior to
those of Pembrolizumab. Our results demonstrated that, compared with
the wild type hPD-L1-Fc, L3C7c-Fc had the completely opposite effects
on the activated PBMCs.

3.3. L3C7c-Fc enhanced HATac-NYE redirected T cells to express active
and killing markers

As HATac-NYE redirected T cells expressed high levels of PD-1 while
killing cancer cells (Supplemental Fig. 2), and NCI-H1299 and
Mel624 cells both had stable and high expressions of membrane hPD-L1
(Supplemental Fig. 3), it is sensible to investigate the effects of L3C7c-
Fc on the bi-functional molecule, especially on the T cell killing and
activation markers. To compare wild-type hPD-L1 to high-affinity var-
iant L3C7c, the relevant marker expression status was investigated with
the aim of uncovering the mechanisms of L3C7c-Fc affecting HATac-
NYE redirected T cells. In the presence of L3C7c-Fc, the expression of
IL-2, CD25, IFN-γ, and cell membrane CD107a were increased by about
19.0%, 20.0%, 19.3%, and 49.6% respectively compared to HATac-NYE
alone (Fig. 3A, B, C, D and E). These results indicated the tendency to
enhance T cell proliferation [19], high-affinity IL-2R assembly [20], T
cell cytotoxicity [21], and degranulation [22]. L3C7c-Fc obviously
promoted all four markers more efficiently than hPD-L1-Fc (P < 0.05,
P < 0.01, P < 0.05, P < 0.001; Fig. 3E). Our results revealed that
L3C7c-Fc not only promoted T cells activation and proliferation, but
also increased the granule-dependent (perforin/granzyme) and in-
dependent (e.g. IFN-γ) activities of CTL. These elevated marker ex-
pressions would indicate the effects of L3C7c-Fc promoting HATac-NYE
redirected T cells to kill tumor cells.

3.4. L3C7c-Fc promoted HATac-NYE redirected tumor cell killing

It is well known that the ligation of PD-L1 to PD-1 induces T-cell
exhaustion, and that antibody blockade of the PD-1 axis can reverse this
effect and enhance anti-tumor immunity [6]. Therefore, we evaluated
the effects of L3C7c-Fc on PD-1 axis blockade as tumor cells being killed
by HATac-NYE redirected cytotoxicity. The LDH release results re-
vealed that L3C7c-Fc significantly helped HATac-NYE to induce PBMCs’
lysing of NCI-H1299 and Mel624 cells in a dose-dependent manner
(P < 0.05, P < 0.01; Fig. 4A). The L3C7c-Fc effects were slightly
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better than those of Pembrolizumab (Fig. 4A). Furthermore, the NCI-
H1299 and Mel624 cell lysis was monitored in real-time for 72 h with
an IncuCyte® zoom live cell analysis system. The intracellular insertion
of YOYO®-3 iodide was monitored during the increase of the cell
membrane permeability of apoptosis cells. After 72 h, the L3C7c-Fc at
10 μg/mL concentration increased the HATac-NYE redirected NCI-
H1299 and Mel624 cell killing by 21.4% (P=0.1334) and 66.9%
(P < 0.05) respectively, relative to the sample without the PD-1 axis
blockade (Fig. 4B). The L3C7c-Fc and Pembrolizumab demonstrated

similar effects in the IncuCyte® assay (Fig. 4B). In contrast, neither
L3C7c-Fc nor Pembrolizumab alone promoted the killing of cancer cells
by PBMC (Fig. 4A and B). As an important part of the CTL killing me-
chanisms, active caspase-3 is the chief executor of cell apoptosis [23].
In the presence of L3C7c-Fc (10 μg/mL), HATac-NYE-induced NCI-
H1299 intracellular active caspase-3 levels were significantly enhanced
by 53.4% (P < 0.05) over the sample without the reagent (Fig. 4C and
D). We also found that the isotype IgG4 and hPD-L1-Fc did not sig-
nificantly affect the death of the tumor cells, as indicated by the LDH

Fig. 1. Characteristics of L3C7c. (A) The amino acid sequences of hPD-L1 and its variant L3C7c. The mutated residues were shown in bold and the position at the
original sequence was numbered. (B) The strength of the interaction between hPD-L1 or its variant L3C7c and hPD-1 as analyzed by Biacore SPR. kon: association
kinetics; koff: dissociation kinetics; KD was a ratio of koff/kon; T1/2: retention half-life. (C) ELISA analysis of the structure of hPD-L1-Fc and L3C7c-Fc. Pre-coated hPD-
L1-Fc and L3C7c-Fc were incubated with HRP-conjugated anti-hIgG Fc antibody and hPD-1 followed with SA-HRP respectively. (D) The statistical analysis for the
competition hPD-1 binding assays of hPD-L1-Fc or L3C7c-Fc with anti-human PD-1-PE. The fluorescence signal of anti-human PD-1-PE was tested by FACS for human
PBMCs. The representative (E) and statistical (F) competition mPD-1 binding assays of L3C7c-Fc with anti-mouse PD-1-PE. The fluorescence signal of anti-mouse PD-
1-PE was tested by FACS for murine lymph node cells. Error bars indicated SEM (n=3). Unpaired student's t-test, ***P < 0.001; comparison was shown by brackets.
Each study was repeated twice.
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release (Fig. 4A), the ingestion of YOYO®-3 iodide (Fig. 4B), and the
intracellular active caspase-3 levels (Fig. 4C and D). These results de-
monstrated that the high-affinity hPD-L1 variant L3C7c-Fc, just like the
anti-PD-1 antibodies, can block PD-1 from binding PD-L1 and promote
HATac-NYE redirected tumor cell killing.

3.5. Therapeutic efficacy of L3C7c-Fc in the humanized tumor model

Given that L3C7c-Fc effectively promoted HATac-NYE redirected T
cells to kill tumor cells by antagonizing the PD-1 axis in vitro, we also
investigated the anti-tumor effect of L3C7c-Fc in vivo. On the day that
subcutaneously engrafted Mel624 tumors reached an average size of
∼40mm3, NOD-SCID-B2mnull humanized models were established by
injecting human PBMCs intravenously once to generate an immune
system response. The randomized treatment cohorts were given in-
travenous injections of PBS, HATac-NYE, HATac-NYE combined with
Pembrolizumab, L3C7c-Fc, and hPD-L1-Fc respectively. The treatment
was carried out every other day for 11 times (Fig. 5A). Supplemental
Fig. 4A showed the Mel624 tumor mass from an individual NOD-SCID-

B2mnull mouse during the treatment. As expected, the Mel624 tumors in
the PBS-treated mice grew rapidly (Fig. 5B and C). At the current set-
tings, a dose of 0.07mg/kg HATac-NYE alone only mildly inhibited
Mel624 tumor growth. When the HATac-NYE treatment was stopped,
the Mel624 tumor grew very fast and reached an average size equal to
that of PBS group during the final six days of observation (Fig. 5B and
C). However, with the assistance of L3C7c-Fc, the same doses of HATac-
NYE at least doubled the inhibition of the growth of Mel624 tumors
(P=0.092) (Fig. 5B and C). Comparing the effects of L3C7c-Fc and
Pembrolizumab, we found that both reagents had identical ability to
inhibit Mel624 tumor growth during the treatment. However, on the
sixth day after stopping treatment, a significant difference was found
between the L3C7c-Fc and Pembrolizumab treatment cohorts. At the
end of the experiment, the antibody-treated Mel624 tumor re-grew
rapidly and reached an average size only 21.5% smaller than that of the
cohort without the PD-1 blockade (P=0.453). However, 6 days after
the treatment was completed, the L3C7c-Fc-treated tumors showed no
further growth and were about 55% smaller than the Pembrolizumab-
treated groups (P < 0.01) (Fig. 5B and C). The hPD-L1-Fc made no

Fig. 2. Effects of L3C7c-Fc on PBMCs stimulated by combination of anti-CD3 and anti-CD28 antibodies. (A and C) The representative FACS data of proliferation (A)
over 6 days and IFN-γ secretion (C) over 2 days of PBMCs stimulated by anti-CD3 (OKT3) and anti-CD28 antibodies in the presence of hPD-L1-Fc, L3C7c-Fc or
Pembrolizumab respectively. (B and D) The statistical data of proliferation (B) and IFN-γ secretion (D) from (A) and (C) respectively. Error bars indicated SEM
(n=3). Each study was repeated twice.
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Fig. 3. Effects of L3C7c-Fc on the expression levels of active and killing markers of T cells stimulated by HATac-NYE. (A–D) The representative FACS data of the
secretion of IL-2 (A) and IFN-γ (C), and the expression of CD25 (B) and CD107a (D) on the membrane surface of T cells. PBMCs were co-cultured with NCI-H1299
cells in the presence of HATac-NYE (1 nM) combined with hPD-L1-Fc or L3C7c-Fc for 24 h. (E) The statistical analysis on the promotion rates from (A–D). The
analysis was to compare hPD-L1-Fc and L3C7c-Fc for increasing the expression of IL-2, CD25, IFN-γ and CD107a over the condition with just HATac-NYE to activate T
cells. Error bars indicated SEM (n=3). Unpaired student's t-test, *P < 0.05; **P < 0.01; ***P < 0.001; comparison was shown by brackets. Each study was
repeated twice.
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Fig. 4. Effects of L3C7c-Fc on HATac-NYE redirected T cells killing tumor cells. (A) The release of LDH from the co-culture system of NCI-H1299 cells or Mel624 cells
and PBMCs in the presence or absence of HATac-NYE (1 nM) combined with different concentrations (5 μg/mL, 10 μg/mL and 20 μg/mL) of hPD-L1-Fc, L3C7c-Fc,
Pembrolizumab or IgG4 for 24 h. (B) The intracellular fluorescence signals of YOYO®-3 iodide from NCI-H1299 cells or Mel624 cells co-cultured with PBMCs, which
were in the presence or absence of HATac-NYE (1 nM) combined with 10 μg/mL of hPD-L1-Fc, L3C7c-Fc, Pembrolizumab or isotype control antibody IgG4 for 72 h.
(C) The representative FACS data of the intracellular level of active caspase-3 from NCI-H1299 cells co-cultured with PBMCs, which were in the presence of HATac-
NYE (1 nM) combined with 10 μg/mL of hPD-L1-Fc or L3C7c-Fc for 8 h. (D) The statistical analysis was presented for the intracellular levels of active caspase-3. Error
bars indicate SEM (n=3). Unpaired student's t-test, *P < 0.05; **P < 0.01; comparison was shown by brackets. Each study was repeated twice.
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apparent difference to the HATac-NYE treatment (Fig. 5B and C). These
in vivo studies demonstrated that L3C7c-Fc promoted the immune
suppression of Mel624 tumors more effective than Pembrolizumab.

3.6. Therapeutic efficacy of L3C7v-Fc in immunocompetent mouse

The relation between the size of the fusion protein and its in vivo
efficacy for treating cancer is unclear, as in solid tumors the molecule
size determines the efficacy of the therapeutic reagents [10]. To address
this issue, we investigated the relation between molecular size and the
synergic function under the vaccine treatment that can significantly
control the growth of solid tumors [8]. The size of the L3C7c-Fc fusion
protein was reduced by truncating the hPD-L1 constant domain of
L3C7c. The new version of L3C7c-Fc, named L3C7v-Fc, had a molecular
weight of 75 KDa, which is three-quarters that of L3C7c-Fc (100 KDa)
(Supplemental Fig. 5). Analysis by competition assays showed no
change in the hPD-1 binding affinity of L3C7v-Fc (Supplemental Fig. 6).
In addition, compared to L3C7c-Fc, L3C7v-Fc had the same capacity for

Fig. 5. Effects of L3C7c-Fc on assisting HATac-NYE to inhibit Mel624 tumor
growth in NOD-SCID-B2mnull mice. (A) The schematic illustration of the ex-
perimental design. Treatments were initiated for all cohorts (n=5; number of
mice= 25) on day 9. The cohorts were vehicle (PBS), HATac-NYE (0.07mg/
kg), HATac-NYE (0.07mg/kg) combined with Pembrolizumab (10mg/kg),
hPD-L1-Fc (10mg/kg) or L3C7c-Fc (10mg/kg) respectively. (B) Summary data
for the average value of Mel624 tumor growth over the 35-day period of
treatment. (C) Summary data for the average value of Mel624 tumor growth of
treatment on day 35. Error bars represent SEM (n=5), unpaired student's t-
test, **P < 0.01; comparison was shown by brackets.

Fig. 6. Effects of hPD-L1 varaints on assisting DC vaccine to inhibit CT26 tumor
growth in syngeneic BALB/c models. (A) The schematic illustration of the ex-
perimental design. Treatments were initiated for all cohorts (n=5; number of
mice= 20) on day 7. The cohorts were vehicle (PBS), DC vaccine (once), DC
vaccine (once) combined with L3C7c-Fc (10mg/kg) or L3C7v-Fc (10mg/kg)
respectively. (B) Summary data for the average value of CT26 tumor growth
over the 19-day period of treatment. (C) Summary data for the average value of
CT26 tumor growth of treatment on day 19. Error bars represent SEM (n=5),
unpaired student's t-test, *P < 0.05; ***P < 0.001; comparison was shown by
brackets. This study was repeated once.
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promoting HATac-NYE redirected PBMCs to lyse NCI-H1299 and
Mel624 cancer cells in vitro (Supplemental Fig. 7). We engrafted im-
munocompetent BALB/c mice with syngeneic CT26 tumors that have
previously been shown to be responsive to PD-1 axis blockage [10] to
evaluate the in vivo anti-tumor roles of the high-affinity PD-L1 variants.
The treatment was initiated on day 7 post-engraftment after the tumors
reached an average mass of ∼100mm3. The randomized cohorts in-
cluded the administration of PBS, and the DC vaccine or DC vaccine
combined with L3C7c-Fc or L3C7v-Fc. The treatments with the reagents
were carried out every day for 11 days by intraperitoneal injection
(Fig. 6A). Supplemental Fig. 4B showed the growth of the engrafted
CT26 tumors in an individual BALB/c mouse over the whole treatment
period. The CT26 tumor growth was inhibited by the DC vaccine,
producing an average tumor volume of 614 ± 107.6 mm3, and the
inhibition rate was ∼55% of that of the PBS cohort, reaching a
1364 ± 1048.7 mm3 average volume (P=0.226) (Fig. 6B and C,
Supplemental Fig. 4C). L3C7c-Fc, which interacted with mPD-1
(Fig. 1E), helped the DC vaccine, resulting in an average tumor volume
of 453 ± 205.2mm3, which represented a further 26% inhibition rate
over the DC vaccine alone (P=0.2) (Fig. 6B and C, Supplemental
Fig. 4C). The L3C7v-Fc-DC vaccine cohort suppressed the tumor to an
average mass of 172 ± 120.7mm3, delivering a significant inhibition
rate of 72% over the single use of DC vaccine cohort (P < 0.001) and
∼62% over the combined use of L3C7c-Fc-DC vaccine (P < 0.05)
(Fig. 6B and C, Supplemental Fig. 4C). These in vivo studies demon-
strated that L3C7v-Fc more effectively helps the DC vaccine to inhibit
CT26 tumor growth than L3C7c-Fc.

4. Discussion

The anti-tumor immune responses mediated by T lymphocyte are
essential for eliminating primary tumors and controlling metastases
[24]. However, the immune checkpoint-related regulative mechanisms
of T cells can be hijacked by tumor cells, allowing them to escape im-
mune surveillance [1]. In a typical example, tumor cells up-regulate PD-
L1 to interact with PD-1 of infiltrated T cells that normally inhibit cy-
totoxicity [6]. This inhibitory function is mediated by SHP-2 (Src
homology 2 based tyrosine phosphatases) and SHP-1. These two mo-
lecules are recruited to the ITSM (immunoreceptor tyrosine-based
switch motif) in the PD-1 cytoplasmic tail to dephosphorylate T-cell
receptor proximal signaling molecules, including Lck (lymphocyte-
specific protein tyrosine kinase), ZAP-70 (ζ-associated protein of
70 kDa), PLC-γ1 (phospholipase C γ1) and PI3K (phosphatidylinositide
3-kinases) [25]. A pre-clinical study showed that blockading the PD-1
axis signaling by anti-PD-L1 antibodies enhanced T cells to secrete IFN-
γ and restored cell proliferation [8]. In clinical trials, immunotherapy
with anti-PD1 antibody produced cumulative patient response rates of
18% in NSCLC, 28% in melanoma, and 27% in renal cell carcinoma
[26]. As the strong checkpoint inhibitory effect is associated with low
affinity ligation of wild-type membrane-bound or soluble PD-L1 ecto-
domain to PD-1 on T cells [2,27,28], wild-type soluble PD-L1 has not
been considered as a therapeutic candidate for blockading the PD-1
axis.

We have previously confirmed the suppressive effects of wild-type
soluble PD-L1; however, the suppression was attenuated by alternating
PD-L1 residues at the PD-1-contacting interface, which resulted in en-
hanced receptor binding affinity [12]. To give soluble hPD-L1 the
ability to blockade the PD-1 axis, we generated a variant L3C7c with
∼167 fold greater affinity than the wild-type hPD-L1 molecule (Fig. 1A
and B). The potent PD-1 axis blockade molecule was constructed as an
L3C7c-Fc fusion protein (Fig. 1C). As expected, the L3C7c-Fc did not
have any inhibitory effect even at high concentrations. Unlike hPD-L1-
Fc, which suppressed T cells, L3C7c-Fc slightly increased proliferation
(Fig. 2A) and significantly enhanced the expression of IFN-γ (Fig. 2C)
when the T cells were activated by stimulating the first and second
signals. According to our previously reported results, it might be

resulted from that insufficient signals to ITSM were generated by re-
cruiting SHP-2 and SHP-1 through the high-affinity interaction of
L3C7c-Fc and hPD-1 on the T cells [12]. In addition, the ligation of PD-1
with L3C7c-Fc prevented the PD-L1 on the target cell from binding to
the PD-1 on the T cells. This should promote HATac-NYE redirected T
cells to activate and express the killing factors (IFN-γ and CD107a),
which could enhance HATac-NYE's ability to redirect T cells to kill
tumor cells in vitro and in vivo.

Diverse T-cell effector functions are regulated by differential
strengths of PD-1 signaling, which is determined by the amount of PD-1
expressed on the surface of T cells [29]. This suggests that each PD-L1-
bound PD-1 molecule delivers consistent and constant inhibitory signal,
which may explain why L3C7c-Fc and anti-PD-1 antibody (Pem-
brolizumab) restoring T-cell anti-tumor activity in vitro reached the
platform (Fig. 4A). Pembrolizumab blocks the interaction of hPD-1 and
hPD-L1 by competing with the interaction at the C′ strands of hPD-1
[30], resulting in the failure of the PD-1 signal. Based on our results, we
propose that, unlike soluble wild-type hPD-L1, PD-1 axis signals cannot
be generated while the high-affinity PD-L1 variant L3C7c-Fc binds hPD-
1 on T cells. These mechanisms allowed L3C7c-Fc and Pembrolizumab
to consistently reverse the exhausted T-cell functions in vitro and in vivo.
In contrast to the L3C7c-Fc-HATac-NYE combination, it was intriguing
that the therapeutic effect of Pembrolizumab-HATac-NYE declined ra-
pidly once the treatment was stopped in NOD-SCID-B2mnull mice. The
resultant Pembrolizumab-treated tumor was significantly larger than
that of L3C7c-Fc-treated samples on the day of anesthesia and execu-
tion. The mechanism that created this discrepancy is outside the scope
the current investigation, but should be examined in future studies.
However, we noted that the L3C7c-Fc function was clear but not sig-
nificantly better than the antibody in terms of promoting T cell pro-
liferation, IFN-γ expression, and cytotoxicity of Mel624 cells in vitro. For
the solid tumor, we believe that the tumor clearance requires a strong
force to swiftly overcome the tumor growth and to reduce the oppor-
tunity for the tumor to escape from the immune system's control. The
small advantage of L3C7c in proliferation, cytokine expression, and
cytotoxicity may play a big role in suppressing the tumor growth in the
current condition.

It is well known that the tissue permeability in a tumor micro-
environment is a very important factor in the success rates of the clinic
applications of reagents [10,31]. Smaller macromolecular reagents
achieve better tissue penetration [31]. A previous study found that the
tumor penetration of one PD-1 variant (HAC-PD-1) was more effective
than that of the anti-PD-L1 antibody, which had nearly twice the mo-
lecular weight. Due to its smaller size, HAC-PD-1 had a superior anti-
tumor effect in vivo than the antibody [10]. Our study showed that
compared to the L3C7c-Fc fusion protein, L3C7v-Fc had superior in vivo
efficacy with only a 25% smaller size of ∼75 kDa. Apart from the size
difference, we did not observe any functional difference between
L3C7c-Fc and L3C7v-Fc. Therefore, we believe that better penetration
may be the factor that makes the anti-tumor effect of L3C7v-Fc in sy-
nergizing DC vaccine significantly stronger than that of L3C7c-Fc
(Fig. 6B and C, Supplemental Fig. 4C).

In conclusion, this is the first study to show that the high-affinity
soluble hPD-L1 variant L3C7c can blockade the suppressive effect of the
hPD-1 axis. The penetration of the reagent may play an important role
in achieving optimal tumor therapeutic efficacy. Future studies are
needed to evaluate the potential of L3C7c-Fc and L3C7v-Fc as new kind
of cancer immunotherapy reagents.
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