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To direct checkpoint inhibition to the tumor microenvironment,
while avoiding systemic immune activation, we have synthesized
a bispecific antibody [norleucine4, D-Phe7]-melanocyte stimulating
hormone (NDP-MSH)-antiprogrammed cell death-ligand 1 antibody
(αPD-L1) by conjugating a melanocyte stimulating hormone (α-MSH)
analog to the antiprogrammed cell death-ligand 1 to (αPD-L1) antibody
avelumab. This bispecific antibody can bind to both the melanocortin-1
receptor (MC1R) and to PD-L1 expressed on melanoma cells and
shows enhanced specific antitumor efficacy in a syngeneic B16-SIY
melanoma mouse model compared with the parental antibody at a
5 mg/kg dose. Moreover, the bispecific antibody showed increased
infiltrated T cells in the tumor microenvironment. These results sug-
gest that a tumor-targeted PD-L1-blocking bispecific antibody could
have a therapeutic advantage in vivo, especially when used in com-
bination with other checkpoint inhibitors.
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Amajor focus of cancer drug development is the generation of
therapeutics that block immune escape by cancer cells. A

number of antibodies modulating immune checkpoints have
been approved as drugs (1–4). The anticytotoxic T lymphocyte
antigen-4 antibody ipilimumab was approved for the treatment
of melanoma in 2011 (5), and the antiprogrammed cell death-1
(PD-1) antibodies nivolumab and pembrolizumab were approved
for advanced melanoma and nonsmall cell lung cancer (NSCLC)
in 2014 (6–9), respectively. The clinical efficacy of these anti-
bodies is impressive—ipilimumab and pembrolizumab have raised
the 3-y survival of patients with melanoma to ∼70% and overall
survival (>5 y) to ∼30% (10).
However, the success of these therapies is somewhat damp-

ened by the lack of response in many patients. For example, in
advanced-stage NSCLC and SCLC, only 15–20% of patients
treated with PD-1 or PD-L1 targeted antibodies have effective
and durable responses (10, 11). To overcome these drawbacks,
several approaches have been pursued including combining 2
different immune checkpoint blocking antibodies to increase
response rates, and combining immunotherapy with chemo-
therapy or radiotherapy to enhance clinical efficacy (1–4, 12, 13).
However, current immune checkpoint inhibitors are not tumor
specific and induce systemic immune activation in other tissues
and organs (14, 15). Combination immunotherapies further
amplify these toxicities, e.g., treatment with a combination of
ipilimumab and nivolumab increased the occurrence of severe
side effects by 2- to 4-fold compared with the monotherapies
alone (16).
We hypothesized that targeted immunotherapy, i.e., in-

troduction of a tumor-specific targeting element into immune
checkpoint blockers, should decrease damage to normal tis-
sues caused by systemic immune responses, resulting in an
improved therapeutic index and facilitating combination
checkpoint therapies. In this study, we report the generation
and preliminary biological characterization of a melano-
cortin-1 receptor (MC1R) targeted αPD-L1 antibody. This
bispecific antibody binds tumor cells in a dual-targeting manner,
directing the antibody to melanoma cells while reversing immune

suppression in the tumor environment. Our in vivo results
demonstrate the potential utility of bispecific antibodies for the
tumor-targeted delivery of immune checkpoint blockers.

Results and Discussion
Construction of NDP-MSH-αPD-L1 Conjugate. As a marker of mela-
noma risk, MC1R is expressed at high levels in more than 80% of
human melanomas (17, 18). Over the years, radiolabeled α-MSH
(a natural ligand of MC1R) and its analogs have been used for
melanoma imaging and treatment (19–21). Therefore, we initially
selected α-MSH as a targeting agent, and conjugated α-MSH
analogs to the αPD-L1 monoclonal antibody avelumab (22). To
generate a bispecific antibody, a potent analog, [norleucine4,
D-Phe7]-melanocyte stimulating hormone (NDP-MSH), with a
PEG linker (azido-PEG24-SYS-Nle-EHfRWGKPV-CONH2,
Nle = norleucine, and f = D-form Phe) was synthesized (Fig. 1).
This biologically stable synthetic MSH analog was approved in
Europe in 2015 to prevent UV skin damage in people with
erythropoietic protoporphyria and has a higher binding affinity to
MC1R than α-MSH (0.67 ± 0.09 vs. 2.58 ± 0.33 nM), which helps
overcome in vivo competition by endogenous ligand (17, 20, 23).
This peptide showed high shelf stability and good biological
stability in vivo (24). A peptide with a similar but nonbinding
sequence was also synthesized and used as a control (NR, azido-
PEG24-SEGYHKSfRP-Nle-WV-CONH2). The human IgG1 αPD-L1
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antibody avelumab is human and mouse cross reactive (Kd = 0.3
and 1 nM, respectively) (25) and, therefore, was chosen as the
antibody backbone. Heavy and light chain genes of avelumab
were cloned into the pFuse vector and coexpressed by transient
transfection in FreeStyle 293F cells in a yield of 30 mg/L. SDS/
PAGE analysis revealed >90% purity (Fig. 2A). After reduction
by DTT, the light chain migrated at 25 kDa, and the heavy chain
migrated at 50 kDa matching the calculated molecular mass of
heavy and light chains.
The αPD-L1/NDP-MSH (NDP-MSH-αPD-L1) bispecific an-

tibody was generated by nonspecifically conjugating a NHS ester
of NDP-MSH to lysine residues of the αPD-L1 antibody by a
2-step ligation (Fig. 1). Briefly, NHS-bicyclo[6.1.0]non-4-yn-9-
ylmethyl (BCN) was conjugated to the primary amine of ex-
posed lysines of αPD-L1 antibody (1 mg/mL) in PBS at pH 8.3
for 1 h at room temperature to form stable amide bonds. After
removing unreacted NHS-BCN using a desalting column, the
BCN-conjugated αPD-L1 antibody (0.8 mg/mL) was then
reacted with azido-PEG24-NDP-MSH (or -NR) by a catalyst-
free “click reaction” in a 1:20 molar ratio at pH 7.0 and 37 °C
for 24 h. The product was purified by size-exclusion chroma-
tography to remove excess nonconjugated NDP-MSH peptide
(SI Appendix, Fig. S1). The antibody conjugates were analyzed
by SDS/PAGE under reducing and nonreducing conditions.

After reduction by DTT, the light chains migrated at 25–35
kDa, and the heavy chains migrated at 50–65 kDa in the form
of multiple bands with an ∼3 kDa increment between each
band (Fig. 2A). The antibody is 90% conjugated with stoi-
chiometries ranging from 1 to 8 MSH-peptide/antibody as
determined by mass spectrometry analysis with expected mo-
lecular weights. The average MSH LAR is about 3.5 based on
mass spectroscopy analysis (Fig. 2 B and C). The NR-αPD-L1
was generated and analyzed by the same methods. The overall
yields for the purified conjugated product range from 30 to
40%, and the conjugate can be concentrated to 12 mg/mL
without aggregation.

In Vitro Activities of NDP-MSH-αPD-L1 Conjugate. Next, we charac-
terized the binding of the conjugate to its respective receptors.
NDP-MSH-αPD-L1 and NR-αPD-L1 show nearly the same
binding affinity (EC50 = 0.17 ± 0.02 and 0.18 ± 0.01 nM, re-
spectively) to a human PD-L1 (extracellular domain)-Fc fu-
sion protein by ELISA as that of the αPD-L1 antibody alone
(EC50 = 0.19 ± 0.01 nM) (Fig. 3A). This result indicates that a
LAR = 3.5 does not significantly affect binding of the conju-
gated antibody to PD-L1. The binding of NDP-MSH-αPD-L1
to human MC1R was analyzed by cell surface ELISA with
a HEK293 cell line that overexpresses human MC1R (23).

Fig. 1. Synthesis of NDP-MSH-αPD-L1 antibody-peptide conjugate.

Fig. 2. Characterization of anti-PD-L1 antibody and antibody conjugates. (A) Characterization of anti-PD-L1 antibody, NDP-MSH-αPD-L1, and anti-PD-L1/NR
(NR-αPD-L1) conjugates with SDS/PAGE. Proteins were loaded with or without 50 μM DTT reduction. (B) The overall ligand-antibody ratio (LAR) for the MSH-
αPD-L1 conjugate was 3.5. The distribution of the conjugation sites of NDP-MSH-αPD-L1 was determined by mass spectrometry (MS). (C) Electrospray ioni-
zation–MS (ESI–MS) analysis of the molecular weight distribution of NDP-MSH-αPD-L1 and NR-αPD-L1 conjugates. The N-gylcans were removed by incubation
with PNGase F (Promega, PBS pH 7.4, 37 °C, and 12 h).
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NDP-MSH-αPD-L1 bound HEK293-MC1R cells in a dose-
dependent manner (EC50 = 1.72 ± 0.31 nM) (Fig. 3B), and
this specific binding was completed by a free MSH peptide
(Fig. 3C). The activities of the NDP-MSH-αPD-L1 conjugates
were also examined using HEK293 cells overexpressing
MC1R and carrying a cAMP response element (CRE) lucif-
erase (Luc) reporter. Cell surface MC1Rs were activated by
NDP-MSH-αPD-L1 dose dependently, and downstream signal
transduction was induced with an EC50 = 2.70 ± 1.03 nM (SI
Appendix, Fig. S2), similar to the value from the cell surface
ELISA. This result indicates that NDP-MSH-αPD-L1 can
activate MC1R with nanomolar potency, similar to that of
azido-PEG24-NDP-MSH (EC50 = 0.94 ± 0.11 nM) but less
than that of the NDP-MSH peptide (EC50 = 0.09 ± 0.02 nM)
in this cell-based reporter assay. Given the similar EC50s of
azido-PEG24-NDP-MSH and the antibody conjugate, this
reduced affinity to MC1R likely results from the linker at the
N terminus of NDP-MSH interfering to some degree with the
engagement of MC1R.
Avelumab is cross reactive with human and mouse PD-L1 and,

therefore, is suitable for both in vivo efficacy studies in syngeneic
mouse models and ultimately human clinical studies (26). Like-
wise, NDP-MSH binds to both human and mouse MC1R (20,
21). We further confirmed binding of the conjugate NDP-MSH-

αPD-L1 to mouse B16-SIYRYYGL (SIY) cells (a melanoma cell
line derived from B16) that highly express mouse PD-L1 and
MC1R. Incubation of 500 nM αPD-L1 with B16-SIY cells
resulted in a peak shift in flow cytometry analysis. Similar
binding was observed with NDP-MSH-αPD-L1 and NR-αPD-L1
(Fig. 3D). These results demonstrate that the bispecific conju-
gate can bind both MC1R and PD-L1 in vitro with good affinity
and suggests that the B16-SIY mouse melanoma model can be
used to investigate its efficacy.

Serum Stability and Pharmacokinetic Analysis of NDP-MSH-αPD-L1
Conjugate. The stability of NDP-MSH-αPD-L1 was examined in
freshly collected mouse serum. The concentration of the conju-
gated antibody was determined by ELISA using a PD-L1-
(extracellular domain)-Fc fusion antigen. During 72 h of
incubation, no significant degradation was observed (SI Appen-
dix, Fig. S3), suggesting that peptide conjugation does not reduce
the stability of the antibody in mouse serum. In addition, NDP-
MSH-αPD-L1 has a melting temperature at 64 °C in a thermal
stability assay, similar to that of αPD-L1 (SI Appendix, Fig. S4).
We next performed a pharmacokinetic (PK) analysis of NDP-
MSH-αPD-L1 in mice, analyzing plasma samples using the same
ELISA method described above in serum stability assay. NDP-
MSH-αPD-L1, NR-αPD-L1, and the αPD-L1 antibody show a

Fig. 3. In vitro activities of NDP-MSH-αPD-L1 conjugates. (A) Binding of NDP-MSH-αPD-L1, NR-αPD-L1, and αPD-L1 to Fc-fused human PD-L1 extracellular
domain was detected by a HRP-labeled polyclonal antihuman κ light chain antibody using an ELISA. Error bars represent SD of duplicate samples. (B) NDP-
MSH-αPD-L1 conjugates bound to the cell surface of HEK293-MC1R (MC1R+/PD-L1−) cells in a cell surface ELISA in a dose-dependent fashion. (C) The binding
of NDP-MSH-αPD-L1 (30 nM) to HEK293-MC1R cells was completed by free MSH peptide dose dependently. (D) NDP-MSH-αPD-L1 and control antibodies
bound to PD-L1 expressing murine melanoma cells B16-SIY (MC1R+/PD-L1+). Binding was detected by allophycocyanin labeled antihuman IgG secondary
antibody.
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similar PK profile after i.p. injection with terminal half-lives
ranging from 16 to 19 h (Fig. 4A). The PK profile is also simi-
lar to the results in previous studies of chimeric αPD-L1 anti-
bodies (27, 28).

In Vivo Efficacy of NDP-MSH-αPD-L1 Conjugate. A B16-F10 murine
melanoma-bearing model was utilized for the studies of MC1R-
targeted radiotherapies (29–31). B16-SIY cells were derived
from B16-F10 expressing an engineered model antigen SIY,
which are more immunogenic than B16 cells and responsive to
αPD-L1 treatment (32–34). Therefore, we chose B16-SIY cells
to develop a mouse MC1R+/PD-L1+ melanoma syngeneic model
and used it to compare the in vivo efficacy of αPD-L1, NR-αPD-
L1, and NDP-MSH-αPD-L1. Specifically, C57BL/6 mice were
s.c. inoculated with 1.5 × 106 B16-SIY tumor cells on day 0, and
treatment was initiated on day 5 post injection when the tumor
volume reached ∼100 mm3. Treatment consisted of 4 i.p. injec-
tions every 2 d. Groups of mice were treated at doses of 1 and
5 mg/kg for each construct (n = 10/group). The control group
was treated with saline only. As shown in Fig. 4B, treatment with
NDP-MSH-αPD-L1 exhibited a significant antitumor effect.
Mice treated with the 5 mg/kg dose of NDP-MSH-αPD-L1
exhibited a strong tumor growth inhibition (P < 0.05 on days
23). In the 5 mg/kg NDP-MSH-αPD-L1 treatment group, tumor
sizes in 80% of mice were under 500 mm3, and 20% of mice
showed tumor regression during the treatment time. In mice
treated with 1 mg/kg, tumor growth was slowed for the duration
of the treatment (SI Appendix, Fig. S5). In contrast, treatment of
mice with 5 mg/kg αPD-L1 antibody or NR-αPD-L1 showed no

significant antitumor effect beyond that observed with saline only
(P = 0.174 and 0.345, respectively, on day 23).
NDP-MSH itself is a potent MC1R agonist, which is known to

have proliferative effects on melanocytes and is, therefore, not
expected to have an antitumor effect itself (35). Consistent with
this notion, we showed that NDP-MSH-αPD-L1 did not exhibit
any significant growth inhibition or cytotoxicity effects on B16-
SIY cells in cultures where no immune cells were involved (SI
Appendix, Fig. S6). Even at 700 nM concentration, which is the
theoretical Cmax of a 4 mg/kg dose in mice, NDP-MSH-αPD-L1
did not exhibit any significant effects. Similar results were ob-
served for αPD-L1 and NR-αPD-L1. Puromycin was used as the
positive control in the experiments.
To gain a better understanding of how this bispecific antibody

reduced tumor load, we examined whether the number of mouse
T cells in the tumor environment correlated with tumor growth
inhibition by NDP-MSH-αPD-L1. Tumors were harvested on
day 23, and cells were isolated from solid tumors by enzymatic
digestion. The T cell population within the tumor was analyzed
by flow cytometry. After staining with a mouse CD3 surface
marker, the results confirmed that a significantly higher per-
centage of CD3+ T cells accumulated in tumor tissue after 5 mg/kg
NDP-MSH-αPD-L1 treatment (1.8 ± 1.9%) compared with groups
treated with αPD-L1 (0.45 ± 0.6%) antibody or NR-αPD-L1 (0.8 ±
0.46%) (Fig. 4C).

Conclusion
To summarize, we have synthesized a bispecific antibody NDP-
MSH-αPD-L1 by peptide-antibody conjugation to demonstrate

Fig. 4. Pharmacokinetics and in vivo efficacy of NDP-MSH-αPD-L1. (A) Pharmacokinetics of NDP-MSH-αPD-L1 and controls in the mouse. NDP-MSH-αPD-L1 in
PBS or controls was injected intraperitoneally into mice at 4 mg/kg (n = 3/group), and serum was isolated for determination of conjugate concentration.
Concentration vs. time curves were evaluated by noncompartmental analysis using WinNonlin. Values shown are averages of 3 mice in the group. t1/2, half-
life; tmax, maximum concentration time; Cmax, maximum concentration; AUC0→inf, area under the concentration–time curve extrapolated to infinity. (B) In vivo
efficacy of NDP-MSH-αPD-L1 in mouse B16-SIY melanoma syngeneic models (n = 10/group). The tumor was measured 3 times a week with calipers, and the
tumor volume was calculated. Each data point represents mean tumor volume of 10 mice in each group ± SD. Arrows indicate the time of drug injection.
P values < 0.05 compared with the control groups (saline) were considered significant. (C) Analysis of tumor infiltrating lymphocytes (TILs). C57BL/6 mice (n =
10/group) were injected with B16-SIY cells and treated with saline or αPD-L1-based drugs on days 5, 8, 11, and 14. On day 14, mouse TILs were harvested and
analyzed by flow cytometry with the CD3 cell surface marker. P values < 0.05 compared with the control groups (saline) were considered significant.
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the potential utility of tumor-targeted delivery of immune
checkpoint blockers. This bispecific antibody retains binding af-
finity to both MC1R and PD-L1 and displayed similar thermal
stability, serum stability, and PK properties to its parental αPD-
L1 antibody. We then examined its efficacy in an established
B16-SIY melanoma syngeneic mouse model where NDP-MSH-
αPD-L1 was shown to be more efficacious than either the αPD-
L1 antibody or the NR-αPD-L1. TILs analysis also revealed an
increase in the number of infiltrated T cells. Together, this paper
demonstrates that the incorporation of a targeting element into
an immune checkpoint blocking antibody can enhance antitumor
activity relative to antiimmune checkpoint therapy alone. Future
studies will focus on combining this bispecific antibody with
other checkpoint blockades, comparing the activity of these
conjugates with site-specific antibody conjugates, and assesing
the effects of the relative affinities of the αPD-L1 and MSH
components on efficacy.

Materials and Methods
Chemicals and Peptides. NDP-MSH-αPD-L1 with PEG linker (azido-PEG24-SYS-
Nle-EHfRWGKPV-CONH2) and NR-MSH with peptide PEG linker (NR, azido-
PEG24-SEGYHKSfRP-Nle-WV-CONH2) was synthetized by Innopep Inc.
(1R,8S,9s)-BCN-NHS was purchased from Sigma-Aldrich (Cat# 744867).

Cloning of Antibody Expression Vector. The genes encoding the αPD-L1 an-
tibody heavy chain and light chain variable regions were synthesized by IDT
(Coralville, IA) and amplified by PCR using PfuUltra II DNA polymerase
(Agilent Technologies, CA). The amplified PCR products were cloned to a
pFuse-hIgG1-Fc backbone vector (InvivoGen, CA) using a Gibson assembly kit
(NEB, MA). The sequences of the resulting mammalian expression vectors
were confirmed by DNA sequencing.

Antibody Expression and Purification. The expression vector containing the
heavy and light chains of the antibody were coexpressed by transient
transfection in FreeStyle 293-F cells (Thermo Fisher Scientific, IL), according to
the manufacturer’s protocol. After adding plasmid-293fectin mixture, cells in
flasks were shaken at 125 rpm in a 5% CO2 environment at 37 °C. Culture
medium containing secreted proteins was harvested and sterile filtered after
96 h. Antibodies were purified by Protein A chromatography (Thermo Fisher
Scientific, IL) and analyzed by SDS/PAGE gel and ESI-Q-TOF protein MS in the
presence and absence of DTT.

Generation of Antibody-Peptide Conjugates. NHS-BCN was reacted with pri-
mary amine of exposed lysines on the surface of the αPD-L1 antibody (1 mg/mL)
in slightly alkaline PBS conditions (pH 8.3) for 1 h at room temperature to
yield stable amide bonds. The NHS-BCN to αPD-L1 antibody molar ratio was
optimized at 40 to achieve the best conjugation yield. The reaction mix was
loaded onto a 40 K MWCO Spin Desalting Column (Thermofisher, Cat#
87766) to separate the BCN-conjugated αPD-L1 antibody from free NHS-
BCN. The BCN-conjugated αPD-L1 antibody (0.8 mg/mL) was then mixed
with azido-PEG24-NDP-MSH (or -NR) in a 1:20 molar ratio. This reaction
was carried on in PBS (pH 7.0) and 37 °C for 24 h during which the BCN
moiety was covalently ligated with the azido group on the peptide by
copper-free click chemistry with a conjugation efficiency >90% based on
MS analysis.

Purification and Characterization of Antibody-Peptide Conjugates. NDP-MSH-
αPD-L1 (or NR-) conjugates were purified by FPLC in PBS (pH 7.4) at a 0.4 mL/min
flow rate with a size-exclusion column (Superdex 200 10/300 GL, GE Healthcare). UV
absorbance at 280 nm was plotted vs. the elution time or elution volume. The LAR
was determined by ESI-Q-TOF protein MS.

Measurement of PD-L1 Binding Affinity of NDP-MSH-αPD-L1. A 100 ng/well
human PD-L1-Fc fusion (Sino Biological, China) was coated on 96-well ELISA
plates in PBS (pH 7.4) overnight at 4 °C, followed by blocking with 2% skim
milk in PBS (pH 7.4) for 1 h at 37 °C. After washing with 0.05% Tween-20 in
PBS, varied concentrations of NDP-MSH-αPD-L1/NR-αPD-L1/αPD-L1 were
added and incubated for 2 h at room temperature. A 1:2,000 diluted HRP-
labeled polyclonal antihuman κ light chain antibody (Thermo Fisher Scien-
tific, IL) was then added and incubated for 2 h at room temperature. After
washing, fluorescence was developed with a QuantaBlu fluorogenic perox-
idase substrate (Thermo Fisher Scientific, IL) and quantified using a

Spectramax fluorescence plate reader with excitation at 325 nm and emis-
sion at 420 nm. Data were plotted and analyzed in Graphpad Prizm by
nonlinear regression in the model of logarithm (agonist) vs. response.

Measurement of MC1R Binding Affinity of NDP-MSH-αPD-L1. HEK293 cells were
grown in DMEM with 10% FBS, 1% penicillin, and streptomycin. Cells were
transfected with plasmid containing the humanMC1R gene using lipofectamine
(Life Technologies, MD). The permanently transfected clonal cell line was
selected by resistance to G418. MC1R overexpressed cells were cultured on a
flat-bottom96-well plate (black) overnight to allow for attachment (2× 104/well).
After washing with PBS buffer, cells were fixed onto the bottom of wells by
spinning down and incubating in 8% paraformaldehyde for 15 min. Varied
concentrations of NDP-MSH-αPD-L1 or αPD-L1 were added for binding as-
says. For competition assays, 30 nM of NDP-MSH-αPD-L1 or αPD-L1 in the
presence of various concentrations of MSH was incubated with HEK293
MC1R cells. The other ELISA procedures were the same as those published by
Abcam (ICE, ab111542). For the final steps, HRP-labeled antihuman IgG (Fc)
antibody (ELITechGroup, Netherlands) was diluted 1:1,000 in blocking buffer
(PBS/5%BSA/0.1% Tween-20), and applied for 1 h followed by extensive
washing. QuantaBlu fluorogenic peroxidase substrate was then added, and
fluorescence signals were obtained as mentioned above.

In Vitro MC1R Activation Assay. HEK293 cells overexpressing a MC1R receptor
and a CRE-Luc reporter were grown in DMEMwith 10% FBS at 37 °C with 5%
CO2. Cells were seeded in 384-well plates at a density of 5,000 cells per well
and treated with various concentrations of conjugates or controls for 24 h at
37 °C with 5% CO2. Luminescence intensities were then measured using
One-Glo (Promega, WI) following the manufacturer’s instruction. Data were
plotted and analyzed in Graphpad Prizm by nonlinear regression in the
model of logarithm (agonist) vs. response.

Flow Cytometry Analysis of Binding to B16-SIY Cell Line. B16-SIY cells were
grown in DMEM with 10% FBS, 1% penicillin, and streptomycin. Before
analysis, cells were washed with cold PBS (pH7.4) 3 times, blocked with 2%
BSA in PBS, and incubated with 500 nM antibody for 1 h at 4 °C. After re-
moving the unbound antibody by washing with 2% BSA in PBS, cells were
resuspended with FITC antihuman IgG Fc (KPL, MD) for 1 h at 4 °C with
gentle mixing, followed by washing with 2% FBS in PBS and analyzed by a
LSR II flow cytometer equipped (Becton Dickinson, NJ). All results were
processed with FlowJo software (TreeStar, OR).

In Vivo Efficacy Study of NDP-MSH-αPD-L1 Conjugates. The efficacy study was
conducted with 6-wk-old female C57BL/6 mice (Jackson Laboratory, n = 10).
B16-SIY cells were engineered from melanoma cell line B16F10, a model
antigen SIY, which can be recognized by CD8+ T cells. A total of 1.5 × 106

B16-SIY melanoma cells were injected s.c. in the flank of each C57BL/6 mouse
on day 0. On day 5 post tumor inoculation, animals were sorted based on
tumor volume, and each mouse was dosed i.p. with antibodies or saline for 4
doses, spaced 3 d apart (day 5, day 8, day 11, and day 14) at 1 or 5 mg/kg.
Tumors were measured and recorded 3 times a week with calipers. Tumor
volume was calculated based on length × 1/2 (width)2. Mice were killed at
day 23 after tumor injection. Tumors were harvested for further analysis. All
procedures were reviewed and approved by the Laboratory Animal Center
of Peking University Shenzhen Graduate School, and were performed using
protocols in accordance with the relevant guidelines and regulations.

Analysis of Tumor Infiltrated T Lymphocytes. Tumor cell suspensions were
prepared from solid tumors by enzymatic digestion in HBSS (Thermo Fisher
Scientific, IL) containing 1mg/mL collagenase, 0.1 mg/mLDNase I, and 2.5 U/mL
of hyaluronidase with constant stirring for 2 h at room temperature. The
resulting suspension was passed through a 70 um cell strainer, washed
once with HBSS, and resuspended in PBS with 3% BSA to a concentration of
1 × 106 cells/mL for flow cytometric analysis. The frequency of CD3+ T cells
was determined by staining FITC-labeled antimouse CD3 antibody (eBio-
science, San Diego, CA). Cells were acquired using a LSR II flow cytometer
(Becton Dickinson, NJ) and analyzed with FlowJo software (TreeStar, OR). An
unpaired t test (2-tailed) was used to compare between 2 treatment groups.
All statistical evaluations of data were performed using Graph Pad Prism
software. Statistical significance was achieved at P values < 0.05.
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