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Abstract

CD40 is an immune costimulatory receptor expressed by
antigen-presenting cells. Agonistic anti-CD40 antibodies
have demonstrated considerable antitumor effects yet can
also elicit serious treatment-related adverse events, such as
liver toxicity, including in man. We engineered a variant that
binds extracellular matrix through a super-affinity peptide
derived from placenta growth factor-2 (PlGF-2123-144) to
enhance anti-CD40's effects when administered locally.
Peritumoral injection of PlGF-2123-144-anti-CD40 antibody
showed prolonged tissue retention at the injection site and
substantially decreased systemic exposure, resulting in
decreased liver toxicity. In four mouse tumor models,
PlGF-2123-144-anti-CD40 antibody demonstrated enhanced
antitumor efficacy compared with its unmodified form and
correlated with activated dendritic cells, B cells, and T cells

in the tumor and in the tumor-draining lymph node.
Moreover, in a genetically engineered BrafV600E bCatSTA

melanoma model that does not respond to checkpoint
inhibitors, PlGF-2123-144-anti-CD40 antibody treatment
enhanced T-cell infiltration into the tumors and slowed
tumor growth. Together, these results demonstrate the
marked therapeutic advantages of engineering matrix-bind-
ing domains onto agonistic anti-CD40 antibody as a ther-
apeutic given by tumori-regional injection for cancer
immunotherapy.

Implications: Extracellular matrix-binding peptide conjuga-
tion to agonistic anti-CD40 antibody enhances antitumor
efficacy and reduces treatment-related adverse events.
Mol Cancer Ther; 17(11); 2399–411. �2018 AACR.

Introduction
CD40 (TNF receptor superfamily 5: TNFRSF5) is a 48 kDa type I

transmembrane protein expressed by antigen-presenting cells
(APC; ref. 1). CD40 mediates an activation signal on APCs when
ligated by CD40L (CD154), expressed predominantly by activat-
ed helper T cells.

Agonistic antibodies against CD40 (aCD40) have been shown
to suppress tumor growth in both mouse models and clinical
trials (2–11). OnDCs, aCD40 increases cell-surface expression of
costimulatory andMHCmolecules and induces proinflammatory
cytokines, leading to enhanced B- andT-cell activation (2, 12–14).
aCD40 binding on follicular B cells induces proliferation, immu-

noglobulin class switching, and secretion of antitumor antibodies
(4, 15). B-cell depletion partially impairs the antitumor efficacy of
aCD40 treatment in murine malignant mesothelioma (4). On
tumor-associated macrophages, aCD40 treatment drives pheno-
type switching from M2 to M1 type, which is accompanied by
induction of cytotoxic T cell and natural killer (NK)-cell responses
against tumors (6, 7). Thus, aCD40 treatment can induce anti-
tumor effects through activation of several cell types, both directly
(APCs, including B cells) and indirectly (T cells, NK cells).

Several agonistic aCD40 antibodies have been developed for
human cancer immunotherapy (e.g., CP-870,893, dacetuzumu-
mab, ADC-1013, and Chi Lob 7/4) and have shown favorable
antitumor responses in melanoma, pancreatic carcinoma, meso-
thelioma, and lymphoma (1, 8, 9). However, much remains to be
improved with aCD40 therapy; for example, treatment-related
adverse events such as IL6 and TNFa cytokine release syndrome
and hepatotoxicity have been reported after aCD40 treatment in
the clinic (11), limiting the dosage of aCD40 treatment (1). To
address these issues, local injection of aCD40 such as intratu-
moral or peritumoral (p.t.) injection has been tested and has
shown higher antitumor efficacy compared with systemic injec-
tion (e.g., intravenous or intraperitoneal injection) in several
mouse tumor models (2, 16–18). On the basis of these results,
intratumoral injection of aCD40 (ADC-1013) is now being
explored in a clinical trial (19).

Immune checkpoint inhibitor (CPI) therapy such as CTL-asso-
ciated protein 4/programmed cell death 1 (CTLA4/PD-1) inhibi-
tion exhibits considerable antitumor activity in the clinic (20–22).
Because the main mechanism of CTLA4/PD-1 inhibition therapy
is antitumor T-cell activation, the success of CPI therapy is largely
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dependent on T-cell infiltration into the tumor (23, 24).However,
partially due to poor T-cell infiltration, a substantial number of
patients do not respond toCPI therapy. The response rates against
advanced melanoma for monotherapies range from 19% for
aCTLA4 (ipilimumab) to 44% for aPD-1 (nivolumab; ref. 25).
Therefore, the development of alternative strategies as mono- or
adjunctive therapies to enhance T-cell infiltration into tumors is
needed for tumor immunotherapy.

We have previously discovered that the heparin-binding
domain of placenta growth factor-2 (PlGF-2123-144) binds to
multiple extracellular matrix (ECM) proteins with particularly
high affinity of 1–10 nmol/L dissociation constant (Kd) values
(26), and we have developed PlGF-2123-144 peptide-conjugated
CPI antibodies [aCTLA4and anti-programmed cell death ligand1
(aPD-L1)] to enhance tissue retention at the local injection site
and decrease systemic antibody levels (27). This led to a marked
reduction in treatment-related adverse events, such as hepatotox-
icity and autoimmune diabetes development in mouse models.
The combination treatment of PlGF-2123-144-aCTLA4 and PlGF-
2123-144-aPD-L1 showed markedly higher antitumor efficacy
compared with their unmodified forms in mouse models of
melanoma and breast cancer.

Here, we hypothesized that aCD40 could also be rendered
more effective and safer in cancer immunotherapy by modifica-
tion with the ECM-binding property derived from PlGF-2123-144
peptide conjugation.Our objectivewas to develop an approach to
improve the antitumor effects of agonistic aCD40 immunother-
apy against both CPI-responsive and CPI-unresponsive tumors,
while reducing the treatment-related adverse events through
lowering systemic exposure to aCD40.

Materials and Methods
Synthesis of PlGF-2123-144-aCD40

The synthesis of PlGF-2123-144-aCD40 was performed as
described previously for PlGF-2123-144-aCTLA4 and PlGF-
2123-144-aPD-L1 (27). Rat anti-mouse CD40 (clone: FGK4.5,
BioXCell) was incubated with 15 eq. of sulfo-succinimidyl 4-
(N-maleimidomethyl) cyclohexane-1-carboxylate (sulfo-
SMCC) for 30 minutes at room temperature. Excess sulfo-
SMCC was removed using a Zeba spin desalting column
(Thermo Fisher Scientific). 15 eq. of PlGF-2123-144 peptide
(RRRPKGRGKRRREKQRPTDCHL) was then added and reacted
for 1 hour at room temperature for conjugation to the thiol
moiety on the C residue. The peptide had been synthesized
with >95% purity by Genscript.

SDS-PAGE
Characterization of peptide conjugation to aCD40 was per-

formed as described previously for PlGF-2123-144-rat IgG2a, for
example (27). SDS-PAGE was performed on 4%–20% gradient
gels (Bio-Rad) after aCD40 was reduced with 10 mmol/L DTT.
After electrophoresis, gels were stainedwith SimplyBlue SafeStain
(Thermo Fisher Scientific) according to the manufacturer's
instruction. Gel images were acquired with the ChemiDoc XRSþ
system (Bio-Rad).

Binding assay
Characterization of ECM protein affinity of PlGF-2123-144-

aCD40 was performed as described previously for PlGF-2123-
144-aCTLA4, for example, as in ref. 27. 96-well ELISA plates

(Greiner Bio One) were coated with 10 mg/mL recombinant
human ECM proteins, fibronectin (Sigma-Aldrich), vitronectin
(Sigma-Aldrich), collagen I (EMD Millipore), or with 1 mg/mL
recombinant mouse (rm) CD40 (Sino Biological) in PBS for 1
hour at 37�C, followed by blocking with 2% BSA in PBS with
0.05% Tween 20 (PBS-T) for 1 hour at room temperature. Then,
wells were washed with PBS-T and further incubated with PlGF-
2123-144- or unmodified aCD40 (10 mg/mL for ECM proteins) for
1 hour at room temperature. After three washes with PBS-T, wells
were incubated for 1 hour at room temperature with horseradish
peroxidase (HRP)-conjugated antibody against rat IgG (Jackson
ImmunoResearch). After washes, bound aCD40 was detected
with tetramethylbenzidine substrate by measurement of the
absorbance at 450 nm with subtraction of the signal at 570 nm.

Dendritic cell stimulation
Bone marrow cells from C57BL/6 mouse (Jackson Laborato-

ries) tibiae and femurs were expanded for 9 days with 20 ng/mL
GM-CSF (PeproTech), with freshmedium and cytokines added at
day 3 and 6. On day 9, cells were washed and resuspended on
nontissue culture-treated 96-well U-bottom plates, at 105 cells/
200 mL. The bonemarrow–derived DCs (BMDC) were stimulated
overnight in the presence of 1 mg/mL (or equimolar concentra-
tions) of rat IgG2a (BioLegend), aCD40, or aCD40 crosslinked
using rabbit anti-rat IgG (Fc specific, Sigma-Aldrich). The cross-
linking agent was mixed for 40 minutes at room temperature at a
2:1 molar ratio before being added to the culture media. Cells
were harvested for flow cytometric analysis. For immunostaining,
CD11c (HL3, BD Biosciences), CD80 (16-10A1, BD Biosciences),
CD86 (GL-1, BD Biosciences), MHCII (M5/114.15.2, BioLegend)
were used. DCs were gated as CD11cþMHCIIþ.

Mice and cell lines
Athymic nude (for imaging), C57BL/6 (for B16F10 melanoma

model), Balb/c (for CT26 colon carcinoma model), and FVB (for
MMTV-PyMT breast cancer model) mice, age 8–12 weeks, were
obtained from the Jackson Laboratories. Batf3�/� mice, age 8–12
weeks, were a kind gift from Dr. Justin Kline (University of
Chicago, Chicago, IL). Tyr:Cre-ERþ/LSL-BrafV600E/Ptenfl/fl bCatSTA

mice, age 6–12 weeks, were generated as reported previously and
bred at the animal facility of the University of Chicago (Chicago,
IL) according to the institutional guidance (28). Experimentswere
performed with approval from the Institutional Animal Care and
Use Committee of the University of Chicago (protocol number
72470). B16F10 cells and CT26 cells were obtained from the
ATCCwith cell authentication (cells were received as frozen stocks
in 2016 and used when passage number was from 5 to 25) and
cultured according to the instructions. MMTV-PyMT cells were
obtained from spontaneously developed breast cancer in FVB-Tg
(MMTV-PyVT) transgenic mice (polyomamiddle T antigen onco-
gene expression was induced by mouse mammary tumor virus
promotor) in our laboratory and cultured in vitro in 2015 and then
kept as a frozen stock. All cell lines used in this studywere checked
for mycoplasma contamination by IMPACT I pathogen test
(IDEXX BioResearch) within one year before starting experiments
and were kept frozen before their use.

aCD40 skin retention analysis
aCD40 was fluorescently labeled using sulfo-Cyanine 7

NHS ester (Lumiprobe) according to the manufacturer's
instruction. PlGF-2123-144 peptide that is labeled with Cyanine
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7 in its N-terminus was chemically synthesized with >90%
purity by Thermo Fisher Scientific. Cyanine 7–labeled PlGF-
2123-144 was conjugated to aCD40 as described above. Athymic
nude mice were injected with 40 mg of PlGF-2123-144- or
unmodified Cyanine 7–labeled aCD40 intradermally (i.d.).
Mice were imaged every 24 hours after injection with a Xenogen
IVIS Imaging System 100 (Xenogen) under the following con-
ditions: f/stop: 2; optical filter excitation 710 nm; excitation
780 nm; exposure time: 1 sec; small binning.

Antibody concentration analysis
Measurement of antibody concentration in circulation was

performed as described previously (27). A total of 5 � 105

B16F10 melanoma cells were injected intradermally on the left
side of the back of each 12-week-oldC57BL/6mouse. After 4 days,
mice were injected with 50 mg of aCD40 peri-tumorally (p.t.).
Blood samples were collected in tubes on days 4 (4 hours after
aCD40 injection on this postinoculation day), 6, and 8 days after
tumor inoculation. Concentrations of aCD40 in serum were
measured by ELISA as described above.

Serum cytokine concentration analysis
Serum cytokine concentrations were measured as described

previously (27). A total of 5 � 105 B16F10 melanoma cells were
injected intradermally on the left side of the back of each 12-week-
oldC57BL/6mouse. After 4days,mice received twodoses of 50mg
aCD40. On day 4 (4 hours after aCD40 injection), 5, 6, and 8,
blood samples were collected in tubes, followed by overnight
incubation at 4�C. Cytokine concentrations in serum were mea-
sured by Ready-SET-Go! ELISA kits (eBioscience) according to the
manufacturer's protocol.

ALT activity analysis
Serum alanine aminotransferase (ALT) activity was measured

as described previously (27). B16F10 tumor–bearing mice
received 50 mg aCD40 injection, 4 days after tumor inoculation.
On day 5, 7, and 9, blood samples were collected in tubes,
followed by >4-hour incubation at 4�C. ALT activity in serum
was measured by ALT Assay Kit (Sigma-Aldrich) according to the
manufacturer's protocol.

Histology
Liver histology was performed as described previously (27).

B16F10 tumor–bearing mice received 50 mg aCD40 injection, 4
days after tumor inoculation. 7 days after tumor inoculation,
livers were collected and fixed with 2% paraformaldehyde. After
embedding in paraffin, blocks were cut into 5-mm sections,
followed by staining with hematoxylin and eosin. Images were
captured with an EVOS FL Auto microscope (Life Technologies).

RNA extraction and gene expression analysis of CD40
Lymph node (LN) cells and hepatocytes were freshly isolated

from C57BL/6 mice as previously described (29, 30). Total RNA
was extracted from lymph node cells and hepatocytes using the
RNeasy Micro Kit isolation protocol (Qiagen) according to man-
ufacturer's instructions. cDNA was obtained by RT-PCR of total
RNA performed using the SuperScript III First Strand Synthesis
SuperMix (Life Technologies) following manufacturer's instruc-
tions. Gene expression analysis was performed by TaqMan gene
expression assays specific for CD40 (Mm00441891_m1) and
b-Actin (Mm01268569_m1; Life Technologies) in a LightCycler

96 System (Roche). Relative gene expression was quantified using
the formula (gene expression fold change) ¼ 2(Cq Actin–Cq CD40)

with b-Actin as reference gene.

Antitumor efficacy of aCD40 on B16F10 melanoma
Antitumor efficacy in the B16F10 melanoma model was per-

formed as described previously (27). A total of 5 � 105 B16F10
cells re-suspended in 50 mL of PBS were inoculated intradermally
on the left side of the back of each C57BL/6 mouse or Batf3�/�

mouse. After 4 days, mice were injected with 10 mg or 50 mg of
aCD40 p.t. For distant tumor experiments, 5 � 105 B16F10 cells
were injected intradermally on the left and right sides of the back
of each mouse on day 0. On day 4, mice were injected with 50 mg
ofaCD40p.t. beside only the left tumor. For combination therapy
with CPI, 100 mg each of rat anti-mouse PD-L1 (clone: 10F.9G2,
Bio X Cell) and hamster anti-mouse CTLA4 (clone: 9H10, Bio X
Cell) antibodies were used. Tumors were measured with a digital
caliper starting 4 days after first tumor inoculation, and volumes
were calculated as ellipsoids, where V ¼ 4/3 � 3.14 � depth/2 �
width/2� height/2. Mice were sacrificed at the point when either
tumor volume had reached over 500 mm3.

Antitumor efficacy of aCD40 on CT26 colon carcinoma
A total of 5 � 105 CT26 colon carcinoma cells resuspended in

50 mL of PBS were inoculated intradermally on the left side of the
back of each Balb/c mouse. After 5 days, mice were injected with
10 mg of aCD40 intradermally p.t. Tumors were measured with a
digital caliper starting 5 days after tumor inoculation as described
above. Mice were sacrificed at the point when either tumor
volume had reached over 500 mm3.

Antitumor efficacy of aCD40 on MMTV-PyMT breast cancer
Antitumor efficacy in the MMTV-PyMT breast cancer model

was performed as described previously (27). A total of 8 � 105

MMTV-PyMT cells resuspended in 50 mL of PBS were injected
subcutaneously into the mammary fat pad on the right side of
each FVB mouse. After 7 days, mice were injected with 50 mg of
aCD40 p.t. Tumors were measured with a digital caliper as
described above. Mice were sacrificed when tumor volume
reached over 500 mm3.

Tissue and cell preparation and T-cell subset analysis
T-cell phenotyping in tumor, spleen, and lymph node tissue

was performed as described previously (27). A total of 5 � 105

B16F10 melanoma cells were injected intradermally on the left
side of the back of each C57BL/6 mouse. After 4 and 7 days, mice
were injectedwith 50mg ofaCD40p.t.Micewere sacrificedonday
8. Spleens, LNs, and tumorswere harvested. Tumorswere digested
in DMEM supplemented with 2% FBS, 2 mg/mL collagenase D,
and 40 mg/mLDNase I (Roche) for 30minutes at 37�C. Single-cell
suspensions were obtained by gently disrupting the tissues
through a 70-mm cell strainer. Red blood cells were lysed with
ACK lysing buffer (Quality Biologicals). Cells were counted and
resuspended in Iscove's modified Dulbecco's medium (IMDM)
supplemented with 10% FBS and 1% penicillin/streptomycin
(full medium; all from Life Technologies) and used for flow
cytometry staining.

Flow cytometry and antibodies
Flow cytometry was performed as described previously (27).

Single-cell suspensions from spleens, td-LNs, and tumors were
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prepared as described above. Following a washing step, approx-
imately 2� 106 cells were used for antibody staining. Antibodies
were purchased from BD Biosciences if not otherwise indicated:
CD3 (145-2C11), CD4 (RM4-5), CD8a (53–6.7), CD11c (HL3),
CD25 (M-A251), CD44 (IM7), CD45 (30-F11), CD62L (MEL-
14), CD86 (GL-1), F4/80 (T45-2342), Foxp3 (MF23), NK1.1
(PK136), MHCII (M5/114.15.2, BioLegend), PD-1 (29F.1A12,
BioLegend). Fixable live/dead cell discrimination was performed
using Fixable Viability Dye eFluor 455 (eBioscience) according to
themanufacturer's instructions. Stainingwas carried out on ice for
20 minutes if not indicated otherwise, and intracellular staining
was performed using the Foxp3-staining kit according to manu-
facturer's instructions (BioLegend). Following a washing step,
cells were stained with specific antibodies for 20 minutes on ice
prior to fixation. All flow cytometric analyses were done using a
Fortessa (BD Biosciences) flow cytometer and analyzed using
FlowJo software (FlowJo, LLC.).

Endogenous antibody detection
B16F10 tumor–bearingmice received 10mgaCD40 injection, 4

days after tumor inoculation. On day 11, blood plasma samples
were collected in heparinized tubes. B16F10 cells were incubated
with 10% plasma in PBS from treated mice (day 11) for 60
minutes at 4�C, washed twice with PBS, and then incubated with
Alexa Fluor-647–labeled rat anti-mouse-IgG (Jackson Immunor-
esearch) for 30minutes at 4�C. After cells were washed in PBS, the
mean fluorescence intensity was analyzed using a Fortessa
cytometer.

Tyr:Cre-ERþ/LSL-BrafV600E/Ptenfl/fl bCatSTA melanoma
induction and antibody injection

Six- to 12-week-old Tyr:Cre-ERþ/LSL-BrafV600E/Ptenfl/fl

bCatSTA mice were shaved on the back and 5 mL of 4-OH-
tamoxifen (Sigma-Aldrich) at 10 mg/mL was applied topically,
as described previously (28). Right after the visible tumor
development (day 0) and again on day 7, mice were injected
with 10 mg of aCD40 p.t. Volume was calculated as volume ¼
surface � Z, where surface is computed through ImageJ analysis
and Z is the thickness of the tumor, measured with a digital
caliper. Mice were sacrificed at the point when tumor volume
had reached over 1,000 mm3.

Analysis of tumor-infiltrating T-cell density
After euthanasia of a tumor-bearing mouse, part of the tumor

was fixed with zinc fixative. Histologic analysis was performed
on serial sections (7-mm frozen sections) from the central
portion of the melanoma. Cryosections blocked with 2% BSA
in tris-buffered saline with TBS-T, were incubated with hamster
anti-mouse anti-CD31 antibody (2H8, Abcam), rabbit anti-
mouse anti-CD3 antibody (SP7, Abcam), and rat anti-mouse
anti-CD8 antibody (53-6.7, BioLegend). After washing with
TBS-T, sections were incubated with Alexa Fluor 488–conju-
gated anti-hamster antibody, Alexa Fluor 594–conjugated anti-
rabbit antibody or Alexa Fluor 647-conjugated anti-rat anti-
body (Jackson ImmunoResearch) for 1 hour at room temper-
ature. Images were taken with IX83 microscope (Olympus).
After images were taken, the number of tumor-infiltrating
CD8þ T cells was counted using ImageJ software. Tumor-infil-
trating CD8þ T cells were defined as double-positive (coloca-
lization) for CD8 and CD3, excluding the cells that are within

the CD31þ vessels. Intratumoral area was identified and cal-
culated using bright-field images.

Statistical analysis
Multiple batches of PlGF-2123-144-aCD40 were synthesized by

multiple individuals, and tumor treatments were performed by
multiple individuals to ensure reproducibility. For animal studies,
mice were randomized into treatment groups within a cage
immediately before the first aCD40 injection and treated in the
sameway. Statistically significant differences between experimen-
tal groups were determined using Prism software (v7, GraphPad).
Statistical analyses were done using one-way ANOVA followed by
Tukey HSD post hoc test. For single comparisons, a two-tailed
Student t test was used. Survival curves were analyzed by using the
log-rank (Mantel–Cox) test. All experiments are replicated at least
twice. The symbols � and �� indicate P values less than 0.05 and
0.01, respectively; N.S., not significant.

Results
PlGF-2123-144 peptide conjugation enhances ECM binding and
prolongs tissue retention of aCD40

We first characterized and validated the ECM-binding proper-
ties of PlGF-2123-144-aCD40 in vitro. SDS-PAGE revealed that the
molecular weights of both the light and heavy chains of aCD40
were increased. Indeed,wehave previously reported that around6
PlGF-2123-144 peptides are crosslinked to 1 IgG under these
reaction conditions (Fig. 1A; ref. 27). PlGF-2123-144-aCD40 was
shown to bind to fibronectin, vitronectin, and collagen I, tested as
major ECM proteins (Fig. 1B). In comparison, unmodified
aCD40 did not bind to the tested ECM proteins. PlGF-2123-144-
aCD40 recognized recombinant mouse CD40 with a similar Kd

value as the unmodified antibody (Fig. 1C). These data show that
PlGF-2123-144 modification of aCD40 led to strong ECM binding
without impairing its antigen recognition. It has been reported
that engagement of Fc-receptor by aCD40 (specifically, Fc-cross-
linking toaCD40) is required for optimal activation ofAPCs (31).
Interestingly, PlGF-2123-144 conjugation had greater activation of
DCs compared with its unmodified form, even when it was not
crosslinked, suggesting that PlGF-2123-144 conjugation improves
APC activation by acting to positively influence Fc crosslinking as
well (Supplementary Fig. S1).

Next, we examined the tissue retention capacity of
PlGF-2123-144-aCD40. Using in vivo imaging analysis, we could
still detect that PlGF-2123-144-aCD40was retained at the injection
site long-term through binding to endogenous ECM molecules.
The signal of PlGF-2123-144-aCD40was detectable at the injection
site for 96 hours after injection, whereas the signal of unmodified
aCD40 became very low after 48 hours from injection. This data
show that PlGF-2123-144 conjugation enhanced retention of
aCD40 at the tissue injection site (Fig. 1D).

PlGF-2123-144 conjugation lowers aCD40 systemic exposure
and prevents treatment-related adverse events

Because PlGF-2123-144-aCD40 showed prolonged retention at
the injection site, we hypothesized that the concentration of the
injected PlGF-2123-144-aCD40 in blood serum would be lower
comparedwith unmodifiedaCD40, due to retention in the tumor
injection site. We measured aCD40 concentrations in blood
serum over time after a single p.t. administration (50 mg) of
aCD40 in B16F10 tumors 4 days after inoculation. The concen-
tration of PlGF-2123-144-aCD40 in blood serum was lower
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Figure 1.

PlGF-2123-144-conjugated aCD40 binds to ECM proteins and shows prolonged injection-site tissue retention. A, PlGF-2123-144- and unmodified aCD40 were analyzed
by SDS-PAGE under reducing conditions with coomassie blue staining. B, PlGF-2123-144- and unmodified aCD40-binding affinities to fibronectin, vitronectin and
collagen I were measured by ELISA. A450 nm represents absorbance at 450 nm. BSA served as a negative control (n ¼ 6, mean � SD). C, PlGF-2123-144- and
unmodified aCD40-binding affinities to recombinant mouse CD40 was measured by ELISA. A450 nm represents absorbance at 450 nm (n ¼ 4, mean � SD).
D, Skin tissue retention of PlGF-2123-144-aCD40was tested in the in vivo imaging system. Cyanine 7–labeled PlGF-2123-144- and unmodifiedaCD40were injected in the
back skin of athymic nude mice, followed by imaging every 24 hours. The graph represents a time profile of quantification of signal intensity by performing
a region-of-interest (ROI) analysis. Fluorescence intensity by measuring the ROI was normalized by initial fluorescence intensity (n ¼ 5, mean � SEM). Two
experimental replicates. Statistical analyses were done using a two-tailed Student t test. �� , P < 0.01.
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Figure 2.

PlGF-2123-144 conjugation reduces systemic exposure to aCD40 and treatment-related toxicity. 5� 105 B16F10 cells were inoculated on day 0. PlGF-2123-144-aCD40
(50 mg), aCD40, or PBS was administered on day 4 p.t. A, Blood serum was collected on day 4 (4 hours after injection), 6, and 8. The concentration of aCD40
in blood serum was determined by ELISA (n ¼ 6, mean� SEM). B and C, Concentrations of IL6 and TNFa in blood serum were measured by ELISA (n ¼ 6, mean�
SEM). D, ALT levels in serum were measured (n ¼ 9–14, mean � SEM). E, Histologic liver sections 3 days after p.t. injection of 50 mg PlGF-2123-144-aCD40,
aCD40, or PBS. Scale bar, 400 mm. Representative sections of groups of 3mice. Statistical analyseswere done usingANOVAwith Tukey test using the values of each
day. Two experimental replicates. � , P < 0.05; �� , P < 0.01; N.S. ¼ not significant.
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compared with aCD40 at all time points. This lower systemic
exposure suggests that PlGF-2123-144 conjugation might decrease
systemic toxicity of aCD40.

Next, treatment-related adverse events were examined. aCD40
was injected p.t. 4 days after B16F10 tumor inoculation, then
blood serum was collected. Unmodified aCD40 administration
significantly increased both IL6 and TNFa concentrations in
serum, whereas PlGF-2123-144-aCD40 did not (Fig. 2B and C).
Hepatotoxicity was investigated by measuring a clinically used
liver damage marker, ALT activity. Unmodified aCD40 increased
ALT activity levels compared with the PBS-treated group, but
PlGF-2123-144-aCD40 did not (Fig. 2D). In addition, histologic
analysis of the liver showed that aCD40 induced marked mor-
phologic changes, as evidenced by hepatic necrosis and leukocyte
infiltration (Fig. 2E). In contrast, no necrotic regions were
observed after PlGF-2123-144-aCD40 treatment, although some
perivascular lymphocytic infiltration was still observed. mRNA of
CD40 was not detected in hepatocytes (Supplementary Fig. S2),
consistent with an immunologic rather than direct mechanism of
hepatotoxicity (32). Taken together, these results indicate that
PlGF-2123-144 conjugation reduces the systemic toxicity ofaCD40,
likely through reduction of systemic exposure.

PlGF-2123-144-aCD40 showed higher antitumor efficacy in
multiple tumor models compared with unmodified aCD40

aCD40 administration has been tested at different doses in the
clinic (9, 12, 16, 33). Thus, we tested the antitumor efficacy of

PlGF-2123-144-aCD40 treatment at different doses in multiple
mouse models that demonstrate T-cell infiltration and thus are
to an extent responsive to CPI. Four days after B16F10 cell
inoculation, aCD40 (10 or 50 mg/injection) was administered
p.t. At the dose of 10 mg/injection, PlGF-2123-144-aCD40 treat-
ment statistically significantly slowed tumor growth, whereas
unmodified aCD40 did not show an antitumor effect (Fig.
3A). With an increased dose (50 mg/injection), unmodified
aCD40 significantly slowed tumor growth and PlGF-2123-144-
aCD40 induced an even smaller tumor size, significantly more
so than the unmodified antibody (Fig. 3B). Next, we investi-
gated antitumor efficacy against CT26 colon carcinoma (Fig.
3C). Five days after CT26 cells were inoculated, aCD40 was
administered at 10 mg/injection p.t. PlGF-2123-144-aCD40 treat-
ment statistically significantly slowed tumor growth, whereas
unmodified aCD40 did not show an antitumor effect (Fig. 3C).
Similarly, we examined the antitumor activity of PlGF-2123-144-
aCD40 in the MMTV-PyMT genetically engineered breast can-
cer model (34) and found that p.t. administration of PlGF-2123-
144-aCD40 (50 mg/injection) again suppressed tumor growth
significantly stronger than its unmodified form (Fig. 3D). PlGF-
2123-144-aCD40 administration induced eradication of tumors
in 2 of 9 mice; unmodified aCD40 treatment eradicated tumors
in 1 of 8 mice. These data indicated that local treatment with
PlGF-2123-144-aCD40 exhibits superior antitumor efficacy com-
pared with local treatment with its unmodified form in mul-
tiple tumor types.

Figure 3.

PlGF-2123-144-aCD40 suppresses growth ofmultiple tumors compared with unmodifiedaCD40.A andB,A total of 5� 105 B16F10melanoma cells were inoculated in
the back skin on day 0. Tenmicrograms (A) or 50 mg (B) of PlGF-2123-144-aCD40, aCD40, or PBSwas administered on day 4 (A; n¼ 8–9, B; n¼ 8–9). C,A total of 5�
105 CT26 colon carcinoma cells were inoculated in the back skin on day 0. 10 mg of PlGF-2123-144-aCD40, aCD40, or PBS was administered on day 5 (n ¼ 6–7).
D, A total of 8 � 105 MMTV-PyMT breast cancer cells were inoculated into the right mammary fat pad. Fifty micrograms of PlGF-2123-144-aCD40, aCD40, or PBS
was administered on day 7 (n ¼ 7–9). Antibody was injected p.t. The graph depicts tumor volume until the first mouse in each group died. Tumor
volumes are presented as mean � SEM. Statistical analyses were done using ANOVA with Tukey test or Student t test. �� , P < 0.01; � , P < 0.05.
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PlGF-2123-144-aCD40 treatment effectively activates T cells, B
cells, and DCs within the tumors and td-LNs

To investigate themechanisms behind the therapeutic action of
PlGF-2123-144-aCD40 treatment, T cell and APC responses were
analyzed in B16F10 tumor–bearing mice. 50 mg aCD40 was
injected p.t. on day 4 after tumor inoculation. On day 9, leuko-
cytes were extracted from the tumors and td-LNs. The frequency
of DCs as a percentage of CD45þ cells within the tumor was
slightly decreased by unmodified aCD40 treatment (Fig. 4A).
Both PlGF-2123-144-aCD40 and unmodified aCD40 significantly
increased the frequency of CD11cþ DCs in the td-LN (Fig. 4B).
Both PlGF-2123-144-aCD40 and unmodified aCD40 treatments
significantly decreased the frequency of MHCIIHighCD86þ of
CD11cþ DCs in the tumor while increasing them in td-LNs,
indicating the maturation of CD11cþ DCs (Fig. 4C). Similarly,
the frequency of MHCIIHighCD86þ within F4/80þ macrophages
was significantly decreased in the tumor while being significantly
increased in td-LNs by both PlGF-2123-144-aCD40 and unmod-
ified aCD40 treatments, suggesting that aCD40 treatments
induced activation of macrophages (Fig. 4E and F).

Regarding T cells, PlGF-2123-144-aCD40 treatment significantly
increased the frequency of CD8þCD3þ T cells of CD45þ cells
within the tumor compared with the PBS-treated group, while
unmodified aCD40 treatment did not (Fig. 4G). PlGF-2123-144-
aCD40 treatment significantly increased the frequency of the
effector population (defined as CD62L�CD44þ) of CD8þCD3þ

T cells within the tumor compared with the PBS-treated and
unmodified aCD40-treated groups, indicating higher activation
ofCD8þT cells (Fig. 4H).Neither unmodified- nor PlGF-2123-144–
conjugated aCD40 treatments altered the frequency of
CD4þCD3þ T cells of CD45þ cells (Fig. 4I). The frequency of
CD25þFoxp3þ Treg population of CD4þCD3þ T cells within the
tumorwasmaintained in all treatment groups (Fig. 4J). Therefore,
PlGF-2123-144-aCD40 treatment significantly increased the ratio
of effector CD8þ T-cell/Treg cell numbers within the tumor
compared with PBS and unmodified aCD40 treatment groups
(Fig. 4K). Unmodified aCD40 treatment slightly decreased the
frequency of PD-1þ of CD8þCD3þ T cells within the tumor
compared with the PBS-treated group (Fig. 4L), consistent with
previous research showing that aCD40 treatment reverses PD-1þ

exhausted tumor-infiltrated T cells into active cells (35).
In terms of B-cell activation, we analyzed the tumor and blood

on day 11. The frequency of MHCIIHighCD86þ within B cells was
significantly enhanced by PlGF-2123-144-aCD40 both in the
tumor and td-LNs, whereas aCD40 treatment increased the
frequency of MHCIIHighCD86þ within B cells only in the td-LNs
(Fig. 4M and N). This data suggests that PlGF-2123-144-aCD40
treatment induced activation of B cells. Crucially, PlGF-2123-144-
aCD40 treatment, but not unmodified aCD40 treatment, signif-
icantly increased induction of endogenous cell surface–binding

antibodies against B16F10 cells (Fig. 4O), suggesting the B-cell–
mediated antitumor mechanism as well.

The frequency of NK cells was maintained between all treat-
ment groups within the tumor (Supplementary Fig. S3A).
Unmodified aCD40 treatment slightly increased the frequency
of NK cells in td-LNs (Supplementary Fig. S3B).

Collectively, PlGF-2123-144-aCD40 treatment effectively acti-
vated T cells, DCs, B cells, and macrophages in the tumor
or td-LNs, consistent with the increased therapeutic effects
reported in Fig. 3.

PlGF-2123-144-aCD40 treatment induces systemic antitumor
immunity through CD8þ T-cell priming

The increase of mature APCs and activated CD8þ T cells after
PlGF-2123-144-aCD40 treatment led us to investigate whether
PlGF-2123-144-aCD40 could mediate antitumor responses in a
distant tumor when administrated to one tumor locally.
B16F10 cells were inoculated both in the left and in the right
back of mice on day 0 (Fig. 5A). Subsequently, the aCD40 (50
mg/injection) forms were injected p.t. beside only the left tumor
on day 4. The p.t. injection of PlGF-2123-144-aCD40 slowed the
outgrowth of both the left (ipsilateral) and right (contralateral)
tumors; unmodified aCD40 did so as well, but to a significantly
lesser extent. These data indicate that local PlGF-2123-144-
aCD40 treatment near one tumor enhances a systemic antitu-
mor immunologic activity capable of reducing tumor growth
systemically.

To investigate whether the antitumor effect of PlGF-2123-144-
aCD40 treatment is dependent on CD103þ DCs or CD8aþ

DCs, we have employed Batf3 gene knockout mice. Batf3, a
basic leucine zipper transcription factor, is essential for the
development of cross-presenting DCs such as CD103þ DCs and
of CD8aþ DCs (36–38). In Batf3�/� mice, the absence of these
cross-presenting DCs severely compromises the cross-priming
of CD8þ T cells (39). Four days after B16F10 cell inoculation in
Batf3�/� mice, PlGF-2123-144-aCD40 (10 mg/injection) was
administered p.t., as we have treated wild-type C57BL6 mice
in Fig. 3A. Contrary to wild-type mice, PlGF-2123-144-aCD40
treatment did not slow B16F10 tumor growth in Batf3�/� mice
(Fig. 5B). These data suggest that the CD103þ DC- or CD8aþ

DC-mediated cross-priming of CD8þ T cells plays a crucial role
in the antitumor effect of PlGF-2123-144-aCD40 treatment in
B16F10 melanoma model.

To investigate the synergistic action between PlGF-2123-144-
aCD40 and CPI, we then treated B16F10melanoma with aCD40
and CPI in combination. Peritumoral injection of CPI (unmod-
ified aPD-L1 and aCTLA-4) did not show a significant antitumor
effect in combination with unmodified aCD40, whereas CPI
significantly suppressed tumor growth in combination with
PlGF-2123-144-aCD40 (Fig. 5C). These data show that CPI and

Figure 4.
PlGF-2123-144-aCD40 treatment activates T cells, B cells, DCs, and macrophages within tumor. A total of 5 � 105 B16F10 cells were inoculated on day 0. 50 mg of
PlGF-2123-144-aCD40, aCD40, or PBS was administered on day 4. aCD40 was injected p.t. A–L, Tumor and td-LNs were taken on day 9, followed by flow cytometric
analysis. Graphs depict the % of A, CD11cþDCs of CD45þ lymphocytes within tumor. B, CD11cþDCs of CD45þ lymphocytes within td-LNs. C,MHCIIHighCD86þ cells of
CD11cþ DCs within tumor. D, MHCIIHighCD86þ cells of CD11cþ DCs within td-LNs. E, MHCIIHighCD86þ cells of F4/80þ macrophages within tumor. F, MHCIIHighCD86þ

cells of F4/80þ macrophages within td-LNs. G, CD8þCD3þ T cells of CD45þ lymphocytes within tumor. H, CD62L�CD44þ effector cells of CD8þCD3þ T cells within
tumor. I, CD4þCD3þ T cells of CD45þ lymphocytes within tumor. J, CD25þFoxp3þ Treg cells of CD4þCD3þ T cells within tumor. K, The cell number ratio of
CD62L�CD44þCD8þCD3þ effector T cells/CD25þFoxp3þCD4þCD3þ Treg cells within tumor. L, PD-1þ cells of CD8þCD3þ T cells within tumor. M–O, Tumor, td-LN,
and blood plasma were taken on day 11. M, MHCIIHighCD86þ cells of B220þ B cells within tumor. N, MHCIIHighCD86þ cells of B220þ B cells within td-LN.
O,Mean fluorescence intensity by flow cytometry of endogenous anti-B16F10 cells antibodies. Bars represent mean� SEM. Two experimental replicates. Statistical
analyses were done using ANOVA with Tukey's test. � , P < 0.05; �� , P < 0.01.
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PlGF-2123-144-aCD40 synergistically show an antitumor effect,
probably through CD8þ T cells.

PlGF-2123-144-aCD40 treatment slows the growth of b-catenin–
expressing genetically engineered primary melanomas

Our data demonstrated that PlGF-2123-144-aCD40 treatment
induces CD8þ T-cell infiltration in the B16F10 tumor (Fig. 4). We
hypothesized that PlGF-2123-144-aCD40 treatment may show
antitumor efficacy against tumors with reduced T-cell infiltration,
which are thus unresponsive to CPI therapy, through converting
T-cell noninflamed tumors into inflamed tumors. To test this, we
have employed Tyr:Cre-ERþ/LSL-BrafV600E/Ptenfl/fl bCatSTA mice,
which are genetically engineeredwith Cre-inducible expression of
active B-Raf and biallelic deletion of PTEN, commonly altered
molecular pathways in humanmelanoma, with inducible expres-
sion of stabilized b-catenin (28). b-Catenin pathway expression
hasbeen shown to reduce infiltrationofCD103þDCs, resulting in
few T cells within the tumor microenvironment and unrespon-
siveness to CPI therapy (28). After tumor induction via local
application of 4-OH-tamoxifen, unmodified or PlGF-2123-144-
aCD40 was administered via p.t. injection. Notably, p.t. admin-
istration of unmodified aCD40 slowed the growth of this tumor
(Fig. 6A). More importantly, p.t. administration of PlGF-2123-144-
aCD40 treatment slowed tumor growth compared with PBS- and
unmodified aCD40-treated groups (Fig. 6A). PlGF-2123-144-

aCD40 treatment, but not aCD40 treatment prolonged survival
(Fig. 6B).

Because PlGF-2123-144-aCD40 treatment increased the frequen-
cy of CD8þ T cells within B16F10melanoma (Fig. 4G) and CD8þ

T cells are indispensable for antitumor effect by PlGF-2123-144-
aCD40 treatment (Figs. 3A and 5B), we analyzed the number of
T cells in the Tyr:Cre-ERþ/LSL-BrafV600E/Ptenfl/fl bCatSTA tumors
(Fig. 6D). PlGF-2123-144-aCD40 treatment statistically significant-
ly increased the frequency of CD8þ T cells within tumor micro-
environment compared with PBS treatment and unmodified
aCD40 treatment. These data demonstrate that PlGF-2123-144-
aCD40 treatment shows an antitumor effect even within a CPI-
unresponsive tumor, more so than with the unmodified aCD40,
consistent with the elevation of activated T cells observed in the
B16F10 model.

Discussion
aCD40 as a cancer immunotherapeutic is associated with

adverse events that limit the dosages of aCD40 that can be safely
used in the clinic (11, 40). In this study, the incidence of such
adverse events was reduced by PlGF-2123-144 conjugation to
aCD40 when it was administered p.t., similarly to our previous
observation with PlGF-2123-144–conjugated CPI antibodies (27).
PlGF-2123-144-aCD40, which remains localized near the tumor

Figure 5.

PlGF-2123-144-aCD40 treatment induces systemic antitumor immunity.A, 5� 105 B16F10 cellswere inoculated intradermally onday0both in the left and right sides of
mouse back skin. 50 mg of PlGF-2123-144-aCD40,aCD40, or PBSwas administered on day4. P.t. injectionswere performed only beside the left tumor, but not the right
tumor. Tumor volumes of the tumor on the left back and the tumor on the right back were measured (n ¼ 9, mean � SEM). B, 5 � 105 B16F10 melanoma
cells were inoculated in the back skin of Batf3�/� mice on day 0. 10 mg of PlGF-2123-144-aCD40 or PBS was administered on day 4. Tumor volumes are presented as
mean� SEM (n¼ 9). C, 5� 105 B16F10 cells were inoculated intradermally on day 0 in themouse back skin. 10 mg of PlGF-2123-144-aCD40 or aCD40 and CPI (aPD-L1
and aCTLA4, 100 mg each, unmodified) were administered p.t. on day 5. Tumor volumes of the tumor were measured (n ¼ 8-10, mean � SEM). Two
experimental replicates. Statistical analyses were done using ANOVA with Tukey's test or Student's t-test. � , P < 0.05; �� , P < 0.01; N.S. ¼ not significant.
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tissue injection site, should more closely maintain normal sys-
temic immune homeostasis by avoiding influences on non-
tumor antigen-specific T or B cells and reducing influences on
myeloid cells resident in the liver (32). It is likely that the lower
hepatotoxicity and systemic cytokine release observed after PlGF-
2123-144-aCD40 administration was due to this reduction in
systemic exposure. Notably, PlGF-2123-144 conjugation may even
allow decreases in the administered dose, as tumor growth delay
was shown at low local dosages, where unmodified aCD40 had
no effect. These data suggest the possibility of treating patients
who have discontinued therapy because of such adverse events, as
well as who are not amenable to systemic therapy.

Of particular interest to us was the observation that aCD40
treatment suppressed the growth of Tyr:Cre-ERþ/LSL-BrafV600E/
Ptenfl/fl bCatSTA melanoma, a CPI therapy unresponsive tumor
(28). There are considerable numbers of patients who do not
respond to CPI therapy, mainly because of low T-cell infiltration
(22). In the clinic, 48% of non-T-cell–infiltrated melanomas
reportedly show active b-catenin signaling (28). Development
of a treatment strategy that shows efficacy in a corresponding
genetically engineered mouse tumor model would suggest the
possibility of benefit for these patients. Our data show that PlGF-
2123-144-aCD40 treatment induced T cell infiltration into the Tyr:
Cre-ERþ/LSL-BrafV600E/Ptenfl/fl bCatSTA melanoma tumor micro-
environment. Given our observations of statistically elevated
CD8þ T-cell numbers in tumors of PlGF-2123-144-aCD40–treated
animals, and given the lack of response to therapy in CD103þ/
CD8aþ DC–negative Batf3�/� mice, we conclude that induction
of antigen-specific CD8þ T-cell response through cross-presenta-
tion of tumor antigen drives the antitumor response more effi-
ciently with PlGF-2123-144-aCD40 treatment than with unmod-
ified aCD40 treatment.

Our localized therapy also suppressed growth of a tumor
contralateral to the injection site, which is consistent with earlier
observations of induction of systemic immunity (2, 41–43),
although here through local action. Our data suggests the feasi-
bility of treating patients with PlGF-2123-144-aCD40 by injecting

one accessible tumor site in metastatic disease. With the low
concentration of PlGF-2123-144-aCD40 in the blood combined
with the increase in activated CD8þ T cells in the tumor and the
increase in induced antitumor cell antibody levels in the blood,
the mechanism of action in a distant tumor is likely due to
effective tumor antigen-specific immune cell activation, through
which CTLs and antitumor cell antibodies are disseminated
systemically, rather than by leakage of PlGF-2123-144-aCD40
from one tumor to the other. Unmodified aCD40 distributed
systemically via p.t. administration did not significantly suppress
B16F10 tumor growth as much as PlGF-2123-144-aCD40. Because
PlGF-2123-144-aCD40 treatment activated CD11cþ DCs, macro-
phages and B cells in the td-LNs, we suppose that effective
activation of antitumor B cells and T cells through p.t. injection
of aCD40 led to suppressed tumor outgrowth in both ipsilateral
and contralateral tumors.

Local cancer immunotherapy has been tested in the clinic for
melanoma, colorectal cancer, and lymphoma, exhibiting equiv-
alent or higher antitumor efficacy compared with systemic
administration of therapeutics (2, 17, 41–45). In a mouse
model of colon carcinoma and thymoma, local administration
of aCD40 with slow-release formulations (e.g., microparticle
polymer, liposome and montanide oil emulsion) has enabled
the use of lower doses of antibody, while maintaining or
enhancing antitumor efficacy (2, 17, 46). In our study, we have
rather explored a molecular engineering approach to improve
the antitumor effects of aCD40 even more, by PlGF-2123-144
peptide conjugation, to thus employ the tumor stroma or the
peritumoral stroma as a depot for antibody retention. We show
favorable effects both on efficacy and safety when injected p.t.
in multiple tumor models.

In conclusion, we found that local injection of an ECM-binding
variant of aCD40 has higher antitumor activity compared with
its unmodified form, when administered p.t. Conjugation of
PlGF-2123-144 provided injection-site tissue retention of aCD40.
A clear reduction in systemic side effects was demonstrated,
associated with lower aCD40 concentrations in the systemic

Figure 6.

PlGF-2123-144-aCD40 treatment shows antitumor activity against b-catenin-expressing genetically engineered primary melanomas. Tyr:Cre-ERþ/LSL-BrafV600E/
Ptenfl/fl bCatSTA mice received 50 mg of 4-OH-tamoxifen on their back skin to induce melanoma development. Day 0 is defined as the time point when
tumors first become visible. PlGF-2123-144-aCD40,aCD40, or PBSwas injected p.t. on days 0 and 7.aCD40was injected at 10 mg of each/injection.A, Tumor sizes are
shown (n ¼ 6, mean � SEM). B, Survival rates are shown (n ¼ 6). C, The density of CD8þCD3þ T cells in the Tyr:Cre-ERþ/LSL-BrafV600E/Ptenfl/fl bCatSTA tumor
is shown (mean � SEM). 3–4 fields of images per tumor were taken, and the average T-cell density was calculated. Two experimental replicates. Statistical
analyses were done using ANOVA with Tukey's test. For single comparisons, a two-tailed Student's t-test was used. Log-rank (Mantel-Cox) test for survival curves.
� , P < 0.05; �� , P < 0.01.
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circulation, including reduced cytokine release syndrome and
reduced hepatotoxicity. Peritumoral injection of PlGF-2123-144-
aCD40 alters the tumor microenvironment and significantly
activates APCs (withCD103þ andor CD8aþDCs being essential),
resulting in delayed tumor growth and prolonged survival, in
addition to synergy with CPI therapy. This localized therapy also
suppressed growth of a distant tumor. Importantly, favorable
efficacy in a CPI-resistant melanoma model was observed;
PlGF-2123-144-aCD40 treatment enhanced T-cell tumor-infiltra-
tion into this otherwise non-T-cell–inflamed tumor. This simple
approach of engineering ECM-binding character intoaCD40may
hold potential for clinical translation of aCD40 for localized
delivery as a cancer immunotherapeutic.
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