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a b s t r a c t
Vaccination with tumor-associated antigens can induce cancer-speciﬁc CD8+ T cells. A recent improvement has been the targeting of antigen to dendritic cells (DC) using antibodies that bind DC surface
molecules. This study explored the use of multi-trimers of CD40L to target the gp100 melanoma tumor
antigen to DC. The spontaneously-multimerizing gene Surfactant Protein D (SPD) was used to fuse gp100
tumor antigen and CD40L, creating the recombinant protein SPD-gp100-CD40L. This “third generation”
DC-targeting vaccine was designed to both target antigen to DC and optimally activate dendritic cells
by aggregating CD40 trimers on the DC membrane surface. SPD-gp100-CD40L expressed as a 110 kDa
protein. Analytical light scattering analysis gave elution data corresponding to 4-trimer and multi-trimer
SPD-gp100-CD40L oligomers. The protein was biologically active on dendritic cells and induced CD40mediated NF-B signaling. DNA vaccination with SPD-gp100-CD40L plasmid, together with plasmids
encoding IL-12p70 and GM-CSF, signiﬁcantly enhanced survival and inhibited tumor growth in a B16-F10
melanoma model. Expression of gp100 and SPD-CD40L as separate molecules did not enhance survival,
highlighting the requirement to encode gp100 within SPD-CD40L for optimal vaccine activity. These data
support a model where DNA vaccination with SPD-gp100-CD40L targets gp100 to DC in situ, induces
activation of these DC, and generates a protective anti-tumor response when given in combination with
IL-12p70 and GM-CSF plasmids.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Cancer vaccination has attracted renewed attention as a therapy for the treatment of tumor growth and metastasis. The use of
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Tumor Associated Antigens (TAA) is particularly promising. Therapeutic effects speciﬁc to cancer cells can be generated through
the careful selection of TAA preferentially expressed on tumor
cells [1,2]. In particular, it has been reported that DNA vaccination
using an exogenous plasmid encoding TAA can induce cancerspeciﬁc cytotoxic T lymphocytes (CTL) with antitumor activity [3,4].
However, optimal CTL activity requires that the antigen be selectively and efﬁciently presented by antigen presenting cells (APC).
APC, including dendritic cells (DC), are critical for the initiation,
programming and regulation of anti-cancer immunity [5]. One
approach to increase DNA vaccine efﬁcacy is to encode molecular adjuvants within the vaccine. Previous studies have evaluated
a number of molecular adjuvants including cytokines/chemokines
as well as members of the TNF superfamily of ligands [6,7]. Of particular interest is the TNFSFL molecule CD40L, the cognate ligand
for CD40, which is involved in DC activation.
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Melanoma-speciﬁc antigen gp100 is known to induce antigp100 immune responses and suppress melanoma tumor growth
in DNA and viral vector vaccine models [8]. However, adjuvants
encoded in the vaccine may further enhance the immune response
to gp100. As important, targeting of tumor antigens directly to
DC using the DC receptor DEC-205 has previously been shown
to increase immune responses [9]. Similarly, it has also been
shown that delivery of antigens to DC via CD40 can enhance crosspresentation of antigen to CD8+ T cells via MHC I [10,11].
CD40L stimulation induces the production of IL-12p70 and other
cytokines by DC [12] and enhances the differentiation of effector T
cells [13]. Based on previously published data [14,15] a 4-trimer
secreted soluble form of CD40L has been shown to be particularly
effective as a DNA vaccine adjuvant. Surfactant Protein D (SPD) was
used as a scaffold to generate the 4-trimer CD40L complex. SPD is a
member of the collectin family that spontaneously trimerizes and
forms disulﬁde bonds to generate a four-trimer oligomer [16].
In addition to CD40L, other adjuvants previously tested in
cancer vaccine models include GM-CSF and IL-12p70. Systemic coadministration of IL-12p70 [17] or GM-CSF [18] has been shown
to induce antitumor immunity. Studies have also evaluated these
cytokines as DNA-encoded adjuvants for DNA vaccines, where they
have shown modest efﬁcacy [19,20].
In the present study, a fusion protein (SPD-gp100-CD40L) was
generated encoding the murine CD40L extracellular domain fused
to the collagen-like domain of murine SPD, with gp100 antigen
inserted within the SPD coding region. We reasoned that these
soluble CD40L multi-trimers would deliver gp100 to DC while
simultaneously activating the DC, thereby inducing an enhanced
anti-tumor CD8+T cell response. As we report, SPD-gp100-CD40L
protein was stable, formed large polymeric complexes, and was
biologically active on DC, suggesting proper assembly of CD40L
trimers. Co-delivery of SPD-gp100-CD40L, GM-CSF, and IL-12p70
plasmids by intramuscular injection enhanced survival of mice
challenged with B16-F10 melanoma, and signiﬁcantly suppressed
tumor growth. This response was not observed with any other
vaccine combination, and was not observed when gp100 and SPDCD40L were delivered as separate molecules, with or without the
addition of GM-CSF and IL-12p70. Overall, these data support a
model whereby SPD-gp100-CD40L targets gp100 antigen to DC
in situ, activates these DC via CD40 stimulation, and induces an
immune response that, when augmented with GM-CSF and IL12p70, controls tumor growth and enhances survival in a murine
B16-F10 tumor model.

2. Materials and methods
2.1. Construction and preparation of DNA plasmids
Plasmid encoding human glycoprotein 100 (pgp100) was a gift
of Dr. Patrick Hwu [21]. Plasmid encoding murine SPD-CD40L
was generated as detailed [15]. To generate pSPD-gp100-CD40L,
DNA encoding amino acids 25 to 596 (sequence KVPRNQD to
EAGLGQV) of human gp100, incorporating the full extracellular
domain or gp100, was inserted between amino acids 105 and 106
of mouse SPD within construct SPD-CD40L. The coding sequence
was inserted between amino acid sequences GERGLSG and PPGLPGI
of murine SPD. Murine IL-12p70 plasmid pIL-12 was purchased
from Invivogen and encodes a single chain dimer of IL-12 p35 and
p40 (InvivoGen). Murine GM-CSF plasmid was constructed using
a codon-optimized gene encoding murine GM-CSF inserted into
plasmid pcDNA3.1. Clone pgp100-IRES-SPD-CD40L was generated
by placing an IRES sequence between human gp100 (amino acids
1-594) and murine SPD-CD40L [15]. All plasmids were propagated
in Escherichia coli strain TOP10. DNA was initially prepared using
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the Giga Endofree plasmid kit (Qiagen, Inc.), followed by additional
endotoxin removal with further rounds of Triton-X114 extraction
[14]. All plasmid were conﬁrmed by LAL endotoxin assay (Lonza
Inc.) to be endotoxin free (<0.2 EU/ml) prior to use.
2.2. Western blot analysis
293T cells were transfected with constructs using Genjet Plus
transfection reagent (Signagen Laboratories). Supernatant was collected, centrifuged and ﬁltered 48-h later. Samples were then
loaded on a 10% polyacrylamide-sodium-dodecyl sulfate gel (BioRad) in the presence of DTT. Following electrophoresis, protein
was blotted onto PVDF membrane (Pierce) by electrophoretic
transfer, blocked, and probed with goat anti-mouse CD40L antibody (R&D Systems). For analytical light scattering analysis,
supernatant following transfection of 293T cells with pSPDgp100-CD40L was collected and concentrated 10-fold using an
Amicon centrifugal ﬁltration system with 100 kDa cutoff (Millipore).
2.3. Analytical light scattering to study hydrodynamic
characterization of SPD-gp100-CD40L protein
SPD-gp100-CD40L was analyzed by Analytical Light Scattering
(ALS) as described previously [22]. Brieﬂy, a Hiload Superdex 200
size-exclusion column was used, controlled by an Akta FPLC system
(GE), maintained at 10 ◦ C in a chromatography refrigerator. Analysis was performed using a miniDAWN TREOS triple-angle static
light scattering detector and QELS dynamic light scattering detector (Wyatt), coupled to an Optilab rEX differential refractive index
detector (Wyatt). 293T cell supernatant of SPD-gp100-CD40L was
loaded on the Superdex 200 column at 10–50 M starting concentration. The ﬂow rate was maintained at 1 ml/min. Data was
collected using ASTRA software. Wyatt miniDAWN TREOS detector equipped with three scattering detectors positioned at 42◦ , 90◦
and 138◦ was employed in the ﬂow mode, allowing resolution of
the angular and concentration-dependence of static light scattering (SLS) intensity for SPD-gp100-CD40L. The QELS detector was
positioned at 90◦ relative to the incident laser light for the resolution of time- and concentration-dependence of dynamic light
scattering (DLS) intensity ﬂuctuation. Hydrodynamic parameters
associated with solution behavior of SPD-gp100-CD40L, including
weighted-average molar mass (Mw ), number-average molar mass
(Mn ), weighted-average hydrodynamic radius (Rh ) and weightedaverage radius of gyration (Rg ) were determined using SLS data
based on the Zimm model [23] and by non-linear least-squares
ﬁt of DLS data to an autocorrelation function [24]. In both the
SLS and DLS measurements, protein concentration (c) along the
elution proﬁle of each protein species was determined in the
ASTRA software from the change in refractive index (n) with
respect to the solvent as measured by the Wyatt Optilab rEX
detector using the following relationship: c = (n)/(dn/dc) where
dn/dc is the refractive index increment of the protein in solution.
2.4. CD40 SEAP assay
The ability of CD40L recombinant protein to stimulate CD40mediated signaling was measured using a CD40-293-SEAP cell line.
This reporter cell line was generated from HEK293 cells stably
transfected with a plasmid expressing human CD40 and a second
plasmid expressing secreted alkaline phosphatase (SEAP) under the
control of NF-B [25]. Reporter cells were plated on a 96-well plate
(80,000 cells per well) and cultured with 100 l of 293T supernatant
(generated by transfection of 293T cells with CD40L recombinant
expression plasmid or pcDNA3.1 control). Supernatant was added
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in triplicate at various dilutions. After 18 h culture, 10 l supernatant from each well was analyzed by incubation at 20 ◦ C for
20 min with 100 l QUANTI-Blue Alkaline Phosphatase reagent
(InvivoGen), followed by analysis at 650 nm.
2.5. Dendritic cell generation, activation and maturation
C57BL/6 bone marrow was used to generate bone marrow
derived DC (BMDC) as detailed in [26]. Brieﬂy, bone marrow
cells was isolated and washed with RPMI complete media (RPMI
1640 with 10% FBS, 50 M Mercaptoethanol, 20 g/ml gentamycin
sulfate). Cells were then brought up in 20 ml media at 1 × 106
cells per ml and placed in a non-tissue culture treated T75 ﬂask.
A ﬁnal concentration of 10 ng/ml murine recombinant IL-4 and
20 ng/ml murine recombinant GM-CSF (Peprotech, Rocky Hill, NJ)
was then added. Cells were cultured at 37 ◦ C, 5% CO2 , with media
replaced on day 3. Two days later (day 5) cells were removed
by gentle pipetting, counted, and added to a non-tissue culture
treated 6-well plate at 1 × 106 cells/well. A total of 300 l of either
SPD-gp100-CD40L supernatant, pcDNA3.1 negative control supernatant, or Mimic positive control (15 ng/ml IL-1␤, 5 ng/ml TNF␣,
and 1 g/ml PGE2 ) was added to each well. Cells were cultured
for 36 h and then stained with maturation and activation markers.
All BMDC samples were stained with Hamster anti-mouse CD11c
clone N418 PE-Cyanine7 conjugate (eBioscience, San Diego, CA).
Individual samples were also stained with eBioscience antibodies:
anti-mouse CD80 (16-10A1), anti-mouse CD86 (GL1), anti-mouse
CD83 (Michel-17), anti-mouse CCR7 (4B12), anti-mouse MHC Class
II (I-A/I-E) (M5-114.15.2), or anti-mouse CD40 (1C10). Flow cytometry was performed and then analyzed using FlowJo 7.6.4. All
samples were gated on CD11c + DC. A total of three independent
wells were analyzed per condition.
2.6. Tumor immunotherapy studies
Female C57BL/6 mice (7–8 weeks old) were used in all
experiments. Protocols were performed following national and
institutional guidance for animal care and were approved by the
IACUC of the University of Miami. Animals were housed at the University of Miami under NIH guidelines. All tumor immunotherapy
studies included 5 mice per group. A total of 50,000 B16-F10 cells
were injected i.d. into the left ﬂank. Mice were then injected i.m.
with plasmid DNA on day 3, 10, and 17 into both hind quadriceps
muscles. Mice received a mixture of up to three plasmid constructs
per injection. Empty vector pcDNA3.1 was used as ﬁller to ensure
all groups received the same total micrograms of plasmid. Tumor
volume was measured 3 times per week using a digital caliper,
measuring the longest diameter (a) and shortest width (b). Tumor
volume was calculated by the formula V (mm3 ) = 0.5 × ab2 . Animals were euthanized when tumors reached >1500 mm3 . For GVAX
vaccination, B16-F10 tumor cells expressing GM-CSF, kindly provided by Dr. G. Dranoff, were irradiated (5000 rad) and 1 × 106 cells
were injected subcutaneously on the right ﬂank on day 3, 6, and 9
[27].
2.7. Statistical analysis
Graph pad Prism 6.0 software was used for all analysis. One-way
ANOVA was performed to determine signiﬁcance, followed by a
two-tailed Student’s t-test or a Mann–Whitney t-test as described.
A p value of 0.05 was considered signiﬁcant. Survival was determined by a log-rank analysis of Kaplan–Meier survival curves. For
all ﬁgures, p values are noted as p < 0.05 (*), p < 0.01 (**), or p < 0.001
(***).

3. Results
3.1. Construction and expression of multi-trimeric soluble
SPD-gp100-CD40L
Previous studies have shown that CD40L-mediated signaling is
required for functional CD8+ T cell memory development against
tumors [28–30]. Similarly, we have previously shown that injection of plasmid DNA expressing SPD-CD40L into B16-F10 tumors
can slow tumor growth when combined with TLR agonists [14].
CD40L mediates the co-stimulation, activation, and maturation of
dendritic cells (DC), and this function is critical for the induction
of an effective T cell-mediated immune response [31,32]. Previous research has shown that monoclonal antibodies targeting the
DC surface protein DEC-205 can target cancer antigens to DC in
vivo [33], inducing a protective immune response. We surmised
that SPD-CD40L could similarly be used as a carrier to transport
tumor-associated antigens (TAA) to DC in vivo by incorporating
the antigen within the SPD collagen-like domain of SPD-CD40L. As
proof of concept we constructed the plasmid pSPD-gp100-CD40L,
where human gp100 is fused between amino acids 105 and 106 of
the collagen-like domain of murine SPD-CD40L (Fig. 1a). A model
of the expected 4-trimer complex is shown in Fig. 1b. Following
transfection of pSPD-gp100-CD40L into 293T cells, secreted SPDgp100-CD40L was detected at the expected size of 110 KDa by
SDS-PAGE Western blot in the presence of DTT (Fig. 1c).

3.2. SPD-gp100-CD40L undergoes extensive oligomerization in
solution
To determine the extent of SPD-gp100-CD40L multitrimerization, we conducted analytical light scattering (ALS)
analysis and quantiﬁed physical parameters of the protein
construct in solution (Fig. 2 and Suppl. Data Table 1). SPD-gp100CD40L elutes as a minor peak of ∼1.4 MD and a major peak of
∼9 MD (Fig. 2). These peaks correspond to the molecular weight
of 4-trimer SPD-gp100-CD40L (∼1.4 MD) and a range of higher
molecular weight species (megamer) that are consistent with
previous electron microscopy analysis of rat SPD [16]. The SPDgp100-CD40L 4-trimer peak is predominantly monodispersed
(Mw /Mn = 1), while the higher molecular weight megamer species
contain a high degree of polydispersity (Mw /Mn > 1) (Suppl. Data
Table 1). Both species appear to adopt an elongated rod-like shape
(Rg /Rh > 1) in lieu of a more spherical or disc-like architecture, again
consistent with the previously characterized molecular structure
of SPD polymers [16].

3.3. Biological activity of SPD-gp100-CD40L
To conﬁrm that SPD-gp100-CD40L retains biological activity, a
secreted alkaline phosphatase (SEAP) cell line reporter assay was
performed as described previously [34]. We monitored the ability
of SPD-gp100-CD40L supernatant to drive NF-B-mediated expression of the SEAP reporter enzyme on HEK293 cells expressing CD40.
Empty vector pcDNA3.1 transfected 293T cell supernatant was used
as a negative control. As shown in Fig. 3a, both SPD-CD40L and
SPD-gp100-CD40L induced SEAP activity at a similar level in a
dose-dependent manner when compared to empty vector. Next,
we evaluated the ability of SPD-gp100-CD40L to activate bone marrow derived mouse DC. DC were cultured with supernatant from
293T cells transfected with either empty vector pcDNA3.1 or pSPDgp100-CD40L. We observed a signiﬁcant increase in CD80, CD86
and CD83 MFI, consistent with the ability of SPD-CD40L oligomers
to induce DC activation and maturation [35].
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Fig. 1. Construction and Western blotting of SPD-gp100-CD40L. (a) Model of SPD-gp100-CD40L. Amino acids 25 to 596 (sequence KVPRNQD to EAGLGQV) of human gp100
were inserted between amino acids 105 and 106 of murine SPD within the SPD-CD40L fusion construct. (b) Cartoon of expected SPD-gp100-CD40L 4-trimer structure showing
trimers of CD40L (gray circles) and trimers of gp100 (black circles) extending from the SPD collagen-like domain. (c) Western blot analysis. 293T cells were transfected with
DNA plasmid encoding gp100 or SPD-gp100-CD40L fusion protein. After 48-hour culture, supernatant was collected and run on an SDS-PAGE gel in the presence of reducing
agent. Western blot was performed using a polyclonal antibody to gp100.

3.4. SPD-gp100-CD40L DNA vaccine did not inhibit B16-F10
tumor growth in mice
We next investigated the in vivo anti-tumor activity of pSPDgp100-CD40L plasmid, using a B16-F10 melanoma therapeutic DNA
vaccination model (Fig. 4). Mice were divided into three vaccination groups: (i) PBS, (ii) pSPD-gp100-CD40L, and (iii) GVAX therapy.
Group (ii) received 100 g of pSPD-gp100-CD40L per intramuscular vaccination. We did not observe a statistical difference in
tumor sizes and survival between groups (Fig. 4b and c), suggesting
that pSPD-gp100-CD40L alone is insufﬁcient to induce an antitumor activity. However, we observed slower tumor growth in mice
treated with the “gold standard” GVAX vaccine, consistent with
previous reports [27].

difference in tumor-free survival between group (iv) and groups
(i), (ii), and (iii) (p < 0.01). As shown in Fig. 5d, ﬁve out of ﬁve mice
in group (iv) were free of palpable tumors on day 11 while ﬁve
out of ﬁve mice in groups (i) (ii) and (iii) had palpable tumors
on day 11. The GVAX “gold standard” vaccination slowed tumor
growth compared to untreated animals, however neither tumor
growth nor survival reached statistical signiﬁcance when comparing GVAX to other groups (Fig. 5b and c). Next, we tested various
additional combinations of gp100, SPD-CD40L, GM-CSF, and IL-12.
We tested gp100 plus IL-12 and/or GM-CSF, as well as a plasmid
expressing gp100 and SPD-CD40L as separate molecules (gp100IRES-SPD-CD40L) (Fig. 6a). We observed no statistical difference in
mean tumor size and survival between any of the six groups and
untreated mice (Fig. 6b and c). In contrast, we observed a signiﬁcant
delay in tumor growth and long-term survival for 4/5 mice treated
with plasmid expressing SPD-gp100-CD40L + GM-CSF + IL-12.

3.5. The combination of pSPD-gp100-CD40L, pGM-CSF, and
pIL-12p70 signiﬁcantly inhibited tumor growth and enhanced
survival in a B16-F10 therapeutic DNA vaccine model

4. Discussion

Next, we investigated whether SPD-gp100-CD40L treatment
could be enhanced using the molecular adjuvants GM-CSF and
IL-12p70. We hypothesized that DC chemo-attraction induced
by GM-CSF and T cell costimulation induced by IL-12p70 would
synergize with CD40L-mediated DC activation by SPD-gp100CD40L, increasing the overall anti-tumor immune response.
Mice were divided into 5 vaccination groups: (i) PBS, (ii)
pSPD-gp100-CD40L + pGM-CSF, (iii) pSPD-gp100-CD40L + pIL-12,
(iv) pSPD-gp100-CD40L + pGM-CSF + pIL-12, and (v) GVAX. Empty
vector pcDNA3.1 was used as ﬁller to ensure all DNA vaccine
groups received the same quantity of total plasmid per vaccination
(120 g). All DNA vaccinations contained 80 g of pSPD-gp100CD40L and 20 g each of pGM-CSF, pIL-12, and/or pcDNA3.1. The
mean tumor size for group (iv) (SPD-gp100-CD40L + GM-CSF + IL12) was signiﬁcantly lower compared to groups (i), (ii), and (iii)
on days 15, 17, and 20 (Fig. 5b). We also observed a statistically
signiﬁcant difference in survival between group (iv) and groups
(i), (ii) and (iii) (p < 0.05) (Fig. 5c), and a statistically signiﬁcant

Recent advances in cancer immunotherapy support the concept
that the immune system can induce antitumor responses capable of slowing tumor growth and enhancing survival [36,37]. In
this context it has been reported that DNA vaccination is effective at preventing metastasis and relapse [2,4,38]. In particular,
the application of DNA vaccination against melanoma has shown
promise following the identiﬁcation of tumor-associated antigens
including gp100, MART-1 and TRP2 [39,40]. For the most part,
melanoma DNA therapeutic vaccines are based on the expression of
full-length antigen following intramuscular injection or electroporation of plasmid DNA. The antigen is secreted from the vaccination
site and taken up by APC within the vaccine site or the local draining lymph node [41]. However, it is becoming recognized in the
ﬁeld that targeting cancer antigens directly to APC (in particular
dendritic cells) induces a more effective immune response compared to untargeted tumor antigens [5,33,42]. We hypothesized
that fusing melanoma antigen gp100 within the SPD collagen-like
domain of SPD-CD40L multi-trimeric clusters [14,15] would: (1)
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Fig. 2. Hydrodynamic analysis of SPD-gp100-CD40L. (a) Representative SEC elution
proﬁle of SPD-gp100-CD40L as monitored by the scattering intensity, expressed
in terms of the excess Rayleigh ratio (R ), at three scattering angles of 42◦ (tall
gray line), 90◦ (black line) and 138◦ (short gray line) as a function of elution
volume (V). Note that SPD-gp100-CD40L apparently elutes as a major species
(megamer) and as a minor species (polymer, evident as a shoulder of the major
elution peak). (b) Representative partial Zimm plot obtained from analytical SLS
measurements at a speciﬁc protein concentration for the SPD-gp100-CD40L complex. The line through the data points—collected at three scattering angles of 42◦ ,
90◦ and 138◦ —represents a linear ﬁt. (c) Representative autocorrelation function
plot obtained from analytical DLS measurements at a speciﬁc protein concentration
for the SPD-gp100-CD40L complex. The line through the data points—collected at a
scattering angle of 90◦ —represents non-linear least squares ﬁt.

target gp100 to DC expressing CD40 in situ, (2) induce cross presentation of gp100 by these DC, possibly via delivery of gp100 to
the early endosome [10], and (3) activate and mature the DC via
CD40 crosslinking with CD40L multi-trimers on the DC membrane
surface [35]. We generated SPD-gp100-CD40L as a proof of concept for this approach. The SPD-gp100-CD40L fusion is a single
gene of 3.1 kb that can be encoded within DNA, RNA, or viral vector
cancer vaccines. Initially, we determined that SPD-gp100-CD40L
was efﬁciently secreted from transfected cells and formed large
multimeric complexes. Western blotting showed that SPD-gp100CD40L was expressed and secreted into the culture supernatant and

was of the expected molecular weight of 110 kDa. Analytical light
scattering provided evidence that SPD-gp100-CD40L was forming
soluble multimeric complexes, including a distinct monodispersed
peak consistent with a 4-trimer complex (Fig. 2a). We also conﬁrmed the biological activity of SPD-gp100-CD40L protein using an
NF-B reporter system and a DC activation assay. Together these
data suggest that SPD-gp100-CD40L is forming a biologically active
protein with a trimeric CD40L headgroup, in a manner similar to
the previously characterized SPD-CD40L [15,35,43], and that these
trimers are forming spontaneous 4-trimer complexes, consistent
with the native SPD oligomer [16].
In an initial cancer DNA vaccine model, therapeutic immunization with pSPD-gp100-CD40L failed to control tumor growth
or improve survival of mice challenged with B16-F10 melanoma
(Fig. 4). This is not surprising, given the aggressive nature of
B16-F10 tumors [44]. One possibility is that secretion of immunosuppressive cytokines such as VEGF, IL-10 and TGF-ß by B16-F10
prevented activated cytotoxic T lymphocytes (CTL), induced by
SPD-gp100-CD40L, from entering into the tumor bed. Alternately,
immunosuppressive cytokines suppressed cytotoxic activity once
the CTL entered the tumor tissue [45,46]. Previous studies have
evaluated cytokines IL-12 and GM-CSF for their ability to enhance
T cell mediated immune responses [20]. We therefore hypothesized that SPD-gp100-CD40L combined with cytokines IL-12 and
GM-CSF would both enhance antigen cross-presentation (via SPDgp100-CD40L) and induce immune activation (via GM-CSF and
IL-12), overcoming tumor-mediated immune suppression. Consistent with this hypothesis, we observed that vaccination with
all 3 plasmids signiﬁcantly slowed tumor growth, delayed tumor
onset, and improved mouse survival (Fig. 5). In particular, SPDgp100-CD40L + IL-12 + GM-CSF inhibited tumor growth compared
to GVAX. However, we observed rapid progression of tumors after
day 20 in animals given the 3 plasmids, despite the delayed tumor
growth, resulting in survival of only 1/5 mice by day 35. Only
the triple combination was effective, and all other combinations
failed to signiﬁcantly suppress tumor growth or enhance survival
(Figs. 5 and 6). Comparing Figs. 5 and 6, we did observe some
experimental variation in the response to SPD-gp100-CD40L + IL12 + GM-CSF, including long term survival of 4/5 mice in Fig. 6
compared to 1/5 mice in Fig. 5. However, overall SPD-gp100CD40L + IL-12 + GM-CSF provided superior response to alternative
combinations. Expression of gp100 and SPD-CD40L as separate
molecules also failed to slow tumor growth, consistent with the
hypothesis that dendritic cell targeting is an important component of SPD-gp100-CD40L activity. Animals received the same
total amount of plasmid per vaccination (120 g) in all experiments, allowing us to control for immune stimulation provided
by plasmid DNA itself. Based on the literature and our data, we
propose a model where the effectiveness of SPD-gp100-CD40L
is mediated by the targeting of gp100 to DC, enhanced crosspresentation via CD40-mediated delivery to the early endosome
[10,11], and the capacity of CD40L multi-trimers to activate and
mature DC [15,35]. Furthermore, IL-12-p70-mediated T cell stimulation and GM-CSF-mediated DC chemoattraction enhanced the
CD8+ T cell response against SPD-gp100-CD40L, inhibiting B16F10 tumor growth and enhancing survival. These data suggest that
CD40L stimulation is a critical component of the vaccine. We did not
observe reduced tumor growth when gp100 was combined with
IL-12 and GM-CSF in the absence of CD40L, despite overall higher
levels of gp100 protein expression in pgp100 transfected cells
compared to pSPD-gp100-CD40L transfected cells (Fig. 1c). In addition, the delivery of gp100 and SPD-CD40L as separate molecules
(using an IRES construct) was unable to replicate the effectiveness of SPD-gp100-CD40L (Fig. 6), consistent with the requirement
that gp100 be physically linked to CD40L multi-trimers for optimal activity. Additional research will be required to determine
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Fig. 3. Biological activity of SPD-gp100-CD40L. (a) In vitro activity of SPD-CD40L and SPD-gp100-CD40L was determined using a cell-based CD40 NF-B enzymatic reporter
system. An equivalent amount of 293T supernatant from pcDNA3.1, pSPD-CD40L or pSPD-gp100-CD40L transfected cells was incubated with 293-CD40-SEAP NF-B reporter
cells at various dilutions. (b) In vitro activity of supernatant from SPD-gp100-CD40L transfected 293T cells was evaluated on mouse bone marrow derived mouse DC and
compared to supernatant from 293T cells transfected with empty vector pcDNA3.1. Error bars represent mean + SEM (n = 3). * p < 0.05, ** p < 0.01 by Student’s t test compared
to pcDNA3.1 supernatant.

Fig. 4. B16-F10 Tumor Immunotherapy. (a) Immunization schedule for B16-F10 tumor challenge and DNA/GVAX therapeutic vaccination, as indicated by arrows. B16-F10
cells (50,000) were injected i.d. into the left ﬂank of mice on day 0. Mice were then immunized by i.m. injection of PBS or pSPD-gp100-CD40L on day 3, 10, and 17. GVAX,
B16-F10 tumor cells expressing GM-CSF, were irradiated at 5,000 rad and 1 × 106 cells injected subcutaneously on day 3, 6, and 9. (b) Tumor growth analysis. Each point
represents the mean tumor volume per group (n = 5). (c) Survival analysis was based on the date of death or when tumor size reached >1500 cm2 .
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Fig. 5. DNA vaccination with a combination of pSPD-gp100-CD40L, pIL-12p70 and pGM-CSF. (a) Immunization schedule for B16-F10 tumor challenge and DNA or GVAX
vaccination, as indicated by arrows. B16-F10 cells (50,000) were injected i.d. into the left ﬂank of the mice on day 0. Mice were immunized i.m. with PBS, pSPD-gp100CD40L + pIL-12, pSPD-gp100-CD40L + pGM-CSF, or pSPD-gp100-CD40L + pIL-12 + pGM-CSF on day 3, 10, and 17. For GVAX therapy, B16-F10 tumor cells expressing GM-CSF
(GVAX), were irradiated at 5000 rad and 1 × 106 cells were injected subcutaneously on day 3, 6, and 9. (b) Tumor growth analysis. Each point represents the mean tumor
volume of animals in each group (n = 5). (c) Survival analysis of mice. (d) Tumor growth kinetics of individual mice from each treatment arm.
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whether multi-trimerization of CD40L plays a role in the activity
of this construct, however similar studies with a fusion construct
expressing Gag (SPD-Gag-CD40L) showed that single trimers were
not effective when compared to multi-trimer complexes [47]. Of
interest, recent studies have shown that delivery of antigen using
anti-CD40 agonistic antibody can enhance DC cross presentation
[10,11]. Enhanced cross-presentation and the simultaneous delivery of antigen and activation of the DC may explain the unique
ability of SPD-gp100-CD40L to induce a robust anti-tumor immune
response.
In conclusion, this study demonstrated that encoding the gp100
tumor antigen within an SPD-CD40L DNA vaccine, combined with
IL-12p70 and GM-CSF adjuvant plasmids, generates an effective
antitumor response against B16-F10 melanoma. The SPD-gp100CD40L construct is a novel DNA vaccine reagent that provides
CD40-mediated APC activation in the context of efﬁcient DC targeting and cross-presentation of cancer antigens. Future studies will
explore alternative fusion proteins expressing tumor-associated
antigens other than gp100. These constructs will allow us to determine whether this strategy can be expanded to a wider range of
cancers. In summary, this study describes a novel reagent for use
in cancer therapeutic vaccines, exploiting the unique properties of
CD40L for the DC targeting, activation, and enhanced cross presentation.
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