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ABSTRACT
Vaccination with dendritic cells (DCs), the most potent professional antigen-presenting cells in the body, is
a promising approach in cancer immunotherapy. However, tumors induce immunosuppression in their
microenvironment that suppresses and impairs the function of DCs. Therefore, human clinical trials with
DC therapy have often been disappointing. To improve the therapeutic efficacy and to overcome the
major obstacles of DC therapy, we generated a novel adenovirus, Ad3-hTERT-CMV-hCD40L, which is fully
serotype 3 and expresses hCD40L for induction of antitumor immune response. The specific aim is to
enhance DCs function. Data from a human cancer patient indicated that this capsid allows effective
transduction of distant tumors through the intravenous route. Moreover, patient data suggested that
virally produced hCD40L can activate DCs in situ. The virus was efficient in vitro and had potent antitumor
activity in vivo. In a syngeneic model, tumors treated with Ad5/3-CMV-mCD40L virus plus DCs elicited
greater antitumor effect as compared with either treatment alone. Moreover, virally coded CD40L induced
activation of DCs, which in turn, lead to the induction of a Th1 immune response and increased tumor-
specific T cells. In conclusion, Ad3-hTERT-CMV-hCD40L is promising for translation into human trials. In
particular, this virus could enable successful dendritic cell therapy in cancer patients.

Abbreviations: ACK, ammonium-chloride-potassium lysis buffer; Ad5, serotype 5 adenoviruses; APCs, antigen-pre-
senting cells; ATAP, Advanced Therapy Access Program; BD, Becton Dickinson; BM, bone marrow; CBA, cytometric
bead array; CTL, cytotoxic T lymphocyte; DCs, dendritic cells; DMEM, Dulbecco’s modified Eagle’s medium; FCAP,
flow cytometric analysis program; GMCSF, granulocyte macrophage colony-stimulation factor; hCD40L, human
CD40 ligand; hTERT, human telomerase reverse transcriptase; IFN-gamma, interferon gamma; IL-12, interleukin 12;
LPS, lipopolysaccharide; mCD40L, murine CD40 ligand; mGMCSF, murine granulocyte macrophage colony-stimula-
tion factor; NK, natural killer cells; PAP, prostatic acid phosphatase; RANTES, regulated on activation; normal T cell
expressed and secreted; SEAP, secreted embryonic alkaline phosphatase; TAA, tumor-associated antigens; Th1, T
helper type 1 cells; Th2, T helper type 2 cells; TGF-b, transforming growth factor - b; TME, tumor microenvironment;
TNF-a, tumor necrosis factor - a; VEGF, vascular endothelial growth factor
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Introduction

Oncolytic adenoviruses are modified so that they replicate in
and lyse only cancer cells.1 This leads to the presentation of
tumor-associated antigens (TAA) to immunological cells,
which results in the activation of antitumor immune
responses.2,3 Importantly, this occurs in the presence of danger
signals, which is conducive to immunity versus tolerance.4

Thus, in essence oncolytic adenoviruses represent an individu-
alized cancer vaccine for each patient. This occurs in situ, with-
out the need to guess the relevant epitopes. If there is variation
in epitopes in different tumor regions, oncolysis will still con-
tinue to present them. Unfortunately, adenovirus alone is not
potent enough to initiate a powerful vaccine effect thus

presenting the rationale for arming them with immunostimula-
tory molecules such as CD40L, a potent stimulator of dendritic
cells (DCs).4-7

There are more than 50 identified serotypes of adenoviruses.
Serotype 5 adenoviruses (Ad5) are commonly used in gene
therapy applications.8 However, the Ad5 receptor is known to
be downregulated in advanced tumors.9 To overcome this
problem, Ad5/3 chimeric viruses featuring fiber knob from
serotype 3 have been developed. This modification enhances
transduction, but does not result in complete escape from
immune responses against the Ad5 capsid as only the fiber is
modified.10,11 Moreover, it is unknown if Ad5/3 is suitable for
intravenous delivery which might have some advantages over
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the more typical intratumoral delivery.12 In this regard, the use
of adenovirus based fully on serotype 3 is appealing,13 for
example, because its primary receptor desmoglein 2 is highly
expressed in advanced tumors.14 Oncolytic adenovirus Ad3-
hTERT-E1A appears to be safe and effective in the laboratory
as well as in cancer patients.15

CD40L is a transmembrane type II protein expressed on
CD4C T cells, whereas its receptor is predominantly expressed
on antigen-presenting cells (APCs).16,17 DCs, which are profes-
sional APCs, express CD40 and get activated upon interaction
with CD40L, which leads to priming of T cells followed by cyto-
kine production and an immune response.18 Moreover, it ini-
tiates co-stimulatory signals that not only trigger T-lymphocyte
expansion,16 but also enhances production of interleukin 12
(IL-12). IL-12 is important for cytotoxic T lymphocytes (CTL)
engagement in antitumor immune response.19,20 Previously,
both in vivo and in vitro studies have revealed that CD40L has
also direct antitumor effects, such as induction of apoptosis
and suppression of tumor cell proliferation.21-25

Ralph Steinman was the first who discovered DCs as one of the
key cellular sensors. They are considered principle initiators of the
adaptive immune response. DCs play an essential role in the regu-
lation of several key immune events, with their unique ability to
activate effector and generate memory T cells.26 Vaccination strate-
gies involving DCs are emerging as promising approach.27 DC vac-
cinations aim to induce specific effector T cells against tumors and
to create immunological memory to prevent tumor relapse.

In preclinical models, DCs pulsed with TAA have shown thera-
peutic TAA-specific immunity in different tumor types.27,28 In
these studies, TAAs have been introduced inmany forms including
as protein, peptide, RNA, DNA or whole tumor lysate.29 Clinical
trials of DCs-based vaccines have been applied for cancers such as
renal, prostate cancer, lymphoma and melanoma.30-33 However,
clinical outcomes have been variable. Less than impressive results
have been attributed to the often significant dysregulation and

impairment of the transferred DCs in the immunosuppressive
tumor microenvironment (TME).34 To date, the only unequivo-
cally successful implementation of this approach is sipuleucel-T,
where GMCSF is utilized to stimulate APCs ex vivo against pros-
tatic acid phosphatase (PAP). In this rather crude embodiment of a
cancer vaccine, no tumor responses were seen, but survival of pros-
tate cancer patients was nevertheless increased.35 However, long-
term efficacy was not observed, and thus much work remains to
fully capitalize clinically on the potential of the technology.

In the present study, we hypothesized that an armed oncolytic
adenovirus could improve the efficacy of DC therapy. We con-
structed an oncolytic adenovirus based on serotype 3 and armed it
with CD40L. Our novel virus Ad3-hTERT-CMV-hCD40L is based
fully onAd3 for enhanced tumor transduction through the intrave-
nous route. It features the human telomerase reverse transcriptase
(hTERT) promoter for tumor selective replication and CD40L for
stimulation of immune cells and for direct killing of susceptible
cells. Human data demonstrated successful delivery of Ad3 to dis-
tant tumor masses, and microarray analysis of human tumor
biopsies indicated that CD40L can be used to stimulate DCs.
Ad3-hTERT-CMV-hCD40L was tested in vitro and in vivo for
specificity and efficacy. In syngeneic studies in immunocompetent
model, Ad5/3-CMV-mCD40L showed potent antitumor activity
and triggered significant antitumor immune response in combina-
tion with DC therapy.

Results

Transduction of human tumor metastases with
intravenously administered adenovirus serotype 3

Breast cancer patient R367 was treated intravenously with Ad3-
hTERT-E1A (CGTG-201).15 Tumor biopsies on day 6 after
treatment showed the presence of virus genomes (Fig. 1A),
indicating that intravenous administration of Ad3 leads to

Figure 1. Human data provides the rationale for construction of Ad3-hTERT-CMV-hCD40L. (A) A breast cancer patient was treated with Ad3-hTERT-E1A (CGTG-201) virus
intravenously (I.V). Presence of virus in tumor biopsies was measured with qPCR 6 d later. (B) Immunomodulatory effects of hCD40L coding adenovirus on intratumoral
DCs in cancer patients. Gene expression of DC maturation and differentiation markers were analyzed from tumor biopsies of patients treated with hCD40L and GMCSF
coding adenoviruses.
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transduction of distant tumors. A Day 0 biopsy was not avail-
able but is has been shown that ATAP patients are negative for
this virus at baseline.15

DC activation in patients following treatment with CD40L
encoding oncolytic adenovirus

Cancer patients were treated with oncolytic adenoviruses either
coding for CD40L or GMCSF in ATAP. Post-treatment tumor
biopsies from these patients showed that hCD40L coding
adenoviruses induced upregulation of genes associated with
DC maturation and differentiation (Fig. 1B).

Ad3-hTERT-CMV-hCD40L virus expresses functional CD40L
and efficiently kills tumor cells in vitro

As Ad3 serotype seemed amenable to systemic delivery and
virally coded CD40L appeared to induce beneficial gene expres-
sion profiles in human tumors, it was attractive to construct an
oncolytic adenovirus 3 expressing human CD40L. hCD40L was
inserted in the E3 region under a CMV promoter. Moreover,
the TATA box (the endogenous promoter) in front of the E1A
region was replaced with an hTERT promoter for tumor selec-
tivity. Structure was confirmed by sequencing (Fig. 2A).

To assess the functionality of Ad3-encoded hCD40L in vitro,
we used human Ramos-Blue cells stably expressing an NF-kB/
AP-1-inducible SEAP construct. This cell line is responsive to
human CD40L and expresses alkaline phosphatase when

activated. A549 cells were infected with virus expressing
hCD40L. Supernatant was collected and filtered through
0.02 mm filter. The concentration of hCD40L in the filtered
supernatant was confirmed (Fig. S3). The assay was run in trip-
licate and we observed several fold increase in NF-kB/AP-1 in
Ramos-Blue cells only with Ad3-hTERT-CMV-hCD40L virus
compared with other groups (Fig. 2B). This demonstrates that
Ad3-hTERT-CMV-hCD40L expresses functional CD40L.

In order to study the oncolytic potency of the constructed
viruses in A549 cells (Fig. 2C) and EJ cells (Fig. 2D), cytotoxic-
ity assays were performed. Ad3-hTERT-CMV-hCD40L was
shown to be more potent in killing EJ (CD40C) cells compared
with control viruses. In these cells, the mechanism of cell killing
could be due to both hCD40L-induced apoptosis and Ad-
induced oncolysis.6 As expected, there was no difference
between the hCD40L-armed Ad3 and the backbone Ad3 virus
in A549 (CD40¡) cells, indicating that the presence of trans-
gene does not affect the oncolytic potency of virus.

Maturation of human DCs ex vivo

In order to assess the functionality of Ad3-encoded hCD40L
ex vivo, we infected A549 cells with virus expressing hCD40L
and unarmed virus. Supernatant was collected and filtered
twice, and then added on immature human DCs which were
obtained after culturing CD14C monocyte-enriched peripheral
blood mononuclear cells (PBMCs) in 10% RPMI in the presence
of GMCSF and IL-4 for 5 d. The assay was done in triplicate

Figure 2. Functionality of Ad3-hTERT-CMV-hCD40L in vitro. (A) Schematic presentation of Ad3-hTERT-CMV-hCD40L. (B) Functionality of virally produced hCD40L was con-
firmed by studying NF-kB/AP-1 activation in Ramos-Blue cells. The assay was repeated three times (in triplicates each time). Oncolytic potency of Ad3-hTERT-CMV-
hCD40L in (C) A549 (CD40¡) and (D) EJ (CD40C) cells. MTS assay was used to analyze infected cell lines. Cell viability was assessed relative to uninfected mock cells. (E, F)
Capability of virally produced hCD40L to induce dendritic cell maturation. The assay was done in triplicate. Lipopolysaccharide; LPS, recombinant hCD40L protein;
rhCD40L, supernatant collected from A549 cells infected with Ad3-hTERT-E1A and with Ad3-hTERT-CMV-hCD40L; Ad3, hCD40L, respectively.
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and we observed increase in maturation makers in a group
treated with virally produced hCD40L present in supernatant.
Moreover, we did not find any significant difference between
LPS and virally produce hCD40L-treated groups, suggesting the
strong ability of hCD40L expressed by Ad3-hTERT-CMV-
hCD40L to induce DC maturation (Fig 2E and 2F).

Oncolytic efficacy of Ad3 viruses in immunodeficient mice

Human adenovirus does not replicate in murine tissue and
human CD40L is not active in mice.6 Therefore, we studied
antitumor mechanisms in immunodeficient mice-bearing
human xenografts, while immunocompetent mouse models,
featuring murine CD40L, were used for immunological studies.
Oncolytic potency of the constructed adenoviruses was tested
in immunodeficient nude mice-bearing human bladder cancer
(EJ) and lung cancer (A549) xenografts. Following intravenous
injection, both Ad3-hTERT-E1A and Ad3-hTERT-CMV-
hCD40L were able to significantly reduce tumor growth when
compared with controls receiving PBS (p < 0.01, Fig. 3). At the
end of the experiment tumors were collected and in vivo
expression of hCD40L was confirmed (Fig. S1). The low con-
centration of hCD40L might be due to the fact that tumors
were already quite small at the time of collection. Moreover,
the virus was injected only once in the start of the experiment.
There were no sign of any apparent toxicity during the
experiment.

hCD40L armed Ad induces maturation of human DCs in
immunodeficient mice

In order to study the ability of our clinically relevant adenovi-
rus 3 coding hCD40L (Ad3-hTERT-CMV-hCD40L) to induce
maturation of immature DCs in vivo, we used immunodeficient
SCID mice-bearing lung cancer (A549) xenograft. In addition
to Ad3-hTERT-E1A, Ad3-hTERT-CMV-hCD40L and PBS,
immature human DCs were injected intratumorally. Pheno-
typic markers of matured DCs were analyzed with FACS and
analyses of tumor samples showed that the Ad3-hTERT-CMV-
hCD40L significantly enhances DC maturation (Figs. 3C, D
and F).

Combining CD40L coding Ad with adoptive T-cell therapy
in immunocompetent mice does not seem to enhance
antitumor efficacy

In order to assess the impact of adenovirus expressing CD40L
on adoptive T-cell therapy, a promising emerging form of
immunotherapy, we used replication deficient Ad5/3-CMV-
mCD40L in immunocompetent mice. This virus codes for
mouse CD40L as human CD40L is not active in mice.6 More-
over, mice are non-permissive for human adenovirus replica-
tion, which restricts the utility of experiments with oncolytic
adenoviruses in syngeneic murine tumor models. To mimic
virus replication-induced inflammation, we gave multiple

Figure 3. Antitumor efficacy in vivo. (A) A549 (CD40¡) and (B) EJ (CD40C) tumors were inoculated subcutaneously in the right flank of immunodeficient nude mice. Virus
was injected intravenously once (as indicated with an arrow) at 1£1010 VP/mouse (n D 7 mice per group). Tumor growth was monitored after every other day. Tumor
growth is expressed as percentage increase from first day of virus injection. ��p < 0.01. Ad3-hTERT-CMV-hCD40L induces DC maturation: A549 tumors were injected sub-
cutaneously in immunodeficient SCID mice (n D 5 mice per group). Virus at 1£108 VP and 1£106 DCs were injected intratumorally three times, alternatively. Proportion
of dendritic cells expressing (C) CD83 (D) CD80 and (E) CD86 markers on the surface were analyzed from tumors samples by FACS. Data presented as mean § SEM.�p �
0.5, ��p � 0.01.
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intratumoral viral injections. The B16.OVA model was used to
assess the impact of adenovirus treatment in combination with
adoptive T-cell therapy. Therefore, B16.OVA melanoma
tumor-bearing mice were injected intratumorally with PBS,
Ad5/3-luc or Ad5/3-CMV-mCD40L with or without OT-1
adoptive cell therapy given I.P. However, we did not find any
statistically significant differences between the groups (Fig. 4A).

CD40L armed Ad enhances the antitumor efficacy of
adoptively transferred DCs in immunocompetent mice

As CD40L seemed to be able to activate DCs in human tumors, we
hypothesized that CD40L armed Ad could be used to enhance the
efficacy of adoptive DC therapy, a promising cancer vaccination
approach which has struggled due to low clinical efficacy. As a
tumor model for DC therapy, we chose to use the parental model
lacking OVA to avoid immune response related to artificial nature
of the OVA antigen. Previously, we have not detected significant
differences in CD8C T cells specific for the xenoantigen chicken
ovalbumin expressed by the B16.OVA cells.6,36 Instead, we have
seen responses in T-cell clones against “natural epitopes” such as
gp100 and TRP-2 36 suggesting that the “more natural” B16.F10
model without OVA may be more appropriate in many cases.
Therefore, immunocompetent mice-bearing B16.F10 melanoma
tumors were injected intratumorally with PBS, Ad5/3-CMV-
mCD40L, antigen-pulsed DCs, or with both Ad5/3-CMV-
mCD40L and antigen-pulsed DCs. Prior to adoptive transfer, the
maturation status of cultured and in vitro activated DCs was ana-
lyzed with flow cytometry. The transferred DC population
expressed high levels of maturation markers CD86 and CD80
(data not shown). When these DCs were injected into recipient
mice, the cells alone had only a minimal inhibitory effect on tumor
growth in vivo, whereas the combination of Ad coding CD40L and
DCs showed significantly increased antitumor efficacy as com-
pared with other groups (p< 0.001, Fig. 4B).

CD40L armed Ad combined with DC therapy induces
antitumor immune responses

CD40L has an effect on APCs and especially DCs which in turn
are required for initiation of a Th1 type immune response. To

gain a more in depth understanding of the underlying mecha-
nism, we performed flow cytometric analysis of tumor-draining
and non-draining lymph nodes (Fig. 5) and tumors (Fig. 6) to
assess differences in immune cell populations possibly contrib-
uting to the observed antitumor efficacy. Analysis of tumor
draining and non-draining lymph nodes revealed enhanced
immune responses following combination therapy, as levels of
B and T lymphocytes were significantly increased in the adeno-
virus plus DC group (Fig. 5). Pentamer analysis showed a sta-
tistically significant increase in CD8C T cells specific for
endogenous tumor antigens TRP-2 and gp100 in combination
group. In addition, the presence of high levels of IFN-gamma,
TNF-a and RANTES in combination treated tumors suggested
that a Th1 type immune response was induced (Fig. S2). More-
over, analyses of tumor samples revealed that the combination
augmented accumulation of tumor-specific CD8C T cells,
CD4C T cells, NK cells and mature DCs at the tumor site
(Fig. 6). The data indicates that expression of CD40L in the
TME can enhance DC maturation, which is a crucial parameter
of DC function, thus leading to the activation of other immune
cells. This creates an ideal opportunity to overcome immuno-
suppressive TMEs.

Discussion

A major obstacle limiting the efficacy of cancer immunothera-
pies in general and DC therapy in particular is the immunosup-
pressive microenvironment typically found in advanced solid
tumors.37-39 Immunosuppression is mediated by a number of
molecules such as VEGF and TGF-b, which impair many types
of antitumor immune response, including the maturation of
DCs.38,39 Consequently, the microenvironment is skewed in a
Th2 type direction resulting in impaired DC function.

CD40–CD40L interaction is required for successful activa-
tion of APCs.40 This stimulates APCs and especially DCs to
produce IL-12, which is a potent immune-stimulatory cytokine
required for initiation of Th1 responses.16,41 CD40L mediated
activation of DCs has been reported to result in antitumor
immunity in mice.16,42 Upon interaction with mCD40L, DCs
upregulate the expression of co-stimulatory receptors and
increase the production of cytokines. This is important because

Figure 4. Ad5/3-CMV-mCD40L enhances DC therapy but not adoptive T-cell therapy. (A) B16.OVA and (B) B16.F10 tumors were injected subcutaneously in immunocom-
petent C57BL/6 mice. Viruses was injected intratumorally three times at 2£108 VP. (A) CD8-enriched OT-1 T cells (1.5 £ 106 cells) were injected intraperitoneally once
and (B) dendritic cells (DCs, 1£106 cells) were injected intratumorally three times between virus injections (arrows). Tumor growth was monitored every other day. Virus
and DCs in combination significantly reduced tumor growth as compared with other groups. Data presented as mean § SEM. Tumor growth is expressed as percentage
increase from first day of virus injection. ���p < 0.001.
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Figure 5. Host immune responses in C57Bl/6 syngeneic murine models. Percentage of (A) CD19C B cells, (B) CD3C T cells (C) CD8C CD3C T cells (D) gp100C CD8C T cells
(E) TRP-2C CD8C T cells (F) CD86C CD11cC cells (G) CD80C CD11cC cells (H) CD11cC CD3¡ cells in lymph nodes (tumor-draining and non-draining) which were processed
into single-cell suspensions, stained with antibodies and analyzed by flow cytometry. Error bars, SE ��,�p < 0.05. Mock (PBS), dendritic cells (DCs) alone, Ad5/3-CMV-
mCD40L (Ad) alone and Ad5/3-CMV-mCD40L plus DCs (AdC DCs).

Figure 6. Immune responses in tumor microenvironment. Percentage of (A) CD19C B cells, (B) CD3C (CD19¡) T cells (C) CD8C (CD19¡) CD3C T cells (D) gp100C CD8C (CD19¡)
CD3C T cells (E) TRP¡2C CD8C (CD19¡) CD3C T cells (F) CD4C CD3C T cells (G) CD25C Foxp3C (CD4C CD3C) regulatory T cells (H) CD86C CD11cC CD3¡ cells (I) CD80C CD11cC

CD3¡ cells (J) CD11bC NK1.1C CD3¡ (K) CD11bC cells in tumors samples which were processed into single-cell suspensions, stainedwith antibodies and analyzed by flow cytometry.
Error bars, SE ���p< 0.001. ��,�p< 0.05. Mock (PBS), dendritic cells (DCs) alone, Ad5/3-CMV-mCD40L (Ad) alone and Ad5/3-CMV-mCD40L plus DCs (AdC DCs).
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the lack of co-stimulatory signals from APCs causes a defect in
T cell priming and expansion and may even induce T cell apo-
ptosis.43,44 Therefore, to enhance therapeutic efficacy of DC
vaccination, CD40L is an attractive candidate. The present
study demonstrates that DC vaccination in combination with
adenovirus expressing mCD40L can significantly improve the
antitumor immune response over single-agent treatments.

Oncolytic adenoviruses have a good safety profile in
humans, their stability in vivo and ability to infect wide range
of tumors make them appealing for use in cancer therapy.4,45

In this study, we report the construction of a novel Ad3 virus
that expresses human CD40L. Serotype 3 was selected over the
more common serotype 5 because human data from ATAP
(Fig 1A) and based on a previous publication indicating that
the Ad3 capsid allows effective intravenous delivery.15

To make virus replication tumor selective, the endogenous
promoter of E1A was replaced with the promoter of the cata-
lytic subunit of human telomerase (hTERT) which is active in
most human tumors.46-48 To allow high level expression of
CD40L in both tumor cells and the TME where DCs are
located, a CMV promoter was placed in the E3 region to drive
the CD40L transgene (2A). Ad3-hTERT-CMV-hCD40L retains
E3-gp19K, an adenoviral protein whose function is reduction
of adenovirus recognition by cytotoxic T-cells. This molecule
inhibits the formation of TAP-MHCI complex by interfering
with the transport of MHCI to the plasma membrane.49,50 Con-
sequently, adenovirus is able to replicate in a prolific manner in
tumor cells since infected cells are not killed by anti-viral T-
cells.

In our approach, expression of virally produced CD40L
boosts the antitumor immune response in a paracrine manner
as CD40L is released from dying tumor cells. The monomeric
configuration of hCD40L used here was selected because it is
not secreted as much as trimeric forms or constructs with spe-
cific secretory domains. Our approach results in additional
tumor selectivity as infected normal cells (which are not lysed
when a tumor selective oncolytic adenovirus is used) do not
burst and spill out transgene products, resulting in less CD40L
in normal tissues. While recombinant CD40L has been rather
safe when used systemically in human trials, liver toxicity has
limited its use to hematological malignancies.51

CD40L is known to stimulate and recruit APCs, especially
DCs, which in turn activate cytotoxic T-cells and modulate the
TME in a Th1 direction.6 In theory, this might have resulted in
indirect enhancement of adoptive T-cell therapy (through
DCs), but this was not seen, suggesting that DCs may have lim-
ited relevance in this approach, at least in the B16.OVA model.
Further studies are needed to elaborate this in more detail and
in other models of adoptive T-cell transfer (Fig. 4).

The data reported here with Ad3-hTERT-CMV-hCD40L is
compatible with previous reports of the ability of CD40L to
induce apoptosis of CD40C tumors.6 However, previous work
has also revealed the ability of CD40L to induce APC activation
not only CD40C but also in CD40¡ tumors, suggesting the
potential use of virus for tumor immunotherapy regardless of
CD40 status.6,7,52 This is in accordance with our study in which
Ad3-hTERT-CMV-hCD40L (Figs. 3C–E) as well as virally pro-
duced hCD40L (Figs. 2E and F) has shown to induce DC
maturation.

In the correlative studies done on tissue specimens collected
from mice treated with DCs and adenovirus, CD40L increased
the expression of T-helper type 1 (Th1) cytokines, TNF-a, IFN
gamma and RANTES in tumors (Fig. S2). Moreover, signifi-
cantly enhanced cytotoxic T cell responses were observed in
the Ad C DC group (Figs. 5 and 6). Also, the intratumoral level
of NK cells was increased in mice treated with the Ad C DC
combination. The underlying mechanism is likely related to the
interaction of virally produced CD40L with DCs leading to pro-
duction of IL-12, which in turn activates NK cells. Conversely,
activated NK cells may in turn promote maturation of DCs.53

Upon maturation, DCs migrate to regional lymph nodes,
which is a key step in induction of antitumor immune
responses.38 In the current study, there was significant increase
in the number of DCs migrated to lymph nodes in mice treated
with the combination.54 TNF-a is a proinflammatory cytokine
known to enhance the migration of DCs to lymph nodes.55 Our
data are in accordance with this notion, as we saw enhanced
production of TNF-a in virus injected tumors in conjunction
with increased migration of DCs to lymph nodes. Taken
together, our data suggests that CD40L virus injection prior to
DC therapy increases the efficacy of DC vaccination through T
cell mediated antitumor immune mechanisms.

In summary, we report significant antitumor immune
responses when adenovirus coding for CD40L was used to
facilitate adoptively transfer of DCs. Key mechanisms include
the maturation and migration of DCs to lymph nodes and
induction of cytotoxic T cell responses. Our findings provide
rationale for clinical investigation of Ad3-hTERT-CMV-
hCD40L as an enabling technology for DC vaccination in
patients with currently incurable solid tumors.

Materials and methods

Cells lines

Human bladder cancer EJ cell line was kindly provided by A.G.
Eliopoulos (University of Crete Medical School and Laboratory
of Cancer Biology, Heraklion, Crete, Greece). Human embry-
onic kidney 293 cells, Human lung adenocarcinoma cancer
A549 cells and Mouse melanoma B16.F10 cells were obtained
from American Type Culture Collection (ATCC; LGS stand-
ards and B16.F10 cells from Manassas, VA, USA). Murine mel-
anoma B16 cells expressing ovalbumin (OVA) was kindly
provided and authenticated by Richard Vile (Rochester). A549
and EJ cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM). B16.OVA and B16.F10 cells were
cultured in RPMI at 37�C and 5% CO2. Culturing conditions
for all the cell lines were supplemented with 10% FBS, 1% L-
Glutamine, 1% Pen/Strep solution. Growth medium for B16.
OVA was also supplemented with 5 mg/mL G418 (Roche,
Basel, Switzerland).

Virus construction

Viruses Ad3-hTERT-E1A, Ad3-hTERT-CMV-hCD40L, Ad5/
3-Luc1 and Ad5/3-CMV-mCD40L were constructed according
to the adenovirus preparation techniques.56-58 Construction of
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Ad5/3-Luc1,59 Ad5/3-CMV-mCD40L6 and Ad3-hTERT-E1A
have been previously reported.13

Ad3-hTERT-CMV-hCD40L construction

The Ad3-hTERT-CMV-hCD40L vector was generated based
on pWEA-Ad3-GFP vector.16 The 13.2 kb FseI/NotI fragment
of pWEA-Ad3-GFP containing the 50end of Ad3 genome was
cloned into a modified pBluescript KS(¡) vector (the multiple
cloning site between SacI and XbaI were modified as SacI-
PmeI-MluI-FseI-SalI-NoT-XbaI) (pBS-Ad3–50end). The 6.5 kb
EcoRI/FseI fragment containing CMV-GFP-PA transgene cas-
sette and 30end of Ad3 genome was cloned out (pWEA-Ad3–
30end-CMV-GFP).

The 1.1 kb fragment containing Ad3 50end, hTERT pro-
moter and part of Ad3 E1 region was amplified from pKBS2-
hTERT,17 the following primers were used: forward, 50-
GTCAGTTTAAACTTAGGCCGGCCCTATCTATATAATA-
TACCTTATAGATGGAATGG-30; reverse, 50- CTTCATCAG-
CAGCTAGCAGCATAGAATCAG-30. The FseI/NheI
fragment of pBS-Ad3–50end containing the first »800 bp of
Ad3 genome were replaced by the PmeI/NheI digested PCR
fragment (pBS-Ad3–50end-hTERT). The hCD40L fragment
was amplified by PCR, with the following primer, forward, 50-
TAGCTGCTAGCATGATCGAAACATACAAC-30; reverse, 50-
GTCAATTTGGGCCCTCAGAGTTTGAGTAAGCCAA-30.
The GFP gene in the pWEA-Ad3–30end-CMV-GFP was
replaced by the hCD40L gene (pWEA-Ad3–30end-CMV-
hCD40L).

The final Ad3-hTERT-CMV-hCD40L genome were cloned
together by joining of »13.4 kb fragment containing 50end of
Ad3 genome and hTERT, »16.7 kb NotI/EcoRI fragment of
Ad3 genome and »6.5 kb fragment containing Ad3 30end
genome and CMV-hCD40L (pWEA-Ad3-hTERT-CMV-
hCD40L), the ligation was packaged into phages using Giga-
pack III Plus Packaging Extract (Stratagene, La Jolla, CA) and
propagated. The recombinant Ad3-hTERT-CMV-hCD40L
viral genome was released by FseI digestion and transfected
into 293 cells using a standard calcium phosphate method.
After a first round of rescuing on 293 cells, HeLa cells were
infected with the cell lysate containing Ad3-hTERT-CMV-
hCD40L virus for further virus propagation.

Ad3-hTERT-E1A virus in human tumor metastases

A breast cancer patient participating in the Advanced Therapy
Access Program (ATAP)15 was safely treated with Ad3-
hTERT-E1A (CGTG-201) at 4 £ 1012 VP intravenously.
Tumor biopsies were collected 6 d later and presence of virus
was detected with qPCR. All patients reported here were treated
with oncolytic adenovirus in the ATAP, which was a personal-
ized therapy program ongoing 2007–2012.60 Before treatment
in ATAP, patients had solid tumors that were refractory to
standard treatments and no major organ dysfunctions were
present. A written informed consent was received from all of
the patients participating in the program. Analysis of the data
reported here was approved by the Helsinki University Central
Hospital Operative Ethics Committee (HUS 62/13/03/02/2013).

CD40L functionality in vitro

A549 cells were infected with Ad3-hTERT-E1A or Ad3-
hTERT-CMV-hCD40L and supernatant was collected and fil-
tered (0.02 mm, Whatman 6809–1002) after 48 h. Filtered
supernatants were used to stimulate Ramos-Blue cells. Ramos-
Blue is a B-lymphocyte cell line stably expressing NFkB/AP-1-
inducible SEAP (secreted embryonic alkaline phosphatase)
reporter gene. When stimulated by CD40L, they produce SEAP
in the supernatant which can be detected using QUANTI-Blue
(InvivoGen), a reagent that turns purple/blue in the presence of
SEAP. Levels of activation were read with a microplate reader
at the wavelength of 450 nm. Concentration of hCD40L in the
filtered supernatant was analyzed with CBA Flex set. Recombi-
nant hCD40L protein at a concentration of 2 ng (Abcam,
ab51956) was used as positive control.

Microarray from human tumor biopsies treated with
CD40L and GMCSF viruses

Patients participating in ATAP were treated with oncolytic ade-
novirus encoding either human CD40L (n D 3) or another
immunostimulatory molecule, granulocyte macrophage col-
ony-stimulation factor (GMCSF) (n D 11). mRNA expression
levels were analyzed from tumor biopsies as reported
previously.61

MTS assay

10,000 A549 and EJ cells/well were plated in 100 uL of 2%
growth media. After 24 h, both cell lines were infected in tripli-
cates with Ad3, Ad3-hTERT-E1A or Ad3-hTERT-CMV-
hCD40L in different concentrations (1–1,000 VP/cell). Viability
of cells was determined after 6 d with MTS cytotoxicity
assay according to manufacturer�s instructions (Cell Titer 96
AQueous One Solution Cell Proliferation Assay, Promega,
Madison, WI).

Generation of PBMCs-derived human DCs

Human PBMCs were isolated from buffy coat of healthy donor
by lymphoprep (StemCell technologies) gradient density sepa-
ration under sterile conditions. Cells were washed with PBS
twice, erythrocytes were lysed with ACK red blood cell lysis
buffer (Sigma, St Louis, MO. A10492–01). CD14C magnetic
beads (Miltenyi Biotec, 130–050–201) were used to isolate
human CD14C cells (according to the manufacturer instruc-
tions) from fresh PBMCs. 4.5 £ 106 Magnetic microbeads sepa-
rated CD14C monocyte-enriched PBMCs were cultured in
10 mL of 10% RPMI in the presence of 1,000 U GMCSF and
20 ng IL-4 in T25 flask for 5 d at 37�C in order to get immature
DCs.

Virally produced hCD40L induces DCs maturation

To study the effect of virally produced hCD40L induces DCs
maturation. A549 cells were infected with Ad3-hTERT-CMV-
hCD40L and with Ad3-hTERT-E1A, supernatants were col-
lected and filtered (0.02 mm filter) to avoid the presence of virus
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and then re-filtered. 1£105 immature DCs were cultured with
re-filtered supernatants for 48 h. Lipopolysaccharide LPS
(100 ng) (Sigma, L4391–1MG) and recombinant hCD40L pro-
tein (2 ng) (Abcam, ab51956) were used as positive control.
Cells were stained with antibodies and analyzed by flow cytom-
etry. The assay was done in triplicates.

Generation of bone marrow-derived DCs

Bone marrow (BM) was collected from mouse femur and tibia
under sterile conditions. Suspension of BM was filtered and
erythrocytes were lysed with ACK red blood cell lysis buffer
(Sigma, St Louis, MO. A10492–01). Cells were centrifuged and
re-suspended in 10% RPMI. Cells were plated at 2.5 £ 105 cells
per mL in 24-well plate in the presence of 40 ng/mL mGMCSF
(Peprotech, 315–03). On day 3, 75% of media was replaced
with fresh complete media containing mGMCSF. On day 6,
cells were incubated with 50 mg/mL B16.F10 cell lysate for
24 h, followed by maturation with 50 ng/mL LPS (Sigma,
L4391–1MG) in 10% RPMI for 17–24 h. Phenotypic makers of
matured DCs were analyzed with FACS.

Animal experiments

The experimental animal committee of the University of Hel-
sinki (Helsinki, Finland) and the Provincial Government of
Southern Finland had approved the protocols for all the animal
experiments. Mice were 4- to 5-weeks old (Taconic) and quar-
antined for one week before beginning the experiments.

Immunodeficient nude (NMRI) mice received subcutaneous
injections of 106 A549 or EJ cells in the flank. When the size of
tumors reached approximately 5 £ 5 mm, mice were divided
into groups (n D 7 mice/group). Mice were treated with one
intravenous injection of 1 £ 1010 VP/mouse of Ad3-hTERT-
E1A, Ad3-hTERT-CMV-hCD40L or PBS through tail vein.
Tumor growth was measured every other day. Presence of
hCD40L in the tumor samples and blood was analyzed with
Flex set (BD Cytometric Bead Array human Flex Sets; BD
Biosciences).

To study the maturation of DC in vivo, 5 £ 106 A549 cells
(n D 5 mice/group) were injected subcutaneously (one tumor
per mouse) in SCID mice. When tumors become injectable,
PBS (50 mL) or 108 VP/tumor Ad3-hTERT-E1A, Ad3-hTERT-
CMV-hCD40L were injected on days 0, 2, 4 and 1£106 imma-
ture DCs (prepared as described previously) were injected on
days 1, 3, 5. Viruses and DCs were injected intratumorally.
Two days after the last treatment, mice were euthanized and
tumors were collected.

Immunocompetent female C57BL/6 mice were implanted
with 2.5 £ 105 B16.OVA cells subcutaneously. When tumors
become injectable, mice (n D 8 mice/group) were treated intra-
tumorally with either PBS (50 mL) or 109 VP/tumor Ad5/3-luc
and Ad5/3-CMV-mCD40L on days 1, 3 and 7 and intraperito-
neally with 1.5 £ 106 CD8-enriched OT-1 T-cells on day 1.
Enrichment of CD8a splenocytes was performed as previously
reported.36 Briefly, spleen from C57BL/6-Tg (TcraTcrb)
1100Mjb/J (OT-1) mice were mashed and treated with lysis
buffer (ACK). Mouse CD8C (Ly-2) microbeads (Miltenyi

Biotech) were used to enrich CD8aC T cells, which were then
expanded in supplemented growth media for 1 week.

Immunocompetent female C57BL/6 mice were implanted
with 2.5 £ 105 B16.F10 cells subcutaneously. Mice were treated
intratumorally three times either with 50 mL PBS, Ad5/3-
CMV-mCD40L virus alone (at 2 £ 108 VPs/tumor), DCs (106

cells) alone or as a combination of both virus and DCs. Virus
was injected on days 1, 3 and 5, whereas DCs were injected on
days 2, 4 and 6. Tumor growth was measured with every other
day using electronic caliper. In the end of experiment, tumors
and lymph nodes from B16.F10 tumor-bearing mice were
mashed, filtered and cultured for overnight. Immune Cells and
pentamers detecting T cell receptors specific for residues TRP-
2 180–188, gp100 25–33 (Proimmune, Oxford, UK) (Table 1)
were analyzed with fluorescence-activated cell-sorting (FACS)
and results were analyzed with BD software (BD Biosciences).
Cytokines analysis was done with CBA Flex set cytokine beads
(BD) on BD Accuri C6 flow cytometer with FCAP array soft-
ware according to manufacturer’s instructions.

Statistics

For statistical analysis of data, two tailed Student’s t-test using
Graph pad Prism 6 (graph Pad Prism Software Inc., San Diego,
CA) and for tumor growth analysis SPSS version 21 were used.
When the p values were <0.05, difference was considered sta-
tistically significant.
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