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immunity. This combination treatment was ineffective in 
athymic nude mice, highlighting an important role for T 
cell mediated anti-tumor immunity for full efficacy. 5-FU 
up-regulated the expression of Fas and immunogenic cell 
death markers in MB49 cells and cytotoxic T lympho-
cytes from mice receiving RAd-CD40L immunotherapy 
efficiently lysed 5-FU treated MB49 cells in a Fas ligand-
dependent manner. Furthermore, local RAd-CD40L and 
5-FU administration induced a shift of myeloid-derived 
suppressor cell phenotype into a less suppressive popula-
tion. Collectively, these data suggest that RAd-CD40L 
gene therapy is a promising adjuvant treatment to 5-FU for 
the management of bladder cancer.

Keywords  CD40L · 5-Fluorouracil · Immunotherapy · 
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Introduction

The TNF family receptor CD40, and its cognate ligand, 
CD40L (CD154), have long been recognized as major 
regulators of anti-tumor immunity (reviewed in [1, 2]). 
Patients with mutations in the CD40L gene develop a 
severe immune deficiency called hyper-IgM syndrome 
which associates with enhanced susceptibility to malig-
nancy [3, 4]. Triggering of CD40 on antigen-presenting 
cells represents a crucial step in the anti-tumor immune 
response. Thus, engagement of CD40 expressed on den-
dritic cells (DCs) stimulates the production of cytokines 
and costimulatory molecules which prime T-helper cells 
and empower the activation of cytotoxic T lymphocytes 
(CTL) against the tumor [5, 6]. Mounting experimen-
tal evidence demonstrates that CD40 agonists could be 
exploited for immunotherapy of lymphoid and solid 
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malignancies by substituting the T cell help that is physi-
ologically provided by CD40L-expressing activated CD4+ 
T lymphocytes. In line with this concept, recombinant 
adenovirus (RAd)-mediated delivery of murine CD40L 
to syngeneic mouse models of CD40-negative colorec-
tal, lung or bladder carcinomas results in sustained tumor 
regression [7–12].

However, the widespread expression of CD40 in 
malignant cells [13–16] suggests additional therapeutic 
opportunities. Indeed, we and others have demonstrated 
that engagement of CD40 on human carcinomas results 
in growth retardation and sensitization to apoptosis in 
vitro [15–19] and in xenotransplanted mouse models 
lacking T cells [15, 16, 20]. Moreover, the activation of 
CD40 in carcinomas directly enhances their immuno-
genicity in vitro by increasing their antigen presentation 
and recognition by specific CTLs [13, 21]. Recent stud-
ies have utilized replication-proficient (oncolytic) adeno-
viruses expressing CD40L to further increase the eradi-
cation of solid tumors by exploiting the direct cytotoxic 
effects of CD40 engagement on malignant cells and the 
enhanced release of tumor antigens and generation of 
danger signals in the tumor micro milieu which stimu-
late an anti-tumor immune reaction [22, 23]. Therefore, 
the CD40 pathway provides an important opportunity for 
cancer therapy through its multiple effects on tumor cell 
growth, apoptosis, and immune recognition. This concept 
has led to the clinical evaluation of CD40 agonists for 
the treatment of lymphomas and carcinomas which con-
firmed that CD40 therapies are well tolerated, show mini-
mal side effects and are associated with tumor regression 
[24–27].

Given the substantial heterogeneity which typifies the 
genomes of malignant cells within a tumor [28], combi-
nation of different agents is expected to yield enhanced 
clinical efficacy than single agent therapies. We rea-
soned that the therapeutic benefit of CD40L administra-
tion should be evaluated in combination with established 
chemotherapeutics for two reasons: First, chemotherapy 
represents the backbone of current strategies for the treat-
ment of cancer and is likely to continue to play a major 
role in the oncological armamentarium of the future. Sec-
ond, CD40L exerts powerful effects on tumor microen-
vironment [13, 26, 29, 30] and it is therefore reasonable 
to anticipate that more effective therapy will be achieved 
by targeting both malignant cells and their microenviron-
ment. In this study we evaluate this concept and dem-
onstrate that combined treatment of tumor-bearing syn-
geneic mouse models with the chemotherapeutic agent 
5-fluorouracil (5-FU) and adenovirus expressing CD40L 
confers profound anti-tumor properties compared to each 
agent alone.

Materials and methods

Cell lines and immunogenic marker detection

The mouse bladder carcinoma cell line MB49, derived 
from C57BL/6 mice, was cultured in DMEM supplemented 
with 10 % fetal bovine serum, 1 % penicillin/streptomycin 
and 0.1 % sodium pyruvate. Medium and supplements were 
purchased from Invitrogen, Paisley, Scotland. The MB49 
cell line was a gift from Dr. K. Esuvaranathan (National 
University Hospital, Singapore). ATP and HMGB1 release 
was measured in culture supernatants from 5-FU-treated 
and untreated cells using an ATP Determination Kit 
(A22066, Molecular Probes; Invitrogen) and HMGB1-spe-
cific ELISA (ST51011; IBL International) respectively.

Production of recombinant adenovirus

Vectors were constructed and produced as has been 
described previously [29]. Briefly, two replication-defi-
cient, E1/E3-deleted, human adenoviruses type 5 were 
produced using the AdEasy system. The RAd-CD40L 
virus expresses the murine CD40L molecule under the 
CMV promoter and the RAdMock is a non-coding con-
trol virus. Adenoviruses were produced by four rounds of 
infection of 911 cells. Purification was done in two steps, 
first by a discontinuous Cesium Chloride (CsCl) gra-
dient and secondly by removing the CsCl by desalting. 
Virus titers were determined by a fluorescence forming 
unit (ffu) assay where 911 cells were plated on collagen-
coated 35  mM plates with grids (Sarstedt, Nümbrecht, 
Germany) and infected with the purified virus in different 
dilutions. The cells were cultured for 48  h and, after a 
washing with PBS, fixed in 4 % paraformaldehyde. The 
cells were washed with PBS and then incubated with a 
mouse monoclonal anti-adenovirus antibody (Chemi-
con, Temecula, CA, USA) for 1  h at room temperature, 
washed with PBS and then incubated with a secondary 
FITC-labeled polyclonal rabbit anti-mouse antibody 
(DakoCytomation, Glostrup, Denmark) for 1  h at room 
temperature. The cells were washed once in PBS and 
then green cells were counted by using a microscope 
with a fluorescence illuminator (Olympus, CK40).

Animal models

Female C57BL/6 mice were anesthetized and catheter-
ized using INSYTE.w24Gx3/4 catheters (BD Biosciences, 
San Diego, CA, USA). The bladders were administered 
polycathon poly-l-lysine (Sigma, St. Louis, MO, USA) 
to enhance tumor uptake [31]. 2  ×  105 MB49 cells per 
mouse were implanted into the bladder. The mice received 
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three local intravesical treatments of RAd-CD40L or RAd-
Mock (1 × 108 ffu), 5-FU (50 mg/kg), or the combination 
of RAd-CD40L and 5-FU on day 1, 6 and 12 after tumor 
instillation. Prior vector instillation the bladders were pre-
washed three times with the transduction enhancer Cloro-
pactin WCS-90 (0.1  % solution) (United-Guardian, Inc., 
Hauppauge, NY, USA) and one PBS wash [31]. Cured 
mice were challenged with MB49 subcutaneous tumor 
(1 × 106 cells) and a lateral irrelevant B16 tumor (1 × 106 
cells). Athymic C57BL/6Nu/Nu mice were injected subcu-
taneously with MB49 cells (2 × 105 cells). C57BL/6 and 
non-functional FasL-expressing (gld) mice (JAX Labs) 
were injected s.c with 1  ×  106 cells and when tumors 
reached 45–50  mm2 in size (days 7–8), RAd-CD40L 
(1 ×  108 ffu), control virus (1 ×  108 ffu), 5-FU (50 mg/
kg) and control virus or the combination of 5-FU and 
RAd-CD40L were administered intratumorally in 100 μl 
PBS followed by 2 additional injections on days 11 and 
15. Tumor size was monitored two to three times a week 
using a digital caliper. The experiment was ended when 
tumors in control animals were larger than 150 mm2. Ani-
mal experiments were approved by the respective regional 
ethical committees in Uppsala, Sweden, and Heraklion, 

Greece. To study tumor-infiltrating T cells, tumor biop-
sies were taken for in vitro analysis on day one and three 
after final treatment. The tumor was mashed by using the 
backside of a syringe in PBS and all cells were collected in 
FACS tubes. Large, sticky tumor cells were decanted and 
the remaining cells were washed in PBS and used for flow 
cytometry analyses.

Flow cytometry

Cells were analyzed by flow cytometry using fluores-
cently-labeled antibodies against CD107a and CD3 (Nor-
dic Biosite, Stockholm, Sweden). Cell suspensions were 
incubated with antibodies for 10–15 min at room-temper-
ature and then washed with 2 ml PBS, and centrifuged at 
1,500  rpm for 5  min. The supernatant was decanted and 
the cells were resuspended in 250 μl of 1 % paraformal-
dehyde in PBS. Cells were stored at 4  °C before analysis 
by flow cytometry (FACSCalibur, BD Biosciences, San 
Diego, CA, USA). Irrelevant antibodies were used to define 
background fluorescence. Cells from spleen and tumor 
from the subcutaneously tumor-bearing mice were stained 
with fluorescently-labeled antibodies against CD11b, 

Fig. 1   RAd-CD40L and 5-FU combination treatment dramatically 
increases survival of immunocompetent mice bearing MB49 bladder 
tumors compared to either agent alone. a MB49 cells were orthotopi-
cally grown in C57BL/6 mice and treated on day 1, 7 and 14 with 
RAdMock, RAd-CD40L, 5-FU or the combination of RAd-CD40L 
and 5-FU (n =  11/group). The combination therapy cured 68  % of 
large orthotopic tumors (p = 0.0035) while RAd-CD40L alone cured 
32 %. The experiment was repeated three times with similar results. 

b MB49 tumors growing subcutaneously respond only to 5-FU and 
RAd-CD40L combination therapy but not to each treatment alone 
(n = 9 mice/group). The time points of application of treatment are 
shown by filled triangles. c Cured mice from (a) were challenged 
subcutaneously with MB49 tumor and lateral unrelated B16 mela-
noma cell (n = 3/group). Statistical differences were evaluated using 
the survival log rank test
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Gr-1, B220, CD11c and CD8 (Biolegend). Cell suspen-
sions were incubated with antibodies for 30 min in 4  °C, 
washed twice with PBA (1 % BSA in PBS) and then ana-
lyzed by flow cytometry (FACSCanto II, BD Biosciences, 
San Diego, CA, USA). MB49 cells that were treated with 
5-FU, CD40L, the combination of 5-FU and CD40L, or left 
untreated were evaluated by flow cytometry for the expres-
sion of B7.1, MHCI, Fas and CD40L using fluorescently-
labeled antibodies against the mentioned markers. Data 
analysis was performed using FlowJo software (Treestar, 
Ashland, OR, USA).

Isolation of splenocytes and CTL assays

Splenocytes were isolated from tumor-bearing mice as pre-
viously described [32]. Approximately 8 × 106 splenocytes 
were re-stimulated with 2 × 106 irradiated MB49 cells for 
5  days. Viable splenocytes (effectors) were then co-cul-
tured with 51Cr-labelled MB49 cells (targets) at different 
effector: target ratio for 6 h and 51Cr release was assessed 
as previously described [13].

Statistical analyses

All statistical analyses were performed using Graph Pad 
Prism 4 (Graph Pad Software Inc., San Diego, CA, USA). p 
values smaller than 0.05 were considered significant.

Results

Adenovirus‑mediated delivery of CD40L enhances  
the efficacy of chemotherapy in experimental bladder 
cancer and induces systemic immunity

An orthotopic experimental bladder cancer model was used 
to evaluate the anti-tumor efficacy of chemotherapy and 
immunotherapy. MB49 tumor cells were instilled into the 
bladder of C57BL/6 mice via urethral catheterization. RAd-
CD40L, control RAdMock virus, 5-FU and the combination 
of RAd-CD40L and 5-FU were administered in the blad-
der cavity at three time points (Fig.  1a). The combination 
therapy significantly increased survival of tumor-bearing 
mice compared to RAdMock (p =  0.0035) or 5-FU alone 
(p  =  0.0097) as demonstrated by testing the groups in a 
survival log rank test (Fig. 1a). Furthermore, whereas RAd-
CD40L alone cured 32  % of large orthotopic tumors, the 
combination of RAd-CD40L and 5-FU succeeded in a sig-
nificant 68 % cure rate. Treatment with 5-FU or RAdMock 
alone had little or no effect on animal survival (16 and 0 % 
respectively, Fig. 1a). The RAd-CD40L/5-FU combination 
treatment was also found to exert a significant inhibitory 
effect on MB49 tumors growing subcutaneously (Fig. 1b).

Mice that were cured of orthotopic MB49 bladder 
tumors by RAd-CD40L or the combination therapy were 
challenged subcutaneously with MB49 and lateral unre-
lated B16-F10 melanoma cells. All mice developed B16-
F10 tumors. MB49 tumors developed in naïve and most 
RAd-CD40L-treated animals but not in mice treated with 
RAd-CD40L in combination with 5-FU (Fig.  1c). These 
findings demonstrate that the combination treatment evokes 
robust systemic MB49-specific immunity.

Reduced efficacy of RAd‑CD40L and 5‑FU combination 
treatment in immunodeficient mice

The effect of RAd-CD40L and 5-FU combination ther-
apy was tested in MB49 tumors growing subcutaneously 
in immunodeficient athymic mice to define the role of 
functional T cells. MB49 tumors grew aggressively and 
were not significantly affected by RAd-CD40L treatment 
(Fig.  2a). Administration of 5-FU with or without RAd-
CD40L had modest effects on tumor growth (p =  0.0188 
and p  =  0.0172 respectively, Fig.  2a) and animal sur-
vival (Fig. 2b). This contrasts with the effect of 5-FU and 

Fig. 2   Reduced efficacy of RAd-CD40L and 5-FU combination 
treatment in immunodeficient mice. RAd-CD40L and 5-FU were 
evaluated as single or combination therapy on MB49 tumors grow-
ing in athymic C57BL/6 Nu/Nu mice (n = 8 mice/group). Treatments 
were given at day 8, 11 and 15. a Tumor size at different time points 
is shown. Error bars represent SEM values. b Survival of treated 
mice. Statistical evaluation was performed using the survival log 
rank test: Combination treated mice were different from RAdMock 
(p =  0.0172), RAd-CD40L (p =  0.0083) but not from 5-FU alone. 
5-FU alone was different from RAdMock (p = 0.0188)
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RAd-CD40L on MB49 growth in immunocompetent mice 
(see Fig.  1) suggesting that whereas the direct cytotoxic 
effects of 5-FU contribute to the control of tumor growth, 
functional T cell-mediated anti-tumor immunity is primar-
ily responsible for effective RAd-CD40L/5-FU combina-
tion therapy.

5‑FU upregulates functional Fas/CD95 and immunogenic 
cell death markers in MB49 cells

Chemotherapeutic agents have been reported to increase the 
immunogenicity of malignant cells. To determine if 5-FU 
could influence the expression of cell surface molecules 
associated with susceptibility to immune attack, MB49 
mouse bladder carcinoma cells were exposed to a low con-
centration of 5-FU which did not confer significant cyto-
toxic activity. MHCI, Fas (CD95), and B7.1 (CD80) levels 
were assessed by flow cytometry. As shown in Fig. 3a, all 
3 proteins were induced within 48 h of drug treatment. In 
contrast, RAd-CD40L had marginal effects on these cell 
surface markers presumably because of the low percentage 

CD40 expression in MB49 cells (data not shown). Indeed, 
we have previously shown that the up-regulation of MHCI, 
Fas and B7.1 by CD40 agonists critically depends on the 
levels of CD40 expressed on the surface of human carci-
noma cells [13].

Experiments were also conducted to determine if the 
observed upregulation of the death receptor Fas in 5-FU-
treated cells was functionally important. To this end, MB49 
cells were exposed to 50 μM 5-FU for 48 h and then cul-
tured in the presence or absence of the agonistic Fas mAb 
Jo2 for an additional 24 h period. Assessment of survival 
using MTT conversion assays demonstrated that pre-treat-
ment with 5-FU had a profound effect on Fas-mediated 
cytotoxicity whereas Jo2 or 5-FU alone had little effect 
(Fig. 3b).

Apoptotic cells are known to trigger an immune 
response mediated by the release of damage-associated 
molecular patterns (DAMPs) which can be recognised by 
patern recognition receptors in immune cells. Secreted ATP 
and released high mobility group protein B1 (HMGB1) rep-
resent in vitro measurable indicators of immunogenic cell 

Fig. 3   The chemotherapeutic agent 5-FU upregulates functional Fas 
receptor in MB49 bladder carcinoma cells. a MB49 cells were cul-
tured in the presence of 50 μM 5-FU for 48 h and Fas expression was 
assessed by flow cytometry. No staining was detected in the isotype-
matched control groups. b MB49 cells were exposed to 5-FU as in 

(a) followed by treatment with the agonistic anti-Fas mAb Jo2 (1 μg/
ml). Forty-eight hours later survival was assessed by MTT conversion 
assays. Data shown are representative of 4 independent experiments 
each performed in triplicates. The mean (±SD) from one experiment 
is shown
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death [33]. We found significant enhancement of ATP and 
HMGB1 levels in the supernatants of MB49 cells treated 
with 5-FU which was most prevalent at 48 h post-treatment 
(Supplementary Figures 1A and 1B). We conclude that low, 
clinically-relevant concentrations of 5-FU upregulate func-
tional Fas/CD95 and immunogenic cell death markers in 
MB49 cells.

CTLs from mice receiving RAd‑CD40L immunotherapy 
lyse 5‑FU treated MB49 cells more efficiently 
than untreated tumor cells in a Fas ligand‑dependent 
manner

The aforementioned findings prompted us to examine 
whether exposure of MB49 cells to 5-FU would increase 
their susceptibility to tumor-specific CTLs following 
RAd-CD40L therapy. Splenocytes from C57BL/6 mice 
receiving intratumoral injections of RAd-CD40L or con-
trol virus were isolated, re-stimulated in vitro with irradi-
ated MB49 cells and mixed with 51Cr labeled MB49 cells. 

Measurement of 51Cr release demonstrated that splenocytes 
from RAd-CD40L-treated mice lysed MB49 cells exposed 
to 5-FU more efficiently than untreated cultures (Fig.  4a, 
b). In contrast, splenocytes from control virus-treated mice 
failed to kill MB49 cells irrespective of drug treatment. 
Additionally, no CTL response was observed against the 
unrelated syngeneic control cell line B16-F10 (Fig. 4c, d).

To assess the impact of Fas: FasL interactions on this 
CD40-mediated effect, MB49 tumors were established 
in mice lacking functional FasL and administered RAd-
CD40L or control virus. Splenocytes were assessed for 
MB49 or B16-F10 cytolytic activity as described above 
for C57BL/6 mice. The results showed that cytotoxicity 
was significantly attenuated regardless of 5-FU treatment 
(Fig. 4e, f).

To examine the in vivo relevance of FasL to the syner-
gistic effect of 5-FU and RAd-CD40L immunotherapy, 
MB49 tumor-bearing gld mice were given intratumoral 
RAd-CD40L, RAdMock and 5-FU in all possible com-
binations and tumor size was assessed over time. Unlike 

Fig. 4   CTLs from mice receiving RAd-CD40L immunotherapy 
lyse 5-FU treated MB49 cells more efficiently than untreated tumor 
cells in a Fas ligand-dependent manner. Ten days following injection 
of RAd-CD40L or RAdMock into established MB49 tumors, sple-
nocytes were harvested, stimulated with irradiated MB49 cells for 
5  days in culture and live cells (effectors) were evaluated for cyto-
toxicity against 51Cr-labelled MB49 cells which were either pre-
treated for 48 h with 50 μg/ml 5-FU or cultured untreated. B16-F10 
melanoma cells were used as control target cell line. The percentage 

lysis (51Cr release) is shown from representative experiments. Sple-
nocytes from PBS, RAd-CD40L or RAdMock treated C57BL/6 mice 
were used as effectors against (a) MB49 target cells treated with 
5-FU (*p < 0.005 of RAd-CD40L vs. RAdMock, assessed by t test); 
b untreated MB49 cells (*p < 0.005 of RAd-CD40L vs. RAdMock, 
assessed by t test); c B16 cells pre-treated with 5-FU; d control B16 
cultures. Splenocytes from PBS, RAd-CD40L or RAdMock treated 
gld mice were used as effectors against e MB49 target cells pretreated 
with 5-FU; f B16 cells pretreated with 5-FU
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C57BL/6 (wild-type FasL) mice (Fig. 1b), the combination 
of 5-FU and RAd-CD40L failed to induce tumor regression 
in mice lacking functional FasL (Supplementary Figure 2).

5‑FU and CD40L combination treatment influences  
the phenotype of myeloid‑derived suppressor cells

Myeloid-derived suppressor cells (MDSCs), phenotypically 
defined as CD11b+/B220−/Gr-1+, have been identified as a 
heterogeneous population of immature myeloid cells with 
the ability to regulate T cell activation in mice and humans 
[34]. In particular, CD11b+/Gr-1int MDSCs functions as 
suppressors of CD8+ T cells whereas CD11b+/Gr-1high 
MDSCs associate with poor immunosuppressive properties 
[35].

We assessed by flow cytometry the effect of RAd-
CD40L, RAdMock, 5-FU, the combination of 5-FU and 
RAd-CD40L or vehicle control (PBS) on the number of 
MDSCs in the s.c MB49 model. Forty-eight hours after 
treatment, the spleen and tumor were excised and isolated 
cells were analyzed for the expression of CD11b, B220 and 
Gr-1 by flow cytometry. The results showed that the ratio of 
CD11b+/Gr-1high to CD11b+Gr-1int cells was increased in 
the combination treated mice compared to the other animal 
groups (Fig. 5).

Discussion

Given the significant molecular heterogeneity which char-
acterizes the malignant cells within a tumor [28], single 
agents are unlikely to be successful in cancer patient ther-
apy. Indeed, the clinical experience accumulated the last 
30  years of cancer management suggests that combina-
tion of different agents offers the best possible therapeutic 
efficacy. Despite this, chemotherapy and immunotherapy 
have remained largely unexplored as combination modality 
because of concerns that leukopenia caused by chemother-
apy would eliminate tumor-targeting lymphocytes. How-
ever, more recent studies show that the efficacy of at least 
some chemotherapeutic agents partly depends on immune 
parameters [36, 37] (reviewed in [38, 39]). Of note, Nowak 
et al. [40] have demonstrated that CD40 signals cooperate 
with gemcitabine to suppress tumor growth in experimen-
tal animals, providing evidence that chemotherapy has the 
capacity to augment CD40-mediated antitumor immunity.

CD40 stimulation strategies with recombinant soluble 
CD40L protein, CD40L-expressing tumor vaccines, onco-
lytic viruses expressing CD40L and anti-CD40 monoclonal 
antibodies have been evaluated in end-stage cancer patients 
with encouraging results [23, 24, 26, 27] (reviewed in [2]). 
We have also previously shown that RAd-CD40L gene 
therapy inhibits experimental bladder tumors [8, 41] and 
its local administration in patients with bladder cancer is 
safe, stimulates T helper 1 immunity, suppresses regulatory 
T cells, and confers antitumor activity [25]. Collectively, 
these observations highlight the need to further explore the 
CD40 signaling pathway for the management of bladder 
cancer.

The current study demonstrates the feasibility of using 
5-FU as adjuvant to CD40L immunogene therapy. In an 
orthotopic MB49 bladder tumor model, a survival rate of 
68  % was achieved using the chemotherapy/immunother-
apy combination treatment and systemic MB49-specific 
immunity was demonstrated (Fig.  1). In contrast, admin-
istration of either agent alone failed to substantially sup-
press tumor growth. The anti-tumor immune effects of 
CD40 agonists largely depend on antigen-presenting cell-
mediated T cell priming and activation of CTLs [5, 6]. The 
failure of RAd-CD40L alone to efficiently suppress MB49 
tumors (Fig. 1) is likely the consequence of the low CD40 
levels expressed in these cells and their concomitant failure 
to up-regulate cell surface markers necessary for CTL rec-
ognition and killing.

Herein, we have identified Fas as an important com-
ponent of the MB49 tumor response to RAd-CD40L and 
5-FU combination treatment. Fas is absent in MB49 cells 
but is significantly up-regulated by low, clinically rel-
evant doses of 5-FU and renders them susceptible to kill-
ing by Fas agonists (Fig.  3). Moreover, 5-FU was found 

Fig. 5   CD40L and 5-FU combination treatment influences the phe-
notype of myeloid-derived suppressor cells. MB49 bladder can-
cer cells were grown subcutaneously on the right flank of female 
C57BL/6 mice (n  =  5/group) and when tumor was palpable one 
treatment of PBS, RAdMock or RAd-CD40L or the combination 
of 5-FU + RAd-CD40L was given. 48 h after treatment the tumors 
were collected and the presence of myeloid-derived suppressor 
cells (MDSCs) was investigated. The ratio of CD11b+Gr-1high vs. 
CD11b+Gr-1int MDSC subpopulations is shown. Statistically sig-
nificant difference was found between the combination and any other 
treatment group, as determined by the non-parametric Kruskal–Wallis 
test and Dunn’s post test. *p < 0.05
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to dramatically enhance the susceptibility of MB49 cells 
to CTLs activated by in vivo RAd-CD40L administration 
in a Fas-dependent manner (Fig. 4). The importance of T 
lymphocytes in the observed synergistic anti-tumor effect 
of RAd-CD40L and 5-FU combination treatment is further 
highlighted by its failure to suppress MB49 tumors grow-
ing in immunodeficient athymic mice (Fig. 2).

Immunotherapy is hampered by the accumulation of 
MDSCs in the tumor microenvironment. CD11b+Gr-1int 
MDSCs efficiently inhibit both activation and effector func-
tion of T cells in the mouse. It has recently been shown that 
5-FU can selectively target MDSCs [42]. We have observed 
that local administration of 5-FU decreases the number of 
immunosuppressive CD11b+Gr-1int MDSCs in the com-
bination treated mice and leads to a relative increase in 
CD11b+/Gr-1high MDSCs (Fig. 5) which are characterized 
by reduced immunosuppressive properties [35].

Collectively, the aforementioned data suggest that the 
enhanced anti-tumor efficacy of 5-FU and RAd-CD40L 
combination treatment largely depends on the 5-FU-medi-
ated up-regulation of Fas on tumor cells and the indirect 
effects of RAd-CD40L on CTL activation (Fig. 6). In addi-
tion, we have observed that 5-FU enhances the cell surface 
expression of B7.1 and MHCI and the secretion of immu-
nogenic cell death markers ATP and HMGB1. The down-
regulation of B7.1, MHCI and Fas represents common 
immune escape mechanisms (reviewed in [43]) and the 
synergistic effect of 5-FU and RAd-CD40L could thus be 
partly attributed to the fact that the tumor becomes more 
immunogenic. This treatment may additionally ‘normalize’ 

the tumor microenvironment by targeting MDSCs thereby 
further increasing the susceptibility of tumor cells to CTL 
lysis (Fig.  6). Enhanced B7.1 expression also associates 
with NK cell cytotoxicity [44] raising the possibility that 
NK cells, which can be activated by cytokines released by 
T lymphocytes, may also contribute to the anti-tumor effect 
of the combination treatment.

CD40 is over-expressed in 78  % of primary human 
bladder tumors [45] and the in vitro stimulation of CD40-
positive human bladder cancer cell lines with CD40 
agonists has been shown to confer direct anti-prolifera-
tive effects [17, 18, 46], up-regulation of functional Fas 
expression [17] and augmented response to 5-FU-induced 
killing [41]. These reported findings coupled with the 
data shown in this paper underscore the potential of using 
5-FU and RAd-CD40L gene therapy for the management 
of bladder carcinoma and perhaps additional types of 
human cancer.
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der cancer growth. On the basis of the data shown in this paper 
we propose that the enhanced anti-tumor efficacy of local 5-FU 
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enhanced immunogenicity of 5-FU-treated tumor cells which criti-
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and HMGB1 release may contribute to the enhanced immunogenic-
ity of drug-treated tumors. This is coupled with the indirect effects of 
RAd-CD40L on CTL activation via the stimulation of host antigen-
presenting cells (APC). Tumor cells thus become susceptible to lysis 
by activated FasL-expressing CTLs. This treatment may additionally 
‘normalize’ the tumor microenvironment by targeting MDSCs and 
perhaps other immune cell types thereby further increasing the sus-
ceptibility of the malignant cells to CTLs
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