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Augmenting antitumor immunity is a promising way to 
enhance the potency of oncolytic adenoviral therapy. 
Granulocyte–macrophage colony–stimulating factor 
(GMCSF) can mediate antitumor effects by recruiting 
natural killer cells and by induction of tumor-specific 
CD8+ cytotoxic T-lymphocytes. Serotype 5 adenoviruses 
(Ad5) are commonly used in cancer gene therapy. How-
ever, expression of the coxsackie-adenovirus receptor is 
variable in many advanced tumors and preclinical data 
have demonstrated an advantage for replacing the Ad5 
knob with the Ad3 knob. Here, a 5/3 capsid chimeric 
and p16-Rb pathway selective oncolytic adenovirus 
coding for GMCSF was engineered and tested preclini-
cally. A total of 21 patients with advanced solid tumors 
refractory to standard therapies were then treated intra-
tumorally and intravenously with Ad5/3-D24-GMCSF, 
which was combined with low-dose metronomic cyclo-
phosphamide to reduce regulatory T cells. No severe 
adverse events occurred. Analysis of pretreatment sam-
ples of malignant pleural effusion and ascites confirmed 
the efficacy of Ad5/3-D24-GMCSF in transduction and 
cell killing. Evidence of biological activity of the virus 
was seen in 13/21 patients and 8/12 showed objective 
clinical benefit as evaluated by radiology with Response 
Evaluation Criteria In Solid Tumors (RECIST) criteria. 
Antiadenoviral and antitumoral immune responses were 
elicited after treatment. Thus, Ad5/3-D24-GMCSF seems 
safe in treating cancer patients and promising signs of 
efficacy were seen.
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Introduction
Metastatic solid tumors are often incurable by current thera-
pies and thus require novel strategies. Oncolytic adenoviruses 

present one promising approach; their utility is based on selective 
replication and lytic effect on cancer cells. In clinical cancer 
trials, they have been safe and the first randomized trial yielded 
positive data.1,2 Nevertheless, efficacy of the approach still needs 
improvements.3

The immune system plays a pivotal role in virotherapy of 
cancer. Neutralizing antibodies may hinder viral replication and 
spreading limiting the therapeutic effect.4 Yet, virotherapy can 
assist in breaking of the immune tolerance acquired by tumors.5 
Oncolytic replication is an immunogenic phenomenon and onco-
lytic efficacy may partly be due to activation of the immune sys-
tem against virus-infected tumor cells.5 However, the antiviral 
immune reaction is usually inadequate to result in tumor eradica-
tion. Therefore, to boost this effect, arming oncolytic adenoviruses 
with immunostimulatory molecules is an attractive prospect,6 but 
not much studied in humans.7–9

Granulocyte–macrophage colony–stimulating factor (GM
CSF) is a potent inducer of antitumor immunity,10 used in various 
strategies to create antitumor effects via tumor-reactive cytotoxic 
CD8+ T-lymphocytes and natural killer cells.11 However, systemic 
use of recombinant GMCSF is compromised by side effects and 
induction of potentially harmful myeloid-derived suppressor 
cells, related to systemic exposure, whereas efficacy may remain 
limited due to low local concentration in tumors.11,12 Therefore, 
local GMCSF production by cancer cells could ensure sufficient 
local concentration while minimizing systemic exposure. Thus, 
GMCSF is an appealing molecule and possibly particularly useful 
in the context of oncolytic adenoviruses.9,10

The tumor microenvironment is immunosuppressive, which 
hinders the attempts of the immune system to eradicate tumors. 
Reduction of regulatory T cells could be useful for enhancing the 
efficacy of antitumor T cells. It has been reported in preclinical 
and clinical studies that metronomic administration of low-dose 
cyclophosphamide leads to selective reduction of circulating regu-
latory T cells, which associates with suppression of their inhibitory 
functions on cytotoxic T cells and natural killer cells.13 This can 
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lead to a restoration of peripheral T-cell proliferation and innate 
killing activities. Recently, promising data were also reported on 
using metronomic cyclophosphamide in cancer patients treated 
with oncolytic adenoviruses.14

Serotype 5 adenoviruses (Ad5) are the only strains used here-
tofore in adenoviral gene therapy trials. Coxsackie and adenovirus 
receptor is the primary receptor for serotype 5, but its expression 
is variable and often low in many human tumors.15,16 Ad3 bind 
to a non-coxsackie and adenovirus receptor highly expressed on 
tumor cells.17,18 Placing the Ad3 fiber knob into the Ad5 backbone 
results in an Ad5/3 chimera that displays improved gene deliv-
ery and antitumor efficacy in preclinical assays with cell lines, 
fresh clinical specimens, and animal models featuring dozens of 
tumor types.19–26 Gene transfer or toxicity to normal tissues is not 
increased in preclinical systems.19

In this article, we describe the generation of Ad5/3-D24-
GMCSF, a 5/3 chimeric oncolytic adenovirus armed with human 
GMCSF. Following preclinical testing, we treated 21 patients with 
advanced solid tumors refractory to standard treatments. Safety, 
efficacy, virological, immunological, and correlative data are pre-
sented. Also a preliminary assessment of pretreatment efficacy 
prediction, potentially useful as a biomarker for Ad5/3-D24-
GMCSF efficacy, was performed.

Results
Construction and characterization  
of Ad5/3-D24-GMCSF
In Ad5/3-D24-GMCSF (Supplementary Figure S1), GMCSF 
is under endogenous viral E3 control elements, which results in 
replication-associated transgene expression starting about 8 hours 
after infection.27 The virus replicates in a tumor-selective manner 
thus resulting in tumor-restricted production of GMCSF. Tumor 
specificity is achieved by a 24-bp deletion, which abrogates the 
Rb-binding site of E1A and, as demonstrated in previous reports, 
the virus replicates selectively in cells with p16-Rb pathway 
defects, including most if not all human cancers.20,28,29 The onco-
lytic potency of Ad5/3-D24-GMCSF was shown to be as effective 
as the wild-type control virus (Figure  1a,b). GMCSF secretion 
in vitro was confirmed (Figure  1c). To confirm bioactivity of 
virus produced GMCSF, we cultured human lymphocyte cell line 
TF1, whose viability is dependent on functional human GMCSF, 
with either supernatant from Ad5/3-D24-GMCSF-infected A549 
cells or commercially produced GMCSF. Cells cultured without 
GMCSF started to die at 48 hours, whereas cells cultured with 
supernatant were growing well and even better than cells cultured 
with commercial GMCSF (P ≤ 0.005) (Figure 1d).

Ad5/3-D24 is a similar virus without GMCSF and has been 
widely studied with regard to efficacy, safety, and biodistribution 
in preclinical models previously.19–26,30 Toxicity studies in rodents 
with GMCSF-expressing and nonexpressing oncolytic adeno
viruses have been performed previously.9,31,32 Safety of GMCSF in 
humans is well established.11

Potency of Ad5/3-D24-GMCSF was characterized in an 
immune-competent Syrian hamster model reported semipermis-
sive for human adenovirus.33 Human GMCSF has also been sug-
gested to be active in hamsters.8,34 Hamsters were treated exactly 
as our patients, with 4/5 of the dose given intratumorally and 1/5 

intravenously and the dose was chosen to correspond wt/wt to the 
largest dose used in humans. Ad5/3-D24-GMCSF was capable of 
hindering tumor growth (P ≤ 0.05), whereas hamsters treated with 
a nonreplicating control virus or oncolytic virus without GMCSF 
showed no antitumor effect (Figure 2a). We also studied the effect 
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Figure 1  Ad5/3-D24-GMCSF induces cell killing and expression of 
functionally active GMCSF in vitro. Viability of (a) MDA-MB-436 and 
(b) A549 cells after infection with Ad5luc1, Ad5wt, and Ad5/3-D24-
GMCSF. (c) GMCSF secretion by A549 cells after infection with 100 VP/
cell Ad5/3-D24-GMCSF. (d) TF1 cells, whose viability is dependent on 
functional human GMCSF (hGMCSF) were cultured in the presence 
of 2 ng/ml hGMCSF or indicated amount of filtered supernatant from 
Ad5/3-D24-GMCSF-infected cells. Normal growth media was used as 
negative control. Viability of cells was determined after 5 days; viability 
of cells with commercial hGMSCF was set as 100%. hGMCSF, human 
granulocyte–macrophage colony–stimulating factor; VP, virus particles.
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of simultaneous low-dose cyclophosphamide that did not result in 
significant antitumor efficacy when used alone although the com-
bination inhibited tumor growth (P ≤ 0.05) (Figure 2b).

To confirm selective replication and GMCSF secretion by 
Ad5/3-D24-GMCSF in tumors, we collected tumor and liver 
samples from HapT1 tumor–bearing Syrian hamsters after injec-
tion of virus intratumorally or into the liver. Measuring the 
amount of virus particles revealed a 23-fold increase in tumors 
between 0.5 and 72 hours after injection (P ≤ 0.05). In the livers, 
the amount of virus particle remained low at all time points 
(Figure 2c). GMCSF concentration was very low in the tumors 
and serum, as well as injected and noninjected livers, at 0.5 hours 
after virus injection. It increased significantly in tumors (P = 
0.0009), reaching a 437-fold increase at 48 hours after injection. 
There was no significant increase of GMCSF concentration in the 
serum or noninjected livers, whereas there was a small twofold 
increase in injected livers at the 48-hour time point (P = 0.024) 
(Figure 2d).

Safety of Ad5/3-D24-GMCSF in cancer patients
Treatments were well tolerated and no grade 4–5 adverse events 
were seen. Grade 1–2 flu-like symptoms, injection site and 
abdominal pain were common as well as liver enzyme eleva-
tions and hematological side effects (Table 2). Asymptomatic and 
self-limiting grade 3 hematological side effects were seen in four 
patients. The only nonhematological grade 3 side effect was a case 
of cholecystitis.

High levels of proinflammatory cytokines have been 
suggested to predict adenovirus mediated toxicity.35 We ana-
lyzed serum levels of interleukin (IL)-6, IL-8, IL-10, and tumor 
necrosis factor-α, and no significant elevations were seen 
(Supplementary Table S2 and Supplementary Figure S2). In 
parallel with the hamster data, there were no significant changes 
in systemic levels of GMCSF or total white blood cell counts 
(Supplementary Figure S3).

Neutralizing antibody titers and presence  
of Ad5/3-D24-GMCSF in serum after treatment
At baseline, 6/21 patients were completely negative for neutral-
izing antibodies against Ad5/3, 6 patients had barely detectable 
titers (1–4), and 9 patients had low neutralizing titer (16–64). 
After treatment the titer increased in all patients (P < 0.005) and 
the maximum titer (16,384) was reached in 11/21 patients within 
3 weeks (Table 3).

Injected virus is rapidly cleared from the bloodstream36 and 
therefore extended presence or increase in virus genomes in blood 
has been suggested to be a sign of virus replication.37–39 All patients 
were negative for Ad5/3-D24-GMCSF before treatment (Table 3). 
On day 1, 17/19 patients had measurable levels in the serum, with 
the highest titer being 2.06 × 103 virus particles (VP)/ml. Between 
days 3 and 7, 12/15 patients presented virus in the blood, with a 
highest titer of 3.36 × 105 VP/ml. Of these cases, 8 had an increase 
in virus titer compared to day 1 and positive samples were seen up 
to day 58 after treatment.
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Figure 2  Antitumor efficacy and tumor selectivity of Ad5/3-D24-GMCSF in immune-competent Syrian hamsters. Syrian hamsters were inoculated 
subcutaneously with HapT1 cells. (a,b) Tumors were injected with 1 × 108 VP/tumor on days indicated by arrows, 1/5 of dose was given intrave-
nously on day 1. NaCl was used as mock treatment. *P ≤ 0.05 against mock. In b the effect of low-dose cyclophosphamide (CP) in conjunction with 
Ad5/3-D24-GMCSF was tested and found to increase efficacy. Figure indicates tumor volumes recorded 15 days after injection of virus. (c,d) HapT1 
tumors were grown and injected once with 1 × 108 VP/tumor Ad5/3-D24-GMCSF. (c) Virus replication was studied with quantitative PCR. To evaluate 
tumor selectivity of the virus, livers of non-tumor-bearing hamsters were injected and no replication was seen. Viral E4 copy number was normalized 
to genomic DNA with GAPDH primers. (d) Human GMCSF concentration was measured in virus injected tumors, serum and livers of tumor-bearing 
hamsters and livers of non-tumor-bearing hamsters injected into the liver. Data are expressed as mean ± SEM, *P ≤ 0.05 and ***P ≤ 0.005 versus the 
0.5-hour time point. GMCSF, granulocyte–macrophage colony–stimulating factor; VP, virus particles.
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Efficacy of Ad5/3-D24-GMCSF
All patients had progressing tumors before treatment. Twelve patients 
could be assessed for radiological benefit according to Response 
Evaluation Criteria In Solid Tumors (RECIST) 1.1 criteria (Table 3); 
2 patients had a minor response, 6 patients had stable disease (SD), 
and 4 patients had progressive disease (PD). Therefore, the radio-
logical clinical benefit (=disease control) rate was 67% (Table 3).

In addition, the rapidly growing pancreatic tumor in H96 stabi-
lized, but a small metastatic lesion appeared in the lungs, and there-
fore H96 could have been classified as SD if immune-related criteria 
would have been used.40 Patient O129 had a 6% reduction of the total 
tumor burden but had a new metastasis. Again, immune-related cri-
teria might have classified this as SD. In patient V136, a noninjected 
liver lesion disappeared, while total disease remained SD. With 
regard to tumor markers, 2/9 had a minor decrease in marker levels 
and 7/9 displayed an increase in marker levels (Table 3). Other clini-
cal and/or subjective benefits included two patients who previously 
suffered from rapid accumulation of ascites and/or pleural effusion, 
which resolved completely for several months after virus treatment 
(Figure 3a,b, Table 3). Overall, signs of antitumor efficacy were seen 
in 13/21 patients in intent-to-treat analysis (62%, Table 3).

Antitumor activity was seen in patients receiving and not receiv-
ing low-dose cyclophosphamide. With regard to the latter, who had 
contraindications or did not tolerate cyclophosphamide, H64 had 
minor response in markers, S70 had SD in computed tomography 
and O129 had a decrease in overall disease burden and long sur-
vival. Overall, 38% of patients survived >200 days and the 400 day 
survival was 19%. At the time of manuscript submission three 
patients were still alive and well (Figure 3c). The cause of death was 
cancer progression in all cases where information was available.

Effect of Ad5/3-D24-GMCSF administration  
on white blood cell compartments
The phenotypic panel of circulating white blood cells was evaluated 
(Supplementary Table S3). Interestingly, most patients (10/14) 
showed an increase in the total number of CD8+ T-lymphocytes 
(Supplementary Figure S4) and for them the average CD8+ 
T-cell count increased from 0.61 × 109/l to 1.20 × 109/l (P = 0.076). 
This suggested that in addition to the oncolytic effect, Ad5/3-D24-
GMCSF was consistently able to stimulate a T-cell response.

Adenovirus- and tumor-specific T-cell responses
Based on the increase in CD8+ T cells (Supplementary Figure S4), 
and on preclinical data,41,42 we investigated adenovirus- and 
tumor-specific T-cell responses. In 9/14 patients, the level of Ad5-
specific CD8+ lymphocytes in blood increased (Figure 4). Tumor 
biopsies were not available for assessment of tumor antigens pres-
ent in each tumor and thus survivin was chosen for assessment 
of tumor-specific immunity. Survivin is a classic pan-carcinoma 
antigen reported to be present in practically all tumors.43,44 In 
8/14 patients, the level of survivin-specific CD8+ lymphocytes 
increased after treatment (Figure 4).

Pretreatment prediction of Ad5/3-D24-GMCSF 
efficacy and local virus load
Fresh pretreatment samples of ascites and pleural effusion, from 
K75 and V136, respectively, were analyzed for efficacy of gene 

delivery. In both samples, high transduction was seen with 
Ad5/3luc1, which has a capsid identical to Ad5/3-D24-GMCSF (P < 
0.005) (Figure 5a,b). This seemed to correlate with patient benefit 
as K75 had a −9.4% reduction in the sum of tumor diameters and 
V136 had SD in total tumor burden and CR of a noninjected liver 
metastasis (Table 3). Pretreatment samples of pleural effusion from 
V136 and M137 were assessed for oncolytic potency of Ad5/3-D24-
GMCSF. Six days after infection there were 62 and 29% less viable 
cells, respectively, compared to uninfected control sample (P  < 
0.005), suggesting that Ad5/3-D24-GMCSF was able to kill cells 
present in the effusion (Figure 5c,d). Ad5/3-D24-GMCSF was also 
more effective than the nonreplicative control virus. Both patients 
had SD in post-treatment computed tomography scans (Table 3).

To assess replication of Ad5/3-D24-GMCSF at the tumor, we 
analyzed an ascites sample obtained from patient O82 at 1 week 
after treatment. The viral load was 6,851 VP/ml, while the corre-
sponding serum sample was negative (Figure 5e). In this case, it 
was also possible to analyze the oncolytic and infectious capacity 
of the virus present in the sample; cytopathic effect was seen in 
70% of infected wells (data not shown). Patient O82 had a reduc-
tion of tumor markers after treatment (Table 3).
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Discussion
A selectively replicating, Rb-p16 binding site defective, 5/3 capsid 
chimeric oncolytic adenovirus armed with GMCSF was gener-
ated. Ad5/3-D24-GMCSF showed good oncolytic potential and 
production of functionally active human GMCSF in vitro. In 
immune-competent hamsters, the virus was effective in hindering 
the growth of aggressive syngeneic pancreatic tumors. Evidence of 
replication of the virus in tumors was shown by measuring viral 
copy number. Selectivity of replication was demonstrated as there 
was no increase in viral copy numbers in directly injected liver 
tissue. Local replication-linked production of GMCSF in tumors 
was demonstrated, while there was very little leakage of GMCSF 

into serum or liver. We also showed that combining low-dose 
cyclophosphamide with Ad5/3-D24-GMCSF can enhance antitu-
mor effect, whereas cyclophosphamide treatment alone did not 
result in significant reduction of tumor growth.

A total of 21 patients with advanced cancer refractory to avail-
able treatments were treated with Ad5/3-D24-GMCSF. A density 
of 4 × 1011 VP were administered without grade 4–5 adverse events, 
while mild flu-like symptoms and local pain were common. There 
were no elevations of proinflammatory cytokines, previously sug-
gested as sensitive indicators of adenoviral toxicity. The absence 
of systemic GMCSF or white blood cell count elevations suggests 
restriction of GMCSF production to local sites of virus replication, 
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as shown in preclinical data (Figure 2d). This is in contrast with a 
report on oncolytic vaccinia virus coding for GMCSF, where ele-
vations in serum GMCSF and white blood cells were seen.45 One 
reason for this could be less restricted GMCSF expression; JX-594 
expresses GMCSF in all transduced cells, whereas Ad5/3-D24-
GMCSF produces GMCSF only in cells allowing replication.

Treatment resulted in disease control (SD or better) in 8/12 
(67%) patients by radiological assessment. In addition, two patients 
had reductions of tumor marker values. Further, there were sev-
eral patients with qualitative clinical benefits such as resolution 
of ascites and pleural effusion. Evaluation of efficacy of oncolytic 
viruses is rather problematic as approaches developed for chemo-
therapy may be poorly applicable. Standard radiological criteria 
such as RECIST may not optimally reflect treatment benefits as 
virus replication causes inflammation and swelling of the tumor 
which may then be interpreted incorrectly as tumor growth and 
progression. Also assessment of tumor markers may lack utility as 
they can increase due to induction of the marker gene promoter, 
virus replication, and subsequent cell lysis.46 Thus, the assessment 
of oncolytic efficacy may require development of new imaging 
tools less sensitive to inflammation.

A similar situation exists for immunotherapies such as anti-
CTLA4 antibody ipilimumab, for which immune-related response 
criteria have been proposed to accommodate for the immune 
response.40 Evaluating the most relevant end points (quality of 
life, overall survival) would be a reliable method to assess efficacy. 
However, these end points do require a randomized trial, which has 
so far only been achieved with one oncolytic virus.1 The necessity 
of randomized trials was well demonstrated in the recent US Food 
and Drug Administration approval of sipuleucel-T, a T-cell therapy 
that does not give traditional RECIST responses but does increase 
overall survival.47 In our patient series, a subset of patients survived 
for an unusually long time given the advanced nature of their dis-
ease. Further studies are needed to understand which factors pre-
dict long-term survival after oncolytic adenovirus treatment.

Preclinical studies have suggested that 5/3 chimerism might 
be advantageous over Ad5 in the context of many tumor 
types.19–26,30 Therefore, it was interesting to see that with 67% 
radiological clinical benefit, Ad5/3-D24-GMCSF seems to yield 
at least similar disease control rates as the 50% reported for 
Ad5-D24-GMCSF, which is an isogenic virus without the capsid 
modification.8 However, caution should be exercised in non-
randomized comparisons, even though in this case the patient 
populations and inclusion criteria are well matched.

Although a classic approach, single-agent low-dose metro-
nomic cyclophosphamide has generally proven ineffective and is 
only rarely used in contemporary oncology. However, the effect 
on regulatory T cells is well documented.13,14 Because this effect 
is theoretically highly synergistic with an oncolytic adenovirus 
coding for GMCSF, we studied the effect in hamsters (Figure 2b) 
and have subsequently incorporated the approach into our rou-
tine treatment scheme.48 

Shedding of virus into serum was observed in 12/15 patients 
on days 3–7 and even up to day 58. Eight patients had an increase 
in virus titer in blood when compared to day 1. This type of 
increase of virus titers in blood has been suggested to be a sign of 
replication.36–39 Neutralizing antibodies increased in all patients, 

usually within 1–2 weeks. No clear correlation was seen between 
neutralizing antibody titers and viral dose, virus shedding in 
blood, antitumor activity, or toxicity, as supported by previous 
reports.1,37,38

With regard to the cellular immune response, we saw increases 
in CD8+ lymphocytes against Ad5. Induction of antiadenoviral 
T cells seems to support the notion that adaptive cellular responses 
can be produced even in patients with advanced and refractory 
tumors. Intriguingly, CD8+ cells against the classic tumor epitope 
survivin also increased in the majority of patients, which sug-
gests that also an antitumoral immune response may have been 
elicted. In some patients, the frequency of antiadenoviral and 
anti-survivin CD8+ cells in blood decreased. We speculate that 
this might indicate accumulation of such cells at the tumor where 
the virus replicates and GMCSF is produced. Further studies are 
needed to demonstrate the role of GMCSF and adenoviral oncoly-
sis, respectively, in breaking tolerance to tumor epitopes.

We had access to some pretreatment ascites and pleural effu-
sion samples that could be analyzed for transductional efficacy 
and oncolytic potency ex vivo. Ad5/3luc1 was superior to Ad5luc1, 
in accordance with preclinical reports.20,30 Ad5/3-D24-GMCSF 
also showed effective cell killing activity in both pleural effusion 
samples. These findings seemed to correlate with clinical benefits, 
suggesting that the ex vivo transduction and cell killing assays 
might perhaps be usable for predicting clinical utility of virother-
apy. Formal testing in larger patient series is needed to clarify this. 
Post-treatment ascites from O82 indicated a high virus titer, while 
the corresponding serum sample was negative. Also, this sample 
showed cytopathic effect in cell culture, indicating the presence of 
functional oncolytic virus. These findings suggest effective local 
replication of virus, as seen in hamsters (Figure 2), which could 
be an important factor in the balance between efficacy and safety. 
However, it is also possible that the virus found in ascites may 
have been remaining from the initial injected dose.

Overall, treatment of advanced cancer patients with Ad5/3-
D24-GMCSF appears to be safe and promising signs of possible 
efficacy were observed. Furthermore, preliminary correlations 
between patient responses and ex vivo analysis of treatment effi-
cacy set the stage for formal investigation into biomarkers pre-
dictive of oncolytic virus activity. Although virus was present 
in serum for extended periods even after a single dose, multiple 
injections are likely to improve tumor transduction and enhance 
antitumor immunity. A multiple-injection phase 1–2 clinical trial 
with Ad5/3-D24-GMCSF, combined with low-dose metronomic 
cyclophosphamide, is ongoing.

Materials and Methods
Adenoviruses. Ad5/3-D24-GMCSF was generated and amplified using 
standard adenovirus preparation techniques.19,20 A pAdEasy-1-derived 
plasmid containing a chimeric 5/3 fiber, pAdEasy5/3, was created 
by homologous recombination in Escherichia coli of Ad5/3luc1 viral 
genome and BstXI-digested 8.9 kb fragment of pAdEasy-1. Next, a 
shuttle vector containing a 24-bp deletion in E1A (pShuttleD24) was 
linearized with PmeI and recombined with pAdEasy5/3 resulting in 
pAd5/3-D24. In order to insert human GMCSF gene into E3 region, 
an E3-cloning vector pTHSN was created by inserting SpeI to NdeI 
fragment from Ad5 genome into the multicloning site of pGEM5Zf+ 
(Promega, Madison, WI). pTHSN was further digested with SunI/MunI 
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creating a 965-bp deletion in E3 region (6.7K and gp19K deleted). The 
432 bp complementary DNA encoding human GMCSF (Invitrogen, 
Carlsbad, CA) was amplified with primers featuring specific restriction 
sites SunI/MunI flanking the gene and then inserted into SunI/MunI-
digested pTHSN. pAd5/3-D24-GMCSF was generated by homologous 
recombination in E. coli between FspI-linearized pTHSN-GMCSF and 
SrfI-linearized pAd5/3-D24. Ad5/3-D24-GMCSF virus genome was 
released by PacI digestion and transfection to A549 cells for amplifica-
tion and rescue. All phases of the cloning were confirmed with PCR and 
multiple restriction digestions. The shuttle plasmid pTHSN-GMCSF 
was sequenced. Absence of wild-type E1 was confirmed with PCR. The 
E1 region, transgene, and fiber were checked in the final virus with 
sequencing and PCR. Virus production was done, according to the 
principles of cGMP by Oncos Therapeutics (Helsinki, Finland), on A549 
cells to avoid the risk of wild-type recombination. Virus stock buffer 
formulation was 10 mmol/l Trizma base, 75 mmol/l NaCl, 5% (wt/vol) 
sucrose, 1 mmol/l MgCl, 10 mmol/l L(+)histidine, 0.5% (vol/vol) EtOH, 
0.02% Tween, 100 µmol/l EDTA; 0.9% (wt/vol) NaCl solution (B. Braun, 
Melsungen, Germany) was used as a diluent.

Ad5luc1, Ad5/3luc1, and Ad5/3-D24 have been published 
previously.20,30 Ad5wt is wild-type Ad5 strain Ad300 from American Type 
Culture Collection (ATCC, Manassas, VA).

Cell lines. MDA-MB-436 human breast cancer cells, A549 human lung 
adenocarcinoma cells, 293 transformed embryonal kidney cells, and TF1 
human erythroleukemic cell line were obtained from ATCC. Hamster pan-
creatic carcinoma–derived cell line HapT1 was kindly provided by Ruben 
Hernandez-Alcoceba. Cells were grown and maintained in the recom-
mended conditions.

Animals. Syrian hamsters (Mesocricetus auratus) were obtained from 
Harlan (Indianapolis, IN) at 11 weeks of age and quarantined for at 
least 1 week. All animal protocols were reviewed and approved by the 
Experimental Animal Committee of the University of Helsinki and the 
Provincial Government of Southern Finland. Health status of the animals 
was monitored daily. Hamsters were killed according to local animal care 
rules if tumors grew too large or the condition of the hamsters otherwise 
deteriorated. Anesthesia for injections and tumor measurements was per-
formed with with Hypnorm (VetaPharma, Leeds, UK) and Dormicum 
(Roche, Espoo, Finland): fentanyl citrate 0.315 mg/kg, fluanisone 10 mg/
kg, and midazolam 5 mg/kg diluted in sterile water.

Oncolytic potency of viruses in vitro. Potency of Ad5/3-D24-GMCSF 
in vitro, cells were seeded into two 96-well plates at 10,000 cells/well 
and infected after 24 hours, in 2% Dulbecco’s modified Eagle’s medium 
(DMEM). Cells were daily and maintained in 10% DMEM. Six days after 
infection, (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium) (MTS) cytotoxicity assay was performed 
(MTS-Assay; Promega). Absorbance was measured using Multiskan 
Ascent and Ascent Software v2.6 (Thermo Labsystems, Helsinki, Finland) 
at 490 nm and background absorbance was subtracted.

Functionality of GMCSF. TF1 cells were cultured in suspension in complete 
growth medium supplemented with 2 ng hGMCSF/ml and kept on a shaker. 
A549 cells were grown in growth medium with 2% fetal calf serum and 
infected with 10 VP/cell of Ad5/3-D24-GMCSF. Supernatant was collected 
48 hours later and filtered through a 0.02 µm inorganic membrane filter 
(Whatman, Maidstone, UK). TF1 cells were centrifuged and resuspended 
with growth medium devoid of hGMCSF, and 1 × 104 cells/well were plated 
on 96-well plate and kept on a shaker. A volume of 0.1, 1, or 10 µl of filtered 
supernatant from Ad5/3-D24-GMCSF-infected A549 cells (6 wells each) 
was applied on TF1 cells. hGMCSF (2 ng/ml) was applied on the positive 
control cells (36 wells). TF1 cells without hGMCSF supplementation were 
used as a negative control. Three days later fresh growth medium without 
hGMCSF was added to the cells. Cell viability was measured with MTS‑assay 

(Promega) after 5 days in culture. The viability of positive control cells, with 
supplementation of 2 ng/ml hGMCSF, was assigned 100%.

Efficacy of oncolytic adenovirus with and without cyclophosphamide. 
Hamsters (N = 5–10/group) were injected subcutaneously at four different 
sites with 1 × 107 HapT1 cells/site. Tumors were allowed to develop until 
they reached ~600 mm3. To model human treatment as closely as pos-
sible, 4/5 of the virus dose was injected intratumorally and 1/5 was given 
intravenously on day 1. On following days, treatment was given intratu-
morally only. Each treatment comprised a total of 4 × 108 VP/hamster 
(i.e., 1 × 108 VP/tumor on most days). NaCl was used as mock treatment. 
Cyclophosphamide was administered intraperitoneally twice a week at 
20 mg/kg. Tumor growth was observed thereafter by measuring the width 
and height of the tumors and tumor volume was calculated by approxi-
mating the shape of the tumors as prolate spheroids.

Tumor selectivity of Ad5/3-D24-GMCSF replication and GMCSF con-
centration in tissues and serum. Hamsters (n = 2/time point) were 
injected subcutaneously in four different sites with 2.8 × 106 HapT1 cells/
site. Tumors were allowed to develop and 1 × 108 VP/tumor Ad5/3-D24-
GMCSF was injected intratumorally when average tumor volume was 
~1,000 mm3. Simultaneously non-tumor-bearing hamsters were injected 
with 4 × 108 VP Ad5/3-D24-GMCSF into the liver. Hamsters were killed at 
five different time points: 0.5, 24, 48, 72, and 92 hours after virus injection 
and tumors and livers were collected and stored at −80 °C.

For quantitative PCR, tissues were homogenized and total DNA was 
extracted using the QIAamp Mini Kit (Qiagen, Valencia, CA) according 
to the manufacturer’s instructions. Quantitative real-time PCR targeting 
E4 gene of the adenovirus was done using primers E4-forward (5′-
GGAGTGCGCCGAGACAAC-3′) and E4-reverse (5′-ACTACGTCCGG 
CGTTCCAT-3′) and the E4-probe (5′-TGGCATGACACTACGACCAA 
CACGATCT-3′). Hamster GAPDH primers and probe (primerFW: 5′-
CACCGAGGACCAGGTTGTCT-3′, PrimerRW: 5′-CATACCAGGAGA 
TGAGCTTTACGA-3′ and probeGAPDH: 6′FAM-CAAGAGTGACCCC 
ACTCTTCCACCTTTGA) were used as an internal control and to 
normalize viral DNA copies per amount of genomic DNA. The PCR 
conditions were as described earlier. A regression standard curve for 
GADPH was established using known amounts of DNA extracted from 
cultured cells (1,800–0.18 ng). 

For GMCSF measurements, tissues were minced with a scalpel and 
50 mg was incubated with 5 µl of protease inhibitor (P8340; Sigma-Aldrich, 
St Louis, MO) and 500 µl of digestion mixture consisting of RPMI 1640 
medium with 10 mmol/l HEPES buffer and 1.6 mmol/l phenylmethylsulfonyl 
fluoride (Sigma-Aldrich), 40 µg/ml gentamycin (Amresco, Solon, 
OH) 100 µg/ml bovine serum albumin (Sigma-Aldrich), and 100 µg/
ml Zwittergent 3-12 (Merck4Biosciences, Darmstadt, Germany). After 
incubation of 90 minutes at 37 °C under continuous agitation the digestates 
were subjected to 30 seconds of sonication and centrifuged at 2,000g for 
10 minutes at 4 °C. Supernatants were collected and stored in −80 °C until 
used in FACSArray. Human GMCSF concentrations in tissue digestion 
supernatants and serum samples were measured using BD Cytometrin 
Bead Array Soluble Protein Master Buffer Kit and BD Cytometrin Bead 
Array Human GMCSF Flex set according to manufacturer’s instructions 
with BD FACSArray bioanalyzer, BD FACSArray SystemSoftware, and 
FCAP Array v1.0 software (BD Biosciences, San Diego, CA).

Patients. A total of 21 patients with advanced solid tumors refractory 
to standard therapies (Table  1) were treated with Ad5/3-D24-GMCSF 
(Supplementary Table S1). The inclusion criteria were solid tumors 
refractory to conventional therapies, PD, World Health Organization per-
formance score ≤3 and no major organ function deficiencies. Exclusion 
criteria were organ transplant, human immunodeficiency virus, hyperbili-
rubinemia, severe thrombocytopenia, threefold or higher elevated aspar-
tate aminotransferase or alanine aminotransferase levels, other severe 
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disease, or organ malfunction. Written informed consent was required and 
treatments were administered according to Good Clinical Practice and 
the Declaration of Helsinki. This Advanced Therapy Access Program is in 
compliance with EU and Finnish regulations and is regulated by Finnish 
medicines agency FIMEA.

Treatment protocol. Patients received a single round of treatment on day 
0, by ultrasound-guided intratumoral injection and at least one-fifth of 
the dose was given intravenously. In the case of intrapleural or intraperi-
toneal disease, intratumoral injection was performed intracavitary. The 
injection was personalized for each patient according to the location and 
size of tumors. Typically, a 10 ml volume was injected intratumorally with 
10 needle tracts in ultrasound guidance, while the intravenous dose was 
given as a 2.5 ml bolus after intratumoral injection. The starting dose of 8 
× 1010 VP was chosen based on published safety results.49 To reduce regu-
latory T  cells, concurrent low-dose oral metronomic cyclophosphamide 
50 mg/day was given in the absence of contraindications.14 Patients were 
monitored for 24 hours in the hospital and 4 weeks as outpatients. Adverse 

Table 2  Adverse events

 Grade 1 Grade 2 Grade 3 Grade 4–5

Constitutional

  Chills 3 1 0 0

  Fatigue 5 12 0 0

  Fever 12 6 0 0

  Sweating 1 1 0 0

Gastrointestinal

  Anorexia 1 1 0 0

  Nausea 7 1 0 0

  Vomiting 4 0 0 0

  Heartburn 2 0 0 0

Hematological

  Anemia 3 2 1 0

  Leukocytopenia 1 1 0 0

  Neutropenia 0 0 1 0

  Thrombocytopenia 1 2 0 0

Infection

  Cholecystitis 0 0 1 0

Lymphatics

  Limb edema 0 2 0 0

Metabolic/laboratory

  ALT increased 3 0 1 0

  AST increased 6 2 1 0

  Hyperbilirubinemia 2 0 1 0

  Hypokalemia 5 0 0 0

  Hyperkalemia 0 1 0 0

  Hyponatremia 7 0 1 0

  Glucose imbalance 0 1 0 0

Neurology and ocular

  Dizziness 2 0 0 0

Pain

  Injection site 4 2 0 0

  Abdominal 4 6 0 0

  Joints 1 2 0 0

  Lower extremity 1 1 0 0

  Back 1 1 0 0

  Chest wall 2 0 0 0

  Headache 1 2 0 0

  Others 0 1 0 0

Pulmonary/upper respiratory

  Nasal dripping 3 0 0 0

  Hoarseness 0 1 0 0

  Cough 1 2 0 0

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase.
All 21 patients were evaluated for adverse events according to CTCAE v.3.0 
criteria for 4 weeks after the treatment. Grade 1 adverse events were reported 
only if seen in 2 or more patients. All grade 2–5 adverse events are reported. 
Numbers indicate the number of patients out of 21.

Table 1  Baseline features of patients

Sex (no. of patients)

  Male 10

  Female 11

Age (years)

  Median 63

  Range 17–78

WHO performance score

  Median 1

  Range 0–3

Tumor type

  Ovarian cancer 4

  Sarcoma (bone, synovial, or chondro) 3

  Pancreatic cancer 3

  Melanoma (choroidea or skin) 3

  Colorectal cancer 2

  Bladder cancer 1

  Cholangiocarcinoma 1

  Head and neck squamous cell cancer 1

  Lung non-small cell adenocarcinoma 1

  Mesothelioma 1

  Prostate cancer 1

  Uterus cancer 1

Previous treatments

  Chemotherapy 21

  Median chemo regimes per patient 3

  Radiotherapy 5

  Surgical treatments 14

Ad5/3 neutralizing antibodies (baseline)

  High 0

  Low 9

  Minimal or negative 12

Summary of characteristics of the patients at baseline. The numbers indicate 
number of patients out of 21.
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events were recorded according to CTCAE v3.0 (Table  2). Pre-existing 
symptoms were not listed unless they worsened. Tumor size was assessed by 
contrast-enhanced computer tomography scanning before and ~2 months 
after treatment. Maximum tumor diameters were calculated according to 
RECIST v1.1,50 including injected and noninjected lesions. These criteria 
are complete response (CR; tumor completely undetectable after treatment), 
partial response (PR; ≥30% reduction in the sum of tumor diameters), SD 
(no reduction/increase), and PD (≥20% increase). Tumor decreases not 
fulfilling PR were scored as minor responses. Tumor markers were also 
evaluated when elevated at baseline, and the same percentages were used 
(Table 3).

Cytokine measurements. GMCSF production by virus-infected A549 
cells and cytokine levels in serum were measured using BD Cytometrin 
Bead Array Soluble Protein Master Buffer Kit and BD Cytometrin Bead 
Array Human IL-6, IL-8, IL-10, tumor necrosis factor-α, and GMCSF 
Flex sets according to manufacturer’s instructions. BD FACSArray bio-
analyzer, BD FACSArray SystemSoftware, and FCAP Array v1.0 software 
(BD Biosciences) were used according to manufacturer’s instructions for 
recording the results of the assay.

Neutralizing antibody titer determination and detection of viral DNA in 
serum and fluid samples. Neutralizing antibody determination was done 
as described previously,8 using Ad5/3luc1 to evaluate the effect of neutral-
izing antibodies in the serum of patients treated with Ad5/3-D24-GMCSF. 
DNA extraction and real-time PCR were performed as described previ-
ously.8 The viral loads in fluids were calculated using a regression stan-
dard curve based on serial dilutions of pAd5/3-D24-GMCSF DNA (1 × 
109 to 1 × 10). Positive samples were confirmed by real-time PCR using 
LightCycler480 SYBR Green I Master mix (Roche, Mannheim, Germany) 
and primers specific for adenovirus and GMCSF sequences (forward 
primer 5′-AAACACCACCCTCCTTACCTG-3′ and reverse primer 
5′-TCATTCATCTCAGCAGCAGTG-3′).

ELISPOT analysis. Peripheral blood mononuclear cells were isolated before 
treatment and 4–8 weeks after treatment by Percoll gradient according 
to standard protocols. Cells were immediately frozen in CTL-CryoABC 
serum-free media (Cellular Technology, Cleveland, OH). ELISPOT was 
performed according to MABtech manufacturer instructions (h-IFN-y 
ELISPOT PRO 10 plate kit, code 3420-2APT-10). Cells were stimulated 
with two peptides and also with positive and negative control (no pep-
tide) for 20 hours. For adenovirus ELISPOT, cells were stimulated with 
the HAdV-5 penton peptide pool. For survivin, BIRC5 PONAB peptide 
was used.

Ex vivo analysis of ascites and pleural samples. Cells were isolated from 
fresh ascites/pleural effusion samples by centrifugation (900 r.p.m., 8 min-
utes, +4 °C). Red blood cells samples were lysed with 25 ml ACK Lysis 
Buffer. Samples were washed with 2% DMEM and cell suspension in 2% 
DMEM-fungizone was prepared (50 ml 2% DMEM + 200µl Fungizone; 
Bristol-Meyers Squibb, Espoo, Finland).

To test transductional efficacy, cells were seeded into 24-well plates, 
50,000 cells/well. Twenty-four hours later, cells in triplicates were 
infected with Ad5luc1 or Ad5/3luc1 5,000 VP/cell in 2% DMEM. Forty-
eight hours later luciferase expression was analyzed by Luciferase Assay 
System (Promega). To test the potency of Ad5/3-D24-GMCSF, cells were 
seeded into 96-well plates, 10,000 cells/well and 24 hours later infected 
with 100 VP/cell Ad5/3-D24-GMCSF in 2% DMEM. MTS analysis was 
carried out as above.

For assessing presence of functional virus in a post-treatment ascites 
samples, cells were resuspended in 3 ml 2% DMEM after lysing red blood 
cells and freeze-thawed four times in −80 °C. Sample was centrifuged for 
15 minutes at 4,000 r.p.m. (+4 °C) and supernatant collected. HEK293 
cells were seeded on 96-well plate, 10,000 cells/well, and 24 hours later 

infected with 100 µl/well of the supernatant. After 10 days of incubation, 
wells were assessed for cytopathic effect.

Statistical analysis. Statistics were done with SPSS v17.0 (SPSS, Chicago, 
IL). Two-tailed Student’s t-test was used to compare luciferase activity and 
pre- and post-treatment neutralizing antibody titers, cytokine levels. One-
way analysis of variance and two-tailed Dunnett’s t-test was used to asses 
tumor volume and virus load data for hamster experiments. Survival data 
were processed with Kaplan–Meier analysis.

SUPPLEMENTARY MATERIAL
Figure S1.  Schematic of Ad5/3-D24-GMCSF genome.
Figure S2.  No significant elevations in pro-inflammatory cytokines in 
patients after treatment with Ad5/3-D24-GMCSF.
Figure S3.  No significant increases in serum GMCSF levels or circulat-
ing WBC count in patients after viral treatment.
Figure S4.  Ad5/3-D24-GMCSF treatment increases total CD8+ T lym-
phocyte counts.
Table S1.  Characteristics of patients at baseline and description of 
treatment.
Table S2.  Cytokine concentrations in serum after treatment.
Table S3.  Phenotypic panel of circulating lymphocytes.
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