
Oncotarget1www.oncotarget.com

Systemic oncolytic adenovirus delivered in mesenchymal carrier 
cells modulate tumor infiltrating immune cells and tumor 
microenvironment in mice with neuroblastoma

Lidia Franco-Luzón1, África González-Murillo2,3,5, Cristina Alcántara-
Sánchez3, Lorena García-García3, Maryam Tabasi3, Ana Luis Huertas4, Louis 
Chesler6 and Manuel Ramírez2,3,5

1Fundación Oncohematología Infantil, Madrid, Spain
2Unidad de Terapias Avanzadas, Oncología, Hospital Infantil Universitario Niño Jesús, Madrid, Spain
3Fundación de Investigación Biomédica, Hospital Infantil Universitario Niño Jesús, Madrid, Spain
4Servicio de Cirugía, Hospital Infantil Universitario Niño Jesús, Madrid, Spain
5Instituto de Investigación Sanitaria La Princesa, Madrid, Spain
6Paediatric Solid Tumour Biology and Therapeutics Team, Division of Clinical Studies and Cancer Therapeutics Division, The 
Institute of Cancer Research, Sutton, Surrey, UK

Correspondence to: Manuel Ramírez, email: manuel.ramirez@salud.madrid.org
                    África González-Murillo, email: africa.gonzalez@salud.madrid.org
Keywords: oncolytic virotherapy; neuroblastoma; mesenchymal stem cells; tumor microenvironment; immune response
Received: july 16, 2019           Accepted: october 21, 2019	 Published:
Copyright: Franco-Luzón et al. This is an open-access article distributed under the terms of the Creative Commons Attribution 
License 3.0 (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author 
and source are credited.

ABSTRACT
Celyvir (autologous mesenchymal cells -MSCs- that carry an oncolytic adenovirus) 

is a new therapeutic strategy for metastatic tumors developed by our research 
group over the last decade. There are limitations for studying the immune effects of 
human oncolytic adenoviruses in murine models since these viruses do not replicate 
naturally in these animals. The use of xenografts in immunodeficient mice prevent 
assessing important clinical aspects of this therapy such as the antiadenoviral immune 
response or the possible intratumoral immune changes, both of tumor infiltrating 
leukocytes and of the microenvironment. In our strategy, the presence of MSCs in the 
medicinal product adds an extra level of complexity. We present here a murine model 
that overcomes many of these limitations. We found that carrier cells outcompeted 
intravenous administration of naked particles in delivering the oncolytic virus into the 
tumor masses. The protection that MSCs could provide to the oncolytic adenovirus did 
not preclude the development of an antiadenoviral immune response. However, the 
presence of circulating antiadenoviral antibodies did not prevent changes detected at 
the tumor masses: increased infiltration and changes in the quality of immune cells 
per unit of tumor volume, and a less protumoral and more inflammatory profile of the 
tumor microenvironment. We believe that the model described here will enable the 
study of crucial events related to the immune responses affecting both the medicinal 
product and the tumor.
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INTRODUCTION

Celyvir (autologous mesenchymal cells -MSCs- 
that carry an oncolytic adenovirus [1] inside) is a new 
therapeutic strategy for metastatic tumors developed 
by our research group over the last decade. The first 
clinical trial with Celyvir [2] for children and adults with 
metastatic and refractory solid tumors (ClinicalTrials 
Identifier: NCT01844661; EudraCT2008-000364-16) 
and a compassionate use program [3] have shown that 
Celyvir is a very well tolerated treatment, with only mild 
toxicities related to the adenoviral infusion (fever, chills 
and discomfort) with the potential to achieve clinical 
responses in patients with advanced tumors.

Nowadays it is assumed that oncolytic virotherapy 
can be considered as a form of cancer immunotherapy [4], 
since the reported clinical benefits have been associated 
with antitumor immune phenomena initiated by infection 
and oncolysis. Results of preclinical models and human 
trials demonstrate that the localized effect of oncolytic 
viruses is capable of activating an inflammatory immune 
infiltrate in tumors. This point is of vital importance, since 
it is known that tumor infiltration by T lymphocytes is 
a prerequisite for the success of immunotherapies based 
on inhibitors of immune checkpoints [5]. Oncolytic 
virotherapy, and therefore Celyvir, appears as a strategy 
capable of achieving tumor infiltration by lymphocytes 
in any type of tumor, in principle. In addition to its 
action on tumor infiltrating leukocytes, oncolytic 
virotherapies can also act on the tolerant state of the tumor 
microenvironment [6].

There are limitations for studying the immune 
effects of human oncolytic adenoviruses in animal models 
since these viruses do not replicate naturally in murine 
models. The use of xenografts in immunodeficient mice 
allows the analysis of aspects related to oncolysis or 
tumor targeting but no other important clinical facets such 
as the antiadenoviral immune response or the possible 
intratumoral immune changes, both of tumor infiltrating 
leukocytes and of the microenvironment. In addition to 
the importance of the various immune reactions associated 
with oncolytic virotherapy, our strategy incorporates the 
well-known immunomodulatory role of mesenchymal 
stem cells (MSCs) [7–14]. We have explored the possibility 
of an immunocompetent murine model of neuroblastoma, 
a childhood tumor treated with Celyvir by our group. In 
this model, we comprehensively analyzed biodistribution 
of Celyvir, adenoviral levels in peripheral blood, 
antiadenoviral response and intratumor immune changes 
associated with repeated administrations of an oncolytic 
adenovirus carried by MSCs. We found that carrier cells 
outcompeted intravenously (IV) administration of naked 
particles in delivering the oncolytic virus into the tumor 
masses. The protection that MSCs could provide to the 
oncolytic adenovirus did not preclude the development 
of an antiadenoviral immune response. However, the 

presence of circulating antiadenoviral antibodies did not 
prevent the changes detected at the tumor masses. Therapy 
caused an increased infiltration and changes in the quality 
of immune cells per unit of tumor volume when compared 
to untreated mice. Tumor microenvironment showed a less 
protumoral and more inflammatory profile after treatment. 
We believe that the model described here will help us in 
optimizing this type of therapy by enabling the study of 
crucial events related to the immune responses affecting 
both the medicinal product and the tumor.

RESULTS

Mutant oncolytic adenovirus dlE102 replicates 
efficiently in adipose-derived murine MSC

To generate mCelyvir (murine version for human 
Celyvir used in the clinical setting [1, 3]), mesenchymal 
stem cell cultures were obtained from the white adipose 
tissue of mice, and were characterized by flow cytometry 
as described in Math & Methods. The oncolytic murine 
adenovirus MAV-1 dlE102 was previously developed 
by Dr. Katherine Spindler’s group [15]. Murine MSCs 
(mMSCs) were infected with mAd and viral replication 
was assessed by quantitative PCR (qRT-PCR). Detection 
of viral particles in the supernatants collected at days 2 
and 7 after infection increased over time (Supplementary 
Figure 1A, 1B, 1C). The cytopathic effect was followed by 
daily visual inspection. These findings are similar to those 
in the human system and allowed us to study the immune 
effects of murine Celyvir in an immunocompetent model 
of neuroblastoma.

Changes on adenovirus immunity upon systemic 
administration of murine celyvir correlated with 
the presence of mAd particles in PB

Human Celyvir is administered weekly to patients 
so medicine biodistribution, virus replication and antivirus 
immune responses are important aspects of this therapy. 
Tumor bearing mice were treated during 3 weeks with 
mCelyvir (n=5) or naked virus (n=6) and PB samples were 
recovered before and one / two days after each treatment 
aiming at assessing the systemic immune response 
against the oncolytic virus. A scheme of experimental 
procedure is represented in Figure 1A. The anti-MAV 
neutralizing antibodies kinetic in serum showed that all 
treated mice had a positive titer of specific anti-adenovirus 
antibody while none of the untreated one did (Figure 1B). 
Interestingly, antibody levels were not detected until the 
third dose of either naked mAd or mCelyvir, being higher 
for the former compared with mCelyvir. Therefore, a 
systemic humoral immune response against the oncolytic 
virus followed the repeated administration of mCelyvir.

We also analyzed the presence of mAd virus in 
PB samples from mice treated with either naked virus or 
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mCelyvir. Samples from the first week were all negative. 
mAd genomic sequences were detectable in samples 
from the second week of treatment. We observed that 
particles of mAd decreased in both groups from the third 
week on, being only detectable in mCelyvir condition. 
Thus, circulating viral particles dropped when the titers 
of neutralizing anti-MAV1 antibodies raised (Figure 1C).

Anatomical distribution of systemically 
administered oncolytic adenovirus delivered in 
carrier mesenchymal stem cells

We assessed the biodistribution of the oncolytic 
adenovirus after repeated intravenous infusions. The 
mice of the experiment explained previously were 
exsanguinated and sacrificed one week after the fourth 
intravenous dose of either naked mAd or mCelyvir. 
Several organs and the tumor masses were procured. 
The administration of the oncolytic adenovirus in carrier 
cells resulted in higher accumulation of the virus in the 
tumor masses (p=0.08) and lungs (p=0.09), compared to 
the infusions of naked viruses. Although differences are 
not statically significant, there exists a tendency towards 
increased viral particles accumulation when using 

mCelyvir compared to naked viruses. No differences were 
found in spleens, livers and kidneys. The spleens and the 
lungs were the organs in which the highest amount of virus 
was detected (Figure 2).

Changes on local tumor immunity upon 
systemic administration of murine celyvir in a 
spontaneous model of neuroblastoma

We next studied the local effects of IV administration 
of mCelyvir in tumor growth, intratumoral immune cell 
infiltration and expression of tumor microenvironment 
molecules, using the TH-MYCN transgenic mouse 
model (spontaneous model) as explained in Materials and 
Methods. The frequency of tumors was not significantly 
different among treated and untreated groups (5 out of 19 
vs. 6 out of 15, untreated vs. treated, p>0.1), similar to 
what it has been reported for this model [16]. Considering 
only the animals with macroscopic tumors, we found high 
variability on tumor volumes (Figure 3A, Supplementary 
Figure 2). Tumors were recovered and carefully minced. 
Cells were counted and fresh cell suspensions were labeled 
with specific flow cytometry antibodies in order to analyze 
tumor infiltrating immune cell populations. Complete 

Figure  1: Kinetic of circulating anti-adenovirus antibodies and viral particles following repeated infusions of 
mCelyvir. (A)  Schematic representation of the experimental procedure. (B) MAV-1 relative quantitation of serum anti-adenovirus 
antibody levels of mice treated with mCelyvir or naked mAd. (C) qRT-PCR amplification of MAV-1 specific sequence from peripheral 
blood samples of the same mice.
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flow cytometry strategy is summarized in Supplementary 
Figure 3. We normalized the number of immune cells per 
milliliter of tumor to allow for comparisons. Even though 
no significant differences were found, tumors from treated 
mice showed a trend towards higher immune infiltration 
compared to untreated ones (Figure 3B). This difference 
was related to a higher infiltration of lymphocytes of the 
adaptive immune system, T- and B-lymphocytes (CD45+ 
CD3+ and CD45+ B220+, respectively), while myeloid 
(CD45+, CD11b+) and dendritic cell (CD45+, CD11c+) 
infiltration tended to be higher among untreated mice. 
All subsets of myeloid (MDSC-granulocytic, MDSC-
monocytic, M1-TAM, M2-TAM) and DC (plasmacytoid 
and conventional) showed higher numbers per mL in 
the control group. On the other hand, systemic therapy 
with mCelyvir resulted in non-significant increased 
mean values of CD8 and CD4 T lymphocytes per tumor 
volume, expressing markers of recent and sustained T cell 
activation (OX40 among CD8, PD1 and LAG3 among 
both CD4 and CD8, and TIM3 among CD4). CD4 and 
CD8 T lymphocytes expressing PD1 were enriched 150 
and 33 times respectively, relative to untreated mice 
(Supplementary Table 2). At the same time, we did not 
find differences in the percentages of these leukocyte 
subsets in peripheral blood. (Supplementary Figure 4).

We also quantified the expression levels of several 
genes related with immune function as mean of assessing 
the TME status and changes related with therapy. We 
found that treated mice expressed significant lower levels 
of genes associated to a protumoral TME (Arg1, Arg2, 
Foxp3, Il-10, Tgfβ, Vegf, Nos2) and higher (but non-
significantly) levels of genes associated to a sustained 
lymphocyte activation (CD80 and CD86, both ligands 
of CTLA-4) and a more inflammatory environment 
(chemokines CCL2 and CXCL10) (Figure 3C).

Changes on local tumor immunity upon systemic 
administration of murine celyvir in an induced 
model of neuroblastoma

The fact that a significant number of spontaneous 
TH-MYCN animals did not develop tumor during the 
experimental period, and among those that did, the time 
of tumor initiation may not be homogeneous, contributed 
to the high variability found in the previous experiments. 
Therefore, the impact of therapy may not be comparable 
among groups. As alternative, we used an induced tumor 
model similar to that used for studying the systemic 
response and biodistribution experiments. In this model 
tumor cells are orthotopically implanted in the suprarenal 
area of wild type mice and therapy is given at the same 
time from tumor initiation.

Mice were treated and processed as explained 
before. All the animals showed macroscopic tumors in the 
area where cells were implanted. We found that tumors 
from treated mice (n=6) were significantly smaller than 
those of untreated controls (n=7) (Figure 4A, p=0.045, and 
Supplementary Figure 5). We also analyzed intratumoral 
immune populations by flow cytometry. We normalized 
the number of immune cells per milliliter of tumor to 
allow for comparisons. Tumors from treated mice had 
significantly higher immune infiltration compared to 
untreated ones, and this difference affected to all major 
leukocyte subpopulations (Figure 4B). Systemic therapy 
with mCelyvir resulted in increased numbers of CD4 
T lymphocytes, expressing markers of recent (OX40, 
4-1BB) and sustained T cell activation (PD1, LAG3 and 
TIM3) compared to untreated mice. The same was found 
for CD8, except for the expression of OX40, which was 
higher among control mice. CD4 and CD8 TILs expressing 
4-1BB were enriched 9 and 55-fold respectively, relative 
to untreated mice (Supplementary Table 2). Subsets of 

Figure 2: Differential biodistribution of MAV-1 in organs. qRT-PCR amplification of MAV-1 specific sequence from several 
organs and tumor recovered from mice treated with either naked MAV-1 or mCelyvir.
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Figure 3: Effects of systemically administered mCelyvir in tumors in a spontaneous model of NB. (A) Tumor volumes 
recovered after four weekly treatments of intravenous mCelyvir and untreated controls. (B) Infiltrating immune cells per milliliter of tumor 
in both groups of animals. (C) Expression levels of immune-related genes of tumor microenvironment analyzed by qRT-PCR. Results were 
normalized to untreated controls (normalized value = 1). Statistics differences are represented by * (p < 0.05) or ** (p < 0.01).

MDSCs (granulocytic and monocytic), TAMs (TAM1 and 
TAM2) and DCs (plasmacytoid and conventional) were 
also higher in treated mice compared to control ones.

Finally, we performed qRT-PCR analysis to 
determine changes in expression of TME genes. The main 
changes found in gene expression levels affected Arg2 
(higher levels among treated mice) (Figure 4C).

DISCUSSION

Oncolytic virotherapy can be considered as a form 
of cancer immunotherapy [4], since the reported clinical 

benefits have been associated with antitumor immune 
phenomena initiated by infection and oncolysis. The role 
of the immune system during treatment with oncolytic 
viruses has two different facets, with a direct impact 
on the results of the therapy. On the one hand, antiviral 
immunity may be an important potential limitation. It 
has been described that natural killer (NK) cells interfere 
with the action of oncolytic viruses, decreasing and even 
eliminating their efficacy [17]. It is also known that 
adaptive immunity has developed many mechanisms to 
destroy viral infections [18]. On the other hand, oncolysis 
causes the death of tumor cells with the possible release of 
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Figure 3: Effects of systemically administered mCelyvir in tumors in a spontaneous model of NB. (A) Tumor volumes 
recovered after four weekly treatments of intravenous mCelyvir and untreated controls. (B) Infiltrating immune cells per milliliter of tumor 
in both groups of animals. (C) Expression levels of immune-related genes of tumor microenvironment analyzed by qRT-PCR. Results were 
normalized to untreated controls (normalized value = 1). Statistics differences are represented by * (p < 0.05) or ** (p < 0.01).
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tumor-associated antigens. These antigens, together with 
the danger signals [19] associated with viral infection, 
can stimulate an antitumor immune response [20] that 
increases the clinical effect in a very significant way.

The fact that MSCs are used for the production 
of Celyvir has very important implications in the 
development of immune responses that occur in these 
patients, which makes them different from those uses of 
virotherapy without MSCs. The effects that MSCs have 
on antigen-presenting cells (APCs, including DCs) and 
immune effector cells are well known [7–14]. It has also 
been reported that MSCs in the autologous context and in 
animal models can function as APCs [21, 22]. Therefore, 
the MSCs of Celyvir could exert an immunomodulatory 
role, participate in the presentation of antigens, or in both 
processes. In principle, MSCs infected with adenoviral 
vectors have not shown great changes in their phenotypic 
or functional characteristics [23]. From the point of 
view of the clinical practice with Celyvir, the MSCs 
could diminish the antiadenoviral response, due to its 
immunomodulatory role, facilitating and thus increasing 
the oncolytic action of the virus. In addition, the use of 
repeated administrations of an adenovirus (the regimen 
of treatment with Celyvir consists of weekly doses) could 
contribute to the depletion of the antiadenoviral immune 
response, comparable to that described in patients with 
other viral infections [24].

We present here a model that allows the study of 
many important aspects related to the Celyvir strategy 
we are developing in children with cancer. The TH-
MYCN mouse recapitulates the main genetic and clinical 
characteristics of NB with amplified MYCN, and has 
been used over the last 20 years in many studies of basic 
biology and preclinical research [25]. One aspect that has 
not been intensively studied in this model is the profile of 
infiltrating immune cells of the tumors, both at baseline 
and after the administration of treatments. This point is 
very important in the case of immunotherapies. In the TH-
MYCN mouse tumors develop in an immunocompetent 

host, with the appropriate tissue microenvironment, 
reproducing the conditions that allow the interaction of 
the immune system with the developing tumor.

We have treated these mice with a therapeutic 
regime similar to that we use in patients, i.e., an oncolytic 
adenovirus carried in MSCs, administered repeatedly 
through systemic infusions. MAV-1 is a murine oncolytic 
adenovirus comparable to ICOVIR-5 [1]: MAV-1 and 
ICOVIR-5 have genetic modifications that allow them to 
replicate preferentially in cells in which retinoblastoma 
(Rb) pathway is deregulated [15], a common feature of 
advanced human cancers (including neuroblastoma, NB) 
but not in healthy cells; MAV-1 and ICOVIR-5 are also 
able to replicate in MSCs, although at significant lower 
levels compared to replication in tumor cell lines  [1] 
(Supplementary Figure 1A, 1B, 1C). We confirm an 
excellent safety profile for this therapy in mice, with no 
adverse effect or discomfort in the recipients (as happens 
in human patients [1–3]). Compared to naked virus, the 
repeated administration of mCelyvir resulted in relative 
accumulation of the oncolytic virus in organs such as 
spleen and lung, likely due to the sifting effect of these 
organs for the infused cells. Interestingly, mCelyvir also 
resulted in higher amount of virus in the tumor masses 
compared to the infusion of naked viral particles, 
underscoring that the carrier cells outcompeted the direct 
administration in oncolytic virotherapy. These results 
would indicate that Celyvir could efficiently target tumors 
metastasizing into the lungs, such as pediatric sarcomas or 
some adult carcinomas. The protection that MSCs could 
provide to the oncolytic adenovirus did not preclude the 
development of an antiadenoviral immune response, as 
manifested by our results not only in murine models but 
also in our experience in human patients [2]. However, the 
presence of circulating antiadenoviral antibodies did not 
prevent the changes detected at the tumor masses.

Less than half of the TH-MYCN mice developed 
a tumor during the time we did the experimental work, 
as it has been previously reported [16]. In addition, 

Figure 3: Effects of systemically administered mCelyvir in tumors in a spontaneous model of NB. (A) Tumor volumes 
recovered after four weekly treatments of intravenous mCelyvir and untreated controls. (B) Infiltrating immune cells per milliliter of tumor 
in both groups of animals. (C) Expression levels of immune-related genes of tumor microenvironment analyzed by qRT-PCR. Results were 
normalized to untreated controls (normalized value = 1). Statistics differences are represented by * (p < 0.05) or ** (p < 0.01).
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Figure 4: Effects of systemically administered mCelyvir in tumors in an induced model of NB. (A) Tumor volumes from TH-
MYCN recovered after two weekly treatments of intravenous mCelyvir and untreated controls. (B) Infiltrating immune cells per milliliter 
of tumor in both groups of animals. (C) Expression levels of immune-related genes of tumor microenvironment analyzed by qRT-PCR. 
Results were normalized to untreated controls (normalized value = 1). Statistics differences are represented by * (p < 0.05) or ** (p < 0.01).

the time of tumor initiation is not homogeneous in this 
spontaneous model. Most mice develop tumors between 
weeks 6 and 9 of life, predominantly in the paraspinal 
region of these mice, and can be palpated only when 
they are large enough, which makes very difficult to 
know when a tumor is initiating on these mice. Also, no 
image system was available to follow up the development 
of these tumors and therefore choose the best moment 
to start treatment. All these facts pose limitations and 
account for a high variability of results when therapies are 
administered at the same starting time-point. Therefore, 
in addition to the spontaneous model we used an induced 
one, in which tumor cells are orthotopically implanted in 
the suprarenal area of 129/SvJ wild type mice [26–28]. 
In the latter, conditions such as frequency of tumors 
and time of tumor initiation are similar among animals 

in treated and control groups. Using any of the models 
we found that the systemic administration of mCelyvir 
resulted in local changes in the tumor masses related to 
their immune landscape. Since we did not find major 
changes in circulating leukocytes (Supplementary Figure 
4), the scenario at the tumor represents a localized rather 
than generalized effect. Therapy caused an increased 
infiltration of immune cells per unit of tumor volume 
when compared to untreated mice. The recruitment of 
immune cells has been already reported when oncolytic 
viruses were administered directly into the tumor masses 
[29, 30] and our results show that the same happens when 
carrier cells systemically deliver the virus. We could also 
prove the presence of oncolytic virus in the tumor masses 
upon sacrifice.
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Figure 4: Effects of systemically administered mCelyvir in tumors in an induced model of NB. (A) Tumor volumes from TH-
MYCN recovered after two weekly treatments of intravenous mCelyvir and untreated controls. (B) Infiltrating immune cells per milliliter 
of tumor in both groups of animals. (C) Expression levels of immune-related genes of tumor microenvironment analyzed by qRT-PCR. 
Results were normalized to untreated controls (normalized value = 1). Statistics differences are represented by * (p < 0.05) or ** (p < 0.01).
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Therapy also caused changes in the quality of 
immune cell infiltrates. Increased B and T lymphoid 
infiltration was independent of the type of model analyzed, 
while myeloid and DC subsets were affected mainly in 
the induced model. Others have reported that intratumoral 
administrations of oncolytic viruses in mice [29, 31] 
induced inflammatory responses with activation of CD4 
and CD8 T lymphocyte infiltration in treated lesions. We 
also found that infiltrating CD4 and CD8 lymphocytes 
showed changes in markers of T cell activation and 
exhaustion upon repeated mCelyvir administration [32], 
suggesting continued activity of the tumor infiltrating 
T lymphocytes (TILs). TILs expressing activation 
markers were more enriched (relative to untreated mice) 
in the induced model, both CD4 and CD8, while the 
spontaneous model showed enrichment of CD4 and CD8 
expressing exhaustion markers. Although we did not test 
the specificity of TILs activity in this work (antitumoral / 
antiadenoviral / non-specific), the immunophenotypic 
differences suggest a more active and less exhausted TIL 
repertoire in the induced model after mCelyvir therapy, 
which might explain the better antitumoral effect seen in 
terms of tumor volume.

We also analyzed changes related to the tumor 
microenvironment, specifically of molecules with a known 
role in the balance pro and antitumoral that modulates 
tumor growth. Systemic administration of mCelyvir was 
followed by changes in the TME, more remarkable in the 
spontaneous model than the induced one. After treatment, 
TME showed a less pro-tumoral and more inflammatory 
profile, a scenario that contributes to create a more pro-
immune local situation for an antitumor immune response, 
as has been previously described [33, 34]. Today it is 

well accepted the immunomodulatory role associated 
to oncolytic virotherapy through several secondary 
mechanisms derived from the tumor cell infection 
itself  [6]. In our experience, TME changed towards a 
more inflamed environment, evidenced by the increase 
of cytokines like CXCL10 and CCL2 [35, 36], and the 
decrease of immunosuppressive molecules (like FoxP3 
and Nos2), and molecules that promote tumor growth and 
invasiveness (like IL10 and TGFβ) [37–39]. Therefore, 
oncolytic virotherapy with Celyvir could have not only a 
lytic effect in tumor cells, but could also immunomodulate 
the TME so other therapies can be administered with a 
higher chance of achieving a clinical response.

We are using the Celyvir strategy to treat kids with 
metastatic tumors [1–3]. We have found changes in the 
immune landscape of primary tumors of patients receiving 
Celyvir, similar to those described in this paper [27]. We 
found differences in immune cell infiltration and gene 
expression levels when comparing the spontaneous versus 
induced model, considering only non-treated mice. There 
were higher levels of immune infiltration and levels of 
gene expression (pro- and anti-tumoral genes) in the non-
treated mice of the spontaneous model (Supplementary 
figure 6A, 6B). These differences may likely be due 
to the extended time and more physiological process 
for tumor and TME development in the spontaneous 
model, and the higher numbers of tumor initiating cells 
in the induced one. The impact of mCelyvir therapy in 
each scenario was different, changes in infiltration and 
TME more pronounced in the spontaneous model and 
tumor volume in the induced one. These differences in 
the response to mCelyvir may be related to the different 
doses used in each model. Nevertheless, even though these 

Figure 4: Effects of systemically administered mCelyvir in tumors in an induced model of NB. (A) Tumor volumes from TH-
MYCN recovered after two weekly treatments of intravenous mCelyvir and untreated controls. (B) Infiltrating immune cells per milliliter 
of tumor in both groups of animals. (C) Expression levels of immune-related genes of tumor microenvironment analyzed by qRT-PCR. 
Results were normalized to untreated controls (normalized value = 1). Statistics differences are represented by * (p < 0.05) or ** (p < 0.01).
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two models are not completely identical, and taking into 
account differences in the murine and human oncolytic 
adenoviruses, we believe that the models described here 
will help us in optimizing this type of therapy by enabling 
the study of crucial events related to the immune responses 
affecting both the medicine and the tumor.

MATERIALS AND METHODS

Mice

TH-MYCN- 129X1/SvJ transgenic mice [40] were 
used for spontaneous tumor treatment experiments. Wild 
type mice were also used for mouse NB tumor cell line 
transplant experiments. All mice were bred, maintained 
and used following guidelines issued by the European 
and Spanish legislations for laboratory animal care. 
All experiments involving animals were approved by 
the OEBA (Organ for Evaluating Animal Wellbeing) 
at CIEMAT and Madrid Regional Department of 
Environment, with reference PROEX 186/15. Transgenic 
mice were identified as previously described [41] using 
N008 (5'-TGGAAAGCTTCTTATTGGTAGAAACAA-3') 
and N009 (5'-AGGGATCCTTTCCGCCCCGTTCGTTTT
AA-3') for human MYCN gene detection.

Cell culture and virus production

WT 129/SvJ mice derived mesenchymal stem cells 
(mMSC) were obtained from adipose tissue enzymatically 
digested with 1 mg/mL of collagenase B (Roche; Catalog 
#11088815001) during 2 hours at 37ºC in constant 
shaking. Mononuclear cells were washed twice with PBS 
and pelleted by centrifugation at 1500 rpm for 5 minutes. 
Cells were seeded at 100.00 cells / cm2 with murine 
MesenCult Expansion Kit (STEMCELL Technologies; 
Catalog #05513) until passage 3. From then on mMSC 
were maintained with DMEM with Glutamax (Gibco) 
supplemented with 10% FBS (HyClone, GE Healthcare 
Life Sciences) and 1% penicillin / streptomycin (10.000 
U/mL, Gibco; Catalog #15140122). Murine MSC were 
characterized by flow cytometry with specific antibodies.

Non-adherent spheres derived from a TH-MYCN 
tumor mass (36769 cell line) were generated in Dr. Louis 
Chesler’s laboratory. They were maintained using DMEM/
F12 (Gibco; Catalog #10565018) supplemented with 1X 
B-27 without vitamin A (Gibco; Catalog #12587010), 
20 ng/mL of murine EGF and 40 ng/mL of murine FGF 
(R&D Systems, Minneapolis, MN). Spheres were passed 
when confluents, and seeded again at 1/6 of its initial 
concentration.

The 37.1 cell line was used for MAV-1 dlE102 
virus production. The oncolytic murine adenovirus 
MAV-1 dlE102 (mAd) was previously developed by Dr. 
Katherine Spindler’s group [15]. Similar to ICOVIR-5 
[1], MAV-1 has genetic modifications that allows it to 

replicate preferably in cells in which retinoblastoma (Rb) 
pathway is deregulated [15]. First virus aliquot was kindly 
provided by Dr. Spindler. Successive virus stocks for our 
experiments were produced in our lab using 37.1 cells as 
previously described by Spindler group. The cells were 
maintained with DMEM (4.5 g/L glucose, Gibco; Catalog 
#11965092) supplemented containing 5% FBS (Hyclone, 
GE Healthcare Life Sciences) and G418 (200μg/mL, 
Sigma; Catalog #G8168-10ML). For virus propagation, 
cells were passaged one time in absence of G418, and 10-

5M dexamethasone was added 5-24 hours prior infection 
to induce E1A expression [15]. Viral physical titer from 
supernatants was determined by spectrophotometry using 
NanoDrop 1000 (Thermo Fisher Scientific, Waltham, MA 
USA) and aliquoted and stored at -80ºC until use.

Preparation of murine celyvir.

For murine Celyvir (mCelyvir) preparation, 
mMSC were used between passages 5 and 7 for every 
experiment. Cells were trypsinized (TripLE Express, 
Life Technologies; Catalog #12604013) and counted 
with trypan blue. Viable mMSC were infected at MOI 
200 with MAV-1 dlE102 during 90 minutes at 37º C in 
constant shaking. After that, cells were washed to remove 
virus excess and resuspended for intravenously (IV) 
administration in mice (100.000 infected cells in 150 μL 
of non-supplemented DMEM).

Tumor mice model and mCelyvir treatment

We either used the TH-MYCN transgenic mouse 
model (spontaneous) or implanted 3 x 105 TH-MYCN 
cells on the suprarenal region of 129/SvJ mice (genetic 
background of the TH-MYCN transgenic mouse, induced 
model).

All treatments were administered intravenously, 
either mCelyvir or naked adenovirus.

In the spontaneous model, 8 weeks old TH-MYCN 
mice were treated intravenously with mCelyvir during 
4 weeks while control group remained untreated. Both 
groups of mice were sacrificed two days after the 4th 
treatment and peripheral blood and tumor mass were 
obtained.

For the induced tumor model, 3 x 105 cells from 
a single cell suspension of the 36769 cell line were 
inoculated into the left adrenal gland of 129/SvJ-WT mice 
by surgery. Mice were left to recover for 2 weeks and 
then received 2 weekly doses of mCelyvir or remained 
untreated. Mice were sacrificed two days after the second 
treatment and peripheral blood and tumor mass were 
analyzed.

Tumor volume was calculated with the formula 
(3.14/3)×(a/2)2×(b/2). A tumor piece was conserved at 
-80ºC for qRT-PCR analysis. The rest of the tumoral mass 
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and the peripheral blood were processed freshly for flow 
cytometry analysis.

Biodistribution and viral replication studies

Mice with implanted tumors were treated 
intravenously during 3 weeks with mCelyvir or naked 
adenovirus once per week. The amount of naked mAd 
used was equivalent to that used in Celyvir preparation. 
After the last treatment, mice were sacrificed and bone 
marrow, spleen, lung, liver, kidney, tumor mass and 
peripheral blood (PB) were extracted to further analyze 
the presence of viral DNA in the different tissues.

For detection of mAdv presence on tumors, 
conventional PCR reaction was performed with 30 ng of 
genomic DNA using GoTaq® DNA Polymerase (Promega, 
Madison USA; Catalog #M7822) and specific MAV-1 
forward (5’-GGCCAACACTACCGACACTT-3’) and 
MAV-1 reverse (5’-TTTTGTCCTGTGGCATTTGA-3’) 
primers. Conventional PCR reaction consisted in an 
initial denaturation at 95ºC for 10 minutes followed by 40 
cycles at 95ºC for 15 seconds and 65ºC during 1 minute, 
as previously described [42].

To study the kinetics of viral particles in peripheral 
blood, treated mice were bleed just before each treatment 
and also one-two days after. qRT-PCR was performed 
using hexon (MAV-1) and ApoB (as genomic control) 
primers. The same qRT-PCR procedure was used to 
quantify adenovirus in distinct organs (bone marrow, 
spleen, lung, liver, kidney). The reactions were run in a 
7500 Real-Time PCR System (Applied Biosystems™, 
California USA) and results were analyzed using 7500 
Real-Time PCR software (Applied Biosystems™, 
California USA). Standard curves of genomic DNA and 
MAV-1 DNA were used for quantitation purposes.

Flow cytometry analysis

To confirm the phenotype of mMSC cells were 
stained with specific antibodies during 30 min at 4 
degrees. MSC were positive for CD29, CD44, and Sca-
1 and negative for CD45, CD11b, and CD14 (data not 
shown).

To analyze immune infiltrated cells, tumor mass 
was carefully washed with HBSS 1X and mechanically 
processed prior enzymatic digestion with 1 mg/mL of 
collagenase D (Roche; Catalog #11088858001). Tumor 
cell suspension was counted by trypan blue and 5 x 105 
alive cells were labelled with specific antibodies during 
30 min at 4 degrees. Red blood cells were lysed using 
QuickLysis (Cytognos; Catalog #CYT-QL-1) for 20 min in 
darkness. Used antibodies are indicated in supplementary 
information (Supplementary Table 1). Samples were 
acquired in a FacsCanto II (BD, San Jose, CA) cytometer 
and analyzed using FacsDiva software.

RNA extraction and qRT-PCR analysis

To analyze gene expression of different stroma 
genes, chemokines and immune-related molecules, 30 μg 
of each tumor piece conserved at -80ºC were mechanically 
disrupted and RNA extraction was performed with RNeasy 
Mini kit (Qiagen; Catalog #74106). RNA concentration was 
determined by NanoDrop 1000. For cDNA synthesis, 1 μg 
of RNA was retrotranscribed using SuperScript™ VILO™ 
cDNA Synthesis Kit (Invitrogen, Catalog #11754050). 
For qRT-PCR analysis, specific murine TaqMan assays 
(Applied Biosystems™, California USA) were used: 
Gapdh (Mm99999915_g1), Arg1 (Mm00475988_m1), 
Arg2 (Mm00477592_m1), Ccl2 (Mm00441242_m1), 
Cd80 (Mm00711660_m1), Cd86 (Mm00444543_m1), 
Cxcl10 (Mm00445235_m1), FoxP3 (Mm00475162_m1), 
Ifnγ (Mm01168134_m1), Il-10 (Mm00439614_m1), Pdl1 
(Mm00452054_m1), Tgfβ (Mm01178820_m1), Vegf 
(Mm01281449_m1) and Nos2 (Mm00440502_m1).

qRT-PCR reaction was performed in a 7500 Real-
Time PCR System (Applied Biosystems™, California 
USA) and results were analyzed using 7500 Real-Time 
PCR software (Applied Biosystems™, California USA). 
A relative quantification was used (DDCt method) using 
non-treated groups of mice as reference.

Serological studies

Fresh blood collected from spontaneous model TH-
MYCN mice at the moment of sacrifice was tested for 
detection of specific MAV-1 antibodies in serum using 
Mouse Adenovirus (FL/K87) ELISA Kit (Dynamimed, 
Madrid Spain). Experiment was performed following 
manufacturer’s instructions. Briefly, peripheral blood 
samples were collected from animals and serum was 
obtained by centrifugation and diluted 50 times in order 
to proceed with ELISA. Samples were incubated in the 
plate as well as proper positive and negative controls at 
37ºC during 45 minutes. Wells were carefully washed five 
times before adding peroxidase conjugate and incubate 
again at 37ºC during 45 minutes. After last five washes, 
peroxidase substrate was added and plate was incubated 
for 30 minutes prior to read the absorbance at 495 nm.

Statistics

All statistical analyses were performed using Stata/
IC 11.0 (StataCorp LP, College Station, TX, http://www.
stata.com/). The nonparametric Wilcoxon rank-sum 
test was used to compare quantitative variables. Results 
were considered statistically significant with p<0.05. All 
graphics present the mean ± SEM.

Graphics

All graphics presented in this work have been created 
using GraphPad Prism 7 (https://www.graphpad.com/).

http://www.stata.com/
http://www.stata.com/
https://www.graphpad.com/


Oncotarget13www.oncotarget.com

Abbreviations

mCelyvir: murine Celyvir; IV: intravenous / 
intravenously; TME: tumor microenvironment; NB: 
neuroblastoma; MSC: mesenchymal stem cells; qPCR: 
quantitative polymerase chain reaction.

Author contributions

LF collected and analyzed the data. MR and AG 
designed experiments and analyzed the data. CA and LG 
helped in collecting data. AL performed surgeries in mice. 
MR, AG and LF wrote the paper. All authors approved the 
final version of the manuscript.

ACKNOWLEDGMENTS

We thank Jesús Martinez and Edilia Almeida from 
CIEMAT for taking care of animals.

DECLARATION OF INTEREST

The authors declare no conflict of interest regarding 
the publication of this article.

FUNDING

This work was supported by Instituto de Salud 
Carlos III under grants PI13/02487 and PI16/02008. MR 
is supported by Asociación Pablo Ugarte, Asociación NEN 
and Fundación Neuroblastoma.

REFERENCES

1.	 García-Castro J, Alemany R, Cascalló M, Martínez-
Quintanilla J, Arriero M del M, Lassaletta A, Madero L, 
Ramírez M. Treatment of metastatic neuroblastoma with 
systemic oncolytic virotherapy delivered by autologous 
mesenchymal stem cells: an exploratory study. Cancer Gene 
Ther. 2010; 17: 476–83. https://doi.org/10.1038/cgt.2010.4. 
[PubMed]

2.	 Ramirez M, Ruano D, Moreno L, Lassaletta Á, Sirvent 
FJB, Andión M, Hernández C, González-Murillo Á, 
Melen G, Alemany R, García-Castro J, Madero L. First-
in-child trial of celyvir (autologous mesenchymal stem 
cells carrying the oncolytic virus ICOVIR-5) in patients 
with relapsed and refractory pediatric solid tumors. J Clin 
Oncol. 2018; 36: 10543–10543. https://doi.org/10.1200/
JCO.2018.36.15_suppl.10543

3.	 Melen GJ, Franco-Luzón L, Ruano D, González-Murillo 
Á, Alfranca A, Casco F, Lassaletta Á, Alonso M, Madero 
L, Alemany R, García-Castro J, Ramírez M. Influence 
of carrier cells on the clinical outcome of children with 
neuroblastoma treated with high dose of oncolytic 
adenovirus delivered in mesenchymal stem cells. Cancer 

Lett. 2016; 371: 161–161. https://doi.org/10.1016/j.
canlet.2015.11.036. [PubMed]

4.	 Lichty BD, Breitbach CJ, Stojdl DF, Bell JC. Going viral 
with cancer immunotherapy. Nat Rev Cancer. 2014; 14: 
559–559. https://doi.org/10.1038/nrc3770. [PubMed].

5.	 Tang H, Wang Y, Chlewicki LK, Zhang Y, Guo J, Liang W, 
Wang J, Wang X, Fu Y-X. Facilitating T Cell Infiltration in 
Tumor Microenvironment Overcomes Resistance to PD-L1 
Blockade. Cancer Cell. 2016; 29: 285–285. https://doi.
org/10.1016/j.ccell.2016.02.004. [PubMed]

6.	 Achard C, Surendran A, Wedge M-E, Ungerechts G, Bell J, 
Ilkow CS. Lighting a Fire in the Tumor Microenvironment 
Using Oncolytic Immunotherapy. EBioMedicine. 2018; 
31: 17–17. https://doi.org/10.1016/j.ebiom.2018.04.020. 
[PubMed]

7.	 Beyth S, Borovsky Z, Mevorach D, Liebergall M, Gazit Z, 
Aslan H, Galun E, Rachmilewitz J. Human mesenchymal 
stem cells alter antigen-presenting cell maturation and 
induce T-cell unresponsiveness. Blood. 2005; 105:2214–
2214. https://doi.org/10.1182/blood-2004-07-2921. 
[PubMed]

8.	 Duffy MM, Ritter T, Ceredig R, Griffin MD. Mesenchymal 
stem cell effects on T-cell effector pathways. Stem Cell Res 
Ther. 2011; 2: 34. https://doi.org/10.1186/scrt75. [PubMed]

9.	 Jiang X-X, Zhang Y, Liu B, Zhang S-X, Wu Y, Yu X-D, Mao 
N. Human mesenchymal stem cells inhibit differentiation 
and function of monocyte-derived dendritic cells. Blood. 
2005; 105: 4120–4120. https://doi.org/10.1182/blood-2004-
02-0586. [PubMed]

10.	 Li Y-P, Paczesny S, Lauret E, Poirault S, Bordigoni P, 
Mekhloufi F, Hequet O, Bertrand Y, Ou-Yang J-P, Stoltz 
J-F, Miossec P, Eljaafari A. Human mesenchymal stem 
cells license adult CD34+ hemopoietic progenitor cells 
to differentiate into regulatory dendritic cells through 
activation of the Notch pathway. J Immunol Baltim Md 
1950. 2008; 180: 1598–1598. https://doi.org/10.4049/
jimmunol.180.3.1598. [PubMed]

11.	 Shi M, Liu Z-W, Wang F-S. Immunomodulatory properties 
and therapeutic application of mesenchymal stem cells. 
Clin Exp Immunol. 2011; 164: 1–1. https://doi.org/10.1111/
j.1365-2249.2011.04327.x. [PubMed]

12.	 Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, 
Mingari MC, Moretta L. Mesenchymal stem cells inhibit 
natural killer-cell proliferation, cytotoxicity, and cytokine 
production: role of indoleamine 2,3-dioxygenase and 
prostaglandin E2. Blood. 2008; 111: 1327–1327. https://doi.
org/10.1182/blood-2007-02-074997. [PubMed]

13.	 Tabera S, Pérez-Simón JA, Díez-Campelo M, Sánchez-
Abarca LI, Blanco B, López A, Benito A, Ocio E, Sánchez-
Guijo FM, Cañizo C, San Miguel JF. The effect of 
mesenchymal stem cells on the viability, proliferation and 
differentiation of B-lymphocytes. Haematologica. 2008; 
93: 1301–1301. https://doi.org/10.3324/haematol.12857. 
[PubMed]

https://doi.org/10.1038/cgt.2010.4
https://www.ncbi.nlm.nih.gov/pubmed/20168350
https://doi.org/10.1200/JCO.2018.36.15_suppl.10543
https://doi.org/10.1200/JCO.2018.36.15_suppl.10543
https://doi.org/10.1016/j.canlet.2015.11.036
https://doi.org/10.1016/j.canlet.2015.11.036
https://www.ncbi.nlm.nih.gov/pubmed/26655276
https://doi.org/10.1038/nrc3770
https://www.ncbi.nlm.nih.gov/pubmed/24990523
https://doi.org/10.1016/j.ccell.2016.02.004
https://doi.org/10.1016/j.ccell.2016.02.004
https://www.ncbi.nlm.nih.gov/pubmed/26977880
https://doi.org/10.1016/j.ebiom.2018.04.020
https://www.ncbi.nlm.nih.gov/pubmed/29724655
https://doi.org/10.1182/blood-2004-07-2921
https://www.ncbi.nlm.nih.gov/pubmed/15514012
https://doi.org/10.1186/scrt75
https://www.ncbi.nlm.nih.gov/pubmed/21861858
https://doi.org/10.1182/blood-2004-02-0586
https://doi.org/10.1182/blood-2004-02-0586
https://www.ncbi.nlm.nih.gov/pubmed/15692068
https://doi.org/10.4049/jimmunol.180.3.1598
https://doi.org/10.4049/jimmunol.180.3.1598
https://www.ncbi.nlm.nih.gov/pubmed/18209056
https://doi.org/10.1111/j.1365-2249.2011.04327.x
https://doi.org/10.1111/j.1365-2249.2011.04327.x
https://www.ncbi.nlm.nih.gov/pubmed/21352202
https://doi.org/10.1182/blood-2007-02-074997
https://doi.org/10.1182/blood-2007-02-074997
https://www.ncbi.nlm.nih.gov/pubmed/17951526
https://doi.org/10.3324/haematol.12857
https://www.ncbi.nlm.nih.gov/pubmed/18641017


Oncotarget14www.oncotarget.com

14.	 Zhang B, Liu R, Shi D, Liu X, Chen Y, Dou X, Zhu X, Lu 
C, Liang W, Liao L, Zenke M, Zhao RCH. Mesenchymal 
stem cells induce mature dendritic cells into a novel Jagged-
2-dependent regulatory dendritic cell population. Blood. 
2009; 113: 46–46. https://doi.org/10.1182/blood-2008-04-
154138. [PubMed]

15.	 Smith K, Ying B, Ball AO, Beard CW, Spindler KR. 
Interaction of mouse adenovirus type 1 early region 1A 
protein with cellular proteins pRb and p107. Virology. 
1996; 224: 184–184.https://doi.org/10.1006/viro.1996.0520. 
[PubMed]

16.	 Rasmuson A, Segerström L, Nethander M, Finnman 
J, Elfman LHM, Javanmardi N, Nilsson S, Johnsen JI, 
Martinsson T, Kogner P. Tumor development, growth 
characteristics and spectrum of genetic aberrations in 
the TH-MYCN mouse model of neuroblastoma. PloS 
One. 2012; 7: e51297. https://doi.org/10.1371/journal.
pone.0051297. [PubMed]

17.	 Alvarez-Breckenridge CA, Yu J, Price R, Wojton J, 
Pradarelli J, Mao H, Wei M, Wang Y, He S, Hardcastle J, 
Fernandez SA, Kaur B, Lawler SE, et al. NK cells impede 
glioblastoma virotherapy through NKp30 and NKp46 
natural cytotoxicity receptors. Nat Med. 2012; 18: 1827–
1827. https://doi.org/10.1038/nm.3013. [PubMed]

18.	 Wherry EJ, Ahmed R. Memory CD8 T-cell differentiation 
during viral infection. J Virol. 2004; 78: 5535–5535. https://
doi.org/10.1128/JVI.78.11.5535-5545.2004. [PubMed]

19.	 Matzinger P. The danger model: a renewed sense of self. 
Science. 2002; 296: 301–301. https://doi.org/10.1126/
science.1071059. [PubMed]

20.	 Qiao J, Kottke T, Willmon C, Galivo F, Wongthida P, Diaz 
RM, Thompson J, Ryno P, Barber GN, Chester J, Selby 
P, Harrington K, Melcher A, et al. Purging metastases 
in lymphoid organs using a combination of antigen-
nonspecific adoptive T cell therapy, oncolytic virotherapy 
and immunotherapy. Nat Med. 2008; 14: 37–37. https://doi.
org/10.1038/nm1681. [PubMed]

21.	 Chan JL, Tang KC, Patel AP, Bonilla LM, Pierobon N, 
Ponzio NM, Rameshwar P. Antigen-presenting property of 
mesenchymal stem cells occurs during a narrow window 
at low levels of interferon-gamma. Blood. 2006; 107: 
4817–4817. https://doi.org/10.1182/blood-2006-01-0057. 
[PubMed]

22.	 Stagg J, Pommey S, Eliopoulos N, Galipeau J. Interferon-
gamma-stimulated marrow stromal cells: a new type of 
nonhematopoietic antigen-presenting cell. Blood. 2006; 
107: 2570–2570. https://doi.org/10.1182/blood-2005-07-
2793. [PubMed]

23.	 Treacy O, Ryan AE, Heinzl T, O’Flynn L, Cregg M, Wilk 
M, Odoardi F, Lohan P, O’Brien T, Nosov M, Ritter T. 
Adenoviral transduction of mesenchymal stem cells: in 
vitro responses and in vivo immune responses after cell 
transplantation. PloS One. 2012; 7: e42662. https://doi.
org/10.1371/journal.pone.0042662. [PubMed]

24.	 Wherry EJ. T cell exhaustion. Nat Immunol. 2011; 12: 492–
492. https://doi.org/10.1038/ni.2035. [PubMed]

25.	 Chesler L, Weiss WA. Genetically engineered murine 
models--contribution to our understanding of the 
genetics, molecular pathology and therapeutic targeting 
of neuroblastoma. Semin Cancer Biol. 2011; 21: 245–245. 
https://doi.org/10.1016/j.semcancer.2011.09.011. [PubMed]

26.	 Cardoso CC, Bornstein SR, Hornsby PJ. Optimizing 
orthotopic cell transplantation in the mouse adrenal 
gland. Cell Transplant. 2010; 19: 565–565. https://doi.
org/10.3727/096368910X509077. [PubMed]

27.	 Kroesen M, Brok IC, Reijnen D, van Hout-Kuijer MA, 
Zeelenberg IS, Den Brok MH, Hoogerbrugge PM, Adema 
GJ. Intra-adrenal murine TH-MYCN neuroblastoma 
tumors grow more aggressive and exhibit a distinct 
tumor microenvironment relative to their subcutaneous 
equivalents. Cancer Immunol Immunother CII. 2015; 64: 
563–563. https://doi.org/10.1007/s00262-015-1663-y. 
[PubMed]

28.	 Luis AL, Espinoza M, Franco L, González-Murillo A, 
Melen GJ, Ollero Fresno JC, Madero L, Ramírez M. 
[Establishment of a preclinical neuroblastoma model in 
immunocompetent mice]. Cirugia Pediatr Organo Of Soc 
Espanola Cirugia Pediatr. 2016; 29: 66–66.

29.	 Tähtinen S, Grönberg-Vähä-Koskela S, Lumen D, Merisalo-
Soikkeli M, Siurala M, Airaksinen AJ, Vähä-Koskela 
M, Hemminki A. Adenovirus Improves the Efficacy of 
Adoptive T-cell Therapy by Recruiting Immune Cells to and 
Promoting Their Activity at the Tumor. Cancer Immunol 
Res. 2015; 3: 915–915. https://doi.org/10.1158/2326-6066.
CIR-14-0220-T. [PubMed]

30.	 Tuve S, Liu Y, Tragoolpua K, Jacobs JD, Yumul RC, Li 
Z-Y, Strauss R, Hellström K-E, Disis ML, Roffler S, Lieber 
A. In situ adenovirus vaccination engages T effector cells 
against cancer. Vaccine. 2009; 27: 4225–4225. https://doi.
org/10.1016/j.vaccine.2009.03.074. [PubMed]

31.	 Zamarin D, Holmgaard RB, Subudhi SK, Park JS, Mansour 
M, Palese P, Merghoub T, Wolchok JD, Allison JP. 
Localized oncolytic virotherapy overcomes systemic tumor 
resistance to immune checkpoint blockade immunotherapy. 
Sci Transl Med. 2014; 6: 226ra32. https://doi.org/10.1126/
scitranslmed.3008095. [PubMed]

32.	 Lee S-W, Park Y, Song A, Cheroutre H, Kwon BS, Croft 
M. Functional dichotomy between OX40 and 4-1BB in 
modulating effector CD8 T cell responses. J Immunol 
Baltim Md 1950. 2006; 177: 4464–4464. https://doi.
org/10.4049/jimmunol.177.7.4464. [PubMed]

33.	 Locy H, de Mey S, de Mey W, De Ridder M, Thielemans 
K, Maenhout SK. Immunomodulation of the Tumor 
Microenvironment: Turn Foe Into Friend. Front Immunol. 
2018; 9:2909. https://doi.org/10.3389/fimmu.2018.02909. 
[PubMed]

34.	 Ribas A, Dummer R, Puzanov I, VanderWalde A, 
Andtbacka RHI, Michielin O, Olszanski AJ, Malvehy J, 
Cebon J, Fernandez E, Kirkwood JM, Gajewski TF, Chen 

https://doi.org/10.1182/blood-2008-04-154138
https://doi.org/10.1182/blood-2008-04-154138
https://www.ncbi.nlm.nih.gov/pubmed/18832657
https://doi.org/10.1006/viro.1996.0520
https://www.ncbi.nlm.nih.gov/pubmed/8862413
https://doi.org/10.1371/journal.pone.0051297
https://doi.org/10.1371/journal.pone.0051297
https://www.ncbi.nlm.nih.gov/pubmed/23284678
https://doi.org/10.1038/nm.3013
https://www.ncbi.nlm.nih.gov/pubmed/23178246
https://doi.org/10.1128/JVI.78.11.5535-5545.2004
https://doi.org/10.1128/JVI.78.11.5535-5545.2004
https://www.ncbi.nlm.nih.gov/pubmed/15140950
https://doi.org/10.1126/science.1071059
https://doi.org/10.1126/science.1071059
https://www.ncbi.nlm.nih.gov/pubmed/11951032
https://doi.org/10.1038/nm1681
https://doi.org/10.1038/nm1681
https://www.ncbi.nlm.nih.gov/pubmed/18066076
https://doi.org/10.1182/blood-2006-01-0057
https://www.ncbi.nlm.nih.gov/pubmed/16493000
https://doi.org/10.1182/blood-2005-07-2793
https://doi.org/10.1182/blood-2005-07-2793
https://www.ncbi.nlm.nih.gov/pubmed/16293599
https://doi.org/10.1371/journal.pone.0042662
https://doi.org/10.1371/journal.pone.0042662
https://www.ncbi.nlm.nih.gov/pubmed/22880073
https://doi.org/10.1038/ni.2035
https://www.ncbi.nlm.nih.gov/pubmed/21739672
https://doi.org/10.1016/j.semcancer.2011.09.011
https://www.ncbi.nlm.nih.gov/pubmed/21958944
https://doi.org/10.3727/096368910X509077
https://doi.org/10.3727/096368910X509077
https://www.ncbi.nlm.nih.gov/pubmed/20525431
https://doi.org/10.1007/s00262-015-1663-y
https://www.ncbi.nlm.nih.gov/pubmed/25687736
https://doi.org/10.1158/2326-6066.CIR-14-0220-T
https://doi.org/10.1158/2326-6066.CIR-14-0220-T
https://www.ncbi.nlm.nih.gov/pubmed/25977260
https://doi.org/10.1016/j.vaccine.2009.03.074
https://doi.org/10.1016/j.vaccine.2009.03.074
https://www.ncbi.nlm.nih.gov/pubmed/19481312
https://doi.org/10.1126/scitranslmed.3008095
https://doi.org/10.1126/scitranslmed.3008095
https://www.ncbi.nlm.nih.gov/pubmed/24598590
https://doi.org/10.4049/jimmunol.177.7.4464
https://doi.org/10.4049/jimmunol.177.7.4464
https://www.ncbi.nlm.nih.gov/pubmed/16982882
https://doi.org/10.3389/fimmu.2018.02909
https://www.ncbi.nlm.nih.gov/pubmed/30619273


Oncotarget15www.oncotarget.com

L, et al. Oncolytic Virotherapy Promotes Intratumoral T 
Cell Infiltration and Improves Anti-PD-1 Immunotherapy. 
Cell. 2018; 174: 1031–1031. https://doi.org/10.1016/j.
cell.2018.07.035. [PubMed]

35.	 Layer JP, Kronmüller MT, Quast T, van den Boorn-
Konijnenberg D, Effern M, Hinze D, Althoff K, Schramm 
A, Westermann F, Peifer M, Hartmann G, Tüting T, Kolanus 
W, et al. Amplification of N-Myc is associated with a 
T-cell-poor microenvironment in metastatic neuroblastoma 
restraining interferon pathway activity and chemokine 
expression. Oncoimmunology. 2017; 6: e1320626. https://
doi.org/10.1080/2162402X.2017.1320626. [PubMed]

36.	 Relation T, Yi T, Guess AJ, La Perle K, Otsuru S, Hasgur 
S, Dominici M, Breuer C, Horwitz EM. Intratumoral 
Delivery of Interferonγ-Secreting Mesenchymal Stromal 
Cells Repolarizes Tumor-Associated Macrophages and 
Suppresses Neuroblastoma Proliferation In Vivo. Stem Cells 
Dayt Ohio. 2018; 36: 915–915. https://doi.org/10.1002/
stem.2801. [PubMed]

37.	 Pertl U, Luster AD, Varki NM, Homann D, Gaedicke G, 
Reisfeld RA, Lode HN. IFN-gamma-inducible protein-10 
is essential for the generation of a protective tumor-
specific CD8 T cell response induced by single-chain IL-12 
gene therapy. J Immunol Baltim Md 1950. 2001; 166: 

6944–6944. https://doi.org/10.4049/jimmunol.166.11.6944. 
[PubMed]

38.	 Shao J-B, Gao Z-M, Huang W-Y, Lu Z-B. The mechanism 
of epithelial-mesenchymal transition induced by TGF-β1 
in neuroblastoma cells. Int J Oncol. 2017; 50: 1623–1623. 
https://doi.org/10.3892/ijo.2017.3954. [PubMed]

39.	 Zhen Z, Guo X, Liao R, Yang K, Ye L, You Z. Involvement 
of IL-10 and TGF-β in HLA-E-mediated neuroblastoma 
migration and invasion. Oncotarget. 2016; 7: 44340–44340. 
https://doi.org/10.18632/oncotarget.10041

40.	 Weiss WA, Aldape K, Mohapatra G, Feuerstein BG, Bishop 
JM. Targeted expression of MYCN causes neuroblastoma 
in transgenic mice. EMBO J. 1997; 16: 2985–2985. https://
doi.org/10.1093/emboj/16.11.2985. [PubMed]

41.	 Haraguchi S, Nakagawara A. A simple PCR method for 
rapid genotype analysis of the TH-MYCN transgenic 
mouse. PloS One. 2009; 4: e6902. https://doi.org/10.1371/
journal.pone.0006902. [PubMed]

42.	 Lenaerts L, Verbeken E, De Clercq E, Naesens L. Mouse 
adenovirus type 1 infection in SCID mice: an experimental 
model for antiviral therapy of systemic adenovirus 
infections. Antimicrob Agents Chemother. 2005; 49: 4689–
4689. https://doi.org/10.1128/AAC.49.11.4689-4699.2005. 
[PubMed]

https://doi.org/10.1016/j.cell.2018.07.035
https://doi.org/10.1016/j.cell.2018.07.035
https://www.ncbi.nlm.nih.gov/pubmed/30096300
https://doi.org/10.1080/2162402X.2017.1320626
https://doi.org/10.1080/2162402X.2017.1320626
https://www.ncbi.nlm.nih.gov/pubmed/28680756
https://doi.org/10.1002/stem.2801
https://doi.org/10.1002/stem.2801
https://www.ncbi.nlm.nih.gov/pubmed/29430789
https://doi.org/10.4049/jimmunol.166.11.6944
https://www.ncbi.nlm.nih.gov/pubmed/11359856
https://doi.org/10.3892/ijo.2017.3954
https://www.ncbi.nlm.nih.gov/pubmed/28393230
https://doi.org/10.18632/oncotarget.10041
https://doi.org/10.1093/emboj/16.11.2985
https://doi.org/10.1093/emboj/16.11.2985
https://www.ncbi.nlm.nih.gov/pubmed/9214616
https://doi.org/10.1371/journal.pone.0006902
https://doi.org/10.1371/journal.pone.0006902
https://www.ncbi.nlm.nih.gov/pubmed/19730731
https://doi.org/10.1128/AAC.49.11.4689-4699.2005
https://www.ncbi.nlm.nih.gov/pubmed/16251313

