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Abstract. Background/Aim: Oncolytic adenoviruses are
promising therapeutic agents against both the bulk of tumor
cells and cancer stem cells. The present study intended to
test the oncolytic capability of adenovirus serotype 6 (Ad6),
which has a lower seroprevalence and hepatotoxicity
relatively to adenovirus 5 (Ad5), against the glioblastoma
and its cancer stem cells. Materials and Methods:
Oncolytic efficacy of Ad6 was compared to widespread Ad5
both in vitro and in vivo, using the U87 and U251 human
glioblastoma cell lines and subcutaneously transplanted
U87 cells in SCID mice, respectively. Results: Ad6 had a
dose-dependent cytotoxicity toward glioblastoma cells in
vitro and its intratumoral injections lead to a significant
(p<0.05) decrease in volume of U87 xenografts, similarly
to Ad5. Based on the innate capability of glioblastoma
cancer stem cells to internalize a fluorescent-labeled
double-stranded DNA probe, the spatial localization of
these cells was estimated and it was shown that the number
of cancer stem cells tended to decrease under adenovirus
therapy as compared to the control group. Conclusion: Ad6
was shown to be a promising agent for treating
glioblastomas.
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Despite the relatively low occurrence, central nervous system
malignancies yield extremely high risks of lethal outcomes.
Glioblastoma (GB; grade IV tumor according to the WHO
classification) is the most frequent and poorly curable type
of brain tumors (1). In contrast to other types of solid
tumors, GB extensively invades the surrounding tissues
while it rarely metastasizes to other organs (2).
Currently, the medical treatment of GBs involves the
maximal surgical resection of the tumor followed by radio
and/or chemotherapy. Despite the progress in neurosurgery,
the invention of new promising chemotherapeutic agents (for
example, temozolomide), the active development of
immunotherapy methods as well as the methods of molecular
diagnostics, the survival rate of patients with GB has not
significantly improved. Thus, 2-, 3-, 4-, and 5-year survival
rates are 27.2%, 16.0%, 12.1%, and 9.8%, respectively (3).
Numerous reports indicate that GBs and other primary brain
tumors contain a sub-population of self-renewing tumorigenic
cells, commonly referred to as cancer stem cells (CSCs).
Glioma CSCs evince a number of features similar to those of
neural stem cells, namely capabilities of self-renewal over the
course of generations, formation of neurospheres and
differentiation, as well as of high motility and formation of the
suitable microenvironment (4). In addition, these cells actively
express the vascular endothelial growth factor (VEGF), have
a high proliferative activity, drug resistance, and resistance to
radio and chemotherapy (2, 5-8). It is commonly accepted that
the failure of existing therapeutic approaches in eliminating
CSCs is the key factor in tumor recurrence (9). Thus, the most
actual objective in GB elimination is to develop approaches
aimed not only at destroying the “committed” tumor bulk, but,
in particular, at eliminating CSCs themselves.
Among the most promising agents capable of killing CSCs
are oncolytic viruses. The most widely used as an oncolytic
agent is adenovirus type 5 (Ad5), for which a high oncolytic
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potential toward GB cells has been numerously shown (10-13).
Clinical tests revealed their capability of passing through the
blood-brain barrier with subsequent detection in the brain (14).
All these facts imply adenoviruses (Ads) as promising
oncolytics in GB treatment. The most potent Ad5 recombinant
that has passed the first phase in several clinical trials is DNX2401 (Ad5 Delta-24-RGD; tasadenoturev, with a 24-base pair
deletion in the E1A gene and RGD-motif in the fiber H-loop).
One of these trials demonstrated that DNX-2401 replicates and
spreads throughout the tumor volume, as well as induces the
infiltration of CD8+ and T-bet+ cells. For 5 out of 25 patients,
post-treatment survival period exceeded 3 years; in 3 of them,
tumor reduced by ≥95% giving a 3-year relapse-free survival
(12). It was also demonstrated that being used in combination
with temozolomide, DNX-2401 is well-tolerated and can be
safely used demonstrating therapeutic activity (15). Similar
results were shown for co-usage of DNX-2401 with γ-IFN (16).
The advantage of Ads lies in their ability to affect both
quiescent CSCs and actively proliferating tumor cells, while
chemotherapeutic drugs usually target either one or another
(17, 18). The ability of Ads to kill CSCs has been demonstrated
in numerous studies using variously modified Ad5 (19-22).
Despite Ad5, being a serotype of oncolytic Ads, has been used
in the vast majority of preclinical and clinical trials, it has a
number of disadvantages, primarily related to its high
seroprevalence (23) in humans as well as high hepatotropism
(24). In this regard, the use of alternative serotypes, such as
adenovirus type 6 (Ad6), which have weaker both
seroprevalence and hepatotoxicity due to capability of avoiding
Kuppfer cells, seems to be quite relevant (25).
Ad6 has been shown to be effective against several types
of tumors including hepatocellular carcinoma, breast cancer,
prostate cancer, ovarian cancer, as well as multiple myeloma
(25-29). At the same time, its oncolytic potential towards GB
as well as towards CSCs is still completely unknown.
The most common way to detect glioma CSCs is the FACS
analysis with antibodies against certain surface antigens, such
as CD133, CD15, CD44, integrin-α6, L1CAM and A2B5. The
main disadvantage of this approach is that these antigens
determine the interplay of CSCs with their microenvironment,
and once such an interplay is abrogated due to dissociation of
cells from their niche, the significance of the target markers is
getting lost (2). Alternative approaches are based on the ability
of CSCs either to form neurospheres in the serum-free medium
or to efflux fluorescent dyes (4). Previously, we reported on the
ability of CSCs of various origin to natively internalize
fragments of extracellular double-stranded DNA (dsDNA) (3033). To detect CSCs, dsDNA fragments of human Alu-repeat
fluorescently labelled with TAMRA-5-dUTP (hereinafter
referred to as Alu-TAMRA DNA) were used as a probe in these
studies. Previously, we have demonstrated that capability of
internalizing extracellular DNA fragments directly coincides
with the specific markers of some types of stem cells. Thereby,
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approximately 40% of CD34+ hematopoietic stem cells (31),
7% of CD90+ mesenchymal stem cells and 10% of induced
pluripotent cells have been shown to be TAMRA-positive
(TAMRA+). Additionally, more than 60% TAMRA+
glioblastoma cells were also positive for CD133 expression
(34). Analysis of surgical specimens of primary human brain
tumors revealed a positive correlation between the number of
cells capable of internalizing Alu-TAMRA DNA (TAMRA+
cells) and the tumor grade. In other words, the higher the
number of TAMRA+ cells (CSCs) in the tumor sample, the
more aggressive the tumor is in a patient (34). This capability
of dsDNA internalization has been used as the marker of CSCs
in the current report.
Since Ad6 is far less studied than Ad5 and its effect on
CSCs remains unclear, a direct comparison of wild-type Ad5
and Ad6 is necessary to estimate further genomic modifications
for bringing Ad6 to clinical trials. Thus, to address the potential
of Ad6 to be the basis for development of new therapeutic
agents against brain tumors, its oncolytic potential towards U87
glioblastoma cells in vitro and in vivo has been estimated. In
addition, the content of CSCs in tumors after treatment with
Ad5 and Ad6 has been evaluated by fluorescent microscopic
analysis and counting of the U87 cells capable of internalizing
Alu-TAMRA DNA. Results demonstrated that Ad6 has an
oncolytic activity against human GB U87 cells both cultured
in vitro and subcutaneously grafted into SCID mice in vivo.
Analysis of CSCs (TAMRA+ cells) content revealed a tendency
for decrease in the number of these cells after Ad5 and Ad6
treatment, compared to the control.

Materials and Methods

Cell lines. Ad293, U87 and U251 cell lines were kindly provided
by the SPF-vivarium of the Institute of Cytology and Genetics SB
RAS (Novosibirsk, Russia). Cells were cultivated in DMEM
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
5% fetal bovine serume (FBS; Thermo Fisher Scientific) at 37˚C
and 5% CO2.

Viruses. Ad5 and Ad6 strains were kindly provided by Professor
P.M. Chumakov (head of the Cell Proliferation Department,
Engelgardt Institute of Molecular Biology RAS, Moscow, Russia).
Virus propagation was performed in Ad293 cells derived from the
standard HEK293 cell line with improved cell adherence and plaque
formation properties. Virus preparations were purified by
centrifugation in CsCl gradient. Infectious particles were measured
on Ad293 cells using 1:10 serial virus dilutions. On days 10-12,
each well of a plate was scored for cytopathic effect (CPE)
development and viral titer was calculated in TCID50 units.

Cell viability assay. The viral suspension was serially diluted in 96well plates using DMEM with 2% FBS from 104 to 10–1 TCID50
per cell. Further, 2×104 U87 cells/well were added and incubated
for 3 days at 37˚C and 5% CO2. Cell viability was estimated by the
Cell Proliferation Kit XTT (AppliChem, Darmstadt, Germany)
accordingly to the manufacturer’s recommendations. Optical density
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was measured on an iMark Microplate Absorbance Reader (BioRad,
Hercules, CA, USA). The median of the optical density value in
wells with untreated cells was taken as 100%.

Animals. We used 6-7 week-old SCID mice housed in the SPF
Animal Facility (Institute of Cytology and Genetics SB RAS). Mice
were kept in OptiMice IVC cages (Animal Care Systems,
Centennial, CO, USA) in special cleanrooms with HEPA14-filtered
incoming air, under regular 14/10-hour light/dark cycle (lights on at
02:00 a.m.), constant room temperature of 22±2˚C, and relative
humidity of 45±15%. All experiments with animals were conducted
in strict compliance with the principles of humanity in accordance
with the European Community Council Directives (86/609/EEC)
and were approved by the Animal Care and Use Committee of the
Institute of Cytology and Genetics SB RAS.

Transplantation of GB cells into mice. To assess the dynamics of
changes in tumors (experiment 1) and to perform pathomorphological and PCR analysis as well as CSCs qualitative assessement
(experiment 2), 6.3×103 U87 cells diluted in 100 μl of DMEM/F12
medium were subcutaneously inoculated in the right scapula area of
mice. When the tumors reached the volume of 60 (experiment 1) or
400 mm3 (experiment 2) first Ad injection at a dose of 109 TCID50
or mock DPBS in 100 μl of sterile 0.9% NaCl was made
intratumorally with two repeats followed up in days 4 and 7 or 8 (n=6
animals per group). To assess the effect of Ads on CSCs, SCID mice
were grafted with 6.3×103 U87 cells suspended in 100 μl of
DMEM/F12 medium. At the stage of average graft volume of 550
mm3, animals were divided into 3 groups (n=11-13 animals per
group). Ad5 and Ad6 were diluted in 7 μl of sterile 0.9% NaCl and
injected with 10 μl Hamilton syringe (Hamilton) at the dosage of 108
TCID50 per mouse. Mice of the control group were injected with 7
μl of pure 0.9% NaCl. Mice were examined 2-3 times per week,
tumor volume was calculated by the formula length×width2×0.5 (35).

Quantification of Ad replication by PCR. Two mice from each viral
group and 3 from control group were withdrawn to obtain tumor
and liver samples. Tissues were homogenized and lysed with the 50
mM EDTA, 1% SDS supplied with 200 μg/ml proteinase K
(Thermo Fisher Scientific). DNA from the obtained lysates was
extracted with phenol/chloroform and precipitated with an equal
volume of isopropanol. Precipitated DNA was further dissolved in
10 mM TrisHCl, pH 8.0. Total amount of DNA in samples was
assessed on QUBIT fluorimeter (Thermo Fisher Scientific).
Quantitative PCR was performed on the iQ5 Multicolor Real-Time
PCR Detection System (Bio-Rad) with use of SYBR Green
fluorescent dye (quantitative PCRmix-HS SYBR, Evrogen,
Moskow, Russia) and Bio-Rad iQ5 software. Specific primers were
designed to amplify hexon sequence:
Ad5-hex-for 5’-GAAGGTCAAACACCTAAATATG-3’;
Ad5-hex-rev 5’-ATTAGTTCTCGTGAGTTACCT-3’;
Ad6-hex-for 5’-GACAGGGCGTTATGGTTGA-3’;
Ad6-hex-rev 5’-TCCAAGCATGACTTTGGCA-3’.
The following temperature conditions were used for the reaction:
95˚C for 3 min, 45 cycles of 95˚C for 10 s, 58˚C for 20 s, 72˚C for
1 min, totally 45 cycles. For each experiment, the approximating
function based on standardized dilutions of the viral DNA (10 fg −
100 pg) was plotted and used for calculation of the target DNA
template in the reaction. For PCR, 20 ng of sample DNA were used.
Each PCR was repeated three times.

Estimation of the content of CSCs cells in vivo. To obtain dUTP-5TAMRA-labeled DNA probe, human Alu-repeat DNA was labeled
with TAMRA fluorescent dye by PCR as previously described (31).
Then, TAMRA+ cells (CSCs) were evaluated in the body of tumor.
Briefly, subcutaneous graft of U87 tumor was surgically excised; a
~0.5-cm3 fragment was washed with PBS and incubated in DMEM
(Gibco) with 1 μg/ml of Alu-TAMRA DNA at 25˚С for 1 h in the
dark. Further, the tissue fragment was washed twice with PBS and
frozen at –20˚С. Several sections of the fragment were obtained on
the Leica Ultracut EM UC6 ultramicrotome (Leica Microsystems,
Bannockburn, IL USA) and placed on a glass slide. Preparations
were treated with ~10 μl of Antifade DABCO (Sigma-Aldrich, Saint
Louis, MO, USA) supplemented with 0.5 μg/ml DAPI (SigmaAldrich) and covered with cover glass. Preparations were analyzed
on an LSM 780 NLO laser scanning microscope (Zeiss, Jena,
Germany) with use of ZEN 2010 B SP1 software (Zeiss).

Quantitative analysis of TAMRA + cells (CSCs) in tumor samples.
Subcutaneous graft of U87 tumor was surgically excised and
chopped finely in a Petri dish. The obtained tissue mass was
incubated in 10 volumes of PBS with 0.3% collagenase (Gibco) at
37˚С for 1 h. The obtained suspension was strained through 40 μm
cell strainer (BD Bioscience). One million freshly isolated cells were
incubated in 400 μl of DMEM with 0.5 μg of Alu-TAMRA DNA at
the room temperature for 1 h in the dark. After this, cells were
precipitated at 400 × g for 5 min at 25˚C, washed with small volume
of medium and resuspended in the final volume of medium. Cell
suspension was applied to glass slide by cytospin at 1000 rpm for 1
min. Then preparations were treated with ~10 μl of Antifade
DABCO supplemented with DAPI (0.5 μg/ml) and covered with
cover glass. Preparations were analyzed using the AxioVision
fluorescent microscope (Zeiss) with the use of ZEN software (Zeiss).
The FITC channel was used to discriminate the false positive red
signal associated with broadband autofluorescence of some portion
of cells. For each tumor sample, two preparations were made. For
each preparation, 500-3000 cells were analyzed. The number of
animals in groups for each examination point was 3-4.
Pathomorphological analysis. Pieces of organs were fixed in 4%
formaldehyde, dehydrated in a graded series of alcohol, cleared in
xylol, and embedded in paraffin. Paraffin sections of 5 μm were
stained with hematoxylin and eosin. An AxioImager ZI microscope
(Zeiss) was used for imaging.

Statistical analysis. Statistical analysis was performed with Statistica 10
package (StatSoft, Tulsa OK, USA). In the plots, median±standard error
(SEM) or median±standard deviation (SD) values are shown. Statistical
significance was estimated by the Mann-Whitney test. The MannWhitney U-test was used, since this nonparametric criterion allows to
compare small samples with a non-Gaussian distribution. Pearson’s
correlation coefficient was calculated by Statistica 10. Statistical
significance was calculated for experimental samples relatively to
control. Difference was considered confident at p<0.05 or p<0.01.

Results

Estimation of the
glioblastoma cells.
adenoviral serotypes,
on a variety of cell

oncolytic effect of Ad6 against
Oncolytic capabilities of various
including Ad6, have been estimated
lines, such as ALMC-1, ALMC-2,
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Figure 1. Cytotoxicity of adenovirus serotype type 5 (Ad5) and Ad6 against the human glioblastoma cell lines U87 (A) and U251 (B). Median±SD
values shown (n=6). Statistical significance of the differences between control and experimental groups was verified by the Mann-Whitney test,
*p<0.05, **p<0.01.

ANBL-6, HepG2, Hep3B, Huh7, PC3, LNCaP, DU145,
MDA-MB-231, MDA-MB-468, SKBr3, BT-474, SKOV3,
OVCAR-3 (25-29). However, oncolytic potential of Ad6
against GB has not yet been evaluated. Such an
investigation should be conducted prior to modifying the
virus genome to enhance its oncolytic efficacy. In our study
we have used U87 and U251 cell lines as a cellular model,
while for the comparative analysis of Ad6 oncolytic
efficacy we have used the wild-type Ad5 as being one of
the most investigated.
U87 and U251 cells were seeded (2×104 cells/well) in a
96-well plate and supplied with viruses, with TCID50 per cell
ranged from 104 to 10–1 at dilution multiplier 10. Cell
viability was assessed by the XTT-test after a complete CPE
in the wells with maximal TCID50/cell. Dose-dependent
viability of cells is shown in Figure 1.
As it is noticeable from Figure 1, the lytic effect of Ad6
is similar to that of Ad5, while significantly (p<0.01)
differing from the control.
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Estimation of oncolytic efficacy of Ad6 against glioblastoma
cells in vivo. Intracerebral and subcutaneous grafting of the
investigated GB cell line into immunodeficient mice remains
to be among the most common approaches for evaluating the
efficiency of the used therapy towards GB cells (36).
Intracerebral grafts representing a model that is more
approximated to the reality have a number of disadvantages,
including inaccessibility of tumors for continuous
monitoring, and mortality of experimental animals with
tumors of even a relatively small volume (not more than 100
mm3). Since the majority of procedures, such as estimation
of therapeutic effects of Ads, pathomorphological assays as
well as counting the CSCs in tumor samples, required a
relatively large number of cells, we have used the model of
subcutaneous grafting of U87 cells into SCID mice.
Additionally, since the present work on comparing the
activity of two Ad serotypes is the first such investigation,
the orthotopic grafting as a more complex version of
xenotransplantation is planned to be carried out in the further
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Figure 2. Examination of tumors developed from U87 human glioblastoma cells subcutaneously grafted into SCID mice in the course of therapy
with preparations of adenovirus serotype 5 (Ad5) and Ad6. The graph represents the tumor growth rate (median±SEM, n=9-10). Statistical
significance between the experimental and control groups was estimated with the Mann-Whitney test, *p<0.05; **p<0.01. Arrows denote the days
of adenovirus injections.

works on a more thorough comparative analysis of the
properties of Ad5 and Ad6 viruses.
In the first experiment once xenografts reached the
average volume of 60 mm3, the first injection of Ad5 and
Ad6 with dose of 109 TCID50 was performed (day 1)
followed by two more injections on the 4th and 7th day of
therapy (Figure 2). Viruses were administered in triple since
the repeating treatment of the tumor area with Ads in the
course of therapy induces a more intensive immune response
(37). The experiment was stopped on day 34 for ethical
reasons regarding animals of the control group. The
xenograft volumes of the experimental groups that received
Ad6 or Ad5 were significantly lower compared to those of
the control group (p<0.05, Mann Whitney test), on days 22
to 34 of therapy. It should be noted that there were some
animals, in which tumors became undetectable (3 animals in
the Ad5 group and 2 in the Ad6 group). Thus, the oncolytic
efficacy of Ad6 against the U87 glioblastoma cells was
concluded to be similar to that of Ad5.
The second experiment was done to perform
pathomorphological and PCR analysis of tumors as well as
CSCs qualitative assessment. The treatment was started with
subcutaneous grafts of a bigger initial average volume –
approximately 400 mm3 instead of 60 mm3. Dynamics of
tumors growth is represented as the ratio of the current tumor
size to the initial one, measured prior to the start of therapy
(Figure 3). It was found that Ad6 demonstrated significant

oncolytic power (p<0.01, compared to the control group).
Ad5 also led to decreased tumor size, however without
statistical significance (compared to the control).
Viral replication in the tumor tissues was confirmed with
quantitative PCR. For this purpose, total DNA from livers
and tumors of the tested animals (2 mice from both the Ad5
and Ad6 groups and 3 mice from the control group) was
isolated and further quantitatively tested for the presence of
viral DNA (Table I). Viral DNA was not detected in livers of
all tested animals as well as in tumors of animals from the
control group. At the same time, DNA isolated from tumors
of the treated mice was shown to contain specific (Ad5 and
Ad6) viral DNA.
For additional estimation of the Ad efficiency, a pathomorphological assay of the tumor samples was performed
(Figure 4). A hallmark of this type of tumors is a formation of
multiple sockets, strands, “pearls” (concentrically aggregated
keratin indicating the unaffected ability of tumor cells to
keratinize, which, in turn, indicates a sufficient degree of
differentiation), as well as the presence of cribriform areas
(vacuolized fragments of tumor tissue) (Figure 4A, B). In one
of the control group samples, tumor cells were detected in the
blood vessel lumen (Figure 4C), indicating a possible tumor
metastasis.
Samples of tumors from the Ad5 group were characterized
by proliferation of the blood vessels of adipose tissue that
surrounds the tumor node. It is manifested as the endothelium
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Table I. Quantitative detection of adenovirus serotype 5 (Ad5) and adenovirus serotype 6 (Ad6) viral DNA in liver and tumor tissues of treated
(subjected to adenoviral administration) and control mice.
Group

Ad5-treated
Ad6-treated
Control

Organ
Liver

Tumor
Liver

Tumor
Liver

Mice (n)
5_2
5_3
5_2
5_3
6_1
6_2
6_1
6_2
1
2
3

basophilia (it darkens upon staining) and a certain
polymorphism of the contours of lumens (Figure 4D). In
tumor samples there are few small focuses of necrosis and
granulation tissue. For quantification of the tumor necrosis
spreading, the ratio of necrotic tissue area to the total section
area was calculated. For each case, not less than 10 randomly
selected sections were analyzed. Total necrotic area in the Ad5
group did not exceed 10% of the section area. Tumor,
similarly to the control, was characterized by formation of
cellular associations such as trabeculae, sockets, pearl-like
structures and cribriform sites (Figure 4E).
In the case of tumors treated with Ad6, a more pronounced,
if compared with Ad5 treated ones, necrosis of tumor tissue
was observed (Figure 4F); tumor necrotic area constituted
about 50% of the total sections area. This could indicate an
increased therapeutic effect of Ad6. On the other hand,
estimation of the necrosis degree could be an additional
marker of therapeutic efficacy as it was repeatedly reported
that a simple decrease in the tumor volume is not an
unambiguous indication of the oncolytic virus effectiveness
(38). This observation, however, is to be verified with a
number of additional assays. In the necrosis free areas, the
microstructure of the tumor contains a number of peculiarities
(sockets, "pearls", cribriform areas) (Figure 4G).

Investigation of the Ad6 and Ad5 effect on tumor stem cells in
vivo. Prior to estimation of the oncolytic efficacy of Ad5 and
Ad6 on CSCs, the presence of these cells in tumor samples was
qualitatively assessed. The previously described ability of CSCs
to internalize the fluorescent DNA probe (Alu-TAMRA DNA)
(31, 33) allows a visual detection of these cells in sections of
tumor tissue. Moreover, this approach makes it possible to
determine a spatial organization of CSCs in the bulk of tumor
cells, which is another intriguing issue in tumor biology. A
fragment of tumor was excised and treated as described in
6078

Amount of Ad5 DNA (pg)
Not detected
Not detected
16.67±0.05
1.83±0.03
Not detected
Not detected
Not detected
Not detected
Not detected
Not detected
Not detected

Amount of Ad6 DNA (pg)
Not detected
Not detected
Not detected
Not detected
Not detected
Not detected
156.57±1.53
8.77±0.10
Not detected
Not detected
Not detected

Figure 3. Examination of tumors developed from U87 human
glioblastoma cells, subcutaneously grafted into SCID mice, in the
course of therapy with adenovirus serotype 5 (Ad5) and Ad6. Dynamics
of tumor growth (Median±SEM, n=6-8). Y axis represents the ratio of
the current tumor size to the initial one, measured prior to the start of
therapy and taken as 1 (black baseline). Ad5 and Ad6 were administered
at day 1, 4 and 8. Statistical significance between the experimental and
control groups was estimated with the Mann-Whitney test, *p<0.05,
**p<0.01.

“Materials and Methods” section. A series of frozen sections
was examined using the laser scanning microscope.
The analysis revealed that in the U87 human GB tumors of
the control group, CSCs are aggregated into groups consisting
of several cells (average±SD is 10.1±6.8), which were located
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Figure 4. Pathomorphological assays of tumors developed from U87 human GB cells, subcutaneously grafted into SCID mice, after the course of
therapy with adenovirus serotype 5 (Ad5) and Ad6. Control: Among polymorphic cellular structures, there are cribriform areas (in the center of
the micrograph) (A); the wide band of a granulation tissue as a response to the necrotic changes. Conglomerates of the tumor exhibit “pearl”
formation (white arrows) and cribriform areas (black arrows) (B); zoomed fragment of micrograph B shows aggregation of tumor cells in the lumen
of a blood vessel (arrow) (C). Adenovirus 5: Subcutaneous adipose tissue with multiple blood vessels, some of which exhibit endothelial proliferation
(arrows) (D); tumor of typical morphology: some “pearl” structures (arrows) appeared among dense cellular aggregations (E). Adenovirus 6:
Necrosis and decay of subcutaneous tumor node. Inflammatory infiltration of the skin’s deep layers and severe dystrophic alterations in the epithelial
appendages (arrows) (F). Characteristic details of the tumor microstructure (G).

both on the periphery (Figure 5A) and in the full thickness of
the tumor section (Figure 5B). Presence of CSCs was also
detected in tumors treated with Ad5 and Ad6, but in this case,
in contrast to untreated tumors with conglomerates of CSCs,
solitary cells could only be observed (Figure 5C, D).

U87 cells were subcutaneously grafted into SCID mice.
The first administration of the virus was on the 30th day
when tumors reached the average volume of 550 mm3; this
volume was chosen due to technical need to have a sufficient
amount of tumor tissue for the quantitative analysis of CSCs.
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Figure 5. Distribution of TAMRA+ cells (cancer stem cells; CSCs) on sections of U87 tumor detected with laser scanning microscope. In the control
tumor, aggregations of TAMRA+ cells are detected both on the periphery of the section (A) and in the full-thickness tumor (B). In tumors treated
with adenoviruses, solitary cells in the full-thickness tumor are only detected (C, D). TAMRA+ cells are pointed with arrows.

Viruses were administered 3 times (on the 1st, 2nd and 4th
day). Since the oncolytic effect of the viral preparations was
previously reported to be quite high and producing a risk of
tumor lysis before the number of CSCs could be quantified,
we decided to lower the viral dose up to 108 TCID50 per
mouse. To trace the changes in CSCs content in tumors, 3 or
4 mice from each group were taken on days 7, 10, and 14
since the therapy started. Cells from tumors were incubated
with Alu-TAMRA DNA as it is described in “Materials and
Methods” section. Counting CSCs (TAMRA+ cells) was
performed using the fluorescent microscope (Figure 6А).
Changes in CSCs content on days 7, 10, and 14 after the
start of therapy with Ads are shown in Figure 6B. On the 7th
day, CSC content in tumors treated with Ad6 as compared
with those treated with Ad5 decreased (p<0.05). On the 10th
day, the number of CSCs in both treated groups was
equalized, but there was a significant difference between
Ad5 and control groups (p<0.05). At the final stage of the
6080

experiment, the percentage of CSCs in groups treated with
Ads remained equal, there were no significant differences
from the control, but a reducing in TAMRA+ cells content
can be seen on the graph (Figure 6B, the right panel).
In addition, we have estimated the dependence of tumors
“growth rate” on the content of CSCs during the analysis. The
“growth rate” is referred to as the ratio of the tumor size on the
day of the experiment to the size of xenograft 3 days before
(tumor tissue growth rate). A ratio less than or equal to 1 was
regarded as a complete absence of growth or even regression,
a ratio from 1 to 1.2 was regarded as almost zero growth, a rate
from 1.2 to 1.35 was regarded as moderate growth, a ratio
greater than or equal to 1.35 was regarded as active growth.
Each group was assigned with a nominal value from 1 to 4.
As it follows from the data in Figure 7, the fast-growing
tumors have a higher percentage of CSCs (p<0.05).
Moreover, Pearson’s correlation coefficient between groups
1 (“regression”) and 4 (“active growth”) was 0.76, (Figure
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Figure 6. Analysis of TAMRA+ cells (cancer stem cells; CSCs) content in samples of U87 tumor after treatment with adenovirus serotype 5 (Ad5)
and Ad6. Representative images of fluorescent microscopy show TAMRA+ cells (red), autofluorescence (FITC), and cell nuclei (DAPI) in cells from
tumors untreated or treated with Ad5 and Ad6. Cells that internalized Alu-TAMRA DNA are marked with arrows (A). Graphs present the content of
TAMRA+ cells on days 7, 10, and 14 after the start of therapy. The content of TAMRA+ cells in treated tumors tends to decrease. Statistical
significance between the Ad5 and Ad6 groups (1st graph) and Control and Ad5 groups (2nd graph) was estimated with the Mann-Whitney test,
*p<0.05.
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7), indicating a correlation of subcutaneous U87 graft
“growth rate” with the number of detected CSCs.

Discussion

Ads were shown to be promising oncolytic agents in
numerous preclinical and clinical studies (39). High
seroprevalence of Ad5 implies a need to search for
alternative, rare serotypes, whose oncolytic efficacy would
not be inferior to Ad5, but at the same time, would possess
additional useful features to be used as oncolytics. The
currently reported Ad6 is considered to be among such
promising serotypes. It has been shown that Ad6 is a less
seroprevalent, and neutralizing antibodies against Ad5 are
not cross-reactive with Ad6 (40). In vitro and in vivo assays
performed on cell lines and xenografts of mammary gland,
prostate, ovary and liver tumors as well as on multiple
myeloma proved its high oncolytic effect as compared to
many other serotypes (25-29). It is also important to note the
high hepatotropism of Ad5; being administered intravenously
to mice 90% of viral particles are inactivated by liver
macrophages within 24 h (41). In contrast, Ad6, as it has
been shown in some studies, is resistant to Kupffer cells due
to a different hexon structure (24, 25). In vivo experiments
revealed a 30-fold less damage of liver upon intravenous
administration of Ad6, compared to Ad5 (42).
These facts presume Ad6 to be a promising agent in
treating malignant tumors. However, the anti-tumor effect of
Ad6 against GBs has not yet been studied. In this article, we
report the results of a study conducted both in vitro on the
models of U87 and U251 cell lines, and in vivo on the model
of subcutaneous grafts of U87 in SCID mice.
In vitro investigation of the oncolytic properties of Ad6
against U87 and U251 GB cells yielded results comparable
to those for Ad5. Being applied with a dose of 1
lg(TCID50/cell) both Ad5 and Ad6 exerted a cytotoxic effect
against U87 (p<0.01 and p<0.05 correspondingly) and U251
(p<0.01) cells in vitro.
In vivo experiments were conducted in two variants: with
adenoviral therapy started with the small average tumor
volume – 60 mm3 (Figure 2) and with big one – 400 mm3
(Figure 3). As a result, in both cases Ad6 was established to
induce an oncolytic effect similar or higher to that of Ad5.
Pathomorphological assays revealed the necrotic sites in
tumors in mice of both control and treated groups, and the
highest degree of necrosis was found in the group of Ad6.
Necrosis in the tumors of the control group could be due to
their rapid growth causing the large tumor volumes with
possible foci of hypoxia and trophic impairments in the
“cores” of tumors, which could be a result of insufficient
vascularization (43).
In the case of adenovirus-affected tumors, the necrotic
processes are more pronounced due to virus replication and
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Figure 7. Correlation between the growth rate and content of TAMRA+
cells (cancer stem cells; CSCs) in human U87 glioblastoma,
subcutaneously grafted into SCID mice. 1 – complete absence of growth
or regression; 2 – almost zero growth; 3 – moderate growth; 4 – active
growth. Pearson’s correlation coefficient between groups 1 and 4 was
0.76. Statistical significance between the groups (indicated by
horizontal lines) was estimated with the Mann-Whitney test, *p<0.05.

consequent lysis of tumor cells (44). It was found that upon
the replication of Ad5 in U87 cells, they are lysed both due
to the L3 adenoviral protease-mediated cleavage of
cytokeratin 18 (K18) and the E3 11.6-kDa adenovirus death
protein (ADP), as well as due to autophagy (45). These
lytic processes induce the immunogenic cell death (ICD)
that, in turn, results in the activation of antitumor immune
response (46). An elevated necrosis level observed in Ad6treated tumors could testify to the advantages of this
serotype in replication and lysis of tumor cells in
xenografts (size of tumors treated with Ad5 and Ad6 is
mostly the same).
It is known that the histologically detected necrosis can be
terminal stage of apoptosis or autophagy (47). This type of
necrosis is known as secondary and is observed when the
cell death rate exceeds the ability of the organism to
phagocytize them (48). In our experiments, the secondary
necrosis could develop due to a number of reasons, among
which are: the topography of a tumor (subcutaneously
located), its large volume and, as a consequence, a large
number of autophagically active cells, as well as the
deficiency of scavenger cells.
It should be noted that in contrast to apoptotic, necrotic
cell death, is inevitably associated with inflammatory
processes, and phagocytosis of cellular debris induces the
full-scale immune response providing additional therapeutic
advantages in the context of neoplastic diseases.
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Therapeutic benefits of necrotic cell death become even
more obvious in the light of CSCs existence, since they are
implicated in metastasis as well as in chemo- and radioresistance. The majority of the accepted therapeutic schemes
are based on the initiation of the apoptotic program in the
tumor cells, however these schemes are ineffective against
CSCs, which are resistant to apoptosis (49). Moreover,
antitumor compounds are often aimed against actively
proliferating cells, while CSCs are capable of keeping
quiescence for a long time (50). The implication of viral agents
capable of infecting and killing both actively proliferating and
quiescent cells seems to be quite promising in this regard.
Despite wide implication of adenoviral agents in treating
malignant neoplasms, the data on their influence over CSCs,
and glioma CSCs in particular, is critically limited. JIMT-1
breast ductal adenocarcinoma cell line was shown under regular
conditions to contain 10% CSCs (CD44+/CD24−/low). After
transplantation of sorted cells into mice, tumors in control
groups on day 48 contained the same 10-11% CSCs, while in
tumors in mice treated with recombinant Ads their content
reduced to 1% (20). Yano et al. have demonstrated that the
content of CSCs (CD133+) in radioresistant MKN45 and
MKN7 human stomach cancer cell lines treated with modified
Ad5 (OBP-301) is lower than in these cells exposed to cisplatin
or radiation (51). In another research, it has been shown that
CSCs (those producing neurospheres) isolated from tumors of
GB multiforme patients were susceptible to infection with
recombinant Ad5 (Delta-24-RGD) both in vitro and in vivo (52).
In the present research, the first comparative analysis of
Ad5 and Ad6 oncolytic effects towards GB CSCs has been
conducted. The reduction of tumors to an undetectable state
observed in some Ad6 treated mice could indirectly testify
to complete elimination of CSCs. To make this statement
confident, however, the relapse analysis is required (32).
Moreover, to estimate the oncolytic efficacy of Ads towards
CSCs, we have attempted to trace the changes in CSCs
content in the treated tumors. For this purpose, CSC content
in preparations of tumors taken from treated mice at each of
three consecutive time control points (3-4 mice per each time
point) was quantified.
To detect CSCs, the recently discovered ability of these
cells to internalize TAMRA-labeled dsDNA was used (31, 33).
High selectivity of exogenous dsDNA internalization into
CSCs, demonstrated for both the human glioma biopsy
samples (34) and the primary human GB cell lines (53),
should be noted. In addition, we have conducted preliminary
experiments on detecting Alu-TAMRA DNA probeinternalizing cells in U87 human GB cells cultured in vitro
(data not shown). The approach for detection of CSCs in
subcutaneous U87 xenografts proved to be adequate and valid.
On day 7 after the first viral administration, a confident
decrease was found in the number of CSCs in tumors treated
with Ad6 relatively to those treated with Ad5 (p<0.05). This

could indicate a more rapid response of the tumor to the
action of Ad6. At the following checkpoints, the number of
CSCs in both treated groups equalized and tended to
decrease as compared to the control group. These results
were consistent with those previously reported for Ad5 and
its recombinants (52). Moreover, the observed correlation of
subcutaneous U87 graft “growth rate” with the number of
detected CSCs was also consistent with the previously
demonstrated correlation between the number of CSCs and
malignancy grade of gliomas in patients (34).
The results of the presented research confirm the
susceptibility of both the bulk of tumor cells and CSCs of U87
human glioblastoma to Ad6. Incomplete elimination of CSCs
indicates the necessity of further Ad6 genome modifications
aimed not only on enhancing immunomodulating capabilities,
but also on specific targeting CSCs by, for example, inserting
a CD133-recognizing motif into the fiber gene. Nevertheless,
Ad6 proved itself as a promising oncolytic agent for treating
gliomas.
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