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Ad5-delta-24-RGD is currently the most clinically advanced re-
combinant adenovirus (rAd) for glioma therapy. We con-
structed a panel of fiber-modified rAds (Ad5RGD, Ad5/3,
Ad5/35, Ad5/3RGD, and Ad5/35RGD, all harboring the
delta-24 modification) and compared their infectivity, replica-
tion, reproduction, and cytolytic efficacy in human and rodent
glioma cell lines and short-term cultures from primary gli-
omas. In human cells, both Ad5/35-delta-24 and Ad5/3-delta-
24 displayed superior infectivity and cytolytic efficacy over
Ad5-delta-24-RGD, while Ad5/3-delta-24-RGD and Ad5/35-
delta-24-RGD did not show further improvements in efficacy.
The expression of the adenoviral receptors/coreceptors CAR,
DSG2, and CD46 and the integrins aVb3/aVb5 did not predict
the relative cytolytic efficacy of the fiber-modified rAds. The
cytotoxicity of the fiber-modified rAds in human primary
normal cultures of different origins and in primary glioma cul-
tures was comparable, indicating that the delta-24modification
did not confer tumor cell selectivity. We also revealed that CT-
2A and GL261 glioma cells might be used as murine cell models
for the fiber chimeric rAds in vitro and in vivo. In GL261 tu-
mor-bearing mice, Ad5/35-delta-24, armed with the immune
costimulator OX40L as the E2A/DBP-p2A-mOX40L fusion,
produced long-term survivors, which were able to reject tumor
cells upon rechallenge. Our data underscore the potential of
local Ad5/35-delta-24-based immunovirotherapy for glioblas-
toma treatment.

INTRODUCTION
Despite aggressive multimodal therapy (surgery, radiation, chemo-
therapy, and investigational drugs), the median survival rate of adult
patients with newly diagnosed and recurrent glioblastoma (WHO
grade IV malignant glioma) is usually no more than 18–20 months
and 8–12 months, respectively.1 Over the past decade, high expec-
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tations have been placed on targeted therapies to control tumor
growth and to further improve survival. However, to date, targeted
chemotherapeutics or antibodies have not shown a greater efficacy
than the standard genotoxic drug temozolomide or improved the ef-
ficacy of radiochemotherapy in patients with glioblastoma in clinical
trials.1 The high failure rate of trials and the lack of effective tar-
geted therapy on the horizon have fueled the development of
conceptually distinct therapeutic approaches, such as oncolytic
virotherapy.2,3

Among the many different oncolytic viruses, recombinant adenovi-
ruses (rAds) based on the human adenovirus 5 genome (Ad5) have
been the most commonly used across many cancer types, including
high-grade glioma.4,5 In a phase I trial, the current mainstream onco-
lytic Ad5-delta-24-RGD (DNX-2401) induced a clinically relevant
objective response and long-term survival (>3 years) in a fraction of
patients with recurrent high-grade glioma, with no dose-limiting tox-
icities and no maximum tolerated dose found, and altered the im-
mune tumor microenvironment promoting infiltration of CD8+
T cells and M1-polarized macrophages.6,7 Ad5-delta-24-RGD has a
24-base pair deletion in a sequence encoding the conservative region
2 (CR2) domain of the E1A protein (delta-24, or D24), which binds
SUMO-conjugase UBC9,8 the stimulator of interferon genes
(STING),9 and the tumor-suppressor retinoblastoma protein
(pRb).10,11 In normal nonproliferating cells with intact pRb, replica-
tion of Ad5 with the delta-24 modification was shown to be
thor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omto.2021.12.013
mailto:a.a.stepanenko@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2021.12.013&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


www.moleculartherapy.org
significantly attenuated.10,11 However, these initial findings have not
been recapitulated by other groups.12–17

The attachment of wild-type Ad5 to the host cell surface is mediated
by the interaction of the fiber knob domain with coxsackievirus and
adenovirus receptor (CAR), while virus internalization and endosome
escape require the interaction of the arginine-glycine-aspartic acid
(RGD)-motif containing loop of the penton base protein with cellular
integrins, mainly aVb3 and aVb5.18 However, the expression of CAR
in glioma tissues and short-term cultures was frequently barely
detectable.19–22 CAR-negative/low cells are generally poorly infected
with fiber nonmodified Ad5, although there are exceptions.22–25

Ad5-delta-24-RGD harbors an RGD motif-containing integrin-tar-
geting peptide (RGD-4C)26 in the HI loop of the fiber knob domain
that substantially improves the transduction efficacy in CAR-nega-
tive/low cell lines and the therapeutic efficacy in in vivo models.27–30

Another strategy to improve the infectivity of Ad5-based rAds is fiber
knob serotype switching, which is achieved by constructing chimeric
fibers consisting of the knob domain (and the shaft domain in some
cases) derived from an alternate adenoviral serotype.3 Although the
fiber knob domains from different human and nonhuman adenovi-
ruses were tested for their ability to increase the transduction efficacy
in tumor cells,31 the most advanced preclinical/clinical fiber chimeric
rAds are Ad5/3- and Ad5/35-based.32 Ad3 utilizes desmoglein 2
(DSG2) as a primary high-affinity receptor33 and CD46 as a low-af-
finity receptor (avidity-binding),34 while Ad35 uses CD46 as a pri-
mary high-affinity receptor.35 DSG2 and CD46 expression is pre-
served in tumor cells,36 including glioma tissues.19 Importantly, the
transduction and cytolytic efficacy of Ad5/3 were superior to those
of Ad5RGD in different cancer cell types.37–43 Similarly, the transduc-
tion efficacy of the Ad5/35 reporter virus was higher than that of
Ad5RGD in several tested cancer cell types,44–46 including glioma.46

To further increase the transduction efficacy of fiber chimeric Ad5/
3-based rAds, an approach (complex fiber mosaicism) combining
serotype fiber chimerism with the incorporation of a targeting peptide
into the chimeric fiber has been proposed.42,47,48

To evaluate the relative infectivity, replication, reproduction, and
cytolytic efficacy of the fiber-modified replication-competent rAds,
we constructed Ad5RGD, Ad5/3, Ad5/3RGD, Ad5/35, and Ad5/
35RGD (all harboring the E1AD24 modification) and comprehen-
sively compared their activity in established human and rodent gli-
oma cell lines, human short-term primary glioma cultures, human
primary normal cell cultures of different origins, and immunocompe-
tent murine glioma models.

RESULTS
Construction of the fiber-modified replication-competent rAds

To construct a panel of the fiber-modified replication-competent
rAds, we cloned the wild-type Ad5 genome into a predesigned
pSC101-CmR plasmid and then verified its integrity and forward
orientation by restriction enzyme digests (Figure S1). Furthermore,
we deleted 24-base pairs within the E1A gene in the Ad5 genome at
922–947 bp corresponding to amino acids 122-LTCHEAGF-129 in
the CR2 domain of the E1A protein in order to obtain Ad5-
D2410,11 (Figure S2A), from which the fiber-modified rAds were
derived. The following set of fiber-modified rAds was constructed
(summarized in Figures S2B–S2D): Ad5-D24-RGD with the RGD-
4C peptide (ACDCRGDCFCG) inserted into the HI loop of the fiber
knob between amino acids 546 and 547;27 Ad5/3-D24 with the fiber
knob domain derived from Ad3;49 Ad5/35-D24 with the fiber shaft
and knob domains derived from Ad35;50 and Ad5/3-D24-RGD and
Ad5/35-D24-RGD with the RGD-4C peptide fused to the C termini
of the corresponding chimeric fibers via a glycine-serine 3�(GGGGS)
linker sequence to increase accessibility and conformational flexi-
bility.42,47,48,51 The replication-defective Ad5DE1A virus was ob-
tained by deleting the entire coding sequence for the E1A protein
(data not shown). The physical (viral particle [vp]/mL) and infectious
(infectious unit [IFU]/mL) titers of rAd preparations and their ratios
are provided in Table S1. The restriction enzyme digestion patterns
verified the genomic integrity of the rescued purified rAds (Figure S3).

Comparative transduction, replication, reproduction, and

cytolytic efficacy of the fiber-modified rAds in human cell

cultures

We first tested the fiber-modified rAds in LN18, LN229, and DBTRG
glioma and in A549 lung adenocarcinoma cell lines using a qualitative
crystal violet cell viability assay (Figure S4). Ad5-D24-RGD was more
effective than parental Ad5-D24 with the wild-type fiber in the major-
ity of the tested cell lines (Figure S4A). Depending on the cell line,
Ad5/3-D24-RGD showed similar or inferior cytolytic efficacy
compared with the parental Ad5/3-D24 (Figure S4B), while Ad5/
35-D24-RGD was severely defective compared with the parental
Ad5/35-D24 in all of the tested cell lines (Figure S4C). No less than
500 vp/cell of Ad5/35-D24-RGD was required for A549 and LN18
cells to induce the cytopathic effect at day 8 post-infection (Fig-
ure S4D). In the quantitative resazurin/Alamar Blue cell viability
assay, Ad5/3-D24 was more efficient than Ad5-D24-RGD in LN18,
LN229, DBTRG, and A549 cells, while Ad5/35-D24 was more potent
than Ad5-D24-RGD in LN18, LN229, and T98G cells (Figures 1A and
S4E). These observations were reproduced using other large-scale vi-
rus preparations (50% inhibition [IC50] values in Table S2). We also
confirmed that two independently rescued and purified clones of
Ad5/3-D24-RGD were generally less effective than parental Ad5/3-
D24 in glioma cell lines (Figure S4F).

To validate the superior efficiency of fiber chimeric Ad5/35-D24 and
Ad5/3-D24, we constructed the fiber-modified rAds expressing firefly
luciferase (Fluc) fused through a p2A sequence (ATNFSLLKQAGD-
VEENPGP with a GSG linker) to the C termini of the corresponding
viral proteins (E1B or E2A/DBP). However, only the resultant rAds
with the E1B-p2A-Fluc fusion could be readily rescued, while several
attempts to rescue two clones of rAds with the DBP-p2A-Fluc fusion
were unsuccessful for an unknown reason. In contrast, Ad5/35-D24
with the DBP-p2A-EGFP or DBP-p2A-murine OX40 ligand
(mOX40L) fusions was successfully rescued and amplified with
similar growth kinetics compared with the parental Ad5/35-D24
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(discussed below). The comparative cytolytic efficacy of the fiber-
modified rAds expressing Fluc was consistent with the corresponding
fiber-modified rAd counterparts not encoding the reporter transgene
(Figures 1B and S4G). The greater cytotoxicity of fiber-chimeric Ad5/
35-D24 and Ad5/3-D24 compared with Ad5-D24-RGD in the tested
cell lines could be explained by the strong differences in their infec-
tivity, which was assessed by analysis of Fluc activity 24 h post-infec-
tion (Figures 1C and S4H).

We next evaluated the replication potential of the fiber-modified rAds
in human glioma cell lines. Quantification of the viral DNA copies
confirmed the ability of the fiber-modified rAds to efficiently replicate
(Figure 1D). However, Ad5/3-D24 and Ad5/35-D24 generally outper-
formed Ad5-D24-RGD. Finally, the fiber chimeric Ad5/3-D24 and/or
Ad5/35-D24 producedmore viral progeny than Ad5-D24-RGD, espe-
cially 24 h post-infection (Figure 1E). Thus, Ad5/3-D24 and Ad5/35-
D24 showed generally superior infectivity over Ad5-D24-RGD and, as
a result, more potent relative replication, reproduction, and cytotox-
icity in glioma cell lines, while fusing the RGD-4C peptide to the C
terminus of the chimeric fiber via a linker did not improve the onco-
lytic efficacy of Ad5/3-D24-RGD but rather impaired it, especially in
the case of Ad5/35-D24-RGD.

To further confirm the relevance of our findings, we compared the
cytolytic efficacy of Ad5-D24-RGD, Ad5/3-D24, and Ad5/35-D24 in
short-term primary glioma (n = 8) and medulloblastoma (n = 1)
cultures (Figure 2). GliSav glioma culture was the only cell culture
abundantly available for the additional comparative cell viability ex-
periments (Figure S5A) due to a relatively fast proliferation rate,
while all other short-term cultures showed slow/very slow cycling.
We found that Ad5/35-D24 was significantly more effective (>5-
fold difference in the IC50 values as a criterion) than Ad5-D24-
RGD in five cultures (Figures 2A, 2C, 2D, 2G, 2I, and S5B) and
was more effective than Ad5/3-D24 in two cultures (Figures 2A,
2I, and S5B). Ad5/3-D24 was more effective than Ad5-D24-RGD
in four cultures (Figures 2C, 2D, 2F, 2G, and S5B) and was more
effective than Ad5/35-D24 in one culture (Figures 2F and S5B).
Ad5-D24-RGD was more effective than Ad5/3-D24 in one culture
(Figures 2A and S5B) and was not more effective than Ad5/35-
D24 in any culture. Thus, both Ad5/3-D24 and Ad5/35-D24 were
Figure 1. The comparative infectivity, replication, reproduction, and cytolytic e

adenoviruses in human glioma cell lines

(A and B) Comparative dose-dependent cytotoxicity. Cells (5 � 103/well) were infected i

modified luciferase-expressing (B) rAds starting from 20,000 vp/cell (T98G cells), 6,666 v

days post-infection by resazurin/Alamar Blue cell viability assays. Replication-defective

mean ± SD of at least two independent experiments in technical triplicates. (C) Compar

with a serial 3-fold dilution of the indicated luciferase-expressing rAds starting from 2

analyzed 24 h post-infection. OnlyR2-fold differences in the mean RLU values relative to

experiments in four technical replicates is shown. (D) Ad DNA copy number quantificat

collected 24 and 48 h post-infection. Normalized data are shown as the mean ± SD of

replicates. Only R1.5-fold differences in the mean DNA copy numbers relative to Ad5-

supernatants including viral inoculum) was determined 24 and 48 h post-infection using

IFU/cell. The mean ± SD of two independent experiments is shown. OnlyR2-fold differe

designated. See also Figure S4.
generally more potent than clinically advanced Ad5-D24-RGD in
short-term primary glioma cultures.

Finally, we compared the cytotoxicity of Ad5-D24-RGD, Ad5/3-
D24, and Ad5/35-D24 in short-term primary normal cultures,
which included human embryonic fibroblasts (HEFs), olfactory en-
sheathing cells (OECs), human aortic vascular smooth muscle cells
(HA-VSMCs), human umbilical vein endothelial cells (HUVECs),
and embryonic astrocytes (Figure 3). HEFs and OECs were largely
refractory to Ad5-D24-RGD in a tested range of doses (100–0.01
vp/cell) (Figure 3A). Ad5/3-D24 was more cytotoxic than Ad5/35-
D24 in HEFs and vice versa in OECs (Figure 3A). In the rest of
the cell cultures, the relative cytotoxicity was ranked as follows
(>5-fold difference in the IC50 values as a criterion): Ad5/35-D24
z Ad5-D24-RGD > Ad5/3-D24 in HA-VSMCs, Ad5-D24-RGD
z Ad5/35-D24 > Ad5/3-D24 in HUVECs, and Ad5/35-D24 z
Ad5/3-D24 > Ad5-D24-RGD in embryonic astrocytes (Figure 3B).
Importantly, the cytotoxicity of the fiber-modified rAds in prolifer-
ating primary normal cells and short-term glioma cultures was com-
parable (Figure S5B) despite the presence of the E1AD24 modifica-
tion. Overall, although the relative cytotoxicity of the fiber-modified
rAds was cell-type-dependent, Ad5/35-D24 and Ad5/3-D24 were
generally more cytotoxic than Ad5-D24-RGD in proliferating pri-
mary normal cultures, and the E1AD24 modification by itself did
not confer tumor cell selectivity.

The expression levels of known adenoviral receptors/

coreceptors are not predictive of the relative oncolytic efficacy

of the fiber-modified rAds

Next, we investigated whether the expression levels (percentage of
positive cells) of known adenoviral receptors/coreceptors may predict
the relative oncolytic efficacy (based on the IC50 values) of the fiber-
modified rAds within each individual cell culture. We analyzed the
expression of adenoviral receptors (CAR, DSG2, and CD46) and cor-
eceptors (integrins aVb3 and aVb5) in established cell lines (n = 5),
short-term primary glioma cell cultures (n = 5), and primary normal
cell cultures (n = 2) (Figures 4 and S6–S8; Table S3). CAR expression
varied from a low (z8%) to high (z98%) levels in established cell
lines, while it was undetectable in short-term glioma cultures,
HUVECs, and embryonic astrocytes. Similarly, DSG2 expression
fficacy of the fiber-modified replication-competent recombinant

n suspension with a serial 3-fold dilution of the indicated fiber-modified (A) and fiber-

p/cell (LN18 and LN229), or 2,222 vp/cell (DBTRG) and analyzed 5 or 7 (T98G cells)

Ad5DE1A was used as a negative control. Normalized data are presented as the

ative dose-dependent infectivity. Cells (2.5 � 104/well) were infected in suspension

,222 vp/cell or 741 vp/cell (LN229). Luminescence (relative light units [RLU]) was

Ad5-D24-RGD_E1B-p2A-Fluc are designated. The mean ± SD of two independent

ion by qPCR. Cells (5 � 105/well) were infected in suspension with 100 vp/cell and

at least two independent experiments. PCR runs were conducted in four technical

D24-RGD are designated. (E) Total virus production (both culture cell extracts and

anti-Ad staining. Cells (2.5 � 105/well) were infected in suspension at an MOI of 50

nces in the mean total virus production values (IFU/mL) relative to Ad5-D24-RGD are
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Figure 2. The comparative cytolytic efficacy of the fiber-modified replication-competent recombinant adenoviruses in human primary short-term glioma

(n = 8) and medulloblastoma (n = 1, MB-TSCH) cultures

(A–I) Resazurin/Alamar Blue cell viability assays of rAd-infected short-term glioma cell cultures 7 days post-infection (except GliBah, 6 days post-infection). The glioma

cultures (5 � 103 cells/well) were infected in suspension with a serial 10-fold dilution of the indicated rAds starting from 1,000 vp/cell. Normalized data are presented as the

mean ± SD of two independent experiments in technical triplicates. See also Figure S5.
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varied from a low (z6%) to a high (>95%) level in established cell
lines, while it was largely undetectable in short-term cell cultures,
except GliSav (>80%) and embryonic astrocytes (z70%). CD46
was expressed abundantly in all the tested cell cultures (R85%). In-
tegrin aVb3 was not expressed in four short-term glioma cultures
and was barely detectable in A549 cells (<5%), while integrin aVb5
expression was detected at low (z10%) to high (z95%) levels in
all of the tested cultures.
234 Molecular Therapy: Oncolytics Vol. 24 March 2022
We revealed that the expression levels of known adenoviral receptors/
coreceptors did not universally predict the relative cytolytic efficacy of
the fiber-modified rAds in each individual cell culture (Figure 4). For
instance, Ad5-D24-RGDwas the least potent in LN18 cells despite the
high expression levels of CAR and integrins. A549 cells were relatively
less permissive to Ad5-D24-RGD and Ad5/35-D24 despite the high
expression levels of CAR, CD46, and integrin aVb5. Ad5-D24-
RGD was as effective as Ad5/35-D24 in GliSav culture despite barely



Figure 3. The comparative cytotoxicity of the fiber-modified replication-competent recombinant adenoviruses in human primary normal cells of different

origins

(A) Crystal violet cell viability assays of rAd-infected primary human embryonic fibroblasts (HEFs) and olfactory ensheathing cells (OECs) 7 days post-infection. Cells (2.5 �
104/well) were infected in suspension with a serial 10-fold dilution of the indicated rAds starting from 100 vp/cell. Infection with a 10-fold serial dilution of the replication

defective Ad5DE1A starting from 1,000 vp/cell was used as a negative control. The 911 cells were used as a positive control for replication-defective Ad5DE1A. Repre-

sentative pictures of two independent experiments in technical duplicates with similar results are shown. (B) Resazurin/Alamar Blue cell viability assays of rAd-infected human

primary aortic vascular smoothmuscle cells (HA-VSMCs), umbilical vein endothelial cells (HUVECs), and embryonic astrocytes 7 days post-infection. Cells (5� 103/well) were

infected in suspension with a serial 10-fold dilution of the indicated rAds starting from 1,000 vp/cell. Normalized data are presented as the mean ± SD of two independent

experiments in technical triplicates. See also Figure S5.
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detectable CAR and integrin aVb3 expression and low integrin aVb5
expression. Ad5/3-D24 relatively efficiently killed GliShat cells despite
a barely detectable level of DSG2 expression. Finally, we observed that
Ad5/3-D24 outperformed Ad5/35-D24 in LN229, DBTRG, A549, and
GliSav, which were found to express moderate to high levels of DSG2,
although in embryonic astrocytes with high DSG2 expression, Ad5/3-
D24 and Ad5/35-D24 were equally cytotoxic. Thus, based solely on
the expression levels of known adenoviral receptors/coreceptors, it
was not possible to positively predict which the fiber-modified rAds
would be the most or least cytolytic in each individual cell culture.

CT-2A and GL261 glioma cells may be used as murine cell

models for fiber chimeric rAds

To identify a rodent cell line that would be the most susceptible to
Ad5/3-D24 and/or Ad5/35-D24 infection for further in vivo studies,
we compared the cytotoxicity of the fiber-modified rAds in rodent
glioma and carcinoma cell lines, which included GL261 and CT-2A
murine glioma cells, C6 rat glioma cells, 4T1 murine mammary car-
cinoma cells, CT26 murine colon carcinoma cells, and B16-F10 mu-
rine melanoma cells (Figure 5). Rodent glioma and carcinoma cells
exhibited cell line-specific sensitivity to the fiber-modified rAds.
Ad5-D24-RGD outperformed parental Ad5-D24 in all of the tested
rodent cell lines. CT-2A, C6, and 4T1 cells were the most sensitive
to Ad5-D24-RGD (Figures 5B–5D). GL261 and C6 cells were the
most sensitive to Ad5/3-D24 and Ad5/3-D24-RGD (Figures 5A and
5C), while other cell lines were almost refractory to these rAds in a
tested range of viral doses. GL261 and CT-2A cells were the most sen-
sitive to Ad5/35-D24 (Figures 5A and 5B). Interestingly, Ad5/35-D24
was as cytotoxic as Ad5-D24-RGD in GL261 cells (Figure 5A).
Consistent with the crystal violet cell viability assays, different sensi-
tivities of the rodent glioma cell lines to the fiber-modified rAds were
observed in the resazurin/Alamar Blue cell viability assays (Figures
5G–5I). CT-2A cells were more sensitive to Ad5-D24-RGD than
GL261 cells, while GL261 cells were more sensitive to Ad5/35-D24
than CT-2A cells (Figures 5G, 5H, and S10). Of note, we confirmed
that Ad5/35-D24 and Ad5-D24-RGD had the same cytotoxicity in
GL261 cells (Figure 5G).

To further substantiate the feasibility of murine glioma cell lines
for the fiber chimeric rAds, we compared the cytotoxicity of the
Molecular Therapy: Oncolytics Vol. 24 March 2022 235
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Figure 4. The expression levels of known adenoviral

receptors and coreceptors in the established cell

lines and the short-term primary cultures did not

predict the relative oncolytic efficiency of the fiber-

modified recombinant adenoviruses

The oncolytic efficacy represented by the IC50 values (vp/

cell) for the indicated rAds (left panel) and the surface

expression of receptors/coreceptors (percentage of

positive cells, right panel) analyzed by flow cytometry are

plotted as a heatmap. The IC50 values of rAds for es-

tablished glioma cell lines and short-term primary glioma

or normal cultures were derived from the resazurin/Ala-

mar Blue cell viability assays 5 (except T98G, 7 days) and

7 days (except GliBah, 6 days) post-infection, respec-

tively. Therefore, the three scale bars of the IC50 values

are shown reflecting different readout time points in the

cell viability assays. See also Figures S6–S8 and Table S3

for flow cytometry plots and statistics.
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fiber-modified rAds expressing Fluc and revealed that their relative
cytotoxic efficacy was consistent with that of the corresponding fi-
ber-modified rAd counterparts not encoding the reporter transgene
(Figure 6A). Surprisingly, despite a higher resistance (based on the
IC50 values) of CT-2A cells to Ad5/35-D24_E1B-p2A-Fluc and
Ad5/3-D24_E1B-p2A-Fluc compared with GL261 cells, these rAds
(as well as Ad5-D24-RGD_E1B-p2A-Fluc) infected CT-2A cells
more efficiently in a dose-dependent manner (Figure 6B): 5- to 49-
fold on average for Ad5-D24-RGD_E1B-p2A-Fluc, 2- to 6-fold for
Ad5/3-D24_E1B-p2A-Fluc, and 4-to 8-fold for Ad5/35-D24_E1B-
p2A-Fluc (if comparing the relative light unit [RLU] values for each
viral dose between cell lines). To independently confirm this observa-
tion, we constructed Ad5-D24-RGD_E1B-p2A-EGFP-, Ad5/35-
D24_E1B-p2A-EGFP-, and Ad5/35-D24_DBP-p2A-EGFP-express-
ing EGFP fused through a p2A sequence to the C termini of the
corresponding viral proteins (E1B or E2A/DBP). As expected, all of
these rAds were equally cytotoxic in GL261 cells, and the Ad5/35-
D24-based viruses expressing EGFP were more cytotoxic in GL261
cells than in CT-2A cells (Figure 6C). However, the flow cytometric
analysis of Ad5/35-D24_DBP-p2A-EGFP-infected cells consistently
showed that CT-2A cells were more efficiently infected than GL261
cells (Figure 6D). The higher activity of the reporter Fluc and EGFP
transgenes in CT-2A cells compared with GL261 cells could be ex-
plained by a 101- to 452-fold higher number on average of viral
DNA copies detected 24 h post-infection with the fiber-modified
rAds (Figure 6D). We detected no further significant increase in
DNA copy number in CT-2A cells 48 (Figure 6D) or 72 h (data not
shown) post-infection. In contrast, the fiber-modified rAds efficiently
replicated in GL261 cells (102- to 289-fold change on average, 72
versus 24 h; Figure 6D). The fiber-modified rAds were unable to pro-
duce viral progeny in either of the murine cell lines tested (Figure 6E).
Finally, we compared the bioluminescence of syngeneic orthotopic
GL261 and CT-2A gliomas infected with a single injection dose
(5 � 109 vp) of the fiber-modified rAds using an in vivo imaging sys-
tem (IVIS). Comparing the activity of Fluc between rAds within each
236 Molecular Therapy: Oncolytics Vol. 24 March 2022
glioma model, we found that the total luminescence on average from
the Ad5/35-D24_E1B-p2A-Fluc-treated mice bearing GL261 gliomas
was slightly but significantly higher than that of Ad5-D24-RGD_E1B-
p2A-Fluc (p = 0.0344, two-way ANOVA with Tukey’s multiple com-
parison test), while Ad5/3-D24_E1B-p2A-Fluc was more potent than
Ad5/35-D24_E1B-p2A-Fluc in the CT-2A glioma model (p = 0.0046,
two-way ANOVA with Turkey’s multiple comparison test) (Fig-
ure S10). Moreover, comparing the activity of Fluc for each rAd
between glioma models, we found a significant difference for Ad5/
35-D24_E1B-p2A-Fluc (p = 0.0022, two-way ANOVA with Tukey’s
multiple comparison test), which was 2.2- to 3.4-fold on average
more active in the GL261 glioma model 72 h and later post-infection
(Figure 6G). The shortcoming of this experiment with the rAds ex-
pressing Fluc is that the total bioluminescent signal was apparently
collected not only from infected glioma cells but also from infected
normal cells, since the sham control animals (Figure 6G) who
received an injection of Ad5/35-D24_E1B-p2A-Fluc also produced
similar Fluc signals with regard to the average value and duration
compared with those of the GL261 glioma model (p = 0.5058), but
the values were still higher than those in the CT-2A glioma model
(p = 0.0083, two-way ANOVA with Turkey’s multiple comparison
test). Currently, we have no explanation for these moderate differ-
ences in infectivity in vivo between the fiber-modified rAds and be-
tween the murine glioma models. We believe that these differences
may actually be neglected in nonpermissive murine immune-compe-
tent orthotopic gliomamodels when high viral doses are administered
several times for therapeutic purposes and due to a primary role of
immune responses in the therapeutic efficacy of oncolytic viruses.

Characterization of the Ad5/35-D24_E1B-p2A-EGFP and Ad5/

35-D24_DBP-p2A-EGFP oncolytic adenoviruses

According to our data, GL261 cells may be potentially used as a
murine glioma model for Ad5/35-based rAds. However, it was previ-
ously shown that intratumoral administration of clinically advanced
Ad5-D24-RGD alone was not sufficient to produce long-term



Figure 5. The comparative cytotoxic efficacy of the fiber-modified replication-competent recombinant adenoviruses in rodent glioma and carcinoma cell

lines

(A–F) Crystal violet cell viability assays of rAd-infected cells 5 days post-infection. Cells (2.5� 104/well) were infected in suspension with a serial dilution of the indicated rAds.

Replication-defective Ad5DE1A was used as a negative control. Representative pictures of three independent experiments in technical duplicates with similar results are

shown. (A) GL261 murine glioma cells. (B) CT-2A murine glioma cells. (C) C6 rat glioma cells. (D) 4T1 murine mammary carcinoma cells. (E) CT26 murine colon carcinoma

cells. (F) B16-F10 murine melanoma cells. (G–I) Resazurin/Alamar Blue cell viability assays of rAd-infected cells 5 days post-infection. Cells (2.5 � 103/well) were infected in

suspension with a serial 3-fold dilution of the indicated rAds starting from 20,000 vp/cell. Normalized data are presented as the mean ± SD of three independent experiments

in technical triplicates. See also Figure S9.
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Figure 6. The comparative infectivity, replication, reproduction, and cytotoxic efficacy of the fiber-modified replication-competent recombinant

adenoviruses in murine GL261 and CT-2A glioma cells

(A) Comparative dose-dependent cytotoxicity. Cells (2.5 � 103/well) were infected in suspension with a serial 3-fold dilution of the indicated luciferase-expressing rAds

starting from 20,000 vp/cell and analyzed 5 days post-infection by resazurin/Alamar Blue cell viability assays. Normalized data are presented as the mean ± SD of two

independent experiments in technical triplicates. (B) Comparative dose-dependent infectivity. Cells (2.5� 104/well) were infected in suspension with a serial 3-fold dilution of

the indicated luciferase-expressing rAds starting from 20,000 vp/cell. Luminescence (RLU) was analyzed 24 h post-infection. The mean ± SD of two independent exper-

iments in four technical replicates is shown. Only R2-fold differences in the mean RLU values relative to Ad5/3-D24-RGD_E1B-p2A-Fluc are designated. (C) Comparative

dose-dependent cytotoxicity. Cells (2.5� 103/well) were infected in suspension with a serial 3-fold dilution of the indicated EGFP-expressing rAds starting from 20,000 vp/cell

and analyzed 5 days post-infection by resazurin/Alamar Blue cell viability assays. Normalized data are presented as the mean ± SD of three independent experiments in

technical triplicates. (D) Comparative dose-dependent infectivity. Cells (5 � 105/well) were infected in suspension with a serial dilution of Ad5/35-D24_DBP-p2A-EGFP and

(legend continued on next page)
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survivors in an immune-competent syngeneic GL261 glioma model,
while an immune costimulator GITRL-, OX40L-, or 4-1BBL-armed
Ad5-D24-RGD significantly prolonged survival.52–54 In these reports,
a transgene expression cassette replaced the E3 locus, which is known
to be responsible for immune evasion functions. To insert mOX40L
by preserving the E3 locus (all viruses used in our study were non-
E3 deleted), we tested two early loci (E1B and E2A/DBP) in the Ad
genome. We first compared Ad5/35-D24_E1B-p2A-EGFP and Ad5/
35-D24_DBP-p2A-EGFP in highly permissive A549 lung adenocarci-
noma cells. Both viruses expressed EGFP but at significantly different
levels, as shown by immunofluorescence (Figure 7A) and quantified
by flow cytometry (Figure 7B). Both viruses formed plaques with
similar efficiencies and sizes (both 3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide [MTT]-stained and EGFP plaques),
and no difference was observed compared with the parental Ad5/
35-D24 (Figure 7C). The kinetics of cell death at low MOIs (0.02
and 0.2 IFU/cell) was similar between viruses (Figure 7D). The repro-
duction of viruses analyzed 24–72 h post-infection did not signifi-
cantly differ (data not shown). Finally, the cytotoxicity of Ad5/35-
D24_DBP-p2A-EGFP was comparable to that of the parental Ad5/
35-D24 in a panel of cell lines (Figure 7E). Thus, although both tested
viral loci may be suitable for the expression of a transgene fused via
the p2A sequence (at least EGFP, since we were not able to rescue vi-
ruses with the DBP-p2A-Fluc fusion, as discussed above), the E2A/
DBP locus supports higher transgene expression levels.

Long-term survival of mice bearing GL261 glioma following

treatment with Ad5/35-D24_DBP-p2A-mOX40L

WeconstructedAd5/35-D24_DBP-p2A-mOX40L-expressingmOX40L
as a fusion with E2A/DBP via the p2A sequence. mOX40L expression
was increased on the surface of infected human andmurine glioma cells
in a dose-dependent manner (Figure 8A). No significant difference was
found between the mOX40L-expressing and parental viruses in the pla-
que assay on A549 cells 8 days post-infection (Figure 8B). We then
compared the antitumor effect of Ad5/35-D24_DBP-p2A-mOX40L
and the parental Ad5/35-D24 in mice bearing intracranial GL261
gliomas. Treatment with these rAds resulted in no increase in median
survival (buffer = 31 days versus Ad5/35-D24 = 29 days and versus
Ad5/35-D24_DBP-p2A-mOX40L = 31 days; p = 0.8337 and p =
0.3574, respectively) but led to 20% long-term survival for the Ad5/35-
D24 treatment group and 33% for the Ad5/35-D24_DBP-p2A-
mOX40L treatment group (Figure 8C). In a rechallenge experiment,
the same tumor cells were inoculated in the contralateral hemisphere
to determine whether the rAd-treated mice developed antiglioma im-
mune memory (Figure 8D). All naive mice from the control group
died of glioma within 35 days. In contrast, one out of two long-term sur-
analyzed 24 h post-infection by flow cytometry. The mean percentage (%) ± SD and me

experiments are shown. (E) Ad DNA copy number quantification by qPCR. Cells (5 � 1

post-infection. Normalized data are shown as the mean ± SD of two independent exper

(both culture cell extracts and supernatants including viral inoculum) was determined 24,

in suspension at an MOI of 60 IFU/cell (Ad5-D24-RGD) or 200 IFU/cell. The mean ± SD

viral input. (G) C57BL/6 mice bearing CT-2A and GL261 tumors (nR 5 tumors per grou

and tumor luminescence was measured at the indicated days post-treatment. **p %

Figure S10.
vivor mice (50%) from the Ad5/35-D24 treatment group (p = 0.2863
versus control) and all three long-term survivor mice (100%) from the
Ad5/35-D24_DBP-p2A-mOX40L treatment group (p = 0.0066 versus
control) survived after tumor rechallenge (>80 days). These data indicate
that the Ad5/35-D24_DBP-p2A-mOX40L-treated mice efficiently
generated immunological memory against tumor cells in the GL261 gli-
oma model.

DISCUSSION
Replication-competent Ad5-D24-RGD with the integrin-targeting
RGD-4C peptide inserted into the HI loop of the fiber knob domain
is currently the most clinically advanced rAd for glioma therapy.4,5

Insertion of the RGD-4C peptide into the HI loop is known to signif-
icantly enhance the transduction of CAR-negative/low cells. Never-
theless, the transduction and cytolytic efficacy of fiber chimeric Ad5/
3 were superior to those of Ad5RGD in different cancer cell types,
including prostate cell lines,55 melanoma cell lines,37 breast carci-
noma cell lines, short-term cultures, tissue slices,38 clear cell carci-
noma kidney cell lines,39 gastric carcinoma tissue slices,40 esopha-
geal carcinoma cell lines,41 bladder carcinoma cell lines,42 and
glioma cell lines and tissue slices.43 Similarly, the transduction effi-
cacy of Ad5/35 reporter virus was higher than that of Ad5RGD in
melanoma cell lines and short-term cultures,44 in sarcoma cell lines
and short-term cultures,45 and in glioma cell lines (n = 4) and short-
term primary cultures (n = 2).46 In the latter study, Ad5/35 trans-
duced primary glioma cells even more efficiently than Ad5/3, and
to the best of our knowledge, this is the only study evaluating the
transduction efficacy of the fiber-modified replication-deficient
Ad5RGD, Ad5/3, and Ad5/35 reporter viruses side by side in
short-term glioma cultures, although the sample size was small. In
this study, we evaluated the comparative infectivity and cytolytic ef-
ficacy of the replication-competent fiber-modified rAds and found
that both Ad5/35-D24 and Ad5/3-D24 were generally more effective
than Ad5-D24-RGD in human glioma cell lines (n = 4) and short-
term cultures derived from primary brain tumors (n = 9).

Previously, Matsui et al. failed to rescue rAd with the RGD-4C peptide
fused to the C terminus of the chimeric 5/35 fiber.51 Although we suc-
ceeded in amplifying Ad5/35-D24-RGD to a high titer (z1.6 � 1012

vp/mL from five T175 cm2
flasks), it was severely defective compared

with the parental Ad5/35-D24 in all of the tested cell lines. We also
found that replication-competent Ad5/3-D24-RGD with the RGD-
4C peptide at the C terminus of the chimeric 5/3 fiber showed similar
or inferior cytotoxic efficacy depending on the cell line compared with
the parental Ad5/3-D24 in human and rodent cells (n = 11). In
contrast, Tyler et al. reported that in a panel of glioma cell lines
dian fluorescence intensity (MFI) ± SD of EGFP-positive cells from two independent

05/well) were infected in suspension at 2,000 vp/cell and collected 24, 48, and 72 h

iments. qPCR runs were conducted in technical triplicates. (F) Total virus production

48, and 72 h post-infection using anti-Ad staining. Cells (5� 105/well) were infected

of two independent experiments is shown. The dashed lines indicate the total initial

p) were injected intratumorally with the indicated rAds at a dose of 5� 109 vp (5 mL),

0.01 versus other groups, two-way ANOVA with Tukey’s post hoc test. See also
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Figure 7. Characterization of Ad5/35-D24_E1B-p2A-EGFP and Ad5/35-D24_DBP-p2A-EGFP in A549 lung adenocarcinoma cells

(A) The Ad DBP locus supports a higher expression level of EGFP. Cells (5� 105/well) were infected in suspension at anMOI of 50 IFU/cell, photographed with a fluorescence

microscope 24 h post-infection (scale bars, 100 mm), and analyzed by flow cytometry. Themean ± SD of the MFI of EGFP-positive cells from two independent experiments is

shown. (B) Comparison of the plaque areas of the indicated rAds in A549 cells at day 6 post-infection (1% agarose overlay) based onMTT staining or EGFP fluorescence. Data

are presented as the mean ± SD; ns, nonsignificant difference by unpaired two-tailed t test with Welch’s correction. The sample sizes are indicated in the figure. (C) Cell

cytotoxicity kinetics analyzed by xCELLigence cell adhesion assay. A549 cells (2.5 � 103 cells/well) were infected in suspension with the indicated rAds (three technical

replicates per dilution). Cell adhesion wasmonitored for a period of 225 h using the xCELLigence real-time cell analysis (RTCA) system. Impedance in electron flow (resistance

to an alternating current) is plotted as arbitrary units called the cell index. (D) Table containing the IC50 values derived from resazurin/Alamar Blue cell viability assays in

different cancer cell lines (two independent experiments). Human (5� 103/well) andmouse (2.5� 103/well) cells were infected in suspension with a serial 3-fold dilution of the

indicated rAds starting from 100 IFU/cell and 2,000 IFU/cell, respectively, and analyzed 5 or 7 (T98G cells) days post-infection.
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(n = 7), the replication-defective Ad5/3RGD reporter virus with the
RGD-4C peptide fused to the C terminus of the chimeric fiber had
enhanced transduction efficacy in the majority of the tested cell lines
compared with the parental Ad5/3.47 However, the replication-defec-
tive Ad5/3RGD reporter virus had comparable transduction effi-
ciency with the parental Ad5/3 in a panel of carcinoma cell lines
(n = 8).42 Finally, in an independent study in a panel of glioma and
carcinoma cell lines (n = 14), replication-competent Ad5/3-D24-
RGD with the RGD-4C peptide placed at the C terminus of the
chimeric fiber showed improved oncolytic potency over the parental
Ad5/3-D24 in the majority of the tested cell lines.48 Currently, we
have no specific explanation for the inconsistency between the studies
regarding the transduction/oncolytic efficiency of Ad5/3RGD-based
viruses. However, taking into account our results and previous re-
ports on fusing the RGD-4C peptide to the C termini of the fiber
chimeric Ad5/35,51 Ad5/11p,56 and Ad5/4157 with no additional
enhancement in infectivity, we conclude that the C terminus of the
chimeric fibers in general might not be a favorable location for the
insertion of this targeting ligand.
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It is believed that rAds based on Ad5 with the delta-24 modification
effectively replicate only in cancer cells with disrupted pRb/E2F com-
plex regulation but not in normal cells (quiescent or G1-arrested or
even proliferating) with intact pRb due to the inability of the mutant
E1AD24 protein to bind to pRb. In the original studies, Ad5-D24 did
not efficiently replicate in lung fibroblasts arrested in the G1 phase

10

and in normal microvascular endothelial cells and small airway
epithelial cells arrested in the G1 phase.11 The replication of Ad5-
D24 in proliferating normal cells was much more efficient than that
in G1-arrested cells, although it was still several orders of magnitude
less than that in cancer cells.11 However, these original reports
describing the benefits of the delta-24 modification were contradicted
by follow-up research.12–17 Independent of the cellular proliferation
status, both Ad5-D24 and a control virus with wild-type E1A caused
cytotoxicity in a comparable manner in primary hepatocytes and lung
and prostate epithelial cells.16 Upon infection of human primary ker-
atinocytes at an MOI of 1 PFU, Ad5-D24 was as cytotoxic as a control
Ad with wild-type E1A.14 The viral yield at day 5 after infection with
Ad5-D24-RGD was not reduced compared with that of Ad5RGD



Figure 8. Ad5/35-D24_DBP-p2A-mOX40L treatment

produces long-term survivors with immunological

memory in an orthotopic syngeneic GL261 glioma

model

(A) Dose-dependentmOX40L expression in human (n = 1)

and murine glioma cells (n = 3 independent experiments)

infected with Ad5/35-D24_DBP-p2A-mOX40L at the

indicatedMOIs and analyzed by flow cytometry 24 h post-

infection. (B) Comparison of the plaque areas of the

indicated rAds in A549 cells at day 8 post-infection. Data

are presented as the mean ± SD; ns, nonsignificant dif-

ference by unpaired two-tailed t test with Welch’s

correction. The sample sizes are indicated in the figure.

(C) Kaplan-Meier survival curves of mice bearing GL261

tumors. rAds were intratumorally injected (1 � 108 IFU;

5 mL) on days 7, 9, and 11 after tumor cell implantation

(n = 10, Ad5/35-D24; n = 9, Ad5/35-D24_DBP-p2A-

mOX40L; n = 8, Ad storage buffer). Several long-term

survivors (>100 days) in the rAd-treated groups are

shown. Log rank test: Ad5/35-D24 versus Ad buffer, p =

0.8337; Ad5/35-D24_DBP-p2A-mOX40L versus Ad

buffer, p = 0.3574). (D) GL261 rechallenge experiment

with tumor cells implanted into the contralateral hemi-

sphere of the long-term survivors (n = 2, Ad5/35-D24; n =

3, Ad5/35-D24_DBP-p2A-mOX40L) and naive mice (n =

10). Log rank test: Ad5/35-D24 versus Ad buffer, p =

0.2863; Ad5/35-D24_DBP-p2A-mOX40L versus Ad

buffer, p = 0.0066).
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with wild-type E1A in normal fibroblasts and HUVECs infected at
MOIs of 25 and 3, respectively.13 Growth-arrested HUVECs and
MRC9 cells infected with Ad5-D24 at MOIs of 20, 1, or 0.01–100
PFU showed a robust induction of the S phase, supported effective vi-
rus reproduction, and exhibited a similar decrease in viability
compared with the cells infected with a control Ad with wild-type
E1A (of note, in both viruses, E1A was regulated by the cytomegalo-
virus [CMV] promoter).12 Ad5-D24-RGD efficiently killed human
primary mesothelial cells at doses of %10 vp/cell in the crystal violet
and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) cell viability assays.15 In the
crystal violet cell viability assay, Ad5-D24 and wild-type Ad5 were
comparably toxic in primary human astrocytes at 1,000 and 100
vp/cell at day 5 post-infection, showing complete or nearly complete
cell killing. At doses of 10 and 1 vp/cell, wild-type Ad5 was slightly
more cytopathic than Ad5-D24.17 We found that the relative cytotox-
icity of the fiber-modified rAds with the delta-24 modification in pri-
mary normal proliferating cultures (HEFs, OECs, HA-VSMCs,
HUVECs, and embryonic astrocytes) was cell type-dependent, with
Ad5/35-D24 and Ad5/3-D24 exhibiting generally more cytopathic ef-
fects in a tested range of doses (100–0.01 vp/cell). Importantly, our de
novo-generated delta-24- and fiber-modified rAds killed both prolif-
erating primary normal cells and short-term primary glioma cultures
with similar efficiencies and kinetics (IC50 values). Moreover, the
delta-24- and fiber-modified rAds used in this study killed embryonic
fibroblasts and astrocytes with comparable efficiencies to the delta-
24-nonmodified counterpart rAds reported previously.58,43 Taken
together, these data indicate that the delta-24 modification alone
does not confer significant replication selectivity. This finding raises
safety concerns regarding possible damage to normal cells near tumor
tissue during intratumoral rAd administration. Additional tumor-
specific regulations (e.g., by promoters or miRNAs) to improve the
safety of fiber chimeric adenoviral therapy might be required. How-
ever, most adult brain cells are quiescent, and the tissue context might
be very important in the severity of rAd cytotoxicity. In support of
this assumption, the amounts of progeny virus produced after
7 days in normal human brain tissue ex vivo infected with wild-
type Ad5 and Ad5-D24 at an MOI of 108 PFU/tissue piece were
similar but very low (below 104 PFU).59 Furthermore, in a phase I trial
of Ad5-D24-RGD in recurrent glioma patients receiving a single in-
tratumoral viral dose (1 � 107–3 � 1010 vp), no dose-limiting toxic-
ities and no maximum tolerated dose were identified.6 Finally, E1A
critically influences cytoplasmic interferon signaling pathways and
dampens the innate cellular response to infection by inhibiting the
expression of immunologically active host genes.60 It is possible
that the E1AD24 mutation induces loss of function(s) that is less
notable in in vitro testing but is remarkable in vivo. Due to the rela-
tively enhanced cytotoxicity in normal proliferating cell cultures,
additional safety improvements in the fiber chimeric Ad5/3 and
Ad5/35 might be required, although it is certainly difficult to specu-
late about such a need until considerable toxicity has been established
in a relevant permissive in vivo model or in clinical trials.
Molecular Therapy: Oncolytics Vol. 24 March 2022 241

http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
We found that CAR expression varied from a low to high levels in es-
tablished cell lines, while it was barely detectable in short-term glioma
cultures. The expression of CAR in glioma tissues and short-term pri-
mary glioma cultures was frequently barely detectable.19–22,25 Howev-
er, in established glioma cell lines and in mouse xenografts of short-
term glioma cultures, CAR expression was found to be upregulated
compared with that of their parental tumors.21 A similar and seem-
ingly contradictory situation with the expression of CAR was also re-
ported for melanoma. Melanoma tissue cells or freshly isolated tumor
cells expressed negligible CAR, while CAR expression was upregu-
lated in melanoma cells after prolonged passaging,58 indicating that
the expression of CAR by tumor cells in vitro or in vivo as xenografts
can be an artifact.21,58 We also found that DSG2 expression varied
from low to high levels in established cell lines, while it was largely un-
detectable in the majority of the tested short-term cultures. In sup-
port, Niittykoski et al. observed that short-term glioma cell cultures
significantly reduced or lost DSG2 but not CD46 expression during
passaging compared with their parental tumor tissues.19 Finally, we
found that CD46 was expressed abundantly in all of the tested human
cell cultures, consistent with previous reports.19,20 Altogether, these
data imply that for personalized oncolytic virotherapy, if applicable
at all, measuring the expression levels of adenoviral receptors perio-
peratively should be preferable and more relevant from a practical
point of view, although the expression levels of CAR, DSG2, and
CD46 and integrins aVb3/aVb5 did not predict, at least in vitro,
the relative oncolytic efficiency of the fiber-modified rAds tested in
our study. Our findings are consistent with previous reports. In
some studies, CAR expression directly correlated with the level of
Ad5 cell-surface binding or transduction, while no such correlation
was observed with the expression levels of avb3/avb5 integrins.21,61,62

In contrast, others reported no correlation between CAR expression
levels and Ad5 transduction.22–24 In cells expressing low to barely
detectable CAR, binding to the integrin aVb5 was sufficient for
both Ad5 attachment and internalization,23 and low-passage glioma
cells with barely detectable CAR levels could be transduced with
Ad5.22 Moreover, there was no correlation between the transduction
efficiency of Ad5/35 reporter virus and the expression levels of CD46
in a panel of pancreatic and breast cancer cell lines,63 in esophageal
and oral carcinoma cells,64 in colorectal carcinoma cells,65 and in
normal human B lymphocytes and cell lines of lymphoid origin.66

In the latter study, it was revealed that the transduction efficiency
of Ad5/35 depended largely on the cell-specific intracellular traf-
ficking routes.

We revealed that both CT-2A and GL261 murine glioma cells were
susceptible to Ad5/35-D24 and Ad5/3-D24 infection. Moreover,
Ad5/35-D24-based rAds were as cytotoxic as Ad5-D24-RGD-based
rAds in GL261 cells. We also found that the most abundantly ex-
pressed early Ad locus E2A/DBP67 may support efficient transgene
expression (at least, EGFP and mOX40L) when it is fused via a p2A
sequence. Finally, our data on long-term survivor mice (33%) cured
of orthotopic syngeneic GL261 gliomas after treatment with Ad5/
35-D24_DBP-p2A-mOX40L are consistent with the survival rates re-
ported for Ad5-D24-RGD expressing the immune costimulator
242 Molecular Therapy: Oncolytics Vol. 24 March 2022
mCD137L (4-1BBL)52 or mOX40L53 under the CMV promoter
from the E3 region in the GL261 glioma model (23% and 20%
long-term survival, respectively). In these and other reports, coad-
ministration of rAd expressing an immune costimulator with anti-
bodies to PD-L1 further increased the percentage of long-term survi-
vors with efficient immunological memory on tumor rechallenge,
indicating that a combinatorial approach in immunovirotherapy is
a vital strategy for treating deadly gliomas. We believe that our study
will pave the way for further development of potent fiber chimeric
Ad5/35-based viruses for brain malignancies.

MATERIALS AND METHODS
Cell lines

Human embryonic kidney HEK293, lung adenocarcinoma A549, gli-
omas U118, T98G, DBTRG, LN18, and LN229, rat glioma C6, murine
B16-F10 melanoma (ATCC), 911, murine glioma CT-2A (SCC194,
Sigma), and GL261 cells (DSMZ Cell Culture Collection) were grown
in DMEM GlutaMax (Gibco) containing 10% FBS (HyClone). Mu-
rine mammary 4T1 carcinoma cells and colon CT26 carcinoma cells
(ATCC) were cultured in RPMI-1640 (Gibco) supplemented with
glucose (4.5 g/L), L-glutamine (2 mM), sodium pyruvate (1 mM),
HEPES (10 mM), and 10% FBS. Primary human embryonic dermal
fibroblasts and embryonic astrocytes (a cell bank of V.P. Serbsky Na-
tional Medical Research Center, Moscow, Russia), and primary
OECs68 were cultured in DMEM/F12 (Gibco) with 10% FBS. T/G
HA-VSMCs (CRL-1999, ATCC) were cultured in F-12K medium
(Gibco) with 2 mM L-glutamine; 1,500 mg/L sodium bicarbonate;
0.05 mg/mL ascorbic acid (Sigma); 0.01 mg/mL insulin (Gibco);
0.01 mg/mL transferrin (Gibco); 10 ng/mL sodium selenite (Gibco);
0.03 mg/mL endothelial cell growth supplement (ECGS, Sigma);
HEPES (10 mM); TES (10 mM, Sigma); 10% FBS; and 25 mg/mL am-
photericin B (Gibco). Primary HUVECs (a cell bank of V.P. Serbsky
National Medical Research Center) were cultured in F-12K medium
with 2 mM L-glutamine, 1,500 mg/L sodium bicarbonate, 0.03 mg/
mL ECGS, 10% FBS, and 25 mg/mL amphotericin B. Glioma (III–
IV grade) and medulloblastoma short-term cell cultures (passages
5–10 used for cytotoxicity assays and flow cytometry) were estab-
lished and cultured as described in the Supplemental materials and
methods. The culture media were supplemented with 100 U/mL peni-
cillin and 100 mg/mL streptomycin. All of the cell lines were main-
tained in an incubator at 37�C in a humidified atmosphere of 95%
air and 5% CO2 and were tested for mycoplasma contamination.
All human cancer cell lines were authenticated by short tandem
repeat (STR) analysis in 2019.

Construction of rAds

We first assembled a cloning vector, pSC101-CmR-PacI, containing
the pSC101 low copy origin of replication with the partition (par) lo-
cus (derived from pSC101-Timer plasmid, Addgene #103057), chlor-
amphenicol resistance gene, and two PacI sites for releasing the
adenoviral genome. The full-length genome of human adenovirus 5
(strain Adenoid 75, VR-5, ATCC) was incorporated into this cloning
vector, as described previously,69 using RecET-mediated linear-linear
homologous recombination in the Escherichia coli GB05-dir strain
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(Gene Bridges, Heidelberg, Germany). For modification of the adeno-
viral genome, a selection/counterselection rpsL-neo cassette (from the
“Counter-Selection BAC Modification Kit,” Gene Bridges) and l-
Red-mediated linear-circular homologous recombination in the
E. coli GB08-red strain (Gene Bridges) were exploited according to
the flowchart in Figure S11. For recombination, 30 mL of overnight
culture was inoculated into 1.4 mL of low-salt lysogeny broth (LB;
5 g/L NaCl) containing streptomycin (linear-linear homologous
recombination) or chloramphenicol (linear-circular homologous
recombination to maintain a plasmid) and grown in 1.5 mL tubes
with needle-punctured caps at 950 RPM and 37�C in a thermoshaker
TS-100C (BioSan, Latvia). At an absorbance ofz0.4, 50 mL of 10% L-
arabinose was added (final 0.35% w/v) to induce RecET or redgba/
recA expression in E. coli GB05-dir and E. coli GB08-red strains,
respectively. After 35 min (absorbance z0.7–0.8), cells were har-
vested by centrifugation at 5,900� g at room temperature (all proced-
ures afterward were carried out at room temperature irrespective of
the type of recombination), washed twice with autoclaved ddH2O
and once with 10% (v/v) glycerol, and resuspended in a final volume
of 30–35 mL in 10% glycerol. For linear-linear homologous recombi-
nation, adenoviral genomic DNA (z500 ng) and the linearized clon-
ing vector (z500 ng) with homologous arms were added to the cells,
mixed and transferred to an electroporation cuvette with a 0.1 cm gap
(Bio-Rad), and electroporation was carried out with a MicroPulser
(Bio-Rad) at a constant voltage of 1.7 kV (Ec1 program). For
linear-circular homologous recombinations, the pSC101-CmR-Ad5
vector was maintained inside the cells by chloramphenicol selection,
and only the PCR product, annealed complementary oligonucleotides
(oligos), or single-strand oligos (z500 ng) were added for electropo-
ration. The cells were immediately removed from a cuvette by mixing
with 1 mL of prewarmed low-salt LB medium and then were incu-
bated in a thermoshaker at 37�C and 950 RPM for 1.5 h. The cells
were collected by centrifugation at 5,900 � g and usually all plated
on low-salt LB agar containing the appropriate antibiotics. Some-
times, a 1/10th–1/100th part of the cells was sufficient to plate to pre-
vent extensive colony background/formation of a bacterial lawn. An-
tibiotics were used at the following final concentrations in LB and
solid media: chloramphenicol (15 mg/mL), kanamycin (30 mg/mL),
and streptomycin (200 mg/mL). A routine diagnostic restriction digest
of rAds after each round of recombination was carried out using
EcoRV and XhoI (Thermo Scientific). Screening of clones was con-
ducted using PCR followed by sequencing. All the oligonucleotides
(Table S4) were ordered from Evrogen (Moscow, Russia) or Syntol
(Moscow, Russia) as unpurified (for screening colony PCR or
sequencing) or high-performance liquid chromatography (HPLC)/
PAGE-purified (for recombination) depending on the length of oligo.
For in silico linear-linear and linear-circular homologous recombina-
tion, Molecular Cloning Designer Simulator (MCDS) software was
used.70

DNA amplification and gel extraction

For amplification of DNA fragments for recombination, Phusion
Green Hot Start II High-Fidelity PCRMaster Mix (Thermo Scientific)
was used according to the manufacturer’s recommendations. The
predicted annealing temperatures for each oligo pair were determined
using an online Tm Calculator (Thermo Scientific). With the QIA-
quick Gel Extraction Kit (Qiagen, Germany), PCR fragments were
isolated from 0.8% agarose stained with SYBR Safe DNA Gel Stain
(Invitrogen) and were visualized with Safe Imager 2.0 Blue-Light
Transilluminator (Invitrogen). Before electroporation, gel-extracted
PCR products were desalted using membrane filters (#VSWP02500,
Millipore). For colony PCR screening, DreamTaq Green PCR Master
Mix (Thermo Scientific) or PCR ScreenMix (Evrogen) was used. Pu-
rified genomic DNA of human adenovirus 3 (strain G.B., VR-847,
ATCC) and adenovirus 35 (strain Holden, VR-718, ATCC) were
used as templates for constructing the fiber chimeric Ad5/3 and
Ad5/35.

Transfection, adenovirus amplification, purification, storage,

and titering

HEK293 cells were seeded onto 3 cm plates (two for each virus rescue)
and transfected at 70%–90% confluency with the PacI-linearized rAd
genome (2.5 mg/plate as measured by gel densitometry) purified with
ethanol plus glycogen precipitation using 5 mL of reagent P3000 and
5 mL of Lipofectamine 3000 (Invitrogen). After 3–5 days, both cells
and supernatant were collected, freeze-thawed three times, and
centrifuged at 2,000 � g for 5 min, and all supernatant was added
to one near-confluent T75 flask with A549 cells. Replication-deficient
Ad5DE1A was amplified in 911 cells. Depending on the rAd and the
efficiency of transfection, we usually observed signs of cytopathic ef-
fects after 3–10 days. When at least half of the cells were rounded,
both cells and supernatant were collected, freeze-thawed three times,
and centrifuged at 2,000 � g for 10 min, and 1/8th–1/10th part was
diluted and added to five near-confluent T175 flasks. The infected
cells were collected within 2–3 days. After three cycles of freeze-thaw-
ing and clearing by centrifugation at 2,000 � g for 10 min, the cell
lysate solution (z5 mL of a rescued virus in DMEM without serum)
was transferred on top of a CsCl step gradient (5mL of 1.27 g/cm3 and
3mL of 1.41 g/cm3 rCsCl in 20mMHEPES, 150mMNaCl buffer, pH
7.6) in 14 mL Beckman ultraclear tubes (#344060). The ultracentrifu-
gation tubes were filled to the top with HEPES buffer and centrifuged
in a Beckman SW40Ti rotor at 28,000 RPM (100,000 � g) in a Beck-
man Avanti 90L ultracentrifuge at 8�C for 1 h without the brake. Two
rounds of ultracentrifugation were conducted. The virus bands were
collected in a volume ofz500 mL and dialyzed in Slide-A-Lyzer 10 K
dialysis cassettes (Thermo Scientific) against 1 L of storage buffer
(5 mM Tris, 75 mM NaCl, 1 mM MgCl2, 5% sucrose [w/v], 0.005%
PS-80, pH 8.0) at 4�C for 2 h and then overnight. The viruses were
aliquoted and stored at �70�C. The viral genomic integrity and the
presence of correct modifications in purified rAds were confirmed
by restriction digests and sequencing.

Since rAds with the RGD-4C peptide inserted into the HI loop of the
fiber knob domain tend to macroscopically and/or microscopically
aggregate during CsCl gradient ultracentrifugation,71,72 they were pu-
rified by a 2 � iodixanol discontinuous density gradient according to
the protocol.73 For Beckman ultraclear 14 mL tubes, we used the
following volumes of step gradients: Sol 4 (15%, 1.5 mL), Sol 3
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(25%, 3 mL), Sol 2 (40%, 3 mL), and Sol 1 (54%, 0.5 mL). Ultracen-
trifugation was conducted at 35,000 RPM (155,000 � g) in an
SW40 Ti rotor at 8�C for 1 h. After the second round of ultracentri-
fugation, iodixanol from the purified virus/iodixanol fraction was first
removed by size-exclusion column chromatography using virus stor-
age buffer and Zeba spin desalting column, 7K MWCO, 2 mL
(Thermo Scientific), and then the remaining trace amounts were
removed by overnight dialysis against 1 L of Ad storage buffer, as
described above. For confirmation of the absence of aggregation,
the particle size distribution (polydispersity index [PDI]) was
measured using a Zetasizer Nano ZS (Malvern Instruments, UK).
Measurements were carried out at a concentration of 3 � 1010 vp/
mL in autoclaved deionized water in cuvettes at 25�C with the default
instrument settings and automatic analysis.

The physical titer (optical particle units [OPU]) was determined by
measuring the absorbance at 260 nm in the range of 0.1–1.0 optical
density (OD) on an NP80 spectrophotometer (Implen, Germany) us-
ing at least three dilutions. DNA was released from virions in lysis
buffer (100 mM Tris, 10 mM EDTA, 0.1% SDS) in a thermoshaker
at 56�C and 500 RPM for 10 min. OPU for rAds were calculated using
the following formula: OPU/mL = (absorbance at 260 nm) � (dilu-
tion factor) � (1.1 � 1012). For determination of the titer of IFU,
rAds were titered on A549 cells or 911 cells (Ad5DE1A) by the Ad-
eno-X Rapid Titer Kit (TaKaRa Bio, USA) according to the manufac-
turer’s instructions. Briefly, cells (1.25 � 105 cells/well in 48-well
plates) were infected with serial dilutions of the viral stocks. Two
days later, cultures were fixed with 100% ice-cold methanol for
10 min at �20�C and stained for hexon expression. Hexon-stained
areas were counted under a light microscope (10� objective) in 10
random fields/well. The viral titer was calculated using the following
formula: IFU/mL = [(average positive cells/field) � (fields/well)]/
[volume virus (mL)� dilution factor]. The vp (or OPU) to IFU ratios
for preparations of rAds are listed in Table S1.

Extraction of viral genomic DNA

The CsCl- or iodixanol-purified viral particles were hydrolyzed by
adding SDS (final 0.5% v/w) and proteinase K (0.5 mg/mL) to buffer
(10 mM Tris-HCl, pH 8.0, 1 mM EDTA, #17890, ThermoScientific)
and by incubation at 56�C for 2 h with low-speed shaking (300
RPM). Then, viral genomic DNA was extracted using phenol:chloro-
form:isoamyl alcohol mixture (25:24:1) according to the manufac-
turer’s instructions (#77617, Sigma). To isolate 2–20 mg of adenoviral
genomic DNA, it is necessary to add 5–50 � 1010 vp of Ad with a 36
kb genome size [number of copies = (amount in ng*6.022 � 1,023)/
(length in bp*1 � 109*650)].

Crystal violet cell viability assay

The cells were seeded in a 24-well plate (2.5� 104/well, 0.4 mL of me-
dium with 10% FBS) and infected in suspension (50–100 mL of viral
inoculum) with serial dilutions of rAds (vp/cell, designated in figures,
two wells/dilution). Several days post-infection, additional complete
growth medium was added to each well. Five days (murine cells) or
8 days (human cells) post-infection, the wells were washed once with
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PBS, fixed in methanol for 10 min at�20�C, stained with crystal violet
(0.05% in aqueous 20% methanol) for 30 min, washed with distilled
water, dried, and scanned with an Epson Perfection V370 scanner.

Resazurin/Alamar blue cell viability assay

The cells (5,000 cells/well for human cells and 2,500 cells/well for ro-
dent cells) were seeded in 96-well plates (80 mL of medium with 10%
FBS) and infected in suspension (20 mL of viral inoculum) with serial
dilutions of rAds (vp/cell or IFU/cell, designated in figures). The next
day, 100 mL of additional complete medium was added to each well.
At the indicated days of analysis, 100 mL of complete medium with
10% resazurin/Alamar Blue reagent was added to each well. A
0.15 mg/mL solution of resazurin (sodium salt, pure, certified,
#418900010, Acros Organics, China) in PBS was used (stored frozen
and aliquoted for single use). After 4 h of incubation, fluorescence was
measured in a PerkinElmer EnSpire multimode plate reader with set
excitation and emission wavelengths of 560 and 590 nm, respectively.

In vitro bioluminescent assays

The cells (2.5� 104 cells/well) were seeded onto 96-well plates (80 mL
of complete culture medium) and infected in suspension (20 mL of
viral inoculum) with serial dilutions of rAds. Twenty-four hours later,
D-Luciferin (30 mg/mL in PBS, ab143655, Abcam) was diluted 1:200
in complete culture medium (150 mg/mL final concentration) and
added (100 mL) to the cells 10 min before imaging. Luminescence
(RLU) was measured in a PerkinElmer EnSpire multimode plate
reader.

Adenovirus replication

The cells (5� 105/well of a 12-well plate) were infected in suspension
(total 1 mL) with rAds at a dose of 100 vp/cell for human or 2,000 vp/
cell for murine cell lines. The monolayers were washed twice with PBS
24–72 h post-infection, and the cells were trypsinized and pelleted in a
microcentrifuge. Total DNA was purified by an ExtractDNA Blood &
Cells kit (#BC111M, Evrogen, Russia) according to the manufac-
turer’s instructions. qPCRmix-HS (UDG) (#PK245L, Evrogen) with
TaqMan probes and PowerSYBR Green PCR Master Mix (Applied
Biosystems) were used for quantification of Ad DNA copy numbers
in human and mouse samples, respectively. The final concentrations
of primers and probes were 900 and 250 nM, respectively. Reaction
conditions were according to the qPCR master mix manufacturer’s
recommendations. PCR runs were performed on a StepOnePlus
Thermocycler (Applied Biosystems). For generation of standard
curves and normalization, fragmented genomic DNA from the hu-
man Raji cell line (100 mg/mL, #NA102, Evrogen), genomic DNA
from the murine 4T1 cell line, and viral genomic DNA extracted
from CsCl-purified viral particles (concentrations determined by
means of a Qubit 2.0 Fluorometer, Invitrogen) were exploited. The
following primers, which were previously described,74,75 were used:
viral L2 forward, 50-TTGTGGTTCTTGCAGATATGGC-30, reverse,
50-TCGGAATCCCGGCACC-30; probe 5’-[FAM]-CTCACCTGCCG
CCTCCGTTTCC-[RTQ1]-3’ (efficient RTQ1 quencher for FAM was
developed by Syntol, Russia); hB2M forward, 50-CCAGCAGA
GAATGGAAAGTCAA-30, reverse, 50-TCTCTCTCCATTCTTCAG
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TAAGTCAACT-30, probe, 5’-[FAM]-ATGTGTCTGGGTTTCATC
CATCCGACA-[RTQ1]-3’; mB2M forward, 50-ACAGTTCCACCC
GCCTCACATT-30, reverse, 50-TAGAAAGACCAGTCCTTGCTGA
AG-30 (MP201317, OriGene). The efficiency of PCR runs was
routinely R95%.

Adenovirus reproduction

Human cells (2.5 � 105 cells/well of a 24-well plate) and mouse cells
(5� 105 cells/well of a 12-well plate) were infected in suspension (to-
tal 0.5 or 1 mL, respectively) with rAds, and samples (both superna-
tant and cells) were collected at the indicated time points. After three
cycles of freeze-thawing, the infectious titers were determined by
immunocytochemistry on A549 cells 2 days post-infection using
polyclonal anti-adenovirus type 5 antibody (1:2,500, ab6982, Abcam),
goat anti-rabbit immunoglobulin G (IgG) H&L (horseradish peroxi-
dase [HRP]) (1:1,000, ab6721, Abcam), and DAB substrate kit
(ab64238, Abcam) for visualization of positive cells.

Plaque assay

A549 monolayers seeded in 6-well plates were infected with serial di-
lutions of rAds. Two hours post-infection, the viral inoculum was
removed, and the cells were covered with 2–3 mL of a mix of
DMEM/5% FBS/1% agarose. Later, DMEM/5% FBS overlay was
added. For evaluation of the plaque size, monolayers were stained
by incubating with a 1/10th volume of thiazolyl blue tetrazolium bro-
mide (MTT, 0.5 mg/mL) at 37�C for 4 h. The plaques were photo-
graphed at 50� with a Leica DM3000 microscope and quantified
with Leica Application Suite microscope software.

xCELLigence cell adhesion assay

A549 cells (2.5 � 103 cells/well) were plated in an E-plate 16 (ACEA
Bio) with gold microelectrodes embedded within each well and were
infected in suspension with rAds (3 technical replicates/dilution). Cell
adhesion was monitored over time using the xCELLigence real-time
cell analysis (RTCA) system instrument (ACEA Bio). Impedance in
electron flow (resistance to an alternating current) is plotted as arbi-
trary units called the cell index.

Intracranial glioma modeling and treatment

The experimental procedures were performed in accordance with
Directive 2010/63/EU of September, 22, 2010, and approved by the
local ethical committee of V.P. Serbsky National Medical Research
Center. The study was carried out in compliance with the ARRIVE
guidelines. Eight-week-old female immune-competent C57BL/6
mice obtained from the Scientific Center of Biomedical Technologies
of the Russian Academy of Science (Andreevka, Moscow, Russia)
were maintained in individually ventilated cages (Tecniplast, Italy).
Cells were anesthetized by intraperitoneal injection of 50 mg/kg zole-
til with 5 mg/kg xylazine and intracranially implanted with 5 � 104

GL261murine glioma cells in the right hemisphere using a stereotaxic
instrument (Stoelting, USA) at stereotaxic coordinates of bregma,
2 mm lateral, 1 mm caudal, and 3 mm ventral. Five microliters of
cell suspension in DMEM was delivered at a depth of 3 mm using a
100 mL Hamilton microsyringe and a 2 pt style needle at a rate
of 0.5 mL/min. The microsyringe was removed at a rate of
0.5 mm/min. Mice were randomly allocated to groups (n = 10,
Ad5/35-D24; n = 10, Ad5/35-D24_DBP-p2A-mOX40L; n = 8, con-
trol/Ad buffer). The sample sizes were determined according to stan-
dard practice in the field. At days 7, 9, and 11 after tumor cell implan-
tation, mice were injected intratumorally with either 5 mL of virus
storage buffer or 1 � 108 IFU of rAds. One animal from the Ad5/
35-D24_DBP-p2A-mOX40L group was excluded from the study
due to premature death before receiving all three injections of rAd.
The person who administered treatments and monitored the survival
over time was blinded to the allocation groups. Mice were euthanized
when they demonstrated moribund behavior. At 100 days post-tumor
implantation, the surviving animals were intracranially rechallenged
with 5 � 104 GL261 murine glioma cells in the contralateral hemi-
sphere and were monitored for >80 days.

For in vivo bioluminescence imaging, GL261 and CT-2A glioma
modeling was performed as described above. Quantitative analysis
of bioluminescence signals (radiance) was performed using an
IVIS Spectrum system (PerkinElmer) on mice (n = 5, Ad5-
D24-RGD_E1B-p2A-Fluc and Ad5/3-D24-RGD_E1B-p2A-Fluc;
n = 5–9, Ad5/35-D24-RGD_E1B-p2A-Fluc) at days 1, 2, 3, 4, 5,
and 7 after a single intratumoral stereotactic injection of rAds
(5 � 109 vp in 5 mL of storage buffer). The injections of rAds
were carried out 14 days after inoculation of 5 � 104 GL261 or
CT-2A glioma cells. The animals received D-Luciferin potassium
salt (#122799, PerkinElmer, or ab143655, Abcam) intraperitoneally
at a dose of 3 mg/animal (z20 g weight) 10–15 min before imaging.
Heads of the mice were not shaved before imaging. IVIS parameters
for imaging were exposure time: 30 s; binning: 8 (medium); f/stop
(lens aperture): 1.

Flow cytometry

The cells were detached by treatment with Accutase (StemCell Tech-
nologies) and washed with flow cytometry buffer consisting of PBS
supplemented with 2 mM EDTA and 1% BSA. At least 5 � 105 cells
were stained with conjugated antibodies at concentrations recom-
mended by the manufacturers in a total volume of 100 mL, incubated
in tubes in a thermoshaker at a low rotation speed at 4�C for 1 h,
washed once with buffer, and resuspended in buffer. Data were ac-
quired employing a MoFlow XDP (Beckman Coulter) and analyzed
using Summit V5.2 (Beckman Coulter). At least 1 � 104 events for
established cell lines and 0.5 � 104 events for short-term cultures
were analyzed. Antibody conjugates are as follows: CAR-FITC (clone
271, 10799-R271-F, Sino Biological, China); DSG2-AF488
(CSTEM28, 53-9159-80, eBioscience, USA); CD46-PE (MEM-258,
SAB4700432, Milli-Mark/Sigma); CD46-APC/Cy7 (TRA-2-10,
352410, Biolegend, USA); integrin aV/b3-APC (23C6, 304416, Bio-
legend); integrin aV/b5-PE (P1F6, 920008, Biolegend);
mCD40L(CD252)-APC (RM134L, 108,811, Biolegend), isotypes:
IgG-FITC (11-4614-80, eBioscience); IgG2b-AF488 (eBMG2b, 53-
4732-80, eBioscience); IgG1-APC (MOPC-21, 400122, Biolegend);
IgG1-PE (MOPC-21, 400114, Biolegend); and IgG1-APC/Cy7
(MOPC-21, 400128, Biolegend).
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Statistics

The data are expressed as the mean ± standard deviation (SD) or stan-
dard error of the mean (SEM), as indicated. The D’Agostino-Pearson
and Shapiro-Wilk normality tests were performed. An unpaired two-
tailed Student’s t test withWelch’s correction was used to evaluate the
differences between groups in quantitative studies of cultured cells.
The number of vp/cell required to produce IC50 was estimated
from a dose-response nonlinear regression curve ([inhibitor] versus
normalized response). Two-way ANOVA followed by Tukey’s multi-
ple comparison test was used for the analysis of IVIS bioluminescence
imaging. The survival curves of the animal treatment groups were
compared using the log rank test. The significance level for all tests
was alpha = 0.05. The statistical analysis was performed with Graph-
Pad Prism v8 (GraphPad Software, USA). *p % 0.05, **p % 0.01.
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Figure S1 

 



Figure S1. Cloning of the human adenovirus 5 (Ad5) genome into the pSC101-CmR-PacI vector utilizing linear-linear 
homologous recombination in the E. coli GB05-dir strain. (A) The outline of a homology-based adenoviral genome 
cloning strategy. A purified PCR product (pSC101-CmR vector backbone) with added homology arms (HA, ≈50 bp) and the 
purified full-length Ad5 genomic DNA (≈36 kbs) were coelectroporated and recombined in the E. coli GB05-dir strain. (B) 
The 52-nucleotide sequence from the 3’ inverted terminal repeat (ITR) end of the Ad5 genome sequence (blue) was added to 
the 5’ end of each primer sequence (red) for amplification of the pSC101-CmR vector backbone, which provides the pSC101 
low-copy origin of replication(≈ 5 copies) and chloramphenicol resistance (CmR). The pSC101-CmR vector was derived 
from the pSC101-Timer plasmid (Addgene, #103057) and contains two PacI restriction sites. (C) A final pSC101-CmR-Ad5 
recombinant product (≈38 kbp) containing the full-length Ad5 genome in forward orientation and the PacI recognition sites 
to facilitate Ad5 genome release for viral vector reconstitution is shown. (D) A differential migration pattern of the correctly 
recombined pSC101-CmR-Ad5 vector and off-target recombinant products (N, negative clone) in 0.8% agarose gel. M, 
GeneRuler 1 kb Plus DNA ladder. (E-G) To verify the Ad5 genome integrity, its forward orientation, and preservation of the 
PacI restriction sites in the vector, a diagnostic restriction digest of the wild type Ad5 genome and the pSC101-CmR-Ad5 
vector (≈0.5 µg per reaction) was carried out with EcoRV (E), XhoI (F) and PacI (G) restrictases (1% agarose gel, TBE 
buffer, 5V/cm; M, GeneRuler 1 kb Plus DNA ladder). The observed restriction patterns were consistent with those predicted 
by a simulate agarose gel in SnapGene.  



Figure S2 

 
Figure S2. Construction of the fiber-modified replication-competent recombinant adenoviruses. (A) E1A∆24 
modification is a 24 bp deletion within the E1A gene in the Ad5 genome between 922-947 bp corresponding to amino acids 
122-LTCHEAGF-129 in the conservative region 2 (CR2) domain of the E1A protein. This modification disrupts a binding 
site for retinoblastoma (pRB), stimulator of interferon genes (STING), and SUMO-conjugating enzyme UBC9. Disruption 
of the interaction between E1A and pRB prevents release of the E2F transcription factor from the pRB/E2F complex, which 
is required for activation of adenoviral early transcription unit genes and entry of cells into S phase. (B) The adenoviral fiber 
is a homotrimer of fiber protein monomers. Each fiber monomer is composed of an N-terminal tail that associates with the 
penton complex, a protruded β-spiral shaft, and a C-terminal globular knob domain, consisting of β-strands connected by 
surface-exposed loops (Ad5 fiber wt). The fiber modification used in this study included incorporation of a targeting peptide 
(ACDCRGDCFCG peptide, known as RGD-4C, black markings) into the HI loop (between aa 546 and 547) of the fiber knob 
domain (Ad5RGD, to the left); or serotype switching (to the right) by a replacement of the fiber knob (Ad5/3) and knob and 
shaft (Ad5/35); or complex fiber mosaicism, which included the knob/shaft modifications combined with the C-terminally 
inserted RGD-4C peptide (Ad5/3RGD and Ad5/35RGD). (C) The insertion of the Arg-Gly-Asp (RGD) motif-containing 
RGD-4C peptide (ACDCRGDCFCG) into the HI loop of the fiber knob domain. (D) Construction of fiber chimeric and 
complex fiber mosaic rAds. The TLWT sequence (underlined) demarcates shaft-knob junction in the adenoviral fiber 



monomers and is a conserved region in human adenoviruses. The fiber knob of Ad5 was replaced with the fiber knob of Ad3 
or both the knob and shaft domains were replaced with the corresponding domains of Ad5/35. An amino acid sequence 
consisting of a glycine-serine linker (GGGGSGGGGSGGGGS, or (G4S)×3) together with the RGD-4C peptide was fused 
to the C-termini of the chimeric fibers (Ad5/3RGD and Ad5/35RGD). The length of the linker is about 50Å to provide an 
appropriate accessibility and flexibility to the targeting RGD-4C peptide. The replaced amino acid sequences are marked in 
red. The numbers designate positions of amino acid residues in the wild type and recombinant chimeric fibers. 



Figure S3 

 
Figure S3. To verify the genome integrity of CsCl- or iodixanol-purified rAds, a diagnostic restriction digest of the extracted 
genomic DNA (≈0.5 µg per reaction) was carried out with EcoRV and XhoI restrictases (1% agarose gel, TBE buffer, 5V/cm; 
M, GeneRuler 1 kb Plus DNA ladder). The observed restriction patterns were consistent with those predicted by a simulate 
agarose gel in SnapGene. Representative diagnostic restriction digests are shown.  



Figure S4 

 
Figure S4. The comparative cytolytic efficacy of fiber-modified replication-competent adenoviruses in lung 
adenocarcinoma A549 cells and glioma cell lines. (A-D) The crystal violet cell viability assays of cells eight days post-
infection. Cells (2.5×104 per well) were infected in suspension with indicated rAds in a serial dilution. Representative pictures 
of at least two independent experiments in technical duplicates with similar results are shown. (E) Comparative dose-



dependent cytotoxicity. A549 cells (5000 per well) were infected in suspension with a serial threefold dilution of the indicated 
fiber-modified rAds starting from 6666 vp/cell and analyzed five days post-infection by resazurin/Alamar Blue cell viability 
assays. Replication defective Ad5∆E1A was used as a negative control. Normalized data are presented as the mean ±SD of 
at least two independent experiments in technical triplicates. (F) Comparative dose-dependent cytotoxicity. The 
resazurin/Alamar Blue cell viability assays of glioma cells five days post-infection. Cells (5×103 per well) were infected in 
suspension with the indicated rAds in a serial threefold dilution starting from 6666 vp/cell. Two independently rescued and 
purified clones of Ad5/3-delta-24-RGD (cl.8 and cl.19) were analyzed. Normalized data are presented as the mean ±SD of 
three independent experiments in technical triplicates. (G) Comparative dose-dependent cytotoxicity. Cells (5×103 per well) 
were infected in suspension with a serial threefold dilution of the indicated fiber-modified luciferase-expressing rAds starting 
from 6666 vp/cell and analyzed five days post-infection by resazurin/Alamar Blue cell viability assays. Normalized data are 
presented as the mean ±SD of two independent experiments in technical triplicates. (H) Comparative dose-dependent 
infectivity. A549 cells (2.5×104 per well) were infected in suspension with a serial threefold dilution of the indicated 
luciferase-expressing rAds starting from 6666 vp/cell. Luminescence (relative light units, RLU) was analyzed 24 hours post-
infection. Only ≥1.5-fold differences in the mean RLU values relative to other rAds are designated. The mean ±SD of two 
independent experiments in four technical replicates is shown.  



Figure S5 

 

Figure S5. The comparative cytolytic efficacy of fiber-modified replication-competent recombinant adenoviruses 
(Ad5RGD, Ad5/3, and Ad5/35, all harboring delta-24 modification) in human primary glioma and normal cell 
cultures. (A) The crystal violet cell viability assay of short-term GliSav glioma cells five and eight days post-infection. Cells 
(2.5×104 per well, 24-well plate) were infected in suspension with the indicated rAds in a tenfold serial dilution starting from 
10 vp/cell. Representative pictures of two independent experiments in technical duplicates with similar results are shown. 
(B) The IC50 values (vp/cell) for rAds estimated from the dose-response non-linear regression curves are presented as a 
heatmap. The IC50 values for the indicated rAds were derived from the resazurin/Alamar Blue cell viability assays of short-
term cultures of glioma cells (n=8 and MB-TSCH medulloblastoma) and normal cells of different origins (Figure 2 and 
Figure 3) seven days post-infection (except GliBah, six days). HA-VSMC, human aortic vascular smooth muscle cells; 
HUVEC, human umbilical vein endothelial cells. 
 

  



Figure S6 

 

Figure S6. Representative flow cytometry plots of the expression levels of known adenoviral receptors (CAR, DSG2, CD46) 
and coreceptors (αVβ3 and αVβ5 integrins) in human glioma cell lines (DBTRG, LN18, LN229, and T98G). The mean 
percentages (%) ±SD of positive-stained cells from two independent experiments are shown.  



Figure S7 

 

Figure S7. Representative flow cytometry plots of the expression levels of known adenoviral receptors (CAR, DSG2, CD46) 
and coreceptors (αVβ3 and αVβ5 integrins) in lung adenocarcinoma A549 cells, short-term glioma AG-AASH culture, human 
short-term normal umbilical vein endothelial cells (HUVEC), and embryonic astrocytes. The mean percentages (%) ±SD of 
positive-stained cells from two independent experiments (A549 and astrocytes) are shown.   



Figure S8 

 

Figure S8. Representative flow cytometry plots of the expression levels of known adenoviral receptors (CAR, DSG2, and 
CD46) and coreceptors (αVβ3 and αVβ5 integrins) in human short-term glioma cultures GliSav, GliBah, GliDu, and GliShat. 
The mean percentages (%) ±SD of positive-stained cells from two independent experiments (GliSav and GliShat) are shown. 
Other glioma cultures were analyzed once due to a low amount of cells.  



Figure S9 

 



Figure S9. The comparative cytolytic efficacy of the fiber-modified replication-competent recombinant adenoviruses 
in murine glioma cell lines. (A-B) Representative images of CT-2A and GL261 cells (2.5×104 per well, 96-well plate) 
infected in a serial threefold dilution with Ad5-delta-24-RGD (A) and Ad5/35-delta-24 (B) starting at 20 000 vp/cell and 
photographed 48, 72, and 96 hours post-infection. Scale bar, 100 µm. (C) The viability of murine glioma cells from this 
experiment was additionally analyzed four days post-infection by resazurin/Alamar Blue cell viability assay. Normalized 
data are presented as the mean of technical triplicates of representative experiment.   



Figure S10 

 

Figure S10. The comparative infectivity of the fiber-modified replication-competent recombinant adenoviruses in 
murine GL261 and CT-2A gliomas. (A) C57BL/6 mice bearing CT-2A and GL261 tumors (n ≥ 5 tumors per group) were 
injected intratumorally at day 14 after tumor cell inoculation with the indicated rAds at a dose of 5×109 vp (5µl), and tumor 
luminescence (radiance, p/sec/cm2/sr) was measured at the indicated days post-treatment. The individual measurements of 
tumor luminescence for each animal in the treatment groups are plotted and average tumor luminescence (±SEM) per 
treatment group are compared. * p ≤ 0.05 **, p ≤ 0.01, two-way ANOVA and Tukey’s post hoc test. (B) Representative 
images of tumor luminescence in mice at day 3 post-treatment.  
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Figure S11. A flowchart of genetic modifications (insertion, deletion, fragment exchange, point mutations) of the 
vectorized adenoviral genome (pSC101-CmR-Ad5) in a two-step approach utilizing a selection/counter-selection 
rpsL-neo cassette and linear-circular homologous recombination in the E. coli GB08-red strain. An rpsL-neo cassette 
(~1.3 kb) flanked by homology arms (HA, ≈50 bp) is first introduced at a position of the Ad5 genome to be modified and, in 
the second step, replaced by a non-selectable DNA sequence. The rpsL gene encodes the S12 ribosomal protein, which is a 
target of streptomycin, and the neo gene codes for the neomycin phosphotransferase conferring kanamycin resistance. The 
E. coli strain GB08-red harbors a mutation in the rpsL gene resulting in streptomycin resistance. However, resistance is 
recessive in a merodiploid strain. When both the wild type and mutant alleles of rpsL are expressed in the same strain, the 
strain becomes sensitive to streptomycin. Thus, a result of a first recombination event is the insertion of the constitutively 
active rpsL-neo cassette into a defined position by selection on agar plates containing kanamycin and chloramphenicol. Due 
to the insertion of the rpsL-neo cassette, the E.coli GB08-red cells become streptomycin sensitive. Single colonies should be 
analyzed to confirm a streptomycin sensitive phenotype (no significant growth should be observed after plating on 
chloramphenicol+streptomycin agar). Next, in a second recombination event, the rpsL-neo cassette is replaced by a PCR 
product or a single/double-strand oligonucleotide with the right and left homology arms or any DNA fragment flanked by 
homology arms (HA). This is achieved by selection using agar plates containing streptomycin and chloramphenicol. The 
colonies that lost the rpsL-neo cassette will grow faster on streptomycin containing plates. The successful integration of a 
non-selectable DNA sequence of interest should be verified by a diagnostic restriction digest and PCR/sequencing. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

#1 and #2 designate the independent large-scale preparations of the indicated recombinant adenoviruses. 

  

Table S1. Recombinant adenoviruses, their physical (viral particle, vp) and infectious (infectious 
units, IFU) titers, and VP/IFU ratios 

№ Recombinant adenovirus VP/ml 
(×1012) 

IFU/ml 
(×1011) VP/IFU ratio 

1 Ad5-deltaE1A 0,677 0,51 13 
2 Ad5-delta-24 3,005 9,7 3 
3 Ad5-delta-24-RGD4C #1 0,616 1,55 4 
4 Ad5-delta-24-RGD4C #2 4,59 4,95 9 
5 Ad5-delta-24-RGD_E1B-p2A-EGFP 3,79 3,84 10 
6 Ad5/3-delta-24 #1 4,14 9,27 4 
7 Ad5/3-delta-24 #2 6,88 13,4 5 
8 Ad5/3-delta-24-RGD4C cl.8 2,142 2,18 10 
9 Ad5/3-delta-24-RGD4C cl.19 9,628 9,5 10 

10 Ad5/35-delta-24 #1 10,166 13,3 8 
11 Ad5/35-delta-24 #2 7,73 10,7 7 
12 Ad5/35-delta-24-RGD 1,589 0,53 30 
13 Ad5/35-delta-24_E1B-p2A-EGFP 11,202 20,5 5 
14 Ad5/35-delta-24_DBP-p2A-EGFP 5,995 2,26 27 
15 Ad5-delta-24-RGD_E1B-p2A-Fluc 5,08 4,47 11 
16 Ad5/3-delta-24_DBP-p2A-Fluc 5,45 6,3 9 
17 Ad5/35-delta-24_DBP-p2A-Fluc 6,19 3,4 18 
18 Ad5/35-delta-24_DBP-p2A-mOX40L 3,78 0,86 44 



Table S2. The number of adenoviral particles per cell required to produce 50% cytotoxicity (IC50, vp/cell) in 
human and rodent glioma cell lines, primary human short-term glioma cultures and short-term normal cultures 

of different origins 

Cell 
line/culture 

Days 
post-

infection 

Ad5-delta-24-
RGD (HI loop) Ad5/3-delta-24 Ad5/35-delta-24 

Ad5/3-
delta-24-
RGD (C-
term) cl.8 

Ad5/3-
delta-24-
RGD (C-

term) cl.19 

LN18 5 
#1: 194,4 
#2: 182,8 

#3E1B-Fluc: 259,9 

#1: 34,72 
#2: 43,0 

#3E1B-Fluc: 64,4 

#1: 47,81 
#2: 32,3 

#3E1B-Fluc: 43,1 
37,5 34,35 

LN229 5 
#1: 374,3 
#2: 164,5 

#3E1B-Fluc: 226,8 

#1: 128,5 
#2: 22,2 

#3E1B-Fluc: 24,6 

#1: 182,4 
#2: 63,5 

#3E1B-Fluc: 77,9 
355,4 365,5 

DBTRG 5 
#1: 161,4 
#2: 105,1 

#3E1B-Fluc: 144,1 

#1: 46,7 
#2: 23,3 

#3E1B-Fluc: 23,2 

#1: 228,3 
#2: 72,6 

#3E1B-Fluc: 101,7 
67,03 82,47 

T98G 7 
#1: 859,9 
#2: 1090 

#3E1B-Fluc: 1247 

#1: 1784 
#2: 910,1 

#3E1B-Fluc: 1113 

#1: 134,5 
#2: 116,1 

#3E1B-Fluc: 150,2 
NA NA 

A549 5 
#1: 13,6 
#2: 14,4 

#3E1B-Fluc: 30,3 

#1: 2,6 
#2: 1,7 

#3E1B-Fluc: 4,2 

#1: 19,7 
#2: 20,6 

#3E1B-Fluc: 30,3 
NA NA 

GliSav 6 #1: 5,5 #1: 0,2 #1: 2,6 NA NA 
GliBah 7 #1: 5,2 #1: 70,7 #1: 0,7 NA NA 
GliDu 7 #1: 56,3 #1: 73,3 #1: 30,6 NA NA 

GliShat 7 #1: 46,5 #1: 6,0 #1: 1,5 NA NA 
GliSit 7 #1: 63,3 #1: 4,0 #1: 3,2 NA NA 
GliVas 7 #1: 9,0 #1: 10,2 #1: 2,6 NA NA 

AG3781/11 7 #1: 121,2 #1: 12,6 #1: 10,1 NA NA 
MB-TSCN 7 #1: 6,5 #1: 1,7 #1: 5,8 NA NA 
AG-AASH 7 #1: 15,8 #1: 30,0 #1: 0,9 NA NA 
HUVEC 7 #1: 0,2 #1: 4,14 #1: 0,6 NA NA 

Astrocytes 7 #1: 13,7 #1: 0,9 #1: 0,8 NA NA 
HA-VSMC 7 #1: 23,9 #1: 100,6 #1: 5,9 NA NA 

CT-2A 5 
#1: 555,1 

#3E1B-Fluc: 882,6 
#4E1B-GFP: 863,3 

#1: 10065 
#3E1B-Fluc: 8419 

#1: 4058 
#3E1B-Fluc: 3413 
#4E1B-GFP: 4376 
#5DBP-GFP: 4087 

NA NA 

GL261 5 
#1: 1480 

#3E1B-Fluc: 1280 
#4E1B-GFP: 886,6 

#1: 4687 
#3E1B-Fluc: 2185 

#1: 1700 
#3Fluc: 1027 

#4E1B-GFP: 878,6 
#5DBP-GFP: 739,5 

NA NA 

C6 5 #1: 1236* #1: 10332* #1: 23288* NA NA 
 
#1 and #2 designate the independent large-scale preparations of the indicated recombinant adenoviruses; #3, #4, and #5 
represent the fiber-modified rAds expressing Fluc or EGFP from the E1B or DBP loci using a p2A peptide approach (E1B-
p2A-reporter and DBP-p2A-reporter fusions). *These IC50 values for rAds in C6 cells seem to be overestimated, since C6 
cells proliferate at a very fast rate and the noninfected cells significantly overgrew five days post-infection when the viability 
was analyzed using the resazurin/Alamar Blue cell viability assay in 96-well plates. Based on the crystal violet cell viability 
assay in 24-well plates (Figure 6A), C6 cells were the most sensitive to Ad5/3-delta-24 among six tested rodent cell lines. 
An independent validation of these data is required. NA, not analyzed. 
 



Table S3. The expression levels (% of positive cells) of known adenoviral receptors and coreceptors did not predict the relative cytolytic efficacy 
of fiber-modified replication-competent adenoviruses in human established glioma cell lines, short-term glioma cultures, and primary normal 

cultures of different origins. Data are presented as the mean percentages (%) ±SD of two independent experiments (for the majority of the tested 
cultures). 

Cell line 
Relative 
oncolytic 

efficiency* 
CAR+ DSG2+ CD46+ αVβ3+ αVβ5+ CAR+ 

αVβ3+ 
CAR+ 
αVβ5+ 

DSG2+ 
αVβ3+ 

DSG2+ 
αVβ5+ 

CD46+ 
αVβ3+ 

CD46+ 
αVβ5+ 

LN18 5/3≈5/35> 
5RGD 

51.9± 
0.14 

21.3± 
0.57 100 77.07± 

3.88 
95.17± 

4.78 
42.2± 

9.4 
51.2± 

2.2 
17.9± 

7.3 
21.5± 

3.6 
72.6± 

4.5 
89.7± 

6.2 

LN229 5/3>5/35> 
5RGD 

10.15± 
0.78 

31.4± 
5.8 

98.85± 
1.48 

96.15± 
2.09 

84.53± 
6.44 8.0±6.3 2.6±0.2 25.4± 

6.7 
28.3± 

6.1 
98.4± 

1.3 
90.3± 

2.3 

T98G 5/35>5/3≈ 
5RGD 

7.95± 
0.35 

6.15± 
1.91 

99.65± 
0.07 

82.18± 
5.49 

75.7± 
10.13 3.9±2.0 3.8±0.1 0.7±0.5 0.7±0.2 86.0± 

2.7 
64.0± 
14.6 

DBTRG 5/3>5/35≈ 
5RGD 

13.15± 
0.91 

73.5± 
4.38 

99.75± 
0.07 

17.2± 
1.27 

29± 
1.13 2.4±0.2 3.5±1.0 2.9±0.5 2.7±1.3 15.3± 

2.0 
23.0± 

1.2 

A549 5/3>5/35≈ 
5RGD 

86.06± 
8.44 

96.45± 
0.49 

99.95± 
0.07 

4.71± 
3.58 

94.5± 
4.07 6.2±1.2 91.6± 

5.3 3.2±2.1 90.3± 
12.9 2.1±1.4 92.2± 

10.7 

GliSav 5/3>5/35≈ 
5RGD 

3.3± 
0.22 

83.06± 
3.5 

90.23± 
1.36 

0.115± 
0.02 

21.56± 
5.11 

0.07± 
0.01 

1.23± 
0.16 

0.125± 
0.05 

19.89± 
4.26 

0.09± 
0.06 

26.87± 
2.4 

GliBah 5/35>5RGD>
5/3 

0.51± 
0.33 

1.11± 
0.34 

99.5± 
0.47 

4.9± 
2.85 

92.3± 
1.87 0.43 0.27 0.47 0.83 1.61 90.21 

GliDu 5/35≈5/3≈ 
5RGD 

0.4± 
0.27 

1.38± 
0.36 

98.41± 
1.36 

42.41± 
3.08 

95.43± 
0.39 0.17 0.53 0.37 1.57 38.75 93.55 

GliShat 5/35≈5/3> 
5RGD 

0.05± 
0.014 

0.89± 
0.15 

99.45± 
0.29 

0.36± 
0.26 

81.5± 
3.38 

0.03± 
0.03 0.06 0.05± 

0.06 
0.83± 
0.54 

0.53± 
0.04 

77.6± 
6.23 

AG-
AASH 

5/35>5RGD≈
5/3 

0.5± 
0.28 

2.07± 
1.46 

85.02± 
15.1 

1.64± 
0.5 

53.5± 
13.3 0.28 0.7 0.25 1.81 0.86 61.05 

HUVEC 5RGD≈5/35>
5/3 

0.14± 
0.09 

0.11± 
0.09 

99.9± 
0.02 

99.9± 
0.04 

11.0± 
4.8 0.06 0.12 0.05 0.06 99.9 16.52 

Astro-
cytes 

5/35≈5/3> 
5RGD 1.0±0.2 69.35± 

1.9 
99.25± 

0.07 
56.89± 

3.83 
90.78± 

3.94 
0.96± 
1.17 

0.73± 
0.76 

46.5± 
4.47 

65.0± 
7.06 

52.4± 
3.79 

94.8± 
2.4 

 
*The relative cytolytic efficiencies were ranked based on the IC50 values (at least ≥3-fold difference) estimated from the 
resazurin/Alamar Blue cell viability assays.  



Table S4. The oligonucleotides used for recombination (HPLC/PAGE-purified) and colony PCR/sequencing 
№ Oligonucleotide ID Sequence 

1 Fwd_rec_rpsL-
neo_E1Adelta24 

GAGAGCCTTGGGTCCGGTTTCTATGCCAAACCTTGTACCGGAGGTGATCGATG
GCCTGGTGATGATGGC 

2 Rev_rec_rpsL-
neo_E1Adelta24 

CATAATCTAACACAAACTCCTCACCCTCTTCATCCTCGTCGTCACTGGGTGGTC
AGAAGAACTCGTCAAGAAGG 

3 Fwd_rec_E1Adelta24 GAGAGCCTTGGGTCCGGTTTCTATGCCAAACCTTGTACCGGAGGTGATCGATC
CACCCAGTGACGACGAGGATGAAGAGGGTGAGGAGTTTGTGTTAGATTATG 

4 Rev_rec_E1Adelta24 CATAATCTAACACAAACTCCTCACCCTCTTCATCCTCGTCGTCACTGGGTGGAT
CGATCACCTCCGGTACAAGGTTTGGCATAGAAACCGGACCCAAGGCTCTC 

5 Fwd_rec_rpsL-
neo_deltaE1A 

CCAGCGAGTAGAGTTTTCTCCTCCGAGCCGCTCCGACACCGGGACTGAAAGGC
CTGGTGATGATGGC 

6 Rev_rec_rpsL-
neo_deltaE1A 

CATTCAGCAAACAAAGGCGTTAACCACACACGCAATCACAGGTTTACACCTCA
GAAGAACTCGTCAAGAAGG 

7 Fwd_rec_deltaE1A CCAGCGAGTAGAGTTTTCTCCTCCGAGCCGCTCCGACACCGGGACTGAAAGGT
GTAAACCTGTGATTGCGTGTGTGGTTAACGCCTTTGTTTGCTGAATG 

8 Rev_rec_deltaE1A CATTCAGCAAACAAAGGCGTTAACCACACACGCAATCACAGGTTTACACCTTT
CAGTCCCGGTGTCGGAGCGGCTCGGAGGAGAAAACTCTACTCGCTGG 

9 Fwd_rec_rpsL-
neo_Fib5RGD 

TAACACTAACCATTACACTAAACGGTACACAGGAAACAGGAGACACAACTGG
CCTGGTGATGATGGC 

10 Rev_rec_rpsL-
neo_Fib5RGD 

TAGTTGTGGCCAGACCAGTCCCATGAAAATGACATAGAGTATGCACTTGGTCA
GAAGAACTCGTCAAGAAGG 

11 Fwd_rec_Fib5RGD 
TAACACTAACCATTACACTAAACGGTACACAGGAAACAGGAGACACAACTGC
CTGTGACTGCCGCGGAGACTGTTTCTGCGGCCCAAGTGCATACTCTATGTCATT

TTCATGGGACTGGTCTGGCCACAACTA 

12 Rev_rec_Fib5RGD 
TAGTTGTGGCCAGACCAGTCCCATGAAAATGACATAGAGTATGCACTTGGGCC
GCAGAAACAGTCTCCGCGGCAGTCACAGGCAGTTGTGTCTCCTGTTTCCTGTG

TACCGTTTAGTGTAATGGTTAGTGTTA 

13 Fwd_rec_rpsL-neo_Fib5/3 CACAGGTGCCATTACAGTAGGAAACAAAAATAATGATAAGCTAACTTTGTGG
ACCGGCCTGGTGATGATGGC 

14 Rev_rec_rpsL-neo_Fib5/3 GAAATTTTCTGCAATTGAAAAATAAACACGTTGAAACATAACACAAACGATTC
TTCAGAAGAACTCGTCAAGAAGG 

15 Fwd_rec_Fib5/3 CACAGGTGCCATTACAGTAGGAAACAAAAATAATGATAAGCTAACTTTGTGG
ACCGGTCCAAAACCAGAAGCC 

16 Rev_rec_Fib5/3 GAAATTTTCTGCAATTGAAAAATAAACACGTTGAAACATAACACAAACGATTC
TTTATTTTAGTCATCTTCTCTAATATAGGAAAAGGT 

17 Fwd_rec_Fib5/3RGD CACAGGTGCCATTACAGTAGGAAACAAAAATAATGATAAGCTAACTTTGTGG
ACCGGTCCAAAACCAGAAGCC 

18 Rev_rec_Fib5/3RGD GAAATTTTCTGCAATTGAAAAATAAACACGTTGAAACATAACACAAACGATTC
TTTATTTTAGCCGCAGAAACAGTCTCC 

19 Fwd_rec_rpsL-
neo_Fib5/35 

TCTTACTCCTCCCTTTGTATCCCCCAATGGGTTTCAAGAGAGTCCCCCTGGGGT
AGGCCTGGTGATGATGGC 

20 Rev_rec_rpsL-
neo_Fib5/35 

TGAAATTTTCTGCAATTGAAAAATAAACACGTTGAAACATAACACAAACGATT
CTTCAGAAGAACTCGTCAAGAAGG 

21 Fwd_rec_Fib5/35 CTCCTCCCTTTGTATCCCCCAATGGGTTTCAAGAGAGTCCCCCTGGGGTACTTA
CTTTAAAATGTTTAACCCCAC 

22 Rev_rec_Fib5/35 TGCAATTGAAAAATAAACACGTTGAAACATAACACAAACGATTCTTTATTTTA
GTTGTCGTCTTCTGTAATGTAAG 

23 Fwd_rec_rpsL-
neo_Fib5/35RGD 

TCTTACTCCTCCCTTTGTATCCCCCAATGGGTTTCAAGAGAGTCCCCCTGGGGT
AGGCCTGGTGATGATGGC 

24 Rev_rec_rpsL-
neo_Fib5/35RGD 

TGAAATTTTCTGCAATTGAAAAATAAACACGTTGAAACATAACACAAACGATT
CTTCAGAAGAACTCGTCAAGAAGG 

25 Fwd_rec_Fib5/35RGD CTCCTCCCTTTGTATCCCCCAATGGGTTTCAAGAGAGTCCCCCTGGGGTACTTA
CTTTAAAATGTTTAACCCCAC 

26 Rev_rec_Fib5/35RGD TGCAATTGAAAAATAAACACGTTGAAACATAACACAAACGATTCTTTATTTTA
GCCGCAGAAACAGTCTCC 

27 Fwd_rec_rpsl-neo_eGFP 
(P2A-E1B55K) 

CTTGGTGCTGGCCTGCACCCGCGCTGAGTTTGGCTCTAGCGATGAAGATACAG
ATGGCCTGGTGATGATGGC 



28 Rev_rec_rpsl-neo_eGFP 
(P2A-E1B55K) 

CACCTTATATATTCTTTCCCACCCTTAAGCCACGCCCACACATTTCAGTACCTC
ATCAGAAGAACTCGTCAAGAAGG 

29 Fwd_rec_eGFP (P2A-
E1B55K) 

GCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGTGACGTCGAGGAGAA
TCCTGGCCCAATGGTGAGCAAGGGCGAG 

30 Fwd_rec_HA_eGFP (P2A-
E1B55K) 

CTTGGTGCTGGCCTGCACCCGCGCTGAGTTTGGCTCTAGCGATGAAGATACAG
ATGGAAGCGGAGCTACTAACTTCAGCC 

31 Rev_rec_eGFP (P2A-
E1B55K) 

CACCTTATATATTCTTTCCCACCCTTAAGCCACGCCCACACATTTCAGTACCTC
ACTTGTACAGCTCGTCCATGCC 

32 Fwd_rec_rpsl-neo_eGFP 
(DBP-p2A) 

ACACTCTCGGGTGATTATTTACCCCCACCCTTGCCGTCTGCGCCGTTTAGGCCT
GGTGATGATGGC 

33 Rev_rec_rpsl-neo_eGFP 
(DBP-p2A) 

TGTCCCTGCCAGTGGCGCATAGCGATGCGCGGCAGAACCCCTTTGATTTTCAG
AAGAACTCGTCAAGAAGG 

34 Fwd_rec_DBP-p2a-eGFP TGTCCCTGCCAGTGGCGCATAGCGATGCGCGGCAGAACCCCTTTGATTTTggaag
cggagctactaacttc 

35 Rev_rec_DBP-p2a-eGFP ACACTCTCGGGTGATTATTTACCCCCACCCTTGCCGTCTGCGCCGTTTActtgtacag
ctcgtccatgc 

36 Fwd_rec_HA_E1B-p2a-
FLuc 

TGCTGGCCTGCACCCGCGCTGAGTTTGGCTCTAGCGATGAAGATACAGATGGA
AGCGGAGCTACTAACTTC 

37 Rev_rec_E1B-p2a-FLuc TATATATTCTTTCCCACCCTTAAGCCACGCCCACACATTTCAGTACCTCACACG
GCGATCTTTCCGC 

38 Fwd_rec_DBP-p2a-FLuc GGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGTGACGTCGAGG
AGAATCCTGGCCCAATGGAAGACGCCAAAAACATAAAG 

39 Rev_rec_DBP-p2a-FLuc ACACTCTCGGGTGATTATTTACCCCCACCCTTGCCGTCTGCGCCGTTTACACGG
CGATCTTTCCGC 

40 Rev_rec_DBP-p2a-
mOX40L 

ACACTCTCGGGTGATTATTTACCCCCACCCTTGCCGTCTGCGCCGTTTAcagtggta
cttggttcacagtg 

41 Fwd_seq_E1Adelta24 GAACCACCTACCCTTCACGA 
42 Rev_seq_E1Adelta24 AACATGCCACAGGTCCTCAT 
43 Fwd_seq(2)_E1Adelta24 CGACTCTGTAATGTTGGCGG 
44 Rev_seq(2)_E1Adelta24 CAAACATGCCACAGGTCCTC 
45 Fwd_seq_deltaE1A CTCAGGTGTTTTCCGCGTTC 
46 Rev_seq_deltaE1A CCCATTTAACACGCCATGCA 
47 Fwd_seq_Fib5RGD GCACAGCCTATACAAACGCT 
48 Rev_seq_Fib5RGD CTATGTGGTGGTGGGGCTAT 
49 Fwd_seq_Fib5/3 GCCATAGCCATTAATGCAGGA 
50 Rev_seq_Fib5/3 TGTGTACTCTGTGTGTTGGGA 

51 Fwd_seq_Fib5/3 mut-
specific CGCTGACTTTAGTGCAAGAGG 

52 Fwd_seq_Fib5/35 GGCTGCAAACTTTCTCCACA 
53 Rev_seq_Fib5/35 TGTGTACTCTGTGTGTTGGGA 
54 Fwd_seq_Fib5/3RGD TGCTTAATAAACGCCTGCCA 
55 Rev_seq_Fib5/3RGD GTTTGGCTCGACAGGAAACC 
56 Fwd_seq_E1B55K TGTGATGCTGGATGTGAC 
57 Rev_seq_E1B55K AACGAGTTGGTGCTCATG 
58 Fwd_seq_DBP CCACAGTGCGCAGATTAGG 
59 Rev_seq_DBP CGGATGGTTGTGCCTGAG 

 
  



Supplemental methods and materials 
 

Establishment of short-term primary human brain tumor cultures 
All the patients gave their written informed consent to participate in the study. The samples were collected between 

2018 and 2020 in the Federal Scientific and Clinical Center of Specialized Types of Medical Care and Medical Technologies 
of the FMBA of Russia (Moscow, Russia). A tumor diagnosis was performed according to the fourth edition of the World 
Health Organization (WHO) classification of tumors of the central nervous system. All the donors were required to undergo 
testing for infection with common blood-borne pathogens and viruses including RPR, HIV, LCMV, and HVC.  

Tumor tissue was collected during resection and transferred cooled to the laboratory in a sterile tube containing Macs 
Tissue Storage Solution (Milteny Biotech). For establishment of a short-term culture, tissue from the border of the tumor was 
used. Under sterile conditions, tumor tissue was rinsed in PBS (Gibco) containing 1× Antibiotic-Antimycotic (Gibco). 
Vessels, clotted blood, and necrotic tissue were removed. After mechanical dissociation of glioma tissue using scalpels, it 
was enzymatically dissociated by incubation with Collagenase Type I (Sigma-Aldrich), Dispase (Sigma-Aldrich), and DNase 
I (Sigma-Aldrich) in PBS (Gibco). Enzymatic dissociations were performed in a humidified incubator (5% CO2, 37°C) with 
constant rocking (30 minutes to 1 hour). Collagenase and Dispase were used at 1 mg/mL, DNase I was used at a final 
concentration of 0.25 mg/mL. The enzymatically treated tissue was filtrated through 100 and 70 µm cell strainers. The cells 
were centrifuged at 300g for 5 minutes at 4°C, resuspended in DMEM supplemented with 10% FBS (ThermoScientific) and 
seeded in a T25 cell culture flask. After a 2-day resting phase, the cell culture supernatant was removed, the cells were washed 
with PBS (if there was a cellular debris in the culture), and fresh cell culture medium was added. Change of cell culture 
medium and microscopic monitoring was performed routinely every 2 days. The established primary adherent cell cultures 
were further characterized by analyzing the expression of the astrocyte-specific glial fibrillary acidic protein (GFAP), glial 
marker S100B, progenitor markers NES and SOX2, and proliferation marker KI67. During experiments, human glioma short-
term cultures were grown in DMEM GlutaMax (Gibco) containing 10% FBS (Gibco) and supplemented with 100 U/ml 
penicillin and 100 μg/ml streptomycin. All the cell cultures were tested for mycoplasma contamination. 
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