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ABSTRACT: Adenovirus (Ad)-based vectors have shown consid-
erable promise for gene therapy. However, Ad requires the
coxsackievirus and adenovirus receptor (CAR) to enter cells
efficiently and low CAR expression is found in many human
cancers, which hinder adenoviral gene therapies. Here, cationic 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP)-folate liposomes
(Df) encapsulating replication-deficient Ad were synthesized, which
showed improved transfection efficiency in various CAR-deficient
cell lines, including epithelial and hematopoietic cell types. When
encapsulating replication-competent oncolytic Ad (TAV255) in
DOTAP-folate liposome (TAV255-Df), the adenoviral structural
protein, hexon, was readily produced in CAR-deficient cells, and the
tumor cell killing ability was 5× higher than that of the non-
encapsulated Ad. In CAR-deficient CT26 colon carcinoma murine models, replication-competent TAV255-Df treatment of
subcutaneous tumors by intratumoral injection resulted in 67% full tumor remission, prolonged survival, and anti-cancer immunity
when mice were rechallenged with cancer cells with no further treatment. The preclinical data shows that DOTAP-folate liposomes
could significantly enhance the transfection efficiency of Ad in CAR-deficient cells and, therefore, could be a feasible strategy for
applications in cancer treatment.
KEYWORDS: oncolytic virus, liposome, folate targeting, coxsackievirus and adenovirus receptor, DOTAP

1. INTRODUCTION
Immunotherapy is emerging as an essential part of cancer
treatment with fewer side effects and better efficacy than the
traditional cytotoxic chemotherapy. One example is virotherapy,
which is a versatile therapeutic cancer treatment.1−4 It can be
used for direct oncolysis induced by the viral replication,5,6 as
well as a cancer vaccine to activate an immune response against
cancers.7−9 Among viruses, adenovirus (Ad) is a robust platform
for gene therapy because the genome of Ad is well characterized
and easy to manipulate.10 Particularly for cancer gene therapy,
recombinant Ad can carry various genes and transfect a wide
range of cells at different stages. Ad is now being studied in many
clinical trials approved by the FDA.11,12 However, most Ad
serotypes require cellular coxsackievirus and adenovirus
receptors (CARs) to enter and transfect the cells efficiently.
Ad utilizes CAR as its primary attachment receptor.13 After
binding to the CAR, it triggers clathrin-mediated endocytosis
(Scheme 1).14,15 Ad enters the endosomes and follows a series of
uncoating processes. The escaped Ad docks to the nuclear
membrane and imports its DNA into the nucleus for subsequent
transcription and replication.16,17 The CAR expression is
extremely heterogenous in cancers,18,19 limiting effectiveness
in cells with low CAR expression.

To circumvent the need for CAR-dependent cell entry, several
studies have used liposomes and nanoparticles to deliver Ad and
improve transfection. Various 1,2-dioleoyl-3-trimethylammo-
nium-propane (DOTAP) liposomes or commercial agents
(Lipofectin) were used to encapsulate Ad to enhance the
adenoviral gene delivery in CAR-deficient cells (Table 1).
Lipofectin-encapsulated virus shows approximately 40% of the
transfection rate in CAR-negative CT26 cells. Han et al. used
DOTAP, 1,2-dioleoyl-3-phosphatidylethanolamine (DOPE),
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(poly-ethylene glycol)-2000] [PEG(2000)-PE] to
encapsulate Ad and achieved only 66% transfection at
multiplicity of infection (MOI) = 100 in CAR-negative cells;
in order to achieve 97% of cells being transfected, 500 MOI of
encapsulated Ad had to be used.20 Kim et al. employed a
DOTAP and 1,2-dimyristoyl-sn-glycero-3-phosphocholine
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(DMPC) liposome with a 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethylene glycol)-5000]
[PEG(5000)-PE] modification to deliver Ad to CAR-negative
B16F10 cells atMOI = 167 and found that about 90% of the cells
were transfected.21 Lee et al. encapsulated Ad in DOTAP−
DOPE liposomes modified with PEG(2000)-PE to transfect
CAR-negative U87MG, but 500 MOI was required to transfect

∼85% of the cells.22 Oncolytic virus treatments were reported to
induce adverse events such as fever, fatigue, chills, nausea, and
vomiting.4,23 Therefore, efficient transfection at low MOI is
critical to improve the clinical safety and effectiveness.
Note that the present formation differs from the other

reported DOTAP encapsulation formations due to (a) the
incorporation of folate, (b) incorporation of both cholesterol (to

Scheme 1. Naked Ad and Coated Ad Entering Cellsa

a(a) Synthesis of Ad-encapsulated DOTAP-folate liposome (Ad-Df). (b) Ad uses the CAR to enter the cells. For cells expressing low to null CAR,
Ad does not efficiently enter and transfect cells. Tumors have various levels of CAR expression, and many tumor cells are resistant to Ad-based gene
transfer because of low CAR expression. (c) Ad-Df can enter cells through endocytosis or membrane fusion when the target cells do not express
CAR.32−34 Therefore, Ad-Df is capable of transfecting both CAR-positive and CAR-negative cells. (d) Ad-Df also contains folate-conjugated lipid
that enhances the cellular uptake into FR-positive cells by FR-mediated endocytosis. FR is commonly expressed or even overexpressed on tumor
cells, including breast, lung, colorectal, and ovarian cancers.16,37,38 After internalization of Ad-Df in cells, it is likely that the Ad is released due to
liposome membrane destabilization from the interaction between the liposomal lipid and cytoplasmic lipid.39,40

Table 1. Comparison of Transfection Percentage in CAR-Deficient Cells Using Ad Encapsulated in DOTAP Liposomes or
Commercial Agentsa

formula (molar ratio) cell line (car-negative) MOI transfection % refs

DOTAP/Chol/PEG-Folate-PE/PEG-PE (1:0.26:0.01:0.02) CT26 200 91 current study
Lipofectin (DOTMA/DOPE) (1:1.11) CT26 500 40 commercial liposomes20

Lipofectin (DOTMA/DOPE) (1:1.11) CT26 100 15 commercial liposomes20

DOTAP/DMPC/Chol/PEG-PE (6:0:6:0.06) B16−F10 167 90 21
DOTAP/Chol (1:1) B16−F10 100 65 29
DOTAP/Chol (1:1) 3T3 1000 vp/cell 80 30
DOTAP/Chol (1:1) CHO 1000 vp/cell 60 30
DOTAP/DOPE/PEG-PE (1:1:0.01) CT26 500 97 20
DOTAP/DOPE/PEG-PE (1:1:0.01) CT26 100 66 20
DOTAP/DOPE/PEG-PE (1:1:0.01) U87MG 500 85 22
DOTAP/DOTMA/CHOL (1:1:0.1) CT26 n.i. 68 31

an.i. means “not indicated”. N/A means “not applicable” because the study used a non-viral vector to transfect cells.
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increase stability24) and PEG-PE (to reduce the serum protein
opsonins25), and (c) preparation by sonication instead of
extrusion. Other studies with in vivo testing, which showed full
remission, employed extracellular vesicles-mimetic encapsula-
tion of Ad.26 However, the extracellular vesicles-mimetic
encapsulation of adenoviruses requires more complicated
preparation processes compared to liposomes. Bruckheimer et
al.27 and Liang et al.28 used similar ingredients (DOTAP + folate
+ cholesterol) to prepare liposomes, but they delivered non-viral
vectors which cannot replicate inside the infected cells to induce
cell death.
In the present study, Ad was encapsulated in positively

charged DOTAP-folate liposomes (Ad-Df in Scheme 1a) to
facilitate viral attachment to the negatively charged cell
membranes and, thus, to eliminate the need of the CAR for
Ad cell entry (Scheme 1b). According to the literature, the
cationic liposome and Ad assembly can enter cells through
endocytosis and membrane fusion that facilitate the Ad
internalization without a need for CAR, thereby enhancing the
transfection (Scheme 1c).32−34 However, more investigations
will be needed to document the phenomena in breast cancer
tissues for the present study. Folate-modified lipids in the
liposome formula can further improve the cellular uptake of Ad-
Df by attaching to the folate receptor (FR) on the targeted cells,
leading to increased adenoviral transfection efficiency (Scheme
1d). Ad-Df particles were shown to substantially improve the
adenoviral transgene expression in CAR-negative cells. Improve-
ment was observed in transfecting both epithelial cell lines and
hematopoietic cells at high and low MOI. Compared to the
commercial transfecting agent (Lipofectin) that requires 500
MOI to transfect 40% CAR-negative CT26 cells, our
encapsulated Ad only needs 10× lower MOI to reach the
same transfection efficiency. When treating hematopoietic cells,
the present encapsulated Ad formulation can transfect a higher
fraction of hematopoietic cells than other encapsulation
techniques at MOI = 200, resulting in a comparative decrease
of the transfection failure fraction from 33 to 13%.35 Two studies
were performed in more realistic systems. (1) The encapsulated
nonreplicating Ad was shown to efficiently transfect freshly
isolated primary patient breast cancer cells in vitro which
recapitulates the kind of cellular heterogeneity that is likely to be
encountered during intratumoral injection and that may impede
the effective delivery. (2) CT26 tumor-bearingmice treated with
encapsulated Ad showed an increase of lymphocytes, an
improved survival rate, and complete tumor remission. The
surviving mice also displayed successful immunity in a
rechallenge study which is the first example of therapeutic
immune memory with a replicating Ad vector in a DOTAP
liposome. These results suggest that the encapsulation method
can enhance in vivo Ad transfection and result in a better
treatment outcome and has potential to treat aggressive cancers
since the more aggressive cancer often expresses a higher level of
FRs.36

2. MATERIALS AND METHODS
2.1. Reagents and Cell Lines. Replication-deficient Ad-expressing

GFP (GFPAd) was purchased from the Baylor College of Medicine
(Vector: Ad5-CMV-eGFP). The CT26 cell line was purchased from
American Type Culture Collection (ATCC). Replication-competent
Ad (TAV255), HEK293, A549, MCF7, and THP-1 cell lines were
generously provided from the laboratory of Dr. Tony Reid. Dulbecco’s
modified Eagle’s medium (DMEM) with high glucose (HyClone
#SH30081.01) was supplemented with 10% of fetal bovine serum
(FBS, Corning #35-011-CV) and 1% of Pen Strep Glutamine (PSG,

Life Technologies #10378-016) to prepare the complete media for
HEK293, A549, and MCF7 cell culturing. Rosewell Park Memorial
Institute (RPMI) 1640 (Gibco #11875093) and RPMI 1640 medium
without folic acid (Gibco #27016021) were supplemented with 10%
FBS and 1% PSG to prepare the complete RPMI (RP-10) for CT26 and
THP-1 cell culturing. Primary human breast cell medium was prepared
by supplementing DMEM/F12 (1:1) with HEPES (HyClone
#SH30023.01) with 10 mM HEPES (Sigma #H3537), 5% FBS, 1 mg
mL−1 bovine serum albumin (BSA, Sigma #A7906), 1 μg mL−1 insulin
(Invitrogen #51500-056), 0.5 μg mL−1 hydrocortisone (Sigma
#H0888), 50 μg mL−1 gentamycin (HyClone #3V30080.01), and 2.5
μg mL−1 Fungizone. Human tumor digestion buffer was prepared with
DMEM/F12 + GlutaMAX (Gibco #10565018) supplemented with 10
mM HEPES, 2% BSA, 5 μg mL−1 insulin, 0.5 μg mL−1 hydrocortisone,
and 50 μg mL−1 gentamycin. Anti-CAR antibody (clone RmcB, #05-
644) was purchased from Millipore, and Alexa Fluor 547-conjugated
antibody (polyclonal, #A-21235) was purchased from Invitrogen.

2.2. Liposome-Encapsulated Ad Synthesis. Liposome-encapsu-
lated Ad synthesis was described previously.53 In brief, DOTAP (Avanti
#890890C), cholesterol (Sigma #C3045), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000]
[PEG(2000)-PE carboxylic acid, Avanti #880135P], and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene
glycol)-2000] [PEG(2000)-folate-PE, Avanti #880124P] were sus-
pended in chloroform at a molar ratio of 1:0.26:0.02:0.01. The lipid
mixture was vortexed in an amber vial for 30 min at 25 °C. The mixture
was vacuumed overnight to form a dry lipid film. The next day, 5 × 1010
vp mL−1 of Ad solution was prepared in PBS. The dried lipid film was
hydrated with 400 μL of Ad solution while vortexing. The hydrated film
was stirred at 600 rpm at 4 °C for 30min. The sample was transferred to
a 2 mL U-bottomed Eppendorf tube and sonicated in an ultrasonic
water bath (Fisher Scientific, model FS11011) for 10 min at 4 °C. The
suspension was stabilized at 4 °C for 3 h, resulting in DOTAP-folate Ad
liposomes (Ad-Df). Replication-deficient Ad (GFPAd) and replication-
competent Ad (TAV255) were used for Ad-Df synthesis and denoted as
GFPAd-Df and TAV255-DF, respectively. 1/1×, 1/3×, 1/5×, 1/7×,
and 1/10× Ad-Df represent the Ad to DOTAP lipid ratio (vp/nmol)
5.17 × 106, 1.55 × 107, 2.59 × 107, 3.62 × 107, and 5.17 × 107,
respectively. Ad-Df was characterized by dynamic light scattering
(DLS) and cryo-transmission electron microscopy (Cryo-EM). The
mean hydrodynamic particle size, polydispersity index (PDI), and zeta
potentials were measured using aMalvern Zetasizer Nano-ZS (Malvern
Panalytical, Malvern, UK). For Cryo-EM sample preparation, 3 μL of
the sample solution was applied to the carbon R2/2 copper grid
(Quantifoil Micro Tools GmbH, Jena, Germany). A Leica EMGP
plunger (Leica Microsystems Inc., Illinois, USA) was used for blotting
at room temperature and 95% humidity. The frozen and hydrated grid
was loaded on a precooled Gatan cryo-transfer holder (Gatan, Inc.,
California, USA) and imaged by JEOL JEM-2100F (JEOL USA,
Massachusetts, USA) at 200 kV. Fiji software was used for image
processing.

2.3. Transfection. Cells were plated overnight at 3 × 104 cells
well−1 in a 96-well plate at 37 °C and 5% CO2 in the complete media.
GFPAd, 1/1×, 1/3×, 1/5×, 1/7×, and 1/10× GFPAd-Df were added
to cells (day 1) at aMOI ranging from 3.1 to 400 and incubated at 37 °C
and 5% CO2. GFP fluorescence was measured on days 2, 3, 4, 5, and 6
for HEK293, A549, MCF7, THP-1, and CT26, respectively. GFP-
positive cells were counted microscopically using a Keyence BZ-X710
microscope with a GFP filter and 470/40 nm excitation wavelength,
525/50 nm emission wavelength, and dichroic mirror wavelength 495
nm. GFP fluorescence intensities were measured using a Tecan Infinite
M200 microplate reader.

2.4. Human Breast Cell Isolation and Culturing. All human
breast cancer biospecimens were obtained from patients through
Biorepository and Tissue Technology Shared Resources (BTTSR) at
UCSD. Patient consent was obtained by BTTSR, and all procedures
were conducted under an Institutional Review Board-approved
protocol (#181755). Tumor fragments were acquired from two
different areas of the same tumor when possible. During the
transportation, the acquired tumor tissues were placed in a 50 mL
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conical tube with sterile PBS such that the tissue sample was entirely
submerged in PBS. 2 mg mL−1 of type 3 collagenase (Worthing
#LS004182) and hyaluronidase (Sigma #H3884) 100 U mL−1 in
human tumor digest buffer were prepared. Per gram of the tissue, 10mL
of digestion buffer containing enzymes was added into a well in a 6-well
plate. Tissue was placed into the well and minced until finely chopped.
If needed, a syringe plunger was used to smash the tumor. The resultant
tissue was incubated at 37 °C and 5% CO2 with pipette mixing
performed every 30 min. After 5 h of incubation, tissue was strained
using a 100 μm strainer, and the filtrate was centrifuged at 530g at room
temperature for 5 min to collect cells. If red blood cells were observed,
then 5−10 mL of ACK buffer (Quality Biological #118-156-101) was
added and incubated for 3 min. Cells were centrifuged at 530g at 25 °C
for 5 min, and the supernatant was removed. This step was repeated
until the red blood cells were no longer visible. The resultant cells were
resuspended in 10mL of the primary human breast cell medium, and an
aliquot of 10 μL was used for cell counting. Cells were plated at minimal
10,000 cells well−1 in a 96-well plate. Viral infection was performed after
cells attached to the well (24−48 h after plating).

2.5. Hexon Staining. Cells were plated in a 96-well plate at
approximately 3 × 104 cells well−1 in 100 μL media/well. The next day,
cells were transfected with TAV255, 1/1×TAV255-Df, 1/3×TAV255-
Df, 1/5× TAV255-Df, 1/7× TAV255-Df, and 1/10× TAV255-Df (day
1) at aMOI ranging from 3.1 to 400 at 37 °C and 5%CO2. At the end of
transfection, the medium was gently pipetted off, and 50 μL well−1 of
cold methanol was added and incubated at −20 °C for 20 min. Wells
were washed once with 100 μL well−1 of PBS-T (Teknova #P3189,
diluted to 1× in PBS). 100 μL well−1 of StartingBlock (Thermo
#37542) was added to block the cells for 30 min at room temperature.
50 μL well−1 of diluted anti-hexon (Thermo #MA1-7326, diluted 1:500
in StartingBlock) was added and incubated for 1 h at room temperature.
After washes with 100 μL well−1 of PBS-T, 50 μL well−1 of HRP anti-
mouse (Cell Signaling #7076, diluted 1:500 in StartingBlock) was
added and incubated for 30 min at room temperature. DAB was
prepared by mixing 3 μL of the concentrate per 100 μL diluent from the
kit (Cell Signaling #8059P). The plate was washed with 100 μL well−1
of PBS-T twice, and 40 μL well−1 of the DAB substrate was added into
the wells. After the cells were sufficiently stained, as observed under a
microscope, DAB was discarded, and 100 μL well−1 of PBS was added.
Hexon-positive cells were imaged and counted under a microscope.

2.6. Cell Viability Assay. Cells were seeded in a 96-well plate at
approximately 3× 104 cells well−1 in 100 μLmedia well−1. The next day,
TAV255, 1/3× TAV255-Df, and 1/10× TAV255-Df were added to
cells (day 1) at a MOI ranging from 3.1 to 400 and incubated at 37 °C
and 5% CO2. On days 2, 4, and 6 post-infection, 1 × 104 cells were
harvested and incubated with Alamar Blue for 1−4 h. The cell viability
was determined by measuring absorbance at wavelengths of 570 and
600 nm.

2.7. Animals. Six to eight week old female BALB/cAnNHsd mice
were purchased from Envigo RMS, LLC. 5× 105 of CT26 cells in 50 μL
of PBS were subcutaneously injected. Tumor volume was determined
by a caliper with the modified ellipsoidal formula: volume (mm3) =
(width × width × length)/2, and treatment was started at a tumor size
of approximately 23mm3. 5× 109 vp of TAV255 or 1/10×TAV255-Df,
or equivalent 1/10×Df, or PBS was intratumorally injected every other
day. Pain and distress in tumor-bearing mice were closely monitored.
For the survival study, mice were euthanized when a tumor ulcerated or
reached 1500 mm3. All procedures and protocols were approved by the
UC San Diego Institutional Animal Care and Use Committee
(IACUC).

2.8. CAR Analysis.Cells were incubated with anti-CAR antibody at
1:500 dilution in BD staining buffer at 4 °C for 30 min. Cells were
washed once with BD staining buffer and incubated with secondary
Alexa Fluor 647-conjugated antibody at 1:400 dilution in BD staining
buffer for 30 min at 4 °C. The stained cells were washed twice with BD
staining buffer and resuspended in 200 μL of PBS. The stained cells
were analyzed by BD FACSCalibur flow cytometry.

2.9. TIL Analysis. CT26-bearing mice were first treated at a tumor
size of approximately 70 mm3. A 2.5×109 vp of TAV255 or 1/10×
TAV255-Df in 50 μL of PBS was injected i.t. on days 0, 2, 4, 6, 8, and 10.

Mice were sacrificed on day 12 for TIL analysis. Tumors were
dissociated into cell suspensions using collagenase D (Roche
#11088866001) at 1 mg mL−1 in RP10. Cell suspensions were
incubated with cocktails of anti-mouse CD45 (BioLengend #103114),
anti-mouse CD3 (BD Biosciences #553062), and anti-mouse CD8
(eBiosciences #48-0081) antibodies at 4 °C for 30 min. Fixation and
Permeabilization Solution kits were used for IFN-γ staining
(eBiosciences #17-7311). The stained cells were analyzed by BD
FACSCanto flow cytometry.

2.10. Stability in Serum. Neutralizing serum was prepared by
administering, intravenously, three doses (5 × 109 VP/dose) of Ad-
GFP (Vector Development Lab, Baylor College of Medicine) to Balb/c
mice (The Jackson Laboratory) over 10 days. Blood was collected from
the mice via cardiac puncture. Blood was left to coagulate at room
temperature for 30 min before being centrifuged at 15,000g for 10 min.
The supernatant was collected as the designated neutralizing serum.
The serumwas then decomplemented by heating it in a water bath at 56
°C for 30 min and stored at −80 °C until use.

3. RESULTS AND DISCUSSION
3.1. Encapsulated Virus Transfected CAR+ and CAR−

Cells. The synthesis of coated Ad is illustrated in Scheme 1a. A
lipid film composed of DOTAP, cholesterol, 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[carboxy(polyethylene gly-
col)-2000] [PEG(2000)-PE carboxylic acid], and 1,2-distearo-
yl-sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene
glycol)-2000] [PEG(2000)-folate-PE] was used to encapsulate
Ad, producing Ad-DOTAP-folate liposomes (Ad-Df). 1/1×, 1/
3×, 1/5×, 1/7×, and 1/10× Ad-Df represent the Ad viral
particle (vp) to DOTAP lipid (nmol) ratios of 5.17× 106, 1.55×
107, 2.59 × 107, 3.62 × 107, and 5.17 × 107, respectively. Two
types of Ad were used to evaluate the liposome encapsulation
procedure: A recombinant human Ad expressing GFP (GFPAd,
non-replicable) and a tumor-selective oncolytic Ad (TAV255,
replicable in tumor cells). Ad, empty liposome, and encapsulated
Ad (Ad-Df) were characterized by DLS and are summarized in
Table 2. The measurements showed the increase in size from

126 ± 2 nm (before encapsulation) to 812 ± 124 nm (after
encapsulation) for GFPAd or from 120 ± 2 nm (before
encapsulation) to 759 ± 51 nm (after encapsulation) for
TAV255. The PDI was 0.17± 0.02 for nakedGFPAd and 0.12±
0.02 for naked TAV255. After encapsulation, the PDI increased
to 0.51 ± 0.17 (encapsulated GFPAd) and 0.60 ± 0.05
(encapsulated TAV255), respectively. Naked Ad and encapsu-
lated Ad (Ad-Df) were examined under Cryo-EM to evaluate
their encapsulation efficiency. Based on 30 Cryo-EM images, all
Ad appears to be encapsulated inside liposomes, indicating that
the encapsulation rate is approximately 100% (Figure 1).
A recombinant human Ad-expressing GFP (GFPAd) was

used to determine the transfection efficiency by quantifying the
percentage of GFP-positive cells after infection. HEK293
(human embryonic kidney cells), A549 (human lung cancer
cells), MCF7 (human breast cancer cells), CT26 (mouse colon
cancer cells), and THP-1 (human monocytes) cell lines were

Table 2. Physiochemical Characterization of Df, DfA, and
Naked Ad

formulation z-average (nm) PDI ζ potential (mV)
empty Df 689 ± 67 0.31 ± 0.18 6.1 ± 0.1
naked GFPAd 126 ± 2 0.17 ± 0.02 −2.9 ± 1.8
naked TAV255 120 ± 2 0.12 ± 0.02 −7.1 ± 1.3
Ad-Df (GFPAd) 812 ± 124 0.51 ± 0.17 2.5 ± 0.3
Ad-Df (TAV255) 759 ± 51 0.60 ± 0.05 3.7 ± 0.7
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chosen to assess the transfection efficiency of naked GFPAd and
encapsulated GFPAd in DOTAP-folate liposome (GFPAd-Df)
in cell lines with various expression levels of CAR. The levels of
CAR expression were reported previously41−44 and were also
examined by flow cytometry (Supporting Information, Figure
S1). HEK293 and A549 are CAR-positive cell lines and MCF7,
CT26, and THP-1 are CAR-negative cell lines. FromMOI = 1.6
to 100, GFPAd and GFPAd-Df transfect CAR-positive cells, and
there is no significant difference between naked GFPAd and
GFPAd-Df or among the different Ad-to-lipid ratio variants of
GFPAd-Df (Figure 2a,b). 1/1× GFPAd-Df on HEK293 cells
demonstrated a reduced percentage of GFP-positive cells at
MOI = 100 which is likely because high concentrations of
DOTAP are cytotoxic to cells.45 The cytotoxicity of the
liposomes was performed on a 96-well plate by incubating
empty sonicated DOTAP liposomes with 3× 104 cells in 200 μL
of cell media for 5 days at 37 °C with CO2 to determine the half-
maximal inhibitory concentration (IC50). High-concentration

DMSO-treated cells were used as a positive control and
untreated cells were used as a negative control for calculating
the percentage of live cells. The IC50 of the DOTAP liposomes
on CT26 is 75.7 μM which is much higher than the
concentration of liposomes we used for the transfection studies
(Supporting Information, Figure S2). 1/3× to 1/10× GFPAd-
Df showed a proportional increase in GFP-positive cells when
increasing MOI. Ad-Df remained stable for at least 30 days and
could transfect cells with ∼80% of transfection efficiency
compared to the freshly made Ad-Df (Supporting Information,
Figure S3). The stability of Ad-Df in the presence of blood
proteins was documented by the experiment of the transfection
efficiency of Ad-Df after exposing to serum showing that the Ad-
Df is stable in the serum for at least 1 h which is equal to a large
number of circulation cycles in the human vasculature
(Supporting Information, Figure S4).
In MCF7 and CT26 cell lines, GFPAd infection of cells with

low levels of CAR resulted in low levels of GFP expression, as
expected (Figure 2c,d). In contrast, GFPAd-Df infected CAR-
negative cells and synthesized high levels of GFP, which suggest
that GFPAd encapsulated in liposomes can transfect cells by a
CAR-independent manner. The percentage of GFP-positive
cells was 4- to 32-fold higher in GFPAd-Df-transfected MCF7
than in GFPAd-transfected MCF7 (Figure 2c). Uncoated Ad
only showed subtle GFP expression at high MOI (MOI > 100)
and was unable to detectably transfect CAR-negative cells at
MOIs below MOI 25. Conversely, GFPAd-Df was able to
transfect CAR-negative cells at all MOIs (as low as 3.1 MOI,
Supporting Information, Figures S5 and S6). Folate in the
liposome formulation improved the transfection efficiency in
CAR−FR+ CT26 cells (Supporting Information, Figure S5)
which is likely due to a cellular internalization improvement
from the folate-mediated endocytosis.46

Figure 1. Cryo-EM image reveals the successful encapsulation of Ad.
(a) Naked Ad. White arrow indicates the naked Ad. (b) Df-Ad. Yellow
arrows indicate the Ad-encapsulated liposomes. The images were taken
under 15,000× magnification. The scale bars in the image indicate 100
nm.

Figure 2. Liposomal encapsulation enhances the transfection efficiency in CAR-negative and CAR-positive cells. (a) HEK293 and (b) A549 were
transfected with GFPAd, 1/1× GFPAd-Df, 1/3× GFPAd-Df, 1/5× GFPAd-Df, 1/7× GFPAd-Df, and 1/10× GFPAd-Df at MOI = 1.6, 6.3, 25, and
100. CAR-negative cells (c)MCF7, (d) CT26, and (e) THP-1 were transfected with GFPAd, 1/1×GFPAd-Df, 1/3×GFPAd-Df, 1/5×GFPAd-Df, 1/
7×GFPAd-Df, and 1/10×GFPAd-Df at MOI = 25, 50, 100, and 200 for CAR− cells. GFP+ cells were counted under a Keyence BZ-X710 fluorescence
microscope on days 2, 3, 4, 5, and 6 for HEK293, A549, MCF7, THP-1, and CT26, respectively.
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Since GFPAd-Df was shown to transfect CAR-deficient
epithelial cancer cells (Figure 2c), the transfection capability in
other cell types was also investigated. In contrast to adherent
cells, suspension cells and particularly hematopoietic cells are
notoriously difficult to transfect.47 In the study presented in
Figure 2e, THP-1, a human monocytic leukemia cancer, and
CAR-deficient cell line48 were used to estimate the transfection
capability of GFPAd-Df in the suspensions of hematopoietic
cells. THP-1 cells were transfected with naked GFPAd and
GFPAd-Df at MOI 25−200. A negatively charged folate-lecithin
liposome-coated GFPAd (1/10× GFPAd-Lf) was used as a
control to compare the transfection efficiency of encapsulated
GFPAd (Supporting Information, Figure S6). The transfection
efficiency of negatively charged liposome-encapsulated GFPAd
was improved compared to the naked GFPAd in THP-1 cells
(CAR-negative). The transfection performed with cationic 1/
10×GFPAd-Df showed the strongest GFP expression among all
groups and raised the number of GFP-positive cells more than
10× compared to naked GFPAd. Encapsulated GFPAd strongly
enhances GFPAd entry into CAR-deficient cancer cells and
allows transfer of viral genes with MOIs below 25. The positive
charge of the liposomes most likely interacts with the negatively
charged cell surface to increase the probability of cell
internalization. These results show that GFPAd poorly trans-
fects the cells without CAR expressed on the cell surface, and
liposome encapsulation can eliminate the strong dependency on
CAR expression for cellular entry. Additionally, GFPAd-Df can
effectively transfect various types of cells, which include
epithelial cancer cells and suspended hematopoietic cells.

3.2. Encapsulated Virus Efficiently Transfects Patients’
Breast Tumor-Derived Cells.Tomodel the diverse landscape
of human cancers, patient-derived tumor cells were employed as
a preclinical model to study the transfection efficiency of the
non-encapsulated and encapsulated Ad. Replication-defective
GFPAd was used to determine the transfection efficiency by
quantifying the percentage of GFP-positive cells after infection.
Breast tumor tissues were surgically removed from four patients
and dissociated at the laboratory to form single cell suspensions.
Patient-derived breast cancer single cells were plated and
incubated at 37 °C in 5% CO2 for 1−2 days. After the cells
adhered to the plate, they were transfected with GFPAd, 1/3×
GFPAd-Df, or 1/10× GFPAd-Df at MOI = 100, and the
transfection efficiency in primary human tumor cells was
quantified by counting the percentage of GFP-positive cells. A
relatively high lipid to Ad ratio formula (1/3× GFPAd-Df) and

low lipid to Ad ratio formula (1/10× GFPAd-Df) were used to
confirm that the transfection performance in primary cells is
similar to that in the cell lines. 1/1× GFPAd-Df was not chosen
due to potential cytotoxicity from high concentrations of lipid at
high MOI. In Figure 3a, 1/3× GFPAd-Df, 1/10× GFPAd-Df,
and GFPAd showed 72, 82, and 26% of GFP-positive cells in
patients’ primary breast tumor cells, respectively. Flow
cytometry analysis (Figure 3b) indicates that most cells derived
from the patients are CAR-deficient. These data show that
GFPAd-Df is capable of transfecting primary human tumor cells
with negative CAR expression on the cell surface, so Ad
encapsulated in DOTAP-folate liposome is a promising
candidate for clinical translation because it promotes effective
and broad transfection.

3.3. Replicating Virus Encapsulated in Liposomes in
CAR-Negative Cells. After showing that the encapsulated Ad
can transfect CAR-deficient cells using replication-deficient
GFPAd (Figures 2 and 3), a replicating Ad was used with the
same liposome formulas to ensure that the replicating virus is
able to undergo liposomal delivery in a similar way. TAV255, a
tumor-selective replicating oncolytic Ad,49 was encapsulated in
DOTAP-folate liposomes to evaluate the transfection efficiency
in CAR-deficient cells. TAV255 has a 50 nucleotide deletion in
the promoter of E1A, and it showed potent tumor-selective
oncolytic activity in CAR-positive cells in vitro and in vivo. A
previous study demonstrated that TAV255 could effectively
replicate in tumor cells but had a remarked reduction of
replication in normal cells.49 Hexon, the most abundant
structural protein in the Ad capsid,50 was used to quantify the
transfection efficiency. CAR-negative CT26 cells were trans-
fected with TAV255, 1/3×TAV255-Df, and 1/10×TAV255-Df
at MOI = 400, and hexon was stained for visualization (Figure
4a−c). 1/3× TAV255-Df and 1/10× TAV255-Df displayed an
increased amount of the hexon protein compared to TAV255.
The hexon expression was analyzed and quantified using ImageJ
Fiji software51 and is shown in Figure 4d. 1/3× TAV255-Df and
1/10× TAV255-Df had a 26- and 28-fold increase in hexon
expression in CT26 cells compared to non-encapsulated
TAV255. These results indicated that the replicating virus
encapsulated in liposomes showed improved adenoviral trans-
fection efficiency. Since hexon is encoded by viral late genes,52

the hexon expression in TAV255-Df-infected cells suggests that
TAV255-Df was able to reach the late stage of viral gene
transcription. The enhanced transfection efficiency of the
replicating virus in liposomes also suggests that such a coating

Figure 3. Encapsulated virus efficiently transfects patients’ breast tumor cells. (a) Transfection percentage in primary patient breast tumor cells.
Patients’ breast tumors were obtained from four different surgeries (n = 4) and dissociated in protease and hyaluronidase enzyme solution for 5−8 h at
37 °C. Harvested cells were transfected with GFPAd, 1/3× GFPAd-Df, and 1/10× GFPAd-Df at MOI = 100. Transfection percentage was shown as
the GFP-positive cell percentage. GFP-positive cells were counted under a Keyence BZ-X710 fluorescence microscope on day 4 after infection. (b)
Patients’ breast tumor cells are predominantly CAR-negative cells. One CAR analysis result is shown as the representative of four independent
experiments of similar results. ** means p < 0.01 and ***means p < 0.001.
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formulation can be used for cancer treatments that deliver
oncolytic viruses to tumor cells which express viral genes,
replicate inside the tumor cells, and eventually lyse to kill the
tumor cells.

3.4. Cell Viability of Replicating Virus Encapsulated in
Liposomes in CAR+ and CAR− Cells. To verify that the
encapsulated replicating Ad (TAV255) can kill targeted tumor
cells after transfection, an Alamar Blue assay was used to
determine cell viability after transfection. In Figure 5a−c, both
TAV255 and encapsulated TAV255 kill CAR-positive tumor
cells, such as A549. The killing ability is correlated to the
incubation time and MOIs. In CAR-negative tumor cells, CT26
and TAV255 showed a very limited killing ability for tumor cells,
and encapsulated TAV255 (1/3× and 1/10× TAV255-Df)
demonstrated an enhanced tumor cell killing ability (Figure 5d−
f). On day 6 post-infection, 1/10× TAV255-Df had a fivefold
and twofold higher killing ability than naked TAV255 at MOI =
400 and MOI = 200, respectively. Encapsulating TAV255 in
liposomes overcomes the limited clinical applicability of
conventional oncolytic Ad. Taken together, the results from
Figures 4 and 5 show that TAV255-Df can effectively transfect
and kill CAR-negative tumor cells and can be a powerful
alternative to naked, that is, unencapsulated TAV255.

3.5. Encapsulated Ad Suppresses Tumor Growth.
Oncolytic adenoviruses, being potent tumor lysing agents, can
kill tumor cells and release tumor antigens to stimulate the
immune response against tumors. The above data (Figure 4)
showed that the liposomes were effective in enhancing viral gene
transfection in CAR-negative cells with a replicating Ad. To
investigate the immune response, an immune-competent mouse
model is desired for in vivo studies. A CAR-negative human

Figure 4. Replicating virus encapsulated in liposomes in CAR-negative
CT26 cells. (a−d) CT26was transfected with TAV255, 1/3×TAV255-
Df, and 1/10× TAV255-Df using a replicating TAV255 virus.
Representative image of hexon staining in (a) TAV255, (b) 1/3×
TAV255-Df, and (c) 1/10× TAV255-Df infected CT26. (d) Hexon
expression of non-encapsulated and encapsulated TAV255 in CT26.
Data are shown as mean with standard errors of the mean.

Figure 5.Viability of the replicating virus encapsulated in liposomes in CAR+ andCAR‑ cells. (a−c) A549 cells (CAR+) were transfected with TAV255,
1/3× TAV255-Df, and 1/10× TAV255-Df. (d−f) CT26 cells (CAR−) were transfected with TAV255, 1/3× TAV255-Df, and 1/10× TAV255-Df.
Cell viability was measured on days 2, 4, and 6 post-infection with the Alamar Blue assay. Data are shown as the mean with standard errors of the mean
(SEM).
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breast cancer model would be ideal, but CAR-negative patient-
derived breast tumors cannot be used in immune-competent
mice. Consequently, a CT26 (murine cell line) model in an
immune-competent mouse model (Balb/c, immune-competent
mouse) was studied even though CT26 is a colon cancer cell line
because CT26 has lower CAR expression than any convenient
(fast growing) murine breast cancer cell line. Given the known
efficacy of encapsulated TAV255 in CT26 in vitro, encapsulated
TAV255 (TAV255-Df) was used in a mouse study. Four
treatment groups were used to elucidate the effect of virus
encapsulation: (1) vehicle, (2) empty liposome (1/10×Df), (3)
naked Ad (TAV255), and (4) coated Ad (1/10× TAV255-Df).
The agents were intratumorally (i.t.) injected every other day for
six doses. Tumors were harvested on day 12 after the first
treatment to investigate the tumor-infiltrating lymphocytes
(TILs) in the tumor environment. In Figure 6a−d, the 1/10×
TAV255-Df-treated group showed a higher number of
infiltrating killer T cells (CD45+CD8+) in the tumors compared
to the other treatments. About a 10-fold increase in IFN-γ+-killer
T cells (CD45+CD8+IFN-γ+) was observed in tumors following
the 1/10× TAV255-Df therapy compared to vehicle, indicating
the activation of cytotoxic T cells to destroy the tumor cells
(Figure 6f).
The increase of immune cells and IFN-γ+ T cells in tumors

indicates an improved immune response brought about by the
1/10× TAV255-Df therapy. The enhanced immune responses
(Figure 6a−d) and tumor cell killing ability (Figure 5) also
reflect on the tumor growth inhibition. In Figure 6e−g, the 1/
10× TAV255-Df-treated group demonstrated the best inhib-
ition of tumor growth. Four out of six CT26 tumors were
induced into full remission by the 1/10× TAV255-Df treatment
(∼67% full remission rate), compared to two out of six tumors
that were induced into full remission by TAV-255 (∼33% full
remission rate). The accumulative dose of 8.5 × 108 PFU of the
TAV255-Df in this treatment was lower than the accumulative
doses of 5 × 109 PFU of the oncolytic virus which showed no
toxicity in animals, suggesting that the current dosages are safe
for the treatment. The cured mice were closely monitored, and

none of them had tumor recurrence. On day 53, 106 CT26 cells
were injected to rechallenge the cured mice with no further
treatment, and none of them regrew tumors in the 1/10×
TAV255-Df-treated group (immunity to the rechallenge rate:
100%), indicating that the encapsulated virus induced a tumor-
specific memory response. In addition, the 1/10× TAV255-Df
treatment significantly improved the survival rates (Figure 6h).
On 38 day post-treatment, 83% of mice were alive in the 1/10×
TAV255-Df-treated group, while 33 and 0% ofmice were alive in
TAV255- and PBS-treated groups, respectively. These results
demonstrate that encapsulating Ad in liposomes with folate
modification can promote immune cell infiltration, suppress
tumor growth, and improve survival. Other oncolytic viruses can
also be encapsulated with the same formulation in order to
induce a stronger immune response. For instance, oncolytic
viruses with immunostimulatory protein-encoding genes can be
encapsulated in DOTAP-folate liposomes to stimulate and
induce a more robust immune response to fight against cancer.

4. CONCLUSIONS
Liposomal encapsulation is a well-understood strategy to reduce
the immune recognition and elimination of adenoviruses in the
bloodstream, which are otherwise unsuitable for a systemic
delivery, given the prevalence of neutralizing antibodies arising
from frequent childhood infections. The in vivo oncologic
application of adenoviruses may also be limited by the lack of the
requisite CAR in tumor cells. In this study, the transfection
efficiency of Ad encapsulated in cationic DOTAP-folate
liposomes was investigated in CAR-positive cells and CAR-
negative cells. Encapsulation enhanced the adenoviral GFP
protein expression in CAR-negative cells. As shown in the
patients’ breast tumor-derived cells, encapsulated Ad transfected
3× higher in primary human cancer cells than in the non-
encapsulated Ad, and these primary cells were found to be CAR-
deficient. When encapsulated replicating Ad was intratumorally
administrated to treat a murine colorectal cancer model (CT26,
CAR-negative), a 3.6× increase in TILs and full tumor remission
was observed. Encapsulation of Ad in the liposome formula

Figure 6. Encapsulated Ad suppresses tumor growth. PBS, 1/10×Df, TAV255, and 1/10×TAV255-Df (n = 5−10) were intratumorally injected every
other day. (a−d) Analysis of infiltrating lymphocytes in the tumor microenvironment by flow cytometry. (e−g) Tumor progression curve for PBS
(vehicle, n = 3), TAV-255 (n = 6), and 1/10× TAV255-Df (n = 6). The curves were splined fitted by averaging sizes every four days and plotted. (h)
Survival curve comparing treatment with PBS (vehicle, n = 8), TAV255 (n = 6), and 1/10×TAV255-Df (n = 6). Data are shown as mean with standard
errors of the mean (SEM). * means p < 0.05 and ** means p < 0.01.
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improved survival rates 2.5× compared to non-encapsulated Ad.
To our knowledge, this study is the first to demonstrate that the
encapsulation of a replicating oncolytic Ad in DOTAP
liposomes, by comparison with unencapsulated Ad, leads to
improved regression of tumors, increased survival, long-term
remissions, and full protection from tumor rechallenge in 100%
of previously cured animals. In summary, DOTAP-folate-
encapsulated Ad may provide a method to efficiently transport
Ad into cells regardless of the CAR expression. The enhanced
transfection efficiency of the liposome-encapsulated Ad makes
Ad-Df a promising reagent in cancer gene therapy.
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