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ABSTRACT

Understanding the entry and trafficking mechanism(s) of recombinant adeno-associated virus (rAAV) into host cells can lead to
evolution in capsid and vector design and delivery methods, resulting in enhanced transduction and therapeutic gene expres-
sion. Variability of findings regarding the early entry pathway of rAAV supports the possibility that rAAV, like other viruses, can
utilize more than one infectious entry pathway. We tested whether inhibition of macropinocytosis impacted rAAV transduction
of HeLa cells compared to hepatocellular carcinoma cell lines. We found that macropinocytosis inhibitor cytochalasin D blocked
rAAV transduction of HeLa cells (>2-fold) but enhanced (10-fold) transduction in HepG2 and Huh7 lines. Similar results were
obtained with another macropinocytosis inhibitor, 5-(N-ethyl-N-isopropyl) amiloride (EIPA). The augmented transduction was
due to neither viral binding nor promoter activity, affected multiple rAAV serotypes (rAAV2, rAAV2-R585E, and rAAV8), and
influenced single-stranded and self-complementary virions to comparable extents. Follow-up studies using CDC42 inhibitor
ML141 and p21-activated kinase 1 (PAK1) siRNA knockdown also resulted in enhanced HepG2 transduction. Microscopy re-
vealed that macropinocytosis inhibition correlated with expedited nuclear entry of the rAAV virions into HepG2 cells. Enhance-
ment of hepatocellular rAAV transduction extended to the mouse liver in vivo (4-fold enhancement) but inversely blocked heart
tissue transduction (13-fold). This evidence of host cell-specific rAAV entry pathways confers a potent means for controlling and
enhancing vector delivery and could help unify the divergent accounts of rAAV cellular entry mechanisms.

IMPORTANCE

There is a recognized need for improved rAAV vector targeting strategies that result in delivery of fewer total particles, averting
untoward toxicity and/or an immune response against the vector. A critical step in rAAV transduction is entry and early traffick-
ing through the host cellular machinery, the mechanisms of which are under continued study. However, should the early entry
and trafficking mechanisms of rAAV differ across virus serotype or be dependent on host cell environment, this could expand
our ability to target particular cells and tissue for selective transduction. Thus, the observation that inhibiting macropinocytosis
leads to cell-specific enhancement or inhibition of rAAV transduction that extends to the organismic level exposes a new means
of modulating vector targeting.

Due to its ease of production, persistence in an episomal form,
low immunogenicity, and lack of pathogenicity, adeno-asso-

ciated virus (AAV) is a highly promising and prevalent gene ther-
apy vector. The variety of capsids occurring naturally and evolving
in the laboratory setting has resulted in a wide range of cell- and
tissue-specific tropisms for the virus, which are being tested as
therapeutic vectors for use against a multitude of diseases (1).
Clinical observations suggest that an immunological response can
mount against transduced cells, for instance, in the liver (2), and as
the immunogenic response shows a dose relationship to vector
load (3), there also appears to be a vector dose threshold for rAAV
delivery prompting a host immune response (4). This putative
upper limit on viral load encourages the discovery and use of
alternative means to increase viral uptake, transduction, and
transgene expression while minimizing viral delivery titers.

Mechanisms to enhance recombinant AAV (rAAV) transduc-
tion have emphasized capsid design, where naturally occurring
(5–7) or laboratory-based rational design (8–11) and directed
evolution-based capsid schemas (12, 13) have yielded dramatic
shifts in viral attachment to host cell glycoproteins and protein
receptors, conferring differing tissue tropisms and binding effi-
ciencies. Alternative approaches to improve vector transduction
and transgene expression have come out of altering the later traf-
ficking ubiquitination and/or proteasomal degradation of rAAV

virions (14, 15), affecting nuclear localization signals on the viral
capsid (16), avoidance of the rate-limiting step of second-strand
DNA synthesis (17), or optimization of the transgene cassette for
enhanced translation (18).

Compared with the application of the aforementioned ap-
proaches to improve rAAV transduction, less emphasis has been
placed on attempting to improve viral entry and early cellular
trafficking. This could be due in part to a lack in consensus over
the rAAV entry process or to the assumption that entry and early
trafficking are universal, fixed processes. Initially, researchers pro-
posed that dynamin- and clathrin-coated pits were at least par-
tially responsible for rAAV entry into HeLa cells (19, 20). Other
reports based on HeLa cell studies postulated that a macropinocy-
tosis-based mechanism might be behind rAAV entry and nuclear
trafficking (21). Later research using HeLa as well as HEK293 and
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HepG2 cells found no dependence on clathrin-coated pits or mac-
ropinocytosis processes for rAAV entry (22). In line with the latter
findings, a more recent study has refuted clathrin-mediated endo-
cytosis as an infectious entry pathway and largely ruled out mac-
ropinocytosis processes in successful rAAV transduction of HeLa
and HEK293 cells, while identifying an alternative infectious entry
route through a lipid raft-based mechanism (23).

Based on the diametric data regarding rAAV entry in cells, it
has been proposed that rAAV might utilize more than one entry
pathway, the extent to which may vary between host cells (22).
This possibility is supported by increasing evidence that viruses
other than rAAV can utilize more than one independent internal-
ization pathway to enter a given cell host. For instance, reovirus
can enter cells via dynamin-dependent or caveola-dependent
mechanisms (24). Other parvoviruses have also been found to
utilize multiple independent entry pathways in transducing cells.
For examples, porcine parvovirus (PPV) can enter cells both via
clathrin-mediated and macropinocytosis-mediated mechanisms
(25). Returning to rAAV, at least one study has suggested similar
phenomenology, demonstrating that rAAV5 can enter cells via
both clathrin- and caveola-based pathways and that these path-
ways may be used in parallel (26). Infectious entry of viruses can
also occur through separate mechanisms in different cell hosts.
For instance, equine herpesvirus 1 (EHV-1) enters CHO-K1 cells
through an endocytic or phagocytic mechanism, whereas it enters
equine dermal (ED) or rabbit kidney (RK13) cells by fusion to the
cell surface (27). Similarly, dengue virus 2 (DENV-2) enters Vero
cells via a clathrin-independent mechanism, whereas the same
virus enters A549 cells through a clathrin-dependent mechanism
(28). Thus, the possibility exists that rAAV utilizes more than one
entry pathway and that this may be host or environmentally de-
pendent. If it were possible to shift the viral internalization mech-
anism either toward one of greater efficiency or, conversely, away
from one less efficient for cellular infectivity, one could ostensibly
deliver rAAV which avoids unintended cellular targets and re-
quires lower overall viral load to transduce a given tissue. More-
over, any evidence supporting the possibility for multiple inter-
nalization and infectivity pathways could help converge or unify
apparent disparities in our current knowledge of rAAV transduc-
tion.

Here we present evidence that drugs known to inhibit the mac-
ropinocytosis process, from actin remodeling and membrane ruf-
fling to closure, can have opposing effects on rAAV transduction
depending on the cell type studied but regardless of rAAV sero-
type. We found that rAAV transduction of the often-studied HeLa
cell is, in line with the current literature, greatly hindered to mac-
ropinocytosis-related inhibitors, whereas inversely, the hepatocel-
lular carcinoma line HepG2 shows a substantial enhancement of
transduction. The macropinocytosis inhibitors further resulted in
in vivo enhancement in liver tissue but decreased heart transduc-
tion. Thus, we present a novel means of enhancing rAAV trans-
duction through the redirecting of viral entry processes.

MATERIALS AND METHODS
Cell culture and drugs. HEK293 cells were maintained in Dulbecco’s
modified Eagle medium (DMEM), and HeLa, HepG2, and Huh7 cells
were maintained in RPMI 1640. All cells were maintained at 37°C and 5%
CO2, and media were supplemented with 10% heat-inactivated fetal bo-
vine serum, 100 U/ml of penicillin, and 100 g/ml of streptomycin. For
imaging experiments, cells were maintained in phenol red-free media for

two passages prior to plating. 5-(N-Ethyl-N-isopropyl)amiloride (EIPA),
5-(N,N-hexamethylene)amiloride (HMA), benzamil, amiloride, and
ML141 (Sigma-Aldrich, St. Louis, MO) were dissolved in dimethyl sul-
foxide (DMSO) and maintained at �20°C.

Virus production. Virus was produced in HEK293 cells as previously
described (29, 30). Briefly, polyethylenimine “max” (PEI) was used for the
triple transfection of the pXR2/pXR2-R585E/pXR8 cap and rep plasmids,
the pXX6-80 helper plasmid, and a terminal repeat (TR)-luciferase (Luc)
reporter plasmid containing the firefly luciferase transgene flanked by
inverted terminal repeats under the control of the chicken beta actin
(CBA) promoter. Cells were harvested between 48 and 72 h posttransfec-
tion, and virus was purified by cesium chloride ultracentrifugation. After
identification of peak fractions by quantitative PCR (qPCR), virus was
dialyzed into phosphate-buffered saline (PBS). Titers were calculated by
qPCR according to established procedures (29, 30) using a LightCycler
480 instrument and SV40pA primers previously utilized (31). For Cy5-
labeled virus, purified rAAV2 was labeled with Cy5 dye (GE Amersham),
extensively dialyzed, and examined for purity as previously described
(29, 32). Single-stranded and self-complementary rAAV2-CMV-GFP
(ssrAAV2-CMV-GFP and scrAAV2-CMV-GFP, respectively) were pre-
pared and verified for purity as described previously (30).

Cell viability analysis. Drug toxicities were evaluated for all cell lines
using CellTiter Aqueous One solution (Promega, Madison, WI) after 18 h of
incubation with drug. Cell viability was determined relative to that of vehicle-
treated cells. With the exception of the log-scaled dose curve, where a wide
range of doses were evaluated, selected drug doses resulted in greater than
80% viability after 18 h of incubation with cultured cells (data not shown).

Transduction and transfection studies. Transduction studies were
performed similarly to that described previously (16). Eighteen hours
prior to experimentation, cells were plated in 24- or 48-well plates pre-
coated in poly-L-lysine (Sigma-Aldrich, St. Louis, MO) for improved cel-
lular adherence at a cell density of 1e5/ml in 10% serum-containing me-
dium. Immediately prior to virus delivery, medium was replaced with that
containing the appropriate dilution of drug (in equal DMSO concentra-
tions not exceeding a final concentration of 0.1%) in 0.5% serum-con-
taining medium. Cells were infected with purified rAAV at the designated
number of vector genomes (vg) per cell (multiplicity of infection [MOI]
of 1e5 vg unless otherwise specified). Medium was removed and replaced
with 1� passive lysis buffer (Promega) at 18 h unless otherwise noted.
Luciferase activity was measured in accordance with the manufacturer’s
instructions (Promega) using a Wallac1420 Victor3 automated plate
reader. Raw luciferase activity (counts per second) was divided by protein
concentration based on Bradford assay (protein assay dye reagent; Bio-
Rad, Hercules, CA) and normalized to fold change over same-virus, same-
cell type, vehicle-treated groups.

To examine drug effect on promoter activity, a 10-cm2 plate of HepG2
or HeLa cells (1e5 cells per ml) was PEI transfected with the TR-CBA-Luc
plasmid. Twenty-four hours after transfection, cells were split into 24-well
plates, such that each well contained a population of equivalently trans-
fected cells. Twenty-four hours later, medium was replaced with drug- or
vehicle-containing medium. Finally, 18 h after drug treatment, cells were
harvested for relative luciferase activity and protein assay as described
above. Drug-treated mock-transfected cells were compared with plasmid-
transfected cells and showed no luciferase activity (data not shown).

siRNA knockdown. To examine whether inhibition of the PAK1
pathway affects AAV transduction of HepG2 cells, we transfected small
interfering RNA (siRNA) validated for targeting of human PAK1
(si00605696; Qiagen, Valencia, CA) with a target sequence of 5=-TCCAC
TGATTGCTGCAGCTAA-3=), or a validated nontargeting siRNA (Dhar-
macon, Lafayette, CO), with Lipofectamine 2000 (Invitrogen, Long Is-
land, NY) transfection reagent, in accordance with a supplier-provided
transfection protocol. Twenty-four hours posttransfection, medium was
replaced, and 1e5 vg of AAV2 was added to each well. Cells were harvested
18 h later for luciferase transduction assay and total protein measurement
as described above.
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For immunoblot verification of knockdown, HepG2 cells were har-
vested 48 h posttransfection by washing in ice-cold PBS and lysing in a
buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH 8), 0.1% NP-40,
50 mM NaF, 30 mM �-glycerophosphate, 1 mM Na3VO4, and 1� com-
plete protease inhibitor cocktail (Roche). Equal amounts of proteins were
electrophoresed on a 10% SDS-PAGE denaturing gel, followed by transfer
onto a Hybond-ECL nitrocellulose membrane (GE Healthcare). The
membrane was blocked with 5% fat-free milk for 1 h at room tempera-
ture, followed by overnight incubation at 4°C in anti-PAK1 (Cell Signal-
ing; catalog no. 2602) in 5% bovine serum albumin (BSA). Tubulin (Cell
Signaling) was used as a loading control. After washing, the membranes
were incubated with anti-rabbit IgG-horseradish peroxidase (HRP).
Bands were visualized by chemiluminescence.

Binding studies. To determine basal rAAV2 binding to HepG2 cells,
cells were plated 18 h previously onto 24-well plates coated with poly-L-
lysine. Medium was replaced with ice-cold 10 mM HEPES-buffered
RPMI, and rAAV2 was added at ascending MOIs. After 1 h of incubation
at 4°C, cells were washed 3 times in ice-cold PBS, and DNA was harvested
using a DNA extraction kit (DNeasy blood and tissue kit; Qiagen, Valen-
cia, CA). Relative genome quantification was performed through qPCR,
using primers targeted against the viral vector (luciferase; forward, 5=-
AAA AGC ACT CTG ATT GAC AAA TAC-3=, and reverse, 5=-CCT TCG
CTT CAA AAA ATG GAA C-3=) and primers targeting the cellular ge-
nome (human lamin B2; forward, 5=-GTT AAC AGT CAG GCG CAT
GGG CC-3=, and reverse, 5=-CCA TCA GGG TCA CCT CTG GTT CC-
3=). qPCR conditions were as follows: 1 cycle at 95°C for 10 min and 45
cycles at 95°C for 10 s, 60°C for 10 s, and 72°C for 10 s for acquisition.
rAAV binding was reported as genomes per cell, based on the ratio of
vector to cellular DNA. As a standard curve was not utilized for binding
studies, measurement of genomes per cell is based in arbitrary units (Luc/
lamin). To study the drug-induced effect on rAAV binding to cells, cells
were treated identically but HepG2 cells were pretreated with drug- or
vehicle-containing medium for 18 h, after which drug-containing me-
dium was replaced with ice-cold 10 mM HEPES-buffered medium con-
taining various genome quantities of rAAV2. For drug effect on binding,
Luc/lamin values were normalized and denoted as fold difference from
the vehicle-treated group treated with the same MOI.

Flow cytometry. HepG2 cells were treated identically to those in lu-
ciferase transduction studies and treated with no virus (NV), 1e3, 1e4, or
1e5 vg of ssAAV2-CMV-GFP or scAAV2-CMV-GFP, and 10 �M EIPA or
a vehicle. Eighteen hours postransduction, cell images were first captured
with an inverted fluorescence microscope using identical capture settings.
(For example, a photomicrograph using an MOI of 1e5 vg scAAV2-CMV-
GFP is shown in Fig. 6C.) Image capture was followed by trypsinization,
filtration at 0.4 �m, and analysis using a Beckman-Coulter CyAn ADP
instrument. Enhanced green fluorescent protein (EGFP) fluorescence was
measured using a 488-nm excitation laser and 530- to 540-nm emission
filter. Values are raw, not normalized. Results shown are a subset of the
total findings; peak EGFP detection sensitivity was found at MOIs of 1e5
vg for ssAAV and 1e3 vg for scAAV under the given conditions.

Confocal microscopy. Microscopy was performed similarly to that
previously described (29). Briefly, cells were plated onto poly-L-lysine-
coated coverslips at 5e4 cells per ml. Eighteen hours after plating cells,
growth medium was exchanged with ice-cold HEPES-buffered (10 mM)
RPMI medium containing 5e4 vg of Cy5-labeled rAAV. One hour after
4°C incubation with virus, medium was replaced with prewarmed me-
dium containing 10 �M EIPA or a vehicle and then cells were replaced
into 37°C incubators. Thirty minutes or 2 h after incubation, cells were
fixed with 4% paraformaldehyde for 15 min, followed by mounting using
a 4=,6-diamidino-2-phenylindole (DAPI)-containing medium (ProLong
Gold; Invitrogen, Long Island, NY). Images were captured on a Zeiss 710
upright laser scanning confocal microscope using a Plan Apochromat
63�/1.40-numerical-aperture oil objective. Image processing of confocal
was performed using AutoQuant and Imaris software (UNC Microscopy
Services Laboratory). Scale bars in figures represent 10 �m, and mock-

treated cells received drug or a vehicle for 2 h prior to fixation. EIPA
results in autofluorescence at the same wavelength as DAPI, resulting in
much brighter nuclei and some extranuclear staining (33), but it did not
lead to any autofluorescence in the far red spectrum (i.e., Cy5; data not
shown). Thus, DAPI-channel brightness settings were adjusted post hoc to
allow for readily comparable images (see Fig. 7A). For Fig. 7B, the dash-
outlined portion of the Cy5 channel, including outlined nuclei, were ex-
panded to allow ready comparison of the representative images.

In vivo transduction assays. All mouse experiments were con-
ducted in accordance with the policies of the University of North
Carolina at Chapel Hill’s Institutional Animal Care and Use Commit-
tee. For in vivo transduction experiments, female BALB/c mice were
used. Drugs were as follows: cytochalasin D (0.5 mg/kg), EIPA (25
mg/kg), or a vehicle (DMSO in equivalent concentration as in the
drug-treated group). Cytochalasin D was delivered retro-orbitally
along with 1e11 vg of AAV2-CBA-Luc in a 200-�l volume of 1� PBS.
EIPA was delivered by intraperitoneal injection to mice 10 min prior to
retro-orbital injection (1e11 vg of AAV2-CBA-Luc in 200 �l of PBS).
The retro-orbital delivery strategy was chosen based on high interani-
mal consistency, as demonstrated previously in our laboratory
(e.g., see reference 34). One week later, mice were given 150 mg/kg of
D-luciferin (Caliper Life Sciences) intraperitoneally, and after 5 min,
luminescence was measured using the IVIS-Lumina imaging system
(Caliper Life Sciences). Igor Pro 3.0 software was used to quantitate
luminescence signals. For tissue-specific analyses, mice were given a
lethal dose of tribromoethanol (Avertin), and tissues were extracted
and snap-frozen on dry ice. For luciferase activity analysis, tissue was
briefly homogenized in 2� passive lysis buffer (Promega) and clarified
by centrifugation. Relative luciferase activity was standardized to total
protein through Bradford assay and normalized to fold over value for
vehicle-treated mice. Tissue genome quantification was performed
identically to cellular genome quantification, and values are normal-
ized to fold Luc/lamin over those for vehicle-treated mice.

Graphing and statistics. Data were represented and statistics quanti-
fied using GraphPad Prism 6.0 (GraphPad, La Jolla, CA). Error bars in
figures represent standard errors of the means. Statistics for studies with
two comparison groups were prepared using a two-tailed Student t test,
and multigroup statistics were calculated by analysis of variance
(ANOVA) using Dunnett’s multiple-comparison test (GraphPad), where
all groups were compared to the same cell line, same virus-treated, vehi-
cle-treated group.

RESULTS
Cytochalasin D enhances rAAV transduction of hepatocellular
lines HepG2 and Huh7 but decreases transduction in HeLa cells.
Cytochalasin D is a potent actin polymerization inhibitor that pre-
vents initiation of membrane ruffling and thereby blocks macropi-
nocytosis (35). HeLa cells have served as a classic standard cell line for
establishing critical steps in viral trafficking for many viruses, includ-
ing herpesvirus (36), adenovirus (37), and poliovirus (38). More per-
tinently, HeLa cells have been used as target cells in most recent stud-
ies on rAAV entry mechanisms (e.g., see references 19, 21, and 23).
HepG2 and Huh7 cells, in contrast to HeLa cells, exhibit a number of
phenomena similar to those in their untransformed hepatocellular
counterparts (39, 40) and were studied in this work in parallel to
HeLa cells in order to examine cell-specific effects. We first per-
formed toxicity studies with cytochalasin D in HeLa, HepG2, and
Huh7 cells, and we found that for all doses, viability was greater than
80% (data not shown). In line with previous studies (21, 23), cytocha-
lasin D inhibited rAAV2 transduction of HeLa cells. In this work, we
observed dose-dependent inhibition of luciferase activity up to 50%
(Fig. 1A), independent of capsid, suggesting that inhibition of actin
polymerization is essential for rAAV transduction of these cells. In-
versely, HepG2 or Huh7 cells incubated with cytochalasin D showed
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a dose-responsive enhancement of rAAV2 transduction of �10-fold
(Fig. 1B), indicating that blocking the macropinocytosis pathway is
conducive to rAAV trafficking in these cells. The dose-responsive
enhancement of transduction extended to rAAV2-R585E (heparin-
binding-deficient capsid [41]) as well as rAAV8 (Fig. 1C), demon-
strating that the effectiveness of these drugs is not related to viral
receptor targeting. To test whether the enhancement of HepG2 trans-
duction was due to increased viral binding to the cell surface, we first
determined the saturating MOI of rAAV2 on HepG2 cells by per-
forming a binding curve of the cells at 4°C with ascending viral MOIs
(Fig. 1D). The quantity of 5e5 vg was determined as a saturating MOI,
as doubling the MOI to 1e6 vg did not increase binding. We next
incubated cells in a vehicle or cytochalasin D (10 �M) for 18 h, fol-
lowed by binding of rAAV2 at nonsaturating (1e5 vg) and saturating
(1e6 vg) doses of rAAV at 4°C. Incubation in the drug did not alter
rAAV binding to HepG2 cells at either MOI (Fig. 1D, inset). We next
evaluated whether the drug altered promoter activity by transfecting
HepG2 and HeLa cells with pTR-CBA-Luc (Fig. 1E). Two days post-

transfection, cells were treated with a vehicle or cytochalasin D (10
�M) for 18 h and harvested for luciferase and protein assay. There
was no significant difference in luciferase activity from cytochalasin
D-treated HepG2 or HeLa cells, suggesting that the drug was likely
not acting on the transgene promoter to influence luciferase activity.

Notably, while all data are reported in fold differences from
no-drug group for clarity and visibility, there was approximately a
10-fold decrease in absolute luciferase expression in either HeLa
or HepG2 cells when infected with rAAV2-R585E or rAAV8 com-
pared with rAAV2 and, similarly, a 10-fold decrease in absolute
luciferase expression in HepG2 cells compared to HeLa cells in the
absence of drug treatment.

The macropinocytosis inhibitor EIPA enhances rAAV trans-
duction of HepG2 cells. Having demonstrated that the actin po-
lymerization inhibitor cytochalasin D could potently enhance
rAAV transduction in two hepatocyte-derived cell lines but de-
creased transduction of HeLa cells, we wanted to confirm that the
transduction-enhancing actions of cytochalasin D were based in

FIG 1 Cytochalasin D enhances AAV transduction of hepatocellular lines. (A) Effect of cytochalasin D on transduction of HeLa cells by alternative AAV
serotypes. AAV2, AAV2-R585E (heparin mutant), or AAV8-CBA-Luc (1e5 vg) was delivered to HeLa cells incubating with cytochalasin D at various doses.
Eighteen hours after vector delivery, cells were lysed and luciferase activity was determined relative to protein content. (B) Dose-dependent enhancement of
AAV2 transduction in HepG2 and Huh7 cells by cytochalasin D. (C) Effect of cytochalasin D on transduction of HepG2 cells by alternative AAV serotypes. (D)
Effect of cytochalasin D on AAV2 binding to HepG2 cells. AAV2 at various MOIs was incubated with HepG2 cells at 4°C for 1 h, after which time cells were washed
and DNA was extracted. AAV genomes were compared to a cellular housekeeping gene by qPCR. (Inset) A binding study was performed using two AAV MOIs
on HepG2 cells preincubated for 18 h with cytochalasin D (10 �M) or a vehicle, and genomes per cell were compared between drug- and vehicle-treated cells. (E)
Effect of cytochalasin D on expression of a transfected reporter plasmid. HepG2 and HeLa cells were transfected with pTR-CBA-Luc, and 48 h later, cells were
treated with cytochalasin D (10 �M) for 18 h, followed by cell harvest and luciferase activity/protein quantification. Error bars represent standard errors.
Statistical significance was determined using ANOVA (Dunnett’s multiple-comparison test) or t test, comparing drug- to vehicle-treated groups. *, P � 0.05; **,
P � 0.01; ***, P � 0.001; ****, P � 0.0001. n.s., nonsignificant.
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its effect of inhibiting macropinocytosis and not on the myriad
independent effects this drug has on cells. We therefore used an-
other common macropinocytosis-inhibiting drug, 5-(N-ethyl-N-
isopropyl)amiloride (EIPA). EIPA is thought to inhibit macropi-
nocytosis by inducing accumulation of protons in the forming
membrane ruffle, altering submembranous pH and acidifying the
pH-sensitive actin-remodeling GTPases, such as CDC42, that
support membrane ruffling (35, 42). Here, as with cytochalasin D,
a toxicity study was performed, and all doses resulted in greater
than 80% viability (data not shown). As with cytochalasin D, at a
dose of 10 �M EIPA, we found a serotype-independent �30 to
50% decrease in transduction of these cells (Fig. 2A), as opposed
to a serotype-independent enhancement (�6- to 13-fold) of
rAAV transduction of HepG2 cells (Fig. 2B). Separately, we tested
the effects of EIPA on rAAV transduction of HEK293 cells and,
like with HeLa cells, observed a profound inhibition of rAAV
transduction in these cells (data not shown). We next transfected
HepG2 and HeLa cells with pTR-CBA-Luc and 48 h later incu-
bated cells in a vehicle or EIPA (10 �M) for 18 h. We found a
substantial decrease (�55%) in expression of the transgene (Fig.
2C). As there was no toxicity associated with the transfection-drug

combination, and as we delayed the use of macropinocytosis in-
hibitors until 48 h posttransfection to avoid interference with
transfection processes, our data suggest that the enhancing effect
of EIPA on rAAV transduction of HepG2 cells is not due to effects
on promoter activity; rather, luciferase activity likely underesti-
mates the transduction-enhancing effects of EIPA due to the
drug’s negative effects on promoter function. Second, the data
suggest that the decreased HeLa transduction profile by rAAV
may be at least partly driven by transcriptional inhibition by this
drug. Thus, it is unclear whether EIPA inhibits promoter activity
alone or in fact affects transduction of rAAV in HeLa cells as does
cytochalasin D. By performing a binding study akin to that with
cytochalasin D, we found that there was no effect of EIPA on rAAV
binding to HepG2 cells (Fig. 1D). Next, we captured the time
window of action of EIPA on enhancing rAAV transduction in
HepG2 cells. For this study, we incubated HepG2 cells with rAAV2
(1e5 vg) for 1 h at 4°C and then washed off virus-containing me-
dium, replacing it with warmed media. Thereafter, at various time
points after medium replacement (starting immediately at 0 h),
we added EIPA to a final concentration of 10 �M and allowed
cultures to incubate for a total of 14 h at 37°C. We found that the

FIG 2 EIPA enhances AAV transduction of hepatocellular lines. (A and B) Effect of EIPA on transduction of HeLa cells (A) or HepG2 cells (B) by alternative AAV
serotypes. AAV2, AAV2-R585E (heparin mutant), or AAV8 (1e5 vg) was delivered to cells incubating with EIPA (10 �M). Eighteen hours after vector delivery, cells were
lysed and luciferase activity was determined relative to protein content. (C) Effect of EIPA on expression of a transfected reporter plasmid. HepG2 and HeLa cells were
transfected with pTR-CBA-Luc, and 48 h later, cells were treated with vehicle or EIPA (10 �M) for 18 h, followed by cell harvest and luciferase activity/protein
quantification. (D) Effect of EIPA on AAV2 binding to HepG2 cells. HepG2 cells pretreated with a vehicle or EIPA (10 �M for 18 h) were incubated at 4°C with AAV2
at 1e5 or 1e6 vg for 1 h, after which time cells were washed and DNA extracted. AAV genomes were compared to a cellular housekeeping gene through qPCR. (E) EIPA
(10 �M) was given to HepG2 cells at various time points after providing AAV2-CBA-Luc (1e5 vg). Cells were harvested at 14 h after AAV delivery, and luciferase
activity/protein content was determined. (Inset) EIPA aliquot used for the time course study was posttested for drug stability by treating HepG2 cells with or without the
drug in the presence of AAV2. Cells were harvested and luciferase activity/protein content was determined. Error bars represent standard errors. Statistical significance
was determined using ANOVA (Dunnett’s multiple-comparison test) or t test, comparing drug- to vehicle-treated (and virus-treated) groups. *, P � 0.05; **, P � 0.01;
****, P � 0.0001. n.s., nonsignificant.
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enhancing effects of EIPA on rAAV transduction were retained
fully up until at least 3 h postbinding (Fig. 2E), throughout which
time an �12- to 14-fold enhancement of transduction was ob-
served. Waiting 6 h to add EIPA after placing rAAV-bound cells at
37°C, the enhancement effect was diminished to �4-fold en-
hancement, and waiting beyond 6 h to add the drug led to no
discernible change in transduction from untreated cells. To main-
tain internal consistency in the time course study, the same aliquot
of concentrated drug was used throughout the study. To verify the
functionality of the drug over the entire testing period, we added a
sample of this aliquot (or a vehicle) to a separate set of HepG2 cells
with 1e5 vg of rAAV2 after the 14-h study was completed. The drug
showed transduction enhancement (�12-fold enhancement) (Fig.
2E, inset) similar to that observed in the time course study.

Amiloride analogues suggest NHE inhibition as the mecha-
nism of enhanced rAAV transduction in HepG2 cells. In plan-
ning an in vivo follow-up of the chemical inhibition studies per-
formed on HepG2 and HeLa cells, we found little literature
support for the use of EIPA or cytochalasin D beyond basic in vitro
research purposes. However, the drug from which EIPA was de-
rived, amiloride, has a solid history of previous human use in
clinical trials (43–46). Thus, should this drug show transduction
enhancement properties similar to those of EIPA, it would be a
stronger candidate for in vivo testing. Amiloride dually targets the
Na�/H� exchangers (NHEs) and epithelial Na� channel (ENaC).
HepG2 cells utilize ENaC (47) as well as NHEs (48, 49), and
amiloride analogues have been produced that more potently and
selectively target one or the other channel. EIPA and 5-(N,N-hex-
amethylene)amiloride (HMA) both target NHEs but not ENaC,
whereas benzamil potently blocks ENaC but not NHEs (50). We
performed an assay of each of these drugs on rAAV transduction
of HepG2 cells over a multilog dose range (Fig. 3) and found that
the NHE-targeting amiloride analogues EIPA and HMA equally

enhanced rAAV transduction of HepG2 cells (Fig. 3A and B),
whereas the far weaker NHE inhibitor amiloride and ENaC-spe-
cific inhibitor benzamil had a limited to no effect on transduction
(Fig. 3C and D). Thus, the transduction-enhancing effects of EIPA
likely occur through NHE inhibition, suggesting that amiloride is
not a comparable alternative to EIPA for in vivo testing of rAAV
enhancement.

Cytochalasin D and EIPA enhance liver transduction in vivo.
Whether the enhanced rAAV transduction of hepatocyte-like cells
by macropinocytosis inhibitors is strictly an in vitro phenomenon
or rather extends to the whole organism may help determine the
direction and significance of these observations toward further
research and clinical value. Thus, the two drugs were indepen-
dently tested for the ability to enhance transduction in the mouse.
Due to limited previous study of these drugs in vivo, and the in-
adequacy of more commonly used amiloride on enhancement of
rAAV transduction in cell culture (Fig. 3C), we first performed a
dose treatment of mice with the drugs, matching closely the con-
centrations used in culture to blood concentrations, within the
constraints of liver toxicology reports (data not shown). Based on
these factors we chose the doses of 0.5 mg/kg of cytochalasin D and
25 mg/kg of EIPA. For cytochalasin D, we simultaneously injected
the drug and rAAV2 (1e11 vg) retro-orbitally. For EIPA, to match
previous studies using the intraperitoneal (i.p.) route of drug ad-
ministration (51, 52), we delivered the drug i.p. and followed this
with retro-orbital delivery of rAAV2 (1e11) 10 min later. One
week later, we analyzed mice for luciferase activity using in vivo
imaging, and we observed a dominant liver-specific expression
pattern expected with the rAAV2 capsid (53), with significantly
enhanced luciferase activity in the drug-treated versus vehicle-
treated groups (Fig. 4A to C). Notably, the retro-orbital delivery of
rAAV2 led to strong luciferase expression in the head region of the
mouse. These expression patterns match previous data from our

FIG 3 AAV transduction enhancement and toxicity of amiloride analogues on HepG2 cells. HepG2 cells were treated with amiloride analogues EIPA (A), HMA
(B), amiloride (C), or benzamil (D) over a log dose scale along with AAV2-CBA-Luc (1e5 vg). Eighteen hours after vector delivery, cells were lysed and luciferase
activity was determined relative to protein content (left y axis). Separate HepG2 cells were incubated in the presence of the drugs to determine cell viability via
MTS assay (right y axis). Error bars represent standard errors. Statistical significance was determined using ANOVA (Dunnett’s multiple-comparison test),
comparing drug- to vehicle-treated groups. *, P � 0.05; ****, P � 0.0001.
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FIG 4 Effect of macropinocytosis inhibitors on liver transduction in vivo. Vehicle/cytochalasin D (A) or EIPA (B) was injected into mice along with AAV2-Luc
(1e11 vg), and 1 week later, luciferase expression was evaluated by whole-body imaging with a 5-min exposure, using a Xenogen IVIS-Lumina system. (C)
Luciferase activity based on Lumina detection was quantified using IVIS-based software. (D) Liver tissue was isolated from mice and homogenized, and luciferase
activity was determined relative to protein content. (E) Heart tissue was isolated from mice treated with DMSO or EIPA, and luciferase activity was determined
relative to protein content. (F) DNA was extracted from liver tissue, and qPCR analysis quantified AAV genomes versus a cellular housekeeping gene. Statistical
significance was determined using t test. *, P � 0.05; ***, P � 0.001. n.s., nonsignificant.
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laboratory (34) and are indicative of the delivery methodology
and not a shift in tropism of rAAV2 to tissue such as brain. We
extracted and homogenized liver tissue and performed a luciferase
assay, controlling for protein loading with a Bradford assay. Again
we observed a significant increase in liver luciferase activity using
either drug (�2-fold increase with cytochalasin D and �4-fold
increase with EIPA) relative to that with the vehicle (Fig. 4D). We
also isolated heart tissue from mice in the EIPA treatment study,
and a luciferase assay found a strong (90%) decrease in luciferase
activity relative to protein content in EIPA-treated mice (Fig. 4E).
This EIPA-induced inhibition of rAAV2 transduction in the heart
was the opposite of the effect we observed in mouse liver or
HepG2 cells and was similar to the inhibitory effect of EIPA on
HeLa cell transduction. Beyond liver and heart, we performed
additional luciferase analyses with tissue of EIPA-treated mice,
including striated muscle and lung, but in these tissues found no
drug-related differences in rAAV transduction. As the drug deliv-
ery was systemic and not limited to liver and heart tissue, this
suggests that the effects of macropinocytosis inhibitors are indeed
tissue specific, inducing enhancement, inhibition, or no effect on
rAAV transduction depending on the tissue. We further extracted
DNA from liver tissue and performed qPCR on the DNA, quan-
tifying vector genomes against a housekeeping gene. We found no
significant difference in total virions per cell between drug (either
cytochalasin D or EIPA) and vehicle (Fig. 4F). Thus, the drug-
induced increase in liver rAAV transduction in vivo mirrors our
observations with hepatocyte-based cell lines, and like our in vitro
data, the effects of macropinocytosis inhibitors were found to be
cell and tissue specific. Still, the quantifications of rAAV genomes
in liver tissue did not differ between drug treatments. This led to
the question of how the macropinocytosis inhibitors were
prompting such differences in transduction by rAAV in cells.

CDC42 inhibitor ML141 and PAK1 knockdown enhance
rAAV transduction in HepG2 cells. In order to begin under-
standing the mechanism of macropinocytosis inhibitor enhance-
ment of AAV transduction in HepG2 cells, we prepared a trans-
duction experiment in vitro utilizing drugs and molecular targets
for specific aspects of the macropinocytosis pathway. First we
tested the potent, selective CDC42 inhibitor ML141. CDC42 is a
member of the Rho family of GTPases and is a key regulator of the
actin cytoskeleton, functioning in the formation of filopodia (54)
and in the processes leading to membrane ruffling (55). Thus, the
noncompetitive, reversible CDC42 inhibitor ML141 was hypoth-
esized to act similarly to the general macropinocytosis inhibitor
drugs in enhancing HepG2 transduction. In line with this hypoth-
esis, we found that a 10 �M dose was sufficient to significantly
increase luciferase activity in HepG2 cells (Fig. 5A), whereas the
same drug inversely led to a dose-dependent decrease in rAAV
transduction in HeLa cells (data not shown). These data reveal
that inhibition of CDC42 using ML141 recapitulates the effects of
the two more generalized macropinocytosis inhibitors. We fur-
ther followed up the CDC42 inhibitor study by testing whether
knockdown of p21-activated kinase 1 (PAK1) would enhance
rAAV transduction of HepG2 cells. PAK1 is the downstream
effector molecule of Rho GTPase signaling and stimulates cyto-
skeletal reorganization such as membrane ruffling (56). We trans-
fected HepG2 cells with a manufacturer-validated, well-sup-
ported (57, 58) siRNA against PAK1 and compared the effect of
knockdown of this protein on AAV transduction to that of a non-
targeting siRNA control or mock transfection. As Fig. 5B shows,

the PAK1 siRNA but not mock or nontargeting siRNA greatly
diminished PAK1 protein levels in HepG2 cells. As for PAK1
knockdown on AAV transduction, transfection of a nontargeting
siRNA did not affect rAAV2 transduction of the cells compared to
mock treatment, whereas PAK1 knockdown led to 	10-fold en-
hancement of rAAV2 in HepG2 cells (Fig. 5C). Thus, inhibition of
macropinocytosis through CDC42 inhibition or PAK1 knock-
down can enhance AAV transduction of HepG2 cells.

Effect of EIPA on self-complementary rAAV transduction. In
a follow-up study on the mechanism of EIPA on rAAV transduc-
tion, we next tested whether the effect of EIPA on rAAV transduc-
tion related to an effect of second-strand DNA synthesis on the
single-stranded viral genome, a mechanism that other rAAV
transduction-enhancing drugs such as hydroxyurea (59) are
thought to exploit. To test this possibility, we prepared single-
stranded and self-complementary rAAV2-CMV-GFP (ssrAAV2-
CMV-GFP and scrAAV2-CMV-GFP, respectively). We verified
the purity of self-complementary and single-stranded viral ge-
nomes using alkaline gel electrophoresis and Southern blotting
(data not shown) and treated HepG2 cells with ssAAV or scAAV at
MOIs of 1e3, 1e4, and 1e5 vg in a manner consistent with our
previous experiments (18 h of incubation with a vehicle or EIPA at
10 �M). Eighteen hours later, cells were imaged on a fluorescence
microscope and then dissociated and analyzed for GFP expression
using flow cytometry. We observed an enhancing effect of EIPA
on both mean fluorescent activity and percent GFP-positive cells
with both ssAAV and scAAV (Fig. 6). EIPA certainly did not have
a diminished effect on scAAV transduction compared to ssAAV.
Thus, the enhancing effect of EIPA was found to be unrelated to
the process of second-strand DNA synthesis of the viral genome.
As our studies thus far had found comparable transduction-en-
hancing effects of three independent macropinocytosis inhibitors
and ruled out drug effects on cell binding, promoter activity, sec-
ond-strand DNA synthesis, or virion accumulation in target tis-
sue, we next sought to visually examine viral localization in cells
treated with such drugs, to identify any overt differences in intra-
cellular trafficking patterns.

EIPA enhances early nuclear entry of rAAV in HepG2 cells.
To determine whether we could observe overt differences in in-
tracellular trafficking of rAAV in EIPA and vehicle-treated HepG2
cells, we Cy5 labeled AAV2-CBA-Luc and incubated the virus with
HepG2 cells at 4°C for 1 h, after which virus-containing medium
was replaced with vehicle- or EIPA-containing warmed medium.
Thirty minutes or 2 h later, cells were paraformaldehyde fixed and
mounted, and confocal microscopy was used to look for the pres-
ence of Cy5-labeled virions in the DAPI-labeled nucleus. There
was very little background fluorescence in the Cy5 channel, as seen
in mock (no virus)-treated cells (Fig. 7A). However, we found a
clear qualitative increase in intranuclear Cy5 particles as early as
30 min postincubation, where there were very few Cy5 particles in
the nuclei of vehicle-treated cells. After 2 h of incubation, a similar
and more extensive enhancement of intranuclear Cy5 signal was
observed in the EIPA-treated cells (Fig. 7A), compared with only
moderate intranuclear accumulation of particles in the nuclei of
vehicle-treated cells. The images of intranuclear Cy5 in virus-
treated cells are enlarged (dashed outline represents the enlarged
area of Fig. 7A) in Fig. 7B, for better visualization of Cy5-labeled
particles. Our microscopy data therefore suggest that the in-
creased rAAV transduction in HepG2 cells treated with macropi-
nocytosis inhibitors is due to rapid trafficking of virus into the
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nucleus, an anticipated outcome considering the demonstrated
lack of effect of the macropinocytosis inhibitors on either viral
binding or intranuclear processing.

DISCUSSION

In this study, we found through in vitro viral infectivity assays that
macropinocytosis inhibitors affect rAAV transduction in a cell-
specific manner, augmenting infectious entry of hepatocellular
lines while inhibiting that of HeLa cells. Neither viral binding to
the cell surface nor effects on promoter activity could account for
the enhancement of HepG2 transduction, nor is this effect related
to second-strand synthesis of the viral genome. While cell depen-

dent, the effects of macropinocytosis inhibition on rAAV
transduction were not serotype specific, as three rAAV vari-
ants—rAAV2, rAAV2-R585E, and rAAV8 —all showed similar
transduction profiles. Three independently acting chemical inhib-
itors of macropinocytosis— cytochalasin-D, EIPA, and ML141—
enhanced HepG2 transduction by rAAV while inhibiting HeLa
transduction. Further, knockdown of PAK1 confirmed our phar-
macological data in demonstrating that macropinocytosis inhibi-
tion indeed enhances HepG2 transduction by rAAV. The en-
hanced transduction appears related to increased efficiency of
viral nuclear entry, extended to an additional hepatocellular line
(Huh7) in culture, and extended to in vivo augmentation of liver
cells. However, the in vivo enhancement of rAAV transduction
was, like in vitro data suggested, cell type specific, as heart tissue
showed pronounced inhibition of transduction, while other tissue
showed no change in rAAV transduction in the presence of mac-
ropinocytosis inhibitors.

Classical studies largely performed with HeLa cells provided
strong evidence for rAAV entry occurring via a clathrin-mediated
mechanism (19, 20), but additional data have secondarily con-
ferred a role for macropinocytosis-related processes on infectious
entry in such cells (23), and more recently a study has discounted
both clathrin- and macropinocytosis-mediated mechanisms in
the infectious entry pathway of rAAV (23). It is challenging to
account for such diametric findings between these studies and
integrate such findings into a cohesive mechanism for rAAV early
trafficking. Perhaps a more cohesive, unified account of rAAV
trafficking can be found in the subtler details of the previous stud-
ies. For instance, within the context of previous works there is
support for multiple rAAV entry pathways: in one study the clath-
rin-mediated entry inhibitor dynasore significantly inhibited
rAAV2 entry into HeLa cells but did not affect viral transduction.
Similarly, the macropinocytosis drug EIPA blocked viral entry
into HEK293 cells without affecting transduction (23). Likewise,
another study found that a powerful dominant negative genetic
regulator of the clathrin-mediated endocytosis pathway could
only partially inhibit rAAV2 transduction of HeLa cells (�50%
inhibition) (19). In considering the present studies, our data
uniquely draw together the seemingly disparate results from pre-

FIG 5 CDC42 inhibition and PAK1 knockdown enhances rAAV transduction
of HepG2 cells. (A) HepG2 cells were treated with CDC42 inhibitor ML141 at
various doses along with AAV2-CBA-Luc (1e5 vg). (B and C) HepG2 cells were
either left untreated or transfected with control or PAK1 siRNA. Forty-eight
hours later, cells were harvested for SDS-PAGE and Western blotting against
PAK1 and loading control (B), or 30 h later cells, were treated with 1e5 MOI
AAV2-CBA-Luc (C). For both ML141 and PAK1 knockdown experiments, 18
h after vector delivery, cells were lysed and luciferase activity was determined
relative to protein content. Error bars represent standard errors. Statistical
significance was determined using ANOVA. **, P � 0.01; ****, P � 0.0001.

FIG 6 Macropinocytosis inhibitors enhance AAV transduction of HepG2 cells independent of effects on second-strand synthesis. Single-stranded (SS) AAV2-
CMV-GFP, 1e5 vg, or self-complementary (SC) AAV2-CMV-GFP, 1e3 vg (or no virus [NV]), was delivered to HepG2 cells incubating in EIPA (10 �M) or a
vehicle. Eighteen hours later, cells were analyzed by flow cytometry for GFP mean fluorescence intensity (MFI) (A) and percent GFP-positive cells (B).
Representative photomicrographs of scAAV2 GFP expression with and without EIPA (C) were captured using a fluorescence microscope immediately prior to
cell dissociation, using identical capture settings. Error bars represent standard errors. Statistical significance was determined using ANOVA (Dunnett’s
multiple-comparison test), comparing EIPA- and NV-treated groups to the vehicle- and virus-treated group. **, P � 0.01; ****, P � 0.0001.
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vious research in the field. For instance, our observed effect of
EIPA inhibiting HeLa transduction by rAAV2 was noted previ-
ously by one group (23), whereas inhibition of the same by cy-
tochalasin D was noted by another (21). Thus, the present data
may provide the starting point for a unified theory of rAAV trans-
duction in cells, which is inclusive of previous discoveries and is
predicated on a new concept for rAAV trafficking: divergent in-
fectious pathways of the virus between cells.

Our findings from three different macropinocytosis-related
inhibitors— cytochalasin D, EIPA, and ML141—support the
macropinocytosis-related pathway as playing a significant role in
rAAV transduction of HeLa cells, across multiple rAAV serotypes.
While there are limitations to our interpretation of EIPA as an
inhibitor of viral transduction in these cells due to a decrease in
transfected plasmid expression, these data support previous find-
ings of macropinocytosis-based processes involved in HeLa cell
rAAV trafficking (21), without ruling out the possibility of com-
plementary clathrin-mediated or CLIC/GEEC pathway involve-
ment in transduction. Perhaps the more novel aspect of this study,
however, is that infectious entry of rAAV into hepatocellular lines

HepG2 and Huh7 is substantially bolstered by macropinocytosis
inhibition. The finding does not appear to be serotype specific, as
the same relative enhancing effects were seen regardless of rAAV cap-
sid (despite there being a substantial absolute difference in transduc-
tion of cells depending on virus encapsidation). We were able to
replicate the transduction-enhancing effects of pharmacological in-
hibitors on HepG2 cells by knocking down a key effector protein,
PAK1, in these cells. Not only did this genetic manipulation support
our drug-related findings but also, taken in conjunction with the
effects of CDC42 inhibition, it may begin to outline an active but
nonproductive rAAV entry/trafficking pathway in certain cells.

As the effect of the macropinocytosis-inhibiting drugs was aug-
mentative to rAAV transduction in hepatocellular lines, the chem-
ical inhibitors might be seen as inducing a homeostatic effect of
upregulating another viral entry pathway when a particular entry
pathway is shut down. Such a phenomenon of shifted endocytosis
pathways in cells has been previously proposed (60), based on the
observation that inhibition of a clathrin-mediated entry pathway
leads to upregulation of a pinocytic one. Such a mechanism may
be necessary to maintain an exchange of solutes with the extracel-

FIG 7 Effect of EIPA on trafficking of AAV2 in HepG2 cells. HepG2 cells were given ice-cold medium containing 1e5 vg of Cy5-labeled AAV2 (or no virus for
mock-treated cells) and incubated at 4°C for 1 h, after which virus-containing medium was removed and replaced with warmed medium containing vehicle or
10 �M EIPA. After the designated time (30 min or 2 h), cells were paraformaldehyde fixed and mounted onto slides using a DAPI-containing mounting medium.
Photomicrographs were captured on a confocal microscope. (A) DAPI channel, Cy5 channel (with DAPI-stained nuclei circled), and combined DAPI and Cy5
channels in columns. (B) The dashed outline region of the Cy5 channel of virus-treated cells (A) was scaled larger so that intranuclear Cy5-AAV could be more
easily visualized. Scale bars represent 10 �m.
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lular milieu, and viral uptake patterns may be affected as a conse-
quence of this homeostatic shift. Compensatory upregulation of
an alternative entry pathway that is either more or less efficient for
infectious entry suggests the possibility for multiple infectious
pathways and/or for variability in transduction success garnered
from a given pathway. Macropinocytosis may be an inefficient
transduction pathway for rAAV in hepatocyte-like cells, and the
blocking of this inefficient route may prevent viral entry via the
inefficient pathway while upregulating another more “transduc-
tion-efficient” rAAV internalization pathway(s), such as the clath-
rin-mediated or CLIC/GEEC pathway.

Fitting with our in vitro hepatocellular transduction data, we
observed in vivo liver transduction enhancement by rAAV2 found
using either cytochalasin D or EIPA. The ability of these drugs to
lead to increased transduction in such a complex system in such a
preliminary study is highly encouraging for the use of similar,
refined augmentation strategies relying on manipulation of early
entry processes. While rAAV2 transduction in the liver was aug-
mented up to 4-fold, it was interesting to note no difference in the
total viral genomes found in liver tissue using either drug. In line
with the possibility of competing viral entry pathways, it would be
interesting for future studies to determine the nature of the liver-
based virions: i.e., whether the virions are intact and trapped at a
particular stage of trafficking. Importantly, not only did we ob-
serve enhancement of liver transduction by rAAV2, paralleling
that of hepatocyte-like cell lines in culture, but also we found an
inhibitory effect of EIPA on heart transduction. This demon-
strates that the macropinocytosis inhibitor’s effect on rAAV trans-
duction in vivo is cell and tissue specific and thus that the manip-
ulation of rAAV entry and early trafficking can be used as a
strategy to increase precision in tissue targeting. Follow-up studies
are under way to test whether other tissues (e.g., muscle, brain,
and retina via direct delivery) are also differentially responsive to
drugs targeting early viral entry pathways.

In conclusion, our study has demonstrated for the first time
that the inhibition of an rAAV entry pathway can be conducive to
higher-efficiency rAAV transduction in the cell. Further, we have
shown that infectious entry pathways can differ dramatically be-
tween host cells, providing a key branch point for interpreting
viral trafficking mechanisms and offering the potential for unifi-
cation between seemingly disparate findings across model cells
and organisms. Lastly, our proof-of-concept in vivo studies show
promise that viral entry pathways are targets for improving rAAV
delivery. Thus, our studies provide evidence for a novel means of
controlling rAAV delivery and enhancing specificity and trans-
duction efficiency, an approach that should allow for reduction in
vector load and potentially improve clinical safety and efficacy for
rAAV gene therapy.
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