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uring viral entry, viruses interact
Dwith various cellular structures and

use them to optimize the delivery of
the viral genome to the nucleus to promote
efficient viral replication.'* Understanding
virus trafficking requires elucidating the
interactions between the virus and the tar-
get cell, including the cellular proteins in-
volved and the viral infection routes; thus it
can aid in the development of novel designs
of therapeutic targets for controlling virus-
triggered diseases, as well as crucial insights
for improving virus-mediated gene deli-
very.>® Traditionally, to track single viruses
in live cells, organic fluorophores are used to
label and detect individual viruses.”~'°
However, one key concern for organic dyes
is their ability to fluorescently label viruses
in a way so that they are bright enough to
be detected and tracked. In addition, pro-
blems with metabolic degradation, or pho-
tobleaching of dyes, which is of great
concern in confocal imaging, have limited
their utility for long-term imaging of biolo-
gical processes.%'! The use of quantum dots
(QDs), which can offer remarkable bright-
ness and photostability and possess a wide
absorption spectrum and a narrow emission
spectrum,’?™"® can potentially mitigate
these concerns and allow for the develop-
ment of improved techniques for detecting
and studying viruses.

The adeno-associated virus (AAV), a small
nonenveloped virus that belongs to the
family of parvoviruses, has attracted con-
siderable interest because it shows great
promise for use in human gene therapy
due to its nonpathogenicity and diverse
tissue tropism with different AAV sero-
types.'® '8 However, the parameters gover-
ning the intracellular fate of AAV, even for
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ABSTRACT The unique spectral properties of semiconductor quantum dots (QDs) enable long-

term live-cell imaging and ultrasensitive detection of viral particles, which in turn can potentially

provide a practical means for detailed analysis of the underlying molecular mechanisms of virus

entry. In this study, we report a general method of labeling adeno-associated virus serotype 2 (AAV2)

with QDs for enhanced visualization of the intracellular behavior of viruses in living target cells. It

was found that the mild conditions required for this QD conjugation reaction allowed for the

retention of viral infectivity of AAV2. Furthermore, quantitative analysis of viral motility in living

cells suggested that QD-labeling had no significant effect on the intracellular transport properties of

AAV2 particles compared to those of conventional organic dye-labeled AAV2. Our imaging study

demonstrated that QD-AAV2 was internalized mainly through a clathrin-dependent pathway and

then trafficked through various endosomes. It was also observed that QD-AAV2 particles exploit the

cytoskeleton network to facilitate their transport within cells, and the labeling study provided

evidence that the ubiquitin—proteasome system was likely involved in the intracellular trafficking

of AAV2, at least at the level of nuclear transport. Taken together, our findings reveal the potential

of this QD-labeling method for monitoring the intracellular dynamics of virus—host cell interactions

and interrogating the molecular mechanisms of viral infection in greater detail.

KEYWORDS: quantum dot - adeno-associated virus - single-virus tracking -
intracellular trafficking - bionanotechnology - nanomedicine

the relatively well-characterized serotype 2
(AAV2), remain poorly understood. Although
amine-reactive dyes have been employed
to label AAVs,'%"92% one challenge in single-
virus tracking of AAV is the small size of
these viral particles (~20 nm in diameter),
which limits the number of fluorescent mole-
cules that can be attached on the virus
surface without causing a self-quenching
effect or affecting viral infectivity.%'° Utiliza-
tion of probes with greater photostability
and sensitivity can further facilitate detailed
trafficking studies, which are characteristics
that QDs can provide.'*'> As compared to
the conventional organic dyes, labeling
AAVs with the much brighter QDs can po-
tentially offer a means to detect viral
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Figure 1. Covalent attachment of QDs on AAV2 and characterization of QD-AAV2 conjugates. (A) QD-AAV2 networks are
generated by an amide bond formation between the carboxylic source on QDs and the primary amines from lysine residues
on the AAV capsid via the carbodiimide chemistry. (B) Transmission electron microscope (TEM) images of unconjugated
QD525 only (left), AAV2 only (middle), and QD525-labeled AAV2 (right). Arrows indicate QDs attached on AAV2. Scale bars
represent 30 nm. (C) HelLa cells (1 x 10°) were spin-infected with unlabeled (AAV2) or QD705-labeled viruses (QD705-AAV2).

The resulting GFP expression was analyzed by flow cytometry.

particles with a much lower load of the labeling
molecules, which can ensure a minimal disturbance
of virus—host interaction during virus trafficking.

We have previously developed a general method to
label enveloped viruses with QDs.>' Enveloped viruses
are surrounded by a lipid bilayer membrane, which is
obtained from the host cell membrane during the
budding process. Since circumstances that disturb
the membrane will also affect the envelope for these
viruses, more gentle and nondisruptive labeling stra-
tegies are needed. Therefore, our strategy to label
enveloped viruses with QDs was to incorporate a small
tag onto the surface of viruses through the natural
budding process. However, this labeling scheme is not
applicable to nonenveloped viruses. One strategy to
label nonenveloped viruses is through the genetic
insertion of functional motifs, although this method
can reduce viral production and infectivity.??*

In this report, we investigated a general strategy for
linking nonenveloped AAV2 viruses with QDs through
a carbodiimide coupling reaction (Figure 1A). AAV2
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virions are thought to be transported into the nucleus
before viral uncoating occurs,'®?** and it is generally
believed that nonenveloped viruses lacking a lipid
bilayer membrane such as AAV2 are structurally more
robust than enveloped viruses. Hence, it is conceivable
that the capsid of purified AAV2 can be targeted for
labeling by QDs to track the viral particle movements
within the target cell. Our present study demonstrates
the potential of this QD-labeling method for monitor-
ing the dynamic interactions between AAV2 and the
target cell structures in greater detail. This technique
could also be readily adapted to label other types
of nonenveloped viruses for use in virus trafficking
studies.

RESULTS AND DISCUSSION

Our strategy to label adeno-associated virus with
QDs utilizes a coupling reaction that operates under
mild conditions, as illustrated in Figure 1A. QD-AAV2
networks were produced by covalent amide bonds for-
med via carbodiimide chemistry between the carboxylic

VOL.5 = NO.5 = 3523-3535 = 2011

ACSINJAINIY
) W

WWww.acsnhano.org

3524



moieties on the QDs and the primary amines from the
lysine residues on the viral capsid protein. The carboxyl
QDs were incubated with 1-ethyl-3-[3-dimethylamino-
propyl] carbodiimide hydrochloride (EDC) and N-hy-
droxysuccinimide (NHS) to modify the carboxyl group
into an amine-reactive NHS ester. Next, the excess EDC
and NHS were removed by a gel filtration column, and
AAV2 was added to provide the primary amine source
to initiate the coupling reaction. We first performed
assays to examine whether QDs could be conjugated
to the surface of AAV2. Transmission electron micro-
scope (TEM) analysis showed that the size of individual
QDs was approximately 6—7 nm in diameter (Figure 1B,
left). The TEM images also suggested that around two to
four QDs were detected on a single AAV2 particle
(Figure1B, right). In addition, the number of QDs linked
to AAV2 was also determined by measuring the spectro-
scopic property of the purified QD-labeled AAV2. The
measurement indicated an average dye-to-protein ratio
(QDs/AAV2 molar ratio) of approximately 2.2. Further-
more, the hydrodynamic radii of QDs, AAV2, and QD-
AAV2 in aqueous solutions were measured by dynamic
light scattering (DLS), and the results revealed that
there was an increase in the mean radius of QD-AAV2
(69.9 nm) compared to that of AAV2 (344 nm), as
expected, suggesting that significant aggregation is
negligible in QD-AAV2 networks (see Supporting Infor-
mation, Figure S1). It is noteworthy that the value of the
hydrodynamic radius is generally larger than the size
detected by TEM due to the influence of the counterion
cloud on the particle mobility>> and, especially, the
intrinsic aggregation tendency of AAV particles in
aqueous solutions.?®?” A fluorescence measurement
showed that there was a slight red-shift (1 nm) of
the emission wavelength for QD-AAV2 in comparison
with that of QDs alone (Figure S2B), which has also
been observed in QD-encapsulated/attached plant
viruses.”®?° We further confirmed that the QDs were
coupled to AAV2 by overlaying the particle solution
onto coverslips and immunostaining the adhered viral
particles with an antibody specific for intact AAV2. The
fluorescence signal of the QDs on the viral surface was
readily detected, and most of the QD signals (>75%)
were co-localized with the signals generated by the
anti-AAV2 antibody staining, which was confirmed by
calculating the centroid-to-centroid distance (approxi-
mated 9—30 nm) between red (AAV2) and green (QDs)
signals (Figure S2A). Next, to examine whether the QD-
labeled viruses remained infectious, unlabeled or
QD705-labeled AAV2 carrying a green fluorescent
protein (GFP) reporter gene was used to infect Hela
cells. It was also found that a similar level of transduc-
tion efficiency to that measured by the expression of
GFP reporter gene using flow cytometry (Figure 1C)
and integrated mean fluorescence intensity (iMFI),
which reflects the total intensity of GFP signals from
the virus-transduced cells (Figure S2C), was obtained
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for the labeled and unlabeled viruses, suggesting that
this QD-labeling strategy had a minimal effect on the
viral infectivity.

To examine the photostability of QD-labeled viruses
compared to that of fluorescent dye-labeled viruses,
QD705- or fluorescein isothiocyanate (FITC)-labeled
AAV2 was co-incubated with Hela cells for 30 min at
37 °C. The cells were then fixed and illuminated con-
tinuously with a laser at 491 nm (50 mW) to excite the
QD705 and FITC. As shown in Figure S3A and S3B and
Movie ST in the Supporting Information, the dye-labeled
AAV2 showed marked photobleaching, whereas the QD-
labeled AAV2 retained its fluorescent signal during the
imaging, confirming that the photostable QDs are better
fluorescent probes for long-term and real-time imaging
of single AAV2 viruses in living cells.

For a multicolor real-time imaging study, it is always
desirable to acquire images with exposure times as
short as possible to obtain sufficiently high time reso-
lution to monitor the detailed dynamics of virus traf-
ficking in living cells. However, AAV2 virions are very
small, limiting the number of fluorescent dyes that can
be attached on a single virus without affecting viral
infectivity, which sets an upper limit to the exposure
time needed to detect the fluorescent signal emitted
from such a tiny virus. Therefore, we compared the
detection sensitivity of the QD-labeled AAV2 particles
with dye-labeled AAV2 by acquiring images of the
same region of cells with different exposure times. As
expected, the QD signal was much brighter and could
be detected at a shorter exposure time (Figure S3C).
Thus, the use of QDs can potentially present advan-
tages for fast multicolor time-lapse imaging due to
their remarkable brightness and sensitivity as com-
pared with conventional organic fluorophores.

Although QDs hold several advantages over con-
ventional organic dyes, it is important to determine
whether QD conjugation to biomolecules and biologi-
cal particles alters their intracellular transport proper-
ties. 3% 32 To investigate whether the intracellular viral
motility can be affected by QD-labeling, the move-
ments of individual labeled particles were monitored in
living cells by real-time imaging, and viruses labeled
with a fluorescent dye, which has been commonly
used for labeling nonenveloped viruses, were used
for comparison. Various types of intracellular move-
ments of viral particles were detected during imaging,
and representative trajectories of QD- or Alexa488-
labeled AAV2 in Hela cells are shown in Figure 2A.
On the basis of the two-dimensional data analysis of
the three-dimensional AAV2 particle trafficking, we
found that many particles exhibited relatively slow
movement (e.g., the purple and green trajectories in
Figure 2A and B), while some particles showed fast and
directed transport (e.g., the red and blue trajectories in
Figure 2A and B). No significant difference in viral
speed and movement patterns was observed between
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Figure 2. Quantitative analysis of the intracellular viral motility of QD-labeled and Alexa488-labeled AAV2. (A, B)
Representative trajectories of Alexa488- and QD-labeled AAV2 trafficking in HelLa cells. Hela cells were incubated with
Alexa488-labeled or QD-labeled AAV2 for 10 min at 37 °C, after which confocal time-lapse images were then recorded. Typical
trajectories for Alexa488-AAV2 and QD-labeled AAV2 are presented (A), and the time trajectories of the viral velocity are
shown (B). (C) Fraction of trajectories of Alexa488-AAV2 and QD-AAV2 that are categorized as “slow undirected”, “fast
undirected”, and “fast directed” as defined in the text. Error bars represent the standard deviation of the mean from triplicate
experiments (total 595 trajectories). (D—G) Mean-square displacement (MSD) and diffusion coefficient analysis of the directed
transport subgroup and the undirected transport subgroup. A large number of viral particles within the cytoplasm (~50
trajectories, ~900 frames) were tracked and further analyzed. MSD versus time for the directed transport (D) and for the
undirected transport subgroup (F) were plotted. The diffusion coefficients of the directed transport (E) and the undirected
transport (G) subgroups were calculated from the slope of the MSD plot.

Alexa488- or QD-labeled AAV2. For a more detailed
characterization of their intracellular motility, we
tracked a large number of viral particles within the
cytoplasm and analyzed their mean-square displace-
ment (MSD) and diffusion coefficient. We observed
diverse types of viral movements. In our analysis, the
trajectories having a peak speed = 2 um/s and contain-
ing unidirectional movement in more than five con-
secutive frames were defined as directed transport,
trajectories with fast (=2 um/s) but undirectional mo-
tions were defined as fast undirected transport, and
trajectories with slow (<2 um/s) and undirectional
motions were defined as slow undirected transport.
Using these definitions, 10.1% of Alexa-AAV2 trajec-
tories and 8.7% of QD-AAV?2 trajectories were fast and
directed, 27.6% of Alexa-AAV2 trajectories and 22.8%
of QD-AAV2 trajectories were fast but undirected,
whereas the remaining were slow undirected transport
(Figure 2C). The directed transport subgroup of
Alexa488- and QD-labeled AAV2, which exhibited a
parabolic shaped MSD curve with time and likely
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involved microtubule-dependent movement,'® sho-
wed similar patterns for MSD and diffusion coefficient
distribution (Figures 2D and E and S4A). On the other
hand, the undirected subgroup including slow and fast
motions showed a linear dependency of MSD with
time, indicating normal diffusion and no significant
distinction in MSD and diffusion coefficient distribution
between Alexa488- and QD-labeled AAV2 (Figures 2F
and G and 54B). Thus, these experiments suggest that
the intracellular transport properties of AAV2 are not
significantly altered by the QD conjugation.

In the subsequent series of investigations, we con-
ducted experiments to demonstrate the utility of this
QD-labeling method for trafficking studies of AAV2. It
has been generally believed that AAV2 enters cells
through clathrin-coated pits in a dynamin-dependent
manner.>® To confirm the role of clathrin- or caveolin-
mediated endocytosis in the entry of AAV2, we visua-
lized the individual viral particles and endocytic struc-
tures (clathrin or caveolin) in target cells after 5 or
15 min of incubation at 37 °C. As shown in Figure 3A
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Figure 3. Clathrin/caveolin-dependent entry of AAV2. (A, B) Hela cells were incubated with QD-labeled AAV2 for 30 min at
4 °C to synchronize infection. The cells were then shifted to 37 °C for 5 or 15 min, fixed, permeabilized, and immunostained
with anticlathrin (A) or anticaveolin-1 antibody (B). The boxed regions are enlarged in the right panels. Scale bar represents
5 um. (C) Quantification of QD-AAV2 co-localized with clathrin or caveolin-1 signals after 5 or 15 min of incubation. Co-
localization coefficients were calculated using Manders' overlap coefficient by viewing more than 10 cells at each time point
using the Nikon NIS-Elements software. Error bars represent the standard deviation of the mean from analysis of multiple
images. (D—F) Real-time monitoring of QD-AAV2 internalization through the clathrin-coated pit. HeLa cells seeded on a glass-
bottom dish were transiently transfected with mRFP-clathrin (red). At 24 h post-transfection, the cells were incubated with
QD-labeled AAV2 (green) for 30 min at 4 °C and were then warmed to 37 °C to initiate virus internalization. Confocal time-
lapse images were then recorded. A representative trajectory of QD-AAV2 in Hela cells expressing mRFP-clathrin (D) and
selected frames of the real-time imaging (E) are presented. (F) Kinetics of the fluorescence intensity of mRFP-clathrin (red) and
diffusion coefficients (blue) of AAV2 particle indicated by the white circle is shown. Scale bar represents 2 um. (G) Inhibition of
low pH-dependent endosomal processing by bafilomycin A1 (BAF, 50 nM), clathrin-dependent internalization by chlorpro-
mazine (CPZ, 25 ug/mL), caveolin-dependent internalization by filipin (5 #g/mL), or depletion of cholesterol by methyl-beta-
cyclodextrin (M3CD, 15 mM). Hela cells were preincubated with the indicated drugs at 37 °C for 30 min except for M3CD
(15 min). The cells (1 x 10°) were spin-infected with unlabeled or QD-labeled AAV2 in the presence of drugs (BAF, CPZ, and
filipin) or in the absence of drug (MSCD). After an additional 3 h of incubation with drugs (BAF, CPZ, and filipin) at 37 °C, the
cells were washed with PBS and replenished with fresh media. The percentage of GFP-positive cells was analyzed by flow
cytometry. Error bars represent the standard deviation of the mean from triplicate experiments. Asterisk indicates
comparison to the no drug treatment group (*p < 0.05).

and C, a significant level of co-localization (56% =+
4.0%) of AAV2 particles with discrete clathrin structures
was detected. After incubation for 15 min, less co-
localization of AAV2 with the clathrin structures was
observed (33.4% =+ 4.4%), suggesting that many of the
viruses had already been dissociated from uncoated
clathrin vesicles and had likely been transported to
early endosomes. Although some particles were over-
laid with caveolin structures, a marked level of co-
localization was not observed for both 5 and 15 min
incubations (<25%) (Figure 3B and C). These imaging
results were further confirmed by drug-inhibition as-
says (Figure 3G). Chlorpromazine is a drug known to
prevent clathrin polymerization and inhibit internaliza-
tion mediated by clathrin-coated vesicles** while
filipin is a cholesterol-binding reagent that blocks
caveolin-dependent internalization.*® It was found that
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10 ug/mL chlorpromazine could significantly inhibit
AAV2 infection of 293T cells, whereas filipin (5 ug/mL)
exhibited no inhibitory effect, confirming that the
entry of AAV2 is mediated by clathrin-dependent
endocytosis and that caveolin might not be involved
in the productive infection process. Another experi-
ment revealed that AAV2 entry is dependent on low
pH-associated endosomal processes, as a significant
inhibition of infection was seen when the cells were
treated with bafilomycin A1 (BAF) (Figure 3G), a specific
inhibitor of vacuolar proton ATPases.>® It also appeared
that cholesterol on the target cell membrane is not
associated with the AAV2 infection pathway because
the depletion of cholesterol with methyl-beta-cyclo-
dextrin (MBCD) had little impact on the infectivity of
AAV2 (Figure 3G).>”*® No significant difference in inhi-
bitory effect of drugs on virus infection was observed
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Figure 4. Trafficking of QD-AAV2 through various endosomes. (A—D) Hela cells were incubated with QD-AAV2 (green) for
30 min at 4 °C to synchronize infection and were then shifted to 37 °C for 15 or 30 min. The cells were fixed, permeabilized, and
immunostained with antibodies against EEA1 (red) and CI-MPR (blue) (A, B) or EEA1 and Rab11 (blue) (C, D). The boxed regions
are enlarged in the right panels. Scale bar represents 5 um. (E) Quantification of QD-AAV2 co-localized with EEA1*, CI-MPR™,
Rab11", EEA1TCI-MPR™, or EEA1"Rab11" endosomes after 15 or 30 min of incubation. (F) Functional involvement of
endosomes in the AAV2 transduction. 293T cells transiently transfected with the wild-type or dominant-negative mutant
form of Rab5, Rab7, or Rab11 were infected with unlabeled AAV2. The percentage of GFP-positive cells was analyzed by flow
cytometry. Error bars represent the standard deviation of the mean from triplicate experiments.

between unlabeled and QD-labeled AAV2, suggesting
that the infection pathway of AAV2 is not significantly
altered by the QD conjugation.

To monitor the interactions between AAV2 and the
clathrin structures in real time, QD-labeled viruses were
incubated with Hela cells expressing clathrin fused
with red fluorescent protein (mRFP-clathrin), followed
by live-cell imaging conducted using time-lapse spin-
ning confocal microscopy (see Supporting Informa-
tion, Movie S2). A representative trajectory of QD-
AAV2 and selected images obtained from the time
series are shown in Figure 3D and E. The viral particle
(green) was initially co-localized with the clathrin signal
(red). This co-localization was maintained for ~45 s,
and the clathrin signal then rapidly disappeared, sug-
gesting that the virus was dissociated from the un-
coated clathrin vesicle (Figure 3E and F). While the
particle remained co-localized with the clathrin signal,
the instantaneous diffusion coefficients of the viral
particle were significantly lower compared to those
after dissociation from the clathrin signal (Figure 3F),
suggesting that the viral particle entered through the
confined region of the clathrin-coated pit into the cell.

Next, we demonstrated whether AAV2 particles
traffic through various endosomal compartments
using a co-localization experiment with early endo-
some antigen 1 (EEA1),?9*° cation-independent
mannose 6-phosphate receptor (CI-MPR),”***" and
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Rab11%%*® as the early endosome, late endosome,
and recycling endosome markers, respectively. After
15 min of incubation at 37 °C, the acquired images
showed that ~40% of the viral particles (n = 320) were
observed in endosomes positive for EEAT, but no
significant co-localization of viruses with CI-MPR or
Rab11 was detected (Figure 4A and C). At 30 min, a
small fraction of the viral particles was co-localized with
EEA1, but approximately 30.8% (n = 159) of the parti-
cles were seen in late endosome (CI-MPR, Figure 4B)
and ~26.4% (n = 140) in the recycling endosome
(Rab11, Figure 4D). Some viruses were observed in
endosomes that were positive for both EEA1 and Cl-
MPR or EEA1 and Rab11, which might be interpreted to
be intermediates transitioning into the late or recycling
endosomes. These imaging results suggest that AAV2
is trafficked from early endosomes to both late and
recycling endosomes. The quantification of viral parti-
cles co-localized with EEA1, CI-MPR, and Rab11 is
shown in Figure 4E.

To further investigate whether viral trafficking into
the early, late, and recycling endosomal compartments
is functionally required for AAV2 transduction, the
dominant-negative mutants of Rab proteins were used
to disable either the early (Rab5),** the late (Rab7),** or
the recycling (Rab11)*® endosome function. 293T cells
transfected with either the wild-type or the dominant-
negative form of Rab proteins (Rab5, Rab7, or Rab11)
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were incubated with unlabeled or QD-labeled AAV2. As
shown in Figure 4F and Figure S6, expression of the
Rab5 dominant-negative mutant reduced the trans-
duction rate by ~70% as compared to the transduction
of wild-type Rab5-expressing cells, suggesting that
most of the AAV2 must travel to early endosomes for
successful infection. The reduced transduction rate in
293T cells expressing the dominant-negative mutant
form of Rab7 or Rab11 further indicated that the
productive transduction pathways are associated with
the functional transport of AAV2 to the late and
recycling endosomes. These similar trafficking results
for the functional involvement of endosomes in virus
transduction between unlabeled and QD-labeled
AAV2 further indicate that the endosomal transport
of AAV2 is not significantly affected by the QD labeling.

It has been shown that the microtubule network
and/or actin filaments can facilitate the migration of
AAV2 to the nucleus through a drug inhibition study.*’
However, another recent study analyzed the effect of
microtubule-altering drugs and reported that AAV2
could transduce Hela cells in a dynein- and microtu-
bule-independent fashion.*® The reason for this dis-
crepancy is not clear, but it is generally believed that
the disruption of microtubule or actin filaments by
drugs may also inhibit the trafficking of other vesicles
in the cell.?* To provide a better understanding of the
functional involvement of the cytoskeletons in the
intracellular transport of AAV2, we examined the inter-
actions between QD-labeled AAV2 and microtubules/
actin filaments in cells. First, to examine whether
cytoskeletons are involved in facilitating intracellular
transport of AAV2 within cells, we conducted a co-
localization experiment using antibodies specific to
microtubules and actin filaments in fixed cells. The
results of the co-localization study using a tubulin-
specific antibody and rhodamine-conjugated phalloi-
din suggested that approximately 41% of AAV2 parti-
cles were detected on microtubules and ~14.5% of
particles on actin filaments in fixed cells (total ~200
particles), implying that AAV2 particles could travel
along microtubules and actin filaments (Figure 5A). We
further characterized the microtubule-mediated trans-
port of AAV2 by real-time monitoring of QD-labeled
AAV2 particles in Hela cells expressing GFP tubulin
(see Supporting Information, Movie S3). Analysis of the
live-cellimaging experiment suggested that the micro-
tubule-mediated movement of AAV2 was rapid and
directional toward the nucleus (up to 2.3 um/s),
although this was observed only for a small fraction
of the viral particles (<10%) (Figure 5B and D and
Supporting Information, Movie S4). Microtubule-inde-
pendent movement of the viral particles was also
observed, which was likely due to diffusion-associated
transport (Figure 5C and E and Supporting Information,
Movie S5). We also visualized the actin-mediated
virus internalization into cells by live-cell imaging of
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QD-labeled AAV2 in Hela cells expressing GFP-actin
(see Supporting Information, Movie S6). We observed
that the QD-labeled AAV2 particles were moving to-
ward the cell body along highly dynamic cell surface
protrusions such as filopodia, which are actin-rich
structures.*® However, it was difficult to clearly visua-
lize actin-dependent transport of the viral particles
inside the cell body because our current live-cell
imaging procedure failed to resolve individual actin
structures fluorescently labeled with GFP-actin in living
cells, although actin structures were clearly visualized
with rhodamine-conjugated phalloidin in fixed cells.
We are developing new protocols aiming to improve
the live-cell imaging capacity for visualizing actin-
dependent movement of AAV2 within living cells.

To further validate the result from the confocal
imaging of QD-AAV?2 trafficking through cytoskeletons,
the effect of cytoskeleton-disrupting drugs on viral
motility was evaluated (Figure S7). Treatment of cells
with nocodazole depolymerizes microtubules and
moderately reduces the motility of QD-AAV2, but
remarkably, no directed transport was observed in
nocodazole-treated cells (Figure S7B and S7E). The
cytochalasin D (Cyto-D) treatment, which perturbs
the actin cytoskeleton, resulted in greater reduction
of the viral motility (Figure S7C and S7F). The drug
inhibition results support the functional involvement
of microtubules and actin filaments in the intracellular
transport of AAV2.

It is generally believed that AAV2 must escape from
endosomes into the cytoplasm and then subsequently
be trafficked to the nucleus.>**° It has been suggested
that the ubiquitin—proteasome pathway is likely to be
involved in this intracellular processing of AAV2.
Although it remains unclear which mechanism is trig-
gered by the treatment with proteasome inhibitors,
many studies have shown that the inhibition of protea-
some activity resulted in an enhanced level of AAV
transduction.”’ >3 Furthermore, it was demonstrated
that both AAV2 and AAV5 capsid proteins are sub-
strates for ubiquitination, and interestingly, the level of
capsid ubiquitination was significantly increased in the
presence of the proteasome inhibitor.>’

These prior studies prompted us to further investi-
gate the functional involvement of the ubiquitin—pro-
teasome system in the AAV2 entry pathway. As expec-
ted, treatment with the proteasome inhibitor (MG132)
markedly augmented the transduction efficiency of
AAV2 in Hela cells (Figure 6A). However, the enhanced
transduction does not seem to be a direct effect of
blocking AAV genome degradation in the presence of
the proteasome inhibitor; no significant change was
observed in the intracellular viral genome copy num-
ber in infected cells treated with or without MG132 at
24 h postinfection (Figure 6B), which is consistent with
the previous reports.>'* Additionally, the enhanced
transduction could not be a result of a modulation in
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Figure 5. Cytoskeleton-mediated AAV2 transport. (A) QD-labeled AAV2 (blue) was incubated with HeLa cells for 30 min at 37 °C.
The cells were then fixed, permeabilized, and stained for microtubules (green) and actin filaments (red) with the monoclonal
antibody to a-tubulin and rhodamine-conjugated phalloidin, respectively. The boxed regions are enlarged in the right panels.
(B—E) Live cell imaging of microtubule-dependent or microtubule-independent movement of QD-AAV2. Hela cells were

transiently transfected with GFP-o-tubulin. At 24 h post-transfection, the cells were incubated with QD-labeled AAV2 (green)
for 30 min at 4 °C and were then warmed to 37 °C for 15 min. Confocal time-lapse images were then recorded. A representative
trajectory and viral velocity of microtubule-dependent (B, D) and microtubule-independent movement (C, E) of QD-AAV2 are

shown. Scale bars represent 5 um.

the second-strand genome synthesis caused by the
proteasome inhibitor.>*>** Instead, our confocal images
showed that particle numbers accumulated in the
nucleus were remarkably increased in MG132-treated
cells (Figure 6D and E). Also, quantification of the viral
genome copies isolated from the cytoplasmic and
nuclear fractions of the infected cells confirmed that
the accumulation of viral genomes in the nucleus was
significantly enhanced in the presence of MG132 with-
out a marked change in the total number of intracel-
lular viral genomes (Figure 6C). Our imaging and
genome quantification studies imply that modulation
of the ubiquitin—proteasome system might alter the
intracellular trafficking of AAV2, at least, in terms
of facilitating the nuclear translocation of viruses.
Although the detailed effects of proteasome inhibitor
on the intracellular processing of AAV2 remains to be
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further studied, the enhanced nuclear uptake of AAV2
could possibly be correlated with the increased level of
capsid ubiquitination observed with the use of the
proteasome inhibitor,>’ suggesting that the extent of
capsid ubiquitination might be critical in modulating
the intracellular fate of AAV2.

To summarize, the goal of this study was to develop
and evaluate a general method to label nonenveloped
viruses with QDs via the carbodiimide chemistry. By
the use of this method, AAV2 were successfully labeled
with QDs, which subsequently enabled us to monitor
viral behaviors in living cells in a more detailed manner.
It was demonstrated that the use of QDs could poten-
tially offer advantages for long-term imaging and fast
and multicolor time-lapse imaging due to their remark-
able photostability and brightness compared to con-
ventional organic fluorophores. As a demonstration of
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Figure 6. Enhanced nuclear uptake of AAV in the presence of the proteasome inhibitor. (A) HeLa cells were pretreated with
MG132 (25 uM) for 30 min at 37 °C and then spin-infected with AAV2 in the presence of MG132. After an additional 3 h of
incubation with MG132 at 37 °C, the cells were washed with PBS and resupplied with fresh media. The resulting GFP
expression was analyzed by flow cytometry at 3 days postinfection. (B) Quantification of the intracellular viral genome copy
number in infected cells with or without MG132 at 24 h postinfection. (C) Quantification of intracellular viral genomes isolated
from the cytoplasmic and nuclear fractions in infected cells with or without MG132 at 24 h postinfection. Error bars represent
the standard deviation of the mean from triplicate experiments (*p < 0.05). (D, E) Enhanced nuclear translocation of QD-AAV2.
Hela cells were incubated with QD-AAV2 (green) for 18 h at 37 °C with (E) or without MG132 (D). The cells were then fixed,
permeabilized, and counterstained with TO-PRO-3 (blue). Scale bars represent 5 um.

the utility of the QD-labeled AAV2, we investigated the
entry mechanism of AAV2 by visualizing the interac-
tions of single viral particles with endocytic structures
in living cells. This study suggested that AAV2 is
internalized into cells mainly via a clathrin-dependent
pathway and is trafficked through the early, late, and
recycling endosomes. Ding et al. demonstrated that
AAV2 traffics through both late and recycling endo-
somes in a dose-dependent manner.?° From our con-
focal imaging at the dose of ~1000 genomes/cells, we
observed that QD-AAV2 traffics through both late and
recycling endosomes. However, at a lower dose of
AAV2, we also found that QD-AAV2 particles were
much less co-localized with the recycling endosomal
markers.

Furthermore, real-time imaging suggested that
AAV2 exploits the cytoskeleton network to facilitate
viral transport within cells. It was also demonstrated
that the ubiquitin—proteasome system likely plays an
important role in the intracellular trafficking of AAV2, at
least at the level of the nuclear transport. This entry
route of QD-labeled AAV2 is similar to that of organic
dye-labeled AAV2 studied by us (Figure S5) and
others.?° In addition, our quantitative analysis of the
viral motility of QD- or dye-labeled AAV2 also revealed
that the intracellular transport properties are not
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significantly different, suggesting that the QD-labeling
procedure does not significantly affect the infection
pathway and the intracellular trafficking properties of
AAV2.

Recent studies have suggested that QD-labeling
could possibly alter the uptake mechanism and intra-
cellular trafficking of some ligands and TAT pep-
tides.3%3" For example, one study showed that the
QD-labeled TAT peptide is internalized into cells via
lipid-raft-dependent macropinocytosis, which is differ-
ent from the clathrin-dependent pathway used by dye-
labeled TAT peptides.3'>® However, it was also re-
ported that the internalization process of TAT fused
with GFP was different from that of dye-labeled or
unconjugated TAT,>”*® suggesting that the different
entry pathway of the QD-labeled TAT peptide might
not be solely caused by the QD conjugation. In con-
trast, it was demonstrated that QD-labeled simian virus
40 (SV40) entered cells via caveolae-mediated endo-
cytosis and was transported to the endoplasmic reti-
culum (ER),>® which is a known entry route for the wild-
type SV40 virus®® A comparative study between
organic dyes and QDs for the surface trafficking of a
neurotransmitter receptor also revealed that the diffu-
sion properties of individual receptors labeled with
organic dyes or QDs were not significantly different.’’
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There are several studies in the literature showing that
QD-labeling is a great tool for revealing the intracellular
trafficking of ligands and receptors.’ % Thus, we
predict that in the near future QDs will be also success-
fully utilized for single-virus tracking studies to inves-
tigate the molecular mechanisms of viral infections. It is
noteworthy that the proper labeling conditions (molar
ratio, incubation time, etc.) are important for QD-label-
ing to avoid blocking of the functions of ligands or
viruses. We found that under improper labeling con-
ditions we were able to label AAV2 with QDs, but the

MATERIALS AND METHODS

Cell Lines, Antibodies, and Reagents. HEK-293, HEK-293T, and
Hela cells were maintained in a 5% CO, environment with
Dulbecco's modified Eagle medium (Mediatech, Inc., Manassas,
VA) supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO)
and 2 mM L-glutamine (Hyclone Laboratories, Inc.,, Omaha, NE).
The mouse monoclonal antibody against the intact AAV2
(clone: A20) was obtained from American Research Products,
Inc. (Belmont, MA). The mouse monoclonal antibodies against
clathrin and caveolin-1 and the rabbit polyclonal antibody
specific to CI-MPR were purchased from Abcam (Cambridge,
MA). The mouse monoclonal anti-EEA1 antibody and the rabbit
polyclonal anti-Rab11 antibody were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). The mouse mono-
clonal antibody to a-tubulin was obtained from Sigma-Aldrich.
The rhodamine-conjugated phalloidin, Texas red-conjugated or
Alexa488-conjugated goat anti-mouse immunoglobulin G (IgG)
antibody, and Alexa647-conjugated goat anti-rabbit IgG anti-
body were purchased from Invitrogen (Carlsbad, CA). Bafilomy-
cin A1, chlorpromazine, filipin, MG132, and MBCD were obtained
from Sigma-Aldrich. 1-Ethyl-3-[3-dimethylaminopropyl] carbodii-
mide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were
purchased from Thermo Scientific (Rockford, IL).

Plasmids. The plasmid encoding the dominant-negative
mutant of DsRed-Rab7 (Rab7T22N) was generated by site-
directed mutagenesis as described.** The constructs for mRFP-
clathrin, wild-type and dominant-negative forms of DsRed-Rab5,
DeRed-Rab7, and DeRed-Rab11, and GFP-a-tubulin were pur-
chased from Addgene (Cambridge, MA). The pAcGFP1-actin
plasmid was obtained from Clontech (Palo Alto, CA).

Virus Production. Recombinant AAV2 vectors were produced
in HEK-293 cells as previously described.®® Fifty 15 cm dishes of
subconfluent 293 cells were triple-transfected with 650 ug each
of AAV2 cis-plasmid carrying a GFP reporter gene under the
control of the CMV promoter and AAV2 trans-plasmid contain-
ing the AAV2 rep and cap genes and 1300 ug of the adenovirus
helper plasmid pAF6 using the calcium phosphate precipitation
method. After overnight incubation, the medium was replaced
with fresh D10 media, and the cells were harvested at 3 days
post-transfection, followed by three cycles of freeze and thaw.
Viruses were then purified by cesium chloride gradient density
centrifugation® at 25 000 rpm and 15 °C for 20 h (Optima L-90 K
Ultracentrifuge, SW-28 rotor, Beckman Coulter, Brea, CA). Frac-
tions containing AAV2 determined by refractive index were
further desalted in PBS using an Amicon Ultra 100,000 MWCO
centrifugal filter device (Millipore, Billerica, MA).

QD-Labeling of AAV2. To modify the carboxyl group to an
amine-reactive NHS ester, 30 pmol of carboxyl QD525 or
QD705 (~10 nm diameter, Invitrogen) was incubated with
100 nmol of EDC and 150 nmol of NHS for 15 min at room
temperature. The excess EDC and NHS were then removed by a
gel filtration column. The resultant QDs were incubated with
purified AAV2 (1 x 10'° particles) for 2 h at room temperature.
The reaction was then quenched by adding 50 mM Tris buffer.
To remove unreacted QDs, the labeling mixture was further
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labeling resulted in significant inhibition of viral infec-
tivity. Finally, it should be noted that our QD-labeling
scheme reported in this study of AAV2 can be readily
applied to labeling other nonenveloped viruses. Com-
bined with our previous report on the QD-labeling of
enveloped viruses,?’ we have now established a com-
plete tool set to utilize QDs to detect and monitor virus
trafficking during infection. These labeling methods
are expected to provide useful platforms for elucidat-
ing the molecular details of entry for many kinds of
nonenveloped and enveloped viruses.

purified via the FPLC system (Bio-Rad BioLogic Duo Flow) using
a HiTrap Heparin HP column (GE Healthcare). To label AAV2 with
organic dyes, purified AAV2 (1 x 10'" particles) was incubated
with 50 nmol of FITC-NHS (Pierce, Rockford, IL) or Alexa488-TFP
ester (Invitrogen) for 2 h in 0.1 M sodium bicarbonate buffer
(pH = 9.3). Unbound dye molecules were removed via buffer
exchange into PBS (pH = 7.4) using a gel filtration column. For
the spectroscopic measurement to determine the number of
QDs bound to AAV2, the conjugate concentration was calcu-
lated by using the QD705 absorbance at 488 nm (¢ = 300 000
M~" cm™") of the purified QD705-AAV2 and assuming no loss of
AAV2 during the column purification. The absorbance of the
purified unlabeled AAV2 at 280 nm was experimentally deter-
mined, and the molar extinction coefficient of AAV2 (¢ = 6.61 x
10° M~ cm™") at 280 nm was used in the calculation.®”

Virus Transduction. Hela cells (1 x 10° cells per well) were
seeded in a 24-well culture dish and spin-infected with AAV2
(~1000 viral genome copies per cell) at 2500 rpm for 90 min at
30 °Cusing a Sorval Legend centrifuge. After an additional 3 h of
incubation, the medium was then removed and replaced with
fresh medium and cultured for 3 days before flow cytometry
analysis of GFP™ cells. For viral transduction with drug-treated
cells, Hela cells were preincubated with Bafilomycin A1 (BAF,
50 nM), chlorpromazine (CPZ, 25 ug/mL), filipin (5 ug/mL), or
MG132 (25 uM) for 30 min or with methyl-beta-cyclodextrin
(MBCD, 15 mM) for 15 min at 37 °C, and the cells (1 x 10° cells
per well) were spin-infected with unlabeled or QD705-labeled
AAV2 in the presence of drugs (BAF, CPZ, filipin, and MG132) or
in the absence of drug (MSCD). After an additional 3 h of
incubation with drugs (BAF, CPZ, filipin, and MG132) at 37 °C,
the cells were washed with PBS and replenished with fresh D10
media.

For the viral transduction with Rab protein-treated cells,
293T cells were seeded in a 24-well dish and grown at 37 °C
overnight. The cells were then transfected with DsRed-Rab5, -
Rab7, or-Rab11 (either wild-type or dominant-negative mutants).
After 4 h of incubation at 37 °C, the media were then replaced
with fresh D10 media. At 24 h post-transfection, unlabeled or
QD705-labeled AAV2 viruses were added and incubated with the
cells overnight, and the medium was then replaced with fresh
media.

Confocal Imaging. Fluorescence images were acquired on a
Yokogawa spinning-disk confocal scanner system (Solamere
Technology Group, Salt Lake City, UT) using a Nikon Eclipse Ti-E
microscope equipped with a 60x/1.49 Apo TIRF oil objective
and a Cascade II: 512 EMCCD camera (Photometrics, Tucson, AZ,
USA). An AOTF (acousto-optical tunable filter)-controlled laser-
merge system (Solamere Technology Group Inc.) was used to
provide illumination power at each of the following laser lines:
491, 561, and 640 nm solid-state lasers (50 mW for each laser).
For the detection of individual viral particles, QD-labeled viruses
were overlaid on polylysine-coated glass-bottom dishes (MatTek
Corporation, Ashland, MA) for 60 min at 37 °C. The dish was then
rinsed, fixed with 4% formaldehyde, and immunostained with the
monoclonal antibody specific to intact AAV2 (A20).
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For the photostability study of organic dye- and QD-labeled
viral particles, FITC-labeled and QD705-labeled AAV2 were co-
incubated with HelLa cells for 30 min at 37 °C to initiate virus
internalization. The cells were then fixed. The specimens were
continuously illuminated by the laser at 491 nm over 10 min.
Images were captured at ~3 s intervals. Fluorescent intensity
versus time within the regions of interest was measured and
analyzed by using Nikon NIS-Elements software. To compare
the detection sensitivity between QD705-labeled and FITC-
labeled viral particles at different exposure times, FITC-labeled
or QD705-labeled AAV2 was incubated with Hela cells for
30 min at 37 °C, and the cells were then fixed. Images of the
same regions of cells were acquired with different exposure times.

For the co-localization study with endocytic markers, Hela
cells were incubated with QD-AAV2 (~1000 viral genome
copies per cell) for 30 min at 4 °C to synchronize infection. After
being washed with PBS, the treated cells were then warmed to
37 °C to initiate virus internalization for the indicated time
periods. The cells were fixed, permeabilized with 0.1% Triton
X-100, and then immunostained with the corresponding anti-
bodies specific to clathrin, caveolin-1, EEA1, CI-MPR, Rab11, or
microtubules or counterstained with TO-PRO-3 (Invitrogen).

Live-Cell Imaging. For real-time imaging of the dynamic inter-
actions between QD-AAV2 and clathrin structures or microtu-
bules, HelLa cells were seeded on glass-bottom dishes and
grown at 37 °C overnight. The cells were then transiently
transfected with mRFP-clathrin, GFP-o-tubulin, or pAcGFP1-
actin. After 4 h of incubation at 37 °C, the media was then
replaced with fresh D10 media. At 24 h post-transfection, the
cells were incubated with QD-labeled AAV2 for 30 min at 4 °C
and were then warmed to 37 °C to induce viral internalization.
Confocal time-lapse images were then acquired.

Image Analysis. Image processing and data analysis were
carried out using Nikon NIS-Elements software. To quantify
the extent of co-localization for a two-color comparison, co-
localization coefficients were calculated using Mander's overlap
coefficient by viewing more than 10 cells at each time point.
Mander's overlap coefficient was generated by the Nikon NIS-
Elements software. For the co-localization assay with endosome
markers (a three-color comparison), the level of co-localization
was quantified by viewing more than 100 viral particles in more
than 10 cells at each time point and counting the total number
of viral particles and the number of particles positive for the
endosome marker of interest. For single viral particle tracking,
the trajectories, mean-square displacement, and diffusion coef-
ficients were obtained and analyzed using the 2D tracking
module of the Nikon NIS-Elements software. The diffusion
coefficients were calculated from the slope of the MSD versus
time plot, according to MSD = 4DAt + v?At?, where v is the
mean velocity, for directed transport, or MSD = 4DAt for
undirected transport.

Nuclear and Cytoplasmic Fractionation. To study the distribution
of viral genomes in the cytoplasm and nucleus of infected cells,
a nuclear/cytosol fractionation kit (BioVision, Inc,, Mountain
View, CA) was employed to separate the cytoplasmic and
nuclear extracts from infected cells in the presence or absence
of MG132. Fractions were obtained at 24 h postinfection
according to the manufacturer's instructions. All procedures
were performed at 4 °C. Extracts were stored at —80 °C until the
gPCR assay was performed.

Quantification of Genome Copies by PC(R. DNA was extracted
using the QlAamp MinElute virus spin kit (Qiagen, Valencia,
CA) according to the manufacturer's protocol. Quantitative PCR
was performed on the Bio-Rad MyiQ real-time system using a
primer pair specific for the GFP transgene: 5'-GACATCAT-
GAAGCCCCTTGAG-3' (forward) and 5'-GGTGGTCGAAATTCA-
GATCAAC-3' (backward).

Instruments. For transmission electron microscope imaging,
either unconjugated QDs were not stained or unlabeled AAV2
and QD-AAV?2 particles were negatively stained for 10 min with
2% uranyl acetate in alcoholic solution (50% ethanol) and were
then deposited on the carbon-coated electron microscopy grids
(Ted Pella, Inc., Redding, CA), and images were obtained using
the Philips EM-120 TEM operated at 80 kV. The hydrodynamic
sizes of AAV2, QDs, and QD-labeled AAV2 were measured by
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dynamic light scattering (Wyatt Technology, Santa Barbara, CA).
Fluorescence spectra of QD525-AAV2 and unconjugated QD525
were obtained with the QuantaMaster QM-4SE spectrofluorom-
eter (Photon Technology International, Birmingham, NJ) using
the PTI FeliX32 software.

Acknowledgment. We thank the USC NanoBiophysics Core
Facility. This work was supported by National Institutes of
Health grant R01-Al068978.

Supporting Information Available: Hydrodynamic size of QD-
AAV2, characterization of QD-AAV2, comparison of the photo-
stability and detection sensitivity of QD-AAV2, MSD of the
directed and undirected transport of QD-AAV2, entry pathway
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