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dvanced pharmaceutical nanoparti-

cles for controlled delivery of drug
molecules or biopharmaceuticals are

an important class of nanomedicines. The
multifunctional carrier in these nanomedi-
cines helps controlling drug biodistribution,
stability of the therapeutic payload, and
enhancing its specific release at the desired
location of action. For an increasing number
of therapeutics the target is intracellular and
the therapeutic itself is often membrane
impermeable as it is the case for nucleic
acids.! Hence, the carrier molecules are also
responsible for traversing the intrinsic cel-
lular barriers and releasing the therapeutics
at the appropriate subcellular location. One
approach is to take advantage of the en-
dosomal system, which forms a natural en-
try route into the cell.? Immediately follow-
ing endocytic uptake, further intracellular
sorting of the endocytic vesicles and traf-
ficking will dictate the intracellular fate of
the associate therapeutics, involving cargo
selection, vesicle budding, active transport
of the endosomes, vesicle docking and
fusion events, all tightly regulated by, for
example, proteins of the Rab GTPase
family.> A subset of the endosomes will
mature to form late endosomes, character-
ized by a significant reduction in luminal pH
and the formation of multivesicular bodies
that can fuse with lysosomes in order to
degrade the content.* These so-called en-
dolysosome hybrid organelles are consid-
ered to be the terminal degradative com-
partment of the endocytic pathway. The
endosomal sorting process is strongly de-
pendent on the nature of both the target
cell® and functionalization of the carrier."®
More specifically, gene therapy re-
quires nucleic acid delivery to the cytosol
or even cell nucleus when transcription
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ABSTRACT To gain a better understanding of intracellular processing of nanomedicines, we
employed quantitative live-cell fluorescence colocalization microscopy to study endosomal traffick-
ing of polyplexes in retinal pigment epithelium cells. A new, dynamic colocalization algorithm was
developed, based on particle tracking and trajectory correlation, allowing for spatiotemporal
characterization of internalized polyplexes in comparison with endosomal compartments labeled
with EGFP constructs. This revealed early trafficking of the polyplexes specifically to Rab5- and
flotillin-2-positive vesicles and subsequent delivery to Rab7 and LAMP1-labeled late endolysosomes
where the major fraction of the polyplexes remains entrapped for days, suggesting the functional
loss of these nanomedicines. Colocalization of polyplexes with the autophagy marker L(3 suggests
for the first time that the process of xenophagy could play an important role in the persistent

endosomal entrapment of nanomedicines.

KEYWORDS: nanomedicines - nonviral ocular gene therapy - particle tracking -
intracellular trafficking - colocalization - autophagy

of the therapeutic nucleic acids is required.
Therefore, after endocytosis, nanomedicines
for nucleic acid delivery need to assist in the
endosomal release of the large hydrophilic
nucleic acids into the cytosol. This before the
bulk of the nucleic acids is delivered to the
endolysosomes and the protective carrier dis-
sociates from the nucleic acid, exposing the
latter to enzymatic degradation by the acid
hydrolases. Several different strategies have
been described as attempts to enhance en-
dosomal release. Despite this, the entrap-
ment and degradation of nucleic acid nano-
medicines in endolysosomal compartments
are currently considered as major barriers for

cytosolic nucleic acid delivery and are, to a
* Address correspondence to

large extent, responsible for the low transfec-
tion efficiency of nonviral nucleic acid carriers
compared with their viral counterparts.”? To
further improve subcellular delivery of nucleic
acids, it is essential to obtain a better under-
standing of the intracellular sorting of nucleic
acid delivery vehicles. Fluorescence colocaliza-
tion microscopy has been used to some
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degree to study these processes via fluorescent label-
ing of both the nanomedicines and specific cell orga-
nelles. This is often done in fixed cells using direct
fluorescence or immunostaining techniques.” How-
ever, this approach can cause fixation artifacts,'® in
particular related to the spatial distribution of the gene
carriers."’ Moreover, this approach does not easily
provide information on the kinetics of colocalization,
as opposed to live-cell imaging. Due to the advent of
fluorescent proteins and technical developments in
fluorescence microscopy, time lapse imaging of live
cells is becoming the preferred method.'*'3

In this work, we have used quantitative live-cell
fluorescence colocalization microscopy to study the
intracellular trafficking of polymeric gene complexes
(polyplexes) in living retinal pigment epithelium (RPE)
cells, being attractive targets for ocular gene therapy.'*
The polymeric vector in this study is the linear, bior-
educible, poly(amido amine) poly(N,N'-cystaminebisa-
crylamide 4-aminobutanol) (p(CBA-ABOL)),">'® a class
of polymers which has shown great promise for nucleic
acid transfer and protein delivery in different cell
types.'” ~2" In a recent study we have found that these
polyplexes are taken up in RPE cells by endocytic
processes requiring flotillin-1 and PAK-1.22 The present
work is aimed at elucidating the subsequent intra-
cellular processing of p(CBA-ABOL)/DNA polyplexes
inside living ARPE-19 cells after labeling diverse en-
docytic organelles by EGFP constructs of clathrin, Rab5,
Rab11, Rab7, LAMP-1, caveolin-1 (Cav1), flotillin-2
(Flot2) and LC3.

RESULTS

Validation of the Dynamic Colocalization Algorithm. No
established quantitative method is currently available
that takes advantage of the time information of single
objects in fluorescence movies for the quantification of
colocalization. The advantage of using not only spatial
but also temporal information was pointed out pre-
viously in a study on the interaction of membrane
proteins.”®> Here we build forth on this concept and
present a new quantitative method for the detection of
correlated movement, which is a convincing proof of
the interaction of two objects. Therefore, a novel
colocalization algorithm was developed, based on
particle tracking (SPT)** 27 and correlated movement
of object trajectories (see also Theory section in Sup-
porting Information and supplemental Figure 1), here
referred to as dynamic colocalization.

To validate whether the dynamic colocalization algo-
rithm can detect colocalization based on correlated
movement, the method was compared to classic pixel-
and object-based colocalization on dual-color live-cell
microscopy movies of endocytosed polystyrene multi-
color Tetraspeck microspheres (see Methods). Figure 1A
shows a single frame of an overlay movie, clearly showing
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Figure 1. Validation of the dynamic colocalization algo-
rithm and comparison with pixel- and object-based colo-
calization coefficient. As a positive control for
colocalization, movies of endocytosed multicolor Tetraspec
microspheres were acquired. As a negative control, the red
channel of a set of movies, corresponding to p(CBA-ABOL)
polyplexes, were shuffled before overlay with the green
channels from the same experiment, corresponding to
EGFP-LAMP1 expression. This resulted in an overlay of
endosome and polyplex signals that were taken in different
cells, showing no correlated movement. (A) Exemplary
overlay image of intracellular Tetraspec beads and the
corresponding trajectories from that movie. Scale bar is

10 um. (B) Exemplary image of a cell expressing EGFP-
LAMP1 overlaid with in image of red polyplexes from a
different cell. Accidental colocalization in regions with a
high particle density of green and red objects is highlighted
with a white arrowhead. Corresponding trajectories of the
green and red objects are shown in the right. Scale bar is 10
um. (C) The percentage of colocalization, calculated with the
three different algorithms, based on pixels, objects and
trajectories on both the positive control (gray bars) and the
negative control (black bars). Averages of a single experi-
ment are shown (N = 10) and error bars represent standard
deviations.
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Figure 2. The intracellular endocytic trafficking profile of 10 kDa dextran in ARPE-19 cells. Trajectory-based dynamic
colocalization of fluorescent dextran with the endosomal markers Rab5 (green), light-chain clathrin (black), Rab11 (khaki),
Flot2 (purple), Rab7 (orange), and LAMP1 (blue) was calculated and plotted in function of time (dots). Every dot corresponds
to a movie that was taken in a different cell at that time point. To improve the visibility of the trend, track-weighted running
averages with a window of 5 consecutive time points were calculated and plotted as a solid line.

100% colocalization, next to a plot of the corresponding
trajectories. The pairs of green and red tracks that are
found to be correlated according to the dynamic colo-
calization algorithm are highlighted in blue. As a negative
control, dual-color fluorescence movies without corre-
lated movement of fluorescent objects were obtained
by a random overlay of the red channels (polyplexes)
with the green channels (endosomes) from different
cells. An example of which is shown in Figure 1B. While,
in individual frames of the movie, some polyplexes might
colocalize with endosomes by chance in regions with a
high particle density where green and red objects are
very close to one another (Figure 1B, white arrowheads),
none of the polyplexes should show correlated move-
ment with the endosomes. For both the positive and
negative control, fluorescence colocalization was then
calculated with the three colocalization algorithms. For
the pixel- and object-based algorithms, the depicted
colocalization coefficient for a single movie was obtained
by averaging the colocalization coefficients over the
120 frames of the movie, therefore already including a
time-component, in contrast to static colocalization (see
also Supporting Information, Figure 2). In the case of
dynamic track-based colocalization, we constructed the
trajectories of all green and red objects in a single movie
by means of SPT and quantified the ratio of red tracks
that correlate with green tracks. Figure 1C shows the
results from analyzing 10 movies. The track-based colo-
calization algorithm gives the best estimate of the true
colocalization (97.6 + 3.3%), followed by the object-
(91.4 £ 5.9%) and pixel-based (74.4 £+ 10.2%) methods
(Figure 1C, gray bars). Pixel-based colocalization clearly
underestimates the actual colocalization because of its
higher sensitivity to background noise (see Supporting
Information and supplemental Figure 2). For the nega-
tive control, as expected, both pixel-based and object-
based colocalization algorithms showed a significant
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number of false positives, due to the incidental overlap
of green and red objects (Figure 1C, black bars). The new
dynamic colocalization method on the other hand
showed no false positive colocalization since it specifi-
cally searches for correlated movement. Taken together,
the trajectory-based colocalization algorithm is the
most accurate in identifying true colocalization and is
the least prone to the detection of false positives.
Therefore, we conclude that dynamic colocalization is
an attractive tool to quantify colocalization in dual-color
fluorescence time-lapse acquisitions of living cells.
Postendocytic Trafficking of 10 kDa Dextran in Living ARPE-19
cells. As a first demonstration that trajectory-based
colocalization allows for careful scrutiny of the intra-
cellular trafficking of endocytic ligands, we followed
intracellular processing of fluorescently labeled 10 kDa
dextran, representing a well-characterized endocytic
probe. Large hydrophilic dextran molecules are inter-
nalized via fluid-phase endocytosis and trafficked to
endolysosomes.””?® We studied colocalization in
ARPE-19 cells of dextran with clathrin-coated vesicles
(EYFP-Clathrin), recycling endosomes (EGFP-Rab11),
early endosomes (GFP-Rab5), Flot2 (EGFP-Flot2), late
endosomes (EGFP-Rab7), and lysosomes or endolyso-
somal hybrid organelles (EGFP-LAMP1). At 24 h after
transfection with the fluorescent fusion proteins, the
cells were incubated for 15 min with red fluorescent
dextran, after which the cells were washed with cell
culture medium and imaged for 2 h on the SPT-micro-
scope. For every time point, a new cell with a low GFP
expression level was selected to minimize phototoxi-
city and to obtain information on a large population of
cells. Particle tracking and dynamic colocalization with
Clathrin, Rab5, Rab11, Rab7, Flot2, and LAMP1 was then
calculated off-line, the results of which are shown in
Figure 2 (dots). To visualize the main trend (Figure 2,
lines), a running average, weighted for the amount of
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Figure 3. The intracellular endocytic trafficking profile of p(CBA-ABOL) polyplexes in ARPE-19 cells.The percentage of
polyplexes that colocalize with (A) early endosomal markers (Cav1, Rab5, Clathrin, and Flotillin2) and (B) late endosomal
markers (LAMP1, Rab7, Golgi, Flotillin2, Rab11), obtained with the dynamic, trajectory-based colocalization algorithm is
shown. Dynamic colocalization values were calculated at every indicated time point (dots) and the corresponding running
averages, weighted to the amount of red tracks, are plotted to show the main colocalization trends (lines). All experiments
were repeated twice and all colocalization results were pooled to build the trend line. (C) Average dynamic colocalization of
the polyplexes with the different endosomal markers, 24 h after their administration (N = 5). Error bars are standard

deviations.

polyplex trajectories that were detected in the indivi-
dual movies, was applied (see also Methods). As ex-
pected, at early time points, most of the dextran
is found in Rab5-positive (Rab5+) early endosomes
(Figure 2, green) and is subsequently trafficked to
Rab7+ and LAMP1+ organelles (Figure 2, orange and
blue). We note that a fraction of these Rab5+-, dextran-
containing vesicles exhibit diameters of several
micrometers, suggesting they represent macropino-
somes formed following constitutive macropinocyto-
sis (Supporting Information, Figure 5). Only very
little colocalization of dextran with recycling endo-
somes (Rab11-GFP, khaki) and clathrin-coated vesicles
(Clathrin-YFP, black) was observed at early measured
time points. The colocalization with Flot2 increased
steadily to approximately 35% after 2 h (Figure 2,
purple). These results demonstrate that the method
of track-based dynamic colocalization opens new per-
spectives in the study of intracellular processing of
endosomal ligands, allowing for quantitative assess-
ment of colocalization kinetics.

VERCAUTEREN ET AL.

Postendocytic Trafficking of Cationic p(CBA-ABOL)/DNA Poly-
plexes in Living ARPE-19 Cells. Having established that track-
based dynamic colocalization is a useful approach to
study intracellular trafficking kinetics of endocytic li-
gands, we proceeded to map the postendocytic traffick-
ing profile of p(CBA-ABOL)/DNA polyplexes inside ARPE-
19 cells. The study of these cationic polyplexes presented
some extra challenges in quantifying colocalization,
especially at the level of early postendocytic trafficking.
Therefore, the trajectory-based colocalization algorithm
was refined to meet these challenges (see Supporting
Information Results and Figure 3). By defining a require-
ment of a minimum amount of movement, it became
possible to exclude extracellular, plasma membrane
attached objects from further analysis, which would
be impossible to do for the classic pixel- and object-based
colocalization analysis on single images. The trajectory-
based protocol for colocalization analysis was subse-
quently applied to investigate the intracellular trafficking
of cationic p(CBA-ABOL)/DNA polyplexes in ARPE-19 cells
within different types of labeled endosomes. Separate
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Figure 4. Kinetics of GFP reporter gene expression in ARPE-19 cells up to 24 h after transfection with p(CBA-ABOL)/mRNA
polyplexes. Cells were incubated with a 48/1 ratio of p(CBA-ABOL)/GFP mRNA polyplexes in serum free conditions for 2 h. The
cells were then washed and incubated in cell culture medium at 37 °C for various periods of time up to 24 h. At every time
point, average GFP expression (gray line) and the percentage of GFP-positive cells (black line) were measured by flow
cytometry. A single experiment was performed in triplicate and error bars represent standard deviations.

populations of cells were first transfected with one of eight
various EGFP fusion proteins to label a specific subtype of
endosomes. At 24 h later, p(CBA-ABOL)/Cy5-DNA poly-
plexes were added to the cells in OptiMEM and plasma
membrane adhesion of the polyplexes was assured
through repetitive pipetting at room temperature. The
cells were then immediately washed with fresh OptiMEM
and imaged on the SPT-microscope. Dual-color fluores-
cence movies were continuously acquired for at least two
hours and also 24 h later. A new cell was selected for each
movie to minimize phototoxicity and to obtain informa-
tion on a large population of cells. An exemplary dual-color
movie for every endosomal marker is given in Supporting
Information (Videos 1—8). Particle tracking and dynamic
colocalization was then calculated off-line and trendlines
were plotted (Figure 3). The endosomal markers that are
associated with cellular entry are shown in Figure 3A, the
markers that are related to further intracellular trafficking
or transport are shown in a separate plot (Figure 3B), and
Figure 3C shows the average dynamic colocalization
values that were measured, 24 h after administration of
the polyplexes.

Dynamic colocalization analysis revealed a low
association of clathrin-coated pits and polyplexes
(Figure 3A, black), indicating that CDE does not play
an essential role in polyplex endocytosis in ARPE-19
cells. Association with clathrin light-chain was assessed
during the first 30 min because of its potential early
role in endocytic processes. This finding is in accor-
dance with our recent analysis of endocytosis of these
gene complexes using pharmacological endocytic in-
hibitors and siRNA-mediated knockdown of specific
endocytoc proteins and pathways.?? Similar findings
were obtained for Cav1-colocalization (Figure 3A, red),
again in line with what we have previously found. A
high colocalization of the polyplexes was observed
with both Flot2 (purple) and Rab5 (green). This is
expected as flotillin-mediated endocytosis (FlotME)
was identified as being one of the major endocytic
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pathways through which these gene complexes are
internalized.”® The strong colocalization with Rab5
reveals trafficking of a fraction of the polyplexes to
sorting endosomes, although Rab5 can also be asso-
ciated with early macropinosomes or phagosomes.®
The association with Rab5 decreased over time in
favor of Rab7 (orange) and LAMP1 (blue). This suggests
that the polyplex-containing Rab5+ endosomes ma-
ture to late endosomes, since it is known that this is
accompanied by an exchange of Rab5 for Rab7.% The
increase in colocalization with LAMP1+ endosomes
lags behind the increase with Rab7+ endosomes,
which is strongly indicative of the fusion between late
endosomes and lysosomes to initially form hybrid
endolysosomes. After 2 h, the polyplexes localized
primarily with LAMP1 and Rab7-labeled organelles,
but interestingly, a significant fraction (£30%) of the
polyplexes was still colocalizing with Flot2. High colo-
calization of the polyplexes with LAMP1 and Rab7 (40%
on average) was still observed 24 h following their
addition to cells (see Figure 3B). Surprisingly, a sub-
stantial colocalization with Flot2 of approximately 70%
was still observed after 24 h. We note that percentages
of colocalization of polyplexes with different endocytic
markers at certain time points was found to exceed
100%. We suspect that this is due to a possible (partial)
overlap between the different endosomal markers. It is
for example known that Rab7+ vesicles intensively
interact with LAMP1.2° In addition, Figure 3B clearly
shows that no colocalization up to 2 h was observed
with the Golgi-apparatus (light blue), nor with Rab11+
recycling endosomes (khaki). Also after 24 h no colo-
calization with the Golgi-apparatus could be found.
Kinetics of mRNA Expression as a Measure for Endosomal
Escape. Despite the high buffering capacity of p(CBA-
ABOL), which is deemed to be responsible for efficient
endosomal rupture and cytoplasmic release of the
polyplexes,'> our intracellular trafficking studies indi-
cated that a large fraction of the polyplexes remains
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Figure 5. Role of xenophagy in the sequestration of polyplexes inside ARPE-19 cells. ARPE-19 cells were transfected with
EGFP-LC3 (green), 24 h before exposure to p(CBA-ABOL)/Cy5-DNA polyplexes (red). Dual-color live-cell imaging was
performed for 24 h after initial exposure to the polyplexes. Polyplexes were found in LC3+ endosomes at all time points. Scale

bar is 10 um.

trapped after 24 h inside LAMP1+ and Flot2+ vesicles
and, therefore, probably do not contribute to the
transfection of the cells. To investigate the time frame
of cytoplasmic release of nucleic acids by the p(CBA-
ABOL)-vector, we set up an experiment where we
complexed p(CBA-ABOL) with mRNA coding for EGFP.
Because this approach shortcuts nuclear translocation
and transcription, and because of the bioreducible
properties of the polymeric vector,'® the expression
profile should give an indication of the kinetics of
cytoplasmic release of mRNA. p(CBA-ABOL)/mRNA
polyplexes were prepared and added to ARPE-19 cells
similar to the plasmid (pDNA) transfection protocol
and washed away after 2 h. GFP expression was then
measured at several time points. The results in Figure 4
show the highest increase in average GFP expression
between 6 and 8 h postaddition to the cells, indicating
that the intraendosomal mRNA is most likely to be
escaping from the endosomes within this time period.
The first evidence of GFP expression was already
detectable between 30 and 60 min post-transfection,
in agreement with other reports on mRNA trans-
fection.>* Moreover, we noticed that it took about 30
min to detect GFP in cells that were microinjected in
the cytosol with these p(CBA-ABOL)/mRNA polyplexes
(see Supporting Information Results and Figure 4).
These results suggest that endocytic uptake of the
polyplexes and endosomal escape can happen fairly
quickly after addition of the polyplexes to the cells.
Taken together, these data corroborate the presump-
tion that the many polyplexes that remain trapped in
vesicles after 24 h do not contribute to transfection.
The Involvement of an Autophagy-like Mechanism. The
mechanism that is responsible for the persevering
endosomal entrapment of the polyplexes remains,
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however, elusive. Some reports attribute endosomal
entrapment of pathogenic invaders such as viruses and
bacteria, to the involvement of an autophagy-like
mechanism.3! In this context, this mechanism is re-
ferred to as xenophagy and is believed to sequester
both cytoplasmic xenogeneous particles as well as
entire endosomes containing these pathogens.3? Simi-
lar to the biogenesis of autophagosomes, the invader
becomes enclosed by a phagophore, giving birth to a
newly formed xenophagosome. Next, the xenophago-
some matures, acquiring Rab7, and finally fuses with
LAMP1 containing lysosomes, leading to the enzymatic
degradation of the invader.?® A cellular marker protein
for the early and late xenophagosomes is the micro-
tubule-associated protein 1A/1B-light chain 3 (LC3).>*
Colocalization kinetics of p(CBA-ABOL) polyplexes with
EGFP-LC3 inside living ARPE-19 cells were investigated
during 24 h after polyplex addition (see Supporting
Information Figure 6). Figure 5 shows some colocaliza-
tion of polyplex signals with LC3 in the first hour and at
later time points, providing further evidence of the
presence of polyplexes or possibly polyplex-containing
endosomes inside large xenophagosomes. The movie
is found in Supporting Information (Video 9). This is to
the best of our knowledge, the first experimental proof
that an autophagy-like mechanism is likely to be
involved in the endosomal sequestration and possible
degradation of gene complexes.

DISCUSSION

In the characterization of nanomedicines carrying
payloads with intracellular targets, such as nucleic acid-
carrying polyplexes or lipoplexes, little is known about
their endosomal sorting once they are endocytosed.
Yet, endosomal sorting will play a major role in determining
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the efficiency of intracellular drug release and their final
destiny. In this work we addressed this shortcoming by
focusing on the in vitro intracellular processing of p(CBA-
ABOL) polyplexes inside RPE cells, which have shown to be
effective transfection agents in vitro.'>'”~?? Because of the
dynamic nature of the intracellular endosomal sorting and
the demonstrated incompatibility of standard fixation pro-
tocols with gene complexes, we selected live-cell imaging
as the preferred experimental approach. However, map-
ping the kinetics of intracellular nanoparticle trafficking and
subcellular localization remains a major challenge.

In this work, we introduced a quantitative approach
to study live-cell endosomal colocalization dynamics of
nanomedicines for gene delivery, which has several
advantages over classic colocalization analysis meth-
ods designed for analyzing static images. This so-called
dynamic colocalization algorithm looks for correlated
motion of both nanomedicines and endosomes. The
algorithm constructs trajectories of fluorescent objects
which can represent both nanoparticles, agglomerates
of nanoparticles, or microparticles, as particle tracking
is independent of their size. In this way, trajectory
correlation analysis avoids false assignment of coloca-
lization between objects that are close to one another
by mere coincidence. Moreover, the trajectories allow
us to discriminate extracellular from internalized par-
ticles, based on a clear difference in mobility. We have
shown that the trajectory-based colocalization analysis
outperforms pixel- and object-based colocalization
algorithms, both in terms of detecting true colocaliza-
tion as well as avoiding false positives. As a validation
of this method, we could successfully follow the well-
characterized postendocytic trafficking of fluorescent
dextran molecules by quantifying their dynamic colo-
calization with clathrin-coated pits, recycling endo-
somes, Flot2, Rab7, Rab5, and lysosomes. In a next
step, trajectory-based dynamic colocalization was used
to study the kinetics of the postendocytic processing of
p(CBA-ABOL)/DNA polyplexes inside ARPE-19 cells,
where these polyplexes have shown high in vitro
transfection efficiencies.?> While a low colocalization
with clathrin and Cav1 was found, the polyplexes were
clearly associated with Rab5+ endosomes at early time
points that may represent early sorting endosomes,
macropinosomes, and phagosomes.® Because of our
previous finding that a significant part of these
polyplexes is internalized via a phagocytosis-like
mechanism,*? there is the possibility that this coloca-
lization is at least in part a result of the presence in
Rab5+ early phagosomes. Furthermore, it is known
that phagosomes mature by interchanging Rab5 for
Rab7 and acquiring LAMP1 in a subsequent step due to
lysosome fusion, giving rise to phagolysosomes.*3*
This is in line with the observed increase in polyplex
colocalization with Rab7 and then LAMP1, accompa-
nied by a decrease in Rab5 colocalization. The involve-
ment of phagocytosis is not surprising as it is known
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that the RPE exploit a highly developed phagolysoso-
mal system, which is necessary for the engulfment and
degradation of photoreceptor outer segments in the
process of outer segment renewal.>® Efficient phago-
cytosis-mediated digestion of polyplexes by RPE cells
may therefore explain the low transfection efficiency of
the polyplexes that are internalized via this endocytic
pathway, as mentioned earlier?? Apart from Rab5,
early colocalization with Flot2 was found, which con-
firms our recent findings that also FlotME plays an
important role in the internalization of these poly-
plexes.?? High colocalization with Rab7 and LAMP1 at
late time points raises the question if polyplexes that
have entered the cell via FlotME are also possibly
directed to Rab7+ and LAMP1+ endolysosomes. Sup-
port for this hypothesis is found in the work by Payne
et al. who reported that polyethylenimine (PEIl)-poly-
plexes, internalized via a proteoglycan-mediated, flo-
tillin-dependent endocytic pathway, are trafficked to
Rab9+ late endosomes after 2 h,*” wherefore it is
conceivable that the flotillin mediated endocytic path-
way merges with Rab7 and then LAMP1-labeled struc-
tures. Further support is found in recent work where
flotillins were detected on acidic multivesicular
bodies.*® Lysosomal accumulation of exogenous na-
nomaterials seems to be quite universal since it was
also reported for different types of nanoparticles
like cationic polystyrene nanospheres or quantum
dots.>39%° Further research is necessary to determine
why these nanoparticles remain trapped inside endo-
lysosomes as this may help design new strategies for
improving endosomal escape. In this work, the persis-
tent and abundant presence of polyplexes inside
LAMP1+ and Flot2+ endosomes after 24 h and the
indication that the majority of endosomal escape
occurs within the first 8 h after addition of the poly-
plexes to the cells, raised the question as to whether
other mechanisms were responsible for the persisting
endosomal sequestration of the polyplexes. To assess
the involvement of autophagy/xenophagy during
polyplex processing in RPE cells, recruitment of the
autophagosomal marker protein LC3 to the polyplex-
containing endosomes was evaluated. At different
time points, polyplexes were observed to clearly colo-
calize with LC3, suggesting that the process of autop-
hagy may be contributing to polyplex sequestra-
tion and subsequent lysosomal entrapment inside
ARPE-19 cells. In future research it will be interesting
to investigate if these LC3 positive compartments
have sequestered previously released polyplexes in
the cytosol or whether these compartments engulf
whole endolysosomes, containing polyplexes. In any
case, our results clearly indicate that xenophagy could
be an important lead for further investigation.
Live-cell fluorescence colocalization microscopy
holds great promise to elucidate the intracellular traf-
ficking of nanomedicines. This method would further
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profit from improved image quality and higher signal-
to-noise ratios. The steady progress in developing fast
and sensitive confocal imaging systems will certainly
be helpful in that respect. Moreover, increased confo-
cality would provide more power to selectively study
colocalization events, close to the plasma membrane,
for example, with clathrin-coated pits. Second, a transi-
tion to high-throughput/high content microscopy is
desired for a more systematic screening of different
types of particles and target cells, as well as to improve
the statistical relevance of the data. In addition, simul-
taneous imaging of different endosomal markers and
nanomedicines would allow visualization of overlap
between different endosomal markers and define links
between the different endosomal compartments used
by endocytosed nanomedicines.

CONCLUSION

Nanomedicines with intracellular targets like nu-
cleic acid delivery vehicles which are entering the
target cell via endocytosis need efficient intracellular
targeting to mediate their therapeutic effect. The
mechanisms that direct endocytosis and further in-
tracellular trafficking are generally dictated by the
nature of the gene carrier and the target cell, and
strongly determine final transfection efficiency. The

METHODS

Materials. Dulbecco's modified Eagle's medium (DMEM),
OptiMEM, L-glutamine, fetal bovine serum (FBS), penicillin-stre-
ptomycin solution (5000 IU/mL penicillin and 5000 xg/mL
streptomycin) (P/S), and phosphate-buffered saline (PBS)
were supplied by GibcoBRL (Merelbeke, Belgium). CellLight
labeling kits (Endosomes, Lysosomes and Golgi), Tetraspeck
microspheres of 200 nm, AlexaFluor647 (AF647)-labeled
10 kDa dextran and Lipofectamine2000 for gene transfection
were purchased from Invitrogen (Merelbeke, Belgium). All other
reagents were purchased from Sigma—Aldrich (Bornem,
Belgium) unless otherwise stated.

Cell Culture. ARPE-19 cells (retinal pigment epithelial cell line;
ATCC number CRL-2302) were cultured in DMEM:F12 supple-
mented with 10% FBS, 2 mm L-glutamine, and 2% P/S. All cells
were grown at 37 °Cin a humidified atmosphere containing 5%
CO,.

Plasmids. The plasmid constructs pGFP-Rab11 (p12674,
Addgene) and pClathrin-light-chain-EYFP (p21741, Addgene)
were a kind gift of P. Van Oostveldt (Ghent university, Belgium),
pGFP-LC3 was a kind gift from P. Vandenabeele (VIB, Ghent,
Belgium), pEGFP-Flot2 was a kind gift from B. Nichols
(Cambridge University, UK) and pEGFP-Cav1 was a kind gift
from M. Gumbleton (Cardiff University, UK). The plasmid con-
structs were all transformed in single step (KRX) competent cells
(Promega, Leiden, The Netherlands) according to the manufac-
turer's instructions. The transformed bacteria were then se-
lected for kanamycin resistance and grown to an OD of 1.5. The
plasmids were isolated with a QlAfilter Plasmid Giga Kit (Qiagen,
Venlo, The Netherlands) and concentrations were determined
by UV absorption at 260 nm. Finally, the plasmids were sus-
pended and stored in 25 mM HEPES, pH 7.2.

For fluorescent labeling of plasmid in the far red spectral
range, pGL4.13 plasmid was labeled with Cy5 (Label IT Nucleic
Acid Labeling Kit, Mirus Bio Corporation, WI, USA), according to
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complexity and dynamics of these mechanisms all
contribute to the difficulty to predict intracellular
processing of nanomedicines and the efficacy of their
payload delivery. Therefore, robust and reliable tools
are required to characterize and evaluate the intra-
cellular processing of administered nanomedicines. In
this work, we introduced a quantitative approach to
study live-cell endosomal colocalization dynamics of
nanomedicines for gene delivery, based on SPT and
trajectory-correlation. In accordance with previous
reports on nonviral gene complexes, our findings
support the hypothesis that only a small fraction of
polyplexes is able to escape the aggressive environ-
ment of the lysosomal organelles, indicating that
endosomal release remains an important bottleneck
for intracellular nucleic acid delivery. Moreover, we
found direct evidence that xenophagy is involved in
the persisting endosomal sequestration of the exo-
genous polyplexes. We conclude that dynamic colo-
calization is a promising tool to map and understand
intracellular endosomal trafficking of nanomedicines.
In future research it will allow the comparison of
intracellular trafficking of different carriers or evaluate
carrier modifications in different cell types, which
should all aid the further development and design
of effective nanomedicines.

the manufacturer's instructions at a 1:2 (v:w) ratio of Label IT
Tracker Reagent and plasmid. To remove free label and salts, the
plasmid was precipitated via addition of 2.5 volumes of ice-cold
ethanol and 0.1 volume of 5 M NaCl. After incubation for 30 min
at 4 °C, centrifugation at 17000g for 10 min and washing with
ice-cold 70% ethanol, fluorescently labeled plasmid was finally
resuspended in 25 mM HEPES, pH 7.2. The concentration of the
plasmid was again determined by UV absorption at 260 nm.

Polyplexes. p(CBA-ABOL)/DNA complexes were obtained by
adding a polymer solution of 0.6 mg/mL to a plasmid solution of
0.05 mg/mL in a final mass ratio of 48/1 in 25 mm HEPES buffer
pH 7.2 and vortexing the mixture for 10 s. These gene com-
plexes have in HEPES buffer an average hydrodynamic diameter
of 120 nm and an average zeta potential of +-40 mV. This was
measured in undiluted samples of the polyplexes on a NanoZS
zetasizer (Malvern Instruments, Hoeilaart, Belgium).

p(CBA-ABOL)/mRNA complexes were obtained using the
same protocol as for p(CBA-ABOL)/DNA complexes. mRNA was
produced with the help of the T7 mMessage kit for in vitro
transcription of capped mRNA (Applied Biosystems/Ambion,
Austin, USA). The used template was derived from the plasmid
PGEMA4Z-GFP-A64 after purification with the QIAquick PCR
purification kit (Qiagen, Venlo, The Netherlands), linearization
with the restriction enzyme Spel, and a second purification with
the QIAquick kit. The T7 mMessage kit was used according to
the manufacturer's instructions. Briefly, linearized template
DNA was mixed with buffer, nucleotide mix, and the T7 RNA
polymerase, followed by an incubation period of 3 h at 37 °C.
Next, the template DNA was enzymatically degraded and the
mRNA was precipitated with LiCl. Purified mRNA was finally
resuspended in nuclease-free 25 mM HEPES buffer, pH 7.2. The
concentration of MRNA was determined by UV absorption at
260 nm.

Analysis of Transfection Efficiency of p(CBA-ABOL)/mRNA.GFP Poly-
plexes. Cells were seeded into 6-well plates (2 x 10° cells per
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well) and allowed to attach overnight. Subsequently, the culture
medium was removed and polyplexes, composed of pGEM4Z-
GFP-A64-derived mRNA and p(CBA-ABOL), were added to the
well (4 ug of mRNA per well). After every indicated time point,
cells were washed with PBS and trypsinized. For all time points
later than 2 h, the cells were washed at t = 2 h and further
incubated in full cell culture medium. The average GFP expres-
sion of the total gated population of cells and the amount of
GFP-positive cells in the same gate were subsequently mea-
sured by flow cytometry. As a negative control, cells were
transfected with pGL4.13 plasmid since luciferase expression
does not produce a detectable signal in the FL1 channel of the
flow cytometer. A cell was considered GFP-positive and there-
fore successfully transfected if the individual fluorescence of the
cell exceeded the threshold T, defined as the 99.5 percentile of
the negative control sample.

Expression of Fluorescent Protein Constructs. ARPE-19 cells were
seeded at a concentration of 220.000 cells per well on sterile
MatTek coverslips (1.5)-bottom dishes (MatTek Corporation,
MA, USA). The next day, cells were transfected with plasmids
coding for the EGFP constructs GFP-Rab11, Clathrin-EYFP, EGFP-
Flot2, EGFP-Cav1, EGFP-Rab7, and GFP-LC3 using Lipofectamine
or with the CellLight staining kits, transducing GFP-Rab5,
emGFP-LAMP1, or emGFP-N-acetyl-galactosaminyltransferase
2, according to the manufacturer's description. Briefly, for every
Petridish, 7 uL of Lipofectamine was mixed with 4 ug of plasmid
in 500 uL of OptiMEM. After 30 min, this mixture was added to
1500 uL of OptiMEM on top of the cells. After 4 h, the cells were
carefully washed and complete cell culture medium was ap-
plied. In the case of CellLight transduction, 50 uL of CellLight
reagent was diluted 20x in full cell culture medium. The cells
were then incubated overnight to allow expression of the
fluorescent protein constructs.

Live-Cell Fluorescence Colocalization Microscopy. For dextran colo-
calization experiments, 0.5 mg/mL AF647-labeled dextran in
OptiMEM was added for 15 min at 37 °C to the cells expressing
fluorescent protein constructs. The cells were thoroughly
washed with complete cell culture medium to reduce back-
ground fluorescence before live-cell imaging. For live-cell colo-
calization studies of p(CBA-ABOL) polyplexes, fresh polyplexes
were diluted 5x in OptiMEM when added to the cells expressing
fluorescent protein constructs, corresponding to 4 ug of Cy5-
labeled plasmid. Intense contact with the cells was assured
through repetitive pipetting at room temperature, allowing
electrostatic adhesion of the polyplexes to the plasma mem-
brane. Next, the cells were washed and imaged in fresh
OptiMEM to chase the cell-associated fraction of polyplexes. For
live-cell imaging, the cells were placed on the microscope in a
stage top incubation chamber (Tokai Hit, Shizuoka, Japan), set at
37 °C, 5% CO,, and 100% humidity. GFP transfected cells were
chosen for imaging based on a relatively low expression level of
GFP-constructs to minimize the possibility of a disturbed cell
functioning. At every measured time point, a movie from a
different cell was acquired to minimize photobleaching and
phototoxicity, and to obtain information on a large population
of cells.

All dual-color live-cell imaging for trajectory-based coloca-
lization was performed on a custom-built laser widefield fluo-
rescence microscope setup, here referred to as the single
particle tracking or “SPT-microscope”.?” The SPT-microscope
uses a TE2000-E inverted microscope equipped with a Plan Apo
VC 100x 1.4 NA oil immersion objective lens (Nikon Belux,
Brussels, Belgium). GFP was excited with a 491 nm laser line
(Cobolt, Stockholm, Sweden), while Cy5 and AF647 were excited
with a 636 nm diode laser (IQ1C, Power Technology, Little Rock,
AR). The green emission channel is defined in a spectral range
between 500 and 600 nm and the red channel between 655 and
745 nm. Green and red fluorescence images were registered
simultaneously on separate halves of the chip of an electron-
multiplying CCD (EMCCD) camera (Cascade 1I:512, Roper Scien-
tific, Nieuwegein, The Netherlands). The videos were acquired in
NIS Elements (Nikon Belux, Brussels, Belgium) at a frame speed
of 2 frames per second and exposure times of 30—100 ms. The
EMCCD camera was synchronized with an acousto-optical
tunable filter (AOTF) to only illuminate the sample during the
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actual camera exposure time so as to minimize phototoxicity
and photobleaching. The overlay of the green and the red
channel was obtained with in-house developed software via
acquisitions of stationary Tetraspeck microspheres, which were
immobilized on a coverglass. These microspheres contain multi-
ple fluorophores and can thus be detected in both the green
and red channel, allowing calculation of the transformation
parameters to overlay both channels.

To validate dynamic colocalization or correlated endosomal
movement in living cells, 200 nm diameter polystyrene Tetra-
speck microspheres were administered to ARPE-19 cells. Here,
cells were seeded in MatTek coverslip dishes, 24 h before
addition of the microspheres that were diluted 4000x in cell
culture medium. These were then incubated for 3 h with the
cells, after which the beads were washed away with cell culture
medium and chased for another 2 h (to decrease the amount of
cell-attached, noninternalized beads). Ten dual-color fluores-
cence movies were then recorded on the SPT-microscope. As a
negative control experiment, ARPE-19 cells, expressing EGFP-
LAMP1, were exposed shortly to Cy5-labeled p(CBA-ABOL)
polyplexes and 10 dual-color movies were taken after 100 min
of incubation. To obtain dual-color fluorescence movies without
any correlated movement of fluorescent objects, the red chan-
nels (polyplexes) were randomly overlaid with the green chan-
nels (endosomes) from other cells.

Image Processing and Colocalization Analysis. Three methods
were evaluated for quantitative colocalization analysis, respec-
tively based on colocalization of pixels, objects and object
trajectories. As earlier described by Braeckmans et al., first, a
background removal was performed on all frames using an
unsharp median filter with a kernel size of 15 pixels, followed by
a median smoothing filter with a kernel size of 5 pixels for
suppression of high-frequency noise.*' These processed images
were automatically thresholded and converted to binary
images. These binary images were directly used for calculating
pixel overlap. The pixel-based colocalization coefficient then
represents the fraction of pixels from the red channel
(polyplexes) that coincide with pixels from the green channel
(endosomes).*? The second method looks for the colocalization
of identifiable objects. Here, the contours of individual fluor-
escent objects (endosomes and polyplexes) were first automa-
tically identified in the binary image®’ and a red object
(polyplex) was assigned as being colocalized with a green
object (endosome) if the centroid of the red object was located
within the contour of the green object.*? The object-based
colocalization coefficient was then determined as the fraction of
red objects that is colocalized with green objects. The third,
trajectory-based, method extends the principle of object-based
colocalization, but also includes temporal information from the
movie. As has been noted before, a convincing proof of object
colocalization is their synchronized movement over several
frames of a movie.?> As explained in more detail in the Theory
section of the Supporting Information, in this work we make use
of this concept and propose a method for the quantitative
analysis of correlated motion of objects. To this end, the motion
trajectories of the identified green and red objects are first
calculated as is typically done in SPT.>**'*3 The dynamic,
trajectory-based colocalization algorithm was implemented in
custom-built software for detecting correlated movement be-
tween red and green objects (see also Supporting Information,
Figure 1). The dynamic colocalization coefficient is then calcu-
lated as the fraction of red trajectories that show correlated
movement with green trajectories. For the figures where the
dynamic colocalization was plotted versus time, trend lines were
calculated according to

n
z Neotoc (£
i=n —4

:u(tn) = n
z Nred(ri)

i=n —4

where u(t,) is the colocalization at time point t, calculated as the
average with the 4 preceding data points. Neooc(t) is corre-
sponding to the number of correlating red tracks in the movie,
taken at time point t; and N,q(t;) to the total number of red
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tracks in that same movie (after correction for stationary
trajectories, see Supporting Information Results and supple-
mental Figure 3).
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