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Abstract

Introduction: Anti-VEGF therapy is repeatedly given for an
extended period of time to patients when treated for age-
related macular degeneration. While short-term effects of
anti-VEGF agents on retinal pigment epithelial cells have
been investigated, the effects of long-term and repeated
treatment on these cells are scarce. In this study, we have
investigated the effects of anti-VEGF treatment (bevacizum-
ab and aflibercept) after long-term, repeated treatment on
uptake, storage, and subcellular localization. Methods: Ex-
periments were conducted in primary porcine retinal pig-
ment epithelium (RPE) cells in first passage and in ARPE-19
cell line. Cells were treated with 250 pg/mL bevacizumab,
aflibercept, or, as a non-VEGF inhibiting antibody, rituximab
once a week for 1 day, 7 days, 4, and 12 weeks. Cell survival
was evaluated with methyl thiazolyl tetrazolium assay. Up-
take and localization of compounds were investigated with
immunofluorescence microscopy. Selective intracellular
proteins were stained with specific respective primary anti-
bodies; actin cytoskeleton was stained with phalloidin. For
quantitative analysis, intracellular signals were normalized

to light intensity and exposure time. Intracellular association
with lysosomes (Lamp2) and exosomes (CD63) was also
quantified. In addition, subcellular fractions (nucleus, plas-
ma, membrane, and cytoskeleton) were generated and ana-
lyzed in Western blot. Results: Weekly treatment up to 12
weeks displayed no toxic effects on RPE cells in any sub-
stance tested. Intracellular signal of bevacizumab and
aflibercept was strongest after 1 day, decreased after 1 and
4 weeks but increased again after 12 weeks. The signal of in-
tracellular bevacizumab was significantly stronger than of
aflibercept. In addition, in primary RPE, aflibercept was sig-
nificantly more associated with Lamp2, indicating degrada-
tion of aflibercept. At all time points, the respective thera-
peutics could be detected at the cytoskeleton. In primary
RPE cells, co-localization with exosome marker CD63 showed
a maximum after 1 day for bevacizumab and after 12 weeks
for aflibercept. Actin-encapsulated therapeutics can be
found at any time point tested. Conclusion: Both bevaci-
zumab and aflibercept display a distinctive time-dependent
uptake in the RPE cells and are stored in actin-covered accu-
mulations for extended periods of time. When normalized
and quantified, less aflibercept can be found in RPE cells,
while more aflibercept is co-localized with Lamp2. Our data
suggest that bevacizumab is differently processed by RPE
cells than aflibercept. ©2020 5. Karger AG, Basel
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Introduction

Since the approval of ranibizumab (Lucentis®, Novar-
tis) for the treatment of age-related macular degeneration
(AMD) in 2007, anti-VEGF therapy has become the stan-
dard treatment option of exudative AMD [1]. As the
treatment is not curative, injections are given repeatedly
over an extended period of time, sometimes for several
years [2]. The euphoria of the first years has by now been
replaced by routine and the realization that the initial gain
in visual acuity is usually lost in long-term treatment [2].
A general observation that has been made is appearances
of geographic atrophy in long-term treated retina. It has
been suggested that the exposure of the retinal pigment
epithelium (RPE) to the VEGF antagonists may be re-
sponsible for geographic atrophy [3, 4]. However, this is
under debate [5].

We and others have previously shown that the
VEGF-inhibitors interact with RPE cells [6-11]. While
we and others found no direct toxicity, VEGF-inhibi-
tors can interfere with RPE function and are taken up
and stored by RPE cells, provided that they contain an
Fc-fragment [7, 12, 13]. The uptake results in transport
via Myosin 7a and intracellular accumulation of the an-
ti-VEGF compounds in some, but not all cells, usually
associated with or encapsulated by actin filaments [8,
9]. However, these experiments have been done after
exposure to bevacizumab or aflibercept for a maximum
of 7 days, not reflecting repeated administration over an
extended period of time.

Repetitive long-term treatment is hardly covered in
research concerning possible effect of anti-VEGF treat-
ment and could differ profoundly to what is found in
short-term experimentation. Indeed, a major drawback
of in vitro research is that it usually is limited to short
incubation periods, ranging from hours to 1 day, while
in vivo, the interaction between the tissue and the com-
pounds is a long-term interaction. We have recently es-
tablished a model of repetitive long-term treatment with
VEGF antagonists for up to 12 weeks, which also takes
into account that the anti-VEGF inhibitor is diminished
and re-administered during the time course [14]. In this
model, we can test whether the observed uptake and stor-
age of anti-VEGF compounds is merely a short-term
event or relevant for long-term interaction and whether
it shows effects on anti-VEGF availability. In this study,
we have investigated the uptake and intracellular local-
ization of bevacizumab and aflibercept, and the non-
VEGF binding antibody rituximab, after treatment for
up to 12 weeks.
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Materials and Methods

Primary RPE Cell Culture

Primary RPE cells were prepared from porcine eyes as previ-
ously described [15, 16]. In brief, the eyes of pigs were obtained no
later than 4 h after death; they were cleaned and the anterior parts
of the eye, as well as the vitreous and retina, were removed. RPE
cells were harvested by trypsin digestion. Cells were cultivated in
Dulbecco’s Modified Eagle’s Medium (DMEM, PAA) supple-
mented with penicillin/streptomycin (1%), L-glutamine, ampho-
tericin B (0.5 mg/mL), HEPES (25 mM), sodium-pyruvate (110
mg/mL) (all PAA), and 10% fetal calf serum (LINARISblue, Wert-
heim-Bettingen, Germany). Confluent RPE cells of first passage
(directly harvested) were used. All experiments were carried out in
12-well plates. For microscopy, cells were cultivated until conflu-
ence on collagen-coated (Collagen A, Biochrom, Berlin, Germany)
coverslips (21 x 26 mm, Menzel GmbH, Braunschweig, Germany),
as previously described [9].

ARPE-19 Cells

ARPE-19 cells (ATCC, Wesel, Germany), an immortal human
RPE cell line [17], were cultivated in Hyclone DMEM (GE Health-
care, Miinchen, Germany), supplemented with penicillin/strepto-
mycin (1%), nonessential amino acids (1%) (all Biochrom, Berlin,
Germany), and 10% fetal calf serum (LINARISblue). For all ex-
periments, confluent cells were used. All experiments were carried
out in 12-well plates except for subcellular fractioning, for which
ARPE-19 cells were cultured in flasks (T75, Sarstedt, Niimbrecht,
Germany). For microscopy, cells were cultivated on collagen-coat-
ed (Collagen A, Biochrom) coverslips (21 x 26 mm, Menzel
GmbH), as previously described [9].

Treatment of Cells

Confluent primary RPE cells or ARPE-19 cells were treated with
250 pg/mL bevacizumab (Avastin®, Roche, Mannheim, Germany),
aflibercept (Eylea®, Bayer, Leverkusen, Germany), or, as a non-
VEGF inhibiting biological, rituximab (MabThera®, Roche), for 1
day, 7 days, 4 weeks, and 12 weeks. For cells incubated for 7 days or
longer, cells were treated with the respective compound for 4 days.
After this time, medium was exchanged without any application of
the respective compound, and the cells were left untreated for 3
days. For cells incubated for 4 or 12 weeks, medium was exchanged
after these 3 days and the inhibitor was again supplied. This treat-
ment was conducted once a week, every week of the treatment.

MTT Assay

Methyl thiazolyl tetrazolium (MTT) assay [18] was performed
asdescribed previously [19]. In brief, cells were stimulated with the
respective substance for the indicated time periods as described
above, medium was discarded, and cells were washed with PBS,
incubated for 2 h with MTT (Sigma-Aldrich/Merck, Darmstadt,
Germany), and dissolved in DMEM without phenol red (GE
Healthcare) (0.5 mg/mL). After removal of MTT, dimethyl sulfox-
ide (Roth, Karlsruhe, Germany) was added, the plates were shaken
for 5 min, and adsorption was measured at 555 nm with EIx800
(BioTek, Bad Friedrichshall, Germany). Control was set as 100%.

Subcellular Fractioning
Subcellular fractioning was conducted as previously described
[8]. In brief, the ProteoExtract® Subcellular Proteome Extraction
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Kit was used (Calbiochem, Darmstadt, Germany) according to the
recommended protocol with modifications. ARPE-19 cells were
treated as described above for 4 and 12 weeks. Cells were harvested
in ice-cold PBS (Biochrom), centrifuged at 1,300 g at 4°C for 7 min,
and the pellet was resuspended in wash buffer. After washing and
centrifugation at 325 g and 4°C for 15 min, washing was repeated.
All extraction buffers were supplemented with proteinase inhibi-
tors. Cold extraction buffer I was used for extraction of cytosolic
proteins. After centrifugation at 1,025 g and 4°C for 15 min, the
supernatant was harvested. To extract membrane/organelle pro-
teins from the pellet, extraction buffer II was used. After incubat-
ing the cells for 30 min at 4°C and centrifuging at 6,000 g and 4°C
for 15 min, the supernatant was harvested. To further extract nu-
clear proteins from the remaining pellet, ice-cold extraction buffer
III (supplemented with benzonase) was added, incubated for 10
min at 4°C, and centrifuged at 6,800 g and 4°C for 10 min. The
proteins were harvested in the supernatant. Finally, the cytoskel-
etal proteins were extracted from the remaining pellet with extrac-
tion buffer IV. All supernatants were kept on ice and were centri-
fuged at 17,000 g and 4°C for 10 min, except for the supernatant of
the cytoskeletal proteins. The resulting supernatants were trans-
ferred to new tubes and stored at —80°C until further evaluation.

Western Blot

Western blot was conducted as previously described with mod-
ifications [8]. In brief, proteins were separated with reducing SDS-
PAGE, using a 12% acrylamide (BioRad, Munich, Germany) gel.
After blotting, the PVDF-membrane (Roth) was blocked with 4%
skimmed milk (Roth) in Tris-buffered saline with 0.1% Tween
(Merck) for at least 1 h at room temperature. The blot was treated
with the appropriate first antibody (Anti-IgG, Sigma-Aldrich,
I-1011; Anti-Hsp70, Santa Cruz, sc-66048; Anti-Calnexin, Santa
Cruz, sc-11397; Anti-c-Jun, Cell Signaling Technologies, Denver,
CO, USA, #9165; Anti-Vimentin, Santa Cruz, sc-5565) in 4%
skimmed milk in Tris-buffered saline with 0.1% Tween overnight
at 4°C. After washing, the blot was incubated with an appropriate
HRP-linked antibody (Anti-goat, Biomol, Hamburg, Germany,
#33922; Anti-rabbit, Cell Signaling Technologies, #7074; Anti-
mouse, Cell Signaling Technologies, #7076) in 4% skimmed milk
in Tris (Sigma-Aldrich) buffered saline with 0.1% Tween (Merck).
Following the final washing, it was incubated with Immobilon che-
miluminescence reagent (AmershamTM, GE Healthcare, Buck-
inghamshire, UK), and the signal was detected with MF-ChemiBis
1.6 (Biostep, Jahnsdorf, Germany).

Immunofluorescence Studies

Primary porcine RPE cells or ARPE-19 cells were treated as de-
scribed above. Immunofluorescence studies were conducted as de-
scribed elsewhere with modification [9]. In brief, cells were washed
with PBS and fixed in 3% PFA (Merck). Permeabilization was done
in 0.1% Triton X (Roth) for 5 min. After Triton X was removed,
coverslips were washed twice with PBS and then blocked using
Roti®-Immunoblock Solution (Roth) at room temperature. Pri-
mary antibody (Lamp2, Santa Cruz, sc-8100; CD63, Santa Cruz,
H-193) was diluted in Roti-Immunoblock Solution, and added and
incubated overnight at 4°C in a humid chamber. Cells were washed
3 times with PBS, and the corresponding secondary antibody
(goat-anti-human AlexaFluor 555, ThermoFisher A-21433; don-
key-anti-goat, AlexaFluor 647, ThermoFisher A-21447), diluted in
Roti-Immunoblock (1:1,000) with 0.4 uM bisbenzimide H (Sigma-
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Aldrich) was added for 1 h at room temperature. To visualize actin
filaments, Atto488-phalloidin (Sigma-Aldrich) was added. Cover
slides were mounted after washing with PBS and aqua dest. Cov-
erslips were examined using Zeiss Imager M2 microscope togeth-
er with the Zeiss ApoTome (Carl Zeiss Microscopy GmbH, Ger-
many). The microscope was fitted with the Zeiss AxioCam MRm
Camera (Carl Zeiss). All images were analyzed with ZenPro2 Soft-
ware (Carl Zeiss).

Quantitative Evaluation of Immunofluorescence

To objectify the results of the immunofluorescence microsco-
Py, ZenPro2 software was used. In order to evaluate the intracel-
lular amount of bevacizumab, aflibercept, and rituximab in an ob-
jective way, the total intensity over 1 picture of the channel of the
antagonists was measured. To delete unspecific signals, the mean
intensity of the same channel measured in the control samples was
subtracted from the intensity of the treated samples. To be able to
compare pictures with a different exposure time, the corrected in-
tensity was divided by the exposure time. To describe the co-local-
ization between the antagonists and respective vesicle marker
(Lamp2, CD63), we counted all dots representing the specific
marker and those which were co-localized with an antagonist. The
co-localizations were then given in percentage of the total amount
of the marker.

Statistics

All experiments have been repeated at least 3 times in indepen-
dent experiments. Graphs depict mean and standard deviation.
Statistical analysis was conducted with Student’s ¢ test using Excel.
A value of p < 0.05 was considered significant.

Results

Cell Viability

Cell viability, after repeated treatment with 250 ug/mL
aflibercept, bevacizumab, or rituximab, was tested in pri-
mary RPE and ARPE-19 cells for 1 day, 7 days, 4, and 12
weeks of treatment. Neither cell type showed any signifi-
cant cell death at any time point tested (Fig. 1a, b).

Intracellular Intensity

Intracellular bevacizumab, aflibercept, and rituximab
were assessed after 1 day, 7 days, 4, and 12 weeks in im-
munofluorescence. In order to quantify the data, light in-
tensity was normalized to control and exposition time
(corrected light intensity). In primary RPE (Fig. 2), cor-
rected light intensity for bevacizumab and for aflibercept
was highest after the first day of application and signifi-
cantly reduced at later time points. A direct comparison
of the signals for bevacizumab and aflibercept revealed
that the intensity for bevacizumab was significantly high-
er at every time point assessed. As an IgG control which
has no binding affinity for VEGF, rituximab was also test-
ed. In rituximab treated cells, the signal significantly de-
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creased after 7 days and 4 weeks while the difference be-
tween the signals at 1 day and 12 weeks was not signifi-
cant. When directly compared with bevacizumab, the
signal for rituximab was significantly less for all time
points except 12 weeks. The differences between afliber-
cept and rituximab were not significant.

For ARPE-19 cells (Fig. 3), corrected light intensity for
bevacizumab was highest at the first day of application
and significantly reduced at 7 days and 4 weeks, but not
at 12 weeks. Corrected light intensity for aflibercept and
rituximab was highest at the first day of application and
significantly reduced at all later time points. However, all
3 compounds showed an increase of the signal after 12

weeks. A direct comparison of the signals for bevacizum-
ab and aflibercept revealed that the intensity for bevaci-
zumab was significantly higher at 7 days and 4 weeks.
When rituximab was directly compared with bevacizum-
ab, the signal was significantly higher at 1 day, but lower
at 7 days. Taken together, these data generally show a
strong signal at the first day, a strong reduction of the sig-
nal after 7 days and 4 weeks, and an elevation of the signal
after 12 weeks, indicating in general mechanism in the
cells. Also, the signal for bevacizumab was generally sig-
nificantly higher than the signal for aflibercept, indicating
a reduced uptake or elevated degradation of aflibercept,
similar to what is seen in primary cells. Of note, when
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Fig. 1. Influence of tested compounds on cell viability. Influence on cell survival was investigated after treatment
with 250 ug/mL bevacizumab, aflibercept, or rituximab for 1 day, 7 days, 4, and 12 weeks in primary RPE cells
(a) and ARPE-19 cells (b). Results were normalized to untreated control. No influence on cell viability could be
detected for any substance in either of the cell types tested. Significance evaluated with Student’s ¢ test. d, day; wk,

week; RPE, retinal pigment epithelium.

Fig. 2. Intracellular compound, quantified from immunofluorescence in primary RPE. Comparison of signal in-
tensity of respective compounds at different time points (a), comparison of signal intensity between compounds
(b). Generally, the signal reduces over 7 days and 4 weeks to increase again after 12 weeks. Also, bevacizumab
generally shows a higher intensity than aflibercept or rituximab. ¢ Exemplary immunofluorescence pictures. Light
signal was normalized to control and exposure time. Blue = cell nucleus, red = respective compound. *p < 0.05;
*p < 0.01; ***p < 0.001. Significance evaluated with Student’s ¢ test. Afli, aflibercept; Beva, bevacizumab; Ritu,
rituximab; d, day; wk, week; RPE, retinal pigment epithelium.
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comparing the cell types, ARPE-19 cells generally showed
more signal for aflibercept and rituximab (at 1 day and 12
weeks) compared to primary RPE cells, while the signals
for bevacizumab were almost identical.

Intracellular Localization

Cytoskeleton

In order to investigate the intracellular localization
of bevacizumab, aflibercept, and rituximab at the dif-
ferent time points, a subcellular fractionation was done.

As this method demands high amounts of cells which
cannot be provided by primary RPE cells, only ARPE-
19 cells were used for these experiments. We have pre-
viously shown that all 3 substances are mainly found in
the cytoskeleton fraction after 1 day of incubation [9].
In this study, we concentrated on 4 and 12 weeks of in-
cubation. After 4 weeks, bevacizumab was mainly found
in the cytoskeletal fraction but displayed a more diffuse
distribution after 12 weeks. Aflibercept was found in
the fraction of the cytoskeleton and of the cell nucleus

Subcellular fractionation, 4 weeks
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Fig. 4. Subcellular fractionation in ARPE-19 cells. After 4 weeks (a),
after 12 weeks (b). Cells were divided into P, M, N, and CS. Exem-
plary blots for each compound with indicator blots for each fraction
(MEK1/2: plasma; Calnexin: membrane; c-Jun: nucleus; vimentin:

Fig. 3. Intracellular compound, quantified from immunofluores-
cence in ARPE-19 cells. Comparison of signal intensity of respec-
tive compounds at different time points (a), comparison of signal
intensity between compounds (b). Generally, the signal reduces
over 7 days and 4 weeks to increase again after 12 weeks. Also,
bevacizumab generally shows a higher intensity than aflibercept.

Anti-VEGF Long-Term Uptake

cytoskeleton) are shown. Aflibercept and rituximab show a more
pronounced localization to the cytoskeletal fraction than bevaci-
zumab after long-term incubation. P, plasma; M, membrane; N,
nucleus; CS, cytoskeleton; RPE, retinal pigment epithelium.

¢ Exemplary immunofluorescence pictures. Light signal was nor-
malized to control and exposure time. Blue = cell nucleus, red =
respective compound. *p < 0.05; **p < 0.01; ***p < 0.001. Signifi-
cance evaluated with Student’s # test. Afli, aflibercept; Beva, beva-
cizmab; Ritu, rituximab; d; day; wk, week; RPE, retinal pigment
epithelium.
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after 4 weeks and mainly in the cytoskeletal fraction af-
ter 12 weeks. Rituximab was mainly found in the cyto-
skeletal fraction (Fig. 4). Taken together, while the pat-
tern of distribution displayed variation after 4 and 12
weeks, depending on the compound, all therapeutics
were found in the cytoskeletal fraction at any time test-
ed. This correlates with our findings in the immuno-
fluorescence, which shows an alignment of the thera-
peutics with the actin cytoskeleton at any time point for
both primary RPE (Fig. 5) and ARPE-19 cells (Fig. 6).

Of interest, for all compounds and at all time points,
actin-coated encapsulations could be found, which was
more pronounced in primary RPE cells. When encapsu-
lation of bevacizumab was quantified for size, overall
area, or number in primary RPE cells, generally an in-
crease until 4 weeks and a significant decrease between 4
and 12 weeks could be seen. For aflibercept, there was a
significant increase in medium size at day 7, while overall
area and number were significantly reduced after 4 and
12 weeks. For rituximab, no statistically significant chang-
es of the medium size were found, while number and
overall area were significantly reduced after 12 weeks
(Fig. 7).

In ARPE-19 cells (Fig. 8), a significant increase in me-
dium size of the encapsulations of bevacizumab could be
found at day 7 and a significant reduction of the number
after 12 weeks. Regarding aflibercept, the medium size of
the encapsulation was reduced at 4 and 12 weeks (Fig. 8).
Overall area or number did not show any differences dur-
ing the time course. Concerning rituximab, the medium
size and the overall area of the encapsulations increased
significantly at week 4. Taken together, encapsulations
were found for all compounds at all time points.

Lysosomes/Lamp2

We have investigated the co-localization of Lamp2, a
marker of lysosomes, with bevacizumab, aflibercept, and
rituximab. We have quantified the number of distinct co-
localization signals between Lamp2 and the respective
compounds and normalized it to the number of Lamp2
signals per cell. For primary RPE (Fig. 9), the relative
number of co-localizations of bevacizumab was signifi-

Fig. 5. Compounds and cytoskeleton in primary RPE cells. De-
picted are exemplary pictures of bevacizumab, aflibercept, and
rituximab (red) and the actin cytoskeleton (green) after 4 weeks (a)
and 12 weeks (b) of treatment. Co-localizations are seen as a yel-
low/orange signal. At all time points, the compounds show align-
ments with the cytoskeleton. Cell nuclei are depicted in blue. RPE,
retinal pigment epithelium.
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cantly lower compared to aflibercept (7 days and 4 weeks)
and rituximab (all time points). On the other hand, the
relative number of co-localizations was almost identical
in aflibercept and rituximab treated cells. This correlates
well with our data regarding signal intensity, which shows
that the signal of bevacizumab was significantly stronger
than aflibercept and rituximab, while aflibercept and
rituximab did not differ in their signal.

For ARPE-19 cells (Fig. 10), no significant differences
between the relative numbers of co-localization of Lamp2
with bevacizumab and aflibercept were detected. For
rituximab, we found a higher relative number of co-local-
ization for bevacizumab compared to rituximab (1 day
and 4 weeks). When comparing aflibercept with ritux-
imab, no significant difference was found, except at day
1. Again, these data correlate well with our findings of
signal intensity, as the signal for aflibercept and ritux-
imab, but not for bevacizumab was higher in ARPE-19
cells compared to primary RPE cells. Therefore, our data
suggest that the relative signal we obtain may be related
to lysosomal degradation in the respective cell.

Exosomes/CD63

We have investigated the co-localization of CD63, a
marker of exosomes, with bevacizumab, aflibercept, and
rituximab. We have quantified the number of distinct co-
localization signals between CD63 and the respective
compounds and normalized it to the number of CD63
signals per cell. In primary RPE cells, bevacizumab was
found co-localized with CD63 mainly after 1 day, while
aflibercept displayed the strongest co-localization after 12
weeks. For rituximab, most co-localizations were found
after 7 days.

In primary RPE cells (Fig. 11), significantly more bev-
acizumab was co-localized with CD63 compared to
aflibercept after 1 day. However, after 4 and 12 weeks of
treatment, there was significantly more aflibercept co-lo-
calized with CD63 than bevacizumab. Considering ritux-
imab, bevacizumab was significantly more co-localized
after 1 day and 12 weeks of treatment, while at 7 days,
there was significantly more rituximab than bevacizumab
co-localized with CD63. Comparing aflibercept with
rituximab, we find more rituximab co-localized with
CD63 after 7 days, while aflibercept was significantly
more co-localized after 12 weeks of treatment. Our data
indicate that bevacizumab is shuttled outside the cell via
exosomes after 1 day of exposure, corresponding to our
previous data (Aboul Naga et al. [8]), but after repetitive
long-term exposure, more aflibercept is shuttled out of
the cells via exosomes.
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In ARPE-19 cells (Fig. 12), significantly more afliber-
cept was co-localized with CD63 after 7 days and 4 weeks.
Contrary to what is found for primary RPE cells, after 12
weeks, significantly more bevacizumab can be found lo-
calized with CD63 than aflibercept. In comparison with
rituximab, more bevacizumab could be found localized to
CD63 at 1 day and 12 weeks of exposure, while after 4
weeks of exposure, more rituximab was co-localized.
Aflibercept and rituximab did not display any significant
differences in ARPE-19 cells. Of note, the overall co-lo-
calization seen with CD63 (for all compounds) was sig-
nificantlyless in ARPE-19 cells compared to primary RPE
(p <0.001), a difference that was not seen for Lamp2. Our
data indicate differences in the time course of exosome-
dependent excretion between bevacizumab (early) and
aflibercept (long-term) but also between primary RPE
and ARPE-19 cells.

Discussion/Conclusion

The long-term treatment of exudative AMD has be-
come clinical routine. However, the long-term effects of
repetitive anti-VEGF application on the retina are not
well understood and, especially considering the loss of
initial vision gain in many patients after long-term treat-
ment [2], warrant further investigation. VEGF-inhibitors
interact with cells of the retina at a cellular level [6, 7, 9].
Therefore, long-term in vitro studies contribute to our
understanding of the consequences of long-term anti-
VEGEF treatment on a cellular level.

We have recently introduced a model for repetitive
long-term treatment in RPE cell culture, with up to 12 ap-
plications of anti-VEGF over a time course of 12 weeks.
Moreover, in this in vitro setting, we also model the vari-
ation of VEGF concentration by removing the VEGF an-
tagonist after 4 days, allowing the cells to be cultured in a
VEGF-containing medium for 3 days [14]. While this is
a weekly, not monthly, application, our model does mim-
ic an extended treatment of 12 applications in cell culture,
enabling the investigation of repetitious long-term treat-
ment.

Fig. 6. Compounds and cytoskeleton in ARPE-19 cells. Depicted
are exemplary pictures of bevacizumab, aflibercept, and rituximab
(red) and the actin cytoskeleton (green) after 4 weeks (a) and 12
weeks (b) of treatment. Co-localizations are seen as a yellow/or-
ange signal. At all time points, the compounds show alignments
with the cytoskeleton. Cell nuclei are depicted in blue. RPE, retinal
pigment epithelium.

Anti-VEGF Long-Term Uptake

In the current study, we used primary RPE cells har-
vested from porcine eyes [15], as well as ARPE-19 cells
[17]. The porcine eye is an excellent model for the human
situation, with a diurnal lifestyle reflected in the anatomy
of the eye and the retina [20]. Porcine RPE cells, espe-
cially when used in first passage, are excellent models of
human adult RPE cells [21]. ARPE-19 cells, on the other
hand, are of human origin and can also be considered a
good model of human RPE cells; however, the limitations
have to be considered when interpreting results obtained
with these cells [21].

To be able to compare the different compounds, an
identical concentration for treatment (250 pg/mL) was
chosen. While the presumed clinical concentration of the
respective compounds differs (250-500 pug/mL) [12, 22,
23], 250 pg/mL was chosen as the minimal therapeutic
concentration at which any of the compounds is used. We
have previously shown that at this concentration VEGF
is completely inhibited both by bevacizumab or afliber-
cept [24].

In our study, we found no toxicity of anti-VEGF com-
pounds even after 12 weeks of treatment, confirming our
previous results, where we found no toxicity in this time
frame using a lower concentration (125 pg/mL) [14]. Our
data suggest safety of these compounds on a cellular level
even after repeated and long-term use. One has to keep in
mind, however, that the cells treated with anti-VEGF in
these studies are healthy cells, while in AMD pathology,
RPE cells are challenged by oxidative stress and/or danger
signals, inducing a pro-inflammatory milieu. Therefore,
further studies need to address the long-term toxicity of
these therapeutics when combined with other noxious in-
sults to gain further insights into possible effects of anti-
VEGF treatment on the viability and function of the RPE,
and concomitantly on the development of geographic at-
rophy.

We have previously shown that both bevacizumab and
aflibercept are taken up by RPE (and ARPE-19) cells,
transported along the cytoskeleton, and stored in actin-
covered areas in the cells when investigated in time frames
of up to 7 days [7-9, 13]. In the present study, we extend-
ed the duration of treatment to 12 weeks, mimicking
long-term treatment. Our study shows that at all time
points, intracellular anti-VEGF therapeutics can be found
aligned with the cytoskeleton, suggesting transport along
them, and intracellular encapsulation, irrespective of the
duration of the treatment (though some variation over
time may exist). These data indicate that the pathways of
intracellular transport and storage do not strongly vary in
correlation to treatment duration and are most likely gen-
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eral features employed by the RPE for intracellular traf-
ficking of anti-VEGF compounds. Indeed, as rituximab
shows the same pattern, it might be a general trafficking
pathway for antibodies or, more precisely, Fc-containing
molecules.

While these patterns seem to be irrespective of time or
compound used, some interesting differences can be
found when investigating the strength of the signal of the
compound over time and in direct comparison. Of note,
the signal has been normalized so that a quantitative anal-
ysis of the immunofluorescence was possible. Here, we
can see a time-dependent signal which is basically similar
for all compounds with the strongest signal found after 1
day, a reduction of the signal seen at 7 days and 4 weeks,
and an increase again after 12 weeks. These data suggest
that the compound is removed from the cell over time,
either by shuttling it out of the cells or by degradation. Our
previous data suggested that the compound is transported
through the cells and shuttled out of it rather than being
degraded, which may be dependent on the Fc-receptor [8,
9]. The finding that compounds can always be found
aligned with the actin cytoskeleton can be also interpreted
in this direction, as a snapshot of transportation. Of high
interest, however, is the direct comparison of the signal of
bevacizumab and aflibercept (or rituximab), showing that
the bevacizumab signal is much stronger than aflibercept,
which can be seen at all time points in the primary RPE
(and in most time points in ARPE-19), suggesting a high-
er uptake (or slower degradation) of bevacizumab. We
have shown before that the neonatal Fc-receptor (FcRn)
is involved in the transport of antibodies, but not of
aflibercept in RPE cells. Our data further indicated that
FcRn is mainly involved in the recycling of antibodies
back to the RPE cell [9]. Therefore, the overall reduced
signal of aflibercept compared to bevacizumab could be
explained by an increased recycling of bevacizumab, but
not of aflibercept. For rituximab, which is also transported
via FcRn [25], the situation is less clear, as in ARPE-19, we
see a stronger signal compared to aflibercept, but in pri-
mary RPE cells, the signal is reduced. The situation is,
therefore, likely to be more complex than just FcRn recy-

Fig. 7. Encapsulation of bevacizumab (a), aflibercept (b), and
rituximab (c) in primary RPE, showing medium size, overall area,
and number; Exemplary pictures of encapsulations with com-
pound (red), actin filament (green), and nucleus (blue) (d). Encap-
sulations were found at all time points for all substances. *p < 0.05,
**p<0.01,**p <0.001. Significance evaluated with Student’s f test.
d, day; wk, week; RPE, retinal pigment epithelium.

Anti-VEGF Long-Term Uptake

cling and influenced by the differences between primary
RPE and ARPE-19 cells [21]. When comparing RPE cells
and ARPE-19 cells one has to keep in mind that these cells
differ in several aspects. While generally considered a
valuable RPE model, ARPE-19 displays a less differenti-
ated phenotype, lacks pigmentation, displays more stress
fibers (and therefore differ in their distribution of actin
filaments), and can differ in their receptor expression,
which all may contribute to the differences found in the
uptake of the tested biologicals [8, 9, 21, 26, 27]. Contrib-
uting to this complexity is the substance and time-depen-
dent co-localization to exosomes (CD63) in RPE cells,
which indicates an early secretion via exosomes for beva-
cizumab, corresponding to our previous findings [8], but
a strong secretion of aflibercept at later time points, with
very little association of rituximab with CD63 at all. Again,
the results are cell dependent, as in ARPE-19 cells, far few-
er co-localizations to CD63 can be found for all com-
pounds and a reversed picture is painted, with more beva-
cizumab than aflibercept associated with CD63 after 12
weeks. Taken together, our data indicate that exosome se-
cretion may play a part in intracellular reduction of the
compounds, but further research is warranted to elucidate
the exact role of this mechanism. Another possible expla-
nation for the reduced intracellular signal of aflibercept
could be related to degradation of the compound. Indeed,
we found significantly more co-localization of aflibercept
with Lamp2 compared to bevacizumab in primary RPE
cells. This might indicate that RPE cells indeed degrade
(some of the) intracellular aflibercept. We have previous-
ly shown that aflibercept, but not bevacizumab, is suscep-
tible to degradation by plasmin and that this degradation
reduces its ability to inhibit VEGF [28, 29]. Possibly, the
recombinant structure makes aflibercept more vulnerable
to degradation in general. As our previous studies also in-
dicate that FcRn might not be involved in the transport of
aflibercept through the RPE [9], and FcRn is protecting
antibodies from lysosomal degradation [30], it is tempting
to speculate that a reduced interaction with FcRn may be
the cause of the reduced intracellular signal of aflibercept
compared to bevacizumab. However, this needs further
clarification. The question remains whether these differ-
ences between bevacizumab and aflibercept may have
consequences in the patient. In exudative AMD, choroidal
neovascularizations which need to be treated by VEGF an-
tagonists can be found in the retina, in the subretinal
space, or beneath the RPE [31]. In the case of the lesion
being beneath the RPE (and presuming that the RPE bar-
rier is intact), the VEGF antagonists would have to be
transported through the barrier. Here, a reduced uptake
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Colocalization with LAMP2, primary RPE, comparison between the compounds
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Fig. 9. Relative number of co-localization between Lamp2 and bevacizumab, aflibercept, and rituximab, respec-
tively, in primary RPE. a Comparison of relative number of co-localizations of the different compounds. Beva-
cizumab displayed less co-localizations with Lamp2 than aflibercept or rituximab. b Exemplary pictures for co-
localization in primary RPE, compound (red), Lamp2 (green), co-localization (yellow/orange), and nucleus
(blue). *p < 0.05; **p < 0.01; ***p < 0.001. Significance evaluated with Student’s ¢ test. Afli, aflibercept; Beva,
bevacizmab; Ritu, rituximab; d, day; wk, week; RPE, retinal pigment epithelium.

Fig. 8. Encapsulation of bevacizumab (a), aflibercept (b), and rituximab (c) in ARPE-19, showing medium size,
overall area, and number; Exemplary pictures of encapsulations with compound (red), actin filament (green),
and nucleus (blue) (d). Encapsulations were found at all time points for all substances. *p < 0.05. Significance
evaluated with Student’s ¢ test. d, day; w, week; RPE, retinal pigment epithelium.
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Colocalization with Lamp2, ARPE-19, comparison between the compounds
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Fig. 10. Relative number of co-localization between Lamp2 and bevacizumab, aflibercept, and rituximab, respec-
tively, in ARPE-19 cells. a Comparison of relative number of co-localizations of the different compounds. No
significant differences between bevacizumab and aflibercept can be found. b Exemplary pictures for co-localiza-
tion in primary RPE, compound (red), Lamp2 (green), co-localization (yellow/orange), and nucleus (blue). *p <
0.05; **p < 0.01. Significance evaluated with Student’s ¢ test. Afli, aflibercept; Beva, bevacizmab; Ritu, rituximab;
d, day; wk, week; RPE, retinal pigment epithelium.
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Colocalization with CD63, primary RPE, comparison between the compounds
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Fig. 11. Relative number of co-localization between CD63 and bevacizumab, aflibercept, and rituximab, respec-
tively, in primary RPE. a Comparison of relative number of co-localizations of the different compounds. b Ex-
emplary pictures for co-localization in primary RPE, compound (red), Lamp2 (green), co-localization (yellow/
orange), nucleus (blue). *p <0.05; **p < 0.01; ***p < 0.001. Significance evaluated with Student’s ¢ test. Afli, afliber-
cept; Beva, bevacizmab; Ritu, rituximab; d, day; wk, week; RPE, retinal pigment epithelium.
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Colocalization with CD63, ARPE-19, comparison between the compounds
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Fig. 12. Relative number of co-localization between CD63 and bevacizumab, aflibercept, and rituximab, respec-
tively, in ARPE-19 cells. a Comparison of relative number of co-localizations of the different compounds. Note
that the overall signal is less compared to primary RPE cells. b Exemplary pictures for co-localization in ARPE-
19, compound (red), Lamp2 (green), co-localization (yellow/orange), nucleus (blue). *p < 0.05; **p < 0.01;
***p < 0.001. Significance evaluated with Student’s ¢ test. Afli, aflibercept; Beva, bevacizmab; Ritu, rituximab; d,
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or enhanced degradation may interfere with the bioavail-
ability of aflibercept at the lesion. Further research is war-
ranted to address this question in more detail and to in-
vestigate the consequences of the interaction of the bio-
logicals with retinal cells on their pharmacokinetics and
bioavailability in the retina.

Our data show a time and compound-dependent intra-
cellular presence of the biologicals (bevacizumab, afliber-
cept, and rituximab) in RPE cells in the long-term treat-
ment. We found differences between bevacizumab and
aflibercept, indicating a different intracellular processing
of the compound and hinting toward a higher availability
of bevacizumab. Further research is warranted to further
elucidate the interactions of the anti-VEGF compounds
with retinal cells and its consequence on bioavailability.
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