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Targeting Oncolytic Adenoviruses to Cancer Cells Using
a Designed Ankyrin Repeat Protein Lipocalin-2 Fusion Protein
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Oncolytic viruses are a promising technology to attack cancer cells and to recruit immune cells to the tumor site.
Since the Lipocalin-2 receptor (LCN2R) is expressed on most cancer cells, we used its ligand LCN2 to target
oncolytic adenoviruses (Ads) to cancer cells. Therefore, we fused a Designed Ankyrin Repeat Protein (DARPin)
adapter binding the knob of Ad type 5 (knob5) to LCN2 to retarget the virus toward LCN2R with the aim of
analyzing the basic characteristics of this novel targeting approach. The adapter was tested in vitro with Chinese
Hamster Ovary (CHO) cells stably expressing the LCN2R and on 20 cancer cell lines (CCLs) using an Ad5 vector
encoding luciferase and green fluorescent protein. Luciferase assays with the LCN2 adapter (LA) showed 10-fold
higher infection compared with blocking adapter (BA) in CHO cells expressing LCN2R and in cells not expressing
the LCN2R. Most CCLs showed an increased viral uptake of LA-bound virus compared with BA-bound virus
and for five CCLs viral uptake was comparable to unmodified AdS. Flow cytometry and hexon immunostainings
also revealed increased uptake of LA-bound Ads compared with BA-bound Ads in most tested CCLs. Virus
spread was studied in 3D cell culture models and nine CCLs showed increased and earlier fluorescence signals
for LA-bound virus compared with BA-bound virus. Mechanistically, we show that the LA increases viral up-
take only in the absence of its ligand Enterobactin (Ent) and independently of iron. Altogether, we characterized
a novel DARPin-based system resulting in enhanced uptake demonstrating potential for future oncolytic
virotherapy.
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INTRODUCTION

AROUND 20% of all people develop cancer before they turn
75, and half of them—10 million in 2020—die from it.!
Therefore, next to commonly used radiotherapy, chemo-
therapy, and surgery, improved therapy options are ur-
gently needed. Immunotherapy is an emerging therapy
field, including numerous different approaches. Promising
examples are checkpoint inhibitors (i.e. Pembrolizumab,
Ateolizumab, Ipilimumab), chimeric antigen receptor

T-cell therapy (i.e. Tisagenlecleucel, Axicabtagene cilo-
leucel), cytokines (i.e. Interleukin-2, Interferon-u),
immunomodulators (i.e. Thalidomide, Lenalidomide,
Pomalidomide), monoclonal antibodies (i.e. Brentux-
imab, Bevacizumab) or cancer vaccines (i.e. Sipuleucel-
T, Talimogene laherparepvec [T-VEC]).>™

T-VEC (Imlygic) was the first U.S. Food and Drug
Administration (FDA)-approved oncolytic virus immu-
notherapy to treat cancer and consists of a herpes virus that
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predominantly infects cancer cells and expresses the
immune-stimulating GM-CSF protein.’ Currently different
oncolytic virus platforms are being evaluated in clinical
trials, among them are Herpes simplex virus, measles virus,
Newcastle Disease virus, picornavirus, reovirus, vaccinia
virus, vesicular stomatitis virus, poxvirus, Seneca Valley
virus, polio virus, coxsackievirus, parvovirus, retrovirus,
alphavirus and adenovirus (Ad).5? Ads express 12 struc-
tural proteins, including the penton base (PB), protein IX,
the hexon, and the trimeric fiber protein containing the
C-terminal knob domain that mediates cell attachment.'*!"!
Depending on the serotype, it can interact with several cell
surface molecules such as the Coxsackie and Adenovirus
Receptor (CAR),'"'? CD46,"* Desmoglein 2 (DSG-2),'*
GD1a," and sialic acid residues.'®!” After first contact with
those molecules, Ads bind to integrins oy 3 and avyfs
through arginine—glycine—aspartic acid (RGD) motifs
within their PB, which promotes virus internalization.'®'®

Most viruses lack a natural tropism for tumor cells*’
and therefore there is a need for replication-competent
viruses to be modified to specifically bind to and infect
cancer cells. For the use in oncolytic therapies the repli-
cation itself can also be made preferential to cancer cells.
Popular approaches include the modification of surface-
exposed viral components or the use of bispecific adapt-
ers.?’ Such bispecific adapters usually contain at least two
domains, one binding to the virion and one binding to an
epitope of interest, leading to indirect interaction of the
virus with the tumor cell.*

In our approach, we used the Lipocalin-2 receptor
(LCN2R, SIc22A17, 24p3R) as cellular target, because of
its expression on numerous cancer cells.>' > It interacts
specifically with LCN2.2*%5 LCN2 is a 198 amino acid
long secreted glycoprotein and is also expressed in many
malignant tumors.?® It participates in the antibacterial
defense, by binding to bacterial siderophores like En-
terobactin (Ent) that are loaded with iron (Fe). This ferric
siderophore-complex-bound state is referred to as Holo-
LCN2, whereas its unbound state is called Apo—LCN2.27’28
Apo-LCN2 was shown to preferentially interact with the
N-terminal domain of the LCN2R.*

Therefore, we designed and produced an LCN2 adapter
(LA) molecule, consisting of a Designed Ankyrin Repeat
Protein (DARPin) binding to the knob region of AdS, a
trimerization domain (SHP) and LCN2 (Fig. 1A). The
SHP forms extremely stable trimers and thereby the
symmetry of the trimeric knob is exploited and the adapter
binds as a chelate.

DARPins were first generated by the Pliickthun labo-
ratory>' = as alternatives for monoclonal antibodies that
overcome certain limitations of the immunoglobulins like
cost-intensive manufacturing, lower stability at harsh
conditions (e.g., high temperature), limited epitope cov-
erage, and their tendency to aggregate especially when
fused to additional domains as is the case in our work.**

In the present work, we tested if the LA can facilitate
viral uptake of AdS5 into Chinese Hamster Ovary (CHO)
model cell lines and into various cancer cell lines (CCLs)
through luciferase assays, flow cytometry, hexon staining,
and spheroid assays. The core aim of this study was to
analyze the functionality and basic characteristics of this
novel approach. In brief, we found that the LA increased
virus uptake into various CCLs, but only in its Ent-free
Apo-LA state. Altogether, we introduce a novel targeting
approach and although this approach needs further ana-
lyses, we believe that there is high potential for future
tumor treatment options.

MATERIALS AND METHODS
Cell culture

CHO K1 cells and CHO cells stably expressing LCN2R
(CHO LCN2R) as well as heparan sulfate proteoglycan
(HSPG)-deficient cell lines, CHO 745 and CHO 606, were
cultivated in Dulbecco’s modified Eagle’s medium
(DMEM, Pan-Biotech) with 10% fetal bovine serum (FBS),
1% penicillin—streptomycin (P/S), and 1% nonessential
amino acids. CaCo-2 cells were cultivated in DMEM with
20% FBS and 1% P/S. Ca Ski cells were cultivated in RPMI
1640 Medium with 10% FBS and 1% P/S. HN cells, HNC
cells, SCC cells, and HCT-116 cells were cultivated in
MEM with 10% FBS and 1% P/S. HEK 293 cells, HelLa
cells, SiHa cells, Hs578T cells, PLC/PRF/5 cells, MDA-
MB-231 cells, MCF-7 cells, Hep-G2 cells, Hep-3B cells,
SK-Hep-1 cells, SK-BR-3 cells, Huh-7 cells, and SK-OV-3
cells, were cultivated in DMEM with 10% FBS and 1% P/S.
The cultivation was carried out in cell culture incubators
running at a temperature of 37°C and a CO, level of 5%.

Viruses

Throughout the study, Ad5-GLN was explored, which
was described in our previous work.*> This replication-
competent adenovirus type 5-based vector with an unmod-
ified E1 transcription unit contains the GLN reporter cassette
in the deleted E3 region, expressing TurboGFP, NanoLuc
luciferase, and the selection marker kanamycin/neomycin.

Generation of a CHO cell model stably
expressing the LCN2R

We first subcloned the Rattus norwegicus LCN2R/
24p3R cDNA obtained from imaGenes into a pcDNA3.1
plasmid® and then transferred it into a pIRESneo3 ex-
pression plasmid (Clontech). This plasmid was then line-
arized with the Nrul restriction enzyme, purified, and
subsequently transfected into CHO K1 cells using the
Promega FuGENE® 6 Transfection Kit. To select the cells
for stable LCN2R expression, G418 (final concentra-
tion=0.5mg/mL) was added 24h post-transfection.
Afterward, single cell clones were selected by limited
dilution, and followed by isolation of the resulting colo-
nies. Note that G418 selection was maintained during the
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Figure 1. The LA increases viral uptake in a CHO cell model. (A) Schematic illustrations of the generated LCN2 DARPin fusion protein adapter (LA) containing the
LCN2 (green) fused to the knob-binding DARPin (pink) through a flexible linker and the trimerization motif (yellow) that allows formation of the trimeric adapter
molecule fused to the knob-binding DARPin through a short minimal linker. This DARPin is based on the DARPin described by Dreier et al.® The rendering of a 3D
model adapter was generated with Blender and the illustration was created with BioRender.com. (B) The surface immunostaining of LCN2R for the CHO K1
untransfected control cells showed only a diffuse background signal compared with the clearly membrane-localized signal of the stably transfected CHO LCN2R
cells. The cells were stained with an anti-LCN2R antibody and a nuclear counterstain. (C) Luciferase assay results 24 h postinfection (1000 vpc) of CHO K1 cells (no
LCN2R expression) and CHO LCN2R-expressing cells. A nearly 10-fold increase of RLU for Ad5 incubated with LA compared with Ad5 alone (data normalized to
Adbonly) was measured, while Ad5 incubated with the BA revealed a decrease in RLU. No differences between CHO K1 and LCN2R cell lines were detected
(Mann-Whitney U test; N=7; ****p-value <0.0001). (D) Flow cytometry results 24 h postinfection (2000 vpc) of CHO K1 cells and CHO LCN2R-expressing cells show
an increase in GFP-positive cells for Ad5 incubated with LA compared with Ad5 alone, whereas Ad5 incubated with BA shows a decrease (Mann-Whitney U test;
N=T7, *p-value <0.0332; **p-value <0.0021). (E) Hexon immunostaining flow cytometry results 3h postinfection (2000 vpc) of CHO K1 cells and CHO LCN2R-
expressing cells also show an increase in GFP-positive cells for Ad5 incubated with LA compared with Ad5 alone and incubated with BA (Mann—-Whitney U test;
N=4; *p-value <0.0332). BA, blocking adapter, CHO, Chinese Hamster Ovary, DARPin, Designed Ankyrin Repeat Protein; GFP, green fluorescent protein; LA, LCN2

adapter; LCN2R, Lipocalin-2 receptor; RLU, relative light unit.

complete selection procedure. Expression of the LCN2R
in the CHO model was analyzed on the protein level
through immunoblot (Supplementary Fig. S2) and surface
immunostaining (Fig. 1B).

Surface immunostaining

To confirm LCN2R surface expression on stably trans-
fected CHO cells, we performed a surface immunostaining.
A total of 1 x10* CHO K1 cells—serving as negative con-
trol—and CHO LCN2R cells were seeded onto glass cov-
erslips. First, the cells were blocked for 1 h at4°C in 1% BSA
in Ca**/Mg*" PBS. Next, the primary anti-LCN2R antibody
(rabbit-anti-24p3R-NT #1095; 5 ug/mL; ImmunoGlobe)®
was diluted in 1% BSA in Ca**/Mg”* PBS and added to the
cells. After incubation at 4°C for 2 h, the secondary antibody
(Cy3-anti-rabbit; 1:600; Jackson ImmunoResearch Labora-
tories) was also diluted in 1% BSA in Ca**/Mg** PBS and
added to the cells. After incubation at 4°C for 1 h, cells were
fixed for 30 min at RT using 4% PFA in PBS.

The final step was a nuclear counter stain by incubating
the cells with 0.8 ug/mL 2’-(4-ethoxyphenyl)-5-(4-methyl-
1-piperazinyl)-2,5’-bi-1H-benzimidazole, 3HC] (H-33342;
Calbiochem) in PBS, before the coverslips were mounted
onto glass slides with DAKO fluorescence mounting me-
dium. Image acquisition and processing were carried out
essentially as described previously.*®

DARPin adapter production

The production of the control adapters, blocking
adapter (BA) (E2_5) and EGFR-binding adapters (EA),
has been described by Dreier et al. and apart from the
replacement of the retargeting DARPin with LCN2, the
LA follows a similar structure. The LA construct gene
consists of the following elements in 5’ to 3’ prime di-
rection: human serum albumin leader sequence, FLAG
tag, His tag, GS linker, 3C cleavage site, Lipocalin-2,
flexible linker, Ad5-knob-DARPin, and a SHP trimeriza-
tion domain.


http://BioRender.com

Downloaded by Universitét Zrich from www.liebertpub.com at 03/27/23. For personal use only.

206 SCHELLHORN ET AL.

The LA construct was then expressed in CHO-S cells,
followed by dialysis of the supernatant against PBS.
Afterward, IMAC purification was performed and another
dialysis of the eluate against PBS was conducted. Detec-
tion and purification tags were removed by 3C protease
cleavage followed by a final size exclusion chromatogra-
phy (SEC) polishing step using a Superdex 200 column. A
scheme of the produced LA can be seen in Fig. 1A and the
analytical SEC analysis and SDS gel electrophoresis in
Supplementary Fig. S1. Note that the molecular weight of
LA is larger than expected from the sequence, which may
be caused due to glycosylation.

Virus adapter incubation

Ad5-GLN was incubated in a 1:100 knob:adapter molar
ratio with either the BA or the LA for at least 1 h at RT.
Since each viral particle carries 12 knob regions, to which
the DARPin adapters can bind, 1 viral particle was incu-
bated with 1200 adapter molecules. Note that for these
calculations the number of optical viral particles and not
the infectious virus particles were considered.

Additionally, the effect of Holo-LA was evaluated by
incubation with Fe3+, from FeCl; dissolved in water, with
Enterochelin/Enterobactin (Ent) using a stoichiometry of
1:1 for 1 h at RT. Afterward either Fe>* only, Ent only, or
the resulting Fe**—Ent complex were incubated with the
adapter molecules at a 1:1 ratio for 1 h at RT. Finally, the
resulting complexes were incubated with Ad5 as described
above.

Luciferase assay

First, 1 X 10* cells per well were seeded in a 96-well
plate and incubated for 24 h in a cell culture incubator.
Afterward, the cells were infected with 1x 10° viral par-
ticles per cell (vpc) and incubated for another 24 h in a cell
culture incubator. Then the luciferase assay was per-
formed according to the manufacturer’s protocol (Nano-
Glo® Luciferase Assay, Promega). Briefly, the luciferase
buffer was mixed with the luciferase substrate at a ratio of
50:1. Afterward, 50 uLL of medium was kept inside each
well and 50 L. of the substrate mix was added. The lu-
minescence was measured using a TECAN Infinite F Plex
Plate Reader after the plates were incubated for 10 to
30min in a cell culture incubator. Then, the content of
each well was transferred to a 96-well luciferase plate
(Thermo Fisher Scientific Nunc A/S).

Flow cytometry

A total of 5x10* or 1x 10’ cells were seeded in each
well of a 48-well plate. After 24 h, cells were infected
using 1x10° or 2x 10 vpc of AdSonly, Ad5+LA, and
Ad5+BA, whereas uninfected cells served as negative
control. Twenty-four hours after infection, cells were
harvested by discarding the medium, carefully washing
with Dulbecco’s phosphate-buffered saline (DPBS, Pan-

Biotech) and adding trypsin until all cells were detached.
After either DMEM or DPBS containing 10% FBS was
added to inhibit trypsin activity, cells were transferred to a
V-shaped 96-well plate and centrifuged at 500 g for 5 min
at RT. Then the supernatant was discarded and cells were
washed with DPBS, followed by another centrifugation.

This time cells were fixed using 100 uL. 2% formalin
per well and incubated for 15 min at RT, followed by an-
other centrifugation. After the supernatant was discarded,
the cells were washed in DPBS, centrifuged, and the su-
pernatant discarded once again. The final step consisted of
resuspending the cells in 150 u. DPBS and transferring
each well to a 96-well flow cytometry plate (Microtest
plate 96 Well, Sarstedt).

The flow cytometry measurement was performed in a
Beckman Coulter CytoFLEX flow cytometer counting
2% 10* events. The FITC-A channel was used to measure
green fluorescence indicating viral infection (due to the
green fluorescent protein [GFP] expression from the GLN
cassette).

Hexon-staining flow cytometry

A total of 5 x 10* cells were seeded in each well of a 48-
well plate. After 24 h, cells were infected using 2 x 10° vpc
of AdSonly, Ad5+LA, and Ad5+BA, whereas uninfected
cells served as negative control. Three hours after infec-
tion, cells were harvested by discarding the medium,
carefully washing with DPBS, and then trypsin was added
until all cells were detached. After either DMEM or DPBS
containing 10% FBS was added to inhibit trypsin activity,
cells were transferred to a V-shaped 96-well plate and
centrifuged at 500 g for 5 min at RT. Then the supernatant
was discarded and cells were washed with DPBS, followed
by another centrifugation. This time cells were fixed using
either 100 uL. of the Reagent A (Fix and Perm Zellper-
meabilisierungskit, #GAS003; Thermo Fisher Scientific)
or 100 uLL 2% formalin per well and incubated for 15 min
at RT, followed by another centrifugation. After the su-
pernatant was discarded, the cells were washed in DPBS
+10% FBS, centrifuged, and the supernatant discarded
once again.

Then the cells were resuspended in a 100 uL. mix of
Reagent B (Fix and Perm Zellpermeabilisierungskit,
#GASO003; Thermo Fisher Scientific) and 1:200 diluted
primary anti-hexon antibody (Ms X Adenovirus,
#MABS8052; Merck) and incubated overnight (ON) at 4°C.
Once again, the cells were centrifuged and the superna-
tant discarded. Afterward, two washing steps consisting
of resuspension in DPBS +10% FBS, centrifugation, and
discarding of the supernatant were performed. The next
step was an incubation in a 100 uL mix of Reagent B and
1:400 diluted fluorescent secondary antibody (Alexa
Fluor™ 488 goat anti-mouse IgGl (yl); Invitrogen/
Thermo Fisher Scientific) for 30 to 60 min in the dark.
Again, two washing steps with DPBS were performed,
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this time carefully protected from light. The final step
consisted of resuspending the cells in 150 uLL. DPBS and
transferring each well to a 96-well flow cytometry plate.
The flow cytometry measurements were performed in a
Beckman Coulter CytoFLEX flow cytometer counting
2% 10* cells.

The cells were gated based on the FSC and SSC dot plot
focusing on the presumably intact cell population. The
FITC-A channel was used, to measure green fluorescence
indicating viral infection. This workflow was based on
Weaver and Kadan’s comparative study.’’

Cell Counting Kit-8 assay

A total of 1x10* cells were seeded in a 96-well plate
(100 uL/well) and then incubated for 24 h in a cell culture
incubator. Afterward, the cells were infected with 1000 vpc
and incubated for another 24 h in a cell culture incubator.
Finally, 10 uL of the Cell Counting Kit-8 (CCK-8) reagent
(#ab228554; Abcam) was added to each well, the plate was
incubated for 30 min and the absorbance at 450 nm was
measured using a TECAN Infinite F Plex Plate Reader.

Spheroid assay

A total of 1x 10 cells were seeded in a 96-well round
bottom low-adherence plate (Greiner Bio-One, Microplate
96 well, PS, U-Bottom, clear, Cellstar®™ cell-repellent
surface) and then incubated for 4 days in a cell culture
incubator. On day 4, cells were infected using 1 X 10° viral
particles of AdSonly, Ad5+LA, and Ad5+BA per well,
whereas uninfected cells served as negative control. After
that, cells were incubated for up to 14 days in a cell culture
incubator and pictures were usually taken every 12 to 24 h
either manually or automatically through the Incucyte®
Live-Cell Imaging System.

GFP quantification

The quantification of GFP fluorescence for the auto-
matic Incucyte spheroid assays was conducted with the in-
built picture acquisition and analysis software, while the
manual spheroid assays were analyzed with the ImagelJ
macro ‘‘Flu-QoST’’ (Supplementary Fig. S3).

After picture acquisition with a fluorescence micro-
scope and the LAS software, GFP fluorescence quantifi-
cation was carried out, using the ImageJ Fiji application.
The ““Flu-QoSI”” macro/plugin was written that was able
to quantify the integrated density (mean gray value of an
area of an 8-bit picture multiplied with its area) after
splitting the color channels, focusing on the green channel,
duplicating the image, using a fitting thresholding method,
creating a mask and running a measurement on the green
channel picture focusing only on the fluorescent area (so
background was not an issue anymore). The quantification
results were saved in a comma-separated values (CSV) file
that could later be transferred to a Microsoft Excel docu-
ment. The macro was able to batch-process subfolders,

such that many pictures could be quantified automatically.
For further details on the macro please refer to the sup-
plemental material (Supplementary Fig. S3).

Statistical analysis

All experiments were conducted using three technical
replicates. All luciferase experiments were repeated at least
four times (n>4). After normalizing the technical replicate
values to the mean value of AdSonly for each experiment
repetition, at least 12 normalized values per treatment could
be compared, which enabled performance of unpaired, non-
parametric Mann—Whitney U test. The CHO flow cytometry
and hexon staining experiments were repeated four times
(n=4). The cancer cell flow cytometry analysis spheroid and
oncolysis assays were conducted only once (n=1).

RESULTS

Adapter increases viral uptake in CHO model
cell lines

To create a cell culture model that differs only in the
expression of the LCN2R, CHO K1 cells, which lack
LCNZ2R expression, were stably transfected with a LCN2R
expression plasmid. This cell line is referred to as CHO
LCN2R.

Expression of the LCN2R was detected in CHO
LCN2R cells and was absent in CHO K1 cells as dem-
onstrated by immunoblot analysis (Supplementary
Fig. S2) and surface immunostaining (Fig. 1B). In parallel,
the 60kDa LCN2R and a smaller 30kDa isoform were
observed for most CCLs in immunoblot analysis.

To bind to the LCN2R on the target cells, we generated the
LA containing the LCN2 fused to the knob-binding domain
and the trimerization domain (Fig. 1A). As a control, we also
generated a BA, which binds to the knob and blocks its in-
teraction site with CAR but is fused to a non-binding
DARPin instead of LCN2. To establish if the generated
adapter molecules incubated with AdS had an effect on its
transduction properties, different adapter-to-knob ratios
ranging from 1:10 to 1:10000 were tested. Performed lucif-
erase assays showed an increase in relative light units (RLUs)
for CHO K1 and CHO LCNZ2R cells after infection with
Ad5+LA, compared with Ad5+BA or naked virus (termed
Ad5only). This was possible because of the GLN cassette
(encoding GFP, luciferase, and neomycin) present in our
Ad5 vector inducing luciferase expression in transduced
cells, which could then be measured 24 h postinfection.

For Ad5+LA, the RLU increasing effect was the highest
with an adapter-to-knob ratio of 1:100, whereas for
Ad5+BA, the same ratio showed the lowest RLU values
(Supplementary Fig. S5). At very high molar excess, the
adapter may bind both on the virus and on cells and
thereby compete with virus uptake. Therefore, for all
following experiments, we chose to use this ratio of one
Ad5-knob to 100 LAs corresponding to one AdS virion
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incubated with 1200 LA molecules (1 virion contains 12
knobs). Using the measured RLU as an indicator for viral
transduction efficiency, we conclude that the LA increases
viral uptake of Ad5 into both CHO cell models, whereas
the BA blocks viral uptake. Replicate measurements,
summarized in Fig. 1C, confirmed this effect. These re-
sults suggest that the LCN2 domain may interact also with
receptors other than LCN2R (see Discussion).

To confirm these results, we performed flow cytometry
analysis of the GFP expression 24h postinfection.
Ad5+LA was able to transduce around 50% of cells in both
CHO cell lines, against no more than 15% for Ad5Sonly and
no more than 10% for Ad5+BA (Fig. 1D).

Furthermore, we tested the adapter effect on the early
stages of viral uptake. At 3 h postinfection, infected cells
were quantified by intracellular staining of the hexon
protein of virus particles. Although the percentage of
hexon-positive cells was relatively low, a strong adapter
effect was observed. Hardly any hexon-positive cells were
detected for AdSonly and Ad5+BA, whereas AdS+LA
showed significantly higher values in both CHO cell lines
(Fig. 1E). The hexon immunostaining experiments 3 h
postinfection confirm the results of luciferase assays and
GFP-expression quantification.
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LA increases viral uptake compared with BA
in CCLs

To identify tumor types that our adapter enables to
target more efficiently, we screened 20 CCLs (Table 1)
using the same protocols as above.

Starting with the luciferase assay data (Fig. 2, sum-
marized in Table 1), we found that in most tested CCLs
Ad5+LA leads to higher viral uptake compared with
Ad5+BA. Note that the knob region that interacts with
CAR is blocked by both adapters. In five cases (SK-OV-3,
HeLa, PLC/PRF/5, HN, SK-Hep-1) the natural viral up-
take of Ad5 with its unbound knob region significantly
exceeded AdS+LA.

To confirm these results, additional flow cytometry
analysis was performed on the CCLs (Fig. 3, summarized
in Table 1). Most CCLs showed a similar number or
slightly fewer GFP-positive cells for Ad5+LA compared
with Ad5only, whereas the Ad5+BA percentages were
consistently low. Overall, the flow cytometry results were
in concordance with the luciferase data, showing increased
infectivity for Ad5+LA compared with Ad5+BA, while
not significantly exceeding the levels of AdSonly.

To test our adapter in a more clinically relevant model,
we performed experiments in three-dimensional CCL
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Figure 2. The LA increases viral uptake in CCLs. Luciferase assay results 24 h postinfection (1000 vpc) mostly show an increase of RLU for Ad5 incubated with
LA compared with Ad5 alone, whereas Ad5 incubated with the BA shows a decrease (Mann-Whitney U test; N>12; *p-value <0.0332; ** p-value <0.0021; ***p-

value <0.0002; ****p-value <0.0001). CCLs, cancer cell lines.
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Figure 3. Ad5 incubated with the LA transduces CCLs similarly to Ad5 alone. Flow cytometry results 24 h postinfection (1000-2000 vpc) of various CCLs show
an increase in GFP-positive cells for Ad5 incubated with LA compared with Ad5 incubated with the BA, but mostly similar levels compared with Ad5 alone

(N=1; technical triplicates).

spheroid (mini-organoid) culture. After infection of the
spheroid structures with our virus/adapter combinations,
we tracked the spread of viral infection using a microscope
and the Incucyte Live-Cell Imaging System to detect GFP
fluorescence emitted by cells infected with AdS. Re-
presentative videos of HeLa spheroid infection are shown
in the Supplementary Videos S1-S4.

HeLa, SCC, HCT116, CaCo-2, HNC, Huh-7, HepG2,
HEK-293, MCF-7, and Hs578T cell lines showed in-
creased and earlier GFP fluorescence for Ad5+LA and
Ad5only compared with Ad5+BA and a similar fluores-
cence signal when compared with each other (Fig. 4 and
Supplementary Fig. S6). In HeLa, SCC, HEK293, MCF-7,
and HCT116 cell lines, the Ad5+BA never reached the
same fluorescence as AdSonly and Ad5+LA, whereas in
CaCo-2, HNC, Huh-7, HepG2, and Hs578T cell lines,
Ad5+BA reached a similar fluorescence level as AdSonly
and AdS5+LA between 1 and 4 days later.

Ad5Sonly and Ad5+LA showed comparable transduc-
tion in 2D and spheroids in HelLLa, SCC, HN, HCT116,
CaCo-2, HNC, Hep3B, and SK-Hep-1 cell lines, whereas

Ad5+BA showed a delayed transduction profile. SK-OV-
3, HepaRG, and Ca Ski cell lines proved to be quite
resistant against viral infection.

LA increases oncolytic activity of Ad5
compared with BA

To determine if higher uptake of Ad5+LA also leads to
an increased oncolytic effect on infected cells, we per-
formed CCK-8 (Fig. 5) and Crystal Violet viability assays
(Supplementary Fig. S7, both assays are summarized in
Table 1). Considering that lower viability values may in-
dicate a lytic effect induced by the viral infection, we
detected noticeable differences between the CCLs. For
HeLa, SiHa, MDA-MB-231, Ca Ski, SK-OV-3, and SK-
Hep-1 cell lines either the dose was too low or the time
span after infection was too short to show measurable
oncolytic effects in the CCK-8 assay. Alternatively, these
cell lines may not promote Ad5 proliferation. For the
breast CCL MCF-7 as well as the hepatic CCLs HepaRG,
PLC/PRF/5, Huh-7, and Hep3B, the colon CCLs Caco-2
and HCT116 and also the HEK293 cell line, we observed a
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Figure 4. Ad5 incubated with the LA is able to infect spheroids of CCLs. For the Incucyte spheroid assay, 1x 10° cells were seeded in a 96-well round bottom low
adherence plate and spheroids were infected at day 4 (1000 vpc). Shown is the total green object integrated intensity (GCU x um?%/Image) of each spheroid image,
which was monitored during the time course of the experiment. The integrated density includes information on both, the area and intensity of green fluorescence,
and allows for depiction of both in one graph. Some CCLs show an earlier increase in GFP-expression for Ad5 incubated with the LA, when directly compared with
Ad5 incubated with the BA. In most cell lines similar GFP intensity levels compared with Ad5 alone were observed (N=1; technical triplicates).

similar oncolytic effect for the Ad5-LA complex and for
AdS5only. In contrast, HCT116, Huh-7, and Hep3B show
similar cell death for AdS incubated with BA.

The Apo-LA but not the Ent-bound LA
increases viral uptake in the CHO model
cell lines

Since LCN2 acts as an iron transport molecule, through
binding a siderophore (i.e., Ent*®) iron complex, it has two
loading states. Holo-LCN2 describes the siderophore-iron-
bound LCN2 and Apo-LCN2 the siderophore-iron-free
LCN?2. In the experiments described above we only used the
Apo-state of the LA. Both forms are suggested to bind to the
LCN2R,** therefore we decided to additionally include the
Holo-LA in our assays. We performed flow cytometry
analysis 24 h after infection of CHO K1 and CHO LCN2R
cells with AdSonly, Ad5+LA, and Ad5+BA. We also in-
cluded another targeting control adapter that contains a
DARPiIn, specifically binding to the epidermal growth
factor receptor (EGFR). This time the adapters were also
incubated with Fe**, Ent, and FeEnt. The LA alone is
considered the Apo-state, whereas the LA incubated with

FeEnt is considered its Holo-state. We also included incu-
bation of the LA with Fe** and Ent alone as controls.
Incubation with Fe**, Ent, or FeEnt had little effect on viral
uptake of any of the control adapters, whereas the viral uptake
effect seen for AdS+LA was diminished back to Ad5only
levels for Ent-bound LA and FeEnt-bound LA (Fig. 6). This
suggests that Ent, bound or unbound to Fe*, blocks the
mechanism that causes the increased viral uptake for AdS+LA
after binding to the LA. Since Fe**-bound LA (in the absence
of Ent) maintained the uptake-increasing effect of LA and
since Fe**-bound Ent (FeEnt) had the same diminishing effect
as Ent alone, we conclude that the underlying mechanism is
Fe®* independent, and only dependent on the presence of Ent.

LA effect is not dependent on HSPGs

Since the increase in vector infectivity mediated by LA
did not depend on LCN2R expression, we investigated
whether other receptors were involved in the uptake of
Ad5+LA. Because HSPGs were postulated to play arole in
cellular uptake of some lipocalins,*® we explored HSPG-
deficient cells, such as the CHO 745 cell line lacking he-
paran sulfate chains® or the CHO 606 cell line having
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Figure 5. Ad5 incubated with the LA showed cancer cell killings. The CCK-8 cell viability assay was performed to analyze cancer cell killing efficiency.
Various CCLs showed lower viability 5 days postinfection with Ad5 incubated with the LA compared with Adb incubated with the BA, but a similar viability as

Ad5 alone (N=1; technical triplicates). CCK-8, Cell Counting Kit-8.

undersulfated HSPGs.*° However, we still observed the
viral uptake-increasing effect of the adapter (Supplemen-
tary Fig. S8). The LA-induced viral uptake increase was
slightly but not significantly decreased in HSPG-deficient
cell lines compared with CHO K1, excluding a major role
of HSPGs in the uptake-increasing effect of the LA.

DISCUSSION

Our main hypothesis was that LA-bound virus would
facilitate or even increase viral infection of cells through
the interaction with the LCN2R on target cells. In our CHO
cell models, the LA indeed significantly increased viral
uptake of AdS, which proves our main hypothesis in those
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Figure 6. The Apo-LA but not the Ent-bound LA increases viral uptake in a CHO cell model. (A) Luciferase assays and (B) flow cytometry analysis were
performed on CHO K1 and CHO LCN2R cells 24 h after infection with different complexes of Ad5/Ad5+LA/Ad5+BA/Ad5+EGFR-binding adapter (EA) with Fe*/
Enterobactin (Ent)/FeEnt. Ad5+LA is considered the Apo-state and Ad5+LA+FeEnt is considered the Holo-state. The viral uptake increase after incubation of
Ad5 with Apo-LA was greatly decreased by incubation with Ent- and FeEnt-bound LA instead. (Mann-Whitney U test; N=3-21; *p-value <0.0332; **p-value

<0.0021; ***p-value <0.0002; ****p-value <0.0001).

cell models. However, our results also indicated a similar
adapter effect for CHO cells with or without LCN2R ex-
pression, even though LCN2 has to be present on the
adapter, since the BA does not have this effect.

This may indicate that the LA interaction with the
LCNZ2R is not the only reason for the observed increase in
viral uptake in this particular hamster-derived cell line.
Therefore, a different mechanism or interaction partner
might be causing this effect. Interactions of lipocalins with
HSPGs were suggested by Habeler et al,>® but since the
LA-mediated transduction improvement was maintained
in our luciferase experiments on HSPG-deficient CHO cell
lines, HSPG may be excluded as the interaction partner.
An alternative candidate cell receptor is megalin that has
already been shown to bind both Apo- and Holo-LCN2
and both with equally high affinity (Kq= ~ 60 nM).*'

While megalin might be a rational interaction partner
candidate of the LA adapter, a screen of LA binding to
different receptors should be conducted to identify and
characterize the interaction partner in the future. To fur-
ther characterize the novel adapter molecule, binding
properties, including affinity, and avidity measurements
should be performed. With respect to in vivo delivery of

the adapter-decorated vectors, studying stability and po-
tency of the adapter approach in the presence of mouse or
human serum would add important information.

Investigation of Hs578T, PLC/PRF/5, HepaRG, SK-
Hep-1, and HNC cells revealed an increased LA-mediated
effect on viral uptake, compared with BA, using three
different methods (luciferase assays, flow cytometry, and
spheroid assays), which are encouraging findings for tar-
geting hepatic cancer, head and neck cancer, and breast
cancer. However, the most susceptible CCL in the spher-
oid assays was the HeLa cell line, which also showed a
significant LA effect in luciferase assays compared with
Ad5only. This suggests cervical cancer as a potential
target for LA-enhanced virotherapy.

Since the oncolytic effect of replication-competent AdS,
yet carrying only reporter genes, was not sufficient to kill
HeLa cells in our oncolysis assays and the increased uptake
with our LA even induced rapid spheroid growth in the
spheroid assays (Supplementary Videos S1-S4), our adap-
ter should only be combined with armed viruses possessing
increased cell lysis activity. The increased cell growth fol-
lowing viral infection has already been observed in inde-
pendent experiments with different target cells and multiple
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Ad serotypes by members of our group, but further experi-
ments need to be conducted to shed light on this phenomenon.

Since a main function of LCN2 is suggested to be the
antibacterial defense by capturing bacterial siderophores
carrying iron and transporting the resulting Holo-LCN2
complex inside host cells, we expected to also see an in-
creased uptake of virus incubated with LA and FeEnt.
However, in both the CHO K1 and CHO LCN2R cell models,
we observed a complete ablation of virus uptake after incu-
bation with FeEnt. Furthermore, even LA incubation with Ent
alone diminished the increased viral uptake effect of the LA.
This might be due to a potential new interactor on the cell
surface having different binding properties than the LCN2R,
in other words hinting at the LA interacting with a different
molecule than LCN2R. We cannot exclude the possibility,
however, that the fused and trimerized LCN2 in the LA has
different uptake properties than LCN2.

In our immunoblot experiments, we were able to detect
the longer version of the LCN2R (around 60 kDa) and the
shorter isoform (around 30kDa), similarly to previously
published immunoblot data.?* However, in the present
study, the HeLa cells showed LCN2R expression as well,
which contradicts Devireddy’s immunoblot data.®* This
dissimilarity could be caused by differences in the HeLa
cell line cultivation or the antibody used for detecting the
LCN2R used in both studies. Our antibody (Anti-
Slc22A17 rabbit polyclonal, #ABC846; Merck) was pu-
rified by affinity chromatography and its immunogen was
a KLH-conjugated synthetic peptide corresponding to the
C-terminus of human S1c22A17, and it was shown to de-
tect SIc22A17 in rat kidney tissue. Devireddy et al. used a
polyclonal rabbit o-24p3R antibody that was raised using a
C-terminal 24p3R peptide (CDHVPLLATPNAL) as the
immunogen and affinity purified on a peptide-coupled
Sepharose column.

Besides oncolytic adenoviruses, other viruses such as
herpesvirus or measles virus could be applied for retarget-
ing and/or detargeting studies using DARPin molecules. A
study exploring a DARPin-retargeted oncolytic measles
virus, which resulted in effective oncolysis associated with
an improved safety profile, has already been published.42

The advantage of a bispecific adapter approach is that it
can alter the binding properties of every adenovirus it is
bound to. Additionally, by binding to the knob of Ads, the
natural receptor—CAR, in the case of AdS leading to a
broad tropism—can be blocked and altered to a more
specific target (here: cancer cells). Furthermore, internal-
ization of the virus—Apo-LA complex might result in
dissociation of virus and LA, which in its Apo-state could
add an additional oncolytic mechanism by iron depletion
leading to apoptosis of the tumor cells. >+

On the other hand, one has to keep in mind that probably
only the originally LA-carrying virions will benefit from the
improved viral uptake properties that the adapter provides,
since it is not genetically encoded in the virus genomes and

therefore not produced together with progeny virus parti-
cles. This could be circumvented by coinfection with a virus
expressing the LA, or engineering the oncolytic Ads to
express the LA themselves, which was already performed
for other adapters.44 Alternatively, the Ad can be con-
structed to encode therapeutic payloads.“sJ‘7

In the present study, we aimed at increasing the uptake
of LA-coated Ad5-based oncolytic viruses to treat tumors,
because the LCN2R was shown to be expressed on various
cancer cells. In this study, we show proof-of-principle
experiments of this approach in vitro in established CCLs.
However, it needs to be emphasized that the described
results and findings presented also demonstrate that the
analyzed targeting approach seems more complex. We
introduce a novel design of a new tumor treatment, which
may require further investigation.

In the future, our work would be of benefit to addition-
ally analyze the efficacy of this approach in primary patient-
derived tumor cells. Furthermore, next steps should explore
antitumor properties of LA-decorated oncolytic Ads in re-
spective xenograft mouse tumor models. Besides investi-
gating the novel DARPin-LA molecule in different in vitro
and in vivo tumor cell models, it is also of relevance to
explore Ads that are specifically replicating in tumors by
insertion of tumor-specific promoters. In the present study,
we used a replication-competent AdS vector retaining the
early transcription unit E1 but lacking E3, which was re-
placed by the reporter encoding the GLN transgenes. To
further optimize the oncolytic efficacy, the Ad5 genome
could be genetically modified by, for instance, transcrip-
tional targeting based on inserting a tumor-specific pro-
moter for E1 expression or by post-transcriptional silencing
through microRNA technology. Moreover, the oncolytic
adenovirus could be armed by inserting additional trans-
genes such as TNFa, GM-CSF, other cytokines, or anti-
bodies displaying additional antitumor effects.*>*’
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