Universiteit

4 Leiden
The Netherlands

Design and In Vitro evaluation of a novel antisense oligonucleotide for
treatment of BK virus infection

Prins, ].; Kouwenberg, J.; Spruit, A.; Daleman, L.; Wissen, 1. van; Matthee, B.; ... ; Veer, E. van
der

Citation

Prins, ]., Kouwenberg, J., Spruit, A., Daleman, L., Wissen, I. van, Matthee, B., ... Veer, E. van
der. (2025). Design and In Vitro evaluation of a novel antisense oligonucleotide for treatment
of BK virus infection. Nucleic Acid Therapeutics, 35(4), 182-197. doi:10.1089/nat.2025.0010

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/4283970

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4283970

NUCLEIC ACID THERAPEUTICS
Volume 35, Number 4, 2025
Mary Ann Liebert, Inc.

DOI: 10.1089/nat.2025.0010

Design and In Vitro Evaluation of a Novel Antisense
Oligonucleotide for Treatment of BK Virus Infection

Jurrién Prins,'=® Janneke Kouwenberg,' Anouk Spruit?® Lizanne Daleman?? Iris van Wissen,'
Bianca Matthee,' Angela Koudijs?2 Caroline de Brouwer;* Ellen Lievers? Franca Witjas?® Vita Dauksaite>>°
Carla van Alem? Roel Bijkerk?® Annemieke Aartsma-Rus? Jessica Sipkens,' Ton Rabelink?

Mariet Feltkamp,* Tamara Pfaff®”* Holger Zimmermann®® Anton Jan van Zonneveld?? Peter Lischka®
and Eric van der Veer'?

BK polyomavirus, a virus that latently resides in tubular epithelial cells of human kidneys, represents a major
clinical problem for immunocompromised patients undergoing kidney transplantation. No proven effective specific
antiviral therapies other than reduction of immunosuppressants exist. We exploited splice-modulating antisense oli-
gonucleotides (ASOs) to block expression of the viral “gatekeeper protein” T antigen to specifically inhibit viral
replication. Candidate oligonucleotides were screened for inhibitory activity in BK virus-infected cells, resulting in
up to 97% reduction of viral T antigen mRNA and virus-encapsulating protein. The most promising ASO candi-
dates were validated in BK virus-infected human kidney epithelial cells, showing sequence-specific activity that
was exacerbated by chemical modifications. Administration of the candidate oligonucleotide in mice revealed long-
lasting uptake in proximal tubules of the kidney, where BK virus resides. A final optimization round yielded an oli-
gonucleotide displaying superior activity. Studies in transformed cells revealed a discernible shift in T antigen splic-
ing not observed with a scrambled control, indicating that targeting of the donor splice site was responsible for the
observed effects. Here, we demonstrate proof-of-principle for a direct-acting, splice-modulating, universal ASO
that distributes to sites where BK viral replication occurs, warranting further development of this novel therapeutic
to combat BK virus replication in kidney transplant patients.

Keywords: kidney transplantation, BK virus, antiviral therapy, antisense oligonucleotides, RNA-based drugs,
splicing interference, large T antigen

Introduction survival.' However, the introduction of potent immunosuppres-
sive agents has increased patient susceptibility to opportunistic

B reakthroughs in immunosuppression have profoundly infections that threaten kidney allograft function.>™* In particular,
impacted kidney transplantation success and have signifi- post-transplantation reactivation of BK polyomavirus
cantly reduced 1-year graft rejection and improved patient (BKYV), a nonenveloped, double-stranded DNA polyomavirus,
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is considered a growing problem in kidney-transplanted patients
among clinicians. BKV infection occurs early in childhood and
establishes a lifelong latent infection in the kidneys and urogen-
ital tract with high seroprevalence rates of >90% worldwide.”’

While rare and generally nonproblematic in immunocom-
petent individuals, BKV reactivation can be a significant
problem for immunocompromised kidney transplant patients.
Shedding of BKV particles into the urine (viruria) occurs in
30%-50% of patients. BKV in the blood (viremia) is
observed in 10%—-20% of individuals in the first-year post-
transplantation,® whereby levels >10° viral particles per milli-
liter of blood dramatically increase the risk of polyomavirus-
associated nephropathy (PVN), and >10* viral particles per
milliliter of blood is the consensus level for clinicians to taper
immunosuppression, thereby increasing the risk of graft
rejection. PVN occurs in 1%-10% of kidney transplant
patients and is characterized by interstitial fibrosis, tubular
atrophy, inflammation, and risk of allograft loss.®

The BKV genome has three functional regions (Fig. 1A),
namely: (1) a promoter-containing noncoding control region
(NCCR); (2) an early coding region (ECR) that contains
sequences for the T antigen proteins; and (3) the late coding
region for viral structural capsid protein synthesis. Impor-
tantly, all early control and late structural proteins are
expressed from an early or a late pre-mRNA by differential
splicing, respectively. An intron within the ECR pre-mRNA
allows for alternative splicing and production of the protein
isoforms: large T antigen (TAg), small T antigen (tAg), and
truncated T antigen. Viral infection or reactivation results in
ECR transcription and alternative splicing of the ECR pre-
mRNA, primarily yielding TAg protein to stimulate cell
cycle progression, deter apoptosis, and recruit host cell DNA
machinery to the viral promoter to initiate viral DNA repli-
cation. Accumulation of viral DNA in the cellular nucleus
prompts TAg to bind to the late (NCCR) promoter and acti-
vate late coding region transcription®'® and production of
the virus-encapsulating VP1-3 proteins.”'! Importantly, the
pivotal master regulator role for TAg in guiding this replica-
tion process underscores TAg as an attractive target in pre-
venting the production of nascent BKV.

Specific treatments for BKV do not exist. Reducing immuno-
suppression is standard care, prompting the host immune
response to clear the infection. However, while generally suc-
cessful in reducing viral titers to acceptable levels (<10* viral
particles per milliliter of blood), this approach is slow and sub-
stantially increases the risk of allograft rejection and lowers
long-term  graft survival.'> Intravenous immunoglobulins
(IVIG), (brin)cidofovir, and leflunomide have been used in con-
junction with immunosuppression reduction, but data supporting
efficacy in consistently reducing BKV viremia are lacking.'
More recently, several monoclonal antibody approaches target-
ing BKV in blood have entered phase 2/3 clinical trials,'*'?
however, with mixed results where data have been reported.'®
In addition, allogeneic “off-the-shelf” multi-virus-specific T
cells advanced to phase 3 clinical trials but were discontinued."”

We hypothesized that applying antisense oligonucleotides
(ASOs) could be a suitable approach to combat BKV after kid-
ney transplantation as: (1) BKV replication and pathogenesis
are restricted to the kidney; (2) chemically modified ASOs are
fast-acting and long-lasting splice regulators that are reab-
sorbed by the tubular epithelium of the kidney, where BKV
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resides; and (3) BKV replication is heavily reliant on alterna-
tive splicing of the ECR (and resultant TAg protein produc-
tion), a process that can be perfectly addressed by ASOs.'®

Materials and Methods
Retrieval of public sequences

Genomic sequences of BKV isolates were downloaded from
the publicly available NCBI database on August 30, 2022,
using the “rentrez” package (v.1.2.3) in R with the term:
“txid1891762 AND complete genome OR V01108.1.” Only
the isolates reporting a unique complete genomic sequence
were used for in silico analysis. Isolates FNL-9 (Accession:
AB269824.1), MM (Accession: VO1109.1), 575 (Accession:
MW023596.1), and 717 (Accession: MZ189087.1) were
removed manually due to sequence abnormalities in TAg
(duplications or deletions).

Phylogenetic analysis and generation of sequence logos

Whole-gene sequences of TAg were extracted and aligned in
five iterations using Prank'® (v.140110), with gap opening rate
and gap extension probability set at 0.025 and 0.75, respectively,
followed by manual adjustments to the sequence alignment
using sequence landmarks. A neighbor-joining phylogenetic tree
was constructed using the Kimura 2-parameter model with uni-
form rates among sites and 1,000 bootstrap replications in
MEGA (v.10.0.5). Manipulation and visualization of the phy-
logenetic tree were gerformed in R. Previously reported refer-
ence BKV isolates™ were used to identify genotype clades in
the constructed phylogenetic tree. Sequence logos of the
donor and acceptor splice sites were generated using the
“ggseqlogo” package (v.0.1) in R. Positions were marked as
distance from the splice site ranging from —20 to +20.

Oligonucleotides

ASOs targeting TAg splice sites were designed following the
guidelines previously described.”' ASOs were designed to have
an overlap of at least one intronic nucleotide and at least one
exonic nucleotide for either donor or acceptor splice site. A cod-
ing sequence-targeting control ASO was included, as well as a
scrambled control. Research-grade ASOs for in vitro experiments
consisted of a full phosphorothioate backbone (unless otherwise
indicated) and contained either 2'-O-methyl or 2'-O-methox-
yethyl modifications (OMe-PS or MOE-PS). For in vitro studies,
a 5’ 6-FAM label was included to confirm localization of ASO
to the nucleus. All ASOs were synthesized by Eurogentec
(Liege, Belgium), Axolabs GmbH (Kulmbach, Germany), or
Nitto Denko Avecia Inc. (Milford, MA). ASOs were purified
using RP-HPLC, with a second HPLC-IEX ultrafiltration for
ASOs intended for in vivo studies. Characteristics that were taken
into account when designing included %GC content, predicted
basic melting temperature, presence of CpG motifs, and target
accessibility using RNAcofold from the ViennaRNA package.

Cells and virus

Human kidney proximal tubular epithelial cells (HK-2;
ATCC® CRL-2190™) were maintained in Dulbecco’s
Modified Eagle medium (DMEM)/F12 (Thermo Fisher
Scientific, 31330095) supplemented with 1X Insulin-
Transferrin-Selenium, 40 ng/mL triiodothyronine, 10 ng/mL
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| Exon 1 |
- CAACCTCCACTACCTCAGACGTTGTCGTEATTTTOCTCT -
2 o GAACCTGGAATAGCTCAGAGGTTTGTGCTGATTTTCCTCT v
§ o GAACCTCGAATAGCTCAGAGGTTTGTGCTGATTTTCCTCT w
oo CAACCTGGAGTAGCTCAGACGTTTGTEG

-20 =15 -10 Donor +5 +‘\D +15

FIG. 1.

Exon 2 |

“A ATTA TTTTTTTTATAGCTCCCAACCTATCCAACACA
o A ATTATTTTTTTTTTATAGGTCCCAACCTATGGAACAGA
o A ATTATTTTTTTTTTATAGGTCCCAACCTATGCAACACA w

TCATTTTCCTCT v o, oo AMATTATITTTTTTTTATAGGTCCCAACCTATGGAACAGA v

-20 =15 -10 =5 Acceptor +5 +10 +15 +20

BKYV splice site conservation. (A) Representative image of a BKV genome with non-coding control region

(NCCR), an early region encoding TAg and a late region encoding structural proteins, such as VP1, VP2, and VP3. (B)
Neighbor-joining phylogenetic tree of publicly available whole-gene TAg sequences, with clades containing corre-
sponding BKV subtypes. Colored dots indicate BKV isolates where the subtype was reported. Scale bar = 0.005. (C)
Probability sequence logos for the donor and acceptor splice site per BKV subtype, indicating subtype-specific muta-
tions or deletions. BKV, BK polyomavirus; TAg, large T antigen.

epidermal growth factor, 36 ng/mL hydrocortisone (all pur-
chased from Sigma, Zwijndrecht, The Netherlands), and 100
U/mL penicillin, 100 pg/mL streptomycin solution (Invitro-
gen, Breda, The Netherlands). Human Renal Proximal Tubu-
lar Epithelial Cells (HRPTEpiC; Sciencell, #4100) were
maintained in REBM Basal Medium (Lonza, Cat: CC-3191)
with REGM™ SingleQuots™ supplements (Lonza, Cat: CC-

4127, hereafter referred to as REGM) supplemented with 1%
fetal calf serum (FCS). Experiments with HRPTEpiC were
performed between passages 4 and 6. The transformed mouse
cell line pRPcT1ss1 (a kind gift from Prof. Massimo Negrini
at the University of Ferrara, Italy) was maintained in DMEM
(Gibco, Cat: 41966-029) containing 1% L-glutamine (Sigma-
Aldrich, G7513) and 10% fetal bovine serum (Serana, Cat:
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S-FBS-AU-015). ASO transfection experiments with
pRPcT1ss1 were performed in DMEM with 1% L-glutamine
and 2% FCS. All cells were maintained at 37°C and 5% CO,.
Fresh vials of the BKV Gardner strain (ATCC, Cat: VR-
837™) were freeze-thawed 3x following supplier’s instruc-
tions, after which the virus stock was diluted 3.2-fold in
REGM and stored as 100-200 pL aliquots in liquid nitrogen.

Transfection of ASO

For testing inhibitory activity in kidney epithelial cells,
HK-2 and HRPTEpiC were seeded in 12-well plates (Corn-
ing, 3512) at a density of 31,579 cells/cm? (120,000 cells per
well) and 23,684 cells/cm? (90,000 cells per well), respec-
tively, and grown overnight to a confluency of approximately
80%-90%. Uptake of ASO by pRPcT1ssl was achieved by
seeding cells in 12-well format plates (Corning, Cat: 3513) at
a density of 13,158 cells/cm? (50,000 cells per well) in regu-
lar medium containing 2% FCS to achieve 80%—90% conflu-
ency the next day. Transfection of ASO was performed using
3 uL Lipofectamine™ 3000 Transfection Reagent (Thermo
Fisher Scientific, L3000075) in 100 pL OptiMem (Gibco,
51985-026) per well following manufacturer’s instructions
for 5 h in kidney epithelial cells and overnight for pRPcT-
Iss1. Transfected cells were washed 1x in DMEM/F12 with
HEPES (Thermo Fisher Scientific, Cat: 11330032) or
DMEM (Gibco, 41966-029) for HK-2/HRPTEpiC or pRP-
cTlssl, respectively, after which 1 mL fresh regular culture
medium was added.

Infection

Infection of HK-2 and HRPTEpiC was performed by incu-
bating cells in the presence of BKV in REGM (to a final dilu-
tion of 1:320 for HK-2 and 1:1,000 for HRPTEpiC) for 2 h at
37°C and 5% CO,. Then, cells were washed 2x in 1 mL
DMEM/F12 with HEPES to remove excess virus particles.
After final washing, fresh regular culture medium was added to
every well. At least 200 pL of original BKV-containing REGM
was retained for later quantification of virus DNA (infectious
load). Cells were supplemented at 3 and 5 days post-infection
(d.p.i) by replacing 20% of the supernatant with fresh medium.

Isolation of RNA and DNA

For the isolation of RNA, cells were lysed in TRIzol™
(Thermo Fisher Scientific), and RNA was isolated using the
RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. DNA removal steps were introduced to remove
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DNA remnants in the sample during isolation of RNA using
the RNase-Free DNase Set (Qiagen, 79254) and after isola-
tion using the TURBO DNA-free™ Kit (Thermo Fisher Sci-
entific, AM1907) in case of BKV-infected cells. Supernatant
was collected from BKV-infected cells, and Pierce Universal
Nuclease was added for 15 min at room temperature and
then inactivated with 5 mM ethylenediaminetetraacetic acid
(EDTA) to remove any BKV genomes not incorporated into
a viral capsid. BKV genomic DNA was then isolated using
the QIAamp DNA Mini Kit (Qiagen, 51306) following the
manufacturer’s instructions.

RNA quantification

RNA from cells was used to synthesize cDNA using
GoScript™ Reverse Transcriptase (A5003) in Reverse Tran-
scription 10X Buffer (A356A) with Random Primers (C1181)
or Oligo(dT) 15 Primer (C110B), dNTP Mix (C114B), 0.1M
DTT (P1171), and Recombinant RN asin® Ribonuclease
Inhibitor (N251A), all purchased from Promega (The Nether-
lands). Expression of TAg and VP1 mRNA in BKV-infected
HK-2 and HRPTEpiC was quantified using RT-qPCR, with
primer sequences shown in Table 1, in SYBR™ Select Master
Mix (Thermo Fisher Scientific, 4472908) and run on the
CFX384 Touch Real-Time PCR Detection System (Bio-Rad)
in Hard-Shell® 384-well PCR plates (Bio-Rad, HSP3805)
using the following cycle conditions: 2 min at 50°C, 2 min at
95°C, 40 amplification cycles (10 s at 95°C, 20 s at 61°C, and
45 s at 72°C), and final 10 s at 95°C. Splicing interference in
pRPcTl1ssl was studied using RT-qPCR, with primers
described in Table 1. The RT-qPCR for pRPcT1ssl was per-
formed in a Real-Time PCR system (Bio-Rad, CFX384) using
the following cycle conditions: 3 min at 95°C followed by
40 amplification cycles (10 s at 95°C, 15 s at 60°C, and 30 s
at 72°C), 10 s at 95°C, and a final hold at 4°C. Expression
of BKV RNA was analyzed using the delta delta thres-
hold cycle algorithm (ddCT method) and normalized to the
expression of glyceraldeyhye-3-phosphate dehydrogenase
(GAPDH). In order to further investigate splicing interference
in pRPcT1ssl, an agarose gel electrophoresis PCR-based
assay was performed on the synthesized cDNA using TAg-
specific primers (Table 1). A reaction mixture was prepared
containing 5X Green GoTaq Flexi Buffer (Promega, M891A),
MgCl, (25 mM; Promega, A3518), 10 mM PCR nucleotide
mix (Promega, U1518), forward and reverse primer (10 pM),
GoTaq G2 Flexi DNA Polymerase (5 U/pL; Promega,
M780A), and water (Fresenius KABI, B102987). The PCR
was executed in a thermocycler with the following cycle con-
ditions: 2 min at 95°C followed by 30 amplification cycles

TABLE 1. PRIMER SEQUENCES

Cell Forward sequence Reverse sequence Target Assay
HK-2/HRPTEpiC  GAGGAGGATGTAAAGGTAGCTCA  ACTGGCAAACATATCTTCATGGC TAg RT-qPCR
HK-2/HRPTEpiC ~TGCAGGGTCACAAAAAGTGC AGCACTCCCTGCATTTCCAA VP1 RT-qPCR
HK-2/HRPTEpiC ~ ACTCCCACTCTTCCACCTTC CACCACCCTGTTGCTGTAG GAPDH RT-qPCR
pRPcT1ssl CTAGCTCAGAGGTCCCAACC TCTGCTGTTGCTTCTTCATCA Tag RT-qPCR
pRPcT1ssl AAAGCTTAAGGTGCCAACC TCTGCTGTTGCTTCTTCATCA tAg RT-qPCR
pRPcT1ssl TTCCAGGAGCGAGATCCCT CACCCATGACGAACATGGG GAPDH RT-qPCR
pRPcT1ssl GGAATTTCACCCTGACAAAGG TCTGCTGTTGCTTCTTCATCA Tag Gel
HK-2/HRPTEpiC ~ GAAAAGGAGAGTGTCCAGGG GAACTTCTACTCCTCCTTTTATTAGT BKV DNA (VP1) RT-qPCR

BKYV, BK polyomavirus; tAg, small T antigen; TAg, large T antigen.



186

(15 s at 95°C, 15 s at 56°C, and 25 s at 72°C), 5 min at 72°C,
and a final hold at 4°C. For the gel electrophoresis, samples
were loaded on a 2% agarose gel with Midori Green, including
a GeneRuler 1 kb Plus DNA Ladder (Thermo Fisher Scientific,
SM1331). Gel electrophoresis was performed at 120 V for 75—
120 min, and PCR products were visualized using a ChemiDoc
Touch Imaging System (Bio-Rad). DNA bands at approxi-
mately 246 bp and 590 bp corresponded to TAg and tAg,
respectively. Quantification of band intensity and background
subtraction was performed using Image Lab (Bio-Rad). Viral
titers in the supernatant of HK-2 and HRPTEpiC, obtained
through DNA isolation from supernatant, were determined
using Tagman PCR as described previously.”> In short,
isolated DNA was used as input for RT-qPCR analysis
using primers described in Table 1 in combination with a 5'-
FAM-labeled Tagman probe with sequence FAM-5-CCAA
AAAGCCAAAGGAACCC-3'-BHQI, to generate a 90-bp
fragment within the BKV VP1 gene. Reactions were per-
formed using HotStarTaq Master Mix (Qiagen, Hilden, Ger-
many), primer, probe, and MgCl,, using a CFX96 real-time
detection system (Bio-Rad, Hercules, CA) with the following
cycle conditions: 15 min at 95°C, followed by 45 amplification
cycles (30 s at 95°C, 30 s at 55°C, and 30 s at 72°C). For quan-
tification, a standard of a quantified BKV-positive urine sample
was used. The virus load in the supernatant was expressed as
viral DNA copies per milliliter.

Retrospective examination of the RT-qgPCR primer sequen-
ces for TAg revealed a single nucleotide (C > G) mismatch in
the HRPTEpiC RT-qPCR forward primer against TAg
(sequence GAGGAGGATGTAAAGGTAGCTCA with the
mismatch underlined). However, RT-qPCR analysis results
from separated experiments utilized a cross-comparison
between this primer set and alternative primer combinations
directed at TAg and revealed that there were no discrepancies
in normalized TAg expression (data not shown), indicating
that the single nucleotide mismatch did not negatively impact
the mRNA expression results described here.

Protein quantification

Cells were lysed in lysis buffer containing 50 mM Tris-HCI
at pH 7.5, 150 mM NaCl, 1% sodium dodecyl sulfate (SDS),
0.5% deoxycholate, 0.5% Triton X-100 and Pierce Protease
and Phosphatase Inhibitors Mini Tablets (Thermo Fisher Sci-
entific, Cat: A32959). Sample protein concentrations were
determined after sonification using the Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific, Cat: 23225), using an
internal standard series ranging 62.5-1,500 pg/mL Bovine
Serum Albumin (BSA; Life Technologies, Cat: A23016).
VP1 protein expression was quantified using the Wes Simple
Western System (Bio-Techne). In short, protein lysate samples
were analyzed using a 12-230 kDa Separation Module (Pro-
teinSimple, Cat: SM-WO004-1) and Anti-Rabbit Detection
Module (ProteinSimple, Cat: DM-001). VP1 protein was
detected using 1:20 Anti-SV40 VP1 antibody (Abcam, Cat:
Ab53977), and GAPDH was used as loading control using
1:20 rabbit polyclonal GAPDH (Cell Signaling, D16H11).
Secondary antibodies were Goat Anti-Rabbit Secondary HRP
Antibody (ProteinSimple, Cat: DM-001) or 1:20 Goat Anti-
Rabbit Immunoglobulins/HRP (Agilent, Cat: P044801-2).
The assay consisted of 30 min separation time at a voltage of
375V, followed by 5 min antibody diluent time, 60 min
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primary antibody time, and 30 min secondary antibody time.
Peak area calculation was performed using Gaussian fit of the
High Dynamic Range chemiluminescent signal. Peak find
threshold and width were adjusted on a capillary-by-capillary
basis to ensure proper fitting of the signal. VP1 expression
was normalized against GAPDH and expressed as fold change
relative to scrambled control.

Quantification of viral DNA

BKYV DNA isolated from BKV-infected HRPTEpiC super-
natant was transferred to the Department of Medical Microbi-
ology in the LUMC as a fee-for-service for PCR measurement
of BKV virus titers using HotStarTaq DNA polymerase and a
Tagman primer/probe mixture. Virus titers were calculated
using a dilution standard and internal control and expressed as
DNA copies per milliliter.

Animals

Animal studies were conducted according to the national
guidelines on animal experiments and were approved by the
national government body and local ethics committee of the
Leiden University Medical Center (project proposal: AVD-
1160020185326 appendix 8; research plan: PE.18.-084.003).
Eight-week-old male C57BL6/J mice (Charles River) were
housed in individually ventilated cages in the animal facility
of the Leiden University Medical Center with ad libitum
access to food and drink. A stock solution of 10 mg/mL
ASO#03 was prepared in 0.9% NaCl saline solution (Frese-
nius Kabi, Cat: 0611251/03NL) for intravenous (i.v.) tail vein
injection. Animals were distributed over groups (n = 4-6)
receiving either (1) saline on day 0 and 7, (2) 40 mg/kg ASO
on day 0 and saline on day 7, or (3) 40 mg/kg ASO on day 0
and 7. All animals were closely monitored for body weight,
general appearance, and possible signs of distress. Animals
were sacrificed at pre-determined time points up to 90 days
after first administration by thoracotomy and exsanguination
via cardiac puncture under isoflurane anesthesia and Bupre-
norphine analgesia (0.1 mg/kg Temgesic via subcutaneous
injection).

Tissue processing

Tissue samples were collected after whole-body perfusion
with PBS (Fresenius Kabi, Cat: M090001/03NL) via cardiac
puncture. While multiple organs were collected per animal
(kidney, liver, spleen, bladder, heart, brain, testis, muscle,
stomach, small and large intestine), only the left kidneys
were used for further processing. Organs were subjected to
macroscopic inspection and snap-frozen in liquid nitrogen or
fixed for 24 h in 4% buffered formaldehyde (VWR Interna-
tional, Cat: VWRKFOR0022ANG69001), followed by 4°C
preservation in 70% ethanol (Supelco, Cat: 1.00983.1000).
Formaldehyde-fixated tissue samples were processed and
paraffin-embedded (VWR International, Cat: VWRK?2079-A)
using a Leica ASP200 tissue processor. Tissue sections were
prepared using an HM 355S Automatic Microtome (Thermo
Scientific, Cat: 15370795) at a thickness of 4 um, mounted
on Starfrost/ VWR coated slides (Superfrost/VWR, Cat: K
220/631-1168), and allowed to dry overnight at 37°C. Tissue
slides were dewaxed in xylene (J.T. Baker, Cat: UN1307)
and rehydrated in an ethanol gradient. Antigen retrieval was
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performed using proteinase K treatment for 10 min at room
temperature. Washing was performed in TBS/T and tissue
sections were permeabilized in 0.3% Triton X-100 (Merck,
Cat: 11869) in phosphate buffered saline (PBS), followed
by additional washing in TBS/T. Background signal was
reduced using Cyto-Q Blockbuster.

Immunohistology

To study ASO uptake in the kidney using immunohistology,
ASO uptake was revealed using a rabbit phosphorothioate-
specific antibody (pAb) (developed and kindly provided by
the research group of Jonathan Watts), from here on called
pAD. In short, tissue slides were incubated overnight at 4°C
with pAb or isotype control rabbit IgG (DAKO, Cat:
X0936) in 2% BSA/5% NGS in TBS/T. Primary antibodies
were detected for 1.5 h at room temperature using Goat
Anti-Rabbit-HRP in 2% BSA/5% NGS in TBS/T. Peroxi-
dase activity was revealed using DAB (3,3’-diaminobenzi-
dine, Dako, Cat, Lot) for 12 min at room temperature. After
rinsing in dH,O, sections were counterstained with haema-
toxylin (1:4 dilution), dehydrated, and mounted with Pertex.
Slides were imaged using the PANNORAMIC Midi II or
PANNORAMIC 250 Flash III digital slide scanner (3DHis-
tech Ltd.) with a 20X objective. Image processing was per-
formed using CaseViewer software (3DHistech Ltd.).

Immunofluorescence

For immunofluorescence analysis of ASO uptake, incuba-
tion with primary antibodies in 2% BSA/5% NGS in TBS/T
was performed overnight at 4°C for pAb, biotinylated Lotus
Tetragonolobus Lectin (LTL; Vector Laboratories, B-1325),
or isotype control rabbit IgG (DAKO, Cat: X0936). Primary
antibodies were detected for 1.5 h at room temperature using
Goat Anti-Rabbit 488 (Life Technologies, Cat: A-11008) and
Streptavidin 568 (Invitrogen, Cat: S11226) in 2% BSA/5%
NGS in TBS/T. Slides were counterstained using Hoechst
33342 (Invitrogen, Cat: H3569), mounted using ProLong™
Gold Antifade Mountant (Thermo Fisher Scientific, Cat:
P36930), sealed with nail polish, and allowed to dry over-
night at room temperature. Slides were imaged using the
PANNORAMIC Midi IT or PANNORAMIC 250 Flash III
digital slide scanner (3DHistech Ltd.) with a 20x objective.
Image processing was performed using CaseViewer software
(3DHistech Ltd.).

Hybridization ELISA

Quantification of ASO in cells and kidney tissue was per-
formed using hybridization enzyme-linked immunosorbent
assay (HELISA) as described by Thayer ef al.>® For the in
vitro quantification of ASO#03 and #22-1, standard curves
were generated in cellular protein lysate at a concentration
of 0.5 mg protein/mL lysis buffer with Pierce protease
inhibitors, with ASO ranging from 0.8 to 12,500 ng/mL
with a 0 ng/mL control. For the in vivo quantification of
ASO#03 in mouse kidney, snap-frozen left kidney samples
were weighed on an analytical balance and homogenized
in lysis buffer with Pierce protease inhibitors. A standard
curve was generated in pooled kidney homogenate from
baseline animals (n = 4) at a concentration of 5 mg tissue/mL
lysis buffer, with ASO ranging from 0.8 to 12,500 ng/mL
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with a 0 ng/mL control. Kidney homogenates from saline-
and ASO-treated animals were adjusted in lysis buffer to
5 mg tissue/mL. Next, standards and study samples were
diluted 1:25 (in vitro) or 1:50 (in vivo) in sample buffer, con-
sisting of 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA. A
5’-biotinylated DNA/LNA capture probe and 3'-digoxige-
nin DNA/LNA detection probe for ASO#03 were pur-
chased from Qiagen with respective sequences (LNA
indicated with +base): /5Biosg/TAG+CT+C+AG+AG and
+GT+TTGTGCTG/3Dig_N/. A 5'-biotinylated DNA/LNA
capture probe and 3’-digoxigenin DNA/LNA detection
probe for ASO#22-1 were purchased from Qiagen with
respective sequences (LNA indicated with +base): /SBiosg/
CA+GA+GGTT+TG and +TG+C+T+GA+TTT+T/3Dig_N/.
A 20 nM probe mixture in hybridization buffer consisting of
60 mM Na,PO, (pH 7.0, dibasic), 1 M NaCl, 5 mM EDTA,
and 0.02% Tween 20 was added in a 1:1 ratio to every sam-
ple. Probe hybridization was performed in a thermal cycler at
95°C for 5 min, 40°C for 30 min, with a final hold at 12°C,
after which samples were transferred to MSD GOLD 96-well
plates and further incubated at room temperature on a shaker
(650 rpm) for 30 min. Washing in-between all steps was per-
formed using 1x KPL wash buffer (VWR International).
Plates were incubated with 0.5 pg/mL sheep polyclonal Anti-
Digoxigenin (200 pg; Roche, Cat: 11333089001), conjugated
with the MSD GOLD SULFO-TAG NHS-Ester Conjugation
Pack 1 (Meso Scale Diagnostics, Cat: R31AA-1), in 1%
MSD Blocker A Kit (Meso Scale Diagnostics, Cat: RO3AA-
1) in the dark on a shaker at 650 rpm for 60 min. Electroche-
miluminescent (ECL) signal detection was performed using
MSD GOLD Read Buffer A (Meso Scale Diagnostics,
R92TG-1) on the MESO QuickPlex SQ 120 (Meso Scale
Diagnostics). Interpretation and quantification of ECL signal
intensities was performed using linear or nonlinear regression
in R (v4.1.3). ASO concentrations were normalized on pro-
tein concentration for in vitro experiments and tissue concen-
tration for in vivo experiments to yield a measure of pg ASO
per gram of protein or tissue (Lg/g).

Statistics

The following statistical approach was applied, unless oth-
erwise indicated. Experiments were performed in single wells,
using biological replicates (n = 3-5), and data are presented as
individual replicates and/or geometric means. Individual
measurements may have been removed when deemed to act
as an outlier or in case of technical inconsistencies. Statistical
analysis was performed using one-way analysis of variance or
the Kruskal-Wallis and Dunnett test for multiple-to-one com-
parisons. Conditions were compared with scrambled control
and P values below 0.05 were deemed significant.

Results
Renal epithelial cells can be infected by BKV in vitro

To evaluate our BKV-targeting ASOs, we first established
cell culture infection models using BKV-permissive immor-
talized human renal epithelial cells (HK2) or primary human
proximal tubular epithelial cells (HRPTEpiC). As TAg pro-
tein is poorly detectable using existing antibodies, we ini-
tially focused our readouts on TAg and VP1 mRNA and
VP1 protein levels.” Following infection of HK-2 and
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HRPTEpiC with BKV, TAg mRNA, VP1 mRNA, and pro-
tein were close to undetectable for the first 2 d.p.i. but
increased rapidly up to 7 d.p.i. The increased expression of
TAg and VP1 mRNA in HRPTEpiC relative to HK-2 cells
showed that BKV infection rates were likely higher in pri-
mary cells than in the immortalized HK-2 cells. Expression
of BKV mRNA and protein was deemed to be sufficiently
expressed from 5 d.p.i. onward to allow for the evaluation of
ASO inhibitory activity (Supplementary Fig. S1).

Identification of potential ASO target sites highly conserved
between BKV subtypes

Four genotypes of BKV have been described based on
sequence differences in the viral packaging protein VPI,
namely: I, II, III, and IV.**** Heterogeneity in genotypes I
and IV has prompted the creation of the Ia, Ibl, Ib2, Ic, IVal,
IVa2,1Vbl, IVb2, IVcl, and IVc2 subtypes. Genotype I is the
most prevalent (60%—-80% of the population) and is found
worldwide. Genotypes II and III are rare, while genotype IV
is predominantly found in East Asia and Europe (estimated
10%-20% of the population). The clinical significance of this
BKYV diversity is poorly understood.”**” To develop a univer-
sally applicable ASO for the global patient population, we
performed phylogenetic analyses using complete ECR
sequences to investigate TAg splice site sequence conserva-
tion. Retrieval of publicly available BKV genomic sequences
at the time of the evaluation yielded 465 unique sequences for
alignment, yielding a phylogenetic tree with three major
clades consisting of the BKV genotypes: I, II/III, and IV, and
corresponding subtypes (Fig. 1B), with 323x genotype I, 17x
genotype II, 10x genotype III, and 114x genotype IV. Impor-
tantly, two isolates were positioned in different clades than
previously reported, namely SHA-43 (IVal, reported as [Va2)
and OKN-19 (IVa2, reported as IVal).28

This sequence evaluation enabled us to generate probabil-
ity sequence logos for the major TAg donor and acceptor
splice site (Fig. 1C), with 20-nucleotide flanking regions
generated per genotype. The donor splice site showed little
inter- and intragroup variation, with an identical 40-nucleo-
tide region in 434 of 465 isolates. In this region, four distinct
donor splice site sequence variations were identified with
single nucleotide polymorphisms (SNPs) in the less promi-
nent sequences at —11:G>A, +8:C>A, +15:T>G, and +16:
C>T, with values indicating the position relative to the donor
splice site. Importantly, the —11:G>A mutation was observed
in all genotype II and III sequences (28 isolates in total). The
remaining sequence variations were unique to single isolates.
More sequence diversity between subtypes, in the form of
deletions/insertions, was observed for the polypyrimidine
tract upstream of the acceptor splice site, as published by
others.?® Very little variation was observed in the first 20
nucleotides of exon 2.

ASO design and activity

Based on these sequence analyses, 20-mers were designed
containing full 2’-0O-methyl (2’-O-Me) and phosphorothioate
(PS) backbone that minimally covered 1 intronic or exonic
nucleotide at the TAg 5’-donor or 3’-acceptor site (see Sup-
plementary Table S1). Due to the GC-poor polypyrimidine
tract immediately upstream of the acceptor site, only four
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ASOs for the acceptor site were designed (ASO#04, #05,
#12, #13). Eight ASOs targeted the donor site (ASO#01-03,
#06—11). A scrambled control ASO, along with a TAg cod-
ing region-targeting ASO (ASO#14, exon 1), were designed
as controls and predicted not to interfere with TAg splicing.

Candidate ASOs were first tested for activity in BKV-
infected HK-2 cells, where carrier-mediated delivery of 50
nM ASO was performed prior to infection. Subsequently,
RNA, protein, and culture supernatants were harvested for
assessment of ASO activity, revealing most ASOs to mediate
BKYV parameter reductions (Fig. 2A). Distance matrix com-
putation and hierarchical clustering of log-transformed fold
changes of TAg and VP1 mRNA and VP1 protein enabled
the clustering of ASOs based on inhibitory profile (Fig. 2B),
resulting in a near-complete separation between donor splice
site-targeting ASOs (#01-03, #06-11) and acceptor-
targeting (#04, #05, #12, #13) or control ASOs (scrambled
control and ASO#14). Subsequently, we focused on ASOs
targeting the TAg donor splice site. Treatment with
ASO#01, #03, or #11 revealed but modest reductions in TAg
mRNA expression levels (P > 0.05), while statistically sig-
nificant attenuation of both VP1 mRNA and protein levels
was observed. These data provide the interesting possibility
that even subtle reductions in the gatekeeper levels of TAg
could have far-reaching consequences for the downstream
expression levels of late coding region mRNAs and protein
(Fig. 2A-B).

Based on this first screening, we selected ASO#01, #03,
and #11 (Fig. 2B) for further testing and validated their inhib-
itory activity in HRPTEpiC, which display a higher rate of
infection allowing for more robust assessment of ASO activ-
ity. As shown in Supplementary Fig. S1, HRPTEpiC demon-
strated greater susceptibility to BKV infection and more
closely represented kidney infection and the reactivation pro-
cess in humans. Therefore, HRPTEpiC were subsequently
employed as the primary cell culture model for ASO activity
testing. Here, we performed dose-response studies with
carrier-mediated delivery of 0, 5, 25, 50, or 100 nM ASO,
after which cells were infected with BKV and RNA, protein,
and viral supernatant harvested 7 d.p.i. Cell viability was not
compromised by the ASO treatments (data not shown). As
shown in Fig. 2C, at 25 nM scrambled control or ASO#14,
TAg and VP1 mRNA were markedly reduced, and VP1 pro-
tein levels attenuated by 22.7 + 2.0% (mean * standard error
of the mean (SEM)), while virus production was only sup-
pressed by 6%—7% in control-treated conditions as compared
with 94.7 + 1.8% upon treatment with 25 nM ASO#03. Maxi-
mum suppression of the BKV parameters was achieved in the
50-100 nM range for ASO#03 and ASO#11 (Fig. 2C). High-
est administered concentrations of scrambled control or
ASO#14 also reduced BKV parameters (Fig. 2C, right panel),
likely indicative of a combination of hybridization-dependent
and hybridization-independent off-target effects.**->!

ASO activity is dependent on phosphorothioate chemistry
and dose

Unmodified ASOs are rapidly degraded by nucleases and
therefore require chemical modifications to prolong their sta-
bility and improve cellular uptake.*> While RNA-based drugs
that employ PS backbone modifications have been observed
to concentrate in the renal proximal tubules (PT), they are
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FIG. 2. Screening and validation of candidate ASOs in HK-2 cells and HRPTEpiC. (A) Screening of ASO candidates in an
infectious BKV model in HK-2 cells using RT-qPCR analysis of TAg and VP1 mRNA expression (copies per GAPDH) and
VP1 protein expression relative to scrambled control ASO (normalized to GAPDH). Data are presented as geometric means
(crossbars) with individual biological replicates as dots (n = 5). Dashed line = scrambled control ASO. (B) Distance matrix
computation and hierarchical clustering of ASO inhibitory activity on log;, mean fold changes. Lead candidates are highlighted
using the black box with P values for statistical significance (analysis of variance): *P < 0.05, **P < 0.01, ***P < 0.001.
(C) Validation of lead candidates and control ASOs in an infectious BKV model in HRPTEpiC. Data are presented as geomet-
ric means (lines) with individual biological replicates as dots (n = 3). Gray lines = scrambled control ASO. ASO, antisense oli-
gonucleotide; BKV, BK polyomavirus; HRPTEpiC, Human Renal Proximal Tubular Epithelial Cells; TAg, large T antigen.
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also associated with PS chemistry side effects.®> Given that
ASO#01, #03, and #11 are fully phosphorothioated, we
sought to determine the effect of reducing PS chemistry on
BKYV inhibitory activity in HRPTEpiC. For this, we
designed ASOs with 19, 12, 9, or 6 modifications, whereby
the PS residues were maintained at the 5" and 3’ ends to
maximize exonuclease resistance (see Fig. 3A). As com-
pared with scrambled control-treated cells, uptake of full
PS-modified ASOs resulted in potent suppression of BKV
mRNA, protein, and DNA. An approximate 50% loss of
antiviral activity was observed upon reduction to 12 PS
modifications, with minimal suppression of BKV with 9/6
PS backbone modifications (Fig. 3B). ASO#03 activity, in
particular, was strongly affected by a reduction of PS mod-
ifications in the middle region of the ASO, pointing toward
an increased sensitivity to endonucleases®® or alteration of

Phosphorothioate bonds
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ASO structure®® that could impact hybridization to the
ECR pre-mRNA. Collectively, these studies support the
need for PS modifications in ASOs for effective BK'V tar-
geting and indicate that ASO#03 is the most promising
antiviral ASO.

In vivo analysis of ASO distribution

In order to directly treat BKV, it is essential that the thera-
peutic distributes to tubular epithelial cells of the kjdnez,
where the virus resides and replicates upon activation.>*°
As PS-modified ASOs have previously been described to dis-
tribute to the kidney, and in particular to tubular epithelial
cells,'® we assessed ASO#03 distribution in mice to validate
this. For this, C57BL6 mice received an i.v. administration of
0.9% NaCl (saline) or 40 mg/kg ASO#03 and were sacrificed
at 1, 3, 7, 14, 30, and 90 days post-administration. No signs
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FIG. 3.

Inhibitory activity is linked to phosphorothioate chemistry. (A) Schematic representation of 2’-OMe ASOs

with positioning of PS (red) and PO (black). (B) Inhibitory activity of 2’-OMe-PS candidate ASO variations in BKV-
infected HRPTEpiC. Dashed line = scrambled control ASO (19x PS). Data are presented as geometric means (cross-
bars) with individual biological replicates as dots (n = 3). ASO, antisense oligonucleotide; BKV, BK polyomavirus;

HRPTEpiC, Human Renal Proximal Tubular Epithelial Cells.



SPLICE MODULATION OF BK VIRUS EARLY CODING REGION

of distress, injection site reactions, or behavioral abnormal-
ities were observed in mice that received saline or ASO#03.
ASO was visualized by immunohistochemistry and immu-
nofluorescence in mouse kidneys using a pAb (kindly pro-
vided by Dr. Jonathan Watts). Hematoxylin-DAB pAb
staining of mouse kidneys resulted in a faint background
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signal in kidney cortex tubules and outer stripe of the outer
medulla (OSOM), but far less in the inner stripe of the outer
medulla (ISOM) in both ASO- and saline-treated animals
(Fig. 4A, large panel). This background signal was not
observed in isotype controls, indicating a dependence on
inherent characteristics of pAb and not related to ASO
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FIG. 4. ASO#03 is taken up by proximal tubular epithelial cells in the kidney. C57BL6 mice (n = 4 per group)
received intravenous administration of saline or 40 mg/kg ASO#03, and renal uptake of ASO was studied at multiple
time points. (A) Representative hematoxylin-DAB staining of endolysosomal ASO uptake (in brown) in the kidney cor-
tex of treated mice at day 1 after injection using a phosphorothioate-specific antibody. Scale bar = 500 um (whole kid-
ney) and 50 pum (zoomed-in). (B) Immunofluorescence staining (monochrome and overlay) of the proximal tubule
marker LTL (red) and ASO (white) in the kidney of saline- or ASO-treated mice at day 1 after injection. Scale bar =
50 pm. (C) Quantification of ASO concentration in whole-kidney homogenate, depicted as pg ASO per gram of tissue
weight, of saline- and ASO-treated mice over time using HELISA. Data are presented as geometric means (lines) with
individual biological replicates as dots. Dashed line and gray dots = saline control mice. For repeated dosing data, see
Supplementary Table S2. ASO, antisense oligonucleotide; HELISA, hybridization ELISA; ISOM, inner stripe of the
outer medulla; LTL, Lotus Tetragonolobus Lectin; OSOM, outer stripe of the outer medulla.
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accumulation. ASO was predominantly detected in convoluted
PT, with low levels in cortical straight PT and minimal detec-
tion in straight PT of the OSOM (Fig. 4A-B, ASO-treated
panels). ASO-treated mice displayed an endolysosomal stain-
ing pattern that was restricted to tubular structures of the kid-
ney cortex, a pattern that was not observed in the outer
medulla (Fig. 4A, small panels). Immunofiuorescence staining
for pAb and the PT-specific marker LTL revealed that endoly-
sosomal uptake of ASO was virtually exclusive to PT struc-
tures (Fig. 4B, bottom panel).

We also quantified kidney ASO content by exploratory
probe-based HELISA.?*> Administration of 40 mg/kg ASO
revealed 116.8 = 9.1 ng ASO per gram of kidney tissue 3d
post-administration, with approximately 50% of ASO remain-
ing at day 14 (Fig. 4C). As shown in Supplementary Table S2,
multiple dosing of ASO#03 yielded higher levels of ASO in
mice sacrificed on day 14 (172.6 = 28.0 pg/g based on day 0
and day 7 dosing vs. 66.4 = 13.1 pg/g with single dose on
day 0) and was still minimally detectable after 90d in mouse
kidneys (4.78 £ 0.31 pg/g vs. 1.38 £ 0.17 pg/g, respectively).

Screening and optimization of new ASO candidates

Having identified ASO#03 as a highly active BK'V-targeting
RNA therapeutic, we initiated a final cycle of ASO screening
and optimization with 9 novel 20-mer candidate sequences
(ASO#15-24) in HRPTEpiC (Fig. 5A), in efforts to identify
the most potent 5'-donor splice site of TAg-targeting ASO.
ASO#15-24 were administered by carrier-mediated transfec-
tion of HRPTEpiC followed by an infection with BKV. ASOs
#03, #14, and scrambled control were included as reference
ASOs. However, ASO#15-24 were generally characterized by
marked suppression of BKV mRNA expression and viral
DNA production (minimally >90%), while protein expression
was reduced by up to 98% for ASO#19-22 versus scrambled
control (Fig. 5A). Clustering of ASO activity using distance
matrix computation and hierarchical clustering confirmed
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ASO#19-22 as the most potent BKV-targeting ASOs, prompt-
ing their selection for chemistry optimization studies (Fig. 5B).

In efforts to enhance ASO activity by optimizing the affin-
ity and stability of our BKV-targeting ASOs, we evaluated
the effect of substituting 2'-O-methoxyethyl modifications
(MOE) at the 2’-position of the pentofuranose moiety. Fur-
thermore, we also introduced 5’-methylcytosine (5mdC) to
our existing full 2’-O-Me and PS ASOs to decrease potential
immunostimulatory effects.*”-*® Importantly, ASO#19 was
adjusted to a 19-mer sequence (denoted #19-19 in Fig. 5C)
due to a G>A mutation observed in BKV genotypes II and III
that could impact inhibitory activity in these BKV genotypes
(Fig. 1C). The location and degree of chemistry modifications
introduced to ASO#19-22 are depicted in Fig. 5C and anno-
tated as follows: (1) ASO-1 (100% O-Me-PS); (2) ASO-2
(50/50% O-Me/MOE-PS); (3) ASO-3 (100% MOE-PS); (4)
ASO-4 (80/20% O-Me/MOE-PS); and (5) ASO-5 (100%
O-Me-PS with 5mdC). For these studies, carrier-mediated
transfection of candidate ASOs #19-22 in HRPTEpiC was
followed by infection with BKV. FAM-labeled scrambled
control, #03 (with 5-FAM) and ASO#14, as well as unla-
beled ASO#03-1 (without 5'-FAM) were taken along as ref-
erence or control (n = 3 biological replicates; Fig. 5C). Here,
ASO activity was assessed by reductions in VP1 protein and
viral DNA reductions 5 d.p.i. FAM-labeled scrambled con-
trol, ASO#03 (with 5-FAM), and ASO#14, as well as unla-
beled ASO#03 (without 5'-FAM), were taken along as
reference or control (n = 3 biological replicates; Fig. 5C).
These studies strongly suggest that 2'-O-Me chemistry is best
suited for TAg splice site-targeting ASOs and the correspond-
ing attenuation of VP1 protein production (Fig. 5C, left
graph) and viral DNA replication (Fig. 5C, right graph), as
the introduction of 2’-O-MOE modifications resulted in loss
of activity for all tested ASOs. Interestingly, SmdC modifica-
tions were well tolerated and improved the activity of
ASO#20 (ASO#20-5) and ASO#21 (ASO#21-5) relative to
their demethylated counterparts (Fig. 5C) but were not supe-
rior to the activity observed for ASO#22-1 (Fig. 5C, far

FIG. 5.

>

Identification and optimization of the BKV lead candidate: ASO#22-1. (A) Screening of ASO candidates in

an infectious BKV model in HRPTEpiC using RT-qPCR analysis of TAg and VP1 mRNA expression (relative to
GAPDH), VPI protein expression (normalized to GAPDH), and quantification of virus DNA, all relative to scrambled
control ASO. Data are presented as geometric means (crossbars) and biological replicates as dots (n = 3). Dashed line =
scrambled control ASO. (B) Distance matrix computation and hierarchical clustering of ASO inhibitory activity on log;g
mean fold changes. New lead candidates are highlighted using the black box with P values for statistical significance
(analysis of variance): *P < 0.05, **P < 0.01, ***P < 0.001. (C) Schematic representation of lead candidates with chem-
istry modifications indicated as #ASO-1 (100% OMe-PS), #ASO-2 (50/50% OMe/MOE-PS), #ASO-3 (100% MOE-PS),
#ASO-4 (80/20% OMe/MOE-PS), or #ASO-5 (100% OMe-PS with 5'-methylcytidine). Screening of modified candidates
was performed in an infectious BKV model in HRPTEpiC using VP1 protein expression (normalized to GAPDH) and
quantification of viral DNA, all relative to scrambled control ASO. Data are presented as geometric means (crossbars)
and biological replicates as dots (n = 3). Dashed line = scrambled control ASO. (D) Treatment of pRPcltssl cells with a
scrambled control ASO, #03 or #22-1 induced TAg isoform switching as observed using RT-PCR and agarose gel elec-
trophoresis analysis at 24 h after treatment. Representative image of an agarose gel depicting the amplified PCR products
with TAg and tAg highlighted, as well as transcripts likely generated from cryptic splice site usage (*). The numbers on
the left represent the relevant height of the DNA ladder with size. (E) Quantification of DNA band volume for the vari-
ous samples (n = 3), with background subtraction. Data are presented as geometric means (bars) with individual biologi-
cal replicates as dots. Dashed line = negative control (0 nM). Testing for statistical significance was performed using
analysis of variance: *P < 0.05, **P < 0.01, ***P < 0.001. (F) Quantification of intracellular concentration of ASO in
protein lysates (g ASO per gram of protein), measured using HELISA, in relation to TAg and tAg band volume. Data
are presented as geometric means (/ines) with individual biological replicates as dots (n = 2). ASO, antisense oligonucleo-
tide; BKV, BK polyomavirus; HELISA, hybridization ELISA; HRPTEpiC, Human Renal Proximal Tubular Epithelial
Cells; tAg, small t antigen; TAg, large T antigen.
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right). While ASO#03 remained highly active, ASO#22-1
with full 2’-O-Me and PS clearly represented the most potent
ASO designed and was selected as our lead candidate for
BKYV targeting.

Demonstration of splice interference in pRPcT1ss1 cells

We next sought to confirm that the mechanism of action
for ASO#22-1 was through hybridization-dependent splice
modulation of TAg. For this, a transformed mouse fibroblast
cell line (pRPcT1ss1) stably overexpressing the BKV ECR*’
was employed to study ASO-induced splicing interference.
Carrier-mediated uptake of increasing concentrations of
scrambled control or ASO#22-1 in pRPcT1sslc was per-
formed, with RNA and protein lysates being collected 24 h
post-transfection. TAg splice variants were quantified and
compared with intracellular concentrations of ASO.

As shown in Fig. 5D, TAg-specific primers yielded PCR
products of 590 base pairs (bp; unspliced), 523 bp (tAg),
and 246 bp (TAg) with ASO#22-1 treatment resulting in
dose-dependent TAg splicing interference. ASO#22-1 treat-
ment induced a shift from TAg to tAg at 3—10 nM, with per-
turbation of TAg splicing being accompanied by the
appearance of additional PCR products in the 200-300 bp
fragment size (Fig. 5D, annotated with asterisks). As com-
pared with untreated cells, 100 nM ASO#22-1 reduced TAg
expression to 26.3 + 3.3%, as compared with 92.3 £ 12.1%
with scrambled control ASO (Fig. SE, top panel). HELISA
of cellular lysates revealed that the TAg-to-tAg splice vari-
ant shift (Fig. 5F with log-logistic fit) required 100-300 pg
ASO per gram of protein to initiate splice modulation. Fur-
thermore, alternative splice site prediction*” identified a
potential cryptic donor splice site at the 201-nucleotide posi-
tion in the TAg transcript, 42 nucleotides upstream of the con-
stitutive donor splice site, providing a potential explanation
for the 200 bp splice variant. No reduction in TAg expression
or TAg/tAg splice ratio was observed in scrambled control-
treated cells, indicating that ASO#22-1 complementarity to
the TAg donor splice site perturbs BKV ECR splicing and
attenuates TAg mRNA generation (Fig. 5SD-F).

Collectively, the described herein activities have demon-
strated that it is possible to design an antiviral ASO with (1)
potent anti-BKV activity in cell culture, (2) a broad BKV
spectrum, and (3) a biodistribution profile that is clinically
relevant (uptake in tubular epithelial cells). ASO#22-1 dem-
onstrated the best overall profile and has therefore been nom-
inated as a clinical development candidate to undergo further
preclinical studies.

Discussion

In the absence of BKV-targeting therapeutic modalities,
immunosuppressive tapering is currently the sole approach
clinicians can employ to treat kidney transplant patients suf-
fering from problematic BKV viremia. Existing interventions,
including IVIG, (brin)cidofovir, and leflunomide, have dem-
onstrated variable efficacy,*' and convincing clinical data to
support monoclonal antibody approaches against BKV,
including MAU868,'® are currently still lacking. An impor-
tant caveat for these approaches is that their mechanism of
action is either indirect, modulating the activity of host fac-
tors, or direct but not specifically targeting BKV replication
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within productively infected kidney cells. Our universal
splice-modulating ASO represents a direct-acting antiviral
strategy, limiting BKV replication in kidney epithelial cells
and thereby preventing the production and release of nascent
viral particles to the surroundings (both neighboring cells and
the circulation).

Of paramount importance in designing an ASO targeting
BKYV is that it is highly active and can be applied as a “one-
size-fits-all” therapeutic given the four BKV genotypes
observed in the human population.®®"'* This prompted us to
design ASOs targeting the donor and acceptor splice sites in
the BKV ECR. However, the proximity of the polypyrimidine
tract to the acceptor splice site of the BKV ECR, along with
the lesser-conserved sequence in the intronic region flanking
exon 2, likely impacted the observed activity of donor- versus
acceptor-targeting ASOs. Acceptor-targeting ASOs worked
poorly (Fig. 2A and B), while donor-targeting ASOs gener-
ally had a clear impact on relevant BKV parameters. Further-
more, the lack of effect by acceptor site-targeting ASOs,
which also possess full 2’-O-Me and PS modifications,
strongly suggests that the observed antiviral effects by donor-
targeting ASOs are not (merely) mediated by ASO uptake
and/or indirect immunostimulatory effects. Multiple donor
splice-site-targeting ASOs, with varying exonic and intronic
content, point toward ECR splicing interference as a surpris-
ingly potent means of inhibiting BKV replication. The mini-
mal antiviral effect observed for scrambled control ASO at
high concentrations is not uncommon, as previous studies
with the hepatitis B virus-targeting bepirovirsen similarly
yielded viral reductions at the highest concentrations of con-
trol ASO in nonclinical studies.*?

Optimization of the 2’ sugar moiety chemistry, whereby
2'-0-Me nucleobases were replaced with 2'-O-MOE-modified
nucleobases, resulted in a clear inverse relationship between
2'-0-MOE content and BKV-inhibiting capacity. While an
explanation for this observation is purely speculative, the
bulkier alkyl group of 2’-O-MOE on the pentofuranose moiety
could result in steric hindrance for interaction with the ECR
pre-mRNA based on the folding properties of the exon—intron
junction.43_45 In contrast, the introduction of 5mdC nucleo-
bases substantially improved the activity of ASO#20-5 and
ASO#21-5, potentially reducing the immunostimulatory
effects of tubular epithelial cell ASO uptake. However, the
potent antiviral activity of ASO#22-1 strongly supports its
selection as the clinical candidate. Furthermore, as PS protec-
tion of the two to three flanking nucleobases is crucial to mini-
mizing 3'-exonuclease-mediated “trimming” of the ASO
(resulting in N-1 and N-2 oligonucleotides), we did not evalu-
ate the consequences of PS removal at these locations as the
effects on ASO stability and activity are relatively predictable.
However, we did evaluate the effect of PS internucleotide
linkage removal in the middle region of the ASO, as alternat-
ing PS modifications have previously been demonstrated to
confer substantial protection and maintain ASO activity. The
antiviral activity of the ASOs generally dropped substantially
upon introduction of alternating PS modifications, while the
activity of ASO#03 was strongly affected (upon reduction of
PS-modified linkages from 19 to 12). These data suggest that
susceptibility to endonucleases and loss of chirality at key
sites can profoundly impact ASO activity and support our
selection of fully PS-modified ASOs.
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Extensive data exist supporting the primary distribution of
chemically modified ASOs to well-perfused tissues such as
the kidney and liver, with 20% of the administered dose local-
izing to the kidneys.'®*® Interspecies differences between kid-
ney cortex and medullary ASO uptake are known, with high
cortical and poor medullary ASO uptake observed in rodent
kidneys, while a more even distribution between these kidney
compartments is observed in non-human primates (NHPs).*”#*
Regardless of species, PTECs of the kidney cortex are the
major site of ASO accumulation, which clinically could be
highly relevant given that single-cell transcriptomic analyses
of BKV reactivation in human kidneys revealed a preference
for propagation in PTECs, likely due to the high glycolytic/glu-
coneogenic energy profile in this nephronic segment.*’ Pri-
mary accumulation of ASO occurs in the S1 and S2 segments
of the PT as a result of high cell surface expression of megalin
and cubilin, proteins known to mediate both ASO internaliza-
tion and transport to the endolysosomal compartment.”® These
receptors are likely responsible for the distribution pattern
observed for our fully PS- and 2’-O-Me-modified ASOs in
mice (Fig. 4A and B; Supplementary Table S2). Ideally, this
distribution data would be complemented with in vivo efficacy
studies. However, animal models for BKV infection do not
exist or are not feasible due to the narrow range of host species
that can support an infection that suitably mimics the human
condition. Naturally, alternative approaches would include
developing a transgenic model, humanized mice, xenografts,
or the use of surrogate vi1ruses,5 ! in combination with addi-
tional disposition experiments in animal models suitable to
study the biodistribution and PK properties of nucleic acid
drugs (eg, NHPs or minipigs). The overarching goal of these
preclinical and clinical studies is to lay the groundwork for
efficacy testing in kidney transplantation patients. Albeit spec-
ulative, the ability to halt or ideally clear BK virus replication
should be protective to the kidney and potentially sufficient to
protect the transplanted kidney from BK virus-associated
nephropathy.®'? Naturally, this antiviral effect relies on a com-
bination of the direct antiviral activity of the drug (our BK
virus-targeting ASO) and the “indirect” effects mediated by
the residual immune system (~80% of immunosuppressed
kidney transplant patients are able to control BKV reactiva-
tion/replication without the need for immunosuppression
reduction). Clinical evaluation of this drug will ultimately pro-
vide evidence as to whether an ASO-based BK virus-targeting
therapy is sufficiently potent to control the virus.

In conclusion, we have identified a direct-acting and highly
potent ASO that interferes with the splicing of the BKV ECR.
This novel antiviral approach limits production of TAg, the
gatekeeper viral protein responsible for driving nascent viral
particle production. Importantly, the unassisted uptake of this
ASO in the kidney, in particular by PTs, provides hope that
BKYV reactivation and spread in kidney transplant patients can
be limited, reducing the risk of (premature) graft loss.
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