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ABSTRACT

Background:

The pursuit of selective therapeutic delivery to target tissue types represents a key goal
in the treatment of a range of adverse health issues, including diseases afflicting the
heart. The development of new cardiac-specific ligands is a crucial step towards
effectively targeting therapeutics to the heart.

Methods:

Utilizing an ex vivo and in vivo SELEX approaches, we enriched a library of 2'-fluoro
modified aptamers for ventricular cardiomyocyte specificity. Lead candidates were
identified from this library, and their binding and internalization into cardiomyocytes was
evaluated in both ex vivo and in vivo mouse studies.

Results:

The ex vivo and in vivo SELEX processes generated an aptamer library with significant
cardiac specificity over non-cardiac tissues such as liver and skeletal muscle. Our lead
candidate aptamer from this library, CA1, demonstrates selective in vivo targeting and
delivery of a fluorophore cargo to ventricular cardiomyocytes within the murine heart,
while minimizing off-target localization to non-cardiac tissues, including the liver. By
employing a novel RNase-based assay to evaluate aptamer interactions with
cardiomyocytes, we discovered that CA1 predominantly internalizes into ventricular
cardiomyocytes; conversely, another candidate CA41 primarily binds to the
cardiomyocyte cell surface.

Conclusions:
These findings suggest that CA1 and CA41 have the potential to be promising
candidates for targeted drug delivery and imaging applications in cardiac diseases.
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INTRODUCTION

Cardiovascular disease (CVD) remains the leading cause of death in the US" and is
predicted to grow in prevalence over the next decade?3. Despite this growing problem,
the number of cardiovascular drugs entering the clinical pipeline has declined over the
past twenty years 4°. This gap in cardiovascular therapies has led to a call-to-action by
the American Heart Association to “invest in the development of new approaches for the
discovery, rigorous assessment, and implementation of new therapies”. Although
multiple pathways and therapeutic targets have been identified that could be modulated
to treat diseases affecting the myocardium, a critical challenge in advancing
cardiovascular therapeutics is the inability to deliver therapies that modulate these
pathways specifically and efficiently to cardiomyocytes ”2. Therefore, the identification
of cardiotropic targeting ligands that can be administered systemically and accumulate
within the heart is paramount to advance new therapies to treat CVD.

Among the most successful tissue-targeting strategies is the use of the GalINAC
(triantennary N-acetyl galactosamine) moiety, which delivers cargo specifically to the
liver by binding to the liver-specific asialoglycoprotein receptor. GaINAC-siRNA
conjugates represent a definitive platform for delivering therapeutic siRNA cargos to the
liver, culminating in the approval of four FDA-approved liver-targeted siRNA
therapeutics®. Notably, each of these GaINAC-siRNA conjugates treats a different
hepatic disease by targeting specific genes for silencing. The success of GaINAC as a
targeting ligand underscores the significance of research aimed at discovering optimal
tissue-tropic targeting ligands that enable entry into specific cell types while minimizing
uptake by non-target tissues. Several tissue-targeting strategies have been evaluated
for their ability to target the heart in vivo, including peptides, antibodies, and aptamers'®-
16 Each of these targeting ligands exhibits varying degrees of cardiac specificity over
other tissue types in mice in vivo. However, few if any cardiac-specific targeting ligands
have demonstrated significant specificity for cardiac tissues over the liver, and the
capacity to internalize into cardiomyocytes rather than just bind to the cell surface.

Our objective in this study was to adapt aptamer technology to identify RNA aptamer
ligands that preferentially target the heart and evaluate the ability of these aptamers to
be internalized into adult ventricular cardiomyocytes within intact mouse cardiac tissue.
Aptamers are short synthetic RNA or DNA oligonucleotides that are analogous to
antibodies recognizing and binding to target epitopes with similar specificity and affinity
as antibody-antigen interactions. Aptamers are a growing platform for diagnostics'”,
imaging'®, therapeutics'®, and targeted drug delivery'%2°. Several aptamers are being
evaluated clinically as diagnostic agents and therapeutics?!- with two FDA-approved
aptamers targeting VEGF'® and complement C5 for the treatment of macular
degeneration?2. Aptamers are identified using a process termed Systematic Evolution of
Ligands by EXponential enrichment (SELEX)?324. The SELEX process involves multiple
rounds of selection to enrich a complex starting library, containing10'2-103¢ aptamer
sequences toward those aptamers specific for a target of interest. SELEX selections for
specific cell types, as opposed to a specific cell surface protein, have the advantage of
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being an unbiased approach for enriching cell-specific aptamers without prior
knowledge of the proteins the aptamers may bind. We developed a combined ex vivo
and in vivo SELEX process in mice and identified multiple cardiac-specific aptamers
that can intenalize into cardiomyocytes.
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90 METHODS

91  Aptamer RNA
92  Aptamer library or single aptamer template oligos (Supplemental Table 1) were
93 chemically synthesized (IDT) as ssDNA with the first two 5’ nucleotides OMe-modified.
94  The ssDNA templates were extended to dsDNA and the dsDNA was in vitro transcribed
95 as 2’-fluoro-pyrimidine-modified aptamer RNA using the Y693F T7 RNA polymerase by
96 previously published methods?®. Fluorescently labeled aptamer RNA were chemically
97 synthesized (Trilink) with a 12-carbon linker and Alexa647 fluorophore off the 5’ end of
98 the aptamer. Prior to experiments, aptamer RNA was folded in binding buffer (200 mM
99 HEPES pH 7.4, 500 mM NaCl, 20 mM CalClz, 0.1% BSA) at 10 - 33.3 uM by heating to
100  95°C for 5 minutes followed by slow cooling to room temperature for 45 minutes and ice
101 for at least 2 minutes. For ex vivo Langendorff heart perfusion experiments, folded
102  aptamer RNA was diluted to the final experimental concentration in perfusion buffer. For
103  in vivo mouse experiments, mice were immobilized and injected by tail vein with 4
104 nmoles of aptamer RNA at 33.3 uM in binding buffer.

105  Exvivo and in vivo SELEX

106  The ex vivo SELEX selection rounds involved perfusing a mouse heart with the aptamer
107 library using a Langendorff heart preparation followed by isolation and purification of the
108  ventricular cardiomyocytes. To minimize a sex bias or a single heart imparting a

109  significant selection bias to the aptamer library, we used at least two mice per selection
110  round while alternating between male and female mice during the SELEX process. For
111 ex vivo SELEX selection rounds either male or female C57/bl6j (16-20 weeks of age)
112 mouse hearts were perfused with a 37°C oxygenated wash perfusion buffer (123 mM
113 NaCl, 4.7 mM KCI, 10 mM HEPES, 12 mM NaHCOs, 10 mM KHCOs, 0.6 mM KH2POs4,
114 0.6 mM NazHPO4 7H20, 1.2 mM MgSOa4) with 10 U/mL heparin (1,000 U/mL, NDC

115  63739-931-14) and 10 mg/mL yeast tRNA (ThermoFisher, AM7119) under constant

116  pressure to remove blood. The mouse hearts were then perfused with a 37°C

117  oxygenated aptamer library (75 — 300 nM) perfusion solution for 30 — 60 minutes. For in
118  vivo SELEX selection rounds mice were injected with 4 nmoles aptamer library by tail
119  vein. Following either aptamer library perfusion for ex vivo selection rounds or one-hour
120  post-tail vein injection for in vivo selection rounds, the cardiomyocytes were dissociated
121 and purified from non-cardiomyocytes by methods described below. Purified

122  cardiomyocytes were pelleted by 1,500 xg centrifugation and the cardiomyocyte pellet
123 resuspended in ~1x10° cells/mL TRIzol (Invitrogen, 15596026) containing 200 ug/mL
124  Glycogen (Invitrogen, AM9515) and lysed using QlIAshredder columns (Qiagen, 79654).
125  Aptamer RNA was recovered from the TRIzol by organic extraction using 5PRIME

126  phase lock tubes per the manufacturers protocol. Recovered aptamer library was

127  reverse transcribed using Superscript IV (Invitrogen, 2848933) with a Sel2 3° O-methyl-
128  modified (OMe) primer (IDT, 5’-[UC]JGGGCGAGTCGTCTG-3’ [UC] = OMe modification).
129  The aptamer library cDNA was amplified by PCR using Q5 DNA polymerase (NEB,

130 MO0491) using the OMe-modified Sel2 3’ primer and the Sel2 5’ primer (IDT, 5'-

131  TAATACGACTCACTATAGGGAGGACGATGCGG-3’). PCR product was purified using
132 Qiaprep 2.0 spin columns (Qiagen, 27115) and the aptamer library dsDNA was used for
133 in vitro transcription to produce aptamer RNA library for the next selection round.
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134  Cardiomyocyte dissociation and purification

135  Cardiomyocytes were dissociated by Langendorff heart perfusion of a 37°C digestion
136  perfusion solution containing 300 U/mL collagenase (Worthington, LS004176).

137  Collagenase digested tissue was minced and dissociated cardiomyocytes filtered

138  through a 100 ym mesh filter (Falcon, 352360) into a 50 mL conical. Dissociated

139  cardiomyocytes were purified from non-cardiomyocytes by three washes that included
140 pelleting by 20 xg centrifugation and resuspending the pellet with 10 mL dissociation
141  perfusion buffer containing 0.1% BSA (RPI, A30075). To determine purity of the

142  cardiomyocyte purification, samples of the dissociated cardiomyocytes and from each of
143 the three washes were fixed with 4% paraformaldehyde and stained for markers of
144  cardiomyocytes, endothelial cells, fibroblasts, and smooth muscle as described below.

145  NGS and aptamer bioinformatics

146  Recovered aptamer RNA from each selection rounds were reverse transcribed, and
147  PCR amplified using barcoded lllumina compatible primers. PCR product was gel

148  extracted, purified and the concentration of the purified dsDNA was determined by Qbit
149  dsDNA HS assay (FisherScientific, Q32854). Barcoded amplicons of the selection

150  rounds were pooled by equal molar amount and quality of the pooled sample was

151  determined by Agilent Bioanalyzer. The pooled aptamer library amplicon sample was
152  then submitted to the University of lowa, lowa Institute for Human Genetics for NGS on
153 an lllumina NovaSeq 6000. Raw read data were uploaded to Galaxy?® and processed
154  into a non-redundant database comprised of variable region sequence information and
155 read counts?”?®. The non-redundant database was filtered based on normalized

156  aptamer abundance (read counts) and persistence (number of rounds an aptamer was
157  detected within)?°. The filtered non-redundant database was converted into a FASTA
158 formatted file containing the full-length aptamer RNA sequences, which were then

159  clustered for sequence similarity (edit distance) and structure similarity (tree distance)
160  using AptamRunner®°. Clustering results were visualized within Cytoscape3! with log2
161  fold enrichment data and read count data used to determine node color and size

162  respectively. Candidate aptamers were identified from separate sequence/structure
163  families that exhibited a positive log2 fold enrichment. Aptamer tertiary structures were
164 predicted using trRosettaRNA3? and visualized using Mol**3.

165  Ex vivo mouse heart perfusion

166  Mouse hearts were perfused as described for the ex vivo SELEX methods with 37°C
167  oxygenated heparinized perfusion buffer under constant pressure as follows: wash ~5
168  minutes and 150 nM aptamer (in vitro transcribed or Alex647 chemically synthesized)
169  for 45 minutes. Experiments that isolated and purified the cardiomyocytes followed the
170  aptamer prefusion with a cardiomyocyte dissociation and purification as described

171  above. Experiments that evaluated aptamer binding versus internalization treated half of
172  the cardiomyocytes with 5,000 U/mL RNase T1 (ThermoScientific, FEREN0541) and
173 2,000 gel units/mL micrococcal nuclease (NEB, M0247S) for ten minutes on ice during
174  the second wash step. Following the final wash cardiomyocytes were counted and

175  aliquoted into 1x10° cells per sample for TRIzol extraction and quantification using

176  methods described below. Ex vivo experiments that imaged the perfused hearts
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177  followed the aptamer solution perfusion with a 15-minute wash with perfusion buffer
178  followed by 4% paraformaldehyde for 10 minutes.

179  In vivo mouse tail-vein injection

180  Mice were injected via the tail vein with 4 nmoles of aptamer as described for the in vivo
181  SELEX methods (in vitro transcribed or Alex647 chemically synthesized). Experiments
182  evaluating aptamer binding and internalization removed the heart one-hour post-

183  injection to isolate and treat cardiomyocytes as described with ex vivo perfused mouse
184  hearts to assess aptamer binding versus internalization. Experiments evaluating

185 aptamer tissue localization recovered cardiac and non-cardiac tissue and either fixed
186  tissue using 4% paraformaldehyde or recovered aptamer from ~25 — 30 mg tissue using
187 1 mL TRIzol per 50 mg tissue. Fixed tissue was immune-stained and imaged by

188  confocal microscopy as described below. Cardiac and non-cardiac tissue was lysed for
189  TRIzol extraction and quantification by methods described below.

190 Aptamer TRIzol extraction and Reverse Transcription quantitative PCR (RT-gPCR)

191  Aptamer RNA was recovered by TRIzol extraction from either isolated cardiomyocytes
192 (4x10° cells/mL TRIzol), or mouse tissue (50 mg/mL TRIzol). When possible, those

193  performing the TRIzol extraction and RT-qPCR were blinded to the aptamer treatment.
194 Isolated cardiomyocytes were lysed in TRIzol using QlAshredder spin columns. Tissue
195 from mice was lysed in TRIzol using reinforced 2 mL homogenizer tubes with 2.8-mm
196  ceramic beads (Bertin, CK28R) homogenized by a Precellys 24 Homogenizer at 6,500
197  rpm 3x 15s cycles with 15s between cycles. For all samples TRIzol was supplemented
198  with 200 ug/mL glycogen (Invitrogen, AM9515). Organic extraction followed the

199  manufacturers protocol using SPRIME phase lock tubes to facilitate collection of the
200 aqueous phase. The aqueous phase was treated with RNase A (Thermo Scientific,

201  2766319) to degrade endogenous RNA, but not the 2’-fluoro modified aptamer RNA.
202  Isopropanol precipitated aptamer RNA was washed with 75% ethanol, air dried and
203  resuspended in 200 uL PCR-grade H20 per mL TRIzol used for lysis. TRIzol recovered
204 aptamer RNA and equal volume aptamer RNA standards (1:5 dilution from 1 nM

205 aptamer RNA) were reverse transcribed using Superscript IV and quantified by using
206 the QuantStudio 3 Real-Time PCR system with iQ SYBR Green Supermix (Bio Rad).
207 RT-qPCR data were analyzed using Applied Biosystems Design and Analysis Software
208 2.6.0.

209 Immuno-staining and confocal microscopy

210  Procedures similar to those described in previous publications34-3” were used for

211 multiple immunofluorescent staining of isolated cells and tissue. Cells or tissue sections
212 were mounted on Colorfrost Plus microscope slides (Fisher Scientific), air-dried and

213  washed with PBS (phosphate buffered saline), they were than blocked with 10% donkey
214  normal serum (Jackson Immuno Research Lab., USA), and then incubated with primary
215 antibodies (see Supplemental Table 2 for sources and dilution of each antibody) in

216 10% donkey normal serum at 25°C overnight. They were then incubated with

217  appropriate affinity purified fluorescent dye-conjugated secondary antibodies (Alexa

218  Fluor 488 or Alexa Fluor 568 or Alexa Fluor 647 conjugated, all at 1:200 dilution, all
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219  from Jackson Immuno Research Lab.) at 4°C overnight after thoroughly washed with
220 PBS. The slides were then washed and stained with a fluorescent nucleus dye

221 (TOPRO-3,1: 2000 dilution, Molecular Probes or SYTOX green, 1:5000 dilution,

222 Invitrogen), and/or a fluorescent actin dye (Alexa Fluor 568-Phalloidin or Alexa Fluor
223 488-Phalloidin, both at 1:40 dilution, Molecular Probes) for 15 min. We then washed the
224  slides and cover-slipped them with Prolong Diamond Antifade Reagents (Invitrogen-
225 Molecular Probes, USA). Multiple-label immunofluorescent staining was performed with
226 primary antibodies that were raised in different species. We analyzed stained cells or
227  tissue sections with a Zeiss LSM 710 confocal laser-scanning microscope as described
228 in earlier publications®#-3. Digital confocal images were obtained and processed with
229  software provided with the Zeiss LSM 710.

230 Data analysis and statistics

231 Data are presented as mean +tSEM with sample sizes of n = 3 - 10. Statistical tests
232 include 2-way ANOVA with multiple comparisons and Ordinary 1-way ANOVA with
233  multiple comparisons. A P value of < 0.05 considered significant. Data analysis and
234  statistics were conducted using Microsoft Excel and GraphPad Prism 10.



https://doi.org/10.1101/2024.08.13.607054
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.13.607054; this version posted August 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

235 RESULTS

236  Ex vivo and in vivo SELEX for cardiac-specific RNA aptamers

237  Aptamers specific for ventricular cardiomyocytes were identified using a SELEX process
238 thatincorporated a combination of ex vivo and in vivo selection rounds (Figure 1A). To
239  ensure the enrichment of cardiac-specific aptamers during SELEX, we critically

240 evaluated cardiomyocyte isolation and purification methods aimed at retaining

241  cardiomyocytes while eliminating non-cardiac cell types. Our finding revealed that a

242  series of three washes did not significantly impact on the cardiomyocyte fraction, but

243  each wash resulted in a marked decline in non-cardiomyocyte cells, including

244  endothelial cells, fibroblasts, and smooth muscle cells (Supplemental Figure 1).

245  Using this cardiomyocyte purification protocol, we conducted five rounds of ex vivo

246 SELEX with mouse hearts. Ex vivo selection rounds involved retrograde perfusion of the
247  mouse heart with the aptamer library for one hour, accompanied by the isolation of

248  cardiomyocytes. Following these five rounds, we proceeded with four in vivo selection
249  rounds in parallel with an additional four ex vivo selection rounds. The in vivo selection
250 rounds involved injecting the aptamer library by tail-vein into a mouse, waiting one hour
251 and then isolating the cardiomyocytes from the mouse hearts. Integrating in vivo

252  selection rounds along with ex vivo selection rounds enabled a direct comparison

253  between a SELEX process conducted entirely ex vivo and a SELEX process that

254 combined both ex vivo and in vivo approaches.

255  We evaluated the final selection rounds of the ex vivo only cardiac selection and ex vivo
256 & in vivo combined selection for tissue selectivity (Figure 1B) within the heart, skeletal
257  muscle (Gastrocnemius), the liver, and the brain. Skeletal muscle and the liver were
258 chosen because they have been noted as the largest off-target tissue reservoirs for
259  other cardiac targeting molecules '%383° Brain tissue was used as a negative control,
260 as aptamers are unlikely to cross the blood-brain barrier*®. Both ex vivo and in vivo
261  aptamer libraries were observed to localize primarily within the heart, with significantly
262 lesser amounts observed in skeletal muscle and liver. As expected, brain tissue

263  exhibited the least amount of aptamer localization. Importantly, aptamers from the final
264  in vivo selection round demonstrated greater specificity for heart over skeletal muscle
265 and liver compared to the final ex vivo only selection round. These data suggest that
266  while ex vivo selection pressure was adequate to generate cardiac-specific aptamers,
267  applying in vivo selection pressure significantly enhance the tissue specificity of the
268  aptamer library.

269 Next-generation sequencing (NGS) and bioinformatics analysis

270  To identify the aptamers enriched during SELEX, we prepared the starting aptamer

271 library and all subsequent selection rounds for next-generation sequencing (NGS). NGS
272 identified 397,642,327 aptamer sequences reads, representing 207,6024,599 unique
273 aptamer sequences (Figure 1C). From these NGS data, we examined the ratio of total
274  aptamer sequence reads (Total) to the number of unique aptamers sequences (Unique)
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275  attained from each selection round to determine the degree of the aptamer library

276 enrichment (Selection Round Enrichment % = 1- [Unique/Total]). For the ex vivo only
277  selection rounds and the combined ex vivo & in vivo selections, the NGS indicates 50%
278 enrichment was achieved between rounds three and five, with maximum enrichment of
279  the aptamer library achieved after round six (Figure 1D). Interestingly, we observed

280 greater enrichment with the ex vivo only selection as compared to the combined ex vivo
281 & in vivo selection. This may be due to unanticipated differences between ex vivo

282  selection conditions and in vivo selection conditions, where a degree of library

283  complexity is retained despite an increase in library specificity for cardiac tissue with the
284  in vivo selection rounds.

285  All sequenced aptamers were compiled into a non-redundant database that tracked
286 read counts of each unique aptamer sequence across all selection rounds. This

287 database was filtered based on an aptamer persistence and abundance analysis of the
288  selection rounds, as compared to the starting aptamer library, to include 10,657

289 aptamers with at least 135 reads and found within at least four selection rounds. These
290 10,657 aptamers were clustered for sequence and predicted structure similarity using
291 our AptamerRunner clustering algorithm (Supplemental Figure 2). Within the

292  sequence and structure clusters, aptamers were ranked by log2 fold round-to-round
293  enrichment. From different clusters, we identified four cardiac aptamer (CA) candidates
294 - CA1, CA3, CA12 and CA41 - for experimental validation. A negative control aptamer
295 was identified as a sequence observed within the starting aptamer library but absent in
296  any sequenced selection rounds.

297 Validation of candidate aptamer cardiomyocyte affinity and assessment of aptamer
298 localization to cell surface versus cellular internalization

299  We aimed to quantify the fraction of the lead cardiac aptamers that either bound to the
300 surface of cardiomyocytes or were internalized within them. Understanding whether an
301 aptamer binds to the surface or is internalized into cardiomyocytes will aid in

302 determining potential applications, such as delivering nanoparticles to the cell surface or
303 delivering siRNA within the cell. To quantify the fraction of an aptamer internalized into
304 cardiomyocytes, we developed a novel internalization assay that employs a cocktail of
305 bacterial RNases that degrade 2'-fluoro-modified aptamers (Supplemental Figure 3).
306 This assay specifically degrades all bound aptamers present on the cell surface, while
307 leaving those internalized into cardiomyocytes unaffected (Figure 2A). By utilizing this
308 assay, we are able to measure both the bound and internalized fractions of aptamers in
309 RNase untreated cells, as well as the internalized fraction in RNase cocktail-treated

310 cells. From these measurements, the ratio of internalized versus bound aptamers can
311 be accurately calculated.

312 Each lead candidate cardiac aptamer and the control aptamer were perfused ex vivo
313 into mouse hearts. Ventricular cardiomyocytes were then isolated from the ex vivo

314 perfused mouse hearts, and the purified cardiomyocytes were either untreated (Figure
315 2B) or treated with the RNAase cocktail (Figure 2C). For the untreated cardiomyocytes,
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316  which constitutes the bound and internalized fraction of aptamer, we observed that

317 candidate cardiac aptamers CA1, CA12, and CA41, but not CA3, were associated

318  significantly more with the cardiomyocytes as compared to the negative control

319 aptamer. The RNase cocktail-treated cardiomyocytes indicate that significantly more
320 CA1 and CA12 internalized into the cardiomyocytes than the control aptamer. Whereas
321 the CA3 and CA41 cardiac aptamers was observed to not have a significant internalized
322 fraction as compared to the control aptamer. The CA1 aptamer was observed to have
323 the greatest amount of aptamer associated with both the untreated and RNase cocktail-
324 treated cardiomyocytes. The CA3 aptamer exhibited a trend towards targeting

325 cardiomyocytes, but the observed effect was not found to be statistically significant.

326  Data from RNase cocktail-treated and untreated cardiomyocytes indicate that 55% of
327 CA1, CA3, and CA12 internalize into the cardiomyocytes with no significant difference
328 between the fraction internalized for these cardiac aptamers (Figure 2D). From these
329 data we conclude that CA1 would be the ideal internalizing cardiac aptamers, and that
330 CA41 would be the ideal aptamer that binds to the cell surface but does not internalize
331 into cardiomyocytes.

332 Toinvestigate the potential of the cardiac aptamers to deliver a small molecule to

333  ventricular cardiomyocytes and to verify our ex vivo aptamer binding and internalization
334 results, we modified these cardiac aptamers to carry a fluorescent tag. An Alexa 647
335 fluorophore (AF647) was appended to the 5’ end of CA1, CA41, and the control

336 aptamer via a 12-carbon linker (Figure 3A). We perfused these fluorescent-tagged

337 cardiac aptamers ex vivo into mouse hearts, followed by sectioning, and imaging by
338 confocal microscopy for aptamer fluorescence within the left ventricle (Figure 3B) and
339 right ventricle (Supplemental Figure 4). We observed significantly more CA1-AF647
340 and CA41-AF647 fluorescence throughout the left and right ventricle wall as compared
341 to control-AF647.

342  Closer examination of the left ventricular cardiomyocytes (Figure 4A, top) indicates that
343 CA1-AF647 is bound and internalized into cardiomyocytes, whereas CA41-AF647

344  appears to only to bind to the cardiomyocytes. Limited binding or internalization of the
345 control-AF647 was observed. These fluorescence patterns for CA1-AF647, CA41-

346  AF647 and the control-AF647 were consistent throughout the left and right ventricles
347  across the basal, mid and apex myocardium (Supplemental Figure 5). Importantly,

348 imaging of vessels within the myocardium reveals that cardiac aptamers CA1-AF647
349 and CA41-AF647 do not interact with the endothelium or medial layer of arteries within
350 the heart (Figure 4A, bottom).

351  To further visualize how these aptamers interact with the cardiomyocytes, we isolated
352 and imaged the individual ventricular cardiomyocytes from mouse hearts perfused ex
353  vivo with the fluorescently labeled aptamers (Figure 4B). We then treated a portion of
354 the isolated cardiomyocytes with the RNase cocktail. We observed that CA1-AF647
355 predominantly localized to the interior of cardiomyocytes, while CA41-AF647 localized
356  mainly to the cell surface (Figure 4B, Untreated). These observations were supported
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357 by the CA1-AF647 fluorescent signal being maintained and the CA41-AF647 signal was
358 lost after RNAse cocktail treatment (Figure 4B, RNAse Cocktail Treated). These

359 observations corroborate our previous results: CA1 internalizes into cardiomyocytes,
360 while CA41 binds only to the cardiomyocyte cell surface. These data demonstrate that
361 CA1 can deliver a small molecule into cardiomyocytes, while CA41 can target a small
362 molecule to the cell surface of cardiomyocytes.

363 In vivo cardiac aptamer tissue specificity

364 To ensure the cardiac aptamers could be administered systemically, travel through the
365 circulatory system while bypassing off-target tissues, and efficiently localize to the heart
366  before being renally cleared, we assessed their ability to perform these functions in vivo
367 in mice. Specifically, we evaluated the cardiac aptamers CA1 and CA41 for their

368 capacity to bind and internalize into cardiomyocytes one hour after injection via the tail
369 vein (Figure 5A). CA1 demonstrated elevated recovery from isolated mouse

370 cardiomyocytes post-injection, as compared to the control aptamer, further supporting
371 its cardiac specificity. Treating these cardiomyocytes with an RNase cocktail did not

372  substantially decrease the recovered CA1 amount, suggesting that most of CA1 resides
373  within the cardiomyocytes. Conversely, CA41 did not bind cardiomyocytes significantly
374  more than the control aptamer in vivo. However, after RNase cocktail treatment,

375 significantly more CA41 was detected than the control aptamer. Yet, despite this

376  significant difference, the amount of CA41 remained similar to the amount recovered
377 from the untreated cardiomyocytes. These results suggest that a small fraction of CA41
378 internalizes in vivo and its binding to cardiomyocytes might be transient, potentially due
379 torenal clearance of the aptamers.

380 We next evaluated the tissue selectivity of CA1 and the control aptamer for the heart
381 compared to non-cardiac tissues following injection via the tail vein. We observed

382  significantly higher levels of CA1-AF647 aptamer in the heart than in skeletal muscle
383  (gastrocnemius), liver, and brain (Figure 5B). These data support the conclusion that
384  CA1 exhibits highly selective cardiac specificity in vivo. Although CA1 also showed
385 significant targeting of skeletal muscle tissue compared to the control aptamer, its
386 cardiac selectivity is 4.8-fold higher than that observed for skeletal muscle.

387 To determine whether CA1 can deliver cargo to cardiomyocytes in vivo, we injected

388 fluorescent-tagged CA1-AF647 or control-AF647 into mice via the tail vein and imaged
389 tissue sections one-hour post-injection. We observed that CA1-AF647 fluorescence was
390 significantly higher in the heart compared to skeletal muscle (gastrocnemius), liver, and
391  brain, as well as compared to control-AF647 within the heart (Figure 5C). More CA1-
392  AF647 signal was observed within skeletal muscle than control-AF647, but the signal in
393 the heart was 4.8 fold greater than that in skeletal muscle, which is consistent with the
394 quantification of CA1 in heart and skeletal muscle by gPCR. More control-AF647

395 appeared localized to the liver than CA1-AF647, and no detectable amounts of either
396 CA1-AF647 or control-AF647 were observed within the brain. These fluorescent data
397 correspond to the quantitative PCR results of CA1 recovery from cardiac and non-


https://doi.org/10.1101/2024.08.13.607054
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.13.607054; this version posted August 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

398 cardiac tissues. Importantly, these results demonstrate that CA1 can be injected

399  systemically, travel through the circulatory system, avoid localization to off-target tissues
400 such as the liver, effectively and specifically localize to the heart, and deliver cargo into
401  cardiomyocytes in vivo.
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402 CONCLUSIONS

403  We compared ex vivo only and combined ex vivo & in vivo SELEX processes to assess
404  tissue selectivity of aptamers targeting the heart. Our findings revealed that while both
405 methods generate aptamers primarily localizing in heart tissue, the combined approach
406  enhances tissue specificity over skeletal muscle and liver. Significantly, aptamers from
407  in vivo selection showed increased heart specificity, underscoring the value of

408 incorporating in vivo selection rounds to improve the precise targeting of cardiac-

409  specific molecules. Our data suggests that the in vivo selection rounds are crucial for
410 imparting tissue specificity to the aptamer library. However, we believe that the ex vivo
411  selection rounds present an opportunity to establish the initial specificity of the aptamer
412  library under carefully controlled conditions, such as aptamer concentration and

413  perfusion time. Importantly, both ex vivo and in vivo selection rounds included the

414  isolation and purification of ventricular cardiomyocytes, which is necessary to avoid non-
415  cardiomyocyte bias in the library and ensuring that only aptamers escaping the

416  vasculature are enriched.

417  We observed distinctive interactions of CA1 and CA41 aptamers with cardiomyocytes
418  ex vivo. Fluorescently labeled CA1-AF647 shows a significant internalization within the
419 cells, retaining its fluorescent signal even after RNase treatment, indicating its potential
420 forintracellular delivery. In contrast, CA41-AF647 primarily binds to the cell surface of
421  cardiomyocytes and its signal diminishes post-RNase treatment, suggesting its use for
422  surface-targeted delivery. CA1 demonstrates remarkable cardiac specificity when

423  administered in vivo, as evidenced by significantly higher fluorescence in heart tissue
424  compared to skeletal muscle, liver, and brain. Systemic injection of fluorescent-tagged
425 CA1 shows that it selectively targets and delivers cargo to cardiomyocytes in the heart,
426  avoiding significant off-target localization. These findings are supported by both

427  fluorescent imaging and quantitative PCR results, underscoring CA1's potential for

428 targeted cardiac therapies.

429  We were able to define the binding versus internalizing capability of CA1 and CA41 by
430 applying a novel RNase cocktail treatment. Understanding these characteristics of CA1
431 and CA41, to either internalize or bind cardiomyocytes, can be strategically utilized for
432  targeted therapeutic interventions in cardiac cells. Surface-binding aptamers, such as
433  CAA41, can be engineered to potentially trigger extracellular signaling pathways or

434  deliver nanoparticles that remain on the cell membrane, serving as targeted drug

435  delivery systems for cardiac conditions. On the other hand, aptamers that are

436 internalized into cardiomyocytes like CA1 open up more sophisticated therapeutic

437  possibilities, such as the delivery of siRNAs, as accomplished by GalNac for targeting
438  the liver. This intracellular delivery of siRNAs can silence specific genes, offering a
439  precise and targeted approach for treating various cardiac diseases. Furthermore,

440 understanding these interactions can help develop multifunctional aptamers that

441  combine surface binding with intracellular delivery, providing a comprehensive tool for
442  both diagnostic and therapeutic applications targeting the heart.
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443  While the CA1 and CA41 cardiac-specific aptamers show promise in targeting

444  cardiomyocytes, our data indicates clear areas for improving the cardiac SELEX

445  process. Future iterations of cardiac SELEX could utilize human induced pluripotent

446  stem cell cardiomyocytes to support the cross-reactivity of the aptamers with human

447  cardiomyocytes. Additionally, cardiac-SELEX and other cell-based SELEX could employ
448 RNases to degrade the bound fraction of aptamers, thereby driving enrichment toward
449  those that best internalize into target cells. Together, these techniques could enhance
450 aptamer enrichment, favoring those that most effectively internalize into human

451  cardiomyocytes.

452  In summary, the continuous advancements in the cardiac SELEX methodology promise
453  to revolutionize the landscape of cardiovascular therapeutics and diagnostics. By

454  embracing innovative techniques, the SELEX process is poised to deliver

455  unprecedented precision in targeting cardiomyocytes. This will ultimately enhance

456  patient outcomes and drive forward our capabilities in managing and treating cardiac
457  diseases.
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601 Figure 1: Ex vivo and in vivo cardiac SELEX. A) Schematic of the ex vivo (rounds 1 —
602  9) and in vivo (rounds 6 — 9) SELEX strategy. B) Cardiac tissue specificity of the ex vivo
603 final selection round 9 and final in vivo selection round 9 as compared to the starting
604  aptamer library (round 0). 2-way ANOVA with multiple comparisons; * p<0.05, **
605 p<0.01, ****p<0.0001, ns = not significant, n= 3 - 4. C) Schematic of NGS data
606  acquisition following SELEX, and analysis strategy of the NGS data to identify lead
607  cardiac aptamer candidates. D) Sequence enrichment as determined by the NGS data

608 for the ex vivo cardiac SELEX selection rounds and in vivo cardiac SELEX selection
609 rounds.
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610
611  Figure 2: Quantifying bound versus internalized fraction of cardiac aptamers. A)

612  Schematic of a novel internalization assay to quantify the amount of internalized

613 aptamer by using a cocktail of bacterial RNases to degrade bound aptamers. B) Bound
614 and internalized fraction (untreated) of aptamers, and C) internalized fraction (RNase
615  cocktail treated) of aptamers associated with purified ventricular cardiomyocytes

616 isolated from mouse hearts perfused ex vivo. Ordinary 1-way ANOVA with multiple

617 comparisons against control; *** < 0.001, **** < 0.0001, ns = not significant, n = 4 - 10. D)
618 Calculated fraction of bound aptamer versus internalized. 2-way ANOVA with multiple
619 comparisons between all RNase cocktail treated samples; **** < 0.0001.
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621 Figure 3: Cardiac aptamer conjugated with an Alexa647 (AF647) fluorophore. A)
622  Tertiary structure prediction of the CA1-AF647, CA41-AF647 and control-AF647

623  aptamer conjugated at the 5’ end with AF647 via a 12-carbon linker. B) Images of left
624  ventricle sections from mouse hearts perfused ex vivo with AF647 conjugated aptamers
625 (blue), and stained for actin (red) and nuclei (green). Scale = 100 um
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Ex vivo perfused mouse hearts with an aptamer conjugated to a fluorophore
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Figure 4: Cardiac aptamers conjugated to a fluorophore bind and internalize into
left ventricular cardiomyocytes. A) Sections of left ventricular myocardium of mouse
hearts perfused ex vivo with CA1-AF647, CA41-AF647, or control-AF647. B) Left
ventricular cardiomyocytes from mouse hearts perfused ex vivo with CA1-AF647, CA41-
AF647 or control-AF647 were treated with or without the RNase cocktail. Aptamer
(blue), actin (red), and nuclei (green). Scale = 25 ym
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In vivo infusion of aptamer by tail-vein injection
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634  Figure 5: In vivo localization of cardiac aptamers. Purified cardiomyocytes either A)
635 untreated or B) treated with RNase cocktail from mice injected via the tail vein with

636  either CA1 or control aptamer. Ordinary 1-way ANOVA with multiple comparisons; **** <
637  0.0001, ns = not significant, n = 7 - 10. C) Quantification of CA1 and control aptamer in vivo
638 localization to the heart, liver, skeletal muscle (gastrocnemius), and brain following

639 injection into mice via the tail vein. 2-way ANOVA with multiple comparisons; * < 0.05,
640 **** < (0.0001, ns = not significant, n = 4. D) In vivo localization of CA1-AF647 and

641  control-AF647 after injection via the tail vein to the heart, liver, skeletal muscle

642  (gastrocnemius), and brain. Aptamer (blue), actin (red), and nuclei (green). Scale = 25
643  um


https://doi.org/10.1101/2024.08.13.607054
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.13.607054; this version posted August 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

644 SUPPLEMENTAL FIGURES AND TABLES
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646  Supplemental Figure 1: Purification of cardiomyocytes from non-cardiomyocytes cells
647  following collagenase digestion of ex vivo perfused mouse hearts. 1-way ANOVA for
648 each cell type with multiple comparisons between sequential washes; ** p<0.01, ***
649  p<0.001, **** p<0.0001, ns = not significant, n = 5.
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651 Supplemental Figure 2: Clustering of cardiac aptamers by the AptamerRunner
652  clustering algorithm. A) Cytoscape visualization of aptamer sequences related by
653  sequence similarity (edit distance 1), and by B) structure similarity (tree distance 3).


https://doi.org/10.1101/2024.08.13.607054
http://creativecommons.org/licenses/by-nc-nd/4.0/

654

655
656
657
658

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.13.607054; this version posted August 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

< B
RNaself + + - g RNase cocktail
RNaseT1 + - + &
MNase - + +

15 minutes 37°C 5 minutes 4°C

Supplemental Figure 3: RNase cocktail used to degrade cell-surface bound aptamers.
A) Evaluation of bacterial RNases and nuclease for their ability to degrade 2’-fluoro-
pyrimidine-modified aptamers as compared to RNase A. B) Dose dependence of the
RNase cocktail at 4°C for 5 minutes.
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660 Supplemental Figure 4: CA1-AF647 targets right ventricle myocardium of mouse
661 hearts perfused ex vivo. Aptamer (blue), actin (red), and nuclei (green). Scale = 100 um
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Supplemental Figure 5: Sections of A) left ventricular (LV) and B) right ventricular
(RV) myocardium of mouse hearts perfused ex vivo with either CA1-AF647, CA41-
AF647, or control-AF647. Aptamer (blue), actin (red), and nuclei (green). Scale = 25 ym
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666 Supplemental Table 1

667 Redacted
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668 Supplemental Table 2

Antibody name  Cat. Number Marker type Host species  Dilution
Anti-vWF Abcam ab11713 Endothelium sheep 1:200
Anti-cTnl Abcam ab47003 Cardiomyocyte  rabbit 1:800
Anti-cTnT Invitrogen MA5-12960 Cardiomyocyte  mouse 1:200
Anti-DDR2 Invitorgen PA5-95551 Fibroblast rabbit 1:100
Anti-SMMHC Thermo Fisher 21404-1-AP  Smooth muscle  rabbit 1:100
669 Anti-alpha-SMA  Novus NB300-978 Smooth muscle  goat 1:200

670
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