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MicroRNA (miRNA) inhibition is a promising therapeutic strategy in several disease indications. MRG-110 is a
locked nucleic acid-based antisense oligonucleotide that targets miR-92a-3p and experimentally was shown to have
documented therapeutic effects on cardiovascular disease and wound healing. To gain first insights into the activity
of anti-miR-92a in humans, we investigated miR-92a-3p expression in several blood compartments and assessed the
effect of MRG-110 on target derepression. Healthy adults were randomly assigned (5:2) to receive a single intra-
venous dose of MRG-110 or placebo in one of seven sequential ascending intravenous dose cohorts ranging from
0.01 to 1.5 mg/kg body weight. MiR-92a-3p whole blood levels were time and dose dependently decreased with half-
maximal inhibition of 0.27 and 0.31 mg/kg at 24 and 72 h after dosing, respectively. In the high-dose groups, >95%
inhibition was detected at 2472 h postinfusion and significant inhibition was observed for 2 weeks. Similar in-
hibitory effects were detected in isolated CD31" cells, and miR-92a-3p expression was also inhibited in extracellular
vesicles in the high-dose group. Target derepression was measured in whole blood and showed that ITGAS5 and CD93
were increased at a dose of 1.5 mg/kg. Single-cell RNA sequencing of peripheral blood cells revealed a cell type-
specific derepression of miR-92a targets. Together this study demonstrates that systemic infusion of anti-miR-92a
efficiently inhibits miR-92a in the peripheral blood compartment and derepresses miR-92a targets in humans.
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Introduction based anti-miRs,”” in which the second oxygen molecule is

linked to the 4" carbon atom in the ribonucleotide. Locked

MICRORNAS (MIRNAS) ARE A class of short (~22nt)
endogenous noncoding RNAs that mediate post-
transcriptional regulation of gene expression. miRNAs play
key regulatory roles in various biological processes and are
profoundly regulated during pathophysiological conditions.
Therefore, miRNAs have emerged as a class of promising
targets for therapeutic intervention. miRNAs can be targeted
by complementary antisense oligonucleotides, which can be
composed of different nucleotides and can be modified by
different strategies to increase stability (for review, see Lucas
et al. [1] and van Rooij and Kauppinen [2]).

Most widely used anti-miRs include ““Antagomirs,”” which
are 3’-cholesterol-conjugated, 2’-O-Me, 2’-fluoro, or 2’O-
methoxyethyl oligonucleotides, with an additional phos-
phorothioate backbone [3], or ‘“‘locked nucleic acid (LNA)-

ribonucleotides are used in combination with deoxyribonu-
cleotides within the anti-miR sequence to create so-called
LNA-DNA mixmers [1,2]. LNA-based anti-miRs were shown
to be more efficient and were used in large animal models and a
first clinical trial, which demonstrates that LNA-based anti-
miRs targeting liver miR-122 can be used to treat hepatitis [4].

We and others have demonstrated that inhibition of miR-
92a exhibited several beneficial effects in experimental
models. MiR-92a belongs to the miR-17-92a cluster and its
inhibition by antisense molecules improved vascularization
after myocardial infarction and blood circulation after hind
limb ischemia, a model of peripheral occlusive disease [5].
Inhibition of miR-92a also leads to accelerated wound heal-
ing in animal models with or without metabolic syndrome,
which is known to lead to healing disorders [6,7]. Further
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studies show that anti-miR-92a improves the re-
endothelialization after denudation of the endothelium and
thus reduces the formation of neointima [8]. MiR-92a
knockout mice confirm the protective effect of inhibiting
miR-92a in the myocardial infarction model and the pre-
vention of neointima formation after vascular injury [8,9].

In addition, an atheroprotective effect of anti-miR-92a has
been described [10], which is presumably due to a reduction
in the miR-92a levels increased by oscillating flow in vas-
cular regions with a high predisposition to the development
of lesions [11]. The therapeutic utility of miR-92a inhibi-
tors was further confirmed in ischemia/reperfusion model
in pigs [12,13]. Here, either infusing encapsulated anti-miR-
92a or intracoronary administration of 0.03 mg/kg LNA-based
anti-miR-92a significantly improved cardiac function and vas-
cularization. Genetic and pharmacological inhibition of
microRNA-92a were further shown to maintain podocyte
cell cycle quiescence and limit crescentic glomerulone-
phritis [14]. Based on this documented, promising thera-
peutic potential, LNA-based anti-miR-92a was further
developed and tested in a first in human study.

Although LNA-based anti-miRs have been shown to be
safe and active in human studies of miravirsen, targeting a
liver miRNA [4], as well as cobomarsen, targeting miR-155
in multiple hematological malignancies [15], little is known
regarding the activity of other anti-miRs in humans. Studying
anti-miR activity in humans is challenging, since the bio-
logical relevant targets often are regulated in organs, which
are not easily accessible. Furthermore, measuring of the tar-
geted miRNA by polymerase chain reaction (PCR) in whole
blood may overestimate the biological effects due to possible
interference of the remaining anti-miR in the sample with the
miRNA measurement. Therefore, we systematically com-
pared the effect of anti-miR-92a treatment in humans on miR-
92a expression in several blood compartments. In addition to
measuring miR-92a in whole blood, which was technically
most reliable, we isolated peripheral blood mononuclear cell
(PBMC)-derived CD31* cells, which are expected to comprise
a proportion of circulating endothelial cells, which are one of
the primary targets of anti-miR-92a therapeutics. Furthermore,
we assessed miR-92a expression in extracellular vesicles
(ECV) including exosomes, which are expected to represent
exported miRNA levels from circulating immune cells, plate-
lets, and endothelial cells. Target messenger RNAs (mRNAs)
were measured in whole blood and CD317 cells. To deter-
mine the cell type-specific response of the anti-miR, we
applied single-cell sequencing of peripheral blood cells.

Materials and Methods

This was a single-center, randomized, double-blind, placebo-
controlled, dose-escalating study (European Clinical Trials
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Database [EudraCT] No. 2017-004180-12). All subjects gave
their written informed consent, and the Research Ethics
Committee approved the study, which was conducted in ac-
cordance with good clinical practice guidelines and pertinent
legal requirements. Site investigators and participants were
masked to the treatment assignment, whereas designated per-
sonnel at the site who prepared and generated the study medi-
cation were aware of the randomization treatment assignments.

Eligible volunteers were defined as healthy men 18-45
years of age with a body mass index between 18.5 and
30kg/m? and body weight between 50 and 100 kg, nonsmoker
or ex-smoker for more than 3 months, with normal liver en-
zymes laboratory results, with normal fundus oculi assessment
and abdominal echography examination performed between
the selection and inclusion visits, and with no high myopia or
history of high myopia. Participants with a history of der-
mal/mucosal asymptomatic hemangioma, prior malignancies,
and hemangioblastoma could not be included in the study.

Subjects were hospitalized on the day of inclusion (pre-
dose) up to day 4 with single administration of placebo or
MRG-110 on day 1. This was followed by an ambulatory
period of 12 weeks with visits at 2 weeks (W02), 4 weeks
(WO04), and 12 weeks (W12) after administration.

MRG-110 is 16 nucleotides in length, with base com-
plementarity to the 5" end of human miRNA, miR-92a-3p. It
is a mixmer of LNA and DNA fully modified with phos-
phorothioate internucleotide linkages. Specific sequence and
modification pattern, where lower case is DNA and upper
case is LNA, are 5’-CcGggAcAaGTgCAaT-3’.

Subjects were enrolled in seven cohorts of seven partici-
pants per dose (five MRG-110 and two placebo), including
two sentinel participants per dose (one MRG-110 and one
placebo), and receive blindly a single 50-mL intravenous
dose of MRG-110 or placebo in one of seven sequential as-
cending intravenous dose cohorts (0.01, 0.05, 0.15, 0.45, 0.9,
1.2, or 1.5 mg/kg body weight) as a 10-min infusion. MRG-
110 solution for infusion was diluted by the clinical center
pharmacy staff from a 40-mg/mL sterile solution of MRG-
110 (batch No. L0069292) with 0.9% NaCl locally provided.
For the matching placebo, 50 mL of the 0.9% NaCl was lo-
cally provided. Whole blood was prepared for measurement
of miR-92a and its target genes at each visit. ECV and CD31*
cells were isolated at predose and 24 and 72h in all dose
groups and at 2, 4, and 12 weeks in the 0.45 mg to 1.5 mg/kg.

Subjects, consents, and sampling procedure

Whole-blood samples were provided by SGS Belgium with
a workflow outlined as in Fig. 1A. In a separate BD vacutainer
Mononuclear Cell Preparation Tube containing 0.1 M sodium
citrate, blood was collected, centrifuged at 1,500 g for 20 min,
and then was transported to the Institute of Cardiovascular

A

FIG. 1. MRG-110 reduces expression of miR-92a-3p in whole blood and isolated CD31" cells. (A) Study design.
(B) Expression of miR-92a-3p (normalized to mean value of miR-126 and let-7g) in whole blood in subjects treated with a
single intravenous dose of MRG-110. N=5 in each treatment group, N= 14 subjects in placebo. *P <0.05 versus placebo.
(C) Data from (B) (24 and 72 h) are shown as dose—response relationship. (D) Flow cytometry analysis of negative control
(unstained, unsorted PBMCs) and PBMC-derived sorted CD31" (FITC") cells. Representative histograms demonstrate
CD317 cell purity. (E, F) PBMC counts (E) and quality of CD317 cell-derived RNA (RIN) (F) of samples at respective time
points. (G) Expression of miR-92a-3p (normalized to let-7g) in isolated CD31" cells of subjects treated with a single
intravenous infusion of MRG-110. N=5 in each treatment group, N=14 subjects in placebo. *P <0.05 versus placebo.
(H) Data from (G) (24 and 72h) are shown as dose-response relationship. PBMCs, peripheral blood mononuclear cells;
RIN, RNA Integrity Number; W, week. Color images are available online.
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Regeneration for isolation of exosomes and CD31" cells.
Samples arrived within 24 & 12 h after collection.

ECV and CD31" cell isolation

After receipt of each delivery, for every time point, plasma
was aliquoted from centrifuged samples to 2 mL DNA Low-
Bind Eppendorf tubes. Plasma was centrifuged for ECV.
Therefore, plasma aliquots were centrifuged at room temper-
ature at 11,000 g for 2 min, then the supernatant was trans-
ferred to a new tube and centrifuged again at room temperature
at 11,000 g for 2 min to deplete platelets and cell debris. Four
milliliters of platelet poor plasma (supernatant) was transferred
in ultracentrifuge tubes (4 mL/tube) in a prechilled TLA-110
rotor and was centrifuged at 100,000 g for 60 min at 4°C. The
supernatant was aspirated and 700 pL Trizol was added to lyse
the ECV, which were then stored at —80°C.

PBMCs were aliquoted to a 15-mL conical falcon tube
containing the PBMC layer above the Ficoll plug. PBMCs
were washed twice by centrifugation at 400 g for 5min at
room temperature in a swinging bucket centrifuge. The cell
pellet was resuspended in 100 pL. phosphate-buffered saline
(PBS) and cell counts were obtained in a Neubauer chamber.
PBMCs were frozen at 1x 10’ cells/mL aliquot in a screw-
cap freezing tube [final solution EBM +10% dimethyl sulf-
oxide (DMSO) +20% fetal bovine serum (FBS)]. Aliquots
were moved to CoolCell in a —80°C freezer.

For CD31% cell isolation, PBMCs were thawed in a 37°C
water bath and washed in PBS. The cells were resuspended in
98 pL PBS and 2 pL. Human Fc block was added for 10 min on
ice. After washing, the cells were then resuspended in 80 pL
PBS and 20 pL anti-CD31-FITC antibody and were incubated
for 30 min on ice with occasional agitation. Cells were washed
with PBS twice and resuspended in 80 uL. PBS with 20 uL
anti-FITC magnetic beads and incubated for 20 min on ice.
Cells were washed twice and loaded onto a magnetic MS
column as per the manufacturer’s instructions (Miltenyi). The
“captured” CD31% cell fraction was washed before lysing di-
rectly with 700 pLL Trizol. The samples were stored at —80°C.

Before the phase 1 trial, a feasibility test was performed
wherein blood from healthy (rn=4) volunteers was collected
in Cell Preparation Tube (CPT) tubes and stored for delayed
times to mimic shipping conditions. For ECV characteristic
analysis, blood was collected and fractioned as described
above using differential centrifugation methods. For these
analyses, the pellet of the ultracentrifugation step was re-
suspended in 2mL PBS for Nanosight Tracking Analysis
(ECV size determination) using the manufacturer’s guide-
lines for sample acquisition.

Sample analysis, methods for RNA lysate
acquisition and quantification

Total RNA was isolated from each sample using the miR-
Neasy Mini Kit (No. 217004; Qiagen) according to the manu-
facturer’s protocol. Automated electrophoresis of recovered
RNA was assessed with an Agilent 2100 Bioanalyzer instrument
(Agilent) using the Agilent RNA 6000 Pico Kit (5067-1513)
or Agilent RNA 6000 Nano Kit (5067-1511), respectively. The
same volume (1 pL) was tested from each sample, although
varying RNA abundance was recovered from each isolation.

For isolated CD31" cells/exosomes, 10 puL of the eluted
RNA was used. Samples and complementary DNA (cDNA)
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synthesis reagents were thawed on ice, gently vortexed to
thoroughly mix, and then centrifuged briefly to eliminate air
bubbles. Fifty percent PEG 8000 reagent was brought to
room temperature for the adaptor ligation reaction. A 1.5-mL
microcentrifuge tube, with sufficient Poly(A) Reaction Mix
for the required number of reactions, was prepared according
to the manufacturer’s guidelines. The Poly(A) Reaction Mix
was vortexed, and then centrifuged briefly to spin down the
contents and eliminate air bubbles. Then, 2 pL of sample was
added to each well of a reaction plate or each reaction tube,
and then 3 pL. of Poly(A) Reaction Mix was transferred to
each well or tube. Then standard polyadenylation was per-
formed and was immediately followed by adaptor ligation
reaction according to the manufacturer’s protocol. The Li-
gation Reaction Mix was transferred to each well of the re-
action plate or each reaction tube containing the poly(A)
tailing reaction product. After ligation, reverse transcrip-
tion (RT) reaction immediately followed. RT Reaction Mix
was prepared according to the manufacturer’s protocol and
15 pLL was transferred to each well of the reaction plate or
each reaction tube containing the adaptor ligation reaction
product. miR-Amp reaction was performed according to the
manufacturer’s protocol and transferred to each well of a new
reaction plate or reaction tube. Next, 5 uL. of the RT reaction
product was used with a 1:10 dilution of cDNA template in
0.1 x TE buffer. PCR Reaction Mix was transferred to each
well of a PCR reaction plate and diluted. cDNA template was
then added to each reaction well of the plate.

Thermal profiles were optimized for use with TagMan®
Fast Advanced Master Mix and were used with Fast reaction
plates and the corresponding instrument block configura-
tions. Use of relative quantification (AACt) method to ana-
lyze results was implemented. CD31" cell-derived RNA
samples were run in triplicates. ECV were run in duplicate.
miRNA or target mRNA concentrations were calculated us-
ing the standard 27ACT (normalized) method.

SscRNA-seq library preparation and analysis

Before CD31" isolation in the 1.5 mg/kg MRG-110 dose
cohort, an aliquot of PBMCs was utilized for single-cell RNA
sequencing library preparation. Cellular suspensions were
loaded on a 10X Chromium Controller (10X Genomics) ac-
cording to the manufacturer’s protocol based on the 10X
Genomics proprietary technology. Single-cell RNA-Seq li-
braries were prepared using Chromium Single-Cell 3" Reagent
Kit, v3 (10X Genomics), according to the manufacturer’s
protocol. Briefly, the initial step consisted of performing an
emulsion capture where individual cells were isolated into
droplets together with gel beads coated with unique primers
bearing 10X cell barcodes, UMI (unique molecular identifiers),
and poly(dT) sequences. RT reactions were engaged to gen-
erate barcoded full-length cDNA followed by the disruption of
emulsions using the recovery agent and cDNA cleanup with
DynaBeads MyOne Silane Beads (Thermo Fisher Scientific).
Bulk ¢cDNA was amplified using a Biometra Thermocycler
TProfessional Basic Gradient with 96-Well Sample Block
(98°C for 3 min; cycled 14 x: 98°C for 155, 67°C for 20s, and
72°C for 1 min; and 72°C for 1 min; held at 4°C). Amplified
cDNA product was cleaned with the SPRIselect Reagent Kit
(Beckman Coulter). Indexed sequencing libraries were con-
structed using the reagents from the Chromium Single-Cell 3’
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v3 Reagent Kit as follows: fragmentation, end repair, and
A-tailing; size selection with SPRIselect; adaptor ligation;
postligation cleanup with SPRIselect; sample index PCR; and
cleanup with solid phase reversible immobilization (SPRI)
select beads. Library quantification and quality assessment
were performed using Bioanalyzer Agilent 2100 using a High
Sensitivity DNA chip (Agilent Genomics). Indexed libraries
were equimolarly pooled and sequenced on two Illumina No-
vaSeq 6000 using paired-end 26 x 98 bp as sequencing mode.

Single-cell RNA sequencing data analyses

Single-cell expression data were processed using the Cell-
ranger Software Suite (v. 3.1.0) to perform quality control,
sample demultiplexing, and barcode processing. Sequencing
reads were aligned to the human reference genome GRCh38
and afterward single-cell 3" gene counting was performed using
Starsolo (v. 2.7.3a), with default parameters. Dimensional re-
duction analysis was performed in Seurat (v3) in R (v3.6). The
gene-cell-barcode matrix of the samples was log-transformed
and filtered based on the number of genes detected per cell (any
cell with <200 genes per cell was filtered out). Regression in
gene expression was performed based on the number of UML.
Principal component analysis (PCA) was run on the normalized
gene-barcode matrix. Barnes-hut approximation to t-stochastic
neighbor embedding (t-SNE) was then performed on principal
components to visualize cells in a two-dimensional space. This
graph-based clustering method relies on a clustering algorithm
based on shared nearest neighbor modularity optimization.
Differential transcriptional profiles by cluster were generated in
Seurat [16,17] with associated gene ontology terms derived
from the functional annotation tools DAVID Bioinformatics
Resources 6.7 (NIAID/NIH, https://david.ncifcrf.gov/summary
Jsp) and Metascape [18] (http://metascape.org), and Enrichr tool
(https://amp.pharm.mssm.edu/Enrichr). Cell annotation was
then performed by assessing relative expression of immune
markers as described in the Results section.

Statistical analysis

Analysis was performed with analysis of variance (re-
peated measures), or Student’s z-test as indicated (Graph-
Pad). Differential gene expression was determined using
Seurat FindMarkers function, using a statistical test devel-
oped for single-cell data analysis (‘‘bimod” test) built
within the Seurat package, accounting for dropout effects,
and utilizing a combined likelihood ratio test for differential
expression that incorporates discrete and continuous com-
ponents. Differentially expressed genes were then cross-
referenced with a list of predicted targets obtained from the
miRDB [19] database (http://www.mirdb.org) for assessing
putative target regulation. MiRDB targets are predicted by the
bioinformatics tool MirTarget. Genes with adjusted P values
<0.05 were considered differentially expressed genes. Adjusted
P values were based on a Bonferroni correction to account for
multiple testing.

Results

MRG-110 reduces miR-92a levels in whole
blood and circulating CD31* cells

To determine the activity of MRG-110 in humans, we ana-
lyzed miR-92a levels in whole blood in healthy subjects being
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treated with a single intravenous dose of 0.01, 0.05, 0.15, 0.45,
0.9, 1.2, or 1.5mg/kg MRG-110. MRG-110 dose and time
dependently reduces miR-92a levels with a >95% inhibition
achieved at 24 h after infusion of concentrations of 0.9 mg/kg
and higher. A significant reduction of miR-92a was observed up
to 2 weeks with concentrations of 20.9 mg/kg leading to a re-
duction of 43.9% +23.4%, 34.9% £32.7%, and 14.0% £ 13.5%
compared to baseline levels in the 0.9-, 1.2-, and 1.5-mg/kg
groups, respectively (Fig. 1B, C). At a lower concentration of
0.45 mg/kg, a significant inhibitory effect was observed at 24 h,
resulting in miR-92a levels of 23.5% * 5% compared to base-
line levels. The calculated half-maximal inhibitory dose was
0.27 mg/kg at 24 h and 0.31 mg/kg at 72 h.

To gain further insights into the miR-92a inhibition within
cells, which might be putative therapeutic targets, we isolated
CD31% cells, which comprise monocytes, and circulating en-
dothelial cells. CD31" cells were isolated by means of magnetic
beads resulting in 96.9% positive events with a mean fluores-
cence intensity of 2,301 A.U. FACS analysis in a feasibility
study demonstrated enrichment of CD31 (PECAM1) (Fig. 1D).
Isolated RNA achieved an average RNA Integrity Number
(RIN) of 9.0£0.90 A.U., with no significant change between
time points after MRG-110 administration for RIN scores or
PBMC counts (Fig. 1E, F). Measurement of miR-92a levels in
isolated CD31" cells showed similar trends as in whole blood;
however, significant inhibition was only observed at concen-
tration of =1.2 mg/kg at 24 h (Fig. 1G, H).

MRG-110 reduces miR-92a expression in ECV

Next, we assessed the effect of MRG-110 treatment on
miR-92a levels in circulating ECV, which are known to be
mainly released by circulating cells, particularly platelets,
and endothelial cells [20]. Therefore, we used published
protocols [21,22] to isolate ECV from platelet-free plasma.
Vesicles had a mean diameter of 184.3 6.9 nm, which was
not altered by delay of the isolation in a test run for 24 to 48 h
to mimic sample shipping timelines (n =4 healthy volunteers,
data not shown). MRG-110 reduced miR-92a levels in iso-
lated ECV, with a significant reduction detected in the 0.9 and
1.5 mg/kg group and a trend (P=0.09) observed 24 h after
infusion of 1.2 mg/kg (Fig. 2A). The inhibitory effect lasted
up to 72 h in the high-dose group (Fig. 2B). To get insights
whether MRG-110 treatment might have affected the com-
pilation of the ECV, we additionally measured miR-126,
which is highly expressed in endothelial cells and platelet-
derived exosomes. However, miR-126 levels were not af-
fected by the treatment (Fig. 2C).

MRG-110 treatment derepresses
target genes in circulating cells

To gain further insights into the functional downstream ef-
fects achieved by MRG-110 in humans, we determined the
expression of miR-92a targets. First, we determined the ex-
pression of ITGAS, which is a well-established and validated
target [5] by measuring mRNA expression in whole blood.
ITGA5 mRNA time dependently increased in subjects of the
high-dose group (1.5 mg/kg) compared to placebo (Fig. 3A).
The effect was dose dependent, but significant derepression
was only observed in the 1.5 mg/kg group at 4 weeks (Fig. 3B).
In addition, CD93, which was validated as a miR-92a target in
wound healing [6], was derepressed after MRG-110 treatment
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FIG. 2. MRG-110 reduces expression of miR-92a-3p in extracellular vesicles. (A) Expression of miR-92a-3p (normalized
to let-7g) in isolated extracellular vesicles of subjects treated with a single intravenous infusion of MRG-110. N=5 in each
treatment group, N= 14 subjects in placebo. *P <0.05 versus placebo. Student’s ¢-test. P<0.05 for group comparison, 0.9
and 1.5 mg/kg group by ANOVA. (B) Expression of miR-92a-3p in isolated extracellular vesicles (normalized to let-7g)
from patients with injection of placebo or MRG-110. N=5 in each treatment group, N= 14 subjects in placebo. *P <0.05
ANOVA multiple groups. (C) Expression of miR-126 (normalized to let-7g) in isolated extracellular vesicles of subjects
treated with a single intravenous infusion of MRG-110. N=35 in each treatment group, N=14 subjects in placebo. ANOVA,

analysis of variance. Color images are available online.

with similar kinetics as ITGA5 (Fig. 3C, D). The other previ-
ously identified targets ERGIC2 and MAN2AI [6] were not
regulated in whole blood (Fig. 3E, F).

Since miRNA targets can be cell type specific due to dif-
ferences in mRNA expression levels, splice variants, and/or
RNA binding protein pattern [23], which may mask miR
binding sites in 3" untranslated regions (UTRs), we addi-
tionally assessed the transcriptome in frozen PBMC:s isolated
at baseline and after 72 h of treatment with 1.5 mg/kg MRG-
110. Clustering of the total cells revealed seven major clus-
ters, which could be assigned to NK cells, CD4 and CD8
T cells, B cells, and smaller clusters of FCGR3A* and CD14*
monocytes and plasma cells (Fig. 4A). The expression of
marker genes characterizing the individual clusters is shown
in Supplementary Fig. S1. The individual clusters were

similarly populated by cells isolated from the predose and
postdose group (Fig. 4B).

To gain insights into the regulation of miR-92a targets, we
first analyzed the expression in the total cell population
(Supplementary Fig. S2). As shown by the heatmap, anti-
miR-92a treatment significantly derepressed many predicted
miR-92a targets (Supplementary Fig. S2). Next, we selected
all in silico predicted targets and determined their expression
in the individual clusters. NK cells and CD4 or CD8 T cells
showed the most prominent changes in predicted miR-92a
targets (Fig. 4D). Interestingly, MANIAI, a family member
of MAN2A1, which is a validated target in wound healing,
but was not regulated in whole blood, was significantly
induced in NK cells (Fig. 4D). In addition, several other genes,
which were reported to be involved in NK cell maturation or
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FIG. 4. MRG-110 regulated diverse predicted miR-92a targets in single-cell RNA sequencing of total PBMCs. (A) t-SNE
plot showing the clustering of respective blood cells. Predose: 4,945 cells; Postdose: 2,684 cells (72 h after 1.5 mg/kg MRG-
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embedding. Color images are available online.
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function, were derepressed. These genes include ZEB2, which
controls NK cell maturation and rejection of melanoma cells
[24], ADAM 10, which has been shown to contribute to NK cell
expansion [25], and the sodium- and bicarbonate-dependent
cotransporters SLC4A7 and SLC38A2, with SLC38A2 being
the predominant system L-amino acid transporter in activated
NK cells [26]. In CD4" T cells, MRG-110 increased the ex-
pression of 17 genes, including the SR-related CTD-associated
factor 11 (SCAF11), FoxP1, a regulator of T cell quiescence
[27], DDIT4 (also known as REDD1), which modulates TH17
and T cell proliferation [28], and CD69, which is implicated in
T cell differentiation as well as lymphocyte retention in lym-
phoid organs (Fig. 4E). CD8" T cells of MRG-110-treated
humans also showed increased DDIT4 and ADAMI10 levels,
which were also seen upregulated in CD4" and NK cells, re-
spectively. MRG-110 further upregulated the tumor suppressor
RASSFS5 and the translation initiation factors EIF5 and EIF5A.
These data demonstrate that administration of MRG-110 in
humans significantly interferes with immune cell-associated
gene expression (Fig. 4F).

Discussion

This study reports that single dosing of MRG-110 effi-
ciently reduced miR-92a levels in the peripheral blood
compartment in humans. The half -maximal dose in whole
blood was between 0.27 and 0.31 mg/kg, which is lower than
previously reported dosages of other anti-miRs. For example,
miravirsen was reported to have a half-maximal dose of
10 mg/kg in mice and about 3 mg/kg in non-human primates
[29]. A weekly dosing of at least 5 mg/kg was necessary to
detect a significant effect on the target in humans [4]. Si-
milar dose levels of cobomarsen, 300-900 mg/dose given on
a weekly schedule, were used in a Phase 1 clinical trial of
cutaneous T cell lymphoma patients [15]. The relatively
high efficiency of MRG-110 in humans compared to other
anti-miRs in humans is consistent with the preclinical
finding that intracoronary infusion of 0.03-0.15 mg/kg anti-
miR-92a (with the same formulation as MRG-110) in pigs
increased the recovery after acute myocardial infarction
[12]. However, intracoronary infusion leads to an enrichment
of MRG-110 by approximately six-fold in the myocardium,
suggesting that the local therapeutic effects in tissue may not
necessarily be directly comparable to the systemic effects.
When measuring miR-92a expression in isolated cells or ECV
in this study, significant effects on miR-92a expression levels
were observed only in the higher dose groups of >0.9 mg/kg,
which may suggest measuring of the targeted miRNA by PCR
in whole blood overestimates the biological effects due to
possible interference of the remaining anti-miR in the sample.
Alternatively, one may speculate that intracellular uptake and
efficient functional blocking of miR-92a in exosomes or cells,
which derive from bone marrow or tissue, may require higher
doses compared to what is seen in whole blood. This is con-
sistent with the finding that target derepression was only de-
tected in the 1.5 mg/kg cohort. Overall, these data point to
MRG-110 being a very potent anti-miR compared to many
previously tested substances, which usually are effective at
concentrations of >5 mg/kg. However, given the differences
in readouts, target tissues, and cells, as well as length of anti-
miRs, the potential differences in potency are currently being
investigated.
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Our study confirmed the regulation of some of the known
and well-established miR-92a target genes such as ITGAS
and CD93 in whole blood of humans. Some other targets,
such as ERGIC and MAN2A1, were, however, not regulated.
Since these targets have been established in other tissues
(specifically in the skin), the lack of regulation may reflect a
cell type-specific effect of miR-92a. Since the efficiency of
miRNA targeting is affected by many factors, including the
level of target gene expression, the isoform of the 3’ UTR,
and the expression of RNA binding proteins, which can in-
terfere with the miRNA binding sites, such cell type-specific
effects can be expected. Indeed, in the heart, anti-miR-92a
treatment elicited striking cell type-specific effects with only
the minority of targets being derepressed in all cell types [23].
MiR-92a also showed different effects in a study comparing
different cell lines [30]. We, therefore, additionally used
single-cell sequencing to determine the effect of miR-92a
inhibition on the different cell populations in the blood. Our
data demonstrate that MRG-110 significantly affects many
predicted targets in NK cells and CD4 and CD8 T cells. The
microRNA-17-92 cluster is well known to regulate immune
cell functions: it was first found in malignant B cell lym-
phoma and was shown to promote early B cell development
and production of IgM antibodies after antigen stimulation
[31]. The miR-17-92 cluster is also involved in T cell acti-
vation and promotes Th1 and Th2 responses, whereas the role
in NK cells is unknown [32]. Surprisingly, little is known
regarding the specific influence of miR-92a on immune cell
functions. MiR-92a appears enriched in naive T cells [33].
Furthermore, miR-92a was reported to be upregulated in
experimental autoimmune encephalomyelitis [34], in which
IFN-vy-producing Th1 cells are major players. Overexpression
of miR-92a led to increased differentiation of Th1 cells, which
may contribute to the pathological development of this au-
toimmune disease [34].

The differential gene expression patterns observed in T
cells of MRG-110-treated subjects are in line with these
studies. Elevated DDIT4 levels in CD4" T cells may have
interesting implications for maintenance of T cell differen-
tiation and homeostasis. Reports demonstrate that DDIT4 is
essential for control of autophagy [35] as well as optimal T
cell proliferation and survival [36]. Importantly, RBPJ up-
regulation may play a key role in maintaining, if not de-
creasing, Th17/Treg ratios and still elevated FOXPI levels
may indicate enhanced regulation of quiescence in CD4" T
cells [27]. Together, the regulation of these genes by MRG-
110 may be a stabilizing mechanism, which facilitates wound
healing through diminished autoreactivity and altered Th17
differentiation.

In addition, derepression of genes like ADAMI0 in NK
cells may have interesting implications. While ADAMI10 is
needed for NK proliferation, hypoxia-induced HIF-1a is also
associated with elevated metalloproteinases like ADAMI10,
which facilitates tissue growth, in part, through diminished
immune surveillance [37]. However, the lack of a detailed
immune profiling and functional assays in our study pre-
cludes further conclusions regarding T cell and NK cell re-
sponses.

In conclusion, MRG-110 treatment results in reduced miR-
92a levels and de-repression of gene targets in human pe-
ripheral blood cells. The most striking effect regarding target
gene expression was detected in T cells, specifically NK
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cells. NK cells are a part of the innate immune response that
contributes to the eradication of virus-infected cells and
cancer cells by natural cytotoxicity and production of
immune-modulatory cytokines. Therefore, our findings may
raise the hypothesis that miR-92a interferes with immune
responses and T cell functions in humans, which provide the
basis to further explore a therapeutic benefit in diseases with
dysregulated immune functions.
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