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ABSTRACT: The devastating effects of the coronavirus disease 2019
(COVID-19) pandemic have made clear a global necessity for antiviral
strategies. Most fatalities associated with infection from severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) result at least partially
from uncontrolled host immune response. Here, we use an antisense
compound targeting a previously identified microRNA (miRNA) linked to
severe cases of COVID-19. The compound binds specifically to the
miRNA in question, miR-2392, which is produced by human cells in
several disease states. The safety and biodistribution of this compound
were tested in a mouse model via intranasal, intraperitoneal, and
intravenous administration. The compound did not cause any toxic
responses in mice based on measured parameters, including body weight,
serum biomarkers for inflammation, and organ histopathology. No
immunogenicity from the compound was observed with any administration route. Intranasal administration resulted in excellent
and rapid biodistribution to the lungs, the main site of infection for SARS-CoV-2. Pharmacokinetic and biodistribution studies reveal
delivery to different organs, including lungs, liver, kidneys, and spleen. The compound was largely cleared through the kidneys and
excreted via the urine, with no accumulation observed in first-pass organs. The compound is concluded to be a safe potential antiviral
treatment for COVID-19.
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■ INTRODUCTION

With the global spread of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) beginning in early 2020, the lack
of options for antiviral treatments to respiratory infections
became starkly apparent. SARS-CoV-2, an enveloped positive-
stranded RNA virus, infects the respiratory system of humans
by recognizing the human receptor angiotensin-converting
enzyme 2 (ACE2)1 in synergy with the transmembrane
protease receptor, serine 2 (TMPRSS2),2 in epithelial cells
of, first, the respiratory tract and then the lungs, causing
coronavirus disease 2019 (COVID-19). As the virus replicates,
a combination of the host immune response and viral damage
to cells can result in severe cytokine storm syndrome, acute
respiratory distress syndrome, and respiratory failure.1,3,4

COVID-19 may also cause cardiovascular, liver, gastro-
intestinal, kidney, and neurological injury.5 At the time of
writing, COVID-19 has caused over 437 million cases of illness
and nearly 6 million deaths globally.6 While multiple vaccines
have been developed,7−9 the occurrence of new variant strains
and the low rates of vaccination or lack of vaccine availability
in some regions of the world threaten the efficacy of these
vaccines in keeping the global population safe.5 Current

treatments for patients with severe COVID-19 mainly focus on
controlling the immune response10 or providing organ
support,11 but while most patients recover from the disease,
lasting effects may continue to disrupt patient lives12 and
global fatalities remain high.
Antisense oligonucleotides (ASOs) are short single-stranded

sequences of synthetic nucleotides capable of binding organic
nucleic acids and include molecules such as peptide nucleic
acids (PNAs), synthetic small interfering RNAs (siRNAs), and
morpholinos.13,14 PNAs are macromolecules comprising
nucleobases on a pseudo-peptide backbone.15,16 They are
rigid with a long half-life in vivo.17 The PNA backbone is
uncharged, which eliminates electrostatic repulsion that DNA
and RNA strands experience with DNA−RNA and DNA−
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DNA binding, thus allowing for stronger binding to DNA and
RNA.15 PNA can thus be utilized as inhibitory therapeutics
that tightly attach to their target, in comparison to DNA-based
technologies optimized for the dynamic kinetics of DNA
binding.18−20 PNAs can be synthesized in specific base pair
sequences complementary to desired targets in an RNA or
DNA genome. Furthermore, PNAs have previously been
applied to specifically bind miRNAs and modulate immune
response,21 fight tumors,22 detect biomarkers,23 or serve as
biosupramolecular tags.24 However, until recently, antisense
technologies have faced a variety of challenges in clinical
translation despite their versatility in targeting nucleic acid
sequences. Nucleic acids typically require a delivery vehicle to
pass into cells. While PNAs conjugated to cell penetrating
peptides (CPPs) can elicit immune response,25 other delivery
forms such as liposomes and cationic lipid encapsulation have
also caused reactions from the innate immune system.26,27 The
use of polyethylene glycol resulted in issues with immune
response and inhibited cellular uptake.26,27 siRNA can
independently elevate the innate immune response as
well,28,29 with success in avoiding this seen in only some
platforms.30,31

Here, we test the safety of peptide-based Nanoligomer
molecules developed by Sachi Bioworks. The sequence specific
PNA component is specifically targeted to treat COVID-19,
whereas a conjugated nanoparticle facilitates delivery (Figure
1A). Various factors in both the infecting virus and the host
body result in severe symptoms of respiratory infection. Micro-
RNAs (miRNAs), small and non-coding RNAs, serve a
number of functions in the human body, including post-
transcriptional regulation of genes associated with infection

response.32 Following infection, the landscape of miRNA
present in the circulation can change, indicating the
importance of miRNAs in modulating the host immune
response.33−35 In humans, elevated levels of miRNA 2392
(miR-2392) have been linked to severe response to COVID-
19.36 Furthermore, studies indicate that certain miRNA may be
regulated by the viral genome to promote viral replication and
spread or limit host immune response.32,35,37−40 It has been
demonstrated that miR-2392 may be one such target (Figure
1B).41 Mitochondrial suppression42 and upregulation of
inflammation, glycolysis, and hypoxia have been linked with
higher miR-2392 levels, and increased miR-2392 correlated
with severity of SARS-CoV-2 viral load.41 Our Nanoligomer
SBCoV207 was designed to target miR-2392.
Nanoligomers contain gold nanoparticles to improve

transport because gold is a highly nonreactive and biocompat-
ible metal.43−45 Naked PNAs typically exhibit poor uptake into
mammalian cells due to their large size and lack of charge.15

While CPPs may be added to PNA to facilitate transport, these
peptides may cause an immune response in the cells.46 Gold
nanoparticles of less than 15 nm diameter have shown
widespread biodistribution throughout the body.47,48 Prior to
this report, we note that stable conjugation of PNA to gold
nanoparticles has been successful only in a few cases.49−52

Previously, we have shown that A549-ACE2 human lung
epithelial cells uninfected with SARS-CoV-2 showed no signs
of toxicity at 40 μM Nanoligomer doses, and treatment with
the SBCoV207 Nanoligomer targeted to miR-2392 improved
cell viability in A549-ACE2 cells infected with SARS-CoV-2
and resulted in 85% viral inhibition at a dose of 10 μM.41 In a
separate study, Syrian hamsters infected with SARS-CoV-2 and

Figure 1. Nanoligomers target miRNA using PNA-based sequence-specific attachment (A). Here, Nanoligomers (SBCoV207) are targeted to miR-
2392, which is upregulated in severe cases of COVID-19 (B). A single dose of 10 μM of SBCoV207 is able to reduce plaque-forming units (PFUs)
of virus (C) in infected Vero E6 cells, while missense PNA targeting no sequence in the viral or human circulating RNA do not result in a
significant drop in viral load at this concentration (n = 3). SBCoV207 binds to the target miRNA sequence miR-2392 with a KD of 48.11 nM and an
association rate constant (ka) of 1372 M−1 s−1 according to surface plasmon resonance (SPR) measurements (D).
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treated with only 0.13 mg/kg of Nanoligomers showed lower
viral titers than hamsters receiving a control treatment of
saline.41 Furthermore, Syrian hamsters administered with
Nanoligomers showed no changes in the behavior.41 However,
as Nanoligomers are a new modality of disease treatment, we
require a greater understanding of their safety, biodistribution,
and pharmacokinetics (PK) in vivo.
Here, we test SBCoV207 treatment in a murine model of

safety and biodistribution. Intranasal administration was
chosen as the preferred route of drug administration due to
the direct application of treatment to the infection site.53−55

This allows for the treatment compound to be at its highest
concentration where the infection is most prevalent and then
safely biodistributed and excreted from the body.55 Intranasal
administration is simple and efficient in a murine model56 and
eliminates the concerns of compound reaching the respiratory
systems at insufficient concentrations for efficacy, as could be
the case with intravenous and intraperitoneal injection.57

Intraperitoneal and intravenous administration routes were

also explored to provide a thorough assessment of the
biodistribution of Nanoligomers. Intraperitoneal injections
are often considered a simpler method for assessing first-pass
metabolism and clearance of a compound, compared to orally
administered methods, and does provide valuable information
on target engagement with and transport through various
bodily systems.57 Intravenous injections, in this case via the tail
vein of mice, allows for the assessment of compound
accumulation in any organs that receive significant blood
flow, including the kidneys, lungs, and liver.
The Nanoligomer treatment SBCoV207 shows promise as a

treatment for SARS-CoV-2 infection, filling a void where there
are limited antiviral treatments currently on the market. Here,
we test the safety of this treatment in a murine model and
assess the biodistribution and clearance pathways involved.

■ RESULTS

SBCoV207 Targets miR-2392. Vero E6 cells infected with
SARS-CoV-2, treated with 10 μM of SBCoV207 and assessed

Figure 2. Intranasal administration of SBCoV207 did not cause weight loss in mice. Mice were administered with SBCoV207 intranasally and
monitored for 5 days (A). Body weight did not drop more than 1 g below starting weight for any mouse (B−F). The horizontal orange line is used
to indicate 1 g below the weight on day 0 of the study. The p value was greater than 0.05 for all groups and time points compared to the PBS
control group (B). n = 5 for each dose, as indicated by circular points.
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for viral load using a plaque assay 24 h post infection and
treatment, showed significant reduction in viral PFUs (p =
0.011, Figure 1C). As a negative control, a missense
Nanoligomer targeting no predicted circulating miRNA,
mRNA, or viral genome sequences was used. This missense
Nanoligomer reduced the number of PFU per ml when
compared with the no-treatment group.
To further confirm the efficacy of SBCoV207 against SARS-

CoV-2 infection, human lung epithelial cells expressing human
ACE2 (A549-hACE2) infected with SARS-CoV-2 were treated

with SBCoV207 and then fixed and immunostained for the
viral nucleocapsid (N) protein. SBCoV207 consistently
inhibited viral infection compared to missense Nanoligomers
at concentrations ranging from 0.078 to 10 μM (Figure S1A).
At 10 μM concentration, Nanoligomers significantly reduced
the percent of infected cells when compared to no treatment
(p = 0.00025, Figure S1B).
The abundance of viral mRNA transcriptional regulatory

sequence N-protein (TRS-N) was measured by quantitative
reverse-transcription polymerase chain reaction (qRT-PCR) in

Figure 3. Administration of SBCoV207 did not result in significant changes to morphology of lung, liver, kidney, or spleen based on histology with
hematoxylin and eosin (H&E) staining (A−C), regardless of the administration method. Histology was graded on a 0−5 scale with 0 = absent, 1 =
minimal, 2 = mild, 3 = moderate, 4 = marked, and 5 = severe. The administration method is indicated in the right (A−C) corner of each plot and
colored bars represent mean. ** indicates p < 0.01, otherwise p > 0.05. n = 5 for each dose. Lungs of mice treated intranasally with the PBS control
(D,E) showed hemorrhaging of comparable severity to mice treated with 5 mg/kg IN SBCoV207 (F,G). Multifocal regions of hemorrhage
(arrows) are observed throughout the parenchyma, often adjacent to blood vessels, and characterized by free red blood cells within alveoli (A) and
bronchioles (Br). Hemorrhage is sometimes accompanied by eosinophilic proteinaceous material (fibrin; arrowhead). Images taken at 20× (D,F)
and 100× (E,G) magnification.
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infected A549-hACE2 cells treated with 10 μM SBCoV207 or
missense Nanoligomers and normalized to abundance in cells
treated with an equal volume of a water control (Figure S1C).
The TRS-N abundance is correlated with overall viral
abundance, as it is found in the genome of each viral
particle.58 SBCoV207 treatment resulted in a nearly 10-fold
reduction in viral mRNA abundance. Interestingly, the
missense Nanoligomer control reduced viral mRNA abun-
dance as well to a lesser extent not statistically different from
the SBCoV207 group, indicating the possibility of a mild
baseline effect of Nanoligomers against SARS-CoV-2 regard-
less of the sequence, though the mechanism of such an effect
would be unknown.
To quantify the binding affinity of SBCoV207 to its

complimentary target, we performed SPR measurements on
different concentrations of Nanoligomers flowed over a DNA
oligomer containing fragments of the human genome with the
miR-2392 target sequence (Table S1). SBCoV207 binds to this
target in an anti-parallel orientation, which is the preferred
orientation for strong PNA−DNA or PNA−RNA interac-
tions.59 The binding response was measured during analyte
injection (Figure 1D, up to vertical dashed line) and the
resulting fit yielded an association rate constant (ka) of 1372
M−1 s−1. Subsequent dissociation was slow (dissociation rate
constant kd = 6.56 × 10−5 s−1), which is characteristic of PNA
bound to nucleic acid targets.60 Using these results, we found
that SBCoV207 strongly binds its complementary target with a
measured dissociation constant KD of 48.11 nM. We also
performed SPR measurements on the missense Nanoligomer
binding with the same DNA oligomer containing the miR2392
binding sequence. The response at different missense Nano-
ligomer concentrations was low (Figure S1D), suggesting
negligible levels of nonspecific binding. These data provide in
vitro evidence that SBCoV207 can strongly and specifically
bind its complimentary intended target and remain bound for a
long time.
Assessment of Safety of Nanoligomer Treatment in

Mice. The safety of SBCoV207 was evaluated in a murine
model. Mice were administered with SBCoV207 either
intranasally (IN), intraperitoneally (IP) via injection, or
intravenously (IV) via tail vein injection, and then observed
for 5 days before being euthanized (Figure 2A). Collected
samples were then analyzed for any abnormalities compared to
phosphate-buffered saline (PBS)-treated control groups.
Eight week-old female BALB/c mice were divided into

groups of five. Increasing doses of SBCoV207 were tested
sequentially, starting at 1 mg/kg, then on to 2, 5, and finally 10
mg/kg. Note that these doses are 10 to 100 times higher than
doses that showed efficacy in lowering viral titers in hamsters.41

Mice treated via IP injection were only tested at 10 mg/kg
SBCoV207. Mouse weight was monitored daily (Figures 2B−
F, S2B,C, and S3B−F), along with checking for behavioral
changes or signs of distress. On the 5th day, mice were
euthanized by cervical dislocation for IN treated mice and
carbon dioxide (CO2) exposure for all other mice. Cervical
dislocation allowed for the preservation of lung tissue without
risking damage from carbon dioxide exposure or any other
respiratory euthanasia method. Therefore, this method was
used for IN-treated mice, while the more standard CO2
euthanasia was used for remaining mice to limit pain and
distress. Blood and urine were collected, and serum was
separated from whole blood for enzyme-linked immunosorb-
ent assays (ELISAs) (Table S2 and Figure S4). Brain, lung,

kidney, liver, spleen, and lymph tissue were collected and
either drop-fixed for histology analysis or frozen for later
homogenization and analysis via mass spectrometry. Addition-
ally, colon tissue was collected from intraperitoneally treated
mice.
In all groups, mice showed no change in weight, with every

mouse losing no more than 1 g of bodyweight on any one day
of the study, compared to day zero (Figures 2B−F, S2B,C, and
S3B−F). This falls within the measurement error of the scale
used. Mice did not appear outwardly distressed and continued
to eat and drink as usual.

Histology and Pathology. Formalin-fixed liver, spleen,
kidney, and lung samples from mice that received either 5 mg/
kg of SBCoV207, 10 mg/kg of SBCoV207, or PBS control
were processed for histology to assess tissue health (Figures 3,
S5, and S6). In IN-treated mice, alveolar hemorrhage in the
lung was observed in similar severity compared to the PBS
control lungs (Figure 3D−G). Hemorrhage into alveoli and
bronchioles, accompanied by bright eosinophilic proteinaceous
material, were observed; hemorrhage was generally seen in a
hilar distribution or surrounding airway/vascular structures.
This finding was considered peracute as neither increased
alveolar macrophages, erythrophagocytosis, nor hemosiderin
pigment was observed. Mice that did not have blood collected
via submandibular bleed prior to euthanasia showed no signs
of alveolar hemorrhage (Figure S7); as such, the bleeding was
attributed to the blood collection method rather than due to
SBCoV207 administration 5 days prior. Hemorrhaging in lungs
was similarly observed in IP and IV administered mice (Figures
S5 and S6), in this case due to CO2 euthanasia.
In the liver, minimal subacute inflammation was observed in

nearly all mice; incidence and severity were similar across
control and SBCoV207-treated groups and all administration
routes (Figure 3A−C). While livers from mice treated with 10
mg/kg of SBCoV207 intranasally (Figure 3D) showed a
statistically significant difference in liver histological severity
grade compared to the control group, the grades across all
assessed livers were low, indicating that this result does not
reflect a change in liver morphology due to the Nanoligomer
treatment. Inflammatory cells typically consisted of neutro-
phils, macrophages, and lymphocytes admixed with few
necrotic hepatocytes. Small, randomly distributed inflamma-
tory foci in the liver are typically considered secondary to
decreased barrier function in the GI tract and result from
showering of bacteria through the biliary tract and/or blood
stream. This is a common background finding in mice61 and is
considered unassociated with SBCoV207 administration.
There were no histologic findings in the spleen or kidneys of
the control or SBCoV207-treated animals (Figure 3A−C).

Absence of Inflammatory Response. TNF-α, IL-6, and
albumin levels were measured in mouse serum (Table S2 and
Figure S4). TNF-α and IL-6 are indicators of inflammation
and cytokine response. Albumin levels reflect liver and kidney
health.62,63 All three of these parameters were normal in all
tested mice. In healthy mice, both TNF-α and IL-6 levels
remain below the level of detection of the ELISA. This was the
case for all tested samples, with measured absorbance falling
below the range of the assay calibration curve (Figure S8).
Average albumin levels were lower than the control group for
IN groups (Figure S4A), but due to the wider range in levels
seen in the control group, the difference was not statistically
significant (p > 0.23). Albumin levels in IP and IV mice were
also not statistically different from control groups (Figure
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S4B,C, p > 0.07 and 0.25, respectively). This therefore
indicates lack of inflammation and hepatic and renal health.
Serum from mice treated with IP- and IV-injected

SBCoV207, and then euthanized 1, 3, 6, or 24 h after
administration, was tested in a 36-plex cytokine/chemokine
panel (Figures S9−S14). Most cytokines and chemokines did
not show levels significantly different from the control group.
Importantly, representative markers of inflammation, namely,
IFN-γ, IL-1β, IL-6, and TNF-α, were found to be below the
limit of detection (LOD) or statistically similar to no treatment
(Figure 4). The low IFN-γ levels specifically indicate that a T-
cell response to SBCoV207 likely did not occur. IL-1β, a
cytokine responsible for fever production and a marker of
activated macrophages, was also below LOD (Figure 4). TNF-
α and IL-6 levels, tested by single-cytokine ELISAs, in all
serum samples remained below the level of detection of the

ELISA between 1 and 24 h after SBCoV207 administration
(Table S3). This is in line with results from the 36-plex panel
(Figure 4) and the 5-day study (Table S2) and further
confirms no notable acute immune response to SBCoV207.

Biodistribution of SBCoV207 in the Murine Body. The
biodistribution of SBCoV207 was examined through a 24 h
kinetic study. 8 week-old female BALB/c mice, in groups of
five, were treated with SBCoV207 and then euthanized at 1, 3,
6, or 24 h after treatment. Samples of whole blood, urine,
brain, lung, kidney, liver, spleen, and lymph tissue were
collected for analysis via mass spectrometry. Colon tissue was
collected from IP- and IV-treated mice. Blood serum was also
collected for ELISAs (Figures 4 and S9−S14).
Homogenates of lung, brain, lymph, kidney, spleen, liver,

and colon and volumes of whole blood and urine were assessed
for the presence of Nanoligomers using inductively coupled

Figure 4. 36-cytokine/chemokine panel performed on serum samples from mice treated with SBCoV207 via intraperitoneal (IP) or intravenous
(IV) injection showed key cytokines below the LOD of the assay, namely, IFN-γ, IL-1β, IL-6, and TNF-α. The LOD is represented with a blue line.
All groups showed p > 0.05 compared to the PBS control group. n = 5 for the no treatment control group, otherwise n = 4.
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plasma mass spectrometry (ICP−MS) (Figures 5 and S15−
S18). Parts per billion (ppb) of detected gold due to
Nanoligomers was then converted into nanograms of Nano-
ligomer per gram of tissue (ng/g tissue). Highest levels of
Nanoligomers were detected in the urine, lungs, kidneys, and
whole blood (Figure 5A−D).
Intranasal Biodistribution. The lung, the most immediate

site for biodistribution in IN administered drugs, showed high
levels of SBCoV207, in the range of 15−18,000 ng/g organ, or
1−4 μM, within the first 3 h after administration (Figure 5A).

Amount of SBCoV207 peaked at 3 h. While the variability in
the amount of SBCoV207 reaching the lungs via IN
administration was clear (Figure S16), the PK data showed
much higher concentrations (>IC90, Figures 1C and 6A) in
lungs compared to IP (Figure 6B) and IV (Figure 6C, >IC50),
including the lowest tmax values (3 h for IN, compared to 6 h
for IP and IV routes), making it the route of administration of
choice for lung delivery as a SARS-CoV-2 antiviral.
SBCoV207 was cleared quickly through the renal system and

through urinary excretion (Figures 5 and 7) but showed much

Figure 5. SBCoV207 biodistribution after intranasal administration showed SBCoV207 (shown as nanograms per gram of tissue) reaching the
lungs (A), being cleared by the renal system (C), and excreted by the urinary system (B). SBCoV207 was circulated in the whole blood (D), and
SBCoV207 was detected in the lymph (E) and liver (F) tissue. p-value indicated by * < 0.05, ** < 0.01, *** < 0.001, otherwise p > 0.05. n = 4 for
the no treatment control group, otherwise n = 5.
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lower concentration in other organs such as the spleen and
brain (Figures 8 and S15). Levels of SBCoV207 in the kidneys
rose over time but all remained below 5400 ng/g tissue (Figure
5C). With the exception of the 6 h group, measured levels were
significantly higher than the control group (p < 0.05). In the
urine, levels of Nanoligomer were highest at 3 h after
administration (p < 0.001) and dropped over time (Figure
5B). By 24 h, almost no SBCoV207 was detected in urine,

though it remained statistically different from the control
group (p < 0.01). This indicates an initial rapid clearance
through urinary excretion, with SBCoV207 quickly passing
through the kidney. Some Nanoligomer seems to have been
transported into the lymphatic system. The lymphatic system
often funnels compounds into the renal system. Overall
SBCoV207 levels in the lymph were low, at less than 600 ng/g
tissue, but levels were higher at 1 and 3 h after administration

Figure 6. PK data in lungs after (A) intranasal, (B) intraperitoneal, and (C) intravenous administration. While SBCoV207 has a low KD value
(48.11 nM, Figure 1D), based on in vitro antiviral efficacy data (IC50 = 500 nM, Figure 1C), the target concentration is achieved using IN (>IC90)
and IV (>IC50) routes of administration of 10 mg/kg SBCoV207. We note that due to inconsistent amounts of SBCoV207 reaching the lungs via
IN administration, there is much larger deviation in IN PK data than IP and IV routes. SBCoV207 is cleared by the renal system (D) and excreted
by the urinary system. Besides the lungs, SBCoV207 concentrations were lower in other organs such as the spleen (E) and brain (F). p-value
indicated by * < 0.05, ** < 0.01, *** < 0.001, otherwise p > 0.05. n = 4 for the IN no treatment control group, otherwise n = 5.
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and decreased over time (Figure 5E, p < 0.05). Some
SBCoV207 was also transported in the whole blood, though
all but one sample showed less than 2200 ng/g blood (Figure
5D). The outlier showing 6100 ng/g blood at 24 h was
unexpected but may indicate that the compound could still be
circulating in the body hours after administration. The effects
of the variability in IN administration are noticeable in the
consistently lower levels of SBCoV207 measured in only the 6
h group (Figure S16).
The amount of SBCoV207 found in the liver decreased at

the 6 h time point but was otherwise significantly different
from the control group (Figure 5F, p < 0.05). The lower levels

in the 6 h group are likely due to inconsistent administration
for the group rather than an effect of biodistribution of
SBCoV207, as these mice also showed lower levels of
SBCoV207 in all organs (Figure S16). Levels in spleen rose
slightly over time but all remained below 260 ng/g tissue
(Figure S15A). Brain levels were below 65 ng/g tissue for all
groups (Figure S15B).

Intraperitoneal Biodistribution. Biodistribution was
similarly assessed in mice administered 10 mg/kg of
SBCoV207 via IP injection and then euthanized at 1, 3, 6,
or 24 h after injection. Levels of SBCoV207 present in organs
indicate that this administration method has lower biodis-

Figure 7. (A−C) Intraperitoneal and (D−F) intravenous PK and biodistribution data for blood, kidney, and urine. SBCoV207 amounts are given
in nM. p-value indicated by * < 0.05, ** < 0.01, *** < 0.001, otherwise p > 0.05. n = 5 for each time point.
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Figure 8. (A−D) Intraperitoneal and (E−H) intravenous PK and biodistribution data for liver, lymph, spleen, and colon. SBCoV207 amounts are
given in nM. p-value indicated by * < 0.05, ** < 0.01, *** < 0.001, otherwise p > 0.05. n = 5 for each time point.
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tribution of treatment to the lungs compared to IN (Figure
S17A), with the amount of SBCoV207 present being below
8000 ng/g lung even at early time points. By 24 h after
injection, all mice showed less than 5000 ng/g lung. Levels in
urine (Figure S17B) were nearly an order of magnitude higher
compared to IN administration, with rapid excretion within the
first 3 h. Higher SBCoV207 concentrations were also seen in
kidneys and blood (Figure S17C,D). The nearly 10,000 ng/g
average seen in the blood indicates that the SBCoV207 quickly
reached systemic circulation and reached other organs via the
bloodstream. However, levels in the blood dropped off with
time. Levels in the liver were over a magnitude higher
compared to IN administration (Figure S17F). SBCoV207
thus passed into the portal vein. This wide distribution also
likely caused the relative increase in the presence of SBCoV207
in the spleen over time (Figure S17G). The amount of
SBCoV207 measured in kidneys, liver, and spleen remained
mostly unchanged from 3 to 24 h after injection. Levels of
SBCoV207 in the lymph nodes (Figure S17E) were
comparable to IN administration. Colon showed some amount
of SBCoV207 as well (Figure S17H). SBCoV207 was detected
in the brain within an hour after injection (Figure S17I).
Intravenous Biodistribution. An identical experiment

was performed to assess biodistribution after intravenous
injection. SBCoV207 was injected via the lateral tail vein of
mice. Biodistribution to lung was much improved in IV-treated
mice (Figure S18A) compared to IP-treated groups, with levels
of SBCoV207 only slightly decreased compared to IN

administration. Similar to IP injection, urinary excretion was
rapid and effective (Figure S18B). While SBCoV207 levels in
the kidneys were slightly elevated compared to IP treatment
(Figure S18C), amounts in the circulation were comparable
(Figure S18D). Between all three administration routes, IV
injection showed the highest levels in lymph (Figure S18E),
liver (Figure S18F), and spleen (Figure S18G). Once again,
levels in the kidneys, liver, and spleen remained largely
consistent over the course of the 24 h. SBCoV207 levels in
colon were similar to IP administration (Figure S18H) and no
SBCoV207 was detected in the brain (Figure S18I).
Regardless of administration route, mice did not show signs

of toxicity at any point from 1 h to 5 days after SBCoV207
administration. SBCoV207 was largely cleared via urinary
excretion within a few hours of administration, and
accumulation in organs was low by 5 days post-administration.
The toxicity studies performed and parameters measured
indicate that SBCoV207 remains a safe and promising
candidate for a novel antiviral against SARS-CoV-2.

Rapid Clearance and Bioavailability of SBCoV207.
The PKs of SBCoV207 were examined through a 24 h kinetic
study by converting moles of SBCoV207 in different organ
tissues to concentrations (mole/volume) by using tissue
densities (Figures 6−8).64 Furthermore, the kinetic biodis-
tribution of SBCoV207 was estimated in different organs by
using their measured SBCoV207 amounts in different organ
tissues, and respective estimates of organ masses for 8 week old
female BALB/c mice to calculate the fraction (% of total

Figure 9. SBCoV207 biodistribution 5 days after 10 mg/kg intranasal administration showed SBCoV207 largely no longer present in the lymph or
brain tissue (A), present to a moderate degree only in some mice in urine, liver, and spleen (B), and still present at higher concentrations in only
two and one mouse in lung and kidney, respectively (C). p-value indicated by * < 0.05, ** < 0.01, *** < 0.001, otherwise p > 0.05. n = 5 for each
treatment group.
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SBCoV207 injected in each animal) of SBCoV207 in different
murine organs (Figures S19 and S20).
Data indicate renal clearance (Figures 7 and S19) through

both IP and IV routes of administration. Using PK data for IP
(Figure 7A) and IV (Figure 7D) in blood, and drawing a curve
using average values, we estimated the area under curve
(AUC) and bioavailability (F) for IP administration (F = AUC
IP/AUC IV)65 for the single dose as ∼0.7. This value is
comparable to other small molecule therapies. High
uncertainty in estimating urine content led to large variability
in determining biodistribution of SBCoV207 in urine,
especially at early time points (Figure 7C,F). However, rapid
clearance of SBCoV207 and achievement of steady state
concentration (tmax < 1 h for IV administration) indicates rapid
biodistribution and clearance of SBCoV207. Tmax for IP
administration was ∼3 h (Figures 7 and 8).
While biodistribution to various organs, including the liver,

lymph, spleen, and colon, was high (Figures 8 and S20), no
accumulation in these organs was observed. Concentrations of
SBCoV207 in these organs generally did not increase after the
first 3 h after administration, whether through IP or IV
injection. The steady-state concentration achieved was well
above the KD of SBCoV207 in the liver and spleen.
IV administration showed rapid transport of SBCoV207 to

the lymph nodes, with concentrations of approximately 50 nM
and about 1% of administered SBCoV207 reaching the lymph
nodes within 11 h (Figure 8B,F). By comparison, the IP route
lagged in delivery to the lymphatic system, and SBCoV207
concentration rose even after 24 h, reaching 20 nM with about
0.25% of total SBCoV207 delivered at 24 h.
Biodistribution of SBCoV207 after 5 Days. Levels of

SBCoV207 were also assessed in organs of mice treated with
SBCoV207 on day 0 and euthanized on day 5 (Figure 9). Five
days post-treatment, SBCoV207 was present in amounts of less
than 200 ng/g tissue in the lymph and brain (Figure 9A).
Urine, liver, and spleen showed SBCoV207 remaining only in
some mice of a magnitude of 500−700 ng/g tissue, while
others showed considerably lower remaining SBCoV207,
comparable to the control group (Figure 9B). Two mice
showed relatively high levels of SBCoV207 remaining in lung,
while a separate mouse showed SBCoV207 in the kidneys
(Figure 9C). This highlights the stochastic delivery of
SBCoV207 to the lungs via intranasal administration.
However, due to other mice showing low levels in all organs
comparable to the control group, only SBCoV207 levels in
brain showed statistical significance between groups (p =
0.0001).

■ DISCUSSION
COVID-19 has proven to be a deadly disease with global
implications. In many cases of severe COVID-19, host hyper-
responses such as the cytokine storm syndrome, triggered by
the virus,4 can lead to fatal outcomes. SARS-CoV-2 is
hypothesized to increase the innate immune response while
dampening adaptive immune response.4,66 Nonspecific im-
mune response, including upregulation of cytokines, continues
in patients in the absence of adequate counts of CD4 and CD8
T-cells to target the virus for clearance.4 Thus, rampant but
nonspecific host response may result in more permanent or
long-lasting effects on the patient.67 New compounds to
suppress harmful host response in patients infected with SARS-
CoV-2 could drastically alter survival rates and improve long-
term prognosis, especially in regions with low vaccination rates

or high incidence of more infectious variant strains. Here, we
test the material safety of SBCoV207 Nanoligomers, which
could attenuate severe host immune response to infection, a
common cause of death among COVID-19 patients.
Nanoligomers are ideal molecules for the specific targeting

of nucleic acids such as miRNAs.23,41 We have shown
previously that the PNAs show high specificity to target
sequences.68,69 This allows for versatility in target selection and
prevention of off-target binding. PNAs are highly stable in vivo
and demonstrate strong binding to nucleic acid targets.13,15

The Nanoligomers have also shown efficacy against SARS-
CoV-2 both in vitro (Figure 1C) and in vivo, without causing
toxic responses to the host cells or animals.41 Nanoligomers
can thus be used to modulate levels of circulating miRNA in
infected humans, including binding miRNAs such as miR-2392
that are linked to more severe cases of COVID-19.41

The Nanoligomers also provide an attractive alternative to
other antisense therapeutics due to their small size and ease of
transport without requiring encapsulation. Particles as small as
the 15-base PNA sequence conjugated to a nanoparticle can
traverse across cell membranes without relying on endocytosis,
thereby circumventing the necessary step of endosomal escape
that other ASO and their drug delivery systems must
overcome.27,70,71 Furthermore, past lipid encapsulation meth-
ods have achieved low encapsulation efficiencies of less than
10%,70,72 which has since improved to 70% or higher but can
still pose challenges.72,73 Variation in the degree of association
between the lipid and payload and unknown aspects of the
structure74 highlight the work still to be done in optimizing
lipid encapsulation methods. The use of Nanoligomers avoids
concerns over non-uniform size, complex formulation, and
difficulties with scaling up production seen in platforms such as
liposomes and lipid nanoparticles (LNPs).27,72,74−76 Any
protein adsorption that may occur would not increase the
Nanoligomer size drastically, allowing for the observed rapid
renal clearance. This reduces side effects to the treatment and
demonstrates that Nanoligomers face fewer obstacles around
tolerability and biocompatibility compared to lipid systems.26

SBCoV207 did not cause significant toxicity in mice during
the 5 days they were observed after SBCoV207 administration,
whether administered via IN, IP, or IV routes. Mouse weight
remained within a normal and healthy range (Figures 2, S2,
and S3). No activation of the innate immune system, which
may occur with CPP-conjugated PNA and with
siRNA,25,28,30,46 was observed as a result of Nanoligomer
treatment (Figure 4). Our Nanoligomers circumvent the issue
of undesired immune responses caused by CPPs25,46 by using
biocompatible gold nanoparticles.47,77 Serum parameters,
namely, TNF-α, IL-6, and albumin, showed no indicators of
inflammation, immune response, or damage to the hepatic or
renal systems (Figure S4 and Table S2). This is especially
promising in light of siRNA technologies that have induced
elevated TNF-α and IL-6 levels.28,29

In a 36-plex cytokine/chemokine panel, four molecules
showed a statistically significant increase in serum levels for IP-
treated mice only (Figure S9). None of these increases
persisted to 24 h after SBCoV207 administration. It is likely
that these increases, which were not observed in the IV-treated
mice, were due to the invasive IP injection rather than the
presence of SBCoV207. GRO-α specifically is commonly
associated with tissue injury.78 It is worth noting that while the
1 h group serum differed significantly from control, ELISA kit
datasheets report GRO-α levels of up to 255 pg/mL in normal
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and healthy mice (Mouse CXCL1 Quantikine ELISA, R&D
Systems, Minneapolis, MN), an order of magnitude above
values observed here.
While other ASO and drug delivery methods have been

linked to elevated levels of IFN-α and IFN-γ26,28,29 and require
modification to circumvent this,30,31 we observed no such
effects with SBCoV207. IFN-α levels (Figures S10 and S13)
and IFN-γ levels (Figure 4) remained below LOD. IL-18,
which was elevated only in IP-treated mice, enhances IFN-γ
production,79 but as IFN-γ levels remained below LOD
(Figure 4), the likelihood of a full T-cell response to
SBCoV207 is low. IL-18 also acts upstream of GM-CSF and
IL-6,80 but levels of both remained low as well (Figures 4, S10,
and S13). Reports of serum from healthy mice show
measurements below 200 pg/mL is considered normal for
IL-18,81 further supporting a lack of immune response to
SBCoV207. These results were expected, considering the lack
of immunogenicity from naked PNA25 and the biocompati-
bility of gold.82

Nanoligomer levels were highest in the lung when
administered intranasally (Figure 5A), which was in line with
expectations. High drug concentrations at the infection site
allow for improved treatment outcomes, as a lower dose can be
used to achieve similar results to an IV injection. This
minimizes side effects elsewhere in the body. However, levels
of SBCoV207 detected in the lungs were highly variable. While
IN administration is technically very simple and more
applicable to human administration methods,54−56 future
studies using oral pharyngeal aspiration may allow for higher
consistency in administration volume between mice.83 Differ-
ences in the physiology of human and mouse respiratory
systems and oral structure84,85 complicate the direct translation
of mouse IN administration to human IN administration.
Importantly, mice are obligate nasal breathers and therefore do
not breathe through their mouths.84 IN delivery via droplets of
fluid placed on the nostrils may result in some compound
externally leaking down the snout to the mouth and being
swallowed instead of breathed in, resulting in variability of
compound concentration in the lungs. Some mice showed
higher levels of SBCoV207 across all organs compared to mice
within the same treatment group (Figure S16), further
indicating that IN administration results in differences in the
concentration of compound that actually reaches the lung.
SBCoV207 appeared to be cleared by the renal system,

based on levels detected in the liver, and excreted via the urine
(Figure 5B,C). In IP- and to some degree IV-treated mice,
SBCoV207 presence in the urine far exceeded the presence in
the lungs and other organs (Figures 6−8). A large portion of
the SBCoV207 dose was therefore rapidly and efficiently
excreted. Though clearance and elimination that occur within
minutes of administration pose a concern for inadequate
compound circulation through the body, the Nanoligomer
appears to remain in the body for hours, allowing for
therapeutic activity. While a measurement of SBCoV207 levels
immediately after IV injection would be necessary to assess the
half-life of SBCoV207, most of the administered SBCoV207
was still detectable in the urine at 1 h after injection (Figure
S19C,F), indicating that SBCoV207 is not eliminated within
the first minutes after administration. Extremely rapid half-lives
and elimination have been observed with lipid-encapsulated
ASOs, especially those utilizing cationic lipids,72 but in the case
of SBCoV207, the compound continues to be detected in the
urine and blood hours after administration.

Levels of SBCoV207 in the blood of mice were low
compared to lungs and urine (Figure 5D), but the
bioavailability was favorable and comparable to small-molecule
drugs at about 0.7. Higher levels of SBCoV207 in the 1 and 3 h
IN groups compared to 6 and 24 h suggest that SBCoV207
crosses the epithelial barrier to enter the bloodstream within
the first few hours, allowing for this favorable bioavailability.
The total fraction of SBCoV207 observed in the blood was
comparable to that seen in the lungs for IP-administered mice
(Figures 6B and S19), but was slightly lower than in the lungs
for IV-injected mice (Figures 6C and S19). At about 10−20%
of injected dose residing in the blood 1 h after administration
(Figure S19A,D), SBCoV207 demonstrated considerably
improved bioavailability compared to, for example, fluores-
cently labeled siRNA with or without silica nanoparticles, at
5% in 1 h and 1% in 20 min, respectively.86,87

Biodistribution of SBCoV207 generally followed expect-
ations for oligonucleotides. Neutral compounds such as PNAs,
morpholinos, and unmodified siRNA typically demonstrate
rapid clearance from circulation via urinary excretion,88−90 as
observed here. While the kidney is therefore the primary organ
of biodistribution for most administration types, intranasal
administration temporarily increases the biodistribution of
SBCoV207 to the typical infection site, the lungs. Most ASO
show rapid accumulation in first pass organs such as the
liver.88,90−95 For example, PK and biodistribution data show
∼50−100 μg/g ASO in liver using 3−4 mg/kg IV injection,88

accounting for more than 70% of administered ASO. While
that provides delivery of the ASO to the liver, kidneys, and
adipocytes, other organs can have very limited biodistribution,
making them hard to use for antiviral and systemic applications
such as downregulating circulating miRNA, including miR-
2392. Even in the use of LNPs for oligonucleotide delivery, the
ASOs easily reach the lung and spleen but show limited
biodistribution to other organs without significant modifica-
tion.27 While liver accumulation is reduced (∼100 nM), the
PK data indicates low (<100 to <10 nM in non-first-pass
organs) bioavailability of ASO in most organs.86,96,97 Data
from both IP (Figure 8A) and IV (Figure 8E) injected mice do
not show accumulation in the liver or in other first-pass organs
such as the kidney and spleen (Figure 7B,E and 8C,G). High
bioavailability (0.7) to all organs, rapid biodistribution, and
lack of accumulation in first-pass organs such as the liver show
favorable “small-molecule”-like delivery of Nanoligomers, with
high specificity and low KD (48 nM) similar to recombinant
proteins and biologics. The high concentration (Figures 6−8)
observed in vivo, well above the KD values, supports
SBCoV207 as a potential systemic antiviral against SARS-
CoV-2, although further PK/PD and detailed efficacy studies
need to be done to prove pre-clinical efficacy. This relatively
uniform biodistribution simplifies the delivery of Nano-
ligomers, especially if considering applications beyond
respiratory infections.
The lymph nodes of some IN-treated mice showed

SBCoV207 concentrations higher than the control group
(Figure 5E). IV- and IP-treated groups also showed the
presence of SBCoV207 in the lymph (Figure 8B,F).
Comparison with other ASO shows very limited or
undetectable biodistribution to the lymph nodes using other
platforms,86,88,90−95,98,99 while Nanoligomers were present in
concentrations above the KD for some IV-treated mice (Figure
8F). This provides unique advantages for Nanoligomers in
targeting the innate immune system for antiviral applications.
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Levels of SBCoV207 in the brain were very low compared to
other organs but significantly different from the control group
(Figure S15B). We note that the Nanoligomers can cross the
blood−bra in barr ier , un l ike other ASO,88 , 9 0−95

siRNA,86,90,98,99 and other modified nucleotide technologies,
which must rely on highly invasive intracerebral and intrathecal
direct injections.88,100 The Nanoligomers thus offer a unique
advantage in delivering antivirals and other therapies for
infectious and non-infectious targets in the brain. The high
specificity of PNA could allow for efficacy against a variety of
diseases localized in the brain even at low concentrations, and
applications of PNA in nerve repair, where currently there is
progress in nucleic acid-based therapeutics,101 could also be
explored. However, with SBCoV207, the low concentrations
observed in the brain using the IN and IV routes, which
remained well below the KD of 48 nM (Figure 6F), require that
other routes of administration (IP or otherwise) and specific
brain-targeted sequences should be tested to evaluate the
efficacy of Nanoligomer delivery for this application.
As SBCoV207 targets a human host factor, miR-2392, off-

target binding in mice is not expected. Mice do not produce
miR-2392 naturally, though homologous miRNA may exist in
dog, cat, and ferret genomes.41 SBCoV207 would therefore
first require toxicity and efficacy testing in dog or ferret, then
non-human primates, before more intensive safety testing in
human trials to ensure no ill effects due to specific binding to
the miRNA target. However, these studies do confirm the lack
of material toxicity from Nanoligomers, as well as indicate the
expected biodistribution in humans. Furthermore, after 5 days,
IN-administered SBCoV207 was largely cleared from the body,
with only isolated instances of SBCoV207 detected in lung and
kidney (Figure 9). Effective clearance ensures minimal risk of
toxicity due to the long-term accumulation of SBCoV207 in
the organs. This, combined with the lack of toxicity observed
in hamsters and the trend of decreasing viral load in SARS-
CoV-2 infected hamsters at even suboptimal doses of 0.13 mg/
kg,41 demonstrates the potential of SBCoV207 as an effective
treatment for COVID-19.
Efficacy testing in infected animal models at concentrations

of 10 mg/kg or higher would elucidate the therapeutic window
of the compound, which has already been shown to be much
wider than first tested in hamsters.41 Multiple-dosing studies
would also provide a more comprehensive analysis of the PKs,
pharmacodynamics, and clearance rates of the Nanoligomers.
Due to their sequence-specific nature, Nanoligomers could also
easily be adapted to target other miRNA associated with severe
disease state, making them ideal anti-inflammatories. Several
miRNA have been linked to severe reactions to coronavirus
infections.32,36 The adaptability of the Nanoligomer design
would allow for a variety of targets. This could assuage
concerns around virus variants or emerging new viruses that
result in different miRNA expression profiles within the
infected host. Furthermore, studies are currently being
conducted on Nanoligomers designed to directly target the
viral genome. It is plausible that a combination of Nano-
ligomers targeting various miRNA and viral genome sequences
could be used to treat COVID-19 in a versatile and
individualized way.

■ CONCLUSIONS
Effective antivirals for SARS-CoV-2 infections could drastically
change the current landscape of pandemic treatment and
control. The Nanoligomer treatment SBCoV207, which has

previously been shown to be an effective target for attenuating
uncontrolled immune response to SARS-CoV-2 infection,41

demonstrated no toxicity in mice at 10 mg/kg, whether
administered via intranasal, intraperitoneal, or intravenous
routes. Biodistribution analysis showed high biodistribution to
the infection site, the lungs, especially with intranasal
administration. The compound was renally cleared and
excreted in the urine, with favorable biodistribution and
bioavailability but little accumulation in other organs. This
Nanoligomer treatment could potentially serve as a safe and
effective treatment for severe cases of COVID-19, reducing the
strain on hospitals and healthcare providers in areas with viral
variant outbreaks or low vaccination rates, as well as offering a
treatment strategy for countering future pandemics.

■ MATERIALS AND METHODS
Nanoligomer Design and Synthesis. Nanoligomers were

designed and synthesized at Sachi Bioworks (Louisville, CO, USA)
according to the methods described in McDonald et al.41 After
identification of the target miRNA,41 a PNA sequence to target miR-
2392 was designed. The human genome was scanned for the
appearance of similar sequences elsewhere, which could result in off-
target binding and side effects of taking the compound. Of six
potential target sequences within the 20-nucleotide sequence of miR-
2392, SBCoV207 was built from the sequence exhibiting the highest
solubility and lowest incidence of self-complementing sequences and
off-targets within the human genome.41 Following the synthesis of the
15-base pair PNA molecules via solid-phase Fmoc chemistry on an
Apex 396 and Vantage peptide synthesizer (AAPPTec, LLC), the
PNA was incorporated into the Nanoligomer molecules. Nano-
ligomers were purified by size-exclusion filtration. Conjugation and
concentration were confirmed using absorbance measurements for
detection of PNA and quantification nanoparticles.

SPR Measurements. A DNA oligomer containing 30 nucleotides
of the human genome (hg38) with the miR-2392 binding target was
biotinylated on the 5′ end (IDT). This oligomer probe was diluted to
5 μg/mL using 1× HBS-EP + buffer. This 1× HBS-EP + buffer was
also used as running buffer during the SPR measurements. These
oligomers were attached to a streptavidin-coated flow cell (Cytiva).
The chip was first cleaned using a 10 μL injection of 20 mM NaOH/1
M NaCl solution. The probe was subsequently injected onto a flow
cell of the chip. RU responses of 256 were observed, indicating probe
binding to the chip. One flow cell on the chip was used as a reference;
it was cleaned as described above but no probe was attached.

SPR measurements were carried out in accordance with previously
established protocols.60,102 The measurements were carried out on a
Biacore 3000 instrument (Cytiva). Nanoligomer analyte was serially
diluted using twofold dilutions from 20 to 1.25 μM. To measure
association, 90 μL of Nanoligomer was run over the chip for 3 min at
a flow rate of 30 μL/min. Dissociation was subsequently measured for
30 min. The chip surface was regenerated with a 10 μL injection of 20
mM NaOH + 1 M NaCl solution. Measurements for each
concentration were repeated in triplicate. Data from the SPR
measurements were analyzed using Scrubber 2.0 (BioLogic).

Virus Propagation and Plaque Assay. SARS-related coronavi-
rus 2 (SARS-CoV-2), Isolate USA-WA1/2020 (NR-52281) was
deposited by the Center for Disease Control and Prevention and
obtained through BEI Resources, NIAID, NIH. SARS-CoV-2 was
propagated in Vero E6 cells in DMEM supplemented with 2% fetal
bovine serum (FBS), 4.5 g/L D-glucose, 4 mM L-glutamine, 10 mM
non-essential amino acids, 1 mM sodium pyruvate, and 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). Infectious
titers of SARS-CoV-2 were determined by the plaque assay in Vero E6
cells in minimum essential media supplemented with 2% FBS, 4 mM
L-glutamine, 0.2% BSA, 10 mM HEPES, and 0.12% NaHCO3 and
0.7% agar. 48 h after the addition of plaque overlay, cells were fixed
with 5% formaldehyde for 24 h. After the fixation overlay was
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removed, cells were stained with 0.2% crystal violet (in 20% EtOH)
and plaques were counted.
Quantitative Reverse-Transcription PCR of Viral RNA. qRT-

PCR of SARS-Cov-2 RNA was performed as previously described.103

RNA was extracted from human lung epithelial cells expressing
human ACE2 (A549-hACE2) grown in 96-well plates by using the
RNeasy 96 Kit (Qiagen) per the manufacturer’s instructions. RNA
was reverse-transcribed and PCR amplified using Luna Universal
One-Step RT-PCR Kit (NEB). SARS-CoV-2 replication was assessed
by using primers specific to the N mRNA (forward 5′-
CTCTTGTAGATCTGTTCTCTAAACGAAC-3′; reverse 5′-
GGTCCACCAAACGTAATGCG-3′). SARS-CoV-2 N mRNA levels
were normalized to beta tubulin (forward 5′-GCCTGGACCA-
CAAGTTTGAC-3; reverse 5′-TGAAATTCTGGGAGCATGAC-
3′). Reactions were run and analyzed on a LightCycler 480 II
Instrument (Roche). Relative quantification was calculated by
comparing the cycle threshold (Ct) values using ΔΔCt. Significance
was determined using a two-tailed unpaired Student’s t-test.
Immunofluorescence of Nucleocapsid (N) Protein. Quanti-

fication of viral infection was performed as previously described.103

Briefly, at indicated times after infection A549-hACE2 cells were fixed
with 5% formaldehyde and immunostained for nucleocapsid (N)
protein. N protein was visualized with a secondary antibody labeled
with AlexaFlour-488 (ThermoFisher). SARS-CoV-2 nucleocapsid (N)
antibody (clone 1C7C7) was obtained from the Center for
Therapeutic Antibody Discovery at the Icahn School of Medicine at
Mount Sinai. Nuclei were stained with DAPI. Full wells were imaged
and quantified for SARS-CoV-2 infected cells using a Celigo imaging
cytometer (Nexcelom Bioscience). All infections with SARS-CoV-2
were performed with three biological replicates.
Five-Day Intranasal Safety Study. Mouse studies were

conducted in accordance with the approved University of Colorado
IACUC protocol #2807. Female BALB/c mice of age 8−12 weeks,
purchased from Envigo (Indianapolis, IN), were divided into groups
of five. Each group received either 1, 2, 5, or 10 mg/kg of SBCoV207
intranasally. A control group was administered with sterile PBS.
Intranasal administration was achieved by anesthetizing the mouse
with isoflurane, holding the mouse at a 45° angle, and gently pipetting
25 μL of SBCoV207 solution into the nostrils.56 Mice were then
monitored for 5 days before being euthanized by cervical dislocation.
Cervical dislocation was chosen to preserve the integrity of the lung
tissue, which may be damaged by carbon dioxide inhalation
euthanasia. Each day of the study, the mouse weight was measured.
Prior to euthanasia, blood samples were collected via a submandibular
blood draw, and urine samples were collected by palpating the
bladder. Once the mouse was euthanized, samples were collected of
the brain, lymph node, lung, liver, spleen, and kidney tissue. Collected
tissues were rinsed in PBS and either drop-fixed in 10% formalin for
histology or immediately frozen at −80 °C for ICP−MS.
Blood samples were allowed to sit on ice for 1 h to clot before

being centrifuged at 10,000g for 10 min to collect the serum. The
serum was frozen at −80 °C until use in ELISAs. ELISAs for TNF-α
and IL-6 (Duoset ELISA, R&D Systems, Minneapolis, MN) and
albumin (Immunology Consultants Laboratory, Inc., Portland, OR)
were used according to manufacturer directions, with serum diluted
1:100 for TNF-α and IL-6 and 1:500,000 for albumin, and plates were
measured at 450 nm in a SpectraMax iD3 plate reader (Molecular
Devices, LLC, San Jose, CA) using SoftMax Pro software. Standard
curves were built using 4-parameter logistic regression.104

Fixed samples were removed to 70% ethanol after 24 h. Histology
was performed by Inotiv (Boulder, CO). Formalin-fixed liver, spleen,
kidney, and lung samples from mice that received either 10 mg/kg of
SBCoV207 or PBS control were processed. Tissues were blocked in
paraffin. One slide per block was sectioned at 4 μm and stained with
H&E. Glass slides were evaluated by an ACVP-board-certified
veterinary pathologist using light microscopy. Histologic findings in
each tissue were diagnosed and graded for severity on a 0−5 scale;
specifically in this study, alveolar hemorrhage was graded 0 = absent, 1
= minimal (<10% of lung affected), 2 = mild (10−25% of lung
affected), 3 = moderate (26−50% of lung affected), 4 = marked (51−

75% of lung affected), and 5 = severe (>75% of lung affected). This
scale was also used to assess inflammation in the kidney
(mononuclear and neutrophilic, focal, capsule, and with fibrosis)
and liver (subacute, multifocal, and random). No histological findings
were observed in any spleen samples.

Samples for ICP−MS were later thawed and homogenized in a
TissueLyser II bead mill (Qiagen, Germantown, MD) at 30 Hz for 3
min with the addition of 1 μL of deionized water per 1 mg organ
tissue. Volumes of homogenates ranging from 10 to 130 μL were then
digested in 500 μL of aqua regia (3:1 hydrochloric acid to nitric acid)
for 4 h at 100 °C. Pellets were resuspended in 1.5% nitric acid and
analyzed with a NexION 2000B single quadropole ICP−MS
(PerkinElmer, Waltham, MA). A Meinhard nebulizer was used with
a cyclonic glass spray chamber for the introduction of the sample. A
nickel sample and skimmer cone were used with an aluminum
hyperskimmer cone. The ICP−MS was optimized daily with a
calibration solution of 1 ppb In, Ce, Be, U, and Pb. Data were
collected using the sample acquisition module in Syngistix software
(version 2.3). 197Au was the analyte monitored. A seven-point linear
standard curve was generated at a concentration range of 0−250 ppb.
Indium was spiked into each sample at a concentration of 5 ppb.
Linearity of the standard curve was defined at an R2 value of greater
than 0.995. The 1000 ppm gold standard solution was purchased from
Ricca Chemical Company (Arlington, TX). TraceMetal grade 70%
HNO3 was purchased from ThermoFisher Scientific (Waltham, MA).
All H2O used was from a Milli-Q system (Millipore, Burlington, MA).
Data were analyzed using Microsoft Excel by converting measured
gold concentrations into ppb (ng/g tissue) via the organ homogenate
volume used. This ppb value was then converted into moles of gold,
then moles of SBCoV207, per gram of tissue, and finally to ng of
SBCoV207 per g of tissue using the molecular weight of the
Nanoligomer molecule (27,555.2 g/mol). This was done to provide a
clear representation of data consistent with antisense therapeutic data
reported in other studies.88,90,91,94,98 The final conversion factor was
6.358.

Twenty-Four Hour Intranasal Biodistribution Study. Female
BALB/c mice of age 8−12 weeks (Envigo, Indianapolis, IN) were
divided into groups of five. Each mouse received SBCoV207
intranasally. Blood and urine samples were collected prior to
euthanasia at 1, 3, 6, or 24 h after SBCoV207 administration. A
small aliquot of 30 μL of whole blood was set aside in a heparin-
coated tube for ICP−MS analysis; the remaining blood was kept in a
standard tube to clot for serum retrieval. A control group of four mice
that received no treatment was also euthanized. Organ samples were
collected and analyzed as described above; however, no samples were
drop-fixed.

Intraperitoneal Safety and Biodistribution Studies. IP
studies followed the same experimental design as IN studies; however,
initial drug administration was performed by injecting 100 μL in the
peritoneal region of the mouse on the right side of the lower
abdomen. Only a single dose of 10 mg/kg was tested. Euthanasia was
performed using CO2 exposure, followed by blood collection via
intracardial draw. Urine samples were collected by euthanizing each
mouse separately in a clean and empty cage and collecting urine
released from the bladder upon death. All other samples were
collected similarly to the IN biodistribution study, with the added
collection of colon tissue in both the safety and biodistribution
studies.

Serum from IP-treated mice was additionally assessed in a 36-plex
cytokine/chemokine panel. Quantification of cytokines was per-
formed using 25 μL of serum in Invitrogen Cytokine & Chemokine
Convenience 36-Plex Mouse ProcartaPlex Panel 1A (EPXR360-
26092-901) following manufacturer’s instructions and was analyzed
on a Luminex MAGPIX xMAP instrument. The kit measured levels of
the following cytokines and chemokines: ENA-78 (CXCL5), Eotaxin
(CCL11), GRO-α (CXCL1), IP-10 (CXCL10), MCP-1 (CCL2),
MIP-1α (CCL3), MIP-1β (CCL4), MIP-2α (CXCL2), RANTES
(CCL5), G-CSF (CSF-3), GM-CSF, IFN-α, IFN-γ, IL-1α, IL-1β, IL-
2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-13, IL-15/IL-15R,
IL-17A (CTLA-8), IL-18, IL-22, IL-23, IL-27, IL-28, IL-31, LIF,
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MCP-3 (CCL7), M-CSF, and TNF-α. Known concentrations of each
cytokine/chemokine were used to build standard curves, from which
amounts could be calculated per sample.
Intravenous Safety and Biodistribution Studies. IV studies

followed the same experimental design as IN and IP studies; however,
initial drug administration was performed by injecting 100 μL in the
tail vein of the mouse. Each group received either 1, 2, 5, or 10 mg/kg
of SBCoV207. All samples were collected and analyzed similarly to
the IP biodistribution study.
PK and Percent Biodistribution Analysis. The PK was

examined through analyzing data from the 24 h biodistribution
study by converting moles of Nanoligomer amounts in different organ
tissues into concentrations (mole/volume) by using tissue densities.64

Briefly, densities of blood (1050 ± 17 kg/m3), brain (1046 ± 6 kg/
m3), colon (1045 kg/m3), kidney (1066 ± 56 kg/m3), liver (1079 ±
53 kg/m3), lung (1050 kg/m3), lymph (1019 kg/m3), and spleen
(1089 ± 64 kg/m3) were used to calculate SBCoV207 concentrations
in different organ tissues. Kinetic biodistribution as a percent was
estimated in different organs by using their measured Nanoligomer
amounts in different organ tissues, and respective estimates of organ
masses for 8 week old female BALB/c mice to calculate the fraction
(% of total Nanoligomer injected in each animal) of Nanoligomer in
different murine organs. Briefly, estimates of different organs: blood
(1.5−2.5 mL), urine (0.5−1 mL, large variance in urine volumes leads
to higher standard deviation in biodistribution amounts in urine),
colon (0.507 ± 0.07 g), kidney (0.274 ± 0.032 g), liver (1.013 ±
0.116 g), lung (0.13 ± 0.013 g), and spleen (0.106 ± 0.008 g) were
used to calculate biodistribution in different murine organs.105,106

Using PK data for IP and IV administration in the blood, and drawing
a curve using average values, we estimated AUC and bioavailability
(F) for IP administration (F = AUC IP/AUC IV).65

Statistical Analysis of Data and Data Visualization. Unless
otherwise stated, data were analyzed using Microsoft Excel. p-values
for samples were calculated using a student’s two-tailed t-test, with
significance defined as p < 0.05. Data points in box plots were
determined to be outliers if measurements were outside the upper or
lower quartiles using an interquartile range of 1.5. Standard curves for
ELISAs were generated using a four-parameter logistic regression
MATLAB (MathWorks) code by Cardillo.104 Data from the SPR
measurements were analyzed using Scrubber 2.0 (BioLogic). Figures
1A,B, 2A, S2A, and S3A were created with BioRender (Bio-
Render.com). Figures 1D and S1D were created with Jupyter
(Project Jupyter). Tables S1−S3 were created with Microsoft Office.
Figures 3D−G and S5−S7 were images taken by Inotiv (Boulder,
CO). All other figures were created with Origin (OriginLab).
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