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ABSTRACT: RNA therapeutics has advanced into the third
milestone in pharmaceutical drug development, following chemical
and protein therapeutics. RNA itself can serve as therapeutics,
carriers, regulators, or substrates in drug development. Due to
RNA’s motile, dynamic, and deformable properties, RNA nano-
particles have demonstrated spontaneous targeting and accumu-
lation in cancer vasculature and fast excretion through the kidney
glomerulus to urine to prevent possible interactions with healthy
organs. Furthermore, the negatively charged phosphate backbone
of RNA results in general repulsion from negatively charged lipid
cell membranes for further avoidance of vital organs. Thus, RNA
nanoparticles can spontaneously enrich tumor vasculature and
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efficiently enter tumor cells via specific targeting, while those not entering the tumor tissue will clear from the body quickly. These
favorable parameters have led to the expectation that RNA has low or little toxicity. RNA nanoparticles have been well characterized
for their anticancer efficacy; however, little detail on RNA nanoparticle pathology and safety is known. Here, we report the in vitro
and in vivo assessment of the pathology and safety aspects of different RNA nanoparticles including RNA three-way junction (3W])
harboring 2'-F modified pyrimidine, folic acid, and Survivin siRNA, as well as the RNA four-way junction (4WJ) harboring 2'-F
modified pyrimidine and 24 copies of SN38. Both animal models and patient serum were investigated. In vitro studies include
hemolysis, platelet aggregation, complement activation, plasma coagulation, and interferon induction. In vivo studies include
hematoxylin and eosin (H&E) staining, hematological and biochemical analysis as the serum profiling, and animal organ weight
study. No significant toxicity, side effect, or immune responses were detected during the extensive safety evaluations of RNA
nanoparticles. These results further complement previous cancer inhibition studies and demonstrate RNA nanoparticles as an
effective and safe drug delivery vehicle for future clinical translations.
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B INTRODUCTION

Only 1.5% of the human genome codes for proteins, while the
majority of the remaining 98.5% codes for small or long
noncoding RNAs, demonstrating its biological importance.
RNA can serve either as a therapeutic that is delivered or as a
substrate targeted by drugs. In recent years, RNA has gained
focus in pharmaceutic and vaccine field, most notably through
the FDA approval of RNA-based therapeutics' ~> and author-
ization of mRNA COVID-19 vaccines."”” These approvals
confirm the safety and stability of RNA in clinical
applications.”""" RNA therapeutics have now emerged as a
prominent field and is becoming the third milestone in
pharmaceutical drug development.'”~"”

RNA nanotechnology, similar to the system of Lego,13 is to
deal with the self-assembling of nanometer-scale structures
composed mainly of RNA.**~*" RNA nanoparticles can serve
as therapeutics or drug delivery vehicles to cancers with strong
inhibition.'>**™>®* RNA nanoparticle-based drug delivery
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systems exhibit several advantages, including efficient and
spontaneous accumulation in tumors, improved pharmacoki-
netics, and the undetectable gross toxicity and low immune
responses.””>"**~* These features also facilitate the repeated
treatment of chronic diseases. It was found that RNA
nanoparticles can be stretched or released over multiple
rounds of repeats much like rubber®® and this stretching is
important for the beneficial in vivo features. Furthermore, RNA
naturally exhibits elasticity, deformation, and motility, making
it highly promising for spontaneous targeting toward cancer
vasculature and fast excretion through the kidney glomerulus
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Figure 1. RNA nanoparticle designs. Schematic diagram with sequences of (A) 3WJ, (B) 3WJ-FA-siRNA, and (C) 4WJ-24 SN38 copies of RNA
nanoparticles. Red characters indicate SN38-conjugated nucleotide. * Characters indicate 5" end-conjugated SN38.

to urine."”” RNA nanoparticles exhibit rubber-like proper-

ties,"”~*’ making them highly attractive as potential cancer
therapeutics.

Our team has created multifunctional, ultrastable RNA
complexes with uniform nanoscale size, controllable structure,
and precise stoichiometry, including Phi29 3WJ”" and 4W7J."
These branched RNA nanoparticles offer multivalency and can
be conjugated to chemical dru%s for controlled delivery to the
tumor microenvironment.'”*"”*** These nanoparticles have
proven great potential as cancer therapeutics by demonstrating
specific tumor accumulation, delivery of therapeutics resulting
in apoptosis, and initial safety with no gross toxicity. However,
further data is necessary to overcome existing challenges and
maximize RNA nanoparticle’s clinical benefits. It will be
beneficial to evaluate in-depth the pathology, side effects, and
toxicity of these RNA nanoparticles.

In this study, we aim to further prove the capability of RNA
nanoparticles for cancer treatments by providing detailed
pathology and safety parameters. 3W] and 4WJ nanoparticles
with and without chemotherapeutic conjugates (Figure 1)
were evaluated in vitro and in vivo, including hemolysis study,
platelet aggregation study, complement activation study,
plasma coagulation study, interferons induction study, animal
organ weight, H&E staining, serum biochemistry, and
hematological study. Extensive evaluations revealed that these
3WJ and 4WJ RNA nanoparticles with and without drug
conjugation did not have detectable toxicity, side effects, or
immune responses. In general, the RNA nanoparticles
provided safe profiles to serve as a viable drug delivery vehicle.
In combination with the strong tumor inhibition of previous
studies, there is a strong rationale to more toward the
translation of RNA nanoparticles.

B MATERIALS AND METHODS

Design and Preparation of RNA Nanoparticles.
Multifunctional RNA nanoparticles were designed and
constructed via bottom-up self-assembly approaches. The
3WJ nanoparticle is composed of three RNA fragments
harboring 3WJ-A, 3WJ-B, and 3WJ-C strands. The three-way

junction-folic acid-Survivin siRNA RNA nanoparticles (3WJ-
FA-siRNA) contained four RNA fragments harboring 3WJ-A-
folate, 3WJ-B-Survivin sense, 3WJ-C, and Survivin antisense.
The four-way junction SN38-conjugated RNA nanoparticles
(4WJ-SN38) contained four RNA fragments, including (1)
4WJ-A-6 SN38, (2) 4WJ-B-6 SN38, (3) 4WJ-C-6 SN38, and
(4) 4WJ-D-6 SN38. RNA sequences can be found in the
Supporting Information.

RNA strands were synthesized chemically using solid-phase
synthesis. 2'-Fluoro (2’-F) modified cytosine (2'F—C) and
uracil (2'F—U) nucleotides were incorporated into all RNA
strands except the Survivin antisense stand for improving
thermostability and nuclease resistance of the RNA nano-
particles. SN38 was conjugated to RNA strands via click
chemistry between Drug-Azido and RNA-6 alkyne using
methods previously published.'”*”

After synthesis, RNA component strands were purified by
ion-pair reversed-phase HPLC to remove salts, incomplete
synthesis strands, or unconjugated chemicals. All RNA
nanoparticles were prepared via thermocycler annealing via
rapid heating to 95 °C to denature all secondary structures,
followed by slow cooling down to 4°.

Analysis Hemolytic Properties of Nanoparticles.
Hemolysis tests were performed in vitro using the NCL
protocol ITA-1.*’ First, fresh human blood was treated with
lithium heparin to prevent clotting and was diluted using PBS
into 10 mg/mL of total hemoglobin. Then, the diluted sample
was combined with the experimental materials and incubated
at 37 °C for 3h. After incubation, the cell-free liquid was
processed, and the hemoglobin that was not bound to plasma
was assessed by converting the hemoglobin and its metabolites
into cyanmethemoglobin (CMH) with Drabkin’s reagent for
measurement. The quantification of CMH was then carried out
against a hemoglobin standard by measuring the sample
absorbance at 540 nm. The rate of hemolysis was determined

hemoglobin in the test sample
100 her
TBHd X , where

TBHd refers to the total blood hemoglobin diluted.
There are alternative versions of the hemolysis test
accessible. These procedures do not involve converting

as % of Hemolysis =
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hemoglobin to its enduring CMH state. Instead, they gauge the
level of hemolysis by examining oxyhemoglobin at one of its
main absorption points, specifically at the wavelength of 415,
541, or 577 nm.”’

Analysis of Platelet Aggregation. The platelet aggrega-
tion tests were conducted in vitro according to the NCL
protocol ITA-2.2.>" Whole human blood was collected in
sodium citrate tubes and then centrifuged to obtain platelet-
rich plasma (PRP) and platelet-poor plasma (PPP). The PRP
was mixed with test samples and the ChronoLum reagent and
incubated at 37 °C for 6 min in a platelet aggregation profiler
to measure whether RNA nanoparticles may induce platelet
aggregation. Additionally, the PRP was mixed with the test
samples, ChronoLum reagent, and collagen and incubated at
37 °C for 6 min in a platelet aggregation profiler to measure
whether RNA nanoparticles may block the platelet aggregation
caused by collagen. Collagen (100 pg/mL)-mixed PRP was
used as a positive control, PPP alone was used as a negative
control, and nontreated PRP runs were internal test controls. A
positive response was determined by a platelet aggregation of
>20%. The ChronoLum reagent was employed for tracking
ATP release from platelets, providing an extra measure to
verify that alterations in light transmission were indeed a result
of platelet aggregation. The ChronoLog aggregometer was
used to determine sample turbidity. However, a definition of
PRP and PPP based on platelet quantification would be more
helpful to obtain a more precise result.

The aggregation percentage was determined using the
AUC sample
———— X 100.

AUC positive

Analysis of Complement Activation on RNA Nano-
particles. In vitro tests were carried out to measure
complement activation using the NCL protocol ITA-5.2.>
Plasma was extracted from recently drawn human blood and
mixed with test samples, and the cobra venom factor (CVF)
was used as a positive control. After a 30-minute incubation at
37 °C, the samples were examined using a commercial enzyme
immunoassay kit to detect the iC3b component of the
complement. The RNA nanoparticles were assessed at four
RNA concentrations (0.14, 0.72, 3.6, and 35.6 pg/mL) while
Doxil, a commercially relevant nanoparticle, was used as a
positive control.

Plasma Coagulation Test. The NCL ITA-12>° method
was used to perform this assay. Initially, human blood was
collected in tubes containing sodium citrate. After centrifuging
the blood at 2500 g for 10 min, plasma was collected. The
samples were then incubated with plasma in a microcentrifuge
tube for 30 min at 37 °C and subsequently centrifuged at
17,000 g for S min. The STA-R Evolution coagulometer
(Diagnostica Stago) was used to measure activated partial
thromboplastin time (APTT), prothrombin time (PT), and
thrombin time after exposure. Nontreated plasma, PBS, and
abnormal control plasma were utilized as untreated, negative
control, and positive control, respectively.

The standard coagulation time for the PT assay is 13.4 s or
less, APTT is 34.1 s or less, and thrombin assay is 21 s or less.
Abnormal control plasma should have coagulation times above
these limits.

Interferon and Cytokine Induction Assay. The NCL
method ITA-10,"* ITA-25,>° and ITA-27°° were used to
conduct this assay. In short, human PBMCs were suspended in
RPMI 1640 medium containing 10% FBS. The cells were then
exposed to samples and incubated at 37 °C for 24 h. Positive

following formula % Aggregation =

and negative controls were lipopolysaccharides (LPS) at 20
ng/mL and PBS, respectively. After exposure, the supernatants
were collected and underwent centrifugation at 12,000 rpm for
1S min. ELISA kits were used to measure interferon type I
(IFN a, f, and @), type 11 (IFN y), and type III (IFN 2).

Treatment Plan of Different RNA Nanoparticles. All
animals were kept at the National Defense Animal Center
according to the protocol approved by the Association for
Laboratory Animal Care Evaluation and Certification (LAC-
101—-0064). AS49 lung cancer cells were utilized to establish
xenograft models in male nonobese diabetic-severe combined
immunodeficiency-IL2R gamma null (NSG) mice. The cells
were transplanted into the dorsal region of 4—5 weeks-old
mice. Once the tumor size reached 100 mm?, the mice bearing
AS49 xenografts were randomly allocated into three groups:
PBS, SN38 free drug, and 4WJ-SN38, with each group
consisting of five mice. To assess the efficacy of the treatments,
samples were administered intravenously (IV) through tail-
vein injections. The dose was set at 2 mg/kg, and five
injections were given on days 1, 3, 5, 7, and 9. The dosage used
for the 4WJ-24 SN38 RNA nanoparticles in vivo safety
experiments was also 2 mg/kg (Xin Li and Peixuan Guo,
unpublished results). The negative control group received PBS
injections. The tumor size was monitored every 2 days
throughout the treatment period, and the volume was
calculated using the formula (length X width”)/2. A two-
tailed unpaired t test was used as statistical analysis to compare
the different treatment groups. The results are reported as
mean + SEM, with significance levels denoted as *p < 0.0S.

Organ Weight Measurement. After the in vivo delivery of
RNA nanoparticles, all animals, including tumor-bearing mice
and healthy mice, were euthanized. The major organs, namely
the liver, spleen, kidney, heart, and lung, were excised and
harvested from the sacrificed mice. The organs were weighed
directly using an electronic balance. The organ weight data are
expressed as mean + SEM. Statistical analysis of the organ
weights was performed using a two-tailed ¢ test. Significance
levels are indicated as *p < 0.0S.

H&E Staining. After weighing major organs from the
sacrificed mice, organs were subjected to fixation in 4%
paraformaldehyde, embedding, and sectioning processes to
generate formalin-fixed, paraffin-embedded (FFPE) sections.
H&E staining was performed on the FFPE sections.
Hematoxylin dye was used to impart a blue color to the cell
nuclei, while eosin dye was employed to stain the cell
cytoplasm and extracellular matrix pink. The H&E-stained
sections were directly captured using a light microscope at 10X
magnification.

Analysis of Serum Biochemistry in the Treated NSG
Mice. After in vivo delivery of RNA nanoparticles, cardiac
blood was collected from each NSG mouse, including both the
treated and healthy control groups, using a cardiac puncture.
The collected blood was then divided into two parts. One part
was utilized for whole blood hematological analysis, while the
other was centrifuged at 1200 g for 10 min to obtain serum for
biochemical analysis. Hematological and biochemical analyses
were performed at TMU Hospital following standard
protocols. The hematological analysis was conducted using
the Beckman Coulter DxH 800 automated hematology
analyzer. The biochemical analysis used the Roche Cobas
€702 analyzer. Statistical analysis of the data was performed
using a two-tailed unpaired ¢ test. The results are presented as
mean + SEM. Significance levels are denoted as *p < 0.0S.
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Analysis of Hematology of the Treated NSG Mice. All
animals, including tumor-bearing mice, were included in the
study. The data obtained are presented as mean + SEM values.
Cardiac blood samples were collected from each NSG mouse
at the end point of the treatment for hematological analysis.
Statistical analysis of the organ weight data was performed
using a two-tailed t test. Significance levels are denoted as *p <
0.0S.

Statistics. The experiment was conducted multiple times,
ensuring a minimum of three repetitions for each sample
tested. The results are reported as the mean value
accompanied by the standard error of the mean (SEM),
unless stated otherwise. Statistical analysis of mean differences
was performed using GraphPad software, employing the
unpaired t test. A significance level of p < 0.05 was used to
determine statistical significance.

B RESULTS

Design and Quality Check of RNA Nanoparticles. Two
3WJ RNA nanoparticles were designed based on our previous
published results (Figure 1A,B).”" The first nanoparticle was a
3WJ scaffold with pyramidines modified with fluorine at the 2’
location (Figure 1A). The second nanoparticle is a 2’F 3W]
scaffold with the 3WJ-A strand 5’ end modified with folic acid
(FA), the 3WJ-B strand 5’ end extended with the sense strand
of Survivin (BRCCA1) siRNA, the 3WJ-C strand, and the
Survivin (BRCCAL1) antisense strand (Figure 1B). No bacterial
contamination was detected in either 3WJ or 3WJ-FA-siRNA
nanoparticle samples, and endotoxin levels were below the
endotoxin limit (EL) for both samples (Figure S1). The
selection of the nanoparticle and RNA nanoparticle concen-
tration used in the in vitro experiments is a follow-up of our
past pharmacological characterization research.” In that
research, the RNA nanoparticles did not induce interferon
response in vitro at a concentration of 4ug/mL. A further
investigation on the hemolysis, platelet aggregation, plasma
coagulation, complement activation, and interferon (IFN)
induction profile of the RNA nanoparticles is in reference to
the concentrations as reported before.’

We also previously designed a 4WJ RNA nanoparticle to
carry different chemotherapeutics.'’ For 4WJ-24 SN38 RNA
nanoparticles (Figure 1C), 4W]J A, 4W]J B, 4WJ C, and 4WJ D
RNA strands were modified with (A) 2'F modified pyrimidines
to result in nuclease resistance and (B) 2’-O-propargyl
amidites to replace 6 bases on each 4WJ-A, B, C, and D
strands for the click chemistry. SN38-N; was then conjugated
to bases with a 2’-O-propargyl group via the click reaction
(Figure 1C). 4WJ-A-SN38, 4WJ-B-SN38, 4WJ-C-SN38, and
4W]J-D-SN38 are purified via RP-HPLC.

Following the synthesis of component strands of both the
3WJ and 4W]J, the RNA nanoparticles were assembled through
controlled thermocycling. Each of the three RNA nanoparticles
is assembled in a one-pot single step with high efficiency.
Polyacrylamide native gels confirmed RNA nanoparticle
stepwise formation (data not shown) as previously published
with similar nanoparticles.m’31 As a result, stable RNA
nanoparticles were created with and without chemotherapeu-
tics or siRNA to act as drug delivery vehicles. Our prior testing
of these nanoplatforms has demonstrated significant inhibition
in tumor growth in triple-negative breast cancer,'’ prostate
cancer,*' colorectal cancer,”’ and more.

Hemolysis Study on RNA Nanoparticles. Assaying
interactions of RNA nanoparticles with blood components,

specifically with red blood cells, is of importance as RNA
nanoparticles are best delivered intravenously and have the
ability to continually interact with blood components until
reaching the tumor microenvironment. Nanoparticles interact-
ing with blood have resulted in significant toxicities and
negative implications for clinical translation.’®>® However,
information about the interaction of RNA nanoparticles with
red blood cells is minimal. Therefore, a hemolysis study of the
RNA nanoparticles was carried out to determine whether RNA
nanoparticles can cause red blood cell destruction. The
hemolysis study is the starting point to evaluate the interaction
between RNA nanoparticles and red blood cells. Compared to
the positive control group triggered by Triton X-100,
hemolysis of 3WJ nanoparticles was below the limit of
detection (BLOD) in a concentration ranging from 0.14 to
3.6 ﬂg/ mL siRNA equivalent same as the negative control PBS
group (Figure 2A). Similar to 3WJ nanoparticles, 3WJ-FA-
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Figure 2. Hemolysis study of RNA nanoparticles. Hemolysis data of
(A) 3WJ nanoparticles and (B) 3WJ-FA-siRNA nanoparticles. BLOD
= below the limit of detection. NC is a negative control. PC is positive
control.

siRNA RNA nanoparticles show the same result without the
hemolysis phenomenon after administration (Figure 2B), and
folic Acid or siRNA clearly did not trigger hemolysis. This
result clearly indicates the safety when administrating our RNA
nanoparticles, and RNA nanoparticles alone or RNA nano-
particles with targeting and therapeutic groups clearly did not
affect the integrity of human red blood cells at any of the tested
concentrations.

Platelet Aggregation and Coagulation Study on RNA
Nanoparticles. Nanoparticles come in contact with the
platelets within the blood after administration and may cause
platelet activation and aggregation.’”®" Serious bleeding or
thrombosis phenomenon caused by interference with normal
platelet function may risk patients’ lives. RNA nanoparticles
have been used in vivo without causing blood aggregation, but
their overall safety profile on platelet activation and
aggregation is limited. As a result, understanding the
interaction between platelets and RNA nanoparticles is critical
for translational medicine. Compared to the positive control
group triggered by collagen, both 3WJ and 3WJ-FA-siRNA
RNA nanoparticles did not induce platelet aggregation itself
(Figure 3A,B) and did not inhibit collagen-induced aggrega-
tion (Figure 3C,D) at any of the tested concentrations. This
result clearly indicates the safety when administrating our RNA
nanoparticles, and RNA nanoparticles alone or RNA nano-
particles with targeting and therapeutic groups clearly did not
have blood aggregation concerns.

Plasma Coagulation Study on RNA Nanoparticles.
Apart from red blood cells and platelets, nanoparticles may
interact with many other protein components within the
plasma.”” The published information on the plasma coagu-
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Figure 3. Platelet aggregation study of RNA nanoparticles. Platelet
aggregation data of (A) 3WJ nanoparticles alone or (B) 3WJ-FA-
siRNA nanoparticles alone and (C) 3WJ nanoparticles or (D) 3WJ-
FA-siRNA nanoparticles together with collagen. BLOD = below limit
of detection. NC is negative control. PC is positive control.

lation profile of RNA nanoparticles is limited. A blockage of
important coagulation factors within plasma could be danger-
ous, as it might increase the coagulation time. As a result, the
plasma coagulation test could be a valid tool to understand the
overall safety profile after RNA nanoparticles are administered
into the body. Compared to the negative control and untreated
group, both groups of nanoparticles did not affect plasma
coagulation time in vitro under the tested conditions (Figure
4). Prolongation of the plasma coagulation time samples that
were exposed to nanoparticles suggests that these test particles
either deplete or inhibit the coagulation factor, and both 3WJ
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Figure 4. Plasma coagulation data on both 3WJ and 3WJ-FA-siRNA
nanoparticles. (A) Prothrombin time of RNA nanoparticles. (B)
Activated partial thromboplastin time of RNA nanoparticles. (C)
Thrombin time of RNA nanoparticles. PT = Prothrombin time.
APTT = Activated partial thromboplastin time. TT = Thrombin time.
Coag.time = Coaggregation time. NC is negative control. PC is
positive control.

and 3WJ-FA-siRNA RNA nanoparticles clearly do not inhibit
coagulation factors as tested (prothrombin time, activated
partial thromboplastin time, and thrombin time). This result
clearly indicates the safety when administrating our RNA
nanoparticles, and RNA nanoparticles alone or RNA nano-
particles with targeting and therapeutic groups clearly did not
trigger plasma coagulation issues at any of the tested
concentrations.

Complement Activation Study on RNA Nanopar-
ticles. Complement activation can be caused by some
nanoparticles”® like PEGylated nanoparticles.* The activation
can cause acute inflammatory reactions and chronic Immunol
responses,”” and both may cause concerns about patients’
safety and the therapeutic efficacy of nanoparticles. An
investigation of the in vitro complement activation against
RNA nanoparticles is a critical part to understanding the
overall immune response profile. Compared to the positive
control group triggered by the cobra venom factor (CVF) and
Doxil, weak activation of the complement (about 2-fold above
baseline) of ic3b was detected in 3WJ nanoparticle-treated
plasma at the highest tested concentration (Figure SA).
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Figure S. Immunogenicity profiless of RNA nanoparticles (A)
Complement activation data on 3WJ and 3WJ-FA-siRNA nano-
particles. BLOD = below limit of detection. NC is negative control.
CVEF = Cobra Venom Factor. (B) Interferon (IFN) induction data of
3WJ-FA-siRNA RNA nanoparticles.

However, the observed activation was more than 50% below
that induced by Doxil, which is known to cause CARPA in
sensitive patients in the clinic. The rest of the concentrations
were undetectable or similar to the negative control group.
Complement activation was not detected in plasma treated
with 3WJ-FA-siRNA RNA nanoparticles even at the highest
tested concentration (Figure SA). Herein, we believe that the
immunogenicity of our RNA nanoparticles is relatively low.
Interferon Induction by RNA Nanoparticles. The
human body targets and destroys foreign materials through
immune responses. Cytokines and chemokines, including
interferons, are induced and secreted by the immune system,
resulting in inflammation and destruction of foreign materials,
primarily viral components. Viral RNA has shown to induce
cytokine responses;”® however, our previous results revealed
that cytokine responses toward RNA nanoparticles are
limited,” and the intensity of immune response to RNA
nanoparticles is tunable based on the size, shape, and
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sequence.”® It is important to further demonstrate that our
RNA nanoplatform is capable of being safe in cytokine
responses and specifically not in induced interferon responses.
Here, the 3WJ nanoparticles were tested for interferon
induction using blood from three different human donors.
Compared to the negative control which is inducted by PBS
and positive control which is inducted by either the cobra
venom factor or Doxil, the induction of all three types of
interferons, type I (IFN @, 8, and ), type 11 (IFN y), and type
III (IFN A), was evaluated on 3WJ-FA-siRNA nanoparticles.
The induction of all interferons was detected in the positive
control samples on every individual donor; however, IFN q, j3,
o, and ¥ inductions are not detected in 3WJ-FA-siRNA-treated
patient samples (Figure SB), which is similar to the negative
control group. Limited IFN A induction was detected in one
donor group only at a relatively low administration
concentration (0.72 ug/mL) (Figure SB) in the 3W]J group,
and we expect that is due to heterogeneous response between
individual donors. These results match with our past findings
that RNA nanoparticles have limited IFN induction.’

In Vivo Safety Profile of SN38-Conjugated RNA
Nanoparticles: A Case Study. SN-38 is an active metabolite
of the topoisomerase I inhibitor Irinotecan, and SN-38 can
inhibit both DNA and RNA synthesis. However, SN38 itself
may cause adverse effects including severe diarrhea,
myelosuppression, and neutropenia.”” SN38 was a case study
to understand the overall safety profile of RNA nanoparticles
carrying chemotherapeutics while examining organ function
and assayed for interactions with blood and organs. On a gross
level of toxicity, organ weight change upon RNA nanoparticles
carrying SN38 delivery was carried out. Heart, lung, or kidney
weight changes were not observed compared to the PBS
control group (Figure 6A). Reduced spleen weight and
increased liver weight were observed in the 4WJ-SN38 group
compared to the PBS group, which may contribute to the toxic
nature of SN38 itself (Figure 6A). To further investigate
possible organ toxicities and to explain liver and spleen weight
changes, H&E staining was used to examine possible lesions
caused by RNA nanoparticles carrying chemotherapeutics.
H&E staining is the histological assay combining hematoxylin
and eosin. The H (hematoxylin) stains cell nuclei into a
purplish-blue color, and E (eosin) stains the extracellular
matrix and cytoplasm into a pink color with other structures
displaying different shades. Interestingly, no obvious tissue-
level lesions were found in the 4WJ-SN38 treatment groups
when compared to the PBS control group (Figure 6B). Drug
toxicity may cause necrotic and karyolysis cells that will show
up in H&E staining.68 Our data revealed that the morphology
of cell nuclei is similar between both the PBS and 4WJ-SN38
treatment groups, and the unchanged nuclear morphology may
indicate the limited amount of karyolysis. The cytoplasmic
component distribution changes can be used to indicate
necrotic regions. No significant changes were detected in the
4W]J-SN38-treated and PBS control groups.

Following 4WJ conjugated with SN38 delivery to mice,
serum biochemistry studies were completed to examine its
compatibility with organ functionality. Serum biochemistry
results showed that free SN38 significantly increased the level
of glutamic oxaloacetic transaminase (GOT) and glutamate
pyruvate transaminase (GPT), but 4WJ-SN38 did not increase
these two transaminases (Figure 7A). Both GOT and GPT
elevated levels indicate a possible sign of liver damage,
confirming liver toxicity as a common adverse effect from
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Figure 6. In vivo organ level study of the safety profile of 4WJ-SN38.
(A) Organ weights study (B) H&E staining of major organs. *P <
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free SN38.°” Furthermore, the lactate dehydrogenase (LDH)
levels were also observed to increase comparing the SN38 free
drug group with the PBS control group, and increased LDH
level may indicate tissue damage.”” SN38-carried RNA
nanoparticles may mitigate tissue damage caused by SN38
(Figure 7A). Using 4WJ-SN38 may overcome liver toxicity and
tissue damage, which is an advantage of using RNA
nanoparticles to deliver chemotherapeutics. Hematological
results further demonstrated that the white blood cell, platelet,
hemoglobin, and mean corpuscular hemoglobin concentration
levels are significantly reduced for the SN38 free drug group
compared to the PBS control group, while the 4WJ-SN38
group shows negligible effect (Figure 7B). The reduction of
WBC and platelets matches other groups’ findings when
administering SN38,”" and the reduction of the hemoglobin
level is a common indication of anemia when administering
chemotherapy drugs.”” Especially, considering neutropenia as
one main side effect of SN38, 4WJ-SN38 does not cause
neutropenia since there is no reduction in the white blood cell
count. These results demonstrate that SN38-conjugated RNA
nanoparticles can mitigate abnormal conditions at the
hematological level. These results further support that 4WJ-
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SN38 RNA nanoparticles may improve the overall safety
profile of SN38 for in vivo application, while further enhancing
therapeutic delivery to tumors as we have previously
demonstrated.

B DISCUSSION

RNA nanotechnology is the bottom-up self-assembly of a
nanometer-scale composed mainly of RNA."**' However, such
RNA nanoparticles can include, ligands, drugs, regulators, and
image reporters.">”>”* RNA nanotechnology is analogous to
“LEGO”. The properties include (1) variety; (2) particles that
can be constructed with controlled shape, size, and
stoichiometry; (3) an assemble that can be achieved
automatically; and (4) RNA that can be made thermodynami-
cally, chemically, and enzymatically stable.'”*" Recent world-
wide use of mRNA vaccines for COVID-19*"° and the FDA
approval of RNA drugs Onpattro, Oxlumo, and Givlaar' >
suggests that RNA therapeutics as the third milestone in
pharmaceutical drug development is being realized.'”

Clinical translation is an intermediate bridging between
fundamental research and clinical practices. RNA nanoparticles
remain stable in vivo while harboring therapeutic RNA or a
high payload of chemical drugs such as SN38, accumulate at
high levels in tumors, and provide active targeting by RNA
aptamers or other ligands for delivery to tumors specifically.
Herein, this report is a follow-up to long-lasting fundamental
research in the field of RNA nanotechnology. The RNA
complex with a defined structure, shape, size, stoichiometry,
ligand, payload, and chemical composition for clinical

application requires the consideration of (1) CMC production
and shelf life; (2) ICS0 and efficacy; and (3) LDSO, side
effects, and pathology. This study sheds light on further
evaluation of the safety issue of RNA nanoparticles as
therapeutic agents.

This report documents, in general, RNA nanoparticle safety,
no damage to healthy organs, and no induction of cytokines or
immune responses. The reasons for such high safety and low
toxicitZ were also investigated.'”'**> The dynamic nature of
RNA”>""7 leads to its motile and deformative behavior.'* The
near-neighbor principle in 2D and 3D structure folding,”®””
the formation of pseudoknots of distal sequences,”” " the
generation of thermodynamic motifs,** the breathing in base-

84,85 . 86,87 .
pairing, the induced-fit and conformational capture
property”>*® all lead to a dynamic behavior with active motion
of RNA. Actually, RNA has been recognized as a living
organism and the origin of life.”””" Its deformable ability and
penetrative capacity enable RNA to pass rapidly growing
nascent blood capillary in tumor vasculature; thus, RNA can
reach tumor vasculature spontaneously with high efficiency.”
The elastic, rubbery, and amoeba properties are a factor in
offering quick tumor-capillary penetration within 30 min of IV
injection and fast renal excretion to urine after 30 min of IV
injection.” RNA is an elastomer. Using optical tweezers, RNA
was found to be an elastomer, as RNA nanoparticles could
stretch under external force and can relax to their original size
and shape repeatedly like rubber and amoeba.”> The
elastic*™”” and motile properties make RNA nanoparticles
change shapes to pass cancer blood capillary and enable the
RNA/chemotherapeutics complex to enter tumor cells with
increased tumor retention (5% of total dosage).40 The 10 nm
4W]J can squeeze through and pass the 5.5 nm cutoff size of
kidney globularia.”*”® The rapid kidney clearance of the
accessed RNA leads to fast body clearance and thus little
toxicity. The biodistribution of RNA nanoparticles can be
further improved by the incorporation of ligands for cancer
targeting.”" This special property resulted in highly efficient
cancer targeting and rapid body clearance of RNA from the
body without accumulation in organs or detectable toxicity.

Recently, protein corona formation at the surface of
nanoparticles has been identified.”> The protein corona
formation can affect the biodistribution and safety of
nanoparticles. Whether such a corona formation can occur
with RNA nanoparticles is an intriguing question. The
immediate effect of protein corona will be the change in
morphology, size, and zeta potential of the RNA nano-
particles.”®”” The shielding effect of protein corona could lead
to a longer circulation time and a slow release of payload from
the RNA nanoparticles as the corona may block the binding
between RNA nanoparticles and RNase.”® The attachment of
the albumin onto the RNA nanoparticles may also increase the
retention of RNA nanoparticles at the tumor sites;”” however,
it might also hinder the renal excretion and body clearance.
The protein corona formation may further change the surface
charge of the RNA nanoparticles,” and it might lead to an
unfavorable healthy organ accumulation, which is negligible
among negatively charged RNA nanoparticles.”” To summa-
rize, the protein corona formation may have both positive and
negative effects on RNA nanoparticles. The application of
artificial intelligence in understanding protein corona for-
mation on RNA nanoparticles has also been reported,”'*'*!
and a more detailed investigation of the relationship between
RNA nanoparticles and protein corona is important. Our
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preliminary studies indicated that serum albumin binding is
RNA shape, size, and stoichiometry dependent, and the corona
formation of 4WJ] might not be a major concern (Archie
Bhullar and Peixuan Guo, unpublished results).

B CONCLUSIONS

The parameters of the pathology, safety, and side effects of
RNA nanoparticles, including 3WJ and 4WJ bound to
chemotherapeutic drugs, were investigated. Studies on in
vitro and in vivo hemolysis, platelet aggregation, complement
activation, plasma coagulation, interferon induction, cytokine
induction, organ weight, H&E staining, serum biochemistry,
and hematology revealed that no significant detected toxicity,
side effects, or immune responses. To our best knowledge, this
is the first comprehensive hemolysis level, platelet aggregation
level, complement activation level, and plasma coagulation
level study on RNA nanoparticles further advancing the field of
RNA nanotechnology toward the clinic. immunogenicity level
studies match our previous study. In vivo study further verifies
the advantage of using RNA nanoparticles to deliver
chemotherapeutics compared to free drug.
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3WJ, Three-way Junction; 4WJ, Four-way Junction; H&E,
Hematoxylin and Eosin; 3WJ-FA-siRNA, three-way junction-
Folic acid-Survivin siRNA RNA nanoparticles; 4WJ-SN38,
four-way junction SN38-conjugated RNA nanoparticles; 2'F—
C, 2'-Fluoro modified cytosine nucleotides; 2'F—U, 2'-Fluoro
modified uracil nucleotides; CMH, cyanmethemoglobin; PRP,
Platelet-rich plasma; PPP, plasma poor plasma; CVF, Cobra
Venom Factor; APTT, activated partial thromboplastin time;
PT, prothrombin time; LPS, lipopolysaccharides; IFN,
Interferon; FFPE, formalin-fixed paraffin-embedded; FA,
Folate Acid; EL, Endotoxin Limit; BLOD, below the limit of
detection; GOT, Glutamic Oxaloacetic Transaminase; GPT,
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