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Abstract

Effective therapy for protecting dying neurons against cerebral ischemia-reperfusion injury (IRI)
represents a substantial challenge in the treatment of ischemic strokes. Oxidative stress coupled
with excessive inflammation is the main culprit for brain IRI that results in neuronal damage and
disability. Specifically, complement component 5a (C5a) exacerbates the vicious cycle between
oxidative stress and inflammatory responses. Herein, we propose that a framework nucleic acid
(FNA) conjugated with anti-C5a aptamers (aC5a) can selectively reduce C5a-mediated
neurotoxicity and effectively alleviate oxidative stress in the brain. Intrathecal injection of the
aCb5a-conjugated FNA (aC5a-FNA) was applied for the treatment of rats with ischemic strokes.
Positron emission tomography (PET) imaging was performed to investigate the accumulation of
aCb5a-FNA in the penumbra and its therapeutic efficacy. Results demonstrated that aC5a-FNA
could rapidly penetrate different brain regions after brain IRI. Furthermore, aC5a-FNA effectively
protected neurons from brain IRI, as verified by serum tests, tissue staining, biomarker detection,
and functional assessment. The protective effect of aC5a-FNA against cerebral IRI in living
animals may pave the way for the translation of FNA from bench to bedside and broaden the
horizon of FNA in the field of biomedicine.
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Strokes are the leading cause of disability globally, and the annual costs of strokes will rise
129% from 2010 to 2030.1:2 Ischemic strokes account for ~80% of total cases of strokes.
Cerebral ischemia-reperfusion injury (IRI) has been considered the main culprit and one of
the primary obstacles in the treatment of ischemic strokes. Reperfusion injury following an
ischemic stroke is a multifaceted process including oxidative stress, inflammation, and
neuronal apoptosis and has been a major focus of neuroscience research. Excessive reactive
oxygen species (ROS) generated from the cerebral IRI process can exhaust antioxidative
defenses within the brain and lead to oxidative damage in the ischemic penumbra.3 In
addition to direct damages of brain tissues, ROS may also trigger the activation of the
complement system that will rapidly magnify inflammatory responses.*:> The fifth
component of complement (C5a), a pro-inflammatory polypeptide involved in complement
activation, is a potent chemotactic factor that can recruit inflammatory cells, aggravate
phagocytic activation, and enhance superoxide radical formation.6.” C5a has essential roles
in exacerbating the vicious cycle of oxidative stress and inflammatory damage,® which
increases the level of neuronal apoptosis and widens the infarct volume after cerebral IRI. A
multitude of studies has demonstrated beneficial effects of utilizing antioxidant treatment® or
C5a-blocking strategies' for brain IRl management. However, existing therapeutic
strategies have shown limited efficacy® because single target treatment has often fallen short
of dealing with complex mechanisms in time-sensitive cases such as cerebral IRI. Therefore,
the development of multifunctional treatment has piqued great interest in the management of
ischemic strokes.

Recent advances in nanomedicine have enabled innovative treatment of diseases using
multifunctional nanomaterials.11:12 However, nanoparticles are generally nonspecifically
cleared by the mononuclear phagocyte system (e.g., the liver and spleen) or the urinary
system. This substantially hampers the ability of nanomaterials to cross the blood-brain
barrier (BBB) and limits their therapeutic applications for ischemic strokes. Intrathecal
injection of nanomedicines directly introduces them into the cerebrospinal fluid (CSF),
which improves their delivery to the brain and makes it possible to modify the brain
microenvironment.13 Here, a framework nucleic acid (FNA) was radiolabeled with 89Zr, and
its biodistribution in vivo was examined by using positron emission tomography (PET)
imaging after intrathecal injection. However, evaluating biodistribution is not the final goal,
and the development of specific therapy for cerebral IRI is an unmet clinical demand.

Framework nucleic acids, DNA frameworks built only by oligonucleotides, have recently
garnered significant interest in biomedical applications due to some of their significant
advantages such as low immunogenicity, excellent biocompatibility, and high delivery
efficiencies.24-17 Here, a bipyramidal FNA was used as a drug-loading platform for
delivering anti-C5a aptamers (aC5a), a short single-stranded oligonucleotide with high
affinity and specificity for C5a, to block the binding of C5a to CD88 (C5a receptor) and
reduce C5a-mediated inflammatory and neuronal damage.18 When delivered alone, this
aCba aptamer is susceptible to nuclease degradation and unstable in serum. Nanovesicles,
such as FNA, may load aC5a with enhanced in vivo stability for targeted treatment.
Recently, we demonstrated that FNAs in forms of DNA origami nanostructures could
prevent acute kidney injury by scavenging ROS.1°
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Here, a bipyramidal FNA loaded with C5a aptamers (aC5a-FNA) was prepared.2%:21 We
hypothesize that aC5a-FNA has integrated functions of scavenging free radicals and
blocking C5a-mediated neurotoxicity to inhibit cerebral IRI. Utilizing intrathecal injection to
attain a high accumulation of aC5a-FNA in the penumbra, we focus on the dynamics of this
system to alleviate brain IRI in vivo (Figure 1). The detailed mechanism of IRI prevention
using aC5a-FNA was investigated in depth, including the changes of ROS-related molecules
and C5a, release of pro-inflammatory cytokines, recruitment of activated microglia and
neutrophils, and the evaluation of damage volume and neurological function. This study
provides novel perspectives for the development of FNA to address the unmet clinical need
for ischemic stroke therapy.

Results and Discussion.

Multiantioxidative Activities of FNA.

Bipyramidal framework nucleic acids (FNAs) and aC5a-FNA were synthesized via a single-
step annealing procedure reported previously (Figure 1 and Table S1).22 Atomic force
microscopy imaging and dynamic light scattering measurement showed that the morphology
of the FNA and aC5a-FNA was uniform with an average diameter of approximately 10 nm
(Figures S1 and S2). Six overhangs were designed on the edges of each FNA to enable
subsequent functionalization with a deferoxamine-conjugated ssDNA for 89Zr-labeling. The
FNA and aC5a-FNA are highly hydrophilic and can be well-dispersed in water or PBS. The
complementary single-stranded DNA could be efficiently radiolabeled with Zr-89 with a
labeling efficiency of higher than 80% within 1 h of incubation (Figure S3). The 89Zr-
labeled aC5a-FNA displayed a high radiolabeling stability in PBS and rat serum (Figure S4).

Since oxidative stress has a primary role in cerebral IRI, three representatives of ROS,
including 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), superoxide
(02"), and hydroxyl radical ("OH), were selected to investigate the ROS-scavenging activity
of FNA. Both FNA and aC5a-FNA showed a high ROS eliminating property in a
concentration-dependent manner when incubated with ABTS radicals (Figure 2A).
Similarly, both assays with O,"~ and "OH radicals demonstrated high sensitivity and
concentration-dependent scavenging of all of the FNA or aC5a-FNA (Figure 2B,C).
However, there was no significant difference in the scavenging efficiency of either FNA or
aCb5a-FNA, suggesting that aC5a did not affect the antioxidative activity of aC5a-FNA.
These results demonstrated that FNA and aC5a-FNA were robust multiantioxidant
scavengers of ROS, which was in accordance with previous studies demonstrating that ROS
may react with DNA via redox reactions.23

To investigate the protective role of aC5a-FNA on neurons against oxidative stress, we
incubated H,0, with primary neurons from SD rats and examined their capability of
scavenging ROS on the cellular level. In comparison with the control cells, H,O5 treatment
of primary neuron cells resulted in a significant increase of intracellular ROS on neurons,
which later led to cell damage from oxidative stress. Following treatment with FNA or aCba-
FNA, lower levels of intracellular ROS concentrations were observed (Figure 2D,E). This
data demonstrated that both FNA and aC5a-FNA have equally robust antioxidant activities
and are concentration-dependent in solution and on the cellular level.
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Receptor-Binding Assay and Functional Activity of FNA.

Cba, a protein fragment released from complement component C5, can bind the C5aR
myeloid receptor with high affinity.2 The binding of C5a to C5aR can rapidly augment
inflammatory responses by recruiting inflammatory cells or by triggering the production and
release of proinflammatory ROS.25 To evaluate the efficiency of aC5a-FNA on blocking the
binding of C5a/C5aR (Figure 2F), 89Zr-labeled C5a bound to C5aR on polymorphonuclear
neutrophils (PMNSs) could be competed against by progressively increasing concentrations
of aCb5a or aC5a-FNA. The 50% inhibitory concentrations (IC50) were found to be 1.10
nmol/L (aC5a) and 1.49 nmol/L (aC5a-FNA). In the same assay using microglia (Figure
2G), the 1C5q values were found to be 1.36 nmol/L (aC5a) and 1.82 nmol/L (aC5a-FNA).
The minimal difference in 1C5q between aC5a and aC5a-FNA suggested that both aC5a and
aC5a-FNA had similar abilities to block C5a/C5aR binding on PMNs and microglia.

Complement component C5a, as one of the most potent inflammatory chemo-attractants, has
been implicated in PMNs recruitment and microglial chemotaxis.28 A previous study
showed that the chemotaxis of inflammatory cells in response to C5a could be efficiently
ablated by treatment with a PEGylated biostable C5a aptamer.18 Here, to investigate whether
aC5a-FNA could inhibit C5a-mediated chemotaxis, a cell migration assay was performed by
using trans-wells (Figure 2H,1). Compared with the free C5a group, fewer PMNs and
microglia were found in groups treated with aC5a or aC5a-FNA, suggesting that both aC5a
and aC5a-FNA may reduce the C5a-mediated cell migration.

Biodistribution of FNA in the Brain Following Intrathecal Injection.

FNA can be easily radiolabeled via the hybridization of 89Zr-radiolabeled single-stranded
oligonucleotides.16:19.27 Thin-layer chromatography showed that both 89Zr-FNA and 89Zr-
aC5a-FNA were stable in PBS and rat serum, where more than 60% of 89Zr-FNA and 89Zr-
aC5a-FNA remained intact within 24 h, where the framework, size, and behavior of 89Zr-
FNA and 89Zr-aC5a-FNA remained consistent.

Due to the BBB, 28 very few small-molecule drugs can be delivered to the brain by systemic
administration. To overcome this limitation, intrathecal administration was performed to
directly deliver therapeutic agents into the cerebral penumbra, which is particularly desired
for maximizing local drug concentrations. The experimental time schedule for inducing rat
IRI is shown in Figure 3A. Magnetic resonance imaging (MRI) revealed that the cerebral IRI
model was successfully established due to the presence of significant ischemic brain damage
(yellow circles) in the PBS-treated group (Figure 3B). To investigate the biodistribution of
897r-labeled FNA, PET imaging was performed at 15 min, and 3 and 9 h after 89Zr-FNAs
were administered intrathecally into rats with IRI. Axial, coronal, and sagittal PET images
clearly showed that 89Zr-FNA highly accumulated within the cerebrospinal fluid and brain
at 15 min postinjection (p.i.). At later time points, 89Zr-FNA uptake in the brain slowly
decreased and almost disappeared at 9 h p.i. (Figure 3C-E). Quantification of 89Zr-aC5a-
FNA in the brain, heart, lung, liver, kidneys, and spleen was also performed (Figures S5-S7)
based on region-of-interest analysis of different organs ex vivo (Figure S8). 89Zr-FNA was
later found in the blood pool, which is due to its transportation from the brain to the heart via
the superior sagittal sinus. This is the first time that PET imaging has been used to
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dynamically and noninvasively investigate the distribution of FNA in the central nervous
system after intrathecal injection.

To further investigate the distribution of aC5a-FNA within the brain, rats administered 89Zr-
FNA intrathecally were euthanized and their brains were resected 3 h after IRI and scanned
using PET imaging. As shown in Figure 4A,B, no obvious differences were found between
897r-FNA and 89ZraC5a-FNA after intrathecal injection, suggesting that hybridization with
aCba did not change the distribution of FNA. Additionally, no differences were found
between the left and right sides of the brain. Axial, coronal, and sagittal PET images of 89Zr-
FNA showed that they accumulated in the ventricles, the cisterns, and the subarachnoid
space (Figure 4C). The biodistribution of 89Zr-FNA was consistent with the route of CSF
circulation: 89Zr-FNA followed the CSF through the ventricles, cisterns, and subarachnoid
space and was finally absorbed into the blood at the arachnoid villi. This data demonstrated
that DNA frameworks rapidly perfuse into the CSF and spread out within the brain after
intrathecal injection, which is a necessary requirement for their potential protection of
cerebral IRI.

Intrathecal administration introduces the therapeutics into the CSF in the subarachnoid
space, which is an effective strategy to bypass the blood—brain barrier. The intrathecal route
is an ideal route of administration for certain therapeutic drugs with good biocompatibility
and low neurotoxicity for cerebral IRI. However, limitations also exist, such as the technical
difficulty of performing the procedure and increased possibilities of infection in the central
nervous system.

Antioxidative Activities of aC5a-FNA in Vivo.

Substantial evidence has confirmed that an ischemic stroke triggers complement system
activation, which results in an increase of anaphylatoxin C5a in the plasma and ischemic
penumbra and triggers the inflammatory cascade.2® Therefore, we investigated the
therapeutic effects of aC5a-FNA on Cb5a expression, oxidative stress, and inflammation in
penumbra (Figure 5A). Higher concentrations of C5a were found in the plasma and
penumbra in PBS-treated IRI rats compared to those in the sham group (Figure 5B,C).
Compared with the PBS-treated group, decreased levels of C5a were found after FNA
treatment. This data suggested that the increase of C5a after cerebral IRI could be attenuated
with treatment using aC5a-FNA.

FNAs were recently found to possess an intrinsic ability to scavenge detrimental ROS and
alleviate acute injury of the kidneys.1® To investigate the level of oxidative stress in the
context of cerebral IRI, superoxide dismutase (SOD) and malondialdehyde (MDA) levels
were measured in the brain homogenates of each treatment group.3? Rats were euthanized 3
days after cerebral IRI; the brains of each group were collected and homogenated.
Compared to the PBS-treated group, significantly increased levels of SOD and decreased
levels of MDA were found in both the FNA and aC5a-FNA treatment groups. This
suggested that FNA alone and aC5a-FNA effectively inhibited oxidative stress in penumbra
(Figure 5D,E). However, there is no significant difference in both FNA and aC5a-FNA
groups, indicating that FNA and aC5a-FNA have a comparable efficacy regarding ROS
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neutralization due to their similar antioxidative capacities established by our in vitro
experiments.

Anti-Inflammatory Effect of aC5a-FNA in Vivo.

Cb5a, as a potent neurotoxin, is responsible for recruiting PMNs and/or activated microglia
into the penumbra by binding with C5aR, which plays a vital role in deteriorating neuronal
damage during and after cerebra IR1.31:32 To investigate whether aC5a-FNA could inhibit
Cb5a-mediated chemotaxis of inflammatory cells, activation of microglia (CD68*/Iba-1*
cells) and inflammatory cells (CD11b* cells) in the penumbra was investigated using
confocal microscopy. Compared to the PBS-treated group, significantly fewer CD68*/1ba-1*
and CD11b* inflammatory cells were identified in the aC5a-FNA treatment group at 3 days
after cerebral IRI (Figure 5F,G). The quantitative analysis further confirmed that aC5a-FNA
treatment resulted in a significant decrease of microglial activation and the infiltration of
CD11b™* inflammatory cells into the penumbra (Figure 5H,1). In comparison, both studies
showed that FNA alone was unable to inhibit the activation of CD68*/Iba-1* and CD11b*
inflammatory cells. This data demonstrated that aC5a-FNA could efficiently block C5a-
stimulated microglial activation and chemotaxis of peripheral blood inflammatory cells.

To investigate whether aC5a-FNA treatment could reduce the release of pro-inflammatory
factors, the expression of IL-6 and TNF-a in the penumbra was measured using ELISA
assays. Compared with the PBS-treated group, significantly lower levels of IL-18and TNF-
a were observed in FNA or aC5a-FNA treatment groups. Notably, the levels of IL-15and
TNF-a expression in the aC5a-FNA group were lower than those in the FNA group (Figure
5G-K), indicating that aC5a has an essential anti-inflammatory role after incorporated with
FNA, which could effectively reduce inflammation after IRI and improve treatment efficacy.

aC5a-FNA Is Cerebral-Protective for Rats with Brain IRI.

To determine whether the treatment of aC5a-FNA could protect neurons against oxidative
stress, immunofluorescent staining of Nissl (neurons), and cleaved Caspase-3 (apoptosis)
was performed at 3 days after cerebral IRI (Figure 6A). The number of cleaved caspase-3
positive neurons was 229.3 + 22.6/mm? in the PBS-treated group, 219.3 + 19.6/mm? in the
free aC5a group, 141.3 + 14.7/mm? in the FNA group, and 93.4 + 9.3/mm? in the aC5a-FNA
group (P< 0.01), Thus, fewer cleaved caspase-3 positive cells were observed in the aCba-
FNA treatment group compared with other treatment groups because both aC5a and FNA
contributed to the protection of neurons after cerebral IRI. Furthermore, the reverse
transcription-polymerase chain reaction (RT-PCR) and real-time PCR confirmed decreased
expression of caspase-3 in the aC5a-FNA treatment group than other groups (Figure 6B,C).
This data showed that the treatment of aC5a-FNA could effectively protect neuronal
apoptosis from IRI.

Triphenyl tetrazolium chloride (TTC) staining, an effective method to differentiate
metabolically active and inactive tissues in the brain, has been widely used to evaluate the
infarct size and volume after an ischemic stroke.33 Our data showed that the infarct volumes
in the PBS, aC5a, FNA, and aC5a-FNA groups were 41.6 + 7.1, 40.2 £+ 5.3, 28.2 + 7.6, and
17.0 + 5.6%, respectively (Figure 6D,E). MRI imaging was also performed to validate the
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treatment efficacy, as shown in Figure S9. Compared with PBS-treated rats, no significant
decrease in infarcted volume was found in the aC5a treatment group, suggesting its
ineffectiveness for stroke treatment, probably because it is unstable in vivo. However, a
significant decrease in the infarcted volume was found for both the FNA and aC5a-FNA
treatment groups at 3 days after IRI compared to the PBS-treated group (Figure 6F).
Importantly, rats in the aC5a-FNA treatment group had a smaller infarcted volume than rats
in the FNA treatment group, indicating that aC5a-FNA is more effective in preventing IRI
damage in animals.

Encouraged by the treatment results, the modified Neurological Severity Score (mNSS),
including motor, sensory, and reflex tests, was further used to evaluate the neurological
functions of all rats.3# A higher score indicates severer damage. To test whether aC5a-FNA
treatment can improve neurological functions, behavioral tests were performed at 1, 2, and 3
days after IRI. As shown in Figure 6G, severe behavioral deficits were found in the PBS and
aCb5a group, suggesting that both PBS and the unstable aC5a had no therapeutic effects on
IRI rats. Compared with other groups, the lowest mMNSS scores were found in the aC5a-FNA
group, suggesting the optimal protective role of aC5a-FNA on improving brain functions of
rats after cerebral IRI. Despite the positive protection induced by FNAs, scrutiny is
necessary when delivering FNAS to the brain via intrathecal injection. In this study, at a dose
of 0.05 mg/kg for rats with IRI, no sign of abnormality of any kind was observed. However,
systematic evaluation of toxicity and dose optimization will be needed for clinical
translation.

Conclusions.

In this study, we established a bipyramidal FNA as a multifunctional platform for cerebral
IRl management. The DNA framework proved a potent antioxidant for three different types
of ROS in solutions and on the cellular level to protect primary neurons from oxidative
stress. The aC5a-loaded FNA may strongly bind to C5a and inhibit the chemotaxis of
inflammatory cells in its response. To maximize the retention of aC5a-FNA in the brain of
IRI rats, we performed intrathecal injection and used PET imaging to investigate and
quantify its distribution. Results showed that aC5a-FNA may spread out in the ischemic
penumbra. MRI imaging, TTC staining, and rat behavior scores further confirmed the
protective role of aC5a-FNA for rat cerebral IRI.
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Figurel.
Schematic of cerebral ischemia-reperfusion injury (IRI) treatment using an anticomplement

component 5a (aC5a) loaded framework nucleic acid (aC5a-FNA) after intrathecal injection.
PET imaging and brain tissue staining confirmed the biodistribution and treatment efficacy
of FNA for brain IRl management.
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Multiantioxidative roles of the aC5a-FNA on neurons. Inhibition rate of aC5a-FNA on (A)
ABTS radicals, (B) superoxide radicals, and (C) “OH radicals. (D) ROS levels in untreated
and FNA-treated neurons incubated with 0.2 mM H,0, (7= 3, mean + SD, *£< 0.05, **P<
0.01, ***P < 0.001). (E) Representative ROS staining of neurons incubated with H,0,
treated with different concentrations of FNA. Scale bar: 50 ym. (F) Cell binding assay of
aCb5a and aC5a-FNA using polymorphonuclear neutrophils (PMNSs) (n7= 3, Mean + SD). (G)
Cell binding assay of aC5a and aC5a-FNA using microglia (#= 3, mean = SD). (H) Cba-
activated chemotaxis of PMNs can be inhibited by using free aC5a or aC5a-FNA (/7=4, mean
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PET imaging of aC5a-FNA in rats with cerebral IRI. (A) Time schedule of cerebral IRI
model establishment, treatment, and PET imaging using aC5a-FNA. (B)T2-weighted
magnetic resonance image of rats at 3 days after IRI. The white area represents the lesion
(marked by yellow circle). Representative longitudinal PET images of 89Zr-labeled aC5a-
FNA from (C) the left, (D) top, and (E) right view. Yellow circles denote the brain.

Nano Lett. Author manuscript; available in PMC 2020 October 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

A
. 1
1
]
| ]
1
o
1
-
1
= | - —
Y= ¥
() [)) -
- i §> £
2
FNA
(o]
oo T
Coronal
Axial
Sagittal
Figure 4.

Page 13
B
2150 1
(o))
g e =
= v
o FE PR
2 :
L 50
N
a
X 0
T 5 % o
- ¥ -~
FNA aC5a-FNA
5 %ID/g

The biodistribution of FNA in the brains of rats with cerebral IRI. (A) Representative PET
images of both the FNA and aC5a-FNA in the brain at 3 h after IRI. (B) Quantitative
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independent replicates. (C) Representative sections of PET images of 89Zr-labeled aC5a-
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Figure5.

The aCba-FNA treatment inhibited oxidative stress and inflammatory in brain penumbra.
(A) Time schedule for cerebral IRI establishment and analysis in the ischemic cortex. The
change of C5a in (B) the plasma and (C) penumbra. The level of (D) SOD and (E) MDA in
the ischemic penumbra (mean = SD, n=5, ** £<0.01). Immunofluorescent staining of (F)
CD68*/Iba-1* and (G) CD11b+ inflammatory cells at 3 days after cerebral IRI. Scale bar: 25
4m. Quantitative analysis of (H) CD68 and Iba-1 double-positive cells and (1) CD11b*
inflammatory cells in the penumbra and (J) IL-14 levels and (K) TNF-a levels in the
ischemic penumbra were determined by ELISA assays (mean + SD, n=5, ** £<0.01).
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