Biomedicine & Pharmacotherapy 170 (2024) 115981

Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

biomedicine ..
PHARMACOTHERAPY

ELSEVIER journal homepage: www.elsevier.com/locate/biopha

siRNA lipid nanoparticles for CXCL12 silencing modulate brain immune
response during Zika infection

Pedro Augusto Carvalho Costa®, Walison Nunes da Silva“,

Pedro Henrique Dias Moura Prazeres b Heloisa Athaydes Seabra Ferreira®,

Natalia Jordana Alves da Silva“, Maria Marta Figueiredo ©, Bruna da Silva Oliveira d
Sérgio Ricardo Aluotto Scalzo Jtnior “, Felipe Rocha da Silva Santos ©,

Rubia Aparecida Fernandes 4, Rohan Palanki ', Alex G. Hamilton, Alexander Birbrair#, Victor
Rodrigues Santos 4. Aline Silva de Miranda “, Michael J. Mitchell |, Mauro Martins Teixeira ,
Vivian Vasconcelos Costa“, Pedro Pires Goulart Guimaraes ®

2 Department of Physiology and Biophysics, Institute of Biological Sciences, Federal University of Minas Gerais, Belo Horizonte 31270-901, MG, Brazil

Y Department of General Pathology, Federal University of Minas Gerais, Belo Horizonte, MG, Brazil

¢ State University of Minas Gerais, Divinopolis 35501-170, Brazil

4 Department of Morphology, Federal University of Minas Gerais, Belo Horizonte, Minas Gerais 31270-901, Brazil

€ Department of Biochemistry and Immunology, Federal University of Minas Gerais, Belo Horizonte, Minas Gerais 31270-901, Brazil

f Department of Bioengineering, University of Pennsylvania, Philadelphia, PA, 19104-6321, United States
8 Department of Dermatology, University of Wisconsin-Madison, WI 53706, United States

ARTICLE INFO ABSTRACT

Keywords: CXCL12 is a key chemokine implicated in neuroinflammation, particularly during Zika virus (ZIKV) infection.
Neuroimmunomodulation Specifically, CXCL12 is upregulated in circulating cells of ZIKV infected patients. Here, we developed a lipid
C.XCM‘Z nanoparticle (LNP) to deliver siRNA in vivo to assess the impact of CXCL12 silencing in the context of ZIKV
E;l;?dvg:lscmarticle infection. The biodistribution of the LNP was assessed in vivo after intravenous injection using fluorescently
SIRNA tagged siRNA. Next, we investigated the ability of the developed LNP to silence CXCL12 in vivo and assessed the
resulting effects in a murine model of ZIKV infection. The LNP encapsulating siRNA significantly inhibited
CXCL12 levels in the spleen and induced microglial activation in the brain during ZIKV infection. This activation
was evidenced by the enhanced expression of iNOS, TNF-a, and CD206 within microglial cells. Moreover, T cell
subsets exhibited reduced secretion of IFN-y and IL-17 following LNP treatment. Despite no observable alteration
in viral load, CXCL12 silencing led to a significant reduction in type-I interferon production compared to both
ZIKV-infected and uninfected groups. Furthermore, we found grip strength deficits in the group treated with
siRNA-LNP compared to the other groups. Our data suggest a correlation between the upregulated pro-
inflammatory cytokines and the observed decrease in strength. Collectively, our results provide evidence that
CXCL12 silencing exerts a regulatory influence on the immune response in the brain during ZIKV infection. In
addition, the modulation of T-cell activation following CXCL12 silencing provides valuable insights into potential

protective mechanisms against ZIKV, offering novel perspectives for combating this infection.
1. Introduction global disease after its outbreak in 2016 [5]. The mechanisms under-
lying ZIKV pathogenesis remain poorly understood and seem to involve
Zika virus (ZIKV) is a flavivirus that can cause neuropathogenesis in a complex interplay between viral and host factors [6]. ZIKV has been
adults and fetal central nervous system (CNS) malformation following shown to modulate both the innate and adaptive immune response to
infection in pregnant women [1-4]. ZIKV infection was declared a escape and trigger neuropathogenesis [2,3,7,8,9]. ZIKV-induced
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neuropathogenesis involves the activation of immune and inflammatory
responses initiated by local and infiltrated glial cells, including micro-
glia and astrocytes, as well as immune cells such as peripheral macro-
phages and lymphocytes within the brain[10]. Microglial cells are the
first defense during viral infection of the brain parenchyma [11].

CXCL12 is a chemokine that is constitutively expressed in a variety of
tissues, including the liver, spleen, brain, and kidneys. CXCL12 has been
found to be systemically upregulated in monocytes of patients infected
with ZIKV [12]. In addition, it has been demonstrated that ZIKV infec-
tion results in specific short- and long-term enhanced expression of
CXCL12 in the central nervous system (CNS) and it persists long after the
initial viral infection is cleared [13].

Small interfering RNA (siRNA) is a therapeutic approach to silence
the expression of specific endogenous. siRNA is unstable in the blood-
stream and requires a delivery method to bypass cell membranes [14].
Lipid nanoparticles (LNPs) have been developed to encapsulate nucleic
acids to avoid degradation and mediate their intracellular delivery [15].
Of note, recent examples reinforce the potential use of LNP for nucleic
acid delivery such as the FDA-approved LNP-based siRNA developed by
Alnylam Pharmaceuticals, and the FDA-approved NP-based mRNA
vaccines against COVID-19, developed by Moderna and Pfi-
zer/BioNTech [16].

Here, we developed a lipid nanoparticle (LNP) to deliver siRNA in
vivo to assess the effect of CXCL12 silencing during ZIKV infection and
its implications in neuropathology. We showed that silencing CXCL12 in
the spleen was able to modulate microglia and lymphocyte activation in
the brain, which resulted in decreased limb strength without changes in
viral load. Together, our results demonstrate that CXCL12 silencing
modulates brain immune response during ZIKV infection.

2. Materials and methods
2.1. Polymer-lipid synthesis

In this study, we synthesized hybrid polymer-lipids using a previ-
ously reported method [17]. Briefly, the polymer-lipids were synthe-
sized by reacting low molecular PEI (Sigma-Aldrich, St. Louis, MO, US)
with C15 epoxide terminated alkyl tails (Tokyo Chemical Industry,
Tokyo, Japan) at 90 °C in 100% ethanol for 48 h at a 14:1 molar ratio.
Polymer-lipids were purified via flash chromatography to isolate the
optimized hydrophobic C15:hydrophilic PEI.

2.2. siRNA Nanoparticle Formulation

The LNPs were formulated using a microfluidic mixing method to
combine polymer-lipid (7C1) and modified PEG-lipid with siRNA.
Briefly, the 7C1, and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)— 5000] (ammonium salt) (C18-PEG
5000, Avanti Polar Lipids, no. 880230) were solubilized in ethanol at a
final concentration of 10 mg/mL and 12.5 mg/ml, respectively.
siCXCL12 was solubilized in 10 mM citrate buffer, pH 3.0 (Teknova,
Hollister, CA, US). Ethanol and aqueous phases were mixed using a
microfluidic device at a 1:3 ratio (ethanol:aqueous phase) and the LNPs
were collected into a 20 MWCO dialysis cassettes (Thermo Scientific).
NPs were dialyzed against PBS 1x, pH 7.4 for 2 h and sterile filtered
through 0.22 um syringe filters before in vivo experiments. To prepare
fluorescent NPs, siRNA labeled with fluorescent Alexa Fluor 647 dye was
used, following the same protocol.

2.3. Characterization of LNP

LNP were characterized by their hydrodynamic diameter (HD),
polydispersity index (PDI), and zeta potential (ZP) measured using a
Zetasizer Nano ZS machine (Malvern Panalytical). The LNP structure
was investigated using cryogenic-transmission electron microscopy
(cryo-TEM). LNPs samples were prepared in a vitrification system
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(25 °C, ~100% humidity) and examined using Tecnai G2-20 - FEI
SuperTwin 200 kV at the Center for Acquisition and Processing of Im-
ages (Centro de Aquisicao e Processamento de Imagens - UFMG). siRNA
quantification and encapsulation efficiency were measured using both
Quant-iT™ RiboGreen (Invitrogen) and NanoDrop Spectrophotometer
(Thermo Scientific).

2.4. Biodistribution assay

To investigate the LNPs biodistribution, we used LNP encapsulated
with fluorescent siRNA (Alexa Fluor 647). The siRNA-LNPs were intra-
venously injected in C57BL/6 mice (n = 4) and tissues were harvested 6
h later and the fluorescence was assessed via IVIS Imaging System
(Perkin-Elmer). The fluorescence was quantified by Living Image Soft-
ware (Perkin-Elmer) as total radiant efficiency.

2.5. ZIKV and cells

For in vivo experiments, we used the Zika virus (ZIKV) strain HS-
2015-BA-01 (GenBank KX520666), which was originally isolated in
2015 from a symptomatic patient in Bahia State. The ZIKV stocks were
propagated in mycoplasma-free Vero cells and the viral titer in the tis-
sues was determined by plaque assay. Results were measured as a plaque
forming units (PFU) per gram of tissue weight [18]. All experiments with
ZIKV were conducted under biosafety level 2 (BSL2) containment at
Federal University of Minas Gerais (UFMG).

2.6. In vivo experiments

To perform in vivo experiments we used A129 mice deficient in type I
interferon receptor (IFN-a/pR—/—) on SV129 background [19]. Adult
mice (7-9 weeks old) were kept under specific-pathogen-free conditions.
For the experiments, mice were inoculated with 4 x 10® PFU ZIKV via
intravenous (i.v.) injection. All animal care and experimental proced-
ures were approved by the Ethics Animal Care and Use Committee
(CEUA - 272/2022), in accordance with the Guide for the Care and Use
of Laboratory Animals from the UFMG.

2.7. siCXCL12-LNP silencing IFN-a/pR— /— mice during ZIKV infection

To assess the in vivo effect of siCXCL12-LNPs during ZIKV infection,
mice were treated 2 days post-infection with ZIKV using 2 mg/kg of
siCXCL12 encapsulated in LNP (siCXCL12-LNP) every day for 4 days via
intravenous route. Clinical signs (presence of ruffled fur, partial or
complete hind limb weakness or paralysis, and loss in body weight) were
monitored daily.

Hematological analysis. Blood samples were collected from the
cheek using heparin-containing syringes on the sacrifice day. Total and
differential leucocyte counts were determined by using a
hemocytometer.

2.8. gRT-PCR

To investigate IFN-B expression in the brain after CXCL12 silencing
during ZIKV infection, we performed quantitative reverse transcription
polymerase chain reaction (QRT-PCR). Total RNA was extracted using
Trizol, according to the manufacturer’s instructions, and quantified
using Nanodrop Lite (Thermo Fischer Scientific). High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific) was used for first-
strand cDNA synthesis (Reverse Transcriptase (RT)) from 1 pg of total
RNA. Reverse transcription products were diluted and submitted to qRT-
PCR (0.5 ng of cDNA/reaction) using PowerUp SYBR Green Master Mix
(Applied Biosystems). The PCR steps were as follows: 95 °C — 10 min,
followed by 40 cycles of 95 °C-15; 60 °C -1 min, and 72 °C - 20 s, and
the reactions were performed in QuantStudio 3 (Applied Biosystems).
Specific primers were IFN-p forward 5 CAGCTCCAAGAAAGGACGAAC



P.A.C. Costa et al.

3’ and reverse 5° GGCAGTGTAACTCTTCTGCAT 3’. Ct values were
recorded for each gene and the results were normalized using the S26
housekeeping gene. The efficiency and slope values were close to the
optimal values required for the AACT analysis for all investigated
candidate genes [20].

2.9. Histopathological and immunofluorescence analysis

To investigate the brain damage and activated microglia, we per-
formed histopathology and immunofluorescence analysis. Mice were
anesthetized and perfused with saline followed by 4% buffered para-
formaldehyde (PFA, pH = 7.4). For histopathological studies, brain and
liver were harvested and embedded in paraffin, sectioned at 3-5 pm
thick and stained with hematoxylin and eosin (H&E). Histech 3D Slide
Scanner was used for a fast scan of slides. For immunofluorescence,
tissues were fixed overnight with 4% PFA at 4 °C. Next, tissues were
subjected to a sucrose gradient in PBS, first at 10% sucrose, then 15%
sucrose, each for one hour at 4 °C. Then, tissues were incubated over-
night at 4 °C in 30% sucrose solution. Tissues were embedded and frozen
in an optimal cutting temperature compound (OCT, Tissue-Tek). 20 pm
cryosections were prepared and blocked for 2 h in 3% BSA in PBS +
0.5% Triton. Samples were stained with antibodies against ionized
calcium-binding adaptor molecule 1 (Ibal) (dilution 1:100) (Cat#
PA5-21274, Life Technologies), CD68 (dilution 1:100) (Cat# ab125212,
Abcam), and S100b (dilution 1:100) (Cat# ab41548, Abcam), with goat
anti-rabbit AlexaFluor-647 (1:1000; A21245) (Life Technologies) and
goat anti-rabbit Alexa 488 (1:1000; A-11034) (Life Technologies) used
as secondary stains. Sections were washed with PBS containing 4°,6-
diamidino-2-phenylindole (DAPI, 5 pg/mL, Invitrogen) and mounted
using Dako fluorescence mounting medium (Dako, Santa Clara, CA).
Images were taken using Zeiss LSM 880 microscope (Oberkochen, Ger-
many). The number of Ibal®, CD68", Ibal*CD68" and S100b™ cells
were quantified using Fiji software, version 1.53 (National Institute of
Health). Multiple random fields of each section were used for quantifi-
cation and the size of cell bodies was measured [21].

2.10. Brain-infiltrating cells immunophenotyping and intracellular
cytokine measurement

To assess the immunophenotyping of infiltrating cells and intracel-
lular cytokine measurements, brain tissues were harvested after perfu-
sion with PBS and kept on ice. Harvested brains were macerated and
filtrated through cell strainers (70 um) to perform brain and liver cell
enrichment with a 35% and 37% Percoll (Sigma Aldrich) gradient,
respectively, for immunophenotyping [22,23]. Antibodies used are lis-
ted in Table S1. CountBright™ Absolute Counting Beads were used for
flow cytometry for cell numbers (ThermoFisher). Dead cells were
excluded using Live/Dead (Invitrogen) for further labeling of extracel-
lular and intracellular antigens after fixation and permeabilization
(FoxP3 staining buffer set, eBioscience) according to the manufacturer’s
instructions. LSR-FORTESSA equipment was used on acquisition. Data
were analyzed by excluding debris, removing doublets with a forward
scatter area (FSC-A) versus forward scatter height (FSC-H) gate, to avoid
interruptions in the flux. Cells were gated in the function of time versus
FSC-A. Only live CD45-intermediate and CD45-high cells were used, and
different subpopulations based on cell markers were evaluated
(Table S1). IFN-y, IL-17, IL-10, TNF-a, and iNos production were
measured in each cell subset of brain microenvironment using intra-
cellular staining. Also, CXCL12 expression was evaluated in brain, liver,
and spleen cells. Isolated brain cells were cultivated overnight to assess
cytokines at 37 °C in 10% FBS RPMI supplemented with 2 mM
L-glutamine, 50 units/mL penicillin, and 50 pg/mL streptomycin, in the
presence of Brefeldin A (ThermoFisher). GraphPad Prism V7.0 (Graph-
Pad software) and FlowJo V10.4.11 (BD) were used for data analysis.
Cytofikit 2 was used for the dimensionality reduction and visualization
by Uniform Manifold Approximation and Projection (UMAP). Guided
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FlowSom was used for clusterization. In the UMAP analysis, every
experimental group consists of eight mice, with an equal number of cells
used as input.

2.10.1. Behavioral tests

Open-field test was carried out to determine general activity levels in
mice. In the afternoon, the animals were transferred to the testing room,
where the experimental setup was situated. The animals were provided
with food and water and not subjected to any deprivation before the test.
A habituation phase of 30 min was allowed, following which the animals
were introduced into the PhenoTyper® System (Noldus Information
Technology, Leesburg, VA, United States) and allowed to explore the
opaque plastic arena (measuring 30 x 30 cm) freely for 30 min. The total
distance traveled by the animals (in centimeters) was quantified using
the Ethovision XT software (Noldus Information Technology, Leesburg,
VA, United States). Furthermore, grip strength of the forelimbs was
evaluated. Animals were gently lowered onto the grip strength bar and
allowed to hold on before being pulled horizontally by their tails. The
test was terminated once the animal released its grip, and the mouse was
then placed in a large plexiglass bucket containing bedding. The force
exerted at the point of release was measured in Newtons (N), and three
pulls per mouse were recorded. In the analyses, an average was calcu-
lated across each genotype and treatment condition.

2.11. Statistical analysis

Data are presented as mean + SD. Student’s t-test, Mann-Whitney
test, one-way or two-way analysis of variance (ANOVA) followed by
the Tukey or Dunnett’s post hoc test was applied for comparison be-
tween two groups or among multiple groups using Graphpad Prism 7.0,
respectively. Outliers were removed using Grubbs’s test and statistical
normality was verified by D’Agostino-Pearson’s K2 test. Differences
were considered statistically significant for * .01 < p < .05; * *.001 < p
<.01; * ** p < .001 and * ** * p < .0001.

3. Results
3.1. Characterization and in vivo biodistribution of LNPs

We formulated a lipid nanoparticle (LNP) to effectively deliver
siRNA in vivo to silence CXCL12 during ZIKV infection. To formulate the
LNP, termed siCXCL12-LNP, we utilized a microfluidic device to mix an
ethanol phase containing a hybrid polymer-lipid and an aqueous phase
of siRNA (Fig. 1 A). The size, polydispersity, and zeta potential of the
LNPs were assessed by dynamic light scattering (DLS) and transmission
electron microscopy (Cryo-TEM), and zeta potential (ZP). The size of the
siCXCL12-LNP varied from 104 to 110 nm (Fig. 1B) while the PDI was
less than 0.2 (Fig. 1B), indicating low polydispersity of this LNP. Cryo-
TEM results confirmed that homogenous siCXCL12-LNP was formed
with a spherical morphology (Fig. 1 C). Furthermore, the ZP values of
the siCXCL12-LNP were negative and ranged between — 2.52 mV to —
8.93 mV (Fig. 1D). To evaluate in vivo biodistribution, a fluorescent
siRNA was encapsulated in the LNP and the formulation was injected via
intravenous injection into A129 mice. Six hours post-administration,
animals were sacrificed, and organs were harvested for analysis via
and IVIS imaging system (Fig. 1E). Fluorescence was significantly higher
in the liver and spleen compared to other tissues such as the lung (Fig. 1
F), which is suggestive of substantial siRNA accumulation in the liver
and spleen.

3.2. In vivo CXCL12 silencing using LNP

To assess in vivo CXCL12 silencing, A129 mice were treated starting
2 days post-infection with ZIKV using 2 mg/kg of siCXCL12 encapsu-
lated in LNP (siCXCL12-LNP) every day for 4 days via intravenous in-
jection (Fig. 2 A). ZIKV infection significantly increased levels of
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CXCL12 expression in CD11b+ cells isolated from the brain and the
spleen but not the liver (Fig. 2B-D). Importantly, treatment of ZIKV
infected mice with siCXCL12-LNP resulted in a significant decrease in
CXCL12 expression in CD11b+ cells isolated from the spleen (Fig. 2 C).
Changes in CXCL12 expression were not observed in CD11b+ cells from
the brain or the liver (Figs. 2B, 2D).

Next, we assessed clinical signs of ZIKV infection in mock, mock
+siCXCL12-LNP, ZIKV, and ZIKV+siCXCL12-LNP groups via a
previously-validated scoring matrix [24]. As expected, compared to
uninfected animals, both ZIKV-infected cohorts displayed clinical signs
of ZIKV infection and correspondingly higher clinical scores (Fig. 2E). In
addition, ZIKV-infected cohorts — with and without siCXCL12-LNP
treatment — had increased total leukocytes in the blood (Fig. 2 F) and
greater numbers of granulocytes and lymphocytes compared to unin-
fected groups (Fig. 2 G). However, there was no significant changes to
both clinical score and number of immune cells between the
ZIKV-infected group and the siCXCL12-LNP treated ZIKV-infected group
(Fig. 2 F, 2 G).

We also investigated damage to brain tissue in histological sections
from animals in each experimental group. While there was no brain
damage in the mock and mock+siCXCL12-LNP groups, we observed

intense inflammatory infiltration in the ZIKV and ZIKV+siCXCL12-LNP
groups (Fig. 2H). There were no significant differences in gross damage
to the brain or liver between ZIKV and ZIKV+siCXCL12-LNP groups
(Fig. 2H and Fig. S1) nor absolute number of CD45™ cells infiltrated in
the brain (Fig. 2I). Taken together, these results indicate that while
siCXCL12-LNPs were safe, they did not result in ZIKV-mediated
pathology.

3.3. Glial components are activated after CXCL12 silencing during ZIKV
infection

An additional experimental cohort of mice — infected and treated in a
similar manner — was followed to assess the effect of CXCL12 silencing
on glial cell activation (Fig. 3 A). To investigate microglial reaction in
harvested mouse brains, we evaluated the expression of microglial
markers Ibal and CD68 using confocal laser scanning microscopy.
Although there were no differences in the Ibal expression between
groups (Fig. 3B, C), we found increased number of CD68" (Fig. 3B, D)
and Ibal"CD68™ (Fig. 3B, E) cells in the ZIKV+siCXCL12-LNP group
compared to ZIKV and uninfected mock group. However, there was no
difference in number of S100b™ cells (mature astrocytes) after treatment
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with siCXCL12-LNP in comparison to mock and ZIKV groups (Fig. 3B, F).
The cells labeled with Iba-1/CD68+ also revealed changes in the size of
cell bodies. Specifically, increased size of cell bodies was found in the
ZIKV+siCXCL12-LNP group compared to ZIKV and mock groups.
(Fig. S2A). On the hand, it was not observed changes between groups in
the size of cell bodies of astrocytes labeled with S100b (Fig. S2B).

In addition, we investigated activated microglia in harvested mouse
brains using flow cytometry. Representative density plots demonstrating
the gating strategy used for activated microglial cells
(CD45™CD11b*F4/80 MHCI") are shown in Fig. 4B [25]. Increased
CD45™ subset (Fig. 4 C) and activated microglia (Fig. 4D) prevalence
were found in the ZIKV+siCXCL12-LNP group compared to mock group.
To assess the pattern of inflammation, we next characterized the
expression of the mannose receptor (CD206+) and different cytokines in
these activated glial cells. ZIKV infection enhanced TNF-a cytokines
compared to mock group, as expected. Importantly, the group treated
with siCXCL12-LNP (ZIKV+siCXCL12-LNP) significantly enhanced not
only the number of CD206 " microglial cells but also the iNOS and TNF-a
cytokines, compared to both mock and ZIKV groups. IL-10, an
anti-inflammatory cytokine, was also increased in ZIKV and
ZIKV+siCXCL12-LNP groups compared to mock (Fig. 4E - H). Further-
more, UMAP analysis revealed the presence of distinct cell populations
based on CD206 expression in Mock, ZIKV and ZIKV+siCXCL12-LNP
groups. While it was observed subsets with enhanced CD206 expression
and low iNOS and TNF-a levels in ZIKV, and ZIKV+siCXCL12-LNP
groups, we found subsets with low CD206 expression associated with
high iNOS and TNF-a in the same groups (Fig. 4I). On the other hand, we
did not observe changes in cytokine production by monocytes, macro-
phages, and dendritic cells in the group treated with siCXCL12-LNP
compared to mock and ZIKV groups (Fig. S3A-0). Together, these re-
sults suggest that microglial cells are activated in the brain after CXCL12
silencing, which leads to enhanced production of inflammatory
cytokines.

3.4. Lymphocyte activation is dependent of CXCL12 during ZIKV
infection

A third experimental cohort of mice - infected and treated in a
similar manner — was followed to assess the effect of CXCL12 silencing
on lymphocyte activation (Fig. 5A). CXCL12 mediates the chemo-
attraction of T cells and enhances the stimulation of T cells through the T
cell receptor (TCR) [26]. Thus, we assessed the lymphoid cells in har-
vested mouse brains after treatment with siCXCL12-LNP via flow
cytometry. We found significantly increased levels of CD4", CD8T,
CD4°CD8’, and NKT cells (Fig. 5B-F) as well as of NK and Treg cells
(Fig. S4A-F) after ZIKV infection compared to mock. Although the
numbers of these cells were not altered by the treatment with
siCXCL12-LNP, IFN-y production was significantly decreased in CD4 and
NKT subpopulations of ZIKV+siCXCL12-LNP group compared to ZIKV
group (Fig. 5G-J). Enhanced levels of IL-17 in CD4, CD8, CD4°CD8’, and
NKT subsets (Fig. 5K-N) in the untreated ZIKV group were normalized to
near baseline after treatment of infected mice with siCXCL12-LNP
(ZIKV+siCXCL12-LNP group) (Fig. 5K-N). While ZIKV infection inhibi-
ted type-I interferon production [27,28], treatment with siCXCL12-LNP
resulted in additional decreased type-I interferon levels (Fig. 4 O).

3.5. Viral load was not changed during CXCL12 silencing

To investigate viral load after treatment with siCXCL12-LNP,
experimental mouse brains and serum were collected to perform a
gold-standard plaque assay for viral load. We haven’t found significant
differences in viral load between ZIKV+siCXCL12-LNP and ZIKV groups
in the brain and serum (Fig. 5 P, Q).
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3.6. Effect of CXCL12 on motor behavior during ZIKV infection

To investigate the animal behavior after CXCL12 silencing during
ZIKV infection, grip strength and open field tests were performed.
Although we did not observe changes in locomotor activity in the open
field, we found significant grip strength deficits in the ZIKV+siCXCL12-
LNP group compared to mock and ZIKV groups (Fig. 6 A-B).

4. Discussion

ZIKV can infect and replicate in primary undifferentiated neurons
and trigger neuronal killing [10]. CXCL12 plays a key role in mediating,
among other functions, leukocyte trafficking through the BBB [29]. The
chemokine CXCL12 has been found to be upregulated in the cerebro-
spinal fluid (CSF), monocytes, plasma, and placenta during ZIKV infec-
tion [12,13,30]. To investigate the effect of inhibiting expression of this
chemokine in ZIKV infection, we used a LNP to deliver siRNA in vivo to
silence CXCL12 in mice infected with ZIKV. Recent studies also reported
the utility of LNP to deliver siRNA as platform to treat or investigate
physiological processes for therapeutic applications in cancer, cardio-
vascular and infection diseases [17,31].

Biodistribution analysis demonstrated that the siRNA delivered via
LNPs exhibits a marked preference for accumulating in the liver and
spleen. We also demonstrated that the treatment has no discernible
impact on infiltrating cells in the brain, nor does it appear to exert any
systemic effects on either leukocyte counts or observed symptoms in
mock or ZIKV groups treated with LNP (Fig. 2). It has previously been
shown that immunomodulation in the spleen could alter brain immune
response during malaria infection [32]; thus, we reasoned that the in-
hibition of CXCL12 in the spleen could suffice to alter the inflammatory
balance in the brain during ZIKV infection. In addition, CXCL12 is
known to influence macrophage polarization in various microenviron-
ments, including tumor sites, gut injuries, orthodontic tissues, and
implanted biomaterials [ 33-38]. However, to the best of our knowledge,
this influence is not well described in the context of brain immunity.
Mature astrocytes (characterized by S100b expression) participate in
BBB maintenance [39,40] and microglia expressing Ibal are the
immunocompetent and phagocytic cells of the nervous system [41].

Our immunofluorescence data demonstrate that the number of astro-
cytes and macrophages in the brain was not influenced by CXCL12
silencing (Fig. 3). However, an upregulation in expression of CD68, a
lysosomal protein, was observed in ZIKV+siCXCL12-LNP group, sugges-
tive of phagocytic activity in activated microglia (Fig. 3) [42]. To
corroborate this data, activated microglia (CD45™CD11b*F4,/80"MHCI™)
were found to be more prevalent after CXCL12 silencing (Fig. 3I-J). It has
been described that population of microglia expressing MHC class I and II
and costimulatory molecules may arise during infectious and inflamma-
tory conditions [25]. When activated, microglia are potent immune
effector cells, able to perform a wide range of functions, and they mediate
both innate and adaptive responses during disease [43]. ZIKV infection
was also associated with secretion of inflammatory mediators linked with
CNS inflammation such as IL-6, TNF-a, IL-1f, iNOS and NO [44]. Our
FACS data demonstrated an additional increase of iNOS and TNF-«, in
microglial cells after CXCL12 silencing during ZIKV infection (Fig. 4).
Thus, fine modulation of microglia activation is essential for its normal
function, as suggested by our pro- and anti-inflammatory data of activated
microglia during ZIKV infection.

Peripheral cells can infiltrate the CNS during ZIKV infection [29,39,
40]; however, we found that prevalence of CD45" myeloid cell subsets
was not altered in the ZIKV+siCXCL12-LNP group (Fig. S3). Infiltrating
T cells limit ZIKV infection [45]. We observed an increase in T cell
subsets releasing IFN-y and IL-17 in the brains of ZIKV infected mice.
Similar findings were previously described in the serum of infected pa-
tients with ZIKV [46]. However, enhanced IFN-y and IL-17 secretion was
not found after CXCL12 silencing (ZIKV+siCXCL12-LNP group). These
results may be explained by the fact that CXCL12 enhances stimulation
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Fig. 4. Cytokine release from microglia is altered by CXCL12 silencing during ZIKV infection. (A) Representative density of (CD45"8"), (CD11b™), activated
microglia (F4/80"/MHC-I*) from a single ZIKV-infected brain. Number of cells (cell/uL) of (B) CD45™, (C) Activated microglia (CD45™CD11b"F4/80"MHC-1"),
(D) Activated microglia expressing mannose receptor (CD45™CD11b*F4/80"MHC-1*CD206"). Microglia producer of (E) IL-10 (CD45™CD11b*F4,/80"MHC-1"1L-
10™), (F) iNOS (CD45™CD11b*F4/80"MHC-1"iNos™) and (G) TNF-a (CD45™CD11b*F4/80*MHC-1"TNF-« "), from mock, ZIKV and ZIKV+siCXCL12-LNP groups of
IFN-o/BR— /— mice (n = 24). (I) UMAP of combined data (upper panel) of mock, ZIKV and ZIKV+siCXCL12-LNP groups. Analysis was reached using the group of
cells identified as activated microglia (CD45™CD11b*F4/80*MHC-1"). IL-10, TNF-a, CD206, MHC-I, and iNos distribution were stratified according to each group.
Heatmap of CD206, and expression of different cytokines in activated microglia from mock, ZIKV, and ZIKV-+siCXCL12-LNP groups (bottom panel). Data are
presented as mean =+ SD. One-way ANOVA followed by Tukey’s multiple comparison test; *.01 <p <.05, **.001 <p < 0.01, ***p<0.001, and
* k%% p < 0.0001.
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Fig. 5. T cell cytokines are modulated by CXCL12 levels during ZIKV infection. (A) Treatment protocol to assess the effect of siCXCL12 in brain. Scheme of infection
with ZIKV and treatment with siCXCL12-LNPs. Brain leukocytes were analyzed in different groups: mock, ZIKV and ZIKV+siCXCL12-LNP of IFN-o/pR— /— mice
(n = 24). (B) CD45™ leukocytes and T cells subpopulations (C) CD4, (D) CD8, (E) CD4'CD8'T and (F) NKT were evaluated. Furthermore, (G-J) IFN-y and (K-N) IL-17
production were evaluated in the same subpopulations. (O) mRNA levels of IFN-p via qRT-PCR, lines represent the mock (n = 4) and (P) viral load in the brain and
(Q) serum at 6 days post-infection with ZIKV (n = 13). The results are shown as the log PFU per gram of brain or mL of serum. Data are presented as mean + SD. (B -
N) One-way ANOVA followed by Tukey’s multiple comparison test and (O) Mann-Whitney test; * .01 < p < .05, * *.001 < p < 0.01, * ** p < 0.001, and p < 0.0001.

of T cells through the T cell receptor (TCR) and possesses a chemotactic
ability [26]. Additionally, ZIKV infection is known to cause the down-
regulation of IRF3 and antiviral NF-kB-mediated signaling, resulting in
the blocking of type-I interferons [28]. Consistent with this, the impact
of CXCL12 silencing on IFN-f release revealed a significant reduction in
the ZIKV+siCXCL12-LNP group. The crosstalk between microglia and

Th1 cells triggers an increase of type I interferon by microglia [47]. After
CXCL12 silencing (ZIKV+siCXCL12-LNP group) we found decreased
both IFN-y and IFN-p. IFN-family cytokines are important for the
clearance of ZIKV; however, the decrease of IFN-y and IFN- were
evidently not enough to increase viral load at the 6th day in
ZIKV+siCXCL12-LNP group, possible due to the apparently acquired
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Fig. 6. Animal behavior after CXCL12 silencing during ZIKV infection.
Behavioral tests were performed in different groups: mock, ZIKV and
ZIKV+siCXCL12-LNP of IFN-a/pR— /— mice. (A) Scheme of open field test (left
panel) and total distance traveled in cm (right panel); (B) Scheme of grip force
test (left panel) and grip force of two paws (right panel) (n = 24). Data are
presented as mean =+ SD. One-way ANOVA followed by Tukey’s multiple
comparison  test; *.01 <p<.05 ~ **.001<p<.0l, ***p<.001
and * ** p <.0001.

viral plateau, which might have been a result of neuronal cell death
triggered by increased TNF-a associated with intense virus proliferation
and virion production [48,49].

It has been described the importance of CXCL12 in skeletal muscle
regeneration, in particular, enhanced expression during myoblasts dif-
ferentiation [50]. Here, we observed loss of grip strength after CXCL12
silencing (ZIKV+siCXCL12-LNP group), triggering adverse conse-
quences in the absence of CXCL12 during ZIKV infection. In this work,
we observed that activated infiltrated T cells decreased cytokine pro-
duction in the brain after CXCL12 silencing. However, local brain im-
mune response was upregulated with increased iNOS and TNF-« levels
as well as loss of grip strength, without changes in the viral load or
clinical score. Importantly, the mouse model IFN-a/pR— /— used for
ZIKV establishment is a limitation of our study, since the innate immune
responses are impaired.

5. Conclusion

Here, we developed a LNP to deliver siRNA in vivo to investigate the
impact of CXCL12 silencing in the context of ZIKV infection. Our results
demonstrated that CXCL12 silencing modulates brain immune response
during ZIKV infection. We observed that brain resident cells upregulated
pro-inflammatory cytokines and infiltrated T cells decreased cytokine
release after CXCL12 silencing. In addition, supporting the significance
of this chemokine in the context of ZIKV infection, silence triggered
strength deficits. Collectively, this work introduces the potential of
nanoparticle-RNA interference as a tool to investigate immune re-
sponses in the context of ZIKV infection.
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Supplementary materials

Fig. S1 - CXCL12 silencing alters IBA-1 +CD68 + cell body in the
brain during ZIKV infection. Size of cell bodies of (A) IBA-
1 +CD68 +DAPI and (B) S100b+DAPI. Data are presented as mean
+SD. Tukey’s multiple comparison test; *.01 <p <.05,
**,001 < p <0.01, * **p < 0.001, and * ** * p < 0.0001.

Fig. S2 - CXCL12 silencing does not induce myeloid activation in the
brain during ZIKV infection. Brain myeloid leukocytes were analyzed in
different groups: mock, ZIKV and ZIKV+siCXCL12-LNP of IFN-a/pR— /
— mice (n = 24). Number of (A) macrophages, (B) monocytes, and (C)
dendritic cells releasing (D-F) TNF, (G-I) iNOS, (J-L) IL-10, and (M-O)
expressing CD206. Data are presented as mean + SD. One-way ANOVA
followed by Tukey’s multiple comparison test; *.01 <p < .05,
* %001 < p <0.01, and * ** p < 0.001.

Fig. S3 - CXCL12 silencing does not alter Treg and NK. Brain leu-
kocytes were analyzed in different groups: mock, ZIKV and
ZIKV+siCXCL12-LNP of IFN-a/pR— /— mice (n = 24). (A) Treg cells and
(B) NK were evaluated. Furthermore, (C-D) IFN-y and (E-F) IL-17 pro-
duction was evaluated by the same subpopulations. Data are presented
as mean =+ SD. One-way ANOVA followed by Tukey’s multiple com-
parison test; * .01 < p < .05, and * *.001 < p < 0.01.

Fig. S4 - Liver optical photomicrograph. Representative histopatho-
logical images of the liver from all groups. The hydropic degeneration is
focally present (red arrow), intact hepatocytes (green arrow), congested
vessels (blue arrow).
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Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.biopha.2023.115981.
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