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Abstract: Pattern recognition receptors participate in the innate immune response. 
Among PRRs, the cGAS/STING pathway is known to detect cytosolic DNA and cyclic 
dinucleotides, but it’s also important in RNA virus infection. We aimed to evaluate the 
gene expression of some important genes of cGAS/STING pathway and to correlate this 
expression with Zika virus kinetics in mice microglia and neurons. Cells were infected by 
MOI = 1.0. Indirect immunofl uorescence, plaque titration of supernatant, extraction, and 
quantifi cation of total intracellular RNA, RT-qPCR and Western blotting were performed. 
Plaque titration profi le in microglia and neurons was similar, including higher titers of 
plaque forming units at 24, 48, 72 and 96 hpi, respectively. ZIKV kinetics evaluated by RT-
qPCR was similar in both cells, with highest viral titers at 48, 72, 24 and 96 hpi, respectively. 
Expression profi le of cGAS, STING, INF-α and INF-β was quite different between the cells, 
including gene suppression, as observed for cGAS in neurons. Our results showed a 
differentiated expression profi le of cGAS/STING pathway genes in mice microglia and 
neurons, which can be explained by the different mechanisms that ZIKV uses to bypass 
the immune response of these cells. Furthermore, each cell type responds differently to 
combat the viral infection.

Key words: cGAS/STING pathway, INF-α, INF-β, primary cell cultures of CNS, viral kinetics, 
Zika virus.

INTRODUCTION 
Grouped in the Flaviviridae family and belonging 
to the Flavivirus genus, the Zika Virus (ZIKV) is an 
enveloped arbovirus, that was fi rstly discovered 
and isolated in 1947, in Uganda, Africa (Dick et 
al. 1952). The ZIKV genome is composed by a 
single-stranded positive-sense ribonucleic acid 
(RNA), and the viral genetic material comprises 
a single Open Reading Frame (ORF), that after 
processing, generate ten mature proteins (Faye 
et al. 2014, Petersen et al. 2016).

In vertebrates, the innate immune system 
acts on the recognition of pathogen-associated 

molecular patterns (PAMPs), derived from 
invading microorganisms, as well as damage-
associated molecular patterns (DAMPs), derived 
from damages to the cell itself, as from the 
pattern recognition receptors (PRRs) (Kumar et 
al. 2011). Once activated, the PRRs commonly 
trigger a signaling cascade, which results in the 
induction of the expression of type I interferons 
(INF-I), infl ammatory cytokines and chemokines 
(Hayashi et al. 2011) According to the literature, 
at least three classes of PRRs are related to the 
detection of fl avivirus: toll-like receptors (TLR 3 
and 7), capable of detecting viral RNA within the 
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endosome; receptors similar to the retinoic acid-
inducible gene I (RIG-I), capable of detecting 
RNA species located in the cytoplasm; and 
cGAS/STING pathway, which detects cytoplasmic 
double stranded deoxyribonucleic acid (dsDNA) 
from damages caused by the flavivirus infection 
(Serman & Gack 2019, Ran et al. 2014).

The cGAS/STING pathway is a signaling 
pathway that has an active role in the detection 
of exogenous DNA, hybrids of DNA/RNA and 
cyclic dinucleotides (Nazmi et al. 2012, Li et al. 
2013, Cai et al. 2014). However, many studies 
have been demonstrating that the cGAS/
STING pathway is also an important agent in 
the detection of some RNA viruses, especially 
retrovirus, as HIV, for example (Lahaye et al. 
2013, Vermeire et al. 2016). Dengue virus (DENV), 
Japanese encephalitis virus (JEV), West Nile 
virus (WNV), Zika virus (ZIKV), and severe acute 
respiratory syndrome-associated coronavirus 
(SARS-CoV), have been reported as antagonists 
of the cGAS/STING pathway (Aguirre et al. 2012, 
Maringer & Fernandez-Sesma 2014, Ding et al. 
2018).

In humans, ZIKV is an antagonist of the cGAS/
STING pathway and other important pathways 
related to the synthesis of type I interferon 
(INF-I). Nonetheless, in other mammals, such as 
immunocompetent mice, the virus is efficiently 
fought. (Grant et al. 2016, Conde et al. 2016, 
Eaglesham & Kranzusch 2020). The mechanisms 
used by ZIKV, as the cleavage of STING and STAT2 
to evade the immune response in humans, but 
not in wide mice, contribute to the most effective 
primary immune response observed in murine 
models, in compare to the primary immune 
response in humans, since the virus successfully 
interrupts important pathways involved in INF-I 
synthesis and proinflammatory cytokines (Ding 
et al. 2018).

Once the use of adult immunocompetent 
mice would be a big challenge for experimental 

ZIKV infection, because of the viral replication 
is interrupted by the innate immune response 
before the systemic spread of the virus (Aliota 
et al. 2016, Lazear et al. 2016), this study focused 
in the use of immunocompetent newborn mice 
and mice embryos, in order to obtain primary 
cultures susceptible and permissible to the ZIKV 
experimental infection, since newborn have not 
yet matured their immune systems to efficiently 
combat the viral infection (Li et al. 2016, Lum et 
al. 2017) and the ZIKV has great affinity for neural 
progenitor cells (NPCs) of the embryos (Souza et 
al. 2016). Therefore, the aim of this study was to 
evaluate the gene expression of genes involved 
in the cGAS/STING pathway, correlating with the 
ZIKV kinetics in primary cultures of BALB/c mice 
microglia and neurons, to thereby, determine 
the gene expression profile of those target 
genes, over the hours post infection.

MATERIALS AND METHODS
Mice 
The present study was approved by the 
Committee for Ethics in Research on the use of 
Animals of the Evandro Chagas Institute (IEC; 
protocol No. 38/2018/CEUA/IEC/SVS/MS). A total 
of sixty pregnant albino mice of BALB/c lineage 
at 16 days of gestation and their one-day-old 
neonates from the colony of the Evandro Chagas 
Institute Central Animal House were used. All 
animals were maintained in standard plastic 
cages (32×39×16 cm) with water and food ad 
libitum under controlled temperatures (23±2°C) 
and a 12-h light/dark cycle.

Viral strain
All experimental assays were done using Zika 
virus (BE H 818308) confirmed by RT-qPCR from 
a case of human death in the Maranhão State, 
Brazil, provided by the IEC Arbovirology and 
Hemorrhagic Fever Department. 
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Primary culture of neurons 
For primary cell culture of neurons, the whole 
brains were extracted from BALB/c mice embryos 
at embryonic day 16 (E16) after decapitation. In 
aseptically conditions to avoid contamination, 
the meninges and blood vessels were extracted 
in cold Hanks’ balanced salt solution (HBSS) and 
the cells of the brain tissue were mechanically 
dissociated in HBSS. After decanting the 
non-dissociated tissue, the supernatant was 
transferred to 15.0 ml tubes, centrifuged at 300 
G, for 5 minutes at 10ºC, and the cell precipitate 
was resuspended in Neurobasal medium 
(Invitrogen/USA) supplemented with Glutamax 
(Thermo Fisher Scientific/USA), glutamate (25 µM) 
and B27 supplement (Thermo Fisher Scientific/
USA). The cells were counted and seeded at 
2,0 x 105 cells/well in 6-well plates previously 
treated with poly-L-lysine (Sigma Aldrich/USA) 
at a concentration of 12.5 µg / ml and incubated 
at 37ºC under a humid atmosphere of 95% and 
5% CO2.

Primary culture of glial cells and microglia 
For primary cell culture of glia cells, the 
euthanizing asepsis was performed with 70% 
ethanol in newborn BALB/c mouse (1 day of life), 
the brain was dissected, meninges and vessels 
removed, and the cells of the brain tissue 
were mechanically dissociated in HBSS. After 
decantation of the non-dissociated tissue, the 
supernatant was transferred to 15.0 ml tubes, 
centrifuged and the cell pellet was resuspended 
in glial medium [Dulbecco’s Modified Eagle 
Medium (D-MEM/F12) (Thermo Fisher Scientific/
USA)] containing 10% of fetal bovine serum 
(FBS). The cells were seeded at culture bottles 
of 75cm2, previously treated with poly-L-lysine 
at a concentration of 12.5 µg/ml (Sigma Aldrich/
USA). The cells were incubated at 37ºC under a 
humid atmosphere of 95% and 5% CO2.

Microglial cells were obtained from the 
cell culture of glia cells with two weeks of 
culture, being morphologically identified as 
shiny cells located on the cell monolayer. The 
microglia were released by hand agitation for 
a few minutes. The supernatant was collected 
and centrifuged at 300 G, for 5 minutes at 10ºC. 
The cells were resuspended and maintained in 
D-MEM/F12 medium and kept in an oven at 37ºC, 
under a humid atmosphere composed of 95% 
atmospheric air and 5% CO2.

Viral infection 
For all experiments, mice microglia and neurons 
were seeded at the density of 2.0 x 10⁵ cells/well 
and infected with multiplicity of infection (MOI) 
= 1.0 at 24h and 72h, respectively.

Indirect Immunofluorescence (IIF)
MOCK (non-infected cells) and infected microglia 
and neurons at 24 hpi by MOI = 1.0, were fixed 
in 4% paraformaldehyde for 30 minutes. Then, 
washed 3x with PBS, permeabilized with 1% 
Triton X-100 solution in PBS and then incubated 
in PBS-50mM ammonium chloride. Blocking of 
nonspecific sites for both cell types was done 
with a solution containing 50% rabbit serum, 
10% horse serum and 8% protein concentrate 
from the Mouse on Mouse (MOM®) kit (Maravai 
Life Sciences Inc./USA) in Phosphate Buffered 
Saline (PBS), pH 8.0 for 1 hour, then primary 
antibody against ZIKV (polyclonal anti-Zika 
antibodies) (1:50) produced at Evandro Chagas 
Institute and obtained from mice (host animal 
used for the production of primary antibodies) 
was incubated overnight in a wet chamber. In the 
next day, the samples were washed 3x with PBS 
and incubated with secondary antibody Alexa 
Fluor 488 Goat-anti-Mouse-anti-ZIKV (Dilution 
1:500, Catalog #A-10680, Life Technologies./
USA) for neurons and Alexa Fluor 568 Goat-anti-
Mouse-anti-ZIKV for microglia (Dilution 1:500, 
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Catalog #A-11004, Life Technologies./USA), and 
posteriorly incubated with the cell nucleus 
marker DAPI (4’, 6’-diamino-2-phenyl-indole) 
(1:200, Catalog #D1306) (Invitrogen™/USA) for 20 
minutes and with anti-Iba1 primary antibodies 
(in microglia) and phalloidin (in the actin 
filaments of neurons) (1:200) in 0.1 M PBS, pH 7.2-
7.4 for 20 minutes. After that, the coverslips were 
washed with PBS and mounted on slides with 
Prolong Antifade (Invitrogen/USA), observed 
and photographed by Leica TCS SP8 confocal 
microscope (Leica Microsystems/Germany). 

Plaque titration of microglia and neuron 
supernatant
The viral titer of the samples was determined 
by plaque assays (Dulbecco & Vogt 1953). Briefly, 
Vero cell monolayers in six-well plates were 
incubated with 100 μL serial (log 10) dilutions 
of the viral sample at 37°C for 1 h under gentle 
shaking every 15 min. After this, medium 199 
(Sigma-Aldrich, USA) containing non-adsorbed 
virus was replaced with a semi-solid culture 
medium (3% carboxymethylcellulose in medium 
199) supplemented with 2% fetal bovine serum, 
100 U/ml penicillin, and 100 μg/ml streptomycin. 
After 7 days at 37°C, the cells were fixed and 
stained with 0.1% cresyl violet solution, 30% 
ethanol, and 20% formaldehyde in PBS, and 
the cell death zones (plaques) were counted. 
The viral titer was calculated by multiplying the 
number of plaques obtained from a given viral 
serial dilution and, subsequently, by the dilution 
factor, with the result being reported in plaque-
forming units per milliliter (PFU/ml).

RNA extraction
Automated RNA extraction from the MOCK and 
infected neurons and microglia was performed 
with the samples collected at 24, 48, 72 and 96 
hpi, using Maxwell® 16 Total RNA Purification 
Cell Culture kit (Promega/USA). At the end 

of extraction, the material was collected in 
a new microtube containing 50μL of RNAse-
free water and centrifuged for two minutes at 
1.200 G, posteriorly the material was quantified 
by the Qubit 2.0 equipment, using the Qubit™ 
RNA HS Assay Kit (Thermo Fisher Scientific/
USA) according to the manufacturer’s protocol 
recommendations. In the end, the RNA 
extracted and quantified from all samples, was 
standardized to a final concentration of 50ng/µL 
and stored at -80 °C.

Viral RNA Quantification
The quantification of viral RNA was based on a 
standard curve with concentrations determined 
by serial dilution using a probe and primers 
described by Lanciotti et al. 2008, which bind 
to the region of the viral envelope, with a 
concentration of 200 and 300 nM, respectively. 
Quantification was performed by TaqMan 
probe methodology on the Rotor-Gene® Q 
equipment (Qiagen/Germany), using the 
Superscript® III Platinium® One Step RT-qPCR 
System kit (Invitrogen/USA), according to the 
manufacturer’s protocol.

Gene Expression
RT-qPCR reactions to the target genes were 
performed with the GoTaq® 1-Step RT-qPCR 
System kit (Promega/USA) on the Rotor-Gene® Q 
equipment (Qiagen/Germany), according to the 
manufacturer’s protocol, using the SYBR Green 
methodology. The cellular normalizing gene 
β-actin was used as an endogenous control. The 
primers pairs used to amplificated the target 
genes (cGAS, STING, INF-α e INF-β) are listed in 
table I. The analysis of the mRNA quantification 
was performed by the 2–∆∆Ct method using the 
Rotor-Gene® Q equipment (Qiagen/Germany), 
according to the manufacturer’s instructions.
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Western Blotting
For the Western blotting assay, 1.0 ml of lysate 
suspension cells infected at 96 hpi, and MOCK, 
were used. After the cell lysis, the samples were 
concentrated in Amicon® Ultra-15 Centrifugal 
Filter Unit filters (100KDa) (Merck Millipore/USA). 
The Bradford Assay (Thermo Fisher Scientific/
USA) was performed to protein quantitation, 
and a standardization curve was made with 
known concentrations of BSA protein read in 
absorbance at the 595nm. For greater reliability 
of the results, the linear correlation coefficient 
used, corresponded to a value greater than 0.98. 
All samples were standardized to 30 µg/µL, 
which was the final concentration of protein/
well applied.

The samples were heated to 95°C for 5 
minutes, centrifuged for 1,300 G for 5 minutes at 
25°C, applied in SDS-polyacrylamide gel (SDS-
PAGE) 10% and Stacking/Upper gel and submitted 
to electrophoresis at 100 volts for approximately 
2 hours, with a ladder. After electrophoresis, the 
gel proteins were transferred to a nitrocellulose 
membrane, by mounting the sandwich cassette 
(negative support, sponge, filter paper, gel, 
membrane, filter paper, sponge, and positive 
support) at 100 volts and approximately 400mA 
for 1 hour, in a refrigerated environment and 
under agitation.

After the transfer stage, the membrane was 
blocked by incubation for 1 hour under agitation, 

with Molico skimmed milk (Nestlé/Switzerland), 
at a concentration of 10% diluted in TBS-t, then, 
the membrane was washed (2x) with TBS-t for 
10 minutes and incubated with the primary 
antibody (Anti-TMEM173) Rabbit-anti-Mouse 
(1:500) in TBS-t at 0.1% of Molico skimmed milk, 
overnight under agitation at low temperature.

In the next day, washes (1x) with TBS-t for 
10 minutes and (2x) with TBS for 10 minutes, was 
make and the membrane was incubated for 1 
hour with the secondary antibody (Alexa Fluor 
568nm Goat-anti-Rabbit) (1:5,000) in TBS-t, under 
agitation and protected from light. Posteriorly, 
the membrane was washed (3x) with TBS for 
10 minutes and revealed in the Typhoon™ FLA 
9000 equipment (GE Healthcare Bio-Sciences 
AB/Sweden), at Alexa Fluor 555nm filter.

Statistical analysis
Statistical analyzes, graphs and figures were 
performed through analysis of variance (ANOVA) 
and t test of the results, with quantification 
graphs generated by the PRISM 8.0 tool. The 
level of significance analyzed was considered 
significant for p values ≤ 0.05. All results were 
presented as mean and standard deviation.

RESULTS
The susceptibility of mice microglia and neurons 
to the ZIKV was confirmed by the indirect 

Table I. Primer pairs used to amplify the target genes. 

Gene Primer Forward (5’ → 3’) Primer Reverse (5’ → 3’)

STING CATTGGGTACTTGCGGTT CTGAGCATGTTGTTATGTAGC

cGAS ACGAGAGCCGTTTTATCTCGTACCC TGTCCGGAAGATTCACAGCATGTTT

INF-α ATAACCTCAGGGAACAAGA GAGGAAGAGCAGGGCTCTC

INF-β CGAGCAGAGATCTTCAGGAAC TCACTACCAGTCCCAGAGTC

β-actin GCGGGAAATCGTGCGTGACATT GATGGAGTTGAAGGTAGTTTCGTG
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immunofluorescence assay at 24 hpi (figure 1 
and figure 2).

By the plate titration of the supernatant 
of microglia and neurons, the number of PFU/
ml in neurons was higher than that microglia 
in all hour’s post-infection verified, except at 24 
hpi. Additionally, was observed that the number 
of plaques forming units (PFUs) decreased 
over the hours post-infection, with the highest 
numbers of PFUs observed at 24, 48, 72 and 96 
hpi, respectively, for both cell types (table II). 

The quantification analysis of viral RNA 
for MOI = 1.0 in microglia and neurons, showed 
varying concentrations over the hours post-
infection, with viral titers being greater at 48, 72, 
24 and 96 hpi, respectively, for both cell types.

In microglia, the expression levels of cGAS, 
STING, INF-α and INF-β genes was statistically 

significant (p <0.05), over the hours post-
infection, in compared to the expression levels 
represented by the MOCK. In addition, the 
expression levels of the target genes over the 
hours post-infection were also statistically 
significant among the infected groups.

The highest levels of expression of the 
cGAS, INF-α and INF-β genes in microglia were 
observed at 48 hpi, on the other hand, the 
highest level of expression of the STING gene 
was observed at 72 hpi (figure 3). In microglia, the 
STING and cGAS genes had a higher expression 
rate than the MOCK (figure 3a, b), over the four 
analyzed periods, these expression rates being 
lower on 96 hpi for the cGAS gene and on 24 
hpi for the STING gene. For the INF-α and INF-β 
genes, a reduction statistically significant in 
expression levels at 72 and 96 hpi was observed, 

Figure 1. IIF of microglia cells 
at 24 hpi. a) Marking of iba-1 
in microglia. b)  Labeling 
of nucleic acids by DAPI. 
c)  Absence of marking for 
ZIKV. d)  Merged A, B and C 
images. e)  Marking of iba-
1 in microglia. f)  Labeling 
of nucleic acids by DAPI. g)  
Presence of marking for ZIKV. 
h)  Merged E, F and G images. 
Scale bar 125 µm. Microglia 
were seeded at 2.0 x 105 cells/
well.

Figure 2. IIF of neurons cells 
at 24 hpi. a) Marking of actin 
filaments by phalloidin in 
neurons. b)  Labeling of nucleic 
acids by DAPI. c)  Absence of 
marking for ZIKV. d)  Merged A, 
B and C images. e)  Marking of 
actin filaments by phalloidin in 
neurons. f)  Labeling of nucleic 
acids by DAPI. g)  Presence of 
marking for ZIKV. h)  Merged E, 
F and G images. Scale bar 125 
µm. Neurons were seeded at 
2.0 x 105 cells/well.
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respectively (figure 3c, d). During the other 
periods analyzed, as well as in the cGAS and 
STING genes, an increase in the expression rates 
of these genes was observed, in comparison to 
MOCK (table III).

Regarding neurons, was observed that the 
gene expression of the four target genes was 
statistically significant (p <0.05), in compared 
to the MOCK. In addition, the gene expression 
detected were also statistically significant 
among the infected groups over the hours post-
infection for all the genes, except for the cGAS 
gene (p = 0.4978) (table IV).

The highest level of expression of cGAS, 
STING and INF-β genes in neurons were observed 
at 96 hpi, on the other hand, for the INF-α gene 
the period of greatest expression was observed 
it 72 hpi (figure 4). In comparison to the MOCK, 
the cGAS gene had a significant reduction in 
the level expression over the first three hours 
post-infection verified (there was also observed 
suppression of cGAS gene at 96 hpi, however 
this suppression was not statistically significant) 
(figure 4a). 

About STING gene, at 24 and 48 hpi was 
detected increased gene expression in compared 
to the MOCK, however, these reductions were 
not statistically significant. On the other hand, 
there was a statistically significant increase of 
STING expression at 72 and 96 hpi in the infected 
group (figure 4b). 

The INF-α gene had increased expression 
at 96 hpi, which was also observed to be the 
only hour post-infection on which there was a 
statistically significant reduction in the gene 
expression in compared to the MOCK. On the 
other hand, at 24, 48 and 72 hpi the levels of 
INF-α gene were higher than the MOCK, which 
72 hpi showing the highest expression rate, and 
the unique period of statistically significant 
increase (figure 4c). 

Compared to MOCK, the lowest level of 
INF-β expression was observed at 24 hpi, it was 
also the only hour post-infection that showed 
reduction of expression for this gene, being this 
reduction statistically significant. On the other 
hand, was observed that INF-β expression was 
higher and statistically significant than the 
MOCK at 48, 72 and 96 hpi, with 96 hpi being the 
period of greatest gene expression (figure 4d).

In the Western blotting assay, was detected 
bands in the expected molecular weight of the 
whole protein (~42 kDa) in both infected cells 
and in the MOCK, suggesting that STING protein 
from mice microglia and neurons was not 
cleaved (figure 5). 

DISCUSSION
Generally, mice are widely used as experimental 
models, because of their numerous benefits 
that includes relatively low cost, ease of 
accommodation and handling. About studies 
involving ZIKV, mostly of them are conducted 
in mice with genetic deficiencies or acquired in 
interferon signaling, since the ZIKV is unable to 
efficiently antagonize the STAT2 protein of adult 
mice, which make immunocompetent mice 
resistant to the infection (Lazear et al. 2016, 
Morrison & Diamond 2017).

Table II. Plaque titration of supernatant of BALB/c 
mice microglia and neurons for each hour post-
infection. A higher number of PFU/ml was observed at 
24, 48, 72 and 96 hpi, respectively, for both cell types. 
Both cells were seeded at 2.0 x 105 cells/well.

Hour post 
infection (hpi) Microglia Neuron

24h 2,45x104 PFU/ml 2,00x104 PFU/ml

48h 1,30x103 PFU /ml 5,00x103 PFU/ml

72h 1,00x103 PFU/ml 1,30x103 PFU/ml

96h 5,00x102 PFU/ml 7,00X102 PFU/ml
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The primary culture of microglia and neurons 
from BALB/c mice, showed susceptibility for the 
isolated ZIKV strain (figures 1 and 2). The results 
of ZIKV kinetics in those cells, suggested a higher 
permissiveness of neurons to the isolated ZIKV, 
once the viral replication in neuronal cells was 
greater than microglia, over the four periods 
investigated. Our results were similar to the 
founds described to Costa et al. 2017, which 
infected ZIKV in primary cultures of neurons and 
glial cells of C57BL/6 mice and verified higher 
levels of viral titers at 48 and 72 hpi. The authors 
also observed greater permissiveness of ZIKV in 

neurons in compared to glial cells, what caused 
massive neuronal damage in the primary 
culture of neurons, which may be related to the 
Congenital Syndrome Associated with Zika Virus 
Infection, reported in many newborns around 
the world (Chimelli et al. 2017, Desai et al. 2017).

Using MOI = 0.1 in human astrocytes 
and microglia, Ojha et al. 2019, compared the 
experimental in vitro infection of three isolated 
ZIKV strains, MR766 (Uganda), R103451 (Honduras) 
and PRVABC59 (Puerto Rico), and observed that 
in astrocytes, the viral titers of the three strains, 
were higher at 48 hpi and 72 hpi, respectively, 

Figure 3. Correlation between the gene expression determined by RT-qPCR of cGAS, STING, INF-α and INF-β, in 
mice microglia experimentally infected with ZIKV, and the ZIKV kinetics in this cell type. The values of each hpi 
represent the average of results in triplicate. a) The cGAS expression was statistically significant increase at 24, 
48, 72 and 96 hpi. b) STING expression was increased at 24, 48, 72 and 96 hpi, but only statistically significant at 
24, 48 and 72 hpi. c) Inf-α expression was statistically significant increase at 24, 48, and 96 hpi, and statistically 
significant decrease at 72 hpi. d) The Inf-β expression was statistically significant decrease at 96 dpi, and increased 
at 24, 48 and 72 hpi, being the 48 hpi the unique period of statistically significant increase. Microglia were seeded 
at 2.0 x 105 cells/well and the MOI = 1.0. One-way ANOVA (Graph Prism 8.0) was the statistical test used. 
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and the R103451 strain, presented higher titles at 
48, 72, 24 and 96 hpi, respectively, which was the 
same kinetics profile noticed for our isolated 
ZIKV strain. Similar results also were related by 
Souza et al. 2016, which determined the ZIKV 
kinetics by RT-qPCR at MOI = 0.1 in Induced 
Pluripotent Stem Cells (iPSCs), derived from 
humans.

The differences between the results 
observed in the plate titration experiment 
using the supernatant, and the ZIKV kinetics 
using the intracellular content, can be justified 
due the number of virions being lower in the 
supernatant, compared to the amount of viral 
genetic material in the intracellular environment, 
which is also the location where the virus 
replicates. It is also important to emphasize that 
the viral kinetics determined by RT-qPCR detects 
the genetic material, which is in greater quantity 

when compared to the number of mature viral 
particles, what are used to determine the viral 
title in the plate titration test. Additionally, as 
results of cell death over the days because of 
the infection, fewer cells will be available for 
new infections, so, the amount of mature viral 
particles tends to decrease, how it was noted in 
our study.

The cGAS/STING pathway can detect 
and restrict flavivirus infection, such as DENV 
infection, which due to the damages in the 
mitochondrial membrane, the mitochondrial 
DNA (mtDNA) is exposed to the cytoplasm, thus 
leading to the recognition by cGAS protein and, 
consequently, the induction of INF-I (Aguirre et 
al. 2012, Schoggins et al. 2014). Most of the PAMPs 
and DAMPs recognized by PRRs during the ZIKV 
infection are still unknown, however, in humans, 
is known that the ZIKV infection also induces the 

Table III. p values obtained by one-way ANOVA (Graph Prism 8.0), for cGAS, STING, INF-α and INF-β genes, in BALB/c 
microglia experimentally infected with ZIKV. The table below shows whether there was statistical significance of 
the infected groups when compared to the MOCK (t test), as well as whether there were statistical differences 
between the infected groups.

Gene Hour post 
infection (hpi)

Fold change 
infected 
cells/NC

Statistical significance 
of each hpi in relation 

to the MOCK

p values (one-way 
ANOVA) compared 

to the MOCK

p values (one-way 
ANOVA) among the 

infected groups

cGAS

24h 5,7629 *

<0,0001 <0,0001
48h 7,9007 ***
72h 5,7821 **
96h 2,1798 **

STING

24h 2,9779 ***

0,0010 0,0314
48h 3,0777 ***
72h 5,7188 **
96h 4,8145 n.s

INF-α

24h 2,4259 ****

<0,0001 0,0002
48h 3,4032 **
72h 0,6664 **
96h 2,4549 ***

INF-β

24h 2,3123 n.s

<0,0001 <0,0001
48h 5,6544 **
72h 4,3852 n.s
96h 0,4586 ***

NC = Normalized Control (n.s = not significant p>0.05; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 One-way ANOVA).
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release of mtDNA into the cytoplasm, which is 
identified as a ligand for cGAS. Still not possible 
to say for sure if the cGAS protein detects only 
mtDNA during ZIKV infection, or if others host 
DNA species are detected (Zheng et al. 2018). 
Additionally, ZIKV utilizes an indirect strategy 
to evade the cGAS/STING response by the NS1 
protein that stabilizes caspase-1 leading to the 
cGAS protein cleavage (Eaglesham & Kranzusch 
2020).

Studies using knockout mice or cells derived 
from them, have been shown that mice without 
one or more components of the IFN-I system 
are susceptible to several ZIKV strains with 
high viral loads detected in the central nervous 
systems (CNS) and testicles, thus suggesting 
that the components of the IFN-I system, which 

include PRRs, are in fact important members 
in the combat against the viral infection, since 
immunocompetent mice are able to efficiently 
stop viral infection caused by ZIKV (Ding et 
al. 2018, Lazear et al. 2016, Rossi et al. 2016). 

Interestingly, Azamor et al. 2021, demonstrated 
that Congenital Zika Syndrome (CZS) is 
associated with exacerbated IFN-I synthesis, and 
other study conducted by Silva-Filho et al. 2021, 
showed that infection of C57BL/6 mouse with 
ZIKV pre-treated with recombinant Gas6 (growth 
arrest-specific 6 protein) (ZIKV Gas6) facilitates 
ZIKV infection and leads to malformations in 
the offspring, which also is associated with 
upregulation of INF-α and INF-β.

Part of the divergent observations between 
human and mice, can be justified by the fact 

Table IV. p values obtained by one-way ANOVA (Graph Prism 8.0), for cGAS, STING, INF-α and INF-β genes, in BALB/c 
neurons experimentally infected with ZIKV. The table below shows whether there was statistical significance of the 
infected groups when compared to the MOCK (t test), as well as whether there were statistical differences between 
the infected groups.

Gene Hour post 
infection (hpi)

Fold change 
infected cells/NC

Statistical significance 
of each hpi in relation to 

the MOCK

p values (one-way 
ANOVA) compared 

to the MOCK

p values (one-way 
ANOVA) among the 

infected groups

cGAS

24h 0,2253 ****

0,0082 0,4978
48h 0,1635 ***

72h 0,3815 *

96h 0,4592 n.s

STING

24h 0,8462 n.s

<0,0001 <0,0001
48h 0,5717 n.s

72h 3,7116 ***

96h 22,3864 ****

INF-α

24h 1,0313 n.s

0,0002 0,0009
48h 3,3625 n.s

72h 6,5328 ****

96h 0,1444 ****

INF-β

24h 0,6466 *

<0,0001 <0,0001
48h 6,1694 ***

72h 6,3324 ***

96h 8,1918 ****
NC = Normalized Control (n.s = not significant p>0.05; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 One-way ANOVA).
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that ZIKV uses several mechanisms to try to 
circumvent the human immune response, such as 
the inhibition of the C9 protein multimerization 
of the complement system and the deposition 
of the membrane attack complex in cells by 
the viral protein NS1 (Eaglesham & Kranzusch 
2020) degradation of human STAT2, but not in 
mice (Kumar et al. 2016, Hai et al. 2019, Wang et 
al. 2020) as well as, the human STING protein 
be degraded, by the NS2B/3 ZIKV protease and 
by others flaviviruses related to ZIKV (Ding et 
al. 2018) The same, however, is not observed in 
immunocompetent mice, thus suggesting that 

the cleavage of STAT2 and STING protein by 
ZIKV be a species-specific cleavage (Maringer & 
Fernandez-Sesma 2014). 

The differences in the gene expression 
profiles in microglia and neurons may be 
related to the fact that, even though these cells 
make part of the same tissue, microglia are 
known to be CNS defense cells (Wake & Fields 
2011), whereas neurons are cells responsible 
for conducting of nervous impulse and signal 
processing (Sardi et al. 2017), therefore, higher 
levels of gene expressions involved in the cell 
defense were expected in microglia, in compare 

Figure 4. Correlation between the gene expression determined by RT-qPCR of cGAS, STING, INF-α and INF-β, in mice 
neurons experimentally infected with ZIKV, and the ZIKV kinetics in this cell type. The values of each hpi represent 
the average of results in triplicate. a) The cGAS expression was statistically decreased at 24, 48, 72 and decreased, 
but not statistically significant, at 96 hpi b) STING expression was decreased, but not statistically significant at 24 
and 48 hpi, and statistically increased at 72 and 96 hpi. c) Expression of INF-α showed that there was a statistical 
decrease at 96 hpi, and increase at 24, 48 and 72 hpi, being statistically significant only at 72 hpi. d) Expression 
of INF-β showed that there was a statistical decrease at 24 hpi, and a statistical increase at 48, 72 and 96 hpi. 
Neurons were seeded at 2.0 x 105 cells/well and the MOI = 1.0. One-way ANOVA (Graph Prism 8.0) was the statistical 
test used. 
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to neurons, as well as, higher levels in the 
periods with higher viral loads, once our work 
used cells from immunocompetent newborn 
mice and mice embryos. 

The relationship between ZIKV viral load 
and the differences in the gene expression of 
the target genes, may be related to the different 
PRRs that act in the ZIKV detection (TLRs, RIG-I 
and cGAS/STING pathway), since these sensors 
probably operate together to identify possible 
combinations of PAMPs and DAMPs from ZIKV 
infection, or even, these PRRs act in a specifical 
way for each cell type (Serman & Gack 2019, 
Vanwalscappel et al. 2018, Hu et al. 2019). 
Therefore, determining the contribution of each 
innate immunity sensors in different cell types 
and tissues, will be of great importance to better 
understand the curse of ZIKV infection, as well 
as will help to contribute to the choice of which 
animal models and cell types that best fits for 
each type of intended study (Serman & Gack 
2019).

In the Western blotting assay, for the infected 
group at 96 hpi, similar bands were observed in 
the MOCK, which refer to the expected molecular 
weight of murine STING protein (~42 kDa), 
suggesting that the cleavage of STING protein 
of microglia and neurons from BALB/c mice, 
did not happen. The same observation was 
reported by Ding et al. 2018, who showed that 
STING protein of fibroblasts from C57BL/6 mice 
and non-human primates (NHP) is not cleaved 
by the ZIKV, differently that was showed by the 
same authors with the human STING, which was 
cleaved by the viral protease (NS2B/3) between 
the 78/79 position. This cleavage restricted to 
humans, can be explained by the fact that the 
STING protein is only partially conserved in 
rodents and NHP.

In conclusion, our results showed a 
differentiated expression profile of cGAS, 
STING, INF-α and INF-β, in mouse microglia and 
neurons, even with similar viral load found for 
both cells in every day analyzed, thus suggesting 
that ZIKV may be using different mechanisms to 
bypass the immune response of each infected 
cell type. Additionally, it is known that different 
PRRs are involved in the detection of viral 
infection, as well as that each cell type, even 
if coming from the same species and tissue, 
responds differently to the viral infection, which 
may have contributed to the differences of 
gene expression found between microglia and 
neurons in this work.
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infected cells at 96 hpi, suggesting that the murine 
STING (~42 kDa) was not cleaved by the ZIKV. For the 
western blotting assay microglia and neurons were 
seeded at 2.0 x 105 cells/well and the MOI = 1.0.
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ABBREVIATIONS 
ANOVA = Analysis of variance 
BALB/c = Albino mice (Mus musculus BALB/c)
cGAMP = 2’3’-Cyclic GMP-AMP 
cGAS = Cyclic GMP-AMP synthaseCMC = 
Carboximetilcelulose 
CNS - Central nervous systems
CZS = Congenital Zika Syndrome
CO2 = Carbon dioxide
DAMPs = Damage-associated molecular pattern 
DAPI = 4’,6-diamidino-2-phenylindole 
DENV = Dengue virus
DMEM = Dulbecco’s Modified Eagle’s Médium 
DMEM/F12 = DMEM/F-12 = Dulbecco’s Modified 
Eagle Medium (D-MEM/F12)
DNA = Deoxyribonucleic acid
FBS = Fetal bovine serum 
G = Gravity
Gas6 = Growth arrest-specific 6 protein
GBS = Guillain-Barré syndrome 
HBSS = Hank’s Balanced Salt Solution
HIV = Human Immunodeficiency virus
HPI = Hour’s post infection
HPV = Human papillomavirus
IBA-1 = Ionized calcium binding adaptor 
molecule 1
IIF = Indirect Immunofluorescence 
INF-I = Type I interferon
INF-α = Alpha interferon
INF-β = Beta interferon
JEV = Japanese encephalitis virus
MDA5 = Melanoma differentiation-associated 
protein 5
MOI = Multiplicity of infection
mtDNA = Mitochondrial DNA
NPCs = Neural progenitor cells
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ORF = Open Reading Frame 
PBS = Phosphate-buffered saline 
PFU = Plaque-forming unit 
NHP = Non-Human Primates 
PRRs = Pattern recognition receptor
RIG-I = Retinoic acid-inducible gene I
RNA = Ribonucleic acid 
RNAm = Messenger RNA 
RT-qPCR = Reverse transcription-quantitative 
polymerase chain reaction
SARS-CoV = Severe acute respiratory syndrome 
associated coronavirus
STAT2 = Signal transducer and activator of 
transcription 2
STING or TMEM 173 = Stimulator of interferon 
genes or transmembrane protein 173
TLR = Toll-like receptor
WNV = West Nile virus
YFV = Yellow Fever virus
ZIKV = Zika virus
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