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Profile of Cytokines and Chemokines Triggered by Wild-Type Strains of Rabies Virus in Mice
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Abstract.

Rabies is a lethal infectious disease that causes 55,000 human deaths per year and is transmitted by various

mammalian species, such as dogs and bats. The host immune response is essential for avoiding viral progression and pro-
moting viral clearance. Cytokines and chemokines are crucial in the development of an immediate antiviral response; the
rabies virus (RABV) attempts to evade this immune response. The virus’s capacity for evasion is correlated with its patho-
genicity and the host’s inflammatory response, with highly pathogenic strains being the most efficient at hijacking the host’s
defense mechanisms and thereby decreasing inflammation. The purpose of this study was to evaluate the expression of a
set of cytokine and chemokine genes that are related to the immune response in the brains of mice inoculated intramuscu-
larly or intracerebrally with two wild-type strains of RABYV, one from dog and the other from vampire bat. The results
demonstrated that the gene expression profile is intrinsic to the specific rabies variant. The prompt production of cyto-
kines and chemokines seems to be more important than their levels of expression for surviving a rabies infection.

INTRODUCTION

Rabies is a zoonotic, highly lethal, and neglected disease
that has been affecting humanity for more than 4,000 years.'
Domesticated dogs are mainly responsible for rabies transmis-
sion, especially in Asian and African countries, but other wild
mammals such as bats, nonhuman primates, foxes, and wild
dogs can be responsible for human cases.”” Pathological stud-
ies have shown that animal and human brains infected with
rabies virus (RABV) develop encephalitis but exhibit only
minimal neuronal loss and varying degrees of inflammation,®
thus demonstrating that the virus has mechanisms to evade
the host immune response.” An uninfected animal’s central
nervous system (CNS) has intact endothelial tight junctions,
low expression of adhesion molecules, and lack of immuno-
logical activity.'>!! However, when a pathogen gains access to
the CNS, an immediate immune response occurs. After RABV
is recognized by the Toll-like receptors and retinoic acid-
inducible gene 1-like receptors that are present in neurons,'?
interferon beta (IFN-B) is produced at high levels, subse-
quently acting as an antiviral protein and initiating a cascade
of transcription that links the innate and acquired immune
responses.”* " In addition to IFN-B, stressed or damaged neu-
rons synthesize interferon gamma (IFN-y), interleukin 6 (IL-6),
chemokine (C-C motif) ligand 21 (CCL21), and chemokine
(C-X3-C motif) ligand 1 (CX3CL1), the last of which has
receptors on macrophages and glial cells that are then acti-
vated and produce several other cytokines and chemokines,
such as IL-1, IL-6, IL-12, TNF-a,, CCL4, CCL5, CCL7, and
chemokine (C-X-C motif) ligand 10 (CXCL10). These factors
lead to the upregulated expression of major histocompatibility
complex by microglia and to the increased expression of
adhesion molecules (especially CXCL10) that promote inter-
actions with circulating leukocytes and promote the opening
of the blood-brain barrier (BBB),'*?!' thus allowing a robust
immune response that can be harmful, depending on the
amount of reactive oxygen species released.”> >
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In most cases, CNS infections are controlled by infiltrating
T cells.>® However, in RABYV infections, especially those due
to highly pathogenic strains, T cells in the periphery do not
determine the outcome of infection, though they are activated
normally,”’ as shown in a study conducted in mice lacking
T cells.®® This inefficacy occurs because the virus can induce
a significant production of calcitonin, somatostatin, and vaso-
active intestinal peptides in infected cells, thus limiting the
activity of T cells?’; further, the virus can even induce T cell
apoptosis®®*! Immunohistochemical studies of RABV-infected
brains and spinal cords demonstrated that neurons showed a
large amount of RABYV antigen with intact morphology and
that migrating T cells showed evidence of undergoing the
apoptotic process.>**>* In contrast to infections caused by
highly pathogenic strains, T cells are important in controlling
those caused by attenuated viruses, in which infected neurons
are successfully eliminated by apoptosis and T cells remain
intact.”>**° Differences in the pathogenicity of RABV
strains are associated not only with viral replication and the
cellular infection rate but also with the level and duration of
cytokine expression, in addition to the induction of apoptosis
in immune cells.”> Several studies have shown that attenuated
RABYV samples lead to high expression of cytokines, an
increase in BBB permeability related to the presence of
IFN-vy, and the infiltration of inflammatory cells into the
CNS, which enables viral clearance.?’-36-40

In light of the crucial role of cytokines and chemokines in
immune response regulation,*’** the aim of this study was to
evaluate the expression of selected cytokines and chemokines
in the CNS of mice that were experimentally infected with
two different wild-type strains of RABYV, one from dog (vari-
ant 2 [V2]) and the other from vampire bat (variant 3 [V3]).

MATERIALS AND METHODS

Animals and viruses. Female C57/BL6 mice, 4-6 weeks old,
specific-pathogen-free, were provided by Cemib (University of
Campinas animal facility) and used for experimental rabies
inoculation. The animals were kept in special containers and
received sterile water and irradiated food “ad libitum.”

Dog RABYV and hematophagous bat RABYV, both of which
were wild-type strains, were isolated from human patients
and characterized as V2 and V3, respectively.
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Experimental design. Experiment 1: Mice were separated
into two main groups and inoculated intramuscularly (i.m.) in
the right hind limb with 100 pL of 40 LDs, (lethal dose 50) of
V2 inoculum or 40 LDsy of V3 inoculum. For each LDs, the
animals were separated into three groups with eight animals
each; one group was maintained for clinical evaluation during
a 30-day period and the other two groups were euthanized at
5 and 10 days postinoculation (d.p.i.) for brain collection.

Experiment 2: To evaluate the immune response in the final
stage of the disease, two groups of eight animals were inocu-
lated via intracerebral (i.c.) route with 30 pL of V2 or V3
inoculum with the same viral titer (107%% LDs,/0.03 mL). The
animals were observed during a maximum period of 30 days
and brains were collected immediately after death.

For each group, a control was established, in which animals
were inoculated only with the viral diluent by the same route
as the infected animals, either i.m. or i.c.

Animals in all of the groups were weighed and evaluated
daily for the onset of clinical signs of infection, such as ruffled
fur, hunched back, hypo- or hyperexcitability, paralysis of one
or both hind limbs, or tetraplegia.

The animal study was approved by the Sdo Paulo State
University Ethics Committee (registration number 238/2008),
which follows the guidelines established by Colégio Brasileiro
de Experimentacdo Animal—the Brazilian Society of Labora-
tory Animal Science.

RNA extraction and quantitative reverse transcription
polymerase chain reaction. Brain tissue RNA was extracted
with the Invitek® Kit (Berlin, Germany) and stored at —80°C.
The reaction for complementary DNA (cDNA) synthesis
consisted of 1 pg of extracted RNA, 1 uL of Oligo(dT) primer
(Invitrogen®, Carlsbad, CA), and 1 pL of SuperScript II
(Invitrogen®) and was performed according to the manu-
facturer’s instructions. The quantitative reverse transcription
polymerase chain reaction was performed with 2 pL of 1/50
diluted cDNA, 1 puL of 0.1 pg of each primer and Master Mix
SYBR Green (Promega®, Madison, WI) in a final volume of
25 pL, according to the manufacturer’s instructions. Primers
for the 78S murine genes were supplied by IDT® and used as
housekeeping genes; primers for the RABV N protein gene
were manufactured as described previously.* Mouse QuantiTect®
Primer Assays from Qiagen® (Hilden, Germany) were used to
evaluate the expression levels of CCL2, OASI, IL-2, IL-6, IL-12,
TNF-a, IFN-y, IFN-p, CXCL10, CD200R, and IGF-I genes.

All thermal cyclings and detections were performed using
an Applied Biosystems StepOne Fast® (ABI7500 Fast, Foster
City, CA) thermal cycler employing a thermal profile of
40 cycles of 50°C for 20 seconds, 95°C for 10 minutes, 95°C
for 15 seconds, and 60°C for 1 minute.

Data analysis. The GraphPad Prism® 5.0 (La Jolla, CA)
and Instat® software (La Jolla, CA) were used as analysis
tools. The Kruskal-Wallis test with P < 0.05 was selected for
global evaluations of cytokine and chemokine gene expres-
sion, and the two-tailed Mann—-Whitney test was used to
compare the expression level of a single cytokine or chemo-
kine at 5 and 10 d.p.i.. Values of P between 0.05 and 0.1
were considered significant.

RESULTS AND DISCUSSION

LM. inoculation (experiment 1). The incubation periods
were 12 days and 11 days for V2 and V3, respectively, with

no significant difference; thus, the length of the incubation
period is variant independent. The evolution periods, which
were characterized by the period between the beginning of
clinical signs of infection and death, were 5 and 6 days and
mortality rates were 60% and 66%, respectively, for V3 and
V2, with no significant differences observed for the evolution
periods. This finding demonstrates that after the entry of
RABYV particles into the CNS, there is no difference between
dog and bat variants regarding the time required for disease
progression. A study of the major characteristics of human
rabies cases due to bat and dog variants also showed that after
the onset of clinical signs of infection, there was no difference
in the survival time between the variants.** Our survival anal-
ysis showed a difference between V3 and V2 (P = 0.003)
(Figure 1).

When comparing N gene expression between the groups in
the same period, 5 and 10 d.p.i., no significant difference was
found (Figure 2). A study published by Chopy and others'
examined mice that were inoculated via an im. route with a
lethal dose of Challange Virus Standard (CVS) and were then
killed in different stages of clinical disease. That study found
no difference in the total amount of virus between the differ-
ent phases of the disease when N gene transcripts of RABV
were evaluated in those animals.

We next considered the expression of the immune markers
in the V2 group. High expression levels of IL-12 (P < 0.05)
at 5 d.p.i. were observed, with a further discrete enhancement
at 10 d.pi. (P = 0.09), associated with higher expression of
OASI (P = 0.01) and IFN-B (P = 0.01), although all of the
immune markers seemed to have increased expression levels
at this point compared with those at 5 d.p.i. (Figure 3A).
Animals inoculated with V3 had high expression levels of
IFN-B (P < 0.01) and CCL2 (P < 0.001) at 5 d.p.i. At 10 d.p.i,,
no difference was observed for any cytokine or chemokine
between the groups. However, when expression was compared
individually at 5 versus 10 d.p.i., TNF-a (P = 0.0005), IFN-B
(P = 0.0002), IL-12 (P = 0.0047), and CD200R (P = 0.0047)
were statistically increased at 10 d.p.i. (Figure 3B).

We then compared the results solely for those immune
markers with statistically enhanced expression at 5 and 10 d.p.i.
in the V2 versus V3 groups. Despite a similar mortality rate in
both groups, at 5 d.p.i., V2 had a higher expression of 1L-12
(P = 0.007), whereas V3 had a more prominent expression
of IFN-B (P = 0.007). At 10 d.p.i., no difference was found.
Considering that the animals were inoculated with the same
lethal dose of both variants and had similar mortality rates,
biologically, the profile of cytokines and chemokines seems
to show that V2 induces the expression of a larger number
of the analyzed genes and at a higher intensity, especially at
10 d.p.i., compared with V3. A study performed in mice
inoculated with the same lethal dose, via i.c. or i.m. routes,
using a highly pathogenic silver-haired bat RABV (SHBRV)
or an attenuated CVS strain (B2C) showed that the genes
upregulated by the B2C strain were higher in both number
and intensity. It is also interesting to note that the OASI
gene was upregulated 4-fold compared with IFN-p in the
same group, 2-fold higher compared with OASI expression,
and more than 6-fold higher compared with IFN-B expres-
sion in the SHBRV group.® Although both of the RABV
strains used in this present study were classified as highly
pathogenic because they were isolated from human rabies
patients, the gene expression of V2 and V3 was biologically
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(A) Incubation period of V2 and V3 groups; Mann-Whitney test was used to calculate differences between the groups. No statistical

difference was found. (B) Evolution period; Mann—-Whitney test showed no significant difference (P > 0.05) between the groups. (C) Survival analysis
between groups during 30-day observation period; Mantel-Cox test demonstrated a statistical significance between V3 vs. V2 (P = 0.003).

distinct, even at the same viral titer and mortality rate, espe-
cially at 10 d.p.i., which was related to the induced and
upregulated gene expression of V2 compared with V3. The
data in this study show that the mortality rate does not
appear to be associated with gene expression.

I.C. inoculation (experiment 2). The mortality rate of ani-
mals inoculated by the i.c. route was 100% for V2 and V3,
but an analysis of the survival curves showed differences in
disease progression between the variants (P = 0.01). The
median incubation period was 8 days for V2 and 9 days for
V3 (P = 0.0002), whereas the median evolution period for
V2 was 4 days and only 1 day for V3 (P < 0.0001). A study
in India, analyzing data from human rabies patients showed
that the incubation period is not correlated with the rapidity
of the clinical course of the disease.*’ Evaluation of RABV
N gene expression also showed differences between the vari-
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FiGURE 2. Rabies virus N gene expression in the brains of mice
infected with V2 and V3. Mann—Whitney test was applied to compare
the results between the groups at 5 and 10 days postinoculation
(d.p..). There was no difference between the groups at the same
period, 5 d.p.i. or 10 d.p.i. or at 5 d.p.i. vs. 10 d.p.i.

ants, with the highest expression being observed with V3
(P =0.01) (Figure 4). The short evolution period is positively
associated with the high N gene expression in the V3 group.

The immune markers analyzed in both variants showed
increased expression of the same cytokines and chemokines,
with equal P values. These were IFN-y (P < 0.001), CXCL10
(P < 0.001), TNF-a (P < 0.05), and CCL2 (P < 0.001)
(Figure 5).

The major activity of chemokines (such as CXCL10 and
CCL2) is to modulate the trafficking of T cells to the CNS,
though chemokines are also important in promoting viral
clearance. Studies conducted with different viral agents such
as herpes simplex and West Nile showed that deletion of the
gene responsible for CXCL10 expression led to the poor
infiltration of T cells and to inefficient viral control, which
was associated with more severe disease. However, an excess
of T cells can also be deleterious because it causes greater
cytotoxicity and inflammation.>** Several in vivo or in vitro
studies have demonstrated that CXCL10 is present and
upregulated after RABV infection.®?**® This chemokine has
been shown to play an important role in BBB permeability
and seems to be essential in the clearance of RABV from
the CNS because it allows the entry of immune effector
cells.** Although studies®*’ have described enhanced expres-
sion of CXCL10 in models infected with attenuated RABYV,
but not in those infected with wild-type RABYV, the results of
this study revealed a statistically significant upregulation of
CXCL10 and TNF-« in animals infected with wild-type strains.
Immunohistochemistry assays of the brains of human patients
correlated the presence of TNF-a and IL-1 (proinflammatory
cytokines) with the presence of RABV and showed that the
presence of these cytokines was also positively correlated with
brain inflammation, but no association was established between
viral load and higher levels of TNF-a.*
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Kruskal-Wallis test was applied to analyze the global results and Mann—Whitney two-tailed test was applied to make individual comparisons at
5 vs. 10 d.p.. (A) Expression at 5 and 10 d.p.i. in the V2 group; IL-12 (* P < 0.05) had higher expression levels at 5 d.p.i. and OASI (** P = 0.01)
and interferon beta (IFN-p) (** P = 0.01) at 10 d.p.i.; comparing 5 d.p.i. vs. 10 d.p.i., IL-12 (# P = 0.09) showed a slight increase. (B) Expression at
5 and 10 d.p.i. in the V3 group; IFN-B (** P < 0.01) and CCL2 (*** P < 0.001) had a higher expression at 5 d.p.i. No difference was observed at
10 d.p.i.,, although in the comparison between 5 d.p.i. vs. 10 d.p.i. TNF-a (### P = 0.0005), IFN-p (### P = 0.0002), IL-12 (## P = 0.0047), and

CD200R (## P = 0.0047) showed a higher expression at 10 d.p.i.

When these four increased cytokines and chemokines (IFN-y,
CXCL10, TNF-a and CCL2) were compared between the V2
and V3 groups, the expression levels of CCL2 (P = 0.01) and
CXCLI10 (P = 0.01) were higher in V2. The statistically high
expression levels of these chemokines can possibly be related
to lower levels of the N gene present in the V2 group, but they
are not associated with a decreased mortality rate, which was
100% in both groups. Mansfield and others® showed that
high expression levels of CXCL10, IFN-vy, and IL-6 in mice in
a clinical phase of encephalitis caused by European bat
lyssavirus type 2 were not related to survival. Altogether, it
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can be concluded that even with high expression levels of cyto-
kines and chemokines that are involved in the inflammatory
process and that mediate the specific immune response, a
substantial innate response was still insufficient to control
infection and prevent death.

CONCLUSIONS

Mice inoculated with V2 and V3 at the same LD50 via the
i.m. route presented the same mortality and clinical features
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difference (*** P < 0.0001) between the groups. (C) Survival analysis curve between V2 and V3 within a 30-day observation period; Mantel-Cox
test demonstrated a statistical significance between the two groups (** P < 0.01). (D) Relative rabies virus N gene expression between V2 and V3;
Kruskal-Wallis test showed a higher expression in the V3 group (** P = 0.01).
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FiGure 5. Relative gene expression of cytokines and chemokines in the brains of animals inoculated via intracerebral route with (A) V2
or (B) V3 strains. Both variants showed an increase of the following immune markers: IFN-y (*** P < 0.001), CXCL10 (*** P < 0.001), TNF-«

(* P <0.05), and CCL2 (¥+* P < 0.001).

but different gene expression profiles, which indicates that
the immune response is intrinsic to the RABV variant.

The prompt production of cytokines and chemokines
seems to be more important than their levels of expression
for rabies survival, as observed in moribund animals that still
succumbed to the disease, despite expressing high levels of
these cytokines and chemokines related to a host-specific
immune response.
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