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Abstract
Peripheral viral infections are potent triggers of exacerbation inmultiple sclerosis (MS). Here, we used a preclinical model ofMS,
the experimental autoimmune encephalomyelitis (EAE) to corroborate this comorbidity in an experimental setting. EAE was
induced by immunization of mice with MOG peptide, and paralysis was scored using a 5-point scale. At the onset of the chronic
phase of the disease (Days 42–58 after MOG injection) the animals were divided into low responders (LR) and high responders
(HR) with the mean score of 1.5 and 2.5, respectively. The acute phase response (APR) was induced by intraperitoneal injections
of a viral mimetic, polyinosinic-polycytidylic acid (PIC). Two daily injections were performed on Days 42 and 44 (PIC42,44

challenge) and on Days 54, 55 and 56 (PIC54,55,56 challenge). PIC42,44 challenge had no effect of EAE disease, whereas
PIC54,55,56 challenge rapidly increased paralysis but only in HR group. This exacerbation ultimately led to animal death by
Day 58. These results demonstrate that antiviral APR is a potent exacerbator of EAE, and that this activity directly correlates with
the severity of the disease. This in turn, indicates that antiviral APR might play a pivot role in linking peripheral viral infections
with MS exacerbations.
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Introduction

Multiple sclerosis (MS) is characterized by unpredicted occur-
rence of exacerbations that detrimentally affect the long term
disability. Epidemiological studies strongly implicate viral in-
fections in the periphery as triggers of the exacerbations
(Sibley et al. 1985; Andersen et al. 1993; Panitch 1994;
Edwards et al. 1998; Buljevac et al. 2002; Correale et al.
2006; Libbey and Fujinami 2010). Importantly, viral
infection-instigated exacerbations result in more persistent
neural deteriorations than other exacerbations. Although the
mechanisms have not been defined, several pathways have
been suggested. For example, the infections may decrease
the ability of the CNS to protect itself against autoimmune

attack by leukocytes (Matullo et al. 2011), enhance the auto-
immune responsiveness of the host leukocytes (Correale et al.
2006), or induce re-activation of a CNS-resident virus
(Borkosky et al. 2012).

Because MS exacerbations are induced by various, and
often unrelated viruses (Libbey and Fujinami 2010;
Kakalacheva et al. 2011), the triggering process is likely to
involve a common viral signature. A good candidate is a dou-
ble stranded RNA (dsRNA) that is generated by most viruses
during their replication cycle (Jacobs and Langland 1996;
Weber et al. 2006). dsRNA is recognized by the major antivi-
ral receptors of the host cells, i.e., toll-like receptor 3 (TLR3),
retinoic acid-inducible gene 1 (RIG-1), melanoma
differentiation-associated protein 5 (MDA-5) and protein ki-
nase R (PKR). The ligation of these receptors elicits the acute
phase response (APR), the first line of antiviral defense char-
acterized by the fulminant generation of interferons, cyto-
kines, chemokines and other inflammatory mediators that cur-
tail the spread of the infection. However, these inflammatory
mediators are also conveyed via circulation to the CNSwhere-
by they induce a Bmirror inflammatory response^ (Dantzer
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and Kelley 2007). The inflammatory factors generated periph-
erally and/or centrally during antiviral APR are expected to
exert a profound effect on the progression of MS.

A synthetic dsRNA, polyinosinic-polycytidylic acid
(PIC), is a commonly used tool to induce antiviral APR
[reviewed in (Konat 2016)]. APR induced by intraperitone-
al PIC injection involves a robust but transient surge of
blood cytokines, such as IL1β, IL6, TNFα, CXCL9,
CXCL10, CXCL1, CXCL2, CCL2, CCL7, CCL12 and
IFNβ (Michalovicz and Konat 2014; Petrisko and Konat
2017). The brain response to this surge entails the produc-
tion of CXCL10, and to a lesser extent the production of
CXCL1, CXCL2 and CXCL9. In addition, the cerebral re-
sponse includes the production of complement proteins and
the activation of anaphylatoxin cascades (Michalovicz and
Konat 2014; Petrisko and Konat 2017). Most of these in-
flammatory factors have been implicated in the pathology
of MS (Cheng and Chen 2014; Pranzatelli 2018).

We hypothesize that the inflammatory factors generated
during antiviral APR augment the ongoing MS pathology
resulting in the exacerbation of the disease. The present study
was undertaken to test this hypothesis using the autoimmune
model of MS, the experimental autoimmune encephalomyeli-
tis (EAE) in mice. During the chronic phase of EAE, mice
were challenged with PIC, and progression of the disease
was monitored and compared to that in EAE animals without
PIC challenge.

Materials and methods

Animals

Ten-week old female C57BL/6 mice obtained from Charles
River Laboratories (Wilmington, MA) were housed on
Diamond Soft bedding under 12-h light/dark cycle with ad
libitum access to food and water. All procedures were ap-
proved by the West Virginia University Animal Care and
Use Committee and conducted in compliance with the guide-
lines published in the NIH Guide for the Care and Use of
Laboratory Animals.

EAE induction

The Hooke Kits™ for EAE Induction (Hooke Laboratories,
Lawrence, MA) was used according to the manufacturer’s
protocol. Briefly, on Day 0, mice were lightly anesthetized
with isoflurane and subcutaneously (s.c.) injected with the
MOG35–55 emulsion in CFA into four sites of the back
(50 μL per site), followed by an intraperitoneal (i.p.) injection
of 300 ng of pertussis toxin (PTx) in 100 μL of saline. The
PTx injection was repeated the next day (Day 1). The animals
were scored daily for signs of EAE using a 5 point scale: 0,

unaffected; 1, loss of tail tone; 2, hind limb weakness; 3,
complete paralysis of hind limbs; 4, quadriplegia; and 5, mor-
ibund. If an animal appeared to be between two scores, an
average score was assigned.

PIC challenge

OnDay 42, mice were divided into high responders (HR) with
scores >2 (mean score of 2.5 ± 0.1) and low responders (LR)
with scores ≤2 (mean score of 1.5 ± 0.1). To induce antiviral
APR, half of the animals in each group received two daily i.p.
injections of 12 mg/kg of ultrapure PIC (Invivogen, San
Diego, CA) in 100 μL of saline. These injections were spaced
two hours apart. The first PIC challenge was performed on
Days 42 and 44. The second PIC challenge was executed on
Days 54, 55 and 56. The other half of the animals were
injected with an equivolume saline in lieu of PIC. Thus, four
groups were generated: LR-PIC, LR-Sal, HR-PIC and HR-
Sal. The animals were scored and weighted daily. Severely
affected mice were housed with animals of similar severity
in cages containing HydroGel (Westbrook, ME). Animals that
scored a 4.0 for two consecutive days or lost more than 30% of
body weight were euthanized. A score of 5.0 was assigned to
animals that were euthanized or died.

Statistical analysis

Statistical comparisons were performed by two-way repeated
measures ANOVA (RMANOVA) followed by the Holm-
Sidak post hoc test. A Kaplan-Meir plot was generated and
the logrank test was used to test differences in survival time.
Differences between groups were considered significant at
P ≤ 0.05.

Results

The initial wave of paralysis commenced on Day 10, peaked
on Day 16 and partially resolved around Day 25 after MOG
immunization (Fig. 1). This was followed by a second slower
relapse that plateaued around Day 40 indicating a chronic
phase of the disease. There was no mortality at any time point.

We tested the comorbidity of antiviral APR induced by PIC
injection during the chronic EAE phase. Although the peak
scores during the initial relapse (Fig. 1) were tightly clustered
(e.g., 2.4 ± 0.1 at Day 16), the variability of sickness intensity
increased substantially thereafter. Consequently, on Day 42,
we divided the animals into two subpopulations based on the
disease severity, i.e., high responder (HR) group with scores
of 2.5 ± 0.1, and low responder (LR) group with scores of 1.5
± 0.1.

PIC is rapidly deactivated within the peritoneal cavity, and
consequently a single PIC injection results in a bolus
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stimulation of the innate immune system (Konat 2016).
Because viral replication, and thus dsRNA generation in the
host are protracted, we performed two consecutive PIC injec-
tions two hours apart to better simulate APR instigated by
viral infection. To assess the effect of PIC challenge severity,
we used two paradigms. Initially, the animals were challenged
with PIC on Days 42 and 44 (PIC42,44 challenge). After ten
days of recovery, the animals were injected for three consec-
utive days, i.e., Days 54, 55 and 56 (PIC54,55,56 challenge).

The response of animals during the chronic phase of EAE
to PIC challenge is shown in Fig. 2. RMANOVA onDays 42–
59 showed a significant effect of group [F(3, 238) = 21.48,
p < 0.001], and time [F(14, 238) = 4.38, p < 0.001]. The inter-
action between groups and time was also significant [F(42,

238) = 2.80, p < 0.001]. In HR group, PIC42,44 challenge
tended to temporarily increase EAE scores as compared to
EAE mice injected with saline, but the differences were not
statistically significant. PIC54,55,56 challenge profoundly exac-
erbated paralysis, and the difference in EAE scores between
HR-PIC and HR-Sal groups reached high statistical signifi-
cance (p < 0.001) on Days 56, 57 and 58. Moreover, the ex-
acerbation of EAE symptoms resulted in animal death. The
first animal in HR-PIC group died on Day 56, and no animal
survived beyond Day 58.The difference from HR-Sal group
assessed by the logrank test was highly significant (p ≤ 0.001).

In contrast, no change in sickness scores was observed in
LR-PIC group as compared to LR-Sal group after either
PIC42,44 or PIC54,55,56 challenges (Fig. 2). Although PIC42,44

challenge tended to ameliorate the disease in LR-PIC, the
decrease of EAE scores was not statistically significant.
Following PIC54,55,56 challenge, one LR-PIC mouse died
(20%mortality) in on Day 56, albeit the survival of this group
did not significantly differ from LR-Sal group.

Discussion

Previous preclinical studies addressed the comorbidity of pe-
ripheral viral infections and MS by focusing on their involve-
ment in the induction phase of EAE (Peacock et al. 2003;
Verbeek et al. 2007). These experiments have revealed that
preceding peripheral viral infections increase the susceptibili-
ty of animals to develop EAE. However, the effect of viral
insult during the effector phase of EAE has not been studied.
In the present study, we demonstrated comorbid effect of viral

Fig. 2 Comorbidity of PIC-
induced APR during chronic
phase of EAE. Upper panels
show the effect of PIC challenges
on neurological disability. Arrows
indicate PIC injections during the
first (PIC42,44) and second
(PIC54,55,56) challenge (for details
see text). Red circles; PIC-
injected EAE mice. Blue trian-
gles; saline-injected EAE mice.
Symbols represent averages ± SE.
LR-PIC (n = 5), LR-Sal (n = 5),
HR-PIC (n = 5) and HR-Sal (n =
6). *P ≤ 0.001. Lower panels
show mortality after the second
PIC challenge. Brocken red lines
represent PIC-challenged EAE
mice. Solid blue lines represent
saline-injected controls

Fig. 1 Time course of MOG-induced EAE. Ten-week old female
C57BL/6 mice were immunized with MOG35–55 peptide (Day 0) and
the progression of paralysis was scored daily (for details see BMaterials
and methods^ section). Points represent averages ± SE from 20 (Days 0–
42) and 11 (Days 43–59) animals
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challenge in mice with established EAE. Consequently, our
experimental paradigm models viral infection-induced exac-
erbations in MS patients (Sibley et al. 1985; Andersen et al.
1993; Panitch 1994; Edwards et al. 1998; Buljevac et al. 2002;
Correale et al. 2006; Libbey and Fujinami 2010).

The effect of PIC-induced exacerbation of EAE disease
depended on the strength of PIC challenge. Thus, no effect
was evident in EAEmice following challenge on two alternate
days (PIC42,44). In contrast, PIC challenge for three consecu-
tive days (PIC54,55,56) induced a fulminant relapse of the dis-
ease as seen from the rapid exacerbation of paralysis and ulti-
mate death. Although the animals were allowed to recover for
ten days after the first PIC challenge, a possibility for a prim-
ing of the immune system for a heightened response to the
second PIC challenge could also be considered.

The exacerbating effect of PIC challenge was also strongly
dependent on the severity of EAE disease. Thus, the exacer-
bation of EAE symptoms occurred only in HR group, while
no exacerbation was evident in LR group. It is expected that
HR group with the initial score of 2.5 has more intense inflam-
mation than LR group with the score of 1.5. These results
might indicate the existence of a threshold in the inflammatory
status required for the fulminant response to occur.
Alternatively, the response might be more gradually depen-
dent on disease severity. For example, although LRmice were
evidently spared, a tendency to increase paralysis score and
the death of one animals occurred on Day 58. Thus, the exac-
erbation in LR mice may be delayed beyond Day 58. This
dependence on EAE severity is reminiscent of MS patient
response to inflammatory mediators that is depend on the
disease subtype (Nikfar et al. 2010). The effects of EAE se-
verity as well as the strength of PIC challenge on EAE exac-
erbation will be delineated in future studies.

PIC is a potent inducer of generic APR in a manner inde-
pendent of the viral type (Guha-Thakurta and Majde 1997;
Traynor et al. 2004). The induction of antiviral APR is restrict-
ed to the peritoneal cavity, because PIC is swiftly degraded
within this compartment, and does not reach the circulation
(Konat 2016). PIC stimulates peritoneal macrophages andme-
sothelial cells, but does not cause tissue damage, and thus does
not elicit the confounding effects of systemic response to tis-
sue injury. Consequently, the present study provides the proof-
of-concept that APR per se is a principal component of the
innate immune response to viral challenge responsible for the
exacerbation of EAE, and by extension, forMS exacerbations.

The inflammatory factors generated during PIC-induced
APR are likely responsible for the augmentation of EAE pa-
thology. For example, IL6 that is profoundly increased by PIC
challenge in the blood (Michalovicz and Konat 2014) has
been demonstrated to enhance the recruitment of patrolling
leukocytes through the neuroendothelium (Richard et al.
2011). CXCL10 that is also robustly increased by PIC chal-
lenge in both the blood and CNS (Petrisko and Konat 2017) is

a potent activator and chemoattractant of circulating leuko-
cytes (Liu et al. 2001) and resident microglia (Rappert et al.
2004; Clarner et al. 2015). The increase of leukocytic infiltra-
tion promoted by IL6 and/or CXCL10 is likely to augment the
neuroinflammatory milieu in the CNS parenchyma leading to
exacerbation of the disease. Moreover, PIC challenge
upregulates the generation and activation of the complement
proteins in the CNS (Michalovicz et al. 2015; Petrisko and
Konat 2017), and the complement system activation is an
intrinsic feature of MS pathology (Storch et al. 1998). PIC-
induced APR may also act at the periphery by enhancing the
activity of lymphocytes. For example, PIC is a potent promot-
er of expansion and differentiation of CD8+ Tcells (Ngoi et al.
2008), which are primarily responsible for CNS damage dur-
ingMS relapses (Malmestrom et al. 2008). Finally, one should
also be cognizant of the possibility that EAE animals with
ongoing autoimmune pathology may generate different pro-
files of inflammatory factors in response to PIC challenge that
differ from those induced in naïve animals used in the afore-
mentioned studies. The identification of these factors would
open the way for the development of therapeutic strategies to
control the progression of MS.

In conclusion, this is the first study that translates the clin-
ical correlation between peripheral viral infections and MS
pathology to experimental exploration by focusing on the role
of APR as the hub that links infections by unrelated viruses to
MS exacerbations. We have developed a preclinical paradigm
to examine this comorbidity, and demonstrated that antiviral
APR exacerbates EAE in mice, an autoimmune model of MS.
The PIC paradigm provides a unique model to identify the
components of antiviral APR responsible for the disease
exacerbation.
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