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Age-dependent susceptibility to reovirus encephalitis in mice is
influenced by maturation of the type-l interferon response

Allen G Wu'?%7, Andrea J Pruijssers'*®, Judy J Brown??, Jennifer E Stencel-Baerenwald**#, Danica M Sutherland??,

1,29

Jason A Iskarpatyoti'*® and Terence S Dermody™®

BACKGROUND: Infants and young children are particularly
susceptible to viral encephalitis; however, the mechanisms are
unknown. We determined the age-dependent contribution of
innate and adaptive immune functions to reovirus-induced
encephalitis in mice.

METHODS: Newborn wild-type mice, 2-20 days of age, were
inoculated with reovirus or diluent and monitored for
mortality, weight gain, and viral load. Four- and fifteen-day-
old IFNAR™~ and RAG2 ™/~ mice were inoculated with
reovirus and similarly monitored.

RESULTS: Weight gain was impaired in mice inoculated with
reovirus at 8 days of age or less. Clinical signs of encephalitis
were detected in mice inoculated at 10 days of age or less.
Mortality decreased when mice were inoculated after 6 days
of age. Survival was <15% in wild type (WT), RAG2™/~, and
IFNAR™/~ mice inoculated at 4 days of age. All WT mice, 92%
of RAG2™/~ mice, and only 48% of IFNAR™"~ mice survived
following inoculation at 15 days of age.

CONCLUSIONS: Susceptibility of mice to reovirus-induced
disease decreases between 6 and 8 days of age. Enhanced
reovirus virulence in IFNAR™~ mice relative to WT and
RAG2™/~ mice inoculated at 15 days of age suggests that
maturation of the type-l interferon response contributes to
age-related mortality following reovirus infection.

Viral encephalitis is a major cause of morbidity and
mortality worldwide. Neurotropic viruses continue to
emerge and reemerge because of changes in viral virulence,
expanded distribution of viral vectors, fluctuations in
population immunity, and increased travel associated with
globalization (1). The young are particularly susceptible to
poor outcomes of viral encephalitis such as developmental
delays, learning disabilities, epilepsy, and death. Neurotropic

viruses replicate more efficiently and display enhanced
apoptosis capacity in immature vs. mature neurons through
mechanisms that are incompletely understood (2).

Reovirus serves as a highly tractable experimental system in
which to study neurotropic virus-host interactions. Following
peroral inoculation of newborn mice, reovirus infects the
intestine and disseminates systemically to the mesenteric
lymph nodes, liver, spleen, lungs, heart, and brain. Serotype 1
reovirus strains disseminate exclusively via hematogenous
routes, whereas serotype 3 strains disseminate via hemato-
genous and neural routes (3,4). Upon entry into the brain,
serotype 3 strains infect neurons located in the frontal and
parietal cortex, CA1 to CA4 regions of the hippocampus, the
cingulate gyrus, the thalamus, and Purkinje neurons in the
cerebellum (5,6). Reovirus infection of neurons causes
apoptosis and triggers inflammation, resulting in a lethal
meningoencephalitis (3,7-9).

The susceptibility of mice to reovirus infection and death is
age-dependent. Infection of young mice with serotype 3
reovirus leads to a lethal encephalitis and death, whereas signs
of clinical disease are absent following infection of older mice
(10,11). One study suggests that the age susceptibility of mice
to reovirus neurovirulence is due to the inhibition of viral
replication by neuronal cell intrinsic factors (12). However,
the precise mechanism is unknown.

The type-I interferon (IFN) pathway is a major component
of the innate immune system. Following production and
secretion, IFNs act in an autocrine and paracrine manner to
induce an antiviral state in infected and neighboring cells,
promote a balanced natural Kkiller cell response with
controlled anti-inflammatory activities, and enhance antigen
presentation to activate the adaptive immune system (13).
Mice deficient in the signal transducer and activator of
transcription-1, a key component of IFN signaling, display
increased mortality and higher viral loads in the brain
following intracranial inoculation with reovirus at 2 days of
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age, suggesting that IFN signaling reduces reovirus replication
and virulence (14).

Strategies to prevent and treat viral encephalitis are limited
in part because of a lack of knowledge of the cellular factors
and molecular mechanisms that contribute to viral virulence.
We hypothesized that the susceptibility to reovirus disease is
an effect of age-dependent control of the virus by maturing
components of the immune system. To test this hypothesis,
we defined the age at which mice lose susceptibility to
reovirus-induced disease, determined the relationship
between viral replication in vital organs and disease severity,
and delineated age-dependent contributions from innate and
adaptive immune functions. As age restriction is a shared
determinant of disease severity in many neurotropic virus
infections, it is possible that mechanisms underlying reovirus
age restriction will be applicable to other viral infections.

METHODS

Cell Lines and Viruses

Murine 1929 cells were maintained in Eagle’s minimal essential
medium (Lonza; Walkersville, MD) with 5% fetal bovine serum
(Gibco; Gaitersburg, MD), 2 mM L-glutamine (Invitrogen; Carlsbad,
CA), 100 U/ml penicillin (Invitrogen), 100 pg/ml streptomycin
(Invitrogen), and 25ng/ml amphotericin B (Sigma-Aldrich; St.
Louis, MO). Reovirus strain type 3 Dearing (T3D) is a laboratory
stock recovered by plasmid-based reverse genetics (15). Reovirus was
amplified in L1929 cells and purified by Vertrel-XF (Dupont;
Wilmington, DE) extraction, followed by CsCl-gradient centrifuga-
tion (16). Viral plaque-forming unit (PFU) titers were determined by
plaque assay using 1929 cells (17).

Mouse Strains

C57BL/6] (WT) mice were obtained from The Jackson Laboratory.
C57BL/6 IFNAR ™/~ mice were provided by John Williams (Vanderbilt
University School of Medicine; Nashville, TN), and C57BL/6 RAG2™/~
mice were provided by Danyvid Olivares-Villagomez (Vanderbilt
University School of Medicine; Nashville, TN).

Infection of Mice

Mice were weighed and inoculated intracranially (18) with purified
reovirus T3D in phosphate-buffered saline (PBS) at 100 PFU/g. For
analysis of virulence, mice were monitored for weight gain and
symptoms of disease for 20 days post inoculation (d p.i.) and killed
when moribund. For analysis of viral replication, organs were
collected into 1 ml of PBS and homogenized using a TissueLyser
(Qiagen; Hilden, Germany). Viral titers were determined by plaque
assay. Animal husbandry and experimental procedures were
performed in accordance with Public Health Service policy and
approved by the Vanderbilt University School of Medicine Institu-
tional Animal Care and Use Committee.

Histology

Mice were inoculated intracranially with reovirus T3D at 100 PFU/g.
Brains were resected and divided sagittally. Left-brain hemispheres
were processed for plaque assay. Right-brain hemispheres were fixed
in 10% formalin and embedded in paraffin. Consecutive 6-pm
sections were stained with hematoxylin and eosin or processed for
immunohistochemical detection of reovirus antigen or the cleaved
(active) form of caspase-3 (ref. 19).

Immunoblotting

Brain homogenates were diluted twofold in RIPA lysis buffer (Sigma-
Aldrich) containing Complete Protease Inhibitor Cocktail (Roche;
Basel, Switzerland). Protein extract (50 pg) was resolved by
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electrophoresis in 10% Tris-glycine gels (Bio-Rad; Hercules, CA)
and transferred to Immun-Blot PVDF membranes (Bio-Rad).
Membranes were blocked for at least 1 h in Odyssey blocking buffer
(LI-COR; Lincoln, NE) and incubated with an anti-actin antibody
(1:500; Santa Cruz Biotechnologies; Dallas, TX) and a cleaved
(active) caspase-3 antibody (1:1,000; Cell Signaling Technologies;
Danvers, MA) in Odyssey blocking buffer overnight. Membranes
were washed and incubated with secondary antibodies IRDye
680CW-conjugated donkey anti-goat (1:2,000) and IRDye 800CW-
conjugated goat anti-rabbit (1:5,000) in Odyssey blocking buffer for
2h. Membranes were washed three times and scanned using an
Odyssey infrared imaging system (LI-COR). Signal intensities of
specific bands were quantified using ImageStudio software (LI-COR).

RESULTS

Survival of Mice from Reovirus Infection Is Age-Dependent
Following infection with a neurotropic serotype 3 strain of
reovirus, neonatal mice will contract encephalitis, which is
often fatal, whereas adult mice do not develop overt signs of
the disease (10,11). To determine the age window during
which WT mice become refractory to reovirus-induced
mortality, mice were inoculated intracranially with 100 PFU/g
T3D in PBS or PBS alone (mock) at 2, 4, 6, 8, 10, 15, and 20 d
of age and monitored for survival for 20 d. Only 37% of 2-day-
old (n=16), 15% of 4-day-old (n=20), and 48% of 6-day-old
(n=27) mice survived (Figure 1la). In contrast, 90% of mice
inoculated with reovirus at 8 d of age (n=18) and all mice
inoculated at 10, 15, and 20 d of age (n > 15) survived. Mice
that became ill exhibited clinical signs of encephalitis including
lethargy, seizures, ataxia, and paralysis. All PBS-inoculated
mice survived. These data indicate that reovirus-induced
mortality is reduced in mice inoculated at or after 8 d of age.

Reovirus-Induced Disease Is Age-Dependent

We monitored the weight gain of reovirus-inoculated mice as
a quantitative surrogate measure of reovirus-induced disease.
Mice were inoculated intracranially with 100 PFU/g T3D in
PBS at 2, 4, 6, 8, 10, 15, or 20 d of age or PBS alone at 2 d of
age and weighed daily for 20 d. The mean weight gain of mice
inoculated with reovirus at 2, 4, 6, and 8 d of age was
significantly less than that of age-matched controls inoculated
with PBS (Figure 1b-e). The mean weight gain of mice
inoculated with reovirus at 10 d was significantly less than
that of age-matched controls at early time points post
inoculation (p.i.), but the differences were reduced at later
time points (Figure 1f). Interestingly, the mean weights of
mice inoculated with reovirus at 15 and 20 d of age were
significantly greater than those of age-matched controls at
later time points (Figure 1g,h). These data suggest that the
capacity of reovirus to induce disease is diminished in mice
inoculated at 10 d of age or older.

Viral Loads in the Brain and Peripheral Organs Do Not Strictly
Correlate with Disease Severity

Disease severity is often proportional to the level of viral
replication in vital organs. To determine whether the age-
dependent severity in reovirus disease is a function of viral
load, we quantified viral titers in organs at 4, 7, and 10 d

Copyright © 2018 International Pediatric Research Foundation, Inc.
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Figure 1. Survival and weight gain in mice following reovirus inoculation at various ages. WT mice were inoculated intracranially with reovirus T3D
at 100 PFU/g at 2, 4, 6, 8, 10, 15, or 20 d of age or with PBS alone (mock; M) at 2 d of age. (a) Mice (n=15 per experimental group) were monitored
for morbidity for 20 d and killed when moribund. Statistical analyses compared each curve to mock, to the next age of inoculation (e.g., 2 vs. 4 d;

4 vs. 6 d, etc), and between susceptible and nonsusceptible age groups (e.g., 2-6 vs. 8-20 d). *P<0.05; TP<0.005; ¥7<0.0001 as determined by
log-rank test. WT mice were inoculated intracranially with reovirus T3D at 100 PFU/g at (b) 2, (c) 4, (d) 6, (e) 8, (f) 10, (g) 15, or (h) 20 d of age and
monitored for weight gain for 20 d. Data are represented as fold change normalized to weight on the day of inoculation compared with age-
matched, mock controls at 2, 6, 8, 10, and 12 d p.i. *P<0.05; “"P<0.01; TP<0.005; *P<0.0001 as determined by Mann-Whitney U-test. d p.i,, day
post inoculation; PBS, phosphate-buffered saline; PFU, plaque-forming unit; T3D, type 3 Dearing.

post-intracranial inoculation with T3D. The average peak
viral loads in the brains of mice inoculated at 2 and 4 d of age
were comparable (Figure 2). In contrast, the average peak
viral load in the brains of mice inoculated at 6 d of age was
lower compared with the average peak viral load in the brains
of mice inoculated at a younger age. The average peak viral

Copyright © 2018 International Pediatric Research Foundation, Inc.

load in the brains of mice inoculated at 10 and 15 d of age was
comparable to the average peak viral load in the brains of
mice inoculated at 6 d of age. We calculated the area under
the curve for each age of inoculation to test whether the
cumulative viral loads in the brain for all three time points
differed between mice inoculated at different ages. The areas
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Figure 2. Viral loads in the brain following reovirus inoculation at
various ages. WT mice were inoculated intracranially with reovirus T3D
at 100 PFU/g at 2, 4, 6, 10, or 15 d of age. At 4, 7, and 10 d p.i,, mice
were killed, brains were resected, and viral loads were determined by
plaque assay. n=>5-7 mice per bar. d p.i,, day post inoculation; PFU,
plaque-forming unit; T3D, type 3 Dearing.

Table 1. Viral dissemination to peripheral organs

Age of inoculation (d) Time post inoculation (d)

4 7 10
2 3/6 (50%) 5/6 (83%) 6/6 (100%)
4 3/6 (50%) 5/5 (100%) 5/6 (83%)
6 1/5 (20%) 2/5 (40%) 0/7 (0%)
10 3/6 (50%) 2/6 (33%) 0/6 (0%)
15 4/6 (67%) 2/5 (40%) 0/6 (0%)

WT mice were inoculated intracranially with reovirus T3D at 100 PFU/g at 2, 4, 6,
10, or 15 d of age. Viral loads in the brain, heart, liver, spleen, and intestine were
determined by plaque assay at 4, 7, and 10d pi. n=5-7 mice per condition.
Numerals represent the number of mice with detectable titer in peripheral organs
divided by the total number of mice assayed, and the resulting percentage of mice
with detectable titer in peripheral organs in each group.

d, day; d pi, day post inoculation; PFU, plaque-forming unit; T3D, type 3 Dearing;
WT, wild type.

under the curve of mice inoculated at 2 d of age (5.5 x 10"

and 4 d of age (5.0x10") were markedly greater than the
areas under the curve of mice inoculated at 6 d of age
(4.7 % 107), 10 d of age (4.2 x 107), and 15 d of age (2.2 x 10°).
Although viral loads in the brains of mice inoculated at 6 d of
age were comparable to those in mice inoculated at 10 or 15 d
of age, mortality was significantly greater in mice inoculated
at 6 d of age compared with mice inoculated at 10 or 15 d of
age. These data suggest that viral loads in the brain do not
strictly correlate with disease severity.

To determine whether the capacity to disseminate from the
brain to other tissue sites in the host correlates with disease
severity and, if so, whether this process is age-dependent, we
quantified viral loads in the heart, spleen, liver, and intestine.
We found that for each individual mouse, the virus was
present either in all or none of the peripheral organs assayed.
At 4 d p.., approximately half of the mice inoculated at any
age had detectable viral titers in peripheral organs with the
exception of mice inoculated at 6 d of age, of which only
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one-fifth had detectable titers in peripheral organs (Table 1).
At 7 d p.i., viral titers were detectable in peripheral organs of
the majority of mice inoculated at 2 and 4 d of age compared
with less than half the mice inoculated at 6, 10, or 15 d of age.
At 10 d p.i., reovirus was detected in the majority of mice
inoculated at 2 and 4 d of age, but no reovirus was detected in
peripheral organs of mice inoculated at 6, 10, or 15 d of age.
These data indicate that the capacity of reovirus to
disseminate from the brain to peripheral organs is age-
dependent. However, neither viral load in the brain nor the
presence of reovirus in peripheral organs alone explain the
substantial disease severity observed in mice inoculated at 6 d
of age.

Reovirus Displays Enhanced Virulence in IFNAR™’~ but Not
RAG2™/~ Mice

To test the hypothesis that maturation of innate and adaptive
immune responses contributes to age-dependent susceptibility
to reovirus disease, we compared reovirus virulence following
inoculation of WT, IFNAR™’", and RAG2™'~ mice at
different ages. Mice deficient in expression of the IFN a/f
receptor (IFNAR) lack an essential component of the antiviral
innate immune response, whereas mice deficient in
recombination-activating gene 2 (RAG2) lack functional B
and T lymphocytes and are incapable of mounting adaptive
immune responses. Mice were inoculated intracranially with
T3D at 4 or 15 d of age and monitored for survival, weight
gain, and clinical signs of neurologic diseases such as lethargy,
seizures, ataxia, and paralysis (20) for 20 d. The mean survival
time for IENAR™/~ mice inoculated with reovirus at 4 d of age
was 8 d, whereas the mean survival time for WT and RAG2™/~
mice was 12 and 11 d, respectively (Figure 3a). Only 48% of
IFNAR ™/~ mice inoculated with reovirus at 15 d of age
survived compared with 92% of RAG2™/~ mice and 100% of
WT mice inoculated at 15 d of age (Figure 3b). All PBS-
inoculated mice survived. A majority of IFNAR’~ mice
inoculated at either 4 or 15 d of age displayed reduced weight
gain (Figure 3c,d) without neurological signs of illness.
RAG2™/~ mice inoculated with reovirus displayed reduced
weight gain when inoculated at 4 d of age but not when
inoculated at 15 d of age, a trend similar to that of WT mice
inoculated with reovirus at these ages (Figure 3e,f). These
data suggest that the absence of a functional innate but not
adaptive immune response prolongs the susceptibility of mice
to reovirus-induced disease and raises the possibility that
maturation of the IFN response contributes to age-dependent
reovirus virulence.

Viral Loads in the Brains of IFNAR™/~ Mice Are Higher than
Those In WT Mice When Inoculated at an Older Age

On the basis of the increased mortality in IFNAR™'~ mice at
older ages of inoculation, we hypothesized that reovirus
produces higher titers in IFNAR '~ mice when inoculated at
ages at which WT mice are no longer susceptible to reovirus
disease. To test this hypothesis, WT, IFNAR ", and RAG2™/~
mice were inoculated intracranially with T3D at the susceptible

Copyright © 2018 International Pediatric Research Foundation, Inc.
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Figure 3. Survival and weight gain of reovirus-infected WT, IFNAR™/~, and RAG2™/~ mice. WT, IFNAR™/~, and RAG2™/~ mice were inoculated
intracranially with reovirus T3D at 100 PFU/g at either 4 or 15 d of age and monitored for morbidity for 20 d. Mice were killed when moribund.
Survival of mice inoculated at (a) 4 and (b) 15 d of age. N =23 per experimental group. TP<0.001 as determined by log-rank test compared with WT
mice. Weights of IFNAR™/~ mice inoculated at (c) 4 or (d) 15 d of age. Weights of RAG2™/~ mice inoculated at (e) 4 or (f) 15 d of age. N=15 per
experimental group. *P<0.05; “P<0.01; TP<0.005; and ¥P<0.0001 as determined by Mann-Whitney U-test. IFNAR, interferon o/f receptor; RAG,

recombination-activating gene; T3D, type 3 Dearing.

age of 4 d and the nonsusceptible age of 15 d, and viral loads in
organs were determined at 4, 7, and 10 d p.. Viral loads in the
brains of WT, IFNAR™'~, and RAG2~/~ mice inoculated at 4 d
of age did not differ significantly on 4 and 7 d p.i (Figure 4a).
However, viral loads in the brains of RAG2™'~ mice were
significantly higher than those in the brains of WT mice at 10 d
p-i. We were unable to perform statistics comparing viral loads
in the brains of IENAR™’~ mice at 10 d p.i. because of the lack
of replicates. However, the viral load in the brain of the single
surviving mouse approximated the average load of RAG™/~
mice inoculated at that age. At all time points tested, viral loads
in the brains of IFNAR™’~ mice were significantly higher than
those in the brains of WT mice inoculated at 15 d of age
(Figure 4b). No significant differences in viral load were
detected between the brains of WT and RAG2 '~ mice
inoculated at 15 d. These data suggest that adaptive immune
responses function in the clearance of reovirus from the brains

Copyright © 2018 International Pediatric Research Foundation, Inc.

of younger mice, whereas IFN-mediated innate immune
responses control viral replication in the brains of older mice.
The lack of overwhelmingly significant immune-related
differences in viral loads in the brains of mice inoculated at 4
d of age suggests that disease severity and mortality at this age
of inoculation are not directly related to the modulation of viral
replication by immune responses in the brain.

IFN Controls Viral Dissemination to Peripheral Organs in Both
Younger and Older Mice

To determine the function of innate and adaptive immune
responses in controlling viral dissemination from the site of
inoculation to sites of secondary replication, viral loads were
quantified in organs of WT, IENAR ", and RAG2™/~ mice
inoculated at 4 and 15 d of age (Figure 4 c-j). Contrary
to WT mice (Table 1), reovirus was detected in all
peripheral organs in both strains of immune-deficient mice

Volume 83 | Number 5 | May 2018 Pediatric RESEARCH 1061
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not shown). Overall, viral loads
NAR™/~ mice were increased
mice (Figure 4c-j). Viral loads
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in the heart and spleen of RAG2™/~ mice inoculated at 4 d
of age were also increased compared with those in WT mice
at 7 d p.i. and in all organs at 10 d p.i. RAG2™'~ mice
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inoculated at 15 d of age displayed modestly increased viral
loads in the heart and liver but not in the spleen and intestine
at 4 d p.i,, and the differences became smaller at later times
(Figure 4d,f,h,j). Peak viral loads in all organs of IFNAR™/~
mice inoculated at 4 d of age coincide with the sharp
reduction in survival of IFNAR™/~ mice (Figure 3a), whereas
differences in weight gain and survival of WT and RAG2™/~
mice inoculated at 4 d of age appear at later times post
infection when viral loads in both the brain and peripheral
organs of RAG2™/~ mice are significantly greater than those
in WT mice (Figure 4a,c,e,g,i). Interestingly, viral loads in
IFNAR™/~ mice inoculated at 4 d of age increased throughout
infection until death, whereas viral loads in mice inoculated at
15 d of age peaked at 7 d p.i., followed by a decline at 10 d p.i.,
consistent with the enhanced survival of IFNAR '~
mice inoculated at this age. Together, these results suggest
that IFN has an important role in controlling systemic
dissemination and replication at secondary sites in mice of
both susceptible and nonsusceptible ages at all time points
assessed. Adaptive responses function later during infection of
mice inoculated at a susceptible age and likely contribute to
viral clearance.

Reovirus Tropism Is Unaltered in the Brains of Immune-
Deficient Mice

To determine whether differences in brain pathology link
mortality to altered immune responses, the right hemispheres
of brains that matched as closely as possible for viral load
were processed for histology. Consecutive sections were
stained with hematoxylin and eosin, with polyclonal reovirus
antiserum to detect viral antigen, or with a monoclonal
antibody specific for the cleaved (activated) form of caspase-3
to detect cells undergoing apoptosis—the primary mechanism
of neuronal cell death following reovirus infection (19).
Reovirus antigen was detected in the hippocampus, thalamus,
and cortex (Figure 5a) as well as the cerebellum and
hindbrain (Figure 5b) of brains resected at 7 d p.. from
mice of all three strains inoculated with reovirus at 4 d of age.
Although the overall staining intensity varied, no qualitative
differences were found in viral tropism. Staining for the
activated form of caspase-3 was modest in all sections
analyzed and localized with reovirus staining, consistent with
the pattern of reovirus-induced tissue injury (8,19,21).
Histological analysis of brains resected from mice inoculated
with reovirus at 15 d of age at 7 d p.i. showed substantially
reduced levels of reovirus antigen-positive cells (data not
shown). Staining was restricted to small areas within the
thalamus and surrounding the lateral ventricles. These areas
of the brain also displayed low levels of activated caspase-3
staining (data not shown).

Apoptosis Is Unaltered in the Brains of Immune-Deficient Mice
To determine whether quantitative age- and immune-
dependent differences exist in reovirus-induced apoptosis,
protein lysates from the brains of three individual mice of
each strain resected 7 d p.i. were resolved by SDS-PAGE and
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Figure 5. Reovirus tropism in the brains of WT, IFNAR™’~, and RAG2™/~
mice. WT, IFNAR™/~, and RAG2™/~ mice were inoculated intracranially
with reovirus T3D at 100 PFU/g at 4 d of age. At 7 d p.i., mice were
killed, brains were removed, the left hemispheres were homogenized
for the determination of viral titer, and the right hemispheres were
processed for immunohistochemistry. Consecutive coronal sections of
the brain were stained with H&E, reovirus antiserum, or an anticleaved
caspase-3 antibody. Representative sections of the brains are shown. (a)
Hippocampal region stained with H&E or polyclonal reovirus antiserum
and a higher-magnification image of the boxed inset stained for
cleaved caspase-3 (scale bars, 200 um). (b) Cerebellum and the
hindbrain. Sections shown are from a WT, IFNAR™/~, and a RAG2™/~
mouse with a viral load of 3.9 x 10® PFU/brain, 3.8 x 10° PFU/brain, and
1.2 x 10° PFU/brain, respectively (scale bars, 200 um). d p.i, day post
inoculation; H&E, hematoxylin and eosin; IFNAR, interferon a/p receptor;
PFU, plague-forming unit; RAG, recombination-activating gene; T3D,
type 3 Dearing.

immunoblotted using an antibody specific for cleaved
caspase-3 and an antiserum specific for actin as a loading
control. The intensity of the cleaved caspase-3 signal was
normalized to the intensity of the actin signal. The overall
magnitude of apoptosis in the brains of IFNAR™ '~ and
RAG2™ '~ mice inoculated at 4 d of age (Figure 6a,c) and at
15 d of age (Figure 6b,d) did not differ statistically.
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Figure 6. Quantification of apoptosis in the brains of WT, IFNAR™’~, and RAG2™/~ mice. Mice were inoculated intracranially with reovirus T3D at
100 PFU/g at either (a,c) 4 or (b,d) 15 d of age. Protein lysates from the brains of three T3D-infected WT, IFNAR™/~, or RAG2™/™ mice resected at 7 d
p.i. were resolved by SDS-PAGE. (a,b) Lysates were immunoblotted using antisera specific for actin (top) and cleaved caspase-3 (bottom). Viral loads
are listed for each sample. (¢,d) Quantification of the band intensity of cleaved caspase-3 normalized to actin. d p.i., day post inoculation; IFNAR,
interferon a/p receptor; PFU, plaque-forming unit; RAG, recombination-activating gene; T3D, type 3 Dearing.

DISCUSSION

In this study, we determined the precise timing of the age
restriction to reovirus virulence in C57BL/6] mice based on
mortality and determination of weight gain as a surrogate
marker for reovirus-induced disease. We found that the age
restriction for reovirus mortality and disease lies between 6
and 10 d of age. We were surprised to find that a lower
proportion of mice inoculated at 4 d of age survived
compared with mice inoculated at 2 d of age. This finding
might be attributed to experimental variability caused by a
suboptimal nurturing by the dam. Mice inoculated intracra-
nially with serotype 3 reovirus strains likely succumb to
encephalitis rather than to disease at other sites of infection,
as a reovirus mutant incapable of disseminating systemically
is as virulent as WT virus following intracranial inoculation
(22). Interestingly, there was a significant increase in weight
gain following inoculation with reovirus at 15 and 20 d of age
relative to PBS-inoculated controls. It is possible that the
virus-mediated increase in weight gain occurs as a conse-
quence of virus-induced damage to the ventromedial
hypothalamus, which is associated with increased appetite
(23-25). Histological examination of brain tissue from mice
infected at additional ages will provide more information
about the age-dependent differences in reovirus neural
tropism and pathology.

We thought it possible that age-related disease severity
might track with virus titers in target tissues. Our results
indicate that viral replication occurred even in mice that did
not display overt neurological signs of infection. Brains of
mice inoculated at 6 d of age harbored viral loads that were

1064 Pediatric RESEARCH Volume 83 | Number 5 | May 2018

similar to those in the brains of mice inoculated at
nonsusceptible ages; yet, survival rates and weight gain were
comparable to mice inoculated at susceptible ages. Reovirus
disseminated systemically in mice inoculated at susceptible
ages, whereas systemic dissemination was limited in mice
inoculated at nonsusceptible ages. Thus, we conclude that
viral titers in the brain do not strictly correlate with
susceptibility to reovirus-induced disease.

We used immune-deficient mice to investigate whether
maturation of innate or adaptive immune responses con-
tributes to the age restriction of reovirus disease. Our results
indicate that IFN functions in controlling viral replication in
mice of both susceptible and nonsusceptible ages, whereas
adaptive immune responses are particularly important in
controlling replication at later times post infection in mice of
susceptible age. The increased susceptibility of older IFNAR ™/~
mice to reovirus infection suggests that age-dependent
maturation of IFN responses contributes to the age-related
virulence of reovirus. Some IFNAR /™ mice had signs of
encephalitis, but others died quickly after the onset of illness.
A previous study describes intestinal perforation, bacterial
sepsis, and acute hepatitis as causes of death in IFNAR /"
mice inoculated with reovirus at 2 d of age (26).

Besides contributing to age-dependent susceptibility to
reovirus infection, the type-I IFN response functions in the
age-dependent susceptibility to infection with herpes simplex
virus (HSV-1). Lower basal levels of IFNAR are expressed
in the choroid plexus of uninfected newborn mice compared
with adults. Concordantly, the adult choroid plexus is
less susceptible to infection with HSV-1 relative to the

Copyright © 2018 International Pediatric Research Foundation, Inc.
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newborn brain. Similar to our findings with reovirus, HSV-1
susceptibility was restored in the brains of adult IFNAR /™
mice (27).

Cells of the innate immune system may also contribute
directly to the age-dependent susceptibility to reovirus central
nervous system disease. Microglia, the resident macrophage
cells in the brain, modulate the immune response to brain
infections by secreting inflammatory cytokines such as
interleukin (IL)-1a, IL-6, and tumor necrosis factor-a (28).
Microglia are virtually absent from the mouse hippocampus
at birth, but the numbers of these cells increase markedly
between 5 and 10 d of age and peak at 15 d of age (29).
Microglial activation and proinflammatory cytokine produc-
tion in the brain decrease with age under normal conditions
and in response to stimulation with lipopolysaccharide
(30,31), suggesting that the inflammatory response to viral
infections of the brain is muted later in life. Consistent with
this idea, the production of the proinflammatory cytokine
IL-1a is increased in the brains of reovirus-infected newborn
mice compared with adults and coincides with nervous tissue
injury that precedes encephalitis (32). Our finding that the
absence of RAG2 expression does not affect the timing of
the age restriction to reovirus disease is consistent with the
kinetics of adaptive immune effector maturation, which is
initiated after the first month of life (33) and, thus, outside the
interval during which reovirus susceptibility diminishes.

The results from this study define an age at which mice
become refractory to reovirus disease and provide evidence
that maturation of innate immune responses contributes to
the mechanism of age restriction. These findings suggest that
innate immune maturity influences diverse types of neural
insults.
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