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ABSTRACT Interleukin-1� (IL-1�), an inflammatory cytokine and IL-1 receptor ligand,
has diverse activities in the brain. We examined whether IL-1 signaling contributes
to the encephalitis observed in mouse adenovirus type 1 (MAV-1) infection, using
mice lacking the IL-1 receptor (Il1r1�/� mice). Il1r1�/� mice demonstrated reduced
survival, greater disruption of the blood-brain barrier (BBB), higher brain viral loads,
and higher brain inflammatory cytokine and chemokine levels than control C57BL/6J
mice. We also examined infections of mice defective in IL-1� production (Pycard�/�

mice) and mice defective in trafficking of Toll-like receptors to the endosome
(Unc93b1�/� mice). Pycard�/� and Unc93b1�/� mice showed lower survival (similar
to Il1r1�/� mice) than control mice but, unlike Il1r1�/� mice, did not have increased
brain viral loads or BBB disruption. Based on the brain cytokine levels, MAV-1-
infected Unc93b1�/� mice had a very different inflammatory profile from infected
Il1r1�/� and Pycard�/� mice. Histological examination demonstrated pathological
findings consistent with encephalitis in control and knockout mice; however, in-
tranuclear viral inclusions were seen only in Il1r1�/� mice. A time course of infection
of control and Il1r1�/� mice evaluating the kinetics of viral replication and cytokine
production revealed differences between the mouse strains primarily at 7 to 8 days
after infection, when mice began succumbing to MAV-1 infection. In the absence of
IL-1 signaling, we noted an increase in the transcription of type I interferon (IFN)-
stimulated genes. Together, these results indicate that IL-1 signaling is important
during MAV-1 infection and suggest that, in its absence, increased IFN-� signaling
may result in increased neuroinflammation.

IMPORTANCE The investigation of encephalitis pathogenesis produced by different
viruses is needed to characterize virus and host-specific factors that contribute to
disease. MAV-1 produces viral encephalitis in its natural host, providing a good
model for studying factors involved in encephalitis development. We investigated
the role of IL-1 signaling during MAV-1-induced encephalitis. Unexpectedly, the lack
of IL-1 signaling increased the mortality and inflammation in mice infected with
MAV-1. Also, there was an increase in the transcription of type I IFN-stimulated
genes that correlated with the observed increased mortality and inflammation. The
findings highlight the complex nature of encephalitis and suggests that IL-1 has a
protective effect for the development of MAV-1-induced encephalitis.
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Neuroinvasive viral infections are a significant cause of morbidity and mortality
worldwide, and infections caused by emerging and reemerging viruses in the

central nervous system (CNS) are becoming more frequent. Members of at least 11 virus
families cause encephalitis, including DNA viruses, retroviruses, and RNA viruses (1–3).
Encephalitis is characterized by the recruitment of inflammatory cells, the secretion of
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cytokines and chemokines, and alteration of localization and levels of tight junction
proteins, leading to disruption of the blood-brain barrier (BBB) (1, 2). The BBB is
composed of endothelial cells and basal lamina surrounded by pericytes and astrocytes
that regulate the access of molecules and cells to the brain parenchyma, limiting the
entry of inflammatory cells and invading microorganisms into the brain, thus main-
taining CNS homeostasis (1, 3).

Mouse adenovirus type 1 (MAV-1; also known as MAdV-1) causes both acute and
persistent infection in mice and leads to a dose-dependent encephalitis in susceptible
mice (4–6). MAV-1 infects monocytes (including macrophages and microglia), astro-
cytes, and endothelial cells (4, 7; S. L. Ashley, C. D. Pretto, M. T. Stier, P. Kadiyala, L.
Castro-Jorge, T.-H. Hsu, R. Doherty, K. E. Carnahan, M. G. Castro, P. R. Lowenstein, and
K. R. Spindler, unpublished data). MAV-1 disrupts the BBB by altering expression of
endothelial tight junction proteins, altering other critical components of the BBB, and
disrupting BBB permeability (8). Increased proinflammatory cytokine production, BBB
permeability, and leukocyte invasion are common events following brain injury (9),
neurodegenerative diseases (10), and viral infections (1). One important player that can
drive the neuroinflammatory process is interleukin-1� (IL-1�), a proinflammatory cyto-
kine highly expressed within the CNS during neuroinflammatory diseases, including
viral encephalitis (11, 12).

The expression and activation of IL-1� is controlled through the combination of two
distinct signals. Signal 1 induces mRNA production in an NF-�B-dependent manner,
resulting in increased IL-1� gene transcription and translation. Signal 2 results in IL-1�

protein maturation, by cleavage of the IL-1� proform into mature IL-1�, generally by
caspase-1 (13). Signal 1 is frequently induced by a Toll-like receptor (TLR) ligand, and
signal 2 is mediated by inflammasome assembly (14). Canonical inflammasomes are
protein complexes comprised of nucleotide oligomerization domain-like receptors
(NLRs), adaptor molecules such as apoptosis-associated speck-like protein containing
C-terminal caspase recruitment domain (ASC), and the effector, caspase-1 (15, 16).

IL-1� signals through the IL-1R1 receptor and the MyD88 pathway, leading to
downstream NF-�B activation and expression of genes that regulate the immune
response to infection (17, 18). IL-1R1 receptor signaling mediates inflammatory re-
sponses via two cytokine species, IL-1� and IL-1� (19). IL-1� and IL-1� generate a vast
spectrum of biological responses in the central nervous, hematologic, and metabolic
systems. IL-1� regulates cellular infiltration to sites of viral infection and, depending on
the virus type infecting the CNS, it has been associated with either protection from or
enhancement of disease (20–22). During herpes simplex virus 1 (HSV-1)-induced en-
cephalitis, IL-1� works synergistically with tumor necrosis factor alpha (TNF-�) to
protect against encephalitis, whereas during Sindbis virus encephalitis and human
immunodeficiency virus (HIV) encephalitis, IL-1� increases pathogenesis (21, 23, 24).
West Nile virus (WNV) infection is exacerbated in mice deficient in IL-1R1 due to
increased neuroinflammation and an inability to fully activate CD4� T and dendritic
cells within the CNS (25). In contrast, during Theiler’s murine encephalomyelitis virus
infection, IL-1 elevates pathogenic responses, whereas the lack of IL-1 signaling leads
to viral persistence due to insufficient T cell activation (26).

Internalized human adenovirus (HAdV) DNA induces maturation of pro-IL-1� in
murine macrophages and differentiated human THP-1 and is dependent on the
NACHT-, LRR-, and PYD-domain-containing protein 3 (NALP3) and ASC, components of
the inflammasome (27). ASC protein is encoded by the Pycard gene and is composed
of a pyrin domain (PYD) and a caspase-recruitment domain (CARD). ASC interacts with
multiple pattern recognition receptors (PRRs), such as NACHT-, LRR-, and PYD domain-
containing proteins (NLRPs), NLR caspase recruitment domain-containing protein, and
absent in melanoma 2 (AIM2), to form caspase 1-activating platforms (inflammasomes)
(16, 28). ASC inflammasomes play a central role in innate and adaptive immunity to
influenza virus (29) and are essential for IL-1� production and development of effective
host immunity to WNV (30). ASC-deficient mice exhibit enhanced WNV replication and
reduced survival. The immune response to acute MAV-1 infection involves innate and
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adaptive immunity (31–35), but the role of inflammasomes in MAV-1 infection is
unknown. HAdV activates TLR9, the pattern recognition receptor for nonmethylated
CpG-rich DNA, in human peripheral blood mononuclear cells and plasmacytoid den-
dritic cells (pDCs) (36, 37). TLR9 is critical for HAdV-induced type I interferon (IFN)
production in pDCs and induction of proinflammatory cytokines in primary murine
macrophages (38). TLR9 and other endosome-associated TLRs (TLR3 and TLR7 and, in
mice, also TLR11, TLR12, and TLR13) (39) traffic from the endoplasmic reticulum (ER) to
the endolysosomes, where they respond to ligands. UNC93B is a transmembrane
protein localized to the ER that is required for this trafficking (40, 41). Mice with a
nonfunctional UNC93B fail to respond to TLR3, TLR7, or TLR9 ligands, and mice and
humans deficient in UNC93B are highly susceptible to viral infection (42–44).

Although MAV-1 infection results in IL-1� production (31, 45, 46), the specific
signaling pathways associated with IL-1 production have not been characterized.
Therefore, the objective of this study was to examine the in vivo role of IL-1 signaling
in the context of DNA virus-induced encephalitis, using MAV-1 as a model. To address
this, we used mice with mutations that knock out Unc93b1 (involved in TLR3, TLR7,
TLR9, TLR11, TLR12, and TLR13 trafficking and thus signaling), Pycard (involved in IL-1�

production), or Il1r1 (involved in IL-1� signaling). These mice had increased mortality
and increased neuroinflammation compared to infected control mice. Infected mice
that lacked IL-1R1 had higher CNS viral loads and greater disruption of the BBB than
control mice. They also had higher levels of inflammatory cytokines in the brain than
control mice. IL-1 signaling was critical for the control of viral replication and immu-
nopathology in the CNS of mice infected with MAV-1.

RESULTS
Mice deficient in IL-1 production or signaling or in endosomal TLR expression

have reduced survival after sublethal MAV-1 challenge. IL-1 promotes antiviral
immunity outside the CNS and is associated with CNS injury during autoimmune
diseases and viral infections (20, 26, 47). The role of IL-1 during MAV-1 viral encephalitis
is unknown. To characterize the in vivo physiological relevance and the importance of
IL-1 signaling in immune-mediated protection from intraperitoneal (i.p.) MAV-1 infec-
tion, we compared survival in wild-type (WT; C57BL/6J) mice to mice that are deficient
in an inflammasome intermediate component and thus have a genetic deficiency in
IL-1� production (Pycard�/� mice). We also tested mice that lack the IL-1R1 receptor
and thus are deficient in IL-1 signaling (Il1r1�/� mice). To determine whether the
endosomal TLRs (TLR-3, 7, 9) have a role in the production of “signal 1” for IL-1�

production during MAV-1 infection, we also evaluated Unc93b1�/� mice. All knockout
strains were highly susceptible to MAV-1 infection with 103 PFU of virus (Fig. 1).
Although the infectious i.p. dose of 103 PFU resulted in 38% mortality in WT mice at 21
days postinfection (dpi), mortality was 72% in Pycard�/� mice, 80% in Unc93b1�/�

mice, and 84% in Il1r1�/� mice (Fig. 1). Thus, an absence of IL-1R1 signaling resulted in
increased mortality after i.p. inoculation.

IL-1 signaling modulates MAV-1 replication and BBB permeability. To examine
what factors contribute to higher mortality following MAV-1 infection of knockout mice
compared to WT mice, we infected all mouse strains with 103 PFU of MAV-1 and
measured viral loads in brains 7 dpi, when mice started showing signs of disease. DNA
viral loads were quantitated by quantitative real-time PCR (qPCR) and were significantly
higher in the brains of Il1r1�/� mice compared to WT mice (Fig. 2A). There was no
significant difference between Pycard�/� and Unc93b1�/� mice compared to WT mice.
Quantitation of viral loads by qPCR correlates well with quantitation of infectious virus
by plaque assay (L. A. Castro-Jorge and K. R. Spindler, unpublished data).

Because Il1r1�/� mice had lower survival and higher viral loads in the brain
compared than WT mice, we compared whether BBB permeability was altered in the
Il1r1�/�, Pycard�/�, and Unc93b1�/� mice. Sodium fluorescein is a small molecule (376
Da) that is only able to access and stain brain tissue when the BBB is compromised. We
administered sodium fluorescein i.p. at 7 dpi to WT, Pycard�/�, Unc93b1�/�, and
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Il1r1�/� mice, and we quantitated the sodium fluorescein in the right brain hemi-
spheres. The amount of sodium fluorescein uptake in the brains of Il1r1�/� mice was
significantly higher than in WT mice, but there was no statistical difference between
Pycard�/� and Unc93b1�/� mice compared to WT mice (Fig. 2B). As seen previously (8),
the sodium fluorescein levels in brains correlated with MAV-1 viral loads in all mouse
strains (Fig. 2C). These results suggest that the lower survival and higher viral loads
found in the brains of MAV-1-infected Il1r1�/� mice were due to a BBB dysfunction
caused by defective IL-1 signaling.

Inflammatory cytokine levels are increased in the absence of IL-1 production
and signaling. Since proinflammatory cytokines and chemokines play a significant role
in leukocyte trafficking into the CNS, we analyzed the protein levels of inflammatory
cytokines and chemokines in the brains of MAV-1 infected Pycard�/�, Unc93b1�/�, and
Il1r1�/� mice compared to WT controls from 6 to 8 dpi. Compared to WT mice, the
levels of IFN-�, IL-1�, and IL-10 were higher in Unc93b1�/� mice at 8 dpi (P � 0.05) (Fig.
3A, B, and C), whereas there was no difference in Pycard�/� and Il1r1�/� mice for these

FIG 2 Sodium fluorescein uptake and viral load in Pycard�/�, Unc93b1�/�, and Il1r1�/� mice infected with MAV-1. (A) Viral loads after i.p.
MAV-1 infection of WT (C57BL/6J), Pycard�/�, Unc93b1�/�, and Il1r1�/� mice were measured by qPCR in brain samples at 7 dpi. The limit
of detection of the assay was 104 viral genome copies/100 ng of total DNA. (B) BBB permeability was assessed by sodium fluorescein
uptake assay. The same mice from panel A were injected i.p. with sodium fluorescein 10 min prior to euthanasia at 7 dpi. Brain uptake
of sodium fluorescein was normalized to sodium fluorescein in the serum, and the values were then normalized to mock-infected mice.
WT (C57BL/6J) (n � 33) mice are represented by closed squares, Pycard�/� (n � 23) mice are represented by open circles, Unc93b1�/�

(n � 14) mice are represented by open triangles, and Il1r1�/� (n � 20) mice are represented by open squares. The data shown are pooled
from four independent experiments. Horizontal bars denote arithmetic means. Asterisks indicate a statistically significant difference of
Il1r1�/� mice compared to WT mice by Mann-Whitney test (**, P � 0.005). (C) Correlation between viral load measured by qPCR with ng
of sodium fluorescein per g of brain from the mice from panels A and B. Each sample point is an individual mouse brain. The linear
regression equation and Spearman correlation value (rs) are shown in the graph. Correlation was also seen between viral load and sodium
fluorescein for each mouse strain individually (data not shown).

FIG 1 Pycard�/�, Unc93b1�/�, and Il1r1�/� mice are more susceptible to MAV-1 infection than were WT
(C57BL/6J) mice. Survival analysis after i.p. inoculation with 103 PFU of MAV-1 was performed. WT (n �
47) mice are represented by closed squares and a solid line, Pycard�/� (n � 18) mice are represented by
open circles and a dotted-dashed line, Unc93b1�/� (n � 31) mice are represented by open triangles and
a dotted line, and Il1r1 �/� (n � 19) mice are represented by open squares and a dashed line. The data
shown are pooled from independent experiments. Asterisks indicate a statistically significant difference
of Pycard �/�, Unc93b1 �/�, and Il1r1 �/� mice compared to WT mice by the Mantel-Cox log-rank test
(**, P � 0.0056; ***, P � 0.0001; ****, P � 0.0001).
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cytokines. The increase in the levels of inflammatory cytokines, such as IL-1�, was
concomitant with an increase in anti-inflammatory cytokine, IL-10. The increase in IL-10
may counteract the proinflammatory effects of IL-1�. The IL-6 levels were higher in
Unc93b1�/� and Il1r1�/� mice compared to WT mice at 8 dpi (Fig. 3D). There were no
differences in levels of IL-1� or KC among any of the four strains of mice (data not
shown). At 8 dpi, Pycard�/� and Il1r1�/� mice had higher levels of MCP-1 and RANTES
compared to WT mice, whereas there was no difference in Unc93b1�/� mice (Fig. 3E
and F). This suggests that during MAV-1-induced encephalitis, TLR3, TLR7, TLR9, TLR11,
TLR12, and TLR13 are not the exclusive pattern recognition receptors activated by
MAV-1, since Unc93b1�/� mice had higher levels of IL-1�.

MAV-1 viral loads were assayed in the same mice, and as in the experiment
described in Fig. 2A, only the Il1r1�/� mice had significantly higher brain virus levels
compared to WT mice (Fig. 3G). In summary, the lack of IL-1 production and signaling
during MAV-1 infection increased the levels of inflammatory cytokines in infected
brains, but only the lack of IL-1 signaling increased MAV-1 viral loads in infected brains
significantly.

Histopathology in the absence of IL-1 signaling. Microscopic findings in the
brains of MAV-1-infected mice consisted of focal or multifocal acute vasculitis, predom-
inantly in the meninges, but also affecting small diameter blood vessels embedded

FIG 3 Cytokine production and MAV-1 replication in brains from WT (C57BL/6J), Pycard�/�, Unc93b1�/�, and Il1r1�/� mice at 6, 7, and 8 dpi. WT, Pycard�/�,
Unc93b1�/�, and Il1r1�/� mice were infected with 103 PFU of MAV-1. At 6, 7, and 8 dpi, the brains were collected, and viral loads (G) and the concentrations
of cytokines and chemokines (A to F) were determined. Cytokine and chemokine protein levels were assessed by ELISA in panels A to F. Mock data for all strains
were similar and are shown as a single point (open circles). (G) Viral loads were assessed by qPCR for viral DNA, and the limit of detection of the assay (LOD)
was 104 viral genome copies/100 ng of DNA. Brain viral loads were determined as in Fig. 2. WT (C57BL/6J) mice are represented by filled squares, Pycard�/�

mice are represented by circles, Unc93b1�/� mice are represented by triangles, and Il1r1�/� mice are represented by open squares. Data points represent
individual mice. Horizontal bars denote arithmetic means. The asterisks indicate statistical significance from WT as calculated by Mann-Whitney test (*, P � 0.05;
**, P � 0.005).
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FIG 4 Representative images of hematoxylin/eosin-stained slides from the midbrains of WT, Pycard�/�,
Unc93b1�/�, and Il-1r1�/� mice infected with MAV-1 and histological scores of brain damage. Brain sections
are from mice infected with 103 PFU and euthanized at 8 dpi. (A) A Unc93b1�/� mouse shows mild diffuse
perivascular edema (black arrowheads). (B) A WT (C57BL/6J) mouse shows mildly hypertrophic endothelial
cells (white arrow) and leakage of red blood cells and fluid into the perivascular parenchyma (black arrow).
(C) A Pycard�/� mouse shows destruction of vascular integrity with loss of endothelial cells and scattered
microhemorrhages (black arrow), fibrin (white star), and clusters of neutrophils in the parenchyma (white
arrowheads). (D) A Il1r1�/� mouse shows marked vasculitis with loss of vascular tunics, perivascular hemor-
rhages (black arrows), and clusters of neutrophils, macrophages, and few lymphocytes in the parenchyma
(white arrowheads). (E) Mock infected Il1r1�/� mouse. (F) Image (�400) of an Il1r1�/� mouse shows a blood
vessel with a large intranuclear viral inclusion body in an endothelial cell (yellow arrow). Scale bars: A to E, 100
�m; F, 20 �m. (G) Histological scores of brain damage for WT, Pycard�/�, Unc93b1�/�, and Il1r1�/� mice. Data
points represent individual mice, and the horizontal lines indicate arithmetic mean values.
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deep within the parenchyma of the pons, midbrain, and thalamus. Affected vessels
were surrounded by edema, free red blood cells, and lymphoid cuffs (Fig. 4A to D).
Some vessel walls were effaced by infiltrates of macrophages, lymphocytes, and rare
neutrophils. Small capillaries lost their endothelial lining, contained fibrin admixed with
inflammatory cells, and were surrounded by free red blood cells and small clusters of
neutrophils. The severity and distribution of the lesions were quantified by blinded
scoring of histological sections of brains (Fig. 4G). Consistent with brain inflammatory
cytokine levels (Fig. 3), substantial cellular inflammation was present in the brains of
Il1r1�/� mice infected with MAV-1; however, this was not statistically different from WT
mice (Fig. 4G). There were also histopathological findings in the Pycard�/� and
Unc93b1�/� mice that did not score differently relative to WT mice. In all MAV-1-
infected mouse strains, the endothelium was variably hypertrophic, and there was
perivascular edema and leakage of red blood cells. In contrast, large basophilic intranu-
clear viral inclusion bodies were seen in endothelial, glial, and neuronal cells only in the
brains of the Il1r1�/� mice (Fig. 4D and F). These histopathologic findings confirm that
defective IL-1 signaling increased brain inflammation and pathology in MAV-1-infected
mice of all four strains compared to mock-infected mice.

IL-1 signaling does not limit MAV-1 neuroinvasion but may play a role in viral
clearance. To better understand the impact of the lack of IL-1 signaling on MAV-1
replication in the brain at various times during infection, viral loads were measured by
qPCR in the brains of Il1r1�/� and WT mice harvested at 2 to 8 dpi. MAV-1 is typically
detected in the CNS of mice between 3 and 5 days after i.p. inoculation (5). Consistent
with this, infected WT and Il1r1�/� mice had detectable viral loads in the brain by 3 dpi
(Fig. 5). Viral loads in the brains were similar in Il1r1�/� and WT mice through 6 dpi. In
Il1R1�/�mice, MAV-1 levels were statistically significantly higher at 8 dpi. As seen in Fig.
2, the MAV-1 levels were also statistically significantly higher in Il1r1�/� mice at 7 dpi,
where a higher number of animals was used than in Fig. 5 (n � 23 in Fig. 2, n � 5 in
Fig. 5). Thus, during initial infection MAV-1 replicated at similar levels in mice brains
with or without IL-1 signaling. However, when presenting with encephalitic signs,
Il1r1�/� mice succumbed to infection, and this correlated with higher brain viral loads
than in WT mice.

Serum cytokine responses in Il1r1�/� mice. To define additional effects of IL-1
signaling deficiency during MAV-1 infection, we assessed the levels of cytokines and
chemokines in the sera and brains of uninfected and infected WT and Il1r1�/� mice
over a time course. We first measured serum levels of 21 pro- and anti-inflammatory
cytokines and chemokines 2 to 8 dpi using Milliplex assays. We did not observe any
differences in the basal serum cytokine and chemokine levels between uninfected
WT and Il1r1�/� mice, except for IL-10, which was present at higher levels in
Il1r1�/� mouse sera (P � 0.05; data not shown). However, after infection, serum

FIG 5 Kinetics of MAV-1 replication in brains from WT (C57BL/6J) and Il1r1 �/� mice from 2 to 8 dpi. WT
(C57BL/6J) mice are represented by closed squares and a solid line, and Il1r1 �/� mice are represented
by open squares and a dashed line. Viral loads were assessed by qPCR for viral DNA. The LOD of the assay
was 104 viral genome copies/100 ng of DNA. Data are shown as means � the standard errors of the mean
(SEM) for n � 5 mice per time point per strain. The asterisk indicates statistical significance as calculated
by two-way ANOVA with Sidak’s multiple-comparison test between strains (*, P � 0.05).
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cytokine levels peaked earlier or higher in infected Il1r1�/� mice compared to WT
mice (Fig. 6A to D). Serum IFN-� levels peaked on day 6 for both mouse strains;
however, Il1r1�/� mice had higher peak levels of IFN-� than WT mice (Fig. 6A).
Serum chemokine levels also peaked earlier, on day 6, in Il1r1�/� mice versus day
7 in WT mice for IP-10 (CXCL10), KC (CXCL1), and MCP-1 (CCL2) (Fig. 6B to D).
Il1r1�/� mice had significantly lower serum levels of IP-10 and KC at 7 dpi (Fig. 6B
and C) than WT mice. In contrast, Il1r1�/� mice had significantly higher serum levels
of MCP-1 at 6 dpi (P � 0.05) (Fig. 6D). Serum levels of IL-1�, IL-1�, IL-2, MIP-1�

(CCL3), MIP-1� (CCL4), MIG (CXCL9), and RANTES (CCL5) were not significantly
different between WT and Il1r1�/� mice at any time point after infection (data not
shown). The levels of LIX (CXCL5) exceeded the reliable limit of detection (LOD) and
the levels of IL-4, IL-15, IL-17, and vascular endothelial growth factor (VEGF) were
below the limit of detection of the assay in serum for both strains.

Inflammatory cytokine expression in brains is increased in the absence of
IL-1R1 signaling. We analyzed the protein levels and mRNA profiles of inflammatory
cytokines and chemokines in the brains of MAV-1-infected Il1r1�/� and WT control
mice from 2 to 8 dpi. We first analyzed mRNA levels from 59 genes by using a
NanoString hybridization assay (Table 2) and then assayed the protein levels of selected
genes by enzyme-linked immunosorbent assay (ELISA). The protein (Fig. 6A to D and
Fig. 7A to C) and mRNA levels (Fig. 7D to H) of cytokines (Fig. 6) and chemokines (Fig.
7) increased in infected mouse brains at 6 dpi, with peak levels either at 7 or 8 dpi,
depending on the mouse strain.

Overall, the protein levels of the analyzed chemokines correlated with mRNA levels
in brains, and when there were differences between WT and Il1r1�/� mice, levels were
higher in Il1r1�/� mice (Fig. 7). IFN-�, IL-1�, IL-6, and TNF-� protein levels were higher
in Il1r1�/� mice than WT mice (Fig. 6E to H). Il1r1�/� mice also had higher levels of
proinflammatory chemokine mRNAs and proteins compared to WT mice (Fig. 7). IP-10,
MCP-1, and RANTES mRNA and protein levels were higher in Il1r1�/� mice than WT
mice; this difference reached a peak on day 8 (P � 0.05) (Fig. 7). Because of the increase
in IL-1, IL-6, and TNF-�, we also evaluated the mRNA levels of MIP-1� and MIP-1� in

FIG 6 Kinetics of cytokine protein levels in serum and brains of WT (C57BL/6J) and Il1r1 �/� mice from 2 to 8 days postinfection. WT (C57BL/6J) mice are
represented with closed squares and solid lines, and Il1r1 �/� mice are represented by open squares and dashed lines. Cytokine protein levels were assessed
in serum by Milliplex multi-analyte profiling (A to D) and in brains by ELISA (E to H). Data are shown as the means � the SEM for n � 5 mice per time point
per strain. Mock data for both strains were similar and are shown as a single point (open circles). The asterisks indicate statistical difference between the strains
at the indicated time points as calculated by two-way ANOVA with Sidak’s multiple-comparison test between two strains of mice on a given day (*, P � 0.05;
***, P � 0.0005).
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infected mouse brains, since MIP-1 molecules can induce the secretion of IL-1, IL-6, and
TNF-� from murine peritoneal macrophages (48). MIP-1� and MIP-1� mRNA levels
started to increase in brains 6 dpi; at day 8, Il1r1�/� mice had significantly higher levels
than WT mice (Fig. 7G and H). In summary, consistent with the histology results, the lack
of IL-1 signaling during MAV-1 infection led to increased levels of inflammatory
cytokine and chemokine gene expression and protein production in infected brains.

Higher transcription levels of type I IFN-stimulated genes in infected Il1r1�/�

mice. To better understand the mechanism behind increased inflammation in brains of
Il1r1�/� mice, we evaluated the type 1 IFN response. Type I IFNs are crucial regulators
of noncanonical inflammasome activation and pyroptosis and can suppress IL-1� and

FIG 7 Kinetics of chemokine production in brains of WT (C57BL/6J) and Il1r1�/� mice from 2 to 8 days postinfection. WT (C57BL/6J) mice are represented with
closed squares and solid lines, and Il1r1�/� mice are represented by open squares and dashed lines. Cytokine protein levels were assessed by ELISA (A to C)
and RNA levels by NanoString (D to H). Data are shown as means � the SEM for n � 5 mice per time point per strain. Mock ELISA data for both strains were
similar and are shown as a single point (open circles) for ELISA. The asterisks indicate statistical significance as calculated by two-way ANOVA with Sidak’s
multiple-comparison test between two strains of mice on a given day (*, P � 0.05; **, P � 0.005; ***, P � 0.0005). For all graphs, statistics were performed on
the sample values (rather than the fold change for panels D to H).
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IL-1� transcription and translation in various cell types (49). On the other hand, IL-1 can
regulate type I IFN production and effector functions (50). We evaluated the mRNA
levels of several genes related to innate immunity by using NanoString. IFN-�1 mRNA
levels increased in brains of both mouse strains at day 5, and Il1r1�/� mice had higher
levels of IFN-�1 than WT mice at 8 dpi (P � 0.0005) (Fig. 8A). Since TLR signaling triggers
the induction of type I IFN (IFN-�/�), providing a crucial mechanism of antiviral defense,
we also evaluated the mRNA levels of IFN-stimulated genes IRF3, IRF7, TLR2, TLR3, TLR4,
TLR7, and TLR9 by using NanoString. There were statistical differences between WT and
Il1r1�/� mice only in the levels of IRF-7, TLR2, and TLR3 mRNAs, which were higher in
Il1r1�/� mice at 8 dpi (P � 0.05) (Fig. 8B to D). IRF-3 and IRF-7 are the main inducers
of IP-10 production through TLR3 signaling (51). Upon infection, Il1r1�/� mice had
significantly higher mRNA levels of IP-10 and IRF-7 compared to WT mice (Fig. 7D and
8B), but there was no difference in IRF3 levels (data not shown). In addition, IFIT1, which
also induces IP-10 production, had higher transcription levels after MAV-1 infection in
Il1r1�/� mice compared to WT mice (Fig. 8E). STING and cGAS are intracellular sensors
that activate the IFN pathway, and HAdV DNA is sensed by cGAS (37). We observed an
increase in STING and cGAS mRNA levels after infection with MAV-1 that did not differ
between WT and Il1r1�/� mice (Fig. 8F and G). In summary, in the absence of IL-1
signaling during MAV-1 infection, there was an increase in the mRNA levels of IFN-
stimulated genes.

DISCUSSION

In this study, we investigated the role of IL-1 signaling in MAV-1-induced enceph-
alitis, evaluating whether IL-1 contributes to the encephalitis and BBB disruption
observed in MAV-1-infected C57BL/6J mice. Using Il1r1�/� mice lacking the IL-1 recep-
tor, we demonstrated the importance of IL-1 signaling during MAV-1 infection. Mice
that lack this receptor had lower survival, higher disruption of the BBB, higher viral
loads, and higher levels of inflammatory cytokines and chemokines in the brain
compared to control mice. MAV-1-infected Il1r1�/� mice had inflammatory profiles
similar to Pycard�/� mice, which alone might suggest that the inflammasome-
dependent production of IL-1 that occurred during MAV-1 infection was dependent on

FIG 8 Kinetics of mRNA levels of IFN-�1 (A), IRF-7 (B), TLR2 (C), TLR3 (D), IFIT1 (E), STING (F), and cGAS (G) in the brains of WT (C57BL/6J)
and Il1r1�/� mice from 2 to 8 dpi. WT (C57BL/6J) mice are represented by closed squares and solid lines, and Il1r1�/� mice are represented
by open squares and dashed lines. Cytokine gene RNA levels were determined by NanoString. Data are shown as means � the SEM for
n � 5 mice per time point per strain. The asterisks indicate statistical significance as calculated by two-way ANOVA with Sidak’s
multiple-comparison test between two strains of mice on a given day (*, P � 0.05; **, P � 0.005; ***, P � 0.0005), performed on the sample
values rather than fold change.
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ASC (which is encoded by Pycard). However, Il1r1�/� mice had greater BBB disruption
and higher viral loads than Pycard�/� mice; this distinction between disease pheno-
types in the two strains suggests that instead there may be another pathway involved
in IL-1 production that is operating in the infected Pycard�/� mice, which did not
recapitulate all the phenotypes of Il1r1�/� mice. In addition, we did not test IL-1�

knockout mice, and it is possible that IL-1� has a protective role during MAV-1
infection, since Il1r1�/� mice had a poorer outcome compared to Pycard�/� mice. To
better understand the mechanism by which the lack of IL-1 signaling in Il1r1�/� mice
caused a poorer outcome compared to WT mice, we assayed the transcription levels of
several IFN-stimulated genes. The mRNA levels of IFN-�1, TLR2, TLR3, IRF-7, and IFIT1
were elevated after MAV-1 infection in Il1r1�/� mouse brains. One possibility is that
type I IFN-stimulated genes contribute to pathology during the lack of IL-1 signaling.

Previous studies have associated IL-1 signaling with either protection or enhance-
ment of disease. In the context of MAV-1-induced encephalitis our results indicate that
IL-1 signaling has a protective role, as observed for WNV infection (11, 25). Il1r1�/� and
Pycard�/� MAV-1-infected mice had lower survival than WT mice. We observed a more
pronounced effect on MAV-1 pathogenesis in Il1r1�/� mice and higher brain viral loads
in brains compared to the other mouse strains. This is different from WNV infection in
mouse models, where not only Il1r1�/� mice but also Pycard�/� mice have higher brain
viral loads (11, 25, 30). During HSV-1-induced encephalitis, IL-1� also has a protective
role against encephalitis (21). However, for Sindbis virus encephalitis and HIV enceph-
alitis, IL-1 has an opposite effect: it increases pathogenesis (21, 23, 24). The IL-1
protective role found here for MAV-1 infections was surprising since IL-1�, along with
TNF-� and IL-6, increases BBB permeability to viruses (52). However, we observed that
MAV-1 infection of mice lacking IL-1R1 resulted in higher disruption of BBB (as evi-
denced by sodium fluorescein uptake) compared to control mice, confirming the
protective role of IL-1 signaling.

Chemokines also have an effect on BBB disruption, as demonstrated for MCP-1
(CCL2) during HIV-1 infection, where MCP-1 disrupts adherens junctions and transiently
opens the endothelial cell barrier (53). Chemokines also affect BBB integrity by enhanc-
ing migration of immune cells to the infected brain areas. The chemokine receptors
CXCR3, CCR2, and CCR5 are crucial for leukocyte trafficking to the brain during SFV and
WNV encephalitis (54). The results of our study suggest that these chemokine receptors
may contribute to BBB disruption in MAV-1 infection, since we found high levels of their
ligands in infected Il1r1�/� mice, accompanied by higher BBB disruption than in WT
mice. For example, we found higher levels of IP-10 (CXCL10), MCP-1, MIP-1� and -1�

(CCL3 and CCL4), and RANTES (CCL5), which are ligands of CXCR3, CCR2, and CCR5, in
Il1r1�/� mice than WT mice. Il1r1�/� mice also had higher levels of KC (CXCL1), the
ligand of CXCR2. We did not characterize the infiltrating leukocyte population in
Il1r1�/� MAV-1-infected mice. However, the histopathology analysis indicated that
there were infiltrates of macrophages, lymphocytes, and few neutrophils. IP-10
(CXCL10), MCP-1 (CCL2), MIP-1� (CCL4), and RANTES (CCL5) attract mainly monocytes,
macrophages, T cells, and NK cells, and thus the higher increase in these chemokine
levels in Il1r1�/� mice is consistent with them contributing to the observed infiltration.

To better characterize the IL-1 pathway involved in MAV-1-induced BBB disruption,
we used Unc93b1�/� and Pycard�/� mice. UNC93B is required for TLR3, TLR7, TLR9,
TLR11, TLR12, and TLR13 endosomal localization (39), and thus signaling through these
receptors is impaired in Unc93b1�/� mice (43). For IL-1� to be in its active form, it needs
two signals (13). The first signal can be provided by TLR stimulation and triggers the
synthesis of the IL-1� precursor (55). The second signal leads to inflammasome assem-
bly, and the adaptor protein ASC must become linearly ubiquitinated and phospho-
rylated for inflammasome assembly to occur (28). If the absence of IL-1� signaling was
responsible for the poorer outcome observed in MAV-1-infected Il1r1�/� mice, we
expected that Unc93b1�/� and Pycard�/� mice would also have lower survival than WT
mice, because the former could be defective in IL-1� production. Indeed, these mice
did have poorer survival when infected with MAV-1, an observation consistent with an
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IL-1� defect contributing to the reduction in survival. However, the infected Unc93b1�/�

and Pycard�/� mice did produce IL-1�. In addition, not all the MAV-1-induced patho-
genesis findings observed in Il1r1�/� mice were replicated in Unc93b1�/� and Py-
card�/� mice, such as increased BBB disruption and viral load, and the presence of
intranuclear viral inclusion bodies. One possibility is that IL-1�, which is present in the
Pycard mice during MAV-1 infection, can be produced by a non-ASC pathway (14) and
provides some protective effects in Pycard�/� mice. Alternatively, perhaps IL-1� pro-
duced in Unc93b1�/� and Pycard�/� mice can act in a protective manner like IL-1� with
respect to BBB disruption and viral replication. This could be addressed by examining
MAV-1-induced encephalitis in IL-1� and IL-1� knockout mice.

To get a more detailed picture of the IL-1 signaling effects during MAV-1-induced-
encephalitis, we compared the systemic cytokine response (in serum) to the local
response (in brain). A study with WNV showed that inflammatory responses in the
periphery are impaired in WNV-infected mice that have a mutation in Pycard that
renders them ASC deficient compared to inflammatory responses in the brains of the
same mice (30). However, we observed that in Il1r1�/� mice the systemic cytokine
response peaked earlier than in WT mice and decreased on days 7 and 8, when viral
loads were still increasing, in contrast to a decrease in viral loads in WT mice at those
times. This suggests that the lack of IL-1 signaling resulted in reduced systemic
cytokines that led to continued viral replication, possibly due to insufficient T cell
activation (26). The brain inflammatory response was much higher in Il1r1�/� mice
compared to WT mice, with higher levels of IL-6 and TNF-�, which, along with IL-1�,
have been correlated with increased BBB disruption (52). Astrocytes become activated
subsequent to IL-1� production and consequently have an enhanced ability to sustain
neuronal survival, reestablish the BBB, and reestablish homeostasis (56). It is possible
that some of these positive functions of IL-1� might be operating during MAV-1
infection. We hypothesize that peak levels of cytokines in MAV-1-infected brains
occurred only at 7 to 8 dpi because at this time virus replication reached a sufficient
level to stimulate this inflammatory response. We first detected viral DNA here (Fig. 5)
at 3 dpi and detect replicated infectious virus (5) at 3 to 5 dpi. Thus, 7 to 8 dpi would
correspond to �2 rounds of viral infection. It would be interesting to determine
whether cytokines are produced from the same sources throughout the infection or
whether there is a difference in cytokine-producing cells in the initial infection versus
subsequent replication.

The transcription levels of type I IFN-stimulated genes were higher in Il1r1�/� mice
than in WT mice. Both IL-1 and type I IFN signaling pathways can cause harm when
dysregulated or activated in an inappropriate context, and they also can regulate each
other (50). IL-1 can antagonize type I IFN responses by regulating transcription and
translation of IFN-� via induction of prostaglandin E2 (57). IFN-� mRNA and protein
levels are upregulated in the lungs of Il1r1�/� mice upon infection by Mycobacterium
tuberculosis (57). Similarly, we found that in MAV-1-infected Il1r1�/� mice, type I
IFN-stimulated gene levels were upregulated in the brains relative to mock-infected
mice. It could be that in the context of MAV-1 infection IL-1 also regulates the type I IFN
response; alternatively, increased IFN-stimulated genes could be a result of Il1r1�/�

mice having higher viral loads. These possibilities could be addressed by evaluating
protein levels of IFN-stimulated genes in the type I IFN pathway.

In summary, we used knockout mice to determine whether IL-1 has a protective role
in mouse infections by MAV-1. We used mice deficient in IL-1, TLR3, TLR7, and TLR9
signaling. All the knockout mice had survival significantly worse than control mice.
However, the Il1r1�/� mice had the most severe disease phenotype, more inflamma-
tory cytokine production, and increased transcription of type I IFN-stimulated genes
compared to WT control mice. We conclude that IL-1 protects mice from some of the
pathogenic effects of MAV-1 infection.
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MATERIALS AND METHODS
Virus and mouse experiments. WT MAV-1 was originally obtained from S. Larsen (58, 59), and virus

was grown and passaged in 3T6 fibroblasts as described previously (60). Lysates from infected 3T6 cells
were centrifuged to remove cellular debris, and titers of virus stocks were determined by plaque assay
on 3T6 cells (60). Conditioned media used for mock infections was isolated and prepared from uninfected
3T6 cells in a similar manner.

C57BL/6J male mice were obtained from Jackson Laboratory. Il1r1�/� and Pycard�/� mice (61, 62) on
the C57BL/6 background were obtained from Gabriel Nuñez (University of Michigan). C57BL/6J-
Unc93b13d (Unc93b1�/�) mice (43) were obtained from David Irani (University of Michigan). The knockout
mice were bred in-house, and both sexes were used in experiments. No differences based on sex were
noted. Mice 4 to 5 weeks old were infected via i.p. injection with 103 PFU in a volume of 100 �l. Virus
was diluted in 10-fold serial dilutions in endotoxin-free Dulbecco phosphate-buffered saline (DPBS;
Lonza). Mock-infected mice were injected with conditioned media diluted similarly in DPBS. Mice were
monitored twice daily for signs of disease (e.g., ruffled fur, hunched posture, seizures, inability to feed)
and were euthanized by CO2 asphyxiation if moribund or at the indicated time points. Organs were
harvested, snap-frozen on dry ice, and stored at �70°C until processed. All animal work complied with
relevant federal and University of Michigan policies. Mice were housed in microisolator cages and
provided with food and water ad libitum.

Histological analysis. C57BL/6J, Pycard�/�, Unc93b1�/�, and Il1r1�/� mice were either mock in-
fected or infected with MAV-1, perfused with 10% formalin (3.7% formaldehyde in PBS) after euthanasia,
and organs were collected for histopathology. Organs (thymus, lung, heart, brain, liver, kidney, and
spleen) were immersion fixed in 10% neutral buffered formalin for 24 h, embedded in paraffin, and
sectioned at 5 �m. Sections were stained with hematoxylin and eosin. The University of Michigan
Comprehensive Cancer Center Research Histology and Immunoperoxidase Laboratory performed sec-
tioning and staining. Slides were randomized and blinded for evaluation by a board-certified pathologist.
Five coronal sections from each brain representing the olfactory bulb, cortex/ventral striatum, hippocam-
pus/thalamus, midbrain, and pons/cerebellum were evaluated. Points for each animal were summed to
generate a total histology score. A single point was assigned to each of the following microscopic
findings: perivascular edema, parenchymal microhemorrhages, vasculitis with loss or hypertrophy of
endothelial cells, perivascular or meningeal vascular cuffing, and multifocal distribution of lesions
affecting two or more brain regions.

Isolation of DNA and RNA. DNA for the measurement of viral load was extracted from 20 mg of
brain or 10 mg of spleen using the PureLink Genomic DNA minikit (Thermo Fisher Scientific). Total RNA
used for gene transcription was extracted from brains as follows. Approximately 50 mg of each brain was
homogenized using sterile glass beads in a Mini-Beadbeater (Biospec Products) for 30 s in 1 ml of TRIzol
(Invitrogen). RNA was then isolated from the homogenates according to the manufacturer’s protocol and
stored at �70°C until use.

Quantitation of viral loads in tissues. MAV-1 viral loads were measured in brains and spleens using
qPCR as previously described (63). MAV-1 early region 1A (E1A) primers and probe detect a 59-bp region
of the MAV-1 E1A gene (Table 1). A 5-ng portion of extracted DNA was added to reaction mixturess
containing TaqMan Universal PCR mix (Applied Biosystems), forward and reverse primers (each at 200 nM
final concentration), and probe (40 nM final concentration) in a 10-�l reaction volume. Real-time PCR was
performed on an ABI Prism 7500 sequence detector (Applied Biosystems) and consisted of 40 cycles of
15 s at 90°C and 60 s at 60°C. Standard curves generated using known amounts of plasmid containing

TABLE 1 Primers and probes used for real-time PCR analysis

Target Oligonucleotide Sequence (5=–3=)
MAV-1 E1A Forward primer GCACTCCATGGCAGGATTCT

Reverse primer GGTCGAAGCAGACGGTTCTTC
Probe TACTGCCACTTCTGC

IFN-� Forward primer AAAGAGATAATCTGGCTCTGC
Reverse primer GCTCTGAGACAATGAACGCT

IFN-�2 Forward primer TTGAAGGTCCTGGCACAG
Reverse primer GAGGTTCAAGGTCTGCTGA

IFN-� Forward primer AGCTCCAAGAAAGGACGAACAT
Reverse primer GCCCTGTAGGTGAGGTTGATCT

IL-1� Forward primer GCAACTGTTCCTGAACTCAACT
Reverse primer ATCTTTTGGGGTCCGTCAACT

TNF-� Forward primer CCACCACGCTCTTCTGTCTAC
Reverse primer AGGGTCTGGGCCATAGAACT

GAPDH Forward primer TGCACCACCAACTGCTTAG
Reverse primer GGATGCAGGGATGATGTTC
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the MAV-1 EIA gene were used to convert cycle threshold values to copy numbers of E1A DNA. Results
were standardized to the amount of input DNA. Each sample was assayed in duplicate. Viral loads
determined by qPCR correlated with values determined by plaque assay (Castro-Jorge and Spindler,
unpublished).

Analysis of cytokine and chemokine gene expression. Cytokine gene expression was quantified
from RNA extracted from brains of mock-infected or MAV-1-infected C57BL/6J and Il1r1�/� mice using
a NanoString nCounter analysis system and qRT-PCR. Details of the nCounterTM technology (NanoString
Technologies, Seattle, WA) have been reported previously (64). Briefly, 60 genes associated with
IL-1�/innate immune pathways and 3 reference genes were evaluated by NanoString RNA hybridization
analysis (Table 2). Each gene probe in the 63 gene set was manufactured with specificity to a 100-base
region of target gene mRNA and linked to a biotinylated capture probe; a complementary reporter probe
was also included and tagged with a specific fluorescent barcode, resulting in two sequence-specific
probes for each target transcript. Probes were hybridized to 100 ng of total RNA for 16 h at 65°C and
applied to the nCounterTM Preparation Station for automated removal of excess probe and immobili-
zation of probe-transcript complexes on a streptavidin-coated cartridge. Data were collected using a
GEN2 digital analyzer by counting the individual barcodes.

To confirm NanoString results, we performed reverse transcription-qPCR analysis. Portions (2 �g)
of RNA were reverse transcribed using a high-capacity cDNA reverse transcription kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. cDNA corresponding to 50 ng of RNA
equivalent was used in each qPCR, and each sample was analyzed in triplicate. The target genes
evaluated are detailed in Table 1. Quantitation was performed by normalizing target gene mRNA
levels to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) levels, and infected sample values
are expressed relative to the mean of mock values, set to 1 for each gene. To calculate the statistical

TABLE 2 Genes evaluated by NanoString RNA hybridization analysis

aNucleotide numbers indicate where the probe anneals in gene sequence deposited in GenBank.
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significance of between-group differences, we used ΔCT values, and for data presentation, we used
2�ΔΔCT values.

Analysis of cytokine and chemokine protein levels. The levels of cytokines and chemokines
were measured in mouse serum by the Milliplex mouse cytokine/chemokine panel I kit (Millipore) by
the University of Michigan Cancer Center Immunology Core. In each serum sample we measured
GM-SCF, IFN-�, IL-1�, IL-1�, IL-2, IL-4, IL-6, IL-10, IL-12p70, IL-15, IL-17A, IP-10, KC, LIX, MCP-1, MIG,
MIP-1�, MIP-1�, RANTES, TNF-�, and VEGF-A. The assay was performed according to the manufac-
turer’s instructions. Plates were read using a MAGPIX plate reader and analyzed using xPONENT
Software (Merck Millipore).

The levels of cytokines and chemokines in mouse brains were measured by ELISA at the
University of Michigan Cancer Center Immunology Core. We measured the IFN-�, IL-1�, IL-1�, IL-6,
IL-10, IP-10, KC, MCP-1, RANTES, and TNF-�. Approximately 50 mg of each brain was homogenized
at a 10% concentration with extraction buffer solution (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1%
Igepal, and 1� protease inhibitor cocktail [Thermo Scientific]) using sterile glass beads in a
Mini-Beadbeater (Biospec Products) for 30 s three times, with intervals of 10 s on ice. Samples were
incubated on ice for 30 min and then centrifuged at 2,000 � g for 10 min at 4°C. Samples were
transferred to a new 1.5-ml tube and centrifuged again at 20,000 � g for 20 min at 4°C to pellet
debris. Samples were stored at �70°C until use. Before use, samples were thawed on ice and
centrifuged at 20,000 � g for 5 min at 4°C. Cytokine measurement (R&D and Peprotech) and protein
quantification by Pierce BCA protein assay kit (Thermo Scientific) were performed according to the
manufacturer’s instructions.

BBB permeability assay. Mice were injected i.p. with 100 �l of 10% sodium fluorescein (Sigma) in
DPBS 10 min prior to euthanasia. Mice were euthanized by CO2 asphyxiation. Cardiac blood was
collected, and mice were transcardially perfused with 30 ml of ice-cold PBS. Brains were then snap-frozen
until used for quantitation. Sodium fluorescein levels in brain and serum were determined as previously
described (8) using the right brain hemisphere. Fluorescence levels were measured on a Bio-Tek
multidetection microplate reader with a 485-nm excitation and a 530-nm emission. Standards were used
to calculate the sodium fluorescein content of brain and serum samples. Brain values were normalized
to their respective serum dye values to allow comparisons among mice. The amount of sodium
fluorescein in each infected mouse brain is represented as a fold change from the average uptake in the
brains of mock-infected mice of the respective strain.

Data analysis. Statistical analyses were performed using Prism 6 (GraphPad Software, Inc.) and
JMP 11 (SAS Software). Log-transformed values for viral load data were used for statistical compar-
isons. Differences between two groups were analyzed using Mann–Whitney rank sum test. Com-
parisons made between groups at multiple time points were analyzed using two-way analysis of
variance (ANOVA), followed by Sidak’s multiple-comparison tests. P values of �0.05 were considered
statistically significant.

Analysis and normalization of the raw NanoString data were conducted using nSolver Analysis
Software v2.5 (NanoString Technologies). Raw counts were normalized to internal levels of three
mouse reference genes: GAPDH, GUSB, and HPRT. Normalized data were log2 transformed for
statistical comparisons. RNAs from mock-infected mice served as controls and were used to calculate
fold change.
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