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Neurotropic coronavirus induces acute encephalomyelitis and demyelination in mice. Infection of BALB/c
(H-2%) mice expressing a dominant negative gamma interferon (IFN-y) receptor specifically in oligodendro-
cytes was examined to determine the influence of IFN-y signaling on pathogenesis. Inhibition of IFN-y
signaling in oligodendrocytes increased viral load, infection of oligodendrocytes, oligodendrocyte loss, demy-
elination, and axonal damage resulting in increased mortality. IFN-y levels and the inflammatory response
were not altered, although the level of tumor necrosis factor (TNF) mRNA was increased. These data indicate
that IFN-y signaling by oligodendroglia reduces viral replication but affects both demyelination and tissue

destruction in a host-specific manner.

Infection of mice with a sublethal neurotropic JHM strain of
mouse hepatitis virus (JHMV) results in an acute encephalo-
myelitis accompanied by demyelination that progresses to a
chronic infection (3). Oligodendrocytes are a major target of
infection during acute replication and a reservoir during viral
persistence, which is characterized by viral RNA, viral antigen,
and ongoing demyelination (3). Infection of gamma interferon
(IFN-y)-deficient mice and immunodeficient recipients of
memory T-cell subsets suggests a critical requirement for
IFN-y in controlling virus replication in oligodendrocytes but
not in astrocytes or microglia/macrophages (5, 19). Infection of
C57BL/6 transgenic (TG) mice expressing a dominant negative
(dn) IFN-y receptor 1 (IFN-yR1) specifically in oligodendro-
cytes under the control of the proteolipid protein promoter
(10) demonstrated increased numbers of infected oligodendro-
cytes without altering the extent of demyelination or tissue
destruction (11). These data revealed that IFN-y signaling to
oligodendrocytes is critical for control of virus replication but
that the extent of tissue destruction and morbidity is indepen-
dent of the viral load. This notion is supported by recent
studies suggesting that immune modulatory effects of IFN-y
are more critical to pathogenesis than virus replication per se
(5, 12, 20, 24). As BALB/c mice mount increased Thl re-
sponses to mouse hepatitis virus infection (13) and H-2¢-
restricted virus-specific CD8 T cells are induced more rapidly
than are H-2"-restricted CD8 T cells (2), we determined
whether a distinct genetic background would alter pathogene-
sis imposed by the oligodendrocyte-driven dnIFN-yR1 trans-
gene. The TG C57BL/6 line expressing high levels of the
dnIFN-yR1 (10) was backcrossed nine times onto BALB/cByJ
mice (Jackson Laboratory, Bar Harbor, ME) and intercrossed
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to produce homozygous mice. TG mRNA was detected only in
brain and spinal cord (Fig. 1A), demonstrating specific central
nervous system (CNS) expression. Oligodendrocytes isolated
from the CNS of TG mice and wild-type (WT) BALB/c mice
(National Cancer Institute, Frederick, MD) were analyzed for
IFN-yR1 expression by using anti-CD119 monoclonal anti-
body (MADb) (10). CD119 expression was increased >2-fold on
oligodendrocytes derived from the TG mice (Fig. 1B). In con-
trast, IFN-yR1 expression was not altered on microglia (data
not shown), confirming promoter-specific transgene expres-
sion.

Homozygous dnIFN-yR1 TG and WT mice were infected by
intracranial injection of 500 PFU of the 2.2v-1 variant of
JHMYV, and clinical symptoms were scored daily in a blinded
fashion as previously described (9). Both TG and WT mice
exhibited symptoms of encephalitis by 7 days postinfection
(p-i.) and partial hind-limb paralysis by 9 days p.i. However,
clinical symptoms were increased in TG mice compared to
those in WT mice at all time points p.i., with a significant
increase by day 9 p.i. (clinical scores were 2.8 = 0.9 for TG
mice and 1.7 £ 1.0 for WT mice; P < 0.05), correlating with
~80% mortality in TG mice by day 14 p.i. (Fig. 1C). CNS virus
replication in TG mice exceeded replication in WT mice as
early as day 5 p.i., and the increase was sustained until day
14 p.i. (Fig. 1D).

The number of virus-infected cells, identified by antinucleo-
capsid MAb J.3.3 (11, 19), with a morphology consistent with
oligodendrocytes, was increased in the white matter of TG
mice compared to that in WT mice (TG, 102.2 cells/mm? WT,
43.5 cells/mm?; P < 0.05) (Fig. 2A and B). Demyelination was
also increased in infected TG mice (Fig. 2C and D). Although
quantitative analysis of demyelination, carried out as previ-
ously described (11), showed that myelin loss in the white
matter was ~2-fold greater in TG than in WT mice at day
10 pi. (TG, 60% = 23% of spinal cord white matter; WT,
31% = 1%), the difference did not reach statistical significance
(P = 0.08). Axonal damage was measured by dual staining with
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FIG. 1. IFN-vy signaling in oligodendrocytes protects BALB/c
mice. (A) Expression of the dnIFN-yR1 transgene mRNA in the
CNS. RNA obtained from brain (BR), spinal cord (SC), spleen
(SPL), liver (LIV), and lungs (LNG) of naive homozygous TG and
WT BALB/c mice, amplified by PCR by using transgene (top)- and
hypoxanthine phosphoribosyltransferase (HPRT) (bottom)-specific
primers as previously described (10). (B) Surface expression of
IFN-yR1 (CD119; PharMingen, San Diego, CA) on oligodendro-
cytes obtained from spinal cords of naive TG and WT animals by
trypsin digestion and enrichment on 30%/70% Percoll (Pharmacia,
Uppsala, Sweden) gradients as described previously (11, 17). Flow
cytometry histogram of CD119 expression on CD45~ 04" oligo-
dendrocytes from TG mice (dark gray) and WT mice (solid line).
The dotted line represents isotype control staining. (C) Survival
rates of TG and WT mice following JHMV infection. (D) Virus
replication in brains of TG and WT mice determined by plaque
assay of tissue homogenates on DBT cell monolayers. Each time
point represents the average of =3 individuals * the standard
deviation. At all time points p.i., differences between TG and WT
mice were statistically significant (P < 0.05).

J. VIROL.

wf .

o o
. W €
[ s . s‘; ol ‘. ’. . e 4
: P e Sy #7555 £, {
S ” ’ .
i 4 2 A L
ez Goas- \ A YN

FIG. 2. IFN-y regulates CNS immunopathology. Longitudinal
sections of paraffin-embedded spinal cords from TG and WT mice
at day 10 p.i. examined for viral antigen detected with MAb J.3.3 (A
and B); for demyelination via luxol fast blue stain (C and D); for
axonal integrity via anti-SMI-31/32 (Covance, Princeton, NJ) (E
and F); for apoptotic cells, visualized with anti-activated caspase 3
(Cell Signaling, Beverly, MA) (G and H). Oligodendrocytes were
visualized in white-matter tracks with an antibody specific for APC
(Abcam Inc., Cambridge, MA). Oligodendrocytes adjacent to de-
myelinated lesions were determined by counting the number of
APC-positive cells within 500 wm from the edge of each area of
demyelination (I and J). All stains were carried out as previously
described (11, 12) on sections from three to six mice scored in a
blinded fashion. Panels represent areas reflecting the average
blinded score value of each group. Size bar for A, B, C, D, G, and
H = 200 pm; size bar for E, F, I, and J = 50 pm.
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MAb SMI-31 and MAb SMI-32. SMI-31 identifies undamaged
axons, while SMI-32 identifies remaining damaged axons
within areas of demyelination. Therefore, dual stains define
both the area of myelin loss and damaged axons within the
lesion. Axonal loss was confined to demyelinated lesions in
both groups (Fig. 2E and F). Increased tissue damage further
coincided with an increased number of nuclei expressing acti-
vated caspase 3 in white-matter tracks of TG mice, suggesting
an association between increased oligodendrocyte infection
and apoptosis (TG, 96.2 cellssmm?; WT, 58.3 cells/mm?; P <
0.05) (Fig. 2G and H). Finally, TG mice exhibited a loss of
white-matter oligodendrocytes in areas adjacent to myelin loss
(Fig. 2I and J), consistent with increased oligodendrocyte in-
fection and caspase 3-positive cells adjacent to the demyeli-
nated lesions. Quantification of oligodendrocytes, via reactivity
with an anti-adenomatous polyposis coli (APC) MAb as pre-
viously described (11), showed an ~10-fold decrease in oligo-
dendrocytes in the areas adjacent to the lesions in TG mice
compared to in WT mice (TG, 5 cells/mm?; WT, 55 cells/mm?)
at day 10 p.i. These results suggest that demyelinated lesions
expand due to increased infection and apoptosis of oligoden-
drocytes.

To ensure that transgene expression did not affect inflam-
matory cell recruitment into the CNS, TG and WT mice were
compared using flow cytometry as previously described (11,
29). The total numbers of CD45" inflammatory cells were
similar in the two groups at all time points p.i. (Fig. 3A), with
the exception of a slight increase in TG mice at day 5 p.i. The
levels of neutrophil (Ly6G™) and monocyte (CDIIb™) infiltra-
tion were also similar (data not shown). The levels of recruit-
ment of CD4 T cells (Fig. 3B), CD8 T cells (Fig. 3C), and
virus-specific tetramer” CD8 T cells within the CD45™ infil-
trates were also very similar in the two groups (Fig. 3D). In
addition, no differences in T-cell or B-cell frequencies or ex-
pression of activation makers were detected in cervical lymph
nodes (data not shown), excluding a peripheral impairment of
T-cell activation and expansion. Similar IFN-y protein levels in
the CNS of infected TG and WT mice at 7 and 10 days p.i. (Fig.
4A) further supported T-cell effector activity and eliminated
the possibility that IFN-y was sequestered by binding to the dn
receptor. Expression of inducible nitric oxide synthase (iNOS)
and interleukin-1p (IL-18) mRNA were also similar in TG and
WT mice, confirming no gross differences in inflammatory
responses despite increased viral load (Fig. 4B and C). In
contrast, increased expression of tumor necrosis factor (TNF)
mRNA in the TG mice (Fig. 4D) is consistent with enhanced
microglia/monocyte activation, potentially attributed to clear-
ance of apoptotic cells. Thus, TNF may contribute to enhanced
neuronal damage and morbidity. Similar inflammation and
IFN-vy levels, irrespective of increased viral replication in TG
mice versus WT mice, suggested that dysregulated IFN-vy sig-
naling by oligodendrocytes and/or altered oligodendrocyte/
CD8 T-cell interaction(s) enhanced pathogenesis. This notion
is supported by IFN-y-dependent upregulation of major histo-
compatibility complex (MHC) class I antigen presentation
components (17) and a concomitant strong induction of the
B7-H1 inhibitory molecule, specifically on oligodendrocytes
(20). Indeed, mRNA expression analysis of CD45~ 047 oli-
godendrocytes purified by a fluorescence-activated cell sorter
(FACS) revealed that MHC class I heavy-chain mRNA was
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FIG. 3. CNS inflammation during acute JHMV encephalomyelitis
in TG and WT mice. Inflammatory cells from homogenized brain were
enriched using Percoll gradients as previously described (4, 5, 11).
Percentages of CD45™ inflammatory cells within total recovered cells
(A); percentages of CD4 T cells (B) and CDS8 T cells (C) within the
CD45" population; and virus-specific CD8 T cells within the CD8
T-cell population (D) determined via an L9 tetramer containing the
immunodominant virus nucleocapsid protein-derived epitope (1, 2).
Data represent mean * standard error of the mean (SEM) of the
results for three experiments per time point, with pooled samples from
three individuals per experiment.

reduced ~2.4-fold and B7-H1 mRNA was reduced ~6-fold in
TG mice versus WT mice at both days 7 and 10 p.i. (Fig. 4E
and F). The reduction in B7-HI mRNA being more pro-
nounced than that in MHC class I mRNA is consistent with
enhanced susceptibility of TG oligodendrocytes to CD8 T-cell-
mediated cytolysis and subsequent apoptosis.

The present data support the concept that IFN-vy signaling is
critical for oligodendrocyte control and/or resistance to JHMV
infection (11, 19). However, while increased oligodendrocyte
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FIG. 4. Altered gene expression by impaired IFN-vy signaling in oligodendrocytes. (A) Homogenates of individual brains from infected TG and
WT mice were used to determine IFN-vy levels by enzyme-linked immunosorbent assay as described previously (29). RNA was extracted from the
brains of TG and WT mice at 10 days p.i. using the Trizol reagent. Expression of iNOS (B), IL-18 (C), and TNF mRNA (D) relative to that of
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was determined by quantitative reverse transcription-PCR (qRT-PCR), using previously
described primers (12, 17). Each time point represents the average for =3 individuals * the standard deviation. (E) Expression of MHC class I
and B7-H1 (F) mRNA determined by qRT-PCR as described previously (17) in CD45~ O4™" oligodendrocytes purified from groups of six to seven
mice at days 7 and 10 p.i. Expression levels were normalized to GAPDH by using the following formula: 21¢7oaron—CTreel 5 1 000, where CT is the
threshold cycle. Expression levels in naive mice were subtracted. Statistically significant differences for TNF, MHC class I, and B7-H1 mRNA are

denoted by a single asterisk (P < 0.05) or a double asterisk (P < 0.005).

infection in dnIFN-yR1 TG mice on the C57BL/6 background
did not exacerbate tissue destruction and morbidity (11),
BALB/c mice expressing the identical transgene displayed sig-
nificantly enhanced pathology. Severity of infectious disease is
linked to numerous factors, including differential innate and
adaptive immune responses determined by the host genetic
disposition (6, 18, 22, 23, 27). For example, innate immunity
controls resistance of C57BL/6, but not BALB/c, mice to in-
fection with the mouse-adapted human severe acute respira-
tory syndrome (SARS) coronavirus (21, 25). In addition, the
balance of Thl- and Th2-associated cytokines influences con-

trol of infectious diseases (7, 15, 16, 26), while host-dependent
cytotoxic T-lymphocyte responses regulate CNS viral persis-
tence (8, 20). Although some outcomes correlate with MHC
alleles (14, 22), the mechanisms and genes controlling differ-
ences in pathogenesis remain poorly defined. The absence of
demyelination in JHMV-infected immunodeficient mice on
both the H-2® and H-2“ genetic backgrounds, but an induction
of demyelination following T-cell transfer (4, 5, 28), suggests
that demyelination is not directly mediated by viral infection of
oligodendrocytes but, rather, requires an adaptive immune
component. Increased pathology in dnIFN-yR1 BALB/c mice

ZNYD VINVS 4ITvD 40 AINN Ad GTOZ 'S |udy uo /6lo wse’IAlj:dny wolj papeojumoq


http://jvi.asm.org/

VoL. 84, 2010

may thus reflect host-dependent oligodendrocyte-T-cell inter-
actions, host-dependent phagocytic functions, or a combina-
tion of these factors. IFN-yR1 expression by oligodendrocytes
derived from dnIFN-yR1 BALB/c mice is reduced by ~50%
compared to that derived from C57BL/6 dnIFN-yR1 mice
(data not shown). Thus, subtle differences in the ability of
oligodendrocytes to respond to IFN-y, which may influence the
expression of inhibitory molecules, i.e., B7-H1 (20), coupled
with overexpression of TNF-a might facilitate a more vigorous,
yet destructive, immune response. These data suggest that
IFN-vy signaling in oligodendrocytes is associated with a more
neuroprotective phenotype in BALB/c mice than that in
C57BL/6 mice; however, it remains to be determined how
distinct genetic regulation of factors controlling antigen pre-
sentation components, costimulatory or inhibitory ligands, or
their respective receptors on T cells may alter the strength of
CDS8 T-cell effector functions and their consequences on the
local environment.
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