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Interleukin-10 (IL-10) mRNA is rapidly upregulated in the central nervous system (CNS) following infection
with neurotropic coronavirus and remains elevated during persistent infection. Infection of transgenic IL-10/
green fluorescent protein (GFP) reporter mice revealed that CNS-infiltrating T cells were the major source of
IL-10, with minimal IL-10 production by macrophages and resident microglia. The proportions of IL-10-
producing cells were initially similar in CD8* and CD4* T cells but diminished rapidly in CD8™" T cells as the
virus was controlled. Overall, the majority of IL-10-producing CD8* T cells were specific for the immuno-
dominant major histocompatibility complex (MHC) class I epitope. Unlike CD8™ T cells, a large proportion
of CD4™ T cells within the CNS retained IL-10 production throughout persistence. Furthermore, elevated
frequencies of IL-10-producing CD4* T cells in the spinal cord supported preferential maintenance of IL-10
production at the site of viral persistence and tissue damage. IL-10 was produced primarily by the CD25%
CD4™ T cell subset during acute infection but prevailed in CD25~ CD4" T cells during the transition to
persistent infection and thereafter. Overall, these data demonstrate significant fluidity in the T-cell-mediated
IL-10 response during viral encephalitis and persistence. While IL-10 production by CD8™ T cells was limited
primarily to the time of acute effector function, CD4* T cells continued to produce IL-10 throughout infection.
Moreover, a shift from predominant IL-10 production by CD25" CD4™ T cells to CD25~ CD4™" T cells suggests

that a transition to nonclassical regulatory T cells precedes and is retained during CNS viral persistence.

A variety of viruses evade complete immune-mediated clear-
ance, resulting in persistent infection (14, 16). Specifically ben-
eficial for viral persistence are host mechanisms designed to
regulate excessive immune responses and limit tissue damage.
One of the nonredundant mediators regulating immune-medi-
ated damage and facilitating repair is the anti-inflammatory
cytokine interleukin-10 (IL-10) (13, 15, 29, 30). Production of
IL-10 following immune cell recruitment into sites of inflam-
mation limits macrophage and dendritic cell activation and
maturation, resulting in suppression of sustained T cell func-
tion (13, 15, 29). IL-10 can be secreted by a wide range of cells,
including macrophages, dendritic cells, B cells, and various
subsets of CD8" and CD4" T cells (2, 13, 29). The role of
IL-10 differs dramatically in distinct viral infections, potentially
reflecting different magnitudes, sources, and temporal re-
sponses. For example, IL-10 expressed primarily by effector
CD8" and CD4" T cells does not affect the clearance of
influenza virus from the lungs (33, 39). However, IL-10 is vital
in preventing excessive monocytic inflammation and poten-
tially lethal pulmonary injury (39). In contrast, IL-10 limits the
clearance of murine gammaherpesvirus 68 (32), lymphocytic
choriomeningitis virus (LCMV) (10, 14), and vaccinia virus
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(43). IL-10 production within T cells is transiently upregulated
following LCMYV infection and is subsequently downregulated
concomitantly with the loss of T cell function (8, 10, 14).
However, during persistent LCMV infection, IL-10 production
by dendritic cells is associated with altered T cell function,
facilitating viral persistence (10, 15, 17). The presence of IL-10
during acute inflammation may thus limit immune-mediated
damage without affecting viral control, while sustained IL-10
expression may counteract antiviral T cell effector function
during persistence. The mechanisms underlying IL-10 produc-
tion by distinct cell types and their influence on virus clearance
and virus-induced pathology still remain to be defined for
many viral diseases.

Infection with the neurotropic JHM strain of mouse hepa-
titis virus (JHMV) induces an acute encephalomyelitis that
resolves into a persistent infection confined to the central ner-
vous system (CNS) (5). JHMYV infects various CNS cell types,
resulting in the recruitment of both innate and adaptive
immune components (5). CD8" T cells are the primary
effectors of virus clearance, using perforin and gamma in-
terferon (IFN-y) to control viral replication in distinct CNS
cell populations (5). While the virus is eliminated from astro-
cytes and microglia via a perforin-dependent mechanism,
IFN-vy controls the infection of oligodendroglia (5, 6). During
acute encephalomyelitis, IL-10 is upregulated as an early re-
sponse to JHMYV infection (31), as in a variety of human and
rodent viral infections (8, 15). Recent data suggest that IL-10
secretion by CD8™" T cells correlates with antiviral activity (41).
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However, the role of IL-10 in regulating the clearance of in-
fectious virus from the CNS is unclear. In contrast to the
neutral or opposing antiviral effects of IL-10 in non-CNS in-
fections, inhibition of IL-10 facilitates viral control in the CNS
during acute infection (26). By contrast, analysis of JHMV
infection in IL-10-deficient mice suggests that IL-10 limits viral
clearance (41). Recruitment of regulatory T cells (Treg) se-
creting IL-10 within the infected CNS represents a potential
host defense mechanism to control exaggerated immune re-
sponses and thereby limit immune pathology. Indeed, deple-
tion of Treg during acute JHMYV infection increases mortality
(1), while adoptive transfer of Treg partially rescues this effect,
diminishing clinical severity and demyelination (1, 40, 41). In-
terestingly, adoptive transfer of CD4"- and/or CD8*-enriched
T cell populations into JHMV-infected IL-10-deficient mice
decreases demyelination (41), suggesting that multiple cellular
sources of IL-10 may play synergistic roles in the regulation of
viral persistence within the CNS. Persistence is characterized
by the presence of viral antigen and RNA in the absence of
detectable infectious virus, predominantly in the spinal cord (5,
25). In contrast to acute systemic infections that resolve into
viral persistence correlated with T cell exhaustion (8, 9, 22),
JHMV-specific CD8* T cells maintain the ability to secrete
IFN-vy during persistence (3, 5).

To understand a potential association between persisting
JHMYV infection and IL-10, this report characterizes the kinet-
ics of IL-10 production and the cell types producing IL-10
within the CNS during JHMV pathogenesis by using a trans-
genic IL-10 reporter mouse. In contrast to systemic infections
(8, 10, 14, 33), little or no IL-10 production was detected in
cells of the myeloid lineage; however, both CNS-infiltrating
CD4" and CD8™" T cells produced IL-10. The proportions of
IL-10-producing cells were initially similar in the CD8" and
CD4™" T cell compartments in the CNS. Virus-specific CD8* T
cells contained a higher frequency of IL-10-producing cells
than did CD8" T cells of unknown specificity. Nevertheless
IL-10 production diminished rapidly in CD8" T cells as the
virus was controlled. By contrast, IL-10 production was sus-
tained by a large proportion of CD4* T cells, with IL-10-
producing CD4™" T cells most prominent in the spinal cord, the
primary site of viral persistence. Finally, while CD25* CD4* T
cells constituted the major IL-10-producing subpopulation during
acute infection, IL-10 production prevailed in the CD25~ CD4"
T cell subset during the transition to persistent infection and
thereafter. The data demonstrate that distinct T cell populations
dominate as sources of IL-10 during the course of CNS viral
infection. IL-10-mediated dampening of immune responses may
thus mitigate immunopathology, thereby preventing mortality
but contributing to viral persistence within the CNS.

MATERIALS AND METHODS

Mice and virus infection. Wild-type (wt) C57BL/6 mice were purchased from
the National Cancer Institute (Frederick, MD). IL-10/GFP (green fluorescent
protein) reporter mice, designated Vert-X mice, on the C57BL/6 background
(27, 39) were bred locally under pathogen-free conditions. Mice were infected at
the age of 6 to 7 weeks by intracranial injection of 250 PFU of the monoclonal
antibody (MAD) escape mutant of JHMV designated V2.2 (19). Animals were
scored daily for clinical signs based on the scoring system previously described
(19): 0, healthy; 1, ruffled fur and hunched back; 2, hind-limb paralysis/inability
to turn to an upright position; 3, complete hind-limb paralysis and wasting; 4,
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moribund/dead. All procedures were conducted under protocols approved by the
Institutional Animal Care and Use Committee.

Isolation of mononuclear cells. Mononuclear cells were isolated from the CNS
as described previously (3, 6, 34). Briefly, tissues were homogenized in phos-
phate-buffered saline (PBS) using ice-cold Ten Broeck tissue grinders. Homog-
enates were centrifuged at 450 X g for 7 min at 4°C. Supernatants were stored at
—80°C for determination of virus titers. Cells were resuspended in cold RPMI
1640 supplemented with 25 mM HEPES (pH 7.2), adjusted to 30% Percoll
(Pharmacia, Piscataway, NJ), and centrifuged at 800 X g for 30 min at 4°C onto
a 70% Percoll cushion. Cells were recovered from the 30%-70% interface,
washed with RPMI containing 25 mM HEPES, and resuspended in fluorescence-
activated cell sorting (FACS) buffer (PBS with 0.5% bovine serum albumin
[BSA]). Viable cell numbers were determined by trypan blue exclusion, and a
minimum of 5 X 10° cells were used for flow cytometric analysis. Single-cell
suspensions from cervical lymph nodes (CLN) were prepared as described pre-
viously (3, 34). CNS monocyte-derived CD45" CD11b™ macrophages, CD45'®
microglia, and CD3" T cells were purified from pooled brains using a BD
FACSAria flow cytometer (BD Biosciences, San Diego, CA). In brief, brains
(n = 6) were finely minced and digested with 0.25% trypsin in PBS for 30 min at
37°C (34). Trypsin activity was terminated by the addition of 20% newborn calf
serum and the mononuclear cells enriched by Percoll gradient centrifugation as
described above. A minimum of 10° cells were collected per sample and were
frozen in 400 wl of Trizol (Invitrogen, Carlsbad, CA) at —80°C for subsequent
RNA extraction and PCR analysis (see below).

Cell staining and flow cytometric analysis. Cells were incubated with mouse
serum and a rat anti-mouse FeyIII/II MAD (2.4G2; BD Biosciences, San Diego,
CA) for 20 min on ice prior to staining to eliminate nonspecific binding. GFP
expression was analyzed in the fluorescein isothiocyanate (FITC)/FL1 channel.
Cell type-specific expression of surface antigens was determined by incubation
with either a phycoerythrin (PE)-, an FITC-, a peridinin chlorophyll protein
(PerCP)-, or an allophycocyanin-conjugated MAb specific for CD45 (30-F11),
CD11b (M1/20), CD3 (145.2c11), CD4 (L3T4), CD8 (53-6.7), CD25 (PC61) (all
from BD PharMingen), or F4/80 (Serotec, Raleigh, NC) for 30 min on ice.
Virus-specific CD8" T cells were identified using D*/S510 major histocompati-
bility complex class I tetramers (3, 4) (Beckman Coulter, Fullerton, CA). Intra-
cellular Foxp3 was detected by staining for cell surface markers, permeabilization
with Fixation/Permeabilization reagent (eBioscience, San Diego CA), and incu-
bation with PE-labeled anti-Foxp3 (FJK-16S; eBioscience) as recommended by
the supplier. Cells derived from Vert-X IL-10/GFP reporter mice were analyzed
without fixation on a FACSCalibur flow cytometer (BD Biosciences). Data were
analyzed using FlowJo software (version 7.6.1; Tree Star Inc., Ashland, OR).

Virus titer determination. Virus titers were determined in clarified superna-
tants of homogenized brains by plaque assays using the murine delayed brain
tumor (DBT) astrocytoma as detailed previously (3, 6, 26). Plaques were counted
after 48 h of incubation at 37°C.

Histopathology. Tissues were fixed in 10% formalin and were embedded in
paraffin. The distribution of viral antigen was determined by immunoperoxidase
staining using the anti-nucleocapsid MADb J1.3.3 (6, 25, 36) as the primary anti-
body (Ab), a horse anti-mouse Ab as the secondary Ab, and 3,3'-diaminobenzi-
dine as a substrate (Vectastain-ABC kit; Vector Laboratories, Burlingame, CA).
Inflammation was determined by staining with hematoxylin and eosin (H&E).
Demyelination was determined by staining with luxol fast blue (LFB). Sections
were scored in a blinded fashion, and representative fields were identified based
on the average score of all sections in each experimental group. Stained tissue
sections on glass slides were scanned with an Aperio (Vista, CA) ScanScope at
a magnification of X40 and were digitally imaged at high resolution.

Real-time PCR analysis. Snap-frozen brains and spinal cords from individual
mice (n = 3 to 4) were homogenized using Ten Broeck glass grinders in Trizol
(Invitrogen), and the RNA was isolated as described previously (24, 34). DNA
contamination was removed by treatment with DNase I for 30 min at 37°C
(DNA-free kit; Ambion, Austin, TX), and cDNA was synthesized from RNA
using Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitro-
gen) and oligo(dT) primers (Promega, Madison, WI). Quantitative real-time
PCR (qRT-PCR) was performed using 4 pl of cDNA and SYBR green master
mix (Applied Biosystems, Foster City, CA) in duplicate on a 7500 Fast real-time
PCR system (Applied Biosystems). PCR conditions were 10 min at 95°C followed
by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30s. Real-time primer
sequences were as follows: GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) sense, 5'-CATGGCCTTCCGTGTTCCTA-3'; GAPDH antisense, 5'-AT
GCCTGCTTCACCACCTTCT-3'; IL-10 sense, 5'-TTTGAATTCCCTGGGTG
AGAA-3'; IL-10 antisense, 5'-GCTCCACTGCCTTGCTCTTATT-3'; JHMV
nucleocapsid (N) gene sense, 5'-CGCAGAGTATGGCGACGAT-3'; JHMV N
gene antisense, 5'-GAGGTCCTAGTCTCGGCCTGTT-3'. IFN-y mRNA levels
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FIG. 1. IL-10 mRNA expression during viral encephalomyelitis. (A

and B) RNA extracted from brains of JHMV-infected mice at various times

p.i. was assessed for expression of IL-10 (A) and IFN-y (B) mRNA by qRT-PCR. Expression in naive brains is 0.006 = 0.0006 for IL-10 mRNA
and 0.009 = 0.001 for IFN-y mRNA. Data are means = SEM for 3 individual mice and are expressed relative to the level of GAPDH mRNA.
Asterisks indicate significant differences (*, P < 0.05) from results for naive mice. (C) IL-10 mRNA expression in purified microglia, macrophages,
and CD3" T cells derived from JHMV-infected brains at day 10 p.i. Expression levels relative to those of GAPDH are representative of 2

experiments with 3 to 5 pooled mice.

were determined relative to the level of GAPDH mRNA by using Applied
Biosystems gene expression arrays with Universal TagMan Fast master mix
(Applied Biosystems). PCR conditions were 20 s at 95°C followed by 40 cycles of
95°C for 3 s and 60°C for 30 s. Transcript levels were calculated relative to the
levels of the housekeeping gene GAPDH using the formula 2[C,{GAPDH) —
C(target gene)] X 1,000, where C;-is determined as the threshold cycle at which
the fluorescent signal becomes significantly higher than that of the background.

Statistical analysis. Results are expressed as means *+ standard errors of the
means (SEM) for each group of mice. Statistics were determined using a stan-
dard two-tailed Student ¢ test. Graphs were plotted using GraphPad Prism
software (version 3.0) and Microsoft Excel.

RESULTS

Pathogenesis in IL-10 reporter mice. IL-10 mRNA and pro-
tein peak in the CNS during acute infection with both lethal
and sublethal variants of JHMV (24, 31) concomitantly with
maximal cellular inflammation (3, 5, 21, 24, 31). To determine
whether IL-10 expression was sustained during viral persis-
tence, wt mice were infected with a sublethal variant of JHMV,
and IL-10 mRNA expression was examined in brains through-
out acute and persistent infection. IL-10 mRNA levels in-
creased rapidly by day 5 postinfection (p.i.), reached maximal
expression at day 7 p.i., and declined rapidly thereafter (Fig.
1A). Although infectious virus was no longer detected after day
14 p.d. in wt mice (3, 5, 19) (data not shown), IL-10 mRNA

remained stably elevated at levels 10- to 20-fold higher than
those for uninfected mice throughout day 45 p.. (Fig. 1A).
Ongoing, sustained IL-10 mRNA levels, despite viral control,
implicated IL-10 production as a consequence of immunopa-
thology, possibly in conjunction with persisting T cell stimula-
tion by viral antigen. Indeed, kinetic analysis of IFN-y mRNA,
dependent on a direct T-cell receptor (TcR)-target cell inter-
action (38), revealed a similar abrupt decline in the level of
IFN-y mRNA after day 7 p.i., but IFN-y mRNA also remained
elevated throughout persistence (Fig. 1B). While IFN-v is pro-
duced mainly by T cells in the CNS during JHMYV infection (5,
20), a variety of both inflammatory and resident cells are ca-
pable of IL-10 production (2, 8, 12, 22, 29). To determine the
primary source of IL-10 during acute infection, IL-10 mRNA
expression was compared in CD45' microglia, CD45™ CD11b*
monocytes/macrophages, and CD45™ CD3" T cells purified
from the CNSs of JHMV-infected mice. Neither resident mi-
croglia nor the infiltrating macrophage population expressed
significant amounts of IL-10 mRNA relative to those in CD3™
T cells (Fig. 1C). These results implicated T cells as the major
contributors to IL-10 production during acute JHMV infec-
tion.

To define more clearly the cell types producing IL-10 during
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virally induced encephalomyelitis, JHMV pathogenesis was
characterized in IL-10 reporter mice that coexpress IL-10 and
GFP (27). The disease incidence, day of onset, and progression
of clinical symptoms, which include early signs of encephalitis
followed by hind-limb paralysis gradually resolving with time,
were typical of JHMYV infection of syngeneic wt mice (5) (data
not shown). The level of infectious virus in the CNS was max-
imal at day 7 p.i. and was subsequently controlled by day 14 p.i.
(Fig. 2A), with kinetics similar to those for wt mice (5). Fol-
lowing the clearance of infectious virus, JHMV persisted in the
CNSs of infected IL-10 reporter mice (Fig. 2B) at levels similar
to those in wt mice (3, 4, 5). The foci of viral antigen and
inflammation at day 7 p.i. were typical of acute JHMV-induced
encephalitis (Fig. 2C and D). At day 14 p.i.,, viral antigen was
prominent within the white matter of the spinal cord in cells
with the morphological appearance of oligodendroglia (Fig.
2E). There was no evidence for infection of cells with the
appearance of astrocytes or neurons. In addition, both cellular
infiltration and demyelination, a hallmark of JHMYV infection
(5), were evident in white-matter tracks (Fig. 2F). JHMV in-
fection persisted in the white-matter tracks of the IL-10 re-
porter mice following the clearance of infectious virus at days
21 and 30 p.i., with scattered infected cells in and around the
focal areas of demyelination (Fig. 2G and H), a feature char-
acteristic of persistent JHMYV infection (5). These data indi-
cate that IL-10 reporter transgene expression did not alter the
antiviral response or viral pathogenesis exhibited by wt mice.

Inflammatory lymphocytes are the major IL-10-producing
population during JHMYV infection. JHMYV infection elicits a
robust CNS inflammatory response characterized by glial cell
activation and infiltration by monocytes, neutrophils, NK cells,
T cells, and B cells (5). Unaltered JHMV pathogenesis in IL-10
reporter mice facilitated the direct identification of cell subsets
that secrete IL-10 without in vitro restimulation. While mono-
cytes and neutrophils are recruited from bone marrow (5), T
cells are activated in the CLN prior to trafficking into the CNS
(28). However, the frequency of activated IL-10-producing T
cells in CLN was extremely low throughout acute infection
(<0.05% [data not shown]). The uninfected CNS has very low
basal levels of CD45™ cells (<1% [data not shown]). By con-
trast, IL-10-producing cells within the CNS were readily de-
tected throughout infection, and the vast majority were char-
acterized by high CD45 expression (Fig. 3A). In the inflamed
CNS, high CD45 expression marks all infiltrating cells of bone
marrow origin, with the highest expression on T and NK cells
relative to slightly reduced expression on monocytes, neutro-
phils, and B cells (3, 20, 21, 24, 34, 40). CNS-resident microglia,
in contrast, have a CD45" phenotype (36). Cells expressing
high IL-10 levels were thus most likely T lymphocytes (Fig.
3A), consistent with the RNA analysis of cells purified from
the inflamed CNS (Fig. 1C). CNS infiltration by CD45" in-
flammatory cells peaked at 7 days p.i. and declined as infec-
tious virus was controlled (Fig. 3A and B). The relative pro-
portion of IL-10-producing cells peaked with a slight delay at
~15% to 20% of CD45™ inflammatory cells (Fig. 3A) and 5 to
8% of total cells between days 10 and 14 p.. (Fig. 3C). Al-
though the frequencies of total-cell yields (Fig. 3B), inflamma-
tory cells (Fig. 3C), and inflammatory IL-10-producing cells
(Fig. 3C) declined during the transition from acute to persis-
tent infection, IL-10-producing cells were retained within the

IL-10-PRODUCING CELLS DURING ENCEPHALOMYELITIS 6705

CD45™ population to at least day 31 p.i. during viral persis-
tence (Fig. 3A and C). Consistent with the analysis of IL-10
mRNA expression (Fig. 1C), few if any CD45" microglia ex-
pressed IL-10 at any time p.i. Similarly, examination of
CD11b* F4/80" macrophages recruited into the CNS showed
only a low intensity of IL-10 expression in a small proportion of
cells, which increased from ~7% to 16% of macrophages be-
tween days 7 and 14 p.i. but subsided by day 31 p.i. (Fig. 4A and
C). Overall, the frequency of IL-10-producing macrophages
remained below 4% of the total infiltrating cells (Fig. 4B).
These results, coupled with the minimal expression of IL-10
mRNA in microglia and macrophages, suggest that signals
inducing IL-10 production by myeloid cells are minimal in the
inflamed CNS. The rapid decline in the percentage of CD45"
monocytes (Fig. 4B), coincident with that of IL-10-producing
lymphocytes Fig. 3A and C, is reminiscent of pulmonary viral
infection, in which IL-10 is associated with ameliorated my-
eloid cell recruitment (39). The data thus support IL-10 pro-
duction during acute inflammation as a host response to limit
ongoing inflammation (13, 29).

Distinct regulation of IL-10 production by CD8* and CD4™"
T cells. To confirm T cells as primary sources of IL-10 during
JHMV-induced encephalomyelitis, IL-10 production was mon-
itored in both CD8" and CD4" T cells infiltrating the CNS.
CD8" T cells are the primary immune effectors controlling
infectious JHMV within the CNS (3, 5, 6), while CD4™ T cells
enhance the survival and effector function of CD8" T cells (3,
5, 6). Both subsets are critical for optimal viral clearance but
are also mediators of pathology (6, 35, 42). Although the per-
centage of CD45" cells declined during the transition from
acute to persistent infection (Fig. 3), the overall proportion of
CD8™ T cells within the CD45™ inflammatory population in
brains remained stable at ~25 to 30% throughout infection
(Fig. 5A and B). Importantly, ~20% of CD8™ T cells produced
IL-10 during acute infection; however, the relative frequency
of CD8" T cells producing IL-10 during persistence declined
2-fold, to ~10%, by day 31 p.i.

CD4™" T cell levels were initially lower than those of CD8"
T cells but increased as infectious virus was controlled, consti-
tuting ~50% of the infiltrates at day 14 p.i. (Fig. 5A and C).
The relative frequencies of IL-10-producing cells within the
CD4™" T cell population were similar to those in CD8" T cells
to day 10 p.i. However, in contrast to the decline in the pro-
portion of IL-10" CD8™ T cells, the proportion of IL-10* cells
within CD4 " T cells increased to a stable level of ~30% during
viral persistence (Fig. 5A). Moreover, analysis of mean fluo-
rescence intensity (MFI) as a readout for relative IL-10 pro-
duction indicated significantly higher IL-10 expression by
CD4" T cells than by CD8" T cells at the population level
(Fig. 5A). Comparison of the relative frequencies of IL-10-
producing CD8" versus CD4" T cells within the CD45" CNS
infiltrates clearly demonstrates the distinct kinetics throughout
infection (Fig. 5B and C). IL-10" CD8™" T cells prevail early
and start declining at day 14 p.i. Like IL-10" CD8" T cells,
IL-10" CD4" T cells constitute ~5% of the inflammatory
response at day 7 p.i. However, this population increases to
~15% of the total infiltrate between days 10 and 21 p.i.,
comprising the predominant IL-10 anti-inflammatory activ-
ity within the CNS as the virus is controlled and during
chronic infection.



6706 PUNTAMBEKAR ET AL.

J. VIROL.
A os- B 10, p——
B3 VertX
_ 10¢ a O
o Z
g &
£ 10 E 6
] z
>
%D 102 E 44
S -
10] 2
10° 0-
A \Q \bt W\ $® A D \b‘ N 5%
Days post infection < Days post infection

FIG. 2. JHMV pathogenesis in transgenic IL-10 reporter mice. (A) Levels of infectious virus in the CNS of IL-10 reporter mice determined by plaque
assays of brain homogenates from 3 to 4 individual mice at various times p.i. The horizontal line represents the limit of detection. (B) JHMV nucleocapsid
(N) mRNA expression in brains of infected IL-10 reporter (shaded bars) and wt (filled bars) mice at various times p.i. Data are expressed relative to the
level of GAPDH mRNA. (C) Foci of inflammatory infiltrates (arrows) within the brain at day 7 p.i. H&E staining was used. (D) Viral antigen foci in
the brain at day 7 p.i. Arrows show inflammatory infiltrates. An immunoperoxidase stain for viral antigen was used with a hematoxylin counterstain.
(Inset) The same image at a 3X higher magnification. (E) Foci of viral antigen in the spinal cord at day 14 p.i. Infected cells exhibit a morphology typical
of oligodendrocytes. An immunoperoxidase stain for viral antigen was used with a hematoxylin counterstain. (F) Demyelination in the spinal cord at day
14 p.i. LFB stain was used. (G and H) Foci of viral antigen in white-matter tracks of the spinal cord at days 21 (G) and 30 (H) p.i.
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FIG. 3. Kinetics of IL-10-producing cells within the inflamed CNS. (A) Representative density plots of CNS-derived cells from infected IL-10
reporter mice. Rectangles delineate CD45™ inflammatory cells; numbers below rectangles give the percentages of the CD45™ populations within
total live cells. Ellipses delineate IL-10-producing cells; numbers below ellipses give the relative percentages of IL-10-producing cells within CD45"
cells. Cells from 3 to 5 individual mice were pooled at each time point; d, day. Data are representative of 4 separate experiments with similar results.
(B) Relative numbers of viable cells recovered from brains. (C) Percentages of CD45™ (filled bars) and CD5" IL-10" (shaded bars) cells within
the total live-cell population. Data from pooled samples of 4 to 5 individuals at each time point represent averages = SEM from 4 separate

experiments.

Virus-specific CD8" T cells are the major source of IL-10
during influenza virus infection of the lung (39). These data
contrast with minimal IL-10 production by CD8" T cells fol-
lowing systemic LCMV infection (10, 14). We thus further
determined the contribution of virus-specific CD8" T cells
reactive to the H-2D viral spike protein-derived epitope S510
(4, 11) to IL-10 production. Virus-specific D’/S510 tetramer-
positive CD8" T cells constituted 45 to 70% of CD8" T cell
infiltrates, and this proportion remained stable during viral
persistence (Fig. 6). Furthermore, the vast majority of IL-10*
CD8" T cells were tetramer positive throughout infection.
While ~25% of tetramer-positive cells produced IL-10 during
the acute phase, this population declined to ~12% by day
21 p.i. By contrast, IL-10 production by the tetramer-negative
CD8" T cell population with unknown specificity remained
relatively constant at ~10% throughout infection. The vast
majority of CD8" T-cell-derived IL-10 was thus attributed to
the cells responding to the H-2P-restricted spike protein
epitope (4, 11).

Dynamic alteration in IL-10-producing CD4™* T cells during
JHMV infection. CD4" T cells recruited into the CNS in re-
sponse to JHMV-induced encephalomyelitis are composed of
both CD25~ and CD257 cells. Of CD25" CD4* T cells, ~40%
produced IL-10 at day 10 p.i. (Fig. 7B). At day 10 p.i., the peak
of CD4™" T cell infiltration, the vast majority of CD25" CD4"

T cells also expressed Foxp3 (Fig. 7A). This frequency of
~80% was sustained during viral persistence (Fig. 7A). To
investigate whether this is the predominant IL-10-producing
population during viral encephalomyelitis, IL-10 expression
was assessed in the respective CD25" and CD25~ CD4* T cell
subsets (Fig. 7B and D). The relative proportion of CD25" T
cells within the CD4" T cell population was maximal at day
7 p.i. and remained elevated at ~15% at days 10 to 31 p.i. (Fig.
7C). As the proportion of CD25% CD4™" T cells declined dur-
ing the transition into persistence, the stable frequency of
~30% IL-10-producing cells within this population was main-
tained, resulting in an overall decline in the level of CD25"
IL-10" cells within the CD4" T cell population (Fig. 7D). By
contrast, the frequency of CD25~ IL-10" cells within the
CD4™" T cell population increased from <10% at day 7 p.i. to
~30% at day 10 p.i. and remained elevated at this level there-
after. Thus, focusing only on the IL-10" CD4* population, the
fraction of CD25™ cells prevailed at a ratio of 1.9 (CD25™" to
CD257) at day 7 p.i., declined to 0.5 at day 10, and remained
at ~0.4 throughout persistence. These data demonstrate a
dynamic alteration within IL-10-producing CD4* T cells, by
which the rapidly recruited, predominant CD25" CD4™ T cells
are supplanted by CD25~ CD4™" T cells.

IL-10-producing cells are preferentially retained at the site
of viral persistence. JHMYV persists in both the brain and the
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experiments.

spinal cord; however, the spinal cord is the primary site of viral
persistence (5, 25, 34). Therefore, the relative retention of
IL-10 mRNA and protein production in the spinal cord was
determined during viral persistence. The kinetics of IL-10
mRNA expression in the spinal cord closely resembled that in
the brain, with the level of persisting IL-10 mRNA elevated
45-fold over that for naive mice (Fig. 8A). Although total cell
yields were lower than those from the brain, the frequency of
inflammatory cells was higher in the spinal cord than in the
brain (Fig. 8B). In addition, the relative percentages of total T
cells were higher within the spinal cord infiltrates, consistent
with an ongoing inflammatory environment at the site of viral
persistence (Fig. 8B). Moreover, in contrast to the results for
the brain, the percentages of CD8" T cells were equal to, or
prevailed over, those of CD4™ T cells within CD45" infiltrates
in the spinal cord. Despite the higher frequencies of D”/S510
tetramer-positive cells within the CD8" T cell population in
the spinal cord than in the brain at day 21 p.i. (75% versus
58%), the proportions of IL-10" CD8™ cells were diminished,
comprising only 5% of T cells and <3% of the infiltrates (Fig.
8B and C). By contrast, although the frequencies of CD4* T
cells in brain and spinal cord infiltrates were similar at days 21
and 35 p.i. (Fig. 8B), the relative percentage of IL-10" cells
within CD4™" T cells was higher in the spinal cord (Fig. 8D). In
addition, the majority of CD25" CD4" T cells (~70%) se-

creted IL-10, while the frequency of IL-10-producing CD25™
CD4" T cells was ~40%. These data demonstrate an even
greater dominance of IL-10-producing CD4™ relative to CD8*
T cells in the persistently infected spinal cord compared to the
brain (Fig. 8D). The increased ratio of CD25" to CD25~ cells
within total IL-10" CD4 ™" T cells in the spinal cord (0.6 versus
0.2 in the brain) further suggests the possibility that both
CD25" and CD25~ CD4" T cells are major contributors of
IL-10 at the site of viral persistence.

DISCUSSION

IL-10, a major anti-inflammatory cytokine, plays a critical
role during infections with viruses, parasites, bacteria, and
fungi (8, 13, 17, 23, 29, 37). During acute infection, IL-10
regulates immune activation, exerting an anti-inflammatory ac-
tivity that minimizes tissue destruction but may also reduce the
effectiveness of antiviral immunity (8, 10, 13, 15, 17, 43). In-
fection with glial-tropic JHMYV results in the rapid activation of
innate immunity (21) and initial recruitment of NK cells, neu-
trophils, and macrophages (5). Although NK cells are activated
by IL-10 (29), previous results have demonstrated that NK
cells play no role in JHMV pathogenesis, and few are retained
during viral persistence (46). These initial events are followed
by activation of adaptive immune effectors in the CLN (28),
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resulting in an acute encephalomyelitis associated with im- associated with ongoing demyelination, primarily in spinal
mune-mediated destruction of myelin (5, 25, 35, 45). Although cords (5, 25).
the immune response controls infectious JHMYV, sterile immu- The role of IL-10 in diminishing inflammation during acute

nity is not achieved, resulting in a persistent CNS infection CNS infection in an attempt to limit potential damage, and
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show IL-10 production within virus-specific cells. Numbers represent percentages in the respective quadrants. Samples were pooled from 4 to 6
individuals at each time point. d, day. Results are representative of 4 separate experiments with similar results.
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=%, P < 0.005.

thus inadvertently sparing the host from mortality but facili-
tating the transition from acute to persistent infection, is un-
clear. Recent data suggest that increased CD8" T cell activity
in the absence of inhibitory molecules is associated with en-
hanced viral control, albeit at the cost of increased tissue dam-
age and mortality (34). Furthermore, recently published results
also indicate that IL-10 is prominently secreted by CD8" T
cells with high Iytic activity. In the absence of IL-10, CNS
inflammation and mortality are increased following JHMV
infection (26, 41), consistent with an anti-inflammatory role of
IL-10. The role of IL-10 in regulating infectious JHMV within
the CNS is currently unclear. It was initially reported to differ
both from the role in systemic viral infections (10, 14, 32, 33)
and from the role in viral infection of the lung (39) in that the
viral load increased during acute JHMYV infection in the ab-
sence of IL-10 (26). These data suggested that IL-10 regulation
and its effects during viral encephalitis differ from those for
infections at other sites. However, recent data indicate that the
virus is cleared more rapidly, possibly due to increased activity
of IL-10-secreting virus-specific CD8" T cells (1). The present
experiments were undertaken using an IL-10 reporter mouse

J. VIROL.

in which IL-10 production is preserved in order to define the
cell types producing IL-10 and the kinetics of their appearance
in the inflamed CNS during acute sublethal virus-induced en-
cephalomyelitis. The fact that the pathological hallmarks, viral
control, and recruitment of CNS immune cells were similar to
those for wt mice (5) validate unaltered disease in these mice.

Macrophages, microglia, dendritic cells, B cells, and both
CD4" and CD8™" T cells are capable of IL-10 production (2,
13, 14, 22, 29). A minimal number of monocytes recruited into
the CNS expressed IL-10 during acute JHMV encephalomy-
elitis; however, they remained at low levels during persistence.
Surprisingly, microglia, which constitute a potential CNS-res-
ident antigen-presenting cell population, were also only sparse
IL-10 producers, even though increased major histocompati-
bility complex class II expression indicated cellular activation
(data not shown). It is also intriguing that JHMV infection
induced a rapid increase in the level of IL-10 mRNA within the
CNS, which peaked prior to the detection of IL-10-secreting
inflammatory cells. Although IL-10 mRNA expression may not
be an accurate reflection of protein synthesis (29), these data
may also reflect the attempt of the CNS-resident cells to limit
immune-mediated damage. Nevertheless, the absence of a sig-
nificant increase in IL-10 production by myeloid cells following
JHMYV infection differs from systemic infection by LCMV, in
which increased IL-10 production by dendritic cells is associ-
ated with viral persistence (10, 14, 15, 17).

Our data demonstrate that, in contrast to the monocyte/
macrophage and microglial myeloid populations, T cells are
the primary source of IL-10 in the CNS during acute JHMV
infection. A low frequency of CD8" T cells produced IL-10,
with the majority specific for the S510 viral epitope, at all time
points p.i. The decline in IL-10 production as the virus was
controlled is consistent with IL-10 production by CD8" T cells
during influenza virus infection of the lung (39). However, in
contrast to influenza virus infection, in which CD8" T cells
constituted the largest IL-10-producing population (39), CD4™*
T cells harbored the highest frequency of IL-10-producing cells
during viral acute encephalomyelitis. Within the CD4™ T cell
population, both CD25* and CD25~ T cells produced IL-10,
suggesting diverse regulatory capacities and potentially diver-
gent roles in preventing tissue destruction. CD25% CD4" T
cells, the major population producing IL-10 during acute in-
fection, comprise both effector CD4™ T cells and Foxp3™ nat-
ural regulatory T cells (Treg). Treg, which play a critical role in
homeostasis but express a limited TcR repertoire, are one
source of IL-10 (16, 22). During acute infection, Treg both
diminish the severity of JHMV-induced disease (1) and inhibit
the inflammatory response, resulting in a concomitant de-
crease in immune-mediated demyelination (45). The data pre-
sented here demonstrate that the vast majority of CD25"
CD4™" T cells recruited into the CNS express Foxp3. These
results not only support the concept that IL-10 secretion by
Treg may limit tissue destruction within the CNS but also
suggest a minimal contribution of CD25" CD4" effector T
cells to overall IL-10 levels during acute infection.

Anti-inflammatory responses are widely thought to contrib-
ute to viral persistence in both humans and mice (8, 13, 15, 17).
IL-10 and the inhibitory programmed death ligand 1 (PD-L1)
have been implicated in the facilitation of diverse persistent
viral infections, including those established by human immu-
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FIG. 8. IL-10-producing CD4™ T cells preferentially accumulate in the spinal cord during JHMV persistence. (A) IL-10 mRNA expression in
spinal cords at various times p.i. assessed by qRT-PCR. Asterisks indicate a significant difference (**, P < 0.005) from results for naive mice. Data
are expressed relative to the level of GAPDH mRNA. Expression in naive mice is 0.0018 = 0.00026. (B) Plots depicting the total numbers of viable
cells recovered from the brain and spinal cord (SC) (top left), the percentages of CD45" inflammatory cells within live cells (top right), the relative
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during viral persistence (bottom right). Samples were pooled from 4 to 6 individual mice at each time point. Results are representative of 4 separate
experiments. (C and D) Comparison of IL-10 production by tetramer-positive CD8* T cells (C), CD25* CD4" T cells, and CD25~ CD4™" T cells
(D) in the brain (left) and spinal cord (right) at day (d) 21 p.i. Data are representative of 3 separate experiments with similar results.

nodeficiency virus, hepatitis C virus, cytomegalovirus, and
LCMV (7, 10, 17, 23). PD-L1 regulates JHMV infection by
limiting virus clearance and ameliorating tissue destruction
(34), a role similar to that of IL-10 in reducing influenza virus-
mediated pathology of the lung (39). During the transition
from acute to persistent systemic LCMV infection, the fre-
quency of IL-10-producing T cells declines, concomitantly with
an increase in the frequency of IL-10-producing dendritic cells
(10, 14, 17). In stark contrast, the transition from acute to
chronic JHMYV infection was not associated with an alteration
in IL-10 production by potential antigen-presenting cells. This
difference may reflect T cell exhaustion during LCMV infec-
tion (8, 15), which is not evident during JHMV persistence
characterized by a low antigen load (5). Nevertheless, as in the
transition from acute to persistent LCMV infection (7, 10, 14),

the frequency of CD8™ T cells producing IL-10 declines within
the CNS as persistent JHMYV infection is established. Whether
this coincides with prolonged PD-L1 expression on oligoden-
droglia, the major cell type harboring persistent virus (5, 34,
44), remains to be elucidated.

JHMYV initially replicates in the parenchyma and ependymal
cells of the brain (44). However, as inflammation increases,
virus infection progresses into the spinal cord canal, subse-
quently attacking oligodendroglia, resulting in the hallmark
demyelination associated with this infection. Adaptive immu-
nity controls infectious virus in both the brain and the spinal
cord but is unable to eliminate the virus from oligodendroglia
(44). Although the virus persists at low levels in the brain itself,
persistence is more prolonged and is associated with ongoing
pathology, predominantly in the spinal cord (28, 34). The role
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of IL-10-producing CD4 ™" T cells in the regulation of JHMV
persistence was supported by analysis of the spinal cord. CD4*
and CD8" T cells producing IL-10 are preferentially retained
in the spinal cord versus the brain during persistence; however,
the majority of cells producing IL-10 are CD4" T cells. The
transition from acute to persistent JHMYV infection is associ-
ated with a shift from CD25" CD4" to CD25~ CD4™" T cells
within IL-10-producing CD4" T cells, which appears to be
delayed in the spinal cord. Indeed, preliminary data indicate
the presence of IL-10-producing cells associated with areas of
virus-induced demyelination in the spinal cord during JHMV
persistence (data not shown). The increase in CD25~ CD4* T
cells suggests a conversion from a predominant Thl cell re-
sponse (5, 20) to a population with regulatory capacity (12, 22).
These data suggest that the response to viral infection within
the CNS may be similar to the IL-27-mediated induction of
CD25~ CD4" regulatory T cells that occurs during experimen-
tal autoimmune encephalomyelitis (18) and the induction of a
CD25~ CD4™ regulatory population during persistent parasite
infection (12, 13, 22, 30).

In summary, IL-10 production by CD8" T cells peaked dur-
ing acute CNS inflammation but subsequently declined as the
infection transitioned to persistence and the CD8™ T cell pop-
ulation contracted. Nevertheless, the maintenance of IL-10
production by CD4™" T cells in the CNS implied ongoing cues
to sustain an anti-inflammatory environment. The mechanisms
underlying the distinct temporal induction of IL-10 production
by T cell subsets remain to be resolved but may provide insight
into the regulation of both systemic and focal persistent viral
infections. These results indicate that, in addition to the pro-
tection mediated by PD-L1 (34), the host uses multiple mech-
anisms, targeting distinct cell types, to reduce tissue damage at
the cost of tolerating viral persistence.
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