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Central nervous system (CNS) infections and autoimmune inflammatory disorders are often associated with
retention of antibody-secreting cells (ASC). Although beneficial or detrimental contributions of ASC to CNS
diseases remain to be defined, virus-specific ASC are crucial in controlling persistent CNS infection following
coronavirus-induced encephalomyelitis. This report characterizes expression kinetics of factors associated with
ASC homing, differentiation, and survival in the spinal cord, the prominent site of coronavirus persistence.
Infection induced a vast, gamma interferon (IFN-y)-dependent, prolonged increase in chemokine (C-X-C
motif) ligand 9 (CXCL9), CXCL10, and CXCL11 mRNA, supporting a role for chemokine (C-X-C motif)
receptor 3 (CXCR3)-mediated ASC recruitment. Similarly, CD4 T cell-secreted interleukin-21, a critical
regulator of both peripheral activated B cells and CD8 T cells, was sustained during viral persistence. The ASC
survival factors B cell-activating factor of the tumor necrosis factor (TNF) family (BAFF) and a proliferating-
inducing ligand (APRIL) were also significantly elevated in the infected CNS, albeit delayed relative to the
chemokines. Unlike IFN-y-dependent BAFF upregulation, APRIL induction was IFN-y independent. More-
over, both APRIL and BAFF were predominantly localized to astrocytes. Last, the expression kinetics of the
APRIL and BAFF receptors coincided with CNS accumulation of ASC. Therefore, the factors associated with
ASC migration, differentiation, and survival are all induced during acute viral encephalomyelitis, prior to ASC
accumulation in the CNS. Importantly, the CNS expression kinetics implicate rapid establishment, and
subsequent maintenance, of an environment capable of supporting differentiation and survival of protective

antiviral ASC, recruited as plasmablasts from lymphoid organs.

Virus-specific antibodies (Ab) play an important role in the
control of many viral infections of the central nervous system
(CNS) (17). Ab are delivered to the CNS either by diffusion
across a compromised blood brain barrier (18, 53) or actively
by Ab-secreting cells (ASC) which have infiltrated the CNS or
differentiated locally in the inflamed tissue. Passage of Ab from
serum is inefficient under steady-state conditions, making
ASC-mediated Ab secretion at the site of CNS infection a
more effective strategy of viral control. For example, Ab pro-
duction by invading B cells is required to clear rabies virus
from the CNS, as passively administered Ab do not mediate
virus clearance (22). Furthermore, B cells in the CNS of Sind-
bis virus-infected mice continue to secrete Ab during viral
RNA persistence, supporting the idea that ASC play a role in
preventing viral recrudescence (71). In addition, prolonged
intrathecal antiviral Ab production and ASC accumulation
within the CNS occur following control of Semliki Forest virus
(43, 53-55), measles virus (9, 48), and Theiler’s murine en-
cephalomyelitis virus (50, 51) infections.

The concept of an ASC survival niche in the CNS during
chronic inflammatory disorders associated with autoimmunity
is generally accepted. These ASC are thought to be derived
from ectopic lymphoid follicle-like structures established de
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novo within the inflamed CNS (36, 63, 64). Following infection,
virus-specific ASC accumulate in the CNS within 2 to 3 weeks
postinfection (p.i.) and are distributed randomly throughout
the tissue (43, 56, 70). However, ectopic lymphoid follicle-like
structures have not been reported following viral CNS infec-
tions, suggesting that immature plasma cells traffic to the CNS
from peripheral lymphoid germinal centers and subsequently
differentiate and establish residence. This scenario requires
expression of appropriate differentiation and survival factors
within the CNS. Despite the common finding of ASC accumu-
lation in the CNS during microbial infections in both experi-
mental models and human diseases, the signals that contribute
to ASC homing, differentiation, and maintenance, especially as
they relate to the CNS, are poorly understood.

The present study defined the temporal expression of factors
involved in fostering ASC recruitment, differentiation, and sur-
vival following sublethal coronavirus-induced encephalomyeli-
tis. Infection of mice with the glia-tropic mouse hepatitis virus
strain JHM (JHMV) is characterized by T cell-mediated con-
trol within 2 weeks, but viral RNA persists in spinal cords in
the absence of detectable infectious virus. ASC recruitment
into the CNS (69, 70) provides a local source of Ab controlling
viral recrudescence (30, 58). Invading ASC initially exhibit an
early plasmablast phenotype and, with time, progress to a more
differentiated, sessile phenotype as indicated by diminishing
major histocompatibility complex (MHC) class II expression
(70). The crucial role of antiviral ASC within the CNS is
evident by the transient nature of viral control following pe-
ripheral administration of JHMV-specific neutralizing Ab to
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infected B cell-deficient mice (30, 58). Although T cells suffice
to control acute viral replication and viral recrudescence can
be delayed by Ab treatment, reemergence of infectious virus
from very low levels of persisting viral RNA cannot be pre-
vented as Ab levels wane (58). This report demonstrates in-
duction and sustained expression of chemokines and differen-
tiation and survival factors regulating humoral immunity in
both CNS resident cells and infiltrating CD4 T cells. The tem-
poral expression patterns suggest that all factors essential for
ASC accumulation within the CNS are produced during acute
CNS infection, while their sustained expression during persis-
tence is more limited. Moreover, the findings that gamma
interferon (IFN-y) plays an essential role in enhancing expres-
sion of chemokine (C-X-C motif) receptor 3 (CXCR3) ligands
and B cell-activating factor of the tumor necrosis factor (TNF)
family (BAFF) but is dispensable for expression of interleu-
kin-21 (IL-21) and a proliferating-inducing ligand (APRIL)
imply flexibility in the mechanisms supporting intrathecal ASC
in an infection model.

MATERIALS AND METHODS

Mice and infection. Wild-type (wt) C57BL/6 mice were purchased from the
National Cancer Institute (Frederick, MD), while IFN-y-deficient mice (IFN-
y~/7) on the C57BL/6 background were previously described (52). Heterozygous
mice expressing green fluorescent protein (GFP) via the B lymphocyte-induced
maturation protein (BLIMP) promoter on the C57BL/6 background (Blimp-1-
GFP*/™) were kindly provided by Stephen Nutt, Institute of Medical Research,
Parkville, Victoria, Australia. Six- to 7-week-old mice were infected intracranially
with 250 PFU of the J.2.2v-1 monoclonal Ab variant of JHMV. Virus-specific B
cells were elicited by intraperitoneal immunization with JHMV. All procedures
were conducted in accordance with protocols approved by the Institutional
Animal Care and Use Committee.

Flow cytometric analysis and fluorescence-activated cell sorting. For pheno-
typic analysis, CNS-derived mononuclear and splenic cells were isolated from
pooled organs from 3 or 4 mice per time point as described previously (5).
Expression of cell surface markers was determined by staining with Ab specific
for CD4 (L3T4), CD8 (53-6.7), CD11b (M1/70), CD19 (1D3), CD45 (30-F11),
CD138 (281-2) (BD Bioscience, San Jose, CA), and IgD (11-26) (eBioScience,
San Diego, CA). Virus-specific CD8 T cells were identified using H2-D"/S510
MHC class I tetramers (5). Cells were analyzed on a FACSCalibur flow cytom-
eter (BD, Mountain View, CA) using FlowJo 7.1 software (Tree Star, Ashland,
OR). Cell numbers were calculated based on cell yields and percentages of gated
live cells. Splenic-derived naive B cells (CD19* CD138™ IgD" GFP ™) and ASC
(CD194™ CD138" IgD~ GFP™) from both nonimmunized and JHMV-immu-
nized mice were purified from pooled spleens (n = 2 or 3) using a BD FACSAria
(BD Bioscience). Similarly, CNS monocyte-derived CD45" CD11b* macro-
phages, CD45'° microglia, a CD45~ Q4™ -enriched astrocyte population, CD4 T
cells, as well as tetramer-positive and tetramer-negative CD8 T cells were puri-
fied from pooled brains or spinal cords (n = 6 to 8). Oligodendroglia were gated
out from the CD45™ population using anti-O4 monoclonal Ab. The percentage
of astrocytes in the enriched population is ~60% (76). A minimum of 10° cells
collected per population were frozen in 400 pl of Trizol (Invitrogen, Carlsbad,
CA) at —80°C for subsequent RNA extraction and PCR analysis as described
previously (23).

Quantitative real-time PCR. Snap-frozen spinal cords or cervical lymph nodes
(CLN) from individual mice (n = 3 or 4 per time point) were placed in Trizol and
homogenized in glass grinders. RNA was isolated as described previously (23),
and ¢cDNA was synthesized using Moloney murine leukemia virus (M-MLV)
reverse transcriptase (Invitrogen), oligo(dT) (Promega, Madison, WI) and ran-
dom primers (Promega). Quantitative real-time PCR was performed using 4 .l
of cDNA and SYBR green master mix (Applied Biosystems, Foster City, CA) in
duplicate or triplicate on a 7500 fast real-time PCR system (Applied Biosystems).
PCR conditions were as follows: 10 min at 95°C, followed by 40 cycles, where 1
cycle consists of 15 s at 95°C, 30 s at 60°C, and 30 s at 72°C. Real-time primer
sequences were as follows: for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 5'-CATGGCCTTCCGTGTTCCTA-3’ (sense) and 5'-ATGCCTGC
TTCACCACCTTCT-3' (antisense); for interleukin-6 (IL-6), 5'-ACACATGTT
CTCTGGGAAATCGT-3' (sense) and 5'-AAGTGCATCATCGTTGTTCATA
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CA-3' (antisense); for chemokine (C-X-C motif) ligand 9 (CXCL9), 5'-TGCA
CGATGCTCCTGCA-3' (sense) and 5'-AGGTCTTTGAGGGATTTGTAGTG
G-3' (antisense); for chemokine (C-C motif) ligand 2 (CCL2), 5'-AGCAGGT
GTCCCAAAGAA-3" (sense) and 5'-TATGTCTGGACCCATTCCTT-3'
(antisense); for CXCL10, 5'-GACGGTCCGCTGCAACTG-3’ (sense) and 5'-G
CTTCCCTATGGCCCTCATT-3' (antisense); for CXCL11, 5'-AAGCTCGCC
TCATAATGCAG-3' (sense) and 5'-CACAGTCAGACGTTCCCA-3' (anti-
sense); for CXCL12, 5'-CCAGAGCCAACGTCAAGCAT-3" (sense) and 5'-C
AGCCGTGCAACAATCTGAA-3' (antisense); for CXCL13, 5'-CATAGATC
GGATTCAAGTTACGCC-3' (sense) and 5'-TCTTGGTCCAGATCACAACT
TCA-3' (antisense); for IL-21, 5'-GGACAGTATAGACGCTCACGAATG-3’
(sense) and 5'-CGTATCGTACTTCTCCACTTGCA-3' (antisense); for APRIL
(a proliferating-inducing ligand), 5'-TCCGATGTATCAGAAGTATGCC-3’
(sense) and 5'-CCCTTGATGTAAATGAAAGACACC-3' (antisense); for B
cell maturation protein antigen (BCMA), 5'-ATCTTCTTGGGGCTGACCT
T-3" (sense) and 5'-CTTTGAGGCTGGTCCTTCAG-3' (antisense); for trans-
membrane activator and calcium modulator ligand interactor (TACI), 5'-GTG
TGGCCACTTCTGTGAGA-3' (sense) and 5'-CTGGTGCCTTCCTGAGTTG
T-3' (antisense); and for BAFF receptor (BAFF-R), 5'-CCCCAGACACTTCA
GAAGGA-3’ (sense) and 5'-AGGTAGGAGCTGAGGCATGA-3’ (antisense).
IFN-a4, IFN-B1, IFN-y, and BAFF mRNA levels were determined using Ap-
plied Biosystems gene expression arrays with TagMan fast universal PCR master
mix (Applied Biosystems) in duplicate. PCR conditions were as follows: 20 s at
95°C, followed by 40 cycles, where 1 cycle consists of 3 s at 95°C and 30 s at 60°C.
Transcript levels were calculated relative to the housekeeping gene GAPDH
using the following formula: 2LC7(GAPPH) = Critargen] 5 1 000, where C-is determined
as the threshold cycle at which the fluorescent signal becomes significantly higher
than that of the background and C; (GAPDH) is the C; for GAPDH.

Immunohistochemistry. Spinal cords were snap-frozen in Tissue-Tek opti-
mum-cutting-temperature (OCT) compound, sectioned at 10 wm, fixed with 95%
ethanol for 15 min at —20°C and permeabilized with acetone for 5 min at —20°C.
The spinal cord sections were then blocked for 30 min and stained with either
goat anti-BAFF (R&D Systems, Minneapolis, MN) and rabbit anti-glial fibrillary
acidic protein (anti-GFAP) (Dako, Carpinteria, CA) or rabbit anti-APRIL (Ab-
cam, Cambridge, MA) and rat anti-GFAP Ab (2.2B10; Invitrogen) overnight at
4°C. Rhodamine-labeled donkey anti-goat, Alexa Fluor 488-labeled goat anti-
rabbit, Alexa Fluor 594-labeled goat anti-rabbit, and Alexa Fluor 488-labeled
goat anti-rat (Invitrogen) Ab were added and left for 1 h. The sections were
mounted with Vectashield mounting medium with 4',6-diamidino-2-phenylin-
dole (Vector Laboratories, Burlingame, CA). For BAFF immunoperoxidase
staining, horse anti-goat secondary Ab and 3,3’-diaminobenzidine substrate
(Vectastain-ABC kit; Vector Laboratories) were used.

Statistical analysis. Graphs were plotted and statistics were assessed using
GraphPad Prism 3.0 software (La Jolla, CA). In all cases, a P of <0.05 was
considered significant as determined by the unpaired ¢ test.

RESULTS

T cell recruitment precedes ASC accumulation in the spinal
cord. JHM virus (JHMV) replication is initiated in the brain
following intracranial inoculation, but JHMV rapidly spreads
to the spinal cord, where it preferentially establishes a persis-
tent infection (6) (Fig. 1A). During viral persistence, enhanced
immune activation in the spinal cord relative to the brain is
indicated by higher frequencies of virus-specific CD8" T cells
(38) as well as CD138" antibody-secreting cells (ASC) within
the spinal cord (70). However, due to higher overall recovery
of leukocytes from the brain compared to the spinal cord, the
vast majority of kinetic and functional analysis of infiltrating
cells is documented for the brain, where maximal lymphocyte
accumulation occurs between days 7 and 9 p.i. (78). Thus, prior
to analysis of ASC recruitment and survival factors, we estab-
lished the relative kinetics of lymphocyte infiltration into the
spinal cord (Fig. 1). Bone marrow-derived CNS infiltrating
cells were distinguished from resident cells by a CD45™ phe-
notype. Similar to brain (6, 78), total CD45" cell infiltrates,
CD4" and CD8" T cells peaked prior to day 14 p.i. (Fig. 1B
and C). Although CD19" B cells were present at day 7 p.i.,
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FIG. 1. Different kinetics of T cell and ASC recruitment into the CNS.
(A) Viral mRNA in spinal cords relative to GAPDH values. The values are
means plus standard errors of the means (SEM) (error bars). Data are
derived from 3 or 4 individual mice and are representative of 2 separate
experiments. (B to D) Cells isolated from pooled spinal cords of infected wt
mice (n = 3 or 4) analyzed for CD45, CD4, CDS8, CD19, and CD138 expres-
sion by flow cytometry. (B) Total numbers of bone marrow-derived CD45™
CNS-infiltrating cells per spinal cord. (C and D) Numbers of CD4" and
CD8" T cells (C) or CD19" B cells and CD138" B cells (D) within the
infiltrating CD45" population. Data are representative of three indepen-
dent experiments. Levels below detection are indicated (**).
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their numbers were lower than the numbers of T cells and
remained relatively constant through day 28 p.i. (Fig. 1D).
However, the vast majority of CD19" B cells do not express
CD138 which characterizes ASC (1). CD138" ASC did not
accumulate until day 21 p.i. (Fig. 1D), similar to their delayed
migration to the brain subsequent to clearance of infectious
virus (57, 70).

Relative kinetics of ASC infiltration and chemokine expres-
sion in the CNS. Migration of lymphocytes into inflamed tis-
sues is guided by chemokines, predominantly the CXCR3 li-
gands CXCL9, CXCL10, and CXCL11 as well as the
chemokine (C-C motif) receptor 5 (CCRS) ligands CCL3,
CCLA4, and CCLS (11). Although these chemokines function as
T cell attractants during various infections, including JHMV
(70), recruitment signals for ASC into inflamed tissues are less
well defined. CXCR3 ligands CXCL9, CXCL10, and CXCL11
mediate plasmablast migration in vitro (20), while CXCL12 is
critical for ASC homing to the bone marrow (14). CXCL13
expression within lymphoid tissue guides B cell entry into B
cell zones (2) and is associated with ectopic lymphoid struc-
tures in the CNS (13, 36, 64). In addition to the spinal cord,
chemokine mRNA expression was assessed in the draining
cervical lymph nodes (CLN) to gauge relative levels as well as
alterations in the periphery. Notably, following JHMV infec-
tion, both T and B cells are primed in CLN with little evidence
for productive viral infection (39). As expected, naive levels of
all chemokines in the CLN exceeded those in the CNS (Fig. 2).
At day 5 p.i.,, CXCL9, CXCL10, and CXCL11 mRNA levels in
CLN were enhanced only 2- to 3-fold and rapidly returned to
baseline by day 7 p.i. This contrasts with the >800-fold induc-
tion of CXCL9, CXCL10, and CXCLI11 in the CNS, where
these CXCR3 ligands were significantly elevated by day 5 p.i.
and reached peak levels by day 7 p.i. (Fig. 2A), coincident with
initial T cell infiltration (Fig. 1C). Although maximal mRNA
expression of CXCL9 in the CNS did not reach CLN levels,
CXCL10 and CXCL11 mRNA levels in the CNS exceeded the
CLN levels, suggesting potent migration signals. CXCLD9,
CXCL10, and CXCL11 mRNA levels all declined by day 12 p.i.
in the CNS but were still significantly elevated through day
42 p.. (Fig. 2A). Of note, CXCL9 mRNA levels underwent the
slowest relative decline implicating CXCL9 as a sustained lym-
phocyte recruitment factor. Although the CXCL11 gene does
not give rise to a functional protein in C57BL/6 mice (46), it
was included to survey transcriptional regulation. Similar to
the CXCR3 ligands, CXCL12 and CXCL13 mRNA in the
naive CLN exceeded the levels in the naive CNS; however,
expression was not upregulated following infection (Fig. 2B).
Indeed, CXCL12 expression decreased, consistent with the
downregulation of other chemokines in the spleen and lymph
nodes following systemic viral infection (45). CXCL12 mRNA
levels in the CNS remained comparable to naive mice with only
a slight increase at day 42 p.i. Although induction of CXCL13
mRNA in the CNS resembled induction of CXCL9, CXCL10,
and CXCL11, with peak expression at day 7 p.i. and a subse-
quent decline, expression remained several orders of magni-
tude lower than in the CLN. Nevertheless, the possibility that
CXCL13-expressing CNS-infiltrating dendritic cells may con-
tribute to local B cell activation or differentiation as implied in
CNS autoimmunity cannot be excluded (36, 63, 64). These data
indicate that infection of the spinal cord leads to the induction
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FIG. 2. Sustained mRNA expression of B cell homing chemokines during ASC recruitment. Levels of CXCL9, CXCL10, CXCL11 mRNA
(A) and CXCL12 and CXCL13 mRNA (B) in CLN and spinal cords of naive and infected mice. Wild-type mice (black bars) and IFN-y~/~ mice
(white bars) were used. Data are representative of two independent experiments and are expressed as means plus SEM (error bars) relative to
GAPDH values. Statistically significant differences between the values for samples from naive and infected mice are indicated as follows: *, P <

0.05; *%, P < 0.005; #%%, P < 0.001.

of chemokine expression, of which CXCL9 is most prominently
sustained throughout persistence. These data suggest that
CXCR3 ligands, but not CXCL12, are likely candidates con-
tributing to ASC recruitment in response to CNS infection.
CXCL10 and CXCLI11 transcription is induced by innate
IFN-o/B as well as IFN-y (12, 32). In contrast, CXCL9 induc-
tion is IFN-y dependent (16), predominantly derived from
CNS-infiltrating T cells during JHMYV infection (78). To assess
how the relative chemokine expression patterns correlate with

IFN expression, IFN-a/B and IFN-y mRNA were analyzed
longitudinally. Both IFN-a4 and IFN-B81 mRNA peaked prior
to IFN-y as expected (Table 1). IFN-a4 and IFN-B1 were
readily detectable at day 5 p.i., declined significantly by day
7 p.., and remained slightly elevated above background
through 21 p.i. (Table 1). In contrast, IFN-y levels were low at
day 5 p.i. and maximal by day 7 p.i. and dropped gradually
thereafter, consistent with T cell effector function (Table 1).
Overall, the early increase in CXCL10 and CXCL11 expres-

TABLE 1. Differential expression of IFNs in the CNS

Relative transcript level (mean = SEM)*

Gene
Naive mice Day 5 p.i. Day 7 p.i. Day 12 p.i. Day 21 p.i. Day 42 p.i.
IFN-o4 0.0004 = 0.00005 0.2 £0.08 0.04 = 0.01 0.003 = 0.002 0.005 = 0003 0.001 = 0.0004
IFN-B1 0.003 *= 0.0008 1.9 £ 0.6 0.4 =0.1 0.09 = 0.7 0.04 = 0.02 0.004 = 0.002
IFN-vy 0.003 = 0.0006 0.1 £0.04 32+08 0.8 £0.1 0.4 =0.07 0.04 = 0.01

“ Relative transcript levels normalized to GAPDH values. The data are from 3 or 4 individual spinal cords.
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sion was consistent with IFN-«/B induction, whereas the tem-
porally delayed, but more sustained CXCL9 expression re-
flected the kinetics and magnitude of IFN-y expression. This
was confirmed by chemokine expression in JHMV-infected
IFN-y-deficient (IFN-y~/~) mice (Fig. 2). Analysis of IFN-
v/~ mice was limited to 2 weeks p.i., as the majority succumb
to infection between 12 and 21 days p.i. (52). Induction of
CXCL9 was significantly lower in the CNS of IFN-y /" mice
between days 5 and 12 p.i., whereas the levels of CXCL10 and
CXCLI11 transcripts were similar to those of wt mice at day
5 p.. (Fig. 2A). However, while peak IFN-y levels were re-
flected in increased CXCL10 and CXCL11 upregulation in wt
mice at day 7 p.i., both chemokine mRNA levels remained low
until day 12 p.i. Finally, the absence of IFN-y did not affect
CXCL12 expression; however, CXCL13 induction was mark-
edly decreased in the absence of IFN-y (Fig. 2B).

CNS expression of B cell differentiation and survival fac-
tors. Delayed accumulation of CD138% ASC in the CNS rel-
ative to both T cells and CD19* CD138™ B cells suggests that
CD19" B cells may differentiate at the site of infection. Dif-
ferentiation in situ is supported by the gradual loss of MHC
class IT on CD138™" plasmablasts in the CNS during persistent
infection (70), implying local CNS expression of B cell differ-
entiation factors. A key cytokine implicated in B cell prolifer-
ation/differentiation is IL-21, which is predominantly secreted
by CD4" T cells (28) and drives the generation of follicular
helper CD4™" T cells and thus germinal center formation (31,
73, 77). Following JHMYV infection, IL-21 mRNA in CLN was
upregulated ~3-fold by day 5 p.i. and sustained at least until
day 12 p.i. (Fig. 3A), when virus-specific ASC frequencies peak
in the periphery (70). IL-21 transcripts were also increased in
the spinal cord of infected mice at day 7 p.i., coincident with
initial CD4™ T cell infiltration (Fig. 1C), and remained ele-
vated through day 21 p.i. (Fig. 3B). Indeed, expression of IL-21
mRNA was considerably higher in purified CNS-infiltrating
CD4™" T cells versus CD8* T cells or resident CD45" micro-
glia (Fig. 3C). Furthermore, IL-21 expression in the CNS was
independent of IFN-y (Fig. 3B).

In addition to IL-21, APRIL, BAFF, and IL-6 are critical for
B cell differentiation and survival (3, 4, 8, 10, 40, 47, 60, 61).
IL-6, APRIL, and BAFF are predominantly expressed by
monocytes, macrophages, and dendritic cells in the periphery
(34, 41). However, IL-6 in the CNS is produced primarily by
astrocytes (72), which also produce both APRIL and BAFF in
vivo (27, 68). Nevertheless, microglia also produce IL-6 (29,
74) and BAFF in vitro (24). Similar to the chemokines, BAFF
and APRIL mRNA were constitutively expressed at high levels
in the CLN, and no further induction was noted in response to
infection (Fig. 4A). IL-6 transcripts in the CNS were readily
detectable at day 5 p.i. and declined to near basal levels a week
later (Fig. 4B). Not surprising, the absence of IFN-y had no
significant effect on IL-6 mRNA expression in the CNS (Fig.
4B). BAFF mRNA was constitutively expressed in the CNS,
but levels increased by 2- to 3-fold through days 7 to 21 p.i.
consistent with IFN-y-mediated regulation (Fig. 4B). In con-
trast to the modest BAFF induction, APRIL transcripts were
upregulated ~20-fold by day 12 p.i. and were sustained until at
least day 21 p.i. Of note, peak expression of both APRIL and
BAFF transcripts in the CNS approached basal levels in the
CLN (Fig. 4), but was delayed relative to chemokine mRNAs
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FIG. 3. IL-21 expression in the CNS during infection. (A) IL-21
mRNA in the CLN of naive and infected wt mice. (B) IL-21 mRNA in
the spinal cords of infected wt and IFN-y ™/~ mice (n = 3 or 4). Data
are representative of two independent experiments and are expressed as
means plus SEM (error bars) relative to GAPDH values. (C) IL-21
mRNA expression in purified CD45' microglia, CD4* T cells, and tet-
ramer-positive (tetramer™) and tetramer-negative (tetramer™) CD8" T
cells from pooled wt brains 7 days p.i. Statistically significant differences
between the values for samples from naive and infected mice are indi-
cated as follows: *, P < 0.05; #*, P < 0.005; %%, P < 0.001.

(Fig. 2). IFN-y deficiency did not alter the basal levels of
BAFF mRNA in the spinal cord (Fig. 4B); however, the in-
crease of BAFF transcripts at day 7 p.i. was abrogated, sup-
porting BAFF induction by IFN-y (27). In contrast, APRIL
induction was IFN-y independent and followed the same de-
layed kinetics as in wt mice (Fig. 4B), indicating distinct reg-
ulation of BAFF and APRIL in the CNS.

To identify the cellular source of APRIL and BAFF, micro-
glia, an astrocyte-enriched population, and infiltrating mono-
cyte-derived macrophages were purified at 10 days p.i. The
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FIG. 4. The levels of expression of APRIL and BAFF are maintained throughout ASC accumulation. (A) IL-6, APRIL, and BAFF mRNA in
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0.05; **, P < 0.005; #***, P < 0.001.

levels of expression of APRIL and BAFF mRNA by astrocytes
were increased ~80- and 5-fold, respectively (Table 2). In
microglia, APRIL transcripts were enhanced ~9-fold, while
BAFF expression was not altered (Table 2). Modest changes

TABLE 2. APRIL and BAFF expression in purified
cell populations

Fold increase (mean = SEM) in:

Gene . ;
Astrocytes Microglia Monocyte-derived
macrophages
APRIL 793 £ 6.5 85+0.3 1.5 £0.03
BAFF 53%x0.2 0.9 = 0.02 21=x02

“ APRIL and BAFF transcript levels relative to GAPDH values are presented
as fold increases with the APRIL and BAFF transcript levels from samples from
naive mice set at 1. APRIL and BAFF transcript levels were taken on day 10 p.i.

were also detected in infiltrating monocyte-derived macro-
phages with 1.5- and 2.1-fold increases in APRIL and BAFF,
respectively (Table 2). These data suggest that astrocytes are
likely the primary source of BAFF and APRIL during JHMV
infection, with microglia making an additional minor contribu-
tion to APRIL expression. Immunohistochemical analysis re-
vealed BAFF expression in parenchymal cells consistent with
astrocyte morphology at day 14 p.i. (Fig. 5A). Dual staining
confirmed that astrocytes are the predominant BAFF produc-
ers, although only a minority expressed BAFF (Fig. 5B). As-
trocytes were also the prominent cell type producing APRIL
(Fig. 5C). Interestingly, in contrast to the cytoplasmic distri-
bution of BAFF, APRIL localized primarily to astrocyte pro-
cesses. Sustained elevated expression of IL-21, APRIL, and
BAFF thus support the notion that persisting CNS infection
provides a local niche capable of supporting ASC survival.
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Cc

FIG. 5. Astrocytes express APRIL and BAFF. (A) Immunoperoxi-
dase stain using anti-BAFF Ab with hematoxylin counterstain. Cells
expressing BAFF are indicated by the small black arrows. Bar, 50 pm.
(B and C) BAFF and APRIL localization in spinal cords from JHMV-
infected mice identified by their respective Ab. Astrocytes were visu-
alized with anti-GFAP Ab. Merged images of APRIL or BAFF with
GFAP image are shown. Bars, 50 pm.

BCMA and TACI expression coincides with ASC accumula-
tion. APRIL and BAFF exert their functions by signaling
through receptors expressed differentially in distinct B cell
subsets (8, 33, 37, 47). While both APRIL and BAFF bind B
cell maturation antigen (BCMA) and transmembrane activator
and calcium modulator ligand interactor (TACI), BAFF addi-
tionally binds to BAFF receptor (BAFF-R). Signaling through
BAFF-R plays a fundamental role in the transition from im-
mature B cells to mature B cells (34, 66), as well as promoting
survival and maintenance of mature B cells (59). TACI func-
tions to support survival of activated plasmablasts (8) and
promote plasma cell differentiation (37). Similarly, BCMA ex-
pression is primarily limited to plasma cells and plays a critical
role in survival (4, 47). The low frequency of ASC within the
CNS precluded direct analysis of receptor expression on puri-
fied populations. Thus, expression of receptor mRNA was ini-
tially assessed in purified splenic B cells (CD19" CD138~
IgD* GFP™) and ASC (CD19%™ CD138* IgD~ GFP™) from
both naive and JHMV-immunized Blimp-1-GFP™/~ mice to
verify differential expression. The majority of B cells in the
spleen were of an immature phenotype, regardless of immuni-
zation (89% = 3% for naive mice and 81% * 1.5% for im-
munized mice). However, following immunization, ASC in-
creased from 0.6% = 0.2% in naive mice to 3.1% = 0.1% by
day 7 postimmunization. Naive B cells expressed higher levels
of BAFF-R mRNA than the ASC population. TACI mRNA
was detected in both naive B cells and ASC but was increased
~2-fold in the latter. BCMA transcripts were exclusively ex-
pressed by ASC and not naive B cells, independent of immu-
nization (Fig. 6A), confirming previous studies (4). BCMA
expression was thus used as a reliable marker specifically for
ASC accumulation within the CNS. Expression of BAFF-R
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mRNA in spinal cords remained near naive levels throughout
infection (Fig. 6B), suggesting no role in CNS B cell homeosta-
sis during JHMV infection. Importantly, neither BCMA nor
TACI transcripts were significantly increased until day 21 p.i.
(Fig. 6B), corresponding to peak CD19" CD138" ASC infil-
tration (Fig. 1D). Furthermore, BCMA transcripts were sus-
tained throughout day 42 p.i., while TACI mRNA decreased
slightly. Overall, detection of BCMA and TACI mRNA con-
curred with ASC recruitment and retention, suggesting that
APRIL and BAFF contribute to sustained ASC survival within
the CNS.

DISCUSSION

Accumulation and retention of virus-specific ASC within the
CNS are hallmarks of many neurotropic viral infections, in-
cluding rabies virus (22), measles virus (9, 48), Theiler’s murine
encephalomyelitis virus (50, 51), Semliki Forest virus (43), and
Sindbis virus (71) infections. In general, viral infections induce
both short- and long-lived ASC with the latter emerging after
germinal center selection (35, 44). A proportion of ASC sur-
viving germinal center selection migrate to the bone marrow
via CXCR4-driven signals, where they undergo terminal dif-
ferentiation and subsequently lose their capacity to migrate
(65). In the bone marrow, stromal cells, myeloid cells, and
megakaryocytes constitutively secrete B cell survival factors (3,
44, 75), providing a survival niche for fully differentiated long-
lived ASC. Bone marrow ASC are the primary source of pro-
tective antiviral Ab. In contrast, neither the factors underlying
recruitment or differentiation into mature plasma cells nor the
expression of ASC survival factors in the CNS have been char-
acterized.

High steady-state expression of transcripts in the CLN com-
pared to the CNS in naive mice is consistent with normal
homeostasis of the B cell compartment. In contrast to bone
marrow, the CNS expresses negligible levels of factors promot-
ing ASC recruitment and survival. Although CXCLI12 is ex-
pressed constitutively in the CNS, similar to bone marrow (7),
other ASC chemoattractants, i.e., CXCL9, CXCL10, CXCLI11,
or the B cell chemoattractant CXCL13, are barely detectable
in the absence of inflammation. With the exception of
CXCL12, the expression of all chemokines peaked coincident
with recruitment of inflammatory cells. Although expression of
the IFN-y-dependent CXCR3 binding chemokines decrease as
infectious virus is controlled (52) and the inflammatory re-
sponse resolves, they remained significantly elevated during
the appearance of ASC in the CNS, particularly CXCL9. The
increase in CXCL12 during persistent infection suggested an
additional function of this chemokine as both a recruiting (15,
19) and survival factor (10), similar to its role in bone marrow.
Last, although CXCL13 does not act on ASC recruitment (20),
the possibility that CNS-infiltrating, CXCL13-expressing den-
dritic cells contribute to recruitment of newly primed B cells
into the CNS cannot be excluded.

The possibility that naive, or recently primed B cells, are
recruited into the CNS and subsequently undergo differentia-
tion in situ is supported by the formation of lymphoid follicle-
like structures during chronic autoimmune inflammation (36,
63, 64). However, lymphoid follicles have not been reported
during virus-induced CNS inflammation (43, 56), including
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JHMV encephalomyelitis (data not show). Nevertheless, on-
going differentiation of ASC into terminally differentiated
sessile plasma cells is suggested by the gradual MHC class 11
downregulation during persistent JHMV infection (70). The
factors promoting ASC differentiation within the CNS may
include both CXCL13 and IL-21. In germinal center responses,
IL-21 is primarily secreted by CD4" T follicular helper cells
(67) and acts directly on B cells to promote differentiation and
survival (26) as well as Ab production (49). IL-21 mRNA was
increased and sustained in the CLN following JHMYV infection,
supporting a contribution of IL-21 to the differentiation of B
and T cells. This observation is also consistent with increased
IL-21 expression in the spleens of mice infected with lympho-
cytic choriomeningitis virus or herpes simplex virus (21). Sup-
porting the absence of a correlation between IL-21 and IFN-vy
mRNAs in herpes simplex virus-infected mice (21), IL-21 ex-

pression was also IFN-y independent in the CNS. Our data are
the first to show recruitment of IL-21-expressing CD4" T cells
into the CNS, thus indicating their potential to support both B
cell differentiation and CD8™ T cell function locally.
Immunohistochemical identification of ASC, as well as their
isolation and functional characterization, indicated that the
CNS provides long-term survival signals during viral persis-
tence (69, 70). This notion was supported by the induction of
BAFF and APRIL, both prominent ASC survival factors in
bone marrow, during JHMV encephalomyelitis. BAFF up-
regulation was IFN-y dependent and coincident with the in-
flammatory response; however, expression was not sustained
above basal levels during persistence. In contrast, the delayed
induction of APRIL did not coincide with IFN-y or other
proinflammatory factors. Immunohistochemical analysis impli-
cated astrocytes as a primary source of both BAFF and APRIL



VoL. 85, 2011

during JHMYV infection, although increased APRIL mRNA
expression was also found in microglia and infiltrating mono-
cyte-derived macrophages. The distinct localization of APRIL
and BAFF may reside in the differential processing of these
cytokines. While BAFF is cleaved from the cell membrane,
APRIL is cleaved in the Golgi apparatus and thus directly
transported intracellularly as a trimeric active form (25, 42). In
addition, concentrated APRIL staining localized to astrocyte
processes may reflect binding to dense areas of heparan sulfate
proteoglycan deposition (25), which may serve to enhance sig-
naling in target cells. The observations that infiltrating mono-
cyte-derived macrophages are most prominent early during
infection and decline significantly by day 14 p.i. (62) argue that
cells from this lineage do not contribute significantly to sus-
tained ASC survival within the CNS. Expression of APRIL and
BAFF precedes ASC recruitment into the CNS; however, ex-
pression of their receptors, BCMA and TACI, corresponds
exclusively to ASC recruitment. Moreover, use of the ratio of
BCMA to TACI expression as an indicator of ASC maturation
reveals that the BCMA/TACI ratio remains consistent at ~0.4
in splenic ASC; however, in the CNS, the ratio increases from
0.6 to 1.8 during viral persistence, supporting preferential
maintenance and/or survival of more differentiated ASC within
the CNS, already indicated by progressive downregulation of
MHC class II expression (70).

In summary, our data demonstrate induction of critical fac-
tors associated with ASC migration, differentiation, and sur-
vival during acute viral encephalomyelitis, prior to ASC accu-
mulation in the CNS. The rapid establishment and prolonged
maintenance of an environment capable of supporting B cell
differentiation and ASC survival thus guarantee survival of
plasmablasts emigrating from lymphoid organs and their sub-
sequent differentiation into locally protective antiviral ASC.
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