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Progression From IgD� IgM� to Isotype-Switched B Cells Is Site
Specific during Coronavirus-Induced Encephalomyelitis

Timothy W. Phares,a Krista D. DiSano,a,b Stephen A. Stohlman,a Cornelia C. Bergmanna

Department of Neurosciences, Lerner Research Institute, Cleveland Clinic Foundation, Cleveland, Ohio, USAa; School of Biomedical Sciences, Kent State University, Kent,
Ohio, USAb

ABSTRACT

Various infections in the central nervous system (CNS) trigger B cell accumulation; however, the relative dynamics between viral
replication and alterations in distinct B cell subsets are largely unknown. Using a glia-tropic coronavirus infection, which is ini-
tiated in the brain but rapidly spreads to and predominantly persists in the spinal cord, this study characterizes longitudinal
changes in B cell subsets at both infected anatomical sites. The phase of T cell-dependent, antibody-independent control of infec-
tious virus was associated with a similar recruitment of naive/early-activated IgD� IgM� B cells into both the brain and spinal
cord. This population was progressively replaced by CD138� IgD� IgM� B cells, isotype-switched CD138� IgD� IgM� memory
B cells (Bmem), and CD138� antibody-secreting cells (ASC). A more rapid transition to Bmem and ASC in spinal cord than in
brain was associated with higher levels of persisting viral RNA and transcripts encoding factors promoting B cell migration, dif-
ferentiation, and survival. The results demonstrate that naive/early-activated B cells are recruited early during coronavirus CNS
infection but are subsequently replaced by more differentiated B cells. Furthermore, viral persistence, even at low levels, is a
driving force for accumulation of isotype-switched Bmem and ASC.

IMPORTANCE

Acute and chronic human CNS infections are associated with an accumulation of heterogeneous B cell subsets; however, their
influence on viral load and disease is unclear. Using a glia-tropic coronavirus model, we demonstrate that the accumulation of B
cells ranging from early-activated to isotype-switched differentiation stages is both temporally and spatially orchestrated.
Acutely infected brains and spinal cords indiscriminately recruit a homogeneous population of early-activated B cells, which is
progressively replaced by diverse, more differentiated subsets. The latter process is accelerated by elevated proinflammatory re-
sponses associated with viral persistence. The results imply that early-recruited B cells do not have antiviral function but may
contribute to the inflammatory environment or act as antigen-presenting cells. Moreover, CNS viral persistence is a driving force
promoting differentiated B cells with protective potential.

Central nervous system (CNS) inflammation during microbial
infections, autoimmunity, or spinal cord injury is associated

with recruitment of various B cell subsets, including antibody-
secreting cells (ASC) (1–5). In cases of acute encephalitis, B cell
and antibody (Ab) accumulation is transient; however, humoral
responses persist during chronic CNS diseases such as subacute
sclerosing panencephalitis and multiple sclerosis (MS) (6–8).
However, the mechanisms driving the accumulation of various B
cells as well as their phenotype, role, and precursor relationships
to ASC are poorly defined. In patients with subacute sclerosing
panencephalitis, the majority of oligoclonal Ab bands are measles
virus specific, suggesting that persisting viral antigen drives local
humoral responses (6, 9), yet their role is difficult to assess. A large
proportion of CNS-localized ASC in Sindbis virus and neu-
rotropic coronavirus infection models is also virus specific and
correlated with protection (2, 4, 10).

One mechanism thought to promote local CNS B cell differen-
tiation and Ab production involves the formation of ectopic fol-
licle-like structures, as described previously for neuroborreliosis
and MS (11–13). Ectopic follicle formation in the CNS during
microbial or autoimmune inflammation is supported by the con-
stitutive and induced expression of several factors regulating B cell
responses in lymphoid organs. Among these factors are the
chemokines CXCL13, CCL19, and CCL21, which guide B cell mi-
gration within lymph nodes, as well as CXCL9, CXCL10, and

CXCL12, which are implicated in ASC trafficking (3, 14–16).
Moreover, factors involved in both B cell differentiation, such as
interleukin-6 (IL-6), IL-10, and IL-21, as well as B cell survival,
namely, B cell-activating factor of the tumor necrosis factor (TNF)
family (BAFF) and a proliferation-inducing ligand (APRIL), are
also upregulated during virus- or autoantigen-induced CNS in-
flammation (3, 15, 17–19). Although CXCL13 is implicated in the
formation of ectopic follicle-like structures in the CNS (11–13,
16), there is no evidence for ectopic lymphoid follicles during
Sindbis virus infection, despite the expression of CXCL13 and
CCL19 and the presence of various B cell subsets within the CNS
(2, 15). Increasing proportions of isotype-switched memory B
cells (Bmem) and ASC during Sindbis virus CNS persistence thus
suggested that B cell subset alterations toward a more differenti-
ated phenotype may reflect their egress into circulation from pe-
ripheral maturation sites and survival in the CNS (2). Early B cell
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accumulation with an increasing proportion of ASC during viral
persistence is also evident during glia-tropic coronavirus infection
(3, 4, 20). Moreover, in this model, direct ASC recruitment from
the periphery was implicated by CXCR3-dependent ASC accumu-
lation within the CNS, subsequent to peak peripheral expansion
(20). The gradual downregulation of major histocompatibility
complex (MHC) class II on ASC further suggested ongoing local
CNS differentiation of plasmablasts or preferential survival of
more differentiated ASC (10).

Infection with the glia-tropic coronavirus strain JHMV was
thus used to elucidate how a differential viral load and/or the
inflammatory milieu affects the progression of humoral responses
at distinct sites within the CNS. JHMV replication is initiated in
the brain, but the virus rapidly spreads to and predominantly per-
sists in the spinal cord (21–23). T cells control infectious virus in
the CNS within 2 weeks independent of humoral immunity; how-
ever, persisting viral RNA is controlled by ASC (24, 25). While B
cells are recruited during acute infection, ASC do not emerge in
the CNS until day 14 postinfection (p.i.), increase in numbers
significantly by day 21, and remain at declining numbers through
persistence (3, 23). An essential role of sustained CNS Ab produc-
tion in ongoing protection (24, 25) was confirmed in infected
CXCR3-deficient mice, which exhibit impaired humoral re-
sponses in the CNS but not the periphery (20).

The data reported here demonstrate that B cells recruited to the
CNS early during acute inflammation display a naive/early-acti-
vated IgD� IgM� phenotype. A gradual loss of IgD expression and
increased numbers of CD138� ASC and IgD� CD138� Bmem in-
dicated replacement by more differentiated B cells as infection
progressed into persistence. This transition was more rapid and
robust in the spinal cord than in the brain, despite similar num-
bers of early-recruited B cells. These studies suggest that naive/
early-activated B cells migrate indiscriminately to sites of acute
inflammation as bystanders but are replaced by more differenti-
ated B cells derived from peripheral germinal centers. During this
transition, site-specific accumulation and survival of Bmem and
ASC within the CNS are clearly dictated by the magnitude of viral
persistence, which in turn drives ongoing inflammatory re-
sponses, including factors promoting migration and survival of
differentiated isotype-switched B cells.

MATERIALS AND METHODS
Mice, virus infection, and virus titers. C57BL/6 mice were purchased
from the National Cancer Institute (Frederick, MD). All mice were
housed under pathogen-free conditions at an accredited facility at the
Cleveland Clinic Lerner Research Institute. Mice were infected at 6 to 7
weeks of age by intracranial injection into the left cerebral hemisphere
with 1,000 PFU of the J.2.2v-1 monoclonal Ab (MAb)-derived glia-tropic
JHMV variant in 30 �l sterile phosphate-buffered saline (PBS) (23, 26).
Notably, intracranial injection of sterile PBS alone does not elicit an in-
crease in the number of infiltrating CD45hi cells by flow cytometry 5 days
later compared to naive mice. All animal experiments were performed in
accordance with guidelines approved by the Cleveland Clinic Lerner
Research Institute Institutional Animal Care and Use Committee. Vi-
rus titers within the brain and spinal cord were determined in clarified
supernatants by a plaque assay using the murine delayed brain tumor
astrocytoma (DBT) cell line, as described previously (26). Plaques
were counted after 48 h of incubation at 37°C, and titers were calcu-
lated per mg tissue. Typical weights of brain and spinal cord were
397 � 10 mg and 80 � 2 mg, respectively.

CNS Ab. Virus-specific immunoglobulin within the CNS was detected
in clarified spinal cord or brain supernatants by an enzyme-linked immu-

nosorbent assay (ELISA), as described previously (20). Briefly, 96-well
plates were coated with 100 �l of a serum-free supernatant derived from
JMHV-infected DBT cells and incubated overnight at 4°C. Plates were
washed with PBS-Tween 20, and nonspecific binding was blocked with
10% fetal calf serum in PBS overnight at 4°C. Samples were added and
incubated overnight at 4°C. After washes, bound IgM and IgG2a were
detected by using biotinylated goat anti-mouse IgM (Jackson Immuno-
Research, West Grove, PA) or goat anti-mouse IgG2a (Southern Biotech,
Birmingham, AL). Secondary Ab was detected by using streptavidin
horseradish peroxidase (BD Bioscience) followed by 3,3=,5,5=-tetrameth-
ylbenzidine (TMB reagent set; BD Bioscience). Optical densities were read
at 450 nm on a SpectraMax Mz microplate reader (Molecular Devices,
Sunnyvale, CA). Data are expressed as arbitrary units/mg tissue, where 1
arbitrary unit equals an absorbance of 0.1. Levels were calculated by using
the following formula: (absorbance) � dilution factor � volume of clar-
ified brain or spinal cord homogenate. Background levels from naive mice
were subtracted.

Blood-brain barrier permeability. Blood-brain barrier (BBB) perme-
ability was assessed by using sodium fluorescein (NaF) to detect fluid-
phase shifts between the circulation and CNS, as described previously
(27). Briefly, mice received 100 �l of 10% NaF in PBS intraperitoneally,
and cardiac blood was collected 10 min later. Mice were transcardially
perfused with 10 ml of PBS, and spinal cord and brain were removed.
Tissues were homogenized in PBS, and NaF content in clarified superna-
tants was measured on a SpectraMax Mz microplate reader by using stan-
dards ranging from 125 to 4,000 �g. The NaF content in the CNS super-
natant was normalized to serum NaF content by using the following
formula: (mg fluorescent brain tissue/mg of protein)/(mg fluorescent se-
ra/�l of blood). Data are expressed as fold increases in fluorescence in the
brain or spinal cord, with the levels from uninfected mice being set at a
value of 1.

Flow cytometry and fluorescence-activated cell sorting (FACS).
Brains and spinal cords from groups of 6 to 8 mice perfused with PBS were
homogenized in ice-cold Tenbroeck grinders in Dulbecco’s PBS. Mono-
nuclear cells were recovered from the 30%–70% interface of a Percoll step
gradient (Pharmacia, Piscataway, NJ) following centrifugation at 850 � g
for 30 min at 4°C, as detailed previously (28). Single-cell suspensions from
cervical lymph nodes (CLN) were prepared as described previously (28).
Phenotypic analysis of pooled cells was performed by staining with MAbs
specific for CD19 (MAb 1D3), CD45 (30-F11), CD138 (281-2), IgD (11-
26), IgG2a/b (R2-40) (all from BD Bioscience), and IgM (eB121-15F9)
(eBioscience). For surface and intracellular detection of IgG2a/b, cells
were stained with biotin-labeled anti-IgG2a/b Ab and allophycocya-
nin-conjugated streptavidin. Cells were then permeabilized with Cyto-
fix/Cytoperm reagent (BD Bioscience), stained with fluorescein iso-
thiocyanate-labeled anti-IgG2a/b Ab, and analyzed on a BD FACSAria
instrument (BD, Mountain View, CA) using FlowJo 10 software (Tree
Star, Ashland, OR).

For RNA expression in CNS-derived B cell subsets, pooled spinal
cords (n � 6 to 8) were digested with collagenase and purified by using a
BD FACSAria instrument. In brief, spinal cords were finely minced with a
razor blade and digested in 5 ml of RPMI supplemented with 10% fetal
calf serum, 250 �l of collagenase D (100 mg/ml) (Roche Diagnostics,
Indianapolis, IN), and 50 �l of DNase I (1 mg/ml) (Roche Diagnostics)
for 40 min at 37°C. Collagenase and DNase I activities were terminated by
the addition of 500 �l of 0.1 M EDTA (pH 7.2) at 37°C for 5 min. Follow-
ing centrifugation, cells were washed with RPMI supplemented with 25
mM HEPES, and mononuclear cells were recovered from the 30%–70%
interface of a Percoll gradient as described above. CD19� IgD� spinal
cord-derived B cells at day 7 p.i. were compared to CD19� IgD� B cells
isolated from pooled CLN of naive mice or infected mice at day 7 p.i.
CD19� CD138� ASC and CD19� IgD� CD138� Bmem from spinal cords
were purified at day 21 p.i. A minimum of 1 � 105 cells were collected per
pooled sample and frozen in 400 �l TRIzol (Invitrogen, Carlsbad, CA) at
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�80°C for subsequent RNA extraction and PCR analysis, as described
previously (29).

Gene expression analysis. Snap-frozen brains or spinal cords from
individual mice (n � 6 to 7) were placed into TRIzol (Invitrogen, Grand
Island, NY) and homogenized by using a TissueLyser and stainless steel
beads (Qiagen, Valencia, CA). RNA was extracted according to the man-
ufacturer’s instructions. DNA contamination was removed by DNase I
treatment for 30 min at 37°C (DNA-free kit; Ambion, Austin, TX), and
cDNA was synthesized by using Moloney murine leukemia virus (M-
MLV) reverse transcriptase (Invitrogen), oligo(dT) primers (Promega,
Madison, WI), and random primers (Promega), as detailed previously
(30). Quantitative real-time PCR was performed by using 40 ng 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 Bio-
systems). PCR conditions were 10 min at 95°C followed by 40 cycles at
95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. Primers used for transcripts
encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH), JHMV
nucleocapsid, IL-6, IL-10, IL-21, APRIL, CXCL9, CXCL10, CXCL12,
BAFF receptor (BAFF-R), B cell maturation antigen (BCMA), and trans-
membrane activator and calcium modulator and cyclophilin ligand inter-
actor (TACI) were previously described (3, 31). GAPDH, gamma inter-
feron (IFN-�), BAFF, CCR7, CCL19, CCL21, CXCR3, CXCR4, CXCR5,
CXCL13, CD38, IgD, � heavy chain, and activation-induced cytidine
deaminase (AID) mRNA levels were determined by using Applied Biosys-
tems gene expression arrays with Universal TaqMan Fast master mix and
TaqMan primers (Applied Biosystems). Primer and probe sequences for 	
light chain and sphingosine-1-phosphate 1 (S1P1) mRNA detection were
described previously (27, 32). PCR conditions were 20 s at 95°C followed
by 40 cycles at 95°C for 3 s and 60°C for 30 s. Transcript levels were
calculated relative to the levels of the housekeeping gene GAPDH by using
the formula 2[CT(GAPDH) � CT(target gene)] � 1,000, where CT represents the
threshold cycle at which the fluorescent signal becomes significantly
higher than that of the background.

Statistical analysis. Gene transcripts in whole spinal cord or brain are
expressed as the means � standard errors of the means (SEM) of values
obtained from at least 6 individual mice from 2 separate experiments, each
comprising 3 to 4 mice per time point. Flow cytometric analysis data are
expressed as the means � SEM of values from 2 separate experiments,
each comprising pooled samples from groups of 3 to 4 mice per time point
per experiment. In all cases, a P value of 
0.05 was considered significant,
as determined by an unpaired t test. Graphs were plotted and statistics
were assessed by using GraphPad Prism 4.0 software.

RESULTS
Preferential ASC accumulation in spinal cord correlates with
viral persistence independent of total B cells. CD138� ASC ac-
cumulating in the CNS are essential to prevent the reemergence of
persisting JHMV infection following T cell-mediated control of
infectious virus (20, 23, 24). Furthermore, ASC in spinal cord
comprise a larger percentage of total B cells and have a more dif-
ferentiated MHC class II� phenotype than do those in brain (10),
suggesting preferential accumulation or survival. To better char-
acterize the kinetics of distinct B cell accumulation in brain versus
spinal cord, total CD19� B cells and the CD138� ASC subset were
monitored throughout acute and persistent infection by flow cy-
tometry. B cells were present by as early as day 5 p.i. in brain but
were barely detectable in spinal cord. Despite these early differ-
ences, B cell numbers peaked at day 7 p.i. in both sites, with overall
similar numbers per mg tissue. B cell numbers dropped to com-
parable levels by days 14 and 21 p.i. but were sustained at higher
levels in spinal cords thereafter (Fig. 1A). CD138� ASC did not
emerge until after day 7 p.i., when their numbers increased to
maximal levels at between 21 and 28 days p.i. (Fig. 1B). Although
numbers of ASC per mg tissue were already slightly elevated in

spinal cord relative to brain at day 14 p.i., they were subsequently
4- to 5-fold higher in spinal cords (Fig. 1B). The frequencies of
ASC within the total CD19� B cell population were thus signifi-
cantly higher in the spinal cord after day 14 p.i., reaching �50%,
versus �10% in the brain at day 21 p.i. (Fig. 1C). However, while
the ASC percentages remained stable in the spinal cord, they con-
tinued to increase in the brain through day 42 p.i. Consistent with
the increased ASC numbers in the spinal cord, � heavy chain and
	 light chain transcript levels were also significantly higher than
those in the brain (Fig. 1D and E). In fact, �8- to 10-fold differ-
ences in transcript levels in comparisons of spinal cord and brain
at both days 21 and 35 p.i., but only �3- to 5-fold differences in
ASC numbers, further suggested spinal cord ASC produce more
Ab at the cellular level, consistent with enhanced differentiation. A
direct correlation between immunoglobulin mRNA and virus-
specific Ab was assessed by measuring virus-specific IgG and IgM
levels in brain and spinal cord supernatants. Virus-specific IgG
and IgM levels were similar at both sites at day 14 p.i. but were
higher in spinal cords by day 21 p.i. While IgG levels were signif-
icantly increased at both days 21 and 28 p.i., IgM levels were over-
all lower and most prominently increased in spinal cord at day 28
p.i. (Fig. 1F and G).

Following intracerebral inoculation, JHMV quickly spreads
from the brain to the spinal cord, where it preferentially estab-
lishes persistence in oligodendrocytes (22). To assess whether
preferential accumulation of CD138� ASC in the spinal cord is
associated with increased viral persistence, relative viral loads were
compared at both sites throughout infection. Infectious virus ti-
ters in spinal cord were higher than those in brain at day 7 p.i. and
were controlled with delayed kinetics (Fig. 1H). Consistent with
elevated virus titers at day 14 p.i., viral transcript levels were higher
in spinal cord than in brain (Fig. 1I). Moreover, although tran-
script levels gradually declined at both sites, viral transcript levels
remained higher in the spinal cord through day 35 p.i. These re-
sults suggested that enhanced viral load contributes to preferential
accumulation of CD138� ASC in the spinal cord.

Elevated transcript levels of factors promoting B cell migra-
tion, differentiation, and survival correlate with preferential ac-
cumulation of ASC in spinal cords. Increased viral load and per-
sistence in the spinal cord relative to the brain may be associated
with ongoing immune activation, thereby promoting BBB disrup-
tion and/or factors supporting ASC recruitment and survival. Dif-
ferences in BBB integrity between brain and spinal cord were
therefore measured by leakage of NaF administered into the cir-
culation. BBB integrity was significantly compromised at day 7 p.i.
in both the brain and spinal cord; however, no differences between
each site were detected (Fig. 2A). Furthermore, BBB integrity was
largely restored by day 14 p.i. (Fig. 2A). ASC accumulation within
the CNS therefore appears to be independent of BBB permeability,
regardless of the anatomical site. Differences in tissue-specific
expression of factors associated with ASC recruitment and sur-
vival were therefore assessed. During JHMV infection, astrocyte-
derived CXCL10 drives accumulation of CXCR3-expressing
CD138� ASC in the CNS (33). CXCL10 transcript levels were
elevated at day 7 p.i. in both the brain and spinal cord relative to
basal levels; however, transcript levels were �3-fold higher in in-
fected spinal cord than in brain (Fig. 2B). Moreover, although
CXCL10 transcript levels declined at both sites, expression levels
remained 5- to 10-fold higher in the spinal cord at days 14 and 21
p.i., respectively (Fig. 2B). Similar differences were detected for
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the IFN-�-dependent expression of the CXCR3 ligand CXCL9
(Fig. 2C). Consistent with IFN-�-mediated CXCL9 and CXCL10
upregulation in the CNS during JHMV infection (3), IFN-� tran-
script levels were significantly higher in the spinal cord than in the
brain (Fig. 2D). These data suggest that enhanced CXCL10 expres-
sion in spinal cord relative to that in brain promotes infiltration of
CD138� ASC egressing from lymph nodes at days 14 and 21 p.i.

In addition to chemotaxis, the expression of APRIL and BAFF,
key cytokines that promote B cell survival (34–38), may enhance
frequencies of CD138� ASC in the spinal cord. Notably, basal

levels of BAFF transcripts were already �4-fold higher in spinal
cord than in brain. At day 7 p.i., BAFF transcript levels were in-
creased �4- and 2-fold in brain and spinal cord, respectively (Fig.
2E), consistent with IFN-�-mediated regulation (3, 19). BAFF
transcript levels subsequently decreased to background levels in
the brain and also gradually declined in spinal cords (Fig. 2E).
Overall, BAFF mRNA in the brain remained below basal levels in
the spinal cord (Fig. 2E). In contrast to differential basal BAFF
expression, APRIL transcript levels in naive mice were similar in
both sites and were significantly upregulated only in the spinal

FIG 1 Preferential accumulation of ASC in the spinal cord versus the brain is associated with increased viral loads. (A and B) Numbers of total CD19� B cells
(A) or CD19� CD138� ASC (B) were determined by flow cytometry. Data are expressed as the mean number of CD19� B cells (A) or CD138� ASC (B) per mg
of tissue � SEM and represent two independent experiments, each comprising pooled brains or spinal cords of 6 to 8 mice per time point. (C) Percentages of
CD138� ASC within total CD19� B cells calculated as the means � SEM from data presented in panels A and B. (D and E) Relative transcript levels of � heavy
chain and 	 light chain in brains and spinal cords of naive and infected mice assessed by real-time PCR. Data depict the means � SEM relative to GAPDH mRNA
levels for at least 6 to 7 individual mice derived from two independent experiments with at least 3 mice per time point per experiment. Transcript levels at day 7
p.i. are expressed as means � SEMs relative to GAPDH mRNA levels and were as follows: 0.17 � 0.08 in brain and 0.26 � 0.14 in spinal cord for � heavy chain
(D) and 0.8 � 0.2 in brain and 0.9 � 0.4 in spinal cord for 	 light chain (E). (F and G) Virus-specific IgG2a and IgM levels in clarified supernatants from brain
and spinal cord homogenates at the indicated time points were assessed by an ELISA. Arbitrary units reflect Ab levels converted to mg of tissue from 3 to 4 mice
per time point. (H) Virus titers in brain or spinal cord supernatants were determined by a plaque assay and are expressed as mean PFU per mg of tissue � SEM.
Data are from two independent experiments with 5 to 10 total mice per time point. (I) Relative transcript levels of viral RNA in brain or spinal cord assessed by
real-time PCR. Data depict the means � SEM relative to GAPDH mRNA levels for 6 to 7 total mice per time point derived from two independent experiments.
Significant differences between naive and infected brain or naive and infected spinal cord are indicated (*, P 
 0.05; **, P 
 0.005; ***, P 
 0.001). Significant
differences between brain and spinal cord at a given time point are indicated (#, P 
 0.05; ##, P 
 0.005; ###, P 
 0.001). In all cases, a P value of 
0.05 was
considered significant, as determined by an unpaired t test. BD, below the detection limit.
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cord (Fig. 2F). Although APRIL transcript levels were already el-
evated at day 7 p.i., they were increased �25-fold by day 14 p.i.
and remained significantly elevated in the spinal cord relative to
the basal expression level through day 35 p.i. (Fig. 2F). These re-
sults revealed tissue-specific regulation of both BAFF and APRIL
transcripts in the CNS following JHMV infection. Moreover, in-
creased expression levels of transcripts for survival factors in the
spinal cord relative to the brain are consistent with a more favor-
able niche for CD138� ASC survival.

During persistent JHMV infection, CNS-derived CD138� ASC
initially exhibit an early plasmablast phenotype; however, the
gradual loss of MHC class II supports in situ differentiation within

the CNS or preferential survival of more differentiated ASC (10).
In the periphery, ASC differentiation is promoted by the cytokines
IL-6, IL-10, and IL-21, which are all expressed in the JHMV-in-
fected CNS (3, 31). We therefore assessed whether increased ex-
pression levels of IL-6, IL-10, or IL-21 transcripts in the spinal
cord correlated with preferential ASC accumulation. Transcript
levels for the T cell-derived cytokines IL-10 and IL-21 peaked by
day 7 p.i., coincident with T cell infiltration (39), and subse-
quently declined but remained above basal levels in both brain
and spinal cord through day 21 p.i. (Fig. 3A and B). Nevertheless,
IL-10 and IL-21 transcript levels were always significantly higher
in spinal cord than in brain, supporting the spinal cord as a pre-

FIG 2 Preferential accumulation of ASC in the spinal cord is associated with enhanced transcript expression of homing and survival factors. (A) BBB
permeability changes presented as the mean fold increase in NaF uptake � SEM measured for at least 6 to 8 individual mice derived from two independent
experiments with at least 3 mice per time point per experiment, with levels from uninfected mice set at a value of 1. (B to F) Relative transcript levels of CXCL10,
CXCL9, IFN-�, BAFF, and APRIL in brain and spinal cord of naive and infected mice assessed by real-time PCR. Data depict the means � SEM relative to
GAPDH mRNA levels for at least 6 to 7 individual mice derived from two independent experiments with at least 3 mice per time point per experiment. Significant
differences between naive and infected brain or naive and infected spinal cord are indicated (*, P 
 0.05; **, P 
 0.005; ***, P 
 0.001). Significant differences
between brain and spinal cord at a given time point are indicated (#, P 
 0.05; ##, P 
 0.005; ###, P 
 0.001). In all cases, a P value of 
0.05 was considered
significant, as determined by an unpaired t test.
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ferred site of potential ASC differentiation in situ. Notably, basal
levels of IL-6 transcripts were already �3-fold higher in spinal
cord than in brain (Fig. 3C). While IL-6 transcript levels peaked at
day 7 p.i., with expression levels being significantly higher in the
spinal cord (Fig. 3), they declined to near-basal levels by day 21
p.i., suggesting a limited contribution of IL-6 to ASC differentia-
tion within the CNS during JHMV persistence.

Decline in levels of early-activated B cells coincides with iso-
type-switched Bmem accumulation. The comparable total CD19�

B cell numbers in brain and spinal cord throughout infection (Fig.
1A), yet preferential accumulation of CD138� ASC in spinal

cords, were consistent with an unbiased recruitment of “by-
stander” B cells to both sites early during infection. To character-
ize the phenotype of the CD138� B cells and potential site-specific
alterations in their composition, we assessed surface expression of
the B cell receptors IgD and IgM. At day 7 p.i., �90% of B cells in
both the brain and spinal cord were IgD� IgM� (Fig. 4A and B),
consistent with a naive or early-activated phenotype. Although
frequencies of IgD� IgM� B cells declined only slowly by day 14
p.i., they continued to drop more rapidly in the spinal cord there-
after, constituting only �50% of those in the brain by day 21 p.i.
(Fig. 4B). As activated IgD� IgM� B cells in spleen and lymph
nodes are characterized by a downregulation of IgD and sustained
IgM expression (40, 41), we monitored IgD expression on CNS-
derived B cells over time. Increasing populations of IgDlo IgM�

(Fig. 4A, dashed ellipse) and IgD� IgM� cells by day 28 p.i. relative
to those at day 7 p.i. (Fig. 4A) indicated downregulation of IgD.
The frequencies of IgDlo IgM� B cells increased to similar levels in
both sites (data not shown), consistent with unbiased ongoing
recruitment of newly activated B cells from the periphery and/or
local activation of already CNS-infiltrated IgD� IgM� B cells. A
similar increase in the frequency of IgD� IgM� B cells to �20% in
both sites (Fig. 4C) yet the enhanced decline of IgD� IgM� B cells
in spinal cord argued against a direct precursor relationship be-
tween these CNS populations. With time, the CD138� B cells also
comprised an increasing population lacking both IgD and IgM
(Fig. 4D), thus representing isotype-switched antigen-experi-
enced Bmem. Although the frequencies of IgD� IgM� Bmem in-
creased at a similar rate to �10% and �15% at both sites by day 14
p.i., accumulation of Bmem was accelerated in spinal cord relative
to brain by day 21 p.i. (Fig. 4D). The percentages of isotype-
switched CD138� Bmem further increased in both sites but re-
mained higher in spinal cord out to day 42 p.i. (Fig. 4D). Overall,
the decline in IgD� IgM� B cells correlated with the increase in the
frequency of Bmem in both brain and spinal cord but was faster in
spinal cord, as noted for ASC.

The majority of virus-specific ASC within the CNS following
JHMV infection secrete IgG2a/b (4). The proportion of isotype-
switched IgD� IgM� Bmem in CD138� B cells (�55%) (Fig. 4D)
approximated that of IgG2a/b surface-expressing cells (Fig. 4E),
demonstrating that Bmem in the CNS largely express IgG2a/b. To
further confirm the characteristic phenotype of Bmem in express-
ing surface IgG but limited intracellular IgG, both surface IgG and
intracellular IgG were compared in CD138� B cells and CD138�

ASC (2, 42–44). Intracellular IgG2a/b was detected in 
5% of
CD138� B cells but �55% of CD138� ASC (Fig. 4E), demonstrat-
ing that non-Ab-secreting isotype-switched Bmem can localize to
the CNS, similarly to ASC. Taken together, the data indicate that
naive/early-activated IgD� IgM� B cells are recruited to brain and
spinal cord at similar frequencies early during acute JHMV
infection but are progressively replaced by Bmem and ASC. This
transition is most prominent at between days 14 and 21 p.i.,
coinciding with the general time of lymph node germinal cen-
ter formation following infection or immunization (45–49).
Furthermore, this process is accelerated at the site of enhanced
viral persistence and inflammation, supporting the concept
that differentiated B cell accumulation is driven by local
chemokines and survival factors.

B cells accumulating early in the spinal cord have an acti-
vated phenotype. To further characterize the differentiation state
of CNS-localized B cell subsets, spinal cord-derived IgD� B cells

FIG 3 Transcript expression levels of cytokines promoting ASC differentia-
tion are higher in the spinal cord. Relative transcript levels of IL-10, IL-21, and
IL-6 in brains and spinal cords of naive and infected mice were assessed by
real-time PCR. Data depict the means � SEM relative to GAPDH mRNA levels
for at least 6 to 7 individual mice derived from two independent experiments
with at least 3 mice per time point per experiment. Significant differences
between naive and infected brain or naive and infected spinal cord are indi-
cated (*, P 
 0.05; **, P 
 0.005; ***, P 
 0.001). Significant differences
between brain and spinal cord at a given time point are indicated (#, P 
 0.05;
##, P 
 0.005; ###, P 
 0.001). In all cases, a P value of 
0.05 was considered
significant, as determined by an unpaired t test.
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(naive/early activated), IgD� CD138� Bmem, and CD138� ASC
were monitored for expression of several genes associated with
differentiation at days 7 and 21 p.i. Transcript levels in IgD� B
cells purified from CLN of naive mice and mice at day 7 p.i. were
used as a reference. Naive mature B cells generally downregulate
IgD and CD38 expression following activation in lymphoid or-
gans (40, 41, 50). IgD and CD38 transcript levels were indeed the
highest in naive CLN-derived IgD� B cells and slightly lower at
day 7 p.i. In spinal cord-derived IgD� B cells, IgD transcript levels
were �40-fold lower and CD38 transcripts were 4-fold lower than
those in their CLN counterparts (Fig. 5A and B), supporting the
concept that the early-arriving IgD� B cells were activated. As
expected, IgD and CD38 transcript levels were comparatively very
low in spinal cord-derived CD138� IgD� Bmem and CD138� ASC
(Fig. 5A and B). A factor that regulates egress of activated lympho-
cytes from lymphoid tissue is S1P1 (51, 52), predicting that S1P1
transcript levels are lower in spinal cord- than in CLN-derived
IgD� B cells. S1P1 transcript levels were indeed decreased �4-fold

in IgD� B cells derived from spinal cords at day 7 p.i. compared to
naive CLN-derived B cells (Fig. 5C) and were even lower in both
Bmem and ASC. AID, an enzyme required for immunoglobulin
class switching and somatic hypermutation, is upregulated in ac-
tivated germinal center B cells (53–55). As anticipated, AID tran-
script levels were elevated �8-fold in CLN-derived IgD� B cells at
day 7 p.i. relative to the levels in naive counterparts (Fig. 5D),
indicating early germinal center reactions. However, AID tran-
scripts were barely detectable in spinal cord-derived IgD� B cells
and undetectable in CD138� IgD� Bmem and CD138� ASC (Fig.
5D). These results support that B cells accumulating early in the
CNS are derived from activated cells emigrating from the periph-
ery. Moreover, undetectable AID expression levels in early B cells
in the spinal cord as well as Bmem and ASC accumulating during
persistence indicate an absence of local germinal center-type re-
activity within the CNS following JHMV infection.

Chemokine and survival factor receptor expression on spinal
cord-infiltrating B cell subsets. In the periphery, recently acti-

FIG 4 Early-activated B cells are replaced with isotype-switched Bmem in the CNS. (A) Representative plots of IgD and IgM expression levels on CLN- and
brain-derived CD19� CD138� B cells at days 7 and 28 p.i., respectively. Gated populations are indicated as follows: 1, IgD� IgM�; 2, IgD� IgM�; 3, IgD�

IgM�. The dashed ellipse represents IgDlo IgM� B cells. (B to D) Frequencies of IgD� IgM� (B), IgD� IgM� (C), and IgD� IgM� (D) B cells within total
CD19� CD138� B cells. Data are expressed as the mean percentages of each B cell subset within total CD19� CD138� B cells � SEM and represent two
independent experiments, each using pooled brains or spinal cords from 6 to 8 mice per time point. (E) Representative plots of surface IgG2a/b and
intracellular IgG2a/b (icIgG2a/b) expression levels by brain CD19� CD138� or CD138� B cells at day 28 p.i. Gated populations are indicated as follows:
squares, surface IgG2a/b� and intracellular IgG2a/b�; dashed ellipses, surface IgG2a/b� and intracellular IgG2a/b�. Significant differences between brain
and spinal cord at a given time point are indicated (*, P 
 0.05; **, P 
 0.005). In all cases, a P value of 
0.05 was considered significant, as determined
by an unpaired t test.
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FIG 5 B cells accumulating early in the spinal cord are activated. Relative transcript levels of IgD, CD38, S1P1, and AID in FACS-purified IgD� B cells (solid
bars), IgD� CD138� Bmem (striped bars), or CD138� ASC (empty bars) derived from pooled CLN or spinal cords from 6 to 8 mice per time point per experiment
collected at day 0, 7, or 21 p.i. were assessed by real-time PCR. Transcript levels are relative to GAPDH levels. Data from two independent experiments (EXP 1
and EXP 2) are shown. To better reflect relative differences in mRNA levels between populations, data in the last column show the mean percent changes in
transcript expression levels of each cell population � SEM calculated relative to levels of each transcript in naive CLN-derived IgD� B cells, which were set to a
baseline value of 100. BD, below the detection limit.
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vated B cells primarily migrate to lymphoid follicles in response to
the CXCR5 ligand CXCL13 and the CCR7 ligands CCL19 and
CCL21 (56–59). The CXCR4 ligand CXCL12 regulates ASC hom-
ing to, and retention in, the bone marrow (60). Detection of tran-
scripts encoding these chemokines in the CNS (14, 33) suggests
that they likely play a role in local humoral responses. Expression
analysis of these chemokines in brain versus spinal cord revealed
that basal CCL19 and CCL21 mRNA expression levels were sig-
nificantly higher in brains, while CXCL12 transcript levels were
significantly higher in spinal cords (Fig. 6A to C). Consistent with
data from previous studies (33), CCL19 and CXCL13 transcripts
were significantly upregulated at day 7 p.i., with similar expression
levels in spinal cord and brain (Fig. 6A and D). Whereas levels of
both transcripts declined in brain by day 14 p.i., they remained
significantly higher in the spinal cord. In contrast, regardless of
the site of infection, neither CCL21 nor CXCL12 transcript
levels were altered (Fig. 6B and C). These data suggest that
CXCL13 and CCL19 upregulation may contribute to the re-
cruitment of early-activated B cells from the periphery and that
their sustained levels in the spinal cord further drive the pref-
erential accumulation of more differentiated B cells. Neverthe-
less, effects of CXCL12 cannot be excluded, as CXCL12 exerts
activities at the BBB by relocation of the chemokine from the
luminal to the subluminal space, thereby facilitating leukocyte
access to the parenchyma (61, 62).

While ASC migration is regulated by CXCR3 and CXCR4, the
chemokine receptors mediating the migration of early-activated B

cells into the CNS or other nonlymphoid tissues are unknown to
our knowledge. Naive mature B cells primarily express CXCR4,
CXCR5, and CCR7, which are retained during initial activation in
lymphoid follicles (63). Furthermore, CXCR5 and CCR7 are
downregulated and CXCR3 is upregulated during ASC differenti-
ation (64, 65). To assess alterations in chemokine receptors on
spinal cord-derived B cell subsets, expression levels of CXCR3,
CXCR4, CXCR5, and CCR7 transcripts were compared in IgD� B
cells, IgD� CD138� Bmem, and CD138� ASC. CXCR5 transcripts
were expressed at the highest levels in naive and CLN-derived
IgD� B cells at day 7 p.i. and were �5-fold reduced in spinal
cord-derived IgD� B cells (Fig. 7A). Spinal cord-derived IgD�

CD138� Bmem expressed CXCR5 transcripts at levels comparable
to those of IgD� B cells, but levels were barely detectable in
CD138� ASC (Fig. 7A). CCR7 transcript levels were similar be-
tween CLN- and spinal cord-derived IgD� B cells and were re-
duced by �50% in IgD� CD138� Bmem (Fig. 7B). As anticipated,
CCR7 transcript levels in CD138� ASC were severely diminished
compared to the levels in the other subsets (Fig. 7). Contrasting
CXCR5 and CCR7 expression, CXCR4 transcript levels were up-
regulated by �5-fold in spinal cord-derived relative to CLN-de-
rived IgD� B cells. Moreover, spinal cord-derived IgD� CD138�

Bmem and CD138� ASC expressed CXCR4 mRNA levels similar to
those expressed by naive B cells. Finally, CXCR3 transcript levels
were low in both CLN- and spinal cord-derived IgD� B cells and
highest in spinal cord-derived CD138� ASC, supporting CXCR3-
mediated migration of ASC to the CNS (20, 66). Spinal cord-

FIG 6 CNS accumulation of early-activated B cells coincides with enhanced transcript expression of lymphoid chemokines. Relative transcript levels of CCL19,
CCL21, CXCL12, and CXCL13 in brains and spinal cords of naive and infected mice were assessed by real-time PCR. Data depict the means � SEM relative to
GAPDH mRNA levels for at least 6 to 7 individual mice derived from two independent experiments with at least 3 mice per time point per experiment. Significant
differences between naive and infected brain or naive and infected spinal cord are indicated (*, P 
 0.05; **, P 
 0.005; ***, P 
 0.001). Significant differences
between brain and spinal cord at a given time point are indicated (#, P 
 0.05; ##, P 
 0.005; ###, P 
 0.001). In all cases, a P value of 
0.05 was considered
significant, as determined by an unpaired t test.
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FIG 7 Transcript expression levels of chemokine receptors on spinal cord-derived B cell subsets. Relative transcript levels of CXCR5, CCR7, CXCR4, and CXCR3
in FACS-purified IgD� B cells (solid bars), IgD� CD138� Bmem (striped bars), or CD138� ASC (empty bars) from pooled CLN or spinal cords of 6 to 8 mice per
time point per experiment collected at day 0, 7, or 21 p.i. were assessed by real-time PCR. Transcript levels are relative to GAPDH levels. Two independent
experiments (EXP 1 and EXP 2) are shown. To better reflect relative differences in mRNA levels between populations, data in the last column show the mean
percent changes in transcript expression levels of each cell population � SEM calculated relative to levels of each transcript in naive CLN-derived IgD� B cells,
which were set to a baseline value of 100. BD, below the detection limit.
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derived IgD� CD138� Bmem also expressed CXCR3 mRNA albeit
at lower levels than in ASC. CCL19/CCL21/CCR7 and/or
CXCL12/CXCR4 interactions may thus promote the accumula-
tion of early-activated IgD� B cells, while Bmem trafficking may be
more diversely regulated by responsiveness to CCR7, CXCR4, and
CXCR3 signaling.

Distinct B cell subsets are also characterized by differential ex-
pression of the B cell survival receptors BCMA, TACI, and
BAFF-R. Naive B cells predominantly express BAFF-R, while
CD138� ASC upregulate BCMA and TACI expressions (34, 67–
71). Analysis of respective transcripts in B cell subsets in CLN and
the spinal cord during JHMV infection revealed that the BAFF-R

expression level was highest in CLN-derived IgD� B cells, while
levels in all three spinal cord-derived populations were �80%
lower (Fig. 8A). On the contrary, spinal cord-derived CD138�

ASC had �500- and 5-fold-higher BCMA and TACI transcript
levels, respectively, than did naive CLN-derived IgD� B cells (Fig.
8B and C). Although the BCMA expression level was low in IgD�

B cells irrespective of their tissue origin, transcript levels for both
BAFF-R and TACI were reduced in spinal cord-derived IgD� B
cells relative to CLN-derived IgD� B cells (Fig. 8). Bmem revealed
an intermediate phenotype, expressing all 3 transcripts at moder-
ate levels. These data suggest that BAFF promotes survival of
early-activated IgD� B cells within the CNS, while Bmem survival

FIG 8 Transcript expression of survival factor receptors in spinal cord-derived B cell subsets. Relative transcript levels of BAFF-R, BCMA, and TACI in
FACS-purified IgD� B cells (solid bars), IgD� CD138� Bmem (striped bars), or CD138� ASC (empty bars) from pooled CLN or spinal cords of 6 to 8 mice
collected per time point per experiment at day 0, 7, or 21 p.i. were assessed by real-time PCR. Transcript levels are relative to GAPDH levels. Two independent
experiments (EXP 1 and EXP 2) are shown. To better reflect relative differences in mRNA levels between populations, data in the last column show the mean
percent changes in transcript expression levels of each cell population � SEM calculated relative to levels of each transcript in naive CLN-derived IgD� B cells,
which were set to a baseline value of 100. BD, below the detection limit.
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may be regulated by either APRIL or BAFF. Furthermore, the data
are consistent with CD138� ASC receiving TACI- and/or BCMA-
dependent survival signals via APRIL engagement.

DISCUSSION

The naive CNS is largely devoid of B cells, but heterogeneous B cell
subsets accumulate in cerebrospinal fluid (CSF) during acute and
chronic CNS infections (1, 72). However, there is little informa-
tion on the forces driving CNS B cell lineage accumulation, their
heterogeneity, or their function over time. The majority of CSF B
cells exhibit an isotype-switched memory phenotype distinct from
the dominant naive phenotype in circulation, independent of the
disease diagnosis (1). Furthermore, oligoclonal IgG in the CSF
during chronic infection as well as MS is consistent with local ASC
enrichment (12, 73–75). B cells, including ASC, are also promi-
nent in the CNS during experimental murine infections (2, 10, 20,
76, 77), where they appear to play a protective role (24, 76–79).
While CNS-resident ASC may also provide local immunity during
human CNS infections (80–83), the influence of other B cell sub-
sets on disease progression in distinct neuroinflammatory infec-
tions is unclear. The characterization of B cell accumulation in
distinct models is thus critical to reveal potential commonalities,
precursor relationships, and humoral-based targets to manipulate
distinct B cell functions.

Using the glia-tropic JHMV model of viral encephalomyelitis,
here we demonstrate that B cells accumulating in the CNS evolve
progressively from an early-activated IgD� IgM� phenotype to a
more differentiated phenotype comprising IgM� and IgG� Bmem

as well as ASC. Moreover, although overall recruitment kinetics
and numbers of total B cells were similar in brain and spinal cord
throughout infection, loss of IgD expression, coincident with in-
creased numbers of Bmem and CD138� ASC, was accelerated and
more robust in spinal cord after initial T cell-mediated viral con-
trol. Early recruitment of IgD� IgM� B cells was also noted for
Sindbis virus infection (2), suggesting that the mobilization of
naive or early-activated B cells prior to the detection of virus-
specific ASC in the periphery may be common to a number of viral
CNS infections. The data for both models are also consistent with
a gradual replacement of early IgD� B cells in the CNS with more
differentiated B cells at the time of peripheral germinal center
reactions. Our results also indicate that the magnitude of ongoing
inflammatory responses, directly correlating with the extent of
viral load, is a dominant force driving preferential recruitment
and survival of Bmem and ASC at a given anatomical site within the
CNS. In this regard, APRIL expression in the spinal cord relative
to the brain was not only increased but sustained, indicating dis-
tinct site-specific regulation of survival factors in the CNS. Up-
regulation of APRIL by specific Toll-like receptor (TLR) ligands
(84, 85) suggests that enhanced APRIL expression in spinal cord
may be attributed to distinct TLR activation. Regardless, elevated
viral persistence and tissue damage in the spinal cord relative
to brain likely promotes ongoing inflammatory responses and
thereby preferential accumulation of more differentiated B cells.

Whether the infiltrating IgD� IgM� B cells constitute “early
memory” B cells, as indicated during neuroinflammatory diseases
in humans (1), is difficult to assess, as murine Bmem do not express
CD27 (86). Nevertheless, CNS IgD� IgM� B cells are presumably
activated by innate signals or viral antigen in lymphoid tissue, as
naive B cells do not access the human CNS. Modest degrees of
activation and migratory behavior to distal sites are supported by

the decreased expression levels of IgD, CD38, CXCR5, and S1P1
mRNAs in spinal cord-derived relative to CLN-derived popula-
tions in our JHMV model. The chemokines recruiting IgD� B
cells to the CNS are unknown. However, the CCR7 ligands CCL19
and CCL21 are supported as candidates based on the sustained
expression of CCR7 and CXCR4 transcripts by IgD� B cells in our
model and the detection of CCR7 on CNS-derived CD19� B cells
during Sindbis virus infection (15). CNS Bmem expressed a diverse
range of receptors promoting migration, including CCR7,
CXCR4, and CXCR3, whereas ASC predominantly expressed
CXCR3 and CXCR4. The elevated CXCR3 transcript levels in
CNS-derived Bmem relative to early-activated IgD� B cells imply
that Bmem may respond to CXCR3-mediated signaling, similar to
CD138� ASC during JHMV infection (20, 66).

A potential precursor relationship of early-infiltrating B cells to
more differentiated B cells accumulating during CNS virus persis-
tence remains unclear. Although ectopic follicle-like structures
sustained by CXCL13 and CCL19/CCL21 have been associated
with local B cell differentiation during MS and neuroborreliosis
(11, 12, 87, 88), limited or undetectable AID expression in IgD� B
cells, Bmem, or ASC accumulating within the JHMV-infected CNS
argued against local germinal center formation. This is supported
by the absence of B cell clusters by histological examination of
spinal cords during persistence (10, 20, 33). Similarly, there was
no evidence for ectopic follicle formation during Sindbis virus
infection (2). The progressive accumulation of more differenti-
ated B cell phenotypes in these two infections is thus more likely
driven by the preferential survival of ASC and Bmem over IgD� B
cells. Regardless, during persistent JHMV infection, the gradual
downregulation of MHC class II on ASC supports their ongoing
focal differentiation (10). It thus remains possible that ASC and
Bmem continue to proliferate and differentiate locally within the
CNS. In this context, it is of interest to note that Bmem may convert
to ASC in the presence of CXCL10, thus potentially contributing
to long-lived ASC even in the absence of antigen restimulation
(89).

While ASC appear to mediate protective functions by control-
ling persistent virus, the functions of heterologous B cell subsets
within the infected CNS are unknown. Besides serving as precur-
sors to more differentiated Bmem or ASC, they may participate as
antigen-presenting cells (APC) for T cell activation or exert pro-
tective functions via cytokine secretion (90–96). In the JHMV
model, B cell-deficient and B cell-sufficient, yet Ab-deficient, mice
provided no evidence for a role of B cells in APC function (24, 25).
Nevertheless, B cells play an Ab-independent role as APC in graft
rejection and the experimental allergic encephalomyelitis model
of MS (96–98), thereby playing detrimental roles. Taken together,
both JHMV and Sindbis virus infection models demonstrate com-
monalities in B cell subset recruitment and dynamics. Moreover,
this is the first study to reveal that virus load drives enrichment of
Bmem and antiviral ASC in a nonlymphoid organ.
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