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Abstract
Objective
We sought to conﬁrm the presence and frequency of B cells and Epstein-Barr virus
(EBV) (latent and lytic phase) antigens in archived MS and non-MS brain tissue by
immunohistochemistry.
Methods
We quantiﬁed the type and location of B-cell subsets within active and chronic MS brain lesions
in relation to viral antigen expression. The presence of EBV-infected cells was further conﬁrmed
by in situ hybridization to detect the EBV RNA transcript, EBV-encoded RNA-1 (EBER-1).
Results
We report the presence of EBV latent membrane protein 1 (LMP-1) in 93% of MS and 78% of
control brains, with a greater percentage of MS brains containing CD138+ plasma cells and
LMP-1–rich populations. Notably, 78% of chronic MS lesions and 33.3% of non-MS brains
contained parenchymal CD138+ plasma cells. EBV early lytic protein, EBV immediate-early
lytic gene (BZLF1), was also observed in 46% of MS, primarily in association with chronic
lesions and 44% of non-MS brain tissue. Furthermore, 85% of MS brains revealed frequent
EBER-positive cells, whereas non-MS brains seldom contained EBER-positive cells. EBV infection was detectable, by immunohistochemistry and by in situ hybridization, in both MS and
non-MS brains, although latent virus was more prevalent in MS brains, while lytic virus was
restricted to chronic MS lesions.
Conclusions
Together, our observations suggest an uncharacterized link between the EBV virus life cycle and
MS pathogenesis.
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Glossary
CAP = chronic active plaque; CP = chronic plaque; DLBCL = diﬀuse large B-cell lymphoma; EBER = EBV-encoded RNA;
EBNA = Epstein-Barr nuclear antigen; EBV = Epstein-Barr virus; FFPE = formalin-ﬁxed, paraﬃn-embedded; LMP = latency
membrane protein; MBP = myelin basic protein; NHS = normal horse serum; PBS = phosphate-buﬀered saline; PV =
perivascular space; RT = room temperature.

MS is a chronic, autoimmune-mediated disorder of the CNS,
associated with neurodegeneration and progressive neurologic disability.1,2 Some studies report Epstein-Barr virus
(EBV) in MS,3–7 whereas others ﬁnd no association.8,9
Contradictory results have been attributed to diﬀerences in
methodology and tissue preservation. To date, unequivocal
demonstration of EBV infection in MS lesions is lacking.
EBV is a double-stranded DNA ɣ-herpes virus that enters
B cells via the tonsillar lymphoid tissue.6 Within B cells, EBV
switches between latent and lytic forms via modulation of
EBV nuclear genes, the latent membrane proteins (LMPs) 1,
2A, and 2B,10 and the viral immediate-early protein, BZLF1
(ZEBRA).11,12 The risk of developing MS increases after EBV
infection,13,14 and EBV infection has been shown to be more
prevalent in patients with MS.15,16
Previous reports show a high frequency of CNS inﬁltrating
B cells positive for EBV RNA transcript, EBV-encoded RNA
(EBER), by in situ hybridization and for the EBV LMP-1
protein.3 However, subsequent studies, using identical MS
brain tissue, failed to replicate these ﬁndings.17,18 Here, we
demonstrate EBV infection in both MS and control brains,
using archived MS and healthy brain samples. We report
higher numbers of parenchymal plasma cells and LMP-1+
cells in chronic plaques (CPs) and chronic active plaques
(CAPs) compared with controls. We observed BZLF1 protein expression in both MS and non-MS brains. However, its
expression was restricted to CPs in MS brains.

Methods
Human brain samples
We included archived, autopsy brain samples and selected
preserved biopsy brain specimens from a panel of 17 MS
(mean age 59.3 years [range 29–98 years]; 7 men, 9 women,
and 1 without sex speciﬁcation) and 9 control brains (without
neurologic disease) (mean age 72.8 years [range 49–89
years]; 4 men and 5 women) in this study. We did not observe
any diﬀerences in staining patterns between biopsy and
postmortem samples. All samples were processed and subjected to an identical staining protocol. Demographics including age and sex are shown in table. Samples were obtained
from the Stanford Pathology Department (Neuropathology
Division), the Maritime Brain Tissue Bank, Dalhousie University, and the University of Washington Alzheimer’s Disease
Research Center, the Adult Changes in Thought Study, and
Morris K Udall Center of Excellence for Parkinson’s Disease
2

Research. For MS tissue, areas analyzed included the temporal
lobe cortex, occipital lobe cortex, frontal lobe cortex, temporal
lobe cortex, and parietal lobe. Human MS brain tissue research was performed according to Institutional Review
Board guidelines approved by Stanford Human Subjects
Research.
Standard protocol approvals, registrations,
and patient consents
Archived, deidentiﬁed autopsy and biopsy brain samples were
obtained and used according to the institutional guidelines.
Immunohistochemistry
Immunohistochemistry was performed on formalin-ﬁxed,
paraﬃn-embedded (FFPE) tissue in 4-μm-thick tissue sections. Brieﬂy, slides were deparaﬃnized in xylene (3 × 1
minute), xylene: 100% ethanol (at a ratio of 1:1 for 1 minute),
100% ethanol (2 × 1 minute), 95% ethanol (1 minute), 70%
ethanol (1 minute), and 50% ethanol (1 minute). Slides were
then rinsed in cold water and washed in phosphate-buﬀered
saline (PBS). For characterization of cellular inﬁltration and
inﬂammation, tissue was stained with hematoxylin and eosin
(H&E). For heat-induced antigen retrieval, slides were immersed in 10 nM sodium citrate buﬀer (pH 6) and heated in
a microwave to 98°C for 20 minutes. Slides were then
quenched in 0.3% hydrogen peroxide (H2O2) for 20 minutes
to quench endogenous peroxidase activity and rinsed in PBS.
To block nonspeciﬁc binding of antigens to the tissue, slides
were immersed in 2% normal horse serum (NHS) for 10
minutes at room temperature (RT). Primary antibody was
diluted in NHS and incubated overnight at 4°C. The next day,
slides were washed in PBS and incubated with secondary
antibody (biotinylated, aﬃnity-puriﬁed anti-immunoglobulin;
1:125 dilution in NHS) for 30 minutes at RT. Samples were
next washed in PBS and incubated with Elite ABC for 45
minutes at RT. After this incubation, slides were washed once
again and stained with freshly made 3, 39diaminobenzidine for
1 minute. Samples were then counterstained with hematoxylin for 1 minute, rinsed in water, and then coverslipped with
Permount. Immunohistochemistry was performed on the
same sections using antibodies against myelin basic protein
(MBP) (abcam, ab7349, clone 12; 1:100), CD3 (Dako,
M7254, clone F7.2.38; 1:25), CD68 (Dako, M0876, clone
PG-M1; dilution 1:50), CD20 (abcam, Ab9475, clone L26;
dilution 1:25), CD138 (Sigma, 138M-14, clone B-A38; 1:50),
LMP-1 (SC-71023, clone 3H2104,ab,c; dilution 1:100),
LMP-1 (SC-57721, clone CS1/2/3/4; 1:200), and EBV
ZEBRA (BZLF1) (SC-53904, dilution 1:200). Positive controls
included tonsils with infectious mononucleosis and diﬀuse
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Table Characteristics of MS and healthy control brain samples
Patient

Age/sex

MS type

Lesion type

Region

CD138

LMP-1

BZLF1

PV/P
(CD138+ cells)

MS-1

Unknown/M

Tumefactive MS

CAP

PL

+++

+++

−

PV

MS-2

Unknown/unknown

Unknown

CAP

Unknown

+

++

−

P

MS-3

30/F

Unknown

CAP

FLa

+

+++

−

PV, P

MS-4

62/F

Tumefactive MS

CAP

FLa

+++

+++

−

P

CAP

a

−

++

−

PV

+++

+++

−

PV, P

MS-5

42/F

Unknown

PL

a

MS-6

39/M

Tumefactive MS

CAP

TLC

MS-7

29/M

Unknown

CAP

OLCa

−

−

−

NA

MS-8

66/F

Unknown

CP

TLC

+++

++

+

PV, P

MS-9

47/M

SPMS

CP

OLC

+++

+++

+

PV, P

MS-10

50/M

SPMS

CP

OLC

+++

+++

++

PV, P

MS-11

98/M

Unknown

CP

OLC

++

+++

−

PV, P

−

−

−

NA

a

MS-12

45/F

Unknown

Unknown

TLC

MS-13

88/F

Unknown

CP

FL

++

+++

−

PV, P

MS-14

60/F

Unknown

CP

FL

+

+

+

PV, P

MS-15

84/M

PPMS

CP

FL

+++

+++

+

PV, P

MS-16

86/F

PPMS

CP

OLC

+++

+++

++

PV

MS-17

64/F

PPMS

CP

OLC

+++

+++

+

PV

Cntl-1

66/F

NA

NA

TLC

+

+

++

PV, P

Cntl-2

Unknown/unknown

NA

NA

Unknown

++

+++

+++

PV, P

Cntl-3

49/M

NA

NA

OLC

+

−

−

P

Cntl-4

84/F

NA

NA

OLC

+++

−

−

PV

Cntl-5

55/M

NA

NA

OLC

++

++

+++

PV

Cntl-6

63/F

NA

NA

OLC

−

++

−

PV

Cntl-7

92/M

NA

NA

OLC

−

+

−

PV

Cntl-8

89/F

NA

NA

OLC

++

+

+

PV

Cntl-9

71/F

NA

NA

FL

+++

+

−

PV

Abbreviations: CAP = chronic active plaque; CP = chronic plaque; CNTL = control; PV = perivascular; P = parenchyma; NA = not applicable; OLC = occipital lobe
cortex; TLC = temporal lobe cortex; FL = frontal lobe; PL = parietal lobe; SPMS = secondary progressive MS; PPMS = primary progressive MS; LMP-1 = latent
membrane protein 1; BZLF1 = EBV immediate-early lytic gene; syndecan-1 (CD138) = a plasma cell marker.
Treatment status of MS cases is unknown.
Semiquantification is expressed as “−” (no cells/mm2), “+” (<5 cells/mm2), “++” (5–10 cells/mm2), and “+++” (>10 cells/mm2).
a
Biopsy samples. All other patients shown are autopsy samples.

large B-cell lymphoma. Negative controls included normal
tonsils.
In situ hybridization
In situ hybridization (ISH) was performed on the same FFPE
blocks, which were used for immunohistochemistry. The
EBER-1 dinitrophenyl (DNP) probe was used to detect the
expression of EBER-1 system (ISH iView kit; Ventana
Medical Systems Inc., Tucson, AZ, Cat# 760-097). EBER-ISH
was performed using an automated Ventana BenchMark XT
Neurology.org/NN

system (Ventana Inc.) in accordance with the manufacturer’s
protocol. Brieﬂy, FFPE sections were treated with EZ Prep
buﬀer (Ventana Inc.) to remove paraﬃn, rehydrated, and then
digested with ISH protease 1 (Ventana Inc., Cat# 780-4147).
EBER 1 DNP probe was then administered and allowed to
hybridize, followed by stringency washes as per the manufacturer’s instructions using SSC buﬀer (Ventana Inc., Cat #
950-110). Slides were counterstained with Red Counterstain
II (Ventana Inc., Cat# 780-2218). Serial sections of all samples were also stained with oligo-T probes to ascertain RNA
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preservation in each sample. EBV-infected tissue from a tonsil
classiﬁed as having infectious mononucleosis was used as
a positive control for EBER-1. Tonsil tissue obtained from
a healthy individual was used as a negative control.
Light microscopy and
semiquantitative analysis
All images were acquired using a Zeiss Axio Imager M2 microscope (Carl Zeiss Microscopy), viewed using either 10- or
63-fold magniﬁcation. For the purposes of blinding, the tissue
samples had only their autopsy or biopsy identiﬁer number.
Semiquantiﬁcation of CD138+, LMP-1+, and BZLF1+ cell
numbers was performed by manually counting the number of
positive cells having a clearly visible nucleus. The number of
cells in a given tissue section was determined by counting cells
present in 3 × 3-cm tissue sections from autopsy samples (MS
samples, n = 11; controls samples, n = 9). Biopsy samples (MS
samples, n = 6; control samples, n = 0) were used to determine the number of positive cells present in 2 × 2-cm tissue
sections. Results are expressed as follows: no cells/mm2 (−),
<5 cells/mm2 (+), 5–10 cells/mm2 (++), and >10 cells/mm2
(+++). The data sets generated during and/or analyzed
during the current study are included in this published article
and are also available from the corresponding author on
reasonable request.

Results
Characterization of MS and non-MS
brain tissue
In MS, there are multiple, focal areas of inﬂammation-driven
demyelination in the CNS called plaques or lesions.2 They are
observed as areas of loss of myelin, characterized by diminished staining with basic protein (MBP) both within and
in the surrounding region of the plaque. CAPs are characterized by “a demyelinated area with sharply deﬁned margins
and recent areas of inﬂammatory demyelinating areas at the
edges.” CAP often contains lymphocytes and macrophage/
microglia within perivascular cuﬀs and the brain parenchyma.19,20
CPs contain “areas of demyelination with well-demarcated borders and abundant astrogliosis, but few or no inﬂammatory
cells.”2,21–23 Inﬂammation, though variable, is present in almost
all types of MS plaques observed in the MS brain.
H&E staining was performed to conﬁrm the presence of inﬂammatory cell inﬁltration in active (ﬁgure 1A) and to a lesser
degree in chronic MS lesions (ﬁgure 1B). Inﬂammatory
inﬁltrates, largely composed of lymphocytes (ﬁgure 1G) and
macrophages (ﬁgure 1, J, and K), were present to a variable
degree in all MS tissue samples studied. Staining with antiMBP conﬁrmed the loss of myelin, which is observed as a loss
of brown staining in both active and chronic MS plaques
(ﬁgure 1, D and E). Staining with CD3 and CD68 shows an
increased accumulation of CD3+ T lymphocytes and CD68+
macrophages/microglia in and around perivascular cuﬀs in
MS lesions (both active and chronic) and control brains
4

(ﬁgure 1, G–L). However, the degree of inﬂammatory cell
inﬁltration decreases with disease duration as seen in CPs
(ﬁgure 1, H and K).
Immunohistochemical detection of B cells and
EBV latent and lytic proteins
To determine the presence and frequency of EBV infection in
MS (n = 17) and non-MS brains (n = 9), we performed
immunohistochemistry to determine the expression of the
pan B-cell marker (CD20) and plasma cell marker (CD138),
in addition to EBV markers LMP-1 and BZLF1 (ﬁgure 2).
CD20+ B lymphocytes and CD138+ plasma cells were observed in all MS (ﬁgure 2, A–E) and most non-MS control
brain samples (ﬁgure 2, C, F, and M), although in non-MS
tissue, these cells were often conﬁned to the vasculature
(ﬁgure 2, C and F). However, scarce numbers of CD138+
plasma cells (64.7% of MS/33.3% of control samples) were
detected outside the vasculature, most appearing to have
migrated into the parenchyma (ﬁgure 2D and table). We next
performed immunohistochemistry to detect antibodies recognizing EBV latent or lytic proteins. To detect EBV in its
latent form, we used LMP-1, which is an important latently
expressed viral protein encoded by EBV. LMP-1 functions, in
part, by ensuring eﬃcient maturation of naive B cells into
long-lived memory B cells. Its expression coincides with EBV
growth programs. LMP-1 staining was observed in both CAPs
(ﬁgure 2G) and in CPs (ﬁgure 2H) and in control brain tissue
obtained from healthy individuals (ﬁgure 2, I and N). To test
for the presence of lytic EBV infection, we measured the
presence of a well-documented EBV lytic protein, BZLF1. We
observed BZLF1+ cells in both MS and control brain samples
(table and ﬁgure 2, K and L).
The frequency of BZLF1+ staining was enriched in a CP (7 of
9 samples; 78%) compared with control tissue (4 of 9 samples; 44%). Notably, we observed no detectable BZLF1+ cells
in CAPs present in MS tissue (table and ﬁgure 2, J and O). As
a control, we used immunohistochemistry to detect CD20,
CD138, LMP-1, and BZLF1 in tissue sections obtained from
a tonsil classiﬁed as having infectious mononucleosis (positive
control) compared with a disease-free tonsil derived from
a healthy individual (negative control). As expected, we
detected the presence of CD20+ B cells and CD138+ plasma
cells in tissue derived from both the infectious mononucleosis
and disease-free tonsil (ﬁgure 3, A–D). We detected robust
expression of EBV LMP-1 and diﬀuse BZLF1 staining in
diseased tissue (ﬁgure 3, E and G), while detecting no LMP-1
or BZLF1 in disease-free tonsil tissue (ﬁgure 3, F and H).
Detection of EBER transcripts in B cells and
plasma cells infiltrating the MS brain
EBERs (noncoding small RNAs) are expressed in all known
forms of EBV latency and serve as the “gold standard” for
detecting latent EBV infection.24,25 In situ hybridization for
EBER-1 transcripts was performed on 7 MS and 4 non-MS
brain samples. Sporadic populations of EBER+ cells were
observed in 6 of 7 MS brain samples (ﬁgure 4, B and D),
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Figure 1 Histopathologic features of a chronic active and a chronic plaque in the MS brain

Representative hematoxylin & eosin (H&E) staining (A–C) and immunohistochemistry (D–L) of active MS (A, D, G, J), chronic MS (B, E, H K), and healthy control
(C, F, I, L) brain samples. Perivascular (PV) inflammation (A and B), demyelination, as indicated by the loss of MBP staining (black arrows) (D and E), presence of
inflammatory cells, CD3+ T lymphocytes (red arrowheads) were prominent within active MS lesions (G) and present to a lesser extent in chronic MS lesions (H).
Numerous macrophages/microglia (black arrowheads) were observed in and around PV cuffs in active MS (J) and were also observed chronic MS lesions,
although to a lesser extent (K). Healthy controls, without neurologic disease, showed little or no CD3+ immunoreactivity (I) and positive CD68+ immunostaining
in the parenchyma resembling resident microglia (black arrowheads) (L). Normal tonsils were used as a positive control and show CD3+ (M) and CD68+ (N)
immunostaining. CAP = chronic active plaque, CP = chronic plaque. Scale bars = 50 μm.

whereas only a single EBER+ cell was detected in 2 of 4
control samples (ﬁgure 4F). RNA preservation was conﬁrmed
in all MS and non-MS tissue samples using oligo-T probes
Neurology.org/NN

(ﬁgure 4, A, C, and E). Robust EBER transcript expression
was observed in a positive control containing a tonsil with
infectious mononucleosis (ﬁgure 4N). We performed
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Figure 2 Immunohistological detection of EBV latent and early lytic proteins in MS and control brains

CD20+ B lymphocytes (A–C) and CD138+ plasma cells (black arrowheads) (D–F) in the parenchyma and vasculature in a chronic active plaque (CAP) (A and D), in
a chronic plaque (CP) (B and E), and in the vasculature of a healthy control brain sample (C and F). Percentage of CAP, CP, and control brain samples expressing
CD138 protein detectable by immunohistochemistry are shown (M). We observed latent membrane protein-1 (LMP-1) expression (red arrowheads) in CAP,
CP, and control brain samples (G–I). Percentage of CAP, CP, and control brain samples expressing LMP-1 protein detectable by immunohistochemistry are
shown (N). Cells expressing LMP-1 (red arrowheads) were found in the vasculature of CAPs (G) and control brains (I), and within the parenchyma in a CP (H).
The expression of the viral immediate-early protein BZLF1 was not observed in a CAP (J) and was observed in and around the vasculature in tissue from a CP
(red arrowheads) (K). BZLF1 was also observed to a lesser extent in healthy controls (red arrowheads) (L). Percentage of CAP, CP, and control brain samples
expressing BZLF1 protein detectable by immunohistochemistry are shown (O). Scale bar = 50 μm. Pictures are representative of analysis from 17 MS samples
and 9 healthy controls. EBV = Epstein-Barr virus.

immunohistochemistry for LMP-1 and in situ hybridization
for EBER+ cells on serial sections of MS brain samples (ﬁgure
4, H, I, K, and L). RNA preservation was conﬁrmed in adjacent sections (Figure 4, G and J). We conﬁrmed colocalized
(ﬁgure 4, H–I) or proximal (ﬁgure 4, K–L) LMP-1 immunoreactivity and EBER+ signal (ﬁgure 4, H, I, K, and L).
Quantification of B cells and EBV latent and
lytic proteins
MS and control samples were categorized by the number of
immunohistologically detectable CD138+, LMP-1+, and
BZLF-1+ cells/mm2. Results are grouped accordingly and
presented as follows: no cells/mm2 (−), <5 cells/mm2 (+),
5–10 cells/mm2 (++), and >10 cells/mm2 (+++) (table and
ﬁgure 5). In samples containing less than 10 cells/mm2 (−, +,
and ++) of either CD138 or LMP-1, we did not observe
detectable increases in patients with MS compared with
controls (ﬁgure 5, A and B). Although results did not reach
6

statistical signiﬁcance, MS samples had an increased frequency of samples containing greater than 10 cells/mm2
(+++) of either CD138 or LMP-1 compared with controls
(ﬁgure 5, A and B), suggesting that control of an EBV infection may be diminished in patients with MS, resulting in an
increased presence of EBV-infected plasma cells vs that seen
in healthy controls. Conversely, the percentage of samples
containing greater than 10 cells/mm2 (+++) of the lytic phase
marker, BZLF1, showed a greater frequency in controls vs MS
samples (ﬁgure 5C), although this ﬁnding was not statistically
signiﬁcant. When comparing the general presence or absence
of EBV in MS and controls samples, there was no observable
diﬀerence in the number of patients expressing CD138, LMP1, or BZLF1-positive cells (ﬁgure 5, D–F) (n = 17 patients
with MS and n = 9 controls). CD138+ plasma cell numbers
found restricted within perivascular spaces (PV) were greater
in controls vs both CAP and CP samples (ﬁgure 5G). Notably, 33% of control samples contained parenchymal CD138+
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Figure 3 Immunohistochemical analyses of positive and negative Epstein-Barr virus (EBV) control tissues using
immunostaining

Pictures are representative of results
from 2 different experiments using EBVpositive (tonsil with infectious mononucleosis) and EBV-negative (normal
tonsil) control samples. Immunohistochemistry revealed the presence of
CD20+ B lymphocytes (A–B) and CD138+
plasma cells (C–D) in our positive and
negative control tissue (A–D). LMP-1+
(brown staining) and BZLF1+ (brown
staining emphasized with black arrows)
cells are shown in a tonsil from a patient
with infectious mononucleosis (E, G). No
LMP-1+ or BZLF1+ cells were observed in
our negative control tissue (normal tonsil) (F, H). Scale bar = 50 μm.

plasma cells compared with 57% and 78% in CAPs and CPs,
respectively (ﬁgure 5H).

Discussion
EBV infection is estimated to aﬀect upward of 95% of adults
worldwide.26 EBV infection causes infectious mononucleosis,
Neurology.org/NN

an acute infection with multiorgan involvement. Chronic EBV
infection is associated with various types of malignancy, including Burkitt lymphoma and certain head and neck
cancers.26,27 The notion that EBV may be related to the
pathogenesis of MS stemmed from early studies, which
showed elevated EBV antibody titers in the sera of MS vs
control patients.28 Whether MS might result from an immunopathologic response toward an active EBV infection
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Figure 4 Detection of EBER+ cells in MS and control brains by in situ hybridization

In situ hybridization for EBER detects EBER+ cells (blue-black nuclei, black arrows) in 4 representative MS brains (B, D, H, and K) and 1 representative control
brain (F). In situ hybridization for EBER and immunohistochemistry for LMP-1 show EBER+ and LMP-1+ cells in the same region or nearby regions in 2
representative MS brains (G–L). Tonsil tissue from a patient with infectious mononucleosis (M–O) shows colocalization of EBER and LMP-1. RNA preservation
in samples is corroborated by in situ hybridization for oligo dT in serial sections from the same MS and control samples (A, C, E, G, J, and M). Scale bar = 50 μm.

8
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Figure 5 Increased frequency of parenchymal CD138- and LMP-1–positive cells in MS

Formalin-fixed paraffin embedded brain tissue from MS and control brains without neurologic disease were cut into 4-μm sections. Hematoxylin and eosin
(H&E) and immunohistochemistry were performed using antibodies against latent membrane protein 1 (LMP-1), Epstein-Barr virus (EBV) immediate-early
lytic gene (BZLF1), and Syndecan-1 (CD138), a plasma cell marker. For each MS and control sample, the number of CD138+, LMP-1+, and BZLF1+ cells with
a visible nucleus was counted manually to allow semiquantitative analysis and categorization of these markers. Results are semiquantitative and expressed
as percentage of patients expressing as no cells/mm2, <5 cells/mm2, 5–10 cells/mm2, and >10 cells/mm2 (A–C). Semiquantitative analysis of CD138 (D) and EBV
antigen-positive cells (E,F) in MS and healthy control samples (D-F). CD138+ cells in MS and control samples were characterized by their location in perivascular
regions or in the parenchyma (G and H), revealing an increased frequency of parenchymal CD138+ cells in CAPs and CPs vs controls (H). The number of cells
was counted from samples (MS: n = 11 autopsy samples and n = 6 biopsy samples; controls samples: n = 9 autopsy samples n = 0 biopsy samples). The number
of cells was counted on 3 × 3-cm autopsy sections and on 2 × 2-cm sections for biopsy samples.

brought into the CNS by immigrating B cells has been debated, and investigation has generated contradicting results.
Although some studies report EBV in MS,3–7 others ﬁnd no
association.8,9 Initial studies aimed to show that the presence
of EBV in the MS brain by in situ hybridization yielded
negative results.29 More recent studies using immunohistochemistry, in situ hybridization, and reverse transcriptase PCR
techniques in post-mortem MS brains report EBV infection in
21 of 21 brains analyzed.3 A similar study, using the same
cohort of MS brain samples, detected EBV infection in 2 of 12
Neurology.org/NN

MS cases analyzed by similar methodologies.17 These contradictory results stem from studies using basically similar
technologies. Although technologies may be similar, methodological diﬀerences may lead to diﬀerences in the sensitivity
of the assays. Especially, in the case of postmortem autopsy
brain specimens, it becomes crucial to assure proper processing and preservation. Autopsy brain samples with suboptimal tissue preservation may lead to altered assay
sensitivity. In addition, there is a wide spectrum of pathologic
features of MS lesions, depending on the type and severity of
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the disease and the stage of the lesions.23,30 In addition, false
positives may be introduced by the use of commercial in situ
hybridization detection kits in combination with nonspeciﬁc
EBV antibodies.23 Alternatively, EBV LMP-1 staining, though
often strong, may also be focal and weak, thereby contributing
to false-negative results.31 All of these factors may greatly
contribute to variations in assay sensitivity.
Here, we used a well-characterized MS brain tissue bank and
an array of speciﬁc antibodies and reagents, which are accepted as reagents able to reliably detect LMP-1 and BZLF1
by immunohistochemistry3,17,23,32 in combination with in situ
hybridization methods considered the “gold standard” approach for detecting EBERs and latent EBV infection.24,25 We
also include oligo-T probes to ascertain RNA preservation in
each sample. B lymphocyte and EBV antigen expression in the
CNS were detected by both immunohistochemistry and in
situ hybridization in the MS brain, although expression was
not unique to the MS brain. CD138+ plasma cells were often
observed outside the vasculature (in the brain parenchyma) in
both chronic and chronic active MS plaque and mainly restricted to PV spaces in control samples, suggesting that the
MS brain is more permissible to plasma cell extravasation into
the parenchyma. The newly discovered lymphatic vessels in
the CNS serve as highways, which can carry immune cells to
and from the healthy brain.33 B cells have been shown to enter
all parts of the normal human brain, including the parenchyma, though in low numbers.34,35 As MS progresses,
CD138+ plasma cells accumulate and persist within the CNS,
even in the absence of observed inﬂammation.22,36 It remains
unclear whether the extravasation of plasma cells into the
parenchyma is dictated by EBV infection or whether MS
pathogenesis involves extravasation of EBV-infected plasma
cells deep into the tissue, potentially perpetuating the inﬂammatory response in MS.
In both MS and control samples, LMP-1 immunostaining was
predominately observed in the membrane of cells with some
staining of the endosomal compartment (ﬁgure 2, G–I). In
our positive and negative control tissue, LMP-1 revealed
predominantly a membrane staining pattern (ﬁgure 3E).
Diﬀerences in these staining patterns are likely due to diﬀerences in B cells in the brain vs peripheral tissues (control
tonsils). LMP-1 is a lipid raft–associated protein, which can
accumulate in the lipid-rich rafts on the surface of most
B cells.37 Endosomes are similar to the composition of lipidrich rafts on the surface of B cells and have been shown to
recruit LMP-1 in a CD63-dependent manner. On accumulation within endosomal vesicles, LMP-1 can escape degradation and persist within host B cells.38
Of interest, the lytic form of EBV, as indicated by immunohistologic protein expression of BZLF1, was readily detectable
in CPs but not in CAPs. Previous reports depicting BZLF1
staining patterns have been variable.12,39–43 Here, we show
BZLF1 staining in the MS brain as diﬀuse cytoplasmic
staining along with a darker punctate-like staining (ﬁgure 2K).
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Our observations are in line with recent studies showing
BZLF1 staining in the MS brain.41 This staining pattern diﬀers
from what we observe in tonsils from a patient with infectious
mononucleosis (ﬁgure 3G).
EBV lytic proteins, such as BZLF1, can suppress the production of IL-2 and IL-6.44 In addition to its role in B-cell
maturation,45 IL-6 is known to play an important role in
both neurogenesis and oligodendroglia genesis during health
and following injury.46 In mice with astrocytes, which
overexpress IL-6, enhanced revascularization resulted in
more rapid healing after traumatic brain injury.47 EBVmediated suppression of pro- and anti-inﬂammatory cytokines may greatly inﬂuence the inﬂux of inﬂammatory cells,
which can serve to clear damaged cells or demyelinated
debris in an attempt to repair tissue. Whether lytic EBV can
modulate the MS brain microenvironment or whether the
MS brain microenvironment (i.e., CPs or CAPs) can modulate the EBV life cycle (i.e., latent or lytic) warrants further
investigation.
Previous studies attempting to demonstrate EBV in the MS
brain observed the presence of EBV-infected B cells in
lymphoid-like B-cell follicles.3 These initial studies were
challenged by the inability of diﬀerent groups to consistently
identify EBV-infected B cells in cortical structures such as
meningeal follicles with germinal centers. We were also unable to identify any lymphoid-like structures in the tissue we
examined, leaving open the question of whether such structures exist and whether meningeal B-cell follicles represent an
important site for accumulation of EBV-infected B cells in the
MS brain.
In summary, we observed that EBV infection is present in
both MS and control brains, although EBV-positive cells were
more prevalent and more densely populated in the MS brain.
The expression of BZLF1+ cells did not diﬀer between MS
and control brains. However, we did not observe BZLF1 expression in CAPs, suggesting that the MS brain may be sensitive to changes in the EBV virus life cycle. Of interest, 85% of
MS brains revealed frequent EBER-positive cells, whereas
non-MS brains contained seldom EBER-positive cells. These
results corroborate some of the controversial results reported
previously for EBER expression in patients with MS.3 Taken
together, our results that are derived from a well-characterized
MS brain tissue bank support previous studies demonstrating
the presence of EBV in the MS brain. Further studies investigating the EBV replication cycle and the role of EBVinfected B cells present in meninges and follicular structures
in MS brains as it relates to disease pathology and plaque
formation are warranted.
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