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Abstract

Intrathecal antibody synthesis is a well-documented phenomenon in infectious neurological

diseases as well as in demyelinating diseases, but little is known about the role of B cells in

the central nervous systems. We examined B cell and T cell immunophenotypes in CSF of

patients with HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) com-

pared to healthy normal donors and subjects with the other chronic virus infection and/or

neuroinflammatory diseases including HIV infection, multiple sclerosis (MS) and progres-

sive multifocal leukoencephalopathy. Antibody secreting B cells (ASCs) were elevated in

HAM/TSP patients, which was significantly correlated with intrathecal HTLV-1-specific anti-

body responses. High frequency of ASCs was also detected in patients with relapsing-remit-

ting multiple sclerosis (RRMS). While RRMS patients showed significant correlations

between ASCs and memory follicular helper CD4+ T cells, CD4+CD25+ T cells were ele-

vated in HAM/TSP patients, which were significantly correlated with ASCs and HTLV-1

proviral load. These results highlight the importance of the B cell compartment and the asso-

ciated inflammatory milieu in HAM/TSP patients where virus-specific antibody production

may be required to control viral persistence and/or may be associated with disease

development.

Author summary

Regulation of the local immune response is crucial in protecting the central nervous sys-

tem (CNS) from viral infection and immunopathologically mediated tissue damage.

Intrathecal antibody synthesis is a well-documented phenomenon in infectious and

demyelinating neurological diseases, but little is known about the CNS microenvironment

related to this increased humoral immune response in disease and healthy controls.
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Comparison of CSF immune phenotyping highlights that B cell/T cell interactions may be

involved in the development and maturation of B cells in the CNS of virus-associated neu-

roinflammatory diseases. Characterization of CSF immune responses that are associated

with a neuroinflammatory milieu may provide evidence for a pathogenic “signature” of

an immunopathogenic process in virus-associated neurologic diseases.

Introduction

Various inflammatory neurologic diseases are associated with viral infections. These agents

may cause direct cellular damage of infected cells associated with immunological alterations

such as chronic activation, immunodeficiency and infiltration of inflammatory cells into the

central nervous system (CNS) that underlie the pathogenesis of inflammatory neurologic dis-

orders. Intrathecal antibody synthesis is a well-documented phenomenon in infectious and

demyelinating neurologic diseases. Various viral infections of the CNS including polio, rabies,

mumps, herpes simplex virus and Japanese encephalitis virus are characterized by intrathecal

antibody production in cerebrospinal fluid (CSF) and/or presence of local antibody-secreting

B cells (ASCs) [1, 2]. While virus-specific antibodies play an important role in the control of

viral infections in the CNS, intrathecal antibody synthesis has been associated with both pro-

tective and pathogenic functions in chronic infection and immune-mediated disorders of the

CNS.

Human T cell lymphotropic virus 1 (HTLV-1) is a human retrovirus that infects over 20

million people worldwide. Only a small proportion of infected people develop either adult T

cell leukemia/lymphoma (ATL) [3] or HTLV-1-associated myelopathy/tropical spastic para-

paresis (HAM/TSP) [4, 5]. HAM/TSP is a chronic, progressive neurological disease character-

ized by perivascular inflammatory infiltrates in the brain and spinal cord [6]. High frequencies

of effector T cells have been demonstrated in peripheral blood with even higher frequencies in

CSF of patients with HAM/TSP [7–9]. As definitive laboratory diagnosis of HAM/TSP is

based on the presence of anti-HTLV-1 antibodies in the blood and CSF, robust humoral

immune responses against HTLV-1 antigens have been reported [5, 10, 11]. Thus, chronically

activated immune responses and infiltration of inflammatory cells into the CNS have been sug-

gested to underlie the pathogenesis of HAM/TSP. Intrathecal antibody synthesis against

HTLV-1 has been also reported, as evidenced by the presence of HTLV-1-specific antibodies

and oligoclonal IgG bands (OCB) in CSF of HAM/TSP patients [12–15]. Intrathecal antibody

response to HTLV-1 inversely correlates with higher HTLV-1 proviral loads (PVL) and a

worse prognostic outcome [16]. Moreover, antibodies against two HTLV-1 viral products, Tax

and Gag p24, have been reported to cross-react with host antigens, heterogeneous ribonucleo-

protein A1 (hnRNP A1) and peroxiredoxin-1 (PrX-1), respectively, suggesting that molecular

mimicry may play a role in the pathogenesis of HAM/TSP [17, 18]. Since little is known about

the role of B cells in the CNS of HAM/TSP patients, it is of interest to characterize and com-

pare local B cell immune responses associated with the inflammatory milieu in the other

chronic virus infection or neuroinflammatory diseases, such as multiple sclerosis (MS) which

has clinical features that resemble HAM/TSP [19].

MS is a chronic, neurodegenerative inflammatory disease of the CNS, which leads to demy-

elination and progressive neurological disability. Based on the disease course, there are three

main forms of MS. The more common course, relapsing-remitting MS (RRMS) is character-

ized by clinical episodes interspersed by periods of stability, affects twice as many women than

men and in 40% of patients later develops a secondary progressive MS (SPMS) within ten

CSF B cells in virus-associated neuroinflammatory diseases
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years. Approximately 10% of patients experience a primary progressive MS (PPMS), which is

characterized by gradual neurological dysfunction with or without exacerbations [20].

Although the etiology of MS is still unknown, viruses, such as Epstein-Bar virus (EBV) and

Human herpes virus type 6 (HHV-6), are considered to be leading candidates associated with

the pathogenesis of MS [21]. A hallmark of MS is the detection of OCB in the CSF that are

associated with long term B cell survival in this compartment. Interestingly, recent studies

have also demonstrated that in part, these CSF OCB in MS are specific for infectious pathogens

and host antigens [22]. Currently, B cell depletion, with medications such as rituximab and

ocrelizumab, is a promising MS treatment strategy [23]. However, such therapies have been

also linked to progressive multifocal leukoencephalopathy (PML) which is a rare, often fatal,

demyelinating disease caused by reactivation of the ubiquitous JC virus [24]. These observa-

tions suggest that CSF B cells associated with antibody synthesis may function to control viral

replication in the CNS. It is therefore important to define the CNS microenvironment involved

in recruitment and retention of B cell and ASCs in patients with virus-associated neuroinflam-

matory diseases.

Antigen-specific antibodies in CSF are either derived from the blood (leakage through the

blood-brain-barrier) or are synthesized locally within the CNS. In patients with MS, there is a

persistence of clonally expanded B cells and non-dividing plasma cells in the CSF, as well as

increase of chemokines and cytokines involved in B cell migration, differentiation, and long-

term survival in the CNS [25–27]. These results suggest that the presence of ASCs in the CNS

and the associated environment are critical aspects of the immune response. Interaction

between CXCL13 (B cell-attracting chemokine-1) and its receptor CXCR5 is responsible for

the migration of B cells and a subset of T cells in the follicular areas of lymphoid tissues called

follicular helper CD4+ T cells (Tfh cells) [28–31]. Tfh cells are generally characterized by their

expression of the chemokine receptor CXCR5, the transcription factor BCL6, and the inhibi-

tory molecule PD-1, expression of high levels of IL-21, and their promotion of B cell help [32].

Recently, it has been shown that after specific activation, human blood CXCR5+CD4+ T cells

might correspond to a circulating pool of memory Tfh cells [33]. This pool is distinct from the

Th1, Th2, and Th17 subsets and can prompt naive and memory B cells to differentiate into

ASCs, mainly through IL-21- and ICOS-induced signals [33, 34]. Although it remains unclear

how circulating memory Tfh cells relate to tissue Tfh cells, recent studies suggested that a sub-

set of blood-circulating memory CXCR5+CD4+ T cells that are characterized by stable and

moderate expression of the Tfh cell marker PD-1 most resemble tissue Tfh cells among resting

memory CD4+ T cells in terms of B cell help functionality and transcriptional signature [33,

35]. It has been reported that IL-21 mRNA was elevated in peripheral blood CD4+ T cells of

MS patients and IL-21 expressing CD4+ T cells were detected in MS lesions [36, 37]. In addi-

tion, increased circulating memory Tfh cells and plasma IL-21 level as well as CSF IL-21 level

have been reported to be significantly elevated in MS patients than in controls with non-

inflammatory neuronal diseases [38]. These studies suggested that memory Tfh cells may be

involved in B cell help through IL-21. IL-21 is a member of the common γ chain family of cyto-

kine that also includes IL-2, IL-7, IL-9 and IL-15, and promotes B-cell growth, differentiation,

and class-switching [39]. Viral genes (such as HTLV-1 Tax) have been shown to transactivate

some common γ chain family of cytokines including IL-21 and its receptor (IL-21R) in human

T cells [40–42], and therefore it is of interest to understand the molecular cues of T cell/B cell

interaction in the CNS microenvironment in patients with viral mediated neuroinflammatory

disease.

In this study, we analyzed B cell and T cell immunophenotypes in CSF of subjects with

the chronic virus infection and/or neuroinflammatory diseases including HAM/TSP pa-

tients, HTLV-1-infected asymptomatic carriers (ACs), HIV-infected subjects treated with

CSF B cells in virus-associated neuroinflammatory diseases
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antiretroviral drugs, MS patients (RRMS and PPMS) and PML patients, compared to healthy

normal donors (NDs). Comparison of CSF B cell subsets revealed that ASCs are increased in

the CSF of all or a subset of these patients suggesting that B cell-mediated immune activation

might be a critical aspect of the regulation and/or the pathogenesis of neuroinflammatory dis-

eases associated with (or suspected of being associated with) viruses. Moreover, we demon-

strate that increased ASCs are correlated with CD4+CD25+ T cells in the CSF of HAM/TSP

patients whereas it is correlated with memory Tfh cells in MS patients. These results highlight

the importance of the B cell compartment and the associated inflammatory milieu where pro-

duction of antigen-specific antibody may be required to control viral persistence and/or may

be associated with disease development in neuroinflammatory diseases.

Results

Detection of B cells in CSF of patients with neuroinflammatory diseases

In situ histopathological studies in spinal cord of HAM/TSP patients demonstrated that T cells

including both CD4+ and CD8+ T cells were detected depending on the duration of illness

whereas B cells were only rarely observed [6]. However, since elevated intrathecal antibody

synthesis have been demonstrated in HAM/TSP patients, we hypothesized that B cell recruit-

ment and/or differentiation may also be present in CSF of patients. To confirm the presence of

B cells in the CSF of subjects with chronic virus infection and/or neuroinflammatory diseases,

we examined a large collection of CSF lymphocytes obtained from HAM/TSP patients, ACs

and the other chronic virus infection and/or neuroinflammatory diseases including HIV-

infected subjects, MS patients and PML patients (Table 1). We also had the unique opportunity

to collect CSF from eighteen NDs as controls (Table 1). T cells were the predominant popula-

tion in CSF lymphocytes of NDs (about 60 to 80% of lymphocytes) and CD4+ T cells are more

prevalent than CD8+ T cells in our study (the average of CD4/CD8 ratio; 3.9). Low levels of B

cells were detected in lymphocytes from ND CSF, but were significantly elevated in patients

with RRMS (Fig 1A, left graph). B cell/monocyte ratio which has been previously shown to be

an indicator of rapid progression in MS patients [43] was higher in CSF of HAM/TSP patients

as well as RRMS patients compared to NDs (Fig 1A, right graph). Importantly, B cell frequency

and B cell/monocyte ratio were low in the CSF of ACs, which was comparable to those in NDs

(Fig 1A). Flow cytometric analysis was able to differentiate B cell subpopulation into five sub-

sets, including naïve (IgD+CD27-), unswitched memory (IgD+CD27+), double negative

(IgD-CD27-), switched memory (IgD-CD27+) B cells and ASCs (IgD-CD27++) in CSF of a ND

and a HAM/TSP patient (Fig 1B). Representative dot plots demonstrate that switched memory

B cells were predominantly detected in the CSF of both subjects (Fig 1B). Interestingly, ASCs

were elevated in the CSF of HAM/TSP patient compared to a ND (red rectangles in Fig 1B).

Table 1. Characteristics of subjects for flow cytometric analysis.

Group Sample Age Gender CSF cell concentration (cells/μl)

Blood/CSF, n Mean ± SD Female n (%) Mean ± SD

ND 31 / 18 47.26 ± 9.64 15 (48.39%) 1.25 ± 0.61

AC 8 / 6 49.75 ± 11.96 6 (75.00%) 2.86 ± 2.51

HAM/TSP 39 / 36 57.67 ± 11.07 31 (79.45%) 10.00 ± 12.30

HIV 38 / 38 53.03 ± 6.318 16 (42.11%) 1.90 ± 1.69

MS (RRMS) 22 / 19 39.59 ± 12.88 15 (68.18%) 7.93 ± 10.83

(PPMS) 4 / 4 52.25 ± 8.958 1 (25.00%) 1.71 ± 1.60

PML 28 / 28 54.79 ± 11.95 11 (39.29%) 2.87 ± 4.34

https://doi.org/10.1371/journal.ppat.1007042.t001

CSF B cells in virus-associated neuroinflammatory diseases
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ASCs were not detected in the CSF of NDs, but the presence of elevated ASCs in CSF was also

higher in patients with RRMS, HAM/TSP and PML (Table 2). Group analysis of B cell

Fig 1. Detection of B cells in CSF of chronic virus infection and/or neuroinflammatory diseases. (A) Comparison

of frequencies of B cells (left) and B cell/monocyte ratio (right) in CSF using Kruskal-Wallis test with Dunn’s test. The

horizontal line represents the mean. (B) Detection of ASCs subset in B cells of CSF. (Left) Representative dot plots of

IgD and CD27 staining in CSF CD19+ B cells of a ND and a HAM/TSP patient. IgD- CD27++ subsets (red rectangles)

represent ASCs. (C) Comparison of frequencies of ASCs (left) and absolute number of ASCs (right) in CSF using

Kruskal-Wallis test with Dunn’s test. The horizontal line represents the mean.

https://doi.org/10.1371/journal.ppat.1007042.g001

Table 2. Detection of antibody secreting B cells in CSF.

Group Total subjects in B cell analysis, n Subjects with ASCs, n (%) Fisher’s exact test�

ND 7 0 (0.00%)

AC 2 0 (0.00%) ns

HAM/TSP 31 26 (83.87%) p<0.0001

HIV 22 5 (22.73%) ns

MS (RRMS) 16 16 (100.00%) p<0.0001

(PPMS) 3 1 (33.33%) ns

PML 11 8 (72.73%) p = 0.0040

� ns; not significant

https://doi.org/10.1371/journal.ppat.1007042.t002
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subset also revealed that high frequency and absolute number of ASCs was detected in the CSF

of HAM/TSP patients as well as RRMS patients (Fig 1C). ASCs were not or rarely detected in

the CSF of subjects without neurologic diseases including ACs and HIV-infected subjects,

although B cell phenotyping was able to be analyzed in only two ACs due to limited CSF cell

number (Table 2). It is also of interest that there was undetectable or a low frequency of ASCs

in the CSF of PPMS patients although only a small number of subjects was analyzed (Fig 1C).

These results demonstrated that B cell recruitment and/or differentiation may be present in

CSF of subjects with chronic virus infection and/or neuroinflammatory diseases.

Correlation of ASCs with intrathecal HTLV-1-specific antibody responses

in HAM/TSP patients

Increased ASCs may be involved in intrathecal antibody synthesis in CSF of subjects with

chronic virus infection and/or neuroinflammatory diseases. Since HAM/TSP patients had

higher antibody responses for HTLV-1 virus proteins, Gag, Env and Tax, in serum [11], we

next analyzed antibody responses for HTLV-1 antigens in CSF and serum of HAM/TSP

patients and ACs to examine whether HTLV-1-specific antibody synthesis is associated with

ASC in CSF of HAM/TSP patients. Robust antibody responses for Gag, Env and Tax were

observed in CSF of HAM/TSP patients compared to ACs (Fig 2A). Immunoreactivities against

Gag and Tax were detected in the CSF of all HAM/TSP patients and immunoreactivity against

Env was detected in 93.2% of the CSF. In the CSF, the mean anti-Gag level was elevated com-

parable to that in the serum, but other anti-HTLV-1 antibodies, anti-Env and anti-Tax anti-

body level, were significantly lower in the CSF than in serum (p<0.0001 and p = 0.0027,

respectively; Fig 2A). When the data were analyzed as an index of CSF immunoreactivity to

serum immunoreactivity against each HTLV-1 antigen, the anti-Gag antibody index was

higher than anti-Tax antibody index and significantly more elevated than anti-Env antibody

index in HAM/TSP patients (Fig 2B). In contrast, ACs showed low levels of CSF/serum anti-

body indexes to all three antigens (Fig 2B). These results demonstrate that intrathecal anti-Gag

and anti-Tax antibody synthesis are significantly elevated in HAM/TSP patients compared to

those in ACs. Moreover, increased ASCs in CSF of HAM/TSP patients were significantly cor-

related with anti-Gag antibody index, but not with anti-Env or anti-Tax antibody indexes (Fig

2C). These results suggested that ASCs were involved in the intrathecal antibody synthesis,

especially anti-HTLV-1 Gag, in the CSF of HAM/TSP patients.

Detection of memory Tfh cells in CSF

In the CSF of MS patients, it is well documented that clonally expanded B cells and non-divid-

ing plasma cells persist with increased levels of chemokines and cytokines associated with B

cell migration and differentiation [22], suggesting that CXCR5+ Tfh cells can also migrate and

interact with B cells in the CNS. As memory Tfh cells have been reported to promote B cell

growth, differentiation and class switching and to resemble tissue Tfh cells [32, 33, 35], we

examined whether CXCR5-expressing memory Tfh cells are present in the CSF and peripheral

blood of HAM/TSP patients compared to NDs, ACs and patients with the other chronic virus

infection and/or neuroinflammatory diseases. Fig 3A shows representative results of memory

Tfh cells (CXCR5+ CD45RA-; red rectangles) in CD4+ T cells of peripheral blood and CSF of a

ND and a HAM/TSP patient. As Tfh cells are also characterized by the expression of the inhib-

itory molecule PD-1 [32], high frequency of PD-1 was detected in CSF, much higher than in

peripheral blood, in memory Tfh cells of both ND and HAM/TSP patient (Fig 3A). Memory

Tfh cells were detected in both CSF and peripheral blood of all the subjects (Fig 3B and 3C).

Comparison of memory Tfh cells in CD4+ T cells demonstrated that the frequency of memory

CSF B cells in virus-associated neuroinflammatory diseases
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Tfh cell subset was slightly decreased in CSF of HAM/TSP patients compared to those in NDs

while RRMS patients showed an increase of memory Tfh cells in the CSF (Fig 3B). In subjects

with HIV, PPMS and PML patients, the frequency of memory Tfh cells varied in the CSF (Fig

3B). Intriguingly, memory Tfh cells were also slightly decreased in the CSF of ACs compared

to that in NDs (Fig 3B). In CD4+ T cells of peripheral blood, there was no significant differ-

ences of memory Tfh cell frequencies in all the groups (Fig 3C). Dynamic changes of memory

Tfh cells were detected in CSF of each group despite the increased levels of ASCs detected in

the CSF of each of these cohorts of virus-associated neurologic diseases, suggesting that CSF B

cells might be regulated by a different mechanism in each chronic virus infection and/or neu-

roinflammatory disorder.

Detection of CD4+CD25+ T cells in CSF

In HAM/TSP patients, CD4+CD25+ T cells are the predominant reservoir for HTLV-1 and

induce various cytokines including IFN-γ [44]. Higher HTLV-1 PVL was detected in CSF

compared to PBMC in HAM/TSP patients [45, 46], suggesting that HTLV-1-infected CD4+ T

Fig 2. Antibody responses against HTLV-1 in CSF of HTLV-1-infected subjects. (A) Comparison of antibody responses against HTLV-

1 Gag, Env and Tax in serum and CSF of ACs and HAM/TSP patients using Mann-Whitney Test. (B) Comparison of CSF/serum anti-

HTLV-1 Gag, Env and Tax antibody ratio of HAM/TSP patients and ACs using Paired T test or Mann-Whitney Test. All the data were

obtained from HAM/TSP patients (n = 44) and ACs (n = 4). The horizontal line represents the mean. (C) Correlation of ASCs in CSF B

cells with anti-Gag, anti-Env and anti-Tax antibody index in HAM/TSP patients (n = 11) using Spearman’s rank correlation test.

https://doi.org/10.1371/journal.ppat.1007042.g002

CSF B cells in virus-associated neuroinflammatory diseases
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cells can be recruited into the CNS and may alter the inflammatory milieu in the CNS of

HTLV-1-infected subjects. We next examined whether CD4+CD25+ T cells are present in the

CSF and peripheral blood of HAM/TSP patients compared to that of NDs, ACs and subjects

with chronic virus infection and/or neuroinflammatory diseases. The frequency of CD4+

CD25+ T cells were significantly higher in both CSF and peripheral blood of HAM/TSP

patients compared to NDs and subjects with HIV and MS (Fig 4A and 4B, respectively).

CD4+CD25+ T cells were also significantly higher in the CSF of patients with PML compared

to NDs, but not in the peripheral blood (Fig 4A and 4B).

In addition, HAM/TSP patients have been demonstrated that the forkhead box P3 (FoxP3),

which is critical for the function of regulatory T cells, was decreased in CD4+CD25+ T cells

and regulatory function of the CD4+CD25+ T cells was also inhibited [47]. Based on these

observations, we examined the expressions of FoxP3 and CTLA-4 in peripheral blood

CD4+CD25+ T cells of HAM/TSP patients compared to NDs, ACs and patients with the other

chronic virus infection and/or neuroinflammatory diseases. As previously reported [47],

HAM/TSP patients showed decreased expressions of FoxP3 and CTLA-4 in CD4+CD25+ T

cells of the peripheral blood compared to NDs and subjects with MS and PML (Fig 4C and 4D,

Fig 3. Detection of memory Tfh cells in CSF of chronic virus infection and/or neuroinflammatory diseases. (A)

Detection of memory Tfh cells in peripheral blood and CSF. Representative dot plots of memory Tfh cells (CXCR5+

CD45RA-; red rectangles) in CD4+ T cells and PD-1 expression in memory Tfh cells of peripheral blood and CSF of a

ND and a HAM/TSP patient. (B) Comparison of frequency of memory Tfh cells in CSF using Kruskal-Wallis test with

Dunn’s test. The horizontal line represents the mean. (C) Comparison of frequency of memory Tfh cells in peripheral

blood using Kruskal-Wallis test with Dunn’s test. The horizontal line represents the mean.

https://doi.org/10.1371/journal.ppat.1007042.g003

CSF B cells in virus-associated neuroinflammatory diseases
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respectively). These results strongly supported the previous finding that CD4+CD25+ T cells

would be functionally dysregulated in HAM/TSP patients and also suggested that CD4+CD25+

T cells of HAM/TSP patients might be functionally different from those of subjects with the

other neuroinflammatory diseases.

Our results demonstrated that CD4+CD25+ T cells were highly elevated in the CSF of

HAM/TSP patients while memory Tfh cells were decreased. Moreover, comparison of CD4+ T

cell subsets in neuroinflammatory diseases demonstrated that balances of memory Tfh cells

and CD4+CD25+ T cells were different in each group although there were increases of B cells

and ASCs in CSF across all groups.

Correlation of CD4+ T cell subsets with ASCs in CSF

Given the characteristic features of CD4+ T cell subsets in CSF of HAM/TSP patients, we

asked whether these CD4+ T cell subsets contribute to B cell regulation. To clarify the involve-

ment of CD4+ T cells with B cell help in the CSF, the correlation of ASCs with memory Tfh

cells and CD4+CD25+ T cells was analyzed in each group of HAM/TSP, RRMS, HIV and PML.

While the frequency of memory Tfh cells was were significantly correlated with that of ASCs

Fig 4. Detection of CD4+CD25+ T cells in CSF of chronic virus infection and/or neuroinflammatory diseases. (A)

Comparison of frequency of CD4+CD25+ T cells in CSF using Kruskal-Wallis test with Dunn’s test. The horizontal line

represents the mean. (B) Comparison of frequency of CD4+CD25+ T cells in peripheral blood using Kruskal-Wallis

test with Dunn’s test. The horizontal line represents the mean. (C) Comparison of frequency of FoxP3 in peripheral

blood CD4+CD25+ T cells using Kruskal-Wallis test with Dunn’s test. The horizontal line represents the mean. (D)

Comparison of frequency of CTLA-4 in peripheral blood CD4+CD25+ T cells using Kruskal-Wallis test with Dunn’s

test. The horizontal line represents the mean.

https://doi.org/10.1371/journal.ppat.1007042.g004
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in the CSF of RRMS patients, surprisingly, there was no correlation between memory Tfh cells

and ASCs in the CSF of subjects with HAM/TSP, HIV and PML (Fig 5A). By contrast, HAM/

TSP patients showed significant correlation of CD4+CD25+ T cells with ASCs in the CSF (Fig

5B). Although PML patients had an increase of CD4+CD25+ T cells in the CSF compared to

NDs (Fig 4A), PML patients did not show any correlation of CD4+CD25+ T cells and ASCs in

the CSF (Fig 5B). These results strongly demonstrate that different subsets of CD4+ T cells,

CD4+CD25+ T cells and memory Tfh cells, are involved in the increase of ASCs in CSF of

HAM/TSP and RRMS patients, respectively.

Moreover, we compared CD4+CD25+ T cells and ASCs in the CSF with disease activity of

HAM/TSP patients. When HAM/TSP patients were subdivided into two types, non-progres-

sive and progressive types, characterized by disease course, progressive type of HAM/TSP

patients showed significantly higher frequency of CD4+CD25+ T cells in the CSF compared to

non-progressors (Fig 5C). However, both frequency and absolute number of ASCs in CSF B

cells did not show any significant differences between these types of HAM/TSP patients (Fig

5C). In addition, there was no significant correlation of ASCs in CSF B cells with disease dura-

tion in HAM/TSP patients (Fig 5D). These results suggested that ASCs would not be directly

involved in the disease activity of HAM/TSP patients but present for long periods in the CSF

of HAM/TSP patients.

Increased IL-21 expression in CD4+CD25+ T cells of HAM/TSP patients

Of the groups of patients with neuroinflammatory diseases assessed, only HAM/TSP patients

showed an involvement of CD4+CD25+ T cells with an increase of ASCs in the CSF. To deter-

mine the role of HTLV-1 infection within these CD4+ T cell subsets in the CSF of HAM/TSP

patients, we examined HTLV-1 PVL in the CSF lymphocytes of HTLV-1-infected subjects.

HTLV-1 was detected in the CSF lymphocytes of all HTLV-1 subjects, and HTLV-1 PVL was

significantly higher in HAM/TSP patients compared to ACs (Fig 6A). Further analysis revealed

that CSF PVL significantly correlated with CD4+CD25+ T cells in the CSF of HTLV-1-infected

subjects, but negatively correlated with memory Tfh cells in the CSF (Fig 6B). These results

demonstrated that an increase of HTLV-1-infected cells is associated with an increase of

CD4+CD25+ T cells and a decrease of memory Tfh cells in the CSF of HTLV-1 infected sub-

jects, suggesting that CD4+CD25+ T cells with HTLV-1 infection could be involved with B cell

help in HAM/TSP.

Tfh cells have been reported to express high levels of IL-21 which is a member of the com-

mon γ chain family of cytokines and promotes B-cell growth, differentiation, and class-switch-

ing [32, 39]. Since HTLV-1 Tax has been reported to transactivate IL-21 in human T cells [41],

it is of interest whether or not IL-21 is involved with B cell help in HAM/TSP patients. We

examined IL-21 in CSF of HAM/TSP patients and ACs. While IL-21 was undetectable in the

CSF of ACs, high levels of IL-21 were detected in the CSF of HAM/TSP patients (Fig 6C). This

suggests that the increase of IL-21 might be related to the increase of CD4+CD25+ T cells in

the CSF of HAM/TSP patients as memory Tfh cells were decreased. To confirm IL-21 produc-

tion in CD4+CD25+ T cells of HAM/TSP patients, we examined IL-21 expression in combina-

tion with HTLV-1 Tax expression in PBMCs of NDs and HAM/TSP patients. Fig 6D shows

representative dot plots of HTLV-1 Tax and IL-21 expression in CD4+CD25+ T cells of a ND

and a HAM/TSP patient after PBMC culture for 24 hours without any exogenous stimulation.

IL-21 was detected in Tax-expressing CD4+CD25+ T cells of a HAM/TSP patient whereas ND

did not show any IL-21 and Tax expression after culture (Fig 6D). Group analysis of five

HAM/TSP patients demonstrated that Tax-expressing CD4+CD25+ T cells expressed IL-21

(Fig 6E). In addition, when B cells isolated from PBMC of NDs and HAM/TSP patients and
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stimulated with rhIL-21 for 7days, the frequency of ASCs, as well as IgG concentration, was

significantly increased in rhIL-21-stimulated B cell cultures from both NDs and HAM/TSP

patients (Fig 6F and 6G). Moreover, HTLV-1 Gag- and Tax-specific antibodies were also

detected in the rhIL-21-stimulated B cell culture supernatants from HAM/TSP patients (Fig

6H). These results suggest that the increased IL-21 expression might be partly derived by

HTLV-1 Tax expression in CD4+CD25+ T cells, and that it may serve to accelerate B cell func-

tion in HAM/TSP.

Discussion

Regulation of the local immune response is crucial in protecting the CNS from viral infection

and immunopathologically mediated tissue damage. Although robust humoral immune

responses, including OCBs specific to viral antigens, have been reported in the CSF of patients

with virus-associated neuroinflammatory diseases, little is known about the CNS microenvi-

ronment related to this increased humoral immune response in disease and healthy controls.

Fig 5. Correlation between ASC and CD4+ T cell subsets. (A) Correlation of ASCs with memory Tfh cells in CSF of patients with MS,

HAM/TSP, HIV and PML using Spearman’s rank correlation test. (B) Correlation of ASCs with CD4+CD25+ T cells in CSF of patients

with HAM/TSP and PML using Spearman’s rank correlation test. (C) Comparison of frequency of CD4+CD25+ T cells and ASCs in

CSF of HAM/TSP patients between non-progressors and progressors using Mann-Whitney Test. The horizontal line represents the

mean. (D) Correlation of ASCs in CSF B cells with disease duration in HAM/TSP patients (n = 32) using Spearman’s rank correlation

test.

https://doi.org/10.1371/journal.ppat.1007042.g005
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Multicolor flow cytometric analysis demonstrates that B cell/monocyte ratio and ASCs

were increased in the CSF of HAM/TSP patients as well as RRMS patients, while ASCs were

undetectable in CSF of NDs. Consistent with previous study [48], B cells were rarely detected

in ND CSF, and when present, were in very low numbers in our study. Our results also

strongly support recent studies in MS that in the B cell lineage, memory B cells and plasma

blasts are predominantly detected in the CSF of MS patients [49]. Memory B cells can prolifer-

ate and rapidly differentiate into ASCs at much lower thresholds for activation than naïve B

cells. Ig production is maintained by ASCs including proliferating “plasmablasts” and “plasma

cells” that can be short or long-lived [50]. Therefore, it has been suggested that increased ASCs

may be a marker for immune activation against a target, such as virus or host antigen, which is

involved in disease development in neuroinflammatory disorders. In situ histopathological

studies in spinal cord of HAM/TSP patients demonstrated that T cells including both CD4+

and CD8+ T cells were detected depending on the duration of illness whereas B cells were only

Fig 6. Involvement of CD4+CD25+ T cells with B cell help in CSF of HAM/TSP patients. (A) Comparison of HTLV-1 PVL in CSF of ACs

(n = 7) and HAM/TSP patients (n = 36) using Mann-Whitney Test. (B) Correlation of HTLV-1 PVL with CD4+CD25+ T cells and memory

Tfh cells in HTLV-1-infected subjects using Spearman’s rank correlation test. (C) Comparison of IL-21 in CSF of HAM/TSP patients and

ACs using unpaired t test. (D) Representative dot plots of IL-21 and Tax staining in CD4+CD25+ T cells of a ND and a HAM/TSP patient

after culture for 24 hours without any exogenous stimulation. (E) Detection of IL-21 in Tax-expressing CD4+CD25+ T cells of HAM/TSP

patients after culture for 24 hours without any exogenous stimulation. (F) Generation of ASCs subsets in B cells cultured with and without

rhIL-21. The data were obtained from cultured B cells of NDs and HAM/TSP patients (n = 6). The horizontal line represents the mean. (G)

Detection of human IgG in the B cell culture supernatants of NDs and HAM/TSP patients. (H) Detection of antibodies for HTLV-1 Gag and

Tax in the B cell culture supernatants of HAM/TSP patients.

https://doi.org/10.1371/journal.ppat.1007042.g006
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rarely observed [6]. We here demonstrate an accumulation of B cells and elevated ASCs that

may contribute to antibody production in the CSF of HAM/TSP patients. If CSF reflects the

intrathecal inflammatory process in the CNS, increases of B cells and ASCs in the CSF might be

an indicator of disease development in HAM/TSP. Importantly, ASCs were not detected in the

CSF of ACs and a majority of HIV-infected subjects, although B cell phenotyping was able to be

analyzed in only a small number of subjects with ACs. These results suggested that accumulation

and differentiation of B cells might be well regulated in subjects with chronic virus infection but

no neurologic diseases. Moreover, it is of interest that ASCs were also not detected in a subset of

PPMS patients, while RRMS patients showed high frequency of ASCs in the CSF B cells. How-

ever, B cell is also important immune regulator for disease development of PPMS, since B cell

depleting monoclonal antibody, Ocrelizumab, is the first drug ever to show efficacy in slowing

the disease progression in a phase 3 clinical trial with PPMS patients [51]. Comparison of larger

studies from MS patients would be required for confirmation of B cell phenotyping in CSF.

Antibody responses against HTLV-1 antigens including Gag and Tax were detected in CSF

of all HAM/TSP patients tested. Interestingly, CSF/serum antibody index of anti-Gag and anti-

Tax were significantly elevated in HAM/TSP patients while ACs had a significantly lower CSF/

serum antibody index of all HTLV-1 antigens; this suggests that antibody responses for HTLV-

1 Gag and Tax might be generated in HAM/TSP patients according to increases of viral expres-

sion or immune activation while antibody responses against these HTLV-1 antigens might be

well controlled in the CSF of ACs. Moreover, increased ASCs in CSF of HAM/TSP patients sig-

nificantly correlated with CSF HTLV-1 Gag-specific antibody production which was not

observed in ACs. It is of interest that HAM/TSP patients have also been reported to develop

autoantibodies to neurons that cross-reacted with HTLV-1 Gag and Tax [17, 18], suggesting

that increased humoral immune responses including cross- or self-reactive antibodies to CNS

antigens for HTLV-1 might alter the risk of CNS inflammation or autoimmune disease. Since

HTLV-1-specific antibody responses and ASCs were stably detected in the CSF of HAM/TSP

patients, persistent localization of ASCs may be associated with long-term stability of Ig produc-

tion and OCB detection in the CSF of HAM/TSP patients. Intriguingly, antibody response for

HTLV-1 Env was lower in the CSF of HAM/TSP patients compared to antibody responses for

HTLV-1 Gag and Tax. Since neutralizing and antibody-dependent cellular cytotoxicity-induc-

ing activity of antibodies against HTLV-1 Env gp46 have been reported to prevent viral infec-

tion in vitro [52], less robust antibody response for HTLV-1 Env may fail to control viral

infection in the CNS of HAM/TSP patients. Therefore, it is important to identify target antigens

of immune cells and antibodies for understanding disease development and therapeutic

approach in chronic viral infection and neuroinflammatory diseases.

To maintain memory B cells and generate ASCs, a subset of CD4+ T cells called Tfh cells is

required. Recently, it has been addressed that CXCR5+CD4+ T cells are detected in organs that

are affected by autoimmune disorders, such as systemic lupus erythematosus and Sjogren’s

syndrome, suggesting that aberrant Tfh cells may induce autoimmunity [53]. Recent reports in

chronic HIV infection demonstrated that Tfh cells are expanded, but impair B cell help and

harbor high amounts of viral DNA [53–55]. It has been demonstrated that precise control of

Tfh cell number is important to produce optimally affinity-matured antibody responses that

are devoid of self-reactivity [56]. In the current study, we demonstrate that subjects with

chronic virus infection and/or neuroinflammatory diseases lost the balance of memory Tfh

cell frequencies in CSF compared to CSF of NDs in which a certain frequency of memory Tfh

cells were stably maintained. HAM/TSP patients showed a decrease of memory Tfh cells in the

CSF. Importantly, memory Tfh cells were decreased in the CSF of ACs which did not show

any intrathecal antibody synthesis for HTLV-1 or accumulation of CD4+CD25+ T cells in the

CSF. Therefore, memory Tfh cell might be inhibited in the CSF of subjects with chronic
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HTLV-1 infection to prevent excess B cell responses but excessive accumulation and/or activa-

tion of CD4+ T cells might promote B cell development in HAM/TSP patients. Tfh cell

responses have been reported to be regulated by various mechanisms, such as follicular regula-

tory CD4+ T cells in a Bcl6-dependent manner and CD8+ regulatory T cells in IL-15 dependent

manner [56]. Further studies will be required to understand the regulation of memory Tfh

cells associated with chronic virus infection in the CNS.

Tfh cells have also been reported to express high levels of IL-21 and promote B cell growth,

differentiation and class switching [32]. It has been reported that IL-21 mRNA was elevated in

peripheral blood CD4+ T cells of MS patients and IL-21 expressing CD4+ T cells were detected

in MS lesions [36, 37], suggesting that a CD4+ T cell subset, memory Tfh cells, might be

involved in B cell help through IL-21 in MS patients. While MS patients showed a significant

correlation of ASCs with memory Tfh cells in the CSF, there was no association between ASCs

and memory Tfh cells in the CSF of HAM/TSP patients. Interestingly, CD4+CD25+ T cells

were significantly correlated with the frequency of ASCs as well as HTLV-1 PVL in the CSF of

HAM/TSP patients, suggesting that chronic viral activation could induce continuous differen-

tiation of memory B cells into ASCs and Ig production. Moreover, HAM/TSP patients showed

an increase of IL-21 level in the CSF even though there was the decreased memory Tfh cells.

Since ACs did not show any accumulation of CD4+CD25+ T cells and increased IL-21 in the

CSF, this suggests that the increased IL-21 in HAM/TSP patients might be derived from

CD4+CD25+ T cells in the CNS. IL-21 is a member of the common γ chain family of cytokine

that also includes IL-2, IL-7, IL-9 and IL-15, and promotes B-cell growth, differentiation, and

class-switching [39, 57]. After culture for 24 hours without any stimulation, IL-21 expression

was detected in Tax-expressing CD4+CD25+ T cells of HAM/TSP patients. HTLV-1 Tax has

been shown in vitro to induce the expression of IL-2 and IL-15 [40, 42]. Increased expression

of these cytokines has been shown to dysregulate T-cell activation and proliferation that may

contribute to CNS inflammation in HAM/TSP patients [58]. Although Tax has been reported

to trans-activate IL-21 and its receptor (IL-21R) genes in human T cells [41], little is known

about involvement of IL-21 in HAM/TSP patients. Since IL-2 and IL-15 have been also shown

to be associated with B cell function, such as proliferation and Ig secretion [59], increased

expression of these cytokines might accelerate B cell function in HAM/TSP patients. Alterna-

tively, Tfh cell independent induction of B cell function might cause impaired B cell responses

and generation of antigen-specific antibodies with low specificity and function. Therefore,

adequate and appropriate Tfh cells for B cell help would be required for control of viral infec-

tion in the CNS. Larger systematic studies of virus-associated neurologic diseases including

the functional differences of CD4+ T cell subsets will further improve our knowledge of the B

cell/T cell immune regulation in the CNS associated with chronic viral infections.

Lastly, comparison of CSF immune phenotyping highlights that B cell/T cell interactions

may be involved in the development and maturation of B cells in the CNS of neuroinflamma-

tory diseases. Although ASCs were detected in high frequencies of patients with MS, HAM/

TSP and PML, balances of CD4+ T cell subsets, memory Tfh cells and CD4+CD25+ T cells,

were different in each group. Therefore, characterization of CSF immune responses that are

associated with a neuroinflammatory milieu may provide evidence for a pathogenic “signa-

ture” of an immunopathogenic process in virus-associated neurologic diseases.

Materials and methods

Subjects

A total of 71 HAM/TSP patients and 12 HTLV-1-positive ACs were evaluated in this report

according to established criteria [60]. To characterize patient’s disease onset based on clinical
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and motor outcomes, we used the Osame Motor Disability Score. Onset of disease was defined

as rapidly progressive if the OMDS score increased by >3 grades since clinical onset of HAM/

TSP [61]. HAM/TSP patients were further categorized as either progressors or non-progres-

sors based on clinical status at the time of the lumbar puncture analysis if their symptoms were

changing or stable, respectively. Subsets of HAM/TSP patients were used for specific studies.

For detection of HTLV-1-specific antibodies, serum and CSF samples were obtained from a

total of fifty subjects, including HAM/TSP patients (n = 44) and HTLV-1-positive ACs (n = 4).

For flow cytometric analysis, whole blood was obtained from a total 170 subjects, including

ACs, patients with HAM/TSP, MS including RRMS and PPMS [62], PML [63], HIV-infected

subjects adequately treated with antiretroviral drugs and without neurological disease and

NDs (Table 1). Of 170 subjects, CSF samples were obtained from a total 149 subjects (Table 1).

PBMCs were isolated by Ficoll-Hypaque (Lonza) centrifugation, and were cryopreserved in

liquid nitrogen until use. CSF samples were obtained by lumber puncture and the cells were

collected by centrifugation of CSF samples.

Ethics statement

The study was reviewed and approved by the National Institute of Neurological Disorders and

Stroke Institutional Review Board. All samples used in this study were collected from the sub-

ject followed at the National Institute of Neurologic Disorders and Stroke under protocols #

98-N-0047, 89-N-0045, 13-N-0017, 13-N-0149. Prior to study inclusion, written informed

consent was obtained from the subject in accordance with the Declaration of Helsinki.

Luciferase Immunoprecipitation Systems (LIPS)

The LIPS assay was performed as previously described [11]. Each mammalian expression vec-

tor with the HTLV-1 gene (HTLV-1 Gag, Env and Tax/pRen2) was transfected into 293T/17

cell line (ATCC) using X-tremeGENE 9 DNA transfection reagent (Roche Diagnostics) [11].

Serum, CSF samples or B cell culture supernatants were diluted to 1:100. Each HTLV-1-spe-

cific antibody index was calculated as ratio of CSF immunoreactivity (LU)/serum immunore-

activity (LU).

Flow cytometry

For analysis of peripheral blood lymphocyte and CSF lymphocyte populations, EDTA-treated

whole blood or CSF cells were stained with CD3, CD4, CD8, CD14, CD19, CD25, CD27,

CD45, CD45RA, CXCR5, IgD (all from BD Biosciences) and PD-1 (BioLegend). Since B cells

(CD45+CD3-CD19+) were rarely detected in CSF, CSF samples from a total 93 subjects were

used for B cell subset analysis (Table 2). For staining of FoxP3 and CTLA-4, EDTA-treated

whole blood were stained with antibodies for surface markers. After fixed and permeabilized

with Fixation/Permeabilization buffer (eBiosciences), the cells were stained with antibodies for

FoxP3 (eBiosciences) and CD152 (CTLA-4; BD Biosciences).

For detection of IL-21 production, PBMCs of NDs or HAM/TSP patients were suspended

in RPMI media (RPMI1640 supplemented with 10% heat-inactivated fetal bovine serum,

100U/ml of penicillin, 100μg/ml of streptomycin sulfate and 2mM L-glutamine) for 24 hours

and incubated with GoldiPlug (BD Biosciences) for the last 5 hours in 5% CO2 incubator at

37˚C. After the culture without any stimulator, PBMCs were surface-stained with specific anti-

bodies. After fixation and permeabilization with Fixation/Permeabilization solution (BD Bio-

sciences), the cells were intracellularly stained with anti-human IL-21 (BD Biosciences) and

anti-Tax (Lt-4) antibodies. All flow cytometric analysis was performed using a LSR II (BD Bio-

sciences). The data were analyzed using FlowJo 10.2 software (FlowJo LLC).
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HTLV-1 PVL

HTLV-1 PVL was measured using droplet digital PCR (Bio-Rad) as previously described [64].

DNA was extracted from the PBMC and CSF cell pellets using a DNeasy Blood and Tissue kit

(Qiagen) according to the manufacturer’s instructions. Primers and probes specific for HTLV-

1 tax and human ribonuclease P protein subunit 30 (RPP30) was used. The duplex PCR ampli-

fication was performed in this sealed 96-well plate using a GeneAmp 9700 thermocycler

(Applied Biosystems). Following PCR amplification, the 96-well plate was transferred to a

QX100 droplet reader (Bio-Rad). For PVL calculation, QuantaSoft software version 1.3.2.0

(Bio-Rad) was used to quantify the copies/μl of each queried target per well. All samples were

tested in duplicate, unless otherwise specified, and PVL is reported as the average of the two

measurements.

ELISA

IL-21 were detected in serum and CSF samples of HAM/TSP patients and ACs using Human

Legend Max Human IL-21 ELISA kit (BioLegend) according to the manufacturer’s

instructions.

B cell differentiation and antibody production

B cells were isolated from PBMCs of NDs and HAM/TSP patients using B cell isolation kit II

(Miltenyi Biotec). The isolated B cells were cultured at 2x104 cells/well in 96 U-bottom micro-

plates in RPMI media with or without 10ng/ml of recombinant human IL-21 (Cell Signaling

Technology). After the culture for 7 days, the cells were surface-stained with specific antibodies

and analyzed using a LSR II (BD Biosciences). Human IgG and HTLV-1-specific antibodies

were measured in the culture supernatants using Human IgG ELISA Quantitation Set (Bethyl

Laboratories) and LIPS assay, respectively.

Statistics

The Mann-Whitney Test was used to compare: anti-HTLV-1 antibodies, PVL and IL-21 in

CSF between ACs and HAM/TSP patients, CSF lymphocytes in HAM/STP patients by disease

activity. Paired T Test was used to compare: anti-HTLV-1 antibody indexes in each HTLV-

1-infected subject. The Kruskal-Wallis test with Dunn’s test for multiple testing was used to

compare: frequency or ratio of CSF lymphocytes between the different patient groups. Fisher’s

exact test was used to compare frequency of CSF ASCs detection in each patient’s group with

NDs. Spearman’s rank correlation test was used to compare: the CSF/serum anti-HTLV-1

antibody index, HAM/TSP disease duration, CD4+ T cell subsets with ASCs in CSF, and

between CD4+ T cell subsets and PVL in CSF. All statistical analysis was performed using

Prism (GraphPad software).

Author Contributions

Conceptualization: Yoshimi Enose-Akahata, Steven Jacobson.

Data curation: Yoshimi Enose-Akahata, Shila Azodi, Bryan R. Smith, Ashley Vellucci, Nyater

Ngouth, Joan Ohayon, Irene Cortese, Steven Jacobson.

Formal analysis: Yoshimi Enose-Akahata.

Investigation: Yoshimi Enose-Akahata, Ashley Vellucci, Nyater Ngouth.

CSF B cells in virus-associated neuroinflammatory diseases

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007042 April 30, 2018 16 / 20

https://doi.org/10.1371/journal.ppat.1007042


Resources: Shila Azodi, Bryan R. Smith, Bridgette Jeanne Billioux, Nyater Ngouth, Yuetsu

Tanaka, Joan Ohayon, Irene Cortese, Avindra Nath, Steven Jacobson.

Supervision: Avindra Nath, Steven Jacobson.

Writing – original draft: Yoshimi Enose-Akahata.

Writing – review & editing: Shila Azodi, Bryan R. Smith, Bridgette Jeanne Billioux, Steven

Jacobson.

References
1. Griffin DE. Immune responses to RNA-virus infections of the CNS. Nat Rev Immunol. 2003; 3(6):493–

502. Epub 2003/05/31. https://doi.org/10.1038/nri1105 PMID: 12776209.

2. Phares TW, Stohlman SA, Bergmann CC. Intrathecal humoral immunity to encephalitic RNA viruses.

Viruses. 2013; 5(2):732–52. https://doi.org/10.3390/v5020732 PMID: 23435240; PubMed Central

PMCID: PMCPMC3640523.

3. Uchiyama T. Adult T-cell leukemia. Blood reviews. 1988; 2(4):232–8. PMID: 3061529.

4. Gessain A, Barin F, Vernant JC, Gout O, Maurs L, Calender A, et al. Antibodies to human T-lymphotro-

pic virus type-I in patients with tropical spastic paraparesis. Lancet. 1985; 2(8452):407–10. PMID:

2863442.

5. Osame M, Usuku K, Izumo S, Ijichi N, Amitani H, Igata A, et al. HTLV-I associated myelopathy, a new

clinical entity. Lancet. 1986; 1(8488):1031–2. PMID: 2871307.

6. Umehara F, Izumo S, Nakagawa M, Ronquillo AT, Takahashi K, Matsumuro K, et al. Immunocytochem-

ical analysis of the cellular infiltrate in the spinal cord lesions in HTLV-I-associated myelopathy. J Neuro-

pathol Exp Neurol. 1993; 52(4):424–30. Epub 1993/07/01. PMID: 8355031.

7. Jacobson S, Shida H, McFarlin DE, Fauci AS, Koenig S. Circulating CD8+ cytotoxic T lymphocytes spe-

cific for HTLV-I pX in patients with HTLV-I associated neurological disease. Nature. 1990; 348

(6298):245–8. https://doi.org/10.1038/348245a0 PMID: 2146511.

8. Greten TF, Slansky JE, Kubota R, Soldan SS, Jaffee EM, Leist TP, et al. Direct visualization of antigen-

specific T cells: HTLV-1 Tax11-19- specific CD8(+) T cells are activated in peripheral blood and accu-

mulate in cerebrospinal fluid from HAM/TSP patients. Proc Natl Acad Sci U S A. 1998; 95(13):7568–73.

PMID: 9636190.

9. Nagai M, Kubota R, Greten TF, Schneck JP, Leist TP, Jacobson S. Increased activated human T cell

lymphotropic virus type I (HTLV-I) Tax11-19-specific memory and effector CD8+ cells in patients with

HTLV-I-associated myelopathy/tropical spastic paraparesis: correlation with HTLV-I provirus load. J

Infect Dis. 2001; 183(2):197–205. Epub 2000/12/20. https://doi.org/10.1086/317932 PMID: 11120926.

10. Kitze B, Usuku K, Izumo S, Nakamura M, Shiraki H, Ijichi S, et al. Diversity of intrathecal antibody syn-

thesis against HTLV-I and its relation to HTLV-I associated myelopathy. J Neurol. 1996; 243(5):393–

400. Epub 1996/05/01. PMID: 8741079.

11. Enose-Akahata Y, Abrams A, Johnson KR, Maloney EM, Jacobson S. Quantitative differences in

HTLV-I antibody responses: classification and relative risk assessment for asymptomatic carriers, ATL,

and HAM/TSP patients from Jamaica. Blood. 2012. Epub 2012/02/10. https://doi.org/10.1182/blood-

2011-11-390807 PMID: 22318200.

12. Ceroni M, Piccardo P, Rodgers-Johnson P, Mora C, Asher DM, Gajdusek DC, et al. Intrathecal synthe-

sis of IgG antibodies to HTLV-I supports an etiological role for HTLV-I in tropical spastic paraparesis.

Ann Neurol. 1988;23 Suppl:S188–91. Epub 1988/01/01. PMID: 2894812.

13. Gessain A, Caudie C, Gout O, Vernant JC, Maurs L, Giordano C, et al. Intrathecal synthesis of antibod-

ies to human T lymphotropic virus type I and the presence of IgG oligoclonal bands in the cerebrospinal

fluid of patients with endemic tropical spastic paraparesis. J Infect Dis. 1988; 157(6):1226–34. Epub

1988/06/01. PMID: 2897399.

14. Grimaldi LM, Roos RP, Devare SG, Casey JM, Maruo Y, Hamada T, et al. HTLV-I-associated myelopa-

thy: oligoclonal immunoglobulin G bands contain anti-HTLV-I p24 antibody. Ann Neurol. 1988; 24

(6):727–31. Epub 1988/12/01. https://doi.org/10.1002/ana.410240606 PMID: 3207356.

15. Link H, Cruz M, Gessain A, Gout O, de The G, Kam-Hansen S. Chronic progressive myelopathy associ-

ated with HTLV-I: oligoclonal IgG and anti-HTLV-I IgG antibodies in cerebrospinal fluid and serum. Neu-

rology. 1989; 39(12):1566–72. Epub 1989/12/01. PMID: 2586770.

16. Puccioni-Sohler M, Rios M, Bianco C, Zhu SW, Oliveira C, Novis SA, et al. An inverse correlation of

HTLV-I viral load in CSF and intrathecal synthesis of HTLV-I antibodies in TSP/HAM. Neurology. 1999;

53(6):1335–9. Epub 1999/10/16. PMID: 10522895.

CSF B cells in virus-associated neuroinflammatory diseases

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007042 April 30, 2018 17 / 20

https://doi.org/10.1038/nri1105
http://www.ncbi.nlm.nih.gov/pubmed/12776209
https://doi.org/10.3390/v5020732
http://www.ncbi.nlm.nih.gov/pubmed/23435240
http://www.ncbi.nlm.nih.gov/pubmed/3061529
http://www.ncbi.nlm.nih.gov/pubmed/2863442
http://www.ncbi.nlm.nih.gov/pubmed/2871307
http://www.ncbi.nlm.nih.gov/pubmed/8355031
https://doi.org/10.1038/348245a0
http://www.ncbi.nlm.nih.gov/pubmed/2146511
http://www.ncbi.nlm.nih.gov/pubmed/9636190
https://doi.org/10.1086/317932
http://www.ncbi.nlm.nih.gov/pubmed/11120926
http://www.ncbi.nlm.nih.gov/pubmed/8741079
https://doi.org/10.1182/blood-2011-11-390807
https://doi.org/10.1182/blood-2011-11-390807
http://www.ncbi.nlm.nih.gov/pubmed/22318200
http://www.ncbi.nlm.nih.gov/pubmed/2894812
http://www.ncbi.nlm.nih.gov/pubmed/2897399
https://doi.org/10.1002/ana.410240606
http://www.ncbi.nlm.nih.gov/pubmed/3207356
http://www.ncbi.nlm.nih.gov/pubmed/2586770
http://www.ncbi.nlm.nih.gov/pubmed/10522895
https://doi.org/10.1371/journal.ppat.1007042


17. Lee S, Shin Y, Marler J, Levin MC. Post-translational glycosylation of target proteins implicate molecular

mimicry in the pathogenesis of HTLV-1 associated neurological disease. J Neuroimmunol. 2008; 204

(1–2):140–8. Epub 2008/09/17. https://doi.org/10.1016/j.jneuroim.2008.07.020 PMID: 18793806.

18. Levin MC, Lee SM, Kalume F, Morcos Y, Dohan FC Jr., Hasty KA, et al. Autoimmunity due to molecular

mimicry as a cause of neurological disease. Nat Med. 2002; 8(5):509–13. Epub 2002/05/02. https://doi.

org/10.1038/nm0502-509 PMID: 11984596; PubMed Central PMCID: PMC2703733.

19. Puccioni-Sohler M, Yamano Y, Rios M, Carvalho SM, Vasconcelos CC, Papais-Alvarenga R, et al. Dif-

ferentiation of HAM/TSP from patients with multiple sclerosis infected with HTLV-I. Neurology. 2007; 68

(3):206–13. Epub 2007/01/17. https://doi.org/10.1212/01.wnl.0000251300.24540.c4 PMID: 17224575.

20. Lublin FD, Reingold SC, Cohen JA, Cutter GR, Sorensen PS, Thompson AJ, et al. Defining the clinical

course of multiple sclerosis: the 2013 revisions. Neurology. 2014; 83(3):278–86. Epub 2014/05/30.

https://doi.org/10.1212/WNL.0000000000000560 PMID: 24871874; PubMed Central PMCID:

PMCPMC4117366.

21. Virtanen JO, Jacobson S. Viruses and multiple sclerosis. CNS Neurol Disord Drug Targets. 2012; 11

(5):528–44. PMID: 22583435; PubMed Central PMCID: PMCPMC4758194.

22. Franciotta D, Salvetti M, Lolli F, Serafini B, Aloisi F. B cells and multiple sclerosis. Lancet Neurol. 2008;

7(9):852–8. Epub 2008/08/16. https://doi.org/10.1016/S1474-4422(08)70192-3 PMID: 18703007.

23. Bittner S, Ruck T, Wiendl H, Grauer OM, Meuth SG. Targeting B cells in relapsing-remitting multiple

sclerosis: from pathophysiology to optimal clinical management. Ther Adv Neurol Disord. 2017; 10

(1):51–66. https://doi.org/10.1177/1756285616666741 PMID: 28450895; PubMed Central PMCID:

PMCPMC5400151.

24. Tan CS, Koralnik IJ. Progressive multifocal leukoencephalopathy and other disorders caused by JC

virus: clinical features and pathogenesis. Lancet Neurol. 2010; 9(4):425–37. https://doi.org/10.1016/

S1474-4422(10)70040-5 PMID: 20298966; PubMed Central PMCID: PMCPMC2880524.

25. Corcione A, Casazza S, Ferretti E, Giunti D, Zappia E, Pistorio A, et al. Recapitulation of B cell differenti-

ation in the central nervous system of patients with multiple sclerosis. Proc Natl Acad Sci U S A. 2004;

101(30):11064–9. Epub 2004/07/21. https://doi.org/10.1073/pnas.0402455101 PMID: 15263096;

PubMed Central PMCID: PMC503741.

26. Krumbholz M, Theil D, Cepok S, Hemmer B, Kivisakk P, Ransohoff RM, et al. Chemokines in multiple

sclerosis: CXCL12 and CXCL13 up-regulation is differentially linked to CNS immune cell recruitment.

Brain. 2006; 129(Pt 1):200–11. Epub 2005/11/11. https://doi.org/10.1093/brain/awh680 PMID:

16280350.

27. Krumbholz M, Theil D, Derfuss T, Rosenwald A, Schrader F, Monoranu CM, et al. BAFF is produced by

astrocytes and up-regulated in multiple sclerosis lesions and primary central nervous system lym-

phoma. J Exp Med. 2005; 201(2):195–200. Epub 2005/01/12. https://doi.org/10.1084/jem.20041674

PMID: 15642740; PubMed Central PMCID: PMC2212784.

28. Bowman EP, Campbell JJ, Soler D, Dong Z, Manlongat N, Picarella D, et al. Developmental switches in

chemokine response profiles during B cell differentiation and maturation. J Exp Med. 2000; 191

(8):1303–18. Epub 2000/04/19. PMID: 10770798; PubMed Central PMCID: PMC2193143.

29. Gunn MD, Ngo VN, Ansel KM, Ekland EH, Cyster JG, Williams LT. A B-cell-homing chemokine made in

lymphoid follicles activates Burkitt’s lymphoma receptor-1. Nature. 1998; 391(6669):799–803. Epub

1998/03/05. https://doi.org/10.1038/35876 PMID: 9486651.

30. Legler DF, Loetscher M, Roos RS, Clark-Lewis I, Baggiolini M, Moser B. B cell-attracting chemokine 1,

a human CXC chemokine expressed in lymphoid tissues, selectively attracts B lymphocytes via BLR1/

CXCR5. J Exp Med. 1998; 187(4):655–60. Epub 1998/03/28. PMID: 9463416; PubMed Central

PMCID: PMC2212150.

31. Schaerli P, Willimann K, Lang AB, Lipp M, Loetscher P, Moser B. CXC chemokine receptor 5 expres-

sion defines follicular homing T cells with B cell helper function. J Exp Med. 2000; 192(11):1553–62.

Epub 2000/12/06. PMID: 11104798; PubMed Central PMCID: PMC2193097.

32. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol. 2011; 29:621–63. Epub 2011/02/15.

https://doi.org/10.1146/annurev-immunol-031210-101400 PMID: 21314428.

33. Morita R, Schmitt N, Bentebibel SE, Ranganathan R, Bourdery L, Zurawski G, et al. Human blood

CXCR5(+)CD4(+) T cells are counterparts of T follicular cells and contain specific subsets that differen-

tially support antibody secretion. Immunity. 2011; 34(1):108–21. Epub 2011/01/11. https://doi.org/10.

1016/j.immuni.2010.12.012 PMID: 21215658; PubMed Central PMCID: PMC3046815.

34. Chevalier N, Jarrossay D, Ho E, Avery DT, Ma CS, Yu D, et al. CXCR5 expressing human central mem-

ory CD4 T cells and their relevance for humoral immune responses. J Immunol. 2011; 186(10):5556–

68. Epub 2011/04/08. https://doi.org/10.4049/jimmunol.1002828 PMID: 21471443.

35. Locci M, Havenar-Daughton C, Landais E, Wu J, Kroenke MA, Arlehamn CL, et al. Human circulating

PD-1+CXCR3-CXCR5+ memory Tfh cells are highly functional and correlate with broadly neutralizing

CSF B cells in virus-associated neuroinflammatory diseases

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007042 April 30, 2018 18 / 20

https://doi.org/10.1016/j.jneuroim.2008.07.020
http://www.ncbi.nlm.nih.gov/pubmed/18793806
https://doi.org/10.1038/nm0502-509
https://doi.org/10.1038/nm0502-509
http://www.ncbi.nlm.nih.gov/pubmed/11984596
https://doi.org/10.1212/01.wnl.0000251300.24540.c4
http://www.ncbi.nlm.nih.gov/pubmed/17224575
https://doi.org/10.1212/WNL.0000000000000560
http://www.ncbi.nlm.nih.gov/pubmed/24871874
http://www.ncbi.nlm.nih.gov/pubmed/22583435
https://doi.org/10.1016/S1474-4422(08)70192-3
http://www.ncbi.nlm.nih.gov/pubmed/18703007
https://doi.org/10.1177/1756285616666741
http://www.ncbi.nlm.nih.gov/pubmed/28450895
https://doi.org/10.1016/S1474-4422(10)70040-5
https://doi.org/10.1016/S1474-4422(10)70040-5
http://www.ncbi.nlm.nih.gov/pubmed/20298966
https://doi.org/10.1073/pnas.0402455101
http://www.ncbi.nlm.nih.gov/pubmed/15263096
https://doi.org/10.1093/brain/awh680
http://www.ncbi.nlm.nih.gov/pubmed/16280350
https://doi.org/10.1084/jem.20041674
http://www.ncbi.nlm.nih.gov/pubmed/15642740
http://www.ncbi.nlm.nih.gov/pubmed/10770798
https://doi.org/10.1038/35876
http://www.ncbi.nlm.nih.gov/pubmed/9486651
http://www.ncbi.nlm.nih.gov/pubmed/9463416
http://www.ncbi.nlm.nih.gov/pubmed/11104798
https://doi.org/10.1146/annurev-immunol-031210-101400
http://www.ncbi.nlm.nih.gov/pubmed/21314428
https://doi.org/10.1016/j.immuni.2010.12.012
https://doi.org/10.1016/j.immuni.2010.12.012
http://www.ncbi.nlm.nih.gov/pubmed/21215658
https://doi.org/10.4049/jimmunol.1002828
http://www.ncbi.nlm.nih.gov/pubmed/21471443
https://doi.org/10.1371/journal.ppat.1007042


HIV antibody responses. Immunity. 2013; 39(4):758–69. https://doi.org/10.1016/j.immuni.2013.08.031

PMID: 24035365; PubMed Central PMCID: PMCPMC3996844.

36. Romme Christensen J, Bornsen L, Ratzer R, Piehl F, Khademi M, Olsson T, et al. Systemic inflamma-

tion in progressive multiple sclerosis involves follicular T-helper, Th17- and activated B-cells and corre-

lates with progression. PLoS One. 2013; 8(3):e57820. https://doi.org/10.1371/journal.pone.0057820

PMID: 23469245; PubMed Central PMCID: PMCPMC3585852.

37. Tzartos JS, Craner MJ, Friese MA, Jakobsen KB, Newcombe J, Esiri MM, et al. IL-21 and IL-21 receptor

expression in lymphocytes and neurons in multiple sclerosis brain. Am J Pathol. 2011; 178(2):794–802.

https://doi.org/10.1016/j.ajpath.2010.10.043 PMID: 21281812; PubMed Central PMCID:

PMCPMC3032888.

38. Fan X, Jin T, Zhao S, Liu C, Han J, Jiang X, et al. Circulating CCR7+ICOS+ Memory T Follicular Helper

Cells in Patients with Multiple Sclerosis. PLoS One. 2015; 10(7):e0134523. https://doi.org/10.1371/

journal.pone.0134523 PMID: 26231034; PubMed Central PMCID: PMCPMC4521720.

39. Ettinger R, Sims GP, Fairhurst AM, Robbins R, da Silva YS, Spolski R, et al. IL-21 induces differentia-

tion of human naive and memory B cells into antibody-secreting plasma cells. J Immunol. 2005; 175

(12):7867–79. Epub 2005/12/13. PMID: 16339522.

40. Azimi N, Brown K, Bamford RN, Tagaya Y, Siebenlist U, Waldmann TA. Human T cell lymphotropic

virus type I Tax protein trans-activates interleukin 15 gene transcription through an NF-kappaB site.

Proc Natl Acad Sci U S A. 1998; 95(5):2452–7. Epub 1998/04/16. PMID: 9482906; PubMed Central

PMCID: PMC19372.

41. Mizuguchi M, Asao H, Hara T, Higuchi M, Fujii M, Nakamura M. Transcriptional activation of the inter-

leukin-21 gene and its receptor gene by human T-cell leukemia virus type 1 Tax in human T-cells. J Biol

Chem. 2009; 284(38):25501–11. Epub 2009/07/21. https://doi.org/10.1074/jbc.M109.010959 PMID:

19617351; PubMed Central PMCID: PMC2757951.

42. Siekevitz M, Feinberg MB, Holbrook N, Wong-Staal F, Greene WC. Activation of interleukin 2 and inter-

leukin 2 receptor (Tac) promoter expression by the trans-activator (tat) gene product of human T-cell

leukemia virus, type I. Proc Natl Acad Sci U S A. 1987; 84(15):5389–93. Epub 1987/08/01. PMID:

3037548; PubMed Central PMCID: PMC298861.

43. Cepok S, Jacobsen M, Schock S, Omer B, Jaekel S, Boddeker I, et al. Patterns of cerebrospinal fluid

pathology correlate with disease progression in multiple sclerosis. Brain. 2001; 124(Pt 11):2169–76.

PMID: 11673319.

44. Yamano Y, Araya N, Sato T, Utsunomiya A, Azakami K, Hasegawa D, et al. Abnormally high levels of

virus-infected IFN-gamma+ CCR4+ CD4+ CD25+ T cells in a retrovirus-associated neuroinflammatory

disorder. PLoS One. 2009; 4(8):e6517. https://doi.org/10.1371/journal.pone.0006517 PMID:

19654865; PubMed Central PMCID: PMCPMC2715877.

45. Araya N, Sato T, Ando H, Tomaru U, Yoshida M, Coler-Reilly A, et al. HTLV-1 induces a Th1-like state

in CD4+CCR4+ T cells. J Clin Invest. 2014; 124(8):3431–42. https://doi.org/10.1172/JCI75250 PMID:

24960164; PubMed Central PMCID: PMCPMC4109535.

46. Nagai M, Yamano Y, Brennan MB, Mora CA, Jacobson S. Increased HTLV-I proviral load and preferen-

tial expansion of HTLV-I Tax-specific CD8+ T cells in cerebrospinal fluid from patients with HAM/TSP.

Ann Neurol. 2001; 50(6):807–12. Epub 2002/01/05. PMID: 11761481.

47. Yamano Y, Takenouchi N, Li HC, Tomaru U, Yao K, Grant CW, et al. Virus-induced dysfunction of CD4

+CD25+ T cells in patients with HTLV-I-associated neuroimmunological disease. J Clin Invest. 2005;

115(5):1361–8. https://doi.org/10.1172/JCI23913 PMID: 15864353; PubMed Central PMCID:

PMCPMC1087174.

48. Kivisakk P, Mahad DJ, Callahan MK, Trebst C, Tucky B, Wei T, et al. Human cerebrospinal fluid central

memory CD4+ T cells: evidence for trafficking through choroid plexus and meninges via P-selectin.

Proc Natl Acad Sci U S A. 2003; 100(14):8389–94. Epub 2003/06/28. https://doi.org/10.1073/pnas.

1433000100 PMID: 12829791; PubMed Central PMCID: PMC166239.

49. Cepok S, Rosche B, Grummel V, Vogel F, Zhou D, Sayn J, et al. Short-lived plasma blasts are the main

B cell effector subset during the course of multiple sclerosis. Brain. 2005; 128(Pt 7):1667–76. Epub

2005/04/01. https://doi.org/10.1093/brain/awh486 PMID: 15800022.

50. Shapiro-Shelef M, Calame K. Regulation of plasma-cell development. Nat Rev Immunol. 2005; 5

(3):230–42. Epub 2005/03/02. https://doi.org/10.1038/nri1572 PMID: 15738953.

51. Montalban X, Hauser SL, Kappos L, Arnold DL, Bar-Or A, Comi G, et al. Ocrelizumab versus Placebo in

Primary Progressive Multiple Sclerosis. N Engl J Med. 2017; 376(3):209–20. https://doi.org/10.1056/

NEJMoa1606468 PMID: 28002688.

52. Tanaka Y, Takahashi Y, Tanaka R, Kodama A, Fujii H, Hasegawa A, et al. Elimination of human T cell

leukemia virus type-1-infected cells by neutralizing and antibody-dependent cellular cytotoxicity-

CSF B cells in virus-associated neuroinflammatory diseases

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007042 April 30, 2018 19 / 20

https://doi.org/10.1016/j.immuni.2013.08.031
http://www.ncbi.nlm.nih.gov/pubmed/24035365
https://doi.org/10.1371/journal.pone.0057820
http://www.ncbi.nlm.nih.gov/pubmed/23469245
https://doi.org/10.1016/j.ajpath.2010.10.043
http://www.ncbi.nlm.nih.gov/pubmed/21281812
https://doi.org/10.1371/journal.pone.0134523
https://doi.org/10.1371/journal.pone.0134523
http://www.ncbi.nlm.nih.gov/pubmed/26231034
http://www.ncbi.nlm.nih.gov/pubmed/16339522
http://www.ncbi.nlm.nih.gov/pubmed/9482906
https://doi.org/10.1074/jbc.M109.010959
http://www.ncbi.nlm.nih.gov/pubmed/19617351
http://www.ncbi.nlm.nih.gov/pubmed/3037548
http://www.ncbi.nlm.nih.gov/pubmed/11673319
https://doi.org/10.1371/journal.pone.0006517
http://www.ncbi.nlm.nih.gov/pubmed/19654865
https://doi.org/10.1172/JCI75250
http://www.ncbi.nlm.nih.gov/pubmed/24960164
http://www.ncbi.nlm.nih.gov/pubmed/11761481
https://doi.org/10.1172/JCI23913
http://www.ncbi.nlm.nih.gov/pubmed/15864353
https://doi.org/10.1073/pnas.1433000100
https://doi.org/10.1073/pnas.1433000100
http://www.ncbi.nlm.nih.gov/pubmed/12829791
https://doi.org/10.1093/brain/awh486
http://www.ncbi.nlm.nih.gov/pubmed/15800022
https://doi.org/10.1038/nri1572
http://www.ncbi.nlm.nih.gov/pubmed/15738953
https://doi.org/10.1056/NEJMoa1606468
https://doi.org/10.1056/NEJMoa1606468
http://www.ncbi.nlm.nih.gov/pubmed/28002688
https://doi.org/10.1371/journal.ppat.1007042


inducing antibodies against human t cell leukemia virus type-1 envelope gp46. AIDS Res Hum Retrovi-

ruses. 2014; 30(6):542–52. https://doi.org/10.1089/AID.2013.0214 PMID: 24524420.

53. Tangye SG, Ma CS, Brink R, Deenick EK. The good, the bad and the ugly—TFH cells in human health

and disease. Nat Rev Immunol. 2013; 13(6):412–26. Epub 2013/05/18. https://doi.org/10.1038/nri3447

PMID: 23681096.

54. Cubas RA, Mudd JC, Savoye AL, Perreau M, van Grevenynghe J, Metcalf T, et al. Inadequate T follicu-

lar cell help impairs B cell immunity during HIV infection. Nat Med. 2013; 19(4):494–9. Epub 2013/03/

12. https://doi.org/10.1038/nm.3109 PMID: 23475201; PubMed Central PMCID: PMC3843317.

55. Perreau M, Savoye AL, De Crignis E, Corpataux JM, Cubas R, Haddad EK, et al. Follicular helper T

cells serve as the major CD4 T cell compartment for HIV-1 infection, replication, and production. J Exp

Med. 2013; 210(1):143–56. Epub 2012/12/21. https://doi.org/10.1084/jem.20121932 PMID: 23254284;

PubMed Central PMCID: PMC3549706.

56. Pratama A, Vinuesa CG. Control of TFH cell numbers: why and how? Immunol Cell Biol. 2014; 92

(1):40–8. https://doi.org/10.1038/icb.2013.69 PMID: 24189162.

57. Pene J, Gauchat JF, Lecart S, Drouet E, Guglielmi P, Boulay V, et al. Cutting edge: IL-21 is a switch fac-

tor for the production of IgG1 and IgG3 by human B cells. J Immunol. 2004; 172(9):5154–7. Epub 2004/

04/22. PMID: 15100251

58. Waldmann TA. The biology of interleukin-2 and interleukin-15: implications for cancer therapy and vac-

cine design. Nat Rev Immunol. 2006; 6(8):595–601. Epub 2006/07/27. https://doi.org/10.1038/nri1901

PMID: 16868550.

59. Moens L, Tangye SG. Cytokine-Mediated Regulation of Plasma Cell Generation: IL-21 Takes Center

Stage. Front Immunol. 2014; 5:65. https://doi.org/10.3389/fimmu.2014.00065 PMID: 24600453;

PubMed Central PMCID: PMCPMC3927127.

60. De Castro-Costa CM, Araujo AQ, Barreto MM, Takayanagui OM, Sohler MP, da Silva EL, et al. Pro-

posal for diagnostic criteria of tropical spastic paraparesis/HTLV-I-associated myelopathy (TSP/HAM).

AIDS Res Hum Retroviruses. 2006; 22(10):931–5. Epub 2006/10/28. https://doi.org/10.1089/aid.2006.

22.931 PMID: 17067261.

61. Matsuura E, Nozuma S, Tashiro Y, Kubota R, Izumo S, Takashima H. HTLV-1 associated myelopathy/

tropical spastic paraparesis (HAM/TSP): A comparative study to identify factors that influence disease

progression. J Neurol Sci. 2016; 371:112–6. Epub 2016/11/23. https://doi.org/10.1016/j.jns.2016.10.

030 PMID: 27871430.

62. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al. Diagnostic criteria for multiple

sclerosis: 2010 revisions to the McDonald criteria. Ann Neurol. 2011; 69(2):292–302. Epub 2011/03/10.

https://doi.org/10.1002/ana.22366 PMID: 21387374; PubMed Central PMCID: PMCPMC3084507.

63. Berger JR, Aksamit AJ, Clifford DB, Davis L, Koralnik IJ, Sejvar JJ, et al. PML diagnostic criteria: con-

sensus statement from the AAN Neuroinfectious Disease Section. Neurology. 2013; 80(15):1430–8.

Epub 2013/04/10. https://doi.org/10.1212/WNL.0b013e31828c2fa1 PMID: 23568998; PubMed Central

PMCID: PMCPMC3662270.

64. Brunetto GS, Massoud R, Leibovitch EC, Caruso B, Johnson K, Ohayon J, et al. Digital droplet PCR

(ddPCR) for the precise quantification of human T-lymphotropic virus 1 proviral loads in peripheral

blood and cerebrospinal fluid of HAM/TSP patients and identification of viral mutations. J Neurovirol.

2014; 20(4):341–51. Epub 2014/05/02. https://doi.org/10.1007/s13365-014-0249-3 PMID: 24781526;

PubMed Central PMCID: PMC4085507.

CSF B cells in virus-associated neuroinflammatory diseases

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007042 April 30, 2018 20 / 20

https://doi.org/10.1089/AID.2013.0214
http://www.ncbi.nlm.nih.gov/pubmed/24524420
https://doi.org/10.1038/nri3447
http://www.ncbi.nlm.nih.gov/pubmed/23681096
https://doi.org/10.1038/nm.3109
http://www.ncbi.nlm.nih.gov/pubmed/23475201
https://doi.org/10.1084/jem.20121932
http://www.ncbi.nlm.nih.gov/pubmed/23254284
https://doi.org/10.1038/icb.2013.69
http://www.ncbi.nlm.nih.gov/pubmed/24189162
http://www.ncbi.nlm.nih.gov/pubmed/15100251
https://doi.org/10.1038/nri1901
http://www.ncbi.nlm.nih.gov/pubmed/16868550
https://doi.org/10.3389/fimmu.2014.00065
http://www.ncbi.nlm.nih.gov/pubmed/24600453
https://doi.org/10.1089/aid.2006.22.931
https://doi.org/10.1089/aid.2006.22.931
http://www.ncbi.nlm.nih.gov/pubmed/17067261
https://doi.org/10.1016/j.jns.2016.10.030
https://doi.org/10.1016/j.jns.2016.10.030
http://www.ncbi.nlm.nih.gov/pubmed/27871430
https://doi.org/10.1002/ana.22366
http://www.ncbi.nlm.nih.gov/pubmed/21387374
https://doi.org/10.1212/WNL.0b013e31828c2fa1
http://www.ncbi.nlm.nih.gov/pubmed/23568998
https://doi.org/10.1007/s13365-014-0249-3
http://www.ncbi.nlm.nih.gov/pubmed/24781526
https://doi.org/10.1371/journal.ppat.1007042

