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Abstract

Patients with the autoimmune disease multiple sclerosis (MS) typically present with the clinically 

isolated syndromes (CIS) transverse myelitis (TM) or optic neuritis (ON). B-cell disturbances 

have been well documented in patients with MS and CIS patients with ON, but not in CIS patients 

with TM, despite the fact that these patients have the worst clinical outcome of all CIS types. The 

goal of this study was to characterize the B-cell populations and immunoglobulin genetics in TM 

patients. We found a unique expansion of CD27high plasmablasts in both the cerebrospinal fluid 

and periphery of TM patients that is not present in ON patients. Additionally, plasmablasts from 

TM patients show evidence for positive selection with increased somatic hypermutation 

accumulation in VH4+ B cells and receptor editing that is not observed in ON patients. These 

characteristics unique to TM patients may impact disease severity and progression.
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INTRODUCTION

Patients who present with a first demyelinating attack are diagnosed with clinically isolated 

syndrome (CIS), which places them at high risk to develop multiple sclerosis (MS), an 

autoimmune inflammatory disease of the central nervous system characterized by the 

demyelination of axons and the formation of lesions.1–5 The most common presentations are 

optic neuritis (ON) and transverse myelitis (TM).6 ON is characterized by visual 

impairments due to demyelination of the optic nerve.7 TM symptoms involve weakening of 

limbs or sensations of numbness due to demyelination occurring across short segments of 

the spinal cord.8 Patients who present with either ON or TM have a high risk of converting 

to MS, but current risk stratification approaches depend on brain MRI (magnetic resonance 

imaging) findings. Compounding the importance of early and accurate diagnosis are the data 

suggesting that earlier treatment delays the progression of disease and accruement of 

disability.9,10 The presence of lesions in the brain of TM patients also increases the risk of 

conversion to MS11 and these patients typically have a faster occurrence of a second attack 

than ON patients.6,12 Additionally, ON patients have better long-term prognosis than other 

presentations, including TM.7,12,13 Differences in progression to clinically definite MS and 

location of initial lesions between ON and TM patients may suggest different underlying 

biology. One possible difference could be variations in the composition of lymphocytes 

involved in the autoimmune pathology associated with these disease presentations.

B cells have been implicated in the pathogenesis of MS,5,14–25 highlighted by the finding 

that rituximab, a B-cell-depleting agent, can decrease brain inflammation in MS 

patients.26–28 Of particular interest are plasmablasts, a B-cell subset that is indentified by 

high CD27 expression.29 An abnormal expansion of CD27high plasmablasts has been 

documented in the afflicted compartments of several autoimmune diseases, such as 

rheumatoid arthritis,30 Sjogren’s,31 systemic lupus erythematosus,32 neuromyelitis optica 

(NMO),33 ankylosing spondylitis34 and pediatric ulcerative colitis.35 In addition, patients 

with active systemic lupus erythematosus have greater counts of CD27high plasmablasts in 

the periphery than in healthy controls (HCs) or patients with inactive disease,32,36–39 

suggesting these expanding plasmablasts may be contributing to damage associated with 

these autoimmune diseases.

As patients presenting with TM have a worse prognosis than patients presenting with 

ON,6,7,13 we hypothesized that the plasmablast subset would be expanded in TM patients 

and, subsequently, that the antibody genetics of TM patients would demonstrate 

irregularities. To test this hypothesis, we characterized subpopulations and antibody genetics 

of B cells in the cerebrospinal fluid (CSF) and peripheral blood of patients experiencing 

their first TM event. Interestingly, TM patients could be segregated into two groups based 

on the percentage of CD19+CD27high B cells in either the blood or CSF, which was not seen 

in ON patients. This increase in CD27high plasmablasts in TM patients who have the worst 

clinical prognosis parallels with what is seen in other autoimmune disorders. In addition, we 

found abnormal antibody gene distribution and mutation patterns in the CD27high 

plasmablasts isolated from the periphery of TM patients that are absent from the CD27+ 

memory B cells from the same patients.
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RESULTS

A subset of TM patients have an expanded plasmablast compartment

Initial characterization of lymphocyte (CD45+), CD4+ T cell, CD8+ T cell, CD19+ B cell 

and CD138+ plasma cell percentages and absolute numbers were similar in ON and TM 

patients in both the CSF and peripheral blood compartments (Supplementary Table S1). The 

percentages and absolute numbers of CD27−naive B cells and CD27+ memory B cells were 

also similar between ON and TM patients, regardless of compartment (Supplementary Table 

S1). Additionally, the ratios of CD4:CD8 T cells and naive: memory B cells were also 

similar between ON and TM patients in both the CSF and peripheral compartments 

(Supplementary Table S1).

In contrast, a subset of TM patients demonstrated an expansion of the plasmablast B-cell 

pool identified by high expression of CD27 (Figure 1e) in both the CSF (Figure 1a) and 

peripheral blood (Figure 1b) compared with ON patients. Therefore we stratified TM 

patients into TMA (Above) and TMB (Below) patient subsets. This analysis demonstrated 

that 41% (9/22) of TM patients had an expansion of plasmablasts in the CSF and 45% 

(10/22) of TM patients had an expansion of plasmablasts in the periphery (Supplementary 

Table S2). Additionally, the absolute plasmablast cell numbers per milliliter were 

significantly higher in TMA patients compared with TMB patients in both the compartments 

(CSF: 132.3 vs 2.4 cells ml−1, P = 0.004; Blood: 6580 vs 453.4 cells ml−1, P = 0.014; 

Figures 1c and d). In fact, the plasmablast pool was expanded 55-fold in the CSF and 14.5-

fold in the periphery of TMA patients. Of the nine TMA patients with plasmablast 

expansion in their CSF, seven of them also had plasmablast expansion in the periphery 

(Supplementary Table S2). This suggests that abnormal plasmablast expansion can be 

detected in the periphery of some TM patients.

We also analyzed the percentage of CD27high plasmablasts present in nine patients with 

paraneoplastic disease (PND), another neuroinflammatory disease group. PND patients also 

have characteristic high levels of various autoantibodies and expansion of CSF B cells,40–42 

and thus could potentially have elevated levels of plasma cells or plasmablasts. Eight of the 

PND patients had a mean of 0.050% CD27high plasmablasts within the blood that falls 

below the TMA threshold (data not shown). One of the patients had a significant elevation 

of plasmablasts in the blood that may be due to the patient having a possible lymphoma. 

None of the nine PND patients had elevated CD27high plasmablast levels within the CSF 

compartment with the mean being 0.051% (data not shown). In both the blood and CSF 

compartments, there is no evidence of elevated plasmablast levels in PND patients.

Due to the increase in plasmablasts in TMA patients, we reasoned that the CSF 

immunoglobulin (Ig) synthesis rate (mg per 24 h) and the CSF Ig index could be affected. 

Despite the increased plasmablast frequency in the CSF, there was no correlation of these 

two clinical markers with plasmablast expansion (Supplementary Table S3). There were also 

no correlations with age at the time of sampling for any of the patient groups (Table 1). 

However, there was a positive correlation of peripheral plasmablast expansion with the 

length of time TMA patients remained untreated for their disease (R = 0.67, P = 0.034) 

(Table 1). ON and TMB patients did not have this correlation.

Ligocki et al. Page 3

Genes Immun. Author manuscript; available in PMC 2015 February 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Increased VH4 usage and mutation accumulation in CSF repertoires

As TMA patients had elevated plasmablasts in the CSF, we reasoned that the B-cell 

repertoires of this subgroup would display skewing of the antibody repertoire. Previous data 

from our group and others demonstrates that CSF-isolated B cells from MS and ON patients 

often display enrichment of VH4 antibody genes that is not observed in peripheral memory 

B-cell populations of HC donors.43–49 Indeed, the TMA and TMB patient subgroups were 

enriched for VH4+ B cells in the CSF as observed in established MS patients (MS: 38.84%, 

TMA: 43.86%, TMB: 30.59%; Figure 2a). ON patients displayed a further expansion of 

VH4 usage compared with MS patients (ON: 49.32%, P = 0.032; Figure 2a). VH3 usage by 

MS and all CIS patient subgroups was similar to that observed in the periphery of HC 

subjects (data not shown).

Accumulation of somatic hypermutations (SHMs) into antibody genes is a second method to 

determine whether particular B cells are being selected in a repertoire and driven by antigen. 

To determine whether B cells expressing VH4 genes were being selected at this level in ON, 

TMA and TMB patients, we calculated mutation frequencies (MFs) of VH3+ B cells and 

compared them with MFs of VH4+ B cells (Figure 2b). As expected, we found that the 

VH4+ B cells from the CSF of MS patients accumulate more mutations when compared with 

VH3+ B cells from the same patients (Figure 2b). VH4+ B cells from the CSF of CIS 

patients also accumulate more mutations when compared with VH3+ B cells from the same 

patients (Figure 2b). This positive selection of VH4+ B cells was also evident independently 

in each CIS patient subtype: ON, TMA and TMB (Figure 2b). Preferential accumulation of 

mutations in VH4+ B cells in the CSF compartment is a shared characteristic across all the 

disease groups.

Positive selection of CSF VH4+JH4+ B cells is not maintained in TMA

A characteristic of typical selection is the preferential usage of JH4 segments over JH6 

segments in the memory B-cell antibody repertoire.50 All patient groups had a 1.5–3-fold 

increased usage of JH4 segments compared with JH6 in the VH4+ B-cell pool (Figure 2c). 

In addition, VH4+ B cells from MS, CIS, ON and TMB patients utilizing JH4 segments had 

higher MFs than VH4+ B cells utilizing JH6 segments (Figure 2d). However, VH4+ B cells 

from TMA patients using JH4 segments had equal MFs compared with those using JH6 

segments (Figure 2d). TMA patients had more VH4+JH4+ B cells (Figure 2c), but they are 

not selected relative to the VH4+JH6+ B cells (Figure 2d).

CSF VH4+ B cells have similar complementarity determining region 3 (CDR3) charge and 
length

Self-reactive B cells from HC donors emerge from the bone marrow with an enrichment of 

positively charged CDR3 residues in their VH genes51 and VH receptor editing favors the 

addition of positively charged arginines in the CDR3.52 Following peripheral selection, 

enrichment of positively charged CDR3 residues is diminished. To address whether VH4+ B 

cells from these groups displayed selection at this level, we calculated the overall charge of 

the CDR3 segments of VH4+ B cells from MS patients and compared them with the CIS, 

ON, TMA and TMB patient subgroups. As expected, none of the patient groups were 

enriched for positively charged residues in the VH4+ B-cell pool (Figure 2e). The VH4+ B-
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cell pool from MS patients trended towards accumulating more negative charges in the 

CDR3, but this did not reach statistical significance.

We reasoned that if VH4+ B cells from the patient subgroups were undergoing selection 

typical of what occurs in the germinal center, bias for productive sequences with short 

CDR3 lengths53,54 would also be intact, as they are in MS and CIS patients. CDR3 length 

analysis was also important because receptor editing can elongate the VH CDR3 region.52 

To address this, we calculated the CDR3 length of VH4+ B cells from the CSF of MS 

patients and compared it with the CDR3 length of VH4+ B cells from CIS, ON, TMA and 

TMB patients. In all the cases, the CIS as a whole and the CIS patient subgroups had similar 

CDR3 lengths in comparison to VH4+ B cells from established MS patients (Figure 2f).

Decreased VH1 usage and mutation accumulation in TMA and ON

CIS patients and the ON, TMA and TMB patient subgroups had enrichment of VH4+ B cells 

similar to MS patients, as described above. The VH1 family also displayed variation in 

usage across the patient repertoires. The ON and TMA patient subgroups displayed a 

decrease in VH1+ B cells as compared with MS patients (MS: 23.85%, ON: 4.73% P < 

0.0001, TMA: 16.84% P = 0.032; Figure 3a). TMB patients had a similar VH1+ B-cell 

frequency compared with MS patients (TMB: 29.41%) (Figure 3a).

MS patients had an increase of SHM accumulation in the VH1+ B cells when compared with 

the VH3+ B cells (Figure 3b), indicating that, in addition to selection of VH4+ B cells, VH1+ 

B cells were also selected over VH3+ B cells. TMB patients did not differ from MS patients 

in VH1 gene usage (Figure 3a) but displayed positive selection of VH1+ B cells over VH3+ 

B cells as measured by SHM accumulation (Figure 3b). ON and TMA patients had the 

lowest VH1 usage (Figure 3a) and similar SHM accumulation in the VH3+ and VH1+ B 

cells (Figure 3b), indicating a lack of positive selection for VH1+ B cells in these patient 

groups.

Positive selection of CSF VH1+JH6+ B cells in TMA

JH4 usage was similar to MS patients in the VH1+ B cells of the CIS, ON, TMA and TMB 

patient subtypes (Figure 3c). SHM accumulation in VH1+ B cells from MS, CIS, ON and 

TMB patients using JH4 segments was either greater or equal to SHM accumulation in 

VH1+ B cells using JH6 segments (Figure 3d), similar to what was found in the VH4+ B-cell 

pool. In contrast, SHM accumulation in VH1+ B cells from TMA patients using JH6 

segments was higher than VH1+ B cells using JH4 segments (P = 0.001; Figure 3d).

CSF VH1+ B cells have similar CDR3 charge and length except TMB

The VH1+ B-cell pools were not enriched for positively charged residues in MS and CIS 

patients (Figure 3e), as was observed in the VH4+ B-cell pool (Figure 2e). However, there 

was a significant accumulation of negative charges in the CDR3s of the VH1+ B cells in 

TMB patients when compared with MS patients (Figure 3e). As with the VH4+ B cells, there 

were no statistically significant differences in CDR3 lengths for VH1+ B cells in the TMA 

and ON patient groups (Figure 3f).
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Increased VH4 mutation accumulation in peripheral B-cell repertoires of TMA

As 41% of TM patients had an enrichment of peripheral CD27high plasmablast B cells, we 

next focused on determining whether the antibody repertoires from peripheral plasmablast B 

cells of these patients also demonstrated skewing of their antibody gene repertoire 

characteristics. To do this, we sorted memory (TMA-CD27+) and plasmablast (TMA-

CD27high) B cells from the peripheral blood of four TMA patients. A MS peripheral blood 

database was used to determine antibody repertoire differences in established disease 

compared with the initial clinical stage. As expected, VH4+ CD27+ memory B cells were 

expanded in the periphery of MS patients compared with the HC (HC: 19.35%; MS: 

36.21%, P = 0.007; Figure 4a). The frequency of peripheral VH4+ plasmablasts in TMA 

patients (23.77%) was also similar to HC subjects (19.35%; Figure 4a), but the frequency of 

peripheral memory B cells in TMA patients demonstrated an increased frequency of VH4+ 

B cells (28.99%, P = 0.027) but not to the extent observed in MS patients.

Next, we assessed the selection of VH4+ B cells by measuring the accumulation of SHMs. 

As expected, there was no SHM accumulation in VH4+ B cells from HCs, as their MF was 

similar to the MF of VH3+ B cells (Figure 4b). Positive selection for VH4+ B cells was 

observed in the periphery of MS patients (Figure 4b) similar to VH4+ B cells in the CSF of 

MS patients. Interestingly, the non-expanded VH4+ plasmablasts from the same patients 

(Figure 4a) had an increased MF compared with VH3+ plasmablasts from the same patients 

(Figure 4b). The expanded peripheral VH4+ memory B cells (Figure 4a) also had increased 

MF compared with VH3+ memory B cells from the same patients (Figure 4b). The 

peripheral memory B cells and CD27high plasmablasts from early TM disease shared the 

VH4+ dysregulation observed in CSF memory B cells from established MS patients.

Positive selection of peripheral VH4+JH6+ B cells only in plasmablasts

VH4+ B cells from HC subjects use JH4 segments more frequently than JH6 segments, and 

VH4+JH6+ B cells from HCs displayed higher SHMs than VH4+JH6+ B cells from HCs 

(Figure 4c and d). In contrast, VH4+ B cells from MS patients used JH6 segments 

approximately twofold more frequently than JH4 segments (Figure 4c) but did not display 

higher SHMs than VH4+ B cells using JH4 segments (Figure 4d). The VH1+ B cells from 

MS patients also utilized JH6 segments more, and these were positively selected over JH4 

segments in addition to accumulating significant positive charge (Supplementary Figure S1). 

Similar to the CSF VH4+ B-cell patient groups, the peripheral blood VH4+ repertoires did 

not have any difference in CDR3 charge (Figure 4e) or length (Figure 4f). Contrary to the 

trend towards more JH4 usage in the TMA memory B-cell pools, the plasmablast B-cell 

pools from TMA patients using VH4 genes had an increased trend towards JH6 usage, but 

this did not reach significance. Nevertheless, the VH4+JH6+ plasmablast B-cell pool 

preferentially accumulated SHMs compared with the VH4+JH4+ plasmablast B-cell pool 

from the same TMA patients (VH4+JH4+: 6.27% vs VH4+JH6+: 9.40%, P = 0.001; Figure 

4d). Peripheral VH4+ memory B cells from TMA patients did not demonstrate this level of 

selection (VH4+JH4+: 6.22% vs VH4+JH6+: 6.57%, P = 0.611) (Figure 4d). This depth of 

selection in TMA patients was unique to VH4+ peripheral CD27high plasmablasts, as no 

selection was observed for VH1+ peripheral CD27high plasmablasts from TMA patients 

(Supplementary Figure S1).
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DISCUSSION

Patients with high risk to convert to MS present with lesions at two different anatomical 

locations: the optic nerve and the spinal cord. Patients afflicted with TM (lesions in the 

spinal cord) tend to have worse clinical prognosis than ON (lesions in the optic nerve) if 

they convert to MS.7,12 CIS patients have higher CSF cell counts than patients with 

established MS,55 which may indicate that lymphocytes circulate more readily in the central 

nervous system during the highly inflammatory state of the early acute disease. In fact, 

although B cells are rare in the CSF of normal HC donors,56,57 MS patients undergoing an 

attack have an expansion of memory B cells in the CSF24 and a contraction of memory B 

cells in the periphery.58 This suggests that B cells are recruited to the CSF from the 

periphery in these patients, and recent data underscore this possibility.59

One of the goals of this study was to determine whether there are any irregularities in the B-

cell subpopulations of TM patients compared with ON patients. We found that a subset of 

TM patients, termed the TMA patient subgroup, had a unique expansion of CD27high 

plasmablasts in the CSF. The majority of these TMA patients also demonstrated an 

expansion of plasma-blasts in the periphery. Expansion of plasmablasts was not observed in 

any of the ON patients in either compartment. The frequency of CD27high plasmablasts is 

elevated in several autoimmune diseases30,31,34,35 and occurs in the diseased tissues where 

the putative autoantigens are present.

Clinical evidence of plasmablast activity has been found in patients with NMO,60 

rheumatoid arthritis30,61 and systemic lupus erythematosus37,39,62,63 who receive the B-cell-

depleting agent rituximab and are more likely to relapse early if their memory B cells, and 

more importantly their CD27high plasmablasts, return earlier. In addition, mRNA from 

rheumatoid arthritis patients who are non-responsive to rituximab treatment demonstrate 

increases in mRNA markers of plasmablasts.61 NMO patients who are positive for anti-

aquaporin-4 IgG have increased plasmablasts in the periphery, which are further increased 

during a relapse.33 Indeed, one of the TMA patients in this present study was diagnosed with 

NMO and had a high frequency of plasmablasts in both the CSF and periphery. All the 

remaining TMA patients tested negative for the NMO diagnostic anti-aquaporin-4 IgG 

reactivity and are at high risk to convert to MS. All these data suggest that the re-emergence 

of symptoms in autoimmune diseases may be marked or potentially caused by an abnormal 

increase in CD27high plasmablasts. Future studies may find this expansion in additional 

autoimmune diseases in which humoral immunity is a component of the pathology.

Furthermore, plasmablasts are correlated with neuroinflammatory disease activity as 

evidenced by MRI of MS patients.64 Treatment with natalizumab, which blocks the entry of 

cells into the CNS through VLA-4, was effective in MS patients if they had lower levels of 

CSF plasmablasts before treatment and maintained low levels post treatment.65 Other 

studies have found that during a MS relapse, memory B cells are readily recruited to the 

CSF,58,66 possibly through a VLA-4 dependent mechanism, as memory B cells67 and 

plasmablasts67,68 express high levels of VLA-4. Trafficking of B cells may be an early 

disease step, as CIS patients have higher levels of VLA-4 on their transitional B cells than is 

observed in MS patients.69 Such an initial step would enable B cells to enter the CNS, 
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encounter their autoantigen and undergo germinal center-like reactions as evidenced by 

SHM accumulation and altered selection of VH genes.

We were surprised to find that the CD27high plasmablast expansion could also be detected in 

the periphery of many TMA patients, as the pathology of the disease is confined to the CNS. 

The detection of these plasmablasts in the periphery at this early stage of disease may be due 

to the activation of B cells in the periphery before migration into the CNS where they 

participate in the formation of ectopic germinal centers.70,71 Alternatively, this activation 

could occur in the CSF compartment, leading to cell migration into the periphery. Unlike 

plasma cells, plasmablasts are quite motile,72 but their travel direction in TM patients is 

unknown from this current study. The occurrence of peripheral expansion of plasmablasts 

found in TM patients is unique to this particular CIS presentation of an early stage of the MS 

disease course.

We also found that the percentage of CD27high plasmablasts in the periphery of the TMA 

group increased the longer the patient had been untreated. This may reflect an accumulation 

of over-activated B cells, which develop into plasmablasts in a state of extended 

neuroinflammation. Presumably, lack of treatment can prolong the immune response time to 

the triggering antigen(s), and the resulting potent inflammatory milieu may promote aberrant 

cell activation. This correlation was not seen in the CSF compartment, possibly due to 

plasmablasts entering niches in the inflamed tissue72 or exiting back into the periphery over 

time after expanding in the CSF.

Next, we analyzed the patient B-cell repertoires for distinctions in antibody genetics. VH4+ 

B cells were expanded in the CSF of all the patients experiencing both acute (CIS) and 

chronic (MS) neuroinflammation, which corroborates previous findings.45,46,49 

Interestingly, CSF B cells from ON patients had the greatest enrichment of VH4 gene usage 

and the greatest contraction of VH1 gene usage among the examined patient groups. In 

addition to the expansion of VH4 genes in the CSF of MS and CIS patients, there was 

evidence of positive selection of these VH4+ B cells in the CSF of MS and CIS patients. 

This aberrant selection of VH4+ B cells in the CSF was also observed at the early stages of 

disease represented by the ON, TMA and TMB patient subgroups.

In contrast, VH4+ gene usage was not increased in peripheral CD27high plasmablasts from 

TMA patients. However, SHM accumulation in peripheral VH4+ plasmablasts was 

extensive in comparison to VH3+ plasmablasts in TMA patients. Furthermore, the VH4+ 

plasmablasts using JH6 segments accounted for this depth of SHM accumulation. VH1+ 

plasmablasts from the same TMA patients did not demonstrate this level of selection. Taken 

together, these data suggest that within the peripheral CD27high plasmablast pool of TMA 

patients, there is a subgroup of VH4+ plasmablasts enriched for JH6 segment use that are 

undergoing affinity maturation at a faster rate than their VH4+ counterparts that utilize JH4 

segments.

High JH6 usage is an indicator of VH receptor editing, which is a process that is estimated 

to occur in 5–10% of healthy B-cell pools.52,73 Autoreactive B cells often demonstrate 

skewing to JH6 segment use but do not typically accumulate mutations at a high rate as their 
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selection has been arrested due to self-reactivity.74 Yet the VH4+ plasmablasts in the 

periphery of TMA patients using JH6 segments are accumulating SHMs at a higher rate than 

the VH4+JH4+ plasmablasts from the same patients. This suggests that the peripheral 

plasmablast B-cell pool of TMA patients is both antigen driven and undergoing VH receptor 

editing in the periphery of TM patients. B cells from ectopic germinal centers of rheumatoid 

arthritis patients have also demonstrated this phenomenon.75 Interestingly, we also see 

evidence of VH receptor editing in VH4+ and VH1+ B-cell pools from the periphery of 

established MS patients. Peripheral B cells from MS patients had a skewed ratio of JH4:JH6 

in both the VH4+ and VH1+ B-cell pools due to a significant increase of the JH6 segment 

usage and accumulation of SHMs but lack the intensity of SHM selection and receptor 

editing demonstrated only in the VH4+JH6+ plasmablasts from TMA patients.

We were interested in whether we could find genetic evidence of these VH4+JH6+ 

plasmablasts with high SHMs in the CSF of these TMA patients. Our data suggest that they 

are not accumulating as VH4+ B cells from the CSF of TMA patients that utilize JH6 

segments do not accumulate SHMs to a greater extent than JH4 segment-using VH4+ B cells 

from the same patients. Instead, there was no selection between VH4+JH4+ and VH4+ JH6+ 

B cells in the CSF of TMA patients. However, it is possible that they reside within the brain 

tissue and are not found circulating in the CSF as readily as their memory B-cell 

counterparts. In either case, receptor editing is not prominent in the CSF B-cell compartment 

of these groups.

In conclusion, we have found a unique phenotype of expanded plasmablasts in a subset of 

TM patients which is not observed in ON patients. These cells exhibit evidence of heavy 

chain receptor editing through positive selective pressure of VH4+JH6+ B cells. 

Additionally, this plasmablast expansion amplifies in the periphery proportionally with time 

to clinical visit, suggesting that chronic untreated neuroinflammation can expand the VH4+ 

plasmablasts in these patients. Receptor editing may be a driving force contributing to JH6 

selection in the periphery but is a mechanism absent in the CSF compartment where disease 

pathology is localized and autoreactive B cells continue to expand. Perhaps, this expansion 

of abnormally selected plasmablasts at the early stage of TM affects the course of 

neuroinflammation in these patients.

MATERIALS AND METHODS

Patient description and sample acquisition

CSF was obtained by lumbar puncture and peripheral blood by venipuncture on the same 

day from patients recruited to be in the study at UT Southwestern Medical Center 

(UTSWMC) in accordance with the UTSWMC Institutional Review Board (IRB). This 

study includes samples from 11 patients who presented with ON and 22 patients who 

presented with TM. Of the 11 ON patients,1 of them had definite MS at the time of 

sampling. The remaining 10 ON patients were defined as CIS with ON. Of the 22 TM 

patients, 2 of them had definite MS at the time of sampling. The remaining 20 TM patients 

were defined as CIS with TM.
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None of the patients had received immunomodulatory agents for at least 1 month before 

lumbar puncture. The peripheral blood cells were centrifuged after being underlaid with a 

polysaccharide ficoll gradient that collects the mononuclear cells in a separate layer; the 

cells were then washed, counted, stained with fluorescently labeled antibodies and sorted for 

single CD19+ B cells through a CD45+ lymphocyte gate. CSF cells were collected as a pellet 

after centrifugation, washed, counted, stained with fluorescently labeled antibodies and 

sorted for single CD19+ B cells through a CD45+ lymphocyte gate. A second blood sample 

was obtained from four TMA patients, and these were sorted using CD19 and CD27 as 

markers in the CD45+ lymphocyte gate to separate the CD19+ CD27+ memory B cell and 

the CD19+ CD27high plasmablast populations.

Clinical information from CSF diagnostic tests (CSF Ig synthesis rate and CSF Ig index), as 

well as patient age and disease duration at the time of lumbar puncture sampling, were 

obtained in accordance with the UTSWMC IRB. At the time of publication, four of the CIS 

with ON patients had converted to MS. Of the 20 CIS with TM patients, 6 had converted to 

MS, 1 had converted to PPMS and 1 had converted to NMO. Of the nine TM patients 

defined as TMA based on CSF CD27high percentages, one was NMO anti-aquaporin-4 IgG 

positive, while the remaining eight TMA patients were NMO anti-aquaporin-4 IgG negative 

and are thus at high risk to convert to MS.

Flow cytometry analyses

Data were collected and sorts were performed on either the BD FACSAria flow cytometer 

(Becton Dickinson, San Jose, CA, USA) or the MoFlo High-Performance Cell Sorter 

(Cytomation, Ft Collins, CO, USA). During the sort, flow cytometry data were collected, in 

conjunction with single cell sorting, to measure expression of lymphocyte and B-cell 

markers of interest as previously described.49 All fluorescently labeled monoclonal 

antibodies were obtained from BD Biosciences (Becton Dickinson). Events were analyzed 

with Flowjo Software (Treestar, Ashland, OR, USA). Cells were gated on live cells and 

single cells based on FSC × SSC (forward light scatter × sideward light scatter) 

characteristics. A CD45+ lymphocyte gate was created, and all cell population analyses were 

conducted within this gate.

Single-cell PCR

After the single cell sort and cell lysis, a primer extension preamplification was used to 

amplify the original genomic DNA for the MS patient samples.48 The original mRNA was 

reverse transcribed into cDNA for the CIS patient samples in a similar manner as previously 

described.76 Nested PCR was then performed to further amplify the Ig heavy chain sequence 

rearrangement in each B cell as described by our group.48 The PCR products were purified, 

sequenced, catalogued and analyzed for gene and mutation characteristics as described 

below.

Identification of VH and JH genes

Germline rearrangements were inferred using the IMGT/V-QUEST Ig blasting tool (http://

www.imgt.org/IMGT_vquest/share/textes/).77 Sequences were analyzed and compiled into 

databases containing VH gene, JH gene, CDR3 amino-acid sequence and mutation 
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information using a Perl program developed at UTSWMC78 that utilizes the IMGT/V-

QUEST tool as a basis for extracting the sequence information. Sequences with o85% 

homology to their VH germline gene segment were dismissed to avoid introducing potential 

VH gene miscalls into the databases.

Designation of TMA and TMB CIS patient subgroups

The CIS database was divided into three groups by the initial clinical presentation of 

disease. The ON group (n = 11) presented with ON and the TM group (n = 22) presented 

with TM, which was further divided into TMA (Above) and TMB (Below) based on the 

percentage of CD19+ CD27high cells determined by flow cytometry (Figure 1). The 

threshold for being in the TMA group was determined by calculating the mean percentage of 

CD19+ CD27high plasmablasts in ON patients and adding two s.e.m. Patients whose 

percentage fell below this threshold were designated TMB and those whose percentage fell 

above this threshold were designated TMA. This grouping was done separately for both the 

peripheral and CSF compartments (see Figure 1c and d for patient numbers per group for 

each compartment).

Database generation

VH Ig sequence information from singly sorted B cells was generated using the 

aforementioned IMGT/V-QUEST and UTSWMC Perl program. Only sequences that were 

productive were included for analysis. Sequences were considered productive provided that 

codon 103, the beginning of framework region 4, remained in frame and no stop codons 

were inserted throughout the length of the V gene. Of the productive sequences, those which 

contained ⩾2 nucleotide mutations were designated as antigen experienced and were 

included for further study. This was done to ensure that comparisons could be made to the 

HC database, which does not exhibit enrichment for memory cells like the diseased 

repertoires.

The HC peripheral blood database was obtained from previous publications using similar 

single-cell sequencing methodologies and consists of 217 antibody rearrangements.79,80 The 

MS database from CSF consists of CD19+ B-cell antibody rearrangements collected from 

327 CSF CD19+ B cells isolated from 10 relapsing-remitting MS and 1 primary progressive 

MS patient. The MS database from peripheral blood consists of 58 peripheral CD19+ B cells 

from four of the MS patients. The CIS database consists of 518 CD19+ B-cell antibody 

rearrangements from six ON and 11 TM patients. This was divided into the CIS subgroups 

ON (six patients, 148 sequences), TMA (six patients, 285 sequences) and TMB (five 

patients, 85 sequences). The peripheral TMA databases consist of 169 CD19+ CD27+ 

memory B cells and 223 CD19+ CD27high plasmablasts from 4 TMA patients.

VH rearrangement read length determination and MF

The Kabat codon numbering system was used,81 and the IMGT/V-QUEST definitions 

present in the blast outputs were converted to Kabat numbering by the aforementioned Perl-

based program (with in-house modifications). VH read length was defined as the number of 

nucleotides from codon 31 to 92 (complementarity determining regions (CDRs) 1 and 2, 
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framework regions (FRs) 2 and 3). The 3’ end of the V gene segment was defined as codon 

92 and the CDR3 read contained codons 93–102.

MF was determined by dividing the number of mutations in a given germline VH 

rearrangement between codons 31 and 92 by the number of nucleotides in that region. For 

example, a sequence of 206 nucleotides with 1 mutation would have a MF of 1/206 or 

0.48%, which can be translated into 99.52% identical to the germline variable gene. FR 1 

codons were not included in the analysis.

CDR3 length and charge determination

CDR3 length begins at codon 93 within the V gene, extends through the D segment and ends 

at codon 102 of the JH segment, as defined by Kabat.81 CDR3 charge was calculated by 

translating the CDR3 nucleotide sequence into the corresponding amino acids and summing 

the charges, counting each arginine (R) and lysine (K) as a positive one charge, and each 

aspartic acid (D) and glutamic acid (E) as a negative one charge. Histidine was not included 

because it holds relatively no charge at physiological pH.82 This calculation was done using 

the Perl program developed at UTSWMC.

Statistical analyses

Cell population frequencies, VH and JH gene usages, MF and JH4:JH6 ratio were compared 

using Chi-square analysis. CDR3 lengths and charge were compared using the Student’s t-

test. Pearson’s correlation was used to compare the plasmablast numbers and percentages to 

patient clinical measures. P-values ⩽0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Percentage of CD27high B cells in CSF (a) and peripheral blood (b) of patients initially 

presenting with ON or TM. The TM patients were segregated into two groups: TMA 

(Above) and TMB (Below) using the mean of the ON group plus 2 s.e.m. as cutoff criteria. 

This was done separately for both the CSF (c) and the peripheral blood (d) compartments. 

Bars shown in the plots are the means with s.e.ms. The mean, s.e.m. and N are shown below 

each respective group. Additionally, the average cells ml−1 in each group for (c) and (d) are 

also shown below. Representative flow plots for the gating of CD19+ CD27 naive B cells, 

CD19+ CD27+ memory B cells and CD19+ CD27high plasmablasts are shown in a TM and 

ON patient CSF (e).
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Figure 2. 
Gene and mutation characteristics of VH4+ B cells in the CSF. All data in (a–f) are shown 

for each of the five patient groups, indicated above (a) and (b). The panels are: percentage 

of VH4 family gene usage out of the entire VH repertoire, with the dotted line representing 

VH4% in the HC peripheral repertoire (a), MFs of VH4+ B cells compared with VH3+ B 

cells within the same group (b), ratio of JH4:JH6 gene segment usage with the dotted line 

representing JH4:JH6 in the HC peripheral repertoire (c), MF of VH4+JH4+ B cells 

compared with VH4+JH6+ B cells within the same group (d), mean CDR3 charge (e) and 
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mean CDR3 amino-acid length (f). P-values were calculated using a Chi-square analysis for 

(a–d). P-values for (e) and (f) were calculated using a Student’s t-test. *P < 0.05, **P < 

0.001, #P < 0.0001. The mean, ratios and s.e.m. are shown below each respective group as 

applicable. The number of patients per group is 11 MS, 17 CIS, 6 ON, 6 TMA and 5 TMB.
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Figure 3. 
Gene and mutation characteristics of VH1+ B cells in the CSF. All data in (a–f) are shown 

for each of the five patient groups, indicated above (a) and (b). The panels are: percentage 

of VH1 family gene usage out of the entire VH repertoire, with the dotted line representing 

VH1% in the HC peripheral repertoire (a), MFs of VH1+ B cells compared with VH3+ B 

cells within the same group (b), ratio of JH4:JH6 gene segment usage with the dotted line 

representing JH4:JH6 in the HC peripheral repertoire (c), MF of VH1+JH4+ B cells 

compared with VH1+JH6+ B cells within the same group (d), mean CDR3 charge (e) and 
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mean CDR3 amino-acid length (f). P-values were calculated using a Chi-square analysis for 

(a–d). P-values for (e) and (f) were calculated using a Student’s t-test. *P < 0.05, **P < 

0.001, #P < 0.0001. The mean, ratios and s.e.m. are shown below each respective group as 

applicable. The number of patients per group is 11 MS, 17 CIS, 6 ON, 6 TMA and 5 TMB.
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Figure 4. 
Gene and mutation characteristics of peripheral blood VH4+ B cells. All data in (a–f) are 

shown for each of the four patient groups, indicated above (a) and (b). The panels are: 

percentage of VH4 family gene usage out of the entire VH repertoire (a), MFs of VH4+ B 

cells compared with VH3+ B cells within the same group (b), ratio of JH4:JH6 gene 

segment (c), MF of VH4+JH4+ B cells compared with VH4+JH6+ B cells within the same 

group (d), mean CDR3 charge (e) and mean CDR3 amino-acid length (f). P-values were 

calculated using a Chi-square analysis for (a–d). P-values for (e) and (f) were calculated 
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using a Student’s t-test. *P < 0.05, **P < 0.001, #P < 0.0001. The mean, ratios and s.e.m. 

are shown below each respective group as applicable. The number of patients per group is 6 

HC, 4 MS, 4 TMA-CD27high and 4 TMA-CD27+.
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