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Increased VH4+JH6+ antibody heavy chain use in plasmablasts
from asymptomatic multiple sclerosis patients
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Radiologically isolated syndrome (RIS) is a neurological condition in people with demyelinating lesions on brain and/or spinal cord
magnetic resonance imaging (MRI) studies, but without clinical symptoms of disease. Elucidating the immune profile of people with
RIS (pwRIS) who will display MRI or clinical features of advancing disease is critical to our understanding of disease pathogenesis.
Our lab previously identified features of B cell dysregulation in people with clinically isolated syndrome (pwCIS), who have both
demyelinating lesions and a first clinical event of disease. The goal of this study was to compare features of B cell dysregulation in
pwRIS, pwCIS, and healthy controls (HC). The second goal was to determine if these features of B cell dysregulation would be
evident in people who meet the new MS diagnostic criteria, particularly in the context of their disease course for 5 years post-
sampling. Features of plasmablast responses that distinguish pwRIS from pwCIS include PB expansion, antigen-driven selection,
VH4 and JH6 antibody gene over-usage, neuron reactivity by purified IgG and individually cloned antibodies. Furthermore, VH4:JH6
pairing in plasmablasts was higher in people with stable MS who do not show changes in MRI or clinical events from those with
advancing disease activity.
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INTRODUCTION
Radiologically isolated syndrome (RIS) represents the earliest
detectable pre-clinical phase of multiple sclerosis (MS) for some
patients, [1–5] punctuated by abnormal and incidentally found
demyelinating lesions within the brain and/or spinal cord from
MRI studies [1, 4–6]. In contrast, people diagnosed with clinically
isolated syndrome (pwCIS) initially present with both clinical
symptoms and 2 or more lesions by MRI. Prior to the newly
released 2024 MS diagnosis criteria [7], a second demyelinating
clinical event or evidence of dissemination in time on MRI would
be required to achieve a diagnosis of MS, which occurs in 63% of
pwCIS over the subsequent 4.3 years since the initial presentation
[8]. In contrast, the risk for a first demyelinating clinical event in
people with RIS (pwRIS) is estimated at 34% within 5 years of RIS
diagnosis using the 2009 criteria, which increases to 51% at 10
years [2, 4, 5, 9].
Early treatments with disease-modifying therapies (DMTs) are

thought to reduce future demyelinating clinical events in pwRIS
[9–11] and pwCIS [9–13]. The new diagnostic criteria will allow
for many pwRIS and pwCIS to be diagnosed with MS, allowing
for approved treatments to be administered earlier within the
disease spectrum. However, up to 49% of pwRIS will not develop
clinical symptoms of MS [1, 5], and distinguishing which
individuals with RIS will experience disease advancement is an

important aspect of providing optimal care for this vulnerable
population. In pwRIS, features resulting in a higher risk for a first
demyelinating clinical event within 5 years include younger age
at time of evaluation (<37 years), male sex, and presence of
spinal cord lesions. [1, 3, 14]. Others have also demonstrated
that biological markers, including the presence of unique
cerebrospinal-fluid (CSF) restricted oligoclonal bands (OCBs)
[15], CSF- and serum-derived neurofilament light (NfL) concen-
trations [16–19] could be useful in stratifying individuals likely to
advance to a clinically defined demyelinating disease
course of MS.
In examining the potential role of B cells in the disease course of

MS, we determined that plasmablasts (PBs), a subset of highly
differentiated, early antibody secreting B cells (ASCs) [20],
represent a significant proportion of the B cell pool in the CSF
of people with MS (pwMS) [21]. Others have shown the frequency
of ASCs correlates with the extent of gray matter disease by MRI
[21]. Our laboratory previously demonstrated that pwCIS who
advance to a diagnosis of MS using the 2017 McDonald criteria [4]
display an expansion of PBs expressing antibody heavy chain
rearrangements of the variable heavy 4 (VH4) family in the CSF
[21] and blood [21, 22]. We have also demonstrated antibodies
utilizing VH4 family genes cloned from PBs in the CSF of pwMS or
in the blood of pwCIS who advance to MS diagnosis are enriched
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for binding to neurons [22, 23]. Others have also shown
plasmablast expansion [21, 24–26], VH4 overuse [27–29], and
neuron binding by VH4+ antibodies cloned from B cells of pwMS
[21, 22, 30, 31]. In this study, we sought to determine if this B cell
profile of increased PB frequency and VH4 overuse was also
evident in pwRIS who present with brain inflammation character-
istic of MS, but without clinical symptoms. To do this, we
compared the PB profile in the blood of pwRIS, pwCIS and HC by
1) frequency, 2) immunogenetics, and 3) antibody reactivity. We
found that VH4 family use was significantly higher in pwRIS
compared to pwCIS. VH4+ antibodies cloned from PBs of pwRIS
displayed a higher frequency of neuron reactivity compared to
non-VH4+ antibodies (as we had observed in pwCIS). Joint heavy
gene 6 (JH6) use was also significantly higher in pwRIS compared
to pwCIS, culminating in increased VH4 to JH6 pairing use by PBs
from pwRIS compared to pwCIS and more importantly, in people
with stable MS who do not show changes in MRI or clinical events
for 5 years post-sampling.

MATERIALS AND METHODS
Ethics approval and consent to participate
All subjects and/or their legally authorized study partners signed the
written informed consent (STU022011-211) approved by the Institutional
Review Board of the UT Southwestern Medical Center (UTSW), in
accordance with the Federal-wide Assurance on file with the Department
of Health and Human Services (USA). All methods were performed in
accordance with guidelines and regulations by these entities.

Patient information and sample procurement
Demographic and clinical data for the cohort (Table 1) 1 are provided.
Subjects that comprise the RIS cohort were originally enrolled in the ARISE
study to evaluate the efficacy of dimethyl fumarate (DMF) to delay clinical
symptom onset [10]. Inclusion criteria for the ARISE trial were that subjects
must meet the 2009 RIS criteria including incidental anomalies identified
on MRI of the brain or spinal cord from an evaluation unrelated to MS.
These subjects also had no clinically apparent neurological symptoms at
the time of trial entry. However, 12/33 (36%) of the RIS subjects had a first
clinical event within 5 years of trial entry with an average time to first event
of 12.9 months. Samples from RIS subjects for this study were collected at
baseline prior to randomization of the cohort in the ARISE trial and had not
been exposed to any disease-modifying therapies at that time. No samples
were collected prior to study enrollment. Samples from CIS subjects for this
study were collected at the time of their first clinical demyelinating event
and had not been exposed to disease-modifying therapies at that time.
Samples were processed through the UTSW Neuroscience Biorepository
[32, 33]. After collection, peripheral blood mononuclear cells (PBMCs) were
isolated and stored as previously described [34]. The MS group consists of
those RIS and CIS subjects who meet the 2024 revised McDonald criteria
for MS diagnosis (n= 28 for RIS and n= 19 for CIS).

Flow cytometry for immune profiling B cell subsets
Participants’ PBMC cells were removed from cryostasis and stained for
CD19, CD27, and CD38 as previously described [35]. Briefly, a BD FACSAria
V cell sorter was used to sort CD19+CD27++CD38+ plasmablast B cells
either in bulk for B cell receptor (BCR) genetics studies or as single cells in
96-well plates for recombinant antibody generation. The staining protocol
used the following antibodies from BD Biosciences CD27-FITC, CD38-APC,
CD19-BV421, CD4-PE-Cy7, CD8-PE, anti-CD20-PerCP-Cy5.5, CD45-APC-Cy7,
CD56-PE-Cy5, CD3-V500, CD14-AF500, and HLA-DR-BV711. After sorting,
the single cells were flash frozen on dry ice and stored at –80 °C for future
analysis as previously established by our laboratory [22, 36].

BCR library preparation and sequencing
Genomic DNA (gDNA) was isolated from bulk-sorted plasmablast B cells
using DNeasy Blood and Tissue kit (Qiagen). The PCR product was
amplified using Qiagen Multiplex PCR kit (Qiagen). We used B-cell receptor
gene rearrangement primer sets and conditions previously published by
others [37]. Nextera UD Index Primers (IDT) were added to the amplicons
and were purified using AMPure XP beads (Beckman Coulter). Barcoded

libraries were pooled and loaded onto an Illumina MiSeq instrument using
MiSeq Reagent Kit v3 (Illumina) at the UTSW genomics sequencing core.

Antibody sequence analysis
Sequences were analyzed using the VDJServer analysis portal as previously
described [38–41].

Recombinant human Ab (rhAb) cloning, expression, and
purification
The variable domains of the recombinant antibodies of heavy chains and
light chains from individually sorted antigen-experienced CD19+CD27+
+CD38+ plasmablast B cells were amplified with multiple rounds of PCR as
previously described [21, 22, 42]. Resultant rearrangements were
synthesized (Integrated DNA Technologies) and cloned as previously
described [22, 43] with modifications to use FreeStyle CHO-S (Chinese
Hamster Ovary) cells (Invitrogen) for production.

Purification of IgG from plasma and neuron binding by flow
cytometry and immunocytochemistry
We employed protein G chromatography (Cytiva Life Sciences) and
detection of binding by flow cytometry [26] and immunocytochemistry
[26, 30] as previously described. Coverslips were visualized on a Zeiss
Axioscan 7 fluorescent slide scanner with a 20x/0.8NA air objective lens.

Quantification of autoreactivity by rhAbs
Autoreactivity of rhAbs was quantified using a custom-written Fiji macro
[44]. In brief, nuclei and cellular outlines were determined and added to
the Region of Interest (ROI) manager. Then, the cytoplasmic mean
fluorescence intensity (MFI) of positively-stained cells was measured while
excluding potential non-specific antibody aggregates. Finally, the MFI of
the background (regions where no cells were detected) was subtracted
from these values.

Statistical analysis
Graphpad Prism 10 software was used to perform statistical analyses. One-
way ANOVA was performed to examine results comparing 3 groups. For
any comparisons with only 2 groups, Welch’s T-test was used due to the
unequal sample size. The Shapiro–Wilk normality test was used to identify
datasets with bimodal distributions and in those cases where the dataset
did not pass the normality test, the mean of the group was used to divide
the group dataset into high and low designations.

RESULTS
Plasmablasts are expanded in pwRIS, pwCIS and pwMS
We previously demonstrated that a high frequency of PBs in the
blood indicates ongoing active inflammation prominent in
individuals experiencing a clinical demyelinating event of MS
[21, 22]. To determine if PBs are expanded in pwRIS who do not
display clinical manifestations of disease but do display brain
lesions typical of MS, the frequency of PB (CD19+CD27++CD38+)
in the blood was determined by flow cytometry. Figure 1A shows
pwRIS has an average frequency of 3.58% PBs in blood, which is
significantly higher than the frequency of PBs in HCs (1.08%).
Similarly, pwCIS, who manifest a first clinical demyelinating event,
have an average frequency of 3.03% PBs in the blood, a finding
significantly higher when compared to HCs, but similar to pwRIS.
Next, we applied the new 2024 MS diagnostic criteria (pwMS) to
the pwRIS and pwCIS subjects and found that 47 of the 57 subjects
(82.5%) met the 2024 revised McDonald criteria for MS diagnosis.
Figure 1B shows pwMS have an average frequency of 3.06% PBs in
blood, which is significantly higher than the frequency of PBs in
HCs (1.08%). We also employed a new approach [26] to examine
neuron-binding potential within the purified IgG (pIgG) antibody
pool from serum samples (Fig. 1C, D) and found that pwMS had a
significantly higher frequency of pIgG that bound a human
neuronal cell line by flow cytometry compared to pIgG from HC
(4.36% vs 3.03%, p= 0.0001) (Fig. 1E).
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Expansion of VH4 family and individual VH4 genes by PBs
from pwRIS
The RIS cohort displayed a higher frequency of PBs compared to
HC (Fig. 1), which may manifest as discordance in antibody
variable heavy chain (VH) family or individual gene usage. To
address this, we calculated the frequency of VH family usage in
bulk-sorted PBs of all subjects in the 3 groups (HC, RIS and CIS).
The VH family genes are divided into 7 families according to gene
homology [45]. The frequency of usage for VH families by group is
shown in Fig. 2A. The RIS group displayed an expansion of VH
family 4 (VH4) usage compared to CIS (p= 0.005) (Fig. 2B).
Comparison of VH4 family usage by the HC group to RIS (Fig. 2A)
or to MS (Fig. 2C) was not significant. To determine whether
particular VH4 genes were driving the higher frequency of VH4
usage in RIS compared to CIS, we analyzed the frequency of use in
each of the 10 major genes within the VH4 family. VH4-34, VH4-39,
and VH4-59 use was significantly higher in RIS compared to CIS
(Fig. 2D). Of note, overuse of these 3 VH4 genes was observed for
several RIS subjects (Fig. 2E–G).

VH4+ antibodies from pwRIS are enriched for reactivity to
human neurons
Plasmablasts from pwCIS have a propensity to express VH4+
antibodies that bind neurons [22]. To determine the frequency of
PBs expressing neuron-binding antibodies within the RIS cohort,
we cloned 63 antibodies expressed by individual PBs sorted from

the blood of pwRIS. The rhAbs cloned were from 12 RIS subjects
that displayed high PB frequency and ranged from 4-6 rhAbs
cloned per subject (Table 2). Six of the major VH4 genes were
included in the RIS rhAb cohort with representation of all 6 JH
segments. 52 of the rhAbs were VH4+ with an average homology
of 94.5% (average range 90–100%). For comparison, 11 VH3+
rhAbs were cloned from the RIS cohort with an average homology
of 93.11% (average range 83.04–98.44%). We tested the ability of
the rhAbs to bind a human neuroblastoma cell line, SH-Sy5y, using
flow cytometry (Fig. 3). The gating strategy for experiments using
this approach is provided in Fig. 1C, D. The average percentage of
VH3+ rhAbs binding to SH-Sy5y was 3.66% (Fig. 3A), whereas the
average percentage of VH4+ rhAbs binding to SH-Sy5y was
13.06% (Fig. 3A). Of the top 20% rhAbs that bound SH-Sy5y in this
assay, all 12 utilized VH4 genes with somatic hypermutation (SHM)
accumulation across the spectrum (Table 3). We used immuno-
cytochemistry (ICC) of SH-Sy5y cells to query the frequency and
staining patterns of the neuron-binding VH4+ rhAbs (Fig. 3B,
Supplementary Fig. 1 and Supplementary Table 1). The majority of
RIS-derived rhAbs bind targets residing in the cytoplasm of SH-
Sy5y cells.

Expansion of JH6 use by PBs from pwRIS
The antibody heavy chain variable domain rearrangement consists
of a variable (VH) gene, a D (DH) segment, and a joining (JH) gene.
There are 6 JH genes, of which JH4 is most often used. Since 5 of

Table 1. Baseline demographic and clinical information.

HCa RISb,c CISc,d MSc,e Advancingf Stableg

Nh 39 33 26 47 38 21

Average age in years
Standard deviation

42
13.9

44
14.82

39
12.30

42
13.14

40
13.326

46
14.33

Sex, %
Female
Male
Unknown

49%
41%
10%

61%
39%
0%

69%
31%
0%

64%
36%
0%

63%
37%
0%

67%
33%
0%

Race, %
White
Black or African American
Unknown

64%
0%
36%

91%
6%
3%

69%
12%
19%

83%
9%
9%

76%
11%
13%

90%
5%
5%

Ethnicity, %
Hispanic
Non-Hispanic
Unknown

8%
54%
38%

9%
91%
0%

4%
77%
19%

6%
87%
6%

5%
82%
13%

10%
90%
0%

Average EDSS score N/A 0 1.71 0.06 0.85 0

Oligoclonal bands, % N/A 76% 80% 89% 79% 76%

Brain lesions on MRI, %
Gadolinium enhancement
T2 lesions

N/A
N/A

12%
100%

16%
68%

17%
96%

11%
76%

19%
100%

Spinal cord lesions on MRI, % N/A 55% 85% 66% 76% 52%

Number (%) with clinical event N/A 12
(36%)i

26 (100%)j 19 (40%)i,j 38 (100%)i,j N/A

HC Healthy Control, RIS Radiologically Isolated Syndrome, CIS Clinically Isolated Syndrome, EDSS Expanded Disability Status Scale.
aIndividuals defined as healthy are sex and age matched to the cohort.
bIndividuals fulfilling 2009 RIS Criteria were also enrolled in the ARISE trial [11].
c24 of the 26 CIS subjects in the cohort were not on DMTs at the time of sample collection.
dIndividuals experiencing a first demyelinating event, placing them at high risk for evolution to MS were categorized as clinically isolated syndrome (CIS)
according to the 2017 McDonald criteria. Sampling was done at the time of the first demyelinating event.
epwRIS (n= 28)/pwCIS (n= 19) who fulfill the 2024 revised McDonald criteria for MS diagnosis.
fpwRIS (n= 12)/pwCIS (n= 26) who meet criteria for “Advanced”, defined as having a clinical event within 5 years of sampling.
gpwRIS (n= 21)/pwCIS (n= 0) who meet criteria for “Stable”, defined as having no clinical event within 5 years of sampling.
hSome demographic and/or clinical data were not available for all subjects. Subject level data are included in
Supplemental Data.
iWithin 5 years post-sampling.
jAt time of sampling.
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the top 12 neuron-binding VH4+ rhAbs used JH6 genes (Table 3),
we asked whether JH gene use was also discordant in the RIS
group. To do this, we queried the bulk sorted PB antibody heavy
chain repertoire datasets for JH gene use (Supplementary Fig. 1
and Fig. 4). All 3 groups (HC, RIS, and CIS) use JH4 most frequently,
followed by JH6 (Supplementary Fig. 1A). However, the RIS cohort
displayed an expansion of JH6 use compared to the CIS cohort
(Fig. 4A), resulting in a reduced JH4:JH6 ratio in RIS compared to
HC and CIS (Fig. 4B). The JH6 gene includes two additional codons,
and so its use can oftentimes skew the CDR3 length and charge.
The CDR3 length of PBs expressing variable domains that include
JH6 was predictably longer than non-JH6 users (Supplementary
Fig. 1B), but the CDR3 charge of JH6 users compared to non-JH6
users was no different (Supplementary Fig. 1C, D).

Expansion of VH4 to JH6 pairing use by PBs from pwRIS and
those with stable MS
Considering that individual VH4 family genes and JH6 gene usage
were increased in RIS compared to CIS, we examined the
repertoire for overuse of VH4 to JH6 pairing (VH4+JH6+; Fig. 4).
Indeed, we found that the frequency of VH4+JH6+ pairs was
higher in RIS compared to CIS (7.52 vs 5.22, p < 0.05)(Fig. 4C). We
did not observe an increase in VH4+JH6+ pair use in MS compared
to HC (data not shown). Of note, the VH4+JH6+ frequency in RIS

was bimodal (p= 0.047 by Shapiro–Wilk normality test) such that
the RISlow (n= 15) had a similar VH4+JH6+ frequency compared to
CIS. The RIShigh (n= 15) had an increased frequency of VH4+JH6+
use compared to CIS (p= 0.0001). Since 20 of the 47 subjects in
the MS group did not have clinical symptoms during the 5 years of
monitoring after sample collection, we asked whether the increase
in VH4+JH6+ pair use was more prominent in those subjects
without clinical symptoms (labeled as “stable”) than those subjects
that manifest clinical symptoms (labeled as “advancing”) within
the MS group. Indeed, VH4+JH6+ pair use was significantly
increased in pwMS that did not display clinical symptoms
compared to those that did in the 5 years post-sampling
(p= 0.007) (Fig. 4D, E).

DISCUSSION
PBs and the antibodies they produce are a central component of
the neuropathology of MS. This is evidenced by 1) expansion of
PBs in the CSF of pwCIS who evolve to MS [21, 22, 24]; 2) the
strong correlation between PB or antibody levels in pwMS with
brain gray matter atrophy [21, 22, 46] and disability [47] among
pwMS, and 3) the success of disease-modifying therapies among
pwMS that reduce B cell frequencies [21, 22, 24], including PBs. In
addition, at the time of a first clinical demyelinating event, PB

Fig. 1 Plasmablasts are expanded in pwRIS, pwCIS, and pwMS. The frequency of PBs in the blood of HC (n= 26), vs pwRIS (n= 33), vs pwCIS
(n= 24) (A) was determined by flow cytometry. The averages of each group are depicted as a bar graph, and the mean values are provided
below the X-axis. The ANOVA p-value for (A) was <0.0001. Panel B is the frequency of PBs in the blood of the same HC group vs the 2024
revised McDonald criteria for MS diagnosis (pwMS; n= 47) for those pwRIS and pwCIS subjects that meet this criteria. The averages of each
group are depicted as a bar graph, and the mean values are provided below the X-axis. The gating strategy to determine the frequency of
purified IgG binding to the human neuroblastoma cell line, SH-Sy5y, is shown in (C) for a sample considered negative, and (D) for a sample
considered positive. The frequency of purified IgG binding for HC vs pwMS is shown in (E) (p= 0.0002). Each data point represents an
individual research participant in (A, B, E). ****p= 0.0001; ***p= 0.0002.
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frequencies are elevated in the blood when the first clinical attack
occurs and will continue to rise if the subject remains untreated
[22]. Our focus here was to compare features of PB biology in
individuals presenting with brain inflammation characteristic of
MS, without (pwRIS) and with (pwCIS) clinical demyelinating
events at the time of sampling. Of note, prior studies using flow
cytometry to characterize the immune profile within the spectrum
of neurodegenerative disease, including MS, have not focused on
pwRIS [21, 22, 24, 48, 49], and to our knowledge this is the first
study examining both pwRIS and pwCIS that meet the 2024 MS
diagnostic criteria [7].
We found the frequency of PBs in the blood was similar in

pwRIS and pwCIS, and both groups were expanded in comparison
to HC. These data suggest PB expansion in the blood is a feature
common to subjects presenting with brain inflammation char-
acteristic of MS. PB expansion is also independent of clinical
demyelinating manifestations of disease, as only the pwCIS group
(and not the pwRIS group) is characterized by clinical demyelinat-
ing events and a spectrum of Expanded Disability Status Scale
scores. PB expansion is also extended to subjects within the pwRIS
and pwCIS groups that meet the 2024 MS diagnostic criteria
compared to HC. We had previously noted people with early and

Fig. 2 Expansion of VH4 family and individual VH4 genes by PBs from pwRIS. Variable heavy chain family usage for families 1–7 was
calculated for each subject of HC (n= 20), vs pwRIS (n= 31), vs pwCIS (n= 16) (A). The white bars represent HC, the middle light gray bars
represent RIS, and the dark gray bars represent CIS. The ANOVA, p-value for VH4 use in (A) was p= 0.0006. VH4 family use of the RIS and CIS
groups per subject are shown in (B). VH4 family use of the HC (n= 20) and MS (n= 36) groups per subject are shown in (C). Individual VH4
gene frequencies of the RIS and CIS groups are shown in (D). Individual VH4 gene frequencies of VH4-34, VH4-39, and VH4-59 are shown in
(E–G), respectively, for the RIS and CIS groups. **p= 0.005; *p < 0.05.

Table 2. Cloning summary by RIS subject.

Total cloned Total VH4 (%) AVE homology

RIS-01 6 4 (66.67) 97.19

RIS-03 5 3 (60.00) 92.18

RIS-09 5 4 (80.00) 92.16

RIS-15 5 5 (100.00) 95.94

RIS-17 6 6 (100.00) 91.01

RIS-18 5 3 (60.00) 96.00

RIS-19 5 4 (80.00) 94.92

RIS-20 4 2 (50.00) 90.58

RIS-22 6 6 (100.00) 95.92

RIS-33 6 6 (100.00) 95.03

RIS-34 5 4 (80.00) 96.93

TOTAL 63 52 (82.54) 94.54
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established MS were more likely to display PB expansion if they
presented with spinal cord lesions [21]. As both the pwRIS and
pwCIS groups here display a prevalence of spinal cord lesions
(55% and 85%, respectively), PB expansion in both groups was
likely predictable based on our earlier findings. Of note, the
frequency of spinal cord lesions in this cohort remains comparable
to the average of 80% in pwMS [50, 51] and 30–68% in pwCIS
[52, 53]. One early study reported that PB frequency was no
different in 12 pwRIS compared to HC [54]. The prevalence of
spinal cord lesions within that pwRIS group was not reported, but
based on our multiple observations that spinal cord lesion
prevalence is related to PB expansion, it was likely reduced.
Further elucidation of this finding in the future would benefit from
inclusion of pwRIS with prevalence of brain lesions. Of note, the
impact of race and ethnicity on PB expansion could not be
evaluated in this cohort, as the majority of the pwRIS and pwCIS
subjects were non-Hispanic white females. Others have demon-
strated PB expansion in Black or African American subjects with

MS [26, 49], although examination of spinal cord lesion prevalence
was not addressed. No information is available regarding PB
expansion in Hispanic subjects with MS. Future studies should be
done to further elucidate the connection between spinal cord
lesion prevalence and PB expansion, inclusive of race and ethnicity
diversity.
We considered that PB expansion in both pwRIS and pwCIS

would be reflected in the skewing of antibody gene expression. In
previous reports by us and others, variable heavy chain family 4
(VH4) use was increased in the cerebrospinal fluid (CSF) and blood
of pwCIS and pwMS [21, 22, 27, 28, 42]. Yet here we observed that
VH4 use in blood-derived PB of pwRIS, pwCIS, and in subjects that
meet the 2024 revised McDonald criteria for MS diagnosis was
similar to that observed in blood-derived PB of HC. There are at
least two possible reasons for this discrepancy from earlier studies.
First, these earlier studies by others compared the antibody
repertoires of pwCIS and pwMS groups to expected germline
frequencies, which do not account for repertoire changes

Fig. 3 VH4+ antibodies from pwRIS are enriched for reactivity to human neurons. A Comparison of the percentage of RIS-derived VH3+ or
VH4+ recombinant human antibodies binding to SH-Sy5y cells. Each data point represents an individual rhAb, the number of rhAbs is
indicated below the x-axis, followed by the mean of each group. The Welch’s t-test p-value for (A) is p= 0.007 as indicated by **. B Illustrates
intracellular binding patterns observed by anti-neuronal rhAbs from the RIS cohort by immunostaining of the human neuroblastoma SH-Sy5y
cell line. The top left line indicates the rhAb name, and the bottom left line indicates the VH4 gene usage, the JH segment, and the percent
homology to the germline of that particular rhAb. Scale bar: 20 μm. Green: rhAb. Blue: DAPI nuclear stain.

Table 3. Immunogenetics of Top 20% rhAbs that bind SH-Sy5y by flow cytometry.

rhAb name VH family %binding %Homology VH:JH usage

RIS34-1 VH4 12.60 92.51 VH4-59:JH3

RIS13-5 VH4 15.30 99.57 VH4-39:JH5

RIS33-2 VH4 15.60 93.01 VH4-61:JH6

RIS18-1 VH4 19.70 96.52 VH4-59:JH1

RIS01-5 VH4 22.20 100.00 VH4-30:JH6

RIS01-1 VH4 31.45 90.22 VH4-04:JH6

RIS18-3 VH4 35.00 94.04 VH4-30:JH4

RIS22-5 VH4 39.93 100.00 VH4-34:JH6

RIS13-2 VH4 42.95 95.22 VH4-34:JH4

RIS19-1 VH4 84.70 89.94 VH4-61:JH3

RIS19-5 VH4 98.30 99.20 VH4-30:JH4

RIS01-6 VH4 98.70 100.00 VH4-61:JH6

VH variable heavy, VH:JH usage variable heavy (VH) and joining heavy (JH) gene segment usage.
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emerging from antigen exposure. In our earlier studies, we
compared the antibody repertoires of CSF-derived repertoires to
blood-derived CD19+ B cells from HC rather than expected
germline frequencies. However, our earlier approach to the
analysis did not account for repertoire changes in the context of
antigen exposure dependent on the compartment from which the
B cell was isolated. To address rigor in the current study, we used
PBs isolated from the blood of healthy controls as the comparator
population, controlling for B cell subtype, compartment origin
(blood), and demographics when available. The second possible
reason for the discrepancy from earlier studies is that the
technology used to generate antibody gene repertoires in these
early reports demonstrating VH4 over-use in CSF and blood of
pwCIS and pwMS was single cell PCR (scPCR), which surveyed on
average 46 cells per subject repertoire. Here, we used Next
Generation Sequencing (NGS), which produced 416-fold more
cells per repertoire than by scPCR with an average of 19,143 PBs
per subject repertoire.

We did observe, however, VH4 family use was higher in blood-
derived PBs from pwRIS compared to pwCIS. We sought to
understand the potential impact of VH4 expansion in pwRIS by
determining if VH4+ antibodies expressed by PBs from pwRIS bind
neurons. We previously documented that VH4+ PBs from pwCIS
are both expanded and enriched for autoreactivity towards
neurons [22]. To examine the autoreactive nature of VH4+ PBs
in pwRIS, we cloned 52 VH4+ rhAbs and 11 VH3+ rhAbs as
controls and demonstrated that 44% and 56% of antibodies
expressed by VH4+ PB bind the human neuroblastoma cell line,
SH-Sy5y by flow cytometry or ICC respectively. In comparison, of
the 30 VH4+ PB-derived antibodies we cloned from pwCIS
previously, 60% (n= 18) bound to SH-Sy5y cells by ICC [22]. Thus,
the frequency of VH4+ PBs producing anti-neuronal antibodies
was similar in pwCIS compared to pwRIS (60% vs 56%). One
limitation of this comparison is that the antibodies we cloned from
the CIS group previously were enriched for SHM accumulation,
whereas the antibodies we cloned from the RIS group here were a

Fig. 4 Expansion of JH6 and VH4 to JH6 pairing frequency by PBs from pwRIS and those with stable disease. A JH6 frequency for each
subject in HC, pwRIS, and pwCIS. B The JH4:JH6 ratio for each subject in HC, pwRIS, and pwCIS. C The VH4 to JH6 pairing frequency for each
subject in HC, pwRIS, and pwCIS. D Ribbon plots displaying the frequency of VH families 1–7 pairing to each JH gene in the Advancing MS vs
Stable MS groups. Each ribbon color depicts a particular VH family as indicated. The frequency value of VH4 pairing to JH6 is indicated for the
Advancing vs Stable groups. E Individual VH4 to JH6 pairing frequencies. HC, n= 20; RIS, n= 31 for (A, C), and n= 29 for (B); CIS, n= 16;
Advancing MS, n= 26; Stable MS, n= 19. The ANOVA for (A) was 0.0177 and the ANOVA for (B) was <0.0001. *p < 0.05; **p < 0.01.
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mixture of antibodies that were either positive or negative for
SHM accumulation. When the RIS antibody panel is restricted to
those antibodies that accumulated SHM (n= 37), the frequency of
anti-neuronal binding remains similar at 57% (21 of 37). Thus,
while VH4 family gene use and high SHM increase the likelihood
of neuron binding properties, other antibody gene features not
considered here (such as CDR3 composition and specific antigen
target binding properties) are likely to impact binding as well.
VH4-34, VH4-39, and VH4-59 use was specifically increased in

PBs of pwRIS compared to pwCIS, and these 3 VH4 genes were
frequently used by neuron-binding VH4+ RIS rhAbs. In studies of
antibody selection in healthy controls, B cells expressing VH4-34
antibodies are often autoreactive and therefore suppressed from
use within the antigen-exposed repertoire [55, 56]. Here, we found
that VH4-34+ antibodies are autoreactive as defined by their
ability to bind neurons, but rather than VH4-34 use being
suppressed in the repertoire, VH4-34+ PBs from pwRIS are
expanded. We also found that VH4-39+ PBs and VH4-59+ PBs
are neuron reactive and expanded in pwRIS. Previous studies
report over-use of VH4-34 and VH4-39 in MS brain tissue [29, 57],
and both VH4-39 and VH4-59 in MS-derived CSF [31]. While these
other studies did not examine neuronal reactivity by antibodies
utilizing these particular VH4 genes, we would predict they would
bind neurons. We interpret these findings in aggregate to indicate
VH4+ PBs (particularly those using VH4-34, -39, and -59 genes) are
neuron reactive and detected early in the blood of pwRIS.
Reduction of these gene frequencies in the blood of pwCIS and
increased frequencies of these VH4 genes in the CSF and brain
tissue of well-established pwMS likely indicate matriculation of
certain VH4+ PB from the blood to the CNS may be an indicator of
MS disease progression. Future studies should include examina-
tion of the impact antibodies using particular antibody genes have
on neuron health, which have been limited to date [58–60].
The likely explanation for the expansion of VH4+ PB producing

antibodies that bind neurons is founded in mechanistic defects
within the immune system designed to suppress B cell
autoreactivity in MS [48]. Of note, autoreactivity in this early work
was defined by binding to multiple antigens, including double
stranded DNA, insulin, and LPS, with confirmed binding to myelin-
enriched brain lysate. Our data extends this concept to suggest
autoreactivity checkpoint defects are also evident in pwRIS,
allowing for expansion of VH4+ PBs, particularly those using
VH4-34, VH4-39, and VH4-59 genes with a high likelihood of
neuron autoreactivity. Determining the impact of neuron-reactive
VH4+ antibodies on the course of MS disease (RIS vs CIS, for
example) would be of particular interest. Identification of the
neuronal antigen targets would be required for such experiments,
but was not done here. Of note, the neuronal staining patterns of
rhAbs from pwRIS and pwCIS are similar in that they tend to bind
intracellular antigen targets rather than surface antigen targets.
Current dogma has been that the cellular localization of the target
antigen determines the pathological potential of the autoanti-
body, such that most pathological autoantibodies bind extra-
cellular targets, not intracellular targets [61]. However, more
recent examples indicate that some autoantibodies recognizing
intracellular targets can be pathogenic [62, 63]. In either case,
targeting B cells expressing antibodies using particular VH4 genes
[64] may have utility in this context.
Finally, the 2024 revised McDonald criteria for MS diagnosis

would include most, if not all pwRIS and allow them access to
therapies approved for use in the treatment of MS. However,
many pwRIS will never advance to display clinical evidence of
demyelination [1, 3, 14], and would unlikely benefit from DMTs
that primarily reduce relapse rates. Thus, our second goal was to
examine PB antibody repertoires from within the cohort for
features that may distinguish subjects with advancing versus
stable disease over the next 5 years post-sampling. Indeed, we
found an increased frequency of VH4 to JH6 pairing within the PB

antibody repertoires of pwRIS who had stable disease for the next
5 years post-sampling. One confounder to the antibody repertoire
analysis, including VH4 to JH6 pairing frequency, is the integrity of
the blood-brain barrier (BBB). The BBB is designed to limit
lymphocyte trafficking to the central nervous system (CNS), but is
frequently compromised in pwMS due to extensive neuroinflam-
mation in the CNS [65, 66]. Thus, BBB integrity is likely higher in
people with stable disease, which would result in the blood acting
as a “sink” for lymphocytes that would normally traffic to the CNS,
which could be detected as changes in PB frequency and/or
antibody genetics. Biomarkers of BBB breakdown are beginning to
emerge across neurodegenerative conditions [65, 67] and may
facilitate our understanding of blood-derived VH4+JH6+ PB
expansion in the context of BBB integrity among people with
stable MS disease.
In conclusion, we have found that PBs are expanded in people

with demyelinating lesions within the brain and/or spinal cord
from magnetic resonance imaging (MRI) studies, even in those
subjects that do not display clinical symptoms of disease. Analysis
of antibody genetics using deep sequencing of the repertoires
indicated that PBs using VH4 antibody heavy chain genes were
expanded in pwRIS compared to pwCIS, which was driven by
particular use of VH4-34, VH4-39, and VH4-59 genes within the
VH4 family. VH4+ PBs from both pwRIS and pwCIS are most likely
to bind neurons than VH3+ PBs and also tend to accumulate
somatic hypermutations at a high rate. These data are consistent
with previous studies that B cells from pwMS escape mechanisms
designed to suppress autoreactivity [48] and further extend these
studies to include neuron autoreactivity. We also found that the
VH4 to JH6 pairing frequency was increased in PBs of pwMS who
remain stable 5 years post-sampling, compared to pwMS subjects
who display disease progression during the 5 years post-sampling.
To our knowledge, this is the first antibody genetics biomarker
associated with disease stability in MS. However, the study is
limited in that the impact of VH4+JH6+ antibodies produced by
PBs from pwRIS on neurodegeneration associated with MS disease
progression was not addressed. Factors that may have also
influenced the results included the high prevalence of spinal cord
lesions within the cohort and variation in BBB integrity. Future
studies should examine the impact of these factors on the B cell
profile reported here and the role of anti-neuronal antibodies in
the mechanism of neuroinflammation associated with MS.
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