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Abstract

Background—We have previously demonstrated that cerebrospinal fluid-derived B cells from
early relapsing-remitting multiple sclerosis (RRMS) patients that express a VH4 gene accumulate
specific replacement mutations that can be quantified as a score that identifies such patients as
having or likely to convert to RRMS. Furthermore, we showed that next generation sequencing is
an efficient method for obtaining the sequencing information required by this mutation scoring
tool, originally developed using the less clinically viable single-cell Sanger sequencing.

Objective—To determine the accuracy of MSPrecise, the diagnostic test that identifies the
presence of the RRMS-enriched mutation pattern from patient cerebrospinal fluid B cells.

Methods—Cerebrospinal fluid cell pellets were obtained from RRMS and other neurological
disease (OND) patient cohorts. VH4 gene segments were amplified, sequenced by next generation
sequencing and analyzed for mutation score.
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Results—The diagnostic test showed a sensitivity of 75% on the RRMS cohort and a specificity
of 88% on the OND cohort. The accuracy of the test in identifying RRMS patients or patients that
will develop RRMS is 84%.

Conclusion—MSPrecise exhibits good performance in identifying patients with RRMS
irrespective of time with RRMS.

Keywords

Multiple sclerosis; neurological disease; Biomarker; B cell; Genetics; High-throughput nucleotide
sequencing

1. Introduction

Multiple sclerosis (MS) is a demyelinating autoimmune disease of the central nervous
system (CNS). Several studies have underscored the impact of T and B cells in this disease
and have broadened the community's search for more effective immunomodulatory therapies
for the treatment of relapsing-remitting MS (RRMS). For example, early evidence for a role
of B cells in the pathoetiology of MS, including oligoclonal bands,!: 2 altered antibody
genetics 3 and B cell responses to neuroantigens in vitro & 7 provided the basis for use of
Rituximab, a B cell depleting antibody for the efficacious treatment of RRMS.8:9

A number of reports consistently demonstrate that B cells in the CNS of RRMS patients
undergo extensive clonal expansion,219-12 and in some cases, recognize neuroantigens. Our
laboratory hypothesized that since antigen-driven B cell selection is dependent on somatic
hypermutation (SHM) accumulation in antibody genes, the cerebrospinal fluid (CSF)-
derived B cell pool of RRMS patients would be enriched for a unique pattern of SHM
reflecting their potential to recognize neuroantigens. Since variable heavy chain family 4
(VH4) genes are enriched in RRMS patient CNS,3 4 13-17 this gene family was examined for
patterns of SHM. Indeed, we have demonstrated and confirmed that CSF-derived B cells
from RRMS patients expressing rearranged variable heavy chain family 4 (VH4) genes have
an exaggerated accumulation of replacement mutations at 6 codon positions.18: 19

Earlier studies of this SHM pattern used a pool of memory B cells isolated from healthy
donor peripheral blood (N=2) to establish baseline SHM accumulation at each codon
position. Our next goal was to compare the SHM pattern identified in MS patients with CSF
B cell antibody repertoires from patients with other neurological diseases (OND). However,
these early studies included comparison to only 3 OND patients. Thus, further confirmation
is required regarding the specificity of SHM accumulation at these codon positions in B
cells from RRMS patients and a larger OND cohort. In addition, the majority of patients
analyzed in the previous two studies were patients who were very early in their disease
(N=17/19). Thus, it is unclear whether established RRMS patients who meet the McDonald
criteria for RRMS20 have the same exaggerated accumulation of SHM at these codon
positions.

To address these issues, we analyzed the VH4 antibody gene repertoires in CSF cell pellets
from 26 patients with OND and 13 patients with confirmed RRMS using next generation
sequencing (NGS). Our results indicate that RRMS patients exhibited the expected pattern
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of SHM at these codon positions. In addition, 23/26 OND patients did not appreciably
accumulate SHM at these codon positions or displayed insufficient sequence data indicative
of low B cell abundance in the CSF.

2. Material and methods

2.1 Patient description and CSF sample preparation

CSF cell pellets were collected from 26 OND patients and 13 patients with confirmed or
possible RRMS (Supplementary Tables 1&2). All CSF samples were collected by lumbar
puncture in accordance with IRB-approved protocols at UT Southwestern Medical Center,
the University of Massachusetts Memorial Medical Center (UMass), John Hopkins
University (JHU), or purchased from a commercial biorepository (PrecisionMed, Solana
Beach, CA). See Supplementary Method 1.2 for additional sample processing information.

2.2 PCR and next generation sequencing of antibody genes from CSF-derived B cell pools

All PCR reactions and sequencing were performed as previously published with
modifications made to account for usage of gDNA (see Supplementary Method 1.1).19 Of
note, only VH4 amplifications were performed for this analysis since the unique SHM
accumulation was identified only in this family.

2.3 NGS 454 data processing

Each raw sequence was analyzed using the VDJserver online repertoire analysis tool
(https://vdjserver.org/). Unique reads were identified and filtered as detailed in
Supplementary Method 1.2.

2.4 Mutation analyses

Mutation analyses were performed as previously published!® and as detailed in
Supplementary Method 1.3.

2.5 Statistical analyses

Statistical analyses were done using GraphPad Software 6.00 (San Diego, California, USA,
www.graphpad.com). Specific tests for each comparison are detailed in Supplementary
Method 1.4.

3. Results

For this study, we generated VH4 antibody repertoires using NGS of CSF cell pellets
isolated from 39 patients (Table 1). Of the 39 patient-derived CSF cell pellets, 13 were from
patients with confirmed or possible RRMS, and 26 were from patients with OND. 14 patient
samples (1 RRMS and 13 OND) were excluded due to recovery of insufficient sequence
reads after sequence filtering (Tables 2&3). A pool of purified CD19+CD27- naive B cells
from peripheral blood of one healthy donor (run in 10 replicates) was included as a
sequencing control for 454 error rates and as a control for random VH4 gene usage in the
naive B cell pool.
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We first determined how a series of process and analytical modifications made since
previous analyses affected sequence coverage (Supplementary Methods 1.1 and 1.2).1° One
modification was to include only unique sequences that had two or more copies after
sequence filtering (redundancy 1) in an attempt to increase our confidence that the
sequences being analyzed were representative of the B cell pool and not a result of sequence
errors generated during either PCR amplification or NGS. We compared the sequence
coverage obtained with redundancy filter (RI) and without (RO) (Table 4). The previously
published dataset had an average of 2,426 unique sequences per RRMS sample at RO and an
average of 583 sequences per RRMS sample at RI. The current dataset had an average of
751 sequences for the RRMS samples and an average of 632 sequences for the OND
samples at RI (Table 4). This resulted in a 1.3-fold increase per RRMS patient in the number
unique sequences in CSF-derived antibody repertoires using our current method. The
healthy control naive (HCN) cohort had an average of 1,363 sequences per sample, which
resulted in 2.5-fold more coverage in the peripheral HCN B cell pools in comparison to all
CSF B cell pools, which likely relates to a larger initial pool of purified B cells.

Next, we sought to determine if the distributions of variable heavy chain family 4 (VH4)
gene segments in each cohort were comparable (Figure la). The VH4 gene distributions
differed significantly between all pairs of cohorts with some pairs being more divergent than
others. The RRMS VH4 gene distribution was most distinct relative to the other two cohorts
(Chi-squared value = 5652 for RRMS versus HCN; 3741 for RRMS versus OND), while the
OND and HCN distributions were more similar (Chi-squared value = 2114). As expected,?!
the usage frequency of VH4 genes in the HCN B cell pool was comparable to a uniform
distribution of 12.5% for each individual gene (Chi-squared value = 4665), with an
underrepresentation of VH4-4 (percentage deviation = -81%) and an overrepresentation of
VH4-b (percentage deviation = 119%) contributing most to the overall Chi-squared value.
Similarly, for the OND cohort, deviation from a uniform distribution of gene usage is
primarily due to one or two genes, with underrepresentation of VH4-31 showing the largest
deviation (percent deviation = -96%). In contrast, the RRMS cohort was very different from
a uniform distribution (Chi-squared value = 7804) and utilized VH4-39 (percentage
deviation = 190%) and VH4-59 (percentage deviation = 105%) more frequently than
expected, which others have previously observed for VH4-39.13. 14

The distribution of joining heavy chain (JH) gene segments in naive B cells is heavily
skewed towards JH4 usage.?! Indeed, the healthy donor peripheral naive B cell pools in the
current dataset demonstrated skewing towards JH4 usage (Figure Ib). However, the RRMS
cohort for this dataset had a JH usage rank of 5>6>4>2>1=3. The high usage of JH5 and
JH6 gene segments was unexpected and contrasted with the previous dataset where JH4 was
maintained as the most frequently used JH gene segment in the RRMS cohort.1® Further
investigation confirmed that 8 of the 12 RRMS patients had unusually high skewing towards
JH5 or JH6 usage, which resulted in an unexpected JH usage rank in the cohort. Thus, the
overall distribution of JH gene segments in the RRMS cohort was significantly different
from that of the HCN cohort (Chi-squared value = 2416). The OND cohort had a JH gene
segment usage rank of 4>5>6>1=3>2, which more closely followed the JH rank of the HCN
B cell repertoire (Chi-squared value = 1791).
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We next determined whether the RRMS and OND cohorts from this dataset had
accumulated SHMs into the variable regions of their antibody genes as established in the
literature by calculating both the overall mutation frequency (MF), which considers all
nucleotide substitutions, and the replacement mutation frequency (RMF), which considers
only amino acid substitutions (Figure 2). Whereas the HCN B cell pools had very low MFs
(median 1.9%) as expected from a naive B cell population with low background sequencing
error, the RRMS and OND cohorts had very high MFs (medians 6.7% for RRMS and 3.4%
for OND), demonstrating that CSF B cells accumulate SHMs at a high frequency as
previously published.?2 Interestingly, the MF of the RRMS and OND cohorts were not
significantly different (p=0.50). The RMF calculations demonstrate a similar result (i.e. high
and comparable RMF in the RRMS and OND CSF cohorts compared to the peripheral
HCN). No correlation was found between patient age and RMF for either cohort (RRMS
p=0.8; OND p=0.2). Proper targeting of these mutations to the hypervariable regions within
the complementarity determining regions (CDRs) was also confirmed (Figure 2b).

Next, we compared the RMF at each codon position in the 6 codons that we originally used
to calculate antibody gene signature (AGS) scores (31B, 40, 56, 57, 81, 89)18. The RMF at
codons 31B, 40, 56, and 57 were all statistically greater in the RRMS cohort compared to
the OND cohort (Table 5). However, the RMF at codons 81 and 89 were statistically greater
in the OND cohort compared to the RRMS cohort. In fact, codon 89 had the lowest RMF of
all 6 AGS codons in the RRMS cohort (9.3%), and thus contributed the least to scores for
the RRMS cohort combined as well as for individual patients.

Finally, we calculated MSPrecise scores for all 25 patient CSF samples (Figure 3),
excluding codon 89 in the calculations due to its low impact on scores for the RRMS cohort.
As expected, the RRMS samples had a median MSPrecise score of 10.6 and IQR of 5.7 to
17.7. The OND samples had a median MSPrecise score of 4.5 and IQR of -3.3 to 11.7.
Thus, the MSPrecise scores of the RRMS cohort were statistically higher than the
MSPrecise scores of the OND cohort (p=0.05). The HCN cohort had very consistent and
low MSPrecise scores as expected for a sequencing control that demonstrates non-targeted
background sequence error, with a median score of -0.6 and an interquartile range (IQR) of
-1.1t0 0.6.

As expected, 10 of 13 OND patients had MSPrecise scores below the previously established
threshold of 6.8. However, the 6.8 threshold was based on Sanger sequencing data and NGS
sequences have a low level of background RMs which tends to lower MSPrecise scores.
Therefore, we identified an alternative threshold of 5.8 where we would expect to find some
NGS samples with MSPrecise scores above but close to the threshold by Sanger
sequencing. This new threshold did not affect the number of OND patients that had
MSPrecise scores low enough to be properly identified. Four of the OND patients had
MSPrecise scores just below the 5.8 MSPrecise threshold, and six of them had negative
MSPrecise scores. There was no correlation between diagnoses of the OND patients and
their MSPrecise scores (Supplementary Tables 1&2).

MSPrecise scores for 9 of the 12 RRMS patients were above the MSPrecise threshold of
5.8 and included 2 patients who were on interferon beta-1a (one for 9 months, MS05, and
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one for 2 years, MS07), one patient who was on glatiramer acetate for 5 years (MS04) and
one patient who was on mycophenolic acid for 7 years (MS06). All four of the patients
diagnosed with RRMS who were oligoclonal banding (OCB) negative had MSPrecise
scores above the threshold (scores = 33.2; 10.0; 26.8; 7.5), two of which were on disease-
modifying therapies (DMT) (MS06, MS07). Of the three RRMS patients who were OCB
positive, two had MSPrecise scores below the threshold (scores = -3.5 and 6.6), but had
been sampled while on DMTs (MS02, steroids; MS05, interferon beta-1a). One OCB
positive RRMS patient who was not on DMT at the time of sampling had an MSPrecise
score above the threshold (score = 15.2).

No correlations were found between MSPrecise score and age or mutation frequency
(Supplementary Figurel). There was a trend towards higher diversity in VH4 gene usage
(termed “diversity index”) for RRMS patients with low MSPrecise scores (Figure 4a),
which did not correlate with sequence read count (Supplementary Figure2). The two RRMS
patients that had high diversity indices and low MSPrecise scores were MS08 (diversity
index = 1.10; score = 5.37) and MS10 (diversity index = 1.22; score = -1.51). The OND
cohort did not display any correlation of MSPrecise score with the diversity index (Figure
4b), even though the diversity index for the RRMS and OND cohorts were not statistically
different (Figure 4c; p=0.6). The HCN cohort displayed a high diversity index that was
statistically different from both the RRMS and OND cohorts (p<0.0001 for both) as
expected from a large peripheral B cell pool compared to CSF B cells (Figure 4c).

4. Discussion

The application of antibody genetics to human disease has begun to emerge rapidly,
particularly since NGS became readily available. Indeed, the power of this technology has
been applied to monitoring minimal residual disease in cases of B cell lymphomas?3, and
establishing that CSF-derived B cell clones matriculate from the periphery.12 Our
application of NGS has been to develop a new approach to identify patients with clinically
isolated syndrome (CIS) who are at high risk of converting to fulminant MS. Indeed, our
early work using Sanger DNA sequencing methods demonstrated that AGS scoring
identified CIS patients who later converted to definite RRMS with 91% accuracy.!®

However, four questions remained. First, was the accumulation of SHM in these codons
specific to MS patients? Second, would established RRMS patients that meet the revised
McDonald criteria2® have a similar pattern of SHM as early-stage patients? Third, does OCB
status affect the score? Fourth, does treatment with immunomodulatory drugs affect the
score? To address these issues, we generated antibody gene repertoires from CSF-derived B
cells of ONDs, OCB* and OCB~ RRMS patients as well as treatment-naive RRMS patients
and RRMS patients who had been on DMTSs for more than a year.

We obtained CSF cell pellets from 26 OND patients with a variety of diagnoses including
headache (n=6), paraneoplastic disease (n=4) and others (Supplementary Tables 1&2). Of
the 26 OND patients, 13 were excluded from analysis due to a very low number of sequence
reads. Since this primarily occurred in the OND cohort, we concluded that those 13 OND
patients either did not display an expanded B cell mediated CNS immune response that we
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could detect, or that the response was negligible. In either case, the inability to recover
antibody sequences from such samples is likely indicative of a lack of B cell recruitment and
confirms why the literature is limited in the area of antibody genetics in patients with non-
inflammatory neurological diseases. In fact, there was one RRMS patient with insufficient
reads that we did not include in the present cohort because this patient had been on
natalizumab for more than 4 years, a well-known drug that prevents B cells and other
lymphocytes from entering the CNS.24

Our ability to detect antibody genes of rare B cells by PCR might provide OND samples an
advantage and result in an MSPrecise score that might not properly reflect their OND status.
In addition, low antibody sequence reads might be indicative of their OND status. Indeed, of
the 14 samples we removed based on recovery of an insufficient number of unique sequence
reads, 13 of them were within the OND cohort. If we assigned such samples the lowest
MSPrecise score possible (MSPrecise score = -8.9), and inserted them back into the OND
cohort, the median MSPrecise score of the OND group decreases to -8.9 (Supplementary
Figure 3).

In those 13 OND cases where we were able to recover a sufficient number of unique
antibody sequences from CSF-derived cells, we observed that the accumulation of
replacement mutations was slightly lower than in the RRMS patients, but not significantly
different (OND, median RMF 6.5; RRMS, median RMF 9.9; p=0.5). In addition, the
distribution of VH4 gene segments in the OND cohort did not differ significantly from the
expected random frequency. JH gene segment usage was also no different from the expected
frequency established in naive B cell pools. This suggests that in the OND cases for which
CSF B cells can be detected, antigen-driven selection is not as prominent as it is in RRMS
patients.

There is very little available information regarding the impact of DMTs on numbers or types
of B cells found in the CSF of RRMS patients. Even in the case of B cell-depleting
monoclonal antibodies, such as Rituximab, our understanding of B cell dynamics in the CSF
is limited.25 26 Nevertheless, the RRMS cohort used for this study included 4 patients on
DMTs for an extended period of time, most of which had high MSPrecise scores regardless
of OCB status. The one RRMS patient who had been on steroids for 7 days at the time of
sampling had a negative MSPrecise score. It is difficult to make conclusions based on these
small samples, but these data suggest that the clinical benefit of many immunomodulatory
drugs used to treat RRMS, including the beta-interferons and glatiramer acetate, is
independent of the CSF B cell pool. Further study is warranted to determine if particular
DMTs impact the CSF B cell pool and MSPrecise scores.

Finally, there is an increasing need for new methods to determine whether a patient has MS
or not.2” MSPrecise scoring may be one supportive approach to aid clinicians in this task.
Indeed, if we include the OND samples with insufficient reads, the specificity of identifying
patients with OND based on MSPrecise scoring is 88%. The sensitivity of this test in
identifying RRMS patients is 75%, although the impact of DMTSs and steroids on the
MSPrecise scoring system for our RRMS cohort remains unclear. This puts the overall
accuracy of MSPrecise scoring in this study at 84% if samples with insufficient reads are
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included and 76% if they are omitted. Previously, we presented data generated using Sanger
DNA sequencing suggesting that MSPrecise scoring is able to identify CIS patients who
will convert to RRMS but who are not yet on immunomodulatory therapy with 91%
accuracy. 1® Determining whether MSPrecise scoring using NGS performs as well to
identify CIS patients who will convert to RRMS will be the subject of future investigations.
More work also needs to be done to determine whether the codons we used to calculate
MSPrecise scores are still appropriate on the NGS platform which will require a larger
patient cohort with preferably several sub-cohorts of RRMS patients on particular DMTs
and OND patients of a particular diagnosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

RRMS
OND
MS
CNS
SHM
CSF
VH4
NGS
HCN
JH
MF
RMF
CDR
AGS
IQR
oCB
DMT
CIS

relapsing-remitting multiple sclerosis
other neurological disease

multiple sclerosis

central nervous system

somatic hypermutation
cerebrospinal fluid

variable heavy chain family 4

next generation sequencing

healthy control naive

joining heavy chain

mutation frequency

replacement mutation frequency
complementarity determining region
antibody gene signature
interquartile range

oligoclonal banding
disease-modifying therapy

clinically isolated syndrome
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Highlights
The diagnostic MSPrecise supports identification of multiple sclerosis patients.
MSPrecise uses B cell antibody sequences from patient cerebrospinal fluid.

MSPrecise performs well in identifying MS among a broad cohort of
neurological diseases.
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Figure 1. VH4 and JH gene distributions of CSF B cells from RRMS patients are more divergent
from healthy control naive peripheral B cell repertoires than those from OND patients

VH4 (a) and JH (b) gene calls were obtained by IgBlast alignment (see methods). Total
unique sequences used in cohort databases are indicated inside the pie charts. Chi-squared
analysis values between cohort gene distributions are shown above the bars. Gene
frequencies are shown in the table. Abbreviations: RRMS, relapsing-remitting MS; OND,
other neurological disorder; HCN, healthy control naive peripheral B cells. HCN samples
are all replicates from a single patient.
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Figure 2. Mutation characteristics of VH4 sequences in RRMS and OND patients
(a) Mutation frequency (MF) analysis was done by nucleotide; boxes indicate total unique

sequences in each cohort and sample numbers are marked under cohort names. (b)
Replacement mutation frequency (RMF) analysis was done by codon. RRMS sequence data
includes 119,483 total point mutations and 62,749 total replacement mutations (RM); OND
sequence data includes 74,769 total point mutations and 39,324 total replacement mutations
(RM); RRMS sequence data includes 51,238 total point mutations and 17,375 total
replacement mutations (RM). MF and RMF were calculated by sample and bar graphs show
median (indicated on the bar graphs) and interquartile range (statistical significance of the
difference between RRMS and OND was tested by Mann Whitney test). MF, RMF and R:S
ratios for CDR and FR regions were calculated independently by region for each sample and
are shown as cohort medians. HCN samples are all replicates from a single patient.
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Figure 3. MSPrecise scores in RRMS and OND patients
Each data point represents a single sample sequence pool (median and interquartile range are

marked on the figure). The dashed line represents the MSPrecise cut-off point of 6.8 above
which patients are expected to have or convert to relapsing-remitting MS (RRMS). The
dotted line delineate an indeterminate range (-1) below the 6.8 cut-off where the results of
the MSPrecise score test are less clear cut. Samples are grouped by most current diagnosis
as RRMS, other neurological diseases (OND), and healthy control naive (HCN). Only
samples that pass our filtering criteria are displayed with their calculated MSPrecise scores.
Statistical significance of the difference between cohorts was calculated by Mann Whitney
test. HCN samples are all replicates from a single patient.
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Figure 4. Low diversity correlates with high MSPrecise score in the RRMS cohort but not in the
OND cohort

Each data point represents a single sample sequence pool from (a) the RRMS cohort or (b)
the OND cohort. The diversity index was calculated as described in the methods section and
high values indicate a more even distribution across the VH4 genes. Pearson's correlation
coefficient (R) indicates the linear correlation between MSPrecise and the diversity index,
and the two-tailed p-value of the correlation is also indicated. The dashed line represents the
MSPrecise cut-off point of 6.8 above which patients are expected to have or convert to
relapsing-remitting MS (RRMS). The dotted lines delineate an indeterminate range (-1)
below the 6.8 cut-off where the results of the MSPrecise score test are less clear cut. (¢)
Distribution of the diversity index is shown here with the median marked on the graph. HCN
samples are all replicates from a single patient. Statistical significance of the difference
between cohorts was tested by Mann Whitney test.
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Table 1
Filtering of samples by cohort.
Cohort name@ RRMS | OND | penb | TOTAL
Initial sample number 13 26 10 40
Samples with insufficient reads (<10 unique reads after filtering) Ic 13 0 14
Total analyzed 12 13 10 26

a . . ] . .
Samples were grouped into patient cohorts by final diagnosis.
b_ . . .
Replicates from a single patient

Co... . . .
Patient on natalizumab at time of sampling

Abbreviations: RRMS, relapsing-remitting MS; OND, other neurologica disorder; HCN, healthy control naive peripheral B cells.
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Non-RRMS sample summary.

Patient ID Aged Gender Diagnosisb
ONDO1 37 M OND
ONDO02 61 M Dementia
ONDO03 54 M Stroke
ONDO04 65 F Dementia
ONDO05 52 F Headache
ONDO06 48 F Neurosarcoidosis
ONDO7 NR F Headache
ONDO08 57 F PND
ONDO09 44 F Encephalitis
OND10 67 F PND
OND11 49 F Urge incontinence
OND12 52 M Alzheimer's
OND13 22 F Headache
HCN NR NR NA

aAt time of sampling (yrs)

bMost up-to-date available

Abbreviations: NR, not reported; OND, other neurological disorder; PND, paraneoplastic neurologic disorder; HCN, healthy control naive

peripheral B cells; NA, not applicable.
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