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prediction of disease progression.

Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of the
CNS and the most common neurodegenerative disease of people
under 40 (1, 2). MS is classified into 3 broad subtypes: (a) relapsing-
remitting MS (RRMS), (b) primary progressive MS (PPMS), and
(c) secondary progressive MS (SPMS) (3). RRMS typically pres-
ents first with an episode of neurologic dysfunction termed clin-
ically isolated syndrome (CIS). Patients with CIS with clinically
silent brain MRI lesions or oligoclonal bands are at substantial
risk to develop RRMS (4, 5). According to the 2005 McDonald
MS criteria, conversion from CIS to definite MS is determined by
either a new demyelinating event or MRI evidence of CNS lesions
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Multiple sclerosis (MS) is a debilitating autoimmune disease of the CNS, which is characterized by demyelination and

axonal injury and frequently preceded by a demyelinating event called clinically isolated syndrome (CIS). Despite the
importance of B cells and autoantibodies in MS pathology, their target specificities remain largely unknown. For an agnostic
and comprehensive evaluation of autoantibodies in MS, we developed and employed what we believe to be a novel
autoantigen discovery technology, the Antigenome Platform. This Platform is a high-throughput assay comprising large-
fragment (approximately 100 amino acids) cDNA libraries, phage display, serum antibody screening technology, and robust
bioinformatics analysis pipelines. For autoantibody discovery, we assayed serum samples from CIS patients who received
either placebo or treatment who were enrolled in the REFLEX clinical trial, which assessed the effects of IFN-f-1a (Rebif)
clinical and MRI activity in patients with CIS. Serum autoantibodies from patients with CIS were significantly and reproducibly
enriched for known and previously unreported protein targets; 166 targets were selected by over 10% of patients’ sera.
Further, 10 autoantibody biomarkers associated with disease activity and 17 associated with patient response to IFN-3-1a
therapy. These findings indicate widespread autoantibody production in MS and provide biomarkers for continued study and

disseminated in time and space (3, 6). As CIS is typically the earli-
est clinical expression of MS, utilizing serum samples from patients
with CIS with known disease outcomes may provide new insights
into mechanisms that affect the disease activity in MS. Further, the
CIS serum samples collected at Month 0 of the REFLEX clinical tri-
al are from patients who have yet to undergo MS disease-modifying
therapies that could affect autoantibody repertoires. Thus, ana-
lyzing the autoantibody repertoire of patients with CIS may help
identify autoantibodies associated with and possibly contributing to
early disease activity and pathological changes in disease.

‘While studies on MS, especially those in murine models, have
posited autoreactive T cells (CD4" and CD8") as the main drivers
of pathology (7), the success of anti-CD20 B cell depletion thera-
pies has focused attention on B cells as disease mediators (3). An
important role for B cells in MS pathology is supported by studies
of the histopathology of lesions in MS and analysis of cerebrospi-
nal fluid (CSF). MS brain tissue demonstrates active inflammatory
lesions with B cell infiltrates and complement deposition in some
patients (8) and extensive meningeal inflammation associated with
cortical pathology in SPMS (3, 9). Immunoglobulins in the CSF
(oligoclonal bands) are a diagnostic hallmark of MS and are asso-
ciated with poorer disease prognosis (10). The beneficial effects
of plasmapheresis in 40%-90% of patients who are unresponsive
to corticosteroids provide additional indirect evidence for the role
of autoantibodies in MS (11). The specificity of MS antibodies
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and oligoclonal bands, however, remain poorly defined. Although
some autoantigen targets (e.g., KIR4.1, MBP, and a glial protein
cross reactive with EBNA1) have been proposed, validation is lack-
ing (12) with few exceptions (13).

The FDA has approved over 20 disease-modifying therapies for
treating MS that vary in their mechanism of action; 6 are approved
for CIS. Subcutaneous IFN-B-1a (Rebif) gained regulatory approv-
al from the FDA for CIS following the Phase 3 REFLEX (Rebif
FLEXible dosing in early MS) trial demonstrating its efficacy (14—
16). This placebo-controlled trial enrolled 517 patients with CIS at
high risk for McDonald MS conversion and determined responses
with MRI imaging. Conducted over a period of 2 years, this study
showed that Rebif lowers conversion risk by approximately 50%.
Studies have not yet established the mechanism of action for IFN-
B-1a treatment, although in vitro studies with B cells from patients
with MS indicate the modulation of B cell activity. Specifically,
these studies show that treatment reduces MHC antigen presen-
tation by B cells, lowers inflammatory cytokine production, and
increases antiinflammatory cytokine production (10, 17, 18).

Given the functions of B cells and their products and the activ-
ity of IFN on B cells, we hypothesize that autoantibodies may con-
tribute to the pathogenesis of MS and could provide biomarkers
for disease activity and treatment responses. We further hypoth-
esize that comprehensively defining autoantibody targets in CIS/
MS may elucidate the autoimmune landscape promoting patho-
genesis. Moreover, we hypothesize that autoantibody profiles, e.g.,
combinations of specificities, rather than a single autoantibody
target may be required for defining serological biomarkers, con-
sidering prior difficulties in the field. Irrespective of a direct link
of antibodies to disease manifestations, autoantibody profiles may
serve to predict disease course and monitor treatment response in
a precision medicine approach.

To investigate these possibilities, we assayed MS sera with an
original technology, termed the Antigenome Platform, which we
developed for in-depth discovery of autoantigens. The Antige-
nome Platform is a cutting-edge high-throughput assay that pairs
human cell line—derived cDNA fragments, phage display (19), a
serum antibody selection system, and a bioinformatics pipeline
to survey diverse autoantibody reactivities. Since the probability
of success in cloning large in-frame cDNA fragments is generally
low (e.g., 1 in 1.3 x 10°¢ for 100 amino acids), we strategically
developed methods to overcome this limitation. The Platform
utilizes bead-based size selection to exclude short transcripts. In
addition, a 2-plasmid sequential cloning system excludes stop-co-
don—containing fragments by first requiring cDNA fragment read
through to confer antibiotic resistance and then requiring read
through for phage production.

The use of the Antigenome Platform extends prior studies on
autoantigen discovery by assessing serum IgG antibody binding to
large protein fragments (up to 250 amino acids) of approximate-
ly 90% of human genes. Prior efforts to uncover autoantibodies in
MS have predominantly focused on low molecular weight peptides
or assessed brain/myelin antigens exclusively (20). In contrast, our
methods assess potential autoantigens from a broader set of tissues
or cells. The study herein describes the development of the Antige-
nome Platform and its application in a retrospective subgroup anal-
ysis of REFLEX trial serum samples (14-16). We present data on
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the performance characteristics of the Antigenome Platform and
the derivation of autoantibody profiles associated with CIS, MS
disease activity, and response to IFN-f-1a. Together, these findings
suggest that autoantibodies can be used as MS biomarkers in con-
junction with clinical and imaging assessment, and may help eluci-
date the pathogenesis of MS.

Results

A stringent 2-plasmid selection system for large in-frame cDNA library con-
struction. The Antigenome Platform is a plasmid-based selection sys-
tem developed to identify targets of autoantibody reactivity across
the human cDNA-derived proteome. This technology uses libraries
of in-frame, high-diversity, protein domain-sized fragments gener-
ated from human genome—encoded transcripts to obtain a broad
coverage of target autoantigens agnostically. The transcript sources
include HEp-2 cells, brain white matter, cultured astrocytes, and
PBMC:s (Figure 1A), which were chosen to maximize the discovery
of CNS autoantigens and antinuclear antigens. HEp-2 cells are a
human epithelial cell line used for assaying antinuclear antibodies,
for which some patients with MS are positive (21, 22).

We generated libraries using a stringent 2-plasmid selection
system. The first plasmid requires an in-frame open reading frame
(ORF) to confer antibiotic resistance. After antibiotic selection,
the resulting in-frame ORFs are cloned into the second plasmid
(phagemid). The phagemid requires an in-frame ORF for M13
phage protein production. As such, this approach markedly reduc-
es phagemids containing out-of-frame, non-ORF inserts. Other sys-
tems for autoantigen discovery in MS have led to the identification
of out-of-frame proteins as targets (23). We validated this approach
by Sanger sequencing 266 randomly isolated phagemids, which
revealed 74% ORFs and 77% in-frame and absent of stop codons
(Supplemental Table 1; supplemental material available online
with this article; https://doi.org/10.1172/JCI171948DS1). Over
99% of inserts were in the correct orientation (data not shown).
The average cDNA size ranged from 306 bp (brain library) to 482
bp (HEp-2 library) (Figure 1B). The large fragment size (mean of
approximately 14.1 kDa) suggests the representation of conforma-
tional and linear epitopes. The display of conformations is import-
ant because an estimated 90% of protein epitopes recognized by
antibody molecules are conformational (24); furthermore, patho-
genic autoantibodies recently identified in MS CSF were found to
be conformation dependent (13).

The 4 cell-derived libraries were equally pooled by phage num-
ber to create the final library. Wherein, 46% of phage inserts encod-
ed known proteins; the majority remaining were ribosomal RNA
sequences. Each phage library was sequenced with next-generation
sequencing to evaluate protein diversity (Figure 1C). The astrocyte,
HEp-2, PBMC, and brain white matter libraries represent at least
13,219, 12,406, 14,925, and 9,561 human proteins, respectively. In
total, expression library complexity includes approximately 18,000
human proteins, with each cell type contributing between 139—
1,784 unique proteins (Figure 1D).

Data analysis indicates that an average of 80 unique protein
fragments represent each protein (range of 1-38,698), totaling
more than 1 x 10° unique protein fragments. This representa-
tion is demonstrated by results with the B-actin protein (ACTB)
(Figure 1E).

J Clin Invest. 2025;135(5):e171948 https://doi.org/10.1172/)CI171948



The Journal of Clinical Investigation

RESEARCH ARTICLE

A .
L I 1 ¢
(“ A~ o ol \ |
O T T
. r , L] L] |
- . ; inframe ORF  Protein domain  Diverse phage
Cells of mRNA isolation  size selection selection insert diversity ibrary
interest
B D Library Antigen Contributions
i HEp2
[FU] . Brain P
e o Brain
5000 AN Mean 306 bp L)
1 1
Yy 11.2 kDa 5 Y
v-.
0— = A A "’4: A .
T T 1T T T T IIT 1117
35 150 300 500 10380 [bp]
[FU]
W PBMC
500 IR Mean 335 bp
_| 12.3 kDa
0— At f‘ L, jI\ man
it T Tl E ACTB Domains in Phage Library
35 150 300 600 10380 [bp] — =
[FU] 1 =T ;
1 Representative 112 of
MR, Astrocyte —% — n = 2554 varieties
500 I Mean 415 bp p—P PN
15.2kDa ——f -—
SRy = .
0= e L . JL e ® »> ® > ®
MTTT T T TITT 1T 11 . s * » —
Pe————————lll
35 200 400 10380 [bp] ® so— o _
[FU] X y .—.I y ._.I el
200 1 E§2;12482b — 7 PR
{4 P . —. °
1004 | o 17.7 kDa - ° —
1 J L
0 "l'l || : 'I/ — ||\| | .| 'Ill’ — Amino Acids 0 50 100 150 200 250 300 350 400
35 150 300 600 10380 [bp] Exons [T 5] 3 T - 5]
Base pairs
(o] Library Diversity Figure 1. Genome-wide protein fragment expression
1E+8 library generation. (A) Expression library construction.
1E+7 mRNA purified from HEp-2 cells, astrocytes, brain white
o 1E+6 matter, and PBMCs was fragmented to generate ORF
§ 1E+5 transcripts encoding domain-sized protein fragments. >
o] 1x 106 distinct in-frame transcripts were cloned for phage
2 1E+4 library construction. Individual libraries were proportion-
§ 1E+3 ally pooled. (B) Library cDNA insert size distributions.
3 1E+2 Histograms show cDNA insert sizes (base pairs) of the 4
S 1E+ final expression libraries. (C) Sequencing count values (log,,
1E+0 scale, y-axis) represent the relative number of annotated

0

=1
Y

Antigen Rank

PBMC

Brain HEp2

genes in each library. The x-axis shows ranking of each
gene from highest counts to lowest counts relative to each
library. (D) Venn diagram showing the number of unique
proteins each cell type contributes to the total transcript
library. (E) Representative protein fragments of the ACTB
gene expressed within the pooled cDNA library after
selection. Black lines represent expressed library protein
fragments of the ACTB protein. The 112 fragments shown
represent 2,554 total ACTB fragments in the library.

J Clin Invest. 2025;135(5):e171948 https://doi.org/10.1172/)CI171948 3



:

RESEARCH ARTICLE

Reproducibility and specificity of the Antigenome Platform. Human
serum samples were incubated with the phage library (1 x 10"
phage; an average of 574,218 phage per protein) and protein G-
conjugated paramagnetic beads to isolate serum IgG-bound phage
clones. DNA encoding selected protein fragments was isolated and
identified by next-generation sequencing. Sequencing counts were
mapped to the human genome with a bioinformatics pipeline pow-
ered by the STAR alignment tool (25) (Figure 2A). Input library
and a human serum sample repeat (Donor #1) were included in
every experiment to detect and correct any batch effects and main-
tain high reproducibility standards.

We used antibodies with previously defined protein targets to
assess selection specificity. For these studies, rabbit antisera generated
against human protein fragments were purchased and assayed with
the Antigenome Platform. The appropriate immunogen fragments
were specifically selected by each rabbit antisera assayed, even though
nonimmunogen fragments of the same protein had higher represen-
tation in the input library. In contrast, a control serum did not select
these fragments (Figure 2B). Thus, selection is antibody specific and
appropriately mapped through the bioinformatics pipeline.

The collection of autoantigens selected by sera is sample-spe-
cific and highly reproducible among experiments, as demonstrated
by the Donor #1 serum sample and an unrelated healthy control
(HC) sample. The Donor #1 sample was assayed in 2 independent
experiments and achieved high agreement in autoantigen selection,
visualized by scatter plot with an R? value of 0.9246 (Figure 2C).
On the contrary, an unrelated HC serum sample did not select the
same antigens (Figure 2D). These findings suggest specific autoanti-
gen selection rather than assay variability or background noise. The
data also suggest that autoantibody profiles may be largely stable
over time since there is 96.6% agreement in autoantigen selection
among Donor #1 serum samples drawn over 14 years, as measured
using binary-transformed data (Figure 2E).

Sera from patients with CIS assayed with the Antigenome Platform.
Having established that the Platform maps antigen binding, we
used serum samples from the REFLEX clinical trial to determine
autoantibody profiles for patients with CIS who did not meet the
2005 McDonald MS criteria (6) at the time of trial enrollment.
‘We further assessed the association of these autoantibody profiles
with disease activity in placebo or Rebif IFN-B-1a-treated patient
subgroups. Patients who converted to McDonald MS during the
REFLEX trial were considered to have disease activity due to
either (a) new MRI activity fulfilling space and/or time criteria or
(b) a new clinical attack (6).

Patients in 4 subgroups were selected: (a) placebo-treated
patients without active disease (PBO-NA, n = 21), (b) place-
bo-treated patients with active disease (PBO-A, n = 27), (c) Rebif
IFN B-1la-treated, non-active (RNF-NA, n = 27), and (d) Rebif IFN
B-la-treated, active (RNF-A, n=27). Only a single participant in
the “no activity” group was observed to have a new MRI lesion
considered no-diagnostic for MS. To select patients from the 4 sub-
groups with balanced baseline demographic and disease character-
istics, propensity score (PS) matching was applied. Distributions
of potential confounders after PS matching for patients in the dif-
ferent subgroups indicate adequate matching (Supplemental Fig-
ure 1). Sera collected from 3 time points (month 0 [start of trial],
month 6, and month 24) were assayed, totaling 306 serum samples
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from 102 patients. A total of 43 HC serum samples were assayed
for comparison. The Input Library sequencing control was highly
reproduced among batches, suggesting minimal batch effect (Sup-
plemental Figure 2).

Autoantibody targets associated with CIS compared with HC sam-
ples. The assayed patients with CIS (n = 102) were divided evenly
into test and validation sets (CIS-Set-1 and CIS-Set-2). The 4 sub-
groups (PBO-A, PBO-NA, RNF-A, and RNF-NA) were evenly
distributed between the 2 sets; however, the patients were other-
wise randomly distributed. The sequencing counts of autoantigens
selected by CIS-Set-1 (n = 51) or CIS-Set-2 (n = 51) sera at month
0 were each statistically compared with those selected by HC (n
= 43). To reduce computation time, the approximately 18,000
measured autoantigen targets were filtered to include only those
selected by at least 1% of patients (based on binary-transformed
data). Filtering resulted in 4,357 and 4,417 statistically compared
autoantigen targets for CIS-Set-1 and CIS-Set-2, respectively. The
statistical comparisons revealed 863 differentially selected auto-
antigens between CIS-Set-1 and HCs (541 associating with CIS-
Set-1 and 322 associating with HC) and 876 between CIS-Set-2
and HCs (605 associating with CIS-Set-2 and 271 associating with
HCs) (Figure 3, A and B, and Supplemental Data File 1). Of the
541 and 605 autoantigens associating with CIS-Set-1 and CIS-
Set-2, respectively, 335 autoantigens were reproducibly selected
by both sets, 206 autoantigens were selected only by CIS-Set-1,
and 270 autoantigens were selected only by CIS-Set-2 (Figure
3C). Only the 335 autoantigens reproducibly selected by patients
with CIS were considered to be CIS-associated autoantigens for
the continuation of the study. Statistical tests used Kruskal-Wallis
Rank Sums Test at a P value of less-than 0.05 and FDR-adjusted
P value (g value) of less-than 0.2.

To verify that the selected autoantigens were not biased by their
representation in the input library, we ranked all approximately
18,000 autoantigens and evaluated the ranks of the 335 selected
autoantigens. These had a median rank of 3,489, ranging from
50-11,993, indicating no selection bias. The selection counts for
these 335 CIS-associated autoantigens were enriched over the input
library (Supplemental Data File 2). They were positively selected
by 1%-79% of patients with CIS (Supplemental Data File 3). For
simplicity and to avoid focusing on autoantigens that may be rare,
we focused on the 166 autoantigens represented in at least 10% of
patients with MS (Figure 3C).

Protein-protein networks for CIS-associated autoantibody targets. To
determine whether CIS-associated autoantigens target common
pathways or complexes, we explored known protein-protein inter-
actions using the STRING database. STRING integrates associa-
tions from multiple sources, including experimental databases and
computationally predicted interactions (26).

Of the 166 CIS-associated antigens selected by at least 10%
of patients with CIS, 72 (43%) interact with other CIS-associated
autoantigens, whether physically or functionally (Figure 3D), based
on experimental and database-derived data. Physical interactions
are predicted to occur among 60 CIS-associated antigens (Supple-
mental Figure 4A). PLCGI is the most well-connected hub antigen
with connections to 9 other autoantigens (Figure 3D). Three inter-
acting antigens, CHD4, GATAD2B, and GATAD2A are members
of the nucleosome remodeling and histone deacetylation (NuRD)
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38 14,760 8786 29,828| 27,013| 100,653| 18377 37,327 128175 25,141| 94,169 57,636) 2,152
39 582| 70,357 17,500 26,763| 29,338 941 83,910| 205,155 70,395 137,303 264 389
40 30,794| 43,189| 24527 26,756 22334 19,205 14,245| 81,615 8,028 31,574 323| 4,608
41 35,392 586 18,177| 26,103 301 8048 3,216] 20,500 180 339 49 318
42 16,006| 59,359| 33,769 24,069 2547 26492 554| 259,144| 58,338| 40,318 624 411
43 167 41| 27,246| 23,863 13,390 7376 4,596 4,834 57 6,460 205 316
44 38,363| 19,265 24,308| 23,034 42763| 10542 17,484 56975 10,588 34,256 448 1,088
45 598| 17,724| 24,792| 22,705| 14,019| 13252 11628 23327| 12581 24958 17| 1,655
46 | 122,313| 79,551| 96,513| 22,266| 28,238| 38,063| 16,608 225087 33,823 80,708 411 428
47 14,785 18,731 14,202 22,060 19,877| 14,284 1,536 74,179 24,748| 24,245 172 1,392
48 60,014| ©0,667| 12,871 21,823 39458 59493 21,379| 167,778 39,936 12651 182 1,572
49 936 569 497| 21,102 778 391 408|  2,009| 154,089 19,601 1,560 1,244
50 398|  9,992| 38,504 20,856 178 167| 2,028 538] 17,248 498 5768 2,899
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B Immunogen Region
Relative density

High Low

Figure 2. Autoantigen selection assay.
(A) Schema for autoantigen selec-

tion. Phage displaying human protein
fragments were immunoselected by
serum IgG-bound protein G-paramag-
netic beads. Samples were multiplexed,
identified by deep sequencing, quan-
tified, and statistically analyzed. (B)
Immunoselection results for 9 rabbit
antisera generated against specific
protein fragments of the human
proteins ABI2, ATN1, CALD1, DDX5,
ITGB1, MAPKS, NONO, PCNA, and
UBAT. Black boxes indicate immuno-
gen region (target protein fragments);
white boxes indicate nonimmunogen
region (off-target protein fragments)

of the same protein. Protein frag-
ments selected by the rabbit antisera
antibody (Ab), fragments selected by a
control serum, and the relative density
of fragments available for selection

in the input library are all shown. (C
and D) Scatter plot showing autoanti-
gens (dots) selected in 2 independent
experiments using (C) the same serum
sample (Donor #1) or (D) 2 different
serum samples (Donor #1and an
age-matched control). Axes indicate
sequencing counts (log,; scale). (E)
Heatmap shows autoantigens selected
by Donor #1 sera over the span of 14.4
years, where time 0 is the first serum
sample collected. Each row represents a
different antigen, ranked based on time
9.4 serum autoantibody selections.
Only the top 50 autoantigens (based on
counts) selected by Donor #1time 9.4
are shown for brevity.
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Figure 3. Autoantigen specificities selected by sera from patients with
CIS. (A and B) Individual autoantigens (dots) are statistically compared
between the HC group (n = 43) and (A) The test group of patients with

CIS (CIS-Set-1; n = 51; month 0), (B) The validation group of patients with
CIS (CIS-Set-2; n = 51; month 0). The x-axis represents the difference in
sequencing count means between cohorts taken from log -transformed
sequencing counts. The y-axis represents the -log, of g values (higher
values indicate greater significance). Autoantigens above the horizontal
line (g = 0.2) are considered significant. (C) Venn diagram shows the over-
lap of autoantigens selected by CIS-Set-1and CIS-Set-2. The autoantigens
reproducibly selected were extracted and filtered for autoantigens selected
by at least 10% of all patients with CIS; 166 autoantigens remained.
Kruskal-Wallis rank test was used for all statistical comparisons. (D)

A protein-protein interaction network of the 166 reproducibly selected
CIS-associated autoantigens selected by at least 10% of patients. Only
interactions derived from STRING “experimental” and “database” data
sources are shown. Proteins without shared connections are omitted.
Circles represent antigens and the connecting lines represent interactions
between antigens. MCL clustering was applied to help distinguish stronger
interactions, where each cluster is uniquely colored. Solid lines between
connections indicate stronger interactions than dotted lines. (E) Subcel-
lular locations of the 166 CIS-associated autoantigens. Charts detail the
percent of antigens that are predominately located in each subcellular
compartment and subcompartment. Asterisks indicate locations that are
significantly enriched (P value < 0.05) over what would be expected from
arandom set of proteins of the same size. Derived from SubCell Barcode
(www.subcellbarcode.org). (F-1) Protein structure properties as labeled.
Values are sorted in descending order; the gray curve indicates the values
for all proteins included, and the black vertical lines indicate the placement
of the 166 CIS-enriched autoantigens in the ranked list. The green curve
indicates the enrichment score. The red and blue color gradient represents
positive (red) to negative (blue) values.

complex (also called the Mi-2 complex), suggesting that the NuRD
complex may be an autoimmune target in CIS/MS.

Subcellular locations of CIS-associated autoantibody targets. To
explore further the nature of the CIS-associated autoantigen
targets, we used the SubCellBarcode database to identify their
subcellular locations. This database uses mass spectrometry and
cell fractionation protocols to catalog the dominant subcellular
locations of 12,418 proteins (27).

General subcellular location data are available for 142 of 166
CIS-associated autoantigens, and specific subcellular compartment
data are available for 81 of 166 (Figure 3E and Supplemental Data
File 4). CIS-associated autoantigens are enriched in the nucleus (53
of 166 autoantigens) and N4 (nucleosol) nuclear subcompartment
(22 of 166). Moreover, analysis of protein-protein interactions and
subcellular locations collectively indicate that some, but not all,
autoantibody targets occupy similar spaces or somehow interact.

Biochemical properties of CIS-associated autoantibody targets.
We next explored whether common biochemical or structural
features may play a role in autoantibody targeting. Using the
Immune Epitope Database (IEDB) (28) and gene set enrichment
analysis (GSEA) (29, 30), we found that the 166 CIS-associat-
ed autoantibody targets are significantly enriched for high Chou
and Fasman B-turn scores (normalized enrichment score [NES]:
3.66), high Emini surface accessibility (NES: 3.92), high Parker
Hydrophilicity (NES: 1.97), low hydrophobicity (NES: —1.61),
and a high fraction of amino acids in p-turns (NES: 3.00), each
with a P value of less-than 0.001 compared with all of the pro-
teins available in the input library. There was no enrichment

J Clin Invest. 2025;135(5):e171948 https://doi.org/10.1172/)CI171948

RESEARCH ARTICLE

when comparing isoelectric point or the fraction of amino acids
in B sheets (Figure 3, F-I, and Supplemental Figure 3, A-C).

Tissue expression of CIS-associated autoantibody targets. Since
MS is a CNS disease, autoantigens expressed predominantly
in the brain are of particular interest. Most autoantigen tar-
gets (115 of 166) found in this study are widely expressed in
human tissues, according to Human Protein Atlas (31). Howev-
er, some autoantigens show tissue enrichment (Tables 1 and 2).
Ten autoantigens (6%) are enriched or enhanced in the brain:
GRIAIL, GRIN1, SORTI1, SYNJ2, KCTD17, CBX6, TRAK2,
EXPHS5, SCD, and KIF1C. Previous studies have also identified
GRINI1 as a potential autoantibody target in MS (32-37). Of
note, 16 autoantigens (9.6%) have enhanced expression in the
skeletal muscle: MYLK3, KIF1C, SHISA4, CD99L2, NEDD4,
CAP2, SVIL, COX10, FLII, SSH2, RAPGEF1, SYNE2, BAG3,
NDUFB4, HECTD1, and NT5C3A. This result could indicate
cell damage and a local immune response occurring in both the
brain and muscle.

Functional annotations of CIS-associated autoantibody targets. To
further investigate CIS-associated autoantigen targets, we used
the STRING database to analyze pathway and functional enrich-
ments, including Gene Ontology terms (GO-terms) (Tables 3 and
4 and Supplemental Data File 5). GO-terms groups genes based
on shared biological pathways, cellular components, or molecular
functions (38). Significant enrichments were found for the “his-
tone deacetylase complex” (including CHD4, GATAD2B, and
GATAD?2A), “SWI/SNF superfamily type complex,” “nuclear

” o«

speck,” “actin cytoskeleton,” “cell junction,” brain development
processes, and “nucleic acid binding.” These enrichments are
crucial for understanding disease processes, especially since cell
junctions maintain the blood-brain barrier, which is disrupted in
MS. Autoimmunity targeting nucleic acid and chromatin binding
proteins is common in many autoimmune diseases (39).

Additionally, there is an enrichment of proteins in the brain,
skeletal system, connective tissue, and cancer cells (e.g., leukemia
and bone marrow cancer). This suggests a broad immune dysregu-
lation in patients with CIS/MS, not limited to brain proteins, and
may indicate an antitumor response controlling metastasis.

Autoantibody-target profiles associated with disease activity and Rebif
treatment. We investigated whether specific autoantibody profiles were
linked to disease activity during the 2-year REFLEX trial in placebo or
Rebif-treated subgroups. We statistically compared the 335 CIS-asso-
ciated autoantigens (Figure 3C) between each MS subgroup (PBO-A,
PBO-NA, RNF-A, RNF-NA) and HCs at baseline. Autoantigens not
selected by any patients were excluded.

Of the 335 autoantigens, 248 and 234 were significantly asso-
ciated with PBO-A or PBO-NA compared with HC, respectively
(Figure 4A and Supplemental Data File 1). Among these, 212 were
shared between PBO-A and PBO-NA, with 35 unique to PBO-A
and 41 unique to PBO-NA. Similarly, 262 and 217 autoantigens
were significantly associated with RNF-A or RNF-NA compared
with HCs, with 171 shared, 91 unique to RNF-A, and 46 unique to
RNF-NA (Figure 4B and Supplemental Data File 1).

Overall, 100 autoantigens were common across all 4 CIS
subgroups (Figure 4C). Twenty-six autoantigens were prevalent
in patients with active disease (PBO-A and RNF-A), and 11
were prevalent in patients without active disease (PBO-NA and
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Table 1. Subcellular locations of CIS-associated autoantigens, A-M

Antigen* Tissue Expression®¢ Cellular Location® Cis HC
ALDH7A1 Tissue enhanced (liver) Intracellular 12% 2%
ATFS Tissue enriched (liver) Intracellular 14% 9%
BAG3 Tissue enhanced (skeletal muscle) Intracellular 22% 9%
CAP2 Tissue enhanced (skeletal muscle, tongue) Intracellular 15% 0%
(BX6 Tissue enhanced (brain) Intracellular 14% 2%
CCNF Tissue enhanced (lymphoid tissue) Intracellular 10% 2%
(D99L2 Tissue enhanced (skeletal muscle) Extracellular 1% 2%
(DH2 Tissue enhanced (heart muscle) Extracellular 42% 23%
cox10 Tissue enhanced (skeletal muscle, tongue) Intracellular 1% 7%
EVI2B Tissue enhanced (bone marrow, lymphoid tissue) Extracellular 45% 26%
EXPH5 Tissue enhanced (brain, skin) Intracellular N% 2%
F5 Tissue Group enriched (choroid plexus, liver, placenta) Secreted 24% 7%
FAM53C Tissue enhanced (bone marrow) Intracellular 10% 5%
FAM83G Tissue enhanced (esophagus, skin) Intracellular 33% 12%
FLII Tissue enhanced (skeletal muscle) Intracellular 50% 37%
GRIA1 Tissue Group enriched (brain, retina) Extracellular 10% 2%
GRINT Tissue enriched (brain) Extracellular 31% 12%
HECTD1 Tissue enhanced (skeletal muscle) Intracellular 18% 5%
HIF1A Tissue enhanced (bone marrow) Intracellular 19% 12%
INO8OD Tissue enhanced (bone marrow) Intracellular 14% 9%
KCTD17 Tissue enhanced (brain) Intracellular 14% 0%
KIF1C Tissue Group enriched (skeletal muscle, brain, choroid, plexus, heart muscle, tongue) Intracellular 28% 9%
LSR Tissue enhanced (liver) Extracellular 10% 5%
MTF1 Tissue enhanced (bone marrow) Intracellular 15% 5%
MuCie Tissue Group enriched (adipose tissue, cervix, fallopian tube, salivary gland) Extracellular, secreted 41% 23%
MYC Tissue enhanced (adipose tissue, skin) Intracellular 13% 7%
MYLK3 Tissue Group enriched (skeletal muscle, heart muscle, tongue) Intracellular N% 0%

"Table is abridged and split; see Table 2 for additional antigens, N-Z, and Supplemental Data File 5 for the full table. Remaining antigens had low tissue specificity. Table is sorted
alphabetically based on antigen. ®Data was extracted from The Human Protein Atlas and Uniprot. ‘Bodily location of of enhanced or enriched antigen expression.

RNF-NA) (Figure 4C). These findings suggest the Antigenome
Platform can detect autoantibodies enriched in patients with
CIS and distinguish those with active disease.

Protein networks of autoantibody targets associated with disease activity.
We utilized the STRING database to examine the CIS subgroup—
associated autoantigens for commonalities or insight into the CIS/MS
disease process. We were specifically interested in the 67 and 53 auto-
antigens uniquely associated with PBO-A or PBO-NA, respectively,
and the 91 and 46 autoantigens uniquely associated with RNF-A or
RNF-NA, respectively. For simplicity and to avoid investigating auto-
antibody targets that may be rare in a subgroup, we investigated the
autoantigens selected by at least10% of patients within the subgroup.
Thus, we investigated 35, 41, 37, and 21 autoantigens for PBO-A,
PBO-NA, RNF-A, and RNF-NA, respectively (Figure 4, A and B).

For PBO-A, 12 of 35 antigens (34%) were involved in interac-
tions; CDH2 was a hub antigen with connections to PTPRS, PXN,
ARHGAP32, and FGFR1 (Figure 4D). For PBO-NA, 19 of 41
antigens (46%) interacted with each other; HSP90ABI was a hub
antigen with connections to 7 autoantigens (Figure 4E).

For RNF-A, 18 of 37 autoantigens (49%) were involved in
interactions with each other. GRIA1 was a hub antigen with con-
nections to GRIN1, ARHGAP32, and HSPAS (Figure 4F). For
RNF-NA, 4 of 21 autoantigens (27%) interact in pairs, with inter-
actions occurring between COG7/YKT6 and CBX6/GATAD2B

(Figure 4G). STRING networks showing only physical interactions
are also reported (Supplemental Figure 4, B-E).

Subcellular locations of autoantibody targets associated with disease
activity. To further explore features in the CIS-associated autoan-
tigen targets, we used the SubCellBarcode database to identify
their subcellular locations. For PBO-A, subcellular and subcom-
partment location data are available for 27 of 35 and 10 of 35
autoantigens, respectively, (Figure 4H and Supplemental Data
File 4). PBO-A-associated autoantigens are enriched in cytoso-
lic, mitochondria matrix, nucleosol, endoplasmic reticulum, and
ribosome subcompartments.

For PBO-NA, subcellular and subcompartment location data
are available for 32 of 41 and 17 of 41 autoantigens, respective-
ly (Figure 41 and Supplemental Data File 4). PBO-NA-associated
autoantigens are broadly distributed throughout the cell.

For RNF-A, subcellular and subcompartment location data
are available for 31 of 37 and 18 of 37 autoantigens, respective-
ly (Figure 4J and Supplemental Data File 4). RNF-A-associated
autoantigens are enriched in the cytosol. For RNF-NA, subcel-
lular and subcompartment location data is available for 13 of
21 and 8 of 21 autoantigens, respectively (Figure 4K and Sup-
plemental Data File 4). RNF-NA-associated autoantigens are
enriched in the cytosol and the mitochondria, specifically in the
mitochondria matrix.
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Table 2. Subcellular locations of CIS-associated autoantigens, N-Z

Antigen* Tissue Expression®¢
NDUFB4 Tissue enhanced (skeletal muscle)
NEDD4 Tissue enhanced (skeletal muscle, tongue)
NR2F2 Tissue enhanced (ovary)
NT5C3A Tissue enhanced (skeletal muscle)
NUDT1 Tissue enhanced (bone marrow)
PAXS Tissue enriched (lymphoid tissue)
PLCB3 Tissue enhanced (intestine)
PRDX5 Tissue enhanced (choroid plexus)
RAPGEF1 Tissue enhanced (skeletal muscle)
RNF166 Tissue enhanced (bone marrow, lymphoid tissue)
SCD Tissue enhanced (brain, adipose tissue, liver)
SHISA4 Tissue enhanced (skeletal muscle)
SIGMAR1 Tissue enhanced (liver)
SORT1 Tissue enhanced (brain)
SSH2 Tissue enhanced (skeletal muscle)
SVIL Tissue enhanced (skeletal muscle, tongue)
SYNE2 Tissue enhanced (skeletal muscle)
SYNJ2 Tissue enriched (brain)
TNFRSF1B Tissue enhanced (lymphoid tissue)
TOP2A Tissue enhanced (lymphoid tissue, testis)
TRAK2 Tissue enhanced (brain)
TYROBP Tissue enhanced (bone marrow, lymphoid tissue)
UQCRQ Tissue enhanced (heart muscle)
WIPF1 Tissue enhanced (lymphoid tissue)

Cellular Location® CISs HC
Intracellular 21% 9%
Intracellular 1% 2%
Intracellular 27% 5%
Intracellular 1% 2%
Intracellular 16% 2%
Intracellular 25% 12%
Intracellular 14% 2%
Intracellular 10% 5%
Intracellular 29% 14%
Intracellular 12% 5%
Intracellular 19% 7%
Extracellular 14% 5%
Intracellular 12% 7%
Extracellular 10% 5%
Intracellular 33% 5%
Intracellular 46% 21%
Intracellular 43% 33%
Intracellular 56% 19%

Extracellular, secreted 23% 5%
Intracellular 20% 5%
Intracellular 1% 9%
Extracellular 18% 9%
Intracellular 13% 2%
Intracellular 60% 33%

ATable is abridged and split; see Table 1 for additional antigens, A-M, and Supplemental Data File 5 for the full table. Remaining antigens had low tissue
specificity. Table is sorted alphabetically based on antigen. BData was extracted from The Human Protein Atlas and Uniprot. “Bodily location of enhanced or

enriched antigen expression.

Functional envichments of autoantibody targets associated with disease
activity or lack of disease activity. Functional enrichments are reported
using the STRING database (Supplemental Data File 5). The 35
investigated PBO-A autoantigens are enriched for phosphoproteins,
and the 41 PBO-NA autoantigens are enriched for proteins involved
in chromatin organization and acetylation. The 37 RNF-A auto-
antigens are enriched for phosphoproteins, chromatin regulators,
protein-domain-specific binding, and endosome. The investigated
RNF-NA-enriched autoantigens did not have enriched GO-Term:s.
These results suggest connections among some autoantigens that
are physical and functional, which may provide clues to the specific
targeting of these antigens.

Predictive value of CIS autoantibody targets in the absence of therapeu-
tic intervention. We next evaluated whether a group of autoantigen
targets predicts the occurrence of new MRI activity fulfilling either
space and/or time criteria or a new clinical attack during the 2-year
REFLEX trial in the absence of therapy. For model building, we
used PBO-A and PBO-NA samples (# = 48 total) at month 0. While
a combined 301 autoantigens were selected by PBO-A and PBO-
NA at significance level of ¢ less-than 0.2 and representation level
of greater-than 1% of patients, a more stringent significance level (q
< 0.05) and representation level (> 30% of patients) were utilized for
predictive modeling to improve model stability by lessening the num-
ber of predictors. After this filtering, 31 autoantigens were included
in model building. Disease activity status served as the response val-
ue (Y), while autoantigen sequencing counts served as predictors (X).

J Clin Invest. 2025;135(5):e171948 https://doi.org/10.1172/)CI171948

We built a model using Generalized Regression least abso-
lute shrinkage and selection operator (LASSO), a regularization
and variable selection method ideal for circumstances in which
the number of samples (n = 48) is not much larger than the num-
ber of predictors (P = 31) (40, 41). We used nested cross valida-
tion (K = 4, L = 5) since this method incorporates validating and
testing the trained model, optimizes hyperparameters to reduce
overfitting, and produces unbiased and robust results irrespective
of sample size (42). Briefly, nested cross-validation splits the data
into a series of training, validation, and test sets. The model is
developed by fitting to each training set, and then the hyperpa-
rameter conditions are optimized using the validation sets. The
model is further optimized by continuing to iterate over training
and validation sets (42). The success of the model is assessed
using the series of test sets. The AUC gauges the performance of
the model, which measures accuracy in classifying a sample as
active or nonactive on a scale from 0 (completely inaccurate) to 1
(completely accurate).

‘We show performance metrics for the final constructed model
(Figure 5, A-G), which show a training AUC = 0.9921, valida-
tion AUC = 0.8750, and test AUC = 0.7600 (Figure 5, C-E). The
“Parameter Estimate” chart values indicate whether an antigen is
predictive for disease activity (negative parameter estimate) or lack
of disease activity (positive parameter estimate) (Figure 5A). LAS-
SO excludes nonpredictive antigens; this model excludes 21 predic-
tors and retains 10 (Figure 5A).
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Table 3. Functional enrichments by GO component, function, and process for CIS-associated autoantigens

Category Term Description H# BG FC g value
GO Component NuRD complex 3 14 25.119 0.0269
GO Component Histone deacetylase complex 7 65 12.589 0.00028
GO Component Cell cortex region 4 44 10.715 0.0443
GO Component SWI/SNF superfamily type complex 5 78 7.5858 0.0443
GO Component Cell cortex 10 292 4.0738 0.02
GO Component Nuclear speck n 399 3.2359 0.0443
GO Component Actin cytoskeleton 13 4771 3.2359 0.0206
GO Component Chromatin 24 1220 2.3442 0.0101
GO Component Catalytic complex 26 1328 2.2909 0.0058
GO Component Chromosome 31 1712 2138 0.0048
GO Component Cell junction 36 2075 2.0417 0.0027
GO Component Nucleoplasm 67 3973 1.9953 8.62 x 107

GO Function Retinoic acid receptor binding 27 17.378 0.0187

GO Function Nuclear hormane receptor binding 8 155 6.0256 0.0124

GO Function Transcription coactivator activity 15 316 5.6234 9.48E-05

GO Function Transcription corepressor activity 10 236 5.019 0.0082

GO Function Transcription coregulator activity 22 571 45709 1.82x10°

GO Function Cadherin binding 12 334 4.2658 0.0072

GO Function RNA polymerase II-specific DNA-binding transcription factor binding 10 283 41687 0.0251

GO Function DNA-binding transcription factor binding 12 366 3.8905 0.0137

GO Function Transcription factor binding 20 672 3.5481 0.00057

GO Function Protein domain specific binding 19 716 31623 0.0031

GO Function Chromatin binding 15 570 3.0903 0.0187

GO Function Transcription regulatory region sequence-specific DNA binding 25 1,028 2.884 0.00083

GO Process Regulation of vascular endothelial growth factor receptor pathway 4 31 15136 0.0263

GO Process Protein targeting to vacuole 4 36 13183 0.0407

GO Process Positive regulation of nucleocytoplasmic transport 6 67 10471 0.0072

GO Process Cerebral cortex development 8 16 81283 0.003

GO Process Positive regulation of viral process 6 108 6.6069 0.0443

GO Process Hindbrain development 8 154 6.166 0.0118

GO Process Pallium development 9 171 6.166 0.0051

GO Process Telencephalon development n 257 5.019 0.0042

GO Process Regulation of actin filament organization 10 273 4.3652 0.0201

GO Process Forebrain development 14 387 4.2658 0.0025

GO Process Regulation of actin cytoskeleton organization 12 348 4.0738 0.0101

GO Process Regulation of cell morphogenesis involved in differentiation 10 309 3.8019 0.0424

#, number of CIS-associated autoantigens belonging to the term; BG, total number of proteins belonging to the term; FC, fold change calculated by dividing the observed
number of proteins in the term by the expected number of proteins in the term for a random set of proteins. Top autoantigens in each category are shown according to FC. See

Supplemental Data File 5 for full table.

The effects chart (Figure 5F) and SHAP (43) analysis (Figure
5G) indicate each predictor’s contribution to the model. “Total
Effect” is an index based on the relative contribution of the predictor
alone and in combination with other factors (Figure 5F). The top 4
antigens, CBX6, HGS, PAX5, and RBM12 contribute approximate-
ly 96% of the total effect in the model (Figure 5F), which is reflected
in the SHAP analysis (Figure 5G). This model proposes 10 autoan-
tigens for predicting active disease in untreated patients at baseline.
Provided the small sample sizes used may incline the model to over-
fit, we recommend the predictive success of these 10 autoantigens be
tested across larger and more diverse population studies.

Autoantibody targets predict active disease in the Rebif-treated sub-
group. Since Rebif treatment is effective in only some patients with
CIS, we also questioned whether any group of autoantigens serves
as predictive biomarkers for Rebif IFN-B-1a response. We built a

predictive model based on RNF-A or RNF-NA enriched autoan-
tibody targets compared with HCs at baseline (Figure 4, H-N). A
LASSO model was built as described above. After filtering for sig-
nificance level ¢ < 0.05 and representation of > 30% of patients, 27
autoantigens were included in model building. This model retained
17 predictors and excluded 10 (Figure 5, H and I). The final model
has a training AUC = 1.000, validation AUC = 0.7500, and test
AUC = 0.6944 (Figure 5, J-L).

The effects chart (Figure 5SM) and SHAP analysis (Figure 5N)
indicate each predictor’s contribution to the model. The top anti-
gen (GRIN1) is a brain-enriched surface protein that is predic-
tive for active disease and contributes approximately 37% of the
total effect in the model (Figure 5M). The predictive value is also
reflected in the dot plot of SHAP analysis (Figure 5N). Another
active disease-predictive antigen, DHX9, is an RNA helicase and
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Table 4. Functional Enrichments by Reactome and Tissue for CIS-associated autoantigens

Category Term Description

Reactome Signaling by Erythropoietin
Reactome Regulation of PTEN gene transcription
Reactome Chromatin modifying enzymes
Reactome Signaling by Receptor Tyrosine Kinases

Tissue Thymocyte

Tissue Pronephros

Tissue Lymphocytic leukemia cell

Tissue Bone marrow cancer cell

Tissue Leukemia cell

Tissue Lymphocyte

Tissue Skeletal system

Tissue Connective tissue

Tissue Hematopoietic cell

Tissue Testis

Tissue Internal female genital organ

Tissue Female reproductive gland

Tissue Digestive gland

Tissue Blood

Tissue Hematopoietic system

Tissue Brain

# BG FC g value
4 25 19.055 0.0423
6 60 11.749 0.0421
10 237 5.0119 0.0421
15 502 3.5481 0.0421
3 10 35481 0.0103
8 195 4.7863 0.0184
12 361 3.8905 0.0057
n 395 3.3113 0.031
24 949 2.9512 0.00032
15 648 2.7542 0.0261
27 1,203 2.6303 0.0005
18 871 24547 0.0261
19 933 2.3988 0.0231
30 1,756 1.9953 0.0116
44 2,593 19953 0.00051
47 2,783 19953 0.00032
44 2,645 1.9498 0.00072
27 1,675 1.9055 0.0449
41 2,543 1.9055 0.0031
88 5,462 1.9055 538 x10°

#, number of CIS-associated autoantigens belonging to the term; BG, total number of proteins belonging to the term; FC, fold change calculated by
dividing the observed number of proteins in the term by the expected number of proteins in the term for a random set of proteins. Top autoantigens
in each category are shown according to FC. See Supplemental Data File 5 for full table.

a known autoantibody target in the autoimmune disease lupus
erythematosus (44). This model suggests 17 candidates for pre-
dicting therapeutic response to IFN-B-1a. Because the small sam-
ple sizes used may incline the model to overfit, we recommend the
predictive success of these 17 autoantigens be tested across larger
and more diverse population studies.

Modulation of autoantibody production with IFN-B-1a treatment.
Since IFN-B-1a is known to modulate B cell activity, we analyzed
whether the selection of autoantigens within the 4 CIS subgroups
changed over time. There were no significant changes in specific
autoantibodies observed over time in any subgroup based on using
Wilcoxon Each Pair for statistical comparison at g value under 0.2.
Changes in autoantibody specificities may have occurred; however,
the changes may have been too small or too variable among patients
to be considered significant. In our study, individual-specific varia-
tions are reflected in scatterplot R? values for linear line fits (Table
5 and Supplemental Data File 6). These findings suggest that while
some changes in autoantibody specificities may occur on an indi-
vidual basis, IFN-B-1a treatment does not appear to modulate auto-
antibody production on a large-scale or in a generalized manner at
the time points we assessed.

Identification of serum autoantibodies via ELISA. We tested the
potential of 4 Antigenome-identified CIS autoantibody targets to
be used for clinical application via ELISA (Figure 6). Antibodies
toward SPG20, HGS, KCTD17, and PLCG1 were chosen for anal-
ysis based on the commercial availability of eukaryotic-expressed
purified proteins. In each case, serum antibody reactivity in the anti-
body-positive patients with CIS was significantly greater than that
of HCs (P value < 0.05), showing agreement between ELISAs and
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the Antigenome Platform. Differences in reactivity was observed on
an individual serum basis, which may be due to differences in assay
sensitivity, conformation presentation allowed by each method, or
epitope availability. Of the 4 autoantibodies assessed, anti-SPG20
and anti-PLCG1 were the most readily measured by ELISA and,
thus, best suited for pursuing in a clinical application. Antibodies
targeting HGS and KCTD17 may necessitate more comprehensive
assay refinement to achieve optimal detection, which could suggest
their presence at lower serum concentrations or highlight the need
for optimizing the protein fragment(s) used for detection.

Discussion

Using an original autoantigen discovery platform, we identified an
array of autoantibody targets in patients with CIS and MS that may
reflect underlying immune mechanisms and contribute to disease
pathogenesis. The Antigenome Platform was designed to reveal the
complexity of autoantigenic epitopes recognized by disease-asso-
ciated antibodies by expressing extensive overlapping protein frag-
ments of approximately 18,000 in-frame genes from 4 cell sourc-
es. Using this technology and serum samples from the REFLEX
clinical trial, we identified autoantigens associated with CIS/MS
disease, disease activity, and therapeutic response. Through anal-
ysis of 2 randomly partitioned groups of patients with CIS, we
identified 335 reproducibly selected autoantibody targets that were
enriched over that of HCs; 166 of these were selectively bound by
sera of at least 10% of patients with CIS. We further investigated
characteristics of these autoantigens that may reveal the basis of
their targeting in CIS/MS; these findings revealed enriched auto-
antigen expression in brain and other tissues, shared subcellular
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Figure 4. CIS-subgroup-enriched autoantigens. (A) Venn diagram shows
the overlap of PBO-A- and PBO-NA-enriched autoantigens compared

with HCs. The second tier indicates the number of autoantigens selected
by more-than 10% of PBO-A (blue) or PBO-NA (red) from the uniquely
enriched PBO-A (67) or PBO-NA (53) autoantigens. (B) Venn diagram shows
the overlap of antigens enriched in the RNF-A and RNF-NA subgroups
compared with HCs. The second tier indicates the number of autoantigens
selected by more-than 10% of RNF-A (purple) or RNF-NA (green) from
uniguely enriched RNF-A (91) or RNF-NA (46) autoantigens. (C) Venn
diagram shows the overlap of antigens enriched in each MS subgroup com-
pared with HCs. (D-G) A protein-protein interaction network for (D) The 35
PBO-A autoantigens uniquely enriched compared with PBO-NA and shared
by more-than 10% of patients, (E) The 41 PBO-NA autoantigens uniquely
enriched compared with PBO-A, found in more-than 10% of patients, (F)
The 37 RNF-A autoantigens uniquely enriched compared with RNF-NA,
found in more-than 10% of patients, and (G) The 21 RNF-NA autoanti-
gens uniquely enriched compared with RNF-A, found in more-than 10%

of patients. Circles represent antigens and the connecting lines represent
interactions between antigens, colored according to the type of data from
which the information is derived. For D-G, the “STRING Legend” indicates
what the color of the connecting lines represent. Disconnected nodes are
omitted. Derived from STRING database (string-db.org). (H-K) Graphs
show the percent of antigens in each subcellular location for (H) The group
of 35 PBO-A-associated autoantigens, (1) The group of 41 PBO-NA-asso-
ciated autoantigens, (J) The group of 37 RNF-A-associated autoantigens,
and (K) The group of 21 RNF-NA-associated autoantigens. Stars denote
significantly enriched locations (P value < 0.05) over what is expected from
the same number of random set of proteins the same size. Derived from
SubCell Barcode (www.subcellbarcode.org).

locations, enriched GO-terms, shared structural features, and pro-
tein-protein interactions.

Several identified autoantigens interact with each other,
with PLCG1 being a key hub antigen. PLCG]1, an intracellular
protein highly expressed in brain tissue (45), is linked to MS
and other neurological disorders like Alzheimer’s, Huntington’s,
and epilepsy (46). It is also a known autoantibody marker in
non-Hodgkin’s lymphoma (47).

Another hub antigen is YWHAE, which is a member of the
14-3-3 protein family. Proteins of this family are found in the CSF
of patients with MS and are suggested to be a marker of disease
(48); however, autoantibody targeting of such proteins has not been
previously reported. YWHAE is highly enriched in motor neurons
in the brainstem and spinal cord in addition to the cerebellum and
certain cerebral areas. Upregulation of YWHAE has been observed
in various neurological disorders (48).

While most discovered autoantigens are ubiquitously expressed,
6% have enriched or enhanced brain expression, including 2 brain-
enhanced surface antigens, GRIN1 and GRIA1, as shown in Tables
1 and 2. GRINI (also called NMDAR), is a glutamate receptor
and has been previously identified as an MS autoantigen (32-37).
‘While brain-enhanced autoantigens may be indicative of a second-
ary immune response occurring in the CNS due to the excess of cell
damage and debris, brain-enhanced cell-surface autoantigens may
also facilitate damage in the CNS; autoantibodies targeting other
neural glutamate receptors cause neuronal cell damage both through
excitotoxicity and complement fixation (49). Since B cell autoanti-
gens are likely also recognized by T cells, damage may occur through
autoantibodies, B cells, or T cell mechanisms. Thus, GRIA1 and
GRINT are candidates for a role in MS pathology, which should be
investigated in future studies.
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Of interest, we found that approximately 10% of CIS-
associated autoantigens have enhanced expression in the skeletal
muscle, including FLII and SVIL, both members of the villin family
of actin-binding membrane proteins (50). While the significance of
this finding is unclear, patients with MS often experience muscle-re-
lated clinical manifestations such as reduced muscle mass, chang-
es in tissue composition, and muscle weakness (51-53). These
symptoms can appear early in CIS and may help predict further
demyelinating events. Recent evidence suggests that changes in the
skeletal muscle function directly contribute to MS disability pro-
gression (54); autoantibodies targeting muscle-enhanced proteins
may reflect such skeletal muscle damage.

GSEA shown in Figure 3 and Supplemental Figure 3 indicate
that autoantibodies in CIS favor protein targets with more hydro-
philicity and B turns, which mirrors previously reported autoanti-
body biases (55). As shown in Tables 3 and 4, we further identified
enrichments in protein function and complexes through GO-terms,
including an enrichment for members of the NuRD complex, which
includes CHD4. CHD4 is a known target of autoantibodies in the
inflammatory myopathy called dermatomyositis, where anti-CHD4
positivity is associated with more severe muscle disease (56, 57).

Go-term analysis also revealed an enrichment of proteins
involved in cell junctions, which includes CDH2, HSPAS5, CD99L.2,
and LSR, among others. CDH2 is a transmembrane glycoprotein
that is highly expressed in the CNS, and deletion of CDH2 increas-
es junctional endothelial permeability in the brain (58). Disruption
of CDH2 function through blocking the extracellular interaction
domain also triggers massive apoptosis of ependymal cells and denu-
dation of brain ventricular walls (59, 60). Thus, the autoimmune tar-
geting of CDH2 may play a role in blood-brain barrier disruption.

HSPADS is a heat shock protein that, while primarily located in the
endoplasmic reticulum, can translocate to the cell surface in stressed
cells where it binds to extracellular ligands (61). Cell-surface HSPAS
is known to induce autoantibody production is various diseases (62—
67), including other neurodegenerative autoimmune diseases where
autoantibodies targeting HSPAS5 have been implicated in demyelin-
ation, astrocytopathy, and blood-brain barrier disruption (68).

In addition to investigating autoantigens enriched in the general
CIS population, we also found that autoantibody specificities mark
those with active disease among patients with CIS and potentially
mark short-term response to IFN-B-1a, as shown in Figures 4 and 5.
Moreover, our results align with prior demonstrations of autoanti-
body specificities stratifying clinical variants that differ from classic
MS in their response to therapy and disease course (69, 70).

Data presented in Figure 4 show 35 and 41 autoantibody targets
enriched in PBO-A and PBO-NA, respectively, which includes the
previously discussed cadherin protein CDH2, enriched in PBO-A.
Additionally shown are 37 and 21 autoantibody targets enriched in
RNF-A and RNF-NA, respectively, which includes the previously
discussed cell junction proteins GRIA1, GRIN1, ARHGAP32, and
HSPAS5, enriched in RNF-A.

The data presented in Figure 5 show that the expression of anti-
bodies to 10 and 17 autoantigens predicts the occurrence of new
MRI or clinical activity in placebo or patients treated with IFN-
B-1a, respectively, during the 2-year REFLEX trial. Expression of
antibodies to GRIN1 contributed great predictive value (approx-
imately 37% of the total effect in the model) for patients with

= [



RESEARCH ARTICLE

The Journal of Clinical Investigation

A B F
4 07 Placebo Model Effect Chart
P = cBx6 - 03
L2 PAXS .
s s § 06 0023
= M ssH2 5 :
30 M rReM12 = 05 0.15
] B synJ2 2 0.1
5 B kaNsL1 - 0.05
§-2 W rLcGt T 04 Legend ' a
© @ U 0 -
5 =mﬁ_ﬁ3F‘lB ® — Validation N I IR O IR PN
—— Trainil S T N
4 I 03 raining aRs Q?*Qg,@ ‘3@:“ ﬁf‘)q&&é CQ@Q‘SI
0 5 10 15 20 0 5 10 15 20 s
Magnitude of scaled parameter estimates Magnitude of scaled parameter estimates mMain Effect = Total Effect
1.00 Training D Validation E Test G
090 — TNFRSF1B -
- g?g | SYNJ2 DY
2 060 " SSH2 i
% 0.50 RBM12 Co————
& 040 i
0.30 PLCG1 -
0.20 PAXS5 e o
010 ! ; PATLA (]
00 02 04 06 08 1.00 0 02 04 06 08 1.00 0 02 04 06 08 1.00 v
1-specificity 1-specificity 1-specificity KANSL1 e
AUC 0.9921 AUC 0.875 AUC 0.760 HGS | ¢ memumimmee
Wald 95% CI (0.961, 1.023) Wald 95% CI (0.61, 1.14) Wald 95% Cl (0.4951, 1.025) CBXG | ewmsimm eseee |
0.3 No effect 0.3
SHAP Values
H 1 M
S y_— 0.8 ¥ Rebif-treated Model Effect Chart
- — § 07 0.5
g o £ o6 0.45
I — 2 05 0.35
; e 2 0.3
55 I < 04 0.25
2 .
g % 0.3 Legend - 001§
510 @ 02 _lei:ia:n 0.1
01 005 |l ol ol ol 4l ol
LI
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 II":,"'" -
. ) . : - L — 8 Nlol—o*—qwgd‘-(\ltt
Magnitude of scaled parameter estimates Magnitude of scaled parameter estimates Zwog SRx3 % 23 gaxNalkg
%Em%'ﬁ%gﬂ.niégﬁadﬂém
BN R3HDM2 W SYNJ2 [ DHX9 < % e~ Sfa &
GRIN1 8 KMT2D [ DDOST .
Main Effect Total Effect
I mar3ki1 Il Famssc Il BCORLY " "
M ARIDSA B PAX5  zmiz2
I znF2geA Il TOP2A ZHX3 N  ZNF286A |
ASB1 B NR2F2 ZMiz2 o wian
ZHX3 -——
J Training K Validation L Test TOP2A * ene
1.00 SYNJ2 A ————
0.90 R3IHDM2 -
g O i p—
2 060 NR2F2 ’
§ 0.50 MAP3K11 1 ememm—e
o 040 KMT2D . @0 ..
0.30 FAMB83G e
gfg | DHX9 e —
0 ’ . BCORL1 —pe o
0 02 04 06 08 1.00 0 02 04 06 08 1.00 0 02 04 06 0.8 1.00 ASB1 -
1-specificity 1-specificity 1-specificity ARID5A § mmm— e
AUC 1.00 AUC 0.750 AUC 0.694 DDOST Su——
Wald 95% CI (1.00, 1.00) Wald 95% Cl (0.404, 1.096) Wald 95% CI (0.433, 0.955) GRINT [ 40 o0 +onrm sosmmmen ¢ o
04 02 Noeffect 0.2
SHAP Values

14

J Clin Invest. 2025;135(5):e171948 https://doi.org/10.1172/)CI171948



The Journal of Clinical Investigation

Figure 5. Autoantigen selection by CIS antibodies may predict disease
activity and therapeutic response. (A-G) LASSO model parameters for
predicting disease activity in the absence of therapeutic intervention using
REFLEX placebo samples. (A) The Solution Path Plot displays values of the
estimated parameters, where each curve represents a predictive term in
the model. (B) The Validation Plot includes a curve for both the training and
validation sets at various magnitudes of scaled parameter estimates. In
each plot (A and B), the x-axis represents the /1 norm, and the vertical red
line represents the value of the /1 norm for the best and chosen solution.
(C-E) The ROC curve for the (C) training, (D) validation, and (E) test samples
and the associated AUC values. (F) Effects chart. “Main Effect” shows the
relative contribution of the predictor to the model alone, and “Total Effect”
shows the relative contribution of the predictor when other predictors

are also taken into account. (G) Plot of Shapley values where each dot
represents a patient sample in the model. The color of the dot represents
their raw value. The x-axis represents the effect of the sample, where a
negative effect indicates a contribution to the PBO-A outcome and a pos-
itive effect indicates a contribution to the PBO-NA outcome. (H-L) LASSO
model parameters for predicting response to IFN-B-1a therapy; panels were
constructed as described for A-G above. (H) Solution Path Plot, (I) The Val-
idation Plot. (J-L) ROC curves for the () training, (K) validation, and (L) test
samples and their AUC values. (M) Effects chart. (N) Plot of Shapley values,
where a negative effect indicates a contribution to the RNF-A outcome and
a positive effect indicates a contribution to the RNF-NA outcome.

active disease while being treated with IFN-B-1a. In the absence
of therapeutic intervention, expression of antibodies to a group
of 10 autoantigens was predictive for disease activity status, and
binding of antibodies to 4 autoantigens, CBX6, HGS, PAX5, and
RBM12, contributed the vast majority (approximately 96%) of the
predictive value. A large-scale assessment of the predictive value of
these autoantibodies using additional CIS samples and commonly
available methodologies, such as an ELISA, will specify the extent
of clinical utility that assessing these autoantibodies provides.
Even though we ascertained autoantigen targets associated
with a response to IFN-B-1a therapy, we did not find evidence for
changes in autoantibody specificities in a consistent and statistical-
ly significant manner in treated patients, as shown in Table 5. It
should be considered that changes in autoantibody profiles may
be observed at different time points in the treatment than the time
points assessed in this study; markers of this kind may also be spe-
cific for an individual. It also remains possible that our method-
ology and data analysis strategy may not sensitively reflect small
or individual changes in autoantibody titer. Nonetheless, a recent
study on autoantibody expression in MS over a 6-year period also
did not find changes in MS autoantibody expression over time (71).
Furthermore, studies using conventional serologic assays have not
found changes in autoantibodies with IFN-B-1a treatment (72-77);
however, other studies do report changes (78-83). This lack of
agreement among studies could be due to differences in patient
populations tested or the specific autoantibodies assessed (84).
Our findings are also consistent with observations that auto-
antibodies in patient sera bind brain cells (10, 85); as indicated in
Tables 1 and 2, our data show that at least 10% of patients with
CIS express antibodies toward the neural cell-surface proteins
GRIN1, GRIA1, and SORT1 and the neural intracellular anti-
gens KIF1C, SYNJ2, EXPH5, KCTD17, CBX6, and TRAK2.
Tables 3 and 4 also reports enrichment of autoantibodies target-
ing nucleic-acid binding proteins; the expression of autoantibod-
ies to DNA/RNA and DNA/RNA-binding proteins is a common
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feature of autoimmune diseases. This result is consistent with
previous demonstrations of sera from patients with MS being
positive for antinuclear antibodies (39).

Tables 3 and 4 also shows that most autoantigens are located
intracellularly, which is consistent with previous reports showing
that oligoclonal bands can target ubiquitous intracellular antigens,
possibly released as cellular debris (86). In view of current mod-
els for the pathophysiology of MS, antibodies toward intracellular
targets are unlikely to initiate demyelination and inflammation;
rather, such autoantibody responses could arise subsequent to cell
damage and contribute to disease by amplifying ongoing inflamma-
tion, promoting or inhibiting the removal of damaged myelin and
cells, impairing recovery, or facilitating potential epitope spreading.

Studies in other diseases have demonstrated that only some dis-
covered biomarkers are convertible to clinical application while others
serve research purposes only (87). Differences in methodology can
lead to differences in detection and can pose challenges for standard-
izing clinical assays. For example, in our study, while the Antigenome
Platform allows for detection of antibody reactivity to internal or hid-
den epitopes that may be revealed during disease processes, the ELI-
SAs used in this study assessed antibody binding to intact proteins.
The proteins assessed in the Antigenome Platform are also phage
produced, whereas the ELISAs assessed binding to mammalian cell-
produced proteins; this could lead to differences in antibody detection
due to posttranslational modifications or differences in the availabil-
ity of chaperone proteins. The data analysis conducted in this study
evaluated autoantibody binding to entire proteins. However, the plat-
form enables investigation into specific protein fragments targeted by
autoantibodies, which could yield valuable insights. Such an analysis
may guide the selection of optimal autoantibody targets that are more
readily detectable by ELISA, especially by prioritizing targets with
surface-level epitopes. Additionally, while the Antigenome Platform
theoretically allows for identification of either conformational or
linear epitopes, we are unable to determine by this technology alone
which type of epitope is bound by an antibody, which may affect
the success of a clinical test. Nevertheless, improvements in clinical
assay methodology will continue to broaden the spectrum of targets
assessed clinically. Based on ELISA assays, we believe that some of
the autoantibodies identified in this study will be good candidates for

Table 5. R? values for longitudinal autoantigen selection

Time points Month 0 versus Month 0 versus Month 6 versus

compared month 6 month 24 month 24
All “active”

(PBO-A and PBO-NA) 0.835 0.808 0.752

All “non-active”

(PBO-NA and RNF-NA) 0838 0862 078
PBO-A 0.825 0.805 0.789
PBO-NA 0.875 0.830 0.885
RNF-A 0.825 0.715 0.81
RNF-NA 0.809 0.751 0.843

Scatterplot R? values are shown for comparison of serum samples drawn at
3 time points during the REFLEX clinical trial for the placebo-active (PBO-
A), placebo nonactive (PBO-NA), Rebif active (RNF-A), Rebif nonactive
(RNF-NA), all active samples, and all nonactive samples.
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Figure 6. Validation of autoantibody targets via ELISA. (A-D) ELISA results assessing the presence of serum antibodies recognizing (A) SPG20, (B) HGS,
(C) KCTD17, and (D) PLCG1 in patients with CIS found to be antibody-positive (n = 10), HC samples found to be antibody-negative (n = 10), or patients with
CIS found to be antibody-negative (n = 10), via the Antigenome Platform. Kruskal-Wallis Rank Sums Test was used for statistical comparison. Black line
indicates the value 2 SDs above the mean of HC samples. Outliers were detected by Robust Fit Cauchy method and removed from analysis.

detection for clinical purposes via commonly used laboratory format
assays. Protocols for clinical detection of Antigenome Platform—dis-
covered autoantibodies should be carefully designed and optimized,
which should include selection of relevant protein fragment (or frag-
ments) for detection and setting meaningful bounds of positivity.

A limitation of the study relates to the classification of patients.
The REFLEX study assessed conversion from CIS to McDonald
MS as ascertained by the 2005 McDonald criteria (6), which have
been revised in 2010 (88) and 2017 (89). Conversion to MS under
the McDonald 2005 criteria during the REFLEX trial necessitat-
ed either (a) new MRI activity fulfilling either space and/or time
criteria or (b) a new clinical attack (6). Thus, due to changing MS
diagnostic criteria, we considered conversion during the trial to des-
ignate any new clinical or MRI lesion (disease activity) and lack of
conversion to denote lack of disease activity. Since study criteria
did not exactly match McDonald 2017 criteria, one subject in the
“no activity” group had a new small MRI lesion noted but was con-
sidered inactive. Future prospective studies using samples classified

according to the 2017 McDonald criteria will improve sensitivity
and validate candidate targets.

Furthermore, this study focused on autoantibody assessments
exclusively in patient sera. While identifying autoantibodies in the
CSF would be informative, the low concentration of IgG in the CSF
makes sera better suited for discovery analysis. Furthermore, there
is evidence that autoantibodies found in patient sera may reflect the
autoantibodies present in the CSF; for example, tracing the clonal
maturation of B cells in MS indicates a bidirectional exchange of
B cells between blood and CSF and suggests that clonally related
B cells exist in the meningeal lymphoid tissue, CSF, brain lesions,
blood, and peripheral lymphoid tissues (85). Future studies should
confirm the presence of the identified autoantibodies in patient CSF.

In conclusion, this study describes the Antigenome Platform
technology and employs it to identify an array of autoantibody tar-
gets reproducibly found in patients with CIS/MS. The data suggest
that some of these targets may contribute to MS disease pathology
and/or serve as biomarkers for diagnosis, prognosis, or theragnosis.
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Thus, this study provides profiles of autoantibody targets for con-
tinued analysis; future studies should detail the extent of clinical
utility these markers will serve and the contribution of these auto-
antibodies in disease pathogenesis.

Methods

Sex as a biological variable. Serum samples from males and females were
included, and sex-matching was considered in selecting samples for
each of the 4 CIS study subgroups.

Statistics. All statistical comparisons were made with Kruskal-Wal-
lis Rank Sums Test or Wilcoxon paired test (longitudinal analysis),
which were implemented with JMP Pro Software. False Discovery Rate
(FDR) correction was applied to the resulting P values (using a JMP
Pro add-in). Antigens with a P value < 0.05 and a g value < 0.2 were
considered statistically different between comparison groups.

Study approval. The purpose of this study was to design a stringent
and expansive autoantigen discovery system and apply that system for
the study of MS. Toward this goal, we designed and utilized a 2-plas-
mid-based cDNA selection system for stringent selection of in-frame
ORFs, phage-display technology, a rigid serum antibody-selection pro-
cess, next generation sequencing, and a robust bioinformatics and data
analysis pipeline. This technology was applied to studying autoanti-
body targets in MS using human serum samples from patients with CIS
and donors who were HCs.

Transcripts from HEp-2 cells, PBMCs, astrocytes, and white brain
matter (WBM) were used to make cDNA libraries. HEp-2 cells were
obtained commercially, PBMCs were collected from healthy donors
at Duke University under IRB-approved protocols, and astrocytes and
‘WBM were a contribution from the University of Colorado, Denver.

Human serum samples from healthy individuals were collected at
Duke University. 306 CIS serum samples were obtained from EMD
Serono, which were collected during the REFLEX clinical trial (14-16).
Informed consent was obtained under the established IRB guidelines
applicable to each serum source.

Data availability. All data associated with this study are present in
the paper or the Supplemental Materials as well as available from the
corresponding author upon request. A detailed account of all methods
used in this study can be found in the Supplemental Materials. Support-
ing data values are available as a supplemental file.
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