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Objective: Small fiber neuropathy (SFN) is clinically and etiologically heterogeneous. Although autoimmunity has been
postulated to be pathophysiologically important in SFN, few autoantibodies have been described. We aimed to iden-
tify autoantibodies associated with idiopathic SFN (iSFN) by a novel high-throughput protein microarray platform that
captures autoantibodies expressed in the native conformational state.
Methods: Sera from 58 SFN patients and 20 age- and gender-matched healthy controls (HCs) were screened against
>1,600 immune-related antigens. Fluorescent unit readout and postassay imaging were performed, followed by com-
posite data normalization and protein fold change (pFC) analysis. Analysis of an independent validation cohort of
33 SFN patients against the same 20 HCs was conducted to identify reproducible proteins in both cohorts.
Results: Nine autoantibodies were screened with statistical significance and pFC criteria in both cohorts, with at least 50%
change in serum levels. Three proteins showed consistently high fold changes in main and validation cohorts: MX1 (FC = 2.99
and 3.07, respectively, p = 0.003, q = 0.076), DBNL (FC = 2.11 and 2.16, respectively, p = 0.009, q < 0.003), and KRT8
(FC= 1.65 and 1.70, respectively, p= 0.043, q< 0.003). Further subgroup analysis into iSFN and SFN by secondary causes (sec-
ondary SFN) in themain cohort showed thatMX1 is higher in iSFN compared to secondary SFN (FC= 1.61 vs 0.106,p= 0.009).
Interpretation: Novel autoantibodies MX1, DBNL, and KRT8 are found in iSFN. MX1 may allow diagnostic subtyping
of iSFN patients.
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Small fiber neuropathy (SFN) is a heterogeneous dis-
ease characterized by pain, dysesthesia, and autonomic

dysfunction, exclusively involves small nerve fibers, and
spares the large nerve fibers. The minimum prevalence of
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SFN in Switzerland is calculated to be 131.5 per 100,000
population,1 although the exact prevalence worldwide is
unknown. Although diabetes and vitamin B12 deficiency
are common causes of SFN, no cause is found in around
50% of the cases.2 In a proportion of these patients,
treatment with immunomodulatory agents has been
useful.3–10

Intravenous immunoglobulin (IVIg) has been trialed
in 3 groups of SFN patients: idiopathic SFN (iSFN),3,4

SFN associated with systemic autoimmune diseases,5–8

and SFN associated with sarcoidosis.9,10 The similarities
shared among these 3 groups suggest an autoimmune and
inflammatory mechanism of action. However, prior stud-
ies were retrospective and descriptive small case series or
reports, and quality evidence is lacking. To date, the only
double-blinded, randomized controlled trial performed on
iSFN patients contradicts this, showing a statistically non-
significant improvement of neuropathic pain in 40% of
iSFN patients treated with IVIg, compared to 30% with
placebo.11 Improvement of neuropathic pain was defined
as a 1-point improvement on the Pain Intensity Numeri-
cal Rating Scale score.11 This underlines the pitfalls of case
reports or open case studies, and the importance of
double-blind randomized trials. Nevertheless, the highly
complex nature of autoimmunity implies that the lack of
statistically significant effect on neuropathic pain with
IVIg monotherapy in patients with iSFN cannot totally
discount the possibility of an autoimmune cause in a pro-
portion of SFN patients. SFN is a diagnostically and ther-
apeutically challenging disease, and further understanding
of the pathophysiology is required to determine the most
targeted treatments for SFN patients.

Antibodies have long been implicated in various
types of large fiber neuropathies and assist in classifying
the disease phenotype.12 Despite this, the pathophysiolog-
ical mechanisms of SFN remain enigmatic. SFN may
involve multiple immunological processes that can be fur-
ther understood with proteomics. Proteins fold into spatial
conformations depending on the molecular and ionic
interactions in their primary structure. Traditional protein
analysis techniques require isolation of the constituent
proteins, proteolysis, purification, and identification.13

Conventional techniques of protein identification involve
methods such as enzyme-linked immunosorbent assay and
Western blotting, whereas newer techniques utilize mass
spectrometry methods to analyze the proteins.14 High-
throughput techniques have been made possible with the
development of protein microarrays and chips,14 and may
prove useful in heterogeneous diseases where multiple
mechanisms may be at work. Despite these new advances,
common protein purification methods denature the
native conformation of the protein,15 affecting interaction

between antigen and antibody, and subsequently the sen-
sitivity and specificity of antibody detection. Accordingly,
previous studies that have used conventional assay plat-
forms, proteomics, or Western blotting failed to identify
antibody targets for SFN.16–19

Using a novel autoantibody technology (Sengenics
Immunome Protein Array20), we endeavored to identify
putative autoantibodies in SFN. This is a validated high-
throughput technology that utilizes an array of correctly
folded and functional full-length human proteins for the
detection of autoantibodies.20 We propose that iSFN has
a strong immunological component. SFN autoantibodies
may now be detected in their original, physiological, and
functional conformation with this new protein array plat-
form that consists of >1,600 proteins selected on the
basis of their involvement in the immune system. This
study identifies novel autoantibodies associated with
iSFN that can guide future cohort studies to validate
their clinical and pathological significance and subtyping
of SFN.

Subjects and Methods
Diagnosis and Subject Recruitment
Two cohorts of patients were recruited. For the main cohort,
59 adult patients 21 years of age and older with neuropathic pain
and/or autonomic symptoms, and a diagnosis of SFN based on
the NEURODIAB criteria,21 with no apparent cause for SFN
during index visit, were recruited after written informed consent
from the Neurology Clinic at the National University Hospital
in Singapore from January 1, 2015 to June 30, 2020. Clinical
information including the symptom duration of SFN, medica-
tion use, past medical history of conditions associated with SFN,
and family history of neuropathy was obtained. Healthy subjects
matched for age by 5-year intervals from 21 to 75 years and for
gender were included as controls. The study was approved by
the National Healthcare Group Domain Specific Review Board
(Domain A, DSRB number 2015/00238).

For the validation cohort, 36 SFN patients with the same
above-mentioned criteria were recruited from the National Uni-
versity Hospital, Singapore, and Lucerne Cantonal Hospital,
Lucerne, Switzerland from 1 July 2020–30 June 2021. The latter
was an extension of the Swiss Cohort Study that was approved
by the respective ethics committee (Project ID 2018–00762)
and is also based on individual consent.

Classification of SFN Patients
Patients were further grouped by (1) those with positive symp-
toms or negative signs, (2) topography of length-dependent or
non–length-dependent symptoms, (3) the presence or absence of
autonomic symptoms, (4) the presence or absence of positive
autoimmune blood tests, and (5) the most likely etiology
of SFN.

Positive symptoms were defined as pain, burning, electric-
shock–like sensation, hypersensitivity, changes in thermal
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sensation, itchiness, hyperalgesia, allodynia, and heat sensation.
Negative signs were defined as a reduction in any of the sensory
modalities of light touch, pain, or temperature. Length-
dependent symptoms were defined as starting in the distal
extremities of the legs and the hands symmetrically and ascend-
ing upward, whereas non–length-dependent symptoms were
defined as symptoms that were asymmetric, patchy, or involving
the face and trunk prior to involvement of the extremities. The
SFN diagnosis was based on the NEURODIAB criteria.21

Accordingly, “possible SFN” was diagnosed when symptoms
and/or signs of small fiber damage were present; “probable SFN”
was diagnosed if clinical signs of small fiber damage were present,
with a normal sural nerve conduction studies (NCS); and “defi-
nite SFN” was diagnosed if there were clinical signs of small fiber
damage, with normal sural NCS and abnormal quantitative sen-
sory test (QST) thresholds at the foot and/or reduced intra-
epidermal nerve fiber density (IENFD) at the ankle. Autonomic
symptoms were defined as the absence or presence of chronic
constipation or diarrhea, postural dizziness, palpitations with
tachycardia, urinary symptoms, dry eyes, dry mouth, erectile dys-
function, and hyper- or hypohidrosis. The presence of positive
autoimmune blood tests was defined as any of the following:
antinuclear antibodies (ANA) detectable at ≥1:80 dilution, posi-
tivity of anti–extractable nuclear antigen antibodies (anti-ENA),
antineutrophil cytoplasmic antibodies (ANCA), or high erythro-
cyte sedimentation rate (ESR) after correction for age and
gender.

The most likely underlying etiology of SFN was further
reviewed by three neurologists independently (A.C.Y.C., Y.F.C.,
E.W.-S.), and grouped into iSFN or SFN by secondary causes
(secondary SFN), including systemic rheumatological disease,
diabetes mellitus, impaired glucose tolerance, nutritional defi-
ciency, hormonal and metabolic disease, alcohol- or drug-related,
underlying malignancy, and genetic disorders, if further testing
or serial follow-up returned positive.

Laboratory, Electrodiagnostic, and Histological
Tests
Laboratory parameters including serum creatinine, vitamins B1
and B12, fasting lipid and glucose, glycosylated hemoglobin
(HbA1C), myeloma screening panel with protein electrophore-
sis and immunofixation, thyroid function tests, hepatitis B,
hepatitis C, human immunodeficiency virus, dry blood spot
testing for Fabry disease, and inflammatory markers (ESR,
ANA, anti-ENA, ANCA) were tested and compared.22 ESR
was tested by centrifugation and photometric detection, ANA
were tested by immunofluorescence, and both ANCA and anti-
ENA were tested by enzyme immunoassay at the Clinical
Chemistry Laboratory of the National University Hospital,
Singapore. NCS were performed for all patients. Electrophysio-
logical tests, including needle electromyography, QST, quanti-
tative sudomotor axonal reflex testing, and tilt table testing,
were obtained if clinically indicated. Most skin biopsies were
taken at 10cm above the lateral malleolus and at the proximal
thigh, stained with protein-gene product 9.5 for the IENFD,
and viewed by bright-field immunohistochemistry according to

the immunoperoxidase method protocol.23 Reduced IENFD
was taken as <5th percentile corrected for age and gender.23 A
small number of patients who had skin biopsies taken at the
hypothenar eminence were compared to our own laboratory’s
normal values.24

Proteomics and Bioinformatics
Peripheral blood samples (3ml) were collected from each sub-
ject via venipuncture, centrifuged at 2,800rpm for 15 minutes
at 10�C, and stored at �80�C for subsequent analyses. Fifty-
nine SFN patient samples, 20 healthy control (HC) samples,
and 5 pooled normal sera were screened for >1,600 proteins
on the Sengenics KREX platform in the main analysis. Thirty-
six SFN patient samples, 20 HC samples, and 5 pooled nor-
mal sera were screened independently by the same platform in
the validation cohort. Preproteomic testing of the validation
cohort of 36 SFN and 20 HCs excluded 1 SFN sample that
did not pass quality control, and 2 were removed during bio-
informatic analysis because they were outliers or failed
normalization.

A biotin carboxyl carrier protein (BCCP) folding marker is
cloned in-frame with the gene encoding the protein of interest.
BCCP acts as a protein folding marker and a protein solubility
enhancer that fuses to either the N- or C-terminal of the protein
of interest. Full length proteins are expressed as fusions to the
BCCP folding marker, which is biotinylated in vivo only when
the protein is correctly folded. Misfolded proteins no longer have
a way of attaching to streptavidin-coated surface (Fig 1). This is
followed by image analyses, data extraction and preprocessing,
quality control, and composite global normalization.

The data were first examined by a projection-based
dimension reduction analysis (partial least squares discriminant
analysis [PLS-DA])25 and heatmap visualization. Differential
protein abundance analysis was carried out with 2-sample
t tests, followed by multiple testing correction by q value
wherever it is applicable.26 Multiple testing correction
(q < 0.1) was applied to the validation cohort analysis only,
because the total number of significantly differential proteins
was small in the main cohort (using p < 0.05), in which case
the overall number of type I errors is already low. The mini-
mum fold change (FC) required for statistical significance was
set at 50%. Part of the statistical analysis was carried out using
R (v4.0.5).

Subgroup Statistical Analysis
Subgroup analysis of protein FCs between iSFN and secondary
SFN was also performed with Mann–Whitney U test. A two-
tailed p value of <0.05 was considered statistically significant.
Statistical analyses were performed with IBM SPSS Statistics for
Windows, version 28.0.0.0 (190) (IBM Corp., Armonk,
N.Y., USA).

Results
In the main cohort of the 59 recruited patients, 1 was
excluded because the diagnostic criteria for SFN were not
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met due to abnormal NCS. Final analyses included
58 patients (Fig 2). Most patients were male, with a mean
age of 50.0 � 13.5 years. The most common preceding

medical conditions of the patients included a history of
autoimmunity (20.7%), myeloradiculopathy (17.2%), and
hyperlipidemia (17.2%; Table S1).

FIGURE 1: Sengenics Immunome KREX Protein Array platform. The biotin carboxyl carrier protein (BCCP) folding marker acts as
a marker for correctly folded proteins. The unique BCCP folding marker conserves the native protein conformation. Proteins are
immobilized on the array only when they are properly folded and biotinylated on the BCCP folding marker.

FIGURE 2: Flowchart of recruitment, proteomics testing, and data analysis of small fiber neuropathy (SFN) patients. Fifty-nine patients
were recruited to the main cohort. One patient was excluded due to failure in meeting diagnostic criteria, and the remaining samples
(n = 58) were analyzed and compared with 20 healthy controls who were age- and gender-matched. Thirty-six patients were recruited
to the validation cohort and were run independently and compared with 20 healthy controls. Three samples were excluded due to
failure in quality control (QC) or normalization (n = 33). Bioinformatic analysis was performed to identify reproducible autoantigens.
NCS = nerve conduction studies. [Color figure can be viewed at www.annalsofneurology.org]
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Most patients presented with positive symptoms
(51.7%) and in a length-dependent pattern (51.7%). Auto-
nomic symptoms were prevalent in the majority of patients
(55.2%). All except 9 (15.5%) patients underwent skin
biopsy, of whom 62.1% were confirmed to have SFN with
IENFD lower than the 5th percentile for age and gender.
For patients who did not have a positive skin biopsy, the
definite diagnosis of SFN was made with abnormal QST in

2 or more limbs in 12% of patients. Definite SFN was thus
confirmed in 43 (74.1%) SFN patients based on the NEU-
RODIAB criteria.21 Positive autoimmunity, as defined by
ANA of 1:80 or greater, high ESR for age and gender, and
presence of anti-ENA or ANCA, were found in 29.3% in
SFN. iSFN was diagnosed in 34 (58.6%) of patients with
further testing and follow-up, whereas 41.4% were diag-
nosed with secondary SFN. Among the secondary SFN

TABLE 1. Baseline Demographic Comparisons between SFN Main and Validation Cohorts

Characteristic

Main Cohort Validation Cohort

pMean (� SD) or n (% of total)

Total 58 33

Gender

M 31 (53.4%) 7 (21.2%) 0.016a

F 27 (46.6%) 26 (78.8%)

Age, yr 50.0 (�13.6) 46.3 (�12.5) 0.209

Symptom description and signs

Positive 30 (51.7%) 25 (75.8%) 0.051

Negative 13 (22.4%) 2 (6.1%)

Both positive and negative 15 (25.9%) 6 (18.2%)

Topography based on symptoms

Length dependent 26 (44.8%) 21 (85.0%) 0.116

Non–length dependent 30 (51.7%) 12 (15.0%)

Not available 2 (3.45%) 0 (0%)

Autonomic symptomsb

No 14 (24.1%) 16 (48.5%) 0.103

Yes 32 (55.2%) 17 (51.5%)

Not available 12 (20.7%)

SFN diagnostic category

Possible 6 (10.3%) 1 (3.0%) 0.065

Probable 9 (15.5%) 2 (3.0%)

Definite 43 (74%) 31 (93.9%)

Etiology

Idiopathic 34 (58.6%) 18 (54.5%) 0.826

Secondary causes 24 (41.4%) 15 (45.5%)

aStatistically significant.
bPresence or absence of chronic diarrhea, constipation, urinary hesitancy or incontinence in the absence of other urological disorders, hyper-/hyp-
ohidrosis, dry eyes/mouth/skin, chronic postural intolerance or orthostatic blood pressure drop, and chronic palpitations in the absence of cardiological
disease.
F= female; M= male; SD= standard deviation; SFN= small fiber neuropathy.
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FIGURE 3: Global differences among the groups and autoantibodies with significantly altered serum levels between idiopathic
small fiber neuropathy (iSFN; n = 34 for main cohort, n = 18 for validation cohort), secondary SFN (sSFN; n = 24 for main
cohort, n = 15 for validation cohort), and healthy controls (HCs; n = 20). (A) Partial least squares discriminant analysis plots
showing separability of subjects based on the overall molecular profiles between the iSFN, sSFN, and HC groups. Positive
separation is seen between SFN and HCs in both main and validation cohorts. (B) Heatmap visualization of autoantibodies
reproducibly altered between SFN, iSFN, and HCs of the main cohort and the validation cohort.
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FIGURE 4: Nine proteins were significantly elevated in small fiber neuropathy (SFN) patients and idiopathic SFN (iSFN) compared
to healthy controls (HC). (A, B) Common proteins between the main and validation cohorts with significant log2 fold change
(FC) were identified. (C) Scatterplot analysis shows 9 proteins that were reproducibly altered in SFN in both cohorts with
statistical significance. MX1, DBNL, and KRT8 showed the largest FCs in both cohorts. (D) In the iSFN analysis, MX1 showed the
highest FC, but did not meet statistical significance in the validation cohort. DBNL and KRT8 showed the next highest FCs, which
reached significance in both cohorts. p < 0.05 is considered to be significant, whereas q < 0.1 is considered to be significant in
the validation cohort.
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patients, most were diagnosed with a systemic rheumato-
logical disease (25.9%), followed by diabetes mellitus or
impaired glucose tolerance (13.8%; see Table S1). Several
patients had missing data for topography, autonomic
symptoms, and autoimmunity.

The same recruitment strategy was employed for
the validation cohort. The most likely etiology was evalu-
ated by 2 neurologists (A.C.Y.C. and E.W.S.) indepen-
dently and stratified into idiopathic versus secondary.
The same criteria were employed at both hospitals’
pathology centers. Comparison between the main cohort
and the validation cohort showed no differences in the
age, symptom description, topography, autonomic symp-
toms, prevalence of iSFN, and diagnostic certainty of
SFN. However, there were more females in the valida-
tion cohort compared to the main cohort (78.8% vs
46.6%, p = 0.016; Table 1).

Proteomic data showed 11 autoantibodies that were
statistically significant (p < 0.05) when comparing 58 SFN
and 20 HC sera samples in the main cohort, whereas the
validation cohort identified 131 autoantibodies that were
statistically significant (see Fig 2). This is consistent with
the finding that, in the supervised PLS-DA projection
analysis, secondary SFN cases showed more pronounced
differences from the HCs in the validation cohort (Fig 3).
Among the 11 proteins, 9 showed reproducibly significant
differences between SFN and HCs, including MX1,
DBNL, LIN28A, KRT8, METTL3, NCOA5, PTPN1,
ZNF276, and MIF. Another analysis was performed

comparing the iSFN group to the HCs in both main and
validation cohorts. MX1 and DBNL had the highest log2
FCs concurrently in the main and validation cohorts when
comparing both SFN and iSFN to HCs, followed by
KRT8 (Fig 4). In the SFN versus HCs analysis, MX1,
DBNL, and KRT8 showed higher protein FC compared
to HCs, which reached statistical significance (MX1:
FC = 2.99 and 3.07, respectively, p = 0.003, q = 0.076;
DBNL: FC = 2.11 and 2.16, respectively, p = 0.009,
q = 0.003; KRT8: FC = 1.65 and 1.70, respectively,
p = 0.043, q = 0.003). In the iSFN versus HCs analysis,
MX1 showed the highest FC, but only met statistical sig-
nificance in the main cohort (FC = 4.82 and 2.77,
respectively, p = 0.001, q = 0.231). Scatterplot analysis
further confirmed highest FC and correlation with MX1,
followed by DBNL and KRT8 in the SFN versus HCs,
and in iSFN versus HCs.

Further subgroup analysis was conducted on the
main cohort by comparing the FCs of the 9 reproducible
proteins between patients of the iSFN and secondary SFN
groups. Of the reproducible proteins in the main cohort,
only MX1 had significantly higher FC in iSFN compared
to secondary SFN (1.61 vs 0.106, p = 0.009; Table 2),
confirming the heatmap visualization results of clustering
at MX1. These 9 proteins are involved in metabolism and
cellular processes, DNA and RNA functions and repair,
antiviral activities, and inflammation. The functions of
individual proteins and their disease associations are sum-
marized in Table 3.

TABLE 2. Protein Fold Changes of Shortlisted Proteins between Idiopathic SFN and Secondary SFN Patients in
the Main Cohort

Proteins

Idiopathic SFN Secondary SFN

pMedian (5th to 95th percentile)

MX1 1.61 (�0.599 to 10.9) 0.106 (�1.11 to 11.9) 0.009a

DBNL 0.811 (�0.705 to 8.79) 0.907 (�0.591 to 12.8) 0.717

KRT8 0.735 (�0.646 to 8.15) 0.073 (�0.608 to 5.28) 0.236

LIN28A �1.51 (�2.42 to 1.73) �1.68 (�2.66 to 7.72) 0.497

METTL3 0.775 (0.226 to 5.10) 1.18 (�0.029 to 9.07) 0.072

NCOA5 0.920 (�0.181 to 5.42) 0.693 (�0.195 to 8.75) 0.625

PTPN1 �0.260 (�0.780 to 2.81) �0.158 (�0.764 to 11.9) 0.195

ZN276 2.23 (0.651 to 4.34) 2.65 (0.930 to 11.4) 0.160

MIF 0.300 (�0.904 to 5.98) 0.533 (�0.254 to 6.22) 0.449

aStatistically significant.
SFN = small fiber neuropathy.
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TABLE 3. Functions of the Candidate Antigens and Their Physiological Function and/or Reported Disease
Associations

Associated Protein Function27 Reported Disease Associations

MX1 (interferon-induced GTP-
binding protein MX1)

Interacts with the ankyrinlike repeat domain of
the TRPC channels.28

Antiviral activity against RNA and DNA
viruses.29–31

Neuropathic pain in mice32

Intervertebral disc degeneration and
consequent back pain in humans33

DBNL (drebrin-like protein) Involved in receptor-mediated endocytosis,
reorganizing the cytoskeleton to produce cell
projections and synapse formations. It is an

effector of antigen-receptor signaling pathways
in leukocytes, and it regulates T-cell activation
by bridging T-cell receptors and the actin

cytoskeleton to gene activation and endocytic
processes.34

Alzheimer disease

KRT8 (keratin type II cytoskeletal 8) Contractile apparatus to dystrophin at the
costameres of striated muscle.

Neuropathic pain
Chronic inflammatory demyelinating

polyneuropathy

LIN28A (protein lin-28 homolog A) RNA-binding protein, inhibits processing of
pre–let-7 miRNAs and regulates translation of
mRNAs that control developmental timing,

pluripotency, and metabolism.

Chronic neuropathic pain
Primary tumors

METTL3 (N6-adenosine-
methyltransferase catalytic subunit)

Forms heterodimer with METTL14 that
methylates adenosine residues of some RNAs
and regulates processes such as circadian clock,

differentiation of stem cells, cortical
neurogenesis, response to DNA damage,

differentiation of T cells, and primary mRNA
processing.

Involved in response to DNA damage.

Inflammatory pain
Neuropathic pain

NCOA5 (nuclear receptor coactivator
5)

Has both coactivator and corepressor functions.
Interactions with nuclear receptors.

Lipoprotein disorders
Psoriasis

Behcet syndrome

PTPN1 (tyrosine-protein phosphatase
nonreceptor type 1)

Tyrosine-protein phosphatase that regulates
endoplasmic reticulum unfolded protein

response.
May play important role in signal transduction

cascades.
May regulate signaling pathway, which

modulates cell reorganization and cell–cell
repulsion.

Type 2 diabetes

ZNF276 (zinc finger protein 276) May be involved in transcriptional regulation. Nil

MIF (macrophage migration
inhibitory factor)

Proinflammatory cytokine.
Mediates and regulates the function of

macrophages in host defense, and counteracts
the anti-inflammatory activity of

glucocorticoids.

Inflammatory and neuropathic pain
Severe sepsis and septic shock

Extracted from the UniProt Consortium27 unless otherwise specified.
TRPC = transient receptor potential canonical.
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Discussion
Our study identifies novel autoantibodies involved in SFN
by a validated high-throughput protein microarray technol-
ogy. First, bioinformatic analysis of all SFN patients was
performed with main and validation cohorts to identify
9 reproducible autoantibodies. Second, our focused analysis
identified 3 proteins with the highest FC and correlation,
namely MX1, DBNL, and KRT8. Third, as clustering was
seen in the heatmap analysis, a subgroup analysis was per-
formed comparing iSFN and secondary SFN, which identi-
fied MX1 as a potential marker that may help to
differentiate idiopathic from secondary forms of SFN.

A secondary analysis comparing the iSFN patients with
HCs also showed the highest FCs in MX1, DBNL, and
KRT8 in both cohorts. Although the p value of the main
cohort was statistically significant, the q value of the valida-
tion cohort did not meet statistical significance. This may be
due to the significantly smaller sample of iSFN in the valida-
tion cohort; further studies are required to confirm this.

The advantage of the high-throughput protein micro-
array technology compared to conventional immunoassays is
the detection and quantification of a large variety of proteins
in their original conformation. In this study, autoantibodies
against 9 proteins were found to occur at statistically higher
levels in SFN patients than in HCs. MX1, LIN28A, KRT8,
METTL3, and MIF have been shown to be directly associ-
ated with inflammatory neuropathy and neuropathic pain,
whereas others are involved in cellular processes of transcrip-
tion, DNA and RNA functions, and repair.27

The diagnosis of SFN is increasing with improved
awareness of the disease, but the underlying pathophysiol-
ogy is still unknown in many patients despite thorough
investigations. The response of iSFN patients toward
immunotherapy is still controversial, and these patients are
proposed to have an autoimmune etiology,3–10 although
the mechanism is not known. Dabby et al16 described the
presence of antisulfatide antibodies in SFN, which was per-
haps one of the first studies suggesting that SFN may be an
antibody-mediated process.16 A retrospective study by
Levine et al18 evaluated the rate of serum antibodies in
155 patients with confirmed SFN and found that 37% of
patients had immunoglobulin M (IgM) against trisulfated
heparan disaccharide (TS-HDS), which is a cell-surface pro-
tein, whereas 15% had IgG against fibroblast growth factor
receptor 3 (FGFR3), an intracellular protein. TS-HDS anti-
bodies were statistically more frequent in patients with SFN
compared to controls. Tholance et al’s findings supported
Levine et al’s study on the presence of anti-FGFR3 anti-
bodies in SFN and found that FGFR3-positive patients suf-
fered significantly more from non–length-dependent
symptoms, suggesting dorsal root ganglia involvement.17 In
2018, Fujii et al discovered anti–plexin D1 antibodies that

cause neuropathic pain,35 and confirmed their prevalence
and pathogenicity in SFN in 2021.36 Yuki et al19 described
a subpopulation of acute SFN patients’ IgG that colocalized
to voltage-gated sodium channels in the small nerve fibers,
suggesting a possible role of antibodies against surface anti-
gens expressed on the neuronal cell body and axon but not
on myelinated nerve fibers. However, further proteomic
approaches failed to identify the target antigens.19

In our study, scatterplot and heatmap analyses identi-
fied clustering of iSFN patients in autoantibodies against
MX1, DBNL, and KRT8. MX1 is known as the interferon-
induced GTP-binding protein MX1. Interferons induce cell-
autonomous defenses in any cell type involved in the adaptive
and innate branches of the immune system. Anti-MX1 anti-
bodies are significant in both main and validation cohorts
with the highest FC, as can be seen in Figure 4. Patients with
iSFN also show a higher level of anti-MX1 compared to con-
trols or secondary SFN, suggesting a role of interferons in the
pathogenesis of iSFN. MX1 has been found to interact with
the ankyrinlike repeat domain of the transient receptor poten-
tial canonical (TRPC) channels, specifically TRPC6, and the
subtypes TRPC3, TRPC4, and TRPC5 are downregulated
after nerve injury.28 MX1 was found to have a functional
effect on TRPC6 activity by potentiating the intracellular
influx of calcium through the channels.28 TRPC channels are
mammalian calcium-permeable transmembrane cation chan-
nels that are present in the brain, cerebral arteries, astrocytes,
neurons, and pyramidal cells. They serve critical physiological
functions such as neuronal differentiation and
mechanosensation, and have been associated with various
neurological disorders.37 More importantly, TRPC6 channels
are found in mouse dorsal root ganglia32 and play a pivotal
role in neuropathic pain. One recent human study showed
enhanced protein and mRNA expression of TRPC6 in
patients with intervertebral disc degeneration and consequent
back pain,33 inferring that the high level of anti-MX1 in iSFN
patients may cause downstream effects of neuropathic pain
via its interaction with TRPC6, although further research is
required to elucidate this. Whether this protein is pathogenic
or merely an epiphenomenon needs to be further studied.

DBNL (drebrin-like protein), one of the 9 proteins
that were found to be reproducible, had the second
highest FC in both main and validation cohorts and may
prove to be important in the pathophysiology of SFN,
although it failed to show significance in differentiating
between iSFN and secondary SFN. DBNL is an adapter
protein that plays a role in receptor-mediated endocytosis,
and reorganizing the cytoskeleton to produce cell projec-
tions and synapse formations,34 suggesting a disruption in
the core cellular processes of the neurons.

KRT8 (keratin type II cytoskeletal 8), which ranks
third in the list of 9 reproducible proteins, is a contractile
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apparatus to dystrophin that occurs in the costameres of
striated muscle. The KRT8 gene has been found to be
downregulated in chronic inflammatory demyelinating
neuropathy (CIDP) patients compared to control and
Charcot–Marie–Tooth disease groups, and is presumed to
be involved in the development of the disease.38 CIDP is
an inflammatory neuropathy for which many antibodies
have diagnostic and therapeutic implications.39 The iden-
tification of KRT8 in iSFN and CIDP may suggest a simi-
lar pathophysiological mechanism.

During subgroup analysis comparing iSFN and sec-
ondary SFN, the only protein showing significantly higher
FCs in the iSFN group was anti-MX1. Clustering of anti-
MX1 was seen mainly in the iSFN patients in the
heatmaps, further supporting anti-MX1 as a potentially
important biomarker of iSFN. What role anti-MX1 plays
in SFN requires further validation studies.

The strength of this study is its novelty, as few proteo-
mic analyses on SFN patients have been performed to date.
Certainly, no prior proteomic studies have been performed
employing the native conformational structure of proteins and
at such breadth. Our study identified a number of novel auto-
antibodies, shedding light onto their possible roles in SFN.
Moreover, most iSFN patients are biopsy-confirmed, and
patients are categorized according to their level of diagnostic
certainty based on the NEURODIAB criteria,21 adding to the
diagnostic certainty of this heterogeneous disease.

Although one of the limitations include the small
sample size of SFN patients and the retrospective analysis
of patients’ clinical parameters, an independent validation
cohort from 2 tertiary neurology centers was performed
independently to ensure reproducibility of the results. Bio-
informatic analysis with strict normalization and partial
least squares discriminant analysis ensured separability
between the SFN and control subjects.

A further limitation of the study includes variability
of the investigations performed and clinical parameters for
each patient, which may lead to missing data. Although a
standardized approach to SFN patients was utilized,22 parts
of the clinical evaluation may be customized by the manag-
ing neurologist depending on the patient’s presentation,
leading to the inevitable possibility of missing data. Missing
data would be excluded in the subgroup analysis, which
would lead to a smaller sample size, hence a higher rate of
type II error.40 Notably, the prevalence and proportion of
iSFN may not be fully reflective of the general SFN popu-
lation, as attempts were made to filter iSFN patients since
the index visit. Moreover, during the subgrouping of
patients for the likely etiology of SFN, patients may have
had more than one etiology, but the decision was made to
categorize them into one predominant etiology. As a result,
the effect of the secondary etiologies may be minimized or

eliminated during analysis. However, few patients had more
than one possible etiology.

The diagnostic criteria of SFN are constantly
evolving,41–43 which may affect the results of the study, but
the most widely accepted NEURODIAB21 criteria have been
incorporated for the purposes of this study. The most recently
proposed criteria by Devigili et al suggest that a combination
of clinical, functional, and structural approaches to the diagno-
sis of SFN may be most reliable.43 Although the new criteria
are stricter and may reduce the rate of false positive iSFN, there
are still limitations to skin biopsy and QST, and narrowing
the diagnosis to this extent in this study may contrarily result
in false negative results. A fine balance needs to be met, and
although we have chosen to use the NEURODIAB criteria,
most of the iSFN patients in our cohort had met all 3—clini-
cal, functional, and structural approaches—proposed by the
new criteria. Due to constantly evolving diagnostic criteria,
immunological and biochemical tests may be of utmost value
in the diagnostic armamentarium of iSFN, and should perhaps
be added to the diagnostic criteria.

In conclusion, this pilot study reveals novel autoanti-
bodies in iSFN, supporting the hypothesis that an
immune-mediated process may be involved. This paves the
way for validation studies and in-depth analysis of these
autoantibodies. Further elucidation of the pathophysiology
of SFN enables clinical subtyping, and the development of
targeted treatments for iSFN patients who are currently
treated merely symptomatically and inadequately.
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