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Abstract

Objectives
To assess the prevalence of antiplexin D1 antibodies (plexin D1-immunoglobulin G [IgG]) in
small fiber neuropathy (SFN) and the effects of these antibodies in vivo.

Methods

We developed an ELISA for plexin D1-IgG using a recombinant extracellular domain of human
plexin D1 containing the major epitope and sera from S8 subjects previously studied with a
standard tissue-based indirect immunofluorescence assay (TBA). We screened 63 patients with
probable SFN and SS healthy controls (HCs) for serum plexin D1-IgG using ELISA. The
results were confirmed by TBA. IgG from 3 plexin D1-IgG-positive patients, 2 plexin D1-IgG-
negative inflammatory disease controls, and 2 HCs was intrathecally injected into mice, which
were assessed for mechanical and thermal hypersensitivity 24 and 48 hours after injection.

Results

The ELISA had 75% sensitivity and 100% specificity using the TBA as a standard, and the
coincidence rate of ELISA to TBA was 96.6% (56/58). The frequency of plexin D1-IgG was
higher in patients with SFN than in HCs (12.7% [8/63] vs 0.0% [0/55], p = 0.007). Purified
IgG from all 3 plexin D1-IgG-positive patients, but not 2 plexin D1-IgG-negative patients,
induced significant mechanical and/or thermal hypersensitivity compared with IgG from HCs.
In mice injected with plexin D1-IgG-positive but not D1-IgG-negative patient IgG, phos-
phorylated extracellular signal-regulated protein kinase immunoreactivity, an activation marker,
was confined to small dorsal root ganglion neurons and was significantly more abundant than in
mice injected with HC IgG.

Conclusions
Plexin D1-IgG is pathogenic but with low prevalence and is a potential biomarker for immu-
notherapy in SEN.
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Glossary

ALS = amyotrophic lateral sclerosis; ANOVA = analysis of variance; CV = coeflicient of variation; DM = diabetes mellitus;
DRG = dorsal root ganglia; FGFR3 = fibroblast growth factor receptor 3; HC = healthy control; IDC = inflammatory disease
control; IgG = immunoglobulin G; iSEN = idiopathic SFN; NeP = neuropathic pain; OD = optical density; PBS = phosphate-
buffered saline; pERK = phosphorylated extracellular signal-regulated protein kinase; rhPlexin D1 = recombinant human plexin
D1 extracellular domain; RT = room temperature; SFN = small fiber neuropathy; SEN-SIQ = SEN Symptom Inventory
Questionnaire; sSSFN = secondary SFN; TBA = tissue-based indirect immunofluorescence assay; TS-HDS = trisulfated heparin

disaccharide.

Small fiber neuropathy (SFN) involving unmyelinated
C-fibers and thinly myelinated A8-fibers presents neuropathic
pain (NeP)/allodynia, paresthesia, and loss of pinprick and
thermal sensation, together with a variety of autonomic
symptoms.' > Although SFN is associated with many path-
ologic conditions,**
approximately half of patients with SFN, and these cases are
termed idiopathic SEN (iSFN).** Recently, autoantibodies
against fibroblast growth factor receptor 3 (FGFR3) and
trisulfated heparin disaccharide (TS-HDS) were reported in
a fraction of patients with iSEN.*” However, the causative
roles of these autoantibodies remain uncertain because re-

no identifiable cause can be found in

producibility in animal experiments has not been
demonstrated.
We reported antiplexin D1 antibody (plexin DI1-

immunoglobulin G [IgG]) in a fraction of patients with
NeP with underlying neuroinflammatory diseases.® Plexin
D1-IgG specifically binds to unmyelinated small pain-
conducing neurons in dorsal root ganglia (DRG),* where
the blood-nerve barrier is absent and autoantibodies have free
access.” Plexin D1-IgG was also detected in patients with
idiopathic painful trigeminal neuropathy presenting facial
pain and bound to trigeminal ganglion neurons.'® These
observations prompted us to assess the prevalence of plexin
D1-IgG in patients with SFN and to evaluate the pain-
provoking effects of intrathecally-injected plexin D1-IgG in
mice.

Methods

Participants

To establish an indirect ELISA for plexin D1-IgG, we used
sera from 8 patients with NeP with plexin D1-IgG diagnosed
by a tissue-based indirect immunofluorescence assay (TBA)
and from S0 non-NeP patients without plexin D1-IgG, in-
cluding 30 disease controls consisting of 10 cases with
autoimmune/inflammatory diseases and 20 healthy controls
(HCs), as described in our previous study.® In the SEN cohort
study, 38 patients with iSFN and 25 secondary patients with
SEN (sSFN) with potential causes of SFN (table 1) were
consecutively enrolled between August 2018 and September
2019, 40 from Asan Medical Center in Korea, and 23 from
Kyushu University Hospital in Japan. All patients with SEN
fulfilled the criteria for probable or definite SEN according to
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the clinically based SFN definition, including the distribution
of symptoms and signs suggestive of SEN (table 1)."* For
controls, 55 HCs were enrolled, 30 from Asan Medical Center
in Korea and 25 from Kyushu University Hospital in Japan.
There were no significant differences in sex or age between
patients with SFN and HCs (table 1).

Clinical Evaluation

To characterize the clinical features of patients with SEN with
plexin D1-IgG, we retrospectively reviewed their de-
mographic data, neurologic findings, comorbidities, and SEN
Symptom Inventory Questionnaire (SFN-SIQ), which in-
terrogates sensory symptoms, pain,
complaints.""

and autonomic

Development of Indirect ELISA for Plexin
D1-1gG

TBA, the current gold standard for plexin D1-IgG
identification,®'° is unsuitable for large-scale screening stud-
ies because of low sensitivity, despite its high specificity.
Therefore, we developed an indirect ELISA for plexin D1-
IgG. Briefly, 96-well plates (Corning, New York, NY) were
coated overnight at 4°C with 0.1 pg/mL of the recombinant
human plexin D1 extracellular domain (rhPlexin D1; amino
acids 47-1,271) derived from NSO cells (mouse myeloma cell
line; R&D Systems, Minneapolis, MN, USA) in phosphate-
buffered saline (PBS). To quantify the serum-specific back-
ground noise, a noncoated well was prepared for each serum
of interest by incubating PBS without the plexin D1 protein.”
The plates were washed with 0.1% PBS-Tween 20, and all
wells were then blocked with 5% skimmed milk for 1 hour at
room temperature (RT). After washing, the plates were in-
cubated with diluted serum samples (1:200 in 2% skimmed
milk) for 1 hour at RT. The plates were washed and incubated
for 1 hour at RT with a horseradish peroxidase-conjugated
goat antihuman IgG Fc antibody (Abcam, Cambridge, United
Kingdom). After washing, 3,3',5,5 -tetramethyl benzidine-
substrate solution (Nacalai Tesque, Kyoto, Japan) was added
and incubated for 10 minutes. After adding 1 M H,SO, to
each well to stop the reaction, the optical density (OD) at 450
nm was measured on a multimicroplate reader (CORONA,
Tokyo, ]apan). For interassay coeflicients of variation (CVs),
3 samples from 1 patient with plexin D1-IgG and from 2
patients without plexin D1-IgG were analyzed in duplicate in
3 different runs.'” The difference between the OD of the
plexin D1-coated well and that of the noncoated well (the
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Table 1 Demographic Features of Patients With SFN and HCs

Patients with SFN? (n = 63) HCs (n =55) p Value
Male/female (ratio) 31/32(1.0:1.0) 18/37 (1.0:2.1) N.S.
Age at examination, yb 58.0 (52.0-69.0) 57.0 (44.0-64.0) N.S.
Positive rate of ELISA (%) 8/63 (12.7) 2/55 (3.6) N.S.
Positive rate of ELISA plus TBA (%) 8/63 (12.7) 0/55 (0.0) 0.007

Underlying diseases 38 idiopathic, 13 with DM, 5 with SLE,
3 with a history
of cancer chemotherapy, 2 with RA, 1 each

with PR3-ANCA or SSc

Abbreviations: DM = diabetes mellitus; HCs = healthy controls; N.S. = not significant; PR3-ANCA = proteinase-3-antineutrophil cytoplasmic antibodies; RA =
rheumatoid arthritis; SFN = small fiber neuropathy; SLE = systemic lupus erythematosus; SSc = systemic scleroderma; TBA = tissue-based indirect immu-
nofluorescence assay.

The Mann-Whitney U test was used to compare continuous variables, and the x? test or Fisher exact probability test (when criteria for the x? test were not
fulfilled) was used to compare the categorical variables between patients with SFN and HCs.

2 All patients with SFN fulfilled the criteria for probable SFN according to the clinically based SFN definition, including the distribution of symptoms and signs
suggestive of SFN."> The diagnosis can be graded as follows: probable; presence of length-dependent symptoms, clinical signs of small-fiber damage, and
normal sural nerve conduction study (NCS), and definite; presence of length-dependent symptoms, clinical signs of small-fiber damage, normal sural NCS,

and reduced intraepidermal nerve fiber density at the ankle, and/or abnormal thermal thresholds.

® Median (interquartile range).

corrected OD value) was calculated, and the test was con-
sidered “ELISA-positive” when the corrected OD value was
above the mean plus 5 SDs of the 50 plexin D1-IgG-negative
controls (30 diseases controls and 20 HCs).”

TBA

Sera from all 58 participants used in the ELISA development
were tested by TBA using mouse DRG, as described in our
previous study.10 IgG subtypes were determined using sec-
ondary fluorescein isothiocyanate-conjugated mouse antihu-
man antibodies specific for IgGl, IgG2, 1gG3, or IgG4
(Sigma-Aldrich, St. Louis, MO). To confirm the antibody
specificity to plexin D1, immunoadsorption tests were per-
formed with rhPlexin D1 by TBA."° In the SEN cohort study,
we applied TBA as a confirmatory test for ELISA plexin D1-
IgG positiv1"ty.8’10

IgG Purification

Purification of IgG from human sera was performed using
Protein G HP SpinTrap columns (GE Healthcare, Little
Chalfont, United Kingdom) according to the manufacturer’s
protocol.

Passive Transfer of Patient-Derived Plexin
D1-I1gG to Mice

Anesthetized female ICR mice (10-12 weeks old) were in-
trathecally injected with 20 pL purified IgG from 3 plexin D1-
IgG-positive patients with NeP (patients 1, 2, and 3) with and
without preabsorption with rhPlexin D1 (2.0 pg/mL), 2
plexin D1-IgG-negative inflammatory disease controls
(IDCs) without SFN, and 2 HCs (detailed information of
subjects is in table e-1, links.lww.com/NXI/A497) by percu-
taneous puncture into the intervertebral space between the
fifth and sixth lumbar vertebrae.'>'* Injection accuracy was
ensured by an injection-induced tail flick."”> We assessed
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mechanical and thermal pain hypersensitivity using von Frey
and hot plate tests 24 hours after injection because the most
potent effects of antismall DRG neuron autoantibodies de-
rived from patients on stimulus-evoked pain-like behavior in
passive transfer models were observed 24 and 48 hours after
intrathecal injection in a previous study.'* Mechanical pain
hypersensitivity was assessed using calibrated von Frey fila-
ments (0.04-0.6 g; Danmic Global, San Jose, CA), as we have
described previously.16 Each filament was presented 10 times,
and the number of positive responses multiplied by 10 was
recorded as the percent response. To examine thermal pain
hypersensitivity, mice were placed on a digital hot plate (AS
ONE, Osaka, Japan) set to 48°C. The latency to jump, lift,
and/or lick a hind paw was measured, at which point mice
were removed.'” Mice were video recorded during the hot
plate test. To avoid tissue damage, a cutoff of 60 seconds was
defined. This temperature was chosen because it is at the low
end of the noxious range usually used to perform this test.'®
Behaviors were assessed and compared by 2 independent
observers. The 2 sensory tests were separately conducted 1
hour apart.

In addition, we evaluated phosphorylated extracellular signal-
regulated protein kinase (pERK) immunoreactivity in DRG
neurons from passive transfer mice as a marker indicating
activation of primary afferent DRG neurons.” LS DRG from
passive transfer mice were removed, fixed in 10% buftered
formalin, paraffin-embedded, and sectioned at 4 pym. The
sections were then incubated overnight with a mouse anti-
pERK antibody (Santa Cruz Biotechnology, Santa Cruz, CA;
dilution 1:100) at 4°C. After rinsing, the sections were treated
with a streptavidin-biotin complex. Immunoreactivity was
detected using 3,3’-diaminobenzidine, and sections were
counterstained with hematoxylin. For quantification of DRG
neurons, 2 LS DRG sections were randomly selected for each
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mouse. The numbers of total and pERK-labeled DRG neu-
rons per section were counted to determine changes in pPERK
expression.'” The average percentage of labeled neurons
among total neurons was obtained for each mouse.

Standard Protocol Approvals, Registrations,
and Patient Consents

The research protocol for the retrospective study and the data
privacy procedures for human samples were approved by the
Kyushu University Ethics Committee (#29-40, #30-164,
#2019-328) and the institutional review board of Asan
Medical Center (20190628). All patients and controls pro-
vided written informed consent. Animal experiments were
performed according to the protocols approved by the In-
stitutional Animal Care and Use Committee at Kyushu Uni-
versity (#A29-257, #A20-123).

Statistical Analysis

Statistical comparisons for the behavioral tests of passive
transfer mice and the average percentage of pERK-labeled
neurons among total DRG neurons were performed by 1-way
analysis of variance (ANOVA) with the Dunnett test for
multiple comparisons between the HCs" IgG-treated group
and the patients’ [gG-treated groups.*® The data are expressed
as the mean + SEM. Statistical significance was set at p < 0.05.

Data Availability
Any data not published within the article will be shared in
anonymized form by request from any qualified investigator.

Results

Indirect ELISA for Plexin D1-IgG

The inter-assay CV of each tested serum (7.5%, 10.6%, and
13.8%) was less than the minimally acceptable CV of 15%."
Using a cutoff OD value of the mean + S SDs of 30 disease
controls and 20 HCs (0.163), 6 patients (75%) with plexin
D1-IgG by TBA were positive for plexin D1-IgG by ELISA,
whereas all 50 disease controls, including 10 cases with
autoimmune/inflammatory diseases and HCs without plexin
D1-IgG by TBA, were all negative for plexin D1-IgG by
ELISA (figure 1A). Hence, the sensitivity of the ELISA was
75% (6/8) among plexin D1-IgG-seropositive individuals,
and the specificity was 100% (50/50) among plexin D1-IgG
seronegative individuals, using TBA as the standard evalua-
tion method. In summary, the overall coincidence rate of the

ELISA to TBA was 96.6% (56/58) (figure 1B).

The Prevalence of Plexin D1-1gG in Patients
With SFN

In the SEN cohort study, plexin D1-IgG was positive in 8 of 63
(12.7%) of all patients with SFN by ELISA, including 6 of 38
(15.8%) patients with iSFN, 2 of 25 (8.0%) patients with
sSFN, both of whom had diabetes mellitus (DM), and 2 of 55
(3.6%) HCs (figure 1C). By TBA, IgG from all 8 ELISA-
positive patients with SEN bound to IB4-positive small DRG
neurons, and they were deemed to be positive for plexin D1-
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IgG (figure e-1A, linkslww.com/NXI/A495 and table 1).
Conversely, no ELISA-positive HCs bound to DRG neurons
(figure 1D and table 1). All 8 plexin D1-IgG-positive patients
were probable SFN without skin biopsy. Correlation analysis
showed a significant positive correlation between the cor-
rected OD value and disease duration in patients with SFN
with plexin D1-IgG (Spearman rank correlation; r, = 0.9639, p
= 0.0001, figure 1E). By contrast, there was no correlation
between the corrected OD value and the age at sampling (r, =
0.2381,p = 0.5702) or onset (r, = —0.2143, p= 0.6103).In a
subclass analysis of plexin D1-IgG, S had only IgG2, 2 had
predominant IgG2 and weak IgGl, and 1 had only IgGl,
which indicates IgG2 predominance (87.5%) (figure e-1B).

Comparison of Clinical Features Between
Patients With SFN With and Without Plexin
D1-1gG

The clinical findings of 8 patients with SFN with plexin D1-
IgG are described in tables 2 and 3. Patients with SFN with
plexin D1-IgG showed late-middle age onset (mean + SD =
56.6 + 12.8 years), chronic disease course (100%), and
burning feet (85.7%) in SFN-SIQ. Next, we compared clinical
features between the 8 patients with SFN with plexin D1-IgG
and SS patients with SFN without plexin D1-IgG (table 3).
Disease duration at the time of serum sampling was signifi-
cantly longer in patients with SEN with plexin D1-IgG than in
those without (mean + SD; 9.3 + 82 vs 4.5 + 4.4, p = 0.0414).
Concerning the quality of NeP, patients with SFN with plexin
D1-IgG showed a higher frequency of pricking pain than
those without (62.5% vs 21.8%, p = 0.0278). There were no
differences in any other parameters examined between the 2
groups.

Induction of NeP in Mice by Plexin D1-1gG
From Patients

As for sensitivity to punctate mechanical stimuli using von
Frey filaments, mice treated with purified IgG from patients
1, 2, and 3 showed significantly higher reaction rates to each
stimulation strength (0.07, 0.16, 0.40, and 0.60 g filaments)
compared with control IgG-treated mice 24 hours after in-
jection (1-way ANOVA with Dunnett test; p < 0.01) (figure
2A). Conversely, there were no significant differences in the
reaction rates to each stimulation strength between mice
treated with IgG from HCs and mice treated with IgG from 2
IDCs or patients 1, 2, and 3 preabsorbed with rhPlexin D1
(figure 2A). The hot plate test showed that the withdrawal
latency in mice treated with IgG from patient 1 was signifi-
cantly shorter than that in mice treated with control IgG
(mean + SEM; 17.2 = 2.7 and 32.5 * 2.4 seconds, re-
spectively: 1-way ANOVA with Dunnett test; p < 0.05),
whereas the difference disappeared with rhPlexin D1 pre-
incubation (figure e-2A, links.lww.com/NXI/A496). How-
ever, no significant differences in withdrawal latencies were
found between mice treated with control IgG and IgG from 2
IDCs or patients 2 and 3, irrespective of the presence or
absence of preabsorption (figure e-2A). For all IgGs exam-
ined, however, neither mechanical nor thermal pain
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Figure 1 ELISA Screen and Confirmatory TBA for Plexin D1-1gG

A B. Comparison between the newly established ELISA
1.2- and TBA for Plexin D1-1gG
1.0- TBA results
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r_>u 0.8
o ELISA results  Positive 6 0 6
O .
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2 044 . s
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(A) Indirect ELISA for plexin D1-IgG in a previous cohort of 8 patients with NeP with plexin D1-IgG and 50 non-NeP patients (30 disease controls and 20 HCs)
previously determined by TBA. Disease controls included 6 with amyotrophic lateral sclerosis; 4 each with multiple system atrophy, systemic lupus eryth-
ematosus, and neuro-Behget disease; 3 with hereditary spinocerebellar degeneration; 2 each with Parkinson disease, normal pressure hydrocephalus, and
Sjogren syndrome; and 1 each with Alzheimer disease, dementia with Lewy bodies, and corticobasal degeneration. The difference in OD values between
plexin D1-coated wells and D1-uncoated wells (corrected OD value) was calculated, and the test was considered “ELISA-positive” when the corrected OD value
was above the mean + 5 SD of the 50 plexin D1-IgG-negative controls determined by TBA (0.163, dotted line). Six of 8 patients with NeP with plexin D1-IgG by
TBA were positive for plexin D1-1gG by ELISA, whereas all 50 disease controls and HCs without plexin D1-IgG by TBA were negative for plexin D1-IgG by ELISA.
(B) Comparison of the newly established ELISA with TBA for plexin D1-IgG. The overall coincidence rate of ELISA to TBA was 96.6% (56/58). (C) Indirect ELISA for
plexin D1-1gG in the present SFN cohort. The difference in OD values between plexin D1-coated wells and D1-uncoated wells (corrected OD value) was
calculated, and the test was considered “ELISA-positive” when the corrected OD value was above 0.163 (dotted line). Plexin D1-IgG was positive in 8 of 63
(12.7%) of all patients with SFN, including 6 of 38 (15.8%) patients with iSFN, 2 of 25 (8.0%) patients with sSFN, and 2 of 55 (3.6%) HCs by ELISA. (D) IgG (green)
from a representative patient with SFN (iSFN Case 1 in table 2) showed positive immunostaining of mouse small DRG neurons, whereas there was no
significant immunoreactivity in 2 ELISA-seropositive HCs (HC 1 and HC 2). Nuclei are counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). (E)
Correlation between the corrected OD value and the disease duration in patients with SFN with plexin D1-IgG (n = 8). There was a significant positive
correlation between them (Spearman rank correlation; rs = 0.9639, p = 0.0001). Even after 1 outlier with the highest optical density was removed, the
correlation between the corrected OD value and the disease duration remained significant (rs = 0.982, p <0.0001). HC = healthy control; IgG = immunoglobulin
G; iSFN = idiopathic small fiber neuropathy; OD = optical density; SFN = small fiber neuropathy; sSFN = secondary small fiber neuropathy; TBA = tissue-based
indirect immunofluorescence assay.

0.01) (ﬁgures 2B and e-2, D and E, links.Iww.com/NXI/
A496). Most of these pERK-labeled neurons were small DRG
neurons (<25 pm in diameter) (figures 2, B and C and e-
2D).*! Preabsorption of these patients’ IgG with rhPlexin D1

hypersensitivity was noted in mice 48 hours after injection
(figures e-2, B and C).

Activation of Small DRG Neurons by

Plexin D1-IgG

The average percentages of pERK-labeled neurons among
total DRG neurons in mice treated with purified IgG from
patients 1, 2, and 3 were significantly greater than those of
mice treated with control IgG 24 hours after injection (mean
1+ SEM; 6.7% * 1.0%, 9.7% * 1.7%, 5.9% + 1.0%, and 1.9% *
0.6%, respectively: 1-way ANOVA with Dunnett test; p <
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abolished the increased expression of pERK in DRG neurons;
there was no significant difference in the average percentage
of pERK-labeled neurons among total DRG neurons between
control IgG and preabsorbed IgG from patients 1, 2, and 3
(figures 2B and e-2, D and E). This increase in pERK ex-
pression was subsided 48 hours after injection (figure e-2, F
and G). Because the amounts of human IgG used for a single
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Table 2 Clinical Features of Patients With SFN With Plexin D1-1gG

Sex/age at Age at  Disease The presence 18G
Case examination,y onset,y duration,y Coexisting disorders The distribution and quality of pain of SFN-SIQ subclass
iSFN F, 74 71 3 None Bilateral feet and distal legs pain (burning) N.A. 18G2
case 1
iSFN M, 58 52 6 Prostate cancer Bilateral feet pain (burning and pricking) SIQ1,4,5,6, 11, 1gG2
case 2 and 12
iSFN F, 71 65 6 None Bilateral hands, distal arms, feet, and SIQ1,3,4,56,7, 1gG1
case 3 distal legs pain (burning and pricking) 8,10, 11,and 13
iSFN M, 51 48 3 None Left hand and distal arm pain (pricking SIQ 12 and 13 1gG2 >
case 4 and aching) 1gG1
iSFN F, 81 69 12 Atopic dermatitis, Bilateral tongue and feet pain (burning, SIQ3,6,7,10, 1gG2
case 5 hepatocellular carcinoma pricking, allodynia, and hyperalgesia) and 11

without chemotherapy

iSFN M, 73 56 17 Allergic rhinitis, acute Bilateral feet pain (burning, aching, and SIQ 11 1gG2 >
case 6 myocardial infarction hyperalgesia) 1gG1
sSFN M, 62 60 2 DM Bilateral hands and feet pain (burning SIQ 6,10, 11,12, 1gG2
case 1 and pricking) and 13
sSFN M, 57 32 25 DM Bilateral hands and feet pain (burning SIQ1,3,4,6,7,8,  1gG2
case 2 and electric-like) 9,11,and 13

Abbreviations: IgG = immunoglobulin G; iSFN = idiopathic small fiber neuropathy; N.A. = not available; SFN = small fiber neuropathy; SFN-SIQ = small fiber
neuropathy-Symptoms Inventory Questionnaire; sSFN = secondary small fiber neuropathy.

SFN-SIQ symptoms: 1 = altered sweating pattern; 2 = diarrhea; 3 = constipation; 4 = micturition problems; 5 = dry eyes; 6 = dry mouth; 7 = orthostatic dizziness;
8 = palpitations; 9 = hot flashes; 10 = sensitive skin legs; 11 = burning feet; 12 = intolerance for sheets; 13 = restless legs. The answer options of the SFN-SIQ
include “never = 0,” “sometimes = 1,” “often = 2,” and “always = 3.” A symptom is considered to be present when the score is 1 or higher.

intrathecal injection were relatively small, we could not
immunohistochemically detect any significant binding of
human IgG to DRG neurons in the injected mice. However,
by indirect IFA, we confirmed the specific binding of IgG from
patients to small DRG neurons on tissue sections, which was
abolished by preabsorption with rhPlexin D1 (figures 2B and
e-2D). Furthermore, there was no significant difference in the
average percentage of pERK-labeled neurons among total
DRG neurons between control IgG and IgG from 2 IDCs
both 24 and 48 hours after injection (figure e-2, E and G).

Discussion

All patients with plexin D1-IgG-positive SEN had chronic
persistent pricking or burning pain in a length-dependent
distribution, suggesting that plexin D1-IgG is associated with
typical SFN manifestations." Although 1 study reported a
female preponderance of iSEN (75%),”* we did not find any
sex preponderance in plexin D1-IgG-positive iSFN. A signif-
icant positive correlation of antiplexin D1-IgG levels with
disease duration indicates affinity maturation of the antibody
over the disease course. Significantly longer disease duration
compared with plexin D1-IgG-negative SFN and absence of
acute onset SFN suggests that a longer period is required for
full-blown SEN in plexin D1-IgG. Alternatively, plexin D1-
IgG may emerge as a consequence of long-term small fiber
neuron damage because 2 patients with sSSFN with DM also
carried plexin D1-IgG. Plexin D1-IgG was not detected in
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collagen-vascular disease patients without NeP in this or
previous® studies or even in patients with sSEN with collagen-
vascular diseases in this study. We thus consider that plexin
D1-IgG does not emerge in patients with autoimmune/
inflammatory disease unless they develop NeP. As in the
sSEN cohort, patients with Sjogren syndrome, who occa-
sionally develop SEN, were not enrolled in this study.
Therefore, it is important to investigate plexin D1-IgG in this
population in the future.

Plexin D1-IgG was originally discovered in patients with NeP
with underlying neuroinflammatory diseases, such as atopic
myelitis, multiple sclerosis, and neuromyelitis optica spectrum
disorders.® Although the pain manifestations are similar in NeP
and SEN cohorts, the antibody-positive NeP cases showed a
young age at onset and female preponderance, reflecting the
features of background diseases. Given that childhood-onset
SFN is not rare and is often caused by dysimmunity and im-
proved by immunotherapy,”**** plexin D1-IgG should be
examined in childhood-onset SFN in future studies.

Although the precise mechanism of iSFN remains elusive, 2
autoantibodies were reported to be associated with iSFN: IgM
anti-TS-HDS found in 37% (57/155) of iSFN vs 11% (8/71)
of patients with amyotrophic lateral sclerosis (ALS) and anti-
FGFR3-IgG found in 15% (23/155) of patients with iSFN vs
3% (1/31) of patients with ALS.® The former was originally
described in 5 IgM paraproteinemia cases presenting with a
painful, predominantly sensory polyneuropathy,”® whereas
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Table 3 Demographic and Clinical Features of Patients With SFN With and Without Plexin D1-1gG

Plexin D1-IgG-positive patients Plexin D1-IgG-negative patients
with SFN (n = 8) with SFN (n = 55) p Value
Female, n (%) 3/8 (37.5) 29/55 (52.7) N.S.
Age at time of serum sampling, y, mean + SD 65.9+10.3 56.9+12.3 N.S.
Age at disease onset, y, mean + SD 56.6 +12.8 524+124 N.S.
Disease duration at time of serum 9.3+82 45+44 0.0414
sampling, y, mean + SD
Presence or history of atopic diseases, n (%) 2/8 (25.0) 10/55 (18.2) N.S.
Presence or history of malignancy, n (%) 2/8 (25.0) 10/55 (18.2) N.S.
Disease onset, n (%)
Acute 0/8 (0.0) 2/55 (3.6) N.S.
Subacute 0/8 (0.0) 4/55 (7.3) N.S.
Chronic 8/8 (100.0) 49/55 (89.1) N.S.
SFN-SIQ (score 1 or higher), n (%)
Altered sweating pattern 4/7 (57.1) 14/43 (32.6) N.S.
Diarrhea 0/7 (0.0) 8/43(18.6) N.S.
Constipation 3/7 (42.9) 10/43 (23.3) N.S.
Micturition problems 3/7 (42.9) 8/43 (18.6) N.S.
Dry eyes 2/7 (28.6) 17/43 (39.5) N.S.
Dry mouth 5/7 (71.4) 13/43 (30.2) N.S.
Orthostatic dizziness 3/7 (42.9) 14/43 (32.6) N.S.
Palpitations 2/7 (28.6) 12/43 (27.9) N.S.
Hot flashes 1/7 (14.3) 7/43 (16.3) N.S.
Sensitive skin legs 2/7 (28.6) 16/43 (37.2) N.S.
Burning feet 6/7 (85.7) 20/43 (46.5) N.S.
Intolerance for sheets 3/7 (42.9) 9/43 (20.9) N.S.
Restless legs 4/7 (57.1) 13/43 (30.2) N.S.
SFN-SIQ total score, mean + SD 80+7.1 6.4+6.2 N.S.
Quality of neuropathic pain, n (%)
Burning 6/8 (75.0) 27/55 (49.1) N.S.
Pricking 5/8 (62.5) 12/55 (21.8) 0.0278
Aching 3/8 (37.5) 28/55 (50.9) N.S.
Electric-like 1/8 (12.5) 24/55 (43.6) N.S.
Allodynia (pain due to a stimulus that does not usually 1/8 (12.5) 9/55 (16.4) N.S.
provoke pain)
Hyperalgesia (increased pain from a stimulus that 2/8 (25.0) 7/55 (12.7) N.S.

usually provokes pain)

Abbreviations: IgG =immunoglobulin G; N.A. = not available; N.S. = not significant; SFN = small fiber neuropathy; SFN-SIQ = small fiber neuropathy-Symptoms
Inventory Questionnaire.

The Mann-Whitney U test was used to compare continuous variables, and the X test or Fisher exact probability test (when criteria for the x° test were not
fulfilled) was used to compare the categorical variables between patients with SFN with and without plexin D1-IgG.

SFN-SIQ symptoms: 1 = altered sweating pattern; 2 = diarrhea; 3 = constipation; 4 = micturition problems; 5 =dry eyes; 6 = dry mouth; 7 = orthostatic dizziness;
8 = palpitations; 9 = hot flashes; 10 = sensitive skin legs; 11 = burning feet; 12 = intolerance for sheets; 13 = restless legs. The answer options of the SFN-SIQ
include “never = 0,” “sometimes = 1,” “often = 2,” and “always = 3.” A symptom is considered present when the score is 1 or higher.
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Figure 2 Assessment of Pain-Like Behaviors and Neuronal Activation in Passive Transfer Mice 24 Hours After Injection
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(A) Mechanical pain hypersensitivity
was assessed by calibrated von Frey
filaments (0.04, 0.07, 0.16, 0.40, and
0.60 g) 24 hours after injection. Mice
treated with purified 1gG from patients
1, 2, and 3 showed significantly higher
reaction rates to each stimulation
strength (0.07, 0.16, 0.40, and 0.60 g
filaments) than HC IgG-treated mice (1-
way ANOVA with Dunnett test; *p <
0.01). No significant differences in re-
action rates were seen with IgG from 2
inflammatory disease controls (1 pa-
tient with NBD and 1 patient with
NPSLE) and patients 1, 2, and 3 after
preadsorption with rhPlexin D1 com-
pared with control IgG (1-way ANOVA
with Dunnett test). (B) Indirect IFA of
mouse L5 DRG sections revealed that
1gG (green) from the patient with SFN
(patient 3) with plexin D1-IgG but not
control IgG bound to small DRG neu-
rons. IgG from patient 3 preabsorbed
with rhPlexin D1 (2 pg/mL) showed no
significant immunoreactivity to mouse
DRG. Nuclei are counterstained with
4' 6-diamidino-2-phenylindole (blue).
Immunostaining of pERK, a marker of
primary afferent neuron activation, in
L5 DRG of mice treated with purified
IgG from patient 3 and control 24
hours after injection. Most of the pERK-
labeled neurons in mice treated with
purified IgG from patient 3 are small
DRG neurons (<25 pm in diameter).
Few neurons are labeled for pERK in
mice treated with control IgG and IgG
from patient 3 after preabsorption
with rhPlexin D1. Sections were coun-
terstained with hematoxylin. (C) Dis-
tribution of pERK immunoreactivity
among different-sized neurons was
analyzed. DRG neurons were stratified
as small (<25 mm in diameter) and
large (>25 mm in diameter) neurons.
The pERK-labeled neurons in L5 DRG
of mice treated with purified IgG from
patients 1, 2, and 3 were pre-
dominantly small neurons of less than
25 pm in diameter. Scale bars =50 ym
and (inset) = 25 pm. ANOVA = analysis
of variance; DRG = dorsal root ganglia;
HC = healthy control; IFA = immuno-
fluorescence assay; 1gG = immuno-
globulin G; NBD = neuro-Behcet
disease; NPSLE = neuropsychiatric
systemic lupus erythematosus; pERK =
phosphorylated extracellular signal-
regulated protein kinase; Pre-Ab =
preabsorbed; rhPlexin D1 = recombi-
nant human plexin D1.

the latter was also reported in sensorim

neuropathy.”” The ubiquitous existence of these relevant

. 28-30
antigens

in animals make interpretation of their roles in SEN difficult.
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and the absence of passive transfer experiments

otor poly-  The passive transfer to mice of mechanical pain associated

with activation of small pain-conducting DRG neurons by
plexin D1-IgG and abrogation of these effects by pre-
adsorption of purified IgG with the extracellular domain of

plexin D1 indicates the mechanical pain-provoking effects of
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plexin D1-IgG in vivo. This is consistent with the previous
finding that NeP patient-derived plexin D1-IgG selectively binds
to isolectin B4-positive unmyelinated C-fiber type small DRG
neurons®'® that sense mechanical pain.*"** Accordingly, plexin
D1-IgG is considered to be pathogenic. Because of marked
heterogeneity in SFN etiologies, the frequencies of autoanti-
bodies found in SEN, including plexin D1-IgG, are not high.
Nonetheless, given that pain relief was achieved in plexin D1-
IgG-positive patients by immunotherapy,®'® testing plexin D1-
IgG could be a useful guide for selecting patients with SFN
eligible for immunotherapy, for whom no treatment options are

available except for analgesics, which have only limited efficacy.

For mass-screening of plexin D1-IgG, development of an ELISA
is necessary.”> The overall coincidence rate of the present
ELISA to the standard TBA for plexin D1-IgG was sufficiently
high so that this ELISA is potentially applicable for screening
plexin D1-IgG. The occurrence of 2 false-positive cases is pos-
sibly because of nonspecific reactivity to the ELISA antigen,
thPlexin D1 derived from the NSO mouse myeloma cell
line—which is abnormally glycosylated.** Therefore, the pro-
duction of thPlexin D1 derived from human cell lines is required
to increase the specificity of the ELISA assay for future studies.

Our study has several limitations. First, although all patients with
SEN in this study fulfilled the established criteria for clinically
based SEN, SEN was not confirmed by histopathology. However,
patients with SEN with anticontactin-associated protein-like 2
antibodies demonstrated no (or limited) abnormalities in patho-
logic skin biopsies or whole sural nerve biopsies,” despite func-
tional nociceptive hyperexcitability. Thus, it would be better to
examine intraepidermal nerve fiber density in antiplexin D1-IgG-
positive SEN cases in the future, although it is possible that only
limited abnormalities would be found. Second, the criteria for SEN
used in this study required length-dependent clinical manifesta-
tions. Therefore, it is still possible that plexin D1-IgG may be
present in patients with SEN or NeP showing nonlength-
dependent pain manifestations. The possibility of more wide-
spread manifestations of plexin D1-IgG should be investigated in a
future large-scale study. Finally, we could not perform a large-scale,
long-term evaluation of the passive transfer experiments with
patient-derived plexin D1-IgG because of limited amounts of the
patients’ sera. Thus, our passive transfer experimental results
should be regarded as preliminary, particularly concerning thermal
pain-provoking effects. Nevertheless, because plexin D1-IgG could
be a potential biomarker for immunotherapy consideration in
SEN, prospective clinical trials are warranted to establish evidence
for immunotherapy in patients with SEN with plexin D1-IgG.
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