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Abstract
Objective
We hypothesize alterations in the quality and quantity of anti–43-kDa TAR DNA-binding
protein (TDP-43) naturally occurring autoantibodies (NAbs) in patients with amyotrophic
lateral sclerosis (ALS); therefore, we assessed relative binding properties of anti–TDP-43 NAbs
composite in plasma from patients with ALS in comparison with healthy individuals.
Methods
ELISA competition assay was used to explore the apparent avidity/aﬃnity of anti–TDP-43
NAbs in plasma from 51 normal controls and 30 patients with ALS. Furthermore, the relative
levels of anti–TDP-43 NAbs within the immunoglobulin (Ig) classes of IgG (isotype IgG1-4)
and IgMs were measured using classical indirect ELISA. The occurring results were hereafter
correlated with the measures of disease duration and disease progression.
Results
High-avidity/aﬃnity anti–TDP-43 NAbs levels were signiﬁcantly reduced in plasma samples
from patients with ALS. In addition, a signiﬁcant decrease in relative levels of anti–TDP-43
IgG3 and IgM NAbs and a signiﬁcant increase in anti–TDP-43 IgG4 NAbs were observed in
ALS plasma vs controls. Furthermore, a decrease in global IgM and an increase in IgG4 levels
were observed in ALS. These aberrations of humoral immunity correlated with disease duration, but did not correlate with ALS Functional Rating Scale–Revised scores.
Conclusions
Our results may suggest TDP-43–speciﬁc immune aberrations in patients with ALS. The
skewed immune proﬁles observed in patients with ALS could indicate a deﬁciency in the
clearance capacity and/or blocking of TDP-43 transmission and propagation. The decrease in
levels of high aﬃnity/avidity anti-TDP-43 NAbs and IgMs correlates with disease progression
and may be disease predictors.
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Glossary
ALS = amyotrophic lateral sclerosis; ALS-FRS-R = ALS Functional Rating Scale–Revised; BSA = bovine serum albumin; Ig =
immunoglobulin; NAb = naturally occurring autoantibody; NC = normal control; PBS = phosphate-buﬀered saline; RT = room
temperature; TDP-43 = 43-kDa TAR DNA-binding protein.

The etiology in most amyotrophic lateral sclerosis (ALS)
cases remains elusive, with only approximately 10% of all cases
being familial and linked to speciﬁc pathogenic mutations.1,2
The neuropathology of ALS is characterized by aggregation of
insoluble 43-kDa TAR DNA-binding protein (TDP-43) in
the cytoplasm of degenerating motor neurons and glia cells.3,4
The precise mechanism of TDP-43 aggregation is unknown
but is associated with an abnormal accumulation of fulllength, truncated, hyperphosphorylated, and/or ubiquitinated
TDP-43 species in the cytoplasm.5–8 Patients with ALS present increased levels of TDP-43 in CSF and plasma.9 Extracellular pathogenic TDP-43 species, including aggregation
seeds, result from cell death but can also be released from cells
to CSF via exosomes.10,11
Abundant and autoreactive immunoglobulin (Ig) G and IgM
naturally occurring autoantibodies (NAbs) are normal components of the blood and play an important physiologic role in
maintaining tissue and protein homeostasis through adaptive
debris clearance.12,13 NAbs recognize and bind self-antigens
before the acquired immunity becomes activated.14 Evidence
from other neurodegenerative diseases suggests altered levels
of NAbs being implicated in the impaired clearing of pathologic proteins.15–17 IgG autoantibodies can also exhibit antiinﬂammatory capacities, depending on their IgG subclass
(isotype IgG1-4).18–20
Abnormalities in the peripheral immune system have been
documented in patients with ALS.21 Results from our study
show immune alterations speciﬁc for TDP-43 in patients with
ALS. Thus, we hypothesize that these alterations are universal
for sporadic ALS and have pathologic eﬀect on the TDP-43
clearing mechanism.

Methods
Participants and Samples
All patients with ALS were followed by a specialist at the
motor neuron disease team, Department of Neurology,
Bispebjerg-Frederiksberg Hospital, Copenhagen, Denmark.
The diagnosis of ALS was performed according to the revised
El Escorial criteria for the diagnosis of ALS.22 Thirty patients
with sporadic ALS were included in the study. Clinical characteristics of all patients with ALS are summarized in table 1,
and the clinical details for each individual patient are presented in table e-1 (links.lww.com/NXI/A364). Three patients were still alive at the end of the study, and one was lost
due to emigration. ALS Functional Rating Scale–Revised
(ALS-FRS-R) was found retrospectively for 23 patients. All
2

samples were withdrawn from the Movement Disorder Biobank at Bispebjerg-Frederiksberg Hospital, Copenhagen,
Denmark. All blood samples were collected in EDTA-coated
polypropylene tubes and spun at 2,000g for 10 minutes at 4°C.
The supernatant plasma was immediately aliquoted and
stored in 400 μL polypropylene tubes at −80°C until use. No
diﬀerence in storage time between groups was observed.
Normal control (NC) volunteers were free of conditions that
might aﬀect the nervous system and did not receive any
medical treatment modulating the immune system. There was
a statistical diﬀerence in age between patients with ALS and
NCs. On average, NCs were younger than the patients with
ALS (p < 0.001). Written informed consent was received from
all participants before inclusion in the study according to the
World Medical Association Declaration of Helsinki.
Measurement of Anti–TDP-43 Antibodies Using
Competitive ELISA
Aﬃnity/avidity of anti–TDP-43 NAbs was measured by
competitive ELISA. Ninety-six–well polystyrene microtiter
plates (Nunc MaxiSorp ﬂat-bottom 96-well plate) (#44-240421; Invitrogen, Carlsbad, CA) were coated with 1 μg/mL
recombinant TDP-43 monomer (#ATGP2093, NKMAX
BIO) in ice-cold 0.1 M carbonate buﬀer (pH 8.5) overnight
(>12 hours) at 4°C. The plates were blocked for 2 hours at
room temperature (RT) with 3% bovine serum albumin
(BSA) fraction V (#10735078001; Roche, Basel, Switzerland)
+ 0.1% Tergitol (#NP40S; Sigma-Aldrich, St. Louis, MO)
solution in phosphate-buﬀered saline (PBS, pH 7.4 100 μL
per well) and washed 5 times with PBS + 0.05% Tween-20
(#P1379; Sigma-Aldrich). Fifty microliters of diluted plasma
(1:2,000 in PBS + 0.1% BSA) were transferred to the plates
and incubated for 1 hour at RT. For the competition reaction,
plasma samples were incubated before transfer onto plates for
1 hour with TDP-43 monomer at a range of concentrations:
2,000; 1,000; 500; 250; 125; 62.5; 31; 16; 8; 4; and 0 nM for
competition curve with plasma pools, and 2,000; 200; 40; 8;
1.6; and 0 nM for individual samples (the range of TDP-43
monomer concentrations was chosen based on preliminary
experiments). After 5 washes with PBS + 0.05% Tween-20, 50
μL of horseradish peroxidase-labeled polyclonal goat antihuman IgG (Fc fragment speciﬁc; #ab98595; 1:10,000;
Abcam, Cambridge, UK) was added and incubated at RT for 2
hours. The plates were washed 5 times, and 50 μL tetramethylbenzidine liquid peroxidase substrate (T8665; SigmaAldrich) was added, followed by incubation in the dark at RT
for 30 minutes. The reaction was then stopped with 50 μL of
0.5 sulfuric acid (#109073; Merck, Kenilworth, NJ), and the
absorbance at 450 nm/620 nm was measured on a Fisher
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Table 1 Demographic and Clinical Data
Demographic segmentation

Patients with ALS (n = 30)

NCs (n = 51)

p Value

Age at the sample, ya

63.4 (11.5) [34–81]

46.12 (14.5) [23–90]

<0.001b

Sex, F/Mc

17/13

37/14

Disease onset, y (n = 30)

62.1 (11.6) [33–80]

—

—

Disease duration at the sample, y (n = 30)

1.2 (1.08) [1–4]

—

—

Age at death, y (n = 26)

64.9 (10.1) [38–81]

—

—

Disease duration, y (n = 26)

3.4 (1.4) [1–7]

—

—

ALS-FRS-R (n = 23)

37.6 (7.2) [22–47]

—

—

0.1

Abbreviations: ALS = amyotrophic lateral sclerosis; ALS-FRS-R = ALS Functional Rating Scale–Revised; NC = normal control.
Results are presented as mean (±SD) range [min–max].
a
Student t test.
b
Significantly different.
c
Chi-squared test.

Scientiﬁc Multiskan FC Microplate Reader (Thermo Fisher
Scientiﬁc, Waltham, MA).
IgGs from plasma samples were puriﬁed using the Pearl IgG
Puriﬁcation kit (Cat. no. 786-798; Bioscience, St. Louis, MO).
The ELISA assays were performed as described above. For the
competition reaction, puriﬁed IgG samples were incubated
before transfer onto plates for 1 hour with TDP-43 monomer
at a range of concentrations: 2,000; 200; 66; 22; 12.5; 7.3; 2.4;
0.81; 0.27; 0.09; 0.03; 0.01; and 0 nM for competition curve
with IgG pools (5, 10, 25 μg/mL), and 200; 20; 2; 0.2; 0.02;
and 0 nM of TDP-43 for individual IgG samples (25 μg/mL)
(the range of TDP-43 monomer concentrations was deduced
from competition curve).
For control experiments, plates were coated with TDP-43 at
1 μg/mL, Tau (rPeptide # T-1001) at 1 μg/mL, and α-synuclein (rPeptide # S-1001) at 5 μg/mL. For competition, the
following range of concentrations was used: 2,000; 66; 22;
7.3; 2.4; 0.81; 0.27; and 0 nM. The ELISA assays were performed as described above.
Measurement of Antigen-specific
Autoantibodies
Relative levels of anti–TDP-43 NAbs of IgG subclasses (IgG14) and IgMs were assessed using in-house developed, indirect
ELISA setups. Ninety-six–well polystyrene microtiter plates
(Nunc MaxiSorp ﬂat-bottom 96-well plate) (# 44-2404-21;
Invitrogen) were coated with 50 μL recombinant TDP-43
protein monomers 1 μg/mL in ice-cold 0.1 M carbonate buﬀer
(pH 8.5) overnight (>12 hours) at 4°C. Next, the plates were
blocked for 2 hours at RT with PBS + 3% BSA + 0.1% Tergitol,
pH 7.4 100 μL per well and washed 5 times with PBS + 0.05%
Tween-20. Fifty microliters of diluted plasma samples in PBS +
0.1% BSA were added to the plates and incubated for 1 hour at
RT. The plasma dilutions were for IgG total 1:1,000 in PBS +
0.1% BSA; IgG1: 1:50 diluted in PBS + 0.1% BSA; IgG2 1:200
Neurology.org/NN

diluted in PBS + 0.1% BSA; IgG3 1:100 diluted in PBS + 0.1%
BSA; IgG4 1:100 in PBS + 0.1% BSA; and IgM 1:200 in PBS +
0.1% BSA. After a subsequent washing step, the plates were
incubated for 2 hours at RT with 50 μL of biotinylated secondary antibodies: goat anti-human total IgG 1:30,000
(#SAB3701279; Sigma-Aldrich), goat anti-human IgM 1:5,000
(#B1265; Sigma-Aldrich), mouse anti-human IgG1 1:1,000
(#1856854; Invitrogen), mouse anti-human IgG2 1:5,000
(#B3398; Sigma-Aldrich), mouse anti-human IgG3 1:500
(#B3523; Sigma-Aldrich), and mouse anti-human IgG4 1:200
(#B3648; Sigma-Aldrich). After washing, 50 μL diluted
streptavidin-peroxidase 1:10,000 (#5512; Sigma-Aldrich) was
added and incubated for 30 minutes at RT. The plates were
washed before the enzymatic reaction was developed by adding
50 μL of tetramethylbenzidine and incubated in dark for 30
minutes at RT. The reaction was terminated by addition of 0.5
N sulfuric acid, and the optical density was measured on a
MultiscanTM FC Microplate reader (Fisher Scientiﬁc) at 450
nm/620 nm. All samples were normalized to a positive calibrator control in a 2-fold serial dilution with primary monoclonal mouse anti–TDP-43 antibody (#ab57105; Abcam) and
detected with a secondary biotinylated anti-mouse IgG antibody (#BA-9200; Vector, Burlingame, CA).
Measurement of Global Antibody Plasma
Levels
Levels of global antibody concentrations in plasma samples
were measured using the commercially available Ready-SETGo! ELISA kits (Thermo Fisher Scientiﬁc) following the
manufacturer’s instructions. Plasma samples were diluted in
assay buﬀer supplied with the kits. The dilutions were then
empirically determined at the following concentrations for
IgG1 ELISA kit 1:2,000 (# 88-50560); IgG2 ELISA kit 1:
500,000 (# 88-50570); IgG3 ELISA kit 1:40,000 (# 8850580); IgG4 ELISA kit 1:1,000 (# 88-50590); IgG total
ELISA kit 1:500,000 (# 88-50550); and IgM ELISA kit 1:
20,000 (# 88-50620).
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Figure 1 Plasma NAb Affinity/avidity Toward TDP-43

The 2-site inhibition curves (A and C) and individual data (B and D) show distinct high and low binding components in plasma from patients with amyotrophic
lateral sclerosis (ALS, squares) and normal controls (NCs, circles). Ten age-matched plasma samples from each group were pooled and incubated with
increasing concentration of TDP-43 monomer with subsequent measurement of free NAbs by ELISA. (A) Pooled plasma (C) IgG plasma fraction. Binding of
anti–TDP-43 NAbs in (B) individual plasma samples from patients with ALS (n = 30) and NCs (n = 51) and (D) IgG plasma fractions from patients with ALS (n = 20)
and NCs (n = 20) to immobilized TDP-43 monomer (1 μg/mL) in competitive ELISA assay in the presence of free TDP-43. The relative binding of anti–TDP-43
NAbs is expressed as a percentage of maximal binding attained in the assay for each sample, where competition reactions with 1,000 nM TDP-43 monomers
are defined as constituting nonspecific (background) binding, and reactions without competition, 0 nM TDP-43 monomers, reflect 100% (maximum) binding.
The line represents the fitting of a 2-site model to the data. Horizontal bars represent the mean values ± SEM, ES = Cohen effect size (95% CI). Differences
between groups were tested using the Student t test or Mann-Whitney U test. Ig = immunoglobulin; NAb = naturally occurring autoantibody; TDP-43 = 43-kDa
TAR DNA-binding protein.

Determination of TDP-43 Concentration and
IgG- and IgM-/TDP-43 Immunocomplexes
Concentrations of TDP-43 in plasma were measured with the
commercially available TDP-43 Elisa Kit (# KE00005; Proteintech, Chicago, IL) and used in accordance with the
manufacturer’s instructions. Plasma samples were diluted with
sample diluent solution (1:5), whereas detection antibodies
were diluted with detection diluent solution. The data were
ﬁtted on 4-parameter logistic (1/y2 weighted) curve used for
calculating TDP-43 concentration in samples. For measurements of immunocomplexes, we used Human TDP-43 Elisa
Kit from Proteintech (# KE00005) but replaced the detection
antibodies with goat anti-human IgG (1:40,000, # SAB3701279;
Sigma-Aldrich) and goat anti-human IgM (1:10,000, #B1265;
Sigma-Aldrich). The detection of the signal was performed as
described above.
Sample Analyses
Data obtained from competitive ELISA assays are expressed
as maximum of binding on the displacement curve, with exceptions of the ﬁxed extreme points on the curve. The
4

extreme points are the competition reactions of 2,000 nM
TDP-43 monomer deﬁned as 0% binding (representing unspeciﬁc binding) and the reactions without competition deﬁned as 100% binding (representing speciﬁc binding).
Statistics
GraphPad prism software program version 6 (GraphPad
Software Inc., La Jolla, CA) was used for statistical analyses of
the data. The data were tested for normal distribution using
the D’Agostino-Person normality test. Data were tested for
outliers using the ROUT method that detects outliers with a
false discovery rate Q = 1. The Student t test was used if the
data followed normal distribution. Unequal variances were
tested using an F test, and the Welch t test was used for groups
having unequal variances. The Mann-Whitney U test was used
for data that did not pass normal distribution. The eﬀect size
was calculated by Cohen d, being considered as trivial (−0.2 ≤
d ≤ 0.2), small (−0.5 ≤ d < −0.2 and 0.2 < d ≤ 0.5), moderate
(−0.8 ≤ d < −0.5 and 0.5 < d ≤ 0.8), and large (d < −0.8 and d >
0.8).23 The statistical diﬀerences were accepted with p values
<0.05. Analysis of the competition binding curves was
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Figure 2 Specificity of Anti–TDP-43 NAb Binding

The ability of increasing concentrations of (A and B) tau monomers or (C and D) α-synuclein monomers to inhibit the binding of NAbs to (A and C) TDP-43, (B)
tau, and (D) α-synuclein–coated ELISA plates. The relative binding of NAbs is expressed as a percentage of maximal binding attained in the assay for each
sample, where competition reactions with 1,000 nM of the respective protein monomer are defined as constituting nonspecific (background) binding, and
reactions without competition, 0 nM TDP-43, reflect 100% (maximum) binding. The line represents the fitting of a 2-site model to the data; 10 randomly
chosen patients with amyotrophic lateral sclerosis (ALS, squares and 10 age-matched normal controls (NCs, circles). NAb = naturally occurring autoantibody;
TDP-43 = 43-kDa TAR DNA-binding protein.

performed according to the 1- and 2-site models using the
computer-assisted curve ﬁtting Fit logIC50 model. Correlation analyses were performed using Spearman nonparametric
correlation for non-normally distributed data.
Study Approval
This study was approved by the Ethical Committee of the
Capital Region of Denmark (H-16021964).
Data Availability
Data presented in this report will be made available to research investigators on reasonable request to the corresponding author.

Results
Altered Binding Properties of Anti–TDP-43
NAbs in Patients With ALS
To measure relative binding properties of anti–TDP-43 NAbs
composite in plasma, we adapted the competitive ELISA
Neurology.org/NN

setup as described previously.24 Before all analyses, the integrity of the commercial, recombinant TDP-43 protein was
validated by Western blotting (ﬁgure e-1, links.lww.com/
NXI/A364), showing that the protein is intact and has not
been truncated during storage and handling. Results from
pooled plasma samples from 10 patients with ALS and 10 agematched NCs showed a distinct apparent aﬃnity/avidity
proﬁles of anti–TDP-43 plasma NAbs (ﬁgure 1A). To ensure
that the signal is not a result of unspeciﬁc binding from unspeciﬁc plasma components, we puriﬁed IgG fraction (ﬁgure
1C) and performed a similar experiment. Based on both
binding curves, we separated anti–TDP-43 NAbs into lowand high-aﬃnity fractions. The high-aﬃnity/avidity fraction
was characterized by eﬃcient inhibition of antibody binding
in the presence of low (1–50 and 0.01–5 nM) concentration
of TDP-43 (ﬁgure 1, A and C), whereas low aﬃnity/avidity
components are exposed at high concentrations of TDP-43
(50–2,000 and 5–2,000 nM, respectively; ﬁgure 1, A and C).
The displacement curves from NC plasma samples ﬁt the
2-aﬃnity state model. This indicates that a substantial fraction
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Figure 3 Absent Association of Age and Binding Properties of Anti–TDP-43 NAbs in Plasma From Normal Controls (NCs)

Percentage of maximal plasma NAbs binding to immobilized TDP-43 monomer (1 μg/mL) in younger controls (aged <50 years, n = 29) and in elderly controls
(aged >50 years, n = 22) determined by competitive ELISA assay with 200, 40, 8, and 1.6 nM of free TDP-43, where 2,000 nM defines the nonspecific binding and
no free α-synuclein monomer gives the maximal binding. Horizontal bars represent the mean values ± SEM, ES = Cohen effect size (95% CI). Differences
between groups were tested using the Student t test or Mann-Whitney U test. NAb = naturally occurring autoantibody; TDP-43 = 43-kDa TAR DNA-binding
protein.

(approximately 50%) of total antibody binding is characterized by antibodies with high apparent aﬃnity/avidity. However, ALS plasma samples exhibited reduced levels of high
aﬃnity antibodies because they required higher TDP-43
concentrations for eﬃcient inhibition of antibody binding
compared with samples from NCs.
Next, we tested the relative aﬃnity/avidity of anti–TDP-43
NAbs in the individual plasma samples from 30 patients with
ALS and 51 NCs (ﬁgure 1B). For each tested concentration of
free TDP-43, a mean binding obtained for anti–TDP-43
NAbs in plasma from patients with ALS was signiﬁcantly
higher compared with NCs, indicating that plasma samples
from healthy controls contained a signiﬁcantly larger proportion of high-aﬃnity anti–TDP-43 NAbs compared with
patients with ALS.
In parallel, we conducted similar ELISA setups to test the
binding properties of puriﬁed IgG fractions from randomly selected plasma samples of 20 patients with ALS and 20 agematched NCs (ﬁgure 1D). Similarly, to plasma samples, the
puriﬁed IgG fractions from patients with ALS had signiﬁcantly
reduced binding capability for TDP-43 monomer in comparison
with puriﬁed IgG fractions from NCs. In the presence of low
TDP-43 concentrations, the mean maximal binding for anti–
TDP-43 IgGs from patients with ALS (45%–95%) was signiﬁcantly higher than IgGs from NCs (30%–80% of the mean
maximal binding). In the presence of high concentration of the
antigen, the binding for anti–TDP-43 NAbs tended to be signiﬁcant (2 nM) or was on similar level (20 nM) in both individuals with ALS and NC individuals. These data suggest that
patients with ALS contain a signiﬁcantly lower amount of highaﬃnity anti–TDP-43 NAbs in plasma compared with controls.
6

To evaluate the speciﬁcity of the binding of the anti–TDP43 plasma NAbs to TDP-43 antigen, we conducted control
competition assays on the pooled plasma samples using
antigens unrelated to ALS pathology. We performed
competition ELISA assays using either tau monomers or
α-synuclein monomers in the ﬂuid inhibition phase and
plates coated with TDP-43 (ﬁgure 2, A and C), tau (ﬁgure
2B), or α-synuclein (ﬁgure 2D). Neither the tau nor
α-synuclein monomers interfered with the binding of
anti–TDP-43 plasma NAbs to plates coated with TDP-43
(ﬁgure 2, A and C) conﬁrming no polyreactivity to other
amyloidogenic antigens.
We then proceeded to check the apparent aﬃnity proﬁles of
anti–α-synuclein and anti-tau plasma NAbs in pooled
plasma samples from patients with ALS and NCs. The
displacement curves for patients with ALS and NCs ﬁtted a
2-aﬃnity state model, with a substantial fraction (approximately 50%) of the antibodies in the plasma samples
characterized with high apparent aﬃnity/avidity for both
α-synuclein and tau (ﬁgure 2, B and D). Similar displacement curves were observed for both groups, suggesting no
diﬀerences in the avidity/aﬃnity of either anti–α-synuclein
or anti-tau NAbs.
To verify that results were not a response of the diﬀerence in
mean age between NCs and patients with ALS (table 1), a test
comparing the maximal binding of anti–TDP-43 NAbs for
elderly controls (age >50 years) to younger controls (aged
<50 years) was performed. The test showed no signiﬁcant
diﬀerences in binding properties of anti–TDP-43 NAbs from
plasma of controls stratiﬁed by age, at each TDP-43 concentration tested in the assay (ﬁgure 3).
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Figure 4 Relative Plasma TDP-43 and Immunocomplex Levels and Concentrations of Total Plasma TDP-43 and TDP-43
NAbs Complexes

Distribution of relative anti–TDP-43 naturally occurring autoantibody plasma levels in patients with amyotrophic lateral sclerosis (n = 41) (ALS, squares) and
normal controls (n = 30) (NCs, circles). ELISA relative optical densities (ODs) of anti–TDP-43 NAbs (A) total IgG, (B) IgG1, (C) IgG2, (D) IgM, (E) IgG3, and (F) IgG4.
Total plasma TDP-43 concentration (G); TDP-43/IgM complexes (H) and TDP-43/IgG complexes (I) in plasma from patients with ALS (n = 30) (squares) and NCs
(n = 41) (circles). TDP-43 NAbs complex concentrations were quantified using TDP-43 standard curve. Dot plots show relative ODs with mean values
(horizontal bars) ± SD, ES = Cohen effect size (95% CI). Differences between groups were tested using the Student t test or Mann-Whitney U test. Ig =
immunoglobulin; NAb = naturally occurring autoantibody; TDP-43 = 43-kDa TAR DNA-binding protein.

Neurology.org/NN
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Table 2 Global Plasma Immunoglobulin (Ig) Levels
Global antibody levels, mg/dL

Patients with ALS (n = 30)

Normal controls (n = 41)

p Value

ES

95% CI

IgG1

894.3 (648.9) [146.3–2,082.5]

904.5 (478.9) [196.5–2,034]

0.513

−0.16

−0.64 to 0.32

IgG2

604.1 (468.1) [81.9–1,818.4]

934.7 (573.1) [215.8–2,328]

0.108

−0.52

−1.10 to 0.08

IgG3

317.0 (198.4) [5.9–632.8]

329.3 (234.5) [25.6–904.1]

0.817

−0.06

−0.53 to 0.42

IgG4

26.4 (14.2) [3.7–69.9]

20.97 (17.1) [0.9–58.9]

0.045a

0.34

−0.14 to 0.82

IgG total

1,487 (881.0) [14.9–3,430]

1,910 (1,045) [139.3–4,586]

0.131

−0.35

−0.83 to 0.13

−0.65

−1.16 to −0.12

IgM

318.7 (154.7) [7.1–704.9]

497.9 (331.2) [12.8–1,352]

0.035

a

Abbreviations: ALS = amyotrophic lateral sclerosis; ES = Cohen effect size.
Results are presented as mean (±SD) range [min–max].
a
Significantly different.

Difference in Relative Levels of Anti–TDP-43
NAbs and Global Plasma Content of IgM, IgG1-4,
and Total IgG Antibodies in Patients With ALS
Next, we investigated levels of total anti–TDP-43 IgG, IgG14, and IgM NAbs in plasma samples (ﬁgure 4, A–F). We
observed signiﬁcantly reduced relative levels of anti–TDP-43
IgM (ﬁgure 4D) and anti–TDP-43 IgG3 (ﬁgure 4E) and increased relative levels of anti–TDP-43 IgG4 (ﬁgure 4F) in
ALS patient plasma samples compared with NCs. The relative
levels of anti–TDP-43 total IgGs, IgG1, and IgG2 remained
similar in both groups (ﬁgure 4, A–C, respectively).
Furthermore, we have observed signiﬁcant diﬀerences between the patients with ALS and NCs for global levels of IgM
and IgG4 immunoglobulins (table 2). Whereas IgM levels
were decreased in patients with ALS, the IgG4 levels were
increased. No diﬀerences in the levels of total IgG and subclass IgG1-3 were observed between ALS and NCs.
Increased Levels of Plasma Anti–TDP-43 and
NAbs/TDP-43 Complexes in Patients With ALS
We also measured the concentration of plasma TDP-43
protein, IgM/TDP-43, and IgG/TDP-43 complexes (ﬁgure 4,
G–I). The mean (±SD) plasma concentration of TDP-43 was
slightly higher in the NC group (139.8 ± 8 pg/mL) than in
patients with ALS (113.3 ± 9.7 pg/mL) (ﬁgure 4G). Furthermore, the results also show a signiﬁcant increase in IgG/
TDP-43 complex concentrations in patients with ALS (ﬁgure
4I) vs NCs, whereas IgM/TDP-43 complex concentrations
did not diﬀer between the groups (ﬁgure 4H).
Anti–TDP-43 NAb Affinity and Levels Correlate
With Clinical Measures
For 40 nM, 8 nM, and 1.6 nM of free TDP-43 monomer, the
percent of maximal binding obtained for anti–TDP-43 NAbs in
ALS plasma samples at the sampling time (average of 1.2 years
after onset) could predict the disease duration (average 3.4 years
after onset) (ﬁgure 5A). However, the percent of maximal
binding did not correlate with ALS-FRS-R score (ﬁgure 5B). It is
worth noticing that the p values were most signiﬁcant with high
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aﬃnity/avidity plasma fraction, which is indicated by eﬃcient
inhibition of antibody binding in the presence of low (1–10 nM)
concentrations of TDP-43. These data indicate that patients with
a signiﬁcantly lower proportion of high-aﬃnity anti–TDP-43
NAbs in plasma had a shorter total disease duration hence more
rapid progressing disease. This is in contrast to the patients with
a higher proportion of high-aﬃnity anti–TDP-43 NAbs at the
disease onset.
Furthermore, anti–TDP-43 IgM levels in plasma from patients with ALS withdrawn at the sampling time (average of
1.2 years after onset) correlated with longer disease duration
(predicted longer disease duration) (average 3.4 years after
onset) (ﬁgure 5C). Contrary, levels of anti-TDP-43 IgG4
correlated with shorter disease duration (predicted shorter
disease duration) (ﬁgure 5C). These results indicate that
patients with relatively high levels of anti–TDP-43 IgM and
low levels of anti–TDP-43 IgG4 at the disease onset or shortly
after had a relatively long survival time hence slower disease
progression. ALS-FRS-R did not correlate with anti–TDP-43
NAb levels (ﬁgure 5D).
The global Ig plasma content of IgG total, IgG1-4, and IgM did
not correlate with any of the clinical measures (data not shown).
Ten patients with ALS included in the study cohort had had
comorbid conditions; thus, we have analyzed whether these
could inﬂuence the interpretation of our results. The mean of
total disease duration for patients with comorbidities was 2.9
years and was not signiﬁcantly diﬀerent (p = 0.28) from patients
with no comorbid conditions (3.5 years). The aﬃnity/avidity of
anti–TDP-43 NAbs expressed as % of max binding, the levels of
anti–TDP-43 antibodies, and global antibody levels did not diﬀer
between the patient groups (data not shown).

Discussion
Here, we report disturbances in relative binding properties
and in the relative levels of NAbs speciﬁc for the pathogenic
protein, TDP-43, in plasma samples from patients with ALS.
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Figure 5 Correlations with Clinical Measures

(A) Correlation of disease duration and (B) ALS-FRS-R score with the affinity/avidity of anti–TDP-43 NAbs (expressed as % of max binding of anti–TDP-43 NAbs
to immobilized TDP-43 monomer (1 μg/mL) in competitive ELISA assay in the presence of free 200, 40, 8, and 1.6 nM TDP-43). (C) Correlation of disease
duration and (D) ALS-FRS-R score with the relative optical densities (ODs) of anti–TDP-43 total IgG, IgG1-4 subclass, and IgM NAbs. Correlation analyses were
performed using the Spearman rank correlation test (ρ) (95% CI). ALS-FRS-R = Amyotrophic Lateral Sclerosis Functional Rating Scale–Revised; Ig = immunoglobulin; NAb = naturally occurring autoantibody; TDP-43 = 43-kDa TAR DNA-binding protein.

First, we showed that plasma samples from NCs contain approximately equal low- and high-aﬃnity/avidity binding
components, whereas in plasma from patients with ALS, we
observed a signiﬁcantly decreased fraction of high aﬃnity/
avidity anti–TDP-43 NAbs.
Alterations in NAbs toward speciﬁc pathogenic proteins such
as α-synuclein, amyloid β, and tau have previously been
reported in relation to 2 of the most common neurodegenerative disorders, namely Parkinson disease and Alzheimer
disease.25–28 We have recently shown a reduction in apparent
high-aﬃnity/avidity anti–α-synuclein NAbs in Parkinson
disease and multiple system atrophy,24 both disorders characterized by abnormal aggregation of this protein in neurons
and glial cells, respectively.
It is remarkable that the apparent levels of high-aﬃnity/
avidity anti–TDP-43 NAbs at the disease onset or shortly
after correlated with the subsequent disease duration. More
speciﬁcally, our data indicate that patients with a signiﬁcantly lower proportion of high-aﬃnity anti–TDP-43 NAbs
in plasma at the withdrawal time point, had a shorter survival time. This suggests that NAb aﬃnity/avidity may be a
predictor of and/or contributor to disease progression.
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As TDP-43 species are present in body ﬂuids, inclusive blood
and CSF,9 NAbs are probably important for maintaining
protein homeostasis through antibody-mediated clearance
mechanism.29 In addition to neurodegenerative changes in
the CNS, muscle and nerves appear to be the site of immunologic activation in ALS.21 Also, axial skeletal muscles can be
an additional site of TDP-43 pathology in patients with ALS,
including sporadic and familial cases.30 Of interest, TDP-43 is
an essential protein for normal skeletal muscle formation, and
it is able to spontaneously form cytoplasmic, amyloid-like
oligomeric assemblies, the so called myo-granules, during
regeneration of skeletal muscles.31 Furthermore, these myogranules can seed amyloid-like ﬁbrils in vitro, which suggests a
link between the normal biological functions of TDP-43 and
pathologic TDP-43 aggregates. Therefore, impaired peripheral clearance of misfolded proteins may play an important
role in TDP-43 pathology in ALS.
Second, patients with ALS with relatively low numbers of
anti–TDP-43 IgMs and relatively high levels of anti–TDP-43
IgG4 presented much faster disease progression than those
with high levels of anti–TDP-43 IgM and low levels of anti–
TDP-43 IgG4. Alterations in NAb plasma levels may reﬂect
progress of the neurodegeneration, and thus, they might be
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useful as diagnostic and prognostic biomarkers in early
diagnosis.32,33
IgMs and IgG3 represent an early response to the pathogen by
activating complement system to ensure quick immune response.34 A decrease in IgM and IgG3 anti-TDP-43 NAbs
might therefore suggest impaired clearance mechanism
through phagocytosis. IgG4s on the other hand are weak
inducers of eﬀector cells, cannot activate the complement
cascade, and are known to be involved in mediating chronic
responses.35,36 Beekeepers, animal laboratory workers, and
individuals undergoing allergen immunotherapy possess high
serum levels of allergen-speciﬁc IgG4, which exhibit immunosuppressive functions, protecting the individual from anaphylactic reactions.37,38 In autoimmune/immune-mediated
diseases, such as pemphigus vulgaris, pemphigus foliaceus,
and MuSK myasthenia gravis, IgG4 autoantibodies are pathogenic.39 IgG4-related diseases are normally treated with
corticosteroids40; however, patients with ALS do not respond
to this kind of treatment. This may suggest that the observed
increase of IgG4 in ALS does not have an inﬂammatory origin
but rather is of immunosuppressive/protective character.
Whether this could be a consequence of prolonged exposure
to subclinical levels of pathogenic TDP-43 and the acquisition
of an immune intolerance over time toward aggregated TDP43 in patients with ALS should be further investigated.
Importantly, we did not detect an overall diﬀerence in total
anti–TDP-43 IgG levels and global levels of IgGs, IgG1-3.
However, patients with ALS presented decreased global levels
of IgMs and increased global levels of IgG4. These overall IgM
antibody decline may reﬂect systemic immunologic alterations in ALS and could indicate a decreased homeostatic
capability or selective immunodeﬁciency in ALS, perhaps
reﬂecting its progressive course. Similar results were observed
for multiple system atrophy, a fast progressing neurodegenerative disease.41 IgG4 is usually the least-represented IgG
subclass in human serum; however, as mentioned before, high
IgG4 levels can occur in particular conditions, usually following repeated or chronic exposure to an antigen. Elevated
levels of IgG4 are also associated with inﬂammation in a range
of chronic pathologic conditions, such as rheumatoid arthritis.42 Thus, the main function of IgG4 is probably to interfere
with immune inﬂammation induced by complement-ﬁxing
antibodies.43 Nonspeciﬁc changes in antibodies were also
investigated before in patients with ALS, but the results were
conﬂicting.44–49
Under normal physiologic conditions, a signiﬁcant proportion
of the NAbs have their active site blocked by the high amount
of available self-antigens.12 On binding to self-antigens, NAbs
form immune complexes, which are subsequently eliminated
from the circulation, primarily by phagocytosis.50 We have
measured the IgM/TDP-43 and total IgG/TDP-43 immunocomplex levels in plasma and found no diﬀerence between
patients with ALS and NCs. The immune complexes were at
very low concentrations in plasma, which may partially explain
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the results. Moreover, the anti–TDP-43 plasma NAbs, polyclonal in nature, may be directly occupied by oligomeric or
ﬁbrillar forms of TDP-43, which are probably not detected by
the capture antibody in our assay. Some studies have shown
an increase in circulating immune complexes in sera of patients with ALS compared with controls.44,46,48,51,52
NAbs may represent an important physiologic mechanism
inhibiting peptide/protein ﬁbrillation and exhibiting rescuing
eﬀects on microglial uptake, further deﬁning clinical manifestations in ALS. A dysfunction in this recognition pattern by
dysfunctional B-cell maturation, immune shifts, or antigenspeciﬁc reduced B cells may explain both the observed
aberrant NAb production and reduced antibody binding
properties in patients with ALS. The blueprints from these
NAbs are inscribed in the sequence of the B-cell receptors on
a distinct B-cell subset, called B1 cells.53,54 Supported by our
correlation analyses, at this point, we can only speculate that
the anti–TDP-43 IgM producing B1-cell population may already be reduced or impaired in the prodromal phase of ALS,
resulting in an overload of TDP-43 protein. This situation
could result in a greater pressure on the clearance mechanisms. Thus, after the primary recognition of toxic TDP-43
species, the antibody isotype switches to an IgG-dominated
response characterized, in this case, by lower-aﬃnity/avidity
antibodies, as supported by present results. Further longitudinal, in-depth characterization of the adaptive immune system components of patients with ALS with focus on humoral
immune responses can give us insights into disease
pathogenesis.
ALS progression is characterized by loss of physical function
in various domains, i.e., the bulbar, ﬁne and gross motor, and
respiratory domain. The ALS-FRS-R scale uses precisely this
loss of function as a marker for disease severity and disease
progression.55,56 Based on our result, we can speculate that
the antibody status is not directly correlated with the loss of
physical function, but rather with the disease duration. We
must bear in mind that this study was not longitudinal, and the
majority of samples were collected as early as 1 year from
disease onset with relatively mild to moderate stage of disease
(ALS-FRS-R scores of median 41). At this stage, the aﬃnity/
avidity and the levels of anti–TDP-43 NAbs may simply not
yet be reﬂected in loss of physical functions, which may partially explain why our immune measures do not correlate with
the ALS-FRS-R outcomes. Earlier, comprehensive, longitudinal studies on the immune status of patients with ALS have
reported positive correlation of total leukocyte and neutrophil
numbers with disease progression; however, numbers of
CD4+ T cells correlated negatively with ALS-FRS-R
decline.57,58 Of interest, there was no correlation with total
B-cell numbers.58 It is a well-known fact that antibody responses to protein antigens require help from antigen-speciﬁc
CD4+ T cells.59 It is a bidirectional relationship and an aberration of one component may be reﬂected in the function of
another one, hence our results. It has also been suggested that
CD4+ T cells may exhibit neuroprotective function in ALS.
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This was evidenced by the reduced number and suppressive
abilities of T regulatory cells,49,60 which are negatively correlated with ALS-FRS-R.61,62 Other studies have found increased numbers of CD4+ T helper cells without changes in
CD8+ cells, monocytes, and macrophages.63 Taken together,
these and our ﬁndings may indicate the critical involvement of
peripheral immune deﬁcits in ALS pathology.
There are some limitations in the study, which should be taken
under consideration. The size of the sample is small, and the
biological and clinical variations between the individuals are
large. However, the diﬀerences found were highly signiﬁcant
despite the small sample size. The NCs were younger than
patients with ALS; however, there was no signiﬁcant diﬀerence
in binding aﬃnity/avidity properties of TDP-43 NAbs from
plasma of controls stratiﬁed by age. Longitudinal studies in patients with ALS could reveal the eﬀects of disease progression on
the regulatory immune system. Also, studies in the prodromal
phase of ALS could reveal if the observed immune deﬁciency is
already seen before the disease onset. At the present time, we can
only hypothesize that a reduction in high aﬃnity NAbs impairs
the clearance process and thus mounts the mechanism behind
the aggregations of pathologic proteins in ALS.
In conclusion, we observed a decline in TDP-43 reactivity in
patients with ALS. The apparent decrease in levels of highaﬃnity/avidity anti–TDP-43 NAbs correlates with and
thereby predicts disease severity. The decline in high-aﬃnity
anti–TDP-43 NAbs might impair the capacity to block and
neutralize toxic proteins, and although this requires further
investigations, data from this study provide rationale for immunotherapy against aggregated TDP-43 as a promising
strategy to slow progression of sporadic ALS.
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