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ABSTRACT 

Increased intrathecal IgG and oligoclonal bands (OCB) are seminal features of multiple 

sclerosis (MS). Although no such differences in MS blood total IgG antibodies have been 

reported, serum OCB are a common and persistent finding in MS and have a systemic source. 

Recent studies showed that IgG3+ B cells and higher levels of serum IgG3 are linked to the 

development of MS. Additionally, intrathecal IgG synthesis in MS is associated with IgG3 

heavy chain gene single nucleotide polymorphisms, and there is a strong relationship between 

susceptibility to MS and an IgG3 restriction fragment length polymorphism. These studies 

support the role of IgG3 in disease pathogenesis. Using multiple immunoassays, we 

investigated levels of total IgG, IgG1, and IgG3 in sera and CSF of 102 MS patients (19 

paired CSF and sera), 76 patients with other neurological disorders (9 paired CSF and sera), 

and 13 healthy controls. We show that higher levels of total IgG and IgG3 antibodies were 

detected in MS serum, but not in CSF, which distinguishes MS from other inflammatory and 

non-inflammatory neurological disorders, with Receiver Operating Characteristic (ROC) 

Curves 0.79 for both IgG3 & total IgG. Out data support the notion that IgG3 antibodies may 

be a potential candidate for MS blood biomarker development.   
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INTRODUCTION 

 

The most consistent and characteristic feature of multiple sclerosis (MS) is the increased 

synthesis of IgG and the presence of oligoclonal bands (OCBs) in the cerebrospinal fluid 

(CSF). Over 20 times more IgG can be extracted from MS plaques than from control brain 

tissue (Glynn et al., 1982). OCBs are associated with increased levels of disease 

activity/disability, higher levels of cortical lesion load, and greater brain atrophy (Joseph et 

al., 2009;Ferreira et al., 2014;Farina et al., 2017). OCB in MS have been shown to target 

ubiquitous intracellular antigens released in cellular debris (Brandle et al., 2016), and 

antigens to OCBs are known to be patient-specific (Graner et al., 2020).  

 

The glycoprotein IgG is the most abundant isotype in healthy human plasma and can be 

separated into four subclasses: IgG1 (60–70% in plasma), IgG2 (20–30%), IgG3 (5–8%), and 

IgG4 (1–3%) (Vidarsson et al., 2014). Using multiple immunoassays, we undertook a 

detailed analysis of levels of total IgG (H+L), IgG1, and IgG3 subclasses in serum and CSF 

of MS patients. The rationale  for using  multiple methods is based on the following 

evidence: 

 

1) In MS CSF, the predominant subclasses are IgG1 and IgG3 (Keir et al., 1982;Vartdal 

and Vandvik, 1982;Grimaldi et al., 1986;Mehta, 1988;Losy et al., 1992).   

2) In MS, there is no correlation between the number of oligoclonal bands and CSF IgG 

concentration, but there is a strong correlation between serum and CSF IgG (Beseler 

et al., 2017). 

3) There are contradictory findings regarding MS serum total IgG antibodies. A study of 

334 patients with MS and other neurological disorders found no difference in serum 

IgG between MS and controls (Fischer-Williams and Roberts, 1971). Another study 

of 772 MS patients and 226 neurological controls again showed that there was no 

difference in serum IgG levels between MS and controls (Delmotte and Demonty, 

1976). However, about 40 years later it was demonstrated that high prevalence rates 

of reduced serum IgG concentrations were found in MS patients (Zoehner et al., 

2019). The authors studied a total of 327 MS patients retrospectively and found that 

MS serum IgG concentrations were frequently below the lower limits of normal 

(<700 mg/dl). Additionally, we showed that retrospective data of 90 MS patients 

revealed significantly higher levels of serum total IgG (Beseler et al., 2017) compared 
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to patients with other inflammatory CNS disorders (n=20), and elevated levels of 

glycosylated IgG are found in MS sera compared to other neurological disorders and 

healthy controls (Kennedy et al., 2021). 

4) There are contradicting results for IgG subclasses and the role of IgG3 in MS. Using 

single immunoassays, no significant differences of serum IgG1, IgG2, IgG3, and 

IgG4 were found between MS and controls (Kaschka et al., 1979;Lambin et al., 

1991;Raknes et al., 2000;Greve et al., 2001;Di Pauli et al., 2010). However, recent 

studies showed higher IgG3 levels in sera may predict the development of MS from 

clinically isolated syndrome (Trend et al., 2018), and IgG3+ B cells are associated 

with the development of MS (Marsh-Wakefield et al., 2020). The roles of IgG3 in MS 

are further supported by the following studies: a) the IgG3 allotype G3m (11) was 

found to be MS-specific and present in the active brain plaques (Salier et al., 1983); b) 

the susceptibility to MS is associated with an IgG3 restriction fragment length 

polymorphism (Gaiser et al., 1987); c) intrathecal IgG synthesis in MS is associated 

with IgG3 heavy chain gene polymorphism (Buck et al., 2013). 

5) IgG3 has a unique structure and potent effector functions. The hinge region of IgG3 is 

about four times longer than that of  IgG1, containing up to 62 amino acids with 11 

hydrogen bonds (Vidarsson et al., 2014). This intra-protein feature may make it easier 

for the development of Fc-Fc interactions; however, it may prevent accurate detection 

in assays when Fc portions are required to be exposed. Furthermore, although a minor 

component in the blood, IgG3 has been shown to have superior effector functions 

compared to other IgG subclasses in neutralization, complement activation, 

opsonophagocytosis, and antibody-dependent cellular cytotoxicity (Damelang et al., 

2019).  

These findings suggest that MS IgG antibodies possess unique features, and their detections 

are assay dependent. Other evidence supporting the uniqueness of MS IgG is the presence of 

OCB in 95% MS CSF, and serum OCB is a common and persistent finding in MS and has a 

systemic source (Zeman et al., 1996). For decades it has been shown that antibodies play a 

direct role in MS pathology (Joseph et al., 2009;Farina et al., 2017;Yu et al., 

2020;Karrenbauer et al., 2021), yet OCB were found to target random intercellular antigens, 

and MS antigens are patient-specific (Brandle et al., 2016;Graner et al., 2020). 
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We report here that higher levels of total IgG (H+L) and IgG3 antibodies in sera, but not in 

CSF, can distinguish MS patients from patients with other inflammatory and non-

inflammatory neurological disorders.  

 

                                 MATERIALS AND METHODS 

 

Patients 

 

With the approval of the Colorado Multiple Institutional Review Board (COMIRB protocols 

# 00–688, # 13-3007), CSF and serum from MS patients and controls were collected at the 

University of Colorado Hospital, Anschutz Medical Campus. Plasma samples were collected 

after centrifugation of blood samples at 2000 x g for 10 min; CSFs were immediately 

centrifuged at 500 x g for 10 min, and the supernatant was collected. Both CSF and sera were 

stored at −80°C until use. Additional sera samples (primary progressive MS – PPMS; 

secondary progressive MS – SPMS; relapsing-remitting MS – RRMS; healthy controls - HC) 

were from Accelerated Cure Project (https://www.acceleratedcure.org/). 

 

We studied a total of 102 MS samples (67 RRMS, 8 SPMSS, and 19  PPMS) which 

contained 19 paired sera with CSF. We included 13 normal healthy controls (HC), 57 patients 

with non-inflammatory neurological disease (NIC), and 19 with other inflammatory CNS 

disorders (IC) (9 paired with CSF). All samples were from treatment-naive patients. Other 

neurological disorders include 19 IC patients, 5 patients with headaches, and 43 patients with 

meningioma, and 8 with glioblastoma (Table 1). The IC patients include: acute viral 

meningitis (1), B cell lymphoma (1), Behcet's disease (1), paraneoplastic syndrome (1), viral 

meningitis (1), chronic meningitis of unknown etiology (1), subacute sclerosing 

panencephalitis (2), acute disseminated encephalomyelitis (1), paraneoplastic encephalitis 

(1), neurosyphilis, chronic progressive meningoencephalitis (1), sarcoid (1), VZV 

myelopathy (1), VZV radiculomyelitis (1), VZV shingles (1), ischemic optic neuritis (1), 

retrobulbar optic neuritis (1), papillitis (1), and transverse myelitis (1) (Tables 1 & Table 2).  

 

For all experiments, we used total IgG concentrations derived from patients’ clinical charts to 

determine the amounts of IgG used.  

 

Western blots 
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Mini-PROTEAN® TGX 4-15% Gels (BioRad) were used for SDS-PAGE analysis with 1x 

Tris/Glycine/SDS running buffer (BioRad). CSF and paired plasma (1µg total IgG antibody 

equivalent) in TBS were denatured and reduced by incubation with 1x lane marker reducing 

sample buffer containing dithiothreitol (Thermo Scientific) at 95°C for 10 min. Gels were 

electrophoresed for 40 min at a constant voltage of 150V, and electro-blotted onto PVDF 

membranes (Bio-Rad) for 45 min at a constant 10 V using Trans-Blot® Semi-Dry Cell (Bio-

Rad). Membranes were blocked overnight in 1x casein/TBS/0.05% Tween 20 (Vector Labs).  

Triplicate blots were probed with corresponding antibodies for total IgG, IgG1, and IgG3 

detection. HRP-conjugated goat anti-human IgG (H+L) (Vector Labs) was used for total IgG 

detection at a dilution of 1:2000. Monoclonal mouse anti-human IgG1 (1:2000 dilution, clone 

8c/6-39, Sigma), and monoclonal mouse anti-human IgG3 (1:2000 dilution, clone HP-6050, 

Sigma) were incubated with membranes at 4ºC overnight. SuperSignal® West Pico was used 

for total IgG detection, and anti-mouse IgG (H+L) HRP/West Femto for detection of IgG1 & 

IgG3). Schematic structures of human IgG1 and IgG3 highlighting the difference between the 

hinge regions are shown in Fig. 1D. 

 

Slot blots 

 

Total CSF and paired serum of two dilutions (total antibody equivalent of 0.8 ng & 4 ng for 

IgG1, 120 ng & 600 ng for IgG3) in duplicates were loaded into wells of Schleicher & 

Schuell Minifold II Slot Blotter (onto nitrocellulose membrane) followed by a brief vacuum. 

Membranes were blocked and detected with corresponding antibodies for total IgG, IgG1, 

and IgG3 as described above in the Western blots section. 

 

Quantitative Western and slot blotting (band intensity analysis) 

 

Western blots and slot blots were imaged digitally on the FluorChem Q (Alpha 

Innotech/Protein Simple). The software AlphaView™Q was programmed to collect the 

images at different time exposures. Analysis of the images was conducted with AlphaView 

software provided by Alpha Innotech. The bands were designated by drawing boxes around 

them. The same-sized box was used for each band. For the FluorChem Q images, the 

background was measured from a single box adjacent to the bands and subtracted from the 

value for each band. 
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ELISA 

 

ELISA with human IgG Subclass Kit. A commercial ELISA kit for human IgG subclasses 

(Invitrogen #991000) was used for serum and CSF IgG 1-4 detection. The 1:100 pre-diluted 

MS and control sera samples were thawed on ice, further diluted to 1:3,000 of the original 

neat sera. For each well, 50 µl of the MAB-anti-subclass IgG antibodies were added to the 

wells of the ELISA stripes. Then 50 µl of diluted sera and standards were added to each well.  

After one hour of incubation at room temperature with shaking (25 rpm), the ELISA plates 

were washed 6 times with washing buffer. Wells were added with 100 µl of HRP-anti-human 

IgG (1:50) and incubated for one-hour at room temperature with shaking (25 rpm) followed 

by washing. The plates were developed with 100 µl/well TMB substrate for 20 min, and 100 

µl of stopping buffer was added to each well. The color density was measured by a 

microplate reader (BioTek Synergy plate reader). 

 

Direct ELISA for total IgG. ELISA plates (Thermal Scientific) were coated directly with 

diluted plasma (1:900 in TBS) at 4°C overnight. Plates were blocked by 1x casein (Vector 

Lab), and bound IgG was detected by goat anti-Human IgG (H+L) HRP (1:2000) at RT for 1 

hour, followed by the addition of TMB color substrate. The reaction was stopped by the 

addition of 100 µl of 1N HCl. Plates were read at 450 nm. 

 

Capture ELISA for detection of IgG3. MaxiSorp treated 96-well plates (Thermo #436110) 

were used for in-house IgG3 ELISA. The plates were rinsed twice with 1x TBST (Bio-Rad 

#1706435) (0.1% Tween-20). The plates were then coated with goat anti-human IgG (H+L) 

at 50 µg/ml (Vector Lab #AI-3000) in 0.1M NaHCO3 (pH 9.4) (60 µl/well) at 4°C overnight. 

The next day, the wells were blocked with 3% BSA in TBS for 5 hours at room temperature 

with shaking (25 rpm).  The plates were rinsed 3 times with 1x TBST.  Previously, the MS 

and control sera samples had been diluted at 1:100 in PBS and aliquoted and stored at -80°C 

freezer.  The pre-diluted sera samples were thawed on ice and diluted at 1:100 in 1x TBS 

(total dilution of 1:10,000 from the original neat sera). For each well, 50 µl of the diluted sera 

(or 50 µl of standards) and 50 µl of TBS were added to the ELISA plates and incubated at 

4°C with shaking (25 rpm) overnight. The next day, the plates were washed 6 times with 1x 

TBST, followed by the addition of 100 µl biotinylated mouse anti-human IgG3 antibody 

(Southern Biotech #9210-08, 1:3,000 in 1x TBS), and incubated at room temperature for 1 
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hour with shaking. The plates were washed 6 times with 1x TBST, followed by incubation 

with NeutrAvidin-HRP (Thermo #31030, 1:10,000 dilution in 1x TBS, 100 µl/well) for 1 

hour at room temperature with shaking. Finally, the ELISA plates were washed 6 times with 

1x TBST, and developed with TMB (SeraCare two components substrate kit, #5120-0047, 

100 µl/well) for 10 min. The reaction was stopped with 0.1 N HCl, and the color density was 

measured by a microplate reader (BioTek Synergy plate reader) at 450 nm. 

 

Statistical analyses 

Statistical analyses were performed using GraphPad Prism (version 8.3). One-way ANOVA 

followed by Tukey’s analysis for multiple comparisons was used to examine differences 

between groups. Mann–Whitney U test was used for paired samples.  

 

                                              RESULTS      

 

Justification for use of multiple immunoassays 

 

We used Western blots for the initial characterization of IgG antibodies, focusing on IgG1 

and IgG3. Because of the semi-quantitative nature of the technique, we decided to apply 

relatively easy assays, Slot blots, for confirmation, and ELISA for testing larger samples. We 

used commercial ELISA kits for detection of IgG subclasses 1-4, and for validating our in-

house ELISA method. We applied in-house ELISA to demonstrate higher levels of total IgG 

and IgG3 in MS.  

 

SDS-PAGE Western blots showed that in MS the 75 kDa band (combination of heavy and 

light chains) and the 51 kDa heavy chain band of IgG3 are significantly elevated in the ratio 

of serum/CSF compared to IgG1 

 

Both IgG1 and IgG3 have been shown to be predominant IgG subclasses in MS CSF (Mehta, 

1988;Losy et al., 1992). However, high prevalence rates of reduced serum IgG concentrations 

were found in MS patients with and without disease-modifying treatments (Zoehner et al., 

2019). To further characterize IgG1 and IgG3 in MS, we carried out Western blots of paired 

CSF and sera to detect levels of IgG1 and IgG3. IgG3 heavy chain is approximately 6.5 kDa 

larger than IgG1 heavy chain based on the molecular weight of 62 additional amino acids in 

the IgG3 hinge region. Although the accurate size of the IgG3 heavy and light chain band 
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should be 81.5 kDa, we used the term of 75 kDa band for clarity. We observed that both 

subclasses can be detected in paired sera and CSF from MS patients. We also noticed that 

blots probed for total IgG show multiple bands of approximately150 kDa, 100 kDa, 75 kDa, 

51 kDa, and 25 kDa. The 75 kDa band is the combination of one heavy chain (50 kDa) and 

one light chain (25 kDa). The 50 kDa is the heavy chain size, and the 25 kDa is the light 

chain size of IgG molecules. However, only in the blots probed for IgG1 and IgG3, but not in 

the total IgG blot, a 75 kDa band of heavy and light chains was detected. In total IgG blots, 

the failure to detect the 75 kDa bands may be due to oversaturation of detection with higher 

amounts of HRP anti-human IgG. Fig. 1A shows representative Western blots probed for 

total IgG (left panel), IgG1 (middle panel), and IgG3 (right panel). Fig. 1B are Western blots 

for IgG1 and IgG3 from all 7 MS patients. Note that SDS-PAGE was performed under 

reducing and denaturing conditions. We targeted heavy chains instead of full IgG3 because 

that the IgG subclasses are distinguished by the constant region of the heavy chains, and the 

amino acid sequences of the human IgG subclasses are >95% homologous in the constant 

domains of their heavy chains (Damelang et al., 2019). 

 

Band intensity analyses of the 51 kDa and 75 kDa bands of all 7 paired CSF and sera IgG1 

and IgG3 blots were carried out, and the ratios of both bands were calculated between sera 

and paired CSF. We calculated the heavy chain ratios of serum to CSF for both IgG1 and 

IgG3 antibodies. We showed that in MS patients, both the 75 kDa band and the 51 kDa band 

of IgG3 were significantly elevated in the sera, relative to the CSF, compared to IgG1 levels 

(p=0.0017, n=7; two-way ANOVA); summary of the data are shown in Fig. 1C. To 

demonstrate that the higher serum levels of IgG3 are unique to MS, we carried out similar 

Western blot analyses of paired CSF and sera in patients with non-inflammatory neurological 

diseases (NIC, n=5) for detection of total IgG, IgG1, and IgG3. No IgG3 75 kDa and 51 kDa 

bands were detected in the CSF of NIC patients (Fig. 1D), suggesting that the increased IgG3 

heavy chain bands are unique in MS. It is of interest that IgG3 molecules have extended 

hinge regions replete with disulfide bonds (Fig. 1E); even under reducing conditions, there 

may be aberrant disulfide scrambling with potential binding of other components. 

 

Slot blots native sample analysis demonstrates the presence of significantly higher levels of 

IgG3 antibodies in MS sera compared to patients with other CNS inflammatory disorders 
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To confirm the Western blots results that MS sera have higher levels of IgG3 antibodies, we 

carried out slot blot analysis with larger numbers of MS and IC samples. We determined the 

relative levels of IgG3, total IgG, and IgG1 in MS CSF and paired sera in comparison with 

individuals with other CNS inflammatory disorders using a slot blot technique where the 

proteins are in a non-reduced, non-denatured state. Total CSF and sera of two 5-fold dilutions 

in duplicates were used followed by antibody detections as described above. We used higher 

amounts of total IgG equivalent for detection of IgG3 and lower total IgG for detection of 

IgG1 to make sure the bands are in the linear range of detection. Further, we used a dilution 

series to normalize the quantification. A representative blot was shown in Fig. 2A. The 

experiments were repeated at least once. We analysed 38 MS samples (19 paired CSF and 

serum samples) using this method together with band intensity analysis.  The results were 

compared with those obtained in 18 samples from IC patients (9 paired CSF and serum 

samples).  The ratio of serum/CSF of IgG3 was higher in MS patients than other IC patients, 

and this is due to higher mean levels of IgG3 in the serum of MS patients (Fig. 2B, 

p=0.0061). Further, no significant differences were detected in IgG1 and total IgG levels 

when MS samples were compared with those from IC patients (Fig 2C and 2D).  

 

In CSF, there are no differences in the levels of IgG3 and IgG1 between MS patients and 

individuals with other neurological disorders 

 

When Western blots were used to compare levels of IgG3 and IgG1 in MS and IC CSF, no 

differences for 75 kDa and 51 kDa bands in both IgG1 and IgG3 blots were observed. This is 

shown in Fig 3A. These studies were then extended by using CSF capture ELISA with larger 

numbers of MS CSF (n=12) and OND CSF (n=8) using a commercial human IgG subclass 

ELISA kit (Thermal Scientific) to quantify levels of IgG1 and IgG3 in the CSF. We 

demonstrated that there was no difference in IgG1 and IgG3 levels in the CSF between MS 

patients and individuals with other neurological diseases (inflammatory and non-

inflammatory). These data are shown in Fig 3B.  

 

Using commercial human IgG subclass ELISA kits, no differences in any IgG subclasses were 

detected between MS and control sera 

 

We are aware that Western blots for quantification can only provide semi-quantitative results. 

We therefore extended our investigation using ELISA to determine levels of IgG subclasses 
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using a commercial human IgG subclass ELISA kit. The results of these experiments are 

shown in Fig 4. We detected no differences between MS and control sera in all IgG 

subclasses (IgG1, IgG2, IgG3, IgG4) (Fig. 4A). We expanded MS samples (24 RRMS, 16 

SPMS, 11 PPMS) and controls (16 healthy controls, and 24 OND) for detection of IgG3, and 

we found that there was no difference in IgG3 levels between MS and control sera (Fig. 4B). 

We also developed an in-house ELISA using goat anti-human IgG (H+L) as capture 

antibodies and Biotin-anti-IgG3 as detection antibodies. We carried out a comparison 

between our in-house ELISA protocol and the commercial IgG subclass kit using the IgG3 

standard. We obtained near identical results of both methods which validated the in-house 

ELISA protocol (Fig. 4C).  

 

Direct and capture ELISA show significantly higher levels of total IgG (H+L) and IgG3 in 

MS sera which distinguish MS from other neurological disorders 

 

We applied in-house ELISA to determine levels of total IgG and IgG3 in MS sera. A total of 

102 MS, 76 OND, and 13 HC sera were used for both ELISA studies. We first carried direct 

ELISA by coating diluted sera directly onto wells of ELISA plates. After the addition of sera 

dilutions directly onto wells of ELISA plates at 4°C overnight, bound IgG was detected by 

HRP goat-anti-human IgG. While we demonstrated that sera from MS patients had 

significantly higher levels of total IgG compared to OND patients (p<0.0001), we did not 

detect a significant difference between MS and HC (Fig. 5A). Furthermore, we carried out a 

capture ELISA to detect serum IgG3. We expanded MS samples including 24 RRMS, 24 

SPMS, and 19 PPMS, as well as OND and HC. The results of capture IgG3 ELISA are shown 

in Fig. 5C. MS sera had significantly higher levels of IgG3 compared to OND sera 

(p<0.0001), and a mild increase of IgG3 in MS patients compared to normal healthy controls 

was also detected (p=0.015). We carried out Receiver Operating Characteristic (ROC) curves 

analysis to determine whether serum total IgG and IgG3 in MS can be used as potential 

biomarkers, and the results are shown in Fig. 5B, D. For relatively small sample sizes 

(MS=67, OND=55), serum total IgG showed a moderate power to distinguish MS from other 

neurological disorders, with an AUC of 0.79 (p< 0.0001; 95% CI, 0.7066 to 0.879). The ROC 

curve for serum IgG3 in MS (n=43) compared to OND (n=32) showed that the AUC was 

0.7911 (p< 0.0001; 95% CI, 0.6903 to 0.8918). 
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DISCUSSION 

We previously compared total IgG concentrations between 90 MS and 24 inflammatory CNS 

diseases (IC) patients based on the data from clinical laboratory measurements. We showed 

that there was no significant difference in CSF IgG levels between MS and IC. However, 

significantly elevated levels of serum IgG were found in MS compared to IC (Beseler et al., 

2017). Similarly, using capture ELISA, we showed that there is no difference in CSF IgG 

between MS and IC, but higher serum IgG levels in MS were detected in our recent 

publication (Kennedy et al., 2021). Our current findings are consistent with previous studies 

demonstrating the higher IgG levels in MS sera.  Furthermore, there is no correlation between 

the number of oligoclonal bands and CSF IgG concentration (Beseler et al., 2017), and those 

results are consistent with studies showing that there is no correlation between the level of 

intrathecal synthesis obtained by Reibergrams and the number of oligoclonal bands on gels 

(Delic-Sarac et al., 2013).  

 

In the current study, we focussed on MS serum IgG1 and IgG3 because of the following 

evidence:  

1) In MS CSF, the predominant subclasses are IgG1 and IgG3 (Keir et al., 

1982;Vartdal and Vandvik, 1982;Grimaldi et al., 1986;Mehta, 1988;Losy et al., 

1992).   

2) There is a strong correlation between MS serum IgG and CSF IgG (Beseler et al., 

2017).  

3) Studies that had shown the potential pathological role of MS serum IgG antibodies 

(Yu et al., 2020). 

4) Higher IgG3 levels in sera may predict the development of MS from a clinically 

isolated syndrome (Trend et al., 2018), and IgG3+ B cells are associated with the 

development of MS (Marsh-Wakefield et al., 2020). 

The main finding of this study was that higher levels of IgG3 in the serum, but not in the 

CSF, were detected in MS compared with individuals with inflammatory and non-

inflammatory disorders. The commercial kit for the IgG subclass works well for standards. 

However, only the in-house ELISA was able to detect the differences for MS IgG which 

suggests that MS antibodies have unique features, and this needs further investigation. We 

showed that by in-house direct sera plating, and by capture ELISA, both total IgG and IgG3 

are significantly higher in MS compared to controls. These results showed a moderate 
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capability to distinguish MS from other CNS disorders, with an AUC of 0.79 for both total 

IgG and IgG3.  

 

Because of the unique feature of IgG3 possessing 4 times longer hinge region and 11 

hydrogen bonds, compared to IgG1, accurate detection may depend on the methods used. 

Indeed, contradictory results of IgG3 in MS have been reported. For example, using 

commercial IgG subclass kits, it’s been shown that no differences in serum IgG3 levels 

between MS and controls (Di Pauli et al., 2010). However, higher serum IgG3 levels in MS 

were detected using cytometric bead arrays (BD Biosciences), with data captured using the 

BD LSRFortessa flow cytometer, and may predict the development of MS from a clinically 

isolated syndrome (Trend et al., 2018). The longer hinge regions and 11 hydrogen bonds of 

IgG3 may make it easier to promote or maintain Fc-Fc interactions; however, it may prevent 

accurate detection in assays when Fc portions are required to be exposed. Thus, the extended 

region may be detectable in other assays such as our in-house ELISA using direct serum 

coating or using anti-human IgG (H+L) as capture antibodies. Our data were generated with 

three independent immunoassays and repeated at least once by several different investigators. 

The fact that our in-house custom ELISA detection of IgG3 standard showed similar 

sensitivity and specificity to that of a commercial human IgG ELISA kit (Fig. 4C) provides 

confidence in our custom ELISA methodology and our results. 

 

We applied varied sample sizes for different methods for the following reasons: 

1) Sample size for Western blots: We used 7 paired MS CSF and sera for Western blots for 

initial characterization of total IgG, IgG1, and IgG3. These are non-trivial experimental 

procedures that may utilize precious samples such as matched CSF along with the patient 

sera. 

2) Slot blots: We increased the sample numbers to 19 paired MS CSF and sera and 9 IC with 

paired CSF and sera. We chose IC samples because they have been considered the best 

controls for MS since both MS and IC have oligoclonal bands (Gilden, 2005). However, 

matched sera/CSF pairs are limited by  CSF availability.  

3) Sample size for IgG3 using commercial IgG ELISA kit: We showed no differences for 

IgG1-IgG4 between MS and HC using ELISA kits (Fig 4A) which is consistent with previous 

reports (Kaschka et al., 1979;Lambin et al., 1991;Raknes et al., 2000;Greve et al., 2001;Di 

Pauli et al., 2010); we also found no differences in sera IgG3 levels between MS and 
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controls. We used 51 serum samples for ELISA kits because all these samples are from 

Accelerated Cure Project and included 3 subtypes of MS (24 RRMS, 16 SPMS, 11 PPMS), 

16 HC, and 24 sera from patients with other neurological disorders (8 IC and 16 brain tumor 

samples) to eliminate sample collection variability. Using commercial ELISA kits with 

samples collected from 2 MS centers, we showed consistent results that the higher IgG3 in 

MS were not detected by the commercial kits, and there was no difference of IgG3 among 

MS subtypes (Fig. 4B).  

4) Sample size for in-house ELISA: We compared detection of IgG3 standard using the 

commercial kit and in-house capture ELISA protocol. We showed similar linear regressions 

obtained by both methods (Fig. 4C). For larger sample evaluation, we included all available 

MS samples (n=102) from both our University and ACP for in-house ELISA to demonstrate 

the presence of higher IgG3 levels in MS sera. 

 

We previously reported that MS IgG antibodies target patient-specific peptides (Graner et al., 

2020). The higher levels of total IgG and IgG3 are possibly stimulated by infectious antigens 

or self-antigens (Brandle et al., 2016), which may not be MS-specific. Kwon et al. (Kwon et 

al., 2022) reported that MOG-IgG CSF, but not MOG-IgG serum titers are associated with 

disease severity; they also demonstrated that there is a strong correlation between CSF/serum 

MOG-IgG index and disease severity. Early studies revealed that MS patients who suffered 

from relapse were significantly more frequently seropositive for anti-MOG IgG3 than were 

those in remission, and patients treated with intravenous Ig or interferon-beta showed a 

significant reduction of anti-MOG IgG3 antibodies (García-Merino et al., 1986). These 

studies demonstrated the importance of CSF/serum MOG-IgG antibodies and IgG3 in MS 

disease pathogenesis, which are consistent with our findings. It is also conceivable that the 

IgG reactivity with MOG may maintain higher antibody concentrations within the CSF 

versus the plasma, and/or that while an important antibody in MS pathology, the overall 

concentration of the MOG antibody may not be that high in the larger antibody population in 

the plasma. 

The novelty of our study includes the following: 1) utilization of multiple immunoassays 

detecting denatured and native IgG; 2) validation of in-house ELISA (direct sera coating 

ELISA and anti-human IgG H+L coating as capture antibody); 3) utilizing samples collected 

from two centers (our University and ACP); 4) demonstration of higher levels of serum total 

IgG and IgG3 in MS. Although limited by small sample size, the results of higher levels of 
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total IgG and IgG3 in MS serum are consistent with our recent report of increased serum 

glycosylated IgG antibodies in MS (Kennedy et al., 2021). The assay-dependent feature of 

MS serum antibodies may suggest a complex nature of these antibodies which needs further 

investigations. Our findings are significant and consistent with previous studies supporting 

the significance of serum IgG antibodies in MS disease pathogenesis: 1) Serum antibodies of 

MS target microvessels in the brain tissues (Long et al., 2013), and correlate with brain MRI 

measures of disease severity (Bakshi et al., 2016); 2) Sera from RRMS and SPMS disrupt the 

blood-brain barrier (Shimizu et al., 2014); 3) B-cell clusters corresponding to OCBs in MS 

are observed only in the blood (Bankoti et al., 2014); 4) There is a strong correlation between 

disease activity and demyelinating activity of the MS serum (Lumsden, 1971). Although we 

did not necessarily reveal mechanisms of MS, we provide novel findings that MS serum IgG 

antibodies are unique, which may provide a steppingstone for future investigations for 

mechanisms.  
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FIGURE LEGENDS 

 

Fig. 1. Western blots detecting IgG1 and IgG3 subclasses in paired CSF and serum from MS 

and controls. Total IgG concentrations were derived from the clinal data. (A) Representative 

Western blots show that the 75 kDa (heavy & light chains) band and the 51-kDa heavy chain 

band are detected by anti-IgG1 and anti-IgG3 antibodies in the CSF (C) and paired serum (S). 

Total CSF and serum (1 µg IgG equivalent/well) were separated, and blots were probed with 

anti-human IgG (H+L)-HRP (left), mouse anti-IgG1 (middle), and anti-IgG3 antibodies 

(right), followed by incubation with anti-mouse HRP secondary antibodies and 

chemiluminescent detection. Red squares highlight the bands of 51 kDa and 75 kDa. Notice 

that no 75 kDa heavy and light chain bands were detected by total IgG antibodies (left), 

suggesting an oversaturated detection. (B) Summary of Western blot data from 7 MS 

patients.  Band intensity analysis of Western blots revealed that both bands of IgG3 are 

significantly elevated in the ratio of serum/CSF compared to IgG1 levels. We measured the 

intensity of individual bands of 75 kDa and 51 kDa in the highlighted area in Fig. 1 A and 

compared the ratios of serum to CSF of both heavy chains between IgG3 and IgG1. Both the 

75 kDa and the 51 kDa IgG3 bands are significantly higher in the ratio of serum/CSF 

compared to that of the IgG1 heavy chains (p=0.0017, n=7; two-way ANOVA). (C) Western 

blots for total IgG, IgG1, and IgG3 from patients with non-inflammatory neurological 

diseases (NIC). No IgG3 75 kDa and 51 kDa bands were detected in the CSF of NIC patients. 

(D). Schematic structures of human IgG1 and IgG3 show differences between the hinge 

regions. IgG molecules consist of four polypeptide chains, composed of two identical γ heavy 

(grey) chains of 50 kDa and two identical light (green) chains of 25 KDa, linked together by 

interchain disulfide bonds. IgG molecules comprise similarly sized globular portions joined 

by a flexible stretch of polypeptide chain between CH1 and CH2, known as the hinge region. 

Notice that IgG3 has 4 times longer hinge region compared to IgG1 (based on Demelang et 

al., 2019) (Damelang et al., 2019).  

 

Fig. 2. Slot blot analysis demonstrates that IgG3 levels are significantly higher in MS sera 

/CSF ratio compared to sera/CSF ratio from patients with other CNS inflammatory disorders. 

We analyzed 38 MS samples (19 pairs of CSF & serum) and 18 samples (9 pairs of CSF and 

serum) from IC patients to determine the levels of total IgG, IgG1, and IgG3 using slot blots. 

(A) Representative slot blots from MS and IC patients with duplicate samples. Total CSF and 
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sera of two 5-fold dilutions (in duplicates) were loaded into wells of Schleicher & Schuell 

Minifold II Slot Blotter (onto nitrocellulose membrane). Membranes were blocked and 

detected with corresponding antibodies for total IgG, IgG1, and IgG3. (B-D) Summaries of 

slot blots for IgG3 (B), IgG1 (C), and total IgG (D). Band intensities analyses were 

performed and ratios of serum to paired CSF were calculated for all antibodies. Levels of 

IgG3 in serum/CSF are significantly higher in MS compared to other inflammatory CNS 

disorders, p=0.0061 (B), and no differences were detected in IgG1 and total IgG between MS 

and IC (C & D). Unpaired t-test (nonparametric) Mann–Whitney test. ** = p < 0.01. 

 

Fig. 3. In CSF there are no differences in IgG3 and IgG1 levels between MS and other 

neurological disorders. (A) We carried out Western blots to compare levels of IgG3 and IgG1 

in MS and IC CSF, and no differences were observed. (B) CSF capture ELISAs using 

commercial kits for IgG1 and IgG3 do not show differences between MS and OND. Pre-

coated ELISA wells were added in duplicates of CSF (MS=12; OND=8) (1:1dilution) 

together with anti-IgG1 or anti-IgG3 antibodies, followed by the addition of HRP secondary 

antibodies and TMB detection. IgG1 and IgG3 standards were included for the determination 

of the subclass concentration.  

 

Fig. 4. Using commercial human IgG subclass kits, no differences in any IgG subclasses 

were detected between MS and control sera. Human IgG subclass ELISA kit (Invitrogen) was 

used to determine the levels of each IgG subclass (IgG1, IgG2, IgG3, IgG4) in sera (12 MS 

and 7 HC) following the recommended procedures by the manufacturer, with human IgG 

subclass standards included for quantification. No differences were detected between MS and 

HC sera in every IgG subclass (A). We further determined the levels of IgG3 subclass with 

increased numbers of samples including 51 MS (24 RRMS, 16 SPMS, 11 PPMS), 16 healthy 

controls, and 24 sera from patients with other neurological disorders (8 IC and 16 brain tumor 

samples). No significant differences between MS and controls were detected (B). (C). 

Comparison of IgG3 standard using the commercial kit and in-house capture ELISA 

protocols. Similar linear regressions were obtained by both methods.  

 

Fig. 5. Serum total IgG and IgG3 distinguish MS from other neurological disorders, with 

79% sensitivity and specificity. (A) Direct ELISA shows that MS sera have significantly 

higher levels of total IgG compared to OND. Sera from MS (n=67), OND (n=55), and HC 
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(n=13) diluted in TBS were coated directly in wells of ELISA plates at 4ºC overnight. Coated 

wells were blocked with casein and detected with goat anti-Human IgG (H+L) HRP followed 

by TMB color reaction. MS sera have significantly higher levels of total IgG compared to 

sera of patients with other neurological diseases (p<0.0001), but no difference was detected 

between MS and HC. (B) ROC curve for serum total IgG in MS (n=67) compared to OND 

(n=55). The area under the curve is 0.79 (p< 0.0001; 95% CI, 0.7066 to 0.879). (C) Capture 

ELISA shows serum IgG3 levels in MS are significantly higher compared to OND 

(p<0.0001) and HC (p=0.015). MS (n=43), OND (n=24), and HC (n=16) sera (1;10,000 

dilution in TBS) were added to wells pre-coated with goat anti-human IgG (H+L) at 4ºC 

overnight. Wells were blocked with 3% BSA and detected with mouse anti-human IgG3 

antibody followed by NeutrAvidin-HRP.  Notice the higher levels of IgG3 in MS compared 

to OND (p<0.0001) and HC (p=0.015), with no difference of IgG3 between OND and HC. 

(D) ROC curve for serum IgG3 in MS (n=43) compared to OND (n=32). The area under the 

curve is 0.7911 (p< 0.0001; 95% CI, 0.6903 to 0.8918). 

Financial interests: The authors declare they have no financial interests. 
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