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Abstract

Background: Immune complexes (ICs) may clearly reflect immunological abnormalities
caused by disease, especially for autoimmune diseases. Although ICs have been detected in
cerebrospinal fluid (CSF) from patients with CNS autoimmune diseases, identities of antigens
in such ICs have not been comprehensively determined.

Methods: We used immune complexome analysis, in which nano-liquid
chromatography-tandem mass spectrometry is employed to comprehensively identify antigens
incorporated into ICs in biological fluids, to characterize ICs in CSF samples from patients
with CNS autoimmune diseases, and to find disease-specific IC antigen to a certain CNS
autoimmune disease. Also, we compared the IC antigens we identified with the reported CSF
proteome or with the published plasma proteome to examine if the method is distinguished
from the conventional CSF proteome analysis.

Results: We identified 176 antigens in 78 CSF samples. We then assessed the overlaps among
these antigens, the CSF proteome, and the plasma proteome; 140 of the 176 antigens were
found to be exclusively detected by our method. Notably, IC-associated suprabasin in CSF
was 100% specific to neuropsychiatric systemic lupus erythematosus (NPSLE).

Conclusions: This report is the first to comprehensively identify the antigens incorporated into
ICs in CSF. There was limited overlap between the antigens we identified and the CSF
proteome or the plasma proteome; therefore, our method can be distinguished from the
conventional CSF proteome analysis. Although the sensitivity of disease-specific IC-antigens

detected in immune complexome analysis screening, the sensitivity may be improved by
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developing an ELISA method specifically for detecting the ICs. Immune complexome
analysis of CSF may be a new and promising path to biomarker discovery for diagnosis and

study for CNS autoimmune diseases.
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1. Introduction

The blood-brain barrier (BBB) is a multicellular vascular structure that separates the central

nervous system (CNS) from peripheral blood circulation. The BBB comprises endothelial

cells that have continuous intercellular tight junction, regulates influx and efflux transport,

and protects the CNS from toxins and pathogens. This barrier also limits the cells and

macromolecules that enter into cerebral circulation. However, multiple studies demonstrated

that this strictly regulated barrier is compromised in several CNS diseases; extravasation of

lymphocytes and serum proteins through the BBB can occur in patients who have

inflammation, an infection, or both [1-3].

B cells contribute to the pathogenesis of CNS autoimmune diseases, which is

indicated by local production of antibodies within the CNS [4, 5], by damage of the CNS

tissue by antibody and complement [6] and by the therapeutic effects of plasmapheresis or

anti-CD20 monoclonal antibody [7, 8]. Flach et al. reported that myelin-specific antibodies

produced by autoreactive B cells after activation in the periphery diffused into the CNS

together with the first invading pathogenic T cells [9]. On the other hand, BBB disruption, a

critical step in pathogenesis of CNS autoimmunity, occurs antigen-specifically in brain

endothelial cells [10-13]. Therefore, identifying specific CNS autoantigens is crucial for

understanding the pathological processes of CNS autoimmune diseases.

Immune complexes (ICs) are produced when antigens bind with antibodies.
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Importantly, the identification of antigens in ICs might be different from identification of free

antigens because ICs are the direct products of immune responses and clearly reflect

immunological abnormalities caused by diseases, and IC deposits on a tissue can activate the

complement pathway and consequently trigger inflammation. In fact, the presence of ICs was

observed in cerebrospinal fluid (CSF) of patients with neuropsychiatric SLE (NPSLE) or

multiple sclerosis (MS) which are one of CNS autoimmune diseases, or an infectious CNS

disorder [5, 14-20]. However, the identities of IC-associated antigens in CSF of patients with

neurological diseases have never been comprehensively examined because tools for

comprehensive identification of ICs-antigens are lacking [21], although only a few antigens

from ICs have been identified by not comprehensive but selective detection methods for each

antigen in CSF of patients with MS, Borrelia bungdoriferi or spinal cord schistosomiasis [5,

19, 20].

In order to comprehensively identify and profile constituent antigens in ICs, we

developed a proteomic strategy, designated immune complexome analysis, in which ICs are

separated from whole serum and then subjected to direct tryptic digestion and nano-liquid

chromatography-tandem mass spectrometry [22]. We have successfully used this method to

identify disease-specific IC antigens in the sera of patients with autoimmune diseases [22-25],

infectious diseases [26, 27] and cancer [28]. Therefore, profiling of IC-associated antigens in

CSF by immune complexome analysis might provide insights into pathophysiology of CNS
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autoimmune diseases and other neurological diseases, and such analyses could form the basis

for novel diagnostic and treatment strategies for these diseases.

Here, we first time performed immune complexome analysis of CSF samples from

patients with a CNS autoimmune disease—NPSLE, MS or neuromyelitis optica (NMO)—or a

non-autoimmune disease —Alzheimer’s disease (AD) or Hashimoto’s encephalopathy —and

samples from healthy donors to comprehensively identify IC-associated antigens in CSF and

to find disease-specific antigens among these IC-associated antigens. Additionally, we studied

the overlap between the IC-associated antigens we detected in CSF and CSF proteome or

plasma proteome to examine if immune complexome analysis of CSF explores a new path for

discovery of disease-specific or pathogen-specific markers in CSF.

2. Materials and methods

2.1 Patients

CSF samples were collected from each patient; 74 patients with NPSLE (n=26; 20-50 years;
26 female), MS (n=15; 28-70 years; 10 female), NMO (n=16; 29-80 years; 12 female),
Hashimoto’s encephalopathy (n=7; 65-88 years; 5 female), or AD (n=10; 53-80 years; 7
female) at Nagasaki University Hospital who fulfill the following criteria; American College
of Rheumatology (ACR) nomenclature and case definitions for NPSLE [29], McDonald
criteria for MS [30] and Wingerchuk criteria for NMO [31], or NINCDS - ADRDA Work

Group (AD). Diagnostic guidelines for Hashimoto’s encephalopathy have not been published.

7
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The clinical diagnostic consensus for Hashimoto’s encephalopathy that is used in Japan was
used for inclusion of each Hashimoto’s encephalopathy case, and the clinical findings and
clinical course of each case was typical. CSF from healthy donors (n=4; 40-90 years; no
female) were purchased from Analytical Biological Services (Wilmington, DE, USA). Each
CSF sample was collected by performing a lumbar puncture and was stored at -80°C before
analysis. Each CSF sample was subjected to replicate analyses. All the experiments were
performed in accordance with the Helsinki Declaration and with approval from the
institutional ethics committees of the Graduate School of Biomedical Sciences, Nagasaki

University. Written informed consent was obtained from each patient.

2.2 Immune complexome analysis

ICs in CSF were purified by magnetic beads with immobilized Protein G (PureProteome®,
Millipore, Darmstadt, Germany). Beads (40 pul) were washed with 500 pul of
phosphate-buffered saline (PBS, Wako Pure Chemicals, Osaka, Japan) and incubated with 10
ul of CSF diluted with PBS (1:9, v/v) for 30 min with gentle mixing. The beads with bound
ICs were recovered with a magnet and washed three times with 500 pl of PBS. The beads
were resuspended in 100 pl of 10 mM dithiothreitol (in 25 mM ammonium bicarbonate,
Wako) and incubated at 56 °C for 45 min; then, 100 ul of 55 mM iodoacetamide (in 25 mM
ammonium bicarbonate, Tokyo Chemical Industry, Tokyo, Japan) were added and the mixture

was incubated at room temperature for 30 min in the dark. Subsequently, trypsin (in 0.05%

acetic acid, Promega, Madison, WI, USA) was added, and the mixture was incubated
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overnight at around pH 8 and at 37 °C. Trifluoroacetic acid (10%, Nacalai Tesque, Kyoto,
Japan) was added to stop the digestion, and the supernatant was recovered. Finally, the
volume of this mixture was reduced to approximately 80 ul using reduced pressure. The
peptide mixture (3 pl) was subjected to a nano-LC-electrospray ionization-tandem MS
(LTQ-XL, Thermo Fisher Scientific, Waltham, MA, USA) equipped with the custom nanoLC
system consisting of a LC-20AD LC pump (Shimadzu, Kyoto, Japan) with LC flow splitter
(Accurate, Dionex, Sunnyvale, CA, USA) and an HCT PAL autosampler (CTC Analytics,
Zwingen, Switzerland). The sample was loaded onto a nano-precolumn (300 um i.d. x 5.0
mm, L-C-18, Chemicals and Evaluation and Research Institute, Tokyo, Japan) in the injection
loop. Peptides were separated by a nano HPLC column (75 pm i.d. x 15 cm, Acclaim
PepMap100C18, 3 um, Dionex) with gradient elution and ion-sprayed into MS with a spray
voltage from 1.2 to 2.0 kV. The mass spectrometer was configured to optimize the duty cycle
length with the quality of data acquired by progressing from a full scan of the sample to three
tandem MS scans of the three most intense precursor masses (as determined by Xcaliber®
software [Thermo Fisher Scientific] in real time). MS/MS data were extracted using Proteome
Discoverer v.3.3 (Thermo Fisher Scientific). Spectra were searched against a human
subdatabase from the public non-redundant protein database of International Protein Index
version 3.84 presented by The European Bioinformatics Institute using the following search
parameters: mass type = monoisotopic precursor and fragments; enzyme = trypsin (KR);
enzyme limits = full enzymatic cleavage allowing up to 2 missed cleavages; peptide tolerance

= 2.0 atomic mass units; fragment ion tolerance = 1.0 atomic mass unit; static modification =
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C (carbamidomethylation); differential modifications = M (oxidation), N, and Q
(deamidation). The filter criteria (single, double, and triple charge peptides with a correlation
factor [XCorr] and protein probability [P]) were adjusted maintaining the empirically
determined protein false discovery rate at 5%. At the beginning of each day’s measurement,
the performance of nano-LC-MS/MS system was checked by confirming the sequence

coverage of bovine serum albumin peptides (more than 70%).

3. Results
Using immune complexome analysis, we identified 176 IC-associated antigens in CSF
samples from 1) patients with one of four CNS autoimmune diseases, 2) patients with AD or
Hashimoto’s encephalopathy, or 3) healthy donors. In supplementary table 1, we express how
often each antigen were detected in patients with a certain disease as a percentage of the total
number of patients with the disease. Representative total ion chromatogram in immune
complexome analysis of CSF sample is shown in Fig. 1 with that of serum sample.

To determine whether immune complexome analysis was distinct from conventional
CSF proteome analysis, we assessed the overlaps among the 176 IC-associated antigens
identified in CSF, the CSF proteome, and the plasma proteome (Fig. 2). Here, we used the
CSF proteome characterized from the proteins comprehensively detected in healthy
individuals who had no neurologic symptoms [32], while we used the plasma proteome
published by Human Proteome Organization [33]. Initially, we compared our dataset (176

protein antigens) with the CSF proteome dataset (2628 proteins) and found that only 26 of the

10
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protein antigens were also in the CSF proteome. Next, we compared the 176 IC-associated
CSF antigens with the 3020 proteins in the plasma proteome dataset and found that only 18
proteins were in both groups. Also, 8 antigens were found in all three groups; 140 of the 176
antigens were found to be exclusively detected by our method. Specifically, apolipoproteins,
complements, dermcidin, fibulin and desmplakin were detected in all three groups;
hemoglobins and uncharacterized proteins were detected in both the CSF immune
complexome and the CSF proteome; angiotensinogen, desmoglein, nuclear mitotic apparatus
protein, Rho GTPase-activating protein, A-kinase anchor protein and golgin were detected in
both the CSF immune complexome and the plasma proteome; all of these antigens were
randomly detected among the diseases and healthy donors

In addition to the above-used normal CSF proteome, we also compared previously
reported disease-associated CSF proteins— proteins elevated in cases of MS, clinically
isolated syndrome, encephalomyelitis, Perkinson’s disease, or AD [34] —with the 140
antigens specific to the CSF immune complexome and with the 26 antigens that were found in
both the CSF proteome and the CSF immune complexome. Of the 140 CSF immune
complexome-specific antigens, only 6 (4.3%) were among the previously reported
disease-associated CSF proteins for MS, and they were 69 kDa protein, calmodulin,
fibrinogen, complement factor H, albumin and uncharacterized protein; of the 26 antigens that
were also included in the CSF proteome, 6 (23%) were among the previously reported
disease-associated CSF proteins.

Among the 140 immune complexome-specific antigens identified, two antigens

11
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(suprabasin isoform 1 precursor and Isoform 7 of Nesprin-1) were 100% specific to NPSLE,
and three (Isoform B of Fibulin-1, Isoform 10 of Fibronectin, and Isoform 12 of Fibronectin)
were 100% specific to NMO. Of the disease-specific antigens, IC-associated suprabasin
(SBSN) were found in 9 of 26 NPSLE patients (35% (9/26); 95% CI, 17%-57%) and
appeared more sensitive than the others (Isoform 7 of Nesprin-1, 7.7% (2/26); Isoform B of
Fibulin-1, Isoform 10 of Fibronectin and Isoform 12 of Fibronectin, 13% (2/16)). The
antigens selectively detected in one or two disease groups are summarized with sensitivity

and specificity in Table 1.

4. Discussion

Different proteomic approaches have been used to characterize the CSF proteome of healthy
individuals or those of patients with AD, MS, or Parkinson’s disease [34-41]. Zougman et al.
published the first comprehensive study of the CSF proteome of healthy donors, and they
identified 798 proteins [39]. Also, Schutzer et al. characterized the CSF proteome from
healthy individuals who had no neurologic symptoms and compared this CSF proteome with
the normal plasma proteome; they used high abundant protein (e.g. albumin and globulin)
depletion and strong-cation exchange fractionation [32]. They identified 2630 proteins in the
CSF proteome; 56% of these are CSF-specific and were not found in plasma proteome, which
comprises 3654 proteins [32]. However, a comprehensive analysis of ICs in CSF from healthy
individuals or from patients has never been performed. Several researchers have described

partial analyses of ICs in CSF of patients with neurological diseases; these analyses involved

12
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Clq binding assays, polyethylene glycol precipitation tests, ELISA or immunoblotting [5,
15-17, 19, 20]; however, these studies did not comprehensively identify the antigens that form
ICs with the corresponding antibodies.

Here, we describe the first comprehensive identification of IC-associated antigens
in CSF (Supplementary table 1). We used the CSF proteome comprising 2628 proteins
described by Schutzer et al. [32] as one reference dataset; this dataset represents the most
comprehensive single study of healthy donors without neurological symptoms, and we used
the published Human Proteome Organization plasma proteome dataset of 3020 proteins [33]
as another reference dataset. The amount of total protein in CSF is extremely low [42];
nevertheless, low-abundance proteins in CSF may still be masked by high-abundance proteins,
and Schutzer et al. had used immunoaffinity depletion to remove highly abundant proteins
from CSF; they then comprehensively identified the low-abundance CSF proteins to generate
a CSF proteome dataset [32]. Notably, only 15% of the 176 protein antigens we identified
were also in such CSF proteome dataset; therefore, immune complexome analysis selectively
recovered ICs in CSF and identified the constituent antigens, and our method can be
distinguished from the conventional CSF proteome analysis. On the other hand, some
peripheral blood proteins can cross the BBB and enter cerebral circulation by a simple
diffusion mechanism as a function of their molecular size. It had been generally believed that
the majority of proteins in CSF originate from peripheral blood [43]. However, Zougman €t al.
reported that the CSF proteome has only partial overlap with the plasma proteome and that

the CSF proteome derives from local protein sources not just from blood circulation [39]. In
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our analysis, only 18 of 176 IC-associated antigens were also found in the plasma proteins.
This indicates that the BBB limits peripheral ICs enter the brain, which was confirmed by our
comparison of total ion chromatograms of CSF and serum samples that had been subject to
immune complexome analysis (Fig. 1). Our observation supports that characteristic and
substantial intrathecal humoral immune responses occur in infectious and CNS autoimmune
diseases in which local B cells contribute to CSF autoantibody production [5]. Our method
may be useful to in vivo screening the target antigens of oligoclonal band antibodies that are
locally produced by clonally expanded antigen-experienced B cells [5] because the method is
different from conventional in vitro antigen screening arrays using recombinant proteins.
Most IC-associated antigens (140 of 176) in the CSF immune complexome were found to be
exclusively detected by the immune complexome analysis. In the comparison between 140
antigens specific to the CSF immune complexome and previously-reported disease-associated
CSF proteins, only a few (6 antigens) immune complexome-specific antigens were among the
previously-reported disease-associated CSF proteins. This indicated that protein upregulation
in CSF rarely leads to immunological responses producing ICs, and the other factors, such as
mutation and misfold, may contribute to such responses. These findings also indicated that
immune complexome analysis identified a group of proteins that was distinct from screening
methods for disease-associated proteins in CSF. This is because selective enrichment for ICs
increases sensitivity for IC-derived antigens that would otherwise be masked by whole CSF
proteome. The specificity indicated that our method explores a new path for discovery of

disease-specific or pathogen-specific markers in CSF.

14



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

Epidemiological studies during the past five decades demonstrate increasing
prevalence of neuropsychiatric damage in patients with SLE and that this damage has a
negative impact on survival [44]. Although there is considerable variation in the reported
frequency of NPSLE, recent data from large cohorts indicate prevalence rates of
approximately 30-40% [45]. Antinuclear and associated antibodies are widely used for
diagnosis of SLE; however, the lowest prevalence of these markers is among patients with
NPSLE, and the serological diagnosis of NPSLE is difficult [46]. The sensitivity of
IC-associated SBSN for NPSLE was only 35% in the immune complexome analysis of CSF.
However, our method is a screening method for discovering disease-associated immune
complex antigens. The sensitivity of individual disease-specific antigens may be improved by
developing ELISA methods that each detects a certain IC with high specificity and sensitivity
[47]; if such ELISAs were developed, these disease-specific antigens may become promising
diagnostic or pathogenic biomarkers. On the other hand, immune complexome analysis of
diseased tissue is more straightforward to understand the antigenicity. However, it is difficult
to recover the tissue from CNS; therefore, immune complexome analysis of patient’s CSF is
useful to screening the CNS autoimmune disease-specific IC antigens. Furthermore, if the
epitope peptides of the antigens were identified, we can expand the study to develop an
epitope-targeted therapy, which concludes the clinical and therapeutic benefit of the antigen.

SBSN was initially identified as an epidermal differentiation marker [48]; it was
then reported to be epigenetically depressed in lung cancer [49, 50]. Our follow-up

experiments showed that an anti-SBSN antibody was highly expressed in NPSLE patients
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compared to SLE and MS, and induced interleukin-6 production with lipopolysaccharide
stimulation in astrocytes [51]. Additionally, microarray data showed that the senescence,
autophagy pathways and TGF-J signaling were significantly changed in astrocytes exposed to
anti-SBSN antibody compared to normal immunoglobulin G exposure. Also, SBSN was
reported not to be expressed in the brain of newborn mice [48]. These findings indicate that
anti-SBSN antibody and its immune complex may be important to the pathogenesis of
NPSLE [51]. These data illustrate the value and advantage of immune complexome analysis
for identifying disease-associated IC antigens in CSF. The specific detection of SBSN in
NPSLE patients was a clear example of the successful application of CSF immune
complexome analysis.

Of the CNS autoimmune diseases investigated in this study, only NMO has been
associated with a specific biomarker; reportedly, an autoantibody (anti-aquaporin-4 antibody)
can distinguish NMO from the other three diseases, and especially from MS [52, 53].
Although all the NMO patients enrolled in this study were positive for anti-aquaporin-4
antibody, immune complexome analysis did not identify aquaporin-4 as an IC-associated
antigen in CSF; IC-associated aquaporin-4 may be absent from CSF samples because
aquaporin-4 is anchored within astrocyte membranes. Aquaporin-4 is anchored to astrocyte
foot process membranes by the dystroglycan complex, and it faces the abluminal surface of
blood vessels; moreover, aquaporin-4-antibody binding is followed by complement activation
[54].

General proteomic approaches used for diagnostic or pathogenic biomarkers
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discovery both identify and quantify proteins; however, there are often too many proteins that
are differentially expressed between disease and control groups to be validated as biomarkers.
In fact, these general approaches have delivered few if any useful diagnostic or pathogenic
biomarker to clinical setting. In contrast, our method found the antigens that were detected
only in a disease group and not in a control group. Therefore, naturally only a few antigens
would be examined in subsequent validation studies. Our method includes the risk that some
useful biomarkers are missed because they are detected in both groups and only expression
levels differ between groups. However, the antigens specifically detected in a disease group
are thought to be more promising candidates for biomarkers. Based on these observations, we
suggest that immune complexome analysis is a promising approach to screening for

diagnostic or pathogenic IC biomarkers in CSF.

Conclusions

This report is the first to comprehensively identify the antigens incorporated into ICs in CSF.
This group of antigens has limited overlap with the CSF proteome or the plasma proteome;
therefore, our method, which focused on ICs, explores a new avenue for discovery of CSF
biomarkers that could be used for diagnosis, pathology, or both. Based on our analysis of
CSF samples from cases of CNS autoimmune diseases, IC-associated SBSN was apparently
specifically and frequently detected in CSF from patients with NPSLE. Further analyses
involving a large number of NPSLE patients and a method specifically detecting

SBSN-associated ICs are warranted to determine the clinical benefit of using IC-associated
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SBSN as a biomarker.
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Figure captions

Fig. 1 Total ion chromatograms of proteins isolated from (a) CSF or (b) serum via immune

complexome analysis.

Fig. 2 A Venn diagram representing proteins that were identified as IC-associated antigens
in CSF, constituents of the CSF proteome, constituents of the plasma proteome, or some
combination thereof. The human CSF proteome dataset reported by Schutzer et al. [32]
comprises 2628 proteins, and the HUPO plasma proteome dataset comprises 3020 proteins

[33]; both were used as reference datasets.
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Table 1

Disease-associated antigens that were detected in one or two disease groups.

MS Hashimoto
NPSLE NMO AD
(n=15) (n=7)
(n=26) (n=16) (n=10)
Protein Accession Sensitivity Sensitivity
Sensitivity Sensitivity Sensitivity
(%)/Specificity (%)/Specificity
(%)/Specificity (%) (%)/Specificity (%) (%)/Specificity (%)
(%) (%)

Isoform 7 of Nesprin-1 IP100396977.2 8 /100
Isoform 10 of Fibronectin IP100479723.5 13 /100
Isoform 12 of Fibronectin IP100556632.4 13 /100
Isoform B of Fibulin-1 IP100218803.3 13 /100
suprabasin isoform 1 precursor 1P100947285.1 35/100
Calmodulin-like protein 5 IP100021536.2 12/92 271795
cDNA FLJ58075, highly similar to

IP100947307.1 4/96 29/99
Ceruloplasmin
complement C4-B preproprotein IP100418163.3 13/100
Desmoglein-1 IP100025753.2 15/96 13/93
Integrator complex subunit 4-like

IP100102193.5 4/96 20/98
protein 2
Isoform 1 of Alpha-1-antitrypsin IP100553177.1 8/98 10/97
Isoform 1 of Uncharacterized protein

1P100292836.4 6/97 13/98
C9orfl74
Isoform 2 of Golgi membrane protein 1 | IPI00759659.1 6/97 20/98
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Isoform 2 of Nuclear mitotic apparatus

1P100006196.3 4/96 13/98
protein 1
Isoform 2 of Protein piccolo IP100789624.4 8/98 14/97
Isoform 3 of Rapamycin-insensitive
IP100166528.4 19/100
companion of mTOR
Isoform C of Fibulin-1 IP100296537.4 31/100
Putative uncharacterized protein
IP100784842.1 13/100

DKFZp686G11190
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Fig. 1
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Fig. 2




