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a b s t r a c t

Autoimmune disease results from a loss of tolerance to self-antigens in genetically susceptible individuals.

Completely understanding this process requires that targeted antigens be identified, and so a number of

techniques have been developed to determine immune receptor specificities. We previously reported the

construction of a phage-displayed synthetic human peptidome and a proof-of-principle analysis of anti-

bodies from three patients with neurological autoimmunity. Here we present data from a large-scale screen

of 298 independent antibody repertoires, including those from 73 healthy sera, using phage immunopre-

cipitation sequencing. The resulting database of peptideeantibody interactions characterizes each in-

dividual’s unique autoantibodyfingerprint, and includes specificities found tooccur frequently in the general

population as well as those associated with disease. Screening type 1 diabetes (T1D) patients revealed

a prematurely polyautoreactive phenotype compared with their matched controls. A collection of cere-

brospinal fluids and sera from 63multiple sclerosis patients uncovered novel, as well as previously reported

antibodyepeptide interactions. Finally, a screen of synovial fluids and sera from 64 rheumatoid arthritis

patients revealed novel disease-associated antibody specificities that were independent of seropositivity

status. This work demonstrates the utility of performing PhIP-Seq screens on large numbers of individuals

and is another step toward defining the full complement of autoimmunoreactivities in health and disease.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Our understanding of autoimmunity is constrained by our

inability to completely characterize the molecular targets of an

adaptive immune system. To begin to address this limitation, we

have developed an unbiased proteomic technology, phage
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immunoprecipitation sequencing (PhIP-Seq), which employs

a synthetic version of the complete human peptidome (T7-Pep) [1].

This technology can be used to define interactions between an in-

dividual’s antibody repertoire and each of over 400,000 over-

lapping 36 mer peptides. In the present work, we have improved

upon the previously reported PhIP-Seq methodology in two ways.

First, sample processing was made compatible with a 96-well plate

format and automated on a liquid handling robot. Second, we

developed amethod to perform 96-plex analysis of individual PhIP-

Seq experiments using just 2e3 lanes of an Illumina HiSeq, thus

reducing the cost of each screen to about $25 per sample. This

method was recently employed to unambiguously identify the

target of autoantibodies associated with inclusion body myositis

(IBM) [2]. Furthermore, PhIP-Seq was used to localize the antigenic

epitopes and to provide the first definitive evidence of antigen-

driven autoimmunity in IBM.

There are several autoimmune diseases of relatively high inci-

dence for which the role of antibody-mediated autoimmunity is

appreciated but not understood. Of these, we selected type 1 dia-

betes (T1D), multiple sclerosis (MS) and rheumatoid arthritis (RA)

for autoantibody repertoire analysis by high-throughput PhIP-Seq

screening. Strong genetic linkage to class II HLA alleles in each of

these diseases supports the view that there is an important role for

antigen presentation and subsequent activation of helper T cells

with self-specificity [3]. The role of B cells in these diseases is less

clear, but several lines of evidence indicate that a deeper under-

standing of patient antibody specificities may provide insight into

disease pathogenesis. For example, pancreatic beta cell destruction

in T1D is thought to be largely a consequence of cytotoxic T cell

activity, yet autoantibodies targeting islet-associated antigens are

routinely used for diagnosis and risk stratification [4]. In MS, sec-

ondary lymphoid tissue with germinal center activity often forms

in the meninges of patients with advanced disease [5] and oligo-

clonal IgG bands of unknown specificity are found in cerebrospinal

fluid (CSF; detectable in about 95% of patients compared with 10%e

15% of controls) [6]. Patients with RA are classified as seropositive

or seronegative depending on the presence of rheumatoid factor

(antibodies against the Fc portion of IgG) and/or anti-citrullinated

protein antibodies (ACPA). Beneficial clinical response to

CD20þ B cell depletion therapy in RA has prompted the adoption of

rituximab as a second line therapy for patients with high disease

activity and features of a poor prognosis [7,8]. In the treatment of

MS and T1D, several studies have demonstrated a benefit for B cell

depletion, but with perhaps more elusive optimal dosing regimens

[9,10]. The inherent pathogenicity of autoantibodies in these dis-

eases is a topic of intense investigation.

Here we report a PhIP-Seq analysis of autoantibody repertoires

from a large number of T1D, RA, andMS patients, for comparison to

each other and to a set of 73 healthy controls. Our findings describe

both known and novel antibody specificities, and methodologically

sets the stage for additional large scale PhIP-Seq investigations.

2. Methods

2.1. Patient samples

Specimens originating from patients were collected after

informed written consent was obtained and under a protocol

approved by the local governing human research protection com-

mittee. In some cases, de-identified discarded specimens (synovial

fluid) were collected under an exempt protocol approved by the

local governing human research protection committee. Type 1

diabetic patient blood samples (n ¼ 39, <40 years at diagnosis,

male/female ratio ¼ 1.18, average age 18 � 2 years, range 3e37

years) were obtained within 7 days after initiation of insulin

treatment. Age/sex-matched healthy control samples (n¼ 41, male/

female ratio ¼ 1.18, average age 18 � 2 years, range 4e37 years)

were obtained from patients undergoing elective minor surgery.

Controls were verified to be negative for all known type 1 diabetic

autoantibodies. The diabetes autoantibodies were determined by

liquid-phase radiobinding assays [11] or indirect immuno-

fluorescence assay (ICA) as described previously [12]. A chimeric

ZnT8 protein (gene SEC30A8 is a chimeric construct of two pep-

tides, amino acids 268e369) was used for RIA and contains both CR

and CW variants [13]. MS patients’ neurological history, relapse

features, neurological examination, MRI and CSF findings were

collected. Patients were diagnosed with relapsing-remitting MS

according to the McDonald criteria. Viral encephalitis serum sam-

ples were provided by the New York State Department of Health.

Sera from patients infected with West Nile virus or St. Louis En-

cephalitis virus were reactive in ELISA tests and were confirmed by

cross species plaque reduction neutralization tests with paired

acute and convalescent sera. Sera from patients with enteroviral

infection were collected on the same day as spinal fluids for which

PCR tests for enteroviruses were positive [14]. Synovial fluid from

knee joints was obtained during clinically-indicated arthrocentesis

from patients with RA or other forms of inflammatory arthritis

performed at the Arthritis Center of the Brigham and Women’s

Hospital. Medical record review ascertained the diagnosis as

assigned by the treating American Board of Internal Medicine-

certified rheumatologist, supplemented by review of laboratory

and radiologic data. Breast cancer patient serum samples were

obtained from the Dana-Farber/Harvard Cancer Center (DF/HCC)

Breast SPORE Blood Bank. These samples were originally collected

under Protocol #93-085 at the DF/HCC. Healthy control samples

were collected at Brigham and Women’s Hospital from subjects

self-reported to be free of MS or other autoimmune disease. All

serum and CSF samples were stored in aliquots at �80 �C.

2.2. Phage immunoprecipitation and sequencing library

preparation

The T7-Pep library was prepared as described previously [1] and

stored at �80 �C until used. For all samples, the final amount of IgG

added to each 1 ml IP mix was estimated to be 2 mg. Serum/plasma

samples were assumed to have 10 mg/ml of Ig. Non serum/plasma

samples’ protein content was measured by Bradford assay and the

Ig concentration estimated as follows. Several CSF or synovial fluid

samples were electrophoretically separated under reducing con-

ditions on a polyacrylamide gel and the Coomassie brilliant blue

densitometric signal from the Ig light chain was compared to that

from known input concentrations of commercially obtained IgG.

We made the simplifying assumption that all Ig was IgG, and

assumed a constant fluid-type fractional IgG contribution to the

total protein content of each sample. For CSF the IgG fraction was

estimated to be 29%, and for synovial fluid was estimated to be 15%.

Each 1ml IPmix contained 5�1010 T7-Pep phage particles and 2 ng

of positive control SAPK4 C-19 antibody (Santa Cruz, sc-7585)

diluted in M9LB (Novagen) with 100 mg/ml ampicillin. 1 ml IP

mixes were placed in eachwell of a 96 deep well plate. Each patient

sample or control was randomly assigned to a position on the IP

plate and 2 mg of IgG was added to each well. The plate was then

carefully sealed with adhesive optical tape (Applied Biosystems)

and placed on a rotator for 20 h at 4 �C. 40 ml of 1:1 Protein A/

Protein G slurry (Invitrogen, 100-02D, 100-04D) was then added to

eachwell. The re-sealed platewas placed back on a rotator for 4 h at

4 �C. The beads were next subjected to a robotic IP protocol, which

was carried out by a BioMek FX liquid handling robot. Briefly, IPs

were washed in 440 ml IP Wash Buffer (150 mM NaCl, 50 mM Tris-

HCL, 0.1% NP-40, pH 7.5) by pipetting up and down 30 times, for
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a total of 3 washes. IPs were resuspended in 40 ml of pure water,

heated to 95 �C for 10 min and then frozen at �80 �C.

Primers used (underlined sequences overlap template, x’s are

the indexing barcode specific sequences): PCR1 forward “IS7_H-

sORF5_2”, 30-ACA CTC TTT CCC TAC ACG ACT CCA GTC AGG TGT GAT

GCT C-50; PCR1 reverse “IS8_HsORF3_2”, 30-GTG ACT GGA GTT CAG

ACG TGT GCT CTT CCG ATC CGA GCT TAT CGT CGT CAT CC-50; PCR2

forward “IS4_HsORF5_2”, 30-AAT GAT ACG GCG ACC ACC GAG ATC

TAC ACT CTT TCC CTA CAC GAC TCC AGT-50; PCR2 reverse “index N”

(set of 96), 30-CAA GCA GAA GAC GGC ATA CGA GAT xxx xxx xGT

GAC TGGAGT TCAGAC GTG T-50; “P5_Primer”, 30-AAT GATACG GCG

ACC ACC GA-50; “P7_Primer_2”, 30-CAA GCA GAA GAC GGC ATA

CGA-50; “Internal HsORF30 TaqMan FAM Probe”, 30-GCC GCA AGC

TTG TCG AGC GAT G-50 (modified with 50 6-FAM-ZEN-30 Iowa Black

FQ); T7-Pep Library Sequencing Primer “T7-Pep_96_SP”, 30-GCT

CGG GGA TCC AGG AAT TCC GCT GCG C-50; Standard Illumina

Multiplex Index Sequencing Primer “Index SP”, 30-GAT CGG AAG

AGC ACA CGT CTG AAC TCC AGT CAC-50. For each 50 ml PCR1 reac-

tion, the following components were mixed with 30 ml from each

IP: 8.75 ml water, 10 ml 5 � Herculase Buffer, 0.5 ml of 100 mM dNTP,

0.125 ml of 100 mM IS7_HsORF5_2 forward primer, 0.125 ml of

100 mM IS8_HsORF3_2 reverse primer, and 0.5 ml of Herculase II

enzyme (Agilent). The reaction was then thermocycled: 1. 95 �C for

2 min; 2. (95 �C, 20 s; 58 �C, 30 s; 72 �C, 30 s) � 30 cycles; 3. 72 �C,

3 min. A set of 96 7-nucleotide barcode-containing primers

designed using the method of Meyer et al. [15] was used for PCR2.

For each 50 ml PCR2 reaction, the following components were

mixed with 5 ml of the appropriate “index N” reverse primer at

2.5 mM and 1.5 ml of unpurified PCR1 product: 32.38 ml water, 10 ml

5 � Herculase Buffer, 0.5 ml of 100 mM dNTP, 0.125 ml of 100 mM

IS4_HsORF5_2 forward primer, and 0.5 ml of Herculase II enzyme.

The reaction was then thermocycled: 1. 95 �C for 2 min; 2. (95 �C,

20 s; 58 �C, 30 s; 72 �C, 30 s) � 10 cycles; 3. 72 �C, 3 min. Unpurified

PCR2 product (diluted 10,000� in water) was quantified using real

time quantitative PCR with P5_Primer, P7_Primer_2 and Internal

HsORF30 TaqMan FAM Probe on a 7500 Fast PCR-System (Applied

Biosystems). 300 ng of each PCR2 product were combined in

a single tube, mixed and the 316 bp product purified on a 2%

agarose gel. The pooled 96 samples were sequenced by the Harvard

Medical School Biopolymers Facility on 2 or 3 lanes of an Illumina

HiSeq 2000 using 93 þ 7 single end cycles (93 cycles from the “T7-

Pep_96_SP” primer, and 7 cycles from the “Index SP” primer) to

obtain between 300 and 450 million reads per IP plate.

2.3. PhIP-Seq informatics and statistical analysis

We developed an informatics pipeline for processing the single

end, 100 nucleotide sequencing data generated from high

throughput PhIP-Seq experiments. Unless otherwise noted, scripts

were written in python, and are available online for download

from: https://github.com/laserson/phip-stat. Note that these com-

mands are for dispatch to the Platform LSF job scheduler. The count

data for each IP was analyzed one sample at a time by comparison

to the counts obtained by sequencing the un-enriched T7-Pep li-

brary. We used our generalized Poisson significance assignment

algorithm [1] to compute �log10 P-values for each peptide/sample

pair. Briefly, the IP count distribution for each input count was fitted

to a generalized Poisson (GP) distribution. The two GP parameters,

l and q, were then regressed to form a joint distribution between

the IP counts and the GP parameters such that each IP count could

be evaluated for its likelihood of enrichment. Subsequent compu-

tational analysis was performed in MATLAB software (MathWorks).

Reproducibility between each replica pair was assessed as follows.

Scatter plots of the log10 of the �log10 P-values were generated,

and a sliding window of width 0.05 was moved in steps from �2 to

3 across the x-axis. The mean and standard deviation of the values

within this window were calculated at each step and plotted as

a function of �log10 P-values (see Supplementary Fig. 1A for

example). For each replica pair, we determined the �log10 P-value

at which the mean was equal to the standard deviation. A histo-

gram plot of these values are given as Supplementary Fig. 1B. Based

on this data, we chose a �log10 P-value of 4 to be our cutoff for

considering a peptide to be significantly enriched in an IP experi-

ment. Within each 96-well plate screened, several samples were

run in duplicate so that the reproducibility of each run’s automated

IPs could be assessed. To exclude peptides that precipitated non-

specifically, we ignored the 1404 peptides that displayed enrich-

ment with �log10 P-values equal to 3 or greater in 2 or more out of

8 negative control IPs (protein A/G beads only).

For analyses of peptide/ORF-disease association, we

set all �log10 enrichment P-values less than 4 equal to 0,

and �log10 enrichment P-values greater than 4 equal to 1. The data

is thus transformed into a binary (0’s and 1’s) peptide enrichment

matrix. This allowed us to compute the P-value of association be-

tween each peptide’s enrichment and patient disease status using

Fisher’s exact test. To construct a null distribution of Fisher’s test P-

values, we randomly permuted the sample labels to obtain a cor-

responding distribution of Fisher’s test P-values. This was repeated

1000 times and the resulting P-value frequencies were averaged. An

“expected” Fisher’s P-value distribution could then be calculated by

summing the null distribution from each �log10 P-value to infinity,

thus indicating how many peptide/ORF associations with a P-value

at least as extreme, would be expected to occur by chance alone. To

find the 10% false discovery rate threshold, we compared the

expected Fisher P-values to the observed Fisher P-values, summed

from each�log10 P-value to infinity. The P-value at which this ratio

was found to equal 1:10 was considered to be the 10% false dis-

covery rate threshold. The number of permutations we performed

was based in part on computational considerations and in part on

standards of practice. Each permutation is computationally inten-

sive, limiting us in practice to a maximum of w1000 per hour on

Harvard’s High Performance Computing Cluster. This number of

permutations is consistent with published methods [16,17].

To identify candidate antigens of viral origin, we first con-

structed a sequence database composed of all proteins from viruses

known to have human tropism. The UniProtKB database was

queried on March 9, 2012 for these sequences (collapsed onto

clusters of 90% identity) by entering the following URL into a web

browser: http://www.uniprot.org/uniref/?query¼uniprot%3a(host

%3a%22Humanþ%5b9606%5d%22)þidentity:0.9.

Sequence motifs for alignment were derived from enriched T7-

Pep peptide sequences using the Multiple EM for Motif Elicitation

(MEME) web tool (http://meme.nbcr.net/meme/cgi-bin/meme.cgi).

These motifs were then exported to the Motif Alignment & Search

Tool (MAST) web tool (http://meme.nbcr.net/meme/cgi-bin/mast.

cgi), where they were aligned against the viral protein sequence

database constructed above.

2.4. ELISA testing of CSF samples

High binding capacity streptavidin-coated 96-well ELISA plates

(Pierce, USA) were coated with biotin-Krt75_1 or biotin-scrambled

peptide at 5 mg/ml in Tris-buffer saline with 0.05% Tween plus 0.1%

bovine serum albumin (TBST-BSA), pH 7.2, for 2 h at room tem-

perature. After three washes with TBST-BSA, CSF samples were

normalized to 5 mg/mL IgG and then incubated in the wells with

gentle agitation for 1 h. Wells were washed three times with TBST-

BSA. Secondary goat anti-human HRP (Chemicon, USA) was pre-

pared at 1:20,000 and incubated in the wells for 1 h with gentle

agitation. After threewasheswith TBST-BSA, 50 ml of One-Step Ultra
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TMB ELISA developing reagent (Thermo Scientific, USA) was added

to each well and allowed to develop for 5 min. The reaction was

stopped by addition of 50 ml of 1 M sulfuric acid. The optical density

of each well was measured at 455 nm. Data is reported as fold

difference between signal from Krt75_1 versus scrambled peptide.

3. Results

3.1. Polyautoreactivity and screen sensitivity

We used PhIP-Seq to analyze 298 antibody repertoires. This

collection of samples included 39 sera obtained from newly diag-

nosed T1D patients, 44 synovial fluid samples and 20 sera from RA

patients, and 28 CSF samples and 35 sera from MS patients

(including 6 matching CSF/serum sets). Additionally, 73 sera from

healthy donors, including a set of 41 age/sex-matched controls for

the T1D cohort, were analyzed. To control for differences in fluid

composition, we screened synovial fluid samples from 19 in-

dividuals with gout or osteoarthritis, as well as CSF from 10 patients

with non-MS associated meningitis, subacute sclerosing pan-

encephalitis, or paraneoplastic neurological disorder. Finally, we

had previously screened a collection of 29 sera from patients with

estrogen and progesterone receptor positive breast cancer (BC), and

while analysis of the BC dataset is not presented here, it was uti-

lized to increase power of the antigen-disease specificity tests.

Table 1 provides a summary of these samples. A more detailed

description can be found in Supplementary Table 1. Peptide

immuno-enrichments were quantified using massively parallel

DNA sequencing. We considered peptides with a P-value <10�4

(�log10 P-value greater than 4) as scoring positively above back-

ground (Methods, Supplementary Fig. 1) [1].

We first examined sera from 73 healthy donors. In total, 14,604

different peptides were enriched by at least one healthy donor. An

overwhelming majority (12,727) of these autoreactivities were

“personal” in the sense that they were observed to occur in only

one individual (Fig. 1A). At the other extreme, we observed

a smaller number of peptides that were commonly enriched by

healthy individuals. For example, we found that serum from 40%

of individuals significantly enriched the same peptide from the

activin receptor type IIB (ACVR2B), and serum from 44% of in-

dividuals was found to harbor reactivity against a peptide from

melanoma antigen family E, 1 (MAGEE1). Notably, these two

autoreactivities were not significantly correlated with each other,

suggesting that they arise independently. We also looked for evi-

dence of multi-epitope targeting within the database. Whereas we

did find convincing examples of antigen-driven responses (e.g. the

scleroderma antigen CENPC1, Fig. 1B), this was not true for the

commonly targeted ACVR2B or MAGEE1. We therefore conclude

that these commonly occurring anti-peptide antibodies are most

likely cross-reactive and because they occur so frequently in the

serum of healthy individuals are unlikely to have a pathological

consequence.

Patterns of disease-associated autoreactivity may become

apparent only in the context of aggregated peptide enrichments,

since different individuals may produce antibodies that recognize

Table 1

Summary of the samples screened by high throughput PhIP-Seq.

Class Subclass Fluid Total

Type 1 diabetes Serum 39

Multiple sclerosis (RRMS/SPMS/PPMS) Serum 35

CSF 28

Rheumatoid arthritis Seropositive Serum 10

Synovial fluid 22

Seronegative Serum 10

Synovial fluid 22

Healthy controls Serum 73

Non MS CSF controls SSPE, PND,

Meningitis

CSF 10

Non RA synovial

fluid controls

Gout, OA Synovial fluid 20

Breast cancer ERþ/PRþ Serum 29

Total 298

RR, relapse remitting MS; SP, secondary progressive MS; PP, primary progressive

MS; SSPE, subacute sclerosing panencephalitis; PND, paraneoplastic neurological

disorder; OA, osteoarthritis; ERþ, estrogen receptor positive; PRþ, progesterone

receptor positive. Six sets of MS CSF/serum samples are paired.
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Fig. 1. Enrichment recurrence and multi-epitope targeting. A. Frequency distribution of the 14,604 different peptides enriched above threshold by at least one healthy individual.

AAb, autoantibody; TTN, titin; ACVR2B, activin receptor type-2B; MAGEE1, melanoma antigen family E, 1. Number following underscore denotes the 36-residue tile (order is Ne to

Ceterminus). B. Multi-epitope targeting of the CENPC1 protein. Peptides are organized from top to bottom, Ne to Ceterminus. Peptide enrichments above threshold are colored

black. Three individuals exhibit evidence of multi-epitope (antigen driven) responses. The sample category is denoted below the individual’s data. BC, breast cancer; HC, healthy

control; MS, multiple sclerosis. C. Frequency distribution of the 7619 different ORFs enriched above threshold by at least one healthy individual. NEB, nebulin.
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distinct epitopes of the same protein. We therefore collapsed the

peptide enrichment matrix onto an ORF enrichment matrix by

taking the most significant value from the set of peptides corre-

sponding to each ORF. Again, if this�log10 P-valuewas greater than

4, the ORF was considered enriched by the individual. Analysis of

ORF enrichments by healthy individuals resulted in a distribution

similar to the peptide enrichments, with the majority of sig-

nificantly enriched ORFs (58%) arising in just one person (Fig. 1C).

This analysis is biased toward larger proteins being more com-

monly enriched, and indeed significant reactivity against at least

one peptide from titin (TTN, the largest ORF in our library) was

observed in 45 of the 73 healthy individuals (Supplementary

Discussion).

We next examined a collection of serum samples obtained from

39 newly diagnosed T1D patients. As controls for comparison, we

screened sera from 41 healthy donors (matched for age and gender)

in the same automated PhIP-Seq run. Titers of clinically utilized

autoantibody biomarkers (islet cell cytoplasmic antibody, “ICA”;

insulin autoantibody, “IAA”; glutamic acid decarboxylase anti-

bodies, “GADA”; protein tyrosine phosphatase, receptor type, N or

insulinoma-associated protein-2 (IA-2) antibodies, “PTPRNA” or

“IA-2A”; zinc transporter, member 8 antibodies, “ZnT8A”) were also

measured for each of the T1D patients and controls. In order to

assess the false negative rate of PhIP-Seq, we compared radio-

immunoassay (RIA) measurements for each biomarker in each in-

dividual with the corresponding PhIP-Seq ORF enrichment scores.

No PhIP-Seq enrichment was observed in any of the patients for

insulin or ZnT8A, whereas GAD2 and PTPRN enrichment was

observed in some of the T1D patients who had the highest RIA titers

for those antigens (Fig. 2A and Supplementary Fig. 2).

We reasoned that if the total amount of antibody-self peptide

cross-reactivity reflected the complexity of the antibody repertoire,

then serum of older individuals should bind a more diverse set of

peptides than their younger counterpart. Comparing ages 12 and

under (“youth”) with those 18 and older (“adult”), we observed

a significant difference in the number of enriched peptides be-

tween young and adult healthy controls (P¼ 0.03; Student’s t test, 1

tail; Fig. 2B). However, whenwe performed the same analysis of the

T1D cohort, we found younger T1D patients to be significantly

precocious in their development of autoreactive antibodies com-

pared to their age-matched healthy counterpart (P ¼ 0.01).

3.2. Disease-specific autoantibodies

We sought to identify peptide and ORF autoreactivities specifi-

cally associated with each autoimmune disease under inves-

tigation. For this analysis, each patient sample groupwas compared

to all other samples in the form of a Fisher’s exact test to determine

significance of association, considering all enrichments to be as

either positive or negative. This analysis was performed for each

peptide in the library, and so a distribution of >400,000 Fisher’s P

values was obtained. To account for multiple hypothesis testing, we

created a null distribution of “expected” Fisher’s P values by ran-

domly permuting the sample labels 1000 times (Methods). We

compared the distribution of expected significance values to that

which was actually observed, and then set a threshold for a 10%

false discovery rate (FDR). All peptide/ORF autoreactivities that

exhibited disease association with this level of confidence are

reported in Table 2 (see Supplementary Table 3 for peptide

sequences).

We first examined peptide/ORF autoreactivities specifically

associated with RA (Table 2, Fig. 3). Of the 16 peptides with an FDR

<10%, 11 assorted with patients non-randomly as two peptide

clusters, “RA1” and “RA2”, composed of 3 and 8 peptides, respec-

tively. Interestingly, none of the RA-associated enrichments

appeared to correlate with seropositivity (reactivity against rheu-

matoid factor and/or ACPA; Fig. 3B). Despite attempts to uncover

a shared sequence motif among RA1- or RA2-clustered peptides

using blastp and MEME algorithms, none was identified [18].

We next examined the set of 15 peptides that were enriched

specifically by MS patients with a disease association FDR of <10%

(Fig. 4A, Table 2). Eleven of these peptides assorted non-randomly

among a subset of MS patients, and motif discovery revealed a 7

amino acid sequence motif contained in all of them (“MS1”,

Fig. 4BeD). Notably, a motif nearly identical to MS1 was previously

identified by Cepok et al. in a phage screen of MS CSF samples [19],

and they reported an alignment with the BRRF2 protein of the

EpsteineBarr virus, a pathogen repeatedly implicated in MS

pathogenesis.We performed an alignment of ourMS1motif against

the UniProt database of all proteins from viruses with human

Fig. 2. Analysis of T1D and healthy control sera. A. Sensitivity of PTPRN (IA-2) auto-

antibody detection by PhIP-Seq compared to RIA in T1D patients (red boxes) and

healthy controls (circles). PhIP-Seq values correspond to the most enriched peptide

from the PTPRN ORF. A value of >0.5 is considered positive for RIA. None of the HC sera

were positive for PTPRN reactivity by RIA or PhIP-Seq. 27 of 39 (69%) T1D patients were

positive for PTPRN reactivity by RIA, and 4 of these 27 were positive by PhIP-Seq (15%).

B. Comparison of the total number of unique peptides enriched by individuals of dif-

ferent age groups and disease status. “Youth” individuals are 12 years old or younger;

“Adult” individuals are 18 years old or older. Statistical comparisons of the means were

performed using the Student’s t test, with one tail. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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tropism, collapsed onto 90% identity clusters (7546 UniRef se-

quences; 656 unique taxa), and also found the best alignment to be

with the EBV BRRF2 protein (E value ¼ 1.2; sequence: PAASRSK).

We considered the possibility that a peptide containing the MS1

motif might have clinical utility in the form of an ELISA assay. To

this end, we immobilized the peptide which performed best in our

PhIP-Seq screen, Krt75_1 (9 positives of 57 MS samples, versus

0 positive of 239 non MS samples). Of 25 MS CSF samples tested by

ELISA, 3 were positive, compared to 0 of 19 CSF samples from in-

dividuals with other inflammatory neurological diseases

(Supplementary Fig. 3A). Eight of the ELISA-tested MS samples had

also been screened using PhIP-Seq, and we found the latter method

to have a greater sensitivity (Supplementary Fig. 3B).

3.3. Analysis of matched MS samples

We obtained six sets of individually matched MS CSF-serum

samples. Each of these samples was screened in duplicate, and

we considered peptides that were reproducibly enriched with

a �log10 P-value greater than 3 in both replicates from either

compartment. For each of these MS patient pairs, we plotted the

average �log10 P-value for each peptide’s CSF enrichment against

the average serum enrichment (Fig. 5). In all cases we observed

a strong correlation in the enrichment profiles between these two

fluid compartments. A majority of the enrichments were found in

both serum and CSF, with a trend toward stronger enrichment in

the serum. In several cases, however, we did find peptides that

Table 2

Peptide/ORF enrichments associated with disease.

Dz Gene

symbol

Gene name associated with peptide

or ORF

�log10

Fisher

P val

Cluster Summary of positives Extra

cellular
T1D

(39)

RA

(64)

MS

(57)

HC

(73)

BC

(29)

OA/Gout

(20)

CSF ctrl

(10)

RA BCOR BCL6 compressor 5.9 RA1 0 11 0 1 0 1 0 N

LOC645453 Ring finger protein, LIM domain

interacting; similar to ring finger

protein (C3H2C3 type) 6

5.3 RA1 0 9 1 0 0 0 0 N

ATAD5 ATPase family, AAA domain

containing 5

4.1 RA1 0 6 0 0 0 0 0 N

Hcn3 Hyperpolarization activated cyclic

nucleotide-gated potassium channel 3

4.0 0 7 0 0 0 1 0 P

FAM135A Family with sequence similarity 135,

member A

3.4 0 7 1 0 0 1 0 ?

HRNR Hornerin 3.4 0 7 0 0 1 0 0 N

ADAM33 ADAM metallopeptidase domain 33 3.4 RA2 0 7 0 0 0 1 0 L

PTK2 PTK2 protein tyrosine kinase 2 3.4 RA2 0 5 0 0 0 0 0 N

SNRPB Small nuclear ribonucleoprotein

polypeptides B and B1

3.1 RA2 0 8 1 1 1 1 0 N

KRT33B Keratin 33b 2.7 RA2 0 5 0 0 0 1 0 N

ATXN2 Ataxin 2 2.7 RA2 0 5 0 0 0 1 0 N

S100A11 S100 calcium binding protein A11; S100

calcium binding protein A11

pseudogene

2.7 0 5 0 0 0 1 0 N

Lrba LPS-responsive vesicle trafficking,

beach and anchor containing

2.7 RA2 0 5 0 0 0 1 0 N

CREB3L1 cAMP responsive element binding

protein 3-like 1

2.7 RA2 0 5 0 0 0 1 0 N

SEPT8 Septin 8 2.7 RA2 0 5 0 0 0 1 0 N

MS Krt75 Keratin 75 6.7 MS1 0 0 9 0 0 0 0 N

TRIO Triple functional domain (PTPRF

interacting)

5.9 MS1 0 0 8 0 0 0 0 N

Sox17 SRY (sex determining region Y)-box 17 5.4 0 1 13 5 1 0 0 N

LOC388182 LOC388182 5.1 MS1 0 0 7 0 0 0 0 ?

METTL23 Methyltransferase like 23 5.1 MS1 0 0 7 0 0 0 0 ?

DENND4C DENN/MADD domain containing 4C 5.1 MS1 0 1 9 0 0 0 1 N

PPARGC1A Peroxisome proliferator-activated

receptor gamma, coactivator 1 alpha

5.0 0 0 8 0 1 0 0 N

SFRS16 Splicing factor, arginine/serine-rich 16 4.4 MS1 0 0 6 0 0 0 0 N

KIAA1045 KIAA1045 4.4 MS1 0 0 6 0 0 0 0 ?

FRMD4B FERM domain-containing protein 4B 4.4 MS1 0 0 6 0 0 0 0 N

N/A N/A 4.4 MS1 0 0 6 0 0 0 0 ?

RIMS2 Regulating synaptic membrane

exocytosis 2

4.3 MS1 0 1 7 0 0 0 0 Y

PPP1R10 Protein phosphatase 1, regulatory

(inhibitor) subunit 10

3.8 1 2 15 9 4 1 0 N

Baz2a Bromodomain adjacent to zinc finger

domain, 2A

3.6 MS1 0 0 5 0 0 0 0 N

Tes Testis derived transcript (3 LIM

domains)

3.6 0 0 5 0 0 0 0 P

USP11 Ubiquitin specific peptidase 11 3.1 0 0 6 0 2 0 0 N

All disease-associated autoantigens with a false discovery rate of 10% are listed. ORF-only associations are shown in italics. If the peptide is among a nonrandomly assorted

cluster, the name of that cluster is provided. The summary of enrichments provides the total number of individuals from each group that displayed immunoreactivity against

the peptide/ORF. T1D, type 1 diabetes; RA, rheumatoid arthritis; MS, multiple sclerosis; HC, healthy controls; BC, breast cancer; OA, osteoarthritis; CSF, cerebrospinal fluid. In

parentheses are the total number of individuals from the group. N/A: no longer associated with an expressed sequence. Last column indicates whether protein is predicted to

be localized extracellularly: “N”, no; “Y”, yes; “P”, possibly; “L”, likely; “?”, unknown.
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were more highly enriched in the CSF. For example, CSF from pa-

tient 9292 enriched two homologous peptides from interferon

alpha 5 and 14 much more significantly than serum from the same

patient (Fig. 5A; Supplementary Table 2). This is unlikely to reflect

cross-reactivity of inhibitor antibodies to therapeutic interferon

beta, however, as the homologous peptide from interferon betawas

not enriched in either compartment.

We systematically examined all the CSF-specifically enriched

peptides (enriched by CSF antibodies with�log10 P-value of at least

3 greater than the corresponding serum enrichment) that were

identified in the six patients (Supplementary Table 2). Motif dis-

covery was performed on each set of CSF-specifically enriched

peptides, and one motif was uncovered for patient 10894 (Fig. 5B

and Supplementary Table 2). This motif was searched into the

database of human viruses, and a significant alignment was found

with the major capsid protein VP1 of the JC polyomavirus (JCV; E

value ¼ 0.03; sequence: RRVKNP). Similar to EBV, JCV infection is

highly prevalent, infecting 70 to 90 percent of humans. Also of note,

JCV can cross the bloodebrain barrier into the central nervous

system, where it infects oligodendrocytes and astrocytes [20].

Some MS patients exhibited little or no CSF-specific autor-

eactivity, an example of which is shown in Fig. 5C (patient 8911).

This patient, however, did have serum samples drawn on two

separate occasions within one year, which allowed us to examine

the persistence of PhIP-Seq enrichments over this length of time.

The scatterplot (Fig. 5D) reveals minimal time-dependent changes.

4. Discussion

In this study we report the first large scale PhIP-Seq screen of

individuals with different autoimmune diseases for direct com-

parison to healthy controls and to each other. These data provide an

unbiased, proteomic-scale assessment of precise autoreactivities

found within 298 independent antibody repertoires. The vast ma-

jority of autoreactivities were individually unique, lending support

to the notion that each person possesses a unique autoantibody

fingerprint, of which the impact on phenotype remains to be

explored. It is interesting to note that as our database of enriched

peptides grows, so will the number of peptides recurrently

enriched by a small fraction of the population e a situation anal-

ogous to the ongoing identification of progressively less common

alleles in sequenced human genomes. Screening large numbers of

genotyped individuals may additionally reveal correlations be-

tween autoreactivities and HLA haplotypes, antibody variable

domain alleles, and other immunogenetic modifiers.

Our unbiased method revealed a large number of novel peptide

autoreactivities, but when compared to RIA-determined titers of

known autoantibodies, appears to suffer from relatively low sen-

sitivity. We detected no anti-insulin antibodies in the T1D patients,

with the important caveat that we did not charcoal-extract insulin

from the serum prior to performing PhIP-Seq, which is standard

protocol for the RIA assay. It is therefore possible that the anti-

insulin antibodies were occupied by endogenous or injected insu-

lin and therefore not accessible for peptide binding. Additionally,

Fig. 3. RA associated peptides and their clusters. A. Permutation analysis of peptide

enrichments associated with RA. “Observed” bars indicate the number of peptides

associated with RA at a given P-value by Fisher’s exact test. “Expected” bars show the

number of peptides expected to have a �log10 Fisher P-value at least that extreme due

to chance alone (as determined by permuting sample labels). B. RA1 and RA2 peptide

enrichment heat map illustrating nonrandom segregation of above-threshold peptide

enrichments and RA patients. �Log10 P-values less than 4 are white and greater than 4

are black. Patients are organized by their seropositivity, and by their RA1/RA2 status.

Fig. 4. MS associated peptides share a sequence motif. A. Permutation analysis of

peptide enrichments associated with MS. “Observed” bars indicate the number of

peptides associated with MS at a given P-value by Fisher’s exact test. “Expected” bars

show the number of peptides expected to have a �log10 Fisher P-value at least that

extreme due to chance alone (as determined by permuting sample labels). B. Peptide

enrichment heat map (as in Fig. 1) illustrating nonrandom segregation of MS1 peptide

enrichments (rows) and MS patients (columns). �Log10 P-values of enrichment less

than 4 are white and greater than 4 are black. Patients are organized by their MS1

status. C. Alignment of the co-segregated peptides reveals a shared epitope. D. MS

associated epitope (MS1) motif logo, calculated from the peptides in C (MEME

software).
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ZnT8 RIA titers were obtained using a fusion protein consisting of

two allelic variants of the immunodominant epitope, and so the

single sequence present in T7-Pep (the “CR” variant) may have

contributed to the low sensitivity. Themost important source of the

high false negative rate, however, is most likely the limited amount

of conformational structure inherent to 36 amino acid peptide tiles.

The findings presented here thus highlight the need for improved

display libraries that include more complex epitopes. Despite this

limitation, we were able to observe a significantly accelerated

polyautoreactivity in younger T1D patients compared with their

matched controls. To our knowledge, this finding has not been

explicitly reported previously.

Our RA screens uncovered a set of novel disease-associated anti-

peptide antibodies. Fifteen novel autoantigen reactivities were

identified, which can be clustered into two antigen groups, called

here RA1 and RA2. Thirteen out of the 64 RA patients (20%)

exhibited immunoreactivity against at least one RA1 peptide,

compared to 3 of 232 non-RA individuals (1.3%). In addition, 16 of

the RA patients (25%) exhibited immunoreactivity against at least

one RA2 peptide, compared to 6 non-RA individuals (2.6%). Taken

together, 26 of the RA patients (41%) exhibited immunoreactivity

against at least one RA1 or RA2 peptide, compared to 9 non-RA

individuals (3.9%; P ¼ 7.8 � 10�13, Fisher’s exact test, one tail); 16

RA patient samples enriched at least two peptides from RA1 or RA2.

To our knowledge, none of these peptides have been previously

implicated by prior serological studies in RA. It is important to note

that the T7-displayed peptides are not subject to post-translational

modification, such as citrullination; therefore we would not have

expected to detect antibodies against known RA antigens such as

citrullinated fibrinogen and citrullinated alpha-enolase.

Much effort has been invested in the search for antibody speci-

ficities in the CSF of MS patients. Cortese et al. used a library of

constrained nonamers to find epitopes of CSF antibodies in 2 MS

patients [21]. One of the sequences they identified (KPPNP) is con-

tained within several of the T7-Pep library peptides. Of them, one

peptide from XP_499190.1 (SQQWRENPRTQNQSA-

VERKPPNPEPVSSGEKTPEPR), was enriched by 6 of 57 MS patients

and 9 of 235 non-MS individuals, and sowas significantly associated

Fig. 5. Analysis of MS patient CSF/serum pairs. Scatter plots of matched samples from the same individuals. Each sample was analyzed in duplicate and the average �log10 P-value

is plotted for peptides enriched by more than �log10 P value of 3 in both duplicates. A. Patient 9292 peptide enrichments in CSF versus serum, and enrichment of nearly identical

peptides from IFN-a5/14 specifically in the CSF. B. Patient 10,894 peptide enrichments in CSF versus serum, and CSF-specific enrichment of the JCV motif is illustrated. C. Patient 8911

peptide enrichments in CSF versus serum. D. PhIP-Seq serum profile in patient 8911 taken at two time points.
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with MS (Fisher’s P value¼ 0.05). Rand et al. used a small collection

of CSF samples fromMSpatients to screen a phage library of random

hexamers [22]. They uncovered an enriched sequence (RRPFF) in

several individuals with MS, and reported alignment with the heat

shock protein aB crystallin and the EpsteineBarr virus nuclear an-

tigen (EBNA-1). In our study, the most commonly enriched peptide

by healthy individuals, MAGEE1_25, contains this precise sequence

(RAFAEGWQALPHFRRPFFEEAAAEVPSPDSEVSSYS; Fig. 1A).

MAGEE1_25 was enriched with similar frequency by serum of MS

patients andhealthycontrols (17/29MSand32/73HC). Of the sixMS

patients for which we had matching CSF and serum samples, two

had MAGEE1_25 antibodies. Both of these patients exhibited

stronger enrichment in their serum than in their CSF. Taken

together,webelieve the PhIP-Seqdata are consistentwith a scenario

inwhich RRPFF antibodies occur with equal frequency in the serum

of MS and healthy individuals, and suggest that they are unlikely to

be produced specifically within the CNS. In contrast, the BRRF2

epitope (MS1) was targeted specificity by patients with MS.

Importantly, the MS1 antibodies exhibited a notable degree of pol-

yspecificity for self peptides (Fig. 4B). While this manuscript was in

preparation, Srivastava et al. reported that serum autoantibodies

recognizing the extracellular loop of the potassium channel KIR4.1

(residues 83e120) could be detected in 46.9 percent of patientswith

multiple sclerosis [23]. A KIR4.1 peptide spanning residues 88e123

is present in T7-Pep, but was not significantly enriched by any pa-

tients in our study.

The findings presented here point to the accumulating value of

high throughput, low cost PhIP-Seq screening. As the sample size of

our database grows, so will the power to detect rare, yet sig-

nificantly disease-associated autoantibodies. Quantitative elucida-

tion of these diverse autoreactivities will be particularly important

for understanding complex, heterogeneous autoimmune disease

pathogeneses. In the future, methods that query linear and con-

formational epitopes, post translational modifications, and T cell

epitopes from both human and pathogenproteomeswill eventually

provide us with a more comprehensive characterization of the

adaptive immune system and its role in disease.
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