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A B S T R A C T

Background: Post-translational modifications (PTMs) on proteins can be targeted by antibodies associated
with autoimmunity. Despite a growing appreciation for their intrinsic role in disease, there is a lack of highly
multiplexed serological assays to characterize the fine specificities of PTM-directed autoantibodies.
Methods: In this study, we used the programmable phage display technology, Phage ImmunoPrecipitation
Sequencing (PhIP-Seq), to profile rheumatoid arthritis (RA) associated anti-citrullinated protein antibody
(ACPA) reactivities.
Findings: Using both unmodified and peptidylarginine deiminase (PAD)-modified phage display libraries con-
sisting of ~250,000 overlapping 90 amino acid peptide tiles spanning the human proteome, PTM PhIP-Seq
robustly identified antibodies to citrulline-dependent epitopes.
Interpretation: PTM PhIP-Seq was used to quantify key differences among RA patients, including PAD isoform
specific ACPA profiles, and thus represents a powerful tool for proteome-scale antibody-binding analyses.
Funding: This research is based upon work supported in part by the Office of the Director of National Intelli-
gence (ODNI), Intelligence Advanced Research Projects Activity (IARPA). The views and conclusions con-
tained herein are those of the authors and should not be interpreted as necessarily representing the official
policies, either expressed or implied, of ODNI, IARPA, or the US Government. The US Government is autho-
rized to reproduce and distribute reprints for governmental purposes notwithstanding any copyright annota-
tion therein. This study was made possible by a National Institute of General Medical Sciences (NIGMS) grant
R01 GM136724 (HBL). MFK was supported by the National Institute of Arthritis and Musculoskeletal and
Skin Diseases (NIAMS) grant T32AR048522. ED was supported by the Rheumatology Research Foundation.
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1. Introduction

Phage ImmunoPrecipitation Sequencing (PhIP-Seq) is a programma-
ble phage display technology that enables unbiased analysis of antibody
binding specificities [1�3]. An oligonucleotide library encoding the
complete human proteome as ~250,000 overlapping 90 amino acid pep-
tides was cloned into themid-copy T7 phage display vector (~5�15 cop-
ies of displayed peptide per phage particle) and is immunoprecipitated
by serum antibodies for analysis by high throughput DNA sequencing.
This enables serum antibody profiling against hundreds of thousands of
peptide epitopes at low cost [2,4]. Since the phage library is produced in
E. coli, the displayed peptides lack post-translational modifications
(PTMs) relevant to human disease [5,6]. Here, we enzymatically modify
the phage-displayed human peptidome, such that PTM-dependent
autoantibody reactivities can be precisely assessed by quantitative com-
parison to the unmodified library.

Citrullination is the post-translational conversion of arginine in
proteins to citrulline, which in humans is catalyzed by the calcium-
dependent peptidylarginine deiminase (PAD) family of enzymes
[7,8]. This modification can impart antigenicity to self-proteins, and
in the case of rheumatoid arthritis (RA), results in the production of
anti-citrullinated protein antibodies (ACPAs) [9]. These antibodies
are believed to participate in disease pathogenesis by binding citrulli-
nated proteins in the synovial joint [10,11]. The discovery of autoan-
tibodies to peptidylcitrulline epitopes in RA serum led to the
development of a diagnostic Enzyme Linked Immunosorbent Assay
(ELISA) using synthetic cyclic citrullinated peptides (CCP) [12]. Since
this anti-CCP antibody test can achieve diagnostic sensitivity of ~80%
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Research in context

Evidence before this study

Despite the established importance of autoantibody reactivities
that are directed at protein post-translational modifications,
efficient serological assays capable of characterizing disease-
specific reactivities at proteome scale are lacking. Anti-citrulli-
nated protein antibodies (ACPAs) are well-established bio-
markers for rheumatoid arthritis (RA), which are believed to
arise in the context of aberrant peptidyl arginine deiminase
(PAD) citrullination. Of the five human isoforms, PAD2 and
PAD4 are considered most likely to be involved in disease path-
ogenesis. With PAD-specific inhibitors in pre-clinical develop-
ment, it is unknown whether some RA patients exhibit a
discernable preference for PAD2- or PAD4-specific epitopes.

Added value of this study

To address the unmet need for proteome-wide technologies to
profile anti-PTM autoantibodies, we adapted the programmable
phage display assay Phage ImmunoPrecipitation Sequencing
(PhIP-Seq) with a 90 amino acid human peptidome library to
the characterization of ACPAs in a cohort of RA patients. PAD
PhIP-Seq enabled the quantitative comparison of each patient’s
antibody reactivity against every unmodified human peptide
versus the corresponding PAD2- or PAD4-modified peptides.
We identified a subset of human peptides with PAD isoform
mono-specific reactivity, and examined the preference of each
individual’s antibody repertoire toward PAD2-modified versus
PAD4-modified peptides. A subset of individuals appeared to
have significant preference for citrullinated peptides generated
by one enzyme over the other.

Implication of all the available evidence

Examination of mono-reactive peptides revealed underlying
PAD isoform-specific preference in some individuals. This find-
ing may have implications for the appropriate matching of
emerging PAD inhibitors with patients most likely to derive
benefit. The methods presented here are broadly useful for
studies of PTM-dependent antibodies.
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and a specificity up to 98%, anti-CCP antibodies have become a rou-
tinely utilized biomarker for RA [13,14].

Of the five known PAD isoforms, PAD2 and PAD4make up themajor-
ity of expressed PAD in inflamed synovial tissue [15]. Studies using
recombinantly expressed enzymes suggest that PAD2 and PAD4 can gen-
erate distinct, yet overlapping sets of epitopes that can be targeted by
ACPAs [16�18]. ACPAs that recognize these substrates are known to
cross-react, making it difficult to distinguish the relative contributions of
the different PAD isoforms to the expression of ACPAs [19�21]. While
aberrant citrullination is best known for its role in RA pathology, it is also
implicated in other disease processes, including multiple sclerosis, Alz-
heimer’s disease, and cancer [22,23]. Therefore, unbiased identification
of antibody reactivities to citrulline epitopes is of broad interest.
2. Methods

2.1. Ethics committee approval and human subjects

Sera from 30 individuals with RA from a cross-sectional cohort
and 10 demographically matched healthy controls were studied.
Patient serum was collected under a study protocol approved by the
Office of Human Subjects Research Institutional Review Boards of the
Johns Hopkins University School of Medicine (IRB00036200); written
consent was obtained prior to participation. Healthy control sera
were obtained from volunteers who self-identified, were not preg-
nant, and did not have a history of cancer, autoimmune disease, or
active tuberculosis/HIV/hepatitis infection. RA patients fulfilled 2010
ACR classification criteria for RA, as described [24]. Anti-CCP antibody
levels were determined by the QUANTA Lite� CCP3 IgG ELISA (Inova
Diagnostics, #704535). For one RA patient, serum was available at
several time points pre- and post-treatment with the chimeric anti-
CD20 monoclonal antibody rituximab. At baseline (day 0), the patient
was treated with methotrexate and glucocorticoids with insufficient
control of arthritis symptoms. Two doses of rituximab were adminis-
tered on days 22 and 35, respectively. On day 0, anti-CCP and RF nor-
malized units were 252 and 139, respectively.

2.2. Expression and purification of peptidylarginine deiminases

Recombinant human PAD4 and PAD2 containing N-terminal 6 x
histidine tags were expressed in BL21(DE3) pLysS competent cells
and purified by metal affinity chromatography with a nickel resin, as
previously described [25,26].

2.3. Phage modification quality control

A negative control clone that lacks a displayed peptide (due to a
premature stop codon, introduced as a frameshift mutation of the
DNA insert) and a positive control clone that displays a 90-mer argi-
nine-containing peptide from POU3F1 were isolated by randomly
picking plaques from the human peptidome phage library. Peptide
sequences were determined by Sanger sequencing. PAD modification
was performed as described below. Dialysis, plaque assay, and west-
ern blotting were performed according to standard molecular biology
protocols. Histone citrullination was detected using anti-citrullinated
histone antibody (citrulline R2 + R8 + R17, Abcam #ab5103, RRID:
AB_304752) 1:1,000 in TBST and visualized by chemiluminescence.
Quantitative PCR assays were performed using SYBR green on a
1:1,000 dilution of product obtained from 10 cycles of PCR1 [1].

2.4. Human peptidome T7 phage library citrullination

Citrullination was carried out in 42 mL containing buffer alone or
150 mg of either recombinant PAD4 or recombinant PAD2, 1012 pfu
human peptidome T7 phage library (pre-dialyzed into 100 mM Tris-
HCl, pH 7.5 using a Spectra/Por 7 RC 50 kDa molecular weight cut off
dialysis membrane, Spectrum Labs, #132130), 5 mM CaCl2 and 2 mM
DTT. The reactions were incubated at 37 °C for 3 h with end-over-end
rotation and quenched by dialysis against 100 mM Tris-HCl, pH 7.5 in
order to remove free Ca2+ ions using a 10 kDa molecular weight cutoff
dialysis membrane (Thermo Fisher, #88245). A second round of dial-
ysis against TBS, pH 7.4 was performed in order to prepare the librar-
ies for antibody binding and immunoprecipitation. Phage viability
after modification was assessed by plaque assay.

2.5. Phage immunoPrecipitation Sequencing (PhIP-Seq)

Screening, PCR, and peptide read count data generation was per-
formed as previously described [1], Briefly, 0.2 mL of sample (~2 mg
IgG) was added to the phage library (1010 pfu) in TBS, pH 7.4. The
phage/serum mixtures were rotated overnight at 4 °C after which 40
mL of a 1:1 Protein A/G coated magnetic bead mixture (Invitrogen,
#10002D and #10004D) was added to each well and rotated for an
additional 4 h at 4 °C to capture all IgG. The beads were then washed
three times with TBS, pH 7.4 containing 0.1% NP-40 and resuspended
in 20 mL of a Herculase II Fusion Polymerase (Agilent, #600679) PCR1
master mix to amplify library inserts. Sample-specific barcoding and
the Illumina P5/P7 adapters were then incorporated during a
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subsequent PCR2 reaction. PCR2 amplicons were pooled and
sequenced using an Illumina NextSeq 500 SE 1 £ 50 protocol. Reads
were demultiplexed and aligned to the human peptide library using
exact matching.

2.6. Pairwise analysis of PTM PhIP-Seq data

We used pairwise enrichment analysis to identify peptides that
were differentially reactive between treatment conditions. Robust
regression of the top 1000, by abundance, unmodified read counts
(Unmod) was used to calculate the ‘expected’ modified read counts
(PAD2 & PAD4). The observed modified read counts minus the
expected modified read counts for each peptide was calculated to
determine peptide read count residuals. Peptides were grouped in
bins according to unmodified read counts and a standard deviation
was calculated for all peptides in each bin. From these binned stan-
dard deviations, a linear regression was developed and used to assign
each peptide an expected standard deviation. Each peptide’s residual
was normalized to its expected standard deviation, in order to calcu-
late a 'pairwise z-score'. Peptide reactivities were considered positive
for pairwise z-scores �7.

2.7. Statistical analyses

Differences among the total number of peptide enrichments
between sample groups was calculated using a Wilcoxon test (Fig. 4).
Differences among peptide read counts were calculated using a Krus-
kal-Wallis test with Dunn’s correction (Fig. S4). To characterize the
interconnectedness of each individual’s PAD specific peptide reactiv-
ities, we constructed undirected network graphs using the igraph
software package in R. We constructed a database of all peptide-pep-
tide alignments in the human peptidome library with an E value <1;
each node represents a reactive peptide and each edge represents a
peptide-peptide alignment. We used these network graphs to calcu-
late the number of independent peptide reactivities detected for each
individual, defined as the maximal number of reactive peptides with
no sequence homology using the igraph independence.number func-
tion. Differences between the total number of anti-CCP+ patient spe-
cific PAD2- and PAD4-mono-reactivities were determined using an
exact binomial test assuming a null probability of 0.5 for independent
PAD2/4-specific peptides (Fig. 5e).

2.8. Role of funders

The funders were not involved in the study design, data collection
and analysis, interpretation, writing of the manuscript, or in the deci-
sion to submit the paper for publication.

3. Results

3.1. Citrullination of the T7 phage-displayed human peptidome library

In a typical PhIP-Seq experiment, the phage display library is
mixed with 0.2 ml of serum or plasma and immunoprecipitated
(IPed) using magnetic beads coated with protein A and protein G,
which together capture all IgG subclasses. The DNA sequences from
the immunoprecipitated phage clones are then amplified by PCR and
the abundance of each clone is quantified by high throughput DNA
sequencing. To detect citrullinated peptide autoreactivities, we first
developed a method to enzymatically citrullinate the human 90-mer
phage library [27] in vitro using recombinant human PAD2 and PAD4
enzymes (Methods). Sequencing read count data from PhIP-Seq with
a citrullinated library can be directly compared against count data
from PhIP-Seq with an unmodified library. Fig. 1 illustrates how this
type of analysis is able to identify citrulline-dependent autoantibody
binding specificities.
3.2. Phage display library modification and quality assessment

We reasoned it would be important to establish a rigorous and gen-
eralizable quality control pipeline for assessing the integrity of PTM
phage libraries. We first confirmed that buffer exchange using standard
dialysis into two common buffers (PBS and TBS) did not impact phage
viability (Fig. S1a). Second, we assessed phage viability after enzymatic
modification. The 90-mer library, a control clone that does not display a
peptide, and a second control clone that displays a peptide lacking any
arginine residues, were all found to retain their infectivity after treat-
ment with PAD enzyme (Fig. S1b). We also confirmed by western blot
that the buffer and conditions used to citrullinate the phage display
library were compatible with robust PAD activity (Fig. S1c).

We next sought to confirm that PAD does not create reactive citrul-
line epitopes on the phage coat proteins. If it did, the entire library
might be non-specifically immunoprecipitated by ACPAs. To this end,
we assessed the binding of anti-CCP+ versus anti-CCP- sera to a phage
clone without a displayed peptide, which was either subjected to PAD4
modification or not. RA51, the serum sample with the highest level of
anti-CCP+ antibodies, did not precipitate this modified phage clone
(Fig. S1d). Lastly, we confirmed that treatment with PAD enzyme does
not interfere with PCR amplification of the library inserts (Fig. S1e). In
summary, the phage library can be successfully citrullinated in vitro
using recombinant PAD enzyme without loss of viability and without
the formation of phage capsid citrulline epitopes, while remaining com-
patible with downstream amplification for sequencing. A flow chart
illustrating this quality control pipeline, which is readily generalizable
to other PTM PhIP-Seq studies, is shown in Fig. S2.

We next analyzed negative control (“mock”) IPs that omitted anti-
body input in order to characterize the background binding of each
modified and unmodified library peptide to the protein A/G-coated
magnetic beads. The mock IPed libraries were sequenced to a depth
of ~20-fold. The mock IPs of the PAD2- and PAD4-modified libraries
exhibited an essentially indistinguishable background binding profile
compared to the unmodified library (Fig. S3). Conveniently, pairwise
comparison of modified and unmodified libraries is therefore not
confounded by bias in background binding to the beads, simplifying
downstream analyses.

3.3. PAD PhIP-Seq robustly identifies antibodies to citrulline modified
epitopes

We next sought to detect binding of PAD-dependent peptide epit-
opes by ACPAs from anti-CCP+ RA sera. Unmodified, PAD2-modified,
and PAD4-modified libraries were separately immunoprecipitated
with RA51. The PhIP-Seq read count data of RA51 was then subjected
to a pairwise analysis pipeline, as described in Methods and pre-
sented in pre-print [28], to identify PAD-dependent antibody reactiv-
ities. Comparison of the unmodified versus PAD-modified libraries
identified 294 PAD2- and 306 PAD4-dependent reactivities (Fig. 2a,b,
Table S1). In total, 427 unique peptides were found to exhibit PAD-
dependent reactivity; 121 modified peptide reactivities were specific
to PAD2, whereas 133 were specific to PAD4. The remaining 173
modified peptide reactivities were shared among both enzymes
(Fig. 2c).

All RA51 serum reactive peptides were searched for shared
sequences using the shared epitope detection algorithm epitopefindr
[29]. The results are visualized as a network graph in which peptides
are represented as nodes and a potentially shared epitope as edges
(Fig. 2d). Peptides in the largest cluster were then analyzed using the
motif discovery software MEME [30], which revealed a conserved
sequence modified by both PAD2 and PAD4. The motif features
-RGGGGK- and likely contains the citrullinated arginine (Fig. 2e)
[30]. Crystallographic data suggests that PAD4 recognizes five succes-
sive residues with a ØXRXX consensus where Ø represents amino
acids with small side-chains and X denotes any amino acid [31]. This



Fig. 1. Experimental design of PAD PhIP-Seq. (i) PAD-modified (top) and unmodified (bottom) phage libraries are mixed with patient serum. (ii) The resulting phage-antibody
immunocomplexes are then precipitated on Protein A/G beads and unbound phage washed away. (iii) Peptide inserts of the immunoprecipitated clones are PCR amplified and ana-
lyzed by high throughput DNA sequencing. Abundant clones along the diagonal (purple) represent reactive peptides that do not depend upon modification. Off-diagonal peptides
(green) are immunoprecipitated only after being post-translationally modified. Low abundant clones and non-reactive library members cluster at the origin (blue).
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is in agreement with an in silico -RXXXXK- PAD2 model and a
-RGXXXX- PAD4 model (with a strong preference for glycine at the
+1, +2, and +3 positions [32], as well as the experimentally deter-
mined PAD4 citrullination sequences -RG/RGG- of FET proteins [33]
and -SGRGK- of histone H2A [34]. PTM PhIP-Seq can thus be used to
characterize the substrate specificity of enzymes imparting post-
translational modifications.

3.4. Longitudinal analysis of ACPA fine specificities using PAD PhIP-Seq

ACPA are expressed at all stages of RA and can precede the onset
of clinical disease by over a decade [35]. Clinically, ACPAs are
Fig. 2. Profiling PAD-dependent antibody reactivity. a Scatter plot comparison of PAD PhIP-S
rullinated library using serum from RA51, an anti-CCP+ RA patient. Citrulline-dependent pep
dependent epitopes identified from PAD PhIP-Seq of RA51. d Network graph of all reactive p
library (blue), or both PAD2 and PAD4 libraries (yellow). Nodes are linked if the peptides
sequence alignment logo generated from the largest cluster in d.
routinely used to aid in the diagnosis of RA and provide prognostic
information about disease severity and phenotype (e.g., risk of ero-
sive disease and interstitial lung disease) [36]. Moreover, changes in
anti-CCP levels correlate with treatment responses [37]. By monitor-
ing ACPA fine specificities, however, it may be possible to increase
the sensitivity and specificity of this diagnostic modality. As a proof
of concept, we longitudinally profiled serum from an anti-CCP+ RA
patient with high disease activity. PAD4 PhIP-Seq was employed to
probe the individual’s ACPA repertoire at seven timepoints, both pre-
and post-treatment with the B cell depletion therapy, rituximab
(Figs. 3, S4). Reactivity profiles obtained prior to treatment harbored
consistent levels of PAD4-dependent reactivity, directed at ~100
eq data from separate IPs of the unmodified and the PAD2-citrullinated and b PAD4-cit-
tide reactivities are colored red. c Pie chart demonstrating the distribution of citrulline-
eptides in a and b. Nodes represent reactive peptides from the PAD2 library (red), PAD4
share sequence homology. The purple circle indicates the largest cluster. e A multiple



Fig. 3. Longitudinal monitoring of ACPA reactivity in a patient with RA using PAD4
PhIP-seq. The total number of immunoprecipitated citrullinated peptides (black)
declines following B cell depletion with rituximab (arrows) starting on Day 22, at
which point a steady decline in citrulline-dependent antibody reactivity is observed at
a rate of y=-1.3 x + 106.9 (R2=0.8) over the course of 9 weeks. The percentages of CD19
+ (magenta) and CD20+ (green) cells of total lymphocytes in peripheral blood are
shown on the secondary axis. Immunoprecipitated peptides on days 0-22 are reflective
of baseline treatment with methotrexate and glucocorticoids.
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citrullinated peptides comprising ~80 distinct protein targets. Subse-
quent to B cell depletion, the number of PAD4-dependent reactivities
declined at a rate of approximately 9 peptides per week for 9 weeks
(R2 = 0.8 during this time period). This fall in citrulline-dependent
antibody levels and diversity was followed by clinical improvement
of synovitis as measured by Clinical Disease Activity Index (36 on Day
1 and 10.5 a month after the first rituximab treatment). These data
indicate that PAD PhIP-Seq can be used to characterize the temporal
evolution of citrulline-dependent autoantibody fine specificities in
response to treatment.

3.5. PAD PhIP-Seq positivity is concordant with clinical CCP test results

We next asked how well the PAD PhIP-Seq assay correlates with
clinical anti-CCP serostatus. Unmodified, PAD2-modified and PAD4-
modified libraries were separately immunoprecipitated using sera from
a cohort of 31 RA patients and 10 demographically matched healthy
controls. Upon sample unblinding, 20 of 21 anti-CCP+ patients were
Fig. 4. Cross sectional concordance of PAD PhIP-Seq with the clinical CCP assay. a The numb
vidual across the three groups: healthy controls (HC, n = 10), anti-CCP- RA (n = 10), and anti-C
found to exhibit significant reactivity to a large set of PAD2 and/or
PAD4-dependent peptide epitopes (Fig. 4a,b, Table S1). Using a cutoff of
�15 PAD-dependent reactive peptides, PAD PhIP-Seq positivity was
highly concordant with the clinical antigen-agnostic CCP assay; only
one anti-CCP+ serum recognized neither PAD2 nor PAD4 PhIP-Seq pep-
tides, and one additional anti-CCP+ serum recognized PAD4 PhIP-Seq
peptides, but did not recognize PAD2 PhIP-Seq peptides above threshold
(Table S1). It is important to note that the observed discordance may be
due to CCP testing and PAD PhIP-Seq analysis not always being per-
formed on the same sample timepoints. None of the sera from the 10
healthy controls, nor that of a Sjogren’s Syndrome patient, reacted with
PAD PhIP-Seq peptides above threshold (Table S1). In this cohort, the
PAD PhIP-Seq assay performedwith a sensitivity of 90�95% and a speci-
ficity of 100%, when compared to the standard-of-care clinical assay that
globally captures ACPAs using artificial CCP peptides.
3.6. PAD PhIP-Seq reveals PAD2- and PAD4-dependent autoantibody
reactivity signatures

Small molecule inhibitors of PAD enzymatic activity have
emerged as promising candidates for the treatment of RA [18,38,39].
Pan-PAD inhibitors and those with distinct inhibitory profiles against
PAD2 and PAD4 have been developed [40]. It is therefore of great
interest to determine whether subgroups of RA patients harbor
ACPAs that exhibit a discernable preference for PAD2- versus PAD4-
modified epitopes. Isoform-preferring antibody signatures, if they
exist, may have utility in distinguishing subgroups of individuals
more likely to benefit from one class of PAD inhibitors over another.

To identify potential PAD2- and PAD4-specific antibody signa-
tures, we hierarchically clustered the anti-CCP+ patient subset based
on their reactivity profiles (Fig. 5a). While we observe diverse reac-
tivity to both PAD2- and PAD4-modified peptides, the clustering sug-
gested the existence of distinct, patient-specific reactivity
preferences among PAD2 versus PAD4 substrates. A total of 1,161
PAD-dependent reactivities were detected in at least three sera; 303
were unique to PAD2, 272 were unique to PAD4, and 293 peptides
were reactive after modification by either enzyme (Fig. 5b). Among
these dominant peptides are the known PAD substrates hornerin
(HNNR) [41], keratin (KRT4) [42], and collagen (COL2A1) [43]. Other
well-known substrates, however, including histone, vimentin, and
fibrinogen, were not represented. The absence of these likely reflect a
requirement for a higher level of conformational structure to serve as
er of differentially reactive PAD2-dependent and b PAD4-dependent epitopes, per indi-
CP+ RA (n = 21).



Fig. 5. Reactivity profile of anti-CCP+ individuals. a Clustering of ACPA reactivity to citrulline-containing epitopes. Rows are peptides recognized by at least three anti-CCP+ sera
(columns). b Distribution of the citrulline-dependent epitopes identified in a.
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a PAD substrate and/or an antibody epitope, compared to the 90
amino acid peptides presented on the surface of the T7 phage.

Similar to the protein citrullination patterns observed in PAD trans-
fected cells [16,44], many of the dominant peptide reactivities were due
to modification by either PAD2 or PAD4. The number of anti-CCP+ indi-
viduals reactive to a given PAD modified peptide is shown in Fig. 6a,
illustrating peptide seroprevalence as a function of PAD2 versus PAD4
modification. Approximately 2.5% of all peptides were reactive in at
least one anti-CCP+ individual. Several peptides, however, were con-
verted into citrullinated epitopes exclusively by one or the other
enzyme: 65 by PAD2 and 50 by PAD4 (Table S2). We reasoned that
these particular peptides could be used to probe the PAD specificity pro-
file of ACPAs. A second potential application for these peptides would be
as sensors for PAD2 or PAD4 enzymatic activity in a biological matrix.

The number of PAD2- and PAD4-specific peptide reactivities across
all the anti-CCP+ individuals are shown in Fig. 6b,c.Many peptides are
strongly reactive after modification by one, but not the other, PAD
enzyme (“mono-reactive”). A shared epitope network graph was used
Fig. 6. Identifying PAD2 and PAD4 reactivity signatures. a Number of anti-CCP+ individuals r
3 people. b Distribution of PAD2-specific and c PAD4-specific reactivities for all anti-CCP+ in
Nodes are peptides and are linked if they share sequence similarity.
to characterize the degree of sequence homology among these 115
mono-reactive peptides. Approximately 50% of the mono-reactive
peptides form nodal networks of >3 edges with the largest network
consisting of 42 peptides (Fig. 6d, Fig. S5). A total of 32 mono-reactive
peptides remains as singletons and do not align to any other mono-
reactive peptide. A comparison of the number of PAD2- versus PAD4-
specific reactivities detected in each anti-CCP+ individual is shown in
Fig. 7. Overall preference for PAD2 versus PAD4 was quantified using
an exact binomial test. A significant differential PAD2/4 “preference”
was detected in some anti-CCP+ individuals (Table S3). These data
support further investigation into specific PAD isoform-associated
ACPA profiles and their potential relevance for prognostication and/or
PAD-inhibitor companion diagnostic testing.

4. Discussion

Serum antibody profiling can inform understanding of human
immune processes, as well as suggest disease-specific antibody
eactive to a PAD modified peptide. Data is shown for peptides (dots) reactive in at least
dividuals. d Network graph of all PAD2 (red) and PAD4 (blue) specific reactive peptides.



Fig. 7. Number of PAD specific reactivities for all anti-CCP+ individuals. Dot size is pro-
portional to the total number of PAD2 and PAD4 reactivities. Statistical significance
was determined using an exact binomial test assuming a hypothesized null probability
of 0.5 for independent peptides and is represented as a color gradient from black (not
significant) to red (significant).
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biomarkers. Despite advances in highly multiplexed serological anal-
yses, there exists an unmet need for methods that can characterize
antibodies to post-translationally modified or haptenized epitopes.
Here, we adapted the antibody profiling platform PhIP-Seq to the
quantitative analysis of antibody reactivity towards an enzymatically
citrullinated human peptidome library. This allowed us to character-
ize and track the fine specificities of ACPA responses of individual RA
patients over time, without bias, in high-throughput and at relatively
low cost.

There are important caveats to the use of phage-displayed 90-mer
peptides as surrogates for full length proteins. First, peptides may not
contain the necessary conformational requirements for binding to ACPAs,
thus contributing to false negative results. However, ACPAs are thought
to behave to some extent like anti-hapten antibodies such that citrulline
is recognized as the primary point of contact [45], while the surrounding
amino acids underlie each ACPA’s substrate binding profile. This model is
supported by a significant monoclonal cross-reactivity among citrulli-
nated substrates [46], and the fact that non-physiologic anti-cyclic citrulli-
nated peptide (CCP) assays performwith high clinical accuracy.

Second, many 90-mer peptides used in this study may not form the
necessary secondary or tertiary structure required for appropriate PAD
recognition. This could also contribute to false negatives. Non-physio-
logic availability of normally inaccessible arginine residues, however,
may lead to false-positive results. While it is true that PAD enzymes
would typically citrullinate fully folded protein substrates initially, in
vitro assays indicate that modification of solvent-exposed arginines can
lead to a stepwise unfolding that reveals buried arginines, which can be
subsequently citrullinated and serve as antibody epitopes [47,48]. This
process is thought to contribute to the structural changes associated
with aberrant citrullination and autoantigenicity. Therefore, sequential
citrulline-associated unfolding of full-length proteins may reveal cryptic
arginine residues that are also exposed in the 90-mer peptide library.

Despite such caveats, because the complete RA citrullinome and
associated ACPA targets remains unclear, unbiased approaches can
serve as powerful hypothesis-generating tools. Novel reactivities of
interest should be confirmed by orthogonal assays using full length
proteins, preferably expressed in mammalian cells under relevant
physiologic conditions.

The use of PTM PhIP-Seq is broadly applicable to studies of diverse
PTMs, potentially adaptable to studies of glycosylation [49], carbamy-
lation [50], phosphorylation [51], deamidation [52], and other modi-
fications [6]. PTMs of the phage-displayed human peptidome may
also be used to profile PTM-dependent protease substrate preference
via the proteome-wide SEPARATE assay [53,54]. PTM PhIP-Seq is
therefore a powerful addition to the programmable phage display
toolkit with broad utility for genome-wide proteomic analyses.
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