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Abstract

The mechanisms underlying development of ribonucleoprotein (RNP) autoantibodies are
unclear. The U1-70K protein is the predominant target of RNP autoantibodies, and the RNA
binding domain has been shown to be the immunodominant autoantigenic region of U1-70K,
although the specific epitopes are not known. To precisely map U1-70K epitopes, we
developed silicon-based peptide microarrays with 45700 features, corresponding to 843
unique peptides derived from the U1-70K protein. The microarrays feature overlapping
peptides, with single-amino acid resolution in length and location, spanning amino acids 110–
170 within the U1-70K RNA binding domain. We evaluated the serum IgG of a cohort of
patients with systemic lupus erythematosus (SLE; n¼ 26) using the microarrays, and identified
multiple reactive epitopes, including peptides 116–121 and 143–148. Indirect peptide ELISA
analysis of the sera of patients with SLE (n¼ 88) revealed that �14% of patients had serum IgG
reactivity to 116–121, while reactivity to 143–148 appeared to be limited to a single patient. SLE
patients with serum reactivity to 116–121 had significantly lower SLE Disease Activity Index
(SLEDAI) scores at the time of sampling, compared to non-reactive patients. Minimal reactivity
to the peptides was observed in the sera of healthy controls (n¼ 92). Competitive ELISA
showed antibodies to 116–121 bind a common epitope in U1-70K (68–72) and the matrix
protein M1 of human influenza B viruses. Institutional Review Boards approved this study.
Knowledge of the precise epitopes of U1-70K autoantibodies may provide insight into the
mechanisms of development of anti-RNP, identify potential clinical biomarkers and inform
ongoing clinical trails of peptide-based therapeutics.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic inflamma-

tory disease that frequently affects multiple tissues, including

the joints, skin and kidneys. Multiple serum autoantibodies

targeting nuclear antigens, including DNA, Smith, Ro, La,

histones and ribonucleoprotein (RNP), are a defining feature

of SLE. These autoantibodies can develop years before

disease onset, are associated with disease activity, and, in the

case of anti-DNA, can initiate early stages of renal disease

[1–3]. Development of RNP autoantibodies closely precede

diagnosis of SLE, implicating them in the pathogenesis of

disease [1].

RNP autoantibodies bind to components of the U1–small

nuclear ribonucleoprotein (U1–snRNP) complex, which is

one of five snRNPs that make up the spliceosome [4]. Anti-

RNPs are known to bind epitopes within three proteins from

the U1–snRNP complex, U1-70K, U1-A and U1-C, with

U1-70K being the predominant target [5]. Autoantibodies

that recognize U1-70K (also called U1-68K, U1-70 and

U1-70 kD) are found in the sera of 11–44% of patients with

SLE [6–8]. High-titer U1-70K autoantibodies are found in the

sera of 95% of patients with mixed connective tissue disease

(MCTD), an overlap syndrome sharing clinical features with

SLE, systemic sclerosis and polymyositis [5,7,9,10].

Multiple epitopes exist in U1-70K, and the serum reactiv-

ity patterns to these epitopes are heterogeneous between

patients with U1-70K autoantibodies [11,12]. A number of

approaches have been used to map the epitopes of

autoantibodies to U1-70K, including analysis of recombinant

protein fragments [11–16], overlapping peptides [17–19] and
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chimeric Drosophila proteins [14,20,21]. Identifying the

precise length and location of epitopes with these approaches

is a labor-intensive process that often requires multiple

iterations of peptide synthesis or protein design and expres-

sion. Current approaches also have relatively low resolution,

and potentially miss epitopes that rely on specific N- or

C-termini. It is important to identify the precise epitopes of

U1-70K autoantibodies in order to understand the mechan-

isms underlying development of anti-RNP. Additionally,

identifying epitope reactivity associated with specific clinical

manifestations of SLE could enhance clinical autoantibody

tests. For example, an apoptosis-induced proteolytic fragment

of U1-70K has been associated with skin disease in patients

with SLE or MCTD [22].

Recently, our group developed silicon-based peptide

microarrays to map SLE patient serum antibody epitopes

within the N-terminal tail of histone H2B [23]. We used

maskless photolithography to synthesize every possible sub-

peptide within the region, with respect to length and location,

on the surface of derivatized microprocessor-grade silicon

wafers. While traditional overlapping peptide libraries often

have an offset, or resolution, of five amino acids, and are

constrained to a single-peptide length, our platform enabled

single-amino acid resolution in both offset and length. Other

advantages of using a silicon substrate include high-feature

density, high reproducibility and low-background fluores-

cence. Using the microarrays, we identified a five amino acid

minimum epitope within the tail of H2B that was associated

with increased activation of the type I interferon pathway and

disease activity in patients with SLE [24].

In the current study, we characterized the epitopes of

U1-70K autoantibodies at single-amino acid resolution using

silicon-based peptide microarrays with 45700 features, cor-

responding to 843 unique peptides derived from the U1-70K

protein. The features on the microarrays represent overlapping

peptides, with single-amino acid resolution in length and

location, spanning amino acids 110–170 within the U1-70K

RNA binding domain. We focused on the RNA binding

domain, as it is the immunodominant autoantigenic region of

U1-70K [12], and our lab recently identified a population of

autoreactive CD4+ T cells in MRL/lpr mice specific for a

peptide (131–150) within the region [25]. Further, a peptide-

based therapeutic, rigerimod (IPP-201101, trade name

Lupuzor), that features amino acids 131–151 of the U1-70K

RNA binding domain is currently starting phase III clinical

trials for treatment of SLE [26].

We validated the U1-70K microarrays using two commer-

cial anti-U1-70K antibodies. We then used the microarrays to

characterize the epitopes of the serum IgG of patients with

SLE. We identified multiple reactive sequences and further

investigated the two most reactive epitopes, 116–121 and

143–148 by indirect peptide ELISA. Approximately 14% of

patients with SLE had serum reactivity to epitope 116–121,

while 143–148 appeared to be a patient-specific epitope. SLE

patients with serum reactivity to 116–121 had lower disease

activity than non-reactive patients. We showed patient serum

antibodies to 116–121 bind a common epitope in U1-70K

(68–72) and the matrix protein M1 of human influenza B

viruses by competitive ELISA. Identification of epitopes

within the U1-70K autoantigen may elucidate how anti-RNP

develops, enhance clinical autoantibody tests and inform the

development of peptide-based therapeutics.

Methods

Patients

We used serum samples from patients with SLE and normal

controls collected as part of the Autoimmune Biomarkers

Collaborative Network (ABCoN; Table S1), with approval

from the University of Minnesota Institutional Review Board

(protocol 0110M09982). All the patients with SLE met

American College of Rheumatology revised criteria for

classification of SLE [27]. Sera from healthy adult controls

(n¼ 88) were baseline samples from an influenza vaccine

study at the Stanford-Lucille Packard Children’s Hospital

(LPCH) Vaccine Program in 2008–2009 (Table S2). Inclusion

criteria are detailed in Price et al. [28]. The study was

approved by the Stanford IRB (protocol 8215). Written

consent was obtained from all the individuals referenced in

the article.

Silicon-based peptide microarrays

A detailed description of the fabrication and probing of

the silicon-based peptide microarrays is available in a

previous manuscript [23]. The sequences of the peptide

features present on the microarrays were based on

amino acids 110–170 of the human U1–snRNP 70-kDa

protein [Genbank:NP_001287998.1, Genbank:NP_003080.2).

Maskless photolithography was used to synthesize peptides

that were covalently linked to derivatized microprocessor-

grade silicon wafers by their C-termini [23]. Briefly, we

washed deprotected microarrays in propylene glycol mono-

methyl ether acetate (PGMEA; Sigma), 2-propanol (Sigma,

St. Louis, MO) and then PBS with 0.1% Tween-20 (Sigma;

PBST). We then incubated the microarrays with primary

antibodies (at the indicated concentrations) or human serum

(diluted 1/250) in 3% FCS in PBST. Following incubation

with antibodies or serum, we stained the microarrays with

Cy3-conjugated goat anti-rabbit IgG (H + L; Invitrogen,

Carlsbad, CA) or Cy5-conjugated goat anti-human IgG (Fcy

specific; Jackson ImmunoResearch, West Grove, PA) diluted

in 20% FCS in PBST. We scanned the microarrays using a

GenePix 4000B microarray scanner (Molecular Devices,

Sunnyvale, CA). Fluorescent images were gridded using

GenePix Pro 6.0 Acquisition and Analysis Microarray

Software (Molecular Devices) to determine the median

fluorescence intensity (MFI) of each feature.

Indirect peptide ELISA

We used indirect ELISA to measure reactivity of anti-U1-70K

polyclonal antibodies, 70R-4091 (Fitzgerald, Acton, MA), to

U1-70K peptides 111–124 NYDTTESKLRREFE(K-biotin),

118–124 KLRREFE(K-biotin), 120–124 RREFE(K-biotin),

143–154 PRGYAFIEYEHE(K-biotin). Indirect ELISA was

also used to measure human serum IgG binding to U1-70K

peptides 116–121 ESKLRR(K-biotin), and 143–148

PRGYAF(K-biotin). Peptides were biotinylated on the C-

terminus to match the orientation of peptides on the U1-70K

microarrays. All the peptides were synthesized by solid phase
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synthesis, purified by high-performance liquid chromatog-

raphy (HPLC; 487%), and verified by mass spectrometry.

Streptavidin High-Binding Capacity Coated 96-Well Plates

(Pierce, Rockford, IL) were coated with the peptides at 2 mg/

ml in PBS. Patient serum was diluted 1/100 (or as otherwise

indicated) in PBST with 10 mg/ml BSA. All the measure-

ments were performed on duplicate wells. Dissociation-

Enhanced Lanthanide Fluorescent Immunoassay (DELFIA)

Europium-labeled goat anti-rabbit IgG or mouse anti-human

IgG (Fcg specific) were used as secondary reagents

(PerkinElmer, Waltham, MA). Time-resolved fluorescence

was determined using a Wallac Victor model 1420 Multilabel

Counter (PerkinElmer). For patient serum ELISAs, the signal

of 116–121 was subtracted from that of 143–148, and vice

versa, to account for non-specific binding. This could have

caused an underestimation of the frequency of epitope-

reactive patients, in the case of double-positive patient

samples. We did not observe any double-positive patients

by microarray, suggesting that the occurrence of double-

positive patients is below approximately 0.05%.

Competitive ELISA

Two 116–121 reactive patient serum samples were diluted

1/100 in PBST with 5% FCS, and then incubated with U1-70K

peptide 68–72 (ERKRR), a scrambled control peptide

(RRERK), or vehicle for 20 min at room temperature (peptide

concentration¼ 16 mg/ml). Both peptides were synthesized by

solid phase synthesis, purified by HPLC (490%) and verified

by mass spectrometry. Following incubation, duplicate sam-

ples were used to probe Streptavidin High-Binding Capacity

Coated 96-Well Plates (Pierce) that had been coated with 116–

121 ESKLRR(K-biotin) at 2 mg/ml in PBS. DELFIA

Europium-labeled mouse anti-human IgG (Fcg specific) was

used as secondary reagent (PerkinElmer), and time-resolved

fluorescence was determined using a Wallac Victor model

1420 Multilabel Counter (PerkinElmer).

Statistics

Calculations were performed with R 3.0.2 [29]. Replicate

features on the U1-70K microarrays were averaged and

median centered prior to analysis. The R package pheatmap

was used to create the hierarchically clustered heatmap [30].

Prism 6 software (GraphPad, La Jolla, CA) was used to

perform the Mann–Whitney tests.

Results

Layout of U1-70K silicon-based peptide microarrays

To investigate the precise patterns of antibody reactivity to

epitopes within the RNA binding domain of U1-70K, we

created silicon-based microarrays featuring peptides corres-

ponding to amino acids 110–170 of the human U1-70K

protein (Figure 1A). The microarray layout is illustrated in

Figure 1(B), and consists of overlapping 3- to 10-mer peptides

in triplicate, tiled with a one amino acid offset across the

region, and duplicate 21� 21 feature blocks representing

every possible 1- to 21-mer within the sequence ranges. Each

21� 21 block on the microarrays has a diagonal line of

symmetry, highlighted in yellow in Figure 1(C), with

duplicate features on each side. Within the lower right half

of each block, moving one feature along a row toward the line

of symmetry corresponds to the removal of a single amino

acid from the C-terminus of the peptide sequence. Similarly,

moving one feature up a column corresponds to the removal

of a single amino acid from the N-terminus. In all, there are

45700 features, corresponding to 843 unique peptides on each

U1-70K microarray.

Validation of microarrays with commercial U1-70K
antibodies

We validated the U1-70K microarrays using two commercial

polyclonal antibodies raised against regions of U1-70K that

are represented on the microarrays (Figure 2A and S1).

Antibody 70R-4901 showed high levels of reactivity to

peptides corresponding to sequences within its immunogen

(91–140), compared to those that were outside of the

immunogen (Figure 2A). Two distinct minimal epitopes,

112–115 and 121–124, were identified, and are highlighted in

Figure 2A. Antibody GTX101864 also showed reactivity to

peptides within its immunogen, with the minimal epitope

147–152 (Figure S1). Both of the respective isotype control

antibodies had minimal reactivity. Reactivity of 70R-4901 to

the microarrays was highly reproducible across replicates and

experimental days (R240.98; Figure S2). Further, reactivity

of 70R-4901 to peptide 111–130 as well as other closely

related peptides on the microarray was substantially reduced

by pre-incubating with soluble 111–130, but not 141–160

(Figure S3).

We confirmed the epitopes of polyclonal 70R-4901

identified using the microarrays by indirect peptide ELISA.

We selected a highly reactive sequence spanning both

minimal epitopes (111–124), two shorter reactive subse-

quences (118–124 and 120–124) and a non-reactive sequence

(143–154), and generated corresponding biotinylated peptides

by traditional solid-phase synthesis. In agreement with the

microarrays, we found that peptides 111–124, 118–124 and

120–124 were also reactive by ELISA, while the signal of

143–154 was negligible (Figure 2B). These findings demon-

strate that the U1-70K microarray platform is capable of

sensitive and specific determination of the minimal epitopes

of commercial polyclonal antibodies.

Identification of U1-70K serum autoantibody epitopes
at single-amino acid resolution

To identify autoantibody epitopes within the RNA binding

domain of U1-70K, we probed U1-70K microarrays with sera

from patients with SLE (n¼ 26) in the Autoimmune

Biomarkers Collaborative Network (ABCoN) cohort (Figure

3). We observed diverse binding patterns between SLE patient

samples and identified multiple epitopes, including 116–121,

143–148 and 138–142 (Figures 3 and 4).

Approximately 12% (3/26) of the patients with SLE had

serum IgG reactivity to epitope 116–121. Samples 173-04 and

209-01 had high reactivity, while lower levels were observed

in 057-01 (Figure 3A). A shorter minimal epitope, 116–118

ESK, was capable of supporting 90% of reactivity to 116–121

(Figure 4B). Reactivity to 116–121 was constrained at the N-

terminus to glutamic acid 116, as a gain or loss of a single
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Figure 1. Layout and content of silicon-based U1-70K peptide microarrays. (A) Peptides representing sequences from amino acids 110–170 of the
RNA-binding domain of the human U1-70K protein were synthesized using maskless photolithography on the surface of a silicon wafer. (B) The
microarray consists of overlapping 3- to 10-mer peptides in triplicate, tiled with a one amino acid offset across the region (upper), and duplicate 21� 21
feature blocks representing every possible 1- to 21-mer within the sequence ranges shown below (lower). (C) An expanded view of a block featuring
peptides derived from amino acid sequence 110–130 is shown. The peptide sequences of features from the bottom row and right-most column are
shown for illustration.
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amino acid at the N-terminus caused a dramatic reduction in

reactivity (Figure 4B). Further, a similar peptide on the

microarray with a tyrosine in place of the glutamic acid (136–

138 YSK) had minimal reactivity, compared to 116–118 ESK.

These results show that reactivity to epitope 116–121 is

present in the sera of a subset of patients with SLE, is

critically dependent on the N-terminal glutamic acid, and can

tolerate variation in length at the C-terminus.

Reactivity to epitope 143–148 appeared to be unique to

patient sample 068-04 (Figure 3C). Within 143–148,

sequences PRGY and PRGYA were the most reactive, while

the dipeptide PR was sufficient for 98% of reactivity. Similar

to 116–121, a gain or loss of a single amino acid at the N-

terminus caused a dramatic reduction in reactivity (Figure

4C). Further, similar dipeptides on the microarray with

leucine, glutamic acid, arginine or lysine in place of the N-

terminal proline, showed minimal reactivity. A related

sequence, 128–129 PI, also showed high levels of reactivity,

but reactivity was diminished by the addition of lysine 130 at

the C-terminus (Figure 4B, second row). This indicates that

the 143–148 epitope is constrained at the N-terminus to

proline, allows for some variation at position 2, but shows

more sequence specificity if additional amino acids are

included at the C-terminus.

Patient sample 108-05 was reactive to region 138–149

(KRSGKPRGYAFI), containing the minimal epitope 138–142

(Figure 3A). Similar to 116–121 and 143–148, binding was

constrained at the N-terminus to lysine 138, but allowed for

variation in the length of the C-terminus. Peptide 138–149

overlaps with 143–148, but reactivity patterns were distinct

between patient samples 108-05 and 068-04. This was likely

due to the specificity of the antibodies for their respective

epitopes’ unique N-terminal sequences, and emphasizes the

advantage of using a platform with single-amino acid

resolution.

ELISA confirmation of SLE serum IgG reactivity to
U1-70K peptide epitopes

We used indirect peptide ELISA to validate the serum

autoantibody epitopes identified with the microarrays. We

selected the two most reactive epitopes, 116–121 and 143–

148, and synthesized biotinylated peptides corresponding to

their sequences by traditional solid-phase synthesis. We

assayed patient serum samples 173-04 and 068-04, as they

were the most reactive to 116–121 and 143–148 by micro-

array, respectively. We found there was a high level of

agreement with the microarray findings: 173-04 had high

levels of IgG reactivity to 116–121, but negligible reactivity

to 143–148, while 068-04 showed the opposite pattern

(Figure 5A).

Longitudinal analysis of reactivity to U1-70K peptide
epitopes

To investigate IgG reactivity to peptide epitopes 116–121

and 143–148 over time, we performed peptide ELISA on

sera obtained at 5 patient visits each from patients 173 and

068 (Figure 5B). There was an average of 96 days between

visits, and the time course had an interval of up to 406

days. We found that patient 173 had relatively stable, high

levels of reactivity to 116–121. This corresponded with

stable SLE Disease Activity Index (SLEDAI) scores 53

across the visits. Patient 068 had minimal reactivity to

143–148 in the first two visits, followed by a peak at day

266. The increase in reactivity was coincident with an

arthritic and hematologic flare at day 266 (SLEDAI of 0

for all the visits except day 266, when it was 7), suggesting

that reactivity to 143–148 might be associated with

increased disease activity. No other notable clinical features

appeared to be associated with reactivity changes to the

peptides.

Figure 2. U1-70K peptide microarrays iden-
tify the minimal epitopes of an anti-U1-70K
polyclonal antibody. (A) An anti-U1-70K
polyclonal antibody, 70R-4091, and a non-
specific polyclonal control, were used to
probe U1-70K microarrays at 1 mg/ml.
Reactivity was detected with a Cy3-conju-
gated anti-rabbit secondary antibody, and the
resulting fluorescent microarray images are
shown, including an inset featuring block
110–130 in greater detail. A heatmap (right)
shows the Median Fluorescence Intensity
(MFI) of each feature in the inset block, and
minimal epitopes 112–115 and 121–124 are
highlighted. (B) Selected reactive peptides
(111–124, 118–124 and 120–124) and a non-
reactive control (143–154) were generated as
C-terminal lysine-biotinylated peptides using
traditional solid-phase synthesis. Indirect
peptide ELISA on streptavidin-coated plates
was performed using 70R-4091 followed by
europium-labeled goat anti-rabbit IgG, and
the time-resolved fluorescence counts for
each condition are shown (error bars¼ SD).
Reactive peptides used for ELISA are high-
lighted in the microarray inset in (A).
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U1-70K epitope reactivity is specific to SLE, and
patients with less-active disease

To determine whether reactivity to the peptide epitopes

116–121 and 143–148 was specific to patients with SLE

compared to healthy controls, we performed indirect peptide

ELISA (Figure 6A). We used sera from patients with SLE

(n¼ 88) and healthy adult controls (n¼ 92) collected as part

of the ABCoN and Stanford-LPCH Vaccine Program cohorts.

We found that �14% (13/88) of patients with SLE had

reactivity to 116–121 (using the maximum healthy control

signal as a cutoff). Only patient sample 068-04 was positive

for 143–148. We compared the SLEDAI scores at the time of

sample collection between SLE patients with and without

serum reactivity to epitope 116–121, and found that reactive

patients had significantly lower scores than non-reactive

patients (p¼ 0.048). While a larger study would be necessary

to confirm this finding, it suggests that reactivity to 116–121

may be associated with reduced disease activity (Figure 6B).

To investigate reactivity to epitope 116–121 further,

we probed a U1-70K microarray with patient serum sample

Figure 3. U1-70K peptide microarrays iden-
tify the serum antibody epitopes of patients
with SLE. (A) Serum samples from patients
with SLE (n¼ 26) were used to probe U1-
70K microarrays, and antibody binding was
detected using a Cy5-conjugated anti-human
IgG (Fcg specific) secondary antibody. A
hierarchically clustered (unsupervised,
Euclidean distance) heatmap of 216 peptides,
filtered for features with a maximum Z-score
53 is shown. Black bars on the right indicate
reactive peptide clusters. Peptide clusters
116–121 and 143–148 are shown in more
detail in (B) and (C), respectively. The
sequences corresponding to the microarray
features are shown on the right, and the
peptides used for indirect ELISA are under-
lined. Sample names are shown at the bottom
of each column. The MFIs of each microarray
were median centered and log transformed
prior to clustering.
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Figure 5. ELISA analysis confirms serum reactivity to U1-70K peptide epitopes, and reveals distinct longitudinal patterns of reactivity between
patients. (A) Selected reactive peptide sequences (116–121 and 143–148) were generated as C-terminal lysine-biotinylated peptides using traditional
solid-phase synthesis, and were used to perform indirect peptide ELISA. The peptides were bound to streptavidin-coated plates, and the plates were
then probed with a dilution series of serum samples from known reactive patients (173 and 068). Binding of the europium-labeled mouse anti-human
IgG (Fcg specific) secondary was quantified by time-resolved fluorescence. (B) Longitudinal serum samples, collected approximately every 3 months
and corresponding to 1 year of clinic visits, were assayed by ELISA (error bars¼ SD).

Figure 4. U1-70K microarrays reveal diverse
peptide reactivity patterns when probed with
SLE patient serum. (A) Fluorescence images
from selected microarrays are shown with
patient identifiers on the left. Patient samples
173-04 and 068-04 have high reactivity to
116–121 and 143–148, respectively. A less-
reactive patient sample, 030-04, is shown for
comparison. Insets highlighting reactivity to
specific peptide features within the 110–130
(B) and 140–160 (C) blocks are shown.
Peptide features corresponding to peptides
used for validation by ELISA (116–121 and
143–148) are indicated with smaller squares,
and their sequences are shown to the right of
the most reactive samples. Peptide 128–129
PI is indicated with a magenta arrow.
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216-03 (Figure 7). Patient 216 was selected because this

subject’s serum samples were consistently reactive to

116–121 across multiple patient visits, as measured by

ELISA (coincident with SLEDAI scores of 0 across all the

visits, data not shown). In agreement with ELISA, microarray

analysis showed that 216-03 was reactive to 116–121.

Interestingly, 216-03 had a slightly longer minimum epitope

(ESKLR) and would be predicted to have higher specificity to

U1-70K compared to the SLE patients who were previously

analyzed (ESK). Sample 216-03 also had reactivity to peptide

129–137 (IKRIHMVYS), with minimal epitope 131–136.

Unlike the other epitopes we identified, reactivity appeared to

allow for variation in length at the N-terminus, but was

constrained at the C-terminus to tyrosine or serine at positions

136 or 137, respectively.

Serum antibodies to 116–121 bind a common epitope
in U1-70K and influenza B virus

Guldner et al. [31] reported serum antibodies of MCTD and

SLE patients bound an epitope (ERKRR) that is common to

amino acids 68–72 of U1-70K and the matrix protein M1 of

human influenza B viruses. To investigate whether serum

antibodies to 116–121 (ESKLRR) also bound to ERKRR, we

used competitive ELISA. We selected serum samples from

two patients (173 and 216) based on their high reactivity to

116–121. After incubating the serum samples with peptide

ERKRR, a scrambled control peptide or vehicle, we measured

the remaining IgG reactivity to 116–121 by indirect ELISA.

We found that incubation with ERKRR caused substantial

reduction in reactivity to 116–121, compared to scrambled

peptide and vehicle controls, suggesting antibodies to

116–121 also bind the common epitope found in U1-70K

and M1 protein of influenza B (Figure 8).

Discussion and conclusions

In the current study, we characterized the epitopes of serum

autoantibodies to U1-70K at single-amino acid resolution

using silicon-based microarrays featuring sequences from the

RNA binding domain of U1-70K. We validated the micro-

arrays using two commercial U1-70K antibodies, and found
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Figure 6. Peptide ELISA reveals a subset of SLE patients with serum IgG reactivity to U1-70K epitope 116–121, and reactivity to 116–121 is
associated with decreased disease activity. (A) Biotinylated peptides 116–121 and 143–148 were used to coat 96-well streptavidin coated ELISA plates.
Serum samples from patients with SLE (n¼ 88) and healthy volunteers (n¼ 92) were used to probe the plates in duplicate, and Europium-labeled anti-
human IgG (Fcg specific) was used as a secondary reagent. Boxplots of the time-resolved fluorescent counts are shown above (vertical bars show 75th
percentile + 1.58� IQR� n�1/2). (B) Patients with SLE were defined as positive or negative if their reactivity to peptide 116–121 was greater or less
than the maximum reactivity of the healthy controls, respectively. A Mann–Whitney test was used to compare SLEDAI scores at the time of serum
collection between groups.

Figure 7. U1-70K microarray analysis of a
116–121 reactive SLE patient serum identi-
fied by ELISA. (A) Selected fluorescence
images from microarrays are shown with
patient identifiers on the left. Patient sample
216-03 was predicted to have high levels of
reactivity to 116–121 by peptide ELISA.
Patient 002-07 was predicted to be negative
to both epitopes by peptides ELISA, and was
used as a negative control. Insets highlighting
reactivity to specific peptide features with the
110–130 (B) and 130–150 (C) blocks are
shown. Sequences of peptides 116–121 and
131–137 are indicated with smaller yellow
and green squares, respectively.
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that the microarrays were capable of mapping two distinct

minimal B cell epitopes within a 13-amino acid long region

(Figure 2A). Characterization of antibodies at this level of

detail increases their utility as research reagents, and could be

used to screen clones for those with desired reactivity

profiles.

Microarray analysis of U1-70K autoantibodies in the sera

of patients with SLE revealed multiple epitopes, including

116–121 and 143–148, and a high level of epitope diversity

between patients. Reactivity to 116–121 was observed in

�14% of SLE patients’ sera, and associated with lower

disease activity. Other reports have mapped U1-70K auto-

antibody reactivity to overlapping regions with 116–121,

including 99–128 [20] and 99–120 [11,12]. Our analysis

identified a considerably more precise epitope within this

region. Netter et al. [12] observed that deletion of residues

116–119 from U1-70K fragment 116–194 resulted in a 50%

reduction in the number of reactive patient samples. It was

concluded that the region likely contained a discontinuous

epitope [12]. Our results show that the fragment contained

multiple epitopes, and suggest that the reduction may

have resulted from deletion of critical residues within epitope

116–121.

The minimal epitope within 116–121 differed between

patients, with reactivity observed to either ESK or ESKLR.

Similar inter-patient variability in the length and location of

the minimal sequence required for U1-70K autoantibody

reactivity, referred to as ‘‘microheterogeneity’’, has been

observed previously [12]. Further, we found reactivity to

116–121 was constrained to glutamic acid 116 at the

N-terminus. Traditional epitope mapping techniques would

likely miss such subtle examples of microheterogeneity, or

epitopes with specific N- or C-termini. Antibodies to the

shorter minimal epitope are likely cross-reactive with other

proteins or fragments containing ESK at the N-terminus.

Future investigation of whether the minimal epitopes of U1-

70K autoantibodies change over time, or during an SLE flare,

could give additional insight into the unpredictable course of

SLE [32].

The mechanisms of development of anti-RNP remain

unclear. Retroviruses and influenza viruses have been

implicated in triggering autoimmunity to U1-70K through

molecular mimicry. Query et al. [33] showed that antibodies

to U1-70K were cross-reactive with p30gag proteins of

mammalian type C retroviruses, and that anti-RNP was

produced by immunization with p30gag. Guldner et al. [31]

identified a five amino acid long epitope 68–72 (ERKRR) in

U1-70K that was cross-reactive with M1 matrix protein of

influenza B viruses. The sequence ERKRR shares simila-

rities with 116–121 (ESKLRR), including an N-terminal

glutamic acid as well as multiple basic amino acids, which

were identified as a common feature of reactive peptides in

RNP+ serum [17]. We found serum antibodies to 116–121

also bound to the M1 matrix protein epitope, further

implicating molecular mimicry in the development of

anti-RNP.

Evidence suggests that epitope spreading, or the amplifi-

cation and diversification of immune response through

development of reactivity to additional epitopes or molecules,

functions in the development of anti-RNP [34]. Greidinger

et al. [22] demonstrated that antibodies to components of the

U1–snRNP complex emerged in an orderly pattern, often

starting with U1-70K and followed by U1-A and U1-C. We

showed that antibodies to 116–121 bound epitope 68–72 in

U1-70K, indicative of intramolecular epitope spreading.

Further, James et al. [17,35] observed SLE serum IgG

antibodies to an epitope in the RNA binding domain of U1-A

were cross-reactive with ERKRR. Our results indicate

intermolecular spreading may also occur between 116–121

in U1-70K and U1-A.

Post-translational modification, including proteolytic

cleavage, has also been proposed as a mechanism of

breakdown of tolerance to self-proteins [36,37]. We observed

that reactivity to 116–121 was critically dependent on its N-

terminus, suggesting that it may be a neoepitope created by

proteolytic cleavage. Indeed, U1-70K is cleaved in a caspase-

3 dependent manner in cells undergoing apoptosis, creating a

40-kDa fragment with an autoantigenic epitope that is not

exposed in the full-length protein [38,39].

Previous reports have shown that serum levels of anti-U1-

70K increased with disease flare [5], and were greatly

reduced in periods of disease remission in patients with

MCTD [40]. However, another report found no association

between anti-U1-70K and disease activity [41], and RNP is

typically not used to monitor disease activity clinically. We

observed that reactivity to 116–121 was associated with low

disease activity in longitudinal analysis of two patients with

consistently high levels of serum IgG reactivity. Further, in a

cross-sectional analysis, we found that SLE patients with high

levels of serum reactivity to 116–121 had significantly lower

disease activity than patients with low levels of serum

reactivity. While serum reactivity to 143–148 was limited to a

single patient (068), our analysis suggested that it might be

associated with increased disease activity. These differences

in clinical associations between epitopes highlight the
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Figure 8. Antibodies to 116–121 bind a common epitope in U1-70K and
the matrix protein M1 of human influenza B viruses. Serum samples
from two patients, selected based on high reactivity to 116–121, were
analyzed using competitive ELISA. The samples were incubated with
U1-70K peptide 68–72 (ERKRR), a scrambled control peptide (RRERK)
or vehicle. Biotinylated peptide 116–121 was used to coat a 96-well
streptavidin coated ELISA plate. Following incubation, the samples were
used to probe the plate in duplicate, and Europium-labeled anti-human
IgG (Fcg specific) was used as a secondary reagent. A bar graph of the
time-resolved fluorescent counts is shown. Error bars represent SD of
duplicate wells.
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importance of identifying autoantibody epitopes, and the

potential to improve clinical autoantibody tests.

A limitation of our approach is that a portion of anti-U1-

70K likely was not detected by our microarrays. While the

RNA binding domain is the immunodominant autoantigenic

region of U1-70K, previously reported U1-70K epitopes

outside of this region would not be detected by our

microarrays. Evidence suggests that a fraction of U1-70K

antibodies bind to conformational epitopes, including a subset

of MCTD patients’ antibodies that specifically bind U1-70K

in complex with U1-RNA [12,13,42]. Peptide microarrays are

not well suited to the identification of conformational or

discontinuous epitopes. In instances where it is critical to

survey epitopes across a larger region, a potential solution

could be to create multiple arrays, corresponding to contigu-

ous subregions. In future generations of the microarrays, some

conformational epitopes could be created through the use of

‘‘stapled’’ or cyclic peptides, which can stabilize a-helix or

b-turn conformations, respectively [43,44].

Mapping epitopes is often a labor-intensive process,

requires multiple iterations of peptide synthesis or protein

design and expression, and has relatively low resolution.

Silicon-based peptide microarrays have the following advan-

tages: single-amino acid resolution, high-feature content, high

reproducibility and low-background fluorescence. The U1-

70K microarrays feature a region of U1-70K that is nearly

triple the length (61 amino acids) of our previous H2B

silicon-based microarrays (21 amino acids). The ability to

synthesize regions of this length expands the range of proteins

amenable to this technology, and will streamline the precise

mapping of antibody epitopes in immune responses. Further,

incorporating an underlying integrated circuit into the micro-

processor-grade silicon wafer of the microarrays, combined

with use of magnetically labeled secondary antibodies, could

allow for real-time measurement of antibody binding [45].

In conclusion, we characterized the epitopes of serum

autoantibodies to U1-70K at single-amino acid resolution

using silicon-based microarrays featuring sequences from the

RNA binding domain of U1-70K. The analysis revealed mul-

tiple epitopes, including 116–121 and 143–148, with greater

precision than previous approaches. Reactivity to 116–121 was

observed in �14% of SLE patients’ sera, and associated with

decreased disease activity. Antibodies to 116–121 bound an

epitope common to U1-70K (68–72), U1-A and M1 matrix

protein of influenza B, implicating molecular mimicry and

epitope spreading in the development of anti-RNP. High-

resolution mapping of U1-70K epitopes will be critical to

understanding the pathogenesis of SLE, enhancing clinical

autoantibody tests and designing new peptide therapeutics.
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