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Background: Autoimmune disease prevention requires tools to assess an individual's risk of developing a specific
disease. One tool is disease-associated autoantibodies, which accumulate in an asymptomatic preclinical period.
However, patients sometimes exhibit autoantibodies associatedwith a different disease classification.When and
how these alternative autoantibodies first appear remain unknown. This cross-sectional study characterizes
alternative autoimmunity, and associated genetic and environmental factors, in unaffected first-degree relatives
(FDRs) of patients, who exhibit increased future risk for the same disease.
Methods: Samples (n= 1321) from disease-specific autoantibody-positive (aAb+) systemic lupus erythemato-
sus (SLE), rheumatoid arthritis (RA), and type 1 diabetes (T1D)patients; and unaffected aAb+and autoantibody-
negative (aAb–) SLE and RA FDRs were tested for SLE, RA, and T1D aAbs, as well as anti-tissue transglutaminase,
anti-cardiolipin and anti-thyroperoxidase. FDR SLE and RA genetic risk scores (GRS) were calculated.
Findings: Alternative autoimmunity occurred in SLE patients (56%) and FDRs (57·4%), RA patients (32·6%) and
FDRs (34·8%), and T1D patients (43%). Expanded autoimmunity, defined as autoantibodies spanning at least
two other diseases, occurred in 18·5% of SLE patients, 16·4% of SLE FDRs, 7·8% of RA patients, 5·3% of RA
FDRs, and 10·8% of T1D patients. SLE FDRs were more likely to have alternative (odds ratio [OR] 2·44) and ex-
panded (OR 3·27) autoimmunity than RA FDRs. Alternative and expanded autoimmunity were associated
with several environmental exposures. Alternative autoimmunity was associated with a higher RA GRS in RA
FDRs (OR 1·41), and a higher SLE GRS in aAb+ RA FDRs (OR 1·87), but not in SLE FDRs.
Interpretation: Autoimmunity commonly crosses disease-specific boundaries in systemic (RA, SLE) and organ-
specific (T1D) autoimmune diseases. Alternative autoimmunity is more common in SLE FDRs than RA FDRs,
and is influenced by genetic and environmental factors. These findings have substantial implications for preclin-
ical disease pathogenesis and autoimmune disease prevention studies.
Fund: NIH U01AI101981, R01AR051394, U19AI082714, P30AR053483, P30GM103510, U54GM104938,
U01AI101934, R01AI024717, U01AI130830, I01BX001834, & U01HG008666.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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Research in context

Evidence before this study

The source material for the questions addressed in this included:
(1) Prior work of the authors and roles as content experts, (2) Ref-
erences identified within the manuscript, and (3) Ovid Medline
search terms “autoimmune disease”, “autoantibodies”, and “famil-
ial relationships” or “first-degree relatives” (last search 11 Decem-
ber 2018, all languages, no beginning or end dates). Articles
were reviewed for relevance and included in the manuscript if
the primary disease or autoantibodies studied were related to
rheumatoid arthritis, systemic lupus erythematosus or type I
diabetes.

Added value of this study

The results of this study point to the importance of determining
how and why both disease-specific autoantibodies and those
that are associated with other related autoimmune diseases are
initiated and evolve over time prior to the development of a clini-
cally classified disease. It also identifies genetic and environmen-
tal factors which influence this process.

Implications of all the available evidence

Autoimmune disease prevention and preclinical therapeutic inter-
vention will require tools to assess an individual's risk of develop-
ing a specific autoimmune disease. The current study provides
new fundamental information across organ-specific and systemic
autoimmune diseases regarding autoantibody profiles, genetic
risk profiles, and environmental associations to assess an individ-
ual's risk of developing a specific autoimmune disease, as well as
the precision of these assessments. This information will have
substantial importance in the development and choice of thera-
peutic strategies for prevention or early intervention across select
autoimmune diseases.
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1. Introduction
with the patient/proband diagnosis occur in relatives of autoimmune
Autoimmune diseases are a major cause of morbidity and mortality
and have substantial direct and indirect economic costs [1,2]. Therefore,
understanding the underlying mechanisms of disease initiation, devel-
oping novel therapeutics, and identifying prevention strategies are par-
amount goals. As a unifying characteristic of most autoimmune
diseases, autoantibodies precede clinical disease onset, often exhibit
pathogenic potential, and associate with specific autoimmune diseases.
The precise autoantibody repertoire varies among patients with the
same disease, is consistent with the significant overlap of genetic vari-
ants underlying autoimmune disease [3], and may cross boundaries of
clinical disease specificity in patients with active classified disease.

A largemajority of patients whowill develop systemic lupus erythe-
matosus (SLE) accumulate autoantibodies as they approach clinical dis-
ease onset and formal classification [4]. By the time of SLE classification,
nearly all SLE patients exhibit anti-nuclear autoantibodies (ANA)
against a variety of nuclear antigens, such as Sm, ribonucleoprotein
(RNP), Sm/RNP, dsDNA, chromatin, ribosomal P, Ro/SSA, and La/SSB
[4]. Highlighting their importance in SLE pathogenesis, various ANA
specificities have been shown to cause direct tissue damage and stimu-
late lupus-like disease in animalmodels [5,6]. Similarly, rheumatoid fac-
tor (RF) and/or anti-citrullinated peptide autoantibodies (ACPAs)
appear before diagnosis in future seropositive rheumatoid arthritis
(RA) patients [7,8], and ACPA levels are correlated with disease activity
in new-onset RA [9]. In both SLE and RA, disease-associated autoanti-
bodies undergo epitope spreading as patients approach disease classifi-
cation [4,10]. In type 1 diabetes (T1D), hyperglycermia develops after
the appearance of autoantibodies against islet antigens, such as
glutamic acid decarboxylase, insulin, and islet antigen 2, and islet
autoreactivity contributes to diabetes in murine models [11]. In addi-
tion, the number of diabetes-specific autoantibodies increases prior to
diagnosis [12], and relatives of T1D patients with multiple diabetes-
specific autoantibodies have significantly increased risk of developing
future disease [13].

In addition to disease-specific autoantibodies, patientswith one clin-
ically defined and classified autoimmune disease can demonstrate auto-
antibodies associated with another disease. This phenomenon has been
designated latent polyautoimmunity [14,15]. For example, a subset of
SLE patients exhibits RF and/or anti-cyclic citrullinated peptide (CCP)
autoantibodies typically associated with RA [16], and organ-specific la-
tent autoantibodies have been observed in juvenile SLE patients [17].
RA patients and pediatric T1D patients [18]may also exhibit antinuclear
autoantibodies typically associated with SLE. Latent autoantibodies
could plausibly affect the disease course, but whether they develop in
the preclinical period and/or at a later stage, and how genetic risk and
environmental exposures might influence their development, is un-
known. These questions are central to understanding immune mecha-
nisms responsible for the initial loss of self-tolerance and accurately
predicting the future development of a specific autoimmune disease.

While most relatives of autoimmune disease patients will remain
healthy, they are more likely than the general population to exhibit
disease-specific autoantibodies and to develop the same autoimmune
disease as an affected relative [19,20]. Up to 32% of unaffected relatives
of SLE patients are ANA-positive [21], and 16–24% of unaffected first-
degree relatives of RA patients exhibit ACPAs, anti-CCP autoantibodies,
and/or RF [22,23]. T1D autoantibodies, particularly anti-glutamic acid
decarboxylase autoantibodies, occur in unaffected relatives of T1D pa-
tients [12]. Relatives of autoimmune disease patients are also more
likely to develop autoimmune diseases besides the proband's diagnosis
[24], and genome-wide association studies (GWAS) demonstrate over-
lap of risk loci between autoimmune conditions [3].

We hypothesized that alternative autoantibodies not associated

disease patients, and that the presence of alternative autoantibodies is
influenced by factors associated with autoimmune disease. This study
examines the prevalence, genetic relationships and environmental de-
terminants of disease-specific and alternative autoantibodies in several
informative populations: SLE, RA, and T1D patients, and first-degree rel-
atives (FDRs) of SLE and RA patients.

2. Methods

2.1. Study participants

This study was approved by the Institutional Review Boards of the
participating institutions. All participants provided written informed
consent prior to study-specific procedures. Serum samples were previ-
ously collected from T1D, SLE, and RA patients and FDRs. In this study,
no patients and FDRs were related to each other. In addition, only one
FDR was chosen from each family so that no FDRs were related to
other FDRs.

The SLE cohort was derived from the Lupus Family Registry and Re-
pository (LFRR) [19,25]. SLE patients met ≥4 American College of Rheu-
matology (ACR) SLE classification criteria. The SLE cohort consisted of
SLE patients with SLE autoantibodies; unaffected, SLE autoantibody-
positive FDRs of confirmed SLE patients (aAb+ SLE FDRs); and unaf-
fected, SLE autoantibody-negative FDRs of confirmed SLE patients
(aAb- SLE FDRs). All subjects were Caucasian non-Hispanic. Subjects
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completed an LFRR questionnaire at the time of blood collection,
assessing demographics and environmental exposures [25].

The RA cohort was derived from the Studies of the Etiology of RA
(SERA) [26]. RA patients met ≥4 1987 ACR RA classification criteria.
The RA cohort consisted of RA patients with RA autoantibodies;
unaffected, RA autoantibody-positive FDRs of confirmed RA patients
(aAb+ RA FDRs); and unaffected, RA autoantibody-negative FDRs of
confirmed RA patients (aAb- RA FDRs). All subjects were Caucasian
non-Hispanic. Subjects completed a SERA questionnaire at the time of
the blood collection, assessing demographics and environmental expo-
sures [26].

The T1D cohort, established at Benaroya Research Institute, included
individuals with established T1D. All subjects were participants in
the BRI Immune-Mediated Disease Registry and Repository. Healthy
subjects had no history of autoimmune disease. T1D subjects were
T1D-autoantibody positive and insulin dependent.

2.2. Autoantibodies

Serum and plasmawere procured at enrollment and stored at -20 °C
(LFRR, Benaroya) and − 80 °C (SERA); assays were performed on
freshly thawed serum samples in blinded batches.

The CAP (College of American Pathologists)-certified OMRF Clinical
Immunology Laboratory tested SLE-associated autoantibodies and
anti-cardiolipin. SLE-associated autoimmunity was defined as positivity
for any of the following by an FDA-approved, multiplexed, bead-based
assay (BioPlex 2200, Bio-Rad, Hercules, CA): Sm, Sm/RNP, RNP (nRNP
70 kD and/or nRNP A), dsDNA, chromatin, ribosomal P, Ro/SSA, and/or
La/SSB [19]. Anti-dsDNA was reported in IU/mL and others as an anti-
body index (AI) value (range 0–8) with manufacturer-recommended
positive cutoffs (10 IU/mL and AI = 1, respectively) [19]. Additionally,
ANA titer and pattern were determined by indirect immunofluores-
cence, with ≥1:120 considered positive. Anti-cardiolipin IgA, IgG, and
IgM were assessed by enzyme-linked immunosorbent assay (ELISA)
with ≥20 units considered positive [27].

RA autoantibody positivity, tested in the CAP-certified Exsera
BioLabs at the University of Colorado, was defined as positivity for any
of the following: RF (IgA, IgG, IgM), RF by nephelometry, CCP2, and/or
CCP3.1. RF IgM, IgG, and IgA were assessed by commercial ELISA
(QUANTA Lite, Inova Diagnostics, San Diego, CA) and quantified in
units/mL. RF was also assessed by nephelometry (Dade-Behring, New-
ark, DE). RF positive cutoffswere previously established at the 95th per-
centile of 491 randomly selected healthy blood donors from the Denver
area [7]. Anti-CCP was tested using commercial ELISAs (CCP2: Diastat,
Axis-Shield Diagnostics, Dundee, Scotland; CCP3.1: IgA/IgG Inova Diag-
nostics) and quantified in units, with manufacturer-recommended pos-
itive cutoffs (CCP2 N 5 units; CCP3.1 ≥ 20 units).

T1D autoantibody positivity was defined as positivity for any of the
following: micro-insulin autoantibodies (mIAA), glutamic acid decar-
boxylase (GAD65), and/or islet antigen 2 (IA-2). These were measured
in the Clinical Immunology Laboratory at the Barbara Davis Center
using radioimmunoassays with positive cutoffs at the 99th percentile
of healthy controls, as described [28]. Anti-thyroperoxidase (TPO) auto-
antibodies were assessed by commercial ELISA (QUANTA Lite® TPO,
Inova Diagnostics) per manufacturer protocol at OMRF. Anti-tissue
transglutaminase (tTG) autoantibodieswere assessed by radioimmuno-
assay using 35S-labeled tTG (20,000 cpm) as described [29]. This assay
has an interassay coefficient of variance (COV) of 18% and intraassay
COV of 4.8% [29].

2.3. Outcomes

The primary study outcomewas the presence of at least one autoan-
tibody associatedwith one disease other than the patient/proband clas-
sification, designated alternative autoimmunity. A secondary outcome of
expanded autoimmunity was defined as the presence of autoantibodies
associated with two or more diseases other than the patient/proband
classification.

2.4. Data harmonization and environmental exposure assessment for RA
and SLE cohorts

Environmental exposures were only examined in the SLE and RA
FDRs. Exposure variables were analyzed only if they were collected in
a similar manner across cohorts or could be derived from other ques-
tions, and had ≤10% missing values.

2.5. Genotyping and calculation of genetic risk scores

SLE FDR DNA samples were genotyped using the Immunochip-1™
and read on the Illumina iScan in the OMRF Clinical Genomics Center
[30]. Genotypes were called via Opticall [31] using the default options
plus the -nointcutoff option to manually remove intensity outliers. RA
FDR DNA samples were genotyped using the Illumina MEGAEX

BeadChip per Illumina protocols. Quality control (QC) for both arrays in-
cluded removing single nucleotide polymorphisms (SNPs) and samples
with missing call rates N10%, minor allele frequency b 0⋅00001, and
Hardy Weinberg Equilibrium p b0⋅001. SNPs that indicated known QC
errors (e.g. poor clustering) were also removed.

Genetic risk scores (GRS) were utilized to explore how the number
of established risk polymorphisms (47 SLE, 40 RA; Supplementary
Table 1) affected alternative and expanded autoimmunity [32,33]. If
SNPs within a gene showed high linkage disequilibrium (r2 N 0⋅80),
only one SNP was included. This analysis excluded genetic variants in
theHLA region. SLE- and RA-specific GRS for each individualwere calcu-
lated as the sumof the beta coefficient for the risk allele associationmul-
tiplied by the number of risk alleles [30]. The GRS included 87 risk
polymorphisms; eleven (2 SLE, 9 RA) were not common across the
two genotyping platforms and were imputed with IMPUTE2 using two
phased reference panels (Immunochip and 1000 Genomes Phase
3) [34]. Imputed variants with an R2 b 0⋅3 or a minor allele frequency
b 1% were excluded.

2.6. Statistics

All statistical analyseswere performed in SAS version 9.4 (Cary, NC).
Means were compared by Mann-Whitney test, and proportions by chi-
square, or Fisher's exact test when b10 events were expected for any
category. Crude odds ratios (OR) and 95% confidence intervals (CI)
were calculated for differences in autoimmunity by RA, SLE and T1D pa-
tients, and by RA and SLE FDRs.

Multivariable modeling among SLE and RA FDRs was performed by
logistic regression with alternative autoimmunity (+/−) or expanded
autoimmunity (+/−) as the dependent variable. A P b 0·05was consid-
ered significant formodel inclusion, and if an interactionwas significant
(P b 0·05), stratified analyses were reported. For general models,
predictors included proband disease (SLE/RA), disease-specific autoim-
munity (aAb+/aAb-), sex (female/male), and age (years). Given the ex-
ploratory nature of this study, effect modification was assessed to
determine whether the association between alternative/expanded au-
toimmunity and disease differed by disease-specific autoimmunity,
sex, and age. Three-way interactionswere included in the initialmodels
to determine whether alternative or expanded autoimmunity within
each disease differed by disease-specific autoimmunity, age, and sex.
For environmental exposures, each model was adjusted for proband
disease, disease-specific autoimmunity, age, and sex. Effectmodification
was also assessed between each exposure, proband disease, and
disease-specific autoimmunity. For associationswith GRS (as a continu-
ous variable) models were adjusted for proband disease, disease-
specific autoimmunity, sex and age. Effect modification was assessed
between GRS and proband disease and disease-specific autoimmunity.
Results are presented for a 1-unit increase in GRS.



Fig. 1. Autoimmunity crosses disease-specific boundaries in SLE patients and FDRs, RA
patients and FDRs, and type 1 diabetes patients. Autoantibodies associated with SLE, RA,
anti-phospholipid syndrome, T1D, autoimmune thyroid disease, and celiac disease were
assessed in three cohorts. The SLE cohort included SLE patients and FDRs with or
without SLE-associated autoantibodies (aAb+ SLE FDR and aAb- FDR, respectively). The
RA cohort included RA patients and FDRs with or without RA-associated autoantibodies
(aAb+ RA FDR and aAb- RA FDR, respectively). The T1D cohort included T1D patients.
(A) Alternative autoimmunity was defined as the presence of at least one autoantibody
not associated with disease of interest. For example, SLE-associated autoantibodies
represent alternative autoimmunity in the RA cohort, but not in the SLE cohort.
(B) Expanded autoimmunity was defined as the presence of autoantibodies associated
with at least two alternative diseases.
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2.7. Role of the funding source

The funding source had no role in the study design; in the collection,
analysis, and interpretation of data; in the writing of the report; nor in
the decision to submit the paper for publication. The corresponding au-
thor (JAJ) had full access to all the data in the study and had final re-
sponsibility for the decision to submit for publication.

3. Results

3.1. Demographics of SLE, RA, and T1D cohorts

To elucidate the development of alternative autoimmunity in auto-
immune disease patients and at-risk preclinical populations, we evalu-
ated autoantibodies in sera previously collected from SLE, RA, and T1D
patients; and SLE and RA FDRs (Table 1). By design, patients and aAb
+ FDRs exhibited autoantibodies corresponding to the patient/proband
diagnosis, while aAb- FDRs lacked such autoantibodies. The SLE and RA
cohortswere predominantly female andwere older than the T1D cohort
(Table 1; Supplementary Fig. 1). The T1D cohort was evenly divided be-
tween males and females. All cohorts were predominantly non-
Hispanic European-American.

3.2. Autoantibodies cross disease-specific boundaries in SLE, RA, and T1D
patients and FDRs

Alternative autoimmunity occurred in SLE patients (56·0%), RA pa-
tients (32·6%), and T1D patients (43·0%) (Fig. 1A). SLE patients were
the most likely to have alternative autoimmunity (vs. RA patients: OR
2·63, 95% CI 1·74–3·96; p b 0·0001, vs. T1D patients: OR 1·69, 95% CI
1·13–2·52; p =0⋅0144), and RA patients the least likely (vs. T1D pa-
tients: OR 0·64, 95% CI 0·42–0·98; p = 0·0482). Additionally, 18·5%
of SLE patients, 7·8% of RA patients, and 10·8% of T1D patients demon-
strated expanded autoimmunity (Fig. 1B). FDRs of SLE patients and RA
patients also exhibited alternative autoimmunity, and less commonly,
expanded autoimmunity (Fig. 1).

3.3. Patterns of alternative autoimmunity associated with systemic and
organ-specific disease

Wenext compared patterns of systemic autoimmunity (SLE, RA, and
anti-phospholipid syndrome autoantibodies) and organ-specific auto-
immunity (T1D autoantibodies, anti-TPO, and anti-tTG) in each cohort
(Fig. 2, Supplementary Fig. 2). Alternative autoimmunity in the SLE co-
hort was predominantly systemic (patients 42·5%, FDRs 41·0%) rather
than organ-specific (patients 27·0%, FDRs 27·6%). The most common
alternative autoantibodies in the SLE cohort were RA-associated,
followed by anti-phospholipid and anti-TPO (Fig. 2B, C, E). The RA co-
hort exhibited both systemic (patients 15·5%, FDRs 14·9%) and organ-
specific (patients 21·2%, FDRs 23·4%) alternative autoimmunity, most
Table 1
Subject demographics.

Total n % Female Age, mean (SD), years

SLE
SLE Patients 200 85·5 39·2 (12·4)
aAb+ SLE FDRs 168 72·6 59·0 (15·0)
aAb- SLE FDRs 198 82·8 55·4 (14·5)

RA
RA Patients 193 83·4 58·8 (13·3)
aAb+ RA FDRs 192 75·0 51·8 (16·0)
aAb- RA FDRs 184 86·4 47·3 (15·2)

T1D
T1D Patients 186 47·8 25·3 (11·2)

All subjects in the SLE and RA cohorts, and 97.4% of the T1D cohort, were Caucasian Non-
Hispanic. aAb+: positive for disease-specific autoantibodies. aAb-: negative for disease-
specific autoantibodies. FDRs: First-degree relatives of confirmed patients.
commonly anti-TPO (15·5%-23·4%) (Fig. 2E) and SLE-related specific-
ities (13·0–13·6%) (Fig. 2A). In T1D patients, alternative autoimmunity
was primarily organ-specific (36·6%) rather than systemic (15·0%), and
anti-TPO was the most common alternative autoantibody (Fig. 2E). As
expected, of all groups, T1D patients had the highest prevalence of the
celiac disease autoantibody anti-tTG (8·1% vs. 0·5%-3·5% in other
groups; Fig. 2F).

3.4. SLE autoantibodies in RA patients, RA FDRs, and T1D patients

Similar rates of SLE-associated autoantibodies were observed in RA
patients (13·5%), aAb+ RA FDRs (13·0%), and aAb- RA FDRs (13·6%)
(Fig. 2A). RA patients and FDRs with SLE autoantibodies typically had
one SLE specificity (n= 20/26 patients, n= 47/50 FDRs). Some RA pa-
tients had two (n = 4) or four (n = 2) SLE specificities, and three aAb
+ RA FDRs had two SLE specificities (Fig. 3A).

The most common SLE specificities in RA patients were Ro/SSA
(5·7%) and La/SSB (4·7%), followed by RNP (2·6%) (Fig. 3B–I). Each
linked autoantibody system appeared in 3·3–5·4% of RA FDRs (aAb+:



Fig. 2. Systemic and organ-specific autoimmunity in SLE patients and FDRs, RA patients and FDRs, and T1D patients. Patients, FDRs, and controls were assessed for autoantibodies
associated with systemic disease, including (A) SLE (dsDNA, chromatin, Sm, SmRNP, RNP, Ribosomal P, Ro/SSA, La/SSB), (B) RA (CCP2, CCP3.1, RF IgA, RF IgM, RF IgG, RF-neph), and
(C) anti-phospholipid, as well as organ-specific antibodies, including (D) T1D autoantibodies (anti-GAD, IA2, and mIAA), (E) anti-thyroperoxidase, and (F) anti-tissue
transglutaminase. Note that the axis is broken in panels A, B, and D.
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5·2% Ro/La, 4·0% Sm/SmRNP/RNP, 3·6% dsDNA/chromatin. aAb-: 4·9%
Ro/La, 5·4% Sm/SmRNP/RNP, 3·3% dsDNA/chromatin).

Levels of each SLE autoantibodywere lower in RA patients and FDRs
compared to SLE patients (Fig. 3B–I; each p b 0·0001). High levels of
anti-dsDNA (≥100 IU/mL), which associate with renal disease, occurred
only in the SLE cohort (Fig. 3B). High levels of other SLE autoantibodies
(antibody index ≥8) occurred in three RA patients, one aAb + RA FDR,
and one aAb- RA FDR (Fig. 3B–H). Similarly, by indirect immunofluores-
cence, ANA titers were lower in ANA+ RA patients (49·2% prevalence,
1:120 median titer), aAb + RA FDRs (35·9%, 1:40), and aAb- RA FDRs
(34·2%, 1:120) than in SLE patients (97·9%, 1:1080) (Fig. 3J). No T1D
patients had high levels of an SLE-associated autoantibody nor more
than one SLE-associated specificity.

3.5. RA autoantibodies in SLE patients, SLE FDRs, and T1D patients

RA-associated reactivity was prevalent among SLE patients (29·5%)
and FDRs (34.4%). CCP reactivitywas slightlymore common in SLE FDRs
than SLE patients (Fig. 4A–B), and SLE FDRs occasionally showed high
CCP3.1 levels (40 U), which correlate with RA onset within 2 years [7]
(SLE patients 0% vs. aAb + 7·3%, aAb- 3·1%; p b 0·001, p = 0·014, re-
spectively). RF reactivity occurred in 18% of SLE patients, 34·1% of aAb
+ SLE FDRs, and 22·0% of aAb- SLE FDRs (Fig. 4C–F). Among T1D pa-
tients, 10·8% had RA-associated reactivity, and two (1·1%) had a high
CCP3.1 titer.

3.6. Multivariable environmental analysis of alternative and expanded au-
toimmunity in RA and SLE FDRs

To identify factors that influence rates of alternative and expanded
autoimmunity in the preclinical period, we performed multivariable
analyses in RA and SLE FDRs. Compared to RA FDRs, SLE FDRs were
more likely to have alternative autoimmunity after adjusting for
disease-specific aAb status, sex, and age (OR 2·44, 95% CI 1·80–3·31;
p b 0·0001), and were more likely to exhibit expanded autoimmunity
(OR 3·27, 95% CI 1·90–5·61; p b 0·0001). These associations showed
no evidence of significant effect modification by disease-specific aAb
status, sex, or age.

We next examined environmental factors for association with alter-
native and expanded autoimmunity in RA and SLE FDRs (Table 2).
Smoking status was not associated with alternative or expanded auto-
immunity. Some factors showed effects that lost their significance after
multivariable adjustment. These include decreased odds of alternative
and expanded autoimmunity in participants with an education beyond
high school, and increased odds of alternative and expanded autoimmu-
nity in women with a hysterectomy (alternative), increased number
of pregnancies (expanded), and non-use of hormonal contraceptives
(alternative and expanded). The effect of disease specific autoimmunity
on alternative autoimmunity was significantly modified by both season
of blood draw and season of birth. Among aAb- RA FDRs, samples drawn
in fall and winter were more likely to show alternative autoimmunity
than samples drawn in spring (fall v. spring: OR 3·00, 95% CI
1·04–8·60, p = 0·04; winter v. spring OR 5·05, 95% CI 1·68–15·13, p
= 0·004). aAb + RA FDRs born in fall and summer were more likely
to have alternative autoimmunity than those born in spring, after
adjusting for age and sex (fall v. spring OR 3·59, 95% CI 1·36–9·50, p
=0·01; summer v. spring OR 6·24, 95% CI 2·31–18·87, p= 0·0003).

3.7. Genetic risk score analyses with alternative or expanded autoimmunity
in SLE and RA FDRs

Composite genetic risk scores (GRS) for SLE and for RA were calcu-
lated for FDRs and examined for associations with alternative and ex-
panded autoimmunity (Table 3). Neither GRS significantly associated



Fig. 3. Antinuclear autoantibodies are present in RA patients at low titer. (A) The number of positive SLE-associated specificities assessed by Bioplex is shown for SLE patients and
autoantibody-positive (aAb+) and autoantibody-negative (aAb-) SLE FDRs; RA patients, aAb+ and aAb- RA FDRs; and type 1 diabetes (T1D) patients. (B–I) Individual SLE-associated
specificities indicated were assessed by multiplex assay. Levels of anti-dsDNA are reported in IU/mL, with a positive cutoff of 10 IU/mL, and others are reported as antibody index
values (range 0–8), with a positive cutoff of AI = 1. (J) ANA titer was determined by indirect immunofluorescence.
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with expanded autoimmunity, and the effects of genetic risk on alterna-
tive autoimmunity varied by proband disease and disease-specific auto-
immunity. A significant effect modification occurred between proband
disease and RA GRS on alternative autoimmunity (interaction p =
0·048); a higher RA GRS significantly associated with alternative auto-
immunity in RA FDRs, but not in SLE FDRs (Table 3).



Fig. 4. Anti-CCP and RF are prevalent in SLE patients and FDRs of SLE patients. The prevalence of autoantibodies considered for RA classification was evaluated in SLE patients and SLE
autoantibody-positive (aAb+) and autoantibody-negative (aAb-) FDRs; RA patients, aAb+ FDRs and aAb- FDRs; and type 1 diabetes (T1D) patients. (A) Anti-cyclic citrullinated
protein (CCP)-2, (B) CCP3.1, (C) rheumatoid factor (RF) IgG, (S) RF IgA, and (E) RF IgM were determined by ELISA. (F) RF was also determined by nephelometry.
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When assessing the impact of SLE GRS on alternative autoimmunity,
disease-specific autoimmunity significantly interacted with SLE GRS
(p = 0·04) and proband disease (p = 0·03). Although the 3-way
Table 2
Presence of major epidemiologic variables in RA and SLE FDRs by alternative and expanded au

Epidemiologic variables Alternative autoimmunity status

Positive Negative

General exposures
N 341 401
Cohort: % SLE FDR 61·6 38·9
Disease-specific aAb Status: % Positive 50·2 47·1
BMI: mean ± sda 28·1 ± 5·8 27·3 ± 5·8
Education: %beyond High Schoola 60·8 72·4
Ever Smoker: %Yesa 48·5 48·1
Current Smoker: %Yesa 12·0 14·3
Mononucleosis Ever: %Yesa 13·5 12·3
Season of Blood Draw: % Yes
Fall 24·3 24·7
Spring 23·8 25·9
Summer 25·2 27·2
Winter 26·7 22·2
Season of Birth: %Yesa

Fall 30·3 24·9
Spring 19·1 26·2
Summer 25·3 22·4
Winter 25·3 26·4

Women-specific exposures
N 273 316
Age of first menstrual period: mean ± sda 12·7 ± 1·5 12·7 ± 1·5
Hysterectomy: %Yesa 38·3 28·4
Menopause: %Yesa 65·7 58·1
Number of pregnancies: mean ± sda 2·7 ± 2·2 2·5 ± 2·1
Number of live births: mean ± sda 2·2 ± 1·8 2·0 ± 1·8
Hormone contraceptive use ever: %Yesa 73·9 82·0

p-values in bold indicate statistical significance.
a Subjects with missing data.
interaction between SLE GRS, proband disease, and disease-specific
autoimmunity was not significant (p = 0·10), the effect modification
between autoantibody positivity and SLE GRS was significant only in
toimmunity status.

Expanded autoimmunity status

p-value Positive Negative p-value

80 662
b0·01 75·0 46·2 b0·01
0·41 56·3 47·6 0·14
0·09 28·4 ± 6·8 27·6 ± 5·7 0·33
b0·01 54·0 68·6 0·01
0·91 50·0 48·1 0·75
0·30 12·8 13·2 0·87
0·60 7·5 13·5 0·13
0·54 0·34

20·0 25·1
28·8 24·5
21·3 26·9
30·0 23·6

0·08 0·27
32·5 26·8
20·0 23·3
28·8 23·2
18·8 26·8

64 525
0·84 12·7 ± 1·6 12·7 ± 1·5 0·93
0·01 39·3 32·2 0·26
0·06 72·6 60·3 0·06
0·30 3·3 ± 2·4 2·5 ± 2·1 b0·01
0·21 2·6 ± 1·9 2·1 ± 1·8 0·02
0·02 67·3 79·6 0·04



Table 3
Genetic Risk Scores associate with alternative autoimmunity in RA FDRs.

Group RA GRS SLE GRS

Median
(IQR)

Alternative
autoimmunity

Median
(IQR)

Alternative
autoimmunity

OR (95% CI) OR (95% CI)

p-value p-value

RA FDRs 1.04 (1·10) 1·40 (1·04–1·89)
p = 0·02

RA aAb+ 1.41 (0·67) 1·87 (1·04–3·36)
p = 0·04

RA aAb- 1.37 (0·76) 0·82 (0·48–1·41)
p = 0·47

SLE FDRs 1.38 (0·77) 0·88 (0·66–1·16)
p = 0·36

SLE aAb+ 1.71 (1·46) 0·97 (0·79–1·18)
p = 0·73

SLE aAb- 1.50 (1·57) 1·01 (0·74–1·39)
p = 0·64

Bold indicates p b 0.05.
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RA FDRs (interaction p= 0·04), not SLE FDRs (0·80). Therefore, analy-
ses were stratified by FDR autoantibody status. A higher SLE GRS in-
creased the odds of alternative autoimmunity in aAb + RA FDRs, but
not in aAb- RA FDRs (Table 3). To determine if shared SNPs between
SLE and RA drove the association between alternative autoimmunity
and the SLE GRS, we removed 6 SNPs common to both the RA and SLE
GRS (Supplementary Table 1). This revised SLEGRSmaintained a similar
associationwith alternative autoimmunity in both aAb+ (OR 1·86, 95%
CI 0·93–3·71) and aAb- (0·66, 0·34–2·17) RA FDRs, indicating the risk
is not due to the shared SNPs alone.

4. Discussion

Although extensive research has focused on the evolution of disease-
specific autoantibodies, little is known about the development of alter-
native autoantibodies, especially during the preclinical period and as
clinical disease evolves. This study provides new insights into the devel-
opment of alternative autoantibodies in SLE, RA, and T1D patients and
at-risk FDRs.

The high rates of alternative and expanded autoimmunity among
SLE patients and FDRs in our study are consistentwith the recent obser-
vation that SLE patients have higher rates of latent polyautoimmunity
than patients with RA, Sjogren's syndrome, or systemic sclerosis [15].
Because FDRs have heightened risk of developing autoimmune disease
[20], the presence of alternative autoantibodies in FDRs suggests that al-
ternative autoimmunity appears before clinical disease onset, likely
very early in the disease course. Indeed, in both SLE and RA cohorts,
the frequency and patterns of alternative autoimmunity in FDRs closely
resembled those of patients, implying that the fundamental pattern of
autoimmunity may be established in early pathogenesis. However,
within the SLE cohort FDRs were more likely than patients to exhibit
high levels of anti-CCP3.1 [7]. Because we do not know the disease
risk for RA of these FDRs, it is uncertain whether these antibodies
would impact the clinical trajectory in these FDRs, or whether this pre-
clinical pattern of broad autoimmunity would narrow to focus on
disease-specific autoantibodies as the clinically apparent disease ap-
proaches. In addition, similar to known clinical disease associations
[35,36] and recent descriptions of latent and overt polyautoimmunity
in SLE and RA patients [15], we observed a predominance of RA autoan-
tibodies and anti-phospholipid in SLE patients, anti-TPO and SLE auto-
antibodies in RA patients, and anti-TPO in T1D patients. To formally
delineate the development of alternative and expanded autoantibodies
and define their clinical significance, longitudinal studies are needed
that link temporal changes in preclinical autoantibodies with post-
classification clinical characteristics and genetic/epidemiologic factors.
Since inflammation caused by target organ damage would be
unexpected in unaffected FDRs, these results suggest that genetic or en-
vironmental factorsmay influence development of alternative autoanti-
bodies in this at-risk population. GWAS have identified several hundred
polymorphisms associated with various autoimmune diseases [37]. In
an analysis integrating 39 GWAS, each immune-mediated disease
shared on average 69% of its risk loci with other immune-mediated dis-
eases; any two diseases shared up to 38% of their loci [3]. SLE, primary
biliary cirrhosis, systemic sclerosis and RA correlated more strongly
with each other thanwith T1D and other autoimmune diseases [3], con-
sistent with a previously demonstrated cross-phenotypic effect of SNPs
shared between RA and SLE [38]. Similarly, our data suggest that auto-
antibodies cross specificity boundaries between RA and SLE, but rarely
cross boundaries between either of these diseases and T1D. Therefore,
alternative autoantibodies may reflect genetic associations shared be-
tween diseases.

Our environmental analyses showing increased rates of alterna-
tive autoimmunity in aAb- FDRs in the fall and winter compared to
the spring are consistent with other studies showing seasonal varia-
tion in the incidence and prevalence of autoimmune diseases and
disease activity [39]. Specific environmental exposures associated
with SLE and RA are known to vary with season, including vitamin
D levels and infectious disease. Additional studies designed to ana-
lyze these exposures are needed to more clearly define the relation-
ship between season and alternative autoimmunity. In addition to
genetic factors, differences in age, environmental exposures, and
systemic immune dysregulation may also contribute to differences
in alternative autoimmunity in T1D patients compared to SLE and
RA patients.

Although these results highlight the importance of understanding
both shared and differentiating factors in the development of different
autoimmune diseases, there are limitations. For example, this study
does not indicate the true prevalence of alternative and expanded auto-
immunity, in part because the study selected subjects whowere not re-
lated to each other and who had a predetermined autoantibody status
for their patient/proband diagnosis. To confirm and extend ourfindings,
a larger studywith a prevalence design is needed, with appropriate sta-
tistics to control for familial relationships between participants. In addi-
tion, while our findings are consistent with recent descriptions of
polyautoimmunity and latent polyautoimmunity in patients with auto-
immune diseases, the concepts of latent polyautoimmunity and alterna-
tive/expanded polyautoimmunity are not perfectly interchangeable,
especially as they are currently presented in the context of distinct
study designs. Studies that systematically ascertain a wide range of
autoantibodies and clinical disease in large familial collections would
elucidate the relationship between autoantibodies, overt clinical dis-
ease, and shared disease risk. Moreover, longitudinal studies and
broader discussions within the field of autoimmunity are needed to re-
view and further define the relationships between these concepts, and
to confirm their relationship to clinical outcomes.

Collectively, these findings demonstrate the presence of both a
disease-specific and an alternative/expanded disease autoantibody rep-
ertoire during the preclinical period, which may influence the subse-
quent clinical presentation and progression. In addition, the results
suggest that preclinical autoantibody screening focused on a single dis-
ease may hinder accurate classification for natural history studies and
disease-specific prevention trials. Perhaps most notably, FDRs of pa-
tients with SLE and RA commonly develop alternative autoantibodies,
which vary substantially in these unaffected family members of the
two disorders.
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