ARTHRITIS & RHEUMATOLOGY
Vol. 68, No. 10, October 2016, pp 2492-2502
DOI 10.1002/art.39706

© 2016 The Authors. Arthritis & Rheumatology published by Wiley Periodicals, Inc.
on behalf of the American College of Rheumatology. This is an open access article under
the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work is properly cited, the

use is non-commercial and no modifications or adaptations are made.

Autoantibody-Positive Healthy Individuals Display Unique
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Objective. Antinuclear antibodies (ANAs) are
detected in ~18% of females, yet autoimmune disease
develops in only 5-8%. Immunologic differences between
ANA-positive healthy individuals and patients with sys-
temic lupus erythematosus (SLE) may elucidate the reg-
ulatory mechanisms by which ANA-positive individuals
avoid transition to clinical autoimmune disease.

Methods. Healthy individuals (n=790) were
screened for autoantibodies specific for 11 antigens associ-
ated with lupus, systemic sclerosis, and Sjogren’s syndrome.
From this screening, 31 European American ANA-positive
healthy individuals were selected and demographically
matched to ANA-negative controls and SLE patients.
Serum cytokine profiles, leukocyte subset frequency, and
reactivity were analyzed by multiplex assays, immunophe-
notyping, and phosphospecific flow cytometry.

Results. Of 790 individuals screened, 57 (7%) were
ANA-positive. The majority of proinflammatory cytokines,
including interferon-y (IFNvy), tumor necrosis factor,
interleukin-17 (IL-17), and granulocyte colony-stimulating
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factor, exhibited a stepwise increase in serum levels from
ANA-negative controls to ANA-positive healthy individuals
to SLE patients (P < 0.0001). IFN«, IFN, IL-12p40, and
stem cell factor/c-Kit ligand were increased in SLE
patients only (P < 0.05). B lymphocyte stimulator (BlyS)
was elevated in SLE patients but decreased in ANA-
positive individuals (P < 0.001). Further, IL-1 receptor
antagonist (IL-1Ra) was down-regulated in SLE patients
only (P < 0.0001). ANA-positive individuals had increased
frequencies of monocytes, memory B cells, and plasmablasts
and increased levels of pSTAT-1 and pSTAT-3 following
IFNa stimulation compared with ANA-negative controls
(P < 0.05).

Conclusion. ANA-positive healthy individuals
exhibit dysregulation in multiple immune pathways yet
differ from SLE patients by the absence of elevated
IFNs, BLyS, IL-12p40, and stem cell factor/c-Kit ligand.
Further, severely decreased levels of IL-1Ra in SLE
patients compared with ANA-positive individuals may
contribute to disease development. These results high-
light the importance of IFN-related pathways and regu-
latory elements in SLE pathogenesis.
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Antinuclear antibodies (ANAs) are detected in
almost one-fifth of the general population, yet few indi-
viduals are diagnosed as having an autoimmune disease
(1,2). Thus, a substantial percentage of the population
carries detectable levels of circulating autoantibodies
without developing clinical symptoms. Autoantibodies
are also present in the sera of patients with systemic auto-
immune diseases, such as systemic lupus erythematosus
(SLE), many years before clinical disease onset (3,4).
Although some ANA-positive healthy individuals eventu-
ally develop clinical autoimmunity, many do not. The
transition to clinical SLE has been correlated with auto-
antibody profiles combined with female sex, but other
risk factors, including age, ANA titer, number of autoan-
tibody specificities, and type I interferon (IFN) signature,
do not definitively identify ANA-positive healthy individ-
uals in whom autoimmune disease develops eventually
(5-8). Comparing ANA-positive healthy individuals with
SLE patients and ANA-negative healthy controls pro-
vides a unique perspective in the dissection of pathogenic
mechanisms in autoimmunity and may reveal the means
to provide regulatory control.

A delicate balance of inflammatory and regulatory
immune cells is required to control infection without pro-
moting autoreactivity. Evolving work has suggested that
interactions between both the adaptive and innate
immune systems are critical for autoimmune disease path-
ogenesis (9-12). For example, IFN-associated gene signa-
tures are elevated in peripheral blood of SLE patients
and correlate with increased disease activity (13-16).
Plasmacytoid dendritic cells (DCs) are a primary source
of type I IFN in SLE (17,18) and produce type I IFN
upon Toll-like receptor (TLR) stimulation, particularly
TLR-7 and TLR-9. These receptors may be activated by
immune complexes containing double-stranded DNA
(dsDNA) and/or RNA-associated binding proteins in
SLE (19-23). The IFN signature in SLE is detected in
leukocytes involved in both innate and adaptive immunity,
such as B cells, T cells, neutrophils, and myeloid cells.
However, whether ANA-positive healthy individuals have
a heightened IFN response remains unknown (15,16).

The cellular response to IFN and many cytokines is
mediated by signaling through cytokine-specific tyrosine
kinase receptors to activate JAK/STAT. SLE patients have
increased basal levels of pSTAT-3 in T cells and monocytes
and pSTAT-5 in T cells and B cells, suggesting that abnor-
mal STAT signaling plays a role in SLE pathophysiology
(24,25). Studies in SLE patients and in the MRL-Fas/lpr
mouse lupus model have shown ablation of STAT phos-
phorylation in response to type I IFNs and other inflam-
matory cytokines, suggesting a disturbance of negative and
positive feedback mechanisms in autoimmunity (25,26). In
this study, we compared immunophenotypes, immune cell

signaling responses, and cytokine profiles in ANA-positive
healthy individuals, SLE patients, and ANA-negative
healthy controls to identify unique immune features by
which ANA-positive healthy individuals may avoid tran-
sitioning to clinical autoimmune disease.

PATIENTS AND METHODS

Study population. Experiments were performed in
accordance with the Helsinki Declaration and were approved by
the Institutional Review Boards at the Oklahoma Medical
Research Foundation (OMRF) and University of Oklahoma
Health Sciences Center. At 15 health fairs in Oklahoma over 1
year, 790 healthy individuals were recruited by our study staff, and
samples were processed in the Oklahoma Medical Research
Foundation Biorepository Core. All individuals provided informed
consent prior to enrollment. Participants provided blood speci-
mens and demographic information (sex, age, self-reported ethnic-
ity, height, weight, and current medication use) and completed the
Connective Tissue Disease Screening Questionnaire (CSQ) (27).
Volunteers (ages 18-86 years, 68% female) were primarily
European American (59.5%), with 23.3% of individuals self-
identified as American Indian, 15.9% as African American, and
1.2% as other ethnicities. Serum was isolated and stored at —80°C
until analysis. SLE patients, also processed by the OMRF
Biorepository Core, met at least 4 American College of
Rheumatology SLE classification criteria and were receiving pred-
nisone at a dosage of =10 mg/day (28). SLE patients receiving
mycophenolate mofetil, cyclophosphamide, or calcineurin inhibi-
tors were excluded. Disease activity was evaluated by the Safety of
Estrogens in Lupus Erythematosus National Assessment version
of the SLE Disease Activity Index (29). Peripheral blood mononu-
clear cells (PBMCs) were isolated using Lymphocyte Separation
Medium (Mediatech) and stored in freezing media (20% human
serum and 10% DMSO in RPMI 1640) at —80°C until used.
ANA-negative healthy controls, ANA-positive healthy individuals,
and SLE patients were matched by age, sex, body mass index
(BMI), and date of sample procurement.

Autoantibody and cytokine measurement. A BioPlex
2200 ANA Screen kit (Bio-Rad), based on multiplex technology
and dyed magnetic beads, was used to simultaneously detect
antibodies against the following antigens: dsDNA, chromatin,
SSA/Ro, SSB/La, Sm, Sm/RNP, RNP, ribosomal P, Scl-70, cen-
tromere B, and Jo-1 (30). The BioPlex 2200 system reported
semiquantitative values from 0 to 8, termed the antibody index,
for each autoantibody except anti-dsDNA. The positive cutoff
for each assay was established by the manufacturer to equal an
antibody index of 1.0 for all specificities except anti-dsDNA. For
anti-dsDNA antibody, results are reported as IU/ml with a posi-
tive cutoff of 10 IU/ml

All healthy individuals were confirmed for ANA status
by INNO-LIA ANA Update enzyme immunoassay testing
(SmB, Sm/RNP, RNP-A, RNP-C, Ro 52, Ro 60, La, centro-
mere protein B, Scl-70, Jo-1, ribosomal P, histones)
(Immunogenetics). Anti-dsDNA and Scl-70 antibody were
confirmed by indirect enzyme-linked immunosorbent assay
(ELISA) (Alpha Diagnostic). The Stanford Human Immune
Monitoring Center measured soluble mediators using a previ-
ously described 51-plex assay (eBioscience/Affymetrix) to
measure CD40L, CXCLS5, eotaxin, fibroblast growth factor B,
granulocyte colony-stimulating factor (G-CSF), granulocyte—
macrophage CSF (GM-CSF), growth-related oncogene «
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(GROa), hepatocyte growth factor, intercellular adhesion
molecule 1 (ICAM-1), IFNea, IFNB, IFNvy, interleukin-10
(IL-10), IL-12p70, IL-12p40, IL-13, IL-15, IL-17, IL-17F,
IL-1e, IL-1B, IL-1 receptor antagonist (IL-1Ra), IL-2, IL-4,
IL-5, IL-6, IL-7, IL-8, IFNvy-inducible 10-kd protein (IP-10),
leptin, leukocyte inhibitory factor, macrophage-CSF (M-CSF),
monocyte chemotactic protein 1 (MCP-1), MCP-3, monokine
induced by IFNy (MIG), macrophage inflammatory protein
18 (MIP-1B), MIP-1a, nerve growth factor, plasminogen acti-
vator inhibitor 1 (PAI-1), platelet-derived growth factor BB,
RANTES, resistin, stem cell factor (SCF)/c-Kit ligand, soluble
FasL (sFasL), transforming growth factor (TGF), TGFp,
tumor necrosis factor « (TNFa), TNFB, TRAIL, vascular cell
adhesion molecule 1 (VCAM-1), and vascular endothelial
growth factor (31). Data were analyzed using MasterPlex soft-
ware (MiraBio Group of Hitachi Software Engineering
America Ltd.) and median fluorescence intensity was reported.
AssayCheX quality control beads (Radix BioSolutions) and a
known serum control were used for quality assurance.

B lymphocyte stimulator (BLyS) and IL-1Ra levels.
Serum BLyS and IL-1Ra levels were determined by ELISAs
from R&D Systems and eBioscience, respectively, according
to the instructions of the manufacturer. Low-, medium-, and
high-quality controls were run on each plate.

Flow cytometry immunophenotyping. Previously col-
lected and frozen PBMCs were thawed in warm media, washed
twice, and resuspended at 1 X 10 viable cells/ml. Cells (50 pl per
well) were stained for 45 minutes at room temperature with anti-
bodies specific for CD4, CD45RA, CD27, CD20, CDS8, CD3,
CD19, CD38, CD24, CD56, CD16, CD33, HLA—DR, CDY%,
CD314, CD16, CD161, CD25, CD127, and CXCR3 (BD
Biosciences). Cells were washed 3 times with fluorescence-
activated cell sorting (FACS) buffer (phosphate buffered saline
supplemented with 2% fetal bovine serum and 0.1% sodium
azide) and resuspended in 200 pl FACS buffer. Lymphocytes
(105 per sample) were collected using Diva 6.0 software on an
LSR II flow cytometer (BD Biosciences). Data analysis was per-
formed using FlowJo version 9.3 (Tree Star) by gating on live
cells based on forward scatter versus side scatter profiles, then on
singlets using forward scatter area versus height, followed by cell
subset—specific gating. Assays were performed in the Stanford
Human Immune Monitoring Core as described (http:/iti.
stanford.edu/research/hime-protocols-flowcytometry.html).

Phosphospecific flow cytometry. Previously collected
and frozen PBMCs were thawed in warm media, washed twice,
and resuspended at 5 X 10° viable cells/ml. Cells were plated in
96-well deep-well plates at 200 pl per well. After resting for 1 hour
at 37°C, cells were stimulated by adding 50 pl of cytokine (IFNe,
IFNy, IL-6, IL-7, IL-10, IL-2, or IL-21) and incubated at 37°C for
15 minutes. The PBMCs were then fixed with paraformaldehyde,
permeabilized with methanol, and kept at —80°C overnight. Each
well was bar-coded (stained with unique combinations of fluores-
cent dyes) using a combination of Pacific Orange and Alexa Fluor
750 dyes (Invitrogen) and pooled in tubes. The cells were washed
with FACS buffer and stained with the following antibodies (all
from BD Biosciences): Pacific Blue—conjugated CD3, PerCP-
Cy5.5—conjugated CD4, PerCP-Cy5.5—conjugated CD20, phy-
coerythrin (PE)—Cy7—conjugated CD33, Qdot 605—conjugated
CD45RA, Alexa Fluor 488—conjugated pSTAT-1, Alexa Fluor
647—conjugated pSTAT-3, and PE-conjugated pSTAT-5. The
samples were then washed and resuspended in FACS buffer. For
each stimulation condition, 10° cells were collected using Diva 6.0
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software on an LSR II flow cytometer. Data analysis was per-
formed using FlowJo version 9.3 by gating on live cells based on
forward scatter versus side scatter profiles, then on singlets using
forward scatter area versus height, followed by cell sub-
set—specific gating. Assays were performed in the Stanford
Human Immune Monitoring Core as described.

Statistical analysis. Cytokine data were non-normally
distributed; therefore, continuous data were analyzed using the
Mann-Whitney test or Kruskal-Wallis test followed by Dunn’s
multiple comparison test. The false discovery rate was used to
control for the expected proportion of incorrectly rejected null
hypotheses. The Mann-Whitney test was used to compare non-
normally distributed flow cytometry data. Analyses were per-
formed using GraphPad Prism 6.0 for Windows. Heatmaps
were generated using an R heatmap package (version 3.0.3).
To identify the most important classifying variables, the itera-
tive Random Forest algorithm described by Genuer et al (32)
was implemented in RandomForest (version 4.6-10) R pack-
age. Random forest parameters were set to ntry = (number of
variable)"1/2, ntree = 1,000, and proximity = T. The final pre-
dictive model was repeated 4 times to obtain the average out-of-
bag errors and a confusion matrix. The proximity matrix was
reduced to 2 principal dimensions using MDSplot within the
RandomPForest package. Sensitivity, specificity, positive predictive
value, and negative predictive value were calculated using the
epiR (version 0.9-59) R package.

RESULTS

Association of female sex with autoantibody
production in healthy individuals. To identify ANA-
positive and ANA-negative healthy individuals, sera from
790 healthy volunteers were screened for autoantibodies
against dsDNA, chromatin, ribosomal P, Ro/SSA, La/SSB,
Sm, Sm/RNP, RNP, Scl-70, Jo-1, and centromere B.
Samples positive for at least 1 autoantibody were considered
ANA-positive (n = 57; 7%). Female sex was the only signifi-
cant predictor of autoantibody positivity by multivariate
logistic regression analysis examining the impact of age, sex,
race, and BMI (odds ratio [OR] 4.36, 95% confidence inter-
val [95% CI] 1.85-10.31, P = 0.0008). European American
ANA-positive individuals (n = 31) were selected for further
analysis to minimize ancestry-based differences in immune
response (see Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.39706/abstract), and matched to
SLE patients (n = 29) and ANA-negative controls (n = 31)
by sex, age, race, and BMI (see Supplementary Table 2,
available on the Arthritis & Rheumatology web site at http:/
onlinelibrary.wiley.com/doi/10.1002/art.39706/abstract). To
ensure that control participants were free of clinically appar-
ent systemic rheumatic disease, all healthy volunteers
reported no systemic autoimmune rheumatic disease and
completed a connective tissue disease screening question-
naire (CTD CSQ), which is used to screen large populations
for occult disease (27). Mean CTD CSQ scores were similar
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Figure 1. Antinuclear antibody—positive (ANA+) healthy individuals have a distinct serum soluble mediator profile. Columns represent
grouped study participants: patients with systemic lupus erythematosus (SLE), ANA-positive healthy individuals, and ANA-negative (ANA—)
healthy individuals. Rows represent individual cytokines measured by a multiplex Luminex bead-based assay or by enzyme-linked immunosorbent
assay (B lymphocyte stimulator [BlyS] and interleukin-1 receptor antagonist [IL-1Ra]). In generating the heatmap, each cytokine row was nor-
malized to have a mean of 0 and a variance of 1. Normalized cytokine values are displayed on a color scale ranging from blue (levels below the
mean) through white (levels equal to the mean) to red (levels greater than the mean). Cluster A indicates soluble mediators that are down-
regulated in SLE and/or ANA-positive healthy individuals, cluster B shows soluble mediators that are elevated in SLE and/or ANA-positive
healthy individuals, and cluster C shows soluble mediators that are up-regulated in ANA-positive healthy individuals only. PAI-1 = plasminogen
activator inhibitor 1; sFasL = soluble FasL; TNFB = tumor necrosis factor 3; M-CSF = macrophage colony-stimulating factor; VCAM-1 = vascular
cell adhesion molecule 1; ICAM-1 = intercellular adhesion molecule 1; IFNB = interferon-B; TGFa« = transforming growth factor «; MCP-3 =
monocyte chemotactic protein 3; Kit-LG = Kit ligand; G-CSF = granulocyte-CSF; FGFp = fibroblast growth factor B; IP-10 = IFNy-inducible 10-kd
protein; NGF = nerve growth factor; PDGFBB = platelet-derived growth factor BB; LIF = leukemia inhibitory factor; VEGF = vascular endothelial
growth factor; MIP-18 = macrophage inflammatory protein 1.

between ANA-positive healthy subjects and ANA-negative
controls (see Supplementary Table 3, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.39706/abstract).

Inflammatory and immunoregulatory features of
serum soluble mediator profiles of ANA-positive healthy
individuals. To compare basal immune activity between
ANA-positive individuals, ANA-negative controls, and
SLE patients, 52 serum soluble mediators were measured
to assess differences in the activation of innate and adap-
tive immune pathways. Median normalized fluorescence
intensity values for 47 of the 52 total soluble mediators

originally measured in each of the 91 study participants
were visualized as heatmaps and as clusters across the 3
subgroups (Figure 1). Five soluble mediators (IL-6,
GROaq, MCP-1, MIP-1e, and MIG) were excluded from
the heatmap due to nonsignificant differences between
disease status groups. Three distinct cytokine clusters
were observed within the heatmap. Cluster A comprised
10 soluble mediators down-regulated in both ANA-
positive and SLE subgroups, including notable differ-
ences in sFasL, TRAIL, TNFgB, and VCAM-1. Cluster B
contained 33 soluble mediators elevated only in SLE
patients or in SLE patients and ANA-positive healthy
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Figure 2. ANA-positive healthy individuals have higher levels of certain proinflammatory soluble mediators seen in SLE patients and elevated
levels of the regulatory cytokine IL-1Ra. Proinflammatory soluble mediators were measured by multiplex assay or enzyme-linked immunosorbent
assay and included TNF (A), IFNy (B), IL-10 (C), IL-1a (D), IP-10 (E), IL-2 (F), IL-12p70 (G), IL-4 (H), and IL-17A (I). Soluble mediators
differently regulated in SLE included IFNe« (J), IFNB (K), BLyS (L), IL-12p40 (M), stem cell factor (SCF) (N), IL-1Ra (O), and IL-1Ra:IL-183
ratio (P). Each data point represents an individual subject; horizontal lines show the median and interquartile range. * = P <0.05; == = P <(.01;
s = P <(.001; ###+ = P < 0.0001 by Kruskal-Wallis test followed by Dunn’s multiple comparison test. FI = fluorescence intensity; NS = not sig-

nificant (see Figure 1 for other definitions).

individuals compared with ANA-negative controls.
Cluster C included soluble mediators elevated only in
ANA-positive healthy individuals (MIP-18, CD40L, and
IL-8). Among all soluble mediators, only IL-1Ra levels
were significantly decreased in SLE patients compared
with ANA-negative and ANA-positive individuals.

As expected, serum soluble mediator profiles dif-
fered dramatically between ANA-negative healthy controls
and SLE patients, consistent with an inflammatory state in
SLE (33). The unique soluble mediator profile in ANA-
positive healthy individuals shared numerous proinflamma-
tory features observed in SLE patients but also had specific
features separating them from SLE patients. Both SLE and
ANA-positive subjects had significant reductions in TRAIL,

RANTES, sFasL, VCAM-1, and 6 additional serum soluble
mediators (resistin, PAI-1, TNFB, M-CSF, ICAM-1, leptin).
Approximately half of the serum analytes were significantly
increased in SLE patients and ANA-positive healthy sub-
jects compared with ANA-negative controls (Figures 1 and
2A—H; see also Supplementary Table 4, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.39706/abstract). TNFe, IFNv, IL-
10, IL-1¢, and IP-10 (each P < 0.0001), and other myeloid-
derived soluble mediators (G-CSF, GM-CSF, and TGFp)
were markedly elevated in SLE patients and modestly ele-
vated in ANA-positive healthy individuals compared with
ANA-negative controls (Figures 2A—E and results not
shown).
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Other T cell-associated proinflammatory soluble
mediators that drive Th1, Th2, and Th17 cell differenti-
ation, such as IL-2 (P < 0.0001), IL-12p70 (P < 0.0001),
IL-4 (P < 0.0001), and IL-17A (P <0.05), were signifi-
cantly increased in SLE patients and moderately up-
regulated in ANA-positive individuals compared with
ANA-negative controls (Figures 2F—1I). Taken together,
these observations suggest that the inflammatory profile
in ANA-positive healthy individuals is milder than that
in SLE patients (Figures 2A—1I) but stronger than that
in ANA-negative healthy individuals. Despite extensive
similarities in the cytokine profiles of ANA-positive
healthy individuals and SLE patients, further univariate
analyses showed that IFNa (P < 0.05), IFNB (P < 0.0001),
BLyS (P < 0.0001), IL-12p40 (P < 0.0001), and SCF/c-Kit
ligand (P < 0.0001) were up-regulated only in SLE patients
(Figures 2J—N; see also Supplementary Table 4, available
on the Arthritis & Rheumatology web site at http:/
onlinelibrary.wiley.com/doi/10.1002/art.39706/abstract).
BLyS was also significantly lower in ANA-positive versus
ANA-negative healthy individuals. Therefore, these me-
diators may contribute to the progression from benign
to pathogenic autoimmunity.

While both SLE patients and ANA-positive
healthy controls showed significant increases in several
proinflammatory soluble mediators (Figures 2A—1 and
Supplementary Table 4), the regulatory cytokine IL-1Ra
was decreased only in SLE patients (Figure 20). IL-1Ra
tightly binds type I IL-1R (IL-1RI), thereby preventing
IL-1 ligation and subsequent signaling through IL-1RI
(34). An increased circulating IL-1Ra:IL-1p3 ratio would
favor an antiinflammatory state, and the median IL-
1Ra:IL-1p ratio in ANA-positive healthy subjects was 3.7
times that of SLE patients (P <0.0001) (Figure 2P).
Taken together, these results suggest that the mild inflam-
matory profile in ANA-positive healthy individuals com-
pared with ANA-negative controls may be balanced by an
increased ratio of IL-1Ra:IL-1B3, normal levels of type 1
IFNs, IL-12p40, and Kit ligand, and decreased levels of
BLyS.

Differentiation of ANA-positive healthy individuals
from SLE patients using soluble mediator profiles. To
determine whether soluble mediator profiles distin-
guished ANA-positive healthy individuals from ANA-
negative healthy individuals and SLE patients, a random
forest multivariate analysis was used to classify individuals
into subgroups based on soluble mediator levels. The ran-
dom forest model distinguished these groups with 78.47%
accuracy (mean = SD out-of-bag error 21.53 = 0.67%)
using BLyS, IL-5, G-CSF, and IL-2 as the top indepen-
dent classifiers (Figure 3). The slightly low accuracy was
largely attributable to errors differentiating ANA-negative
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Figure 3. ANA-positive healthy individuals can be distinguished
from SLE patients and ANA-negative healthy individuals using
BLyS, IL-5, G-CSF, and IL-2. A, Random forest models separate
SLE patients (red), ANA-positive healthy individuals (white), and
ANA-negative healthy individuals (blue) by cytokine expression. B,
BLyS, IL-5, G-CSF, and IL-2 were used to differentiate ANA-
positive healthy individuals from SLE patients and ANA-negative
healthy controls. Colors indicate the increased cytokine fluorescence
intensity, with red as the highest, yellow as average, and green as the
lowest. Min = minimum; max = maximum (see Figure 1 for other
definitions).

and ANA-positive individuals: 6 ANA-negative subjects
were characterized as ANA-positive (71.0% accuracy)
and 8 ANA-positive subjects as ANA-negative (74.2%
accuracy). Only 2 SLE patients were characterized as
ANA-positive healthy, and none were classified as ANA-
negative (93.1% accuracy). Thus, although these immuno-
logic criteria did not accurately differentiate ANA-positive
and ANA-negative healthy individuals, cytokine profiles
may be useful in distinguishing ANA-positive healthy indi-
viduals from undiagnosed individuals who will soon transi-
tion to SLE.

Altered immune cell population frequencies in
ANA-positive healthy individuals. Like serum soluble
mediator profiles, frequencies of multiple cell popula-
tions are altered in the peripheral blood of SLE patients
(35,36). The use of potent immunosuppressants may
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Figure 4. Relative numbers of monocytes and memory B cells are increased in antinuclear antibody—positive (ANA+) healthy individuals.
Immunophenotyping flow cytometry was used to determine the total absolute cell number of peripheral blood mononuclear cells (PBMCs)/ml of
blood (A) and percentages of PBMCs identified as lymphocytes (B), the T cell subsets CD4+ (C), CD8+ (D), and CD85j+CD4+ (E). The B cell sub-
sets were identified as total (CD3—CD20+CD19+) (F), memory (CD20+CD19+CD27+CD38—) (G), plasmablasts (CD20—CD19+CD27+CD38+)
(H), naive (IgD+CD27—-CD24—) (I), and transitional (CD27—CD38+CD24+) (J). Frequencies of monocytes (K) and natural killer (NK) cells
(CD3—-CD56+CD16+) (L) are also shown. Each data point represents an individual subject; horizontal lines show the median and interquartile range.
* =P <0.05; ** = P<(0.01, by Mann-Whitney test. ANA— = ANA-negative; NS = not significant.

change cell numbers in SLE patients, but ANA-positive
healthy individuals already have detectable levels of
autoantibodies without confounding effects from medi-
cations. Therefore, in order to determine whether dif-
ferential soluble mediator profiles were associated with
altered leukocyte homeostasis in ANA-positive healthy
individuals, the relative abundance of various immune
cell populations was determined by flow cytometry using
PBMC:s from ANA-positive and ANA-negative healthy
individuals when absolute cell number and frequencies
were determined.

ANA-positive healthy individuals had a reduced
number of total PBMCs/ml of blood compared with ANA-
negative controls (Figure 4A). Although serum levels of T
cell—associated mediators differed significantly between
ANA-positive and ANA-negative individuals (Figures 1

and 2), the frequencies of lymphocytes (P = 0.374) (Figure
4B), CD4+ T cells (P = 0.584) (Figure 4C), and CD8+ T
cells (P = 0.898) (Figure 4D) were similar. Furthermore,
expression of CD85j, a receptor that inhibits CD4+ T cell
activation (37), was significantly decreased in ANA-
positive subjects (P = 0.042) (Figure 4E). ANA-positive
healthy individuals had a greater frequency of memory B
cells (CD27+CD38-) (P=0.003) and plasmablasts
(CD27+CD38+) (P =0.008) but similar frequencies of
total B cells (CD3—CD19+CD20+) (P = 0.299), naive B
cells (IgD+CD27—CD24—) (P = 0.802), and transitional
B cells (CD27—CD38+CD24+) (P =0.994) compared
with ANA-negative individuals (Figures 4F—1J). In addi-
tion, ANA-positive healthy individuals had an increased
frequency of monocytes (P =0.03) (Figure 4K). There
was no difference in natural killer (NK) cell (CD3—
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Figure 5. ANA-positive healthy individuals have increased STAT
phosphorylation in B cells and monocytes. Phosphospecific flow
cytometry on PBMCs was used to assess basal STAT-5 phosphoryla-
tion (A) and pSTAT-1 (B), pSTAT-3 (C), and pSTAT-5 (D) follow-
ing interferon-a (IFN«) stimulation in monocytes and B cells. Each
data point represents an individual subject; horizontal lines show the
median and interquartile range. *=P <0.05; #*=P<0.01, by
Mann-Whitney test. MFI = mean fluorescence intensity (see Figure
4 for other definitions).

CD56+CD16+) frequency (P = 0.5202) (Figure 4L);
however, when absolute cell numbers were calculated, NK
cells were reduced in number in ANA-positive healthy
individuals along with total CD4+ T cells, CD4+ CD85j+
T cells, and transitional B cells (see Supplementary
Table 5, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.39706/
abstract).

Taken together, these results suggest that early dif-
ferences in effector B cell subsets, monocytes, NK cells,
and inhibitory T cell functions may contribute to a loss of
immune tolerance by driving autoantigen presentation

and proinflammatory cytokine production in ANA-
positive healthy individuals.

Dysregulated cytokine-stimulated STAT signal-
ing in ANA-positive healthy individuals. To explore
molecular mechanisms that may link the altered soluble
mediator profiles and cell frequencies of ANA-positive
healthy individuals with the potential for impaired immune
tolerance, STAT-1, STAT-3, and STAT-5 phosphorylation
was measured in specific cell types. Phosphospecific flow
cytometry was utilized to assess STAT signaling in PBMCs
from ANA-positive and ANA-negative healthy individuals
under normal conditions and after stimulation with the
cytokines IFNe, IFNvy, IL-2, IL-6, IL-7, IL-10, or IL-21.
Basal phosphorylation of STAT-5 was increased in ANA-
positive healthy subjects compared with ANA-negative
subjects (P=0.038 in B cells, P=0.003 in monocytes)
(Figure 5A), but basal pSTAT-1 and pSTAT-3 did not dif-
fer between ANA-positive and ANA-negative individuals in
any cell type (see Supplementary Table 6, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.39706/abstract).

The majority of significant differences were
induced by IFNa stimulation, including greater pSTAT-1,
pSTAT-3, and pSTAT-5 responses in monocytes and
greater pSTAT-1 and pSTAT-3 responses in B cells from
ANA-positive versus ANA-negative subjects (Figures
5B—D). B cells from ANA-positive subjects also produced
greater pSTAT-3 responses to IL-21 stimulation and
greater pSTAT-1 responses to IFNvy (see Supplementary
Table 5, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.39706/
abstract). Similarly, monocytes from ANA-positive sub-
jects had increased pSTAT-3 responses to IFNy and
increased pSTAT-5 responses to IL-7 stimulation (see
Supplementary Table 5). For the majority of cytokine
stimulations, cells from ANA-positive and ANA-negative
subjects had similar pSTAT-1, pSTAT-3, and pSTAT-5
responses (see Supplementary Table 5). Therefore,
antigen-presenting cells in ANA-positive individuals may
have a heightened response to IFNs.

DISCUSSION

Because many healthy individuals have detect-
able serum autoantibodies, autoimmune disease is not
necessarily an inevitable consequence of ANA positivity.
However, the mechanisms that preserve health in the
presence of ANAs are incompletely understood. Our
study reveals a unique immunologic landscape in ANA-
positive healthy individuals, with a combination of
inflammatory and immunoregulatory features that is not
seen in ANA-negative controls or in SLE patients.
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Taken together, the immune cell phenotypes and serum
cytokines that distinguish ANA-positive healthy individ-
uals may reveal important insights about the mecha-
nisms that prevent transition from benign to pathogenic
autoimmunity.

The immune cell frequencies in ANA-positive
healthy individuals suggest that increased presentation of
self antigens could prompt autoantibody development.
For example, the increased frequencies of effector B cells
and monocytes in ANA-positive healthy individuals are
suggestive of up-regulated antigen-presenting cell (APC)
function; this is further supported by increased B cell
responses to IFNea, IFNvy, and IL-21 and monocyte
responses to IFNea, IFNy, IL-7, and IL-10. APC up-
regulation may result from a combination of genetic and
environmental factors, including decreased CDB85j
expression on CD4+ T cells. CD85j is a known inhibitory
receptor that inhibits phosphorylation of the T cell recep-
tor {-chain and thus downstream recruitment of ZAP-70
(38). Previous studies in SLE patients have suggested
that diminished inhibitory activity of CD85j on T cell sub-
sets and decreased expression of CD85j on B cells and
DCs contribute to hyperresponsiveness, likely by reduced
Treg cells and tolerogenic DCs, which were not measured
in our study (39-41).

Thus, early defects in CD85j expression may pro-
mote higher proinflammatory soluble mediator produc-
tion, creating an environment favorable for increased
autoantibody production. Indeed, ANA-positive healthy
controls have an increased frequency of plasmablasts and
elevated levels of proinflammatory soluble mediators
suggestive of ANA production; however, phenotyping
was conducted on frozen PBMCs, where total plasma-
blast frequencies are known to be variable (42). Future
immunophenotyping and cell function studies that
include SLE patients with active disease and those with
inactive disease would help further delineate the path-
ways that are important in loss of immune tolerance and
disease exacerbation.

Our results imply that despite elevated levels of
proinflammatory soluble mediators and autoantibodies,
ANA-positive healthy subjects remain free of classifiable
autoimmune disease through the activation of intact reg-
ulatory mechanisms. For example, the increased IL-1Ra
levels and IL-1Ra:IL-18 ratio in ANA-positive healthy
individuals compared with SLE patients likely inhibit
IL-1 signaling. IL-1 levels positively correlate with dis-
ease activity in SLE and may be influenced by IL-1
polymorphisms (43,44), while lower IL-1Ra levels are
associated with more severe disease and renal involve-
ment (45). Our results suggest that therapeutically
increasing IL-1Ra levels could be a promising approach
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to delaying and/or preventing the transition from benign
to pathogenic autoimmunity in high-risk individuals with
anti-dsDNA— or anti-RNA—associated binding protein
autoantibodies and a dysregulated cytokine profile sug-
gestive of SLE transition.

In addition to intact regulatory mechanisms,
ANA-positive healthy individuals may be protected by a
lack of certain inflammatory signatures seen in SLE
patients, including type I IFNs, BLyS, SCF/c-Kit ligand,
and IL-12p40. These findings support published observa-
tions that IFN-related pathways are associated with the
transition from benign autoimmunity to clinical disease
(17,46). Furthermore, type I IFNs are known to induce
production of BlyS (47), which correlates with disease
activity in some patients and is the target of belimumab,
an SLE treatment that was approved in 2011. Interestingly,
the monocytes of ANA-positive healthy individuals show
increased sensitivity to IFNa stimulation. Given the
reduced levels of type I IFNs and BLyS in ANA-positive
versus ANA-negative healthy individuals, it is possible that
immune cells in ANA-positive healthy individuals are
primed but lack the appropriate cytokine stimuli to induce
pathogenesis.

Indeed, reduced BLyS levels in ANA-positive
healthy individuals would impair B cell development,
activation, and survival, although ANA-positive healthy
individuals still have elevated transitional and effector B
cells, suggesting that other genetic and/or environmen-
tal conditions trigger B cell proliferation and autoanti-
body production. If this second regulatory step is lost,
and BLyS and/or IFN levels become elevated, more
autoreactive B cells would survive the transitional check-
point and proceed to produce higher levels of auto-
antibodies, which would further increase proinflammatory
cytokine concentrations and ultimately cause clinical symp-
toms. Taken together, these observations suggest that pro-
duction of type I IFNs and BLyS may represent a decisive
step toward the transition from benign autoimmunity to
SLE classification.

Expression of both IL-12p40 and SCF/c-Kit ligand
was also increased only in SLE patients. Although a direct
connection between IL-12p40 and SLE progression has
not been established, IL-12p40 may enhance SLE patho-
genesis through its effects on Th1l and/or Th17 pathways.
IL-12p40 is a component of both IL-12p70 and IL-23,
important for Th1l and Th17 differentiation and produc-
tion of IFNy and IL-17, the expression of which is
elevated in SLE patients compared with controls (48). IL-
12p40 also exists as a monomer and as a homodimer (IL-
12p80) that increases dendritic cell responsiveness (49,50).
SCEF, also known as c-Kit ligand, drives proliferation and
survival of early hematopoietic cells, suggesting that SCF
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may contribute to the hematologic features of SLE. These
and other cytokines up-regulated only in SLE patients
may be critical for SLE onset and progression.

Our results suggest that the absence of elevated
levels of type I IFNs, BLyS, IL-12p40, and SCF/c-Kit
ligand, along with increased IL-1Ra:IL-18 ratios, protect
ANA-positive healthy individuals against potentially path-
ogenic autoimmune responses. Investigating these mecha-
nisms in a longitudinal study of ANA-positive individuals
would assist in the identification of individuals at high risk
of transitioning to SLE and direct the discovery of new
therapeutic targets for disease prevention and treatment.
Finally, identifying ANA-positive healthy individuals at
low risk of transitioning to SLE may reduce unnecessary
treatment of these individuals.
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