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Signaling through Toll-like receptor 7 (TLR7) drives the production of type I IFN and

promotes the activation of autoreactive B cells and is implicated in the pathogenesis of

systemic lupus erythematosus (SLE). While TLR7 has been extensively studied in murine

lupus, much less is known about its role in the pathogenesis of human SLE. Genetic

studies support a link between the TLR7 rs3853839 C/G polymorphism, which affects

TLR7 mRNA turnover, and SLE susceptibility; however, the effects of this polymorphism

on B cells have not been studied. Here we determined how changes in TLR7 expression

affect peripheral B cells and auto-Ab production in SLE patients. High TLR7 expression

in SLE patients driven by TLR7 rs3853839 C/G polymorphism was associated with

more active disease and upregulation of IFN-responsive genes. TLR7hi SLE patients

showed an increase in peripheral B cells. Most notably, the percentage and numbers of

CD19+CD24++CD38++ newly-formed transitional (TR) B cells were increased in TLR7hi

SLE patients as compared to HCs and TLR7norm/lo SLE patients. Using auto-Ab arrays,

we found an increase and enrichment of auto-Ab specificities in the TLR7hi SLE group,

including the production of anti-RNA/RNP-Abs. Upon in vitro TLR7 ligand stimulation,

TR B cells isolated from TLR7hi but not TLR7norm/lo SLE patients produced anti-nuclear

auto-Abs (ANA). Exposure of TR B cells isolated from cord blood to IFNα induced the

expression of TLR7 and enabled their activation in response to TLR7 ligation in vitro. Our

study shows that overexpression of TLR7 in SLE patients drives the expansion of TR

B cells. High TLR7 signaling in TR B cells promotes auto-Ab production, supporting a

possible pathogenic role of TR B cells in human SLE.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune
disease characterized by B cell hyperactivation, associated
with the production of antinuclear autoantibodies (auto-Abs)
and the formation of immune complexes (IC). A subset of
SLE patients has auto-Abs, which are reactive to RNA and
ribonucleoproteins (RNPs), including anti-Ro, anti-Sm, and anti-
RNP and, are associated with increased expression of IFN-
stimulated genes (ISGs) and worse disease severity (1–3). Despite
their contribution to SLE pathogenesis, the immune sensors that
drive the production of anti-RNA/RNP auto-Abs in human SLE
are not well-established.

Toll-like receptor 7 (TLR7), an endosomal Toll-like receptor,
specialized in the recognition of single-stranded RNA (ssRNA)
appears to play a key role in SLE pathogenesis (4–8).

TLR7 mediates type I IFN production in human pDC
(9, 10). Among their other functions, type I IFNs can
activate B cells through receptor for IFN I (IFNAR) to
induce upregulation of ISGs, including IFNAR and TLR7.
Signaling via IFNAR affects BCR signaling, B cell selection
and class-switch recombination (11). Increased type I
IFNs can also, indirectly, promote B cell survival and
activation by driving the production of B cell-activating
factor (BAFF) and other cytokines by myeloid cells and/or
T cells (12, 13).

Data from mouse lupus models support a B cell-intrinsic
role of TLR7 signaling in B cell activation and the production
of auto-Abs (7, 14–18). Increase in Tlr7 gene dosage in non-
autoimmune mice promotes the development of a lupus-like
disease, whereas, the deletion of the Tlr7 allele in lupus-prone
mice eliminates anti-RNA auto-Abs and reduces disease
pathology (4, 5, 7, 8). Tlr7.1 transgenic (Tlr7.1Tg) mice, which
express 8-16 extra copies of Tlr7, develop an early onset
systemic autoimmune disease, associated with the production
of anti-RNA auto-Abs. Tlr7.1Tg mice show expansion
and activation of newly-formed transitional (TR) B cells,
follicular B cell expansion, and increased germinal center (GC)
formation (5, 15, 18).

Genetic studies in human SLE support a link between copy
number variations (CNV) and single-gene polymorphisms (SNP)
in the TLR7 gene locus and SLE susceptibility (19–23). The
TLR7 rs3853839 C/G SNP, located in the 3′ untranslated region
of the TLR7, has been associated with an increase in TLR7
mRNA and TLR7 protein expression and, upregulation of
ISGs (22, 24).

While the role of TLR7 in B cells has been extensively
investigated in murine lupus, still much less is known about the
TLR7 signaling in human SLE. In this study, we explored how
changes in TLR7 expression, including an increase in TLR7 due

Abbreviations: Ab, antibody; Auto-Ab, autoantibody; BAFF, B-Cell-Activating

Factor; BCR, B-cell receptor; CB, cord blood; DN B cells, double–negative

(memory) B cells; ISGs, interferon (IFN)-stimulated genes; IFN, interferon;

PBMC, peripheral blood mononuclear cells; PCR, polymerase chain-reaction;

RNP, ribonucleoprotein; SLE, systemic lupus erythematosus; TLR7, Toll-like

receptor 7; TLR9, Toll-like receptor 9; TR B cells, Transitional B cells; ssRNA,

single-stranded RNA; Sm, Smith Antigen.

TABLE 1 | Characteristics of the SLE patients according to the expression of

TLR7 in peripheral blood mononuclear cells.

Category Feature TLR7 norm/low

(n = 21)

TLR7high

(n = 19)

p-

value

Demographic Age, mean ± SD 40.50 ± 4.572 35.72 ± 3.072 NS

No. (%) female 18 (85.71) 17 (89.47) NS

No. (%) males 3 (14.28) 2 (10.52) NS

Race/Ethnicity, No

(%)

Asian 1 (4.8) 5 (26.31)

Black or

African American

4 (19.05) 0 (0)

Caucasian 6 (28.57) 7 (36.84)

Hispanic 4 (19.05) 4 (21.05)

Native Hawaiian/PI 1 (4.8) 1 ( 5.2)

Unknown/other 5 2

Disease SLEDAI, mean ± SD 3.8 ± 2.5 7.2 ± 3.37 0.0189

Current renal

involvement, No (%)

1 (4.8) 6 (31.58) 0.0395

Anti-dsDNA positive,

No (%)

13 (61.9) 16 (84.21) NS

Lymphocyte, count

± SD

1.337 ± 0.2547 1.092 ± 0.1483 NS

Medications HCQ, No (%) 15 (71.42) 16 (84.21) NS

Prednisone, currently

taking, No. (%)

6 (28.57) 8 (42.10) NS

Prednisone, dose

[mg ± SD]

5.364 ± 2.738 8.750 ± 3.000 NS

Mycophenolate

mofetil, or

Cyclophosphamide

exposure, No. (%)

0 (0) 6 (31.58) 0.0247

to TLR7 rs3853839 C/G polymorphism, affects peripheral B cells
and auto-Ab production in SLE patients.

MATERIALS AND METHODS

Study Subjects
SLE (n = 65) patients were recruited from the University
of Washington Medical Center. All patients fulfilled the
revised ACR criteria for SLE; disease activity was measured
using the SLE Disease Activity Index (SLEDAI) 2K (25, 26).
The mean SLEDAI of the study cohort was 5.2 ± 3.46
(range 1–16). Patients treated with biologics within the last
6 months or taking more than 40mg prednisone per day or
suspected of having acute infections were excluded from the
analysis. Healthy controls (HC) (n = 16) with no history
of autoimmune diseases or current infections were selected
to match the ethnicity, age, and sex of the SLE patients. 47
SLE subjects were analyzed for the expression TLR7 in PBMC
and genotyped for the TLR7 rs3853839 C/G polymorphism.
Peripheral B cell phenotypes were analyzed in 12 HCs and 40
SLE subjects. Additional information about the study subjects,
included in the analysis presented here is shown in Table 1,
Supplemental Tables 1 and 2.
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Cell Isolation and Cell Culture
Whole blood from SLE patients and HCs was collected into
sodium-heparinized tubes (BD Biosciences, San Jose, CA) and
peripheral blood mononuclear cells (PBMCs) were purified by
Ficoll-Hypaque (GE Healthcare Life Sciences, Marlborough,
MA) density-gradient centrifugation. PBMCs were suspended in
PBS, 2% FBS and analyzed by flow cytometry. 1–2 × 106 cells
from each sample were pelleted and stored at −80◦C in RNA
lysis buffer for RNA isolation. Umbilical cord blood (CB) was
obtained from Bloodworks Northwest, Seattle. CD19+ CD38++

CD24++ TR B cells were purified from PBMC or CB by cell
sorting performed on a FACSAria II high-speed sorter (BD
Biosciences). B cell numbers in SLE patients were determined
by multiplying clinical lymphocyte counts by the fraction CD19+

B cells of PBMCs, determined by flow cytometry. Upon sorting,
cells were cultured with RPMI 1640 containing L-glutamine and
NaHCO3, supplemented with 10% FCS (Atlanta Biologicals),
and 1% penicillin/streptomycin (Sigma). PBMC TR B cells were
stimulated with 50 ng/ml TLR7/8 agonist R848 (Resiquimod)
(InvivoGen, San Diego, CA) in 96-well plates using 3–5 × 103

cells/well in 100µl medium and cultured for 5 days. Sort-purified
CB TR B cells were cultured at 0.2–1 × 106 in 200 µl medium,
stimulated with IFNα at 1000 U/ml (PBL, Piscataway, NJ) for 6 h,
washed, and then, stimulated with 50 ng/ml R848 alone, or R848
plus F(ab′)2 anti-human IgM (anti-IgM) (10µg/ml) (Jackson
ImmunoResearch Laboratories, Inc). For the cell proliferation
experiments, cells were loaded with 2.5µM CFSE (Thermo
Fisher Scientific) in PBS at 37◦C for 10min, quenched with
medium, washed, primed with IFNα then, washed and stimulated
with R848, cultured for 3 days and analyzed for CFSE dilution
by flow cytometry. IgM and IgG production by CB-TR B cells
was measured using Ready-SET-Go R© ELISA kits (e-Biosciences,
Thermo Fisher Scientific).

Flow Cytometry
Freshly isolated PBMCs were stained with combinations of
fluorescently labeledmAbs. Live cells were identified using fixable
viability dye (FVD) (Invitrogen, Thermo Fisher Scientific).
Analysis of B cell subsets was performed using combinations
of fluorescently-conjugated Abs (Supplemental Table 3). For the
analysis of TLR7 expression, cells were first stained with FVD,
washed, stained with anti-CD19 and then, fixed, permeabilized
and stained with PE-conjugated anti-TLR7 or PE-isotype control
antibodies using transcription factor buffer set (BD Biosciences).
Sm/RNP (Arotec Diagnostics, Wellington, New Zealand) was
labeled with Alexa Fluor R© 647 Antibody Labeling Kit (Molecular
Probes, Eugene, OR) and used in combination with appropriate
surface markers for detection of Sm/RNP+ CD19+ B cells. Flow
cytometry was performed using a 5-laser LSRII flow cytometer
(BD) or a 4-laser CytoFLEX flow cytometer (Beckman Coulter,
Brea, CA). All data were analyzed using FlowJo software (Tree
Star, Ashland, OR).

Real-Time PCR
Total RNA was extracted from PBMCs or sorted B cells using
RNA Purification Plus Kit (Norgen Biotek, Thorold, ON).
Reverse transcription reactions were prepared using 100 ng of

total RNA per reaction using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). Gene
expression was analyzed using Power SYBR R© Green PCRMaster
Mix (Applied Biosystems) on an Applied Biosystems Step One
Plus Real-Time PCR System using a two-stage cycle of 95◦C
for 10min for 1 cycle and 95◦C for 15 s and 60◦C for 1min
repeated for 40 cycles, followed by a dissociation stage. Threshold
cycle (Ct) values were determined by setting a constant threshold
at 0.2. Analyses were done in triplicate for each sample; gene
expression was normalized using house-keeping genes GAPDH
and UBC. IFN scores were calculated as described previously (3).
Primer sequences used are shown in Supplemental Table 4.

Measurement of Cytokine Levels
Serum BAFF levels were measured using enzyme-linked
immunosorbent assay (ELISA) method using Quantikine R©

Human BAFF Immunoassay (RnD Systems, Minneapolis,
MN). Serum IFN levels were measured using LEGENDPlexTM

human anti-virus response panel (BioLegend). IL-10 and IL-
6 cytokines levels in cell culture supernatants were measured
using LEGENDPlexTM (BioLegend). Cytokine concentrations
were determined from dilution curves of cytokine standards
provided in the kit. Samples were analyzed on a CytoFLEX flow
cytometer (BC) and data were generated using LEGENDPlexTM

7.0 software (BioLegend).

Autoantigen Array and Anti-nuclear
Antibody Test
IgG and IgM autoantibody profiling was performed using
Autoantigen Microarray Super Panel at the Microarray Core
Facility, University of Texas Southwestern Medical Center
(Dallas, TX) (https://microarray.swmed.edu/products/category/
protein-array/). Serum samples were treated with DNAse I as
described (27), diluted 1:50, and incubated with autoantigen
array. The antibodies binding to the antigens was detected with
Cy3-labeled anti-IgG and Cy5-labeled anti-IgM. The array plates
were scanned with GenePix R© 4400A Microarray Scanner and
images analyzed using GenePix 7.0 software. The averaged net
fluorescent intensity (NFI) of each autoantigen for each sample
between twomicroarray runs was normalized to internal controls
(directly spotted IgM or IgG). Normalized signal intensity for
each antigen was normalized for total serum IgM or IgG levels.
The normalized signal intensities were calculated as the ratio of
SLE patient serum signal over the averaged signal of the healthy
controls. Significance analysis of microarrays (SAM) was used
to identify significantly increased autoreactivities. SAM function
was implemented from the Web Mev (mev.tm4.org) and open
source standalone Mev packages (travis-ci.org/dfci-cccb/mev).
The following settings were used: two class unpaired, number
of permutations=1000, Number of K-nearest neighbors=10, q-
val= <5%, fold change >5.

The anti-nuclear antibody (ANA) test was performed using
HEp-2 antigen Kit (MBL Bion, Des Plaines, IL). Slides were
incubated for 4 h with undiluted culture supernatants, washed,
and incubated for 2 h with biotin-conjugated goat anti-human
IgG, followed by 1 h incubation with streptavidin-FITC. Slides
were washed and mounted in mounting medium. Images were
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captured on Inverted DMIRB Leica microscope with Meta-
Morph software at 20x magnification.

TLR7 Genotyping
cDNA samples were genotyped using fluorescently-labeled
TaqMan MGB probes and analyzed on ABI 7900 HT real-time
PCR system (Applied Biosystems). DNA of known genotype was
used to validate the assays and as references in each experiment.
TLR7 rs3853839 risk (G) and non-risk (C) were defined based on
Shen et al. (22). For the studies reported here, TLR7 rs3853839
GG, CG or G genotypes were identified as risk allele carriers, and
TLR7 rs3853839 CC or C, as non-risk allele carriers.

Statistical Analysis
Statistical tests were performed using the Prism 5.0 (GraphPad,
San Diego). Non-parametric Mann-Whitney test was used to
compare group values. Categorical variables were compared
using Fisher’s exact test. One-way ANOVA, Kruskal–Wallis test
with Dunn’s multiple comparison test was used to assess the
significance of differences between groups. Two-way repeated
measures ANOVA were used in some cases. Correlations were
performed using non-parametric Spearman, two-tailed, rank-
order method. Results are reported as mean± SD; p ≤ 0.05 were
considered statistically significant.

RESULTS

High TLR7 Expression in SLE
Patient PBMCs
To assess the effects of TLR7 overexpression on peripheral B
cell populations, we first analyzed the expression of TLR7 in
total PBMCs, isolated from 47 SLE patients and 16 healthy
controls (HC). Real-time PCR (RT-PCR) analysis ofTLR7mRNA
expression showed variation in the expression levels of TLR7 in
the SLE group. Overall, we did not detect an increase in TLR7
expression in SLE patients as compared to HC (Figure 1A). After
setting a cut-off for the TLR7 expression as the average mean of
HC + 2SD, less than half (n = 19) of the SLE patients showed
higher TLR7 levels as compared to HC, which we designated
here as the “SLE TLR7hi” group (Figure 1B). Twenty-one SLE
patients had TLR7 expression equal or lower to the HCs, which
we designated the “SLE TLR7norm/lo” group (n = 21). 7 SLE
patients were not included in either group, due to the cut-off.
The TLR7norm/lo and TLR7hi SLE groups showed no statistical
differences with respect to gender or age (Table 1). Notably,
however, the overall disease activity was significantly higher in
the TLR7hi group, as compared to the SLE TLR7norm/lo group
(mean SLEDAI ± SD = 7.2 ± 3.37 vs. 3.80 ± 2.5; p = 0.0189).
The number of patients with current renal involvement was
also higher in the SLE TLR7hi group (p = 0.0395, by Fischer’s
exact test).

The TLR7 rs3853839 C/G SNP is a functional SNP, associated
with increased levels of TLR7 mRNA and TLR7 protein
expression (22, 24). To test whether the higher TLR7 levels in
the TLR7hi SLE group was associated with the TLR7 rs3853839
C/G SNP, we separated SLE patients into two groups: non-risk
allele carriers (C/C for females and C for males) and G-risk allele

FIGURE 1 | High TLR7 expression in a subset of SLE patients. Peripheral

blood mononuclear cells (PBMCs) were collected from healthy controls (HC)

and SLE patients. The expression levels of TLR7 mRNA were measured by

RT-PCR. PCR data were normalized to the expression of housekeeping genes

and is presented here as 21CTx103. (A) TLR7 expression in PBMCs from HCs

(n = 16) and SLE patients (n = 47) (B) SLE patients were divided into

TLR7norm/lo (n = 21) and TLR7hi group (n = 19) based on their TLR7

expression (TLR7norm/lo SLE group: TLR7 levels ≤ HC mean (21CTx103 ≤

16.25) and TLR7hi SLE group: TLR7 > 2x SD above the HC mean [21CTx103

> 22.50)]. Each symbol represents an individual; horizontal lines indicate mean

± SD. *p < 0.05, **p < 0.01, and ***p < 0.001, significance determined by

Mann-Whitney test or Kruskal-Wallis, with Dunn’s post-test. (C) Genetic

analysis of TLR7 rs3853839 C and G allele frequencies. Graph shows the

number of TLR7 rs3853839 CC or C (non-risk allele carriers) and TLR7

rs3853839 GG, CG or G (G-risk allele carriers) subjects in HC (n = 16) and

SLE (n = 47) group (P-value = 0.39 by Fisher’s exact test). (D) TLR7 mRNA

expression in HC (n = 16) and SLE subjects (n = 47), divided based on TLR7

rs3853839 C/G genotype. (E) Frequency of TLR7 rs3853839 C/G genotypes

in HC (n = 16), TLR7norm/lo (n = 21) and TLR7hi (n = 19) SLE groups (P-value

between TLR7norm/lo and TLR7hi SLE groups = 0.06 by Fisher’s exact test).

carriers (G/G or C/G for females and G for males). Genotypes
of the HC and SLE groups are shown in Supplemental Table 2.
Overall, the frequency of the TLR7 rs3853839 G-risk allele
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carriers was not significantly higher in SLE patients relative to
HCs (p = 0.4, by Fisher’s exact test) (Figure 1C). However, as
previously reported (22, 24), TLR7 mRNA levels were higher
in G-risk allele carriers as compared to non-risk carriers SLE
patients (Figure 1D). Next, we compared the frequency of the
TLR7 rs3853839 G-risk allele within the HC, TLR7norm/lo and
TLR7hi SLE groups (Figure 1E). Results showed that 73.68 % of
the TLR7hi SLE patients were G-risk allele carriers, as compared
to 42.86% in the TLR7norm/lo SLE group and 43.75% in the
HCs. The differences between SLE TLR7hi and TLR7norm/lo

groups did not reach statistical significance (p-value = 0.06,
by Fisher’s exact test), but there was a clear trend toward
G-risk genotype enrichment in the TLR7hi group. Based on
this data, we concluded that TLR7 rs3853839 G-risk allele is
a strong factor in the TLR7 increase but, since not all of the
SLE TLR7hi subjects had the TLR7 rs3853839 G-risk allele;
other factors also are likely contributing to the increase of
TLR7 expression.

Consistent with the role of TLR7 in IFN production and
previous reports which showed increases in ISG signature in
TLR7 rs3853839 G-risk allele carriers (22, 24), the expression
of ISGs (combined IFN scores) were higher in the SLE TLR7hi

group, as compared to TLR7norm/lo SLE and HCs. Analysis of
serum cytokine levels also showed increased levels of IFNα and
IFNγ in the SLE-TLR7hi group as compared to SLE-TLR7norm/lo

and HCs (Supplemental Figures 1A,B). The serum levels of
IFNβ and IFNλ1/2 and other cytokines, including TNFα, IL-10,
and IL-6 were not statistically different between the TLR7norm/lo

and TLR7hi SLE groups (Supplemental Figures 1B,C).

Changes in Peripheral B Cell Populations
Associated With TLR7 Overexpression
TLR7 expression in PBMCs is relatively restricted to pDCs
and B lymphocytes, each of which comprises a minority
population. We, therefore, asked if there was an intrinsic
upregulation of TLR7 expression in B cells. Analysis of
TLR7 by intracellular (IC) flow analysis showed significantly
higher TLR7 protein levels in CD19+ B cells from SLE
TLR7hi patients, as compared to TLR7normal/lo or HC B
cells (Figure 2A).

Next, we asked whether high TLR7 was associated with any
alterations in peripheral B cells. Flow cytometry analysis showed
a significant increase in the percentage of CD19+ of total PBMCs
in the TLR7hi SLE group as compared to HCs (Figures 2B,C).
Further analysis of the distribution of the B cell subsets using
IgD and CD27 surface staining showed a slight, but statistically
significant increase in naïve IgD+CD27− B cells in the TLR7hi

SLE group as compared to TLR7lo/norm SLE (Figures 2B,D). We
also observed some differences in the frequencies of switched
memory (IgD−CD27+) and double-negative (DN) memory
B cells, but not un-switched memory (IgD+CD27+) B cells,
between the two groups (Supplemental Figures 2A–D). The
frequencies of CD19+CD11c+ B cells and CD38++CD27++

(plasma) cells were increased in SLE patients, but they were not
statistically different between the TLR7lo/norm and TLR7hi SLE
groups (Supplemental Figures 2E–G).

Transitional B Cells Are Expanded in
TLR7hi SLE Patients
Mice overexpressing Tlr7 have increased transitional (TR) B
cells, and, when cultured in vitro, these TR B cells could
produce autoantibodies (15). TR B cells are elevated in patients
with juvenile dermatomyositis (JDM), particularly those with
active disease (28). Therefore, we asked whether the increase of
IgD+CD27− naïve B cells in the TLR7hi SLE group was due
to increased TR B cells. Analysis of CD19+ B cells showed
a higher percentage of CD38++CD24++CD10+ (TR) B cells
in the TLR7hi SLE patient group, as compared to the HC
and TLR7norm/lo SLE group (p = 0.0085, 1-way ANOVA)
(Figures 3A,B). The expansion of TR B cells was also evident
when TR B cells were identified as CD19+ IgD+CD38++ cells
(Figure 3A and Supplemental Figure 3). The absolute number
of TR B cells was also increased in the TLR7hi SLE group, as
compared to the TLR7norm/lo SLE group (Figure 3C).

When SLE patients were stratified by their TLR7 rs3853839
C/G genotype, TR B cells were expanded in risk-allele carriers
SLE patients, as compared to non-risk allele carriers (p = 0.05,
Mann-Whitney two-tailed test) (Figure 3D). While the overall
TR B cell frequencies in SLE patients correlated positively
with TLR7 expression (R = 0.339, p = 0.0088); we found no
correlation between TR B cell frequencies and the expression
of other TLRs, including TLR9 (Supplemental Figures 4A,B),
suggesting the effect on TR B cells is specific to TLR7. Since the B
cell pro-survival cytokine BAFF regulates TR B cell survival and
can be produced in response to type I IFNs, we also measured
BAFF levels and compared it between the TLR7norm/lo and
TLR7hi SLE groups. We found no significant differences in BAFF
levels between the two groups and, no association between BAFF
titers and TLR7 expression and/or TR B cell expansion and BAFF
titers (Supplemental Figures 4C,D).

Together, these results show that high TLR7 expression is
associated with changes in peripheral B cells, particularly, an
increase in the percentage and the absolute number of TR B cells.
The increase of TR B cells correlated with TLR7 expression, but,
was not dependent on TLR9 expression and/or BAFF levels.

Overexpression of TLR7 Is Associated With
Enrichment for More
Autoantibody Specificities
To further understand how the increase in TLR7 expression
might affect B cells and auto-Ab production in SLE patients,
we tested IgM and IgG autoantibodies in serum samples from
HCs (n = 4), SLE TLR7norm/lo (n = 8) and SLE TLR7hi (n =

8) patients using autoantigen array. The IgM array showed little
autoreactivity in the SLE samples; what little was detected was
primarily directed against genomic DNA and chromatin with no
notable differences between the two groups (data not shown).
IgG array analysis revealed significant differences between the
TLR7norm/lo and TLR7hi SLE groups. The signal intensity
(increase over HCs) for multiple nuclear and non-nuclear auto-
Ags was significantly higher in the TLR7hi SLE group, as
compared to TLR7norm/lo SLE (Figure 4A). To better quantify
differences between groups, we performed a significance analysis
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FIGURE 2 | Changes in peripheral B cells associated with high TLR7 expression (A) The expression of TLR7 in B cells analyzed by intracellular flow cytometry;

graph shows normalized MFI of TLR7 protein expression in gated CD19+ B cells in HC/TLR7norm/lo SLE group (n = 4) compared to TLR7hi SLE group (n = 4); 1MFI

= MFI (anti-TLR7-PE signal)—MFI (Isotype-Ab-PE signal). Data are presented as mean 1MFI ± SD, *p < 0.05 by Mann-Whitney test (B) Peripheral blood

mononuclear cells (PBMC) from SLE patients and HCs were analyzed by flow cytometry. Representative flow cytometry plots of HC, TLR7norm/lo SLE and TLR7hi

SLE groups, showing the frequency of CD19+ B cells of total PBMCs or gated CD19+ B cells stained with anti-CD27 and anti-IgD Abs, separating cells into

IgD+CD27− (naïve), IgD−CD27+ (switched memory), IgD+CD27+ (un-switched memory), and IgD−CD27− (double-negative memory) subpopulations. Summary

data of the frequencies of CD19+ cells in HC (n = 12), TLR7norm/lo (n = 16) and TLR7hi (n = 18) SLE groups (C) and the frequencies of IgD+CD27− (naïve) B cells

(D). Differences between groups determined by Kruskal-Wallis, Dunn’s post-test. Data are shown as the mean ± SD. *p < 0.05. (Additional data from the analysis of

different B cell populations are presented in Supplemental Figure 2).

of microarrays (SAM). Using 5-fold increase over the normalized
signal intensity of the HCs as a threshold, the TLR7norm/lo

group showed a significant (q value of less than 5%) increase
in reactivity against eleven different auto-Ags; the TLR7hi SLE
group showed a significant increase in reactivity against twenty-
five different auto-antigens. Fourteen different specificities,

including Sm, SmD1, SmD3, U1-snRNP-BB”, U1-snRNP-C,
Ribo-phosphoprotein-P1 (RPP1) and Ribo-phosphoprotein-P2
(RPP2) were increased in the TLR7hi SLE group only (Figure 4B
and Table 2). Reactivity against nineteen auto-Ags, including
dsDNA, ssRNA, Nucleolin, ssDNA, Chromatin, Sm- and SmD-
Ags, RPPs, U1-snRNP-C, Histone H2A, and gp210 were higher
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FIGURE 3 | Transitional B cells are expanded in TLR7hi SLE patients. (A)

Representative flow plots of gated CD19+ cells from TLR7norm/lo and TLR7hi

SLE patients. Transitional (TR) B cells defined as CD24++CD38++ or

IgD+CD38++. Histograms to the right show CD10 expression in TR or

follicular mature (FM) B cell subsets. (B) Summary data of the frequency of

CD24++CD38++ CD10+ TR B cells in HC (n = 12), TLR7norm/lo (n = 16),

and TLR7hi (n = 18) SLE patients. Differences between groups determined by

Kruskal–Wallis, Dunn’s post-test. Data are shown as the mean ± SD. *p <

0.05. (C) Bar graphs show absolute numbers of TR B cells in TLR7norm/lo and

TLR7hi SLE groups calculated by multiplying available clinical lymphocyte

counts for TLR7norm/lo (n = 15) and TLR7hi (n = 16) SLE patients by

(Continued)

FIGURE 3 | the fraction of TR B cells, determined by flow cytometry. Data are

shown as the mean ± SD. *p < 0.05 by Mann-Whitney test. (D) TR B cells

frequency in HC (n = 12) and SLE patients (n = 40) according to their TLR7

rs3853839 C/G genotypes. Mann–Whitney test was used to compare non-risk

(C/C or C) vs. risk (C/G, G/G, or G) allele carriers SLE patients *p < 0.05.

in the TLR7hi SLE group, as compared to the TLR7norm/lo group
(Figure 4B and Table 2).

These results show that high TLR7 is associated
with an increase in auto-Ab reactivity, broadening of
the autoantigen recognition, and, the production of
anti-RNA/RNP-specific auto-Abs.

TLR7hi SLE Patients Have More
Autoreactive B Cells
Consistent with the production of anti-Sm and RNP auto-Abs in
TLR7hi SLE patients, flow cytometry analysis using fluorescently
labeled Sm/RNP showed a significant increase of Sm/RNP+ cells
in the TLR7hi SLE group, as compared to TLR7norm/lo SLE and
HCs (Figures 5A,B). The majority of Sm/RNP+ B cells were
IgD+ (data not shown).

Transitional B Cells Isolated From TLR7hi

SLE Patients Produce Autoantibodies
in vitro
In mice overexpressing Tlr7, TR B cells are highly responsive
to TLR7 ligation and, upon stimulation, produce auto-Abs in
vitro. Since we found that TLR7hi SLE patients have expanded
TR B cells, we wanted to test whether TLR7hi TR B cells could
produce auto-Abs in vitro.We purified CD19+CD24++CD38++

TR from HCs, TLR7norm/lo and TLR7hi SLE patients. We
obtained ∼4,000 cells /donor and stimulated them with TLR7/8
ligand R848. After five days in culture, we collected cell culture
supernatants and tested for autoreactivity using a HEp2 ANA
staining assay. The results showed positive ANA staining in
supernatants from TLR7hi TR B cells, but not HC or TLR7norm/lo

TR B cells. TR B cells from two out of two TLR7hi SLE
patients showed a positive ANA signal (Figure 6). The signal was
relatively weak, likely due to the low number of TR B cells in
the culture. Nevertheless, these data show that, in response to
TLR7 stimulation, TLR7hi TR B cells are able to produce IgG
auto-Abs. Due to the limited number of TR cells that can be
obtained from a single donor we did not test TR B cell responses
to other stimuli.

Exposure of Healthy Transitional B Cells to
IFNα Upregulates TLR7 and Promotes
Responses to TLR7-Ligation
To further test how TLR7 expression affects TR B cells, we
used human umbilical cord blood (CB), which contains high
frequencies of TR B cells that resemble peripheral blood TR
B cells (29–31) (Figure 7A) and (Supplementary Figure 5). Ex
situ, CB-TR B cells expressed low levels of TLR7; however,
exposure of CB-TR B cell to IFNα for 6 hours (“IFN-priming”)
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FIGURE 4 | TLR7hi SLE patients show increased IgG auto-Ab production and

a broader range of autoreactive specificities. (A) Analysis of IgG antibody

specificity in sera from SLE TLR7norm/lo and SLE TLR7hi groups by

autoantigen microarray. Signal intensity for each antigen was normalized for

total IgG levels. The normalized signal intensities were calculated as the ratio of

SLE patient serum signal over averaged healthy control signal. Volcano plots

depict averaged fold increase of normalized signal intensity of TLR7norm/low

(n = 8) and TLR7hi (n = 8) SLE groups over averaged HC signal (n = 4).

X-axis: fold increase in signal intensity of SLE groups vs. HCs. Y-axis: negative

log10 of p-values obtained from two-tailed non-parametric t-tests comparing

SLE patient and HCs serum autoantibody signal. Show are autoantigens with

a signal >10-fold over HC in TLR7low SLE patients (top) compared to TLR7hi

SLE patients (bottom). (B) Venn diagram shows top-hits autoantigens for each

group, based on the Significance Analysis of Microarrays (SAM). Show

(Continued)

FIGURE 4 | are specificities with >5-fold change over the normalized signal

intensity of HCs and SAM q-values <5%. Bold fonts designate a stronger

signal in the SLE TLR7hi group as compared to the TLR7norm/lo SLE group.

(SAM data is presented in Table 2).

induced a significant (∼ 5-10 fold) increase in TLR7 expression
and up-regulation of UNC93B and IRF7, other key molecules
involved in TLR7 signaling (32, 33) (Figure 7B).

Consistent with the increase of TLR7 expression, IFNα

priming enhanced CB TR B cell responses to TLR7 stimulation as
measured by increased cell proliferation upon R848 stimulation
(Figure 7C). We next sort-purified CB TR B cells, pre-
treated them with IFNα for 6 hours or left them untreated,
and stimulated them with either R848 alone or R848 in
combination with F(ab′)2 anti-human IgM (anti-IgM). After
five days in culture, we analyzed live cells by flow cytometry
for the appearance and frequencies of CD24++CD38++

TR B, CD24+CD38+ follicular mature (FM) B cells, and
CD24−/CD38++ plasma/plasmablast (PB/PBL) (Figure 7D).
Samples that were not primed with IFN did not respond to R848
stimulation. However, when CB TR B cells were first primed
with IFNα and then stimulated with R848, cells responded
and differentiated into FM B cells or PB/PBLs (Figures 7D,E).
Analysis of cell culture supernatants for Ig production showed
an increase of IgM titers in the IFNα-primed/R848-stimulated
samples, consistent with the appearance of PB/PBLs (Figure 7F).
Under these conditions, CB-TR B cells did not produce
significant amounts of IgG Abs (data not shown).

Since previous studies suggest a role for TR B cells in cytokine
production (28, 34, 35), we also measured the production of
IL-6 and IL-10 in the cell culture supernatants. IFNα-primed
TR B cells showed high IL-6, but reduced IL-10 production in
response to R848 and/or R848/anti-IgM stimulation, resulting
in an increase in the IL-6/IL-10 ratios (Supplemental Figure 6)
and (Figure 7G).

These data show that exposure of healthy TR B cells
to IFNα induces a rapid increase in TLR7 expression and
promotes responses to TLR7 ligation, associated with cell
differentiation, Ab-production and skewing toward a pro-
inflammatory cytokine phenotype.

DISCUSSION

Previous studies strongly support the pathogenic role of TLR7 in
murine lupus (4, 5, 8, 9, 14–18). SNPs in the TLR7 gene have been
previously associated with an increase in IFN production and SLE
susceptibility (19, 22, 36), but, whether and how changes in TLR7
expressionmay affect B cell activation and auto-Ab production in
SLE is not well explored.

We found that TLR7hi SLE patients showed significant
expansion of the percentage and numbers of newly-formed
transitional (TR) B cells. Autoantibody array assay showed
increased auto-Ab reactivity in TLR7hi SLE and enrichment for
more autoantibody specificities, including the production of anti-
RNA/RNP auto-Abs. Upon in vivo TLR7-ligand stimulation,
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TABLE 2 | Significance Analysis of Microarrays (SAM), data summary.

Autoantigens* SLE

TLR7norm/lo

vs. HC

SLE TLR7hi

vs. HC

SLE TLR7hi vs.

SLE

TLR7norm/lo

Fold

change

q-val**

(%)

Fold

change

q-val

(%)

Fold

change

q-val

(%)

dsDNA 15.42 0 52.85 0 3.43 0

Genomic DNA 7.94 0 34.32 0 4.32 0

ssRNA 4.05 0 28.71 0 7.09 0

Nucleolin 5.72 0 23.91 0 4.18 0

Heparin 5.6 0 22.41 0 4.01 0

ssDNA 14.28 0 21.16 0 1.48 3.5

Chromatin 5.57 0 21.04 0 3.78 0

Nucleosome

antigen

3.85 0 13.63 0 3.54 0

Ro-52/SSA 13.94 0 12.83 0 5.40 ns

Nup62 2.71 0 5.73 0 2.11 ns

Histone H3 3.03 0 5.67 0 1.87 ns

Sm 1.74 ns 17.7 0 10.17 0

SmD 0.96 ns 12.36 0 12.93 0

SmD3 2.3 ns 11.93 0 5.18 4.99

Ribo

phosphoprotein

P0

2.11 ns 10.5 0 4.99 ns

Alpha-actinin 2.23 ns 10.4 0 4.66 ns

T1F1 GAMMA 2.06 ns 10.14 0 4.92 4.99

Ribo

phosphoprotein

P1

2.33 ns 10 0 4.30 3.88

SmD1 1.35 ns 9.35 0 4.42 3.88

U1-snRNP-BB’ 2.11 ns 9.31 0 4.42 ns

Ribo

phosphoprotein

P2

1.38 ns 8.97 0 6.49 3.88

Histone H2A 1.93 ns 7.7 0 3.98 3.88

GP210 2.32 ns 7.25 0 3.13 3.5

DGPS 2.88 ns 6.49 0 1.37 ns

U1-snRNP-C 2.05 ns 5.99 0 2.93 3.33

* IgG top hits (>5 fold HD vs. SLE TLR7hi threshold). Autoantigens are ordered based on

average signal fold change (HD vs. SLE TLR7hi ).
**q-factor determination of False Discovery Rate (FDR); q values <5%

considered significant.

The following settings were used: two class unpaired, number of permutations = 1000,

Number of K-nearest neighbors = 10, q-val = <5%, fold change >5. Hierarchical

clustering was performed by the average linkage method calculated using the Mev

package above.

TR B cells from TLR7hi SLE patients produced IgG auto-Abs,
suggesting that TR B cell might be an important source of
pathogenic Abs in SLE.

Our TLR7 gene expression data showed that SLE patients had
variable levels of TLR7; however, a subset of SLE patients showed
high TLR7 expression as compared to HCs. This increase was
associated with TLR7 rs3853839 C/G genetic variant, known to
affect TLR7 RNA turnover (22, 24). More than 70% of the TLR7hi

SLE patients had at least one G risk allele. This G-risk allele

FIGURE 5 | Analysis of Sm/RNP-specific B cells in TLR7hi SLE patients. (A)

Representative flow cytometry plots show the detection of CD19+ B cells

reacting with Sm/RNP antigen in PBMC from HC and TLR7hi SLE subjects.

(B) Summary flow data of the frequencies of Sm/RNP-specific B cells of

CD19+ in HC (n = 6), TLR7norm/lo (n = 9), and TLR7hi (n = 9) SLE patients.

Differences between groups were determined by Kruskal–Wallis, Dunn’s

post-test. Data are shown as the mean ± SD, *p < 0.05 and **p < 0.01.

enrichment in the TLR7hi SLE group may be due, in part, to the
increased numbers of Asian SLE subjects in the TLR7hi group,
since the frequency of the G allele is considerably higher in Asians
relative to Caucasians (0.777 vs. 0.168, respectively, data from
1000 Genomes). Since not all of the SLE TLR7hi subjects carried
the TLR7 rs3853839 G-risk allele, we propose that other factors
also are likely to contribute to the increase of TLR7 expression.
Two other TLR7 SNPs - rs179019 and rs179010 are associated
with SLE susceptibility (20). Also, changes in miR-3148 can affect
TLR7 expression (24).

Increased TLRs expression in SLE PBMCs has been reported
previously (37–39); TLR7 and TLR9, in particular, are more
highly expressed in African-American SLE patients (39). These
previous studies, however, did not examine if changes in TLR7
expression might be linked to changes in peripheral B cells. More
recently, Jenks et al. showed an increase in TLR7 signaling in
DN2 (CXCR5− CD21− CD11c+ subset of IgD−CD27− double-
negative (DN)) memory B cells (40). The expansion of DN2
cells in African-American patients correlated with high disease
activity, lupus nephritis and the presence of anti-Sm and anti-
RNA autoantibodies. The increased TLR7 signaling in this study
was not driven by high TLR7 expression, but, linked low levels of
the negative regulator TRAF5 (40).

Since TLR7 is predominantly expressed in pDCs and B cells
and pDCs are present at <1% of PBMC in SLE (41), it is highly
likely that our data reflect increased TLR7 expression in B cells.
This is supported by our results showing an increase in TLR7
protein expression in CD19+ B cells. We found that high TLR7
expression was associated with an overall increase in peripheral
CD19+ B cells and a slight expansion of IgD+CD27− naïve B
cells. The frequencies of switched memory (IgD−CD27+) B cells
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FIGURE 6 | TLR7hi TR B cells produce anti-nuclear auto-Abs. Representative

HEp-2 ANA staining of undiluted culture supernatants from CD24++CD38++

TR B cells isolated from HC, TLR7norm/lo and TLR7hi SLE patients. Cells were

cultured for 5 days in RPMI medium with TLR7 ligand-R848 (50 ng/ml). Data

are representative of two independent experiments.

were decreased in the TLR7hi, as compared to TLR7norm/lo SLE
group, whereas the frequencies of un-switched memory (IgD+

CD27+) B cells were comparable between the two groups. As
previously described (42, 43), SLE patients in our cohort had
increased (IgD−CD27−) double-negative (DN) memory B cells,
but we found that frequencies DN B cells were lower in the
TLR7hi, as compared to TLR7lo/norm SLE group. These findings
are somewhat surprising, given that increase of activated DN
memory cells are found in SLE patients and the fact that DN
memory B cells are highly responsive to stimulation through
TLR9 and TLR7 (42–44). The overall expansion of DN memory
B cell in our cohort was modest as compared to previous data
that show significant accumulation of DN memory B cell in
African-American SLE patients with active disease (32, 43). We
found more Asians and no African-American patients in the
TLR7hi SLE group; however, African-American patients were
underrepresented in our study. Thus, the discrepancy between
our findings and previous studies might be due to differences
in the demographics of the SLE patients. Other recent studies
showed an association between SLE disease severity and increase
in CD11c+ (Tbet+) cells (45, 46); but, similarly to DN cells, we
did not find significant differences in CD11c+ B cell frequencies
between the TLR7lo/normal and TLR7hi SLE groups.

Increases in circulating TR B cell is found in SLE and other
autoimmune diseases, including Sjogren’s Syndrome, Type 1
Diabetes and JDM (28, 47–49). Wu et al. reported that newly-
diagnosed Asian SLE patients had an expansion of TR B cells,
associated with increased PTEN expression (49). An increase
in TR B cells, but a lack of DN B cell expansion was recently
described in chronic cutaneous lupus (CCLE) patients (50). Also,
Chang et al. showed a marked increase in the expression of p-
SYK following IgM crosslinking of TR B cells from SLE patients
(47). Another study has linked the expansion of TR B cells in
the bone marrow of SLE patients to increases in IFNα levels
and BAFF/APRIL production by neutrophils (51). Here, we did
not detect a significant correlation between TLR7 levels and
BAFF expression. However, since neutrophils express low levels
of TLR7, the increase in TLR7 expression might have not directly
affected their ability to secrete BAFF.

CD19+CD24hiCD38hi TR B cells in healthy individuals have
regulatory functions; in contrast, TR B cells from patients with
SLE and RA fail to suppress T cell responses and have reduced

ability to produce IL-10 (34). Piper et al. showed that TR B
cells are expanded in patients with JDM and their expansion
correlate positively with JMD disease activity (28). Protein and
RNAseq analysis showed high interferon alpha (IFNα) and TLR7-
pathway signatures in the TR B cells; furthermore, TLR7 and
IFNα treatment of JDMB cells promoted IL-6 production in vitro
(28). Another recent study reported an increase in TR B cells with
a higher capacity to produce IL-6 in SLE patients (35). IFN-α
treatment of TR B cell increased their survival by promoting NF-
κB pathway and, by inhibiting the expression of the pro-apoptotic
molecule Bax. The frequencies of TR B cell decreased in response
to therapy (28, 35).

We found thatTLR7 overexpression promoted the production
of auto-Abs by TR B cells. This is consistent with our finding
in Tlr7Tg mice, which showed the expansion and activation of
TR B cells, capable of producing auto-Abs in response to TLR7-
stimulation (15). Mouse TR B cells express AID and T-bet which
can drive class-switching without the need for T-cell help (14, 15).
Another recent study in lupus-prone BXD2 mice supports a
link between TR B cell activation and Tlr7 upregulation, driven
by endogenous IFN-β production (52). Studies in human SLE
also suggested that IFNβ production by TR B cells promotes
cell survival and sensitivity to TLR7 and, is associated with
more severe SLE disease manifestations in African-American
patients (53). These findings, together with the data presented
here, support the potential pathogenic role of TR B cells in
SLE. Still, the exact contribution of TR B cell in the production
of pathogenic auto-Abs needs further evaluation. TR B cells
are highly enriched in poly/autoreactive specificities, suggesting
they might be a potential source of auto-Abs (54). Post-GC B
cells are considered a major source of class-switched auto-Abs,
particularly anti-RNA/RNP Abs. However, Tipton et al. showed
recently that a substantial fraction of Ab-secreting cell clones
during SLE flares come from newly-activated naïve B cells (55).
In light of this new finding, we suggest that auto-Ab producing
cells may also directly arise from newly-activated TR B cells
(Figure 8). We found that TLR7hi TR B cells produce anti-
nuclear auto-Abs in response to TLR7 ligation, suggesting that,
upon auto-Ag encounter in vivo, they may produce auto-Abs.
It is now well established that the transitional stage represents a
stage in peripheral B cell development for reducing autoreactive
specificities (56). Based on previous studies supporting a role for
TLR7 and type I IFN signaling in B cell survival (35, 52, 57), we
propose that high TLR7 expression also promotes the survival
of TR B cells, allowing more autoreactive B cells to reach the
periphery, mature and become activated. In support of this
model, we found more autoreactive B cells and a significant
increase in auto-Ab production and a broader autoreactive B
cell repertoire in TLR7hi SLE patients. While our studies focused
primarily on the effects of TLR7 overexpression on TR B cells,
one can predict that increased TLR7 signaling affects different
stages of B cells development and promotes the activation of
both naïve and memory B cells, and the formation of GCs,
all of which can contribute to the production of pathogenic
auto-Abs. Other factors, such as IFN signaling, BAFF, IL-21,
IL-6, etc. can further cooperate with the TLR7 signal to drive
B-cell activation.
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FIGURE 7 | IFNα priming of transitional B cells promotes TLR7 expression, cell differentiation and cytokine production in response to TLR7-ligand stimulation.

Cord-blood (CB) transitional (TR) B cells were treated with IFNα and analyzed for the expression of TLR7 and responsiveness to R848 stimulation in vitro.

(A) Representative flow plots of B cell subsets in cord blood; shown is the gating of TR and follicular mature (FM) B cells based on CD24 and CD38 expression (B) TR

or FM B cells were sort-purified and left untreated or stimulated with 1000 µ/ml IFNα for 6 h. The expression of TLR7, IRF7, and UNC93B in each subset was

quantified by RT-PCR; data are presented as fold-change of mRNA levels relative to unstimulated cell (summary of three independent experiments). (C) Purified CB TR

B cells were loaded with CFSE and left untreated or primed with IFNα and cultured for 3 days in RPMI medium. Representative histograms show the percentage of

(Continued)
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FIGURE 7 | proliferating (CFSElo) cells (data is representative of two independent experiments). (D-G) Purified CB TR B cells were primed with IFNα and stimulated

with R848 (50 ng/ml) or a combination of R848 plus F(ab′)2 anti-human IgM (anti-IgM) (10µg/ml) and cultured for 5 days. (D) Representative flow plots showing the

percentages of TR B and plasma/plasmablast (PL/PLB) under different stimulatory conditions. (E) Summary data showing the percentage of CD24−CD38++ cells of

live cells in cultures. (F) IgM titers in cell culture supernatants measured by ELISA. (G) Concentrations of IL-6 and IL-10 in cell culture supernatants measured by

LEGENDPlex bead-based assay and presented as IL-6 to IL-10 ratios. Summary data of three independent experiments. No-priming and IFNα-priming conditions

were compared using a 2-way repeated measure ANOVA.

FIGURE 8 | Model of the effects of high TLR7 expression in driving transitional B cell expansion and auto-Ab production in SLE. High TLR7 expression driven by TLR7

rs3853839 (C/G) polymorphism promotes the expansion of transitional (TR) B cells in the periphery. TLR7 signaling enhances TR B cell survival and, may directly

promote TR B cells differentiation into Ab-secreting cells (ASC). TR and other B cells produce pathogenic anti-nuclear auto-Abs. TLR7-mediated type I IFN production

induces TLR7 expression and can further promote B cell activation.

TLR7 mRNA expression correlates with anti-ENA positivity
(58). Our in-depth autoantibody array profiling showed that
TLR7hi SLE patients have increased reactivity against nuclear Ags
and, display a wider range of autoreactive specificities including,
but not limited, to the production of anti-RNA/RNP auto-Abs.
The number of SLE patients with current renal involvement was
higher in SLE TLR7hi group, which, might be due to increased
anti-DNA and RNA/RNP Abs and, the formation of immune
complexes. Two recent studies show an association between
TLR7 rs3853839 G risk allele and the development of lupus
nephritis or other manifestations of SLE, including malar rash,
photosensitivity, pericardial effusion, reduced complement, and
anti-dsDNA and anti-Sm auto-Abs (23, 59).

Our data on the expansion of TR B cells and their ability
to produce auto-Abs in vitro support the B-cell intrinsic role
of TLR7 signaling in the activation of TR B cells. However,
in vivo, high TLR7 expression can also drive the activation
of pDC and other myeloid cells and promote the production
of type I IFNs (5, 10, 60). The presence of TLR7 rs3853839

G-risk allele is associated with increased IFN production (22,
24). Consistent with the role of TLR7 in IFN production, we
found high ISG scores and high IFNα levels in TLR7hi SLE
patients. Since TLR7 itself is an IFN-responsive gene and B cells
express IFNAR, we cannot exclude that, in vivo, the increase
of TLR7 expression in B cells and changes in their phenotype
are driven by type I IFNs. In addition to its effects on B
cells, the TLR7-mediated type I IFN production is likely to
affect other immune cells and to contribute to SLE disease
manifestations (61).

TR B cells are present in very low numbers in the peripheral
blood. To overcome this limitation, we used TR B cell isolated
from umbilical cord blood (CB), which, phenotypically resemble
TR B cells, found in the peripheral blood (29–31). Upon isolation,
CB-TR B cells expressed low levels of TLR7 and did not respond
to TLR7-ligand stimulation. These results are consistent with
published data showing that human B cells responses to TLR7
ligation require exogenous IFNα (62). IFNα-priming of CB-
TR B cells induced a robust up-regulation of TLR7 and other
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key molecules involved in TLR7 signaling, including IRF7 and
UNC93B, also known to be upregulated in SLE patients (32, 33,
63). Thus, the IFN exposure of CB-TR B cells, at least to some
extent, mimics in vivo inflammatory conditions. IFNα-priming
promoted TR B cell responses to TLR7 ligand stimulation and
also, altered their cytokine profiles. IFN priming alone was not
sufficient to drive IgG and auto-Ab production by CB-TR B cells
suggesting that, in vivo, other factors (e.g., auto-Ag and different
cytokines, such as BAFF or IL-21) might be required for the full
activation of TR B cells. Our findings in CB-TR B cell cultures
support that IFN-driven TLR7 upregulation promotes TR B cell
activation and cytokine responses in response to stimulation;
still, they might not precisely reflect what happens in an
SLE patient.

Inflammatory conditions associated with an increase in IFNs
production, such as viral infections, could promote TLR7
expression and drive Ab and cytokine production by TR B cells.
Changes in TLR7 expression can be driven by both genetic (TLR7
SNPs), epigenetic (miRNAs and X- chromosome inactivation,
XCI ), and environmental factors, providing multiple links to the
SLE pathology (22, 64, 65). Here, we showed that TLR7 rs3853839
(C/G) which affects TLR7 expression and IFN production is
associated with TR B cell expansion and increased auto-Abs
production. It is of future interest to identify other genetic factors
that might affect TLR7 expression or its downstream signaling. It
is likely that high TLR7 expression, combined with other genetic
factors may have additive or synergistic effects on SLE disease
susceptibility. It is also possible, that different genetic factor,
such as SNPs in the TLR7 or TRAF5 genes may affect different
populations differently. The frequency of the TLR7 rs3853839 G-
risk allele is considerably higher in Asians, relative to Caucasians
or African-Americans [C: 22%, G: 78% vs. C: 83%, G:17%
and C:81%, G: 19% respectively (data from 1000 Genomes)],
suggesting that the G-risk-associated phenotype might be more
prevalent in Asian SLE patients. Changes in TLR7 signaling
associated with IFNβ up-regulation or low TRAF5 expression,
on the other hand, might be predominant in African-Americans
SLE patients (40, 53). Thus, the association between TLR7 and B
cell activation should be explored in larger and ethnically diverse
SLE cohorts.

Our study shows a direct link between TLR7 signaling and
B cell abnormalities in SLE patients, specifically, the expansion
of TR B cells and the increased production of auto-Abs. TR B
cells in TLR7hi SLE patients may represent a source of auto-Abs
and pro-inflammatory cytokines. TLR7 expression and TLR7
rs3853839 (C/G) genotyping can be useful biomarkers in SLE
and other autoimmune diseases to help identify patients who
might respond well to TLR7 and/or IFN blockade or B cell-
targeted therapies.
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