Toll-like Receptor Expression in Lupus Peripheral Blood
Mononuclear Cells
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ABSTRACT. Objective. To investigate expression of members of the Toll-like receptor (TLR) family in peripheral
blood mononuclear cells (PBMC) in patients with systemic lupus erythematosus (SLE).
Methods. We analyzed PBMC from 14 patients with SLE and 15 healthy subjects. The surface expressions
of TLR2 and TLR4 and intracellular expression of TLR9 on PBMC were analyzed by flow cytometry.
Results. Although TLR4 expressions on CD14+ monocytes were not significantly different between
healthy subjects and patients with SLE, TLR2 expressions on monocytes were reduced in patients with
SLE compared to healthy subjects. Intracellular TLR9 expression levels of CD19+ B lymphocytes were
significantly elevated in patients with SLE. However, the TLR9 expression levels of plasmacytoid den-
dritic cells were not significantly different between these patients and healthy subjects.
Conclusion. Our results show that human peripheral blood B cells express TLR9 and that its expres-
sion is increased in patients with SLE. This upregulated expression of TLRY in B cells may be related
to the abnormal B cell hyperactivity in patients with SLE. (First Release Jan 15 2007; J Rheumatol

2007;34:493-500)
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Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease characterized by the generation of autoantibodies against
nuclear proteins and DNA!. These autoantibodies are thought
to contribute to the pathogenesis of SLE, and the levels of
anti-DNA antibodies correlate with the disease activity>3. The
deposition of antinuclear antibody and antigen immune com-
plexes (IC) in tissue is thought to induce local activation of
immune systems®, which may perpetuate SLE. It has also
been proposed that the type 1 interferon (IFN) system has a
pivotal etiopathogenic role in SLE, since IFN-a correlates
with disease activity of SLE>. Recent studies showed that the
sera of patients with SLE selectively induce the production of
IFN-a from the natural IFN-o-producing cells, which are
identical to plasmacytoid dendritic cells (PDC)’. Further,
DNA/anti-DNA antibody complexes in lupus sera can provide
signals for IFN-a production through the Toll-like receptor-9
(TLR9), which responds to bacterial DNA sequences contain-
ing nonmethylated CpG motifs®. In humans, the TLR family
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consists of 10 members, each of which is involved in the
recognition of pathogen-derived materials®. Recent data sug-
gest that TLR also play an important role in autoimmunity'?.
It is important to determine whether circulatory mononuclear
cells in patients with SLE express TLR that could be involved
in PDC activation as well as IFN-a induction. We examined
the expression of TLR in lupus circulating mononuclear cells
using flow cytometry methods.

MATERIALS AND METHODS

Patients and controls. A total of 14 patients with SLE (12 women and 2 men,
aged 36.1 + 13.3 yrs) were enrolled in our study (Table 1), in addition to 15
healthy volunteers (12 women, 3 men, aged 37.7 + 8.1 yrs) and 6 patients with
rheumatoid arthritis (RA; 5 women, 1 man, aged 48.1 + 11.4 yrs) as controls.
Consecutive patients entering the rheumatology clinic who fulfilled the
American College of Rheumatology 1982 revised classification criteria for
SLE" were selected for this investigation. Among the 14 patients, 8 received
prednisolone (PSL) as monotherapy (mean dosage 20.3 mg/day, range 5-60
mg/day). The remaining 5 patients were treated with both PSL (mean dosage
19.4 mg/day, range 7-50 mg/day) and cyclophosphamide (intermittent intra-
venous cyclophosphamide therapy), and one patient received PSL (5 mg/day)
and azathioprine (50 mg/day). Disease activity was scored in all patients with
SLE by SLE Disease Activity Index (SLEDAI)'2. The study protocol was
approved by the Ethics Committee of Nagasaki Medical Center.

Reagents for flow cytometry. Antibodies used for phenotype analysis were
obtained from Beckman Coulter (Fullerton, CA, USA), and antibodies for
TLR analysis were purchased from eBioscience (San Diego, CA, USA).
Antibody for BDCA-2 was purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany). Antibodies used in this study were as follows: FITC-
labeled anti-human CD14, CD19, and BDCA-2; phycoerythrin (PE)-labeled
anti-human TLR2, 4, and 9; and PC-5-labeled anti-human CD123.

Flow cytometry. Heparinized blood was collected and peripheral blood
mononuclear cells (PBMC) were isolated by Ficoll gradient centrifugation.
For staining for TLR9, PBMC were stained for cell surface antigen and fixed
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Table 1. Clinical data of patients with SLE.

Patient No. Age, yrs Sex SLEDAI Anti-dsDNA, IU/ml CHS50, IU/ml PSL, mg/day = Cyclophosphamide Azathioprine
1 49 F 6 141 30 25

2 27 F 4 26 30 11

3 29 F 9 17 12 14

4 19 F 5 5 36 5 +
5 27 F 8 21 29 10

6 24 F 14 30 15 30

7 57 F 4 5 38 7 +

8 45 F 12 33 25 12.5 +

9 25 F 16 14 26 60

10 33 F 12 19 23 50 +

11 38 F 2 17 38 5

12 55 M 10 32 41 15 +

13 24 M 18 17 29 15 +

14 54 F 10 4 37 7.5

SLEDALI: Systemic Lupus Erythematosus Disease Activity Index; anti-dsDNA: anti-double-stranded DNA antibody (normal 0.0-10.0 IU/ml); PSL: pred-

nisolone.

and permeabilized using a commercial kit (eBioscience). Cells were then
stained for intracellular TLR9 with a PE-labeled TLR9 monoclonal antibody
(mAb; eBioscience). In brief, cells were stained for their surface markers
using fluorescein isothiocyanate (FITC)-conjugated anti-human CDI14,
CD19, blood dendritic cell antigen (BDCA)-2, or PC-5-conjugated CD123
for 15 min. Cells were then washed with staining buffer, fixed, and perme-
abilized. After washing with staining buffer, cells were stained with PE-con-
jugated anti-human TLR9 (eBioscience). Fluorescence was measured on an
Epics XL (Beckman-Coulter). The acquired data were analyzed with
EXPO32 software (Beckman-Coulter).

Cell culture. PBMC were isolated by Ficoll-Hypaque (Amersham Pharmacia,
Tokyo, Japan) density gradient centrifugation. T cells were removed from
PBMC by negative selection using anti-CD2 magnetic beads (Dynal, Oslo,
Norway). T-cell-depleted mononuclear cells (MNC; 1 x 103 per 200 ul well)
were cultured in RPMI-1640 (Gibco, NY, NY, USA) supplemented with 10%
fetal bovine serum (Gibco BRL Invitrogen, Tokyo) in 96-well tissue culture
plates. CpG oligodeoxynucleotide (ODN) 2006 (5’-TCG TCG TTT TGT
CGT TTT GTC GTT-3’) complete phosphorothioate (CpG ODN2006;
InvivoGen, San Diego, CA, USA) was added at Day 0. T-cell-depleted MNC
were also cultured with 96-well plates coated with 1 pg/ml purified goat anti-
human IgG, IgA, and IgG (Southern Biotechnology, Birmingham, AL, USA)
to trigger the B cell receptor (BCR) as controls. Cell cultures were maintained
for 4 days and culture supernatants were collected and stored at —20°C. The
amounts of IgG in culture supernatants were determined by antibody sand-
wich-type ELISA (Bethyl Laboratories, Montgomery, AL, USA).

Statistical analysis. Comparisons between groups were done using the non-
parametric Mann-Whitney U-test. All statistics were performed with Stat
View 7.0 (SAS Institute, Cary, NC, USA).

RESULTS

TLR?2 and TLR4 expressions on CDI14+ cells in patients with
SLE. We compared the baseline expression of TLR2 and
TLR4 on CD14+ monocytes in patients with SLE and healthy
subjects. As shown in a representative histogram of mono-
cytes, surface expressions of TLR2 were lower in patients
with SLE than in healthy subjects (Figure 1A). The geometric
mean fluorescence intensity of TLR2 was significantly lower
in patients with SLE than in healthy subjects (Figure 1B).
However, there was no statistical difference in TLR4 expres-
sion between patients with SLE and healthy subjects (Figures

2A, 2B). Although we also examined the baseline expression
of TLR2 and TLR4 on B cells and T cells in patients with
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Figure 1. Diminished expression of TLR2 on CD14+ monocytes in patients
with SLE. A. Histograms show baseline expression of surface TLR2 on
monocytes in a representative patient with SLE and healthy subject. Darker
areas indicate staining with isotype control mAb. B. Mean fluorescence
intensity of surface TLR2 staining for CD14+ monocytes in patients with
SLE (n = 14) and healthy subjects (HC; n = 15). Significance of differences
between groups were analyzed by Mann-Whitney U-test.
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SLE, we could not detect TLR2 and TLR4 expression on B or
T cells in patients with SLE or in healthy subjects (data not
shown).

Increased expression of TLR9 on B cells in patients with SLE.
We also examined whether lupus B cells express TLRY in
patients with SLE. We identified B cells as CD19+ popula-
tions (Figures 3A, 3B). As shown in Figure 3C, CD19+ B
cells express TLRY constitutively. In a representative his-
togram of B cells, intracellular expression of TLR9 was high-
er in patients with SLE than in healthy subjects. The geomet-
ric mean fluorescence intensity of TLR9 in B cells is shown in
Figure 3D. TLR9 expression levels in B cells were signifi-
cantly increased in patients with SLE compared to healthy
subjects. In contrast, these increased expressions of TLR9 in
B cells were not observed in the patients with RA, another
autoimmune disease (Figures 4A, 4B). We evaluated the rela-
tionship between TLR9 expression on B cells and the treat-
ment regimens in patients with SLE. However, there was no
significant difference of TLR9 expression in the presence or
absence of moderate doses of corticosteroids (PSL > 20
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Figure 2. Expression of TLR4 on CD14+ monocytes in patients with SLE. A.
Histograms show baseline expression of surface TLR4 on monocytes in a
representative patient with SLE and healthy subject. Darker areas indicate
staining with isotype control mAb. B. Mean fluorescence intensity of surface
TLR2 staining for CD14+ monocytes in patients with SLE (n = 14) and
healthy subjects (HC: n = 15). Significance of differences between groups
were analyzed by Mann-Whitney U-test.

mg/day) or immunosuppressants (Figure 5). Similarly, there
was no significant difference of TLR2 expression on CD14+
monocytes in the presence or absence of moderate doses of
corticosteroids or immunosuppressants (Figure 6). We also
evaluated the correlations of the TLR9 expression levels in B
cells with clinical measures such as the SLEDAI, hemolytic
complement (CH50), and titers of anti-dsDNA antibodies.
However, there was no significant correlation between TLR9
expression levels and these clinical measures.

TLRY expression in lupus PDC. It was demonstrated that
TLRY mediates the activation of PDC by SLE-IC. To investi-
gate TLRO expression on PDC, we performed double-staining
of PBMC, with a mixture of mAb against CD123 and BDCA-
2. PDC, identified as CD123/BDCA-2 double-positive popu-
lations'?, were gated (Figure 7) and analyzed for TLR9
expression. In order to make low proportions of peripheral
blood PDC visible especially in patients with SLE, at least
100,000 cells were acquired. Figure 6A shows a representa-
tive result for the TLR9 expression of gated BDCA-2+,
CD123+ cells from healthy subjects and patients with SLE.
No significant difference between healthy subjects and
patients with SLE was observed with regard to the TLR9
expression on PDC (Figure 8).

IgG production following CpG stimulation in B cells. To
determine the ability of CpG ODN to stimulate immunoglob-
ulin production by lupus B cells, T-cell-depleted MNC were
cultured in the presence of CpG ODN. Cultured supernatants
were harvested on Day 5 of culture and analyzed for the pres-
ence of IgG by ELISA. CpG ODN stimulated the production
of IgG from control and lupus B cells. The increase in IgG
production was 1.6-fold by control B cells, and an equivalent
1.9-fold increase in lupus B cells. This difference was not sta-
tistically significant. Under stimulation through BCR, the
increase in IgG production was 5.6-fold in controls and 6.4-
fold in SLE, and no significant difference was observed.
These findings indicate that lupus B cells respond to CpG
ODN stimulation; however, the ability to respond to CpG
ODN in lupus B cells was not different from that in control B
cells (Table 2, Figure 9).

DISCUSSION
Type 1 IFN has been proposed to have a pivotal etiopatho-
genic role in SLE, since serum levels of IFN-a correlate with
the disease activity of SLE>. IFN-o. may contribute to lupus
autoimmune processes by differentiating B lymphocytes and
following autoantibody production'*. TLR are a family of pat-
tern-recognition receptors that evolved to detect microbial
infection?. These receptors recognize conserved molecular
products derived from different classes of microorganisms'>.
Although TLR detect molecular patterns of microbial origin,
some TLR and their ligands have emerged as important regu-
lators of immunity relevant to effector responses to autoim-
munity 6.

Recent data indicate that immune complexes containing
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Figure 3. Upregulated expression of TLR9 on CD19+ B cells in patients with SLE. A, B. Isolation of CD19+ B cells by flow cytometry. PBMC were assessed by
forward scatter (FS) and side scatter (SS) measures. Cells gated in R1 (A) were further analyzed for anti-CD19 FITC-labeled mAb. CD19+ cells were gated (R2)
and defined as B cells (panel B). C. Histograms depicting baseline expression of intracellular TLR9 on B cells in a representative patient with SLE and healthy
subject. Darker areas indicate staining with isotype control mAb. D. Mean fluorescence intensity of intracellular TLRY staining for CD19+ B cells in patients with
SLE (n = 14) and healthy subjects (HC; n = 15). Significance of differences between groups were analyzed by Mann-Whitney U-test.

A

RA SLE nucleic acid and lupus IgG can induce IFN-a secretion from
PDC8. Further, Means, et al showed that SLE-IC stimulates
PDC to produce IFN-a. in a TLR9-dependent manner!”. The
ability of PDC to secrete IFN-a depends on cellular sensors
that detect the presence of bacterial DNA or IC'8, and TLR9
expression may account for the IFN-a production from PDC.
We investigated the expression of TLR9 on circulating PDC
in patients with SLE. Our data show that the expression of
TLR9 in PDC was not different between patients with SLE
> and healthy subjects. Previous investigations showed that the
TLR9 (Log fluorescence intensity) numbers of circulating PDC are decreased in patients with
) SLE', but large numbers of activated PDC infiltrate skin

lesions and actively produce IFN-0.?. These findings suggest

B . I NS 1 =008 1 that PDC seem to be activated by IC in the pathogenic lesions
P . and circulating PDC may not reflect these immune conditions.
Z 4 Further investigations concerning the TLR9 expression in tis-

= ss sue-infiltrating PDC are needed in patients with SLE.

:
g ** a2 Figure 4. Expression of TLR9 on CD19+ B cells in patients with RA and
; l; @ —528_ b Slf,E. A. HistI())grams show baseline expression of intrI;cellular TLRY on B
\ cells in representative patients. Darker areas indicate staining with isotype
ot control mAb. B. Mean fluorescence intensity of intracellular TLR9 staining
o for CD19+ B cells in healthy subjects (HC, n = 4), patients with RA (n = 6),
HC RA SLE and with SLE (n = 5). Significance of differences between groups were ana-
(n=4) (n=6) (n=%) lyzed by Mann-Whitney U-test.
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Figure 5. Expression of TLR9 on CD19+ B cells in patients with SLE. A.
Mean fluorescence intensity (MFI) of intracellular TLRO staining for CD19+
B cells in patients with SLE treated with > 20 mg/day prednisolone (PSL; n
=4) or < 20 mg/day PSL (n = 10). Significance of differences between
groups were analyzed by Mann-Whitney U-test. B. MFI of intracellular
TLRO staining for CD19+ B cells in patients with SLE treated with (n = 6) or
without immunosuppressants (n = 8). Significance of differences between
groups were analyzed by Mann-Whitney U-test.

The high serum levels of IFN-a in patients with SLE were
found to promote the differentiation of B cells as well as to
activate PDC2!. Similar to PDC, B cells express a limited set
of TLR, including TLR7 and TLR9??. Leadbetter, et al
showed that autoreactive B cells are activated by IgG-chro-
matin IC and require the synergistic engagement of B cell
receptor and TLR9?3. It is postulated that engagement of the
BCR by an autoantibody-antoantigen IC triggers the endocy-
tosis of IC that then results in the efficient delivery of chro-
matin fragments to endosome-associated TLR9?3. We consis-
tently observed the expression of TLRY in freshly isolated
human peripheral blood B cells, and our first major observa-
tion was the upregulated expression of TLRY in peripheral
blood B cells from patients with SLE. More recently, it was
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Figure 6. Expression of TLR2 on CD14+ monocytes in patients with SLE. A.
Mean fluorescence intensity (MFI) of intracellular TLR2 staining for CD14+
B monocytes in patients with SLE treated with > 20 mg/day prednisolone
(PSL; n =4) or < 20 mg/day PSL (n = 10). Significance levels for differences
between groups were analyzed by Mann-Whitney U-test. B. MFI of intracel-
lular TLR2 staining for CD14+ monocytes in patients with SLE treated with
(n = 6) or without immunosuppressants (n = 8). Significance of differences
between groups were analyzed by Mann-Whitney U-test.

postulated that the engagement of TLR receptors, particularly
TLRO, on B cells seems to play an important role in B cell
activation and autoantibody production?*. The importance of
the TLR9-dependent pathways will depend on the levels of
TLRO expression. The differential expression of TLR9 may
correlate with the responsiveness to CpG DNA, and the
altered TLR9 expression could potentially affect the B cell
immune response to chromatic or IC in patients with SLE.
CpG ODN have been shown to activate B cells via the fam-
ily of TLR9%. Our data indicated that both control and lupus
B cells responded to CpG DNA stimulation. The ability of
lupus B cells to produce IgG was higher compared to control
B cells; however, the difference was not significant. Since our
B cell preparations contain mononuclear cells (T-cell-depleted
mononuclear cells), the abnormal response of non-B cell pop-
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Figure 7. Identification of circulating plasmacytoid dendritic cells (PDC) by flow cytometry in peripheral blood
from a representative patient with SLE and healthy subject. Mononuclear cells isolated from a healthy subject
(A) and patient with SLE (B) were assessed by forward scatter (FS) and side scatter (SS). The R1-gated events
were then analyzed for BDCA-2 and CD123, and BDCA-2+, CD-123+ double-positive cells (R2) were defined

as PDC.

ulations to CpG DNA contributed to this phenomenon as
described previously20.

The exact immune mechanisms underlying the upregulation
of TLRO on lupus B cells remain to be elucidated in our study.
Bernasconi, et al indicated that in human naive B cells, TLR9
is expressed at low to undetectable levels, but its expression is
rapidly upregulated by BCR triggering?’. In contrast, memory
B cells expressed TLRY at constrictively high levels?®. SLE is
characterized by polyclonal B cell activation??, and these alter-
nations of B cell activation or differentiation status may
account for the upregulation of TLR9 expression. We could not
show the interaction between increased TLR9 expression on B
cells and lupus disease activity. Our study included 14 patients
with SLE with low to moderate disease activity; therefore, fur-
ther large-scale investigations of patients with SLE are needed
to elucidate the relationship between TLRO expression on B
cells and lupus disease activity.

In summary, we showed that TLR9 expression in B lym-
phocytes was increased in patients with SLE. This upregulat-
ed TLRY expression may activate B lymphocytes through the
interaction between TLR9 and its ligands and may be related
to the pathogenesis of lupus.
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