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Abstract
Keywoeds: SLE, regulatory T cells, therapy

Systemic lupus erythematosus (SLE) is characterized by persistent production of autoantibodies
against DNA, nucleosome and the small nuclear ribonucleoproteins (ShnRNPs). However, only few
studies about the self-T cells have been reported. The information on the self-T epitopes might
provide us the key to solve the critical pathogenic mechanisms of lupus. Therefore, in this
proposal, we like to use the potent bone marrow-derived dendritic cells (BM-DCs) to define the T
cell epitopes of self-reactive T cells in murine lupus. Furthermore, advanced therapeutic
approaches such as DCs expressing Fas L or peptides therapy will be used to delete self-reactive T
cells and prevent the progress of the lupus. In addition, the role of apoptotic body in the
pathogenesis of SLE will be investigated. We also like to investigate the role of regulatory T cells
in the regulation of autoimmune response in systemic lupus erythematosus.

First year: In vitro culture of dendritic cells isolated from bone marrow stem cells and apoptotic
body, histone and nucleosome will also be used as the major self-antigen in the study. DCs pulsed
with these self-antigens will be used to characterize the self-reactive T cell response. With this
novel approach, we could identify the most critical self-antigen involved in the activation of
autoreactive T cells. In addition,synthetic peptides of the self-antigens will be used to further
characterize the epitopes recognized by self-reactive T cells. We also like to study if dendritic cells
pulsed with apoptotic body could break tolerance in non-autoimmune mice in vivo.

Second year: In the second year, we like to explore the possible treatments for the lupus.
Establishment of expressing dendritic cells pulsed with the major self-antigen or self peptides will
be used to induce apoptosis of self-reactive T cells in murine lupus. Further, the major peptides
will also be used to treat the NZB/W F1 mice by following up both the level of autoantibody and
life span.

Third year: We like to study the generation of regulatory T cells and for the application of
treatment for the lupus. It has been documented that regulatory T cells might play a critical role in
the down-regulation of autoimmune process in murine lupus. We plan to study the interaction
between regulatory T cells and nucleosome-specific T cells.

In general, we believe the approaches mentioned here will become the pioneer studies on
autoimmune diseases for the years to come. In addition, the approaches might be applied
for other diseases such as tumor, transplantation and infectious diseases.
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Background

Systemic lupus erythematosus (SLE) is a prototypic systemic autoimmune disease
characterized by the production of autoantibodies directed against ubiquitously expressed
self-antigens. The hallmark of SLE is the production of autoantibodies directed against
nuclear components, including dsDNA, ssDNA, histones, small nuclear ribonucleoproteins
(snRNPs) as well as nucleosomes. It is known that during the progression of SLE, the
serum level of anti-nucleosome and anti-DNA Abs correlates with the severity of the
disease. In addition, nucleosomes have been found in the circulation of patients with SLE;
however, the source of autoantigens, such as nucleosomes that can induce pathogenic
autoantibodies is still unclear.

Previous studies have shown that autoantigens can be presented on the surface of
apoptotic bodies, while some others accumulate inside the apoptotic bodies. For example,
during the apoptosis of keratinocyte, the 52kDa ribosomal protein, Ro, accumulates in the
ER. In addition, the autoantigens, such as La, Sm, U1-70kDa, PARP, NUMA, and
nucleosome can be detected as well in the apoptotic bodies. It has also been suggested that
relocation of the cell components occurrs during apoptosis; for example, nuclear RNPs
translocate from the nucleus to the cytosol during apoptosis. In addition, previous work
has demonstrated that SLE might result from increased apoptotic neutrophils or impaired
clearance of apoptotic cells by macrophages. Many studies have shown that defects in the
clearance of apoptotic cells may underlie SLE. For example, characteristic autoantibodies
and lupus-like pathology arise in mice lacking the complement protein C1q, a protein that
binds apoptotic cells. Similarly, mice with deficiencies in the serum amyloid P or
mutations in the Mer tyrosine kinase develop autoantibodies to DNA and manifest
autoimmune disease. These autoantigens may be captured by dendritic cells (DCs) and
may activate autoreactive T cells, which in turn provide help for B cells in recognizing
nuclear autoantigens. Therefore, it has been proposed that apoptotic cells may be the major
autoantigenic target in lupus.

Several studies have identified the critical autoepitopes of the nucleosome in human
lupus or lupus in animal models, such as SWR X NZB F1 (SNF1) or NZB X NZW F1
(BWF1) mice. As described above, nucleosomes can be detected in apoptotic bodies.
However, there is no direct evidence demonstrating that apoptotic cells provide self-
antigen, such as nucleosome to stimulate autoreactive T cells in lupus. We have previously
shown that bone marrow-derived dendritic cells (BMDCs) are able to determine the self-



reactive epitopes in freshly isolated CD4" T cells from unprimed lupus mice. In this study,
BMDCs were used to pulse with apoptotic cells to test for the presence of CD4" T cells,
which would identify apoptotic cells in vitro. Furthermore, we also used BMDCs pulsed
with apoptotic cells, intravenously injected into non-autoimmune mice, to explore the
immune response directed against apoptotic cells induced by DCs.

The results of this study show that BMDCs are capable of processing and presenting
apoptotic cells, resulting in the stimulation of autoreactive CD4" T cells from unprimed
BWF1 mice to proliferate in vitro. Furthermore, histone peptide—specific T cell lines from
BWF1 mice can respond to apoptotic cell-pulsed BMDCs. This suggests that BMDCs can
process and present autoantigens, such as nucleosomes, which are contained in apoptotic
cells. In addition, apoptotic cell-pulsed BMDCs are able to induce persistent Ab responses
to ds and ssDNA in normal mice in vivo. Ab (IgG) and complement C3 are deposited in
the glomeruli of the kidneys in the immunized mice. The data from our study will help in
understanding how pathogenic autoimmune responses develop in spontaneous SLE.

Mice

Female NZB X NZW F1 (BWF1) mice were purchased from Jackson Laboratories (Bar
Harbor, ME). DBA-2 X NZW F1 mice are from a non-autoimmune strain with identical
major histocompatability complex (MHC) Il molecules to BWF1 (H-2%") mice. At the age
of 6-8 wks, female BWF1 mice and DBA-2 X NZW F1 mice were used as the source of
BMDCs. The mice (young BWF1 and DBA-2 X NZW F1 mice) were obtained from and
maintained by the Animal Centre of the College of Medicine of National Taiwan
University in a pathogen-free facility.

Generation of dendritic cells from Bone marrow cells

BMDCs were prepared as described previously (18). In brief, DCs were generated from
bone marrow cell-depleted red cells by treating the cells with ACK lysis buffer and
culturing cells for 4-6 days in a medium supplemented with murine rGM-CSF (750 U/ml)
and riL-4 (IL-4) (1000 U/ml) (Pepro Tech Inc. Rocky Hill, NJ). Approximately one
million of the cells were placed in 24-well plates in 1 ml of RPMI 1640 medium that was
supplemented with 5% of heat-inactivated FCS, 4 mM L-glutamine, 25 mM HEPES (pH
7.2), 50 uM 2-ME, 100 U/ml penicillin, 100 ug/ml streptomycin and 0.25 ug/ml
amphotericin. Every other day, the medium was removed by aspiration to remove the
lymphocytes, and fresh medium containing GM-CSF and IL-4 was added. Apoptotic cells
were added to the BMDC cultures on day 4 or day 6. After 48 h, non-adherent cells
(BMDCs) were collected and washed extensively to remove the free apoptotic cells, and
then a MACS method was used to enrich the CD11c¢" DCs. CD11c* DCs were positively
selected by anti-CD11c-coated magnetic microbeads (Miltenyi Biotec, Auburn, CA)
according to the manufacturer’s instructions. The purity of CD11c* DCs was (> 93%)
analysed by flow cytometry, examining the expressions of MHC class |1, B7-1, B7-2 and
CD1lc.

Generation of apoptotic cells

Thymocytes were retrieved from six to 10-wk-old BWF1 or DBA-2 X NZW F1 mice.
Apoptotic cells were generated by treating single-cell suspensions of thymocytes in a
medium with dexamethasone 1.2x10° M for 12-15 h. The culture medium was RPMI-
1640 medium supplemented with 2% heat-inactivated FCS, 4 mM L-glutamine, 25 mM
HEPES (pH 7.2), 50 uM 2-ME, 100 U/ml penicillin, 100 pg/ml streptomycin and 0.25
ug/ml amphotericin. We used FITC-labeled annexin V (BD PharMingen, San Diego, CA)
to evaluate the exposure of phosphatidylserine and DNA-labeled 7-AAD (BD PharMingen)
to access plasma membrane integrity. Cells were analyzed by flow cytometry, and the
double positive cells were > 82% after treating with dexamethasone for 15 h.



Phagocytosis assay

The phagocytosis of apoptotic cells was quantified by flow cytometry. 7-AAD-labeled
apoptotic cells (2x10° per well) were cocultured with day-4 DCs (2x10° per well) for 6 h.
BMDCs were further purified by anti-CD11c-coated magnetic microbeads (Miltenyi
Biotec) according to manufacturer’s instructions. Purified BMDCs were stained with
FITC-conjugated anti-MHC class | or anti-MHC class I Ab (BD PharMingen).
Phagocytosis was quantified by flow cytometry as the percentage of double positive cells
(MHC I"7-AAD" or MHC 1I"7-AAD").

Phagocytosis of apoptotic cells was also visualized by confocal microscopy. CFDASE
(Molecular probe, Inc., Eugene, OR) labeled apoptotic cells were incubated with BMDCs
for 6 h, and then were prepared on a slide with a cytocentrifuge (Cytospin) and fixed in
acetone. The slides were washed with PBS and then stained in PBS with 20 ug/ml 1-A%-PE
(BD PharMingen) and 0.5% BSA (19). The slides were washed three times with PBS after

staining for 90 min in 379C, and mounted with 90% glycerol in PBS, observed under a
Confocal Spectral Microscope (Leica Microsystems, Wetzlar, Germany).

Cytokine secretion by dendritic cells

For cytokine secretion, day-4 or day-6 BMDCs (2x10° per well) from BWF1 mice or from
DBA-2xNZW F1 mice were cocultured with an increasing number of syngenic apoptotic
cells (1x10° 2x10°, 4x10° per well). BMDCs stimulated with LPS (1 ug/ml) were
considered as the positive control. The supernatants were collected after 24-48 h and
assayed for IL-12p70, IL-12p40, IL10, and TGF- . The concentration of cytokines in
culture supernatants was detected by sandwich-ELISA (R&D, Minneapoils, MN).

T cell Proliferation assays

All of the BWF1 mice used in this study developed anti-dsDNA IgG. CD4" T cells were
positively selected from splenocytes by anti-CD4-coated magnetic microbeads (Miltenyi
Biotec, Auburn, CA) according to the manufacturer’s instructions. On the other hand, day-
4 and day-6 BMDCs from BWF1 mice or DBA-2 X NZW F1 mice were incubated with
syngenic or allogenic apoptotic cells for 48 h. CD11c" DCs were further positively
selected by anti-CD11c-coated magnetic microbeads (Miltenyi Biotec). Purified T cells (1-
2x10° per well) were co-cultured with dpurified CD11c* BMDCs (2500-7500 per well) in
the presence or absence of anti-1-A%/E® (2G9, BD PharMingen) or anti-1-A* (clone:11-5.2,
BD PharMingen) for 4-5 days. During the last 4-6 h of culture, 1 uCi of [*H]thymidine
was added to each well. The cells were harvested onto glass fiber filters using an
automated multisample harvester. [*H]thymidine incorporation was then measured in a dry
scintillation counter (Packard Instrument Co., Meridan, CT). A proliferative response is
defined as stimulation index (SI), and SI > 3 indicates a significant proliferative response.
Sl was evaluated by dividing the mean cpm incorporated in cultures of T cells plus
apoptotic cell-pulsed BMDCs by the mean cpm of T cells plus non-antigen-pulsed
BMDCs.

Immunization of mice

DBA-2 X NZW F1 mice were intravenously injected with 1.5x10° syngenic BMDCs,
which uptaked or not syngenic apoptotic cells, or with PBS at 8 wks of age. Five days later,
the mice received an intravenous boost of 2x10° cells /mice, 1x10 cells /mice of apoptotic
cells or PBS respectively for the primary (first) and secondary (2nd) response, as indicated
in Figure 6. For the tertiary, quaternary response, all groups of mice received an
intravenous injection of apoptotic cells or PBS. The mice were treated every 3 wks, and all
mice were bled seven days after treatment with apoptotic cells or the PBS boost to



evaluate the titer of anti-DNA Abs. In this study, the mice were sacrified to examine the
renal pathology four mo after their initial treatment.

ELISA for anti-DNA Ab production from normal mice

Abs specific for dSDNA and ssDNA were evaluated in serum samples by a standard
ELISA assay as previously described (17, 20). Briefly, ELISA plates were coated with 10
ug/ml methylated bovine serum albumin (MBSA; Sigma). Native DNA was prepared by
phenol and chloroform extraction from calf thymus DNA (Sigma). Native DNA was
denatured by boiling for 20 min and incubated on ice for 20 min to generate sSSDNA.

DsDNA and ssDNA were coated overnight at 40C, then washed and blocked with gelatin
post-coating solution for 2 h. Serum diluted 100 times for IgG was applied to each well at

370C for 45 min and then moved to room temperature for 15 min. After washing the plates,

HRP-conjugated goat anti-mouse  -chain specific Abs (Sigma) was added at 370C for 45
min. ABTS solution was used as a substrate, and the OD value was evaluated at 405nm.
The levels of anti-1gG are presented as ELISA units (EU/ml) compared with mAb 10F10
(17). This mAb is specific to dSDNA or ssDNA. The OD value generated by 37 ng/ml of
10F10 Ab was defined as 1 EU/m.

Generation of peptide-specific T cell lines

The generation of peptide-specific T cell lines were prepared as described previously (17).
In brief, CD4"* T cells (3x10°/well) from disease-developing BWF1 mice were cultured
with histone peptide (H2Bsg1-100, H3111-130, H491-110) and U1Az01-220 peptide pulsed
syngeneic BMDCs (1x10°/well) in serum-free medium (AIM-5 containing TCM) for 2-3
days. On day 2, 50 U/ml rIL-2 was added to each well. On day 3, the culture medium was
replaced by RPMI-1640 containing 10% FCS and IL-2 (50 U/ml). After 10-14 days of
coculture, T-cell lines were positively selected by anti-Thy1.2-coated magnetic
microbeads (Miltenyi Biotec) and then restimulated with apoptotic cells or peptide pulsed
BMDCs (2500 per well) for five days. During the last 4-6 h of culture, 1 uCi of
[*H]thymidine was added to each well.

Renal deposition of 1gG

Histological assessment was performed at 6 mo of age. Kidneys were fixed in formalin for
haematoxylin and eosin staining as previously described (21). 1gG deposits were studied
by embedded kidneys in OCT (Sakura Finetek, Torrance, CA), and 4-um thick cryostat

sections were prepared on poly L-lysine-coated slides (Dako, Kyoto, Japan) at -200C.
Kidney sections for fluorescence microscopy were fixed in an acetone-chloroform (1:1)
solution and washed with PBS three times. The slides were stained with 10 ng/ml of
fluorescein goat anti-mouse 1gG (H+L) (F(ab)2) (Molecular Probes, Inc., Eugene, OR) or
fluorescein-conjugated anti-mouse complement C3(F(ab)2) (ICN Pharmaceuticals, Inc.,
Auroua, Ohio), and then were counterstained with Evan’s Blue, mounted with glycergel
(Dako, Japan). Images were generated using fluorescence microscopy (Olympus 1X 70).

Results
We have published two papers concerning this project in year 2006

Tzeng, T.-C., Suen, J.-L. and Chiang, B.-L. Dendritic cells pulsed with apoptotic body
activate self-reactive T cells of lupus mice. Rheumatology 2006; 45:1230-1237.*

Hsu, W.-T., Suen, J.-L. and Chiang, B.-L. The role of CD4+ CD25+ T cells in the
autoantibody production in murine lupus. Clin Exp Immunol 2006;145: 513-519.*
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Dendritic cells pulsed with apoptotic cells
activate self-reactive T-cells of lupus mice
both in vitro and in vivo

T.-C. Tzeng*, J.-L. Suen"* and B.-L. Chiang2

Objectives. Systemic lupus erythematosus (SLE) is characterized by the presence of autoantibodies (autoAbs) directed against
the nuclear structure. Previous studies have demonstrated that dendritic cells (I3(s) can process and present self-antigens (Ags)
from apoptotic cells (ACs) in lupus. However, there is no direct evidence demonstrating that ACs provide self-Ags, such as
histones, to stimulate autoreactive T-cells in lupus.

Methods. AC-pulsed bone marrow-derived DCs (AC-BMDCs) were used to stimulate autoreactive T-cells in vitre and in vive.
Results. In our study, we found that AC-BMDCs could induce the proliferation of CD4™ T-cells from unprimed NZB x NZW
F1 (BWEI) mice, which spontaneously develop SLE, but not CD4" T-cells, from non-autoimmune DBA-2 x NZW FI (DWE1)
mice. In addition, AC-BMDCs could induce significant proliferative responses to certain histone peptide-specific T-cells.
Furthermore, these AC-BMDCs could induce a considerable anti-DNA Ab response én vivo after adoptive transfer into DWF1
mice, suggesting that AC-BMDCs can break tolerance in normal mice and initiate an autoimmune response.

Conclusion, Our study provides a direct link between self-epitopes from ACs presented by DCs and autoreactive T-cell

activation, and demonstrates that ACs are critical for the induction of autoimmunity in vive.

Key worps: Apoptosis, Autoantigens, CD4% T-cell, Dendntic cell, SLE.

Introduction

Systemic lupus erythematosus (SLE) is a prototypic systemic
autoimmune disease characterized by the production of auto-
antibodies (autoAbs) directed against ubiquitously expressed
self-antigens (Ags). The hallmark of SLE is the production of
autoAbs directed against nuclear components, such as double-
stranded DNA (dsDNA), single-stranded DNA (ssDNA) and
histones as well as nucleosomes. It is known that during the
progression of SLE, the serum level of anti-nuclensome and
anti-DNA Abs correlates with the sevenity of the disease [l].
In addition, nucleosomes have been found in the circulation of
patients with SLE [2]. Previous studies have shown that such
autoAgs can be presented on the surface of apoptotic bodies, while
others accumulate inside apoptotic bodies [3]. In addition, the
previous work suggested that SLE might be a result of increased
apoptotic neutrophils or impaired clearance of apoptotic
cells (ACs) by macrophages [4]. Many studies have shown that
defects in the clearance of ACs may underlie SLE. For example,
characteristic autoAbs and lupus-like pathology arise in mice
lacking the complement protein Clg, which binds ACs [5].
Similarly, mice with deficiencies in the serum amvyloid P or
mutations in the Mer tyrosine kinase develop autoAbs to DNA
and exhibit symptoms of autoimmune diseases [6, 7). Therefore,
ACs may be the major reservoir of autoAgs in lupus.

Blanco et al. [8] have demonstrated that serum interferon-alpha
(IFN-&) can induce the differentiation of monocytes to dendritic
cells (DCs) in SLE patients. Such DCs might be able to efficiently
uptake ACs and nucleosomes present in the blood of SLE patients.
Such self-Ag presented by DCs could subsequently activate

autoreactive T-cells, which in tum provide help for B-cells in
recognizing nuclear autoAgs. A previous study from our labora-
tory has shown that nucleosome-pulsed DCs can present histone
epitopes to stimulate autoreactive CD4™ T-cells from NZBx
NZW F1 (BWF1) mice [9]. However, there is no direct evidence
demonstrating that these self-Ags derived from ACs could
stimulate autoreactive T-cells in lupus. To address this question
in this study, we used bone marrow-derived DCs (BMDCs) pulsed
with ACs to test for the presence of CD4% T-cells capable of
recognizing ACs in vitro. We also intravenously injected BMDCs
pulsed with ACs into non-autoimmune mice to further evaluate
the DC-induced immune response directed against ACs.

The results of this study show that BMDCs are capable of
processing and presenting ACs, resulting in the stimulation and
proliferation of histone peptide-specific CD4% T-cells from
unprimed BWF1 mice i vitro. In addition, AC-pulsed BMDCs
(AC-BMDCs) are able to induce persistent Ab responses to ds
and ssDNA in normal mice in vivo. Both Ab (IgG) and com-
plement C3 were deposited in the glomeruli of the kidneys in mice
immunized with AC-BMDCs. Results from our study will help
in understanding how pathogenic autoimmune responses develop
in spontaneous SLE.

Materials and methods
Mice

Female BWF1 mice were purchased from Jackson Laboratories
(Bar Harbor, ME). DBA-2 x NZW F1 (DWFI) mice are a
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non-autoimmune strain with identical major histocompatibility
complex (MHC) class Il molecules to BWF1 (H-2%“) mice. At the
age of 6-8 weeks, female BWF 1 mice and DWF1 mice were used as
the source of BMDCs. The yvoung mice were obtained from and
maintained by the Animal Center of National Taiwan University
in a pathogen-free facility. Studies were performed in accordance
with the institutional animal research committee guidelines.

Generation of DCs from bone marrow cells

BMDCs were prepared as described previously [10]. Brefly, DCs
were generated from bone mamrow cells cultured with murine
recombinant granulocyte monoctye-colony-stimulating  factor
(GM-CSF. 750 U/ml) and interleukin-4 (IL-4. 1000 U/ml) (Pepro
Tech Inc. Rocky Hill, NJ) for 4 or 6 days. ACs were added to the
BMDC cultures on day 4 or day 6. After 48 h, non-adherent
cells were collected and washed extensively to remove the free
apoptotic bodies. CDI11ct DCs were positively selected by anti-
CD1I lc-coated magnetic microbeads (Miltenyi Biotec, Auburn,
CA). The purity of CD1 let DCs was (>93%) analysed by flow
cvtometry, examining the expression of MHC class 11, B7-1, B7-2
and CD1 le.

Generation of ACs

Thymocytes were retrieved from 6- to 10-week-old mice. ACs
were generated by treating single-cell suspensions of thymocytes
in a medium with dexamethasone 1.2x 107°M for 12-15h.
We used fluorescein isothiocyanate (FITC)-labelled annexin V
(BD PharMingen, San Diego, CA) to evaluate the exposure
of phosphatidylserine and DNA-labelled 7-amino-actinomycin D
(7-AAD) (BD PharMingen) to assess plasma membrane integrity.
Cells were analysed by flow cytometry, and the double-positive
cells were =82% after treating with dexamethasone for 12-15h.
For the phagocytosis assay, thymocytes were stained with
5(6)-carboxyfluorescein diacetate succinimidyl ester (CFSE)
(Molecular probe, Inc., Eugene, OR) or 7-AAD before treatment
with dexamethasone.

Phagocytosis assay

The phagocytosis of ACs was quantified by flow cytometry. CFSE
or 7-AAD-labelled ACs (2x10° per well) were co-cultured
with day-4 or day-6 DCs (2 x 10° per well) for 6 h. In the CSFE-
labelled experiment (Fig. 1A), the cells were harvested and stained
with 7-AAD to exclude the contamination of dead cells and
AC-bound BMDCs. In another experiment, BMDCs were further
punfied by anti-CD1lc-coated magnetic microbeads (Miltenyi
Biotec). Purified BMDCs were stained with fluorescence-
conjugated anti-MHC class 1 or anti-MHC class 11 Ab (BD
PharMingen), as indicated in Fig. |B. Phagocytosis was quantified
by flow cytometry as the percentage of double-positive cells.

Phagocytosis of ACs was also visualized by confocal micros-
copy. CFSE-labelled ACs were incubated with BMDCs for 6h,
prepared on a slide with a cytocentrifuge (Cytospin), and fixed in
acetone. The slides were stained with 20 pg/ml of phycoerythrin
(PE)—anti-I-A® (BD PharMingen) for 90min at 37°C, and
mounted with 90% glycerol in phosphate-buffered saline (PBS).
and observed under a Confocal Spectral Microscope (Leica
Microsystems, Wetzlar, Germany).

Cytokine secretion by BMDCs

For cvtokine secretion, day-4 or day-6 BMDCs (2 x 10° per well)
were co-cultured with an increasing number of syngeneic
ACs (1x10°% 2x 10% 4 x 10° per well). BMDCs stimulated with
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Fig. 1. Phagocytosis of ACs by BMDCs. (A) CFSE-labelled ACs
were co-cultured with day-4 or day-6 BMD(.a for 6h at a ratio
of 20:1. Cells were harvested and stained with PE-anti-I-A?
monoclonal Ab and 7-AAD. Shown here are 7-AAD negative
cells analysed for PE-anti-1-A? and CFSE staining. (B) Day-4
BMDCs were co-cultured with 7-AAD-labelled ACs for 6h.
CDI1¢t BMDCs were further purified and stained with FITC-
conjugated anti-MHC class [ or class II monoclonal Ab. The
MHC class 1 (left) or MHC class 11 (right) positive cells gated
from AC-BMDCs were used to analyse the ratio of BMDCs
engulfing ACs (solid line). The dotted line indicates the BMDCs
pulsed with ACs without 7-AAD staining. (C) Confocal
microscopy analysis of AC-BMDCs. ACs (arrowhead) were
stained with CFSE (green colour), and day-4 BMDCs (arrow)
were stained with anti-MHC class Il Ab conjugated to PE
(red colour).

Counts

lipopolysaccharide (LPS) (I pg/ml) were used as the positive
control. The supernatants were collected after 24 and 48 h and
assayed for IL-12p70, IL-12p40, IL-10 and transforming growth
factor-beta (TGF-8). The concentration of cytokines in culture
supemnatant was detected by ELISA (R&D, Minneapoils, MN).

T-cell proliferation assays

All of the BWFI mice used in this experiment developed
anti-dsDNA 1gG. CD4" T-cells were positively selected from
splenocytes by anti-CD4-coated magnetic microbeads (Miltenyi
Biotec). Day-4 and day-6 BMDCs from voung BWFI mice
or DWFI mice were incubated with syngeneic ACs at different
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ratios for 48 h. Purified CD4% T-cells (1-2 x 10° per well) were
co-cultured with purified CD11ct BMDCs (2500-7500 per well)
in the presence or absence of anti-I-A%/E? (2G9, BD PharMingen)
or anti-I-A* (clone:11-5.2, BD PharMingen) monoclonal Ab for
4-5 days. During the last 46 h of culture, 1 pCi of [*H]thymidine
was added to each well. The cells were harvested onto glass fibre
filters using an automated multisample harvester. [*H|Thymidine
incorporation was then measured in a dry scintillation counter
(Packard Instrument Co., Meridan, CT). A proliferative response
is defined as stimulation index (SI), and SI =3 indicates a
significant proliferative response. SI was evaluated by dividing
the mean counts per minute (cpm) incorporated in cultures
of T-cells plus AC-BMDCs by the mean cpm of T-cells plus
non-Ag-pulsed BMDCs. The proliferative response of CD4%
T-cells stimulated by LPS-treated BMDCs was used as a positive
control.

Immunization of mice

Day-4 BMDCs from DWF1 mice were pulsed with or without
ACs for 48h. BMDCs were further purified using anti-CDllc
microbeads. Naive DWF1 mice (8 weeks old) were intravenously
injected with PBS or 1.5 x 107 syngeneic BMDCs, which either
had or had not been pulsed with syngeneic ACs. Five days later,
for the primary response, the mice that had received PBS or
untreated DCs were given an intravenous boost of PBS, whereas
mice that had received AC-BMDCs were given an injection of
2% 10° cells/mice or 1x 107 cells/mice of ACs. This treatment
of BMDC followed by AC was repeated for secondary response
after 3 weeks as indicated in Fig. 2A. For the tertiary and
quatermnary response, the mice received an intravenous injection
of PBS or ACs after 3 weeks, respectively. All mice were
bled 7 days after treatment with ACs or the PBS boost to evaluate
the titre of anti-DNA Abs. In this study, the mice were sacrificed
to examine the renal pathology 4 months after their initial
treatment.

ELISA for anti-DNA Ab production

Abs specific for dsDNA and ssDNA were evaluated in serum
samples by a standard ELISA assay as previously descnibed [11].
Briefly, ELISA plates were coated with 10gpg/ml methylated
bovine serum albumin (mBSA; Sigma). dsDNA and ssDNA
were coated overnight at 4°C, then washed and blocked with
gelatin post-coating solution for 2h. Serum diluted 100-fold
for IgG was applied to each well at 37°C for 45min. After
washing the plates, horseradish peroxidase (HRP)-conjugated
goat anti-mouse y<chain-specific Abs (Sigma) were added.
2,2'-Azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) solu-
tion was used as a substrate, and the optical density (OD) value
was evaluated at 405nm. The levels of anti-lgG are presented
as ELISA units (EU/ml) compared with monoclonal Ab
10F10 [11]. This monoclonal Ab is specific to dsDNA or ssDNA.
The OD value generated by 37ng/ml of 10F10 Ab was defined
as 1 EU/ml.

Generation of peptide-specific T-cell lines

The generation of peptide-specific T-cell lines was prepared as
described previously [11]. In brief, CD4% T-cells (3x 10%/well)
from disease-developing BWF1 mice were cultured with histone
peptide- (H2Bgi_100, H3111-130, H4o1110) and UlAx a2 peptide-
pulsed syngeneic BMDCs (1 x 10°/well) in serum-free medium
(AIM-5, Invitrogen, Carlsbad, CA) containing serum replacement
TCM (piotide pharmaceuticals, Inc, Paul, MN) for 2-3 days. On
day 2, 50 U/ml human recombinant IL-2 was added to each well.
After 10-14 days of co<culture, T-cell lines were positively selected
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FiG. 2. Induction of anti-DNA Abs in normal mice immunized
with AC-BMDCs. (A) Schematic depiction of immunization
protocol, as described in ‘Materials and methods’ section.
Briefly, DWF1 mice were intravenously injected with BMDC
alone (group 2), or AC-pulsed day-4 BMDCs (groups 3 and 4)
followed by boosts of PBS (group 2) or different doses of AC
(group 3 or 4), respectively, at the primary and secondary
immunizations. The mice were challenged with ACs (2x10°
or 1%107/mice) 7 days after adoptive transfer with AC-BMDCs.
At the third and forth immunizations, the mice were only
challenged with PBS (group 1 and group 2) or ACs (groups 3
and 4) without BMDCs. Bleeding times are denoted by an
astenisk (*). Control mice (group 1) were mice were immunized
with PBS only. Each time, 7 days after challenging the mice,
anti-dsDNA 1gG (B, upper panel) or anti-ssDNA IgG (B, lower
panel) in the serum was detected by ELISA. Serum obtained
prior to immunization is indicated as pre (pre-immune serum).
Results are presented as the mean EU (+£8D) in six mice per
group at each bleeding time. G, group. *P<0.05; **P<0.01.

by anti-Thyl.2-coated magnetic microbeads (Miltenyi Biotec)
and then restimulated with ACs or peptide-pulsed BMDCs
(2500 per well) for 5 days. During the last 4-6h of culture, 1 pCi
of [*H]thymidine was added to each well.

Renal deposition of IgG

Histological assessment was performed at 6 months of age.
Kidneys were fixed in formalin for haematoxylin and eosin staining
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was carried out as previously described [12]. Kidney sections for
fluorescence microscopy were fixed in an acetone-chloroform (1:1)
solution. The slides were stained with 10 pg/ml of fluorescein
goat anti-mouse [gG (H+L) (F(ab,)2) (Molecular Probes, Inc.,
Eugene, OR) or fluorescein-conjugated anti-mouse complement
C3(F{ab,)2) (ICN Pharmaceuticals, Inc., Auroua, Ohio), and then
counterstained with Evan’s Blue, mounted with glycergel (Dako,
Japan). Images were generated using fluorescence microscopy
{Olympus 1X 70).

Statistical analysis

The Mann-Whitney U-test was used to calculate the statistical
significance for the difference in the titre of anti-DNA IgG
between different groups. A P-value of <0.05 was considered to
be statistically significant.

Results
Phagocytosis of ACs by BMDCs

To examine the ability of BMDCs to capture ACs, syngeneic
thymocytes were treated with dexamethasone for 12-15h. Staining
with annexin V and 7-AAD showed that approximately 82% of
the thymocytes were apoptotic after treatment (Supplementary
Fig. 1). CFSE-labelled ACs were co-cultured with day-4 or day-6
BMDCs for 6 h at a ratio of 5:1, 10:1 or 20:1. Uptake of ACs by
BMDCs increased with the ratio of ACs to BMDCs (data for the
20:1 ratio shown in Fig. 1A). About 23 and 30% of day-4 and
day-6 BMDCs (double-positive cells/total 1-A% cells) uptook
ACs, respectively.

To exclude the contamination of dead cells and non-BMDCs,
BMDCs were enriched by anti-CDI1lc*t microbeads, and the
phagocytosis of ACs (7-AAD™) by BMDCs (MHC class It or
class 1I*) was determined by flow cytometry. Results showed
that more than 75% of MHC I or MHC 11 positive cells were also
T-AAD positive (Fig. 1B). In addition, the uptake of ACs was
also confirmed by confocal microscopy. Effective phagocytosis
was indicated by the localization of ACs or bodies (green
colour) within the MHC [ or MHC Il-positive BMDCs
{red colour) (Fig. 1C).

ACs ean induce the production of
IL-12p40 by immature BMDCs

It remains unclear whether ACs can regulate the immune response
in lupus mice by promoting or repressing DC maturation.
Therefore, in this study, we also investigated the effect of
ACs on the maturation of BMDCs. First, we investigated the
modulation of surface marker expression known to be upregulated
upon DC maturation. The surface expression of molecules such
as B7.1, B7.2, MHC class [, MHC class II, CDI1lc, DEC205 and
33D1 was not altered after either day-4 or day-6 BMDCs from
BWF1 or DWFI mice were pulsed with syngeneic ACs for 48h
(three experiments; Supplementary Fig. 2). We next analysed
cytokine production from AC-BMDCs. The IL-12p40 production
increased in a dose-dependent manner with the DC AC rate for
both day-4 (Fig. 3A), and day-6 (Fig. 3B) BMDCs from BWF1
mice. The amount of 1L-12p40 from BWF1 mice was significantly
higher than that from DWFI mice. ACs were not able to induce
[L-12p70, IL-10 and TGF-gin these two strains of mice (data not
shown). Together, these data suggest that the presence or the
phagocytosis of ACs from thymocytes does not induce features
of BMDC maturation, with the exception of 1L-12p40 production
in BWFI mice.
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Fig. 3. IL-12p40 production of BMDCs treated with different
numbers of ACs. The day-4 (A) or day-6 (B) BMDCs from
BWF1 mice or DWF1 mice were co-cultured with syngeneic
ACs at a ratio of 1:5, 1:10 and 1:20. Culture supernatant was
collected at 24 and 48h. As positive controls, the 1L-12p40
concentration of LPS (1 peg/ml)-treated BMDCs was 20 ng/m| for
day-4 BMDCs and 19ng/ml for day-6 BMDCs from BWF1
mice, and 6ng/ml for day-4 BMDCs and 13ng/ml for day-6
BMDCs from DWF1 mice. There was no obvious difference
in IL-12p40 production between 24 and 48h LPS treatment.
The concentration of [L-12p40) was measured using a standard
ELISA. The data shown is the result of one of the two repeated
expenments.

BMDCs can uptake and present autoAgs

from ACs to stimdate CD4" T-cells from

BWFI, but not normal mice

To examine whether CD4* T-cells from BWF1 mice can recognize
autoAgs from ACs presented by BMDCs, day-4 and day-6
BMDCs pulsed with syngeneic ACs were used to detect the
proliferative response of freshly isolated splenic CD4% T-cells
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from disease-developing BWF1 mice or age-matched normal mice
(Fig. 4A). A significant response was defined as an SI >3.0. CD4*
T-cells from BWF1 mice responded to day-4 BMDCs pulsed with
syngeneic ACs in a dose-dependent manner, but not to similarly
pulsed day-6 BMDCs. As expected, purified T-cells from DWF1
mice did not exhibit a proliferative response to BMDCs pulsed
with syngeneic ACs. In addition, necrotic cell-pulsed BMDCs did
not elicit a proliferative response of CD4™ T-cells from BWF1 mice
(data not shown).

To ensure that the proliferative response stimulated by
AC-BMDCs was MHC class [l-dependent, a blocking Ab (2G9,
specific for 1-A%/1-E* molecules) was used to block the interaction
between the TCR and MHC class I molecules. As shown in
Fig. 4B, the CD4™ T-cell proliferative response was inhibited by
50% by 2GY monoclonal Ab, but not by the control monoclonal
Ab (anti-I-A¥). The proliferative response cannot be completely
inhibited because I-A"/I-E" molecules may also contribute to the
presentation of self-Ags.

To address whether the difference in T-cell proliferative
responses between BWF1 and DWFI1 mice was due to the
abnormality of BMDCs and ACs from BWF1 mice, crossover
experiments were performed (Supplementary Fig. 3). Different
sources of MHC-matched BMDCs pulsed with syngeneic ACs
(Supplementary Fig. 3A) and different sources of ACs pulsed with
BMDCs from DWF1 mice (Supplementary Fig. 3B) were used to
stimulate CD4* T-cells from BWF1 mice. The data demonstrates
that BMDCs can process and present self-Ags provided by ACs
and then stimulate autoreactive CD4™ T-cells from lupus mice, no
matter the source of MHC-matched BMDCs and ACs.

BMDCs can uptake ACs and present
epitopes of core histones

In our previous study, we identified several potential auto-T-cell
epitopes of core histones [9] and UlA protein [11] from BWF1
mice. These include peptides derived from H3 (residue 111-130),
H4 (residue 91-110) and UIA (residue 201-220). In order to
examing whether ACs can provide such nuclear Ags to BMDCs,
CD4% T-cells from disease-developing BWF1 mice were purified
and co-cultured with peptide (H3,;;_130. Hdg1_110 0F Ul Aggy_20)-
pulsed BMDCs for 10-14 days to generate peptide-specific
T-cell lines as described in the ‘Materials and methods’ section.
T-cell lines were then re-stimulated by AC-BMDCs. As a negative
control, we used an H2B peptide (residues 81-100), which is not an
auto-T-cell epitope in BWF1 mice [9]. As shown in Fig. 5, the
specificity of T-cell lines was confirmed by stimulating these T-cells
with BMDCs pulsed with the corresponding peptide. Most
of the T-cell lines were able to respond to the corresponding
peptide-pulsed BMDCs, with the exception of the H2Bg_50-
specific T-cell line. In addition, H3yjj30 and Hdgy_10 but not
Ul Asp1_mg or H2Bg, 40 specific T-cell lines were able to respond
to AC-BMDCs. This indicates that BMDCs can process ACs
and present certain histone epitopes to autoreactive CD4% T-cells.

Normal mice injected with AC-BM DCs
develop anti-DNA auto Abs and renal
deposition of immune complexes

We further investigated whether AC-BMDCs can induce
anti-DNA Ab production in normal mice i vivo. In our study,
ACs did not alter the phenotype of BMDCs, and the majority of
both non-Ag-pulsed and AC-pulsed CD11¢™ BMDCs exhibited a
mature phenotype (Supplementary Fig. 2). In order to break down
the tolerance of CD4% T- and B-cells, naive DWF1 mice were
intravenously injected AC-BMDCs to activate autoreactive
T-cells, followed by a boost of ACs after 5-days to activate
autoreactive T-cells, and ACs were subsequent to activate
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Fi. 4. CD4% T-cells from BWF1, but not normal, mice can
respond to syngeneic BMDCs pulsed with ACs. (A) Day-4 or
day-6 BMDCs (2 x 107 per well) were incubated with syngeneic
ACs at a ratio of 1:5, 1:10 and 1:20. CD11c¢t BMDCs (5000 cells
per well) were co-cultured with syngeneic purified CD4% T-cells
from disease-developing BWF1 mice or normal mice for 4 days.
Results are shown as S1 (mean + SD, n=6-8). Background
(T-cells plus non-Ag-pulsed BMDCs) cpm for day-4 or day-6
BMDCs from BWF1 mice were 223 and 843, respectively.
Background cpm for day-4 or day-6 BMDCs from DWFI mice
were 2090 and 4581, respectively. The SI of positive control
(T-cells stimulated with LPS-treated BMDCs) varied from 12-80
in this experiment. The horizontal line indicates an SI of 3.0
(d4, day 4; d6, day 6), (B) AC-pulsed day-4 BMDCs (the ratio of
BMDCs: ACs=1:20) were pretreated for 30min with various
concentrations of anti-MHC class 11 (1-A? or 1-A¥) Abs and then
co-cultured with CD4™ T-cells from BWF1 mice. The prolifera-
tion of CD4% T-cells without anti-MHC class 11 Ab treatment
was set at 100% (mean cpm =2127). The data presented are the
averages from three mice in each group.

autoreactive B-cells. As shown in Fig. 2, normal mice injected
with non-Ag pulsed-BMDCs developed detectable anti-DNA Abs
with time compared with mice injected with PBS. However, AC-
BMDCs induced statistically significantly higher titres of anti-
DNA [gG than did non-Ag-pulsed BMDCs or PBS injected into
DWF1 mice.

Due to the high level of auto Ab production in mice immunized
with ACs, we sought to further characterize their pathogenic
effect, since anti-dsDNA 1gGs closely correlate with the develop-
ment of glomerulonephritis. Glomerular samples taken from
mice immunized with BMDCs or AC-BMDCs were examined by
immuncfluorescence. IgG and complement C3 were not detected
in the glomeruli of mice immunized with PBS (Fig. 6C and D) or
BMDCs (Fig. 6E and F), but IgG and C3 deposition were detected
in the glomeruli of mice immunized with AC-BMDCs (Fig. 6G
and H) and 8-month-old BWF1 mice (Fig. 6A and B). However,
these mice did not develop proteinuria at any point in their lives.
This suggests that other susceptibility factors may contribute to the
manifestation of renal disease.
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Fi. 5. Histone peptide-specific T-cell lines can respond to
AC-BMDCs. T-cell lines were generated by co-culture of CD4%
T-cells from 7-month-old BWF1 mice and histone peptide- or
ULA peptide-pulsed syngeneic BMDCs. After 10 days, T-cell
lines were harvested and re-stimulated with ACs (the ratio of
DCs to ACs was 1:10) or corresponding peptide (10 pg/ml)-
pulsed BMDCs. The mean background cpm varned from 293 to
369. The data here is one representative result of two repeated
experiments. Results are expressed as the mean SI+ SD from
triplicate wells. The dotted line indicates an SI of 3.0

Discussion

Recent studies have indicated that ACs may be a potential
reservoir of autoAgs that can initiate and dnve systemic auto-
immunity. This is the first report demonstrating the existence of
histone-specific CD4% T-cells that can recognize ACs presented
by BMDCs in unmanipulated BWF1 mice but not in normal
mice. Furthermore, the AC-BMDCs in this study could break
tolerance and induce lupus auto Abs in normal mice.

It remains controversial whether ACs can regulate the immune
response in SLE by promoting or repressing DC maturation.
A previous study [13] suggested that the uptake of ACs, not
necrotic cells, allows DCs to induce tolerance to autoAgs.
However, it has also been reported that the ingestion of ACs
resulted in a reduction of LPS-induced DC maturation, such as
by decreasing 1L-12 production and CD86 expression [14]. These
divergent results might be due to the use of different numbers of
ACs to pulse DCs and the different treatment modalities to induce
DC maturation. Large amounts of excess ACs can enhance in vitro
DC maturation and efficient Ag presentation, whereas fewer
numbers of ACs influence the maturation of DCs [15, 16].
Moreover, DC maturation is repressed by the uptake of early
ACs but promoted by late ACs [17, 18]. Late ACs have also been
shown to be more immunogenic than the early ACs [18]. In our
study, immature BMDGCs have been cultured with large amounts
of late-stage ACs in the i virro culture, thus allowing autoreactive
T-cells from unprimed BWF1 mice to be efficiently stimulated
by AC-BMDCs.

Recently, Chang and colleagues [19] demonstrated that oxidants
produced during apoptosis can modify protein and lipid moieties
on membrane lipid to form neoselfepitopes. Thus, late-stage ACs
induced by dexamethasone are immunogenic and pro-inflammatory.
However, the surface makers of the CD11¢t BMDCs from BWF1
or control mice, including B7.1, B7.2, MHC Il and CD40, did not
change significantly after pulsing ACs (Fig. 3). Bioactive IL-12

1235

is a heterodimeric cytokine of 70kDa comprising of covalently
linked p40 and p35 [20]. In our study, ACs could induce IL-12p40
(Fig. 3A), but not p70 secretion of BMDCs in BWF1 mice. Free
p40 can form homodimers or be present as free monomers in mice,
which have been proposed as natural inhibitors of IL-12 [21].
This suggests that the overproduction of p40 from BMDCs in
response to ACs may disturb the function of IL-12 in BWF1 mice.
In addition, the role of [L-23, which shares p40 with [L-12 as one
of its subunits, needs to be further examined in lupus. It has been
found that IL-23 plays an important role in the progression of
organ-specific autoimmunity [22, 23].

There have been three histone peptides (H2B,g_33, H4 630 and
H4,_94) that have been reported as epitopes of autoreactive Th
cells in (SWR x NZB) lupus mice and have been identified in
patients screened with overlapping histone peptides covering the
four core histones H2A, H2B, H3 and H4 [24]. These peptides
trigger the pathogenic Th cells of SNF1 mice in vivo to induce
the development of severe lupus nephritis [25, 26]. In addition, our
group recently identified the epitopes of the core nucleosome
recognized by autoreactive T-cells from BWF1 mice [9]. The
epitopes include the amino acid residues 111-1300f H3 and 91-110
of H4. As shown in Fig. 5, T-cell lines could be generated by
non-stimulatory peptide-pulsed BMDCs (residue 81-100 of H2B)
[11]. One possible explanation for this result is that the BMDCs
could also present self-peptides by MHC molecules by uptaking
bystander ACs, even though there were no other Ags or non-
stimulatory peptide added during the i vitro culture. Thus, the
T-cell line generated by H2Bg;_g-pulsed BMDCs may contain
a broad range of T-cell specificities. This may explain why no
significant proliferative response was detected when "H2Bgy_jpq-
specific’ T-cell lines were restimulated by the cormresponding
peptide-pulsed BMDCs.

Naturally occurring autoreactive T-cells derived from unprimed
BWFI mice encompass a far broader range of specificities
against self AGs [27] than do T-cell lines enriched for reactivity
to specific self-peptides. Thus, the response from unprimed T-cells
represents the sum of the responses from each subset, each with
its own specificity. In contrast, T-cell lines contain a few TCR
specificities, and the chance of a particular TCR binding to its
cognate peptide-bound MHC on AC-BMDCs is much lower.
In addition, differences in T-cell response may be due to in virro
culture conditions, as the T-cell lines were cultured in virro for
2 weeks, 15 the unprimed CD4* T-cells, which were stimulated
with BMDCs immediately after purification from the spleen.
The explanation described above may contnibute to the differential
proliferative response between unprimed CD4% T-cells and
enriched T-cell lines.

An elegant study by Georgiev and colleagues [28] has demon-
strated that mature DCs can break tolerance and induce high
titre of autoAbs in normal hosts but do not lead to clinical
manifestations of disease. This study showed that mice injected
with DCs without feeding dying cells developed autoAbs at levels
similar to those in mice receiving DCs that had been pulsed with
ACs. The discrepancies between our studies may be explained
by differences in several factors, as follows: (1) different MHC
haplotype of mice were used (H-2" vs H-2%); (2) different DC
culture conditions (GM-CSF vs GM-CSF plus [L4) and different
time point of AC-BMDCs were used in the adoptive transfer
experiments (day-6 v day-4 DCs). In our investigation, day-4
and day-6 DCs had a similar ability to engulf ACs (Fig. 1A).
However, day-4 DCs could more efficiently stimulate the
proliferative responses of autoreactive T-cells than day-6 DCs
(Fig. 4A); (3) different numbers of DCs were used for the i vivo
experiment (8 x 10° ws 1.5x 10° cells per mice); and (4) the
stage of dying thymocytes fed to DCs was different (early vs late
apoptosis). The factors important in DC-induced autoimmunity
need to be further elucidated.

Through the phenotypes detected via congenic dissection,
disease development of lupus can be organized into three
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Fig. 6. Immune complex and complement C3 deposition in non-autoimmune mice treated with AC-BMDCs. Kidney sections were
stained with fluorescein-conjugated anti-mouse 1gG (A, C, E, G) or fluorescein-conjugated anti-mouse complement C3 (F(ab,)2)
(B.D.F H). Representative renal glomeruli of 8-month-old BWF1 mice (A, B positive control), and BWF1 mice Lv injected with PBS
(C, D), non-Ag-pulsed BMDCs (E, I'), or AC-BMDCs (G, H) at 200x magnification. The exposure time for each group was 10s.

hypothetical pathways [29]. The first pathway requires tolerance to
nuclear Ags [30, 31]. Dysregulation of the immune response is also
important for pathogenesis to occur. Studies with congenic mice
suggest that the break in tolerance to nuclear Ags does not lead to
disease unless there is an amplification of the autoimmune
response, such as T-cell and B-cell hyperproliferation [32, 33].
The third pathway is the development of end-organ damage [34].
In the present study, IgGs found in the kidneys may likely have
been directed against DNA, because a high titre of anti-ssDNA
and anti-dsDNA 1g(G was present in the non-autolmmune mice
immunized with AC-BMDCs (Fig. 2). However, no proteinuria
was detected in the mice immumzed with AC-BMDCs. It has been
demonstrated that the pathogenic potential of autoAbs is deter-
mined by the IgGG subclass [35, 36]. In addition, the receptor

involved in complement-fixing also influences the development of

severe nephritis [37]). We successfully broke tolerance by inducing
anti-DMNA Abs in normal mice, although there may be other key
factors, such as regulatory T-cells, involved in the mechanism

of end-stage disease. It has been reported that the number of

regulatory T-cells (CD4TCD25% cells) significantly decrease
in the peripheral blood of SLE patients compared with normal
people [38, 39].

The findings in this study suggest an important role for ACs
in the initiation and progression of SLE. However, the detailed
mechanisms by which ACs regulate DC activity need to be further
charactenzed.

Key message

¢ Apoptotic cell-pulsed bone marrow-
derived dendntic cells (AC-BMDCs)

can present epitopes of histone proteins
to stimulate autoreactive CD4% T-cells
from unprimed BWF1 mice.
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Introduction

Summary

Systemic lupus erythematosus (SLE) is a chronic, systemic autoimmune dis-
ease characterized by the loss of tolerance to self-antigen. Because it is cur-
rently not known if regulatory T (Ty,) cells are involved in the pathogenesis,
we determined the frequency of CD4*CD25* T cells and assayed the related
gene expression levels in CD4*CD25* T cells isolated from both lupus mice
(NZB/NZW F,) and normal control mice (DBA2/NZW F,). The results
showed that the frequency of CD4*CD25* T cells in lupus mice was lower than
that of normal mice, Except for the high expression level of interleukin (IL}-10
mRNA, CD4*CD25* T cells from lupus mice expressed normal forkhead box
P3 (Foxp3) and transforming growth factor (TGF)-B mRNA, and exerted sup-
pressive functions. Furthermore, we depleted CD25" Ty, cells of non-autoim-
mune mice with anti-CD25 antibody and broke their tolerance with apoptotic
cell-pulsed dendritic cells for the follow-up of autoantibody levels. The mice
in the CD25* cell-depleted group had higher titres of anti-double-strand/sin-
gle-strand DNA antibodies than those of the isotype control antibody-treated
group. These findings indicated that CD4*CD25* T cells might be involved in
the regulatory mechanism of autoantibody production.

Keywords: autoantibodies, lupus/ systemic lupus erythematosus, regulatory T
cells

compared to CD25" Ty, cell suppression in vitro, several
cytokines have been implicated as mediators of inhibition,

The primary mechanism that sustains self-tolerance is thy-
mic deletion of autoreactive T cells, but this process might be
incomplete. During development, self-reactive T cells that
escape thymic deletion and exit into the peripheral circula-
tion are controlled by mechanisms responsible for peripheral
tolerance. These mechanisms include T cell anergy, igno-
rance, phenotypic skewing and apoptosis [1]. Recent studies
have suggested that CD4*CD25" regulatory T (T,,,) cells
exhibit immune suppressive activity and also play a critical
role in the maintenance of self-tolerance [2-5]. Nude mice
transferred with CD4* T cells depleted of CD25" cells devel-
oped various organ-specific autoimmune diseases. Reconsti-
tution of CD4*CD25* cells within a limited period after
transfer of CD4*CD25 cells prevented the onset of these dis-
eases [6]. The forkhead box P3 (Foxp3) gene is shown to be
central in the development and function of CD25* Ty cells
[7-9]. Although there is a marked contrast with regard to the
importance of immunosuppressive cytokines in vivo

© 2006 The Author(s)

such as interleukin (IL)-10 and transforming growth factor
(TGE)-p [10].

Systemic lupus erythematosus (SLE) is a chronic, systemic
autoimmune disease characterized by the loss of tolerance to
self-antigen and the production of autoantibodies against
components of the cell nucleus [11]. Many factors are
involved in the pathogenesis of SLE, including genetic fac-
tors, environmental factors, hormone, hyperactivated B cells
and T cells, abnormal phagocytic functions and abnermal
immunoregulation [12-14]. Female NZB x NZW F, (BWE,)
mice develop lupus resembling human SLE spontaneously,
with polyclonal B cell activation leading to the production of
autoantibodies and immune complex-mediated glomerulo-
nephritis. To examine if CD4*CD25* T, cells are also
involved in the pathogenesis of SLE, recent studies have
revealed a deficiency of Ty cell numbers in two murine
maodels, BWF, and SNF, [15] and in human patients [ 16—
18].
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Moreover, to determine if there are any defects n
CD4"CD25% T cells of BWF, mice, we compared their fre-
quencies and functions with CD4*CD25* T cells of DBA-
2xNZW F, (D2WF,) mice. We attempted to investigate
whether a deficiency of CD4*CD25" T cell numbers could
cause lupus-like diseases in normal mice. In our previous
studies, we have successfully broken the self-tolerance of
normal mice with apoptotic cells. D2WF, mice produced
high titres of anti-DNA antibodies after immunization with
apoptotic cell-pulsed dendritic cells (DCs) and then received
a boost of apoptotic cells [19]. The approach of this study
was the depletion of CD25* T cells before breaking the tol-
erance of normal mice. We found that mice lacking
CD4"CD25% T cells had more severe autoimmune responses
than mice with normal Tp, cell numbers.

Materials and methods

Mice

Female NZB x NZW F, (BWF,) mice were purchased from
Jackson Laboratories (Bar Harbor, ME, USA). Female DBA-
2x NZW F, (D2WF,) mice of non-autoimmune strain were
obtained from and maintained by the Animal Centre of the
College of Medicine of the National Taiwan University in a
pathogen-free facility. At 6-8 weeks of age, female D2WF,
mice were used as the source of bone marrow-derived den-
dritic cells (BMDCs). Mice of both strains have identical
major histocompatibility complex class II (H-2'"). The
experimental protocol was approved by the Animal Com-
mittee of the College of Medicine of the National Tarwan
University.

Isolation of cells

The CD4*CD25* and CD4*CD25™ T cells were purified with
auto-magnetic affinity cell sorting (MACS) using the
CD4"CD25" regulatory T cell isolation kit (Miltenyi Biotec,
Sunnyvale, CA, USA). First, CD4* T cells were enriched from
splenocytes stained with CD4'CD25" regulatory T cell
biotin—antibody cocktail and anti-biotin microbeads.
CD4*CD25% and CD4'CD25 T cell magnetic separations
were performed by staining with CD25-phycoerythrin (PE),
followed by staining with anti-PE microbeads. Antigen-pre-
senting cells (APC) were selected negatively from splenocytes
by depleting Thy-1-2* T cells. DCs were positively selected
with anti-CD1lc-coated magnetic microbeads (Miltenyi
Biotec).

Flow cytometry

After the red blood cells (RBC) were depleted using ACK
lysis buffer (0-15M NH,Cl, 10mM KHCO, 0-lmM Na,
EDTA, pH7-2), splenocytes or peripheral blood were incu-
bated with fluorescein isothiocyanate (FITC)-conjugated
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anti-CD3 monoclonal antibody (MoAb) (145-2C11; eBio-
science, San Diego, CA, USA), PE-conjugated anti-CD25
MoAb (PC61; eBioscience), cychrome-conjugated anti-CD4
Moab (L3T4; eBioscience) or relevant isotype controls
{eBR2a; eBioscience) for 30 min at 4°C. The cells were then
washed with fluorescence activated cell sorter (FACScan)
buffer and analysed on FACScan (BD Biosciences) using
CellQuest software.

Analysis of gene expression

Total cellular mRNA was extracted from 1 % 10° isolated cells
using GenesStrip™ hybridization tubes (RNATure, West Irv-
ine, CA, USA) and reverse transcribed into cDNA by using
SuperScript™ II reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) and random hexamer primer (RNATure). Gene
expression was quantified by real-time polymerase chain
reaction (PCR) using Assa}'s—on—Demﬂndm gene expression
products [forkhead box P3 (Foxp3), IL-10, TGF-B, IL-4 and
hypoxanthine phosphoribosyltransterase (HPRT)], Assays-
on-Design™ Gene Expression Products (IFN-y) and the
ABI/PRISM 7700 sequence detection system (Applied Bio-
systems Inc., Foster City, CA, USA). Samples were run in
triplicate. The amount of gene expression was calculated
from the standard curve (a serial dilution of
D2WEF, CD4*CD25% ¢cDNA) and the relative expression of
the target gene was determined by dividing the target gene
value by the HPRT value.

Suppression assay

Isolated CD4*CD25™ T cells (1 % 10° cells/well) were stimu-
lated in triplicate with autologous T-depleted, irradiated
splenocytes (1% 10° cells/well) in the presence of | pg/ml
anti-CD3  MoAb  (145-2C11; eBioscience). Isolated
CD4'CD25" T cells were used as Ty cells and added to the
wells at a different ratio (CD4*CD25™ T cells: CD4*CD25* T
cells=1:0:25,1:0:5, 1 : 1), Cells were co-cultured in a final
volume of 200 pul of RPMI-1640 supplemented with 10%
fetal calf serum (FCS) in 96-well round-bottomed plates for
3 days. The wells were pulsed with 1 Ci of ["H]-thymidine
18 h before harvesting and the cells were collected onto glass
fibre filters using an automated multi-sample harvester, and
the amount of incorporated ["H]-thymidine was then mea-
sured with a dry scintillation counter (Packard, Meridan, CT,
USA).

Generation of dendritic cells and apoptotic cells

BMDCs were prepared as described previously [20]. In brief,
erythrocytes-depleted bone marrow cells were cultured in a
medium supplemented with recombinant murine granulo-
cyte-macrophage colony-stimulating  factor (GM-CSF)
(750 U/ml) and IL-4 (1000 U/ml} {Pepro Tech Inc. Rocky
Hill, NJ, USA). Apoptotic cells were generated by treating
single-cell suspensions of thymocytes with 1-2x 107°M
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dexamethasone for 15h. On day 4 of culture, apoptotic
cells were added to BMDC cultures at the ratio of 10: 1.
After 48 h, cells were collected and DCs were enriched by
ant1-CD1 lc-coated magnetic microbeads.

Immunization of mice

D2ZWF, mice were divided into three groups and given an
mntravenous injection of phosphate-buffered saline (PBS),
isotype control antibody (250 pg/mouse) (A110-1, PharM-
ingen, San Diego, CA, USA) or anti-CD25 antibody (250 pg/
mouse) (PC61, PharMingen) on day 0. The mice were then
immunized with PBS or dendritic cells pulsed with apoptotic
cells (1-5 % 10° DCs/mouse) on day 4 and boosted with PBS
or apoptotic cells (1 % 107 cells/mouse) on day 9. All the mice
were bled at indicated time-points. Sera were collected for
autoantibody detection.

Enzyme-linked immunosorbent assay

Antibodies to double-strand (ds) DNA and single-strand
(ss) DNA in the serum samples were measured by enzyme-
linked immunoserbent assay (ELISA). The level of anti-
DNA IgG was presented as ELISA units (EU/ml) compared
with the MoAb 10F10, which is specific for either dsDNA or
ssDNA. The absorbance value generated by 74 ng/ml of
10F10 antibody was defined as 1 EU/ml.

Statistical analysis

The significant differences between the experimental and
control groups were analysed with the Mann—-Whitney U-
test by using GraphPad Prism version 4-00 {GraphPad Soft-
ware, San Diego, CA, USA). A P-value of < 0-05 was consid-
ered to be statistically significant.

Results

Percentage of CD4*CD25" T cells in BWF; and D2WF,
mice

In order to examine whether lupus mice have a deficiency in
CD4*CD25" T cells, we determined the percentage of these
cells in the splenocytes of lupus and normal mice. Because
D2WF, mice have identical major histocompatibility com-
plex class 11 (H-2"") with BWEF,, we used D2WF, mice as
the normal control mice. The percentage of CD4*CD25* T
cells in splenic CD4* T cells of BWF, mice was significantly
lower than that of D2WF, mice, and the mean percentages
of BWEF, mice and D2WF, mice were 13-0% and 15-2%,
respectively (Fig. 1). We also measured the levels of periph-
eral CD4*CD25* T cells in autoimmune and normal mice.
However, the frequency of peripheral CD4*CD25* T cells of
BWEF, mice was similar to that of D2WF, mice (data not
show).

© 2006 The Author(s)
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Fig. 1. The relative percentage of splenic CD4°CD25" T cell in DBA-
2 NZW F, (D2WEF,) mice and NZB x NZW F, (BWEF, ) mice. The
CD3* T cells were gated and the percentage of CD25" cells in CD4' T
cells was shown above. Bars show mean £ 5.d. *P < 0:05 (DZWE, n=4;
BWE, n=5).

Gene expression profile of CD4*CD25* T cells in D2WF,
and BWF, mice

We further analysed the expression of some specific genes
which are relative to the development and the function of T,
cells, such as Foxp3, IL-10 and TGF-B. Cells were isolated
from splenocytes of both mice at different ages. The purity of
CD4*CD25% T cells was greater than 90%, and that of
CD4*CD25" T cells was greater than 95% (data not shown).
The mRNA expression of freshly isolated cells was quantified
by real-time PCR. We found that the mRNA expression of
Foxp3 was predominant in CD4'CD25% T cells. Foxp3
expression in BWF; CD4*CD25* T cells was similar to that in
D2WEF, CD4*CD25* T cells. The expression level of Foxp3 in
CD4*CD257 T cells was used as a negative control. However,
we found that Foxp3 expression in BWF, CD4*CD25™ T cells
was higher than that in D2ZWF, CD4*CD25™ T cells (Fig, 2a).

Moreover, TGF- expression in BWF, CD4*CD25* T cells
was also normal (Fig, 2c). Both BWEF, CD4'CD25% and
CD4*CD25™ T cells expressed higher levels of IL-10 than
D2WF, CD4'CD25" and CD4*CD25™ T cells, and this phe-
nomenon was more significant in old BWF, mice at 6-11
months of age (Fig. 2b).

The suppressive function of CD4*CD25* T cells from
D2WF; and BWF, mice

To determine the suppressive function of CD4*CD25* T
cells 1solated from both mice, different numbers of
D2WE, CD4'CD25" or CD4*CD25 T cells were added to the
culture of CD4*CD25™ T cells to suppress their preliferation.
It was found that CD4*CD25* T cells from both D2WF,
(Fig. 3a) and BWF, mice (Fig. 3b) inhibited the proliferation
of autologous CD4*CD25™ T cells at a ratio of 0-25: 1, but
CD4'CD25" T cells did not. The 1 : 1 ratio of CD25" cells to
CD25 cells was then used to compare the activities of
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Fig. 2. Gene expression profiles of CD4"CD25" cells and CD4*CD25
cells isolated from DBA-2 » NZW F, (D2WF, ) mice or NZB « NZW F,
(BWF,) mice at different ages. The relative mRNA expression of fork-
head box P3 (Foxp3) (a), interleukin (IL)-10 (b) and transforming
growth factor {TGF)-J (c) was determined by normalizing the expres-
sion of each target gene to hypoxanthine phosphoribosyltransferase
(HPRT). Bars show mean xs.d. *P< 005 #P <001 (n=5).

D2WEF, CD4*CD25% T cells with BWF, CD4'CD25" T cells.
Datashowed that CD4*CD25* T cells have similar suppressive
capability and the mean inhibition of D2ZWF, and BWF, mice
were 50-8% and 54-8%, respectively (Fig. 3c).
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CDA*CD25* T cells play a role in controlling
autoantibody production

The data above indicate that CD4*CD25* T cells in BWF,
mice had a deficiency in cell numbers, but had a normal
expression level of Foxp3 and normal suppressive functions.
To investigate further if the deficiency of T, cell numbers in
BWF, mice causes the development of lupus-like disease, we
depleted CD25* cells in normal mice and then broke down
their tolerance. The depleted efficiency in mouse peripheral
blood was followed after mice received an intravenous injec-
tion of anti-CD25 MoAb. Data showed that the percentage of
CD4'CD25" T cells in peripheral CD4" T cells decreased
from 4% to less than 1% and was maintained for more than
20 days (Fig. 4).

Our previous experiments showed that after adoptive
transfer of apoptotic cell-pulsed DCs into D2WF, mice, it
initiated an autoimmune respense in normal mice, such as
the production of anti-dsDNA antibody and anti-ssDNA
antibody [19]. The effect of depletion of CD25" cells 4 days
before D2WF, mice were immunized with PBS or apoptotic
cell-pulsed DCs was studied. Mice further received a boost of
PBS or apoptotic cells to enhance their immune response on
day 9 and were bled at indicated time-points, as shown in
Fig. 5a. The ELISA data of mouse serum showed that mice
treated with apoptotic cell-pulsed DCs and a beost of apo-
ptotic cells produced anti-ssDNA and anti-dsDNA antibod-
tes (Fig. 5b,c). In addition, mice in the CD25" cell-depleted
group developed a more severe autoimmune response than
mice in the isotype control antibody-treated groups.

Discussion

SLE is a prototype of systemic autoimmune disease, Multiple
defects in the immune system of SLE patients have been
described, including B and T cell hyperactivity and aberrant
cytokine production. Some studies concerning the role of
CD4'CD25" T cells in lupus reveal decreased frequencies of
these cells in SLE patients [16-18] and lupus mice [15].
However, it remains unclear if the suppressive function of
Ty cells in SLE is impaired. From our findings, splenic Try
cells in lupus mice show deceased frequency, but Ty cells of
lupus mice have no significant defect in their suppressive
actvity. Similar results have been noted in lupus-prone
MRL/Mp mice. Their CD4*CD25* T cells have normal fre-
quencies and display only subtle abnormalities of function
[21].

Foxp3 is a critical molecule for the development and func-
tion of CD4*CD25" T cells [7-9]. At both mRNA and protein
levels, Foxp3 expression in peripheral CD4* T cells was pre-
dominant in the CD4*CD25* subset. Scurfy mice with spon-
taneous Foxp3 mutation have a fatal lymphoproliferative
disease assoctated with multi-organ infiltration and early
death at 3—4 weeks of age in hemizygous (sf/Y) males [22].
Moreover, mutations in human FOXP3 have also been iden-
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tified in patients with a severe fatal autoimmune/allergic
syndrome, known as IPEX (immune dysregulation, polyen-
docrinepathy, enteropathy, X-linked syndrome) [23-25].
An indispensable study for Foxp3 in T, cell development
showed directly that CD4*CD25% T cells in the periphery of
scurfy or Foxp3-deficient mice were neither anergic nor sup-
pressive in vitro [8]. In BWF, mice, Foxp3 expression seemed
normal in CD4*CD25" T cells and these cells had normal
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Fig.4. Depletion of CD4"CD25" cells in DBA-2 » NEW F, (DZWF,)
mice by administration of anti-CD25 monoclonal antibody (MoAb).
D2WF, mice received an intravenously injection of phosphate-buffered
saline or anti-CD25 antibody (250 pgimouse) on day 0. All mice were
bled before imniunization and at each time-point. The CD3* T cells
were gated and the relative percentage of CD4A'CD25 T cell in CD4* T
cells was determined. Values are mean + s.d. (n=4).
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suppressive function. We therefore excluded the possibility
of Foxp3 deficiency in BWF, mice.

The CD4*CD25" T cells have diverse T cell recepter (TCR)
repertoires [26,27], suggesting that they are capable of
responding te a wide spectrum of antigens. Seme studies of
human CD4*CD25" T cells have shown that they suppress
proliferation and cytokine production to both self- and for-
eign antigens. In our study, although the suppressive
function of lupus CD4"CD25* T cells to TCR stimulation
(anti-CD3) is normal, we do not know whether they fail to
suppress the response to self-antigen. Recent findings have
indicated that CD25" T cells from New Zealand mixed 2328
mice had defects in suppressing lupus glomerulonephritis
and staloadenitis [28]. Defective antigen-specific Ty cells
may thus contribute to the pathogenesis of lupus. Therefore,
the antigen-specific suppression of lupus Ty cells merits
being investigated further.

IL-10 is an important immunoregulatory cytokine,
mainly by inhibiting the production of proinflammatory
cytokines and by regulating the differentiation and prolifer-
ation of several immune cells, such as T cells, B cells and APC
[29]. In some experimental systems, the effect of Ty cells is
also mediated by IL-10 [30]. However, high amounts of IL-
10 have been found in SLE patients and most of the IL-10
have been secreted by monocytes and B lymphocytes, with a
small contribution from T lymphocytes [31].

In our study, both CD4"CD25" T and CD4'CD25 T cells
isolated from BWE, mice with severe lupus disease pro-
duced higher levels of IL-10 mRNA than those of normal
mice. It 1s still unknown whether this represents the
CD4*CD25* T cells exerting their suppressive function
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venously injection of phosphate-buffered saline Bled Pl st 2nd 3rd 4th 5th
(PBS) { group A}, 250 lg isotype control antibody
(group B) or 250 pg anti-CD25 antibody (group (b) . Group A (c)
C) on day 0. Then, the mice were immunized — Grou; B
with PBS (group A) or 15 x 10° dendritic cells == Group C
pulsed with apoptotic cells (groups B, C) on day S 10 = 10r
4 and boosted with PBS (group A) or 1 107 w w
apoptotic cells (groups B, C) on day 9. All mice g g
were bled 1 day (PI) before and 3 (1st), 16 (2nd), < <
30 (3rd), 44 (4th) and 58 {5th) days after first % E
injection. Serums were collected for anti-ssDNA & "?
antibody (b) and anti-dsDNA antibody {c) detec- E £
tion. Bars show the mean + s.d. *P = 005,

#P< 0:01 (n =5 for each group). Pl

through IL-10, or if lupus mice have an unusual genetic
transcription of IL-10.

The major source of autoantigens in SLE might be the
apoptotic cells. Our previous study indicated that DCs
treated with apoptotic cells could initiate the response of
autoreactive T cells and the production of autoantibodies
[19]. DCs presenting self-antigen can initiate autoantibody
response, indicating that autoreactive cells exist in the nor-
mal body under the control of peripheral tolerance. When
the mechanism of peripheral tolerance is broken, such as
depletion of Ty, cells, autoreactive cells would cause autoim-
mune diseases. Recent data also show that CD4"CD25* T
cells down-regulate the maturation and function of the DCs
[32] and inhibit the maturation, rather than initiation, of
autoantibody responses [33]. In our experiment, the deple-
tion of Ty cells combined with accumulated autoantigens
caused severe autoimmune responses in normal animal
model.

Arecent study demonstrated that eliminating CD4'CD25"
T cells induced an increase in anti-nuclear antibodies and
accelerated the development of glomerulonephritis during
the pre-active phase in BWF, mice [34]. In our in vivo exper-
iment, D2WEF, mice whose CD25" cells were depleted pro-
duced higher titres of autoantibodies after being immunized
with apoptotic cells-pulsed DCs. However, the production of
autoantibodies was inhibited further after day 44 (Fig.5).
The reason may be that the haematopoietic system could
reconstitute CD4*CD25* T cells to control autoimmune
response in normal mice.

Moreover, high titres of anti-DNA antibodies were not
accompanied by the development of kidney disease in our
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animal experiment. Other key factors may be involved in the
mechanism of end-organ damage. In lupus-prone NZM2328
mice, a locus Cgnzl on chromosome 1 was linked to chronic
glomerulonephritis and severe proteinuria in females. The
study indicated that breaking tolerance to dsDNA and chro-
matin is not required for the pathogenesis of lupus nephritis
[35].

The pathogenesis of SLE 1s complex. Several studies sug-
gest that the causes of SLE were defective clearance of
autoantigens and abnormal immunoregulation. Our study
suggested that the defect of Ty cells in BWE, mice may also
contribute to ineffective inhibition of autoantibody produc-
tion and subsequent pathological damage.
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