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A B S T R A C T

A tolerogenicpeptide, hCDR1, amelioratedmurine lupusvia theupregulationof functional regulatory cells andby
immunomodulating cytokineproduction. In thepresent studyweanalyzed theability ofhCDR1 to similarly affect
gene expression and regulatory T cellswhen incubatedwith peripheral bloodmononuclear cells (PBMC) of lupus
patients. To this end, peripheral blood mononuclear cells (PBMC) of 11 lupus patients and five gender- and
age-matched healthy controls were cultured with hCDR1 or a control peptide. Gene expression and regulatory
T-cellswere assessed. hCDR1 significantly downregulated interleukin (IL)– 1�, interferon (IFN)–�, and IL-10 gene
expression. Furthermore, hCDR1 upregulated the expression of the anti-apoptotic Bcl-xL molecule and down-
regulated the pro-apoptotic caspase-3, resulting in reduced rates of apoptosis. hCDR1 increased the expression of
transforming growth factor (TGF)–�, FoxP3 and the negative regulators Foxj1 and Foxo3a. No significant effects
wereobservedusingacontrolpeptideorwhenPBMCofhealthydonorswere incubatedwithhCDR1.Theelevated
gene expression of FoxP3 was due to hCDR1-induced upregulation of TGF-�, resulting in an increase of
CD4�CD25�FoxP3� functional, regulatory cells. The ability of the regulatory cells to diminish IFN-� expression
and to upregulate TGF-� was abrogated after the addition of a neutralizing anti-CD25 antibody, confirming their
role in the beneficial effects of hCDR1.

� 2009 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.
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. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease
haracterized by the production of autoantibodies and impaired
unction of B and T cells accompanied by systemic clinical manifes-
ations [1,2]. Previous studies demonstrated the role of cytokines
3,4], apoptosis [5,6] and dysfunction of regulatory T-cells [7,8] in
he pathogenesis of murine and human SLE. Our laboratory de-
igned a peptide, designated hCDR1 [9], that is based on the se-
uence of the complementarity-determining region (CDR) 1 of a
uman anti-DNA monoclonal antibody (mAb) that bears a major
diotype (Id), namely 16/6Id [10]. hCDR1 was shown to ameliorate
erologic and clinical manifestations of murine lupus that was
ither induced in BALB/c mice or spontaneously developed in
NZBxNZW)F1mice [11,12]. Attempts to elucidate themechanisms
f action of hCDR1 indicated that the peptide, shown to bind to
ajor histocompatability complex class II on antigen-presenting
ells and to inhibit T-cell receptor signaling [13], downregulated
he pathogenic cytokines interleukin (IL)–1�, interferon (IFN)–�,
nd IL-10 [14] and upregulated the immunosuppressive cytokine
ransforming growth factor (TGF)–� [15]. Furthermore, treatment
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f mice with induced or spontaneous SLE with hCDR1 resulted in
educed apoptosis rates of T cells [16–18]. In addition, hCDR1
nduced specifically CD4�CD25�Foxp3� regulatory cells [15,19]
nd upregulated the negative T-cell regulators Foxj1 and Foxo3a
13]. hCDR1was shown to affect dendritic cells as well by reducing
heir number and inducing an immature phenotype in the remain-
ng dendritic cells [20]. Thus, the amelioration of lupus by hCDR1 is
result of its effects on different cell populations and signaling
athways.
We have previously shown that hCDR1 downregulated, in vitro,

he proliferation of PBMC of SLE patients in association with an
ncreased production of TGF-� [9]. Moreover, we were able to
stablish a human model of SLE by transferring PBMC of lupus
atients into severe combined immunodeficient (SCID) mice [21].
reatment with hCDR1 ameliorated serologic (human anti-DNA
ntibodies) and clinical lupus-related manifestations in the latter
CID model of human SLE [22]. In view of the various immuno-
odulatory effects of hCDR1 in the murine models of lupus, it was
f interest to determine the effects of the peptide on PBMC ob-
ained from SLE patients. To this end, we studied the in vitro effects
f hCDR1 incubated with PBMC of SLE patients on gene expression
f the pathogenic cytokines (IL-1�, IFN-�, and IL-10) and of the
ro-apoptotic caspase3 and the anti-apoptotic Bcl-xLmolecules. In

ddition, we assessed the effects of hCDR1 on gene expression of

and Immunogenetics. Published by Elsevier Inc. All rights reserved.
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GF-�, FoxP3, Foxj1, and Foxo3a and on the number and function of
D4�CD25�FoxP3� regulatory cells.

. Subjects and methods

.1. Patients

Eleven lupus patients (nine female and two male) and five sex-
nd age-matched healthy controls participated in our study. All
atients were diagnosed according to four or more American Col-
ege of Rheumatology (ACR) SLE diagnostic criteria [23]. The
ean � SD age of the patients was 49.09 � 13.20 years (range,
7–62 years). Their mean � SD disease activity score, defined by
LE disease activity index (SLEDAI) [24], was 6.55 � 6.30 (range,
–22). The main current clinical manifestations of the patients
ere arthritis (64%), mucocutaneous (54%), renal (27%), and
leuritis/pericarditis (18%). Six patients were treated with cortico-
teroids at the time of the study (daily dose of 11.0 � 23.4 mg
rednisone; range, 2.5–80.0mg). Seven patients were treatedwith
laquanil (400mg/day) on a regular basis. All participants signed an
nformed consent formbefore the initiation of the study,whichwas
pproved by the Ethic Committee of Kaplan Medical Center.

.2. Synthetic peptides

A peptide, GYYWSWIRQPPGKGEEWIG, designated as hCDR1
9], was synthesized by Polypeptide Laboratories (Los Angeles,
A). A control peptide, SKGIPQYGGWPWEGWRYEI, contains the
ame amino acids of hCDR1 in a scrambled order. The control
eptide binds MHC class II with an avidity similar to that of
CDR1.

.3. Cultures

PBMC were isolated from heparinized venous blood by Ficol-
ypaque (Pharmacia) density gradient centrifugation [25]. PBMC
5 � 106/ml) were cultured in enriched RPMI-1640 medium con-
aining 10% fetal calf serum [9] for 24 hours in 7.5% CO2 at 37�C in
he presence of medium, hCDR1 or the control peptide (both at 25
g/ml).

.4. In vitro assays

PBMC (5 � 106/ml) of individual patients that were previously
hown to respond to 16/6Id stimulation, were cultured in enriched
edium for 24 hourswith either hCDR1 alone (25 �g/ml) or hCDR1
nd anti-CD25 (10 �g/ml)mAb (daclizumab; Zenapax; Roche Phar-
aceuticals, Basel, Switzerland). The cells of the latter cultures
ere washed and incubated in enriched medium with untreated
BMC (ratio 1:3) of the matched patients in the presence of 16/6Id
10 �g/ml) for 36 hours. Thereafter, RNA was extracted and gene
xpression was determined by real time reverse transcription–
olymerase chain reaction (RT-PCR).

.5. 16/6Id bearing antibodies

16/6Id-bearing antibodies in the sera of SLEpatients andhealthy
ontrols were determined by enzyme-linked immunoabsorbent
ssay (ELISA). Briefly, 96-well plates (Nunc, Denmark) were incu-
ated with 50 �l of rabbit anti-16/6Id (IgG fraction) antibody or
ontrol Rabbit IgG (0.5 �g/ml). After blocking, sera (dilution 1:10–
:1000) were added. After incubation with goat anti-human IgG
�-chain specific) (Jackson, West Grove, PA) ABTS (2,2 Azino-bis
3-EthyBenz-Thiazoline-6 Sulfonic acid; Sigma, Israel]) was added
nd optical density (OD) was read at 405 nm. Nonspecific binding
to the control rabbit IgG)was subtracted. Themean OD�2SD of 50
ontrol serawas defined as upper limit of normal binding. Only one

ontrol serum (2%) was determined to be positive.

m
(

.6. Real-time RT-PCR

Expression of mRNA was determined by real-time RT-PCR using
ightCycler (Roche Mannheim, Germany). Total RNA was isolated
rom cultures of PBMC. The RNA was then reversed transcribed to
repare complementary DNA (cDNA) using Maloney murine leuke-
ia virus reversed transcriptase (Promega, Madison, WI). The result-

ng cDNA was subjected to real time RT-PCR according to the manu-
acturer’s instructions. The following primer sequences (forward and
eversed, respectively) were used: IL-1� (5=-cagaaaacatgcccgt-3=, 5=-
cactaccctaaggcag-3=), IFN-� (5=-tcgaggtcgaagagca-3=, 5=-ggcaagtaactg-
atagtatcac-3=), IL-10(5=-aagccatgagtgagtttg-3=,5=-accatagtgtgtcaccc-3=),
aspase-3 (5=-gcaggaagggcctaca-3=, 5=-ggctggatgccgtcta-3=), Bcl-xL (5=-
gcagtaaagcaagcg-3=, 5=-agcagtaaagcaagcg-3=), TGF-� (5=-gcaagactatcga-
atgg-3=, 5=-acttgtcatagatttcgttgtg-3=), FoxP3 (5=-ccacaacatggactactt-3=,
=-cgtttcttgcggaact-3=), Foxj1 (5=-acggacaacttctgct-3=, 5=-gctcgtttcgct-
atgc-3=), Foxo3a (5=-cttcatgcgcgttcag-3=, 5=-ggaattgtgtgcgcga-3=) and
APDH (5=-ctgccaacgtgtcagt-3=, 5=-gttgagggcaatgcca-3=). The levels of
APDHwere used to normalize all other genes. Results are expressed as
ercent relative expression.

.7. Flow cytometry

The following antibodies were used in the study: anti-human
D4 PE (RPA-T4), and its isotype control (BD Pharmingen, San
iego, CA); anti-human CD25 APC (4E3) and its isotype control
Milteny Biotec Inc. Auburn, CA); and anti-human FoxP3 FITC
236A/E7) (eBioscience, SanDiego, CA). Cells (1�106/sample)were
ashed with staining buffer (PBS, 0.5% BSA, 2 mmol/l EDTA) and

ig. 1. hCDR downregulates IL-1�, IFN-�, and IL-10 gene expression. PBMC of SLE
atients and healthy controls were cultured (5 � 106 cells/well) for 24 hours in the
resence of medium, hCDR1, or the scrambled control peptide (25 �g/ml). Gene
xpression was determined by real-time RT-PCR. Results are presented as the

ean � SE percentage of gene expression compared with cultures with medium

considered as 100%).
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tained for 20 minutes at 4�C with the relevant mAb. After surface
taining, cells were fixed and permeabilized for intracellular stain-
ng of FoxP3 according to the manufacturer’s protocol.

.8. Statistical analyses

The nonparametric Mann-Whitney and unpaired Student’s t
ests were used for statistical analyses. Values of p � 0.05 were
onsidered statistically significant.

. Results

.1. Effects of hCDR1 on cytokine gene expression

Amelioration of murine lupus following treatment with hCDR1
as associated with downregulation of pathogenic cytokines [14].
o ascertain whether hCDR1 could similarly regulate cytokine pro-
uction in SLE patients, PBMC of 11 lupus patients and five healthy
ontrols were cultured for 24 hours with medium, hCDR1 or the
ontrol peptide. Preliminary experiments were performed to de-
ermine the optimal concentration of hCDR1 to be used in the
ulture. Thus, PBMC of four patients were cultured in the presence
f two concentration of hCDR1, namely, 50 and 25 �g/ml. Thereaf-
er RNA was extracted and gene expression was determined by

ig. 2. hCDR1 downregulates caspase-3 and upregulates Bcl-xL gene expression.
BMC of SLE patients and healthy controls were cultured (5 � 106 cells/well) for 24
ours in the presence of medium, hCDR1, or the scrambled control peptide (25
g/ml). (A) Gene expression was determined by real-time RT-PCR. Results are
resented as the mean � SE percentage of gene expression compared with cultures
ith medium (considered as 100%). (B) Representative dot plots depicting double
taining of the cells with Annexin V and propidium iodide aswell as themean (�SE)
ercentage of apoptotic cells (those stained positively to Annexin V and negatively
o propidium iodide) compared with cultures with medium (considered as 100%).
eal-time RT-PCR. The results for all four patients indicated that the
p
1

ddition of 25 �g/ml hCDR1 to the PBMC in the culture resulted in a
ore prominent immunomodulation of gene expression than the
igher concentration of 50 �g/ml. Therefore, 25 �g/ml of hCDR1
ere used in all further experiments. Fig. 1 shows that in vitro

ncubation of PBMC of SLE patients with hCDR1, significantly re-
uced gene expression of IL-1�, IFN-�, and IL-10 compared with
BMC of the same patients cultured with medium or with the
ontrol peptide. It should be noted that although the control pep-
ide upregulated the expression of IL-1� and IL-10, the effects were
ot significant (p � 0.64 and 0.85, respectively) when compared
ith PBMC incubated in the presence of medium. The effects of
CDR1 on the expression of the same genes in PBMC of healthy
ontrols are also shown in Fig. 1. It can be seen that the mean
ercent expression of the three pathogenic cytokines was insignif-
cantly upregulated after incubation of PBMC of healthy donors in
he presence of hCDR1.

.2. Effects of hCDR1 on apoptosis

Because the beneficial effects of hCDR1 on murine lupus corre-
ated with a decreased rate of apoptosis [16–19], we studied
hether hCDR1 affects, in vitro, the expression of the pro-apoptotic
caspase-3) and the anti-apoptotic (Bcl-xL) molecules in PBMC of
LE patients. As shown in Fig. 2, hCDR1, but not the control peptide,
ignificantly decreased caspase-3 (53% and 89% compared with
ultures with medium or control peptide, respectively) and in-
reased Bcl-xL (38%, p � 0.055 and 70%, p � 0.001, compared with
ultures with medium or control peptide, respectively) gene ex-
ression. The effects on the expression of both genes in PBMC of
ealthy controls were unremarkable as demonstrated in Fig. 2.
urthermore, as can be seen in Fig. 2B, incubation of PBMC of SLE
atients in the presence of hCDR1 reduced the rates of apoptosis as
etermined by cells stained positively to Annexin V and negatively
o propidium iodide.

.3. Effects of hCDR1 on gene expression of Foxj1 and Foxo3a

Foxj1 and Foxo3a are transcription factors that play a role in
egative regulation of Th1 responses [26]. Treatment of SLE af-

ig. 3. hCDR1 upregulates Foxj1 and Foxo3a gene expression. PBMC of SLE patients
nd healthy controls were cultured (5 � 106 cells/well) for 24 hours in the presence
f medium, hCDR1, or the scrambled control peptide (25 �g/ml). Gene expression
as determined by real-time RT-PCR. Results are presented as the mean � SE

ercentage of gene expression comparedwith cultureswithmedium (considered as
00%).
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ected mice with hCDR1 upregulated Foxj1 and Foxo3a gene ex-
ression [13]. As shown in Fig. 3, incubation of PBMCof SLE patients
ith hCDR1upregulated the expression of Foxj1 (302%) and Foxo3a
314%) genes in PBMC of SLE patients compared with cultures of
BMC incubated with medium. The control peptide did not affect
he expression of these transcription factors. Although hCDR1 in-
reased Foxj1 and Foxo3a expression in PBMC of healthy controls,
hose effects were not statistically significant (Fig. 3).

.4. Effects of hCDR1 on TGF-� and FoxP3 gene expression

Regulatory CD4�CD25�FoxP3� cells and the immunosuppres-
ive cytokine TGF-� play a major role in murine and human SLE
7,8]. The latter play a key role in the amelioration of lupus in

ig. 4. hCDR1 upregulates TGF-� and FoxP3 gene expression. PBMC of SLE patients
nd healthy controls were cultured (5 � 106 cells/well) for 24 hours in the presence
f medium, hCDR1, or the scrambled control peptide (25 �g/ml). Gene expression
as determined by real-time RT-PCR. Results are presented as the mean � SE
ercentage of gene expression comparedwith cultureswithmedium (considered as
00%).

ig. 5. hCDR1 upregulates FoxP3-expressing CD4�CD25� cells. PBMC of SLE patien
edium or hCDR1 (25 �g/ml). Thereafter, cells were stained for the expression of CD

� �
ercentages in dot plots indicate the rate of CD4 CD25 cells. Histograms showstainingwi
umbers in histograms indicate the percentages of CD4�CD25� cells that express FoxP3
uring models after treatment with hCDR1 [15,18,19]. We there-
ore assessed the effects of hCDR1onTGF-� and FoxP3 gene expres-
ion. Fig. 4 demonstrates a significant upregulation in the expres-
ion of TGF-� (375%) and of FoxP3 (228%) when compared with
ultures with medium. In contrast, the control peptide decreased
ene expression of both, TGF-�, and FoxP3 in PBMC of the same SLE
atients (Fig. 4). Although insignificantly, hCDR1 also increased
ene expression of TGF-� and FoxP3 in PBMC of healthy controls, as
vident in Fig. 4.

.5. Upregulation of functional CD4+CD25+FoxP3+ cells by hCDR1

The regulatory master gene FoxP3 is mainly expressed in regu-
atory T cells [7,8]. To determine whether the hCDR1-induced up-
egulation of FoxP3 gene expression was caused by an increase in
D4�CD25� cells, PBMC of four SLE patients and three healthy
ontrols were incubated in the presence or absence of hCDR1 be-
ore staining with CD4, CD25, and FoxP3. Representative results of
hree independent experiments are shown in Fig. 5. As shown, the
requency of CD4�CD25�(3.4% vs 5.2%) and of CD4�CD25�FoxP3�

egulatory cells (1.4% vs 3.5%) in PBMC of SLE patients incubated in
edium were lower compared with cultures of healthy controls.
urthermore, themean fluorescence intensity (MFI) of FoxP3 in the
D4�CD25� cells of SLE patientswas also lower comparedwith the
ealthy controls (MFI, 43 vs 54). Incubation of PBMC of SLE patients
ith hCDR1 increased the frequency of CD4�CD25�(5.5% vs 3.4%)
nd of CD4�CD25�FoxP3� cells (2.5% vs 1.4%). The effect of hCDR1
n PBMC of healthy controls was less prominent (5.7% vs 5.2% and
.1% vs 3.5% for CD4�CD25� and CD4�CD25�FoxP3� cells, respec-
ively). Furthermore, the hCDR1-induced increase in MFI of FoxP3
n CD4�CD25� gated cells was observed only in PBMC of SLE
atients.
To determine the role of TGF-� in mediating the expression of

oxP3, we incubated PBMC of SLE patients in the presence of
CDR1, with or without anti–TGF-� neutralizing antibody. Results
resented in Fig. 6 show that the upregulated expression of FoxP3
n the CD4�CD25� cells incubated with hCDR1 was diminished
fter the addition of TGF-�–specific neutralizing antibody. In agree-
ent, it is also evident in Fig. 6 that the addition of rhTGF-� to the
BMC of SLE patients upregulated FoxP3 expression to levels com-
arable to those of hCDR1.
To confirm that the hCDR1-induced CD4�CD25�FoxP3� cells

re responsible for the suppressive effects observed after incu-
ation of PBMC with hCDR1, PBMC of SLE patients were incu-
ated for 24 hours in the presence of hCDR1 (25 �g/ml) or in the
resence of hCDR1 and a neutralizing anti-CD25mAb (10 �g/ml).

healthy controls were cultured (5 � 106 cells/well) for 24 hours in the presence of
5, and FoxP3. Representative results of three independent experiments are shown.

� �
ts and
4, CD2
th FoxP3 (solid line) orwith isotype control (dashed line) in CD4 CD25 gated cells.
(top), and the MFI of FoxP3 expression in CD4�CD25� gated cells (bottom).
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he cells were then collected and cultured with PBMC of the
ame lupus patients in a ratio of 1:3 (cells incubated with either
CDR1 or hCDR1 and a neutralizing anti-CD25� mAb: untreated
BMC), in the presence of 16/6Id (10 �g/ml) as schematically
hown in Fig. 7A. After 36 hours of incubation, mRNA was pre-
ared of the cultured cells and the expression of the inflamma-
ory cytokine IFN-� and of the immunosuppressive cytokine
GF-� were determined by real time RT-PCR. Results shown in
ig. 7B indicate that the inhibitory effect on IFN-� expression of
he hCDR1-induced cells was abrogated when the regulatory
ells were incubated in the presence of the anti-CD25 mAb.
urthermore, incubation of hCDR1 induced cells with the anti-
D25 neutralizing mAb downregulated the expression of the
GF-� gene that was elevated after incubation of PBMC of lupus
atients with hCDR1-induced regulatory cells.

ig. 7. hCDR1-induced CD4�CD25� cells are responsible for suppressing IFN-� a
xperimental procedure. PBMC of individual SLE patients were cultured (5 � 106/

ig. 6. TGF-� mediates the hCDR1-induced expression of FoxP3 in CD4�CD25�

ells of SLE-derived PBMC. The PBMC of SLE patients were cultured (5 � 106

ells/well) for 24 hours in the presence ofmedium, rhTGF-� (250 pg/ml), hCDR1 (25
g/ml) alone or together with an anti-TGF-� neutralizing antibody (10 �g/ml).
hereafter, cells were stained for the expression of CD4, CD25, and FoxP3, and the
ean fluorescence intensity (MFI) of FoxP3 was determined in gated CD4�CD25�

ells. Results are presented as the mean � SE percentage of MFI.
ithout anti-CD25 (10 �g/ml) mAb. The cultured cells were washed and reincubated wit
g/ml) for 36 hours. (B) Gene expression of IFN-� and TGF-� was determined in the RNA
.6. Lack of correlation between the effects of hCDR1 and the
resence of 16/Id-bearing antibodies

To determinewhether the immunomodulatory effects of hCDR1
n PBMC of SLE patients were related to the presence of 16/6Id-
earing antibodies, wemeasured the expression of 16/6Id in sera of
ur SLE patients and healthy controls. Four of 11 (36%) of the SLE
atients and none of the five healthy controls possessed such anti-
odies. Thus it appears that hCDR1 affects PBMC in all SLE patients,
egardless of their 16/6Id expression.

. Discussion

The main findings of our study are that hCDR1 is capable of
mmunomodulating in vitro cytokines, apoptosis, and immunosup-
ressive molecules in PBMC of SLE patients. Moreover, hCDR1 up-
egulates FoxP3 expression and CD4�CD25� functional regulatory
ells.
Cytokines play an important role in the pathogenesis of human

3] and murine [4] SLE. High levels of IFN-�, IL-1�, and IL-10 were
eported in murine models of lupus [4,14] and in SLE patients
3,27]. Immunosuppressive treatment of SLE patients [28] and of
NZBxNZW)F1 mice [17,19] as well as hCDR1 treatment of murine
upus [14] downregulated those cytokines. Similarly to its in vivo
ffects inmice, hCDR1 significantly decreased, in the present study,
ene expression of IL-1�, IFN-� and IL-10 in PBMC of SLE patients
Fig. 1).

Apoptosis is involved in the pathogenesis of murine and human
LE [5,6]. PBMC of active lupus patients were shown to exhibit an
ncreased rate of apoptosis [6,29], and administration of apoptotic
ymphocytes to (NZBxNZW)F1 mice led to accelerated lupus-
elated manifestations [5]. Moreover, an increased rate of apopto-
is with an upregulation of the pro-apoptotic caspase-3 and
aspase-8 and downregulation of the anti-apoptotic Bcl-xL was
emonstrated in (NZBxNZW)F1 lupus-pronemice and inmicewith
nduced SLE [17,18]. The ameliorating effects of treatment with
CDR1 were due, at least in part, to the downregulated apoptosis
hat correlatedwith diminished caspase-3 and elevated Bcl-xL[18].

regulating TGF-� mRNA expression of SLE-derived PBMC. (A) Illustration of the
enriched medium for 24 hours in the presence of hCDR1 (25 �g/ml), together or
nd up
ml) in
h untreated PBMC (ratio 1:3) of the matched patients in the presence of 16/6Id (10
extracts of the cell cultures.
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nagreement,hCDR1downregulatedcaspase-3,upregulatedBcl-xLgene
xpression, and reduced the rates of apoptosis in cultures of PBMC of
upus patients (Fig. 2).

TGF-� plays a pivotal role in suppressing autoimmune disorders
26,30]. Thus, low levels of TGF-� were determined in active SLE
atients [31], whereas B-cell depletion using rituximab increased
GF-� production [32]. Furthermore, TGF-� knockout mice devel-
ped lethal lupus-like disease [33], and the ameliorative effects of
CDR1 in SLE-afflicted mice were associated with upregulated
GF-� mainly in CD4 effector cells [15]. Similarly, as demonstrated
ere, hCDR1 upregulated TGF-� in PBMC of SLE patients (Fig. 4).
CD4�CD25�FoxP3� regulatory cells play a major role in main-

aining immunologic homeostasis [7,8]. Indeed, low levels of
D4�CD25�FoxP3� cells and reduced immunosuppressive func-
ions in PBMC of active lupus patientswere reported [34,35]. Adop-
ive transfer of hCDR1-inducedCD4�CD25�Foxp3� regulatory cells
ed to amelioration of the disease manifestations in lupus-affected
ice [15,19]. Herewewere able to demonstrate an upregulation of
oxP3 gene expression (Fig. 4) and an increased frequency of
D4�CD25�FoxP3� cells in cultures of PBMC of SLE patients after
ncubationwith hCDR1 (Fig. 5). Itwas recently reported that in vitro
timulation of T cells of SLE patients upregulated FoxP3 expression
ith a parallel increase in suppressive functions [36]. In contrast to
he generation of nonspecific (anti-CD3 and IL-2 stimulation) reg-
latory T-cells in the latter study, hCDR1 specifically upregulated
oxP3� regulatory cells since the control peptide did not have such
n effect (Fig. 4). It appears that hCDR1 upregulated the frequency
f CD4�CD25� cells aswell as the expression and intensity of FoxP3
Fig. 5). The upregulated FoxP3 was due, at least partially, to the
CDR1-mediated upregulation of TGF-� expression (Fig. 6). Fur-
hermore, the hCDR1 in vitro induced cells were functional because
hey efficiently suppressed the expression of IFN-� and upregu-
ated TGF-� when incubated with untreated PBMC of the SLE pa-
ients. The immunomodulating activity of the hCDR1 induced cells
as abrogated by a neutralizing anti-CD25 mAb (Fig. 7), thereby

ndicating that the hCDR1 induced CD4�CD25�FoxP3� cells played
key role in the regulation of SLE associated genes. Our findings are
upported by a recent report of an anti-DNA Ig–derived peptide
hat upregulated in vitro the number and function of CD4�CD25�

ells of SLE patients [37].
Foxj1 and Foxo3a were shown to be involved in negative regu-

ation of T-cell activation [26,38,39]. Indeed, Foxj1 and Foxo3a
nockout mice demonstrated systemic autoimmune disorders
40], and polymorphismof Foxj1 gene correlatedwith the presence
f human SLE [41]. Treatment with hCDR1 upregulated Foxj1 in
urine models of SLE [13]. Similarly, we demonstrate here that
CDR1 significantly increased the expression of both negative reg-
lators in PBMC of SLE patients (Fig. 3).
The effects of hCDR1 on PBMC of healthy controls were statisti-

ally insignificant (Figs. 1–4). Nevertheless, hCDR1 upregulated,
lthough to a lesser extent and insignificantly, gene expression of
nhibitory factors (Figs. 3 and 4) and the frequency of FoxP3�

egulatory cells (Fig. 5) in healthy controls. These observations are
n agreement with our pervious report demonstrating that hCDR1
nduced specific CD4�CD25�Foxp3� regulatory cells in healthy
ice as well [15].
Although hCDR1 is based on an anti-DNA mAb that bears the

6/6Id [9,10] its in vitro immunomodulatory effects on PBMC of SLE
atients were independent of the presence of 16/6Id-bearing anti-
odies. Whereas PBMC of all lupus patients studied were affected
y the peptide, 16/6Id-bearing antibodieswere present in only four
f them. In accordance, our previous studies demonstrated that
CDR1 ameliorated lupus in (NZBxNZW)F1 mice that do not pro-
uce 16/6Id bearing anti-DNA antibodies [14]. It is therefore sug-
ested that hCDR1 is capable of affecting a broad population of

upus patients.

[

The present study clearly demonstrated that hCDR1 immuno-
odulated gene expression of cytokines, apoptosis, and inhibitory

actors in PBMC of SLE patients. Based on our previous studies in
urine models of SLE, it is likely that the observed in vitro hCDR1
ffects on one immunologic pathway may cause a consequent
ffect on another. Thus, downregulation of IFN-� and IL-10 may
ontribute to the reduced expression of pro-apoptotic genes
42,43], whereas induced expression of the anti-apoptotic mole-
ule Bcl-xL can lead to and sustain low levels of those cytokines
18]. Furthermore, the upregulated TGF-�might induce the expres-
ion of the regulatory master gene FoxP3 [44] along with the Foxj1
nd Foxo3a negative regulators that may decrease IFN-� gene ex-
ression [13]. It is likely that hCDR1 immunomodulates PBMC of
LE patients via similar mechanisms observed in murine lupus
odels, suggesting that hCDR1 is a novel therapeutic mean for SLE
atients.
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