
The role of dendritic cells in the mechanism of action of a peptide
that ameliorates lupus in murine models

Introduction

Antigen-presenting cells (APCs), mainly dendritic cells

(DCs), govern the balance between tolerance and immu-

nity of T cells.1,2 Two well-established maturation states

for DCs include the immature and mature states.3 Imma-

ture DCs function as antigen-capturing cells and express

relatively low levels of surface major histocompatibility

complex (MHC) molecules and costimulatory molecules

such as CD80 and CD86.2,4,5 Mature DCs are immuno-

genic in that they express high levels of these cell surface

molecules, which are important for T-cell activation.2,6

These phenotypic changes, that occur following matura-

tion and activation of DCs in response to infection or

inflammation, are accompanied by the production of

cytokines, of which interleukin-12 (IL-12) is necessary for

T helper type 1 (Th1) activation and interferon-c (IFN-c)

production by T cells.3,7–9 In addition, maturation and
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Summary

Systemic lupus erythematosus (SLE) is characterized in its early stages by

the expansion of autoreactive T cells that trigger B-cell activation with

subsequent multi-organ injury. Dendritic cells (DCs) in lupus were found

to display an aberrant phenotype with higher expression of the matura-

tion markers major histocompatibility complex (MHC) class II, CD80 and

CD86, as well as higher production of proinflammatory cytokines includ-

ing interleukin-12 (IL-12), resulting in an increased ability to activate T

cells. A peptide (hCDR1) based on the complementarity determining

region-1 of an anti-DNA antibody ameliorated SLE in both induced and

spontaneous lupus models by downregulating T-cell functions. Our objec-

tives were to determine whether DCs play a role in promoting the benefi-

cial effects of hCDR1. We showed here that treatment with hCDR1

lowered the expression levels of MHC class II, CD80 and CD86 on DCs.

The latter effect was associated with downregulation of messenger RNA

expression and secretion of IL-12, a cytokine that upregulated T-cell

proliferation and interferon-c (IFN-c) secretion. Moreover, DCs derived

from hCDR1-treated mice downregulated proliferation and IFN-c secre-

tion by T cells from untreated mice. Upregulation of transforming growth

factor-b (TGF-b) secretion by T cells, following treatment with hCDR1,

resulted in downregulation of IFN-c production and contributed to

the phenotypic changes and magnitude of IL-12 secretion by DCs. The

ameliorating effects of hCDR1 are therefore mediated at least partially

by the upregulated secretion of TGF-b by T cells that contribute to the

induction of DCs with immature phenotype and suppressed functions.

The resulting DCs further downregulate autoreactive T-cell functions.
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activation of DCs following infection or inflammation

changes the status of these cells from tolerogenicity to

immunogenicity.6,7

Systemic lupus erythematosus (SLE) is a disease charac-

terized, at early stages, by the expansion of autoreactive T

cells that trigger polyclonal B-cell activation with subse-

quent hypergammaglobulinaemia and organ injury mainly

as a result of immune complex deposits and cell infiltra-

tion.10–12 It was recently reported that DCs from patients

with SLE display an aberrant phenotype with higher

expression of the maturation markers MHC class II,

CD80 and CD86 compared with DCs of controls.13–15

Moreover, the T-cell hyperactivity in murine lupus was

reported to be a consequence of hyperstimulatory DCs

that were significantly more mature/activated and more

proinflammatory with elevated production of various

cytokines including IL-12, and with the ability to increase

T-cell proliferation and activation compared with the

DCs of controls.13–15 These properties enable them to

breach tolerance.15

Experimental SLE can be induced in naı̈ve, non-SLE-

prone mice, by immunization with monoclonal anti-DNA

antibodies that express the major idiotype (Id), designated

16/6Id.16,17 The 16/6Id-induced disease in mice is mani-

fested by high levels of autoantibodies (anti-double-

stranded DNA and anti-nuclear protein antibodies), and

by SLE-associated clinical symptoms.16,17 Furthermore, a

peptide (hCDR1) based on the sequence of the comple-

mentarity determining region 1 (CDR1) of the human 16/

6Id was shown to downregulate in vitro and in vivo auto-

reactive T-cell responses, and to ameliorate the clinical

manifestations of spontaneous (NZB · NZW)F1 and

induced models of SLE in mice.18–22 The latter was associ-

ated with downregulation of the cytokines that play a key

role in the pathogenesis of lupus (e.g. IFN-c, IL-10 and

IL-1b) and with upregulation of the immunosuppressive

cytokine transforming growth factor-b (TGF-b).19,20,22

Moreover, treatment with hCDR1 inhibited T-cell adhe-

sion and chemotaxis by downregulating extracellular sig-

nal-regulated kinase phosphorylation23 which was found

to be involved in 16/6Id stimulated T-cell proliferation.

Interferon-c was also found to play an important role in

the 16/6Id-stimulated proliferation24 and to be associated

with downregulation of T-cell receptor signalling, T-bet

expression and nuclear factor-jB activation.25

The DCs of lupus-afflicted mice and patients were

found to be more mature/activated, with higher produc-

tion capacity of proinflammatory cytokines including

IL-12, and with increased ability to activate T cells,13,15 the

downregulation of the properties of the latter DCs might

be of importance in decreasing their immunogenicity.

Hence, the objective of the present study was to determine

whether hCDR1, which has been shown to be beneficial in

lupus, affects the phenotype and function of DCs. We

show here that treatment with hCDR1 reduced the expres-

sion levels of MHC class II, CD80 and CD86 on DCs

(CD11c-positive) in association with downregulated secre-

tion of IL-12 and downregulated expression of IL-12 mes-

senger RNA (mRNA). Moreover, the hCDR1-affected DCs

were shown to downregulate T-cell functions as they

inhibited T-cell proliferation and Th1 activation. The up-

regulated secretion of TGF-b by T cells of hCDR1-treated

mice contributed to the observed changes in DCs.

Materials and methods

Mice

Female BALB/c mice (Harlan, Indianapolis, IN) were used

at the age of 8–10 weeks. (NZB · NZW)F1 female mice

were purchased from Jackson Laboratory (Bar Harbor,

ME). The study was approved by the Animal Care and

Use Committee of the Weizmann Institute of Science.

Synthetic peptides

A peptide (GYYWSWIRQPPGKGEEWIG) based on the

sequence of the CDR1 of an anti-DNA monoclonal anti-

body (mAb) that bears the major idiotype, designated 16/

6Id, was synthesized by Polypeptide Laboratories (Los

Angeles, CA).

Antibodies and reagents

The human anti-DNA mAb that bears the 16/6Id (IgG1/j)

was previously described.26 The antibody is secreted by

hybridoma cells that are grown in culture and purified by

using a protein G–Sepharose column (Pharmacia, Uppsala,

Sweden). Phycoerythrin-conjugated anti-CD11c, fluo-

rescein isothiocyanate-conjugated anti-CD80, anti-CD86

and anti-I-Ad were purchased from Pharmingen (BD

Bioscience, Mountain View, CA). Cells were stained with

the latter reagents according to the manufacturer’s instruc-

tions. A recombinant human TGF-b and an anti-TGF-b1,

-b2 and -b3 neutralizing mAb (clone 1D11) and its

isotype control were purchased from R & D Systems

(Minneapolis, MN).

Immunization and treatment of mice

BALB/c mice were immunized with 1 lg of the human

mAb 16/6Id in complete Freund’s adjuvant (CFA) with

or without a concomitant subcutaneous injection of

hCDR1 (50 lg/mouse) in phosphate-buffered saline

(PBS). (NZB · NZW)F1 mice with a full-blown disease

(8 months old) were treated for 10 weeks, once a week,

with either the vehicle Captisol [sulphobutylether beta

cyclodextrin that has been designed by Cydex (Lenexa,

KS) to enhance the solubility and stability of drugs] or

hCDR1 (50 lg/mouse).
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Purification of DCs

Lymph node (LN)-derived DCs were isolated as follows:

LN cells were released by tearing and treatment with colla-

genase D (Roche Diagnostics Corp, Indianapolis, IN).

CD11c+ cells were isolated using anti-CD11c-coated

magnetic beads (Miltenyi Biotec, Bergisch Gladbach,

Germany) according to the manufacturer’s instructions

[purity of DCs determined by fluorescence-activated cell

sorting (FACS) was 75–85%].

Purification of T cells

Preparation of an enriched population of T cells either

from LN (BALB/c mice) or spleen (NZB · NZW)F1 was

performed as previously described.25 The purified cells,

which were mainly T cells (> 92% as assessed by FACS

analysis), were then collected and washed in RPMI-1640.

Cell stimulation with 16/6Id in vitro

The LN cells (5 · 106) were incubated in the presence of

16/6Id (25 lg/ml). Purified T cells were stimulated using

either irradiated (3000 rads) syngeneic splenocytes from

normal mice (as a source of APCs) or irradiated purified

DCs, in the presence of 16/6Id (25 lg/ml).

Proliferation assays

Ten days after immunization, LN-derived T cells were

incubated with either irradiated (3000 rads) syngeneic

splenocytes from normal mice or with irradiated purified

DCs in the presence of the 16/6Id (5 lg/well). Cultures

were set up (in triplicate) in 200 ll of RPMI-1640-

enriched medium containing 1% syngeneic normal mouse

serum in 96-well microtitre plates (Nunc, Roskilde, Den-

mark). After 96 hr, [3H]thymidine was added to the wells.

Eighteen hours later, the plates were harvested onto a

filter plate. Incorporation of [3H]thymidine was measured

using a beta-counter.

Detection of IL-12 and IFN-c secretion

Cells (5 · 106/ml) of 16/6Id-immunized mice were

incubated in enriched medium and stimulated with 16/6Id

(25 lg/ml). Supernatants were removed after 48 hr and

analysed for cytokine content. The levels of IL-12 (p70) or

IFN-c were determined by enzyme-linked immunosorbent

assay according to the manufacturer’s instructions (BD

Bioscience).

Real-time reverse transcription-polymerase chain reaction

Quantitative real-time reverse transcription-polymerase

chain reaction using a LightCycler (Roche, Mannheim,

Germany) was performed as previously described.25 The

following primer sequences were used (forward and

reverse respectively): IL-12 (50-CTTCAGTGCCTAGAA

GATG-30 and 50-AGTCCACCACAGTTGC-30), IFN-c (50-

GAACGCTACACACTGC-30 and 50-CTGGACCTGTGG

GTTG-30), and b-actin (50-GTGACGTTGACATCCG-30

and 50-GAGCGTTTGTTGTACCT-30). The levels of

b-actin were used for normalization while calculating the

expression levels of other genes. The results are expressed

as the relative expression levels for each gene.

Statistical analysis

The non-parametric Mann–Whitney U-test was used for

statistical analyses of the data. A value of P � 0�05 was

considered statistically significant.

Results

Treatment with hCDR1 downregulated MHC class II,
CD80 and CD86 on dendritic cells

Treatment with hCDR1 has been shown to downregulate

SLE-associated T-cell functions. Because DCs are impor-

tant players in T-cell activation, we studied the effect of

treatment with hCDR1 on DCs. To this end, 10 days

after immunization, LN cells, derived from mice that

were immunized with 16/6Id and treated concomitantly

with either the vehicle (PBS) or hCDR1, were double

stained with antibodies to CD11c and to either MHC

class II, CD80, or CD86. The results were analysed by

FACS. Dot plots of CD11c expression in LN cells of

representative mice can be seen in Fig. 1(a). The mean

(± SD) percentage expression (Fig. 1b) and the absolute

counts (Fig. 1c) of CD11c-expressing cells indicated that

the percentage and the absolute counts of DCs were sig-

nificantly reduced in the 16/6Id-immunized mice that

were treated with hCDR1 in comparison to the mice

that received PBS. The effects of treatment with hCDR1

on the phenotype of DCs were also studied on gated

CD11c cells, and the results are shown in Fig. 1(d).

Treatment with hCDR1 resulted in significantly lower

percentages of CD11c DCs that express MHC class II

and the costimulatory molecules CD80 and CD86.

Although the relative expression of MHC class II mole-

cules on DCs was slightly reduced following treatment

with hCDR1 (i.e. 77% compared with 80% for hCDR1-

treated and PBS-treated mice, respectively), the mean

fluorescence intensity (MFI) of this molecule was signifi-

cantly reduced (i.e. 237 ± 6 versus 270 ± 25 in hCDR1-

treated and PBS-treated mice, respectively). Furthermore,

treatment with hCDR1 was associated with a diminished

expression of both CD80 (P = 0�05) and CD86

(P = 0�01) molecules in the DCs (i.e. � 22% versus

� 35% of DCs from hCDR1-treated and PBS-treated,
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16/6Id immunized mice, respectively). The results are

representative of four independent experiments. It is

noteworthy that treatment with hCDR1 downregulated

the expression levels of these molecules (Fig. 1) to levels

comparable to those of the negative control, namely

CFA-injected mice (5�0%, 2�6%, 2�3% for MHC class II,

CD80 and CD86, respectively). Consequently, treatment

with hCDR1 downregulated the expression of matura-

tion markers on DCs.

Treatment with hCDR1 downregulated IL-12
secretion

To determine whether the phenotypic changes in DCs are

accompanied by modulation of their function, we studied

the effect of treatment with hCDR1 on the secretion of

IL-12, a cytokine that is important for T-cell activation

during antigen presentation.8 We first studied the effect of

hCDR1 on mRNA expression of IL-12 in LN cells derived

from mice that were immunized with 16/6Id and either

concomitantly treated or not with hCDR1. As shown in

Fig. 2(a), treatment with hCDR1 significantly downregulat-

ed IL-12 mRNA expression (100% versus 48�4% in 16/6Id

immunized mice that were either not treated or treated

with hCDR1, respectively). This effect was accompanied by

a significant downregulation of IL-12 secretion (from

66 pg/ml to 39 pg/ml, Fig. 2b). IL-12 secretion by LN cells

derived from the negative control (CFA-injected) mice was

determined to be 36 ± 2�8 pg/ml.

Because DCs are a main source for IL-12, we studied

the effect of hCDR1 on its secretion by DCs derived from

mice that were immunized with 16/6Id and were either

concomitantly treated or not treated with hCDR1.

Figure 2(c) demonstrates that treatment with hCDR1 sig-

nificantly inhibited IL-12 secretion by DCs (123 pg/ml

versus 64 pg/ml following immunization with 16/6Id

without or with concomitant treatment with hCDR1,

respectively). Therefore, the downregulation of matura-

tion markers on DCs is associated with the inhibition of

IL-12 expression and secretion.
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Figure 1. Treatment with hCDR1 downregu-

lated major histocompatibility complex (MHC)

class II, CD80 and CD86 on dendritic cells

(DCs). Ten days after immunization, lymph

node (LN) cells derived from mice that were

immunized with 16/6Id with or without con-

comitant treatment with hCDR1, were double-

stained with antibodies to CD11c and to either

MHC class II, CD80 or CD86. The results were

analysed by fluorescence-activated cell sorting.

The results of one representative experiment of

four are depicted. (a) Dot plots depicting

staining with CD11c and isotype control of LN

cells from individual mice per treatment group

(n = 6 or n = 7/group). The mean (± SD) per-

centages (b) and the mean (± SD) total cell

counts (c) of CD11c+ cells within the LN-der-

ived cells from 16/6Id-immunized mice of each

treatment group. (d) The expression of MHC

class II, CD80 and CD86 on gated CD11c+

cells. Representative grey histograms and black

lines depict staining with the relevant mono-

clonal antibodies and isotype control, respec-

tively. *P < 0�0001, **P < 0�02.
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Next, to confirm the role of IL-12 in SLE-afflicted

mice, we also determined the effect of treatment with

hCDR1 in (NZB · NZW)F1 mice that develop lupus

spontaneously. To this end, splenocytes of young

(2 months old) and old (8 months old) SLE-afflicted

(NZB · NZW)F1 mice that were either treated with

hCDR1 or with vehicle were compared for mRNA expres-

sion of IL-12. Figure 2(d) shows a significant upregula-

tion of IL-12 expression in splenocytes derived from old

SLE-afflicted (NZB · NZW)F1 mice that were treated

with the vehicle compared with young, disease-free, mice.

Moreover, in vivo treatment of old, SLE-afflicted

(NZB · NZW)F1 mice, with hCDR1 significantly down-

regulated IL-12 mRNA expression to levels detected in

young mice.

In vitro addition of IL-12 upregulated IFN-c secretion
and proliferation by T cells

To determine whether the observed inhibition of IL-12

secretion is also functionally significant, we studied the

effect of IL-12 on T-cell functions. To this end, LN cells

derived from mice that were treated with hCDR1 concomi-

tant with their immunization with 16/6Id were incubated

with various concentrations of IL-12 and in the presence of

16/6Id. Forty-eight hours later IFN-c secretion was

measured in the supernatants by enzyme-linked immuno-

sorbent assay. As shown in Fig. 3(a), in vitro IL-12 addition

upregulated IFN-c secretion in a dose-dependent manner

up to a level (with 100 pg/ml of IL-12) comparable to that

determined in supernatants of 16/6Id-immunized mice.

Next, we studied the effect of IL-12 on IFN-c secretion

from T cells incubated with irradiated normal splenocytes

in the presence of 16/6Id. As shown in Fig. 3(b), a similar

dose-dependent increase in IFN-c secretion was observed

following the addition of IL-12.

To assess the effect of IL-12 on T-cell proliferation, we

incubated the cells with irradiated normal splenocytes in

the presence of 16/6Id and various concentrations of

IL-12. As shown in Fig. 3(c), T-cell proliferation was up-

regulated following the addition of IL-12. A significant

increase in T-cell proliferation was detected already after

the addition of 10 pg/ml of IL-12. Consequently, the

addition of low concentrations of IL-12 significantly

affected the proliferation of and IFN-c secretion by 16/

6Id-stimulated T cells.

The effects of DCs from different sources on T-cell
functions

Next, we wanted to evaluate the effect of DCs derived

from hCDR1-treated mice on T cells. To this end, DCs

derived from mice that were immunized with 16/6Id and

concomitantly treated with hCDR1 or PBS were

incubated with T cells derived from either group in the

presence of 16/6Id. Incubation of DCs and T cells from

hCDR1-treated mice (Fig. 4a) significantly downregulated

IFN-c secretion, as compared with DCs and T cells

derived from 16/6Id-immunized mice. Incubation of DCs

from hCDR1-treated mice with T cells from 16/6Id-

immunized mice, or of DCs from 16/6Id-immunized

mice with T cells from hCDR1-treated mice resulted in

significantly lower secretion levels of IFN-c than those

secreted by mixtures of DCs and T cells derived from 16/

6Id-immunized mice. However, the former levels were

higher than the levels observed when the two types of

cells were derived from hCDR1-treated mice.

To evaluate the direct effect of DCs on T-cell prolifera-

tion, we studied the effect of the same four combinations

of cells on the 16/6Id-stimulated proliferation. A signifi-

cant downregulation in the 16/6Id-triggered T-cell prolif-

eration was observed when both the T cells and DCs were

derived from mice that were treated with hCDR1

(Fig. 4b), as compared with the proliferation of cell mix-

tures from 16/6Id-immunized mice (Fig. 4b). Coincuba-

tion of DCs from hCDR1-treated mice with T cells from
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Figure 2. Treatment with hCDR1 downregulated interleukin-12

(IL-12) secretion and messenger RNA (mRNA) expression. Lymph

node (LN) cells (a, b) and purified dendritic cells (DCs) (c) were

derived from 16/6Id-immunized BALB/c mice (a, b, c) that were

either treated or not with hCDR1. Expression of IL-12 mRNA was

determined by real-time reverse transcription–polymerase chain reac-

tion (mean % expression ± SD). Secretion of IL-12 (b, c) was mea-

sured in supernatants of the cell cultures (see Materials and methods)

by enzyme-linked immunosorbent assay (mean pg/ml ± SD). Expres-

sion of IL-12 mRNA was also determined in splenocytes derived

from young (2 months old), disease-free mice and old (8 months

old) SLE-afflicted (NZB · NZW)F1 mice (d) that were either treated

with vehicle (Captisol) or hCDR1. The results of one representative

experiment of the three performed are depicted. *P < 0�05.
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16/6Id-immunized mice or vice versa (Fig. 4b) signifi-

cantly downregulated T-cell proliferation compared with

that of cells derived from 16/6Id-immunized mice;it also

downregulated, although to a lesser degree, the prolifera-

tion in comparison to the mixure of DCs and T cells

derived from hCDR1-treated mice (white bars).

The role of TGF-b in the effect of hCDR1 on the
phenotype and function of DCs

Because TGF-b plays an important role in the inhibitory

effect of hCDR1 on T-cell functions,23–25,27 we studied the

effect of this cytokine on maturation markers of DCs. To

this end, LN cells derived from either PBS-treated or

hCDR1-treated, 16/6Id-immunized mice were incubated

with 16/6Id for 24 hr in the presence of TGF-b (250 pg/ml)

or anti-TGF-b mAb (10 lg/ml). The cultured cells were

then double-stained with antibodies to CD11c and to

MHC class II, CD80 or CD86. The expression of the matu-

ration markers was determined on CD11c-gated cells, and

the results were analysed by FACS. Representative
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Figure 3. Interleukin-12 (IL-12) upregulated 16/6Id triggered inter-

feron-c (IFN-c) secretion and proliferation by T cells. Lymph node

(LN) cells (a), derived from mice that were treated with hCDR1 con-

comitant with their immunization with 16/6Id were incubated with

various concentrations of IL-12 in the presence of 16/6Id (25 lg/ml).

Forty-eight hours later, IFN-c secretion was measured in the super-

natants by enzyme-linked immunosorbent assay. Purified T cells

(b, c) were incubated with irradiated syngeneic splenocytes from

normal mice with various concentrations of IL-12 in the presence of

16/6Id. Secretion of IFN-c (b) was measured in the supernatants by

enzyme-linked immunosorbent assay. Cell proliferation (c) was mea-

sured by incorporation of [3H]thymidine (see Materials and meth-

ods). Results of proliferation are expressed as mean counts per min

(c.p.m.) ± SD. The results of one representative experiment out of

the three performed are shown. *P < 0�05.
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Figure 4. The effects of dendritic cells (DCs) from different sources

on T-cell function. Irradiated DCs purified from mice that were

immunized with 16/6Id and treated with phosphate-buffered saline

or hCDR1 were incubated with T cells derived from either of the lat-

ter groups in the presence of 16/6Id (25 lg/ml). Interferon-c (IFN-c)

secretion (a) was measured in the supernatants by enzyme-linked

immunosorbent assay, and cell proliferation (b) was measured by

incorporation of [3H]thymidine (see Materials and methods). Black

bars indicate DCs and T cells from 16/6Id-immunized mice. White

bars indicate DCs and T cells from hCDR1-treated mice. Grey bars

indicate mixtures of DCs and T cells from either group. The results

of one representative experiment out of the three performed are

shown. *P < 0�05, **P < 0�01, ***P < 0�005.

e400 � 2008 The Authors Journal compilation � 2008 Blackwell Publishing Ltd, Immunology, 128, e395–e405

U. Sela et al.



histograms from individual mice are presented in

Fig. 5(a1–c1) and the mean (± SD) expression of DC mat-

uration markers from all mice within a group (n = 4/

group) is summarized in Fig. 5(a2–c2). These results indi-

cated that treatment of 16/6Id-immunized mice with

hCDR1 resulted in lower expression of MHC class II and a

significant downregulation in the expression of CD80

(P < 0�05) and CD86 (P < 0�0001) on LN-derived DCs as

compared to DCs from PBS-treated mice. Furthermore, the

addition of recombinant TGF-b to the cultures of LN cells

from PBS-treated, 16/6Id-immunized mice, caused a

reduced expression of MHC class II molecules on the DCs

in association with a decreased expression of the costimula-

tory molecules, CD80 and CD86. Moreover, the decrement

in the expression of these maturation markers on DCs from

hCDR1-treated, 16/6Id-immunized mice was abrogated

when anti-TGF-b neutralizing mAb was added to the cul-

tures (Fig. 5). The results were reproducible in four inde-

pendent experiments.

Because secretion of IFN-c is downregulated by DCs

from hCDR1-treated mice (Fig. 4), we wanted to evaluate

the effect of TGF-b on IFN-c production. To this end,

LN cells derived from PBS-treated or hCDR1-treated, 16/

6Id-immunized mice were incubated in the presence of

16/6Id for 24 hr with TGF-b (250 pg/ml) or anti-TGF-b
mAb (10 lg/ml), respectively. Then, the cultured cells

were double-stained with antibodies to CD4 and intracel-

lular IFN-c. The results were analysed by FACS and are

shown in Fig. 6. Representative histograms from individ-

ual mice are presented in Fig. 6(a), and the mean (± SD)
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Figure 5. The role of transforming growth factor-b (TGF-b) in the effects of hCDR1 on dendritic cells (DCs). Lymph node (LN) cells derived

from 16/6Id-immunized mice that were treated with (Tx) phosphate-buffered saline or hCDR1 were incubated for 24 hr with recombinant

TGF-b (250 pg/ml) or an anti-TGF-b neutralizing monoclonal antibody (mAb; 10 lg/ml). The cultured cells were then double stained for CD11c

and either major histocompatibility complex (MHC) class II, CD80 or CD86. The expression of the latter three molecules on gated CD11c+ cells

is depicted in representative histograms (a1–c1) where grey-filled and black line histograms depict the state following incubation, respectively,

with or without the presence of rTGF-b and the anti-TGF-b mAb in the cultures. Statistical data are presented at the bottom of histograms.

(a2–c2) Mean (± SD) percentages of MHC-class II-, CD80- and CD86-expressing CD11c+ cells within the LN-derived cells from all mice per

treatment group (n = 4/group). Results of one representative experiment out of four are shown. *P < 0�05, **P < 0�005.
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percentage of CD4+ IFN-c+ cells in the LN from all mice

within a group (n = 4/group) is summarized in Fig. 6(b).

It can be seen that the percentage of CD4+ cells (77%)

that express IFN-c in the LN cells of PBS-treated, 16/6Id-

immunized mice was significantly higher (P = 0�005) in

comparison to that (23%) of CD4+ cells in the LN from

hCDR1-treated, 16/6Id-immunized mice. The addition of

recombinant TGF-b to the culture of LN cells from PBS-

treated, 16/6Id-immunized mice resulted in a diminished

expression of IFN-c in the CD4+ cells whereas the addi-

tion of anti-TGF-b neutralizing mAb to the culture of LN

cells from hCDR1-treated, 16/6Id-immunized mice abro-

gated the suppressive effect on IFN-c. The results were

reproducible in four independent experiments.

To assess the effect of IFN-c on IL-12 secretion, DCs

derived from mice that were immunized with 16/6Id and

concomitantly treated with hCDR1 were incubated with

various concentrations of IFN-c and the secretion of

IL-12 was measured in the supernatants of the cell cul-

ture. As shown in Fig. 7, in vitro incubation with IFN-c
upregulated IL-12 secretion from DCs in a dose-depen-

dent manner. Notably, an in vitro addition of 500 pg/ml

of IFN-c significantly upregulated IL-12 secretion whereas

1500 pg/ml of IFN-c elevated IL-12 secretion to a level

equivalent to that secreted by DCs derived from mice that

were immunized with 16/6Id without treatment with

hCDR1 (Fig. 2c).

Discussion

The main findings of this study are that hCDR1 inhibited

T-cell proliferation and IFN-c secretion by downregulat-

ing the expression of maturation markers of DCs, namely,

MHC class II, CD80 and CD86, as well as the secretion

and mRNA expression of IL-12. The hCDR1 induced

upregulation of TGF-b secretion by T cells contributed to

these effects.

Our previous studies demonstrated the significant effect

of hCDR1 on autoreactive T cells. In the present study,

evaluation of the relative contribution to the inhibition of

IFN-c secretion and proliferation indicated that DCs play

a key role in addition to that of T cells following treat-

ment with hCDR1. The downregulation of the phenotype

and function of DCs following treatment with hCDR1 is

an additional mechanism in its ameliorating clinical

effects. The beneficial effects were shown previously to be

associated with upregulation of the immunosuppressive

cytokine TGF-b and with inhibition of T-cell proliferation
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and secretion of pathogenic cytokines (e.g. IFN-c, IL-10,

IL-1b, tumour necrosis factor-a).20–25 Furthermore,

induction of functional CD4 and CD8 regulatory T cells

following treatment with hCDR1 and the interaction

between the two populations of regulatory T cells played

a critical role in the amelioration of lupus manifestations

by hCDR1.27–29 Moreover, downregulation of the elevated

T-cell apoptosis in lupus through several pathways

including the p21Ras, Fas/Fas ligand, and the molecules

caspases and Bcl-xL, is an additional mechanism by which

hCDR1 suppressed SLE-associated autoimmune

responses.30–32 The hCDR1 was demonstrated to be a

T-cell epitope,23–25,33 and based on its specific suppressive

effects on the one hand and its ability to upregulate regu-

latory cells and immunosuppressive molecules on the

other hand,23–25,27,29,32 this tolerogenic peptide has been

characterized as a partial agonist.

In the present study we showed that treatment with

hCDR1 downregulated the expression of MHC class II,

CD80 and CD86 on DCs (Fig. 1). In agreement, the latter

were shown to be upregulated in lupus.13,15 Because T-cell

stimulation and activation by antigen is dependent on

two signals34 mediated by T-cell interaction with these

molecules on DCs, it is suggested that hCDR1 exerts its

beneficial effects by inhibiting the ability of DCs to pres-

ent antigen through MHC class II and to costimulate

through CD80 and CD86. Furthermore, the effect of

hCDR1 was not restricted just to the phenotype of DCs

but rather, it was accompanied by a significant downregu-

lation of IL-12 secretion and its mRNA expression by LN

(Fig. 2a,b) from 16/6Id-immunized mice. The main

source for IL-12 secretion and its inhibition was DCs

(Fig. 2c). The production of this cytokine was reported to

be elevated in patients with lupus and its essential role in

murine lupus-like disease was demonstrated.35,36 Indeed,

treatment with hCDR1 also significantly inhibited IL-12

mRNA expression by splenocytes from mice with estab-

lished lupus because its expression was downregulated in

old (8 months old) SLE-afflicted (NZB · NZW)F1

mice treated with hCDR1 (Fig. 2d). The latter down-

regulation in IL-12 mRNA expression in SLE-afflicted

(NZB · NZW)F1 mice was accompanied by improvement

in the serological, clinical and immunohistological mani-

festations of the disease (data not shown). Taken

together, these effects may suggest that hCDR1 promotes

the immature state of DCs. Interleukin-12 is necessary for

T-cell proliferation, Th1 activation and IFN-c production

by T cells.8,9,37,38 Indeed, the addition of IL-12 to T cells

derived from mice that were treated with hCDR1,

concomitant with their immunization with 16/6Id,

upregulated T-cell proliferation and IFN-c secretion

(Fig. 3). The addition of low concentrations of IL-12 (as

low as 5 pg/ml) to LN cells or T cells derived from mice

that were treated with hCDR1, concomitant with their

immunization with 16/6Id, was enough to significantly

upregulate IFN-c secretion. The observed reduction of

IL-12 secretion following treatment with hCDR1 appears

to be significant and relevant for the inhibition of T-cell

functions.

TGF-b is an immunosuppressive cytokine that is asso-

ciated with autoimmune diseases.39,40 Its levels were

shown to be low in patients with active SLE.41 Treatment

of SLE-prone mice, which led to the upregulation of

TGF-b, ameliorated the serological and clinical manifesta-

tions.42,43 The hCDR1 was shown to upregulate TGF-b
secretion by T cells and this cytokine by itself inhibited

T-cell proliferation.24 The TGF-b was found to inhibit

DC activation, IL-12 secretion, and the expression of vari-

ous maturation markers including MHC class II, CD80

and CD86.44–46 Indeed, in vitro addition of TGF-b down-

regulated the expression of these markers of DCs (Fig. 5),

and inhibited the production of IFN-c by T cells (Fig. 6),

and the addition of anti-TGF-b neutralizing antibody to

hCDR1-treated, 16/6Id-immunized cells reversed the

inhibitory effects on both DCs and T cells. The patho-

genic role of IFN-c was further demonstrated in the pres-

ent study because its addition to DCs derived from mice

that were treated with hCDR1 concomitant with 16/6Id

immunization abrogated the inhibitory effect of hCDR1

on IL-12 secretion (Fig. 5).

In conclusion, the apparent downregulation of murine

autoreactive T-cell functions, including proliferation and

IFN-c secretion, is at least partially a consequence of the

ability of hCDR1 to downregulate DC phenotype and

function, which are important in the stimulation and

activation of T cells during the interaction between these

two types of cells. The downregulation in the expression

of markers characteristic of DCs by hCDR1 is mediated

by a direct effect of TGF-b, whereas downregulation of

IL-12 secretion by DCs is mediated indirectly via the inhi-

bition of IFN-c secretion by TGF-b. These phenotypic

and functional effects of hCDR1 on DCs contribute to

the inhibition of T-cell functions. The downregulation of

IL-12 secretion was observed both early in disease induc-

tion (10 days after immunization with 16/6Id), and in

SLE-afflicted (NZB · NZW)F1 mice. Therefore, the above

described mechanism appears to play a role in the ame-

lioration of SLE manifestations following treatment with

hCDR1.
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