
A tolerogenic peptide down-regulates mature B cells in bone
marrow of lupus-afflicted mice by inhibition of interleukin-7,

leading to apoptosis

Introduction

Systemic lupus erythematosus (SLE) is a prototypic sys-

temic autoimmune disease mediated by T and B cells,

leading to the increased production of pathogenic autoan-

tibodies against several self antigens. The latter are associ-

ated with clinical manifestations in various organs.1–3

Several strains of mice that spontaneously develop an

SLE-like disease have been reported, of which the [New

Zealand Black (NZB) · New Zealand White (NZW)]F1

(BWF1) female mice are the most widely used.4 A

peptide, designated hCDR1, based on the complementar-

ity-determining region (CDR) 1 of a human monoclonal

anti-DNA antibody,5 was designed and synthesized in our

laboratory. The hCDR1 was shown to ameliorate the

serological and clinical manifestations of SLE in both

spontaneous and induced models of lupus.6 Furthermore,

hCDR1 reduced the secretion and expression of the

pathogenic cytokines interferon-c (IFN-c), interleukin-10

(IL-10), IL-1b and tumour necrosis factor-a, while

up-regulating the immunosuppressive cytokine, trans-

forming growth factor-b (TGF-b).6
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Summary

Systemic lupus erythematosus (SLE) is an autoimmune disease mediated

by T and B cells. It is characterized by a variety of autoantibodies and

systemic clinical manifestations. A tolerogenic peptide, designated hCDR1,

ameliorated the serological and clinical manifestations of SLE in both

spontaneous and induced models of lupus. In the present study, we evalu-

ated the status of mature B cells in the bone marrow (BM) of SLE-

afflicted mice, and determined the effect of treatment with the tolerogenic

peptide hCDR1 on these cells. We demonstrate herein that mature B cells

of the BM of SLE-afflicted (New Zealand Black · New Zealand White)F1

mice were largely expanded, and that treatment with hCDR1 down-regu-

lated this population. Moreover, treatment with hCDR1 inhibited the

expression of the pathogenic cytokines [interferon-c and interleukin

(IL)-10], whereas it up-regulated the expression of transforming growth

factor-b in the BM. Treatment with hCDR1 up-regulated the rates of

apoptosis of mature B cells. The latter was associated with inhibited

expression of the survival Bcl-xL gene and of IL-7 by BM cells. Further-

more, the addition of recombinant IL-7 abrogated the suppressive effects

of hCDR1 on Bcl-xL in the BM cells and resulted in elevated levels of

apoptosis. Hence, the down-regulated production of IL-7 contributes to

the hCDR1-mediated apoptosis of mature B cells in the BM of SLE-

afflicted mice.

Keywords: bone marrow; IL-7; mature B cells; murine lupus; tolerogenic

peptide

Abbreviations: BM, bone marrow; BWF1, (New Zealand Black · New Zealand White)F1; CDR, complementarity-determining
region; FACS, fluorescence-activated cell sorting; IFN, interferon; Ig, immunoglobulin; IL, interleukin; NZB, New Zealand Black;
NZW, New Zealand White; PI, propidium iodide; r, recombinant; RT-PCR, reverse transcription–polymerase chain reaction;
SLE, systemic lupus erythematosus; TGF, transforming growth factor; TUNEL, terminal deoxynucleotidyl transferase dUTP nick
end labelling.
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Apoptosis was found to play an important role in the

pathogenesis of autoimmune diseases, including SLE.7–9 It

was reported that apoptotic lymphocytes are capable of

accelerating the onset of lupus-like manifestations in BWF1

mice.10 Furthermore, SLE patients were reported to mani-

fest an increased rate of lymphocyte apoptosis,11 which cor-

relates with disease activity.12 These data underscore the

role of dysregulated apoptosis in the pathogenesis of SLE.

Abnormal B-cell activation and differentiation to mem-

ory or plasma effector cells were found to be involved in

the pathogenesis of SLE.13 These B cells produce autoanti-

bodies that mediate tissue injury, they function as antigen-

presenting cells that present epitopes of self antigens to

autoreactive T cells, and they produce soluble mediators

involved in the organization of lymphoid tissues and in the

initiation and perpetuation of inflammatory processes.14,15

Primary B-cell development takes place in the bone mar-

row (BM). However, only 10% of the BM-derived imma-

ture B cells exit to the spleen wherein one-third of the latter

progress to the mature B-lymphocyte pool.16,17 Mature B

cells migrate repeatedly through the blood and lymph to

B-cell areas of lymph nodes, Peyer’s patches and the

spleen.18 In SLE patients, a large increase of oligoclonal

plasma cell precursors and pre-germinal centre B cells was

reported.19

During B-lymphocyte development in the BM, IL-7, pro-

duced by stromal cells, plays a crucial role in the expansion

and survival of precursor B cells.20 Severe lymphopenia

occurs in mice that are deficient in IL-7,21 thereby demon-

strating its fundamental role in lymphopoiesis.

A great amount of evidence indicates that SLE is char-

acterized by defects in B-cell tolerance and homeostasis in

the periphery, although limited data are available about B

cells in the BM.22 In the present study, we evaluated the

status of mature B cells in the BM of SLE-afflicted mice,

and determined the effect of treatment with the tolero-

genic peptide hCDR1 on these cells. We demonstrated

here that the B-cell population in the BM of SLE-afflicted

BWF1 mice was largely expanded. The typical pattern of

cytokine expression, found in spleen cells of SLE-afflicted

mice, could be determined in the BM as well, and

treatment with hCDR1 inhibited the expression of the

pathogenic cytokines (IFN-c and IL-10), whereas it

up-regulated the expression of TGF-b. We further show

that treatment with hCDR1 increased the rates of B-cell

apoptosis by a mechanism that involves the inhibition of

IL-7 production and the down-regulation of the survival

gene, Bcl-xL, in the B cells of the BM compartment.

Materials and methods

Mice

Female BWF1 mice were purchased from the Jackson Lab-

oratory (Bar Harbor, ME) and BALB/c mice were

obtained from Harlan (Jerusalem, Israel). The study has

been approved by the Animal Care and Use Committee

of the Weizmann Institute of Science.

Synthetic peptides

A peptide, GYYWSWIRQPPGKGEEWIG, designated hCD

R1, based on the sequence of the CDR1 of a human anti-

DNA monoclonal antibody that bears a major idiotype

(16/6Id),5 was synthesized by Polypeptide Laboratories

(Torrance, CA) and was used in this study. A peptide

containing the same amino acids as hCDR1, with a

scrambled order (scrambled peptide), SKGIPQYGGWP-

WEGWRYEI, was used as a control.

Treatment of mice with hCDR1

Mice at the age of 6–7 months were divided into three

groups (n = 8–12) and injected subcutaneously once a

week for 13 weeks with the vehicle (Captisol� sulpho-

butylether b-cyclodextrin; CyDex Inc., Lenexa, KS),

hCDR1 (50 lg/mouse) or with the control scrambled

peptide (50 lg/mouse). The effect of treatment with

hCDR1 on the anti-dsDNA antibody levels, proteinuria

and immune complex deposits in the kidneys was

assessed as previously described.6 Results are shown in

Table 1, which represents one of four experiments

performed with similar results. It can be seen that

hCDR1 treatment ameliorated all the manifestations

measured.

Table 1. The effects of treatment with hCDR1 on the clinical mani-

festations in (NZB · NZW)F1 mice

Treatment groups1

Vehicle P2 hCDR1 P3 Scrambled

Anti-dsDNA

(OD)4

1.2 ± 0.1 0.02 0.7 ± 0.1 0.006 1.3 ± 0.1

Proteinuria

(g/l)5

7.1 ± 1.9 0.01 1.9 ± 0.5 0.05 5.0 ± 1.8

ICD6 2.4 ± 0.2 0.002 1.5 ± 0.2 0.0006 2.6 ± 0.2

1Mice (n = 12/group) at the age of 6.5 months were subcutaneously

injected once a week with the vehicle, hCDR1, or the scrambled

(control) peptide for 13 weeks.
2P-value for the effect of hCDR1 compared to the vehicle-treated

group.
3P-value for the effect of hCDR1 compared to the scrambled pep-

tide-treated group.
4Results are of sera from mice that were bled at the end of treat-

ment. Dilution of sera 1 : 250.
5Proteinuria levels measured at the end of treatment.
6Immune complex deposits (ICD) were assessed at killing.
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Antibodies and reagents

The following reagents were used in the study: allophyco-

cyanin-conjugated anti-mouse/human CD45R (B220)

(clone RA3-6B2), fluorescein isothiocyanate-conjugated

anti-mouse immunoglobulin D (IgD; clone 11–26c),

(eBioscience, San Diego, CA), phycoerythrin-conjugated

rat anti-IgM (clone 1B4B1) (SBA, Birmingham, AL),

CD43-biotin, streptavidin-horseradish peroxidase, phyco-

erythrin-conjugated hamster anti-mouse Fas monoclonal

antibody (Pharmingen, San Diego, CA), and recombinant

murine IL-7 (Peprotech Inc., Rocky Hill, NJ).

Annexin V/propidium iodide (PI) staining

Cells were analysed using the Phosphatidyl Serine Detec-

tion Kit (IQ Products, Groningen, the Netherlands),

according to the protocol supplied by the manufacturer.

TUNEL assay

Apoptosis, as manifested by fragmented DNA, was deter-

mined using the In Situ Death Detection Kit (Roche,

Indianapolis, IN) based on terminal deoxynucleotidyl

transferase dUTP nick end labelling (TUNEL) technology,

according to the protocol supplied by the manufacturer.

Each sample was accompanied by a negative control, con-

sisting of UTP labelled with fluorescein, and a positive

control, consisting of DNAse I, grade I (Roche) that was

added before the TUNEL staining. Cells were analysed by

fluorescence-activated cell sorting (FACS), with forward

and side scatter gates adjusted to include all cells and to

exclude debris.

Flow cytometry analysis

Splenocytes and bone marrow cells (1 · 106 cells) were

incubated with the relevant antibodies according to the

manufacturers’ instructions, and analysed by FACS

(Becton Dickinson, Franklin Lakes, NY).

Real-time reverse transcriptase–polymerase chain
reaction

Total RNA was isolated from bone marrow and splenic-

derived B cells. RNA was then reverse-transcribed to pre-

pare complementary DNA (cDNA) by using Moloney

murine leukaemia virus reverse transcriptase (Promega,

Madison, WI). The resulting cDNA was subjected to real-

time reverse transcriptase–polymerase chain reaction

(RT-PCR) according to the manufacturer’s instructions

(Roche, Mannheim, Germany). Briefly, a 20-ll reaction

volume contained 3 mM MgCl2, LightCycler HotStart

DNA SYBR Green I mix (Roche), specific primer pairs

and 5 ll cDNA. The PCR conditions were as follows:

10 min at 95� followed by 35–50 cycles of 15 seconds at

95�, 15 seconds at 60� and 15 seconds at 72�. Primer

sequences (forward and reverse, respectively) were as fol-

lows: b-actin, 50-gtgacgttgacatccg-30 and 50-cag-

taacagtccgcct-30, Bcl-xL (50-ggaccgcgtatcagag-30 and 50-

gcattgttcccgtagag-30), IFN-c (50-gaacgctacacactgc-30 and

50-ctggacctgtgggttg-30), TGF-b (50-gaacccccattgctgt-30 and

50-gccctgtattccgtct-30), IL-10 (50-acctcgtttgtacctct-30 and

50-caccatagcaaagggc-30), IL-7 (50-cgctggatgtattt-30 and 50-

acgtaggagatgtg-30). Levels of b-actin were used to normal-

ize the expression levels of the other genes.

Statistical analysis

The unpaired alternate Welch and Student’s t-tests

were used for evaluating the significant differences

between groups. Values of P � 0�05 were considered

significant.

Results

B-cell populations in the BM of BWF1 mice and the
effect of treatment with hCDR1

We analysed the changes in subsets of developing B cells

(e.g. pre-pro-B cells, immature B cells and mature B cells)

in the BM of SLE-afflicted BWF1 mice as a result of dis-

ease development. To this end, BM cells of mice at the

age of 2 months (free of disease), 9 months (SLE-

afflicted) and healthy age-matched BALB/c mice were iso-

lated and stained for the B-cell lineage markers (B220,

CD43, IgM and IgD). Figure 1(a) demonstrates a repre-

sentative staining of IgM and IgD on a gated

B220+ CD43) cell population. The percentage of mature

B cells (R3 region, depicting cells expressing both IgM

and IgD) was higher (16%) in old SLE-afflicted BWF1

mice than in young BWF1 (5%), or in old age-matched

BALB/c (7%) mice. Figure 1(b) shows the mean results of

staining mature B cells in three experiments. The percent-

age of mature B cells in the old BWF1 mice (indicated as

100%) was significantly higher than in young, BWF1 mice

free of disease or in the old age-matched BALB/c

(healthy) mice. Consequently, the population of mature B

cells is up-regulated in SLE-afflicted mice.

We demonstrated that the mature B cells constitute

the major population of B cells that are affected in

BWF1 old mice, so we wanted to determine the effect

of treatment with the tolerogenic peptide, hCDR1, on

this population. To this end, BWF1 mice at the age of

6�5 months were treated with weekly injections (50 lg/

mouse) of hCDR1, the control scrambled peptide

(50 lg/mouse) or the vehicle. At the end of the experi-

ment (after 13 injections), BM cells were harvested

from all mice and stained for the presence of mature B

cells. Figure 1(c) presents the mean (three experiments)
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percentage of mature B-cell staining in the BM. Treat-

ment with hCDR1 significantly down-regulated the per-

centage of mature B cells in the BM compared with

BM-derived mature B cells of either vehicle-treated or

scrambled (control) peptide-treated mice. A similar

effect of hCDR1 was recently reported by us for mature

B cells in the spleen.23

hCDR1 down-regulates the expression of IFN-c and
IL-10 and up-regulates the expression of TGF-b by
BM cells

We reported previously that hCDR1 inhibited the pro-

duction of the pathogenic cytokines and up-regulated

TGF-b in spleen-derived cells.6 We therefore determined

the expression of cytokines in BM cells. To this end, mes-

senger RNA (mRNA) was prepared from bone marrow

cells of BWF1 mice following 13 weeks of treatment with

the vehicle, hCDR1 or the scrambled peptide and analy-

sed for the expression of IFN-c, IL-10 and TGF-b genes

by real-time RT-PCR. Figure 2 presents the mean gene

expression of IFN-c, IL-10 and TGF-b (of two to four

experiments), relative to the expression in vehicle-treated

mice (considered as 100%). The hCDR1 significantly

inhibited the gene expression of IFN-c and IL-10 in BM

cells. In addition, the gene expression levels of the

immunosuppressive cytokine TGF-b were up-regulated by

hCDR1.

Treatment with hCDR1 up-regulates apoptosis of
mature B cells in both BM and spleen

Apoptosis was reported to play an important role in

lupus.7,8 Therefore, it was of interest to measure the rate

of apoptosis in mature B cells of the BM compared with

that in the spleens of mice with SLE and to determine the

effect of treatment with hCDR1 on apoptosis in mature B

cells. For this reason, BM and spleen cells of BWF1 mice

were harvested following 13 weeks of treatment. The cells

were stained for B220, Annexin V, PI, TUNEL and Fas.

Messenger RNA was prepared from part of the bone mar-

row and from B cells that were isolated from the spleens

and was analysed for the expression of the anti-apoptotic

Bcl-xL gene by real time RT-PCR. Figure 3(a) presents

the mean change (two experiments) of staining (relative

to vehicle-treated mice) of BM and spleen-derived B cells
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Figure 1. B-cell populations of the bone marrow (BM) in systemic

lupus erythematosus (SLE)-prone mice and the effect of treatment

with hCDR1. BM cells of BWF1 mice at the age of 2 months (free of

disease; n = 3), 9 months (SLE-afflicted; n = 3), and of healthy old

age-matched BALB/c mice (n = 3), were isolated and stained for

B220, CD43, immunoglobulin M (IgM) and IgD. (a) A representa-

tive (of three experiments) staining of IgM and IgD gated on

B220+ CD43) cell population (R1-pre/pro, R2-immature, and R3-

mature B cells). (b) Mean percentage (± SD) of mature B cells rela-

tive to that in old SLE-afflicted mice (considered as 100%) in three

experiments. (c) SLE-afflicted BWF1 mice (6�5 months old; n = 8 to

n = 12/group) were treated weekly with subcutaneous injections of

hCDR1 (50 lg/mouse), the scrambled peptide (50 lg/mouse) or the

vehicle. At the end of the experiment (after 13 injections), BM cells

were harvested and stained for mature B cells. The mean percentage

(± SD) of three experiments.
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for Annexin-V, TUNEL and Fas. Treatment with hCDR1

significantly up-regulated the rate of apoptosis of the

mature B cells in both organ compartments. To further

determine the levels of expression of the survival gene,

Bcl-xL, in B cells of mice from the different treatment

groups, mRNA was prepared from BM and B cells iso-

lated from spleens. Figure 3(b) shows that the expression

of Bcl-xL in BM and in spleen-derived B cells from SLE-

afflicted mice treated with hCDR1 was significantly

down-regulated. The scrambled control peptide had

similar effects; however, the ability of hCDR1 to down-

regulate Bcl-xL in the B cells was more substantial.

Suppression of IL-7 by hCDR1 up-regulates apoptosis
of B cells in the BM

Interleukin-7 is reported to be essential for B-cell function

and survival in the BM;20 for this reason, we determined

the levels of IL-7 in mice with SLE and following treat-

ment with hCDR1. Figure 4(a) presents the mean (two

experiments) gene expression of IL-7 by BM cells relative

to cells of vehicle-treated mice (considered as 100%). The

hCDR1 significantly down-regulated the expression of IL-

7 as compared with the control peptide, the vehicle-trea-

ted, or the untreated SLE-afflicted mice. It was of further

interest to determine whether the up-regulated apoptosis

of B cells in the BM (Fig. 3) could be related to the lower

IL-7 levels observed after treatment with hCDR1. There-

fore, we incubated BM cells of hCDR1-treated mice with

recombinant IL-7 (10 ng/ml) for 24 hr. The mRNA was

prepared from the cells of the different groups and tested

for the gene expression of Bcl-xL by real-time RT-PCR.

Figure 4(b) demonstrates the mean gene expression levels

of Bcl-xL relative to mRNA of vehicle-treated mice (con-

sidered as 100%). As shown, the addition of IL-7 to

hCDR1-treated cells abrogated the inhibitory effect of

hCDR1 on the expression of Bcl-xL. To further test the

effect of IL-7 on apoptosis, we incubated BM cells from

10-month-old, SLE-afflicted BWF1 mice with hCDR1

(25 lg/ml) in the presence or absence of recombinant

(r)IL-7 (10 ng/ml) for 24 hr. Cells were then tripled-

stained for Annexin V, PI and B220 and analysed by

FACS. Figure 4(c) shows the mean results of four experi-

ments, in which the change in apoptotic B cells (defined

as Annexin V+ PI) B220+) was calculated relative to that

determined for BM-derived cells of diseased mice incu-

bated in medium alone. It can be seen that the presence

of hCDR1 in the medium resulted in enhanced apoptosis

of BM-derived B cells, whereas the addition of rIL-7

significantly abrogated this effect.

Discussion

The main findings of the present report are that the bene-

ficial effects of treatment with the tolerogenic peptide

hCDR1 on the SLE-like disease of BWF1 mice are associ-

ated with the down-regulation of the mature B-cell popu-

lation in the BM. The hCDR1 reduced the numbers of

mature B cells in the BM by inducing apoptosis, as was

observed in mature B cells derived from the spleen. Fur-

thermore, hCDR1 down-regulated the expression of the

pathogenic cytokines IFN-c and IL-10 and up-regulated

the expression of the immunosuppressive cytokine TGF-b
in the BM, as it did in the spleens of SLE-afflicted

mice.6,24,25 The down-regulation of IL-7, which is crucial
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Figure 2. Treatment with hCDR1 down-regulates interferon-c
(IFN-c) and interleukin-10 (IL-10) gene expression and up-regulates

transforming growth factor-b (TGF-b) gene expression by bone

marrow (BM) cells of systemic lupus erythematosus (SLE)-afflicted

BWF1 mice. At the end of the 13-week treatment experiments,

messenger RNA was prepared from BM cells of the different treatment

groups of BWF1 mice (n = 8 to n = 12/group) and analysed for

the gene expression levels of IFN-c, IL-10 and TGF-b by real-time

reverse transcription–polymerase chain reaction. The means (± SD) of

gene expression of IFN-c (two experiments), IL-10 (two experiments)

and TGF-b (four experiments) are shown, relative to the expression

determined for the vehicle-treated group (considered as 100%).
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for B-cell development in the BM, is one of the mecha-

nisms by which hCDR1 decreased the survival of mature

B cells.

Antigen-specific activation and differentiation of B cells

occurs in vivo in germinal centres where naı̈ve B cells are

activated and mature into antibody-producing plasma

cells, or, alternatively, become memory B cells.26 Because

SLE is characterized by the generation of large amounts

of autoantibodies directed against a variety of self-anti-

gens, the loss of B-cell tolerance clearly plays a key role in

the disease. As demonstrated in animal models, B-cell tol-

erance is established at multiple checkpoints throughout

B-cell development, both in the BM and in the periphery

and is enforced largely by negative selection, although

positive selection and sequestration into the marginal

zone compartments has also been described.27

In SLE patients, peripheral checkpoints were found to

be defective, with a further increase in autoreactivity

within the mature naı̈ve compartment.28,29 In this study,

we demonstrated that the BM of SLE-afflicted BWF1 mice

possessed an enlarged fraction of mature B cells, as com-

pared with disease-free controls (Fig. 1a,b). However,

treatment with the tolerogenic peptide, hCDR1, reversed

the expansion of mature B cells (Fig. 1c). Hence, suppres-

sion of B-cell maturation by hCDR1 occurs already in

the BM. In accordance with this, we demonstrated that

treatment of SLE-afflicted BWF1 mice with hCDR1

down-regulated the maturation of spleen-derived B cells

(T1, T2 and marginal zone B cells), an effect that was

associated with down-regulation of B-cell activating factor

(BAFF).23

The immunomodulatory effects of hCDR1 on the cyto-

kine profile of the BM cells as well as on the apoptotic

process may explain the reduced number of mature B

cells observed in the treated mice. We found that the pro-

duction of IFN-c and IL-10, two pathogenic cytokines in

SLE, was down-regulated in the BM of the hCDR1-trea-

ted mice. These effects could contribute to reducing

mature B cells because both IFN-c and IL-10 were previ-

ously found to promote differentiation and maturation of

B cells.30,31

Apoptosis plays an important role in maintaining

homeostasis and quality control in the renewing cell sys-

tems.7,8 The consequence of genetic dysregulation of

B-cell development might be the survival of aberrant B

cells. In accordance, it was shown that peripheral B cells

taken from SLE patients contain populations that sponta-

neously produce immunoglobulins and that they can

mature into antibody-secreting cells when cultured in vitro

even in the absence of B-cell differentiation activators.32

We demonstrated here that the expanded mature B-cell

population in the BM of SLE-afflicted mice is decreased

following treatment with hCDR1, at least because of

increased apoptosis of the cells, in which the expression
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Figure 3. Treatment with hCDR1 up-regulates apoptosis of mature B cells in the bone marrow (BM) and spleens of systemic lupus erythemato-

sus (SLE)-afflicted BWF1 mice. BM and spleens were harvested from mice (n = 8 to n = 12/group) at the end of treatment experiments and

stained for propidium iodide (PI) to exclude dead cells. PI) cells were further stained for B220 and Annexin V. (a) Mean (two experiments)

change of staining (%) of BM cells and spleen cells for PI) B220+ Annexin V+, PI) B220+ TUNEL+, PI) B220+ Fas+, relative to staining of cells

of vehicle-treated mice. (b) Messenger RNA was prepared from part of the BM and from B cells that were isolated from the spleens. It was analy-

sed for gene expression levels of Bcl-xL, by real-time reverse transcription–polymerase chain reaction. Mean change (three experiments) of Bcl-xL

gene expression in BM and spleens relative to the expression in the vehicle-treated cells.
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of the death receptor, Fas, was up-regulated, and the

expression of the survival gene, Bcl-xL, was down-

regulated (Fig. 3). Similarly, we previously reported that

hCDR1 differentially affected the expression of Bcl-xL in

spleen-derived T and B cells, in a manner that up-

regulated Bcl-xL in T cells and down-regulated it in B

cells.33 Mechanistically, the repression of Bcl-xL in B cells

was, at least partially, the result of the ability of hCDR1

to down-regulate the production of IL-7. Indeed, IL-7,

which is crucial for B-cell development,20 is produced in

vivo by a majority of stromal cells in the BM.34 The

ability of hCDR1 to suppress IL-7 production further

suggests that this tolerogenic peptide affects the BM

microenvironment, which in SLE patients was reported to

function abnormally.35,36 Because the expression of

TGF-b in the BM of hCDR1-treated, SLE-afflicted mice

was up-regulated, and because TGF-b was reported to

down-regulate stromal IL-7 secretion,37 it is likely that

the reduced BM production of IL-7 in response to

hCDR1 results from the up-regulation of TGF-b. Taken

together, these results suggest that the combination of

reduced levels of IL-7 and increased apoptosis of mature

B cells following treatment with hCDR1 contribute to the

amelioration of SLE-associated disease manifestations.

Disclosures

The authors have no financial conflict of interest.

References

1 Nagy G, Koncz A, Perl A. T and B-cell abnormalities in

systemic lupus erythematosus. Crit Rev Immunol 2005; 25:123–

40.

2 Tsokos GC, Nambiar MP, Tenbrock K, Juang YT. Rewiring the

T-cell: signaling defects and novel prospects for the treatment of

SLE. Trends Immunol 2003; 24:259–63.

3 Hahn BH. An overview of the pathogenesis of systemic lupus

erythematosus. In: Wallace DJ, Hahn BH, eds. Dubious’ Lupus

Erythematosus. Philadelphia: Lippincott Williams and Wilkins,

2002:87–92.

4 Theofilopoulos AN. Murine models of lupus. In: Lahita RG, ed.

Systemic Lupus Erythematosus. New York: Churchill Livingston,

1992:121–94.

5 Waisman A, Shoenfeld Y, Blank M, Ruiz PJ, Mozes E. The path-

ogenic human monoclonal anti-DNA that induces experimental

systemic lupus erythematosus in mice is encoded by a VH4 seg-

ment. Int Immunol 1995; 7:689–96.

6 Luger D, Dayan M, Zinger H, Liu JP, Mozes E. A peptide based

on the complementary determining region 1 of a human mono-

clonal autoantibody ameliorates spontaneous and induced lupus

manifestations in correlation with cytokine immunomodulation.

J Clin Immunol 2004; 24:579–90.

7 Navratil JS, Ahearn JM. Apoptosis, clearance mechanisms and

the development of systemic lupus erythematosus. Curr Rheuma-

tol Rep 2001; 3:191–8.

8 Kaplan MJ. Apoptosis in systemic lupus erythematosus. Clin

Immunol 2004; 112:210–18.

9 Lorenz HM, Herrmann M, Winkler T, Gaipl U, Kalden JR. Role

of apoptosis in autoimmunity. Apoptosis 2000; 5:443–9.

10 Trebeden-Negre H, Weill B, Fournier C, Batteex F. B cell apop-

tosis accelerates the onset of murine lupus. Eur J Immunol 2003;

33:1603–12.

11 Emlen W, Niebur J, Kadera R. Accelerated in vitro apoptosis of

lymphocytes from patients with systemic lupus erythematosus.

J Immunol 1994; 152:3685–92.

12 Bijl M, Horst G, Limburg PC, Kallenberg CG. Fas expression on

peripheral blood lymphocytes in systemic lupus erythematosus

(SLE): relation to lymphocyte activation and disease activity.

Lupus 2001; 10:866–72.

13 Grammer AC, Lipsky PE. B cell abnormalities in systemic lupus

erythematosus. Arthritis Res Ther 2003; 5:22–7.

300 
IL

-7
 e

xp
re

ss
io

n 
in

 B
M

(%
 o

f v
eh

ic
le

)
B

cl
-x

L 
ex

pr
es

si
on

 in
 B

M
(%

 o
f v

eh
ic

le
)

200 

250 
P = 0·02 P = 0·05

150 

100 

50 

0 
Vehicle

hCDR1

Scrambled

Untreated

120

100

80

60

40

20

0

Vehicle-treated 
hCDR1-treated 

rlL-7 

+ 
– 
– – 

+ 
– – 

+ 
+ 

P < 0·0001 P = 0·003 P = 0·005

B
M

-d
er

iv
ed

 B
-c

el
l a

po
pt

os
is

 
(%

 c
ha

ng
e 

re
la

tiv
e 

to
 u

nt
re

at
ed

) 

40

30 

20 

10 

0 

–10

hCDR1 

rlL-7 

+ 
– 

+ 
+ 

(a) 

(b) (c) 

Figure 4. hCDR1 suppresses the expression of interleukin-7 (IL-7),

leading to apoptosis. At the end of the treatment experiments with

hCDR1 (after 13 injections) the following experiments were per-

formed. (a) Messenger RNA was prepared from bone marrow (BM)

cells of the experimental mice (n = 8 to n = 12/group) and was anal-

ysed for IL-7 gene expression. Mean (two experiments) gene expres-

sion of IL-7 by BM cells relative to that in cells of vehicle-treated

mice (considered as 100%). (b) BM cells of hCDR1-treated mice

were incubated with recombinant IL-7 (10 ng/ml) for 24 hr. Messen-

ger RNA was prepared from the cells and analysed for Bcl-xL gene

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

tion. Results are expressed as mean (± SD) Bcl-xL gene expression

relative to that in vehicle-treated mice (considered as 100%). (c) BM

cells of untreated (10 months) systemic lupus erythematosus (SLE)-

afflicted BWF1 mice (n = 3) were incubated with hCDR1 (25 lg/ml)

in the presence or absence of recombinant IL-7 (10 ng/ml) for 24 hr,

stained with propidium iodide (PI), Annexin-V and B220 and

analysed by fluorescence-activated cell sorting. Mean results of four

experiments.

� 2009 Blackwell Publishing Ltd, Immunology, 128, 245–252 251

A peptide inhibits IL-7 and induces BM mature B-cell apoptosis in murine lupus



14 Browning JL. B cells move to centre stage: novel opportunities

for autoimmune disease treatment. Nat Rev Drug Discov 2006;

5:564–76.

15 Lipsky PE. Systemic lupus erythematosus: an autoimmune dis-

ease of B cell hyperactivity. Nat Immunol 2001; 2:764–6.

16 Monroe JC, Dorshkind K. Fate decisions regulating bone mar-

row and peripheral B lymphocyte development. Adv Immunol

2007; 95:1–50.

17 Osmond DG. The turnover of B cell populations. Immunol

Today 1993; 14:34–7.

18 Allman D, Pillai S. Peripheral B cell subsets. Cur Opin Immunol

2000; 20:149–57.

19 Edsel A, Jackson DG, Gill MA, Bennett LB, Banchereau J, Pasc-

ual V. Increased frequency of pre-germinal center B cells and

plasma cell precursors in the blood of children with systemic

lupus erythematosus. J Immunol 2001; 167:2361–9.

20 Era T, Nishikawa S, Sudo T et al. How B-precursor cells are dri-

ven to cycle. Immunol Rev 1994; 137:35–51.

21 Freeden-Jeffry U, Vieira P, Lucian LA, McNeil T, Burdash SE,

Murray R. Lymphopenia in interleukin (IL)-7 gene deleted mice

identifies IL-7 as a nonredundant cytokine. J Exp Med 1995;

181:1519–26.

22 Anolik JH. B cell biology and dysfunction in SLE. Bull NYU

Hosp Jt Dis 2007; 659:182–6.

23 Parameswaran R, David HB, Sharabi A, Zinger H, Mozes E.

B-cell activating factor (BAFF) plays a role in the mechanism of

action of a tolerogenic peptide that ameliorates lupus. Clin

Immunol, doi:10.1016/j.clim.2008.12.009.

24 Eilat E, Dayan M, Zinger H, Mozes E. The mechanisms by

which a peptide based on the complementarity determining

region-1 of a pathogenic anti-DNA antibody ameliorates

experimental SLE. Proc Natl Acad Sci USA 2001; 98:1148–53.

25 Zinger H, Eilat E, Meshorer A, Mozes E. Peptides based on the

complementarity determining regions of a pathogenic autoanti-

body. J Clin Immunol 2000; 20:268–78.

26 Liu YJ, Banchereau J. Regulation of B cell commitment to

plasma cells or to memory B cells. Semin Immunol 1997; 9:235–

40.

27 Goodnow CC, Cyster JG, Hartley SB. Self tolerance checkpoints

in B lymphocyte development. Adv Immunol 1995; 59:279–368.

28 Odendahl M, Jacobi A, Hansen A et al. Disturbed peripheral B

lymphocyte homeostasis in systemic lupus erythematosus.

J Immunol 2000; 165:5970–9.

29 Yurasov S, Wardemann H, Hammersen J. Defective B cell toler-

ance checkpoints in systemic lupus erythematosus. J Exp Med

2005; 201:703–11.

30 Sidman CL, Marshall JD, Shultz LD, Gray PW, Johnson HM.

Gamma-interferon is one of several direct B cell-maturing lym-

phokines. Nature 1984; 309:801–4.

31 Xu Q, Katakura Y, Yamashita M et al. IL-10 augments antibody

production in in vitro immunized lymphocytes by inducing a

Th2-type response and B cell maturation. Biosci Biotechnol Bio-

chem 2004; 68:2279–84.

32 Bourne T, Zukowska-Cooper M, Salaman MR, Seifert MH, Isen-

berg DA. Spontaneous immunoglobulin-producing capacity of

cultures from lupus patients and normal donors following deple-

tion of cells expressing CD19 or CD38. Clin Exp Immunol 1998;

111:611–16.

33 Sharabi A, Luger D, Ben-David H, Dayan M, Zinger H, Mozes

E. The role of apoptosis in the ameliorating effects of a CDR1-

based peptide on lupus manifestations in a mouse model.

J Immunol 2007; 179:4979–87.

34 Funk PE, Stephan RP, Witte PL. Vascular cell adhesion molecule

1-positive reticular cells express interleukin-7 and stem cell fac-

tor in the bone marrow. Blood 1995; 86:2661–71.

35 Otsuka T, Nagasawa K, Harada M, Niho Y. Bone marrow

microenvironment of patients with systemic lupus erythemato-

sus. J Rheumatol 1993; 20:967–71.

36 Voulgarelis M, Giannouli S, Tasidou A, Anagnostou D, Ziakas

PD, Tzioufas AG. Bone marrow histological findings in systemic

lupus erythematosus with hematologic abnormalities: a clinico-

pathological study. Am J Hematol 2006; 81:590–7.

37 Tang J, Nuccie BL, Ritterman I, Liesveld JL, Abboud CN, Ryan

DH. TGF-beta down-regulates stromal IL-7 secretion and inhib-

its proliferation of human B cell precursors. J Immunol 1997;

159:117–25.

252 � 2009 Blackwell Publishing Ltd, Immunology, 128, 245–252

H. Ben-David et al.


