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Abstract
Introduction Systemic lupus erythematosus (SLE) is char-
acterized by a variety of autoantibodies and systemic
clinical manifestations. A tolerogenic peptide, hCDR1,
ameliorated lupus manifestations in mice models. The
objectives of this study were to induce experimental SLE
in pigs and to determine the ability of hCDR1 to
immunomodulate the disease manifestations.
Results and Discussion We report here the successful
induction, by a monoclonal anti-DNA antibody, of an
SLE-like disease in pigs, manifested by autoantibody
production and glomerular immune complex deposits.
Treatment of pigs with hCDR1 ameliorated the lupus-
related manifestations. Furthermore, the treatment down-
regulated the gene expression of the pathogenic cytokines,
interleukin (IL)-1β, tumor necrosis factor alpha, interferon
gamma, and IL-10, and upregulated the expression of the
immunosuppressive cytokine transforming growth factor
beta, the antiapoptotic molecule Bcl-xL, and the suppres-
sive master gene, Foxp3, hence restoring the expression of
the latter to normal levels. Thus, hCDR1 is capable of
ameliorating lupus in large animals and is a potential
candidate for the treatment of SLE patients.
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Introduction

Systemic lupus erythematosus (SLE), the prototype of a
systemic autoimmune disease, is characterized by the
production of a variety of autoantibodies, the formation of
immune complexes, immunologically mediated tissue inju-
ry, and impairment of T and B cell functions [1, 2]. Models
of murine SLE in genetically predisposed strains are well
established. The latter include the (NZBxNZW)F1, BxSB
males, and MRL/lpr/lpr strains that spontaneously develop
an autoimmune disease that resembles SLE in patients [3].
Induction of experimental SLE in mice was reported
previously by our laboratory, using the human [4] or
murine [5] monoclonal anti-DNA antibodies that bear the
common idiotype (Id) 16/6. The 16/6Id-immunized mice
produced high levels of autoantibodies, including anti-DNA
and antinuclear protein antibodies. Additionally, the mice
developed leukopenia, proteinuria, and kidney damage [4,
5]. Induced experimental SLE was found to share features
with the (NZBxNZW)F1 SLE-prone mice. Thus, sequenc-
ing of the variable regions coding for the heavy and light
chains of anti-DNA monoclonal antibodies isolated from
mice afflicted with experimental SLE showed high homol-
ogy with the variable regions of anti-DNA monoclonal
antibodies isolated from (NZBxNZW)F1 mice [6].

To date, SLE patients are treated mainly with cortico-
steroids, and when the latter treatment fails, an immunosup-
pressive drug treatment is initiated. Thus, the availability of
efficient, safe, and more specific means of treatment is an
important unmet need for lupus patients. To this end, two
peptides based on the sequences of the complementarity-
determining regions (CDR)1 and 3 of a murine anti-DNA, 16/
6Id+, were synthesized in our laboratory and were shown to
downregulate SLE- associated autoreactive responses [7].
These peptides were found to be capable of either preventing
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or effectively treating an already established SLE-like
disease [8–10]. The beneficial effects of the treatment were
manifested in the reduced production of autoantibodies and
in the downregulation of clinical signs including kidney
damage [8–10].

As a potential candidate for the specific treatment of
SLE patients, we designed and synthesized a peptide that is
based on the sequence of the human monoclonal anti-DNA
16/6Id+ monoclonal antibody [11]. The peptide, designated
hCDR1, was shown to mitigate the serological and clinical
manifestations in both the spontaneous and induced models
of SLE [12]. The beneficial effects of hCDR1 were
associated with the downregulation of the secretion and
expression of the pathogenic cytokines interferon (IFN)-γ,
interleukin (IL)-10, IL-1β, and tumor necrosis factor
(TNF)-α and with the upregulation of the immunosuppres-
sive cytokine transforming growth factor (TGF)-β [12].
Treatment with hCDR1 also significantly diminished the
production of B cell stimulator (BLyS, BAFF) in lupus-
prone mice [13]. Furthermore, treatment of SLE-afflicted
mice with hCDR1 resulted in reduced apoptosis rates of T
cells [14, 15] and in the specific induction of CD4+ and
CD8+ regulatory T cells, which play a key role in the
mechanism of action of hCDR1 [16, 17]. Thus, treatment
with hCDR1 leads to a cascade of events that culminates in
the downregulation of SLE-associated autoreactive
responses and in the clinical improvement of SLE.

We previously demonstrated that hCDR1 downregulated in
vitro autoreactive T cell responses of peripheral blood
mononuclear cells (PBMC) of SLE patients in association
with increased production of TGF-β [18]. Moreover, treat-
ment with hCDR1 ameliorated the serological and clinical
lupus-related manifestations in a human model of SLE
established by transferring PBMC of lupus patients into
severe combined immunodeficient mice [19]. Finally, in
vitro incubation of PBMC from lupus patients with hCDR1
downregulated the gene expression of IL-1β, TNF-α, IFN-γ,
IL-10, and caspase-3 and upregulated the expression of
TGF-β, FoxP3, the antiapoptotic molecule Bcl-xL, and the
negative regulators Foxj1 and Foxo3a [20]. Furthermore, the
in vitro incubation of PBMC with hCDR1 resulted in
increased CD4+CD25+FoxP3+ functional regulatory cells
[20]. It thus appears that hCDR1 is a novel, disease-
specific potential means for the treatment of lupus patients.

It is important to establish a model of SLE in large
animals since it is believed to be more predictive than
mouse models for human SLE and should be helpful in
designing treatment protocols for patients. In the present
study, we established a mild SLE-like disease in pigs by
their immunization with the monoclonal anti-DNA 16/6Id-
bearing antibody. The immunized pigs developed anti-
dsDNA as well as antibodies to nuclear antigens. In
addition to elevated levels of erythrocyte sedimentation

rates in the SLE-afflicted pigs, immune complex deposits
(ICD) could be detected in their kidney sections. In vivo,
weekly treatment (for 10 weeks) with various doses of
hCDR1 downregulated the observed SLE-related manifes-
tations. Furthermore, treatment with hCDR1 restored the
expression of genes that were dysregulated in the SLE-
afflicted pigs.

Materials and Methods

Pigs

Commercial female pigs were purchased from and main-
tained throughout the experiments at The Institute of
Animal Research, Kibbutz Lahav, Israel. Experiments were
initiated when pigs were 2–3 months old (at approximately
30–35-kg weight). Management, treatment, sampling, and
slaughter of the pigs were performed according to Israeli
laws and regulations.

Anti-DNA 16/6Id+ Monoclonal Antibody

The human anti-DNA 16/6Id (IgG1/k) was secreted by
hybridoma cells [6] that were grown in culture. It was
purified using a protein G-Sepharose column (Pharmacia,
Fine Chemicals, Uppsala, Sweden).

The Tolerogenic Peptide-hCDR1

A peptide, GYYWSWIRQPPGKGEEWIG (hCDR1), based
on the CDR1 of the human anti-DNA monoclonal antibody
that bears the 16/6Id [11], was synthesized by Polypeptide
Laboratories (CA, USA) and used in this study.

Immunization with 16/6Id

Pigs were injected with either 20 or 100 μg of 16/6Id
emulsified in complete Freund’s adjuvant (CFA) by the
intradermal route under anesthesia. Three weeks later, the
pigs received a booster injection (intradermal) of the same
dose of 16/6Id in phosphate-buffered saline (PBS). Control
pigs were primed with PBS in CFA.

Treatment with hCDR1

Treatment with hCDR1 commenced when the 16/6Id-
immunized pigs developed significant levels of dsDNA-
specific antibodies. The pigs were divided into five groups
that were injected once a week subcutaneously with the
vehicle (Captisol®, sulfobutylether beta cyclodextrin,
CyDex, Inc., KS, USA) or with 0.1, 0.5, 1.0, and 2.5 mg
hCDR1 per pig.
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Erythrocyte Sedimentation Rate

The ESR was determined by diluting the heparinized blood
in PBS at a ratio of 1:1. The diluted blood was then
transferred to microsampling pipettes, and the blood
sedimentation was measured 1 h later.

Determination of Antibodies in the Sera of Pigs

16/6Id-specific antibodies Maxisorb microtiter plates (Nunk,
Roskilde, Denmark) were coated with the 16/6Id monoclonal
antibody (2 μg/ml). After incubation with tenfold sera
dilutions, horse-radish-peroxidase-labeled goat antiporcine
IgG(H+L) (SouthernBiotech, Birmingham, AL, USA) was
added to the plates, followed by the addition of the substrate,
2,2-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid; Sigma,
St. Louis, MO, USA).

Detection of dsDNA-specific antibodies Microtiter plates
were coated with poly-L-lysine (5 µg/ml; Sigma), followed
by coating with lambda phage dsDNA (5 μg/ml; Boeh-
ringer, Mannheim). All steps following the addition of sera
dilutions (1:10–1:320) were performed as above.

Detection of antibodies to nuclear antigens and to
cardiolipin Plates precoated with dsDNA, Sm, RNP, SS-A
(Ro), and SS-B (La; Alpha Diagnostic Intl., Inc., San
Antonio, TX, USA) were used for these assays. Except for
the use of human autoantigen-precoated plates, all further
steps and reagents were as described above for 16/6Id- and
dsDNA-specific antibodies.

Glomerular ICD

Kidneys were excised from the pigs after euthanization.
Samples were taken from the cortex and medulla areas of
each kidney. The samples were placed in isopentane and
stored at −70°C. Frozen cryostat sections (6 μm) were
prepared, air-dried, and then fixed in acetone. For the
detection of ICD, sections were incubated with fluorescein-
isothiocyanate-conjugated goat antiporcine IgG (Southern-
Biotech). Staining was visualized using a fluorescence
microscope. The intensity of ICD was graded as follows: 0,
no ICD; 1, low intensity; and 2, moderate to high intensity
of immune complexes. ICD analysis was performed by two
persons blinded to whether the kidneys belonged to pigs of
control, vehicle-treated, or hCDR- treated groups.

Real-time RT-PCR

Blood samples were collected from all experimental pigs,
following 10 weeks of treatment, in PAXgene tubes

(preanalitiX, Switzerland) and frozen at −70°C until mRNA
isolation. mRNA and complementary DNA were prepared
and subjected to real-time reverse-transcriptase polymerase
chain reaction (RT-PCR) using LightCycler (Roche Man-
nheim, Germany) according to the manufacturer’s instruc-
tions. The mRNA levels of IL-1β, IFN-γ, TNF-α, IL-10,
TGF-β, Bcl-xL, and Foxp3 were determined. The following
primer sequences (forward and reversed, respectively) were
used: IL-1β (5′-agataacacgcccacc-3′, 5′-cggcctttggagtttc-3′),
IFN-γ (5′-agatgtacctaatggtggac-3′, 5′-ctgacttctcttccgct-3′),
TNF-α (5′-ctactgcacttcgaggt-3′, 5′-cggctgatggtgtgag-3′), IL-
10 (5′-caaacgaaggaccagat-3′, 5′-tggctttgtagacaccc-3′), TGF-β
(5′- ctgcaagaccatcgaca-3′, 5′-cttggcgtagtagtccg-3′), Bcl-xL
(5′-ggtattggtgagtcgga-3′, 5′-ctagagtcatgcccgt-3′), Foxp3 (5′-
catctgacaagggttcc-3′, 5′-tctcgttgagtgtccg-3′), and β-actin (5′-
gtctacaccgctaccag-3′, 5′-tggctttggggttcag-3′). The levels of
β-actin were used for normalizing the expression levels of all
other genes. Results for all genes are presented as the gene
expression to β-actin ratio.

Statistical Analysis

The Mann–Whitney and unpaired Student’s t tests were
used for evaluating the significant differences between
groups. Values of P≤0.05 were considered significant.

Results

Induction of Experimental SLE in Pigs

In order to determine whether an SLE-like disease can be
induced in pigs, two groups of female pigs (n=4 per group)
were first immunized with two different doses, namely, 20
and 100 μg per pig of the disease-inducing monoclonal
autoantibody, designated 16/6Id given in CFA. Three weeks
later, the pigs were boosted with the same doses of 16/6Id
in PBS. An additional group of pigs was injected and
boosted with PBS in CFA and was used as a control. The
pigs were bled periodically, and their autoantibody profile
and general manifestations associated with SLE were
determined.

Figure 1a shows the 16/6Id-specific antibody titers in the
16/6Id-immunized pigs in sera taken 2 weeks after the
booster injection. As shown, both groups of pigs developed
very high titers of antibodies, although the mean antibody
titer in pigs immunized with the 100-μg dose was higher
than in the pigs that were immunized with 20 μg per pig.
As can be seen, the background of sera from pigs injected
only with PBS (in CFA) was very low. Figure 1b presents
the levels of anti-dsDNA antibodies determined in the sera
of the immunized pigs 2 weeks after the booster injection. It
can be seen that the dsDNA-specific antibodies were
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significantly (P=0.01) higher in both immunized groups
than in the PBS-injected (in CFA) group of pigs. As in the
case of 16/6Id-specific antibodies, the levels of anti-
dsDNA antibodies were higher in sera of pigs injected
with 100 μg of 16/6Id than in the sera of those immunized
with 20 μg of the immunizing antibody. Figure 2 shows
the levels of dsDNA-specific antibodies at different time
points following the booster injection with 16/6Id. It can
be seen that these antibodies reached their peak already
2 weeks after the booster injection of 16/6Id. Although a
reduction in the levels of these autoantibodies could be
observed with time, the dsDNA antibody titers were
significantly higher in both 16/6Id-immunized groups than
in the control group even when measured 22 weeks after
the booster injection. Figure 2 also illustrates the levels of
the various antinuclear as well as anticardiolipin antibodies
in the sera (diluted 1:10) of pigs from both immunization
groups as compared to the control group at three time
points following the booster injection. The levels of all
antibodies measured in the groups of immunized pigs were
significantly higher than those determined in sera of the
control pigs. The antibody levels were comparable in sera
of pigs that were immunized with either 20 or 100 μg of
16/6Id. The titers of the latter autoantibodies increased
with time and stayed very high until the end of the
experiment (22 weeks following the booster injection with
16/6Id).

Because patients with lupus develop various general
manifestations such as leukopenia and high erythrocyte
sedimentation rates and since mice with experimental SLE
exhibited the latter manifestations [4], it was of interest to
determine whether 16/6Id-immunized pigs develop these
manifestations as well. To this end, blood samples were
taken from pigs at week 18 following the boost with 16/6Id
and white blood cells, and erythrocyte sedimentation rates
were determined in the samples of individual pigs. A

reduction in the white blood cell counts was noted in both
16/6Id-immunized groups (8,100±1,200, P=0.01, and
6,675±830, P=0.005 cells per cubic millimeter for pigs
immunized with 20 and 100 μg 16/6Id, respectively) as
compared with the control group (14,025±2,800 cells per
cubic millimeter).

Furthermore, the ESR measured after 1 h for both 16/
6Id-immunized groups were higher than in the PBS-
injected (in CFA) control group [14.2±6.3 mm in the
control group compared with 22.0±8.0 mm (55% increase)
and 21.5±7.7 mm (51% increase) in the pigs immunized
with 20 and 100 μg 16/6Id, respectively].

Since kidney involvement has been the main and most
severe clinical manifestation detected in mice with 16/6Id-
induced experimental SLE [4, 5], we looked for ICD in
biopsies of kidneys of the experimental pigs. To this end,
samples were taken from the cortex and medulla of each
kidney of the experimental pigs, and immunohistology was
performed on frozen sections of the latter. Analysis of the
kidney sections for ICD indicated that, whereas a few weak
ICD could be detected in kidney biopsies of only one pig in
the control group, significant complexes were observed in
kidneys of three out of four pigs that were immunized with
20 μg of 16/6Id and in two out of four pigs injected with
100 μg of 16/6Id. Figure 3 shows ICD determined in
representative kidney sections of pigs from the two
immunization groups as compared to kidney sections of
the control groups (injected with PBS in CFA) that were
free of immune complexes.

The above results indicated that it is possible to induce a
mild SLE-like disease in pigs by immunization with 16/6Id.
Because immunization with 100 μg 16/6Id was not
significantly more efficient than the lower dose in inducing
the experimental disease in pigs, further experiments were
performed with pigs that were immunized and boosted with
20 μg 16/6Id.

0

0.5

1

1.5

2

2.5

3

10-1

PBS in CFA

16/6Id   20 µg/pig

16/6Id 100 µg/pig

10-2 10-3 10-4 10-5 10-6 10-7 10-8

Dilution of sera

A
nt

i-1
6/

6I
d 

an
tib

od
ie

s
(O

.D
.)

A

A
nt

i-d
sD

N
A

 a
nt

ib
od

ie
s

(O
.D

.)

B

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

1:10 1:50 1:250 1:1250

Dilution of sera

PBS in CFA

16/6Id   20 µg/pig

16/6Id 100 µg/pig

*

*

*
*

Fig. 1 Production of 16/6Id-
specific antibodies and of anti-
dsDNA antibodies in pigs. Pigs
at the age of 2–3 months were
primed (16/6Id in CFA) and
boosted with either 20 or 100 μg
of the 16/6Id. A control group
was similarly injected with PBS
in CFA. a 16/6Id-specific anti-
body titers (mean OD±SE) in
sera taken from the individual
pigs 2 weeks following the
booster injection. b Titers (mean
OD±SE) of anti-dsDNA anti-
bodies determined in the sera of
immunized pigs 2 weeks after
the booster injection. *P=0.01
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The Effect of Treatment with hCDR1 on the Mild Clinical
Manifestations of Experimental SLE in Pigs

Because treatment of experimental SLE downregulated the
SLE-associated manifestations in the disease-afflicted mice
[12], it was important to determine whether treatment of
pigs with induced experimental SLE will ameliorate disease
manifestations as well. To this end, two treatment experi-
ments, one open and one double-blinded, were performed.

For each experiment, 30 pigs were immunized and boosted
with 16/6Id. The pigs were bled 2 weeks after the booster
injection, and their sera were tested for the presence of 16/
6Id-specific antibodies. High anti-16/6Id antibody titers
were determined in the sera of all immunized pigs. The sera
were then tested for the development of anti-dsDNA
antibodies, and significant levels were determined in the
sera of all immunized pigs in one experiment and in the
sera of all pigs except one (that was not included in
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Fig. 2 The production of a
variety of autoantibodies in
16/6Id-immunized pigs. Pigs
were immunized with either
20 or 100 μg of the 16/6Id or
with PBS (control). Sera (diluted
1:10) of individual pigs taken 2,
14, and 22 weeks following the
booster injection with 16/6Id
were tested using plates
precoated with dsDNA, RNP,
SM, SS-A, SS-B, and
cardiolipin. Results are
presented as mean OD±SE.
*P≤0.05, †P≤0.005,
‡P≤0.0005
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the study) in the second experiment. Five pigs that were
neither injected with 16/6Id nor treated with hCDR1 were
used as controls. No antibodies could be detected in the
sera of these control pigs to any of the tested antigens. The
immunized pigs were then divided into five groups (n=6
per group) that were treated with the vehicle or with 0.1, 0.5,
1, and 2.5 mg hCDR1 once a week for 10 weeks. The pigs
were bled periodically, and their sera were tested to determine
the effect of the treatment on the levels of the different
autoantibodies. In general, a moderate decrease that ranged

from 25% to 35% in the levels of dsDNA, SS-A, SS-B, Sm,
RNP, and cardiolipin-specific antibodies was determined in
the sera of hCDR1-treated pigs as compared with sera of
vehicle-treated pigs. The downregulation measured in the
autoantibody levels did not reach significance.

The pigs were bled at the end of 10 weeks of treatment,
and ESR were measured using the blood of the individual
pigs of all groups. Table I summarizes the results of both
treatment experiments. As can be seen, a significant
reduction in the ESR was determined for all treatment

PBS 16/6Id, 20 µg/pig 16/6 Id, 100 µg/pig

A

B

Mean ICD: 0.12 ±0.12 Mean ICD: 1.12 ± 0.42* Mean ICD: 1.00 ± 0.35*

Fig. 3 Immunohistology of kidney sections of representative pigs.
Kidney biopsies taken from the cortex and medulla of the experimen-
tal pigs were frozen. Immunohistology was performed on frozen

sections of the latter for detecting ICD. Shown are sections of
representative pigs from each group. a Magnification ×100. b
Magnification ×400. *P≤0.05

Table I Effects of Treatment with Various Doses of hCDR1 on ESR and Renal ICD in 16/6Id-Immunized Pigs

Treatmenta ESRb P valuec ICDd (mean±SE) P valuec

Vehicle 0 – 1.08±0.18 –

hCDR1, 0.1 mg 53.7±20.3 0.002 0.61±0.13 0.055

hCDR1, 0.5 mg 60.5±8.2 0.004 0.25±0.09 0.0004

hCDR1, 1.0 mg 54.2±8.0 0.01 0.54±0.12 0.02

hCDR1, 2.5 mg 43.7±11.4 0.03 0.37±0.12 0.004

a Pigs at the age of 2–3 months old were immunized with 16/6Id in CFA, followed by the administration of 10-weekly subcutaneous injections of
hCDR1 (at doses of 0.1, 0.5, 1.0, or 2.5 mg/pig) or the vehicle
b Erythrocyte sedimentation rate (ESR) was determined after 1 h. Values indicate the mean percent (±SE) decrease in ESR relative to the levels of
ESR determined for the vehicle-injected pigs
c Statistical evaluation was based on the Mann–Whitney U test to compare posttreatment effects between the vehicle-treated groups and the rest of
the treatment groups
d ICD were assessed at sacrifice when pigs reached the age of 4–5 months

J Clin Immunol (2010) 30:34–44 39



groups as compared with the vehicle-treated group. The
levels of ESR in the hCDR1-treated groups were compa-
rable to those measured in blood samples of the control
unimmunized pigs.

The pigs were euthanized at the end of the experiments;
biopsies were taken from their kidneys, and the latter were
analyzed for ICD. Table I also summarizes the data on the
ICD in the kidneys. The results represent the mean of both
experiments and are based on biopsies of three regions of
the kidneys of each of the pigs. A reduction in the intensity
of ICD was observed in all treatment groups. Whereas the
downregulation in ICD in the group that was treated with
0.1 mg hCDR1 was almost significant (P=0.055), the
reduction in the intensity for the other treatment groups
(0.5, 1.0, and 2.5 mg/pig) was found to be significant
(Table I). The mean ICD measured in kidney samples of the
control naive pigs was 0.43±014, similar to the levels
determined for hCDR1-treated pigs.

The Effect of Treatment with hCDR1 on the Expression
of Various Genes in Pigs with Induced Experimental SLE

In order to determine whether treatment with hCDR1
affects the expression of various SLE-associated genes,
blood of all experimental pigs was collected in PAXgene
tubes at the end of treatment for preparation of mRNA. All
samples were analyzed using real-time RT-PCR. Figure 4
demonstrates the mean results obtained for the individual
pigs of all groups of the two treatment experiments. It can
be seen in the figure that 10 weeks of treatment with
hCDR1 significantly downregulated the expression of the
proinflammatory cytokines, IL-1β and TNF-α, as well as
of the pathogenic cytokines in lupus, namely, IFN-γ and
IL-10, as compared with the vehicle-treated groups. In
contrast, the expression of the immunosuppressive cytokine
TGF-β was upregulated in all peptide-treated groups;
however, the elevated expression in the 2.5 mg hCDR1-
treated group did not reach significance.

Because treatment of mice with hCDR1 induced
regulatory CD4+CD25+ cells and since Foxp3 is the best
marker for functional regulatory T cells in mice, we tested
the mRNA expression of this transcription factor in the
different groups of treated pigs. Indeed, the results
presented in Fig. 4 indicate that the expression of Foxp3
was significantly upregulated in all treated groups in
comparison with the vehicle-treated group.

Finally, we previously demonstrated that hCDR1 ameli-
orates SLE manifestations at least partially by down-
regulating apoptosis rates. The antiapoptotic molecule
Bcl-xL plays an important role in this process. Indeed, a
significant upregulation in the gene expression of Bcl-xL
was observed in the hCDR1-treated group as compared
with the vehicle-treated group (Fig. 4), suggesting that

diminishing apoptosis is part of the immunomodulating
effects of hCDR1 in the pig model of SLE as well.

It is noteworthy that the levels of expression for the IL-
1β, TNF-α, IFN-γ, and IL-10 genes in the hCDR1-treated
mice were similar to those determined in blood samples of
control unimmunized pigs. However, the levels of TGF-β,
Foxp3, and Bcl-xL were higher (although not significant) in
blood samples of the hCDR1-treated pigs than in those of
naive pigs.

Discussion

The main findings of the present report are that it is
possible to induce an SLE-like disease in pigs using the
anti-DNA monoclonal antibody that bears the 16/6Id and
was previously reported to induce experimental SLE in
mice that do not spontaneously develop SLE. Furthermore,
treatment with the tolerogenic peptide, hCDR1, which
ameliorated disease manifestations in SLE-afflicted mice,
resulted in downregulating the lupus-related clinical man-
ifestations that were observed in pigs in which experimental
SLE was induced. Moreover, treatment with hCDR1
immunomodulated the expression of genes that were shown
to be related to lupus. To the best of our knowledge, this is
the first report of the induction of SLE-like manifestations
in pigs and of the ability of a peptide to immunomodulate
the SLE- associated responses.

There are several mouse models of SLE that are either
spontaneously developed or induced [3–5]. These models
contributed greatly to a better understanding of the
pathogenesis of lupus. They were also helpful in testing
possible means of treatment for the disease since in vitro
studies cannot mimic the complex interactions that occur in
the immune system following the administration of the
tested agents. However, confirmation of the activity of the
potential drugs in large animals is of importance because
the latter are likely to better predict the effects of these
drugs in humans. Of the large animals that are used as
disease models, pigs are regarded as a good model for
humans and have been used in transplantation studies [21],
in studies to determine the development and differentiation
of porcine T helper cells [22], and for the characterization
of porcine lymphocytes that produce IFN-γ, the cytokine
that plays key roles in the regulation of inflammation and
other immune responses in health and disease [23]. In the
present study, although the pigs developed mild to
moderate disease in response to the immunization with the
disease-inducing antibody, the observed manifestations
were significant as compared with pigs that were not
immunized (injected with PBS in CFA), and the effects of
treatment with the tolerogenic peptide hCDR1 were
substantial. Thus, this model might be useful for assessing
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the effect of other potential means of treatment, in addition
to hCDR1, for SLE.

Treatment of pigs, in which experimental SLE was
induced, with hCDR1 for 10 weeks reduced only slightly
and insignificantly the various autoantibody levels. How-
ever, it significantly downregulated one of the major
clinical manifestations of lupus, namely, the ICD in the
kidneys (Table I). Indeed, it was reported that the levels of
dsDNA-specific antibodies do not always correlate with
renal damage [24–26]. In agreement, we have previously
reported that treatment of mice afflicted with SLE with an
estrogen antagonist, tamoxifen, and a monoclonal anties-

tradiol antibody, had beneficial effects on the clinical
manifestations, including kidney damage, without affecting
the total autoantibody titers [27]. Similarly, treatment of
SLE-afflicted mice with methotrexate had a significant
effect on glomerular ICD in the treated mice in contrast
with the lack of an effect on the levels of anti-DNA or other
SLE-related autoantibodies [28]. We have recently reported
that treatment of SLE-afflicted mice with the caspase
inhibitor ZVAD-fmk did not reduce the anti-dsDNA
antibody titer; however, it ameliorated renal manifestations
[15]. In accordance, Seery et al. showed that, whereas
treatment of mice with ZVAD-fmk did not affect signifi-
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Fig. 4 Treatment with hCDR1 affects the expression of various genes
in pigs with experimental SLE. Pigs (n=6 per group per experiment)
with induced experimental SLE were treated (subcutaneously, once a
week for 10 weeks) with either hCDR1 (0.1, 0.5, 1.0, and 2.5 mg) or
vehicle. At the end of treatment, blood was collected from the
individual pigs in PAXgene tubes; mRNAwas prepared, and real-time

RT-PCR was further performed to determine the expression levels of
the various genes. Results are presented as the mean±SE gene
expression in samples of the hCDR1-treated pigs compared with the
levels in samples of the vehicle-treated pigs. *P≤0.05, †P≤0.005,
‡P≤0.0005
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cantly the levels of anti-dsDNA antibodies, it attenuated the
SLE-related kidney disease in the treated mice [29]. Thus,
the results of the present study indicated that a protocol of
10 weeks of treatment (once a week) with hCDR1 down-
regulated the levels and intensity of ICD in the kidneys of
pigs with experimental SLE, as was demonstrated previ-
ously for the various mouse models. Previous studies
indicated that therapeutic effects of hCDR1 are specific
because the administration of a control peptide did not
ameliorate the SLE-associated manifestations [12–14, 16,
19, 20, 30].

hCDR1 treatment of pigs with induced SLE resulted in
immunomodulating the expression of genes that play an
important role in the disease (Fig. 4). Cytokines were
shown to be involved in the pathogenesis of human and
murine SLE [31–33]. High levels of IL-1β, TNF-α, IFN-γ,
and IL-10 were reported in mouse models of lupus [12, 33]
and in SLE patients [31, 34]. In vivo treatment of SLE-
afflicted mice with hCDR1 downregulated these cytokines
[12]. In agreement, in the present study, hCDR1 signifi-
cantly decreased gene expression of the above cytokines in
PBMC of the treated pigs.

Apoptosis was reported to play a role in the pathogenesis
of murine and human SLE [35–37]. Treatment of SLE-
afflicted pigs with hCDR1 resulted in the upregulated
expression of the antiapoptotic molecule Bcl-xL. Whereas
T cells from SLE-afflicted (NZBxNZW)F1 mice exhibited
higher rates of apoptosis [14, 15], their B cells were more
resistant to apoptosis [13, 15, 38]. These contrasting effects
may be explained, in part, by the different expressions of
Bcl-xL in each cell type. In SLE-affected mice, the
increased amounts of BAFF [13] and IL-7 [38] contributed
to the upregulation of Bcl-xL in B cells. In contrast,
decreased levels of TGF-β and the increased expression of
PD-1 [39] and the proapoptotic signaling element pJNK
[14] may account for the downregulation of Bcl-xL in T
cells. Thus, a desirable effect on lupus-derived lymphocytes
would include increased B cell apoptosis and decreased T
cell apoptosis. Indeed, the latter is accomplished following
the treatment of the diseased mice with hCDR1.

The immunosuppressive cytokine, TGF-β, was reported
to be downregulated in SLE patients with active disease
[40]. Furthermore, TGF-β knockout mice developed lethal
lupus-like disease [41]. The beneficial effects of treating
murine models of SLE with hCDR1 were associated with
upregulated TGF-β [16]. In agreement, elevated expression
of TGF-β was determined in the hCDR1-treated pigs with
an SLE-like disease.

Regulatory T cells play a major role in maintaining
immunological homeostasis [42, 43]. In SLE patients, there
are different reports regarding the status of regulatory T
cells [44]. Yet, most studies report about aberrant number
and function of the latter. Indeed, lower levels of functional

CD4+CD25+FoxP3+ regulatory T cells were reported in the
peripheral blood of active SLE patients [45]. Furthermore,
adoptive transfer of hCDR1-induced CD4+CD25+Foxp3+

regulatory cells resulted in the amelioration of disease
manifestations in lupus-afflicted mice [16, 46]. In agree-
ment, different tolerogenic peptides for SLE also have been
shown to induce regulatory T cells with similar effects on
TGF-β and Foxp3 [47–50], and dendritic cells were shown
to mediate some of these effects [50, 51]. The fact that
treatment of pigs with hCDR1 upregulated gene expression
of the suppressive master gene Foxp3 in their peripheral
blood lymphocytes suggests that hCDR1 is capable of
inducing functional regulatory T cells in the pigs, as
demonstrated in SLE-afflicted mice [16]. Thus, it appears
that hCDR1 ameliorated lupus manifestations and gene
expression in pigs with experimental SLE by mechanisms
similar to those established in SLE-afflicted mice.

We have recently reported that in vitro incubation of
peripheral blood lymphocytes from lupus patients with
hCDR1 downregulated gene expression of IL-1β, TNF-α,
IFN-γ, IL-10, and caspase-3 and upregulated the expres-
sion of TGF-β, FoxP3, and the antiapoptotic molecule Bcl-
xL [20]. In addition, in vitro incubation with hCDR1
resulted in an increase of CD4+CD25+FoxP3+ functional
regulatory T cells [20]. Furthermore, gene expression of the
pathogenic cytokines (IL-1β, TNF-α, IFN-γ, and IL-10),
the proapoptotic molecules (caspase-3, caspase-8), and the
immunoregulatory TGF-β and FoxP3 molecules were
similarly immunomodulated in PBMC of lupus patients
that were in vivo treated with hCDR1 (five patients) as
compared with those treated with the vehicle (four patients)
for a period of 26 weeks [52]. The similarity between the
results of gene expression following hCDR1 treatment
suggests that the effects of hCDR1 on the immune system
of both SLE patients and pigs afflicted with experimental
SLE are similar and therefore the results of experiments
performed in pigs should be predictive for lupus patients.

It is noteworthy that no significant differences were
determined between the beneficial effects of the different
doses of hCDR1 used for the treatment of the pigs (Table I).
Nevertheless, since the low doses of 0.1 and 0.5 mg were
comparable in efficacy to the high dose of 2.5 mg, it is
suggested that the lower doses of hCDR1 should be
considered for future studies in patients. Furthermore, the
expression of the immunosuppressive cytokine TGF-β was
not elevated in mRNA of pigs treated with 2.5 mg hCDR1,
whereas significant upregulation in the latter cytokine was
determined in mRNA prepared from blood samples of pigs
treated with the lower doses of hCDR1 (Fig. 4). In
agreement, the expression of both TGF-β and FoxP3 did
not increase in a patient treated in vivo with 2.5 mg of
hCDR1 for 26 weeks, whereas the expression of these
genes was significantly upregulated in peripheral blood

42 J Clin Immunol (2010) 30:34–44



lymphocytes of patients that were treated with lower doses
(i.e., 0.5 and 1 mg) of hCDR1 [52], thus, further suggesting
that the use of the lower doses for treatment with hCDR1 is
advantageous.
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