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Abstract
Lupus is an antibody-mediated autoimmune disease. The production of pathogenic, class switched
and affinity maturated autoantibodies in lupus is dependent on T cell help. A potential mechanism
of disease pathogenesis is a lack of control of pathogenic T helper cells by regulatory T cells in lupus.
It has been repeatedly shown that the naturally occurring CD4+CD25+ regulatory T cells in lupus
prone mice and patients with SLE are defective both in frequency and function. Thus, the generation
of inducible regulatory T cells that can control T cell help for autoantibody production is a potential
avenue for the treatment of SLE. We have found that oral administration of anti-CD3 monoclonal
antibody attenuated lupus development and arrested on-going disease in lupus prone SNF1 mice.
Oral anti-CD3 induces a CD4+CD25-LAP+ regulatory T cell that secrets high levels of TGF-β and
suppresses in vitro in TFG-β-dependent fashion. Animals treated with oral anti-CD3 had less
glomerulonephritis and diminished levels of anti-dsDNA autoantibodies. Oral anti-CD3 led to a
downregulation of IL-17+CD4+ICOS-CXCR5+ follicular helper T cells, CD138+ plasma cells and
CD73+ mature memory B cells. Our results show that oral anti-CD3 induces CD4+CD25-LAP+
regulatory T cells that suppress lupus in mice and is associated with down regulation of T cell help
for autoantibody production.
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Introduction
Systemic lupus erythematosus (SLE) is an autoimmune disease characterised by an aberrant
autoantibody and T-cell response against intracellularly derived self-antigens.1,2 T cell help is
required for the production of high affinity IgG autoantibodies which are closely linked to
tissue damage in lupus.3-6 A distinct subset of T cells, follicular helper T cells, selects mutated,
high affinity B cells within germinal centers.7 Follicular helper T cells are emerging as a cellular
subset with a functional programme different from that of extrafollicular Th1 or Th2 T cells:
they express high levels of ICOS8,9 and have distinct patterns of gene expression of cytokines
(predominantly IL-21) and chemokine receptor CXCR5.10,11 The expression of CXCR5 by
these T cells allows them to localise to B cell follicles where they provide help to B cells. Mice
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lacking CXCR5 display major aberrations in splenic follicular architecture and reduced
numbers of lymph nodes and Peyer’s patches.12,13

One of the hypotheses for the pathogenesis of SLE is that the number and function of naturally
occurring CD4+CD25+ regulatory T cells are defective.14-16 This is also true in lupus prone
mice.17,18 It is possible that aberrant T cell help for autoantibody production by B cells is a
result of defects in CD4+CD25+ regulatory T cells.19-21 Thus, clinically applicable strategies
to generate inducible regulatory T cells could be an effective strategy for treating SLE. We
have identified and characterised a TGF-β-dependent regulatory T cell expressing latency-
associated peptide (LAP) on the surface22,23 and have found that anti-CD3 monoclonal
antibody given orally induces a CD4+CD25-LAP+ regulatory T cell that suppresses
experimental autoimmune encephalomyelitis (EAE)23 and diabetes 24 in mice by a TGF-β-
dependent mechanism. LAP identifies a class of regulatory T cells that function in a TGF-β-
dependent fashion.22,25-28 LAP is the aminoterminal domain of the TGF-β precursor peptide
and remains non-covalently associated with the TGF-β peptide after cleavage, forming the
latent TGF-β complex. CD4+LAP+ T cells appear to be distinct from naturally occurring
CD25+ regulatory T cells, though it has been reported that CD4+CD25+ T cells may express
TGF-β on their surface and mediate their suppressive function by presenting TGF-β to a
receptor on target cells via cell-to-cell contact.22,26,28,29

We have previously shown suppression of lupus in mice following induction of nasal tolerance
with a peptide (H471) expressing a dominant pathogenic T cell epitope in histone protein H4
of nucleosome.30 Given that only a subset of patients with SLE are sensitised to the H471
epitope, we tested the effect of oral anti-CD3 antibody on disease in both an accelerated31 and
a spontaneous model of lupus. We hypothesised that oral administration of anti-CD3 antibody
would induce regulatory T cells whose efficacy would not be restricted to a particular model
and would thus be applicable for the treatment of human lupus. Anti-CD3 monoclonal
antibodies given intravenously have been used to treat both animal models of
autoimmunity32-36 and transplantation.37-39 Intravenously administered anti-CD4 has been
tested for the treatment of murine lupus.40-42 Other studies have used a strategy to expand the
naturally occurring CD4+ CD25+ regulatory T cells in vivo for the treatment of lupus using
the histone peptide H47143 and a peptide based on anti-DNA Ig sequences.44,45 We
demonstrate here that an inducible regulatory T cell generated by oral administration of anti-
CD3 can control the function of follicular helper T cells leading to downregulation of B cell
activity, autoantibody production and disease in lupus prone mice.

Methods and materials
Mice

(NZB × SWR)F1 (SNF1) mice were bred and maintained at our facility at the Harvard Institutes
of Medicine. Parental female NZB and male SWR mice and lupus prone female (NZB × NZW)
F1 (BWF1) were purchased from Jackson Laboratory (Bar Harbor, Maine, USA). Only female
mice were used in our experiments. All mice were housed in specific pathogen-free
environment according to the animal protocol guidelines of the Committee on Animals of
Harvard Medical School, which also approved the experiments.

Antigens and antibodies
The histone peptide H471 based on the amino acid sequence of histone protein H4 at positions
71-93 was synthesised by F-moc chemistry (Biopolymer lab, Harvard Medical School). The
peptide was purified by high performance liquid chromatography (HPLC) using a gradient of
water and acetonitrile and was analysed by mass spectrometry for purity (97%). Antibodies
specific to CD3 (145-2c11) and CD28 (37.51) were used to stimulate T cells in vitro. In some
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experiments, neutralizing TGF-β (1D11) or relevant isotype control antibody (Bio Express,
West Lebanon, New Hampshire, USA) was added to cell culture. Fluorescent (FITC or PE)-
conjugated anti-mouse antibodies used in flow cytometry were CD4-specific (H129.19),
CD25-specific (PC61), CXCR5-specific (2G8), ICOS-specific (7E17G9), IL-17-specific
(TC11), CD138-specific (281-2), CD73-specific (TY/23), 7AAD and streptavidin-
allophycocyamin (Sav-APC) (all from BD Biosciences, California, USA). For Fcγ receptor
blocking, we used CD16/CD32-specific antibody. Affinity purified biotinylated goat LAP-
specific polyclonal antibody was purchased from R&D Systems, Minneapolis, Minnesota,
USA. Anti-mouse foxp3 antibody was purchased from Ebioscience, San Diego, California,
USA. All other monoclonal antibodies and respective isotype control antibodies were
purchased from BD Biosciences Pharmingen, San Jose, California, USA.

Oral administration of antibody and immunization
Mice were orally dosed for five consecutive days with hamster IgG mouse CD3-specific F(ab’)
2-specific antibody (clone 145-2C11, BioExpress) or hamster IgG control F(ab’)2 antibody
(Jackson Immuno-Research Laboratories, West Grove, Pennsylvania, USA) dissolved in PBS
(Phosphate Buffer Solution) or PBS alone. In disease studies, we orally treated mice with
multiple courses (five consecutive doses as one course) of antibody at one-week intervals. To
accelerate lupus development in SNF1 mice, each mouse received an intradermal injection of
H471 peptide (100 μg) emulsified in CFA (Complete Freund’s Adjuvant) (Sigma-Aldrich, St.
Louis, Missouri, USA) and an intraperitoneal injection of H471 (100 μg) in IFA (Incomplete
Freund’s Adjuvant) 10 days later.

T-cell proliferation
Mesentric (MLNs) or peripheral (axial, brachial and inguinal, PLNs) lymph node cells or
splenocytes were cultured in triplicate at 1.5 × 106/mL in the presence of various amounts of
antigen or antibodies or alone in 96-well round bottom microtitre plates (Corning, Maine, New
York, USA) for 96 h at 37 °c with 5% CO2 in a humid incubator. CD4+ T cells were negatively
selected using a cocktail of antibodies against other cell types (R&D Systems). The purity of
selected cells was checked by flow cytometry (Figure 2B). In all experiments, selection
efficiency was over 95%. For cell sorting, CD4+ T cells or whole lymphocytes were incubated
with biotinylated goat LAP-specific polyclonal antibody at 1 μg/million cells before being
stained with fluorescent anti-mouse CD4, CD25 and Sav-APC (all at 0.5 μg/million cells).
CD4+CD25-LAP- or CD4+CD25-LAP+ T cells were sorted using a FACSVantage SE (BD
Biosciences). The purity of each population was over 95% by flow cytometry analysis (Figure
2C). Tissue culture medium was RPMI-1640 with 4.5 g/L glucose and L-Glutamine
(BioWhittaker, Walkersville, Maryland, USA) supplemented with 2% penicillin and
streptomycin (BioWhittaker) and 1% foetal calf serum. Cultures were pulsed with 0.25 μci
tritiated thymidine ([3H]d Thd; PerkinElmer, Waltham, Massachusetts, USA) for the last 6 h.
[3H]d Thd incorporation was measured using a liquid scintillation beta counter (Wallac,
PerkinElmer). Cell proliferation was expressed in delta CPM(Δ CPM).

Histology and immunofluorescent staining
Mouse kidneys were fixed in 10% formalin (Fisher, Pittsburgh, Pennsylvania, USA). Before
periodic acid schiff’s (PAS) staining, kidneys were embedded in paraffin (Tissue-Tek,
Torrance, California, USA), and 5 μM kidney sections were cut on a cryostat. For
immunofluorescent staining, frozen kidney sections were air dried from -80 °C for 30 min,
fixed in 100% alcohol for 1 min and bleached with 0.1% sodium borohydride (Sigma) in PBS
for 10 min at room temperature (RT). Sections were then washed twice with PBS and non-
specific binding sites were blocked with 10% normal rat serum in PBS for 1 h at RT. Following
two further washes with PBS, kidney sections were stained with FITC- or PE-conjugated

Wu et al. Page 3

Lupus. Author manuscript; available in PMC 2009 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



antibody (Molecular Probes, Eugene, Oregon, USA) for 1 h at RT in dark. Unbound antibodies
were washed away with PBS and sections were embedded in Vectashield (Vector Labs,
Burlingame, California, USA). Slides were examined using an Axioskop 2 plus fluorescence
illumination system (Zeiss, Thornwood, New York, USA) in a blind-folded fashion.

Cytokine detection
The level of cytokines produced in vitro by cell cultures was determined using BD OptEIA
ELISA set and reagent set B (BD Biosciences). Samples were tested in triplicate using the
manufacturer’s recommended assay procedure. Cell culture supernatant was harvested at
different time points (24 h for IL-2; 72 h for IFN-γ; 90 h for TGF-β) for the detection of
cytokines.

Flow cytometry
Cells were washed (12000 RPM, 5 min at 4 °C) with PBS containing 2% bovine serum albumin
(PBS/BSA, BioWhittaker). Fcγ receptors were blocked by incubation with anti-CD16/CD32
antibody for 30 min at 4 °C. Cells were washed twice before being stained with FITC-, PE- or
APC-conjugated anti-mouse cell surface molecule antibodies (1 μg/106cells/test) or relevant
IC antibody for 30 min at 4 °C in dark. After staining, cells were washed again with PBS/BSA
before flow cytometry (FACScan™, Becton Dickson, Franklin Lakes, New Jersey, USA). For
intracellular foxp3 and IL-17 staining, cells (10 × 107 cells/mL) in culture medium containing
1 μL GolgiSTOP (BD Biosciences) were stimulated with PMA (Phorbol 12-myristate 13-
acetate) (50 ng/mL) and ionomycin (1000 ng/mL) for 4 h at 37 °C with 5% CO2 in humid
incubator. After incubation, cells were fixed and permeabilised before being stained. All FACs
data were analysed using FlowJo software (TreeStar).

ELISA for serum autoantibodies
Autoantibodies were measured as described previously.30 Briefly, double stranded DNA
(dsDNA) was used at 20 μg/mL. For the detection of total IgG or IgG1 or IgG2a antibodies,
50 μL/well of HRP-conjugated rat anti-mouse antibody (BD Bioscieces) at 1:1000 dilution
was added and incubated at 37 °C for 1 h.

Statistical analysis
Statistical differences in cell proliferation and circulating IgG levels were derived from two-
way ANOVA and Student’s t-test, respectively. The Wilcoxon rank sum test was used for all
the pair wise group comparisons. A closed testing procedure was used to control for multiple
comparisons, and the appropriately adjusted P values were reported. A P < 0.05 was considered
significant.

Results
Oral anti-CD3 suppresses lupus development in H471 peptide-accelerated SNF1 model

Systemic immunization of SNF1 mice with peptide H471 expressing a dominant pathogenic
T-cell epitope in histone protein H4 rapidly accelerates the development of lupus in these mice
by promoting a cognate interaction between nucleosome reactive T and B cells.30,31 Young
(4-6 weeks) female SNF1 mice received orally three 5-day courses of 5 μg oral isotype control
(IC) or anti-CD3 antibody every other week over a 6-week period before immunization with
H471 peptide. As shown in Figure 1A, oral anti-CD3-treated mice did not develop severe
proteinuria (>300 mg/dL) compared with IC-treated controls. Quantification of
glomerulonephritis by PAS staining of kidney sections showed no incidence of severe
glomerulonephritis (>grade 3) in oral anti-CD3-treated mice, whereas 100% of control mice
developed end stage glomerulonephritis (P = 0.0005, Figure 1B). Furthermore, oral anti-CD3
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suppressed the production of IgG autoantibodies to dsDNA and histone peptide H471 (Figure
1C and 1D, respectively). Thus, oral anti-CD3 given before the onset of lupus resulted in
attenuation of disease severity and progression.

Oral anti-CD3 induced CD4+CD25-LAP+ regulatory T cells that suppress effector T-cell
proliferation in vitro in a TGF-β-dependent fashion

We have shown that oral anti-CD3 induced a CD4+CD25-LAP+ regulatory T cell that
suppressed EAE23 and diabetes24 in a TGF-β-dependent fashion. Thus, we tested for CD4
+CD25-LAP+ T cells in spleens of mice orally treated with anti-CD3. Young female SNF1
mice were orally treated with three 5-day courses of 5 μg oral IC or anti-CD3 antibody every
other week over a 6-week period before immunization with H471 peptide to accelerate disease.
Figure 2B shows that CD4+CD25-LAP+ T cells were markedly upregulated in spleens of mice
treated with oral anti-CD3 but not IC 90 days after treatment. Prior to functional tests, we
analysed the purity of negatively selected CD4+ T cells (Figure 2B) and CD4+CD25-LAP+ T
cells post sorting (Figure 2C) and they were both over 95% pure. We found the CD4+CD25-
LAP+ T cells of oral anti-CD3-treated mice secreted higher levels of TGF-β but lower levels
of IL-2 and IFN-γ compared with IC-treated controls (Figure 2D). To test the suppressive
function of CD4+CD25-LAP+ T cells and the role of TGF-β in the mechanism of suppression,
CD4+CD25-LAP+ T cells were co-cultured with CD4+CD25-LAP-responder T cells in the
presence of a neutralising anti-TGF-β antibody or an anti-IL-10 or an isotype control antibody.
We also tested the necessity for physical contact between the regulatory and responder in
suppression using a transwell system. Figure 2E shows that CD4+CD25-LAP+ regulatory T
cells suppressed the proliferation of responder T cells and suppression was partially reversed
(68%) when TGF-β was neutralised in vitro. Furthermore, suppression of responder
proliferation by CD4+CD25-LAP+ regulatory T cells was not cell contact dependent as
separation of the two populations in a transwell did not affect suppression (Figure 2E). CD4
+CD25-LAP+ regulatory T cells induced by oral anti-CD3 do not express the regulatory T cell
transcription factor foxp3.20,46 These findings are consistent with our previous observations
in oral anti-CD3 studies in EAE animals.23

Oral anti-CD3 treatment downregulated the generation of IL-17+CD4+ICOS+CXCR5+
follicular helper T cells and memory B cells in SNF1 mice

We show above that suppression of lupus in SNF1 mice by oral anti-CD3 is associated with a
significant reduction in anti-dsDNA autoantibody production. We hypothesised that
suppression of autoantibody production following oral antiCD-3 was due to an effect of oral
anti-CD3 on T-helper cells. To examine the effect of oral anti-CD3 on CD4+ICOS+CXCR5+
follicular helper T cells, we analysed the percentage of follicular helper T cells and memory
B cells in spleens of SNF1 mice 90 days following oral anti-CD3 treatment. Figure 3A shows
that 90 days following oral anti-CD3 treatment, the follicular helper T-cell population was
reduced compared with controls (from 40.6% to 27.5%). This was accompanied by a reduction
in CD19+CD73+ memory B cells (40.6%-28.7%, Figure 3B). We have found that CD4+ICOS
+CXCR5+ follicular helper T cells express high levels of pro-inflammatory cytokine IL-17
compared with conventional CD4+ICOS-CXCR5- T cells.49 We found that oral anti-CD3
treatment in SNF1 mice downregulated the expression of IL-17 by CD4 +ICOS+CXCR5+
follicular helper T cells (from 7.41% to 4.29%, Figure 3C).

Oral anti-CD3 prolonged survival and downregulated plasma cells and memory B cells in the
spleen and suppressed infiltration of IL-17+CD4+ inflammatory T cells in kidneys of SNF1
mice with spontaneous lupus

We then investigated the effect of oral anti-CD3 after disease onset in animals that had
spontaneously developed lupus. We orally treated 6-month-old female SNF1 mice that had
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developed spontaneous lupus with six 5-day courses of 5 μg IC or anti-CD3 antibody every
other week over a 12-week period and followed mice for survival. Figure 4A shows that all
oral anti-CD3-treated animals survived beyond 90 days following treatment. Improved survival
in mice orally administered anti-CD3 was associated with downregulation of IgG anti-dsDNA
autoantibodies. In addition, we found a significant switch in anti-dsDNA autoantibodies from
a Th1 subclass, IgG2a to a Th2 subclass and IgG1 (Figure 4B). Therefore, oral anti-CD3
improved on-going disease and suppressed pathogenic inflammatory anti-dsDNA
autoantibodies that are hallmarks of SLE.

We then investigated whether oral anti-CD3 affected CD138+ plasma cells and CD73+
memory B cells in the spleen and infiltrating IL-17+CD4+ inflammatory T cells in kidneys.
47 We found that following oral anti-CD3 treatment in the spontaneous SNF1 mouse model,
there was a marked reduction in CD138+ plasma cells and CD73+ memory B cells in the spleen
compared with control mice (Figure 5A and 5B, respectively). In addition, we stained for IL-17
+CD4+ T cells in frozen kidney sections. Figure 5C shows that 10-month-old SNF1 mice with
spontaneous lupus have large numbers of CD4+ T cells in the kidney and the majority of these
CD4+ T cells are IL-17+ inflammatory T cells (second row), whereas these cells are absent in
1-month-old pre-nephritic mice (top row). Following treatment with oral anti-CD3, there was
almost no T-cell infiltration in kidneys (bottom row), whereas IC-treated mice had T-cell
infiltration (third row) that was comparable to 10-month-old untreated mice with spontaneous
disease. Thus, oral anti-CD3 suppression of spontaneous lupus in SNF1 mice was associated
with downregulating humoral responses and inflammatory T-cell infiltration in the kidney.

Discussion
Accumulating evidence from both animal and human studies point to an important role of
regulatory T cells in the aetiology and pathogenesis of SLE.48 We have previously shown that
nasal tolerance to histone peptide H471 suppresses lupus via T-cell anergy30 and that nasal
anti-CD3 suppresses lupus via IL-10.49 In this study, we show oral anti-CD3 induced CD4
+CD25-LAP+ regulatory T cells that suppressed effector T-cell function in a TGF-β-
dependent, cell-contact independent fashion. Oral anti-CD3 in mice prone to developing lupus
significantly reduced disease pathology and extended survival of mice beyond their life
expectancy. Furthermore, suppression of disease was associated with down regulation of
inflammatory IL-17+CD4+ICOS+CXCR5+ follicular helper T cells, plasma cells and memory
B cells. We have previously shown that oral anti-CD3 suppresses murine models of EAE23

and diabetes.24 We now demonstrate that oral anti-CD3 can suppress lupus, a prototypic
antibody-mediated disease in mice. We studied the therapeutic effects of oral anti-CD3 in a
peptide-accelerated lupus model in SNF1 mice. Lupus prone SNF1 mice uniformly produce
pathogenic anti-DNA autoantibodies under the influence of certain Th cells and develop severe
lupus glomerulonephritis.50-52 Th clones derived from nephritic SNF1 mice rapidly induce
immune deposit glomerulonephritis when transferred in vivo into young preautoimmune SNF1
mice.53 Approximately 50% of such pathogenic T-cell clones are highly responsive to
nucleosomal antigens54 and one of the determinants is in histone protein H4 sequence
71-94.31 Systemic immunisation of histone peptide H471 in SNF1 mice leads to early
development of autoantibodies and glomerulonephritis.30 Oral anti-CD3 prior to systemic
immunisation of H471 in SNF1 mice suppressed the development of severe glomerulonephritis
and proteinuria. This was associated with a downregulation of IgG anti-dsDNA and anti-H471
autoantibodies.

We previously showed oral anti-CD3 led to the induction of CD4+CD25-LAP+ regulatory T
cells.23,24 The anti-CD3 antibody was rapidly taken up in the intestinal tract and appeared in
the villous epithelium within 30 min and increased at 1 h and 3 h after feeding.23 After oral
anti-CD3, LAP+ regulatory T cells are first induced in the mesenteric lymph nodes after which
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they migrate to sites of inflammation. Thus, we observed increased numbers of LAP+ T cells
in the popliteal lymph nodes in EAE animals immunised with proteolipid protein in CFA.23

In addition, in our oral anti-CD3 study in animals with streptozocin-induced diabetes, we found
an increase of LAP+ T cells in the pancreatic lymph nodes.24 Thus, it appears that one of the
properties of LAP+ regulatory T cells is their ability to migrate to sites of inflammation where
they exert their regulatory effects. Furthermore, we eluted anti-CD3 antibody from the upper
intestine of anti-CD3-fed animals and found that the eluted anti-CD3 antibody was biologically
active in that it was able to stimulate naive T-cell proliferation to an equivalent of ∼0.01 μg/
mL of anti-CD3 antibody in vitro.24 The CD4+CD25-LAP+ regulatory T cell express surface
LAP which identifies a class of regulatory T cells that function in a TGF-β-dependent fashion.
22,25-28 LAP is the aminoterminal domain of the TGF-β precursor peptide and remains non-
covalently associated with the TGF-β peptide after cleavage, forming the latent TGF-β
complex. We studied purified (above 95% purity) CD4+CD25-LAP+ T cells from oral anti-
CD3-treated SNF1 mice by real time RTPCR (Reverse Transcription Polymerase Chain
Reaction) and found the relative expression of TGF-β was five times higher than CD4+CD25-
LAP-T cell (data not shown). This finding was also demonstrated in our previous study on oral
anti-CD3 in EAE mice.23 CD4+LAP+ T cells appear to be distinct from naturally occurring
CD25+ regulatory T cells, though it has been reported that CD4+CD25+ T cells may express
TGF-β on their surface and mediate their suppressive function by presenting TGF-β to a
receptor on target cells via cell-to-cell contact.22,26,28,29 In this study, we also find that oral
anti-CD3 in lupus prone SNF1 mice led to the upregulation of CD4+CD25-LAP+ regulatory
T cells that were still detectable 90 days after treatment. This suggests that, like the naturally
occurring CD4+CD25+ regulatory T cells, the inducible CD4+CD25-LAP+ regulatory T cells
are able to persist in the periphery. We did not observe changes in frequency of CD4+CD25+
regulatory T cells following oral anti-CD3. In addition, the inducible LAP+ regulatory T cells
suppress effector T-cell function in a TGF-β-dependent fashion. However, in contrast to the
former, the latter do not express the molecular marker foxp3, and suppression does not require
direct contact between the regulator and responder. These findings suggest that there are
fundamental differences between naturally occurring and inducible regulatory T cells.
Generation of inducible regulatory T cells can be beneficiary to SLE in that they can restore
the deficit in immune regulation due to a lack of naturally occurring CD4+CD25+ regulatory
T cells.16,17

The production of nephritogenic antinuclear autoantibodies in SLE is driven by cognate
interactions between select populations of autoimmune Th and B cells.51,55-57 A distinct subset
of T cells, follicular helper T cells, selects mutated, high affinity B cells within germinal centers,
7 and they are needed to initiate plasma cell generation58,59 and antibody production.60,61

Numerous recent studies have shown that IL-17 producing T-helper cells constitute a distinct
CD4+ T-helper population that differs in function and phenotype from classical T-helper type-1
and type-2 populations.62 IL-17 is linked to the induction of autoreactive humoral immune
response because a deficiency in or blockade of IL-17 is associated with a decline in the
autoantibody response.63-65 Here, we find that follicular helper T cells in SNF1 mice express
the inflammatory cytokine IL-17. This result correlates with findings by Hsu et al.66 which
show autoimmune BXD2 mice express heightened levels of IL-17 and that IL-17 is required
for the spontaneous development of germinal centres and production of pathogenic
autoantibodies in these mice. Injection of antagonistic antibody to IL-17 in mice disrupted T
and B cell interaction and the formation of germinal centres and autoantibodies.66 Oral anti-
CD3 suppressed the formation of CD4+ICOS +CXCR5+ follicular helper T cells. This
correlates with a downregulation of CD73+ memory B cells and autoantibodies following oral
anti-CD3. Oral anti-CD3 also led to a downregulation of IL-17 expression by the follicular
helper T cells. Oral anti-CD3 in mice with spontaneous lupus also resulted in reduced plasma
cells in spleens and IL-17+CD4+ T-cell infiltration in kidneys. Thus, it appears that oral anti-
CD3 suppresses lupus in mice by disrupting cognate interaction of follicular helper T cells and
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B cells thus reducing autoantibody production and antibody-antigen immune complex
mediated glomerulonephritis.

We performed our experiments with a F(ab’)2 antibody to eliminate any potential side effects
related to the Fc portion of the molecule that might occur after multiple administrations of the
antibody orally. We observed no mitogenic effect of oral hamster CD3-specific F(ab’)2
antibody in mice and no evidence of cytokine release syndrome (wasted appearance, ruffled
fur) even after 30 oral administrations. Further more, we did not observe an anti-globulin
response against anti-CD3 in mice orally treated with anti-CD3 (data not shown). Oral
administration of CD3-specific antibody is applicable for chronic therapy and would not be
expected to have side effects including cytokine release syndromes and anti-globulin
responses.

In summary, we have shown that oral anti-CD3 antibody induces a CD4+CD25-LAP+
regulatory T cell that suppressed T-helper cell function leading to downregulation of
autoantibody production and glomerulonephritis in murine lupus and it is applicable for
treatment of human SLE.
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Figure 1.
Suppression of accelerated lupus by oral anti-CD3. (A) SNF1 mice (eight/group) were fed three
5-day courses of 5 μg isotype control (IC) or anti-CD3 antibody before immunization with
H471 peptide to accelerate lupus development. Proteinuria was measured weekly. This
experiment was repeated once with similar results. (B) On day 90 following H471 peptide
immunization, kidney pathology was examined by PAS. Kidneys of all mice-fed IC (left) or
anti-CD3 (right) antibody were graded by light microscopy on a scale of 0-4 as follows: 0 - no
lesions; 1 - minor thickening of capillaries; 2 - focal and/or diffuse thickening of capillaries in
30-60% of the glomeruli; 3 - all capillaries of all glomeruli affected and 4 - sclerosis of
glomeruli and numerous tubular casts. Percentages of glomerulonephritis scores in each group
are presented as pie charts (P value derived from Wilcoxon rank sum test). (C) anti-dsDNA
and (D) anti-H471 autoantibodies in mouse serum were measured by ELISA with 1 in 1000
dilution of serum (P value derived from t-test). Each symbol represents one mouse and means
of each group are represented by cross bars.
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Figure 2.
In-vitro suppression by CD4+CD25-LAP+ regulatory T cells. (A) SNF1 mice (eight/group)
were fed three 5-day courses of 5 μg isotype control (IC) or anti-CD3 antibody, and 90 days
after the last feeding, splenocytes were examined by flow cytometry. Analysis was performed
on gated CD4+CD25-7AAD- auto-fluorescent negative T cells. Representative contour plots
of two independent experiments are shown. Prior to functional tests, we analysed the purity of
(B) negatively selected CD4+ T cells (CD3 expression shown is on gated CD4+ T cells) and
(C) sorted CD4+CD25-LAP+ T cells (LAP expression shown is on gated CD4 +CD25-T cells).
(D) SNF1 mice (four/group) were fed a 5-day course of 5 μg IC or anti-CD3 antibody, and 72
h after the last feeding, CD4+CD25-LAP+ T cells of IC (clear bars) or anti-CD3 (filled bars)-
fed SNF1 mice were isolated from MLNs and cultured with plate bound anti-CD3, and anti-
CD28 antibody and cytokines in culture supernatant were determined. This experiment was
repeated four times with similar results (P values derived from t-tests). (E) SNF1 mice (eight/
group) were fed a 5-day course of 5 μg IC or anti-CD3 antibody, and at 72 h after the last
feeding, CD4+CD25-LAP+ T cells were sorted from MLNs and co-cultured with CD4+CD25-
LAP-T cells sorted from PLNs of naive mice at a 1:1 ratio in the presence of soluble anti-CD3
and anti-CD28 antibodies plus anti-mouse TGF-β or IL-10 neutralizing antibodies or control
antibody for 96 h (P value derived from two-way ANOVA test). Regulatory T cells (bottom
chamber) and T-responder cells (top chamber) were also cultured in a transwell system with
soluble anti-CD3 and anti-CD28. Proliferation represents responder T cells (P value derived
from two-way ANOVA test). This experiment was repeated four times and a representative
experiment is shown. (F) CD4+CD25-LAP+ T cells were sorted from MLNs following a course
of feeding, fixed and permeablised before being stained with biotinlyted anti-mouse foxp3
antibody and FITC-conjugated streptavidin.
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Figure 3.
Oral anti-CD3 downregulated follicular helper T cells, memory B cells and IL-17 expression.
SNF1 mice (eight/group) were fed three 5-day courses of 5 μg isotype control (IC) or anti-CD3
antibody, and 90 days after the last feeding, splenocytes were examined by flow cytometry.
Analysis was performed on gated 7AAD- auto-fluorescent negative (A) CD4+ T cells and (B)
CD19+ B cells. Representative contour plots of two independent experiments are shown here.
(C) CD4+ICOS-CXCR5-conventional T cells and CD4+ICOS+CXCR5+ follicular helper T
cells were sorted from spleens of IC or anti-CD3-fed mice on day 90 after the last feeding,
fixed and permeablised before being stained with PE-conjugated anti-mouse IL-17 antibody.
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Figure 4.
Oral anti-CD3 improved survival and downregulated autoantibody production in SNF1 mice
with spontaneous lupus. (A) SNF1 mice (eight/group) at 7-month old with persistent
proteinuria (three consecutive weekly reading of >300 mg/dL) were fed six 5-day courses of
5 μg isotype control (IC) or anti-CD3 antibody over 12 weeks. Mice were followed for 90 days
after treatment and percentage of survival in each treatment group was recorded weekly. This
experiment was repeated once with similar results. (B) SNF1 mouse serum diluted 1 in 1000
was used in ELISA for the detection of IgG, IgG1 and IgG2a anti-dsDNA antibodies (P value
derived from t-test). Each symbol represents one mouse and means of each group are
represented by cross bars.
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Figure 5.
Oral anti-CD3 downregulated plasma cell and memory B-cell formation in spleens and reduced
IL-17+ inflammatory T-cell deposition in kidneys of SNF1 mice with spontaneous lupus. SNF1
mice (eight/group) at 7-month old with persistent proteinuria (three consecutive weekly reading
of >300 mg/dL) were fed six 5-day courses of 5 μg isotype control (IC) or anti-CD3 antibody
over 12 weeks. In all, 90 days after the last feeding, spleens were harvested and stained with
(A) Alexa fluor 594 anti-mouse CD138 or (B) CD73 antibody. Pictures were taken at ×40
magnification. (C) Mouse kidney sections were stained with FITC-conjugated anti-mouse
IL-17 and PE-conjugated anti-mouse CD4 antibodies. Pictures were taken at ×10
magnification.
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