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Abstract
Targeting co-stimulatory molecules to modulate the immune response has been shown to have
useful therapeutic effects for autoimmune diseases. Among the co-stimulatory molecules, CD2
and CD58 are very important in the early stages of generation of an immune response. Our goal
was to utilize CD2-derived peptides to modulate protein-protein interactions between CD2 and
CD58, thereby modulating the immune response. Several peptides were designed based on the
structure of the CD58 binding domain of CD2 protein. Among the CD2-derived peptides, peptide
6 from the F and C β-strand region of CD2 protein exhibited inhibition of cell-cell adhesion in the
nanomolar concentration range. Peptide 6 was evaluated for its ability to bind to CD58 in Caco-2
cells and to CD48 in T cells from rodents. A molecular model was proposed for binding a peptide
to CD58 and CD48 using docking studies. Furthermore, in vivo studies were carried out to
evaluate the therapeutic ability of the peptide to modulate the immune response in the collagen-
induced arthritis (CIA) mouse model. In vivo studies indicated that peptide 6 was able to suppress
the progression of CIA. Evaluation of the antigenicity of peptides in CIA and transgenic animal
models indicated that this peptide is not immunogenic.
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Introduction
Many biological therapeutic agents that have gained momentum for treating autoimmune
diseases are focused on targeting T cell-mediated immune response. In the T cell-mediated
immune response process, co-stimulatory molecules are very attractive targets for treating
inflammatory and autoimmune diseases. Different strategies have been developed to block
co-stimulatory signals. These include the use of antibodies, recombinant proteins, peptides,
and small molecules. Among the co-stimulatory molecules, CD2-CD58 is very important in
the early stages of immune response. To generate an immune response, T-cell receptors
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(TCR) engage with the antigenic peptide: major histocompatibility complex (pMHC) on the
surface of antigen-presenting cells (APC), constituting the first signal (Signal 1) (1). The co-
stimulatory signal (Signal-2) is delivered by cell adhesion molecules, including CD2-CD58,
LFA-1-ICAM-1 (CD11a-CD18-CD54), and CD28-B7 (CD28-CD80) (2–6). Co-stimulatory/
adhesion molecules have important roles in the tight adhesion of T cells to APC. Studies
related to kinetics of interaction of TCR-pMHC indicated that the affinity of TCR for pMHC
is on the order of 10−4–10−6 M (2). In the presence of TCR-pMHC interaction (Signal-1),
blocking of one or more of the pairs of co-stimulatory signals will result in prevention of the
primary immune response (7, 8). CD2 is a transmembrane protein in T cells that binds to its
ligand CD58 on APC in humans and on CD48 in rodents. Protein-protein interaction
between CD2 and CD58 helps to enhance T cell-APC adhesion and thus promotes T-cell
activation. In addition to its adhesion function, CD2 has also been suggested to be involved
in signaling (2–4). Blocking of the CD2-CD58 interaction leads to immunosuppression in
both model systems and humans, indicating its importance for the cellular immune response.
Alefacept, a recombinant human CD58-Ig fusion protein that effectively binds to CD2 and
prevents its interaction with CD58 expressed on APC, has been shown to be efficacious in
the treatment of moderate-to-severe chronic plaque psoriasis in adult patients with psoriatic
arthritis (PsA) (6, 9, 10) .

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease characterized by
infiltration by T cells and inflammation of the synovium (11, 12). A recent study has shown
an association between the high expression of CD2/CD58 molecules and RA (13). CD58
expression is known to be upregulated in inflammatory lesions; this leads to targeted
recruitment of T cells into inflammatory sites (11, 12, 14, 15). CD58 is widely distributed
among cell types of the synovial microenvironment and provides numerous cell types with
which lymphocytes can interact via CD2 molecule. It is proposed that the onset of
autoimmunity is associated with CD58 upregulation and ligation of CD2 on dendritic cells;
subsequent autocrine release of IL-1β increases the release of IL-12 and, in turn, activates T
cells (16). CD2-CD58 interactions facilitate T cell-APC contact at close proximity. These
interactions result in induction of IFN-γ and subsequent regulation of HLA-DR, ICAM-1,
and B-7 molecules on APC, resulting in amplification of the signal required for generation
of an immune response. Furthermore, CD2 is densely expressed on memory T cells, making
it an important target for understanding the immune response during transplantation(5, 8, 9,
17–19) and in autoimmune diseases.

Our goal was to utilize CD2-derived peptides to modify protein-protein interaction between
CD2 and CD58 and modulate the immune response. The peptides were designed based on
the structural epitope of the CD58 binding domain of CD2 protein. We have used peptides
from the CD2 protein based on the structural epitope of the CD58 binding domain of CD2
for modulating immune response (20–25). In our earlier work, we have shown that the
peptides designed from CD2 protein were able to inhibit cell adhesion between Caco-2 cells
and T cells at low nanomolar concentration (26). In this paper, we describe the in vivo
activity of a peptide (peptide 6) in frequently studied mouse model of rheumatoid arthritis,
collagen-induced arthritis (CIA). In vivo studies suggested that a conformationally
constrained peptide designed from CD2 was able to suppress the progression of CIA in a
therapeutic protocol in DBA/1 mice. We further evaluated the ability of peptide 6 to
modulate antigen-specific immune response in a human RA-relevant animal model by
utilizing CIA-susceptible HLA-class II transgenic mice. Our in vitro data shows that this
peptide binds to CD58-bearing Caco-2 cells as well as to CD48 (homologous to CD58 in
humans) from rodents. A molecular model is proposed for binding peptide 6 to CD58 and
CD48 using docking studies. Modulation of the interaction between CD2-CD58 could cause
suppression of cellular and humoral immune responses, leading to a therapeutic effect that is
clinically significant for autoimmune diseases such as RA.
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Experimental Methods
Peptides

Synthesis of the control peptide (Table 1) was carried out by solid-phase peptide synthesis
using a peptide synthesizer (Tribute, Protein Technologies, Inc. Tucson, AZ) at Louisiana
State University (LSU) peptide synthesis facility. Cyclic peptide 6 and fluorescently labeled
peptide were custom synthesized by New England Peptide LLC (Gardner, MA, USA). The
purity of the products was analyzed by HPLC, electrospray mass spectrometry (ESI-MS),
and high resolution mass spectrometry (HR-MS). Analysis of the peptides for purity by
HPLC indicated >90% pure peptides and correct molecular ion.

Cell lines/cells
The human colon adenocarcinoma cell line (Caco-2) and the T-leukemia Jurkat cell line
were obtained from the American Type Culture Collection (Rockville, MD, USA). Caco-2
cells were maintained in minimum essential medium-α containing 20% FBS, 1%
nonessential amino acids, 1 mM Na-pyruvate, 1% L-glutamine, and 100 mg/L of penicillin/
streptomycin. T cells were maintained in RPMI1640 (Gibco/BRL, Bethesda, MD)
supplemented with 10% FBS, 2 mM L-glutamine, 100 mg/L of penicillin/streptomycin, and
5 mg of bovine insulin in 500 mL medium.

Competitive binding studies
The competitive binding of peptide 6 with FITC-labeled antibody CD58 was evaluated
using flow cytometry. Caco-2 cells were suspended in PBS at a density of 1 × 106 cells/100
µL in 1.5 mL Eppendorf tubes. 50 µL of FITC-labeled anti-CD58 was added and used as a
positive control. In another set of Eppendorf tubes, Caco-2 cells were added with 50 µL of
FITC-labeled anti-CD58, 100 µL of peptide 6 at different concentrations was added and
incubated for 30 min at 4 °C. After the incubation, the cells were spun down at 720 × g at
room temperature for 10 min and resuspended in 4–5 mL of PBS. The solution was then
transferred into flow cytometry tubes on ice and covered with aluminum foil. The samples
were analyzed using a BD FACS flow cytometer. Fluorescence from antibody/peptide was
detected using excitation λ at 485 nm and emission λ at 528 nm. The shift in the number of
cells with or without FITC was observed. The negative control was Caco-2 cells without
FITC-anti-CD58. Caco-2 cells simultaneously treated with the peptide at various
concentrations and with FITC-labeled anti-CD58 were analyzed using flow cytometry.
Competitive binding was also analyzed by fluorescence plate reader assay. Approximately 1
× 104 Caco-2 cells were coated on 96-well plates. After the cells achieved confluence, they
were incubated with FITC-AbCD58 (pre-diluted, 20 µL) and/or peptide 6 for 1 h. After
washing three times, medium was added and fluorescence was read using a microplate
reader at excitation λ 485 nm and emission λ 528 nm. Data were obtained from triplicate
experiments. Fluorescence from the blank was subtracted for the final representation.

Binding of fluorescently-labeled peptide 6 to Caco-2 cells bearing CD58 in the presence of
unlabeled anti-CD58

Peptide 6 was labeled with fluorescent 5-carboxyfluorescein (5FAM), and its competitive
binding was evaluated with anti-CD58 on Caco-2 cells expressing CD58 protein using a BD
FACS flow cytometer. Experimental details were similar to those explained above. Cells
were first incubated with unlabeled antibody and then with fluorescently labeled peptide 6.

Peptides from CD2 bind to mouse cells bearing CD48
Rodents express CD48, a homolog of CD58 (27). To evaluate the binding of peptide 6 to
CD48, T cells from the spleens of DBA/1 mice (Harlan Laboratories, Indianapolis, IN,
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USA) were utilized. The spleen of a mouse was harvested and crushed for single cell
suspension. Cells were centrifuged, the supernatant portion was discarded, and T cells were
isolated from the spleen using established procedures (28). The expression level of CD48 on
mouse T cells was evaluated using FITC-anti-CD48. The competitive binding of peptide 6
with FITC-labeled antibody CD48 was evaluated using flow cytometry. T cells were
suspended in PBS at a density of 1 × 106 cells/100 µL in 1.5 mL along with 50 µL of FITC-
labeled anti-CD48 and used as a control. In another set of experiments, isolated T cells were
incubated with 50 µL of FITC-labeled anti-CD48 for 30 min at 4 °C, after which different
concentrations of peptide P6 (50, 100, 200 µM) were added followed by an incubation
period of 30 min at 4 °C. After the incubations, the cells were spun down at 720 × g at room
temperature for 10 min and resuspended in 4–5 mL of PBS. The samples were analyzed
using a BD FACS flowcytometer.

Docking
Docking of peptide 6 to CD58/CD48 protein was performed using AUTODOCK
software(29) . Crystal structures for CD58 (PDBID: 1QA9) (30) and CD48 (PDB ID: 2PTT)
(31) were obtained from the Protein Databank (32). Solvent molecules were removed and
polar hydrogen atoms were added to the structure. A grid box with dimensions of
128×128×128 Å3 was used for calculations covering residues 22–32 and the CD2 binding
surface of CD58 protein. In earlier publications we described the three-dimensional structure
of peptide 6 using NMR and molecular dynamics simulations (26). From the family of NMR
structures, a representative structure of peptide 6 was chosen for docking calculations. The
structure of peptide 6 was saved as a mol2 file and converted to pdbqt files in Autodock
using Autodock tools. Peptide 6 was made flexible for docking calculations using the
autotorsions option in the Autodock tools software. Docking calculations were performed in
two stages. First, a trial was carried out with 10 runs and 250,000 energy evaluations. In the
second stage, 100 runs with 10 million evaluations were carried out using a Lamarkian
genetic algorithm for docking. Docking calculations were performed on a Linux cluster on
high-performance supercomputers at LSU Baton Rouge via Louisiana Optical Network
Initiative (LONI). Docked structures were listed in increasing order of energy, and low
energy clusters were used as the most probable binding models. Docking calculations were
repeated three times by changing the total number of runs and keeping all other docking
parameters constant. Structures from low energy docking were displayed and analyzed using
PyMol software (Schrodinger LLC, Portland OR).

In vivo studies
Female DBA/1 mice were obtained from Harlan Labs for in vivo studies. Mice were divided
into seven groups with eight mice in each group (control, arthritic mice, arthritic mice
treated with control peptide, arthritic mice treated with peptide 6 at concentrations of 1 mg/
kg, 0.5 mg/kg and 0.25 mg/kg.), and vehicle control (PBS). Arthritis was induced in mice by
intradermal injection of type II collagen formulation (CII) emulsified in Freund’s complete
adjuvant (CFA) following published procedures (33–35). One hundred microliters of the
emulsion containing 3 mg/mL of CII was injected intradermally at the base of the tail for the
first immunization. 21 days post immunization, a booster injection of CII emulsified with
incomplete Freund’s adjuvant (IFA) was given (33, 34). Peptide 6 and control peptide were
dissolved in PBS and injected by intravenous route in the tail vein beginning on day 22.
Peptide 6 was administered on alternate days for a total of 5 injections. The dosage of
peptide 6 was 0.25, 0.5 and 1 mg/kg in 100 µL total volume of PBS. Similar injections were
done with control peptide (Table 1) at 1 mg/kg dose. All mice were monitored beginning on
day 21 for onset and severity of arthritis. Clinical signs of CIA were assessed by two
different methods: 1) scoring of visual appearance of the mouse limb and 2) histopathology
of the joints. Wrist and ankle joints were inspected on alternate days beginning on the 21st
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day post-immunization. The visual appearance of the limbs was graded on a scale of 0–4
(33, 34- 37) where 0 = no arthritis, 1 = paws with swelling of 1 joint (wrist/ankle or digit), 2
= swelling of 2 joints or more, 3 = swelling of all joints, and 4 = ankylosed joints. The
scores were determined for all 4 paws. A maximal score of 4 can be reached per paw,
resulting in a maximum total score of 16 per mouse. Statistical differences among the groups
for disease onset and severity were determined compared to the control peptide by Mann
Whitney Test and one-way Anova analysis using GraphPad Prism (La Jolla, CA). For
analysis, data from 40 to 46 days were compared. P values <0.05 were considered
significant. Analysis was also done within the treatment groups to compare the effect of
different doses of peptide 6. The mice were sacrificed on day 57. Histopathology for disease
severity was done on hind limbs in 4 mice from each group as published (37). Hind limbs
were fixed in 10% formalin and decalcified in EDTA for 60 days. Decalcification was
verified by adding oxalic acid and observing the precipitate. Sections were stained with
haematoxylin and eosin (H & E). At the end of the experiment, sera from all mice were
collected and used for collagen antibody analysis. In vivo experiments were repeated twice.
Data shown are for one set of experiments.

T-cell proliferation assay
DBA-1 mice were immunized with 100 µg of native type II collagen emulsified with
Complete Freund’s adjuvant 12 days prior to the T-cell proliferation assay. Naïve mice
without type II collagen injection were used to generate APCs. Spleen cells isolated from the
immunized and control mice (mice without administration of collagen) were suspended in
Dulbecco’s Minimum Essential medium (DMEM) supplemented with 1% homologus
normal serum, penicillin-streptomycin, and 2-mercaptoethanol. A prewashed nylon-wool
column was used to specifically filter T cells. Cells were washed 3 times with DMEM and
then loaded onto the column inserted in a 10 mL syringe, which was then incubated for 30
min in a CO2 incubator at 37 °C. The unbound cells were eluted with 20 mL DMEM and
then centrifuged at 116 × g for 8 min. Approximately 4 × 106 cells were collected and
suspended in DMEM. Spleens of normal mice were collected in a similar manner. 0.1 mL (4
× 106 cells) enriched T-cells, 0.1 mL (1 × 107 cells) of APC, and 10–20 µL of 1 mg/mL
arthrogen-CIA T-cell grade type II collagen (Chondrex, Inc. Redmond, WA) were seeded in
96-well flat bottom plates and incubated at 37 °C for 3 days in a CO2 incubator. After 3
days, peptide 6 was added at 1 and 0.25 µM concentrations. Inhibition studies were done by
adding anti-CD4 and anti CD8-antibodies (100 µM) to culture wells. Concanavalin (Con A)
(20 µg/mL) was used as a positive control while medium containing only cells was used as a
negative control. Plates were incubated for 45 min in a CO2 incubator at 37°C. This was
followed by the final step of reading the fluorescence using a CellTiter-Glo® (CTG) assay
with a plate reader. Similar experiments were performed using control peptide (Table 1) (36,
38). Proliferation was represented as relative fluorescence intensity and compared with
controls.

The immunogenicity of peptide 6 was also determined using human leukocyte antigen
(HLA) transgenic mice expressing the HLA-DQA1*0301, DQB1*0302 (DQ8) gene but
lacking all four chains of mouse endogenous class II molecules, DQ8.AE° mice. Generation
of HLA-DQ8 mice has been described previously (39, 40). HLA-DQ8 mice are susceptible
to develop collagen-induced arthritis. Mice were immunized with 200 µM of peptide 6 and a
control CII-derived peptide (200 µg) known to be non-immunogenic in DQ8 mice, as
published (41). Ten days post-immunization, lymph node cells (LNCs) were harvested and
cultured in vitro. LNCs (1 × 106) were cultured in HEPES-buffered RPMI 1640 containing
5% heat-inactivated horse serum and antibiotics streptomycin and penicillin in 96-well flat
bottom tissue culture plates. Cells were challenged by adding 100 µL of RPMI medium
(negative control), Con A (20 µg/mL, positive control) and varying concentrations of
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peptide 6 and control peptide. The cells were incubated for 48 h at 37 °C. During the last 18
h, the cells were pulsed with 3H-thymidine (1 µCi/well). At the end of the assay, the cells
were harvested using a plate harvester, and incorporated radioactivity was determined using
an automated counter (Microbeta, Perkin Elmer Wallac). The results are depicted as delta
cpm.

Measurement of anti-collagen Ab levels
At the termination of the study, blood samples were collected through tail vein puncture
from all the mice. The serum was separated by centrifugation at 824×g and was used for
determining anti-collagen Ab titers in various groups of mice. Immulon II plates ( Dynex
technologies, VA) were coated with bovine type II collagen (1 µg/mL, 0.1 mL/well) in
carbonate/bicarbonate buffer and kept overnight at 4 °C. The following day the plates were
washed with PBS containing 0.05% Tween-20 and blocked with 1% BSA for 30 minutes.
Serum samples were diluted 50-fold in 1% BSA followed by threefold serial dilutions. 50
µL of the diluted samples were added into the well in triplicate and incubated for 2 h at room
temperature followed by washing with PBS containing 0.05% Tween-20. Bound anti-
collagen Abs were determined using HRP-labeled goat anti-mouse IgG (H+L chain specific,
Southern Biotechnology Associates, Birmingham AL, USA) at 100 µL/well (1:5000) and
incubated for 2 h at room temperature. The plates were washed again with PBS containing
0.05% Tween-20, and tetramethyl benzidine (TMB) (Kirkegaard and Perry Labs,
Gaithersburg, MD, USA) (100 µL/well) was added to each well. Color was allowed to
develop for 15 min before stopping the reaction with 1 M sulfuric acid. Absorbance was
read at 450 nm with background subtraction at 630 nm (42). Readings were taken in
triplicate and the experiment was repeated twice.

Results
Peptide 6 competitively binds to Caco-2 cells bearing CD58 in the presence of FITC-
labeled anti-CD58

Peptide 6 was designed from the CD58 binding region of CD2 protein and, hence, was
presumed to bind to CD58. To evaluate the binding of peptide 6 to CD58, Caco-2 cells that
express CD58 were used in a competitive binding study with FITC-anti-CD58 using a
fluorescence assay and flow cytometry. Expression of CD58 protein on Caco-2 cells was
verified by binding of FITC-anti-CD58. For fluorescence assays using a plate reader,
peptide 6 was incubated at various concentrations (0.05 to 10 µM) in the presence of FITC-
anti-CD58 and relative fluorescence was measured. In the presence of peptide 6, the
fluorescence intensity of FITC-anti-CD58 was decreased drastically even at 0.05 µM
concentration of the peptide, suggesting competitive binding of peptide 6 to CD58 protein
on Caco-2 cells (Figure 1). Flow cytometry analysis indicated that, as concentration of the
peptide was increased from 1 to 100 µM, there was a shift of cells that were labeled with
FITC-anti-CD58; this suggests the competitive binding of peptide 6 to CD58. Nearly 60%
antibody binding inhibition was observed at 100 µM concentration of the peptide (Figure 2).
Since antibody is known to bind to the adhesion domain of CD58, the results clearly indicate
that the peptide binds to the CD2 binding region of CD58. To further evaluate whether
fluorescently-labeled peptide can bind to CD58 in the presence of anti-CD58, unlabeled
anti-CD58 was used. Unlabeled anti-CD58 and 5FAM-labeled peptide 6 were incubated
with Caco-2 cells and analyzed by flow cytometry. There was no change in 5FAM-peptide 6
stained cells when anti-CD58 was added (Figure 3), suggesting that 5FAM-labeled peptide 6
competes with antibody binding to CD58 and confirming the results described above.
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Peptide 6 binds to mouse cells bearing CD48
In rodents, the CD2 binds to its ligand CD48, a homolog of CD58, to generate an immune
response (27). CD48 has high degree of homology with CD58 and a similar 3-D structure
(31, 43). The adhesion domains of CD48 and CD58 proteins overlap with backbone rmsd of
1.8 Å (Figure 4). Our objective was to evaluate the binding of peptide 6 to CD48 on T cells
derived from mice. T cells were isolated from mouse spleen and CD48 expression and its
binding of peptide 6 was analyzed by flow cytometry. When peptide 6 was incubated with T
cells from mice at various concentrations in the presence of FITC-anti-CD48, there was a
shift in the cell population compared to that of FITC-anti-CD48 stained cells in the absence
of peptide 6. At 100 µM of peptide 6, nearly 50% antibody binding inhibition was observed,
and at 200 µM of peptide 6, nearly 80% inhibition of antibody binding was observed; this
suggests that peptide derived from human CD2 binds to CD48 on cells derived from mice
(Figure 5).

A model for binding of peptide 6 to CD58 and CD48
From the antibody binding inhibition studies using peptide 6, it is clear that the peptide from
CD2 protein binds to human CD58 as well as to mouse CD48. We generated a model of
peptide 6 and protein CD58/CD48 interaction, by docking studies. Low energy docked
structures were analyzed for possible binding sites of peptide to the protein. In the case of
CD58 and peptide 6 docking, the lowest energy structure had interaction energy of –2.9
kcal/mol. Structures within 2 kcal/mol of this lowest energy were used for analysis as
possible binding modes. The low energy docked structures formed three clusters on the
CD58 protein surface. All three clusters were near the CD2 binding surface of the CD58
protein. One of the three modes of binding of peptide 6 is represented in Figure 6A. The
binding surface involved the amino acid residues Phe46, Asp33, Lys34, Lys29, and Lys30
from CD58 that are important in binding to CD2 protein. Peptide 6 formed two hydrogen
bonds with CD58, Asp 7 of the peptide with Lys34 backbone carbonyl and amide hydrogen.
There was a hydrophobic interaction between Tyr3 of the peptide and Phe46 of CD58
protein.

Binding of peptide 6 to CD48 showed a low energy of −2.8 kcal/mol. A representative
docked structure is shown in Figure 6B. Peptide 6 was docked near the amino acid residues,
Arg87, Lys41, Phe54, Glu44, Arg31, and Asn46 on the CD48 protein surface. These
residues are in the CD2 binding region of CD48. Peptide 6 exhibited three hydrogen
bonding interactions with CD48, between Lys10 of peptide 6 to Glu95 of CD48, Asp7 of
peptide 6 to Lys41 and Arg87 of CD48, and peptide 6 to Arg31 of CD48. There was a
hydrophobic interaction between peptide 6 of Tyr3 to Phe54 and Lys 31 of the side chain of
CD48. Although peptide 6 docking studies indicated binding of peptide 6 to CD58 and
CD48 proteins, the docking mode was different in CD58 and CD48.

Peptide 6 does not exhibit any immunogenicity in mice
To investigate if peptide 6 is immunogenic and generates immune response upon
administration [36, 39], mice were primed with peptide 6. The immunogenicity of peptide 6
was tested by measuring the response of the lymph node cells (LNCs) and splenic cells,
isolated from the primed mice, to the peptide in vitro. Varying doses of peptide 6 did not
generate any measurable T-cell response in splenic cells. Proliferation of T cells challenged
with peptide 6 at 1 and 0.25 µM was comparable to that of the control and anti-CD4- and
anti-CD8-treated T cells, suggesting that peptide 6 does not produce any immune response
and, hence, is not immunogenic in the mouse model (Figure 7). Culturing splenic cells with
ConA resulted in significant proliferation, suggesting that the cells and culture conditions
functioned properly (not shown).
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Next, we determined whether peptide 6 is immunogenic to cells expressing HLA genes
associated with susceptibility to RA. For this assay, HLA transgenic mice carrying a RA-
susceptible gene, HLA-DQ8, but lacking endogenous class II molecules, AEoDQ8, were
used. Lymph node cells were isolated from primed mice and cultured in vitro in the presence
or absence of varying concentrations of peptide 6 or a control peptide (Figure 8). The
control peptide was a type II collagen-derived peptide known to be unresponsive in DQ8
mice. There was no significant difference in the T cell response when challenged in vitro by
the control peptide or peptide 6, suggesting that peptide 6 is not immunogenic.

Peptide 6 suppresses CIA in DBA/1 mice
A preclinical animal model of collagen-induced arthritis (CIA) in DBA/1 mice was used to
evaluate the ability of peptide 6 to suppress arthritis in a therapeutic protocol. Peptide P6
was administered via i.v injection starting on day 22 after inducing arthritis and then 5 doses
on alternate days. The disease progression was evaluated by visual appearance of the limbs
in mice and was scored blindly. The mean arthritis score was decreased significantly in
peptide 6-treated mice compared to control peptide-treated and untreated mice (Figure 9).
Among the different doses of peptide 6 used for treatment, 1 mg/kg produced a significant
reduction in arthritis score on days 40 to 46. There was a significant difference between the
control peptide and peptide 6 at different concentrations as indicated by one-way Anova
non-parametric analysis (P = 0.0058). To determine the statistical significance and
variability within the treatment groups, a Mann Whitney test was performed using a 95%
confidence interval. There was a significant difference between treatment groups with 1 mg/
kg and 0.25 mg/kg (P = 0.028). A Mann Whitney test between control peptide and peptide 6
at 1 mg/kg indicated significant differences on days 40–46 (P = 0.029). Because the mice
did not show acute clinical signs of illness (i.e. anorexia, hunched posture, ruffled fur, and/or
lethargy) during dosing or prior to the onset of observed clinical arthritis or any early
mortality, these observations suggest minimal, if any, direct toxicity of the peptide.
Histopathology of paws showed no abnormality in control animals while arthritic mice with
severe disease showed erosion of cartilage and bone resorption (Figure 10 A–D) (44). There
was infiltration of neutrophils, mixed mononuclear inflammatory cells, and fibroblasts
(Figure 10 B,C,D). Animals treated with 0.5 mg/kg peptide 6 showed clear joint space with
normal cartilage interface. Connective tissue surrounding joints was very minimally
infiltrated with mixed inflammatory cells (Figure 10E), suggesting that peptide 6 suppresses
the progression of arthritis in the CIA model.

P6 inhibited the production of anti-collagen Abs
A role of autoreactive T cells and B cells is implicated in CIA. The autoimmune response to
CII can be evaluated by measuring the quantity of the CII-specific antibody in the sera of the
mice (33). To determine whether peptide 6 can inhibit the production of anti CII Abs, serum
samples were analyzed at the termination of the study in seven different groups of mice—
control group without any treatment, arthritic, treatment group (three groups), vehicle
control (PBS), and control peptide. Animals that were administered peptide 6 at 0.5 and 1
mg/kg showed a dose-dependent reduction in the anti-CII antibodies in sera. (Figure 11),
suggesting that blocking interaction between CD2-CD58/CD48 was able to inhibit humoral
immune response in mice.

Discussion
Cell adhesion/co-stimulatory molecules have been targeted for treatment of autoimmune
diseases (6, 19, 45, 46). Among these co-stimulatory molecules, LFA-1, CD80, CD28, and
CD2, as well as CD58 have been shown to be important in autoimmune diseases such as RA
(47, 48). Recently, molecules that target the EGFR kinase domain have shown therapeutic
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effects for RA (49, 50). However, there are more than 500 kinases that have similar ATP
binding sites, making EGFR a difficult target for the design of specific molecules. Our
approach was to use peptides to target the CD2-CD58 interaction. In the present study we
have demonstrated that a peptide, peptide 6, derived from the adhesion domain of CD2,
binds to human CD58 as well as to mouse CD48, and inhibits cell adhesion interaction in the
lower nanomolar concentration range. The adhesion domain of CD2 has important residues
in F and C strands that participate in hydrogen bonding and hydrophobic interaction with
CD58 protein to stabilize protein-protein interactions for cell adhesion (51). Peptide 6 has
Tyr and and Asp residues placed in a β-hairpin structure that resembles F and C strands of
CD2 protein. Antibody binding inhibition assay results clearly suggest that peptide 6 binds
to CD58 expressed on Caco-2 cells. Competitive binding studies showed that peptide 6 can
inhibit anti-CD58 binding to Caco-2 cells, even in the nanomolar concentration range.
Competitive binding studies suggested that although antibody inhibition was relatively low
at a concentration of 0.1 and 0.05 µM peptide compared to 10 and 0.5 µM, there was no
clear evidence of dose-dependent response for antibody binding inhibition of peptide 6
(Figure 1). Since antibody to CD58 binds with high specificity at nanomolar concentration
and complete inhibition of FITC-antiCD58 is difficult to achieve with peptides, we believe
that the observed results did not show concentration-dependent dose response. Since the
antibody binds to the adhesion domain of CD58 and peptides block the antibody binding, we
suggest that peptides from CD2 bind to CD58 and block the CD2-CD58 interaction.

In rodents, the CD2 binding partner homologous to CD58 is CD48 (27). It has been
postulated that CD48 and CD58 have the same evolutionary origin. In mice, CD2 binds to
its ligand CD48 to generate an immune response. CD48 has high degree of homology with
CD58 and a similar 3-D structure (31, 43). The adhesion domains of the two proteins
overlap with backbone rmsd of 1.8 Å. Mutagenesis studies have indicated the important
residues in CD58 (51). The crystal structures of CD58 and CD48 (Figure 4) suggest that the
amino acids that are important in binding to CD2 are similar in both of the structures.
Sequence comparison of human CD2 peptide 6 and rat and mouse CD2 (Table 1) indicates
that rat, mouse, and human CD2 have similar residues in the F and C strands of the protein
that are important in binding to CD58. A sequence comparison of the F and C strands of
CD58 and CD48 suggests that human, mouse, and rat CD2 contain Tyr, an important amino
acid, and two Asp or Glu residues in the binding region (51). Competitive antibody binding
inhibition assays showed that peptide 6 binds to CD48-expressing T cells from mice. Taken
together, these data suggest that peptides derived from human CD2 can bind to CD48 and
modulate immune response in mice. To provide a model for the interaction of peptide 6 with
CD58 and CD48, docking studies were carried out. The proposed model of docking
suggested that peptide 6 binds to the CD58 and CD48 adhesion domains. However, the
binding mode is slightly different in these proteins. In CD58, the binding seems to be in the
lower part of the β-sheets near Lys34 and Phe46, and in CD48 the binding occurs around the
upper part of the β-sheets above Lys41 and near Glu44 and Arg31. The difference observed
in binding for CD48 and CD58 could be due to the mode of binding and the structure used
for analysis based on docking score. For analysis of docking, we used the lowest energy
docked structure to represent the possible mode of binding (Figure 6A & B). However, some
structures that were docked in the binding site on CD58 similar to peptide 6 on CD48 had
somewhat higher energy (2 kcal/mol energy difference compared to that of the lowest
energy docked structures). Hence, for the final representation, they were not included.
Alternatively, the difference in binding site observed for peptide 6 in the case of CD48 and
CD58 may be due to the limitation of the docking methods used in the software.

Our ultimate aim is to demonstrate that peptides derived from CD2 can be used as
therapeutic agents against autoimmune diseases. Rheumatoid arthritis is an autoimmune
disease characterized by inflammation of synovial-lined joints that are infiltrated with T
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cells and upregulation of CD2 and CD58. Collagen-induced arthritis is a well-documented
and widely used as a model for evaluating the efficacy of compounds for treatment of RA
(44) . Administration of peptide 6 to arthritis-induced mice at doses 0.25, 0.5 and 1 mg/kg
suppressed the progression of arthritis, indicating therapeutic ability of peptide 6 to
modulate the immune response in in vivo studies. Mice were treated on alternate days
because daily dosing can cause scarring of the tail vein that can take at least a day to heal. In
an earlier study(26), we reported that peptide 6 inhibits cell adhesion in the nanomolar
concentration range with an IC50 value of 6 nM. Based on in vitro data and previously
reported studies by other research groups(42, 52, 53), we evaluated the effect of peptide 6 at
concentrations of 0.25, 0.5 and 1 mg/kg dose in a therapeutic protocol. Arthritis symptoms
started appear on days 18 to 25, and the severity reached a maximum around day 36. The
arthritis score observed visually and by histopathology confirmed the therapeutic effect of
peptide 6. The suppression of arthritis became apparent after day 36, since the treatment was
started after the development of arthritis, and was significant for days 40–46 (Figure 9). The
major reason for this delayed effect can be explained as follows: the peptide blocks T-cell
response so that no further T- and B-cell activation occurs; however, ongoing inflammation
subsided 10 days post-treatment with peptide 6. After the administration of peptide 6, the
anti-collagen level decreased, leading to suppression of CIA. These observations of are
similar to those observed in other animal models of arthritis (42, 52, 53). These studies were
performed in a therapeutic protocol with clinical relevance to human RA; we believe that an
earlier intervention should also suppress arthritis. Based on thees studies, the authors also
conclude that concentration of peptide 6 must be increased (2 to 5 mg/kg) to observe any
immediate effects of the peptide on CIA. Such studies will be carried out in the future using
a transgenic mouse model for relevance to human disease. Suppression of arthritis was also
associated with a reduction in anti-CII antibody levels. Although several adhesion or co-
stimulatory molecules are involved in the immune response (54), the data from the antibody
binding assay and the docking model suggest that peptide 6 modulates the immune response
mediated by CD2-CD48 interactions in the mouse model.

Peptides and peptide vaccines have been developed to generate the immune response (55)
and, thereby, generate antibodies against a particular cell surface molecule to suppress the
response. However, in our studies, we have directly targeted CD58 protein with peptides to
inhibit protein-protein interaction between CD2-CD58/CD48. Immunogenecity studies on
peptide 6 indicated that this peptide is not immunogenic. Hence, the inhibition and
immunomodulation by peptide via CD2-CD58/CD48 interaction is produced directly by
CD2 peptides and may not be due to antibodies generated against any of these proteins.
Thus, our studies demonstrate that protein-protein interactions between CD2-CD58/CD48
could be modulated by peptides in vitro and in vivo, and that these peptides could be
therapeutically useful for treating autoimmune diseases.

Conclusions and future directions
Conformationally constrained cyclic peptides designed from the CD58 binding region of
CD2 protein bind to CD58-bearing Caco-2 cells. We have also shown that peptides from
CD2 bind to rodent CD48, which is homologous to CD58 in humans. A molecular model is
proposed for binding a peptide to CD58 and CD48 using docking studies. Modeling studies
suggested that peptides from CD2 bind to the adhesion domain of CD58/CD48.
Furthermore, in vivo therapeutic studies suggested that peptide 6 was able suppress the
progression of CIA in an animal model. Evaluation of the antigenicity of peptides in CIA
and a transgenic animal model indicated that they are not immunogenic. These studies
clearly suggest that peptides from co-stimulatory molecules, in particular, CD2, can be used
to modulate immune responses and are helpful in designing therapeutic agents for
autoimmune diseases. Future studies will be focused on the stability and formulation of CD2
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peptides for in vivo administration. Chemical stability as well as the stability of the peptide
in mouse serum will be evaluated.
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Figure 1.
Competitive binding of peptide 6 with FITC-labeled antibody to CD58 protein (anti-CD58 is
known to bind to adhesion domain of CD58) on Caco-2 cells expressing CD58 protein.
Inhibition of antibody binding to Caco-2 cells at different concentrations of peptide 6 is
shown. Relative fluorescence intensity was represented. Approximately 1 × 104 Caco-2
cells/well were coated on 96-well plates. After cells achieved confluence, they were
incubated with FITC-AbCD58 (+ signs, pre-diluted, 20 µL) and/or peptide 6 for 1 h. After
washing three times, medium was added and fluorescence was read using a microplate
reader at excitation λ 485 nm and emission λ 528 nm. Fluorescence from the blank was
subtracted for representation. Data are from triplicate experiments.
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Figure 2.
Competitive binding of peptide 6 with FITC-labeled antibody to Caco-2 cells expressing
CD58 monitored by flow cytometry (BD FACS Calibur). 10,000 cells were counted using
green fluorescence. The figure represents forward and side scatter representation of Caco-2
cells. A) Caco-2 cells without peptide or antibody. More than 85% of the unstained cells are
observed in the lower left quadrant. B) Cells with FITC-AbCD58. There was a forward shift
and more than 82% of stained cells were observed in the lower right quadrant. C, D, E, and
F) Cells with peptide 6 and FITC-AbCD58 at peptide concentrations of 1, 50, 100, and 200
µM, respectively. Notice that in the presence of peptide 6, more Caco-2 cells without
antibody labeling (cell population shifted to left compared to B) were observed, suggesting
the inhibition of FITC-AbCD58 to Caco-2 cells.
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Figure 3.
Competitive binding of fluorescently labeled peptide 6 (5FAM-peptide 6) with anti-CD58 to
Caco-2 cells expressing CD58 monitored by flow-cytometry. 10,000 cells were counted
using green fluorescence. The figure represents forward and side scatter representation of
Caco-2 cells. A) Caco-2 cells without peptide or antibody. B) Cells with 5FAM peptide 6,
100 µM. C) Cells with 5FAM-peptide 6, 100 µM, and anti-CD58. More than 75% of the
cells were stained with peptide 6. D) Cells with 5FAM peptide 6, 200 µM, and anti-CD58.
More than 80% of the cells were stained with peptide 6.
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Figure 4.
Comparison of crystal structures of CD58 and CD48. CD58 is shown as gray and CD48
shown as black. Amino acids from CD58 that are shown to be important in binding to CD2
using mutagenesis are shown as sticks with labels. For comparison, amino acids of CD48
are also shown. Single letter codes for amino acids; first label refers to CD58 and second
label refers to CD48.
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Figure 5.
T cells were collected from mice spleen and treated with FITC-labelled anti- CD48 along
with peptide 6 at various concentrations to evaluate the competitive binding. A) unstained T-
cells were observed in the lower left quadrant. B) Cells+ FITC-labelled anti-CD48; nearly
80% cells shifted into the lower right quadrant. C) Cells+ FITC-labelled anti-CD48+ peptide
6 100 µM. More than 50% cells were found to be unstained in the lower left quadrant. D)
Cells+ FITC-labelled anti-CD48+ peptide 6 200 µM; more than 90% of cells in the lower
left quadrant were found to be unstained.
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Figure 6.
Proposed model for binding of peptide 6 on CD58 and CD48 using docking studies. A) Low
energy docked structure of peptide 6 binding to adhesion domain of CD58. Amino acid
residues that are shown to be important in binding to CD2 on CD58 are shown as sticks
(magenta). Peptide 6 peptide is shown as sticks. B) Low energy docked structure of Peptide
6 binding to adhesion domain of CD48. Residues that are important in binding to CD2 were
compared with CD2-CD58 structure. Similar residues in CD48 are represented as sticks
(magenta). Amino acids from the protein are labeled with single letter codes and those from
the peptide are labeled with three letter codes for clarity.
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Figure 7.
Cells from spleen of mice primed with peptide 6 challenged with peptide 6 for antigenicity.
The results suggest that peptide 6 is not immunogenic. Concanavalin A was used as a
positive control. The signal from ConA was 40 times higher than that of control.
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Figure 8.
Immunogenicity of peptide 6 in HLA transgenic mice expressing human HLA-DQA1*0301,
DQB1*0302 (DQ8) gene but lacking all four chains of mouse endogenous class II
molecules. LNCs (1 × 106) from transgenic mice were cultured. Con A (20 µg/mL, positive
control) and varying concentrations of peptide 6 and control peptide. The cells were
incubated for 48 h at 37 °C. During the last 18 h, the cells were pulsed with 3H-thymidine (1
µCi/well). At the end of the assay, the cells were harvested using a plate harvester, and
incorporated radioactivity was determined using an automated counter (Microbeta, Perkin
Elmer Wallac). The results are depicted as delta cpm. There was no significant difference in
response when challenged in vitro by the control peptide or peptide 6, suggesting that
peptide 6 is not immunogenic.
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Figure 9.
Suppression of arthritis by peptide 6 in collagen-induced arthritis. The bar diagram depicts
suppression of CIA 40 days post-immunization. Mice treated with peptide 6 at
concentrations of 0.25, 0.5 and 1 mg/kg showed statistically significant differences in
arthritis severity (* P<0.05) from days 42–46 compared to the control peptide. Scoring was
done according to the published procedure (0 to 4) as described in the text for all four limbs
with a maximum score of 16. Plots depict mean scores in each group. Only arthritic mice
were used for severity index. Values represent the mean ± SEM.
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Figure 10.
Histopathology analysis of sample from paws from normal, arthritic, and treated DBA/1
mice. Sections of paws from 6 mice were chosen, and representative sections were chosen
for final analysis. A) Normal phalangeal joints of hind foot. Cartilaginous surfaces are intact
and smooth (arrow heads) and joint space is clear (*). H & E staining. Original
magnification 200X. B) Arthritis hind paw with severe (grade 4) arthritis of phalangeal joint.
Joint is swollen. Marked cartilaginous erosion of joint surface and pannus circumscribing
the phalanges. H & E staining. Original magnification 200X.
C) and D) Arthritis hind paw with severe (grade 4) erosion of cartilage and bone resorption
(arrows) of phalanges. The connective tissue (*) of the dermis, hypodermis, and peristeum is
mildly edematous and infiltrated with neutrophils, mixed mononuclear inflammatory cells,
and fibroblasts. H & E staining. Original magnification 100X. E) Hind paw of mouse treated
with peptide 6 (0.5 mg/kg). Joint space is clear (*) with normal cartilage interface.
Connective tissue surrounding joint is only very minimally infiltrated with mixed
inflammatory cells. H & E staining. Original magnification 100X.
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Figure 11.
Reduction of circulating anti-CII Ab titer in serum of mice with CIA. N = 6. Peptide 6 was
injected i.v at 0.5 mg/kg and 1 mg/kg. Relative levels of anti-CII Ab titer were observed
with peptide 6-treated mice compared to control peptide and control groups with no
treatment. Values represent the mean ± SEM. Statistical analysis indicated that p < 0.05 for
peptide 6 treated mice compared to control and control peptide-treated mice.
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Table 1

Structures of peptide P6 and control peptide. For comparison, similar sequences from mouse and rat CD2 are
also shown.

Code Sequence Origin

P6 Cyclo (1,10)S1I2Y3D4(D)P5P6D7D8I9K10 Human

P61 Cyclo(1,10) M1V2Y3G4 (D) P5P6D7E8V9R10 Mouse

P62 Cyclo(1,10) T1V2Y3S4 (D) P5P6D7E8V9R10 Rat

Control S1A2V3K4A5G6K7I8T9K10D11I12 Human

*
(D)P5 refers to D amino acid proline
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