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Abstract 

 

The interaction between the cell-cell adhesion proteins CD2 and CD58 plays a crucial role in 

lymphocyte recruitment to inflammatory sites, and inhibitors of this interaction have potential as 

immunomodulatory drugs in autoimmune diseases. Peptides from the CD2 adhesion domain 

were designed to inhibit CD2:CD58 interactions. To improve the stability of the peptides, β-

sheet epitopes from the CD2 region implicated in CD58 recognition were grafted into the cyclic 

peptide frameworks of sunflower trypsin inhibitor and rhesus theta defensin. The designed 

multicyclic peptides were evaluated for their ability to modulate cell-cell interactions in three 

different cell adhesion assays, with one candidate, SFTI-a, showing potent activity in the 

nanomolar range (IC50: 51 nM). This peptide also suppresses the immune responses in T cells 

obtained from mice that exhibit the autoimmune disease rheumatoid arthritis. SFTI-a was 

resistant to thermal denaturation, as judged by circular dichroism spectroscopy and mass 

spectrometry, and had a half-life of ~24 h in human serum. Binding of this peptide to CD58 was 

predicted by molecular docking studies and experimentally confirmed by surface plasmon 

resonance experiments. Our results suggest that cyclic peptides from natural sources are 

promising scaffolds for modulating protein-protein interactions that are typically difficult to 

target with small-molecule compounds.  

 

Key words: Cyclic peptides, Theta defensin, Sunflower trypsin inhibitor, Protein-protein 

interaction, Immunomodulation. 
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Transient cell-cell interactions and communications play a key role in the immune system 

and are mediated by specific complementary sets of cell surface proteins. One such interaction is 

the protein-protein interaction between the integral membrane glycoproteins CD2 and CD58 

(also called leukocyte function associated antigen-3, LFA-3), which modulates cell adhesion 

between T cells (CD2) and epithelial cells (CD58/CD48 in rodents) 
1, 2

. CD2 is expressed on 

both CD4+ and CD8+ T cells and is up-regulated upon T-cell activation, whereas CD58 is over-

expressed by antigen-presenting cells in autoimmune diseases 
3, 4

. The interaction between CD2 

and CD58 has significance importance in autoimmune diseases such as rheumatoid arthritis (RA) 

5-7
. The results of large genome-wide association studies (GWAS) suggest that more than 30 loci 

are involved in RA pathogenesis, and CD2 as well as CD58 are important 
6
. Previous reports 

have indicated that inhibition of the CD2 and CD58 interactions using a LFA-3 fusion protein 

(alefacept) inhibits T-cell activation 
8
. CD2 can be effectively targeted by peptides derived from 

CD58 as well as fusion protein constructs 
9
. However, direct targeting of CD2 on T cells might 

interfere with other signaling mechanisms and, in the case of RA, synovial epithelial cells 

overexpress CD58. Thus, we reasoned that targeting up-regulated CD58 (instead of CD2) may 

be a more effective strategy.  

 The CD58-binding interface of CD2 comprises a flat β-sheet with multiple charged 

residues, which engages face-to-face with another β-sheet from CD58 as shown in Figure 1 
10

. 

In our earlier work, we used the strategy of designing epitopes from cell surface proteins and 

conformationally constrained them using cyclization and turn-inducing Pro-Pro motifs 
11

. We 

demonstrated that cyclic peptides derived from CD2 could be used to block cell adhesion 

between T cells and Caco-2 cells expressing CD2 and CD58, respectively 
11, 12

. The best 

candidate, peptide 6 (Table 1), was able to suppress the progression of disease in a collagen-
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induced arthritis (CIA) model 
13

. Although the designed peptides had in vitro and in vivo activity, 

like most other peptides they have limitations in their in vivo stability 
14

. Our new strategy was to 

use the biologically active peptide epitope we designed and improve its stability. To enable this 

strategy, we made use of naturally occurring head-to-tail cyclic peptides that are highly resistant 

to enzymatic,  chemical or thermal, degradation and have been previously explored for 

pharmaceutical applications 
15

. These peptides are amenable to sequence engineering, including 

the grafting of foreign epitopes into their sequences, and because of their remarkable stability are 

generally considered to have low immunogenicity 
15

. Most of these naturally occurring cyclic 

peptides contain structure-stabilizing disulfide bridges, which together with N-to-C cyclization 

results in exceptionally rigid and well-defined 3D structures. Examples of these ‘miniproteins’ 

include the plant-derived cyclotides (~30 AA, three disulfide bridges) 
16

, sunflower trypsin 

inhibitor (SFTI, ~14 AA, one disulfide bond) 
17

 and the mammalian rhesus theta defensins 

(RTD, ~20 AA, three disulfides)
18, 19

.   

Structural comparison of various naturally occurring cyclopeptides suggested that the 

sunflower trypsin inhibitor and theta defensin frameworks could be ideal starting points for 

grafting of CD2 epitopes. Structurally, both frameworks are composed of antiparallel β-strands, 

which are stabilized by one (SFTI) 
17

 or three disulfide bridges (RTD) 
19

. Here we grafted the 

CD2 adhesion domain sequence from peptide 6 onto the SFTI and RTD frameworks and studied 

their ability to modulate cell-cell adhesion in cellular assays. Among the grafted peptides, SFTI-a 

exhibited significant cell adhesion inhibitory activity in three different cellular assays. 

Furthermore, we evaluated the ability of these peptides to inhibit T-cell immune responses in 

cells obtained from a transgenic mouse model relevant to the autoimmune disease RA. The 

designed cyclic peptide showed improved resistance towards thermal and enzymatic degradation.  
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RESULTS AND DISCUSSION 

Design and synthesis of grafted peptides. Our approach was to graft a cyclic peptide 

framework with sequences from the CD2 adhesion domain. This domain contains the F and C β-

strands that form the main CD2 interface interacting with CD58 
10

. In an earlier publication, we 

described the design of peptide 6, which exhibits a β-strand/β-hairpin structure that is stabilized 

by a β-turn-inducing D-Pro-L-Pro motif 
11

. We used the topology of peptide 6 as well as the F 

and C strands of CD2 from the crystal structure of CD2 
10, 20

 to design grafted analogs of SFTI 

and RTD (Figure 1). The disulfide-stabilized, antiparallel β-strand conformation of these 

molecules (PDB ID: 1JBL, 4TTK, 2LYF, 2ATG)
19, 21-23

 was utilized as a template to introduce 

several mutations (Figure 1) to generate mimics of the CD2 F/C strand region. Our design 

strategy focused on one face of the β-strand. In a β-strand, the side-chains of every second 

residue are on the same face of the sheet; thus, we introduced mutations mainly in alternating 

positions. For example, in RTD-1, in which the core of the antiparallel β-sheet is formed by two 

CXCXC motifs, the three disulfides localize on one side of the flat β-sheet and the Xaa side-

chains on the other. Similar conformations are seen in the structure of SFTI-1. By keeping the 

disulfide pattern and bonding intact and minimizing changes within the turn regions, we 

expected minimal overall structural perturbations. Importantly, both frameworks are slightly 

larger than peptide 6, which facilitated grafting of more complex and extended CD2 epitopes, 

which we aimed to translate into greater affinity of the resulting grafted analogs for CD58. The 

design process was aided by the YASARA modeling suite
24

. Two SFTI-1 analogs (SFTI-a and 

SFTI-b) and three RTD-1 analogs (RTD-a, RTD-b and RTD-c) were selected for 

pharmacological evaluation, synthesized by Fmoc solid-phase peptide synthesis, cyclized, and 
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folded using a recently described procedure 
25

.  

Cell adhesion inhibition assay. The ability of peptides to inhibit the CD2:CD58 protein-protein 

interaction was studied by evaluating the adhesion interaction between cells using model 

systems. T cells express the CD2 protein, and CD58 is expressed in many epithelial cells as well 

as antigen-presenting cells. Many studies related to CD2 expression and CD2 signaling use 

Jurkat cells 
26-28

. These cell lines serve as good models and have stable expression of CD2. 

Furthermore, in many drug discovery and mechanistic screening studies model cell lines that 

express particular proteins are used. The model systems we used included: Jurkat –ovarian 

cancer cells -3 (OVACR-3) cells, Jurkat- sheep red blood cells (SRBC), and Jurkat -human 

fibroblast-like synoviocyte-rheumatoid arthritis (HFLS-RA) cells. Since OVCAR-3 cells, SRBCs 

and HFLS-RA cells express CD58, adhesion interactions between CD2 and CD58 can be studied 

using these model systems. Peptides were incubated with adherent cells that expressed CD58, 

and Jurkat cells were added to evaluate the adhesion. Inhibition of adhesion was monitored by 

fluorescence of Jurkat cells loaded with 2',7'-Bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein 

acetoxymethyl ester (BCECF AM). A broad range of concentrations (0.0005 to 200 µM) was 

used in the first screen, and based on the inhibitory activity of the peptides in that concentration 

range, data points for a dose-response study were chosen. The concentration-response curves for 

the various peptides were obtained in the range of 0.0005 to 10 µM. Among the peptides studied, 

SFTI-a and RTD-c exhibited significant cell adhesion inhibitory activity (Table 1). In the 

lymphocyte epithelial cell assay using Jurkat OVCAR-3 cells (Figure 2), the IC50 value for cell 

adhesion inhibition for SFTI-a was 43 ± 25 nM and RTD-c exhibited an IC50 value of 27 ± 15 

nM (Figure 2A&B). Other cyclic peptides such as SFTI-b, RTD-a and RTD-b showed weak 

inhibitory activity, with IC50 values higher than 50 µM. A negative-control peptide, which was 
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7 

 

derived from the CD2 adhesion domain but with an inverse sequence, had inhibitory activity 

only above 100 µM.  

Cell adhesion was also evaluated in a well-established E-rosetting assay
29, 30

  and SFTI-a 

inhibited adhesion with an IC50 of 51 ± 10 nM in this assay (Figure 2C). To evaluate the cell 

adhesion inhibitory activity of peptides from cells associated with autoimmune disease, we used 

HFLS-RA cells derived from RA patients. The expression of CD58 on HFLS-RA cells was 

evaluated using flow cytometry and fluorescence microscopy (SI Figure 8). After establishing 

CD58 expression on HFLS-RA cells, the cell adhesion assay was carried out. SFTI-a inhibited 

cell adhesion between Jurkat cells and HFLS-RA cells with an IC50 of 51 ± 25 nM (Figure 2D). 

The unmodified scaffold, SFTI-1, exhibited cell adhesion inhibitory activity of less than 20% 

only at a relatively high concentration (5 µM).  

Comparison of the CD2 F and C strands and the modeled structures of the designed SFTI 

and RTD analogs suggested that placement of Asp, Tyr, Ser and Lys amino acids (corresponding 

to D87, D31, Y86, D32, S84 and K34 in CD2; with the single letter code used for amino acids 

from CD2 protein and the three letter code used for amino acids from peptides) is critical for 

high affinity binding to CD58
20

. In SFTI-a and RTD-c these amino acid residues are displayed in 

an orientation where they can be presented to the receptor CD58. The Val and Ile residues that 

correspond to V83, I85 and I33 in CD2 do not seem to play a role in binding to CD58, as 

indicated by the inactive peptide RTD-a. On the other hand, Lys and Glu residues that 

correspond to K82 and E36 in the F and C strands appear to play a minor role in binding (RTD-

c). In peptide 6, the IC50 for cell adhesion inhibition is 6.9 nM. When the amino acids in peptide 

6 were incorporated into the SFTI-1 or RTD-1 framework, the activity was reduced slightly, as 
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8 

 

can be seen from the IC50s of SFTI-a and RTD-c (43 and 27 nM, respectively in OVCAR-3-

Jurkat assy). However, SFTI-b and RTD-a and RTD-b exhibited cell adhesion inhibition activity 

at very high concentrations (>50 µM). The loss in the cell adhesion inhibition activity in these 

peptides compared to SFTI-a is presumably because of the differing placement of key amino 

acids in the SFTI framework. These results suggest that amino acids from the CD2 structure that 

are important in binding to CD58 and their position in the cyclic framework are important in the 

design. Overall, the data confirm that SFTI-a and RTD-c are potent inhibitors of cell adhesion. 

Cell viability studies. We presumed that SFTI-a and RTD-c exhibit their cell adhesion 

inhibitory activity by inhibiting the protein-protein interaction between CD2 and CD58. The 

observed inhibition of adhesion, due to peptide binding and not cytotoxicity, was verified by the 

evaluation of cell viability of the peptides in OVCAR-3 and HFLS-RA cells. The studies 

suggested that SFTI-a and RTD-c were not toxic to cells at concentrations up to 100 µM. At 200 

µM, cell viability was nearly 65%, suggesting that these peptides are cytotoxic only at relatively 

high concentrations (SI Figure S9). 

Antibody binding inhibition. Peptides were designed from the adhesion domain of CD2; hence, 

we assumed that the designed peptides bound to CD58 in a similar manner to CD2 and inhibited 

the CD2:CD58 protein-protein interaction. To demonstrate that this was the case, an antibody-

binding inhibition assay (competitive binding assay with antibody) was used with flow 

cytometry detection. An anti-CD58 FITC-antibody, which binds to CD58 covering the CD2 

binding site,
31

 was incubated with HFLS-RA cells for 15 min, followed by addition of increasing 

concentrations of SFTI-a (10, 50 and 100 µM). After 1 h of incubation, binding of FITC-

antiCD58 was monitored by flow cytometry. Untreated cells (without antibody and peptide) 
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were used as controls. FITC-CD58-antibody-bound HFLS-RA cells showed a shift in the 

population of cells to the right compared to cells without FITC-CD58Ab (Figure 3A). In the 

presence of SFTI-a (100 µM), a leftward-shift in the population of cells compared to antibody-

bound cells was observed, suggesting that SFTI-a effectively competes with the antibody for 

binding to CD58. 

Binding of SFTI-a to CD58 protein analyzed by Surface Plasmon Resonance (SPR). The 

results of the competitive antibody-binding assay suggested that SFTI-a binds to CD58 on cell 

surfaces. To further demonstrate SFTI-a binding to the purified cell-adhesion domain of CD58 in 

vitro, we carried out binding studies using SPR with immobilized CD58 
32

. The analysis 

suggested that SFTI-a binds to the CD58 protein in a concentration-dependent manner (Figure 

3B). As a control, soluble CD2 and anti-CD58 antibody were used. Since these proteins have 

high molecular mass, the binding-response amplitude was significantly higher compared to the 

small peptide SFTI-a (SI Figure S10). The results of the SPR studies clearly suggest that SFTI-a 

binds in a concentration-dependent manner to domain 1 of CD58, which contains the adhesion 

domain. Kinetic parameters were obtained by fitting data to the 1:1 binding Langmuir equation. 

For SFTI-a, the kon was 224.4
 
M

-1
 sec

-1
 and the koff, 0.00329 sec

-1
; from these values the Kd was 

calculated as 14.6 µM. In comparison, SFTI-1 had a Kd value of >500 µM. The Kd for binding of 

SFTI-a to CD58 is in the micromolar range, while the inhibitory activity of SFTI-a is in the 

nanomolar range. However, this binding is sufficient to inhibit the CD2:CD58 interaction 

because this interaction is relatively weak (Kd 10 µM), but highly specific 
33, 34

.  

SFTI-a suppresses the T-cell response and is non-immunogenic in vivo. The cell adhesion 

assay described above suggests that SFTI-a and RTD-c inhibit the cell adhesion interaction 

between Jurkat cell lines and epithelial cells, as well as between Jurkat cell lines and HFLS-RA 
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cells. To evaluate the ability of peptides to suppress the immune response in a relevant animal 

model, HLA-DQ8.AEo transgenic mice were used. Since costimulation via CD2 on T cells is 

involved in the generation of an immune response via antigen presentation, we speculated that 

CD2-derived peptides should inhibit the interaction between T cells and APCs, thus suppressing 

the T-cell response. Immunization of HLA-DQ8 mice with type II collagen leads to antigen-

specific cellular and humoral responses, causing animals to develop arthritis
35-37

. Lymph node 

cells (LNCs) harvested from CII-primed mice were cultured in the presence or absence of CII 

and peptides in vitro, and cell proliferation was monitored using the 
3
H-thymidine assay. Our 

observations indicated that SFTI-a and RTD-c concentration-dependently suppress the T-cell 

response to CII in vitro (Figure 4A). These results suggest that CD2-derived peptides can be 

used to suppress antigen-specific immune responses. 

To evaluate the immunogenicity of SFTI-a and RTD-c in vivo, DQ8 mice were primed 

with SFTI-a and RTD-c. LNCs extracted from these mice were challenged with SFTI-a and 

RTD-c in vitro, and the proliferation of T cells was evaluated. SFTI-a did not show a significant 

immune response at 50 µg/mL compared to both the control and conconavalin A, suggesting that 

SFTI-a is not immunogenic (Figure 4B). On the other hand, LNCs showed a significant immune 

response when challenged with RTD-c in vitro at 50 µg/mL, suggesting that RTD-c is 

immunogenic (SI Figure S12). Although the wildtype cyclic peptides are known to be non-

immunogenic, introduction of the human sequence into these peptides, by grafting the plant 

peptide, may result in a structure that is suitable for generating immunogenicity. Because of the 

immunogenicity of RTD-c, we carried out further stability studies on SFTI-a only.  

Stability studies by CD spectroscopy and mass spectrometry. Peptides with a backbone 
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cyclic structure stabilized by disulfide bridges typically have higher thermal stability than 

unconstrained macromolecules 
18

. To evaluate the thermal stability of SFTI-a, circular dichroism 

spectroscopy was utilized. The CD spectrum of SFTI-a exhibited a negative band around 205 nm 

and a positive band at 190 nm, in agreement with a turn/β-strand conformation of the peptide at 

25°C. There was no significant change in the CD spectra of SFTI-a at different temperatures, 

indicating that the secondary structure of the peptide was unchanged (Figure 5A). To confirm 

that covalent structure remains intact during the experiment, a mass spectrum of a sample of 

SFTI-a was obtained from the solution used to record the CD spectrum and showed that the 

molecular ion before and after heating to 85°C was the same. Thus, the CD and mass 

spectrometry results confirm that SFTI-a is stable against thermal denaturation (Figure 5A, B, C 

& D). To further evaluate stability, the CD spectrum of SFTI-a was monitored in the presence 

and absence of various concentrations of dithiothreitol (DTT). The addition of DTT resulted in 

changes in the CD spectrum of SFTI-a, suggesting that a reduction in the disulfide bonds 

changes the conformation of the peptide. Reduction was confirmed by a shift in the molecular 

ion of SFTI-a upon addition of DTT (m/z 1408 to 1410 upon addition of DTT, SI FigS15-16). 

Serum stability. To evaluate the stability of SFTI-a towards enzymatic degradation 
38-40

 under 

physiologically relevant conditions, the peptide was incubated in human serum and the amount 

of intact peptide remaining was determined by HPLC and mass spectrometry 
41

 over 24 h. Both 

methods gave similar results and SFTI-a was detectable in human serum at all time points (0– 24 

h). Due to its remarkable stability, the precise half-life of the compound could not be calculated 

from the degradation profile; however, the data suggest that the half-life in human serum is at 

least 24 h (Figure 6). Overall, the data suggest that SFTI-a is likely to be stable in vivo.  
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NMR and molecular modeling. Detailed NMR studies were carried out on the most promising 

molecule, SFTI-a. Interestingly, 2D TOCSY and NOESY NMR experiments under various 

conditions yielded complex spectra indicative of conformational heterogeneity. SFTI-a contains 

two prolines and one disulfide bond, which in principle can give rise to eight possible 

conformational isomers (four prolyl-cis/trans isomers and two pro-R/pro-S disulfide bond 

isomers). The spectra provide experimental evidence for four isomers that coexist in solution in 

an approximate ratio of 34:30:28:8 (based on the observation of four defined TOCSY spin 

systems for the single Lys2 residue, SI Figure 4). The structural heterogeneity is most 

pronounced in the constrained C
1
KASAPPSC

9
 loop, suggesting that the different conformations 

probably arise from Xaa-Pro cis/trans isomerization that is slow on the NMR timescale. Further 

evidence for this slow conformational exchange was obtained by variable temperature HPLC 

analysis, which suggested that the alternative conformations are interconverting slowly on the 

HPLC and NMR timescales (SI Figure S5). Analysis of the TOCSY and NOESY spectra 

indicated that in at least one of the four conformers the Ala
5
-Pro

6
 peptide bond adopts a cis 

configuration (strong Ala
4
 αH - Pro

5
 αH NOE), while the Pro

6
 - Pro

7
 peptide bond is in trans 

configuration (strong Pro
6
 αH - Pro

7
 δH NOEs). The same configurations (i.e. cis-trans) of these 

two consecutive Pro residues are observed in wt SFTI-1 but in that case there is no evidence of 

additional conformers (SI Figure S6). In the case of SFTI-a it is likely that the cis-cis, trans-trans 

and trans-cis forms are also populated, although we cannot exclude heterogeneity (i.e. pro-

R/pro-S) around the disulfide bond. The conformational heterogeneity precluded unambiguous 

assignment of the NMR spectra, which prompted us to analyze SFTI-a via in silico molecular 

dynamics (MD) simulations.  
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The SFTI-a structure, built using YASARA molecular modeling software, was subjected 

to a MD simulation in a water box at 300 K for 400 ps. The overall backbone structure of SFTI-a 

was stable during the simulation, as shown by small rmsd from the starting structure (Figure 

7A). Some flexibility on the nanosecond timescale was found around the Pro-Pro sequence, as 

well as the Gly-Asp-Asp sequence, as shown in Figure 7A. There was no indication of a change 

in the disulfide bond conformation or the Pro-Pro configuration but such changes would be 

expected to occur only over a longer timescale. The fast local flexibility in the Pro-Pro region is 

however entirely consistent with a susceptibility of this region to proline isomerization as 

suggested by the NMR data.  By contrast the SFTI-1 peptide shows less flexibility on the 

nanosecond timescale (Figure 7B), consistent with its reduced tendency for proline 

isomerization. Data from the literature suggest that peptides from the Bowman-Birk inhibitor  

family exhibit conserved cis bond configuration at X-pro bond 
42

. Tischler et al. 
43

 proposed 

strategies for locking the amide bond leading to one particular conformation by incorporating 

triazole based mimetics in the peptide. Such strategies could be used in the future to lock SFTI-a 

into one conformation. 

 To model the peptide-CD58 complex, docking studies were carried out using Autodock 

software 
44

. From the cellular assays and SPR studies it became clear that designed peptides bind 

to the CD58 protein adhesion domain and inhibit the cell-cell interaction. Hence, during docking 

studies a grid was created, centered on the adhesion domain of CD58, and the binding modes of 

SFTI-a and RTD-c were calculated. Among the 50 low energy structures generated, the ten 

structures that had docking energies within 2 kcal/mol of the lowest docked energy were chosen 

to represent the mode of binding of SFTI-a and RTD-c to CD58 (Figures 7C and D). For final 

analysis, one of the low energy docked structures that was bound near the adhesion domain of 
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CD58 was chosen as a representative structure. In the case of SFTI-a, the docked structure was 

bound near the amino acids that are important in binding to CD58. K34 of CD58 participated in a 

hydrogen bonding interaction with a Ser side chain and Pro backbone carbonyl. The side chain of 

D33 of CD58 formed a salt bridge with the side chain of Lys of SFTI-a. Similarly, the side chain 

of K32 of CD58 formed a hydrogen bond with the side chain of Asp of SFTI-a. Considering 

mutational studies of the CD2:CD58 interaction, the mode of binding of SFTI-a, which involves 

amino acids of protein K32, K34, D33 may block the CD2:CD58 interaction. In the case of the 

RTD-c:CD58 interaction, a similar mode of binding SFTI-a:CD58 was observed. The hydrogen 

bonding interactions observed were between K32 of CD58 with Asp of RTD-c, K29 with Tyr, 

K34 with Cys, R44 with Glu and Lys, E42 with Lys. In the low energy docked structures, the 

orientation of peptides (SFTI-a and RTD-c) with respect to the F and C strands of CD58 was at 

an angle to the beta strands. This orientation was similar to that observed in the CD2:CD58 

interaction, where CD2 F and C strands interact with CD58 β-strands in an orthogonal 

orientation in a hand shaking fashion
10

. 

Conclusions. Peptide sequences from the cell adhesion/co-stimulatory molecule CD2 were 

grafted into cyclic peptide frameworks. The designed peptides were evaluated for their cell 

adhesion inhibitory activity using model cell systems, as well as HFLS-RA cells derived from 

human RA. One of the peptides exhibited cell adhesion inhibitory activity in the low nanomolar 

range, and was able to suppress T-cell activation derived from humanized arthritic mice. The 

peptide was non-immunogenic and could bind to the CD58 protein in vitro. The peptide was 

stable against thermal degradation and in serum. Such peptides that modulate the immune 

response by modulating protein-protein interaction of co-stimulatory molecules may be utilized 

as therapeutic agents for autoimmune diseases like RA. 
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MATERIALS AND METHODS 

Cell lines/Cells. The human ovary adenocarcinoma epithelial cell line (OVCAR-3) and the T-

leukemia Jurkat cell line were purchased from the American Type Culture Collection (Rockville, 

MD). OVCAR-3 cells were maintained in RPMI-1640 medium formulated by the American 

Type Culture Collection (Rockville, MD), with 20% FBS, 0.01 mg/mL bovine insulin and 0.1 

mg/mL penicillin/streptomycin. Jurkat cells were also maintained in RPMI1640 medium 

supplemented with 10% FBS and 0.1 mg/mL penicillin/streptomycin. Human rheumatoid 

arthritis fibroblast-like synoviocyte cells (HFLS-RA) were purchased from Cell Applications 

Inc. (San Diego CA). HFLS-RA cells were grown in Human Synoviocyte Media provided by 

Cell Applications (San Diego, CA). Sheep red blood cells (SRBC) in Alsevers solution were 

ordered from Colorado Serum Company (Denver, CO). 

Peptide synthesis. Cyclic peptides (Table 1) were synthesized Fmoc solid-phase peptide 

synthesis method described previously
25

. The structures of peptides were studied using NMR, 

with details provided in the Supporting Information. 

Lymphocyte cell adhesion assay. Approximately 1 × 10
4
 OVCAR-3 cells were coated per well 

in 96-well plate. After confluency was achieved, the monolayer was washed with PBS and the 

assay was carried out using the protocol previously established in our laboratory
45

. Dimethyl 

sulfoxide was used to prepare stock solutions of peptides (2 mg/mL). Different concentrations of 

these cyclic peptides were prepared by diluting the above stock solution in RPMI1640 media 

(without any additives). In the final solutions the concentration of DMSO was less than 1%. 

After the inhibition assay, the fluorescence of the obtained lysates was determined with a 

microplate fluorescence analyzer (Biotek Synergy, Winooski, VT) with excitation at 485 nm and 
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emission wavelength at 528 (± 20) nm. The data are represented as percent inhibition, by 

considering the fluorescence intensity obtained for cells in the monolayer without inhibitor as no 

inhibition or 0% inhibition. Results for all peptide concentrations were normalized to the 

antibody inhibition, which was considered to be 100% inhibition
45

. CD58 antibody (Santacruz 

Biotechnology Inc. Dallas, TX) dilutions were used as positive controls for the experiments. 

Similar experiments were done with HFLS-RA cell lines. A negative control peptide (Table 1) 

was also used. 

Cell viability assay. The potent compounds obtained from the lymphocyte cell adhesion assay, 

were further tested for the toxicity by using CellTiter Glo Assay kit (Promega Corporation, 

Madison, WI).  

E-rosetting assay. This assay was carried out as described previously
45

. Different SFTI-a 

concentrations (100–0.01 µM) were prepared from the stock solution (2 mg/mL) in PBS. Sheep 

red blood cells and Jurkat cells were incubated in the presence or absence of peptides. From each 

area on a slide, 200 Jurkat cells were counted, from which a percentage of E-rosettes was 

determined for each concentration
46

. A sample without SFTI-a was used as a negative control. 

(Detailed explanation in Supporting Information). 

Competitive binding studies. Flow cytometry was used to determine the competitive binding of 

SFTI-a with FITC-labeled CD58 antibody to the OVCAR-3 and HFLS-RA cells. All samples 

were analyzed with FL1 fluorescence and side scatter detectors for dot plots. Histograms for cell 

population according to fluorescence (FL1) were plotted for varying concentrations of SFTI-a. 

Cells only and cells with no SFTI-a were used as positive and negative controls, respectively. 

Page 16 of 41

ACS Paragon Plus Environment

ACS Chemical Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17 

 

Similar experiments were done with HFLS-RA cells. (Detailed explanation in Supporting 

Information). 

Surface Plasmon Resonance (SPR) binding assay. The binding efficiency of SFTI-a to CD58 

protein was analyzed by SPR (Biacore X100). CD58 protein was immobilized on flow cell 2 of a 

CM5 SPR sensor chip (GE Healthcare Life Sciences Pittsburgh PA), in pH 4 acetate buffer, 

while flow cell 1 was kept as a blank for reference. Various concentrations of SFTI-a (0.5-200 

µM) prepared in HBS-EP buffer (GE Healthcare Life Sciences Pittsburgh PA), were passed 

through both flow cells with an association time of 180 s and a dissociation time of 200 s, for the 

recording binding responses. SFTI-1, CD2 protein and CD58 antibody were used as controls for 

the experiment. (Detailed explanation in Supporting Information). 

Inhibition of T-cell proliferation in HLA-transgenic mice. Transgenic mice expressing 

functional HLA-DQ8 (DQA1*0301/DQB1*0302)) molecules and lacking endogenous class II 

molecules (DQ8.AEo) have been described previously
47

. Mice used in this study were bred and 

maintained in the pathogen-free Immunogenetics Mouse Colony of the Mayo Clinic, and all 

experiments were carried out according to protocols approved by the Institutional Animal Care 

and Use Committee. HLA-DQ8 mice were immunized with 100 µl of type II collagen (CII, 2 

mg/mL) (Chondrex) emulsified 1:1 with complete Freund’s adjuvant (CFA) (Difco), by 

intradermal injection at the base of the tail. Ten days post-immunization, mice were sacrificed 

and draining popliteal, caudal and lumbar lymph nodes were removed and prepared for in vitro 

culture. LNCs (1 × 10
6
) were suspended in HEPES-buffered RPMI 1640 containing 5% heat-

inactivated horse serum and antibiotics streptomycin and penicillin. LNCs were then challenged 

with 100 µL RPMI containing concanavalin A (20 µg/mL, positive control), native collagen (50 
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µg/mL) and medium alone (negative control). To the  cells challenged in vitro with CII at 50 

µg/mL,   peptides SFTI-a and RTD-c were added at concentrations ranging from 5–100 µg/mL 

and, cells were incubated for 48 h at 37°C. The cells were pulsed with 
3
H-thymidine (1 µCi/well) 

during the last 18 h. 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) for T-cell proliferation. Results are depicted as stimulation index (S.I.).  

Immunogenicity studies. To determine the immunogenicity of SFTI-a, DQ8 mice were 

immunized with the 200 µL of peptide at 50 µg/mL. Mice were monitored for stress and any 

related phenotype. Ten days after immunization, mice were sacrificed and draining lymph nodes 

were harvested and cultured in vitro as described above, either in the presence or absence of the 

peptide. ConA (1 µg/mL) was used as a positive control. During the previous 18 h the cells were 

pulsed with 
3
H-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 

(Micrebeta, Perkin Elmer Wallac) for T-cell proliferation. 

Thermal stability. SFTI-a was dissolved in deionized water to a concentration of 15 µM. The 

'Temperature Interval Measurement' mode of a JASCO-815 (Jasco Inc., Easton, MD) circular 

dichoism spectrometer was used to monitor peptide stability as a function of temperature. The 

ellipticity of the SFTI-a solution was measured at temperatures between 25°C to 85°C in 

increments of 5°C. Mass of the SFTI-a was confirmed at 25°C, 50°C, 85°C and also at the end of 

the experiment. To further confirm the stability of the disulfide bond CD spectra of SFTI-a were 

recorded in the presence and absence of DTT (0, 0.1 or 1 mM of DTT). After the CD 
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experiment, samples were freeze-dried and mass spectra were obtained using MALDI-TOF mass 

spectrometry. As control, freshly prepared peptide sample was used. 

Serum stability. Normal human serum was purchased from Innovative Research (Novi, MI) and 

used, according to approved guidelines, in a biosafety II cabinet with IBC certification. SFTI-a 

stock solution (2 mg/mL) prepared in PBS was used for the experiment. Stock solution was 

incubated in human serum (Innovative Research, Court Novi, MI) in ratio of 1:9 at 37°C at 

various time points from 0 min to 24 h, 100 µL of this mixture was sampled and treated with 500 

µL of cold acetonitrile for SFTI-a extraction. Samples were analyzed as described previously 
12

. 

Using the sample procedure samples were prepared for HPLC analysis. Another cyclic control 

peptide (compound 35) was used as an internal standard to get the relative intensity in mass 

spectra. 

Docking. Docking studies were carried out using Autodock Tools and Autodock
44

 version 4.2. 

(Details in Supporting Information).  

MD simulations. MD simulations of SFTI and SFTI-a in solvent were carried out by using 

NAMD software available in Discovery Studio (BIOVIA, San Diego CA). Final structures were 

displayed using PyMol software. 
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Table 1. Sequences of novel grafted cyclic peptides and peptide 6.  

 

Cyclic peptides (SFTI-a,b, RTD-a-c). Grafted residues from the CD2 peptide 6 are shown in 

bold. Capital letters refer to L-amino acids; lower case letters refer to D-amino acids. ND-not 

determined. *Exact MW (most abundant isotope composition), 
##

Control peptide used for mass 

spectrometry. Anapa, amino napthyl propionic acid. 

 

Code 

 

 

Sequence 

Molecular 

weight* 

         Cell adhesion inhibition 

                   IC50 (µM)   

T cell OVCAR-3 T cell HFLS-RA 

 

Peptide 6 Cyclo (1,10) SIYDpPDDIK
 

 

1144.2 0.0069 ± 0.0004 ND 

SFTI-1 CTKSIPPICFPDGR  

 

1512.8 >50 > 50 

SFTI-a CKASAPPSCYDGDD 

 

1407.5 0.043 ± 0.025 0.051 ± 0.025 

SFTI-b CKAEAKPSCYDGDD 

 

1480.6 >50 >50 

RTD-a GACDCDCKAGSCYCDCTA 

 

1763.5 >50 >50 

RTD-b DDCKCECAAGSCKCSCYG 

 

1820.6 >50 >50 

RTD-c GDCDCKCEAGKCSCYCDA 

 

1848.5 0.027 ± 0.015 ND 

Control KGKTDAISVKAI-NH2 

 

1228.7 >100 >100 

Compound 35
##

 Cyclo(PpR-(R)Anapa-FF- 

(R)Anapa-R 

1195.3 ND ND 
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Figure legends  

Figure 1. Grafting of CD2 epitopes onto circular protein frameworks. A) Complex of the 

adhesion domains of CD2 (blue) and CD58 (green) with C and F strands highlighted in red. B) 

Structures of the isolated C and F strands. Boxed residues of CD2 form the core interface 

engaging CD58. C) Grafting of the F and C strand amino acids of CD2 onto the SFTI or a RTD 

frameworks.  

Figure 2. Inhibition of cell adhesion by SFTI-a and RTD-c. A) Dose response curve for cell 

adhesion inhibition of Jurkat cells that express CD2 and OVCAR-3 cells that express CD58 by 

SFTI-a peptide. For comparison, inhibition by antibody to CD58 was considered as 100% 

inhibition. B) Inhibition of cell adhesion by RTD-c in the lymphocyte-epithelial assay (Jurkat 

OVCAR-3 cells). C) Jurkat cells and sheep red blood cells by SFTI-a and, D) Dose response 

curve for cell adhesion inhibition by SFTI-a (Jurkat and HFLS-RA). 

Figure 3. A) Inhibition of antibody (FITC-CD58Ab) binding to cells that express CD58 by 

SFTI-a studied by flow-cytometry. Note that unbound cells are only on the left side. Upon 

binding to FITC-CD58 Ab, the cells that bind to Ab are shifted to the right. In the presence of 

peptide SFTI-a, antibody binding was inhibited as indicated by shift in the cell population to the 

left. B) Binding of SFTI-1a to CD58 protein studied by SPR. CD58 protein was immobilized on 

a CM-5 chip and SFTI-a was used as an analyte. Sensograms indicate SFTI-a binding to CD58 at 

different concentrations Association and dissociation kinetics revealed a KD of 14.6 mM for the 

SFTI-a:CD58 interaction. Sensograms were references with respect to a surface with only CD58 

protein immobilized and difference in the response units was plotted for presentation. Baseline 

was subtracted to plot the sensograms. 
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Figure 4. A)  T cell suppression assay. Lymph node cells (LNCs) harvested from type II 

collagen (CII)-immunized DQ8 mice were cultured in vitro in the presence or absence of CII and 

various concentrations of SFTI-a, (n=3/group) and T cell proliferation was measured. SFT1-a 

suppressed antigen-specific T cell response.  

 B)  Immunogenicity of SFT1-a was tested in DQ8 mice.  DQ8 mice were immunized with SFTI-

a. Ten days post-immunization, LNCs were harvested and cultured without or with various 

concentrations of SFTI-a and T cell response was measured as per standard methods. No immune 

response was generated to SFT1-a  at 50 µg/mL as compared to media control (n=2) suggesting 

SFT1-a is not immunogenic. 

 

Figure 5. A) CD spectra of SFTI-a in water at different temperatures from 25 to 85 °C. Note that 

the spectra of the peptide has a negative band around 202 nm and the wavelength of negative 

maximum and the intensity of the band was not significantly changed upon increase in 

temperature suggesting a stable secondary structure of the peptide in solution. B) mass spectrum 

of the freshly prepared sample and C) mass spectrum of the peptide that was heated to 25 °C D) 

after a temperature cycle to 85°C. There was no change in the CD and MS spectra of the peptide 

suggesting the peptide was stable to temperature induced denaturation.  

Figure 6. Serum stability (in vitro) of SFTI-a studied by analytical HPLC and mass spectrometry 

(MALDI-TOF). Y-axis represents amount of intact peptide remaining. 200 µL of stock solutions 

of SFTI-a was treated with 1 mL human serum.  Samples were analyzed by HPLC as well as 

TOF-MS. In the case of HPLC relative area under the curve (AUC) was plotted. Mass spectra 

were acquired after calibration of the instrument with a peptide standard. Zero time point 
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chromatogram/mass spectrum was considered as 100%. Relative intensity is plotted with respect 

to time, and data are from triplicate experiments. 

 Figure 7. Overlayed structures of SFTI-a and SFTI-1 (wt) from the trajectory of MD 

simulations for 400 ps showing the backbone flexibility of peptides. A) Backbone of SFTI-a with 

10 overlapped structures. Pro-Pro and Asp that showed flexibility are shown in red color. B) 

backbone of SFTI-1 with 8 overlapped structures. Pro-Pro and another proline in the structure 

are shown in red indicating the flexibility in the peptide. Low energy docked structures of C) 

SFTI-a and D) RTD-c bound to CD58 protein adhesion domain. Notice that the peptide interacts 

with adhesion domain of amino acids from CD58 that are important in binding to CD2.  
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Figure legends and Figures 

Figure 1. Grafting of CD2 epitopes onto circular protein frameworks. A) Complex of the 

adhesion domains of CD2 (blue) and CD58 (green) with C and F strands highlighted in red. B) 

Structures of the isolated C and F strands. Boxed residues of CD2 form the core interface 

engaging CD58. C) Grafting of the F and C strand amino acids of CD2 onto the SFTI or a RTD 

frameworks.  

Figure 2. Inhibition of cell adhesion by SFTI-a and RTD-c. A) Dose response curve for cell 

adhesion inhibition of Jurkat cells that express CD2 and OVCAR-3 cells that express CD58 by 

SFTI-a peptide. For comparison, inhibition by antibody to CD58 was considered as 100% 

inhibition. B) Inhibition of cell adhesion by RTD-c in the lymphocyte-epithelial assay (Jurkat 

OVCAR-3 cells). C) Jurkat cells and sheep red blood cells by SFTI-a and, D) Dose response 

curve for cell adhesion inhibition by SFTI-a (Jurkat and HFLS-RA). 

Figure 3. A) Inhibition of antibody (FITC-CD58Ab) binding to cells that express CD58 by 

SFTI-a studied by flow-cytometry. Note that unbound cells are only on the left side. Upon 

binding to FITC-CD58 Ab, the cells that bind to Ab are shifted to the right. In the presence of 

peptide SFTI-a, antibody binding was inhibited as indicated by shift in the cell population to the 

left. B) Binding of SFTI-1a to CD58 protein studied by SPR. CD58 protein was immobilized on 

a CM-5 chip and SFTI-a was used as an analyte. Sensograms indicate SFTI-a binding to CD58 at 

different concentrations Association and dissociation kinetics revealed a KD of 14.6 mM for the 

SFTI-a:CD58 interaction. Sensograms were references with respect to a surface with only CD58 

protein immobilized and difference in the response units was plotted for presentation. Baseline 

was subtracted to plot the sensograms. 
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Figure 4. A)  T cell suppression assay. Lymph node cells (LNCs) harvested from type II 

collagen (CII)-immunized DQ8 mice were cultured in vitro in the presence or absence of CII and 

various concentrations of SFTI-a, (n=3/group) and T cell proliferation was measured. SFT1-a 

suppressed antigen-specific T cell response.  

 B)  Immunogenicity of SFT1-a was tested in DQ8 mice.  DQ8 mice were immunized with SFTI-

a. Ten days post-immunization, LNCs were harvested and cultured without or with various 

concentrations of SFTI-a and T cell response was measured as per standard methods. No immune 

response was generated to SFT1-a  at 50 g/mL as compared to media control (n=2) suggesting 

SFT1-a is not immunogenic. 

. 

Figure 5. A) CD spectra of SFTI-a in water at different temperatures from 25 to 85 C. Note that 

the spectra of the peptide has a negative band around 202 nm and the wavelength of negative 

maximum and the intensity of the band was not significantly changed upon increase in 

temperature suggesting a stable secondary structure of the peptide in solution. B) mass spectrum 

of the freshly prepared sample and C) mass spectrum of the peptide that was heated to 25 C D) 

after a temperature cycle to 85C. There was no change in the CD and MS spectra of the peptide 

suggesting the peptide was stable to temperature induced denaturation.  

Figure 6. Serum stability (in vitro) of SFTI-a studied by analytical HPLC and mass spectrometry 

(MALDI-TOF). Y-axis represents amount of intact peptide remaining. 200 µL of stock solutions 

of SFTI-a was treated with 1 mL human serum.  Samples were analyzed by HPLC as well as TOF-

MS. In the case of HPLC relative area under the curve (AUC) was plotted. Mass spectra were 

acquired after calibration of the instrument with a peptide standard. Zero time point 
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chromatogram/mass spectrum was considered as 100%. Relative intensity is plotted with respect 

to time, and data are from triplicate experiments. 

 Figure 7. Overlayed structures of SFTI-a and SFTI-1 (wt) from the trajectory of MD 

simulations for 400 ps showing the backbone flexibility of peptides. A) Backbone of SFTI-a with 

10 overlapped structures. Pro-Pro and Asp that showed flexibility are shown in red color. B) 

backbone of SFTI-1 with 8 overlapped structures. Pro-Pro and another proline in the structure 

are shown in red indicating the flexibility in the peptide. Low energy docked structures of C) 

SFTI-a and D) RTD-c bound to CD58 protein adhesion domain. Notice that the peptide interacts 

with adhesion domain of amino acids from CD58 that are important in binding to CD2.  
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 7.  
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