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Abstract
The objective was to optimize and evaluate the in vivo activities of our novel bifunctional peptide
inhibitor (BPI), which alters immune response in autoimmune diseases by modulating the
immunological synapse formation. Previously, we have designed PLP-BPI and GAD-BPI by
conjugating myelin proteolipid protein (PLP)139–151 and glutamic acid decarboxylase
(GAD)208–217, respectively, with CD11a237–246 via a spacer peptide. PLP-BPI and GAD-BPI
suppressed the disease progression in experimental autoimmune encephalomyelitis (EAE) and in
type-1 diabetes, respectively. In this study, various PLP-BPI derivatives were synthesized and
evaluated in the EAE model. Intravenous injections of PLP-BPI derivatives prevented the disease
progression more efficiently than did unmodified PLP-BPI. Production of interleukin-17, a potent
pro-inflammatory cytokine found commonly among MS patients, was significantly low in Ac-PLP-
BPI-NH2-2-treated mice. Treatment given after the disease onset could dramatically ameliorate the
disease. BPI induced anaphylactic responses at a lower incidence than PLP139–151. In conclusion,
PLP-BPI derivatives can effectively suppress the disease severity and morbidity of EAE by post-
onset therapeutic treatment as well as prophylactic use.
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INTRODUCTION
Multiple sclerosis (MS) is an organ-specific disease involving perivascular lymphocytic
infiltration, leading to inflammation of white matter and subsequent injury of both white matter
and underlying axons. Adaptive immune responses, generated from autoantigen-specific T
cells and from antibody-producing B cells, have been described in the blood, spinal fluid, and
central nervous system of patients with MS. In autoimmune diseases such as MS and type-1

*This work is financially supported by NIH (R01-AI-063002) and National MS Society to T.J.S. and a postdoctoral fellowship to N.K.
from the American Heart Association, Heartland Affiliate.
To whom reprint requests should be addressed: Teruna J. Siahaan, PhD., Department of Pharmaceutical Chemistry, The University of
Kansas, 2095 Constant Ave, Lawrence, KS 66049-3729, USA. E-mail: siahaan@ku.edu Tel: 785-864-7327 Fax: 785-864-5736.

NIH Public Access
Author Manuscript
Clin Immunol. Author manuscript; available in PMC 2009 October 1.

Published in final edited form as:
Clin Immunol. 2008 October ; 129(1): 69–79. doi:10.1016/j.clim.2008.06.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



diabetes, autoreactive T cells recognize self-protein fragments from myelin sheath (e.g., myelin
proteolipid protein (PLP), myelin basic protein (MBP)) and glutamic acid decarboxylase
(GAD)) and are believed to attack the structures in the central nervous system and the pancreatic
islet β-cells, respectively. The activation of T cells, including such autoreactive T cells, is
triggered by T cell/antigen-presenting cell (APC) interaction through a variety of receptor/
ligand pairs called Signal-1 (TCR/MHC-antigen complex) and Signal-2 (LFA-1/ICAM-1,
CD28/B7, CTLA-4/B7, etc.). The overall assembly of Signal-1, Signal-2, and other co-
stimulatory signals at the interface of T cell and APC is called the “immunological
synapse” (1). It has been demonstrated that the translocation and segregation of Signal-1 and
Signal-2 clusters are parts of the dynamic process of immunological synapse formation (1–
4).

Current therapeutic approaches aim at broad modulation of the immune response with drugs
that block or delete one of its fundamental components. In contrast, the hope is that suppression
of MS and other autoimmune diseases can be achieved by inducing a specific adaptive immune
response while preserving the capability of the immune system to fight infections. However,
such antigen-specific treatments have so far eluded biomedical researchers. Thus, one of the
therapeutic strategies for treating autoimmune diseases is to develop a molecule that can
exclusively inhibit the activation and/or alter the responses of a specific population(s) of
autoreactive T cells without affecting the other necessary and normal populations. To alter
specific adaptive immune responses, we have developed a novel bifunctional peptide inhibitor
(BPI) to target and inhibit the immunological synapse formation (Fig. 1). The BPI molecule
is constructed by conjugating an antigenic peptide to an ICAM-1-binding peptide via a spacer
peptide (Fig. 1A). In the initial stage of T-cell activation, Signal-2 and Signal-1 are formed at
the central and peripheral zones at the T cell-APC interface, respectively; then, the two signals
are physically translocated by exchanging their positions to form the final “immunological
synapse” (Fig. 1B). Our central hypothesis is that the BPI molecules simultaneously bind to
MHC-II and ICAM-1 on APC to form a bridge (tether) that prevents the translocation and
segregation of Signal-1 and Signal-2 and, thereby, inhibits the immunological synapse
formation (Fig. 1C). Recently, we have shown that PLP-BPI that contains PLP139–151 as
antigen (5) and LABL peptide derived from αL integrin (CD11a237–246) (6,7) can inhibit the
onset and disease progression of experimental autoimmune encephalomyelitis (EAE) in mice
(8), a model for human MS (9). Our group also has demonstrated that GAD-BPI that contains
the type-1 diabetes-associated antigen GAD208–217 (10–12) can suppress the progression of
type-1 diabetes in non-obese diabetic (NOD) mice (13). Therefore, the BPI molecules (e.g.,
PLP-BPI, GAD-BPI, and their derivatives) have a potential application for treating
autoimmune diseases.

Once activated with specific antigens, naïve CD4+ T cells begin a process of differentiation
into effector T helper (Th) cell susbsets characterized by signature cytokine profiles (14). Th1
effector cells produce IFN-γ and TNF-α while Th2 ones produce IL-4, IL-5, and IL-13.
Additionally, a subpopulation of memory CD4+ T cells (Th17) are activated; Th17 has been
found to secrete IL-17 under the influence of IL-6, IL-23, and transforming growth factor-β
(TGF-β (15,16). IL-17, also known as cytotoxic T lymphocyte-associated antigen-8, is a 34 5
kDa disulfide-linked homodimeric glycoprotein that is produced almost exclusively by
activated CD4+ memory T-cells (17,18). IL-17 is quite proinflammatory in nature; it induces
the secretion of chemokines such as monocyte chemoattractant protein-1 (MCP-1), and growth
related oncogene-α (Gro-α), subsequently promoting the recruitment of monocytes and
neutrophils (19,20). Augmented expression of IL-17 in the blood and cerebrospinal fluid has
been observed in patients with MS (21,22), indicating the involvement of IL-17 in the
pathogenesis of MS. In fact, administration of antibodies against IL-17 has been shown to
prevent the development of EAE as well as delay the onset of paralysis once EAE had been
induced (15,23).
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For clinical applications of BPI molecules, it is essential to improve their in vivo activity to
achieve excellent efficacy and plasma stability as well as low toxicity. In the previous studies,
BPI molecules were evaluated as a therapeutic prevention method (i.e., as a prophylactic agent)
to prevent formation of the disease. In actual clinical situations, the patients would have shown
the apparent signs of the disease prior to treatment; thus, it is more practical to evaluate the
activity of BPI molecules to treat patients after the apparent clinical signs of the disease. In
addition, we should avoid or reduce the possibility of inducing anaphylactic response, a life-
threatening immediate hypersensitivity reaction caused by treatment with the antigenic peptide
(e.g., PLP139–151). Therefore, this work was focused on the following four objectives: (1) to
optimize PLP-BPI activity, (2) to study the “therapeutic” potentials of the BPI molecules, (3)
to examine IL-17 production in BPI- and PBS-treated mice after induction of EAE in an attempt
to correlate with disease progression, and (4) to examine BPI potential to induce anaphylaxis.
For improved BPI activity, the PLP-BPI was chemically modified by capping the N- and C-
termini and varying the length of the spacer peptide (Table 1). The in vivo activities of the BPI
molecules were compared (a) in suppressing the disease by injecting BPI molecules before the
disease onset (prophylactic) and (b) in reversing the disease by injecting the BPI molecules
after the disease occurs (treatment). We found that the capped Ac-PLP-BPI-NH2 suppresses
EAE more efficiently than the parent non-capped PLP-BPI; therapeutic application of Ac-PLP-
BPI-NH2 could expeditiously reverse the disease severity. Production of IL-17, a potent
proinflammatory cytokine found commonly among MS patients, was significantly decreased
by Ac-PLP-BPI-NH2-2 treatment. It was also found that the incidence of anaphylactic
responses is less in BPI treatment than in PLP139–151 treatment.

MATERIALS AND METHODS
Mice

SJL/J (H-2s) female mice were purchased from Jackson Laboratory (Bar Harbor, ME) or
Charles River (Wilmington, MA) and housed under specific pathogen-free conditions at an
Association for Assessment and Accreditation of Laboratory Animal Care-approved facility
at the University of Kansas. All protocols involving live mice were approved by the
University’s Institutional Animal Care and Use Committee.

Peptide synthesis
The sequences of peptides used in the present study are listed in Table 1. The peptides were
synthesized with 9-fluorenylmethyloxy-carbonyl-protected amino acid chemistry on
appropriate PEG-PS™ resin (Applied Biosystems, Foster City, CA) using the automated
peptide synthesis system (Pioneer™: PerSeptive Biosystems, Framingham, MA). Cleavage of
the peptides from the resin and removal of the protecting groups from the side-chain were
carried out using TFA with scavengers. The crude peptides were purified by reversed-phase
HPLC using a C18 column with a gradient of solvent A (95%/5% = H2O (0.1% TFA)/
acetonitrile) and solvent B (100% acetonitrile). The purity of the peptide was analyzed by
analytical HPLC using an analytical C18 column. The identity of the synthesized peptide was
confirmed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.

Induction of EAE and therapeutic study
Five- to seven-wk-old SJL/J female mice were immunized subcutaneously with 200 µg
PLP139–151 in a 0.2 ml emulsion comprised of equal volumes of PBS and complete Freund’s
adjuvant (CFA) containing killed Mycobacterium Tuberculosis strain H37RA (at a final
concentration of 4 mg/ml, Difco, Detroit, MI). The PLP/CFA was administered to regions
above the shoulder and the flanks (total 4 sites; 50 µl at each injection site). In addition, 200
ng of pertussis toxin (List Biological Laboratories, Campbell, CA) was injected
intraperitoneally on the day of immunization (day 0) and 2 days post immunization. Then, mice

Kobayashi et al. Page 3

Clin Immunol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



received intravenous injection of peptides (100 nmol/mouse) on indicated day(s). For the
therapeutic study, mice were left untreated until the day of disease onset (determined when the
mouse was scored as 1 or more for the first time). Upon disease onset, the mice received
intravenous injections of peptides (100 nmol/mouse/day) for 3 consecutive days of maximum
number of injections; peptide injection was discontinued once the disease score returned below
1. Disease progression was evaluated by the same observer in a blinded fashion using a clinical
scoring scale ranging from 0 to 5 as follows (24): 0 – No clinical symptoms, 1 – Limp tail or
waddling gait with tail tonicity; 2 – Waddling gait with limp tail (ataxia); 2.5 – Ataxia with
partial paralysis of one limb; 3 – Full paralysis of one limb; 3.5 – Full paralysis of one limb
with partial paralysis of the second limb; 4 – Full paralysis of two limbs; 4.5 – Full paralysis
of two limbs with partial paralysis of forelimbs; 5 – Moribund or dead. Body weight was also
measured daily.

Determination of IL-17 levels in serum in vivo
Blood samples were obtained from PBS- and Ac-PLP-BPI-NH2-2-treated mice on day 12 and
day 35 (6 mice per group). Additionally, 6 un-primed and un-treated mice (i.e., normal mice)
were also sampled. Blood samples were allowed to clot overnight at 2–8 °C before centrifuging
for 20 min at 2000 × g. Serum was collected and stored at −20 °C until analysis. Enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN) for IL-17 in serum were
performed according to the manufacturer’s instructions. Optical density was measured at 450
nm with correction at 540 nm wavelengths in a spectrophotmetric microplate reader (Titertek
Multiskan MCC/340, Flow Industries, McLean, VA).

Induction and monitoring of anaphylaxis
Mice received subcutaneous immunization with PLP139–151/CFA on day 0, and intraperitoneal
injection of pertussis toxin on the day of immunization and 2 days post immunization. Four to
five weeks later, the mice were divided into groups and received intravenous injection of
described peptide (100 nmol/mouse). To avoid the influence of the variation in their disease
severity and history, all the groups had a very similar set of mice in terms of the average highest
disease score, the average cumulative disease score, and the average day of disease onset.
Incidence of anaphylactic response was judged by death occurring within 30 min or the
characteristic symptoms of immediate hypersensitivity such as piloerection, prostration,
erythema of the tail, ears and footpads, shallow breathing, and lethargy observed within a few
minutes after peptide injection. Any mice that became moribund or did not recover from severe
anaphylactic symptoms were euthanized.

Proliferation assay of splenocytes isolated from peptide-treated mice
SJL/J mice were immunized with PLP139–151/CFA or MBP87–99 /CFA and pertussis toxin as
above. On days 4 and 7, the PLP139–151/CFA-immunized mice were injected intravenously
with PBS, PLP-BPI, or Ac-PLP-BPI-NH2 (100 nmol/mouse). The MBP87–99 /CFA-
immunized mice received PBS injections only. On day 10, the mice were euthanized and
lymphocytes were isolated from the spleen by centrifugation over Lymphocyte Separation
Medium (MP Biomedicals, Solon, OH). The pooled splenocytes (1 × 105 cells/100 µl) were
cultured in the presence or absence of antigen peptide (PLP139–151 (0.2–20 µM) and
MBP87–99 (20 µM)) or concanavalin A (2 µg/ml) for 72 h at 37 °C, 5% CO2. The cell number
was then determined using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the
instructions.

Statistic analysis
Statistical comparisons among the groups in clinical disease score were accomplished by
calculating the average score for each mouse from the day of disease onset to the end of the
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study and performing a Mann-Whitney’s U test. Statistical differences in relative body weight
were analyzed by calculating the average for each mouse for 10 days beginning on the day of
disease onset and performing a Mann-Whitney’s U test. Statistical significance in EAE disease
morbidity was determined by Cox proportional-hazards regression. Comparison in IL-17
concentration in serum was performed by one-way analysis of variance. Comparison in
splenocyte proliferation was performed by Dunnet test. All analyses were carried out using
StatView (SAS Institute, Inc.).

RESULTS
Suppression of EAE by PLP-BPI and Ac-PLP-BPI-NH2

The effect of capping was first evaluated by comparing the in vivo activity of Ac-PLP-BPI-
NH2 and PLP-BPI in suppressing EAE. Both molecules were given to PLP139–151/CFA-
immunized mice by either intravenous injections on days 4, 7, 10, and 14, or a single
intravenous injection on day 4. The results from four-time injections showed that both Ac-
PLP-BPI-NH2 and PLP-BPI completely prevented the onset of EAE; the treated mice exhibited
neither any clinical signs of disease nor significant loss of body weight (in vivo study-I, Fig.
2). In the case of a single injection, there was an apparent difference in the disease profile
between the mice treated with Ac-PLP-BPI-NH2 and PLP-BPI; Ac-PLP-BPI-NH2 inhibited
the progression of disease severity and the loss of body weight more efficiently than did PLP-
BPI (Fig. 2). A similar trend between the Ac-PLP-BPI-NH2 and PLP-BPI was observed in the
in vivo study-II; Ac-PLP-BPI-NH2 almost completely inhibited the disease progression by
intravenous injections on days 4 and 7 while PLP-BPI injections at the same treatment schedule
suppressed the EAE to only a small extent (Fig. 3). Although the EAE-suppressing activity of
uncapped PLP-BPI was weak in this treatment regimen, PLP-BPI still possessed better activity
to delay the progression of EAE than did PLP-polyG, which is not a “BPI”-type molecule due
to its lack of LABL peptide.

To confirm the effect of the N- and C-terminal modification of PLP-BPI on its in vivo activity,
proliferation of the splenocytes isolated from the peptide-treated mice was examined upon
antigen re-stimulation in vitro. Splenocytes from PLP139–151-immunized mice responded to
PLP139–151 stimulation but not to MBP87–99, and splenocytes from MBP87–99-immunized mice
responded to MBP87–99 stimulation but not to PLP139–151 (Fig. 4), suggesting that response of
isolated splenocytes was specific to the antigen used for immunization. The response was also
dose dependent. Interestingly, the splenocytes isolated from Ac-PLP-BPI-NH2-treated mice
showed significantly less proliferation in re-call to PLP139–151 than those of PLP-BPI-treated
and untreated mice. This suggests that intravenous injections of Ac-PLP-BPI-NH2 reduce the
number of PLP-responsive populations and/or suppress the responsiveness of the populations.
It was confirmed that proliferation of the splenocytes upon concanavalin A exposure was
similar in all the groups tested (data not shown). It is yet to be further elucidated that the types/
subpopulations of spleen cells that were activated and proliferating and the cytokine production
profiles of such cells following the treatment by Ac-PLP-BPI-NH2. Neverthelss, N-terminal
acetylated and C-terminal amidated Ac-PLP-BPI-NH2 proved to be more potent than the
original PLP-BPI.

Evaluation of various Ac-PLP-BPI-NH2 derivatives
To further optimize the BPI activity, we studied the effect of linker length of BPI and the effect
of reversing the positions of PLP and LABL in BPI. Ac-PLP-BPI-NH2-0 does not contain a
linker peptide (i.e., PLP and LABL are directly linked to each other) and Ac-PLP-BPI-NH2-2
contains a linker twice as long (Ac-G-Ac-G-Ac-Ac-G-Ac-G-Ac) as that of Ac-PLP-BPI-
NH2 (Ac-G-Ac-G-Ac). Ac-LABL-PLP-NH2 is another derivative that contains a regular length
linker (Ac-G-Ac-G-Ac), but the positions of PLP and LABL peptides are reversed (Table 1).
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In vivo EAE-suppressing activity of these peptides was evaluated using one (on day 4) and two
(on days 4 and 7) intravenous injection(s). All the Ac-PLP-BPI-NH2 derivatives completely
suppressed the EAE onset when two injections were employed (in vivo study-III, Fig. 5A).
Also, these peptides efficiently but not completely inhibited the progression of the disease
severity with a single injection (Fig. 5B). The derivatives with different lengths of linkers (Ac-
PLP-BPI-NH2-0 and Ac-PLP-BPI-NH2-2) were similarly more effective in suppressing EAE
than the parent Ac-PLP-BPI-NH2; however, Ac-LABL-PLP-NH2 has slightly lower potency.
Therefore, it was very difficult to conclude which is the best derivative based solely on this
screening study.

IL-17 serum levels in SJL/J mice in vivo
To examine the effect of BPI treatment on IL-17 production, we determined serum IL-17 levels
in mice after induction of EAE and treatment with BPI or PBS. We anticipated that serum
IL-17 levels among the PBS-treated mice would be significantly high at the peak of the disease
(days 12–17) compared to either BPI-treated or un-primed mice. However, mice receiving Ac-
PLP-BPI-NH2-2 had unexpectedly significantly high (p<0.001) level of IL-17 at the peak of
the disease (i.e., day 12, when PBS-treated mice exhibited severe EAE symptoms) compared
to the mice receiving PBS alone (Fig. 6). Ac-PLP-BPI-NH2-2 treated mice showed more than
90-fold increase in the IL-17 production whereas mice receiving PBS had an almost 23-fold
increase when compared to un-primed mice. In contrast to the IL-17 levels observed on day
12, mice receiving Ac-PLP-BPI-NH2-2 showed a significant decrease (p<0.05) in IL-17 serum
level on day 35. Conversely, PBS-treated mice showed a significant increase (p<0.001) in
IL-17 serum concentration at day 35 compared to that observed on day 12. At the end of the
study (day 35), mice receiving Ac-PLP-BPI-NH2-2 had significantly lower (p<0.05) IL-17
serum concentration than did PBS-treated mice. It was confirmed that un-primed and un-treated
mice had significantly lower (p<0.001) IL-17 serum concentration than either Ac-PLP-BPI-
NH2-2-or PBS-treated mice.

Therapeutic application of Ac-PLP-BPI-NH2
When considering clinical applications of BPI to treat autoimmune diseases, it is important to
examine the “therapeutic” potentials of Ac-PLP-BPI-NH2. In this case, the Ac-PLP-BPI-
NH2 derivatives were intravenously injected to individual mice upon disease onset (defined as
a score of 1 or more). The day of disease onset varied among the mice from day 9 to 15 after
immunization with PLP139–151/CFA. Fig. 7 shows the profile of clinical disease score
following the day of starting treatment (in vivo study-IV). Surprisingly, the mice treated with
BPI recovered from the disease very quickly; the effectiveness of BPI injection can be seen
after only a single injection (i.e., at 1 day after injection), and the clinical disease score returned
to a normal level (0.5 or less) within 2–3 days in almost all the BPI-treated mice. On the
contrary, PBS-treated mice stayed sick for a longer period of time while a spontaneous decrease
in disease score was observed; the remission and relapse found in PBS-treated mice is one of
the characteristics of EAE and MS. The average number of days from disease onset to remission
was 12.3 days for PBS-treated mice and 2–3 days for all the Ac-PLP-BPI-NH2 derivatives-
treated groups. In addition, the apparent relapse of the disease was observed in most of PBS-
treated mice but in very few of the BPI-treated groups. Thus, BPI can significantly ameliorate
the EAE even when the treatment is carried out after the onset of disease and can suppress the
possible relapse thereafter. This strongly suggests the potential therapeutic applications of BPI.
Again, it was very difficult to see the difference in therapeutic activity of the tested Ac-PLP-
BPI-NH2 derivatives because they are all very potent in this experiment.
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Anaphylactic reactions following BPI injection
Lethal anaphylactic reaction is one of the most problematic issues in treating autoimmune
diseases with antigen-related peptides (25–29). We have previously shown that PLP-BPI has
a relatively lower possibility of inducing anaphylaxis compared with the original antigenic
peptide PLP139–151 (8). Thus, we examined the potentials of Ac-PLP-BPI-NH2 and other
derivatives in inducing anaphylactic response in comparison with PLP139–151. Table 2 shows
the incidence of anaphylactic reactions in PLP139–151/CFA-immunized mice that received the
peptide challenge on day 27 (Experiment A) or on day 32 (Experiment B). Ac-PLP-BPI-
NH2 and its derivatives induced relatively lower incidence of lethal anaphylaxis than did
PLP139–151. Interestingly, Ac-PLP-BPI-NH2-2 caused the least incidence of anaphylaxis
among the peptides tested. While further studies need to be done to specify the influence of
spacer length, BPI with a long linker may be the best molecule to minimize the adverse effect
of peptide treatment. Taken together, although anaphylaxis was not completely suppressed, it
is suggested that BPI is a safer molecule than the parental antigenic peptide (i.e., PLP139–151)
alone in terms of inducing anaphylactic reactions.

DISCUSSION
For treatment of MS and other autoimmune diseases, it is hoped that antigen-specific therapies
can be developed that will control only those immune responses involved in a particular
autoimmune disease without suppressing the general immune response, thus leaving the
remaining functions of the immune system intact. Recently, the formation of the
immunological synapse has been gaining much attention as a central mechanism of regulating
immune responses. Although the detailed functions in a series of complicated immunological
events are still under debate and investigation, the formation of the immunological synapse is
an important process during T-cell activation. Initially, T cells and APC contact each other
through LFA-1/ICAM-1 adhesion molecules that congregate at the central cell-cell contact
region, while TCR/MHC-antigen complexes are found peripherally in a ring shape in the
nascent synapse. As T-cell activation proceeds, the clusters of both molecular complexes
interchange the positions into a bull's eye pattern, where the TCR/MHC-antigen complexes
(Signal-1) form central supramolecular activation clusters surrounded by LFA-1/ICAM-1
(Signal-2) as a member of peripheral supramolecular activation clusters (1–4). To modulate
the immunological synapse formation, we have designed a novel peptide molecule called BPI
that targets particularly the translocation and segregation of the Signal-1 and Signal-2 clusters
(Fig. 1). So far, we have developed two different versions of BPI, PLP-BPI and GAD-BPI
(8,13); they consist of the MS-associated antigen PLP139–151 and the type-1 diabetes-associated
antigen GAD208–217, respectively, as antigen epitope parts of BPI.

In our recent studies, we have demonstrated that PLP-BPI can inhibit the disease progression
and incidence in in vivo mouse EAE, a model for human MS. PLP-BPI has better activity in
suppressing EAE than do other peptides, including VP2-BPI (a BPI with an epitope peptide
of Theiler’s encephalomyelitis virus capsid protein (VP274–86), which is known to bind to
MHC-II (I-As) in SJL/J mice (30)), PLP-BPIsLABL (PLP-BPI with a scrambled sequence of
LABL), and the unlinked mixture of PLP139–151 and LABL. These data suggest the significance
of a unique structure in PLP-BPI such as (a) the presence of both PLP139–151 and LABL
peptides and (b) covalent linking of these two peptides in the same molecule. In a parallel
study, our group also has designed GAD-BPI and demonstrated that it can suppress type-1
diabetes in NOD mice (13). MHC-II (I-Ag7) and ICAM-1 molecules on the surface of isolated
B cells are co-localized in the presence of GAD-BPI but not the unlinked mixture of
GAD208–217 peptide and LABL, suggesting simultaneous binding of GAD-BPI to its target
molecules, I-Ag7 and ICAM-1.
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As to mechanistic aspect of PLP-BPI, we found that CD4+CD25+TGF-β+,
CD4+CD25+IL-4+, and CD4+CD25+IL-10+ T cells were significantly increased in the
lymphocyte population isolated from the spleen of PLP-BPI-treated mice; in addition,
CD4+CD25+IFN-γ+ cells were also significantly induced by the PLP-BPI treatment (8). As in
PLP-BPI, we showed that GAD-BPI enhanced the production of IL-4 as well as IFN-γ; the
IL-4 was produced by a rare population of NOD T cells bearing the NK-marker DX5
(CD4+DX5+ T cells) (13). Therefore, taken together, it is possible that PLP-BPI treatment
altered the characteristics of cytokine producers from “strictly Th1-like” phenotype to
“balanced Th1- plus Th2-like” cells.

Elevated levels of IL-17 have been demonstrated in the cerebrospinal fluid and in brain lesions
of patients with MS (31). IL-17 level has been found to correlate with disease activity (22),
suggesting that IL-17 plays an important role in the pathogenesis of MS. It has also been
suggested that IL-17 induces EAE in animals (32). In the present study, we compared IL-17
production in serum among Ac-PLP-BPI-NH2-2-treated, PBS-treated, and un-primed mice.
Unexpectedly, we found increased production of IL-17 at the peak of the disease in animals
receiving Ac-PLP-BPI-NH2-2 compared to PBS-treated ones. Based on the fact that mice
receiving Ac-PLP-BPI-NH2-2 had lower EAE clinical scores, lower EAE incidence, and
minimal loss in body weight (Fig. 6), the only plausible explanation to this observation could
be that IL-17 response in this group was specific to the antigen used for immunization. To
induce EAE, mice were primed with PLP139–151, which is also a constituent of Ac-PLP-BPI-
NH2-2 used to suppress EAE. Presumably, a subpopulation of memory CD4+ T cells induced
during the priming process recognizes the PLP139–151 fragment either in intact Ac-PLP-BPI-
NH2-2 or produced as a result of degradation of Ac-PLP-BPI-NH2-2, which consequently lead
to increased proliferation and thus increased production of IL-17. Since Ac-PLP-BPI-NH2-2
effectively suppressed EAE by blocking the formation of the immunological synapse, further
proliferation of autoreactive CD4+ T cells as well as production of IL-17 were inconsequential.
Hence the absence of exacerbation of EAE was observed in mice receiving Ac-PLP-BPI-
NH2-2 as demonstrated by lower incidence of EAE, lower EAE clinical scores, and minimal
loss in body weight. More importantly, there was significant decrease in IL-17 production at
the end of the study (day 35) in Ac-PLP-BPI-NH2-2-treated animals; this further supports our
earlier believe that the initial IL-17 response was primarily specific to the antigenic peptide
used for priming. In contrast, IL-17 production was significantly increased among PBS-treated
animals on day 35, being consistent with increased inflammation and maybe an impending
relapse, i.e., one of characteristic features of MS. Further insights into the fate of IL-17 would
be gained through studies carried out for periods much longer than 35 days.

For clinical development of therapeutic agents for autoimmune diseases, one of the most
important concerns is whether they are really effective in “therapeutic” applications. In many
studies, disease-suppressing activity of compounds of interest is tested by dosing the
compounds prior to the manifestation of clinical signs of disease; treatment(s) are carried out
during the period between induction of disease and disease onset, at the same time as the
induction of disease, and/or before the induction of disease (33–38). These regimens may be
regarded as “prophylactic” treatment, not a genuine “therapeutic” application. This is also the
case for our previous studies. We have examined the in vivo EAE-suppressing activity of PLP-
BPI by injecting the molecule as early as day 4 through day 14; thus, most of the injections
made fall in the period between subcutaneous PLP139–151/CFA-immunization on day 0 (i.e.,
induction of disease) and the disease onset (typically around day 9–13). However, in clinical
situations, BPI injection to patients is unlikely to be started until the patients exhibit apparent
clinical signs of the disease. Therefore, as an example of a practical and reasonable timing of
starting BPI treatment, we gave BPI injection(s) to mice upon disease onset to examine the in
vivo therapeutic effect of BPI molecules (Fig. 7). It is interesting to find that the injections of
Ac-PLP-BPI-NH2 and its derivatives (as combined as BPIs in Fig. 8) after apparent disease

Kobayashi et al. Page 8

Clin Immunol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



onset can reverse the disease severity very quickly. Most of the BPI-treated mice became free
of apparent clinical disease signs and stopped losing body weight within a few days, and never
showed a relapse of the disease that was observed in the untreated group at a later time period.
These data suggest that BPI is effective in suppressing EAE when injected after disease onset
and therefore can be a promising “therapeutic” agent for autoimmune diseases.

Another important issue of concern with peptide-based therapeutics is the anaphylactic
response, a life-threatening immediate hypersensitivity reaction caused by injections of the
antigen-related peptide(s). Anaphylactic reactions have been observed with several peptides
(25–29) that were evaluated for treating autoimmune diseases. Due to hypersensitivity
reactions in patients during phase II clinical trials, development of an MS-targeted peptide drug
has been suspended (39,40). Previously, we found that intravenous injection of PLP-BPI at 4–
5 wk post immunization causes anaphylactic reaction to a much lower number of mice than
does PLP139–151. In the present study, we confirmed that the N- and C-terminal-modified form
of PLP-BPI (Ac-PLP-BPI-NH2) also induces anaphylaxis at lower incidence than
PLP139–151 (Table 2, Experiment A). Furthermore, we performed a similar experiment with
Ac-PLP-BPI-NH2 derivatives to examine the effect of spacer length of BPI on the rate of
inducing anaphylactic reactions. Interestingly, we found that among the Ac-PLP-BPI-NH2
derivatives tested, BPI with a relatively long linker (Ac-PLP-BPI-NH2-2) appears less
aggressive in causing lethal anaphylaxis (Table 2, Experiment B). The lower incidence of
anaphylaxis in BPI is presumably due to (a) the presence of LABL peptide in BPI to inhibit
LFA-1/ICAM-1 interactions at the site of antigen recognition or (b) the addition of another
peptide moiety at the N- or C-terminal to the parental allergic peptide PLP139–151. Involvement
of LFA-1/ICAM-1-mediated heterotypic aggregation of activated T cells to mast cells is
implicated in augmenting mast cell degranulation and histamine release (41). However, the
contribution of the presence of LABL peptide is unlikely to be significant since PLP-BPI and
PLP-BPIsLABL with a scrambled LABL sequence had a similar incidence in inducing
anaphylactic reactions (data not shown). Another group has demonstrated successful reduction
of anaphylaxis-inducing rate by addition of extra sequences to the C-terminal of an antigenic
peptide (29). Although the lethal anaphylaxis was not completely avoided in Ac-PLP-BPI-
NH2 or its derivatives under the current experimental conditions, it would be possible to
dissociate the disease-protective effect of BPI from the allergic side reactions by optimizing
the dose, injection route, formulation, and/or treatment schedule (42).

It is also important to improve the in vivo activity of BPI in order to accomplish its clinical
application. For this purpose, we designed Ac-PLP-BPI-NH2 with capped N- and C-termini;
this type of modification could improve peptide stability in vivo due to the suppression of
degradation by carboxy- and amino-peptidases (43). It is not yet clear whether the acetyl group
on the N-terminus of PLP peptide and/or the amide group on the C-terminus of LABL peptide
contribute to binding properties of BPI to the respective receptors. Nonetheless, Ac-PLP-BPI-
NH2 was more efficient in suppressing the disease progression than unmodified PLP-BPI (Fig.
2 and Fig. 3). It is possible that Ac-PLP-BPI-NH2 has a better bioavailability than the parent
PLP-BPI; thus, fewer injections would be needed for Ac-PLP-BPI-NH2 to reverse the disease
compared to the parent PLP-BPI. Next, Ac-PLP-BPI-NH2 was further modified by changing
the linker length to optimize the distance between PLP139–151 and LABL; this modification
was aimed at optimizing the simultaneous binding of PLP139–151 and LABL peptide to MHC-
II and ICAM-1, respectively, on the surface of APC. Our initial design of linker peptide (Ac-
G-Ac-G-Ac) was based on modeling BPI interaction with both I-Ag7 and domain-1 of ICAM-1.
LABL and GAD208–217 peptides were docked to the domain-1 of ICAM-1 and I-Ag7,
respectively, using X-ray structural information from previous studies (44–47). The distance
between the N-terminal of LABL peptide and the C-terminal of GAD208–217 peptide was
estimated, and the number of aminocaproic acid (Ac) and glycine (G) residues was determined.
Influences of linker structure bridging two functional groups were clearly suggested before
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(48). Therefore, while the treatment is antigen-specific in any of the PLP-BPI derivatives, their
overall efficiency in affecting the immunological synapse formation could be different from
one another. Unfortunately, because all the Ac-PLP-BPI-NH2 derivatives were very active in
vivo in suppressing EAE, we could not differentiate the activities of the derivatives with various
linker lengths. Thus, it seems very difficult to perform an in vivo screening study under the
current experimental conditions.

In conclusion, Ac-PLP-BPI-NH2 could be a promising potential therapeutic and prophylactic
agent for MS although further improvements in its activity and safety concerns are necessary.
Establishment of an in vitro assay that allows efficient screening of best BPI molecules is
strongly desired for further improvement of BPI activities. Other versions of BPI molecules
could be developed for many autoimmune diseases in which antigenic epitopes are identified.
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Fig. 1.
Sequence and target molecules of PLP-BPI (A). PLP-BPI is a linear 28-amino acid peptide,
which is made of antigen epitope peptide PLP139–151 and ICAM-1-binding peptide (named
LABL peptide) derived from the α-subunit of LFA-1 (CD11a237–246) connected via a linker
peptide. Ac = ε-aminocaproic acid. PLP139–151 and LABL portions of PLP-BPI simultaneously
bind to MHC-II (I-As) and ICAM-1, respectively, on the surface of APC. During T-cell
activation, Signal-2 (LFA-1/ICAM-1) and Signal-1 (TCR/MHC-antigen complex) are initially
formed at the center and around the central zone, respectively, of the T cell-APC interface, and
both signals translocate each other to form a complete immunological synapse (B). BPI binds
to and tethers MHC-II and ICAM-1 on APC and prevents the migration (i.e., translocation and
segregation) of Signal-1 and Signal-2, which inhibits the immunological synapse formation
(C).
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Fig. 2.
In vivo suppressive activity of BPI in the mouse EAE model (in vivo study-I). SJL/J female
mice were immunized subcutaneously with PLP139–151/CFA and injected intraperitoneally
with pertussis toxin on days 0 and 2. Then, the mice received intravenous injection(s) of 100
nmol of the indicated peptide on days 4, 7, 10, and 14 or only on day 4. Disease progression
was evaluated by (A) clinical disease scoring as described in Experimental Procedures and (B)
change in body weight. The results are expressed as the mean + S.E. (n = 6). There are
significant differences in clinical disease score vs. PBS; PLP-BPI (×4) (P<0.05), Ac-PLP-BPI-
NH2 (×1) (P<0.05), Ac-PLP-BPI-NH2 (×4) (P<0.05) and between Ac-PLP-BPI-NH2 (×1) and
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PLP-BPI (×1) (P<0.05). There are significant differences in body weight vs. PBS; PLP-BPI
(×4) (P<0.05), Ac-PLP-BPI-NH2 (×4) (P<0.05).
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Fig. 3.
In vivo suppressive activity of BPI in the mouse EAE model (in vivo study-II). SJL/J female
mice were immunized subcutaneously with PLP139–151/CFA and injected intraperitoneally
with pertussis toxin on days 0 and 2. Then, the mice received intravenous injections of 100
nmol of the indicated peptide on days 4 and 7. Disease progression was evaluated by (A) clinical
disease score and (B) change in body weight. The results are expressed as the mean + S.E. (n
= 6). There are significant differences in clinical disease score; PBS vs. Ac-PLP-BPI-NH2
(P<0.01), PLP-BPI vs. Ac-PLP-BPI-NH2 (P<0.05), PLP-polyG vs. Ac-PLP-BPI-NH2
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(P<0.05). There is significant difference in body weight between PBS and Ac-PLP-BPI-NH2
(P<0.05).
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Fig. 4.
In vitro proliferation of splenocytes isolated from peptide-treated mice. PLP139–151/CFA- or
MBP87–99 /CFA-immunized mice received intravenous injections of PBS, PLP-BPI, or Ac-
PLP-BPI-NH2 (100 nmol/mouse) on days 4 and 7. On day 10, splenocytes were isolated from
the mice. The pooled splenocytes in triplicate were re-stimulated with the indicated antigen
peptide for 72 h at 37 °C. The cell number was determined using Cell Counting Kit-8. The
results are expressed as the mean + S.D. Among the PLP139–151/CFA-immunized group, there
are significant differences vs. PBS; ** P<0.01, * P<0.05, and vs. PLP-BPI; † P<0.05.
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Fig. 5.
In vivo suppressive activity of Ac-PLP-BPI-NH2 derivatives in mouse EAE model (in vivo
study-III). PLP139–151/CFA-immunized mice received intravenous injections of 100 nmol of
the indicated peptide on days 4 and 7 (A) or only on day 4 (B). The results are expressed as
the mean + S.E. (n = 5–10). Statistical analyses were not performed for the two injection
experiment. For the single injection experiment, there are significant differences vs. PBS; Ac-
PLP-BPI-NH2-0 (P<0.01), Ac-PLP-BPI-NH2 (P<0.01), Ac-PLP-BPI-NH2-2 (P<0.01).
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Fig. 6.
Production of IL-17 in serum in vivo. SJL/J female mice were immunized subcutaneously with
PLP139–151/CFA and injected intraperitoneally with pertussis toxin on days 0 and 2. Then, the
mice received intravenous injections of 100 nmol of Ac-PLP-BPI-NH2-2 or PBS on days 4, 7,
and 10. (A) Serum concentration of IL-17 was determined on day 12 and 35 in Ac-PLP-BPI-
NH2-2-treated, PBS-treated, and un-primed mice using Elisa kit. Data is represented as mean
± S.D. (6 mice per group). Disease progression was evaluated by (B) EAE clinical disease
score, (C) percent change in body weight, and (D) incidence of disease. Results are expressed
as mean ± S.D. (12 mice per group). There were significant differences between Ac-PLP-BPI-
NH2-2- and PBS-treated groups in clinical EAE score (p<0.001, through days 12–17), body
weight (p<0.05, through 12–25), and incidence of disease (p<0.001).
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Fig. 7.
In vivo therapeutic activity of Ac-PLP-BPI-NH2 derivatives in mouse EAE model (in vivo
study-IV). PLP139–151/CFA-immunized mice received intravenous injections of the indicated
peptide (100 nmol/mouse/day) starting on the day of disease onset as described in Experimental
Procedures. The results are expressed as the mean + S.E. (n = 6–7). There are significant
differences vs. PBS; Ac-PLP-BPI-NH2-0 (P<0.01), Ac-PLP-BPI-NH2 (P<0.05), Ac-PLP-BPI-
NH2-2 (P<0.05), Ac-LABL-PLP-NH2 (P<0.01).
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Fig. 8.
In vivo therapeutic activity of BPI in mouse EAE model: summary of in vivo study-IV. The
data of Ac-PLP-BPI-NH2 derivatives in in vivo study-IV were combined as BPIs to investigate
the therapeutic effect of BPI treatment as (A) clinical disease score, (B) change in body weight,
and (C) morbidity rate of disease. The results are expressed as the mean + S.E. (n = 7 for control
group and n = 25 for BPI-treated group). There are significant differences between BPI- and
PBS-treated groups in clinical disease score (P < 0.01), body weight (P < 0.05), and morbidity
rate (P < 0.01).
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Table 1
List of peptides used in the present study.

Peptide Sequence

PLP-BPI HSLGKWLGHPDKF-AcGAcGAc-ITDGEATDSG
PLP139–151 HSLGKWLGHPDKF

LABL (CD11a237–246) ITDGEATDSG
PLP-polyG HSLGKWLGHPDKF-AcGAcGAc-GGGGGGGGGG

Ac-PLP-BPI-NH2 CH3CO-HSLGKWLGHPDKF-AcGAcGAc-ITDGEATDSG-NH2
Ac-PLP-BPI-NH2-0 CH3CO-HSLGKWLGHPDKF-ITDGEATDSG-NH2
Ac-PLP-BPI-NH2-2 CH3CO-HSLGKWLGHPDKF-AcGAcGAcAcGAcGAc-ITDGEATDSG-NH2
Ac-LABL-PLP-NH2 CH3CO-ITDGEATDSG-AcGAcGAc-HSLGKWLGHPDKF-NH2

MBP87–99 VHFFKNIVTPRTP

BPI is composed of antigen epitope peptide (e.g., PLP139–151), various lengths of spacer peptide (none, Ac-G-Ac-G-Ac, or Ac-G-Ac-G-Ac-Ac-G-Ac-
G-Ac; where Ac represents ε-aminocaproic acid), and LABL peptide (CD11a237–246). Some peptides are capped at both ends, i.e., N-terminal acetylated
and C-terminal amidated. PLP-polyG contains deca-glycine instead of LABL peptide.
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Table 2
Incidence of anaphylactic response upon peptide challenge.

Experiment Peptide challenged Incidence of anaphylaxis

A PLP 13/17 (76.5%)
Ac-PLP-BPI-NH2 7/16 (43.8%)

B PLP 9/11 (81.8%)
Ac-PLP-BPI-NH2-0 7/11 (63.6%)
Ac-PLP-BPI-NH2 7/11 (63.6%)

Ac-PLP-BPI-NH2-2 5/11 (45.5%)
Ac-LABL-PLP-NH2 7/11 (63.6%)

PLP139–151/CFA-immunized mice received intravenous injection of the indicated peptide on day 27 (Experiment A) and day 32 (Experiment B).
Incidence of anaphylactic response was determined as described in Experimental Procedures.
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