P

Review

Immunotherap

For reprint orders, please contact: reprints@futuremedicine.com

Peptides and peptidomimetics as
immunomodulators

Peptides and peptidomimetics can function as immunomodulating agents by either
blocking theimmune response or stimulating the immune response to generate tolerance.
Knowledge of B- or T-cell epitopes along with conformational constraints is important
in the design of peptide-based immunomodulating agents. Work on the conformational
aspects of peptides, synthesis and modified amino acid side chains have contributed to the
development of a new generation of therapeutic agents for autoimmune diseases and
cancer. The design of peptides/peptidomimetics for immunomodulation in autoimmune
diseases such as multiple sclerosis, rheumatoid arthritis, systemic lupus and HIV infection
is reviewed. In cancer therapy, peptide epitopes are used in such a way that the body is
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trained to recognize and fight the cancer cells locally as well as systemically.
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Immunomodulation

T cells of the immune system recognize inva-
sive antigens or foreign materials and neutral-
ize the invaders while sparing the body’s own
tissues. Thus, T cells should be able to dis-
tinguish between ‘self” and ‘non-self’ when
neutralizing or destroying cells [1]. One of the
earliest models proposed for T-cell activation
of naive T cells to effector T cells requires
several protein molecules that interact with
one another at the junction of T cells and
antigen-presenting cells (APCs) and consists
of two signals. The first signal is provided by
the interaction between a polymorphic recep-
tor expressed on T cells and its ligand on the
target cells or the APC as a MHC. The speci-
ficity of the immune response is determined by
engagement of the T-cell receptors by peptide
antigens bound within the groove of MHC
proteins expressed on the surface of APCs.
These APCs generally include dendritic cells,
macrophages and B-lymphocytes. The second
signal is provided by adhesion molecules and/
or costimulatory ligands on the APC through
corresponding counter-receptors on the T cells.
Once the T cells are activated, they undergo

clonal expansion to produce the immune
response. During the immune response gen-
eration, the costimulatory signal (signal 2) is
delivered by cell adhesion molecules, including
CD2-CD58, LFA-1-ICAM-1 (CD11a-CD18-
CD54) and CD28-B7 (CD28-CD80). The
activation of effector T cells occurs through a
multistep process activated by signal 1 and 2
with different adhesion molecules to generate
the immune response [2.3].

The immune system can also cause patho-
logical consequences due to various reasons.
One of the first consequences occurs in the
normal immune system when a healthy
immune response to a transplant leads to
transplant rejection. A second case is when
tolerance to self is deregulated, leading to
autoimmune diseases. Although the immune
system is well regulated, autoimmunity occurs
when autoreactive immune cells are triggered
to activate their responses against self-tissues.
This happens due to a lack of immunotoler-
ance or to a breakdown of the mechanism
that controls immune tolerance, resulting in
failure of the host system to distinguish self
from nonself cells. Autoimmune diseases may
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affect a single organ or multiple organs. Organ-specific
diseases include celiac disease, Type 1 diabetes mellitus,
multiple sclerosis (MS) and myasthenia gravis. Systemic
diseases include rheumatoid arthritis (RA) and systemic
lupus erythematosus (SLE) [4-6]. Another case occurs
when the immune system becomes overreactive to harm-
less antigens, leading to allergy or hypersensitivity. In all
of the above pathological cases, immunomodulation is
necessary to control the consequences of a deregulated
immune system. Immunomodulating agents can be
separated into different categories, depending on their
actions. For example, agents that suppress or block the
immune system as in the case of autoimmune diseases,
allergy/asthma [5], inflammation and transplantation;
agents that stimulate or activate the immune system as
in the case of viral infections and cancer; and agents that
remove unwanted cellular subtypes of the immune sys-
tem via specific antigens as in the case of autoimmune
diseases and cancer. These modulating agents can be
small organic molecules, antibodies, or peptides and
peptidomimetics. In the present review, our focus is
on peptides and peptidomimetics that modulate the
immune response. We have covered the roles of peptides
and peptidomimetics in immunomodulation and their
possible therapeutic effects on autoimmune diseases and
cancer. Since the list of autoimmune diseases is long

(more than 100), we have concentrated our review on a
few major autoimmune diseases and have tried to include
the research efforts in this area for the past 5-7 years.

Peptides & peptidomimetics

The use of peptides as drugs began as eatly as the 1950s
with the discovery of hormones and neurotransmitters
and treatment with peptide-based drugs for hormonal
therapy [78]. Peptide-based drug design gained momen-
tum as 3D structures of proteins and their functions on
cell surfaces as well as in cells were delineated. Particularly
for the immune response, several proteins are involved
on cell surfaces that interact with one another (Figure 1),
forming an immunological synapse [9.10]. Structural and
functional studies of the proteins have suggested that
protein—protein interaction (PPI) is required for any cell
signaling process. Protein—protein complexes are tran-
sient and reversible. In the immune response, these inter-
actions are dynamic in nature and the signal depends on
the strength and duration of interaction. The amino acids
that are present on the surface of proteins provide them
with high specificity and affinity yet dynamic binding
character. Since PPI surfaces are made up of epitopes of
amino acids, peptides are a relevant choice to modulate
such interactions. Peptides act as a mimicking surface
of one of the proteins, interfere with PPI and modulate

B7-CTL-4

TCR-MHC

Figure 1. Crystal structures of protein complexes that are involved in adhesion or costimulation during immune
response. An array of these molecules on the T cell and antigen-presenting cell facilitates the contact between
the cells apart from TCR-MHC molecules. (A) CD2-CD58 (Protein Data Bank ID: 1AQ9), (B) B7-CTL-4 (Protein Data
Bank ID: 118L), (C) LFA-1-ICAM-1 (Protein Data Bank ID: TMQ8) and (D) TCR-MHC (Protein Data Bank ID: 1G6R).
CTL: Cytotoxic T lymphocyte; LFA: Leukocyte function-associated antigen; TCR: T-cell receptor.
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the signaling. This is particularly important in immune
response, since these molecules will not completely shut
down the signaling process but, rather, modulate the
signaling. Traditionally, PPIs are modulated by anti-
bodies and there are several antibody drugs for immu-
nomodulation in the market [11]. However, antibodies
have limitations in terms of stability, delivery and, more
importantly, immunogenicity. Even the humanized ver-
sions of antibodies elicit an immune response. In some
cases, long-term administration of antibodies results in
chronic problems [12,13]. Peptide-based drugs have advan-
tages in terms of specificity and, generally, are nonimmu-
nogenic and can be synthesized in large amounts. Most
of the peptides will not have tertiary and quaternary
structures, making them more stable compared with
antibodies. Peptides combine the favorable properties
of small-molecule drugs and protein therapeutics [14-16].
However, peptides have limitations in terms of 77 vivo
enzymatic stability, short halflife, fast renal clearance
and formulation challenges 17]. To overcome short half-
life and low bioavailability, several strategies have been
investigated that can be adopted in the design of pep-
tide-based drugs [18]. /n vive stability of peptides can be
enhanced by peptide backbone modification; this can be
accomplished by introduction of unnatural amino acids
or D-amino acids, peptide-bond modification, N-and
C-termini modifications and constraining the backbone
by introducing cyclization, resulting in molecules that
are stable against enzymatic degradation [19-21]. Bioavail-
ability and renal clearance problems can be overcome by
PEGylation of the peptides. Modification of the back-
bone or side chain of peptides produces peptidomimet-
ics. Peptidomimetics are compounds whose pharmaco-
phore mimics a natural peptide or protein in 3D space
with the ability to interact with the biological target and
produce the same biological effect [8]. The idea behind
this design is that proteins exert their biological effects
through small regions on their surface called epitopes.
A short sequence of peptides or functional groups that
are close together can be reproduced in smaller, confor-
mationally similar fragments that can bind to the recep-
tor and provide steric hindrance between the receptor
and the native protein ligand. Peptidomimetics have
advantages over peptides in terms of stability and bio-
availability associated with a natural peptide. Therefore,
peptidomimetics have great potential in drug discovery.
Peptidomimetics can have main- or side-chain modifica-
tions of the parent peptide designed for biological func-
tion (Figure 2A-2D) [22-25]. Some examples of peptido-
mimetics structures that are therapeutically useful and
that are already in the market for cardiovascular disorder
are shown in Figure 2E [26]. In terms of design consid-
erations, peptidomimetics can be designed from protein
epitopes with global or local conformational restrictions.

Peptides & peptidomimetics as immunomodulators

Global conformational restrictions impose a particular
shape or secondary structure on the peptide and also pro-
vide stability against enzymatic degradation. Examples
of global conformational constraints include cyclization
of the peptide using nonpeptide moieties, lactam bridges
or inclusion of penicillamine (dimethyl cysteine) to form
disulfide bonds. Local conformational restrictions can
be applied using backbone modifications at particular
amino acid residues or between two amino acid resi-
dues in the peptide. Backbone amides can be replaced
by amide bond-like surrogates and isosteric substituents
(Figure 2B) [27]. These backbone-modified mimetics can
have regular amino acids. Side chains of amino acids
in the peptides can be replaced with analogs of amino
acids that have functional properties similar to those of
amino acid side chains but with conformational restric-
tions of 7 angles for side-chain rotation (Figure 2C).
The side chain-modified peptidomimetics can expose
the proper functional groups to bind with the targeted
receptors with high affinity compared with normal side
chains of amino acids. Another tactic to design the pep-
tidomimetics is a minimalistic approach [28] where the
secondary structure of the peptide epitope is mimicked
using a-helical, B-turn or B-strand constraints to intro-
duce organic functional groups (Figure 2D). The entire
peptide backbone can be modified to mimic turn or heli-
cal structures using organic functional groups without
any peptide bonds. The design of helical or turn mimet-
ics provided by Hamilton ezal. [29) and Hirschmann
etal. 130) provides such peptidomimetics. However,
synthesis of such mimetics requires extensive expertise
in synthesis to achieve the desired product for biologi-
cal investigation. In recent years, peptides and peptido-
mimetics have gained significant importance in various
clinical areas such as immunology, endocrinology, urol-
ogy and oncology. Most of the diseases in the body occur
as a result of either overexpression or underexpression of
certain proteins or PPIs. Since the epitope of a PPl is a
peptide, strategies to design peptidomimetics to modu-
late this interaction are utilized in many pathological
conditions. In this review, we will be focusing on the use
of peptides and peptidomimetics as immunomodulators
in the pathology of several autoimmune disorders, can-
cer and HIV. Furthermore, we will give a brief overview
of cyclotides [31], which are used as templates to trans-
late the pharmacophore designed in the peptide design
strategy to multicyclic structures of naturally occurring,
enzymatically stable peptides or miniproteins.

Peptides/peptidomimetics as
immunomodulators in autoimmune diseases
Historically, therapies for autoimmune diseases
reduce the symptoms and, in many cases, include
the suppression of the immune system. Most of the
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Figure 2. Design strategy for peptidomimetics. (A) Epitope of a protein that has relevant biological function
identified from functional studies. Peptidomimetic design based on (B) backbone modifications, (C) side-chain
modifications using amino acid analogs and (D) secondary structures such as a-helix or B-turn mimetics [8,27-29].
(E) Examples of peptidomimetics that are therapeutically useful for cardiovascular disease [26].
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autoimmune diseases are inflammatory in nature
and involve a T-cell response and cytokine produc-
tion [32-34]. Hence, targeted therapies using biologics
target particular proteins and PPIs. In recent years,
many of the protein molecules that are overexpressed
in certain disease pathologies have been studied in
detail, and parts of the molecular mechanisms of bio-
chemical pathways that lead to the disease have been
elucidated. Hence, peptides and peptidomimetics are
targeted to bind to these proteins and modulate the
immune response. Several costimulatory molecules
that are involved in inflammation and T-cell response
have been targeted for autoimmune disease ther-
apy (3. In this review article, we will cover therapies
for major autoimmune diseases such as RA, MS and
SLE employing peptides and peptidomimetics. There
are reports of opioid peptidomimetics that can be used
for immunomodulation [35].

Rheumatoid arthritis
RAisachronic, systemic inflammatory disease in which
the immune and inflammatory systems are closely
linked, resulting in the destruction of cartilage and
bone. Apart from targeting the synovial lining of the
joints, other organs such as the lungs, heart and blood
vessels can also be affected. If the disease is untreated,
it leads to permanent damage of the joints and signifi-
cant impairment to the quality of life (36-38]. Current
treatments for RA include NSAIDs, glucocorticoids
and disease-modifying antirheumatic drugs; biological
agents targeting TNF-a; IL-1; B cell-targeted therapy;
and costimulation blockers [36,39]. It is well known that
costimulatory molecules or cell adhesion molecules play
a pivotal role in the recruitment of T cells to inflam-
matory sites. Molecular pairs such as ICAM-1-LFA-1,
CD2-LFA3 (CD58) and CD28/CD152-CD80/CD86
bring the T cell and the APC into contact and help in
the immunogical synapse, which results in signaling for
inflammatory cytokines. Hence, modulation or block-
ing of adhesion and costimulatory molecules reduces
the inflammatory cell accumulation and modifies the
process of inflammation. Based on the PPIs of these
molecules, peptides and peptidomimetics have been
designed as possible therapeutic agents for RA [40-42].
The CD80/CD86-CD28/CDI152 costimulatory
pathways transmit signals for CD4* T-cell activation
and suppression and are critically involved in the patho-
genesis of RA. Interactions between the B7 ligands on
APC and the CD28/CDI152 costimulatory receptors on
T cells are also essential to the initiation and expansion
of autoreactive T cells and survival in the target tissue.
A significant number of CD4* T cells and macrophages
in the rheumaroid synovium express elevated levels of
CD80. Using a rational design approach, Srinivasan

Peptides & peptidomimetics as immunomodulators

et al. have designed polyproline types of peptides to
inhibit CD80-CD28/CDI52 interaction [43]. Using an
ELISA assay, the authors have examined the binding of
these peptides to CD80. /n vivo studies using a collagen-
induced arthritis (CIA) model suggested that a single
administration of select CD80-competitive antagonist
peptides significantly reduced the clinical, radiologic
and histologic disease severity in CIA. Importantly,
administration of CD80-competitive antagonist pep-
tides during activated immune response significantly
suppressed disease development by reducing mono-
nuclear cell infiltration in the joints and mediating
peripheral deletion of activated CD4* T cells.

In our laboratory, we have developed peptides and
peptidomimetics for immunomodulation by targeting
CD2-CD58/CD48 costimulatory molecules. CD2-
CD58 molecular pairs are important molecules that
participate in cell adhesion between T cells and APCs
in the early stages of immune response. The extracellu-
lar domain D1 of CD2 binds to CD58 in humans and
to CD48 in rodents. The interaction between CD2 and
CD58 is known to enhance the T-cell recognition of
antigens and involves adhesion and signaling mecha-
nisms. The structural details of the PPIs of CD2 and
CD58 have been studied in detail (Figure 3) [44]. It is
known that, in RA synovitis, upregulation of CD2
occurs in T cells [32]. CD58 expression is also known
to be upregulated in inflammatory lesions in RA. CD2
is expressed on all T lymphocytes and CD58 on target
cells or APCs. CD2 and CD58/CD48 PPIs are unique
because the affinity of the interactions is relatively low
(k,= uM); however, the specificity is high. There is poor
shape complementarity between CD2-CD58/CD48
interactions. Based on structural and mutagenesis stud-
ies, we have designed a peptide to modulate CD2-CD58/
CD48 interactions. Using iz vitro assays, it has been
shown that the designed peptide inhibits the cell adhe-
sion interaction with an IC, value of 6 nM. The peptide
was modified to a peptidomimetic using a dibenzofuran
moiety. The basis for the design of the peptidomimetic
was the adhesion domain of CD2, which has -sheet
structure. Mutational studies suggested that the impor-
tant amino acid residues are in the F and C strands of
CD2 protein and that a B-turn structure stabilizes these
strands [44,45]. Based on this structural information and
using F and C B-strands of CD2 protein, peptidomi-
metics were designed (Figure 4A & 4B). Among these,
peptidomimetic 7 was stabilized by a dibenzofuran moi-
ety (Figure 4C). The peptidomimetic retained cell adhe-
sion inhibition activity in the nanomolar range with an
IC, value of 11 nM. The peptide and peptidomimetic
molecules were evaluated for immunomodulation using
a CIA model. /nvivo studies provided encouraging
results in suppressing RA in the CIA animal model.
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XD 4 y i
Figure 3. Hot spot in CD2-CD58 structure used for the
design of CD2-based peptides for immunomodulation.
Tyr86 and Phe46 sandwich the Lys34 forming a
hydrophobic interaction. Mutation of Tyr86 by Ala
results in complete loss of binding of CD2 protein to
CD58 suggesting hot-spot residues in the interaction of
CD2 and CD58 [44].

Furthermore, the molecules designed suppressed the
T-cell immune response in a transgenic animal model
and were nonimmunogenic [40,41].

During the pathogenesis of RA, pannus formation
in the joint tissue is one of the hallmarks of increased
expression of extracellular matrix proteins, immune cell
infiltration and neovascularization. Fibroblast-like syn-
oviocytes serve as one of the primary players in joint
destruction by producing proteolytic enzymes, includ-
ing matrix metalloproteinases (MMPs). TGF inducible
gene h3 (/G-H3) is an extracellular matrix protein highly
expressed in rheumatoid synovium [47]. The expression
of MMP-1, which is produced by synovial lining cells,
is increased in synovial tissue during the early stages of
RA [48]. The active form of MMP-1 is also abundant,
along with increased expression of MMP-3, which is an
activator of pro-MMP-1 [49]. A composite peptide was
developed [50] based on results showing that the dhfas-1
and RGD (Arg-Gly-Asp) motifs had therapeutic effects,
and that MMPs, especially MMP-1, are abundantly
expressed in inflamed synovial tissue. The peptide con-
sisted of dhfas-1 and RGD muotifs linked by a substrate
of MMP-1. The amino acid sequence of MMP-1 sub-
strate. GPQGIAG, which is specifically cleavable by
active MMP-1, was selected for the design. The peptide
(MEK24) was effective in inhibiting cellular functions
and suppressing arthritis severity in mice with CIA.
It was shown that MFK24 was specifically cleaved by
MMP-1 invitro and showed improved therapeutic
efficacy in mice with CIA. In addition, inflammatory
mediators in joint tissue at both the mRNA and pro-
tein levels were quantified in the peptide-treated groups.
Transcripts of mediators, including receptor activator
of NF-kB ligand, vascular cell adhesion molecule 1,
TNF-a, MMP-1, MMP-3, IL-1, IL-6 and monocyte
chemotactic protein-1, were significantly reduced by

MFK?24, and immunoblotting also revealed a substan-
tial decrease in the expression of ICAM-1 and receptor
activator of NF-kB ligand in the treatment groups. As
mentioned in the introduction, cyclic peptides tend to
be more stable 77 vivo and exhibit stable conformation
for biological activity. Ali ez al. have designed a nine-
amino acid residue peptide from the transmembrane
region epitope of T-cell antigen receptor o-chain [s1].
The peptide core peptide (CP) was able to inhibit IL-2
production in T cells following antigen recognition. To
overcome the problem of delivery of this peptide 7% vivo,
they designed peptides with alternating D- and L-amino
acids. They have shown that a cyclic peptide C1 with
alternating D- and L-amino acids exhibits better stabil-
ity and biological activity. The ability of C1 to modulate
the immune response was evaluated in adjuvant arthritis
in rats. The cyclic peptide was able to suppress adjuvant-
induced arthritis in rats, and the results were comparable
to that of immunosuppressive drug cyclosporine. Stabil-
ity studies of linear and cyclic peptides CP and C1 sug-
gested that the cyclic peptide C1 had significant stability
in human skin compared with linear peptide CP. These
studies highlight the importance of peptide-based drug
design in the treatment of RA.

Another related autoimmune disease is psoriasis, in
which the skin cells grow rapidly, causing inflammation
and dry skin. The effects of the disease can range from
moderate to severe. In some people, psoriasis causes
joints to become swollen, tender and painful (psoriatic
arthritis). Hyperproliferation of keratinocytes of the skin
is observed in psoriasis. Several cytokines, expressed in
keratinocytes of patients with psoriasis, have been rec-
ognized as inducing epidermal proliferation and inflam-
matory cell chemotaxis [52.53]. TNF-a targeted therapies
with antibodies have proven to be efficacious in several
clinical aspects of psoriasis [54]. However, such therapies
resulted in side effects such as the incidence of serious
infections (tuberculosis and neoplasms). New biological
treatments such as ustekinumab, a human monoclonal
antibody against the p40 subunit of IL-12/IL-23, have
also been used in the treatment of moderate-to-severe
psoriasis as well as psoriatic arthritis [55]. In an attempt
to suppress the cytokine production in keratinocytes,
peptidomimetics were designed and evaluated in kera-
tinocytes. Peptide T (PT), an octapeptide derived from
the gp120 coating protein, has been shown to be useful
for psoriasis treatment. However, owing to the limita-
tions of PT peptide for in vivo studies, peptidomimetic
analogs of PT were designed. Using computational and
synthetic approaches, a natural product, amygdalin,
was identified as a mimic of PT. Owing to the toxic
effect of amygdalin, different analogs of amygdalin
were synthesized and evaluated for the production of
inflammatory cytokines in human keratinocytes [56,57].
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Figure 4. Design of a peptidomimetic forimmunomodulation. (A) Based on the hot-spot region of F and C strands of CD2 protein
that binds to CD58, epitopes of secondary structure of CD2 protein were chosen. (B) Epitopes of CD2 protein from the adhesion
domain that have B-strand and B-turn structures. (C) Based on F and C strands, a peptide was designed with backbone cyclization and

insertion of B-hairpin, B-turn inducer DBF [3,40,46].

DBF: Dibenzofuran.

These mimetics were shown to reduce the proinflamma-
tory cytokines such as IL-6, IL-8 and IFN-y in human
keratinocytes. However, we have to note here that the
molecules designed do not resemble the peptide PT;
rather, they mimic the action of PT.

Multiple sclerosis

MS is a demyelinating disease that occurs in geneti-
cally susceptible individuals. The pathogenesis of MS
is known to result from antigen-specific autoimmunity
in which autoreactive cells, T- and B-lymphocytes,
directed at myelin-related peptides cause the destruc-
tion of myelin within the CNS [s8]. Activated CD4*
T cells are known to infiltrate and cause the inflamma-
tion and are responsible for direct and indirect demy-
elination [59.60]. The pathogenesis of MS is regulated
by myelin epitope-specific IgE, which, when critically
affixed to myelin, may elicit degranulation of mast
cells, leading to progression of the disease [61]. Dimeric

IgE, when coupled to unique myelin-surface epitopes
on proteolipid protein (PLP), myelin oligodendrocyte
glycoprotein (MOG) and myelin basic protein (MBP)
causes site-specific mast cell degranulation [62]. The
most widely used method for evaluation of MS in
animal models is experimental autoimmune encepha-
lomyelitis (EAE), which has characteristics similar to
those of MS. Polyproline helical structure peptides are
common in immune response and in immunomodu-
lation. PPI interfaces have proline-rich domains, and
nearly 60% of mouse and human proteomes exhibit
at least one proline-rich motif [63]. In glucocorticoid-
induced leucine zipper (GILZ) protein, a proline-rich
segment is known to bind to the p65 subunit of NF-kB.
GILZ produces anti-inflammatory effects upon bind-
ing to p65 by inhibiting transactivation of inflamma-
tory cytokines. Using an in silico approach Srinivasan
and Janardhanam have designed a peptide using the
C-terminal proline-rich domain of GILZ (64]. This
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peptide, GILZ-P, adopts a polyproline II helical struc-
ture and binds to p65 to inhibit translocation of p65,
thereby suppressing the T-cell response. To facilitate
the delivery of the GILZ-P peptide into the cells, an
amphipathic chariot was used. It was shown that mix-
ing of a chariot peptide with GILZ-P formed stable
nanoparticle complexes. When the peptide was evalu-
ated for T-cell immune response using 7 vitro assays,
a significant decrease in T-cell response was seen in
CD4* lymph node cells. The peptide was also evalu-
ated for its ability to prevent relapse of EAE using a
single dose given at the time of induction of EAE in an
autoimmune disease model. GILZ-P significantly sup-
pressed the symptoms of MS. Furthermore, the peptide
treatment suppressed the clinical relapse of EAE. This
method provides new ways of targeting MS by incor-
porating the mechanisms of action of glucocorticoids
and NF-kB.

A new direction in the development of peptide-based
drug design is targeting more than one binding site using
bi- or multi-functional molecules. Bifunctional peptides
have two functional epitopes joined by a linker with
the two epitopes binding to different protein surfaces
(Figure 5) or to two binding surfaces of the same protein
to elicit a biological response of agonist or antagonist.
The concept of multivalent or bivalent design is based on
the fact that PPIs in biological responses are multivalent
in nature [65-67]. Many receptor molecules are arranged
in a cluster to generate their pharmacological action. This
is particularly important in immune response because
many adhesion and costimulatory molecules cluster on
the cell surface and interact with one another to generate
the immune response. This type of interaction provides
optimum binding energy for the molecule, even though
each individual interaction is weak (&, on the order of

Antigenic peptide Linker Adhesion peptide

aaa N~

®

Figure 5. Design concept of bifunctional peptides. The peptide sequence
that binds to molecule (A) can be antigenic, and the peptide sequence
that binds to (B) is specific for a surface receptor protein or cell adhesion
molecule that is involved in immunomodulation. The two peptide
sequences can be linked by glycine linker or by amino caproic or hexanoic
acid or polyethylene glycol linkers. Using this strategy, both the peptide
sequences bind simultaneously to two receptors. These peptide sequences
can be modified to peptidomimetics for enzymatic stability [60,65,70].

1-20 uM) and dynamic. Thus, targeting multiple bind-
ing sites simultaneously improves the binding efficiency
of the designed inhibitor [6,68.69]. Novel bifunctional pep-
tide inhibitors (BPIs) have been designed to target APC
and selectively inhibit immunological response toward a
specific antigen (60,70-72]. These molecules have an anti-
genic peptide that binds to MHCII molecules and is
covalently linked to an adhesion peptide that binds to
an adhesion protein on the surface of APCs. The linker
of the peptide consisted of aminocaproic acid or poly-
ethylene glycol that facilitates the simultaneous binding
of both pharmacophores to two binding sites. PLP is a
major CNS-specific encephalitogenic antigenic peptide.
CD4* T cells are known to have reactivity to discrete
PLP peptide determinants, resulting in development of
acute, chronic relapsing and chronic progressive experi-
mental autoimmune encephalomyelitis (EAE). Several
cell adhesion peptide molecules that are derived from
ICAM-1 or LFA-1 were linked to PLP139-151 and stud-
ied in an EAE model for the suppression of MS clinical
symptoms. Badawi ¢f a/. have provided a proof of con-
cept that BPI peptides could suppress EAE when injected
subcutaneously [70]. These peptides can be administered
for suppression of EAE before the induction of the dis-
ease or after the clinical signs appear. They have been
shown to downregulate the production of proinflamma-
tory cytokines and increase the production of regulatory
cytokines. This same group of authors has conducted
another interesting study in which a BPI peptide, namely
Ac-PLP-BPI-NH,, was formulated for controlled release.
The peptide was formulated into alginate-PLGA/chito-
san-PLGA colloidal gels. One-time dosing of the pep-
tide conjugate formulation using slow delivery acted as
a vaccine-like administration. The results suggested that
the formulation was effective in suppressing EAE as well
as the relapse of EAE in the mouse model (71].

Apart from its inflammatory effects during MS, it
has recently been shown that myelin epitope-specific
IgE, when critically affixed to myelin, could be elicit-
ing degranulation of indrawn mast cells, thus causing
and sustaining the MS condition [61.62]. Enzymes such as
proteases released from the mast cells damage or disin-
tegrate myelin and eventually damage the axon as well.
It is postulated that mast cell degranulation is probably
triggered by dimeric IgE coupled to unique myelin-sur-
face epitopes on PLP, MOG and, possibly, myelin basic
protein [61]. The unique structural epitope expressed on
the myelin surface is a peptide sequence. PLP molecules
are highly expressed on myelin. Based on these facts,
a peptide epitope was designed to suppress the action
of degranulation. Similarly, a strategy to block MOG-
driven mast cell degranulation was undertaken with the
help of IgE-neutralizing, mimotopic peptides HSYQE
and KTGQEF. This mimicking strategy was predicted
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to work since elimination of one of two dimer points
would prevent adequate mast cell coupling, followed
by degranulation. HSYQE was designed to suppress
the outer-surface MOG dimers HSYQE-VTLRI and
HSYQE-RNVRE. However, the solubility of HSYQE
in aqueous media was found to be variable and, thus, a
more soluble peptide substitute, DHSYQE, was synthe-
sized. This peptide was found to retain the mimotopic
structural uniqueness of HSYQE, but did not cause
any immunogenicity [73]. The peptides were adminis-
tered to a small group of patients in a pilot study. The
results from the study demonstrated that peptide-based
immunotherapy can eliminate myelin surface-directed,
epitope-specific autoantibodies, especially IgE. The
study also found that in the MS patients treated with
peptides there was a suppression of myelin-directed mast
cell degranulation and ongoing neuronal injury. The
subjects also exhibited improved ambulatory function,
as well as improved auditory discrimination and recov-
ered tactile sensation. PLP peptides were also designed
with the strategy of altered peptide ligand (APL) with
thiopalmitoylation for therapeutic effect for MS. APLs
are MHC presented, autoantigen-related peptides that
are modified by amino acid substitution in the native
self-peptides [74]. These peptides have modifications at
the T-cell receptor interacting sites. PLP is normally
thiopalmitoylated (attachment of palmitic acid via
thioester bond to cysteine residue of a protein) and dur-
ing demyelination, thiopalmitoylation is known to be
increased. The enhanced demyelination due to thiopal-
mitoylation is known to be owing to increased uptake of
these peptides into the MHC class II presentation path-
way compared with nonpalmitoylated peptides. Cloake
et al. used the altered PLP peptides that exhibit protec-
tive effect in EAE (75]. Conjugate peptides S-palm APLs
exhibited enhanced protective effect against MS in the
EAE model. They have shown that thiopalmitoylation
of APL peptides increased the stability of peptides in
serum, increased the uptake of peptide conjugates into
MHC class II presentation pathway and increased the
level of IL-10 enabling the peptide conjugate to inhibit
encephalotogenecity in the model studied.

In another study, the myelin peptides were used as a
vaccine against development of MS [76]. The immuno-
genic peptides were proposed to produce immunotoler-
ance by modifying or altering them and administering at
low concentration. Three myelin peptides, MBP85-99,
PLP139-151 and MOG35-55, were designed. Since skin
is the first line of immune defense, the immune system of
skin possesses large numbers of immune cells that control
the induction of immune response and tolerance. In this
study, a mixture of three myelin peptides was adminis-
tered as a skin patch to 30 patients with relapsing MS.
Using MRI and clinical outcomes, the efficacy of the

Peptides & peptidomimetics as immunomodulators

peptide treatment as a vaccine was evaluated. The results
suggested that these peptides can be used to decrease
lesions and also that the peptides were safe and without
significant side effects. This therapy, which uses a skin
patch, offers a very selective treatment for relapsing MS
patients because it targets the immune response rather
than blocking or shutting down the entire immune sys-
tem. Overall, peptide-based therapies have seen some
success in the case of MS, and a few candidates are in
clinical erial.

Systemic lupus erythematosus

SLE is a chronic autoimmune disease characterized
by the presence of pathogenic autoantibodies directed
against double-stranded DNA (dsDNA) [77.78]. These
dsDNA mediate both systemic and local inflammation
and can also be used as diagnostic agents in SLE. Studies
have shown that the production of anti-dsDNA antibod-
ies affects the kidney and contributes to kidney disease in
the majority of lupus patients [78]. /N-methyl-D-aspartate
receptor (NMDAR) is a glutamate receptor that con-
trols synaptic plasticity and memory function. NMDAR
is a heteromeric protein with subunits NR1 and NR2.
Bloom et al. have shown that a nephritogenic mouse
monoclonal anti-dsDNA antibody R4A binds to NR2A
and NR2B subunits of mouse and human NMDAR [79].
The peptide epitope that recognizes the antibody con-
sists of a pentapeptide sequence DWEYS (79]. The lev-
els of crossreactive anti-dsDNA/NMDAR antibodies
in human serum are found to be elevated and act as a
biomarker for SLE [80-82]. An idea that has been devel-
oped for drug design is to inhibit the anti-dsDNA/
NMDAR interaction that prevents antibodies from
mediating tissue damage in SLE. It has been shown
previously that 7z vive administration of the D-isoform
of the DWEYS peptide protects the tissue against anti-
dsDNA/NMDAR antibody binding, thus blocking
renal and brain deposition of antibodies and amelio-
rating ongoing disease in mouse lupus model. As indi-
cated earlier, administration of peptide DWEYS 77 vivo
presents problems such as bioavailability and stability.
Bloom and his group have designed small molecules or
peptidomimetics that contain the structural features of
DWEYS peptide that neutralize anti-dsDNA/NMDAR
antibodies. The molecular topologies of the DWEYS
structure were mimicked using modifications of amino
acid side chains such as replacement of the tryptophan
and tyrosine residues, respectively, by 1,2,3,4-tetrahy-
droquinolin-3-ol and phenyl moieties immobilized on a
polyamine scaffold [79.83]. The resulting peptidomimetic
was FISLE-412, which inhibited the binding of dsDNA
to NMDAR iz vitro and in situ. The peptidomimetic,
with its stable structure, will serve as a good candidate for
the development of therapeutic agents for SLE treatment.
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The study clearly demonstrates the translation of a pep-
tide scaffold to a peptidomimetic that is biologically
active but stable against enzymatic degradation.

A phosphopeptide that modulates the immune
response of CD4-expressing T cells has made
advancement to Phase III development (Lupuzor™;
ImmuPharma, London, UK) and is a promising pep-
tide-based drug for the treatment for SLE [84]. Peptide
P140 is a 21-mer linear peptide from the small nuclear
ribonucleoprotein Ul-70K and is phosphorylated at the
Ser140 position [ss]. Studies in the MRL/Ipr lupus-prone
murine model and using peripheral blood mononuclear
cells from patients with SLE have shown that the pep-
tide displays tolerogenic and immunomodulatory effects
leading to the inhibition of T-cell reactivity with MHC-
presented self-peptides [86]. The sequence of peptide
(residues 131-151 of 70 K spliceosomal protein) is con-
served in mice and human. Studies related to this pep-
tide in mouse models of SLE (MRL/lpr mice) showed
reduction in proteinuria, vasculitis and dermatitis and
prevented the production of antibodies to dsDNA. In
an open-label study of 20 patients with moderately
active SLE, patients who received a low dose of pep-
tide (200 pg) showed significant improvement in SLE,
and the drug was generally well tolerated [87). A study
by Zimmer ez al. showed that administration of 200 pg
peptide via subcutaneous injection every 4 weeks signifi-
cantly reduced disease activity in patients with SLE who
were receiving standard of care (88]. Since these peptides
are phosphopeptides, synthesis of these peptides for
therapeutic purposes is challenging. Pertrillo ¢f al. have
developed a one-pot process of synthesis of phosphopep-
tide and phosphoamino acids [89]. The method described
is less expensive compared with the previous methods
available and uses readily available starting material for
the synthesis of such modified peptides.

Cancer

Immunotherapy has an advantage over radiation and
chemotherapies in that it can act specifically against
the tumor without damaging normal tissue. Most anti-
cancer drugs have high toxicities or generate immune
response and resistance, often resulting in relapse and
metastasis [90-93]. The approach of immunomodulation
in immunotherapy is a necessary new trend for can-
cer therapy. The idea is to train the immune system to
recognize the tumor cells and kill them [94]. Antigen-
specific cancer immunotherapy can achieve this goal
by targeting systemic tumors. Although preventive vac-
cination has been known for a long time, therapeutic
vaccination has not progressed like targeted biologics
such as antibodies. This approach requires induction
of cell-mediated immunity that is capable of attacking
and eliminating antigen-bearing cells. There has been

some success in cancer therapy using therapeutic vac-
cines [95-97], but the use of peptides and peptidomimet-
ics for immunotherapy of cancer is a novel method that
is in progress. Immunization with antigenic peptides
containing B- or T-cell epitopes or both B- and T-cell
epitopes can stimulate a patient’s own immune system
to develop specific high-affinity antibodies. Once the
antibodies are developed against a cancer antigen, the
treatment can continue without frequent dosing of the
peptide-based drugs. These peptides must be designed
based on epitopes of antibodies or antigens [98]. The
advantages of these peptide-based therapies are that
they can be easily modified and, in most cases, they are
nontoxic, do not develop resistance and are cost effec-
tive. Most of the development in this area is related to
HER2-positive cancers or VEGF-related cancers; these
have been reviewed extensively by Kaumaya ez al. [98-
101]. Here, we briefly describe some of these approaches.
In the case of known proteins that can be used as B- or
T-cell epitopes, the design is based on the binding region
of the antibody. In the case of an unknown protein,
prediction of the epitope has to be carried out with the
available data on antigenicity, hydrophilicity and sec-
ondary structure propensity (Figure 6). Computer algo-
rithms are available to predict the epitopes and several
peptides need to be synthesized before achieving a suit-
able immunogenic epitope. 3D-structure templates such
as helical structures or turn or loop structures can be
used in the design to generate immunogenicity. Alterna-
tively, epitopes may be eluted from the MHC proteins
of antigen-fed APCs [16]. Some of the peptide- and pep-
tidomimetic-based vaccines against HER2 and VEGF
targets are now in clinical trials [98.102].
Immunotherapeutic approaches to pancreatic cancer
have included the use of monoclonal antibodies, cyto-
kine vaccines and lymphokine-activated killer cells [103].
The efficacy of a MUCI-peptide-pulsed dendritic
cells in advanced pancreatic cancer patients has been
reported [104]. In one study, approximately 75% of mice
with palpable human papillomavirus (HPV)16-positive
tumors were permanently cured by vaccination with a
long peptide containing the immunodominant cytotoxic
T lymphocyte epitope and an overlapping helper peptide
in combination with the TLR ligand CpG [105,106]. The
same group embarked on a study of the clinical aspects
of these vaccine peptides. Overlapping peptides with
27-35 amino acids long of the complete sequence of the
HPV16 E6 and E7 oncogenic proteins were tested in
end-stage cervical cancer. The vaccine was well-tolerated
and induced robust T-cell responses against multiple
CD4 and CDS8 epitopes of HPV16 E6 and E7 [105,107].
Recently, an attempt to design antigenic peptides highly
specific against the cancer tumor was investigated using
mutational analysis of tumors [23.108]. This is based on
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Figure 6. Design of an immunogenic peptide. Linear or conformationally constrained peptides can be designed to
generate an immune response for a particular antigenic sequence [94.,98].

peptides encoded by mutated genes in cancer that are
generated by analyzing the mutant proteins in a cancer
patient and can act as T-cell epitopes. These peptides,
called ‘m-peptides’, can be designed as peptide vaccines.
At present, these approaches are still being evaluated in
animal models by different researchers [109.110]. However,
the described mutanome technology will help to design
personalized medicines for cancer patients with cancers
that are difficult to treat with existing approaches.

HIV

The design of peptidomimetics targeting HIV infection
is not new. In fact, the original discovery of HIV prote-
ase inhibitors started with symmetric peptides that were
later converted to peptidomimetics [111.112]. There are
different targets for the design of drugs for HIV infec-
tion; the main ones are proteases, reverse transcriptase
and integrase, and surface proteins gp4l and corecep-
tors. Since currently available drugs that target HIV
infection develop resistance due to viral strains with
multidrug resistance, new pathways are sought to stop
the viral spread. During the transfer of viral DNA from
the cytoplasm to nucleus, preintegration proteins play a
major role. Inhibition of these preintegration complexes
provides new ways of stopping HIV viral replication.
The integrase C-terminal domain is known to interact
with Vpr during the preintegration process. Vpr is one of
the proteins of the HIV-1 preintegration complex, which

is required in virus replication of nondividing cells such
as macrophages [113]. Based on the original Vpr fragment,
an octa-arginine conjugate was designed from the sec-
ond region of the helix of the total Vpr protein. Arginine
amino acid residue was incorporated in the peptide for
cell membrane penetration. To retain the helical struc-
ture in the designed peptide, a stapling strategy was used.
The designed molecule was a peptidomimetic with anti-
HIV activity, reduced cytotoxicity and stability against
enzymatic degradation. These peptidomimetics were
efficient in modulating the immune responses occurring
due to the integrase activity. In one of the other stud-
ies, a-helical peptidomimetics were designed from Rev
protein, which is known to interact with HIV-1 Rev
response element (RRE) RNA. The peptidomimetic
was generated based upon a highly specific RRE-binding
peptide, R6QR7, which was identified in a genetic selec-
tion experiment. The modified Rev peptide with a-helix
constraint inserted bound to the RRE RNA with higher
affinity and specificity [114]. Recently, an immunosup-
pressive motif-based peptide from the gp41 fusion pro-
tein was reported. This peptide termed ISLAD CM’
was shown to have similar cell proliferation inhibition
activity when the L-amino acids in the peptides were
replaced with D-amino acids [115]. These peptides were
also shown to inhibit proinflammatory cytokine secre-
tion of pathogenic T cells. Such peptides can be used for
treating T cell-mediated pathogenesis.
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The PPI inhibition strategy was also used in the
design of peptides and peptidomimetics to inhibit
HIV viral replication. Particular domains of viral
proteins interact with host-cell receptors to fuse and
complete the viral replication cycle [116-118]. Hayouka
et al. have designed peptides to inhibit the interaction
of the integrase binding loop with protein LEDGF/
p75 [119-121]. By using combinatorial library screening,
they designed an epitope (amino acids 361-370) from
the loops of LEDGF/p75. They used conformational
constraints such as backbone cyclization or side-chain
cyclization to make the linear epitope of LEDGF
peptide stable against enzymatic degradation. Com-
parison of backbone versus side-chain cyclization
suggested that side-chain-cyclized peptides exhib-
ited comparable activities of integrase inhibition and
HIV-1 replication inhibition in infected cells. From
these studies, the authors concluded that, although
backbone-cyclized peptides showed slightly higher
potency of inhibition of integrase proteins compared
with side-chain-cyclized peptides, in terms of dif-
ficulty, yield and overall cost of synthesis, the side-
chain-cyclization strategy may be more efficient. The
studies related to this type of cyclic peptides presented
here can be used to design new peptides to inhibit
PPIs of different receptors in viral and host cells [119].

Host defense peptides

Another class of peptides that are nature’s chemi-
cal libraries are host defense peptides (HDPs); they
are also called antimicrobial peptides and have been
known for a long time [122]. HDPs are produced by the
immune systems of all multicellular organisms and
are diverse in terms of sequence and structure. They
are cationic in nature, and more than 2000 natural
peptides are found in eukaryotes and bacteria. Apart
from their cell-penetrating ability, these peptides
have immunomodulatory properties that include
reduction of the level of proinflammatory kinase in
response to microbial molecules, modulation of the
expression of chemokines, stimulation of angiogene-
sis and leukocyte activation. Typically, HDPs contain
12-50 amino acid residues in the sequence, a net pos-
itive charge ranging from +2 to +7, and >30% hydro-
phobic residues. Structurally, these peptides possess
different secondary structures and can be classi-
fied into amphipathic a-helical peptides, B-sheet
peptides stabilized by disulfide bridges or peptides
with extended structures and loop structures. With
such diverse sequences, their membrane-penetrating
nature, and all possible secondary structures of pro-
teins and immunomodulating properties, they serve
as good templates for the design of peptide-based
therapies for immunomodulation (readers can refer

to recent reviews) [123-126]. However, even with all
these benefits, these peptides have limitations as
therapeutic agents because they are not stable i vivo
and some of them are toxic to eukaryotic cells. Modi-
fications of these peptides for stability and lower
toxicity are needed before they can be exploited for
immunomodulatory therapeutic purposes.

Cyclotides as templates for
immunomodulation

Cyclotides are plant-derived peptides (also called
mini-proteins) consisting of 28—37 amino acids with
a unique head-to-tail cyclized backbone stabilized by
three disulfide bonds that form a cysteine-knot motif
(Figure 7) [31]. Originally, these cyclotides were dis-
covered in a tea ingredient that was used for medical
purposes [127]. The idea that after boiling during tea
preparation the peptide retained its activity led to the
discovery of a therapeutically possible peptide tem-
plate of these molecules. With their knotted struc-
ture that can be used as a template for drug design,
these peptides are resistant to chemical, enzymatic
and thermal treatment, making them a more versa-
tile design for peptide-based therapeutics compared
with other peptide-based therapeutics. Cyclotides
are categorized into two subfamilies based on their
structures. The Mobius strip structure has a twisted
backbone structure whereas the bracelet structure has
disulfide bridges without a twist, as the name sug-
gests. Cyclotides are distinguished from most previ-
ously known, naturally occurring cyclic peptides in
terms of their size, cysteine content and mechanism
of biosynthesis [128]. Cyclotides are direct gene-coded
products that are ribosomally synthesized and post-
translationally processed from linear precursor pro-
teins. With their exceptional properties, they can be
considered as natural combinatorial libraries that are
intertwined within the constrained disulfide knots.
One can insert any amino acid in the structure
except the conserved cysteines that form the knot
and, hence, biological epitopes can be grafted onto
cyclotide structures.

The immunomodulatory activity of cyclotides was
investigated by several researchers [129.130], with the
majority of the work reported by Craik ez al. [128]. A
cyclotide kalata Bl was used to suppress T-cell pro-
liferation. Treatment of activated T cells with this
compound decreased IL-2 surface expression and
secretion. The peptide was also shown to decrease
the effector function of the immune cells as indicated
by reduced IFN-y and TNF-a production [131]. Sev-
eral chimeric molecules of cyclotides that contained
a grafted sequence of MOG have been designed for
immunosuppression [132]. A 21-amino-acid sequence
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of MOG with EAE activity was used to graft the
pharmacophore onto the cyclotide. These studies
illustrated an excellent structure—activity relationship
of peptide sequences that can be grafted to cyclotides.
It was found that long-sequence grafting was not tol-
erated in the molecule, and sequence composition
rather than the length of the graft had a significant
impact on the fold of the grafted cyclotide. Cyclotides
have different loops and, from the structure—activity
relationship studies, it was found that some loops
could tolerate grafting while other loops did not result
in good biological activity. Using the EAE model, the
authors demonstrated that one of the grafted pep-
tides, MOGS3, displayed the ability to prevent the
development of MS in mice.

Cyclotides have also been extensively studied for
their anti-HIV activity. However, several of these
studies demonstrated that there was no selectivity
for HIV-infected and noninfected cells. Recently,
cyclotides were used for the design of peptides tar-
geting CXCR4, one out of 19 chemokine recep-
tors. CXCR4 has several functions, such as promo-
tion of chemotoxicity of leukocytes, cell migration
and embryonic development of cardiovascular,
hematopoietic and CNSs. It also acts as a corecep-
tor for viral entry into host cells during HIV repli-
cation. Several disulfide bonded peptides have been
designed as CXCR4 antagonists to block HIV viral
entry into host cells. However, they have limited
stability and poor bioavailability. Aboye er al. have
used the cyclotide MCoTT to graft a peptide antag-
onist for CXCR4 with an EC, around 20 nM and
HIV entry blocking around 2 nM (EC,)) [129]. The
designed molecule showed excellent serum stability.
Such compounds will be lead compounds for thera-
peutic agents for HIV infection. The use of peptides
for immune response is based on the fact that a small
subunit of protein vaccine or antigen can be used;
this has attracted a great deal of interest. The goal of
vaccination design by peptides/peptidomimetics is to
induce immunity by selectively stimulating antigen-
specific T- and B-cell epitopes, using the smallest
unit or chemical moiety that can be recognized by
the immune system [94]. However, linear peptides
are flexible and often do not mimic well conforma-
tional protein epitopes; they tend to have unfavorable
in vivo stability due to proteolysis, and their ability to
induce humoral immune responses (immunogenicity)
is also very poor. Conformational constraints must be
incorporated into the peptide epitopes from B cells in
order to activate the B cells to generate a specific anti-
body response to a given antigen. This will assure that
the peptide epitope possesses a conformation that is
similar to that of the native antigen.

Peptides & peptidomimetics as immunomodulators

L

Figure 7. Structure of a cyclotide that can be used for
grafting an epitope. L represents the loops that can
be used for grafting peptide sequences. N and C refer
to peptide N- and C-terminals, respectively. Disulfide
bonds that form the knot are shown by sticks [128].

To design a peptide epitope to fold in a conforma-
tion that allows exposition of the correct epitope as the
antigen, several approaches are available [133]. However,
any approach in which conformational elements are
incorporated requires some knowledge of the struc-
ture of the native antigen. The induction of cytotoxic
T lymphocyte responses does not depend on the con-
formation of the epitope, and simple peptide epitopes
composed of 8—10 amino acids are able to induce cyto-
toxic responses. Development in computational and
bioinformatics tools has provided ways to design the
peptide epitopes [134]. Conformational and nonconfor-
mational properties of the epitopes are included in the
design of peptides for immunomodulation. In the case
of peptides that block the immune response, peptide
epitopes should be able to bind to the protein of interest
and inhibit PPIs. In such cases, the peptide should be
comparatively small in size, have high affinity, be stable
against enzymatic degradation and, most importantly,
be nonimmunogenic. In both the above cases, pepti-
domimetics are suitable choices. The incorporation of
B-amino acids into epitopes can increase the binding
affinity of the mimetic for the target molecule relative to
the wild-type peptide [135]. The side chains of -amino
acids that replace the natural amino acid in the epitope
should be identical to those of their parent a-amino
acid to maintain the same physicochemical properties
as the natural epitope. There are reports indicating that
the introduction of a methylene moiety into peptides
that are composed solely of B-amino acids results in
complete resistance to proteolytic degradation [136,137].
In some cases, even a single amino acid substitution of
the naturally occurring a-amino acid with the homolo-
gous -amino acid residue can have dramatic effects on
the overall stability of the entire peptide [135].
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Conclusion & future perspective

Biologics or protein-/antibody-based therapeutics
dominates the pharmaceutical market for treatment
of immune and inflammatory diseases. More than
30% of the licensed pharmaceutical products are
biologics that target autoimmune and inflamma-
tory diseases and cancer. However, large portions of
these come with immune-related safety warnings [13].
Peptide- and peptidomimetic-based therapy is gain-
ing interest owing to the complications of unwanted
side effects common in biologics. At present, there
are more than 60 peptide-based approved drugs on
the market and approximately 140 in clinical tri-
als. Considering the fact that there are more than
100 autoimmune diseases and millions of people
suffering from these diseases, immunomodulation
by peptides and peptidomimetics is an area that has
very high potential. Data from the literature suggest
that there are two major areas of interest in which
the size of the peptide molecule and its complex
structure have to be investigated to make the drug-
gable peptide molecule. In one case, the peptide mol-
ecule that is developed should block or modulate the
immune response [138], and in another case, the pep-
tide should induce an immune response for tolerance.
Although there is abundant literature with respect
to immunomodulation with peptides, translation
of peptide immunotherapy into the clinical setting
is slow. Most of these peptides and peptidomimet-
ics are under clinical development for autoimmune
diseases. The most notable of these are drugs for
MS, Type 1 diabetes, and RA. There are also pep-
tide molecules that are used for immunomodulation
in disorders such as cat and ragweed allergies [139].
Overall, the optimization of peptides to peptidomi-
metics or peptides altered with D-amino acids or N-
and C-termini modification as well as the chemistry
developed for large-scale production of the desired
active molecules will help the future of marketable
peptide molecules. Major breakthroughs in peptide-
based immunomodulation will come from the deliv-
ery of peptides. New methods are available for pep-
tide-based delivery, including PEGylation, liposomal
delivery and nasal delivery [18]. Apart from these, the
technology allows identification of patient-specific
epitopes based on their HLA haplotypes, which helps
to tailor the peptides for personal medicine. Appro-
priate use of epitope engineering, chemical optimi-
zation and new delivery mechanisms will provide
the next generation of peptide and peptidomimetic
immunotherapeutics. Moreover, given the limita-
tions of the therapeutic effects of current drugs for
autoimmune disease, it will become necessary to
design rational drugs based on peptidomimetics. In

terms of cancer therapy, most of the available drugs
develop resistance over a period of administration
due to mutation. In such cases, training the body to
fight cancer or injecting the tumor-associated anti-
gen using peptide-based therapeutics that will result
in an immune response to not only kill the tumor,
but also provide a system response in case tumors
develop in other areas, will be the ultimate therapy
for cancer. In the next 10 years, peptidomimetic
therapy will take a major step forward in cancer
and immunotherapy. Two major challenges/barriers
faced by the peptide-based drug design are oral deliv-
ery and cost of synthesis. These two barriers will be
removed to a large extent in next 10 years. Chemical
methods such as click chemistry [140-142] and peptide
synthesis reactors that can handle large amounts of
reaction material for solid-phase peptide synthesis
have lowered the cost as well as improved the chem-
istry. The design of pseudo-peptides and the avail-
ability of B-amino acids as well as amino acid mim-
ics will make the peptides stable against enzymatic
degradation. In the future, peptidomimetic drugs
that can be delivered via the mucosal route and skin
patches will dominate, along with selected orally
available peptidomimetic drugs. There will be chal-
lenges and competition from antibody drugs that can
be produced in a relatively less expensive way due
to the advancement in protein production in plant
materials [143]. However, owing to the nonimmuno-
genic nature of peptidomimetics, these molecules
will dominate the future pharmaceutical industry.
Another major advancement that will help the field
of peptidomimetic-based molecules as therapeu-
tic agents is the available knowledge of PPIs. With
the limitations of small molecules that can interact
with flat surfaces of PPI sites, peptidomimetics will
become an obvious choice. With more data available
related to the 3D structure of protein complexes and
PPIs and their importance in human diseases, pep-
tide- and peptidomimetic-based therapeutic agents
will become a major area of drug design, competing
with natural products, synthetic small molecules and
antibody-based therapies.

Overall, peptide- and peptidomimetic-based therapy
has reached maturity, particularly in immunomodula-
tion and vaccine-based therapy for cancer. Develop-
ment of new platforms for delivery of peptides and dis-
covery of epitopes of B cells will push the boundaries
of peptide-based therapeutics to another level. With
the understanding of costimulatory molecules that
participate in immune response and the epitopes that
are important in MS and SLE, peptide-based therapy
will become a major program for autoimmune disease.
Combined with the knowledge of combinatorial
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chemistry and structural biology, mimics of amino
acids and 3D structural conformational constraints,
new peptide molecules can be designed that have
high specificity yet enzymatic stability. HDPs and
cyclotides can provide a platform for the design and
clinical application of peptides and peptidomimetics.
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Executive summary

Autoimmunity

self-tissues.
e Autoimmune diseases are chronic in nature.

Immunomodulating agents

diseases.

autoimmune diseases and cancer.
Antibody therapy

Peptides & peptidomimetics

diseases and cancer.

or the MHC.

Cancer immunotherapy

Limitation of peptides & challenges

clinical development for autoimmune diseases.

Cyclotides

Future direction

of peptide-based therapeutics to another level.

yet enzymatic stability.

peptidomimetics.

e Autoimmunity occurs when autoreactive immune cells are triggered to activate their responses against

e When the immune system becomes overreactive to harmless antigens, allergy or hypersensitivity can occur.
¢ Immunomodulating agents are used as therapeutic agents to modulate the immune response in autoimmune

¢ Immunomodulating agents can be divided into three categories depending on their actions, namely: agents
that suppress or block the immune system; agents that stimulate or activate the immune system; and
agents that remove unwanted cellular subtypes of the immune system via specific antigens as in the case of

¢ Although antibody drugs/biologics are used as therapeutic agents against autoimmune diseases, they have
limitations due to immunogenicity, stability and long-term chronic effects.

e Peptides and peptidomimetics are being used as new-generation molecules for the treatment of autoimmune

¢ In some cases, the immune response is blocked by peptides; in other cases, immunotolerence is generated
using epitope peptides. Peptides and peptidomimetics are designed to modulate the immune response in
rheumatoid arthritis, multiple sclerosis and systemic lupus erythematosus by targeting costimulatory molecules

e The approach of immunomodulation in immunotherapy is a necessary new trend for cancer therapy.

¢ The idea is to train the immune system to recognize the tumor cells and kill them. Antigen-specific cancer
immunotherapy can achieve this goal by targeting systemic tumors.

e Using peptides and peptidomimetics for immunotherapy of cancer is a novel method that is in progress.

e Although there is an abundant literature with respect to immunomodulation with peptides, translation of
peptide immunotherapy into the clinical setting is slow. Most of the peptides and peptidomimetics are under

e The limitations of the peptides can be overcome by modification of side chains or backbone, producing
peptidomimetics that are stable against enzymatic degradation.

e Cyclotides are plant-derived peptides (also called mini-proteins) and with their knotted structure, they can
be used as template for drug design and these peptides are resistant to chemical, enzymatic and thermal
treatment, making them a most versatile design for peptide-based therapeutics.

¢ Development of new platforms for delivery of peptides and finding epitopes of B cells will push the boundaries

e Combined with the knowledge of combinatorial chemistry and structural biology, mimics of amino acids and
3D structural conformational constraints, new molecules of peptides can be designed that have high specificity

e Host defense peptides and cyclotides provide a platform for design and clinical applications of peptides and
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