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Introduction

The pharmaceutical industry has classically relied on screening methods for its
discovery and development of new drugs. Moreover, the recent use of high through-
put screening has radically changed the industry’s ability to expand drug searches.
These approaches have proven to be highly successful and account for > 90% of all
of the prescription drug market. From a ‘Company’ perspective, the more compounds
screened, the greater the likelihood that a new drug can be added to the ‘pipeline’.
Although random screens are time-consuming and labour-intensive, these methods
have a proven success record and are unlikely to change in the near future. Today, the
compound libraries are, generally, the products of shotgun combinatorial chemistry
or are collections of natural products. The screens, by necessity, are designed for
‘ease-of-use’. Consequently, the initial system must have a simplified read-out for
screening potential drog ‘hits’. Often, this means that the assay read-out has been
reduced to monitoring the formation or disassociation of a protein complex or for
menitoring the expression of an engineered marker, such as luciferase, to screen for
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perturbations within a signal transduction pathway. All positive hits within the system
need to be further evaluated for biological activity to ferret out the false positive and
potentially toxic compounds. Any compound designated as a true ‘hit” must be turned
over to a team of medicinal chemists in order to deduce the minimal elements
responsible for the observed biological activity. This pharmacophore is then used as
a ‘lead” compound to develop a potential drug. In this way, modern screening
methods allow researchers to identify effective drugs without actually understanding
the mechanism of its action. In many cases, this leads to the development of a drug
with unanticipated side effects and toxicities.

In general, it is understood that the use of a rational design strategy for engineering
lead compounds would dramatically reduce both the time and cost of bringing a drug
to market. The problem, however, becomes one of risk versus benefit. Without
explicit rules and protocols that describe how to design a drug, structure-based
engineering of a potential drug represents a large risk to a conservative company. It
is clearly better to have a drug in-hand than it is to have a series of potential drugs ‘in
silico’. As long as there is a perceived likelihood that random screening presents the
greatest chance of success for developing a new drug, even though it is a more cost-
intensive approach, it will be the approach ‘of choice’. The cost of discovery and
development of any drug is built into its market pricing policies. Thus, the cost is
justified. Although the development of rational drug design strategies will clearly
have a dramatic impact on the future of the pharmaceutical industry, a body of
fundamental principles must be established before its use can be widely implemented.
Consistent with the needs of the industry, the rational design process is now being
implemented in a slow and conservative fashion.

Whether or not the drug discovery process is mediated by random screening or by
a premeditated design approach, the general process requires a validated targes. The
target can be a pathway or a single component of the pathway that has been proven to
be a part of a rate-limiting process in the establishment/maintenance of a human
disease. Perturbation of this target, through drug intervention, should have a bene-
ficial therapeutic effect. In terms of rational drug design, the targets have been almost
exclusively enzymes. The design of active site inhibitors has been an ideal entry point
for pharmaceutical companies into the rational drug design arena. With an enzyme of
known three-dimensional strcture, the geometry and the physical placement of the
hydrogen bond donors/acceptors is clearly delineated. Thus, the drug design groups
have access to a validated target with a well-defined structural template, i.e. the active
site. The inhibitor design process then becomes an exercise of creating an organic
molecule that matches the Van der Waals surface of the active site and presents donor/
acceptor groups in the appropriate orientations. Although this is definitely not a trivial
exercise, the likelihood of designing a successful drug is high.

There are now several examples of FDA-approved drugs that have come to market
as a result of structure-based design strategies. The design and development of
inhibitors of the HIV protease as a therapeutic treatment for ATDS patients is, perhaps,
the most illustrative example of the attention industry has paid to the rational design
process. The HIV-encoded protease is known to provide arate-limiting step in the life
cycle of the virus and is, therefore, a good therapeutic target. The first accurate
structure of the protease was published in 1989 (Wlodawer ez al.}. Within a year and
a half of this report, there were a variety of pharmaceutical companies already
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publishing reports of rationally designed inhibitors (Erickson ez al., 1990 [Abbott
Laboratories]; Craig ef al.. 1991 {Roche]; DeSolms et al., 1991 [Merck, Sharp &
Dohme};, Reddy et al., 1991 [Agouron Pharmaceuticals, Inc.]; Thaisrivongs ef al.,
1991 [Upjohn Company]). These rationally designed drugs, in combinations with
reverse lranscriptase inhibiting nucleoside analogues in ‘triple drug cocktails’, have
dramatically improved the life span of HIV-infected people (Matsushita, 2000).

In order to ensure areasonable chance of designing a new drug, there must pre-exist
a reasonable template from which the drug will be engineered. Enzymes offer an
active site, but the problem becomes considerably more complicated when addressing
the design of drugs intended to perturb protein-protein interactions. Relative to an
active site, the surface engaged in contacting another protein is large. A priori, there
is no ‘road map’ for describing which part of the contact surface should be used as a
design template. In fact, until recently, it was thought that a small molecule could not
be used to compete with a high affinity protein—protein interaction because of the
overwhelming number of contact points on the proteins relative to the small size of the
drag. One of the events that hefped to change this perception was the development of
smali organic molecules that block the binding of the fibrinogen receptor, gplla/IlTh,
to fibrin on platelets. In 1984, Pierschbacher and Ruoslahti (1984) published a paper
in Narure describing a small tetrapeptide sequence, R-G-D-S, which constituted a
common recognition element in the binding of integrins to their receptors. It was later
discovered thal the core sequence of the tetrapeptide, R-G-D, helped mediate the
binding between fibrin and gplIb/lila (Brown and Goodwin, 1988). Rational design
groups at several large pharmaceutical companies were able to turn the low affinity,
promiscuous R-G-D peptide into a high affinity, high specificity organic drug that is
in corrent clinical use [Tirefiban (Merck Research Laboratories; Hartman et al.,
1992) and Lamifiban (F. Hoffman-La Roche Lid; Carteaux et al., 1993)]. The success
of this effort underscores the willingness of the pharmaceutical indusiry to engage in
a structure-based design effort, if a design template, such as the R-G-D rotif, can be
clearly identified on a validated target. Furthermore, this work points to the feasibility
of designing small anajogues to block protein—protein binding interactions. In this
vein, our faboratory, over the last 10 vears, has focused its efforts on the identification
of protein—protein binding surfaces and on the delineation of small surface areas that
constitute drug design templates. All of our work has involved the design of small
molecule/peptide-based modulators of the immune system. In this review, we will
desceribe two different protein systems that were used to delincate drug design
templates on the CD4 protein (targetted to develop modulators of heiper T cells) and
the CD8 protein (1argetted to develop modulators of cytotoxic T cell responses),

Targetting the CD4 protein—protein interactions on helper T cells

Multiple sclerosis (MS} is a relapsing/remitting auteimmune disease of the central
nervous system. Iis characterized by inflammatory cell damage of the myelin sheath,
resulling in a slowing or blockage of nervous transmission. Currently, the most
effective approved treatiments for MS patients are the use of genefically engineered
beta-interferon or a mixed synthetic co-polymer, both of which serve, statistically, to
reduce the number of newly formed plaques during an MS attack (Lucchinetti er /.,
2001; Rolak, 2001). This treatment is expensive, requires a direct injection of the
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protein, and is not always very effective. There is a clear need for improved
therapeutic strategies.

Although the eticlogy of the disease is unknown, CD4-positive helper T cells
appear to be crucial mediators of both disease onset and progression (Hutchings eral.,
1993). Consequently, there has been a major effort in many different laboratories to
target the activated subset of helper T cells, responsible for the inflammatory damage,
as a means of improving the existing therapies for MS patients.

The CD4-positive helper T cells are predominantly produced in the thymus, where
they undergo both positive and negative setection. Each helper T cell produced in this
organ is unique by virtue of its polymorphic T cell antigen receptor (TCR) that is
matched to the resident major histocompatibility complex class II (MHC II) proteins.
The mature cells that emerge are highly diverse and are selected as discriminators of
self versus non-self. As these cells migrate to the periphery, they become responsive
to peptide antigens presented within the groove of the MHC II heterodimer on
antigen-presenting cells (APCs) (Brown et al., 1993). Under normal circumstances,
only the helper T cells bearing a TCR that appropriately fits to the foreign antigen-
bearing APC will become activated. The rest of the subset of CD4-positive cells
remains quiescent. The activated T cell clonally proliferates, secreting growth factors
and cytokines, and aids in the mounting of both humoral as well as cytotoxic immune
Fesponses.

In autoimmune conditions, such as multiple sclerosis or Crohn’s disease, an
aberrant constellation of events occur, such that a clonal activation of a CD4-
dependent T cell is set in motion to create a pathologic inflammatory response. The
key to treating the symptoms associated with these disease states is to target the
activated set of helper T cells. In an otherwise healthy autoimmune patient, the only
activated T cells are those involved in the pathogenic responses; the rest of the
repertoire is resting.

The objective of our drug design efforts is to identify surface regions on CD4 that can
be used to engineer ‘lead compounds’ that can be used in the treatment of autoimmune
diseases and in the treatment of the rejection symptoms associated with transplanta-
tion, The strategic intent is to design compounds that can disrupt the primary activation
signal (generated through the T cell activation cluster) in the helper T cells, thus
inducing programmed cell death/anergy in the activated cell. The analogues are
designed to induce clonal deletion (or anergy) only in the activated sets of T cells
without affecting the resting repertoire of cells needed to mount new responses. Thus,
if one can design an appropriate mimetic of the CD4 surface, it can be used to perturb
the primary signal transduction pathway in activated helper T cells. This shouald result
in the functional deletion of these cells and create a hole in the immunologic repertoire,
preventing the reoceurrence of the targetted activation response.

The CD4 is a member of the immunoglobulin superfamily of proteins. The first two
amino terminal domains of the human CD4, which are thought to confer the major
contacts for driving the primary T cell activation pathway forward, were crystallized
(Ryu et al., 1990). In order to validate any of our synthetic constructs in an in vive
maode] of CD4-dependent responses, we opted to use a murine system. Because the
hydrophobic core is well conserved between the human and murine CD4 (the
principal differences occur as a result of surface decoration), we created an homology
model of the murine CD4 (for a review of the approach used in the homology
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Figure 9.1.  Molecular model of the murine CD4. Part of the solvent exposed CDM surface is formed by
the juxtaposition of the CDR-like regions 1, 2 and 3. The left panel shows the basic fold of the CDR-like
regions in the tube-ribbon representation. Ball-and-stick rendering shows positions of the individual side
chatns, which comprise the CDR3-iike region. The right panel is the Connolly surface formed by the CDR-
like regions. The homoiogy model of the extracellular domains (D1D2) of the murine CID4 protein was built
based on human CD4 structure {PDB accession number is 1CDH) as described in Jameson (19897 and
MeDonnell ¢f af, (1992a.b),

modelling, see Jameson, 1989). We used the murine CD4 as a starting structure for the
studies described below (see Figure 9.1). Stuucturally, the first amino terminal
domain of CD4 is closely related to an antibody’s light chain variable domain. An
antibody possesses unique (hypervariable) domains, kirown as complementarity-
determining regions (CDRs), which comprise the antigen-binding surface of the
antibody. This surface is formed by the juxtaposition of the CDR I, CDR2 and CDR3
domains. Although CD4 does not have hypervariable domains, it possesses regions
that are structurally analogous to the CDRs (Figure 9.1). In our initial attempts o
define a surface region on the CD4 surface that could serve as a potential drug design
template, we focused our efforts on these CDR-like regions. Of the 3 CDRs, only
analogues of the CDR3-like domain were able to inhibit CD4-dependent T cell
responses (McDonnell er al., 1992a). The active analogues of the CDR3-like region
of the murine CD4 were derived from the native sequence Cys-Glu-Val-Glu-Asn-
Arg-Lys-Glu-Glu (see Figure 9.2), and were designed to mimnic the surface presented
by the native protein. The design strategy employed the artificial introduction of a
disulphide bridge to appropriately restrain the conformation of the peptide. Nuclear
magnetic resonance (NMR) studies indicated that the biologically active surface
could be presented by the insertion of a ‘forced turn’ using a proline—glycine—proline
(PGP) motif (McDonnell ef al., 1992b). The side chain of a proline residue forms a
pyrrelidine ring that is covalently bonded to the backbone nitrogen atom of the
peptide group. This limits the rotation about the N-alpha:C-alpha (phi) bond of the
backbone, with the adjacent C-alpha:C (psi) bond restricted to bond angles of about
—55° and +130° (Degrado, 1988}). In contrast, the inherent flexibility of the glycine
residue allows for the occurrence of the tight turn, strongly induced by the rigid
neighbouring prolines, without the steric side chain constraints other amino acids
would experience. Energy-dependent simulations of molecular motion (molecular
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Figure 9.2.  Schematic diagram of the designed mPGPtide. The left parel shows the orientation and the
native amino acid sequence (with the corresponding amino acid numbers) of the murine CDR3-like region
of the CD4 protein. The middle and the right parels show the schematic diagrams of the conformationally
restrained mPGPlide and the retro-inverso mPGPtide, respectively. The arrows represeat the beta strands
within the CDR3-like region. The positions of the artificial disulphide bords afong with the amino- and
carboxy-termini are indicated. Note the inverted backbone orientation on the right panel.

dynamics calculations}y of the CDR3 analogue containing the PGP motif, in conjunc-
tion with random searches of conformational space, led to a family of stable structures
displaying a surface similar to that of the murine CD4 model. NMR analysis was used
to confirm the modelling predictions (McDonnell er al., 1992b).

In order to validate the designed CD4 mimetics, we needed to show their ability to
dose-dependently inhibit an in vitro CD4-dependent response, as well as to inhibit the
CD4-dependent response, in vivo, in an intact animal (Jameson ef al., 1994). Consid-
ering the relatively large size of the analogue, 13 amino acids, it seemed likely that it
would be rapidly degraded in vivo. To protect against this type of proteolysis, we
opted to employ the use of D’ enantiomeric amino acids instead of the naturally
occurring ‘L’ form. It has been shown that one can re-create the original L-amino acid
stde chain surface presentation with D-amino acids, if one reverses the sequence order
[where the amino terminal end of the peptide becomes the carboxy terminal end]
(Chorev er al., 1979). This type of peptide design has become known as a ‘retro-
inverso’ construct, For our initial in vitro assays, we constructed two control analogues.
The first was a ‘PGP’ construct of the CDR3-like domain from the human CD4.
Because there is not much cross-reactivity between the murine CD4 and human CD4
proteins, we synthesized a human analogue that had similar conformational features
to the equivalent murine analogue but possessed a different surface decoration. The
second control was to synthesize a version of the retro-inverso murine ‘PGP’
analogue with the same amino acid composition but a randomized sequence order, i.c.
a scrambled version of the murine [retro-inverso] PGPtide, The primary screen used
to assess biological activity was a murine mixed lymphocyte reaction (MLR). This is
an assay using active primary lymphocytes from an inbred mouse strain to respond to
an allogeneic stimulus (in a CD4-dependent fashion). Fixed macrophages from a
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Figure 9.3. Titration of the designed and control analogues in the murine MLR. The names of the
analogues used in this assay are indicated next to the respective lines on the graph. The analogues were used
at 100, 50, 10, 5, 1, 0.5, 0.1, 0.005, and 0 micremolar concentrations. The MER was performed as described
in Jameson er «f, (1994),

genetically disparate inbred mouse provide the initiating stimuli. *H-Thymidine is
added to the culture prior to harvest in order to label newly synthesized DNA. Typical
results from the murine MLR are shown in Figure 9.3. The conformationally
restrained mPGP and its retro-inverso construct both exhibited dose-dependent
inhibition of the MLR, whereas the control analogues were inactive. The success of
a designed analogue in vitro, however, does not signify that it will have a similar
efficacy profile in vivo.

Initiatly, the retro-inverso mPGPtide was tested for efficacy in a murine model of
human multiple sclerosis, experimental allergic encephalomyelitis [EAE]. In EAE,
an autoimmune inflammatory response is forced against the animal’s myelin sheath,
resulting in symptoms similar to what one observes in the human disease. Using this
model, we were able to show that the designed analogue was able to inhibit both the
clinical incidence and severity of EAE with a single injection, but without depleting
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the CD4+ subset and without the inherent immunogenicity of an antibody (Jameson
et al., 1994; Marini et al., 1996). This analogue was also able to exert its effects on
disease even after the onset of symptoms. Moreover, untreated {or control-treated)
mice exhibited moderately severe inflammation with extensive perivascular cuffing
throughout the CNS tissue. In contrast, the mice treated with the retro-inverso
mPGPtide exhibited very mild meningeal mononuclear cell infiltration, with only a
few detectable perivascular cuffs in the spinal cord (Marini ef al., 1996).

The retro-inverso analogue was further tested in several other CD4-dependent
animal models. One of these animal models exploits graft-versus-host disease (GVHD)
similar to that observed in bone marrow patients. GVHD represents a formidable
challenge to transplantation clinicians. The designed CD4 analogue was able to
significantly reduce, and in some cases ablate, the CD4-dependent GVHD in rodent
bone marrow transplants (Townsend et al., [996; Koch and Korngold, 1997; Townsend
et al., 1998). Allogeneic skin grafting is another animal model that has been used.
Because of the highly vascular nature of these tissues, inhibiting skin graft rejection
has proven to be extraordinarily difficult. The retro-inverso analogue can signifi-
cantly prolong graft survival in an MHC class I{ mismatched skin graft and works
synergistically in combination with cyclosporin A (Koch et af., 1998). Finally, this
analogue has been shown to significantly reduce mortality in 2 murine model of
ulcerative colitis under circumstances where the CD4 monoclonal antibody has only
a marginal effect {sce Table 9.7) {Okamoto et al., 19993,

The diverse set of animal models all indicated that the in vivo activities paraliel the
observed in vitro activities. A single bolus injection of the designed analogue appears
toexert its effect only on the activated set of CD4+ T cells without any residuai effects
on the resting cell populations. Although the potency of the designed CD4 mimetic is
too low to qualify as a drug candidate (the IC,, is in the low to mid micromolar range),
the biological data suggested that this analogue could have been an interesting *lead’
molecule. The insurmountabie obstacle for the retro-inverso CD4 analogue’s poten-
tial success as a lead molecule was its batch-to-batch variations in biological activity.
It was observed that the final product, although chemically pure (purity was jodged
via MassSpec, capillary electrophoresis and reverse phase HPLC), did not always
have the same biclogical activity as the previously synthesized batch. There were
clearly “good” and ‘bad” batches. Presumably, the observed variabitity in the biologi-
cal activity of the different batches of the analogue was not due 1o the synthetic
procedures, rather due to variations in the refolding process that determine the final
presented conformations of the peptide. The assumption was that multiple conforma-
tional populations of peptide are present in all batches of the synthesized product. The
dominant conformation determined the level of observed biclogical activity. To
address this hypothesis, we analysed a chemieally pure batch of the PGP, giving a
single clean peak upon analytical HPLC. The purified peptide was loaded onto a
preparative HPLC column and the single peak was collected into three pools as it
came off the colummn. Fraction I appeared to retain most of the biological inhibitory
activity. In collaboration with Dr Markus Germann (Thomas Jefferson University,
Philadelphia, PA, USA), the three fractions (I, I and III) were analysed by high
resolution NMR (600 MHz Bruker AMX Spectrometer). All three fractions had
identical molecular masses. The NMR analysis revealed sigrificant differences in the
three fractions (unpublished observations). It was apparent that fraction II was a
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Table 9.1.  Effect of various treatment modalities on the outcome of TNB-induced colitis in mice {for
experimental details, see Okamoto er af., 1999).

Treatment Mortality (%) Average grade of inflammation
None 57.2(8/1d) 2.33
Retro-inversoe mPGPiide (scrambled control) 50.0(2/4) 2.5

Isotype [gG control 60 (3/5) 2.0

Retro-inverso mPGPtide 16.7 (1/6) 0.33

Anti-CD4 mAbh 50 (3/6) 1.33

mixture of fraction I and fraction III. The most obvious difference was a multiplet
structure of glycine in the PGP constructs for fraction I, while in fraction II this
multiplet was collapsed. These data indicated that there were different siructures for
each of the fractions. Furthermore, there was no evidence of inter-conversion of the
structures from fraction I and fraction II (or if so, their conversion was very slow). If
the constrajning disulphide bond was reduced with deutro-f3-mercaptoethanol, all of
the fractions showed virtually identical NMR spectra. Thus, it appeared that the
different and locked cenformations are a direct consequence of the constraining
cyclization. A more detailed 2D NMR study of the native forms of fraction I and II
showed the presence of multiple glycine resonances. Since the peptide contains only
a single glycine, this demonstrated that there must exist more conformations (> 3) that
inter-convert very slowly on the NMR timescale. These NMR results were unexpected,
and almost counter-iptuitive when one thinks about peptide conformations. One
usually imagines peptides to be ‘floppy” structures. The NMR data suggested that the
disulphide-bonded retro-inverso mPGPtide presents a wide range of conformations,
but that individual molecules are effectively locked into a given conformation. Based
on the observed batch-to-batch variations, it would appear that our CD4 analogues
randomly populate the conformational repertoire. This implies that we have little
control over which populations dominate and, therefore, have litlle control over
which batches will be biologically active.

Because the problem of batch-to-batch variations created a virtual ‘dead-end’ for
the designed retro-inverso peptide, a structure—activity relationship (SAR) study was
performed to identify the critical residues responsible for the biological activity. In
this way, the information gleaned from the SAR study could be used to construct a
different type of CD4 mimetic. The project was initiated by exploring the human
equivalent of the murine analogue to provide species specificity comparison data. The
sequence of the huwman and murine CDR3-like domains are shown below:

44 92

Human: C-E-V-E-D-Q-K-E-E

I | L1

Murine: C-E-L-E-N-R-K-E-E

80 93
The human peptide was synthesized and an alanine scan was performed {(Friedman e¢
al., 1996). For this study, a series of peptides were synthesized with a single alanine
substituted for each sequence position in the parent peptide. The amino acids in the
human sequence shown in bold above, indicate the residues that were shown to be
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CDR3 Ridge

Human CH4 Murine CD4

Figore 94. Human CD4/murine CD4 showing the active surface as determined through alanine
scanning. Connolly surface represenzation shown here was calculated for both proteins using a theoretical
sphere of 2.4 A. Human protein is shown on the left panel {light colour) and mouse CD4 is shown on the
right (dark colour). The surface areas formed by the critical glutamic acid residues in both proteins are
circled. The arrows indicate CRD3-like regions.

critical for the observed biological activity (the amino acid sequences shown in italics
represent amino acids that could be substituted without any observed effect). The
CDR3s from the human and murine CD4s have qualitative differences in their surface
presentation (see Figure 9.4). We examined the surface comparison in order to deter-
mine whether or not any of the biologically critical residues identified through the
alanine scan were conserved between the human and murine proteins. The surface
presented by the carboxy terminal glutamic acid (residue 92 in the human sequence and
residue 94 in the murine sequence) had similar surface presentations on the human and
mouse proteins. Consequently, we designed analogues based on this core observation.

A pharmacophore is the smallest unit that retains reproducible, biological activity.
We designed a series of analogues based on the side chain presentation of the glutamic
acid, searching for the pharmacophore. The structure and activity of the core analogue
(ER,) and several of the related compounds are shown in Figure 9.5, If the region of
the ER, analogue corresponding to the carboxylic acid moiety of the glutamic acid
side chain was modified to an amide group, the analogue completely lost its inhibitory
activity. There have not been any batch-to-batch variations observed with these
compounds and the analogues are highly amenable to improvement. The basic unit
has an amide group at one end, followed by a glutamic acid side chain, a nitrogen, a
carbonyl and a methyl group. Modification of any of these elements results in a foss
of activity (data not shown). The activity appears to be modulated by addition to the
terminal methyl group (Figure 9.5).
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Figure 9.5. Titration of the glhutamate-based CD4 mimetics in a murine MLR. The MELR was done as
previousiy described (Jameson ef af., 1994). Concentrations of 200, 100, 50, 23 ard O micromolar were used
in this study. The compeunds used to generate each of the individual activity profiies are indicated on the
figure, The ER analogues were synthesized according 1o standard Frnoc procedures. The structures of the
control and experimental compounds are shown above. The mPGP activity profile has been added for
comparison.

The addition of the R, group (-CH,) to the pharmacore creates a compound that
inhibits both the murine and human CD4-dependent MLRs (as expecled from the
protein surface analysis). The two R groups, R, and R, were incorporated to mimic
the murine surface (for selectivity). These are bulky attachments that give rise Lo
analogues with slightly better activity than the original analogue, mPGPtide (Figure
9.3). These analogues, however, have a molecalar weighi about 5 times smatler than
the original parent analogue and possess highly consistent biological activities. The
use of a single methyl group attachment (R, ) gave us the best activity observed to date
(the specificity of this compound still needs to be verified).

As an initial in vivo test of this compound series, we induced an antiviral response
in mice. This model was used as a preliminary means of validating the in vivo activity
of the ER, compound (this derivative showed specificity toward the murine system,
data not s-hown). The model employed the use of C57/BL mice to generate a well-
characterized CD4-dependent response to a murine retrovirus, Mul'V {Panoutsake-
poulou ef al., 1998). In this system, the CD4-dependent response is used to drive the
cytotoxic T lymphocyte (CTL) response. A single bolus injection of the active
analogue (ER,) was administered i.v. after the helper T cell response had been initially
generated, and then once more after are-chailenge with the MuL V. After three weeks,
the animals were sacrificed and the CTLs were assayed for their ability to recognize
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the Mul.V-env protein (target-specific killing response) and for their ability to
respond to novel stimufi (an altogeneic stimulation}. The data derived from this study
is shown in Figure 9.6. As one can see from the presented data, the non-specific
killing response of the naive animals was relatively high (between 5-10% target
lysis). The bolus administration of the ER, analogue brought the antiviral response
down to background levels, consistent with the notion that it induced a functional
deletion of the activated CD4+ T cells, In terms of response o the de novo stimulus,
2 of the 8 mice injected with the ER, analogue had slightly diminished responses.
Further studies will show whether or not this is a potential concern for the activity
profile of the analogue,

In summary, it appears likely that the 3 CDR-like domains of CD4 are involved in
the direct contact of the MHC class 11 (in analogy to the observed contacts of CD8
with MHC class 1, see the section below for details), All of the structure/function
studies conducted to date indicate that a protein involved in delivering a part of the
primary activation signal for helper T cells binds to the externally exposed side of the
CDR3-like domain of CD4 as it descends toward the cell membrane. Qur efforts (o
design a peptide-based ‘lead’ were thwarted by our inabifity to control the confor-
mational repertoire of the designed peptide. A systematic SAR study of an active
CDR3-derived peptide has led to the development of an organic-based mimetic. Time
and future studies will show the potential promise of these analogues.

Targetting the CD8 protein-protein interactions on cytotoxic T cells

In the design of our CD4-based analogues described in the preceding section, we
described a structure/function hypothesis that was used 1o identify a local surface
template on the protein upon which a rational drug design project could be built. The
hypothesis was centred on the notion of functional analogy. Knowing that the CDR
domains of an antibody, a structurally related family member of CD4, are involved in
mediating high specificity, functionally important interactions, we hypothesized,
through analogy, that the CDR-like domain of the CD4 would be important for its
functional activity. In this section, we describe the use of the CD8 prolein as a protein
template for designing surface mimetics. In this series of studies, we have used a
general structure-based hypothesis to identify a local surface area that could serve as
a de novo drug design template.

The goal of this study was to design analogues that could potentially be used to treat
pathologic conditions related to an activated CD8-dependent cytotoxic T cell TESponse.
Similar to the therapeutic strategy employed in the design of the CD4-based ana-
logues, we wanted to test the idea that distuption of the primary T cell activation
signal can be used as a means of selectively deleting only the activated subset of T
cells involved in an immune response. In this case, however, instead of targetting the
CD4-dependent helper T cells, we targetted the CD8+ cytotoxic T lymphocytes
(CTLs). By creating an appropriate mimetic of the CD8 surface, we wanted to induce
functional anergy or apoptosis, via signal disruption, that could be exploited to create
a ‘hole’ in the immunological repertoire, The ultimate aim of the study was to enable
the development of new therapeutic strategies to treat selected forms of autoimmaunity,
such as type I diabetes, and to treat the rejection symptoms that accompany trans-
plantation procedures,
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The CTL response involves an initial clonal expansion process that results in a set
of activated CD8&+ T cells, similar to that which cccurs with respect to CD4+ T cells.
This activated set of cells is responsible for creating the effector cell population that
targets and kills cells that do not bear the “self” MHC I or harbour a foreign antigen in
the context of its *self” MHC I These proliferating cells are highly sensitive to the
fidelity of the activating signals. The sudden }oss of one or more of the critical signals
generally results in the induction of either apoptosis or anergy (Janeway, 1992). T
cells are particularly sensitive to the regulatory signals that drive the cell cycle
forward. Thus, given our understanding of the CTL activation process, it should be
possible to design a small molecule that disrupts the T cell activation cluster (without
affecting the resting cells that do not exhibit this protein clustering) as a means of
functionally deleting the activated set of T cells.

CD8 was selected as a target because it is expressed on a limited subset of T cells
and is a phenotypic marker for this class of CTL. As opposed to the polymorphic T celi
antigen receptor or MHC, the sequence of CD8 is conserved across a given species.
Moreover, we had access to high resolution crystal structures of both the murine
(Kern et al, 1998) and haman (Leahy er af., 1992, Gao er al., 1997) proteins.
Furthermore, within these structure sets, we had examples of the free protein as well
as in complex with MHC class L. Most importantly, CDS is directly involved in the
generation of the primary activation signal. On a resting T cell, CD§ is unencumbered,
i.c. it is not complexed with any other proteins. Upon activation, CD8§ becomes a part
of a multi-protein complex that aids in creating the activation signal. Therefore, it
seemed reasonable to assume that a region of the solvent-exposed surface of the CD3
alpha-chain was directly involved in specifying a protein-protein contact that would
be critical to the proper functioning of the T cell activation cluster.

The task of selecting a specific surface site to serve as a design template was
complicated by the fact that there was no existing body of information indicating
where other proteins in the T cell activation cluster bound to CDS. We based our site
selection on the hypothesis that globular proteins tend to have generic surface features
(both mechanical and chemical) used to specify potential protein contact points.

A survey of known protein-protein interactions, such as RAS/SOS (accession code
IBKD [Boriack-Sjodin e af., 1998]), growth hormone/receptor (accession code
3HHR [De Vos eral., 19921, tumour necrosis factor/receptor (accession code I'TNR
[Banner et al.,, 1993]), CD4/gp120 (accession code 1GC] [Kwong er al., 1998]),
RhoA/rhoGAP (accession code 1TX4 [Rittinger et al., 1997]), and MHC class /CDS
{accession code |AKJ [Gao ef al., 1997] and IBQH [Kermn er al., 19981), reveals that
the surface sites used to recognize a protein-binding partner have well defined
topologies. The surfaces invariably consist of a series of ridges and surface channels.
Although the generic rules describing the surface-critical features driving two proteins
to specifically interact with one another are poorly understood, it is clear that a simple
geometric fitting of the Van der Waals surfaces cannot corpietely account for the
observed specificity. The alignment, ordering and dispersal of solvent-associated
molecules are intimately invelved in the interaction process (Cheng and Rossky,
1998; Pardanani er al., 1998), as is a ‘mechanical’ fitting or optimization of the
interacting surfaces. One would assume that a potential interaction site would POSSEess
somme elements of mechanical flexibility,

The CDS8 protein, a member of the immunoglobulin superfamily of proteins, has
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Figure 9.7, Crystallographic structure of the CD8 o-chain complexed with the MHC Class I. The
structure shown above represents a Connolly surface [calcutated with a theoreticat sphere of 2.4 Al.The
white line drawn on this figure shows the backbore positioning of amino acids 59 to 81 and constitutes the
area selected for our analogue design studies.

three surface exposed loops analogous to the complementarity-determining regions
(CDRs) of an antibody, The CDR-like regions of the unbound human CD8 formridges
(with a high electropotential) that flank a channel running between the CDR3/CDR1
and CDR2. The ridges formed by the CDRs are associated with ahigh degree of atomic
motion, relative to the rest of the protein (Leahy er al., 1992). This well defined
topographical surface is used to bind the MHC class I complex (Gao et al., 1997).

The bound complex of the murine CD8 o-chain/MHC L is shown above in Figure
9.7. Inspection of the surface indicates that there is a ‘ridged channei’ that runs from
Ser59 through Thr81. In accordance with the simplified criteria outlined above, this
site was selected as a template for the analogue design studies.

In addition to the topological criteria, our laboratory has been seeking other
‘mechanical’ factors that can be used to localize sub-sites within the surface that can
be used as specific design templates. Empirically, we have observed that analogues
designed from a region that protrudes into the solvent, but has a relative degree of
rigidity, tend to have the best biological activities. Entropic considerations suggest
that the degree of flexibility of a given protein region should be proportional to its
solvent exposure. Figure 9.8 shows a plot of the fractional surface exposure of the
amino acids 59-87 overlaid with a plot of the factors describing the atomic mobilities
(known as B factors, derived from the crystallographic measurements) for the same
amino acids. As can be seen in the figure, the solvent exposure parameters parallel the
mobility factors for most of this region. The region between Met78 and Lys84
represents an exception to this trend (notably Arg79, Asp80 and Thr81). This region
is solvent exposed: yet it is relatively rigid.
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Figure 9.8.  Plot of amino acid surface exposure versus B factors. The left-hand scale is the fractional
solvent exposure {dotted line); the right-hand scale is the B factors taken from crystaliographic study (Kern
et al., 1998).

As an initial attempt to map the binding-critical regions of this surface, we
synthesized ~ 50 small peptide analogues derived from the exposed regions of the
surface (residues 59-83). The peptides were synthesized in an overlapping fashton,
incorporating three amino acids from the linear sequence with or without the addition
of flanking cysteines as conformational restraings.

Our panet of o-chain-derived analogues was screened in an allogeneic CTL assay
(for details, see Tretiakova et al., 2000}. Of the original 50 analogues tested, only four
analogues exhibited dose-dependent inhibition of the CD8-dependent CTL., without
having any effect on the CD4-dependent MLR (K-I-T, ¢-D-E-K-c, ¢-5-8-K-¢, and ¢~
R-D-T-c). We have focused our efforts on the best of these inhibitors, derived from
the o-chain residues Arg79, Asp80 and Thr8l. In the design of this analogue,
conputer modelling studies indicated that the unrestrained peptide did not match the
R-D-T surface found in the context of the native protein (F, igure 9.9), The cysteines-
restrained analogue, on the other hand, displayed a conformational repertoire that
overlapped with that of the native protein. The cRDTc analogue dose dependently
inhibited the in vitro CTL response (Tretiakova ef al.. 2000). As predicted by the
modelling studies, the unrestrained analogue, R-D-T-N, did not have any activity,
although it shared the same core amino acid sequence RDT. In the murine crystai
structure, the side chains of the RDT sequence make the greatest contribution to the
presentation of this local surface. To test the assumption that the observed bivlogical
activity is due to surface mimicry of the cRDTe analogue, the reverse sequence of the
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Tigure 9.9.  Analogue designs. Peptides were modelled on the Octane and O2 computers using Sybyl6.7
software package (Tripos and Associates, St. Louis, MO, USA). Explicit dynamics and minimizations were
apphed to the solvated peptides. The hydrogens, along with the water molecules, were deleted (after the
computations} for the clarity of the figure. Panel A: the conformation of the RDT ridge naturalty present
within the CD8 protein context. Note that the side chains of Asp and Thr are in the same plane. Panels B,
C. and D: models of the unrestrained RDT peptide. restrained CRDTC peptide and restrained CTDRC
peptide, respectively. Note that the Asp and Thr side chain conformations in Panels D and C resemble Asp
and Thr presented within the native CDB protein {Panct A). In the unrestrained (Panel B) peptide, those
critical amino acid side chains collapse upon the Arg.

analogue was also synthesized and assayed, cTDRc (Figure 9.9). The observation that
the ¢TDRc has retained full biological activity indicated that the activity was
primarily due to the side chain components and not the backbone nitrogens and
carbonyl groups. None of the analogues had any detectable inhibitory activity in the
CD4-dependent MLR. The assay data indicated that the inhibitory properties of the
cRDTe analogue were both dose dependent and conformationally dependent, and that
the activity derived from the amino acid side chains, rather than the backbone.

In order to characterize and develop the activity of the cRDTc analogue, we
performed a structure—activity relationship (SAR) study of the analogue. On the
assumption that the analogue’s specificity is conferred by its side chain arrangements,
the SAR was set up to characterize the individual side chain confributions to the
overall activity profile. The first position to be modified was the initial arginine, while
keeping the other two positions constant (note that the Arg79 is partially buried on the
CDg's surface, see Figure 9.8). The arginine position was probed with its optical
isomeric form, ‘D’ arginine, with a shorter chain, positively charged, lysyl replace-
ment, and finally by truncating the position ic a single hydrogen {glycine). Replacement
of the arginine with its chiral enantiomer appears to have had little effect on the
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activity profile of the analogue. There was a slight loss of activity (this pattern was
observed across all of the assays) when the arginine was replaced with either a lysine
or glycine. The analogue ¢DTc had no activity. We surmised that, although there may
have been a small contribution from the guanidinyl group, this position most fikely
contributes to the appropriate overall conformation of the aspartate and threonine
positions.

We also probed the relative contribution of the aspartate. For this study, we altered
the chain length of the side chain (from aspartate to glutamate) and altered the
functional moiety from a carboxyiic acid to an amide {aspartate to asparagine and
aspartate to glutamine). The pattern that emerged from repetitive assays is that the
acid moiety at the end of the chains was more critical to the activity profile than was
the chain length of the side chain, The cRQTc was nearly devoid of activity,

Our final SAR study sought to explore the functional contribution of the threonine.
Threonine is a f-substituted amino acid with a methyt group and hydroxyi group
attached to the {3-carbon of the side chain. Removal of the methyl group results in the
formation of serine, whereas replacement of the hydroxyl group with another methyl
group results in the formation of valine. Although substitution of the threonine with
either serine or valine resulted in a loss of activity, there was a refative preference for
the valine substitution. The side chain of the Thr81 in the native protein appears to
make a large contribution te the formation of the local surface, We therefore opted to
elongate the side chain by replacement with an aromatic ring. Unexpectedly, replace-
ment with a tyrosine resulted in a significant improvement in the activity profile of the
analogue. We also tested an aromatic ring substitution without the hydroxyl moiety
(cRDFc). This analogue had no activity in the CTL assay. Presumably, the aromatic
ring of the tyrosine positions the hydroxyl group as a potential hydrogen bond donor.,

As was the case with the CD4 analogues, we set up an in vivo validation agsay for
the cRDTc analogue. The concept inherent within the overall desi £n process was that
the analogue should inhibit the T cell activation cluster, thereby perturbing the
primary activation signal and, consequently, inactivating or deleting the activated set
of CTLs. If the intended mechanistic action of the analogue was as anticipated, then
one would expect that an inoculation of the cRDTc, given once the activation process
has been initiated, should be able to ‘knock-out” an on-going CTL response in a whole
animal. For this study, we used a well characterized response to an ES5+ murine
leukaemia virus (MuLV) infection in BALB/c mice (Avidan et al., 1995: Panoutsako-
poulou er al., 1998). Immunocompetent BALB/c mice infected with the E55+ MuLV
(a murine retrovirus) have an acute phase of viral growth, followed by a CDg-
dependent clearance of the circulating virus (Avidan er al., 1995). If administration of
the test analogue, cRDTc, can selectively delete or inactivate the CD8&-positive CTL
response Lo the virus during the acute infectious phase of its life cycle, then it should
prevent viral clearance. Four study groups were used in this assay, each consisting of
7 mice per group. The first group received virus alone without any further treatment.
Consistent with previously published reports (Avidan ef al., 1995: Panoutsakopoulou
et al., 1998), all of the control mice had cleared the virus within 8 weeks (see Tuble 9.2
for a data summary). The next group of mice was treated three times with an anti-CD8
mAb (clone 2.43), at 2 days before the initial viral infection, on day 0, and at 2 days
post-infection. Under these conditions, the antibody inactivates the entire circulating
repertoire of CD8-positive CTLs. Because of the long half-life of the antibody,
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‘Fable 9.2. Data summary of the E-554 MulV viral clearance assay in BALB/c mice.

Treatment group Log,, viral titre Standard deviation
Virus alone (n=7) 0 [
Anti-CD8 mAb (n=7) 4.03 0.82
CRDTe(n=7) 344 1.83

RIXTN (n=7) 0 4]

The 400 micrograms of cach peptide were inaculated via tail vein injection on days 10 and 17 of the
study. The details of this study are described in Tretinkova ev @/ (2000).

theinjected mice are unabic tomounta CTL response to the virus and, consequently, are
unable to clear the viral infection. A viral focus-forming assay conducted with the
splenic harvests at the end of the study revealed that 100% of the antibody-treated mice
had failed to clear the E55+ MulLV infection. The third group of mice was treated with
400 micrograms (i.v.) of the cRDTc analogue at day 10 [at the onset of the CTL
activation] and onee again at day 17 [during the acute phase of viral growth] after the
initial viral infection. The analogue was able to prevent the CTL-mediated clearance in
6 out of 7 animals. The final group of mice received the RDTN control. These mice
were trealed exactly the same as those receiving the cRDTe, yet no effect on the viral
clearance was observed (Table 8.2). A similar study was also undertaken to ask whether
or not similar results couid be achieved by a single dose of the analogue at half the
dosage. i.e. 200 micrograms/mousc. These data are presented in £igure 9. /0. This study
also included the reverse analogue, ¢ TDRe, which showed similar inhibition profile to
the cRDTcin the in vitro assays. As one can see from the data shownin Figure 9.10, the
experimental ouicome was consistent with the original study (Table 9.2).

Viral Clearance Assay

1000000 ¢RDTc ¢TDRe
Anti-Cb8 mAb

106000
10000
e
= 1000
2
- 100 -
10 No treatment

Figure9.10.  MuLV clearance assay in BALB/cmice. The treatment groups and the numbers of the animals
used are indicated on the graph. The mice were treated as described previously (Tretiakova ef af.. 2000,
Briefly, the mice were injected with | x 105 FFU of the MuLV Lp. on day 0 of the experiment. The CDg
antibody treatment was as described in Panoutsakopoulou ef ¢l (1998). cRDTe and ¢ TDRe (200 microgram)
were injected on day 10 of the experiment. The mice were sacrificed eight weeks after; the spleens were
harvested and the viral titre was determined exactly as described in Panoutsakopoulou et el (1998).
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Figure9.11. A schematic diagram of the viral turget response study in C37BL/6 mice. Mice were infected
£.p. with 1 x 10* Focus Forming Units (FFU) of the E-55" MuLV virss on experimental day 0. The immune
response to the MuLV was allowed Lo develop, and the first dose of the analogues (200 microgram/dose}
or anti-CDE monoclonal antibody (50 microgram/dose) was adsministered on day 9 via the tail vein injection
and £ p. injection, respectively. On day 11, the znimals were re-challerged with a second 1 x 10° dose of the
MuLV (i p.). The secondary response develops much faster, therefore the second dose of the analogue or
antibody was administered 2 days after re-challenge (on day 13). On day 21, the animals were sacrificed and
the spleens were harvested for the ex vive CTL assay.

The second in vivo validation model was a viral target response study in C57BL/J6
mice. A schematic time-line for this model is shown in Figure 9.11. The data obtained
forthe initial study in our second validation model, using a dosage of 400 micrograms/
mouse of the analogues, is summarized in Table 9.3. The mice studied here were firse
primed in vivo with the MuLV, treated (or not), and their splenocytes harvested. Half
of the cells were used 1o assay for antiviral responses and the other half were plated
in an allogeneic stimulation assay, without any further treatments, to show that no
generalized immunosuppression had occusred. The profile that emerged from this
study clearly showed that cRDTc ablated the antiviral response generated in the mice,
similar to the response observed in mice that had never received the virus: while the
control analogue, RDTN, had no effect on the system. The cRDTe, however, had
absolutely no effect on the ability of the splenocytes to generate a new response. Thus,
the effect of the analogue was 1o remove the CD8+ response directed against the
MuLV without impairing the function of resting lymphocytes within the animal.

Int the second part of this study, we asked whether or not similar results could also
be obtained using half the iritial dosages. For data shown in Figure 9.72, the mice
were divided into 6 treatment groups. The first group received no treatments (N = 4),
Le. they were naive animals. As anticipated, this group did not specifically lyse the
virus-infecied targets, but were able 0 mount a strong allogencic response. The
second group of mice (N = 3) received the E55+ Mul.V inoculation without any
additional treatments. These animals were able to mount a strong anti-virus response,
as well as a strong allogeneic response. The third group of mice (N = 5) received the
anti-CD8 mAb at days 9 and 13 (the same treatment schedule as was given for the Lest
analogues). These mice showed a significant reduction in their antiviral responses.
Their response to the general allogeneic stimuli, however, was approximately half of
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Table 9.3. E55+ MuLV target response assay in C57BL/J6 mice.

% Cytotoxic response

Treatment group Antiviral respense  Allogeneic response
No (reatment {n = 5) 1.6% 51.45
Virus alone (n=3) 45.2% 50.4%
cRDTeci{n=7 3.45% 55.2%%
RIDTN (n = 5) 47 8% 38.4%5%

The 400 micrograms of each peplide were inoculated via tail vein injection
on days 9 and 13 of the study. The details of this study are deseribed in
Tretuakova of g/ (200034,

the response seen in the other treatment groups. The fourth group of mice (N = 3)
received the control analogue, RDTN. This treatment group showed a response
pattern similar to that of the mice that were treated with virus alone. The {ifth group
of mice (N = 4) received the cTDRc analogue. This group of mice was unable to
mount a significant anti-virus response, yet maintained a robust allogeneic response.
Finally, the last study group (N =4} was treated with the ¢cRDTc analogue. These mice
were also unable to mount a response against the viral targets, indicating that the
activated CD8+ CTLs were absent, but mounted a robust response to the allogeneic
stimuli. Taken together, these data are consistent with the previous stady, as well as
our experimental hypotheses.

The last set of data was designed to examine whether the inhibition of cytotoxicity
that we observed in the above experiments was due 1o guantitative or qualitative
changes induced by our experimental analogue in the antigen-specific CD8+ T cell
population. For this purpose, we employed the newly developed tetramer technology
that allows us to both quantitate and phenotype antigen-specific CD8+ T cells in a
mouse model of influenza type A infection. In this set of data, we show the effects of
our experinental analogues fwe used the cRDYc analogue instead of the cRDTc
analogue because it has as better potency and. consequently, exerts its activity in a
single botus injection] on CD8+ T celis that are directed against the influenza virus
type A nuclear protein NP, ... immunodominant epitope. For this experiment, a
CD8+ CTL response was generated against influenza in C57BL/J6 mice by immuniz-
ing mice with influenza virus type A. Pulmonary virus-specific CD8+ T cells were
visualized on a flow cytometer (FACS Calibur®. Becton-Dickinson), using the NPP
tetrameric complex (described in the fegend of Figure 9.13) for staining the cells that
recognized the immunodominant epitope of the nucleoprotein of influenza. Three
groups of six mice each were used in this pilot study. The first group of mice was
infected with influenza without any further treatments; the second group of mice was
treated as the first group, except that they received a single bolus injection of the
¢RDYcanalogue on day 7 of the study: while the last group of mice was treated on day
7 with a control peptide, cKQFc. Representative data from this study are shown below
i Figure 9,13, There were no differences observed between the untreated controls
and the group treated with the control peptide (data not shown). In the figure, one can
clearly see that the activated set of NPP-specific cells is dramatically reduced in the
cRDYc-treated animal (shown in the overlap between the two boxes in the lower
righi-hand panel of Figure 9.13). The averaged data from the six mice treated with the
active analogue and the untreated group are shown in Figure 9.74. From our analysis
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Figure9.12.  Effects of the RDT-based analogues and the CD$ anlibody in the viral target response study.
The treatment groups are indicated below the grouped bars. The samples were assayed at 100:1, 50:1, 25:1
responders—to—targets ratio. Each bar represents an individual animal. Top panel shows the MuLV-specific
response of the treated and control animals, data in the figure are at 100:1 ratio. Botlom panel shows the
ability of the treated animals to respond to the novel stimuli, data shown are at 50:1 ratio. Note that the
ability of the antibody-treated animals to react 1o the new stimuli is considerably diminished, indicating an
immune suppression. In contrast to the antibody, cRTDe- and ¢ TDRc-treated animals were able to gencrate
full de nove immane response.
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Figure 9.13. The effects of the cRDYc analogue on pulmonary influenza-specific CD8+ T cells versus
untreated control. The top two panels are the flow cytometric staining pattems of a mouse, which received
the virus without any further treatment. The boxed area in the upper left-hand panel shows the CD8+
population that co-stained with the NPP, representing the virus-specific cell population. The upper-hand
pasel is gated on the NPP-specific CD8+ cell poputation and shows the expression of activation markers,
D25 and CD5% on this poputation. The two lower panels are the cell staining pattems frorn a mouse treated
on day 7 with the cRD Y analogue. The frequency of each population is shown in the number ie: the panels.
The experimental procedures are described in the legend to Figure 9.14.

(N = 6), it is unclear whether there is an increase in the frequency of viral-specific
CD8+ T cells in response to the analogue treatment (the data indicate that there is not
a statistical difference; however, some of the animals had a clear increase in the
overall number of CD8+ responding cells). The number of IL.-2 receptor bearing cells
(CD25+) is significantly reduced relative to the untreated controls. Although the data
presenied above are derived from pilot studies (the data need to be expanded), these
data clearly show that the cRDYc-treated animals have significantly reduced influ-
enza-specific, activated CTLs relative to untreated controls. The fact that the frequency
of virus-specific CD8+ T cells is not reduced by our analogue treatment, but the
expression of the IL-2R o-chain (CD25) is greatly reduced, is more consistent with
the idea that we are inducing anergy, as opposed to apoptosis, and raises the question
of whether, if it is anergy, the anergy is long-term.

The study presented above, in contrast to the CD4 project, is an illustration of a de
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Figure 9.14. The effects of analogue treatment on influenza-specific CD8+ T cells. The data are pooled
data from the cRDYc-treated mice (n = 63 and the untreated controis (n = 6). The overall cell rumbers of
the double-staining for NPP+ and CD8+ cells are shown in panel A. Of the pool of double-positive cells,
the relative percentage of the CD25+ cells is shown in panel B. Influcnza virus nsed in this experiment was
Influenza A-Puerto Rico/8/34 {PRS, a kind gift from Dr Walter Gerhardt, University of Pennsylvania,
Philadelphia, PA, USA). On day 0, C37BL/J6 mice were intranasaily infected with 50 microlitees of 0.9%
sterife saline containing 4 haemagglutination units (HAU) of PRR. The treated mice received a single bolus
injection of 400 microgram of cRDYc or cKQFc via tail vein injection on day 7. The mice were sacrificed
on day 10 of the assay. The analyses of the CD$+ cells were performed using the tetrameric complex
staining described by Altman er af, (1996). Lung lymphocytes were harvested and staining was performed
as described by Fiynn er al. (1999). Cells were stained with an APC-labelled tetrameric complex of
influenza nucleoprotein+H-2Db (a kind gift from Dr John Altman, Emery University, Adanta, GA, USA)
and co-stained with combinations of FITC-, Cy3PE- and PE-conjugated antibodies to cell surface markers.

novo rational design strategy. The project was initiated with a validated target, CD8§.
Although a crystal structure of the CD8/MHC class T complex had been solved. the
surface area on the CD8 responsible for interacting with other proteins on the
activated CTLs was not known. Thus, there was not a defined template for developing
arational drug design project. In the eyes of the pharmaceutical world, this represents
a high-risk target. We selected our potential target site on the CD8 based on obvious
topological features. Figure 9.7 shows a Connelly surface presentation of the CD8/
MHC class [ complex. Upon visual inspection of the structure, one can readily see the
outfine of a potential protein-binding site ‘footprint’™ that is relatively well defined.
We used a semi-empirical technique with a limited number of analogues to identify
the focal region within this site that could be used as a specific design template. The
use of the small peptides to define a pharmacophore provides a means of identifying
adrug design template. The work presented above shows that the observed biological
activity profiles of the lead peptides are consistent with ouar initial design strategies.
The next steps for this study are to use the cRDTe and cRDY<¢ as desi gn tempiates for
engineering organically-based analogues.

Conclusions

There are remarkably few cffective drugs or treatment strategies for handling
autoimmune diseases or for safely coping with the complications that arise from solid
organ transplantation. In an attempt to improve the therapeutic treatment regimens,
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new experimental therapies are being developed and tested. Biological applications to
block the CD40/CP154 co-stimulatory pathway have shown, perhaps, the most
promising activities of all of the experimental systems that have been evaluated to
date (Diehl er al, 2000). A non-depleting anti-CI>154 antibody has been used to
prolong graft survival of a full MHC mismatch in rhesus monkeys (Kenyon er al.,
1999; Kirk et al., 1999). The antibody treatment apparently exploits activation-
induced cell death (AICD) as an important feature of its therapeutic effect on
prolonging allograft survival (Markees er al., 1998). Additionally, it has been shown
that the tolerance induced with anti-CD154 antibodies involves not only the deletion
of potentially aggressive T cells, but also inhibits new cohorts of graft-reactive T cells
(Graca et al., 2000). Most of the studies with the anti-CD154 antibody, however,
indicate that the allografts eventually reject due to arteriosclerosis. The transplant
arteriosclerosis that develops in the experimental animals apparently arises from an
invasion of CD&+ cytotoxic T cells (Honey et al., 1999), Recent data suggest that the
CD8+ T cells are not effectively targetted by the CD154 blockade (Ensminger et al.,
2000). Even though the CD8+ CTL response may slip through the CD40 ligand
blockade, the therapeutic effects of anti-CD 154 monoclonal antibody administration
have been nothing short of spectacular, and seem to be devoid of any major untoward
side effects (Kenyon er al., 1999).

Monacclonal antibodies are playing, and will continue to play, a role as a new
medical treatment regimen. These antibodies account for about a quarter of atl biotech
drugs in development teday, and approximately 30 products that are currenily in use
or being investigated (Breeveld, 2000). Monoclonal antibodies, however, inherently
suffer from several limitations. As is true for any relatively large protein, the cost of
commiercial production and purification procedures for human therapeulic use is
extraordinarily high, relative to the cost of manufacturing (the more traditional) small
organic drugs {Hillegass ef al, 1999). Although the short-term side effects of
monoclonals are tolerable and predictable, long-term safety remains to be elucidated.
Although in vive half-lives of a week or more are not uncommon, moneoclonal
antthodies often have problems associated with tissue penetration, such as their
inability to efficiently penetrate sinovial tissues in theumatoid arthritis (Colcher et al..
1998). In short, monoclonal antibodies will provide an immediate solution to some of
the unresolved medical problems, but do not represent a long-term solution. As has
often been noted by the major pharmaceutical companies, the best drug is still a
classical, small organic molecule.

To borrow a phrase from Prof Herman Waldmann (Sir William Dunn School of
Pathology, Oxford, United Kingdom), “The Holy Grai} of transplantation research
has been 1o induce tolerance by a short pulse of therapy.” This is in reference to the
current use of chronic therapies employing drugs, such as cyclosporin A. The
rationale in developing the work presented here was to devise a strategy for engineer-
ing a short pulse therapy that exploits activation-induced cell death. In other words,
the goal of our design both with respect to the CD4 and CD8 projects has been to
develop a robust stralegy.

Our strategic approach cannot be executed without the identification of a specific
design template that can be used in the engineering of a drug. In this review, we have
shown two different approaches toward the identification of design templates, one on
the surface of CD4 and one on the surface of CD8. Although these approaches clearly
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will not provide a universal set of rules to guide drug design groups, our efforts,
together with other academic and industriat efforts, will, hopefully, help to foster the
general development of rational drug design projects.
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