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Figure 2

CXCR1 is a chemokine receptor involved in inflammatory disease. Like many other G-protein coupled receptors (GPCRs) it binds to peptide
ligands, in this case the protein IL-8. As seen with the spectral comparisons in Figure 2, this membrane protein with seven trans-membrane
helices presents significant challenges for obtaining the spectral resolution needed for detecting drug binding and structure determination. The
results shown in Figure 3 demonstrate that we have been able resolve individual resonance associated with both inter-helical loop and trans-
membrane helix residues with two different approaches. The spectral crowding results from the presence of about 350 overlapping signals. By
labeling only one type of residue at a time, a tractable number of resonances are observed in the two-dimensional spectra. In the middle panel in
Figure 3, the example is isoleucine (3). By using more sophisticated and higher dimensional spectroscopic experiments, it is possible obtain the
necessary resolution from uniformly labeled samples. The orientationally dependent frequencies that are the sources of the spectral resolution

also provide the input for drug-induced spectral changes and the constraints for structure calculations.

Figure 3

The presentation will describe the development and application of this approach to screening and structure-based drug discovery for GPCRs

and other membrane-bound receptors.
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Update on Development Trends for Peptide Therapeutics

Janice M. Reichert, Ph.D. | Senior Research Fellow, Tufts Center for the Study of Drug Development
75 Kneeland Street, Suite 1100, Boston, MA 021111 (617) 636-2170

Introduction

Peptides are attracting increasing attention as therapeutics. To date, four of these products have reached global sales over US$1 billion:
glatiramer acetate (Copaxone; $3.18 billion), leuprolide acetate (Lupron; $2.12 billion), goserelin acetate (Zoladex; $1.14 billion), and
octreotide acetate (Sandostatin; $1.12 billion). In addition, exenatide (Byetta) and the recombinant peptide teriparatide (Forteo) are nearing the
$1 billion benchmark, with global sales of $751 and $780 million, respectively, in 2008. The increasing interest by the pharmaceutical industry
in developing peptides as drugs is at least partially a consequence of the now widespread acceptance of protein therapeutics by physicians and
patients, and development of solutions to problems such as short half life and delivery of the molecules.

To track trends in the clinical development and marketing approval of peptides, Tufts Center for the Study of Drug Development and Ferring
Research Institute compiled publically-available data for a total of 435 peptides that entered clinical study sponsored by commercial firms.
We focused our analysis primarily on therapeutics, which comprised 77% of the data set, although peptide vaccines and diagnostics were also

included. Our results provide a historical overview of peptide therapeutics development, and may inform strategic planning in this area.
Overview of therapeutic peptide development

A total of 334 therapeutic peptides were included in the data set. Of these, approximately equal numbers were in development (131 candidates)
or had been terminated (149 candidates), while a total of 54 had been approved for marketing. The candidates in development included 41 at
Phase 1, 72 at Phase 2, 16 at Phase 3 and two in regulatory review. Although peptides have been studied as drugs for decades, the rate of entry
into clinical study was low prior to the 1980s. The average number of new candidates entering study per year has steadily increased; this number
@ was 1.2 per year in the 1970s, 4.6 per year in the 1980s, 9.7 per year in the 1990s, and 16.8 per year so far in the 2000s (Figure 1). @
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Figure 1 - Development status of peptide therapeutics by decade of clinical entry.

Since the 1980s, peptides have been studied as treatments for a wide variety of indications. During 2000-2008, peptides entering study were
most frequently treatments for cancer and metabolic disorders (18% and 17%, respectively). The percentage of candidates for metabolic
disorders represents a notable increase from the 1980s and 1990s, when 2% and 11% of peptide therapeutics, respectively, were studied in this
category. Indications such as diabetes, obesity, and osteoporosis are included in the metabolic category. Decreases were observed in the study of

peptides as treatments for allergy and immunological disorders, as well as for cardiovascular disease.
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The majority of peptide candidates targeted extracellular molecules, with less than 10% known to bind intracellular targets. The most common

extracellular targets during the 1980s, 1990s, as well as 2000-2008 were G-protein coupled receptors (GPCRs). This family of receptors includes

nearly 1000 transmembrane proteins that activate cellular responses. GPCRs are the target of numerous marketed drugs, as well as clinical
candidates that are intended as treatments for in a variety of indications. Of novel peptide candidates that entered clinical study during the
1980s, 1990s and 2000-2008, GPCRs were targeted by 69%, 75% and 60%, respectively, and most of these had agonist activity.

Approved products

A total of 54 therapeutic peptides in the data set were approved by at least one regulatory agency, although four were subsequently withdrawn

from their markets. Of the products now approved, 26 are currently marketed in the US and other countries and 28 are marketed only outside
the US. Many (61%) of the products were approved during the 1990s and 2000s. Products were approved in an array of therapeutic categories,
with the largest number of approvals in the oncology (17%), and obstetrics/gynecology (9%) and allergy and immunological categories (9%).

Of the US-marketed products, 10 were approved after 2001 (Table 1).

FDA approvals: 2001-08

Johnson & Johnson Nesiritide Natrecor, Noratak 2001
Lilly Teriparatide Forteo 2002
Trimeris Enfuvirtide Fuzeon 2003
Praecis Abarelix Plenaxis 2003"

Elan Ziconotide Prialt 2004

Amylin Pramlintide Symlin 2005
Amylin Exenatide Byetta 2005

Ipsen Lanrectide Somatuline, Angiopeptin 2007
Amgen Romiplostim Nplate 2008
Ferring Degarelix Firmagon 2008

*Withdrawn from US market in May 2005 due to poor sales

Table 1 - Peptide therapeutics approved in the US during 2001-2008.

Probabilities of approval success are important for strategic planning of product pipelines. Based on the data currently available for candidates
with known fates (approval or termination), the approval success rates for peptide candidates that entered clinical study during 1984-2000 were

in the range of 23-26%. Many of the candidates that entered clinical study during the 2000s remain under investigation.

Clinical and approval phase lengths are also important benchmark measures. To determine phase lengths that would be useful for planning

purposes, we examined data for 15 peptide new molecular entities that were approved by FDA after enactment of the Prescription Drug User

Fee Act (PDUFA) of 1992. This legislation, and subsequent reauthorization acts, defined timeline goals for FDA’s review of candidates based on

a two-tier ranking system. Under the current guidelines, candidates are given either a priority or standard review, with performance goals of six

and ten months, respectively, for the time to FDA'’s first action on an application.

For all 15 products, the average clinical and approval phases were 103.0 and 24.8 months, respectively. The total time from the initiation of
clinical studies to FDA approval was thus 127.8 months (Figure 2). The average clinical phase for the six priority reviewed products was 74.2
months, which was 28% shorter than the average for all 15 NME peptides. Standard-reviewed products had an average clinical phase of 122.3
months, which was 19% longer than the average for all products. Priority reviews are given to candidates that are treatments for serious or
life-threatening diseases, or that might represent a significant improvement in the treatment of a disease. Candidates that fit this description are
eligible for FDA programs such as Fast Track that may shorten the clinical phase. Indeed, three of the five products with the shortest clinical

phases had cither fast track designation or received an accelerated approval.
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Clinical and US approval phases
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Figure 2 - Average clinical and approval phase lengths for FDA-approved peptide drugs.

Note: The product clinical phase was defined as the time from the earliest of either the first investigational new drug application filing date or
the date clinical study was initiated to the date the marketing application was submitted to the FDA. The approval phase was defined as the time
from the marketing application submission date to the first approval date. The approval phase is therefore the sum of all FDA review time and all

sponsor response time. P, priority review; S, standard review.
Future directions

Peptide therapeutics research and development is dynamic, with increasing numbers of candidates entering clinical study in a wide variety of
therapeutic categories. We anticipate that the pharmaceutical and biotechnology industries will continue to focus on these versatile molecules
because of the increased acceptance of injected drugs on the market, the availability of new formulation and delivery technologies, and the
relatively high approval success rates. In particular, peptide candidates for metabolic disorders such as diabetes, obesity, osteoporosis that are
prevalent in a sedentary, aging population are likely to enter study in increasing numbers. More than 15 candidates are in Phase 3 clinical studies
or regulatory review, which suggests that peptide therapeutic products will continue to be approved at a steady pace in the future. Our research

results represent a baseline against which future growth will be measured.
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Tomi Sawyer, Ph.D. | Chief Scientific Officer, Aileron Therapeutics
840 Memorial Drive, 2nd Floor, Cambridge, MA 02139 (617) 995-0900

Slidel: Stapled Helical Peptides: A New Drug Modality

Stapled Helical Peptides: A New Drug Modality

NS

The unique properties of stapled helical peptides are being advanced by Aileron Therapeutics and its collaborators to advance a new drug

modality to address challenging intracellular therapeutic targets for varying diseases.

Stapled Helical Peptides: A New Drug Modality

Leveraging Nature’s a-helix |, e —

Intracellular protein-protein
interactions control critical
pathways that are involved in
all human diseases,

CHEMICAL & ENGINEERING NEWS

yet they are
generally
intractable
with current
technologies

Stapled BH3 mimetic peptide
modulators are are advancing
into the clinic by AILERON as a
new drug modality to treat
cancer.
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Slide 2: Stapled Helical Peptides: A New Drug Modality

Stapled helical peptides exemplify synthetic biologics to bridge the gap in drug development between small molecules and more traditional
biologics. Stapled helical peptides have high specificity, proteolytic stability, efficient cell penetration, excellent pharmacokinetics, and gain-of-

function (dependent on the intracellular mechanism).

Stapled Helical Peptides: A New Drug Modality

Small Molecules Synthetic Biologics Biologics

s

Stapled Helical Peptides

* High specificity
Limited success: “  Proteolytic stability Limited use:
for mr.race"u.f..ar ® Efficlent cell penetration for e;_rtrace}.'uff'ir
protein-protein peptide/protein
interaction targets ® Excellent pharmacokinetics receptor targets
® Gain-of-function (protein mimic)
~10% of all ~10% of all

" Unlimited target space opportunities
target space Unlimited target space opportunities target space
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Slide 3: o-Helical Protein-Protein Interaction Target Space

A structural database has been created by Paramjit Arora to provide a framework for the systematic analysis of 0t-helical protein-protein

interaction target space. The plethora of therapeutic targets may be functionally correlated to all major areas of human diseases.

a-Helical Protein-Protein Interaction Target Space

Fraction of the PDB involved in helical interfaces  Proteins displaying helical interfaces by function

Non-protein 4% Miltipotain 3% Other lrgets (bactenalvial mambrane
(1983) 1612} proteinsirecepiors; el cyck/RNA binding)

Jochim & Arora (2009) Molecular Biosystems

A comprehensive survey of the Protein Data Bank (PDB) is being studied by
Paramiit Arora (NYU) to identify a-helical protein-protein interaction targets
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Slide 4: Stapled Helical Peptides: A Wide Diversity of Promising Receptor, Cytosolic and Nuclear Therapeutic Targets

Aileron and its collaborators are aggressively investigating stapled helical peptides relative to varying receptor, cytosolic and nuclear therapeutic

targets. Noteworthy success in drug discovery have been achieved for Mcl-1 and Notch.

Stapled Helical Peptides: A Wide Diversity of Promising
Receptor, Cytosolic and Nuclear Therapeutics Targets
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Slide S: Stapled Helical Peptides: Cell Penetration

A working model of active transport (endocytosis) is emerging with respect to studies focused on understanding the cell penetration properties

of stapled helical peptides. Currently, there is evidence showing energy- and temperature-dependence and receptor-independence.

Stapled Helical Peptides: Cell Penetration
A working model of active transport (endocytosis)

Slide 6: Cancer: Some Known “Hot” Therapeutic Targets

The structural and functional properties of several therapeutic targets having critical roles in cancer are being investigated by Aileron and its

collaborators. In particular, Mcl-1 has been identified as a highly over-expressed protein in human cancers.

Cancer: Some Known ‘Hot’ Therapeutic Targets

BIM:MCL-1 HIF-1c:p300

NOTCH:CSL

Leveraging a-helical protein—protein interactions Al Lé{;;q
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Slide 7: Bcl-2 Family of Anti- and Pro-apoptotic Proteins

The Bcl-2 family of anti- and pro-apoptotic proteins is well-understood to play critical roles in the pathology of human cancers. This
family exists as a number of proteins having varying structural homologies relative to the prototype Bcl-2 protein. Stapled helical peptides

corresponding to the BH3 domain of the BH3-only subfamily possess pro-apoptotic modulatory functional properties.

Bcl-2 Family of Anti- and Pro-apoptotic Proteins

PROAPOPTOTIC

Slide 8: BIM BH3 Stapled Helical Peptides Mimic the Function of Endogenous BIM and are Pharmacologically Viable

Aileron has developed a series of BIM BH3 stapled helical peptides which leverage Bcl-2 family modulatory properties with respect to multi-
target selectivity, overcoming known resistance (as known for small molecule drugs such as related to ABT-737), and show promise for a wide

range of human cancers.

BIM BH3 Stapled Helical Peptides Mimic the Function
of Endogenous BIM and are Pharmacologically Viable

BIM BH3 Stapled Peptides leverage
multi-target family selectivity

— Target all members of BCL2 family;
including MCL1 and BAX

— Unlikely to develop resistance
— Activate multiple BCL2- dependent cell
death pathways (apoptosis and autophagy)

BIM BH3 Stapled Peptides are
effective against a wider range of
cancers including cancers that are
resistant to ABT-737

BH3 Stapled Peptides show excellent
efficacy, PK and safety profile
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