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Abstract

Interleukin-6 (IL-6) is an important member of the cytokine superfamily, exerting pleiotropic
actions on many physiological processes. Over-production of IL-6 is a hallmark of immune-
mediated inflammatory diseases such as Castleman’s Disease (CD) and rheumatoid arthri-
tis (RA). Antagonism of the interleukin IL-6/IL-6 receptor (IL-6R)/gp130 signaling complex
continues to show promise as a therapeutic target. Monoclonal antibodies (mAbs) directed
against components of this complex have been approved as therapeutics for both CD and
RA. To potentially provide an additional modality to antagonize IL-6 induced pathophysiol-
ogy, a peptide-based antagonist approach was undertaken. Using a combination of molecu-
lar design, phage-display, and medicinal chemistry, disulfide-rich peptides (DRPs) directed
against IL-6 were developed with low nanomolar potency in inhibiting IL-6-induced pSTAT3
in U937 monocytic cells. Targeted PEGylation of IL-6 binding peptides resulted in mole-
cules that retained their potency against IL-6 and had a prolongation of their pharmacoki-
netic (PK) profiles in rodents and monkeys. One such peptide, PN-2921, contained a 40
kDa polyethylene glycol (PEG) moiety and inhibited IL-6-induced pSTAT3 in U937 cells
with sub-nM potency and possessed 23, 36, and 59 h PK half-life values in mice, rats, and
cynomolgus monkeys, respectively. Parenteral administration of PN-2921 to mice and
cynomolgus monkeys potently inhibited IL-6-induced biomarker responses, with significant
reductions in the acute inflammatory phase proteins, serum amyloid A (SAA) and C-reactive
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protein (CRP). This potent, PEGylated IL-6 binding peptide offers a new approach to antag-
onize IL-6-induced signaling and associated pathophysiology.

Introduction

IL-6 is an important member of the cytokine superfamily, known to exert pleiotropic actions on
multiple physiological processes including immune, metabolic and neoplastic functions [1].
Originally identified as a potent stimulator of B cell differentiation and function, IL-6 also plays
key roles in the differentiation of cytotoxic T cell and T helper cells [2,3]. During the inflamma-
tory response, over-production of IL-6 results in fever, fatigue, loss of appetite and rapid produc-
tion of the acute phase response proteins, serum amyloid A (SAA) and C-reactive protein (CRP).
Over-production of IL-6 is a hallmark of many immune-mediated inflammatory diseases and is
known to significantly contribute to the pathophysiology of CD and RA [4].

IL-6 is a four helix protein containing 184 amino acids that binds to the soluble and mem-
brane-bound forms of the IL-6R with nanomolar affinity [5]. Upon binding, the IL-6/IL-6R
complex associates with the ubiquitous protein gp130 and induces its dimerization and subse-
quent activation of the JAK/STAT pathway, resulting in the phosphorylation of STAT3 and
other signaling proteins [6].

Antagonism of IL-6-induced signaling is of great therapeutic interest. Two antibody-based
therapeutics targeting components of this signaling complex have been approved recently; a
monoclonal antibody directed against the IL-6 receptor, tociluzimab, approved for the treatment
of CD, RA and juvenile idiopathic arthritis [7], and a monoclonal antibody (mAb) specific for
IL-6, siltuximab, approved for the treatment of CD [8]. Several other biologics, targeting either
the cytokine or the receptor, are in development for these and other indications.

Biologic approaches to antagonize the IL-6/IL-6R complex have resulted in two successful
therapeutics to date, but the critical importance of IL-6 in human pathophysiology warrants
investigation of additional therapeutic modalities. Small molecule approaches have tradition-
ally not been successful in blocking cytokine interactions. An epoxide-containing small mole-
cule, TB-2-081, was shown to inhibit IL-6-induced proliferation of TF-1 cells and to reverse
pancreatitis-induced pain in rats [9], but it is unlikely that a molecule containing a reactive
pharmacophore would be a safe therapeutic. A small protein approach based on avimers ™
was undertaken by Avidia and generated C236 (AMG-220), an 18 kDa protein that bound to
IL-6 with sub-nanomolar affinity and prolonged PK [10]. This molecule entered clinical devel-
opment in 2007 but no further progress has been reported [11].

To date, peptide-based approaches disrupting cytokine/cytokine receptor interactions have
had limited success, likely due to the biophysical and stability-based limitations conferred by
unstructured peptides. One such example is the identification of Guess 4a, a 7 amino acid linear
peptide antagonist of murine IL-6 [12]. Guess 4a was effective in blocking IL-6-mediated
growth in 7TD1 cells, but its weak potency (30 uM) and linear structure (making it susceptible
to rapid biological or chemical degradation) make it unsuitable as an effective therapeutic. Pep-
tide-based therapeutics have been successfully developed against other molecular targets, as
exemplified by the approval of pasireotide (Signifor) for the treatment of Cushing’s disease
[13] and the disulfide-rich linaclotide (LINZESS®)) for the treatment of irritable bowel syn-
drome with constipation (IBS-C) and idiopathic and chronic constipation [14]. These exam-
ples highlight the advantages of using a constrained peptide approach to increase biological
and chemical stability compared to unstructured peptides [15]. This paper describes the
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Fig 1. Structural models of IL-6, IL-6R and ZDC scaffold. A. Crystal structure of IL-6R (cyan tube) bound to IL-6 (blue surface model). Ca-C vectors of
interacting residues of IL-6R with IL-6 were used as a query. B. A model of ZDC (cyan tube) that matches Ca-Cp vectors of IL-6R bound to IL-6 (blue surface
model). C. Guided by the helical nature of the ZDC scaffold, residues (red) that were mutated in phage display and medicinal chemistry to optimize potency
are shown. Underlined residue numbers are those that were a component of the initial random library. The remaining residues were explored during
optimization with the goal of expanding the initial binding footprint of ZDC, including extending the termini (residues not shown).

doi:10.1371/journal.pone.0141330.g001

successful application of molecular design, phage display and medicinal chemistry techniques
to identify a DRP that potently inhibits IL-6 activity both in vitro and in vivo.

Materials and Methods
Molecular design

From the crystal structure of the hexameric IL-6/IL-6R/gp130 complex [16] the Co-Cp vectors
of IL-6R residues that contact IL-6 were used to form a query. The Co-atom is anchored to the
backbone and the CB-atom is anchored to the first side-chain atom [17,18]. The Ca-Cp vector
of IL-6R residues that are in contact with IL-6 are a measure of the topology of the interaction
surface. These vectors were used as a query to find disulfide-rich peptides (DRPs) that share or
match components of this same Co.-CP vector topology from a database of three dimensional
structures of DRPs compiled from the protein databank [19] using the program Vectrix [20].
The resulting virtual hits were superimposed onto the original IL-6R Co-CB query to derive a
model of interaction with IL-6. Final scaffold selection was driven by the quality of the match,
the degree of steric clash, if any, with IL-6, and the potential size of the interacting footprint
with IL-6 (Fig 1B). The helix-loop-helix scaffold (Fig 1C), named ZDC in the protein-databank
and Z34C in the original publication [21], was selected as a starting scaffold for lead optimiza-
tion. This peptide is a 34-residue form of the 59-residue B-domain of the protein-A scaffold
[21]. We hypothesized that disulfide-rich peptides that share surface Ca-CB topologies with
the IL-6 binding surface on IL-6R have a higher probability of yielding hits that bind to IL-6.

Phage display

Phage display [21,22] was used to select IL-6 binding phage particles from a library comprising up

to 20'? theoretical sequences. Briefly, a DNA library encoding the ZDC scaffold, with positions on

the scaffold (Q6, F9, Y10, L13, H14, E20, N24, A25, K28, R31) randomized with the NNK (N = A,

T, Cor G; K = G or T) codon (Fig 1C), was cloned into an M13 phagemid vector in frame with the
M13 gene III. This process resulted in a library of phage expressing diversified ZDC sequences as
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plII fusions. For library selection, 1 mL of ZDC phage particles in phosphate-buffered saline (PBS)
containing 0.5% bovine serum albumin (BSA) were incubated with varying concentrations of bio-
tinylated IL-6 target in solution. For the first round of panning, this step was carried out overnight
at 4°C with rotation, while subsequent rounds were carried out for 2 h at room temperature. Tar-
get-bound phage were then captured using SA (streptavidin)-coated paramagnetic beads (Dyna-
beads® MyOne™ Streptavidin T1, Life Technologies, Grand Island, NY), after which the beads
were extensively washed with PBS containing 0.1% Tween-20 to remove non-binding phage. The
remaining phage particles were eluted from the beads through incubation with 10 mg/mL trypsin
for 30 min, and amplified by infecting log phase XL1-Blue cells. The cultures were superinfected
with VCSM13 helper phage and grown overnight at 30°C. The amplified phage particles were
purified from culture supernatant by polyethylene glycol (PEG; average MW of 8000 Da) precipi-
tation, and panning was repeated as above for a total of four rounds. Individual clonal analysis was
undertaken on the output of the last round of panning through a combination of DNA sequencing
and single-point IL-6 binding phage ELISA. IL-6 binding phage clones of interest were evaluated
in a dose-dependent, competition format with soluble IL-6R to confirm inhibition. Based on the
clonal analysis data, 16 initial sequences were selected for chemical synthesis and assay.

Peptide synthesis, PEGylation, and purification

Peptides were synthesized using the Merrifield solid phase synthesis techniques on a 12 channel
multiplex Symphony® peptide synthesizer (Protein Technologies, Inc., Tucson, AZ) and were
assembled using O-Benzotriazole-N,N,N’,N’-tetramethyluroniumhexafluorophosphate (HBTU)
and N,N-diisopropylethylamine (DIPEA) coupling conditions. Rink Amide MBHA resin
(0.49mmol/g, 100-200 mesh, Catalog # RRZ005, Aapptec, Louisville, KY) was used for peptides
with C-terminal amides and pre-loaded Wang Resin with N-a-Fmoc protected amino acids was
used for peptides with C-terminal acids. The coupling reagents (HBTU and DIPEA premixed)
and amino acid solutions were prepared in dimethylformamide (DMF) at a concentration of 100
mM. The peptides were assembled using standard Symphony® protocols. Pre-loaded Wang
resin (250 mg,0.14 mmol, 0.56 mmol/g loading, 100-200 mesh) or MBHA resin (250 mg, 0.15
mmol, 0.6 mmol/g loading, 100-200 mesh) was placed in each reaction vial and washed twice
with 4 mL of DMF followed by 2 x 10 min treatments with 2.5 mL of 20% 4-methylpiperidine/
DME (conditions for Fmoc deprotection). Either the Wang resin or the Rink Amide MBHA
resin was then washed three times with DMF (4 mL), followed by addition of 2.5 mL of amino
acid and 2.5 mL of a HBTU-DIPEA mixture. After 45 min of reaction with frequent agitation,
the resin was filtered and washed three times with DMF (4 mL). This process was then repeated.
The coupling reaction was carried out twice for the first 25 amino acids and three times for the
remaining amino acids. The assembled peptide on resin was then cleaved using a 2 h treatment
with cocktail reagent K [23]. The cleaved peptides were precipitated in cold (0°C) diethyl ether, fol-
lowed by washing two times with diethyl ether and air drying. The crude peptides were then sub-
mitted to an oxidation reaction in order to form the disulfide bridge. The crude peptide was
dissolved in 50% acetonitrile/water at a concentration of 0.5 mg/mL. A saturated solution of iodine
in methanol was added drop-wise until a yellow color persisted. Excess iodine was quenched by the
addition of solid ascorbic acid until the solution became colorless. The resulting solution was puri-
fied by preparative reverse-phase HPLC: Phenomenex(® Luna C18 column (10 pm, 300 A, 250 x
21.2 mm) using buffer A (0.1% trifluoracetic acid (TFA) in water), buffer B (0.1% TFA in acetoni-
trile) gradient 33%-55% buffer B over 45 min, flow rate 20 mL/min, detection at 220 nm. Fractions
containing the desired product were pooled and lyophilized with TFA to give a white solid.
Oxidized peptide (50 mg, 0.01 mmol) was dissolved in 3 mL of a 7:3 dimethyl sulfoxide
(DMSO)-acetonitrile mixture. Activated 40 kDa branched PEG (PEG40Br, Catalog # GL2-
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400GS2, 360 mg, 0.009 mmol, Sunbright®), White Plains, NY), was added and followed by
addition of 20 uL of DIPEA. The reaction mixture was stirred at room temperature for 8 h.
Another aliquot of PEG40Br (240 mg, 0.006 mmol) and 16 pL of DIPEA were then added
sequentially to the reaction mixture to help drive the reaction to completion (since the NHS-
activated PEG can get hydrolyzed over time during the reaction and become un-reactive), and
the reaction stirred for an additional 24 h at room temperature. The total PEG to peptide ratio
was 1:1.5. The reaction was monitored by analytical HPLC. The reaction is site-specific, only
occurring at the free amine of Lysine at position 29- the presence of peptide was monitored
and no loss of peptide was observed after PEGylation. After the starting material had been con-
sumed, the solution was poured into 20 mL of cold (0°C) diethyl ether, centrifuged and the
diethyl ether decanted. The precipitate obtained was washed twice with cold diethyl ether.
Excess PEG was removed by using strong anion exchange chromatography followed by purifi-
cation using reverse phase HPLC. Anion exchange chromatography was performed using GE
Source® 30Q resin on a 25 g column cartridge (Buffer A = 0.02 M bis-Tris pH ~6.5 in water
and buffer B = 0.02 M bis-Tris pH ~6.5 + 1.0 M NaCl in water) in order to remove free PEG.
The crude material (250 mg) was dissolved in 100% Buffer A and loaded onto the column. A
gradient was performed with a flow rate of 15 mL/min as follows: (t, %B)—(0, 0); (10, 0); (25,
100); (30, 100). Fractions containing the desired product were pooled and lyophilized. The
lyophilized solid was then dissolved in 0.2% acetic acid (AcOH) in water and purified by
reverse phase HPLC on a Phenomenex® Jupiter C18 column (250 x 21.5 mm, 5um, 300A).
The buffers used were: A = 0.2% AcOH in water, B = 0.2% AcOH in acetonitrile. Gradient:
20%-55% B over 30 min; flow rate: 20 mL/min. Fractions containing the desired product were
pooled and lyophilized with 0.2% AcOH buffer to give the desired peptide. The PEGylated pep-
tide did not lose its activity. Other activated PEGs were coupled to peptides. These PEG moie-
ties included a 20 kDa linear PEG (PEG20L, Catalog # ME-200CS, Sunbright®), a 20 kDa
branched PEG (PEG20Br; Catalog #GL2-200GS2, Sunbright®), and a 30 kDa linear PEG
(PEG30L; Catalog # ME-300CS, Sunbright®). The same reaction procedure and purification
methods were applied to these PEGylation reactions to obtain corresponding final PEGylated
peptides with similar yields.

Competition ELISA

Peptides were initially evaluated using a competitive enzyme-linked immunosorbent assay
(ELISA). High binding 96-well microtiter plates (half-area, Corning Life Sciences, Corning,
NY)) were coated with 0.1 pg per well of IL-6R (PeproTech, Rocky Hill, NJ) overnight at 4°C.
The wells were then blocked for 2 h with a 1% BSA (Sigma, St. Louis, MO) solution containing
0.1% Tween-20 (Amresco, Solon, OH) and subsequently washed with wash buffer (PBS con-
taining 0.1% Tween-20). Peptides were serially diluted in assay buffer (0.1% BSA, 0.05%
Tween-20 in PBS) and incubated with a 50 pM biotinylated IL-6 (PeproTech) for 30 min at
room temperature. This mixture was then transferred to an assay plate, and the plate incubated
for 1 h. The plate was washed with wash buffer, and presence of bound IL-6 detected through
addition of streptavidin poly-horseradish peroxidase conjugate (Pierce, Rockford IL). Plates
were developed using a TMB substrate kit (Pierce) and stopped with 2N H,SO,. Inhibition of
complex formation was measured as a reduction in absorbance at 450 nm.

pSTAT3 HTRF assay

Peptides were serially diluted in medium containing 10% fetal bovine serum (FBS)/4% DMSO,
then added to recombinant IL-6 (Xtal Biostructures, Inc., Natick, MA) at 28.2 ng/mL and the
resulting plate was incubated at room temperature with shaking for 2.5 h at 37°C. U937 human
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histiocytic lymphoma cells (CRL1593, ATCC, Manassas, VA), were plated in media in a vol-
ume of 80 pL in a 96-well V-bottom tissue culture plate at 1.25x10° cells/mL and 16 uL of the
peptide/IL-6 solution was added to the cells. After incubation for 12 min at 37°C the cells were
centrifuged at 4°C (1400 rpm for 5 min) and the media was removed from the plates. Cells
were placed on ice and 50 L lysis buffer (Cisbio Assays, Bedford MA) was added. Phosphory-
lation of STAT3 was detected as described by the provider (Cisbio Assays). Briefly, cells were
lysed for 30 min at room temperature and then 16 pL of lysates was added to a 384-well Proxi-
plate (Perkin Elmer, Waltham, MA). Anti-STAT3-d2+anti pSTAT-3-K detection cocktail
(4uL; Cisbio Assays) was then added to the wells and the plate covered with a plate sealer and
returned to 4°C overnight. Plates were then read with an Envision plate reader at ex 340, em
615 and 665 nm. Species selectivity assays against mouse, rat and/or cynomolgus IL-6 (all pur-
chased from R&D Systems, Minneapolis, MN) were conducted similarly to the pSTAT3 experi-
ments except Balb/c-3T3 (ATCC) cells were used. PN-2921-mediated inhibition of an IL-6
concentration response in U937 cells was carried out by incubating various concentrations of
human IL-6 (comprising a concentration response curve) with constant amounts of peptide
for 2.5 h at 37°C. These mixtures were then added to U937 cells for 15 min at 37°C and
PSTAT3 was detected as described above. Data were analyzed and graphed using GraphPad
Prism software.

B9 cell proliferation assay

Mouse hybridoma B9 cells (ATCC) were maintained in RPMI 1640 culture medium supple-
mented with 100 pg/mL human recombinant IL-6 (Xtal Biostructures, Inc.). B9 cells were cul-
tured without IL-6 for 3 days at a concentration of 200,000 cells/mL in medium containing 5%
FBS and penicillin/streptomycin (50 Unit/mL and 50 pg/mL, resp. Catalog # 15070-063,
Gibco). On the day of the experiment, cells were prepared by washing once in RPMI 1640 con-
taining 5% FBS, followed by centrifugation at 300 x g for 5 min. Cell number and viability were
determined by trypan blue exclusion. Cells in 50 uL media (5000 total cells) were dispensed
into a 96-well tissue culture-treated plate containing 25 pL of inhibitors prepared at varying
concentrations and 25 pL of IL-6. Final DMSO concentration was 0.1-0.2%. The plate was
incubated for 72 h at 37°C in a humidified 5% CO, atmosphere, then 0.2 uCi/well of 1mCi/ml
H-thymidine (Catalog # ART 1241, American Radiolabeled Chemicals, St. Louis, MO) was
added for the final 18 h. After 72 h, cells were transferred to a 96-well filter plate (Catalog #
MADVNOB, Millipore, Billerica, MA) that was pre-washed with PBS. Filters were washed with
150 pL of water 6 times, and dried at 50°C for 30 min; 80 uL of scintillation fluid was added
(UltraGold MV, Catalog # 6013159. PerkinElmer) and radioactivity was quantitated using a
Microbeta Plate Reader (Perkin Elmer). Data were analyzed and graphed using GraphPad
Prism software (GraphPad Software).

Whole human blood assay

Freshly collected heparinized human whole blood was obtained from human donors supplied
by the CRO (Research Blood Components, Brighton, MA). Blood was used from six human
donors to provide sufficient volume of starting material and to allow representation of a more
heterogenous cell source. Written informed consent was obtained from the donors in accor-
dance with the New England IRB approved protocol NEIRB #04-144. PEGylated peptide, or
vehicle control, were incubated with IL-6 for 2.5 h at 37°C and then added to heparinized
human whole blood (pooled from 6 donors) for 15 min at 37°C. The final concentration of IL-
6 was 2.5 ng/mL. Red blood cells (RBCs) were lysed with 500 uL RBC Lysing Buffer (Sigma),
and samples mixed gently for 10 min at 37°C. Samples were centrifuged at 400 x g for 5 min to
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pellet cells and the supernatants were removed. Samples were washed with wash buffer (4%
BSA/PBS, Gibco, Thermo-Fischer Scientific, Grand Island, NY), then centrifuged at 400 x g for
5 min to pellet cells. Cell pellets were permeabilized for 10 min at 37°C in 2% formaldehyde in
PBS (Polysciences Inc., Warrington, PA) and then fixed in ice cold methanol for 30 min. Cells
were washed once with wash buffer and then stained with anti-phosphorylated STAT3 (Y705)
antibody conjugated to Alexa Fluor 488 (BD Pharmingen, Billerica, MA) diluted in wash
buffer, final volume 100 uL. Samples were incubated on ice for 30 min then washed twice and
the final cell pellets re-suspended in 400 L IF Buffer (Hank's Buffered Saline Solution, 2%
Fetal Calf Serum, 10 mM Hepes, 0.2% Sodium Azide, Gibco). A Guava instrument (Millipore)
using Easycyte software was used to collect and analyze data.

Comparative PK studies of PEGylated peptides in rats

Male rats for pharmacokinetic studies were obtained from Harlan Laboratories (South Easton,
MA. Anti-IL-6 peptides were administered to rats as a single subcutaneous dose at 0.23 mmol/
kg (a dose determined from previous pilot studies) and blood samples were collected at fixed
time intervals for up to 1 week post-dose. For all time points, blood samples were collected via
retro-orbital eye bleed or exsanguination via abdominal aorta into tubes containing K,EDTA
and were processed into plasma, which was placed in Eppendorf Protein LoBind tubes and
stored frozen at approximately -70°C until quantitative bioanalysis.

The dosing solutions were formulated just prior to administration, in sterile 1X PBS with
0.1% BSA. Plasma sample extraction was performed by aliquoting 100 L of each rat plasma
sample into a standard 96-well plate. To each well, 400 pL of 5% formic acid in acetonitrile
(containing 200 ng/mL of internal standard) was added. The plate was vortexed at high speed
for approximately 10 min and then centrifuged for 15 min, 4700 x g at 4°C. Supernatant
(425 pL) was transferred into a clean 96-well plate and evaporated to dryness under nitrogen at
approximately 50°C. The extracts were then reconstituted in 50 uL of 1% formic acid in 60%
acetonitrile.

Reconstituted extracts (5 pL) were analyzed by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) with positive electrospray ionization (QTrap 5500, AB SCIEX, Fra-
mingham, MA). Chromatographic separation (Acquity UPLC, Waters Corp., Milford MA)
was achieved using a gradient under reverse phase conditions using either a 1.9 um Thermo
Hypersil Gold (2.1 x 50 mm) or a 1.7 um Waters Acquity BEH300 (2.1 x 50 mm) column.
Mobile phases consisted of 0.1% formic acid in water and 0.1% formic acid in acetonitrile:
water (90:10, v:v) set at a flow rate of 0.8 mL/min over a total run time of five minutes.

Data were collected and processed using Analyst Software version 1.5.2 (AB SCIEX).
Matrix-matched standard curves were generated using peak area ratios of analyte to internal
standard vs. concentration. A 1/x weighted linear regression was performed to generate the
relationship between response and concentration. Non-compartmental PK analysis was per-
formed with the plasma concentration data to determine the PK parameters using Phoenix
WinNonlin v6.3 (Certara, Inc.).

Comparative PK studies of PN-2921 in mice, rats and monkeys

The PEGylated peptide, PN-2921, was administered as a single intravenous (IV) or subcutane-
ous (SC) dose at 0.1 umol/kg to male cynomolgus monkeys. Blood samples were collected from
3 monkeys per time point at fixed intervals for up to two weeks post-dose. PN-2921 was also
administered as a single IV or SC dose at 0.23 pmol/kg to male ICR mice and male Sprague
Dawley rats. Blood samples were collected from 3 mice per time point or from 4 rats per time
point at fixed intervals for up to one week post-dose.
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The dosing solutions were formulated on the day of dosing, just prior to administration, in
sterile 1X PBS with 0.1% BSA. Both intravenous (IV) and subcutaneous (SC) dosing solutions
were formulated as a single preparation. For all time points, blood samples were collected into
tubes containing K,EDTA and processed into plasma which was placed in Eppendorf Protein
LoBind tubes and stored frozen at approximately -70°C until quantitative bioanalysis. Plasma
samples were extracted using protein precipitation followed by overnight trypsin digestion to
generate a 15 amino acid peptide surrogate of PN-2921 followed by analysis by LC-MS/MS. To
accomplish this, PN-2921 was extracted from 100 pL of plasma by protein precipitation using
400 pL acetonitrile with 5% formic acid in the presence of an internal standard. After being
vortexed and centrifuged for 10 minutes at 16,000 x g, 425 uL of the supernatant was then
transferred to a clean plate and evaporated under nitrogen with a plate temperature of 55°C.
The extracts were reconstituted in 300 pL of digestion buffer (10% methanol, 90% 50 mM
ammonium bicarbonate) and then 50 uL of 40 ug/mL trypsin in 50 mM ammonium bicarbon-
ate was added for overnight digestion at 37°C on a plate shaker. The reaction was stopped with
40 uL of 10% formic acid and 50% methanol and evaporated under nitrogen until dry. The
extracts were then reconstituted in 50 pL of 1% formic acid in 60% acetonitrile.

Reconstituted samples (10 puL) were analyzed by LC-MS/MS with positive electrospray ioni-
zation (Qtrap 5500, AB SCIEX). Chromatographic separation (Acquity UPLC, Waters Corp)
was achieved using a gradient under reverse phase conditions using a 1.9 pm Thermo Hypersil
Gold (2.1 x 50 mm) column. Mobile phases consist of 0.1% formic acid in water and 0.1% for-
mic acid in acetonitrile:water (90:10, v:v) set at a flow rate of 1.0 mL/min over a total run time
of six minutes. Data were collected and processed using Analyst Software version 1.5.2 (AB
SCIEX) as described above.

IL-6-induced biomarker studies in mice and monkeys

Male Balb/c mice (Harlan Laboratories), 7-8 week old, weighing 23-27 g were housed 4 per
cage for at least 1.5-3 weeks prior to testing. Mice received an SC administration of 0.0023,
0.023, 0.23 or 2.3 pmol/kg of peptide or 0.04 pmol/kg control anti-recombinant human (rh)
IL-6 antibody (Catalog # MAB206, R & D Systems) 24 h prior to an intra-peritoneal adminis-
tration of 125 ng (5 pg/kg) of human IL-6. Anti-rhIL-6 antibody (control) and PEGylated pep-
tides were suspended directly in PBS/0.1% BSA. For preparation of PEGylated peptides
solutions, the method included 10-60 s of sonication in a sonication water bath to ensure
proper solubilization of the peptides.

Recombinant human IL-6 (Catalog # 28-212, Xtal Biostructures, Inc.,) was prepared in
PBS/1% BSA and administered by intra-peritoneal injection in a volume of 100 pL at a dose of
125 ng (ca. 5 pg/kg). Mice were euthanized 4 h post IL-6 administration using a CO, overdose
and blood was obtained via the abdominal aorta. Blood was collected into K,EDTA tubes for
preparation of plasma and subsequent evaluation of SAA levels by ELISA (Catalog #
KAAO0021, Life Technologies/Tridelta).

Studies in monkeys were performed by Xenometrics LLC (Stilwell, KS, USA). Adult, male
cynomolgus monkeys (Macaca fascicularis) (6 per group) were randomly assigned to dose
groups based on body weight (manually allocated to achieve similar group mean weight) and
using the supplier-applied permanent tattoo identification. Each monkey received a single sub-
cutaneous injection of either vehicle (PBS) or PN-2921 in vehicle administered at 2.3 pmol/kg
(100 mg/kg) in a volume of 2 mL/kg. Twenty four hours after pre-treatment with vehicle or
PN-2921, animals received a single subcutaneous injection of recombinant human IL-6 (rhIL-
6; R&D Biosystems) in PBS containing 1% w/v BSA with low endotoxin (Sigma) at 0.6 pg/kg in
a volume of 1 mL/kg. Immediately before administration of vehicle or PN-2921 and at 24 h
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after administration of rhIL-6, blood samples were collected via cephalic or saphenous vein
into tubes containing K, EDTA. Plasma was prepared by spinning tubes containing whole
blood at 2700 x g for 10 min at 4°C. Plasma samples were prepared in aliquots and stored fro-
zen at —-80°C until analyzed for levels of C reactive protein (CRP), serum amyloid A (SAA),
and PN-2921. CRP levels were evaluated using a Randox Ximola clinical analyzer. SAA levels
were measured by ELISA (Tridelta, Multispecies Catalog # TP-802). Statistical analysis was
performed using Tukey’s multiple comparisons test. Data were analyzed and graphed using
GraphPad Prism (Graphpad Software, Inc. San Diego, CA). The animals were returned to the
colony at Xenometrics after the completion of the study.

Animal housing and care

Studies with mice and rats were conducted by Ironwood Pharmaceuticals (Cambridge, MA).
Ironwood is fully accredited by the Association for Assessment and Accreditation of Labora-
tory Animal Care International (AAALAC). All procedures involving rodents were conducted
humanely and performed by trained and experienced personnel. All studies involving rodents
were reviewed and approved by the Ironwood Institutional Animal Care and Use Committee
(IACUCQ). Rats and mice (Harlan Labs) were housed in a temperature-controlled environment
with ad libitum access to rodent chow (Harlan Teklad) and water. The animals were group
housed and provided with enrichment. Blood was drawn from rats and mice under isoflurane
anesthesia. Rats and mice were euthanized by CO, inhalation in accordance with AVMA
Guidelines.

Studies with cynomolgus monkeys were conducted at Xenometrics, a CRO fully accredited
by AAALAC and registered with the United States Department of Agriculture (USDA). Cyno-
molgus monkeys were individually housed in cages (7.8 ft*), provided with ad libitum access to
food and water, and supplemented with fruit and snacks at least once daily. Animals were exer-
cised and participated in enrichment programs during the study. Enrichment included but was
not limited to: cage perches, swings, mirrors, toys to manipulate, scent stimulation, watching
videos and social interaction with technicians. All procedures involving non-human primates
were conducted humanely and performed by trained and experienced personnel. Animals were
habituated and trained for injection and blood draw procedures. All studies followed protocols
reviewed and approved by the Xenometrics IACUC and these studies were not initiated until
they were reviewed and approved by the IACUC.

Results and Discussion
Hit identification and lead optimization

To identify a starting point for an IL-6 binding peptide, we took advantage of the crystal struc-
ture of the hexameric IL-6/IL-6R/gp130 complex [16] and a large virtual library of DRPs from
the protein databank [19]. Co-CP vectors of key IL-6 interacting residues in IL-6R (Fig 1A)
were generated where the Co-atom was anchored to the backbone and the CB-atom was
anchored to the first side-chain atom. These vectors were used as a query in Protagonist’s Vec-
trix program [20] to find peptides that share or match this same Co-Cp vector topology. These
computational searches yielded several potential scaffolds that matched surface features of IL-
6R and were predicted to be suitable scaffolds to interact with IL-6. The most promising scaf-
fold selected for further investigation was a 34 amino acid peptide (Fig 1B and 1C; complete
sequence shown in S1 Table) referred to as ZDC in the protein-databank, and Z34C in the orig-
inal publication [21]. Structurally, ZDC is a disulfide-stabilized peptide containing two antipar-
allel o-helices (Fig 1C) [21].

PLOS ONE | DOI:10.1371/journal.pone.0141330 November 10, 2015 9/19



@’PLOS ‘ ONE

Discovery of a Potent IL-6 Binding Peptide

The ZDC peptide had no inhibitory activity against IL-6 itself (Table 1) but was used as a
scaffold for a phage display approach [22,24]. Modeling predicted ten residues of ZDC that
would likely contact with the IL-6 surface (Fig 1C), and these residues (positions 6, 9, 10, 13,
14, 20, 24, 25, 28 and 31) were fully randomized to generate a phage display library. After four
rounds of panning against immobilized IL-6, individual phage clones were functionally charac-
terized and sequenced. Based on the data generated, 16 initial sequences were selected for
chemical synthesis and evaluated in an IL-6 —IL-6R competition ELISA. PN-1454 (Table 1 and
S1 Table for complete sequence) was among the most active peptides with an ICsq of 12 uM.
These early peptide hits were able to disrupt IL-6/IL-6R interactions in the ELISA assay, but
lacked the potency to antagonize IL-6-induced pSTAT3 in intact U937 cells (Table 1), a
human monocytic cell line known to express IL-6R [25].

Hit and lead optimization was carried out using a combination of molecular modeling,
phage display and medicinal chemistry. Early in the optimization process it was noted that PN-
1454 contained two Met residues which could be readily oxidized resulting in potential chemi-
cal stability issues. PN-1484 was designed with M3L and M10L substitutions (Table 1), which
resulted in ~20-fold improvement in ICsg in the competitive ELISA. Guided by the helical
nature of the ZDC scaffold (Fig 1C), additional phage display libraries and medicinal chemistry
approaches were employed, with a focus on mutating select positions (2, 3,4, 7, 19, 29, 33 and
35) predicted to interact with IL-6 to expand the footprint of interaction of PN-1454. These
approaches resulted in PN-1974 (Table 1), which had an ICsq of 126 nM in the competitive
ELISA and an ICsq of 3.3 uM in a cell-based assay based on inhibition of IL-6-induced STAT3
phosphorylation in U937 cells. PN-1974 was among the earlier peptides which exhibited mea-
surable potency in the cell-based assay. Molecular modeling indicated the presence of a posi-
tively charged surface patch on IL-6 in close proximity to both helical termini of the scaffold
(Fig 1B), providing another opportunity to increase the binding footprint. The N-terminus was
therefore extended by the addition of Q0 and S1 to exploit this potentially favorable electro-
static interaction (Table 1). An exploration of hydrophobic interactions in the N-terminal helix
of the ZDC scaffold resulted in the selection of cyclohexyl-L-alanine (Cha) at position 3. These
three changes, in addition to replacing the C-terminal amide functionality to the acid (which
was a feature present in all peptides up to PN-1974) led to the identification of PN-2519, a pep-
tide with ~1000-fold improvement compared to PN-1974 in cell-based activity (Table 1). Sev-
eral additional residue substitutions present in PN-2519 had no additional effect on potency
(F13 to 4-fluoro-L-phenylalanine and K26 to R). Concurrently, a phage display strategy was
employed to optimize the N-terminus; these results corroborated the Q0 and S1 findings and
yielded an additional two residues, S-2 and W-1 in PN-2729. Throughout the SAR process,
improvements in potency at any one position were often modest, but when combined with
improvements at other positions led to significant improvements in overall potency. Complete
sequences of all peptides shown in Table 1 can be found in S1 Table.

Impact of PEGylation on potency and PK

The remaining amino acids at positions 16, 26 and 29 of PN-2729 were optimized during eval-
uation of potential sites for PEGylation. It was anticipated, and indeed observed (Fig 2D), that
an unmodified constrained peptide (PN-2365; S2 Table) would be cleared rapidly upon sys-
temic administration. Since the intent was to develop an anti-IL-6 peptide that had prolonged
PK, a PEGylation strategy was adopted. PEGylation of peptides and proteins has been exten-
sively utilized to enhance PK properties [26]. To enable site-specific PEGylation, peptide ana-
logs were required that had only one Lys (free amine) for acylation with activated PEG.
Consequently Lys residues at position 26 and 29 were changed to Arg, and cell-based assays
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Fig 2. Determination of PEGylation site and effect of PEGylation on IC5, and plasma exposure. A.
Ribbon diagram of ZDC (in cyan) bound to IL-6. Tolerated PEGylation sites on ZDC are indicated in green,
and the final PEGylation site, position 29, is labeled. B. Five positions on the non-binding exoface of PN-2171
(sequence shown in S1 Table) were scanned with Lys, Ne-acetylated Lys (Lys-Ac), and LysPEG20L for their
effect on IL-6 induced pSTAT3 in U937 cells. ICsq values are averages of n = 2 determinations. C. Effect of
PEG molecular weight on the activity of peptides. PN-2519 is the non-PEGylated parent, PN-2520 contains a
PEG40Br, PN-2566 contains PEG30L and PN-2567 contains a PEG20Br, all PEGylated at position 29. D. PK
analysis in rats of peptide analogs with different molecular weight PEG moieties. In this experiment, the non-
PEGylated comparator is PN-2365 (a PN-2519 analog with K26, K29). Peptides were administered by SC
injection at 0.23 pmol/kg and plasma samples were taken at the indicated time points.

doi:10.1371/journal.pone.0141330.9002

suggested that these changes were relatively well tolerated. R26 in PN-2519 was derived from
this analysis (Table 1).

Since Lys to Arg did not have a significant impact on potency, a systematic incorporation of
Lys was explored at the potential sites of the scaffold for PEGylation. Guided by existing SAR
and molecular modeling (Fig 2A), a Lys, Ne-acetylated Lys (Lys-Ac), and LysPEG20L scan at
several select positions was undertaken on the non-binding exoface of PN-2171, a close analog
of PN-2519 (sequence shown in S1 Table). As illustrated in Fig 2B, substitution of Arg with
Lys resulted in 1.5-3 fold decrease in ICs, values across the tested sites; acetylation of the Lys
yielded similar potencies to the Lys residue. Interestingly, addition of a PEG20L moiety at all
positions except position 22 improved potency and returned the activity to that seen with the
Arg analog. Overall, PEGylation of residues predicted to be solvent exposed and not in the
binding interface was well tolerated. Related studies found that acetylated Lys was unexpectedly
more potent at position 16, resulting in K-Ac16 in PN-2729 (Table 1).

To confirm that potency could be maintained with increased steric bulk, PEG20Br,
PEG30L, and PEG40Br analogs were prepared using position 29 as the site of PEGylation.

The antagonist activity of these peptides, PN-2519 (K29), PN-2520 (PEG40Br), PN-2566
(PEG30L), and PN-2567 (PEG20Br) in the IL-6 pSTAT3 assay in U937 cells was comparable
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Fig 3. PN-2921 demonstrates potent anti-IL-6 activity in vitro. A. In vitro potency of PN-2729 and PN-
2921 was determined by the ability to inhibit IL-6-induced pSTAT3 in U937 cells. Peptides were incubated
with IL-6 for 2.5 h before cell treatment. The observed ICsq values in this representative experiment were 1.2
nM for PN-2729 and 0.4 nM for PN-2921. B. PN-2921 dose-dependently right-shifted the IL-6-induced
pSTAT3 concentration response curve in U937 cells. C. PN-2921 decreased IL-6-induced pSTAT3 in
monocytes. Peptides or vehicle control were incubated with IL-6 for 2.5 h at 37°C and then added to freshly
collected heparinized human whole blood (pooled from six donors) for 15 min at 37°C. pSTAT3 was
quantitated by flow cytometry. D. PN-2921 inhibited rhiL-6-induced proliferation in mouse B9 cells. B9 cells
were incubated with rhIL-6 and varying concentrations of PN-2921 for 72 h at 37°C, with 0.2 uCi/well of °H-
thymidine present for the last 18 h.

doi:10.1371/journal.pone.0141330.g003

(Fig 2C and S2 Table for sequences). As expected, a pronounced impact of PEG size on PK
properties was observed (Fig 2D and S3 Table). The non-PEGylated comparator peptide, PN-
2365 (K26, K29), was rapidly cleared and had a PK half-life of 3.4 h, in the range of other non-
PEGylated peptides that were characterized. Systemic exposure and specifically t;,, increased
with increasing PEG size, from 28.9 h with 20 kDa branched PEG (PN-2567) to as long as 63.3
h with 40 kDa branched PEG (PN-2520). The increased exposure was largely driven by
decreased clearance, consistent with published studies showing that a PEG mass of approxi-
mately 40 to 50 kDa is required to slow the glomerular filtration rate of molecules [26]. The
outcome from these studies was the selection of the PEG40Br and position 29 as the optimal
moiety and site for PEGylation.

In vitro characterization of PEGylated peptide

The addition of a PEG40Br to position 29 of the most potent analog, PN-2729, resulted in PN-
2921 (Table 1). PEGylation of PN-2729 at position 29 did not decrease potency, but in fact PN-
2921 was consistently more potent at inhibiting IL-6-induced pSTAT3 in U937 cells than its
non-PEGylated parent, PN-2729 (Fig 3A, Table 1). Further characterization of PN-2921 in the
U937 cell assay demonstrated that increasing concentrations of PN-2921 potently shifted the

PLOS ONE | DOI:10.1371/journal.pone.0141330 November 10, 2015 13/19
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Table 2. Summary of inhibitory Activity of PN-2921.

Assay Cells Average IC5q (nM)
Inhibition of IL-6-induced pSTAT3 U937 0.4
Inhibition of IL-6-induced pSTAT3 Human monocytes 3.1
Inhibition of IL-6-induced proliferation B9 0.7

Average IC5q values for the activity of PN-2921 to inhibit IL-6-induced pSTAT3 signaling in U937 cells
(n = 28), IL-6-induced inhibition of human whole blood monocytes (n = 6), and IL-6-induced proliferation in
B9 cells (n = 3).

doi:10.1371/journal.pone.0141330.t002

IL-6-induced pSTAT3 concentration response curve to the right (Fig 3B). The inhibitory
potency of PN-2921 was assessed in human whole blood monocytes in order to examine its
activity in a more physiologically relevant cell; freshly isolated human monocytes express sig-
nificant levels of IL-6R [27]. Similar to the observations in U937 cells, PN-2921 inhibited IL-
6-induced pSTAT?3 in human monocytes with low nM potency (Fig 3C). As expected of an IL-
6 antagonist, PN-2921 inhibited biological functions downstream of IL-6 signaling: PN-2921
potently inhibited IL-6-induced proliferation of B9 mouse lymphoma cells with an average
ICso of 0.7 nM (Fig 3D). Average ICs, values for the inhibition of IL-6-induced cellular
responses by PN-2921 are summarized in Table 2 and demonstrate that the potency of PN-
2921 to inhibit IL-6 signaling is comparable across a range of cell types and assays. While not
as potent as affinity matured anti-IL-6 mAbs such as siltuximab (with a potency in the pM
range) [28], the low nM potency of PN-2921 is well within the range of many approved
therapeutics.

The ability of PN-2921 to inhibit pSTAT3 in response to IL-6 orthologs from different spe-
cies was assessed in murine Balb/c-3T3 cells, which, unlike human IL-6R-expressing cells,
respond to more distant IL-6 orthologs. PN-2921 was approximately three orders of magnitude
less potent in inhibiting IL-6- induced pSTATS3 elicited by IL-6 orthologs from rodents as com-
pared to that elicited by the human ortholog (Table 3). This is not surprising given that human
IL-6 shares only 39%, and 42% identity with rat and mouse IL-6, respectively. In contrast, PN-
2921 was equally effective at inhibiting cynomolgus monkey IL-6-induced signaling as human
IL-6; this would be expected since cynomolgus and human IL-6 share 98% identity. Species
cross-reactivity is an important consideration with mAbs and frequently complicates assess-
ment of activity in preclinical animal studies [28].

PK and pharmacodynamic profile of PN-2921

PN-2921 exhibited long plasma half-lives of 23, 36 and 59 h in mice, rats and cynomolgus
monkeys, respectively, after IV dosing (Fig 4 and Table 4) with low clearance values of 0.02 to

Table 3. Inhibitory Activity of PN-2921 Against IL-6 From Other Species.

IL-6 Species Average IC5o (nM)
Human 6.5
Cynomolgus monkey 6.7
Rat 5619
Mouse >10000

In vitro potency of PN-2921 was determined by its ability to inhibit pSTAT3 signaling in Balb/c-3T3 cells
induced by IL-6 from cynomolgus monkey, rat or mouse. ICsq values are averages of n = 2 experiments.

doi:10.1371/journal.pone.0141330.t003
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Fig 4. PN-2921 demonstrates long-lived exposure in multiple species. PN-2921 was dosed in male ICR
mice, male SD rats and male cynomolgus monkeys by IV and SC routes. Both mouse and rats were dosed at
0.23 pmol/kg, while monkeys were dosed at 0.1 ymol/kg. Plasma samples were collected for 168 h (7 d) for
both rats and mice, while monkey plasma samples were collected for 336 h (14 d). Samples were analyzed
by LC-MS/MS. Mouse and rat data were normalized to 0.1 pmol/kg for the purpose of comparison to monkey.

doi:10.1371/journal.pone.0141330.g004

0.05 mL/min/kg. The bioavailability of PN-2921 after SC dosing was relatively high in mice
and monkeys (62% and 79% respectively) and lower in rats (26%). The reason for the lower
bioavailability in rats was not clear. The ability of PN-2921 to inhibit IL-6-induced biomarker
responses in vivo was evaluated in a mechanistic model in which human IL-6 was acutely
administered to mice to elicit SAA production. Human IL-6 was used due to the weak potency
of PN-2921 against mouse IL-6 as determined by our pSTAT?3 experiments in Balb/c-3T3 cells.
Based on its plasma Tmax value, PN-2921 was administered SC 24 h prior to IP administration
of IL-6. PN-2921 dose-dependently inhibited IL-6-induced SAA levels (Fig 5), with a calculated
EDs, of 0.07 pmol/kg (S1 Fig).

Based on the ability of PN-2921 to inhibit IL-6-induced biomarkers in mice, we extended
these results to a higher order mammalian species. Administration of PN-2921 (2.3 pmol/kg)
to cynomolgus monkey 24 h prior to an IL-6 challenge produced a significant inhibition of IL-
6-induced biomarker response with 89% and 97% reduction of CRP and SAA respectively (Fig
6). Based on these studies, PN-2921 markedly suppressed IL-6-elicited biomarker response in
both mice and monkeys following administration of exogenous human IL-6. Further charac-
terization of PN-2921 in animal models of pathophysiology would require use of non-human
primates or genetically modified mouse models where human IL-6 was inserted into the
murine IL-6 locus.

Table 4. Single Dose PK parameters of PN-2921 in Mice, Rats, and Monkeys.

Species Dose ti2
pmol/kg hr

Mouse 0.23 23
Rat 0.23 36
Monkey 0.1 59

Tmax Tlast cmax AUCO-inf Ci vss F
hr hr nM hr*nM mL/min/kg ml/kg %
24 168 482 24187 0.05 90.8 62
36 168 299 29043 0.02 50.2 26
40 336 538 66960 0.02 94 79

Summary of the PK parameters of the PN-2921 single dose PK data in mice, rat and monkeys shown in Fig 4. Both mouse and rats were dosed at
0.23 pmol/kg, while monkeys were dosed at 0.1 ymol/kg. Mouse and rat data were normalized to 0.1 ymol/kg for the purpose of comparison to monkey

data.

doi:10.1371/journal.pone.0141330.1004
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Fig 5. PN-2921 decreases hlL-6-induced SAA levels in mice. Balb/c mice were injected with either
vehicle, the indicated dose of PN-2921, or a control anti-hIL-6 mAb. After 24 h, mice were challenged with
recombinant human IL-6. After an additional 4 h, mice were sacrificed and whole blood was collected. SAA
levels were determined from serum by using the mouse SAA ELISA. Statistical analysis was performed using
2-way ANOVA. *** indicates p<0.001.

doi:10.1371/journal.pone.0141330.g005

Vehicle or 0.6 pg/kgIL-6 Sample
PN-2921
\l, 24 hrs ‘1, 24 hrs J,
/L /L
” > 17 )
401 AL o0t
1000-
__ 304 -~
3 E
=4 )
E 204 Lo,
& 3
104 |
0l . = o
- + - + PN-2921 (2.3 pmolikg) - + - + PN-2921 (2.3 ymol/kg)
s = + + 1L6 (0.6 pg/kg) - . + + IL6 (0.6 ng/kg)
89 % inhibition 97 % inhibition

Fig 6. PN-2921 inhibits IL-6-induced CRP and SAA levels in cynomolgus monkey. Cynomolgus monkeys were treated SC with vehicle, and a second
group of six male cynomolgus monkeys were treated SC with 2.3 pmol/kg of PN-2921 at 24 h prior to SC administration of 0.6 ug/kg IL-6. Blood samples
were collected immediately prior to IL-6 administration and at 24 h post IL-6. Resultant plasma samples were assayed for CRP and SAA levels by ELISA, and
plasma PN-2921 levels by LC-MS/MS. Statistical analysis was performed using 2-way ANOVA.

doi:10.1371/journal.pone.0141330.9006
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Conclusion

Starting from a functionally inert scaffold, a potent IL-6 binding peptide, PN-2921, was devel-
oped by a combination of molecular modeling, medicinal chemistry and phage display. PEGy-
lation of the peptide did not impact its in vitro potency, but did result in a molecule with both a
prolonged PK profile across multiple species and a potent in vivo pharmacodynamic effect, as
determined by blockade of IL-6-induced acute phase responses in both mice and monkeys. To
our knowledge, this is the first successful demonstration of a potent IL-6 binding peptide with
prolonged PK and in vivo IL-6 antagonism, and represents a novel peptide-based approach for
inhibiting the biological actions of this cytokine.

Supporting Information

S1 Fig. Dose-response relationship of PN-2921 inhibition of IL-6-induced serum SAA lev-
els. Semi-log graph of PN-2921 dose-response data from Fig 5. The calculated EDs, of PN-
2921 is 0.072 pmole/kg.

(TIF)

S1 Table. Complete sequences of peptides shown in Table 1. The sequence of PN-2171 is
also shown and is N-terminally acetylated and C-terminally o-amidated. Ogl = octylglycine.
(TTF)

$2 Table. Complete sequences of peptides evaluated in Fig 2C and 2D. These four peptides
differ only at position 29. PEG30L = 30 kDa linear PEG; PEG20Br = 20 kDa branched PEG (2
x 10 kDa PEG moieties); PEG40Br = 40 kDa branched PEG (2 x 20 kDa PEG moieties). Each

of these peptides is N-terminally acetylated.

(TIF)

$3 Table. Single Dose PK parameters of PN-2365, PN-2567, PN-2566 and PN-2520 in rats.
Summary of the PK parameters of the single dose PK data of the non-PEGylated peptide PN-
2365, PN-2520 (40 kDa PEG), PN-2566 (30 kDa PEG) and PN-2567 (20 kDa PEG) shown in
Fig 2.

(TTF)

Acknowledgments

We’'d like to thank Jeff Bates for his help designing the database of peptide sequences and bio-
logical data.

Author Contributions

Conceived and designed the experiments: S. Ranganath AB NAC J. McMahon DW JZ CL SGB
GLKEG T TLR AM GB AS KT J. Masferrer DP AF CAM DYL GTM MLS DVP KEC. Per-
formed the experiments: S. Ranganath NAC J. McMahon DW SGB GL JT HZ,KEG CG AG
WS CH EM S. Rivers SS RAM CS HC. Analyzed the data: S. Ranganath NACJ. Masferer J.
McMahon DW SGB GL JT HZ KEG CG AG WS CH EM S. Rivers SS RAM. Contributed
reagents/materials/analysis tools: AB JZ CL CH J] WCS CC TT. Wrote the paper: S. Ranganath
MLS KEC.

References

1. Mudter J, Neurath MF (2007) II-6 signaling in inflammatory bowel disease: pathophysiological role and
clinical relevance. Inflamm Bowel Dis 13: 1016—1023. PMID: 17476678

PLOS ONE | DOI:10.1371/journal.pone.0141330 November 10, 2015 17/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141330.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141330.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141330.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141330.s004
http://www.ncbi.nlm.nih.gov/pubmed/17476678

@’PLOS ‘ ONE

Discovery of a Potent IL-6 Binding Peptide

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24.

25.

Iwamatsu A, Koyama K, Nakajima K, Matsuda T (1986) Complementary DNA for a novel human inter-
leukin (BSF-2) that induces B lymphocytes to produce immunoglobulin. Nature 324: 73-76. doi: 10.
1038/324073a0 PMID: 3491322

Kuchroo VK, Weiner HL, Oukka M, Korn T (2006) Reciprocal developmental pathways for the genera-
tion of pathogenic effector TH17 and regulatory T cells. Nature 441: 235-238. doi: 10.1038/
nature04753 PMID: 16648838

Kishimoto T, Nishimoto N (2006) Interleukin 6: from bench to bedside. Nat Clin Pract Rheumatol 2:
619-626. PMID: 17075601

Scheller J, Garbers C, Rose-John S (2013) Interleukin-6: from basic biology to selective blockade of
pro-inflammatory activities. Semin Immunol 26: 2—12. doi: 10.1016/j.smim.2013.11.002 PMID:
24325804

Heinrich PC, Behrmann |, Haan S, Hermanns HM, Muller-Newen G, Schaper F (2003) Principles of
interleukin (IL)-6-type cytokine signalling and its regulation. Biochem J 374: 42024.

Tanaka T, Kishimoto T (2012) Targeting interleukin-6: all the way to treat autoimmune and inflammatory
diseases. IntJ Biol Sci 8: 1227-1236. doi: 10.7150/ijbs.4666 PMID: 23136551

van RF, Fayad L, Voorhees P, Furman R, Lonial S, Borghaei H, et al. (2010) Siltuximab, a novel anti-
interleukin-6 monoclonal antibody, for Castleman's disease. J Clin Oncol 28: 3701-3708. doi: 10.1200/
JC0.2009.27.2377 PMID: 20625121

Vardanyan M, Melemedjian OK, Price TJ, Ossipov MH, Lai J, Roberts E, et al. (2010) Reversal of pan-
creatitis-induced pain by an orally available, small molecule interleukin-6 receptor antagonist. Pain
151: 257-265. doi: 10.1016/j.pain.2010.05.022 PMID: 20599324

Silverman J, Liu Q, Lu Q, Bakker A, To W, Duguay A, et al. (2005) Multivalent avimer proteins evolved
by exon shuffling of a family of human receptor domains. Nat Biotechnol 23: 1556—-1561. PMID:
16299519

Braddock M (2007) 11th annual Inflammatory and Immune Diseases Drug Discovery and Development
Summit 12-13 March 2007, San Francisco, USA. Expert Opin Investig Drugs 16: 909-917. PMID:
17501702

Manfredini R, Tenedini E, Siena M, Tagliafico E, Montanari M, Grande A, et al. (Development of an IL-6
antagonist peptide that induces apoptosis in 7TD1 cells. 24: 1207—-1220. PMID: 14612193

Cohan P (2013) Pasireotide and mifepristone: new options in the medical management of Cushing's
disease. Endocr Pract 20: 84-93.

Love BL, Johnson A, Smith LS (2014) Linaclotide: A novel agent for chronic constipation and irritable
bowel syndrome. Am J Health Syst Pharm 71: 1081-1091. doi: 10.2146/ajhp130575 PMID: 24939497

Northfield SE, Wang CK, Schroeder ClI, Durek T, Kan MW, Swedberg JE, et al. (2014) Disulfide-rich
macrocyclic peptides as templates in drug design. Eur J Med Chem 77C: 248-257.

Boulanger MJ, Chow DC, Brevnova EE, Garcia KC (2003) Hexameric structure and assembly of the
interleukin-6/IL-6 alpha-receptor/gp130 complex. Science 300: 2101-2104. PMID: 12829785

Tran TT, McKie J, Meutermans WD, Bourne GT, Andrews PR, Smythe ML (2005) Topological side-
chain classification of beta-turns: ideal motifs for peptidomimetic development. J Comput Aided Mol
Des 19: 551-566. PMID: 16328857

Tran TT, Kulis C, Long SM, Bryant D, Adams P, Smythe ML (2010) Defining scaffold geometries for
interacting with proteins: geometrical classification of secondary structure linking regions. J Comput
Aided Mol Des 24: 917-934. doi: 10.1007/s10822-010-9384-y PMID: 20862601

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. (1999) The Protein Data
Bank. Nucleic Acids Res 28: 235-242.

Smythe ML, Dooley MJ, Andrews PR (1999) WO/2000/023474 A1.

Starovasnik MA, Braisted AC, Wells JA (1997) Structural mimicry of a native protein by a minimized
binding domain. Proc Natl Acad Sci U S A 94: 10080—10085. PMID: 9294166

Tonikian R, Zhang Y, Boone C, Sidhu SS (2007) Identifying specificity profiles for peptide recognition
modules from phage-displayed peptide libraries. Nat Protoc 2: 1368—1386. PMID: 17545975

King DS, Fields CG, Fields GB (1990) A cleavage method which minimizes side reactions following
Fmoc solid phase peptide synthesis. Int J Pept Protein Res 36: 255-266. PMID: 2279849

Zoller F, Haberkorn U, Mier W (2011) Miniproteins as phage display-scaffolds for clinical applications.
Molecules 16: 2467—2485. doi: 10.3390/molecules16032467 PMID: 21407148

Oberg F, Nilsson K (1992) Differentiation and activation associated expression of IL-6 and IL-6 recep-
tors in U-937 monocytic cells: relationship to the expression of CD14. Growth Factors 7: 85-96. PMID:
1380255

PLOS ONE | DOI:10.1371/journal.pone.0141330 November 10, 2015 18/19


http://dx.doi.org/10.1038/324073a0
http://dx.doi.org/10.1038/324073a0
http://www.ncbi.nlm.nih.gov/pubmed/3491322
http://dx.doi.org/10.1038/nature04753
http://dx.doi.org/10.1038/nature04753
http://www.ncbi.nlm.nih.gov/pubmed/16648838
http://www.ncbi.nlm.nih.gov/pubmed/17075601
http://dx.doi.org/10.1016/j.smim.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24325804
http://dx.doi.org/10.7150/ijbs.4666
http://www.ncbi.nlm.nih.gov/pubmed/23136551
http://dx.doi.org/10.1200/JCO.2009.27.2377
http://dx.doi.org/10.1200/JCO.2009.27.2377
http://www.ncbi.nlm.nih.gov/pubmed/20625121
http://dx.doi.org/10.1016/j.pain.2010.05.022
http://www.ncbi.nlm.nih.gov/pubmed/20599324
http://www.ncbi.nlm.nih.gov/pubmed/16299519
http://www.ncbi.nlm.nih.gov/pubmed/17501702
http://www.ncbi.nlm.nih.gov/pubmed/14612193
http://dx.doi.org/10.2146/ajhp130575
http://www.ncbi.nlm.nih.gov/pubmed/24939497
http://www.ncbi.nlm.nih.gov/pubmed/12829785
http://www.ncbi.nlm.nih.gov/pubmed/16328857
http://dx.doi.org/10.1007/s10822-010-9384-y
http://www.ncbi.nlm.nih.gov/pubmed/20862601
http://www.ncbi.nlm.nih.gov/pubmed/9294166
http://www.ncbi.nlm.nih.gov/pubmed/17545975
http://www.ncbi.nlm.nih.gov/pubmed/2279849
http://dx.doi.org/10.3390/molecules16032467
http://www.ncbi.nlm.nih.gov/pubmed/21407148
http://www.ncbi.nlm.nih.gov/pubmed/1380255

el e
@ ) PLOS ‘ ONE Discovery of a Potent IL-6 Binding Peptide

26. Harris JM, Martin NE, Modi M (2001) Pegylation: a novel process for modifying pharmacokinetics. Clin
Pharmacokinet 40: 539-551. PMID: 11510630

27. Moutabarrik A, Nakanishi |, Takahara S, Hachim K, Bengahnem MG, Ramadani B, et al. (1994) Effect
of immunosuppressive agents FK 506 and cyclosporin and steroids on the expression of IL-6 and its
receptor by stimulated lymphocytes and monocytes. Transplant International 7 Suppl 1: S552—-S555.
PMID: 11271305

28. Zaki MH, Nemeth JA, Trikha M (CNTO 328, a monoclonal antibody to IL-6, inhibits human tumor-
induced cachexia in nude mice. 111:592-595. doi: 10.1002/ijc.20270 PMID: 15239138

PLOS ONE | DOI:10.1371/journal.pone.0141330 November 10, 2015 19/19


http://www.ncbi.nlm.nih.gov/pubmed/11510630
http://www.ncbi.nlm.nih.gov/pubmed/11271305
http://dx.doi.org/10.1002/ijc.20270
http://www.ncbi.nlm.nih.gov/pubmed/15239138

