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ABSTRACT: Platelet derived growth factor-BB (PDGF-BB) is PDGFRp PDGFRp
an important mitogen and cell survival factor during development.
PDGF-BB binds PDGF receptor-f# (PDGFRJ) to trigger receptor
dimerization and tyrosine kinase activation. We present the
pharmacological and biophysical characterization of a blocking
PDGEF-BB monoclonal antibody, MOR8457, and contrast this to
PDGFRp. MOR8457 binds to PDGF-BB with high affinity and
selectivity, and prevents PDGF-BB induced cell proliferation

competitively and with high potency. The structural character- K\ ;I MOR-8457
ization of the MOR8457-PDGF-BB complex indicates that /4
MOR8457 binds with a 2:1 stoichiometry, but that binding of a ( ]1

single MOR8457 moiety is sufficient to prevent binding to
PDGFRA. Comparison of the MOR8457-PDGF-BB structure
with that of the PDGFRA-PDGEF-BB complex suggested the potential reason for this was a substantial bending and twisting of
PDGF-BB in the MOR8457 structure, relative to the structures of PDGF-BB alone, bound to a PDGF-BB aptamer or PDGFRS,
which makes it nonpermissive for PDGFRf binding. These biochemical and structural data offer insights into the permissive
structure of PDGF-BB needed for agonism as well as strategies for developing specific PDGF ligand antagonists.

PDGFs are the primary mitogens for the cells of the kidney), tumorigenesis, and systemic sclerosis.”> All four
mesenchymal and neuroectodermal origin. The PDGF family PDGEF isoforms, as well as both receptor chains, are expressed
is composed of four different polypeptide chains, PDGF-A, -B, in the kidney, and increased expression in glomerular and/or
-C, and -D, which have been shown to form five distinct interstitial locations has been documented in a large variety of
proteins by homo- and heterodimerization, PDGF-AA, -AB, human renal diseases and experimentally.>*~® Both PDGF-B
-BB, -CC, and -DD. PDGFs exert their biological effect by and PDGEF-D appear to be especially important in human renal
activating two structurally related tyrosine kinase receptors, diseases.*'*™'® Mesangial cells produce PDGF-B in vitro, and
PDGFRa and f, which form homo- and heterodimers (e.g,, various growth factors induce mesangial proliferation via
PDGFRaa, PDGFRaf, PDGFRff). PDGF-AA activates induction of autocrine or paracrine PDGF-B-chain excre-
PDGFRaq, while PDGF-BB can activate all three receptor tion.'” "> Overexpression of PDGF-B-chain induces mesangial

dimers, i.e., PDGFRaqa, PDGFRaf, and PDGFRfSS. PDGF-AB proliferation and matrix expansion.'”***® In contrast, dis-
and PDGF-CC activate PDGFRaa and PDGFRaf, whereas ruption of the PDGF-B or PDGFRf genes in mice leads to the
PDGE-DD preferentially activates PDGFRSA.' >
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development of lethal hemorrhage and edema in late
embryo%enesis and absence of kidney glomerular mesangial
cells.** ¢ Specific inhibition of PDGF-B using antibodies,
aptamers, soluble PDGF receptors, or PDGFRf tyrosine kinase
blockers reduces mesangioproliferative changes, prevents long-
term renal scarring, and improves renal function in a number of
different preclinical models.””>* Similar observations of
PDGF-B upregulation and involvement have been inferred
from expression studies and experimental studies of liver as well
as cardiac fibrotic conditions,>*>~3” which when taken together
underscores the importance of targeting PDGF-B to limit
undesirable extracellular matrix deposition and to retain organ
function.

This study was undertaken to understand the structure—
function properties of a newly identified blocking PDGF-B
monoclonal antibody, MOR8457. Our biophysical character-
ization as well as the structural determination of the complex
offers unique insights to the specificity of the PDGFRS-PDGEF-
BB interaction and the role of the conformation of the L1 and
L3 loops in mediating permissive contacts with PDGFRf
needed for receptor agonism.

B EXPERIMENTAL PROCEDURES

Identification of MOR8457. The anti-PDGF mAb
MORB8457 was identified using solution phase panning of the
MorphoSys HuCAL GOLD phagemid library.*® Fabs were
screened for selectivity to human PDGF-BB, crossreactivity to
mouse PDGF-BB and blockade of binding to PDGFRS in
biochemical based binding assays. Fab hits were selected based
on the ability to neutralize receptor phosphorylation by PDGEF-
BB using PDGFRJ stably transfected PAE cells. MOR8457 Fab
was selected as a potent inhibitor of PDGFRJ signaling.

Selection of MOR8457. Four rounds of RapMAT solution
panning® were performed using biotinylated, recombinant
human PDGF-BB (Biosource Int. Inc.). To increase the affinity
of specific clones, the output from the second round of panning
was subjected to CDR-H2 diversification. For this, the
respective CDR-H2 insert was released via restriction digest
from the Fab-encoding plasmid DNA. The vector backbones
were ligated with HuCAL CDR-H2 cassettes and transformed
into Escherichia coli ToplOF cells. Phages of the generated
libraries were subjected to two additional rounds of solution
pannings under very stringent conditions to select for high
affinity.*

To facilitate rapid expression of soluble Fab, the Fab
encoding inserts of the selected phages were subcloned into
the pPMORPHx9 MH expression vector.*' After transformation
of E. coli TG1 F- single clone expression and generation of E.
coli crude bacterial extracts containing HuCAL GOLD Fab
fragments were performed as described previously.*

Screening of MOR8457. PDGF-BB positive clones were
identified by screening clones for antigen binding using ELISA
as well as functional PDGF-BB inhibitory activity using a
receptor inhibition assay in parallel.

For ELISA, human PDGF-BB (S pg/mL in PBS) was coated
to 384-well microtiter plates at 4 °C. After overnight
incubation, coated plates were washed with PBS-T (PBS/
0.05% Tween20) and blocked with 5% MPBS-T (5% milk
powder in PBS-T) for 1 h. After several washing steps primary
antibodies in E. coli crude extracts were added and incubated
for 1 h. After washing, the secondary antibody (goat antihuman
F(ab), - fragment specific - AP labeled, Jackson) was added for
1 h. Subsequently plates were washed with TBS T, AttoPhos
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Substrate (Roche) was added, and fluorescence emission at 535
nm was recorded with excitation at 430 nm.

Inhibition of PDGFRf binding was assessed on 384-well
MSD plates coated with 2.5 ug/mL PDGFRp-Fc fusion protein
(R&D Systems) overnight at 4 °C. E. coli crude extract
containing the Fab fragments was incubated with biotin-PDGF-
BB (30 ng/mL) and transferred to the plates. After incubation
for 1 h and washing with BV buffer (PBS/0.02% Tween 20/
0.5% BSA) plates were incubated for 1 h with Streptavidin-BV.
After washing with BV-buffer and addition of MSD read buffer
detection was performed using a MSD MAG000 device.

Blockade of PDGFRf receptor phosphorylation by PDGF-
BB ligand was analyzed using PAE cells stably transfected with
PDGFRB. Cells were cultured in culture medium (F12
Nutrient Ham medium with L-glutamine supplemented with
10% FBS (PAN Biotech), 2 mM L-glutamine, and 500 pg/mL
Geneticin (PAA). 5 X 10° cells/well were seeded into 96-well
plates and incubated for 6 h. Culture medium was exchanged to
starving medium (culture medium cont. 0.1% FBS) and
incubated overnight. Different concentrations of antibodies
(30 nm to 1.5 pM) were incubated with 0.4 nM PDGF-BB
(final concentration) diluted in starving medium. Supernatant
of cells was discarded, and antibody-PDGF-BB complexes were
added to the cells. After exactly 10 min at 37 °C, cells were
washed once with ice cold PBS followed by cell lysis using
MSD cell lysis buffer. Phosphorylation of Tyr751 of PDGFRf
was quantified using MSD Multispot PDGFRf whole cell lysis
kit (Mesoscale Discovery) using the manufacturer’s protocol.

Expression and Purification of MOR8457. DNA
encoding the variable domain fragments of the heavy (VH)
and light chains (VL) of MOR8457 was codon optimized for
expression in mammalian cells and subcloned into expression
vectors for transient expression. Depending on the application,
the constant regions consisted of mouse IgG1, or human IgG1
containing mutations to abrogate binding to FcyR.*® Human
MORB8457-hIgG1 was stably expressed in Chinese hamster
ovary (CHO) cells. CHO DUKX cells were stably transfected
using separate expression plasmids for the heavy and light
chains. Stable pools were selected with G418 and methotrexate
for 2—3 weeks and scaled appropriately for expression.
Antibody was purified using protein A chromatography
followed by size exclusion to remove aggregates and formulated
in PBS. Chimeric MOR8457-mIgG1 was produced via transient
transfection using the HEK293 Freestyle system by Sino
Biological (Beijing, China).

Expression and Purification of PDGFRS-ECD-hlgG1. A
synthetic DNA expression construct encoding an immunoglo-
bulin Fc fusion protein consisting of the first three
immunoglobulin-like extracellular domains (ECD) of PDGFRf
fused via linker to human IgGl and termed PDGFRS-ECD-
hIgG1 was created via commercial gene synthesis. PDGFRf-
ECD-hIgG1 was stably expressed in CHO DUKX cells. CHO
cells were transfected as above and stable clones were selected
with methotrexate for 2—3 weeks. PDGFRS-ECD-hIgG1 was
purified using protein A chromatography followed by size
exclusion. Purified Fc fusion protein was formulated in PBS. A
monomeric variant of PDGFRS-ECD-hIgGl, Fab-hIgGl-
PDGFR(D1-D3), generated by fusing the first three
immunoglobulin-like extracellular domains of PDGFRf to an
anti-VEGF Fab was constructed utilizing engineered N-
glycosylation sites within the Fc region to prevent Fc
homodimerization.** Monomeric variants were expressed and
purified as above using protein A chromatography.
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Expression and Purification of PDGF-BB. A cDNA
sequence for mature human PDGF-B representing amino acids
82—190 of NP_002599.1, appended with a 5 initiator
methionine codon and a 3’ stop codon, was prepared by
DNA synthesis and inserted into pET16b vector for expression
in E. coli. For protein production, the hPDGF-B/pET16b
expression vector was used to transform E. coli host strain BL21
(DE3) (Novagen) and grown at 37 °C 250 rpm in LB medium
containing 100 pg/mL ampicillin. When the OD600 of the
culture reached 0.5, protein expression was induced by the
addition of IPTG (0.5 mM, 4 h). The cells were harvested by
centrifugation (4000g, 15 min, 4 °C) and stored at —80 °C
until needed. The yield of cell mass was approximately 2 g of
cells (wet weight) per liter of culture medium.

A portion of the frozen cell pellet (S g) was resuspended in
200 mL of lysis buffer (20 mM Tris pH 8.0, 100 mM NaCl, 3
U/mL RNase, 40 U/mL DNase, three tablets protease inhibitor
cocktail (Roche) and passed three times through a micro-
fluidizer at 1000 bar. The cell lysate was centrifuged at 4 °C
(9700g, 20 min), and the resulting pellet was resuspended in
250 mL of W1 buffer (20 mM Tris pH 8.0, 100 mM NaCl).
The W1 suspension was centrifuged at 4 °C (9700g for 20
min), and the resulting pellet was resuspended in W1 buffer
with 0.1% Triton X-100 (250 mL). The suspension was stirred
at room temperature for 30 min, centrifuged at 4 °C (9700g, 20
min), and the process twice repeated. The resulting pellet was
resuspended with 20 mM Tris pH 8.0, 1 M NaCl (250 mL),
and the final IB pellet was collected by centrifugation at 4 °C
(97004 for 20 min), and resuspended with W1 buffer (S mL). A
2 mL portion of the purified inclusion bodies was solubilized
with 20 mM Tris pH 8.0, 10 mM EDTA, 6 M guanidine HC],
10 mM DTT and stirred at 4 °C for 4 h followed by
centrifugation (15000g, 30 min). The clarified supernatant was
loaded onto a 2 mL Source 30 RPC column (GE Healthcare)
equilibrated with 0.1% TFA/H,0. PDGF was eluted by a
gradient 0.19% TFA/H,0/AcCN to 60% (1 mL/min) over 20
column volumes. Fractions containing PDGF were pooled and
diluted to 0.1 mg/mL with 20 mM Tris pH 8.0, 5 mM EDTA
buffer. The protein was supplemented with 5 mM/0.5 mM
reduced/oxidized glutathione, stirred for 1 h at RT, and then
dialyzed against 20 mM Tris pH 8.0/S mM EDTA buffer
overnight at RT to promote dimerization. The PDGF was then
concentrated to ~0.5 mg/mL using a 10 K molecular weight
cutoff concentrator (Millipore).

Generation of MOR8457 Fab. MOR8457 was concen-
trated to 2 mg/mL and dialyzed against 20 mM Tris pH 8.0, 10
mM EDTA overnight at 4 °C. The antibody solution was
supplemented with cysteine-HCI to a final concentration of 20
mM and incubated with immobilized papain resin for 3 h at 37
°C. The digest was removed from the resin and dialyzed
overnight against 5 mM sodium phosphate pH 7.0. A 2 mL
CHT column (BioRad) was equilibrated with S column
volumes of 250 mM sodium phosphate (pH 7.0), followed
with S column volumes S mM sodium phosphate (pH 7.0), and
the dialyzed material was loaded onto the column. A gradient
elution was performed at 1 mL/min to 100% 250 mM sodium
phosphate (pH 7.0) over 40 column volumes. Fractions
containing Fab were pooled.

Crystallization, Data Collection, and Structure Deter-
mination. A molar ratio of 3:1 (PDGF/Fab) was used for
generating the complex. A higher molar ratio was required due
to the heterogeneous mixture of monomer and dimer PDGEF-
BB. Final purification of the complex was performed using a
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HiLoad Superdex 200 16/60 column (GE Healthcare)
equilibrated with TBS. Fractions containing the complex were
pooled and concentrated to >7 mg/mL for crystallographic
studies. PDGF-BB in complex with MOR8457-Fab was
crystallized at 18 °C from a solution containing 22% PEG
3350 and 0.1 M Tris, pH 7.0. The crystals had symmetry
consistent with monoclinic space group P2, and contained one
protein complex in the asymmetric unit cell. A data set to a 2.3
A resolution was collected from a single frozen crystal at IMCA
beamline 17-ID at the Argonne National Laboratory (APS).
The data were processed and scaled using autoPROC* and
SCALA.* The final data set was 99.7% complete with average
redundancy of 3.4 and with R, of 44%. The structure is
deposited in the RCSB Protein Data Bank (PDB ID 4QCI;
RCSB ID RCSB085881).

The structure was solved by molecular replacement with
PHASER" starting with the Fab fragment models prepared
from the PDB entries: 2adg and 8fab, and with the PDGF-BB
model prepared from entry: 3mjg. The initial solution was
obtained by searching for each of the four domains of the Fab
molecule separately. This partial solution was used to search for
a second copy of the Fab fragment, followed by a final search
for the PDGF-BB molecule. The final complete molecular
replacement solution contained two Fab fragments bound to
one PDGF-BB dimer. Several iterative rounds of model manual
adjustment and model rebuilding using COOT followed by
crystallographic refinement using autoBUSTER* yielded the
final refined model of the complex with a crystallographic R,
of 21.1% and Ry, of 24.8%. The final MOR8457-Fab+PDGEF-
BB model comprises two chains of the first Fab copy, H and L
(residues 1H-133H, 142H- 191H, 200H-220H of heavy chain
H and residues 3L-205L of light chain L), two chains of the
second Fab copy, B and A (1B-134B, 141B-220B of heavy chain
B and 2A-207A of light chain A) and two chains of PDGF-BB,
C and D (10C-101C of chain C and 7D-102D of chain D).
Missing amino acids in some regions were not modeled into
the structure because of the lack of electron density, very likely
due to disorder. Nonprotein atoms present in the model
include 327 water molecules. Statistics for data collection and
refinement are shown in Table 1, and the residue contacts
described in Table 2. Statistics for data collection and
refinement are shown in Table 1 and an example of the final
electron density map is shown in Supplemental Figure 1,
Supporting Information.

Structure Homology Modeling of PDGF-DD. An initial
amino-acid sequence alignment between PDGF-B and the
growth factor domain of PDGF-DD was produced with Clustal-
W resulting in ~25% sequence identity.*” This alignment was
manually adjusted to match up the secondary structure of the
proteins and to satisfy cysteine-pairs that form disulfide bridges
in PDGF-BB. In the resulting alignment, four cysteine pairs
were aligned with the corresponding conserved disulfide
pattern of PDGF-BB, and one extra cysteine pair remained
unmatched. This alignment together with the structure of
PDGF-BB as a homologous template was then used to calculate
50 structural models of the PDGE-DD with Modeler.>® Each
model represented the PDGF-DD dimer structure containing
the eight conserved and two new disulfides. The best model
was selected on the basis of the lowest value of the Modeler
objective function.

Binding Kinetics and Stoichiometry of MOR8457 and
PDGFRS-ECD-hlgG1 by BlAcore. All binding kinetic studies
were performed at 25 °C using a BIAcore 2000 instrument (GE

DOI: 10.1021/bi5015425
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Table 1. Data Collection and Refinement Statistics”

Data collection

space group P2,

unit cell (a, b, ¢, &, B, 7) (A °) 90.15, 68.47, 95.25, 90, 97.56, 90
wavelength (A) 1.000

69.6-2.3 (2.42—2.3)

172282 (28, 707)

51,241 (7,417)

resolution range (A)
total reflections

unique reflections

completeness (%) 99.7 (99.9)
redundancy 3.4 (3.9)
I/o(D® 127 (1.1)
Riperge” (%) 44 (73.6)
Refinement

resolution range (A) 69.6-2.3 (2.36—2.3)

Ryon? (%) 21.1 (24.2)
Reoes (%) 24.75 (26.3)
rmsd bond length (&) 0.009
rmsd bond angle (deg) 1.19
average B-values (A?) 65.2
protein atoms 7759
solvent atoms 327
Ramachandran plot (%)

favored 96.19
allowed 2.81
outliers 1.0

“Values in parentheses represent the corresponding values for the
highest resolution shells. b1/6(1) = average I/average o(I).
“Multiplicity-weighted Ryege = I, — <L,>I/I, where <I> is the
average intensity over symmetry equivalents. TRooikc = IFapd = IEoycll/]
Fopl. R is equivalent to R, but calculated for a randomly chosen
5% of reflections omitted from the refinement process.

Table 2. Description of the MOR8457-PDGEF-BB Residue
Contacts

MOR-8457 paratope
Heavy chain: Trp 47, Tyr 50, Leu 57, Tyr 59, Tyr 60 and Asp 62 from
CDR-H2; Trp 102, Tyr 103, Gly 104 and Gly 105 from CDR-H3

Light chain: Gly 28, Ser 29, Tyr 30 and Phe 31 from CDR-L1; Asp 49, Asp 50
and Asn 65 from CDR-L2; Phe 90, Thr 91, His 92, Asn 93 and Ser 94 from
CDR-L3.

PDGE-B epitope

Chain C: Leu 38, Val, 39 and Trp 40 from loop 1; Glu 71, Arg 73, Ile 75, Ile
77, Arg 79, Lys 80, Lys 81, Pro 82, Ile 83, Phe 84, Lys 85 and Lys 86 from
Loop 3

Chain D: Asn 54 and Arg 56 from loop 2.

Healthcare, Piscataway NJ). Anti-human or anti-mouse IgG
(GE Healthcare) antibodies that were immobilized in adjacent
flow cells of a CMS sensor chip between 8000 and 10,000
resonance units (RU) using amine coupling as directed by the
manufacturer. MOR8457-hIgGl, PDGFRB-ECD-hIgGl or

MOR8457-mIgGl was diluted into PBS-NET (10 mM
phosphate pH 7.4, 287 mM NaCl, 2.7 mM KCl|, 32 mM
EDTA, 0.01% Tween 20) to 1 pug/mL and injected
independently over the respective anti-human or anti-mouse
surface for 10 s resulting in a stable anti-PDGF surface between
50 and 100RU. Different concentrations (1, 0.5, and 0.25 nM)
of each PDGEF isoform, including human PDGF-AA, -AB, -BB,
-DD, as well as rat PDGF-BB (all obtained from R&D systems,
Minneapolis, MN) and mouse PDGF-BB (Invitrogen,
Carlsbad, CA) were injected over the antibody surface for 2
min at a flow rate of 100 yL/min. The complex was allowed to
dissociate for 10 min. The surface was regenerated with a 30 s
injection of 10 mM magnesium chloride leaving the surface
ready for another round of anti-PDGF antibody capture and
PDGEF binding kinetics. Kinetic data were double referenced®'
using scrubber2 software (Bio-Logic Software) and then fit to a
1:1 binding model using BIAcore evaluation software version
4.1.

For determining the stoichiometry of MORS8457 binding,
MORB8457-mIgG1 was captured by the anti-mouse IgG (GE
Healthcare) immobilized onto a CMS sensor chip using amine
coupling resulting in a stable surface of 200-400RU. Human
PDGF-BB (1 nM) was injected for 6 min until saturation and
then followed by injection of MOR8457-hIgGl, PDGFRp-
ECD-hIgGl1, or buffer. A monomeric variant of PDGFRB-ECD-
hIgG1 generated by fusing the first three immunoglobulin-like
extracellular domains of PDGFRJ to an anti-VEGF Fab, termed
Fab-hIgG1-PDGFR(D1-D3), was also injected to the surface of
preassembled MOR8457-mIgG1l/PDGF-BB complex as de-
scribed above to test binding.

Mesangial Cell Proliferation Assays. Primary human
mesangial cells (ScienCell Research, Carlsbad, CA) were
cultured and seeded at 15 000 cells/well in black solid-bottom
96-well plates (Cat#353376, BD Biosciences, Franklin Lakes,
NJ). The cells were washed and growth-arrested with serum-
free MCM media (ScienCell Research, Carlsbad, CA). After 24
h, the cells were stimulated with serial dilutions of PDGF-BB
for 4 h at 37 °C. DNA synthesis was determined during the last
16 h using a S-bromo-2'-deoxyuridine (BrdU) incorporation
assay according to the manufacturer’s instructions (Roche,
Mannheim, Germany). The following day, the cells were fixed
and assayed for BrdU incorporation according to the
manufacturer’s protocol.

The Schild analysis was performed as previously described.>
Briefly, a constant amount of MOR8457-hIgG1l or PDGFRf-
ECD-hIgG1 was mixed with samples of serially diluted PDGF-
BB before adding to the cells. The ECs, value of PDGF-BB
measured in the absence and presence of antagonists was used
to calculate the dose ratio (DR). A series of log (DR-1) values

Table 3. Binding Affinity and Specificity of MOR8457 and PDGFRS-ECD-hIgG1 Fusion Proteins to Different PDGF Family

Members Determined by Surface Plasmon Resonance

MORS457-hIgGl MORS8457-mIgG1 PDGFRf-ECD-hIgG1”
isoform k, M s7h) kd (s7) Kp (pM) k, M7 s7h) kd (s7*) Kp (pM) k, (M7's7Y) kd (s) Ky (pM)
hBB 1.27 X 107 3.62 x 107 28 1.12 X 107 NA“ <10 3% 107 4x107* 13+5
mBB 2.95 x 107 293 x 107 10 248 x 107 NA“ <10 6.3 X 107 1.1 x 107* 2+1
BB 1.77 X 107 447 x 107* 25 1.42 X 107 NA“? <10 4% 107 14 x 107+ 4+1
hAB 0.65 x 107 450 x 107* 69 0.59 x 10’ NA“? <10 no binding
hDD no binding no binding 3 x 107 42 x 107+ 16 + 1

“K,g could not be accurately measured (below instrument limit). *Data for PDGFRB-ECD-hIgG1 werethe average of two independent experiments.
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Figure 1. Sensorgrams of binding kinetics of MOR8457 and PDGFRp-ECD-hIgGl to different PDGFs. MOR8457-hIgGl (A—D), MOR8457-
mlgGl (E-H), or PDGFRS-ECD-hIgGl (I-L) were captured by antihuman (A—D, I-L) or antimouse (E—H) IgG antibodies immobilized on
CMS sensor chips. Different concentrations of each PDGF protein (0.25, 0.5, and 1 nM) were injected over the surface with the exception that only
0.5 nM and 1 nm of human PDGF-AB was injected to the surface of MOR8457-hIgG1 (D). The determined binding affinities are listed in Table 3.
MORB8457-hIgG1 and MOR8457-mIgG1 showed low pM binding affinities to human, mouse, and rat PDGF-BB, which were comparable with those
of PDGFRp-ECD-hIgG1 binding. MOR8457 bound to PDGF-AB but not PDGF-DD, in contrast, PDGFRS-ECD-hIgG1 bound to PDGF-DD but
not PDGF-AB. MOR8457-hIgGl (A—D) and MOR8457-mIgG1 (E—H) showed a similar on-rate to each PDGF protein; however, MOR8457-
mlgGl (E—H) showed slower off-rates than MOR8457-hIgG1. The off-rates of MOR8457-mIgG1 were outside the limit of the instrument and
estimate the Kp, to be less than 10 pM.

for a series of log [B] antagonist concentrations were plotted negligible compared with PDGFRA-ECD-hIgGl and

and the pA, value determined by extrapolation. MORS8457 was able to bind to human PDGF-AB (Table 3).
The functional properties of MOR8457 were determined by

B RESULTS evaluating the effect of increasing concentrations of MOR8457-
Identification and Functional Properties of MOR8457. higGl and PDGFRfA-ECD-IgGl on PDGF-BB induced

MORS8457 was identified by screening a MorphoSys HuCAL proliferation of human renal mesangial cells. Both MOR8457-
GOLD phagemid library> for Fabs that specifically bound and hIgGl and PDGFRS-ECD-hIgGl induced a characteristic
neutralized PDGF-BB. The VH domains of the MOR8457 Fab rightward shift in the PDGF-BB concentration response
were grafted onto mouse wild type IgG1 and human Fc effector curve, indicative of competitive antagonism (Figure 2). The
null IgGl heavy chain constant domains, to generate resultant Schild analysis indicated that MOR8457-hIgG1 and
MOR8457-mIgGl and MORS8457-hlgG1 respectively. The PDGFRB-ECD-hIgG1 were able to inhibit cell proliferation
VL domains were similarly grafted on to orthologous kappa with Ky values of 29 and 5S pM respectively (Figure 2).

light chain backbones. Binding Properties and Stoichiometry of Binding of

The binding properties of MOR8457-mIgGl and MOR8457. While the Schild analysis suggested that
MOR8457-hIgG1 for PDGF were compared with a recombi- MORB8457-hIgGl and PDGFRpB-ECD-hIgGl had a similar
nantly expressed PDGFRS-ECD-hIgG1 Fc fusion protein by mode of action, the pattern of binding to different PDGFs
surface plasmon resonance by BlAcore (Table 3 and Figure 1). suggested that the binding modes of MOR8457 and PDGFRp-

The binding affinities of MOR8457 and PDGFRS-ECD-hIgG1 ECD-hIgG1 were different. To explore this in more detail, the
for human and rodent PDGF-BB were highly comparable. In stoichiometry of binding was assessed biophysically by surface
contrast, the binding of MORS8457 for PDGF-DD was plasmon resonance using BIAcore. For this, MOR8457-mIgG1
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Figure 2. Concentration-dependent, competitive inhibition of human mesangial cell proliferation by MOR8457-hIgG1 and PDGFRS-ECD-hIgGl.
The effects of increasing concentrations of MOR8457-hIgG1 (0.01, 0.1, 1, and 10 nM) (A) or PDGFRfS-ECD-hIgG1 (B) on the concentration
response curve of PDGF-BB were tested on human mesangial cell proliferation. Antagonists were mixed with PDGF-BB and incubated for 2.5 h at
25 °C before adding to the cells. Cell proliferation assay was performed as described in Experimental Procedures. Curves shifted to the right with the
increased concentration of MOR8457-hIgG1 or PDGFRB-ECD-hIgG1. The extent of the inhibition was surmountable at high concentrations of
PDGF-BB, a feature of competitive and reversible inhibition. Schild analysis was performed. Schild regressions of MOR8457-hIgG1l (C) or
PDGFRf-ECD-hlgG1 (D) are represented. The average calculated pA, from two independent experiments was 29 pM for MOR8457-hIgG1 and 5SS
pM for PDGFRB-ECD-hIgG1. The graphs are a representative from two independent experiments.

was first immobilized on the CMS chip and human PDGF-BB
bound to form a complex. This complex was then further
interrogated by further injection of either MOR8457-hIgG1 or
PDGFRp-ECD-hIgG1l. MOR8457-hIgG1 was able to bind the
MOR8457-mIgG1/PDGF-BB complex, but PDGFRS-ECD-
hlgG1 was not (Figure 3A). These data suggested that one
PDGF-BB dimer binds to two MORB8457 antibody molecules,
in contrast to PDGFRf, where the PDGF binding site is
formed from chains in adjacent receptor molecules.* To
confirm whether the binding of PDGF-BB to MORS8457
induced a conformational change in PDGF-BB which rendered
the ligand incapable of binding PDGFRJ, a single chain version
of PDGFRf-ECD-hIgGl, termed Fab-hlgG1-PDGFR(D1-D3),
was tested for binding on preassembled MOR8457-hIgGl-
PDGEF-BB. This single chain version bound to PDGF-BB with
less, but measurable, affinity than PDGFRS-ECD-hIgG1 (K,
528 pM (Figure 3C) cf 13.5 pM (Table 2)), but this variant
had no significant binding affinity for the MOR8457-hIgG1/
PDGF-BB complex indicating that MOR8457 either sterically
blocks the binding of PDGF-BB to PDGFRJ or stabilizes a
nonpermissive conformation in the second PDGF-B chain
(Figure 3B).

Structure of MOR8457-PDGF-BB Complex. MORS8457-
PDGF-BB crystals gave synchrotron diffraction to 2.3 A (Table
1, Supplemental Figure 1, Supporting Information). The overall
architecture of the complex reveals a two-site binding mode, in
which one PDGF-BB ligand is trapped between two MOR8457
Fab molecules (Figure 4). The structure of PDGF-BB in this
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complex is similar to the previously reported structures®*>* and
has a covalently linked dimer structure, with an anti-parallel 3-
sheet at the center and three loops at the dimer far ends, L1,
L2, and L3. The binding of MORS8457 to each of these ends
separates the C-termini of the two Fabs by as much as 190 A,
giving an elongated geometry to the complex (Figure 4). This
imposes spatial constraints on binding partners, and, in
agreement with the BlIAcore studies (Figure 3), confirmed
that the binding stoichiometry of the MORS8457-PDGF-BB
complex is 2:1; i.e., two molecules of MOR8457 bind to each
PDGE-BB.

Antigen—Antibody Interface and Its Charge Comple-
mentarity. The binding of MOR8457 follows the approximate
2-fold symmetry of the PDGF-BB-dimer, creating two
interacting surfaces and hence the two symmetrical epitopes
on the ligand surface. As both binding surfaces involve similar
interactions, the analysis described below will refer to the
epitope that involves the antibody chains H and L and the
ligand protomers C and D.

The CDRs on the surface of the antibody create a wide cleft,
roughly the shape of a triangle, harboring the three PDGF-BB
loops L1, L2, and L3 (Figure 4). A total of 39 amino acid
residues participate in the interface, based on the fact that they
are less than 4 A apart (Table 2), with 17 residues coming from
PDGF-BB and 22 residues from the MORS8457 Fab. The
PDGEF-BB residues that appear to be essential for binding to
the antibody are contributed by both PDGF-BB chains, with
87% of the interactions coming from L1 and L3 of one chain,
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Figure 3. Delineation of binding mode of action of MOR8457 to
PDGF-BB by surface plasmon resonance using BIAcore. MOR8457-
mIgGl was captured via antimouse IgG immobilized onto a CMS
sensor chip (Inject 1). Human PDGF-BB was injected to reach the
surface saturation (Inject 2), followed by injection of (A) MORS8457-
hIgG1 (Cycle 1, Inject 3, black line), or PDGFRB-ECD-hIgG1 (Cycle
2, Inject 3, gray line), or buffer (Cycle 3, Inject 3, dash line), or (B)
MOR8457-hIgG1(Cycle 1, black line) or Fab-hIgG1-PDGFR(D1-D3)
(Cycle 2, gray line). (C) shows that Fab-hIgG1-PDGFR(D1-D3), can
bind free PDGF-BB with a Kp value of 528 + 28 pM. Neither
PDGFRS-ECD-hIgG1 (A) nor Fab-hlgG1-PDGFR(D1-D3) (B) were
able to bind to preassembled MOR8457-mIgG1/PDGF-BB complex
on the chip suggesting that the MORB8457 binding sites competed with
the PDGFR/ binding sites. In contrast, MOR8457-hIgG1 bound to
preassembled MORB8457-mIgG1/PDGEF-BB complex suggesting that
one PDGF-BB dimer bound to two MOR8457 molecules as illustrated
in the diagram. Data are one representative of at least two independent
experiments.
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with the largest contribution from L3, and the remaining 13%
coming from L2 of the other chain. Residues essential for
MORB8457 binding to the antigen are contributed by all CDRs,
except CDR-H1, and with the largest contribution coming from
CDR-H3 (Table 2).

Numerous favorable interactions stabilize this complex
formation, including hydrophobic and polar aromatic ring
interactions, and 14 hydrogen bonds. The most striking feature
of the interface is the high charge complementarity between the
two binding partners: one with the CDR surface mainly
negatively charged (Figure SA) and the other positively charged
(Figure SB), in contrast to the PDGFRS-PDGF-BB interface. 4

Structural Basis for Inhibition of PDGFRf Binding. The
BIAcore studies indicated that the MOR8457 bound
conformation of PDGF-BB may be different from the
PDGFRp-bound complex as MOR8457-PDGF-BB was able
to bind MORS84S57, but not PDGFRf (Figure 3B). We
evaluated the structural basis for this difference and noted
that, as well as blocking PDGFRf activity by occupying a
similar binding site on PDGF-BB, MOR8457 had an effect on
ligand conformation. The most notable change in PDGF-BB
upon MORS8457 binding is the pronounced bending of the
dimer compared with the more flattened forms seen in its free
and receptor bound states (Figure 6A). Importantly, the
resulting bend in the structure of PDGF-BB sterically obscures
the PDGFRf-binding epitope. The crystal structures of PDGF-
BB have been previously reported alone,” in complex with the
PDGFRS** or in complex with a synthetic aptamer.* In the
unligated state, the L1 loop is completely disordered, while the
structures of L2 and L3 fall within the range of conformations
observed in the ligand-bound states. Superimposing the
structure of the PDGF-BB molecule as observed in our
structure (black) onto the conformations seen in the unbound
state (green), in bound states with PDGFRf (red) and aptamer
(blue) indicated considerable displacement (bend and twist) in
the PDGF-B structure relative to one another (Figure 6B,C).
The displacements result in root-mean-square deviation
(rms.d.) values of 0.59 A (for 131 Ca-pairs, black-green),
0.74 A (for 134 Ca-pairs, black-red), and 1.62 A (for 147 Ca-
pairs, black-blue) for each of the structures, respectively. The
differences in r.m.s.d. are due mainly to variations in L3 loop
orientations relative to the PDGF-BB 2-fold axis, with the
highest deviations at the tip of the loop, the Ca-position of Arg
79 (Figure 6C). Calculating the displacement of the PDGF-BB
Arg 79 Ca atom in the MOR8457 structure compared with
PDGF-BB alone and in its PDGFRf bound state indicated a
21.8° bending angle and 10.5 A bending distance difference in
the PDGF-BB structure between MOR8457 and PDGFRf
bound states (Figure 6C). Thus, the effect of MOR84S7
inhibition could be both blocking the PDGF-BB binding
directly and stabilizing a PDGF-BB conformation that is
incompatible with the receptor binding. These structural
observations were entirely consistent with the BIAcore
observations (Figure 3).

MOR8457 Specificity. The observed MOR8457-PDGF-BB
complex structure and its comparison with the PDGFRf-bound
PDGE-BB** suggested that MOR8457 antagonizes PDGFRf
by directly competing with the receptor for the same binding
determinants. Indeed, superposition of the MOR8457-PDGF-
BB complex and the PDGF-BB-PDGFRf complex reveals that
the antibody and the receptor compete for the same binding
locus of PDGF-BB, but in different binding modes (Figure 7).
The two overlapping positions are both centered at the L3
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Figure 4. Structure and geometry of the MOR8457-PDGF-BB complex. The ligand dimer bound to two Fab molecules is shown in yellow and
orange ribbons, and the Fabs in blue and green ribbons. L1, L2, and L3 are the three loops on each of the ligand chains that are part of the epitope
recognized by MORS8457. The value of 190 A indicates the distance between the C-terminal ends of the two Fab molecules.

MOR-8457

PDGF-BB
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Figure 5. MOR8457-PDGE-BB interface. Two representations of the interaction illustrating its charge complementarity. (A) Electrostatic surface
potential of the MOR8457 paratope, with the PDGF-BB epitope in yellow and orange ribbons. (B) Electrostatic surface potential of the PDGF-BB
epitope, with the MORB8457 paratope in blue ribbons. Both surfaces are colored according to electrostatic potential ranging from most negative —60
kT/e (red) to most positive +60 kT/e (blue), where k is the Boltzmann constant and T is the absolute temperature. The acidic and the
corresponding basic residues that contribute to the charge complementary are shown as a ball-and-stick model.

loop, but tilted at a right angle with respect to each other.
These differences in the receptor and antibody positions may
account, as discussed in detail below, for the narrow selectivity
of MORB8457 for the PDGF-BB isoform and for the ability of
PDGFRJ to bind both PDGF-BB and PDGF-DD isoforms.

B DISCUSSION

The family of platelet-derived growth factors (PDGF-A, -B, -C,
and -D) plays an important role in embryonic development,
vascular and tissue remodeling as well as the proliferation of
endothelial cells, fibroblasts, and smooth muscle cells. The
ligands function as highly homologous disulfide dimers, binding
to specific PDGF receptor pairs to facilitate dimerization and
tyrosine kinase activity. The role of the pathway in human
health and disease has been exemplified by numerous
expression studies and experimental assessments. Of these,
PDGF-BB has been demonstrated to be unregulated in number
of malignant and fibrotic conditions.'”"""*%77%° These
observations have also been followed up experimentally with
small molecule tyrosine kinase inhibitors, antisense, aptamers,
and blocking antibodies'”*%2%3"3*3%36 in 3 number of different
preclinical fibrosis models, indicating specific PDGF-B blockade
may have therapeutic benefit. Consequently, there is tremen-
dous interest in selective PDGF-B approaches, and the

1925

development of such therapies would benefit from detailed
structural analyses to help support confidence in rationale and
PK/PD modeling.54’6o

Here we have described the identification and pharmaco-
logical characterization of MORB8457, a highly potent and
selective blocking PDGF-BB monoclonal antibody. In binding
and functional assays measuring the effect of MOR8457 on
PDGF-BB-induced cell proliferation, MOR8457 was demon-
strated to bind reversibly and competitively (Figure 2 and
Table 3). Supporting these functional credentials, preliminary
efficacy studies have further indicated that MOR8457-mIgGl
dose dependently blocks hepatic stellate cell proliferation and
liver fibrosis in a rodent model.®® Taken together, these data
support the therapeutic rationale of utilizing MOR8457 for liver
fibrosis as well as other fibrotic conditions.

We extended these pharmacological and biophysical assess-
ments to also describe the structure of the MOR8457-PDGF-
BB interaction, its stoichiometry, the specificity, and compared
with other PDGF-BB structures, the difference in conformation
that PDGF-BB adopts on MORS8457 binding to obscure
PDGFRJ ligation. Both biophysical characterization and
structural determination have indicated that two MOR8457
molecules bind to one PDGF-BB, with high affinity; however,
the binding of one MOR8457 molecule appears to be sufficient
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Figure 6. Comparison of the MOR8457 bound PDGF-BB dimer with existing PDGF-BB structures. (A) Ribbon diagram showing overlay of the
MORS8457-PDGF-BB complex (blue, green, and yellow-orange, respectively) on top of the PDGFRf -PDGF-BB complex (PDGFRf in gray and
PDGF-BB omitted for clarity). The superposition, based solely on the PDGF-BB dimer, illustrates that MOR8457 uses the same L1, L2, and L3
binding determinants on PDGF-BB as PDGFR. (B) Ca trace diagram showing overlay of the PDGF-BB structures in the MOR-8457 bound form
(black, pdb ID = 4QCI), the receptor bound form (red, pdb ID = 3MJG), the aptamer-bound form (blue, pdb ID = 4HQX), and the free,
unliganded form (green, pdb ID = 1PDG). In each structure the PDGF-BB dimer follows an approximate 2-fold rotational symmetry, except for the
aptamer-bound PDGF-BB, where a perfect (crystallographic) 2-fold axis, shown as the vertical line, relates the two PDGF-B subunits. The overall
similarity with the previously reported structures is apparent, as is the substantial but localized changes in the loop regions for each of the subunits.
(C) The displacement of loop 3 calculated as bend d (angstroms) and a bending angle, twist & (degree) relative to its respective positions in the

other structures. The same coloring scheme is used as in (B).

to block binding to PDGFRf from these studies (Figure 3).
Complex formation appears to be strongly driven by electro-
static steering (Figure S), and both the steric determinants in
the longer L3 loop of PDGF-D and electrostatic surfaces
contribute to the exquisite selectivity for PDGF-BB over the
related PDGF-DD. Various studies have shown that a strong
electrostatic surface complementarity in protein—protein
interactions enhances the association rate constant by forming
of a transient encounter complex before the final high affinity
complex is formed.®" In agreement with this concept, the
association rate constants (K,,) between MORS8457 and
PDGF-BB were found to be fast from the binding kinetics
measured by surface plasmon resonance (Table 3).

There is remarkable similarity in the structure of the central
p-strands of the free PDGF-BB, PDGFRf-bound PDGEF-BB,
and the MOR8457 bound PDGF-BB (Figure 7B). However,
the BIAcore biophysical characterization suggested that
occupying one binding site on PDGF-BB by MOR8457 was
sufficient to block PDGFRf binding to the other half of the
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ligand dimer. A number of crystal structures of PDGF-BB have
been previously reported either alone, in complex with
PDGFRA** or a synthetic aptamer.’® The overall folding
pattern of PDGF-BB in these structures is maintained, but the
conformation of the residues located in three loop regions L1,
L2, and L3 differs substantially for each of the two subunits
(Figure 6). This is not surprising, as growth factor binding and
function are primarily driven through interactions at these
loops (Figure 6A). In the unligated state, the L1 loop is
completely disordered, while the structures of L2 and L3 fall
within the range of conformations observed in the ligand-
bound states. Superimposing the structures of PDGF-BB
around the Ca-position of Arg 79 in these different complexes
indicated a marked bending and twisting of the ligand between
these different states (Figure 6B,C). For MORS8457 bound
PDGEF-BB, the displacement of the PDGF-BB Arg 79 Ca atom
was a —21.8° difference in the bending angle and —10.5 A
difference in the bending distance difference compared with
PDGE-BB in its PDGFRpS bound state. This significant
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Figure 7. Structure-based homology modeling of PDGF-DD and comparison with existing PDGF-BB structures. (A) Amino-acid sequence
alignment between PDGF-B and the growth factor domain of PDGF-D, the two sharing ~25% sequence identity. Alignment was performed with
Clustal- W* and manually adjusted to satisfy cysteine pairs that form disulfides in PDGE-BB. Residues that are strongly conserved between PDGF-B
and PDGEF-D are painted in red, with the conserved cysteines highlighted in yellow and the two extra cysteines in PDGF-D highlighted in green. The
PDGFRf and MORS8457 binding elements on PDGF-B, L1, L2 and L3, are underlined and labeled. (B) Ribbons model of the PDGF-DD dimer.
The model was built with Modeler™ using the structure of PDGE-BB as a homologous crystal template. Dimer disulfides are shown as a ball-and-
stick model, with eight conserved disulfides in orange-yellow and two new disulfides in green. Asterisks denote ligand dimer partner. (C) Overlay of
the PDGF-DD dimer (wheat) on top of the PDGF-BB dimer (yellow-orange) bound to MOR8457 (blue). The view illustrates that the longer loop
L3 insertion in PDGF-D would create steric hindrance, thus a barrier to MOR8457 binding. (D) Overlay of the PDGF-DD dimer (wheat) on top of
the PDGF-BB dimer (yellow-orange) bound to PDGFRf (gray). The view illustrates that the longer loop L3 insertion in PDGF-D would not
introduce steric hindrance to PDGFRJ binding.

distortion in PDGF-BB structure observed in the MOR8457 (Figure 7B) and of PDGFRA-PDGF-DD complex (Figure 7D),
bound state we believe strongly supports the biophysical data we have concluded that the mode of interaction with the L3
and the hypothesis that MOR8457 binding to PDGF-BB both loop is probably the key factor that defines the difference in
directly impairs PDGFRf binding and introduces sufficient their binding capacities to PDGF-DD (Figure 7C,D).

steric constraint in PDGF-BB to indirectly impair PDGFRf While this is the first structural analysis of PDGF-B blocking
binding as well. How does the binding of one antibody binding antibody bound to PDGF-BB, the structural and biophysical
site to the PDGF-BB dimer appear to be sufficient to prevent insights have increased our knowledge of the nature of
receptor binding to the other site is an important consideration. PDGFR/ agonism and antagonism that might be important
If one considers that there is considerable conformational in the development of selective modulators of the PDGFRS
flexibility in ) the ligand, then one possibility is that' Whefl axis, for instance, in the development of bispecific mAbs where
MOR8457 binds to one monomer of the PDGF-BB dimer, it inhibition of activity is conferred by the binding of one Fab

proceeds through a co-operative change in conformation across arm. Furthermore, that the binding of one MOR84S7 molecule
the entire dimeric structure, communicating this binding event ) !
’ 8 8 is sufficient to fully antagonize the effects of PDGF-BB on

t(})l the secoln d smmetrlcal bm.d ing site. Such co—operat}ve PDGFRf will be important in the development of a PK/PD
changes could provide synchronized conformational sampling o ) )
model to help facilitate the selection of doses and dosing

enhanced by the intrinsic disulfide tether between the two ) o
monomers, suggesting that the two binding sites in the PDGF- frequency for experimental evaluations.
BB dimer are in fact a pair of coupled and coregulated receptor
recognition sites. By locking out a nonreceptor competent B ASSOCIATED CONTENT
conformation on one monomer the antibody effectively locks
out the corresponding conformation on the other monomer.
These observations complement others, especially in the IL-6
and HER-2 space,>®® which indicates that there is remarkable
conformational freedom in antibody—ligand interactions, in the
antibody as well as the target protein, and that in the process of
antibody selection it is possible to select an antibody, illustrated B AUTHOR INFORMATION
here by MORS8457, that is able to trap a PDGF-BB
conformation that is not permissive for receptor ligand binding.
With the aid of (1) a structure-based sequence alignment
between PDGF-B and the growth factor domain of PDGF-D Author Contributions
(Figure 7A) and (2) homology-based 3D-models of PDGF-DD #These authors (JX. and L.M.) contributed equally.
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