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Abstract Sphingosine-1-phosphate (S1P) is a pleiotropic
bioactive lipid involved in multiple physiological processes.
Importantly, dysregulated S1P levels are associated with sev-
eral pathologies, including cardiovascular and inflammatory
diseases and cancer. This report describes the successful
production and characterization of a murine monoclonal
antibody, LT1002, directed against S1P, using novel immuni-
zation and screening methods applied to bioactive lipids.
We also report the successful generation of LT1009, the hu-
manized variant of LT1002, for potential clinical use. Both
LT1002 and LT1009 have high affinity and specificity for
S1P and do not cross-react with structurally related lipids.
Using an in vitro bioassay, LT1002 and LT1009 were effec-
tive in blocking S1P-mediated release of the pro-angiogenic
and prometastatic cytokine, interleukin-8, from human ovar-
ian carcinoma cells, showing that both antibodies can out-
compete SI1P receptors in binding to SI1P. In vivo
anti-angiogenic activity of all antibody variants was demon-
strated using the murine choroidal neovascularization
model. Importantly, intravenous administration of the anti-
bodies showed a marked effect on lymphocyte trafficking.
The resulting lead candidate, LT1009, has been formulated
for Phase 1 clinical trials in cancer and age-related macular
degeneration.lll The anti-S1P antibody shows promise as a
novel, firstin-class therapeutic acting as a “molecular
sponge” to selectively deplete S1P from blood and other
compartments where pathological S1P levels have been im-
plicated in disease progression or in disorders where im-
mune modulation may be beneficial.—O’Brien, N., S. T.
Jones, D. G. Williams, H. B. Cunningham, K. Moreno, B.
Visentin, A. Gentile, J. Vekich, W. Shestowsky, M. Hiraiwa, R.
Matteo, A. Cavalli, D. Grotjahn, M. Grant, G. Hansen, M-A.
Campbell, and R. Sabbadini. Production and characteriza-
tion of monoclonal anti-sphingosine-1-phosphate antibod-
ies. J. Lipid Res. 2009. 50: 2245-2257.
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Sphingosine-1-phospate (SI1P) is a bioactive lysophos-
pholipid signaling molecule that serves important roles in
normal development and physiological processes, includ-
ing modulating the immune, cardiovascular, and central
nervous systems (1-4). SIP is a key player in the sphingo-
lipid signaling cascade and is produced from ceramide
(CER) and sphingosine (SPH) through the action of
sphingosine kinase (SPHK). While CER and SPH are in-
tracellular promoters of apoptosis, SIP has opposite ac-
tion and, in general, protects cells from apoptotic stimuli.
Several experimental findings from independent research
groups implicate SIP as a key mediator of multiple survival
and growth-promoting pathways (5). The extracellular
functions of S1P are initiated by the binding of the bio-
active lipid to a set of five G protein-coupled receptors
(GPCRs) belonging to the S1P receptor family (6). The bal-
ance between CER/SPH levels versus S1P provides a rheo-
stat that determines whether a cell is sent into the death
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pathway or, alternatively, is protected from apoptosis
(7-9). The key regulator of this rheostat is the kinase,
SPHKI1, which produces S1P for export and for autocrine
and paracrine functions mediated by the cognate SIP re-
ceptors expressed on the surfaces of cancer, endothelial,
and other cells. Interestingly, several types of human can-
cers exhibit increased expression of SPHKI1 (10, 11) with a
consequent dysregulation of S1P production and tumor
progression (12, 13).

We postulate that effective treatment of these types of
cancer necessitates a return to the appropriate balance of
sphingolipid levels. This therapeutic strategy would de-
prive tumors of the growth promoter, S1P, and favor levels
of the pro-apoptotic sphingolipids, SPH and CER. Fortu-
nately, several intervention points exist for a sphingolipid-
based therapeutic that allows for regulation of the rheostat.
Most of these intervention points are protein targets, typi-
cally enzymes involved in the sphingolipid signaling cas-
cade, the most prominent of which is SPHKI. Ideally,
small molecule inhibitors of this enzyme would not only
prevent the production of S1P but also shift the sphingo-
lipid balance in favor of CER and SPH creating an oppos-
ing and balancing rheostat effect that could mitigate
pathophysiological conditions induced by elevated S1P
levels (14). However, small molecules demonstrate many
pharmacokinetic, distribution, and toxicology problems
that must be overcome before their therapeutic utility is
established. Alternatively, the SIP receptors are consid-
ered to be points of potential therapeutic intervention (6)
with small molecules, such as the S1P analog, FTY720
(Fingolimod), which is in clinical trials for multiple sclero-
sis (15, 16). However, this approach is complicated by the
existence of at least five S1P-specific receptors that have
overlapping functions and are differentially expressed by
cells and organs.

One innovative approach for the treatment of cancer
and other diseases includes the systemic administration
of monoclonal antibodies (mAbs) to act as “molecular
sponges” to neutralize extracellular tumor-promoting
growth factors or cytokines, thus effectively lowering their
bioavailability. Two such examples currently in use are: be-
vacizumab (Avastin®), which absorbs the pro-angiogenic
growth factor, vascular endothelial growth factor; and
adalimumab (Humira®) or infliximab (Remicade®), which
neutralize the pro-inflammatory cytokine, tumor necrosis
factor-a. We hypothesize that in diseases associated with
S1P upregulation such as cancer, an anti-S1P antibody mo-
lecular sponge could lower the bioavailable SIP in the ex-
tracellular space to prevent ligand occupancy of, and
signaling by, S1P receptors expressed on the target cancer
cells.

The production of an antibody directed against a small
(<400 Da) lipid such as SIP is a difficult and complex pro-
cess. To date, there have been few successful attempts to
produce functional antibodies to bioactive lipids with the
high affinity and specificity necessary for diagnostic and
therapeutic uses. In this report, we describe a method for
the generation of antibodies against small bioactive lipids,
such as S1P, a technology that employs thiolated lipid ana-
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logs as a key component of the hapten used for both the
immunization step and the antibody detection and po-
tency assays. We generated, isolated, and characterized the
first monoclonal IgG (LT1002) directed against bioactive
S1P. This murine antibody also forms the basis of an ELISA
that shows utility as a research tool to measure SIP in bio-
logical samples such as blood. We report here that LT1002
has been successfully humanized and optimized by com-
plementarity determining region (CDR) grafting sup-
ported by intelligent design framework mutagenesis. This
humanized version, LT1009, is a therapeutic candidate for
treatment of patients with cancer or ocular diseases. More-
over, we show that both LT1002 and L.T1009 can block the
SI1P-mediated release of interleukin-8 (IL-8) from human
ovarian cancer cells (SKOV3) and that both demonstrate
robust anti-angiogenic activity in the choroidal neovascu-
larization (CNV) model of age-related macular degenera-
tion (AMD) as well as disruption of lymphocyte trafficking
when given intravenously. Together with other efficacy
data previously published (17, 18), our results support the
use of the humanized version of the anti-SIP mAb for
Phase 1 trials in cancer and AMD.

MATERIALS AND METHODS

Materials

All lipids described in this report were obtained from Avanti
Polar Lipids (Alabaster, AL; for lipid nomenclature, see footnotes
and Table 3). Fatty acid esters were obtained from Sigma-Aldrich
(St. Louis, MO). Normal mouse and human sera were obtained
from Equitech-Bio (Kerrville, TX) and Golden West Biologicals
(Temecula, CA), respectively. Succinimidyl-4-(/N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC), N-hydroxysulfosuccinimide,
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride
(EDC), and m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester
(sulfo-MBS) were purchased from Pierce Chemicals (Rockford,
IL). A murine anti-S1P IgM (catalog no. 274042034) was ob-
tained from Cosmo Bio Co. (Tokyo, Japan), and an isotype-
matched nonspecific murine antibody (NS Ab) was purchased
from Strategic Biosolutions (Newark, DE). A nonspecific human
antibody was purchased from Jackson ImmunoResearch (West
Grove, PA). Tumor cell lines were obtained from the American
Type Culture Collections (ATCC; Rockville, MD). RPMI 1640
and a MEM media were obtained by Invitrogen (Carlsbad, CA).
McCoy’s ba medium with 1-glutamine, penicillin/streptomycin,
sodium bicarbonate, PBS without calcium and magnesium (1x
PBS), and 0.25% trypsin/EDTA solutions were purchased from
Mediatech (Manassas, VA). FBS was obtained from multiple
sources (Invitrogen, Mediatech, and Hyclone). Fatty-acid-free
BSA was purchased from Calbiochem (San Diego, CA). The
mouse monoclonal antibody isotyping kit (IsoStrip) was obtained
from Roche Applied Science (Indianapolis, IN).

Synthesis of sphingolipid analogs and conjugates

An analog to p-erythro-S1P was synthesized to contain a sulfhy-
dryl group on the C18 terminal carbon of the hydrocarbon chain
capable of cross-linking to either protein carriers or to the Bia-
Core chip. Organic synthesis of the thiolated derivatives is de-
scribed elsewhere (D. Grotjahn, unpublished observations). For
immunization, the thiolated S1P analog was conjugated to key-
hole limpet hemocyanin (KLH) or to fatty-acid-free BSA via
SMCC (Pierce/Thermo Fisher Scientific) using protocols recom-
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mended by the manufacturer. SMCC is a heterobifunctional
cross-linker that reacts with primary amines and sulfthydryl groups
to form stable amide and thioether bonds. Thiolated S1P (50 p.l,
25 mg/ml in DMSO) was combined with SMCC-activated KLH
or BSA (400 ul, 10 mg/ml in PBS) and incubated for 2 h at
room temperature. The reaction mixture was then applied to a
protein-desalting spin column (Pierce, Thermo Fisher Scientific)
equilibrated with PBS to obtain lipid-SMCC-BSA conjugate.
Alternatively, the thiolated S1P was coupled to KLH via an iodo-
acetyl aminobenzoate (IOA) linker. For this conjugation, the
IOA spacer was introduced to fatty-acid-free BSA using N-sulfo-
succinimidyl [4-iodoacetyl] aminobenzoate. Fatty-acid-free BSA
(250 wl, 10 mg/ml) and Nsulfosuccinimidyl [4-iodoacetyl] amino-
benzoate (25 pl, 7 mg/ml) were combined and incubated for 30
min at room temperature. The thiolated lipid (30 wl, 25 mg/ml
in DMSO) was combined with the purified IOA-BSA (240 w1, 8-9
mg/ml) and incubated for 1 h at room temperature. The result-
ing lipid-IOA-BSA conjugate was purified using protein desalting
spin column as described. The protein concentration was ad-
justed to 2 mg/ml based on A280 determination using BSA and
KLH as standard.

Murine antibody production

Briefly, Swiss Webster or BALB/c mice were immunized four
times over a 2 month period with 50 pg of SIP-SMCC-KLH with
Freunds’ adjuvant. Immunization was performed at Strategic Bio-
Solutions (Newark, DE) under a protocol approved by the Insti-
tutional Animal Care and Use. S1IP-IOA-KLH or S1P-IOA-BSA
immunogens were also tested as immunogens. Serum samples
were collected 2 weeks after the second, third, and fourth immu-
nizations and screened by direct ELISA for anti-S1P antibody
(see below). Of the 55 mice immunized, eight animals showed
significant serum titers of antibodies to S1P. Spleens from mice
that displayed high antibody titers were subsequently used to
generate hybridomas using standard spleen cell/myeloma fusion
and selection procedures. The resulting monoclonal hybridomas
were grown to confluency and the cell supernatants collected for
ELISA analysis. One hybridoma performing especially well (clone
306D326.26) was deposited with the ATCC (safety deposit stor-
age number SD-5362) and represents the first murine IgG di-
rected against S1P (referred to as LT1002 or SphingomabTM). The
clone contains the CDRs used to generate humanized antibody
LT1009 (Sonepcizumab™).

For production of LT1002 as ascites (125 ml), 50 severe com-
bined immune deficiency mice were injected intraperitoneally
with the LT1002 clone. LT1002 was purified by Protein A affin-
ity chromatography, yielding 429 mg of IgG. Endotoxin con-
tamination was <3 EU/mg in tests performed by Cambrex (East
Rutherford, NJ). LT1002 was determined to be IgG kappal iso-
type using the Roche IsoStrip kit and >95% pure by analytical
HPLC. Purified antibody was dialyzed into 20 mM sodium
phosphate, 150 mM sodium chloride at pH 7.2 and stored at
-70°C.

Design of the humanization of the anti-S1P mAb

LT1002 was humanized by grafting the mouse CDRs into hu-
man framework regions (FRs) (19, 20). The Kabat definition of
CDRs was used (21, 22). Human FR sequences were selected
from the International Immunogenetics and Kabat databases
based on sequence identity with LT1002 and using the sequence
analysis program SR v7.6 (supplied by Steve Searle; Wellcome
Trust Sanger Institute, Cambridge, UK). Sequences with high
identity at vernier (23), canonical (20), and V-V; interface (22)
residues were selected. Human FRs with fewest nonconservative
differences at these positions, and with matching CDR lengths
(except CDR H3), were considered for use in humanization.

Human V; and Vy sequences, AY050707 and AJ002773, respec-
tively, were selected as acceptor FRs for the mouse LT1002
CDRs. As a result of expression and antigen binding analysis of
a number of variant Vi sequences, FR residues 2, 27, 37, 48, 67,
and 69 were substituted with the equivalent residues in LT1002.
Similarly, Vi, FR positions, 4, 36, 49, 64, and 67 were replaced
with the equivalent residues in LT1002. In addition, a C residue
located in CDR2 of the heavy chain was substituted with A, G, S,
or Fin an effort to protect the humanized variants from C oxida-
tion. The mutation to A was chosen for further studies. These
variants were expressed, as whole IgG, together with the human-
ized light chain containing either three or five back mutations.
All the lead humanized variants were compared by BiaCore af-
finity analysis, by antigen binding specificity and potency by
ELISA, and by antigen binding stability to elevated temperature
challenge.

Generation of the humanized antibody variants

The heavy and light chain variable regions of LT1002 were
cloned and expressed as a whole chimeric IgG,K antibody. The
antigen binding potency of this chimeric antibody validated the
determined DNA sequences of LT1002. Subsequently, the Kabat
CDRs (1, 2, and 3,) from LT1002 Vi and V; were grafted into the
acceptor frameworks of AJ002773 and AY050707, respectively.
Table 1 defines the numerical descriptions for the various anti-
body forms. The humanized variants were transiently expressed
in HEK 293 cells in serum-free conditions, their antigen binding
potency was measured by ELISA, and their affinity was analyzed
by BiaCore.

Mouse antibody cloning, mutagenesis, and antibody
expression and purification

Anti-SIP hybridomas were grown in DMEM (with GlutaMAX ™
I), adjusted to contain 4.5 g/L p-glucose, sodium pyruvate, 1x
glutamine/penicillin/streptomycin (Gibco/Invitrogen, Carlsbad,
CA), and 10% FBS (Fetal Clone I; Perbio Science/Thermo Scien-
tific). Total RNA was isolated from 107 hybridoma cells using a
procedure based on the RNeasy Mini kit (Qiagen, Valencia, CA).
Total RNA was used to generate first-strand cDNA following
the manufacturer’s protocol (first-strand synthesis kit from
Amersham Biosciences, Piscataway, NJ).

The mouse immunoglobulin heavy chain variable region
(VH) cDNA was amplified by PCR using the MHV7 primer
(MHV7; 5 ATGGRATGGAGCKGGRTCTTTMTCTT-3’) in com-
bination with mouse constant region primers MHCG1/2a/2b/3
(MHCGI1, 5-CAGTGGATAGACAGATGGGGG-3"; MHCG2a,
5-CAGTGGATAGACCGATGGGGC-3; MHCG2b, 5"-CAGTGGA-
TAGACTGATGGGGG-3;MHCG3,5-CAAGGGATAGACAGATG-
GGGC-3"). The product of the reaction was ligated into the
pCR2.1°TOPO® vector using the TOPO-TA cloning” kit and se-
quenced. The variable domain of the heavy chain was then ampli-
fied by PCR from this vector and inserted as a HindIII/Apal
fragment and ligated into the expression vector, pG1D200, which
contains HCMVi promoter, a leader sequence and the y-1 con-
stant region. This generated plasmid pG1D200306DVH.

Similarly, the mouse immunoglobulin kappa chain variable
region (VL) was amplified by PCR using the VK20 (5"- GTCTCT-
GATTCTAGGGCA-3’) primer in combination with the kappa
constant region primer MKC (5- ACTGGATGGTGGGAA-
GATGG-3"). The product of the reaction was ligated into the
pCR2.1°-TOPO® vector using the TOPO-TA cloning” kit and se-
quenced. The variable domain of the light chain was amplified by
PCR and inserted as a BamHI/ HindIII fragment into the expression
vector pKN100, which contains HCMVi promoter, a leader se-
quence and the human kappa constant domain. This generated
PKN100306DVK.
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TABLE 1. Antibody designation and binding affinity

Mutations

Designation mAb HC LC Ka (M 's™h Kd (s K, (nM)
LT1002 M - — 1.18 + 7 x 10 3.10+1x107* 0.03 + 0.002
LT1003 C - -

LT1004 Hu V37M Y49S, G64S, S67Y 1.95+2x 10° 209+9x10"" 1.06 = 0.010
LT1006 Hu V37M L4V, Y36F, Y49S, G64S, S67Y 8.48+9x 10’ 5.82+8x107° 0.69 + 0.010
LT1007 Hu V37M, C50A Y49S, G64S, S67Y 2.16 +1 x 10{ 895+8x10"" 0.04 + 0.004
LT1009 Hu V37M, C50A L4V, Y36F, Y49S, G64S, S67Y 893 +4x 10° 482+3x107" 0.06 + 0.005

. . . . sl -1 . o .-l . o
M, mouse; C, chimeric; Hu: humanized. Ka = Association rate constantin M s . Kd = Dissociation rate constantins . K;=ky/k, Dissociation

rate constant.

Mutations within the variable domain sequences were created
using the QuikChange site-directed mutagenesis kit (Stratagene,
CA). Individual reactions were carried out with 50 ng of double-
stranded DNA template, 2.5 U of PfuUltra HFF DNA polymerase
and its corresponding buffer, 10 mM deoxynucleoside triphos-
phate mix, and 125 ng of each of the mutagenic oligonucleotides
resuspended in 5 mM Tris-HCI (pH 8.0) and 0.1 mM EDTA. The
initial denaturation was carried out at 95°C for 30 s, followed by
16 cycles of amplification: 95°C for 30 s, 55°C for 60 s, and 68°C
for 8 min. The reaction product was digested with Dpnl at 37°C
for 1 h to remove methylated parental DNA. The resultant mu-
tant was transformed into competent XL1-Blue Escherichia coli
and plated on LB-agar containing 50 pg/ml ampicillin. The colo-
nies were then checked by sequencing. Each of the mutants was
then cultured in 1 liter flasks and purified using the EndoFree
Plasmid Purification Kit (Qjagen).

The heavy- and light-chain plasmids were transformed into
Top 10 E. coli (One Shot Top 10 chemically competent F. coli
cells; Invitrogen) and stored in glycerol. Large-scale plasmid
DNA was prepared as described by the manufacturer (endotoxin-
free MAXIPREP™ Kkit; Qiagen). Plasmids were transfected into
the human embryonic kidney cell line 293F using 293fectin and
293F-FreeStyle Media for culture. Light- and heavy-chain plas-
mids were both transfected at 0.5 pg/ml following the manufac-
turer’s instructions. The yield was approximately 10-20 mg/11gG
for the humanized variants (LT1004, LT1006, and L.T1007) and
0.3-0.5 mg/ml IgG for LT1003. SDS-PAGE under reducing con-
ditions revealed two bands at 25 and 50 kDa with high purity
(>98%), consistent with the mass of immunoglobulin light and
heavy chains, respectively. A single band was observed under
nonreducing conditions with the expected mass of ~150 kDa.

Monoclonal antibodies were purified from culture superna-
tants by passing culture supernatants through protein A/G col-
umns (Pierce, Thermo Fisher Scientific) at 1.0 ml/min. Mobile
phases consisted of 1x Pierce IgG binding buffer and 0.1 M gly-
cine, pH 2.7. Antibody eluted in 0.1 M glycine was diluted with
0.1 volumes of 1 M phosphate buffer, pH 8.0, to neutralize the
pH, and then pooled and dialyzed (Pierce Slide-A-Lyzer Cassette,
3500 MWCO) against PBS. Elutes were concentrated using Cen-
tricon YM-3 (10,000 MWCO; Amicon/Millipore, Jaffrey, NH) by
centrifugation for 1 h at 2,500 g. The antibody concentration was
determined by quantitative ELISA (below) using a commercial
myeloma IgG stock solution as a standard. Testing for endotoxin
(Cambrex/Lonza, Allendale, NJ) of batches for in vivo work indi-
cated levels <3 EU/mg.

Quantitative ELISA for protein determination

ELISA plates (Corning Costar, Clovis, CA) were coated with
rabbit anti-mouse IgG F(ab’), (catalog no. 315-006-047; Jackson
ImmunoResearch) or rabbit anti-human, IgG F(ab’), (catalog
no. 309-006-006) diluted in 0.1 M carbonate buffer (100 mM
NaHCOjg and 33.6 mM Nay,COs, pH 9.5) at 37°C for 1 h. Plates
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were washed with PBS and blocked with PBS/BSA/Tween 20 for
1hat37°C. For the primary incubation, serial dilutions (100 wl/
well) of nonspecific mouse or human IgG (used for the calibra-
tion curve) and samples to be measured were added to the
wells. Plates were washed and incubated with 100 wl/well of HRP-
conjugated goat anti-mouse IgG (catalog no. 115-035-146;
Jackson ImmunoResearch) diluted 1:40,000 or HRP-conjugated
goat anti-human (catalog no. 109-035-003) diluted 1:50,000 for 1 h
at 37°C. After washing, the enzymatic reaction was developed
with tetramethylbenzidine (Sigma-Aldrich) and stopped by add-
ing 1 M HySO,. The optical density (OD) was measured at 450 nm
using a Thermo Multiskan EX. Raw data were transferred to
GraphPad software for analysis.

Direct ELISA

ELISA plates (Corning Costar; Lowell, MA) were coated with
S1P-SMCC-BSA diluted in 0.1 M carbonate buffer (pH 9.5) at
37°C for 1 h. Plates were washed with PBS (137 mM NacCl, 2.68
mM KCl, 10.1 mM Na,HPO,, and 1.76 mM KH,PO,, pH 7.4) and
blocked with 1% BSA in PBS containing 0.1% Tween 20 for 1 h
at room temperature or overnight at 4°C. For the primary incu-
bation (1 h at room temperature), a dilution series of the anti-
S1P mAbs produced from each hybridoma (0.4, 0.2, 0.1, 0.05,
0.0125, and 0 pg/ml) was added to the plate (100 pl/well). Plates
were washed and incubated with HRP-conjugated goat anti-
mouse IgG (1:20,000 dilution; catalog no. 115-035-003; Jackson
ImmunoResearch) or HRP-conjugated goat anti-human IgG
(catalog no. 109-035-003) diluted to 1:50,000 (100 pl/well) for 1
h at room temperature. After washing, the peroxidase chromoge-
nic substrate, tetramethylbenzidine (Sigma-Aldrich) was added,
and color development was stopped by adding 1 M H,SO,. OD
values were measured at 450 nm using a Thermo Multiskan EX.
Raw data were transferred to GraphPad software for analysis. For
the direct ELISA using the anti-S1P IgM, the secondary antibody,
HRP-conjugated F(ab’), goat anti-mouse IgG + IgM (catalog no.
115-036-068; Jackson ImmunoResearch) was used at 1:20,000
dilution.

Competition ELISA

The specificity of the anti-S1P mAbs was tested by competition
ELISA. This assay is similar to the direct ELISA. However, the
primary incubation contained 0.8 pg/ml of the various anti-S1P
mAbs, mixed with one competitor lipid from the list: e.g., SIP,
lysophosphatidic acid (LPA), phosphatidylserine (PS), PE, CER,
C1P, SPH, DH-SPH, SM, SPC, and DH-S1P.

Antibody binding kinetics by surface plasmon resonance

All surface plasmon resonance (SPR) data were collected on a
Biacore 2000 optical biosensor (Salt Lake City, UT). S1P was cou-
pled to a maleimide-activated CMb sensor chip. First, the CM5
chip was activated with an equal mixture of NHS/EDC for 7 min
followed by a 7 min blocking step with ethylenediamine. Next,
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sulfo-MBS (0.05 mM in HEPES-buffered saline, 10 mM HEPES,
150 mM NaCl, and 0.005% p20, pH 7.4; Pierce/Thermo Fisher
Scientific) was passed over the chip. The S1P coating material
(0.1 mM in HEPES-buffered saline) injected for two time peri-
ods, producing two S1P surface densities (305 and 470 total re-
sponse units bound). Binding data were collected for a 3-fold
dilution series of LT1002, LT1004, LT1006, LT1007, and LT1009
starting at 16.7, 50.0, 50.0, 16.7, and 16.7 nM, respectively. SPR
binding at each concentration was tested twice. Surfaces were re-
generated with 50 mM NaOH. All data were collected at 25°C.
Response data were normalized to a reference, blocked surface
and to blank injections. The data sets were curve-fitted to theo-
retical interaction models to obtain binding parameters. Data
from the different concentrations used global fit to determine
apparent binding rate constants. The number in parentheses in-
dicates the error in the last digit. The calculated apparent affinity
constants could reflect an avidity component of antibody
binding.

Thermostability measurements

Purified antibodies (25 wg/ml) were distributed into micro-
tubes and incubated for 10 min in a PCR block at temperatures
between 50 and 80°C, before rapid cooling to 4°C. These tem-
peratures were chosen based on the denaturation profile ob-
served for the murine antibody. Subsequently, the heated samples
were tested for binding to SIP by direct ELISA as described
above.

CXCL8/IL-8 cytokine release from SKOV3 cells

Human ovarian carcinoma (SKOV3) cell line was purchased
from ATCC and cultured in McCoy’s ba medium with 2.2 g/1
L-glutamine and adjusted to contain 1% penicillin streptomycin
solution, 2.2 g/1 sodium bicarbonate, and 10% FBS (Hyclone;
Thermo Fisher Scientific). Tumor cells were subcultured twice a
week at 37°C in a 5% CO, humidified incubator. For the in vitro
assay, SKOV3 cells did not exceed passage 12. SKOV3 cells were
seeded in a 96-well plate at the density of 1 x 10* cells per well.
Tumor cells were then serum starved in minimum medium
(McCoy’s Media 5a, adjusted to contain 2.2g/1 1-glutamine, 2.2 g/1
sodium bicarbonate, and 1 mg/ml fatty-acid-free BSA) for exactly
24 h. After serum starvation, SKOV3 cells were treated with 5 uM
S1P (solubilized in 4 mg/ml fatty-acid-free BSA in PBS) previ-
ously incubated in the presence or absence of various concentra-
tions of either LT1009 or LT1002 (2-2,500 wg/ml antibody; 1 h
at 37°C and 5% CO, humidified incubator). After 18 h, condi-
tioned media were collected and tested by human IL-8 ELISA
(Human CXCLS8/IL-8 Quantikine Kit). IL-8 values (pg/1 x 10"
cells) were calculated (GraphPad software) and expressed as the
fold increase over untreated cells (NT). The IC;, for LT1009 and
LT1002 were calculated using a nonlinear fit of log dose versus
response using a least square (ordinary) fitting method.

Murine CNV model

CNV lesions were induced and quantified as previously de-
scribed (24, 25), including the intravitreal injection of anti-S1P
mAbs (18).

Lymphocyte trafficking

A pharmacodynamic study designed to test the ability of
LT1009 and LT1002 to alter lymphocyte trafficking in mice was
performed at BioQuant (San Diego, CA). Adult male C57B1/6]
mice, five per treatment group, received single intravenous injec-
tions of LT1002, LT1009, control human IgG, or PBS. Total lym-
phocyte counts were performed on blood samples drawn before
and after antibody treatment using an automated analyzer

(VetScan, Abaxis). Statistical analyses were performed using
GraphPad Prism software.

Animal use

All animal studies presented in this work were conducted in
conformity with the Public Health Service Policy on Humane
Care and Use of Laboratory Animal Research Guide for Care and
Use of Laboratory Animals at Strategic BioSolutions, BioQuant,
and the University of Florida.

RESULTS

Production of murine anti-S1P monoclonal antibodies

Immune responses in mice were initially generated us-
ing a thiolated p-erythro-S1P analog conjugated to either
KLH or BSA carrier proteins. The thiolated SI1P analog
was specifically synthesized to possess a reactive sulthydryl
group at the terminal C18 carbon of the S1P hydrocarbon
chain, rendering the lipid chain capable of being cova-
lently linked to the protein carrier molecules via SMCC or
IOA cross-linking agents. Thus, hapten-carrier conjuga-
tion was achieved without disturbing the epitope of inter-
est, which is the polar head group of S1P. Using this
protocol, multiple combinations of hapten, linker, and
carrier are possible, for example, SIP-SMCC-KLH (or
BSA) and S1P-IOA-KL.C (or BSA; for details, see Materials
and Methods). During immunization, mice responded fa-
vorably in generating high titer antibodies to the immuno-
gen using either KLH or BSA protein carriers, and,
interestingly, the responses were independent of which
protein or chemical cross-linker was used to form the hap-
ten (see below).

Screening of mouse serum and cell supernatants for
S1P-specific antibodies was done by direct ELISA using the
thiolated SIP analog conjugated to fatty-acid-free BSA
(SIP-SMCC-BSA) as the coating material. Of the resulting
1,500 hybridomas, 287 positive hybridomas were identi-
fied, 159 of which showed significant titers. Each of the
159 hybridomas was further screened to obtain 60 stable,
high titer hybridomas. After a further two rounds of re-
screening, one lead hybridoma (306D326.26) was isolated
that represents the first murine anti-S1P IgG (LT1002 or
Sphingomab™). Figure 1A shows a direct ELISA of purified
anti-SIP mAb from the LT1002 using SIP-SMCC-BSA as
the coating material. LT1002 was isotyped as IgGl-k, and
its performance characteristics were compared with a com-
mercially available IgM antibody produced by immunizing
mice with a liposomal complex containing SI1P (anti-S1P
IgM; CosmoBio Co., Japan). These data demonstrate that,
by comparison with the commercial IgM antibody, LT1002
exhibited superior ability to recognize S1P in the direct
ELISA. In many cases, immunization with bioactive lipids
(e.g., CER) as emulsions, liposomal complexes, or in the
presence of colloidal gold, has resulted in IgMs (26),
which have limited utility with regard to specificity, sensi-
tivity, and biological activity in comparison to IgG (27).
IgMs form large aggregates that may limit their utility as
reagents or therapeutics. In fact, all commercially avail-
able therapeutic antibodies are IgGs.

Novel antibodies to sphingosine-1-phosphate 2249

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

A 2.51
209 - Anti-S1P IgG (LT 1002)
£ - Anti-S1P IgM
S 159
n
<
E 1.04
[¢)

0.51

0.0% T ¥ T T J

0.00 001 002 003 004 005

[ng mADb]

B 201
€
S -~ S1P-SMCC-BSA (+ctrl)
D o C1P-IDA-BSA
. - LPA-SMCC-BSA
=) — PAF-KLH
o

0.0 T T T T 1

000 001 002 003 004 005

[ng mADb]

Fig. 1. A: Direct ELISA for measurement of the murine mAb,
LT1002, binding to S1P. The S1P binding affinity of the murine
mAb, LT1002, and a commercially available murine IgM antibody
were compared by direct binding ELISA. Each antibody was
measured at six concentrations ranging from 400-12.5 ng/ml on a
96-well plate coated with SIP-SMCC-BSA and detected using
HRP-conjugated anti-mouse IgG and IgM secondary antibodies.
The binding activity is expressed as OD at 450 nm. B: Direct ELISA
for measurement of the murine mAb, LT1002, binding to S1P ver-
sus binding to cross-linker or carrier proteins. The specific binding
of the murine mAb, LT1002, to S1P versus binding to cross-linkers
IOA or SMCC and to carrier proteins KLH or BSA was assessed us-
ing a direct binding ELISA. LT1002 antibody was measured at six
concentrations ranging from 400-12.5 ng/ml on a 96-well plate
coated with SIP-SMCC-BSA (positive control), C1P-IOA-BSA, LPA-
SMCC-BSA, and PAF-KLH. Primary antibody was then detected us-
ing HRP-conjugated anti-mouse IgG secondary antibody. The
binding activity is expressed as OD at 450 nm.

The use of the SIP-SMCC-BSA conjugate as coating ma-
terial in the direct ELISA was critical to the efficient selec-
tion of responder mice and in the quantitative screening
of antibody-producing hybridomas. The use of this cova-
lent conjugate was preferred over a simple noncovalent
complex between S1P and fatty-acid-free BSA because
washing steps in the ELISA would result in loss of nonco-
valently bound SI1P. Critical control experiments were
done to ensure that the antibodies did not recognize ei-
ther the protein carrier or the cross-linker moiety. Figure
1B demonstrates that, even though LT1002 recognized
S1P-SMCC-BSA, it did not recognize LPA-SMCC-BSA, sug-
gesting that the murine mAb was not directed against LPA,
SMCC, or BSA. Additionally, LT1002 did not recognize
CI1P-IOA-BSA, indicating that it did not bind to the cross-
linker IOA or to CIP. The lack of binding to linker-free
PAF-KLH indicated that LT1002 did not recognize the
protein carrier KLH. Similar results were obtained using
one of the humanized variant, LT1009 (data not shown).

As shown in Fig. 1B, LT1002 binds p-erythro-S1P but not
CER or LPA. More importantly, the antibody also recog-
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nizes the p-erythrosphinganine-1-phosphate, the fully satu-
rated form of S1P (Table 2), suggesting that the polar
head group is a more important part of the epitope than is
the hydrocarbon chain.

It is well accepted that most existing antibodies to phos-
pholipids commonly recognize an oxidized form of the
lipid rather than its natural unmodified structure (28, 29).
For this reason, we wanted to determine if D-erythro-S1P was
susceptible to oxidation under our laboratory conditions.
This form of S1P has one double bond in the 4-5 carbon
position and is generally not susceptible to oxidation dam-
age. However, to confirm the specificity of our antibodies
for unoxidized S1P, we performed reverse phase HPLC of
the unsaturated and potentially oxidizable S1P variant
D-erythro-S1P using methods reported previously (30).
p-erythro-S1P was incubated for 48 h at room temperature
in air, prior to HPLC analysis. The results showed no change
in HPLC retention time after air incubation, suggesting
that S1P is not easily oxidized, that SIP in our ELISA and
SPR assays remains unoxidized, and therefore that LT1002
binds the unoxidized form of S1P (data not shown).

Humanization and optimization of the anti-S1P mAb

Therapeutic use of a murine mAb in humans generally
requires humanization to avoid a human anti-mouse anti-
body response that can reduce efficacy in patients as a con-
sequence of the neutralization and rapid elimination of
immune complexed antibody. For this reason, the murine
antibody LT1002 was humanized.

Humanization of LT1002 was performed by grafting the
six murine CDRs into the framework (FR) of human im-
munoglobulin light- and heavy-chain variable regions. Re-
version by back mutation of selected residues in the human
FR to the equivalent residues in LT1002 was necessary to
obtain adequate affinity (data not shown). All antibody
variants are described in Table 1. Humanization of LT1002
Vy required only one murine FR back mutation to restore
S1P binding activity, while three or five murine FR back
mutations were necessary in V to achieve binding affinity
equivalent to that found with LT1002.

Mutations at five key positions (Vi: Y49S, G64S, S67Y;
and Vi: V37M and C50A) were found to influence S1P
binding to support the position of the CDRs as they were
presented by the murine framework. According to the ho-
mology model of mouse antibody LT1002, the V| residues
S64 and Y67 are in close proximity to CDR L2 and CDR
L1, respectively, and S49 is positioned at approximately
van der Waals distance from the side chains of R55 in CDR
L2 and W107 in CDR H3. Vy residue M37 is proximal to
the hydrophobic FR residues F98 (Vy), L45 (Vy), F95
(Vh), and W111 (Vy). Interestingly, the Y49S back muta-
tion in Vi, dramatically improved S1P binding affinity (data
not shown). The main role of Vi 549 is to provide struc-
tural support to Vi, R55 (CDR L2) and H3. The C50A CDR
H2 mutation was introduced to remove an unpaired
cysteine residue eliminating the potential for oxidative
damage. Interestingly, this back mutation actually within
the CDR improved the antigen binding potency. The ef-
fects of this particular back mutation as well as other back
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TABLE 2. Specificity of LT1002 and LT1009 to lipid targets in competitive ELISA

Lipid Competitor

Percentage of Inhibition at 2 uM

Common Name Nomenclature by Lipid Map LT1002 LT1009
S1P Sphing-4-enine-1-phosphate 89.63 + 2.74 88.10 + 0.32
Dihydrosphingosine-1-phosphate Octadecasphinganine-1-phosphate 49.20 = 1.63 73.20 + 1.00
p-erythro-sphingosine Sphing-4-enine NI 12.64 + 2.59
Dihydrosphingosine Octadecasphinganine 8.28 +0.35 0.75 +2.23
Sphingosyl phosphorylcholine Sphing-4-enine-1-phosphocholine 56.68 + 0.43 51.51 £ 2.05
CER N-(9Z-Octadecenoyl)-sphing-4-enine NI NI
Ceramide-1-phosphate N-(Dodecyl)-sphing-4-enine-1-phosphate NI 2.49 +2.68
Lysophosphatidic acid 1-(9Z-Octadecenoyl)-sn-glycerol-3-phosphate 2.13 +5.10 7.80 +3.10
Platelet activating factor 1-O-Hexadecyl-2-acetyl-sn-glycero-3-phosphocholine NI NI
Sphingomyelin N-(9Z-Octadecenoyl)-sphing-4-enine-1-phosphocholine NI 16.12 + 0.74
Phosphatidylethanolamine 1-Octadecyl-2-(5Z, 8Z, 11Z, 14Z-eicosatetraenoyl)-sn-glycero- NI 4.53 +0.88
3-phosphoethanolamine

Phosphatidylserine 1,2-Bis-octadecyl-sn-glycero-3-phosphoserine NI 4.83+1.76
Phosphatidic acid 1-Hexadecyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphate NI 0.92+2.28
Lysophosphatidylcholine 1-Octadecyl-sn-glycerol NI 3.92 + 3.36
Phosphatidylcholine 1-Hexadecyl-2-octadecyl-sn-glycerol-3-phosphocholine NI NI

NI, no inhibition.

mutations in the framework are evident from crystal struc-
ture of the LT1009 Fab where specific interactions be-
tween the lipid and the antibody are elucidated at high
resolution (30a).

Affinity and stability of the humanized antibody variants

The biophysical properties of several humanized vari-
ants were characterized for their binding affinity, potency,
and stability. The binding kinetics of S1P to its receptors
or other moieties has traditionally been problematic be-
cause of the insolubility of lipids in aqueous solutions. For
BiaCore measurement of SPR, these problems were over-
come by directly immobilizing the thiolated S1P to an acti-
vated CMb BiaCore chip. The chip was coated with various
densities of S1P (7, 20, and 1000 total RUs bound), and
the antibody variants were injected into the flow cell. Anti-
body binding data were globally fitted to a bivalent interac-
tion model. Comparative analysis of the model and
sensograms (data not shown) validated the use of this
model and gave confidence in the calculated SI1P binding
affinities. Table 1 presents the binding affinity of each hu-
manized variant and compares the Ka, Kd, and K, with
those of LT1002. Two variants, LT1004 and LT1006, ex-
hibited binding affinities in the low nanomolar range simi-
lar to the chimeric anti-S1P antibody, LT1003. LT1007
and LT1009, with the C50A CDR mutation, exhibited
binding picomolar affinities similar to LT1002.

Thermal stability may reflect stability during manufac-
turing and processing. Consequently, the antigen binding
potency of four humanized variants was tested after incu-
bation at various elevated temperatures (Fig. 2). The Ty
for each antibody is calculated as the preincubation tem-
perature that reduced binding potency by 50%. All hu-
manized variants exhibited a higher 7y than that of
LT1002 ( 7Ty of 55°C), with LT1007 and LT1009 exhibiting
the highest 7y, values.

Antibody specificity for S1P over several other lipids

Table 2 shows the S1P binding specificity of LT1002 and
LT1009 in competition against several other naturally oc-

curring lipids expressed as the percentage of inhibition of
LT1002 binding to SIP in the presence of 2 uM competi-
tor. In this assay, the murine LT1002 demonstrated no
cross-reactivity to SPH, the immediate metabolic precur-
sor of S1P, or LPA, a putative extracellular signaling mol-
ecule that is structurally and functionally similar to S1P.
Moreover, LT1002 did not recognize other structurally
similar lipids CER, C1P, DH-S1P, PAF, PA, LPC, PA, SM, or
various other phospholipids. Not shown is the lack of
phosphoethanolamine binding to LT1002 shown previ-
ously (17). These findings demonstrated that the epitope
recognized by the murine monoclonal antibody includes
the region containing the amino alcohol on the SPH base
backbone plus the free phosphate: when the free phos-
phate was esterified to a choline (as is the case with SPC),
binding was reduced, and when the amino group was
esterified to a fatty acid (as is the case with C1P), no anti-
body binding was observed. Furthermore, LT1002 showed
no binding to LPA, which has as a glycerol backbone in-

2.01
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£ 1.51 - LT1007
c -+ LT1009
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60 64 68 72 76 80
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Fig. 2. Thermostability comparison of the humanized antibody
variants. The thermostability of the variants was determined by
measuring its S1P-binding affinity by direct binding ELISA. Each
antibody (25 pg/ml in PBS) was incubated at 60, 62, 64, 66, 68, 70,
and 72, up to 78°C for 10 min and then removed insoluble material
by centrifugation for 1 min at 13,000 rpm. The binding activity of
the supernatant was submitted to direct S1P-binding ELISA. The
Ty of the variants was determined after thermal challenge at the
indicated temperature (60, 62, 64, 66, 68, 70, and 72, up to 78°C).
The binding activity to SIP was then measured by ELISA and is
expressed as OD at 450 nm.
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stead of the S1P SPH amino alcohol backbone. Taken to-
gether, these data indicate that the epitope on SI1P
recognized by LT1002 is the phosphorylated amino alco-
hol polar head group of SIP, associated with the SPH
backbone. Table 2 also indicates that LT1002 does not rec-
ognize the hydrocarbon chain in the region of the double
bond of natural S1P. A detailed analysis of LT1009 bind-
ing to other S1P-related molecules in competitive ELISA
confirmed that its epitope specificity was identical to that

of LT1002 (Table 2). In addition, the competitive ELISA
was used to test for lack of LT1009 binding to several other
lipids of varying classes, including other glycolipids, fatty
acyls, glycerolipids, phospholipids, sterols, prenols, and
other molecules of interest, such as FTY-720 (Table 3).

Murine CNV model

An in vivo model of neovascularization was used to help
choose which humanized antibody variant might be suit-

TABLE 3.

Effects of other lipid or agents on LT1009 binding in competitive ELISA

Inhibition at 2 pM

Common Name Nomenclature by Lipid Map (%)
S1P Sphing-4-enine-1-phosphate 88.10 = 0.32
Fatty Acyls
Palmitic acid Hexadecanoic acid 0.89 = 4.56
Oleic acid 97-Octadecenoic acid 1.58 + 5.28
Linoleic acid 97, 127, 15Z-Octadecatrienoic acid NI
Ethyl palmitate Ethyl-hexadecanoate NI
Ethyl oleate Ethyl-9Z-octadecenoate NI
Ethyl linoleate Ethyl-9Z, 127, 15Z-octadecatrienoate NI
Phospholipids
Phosphatidylcholine (C16:0, 18:1) 1-Hexadecyl-2-(9Z-octadecyl)-sn-glycerol-3-phosphocholine NI
Phosphatidylglycerol (C18:2) 1,2-Bis-(9Z, 12Z-octadecadienoyl)-sn-3-phosphoglycerol 1.58 = 5.00
Phosphatidylserine (C18:0) 1,2-Bis-octadecyl-sn-glycero-3-phosphoserine 4.83+1.76
Phosphatidylethanolamine (C20:4) 1-Octadecyl-2-(5Z, 8Z, 117, 14Z-eicosatetraenoyl)-sn-glycero-3- 4.53 +0.88
phosphoethanolamine
Phosphatidylinositol (18:1) 1,2-Bis-(9Z-octadecadienoyl)-sn-glycero-3-phospho-(1-myo-inositol) NI
Phosphatidylinositol bisphosphate (C18:1) 1,2-Bis-(9Z-octadecadienolyl)-sn-glycero-3-phospho-(1"-myc-inositol-4’, NI
5"-bisphosphate)
Phosphocholine (C16:0) 1-Hexadecyl-sn-glycerol-3-phosphocholine 1.98 + 3.02
Phosphatidic acid (C16:0-18:1) 1-Hexadecyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphate 6.29 + 3.76
Phosphatidic acid (C18:0-20:4) 1-Octadecyl-2-(5Z, 8Z, 117, 14Z-eicosatetraenoyl)-sn-glycero-3-phosphate 5.66 + 0.84
Phosphatidic acid (C18:1) 1,2-Bis-(9Z-octadecenoyl)-sn-glycero-3-phosphate 0.92 £2.28
Lysophosphatidic acid (C18:0) 1-Octadecyl-sn-glycerol-3-phosphate 458 +1.14
Lysophosphatidic acid (C18:1) 1-(9Z-Octadecenoyl)-sn-glycerol-3-phosphate 7.80 +3.10
Lysophosphatidylcholine (C18:0) 1-Octadecyl-sn-glycerol-3-phosphocholine 3.92 + 3.36
Lysophosphatidylcholine (C18:1) 1-(9Z-Octadecenoyl)-sn-glycerol-3-phosphocholine NI
Lysophosphatidylethanolamine (C18:0) 1-Octadecyl-sn-glycero-3-phosphoethanolamine NI
Lysophosphatidylglycerol (C18:0) 1-Octadecyl-sn-glycero-3-phosphoglycerol 2.50 + 3.37
Lysophosphatidylglycerol (C18:1) 1-(9Z-Octadecenoyl)-sn-glycero-3-phosphoglycerol NI
Lysophosphatidylserine (C18:1) 1-(9Z-Octadecanoyl)-sn-glycero-3-phosphoserine NI
Platelet activation factor (C16:0) 1-O-Hexadecyl-2-acetyl-sn-glycero-3-phosphocholine NI
Lyso platelet activation factor (C16:0) 1-O-Hexadecyl-sn-glycero-3-phosphocholine NI
Tetraoleoyl cardiolipin (C18:1) 1,3-Bis-[1,2-di-(9Z-octadecadienoyl)-sn-glycero-3-phospho] sn-glycerol NI
Glycerolipids
Diacylglycerol 1, 2-Bis-(9Z-octadecenoyl)-sn-glycerol 4.81 £2.43
Triacyl glycerol Tri-(9Z-octadecenoyl)-sn-glycerol NI
Glycosphingolipids
D-galactosyl-B-1-1’sphingosine GalB-sphing-4-enine NI
Glucosyl ceramide GlcB-Cer(d18:1/12:0) NI
Galactosyl ceramide GalB-Cer(d18:1/12:0) 0.44 = 3.43
Sulfatide (8’sulfo) GalB-Cer (d18:0/C24:1) 2.14 +2.28
Ganglioside GMI Galp1-3GalNAcB1-4(NeuAca2-3) Galp1-4GlcB-Cer(d18:1/18:0) 0.60 + 3.67
Steroids
Cholesterol Cholest-5-en-33-ol 3.90 + 2.76
Cholesteryl palmitate Cholest-5-en-3p-yl-hexadecanoate 5.50 + 0.72
Cholesteryl linoleate Cholest-5-en-3p-yl-e9Z, 127, 15Z-octadecatrienoate 7.28 +1.04
B-Estradiol 1,3,5[10]estratriene-3,17B-diol 3.44 + 3.55
Prenol lipids
Retinol Acetate Retinol acetate NI
Saccharolipids
Lipid A Lipid A NI
Polyketides
Tetracyclin NI
Others
Cyclosporin A NI
Paclitaxel NI
FTY 720 NI
2-(p-Hydroxyanilino)-4-(p-chlorophenyl) thiazole, HC1 (Sphingosine kinase inhibitor) NI

NI, no inhibition.
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Mean Lesion Volume (% of Control)

able for clinical development. The human variants were
tested for their abilities to inhibit CNV in parallel with
LT1002 in the murine model of CNV, which involves a la-
ser disruption of Bruch’s membrane of C57Bl/6 mice
(Fig. 3). In this experiment, intravitreal administration of
LT1002 inhibited ocular CNV lesion formation >85% on
day 14 postlaser burn. These data are in agreement with
our previous work showing substantial anti-angiogenic ef-
fects of the murine mAb in the Matrigel plug assay of an-
giogenesis (17) and the CNVmodel (18). More importantly,
all three of the humanized variants (LT1004, LT1007, and
LT1009) inhibited neovascularization as assessed by mea-
surement of CNV volume. In particular, LT1009 demon-
strated a remarkable 98% reduction of CNV lesion volume.
While all of the anti-S1P antibodies exhibited substantial
and significant inhibition of the CNV lesions, the human-
ized and optimized variants demonstrated substantially
better efficacy when compared with the parent murine an-
tibody. The inhibition of CNV lesions by the various anti-
body variants were ranked as follows: LT1009 > LT1007 >
LT1004 = LT1006 > LT1002. The superior efficacy of the
LT1009 variant in the CNV model helped in choosing it as
the lead clinical candidate.

In vitro release of IL-8 from SKOV3 cells is blocked by
LT1002 and LT1009

The LT1002 and LT1009 mAbs were further tested for
their abilities to perform in a cell-based assay. For this pur-
pose, we chose the IL-8 release assay using a human epi-
thelial ovarian cancer cell line, SKOV3. These tumor cells
produce and release IL-8 into the cell-conditioned media
after 18 h of incubation with 5 wM S1P. Various concentra-
tions (2-2,600 pg/ml) of both LT1009 and LT1002 were
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Fig. 3. Comparison of the in vivo efficacy of the anti-S1P mAb
variants. Animals were treated with vehicle, a murine NS Ab (NS
IgG), and all the anti-S1P antibodies 1 day prior to laser treatment
and 6 days after laser treatment. CNV lesion volumes were mea-
sured 14 days after laser photocoagulation treatment (three burns/
eye, one eye per animal, and five mice per treatment group). The
areas for each burn were converted to a volume, and the volumes
were averaged to produce a single CNV wound volume for each
animal. All antibody treatment groups were statistically different
than the saline treatment group (ANOVA followed by Bonferroni’s
post test: *P< 0.05 and **P < 0.001).

tested for their abilities to block IL-8 release in response to
S1P. As shown in Fig. 4, either LT1009 or LT1002 blocked
the cytokine release into the conditioned media. I1C;, val-
ues (png/ml mAb; mean + SEM, n = 3 independent experi-
ments) were calculated for both LT1009 (8374 + 52) and
LT1002 (513 + 57). This suggested that LT1009 was mar-
ginally superior to LT1002 in blocking IL-8 release. 1Cj,
values are consistent with saturable bivalent binding by
both LT1002 and LT1009 to S1P, which is present at 5 uM
S1P in this assay. If one assumes a molecular weight of
~150 kDa for an antibody, then 150 wg/ml would repre-
sent 1 pM of full-length antibody. Further assuming that
each full-length mAb has two variable regions, 150 pg/ml
antibody would represent a concentration of potential
binding sites of 2 uM. Considering that the 1C;, values for
blockage of IL-8 release is at least double that (374 wg/ml
for LT1009), one requires 4 .M mAb to block 5 uM S1P in
this assay.

Lymphocyte trafficking pharmacodynamic study

S1P is known to play an important role in the trafficking
of lymphocytes between peripheral blood and secondary
lymphoid tissue (31, 32). To determine if intravenous an-
tibody treatment would reproduce this effect, we per-
formed a pharmacodynamic lymphocyte trafficking study
in healthy mice. We also sought to compare the murine
and humanize antibodies in this very sensitive in vivo
experiment.

Mice received a single intravenous dose of LT1002,
LT1009, control human IgG, or PBS. Total lymphocyte
counts were performed on blood samples drawn prior to
treatment (baseline) and 24 h after treatment. Lympho-

187 - LT1009
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CXCLS8/IL-8 cytokine [Fold Increase]

05 00 05 10 15 2.0 25 3.0 35 40
Log [ ng/mL mAb]

Fig. 4. Antibody inhibition of IL-8 release in response to SIP.
Cell conditioned media from SKOV3 human ovarian cancer cells
were tested for CXCL8/IL-8 levels after 18 h of incubation with 5
1M S1P in the presence or absence of increasing concentrations of
either LT1009 or LT1002 (2-2,500 wg/ml). The addition of in-
creasing concentrations of either LT1009 or LT1002 was able to
reduce cytokine release in the cell conditioned media in a dose-
dependent fashion. IC;, values (pug/ml; mean + SD, n = 3) were
calculated for both LT1009 (374 + 52) and LT1002 (513 + 57)
curves using a “nonlin fit log dose versus response” equation
(GraphPad software).
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cyte counts at 24 h after treatment were significantly de-
creased relative to pretreatment values in all animals
treated with anti-S1P antibody (P < 0.05; two-way repeated
measures ANOVA with Bonferroni’s correction for multi-
ple comparisons; Fig. 5). The maximal decrease in lym-
phocyte count was to ~50% of pretreatment values.
Lymphocyte counts in the PBS and human IgG-treated
control groups (hu-NS Ab) did not differ significantly
from pretreatment values.

Based on these in vivo and in vitro data, LT1009 was
declared the clinical candidate and moved forward for
drug development. The E. coli StB12 clone containing the
PATH1009 plasmid and the Chinese hamster ovary cell
line LH1 275, which contain the pATH1009 plasmid, have
been deposited with the ATCC (deposit numbers PTA-
8421 and PTA-8422, respectively). This Chinese hamster
ovary line was taken into production, and the resulting
drug product is currently being used in Phase 1 clinical
trials in cancer and AMD.

DISCUSSION

Anti-S1P mAbs

This work describes the production and characteriza-
tion of high affinity murine (LT1002, SphingomabTM) and
humanized (LT1009, SonepcizumabTM) mAbs specific to the
bioactive lipid mediator S1P. We describe what might rep-
resent one of the first successes in producing high-affinity
and specific IgG antibodies against bioactive lipids with
performance characteristics suitable for a drug candidate.
Moreover, we demonstrate a novel role of these antibodies
as immunomodulators in their ability of affect lymphocyte
trafficking.

In the past, antibodies have been produced against
membrane-associated structural phospholipids, such as PS
(33), phosphatidyl choline, or phospholipids associated
with LDLs (28) and cardiolipin (29). However, in the case
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Fig. 5. Comparison of the ability of murine and human anti-S1P
to alter lymphocyte trafficking. Peripheral blood lymphocytes were
measured in mice (five/group) pre and 24 h after treatment with a
single dose of antibody at 50 mg/kg. Murine (LT1002) and human-
ized (LT1009) anti-S1P antibodies caused a statistically significant
decline in peripheral lymphocyte count when compared with pre-
treatment values; human nonspecific IgG (NS IgG) or PBS had no
effect (two-way repeated measures ANOVA with Bonferron’s post
test: *P< 0.05).
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of anti-PS antibodies, the epitope is a 2-glycoprotein-PS
complex (34). Moreover, anti-PS antibodies commonly
recognize an oxidized rather than natural unmodified
lipid (28, 29), which potentially limits their utility. In con-
trast, this study demonstrates that the murine and human-
ized anti-S1P mAbs did not recognize an oxidized state of
S1P but rather were directed against the polar head group
of the natural lipid. Competitive ELISA, using structurally
similar bioactive lipids, mapped the epitope to the polar
head group of SIP containing the p-erythro-oriented amino
alcohol moiety of the SPH backbone plus the phosphate
esterified to the terminal alcohol of the SPH base.

Monoclonal antibody generation can be envisaged as a
two-part process. First, the immunogen is administered to
animals in a suitable fashion so that the desired antibody
response will ensue. Generating this response can be par-
ticularly difficult when the immunogen has only one
unique epitope (such as the S1P polar head group) and
where one could compromise epitopes when coupling the
antigen to the protein carrier. Second, one must have a
robust selection assay to quantitate the serological im-
mune response and to select hybridomas. In the case of
bioactive lipid small molecules, this assay is certainly as
challenging as is the development of the immunogen and
is an essential step required for programs designed to
make mAbs against bioactive lipids.

In the first part of the method reported here, we de-
scribed the conjugation of a thiolated SIP analog to the
protein carrier (KLH or BSA) for immunization. We em-
phasize the necessity of using the thiolated S1P as part of
the hapten in eliciting a robust immune response. It is
critical to generate a robust immune response to the bio-
active lipid without compromising the integrity of the
functional epitope. We accomplished this by immunizing
with the lipid covalently attached to a protein carrier via
the hydrocarbon tail. This allows the antigen presentation
of the unaltered polar head group.

We also believe that shortcomings in the screening as-
says used to detect mouse serum responders may contrib-
ute to difficulties experienced by other research groups in
producing high-performance antibodies to bioactive lip-
ids. In recognition that the screening assay would need to
test the binding of antibody to the unmodified S1P-
specific epitope, we elected to use thiolated SIP analog to
tether SIP to a physical substrate either directly (e.g., the
BiaCore chip) or indirectly via a protein carrier (e.g., for
the ELISA) and then pass the antibody over the physical
substrate. Assays such as these cannot only be used for an-
tibody selection but can be used to test for specificity and
other performance characteristics during humanization
and during product development. These assays may also
be useful as the basis of diagnostic kits for the detection of
the bioactive lipid in blood and tissue.

Our competitive ELISA assay demonstrated that both
LT1002 and LT1009 bind specifically S1P and do not rec-
ognize a wide variety of structurally related lipids. It was
also demonstrated that LT1009 retained the same specific-
ity as the parental LT1002 antibody. The affinities of
LT1002 and LT1009 for S1P as quantified by SPR were
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similar (K; < 100 pM). The affinity of both murine and
humanized mAbs for S1P is 2-3 orders of magnitude
higher than the affinity of SIP receptors, which is esti-
mated to be 8-50 nM (6). One would therefore predict
that the antibodies can out-compete the cognate S1P re-
ceptor GPCRs for biologically active S1P. This was con-
firmed both in vivo where the mAbs were capable of
blocking S1P-supported angiogenesis in the mouse CNV
model and in vitro where S1P-mediated release of IL-8
from ovarian cancer cells was shown to be completely miti-
gated. The ability of the antibody to block the IL-8 release
in vitro is also consistent with our previous findings that
systemic administration of LT1002 could not only reduce
ovarian cancer tumor burden in mice but also decrease
systemic levels of IL-8 and other pro-angiogenic cytokines
in biological fluids (serum and ascites) of mice grafted
with human cells secreting those cytokines (17). Thus,
both murine and humanized anti-S1P antibodies can neu-
tralize systemic or local S1P in tissues and deprive either
tumor or endothelial cell GPCRs of their ligand.

We have also shown previously that systemic administra-
tion of either LT1002 or LT1009 was effective in reducing
vascular endothelial growth factor and bFGF-supported
angiogenesis in the in vivo Matrigel plug assay (17, 18),
reduced tumor growth in murine models of human can-
cer (17), and that intravitreal administration of these anti-
bodies dramatically reduced CNV lesions in vivo (18, 35).
In addition, the anti-S1P mAbs have been shown to miti-
gate S1P-mediated actions on other cell types, such as fi-
broblasts (36) and macrophages (35). It is now well
recognized that such cell types play an important roles not
only in ocular disorders, such as AMD, but also in cancer
as components of the tumor microenvironment and in
other pathologies associated with impaired wound heal-
ing, scar formation, pathological ocular, and immune re-
sponses (13).

The role of S1P in the regulation of lymphocyte traffick-
ing has been studied extensively, although the exact mech-
anism of action remains controversial (reviewed in Ref.
37).The S1P analog FTY-720 is a functional antagonist of
S1P activity as it binds to and downregulates expression of
S1P receptors (38). These results in a transient, ~40% de-
crease in peripheral blood lymphocyte counts (39). In this
report, we have also shown that treatment of mice with
anti-S1P mAbs transiently depletes peripheral blood lym-
phocytes in a fashion similar to that observed with FTY-
720. Small molecule antagonists of S1P receptors, such as
FTY-720, cause the retention of recirculating lymphocytes
within the secondary lymphoid organs, resulting in a tran-
sient loss of these cells from the peripheral blood, and it
has been proposed that this phenomenon can be used as
a pharmacodynamic marker for development of drugs tar-
geting the SIP axis (40).

Therapeutic potential of LT1009

Using the CNV model of angiogenesis, we demonstrated
in this report that the humanized variants could block
neovascularization triggered by S1P in murine ocular le-
sions. This model helped to identify the humanized lead

compound, LT1009, to be brought forward into clinical
trials for treatment of AMD as well as cancer. In addition
to the inhibitory effects of LT1009 on S1P-dependent can-
cer cell growth and endothelial cell function, the anti-S1P
mAbs have been shown to mitigate S1P-mediated actions
on other cell types such as fibroblasts (36) and mac-
rophages (35). It is now well recognized that such cell
types play important roles not only in ocular disorders,
such as AMD, but also in cancer as components of the tu-
mor microenvironment and also in other pathologies as-
sociated with impaired wound healing, scar formation,
pathological ocular angiogenesis, and immune responses
(13). Sutphen et al. (41) have shown that serum S1P levels
are elevated in early- and late-stage ovarian cancer patients.
Importantly, SPHKI, the enzyme that is responsible for
the production of SIP, is found significantly upregulated
in a variety of cancer types (10, 11) and that disease pro-
gression can be correlated with SPHK1 overexpression
(12). In addition, SPHKI activity has been shown in sev-
eral cancer cell lineages to be responsible for resistance to
cytotoxics (42-45). Thus, we speculate that LT1009 might
improve the potency of chemotherapeutic drugs by im-
proving patient sensitivity to the agent. We also speculate
that LT1009 could be used as a therapeutic “molecular
sponge” to selectively absorb S1P produced by any condi-
tion characterized by the upregulated activity of SPHKI
and resulting SI1P production. Accordingly, LT1009 is now
being tested for safety and maximum tolerated dose in
clinical trials for cancer and AMD.

Considering the abundant levels of S1P in human
plasma (~0.5 wM) (46), one may be concerned about the
side effects of neutralizing all of the SIP in the periphery,
particularly since this level of S1P far exceeds the K, for
S1P receptors (8-50 nM). If it were the case that a substan-
tial amount of plasma S1P was available to receptors, one
could predict that the neutralization of S1P with mAbs
might have toxicological and/or expected pharmacologi-
cal effects. Importantly, pivotal 28-day Good Laboratory
Practice toxicology studies in nonhuman primates (NHPs)
showed that LT1009 was well tolerated with substantial
dose exposure (up to 100 mg/kg, q3d) including the ab-
sence of toxicity or pathological changes (data notshown).
S1P is known to be anti-apoptotic in cell culture. Appar-
ently, this protective effect is likely not a role for S1P in the
peripheral circulation, and it may only occur in the mi-
croenvironment of tumors or tissues engaged in beneficial
inflammatory or wound healing responses. It is likely the
serum proteins like albumin, HDLs, and LDLs act as buf-
fers for SIP to ensure that the biologically active fraction
of S1P is below that of S1P receptors (47). The major find-
ing in the nonpivotal mouse and pivotal NHP toxicology
studies was an effect on lymphocyte levels similar to the
data reported here. The Phase 1 clinical trial for ASONEP
(the oncology formulation of sonepcizumab, LT1009) is
nearing completion, and the Phase 2 efficacy studies are
being planned. Assuming that sonepcizumab demon-
strates that it is as well tolerated in humans as it is in NHPs
and mice, the planned clinical studies will determine its
therapeutic index and clinical efficacy.
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APPENDIX

The nomenclature of the following lipids used in this
study was based on the LIPID MAP INITIATIVE: sphin-
gosine-1-phosphate, sphing-4-enine-1-phosphate; palmitic
acid, hexadecanoic acid; oleic acid, 9Z-octadecenoic acid;
linoleic acid, 9Z, 12Z, 15Z-octadecatrienoic acid; ethyl
palmitate; ethyl oleate, ethyl-hexadecanoate; ethyl linoleate,
ethyl-9Z-octadecenoate, ethyl-9Z, 127, 15Z-octadecatrieno-
ate; diacylglycerol (C18:1), 1, 2-bis-(9Z-octadecenoyl)-sn-
glycerol; triacylglycerol (C18:1), tri-(9Z-octadecenoyl)
-sn-glycerol, phosphatidylcholine (C16:0, C18:1), 1-hexa-
decyl-2-(9Z-octadecyl) -snglycerol-3-phosphocholine; phos-
phatidylglycerol (C18:2), 1,2-bis-(9Z, 12Z-octadecadienoyl)
-sn-3-phosphoglycerol; phosphatidylserine (C18:0), 1,2-
bis-octadecyl-sn-glycero-3-phosphoserine; phosphatidyle-
thanolamine (C20:4), l-octadecyl-2-(5Z, 8Z, 11Z,
147Z-eicosatetraenoyl)-snglycero-3-phosphoethanolamine;
phosphatidylinositol (C18:1), 1,2-bis-(9Z-octadecadienoyl)
-sn-glycero-3-phospho-(1’-myo-inositol); phosphatidylinosi-
tol bisphosphate (C18:1), 1,2-bis-(9Z-octadecadienoyl)
-sn-glycero-3-phospho-(1’-myo-inositol-4’, 5"-bisphosphate);
phosphocholine (C16:0), 1-hxadecyl-sn-glycerol-3-phos-
phocholine; phosphatidic acid (C16:0-18:1), 1-hexadecyl-
2-(9Z-octadecenoyl) -sn-glycero-3-phosphate; phosphatidic
acid (C18:0-20:4), l-octadecyl-2-(5Z, 87, 117, 14Z-
eicosatetraenoyl)-sn-glycero-3-phosphate; phosphatidic
acid (C18:1), 1, 2-bis-(9Z-octadecenoyl)-sn-glycero-3-
phosphate; lysophosphatidic acid (C18:0), 1-octadecyl-sn-
glycerol-3-phosphate; lysophosphatidic acid (C18:1),
1-(9Z-octadecenoyl) -sn-glycerol-3-phosphate; lysophos-
phatidylcholine  (C18:0), 1l-octadecyl-sn-glycerol-3-
phospholine; lysophosphatidylcholine (C18:1),
1-(9Z-octadecenoyl) -sn-glycerol-3-phosphocholine;  lyso-
phosphatidylethanolamine (C18:0), l-octadecyl-sn-glyce-
ro-3-phosphoethanolamine; lysophosphatidylglycerol
(C18:0), I-octadecyl-sn-glycero-3-phosphoglycerol; lyso-
phosphatidylglycerol (C18:1), 1-(9Z-octadecenoyl)-sn-glyc-
ero-3-phosphoglycerol; lysophosphatidylserine (C18:1),
1-(9Z-octadecanoyl) -sn-glycero-3-phosphoserine; platelet
activation factor (C16:0), 1-O-hexadecyl-2-acetyl-sn-glyce-
ro-3-phosphocholine; lyso platelet activation factor (C16:0),
1-O-hexadecyl-sn-glycero-3-phosphocholine; tetraoleoyl
cardiolipin (C18:1), 1,3-bis-[1,2-di-(9Z-octadecadienoyl)
-sn-glycero-3-phospho]-sn-glycerol; D-galactosyl-3-1-1" sphin-
gosine, GalB-sphing-4-enine; glucosyl ceramide, Glcf3-
Cer(d18:1/12:0); galactosyl ceramide, Gal3-Cer(d18:1/12:0);
sulfatide, (3’sulfo)GalB-Cer(d18:0/C24:1); ganglioside
GM1, GalB1-3GaINAcB1-4(NeuAca2-3)GalB1-4Glcp-
Cer(d18:1/18:0); cholesterol, cholest-b-en-3(3-ol; cho-
lesteryl palmitate, cholest-5-en-33-yl-hexadecanoate;
cholesteryl linoleate, cholest-5-en-33-yl-e9Z, 127, 15Z-octa-
decatrienoate; B-estradiol, 1,3,5[10]estratriene-3,17p-diol.
Lpath is willing to share the murine mAb with qualified
investigators under an agreeable materials transfer agree-
ment. Bl

The authors acknowledge the help of William Garland and Manoj
Sharma in the planning of many of the studies reported here.
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The authors of “Label-free quantitative analysis of lipid metabolism in living Caenorhabditis elegans” ( J. Lipid Res. 51:
672-677) have advised the Journal that the figure legend for Figure 2 of their manuscript is incorrect. It should read as
follows:

Fig. 2. Expression levels of lipid species in the wild type and mutant C. elegans. A: CARS imaging of lipid (red) and TPEF
imaging of autofluorescent lipid species (blue) of adult N2 wild-type and mutant C. elegans. Images are presented as three-
dimensional projections of 36 frames taken along the vertical axis at 1 pm intervals. Expression levels of neutral lipid droplets
(B) and autofluorescent lipid droplets (C) as a function of wild-type and mutant worms. Expression levels are normalized to
1 for the wild type and comparatively for mutants. Error bars represent distribution across six adult wild-type or mutant C.
elegans. D: Biochemical measurements of cholesterol level and superoxide dismutase (SOD) activity. Expression levels are
normalized to 1 for the wild type and comparatively for mutant C. elegans. Exrror bars represent distribution across three re-
peated experiments.

The incorrect figure legend initially appeared online but has since been corrected.

DOI 10.1194/jlr.DO00638ERR

The authors of “Production and characterization of monoclonal anti-sphingosine-1-phosphate antibodies” (/. Lipid
Res. 50: 2245-2257) have advised the Journal that the name of an oligo stated in the Materials and Methods section of their
manuscript is incorrect. The mouse immunoglobulin kappa chain variable region (VL) was amplified by PCR using
VK20, not MKV20.

This incorrect oligo name initially appeared online but has since been corrected.

DOI 10.1194/jlr. M90004SERR
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