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used as a bioweapon.

lethal SEB challenge.
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(Bacl(ground: SEB is a potent superantigen that can cause toxic shock in humans and can be incapacitating and lethal when
Results: Therapeutic administration of highly affinity-matured synthetic anti-SEB human monoclonal IgGs protects mice from

Conclusion: Affinity maturation can enhance neutralizing efficacy and lead to successful postexposure therapeutics.
Significance: No vaccines or therapeutics are currently available against SEB.
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Staphylococcal enterotoxin B (SEB) is a potent toxin that can
cause toxic shock syndrome and act as a lethal and incapacitat-
ing agent when used as a bioweapon. There are currently no
vaccines or immunotherapeutics available against this toxin.
Using phage display technology, human antigen-binding frag-
ments (Fabs) were selected against SEB, and proteins were pro-
duced in Escherichia coli cells and characterized for their bind-
ing affinity and their toxin neutralizing activity in vitro and in
vivo. Highly protective Fabs were converted into full-length
IgGs and produced in mammalian cells. Additionally, the pro-
duction of anti-SEB antibodies was explored in the Nicotiana
benthamiana plant expression system. Affinity maturation was
performed to produce optimized lead anti-SEB antibody candi-
dates with subnanomolar affinities. IgGs produced in N. bentha-
miana showed characteristics comparable with those of coun-
terparts produced in mammalian cells. IgGs were tested for their
therapeutic efficacy in the mouse toxic shock model using dif-
ferent challenge doses of SEB and a treatment with 200 pg of
IgGs 1 h after SEB challenge. The lead candidates displayed full
protection from lethal challenge over a wide range of SEB chal-
lenge doses. Furthermore, mice that were treated with anti-SEB
IgG had significantly lower IFNy and IL-2 levels in serum com-
pared with mock-treated mice. In summary, these anti-SEB
monoclonal antibodies represent excellent therapeutic candi-
dates for further preclinical and clinical development.
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Staphylococcus aureus is a formidable Gram-positive human
pathogen that causes a wide range of infections from skin and
soft tissue infections to life-threatening diseases like endocar-
ditis, sepsis, pneumonia, and toxic shock (1). The pathogenicity
of S.aureus is dependent on numerous virulence factors,
including cell surface proteins and polysaccharides as well as
secreted toxins. The latter cause tissue damage, promote bac-
terial dissemination and metastatic growth in distant organs,
and enable the pathogen to evade the host innate immune
response (2, 3).

A major group of these toxins includes staphylococcal supe-
rantigens (SAgs),* consisting of toxic shock syndrome toxin 1
(TSST-1) and staphylococcal enterotoxins. Staphylococcal
enterotoxins and TSST-1 bind to human class II major histo-
compatibility complex (MHC) on antigen-presenting cells and
certain subsets of T cell receptor on T lymphocytes (4). This
peptide-independent cross-linking results in massive stimula-
tion of up to 30% of lymphocytes triggering a cytokine storm
that can lead to toxic shock syndrome (TSS) (5, 6). TSS can be
incapacitating at lower doses of SAgs or lead to multiorgan
failure and death at higher doses (6 — 8). Staphylococcal entero-
toxins also cause gastroenteritis and food poisoning by a mech-
anism that is not fully understood. Most virulent strains of
S. aureus produce one or more SAgs, and these toxins are
believed to play a major role in immune evasion by this patho-
gen during the course of infection (6). SAgs are also produced
by Group A streptococcus, and these SAgs cause the more com-
mon streptococcal TSS (9).

“The abbreviations used are: SAg, staphylococcal superantigen; TSS, toxic
shock syndrome; TSST-1, toxic shock syndrome toxin 1; SEA, SEB, SEC, SED,
and SEK, staphylococcal enterotoxin A, B, C, D, and K, respectively; CDR,
complementarity-determining region; BisTris, 2-[bis(2-hydroxyethyl)amino]-
2-(hydroxymethyl)propane-1,3-diol; migG, mouse IgG; TNA, toxin neutral-
ization assay; PBMC, peripheral blood mononuclear cell.
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Staphylococcal enterotoxin B (SEB) is one of the most potent
enterotoxins involved in a large number of non-menstrual TSS
cases as well as a major mediator of staphylococcal food poison-
ing (6, 7). However, the major source of interest in SEB stems
from the potential for this toxin to be used as an agent of bio-
warfare or bioterrorism. SEB (then code-named PG) was a
major and strategic component of the United States offensive
program before the ban on biological weapons in 1972 (8). SEB
was especially attractive as a bioweapon because of the ease of
production, the fact that much lower doses could be effective
compared with chemical agents, and its profound potentiating
effect as a component of dual agent bioweapons (10). There is
currently renewed concern that this toxin can be used in biot-
errorism activities. There is currently no therapeutic available
for SEB, and a recombinant SEB vaccine (STEBVax) is in early
clinical development.

Intravenous immunoglobulin has been used in treatment of
streptococcal TSS with limited success (11, 12). However, there
is no evidence that intravenous immunoglobulin can be effec-
tive against staphylococcal TSS in the clinic (12). Hyperim-
mune intravenous immunoglobulin could be produced upon
donor stimulation with a recombinant attenuated SEB vaccine
because this approach has been successful for several other
infectious agents. However, this approach is complicated by the
need for maintaining a donor cohort, the high dose needed for
protection, manufacturing and safety issues, and cost. Mono-
clonal antibodies represent an attractive alternative to these
traditional treatments because these agents can be produced on
a large scale using a reproducible process. Recent advances in
phage display technologies have led to generation of highly
divergent synthetic antibody libraries that can be used for dis-
covery of human antibodies without the need for lengthy
hybridoma antibody production and subsequent humanization
of mouse monoclonals (13, 14). In the current study, we report
the discovery and characterization of highly effective synthetic
human antibody therapeutics for prophylactic and postexpo-
sure treatment of SEB-induced disease and lethality.

EXPERIMENTAL PROCEDURES

Bacterial Superantigens and Endotoxin—SAgs SEA, SEB,
SEC1to -3, SED, SEK, TSST-1, SpeA, and SpeC were purchased
from Toxin Technology (Sarasota, FL) and reconstituted with
deionized water. Toxins were aliquoted and stored at —80 °C
until use. According to the manufacturer’s certificate of analy-
sis, purity of toxins was >95% as determined by SDS-PAGE.
Lipopolysaccharide (LPS; Escherichia coli 055:B5) was pur-
chased from List Biological Laboratories, Inc. (Campbell, CA)
and reconstituted with PBS prior to use.

Construction of Phage-displayed Fab Libraries—The con-
struction of library F, a synthetic Fab-phage library, has been
described.® For the first round of affinity maturation, two sub-
libraries were constructed. The template was constructed by
introducing TAA stop codons into CDR-L3 in the phagemid
pHP153. Phagemid pHP153 displays an anti-MBP Fab fused to
the N terminus of the C-terminal domain of the gene-3 minor

®H. Persson, W. Ye, A. Wernimont, J. Adams, R. Lam, and S. S. Sidhu, manu-
script in preparation.
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coat protein (cP3) and was also used as a template in construct-
ing library F. In addition, amber codon TAG was introduced at
the fusion point between the heavy chain and cP3 such that the
Fab can be displayed on phage in an amber suppressor host, or
it can be expressed as free protein in a non-suppressor strain.
The resulting phagemid (pGCl054) was used as the template
for a mutagenesis reaction with mutagenic oligonucleotides
designed to replace TAA stop codons with degenerate codons
at the desired CDR sites, as described (15). In the first subli-
brary, mutations were introduced into CDR-L3 only with oli-
gonucleotide L3-a (all oligonucleotides used in this study are
described in the supplemental material and listed in supple-
mental Table S1). In the second sublibrary, mutations were
introduced into CDR-L3 and one of the other four CDRs: CDR-
L1, CDR-H1, CDR-H2, or CDR-H3. CDR-L3 was mutagenized
with oligonucleotide L3-b, which is more conservative com-
pared with L3-a used in the first sublibrary. For the second
round of affinity maturation, shotgun scanning combinatorial
mutagenesis was performed to scan all residues in CDRs of
GCIO073 to obtain higher affinity SEB-binding Fabs by fine tun-
ing the interaction interface. Accordingly, three sublibraries
were constructed. In the first and second sublibraries, alanine-
scanning or homolog-scanning, respectively, was utilized to
mutagenize CDRs of clone GCI073. In the third sublibrary, the
oligonucleotides used for alanine scanning and homolog scan-
ning were premixed and utilized in site-directed mutagenesis
for library construction. These sublibraries were eventually
pooled before they were subjected to panning.

Selection and Characterization of Anti-SEB Fabs—Biopan-
ning, direct phage ELISAs, and single-point competitive phage
ELISAs were performed as described (16). A brief summary of
the procedures follows. Phage particles from the libraries were
cycled through rounds of binding selection with SEB coated on
96-well Maxisorp Immunoplates (Fisher) as the capture target.
After five rounds of selection, phage particles were produced
from individual clones grown in a 96-well format, and the cul-
ture supernatants were used in phage ELISAs to detect specific
binding clones. A single-point competitive phage ELISA was
used to rapidly estimate the affinities of phage-displayed anti-
SEB Fabs. Clones that bound to SEB and showed ~50% inhibi-
tion in the presence of 10 nM solution phase SEB in single-point
competitive phage ELISA were subjected to DNA sequence
analysis in initial biopanning from library F. The concentra-
tions of solution phase SEB in single-point competitive phage
ELISA were decreased to 5 or 2 nm in the successive two rounds
of affinity maturation, respectively. In total, 20 unique clones
were obtained from initial panning from library F. Twenty-two
and three unique clones were obtained from the first and sec-
ond round of affinity maturation, respectively. The CDR
sequences of these clones are listed in Table 1.

Expression and Purification of Fab Proteins—The Fab expres-
sion vector was derived from the phage display phagemid by
inserting an amber stop codon upstream of the sequence
encoding for cP3. Fab protein was produced by growing the
transformed 55244 E.coli cells in low phosphate CRAP
medium (complete CRAP phosphate-limiting medium: 3.57 g
of (NH,)250,, 1.07 g of KCl, 0.71 g of sodium citrate dihydrate,
5.36 g of yeast extract, 5.36 g of hycase SF-Sheffield, pH adjusted
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with KOH to 7.3, volume adjusted to 872 ml with deionized
H,O and autoclaved; medium supplemented with 110 ml of 1m
MOPS, pH 7.3, and 11 ml of 50% glucose, 7 ml of 1 M MgSO,
before use) at 30 °C for 24—27 h, as described previously (16).
The pellet was then resuspended in lysis buffer (50 mm Tris, 150
mM NaCl, pH 8.0, 0.5 mg/ml lysozyme (Bioshop, Burlington,
Canada), 10 units/ml benzonase (EMD Chemicals, Gibbstown,
NJ), 10 mm MgCl,) and incubated on ice for 1 h. The crude
lysate was spun down, and the supernatant was applied to an
rProtein A affinity column (GE Healthcare); the column was
washed with 250 column volumes of nonpyrogenic PBS buffer
supplemented with 0.1% Triton 114 followed by 100 column
volumes of nonpyrogenic PBS buffer for Triton 114 removal.
Fab protein was eluted with nonpyrogenic elution buffer (50
mwm NaH,PO,, 100 mm H;PO,, 140 mm NaCl, pH 2.0) and neu-
tralized with nonpyrogenic neutralization buffer (1 M
Na,HPO,, 140 mm NaCl, pH 8.6). Protein concentrations were
determined by Bradford assay (Bio-Rad) using bovine y-globu-
lin as a standard.

Conversion of Fabs to Full-length Antibodies—The VH and
VL sequences of individual anti-SEB Fab clones were PCR-am-
plified using primer sets described in the supplemental mate-
rial. The resulting VL and VH cassettes were subcloned into
BssHII/BsiWI and BssHII/Nhel restriction sites in expression
vector pMAZ-Igl. or pMAZ-IgH (17), respectively. Mamma-
lian vector pMAZ-IgL contains an expression cassette of the
constant region of human « light chain, and pMAZ-IgH con-
tains an expression cassette of the constant region of human y1
heavy chain. In both cassettes, transcription is driven from a
human cytomegalovirus promoter. Vectors were constructed
by following standard molecular cloning protocol, and correct
variable region sequences were verified by sequencing.

IgG Production in Mammalian Cells— After initial optimiza-
tion of conditions at a 125-ml scale, a suspension-adapted
HEK293T cell line was cultivated in F17 medium (Invitrogen)
in 5-liter shake flasks (Corning Inc.). Cells were transfected at a
density of ~1-1.5 X 10° cells/ml. For transfection, 5 ug of DNA
was combined with 25-kDa linear polyethyleneimine (Poly-
sciences, Inc.) and then added to the cells. Cells were fed ~24 h
after transfection with sodium butyrate and harvested by cen-
trifugation ~3-5 days post-transfection. Conditioned medium
was stored at 2—8 °C until purification. Column chromatogra-
phy was performed using an Akta Explorer 100 chromatogra-
phy system at 2-8°C, with 5 ml of rProtein A-Sepharose
packed into a 1.6-cm diameter XK 16 column (GE Healthcare).
The linear flow rate was 150 cm/h for each experiment. Condi-
tioned medium was 0.2-um filtered prior to processing (poly-
ethersulfone, 0.2 wm, from Nalgene (Rochester, NY)). The Pro-
tein A-Sepharose column was equilibrated in 5 column bed
volumes of PBS, pH 7.4, and loaded with conditioned medium.
The column was washed to base-line A4, (10 column bed vol-
umes) with PBS, pH 7.4, and bound protein was eluted with 10
column bed volumes of 0.1 M sodium citrate, pH 3.0. Eluate was
collected into a container containing one-twentieth elution vol-
ume of 1 M Tris-Cl, pH 8.0. Eluate was subsequently exchanged
into 20 mm HEPES, 150 mm NaCl, 150 mm L-arginine, pH 6.8,
by dialysis (dialysis membrane 10,000 Da molecular mass cut-
off; Pierce). Formulated IgG was 0.2-um filtered and stored at
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2-8 °C. Concentration and yield were determined by A4, (€ =
1.4), and purity was determined by SDS-PAGE (4—12% BisTris
gels; prestained See Blue SDS-PAGE standards were from
Invitrogen).

IgG Production in Nicotiana benthamiana—Heavy and light
chain genes of GCI079 were codon-optimized for expression in
Nicotiana benthamiana, synthesized (GeneArt, AG), and sub-
sequently cloned into plant (TMV and PVX) expression vectors
(Icon Genetics, GmbH), followed by transformation into Agro-
bacterium tumefaciens strain ICF320 (18). For transient expres-
sion of IgG079P (IgG format of GCI079 produced in plants) in
planta, we used the “magnifection” procedure (Icon Genetics,
Halle (Saale), Germany) as described (19), with minor modifi-
cations. The N. benthamiana plants used for Agrobacterium
infection and subsequent antibody production were obtained
from Dr. Herta Steinkellner (Universitit fiir Bodenkultur Wien,
Vienna, Austria); these plants were modified by RNAi expres-
sion to eliminate the expression of the endogenous plant-spe-
cific xylosyl- and fucosyltransferase genes (20). Plants grown for
4 weeks in an enclosed growth culture room at 20 -23 °C were
used for vacuum infiltration. Equal volumes of overnight-
grown Agrobacterium cultures were mixed in the infiltration
buffer (10 mm MES, pH 5.5, and 10 mm MgSO,) resulting in a
1:1000 dilution for each individual culture. The infiltration
solution was transferred into a 20-liter custom built (Kentucky
Bioprocessing, Owensboro, KY) vacuum chamber. The aerial
parts of entire plants were dipped upside down into the bacte-
rial/buffer solution. A vacuum of 0.5 bars was applied for 2 min.
After infiltration, plants were returned to the growth room
under standard growing conditions. Eight days postinfiltration,
the leaf tissue was extracted in a juicer (Green Star, model
GS-1000), using 25 ml of chilled extraction buffer (100 mm Tris,
40 mMm ascorbic acid, 1 mm EDTA) per 100 g of green leaf tissue.
The plant-derived extract was clarified by lowering the pH of
the extract to pH 4.8 with 1 M phosphoric acid then readjusting
it to pH 7.5 with 2 M Tris base to insolubilize plant debris,
followed by centrifugation at 16,000 X g for 30 min. The super-
natant was transferred and recentrifuged at 16,000 X g for an
additional 30 min. The clarified extract was filtered through 0.2
pm prior to loading onto a 5-ml HiTrap MabSelect SuRe (GE
Healthcare) Protein A column at 2 ml/min. The column then
was washed with running buffer (50 mm HEPES, 100 mm NaCl,
pH 7.5) and eluted with 0.1 M acetic acid, pH 3.0. The resulting
eluate was neutralized to pH 7 using 2 M Tris, pH 8.0, and
supplemented with Tween 80 to 0.01%. The mAb solution was
then polished via Q filtration (Mustang Acrodisc Q membrane;
Pall), aliquoted, and stored at —80 °C until used. All mAb was
fully assembled as determined by SDS-PAGE and had less than
5% aggregate as determined by HPLC-SEC.

Human PBMCs and Toxin Neutralization Assay in Vitro—
Peripheral blood mononuclear cells were isolated from
heparinized blood of healthy human donors by Ficoll gradient
centrifugation as described (21). Isolated peripheral blood
mononuclear cells were washed twice in PBS, frozen in 20%
DMSO in HI-FBS overnight at —80 °C, and stored in liquid
nitrogen until further use. For the assay, the cell pellet was
resuspended in RPMI 1640 with 5% fetal bovine serum (FBS),
and cells were washed and enumerated by trypan blue exclusion
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and adjusted to 2 X 10° cells/ml. 75 ul of this cell suspension
(1.5 X 10 cells) with a viability of >95% was added to duplicate
wells of 96-well flat bottom plates containing 37.5 ul of semilog
diluted (0.02-20 ug/ml) human monoclonal antibodies and
37.5 ul of SEB. Wells containing medium with toxin only were
used as controls. The cultures were incubated at 37 °C in an
atmosphere of 5% CO,, 95% air for 48 h. Cells were centrifuged
at 1600 X g for 10 min, culture supernatants were harvested,
and IFNy production was assessed by ELISA (R&D Systems,
Minneapolis, MN) following the manufacturer’s protocol.
Plates were read at 450 nm using the VersaMax plate reader,
and data were transferred and analyzed in Microsoft Office
Excel 2007. Cells stimulated with toxin in the absence of a neu-
tralizing agent served as positive control; this was considered as
0% IFNYy inhibition. Accordingly, inhibition of IFN+y produc-
tion in the presence of neutralizing agent was calculated as the
difference between positive control and sample. IC,, values for
the neutralizing agents (human monoclonal antibodies) were
determined using a 4-parameter logistic model (equation 205,
XLFit version 5.2).

Enzyme-linked Immunosorbent Assay (ELISA) for Detection
of Superantigens by Full-length IgGs—96-well plates were
coated with 100 ng of SEA, SEB, SEC1 to -3, SED, SEK, TSST-1,
SpeA, or SpeC overnight at 4 °C. Nonspecific binding was
blocked with Starting Block PBS® (ThermoScientific) for 2 h at
room temperature. Different dilutions of IgGs in Starting Block
PBS were incubated for 2 h at room temperature. Bound IgG
was detected with a goat anti-human IgG-HRP antibody, and
plates were read at 650 nm using a Versamax plate reader. Data
were analyzed in Softmax using a 4-parameter logistic curve.

Kinetic Analyses—For surface plasmon resonance analysis, a
human IgG capture kit (GE Healthcare) was used to immobilize
a polyclonal antibody against human IgG onto the surface of a
Biacore CM5 chip (GE Healthcare) using an amine-coupling kit
with a target capture level of 1000 Resonance units (RU). This
orientation eliminates the chance of detecting avidity effects
from the bivalent nature of IgG. 50-150 RUs of mAb were
captured, and SEB (Toxin Tech) was flowed over the chip at five
different concentrations (with the highest concentration hav-
ingan R, between 30 and 80 RUs), and kinetic analyses using
BIAE valuation software were performed (1:1 fit). Fast flow
rates and controls (including a flow cell with no captured
human mAb and a run with no SEB) were performed to ensure
against acquiring mass transfer-limited data.

Animals—Eight-week-old female BALB/c mice were pur-
chased from Charles River (Willmington, MA). Mice were
maintained under pathogen-free conditions and fed laboratory
chow and water ad libitum. All mouse work was conducted in
accordance with protocols approved by institutional animal
care and use committees.

Animal Efficacy Studies—For prophylactic protection stud-
iesin BALB/cmice, 10 LD, (2 ug/mouse) of SEB was incubated
with 90 ug of human monoclonal Fab antibodies for 1 h at room
temperature, before intraperitoneal administration in a total
volume of 200 ul. Four hours postinjection, SEB toxicity was
potentiated with 40 ug of LPS in a 200-ul volume administered
intraperitoneally. Time course studies were performed to eval-
uate the therapeutic activity of full-length human monoclonal
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antibodies. Mice were challenged with different doses (4, 3, 2.5,
2,1.5,1,0.5,0.25, and 0.125 ug) of SEB at £ = 0 h and received
40 ug of LPS at ¢ = 4 h via the intraperitoneal route, each in a
volume of 200 ul. At £ = 1 h, mice were treated with 200 ug of
either human monoclonal antibodies or nonspecific mouse IgG
in a 100-ul volume of PBS. Mice were monitored for morbidity
(weight loss, hunched posture, lethargy, ruffled fur) and mor-
tality over a time period of 4 days. For cytokine analysis, mice
were challenged with 4 ug of SEB (¢ = 0 h) and received 200 ug
of human monoclonal Abs or mIgG 1 hlater (t = 1 h) and 40 ug
of LPS 4 h later (¢ = 4 h). At = 5h and ¢ = 8 h, mice were bled
by cardiac puncture, and serum was used to determine proin-
flammatory cytokines.

SDS-PAGE and Western Blotting—The purity of the anti-
bodies was verified by SDS-PAGE. Each sample (100 ng) was
loaded on a 4-15% polyacrylamide gel in SDS loading buffer
(Boston BioProducts) and electrophoresed at 140 V for 45
min. The gel was stained with Gelcode Blue Stain Reagent
(Thermo Scientific).

The binding properties of the antibodies were determined by
Western blotting. SEB (100 ng) was electrophoresed ina 4 —15%
polyacrylamide gel and subsequently trans-blotted onto a
nitrocellulose membrane (0.45 wm; Millipore). The blotting
was performed in 1X transfer buffer (NuPage transfer buffer,
Invitrogen) at 20 V for 40 min. After blotting, the membrane
was blocked by incubation in Starting Block T20 (Invitrogen)
for 10 min at room temperature. The blocked membrane was
incubated with the antibody sample diluted in Starting Block
(1:1000, v/v) overnight. The membrane was washed with 1X
TBT-T and incubated with goat anti-human IgG alkaline phos-
phatase conjugate (Bio-Rad) diluted in Starting Block (1:3000,
v/v) for 1 h on a shaker. After three washes with TBS-T, the
substrate solution (AP substrate conjugate kit, Bio-Rad) was
added, and the band was developed for 10 min, after which the
membrane was washed with deionized water and dried on
Whatman paper.

Cytokine Analysis—Cytokine levels in serum were assayed
using the Milliplex® MAP Mouse Cytokine/Chemokine Poly-
styrene Bead Panel (catalog no. MPXMCYTO-70K, Millipore
Corp. (Billerica, MA)). The protocol established by the com-
pany was used. Briefly, mouse serum samples were thawed,
mixed by vortexing, and then clarified through filter spin col-
umns (catalog no. UFC30DV00, Millipore Corp.) by spinning at
12,000 X g for 4 min at room temperature. Each standard, con-
trol, or undiluted sample, in 25 pl, was added in duplicate to
antibody-conjugated beads and incubated in a 96-well filter
plate overnight at 2— 8 °C with shaking at 650 rpm. After 16 -18
h, wells were washed, and 25 ul of detection antibody was
added to each well. After 1 h of incubating at room temperature
with shaking, 25 ul of streptavidin-phycoerythrin were added
to each well and incubated for 30 min with shaking. Final
washes were completed, and then 150 ul of sheath fluid was
added to each well. The plate was analyzed using a Bio-Plex®
200 suspension array system (Bio-Rad). The instrument set-
tings were as follows: 50 events/bead, 100-ul sample size, and
gate settings at 8000 —15,000. The software used to perform the
assay and analyze data was Bio-Plex Manager™ version 6.0,
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which calculated concentrations in pg/ml based on the respec-
tive standard curve for each cytokine.

Statistical Analysis—Data were analyzed using PRISM soft-
ware (GraphPad Software, Inc.). In vivo survival curves were
analyzed using the log-rank (Mantel Cox) test.

RESULTS

Selection of Anti-SEB Fabs Using Phage Display—We used
phage display technology to select Fabs specifically targeting
SEB. The synthetic antibody library was constructed on a single
human framework as described previously (22) but with greater
diversity allowed in the third hypervariable loop of the light
chain.® The naive library pool contained >10"° unique clones.

The library was cycled through five rounds of binding selec-
tions with immobilized SEB antigen. Enrichment was observed
from the third round of biopanning. Ninety-six clones from
each of rounds 3-5 were tested by single-point competition
phage ELISA. Seventy-five clones showed both positive signal
in spot phage ELISA and over 50% inhibition in the presence of
10 nm solution phase SEB in single-point competitive phage
ELISA. These clones were sequenced, and 20 unique clones
were obtained. Sequence analysis indicated that 15 of 20 clones
retained the original heavy chain sequences as the template
used for library construction, with the other five clones con-
taining 1-3 point mutations in only one of the three heavy
chain CDRs. The high occurrence of parental heavy chain
CDRs is not due to bias introduced during the construction of
the library because sequencing analysis showed that ~70% of
the clones in the naive library are fully mutagenized in all four
CDRs subjected to mutagenesis, meaning that only 30% of
clones contain one or several loop sequences, as found in the
parental clone.” This correlates well with the typical >80%
mutagenesis efficiencies obtained with the mutagenesis proce-
dure used to introduce diversity (23). Moreover, Fab clones
containing highly diversified sequences in four CDRs, although
displaying high antigen-binding affinity and specificity, were
also obtained from the selection using this naive library against
different antigens.® In contrast, all SEB-binding clones had
CDR-L3 sequences different from that in the template, of which
16 clones share the following consensus CDR-L3 sequence:
(S/VIA)(Y/W)S(A/S)(S/H/Y/V)(S/Y/H)PE. Therefore, our affinity
maturation strategy for further improvement was focused on the
consensus sequence of CDR-L3.

First Affinity Maturation—Two sublibraries were con-
structed for the first round of affinity maturation. In one subli-
brary, mutations were introduced into CDR-L3 only. In the
other sublibrary, mutations were introduced into both CDR-L3
and one of the other four CDRs that are spatially close to CDR-
L3, namely CDR-L1 and the three heavy chain CDRs. These two
sublibraries were cycled through five rounds of binding selec-
tions with immobilized SEB antigen under more stringent con-
ditions by successively lowering the concentration of immobi-
lized antigen and more intensive washing. We sequenced only
those clones that bound to immobilized SEB in spot phage
ELISA and exhibited over 50% inhibition in the presence of 5
nM solution-phase SEB in single-point competition phage

65S.S. Sidhu, unpublished data.
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ELISA. Twenty-two unique clones were obtained from affinity
maturation. Interestingly, all of the improved clones had new
CDR-L3 sequences, but most retained the original heavy chain
CDR sequences, with CDR-L1 and CDR-H3 being non-mu-
tated in all clones, which was also observed in first generation
Fabs. This may indicate that the conformation formed by the
parental heavy chain CDR sequences is complementary to the
epitope on the antigen that the Fabs interact with, but it could
also be due to the design of the template with stop codons
embedded only in CDR-L3 and therefore the high occurrence
of parental heavy chain CDR sequences.

The selected Fabs were expressed in 55244 E. coli cells and
purified on an rProtein A column. Endotoxin levels were
reduced to below 10 Endotoxin Units (EU)/mg by extensive
washing of loaded column with nonpyrogenic PBS buffer sup-
plemented with 0.1% Triton 114 followed by nonpyrogenic PBS
buffer. The Fabs were then eluted and subjected to buffer
exchange to PBS. SDS-PAGE and endotoxin level measure-
ments were performed for quality control purposes.

The purified Fabs were then tested in vitro in a toxin neutral-
ization assay (TNA) using SEB-mediated induction of IFNvy
production by human PBMCs as a readout, and the best Fabs
emerging from the affinity maturation were identified based on
IC,, values (concentration for 50% inhibition of SEB activity).
Furthermore, the binding affinities were estimated in multi-
point competition phage ELISA. The selected Fab clones (Table
1), denoted as GCI064, GCI073, GCI075, and GCI079, all
showed low binding IC,, values (3—5 nm) and low TNA IC,,
values (36 —132 nm).

We tested the in vivo neutralization of SEB by GCI064,
GCI073, GCI075, and GCIO79 in the LPS potentiation model of
toxic shock in BALB/c mice. SEB (2 ug) was preincubated with
each Fab (90 ug) for 1 h at room temperature. Mice were then
challenged with SEB alone or with SEB pretreated with the Fabs
by intraperitoneal injection. After 4 h, mice were injected intra-
peritoneally with 40 ug of LPS and monitored for 4 days for
morbidity and mortality. As shown in Fig. 1, whereas all mice
treated with SEB and LPS alone succumbed within 2-3 days,
preincubation of SEB with the Fabs resulted in 80% (GCI073) to
100% (GCI064, GCI075, and GCI079) protection from lethal
challenge.

Second Affinity Maturation—As the template for the second
round of affinity maturation, we chose GCI073, one of the four
Fabs that demonstrated the best neutralizing efficacy in an in
vitro toxin neutralization assay from the first round affinity
maturation. Three sublibraries were constructed. In the first
and second sublibraries, alanine scanning and homolog scan-
ning were utilized to mutagenize CDRs of GCI073. In the third
sublibrary, the oligonucleotides used for alanine scanning and
homolog scanning were premixed and utilized in site-directed
mutagenesis for library construction. These sublibraries were
pooled before they were subjected to panning similar to that in
the first round of affinity maturation. Three clones (GCI119,
GCI120, and GCI121) were identified with slightly improved
IC;, values (Table 1).

Generation of Full-length Human Anti-SEB IgG1—The heavy
and light chain variable region sequences from GCI064,
GCI075, GCI079, GCI0119, GCI0120, and GCI0121 were

JOURNAL OF BIOLOGICAL CHEMISTRY 25207

GTOZ ‘Gz aung uo 1s9nb Aq /610 g - mmmy/:dny wouy papeoumoq


http://www.jbc.org/

Therapeutic Human Monoclonal Antibodies against SEB

TABLE 1

Sequences and IC;, values of anti-SEB Fabs

CDR sequences are shown for Fabs isolated from library F (A); the first round of affinity maturation, in which the library was constructed based on the consensus sequence
of CDR-L3 identified in initial panning from library F (B); and the second round of affinity maturation, in which the library was constructed based on clone GCI073 (C). The
numbering is according to the nomenclature of Kabat et al. (38). Residues that are different from the template HP153 (top row) used in constructing library F are shown in
white with black background. Dashes indicate gaps in the alignment. IC, values are concentrations of SEB that inhibit 50% of Fab-displayed phage binding to immobilized
SEB (a) or concentrations of Fab protein that block 50% of INF release in the in vitro toxin neutralization assay (b). ND, not determined.

CDR-L1 CDR-L2 CDR-L3 CDR-H1 CDR-H2 CDR-H3 IC.,
] oS aoeoooan ICkh (ug/ml)
Clone NA@m™ Bobinminn MMM BDBDDDINNDG eSO aaaaaaaaS  (aM)* i
HP153 SVSSA SASSLYS SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD
(a)
GCIO33 SVSSA SASSLYS SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD ND
GCI034 SVSSA SASSLYS SpEISNERDS SIH- SIp@ESYGYTY RTVRGSKKPYFSGWAMD 13
GCIO35 SVSSA SASSLYS SpERYERER SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 5
GCI036 SVSSA SASSLYS sSphERS:SSN: SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 10
GCI037 SVSSA SASSLYS sphERECENES SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 15
GCI038 SVSSA SASSLYS SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 12
GCI039 SVSSA SASSLYS SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 12
GCI040 SVSSA SASSLYS VYSYSPF SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 12
GCIO41 SVSSA SASSLYS SpENFSESR SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 13
GCI042 SVSSA SASSLYS SpERN:ERES SIH- SISSYGYTY RTVRGSKKPYFSGWAMD 10
GCIO043 SVSSA SASSLYS YSSSPF SH— SISSSYGYTY RTVRGSKKPYFSGWAMD 13
GCI044 SVSSA SASSLYS NAUERN:E:8:-N3 SIH- SI SYGYTY RTVRGSKKPYFSGWAMD 8
GCI045 SVSSA SASSLYS sSPhEREENDS SIH- SI YGYTY RTVRGSKKPYFSGWAMD 5
GCI046 SVSSA SASSLYS SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 4
GCI047 SVSSA SASSLYS SpPEERERES SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 10
GCI048 SVSSA SASSLYS NAENVN:ERE SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 8
GCI049 SVSSA SASSLYS PFOEFSes: SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 5
GCIO50 SVSSA SASSLYS NAERYEERRE: SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 11
GCIO51 SVSSA SASSLYS SpERNASEI SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 8
GCI052 SVSSA SASSLYS ShERFNENES SIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 8
(B)
GCIO59 SVSSA SASSLYS pEERNEPWB SISSSYGYTY RTVRGSKKPYFSGWAMD 5
GCIO60 SVSSA SASSLYS peENRERE SISSSYGYTY RTVRGSKKPYFSGWAMD 3.3
GCIO6l SVSSA SASSLYS pEEpNNen-N SISSSYGYTY RTVRGSKKPYFSGWAMD 2
GCI062 SVSSA SASSLYS pEERN:RE-E SISSSYGYTY RTVRGSKKPYFSGWAMD 3
GCIO63 SVSSA SASSLYS [PENNREE SISSSYGYTY RTVRGSKKPYFSGWAMD 3
GCI064 SVSSA SASSLYS SPEFNENES SIPEISYGYTY RTVRGSKKPYFSGWAMD 3.1 6.7
GCI065 SVSSA SASSLYS ShERN NN SIpEXYEJY TY RTVRGSKKPYFSGWAMD 4
GCI066 SVSSA SASSLYS RAAENNeN:S:-Ny SIYYTY RTVRGSKKPYFSGWAMD 2.2
GCI067 SVSSA SASSLYS RAERNS:E:E SISSSYGYTY RTVRGSKKPYFSGWAMD 2.8
GCI068 SVSSA SASSLYS NAERNVERD] PRPIPERBd SISSSYGYTY RTVRGSKKPYFSGWAMD 3.2
GCI069 SVSSA SASSLYS PFOERV:E@PI FSSSSIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 557
GCIO70 SVSSA SASSLYS pomONeRlg-Bl FSSSSIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 10.1
GCIO71 SVSSA SASSLYS SpuEpNe:RBi FSSSSIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 9
GCI072 SVSSA SASSLYS PEGENEEREY FSSSSIH- SIYYTY RTVRGSKKPYFSGWAMD 2.8
GCI073 SVSSA SASSLYS NAGENE:SRY FSSSSIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 3.6 5.9
GCI074 SVSSA SASSLYS NAEXERSREEY FSSSSIH- SISYYTY RTVRGSKKPYFSGWAMD 3
GCI075 SVSSA SASSLYS NAEEEERRE: TMH SISSSYGYTY RTVRGSKKPYFSGWAMD 3.6 3.5
GCI076 SVSSA SASSLYS PFOEEEEREN FSSSSIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 2.2
GCIO77 SVSSA SASSLYS NAEERERE SH— SISSSYGYTY RTVRGSKKPYFSGWAMD 2.2
GCIO78 SVSSA SASSLYS NASEEERE SSEYSIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 4
GCI079 SVSSA SASSLYS PHIEPWNERRY FSSSSIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 5 1.9
GCI080 SVSSA SASSLYS pREFUERRY FSSSSIH- SISSSYGYTY RTVRGSKKPYFSGWAMD 2
(©)
GCI119 SVSSA SASSLYS NAGUNE:SEI FSSSSIH- SISSSYGYTY RTVENG SERENIFENGWAMD 1.6 6.3
GCI120 SSSA S IR AS:B 4 FSSSSIH- S SSSYGTY R TPYR GE\K K PRAFPNG WA M D
GCI121 SVSSA SASENLYEN PREFNAEERYd FSSPNSIH- SSYGYTY RTVRENSRHEE:WWNEPNG WA MD 1. 0.3
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inserted into expression vectors pMAZ-IgL. or pMAZ-IgH (17),
respectively. pMAZ-Igl. and pMAZ-IgH contain expression
cassettes of the constant region of human « light chain or
human vyl heavy chain, respectively. To produce full-length
antibodies, the mammalian expression vectors for IgH and IgL
were used to transfect HEK-293T cells. After initial optimiza-
tion in 125-ml culture flasks, the production was scaled up to 5
liters under serum-free conditions in suspension culture. The
rlgG was purified using Protein A and formulated in PBS. The
antibodies were quality-controlled by SDS-PAGE, Western
blot, and ELISA (binding to SEB).

We also explored the possibility of producing anti-SEB anti-
bodies in a transient plant expression system (magnICON) (19).

100 3
g s I
2 60- -0 GClI064
2 & GCI073
- o+ GCI075
S 40
3 < GCI079
& 20 - SEB/LPS
= LPS
G T T ~ 1
0 1 2 3 4

days

FIGURE 1. In vivo SEB neutralization by Fab clones in mouse model of
toxic shock. BALB/c mice were challenged intraperitoneally with 2 g of SEB
preincubated with Fabs GCl064, GCI073, GCl075, and GCI079 and received 40
g of LPS 4 h after SEB challenge. Control groups received SEB/LPS or LPS
only. Mice treated with GCI064, GCI075, and GCI079 showed full protection
(p = 0.0016), and those treated GCI073 showed 80% protection (p = 0.0047)
when compared with SEB/LPS control. Analysis of data was performed using
log-rank (Mantel-Cox test) (n = 5/group).

A

1.0 SEA

0D650nm

1.0 SEC1

By using a transgenic line of N. benthamiana lacking plant-
specific N-glycan residues (20), mAbs with highly homogenous
human-like glycoforms can be generated. To this end, the
IgG079 (derived from GCI079) heavy and light chains were syn-
thesized and inserted into magnICON expression vectors.
These vectors were introduced into A. tumafaciens, which was
then infiltrated into 1 kg of plants. After 1 week, plants were
harvested, and mAb protein was extracted and purified via Pro-
tein A chromatography. Approximately 70 mg of IgG079 was
recovered. The mAb was quality-controlled by SDS-PAGE
(reduced and non-reduced) and SEC-HPLC (data not shown).

Binding of Anti-SEB IgGs to SEB and Other Superantigens—
Purified full-length IgGs were first tested in binding ELISA
using purified SEB and several other superantigens as coating
antigen. As shown in Fig. 2, affinity-matured IgGs (clones 119 -
121) showed enhanced binding to SEB with about 10-fold
improved EC,,. Whereas the parental clones showed low bind-
ing to SEA and SEC-1, the affinity-matured clones 120 and 121
displayed increased binding to these superantigens (Fig. 2). In
contrast, binding to SED observed for the parental clones was
reduced upon affinity maturation (Fig. 2).

Determination of Kinetic Properties of Anti-SEB IgGs—Ki-
netic constants for the three best antibodies were determined
using surface plasmon resonance (Biacore) as described under
“Experimental Procedures.” As shown in Table 2, clones 119,
120, and 121 showed subnanomolar to low nanomolar affini-
ties. Kinetic analyses (Table 2) reveal that the improvements in
binding seen with clone 121 are due to both a faster on rate (k)
and a slower off rate (k).

4.0- RER
3.0 - 1gG064
- 1gGO75
2.0- - 1gGO79
1eG119
1.0 1gG 120
- IgG121
ST TP T K
) \} Q D N
S D Q> N
S
1.0- SED

IgG (ng/ml)

FIGURE 2. ELISA for detection of superantigens by full-length IgGs. ELISA was performed with different dilutions of full-length one time affinity-matured
1gG064, 1IgG075, and IgG079 and two times affinity-matured IgG119, 1I9gG120, and IgG121 using plates coated with 100 ng of SEA, SEB, SEC1 to -3, SED, SEK,
TSST-1, SpeA, or SpeC. Curves are only shown for antigens where binding was observed: binding of IgG064, 1gG075,19G079, IgG119,1gG120,and IgG121 to SEA,
SEB, SEC1, and SED. No binding was observed for SEC2 and -3, SEK, TSST-1, SpeA, and SpeC. Error bars, S.E.
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In Vitro Neutralization Activity of Anti-SEB Antibodies—
Functional activity of the purified full-length antibodies was
tested in a toxin neutralization assay using PBMC from three
different donors. In these experiments, SEB was preincubated
with eight different concentrations of anti-SEB IgGs before
adding to PBMC. After culturing the cells for 48 h, IFNy was
measured in supernatants by ELISA, and the percentage inhi-
bition was calculated based on comparison with control wells
withoutantibody. As shown in Fig. 3 and Table 3, the antibodies
from the first affinity maturation (IgG075, 1gG079, and

TABLE 2

Kinetics of SEB binding by IgG119, 19G120, and IgG121

Surface plasmon resonance (Biacore) was performed using human IgG capture
CMS5 chips and SEB as the analyte. Values presented are the average of three indi-

vidual experiments with S.E. *, p < 0.01 compared with h-13F6,,, (irrelevant
control antibody); **, p < 0.005 compared with h-13F6 ;6.

Kinetic constant determined
by surface plasmon resonance

Clone k, k, K,

X 10*/ms X10™%/s X107 m
GCI119 24+ 0.1 37+ 1.1 12+ 04
GCI120 23 *05 2.3 %07 1.0 0.1
GClI121 4.7 0.4 1.5*0.1 0.32 = 0.01

100+
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IgGO079P (where “P” represents “produced in plant N. bentha-
miana”)) inhibited SEB activity with IC,, values ranging from
1.3 to 25 nMm, whereas the activity was markedly enhanced
through the second round of affinity maturation, as evident by
a left shift in the dose-response curve (Fig. 3) and reduced IC,,
values ranging from 0.13 to 0.72 nMm (Table 3). Importantly,
IgG79P produced in N. benthamiana showed comparable neu-
tralization activity, suggesting that plant-produced anti-SEB
retains the critical biological properties.

Therapeutic Efficacy of Anti-SEB Antibodies in Parenteral
Challenge Toxic Shock Model—The therapeutic potential of the
antibodies was determined in a series of experiments using the
LPS potentiated challenge model (24). Groups of five mice were
first challenged intraperitoneally with SEB at different doses (4,
3,2.5,2,1.5,1,0.5,0.25, and 0.125 ug) and were treated with 200
g of IgG119, -120, or -121 or a nonspecific mouse IgG as con-
trol antibody after 1 h. Four hours after SEB challenge, mice
were injected intraperitoneally with 40 ug of LPS as a potenti-
ating agent. Mice treated with IgG119 showed full protection at
any given SEB challenge dose (Fig. 44). Mice treated with
IgG120 (Fig. 4B) or IgG121 (Fig. 4C) showed 80% protection
with single mortalities occurring in each of the groups chal-

1001
804
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404

0.01 0.1 1 10 100 1000

T 1
0.01 0.1 1 10 100 1000

-~ Donor 1
= Donor 2
-O- Donor 3

»
'
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FIGURE 3. In vitro toxin neutralization. Neutralization of 0.1 ng of SEB by different dilutions of full-length IgGs was performed in human PBMCs. IFN-y was
measured by ELISA in the supernatant of stimulated PBMCs as an indicator for T cell proliferation. Shown are TNA curves from duplicates performed with cells
from three different donors at different time points.
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TABLE 3
IC5, values for anti-SEB IgGs determined in a TNA assay using human PBMC from three donors
TNAIC,,
Human mAb Affinity maturation round Donor 1 Donor 2 Donor 3 Mean S.D.
nm
1gG075 1 3.96 8.89 61.55 24.80 31.92
1gG079 1 0.10 0.15 9.83 3.36 5.60
1gG079-P 1 0.15 0.10 3.56 1.27 1.98
IgG119 2 0.24 0.26 1.65 0.72 0.81
1gG120 2 0.13 0.14 0.15 0.14 0.01
IgG121 2 0.07 0.09 0.25 0.13 0.10
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FIGURE 4. Therapeutic efficacy of human monoclonal IgGs in mouse toxic shock model. Protection against SEB was tested in BALB/c mice (n = 5/group)
that were injected with different concentrations of SEB at t = 0 h, treated with 200 ng of IgG119 (gray triangles, A), 1gG120 (gray circles, B), 1gG121 (gray squares,
0), or control mouse IgG (empty squares, A-C) at t = 1 h and challenged with 40 g of LPS at t = 4 h. Shown are nonlinear regression curves analyzed in PRISM 5.0.

lenged with 1.5 or 4 ug of SEB, respectively. In groups treated
with control mIgG, a clear SEB dose-dependant lethality of ani-
mals was observed (Fig. 4, A—C). Mice of both treated and
mock-treated groups lost up to 10% of their initial weight
within 24 h and up to 15% within 48 h after challenge. Most of
the mortalities occurred within 28 h but no later than 48 h after
SEB challenge. Weight loss during the course of disease was
accompanied by ruffled fur, closed inset eyes, and decreased
activity. By day 3 postchallenge, weight loss of both treated and
mock-treated groups of mice was only 5%, and by day 4 postch-
allenge, most of the animals had reached their original weight
and showed no further signs of morbidity (data not shown).
Inhibition of Cytokine Storm by Anti-SEB Antibodies—To
determine the neutralizing effect of the anti-SEB antibodies on
the cytokine storm induced by the superantigenic activity of
SEB, we determined IFN-y and IL-2 content of serum samples of
mice treated with IgG121 or control mIgG. Mice were chal-
lenged with SEB (¢ = 0 h) and treated 1 h later (¢ = 1 h) with
IgG121 or mIgG and challenged 4 h later with LPS (¢ = 4 h).
Five hours (¢t = 5h) and 8 h (¢t = 8 h) after SEB challenge, 3-5
mice/group were euthanized, and blood samples were col-
lected. Serum was separated, and cytokine levels were deter-
mined by a Bioplex assay. IFNy levels were elevated in mock-
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treated mice at both time points, with levels being
significantly higher at £ = 5 h than in mice receiving IgG121
(p = 0.032; Fig. 5, A and B). Similarly, IL-2 levels of mock-
treated mice were higher, but this difference was only signif-
icant at the early time point (p = 0.036; Fig. 5, C and D).
These data suggest that the therapeutic administration of
the antibodies 1 h after exposure can reduce the cytokine
release caused by SEB.

Stability of Anti-SEB Antibodies—We performed a limited
accelerated stability study to compare the stability of 1gG079
produced in either mammalian cells (IgG079) or in N. bentha-
miana (1gGO79P). Antibodies were stored for up to 15 days at
—80, 4, 22, 37, or 42 °C. On days 3, 7, 10, and 15, samples were
analyzed by SDS-PAGE and for SEB binding by ELISA, and
Western analysis was carried out for samples collected on days
6 and 14. TNA was performed with samples collected on day 12,
using human PBMCs and inhibition of IFNy release as a read-
out. IgG079 and IgG079P both showed remarkable stability up
to 15 days, as evidenced by SDS-PAGE analysis (Fig. 6). Stability
was also confirmed in the TNA assay, where both IgGs showed
very similar neutralizing activity after being incubated under
different conditions (Fig. 7). Similar data were obtained for
other antibodies tested (data not shown).
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FIGURE 5. Cytokine production in vivo. IFNyand IL-2 were assessed in serum samples of BALB/c mice that were challenged with 4 ug of SEB at t = 0 h, treated
with 200 ug of IgG121 or control migG at t = 1 h, and challenged with 40 ug of LPS at t = 4 h. Serum samples collected att = 5h (Aand C) and t = 8 h (Band
D) were used to determine cytokine levels. Mice receiving control mlgG (open circles) demonstrated elevated levels of both cytokines at either time point when
compared with mice treated with IgG121 (closed triangles) or non-SEB-challenged mice (closed squares). Shown are median values of n = 3-5 mice/group.

DISCUSSION

Neutralization of virulence factors of bacterial pathogens is a
key component of therapeutic and prophylactic strategies to
counter the detrimental effects of bacterial infections. Toxin-
based vaccination approaches have been used traditionally
against several bacterial pathogens, such as Clostridium
tetani, Bordetella pertussis, and Corynebacterium diphtheriae.
S. aureus produces a plethora of toxins aimed at immune eva-
sion and tissue destruction (25). Among these toxins, SAgs,
consisting of over 19 toxins, are known for massive induction of
a polyclonal T cell activation, resulting in life-threatening TSS
(5). SEB, one of the most potent SAgs produced by S. aureus, is
involved in immune evasion during S. aureus infection and is
one of the major causative agents of staphylococcal TSS and
food poisoning (5, 6, 8). Furthermore, SEB is one of the most
potent potential agents of bioterrorism, developed as a bio-
weapon by the offensive weapons programs of the United States
and Soviet Union before the Biological and Toxin Weapons
Convention of 1972 (10). Despite this ban, there is serious con-
cern that SEB and other toxins may be used as agents of bioter-
rorism. It is therefore critical to develop countermeasures to
prevent or treat the lethal and incapacitating effects of SEB.
Integrated Biotherapeutics is currently developing a vaccine
for SEB (STEBVax) for prophylaxis of SEB-induced toxicity
(26). However, preparation for an unpredicted or imminent
dissemination of SEB would also require a rapidly acting
therapeutic.

25212 JOURNAL OF BIOLOGICAL CHEMISTRY

The success of the toxin-based vaccines is primarily based on
antibody-mediated neutralization, an effect that can be repli-
cated in therapeutic settings using animal sera or hyperimmune
globulin. However, polyclonal immunoglobulin preparations,
while effective, are complicated by the requirement of donor
immunization, the requirement of a high dose, and batch to
batch variation. Human or humanized monoclonal antibodies
represent a safe and effective alternative to the traditional poly-
clonal approaches.

In this study, we used a methodical approach using screening
of a fully synthetic phage display library of human antibodies to
identify highly effective neutralizing antibodies against SEB.
The lead antibodies were shown to be effective in a postexpo-
sure setting against TSS in mice. Furthermore, we have demon-
strated the feasibility of production of such antibodies using a
novel plant expression system at low costs and high yields, an
attribute critically important for a biodefense countermeasure.

By using the highly diverse phage-displayed synthetic anti-
body library F,®> we identified a group of Fabs that target SEB
with high affinity. Competitive phage ELISA indicated that
these antibodies recognized the same epitope on SEB (data not
shown). It is not surprising because, except for CDR-L3, 15 of
the 20 antibodies share the same CDR sequences in the heavy
and light chains as those in the template used for library con-
struction, with the remaining containing only 1-3 mutations in
CDR-H1 or CDR-H2 (Table 1). Moreover, the CDR-L3
sequences of these antibodies share significant homology. This

VOLUME 287 +NUMBER 30+JULY 20, 2012

GTOZ ‘Gz aung uo 1s9nb Aq /610 g - mmmy/:dny wouy papeoumoq


http://www.jbc.org/

Therapeutic Human Monoclonal Antibodies against SEB

250 kD

100
75

A
150
-
——

50

37 e

25

20 ..
15 e
-
Fresh | F/T 4°C_ RT 37°C 42°C| F/T 4°C_RT 37°C 42°C|
| |
Day 10 Day 15
250kD P
150 | i "o
100 | N L
75
— o,

T ———
37 .
25 ———— ———— — — -
|
-—

20
15

Fresh | F/T_4°C

ITT 37°C 42°C F/T _4°C RT| 37°C 42°@d
Day 10 Day 15
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ature (RT), 37 °C, or 42 °C or had undergone one freeze-thaw cycle (F/T).

indicates that, unlike the traditional view of heavy chain CDRs
as major contributors in antigen recognition (27-31) for this
group of antibodies, CDR-L3 plays the dominant role in SEB
binding. Therefore, the strategy for first round affinity matura-
tion was focused on CDR-L3. By carefully controlling selection
conditions, this round of affinity maturation resulted in anti-
bodies with single-digit nanomolar binding affinity, a modest
improvement compared with their parental counterparts. In
order to further improve antibody affinity, alanine-scanning
and homolog-scanning strategies were applied to one of the
four best neutralizing antibodies identified in the first round of
affinity maturation. Alanine-scanning and homolog-scanning
combinatorial mutagenesis are commonly used to determine
the functional contributions of individual side chains involved
in protein-protein interactions, especially in case where the
high resolution structure of the complex is not available (32).
We applied these strategies in the hope that by introducing
subtle mutations in CDR sequences of our antibody, the exist-
ing interactions at the antigen-antibody interface could be fine
tuned such that their binding affinity could be improved. This
round of affinity maturation further optimized the interaction

JULY 20, 2012+VOLUME 287 +NUMBER 30

and resulted in antibodies with subnanomolar affinities for SEB
(Table 1).

Thus, the methodical, stepwise approach through in vitro
affinity maturation used in this study resulted in discovery of
highly specific and effective antibodies. Whereas the identified
antibodies bind SEB with high affinities, cross-reactivity was
also observed to SEA, SEC-1, and SED. The antibodies were
shown to inhibit SEB-induced IFNy secretion by human PBMC
as an indicator of superantigenicity of SEB. Neutralization
capacity of the antibodies was directly correlated with their
affinity, underscoring the importance of identifying high affin-
ity antibodies for effective treatment of SEB-induced toxicity.
When used prophylactically or 1 h after exposure, the human
antibodies protected mice from lethal challenge with SEB. Pre-
vious studies using human anti-SEB antibodies reported by
other investigators showed partial protection even when used
in a prophylactic setting (33). In another report by Drozdowski
et al. (34), a human anti-SEB antibody protected 90% of mice
when administered at the time of challenge with SEB, whereas
the protection dropped to 50 or 10% when antibody was admin-
istered 30 min or 1 hour postexposure, respectively. In contrast,
three of the lead human anti-SEB antibodies reported here
showed complete protection over a wide range of challenge
doses when administered 1 h postchallenge.

Protective efficacy of IgG121 was also reflected in the cyto-
kine levels induced in vivo. SAg-induced T-cell activation leads
to massive systemic release of proinflammatory cytokines and
can result in toxic shock (35). SAgs activate CD4™ T cells, pri-
marily inducing Th1 cytokines like IFNy and IL-2 but only min-
imal amounts of Th2 cytokines like IL-4 and IL-5. In this man-
ner, SAgs contribute to suppression of a protective humoral
response capable of neutralizing staphylococcal toxins. We
showed that mice treated with IgG121 had significantly lower
levels of both cytokines IFNy and IL-2 in serum samples 5 h
after SEB challenge than mice that were mock-treated.

An important aspect of the current study is the demonstra-
tion of the feasibility of producing anti-SEB human antibodies
in a plant expression system. As compared with conventional
mammal-based expression systems, expression in Nicotiana
with virus-based transient expression vectors results in the pro-
duction of extremely high amounts of mAbs in a matter of days
(36). Second, the availability of transgenic plants with altered
glycosylation pathways enables the production of mAbs with
mammalian glycoforms (20). Proteins, including mAbs, have
been produced with this system under good manufacturing
practice and tested clinically (18, 37). Thus, development of
therapeutics against biothreat agents, such as SEB, via this
plant-based method offers a rapid, versatile, low cost, and large
capacity system to rapidly address a bioterror event.

Although prophylactic use of human antibodies in case of an
imminent threat of SEB intoxication in a biowarfare scenario is
feasible, the ability to use such agents in a postexposure thera-
peutic setting is highly desirable from logistic and economic
perspectives. The current study underscores the critical impor-
tance of identifying high affinity antibodies during discovery for
a successful postexposure therapeutic against SEB. Toxins such
as SEB act very quickly and thus leave a very short window of
opportunity for postexposure intervention. The only way to
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improve the chances of therapeutic success is to develop high
affinity and highly specific antibodies with a high on-rate that
could effectively and rapidly neutralize the majority of the cir-
culating toxin molecules. Although the reported lead candi-
dates already show a postexposure therapeutic profile, further
improvement of this attribute of the antibodies would be highly
desirable.

Despite a clear protective effect, treatment with anti-SEB
antibodies did not result in reduction of weight loss or obvious
signs of morbidity in surviving animals. However, a clear effect
was observed on cytokine release, a hallmark of toxic shock.
Future studies should further focus on improving the antibod-
ies for significant reduction of symptoms after onset.

To this end, we are currently exploring the development of
bispecific antibodies that target two distinct epitopes on SEB.
Bispecific antibodies can immensely increase the neutralization
capacity of the antibodies. Furthermore, combination treat-
ments using antibodies targeted against different epitopes
could be pursued to improve therapeutic efficacy. In addition,

25214 JOURNAL OF BIOLOGICAL CHEMISTRY

these antibodies need to be tested in the nonhuman primate
model of SEB pulmonary intoxication. We are currently in the
process of scaling up the production process for these antibod-
ies in plants to produce sufficient material for nonhuman pri-
mate studies. If successful in nonhuman primate studies, these
antibodies represent excellent lead candidates for clinical
development.

Acknowledgments— We thank Danielle Carranza for technical assis-
tance and Itai Benhar and George Georgiou for kindly providing IgG
expression vectors.

REFERENCES

1. Lowy, F. D. (1998) Staphylococcus aureus infections. N. Engl. J. Med. 339,
520-532

2. Rooijakkers, S. H., van Kessel, K. P., and van Strijp, J. A. (2005) Staphylo-
coccal innate immune evasion. Trends Microbiol. 13, 596 —601

3. Nizet, V. (2007) Understanding how leading bacterial pathogens subvert
innate immunity to reveal novel therapeutic targets. J. Allergy Clin. Immu-

VOLUME 287 +NUMBER 30+JULY 20, 2012

GTOZ ‘Gz aung uo 1s9nb Aq /610 g - mmmy/:dny wouy papeoumoq


http://www.jbc.org/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

JULY 20, 2012+VOLUME 287 +NUMBER 30

Therapeutic Human Monoclonal Antibodies against SEB

nol. 120, 13-22

. Kotzin, B. L., Leung, D. Y., Kappler, J., and Marrack, P. (1993) Superanti-

gens and their potential role in human disease. Adv. Immunol. 54, 99 166

. Dinges, M. M., Orwin, P. M, and Schlievert, P. M. (2000) Exotoxins of

Staphylococcus aureus. Clin. Microbiol. Rev. 13, 16 —34, table of contents

. Schlievert, P. M. (1993) Role of superantigens in human disease. /. Infect.

Dis. 167, 997-1002

. Schlievert, P. M. (1986) Staphylococcal enterotoxin B and toxic shock

syndrome toxin-1 are significantly associated with non-menstrual TSS.
Lancet 1, 1149 -1150

. Ulrich, R. G, Sidell, S., Thomas, T. J., Wilhelmsen, C., and Franz, D. R.

(1997) Staphylococcal enterotoxin B and related pyrogeni c toxins. in
Textbook of Military Medicine. Part I. Warfare, Weaponry, and the Casu-
alty (Zajtchuk, R., ed) pp. 621— 630, Office of the Surgeon General, De-
partment of the Army, Washington, D. C.

. Proft, T., and Fraser, J. D. (2007) Streptococcal superantigens. Chem. Im-

munol. Allergy 93, 1-23

Burnett, J. C., Henchal, E. A., Schmaljohn, A. L., and Bavari, S. (2005) The
evolving field of biodefence. Therapeutic developments and diagnostics.
Nat. Rev. Drug Discov. 4, 281-297

Darenberg, ., Ihendyane, N., Sjélin, J., Aufwerber, E., Haidl, S., Follin, P.,
Andersson, J., and Norrby-Teglund, A., and the Steptlg Study Group
(2003) Intravenous immunoglobulin G therapy in streptococcal toxic
shock syndrome. A European randomized, double-blind, placebo-con-
trolled trial. Clin. Infect. Dis. 37, 333—340

Darenberg, J., Soderquist, B., Normark, B. H., and Norrby-Teglund, A.
(2004) Differences in potency of intravenous polyspecific immunoglobu-
lin G against streptococcal and staphylococcal superantigens. Implica-
tions for therapy of toxic shock syndrome. Clin. Infect. Dis. 38, 836 — 842
Bradbury, A. R, Sidhu, S., Dubel, S., and McCafferty, J. (2011) Beyond
natural antibodies. The power of in vitro display technologies. Nat. Bio-
technol. 29, 245-254

Sidhu, S. S., and Fellouse, F. A. (2006) Synthetic therapeutic antibodies.
Nat. Chem. Biol. 2, 682—688

Fellouse, F. A., and Sidhu, S. S. (2006) Synthetic antibody libraries. in
Phage Display in Biotechnology and Drug Discovery (Sidhu, S. S., ed) 1st
Ed., pp. 709 -740, Taylor and Francis Group, Boca Raton, FL

Fellouse, F. A., and Sidhu, S. S. (2007) Making antibodies in bacteria. in
Making and Using Antibodies (Howard, G. C., and Kaser, M. R,, eds) 1st
Ed., pp. 157-180, CRC Press, Inc., Boca Raton, FL

Mazor, Y., Barnea, L, Keydar, 1., and Benhar, I. (2007) Antibody internal-
ization studied using a novel IgG binding toxin fusion. J. Immunol. Meth-
ods 321, 41-59

Bendandi, M., Marillonnet, S., Kandzia, R., Thieme, F., Nickstadt, A., Herz,
S., Frode, R, Inogés, S., Lopez-Diaz de Cerio, A., Soria, E., Villanueva, H.,
Vancanneyt, G., McCormick, A., Tusé, D., Lenz, J., Butler-Ransohoff, J. E.,
Klimyuk, V., and Gleba, Y. (2010) Rapid, high-yield production in plants of
individualized idiotype vaccines for non-Hodgkin’s lymphoma. Ann. On-
col. 21, 2420 -2427

Marillonnet, S., Thoeringer, C., Kandzia, R., Klimyuk, V., and Gleba, Y.
(2005) Nat. Biotechnol. 23,718 723

Strasser, R., Stadlmann, J., Schahs, M., Stiegler, G., Quendler, H., Mach, L.,
Glossl, J., Weterings, K., Pabst, M., and Steinkellner, H. (2008) Plant Bio-
technol. J. 6, 392—402

Berthold, F. (1981) Isolation of human monocytes by Ficoll density gradi-
ent centrifugation. Blut 43, 367—371

Fellouse, F. A., Esaki, K., Birtalan, S., Raptis, D., Cancasci, V. J., Koide, A.,
Jhurani, P., Vasser, M., Wiesmann, C., Kossiakoff, A. A., Koide, S., and

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sidhu, S. S. (2007) High-throughput generation of synthetic antibodies
from highly functional minimalist phage-displayed libraries. J. Mol. Biol.
373, 924-940

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

Stiles, B. G., Bavari, S., Krakauer, T., and Ulrich, R. G. (1993) Toxicity of
staphylococcal enterotoxins potentiated by lipopolysaccharide. Major his-
tocompatibility complex class II molecule dependency and cytokine re-
lease. Infect. Immun. 61, 53335338

Foster, T.]. (2005) Immune evasion by staphylococci. Nat. Rev. Microbiol.
3,948-958

Coffman, J. D., Zhu, J., Roach, ]. M., Bavari, S., Ulrich, R. G., and Giardina,
S. L. (2002) Production and purification of a recombinant Staphylococcal
enterotoxin B vaccine candidate expressed in Escherichia coli. Protein
Expr. Purif. 24, 302—312

Almagro, J. C. (2004) Identification of differences in the specificity-deter-
mining residues of antibodies that recognize antigens of different size.
Implications for the rational design of antibody repertoires. J. Mol. Recog-
nit. 17, 132-143

Bostrom, J., Haber, L., Koenig, P., Kelley, R. F., and Fuh, G. (2011) High
affinity antigen recognition of the dual specific variants of herceptin is
entropy-driven in spite of structural plasticity. PLoS One 6, 17887
Kabat, E. A.,and Wu, T. T. (1991) Identical V region amino acid sequences
and segments of sequences in antibodies of different specificities. Relative
contributions of VH and VL genes, minigenes, and complementarity-de-
termining regions to binding of antibody-combining sites. J. Immunol.
147,1709-1719

Padlan, E. A. (1994) Anatomy of the antibody molecule. Mol. Immunol.
31,169-217

Xu, J. L., and Davis, M. M. (2000) Diversity in the CDR3 region of V(H) is
sufficient for most antibody specificities. Immunity 13, 37—45

Vajdos, F. F., Adams, C. W., Breece, T. N, Presta, L. G., de Vos, A. M., and
Sidhu, S. S. (2002) Comprehensive functional maps of the antigen-binding
site of an anti-ErbB2 antibody obtained with shotgun scanning mutagen-
esis. J. Mol. Biol. 320, 415—428

Larkin, E. A, Stiles, B. G., and Ulrich, R. G. (2010) Inhibition of toxic shock
by human monoclonal antibodies against staphylococcal enterotoxin B.
PLoS One 5, e13253

Drozdowski, B., Zhou, Y., Kline, B., Spidel, J., Chan, Y. Y., Albone, E.,
Turchin, H.,, Chao, Q., Henry, M., Balogach, J., Routhier, E., Bavari, S.,
Nicolaides, N. C., Sass, P. M., and Grasso, L. (2010) Generation and char-
acterization of high affinity human monoclonal antibodies that neutralize
staphylococcal enterotoxin B. J. Immune Based Ther. Vaccines 8, 9
McCormick, J. K., Yarwood, J. M., and Schlievert, P. M. (2001) Toxic shock
syndrome and bacterial superantigens. An update. Annu. Rev. Microbiol.
55,77-104

Hiatt, A., and Pauly, M. (2006) Monoclonal antibodies from plants. A new
speed record. Proc. Natl. Acad. Sci. U.S.A. 103, 14645—-14646

Pogue, G. P., Vojdani, F., Palmer, K. E,, Hiatt, E., Hume, S., Phelps, J., Long,
L., Bohorova, N., Kim, D., Pauly, M., Velasco, J., Whaley, K., Zeitlin, L.,
Garger, S. J., White, E., Bai, Y., Haydon, H., and Bratcher, B. (2010) Pro-
duction of pharmaceutical-grade recombinant aprotinin and a monoclo-
nal antibody product using plant-based transient expression systems.
Plant Biotechnol. ]. 8, 638 — 654

Kabat, E. A, Wu, T. T., Perry, H., Gottesman, K., and Foeller, C. (1991)
Sequences of Proteins of Immunological Interest, 5th Ed., NIH Publication
No. 91-3242, National Institutes of Health, Bethesda, MD

JOURNAL OF BIOLOGICAL CHEMISTRY 25215

GTOZ ‘Gz aung uo 1s9nb Aq /610 g - mmmy/:dny wouy papeoumoq


http://www.jbc.org/

[
The Journal of
Biological Chemistry

AFFINITY SITES

.
- e

Microbiology: ]
Synthetic Human Monoclonal Antibodies MR
toward Staphylococcal Enterotoxin B
(SEB) Protective against Toxic Shock IMMUNOLOGY
Syndrome

Hatice Karauzum, Gang Chen, Laura
Abaandou, Mahta Mahmoudieh, Atefeh R.
Boroun, Sergey Shulenin, V. Sathya Devi,
Eric Stavale, Kelly L. Warfield, Larry Zeitlin,
Chad J. Roy, Sachdev S. Sidhu and M. Javad

Aman
J. Biol. Chem. 2012, 287:25203-25215.
doi: 10.1074/jbc.M112.364075 originally published online May 29, 2012

Access the most updated version of this article at doi: 10.1074/jbc.M112.364075

Find articles, minireviews, Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
* When this article is cited
» When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

Supplemental material:
http://www.jbc.org/content/suppl/2012/05/29/M112.364075.DC1.html

This article cites 34 references, 8 of which can be accessed free at
http://www.jbc.org/content/287/30/25203.full. html#ref-list-1

GTOZ ‘Gz dung uo 1s9nb Ag /B10-oq - mmmy/:dny woly papeojumoq


http://affinity.jbc.org/
http://micro.jbc.org
http://immunology.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.M112.364075
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;287/30/25203&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/287/30/25203
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=287/30/25203&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/287/30/25203
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/suppl/2012/05/29/M112.364075.DC1.html
http://www.jbc.org/content/287/30/25203.full.html#ref-list-1
http://www.jbc.org/

