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Ricin is a potential biothreat agent with no approved antidote available for ricin poisoning. e aim of this study was to develop
potent antibody-based antiricin antidotes. Four strong ricin resistant hybridoma clones secreting antiricin monoclonal antibodies
(mAbs) were developed. All four mAbs are bound to conformational epitopes of ricin toxin B (RTB) with high affinity (𝐾𝐾𝐷𝐷 values
from 2.55 to 36.27 nM). RTB not only triggers cellular uptake of ricin, but also facilitates transport of the ricin toxin A (RTA) from
the endoplasmic reticulum to the cytosol, where RTA exerts its toxic activity. e four mAbs were found to have potent ricin-
neutralizing capacities and synergistic effects among them as determined by an in vitro neutralization assay. In vivo protection
assay demonstrated that all four mAbs had strong efficacy against ricin challenges. D9 was found to be exceptionally effective.
Intraperitoneal (i.p.) administration of D9, at a dose of 5 𝜇𝜇g, 6 weeks before or 6 hours aer an i.p. challenge with 5 × LD50 of
ricin was able to protect or rescue 100% of the mice, indicating that mAb D9 is an excellent candidate to be developed as a potent
antidote against ricin poisoning for both prophylactic and therapeutic purposes.

1. Introduction

Ricin is a 60–65 kDa glycoprotein derived from beans of
the castor plant [1]. It consists of a ricin toxin A (RTA)
protein and a ricin toxin B (RTB) protein linked by a disul�de
bond. RTB binds to galactose residues on the mammalian
cell surfaces not only triggering cellular uptake of ricin
[2], but also facilitating transport of the RTA from the
endoplasmic reticulum (ER) to the cytosol [3, 4], where RTA
then enzymatically cleaves ribosomal RNA to stop protein
synthesis [5]. Ricin is a highly potent toxin known for
humans [6]. Although never laboratory con�rmed, ricin was
most likely the etiologic agent used in the assassination of
Georgi Markov in 1978, demonstrating the extreme lethality
of the toxin [7]. Due to its ease of production, worldwide
availability, relative stability, and extreme lethality, ricin is
listed as a Category B threat agent by Centers for Disease
Control and Prevention (Atlanta, USA). e most recent
examples of the ricin threat were in August and November
2011, when the New York Times reported that Al-Qaeda
was trying to produce ricin bombs for attacks against the

United States [8] and the Washington Post reported that
four Americans were arrested in connection with an alleged
ricin terrorist plot [9]. A ricin terrorist attack is possible if
not probable. Unfortunately, there is currently no approved
antidote or vaccine available against ricin.

e development of antidotes or vaccines against ricin
has proven elusive. Chemical inhibitors targeting ricin have
been developed, but these are limited by the high amounts
needed for short-term effects and their own toxicity [10–12].
Development of vaccines against ricin has been ongoing, but
the efficacy of the most promising candidate, an attenuated
derivative of RTA, remains problematic in clinical trials.
ere was no statistical correlation between serum antiricin
antibody titres and in vitro ricin-neutralizing activity [13],
possibly because the ricin-elicited antibodies were a mixture
of neutralizing, nonneutralizing, and even toxin-enhancing
antibodies [14, 15] and the antibody composition to the
RTA vaccine varies among different individuals. Of the
different approaches for medical countermeasures, antiricin
antibodies appear the most promising. Much work has
been done on developing antibodies, both polyclonal and
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monoclonal, as antidotes against the toxin. ese antibodies
were directed against the RTA (blocking its destructive action
at the ribosome) [15–22], the RTB (preventing it from
binding to and entering the cell) [15, 16, 20, 23, 24], or both
[25].

In the present study, to develop potent ricin-neutralizing
antibodies, mice were immunized with increasing doses of
native ricin, splenocytes were harvested and used to generate
hybridoma, and these cells were then cloned, screened, and
selected in the medium with ricin [26]. Subsequently, aer
further characterization by enzyme-linked immunosorbent
assay (ELISA) and evaluation by neutralization assays, four
ricin-neutralization hybridoma clones were identi�ed. All
four monoclonal antibodies (mAbs) were speci�c to RTB.
ey were found to have potent ricin-neutralizing capacities
and synergistic effects among them as determined by in vitro
neutralization assay. In vivo postexposure protection assay
demonstrated that all four mAbs had strong efficacy against
ricin challenges in vivo. D9 was found to be exceptionally
effective. Intraperitoneal (i.p.) administration of D9, at a
dose of 5 𝜇𝜇g, 6 hours aer an i.p. challenge with 5 × LD50
of ricin was found to rescue 100% of the mice. D9 was
further evaluated for preexposure prophylaxis against ricin
in vivo, and 5 𝜇𝜇g per mouse delivered by the i.p. route 6
weeks before i.p. challenge of ricin (5 × LD50) protected
100% of the mice. ese results indicate that mAb D9 is
an excellent candidate to be developed as a potent antidote
against ricin poisoning for both prophylactic and therapeutic
purposes.

2. Materials andMethods

2.1. Animals. Female Balb/c mice (6 week old, 20–25 g) were
obtained from the pathogen-free mouse-breeding colony
at Defence Research and Development Canada (DRDC)-
Suffield, with the original breeding pairs purchased from
Charles River Canada (St Constant, QC).

All mouse experiments were performed in strict accor-
dance with the guidelines set out by the Canadian Council on
Animal Care (CCAC).e animal care protocol was reviewed
and approved by the Committee on the Ethics of Animal
Experiments of DRDC-Suffield (protocol number: J1C-10-1-
1-0). All efforts were made to minimize suffering.

2.2. Preparation of Ricin Stock. Ricin was prepared from
castor beans in DRDC-Suffield. Our caster beans from India
weighed 300mg each and in extraction yields of ricin were
1%.e toxicity of ricin stockwas also determined.OneLD50
of ricin for mice was determined by the i.p. injection of a
series of ricin dilution into mice. e mice were observed
for 7 days. e amount of ricin for 1 × LD50 delivered by
the i.p. route for one mouse was 0.215 𝜇𝜇g; 5 × LD50 was
1.075 𝜇𝜇g, which was around 0.03% of a bean. For 5 × LD50
of ricin delivered by the i.p. route, mice died within 2 days.
All research with ricin was conducted in a secure biosafety
level 2 area and under the preview of the Organisation for the
Prohibition of Chemical Weapons (OPCW).

2.3. Immunization Scheme. Groups of 5 Balb/c mice were
injected by the i.p. route with increasing amounts of ricin
(0.2, 1, 5, and 25 × LD50) in 0.1mL sterile 0.9% saline per
mouse. Injections of increasing ricin amounts were 2-3 weeks
apart. Two weeks aer the �nal dose, the mice were bled, sera
collected, and an ELISA (see below) was used to determine
the antiricin IgG antibody titres in sera.

2.4. ELISA. ELISA was performed to evaluate antiricin
mAbs. Ninety-six-well Nunc Maxisorp ELISA plates (Cana-
dian Life Technologies, Burlington, ON) were coated with
100 𝜇𝜇L per well of 2.5 𝜇𝜇g/mL ricin in carbonate bicarbonate
buffer, pH 9.6, then incubated overnight at 4∘C. Aer
blocking with SuperBlock blocking buffer (Fisher Canada,
Nepean, ON), the plates were incubated with 100𝜇𝜇L of
serum dilutions or culture supernatants for 2 hours at room
temperature. Antiricin mAbs were detected by incubation
with 1 : 3,000 diluted horseradish peroxidase- (HRP-) goat
anti-mouse IgG (Jackson ImmunoResearch, West Grove,
PA, USA) followed by the addition of tetramethylbenzidine
(TMB) (Kirkegaard and Perry Laboratories, Gathersburg,
MD, USA). Absorbance was measured at 615 nm by a
microplate autoreader (Molecular Devices, Sunnyvale, CA,
USA).

2.5. Generation and Selection of Hybridomas. e two mice
with the highest ELISA titres were sacri�ced three days aer
the last booster to collect spleens.e spleens were aseptically
dissected, and single splenocyte suspension was prepared
[27]. Hybridomas were generated by fusing the splenocytes
with Sp 2/0 myeloma cells (ATCC accession number CRL-
1581, ATCC, Rockville, MD, USA) using a Clonacell-HY
kit (StemCell Technologies, Vancouver, BC), following the
manufacturer’s instruction and growing these in semisolid
medium with 2.5 ng/mL ricin (10 × hybridoma cell culture
lethal dose). Aer 2 weeks of incubation, single-hybridoma
clones were picked up from semisolidmedium, transferred to
96-well tissue culture plates (Costar, Corning, NY, USA), and
then grown for 1 week in Clonacell Medium E with 5 ng/mL
ricin (20 × hybridoma cell culture lethal dose) for further
selection. e supernatants were removed and assessed by
ELISA for antiricin antibodies.

2.�. Antibody Puri�cation. e hybridoma clones surviving
two rounds of ricin poisoning and secreting antiricin anti-
bodies were expanded. MAbs were puri�ed from the cell
culture supernatant by a Melon Gel puri�cation kit (Pierce,
Rockford, IL, USA) according to themanufacturer’s protocol.
e supernatant was dialyzed for two exchanges (1 hour
each) in Melon Gel IgG Puri�cation Buffer pH 7.0 and
then was added to a column containing the Melon Gel
resin. Aer 5 minute-incubation with end-over-end mixing,
the puri�ed IgG was collected in the �owthrough. All IgG
puri�ed samples were aliquoted and stored at −20∘C. e
concentration of antibody was determined by an Easy-Titer
Mouse IgGAssayKit (Pierce) according to themanufacturer’s
protocol.
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2.7. Isotype Determination. All the puri�ed antiricin mAbs
were isotyped using amouse IsoStrip Kit (RocheDiagnostics,
Laval, QC) following the manufacturer’s instruction.

2.8. Western Blot Analysis. Ricin, RTA, or RTB (Sigma-
Aldrich, Oakville, ON) was boiled for 10min in Laemmli
sample buffer (with or without 5% 𝛽𝛽-mercaptoethanol),
then separated by 10% NuPAGE Bis-Tris gels (Invitrogen,
Burlington, ON), and transferred onto nitrocellulose mem-
branes using an XCell SureLock Novex Mini-Cell System
(Invitrogen). e membranes were then blocked with 3%
(w/v) bovine serum albumin in Tris buffer saline containing
0.05% tween-20 (TBST) for 1 hour and probed with antiricin
mAbs, 1 : 1,000 in TBST overnight at 4∘C. Aer washing
three times with TBST at room temperature, the membranes
were incubated for 1 hour with 1 : 3,000 diluted HRP-goat
anti-mouse IgG (Caltag Laboratories). Membranes were
washed three times in TBST and developed with enhanced
chemiluminescent (ECL) reagent (Millipore, Billerica, MA,
USA). e image was recorded using a VersaDoc 5000MP
imagining system (Bio-Rad). SDS-PAGE gels were visual-
ized by SimplyBlue Safestain staining (Invitrogen) and the
molecular weights of samples were estimated by compari-
son to the relative mobility values of standards of known
molecular weight. e image of the stained SDS-PAGE
gel was recorded using the VersaDoc 5000MP imagining
system.

2.9. Affinity Analysis. e affinities for mAbs binding to ricin
were determined using a Surface Plasmon Resonance (SPR)
biosensor, SensiQ Pioneer (ICx Technologies, Oklahoma,
OK, USA). Brie�y, ricin (10 𝜇𝜇g/mL) diluted in 10mM acetate
buffer pH 4.5 was �rst immobilized onto the COOH1
chip following the standard 1-ethyl-3-(3-dimethylpropyl)-
carbodiimide (EDC) plus N-hydroxysuccinimide (NHS)
(Sigma-Aldrich) coupling chemistry and 250 response units
(RU) of ricin were immobilized. e system was operated
at 25∘C. Kinetic measurements were carried out by 2min
injection at a �ow rate of 25 𝜇𝜇L/min of serial dilutions
of each mAb from 2 to 250 nM in 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES-) buffered saline
containing 3mM ethylenediaminetetraacetic acid (EDTA),
150mM NaCl and 0.005% tween-20, and dissociation for
6min. e ricin immobilized chip surface was regenerated
by injection of 10mM phosphoric acid for 120 sec aer each
cycle. e data of dissociation (𝑘𝑘off) and association (𝑘𝑘on)
rate constants were obtained with the SensiQ Qdat soware,
corrected by subtraction of the zero antibody concentration
�ow cell as well as zero ricin �ow cell� values for the apparent
equilibrium dissociation constant (𝐾𝐾𝐷𝐷) were calculated from
the ratio of 𝑘𝑘off and 𝑘𝑘on.

2.10. In Vitro Neutralization Assay. A Vero cell (ATCC,
Burlington, ON) toxicity neutralization assay with Alamar
blue as an indicator was performed. Ricin was incubated
with a serial dilution of each mAb for 2 hours at 37∘C in
96-well plates. Ten thousand Vero cells cultured in 50𝜇𝜇L
of DMEM with 10% fetal bovine serum (Hyclone, Fisher

Canada) were added into the mixture. e �nal volume
of the cell mixture was 200 𝜇𝜇L with ricin concentration of
7.5 ng/mL, mAb concentrations from 5 𝜇𝜇g/mL to 2 ng/mL.
Aer incubation at 37∘C, 5% CO2 for 2 days, 20 𝜇𝜇L of Alamar
blue (TREK Diagnostic System, Cleveland, OH, USA) was
added to each well and the plate was incubated for 6-7
hours. On a plate reader (Molecular Devices), the plate was
read at an absorbance of 570 nm with 600 nm as a reference
wavelength. Readings were normalized by subtracting the
absorbance reading of wells without cells. e cell viability
was expressed as cell survival ratio relative to the control
without ricin (Vero cells plus mAbs).

2.11. In Vivo Protection Assay. For postexposure therapeutic
efficacy study, groups of 4–8 mice were given 5 × LD50 of
ricin per mouse by the i.p. route and then 5 𝜇𝜇g of mAb per
mouse was administered by the i.p. route to mice at 1, 2, 4, 6,
or 8 hours aer ricin poisoning. For preexposure prophylactic
efficacy study, 5 𝜇𝜇g of mAb was administered by the i.p. route
to each mouse (group of 4) and the mice were poisoned by
the i.p. route with 5 × LD50 of ricin per mouse at 1, 2, 4, 6, or
8 weeks aer administration ofmAb.emice were observed
for morbidity and mortality over one week.

2.12. Determination of D9 Half-Life in Serum. To evaluate
the half-life of D9 in serum, groups of 4 mice were injected
by the i.p. route with 5 𝜇𝜇g/mouse of D9 in 100 𝜇𝜇L PBS and
were bled from a super�cial tail vein at 1, 7, 14, and 23 days
aer injection. D9 concentrations in sera were thenmeasured
by the ELISA over time, expressed as percentages of the D9
concentration in sera on day 1, and then plotted against time
in days aer treatment.

2.13. Statistical Analysis. For in vitro neutralization assays,
normalized absorbance readings were analysed for statistical
signi�cance using the Student’s t-test.

3. Results

3.1. Generation and Selection of Ricin Resistant Hybridoma
Clones. Micewere immunizedwith a stepwise increase of the
ricin amount (0.2, 1, 5, and 25 × LD50 per mouse). Following
the last booster, the twomicewith the highest ELISA antiricin
titers were sacri�ced and splenocytes were prepared and
fused with myeloma cells in a standard hybridoma fusion
protocol. Aer growth in semisolid medium plus 2.5 ng/mL
ricin, and subsequent culture in liquidmediumwith 5 ng/mL
ricin, 25 hybridoma clones survived this high concentration
of ricin poisoning culture.

3.2. Screening of Antiricin NeutralizingmAbs In Vitro. Twenty
out 25 ricin resistant hybridoma clones were found to
secret mAbs reactive to ricin in ELISA. A Vero cell toxi-
city neutralization assay with Alamar blue as an indicator
was performed to screen for antiricin neutralizing mAbs
from the 20 clones secreting antiricin antibodies. irty-�ve
ng/mL of ricin were incubated with a serial dilution of each
mAb (from 5 𝜇𝜇g/mL to 2 ng/mL at threefold dilution) for
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F 1: In vitro neutralization assay. irty-�ve ng/mL of ricin
were preincubatedwith a serial dilution of eachmAb for 2 hours and
then exposed to 104 Vero cells/well for 2 days before evaluation of
cell viability using Alamar blue staining. Data are means of triplets.

2 hours and then 104 Vero cells/well were added into the
mixture. Aer culture for 2 days, Alamar blue was added
to evaluate viability of the Vero cells. Twelve clones showed
neutralizing titer against ricin. e four hybridoma clones
(A9, B10, D3, and D9) were chosen out of 12 clones, having
the highest neutralizing titers (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃), as shown in
Figure 1.

3.3. Characterization of the FourmAbs. In order to determine
which subunit of the ricin the four mAbs bound to, Western
blot analysis with RTA or RTB was performed. All four mAbs
only bound to RTB, not RTA. Interestingly, when RTB was
reduced, no mAb bounds to this subunit as shown in Figure
2. In the RTB molecule, there are four intrachain disul�de
bridges, which hold RTB into two globular domains [28].
Each domain is stabilized by two disul�de bridges. When
the four intrachain disul�de bridges in RTB were broken
by 2-mercaptoethanol, no mAb could bind to it, indicating
that the epitopes on RTB recognized by all four mAbs are
conformational.

All four antiricin neutralizingmAbswere isotypedusing a
mouse IsoStrip kit and all themAbs showed the same subtype
of heavy chain, gamma 1, and the same type of light chain,
kappa.

To characterize the binding affinity of the four antiricin
neutralizing mAbs, a SPR biosensor was used. Ricin was
captured onto a biosensor chip, various concentrations of
mAbs were passed through the �ow cell, and the binding
kinetics were recorded. e kinetic rate constants 𝑘𝑘on and
𝑘𝑘off were calculated from the ascending rate of resonance
units during association and the descending rate during
dissociation. e 𝐾𝐾𝐷𝐷 of each mAb for ricin was determined
from the ratio of 𝑘𝑘off/𝑘𝑘on. As shown in Table 1, mAbs D9 and
D3 had relatively high affinity to ricin with 𝐾𝐾𝐷𝐷s of 2.55 and
2.88 nM, while B10 and A9 had relatively low affinity to ricin
with𝐾𝐾𝐷𝐷s of 21.37 and 36.27 nM.

T 1: Kinetic constants of antiricin neutralizing mAbs binding
to ricin.

mAb 𝑘𝑘on (M
−1s−1) × 105 𝑘𝑘off (s

−1) × 10−3 𝐾𝐾𝐷𝐷 (nM)
A9 𝑃𝑃68 ± 𝑃𝑃𝑃3 2𝑃48 ± 𝑃𝑃78 36𝑃27 ± 3𝑃62
B10 7𝑃𝑃2 ± 𝑃𝑃𝑃8 𝑃4𝑃89 ± 2𝑃83 2𝑃𝑃37 ± 3𝑃2𝑃
D3 4𝑃83 ± 𝑃𝑃26 𝑃𝑃39 ± 𝑃𝑃𝑃9 2𝑃88 ± 𝑃𝑃33
D9 𝑃𝑃84 ± 𝑃𝑃26 𝑃𝑃47 ± 𝑃𝑃𝑃8 2𝑃55 ± 𝑃𝑃𝑃2

3.4. Synergistic Effect among the FourmAbs. Combinations of
the different mAbs were assessed by an in vitro neutralization
assay to evaluate the synergism of the mAbs in neutralization
of ricin. Pairs of mAbs (1 : 1 ratio) at a �nal concentration of
313 ng/mL were evaluated. As shown in Figure 3, synergistic
effects were observed, especially for D9 and B10. It should
be noted that the synergistic effects were identi�ed by using
half the amount of each antibody (e.g., 156 ng/mL) as for the
single mAb by itself (e.g., 313 ng/mL). For example, the value
for the pair of B10 and D9 was higher than B10 or D9 itself
(𝑃𝑃 𝑃 𝑃𝑃𝑃5 or 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃).

3.5. Protective Efficacies of the Four mAbs against Ricin in
Mice. A mouse model was applied in order to evaluate the
protective efficacies of all four antiricin neutralizing mAbs
in a postexposure setting. Ricin was given at the dose of 5 ×
LD50 to mice by i.p route. Each mAb at the dose of 5𝜇𝜇g was
administered by the i.p. route at 1, 2, 4, 6, or 8 hours aer
ricin challenge. MAbs showed different therapeutic efficacy
shown in Figure 4. D9 could rescue mice up to 6 hours aer
challenge, allowing 100% mice survival, while D3 showed
only 75% protection at 1 hour aer challenge. When given
to mice at 8 hours aer challenge, D9 could extend mouse
lives to 4-5 days as compared to survival time of 2 days in
untreated controls. e therapeutic efficacies for A9 and B10
were in themiddle betweenD9 andD3.A9 could rescue 100%
mice at 1 hour aer challenge, while B10 up to 2 hours aer
challenge.

Study of the preexposure prophylaxis by antiricin neu-
tralizing mAbs is relevant for individuals in high-risk groups
assigned a mission in the ricin-contaminated zone. In the
literature, antiricin neutralizing antibodies can be given to 24
hours before ricin poisoning to protect mice [17, 18]. From
our work, no death was observed when 5𝜇𝜇g of D9 was given
at 1, 2, 4, and 6 weeks before mice were challenged with 5 ×
LD50 ricin (Figure 5).

In order to evaluate the half life of D9 in mice, pharma-
cokinetic study was performed. Aer i.p. injection of 5𝜇𝜇g
D9 in mice, serum concentrations of D9 were determined by
antiricin ELISA. As shown in Figure 6, a gradual decrease of
D9 in plasma was observed over time. e half-life of D9 in
mice was estimated at 18.5 days.

4. Discussion

ere are two major groups of antidotes, antibodies and
chemical compounds. e history of using antibodies as
effective antidotes against toxins can be traced back to
1890 [29], when antiserum from a tetanus-immune animal
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F 2: Western blot analysis of mAb ricin binding activity. RTB (0.4 𝜇𝜇g, each lane) was migrated by 10% SDS-PAGE in reducing (lanes 2,
4, 6, and 8) or nonreducing (lanes 3, 5, 7, and 9) condition and transferred to nitrocellulose membrane. Membranes were probed with each
mAb, respectively, and followed by antimouse antibody-HRP before �nally being developed with ECL kit. e image was recorded using the
VersaDoc 5000MP imagining system. Lane 1 is molecular weight marker.
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F 3: Synergistic effect of mAbs to neutralize ricin in vitro.
mAbs or mAb mixtures (1 : 1 ratio) at concentration of 313 ng/mL
were premixed with ricin 35 ng/mL for 2 hours before exposure to
Vero cells. Cell viability was assessed by Alamar blue staining. Data
are means of triplets. ∗ or ∗∗ indicate 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 or 0.01, as compared
with the single antibody control group.

protected tetanus toxin-mediated mortality of naïve animals.
Since then, antibodies have played a pivotal role in neu-
tralizing toxins [30, 31]. ere are several advantages for
antibodies as antidotes as compared to the chemical antidotes
[32–34]. Firstly, antibodies have a long half-life in the body.
Secondly, antibodies are natural and nontoxic products.
Lastly, current biotechnology allows the development of
antibodies possessing a de�ned speci�city against most
toxins.

In order to develop highly potent antiricin neutralizing
mAbs, mice have been needed to be immunized by an
immunogenic dose of ricin, typically 5𝜇𝜇g per mouse. How-
ever, 5 𝜇𝜇g ricin is equivalent to 25 × LD50 if administered as a
primary immunization dose to the mouse. We have observed
that mice could survive a large dose of ricin poisoning if the
mice were poisoned by a stepwise increase of the ricin dose.
In this way, mice were immunized by the i.p. route with ricin
from 0.2 × LD50 to 25 × LD50 and a high antiricin antibody
titer was obtained (data not shown).

e production of mAbs using hybridoma technology
was invented by George Köhler and César Milstein in
1975 [35]. Since then, this hybridoma technology has been
improved greatly by different novel methods for fusing,
growing, selecting, cloning, and screening hybridoma clones.
Even so, the selection, cloning, and screening are oen
regarded as the main bottleneck in the development of
effective hybridoma clones for antibodies. In our study,
we combined a methylcellulose-based semisolid hybridoma
selective medium with ricin (2.5 ng/mL) for hybridoma
selection, cloning, and screening in one single step to
arrive at the desired ricin resistant hybridoma clones. In
the unique step, single-hybridoma cells were distributed
evenly in the semisolid medium and only ricin resistant
single-hybridoma cells could grow to form monoclonal
colonies. e ricin resistant hybridoma clones were then
transferred into 96-well plates for further selection in liquid
medium with a higher concentration of ricin (5 ng/mL). As
a result, 25 hybridoma clones were resistant to two cycles
of ricin poisoning (semisolid and liquid medium). Twenty
clones secreted antiricin antibodies and among these, 12
clones secreted antiricin neutralization mAbs. e result
is an improvement over traditional approach to develop
antiricin neutralizing antibody hybridomas [24, 36].e best
4 antiricin neutralizing hybridoma clones were selected, all
of which were found to be RTB speci�c. Although RTB itself
is not toxic, it plays a pivotal role in ricin toxicosis. RTB
binding to galactose residues on the cell surface is involved
in not only triggering cellular uptake of ricin [2], but also
facilitating transport of RTA from the ER to the cytosol
[3, 4], where RTA exerts enzymatic toxicity. eoretically,
RTB is the logical target for neutralizing antibodies, as
these would block the entry of ricin into cells and the
transportation of RTA to the cytosol. However, it seems to
be more difficult to develop anti-RTB neutralizing mAbs
than anti-RTA neutralizing mAbs. One of the reasons is
that to date the immunodominant epitopes on RTB have
been found not to provide neutralizing protection. In other
words, RTB is poor in elicit antiricin neutralizing antibodies
although it is highly immunogenic in eliciting nonneutraliz-
ing antiricin antibodies [24]. To date, only a few anti-RTB
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F 4: In vivo postexposure therapy assay. Ricin was given at the dose of 5 × LD50 to mice by i.p. route. Each mAb at the dose of 5 𝜇𝜇g was
administered i.p. at 1, 2, 4, 6, or 8 hours aer ricin challenge and then mouse survival rate was monitored for 7 days.

neutralizing antibodies have been reported [20, 23, 24, 37,
38].

RTB is a galactose-speci�c lectin with 262 residues folded
into two globular domains. Each domain is formed by similar
folding topologies via two intrachain disul�de bridges and
responsible for binding to one terminal galactose residue on
the cell surface [28]. e two galactoside binding pockets are
structurally similar and formed by a sharp bend in Asp-Val-
Arg tripeptide [26]. e antigen-binding sites of antibodies
are much bigger than RTB galactose binding pockets. Inter-
estedly, all our anti-RTB mAbs did not bind to RTB when
the four intrachain disul�de bridges in RTB were broken and
the domain structures were disturbed, indicating that all four
mAbs most likely bind to conformational epitopes on RTB.
It is somewhat perplexing how a RTB-speci�c neutralizing

antibody achieves ricin neutralizing function, given that RTB
has two galactose binding sites that work independently and
are separated by distance [39]. Since the two RTB domains
are homologous and structurally similar, it is possible that our
RTB-speci�c mAbs bind to conformational epitopes sharing
the resemblance between two domains and covering the
galactoside binding pockets so as to block both two galactose
binding pockets and then interrupt ricin binding to cells.
In addition, another possibility also exists that our mAbs
bind to somewhere else but not galactose binding pockets of
RTB and then interrupt the transport of RTA from the ER
to the cytosol. Nevertheless, these hypotheses need further
experiments to con�rm.

e in vivo protective e�cacy for the four mAbs was �rst
evaluated in a coincubation assay. All of them showed the
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F 6: Half-life of D9 in mouse serum. D9 mAb at the dose of
5 𝜇𝜇gwas administered by the i.p. route intomice. Sera were collected
at different time points to calculate plasma concentrations of D9
using an immunoassay. e D9 remaining in sera is expressed as
percentages plotted against time in days on the �gure.

protection of mice against ricin poisoning. e therapeutic
efficacy of the four mAbs for postexposure therapy was
then examined in vivo. e therapeutic efficacy of antiricin
antibody-based treatment is largely dependent on timing of
administration of rescuing antibody relative to exposure. A
relatively wide therapeutic window will provide necessary
time for exposed individual to obtain antiricin antibody treat-
ment in the event of a ricin attack. erefore, the therapeutic
windowwas determined for each antiricin neutralizing mAb.
Although all four mAbs showed postexposure therapeutic
functions against ricin poisoning, their therapeutic windows
were different. When antibody dose was 5 𝜇𝜇g, the best was
D9, then B10, followed by A9 and D3 in order. e four
mAbs were further characterized.ey were isotyped using a
mouse IsoStrip kit and all themAbs showed the same subtype
of heavy chain, gamma 1, and the same type of light chain,
kappa. eir ricin binding affinities were measured by SPR

and they had different 𝐾𝐾𝐷𝐷s ranging from 2.55 to 36.27 nM.
e highest was D9, then D3, followed by B10 and A9 in
order. In addition, synergistic ricin neutralization effects
among different mAbs were evaluated by pairs in an in vitro
cell-based assay. All of these showed synergistic effect when
paired with others. Taken together, the four antiricin RTB
neutralizing mAbs appeared different. eir different ricin
neutralization activities were more related with their epitope
speci�cities than ricin-binding affinities and not related with
their antibody isotype.

Ricin acts very fast and leaves a very short therapeutic
window (effective timing of administration of therapeutic
antibodies) for postexposure medical countermeasures. e
only way to improve the chance of success to rescue subjects
from ricin-intoxication is to develop highly potent neutraliz-
ing antibody. To date, dozens of antiricin neutralizing mAbs
evaluated in vivo have been reported and it is hard to compare
their therapeutic efficacies [20, 21, 25, 40–42]. ere are
many factors, which are attributed to the efficacy outcome,
such as mouse strains (inbreed, outbreed) [20, 25], sex (male,
female) [21, 41] and age (6–8 weeks, 8–12 weeks) [41, 42],
rich challenge doses (5 × LD50, 10 × LD50) [25, 41] and
routes (i.p., intranasal) [20, 40], mAb compositions (single,
cocktail) [20, 25], and routes (i.p., intravenous) [21, 41].ese
factors should be taken into account when the therapeutic
efficacy among different mAbs from different laboratories is
compared. ere are several publications regarding antiricin
neutralizing mAbs evaluation in vivo in a similar setting to
ours, i.p. route used for both ricin challenge and antibody
administration [17, 25, 40, 41]. e best reported result has
been that the administration of 10 𝜇𝜇g of antiricin mAb GD12
permouse asmuch as 6 hours aer ricin challenge (5× LD50)
rescued 100% mice from toxin-induced death over a 3-day
period of observation [41] and 5 𝜇𝜇g GD12 protected mice 24
hours before the ricin challenge [17]. D9 is twice as potent as
GD12 in a postexposure therapeutic setting and much more
potent in a preexposure prophylactic setting.

It is necessary to humanize murine mAbs for clinical
applications since these antibodies have a serious problem
in humans, which is serum sickness due to foreignness to
humans [43]. Currently, therapeutic settings, using antibody-
based drugs, require a large dosage (hundreds mg) and mul-
tiple doses. As a result, animal antibody’s immunogenicity
in humans is a critical concern. Repeating administration
of these mAbs may result in rapid clearance of the animal
antibodies in humans and anaphylaxis, which can sometimes
be fatal [44, 45]. Our data demonstrated that only a very
little dose of our antibody D9, such as 5 𝜇𝜇g per mouse
(equivalent to 1.4mg per person), could rescue 100% mice
6 hours aer ricin challenge (5 × LD50) and protected
mice 6 weeks before the ricin challenge. Although one
administration of mAb D9 is impractical to prophylactically
protect the public against ricin for a long period of time, it
is practical to prophylactically protect �rst responders and
military personnel to entering ricin-contaminated zones to
perform their duties within six weeks. erefore, D9 is an
excellent candidate to be humanized as a potent antidote
against ricin poisoning for both prophylactic and therapeutic
purposes.
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5. Conclusions

In the current study, four antiricinmAbs were developed by a
unique cloning and selection approach with ricin poisoning.
ese mAbs bound to conformational epitopes of RTB
with high affinity and showed potent ricin-neutralizing and
synergistic effects.ebestmAb,D9, at a dose of 5𝜇𝜇g, 6 hours
aer or 6 weeks before 5 × LD50 ricin challenge could rescue
or protect 100% of the mice. ese results indicate that D9 is
an excellent candidate to be humanized as a potent antidote
against ricin poisoning for both prophylactic and therapeutic
purposes.

Acknowledgment

is study was supported by the Chemical, Biological, Radi-
ological, and Nuclear Research and Technology Initiative
(CRTI), Defence Research andDevelopmentCanada (Project
08-0112TA).

References

[1] L. Montanaro, S. Sperti, and F. Stirpe, “Inhibition by ricin of
protein synthesis in vitro. Ribosomes as the target of the toxin,”
Biochemical Journal, vol. 136, no. 3, pp. 677–683, 1973.

[2] G. L. Nicolson, M. Lacorbiere, and T. R. Hunter, “Mechanism
of cell entry and toxicity of an affinity puri�ed lectin from
Ricinus communis and its differential effects on normal and
virus transformed �broblasts,” Cancer Research, vol. 35, no. 1,
pp. 144–155, 1975.

[3] B. M. Simmons, P. D. Stahl, and J. H. Russell, “Mannose
receptor-mediated uptake of ricin toxin and ricin A chain
by macrophages. Multiple intracellular pathways for a chain
translocation,” Journal of Biological Chemistry, vol. 261, no. 17,
pp. 7912–7920, 1986.

[4] R. J. Youle and M. Colombatti, “Hybridoma cells containing
intracellular anti-ricin antibodies show ricin meets secretory
antibody before entering the cytosol,” Journal of Biological
Chemistry, vol. 262, no. 10, pp. 4676–4682, 1987.

[5] Y. Endo, K. Mitsui, M. Motizuki, and K. Tsurugi, “e mech-
anism of action of ricin and related toxic lectins on eukaryotic
ribosomes. e site and the characteristics of the modi�cation
in 28 S ribosomal RNA caused by the toxins,” Journal of
Biological Chemistry, vol. 262, no. 12, pp. 5908–5912, 1987.

[6] J. Audi, M. Belson, M. Patel, J. Schier, and J. Osterloh, “Ricin
poisoning a comprehensive review,” Journal of the American
Medical Association, vol. 294, no. 18, pp. 2342–2351, 2005.

[7] M. Papaloucas, C. Papaloucas, and A. Stergioulas, “Ricin and
the assassination of Georgi Markov,” Pakistan Journal of Biolog-
ical Sciences, vol. 11, no. 19, pp. 2370–2371, 2008.

[8] E. Schmitt and T. Shanker, Al Qaeda Trying to Harness Toxin
for Bombs, U.S. Officials Fear., e New York Times. New York
Times Company, New York, NY, USA, 2011.

[9] J. Warrick, Alleged Ricin Plot in Georgia was a Long Shot, e
Washington Post.eWashington Post Company,Washington,
DC, USA, 2011.

[10] J. C. Burnett, E. A. Henchal, A. L. Schmaljohn, and S. Bavari,
“e evolving �eld of biodefence: therapeutic developments
and diagnostics,” Nature Reviews Drug Discovery, vol. 4, no. 4,
pp. 281–297, 2005.

[11] K. Jasheway, J. Pruet, E. V. Anslyn, and J. D. Robertus,
“Structure-based design of ricin inhibitors,” Toxins, vol. 3, no.
10, pp. 1233–1248, 2011.

[12] D. J. Miller, K. Ravikumar, H. Shen, J. K. Suh, S. M. Kerwin, and
J. D. Robertus, “Structure-based design and characterization of
novel platforms for ricin and shiga toxin inhibition,” Journal of
Medicinal Chemistry, vol. 45, no. 1, pp. 90–98, 2002.

[13] E. S. Vitetta, J. E. Smallshaw, E. Coleman et al., “A pilot
clinical trial of a recombinant ricin vaccine in normal humans,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 103, no. 7, pp. 2268–2273, 2006.

[14] M. Colombatti, A. Pezzini, and A. Colombatti, “Monoclonal
antibodies against ricin: effects on toxin function,” Hybridoma,
vol. 5, no. 1, pp. 9–19, 1986.

[15] M. Maddaloni, C. Cooke, R. Wilkinson, A. V. Stout, L. Eng,
and S. H. Pincus, “Immunological characteristics associated
with the protective efficacy of antibodies to ricin,” Journal of
Immunology, vol. 172, no. 10, pp. 6221–6228, 2004.

[16] N. J. Mantis, C. R. McGuinness, O. Sonuyi, G. Edwards, and
S. A. Farrant, “Immunoglobulin A antibodies against ricin A
and B subunits protect epithelial cells from ricin intoxication,”
Infection and Immunity, vol. 74, no. 6, pp. 3455–3462, 2006.

[17] L. M. Neal, J. O’Hara, R. N. Brey, and N. J. Mantis, “A
monoclonal immunoglobulin G antibody directed against an
immunodominant linear epitope on the ricin A chain confers
systemic and mucosal immunity to ricin,” Infection and Immu-
nity, vol. 78, no. 1, pp. 552–561, 2010.

[18] J.M.O’Hara, L.M.Neal, E. A.McCarthy, J. A. Kasten-Jolly, R.N.
Brey, and N. J. Mantis, “Folding domains within the ricin toxin
A subunit as targets of protective antibodies,” Vaccine, vol. 28,
no. 43, pp. 7035–7046, 2010.

[19] T. Pelat, M. Hust, M. Hale, M. P. Lefranc, S. Dübel, and P.
ullier, “Isolation of a human-like antibody fragment (scFv)
that neutralizes ricin biological activity,” BMC Biotechnology,
vol. 9, article 60, 2009.

[20] J. Prigent, L. Panigai, P. Lamourette et al., “Neutralising anti-
bodies against Ricin Toxin,” PLoS ONE, vol. 6, no. 5, Article ID
e20166, 2011.

[21] J. K. Roche, M. K. Stone, L. K. Gross et al., “Post-exposure
targeting of speci�c epitopes on ricin toxin abrogates toxin-
induced hypoglycemia, hepatic injury, and lethality in a mouse
model,” Laboratory Investigation, vol. 88, no. 11, pp. 1178–1191,
2008.

[22] F. Wu, S. Fan, F. Martiniuk et al., “Protective effects of anti-
ricin A-chain antibodies delivered intracellularly against ricin-
induced cytotoxicity,” World Journal of Biological Chemistry,
vol. 1, pp. 188–195, 2010.

[23] C. R.McGuinness andN. J.Mantis, “Characterization of a novel
high-affinity monoclonal immunoglobulin G antibody against
the ricin B subunit,” Infection and Immunity, vol. 74, no. 6, pp.
3463–3470, 2006.

[24] J. M. O’Hara, A. Yermakova, and N. J. Mantis, “Immunity to
ricin: fundamental insights into toxin-antibody interactions,”
Current Topics in Microbiology and Immunology, vol. 357, pp.
209–241, 2012.

[25] J. Guo, B. Shen, J. Feng, Y. Sun, M. Yu, and M. Hu, “A novel
neutralizing monoclonal antibody against both ricin toxin A
and ricin toxin B, and application of a rapid sandwich enzyme-
linked immunosorbent assay,” Hybridoma, vol. 25, no. 4, pp.
225–229, 2006.

[26] T. L. Furukawa-Stoffer, D. C. W. Mah, J. W. Cherwonogrodzky,
and R. J. Weselake, “A novel biological-based assay for the



BioMed Research International 9

screening of neutralizing antibodies to ricin,” Hybridoma, vol.
18, no. 6, pp. 505–511, 1999.

[27] W. G. Hu, J. Yin, S. Jager et al., “A novel approach to develop-
ment of monoclonal antibodies using native antigen for immu-
nization and recombinant antigen for screening,” Hybridoma,
vol. 27, no. 4, pp. 307–311, 2008.

[28] J. D. Robertus and M. P. Ready, “Ricin B chain and discoidin
I share a common primitive protein fold,” Journal of Biological
Chemistry, vol. 259, no. 22, pp. 13953–13956, 1984.

[29] S. S. Kantha, “A centennial review; the 1890 tetanus antitoxin
paper of von Behring and Kitasato and the related develop-
ments,” Keio Journal of Medicine, vol. 40, no. 1, pp. 35–39, 1991.

[30] R. Mabry, M. Rani, R. Geiger et al., “Passive protection against
anthrax by using a high-affinity antitoxin antibody fragment
lacking an Fc region,” Infection and Immunity, vol. 73, no. 12,
pp. 8362–8368, 2005.

[31] J. D. Marks, “Deciphering antibody properties that lead to
potent botulinum neurotoxin neutralization,”Movement Disor-
ders, vol. 19, supplement 8, pp. S101–S108, 2004.

[32] P. Binder, O. Attre, J. P. Boutin et al., “Medical management of
biological warfare and bioterrorism: place of the immunopre-
vention and the immunotherapy,” Comparative Immunology,
Microbiology and Infectious Diseases, vol. 26, no. 5-6, pp.
401–421, 2003.

[33] W. G. Hu and L. P. Nagata, “Antibody gene-based prophylaxis
and therapy for biodefence,” Human Vaccines, vol. 4, no. 1, pp.
74–78, 2008.

[34] J. M. Reichert, “Monoclonal antibodies as innovative therapeu-
tics,” Current Pharmaceutical Biotechnology, vol. 9, no. 6, pp.
423–430, 2008.

[35] G. Kohler and C. Milstein, “Continuous cultures of fused cells
secreting antibody of prede�ned speci�city,” Nature, vol. 256,
no. 5517, pp. 495–497, 1975.

[36] T. C. Chanh, M. J. Romanowski, and J. F. Hewetson, “Mono-
clonal antibody prophylaxis against the in vivo toxicity of ricin
in mice,” Immunological Investigations, vol. 22, no. 1, pp. 63–72,
1993.

[37] M. Colombatti, �. G. Johnson, H. A. Skopicki et al., “Identi�ca-
tion and characterization of amonoclonal antibody recognizing
a galactose-binding domain of the toxin ricin,” Journal of
Immunology, vol. 138, no. 10, pp. 3339–3344, 1987.

[38] P. �. Lemley, P. Amanatides, and D. C. Wright, “Identi�cation
and characterization of a monoclonal antibody that neutralizes
ricin toxicity in vitro and in vivo,”Hybridoma, vol. 13, no. 5, pp.
417–421, 1994.

[39] N. Sphyris, J. M. Lord, R. Wales, and L. M. Roberts, “Muta-
tional analysis of the Ricinus lectin B-chains. Galactose-binding
ability of the 2𝛾𝛾 subdomain of Ricinus communis agglutinin
b-chain,” Journal of Biological Chemistry, vol. 270, no. 35, pp.
20292–20297, 1995.

[40] J. W. Guo, B. F. Shen, J. N. Feng, Y. X. Sun, M. Yu, andM. R. Hu,
“A novel neutralizingmonoclonal antibody against cell-binding
polypeptide of ricin,” Hybridoma, vol. 24, no. 5, pp. 263–266,
2005.

[41] J. M. O’Hara, K. Whaley, M. Pauly, L. Zeitlin, and N. J. Mantis,
“Plant-based expression of a partially humanized neutralizing
monoclonal IgG directed against an immunodominant epitope
on the ricin toxin A subunit,” Vaccine, vol. 30, no. 7, pp.
1239–1243, 2012.

[42] T. S. Pratt, S. H. Pincus, M. L. Hale, A. L. Moreira, C. J. Roy,
and K. M. Tchou-Wong, “Oropharyngeal aspiration of ricin as

a lung challengemodel for evaluation of the therapeutic index of
antibodies against ricin A-chain for post-exposure treatment,”
Experimental Lung Research, vol. 33, no. 8-9, pp. 459–481, 2007.

[43] M. B. Khazaeli, R. M. Conry, and A. F. LoBuglio, “Human
immune response to monoclonal antibodies,” Journal of
Immunotherapy, vol. 15, no. 1, pp. 42–52, 1994.

[44] W. Y. K. Hwang and J. Foote, “Immunogenicity of engineered
antibodies,”Methods, vol. 36, no. 1, pp. 3–10, 2005.

[45] H. Schellekens, “Immunogenicity of therapeutic proteins: clin-
ical implications and future prospects,” Clinical erapeutics,
vol. 24, no. 11, pp. 1720–1740, 2002.


