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Ricin, one of the most potent and lethal toxins known, is classified by the Centers for Disease Control and Prevention (CDC) as a
select agent. Currently, there is no available antidote against ricin exposure, and the most promising therapy is based on neutral-
izing antibodies elicited by active vaccination or that are given passively. The aim of this study was to characterize the repertoire
of anti-ricin antibodies generated in rabbits immunized with ricin toxoid. These anti-ricin antibodies exhibit an exceptionally
high avidity (thiocyanate-based avidity index, 9 M) toward ricin and an apparent affinity of 1 nM. Utilizing a novel tissue cul-
ture-based assay that enables the determination of ricin activity within a short time period, we found that the anti-ricin antibod-
ies also possess a very high neutralizing titer. In line with these findings, these antibodies conferred mice with full protection
against pulmonary ricinosis when administered as a passive vaccination. Epitope mapping analysis using phage display random
peptide libraries revealed that the polyclonal serum contains four immunodominant epitopes, three of which are located on the
A subunit and one on the B subunit of ricin. Only two of the four epitopes were found to have a significant role in ricin neutral-
ization. To the best of our knowledge, this is the first work that characterizes these immunological aspects of the polyclonal re-
sponse to ricin holotoxin-based vaccination. These findings provide useful information and a possible strategy for the develop-

ment and design of an improved ricin holotoxin-based vaccine.

Ricin, derived from the plant Ricinus communis, is one of the
most lethal toxins known. The toxin consists of two covalently
linked subunits: the A subunit (RTA) is an N-glycosidase that
irreversibly inactivates the 285 rRNA of the mammalian 60S ribo-
some subunit, and the B subunit (RTB) is a galactose-specific lec-
tin that mediates the binding of the toxin to the cell membrane (1).
The high toxicity, availability, and ease of production and dissem-
ination of ricin render it an attractive tool for bioterrorism, and
ricin was therefore classified as a category B select agent by the
Centers for Disease Control and Prevention (CDC). Currently,
there is no available antidote against ricin exposure, underlining
the need to develop effective countermeasures. Numerous efforts
have been made to identify small molecules that inhibit the cata-
lytic activity of RTA (2, 3) in order to develop aptamers or sugar
analogs that prevent the binding of ricin to the cell membrane (4,
5) or to inhibit the intracellular trafficking of the toxin (6). While
several of these studies demonstrated an inhibitory effect of ricin
activity in vitro, they were not as effective in vivo. To date, the most
promising antiricin therapy is based on neutralizing antibodies
elicited by active vaccination or that are given passively. Over a
decade ago, several research programs were initiated that aimed to
develop an effective RTA-based vaccine (7). However, the pro-
phylactic immunization of large populations (civilians, military
personnel, or first responders) to protect them from ricin expo-
sure is of limited scope, while antibody-based passive vaccination
seems to be of greater relevance to the general public. Indeed, it
was shown that the administration of ricin-neutralizing antibod-
ies can provide protection from ricin toxicity (8-11). Moreover,
we recently demonstrated that a combined treatment of doxycy-
cline and highly potent anti-ricin polyclonal antibodies results in
improved survival rates of ricin-intoxicated mice (12).

While for many years it was thought that RTB rarely induces a
protective antibody response, recent studies have challenged this
notion and suggested that a holotoxin vaccination should be con-
sidered (11, 13-15). A ricin toxoid-based vaccine, prepared by
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treating the toxin with formaldehyde (which enables the retention
of the protein original secondary structure [16]), was shown be-
fore to induce high titers of protective antibodies (17). As part of
an ongoing effort to develop a vaccination strategy that will induce
high titers of ricin-neutralizing antibodies to be used for passive
immunization, we set out to characterize the repertoire of the
anti-ricin antibodies generated following immunization with ri-
cin toxoid.

Epitope mapping of the polyclonal antibodies in the sera of
immunized animals is used as a tool for discovering the antigenic
moieties of pathogens, and it provides important information for
the development of vaccines (18-22). Yet, the few studies that
have sought to map the polyclonal response toward ricin have
used only RTA as the immunogenic entity (23, 24). We have there-
fore performed, as part of this study, an epitope mapping analysis
of the anti-ricin antibodies in order to identify the immunodom-
inant epitopes in both ricin subunits and to determine the roles of
these epitopes in ricin neutralization.

MATERIALS AND METHODS

Antibodies and reagents. Pure ricin was prepared as described previously
(12). To obtain RTA and RTB, ricin was reduced in the presence of 50 mM
dithiothreitol and 100 mM iodoacetamide in Tris-HCI (pH 9.0), dialyzed
against phosphate-buffered saline (PBS), and loaded onto a lactamyl-
agarose gel while collecting the unbound RTA. RTB was eluted using 0.5
M galactose and then dialyzed against PBS. Ulex europaeus, alkaline phos-
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phatase-conjugated secondary antibodies, and p-nitrophenyl phosphate
(PNPP) were obtained from Sigma-Aldrich. Anti-M13-horseradish per-
oxidase (HRP)-conjugated antibody was purchased from GE Healthcare
(Sweden) and 3,3',5,5'-tetramethylbenzidine (TMB-E) from the Milli-
pore Corporation (USA).

Animal studies. All animal experiments were performed in accor-
dance with the Israeli law and were approved by the ethics committee for
animal experiments at the Israel Institute for Biological Research. Mice
(CD1) were obtained from Charles River Laboratories (England). New
Zealand White rabbits (2.5 to 3 kg) were obtained from Charles River
Laboratories (Wilmington, MA). The animals were maintained at 20 to
22°Cand a relative humidity of 50% = 10% on a 12-h light/dark cycle, fed
with commercial rodent chow (Koffolk, Inc.), and provided with tap wa-
ter ad libitum. The treatment of animals was in accordance with regula-
tions outlined in the USDA Animal Welfare Act and the conditions spec-
ified in the Guide for care and use of laboratory animals (25).

Anti-ricin antibodies. Ricin toxoid was prepared by incubating ricin
in 4.2% formaldehyde for the first 18 h at 47°C and then incubating it for
another 30 h at 42°C, followed by an extensive dialysis against double-
distilled water (ddH,O). Three rabbits were immunized with ricin toxoid
that was emulsified with complete Freund’s adjuvant, followed by four
monthly booster injections of ricin toxoid emulsified with incomplete
Freund’s adjuvant. The preparation and purification of the pooled IgG
fraction of the polyclonal anti-ricin antibodies derived from the immu-
nized rabbits were performed as described before (12). To purify the ricin-
binding antibody fraction, ricin was covalently linked to a beaded agarose
gel using the AminoLink coupling kit (Thermo Scientific, USA). The
polyclonal antibodies were loaded on the column, and following a wash
step, the ricin-specific antibodies were eluted and collected.

In vitro ricin neutralization assay. HEK293-acetylcholinesterase
(AChE) cells (26) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Biological Industries, Beit Haemek, Israel) supplemented with
10% fetal calf serum (FCS). For the cytotoxicity studies, the cells were
seeded in 96-well plates (1 X 10 cells/well) in medium containing ricin (2
ng/ml) in the presence or absence of anti-ricin antibodies. Sixteen hours
later, the medium was replaced, the cells were incubated for 2 h, and the
amount of secreted AChE in each well was assayed according to Ellman et
al. (27) in the presence of 0.1 mg/ml bovine serum albumin (BSA), 0.3
mM 5,5’-dithiobis(2-nitrobenzoic acid), 50 mM sodium phosphate buf-
fer (pH 8.0), and 0.5 mM acetylthiocholine iodide (ATC). In order to
determine the inhibitory effect of selected phages on the neutralizing ac-
tivity of the anti-ricin antibodies, ricin (2 ng/ml) was preincubated with a
fixed amount of antibodies and phages (1 X 10'%), and the assay was
continued as described above.

Enzyme-linked immunosorbent assay. MaxiSorp 96-well microtiter
plates (Nunc, Roskilde, Denmark) were coated overnight with 5 pg/ml
antigen (50 pl/well) in 50 mM NaHCOj; buffer (pH 9.6), washed, and
blocked with buffer (0.05% Tween 20, 2% BSA in PBS) at room temper-
ature for 2 h. The samples were serially diluted in PBS containing 0.05%
Tween 20 (PBST), and the plates were then incubated for 1 h at 37°C. The
plates were washed with PBST, incubated with the detecting antibody, and
then developed using either PNPP or TMB-E.

For the avidity study, ricin-coated microtiter plates were incubated
with anti-ricin antibodies (10 pg/ml) for 2 h, washed, and incubated with
increasing concentrations of sodium thiocyanate (KSCN) for 10 min. Af-
ter another wash step, the plates were incubated with alkaline phospha-
tase-conjugated anti-rabbit IgG, and the amount of bound antibody was
determined. The results are expressed as the percentage of bound anti-
bodies in the untreated wells.

Affinity measurements. Binding studies were carried out using the
Octet RED system (ForteBio) that measures biolayer interferometry
(BLI). All steps were performed at 30°C with shaking at 1,500 rpm in a
96-well plate containing 200 pl of solution in each well. Streptavidin-
coated biosensors were loaded with biotinylated ricin (5 pwg/ml) for 300 s,
followed by a wash. The sensors were then reacted for 300 s with increas-
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ing concentrations of a ricin-purified fraction of antibodies and then
moved to buffer-containing wells for another 300 s (dissociation phase).
Binding and dissociation were measured as changes over time in light
interference, and the curves were presented after the subtraction of par-
allel measurements from unloaded biosensors.

Panning of phage libraries. Three different phage display libraries
were used: PhD-7, PhD-12, and PhD-C7C (New England BioLabs, MA).
All the panning procedures were performed separately for each phage
library, essentially as recommended by the kit’s manufacturer. Briefly,
affinity-purified antibodies (300 ng) were coincubated with 10 pl of stock
phages for 20 min, and then the phage-antibody complexes were pulled
down using protein G beads (alternating between magnetic- and agarose-
based beads in each panning cycle). The beads were washed 10 times, and
the phages were eluted using 0.2 M glycine-HCI (pH 2.2). The eluted
phages were amplified in the kit-supplied Escherichia coli, precipitated in
polyethylene glycol (PEG)-NaCl, and resuspended in PBS. The panning
procedure was repeated for another two cycles, using the amplified stock
of phages from the previous round of selection as the source for the next
panning.

Individual clones from the third round of selection were selected and
grown in 96-well plates. Each clone was then tested for its ability to spe-
cifically bind the polyclonal antibodies. Single-stranded DNA of the phage
clones was prepared using BigDye (Applied Biosystems), and the PCR
products were analyzed with the ABI Prism 310 genetic analyzer. The
amino acids were deduced from the nucleotide codons to obtain the se-
quence of the selected peptides. The peptide sequences from the positive
phages were aligned with the Clustal W software, and the crystal structure
modeling was done using the PYMOL software.

Protection from ricin intoxication. Each mouse was anesthetized by
an intraperitoneal (i.p.) injection of ketamine (1.9 mg/mouse) and xyla-
zine (0.19 mg/mouse), and then antibodies at different doses (diluted in
PBS) were applied intranasally. Twenty-four hours later, each mouse was
anesthetized again, intoxicated intranasally with crude ricin (50 pl; 7
pg/kg of body weight diluted in PBS), and mortality was monitored over
14 days.

Immunization of mice. Primary immunization with selected phages
was performed using a group of 5 mice by subcutaneous injections, each
receiving a dose of 1 X 107 phages every 4 weeks. For the 1st injection, the
phages were emulsified with complete Freund’s adjuvant, while for the
two booster injections, the phages were emulsified with incomplete
Freund’s adjuvant. The anti-ricin and anti-M13 titers of the vaccinated
animals were monitored using an enzyme-linked immunosorbent assay
(ELISA).

RESULTS AND DISCUSSION

In vitro and in vivo ricin neutralization. To characterize the anti-
body response to ricin toxoid immunization, we purified the IgG
fraction from serum pooled from hyperimmune rabbits. The first
step was to determine the neutralization potencies of these poly-
clonal antibodies in vitro. The common cell-based assays that
measure ricin toxicity and are used to evaluate antibody-mediated
neutralization measure cell survival at 48 to 72 h postintoxication
(11, 14). However, since the ricin-mediated protein arrest is an
early event that precedes cell death by many hours, we reasoned
that accurate measurement at this step will allow us to shorten the
assay without a loss of sensitivity. To this end, we used genetically
engineered HEK293-AChE cells that were previously selected
based upon their ability to constitutively synthesize and secrete
large amounts of acetylcholinesterase (AChE) to the culture me-
dium (26), and any changes in the enzyme level can be accurately
measured. Indeed, the incubation of this cell line with increasing
concentrations of ricin induced a significant and dose-responsive
reduction of AChE in the culture medium, as determined 18 h
after intoxication (Fig. 1A). The ricin concentration needed to
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FIG 1 Invitro and in vivo neutralization of ricin. (A) Cultured HEK293-AChE
cells were incubated for 18 h with increasing concentrations of ricin. The
residual AChE activity in the culture medium was determined and expressed as
the percent activity determined for untreated cells. (B) Ricin (2 ng/ml) was
mixed with increasing concentrations of the IgG fraction, the mixture was
added to the cultured HEK293-AChE cells, and the residual AChE activity in
the culture medium was determined 18 h later. (C) Mice were intranasally
instilled with 3 pg (green line), 6.5 pg (blue line), or 13 pg (red line) of IgG.
Twenty-four hours later, the mice were intranasally intoxicated with ricin (2X
the LDs,), and animal survival was monitored for 14 days. Black line, intoxi-
cation control animals that were not pretreated with IgG. The data points are
the means * standard errors of the means (SEM) from triplicates.

reduce the levels of secreted AChE to 50% (50% inhibitory con-
centration [ICs,]) was determined to be 80 pg/ml.

The neutralizing efficacy of the polyclonal IgG preparation was
studied next by coincubating ricin (at a concentration that in-
duces a full protein synthesis arrest [2 ng/ml, 30 pM]) with in-
creasing concentrations of antibodies before adding the antibody-
toxin mixture to the 293-AChE cultured cells. As expected, the
presence of the antibodies inhibited toxin activity and restored
protein synthesis (Fig. 1B). The effective dose of antibodies
needed to neutralize 50% (EDs5,) of the toxin was 450 pM. It
should be noted that the neutralizing antibody concentration at
the EDs,, is in the nanomolar range, which is a property of very
high-affinity antibodies.

These results have prompted us to determine the ability of this
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antibody preparation to protect mice from ricin intoxication. The
mice were intranasally administered different doses of antibodies,
and 24 h later, the animals were challenged with 2X the 50% lethal
dose (LDs,) of ricin (7 pg/kg). All the animals in the control group
(not pretreated with antibodies) succumbed within 8 days post-
exposure (Fig. 1C). In contrast, 36% of the mice that were treated
with 3 pg of anti-ricin antibodies survived the challenge, and a
significant extension in the mean time to death (MTTD) was seen
for the animals within this group that did not survive. Increasing
the treatment doses to 6.5 pg and 13 pg resulted in 72% and 100%
survival rates, respectively. These results are well correlated with
the in vitro neutralization stoichiometric calculations, considering
that ~5 g of antibodies is needed to protect 50% of the mice that
were intoxicated with 0.2 pg of ricin.

Avidity and affinity of the anti-ricin antibodies. To further
appraise the antibody response following immunization with ri-
cin toxoid, we measured IgG avidity. Antibody avidity (also
termed functional affinity) is a binding parameter that character-
izes the strength of the formed antibody-antigen complex (28).
High avidity reflects the process of affinity maturation of the an-
tibodies and was shown to be well correlated with higher neutral-
ization titers toward several pathogens (29, 30). The avidity index
(AI), which is the concentration of a chaotropic agent that yields a
50% reduction in the binding of antibody to antigen, is widely
used to characterize and compare antibodies. Here, ricin-coated
wells were preincubated with anti-ricin antibodies, the complex
was exposed to increasing concentrations of the chaotropic agent
(thiocyanate), and the reduction in the antibody binding to ricin
was estimated. It was found that very high concentrations of the
chaotropic agent were needed (>5 M) in order to affect the
formed complex, and an Al value of 9 was calculated (Fig. 2A).
This exceptionally high Al is a strong indicator for the formation
of highly matured antibodies in response to ricin toxoid immuni-
zation.

We have also measured the affinity of the anti-ricin antibodies
to ricin using the Octet RED biolayer interferometry system. In
this system, the binding of molecules to the biosensor causes a
wavelength shift in the interference pattern, which can be mea-
sured in real time. To determine the affinity constants in a more
accurate manner, the specific ricin-binding antibodies were first
isolated from the polyclonal IgG fraction by affinity chromatog-
raphy. Biotinylated ricin was immobilized on the Octet sensor,
and the binding profiles of the anti-ricin antibodies (at different
concentrations) were monitored (Fig. 2B). It was found that al-
though the assay was performed using polyclonal antibodies, the
sensograms were fitted very well with a 1:1 binding model, with an
apparent K, of 1.1 nM. This high-affinity value, which is an aver-
age of the sum of many individual antibody clones, indicates that
in this population, there is a fraction of very high-affinity clones
(below the nanomolar range).

Immunological interaction with ricin subunits. Our next
goal was to determine the relative distribution of antibodies that
recognize each of the two subunits of ricin. To this end, ELISA was
performed using purified RTA or RTB as the coated antigen, and
the apparent association constant (K,) values were determined
(Fig. 2C). By comparing these values to that obtained with native
ricin (K, 0.35 nM ™ "), we found that nearly 70% of the antibodies
in the polyclonal serum recognize RTA (K, 0.23 nM '), while the
remaining 30% of the antibodies recognize RTB (K, 0.11 nM ™).
Being a plant lectin, the ricin molecule carries plant-derived sugar
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FIG 2 Immunological characterization of the polyclonal antibodies to ricin.
(A) The residual binding of preformed antibody-ricin complexes was mea-
sured following exposure to increasing concentrations of the KSCN chaotrope
agent. (B) The affinity of ricin-specific antibodies was measured using biolayer
interferometry. Biotinylated ricin was immobilized on a streptavidin biosen-
sor and reacted for 300 s with increasing concentrations of antibodies (6.25
nM, blue line; 12.5 nM, green line; 25 nM, black line). The sensors were then
immersed in buffer for another 300 s (dissociation phase). Red lines, curve
fitting of 1:1 binding model. (C) Reactivity profile of the antibodies deter-
mined by ELISA using either ricin holotoxin (circles), RTA (squares), RTB
(triangles) or U. europaeus (diamonds) as the antigens. The data points are the
mean * standard error of the mean (SEM) from triplicates. O.D., optical
density.

moieties (in both subunits) that are known to be immunogenic,
and it was of interest to determine the extent of the antibody
response toward these sugar moieties. To address this question, we
performed an ELISA using another plant lectin, U. europaeus (31),
as the coated antigen. U. europaeus has no protein sequence ho-
mology to ricin but shares a similar pattern of sugar moieties, and
indeed, a fraction of antibodies that recognize U. europaeus are
present in the immunized rabbit sera (Fig. 2C). This fraction was
estimated, however, to be no more than 3% of the total antibodies
raised against ricin toxoid (K, 0.01 nM ™ ").

Identification of the immunodominant epitopes. Identifying
the B-cell epitopes in immunized serum is an important step in

November 2014 Volume 21 Number 11

Antibody Response to Ricin Holotoxin-Based Vaccination

characterizing the humoral response to a given vaccine. Previous
studies have identified several epitopes on ricin (neutralizing and
nonneutralizing) (13). Most of these data were obtained using
monoclonal antibodies, and some of it from mapping the immu-
nodominant epitopes of polyclonal antibodies that were raised
against RTA-based vaccines. We thus set out to identify the im-
munodominant epitopes in the sera of the rabbits that were im-
munized with ricin toxoid. The analysis was performed using
three different phage display random peptide libraries containing
either 7- or 12-mer linear peptides or cyclic 7-mer peptides that
were panned against the affinity-purified fraction of the anti-ricin
antibodies. Following three rounds, the amount of antibody-
bound phages was enriched by a factor of 30, indicating successful
panning. The clones that were eluted from the third round were
individually verified for their ability to bind ricin and were sub-
jected to sequence analysis. The most striking finding was that
>70% of the antibody-binding phages, in all three libraries, con-
tained the motif LPNR (Fig. 3). Moreover, about 50% from the
7-mer phages and all from the 12-mer phages shared a longer
motif, PXLPNR. Based upon these results, a consensus sequence
was deduced with the common motif aPxLPNRaxa, where “a” i
either V, L, I, or M (hydrophobic residues). This motif fits very
well with the RTA sequence ,,IPVLPNRGLP;;, located in domain
1, and itis part of an exposed loop connecting helix A with B-sheet
b, in close proximity to the enzymatic cleavage site of ricin (Fig. 4).
Interestingly, this epitope was shown previously to be the exact
target of a ricin-neutralizing monoclonal antibody (32).

The remaining phages were clustered into three additional
epitopes (Fig. 3). Epitope 2 contained the consensus sequence
PPSSQF, which matches exactly the sequence ,,PPSSQF,; in do-
main 3 of RTA, an exposed loop comprising the carboxylic end of this
subunit (Fig. 4). Epitope 3 contained the motif SPIQxxR, which was
represented in phages that were found in all three libraries and was
best fitted to the RTA sequence ,,,FASPIQLQR,,, which is also
located on domain 3 and is a part of a random coil (Fig. 4). The
fourth epitope with the consensus sequence YWDGSI was the
only epitope located on RTB, fitting the sequence ,,,YADGSI,g;,
which is part of the 2a subdomain that forms a loop that con-
nects the two subdomains and is exposed to antibody interac-
tions (Fig. 4).

The amount of phages associated with each epitope is probably
a reflection of the distributions of their corresponding antibodies
in the polyclonal serum. This however, does not necessary bear
witness to the reactivity (affinity and neutralization) of each class
of antibodies toward its cognate epitope. We therefore selected a
representative phage from each group and examined its apparent
affinity toward the polyclonal serum. The selected phages were
those from the 7-mer library that shared the highest homology to
ricin. Accordingly, epitope 1 was represented by the phage bearing
the peptide sequence LPVLPNR, and the peptide sequences of the
phages for the rest of the epitopes are marked in Fig. 4. It was
found that the apparent affinity of epitope 1, the major immuno-
dominant epitope, was the highest (as determined by the half-
maximum binding; Fig. 5A), and the next best binder was found
to be epitope 4. The binding of the polyclonal serum to these
epitopes was also verified using synthetic peptides (data not
shown).

Involvement of the immunodominant epitopes in ricin neu-
tralization. The cumulative findings so far regarding the potency
of the IgG preparation and the identification of the immunodom-
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FIG 3 Sequence alignment of the phage-derived peptides selected by panning
with anti-ricin antibodies. Three rounds of panning were performed using
random peptide phage display libraries (7- or 12-mer linear peptides and
7-mer constrained peptides). The peptide sequences of the phages that specif-
ically bound the antibodies were deduced and divided into four groups based
upon multiple alignment. The frequency (no.) of peptides in each group is
indicated. The consensus amino acids are highlighted in bold. The hydropho-
bic amino acids (V, L, I, or M) within the peptides are indicated by “a,” where
“x” represents sites with no amino acid homology. The underlined amino acids
represent those with full homology to ricin. The peptides that were taken as
representatives of their epitope group are marked with an asterisk.

inant epitopes raise the question of whether we can determine
which of these epitopes are important for ricin neutralization. Our
working hypothesis was that the incubation of ricin-neutralizing
antibodies with phages that mimic their cognate epitope will com-
pete in binding to the toxin and consequently inhibit the ability of
this subset of antibodies to neutralize ricin. In order to increase the
sensitivity of this assay, we have used the minimal concentration
of antibodies that is needed to neutralize 95% of the ricin toxicity
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FIG 4 Modeling of the immunodominant epitopes on ricin. Crystal structure
of ricin (PDB 2AAI; RTA in gray and RTB in pink) emphasizing the locations
of epitope 1 (red), epitope 2 (blue), epitope 3 (green), and epitope 4 (orange).

toward cultured cells. Each representative phage was preincubated
with the antibodies at its highest possible concentration before it
was mixed with ricin and added to the cell culture. Under these
conditions, the preclusion of the neutralizing antibodies from
binding to ricin will allow the toxin to induce protein synthesis
arrest. Twenty-four hours later, the residual activity of AChE in
the culture medium was determined and compared to that of the
control (antibodies without phages). Incubating the antibodies
with a nonspecific (NS) phage did not affect their neutralizing
activities (Fig. 5B). However, incubating the antibodies with the
phage representing epitope 1 resulted in a marked inhibition of
30% of the antibody activity. A similar effect was achieved when
the phage representing epitope 4 (located on RTB) was added to
the assay. The presence of the phages representing epitopes 2 and
3 also reduced serum-neutralizing activity, albeit to a much lesser
extent (~10%), which was not significantly different. We have
also tested a mixture of several phages but did not see a beneficial
effect, probably since the effective concentration of each phage
was lower.

The observation that epitope 1 has a role in ricin neutralization
is in agreement with a previous report that demonstrated that this
epitope is the target of an anti-ricin monoclonal antibody (32). In
line with this, epitopes 2 and 3, which were not as effective in
neutralizing ricin, are located in the so-called ricin-immunodom-
inant regions V and VI, respectively, which are the targets of non-
neutralizing antibodies (24). The binding site on the RTB subunit
that comprises epitope 4, on the other hand, was not reported
before, and the fact that it is the target for neutralizing antibodies
might have broader implications for understanding ricin activity.
The RTB subunit mediates the binding of the toxin to the target
cell via two globular subdomains (1o and 2vy). Once internalized,
RTB interacts with intracellular components to further mediate
retrograde trafficking to the endoplasmic reticulum (ER) com-
partment by an unknown mechanism. The modeling of epitope 4
on the crystal structure of ricin reveals that it is spatially located
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FIG 5 Interaction of selected phage clones with anti-ricin antibodies. (A)
ELISA plate was coated with anti-ricin antibodies, followed by the addition of
a serially diluted representative phage clone from each group of epitopes (cir-
cles, epitope 1; triangles, epitope 2; diamonds, epitope 3; squares, epitope 4).
Bound phages were then detected using anti-M13 antibodies, and results
shown are from a representative experiment. (B) A fixed amount of ricin and
antibodies were preincubated with a representative phage clone from each
group of epitopes. The mixture was then added to the HEK293-AChE cells,
and the secreted AChE activity was determined 18 h later. The results are
expressed as the percent total inhibition of antibody (Ab)-neutralizing activity
in the absence of phages. NS, nonspecific phage. The presented data are the
mean * SEM from triplicates.

between the two subdomains of RTB, considerably distant from
the two galactose binding pockets, suggesting that this epitope is
not directly involved in the binding of the toxin to target cell
surfaces. Interestingly, this epitope is part of a highly conserved
hydrophobic core (found on both subdomains) that also can be
found in the sequence of the ricin agglutinin B (33). Taken to-
gether, our results imply that this epitope may have a role in ricin
toxicity other than in binding to target cells, such as enabling
downstream interactions with retrograde-related proteins. Deci-
phering the role of this region is beyond the scope of the current
study; however, it encourages further investigation using molec-
ular biology tools and mutated toxin derivatives.

Immunogenic properties of the selected immunodominant
epitopes. As antigenic mimics, it can be expected that the selected
phage-bearing epitopes will induce an immune response that will
cross-react with ricin, as has been demonstrated for other antigens
(19). To test this hypothesis, mice were immunized with each
phage that represents the four immunodominant epitopes. In-
deed, it was found that animals in all four groups developed a
significant anti-ricin response (Fig. 6), indicating that the selected
peptides are indeed good mimics of ricin B-cell epitopes.

Conclusions. We characterized the polyclonal antibody re-
sponse toward holotoxin ricin-based vaccination, identified four
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FIG 6 Cross-reactivity of anti-phage antibodies and ricin. Mice (n = 5) were
immunized with a representative phage clone from each group of epitopes
(circles, epitope 1; triangles, epitope 2; diamonds, epitope 3; squares, epitope
4). The reactivities of the antibodies that were raised against these phages were
determined by ELISA using ricin as the coated antigen. The results are from a
representative mouse from each vaccinated group or a naive mouse.

immunodominant epitopes, and determined which of these
epitopes are relevant to toxin neutralization. These four epitopes,
even when presented on the surface of a filamentous phage, in-
duced a cross-reactive response of antibodies that recognize ricin.
To the best of our knowledge, this is the first time that epitope
mapping of the polyclonal response following immunization with
ricin holotoxin was performed. As there is an ongoing effort by
health and defense organizations all over the world to develop an
effective vaccine against ricin, we believe that the findings of this
study will provide useful information and a possible strategy for
designing an improved vaccine to this toxin.
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