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I. INTRODUCTION

The protein synthesis inhibitor ricin, isolated by the castor plant Ricinus communis, and
the sodium channel blocker saxitoxin (STX), produced by the dinoflagellates of the genus Gon-
yaulax are among the most potent biological toxins known to man (1,2). Because of their relative
low molecular weight (m.w.) and their extreme in vivo toxicity, they can not be safely used as im-
munogens in the elicitation of protective immunity against their toxicity. Qur laboratory has had a
long-standing interest in utilizing these biological toxins and others as model agents to assess the
efficacy of the anti-idiotype-based approach in the development of safe and protective vaccines
against the in vivo toxicity of various toxins of chemical and biological origins.

Idiotypic (Id) determinants are defined as antigenic determinants associated with the vari-
able region of antibody molecules (3). As such, |d determinants on antibody molecules can elicit
the production of specific antibodies, termed anti-ld antibodies or Ab2, which can be utilized to se-
rologically define the id. Anti-Id antibodies have been ciassified into three categories based on
their binding specificities (4,5). Anti-ld antibodies recognizing Id determinants not associated with
the binding site(s) of the anti-antigen antibodies (or Ab1) are referred to as Ab2«. Thus the bind-
ing of Ab2a to Ab1 can not be inhibited by the antigen. Anti-Id antibodies whose binding to Ab1
can be inhibited by the antigen have been divided into two groups. Ab2g are anti-ld antibodies
that r2cognize combining site-associated determinants and are capable of antigenic mimicry, i.e.
they can display similar tertiary conformation, serological characteristics and biological properties
exhibited by the antigen. Thus, anti-Id antibodies of the A2 category represent the anti-ld anti-
bodies of choice in antibody-based vaccine development strategy (4). Ab2y are similar to Ab24in
that they also recognize binding site-associated Id determinants, and their binding to Ab7 can be
inhibited by antigens. However they do not possess antigenic mimicry. Ample experimental evi-
dence exists in support of the ability of anti-Id antibodias to mimic antigens and to induce ir naive
animals specific immune responsiveness to a wide variety of antigens including bacteriai, viral
and parasitic organisms (6-21). Our laboratory in collaboration with researchers at USAMRIID
has previously demonstrated the efficacy of the anti-ld-based vaccine apgroach in eliciting a sys-
temic, active and protective immune response against the in vivo toxicity of the trichothecene my-
cotoxin T-2. A murine monoclonal antibody (mAb) specific for T-2 my, cotoxin was first generated
and shown to protect against the in vitro toxicity of T-2 utilizing the Hep-2 cell assay (22,23). The
anti-T-2 mAb was used to generate syngeneic anti-ld mAbs, whicn upon conjugation to & protein
carrier and administration into syngeneic naive mice induced a systemic and specific anti-T-2 an-
tibody response that protected the vaccinated mice against the in vitro toxicity of T-2 (24). This
represents the first demonstratior of the use of anti-ld ar ubody in the induction of protective im-
munity against toxic cempounds (reviewed in 25-Appendix A, 26-Appendix B).

This final report describes our research eforts in applying the aniti-ld-based approach in
the development of protective vaccines against the in vivo toxicity of STX and ricin. Because ricin
Is a protein toxin composed of two disuifide-bonded glycoprotein chains (A and B chains) whose
primary amino acid sequences and three dimensional structure are known (27-23), we have also
investigated synthetic peptides homologous to either the A or B chains as subunit vaccines in the
elicitation of protective immune r2sponses to ricin intoxication.




ll. RESULTS

A. THE SAXITOXIN SYSTEM

We had previously generated mAbs specific for STX by immunizing BALB/C mice with
STX conjugated to keyhole limpet hemocyanin (KLH), and fusing their spleen cells with the
mouse myeloma NS-1 cells (30). Two anti-STX mAbs, termed S1AS (IgM,.) and S3E .2 (1gG1,.),
with approximate binding affinity constants of 1 x 108 M-1 were isolated and shown to be capable
of displacing [3H]STX binding to rat cell membranes in vitro. Both anti-STX mAbs also protected
against the STX-induced reduction of perioheral nerve action potential in rat tibial nerve when
administered in situ. Encouraged by these results, we proceeded to produce goat polyclonal and
murine monoclonal anti-Id to S3E.2 anti-STX mAb which provided better protection against STX
than S1AS (30).

1. Anti-idiotypes to S3E.2 anti-STX monoclonal antibody

a) Polyclonal anti-idiotypes to S3E.2

S3E .2 anti-STX mAb was purified from cleared ascites by saturated ammcenium sulfate
(SAS) cut followed by HPLC. The purified mAb was precipitated in aluminum hydroxide and used
to immunize a goat for the generation of polyclonal anti-ld antibodies Foliowing three i.m. immu-
nizations with 50 ug anti-ld/injection, the goat was bled and the serum was absorbed over normal
mouse immunoglobulin (NMlg) conjugated to agarose (Sigma Chemical Co., St., Louis, MO) to
remove anti-isotypic and anti-allotypic antibody reactivity. Specific reactivity of the absorbed anti-
ld serum to S3E.2 and not to NMIg or to other mAbs (of the sariie isotype but of irrelevant speci-
ficity) was assessed by enzyme-linked immunosorbent assays (ELISAs). The specific goat anti-Id
antibodies were further purified through abscrption to and elution from protein A chromatography,
and alum precipiiated. A group of five BALB/C mice were immunized intraperitoneally (i .p) with
50 pg/injection of this anti-Id preparation every two weeks The mice were bled before each im-
munization, and their sera were tested for STX reactivity in ELISA, as we previously described
(30). No ELISA anti-STX reactivity was detected subsequent to the second immunization. How-
ever, following the third injection, significant ELISA titers were observed in all 5 immunized mice
(Table 1). Their anti-STX antibody titers increased with subsequent immunizations, reac'ing
titers ranging between 1:3200 to 1:12800. Following the 7th immunization with the goat -nti-Id
antibodies, the mice were challenged s.c. with STX and the number of dead mice and th: “ime
between STX challenge and death (elapse time) were recorded (Table 2) No significan .7 tec-
tion against the in vivo toxicity of STX was observed

b) BALB/C monocional anti-idiotypes to S3E .2

We have also produced anti-ld mAbs specific for S3£ 2 BALB/C mice \ ocaed
with purified S3E 2 conjugated to KLH, and alum precipitated Anti-Id reactivity . T e
mouse sera was detected by a "sandwich” ELISA, as we previously described Bi. ., .. Jter

wells were ccated with 2 ug/well of purified S3E .2 and blocked with PBS (pH 7 4) supplemented
with 5% normal goat serum (PBS/NGS). Serial dilutions of preimmune and immune mouse sera
were added to the wells which were incubated for 1 hr at 370C_ After washing. a proper dilution
of S3E 2 conjugated to biotin (31) was added to the wells The wells were incubated for 1 hr at
370C and washed Anti-Id reactivity was detected by addition of avidin conjugated to horseradish
peroxidase (HRP) Immune mice whose sera exhibited anti-Id activity. detected as described
above, were sacrificed and their spieen celis were fused with the murine myeloma Sp2/0 for the
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production of anti-ld mAbs. Screening of the fusion hybrid supernatants was done using the
"sandwich" ELISA, as described above. One hybrid, designated $9-B11, was isolated that se-
creted an anti-ld IgM,. mADb specific for S3E.2. The binding of $9-B11 anti-Id to S3E.2 anti-STX

was inhibited by STX, but not by the structurally similar toxin TDT, suggesting recognition of an Id
determinant asscciated with the STX-binding site of S3E.2 (data not shown). These results lead
us to test the ability of $9-B11 to induce in naive mice a systemic and protective anti-STX antibo-
dy response. Purified S9-B11 was conjugated to KLH and alum hydroxide-precipitated. A group
of 5 BALB/C mice were vaccinated i.p. with 50 ug/injection of S9-B11-KLH every three weeks.
The mice were bled before each injection and their sera tested for ELISA reactivity employing mi-
crotiter wells ¢coated with STX-BSA (Table 3), as described earlier (30). For in vivo protection ex-
periments, a group of 19 BALB/C mice were similarly immunized with S9-B11-KLH. After the
sixth injection, the mice were divided into smaller groups and were challenged s.c. with various
doses of STX (Table 4). All mice challenged with STX died. and no significant differences were
noted in the elapsed time between the specific anti-ld-immune mice and that of the control groups
of mice vaccinated with an anti-ld mADb of irrelevant specificity (anti-Id to anti-T-2 mycotoxin, 24).

In summary, although a specific anti-STX mAb was generated that protected against the in
vitro toxicity of STX, neither goat polyclonal nor murine monoclonal anti-ld generated to the anti-
STX mADb provided significant protection against STX in vivo tOXIC|¥ This may be accounted for
the relative low binding affinity of S3E.2 anti-STX mAb (1 x 108 m- ), although S3E .2 exhibits one
of the highest binding affinity among the available anti- STX mAbs. Because of the lack of obser-
ved /n vivo protection mediated by anti-Id reagents specific for S3E.2 anti-STX mAb, we decided
to generate anti-Id reagents to a burro polyclonal anti-STX IgG preparation, generously provided
by Dr. J. Hewetson, Department of Pathophysiology, USAMRIID, Fort Detrick, Frederick, MD.

This burro anti-STX I1gG preparation has been previously demonstrated to reverse the STX-indu-

ced cardiorespiratory failure in guinea pigs (32).
2. Anti-idiotypes to burro anti-STX igG antibodies

a) BALB/C anti-idiotypes to burio anti-STX

BALB/C mice were immunized i p. with protein G-purified goat anti-STX 1gG (50 ug/
injection) precipitated in aluminum hydroxide every three weeks. Following the fourth immuni-
zation, the mice were bled, their sera pooled and absorbed over a column of agarose-normal
horse 1gG (NHIg, Sigma Chemical Co.) until no remaining reactivity with NHig could be detected.
The reason for employing NHIg instead of normal burro Ig 1s the availability of the former and the
cross reactivity between the two sources of normal Ig due to the close phylogenetic relationship
between the two species. The absorbed mouse sera were tested for anti-ld antibody reactivity
using the following ELISA. Microtiter wells were coated with 0.05 ml of a solution containing 4 u
g/ml of NHIg or purified burro anti-STX 1gG overnight and blocked for 1 hr. Serial dilution of the
absorbed mouse sera were added, and the wells were incubated for 1 hr at 37° C and washed.
Binding was detected by addition of goat anti-mouse Ig-HRP and the appropriate substrate. The
results presented in Table § indicate that after absorption. a 1:10 dilution of the pooled mouse
anti-ld serum did not react with NHIg. On the other hand, reactivity with the burro anti-STX was
dilution-dependent and was still observed at a 1:10240 -1 20480 serum dilution

The mouse anti-Id antibodies were further purified by saturated ammonium sulfate (SAS)
precipitation for assessment of their ability to induce anti-STX immunity. A group of 5 BALB/C
mice was vaccinated i1.p. with the purified syngeneic anti-id (50 ug/injection) every three wesks
The mice were bled before each injection, and their sera tested for 2nti-STX reactivity as describ-
ed above (30). As reported in previous quarterly reports, no significant anti-STX antibody respo-
nse was observed even after repeated vaccination {data not shown) Another group of 5 BALB/C
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mice were similarly vaccinated with the purified syngeneic anti-Id antibodies conjugated to KLH
(Calbiocchem, San Diego, CA) using 1-etyi-3-(Z-dimehtylaminopropyl)-carbodiimide (EDAC,
Sigma Chemical Co.), as previously described (11). All 5 mice vaccinated with KLH-mouse anti-id
antibodies exhibited detectable anti-STX antibody reactivity following the second injection (Table
6) (33, Appendix C). Tha anti-STX antibody titers did not increase significantly after subsequent
booster injections, however 2/5 and 1/5 vaccinated mice devaloped antibody titers equal to or
greater than 1/600 following the 7th and 8th injections, respectively. The anti-STX antibody re-
sponse induced by syngeneic anti-id-KLH appeared to be predominantly of the IgM isotype.
Specificity of the anti-ld-induced anti-STX antibody response was demonstrated by the ability of
free STX to inhibit binding. Furthermore no binding could be demonstrated to tetrodotoxin- (TDT)

BSA-coated wells (33).

Anti-ld-induced anti-STX antibodies abolish the protective effect of STX in cells treated
with veratridine and ouabain. Treatment of murine neuroblastoma cell line CCL131 with veratrid-
ine and ouabain results in increased ion permeability, cell swelling, and eventual death (34). In a
representative experiment shown in Table 7, addition of 0.25 mM veratridine and 0.5 M ouabain
resulted in approximately 77% neuroblastoma cell death (33). However, in the presence of 30 nM
of STX, the veratridine/ouabain-induced cytotoxicity was reduced to ~ 47%. When STX was pre-
incubated with serial dilutions of pooled murine anti-STX sera, a dose-dependent decrease in the
ability of STX to protect against the cytotoxicity of veratridine/ouabain was observed. Thus, a
1:10 dilution of the murine anti-STX sera significantly inhibited the protection provided by STX,
and reversed veratridine/ouabain toxicity on CCL131 to 73.7% and 77.3%, respectively. No sig-
nificant decrease in the STX-induced protection was observed with preimmune pooled sera

(Table 7).

b) Rabbit anti-idiotypes to burro anti-STX

New Zealand white rabbits were immunized intramuscularly with the burro anti-STX IgG
essentially as described above for BALB/C mice. However, our previous experience indicate that
conjugation of the Ab1 to protein carrier is not required for the production of anti-ld antibodies in
xenogeneic species. Therefore, unconjugated burro anti-STX IgG was used for immunization.
The resulting rabbit anti-Id antibodies were rendered specific for the immunizing burro Ab1 as de-
scribed for murine anti-ld above, and were purified by protein A chromatography. The specificity
of the rabbit anti-Id preparation was tested using microtiter wells ceated with burro anti-STX I1gG
or with normal horse IgG (Figure 1) (33)

To assess for the ability of the rabbit anti-ld antibodies to elicit an anti-STX antibody re-
sponse a group of 5 BALB/C mice were immunized with unconjugated rabbit anti-ld i.p., as de-
scribed above. The mice were bled before and after each /mmunization. and their sera tested for
reactivity with STX (Table 8). The specificity of the munne anti-STX antibody response induced
by the rabbit anti-ld was demonstrated as described above (33) Moreover, the anti-STX antibo-
dy response was capable of negating the protection afforded by STX in reversing the veratrid-
ine/ouabain toxicity on CCL131 cells (Table 8) (33)

These results prompted us to assess the ability ¢f the murine- and rabbit-induced anti-STX
antibody responses in protecting against the in vivo toxicity of STX. Groups of mice were immu-
nized as above with either the syngeneic murine anti-ld-KLH or with unconjugated rabbit anti-Id
antibodies Following the 7th immunization, the mice were randomly divided into groups, and
were challenged with different doses of STX subcutaneously The time between STX administra-
tion and death, and the number of dead animals per group were recorded (Tables 10 and 11)
Mice vaccinated with syngeneic anti-ld-KLH and control mice challenged with 40 ug kg STX all
succumbed to STX toxicity, whereas ail mice challenged with the lowest dose of STX (15 ug/kg)
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survived (Tatle 10) (35, Appendix D). At the 30 ng/kg STX dose, one out of 10 anti-id-vaccinated
imice survived the challenge, whereas all control mice died. In addition, four of the anti-ld-vacci-
nated mice took longer to succumb to challenge than the controls (7:08; 8:16; 10:08 and 11:54
min. vs. 5:12 and 5:24 min.). At the 20 ng/kg STX challenge dose, only 5/10 anti-ld-vaccinated
mice died. The number of control mice used in our in vivo experiments is usually smaller than
that of experimental aroups because from previous observations all control mice generally suc-
cumbed to the range of STX challenge doses used. Thus, vaccination of mice with syngeneic
anti-ld-KLH was shown to induce a protective immunity against STX, at least at the 20 ug/kg STX
challenge dose. On the other hand, mice immunized with rabbit anti-1d antibodies to burro anti-
STX were not protected against 3TX challenge (Table 11). The reason for this discrepancy is not
clear, however it is reasonable to suggest that lack of induced protection by the rabbit anti-Id anti-
bodies may be due tc the xenogeneic immune responses of the immunized mice to the rabait an-
tibodies, a situation not expected in the syngeneic mouse system.

In summary, thus far polycloral and monoclonal anti-1d antibodies generated against our
best anti-STX mAb1 (S3E.2) were able to induce systemic and specific anti-STX antibody re-
sponses (33). However, they were not effective in eliciting an antihody response capable of pro-
tecting against the in vivo toxicity of STX. Rabbit polyclonal anti-ld antibodies produced to the
burro anti-STX IgG preparation also induced a STX-specific antibody response which did not
protect the vaccinated mice against STX in vivo challenge. On the other hand, BALB/C mice im-
munized with the syngeneic mouse anti-ld antibodies conjugated to KLH w=re significantly pro-
tected against STX in vivo challenge, at least at the 20 ug/kg STX chalienge dose (35).

B. THE RICIN SYSTEM
1. Passive immuno-protection against ricin intoxication

One of the objectives of the research is to generate high binding affinity anti-ricin mAbs
that protect against the in vitro and in vivo toxicity of riciri. Toward this aim, a number of immuno-
gens have been utilized, including a series of synthetic peptides homologous to either ricin chain
A or chain B. The rationale for selection and the sequence of these synthetic peptides have been
previously reported. Subiethal doses of native whole ricin, ricin chain A and chain B have also
been used as immunogens. Among all the ricin-specific hybrids generated from a large number
of fusions performed, one anti-ricin MAb was isolated that bound specifically to ricin, and protect-
ed agair.st its in vitro and in vivo texicity (36, Appendix E). Specificity analysis indicated that the
anti-ricin mAb, termed BG11-G2 (IgG1,). recognized an antigenic determinant whose expression

requires the association of the ricin A and B chains in the native conformation of the intact ricin
molecule. It exhibited no EL.ISA reactivity against either the isolated ricin A chain nor the ricin B
chain. Moreover, it did not show any significant reactivity against T-2 mycotoxin, STX or tetrodo-
toxin (TDT) (36). Naive syngeneic BALB/C mice infused intraperitoneally with 10 mg of protein A-
purified BG11-G2 18 to 20 hrs prior to challenge with 125 ug/kg - 250 ng/kg ricin exhibited a sig-
nificant delay in the onset of death (Figure 2). When BALB/C mice were infused with 10 mg of
BG11-G2 anti-ricin mADb prior to challenge, and followed by with the same amount of BG11-G2
infused 30 min, 24 hrs and 72 hrs post-challenge, a significant delay in the time of death was
again observed in the group receiving 250 pg/kg ricin challenge, as compared to the control
group. The group of mice that were challenged with 125 ug/kg ricin were completely protected by
a combinatien of pre- and post-challenge infusions of BC11-G2 (Figure 3).
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2. Anti-idiotypes to BG11-G2 anti-ricin mAb

a) Polyclonal anti-idiotypes to BG11-G2

i) Rabbit anti-idiotypes to BG11-G2. Because of the protection afforded by BG11-G2 anti-
ricin mADb, we sought to make rabbit and goat anti-Id antibodies specific to BG11-G2. Toward this
end, New Zealand White rabbits were immunized intramuscularly every three weeks with 50 ug of
protein A-purified BG11-G2 precipitated in aluminum hydroxide. The first injection was administe-
red in Freund's complete adjuvant (FCA), the second in Freund's incomplete adjuvant (FIA), and
subsequent injections were given in PBS, pH 7.4. The rabbits were bled after the fourth and fifth
injections and the sera were pooled. The pooled sera were adsorbed exhaustively over normal
mouse Ig-Agarose chromatography until no remaining reactivity with normal mouse Ig was ob-
served. The rabbit anti-Id IgG antibodies were further purified by protein A chromatography. To
assess the ability of the rabbit anti-ld to BG11-G2 to induce an anti-ricin antibody response, a
group of five BALB/C mice were immunized i.p. with 50 ug of the purified, alum-precipitated rabbit
anti-Id in FCA, followed by FIA and PBS. The mice were bled before each immunization, and
their sera were tested for ELISA reactivity using whole ricin-coated microtiter wells as we previ-
ously described (36). Significant anti-ricin antibody titers were not achieved following the first
vaccination with rabbit anti-Id antibodies (Table 12). However, following the second injection,
anti-ricin antibodies were detected in all the vaccinated mice. The anti-ricin antibody response
appears to be specific in that no significant reactivity was observed when STX-coated wells were
used in the ELISA (data not shown). The vaccinated mice were challenged with various doses of
ricin following the sixth injection (Table 13). All mice challenged with 50 ng/kg ricin died from
challenge within 42-69 hrs. On the other hand, off the three rabbit anti-ld-immunized mice, one
mouse was protected from ricin challenge of 35 ng/kg ricin, whereas both control mice challenged
with the same ricin dose succumbed. Moreover, there appeared to be a significant delay in the
elapsed time between ricin administration and death in the immune group (91 and 114 hrs) vs.
that in the control group (42 and 52 hrs). These results led us to similarly immunize a larger
group of BALB/C mire, and to challenge them with ricin after the six irnmunization (Table 14).
Again, as we noted above all mice challenged with 50 ng/kg ricin died from the challenge. In this
in vivo challenge experiment, all mice challenged with 35 ug/kg ricin also succumbed. However,
in the groups that were challenged with 20 ug/kg ricin, only 2 out of 7 vaccinated mice died,
whereas 2/2 cortrol mice died (Table 14). Thus, vaccination with rabbit anti-id to BG11-G2 zlic-
ited in naive BALB/C mice a protective anti-ricin antibody response, although the protection was
only obvious at lower challenge doses of ricin.

i) Goat anti-idiotypes to BG11- G2. In addition to producing rabbit anti-ld antibodies, a
goat was also immunized with protein A-purified BG11-G2 in aluminum hydroxide as described
above for rabbit immunization, except that the dose of BG11-G2 was 100 ug per injection. The
goat was bled after the fourth immunization, the sera were pooled and adsorbed over normal
mouse Ig-Agarose chromatography as detailed above. Absorbed goat serum wit!. - o remaining
reactivity with normal mouse Ig were adsorbed to and eluted from a protein A-Agarose column for
the purpose of purifying goat IgG. A group of BALB/C mice were vaccinated with the purified
goat anti-ld antibodies in aluminum hydroxide, as described above. Some anti-ricin antibody re-
activity was detected in the sera of the vaccinated mice following the 3rd injection of the goat anti-
Id antibodies (Table 15). The anti-ricin antibody titers became significant following the 4th injec-
tion, and increased steadily up to the 6th immunization. Seven days after the 6th immunization,
the mice were challenged with ricin, as above (Table 16). Although no obvious protection against
ricin in vivo toxicity was observed in this challenge experiment, a larger group of BALB/C mice
were similarly vaccinated with the goat anti-Id 1gG preparation, and were challenged with different
doses of ricin (Table 17). All vaccinated mice died from a ricin challenge dose of 50 ng/kg with
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comparable elapsed time between ricin administration and death. At the 35 pg/kg ricin dose, all
mice also succumbed, however there appeared to be a delay in the time of death in the vacci-
nated group as compared to that of the control group. At the lowest dose of ricin chaillenge (20 n
g/kg), both animals in the control group died whereas 5 out of 7 anti-Id vaccinated mice survived
the jn vivo ricin challenge (Tabie 17). Thus, as observed with the mice vaccinated with rabbit anti-
Id antibodies to BG11-G2, mice immunized with goat anti-Id antibodies also developed an anti-
ricin antibody response that completely protected them against the in vivo toxicity of ricin, at least

at a ricin challenge dose of 20 ug/kg.

Thus, vaccination of BALB/C mice with polyclonal rabbit or goat anti-Id antibodies to
BG11-G2 anti-ricin mADb elicited a systemic and specific anti-ricin antibody response which ap-
peared to protect the vaccinated mice against a low ricin challenge dose in vivo.

b) Monoclonal anti-ld antibodies to BG11-G2

To produce anti-ld mAbs to BG11-G2, the latter was conjugated to KLH and used to im-
munize a group of BALB/C mice. The mice received 50 ug ot BG11-G2-KLH per injection first in
FCA, foilowed by FIA and PBS. Anti-ld antibody activity in the moue sera was detected using a
sandwich ELISA as follows. Briefly, microtiter wells were coated with 10 ug/ml of purified BG11-
G2 overnight at 4°C, washed and blocked. Serial dilutions of the mouse sera were added to the
wells which were incubated for 1 hr at 37°C. After incubation, the wells were washed, and BG11-
G2 conjugated to biotin was added. Anti-Id reactivity was detected by the addition of avidin-HRP
and the appropriate substrate. Anti-ld antibody reactivity was detectable in the mouse sera fol-
lowing the third injection of BG11-G2-KLH. One week after a booster injection, the mouse spleen
cells were fused with the Sp2/0 murine myeloma cell line for hybrid production. Hybrids produc-
ing anti-ld mAbs to BG11-G2 were detected using the sandwich assay just described. Seven hy-
bridomas were thus selected with binding specificities shown in Table 18. All the isolated anti-Id
mADbs are of the IgM isotype, and they all bind to BG 11-G2 anti-ricin mAb, but not to normal
mouse Ig. The anti-ld mAbs generated can be divided into three categories. The first category of
anti-ld is represented by NK4-E7-C7 which binds only to BG11-G2, and not to rabbit or goat anti-
ricin IgG. NK9-G5-B3 anti-ld mAb represents the prototype of the second type of anti-Id which
recognizes BG11-G2 and one of the polyclonal anti-ricin 1gG preparation. The third category is
represented by NK8-F4-F1C, NK9-G6-G7, 7-D10, 8-B9 and 10-B8 mAbs which react with all three
anti-ricin 1gG preparations. Because internal image anti-Id antibodies generally should react not
only with the immunizing anti-ricin Ab1 (BG11-G2), but also with heterologous polyclonal anti-ricin
(rabbit and goat), we proceeded to produce ascites from NK8-F4-F10, NK9-G6-G7, 7-D10-F9, 8-
BY-H12 and 10-B8-F 10, and to purify the IgM anti-ld mAbs. Antibody purification was performed
from cleared ascites by saturated ammonium sulfate precipitation followed by HPLC. The purified
IgM anti-ld were conjugated to KLH, and used to immunize groups of five mice each. Mice were
immunized i.p. with 50 pg/injection of anti-ld mAb-KLH firstin FCA, then FIA and PBS. The mice
were bled before each injection, and their sera tested for anti-ricin reactivity employing ricin-
coated microtiter wells. All five anti-ld mAbs induced significant anti-ricin antibody responses
subsequent to the second immunization (Tables 19-23). Each group of vaccinated mice were di-
vided into two groups which were challenged with 35 pg/kg and 20 ugrkg ricin doses, respectively,
after the sixth immunizaticn. All the animals immunized with NK8-F4-F10 or with NK9-GB-G7
succumbed to ricin challenge (Tables 24 and 25) Mice vaccinated with the other three anti-Id
mADbs and challenged with 35 ug/kg ricin aiso died (Tables 26-28) However, at the lower chal-
lenge dose of 25 ng/kg ricin, 2 out of 3 mice immunized with 7-010-F9 survived (Table 26).
Likewise, 1/3 mice immunized with either 8-819-H12 or 10-B8-F 10 anti-ld mAbs survived the in
vivo ricin challenge of 25 ng/kg (Tables 27 and 28). Because some protection was achieved, al-
beit only at the lower dose of ricin challenge larger groups of BALB/C mice were vaccinated with
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these anti-ld mAbs and were challenged with ricin. No significant protection against ricin in vivo
challenge was observed in these experiments (data not shown).

3. Polyclonal anti-Id antibodies to goat anti-ricin

a) Rabbit anti-idiotypes to goat anti-ricin

We have obtained a protein G-purified goat IgG anti-ricin antibodies from Dr. J. F. Hewet-
son, Toxinology Division, Pathophysiology Department, USAMRIID. New Zealand White rabbits
were immunized with the purified goat anti-ricin 1gG precipitated in aluminum hydroxide to produ-
ce polyclonal rabbit anti-ld antibodies. as described above. Anti-isotype and anti-allotype reactivi-
ties of the polycional anti-ld sera were removed by repeated absorptions with agarose conjugated
to normal goat Ig (NGIg), and checked for lack of reactivity against NGIg by ELISA as we previ-
ously described (36). Absorbed rabbit anti-id sera reactive with goat anti-ricin IgG, but not with
NGIg, were further purified by protein A chromatography and precipitated with aluminum hydrox-
ide. Groups of five BALB/C mice were immunized with 10 ug/injection of alum precipitated rabbit
anti-ld IgG i.m. every other week, with bleedings obtained before each bleed. The mouse sera
were tested for reactivity against ricin- or STX-coated microtiter wells, and for protection against
ricin cytotoxicity using the EL- 4 cell assay (37, Appendix F). Some anti-ricin antibedy reactivity
was detected following the third immunization with the rabbit anti-id, which became more pronou-
nced following subsequent injections (Table 29). No reacti.'ty against STX-BSA-coated wells
was observed (data not shown).

The ability of the rabbit anti-ld-induced anti-ricin antibody response to protect against the
in vitro toxicity of ricin was assessed using the murine EL-4 leukemic cell assay, as we described
previously (36). Results of a representative experiment are shown in Table 30. A 1:10 dilution of
pooled sera from the group of mice immunized with the rabbit anti-ld antibodies completely pro-
tected EL-4 cells against ricin toxicity. Protection against ricin cytotoxicity was dose-dependent.
Pooled sera (1:10) from preimmune mice and from mice immunized with a control anti-ld did not
exhibited any protection against ricin toxicity.

To assess for the ability of the rabbit anti-Id to goat anti-ricin to elicit in vivo a protective
anti-ricin antibody response, a group of BALB/C mice were immunized as described above. Fol-
lowing the 7th injections of the anti-Id, the mice were challenged with different doses of ricin. Al-
though some protection against ricin toxicity was achieved, the degree of protection was not very
pronounced (Table 31). All mice challenged with ricin doses greater than 40 ug/kg ricin died.
However, 6 out of 8 rabbit anti-Id-vaccinated mice challenged with 40 ug/kg ricin died somewhat
later than the two control mice challenged with the same dose of ricin. At a ncin dose of 25 ng/kg
ricin, none of the vaccinated mice died, whereas 1 out of two control mice died.

b) Murine anti-Id to goat anti-ricin

A similar set of experiments were performed with BALB/C anti-Id to goat anti-ricin.
BALB/C mice were immunized with alum-precipitated goat anti-ricin IgG, their sera were rendered
specific through absorption over NGlg-agarose, and the i1gG fraction was purified as described
above. A group cf five BALB/C mice were then vaccinated with the purified syngeneic anti-Id
conjugated to KLH. They were bled before each immunization and their sera tested for ricin re-
activity by ELISA (Table 32, and 37) As was observed with mice immunized with rabbit anti-Id
antibodies, sera obtained from nmuce immunized with syngeneic anti-ld-KLt; exhibited ELISA rizin
reactivity following the second or third injection. The titer appeared to increase with subsequent
immunizations  The pooled mouse sera were also capable of negating the cytotoxicity of ricin on
EL-4 cells (Table 30) A 110 dilution of the mouse sera preincubated with 6 25 ng/mi of ricin
completely abolished ricin toxicity whereas a 1100 dilution afforded 39 7% protection
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Fer in vivo protection experiments, a group of 30 BABL/C mice were immunized as above.
Following the 7th injection, the mice were chalienged with various doses of ricin (Table 33). No
apparent protection was observed since all mice succumbed to ricin challenge with approximately
similar elapse time between ricin administration and death.

4. Subunit Synthetic Peptide Vaccine

a) Previous results

Because of the proteinaceous nature of the ricin molecule, and its published primary
amino acid sequence and tertiary structure, we have undertaken an effort to irivestigate the fea-
sibility of developing an efficacious subunit vaccine against its in vivo toxicity. As previously de-
scribed in quarterly and final reports under contract No. DAMD-17-C-90-0051, we have selected a
number of sequences homologous to either the ricin A or B chain of ricin, and have synthesized
the following peptides: A-18-39 and A-95-12M homologous to sequences of the ricin A chain, and
B-18-50 and B-230-257 homologous to s¢  2nces of the ricin B chain. The rationale for the se-
lection of these sequences were previously discussed. The synthetic peptides were conjugated
to KLH and were used to immunize BALB/C mice either singly or in combination using various
adjuvants. The conclusions from these studies are that although the ricin synthetic peptide/KLH
complexes were immunogenic and elicited specific anti-ricin antibodies, none of them or their
combinations induced protective immunity. To enhance the immunogenicity of the peptides, we
have selected the B-18 sequence (because of its relatively high immunogenicity) and have syn-
thesized it on a backbone of branching lysine core, termed multiple antigenic peptide (or MAP).
Peptides synthesized as MAP have been previously demonstrated to render the need for carrier
proteins obsolete in generating high tittered anti-peptide and anti-native antibodies (38). Immu-
nogenicity studies of B-18-MAP in BALB/C mice indicated that a higher titer anti-ricin antibody re-
sponse could be achieved with the MAP system as compared to other adjuvants employed.
However, the B-18-MAP-induced anti-ricin antibody responses did not protect mice from ricin in-
toxication Other ricin synthetic peptides were also synthesized as MAP, and were used to im-
munize BALB/C mice either singly or in combination with similar negative in vivo protection re-
sults. The above-mentioned results were described in details in the Final Report of contract No.
CAMD-17-C-90-0051 dated April 20, 1992.

b) Universal T-helper epitope

The lack of success with the subunit synthetic peptide approach led us to investigate the
potential role of a universal T-helper ce'l epitope identified within the hepatitis B surface antigen
(H-19-33 of HBsAg) in enhancing the titer and binding affinity cf the B-18 peptide-induce anti-ricin
antibody response. The sequence of the H-19 epitope of HBsAg has been described in previous
reports. Two differert carrier formulations, namely PAM3CYS and Palmitic acid, are also being
investigated in parallel with the adjuvant properties of liposome and alum. The foliowing synthetic
complexes have heen generated for immunogenicity and protection studies:

i) PAMB3CYS-B-18 ricin peptide/H-19-T-helper epitope/Liposome
ii) PAM3CYS-H-19-T-helper epitope/B-18 ricin epitope/Liposome
iii) PAM3CYS-B-18-ricin peptide/Liposome

iv) Paimitic acid-B-18 ricin peptide/-helper epitope

v) Palmitic acid-H-19 helper epitope/B-18 ricin peptide

Groups of five BALB/C mice each were immunized with the above complexes in aluminum
hydroxide containing 10 ug of B-18/injection every two weeks. The mice were bled before each
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immuriZation, and hen saa te2iad forricir reartivity uisina ricin-coated wells The total anti-ricin
antibody titers are shown in Figure 4, and the y-specific anti-ncin titers are presented in Ficures 5
and 6. In general, the IgG and tolal anti-ricin titers induzed by liposome-PAM3CYS-peptides were
comparable to those obtained with MAP-peptides. Moreover, the order of the H-19 T-helper epi-
tope and B-18 ricin peptide did not appear to significantly affect the anti-ricin antibody responscs.
The vaccinate mice were challengad s.c. with different amounts of ricin subsequent to the 4th
immunization. No significant protection against ricin intoxication was observed (Table 34).

¢) Ricin A chain residues 88-112

Discussions with Dr. Hewetson and other scientists at USAMRIID suggest that a synthetic
peptide contained within sequence 90-110 of the ricin A chain may represent a good neutralizing
domain against ricin intoxication. A similar A chain sequence (95-120) was independently se-
lected by us (see above) for investigation based on its hydrophylicity index, and the presence of a
-helical and B-strand structures. This A chain synthetic peptide was shown by us previously to
elicit significant anti-ricin antibody titers, however the antibody response did not afford significant
in vivo protection against ricin intoxication. This discrepancy may be due to the fact that the A
chan synthetic peptide 90-110 was rendered cyclic by substitution of the two terminal a.a resi-
dues with cysteines resulting in the formation of a disulfide bridge, whereas in our synthetic pep-
tide, no disulfide bond was introduced.

Refinement of the ricin crystallographic structure to 2.5 A, with the assistance of molecular
dynamics programs, has been performed. The major differences between this and the 2.8 A
structure which are relevant to the design of crosslinked peptides described earlier for this project
are that the loop comprising residue 86-90 is displayed further from the 111-114 B strand region
in the 2.5 A than in the 2.8 A structure, based on the a-carbon backbone tracings. Thie sequence
of the ricin A chain 88-112 is as follows:

Asngg - Ser - Alagq - Tyr - Phe - Phe - His - Prcgs - Asp - Asn - Gin - Glu - Aspqgg - Ala - Glu -
Ala - lle - Thrqpsg - His - Leu - Phe - Thr - Aspqqg - Val - GInq12

We have been able to display the 2.5 A structure graphically and measure various intera-
tomic distances for atoms in residues Asn 88 and GIn 112, as shown in Figure 7. This has
permitted a more accurate prediction of satisfactory substitutions for these residues and selection
of crosslinkers which will theoretically allow a bridge between positions 88 and 112 to approxi-
mately the distance predicted by the crystal structure. A hand-drawn sketch of the expanded
view of the RASWIN representation of the Gin 112 and Asn 88 orientations with individual atoms
identified is shown in Figure 8. Shown on the left is the calculated distance between the side
chain GIn amide nitrogen and Asn carbonyl carbon atoms in the native structure. On the right,
the (Lys 112, Cys 88) substituted sequence is shown with the projected estimates of the dis-
tances between the same two positions but including the propicnyl crosslinker to establish a
thioether linkage between the residues. Although the lysine side chain is likely to adopt a more
extended conformation compared to the structure shown for the GIin amide moiety in the intact
ricin A chain molecule (Fig. 7), as free synthetic peptides the flexibility within this region will be in-
creased considerably, and the introduction of the propionyl-based crosslinker may be sufficient to
duplicate the distance between the chains. The synthesis and cyclization reactions have been
performed as described in Scheme |. The immunogenic formulation also include the cyclic pep-
tide with the PAM3CYS lipoidal derivative attached to the carboxy terminus as well as the amino
terminus to vary the orientation of the peptide from the lipoidal surface after intercalation. Spacer
amino acid will be included between the terminal residue and the PAM3CYS to further extend the
peptide from the surface. We have synthesized the cyclic peptid: attached tc PAM3CYS through
the amino terminus and have immunized 2 groups of BALB/C mice intraperitoneally and intra
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muscularly, respectively (Table 35) Detectable anti-ncin antibody responses were observed with
att mice following two injecticns given 1 m . whereas only 2/6 mice injected 1 p exhibited some
anti-ricin antibody reactivity. However. following the third injection, all the immunized mice
showed anti-ricin antibodies although the titers observed with the group iImmunized ' m were
considerably higher than those of the group injected | ¢ Following the fourth injection. the mice
were divided into two groups and were challenged with 35 ug/kg and 25 nug/kg ricin, respectively
(Table 36). All mice whether immunized 1.p or .m. succumbed to a ricin challenge dose of 35
g/kg, as did the control mice. On the other hand. whereas both control mice died from a ncin
challenge dose of 20 ug/kg, 2 out of 3 and 3 out of 3 mice vaccinated im. and i p., respectiveiy,
survived the challenge. These results are very encouragiig as they represent the first experiment
with ricin synthetic subunit vaccines that provided some protection against ricin intoxication in
vivo. We are proceeding with vaccination of a larger group of mice to confirm these resuits. Ex-
periments to assess the protective potential of cyclic ricin A peptide 88-112 synthesized on
PAM3CYS through the carboxy end of the peptide are also anticipated.

lll. CONCLUSIONS

In summary, we have employed STX and ricin as model toxic agents in our investigation of
the feasibility of developing safe and effective vaccines against their in vivo toxicily. Polyclonal
and monoclonal anti-ld reagents have been generated to a variety of anti-STX antibodies, and
have been shown to be capable of inducing systemic and specific anti-STX antibodies /1 vivo.
However, none of the anti-ld reagents produced thus far could be demonstrated to elicit protec-
tive immunity against STX in vivo toxicity. The lack of success is presumably due to the relatively
low affinity of binding of the anti-STX antibodies used to produce the anti-ld reagents. On the
other hand, some success was achieved with the ricin system. Some of the anti-ld reagents to
anti-ricin antibodies discussed above were able to elicit systemic and specific anti-ricin antibody
responses which were demonstrated to protect against ricin intoxication in vivo, although the
protection was usually observed when low doses of ricin challenge were employed. We are also
encouraged by the recent resuilts of in vivo protection afforded by the cyclic ricin A peptide 88-
112. We expect to continue our investigation into this potential ricin neutraiizing domain with the
hope of achieving an effective synthetic subunit vaccine against ricin intoxication.
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Table 1

Saxitoxin ELISA reactivity of BALB/C mice immunized with goat anti-ld i0 S3E.2

Mouse Immunizations
designation
30a 40 50 60 70
0,0 40P 200 400 400 3200
0,1 20 400 800 1600 6400
1,0 80 800 1600 800 6400
0,2 40 400 800 3200 12800
2,0 80 400 800 800 6400

ELISA was performed using STX-BSA-coated microtiter wells as we previously described (30).

d|njections (tertiary, quaternary...)
bReciprocal dilution of immune sera giving OD > 3x OD of that of preimmune sera.

Table 2

In vivo STX challenge of BALB/C mice immunized with goat anti-Id to S3E.2 anti-STX

STX Survival ratio? Elapsed time (min)P
challenge
(na/kg) Control Immune Control Immune
25 0/3 0/2 2:30; 2:48; 3:13 3:25; 3,31
15 072 02 4:26; 7:30 5:28; 6:07

a8 Number of mice surviving/total number of mice

P Time in minutes between s.c. STX administration and death




Table 3

Saxitoxin ELISA reactivity of BALB/C mice immunized with $9-B11 anti-id to S3E 2

Mouse Immunizations
designation

30a 40 50 6°
0,0 20b NT 200 800
0,1 80 NT 400 800
1,0 80 NT 400 1600
0,2 40 NT 80C 800
20 80 NT 800 800

ELISA was performed using STX-BSA-coated microtiter wells as we previously described (30).

A|njections (tertiary, quaternary...)

bReciprocal dilution of immune sera giving OD > 3x OD of that of preimmune sera.
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Table 4

In vivo STX challenge of BALB/C mice immunized with $9-B11 anti-ld to S3E 2 anti-STX

STX Survival ratio? Elapsed time (min)P
challenge
(ngl/kg) Control Immune Control Immune
50 0/2 0/6 1:22:; 1:22 1:22; 1,32
2:11; 2.15
2:15; 2:.20
35 0/2 0/7 1:54; 2:08 2:12; 2.25
2:25; 2:48
3:06; 3:26;
3:48
20 0/2 0/6 3.52; 4:.05 3:52: 4.12
4:19; 4.28
4:35; 5:06

a8 Numper of mice surviving/total number of mice
b Time in minutes between s.c. STX administration and death
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Table 5

ELISA reactivity of absorbed sera from mice vaccinated with burro anti-STX 1gG

Welis coated with
Absorbed serum

dilution-1 Normal horse IgG Burro anti-STX IgG
10 0.058 1.11
20 0.03 1.13
40 0 1.03
80 0 0.99
160 0 0.86
320 0 0.79
640 0 078
1280 0 0.64
2560 0 0.51
5120 0 0.36
10240 0 023
20480 0 0.10

4 Mean of duplicate OD 410nm values.
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Table 6
STX ELISA reactivity of BALB/C mice immunized with KLH-conjugated BALB/C anti-(burro anti-

STX)
Mouse Immunization No.
designation
2 3 4 5 6 7 8
ig Y p

1,0 4002 400 400 800 800 800 800 10 1600
0,0 200 400 400 400 800 1600 1600 10 3200
0,1 200 400 200 800 400 800 800 80 1800
20 200 200 400 800 800 800 1600 40 3200
0,2 200 200 200 400 400 1600 1600 10 1600

@ Reciprocal dilutions of sera considered positive (OD > 0.1 and > 3x OD of preimmune sera).
ELISA binding to STX-BSA.-coated wells was done as previously described (30). A pooled serum
(1:40) of mice immunized with rabbit anti-Id to an anti-T-2 mAb gave an OD of 0.03 in this assay.

Totai antibodies (as detected by goat anti-mouse 1g) are given for the second to the seventh
bleeds. Total antibodies (lg), y- and u-specific antibodies are given for the 8th bieed, as detected
by isotype-specific secondary goat anti-mouse reagents.




Table 7

Anti-STX sera induced by murine anti-ld negate the protective effect of STX in veratridine/

ouabain treated cells

Neuroblastoma

Dilutions of murine anti-STX induced by mouse anti-id

cell culture
conditions
Preimmune Immune
va ob sTXxC 10-1 10-1 50-1 100-1
" - . 192-02® 195+0.02 190+01 NDf ND
+ + - 044 +0.02 0.45+0.01 0.47 + 0.01 ND ND
(70.0)9 (76.9) (75.3)
+ + + 102+01"  120+0.1i 050+01 067+01 10502
(46.8) (38.5) (73.7) (64.7) (44.7)

a 0.25 mM Veratridine was used in the assay
b 0.5 mM ouabain was used in the assay

C 30 nM STX was used. This concentration usually resulted in = 50% protection against cytotoxic-
ity induced by the concentrationis of V and O indicated above

d Reciprocal dilution of sera
€ Mean of triplicate OD + SD

f Not done
9 Percent toxicity

h Significant differences at 95% confidence level (p values ranging from 0.0261 to 0.002)

I Not significant




Table 8

Saxitoxin ELISA reactivity of BALB/C mice immunized with rabbit anti-(burro anti-STX)

Mouse Immunization No.
designation
2 3 4 5 6
lo Y p
1,0 4002 800 800 800 1600 160 3200
0,0 200 400 400 400 800 40 1600
0,1 800 400 800 1600 1600 1280 1600
2,0 400 800 1600 1600 3200 320 3200
0,2 200 200 800 800 800 160 800

a See legend of Table 6.
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Table 9

Anti-STX sera induced by rabbit anti-ld negate the protective effect of STX in veratridine/ouabain

treated cells

Neuroblastoma

Dilutions of murine anti-STX induced by rabbit anti-id

cell culture
conditions
Preimmune immune
va ob sTXC 10-1 10-1 50-1 100-1
- . 192+02¢  190+0.10 1.85 + 0.08 NDf ND
+ + . 0441002 0.45+0.01 0.46 + 0.05 ND ND
(70.0)9 (76.3) (75.1)
+ + + 1.02+0.1h 1.10 + 0.2} 0.42+005 09+008 0.9+0.06
(46.8) (42.1) (77.3) (58.4) (51.3)

a8 0.25 mM Veratridine was used in the assay
b 0.5 mM ouabain was used in the assay
€30 nM STX was used. This concentratior usually resulted in ~ 50% protection against cytotoxic-
ity induced by the concentrations of V and O indicated above

d Reciprocal dilution of sera
€ Mean of triplicate OD * SD
f Not done

9 Percent toxicity

_h Significant differences at 95% confidence level (p values ranging from 0.0261 to 0.002)

' Not significant
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Table 10

In vivo STX challenge of BALB/C mice vaccinated with syngeneic anti-id-KLH to burrc anti-STX

STX Survival ratio@ Elapsed time (min)P
challenge
(ng/kg) Control immune Control Immure
40 0/2 0/5 3:18:; 4.03 3:10; 3,74
3:18; 3:31
3:48
30 0/2 1/10 5:12;5:24 4:25; 4:34
5.07; 5:32
554; 7:08
8:16; 10.08
11:54
20 0/2 5/10 6:48; 8:40 5:58; 6:18
7:25; 9:21
9:30
15 2/2 5/5 All mice survived

a Number of mice surviving/total number of mice
B Time in minutes between s.c. STX administration and death
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Table 11

In vivo STX challenge uf BALB/C mice immunized with rabbit anti-idiotypes to burro anti-STX

Elapsed time (min)b

STX Survival ratio?
chailenge
(rg/kg) Control Immune Control Immune
50 0/2 0/3 1:50:; 2:20 1:55; 2:20
2:50
40 0/2 0/7 3:00; 4.40 2:15; 2:35
3:20; 3:45
3:50; 4;45;
4:45
30 0/2 0/8 2:59: 517 2:57; 3:09
3:15; 3:34
3:35; 4:34
4:50; 5:40
20 1/2 0/8 5:52 4:35; 4:42
447 512
5:15; 5:39
6:34; 7:30
10 212 3/3 All Animals Survived

8 Numter of mice surviving/total number of mice
b Time in minutes between s.c. STX administration and death
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Tabie 12

Ricin ELISA reactivity of BALB/C mice immunized with rabbit anti-idiotypes to BG11-G2

Mouse Immunizations
designation

20a 30 40 50 60
0.0 960P 1600 3200 1600 3200
0.1 960 1600 3200 3200 6400
1,0 240 1600 1600 1600 3200
0,2 1920 3200 3200 6400 6400
2.0 1600 1600 3200 3200 3200

ELISA was performed using ricin-coated microtiter wells as we previously described (36).

d|njections (secondary, tertiary, ...)
bRec:iprocal dilution of immune sera giving OD > 3x OD of that of preimmune sera.
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Table 13

In vivo ricin challenge of BALB/C mice immunized with rabbit anti-id to BG11-G2 anti-ricin

Ricin Survival ratio? Elapsed time (hrjP
challenge
(nalkg) Control Immune Control immune
50 0/2 0/2 42 42 51,69
35 0/2 1/3 42; 52 91; 114
One mouse
survived

2 Number of mice surviving/total number of mice
P Time in minutes between s.c. ricin administration and death

Table 14

In vivo ricin challenge of BALB/C mice immunized with rabbit anti-ld to BG11-G2 anti-ricin

Ricin Survival ratio? Elapsed time (hr)P
challenge
(ng/kg) Control Immune Control immune
50 0/2 0/6 44 44 50; 50; 50
50, .4; 93
35 0/2 0/7 69; 83 69; 74; 74;
93; 93, 122
142
20 0/2 517 124; 124 124; 124

5 mice survived

d Number of mice surviving/total number of mice
b Time in minutes between s.c. ricin administration and death
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Table 15

ELISA reactivity of BALB/C mice immunized with goat anti-Id to BG11-G2

Mouse Immunizations
designation
303 40 50 60

0,0 8ob 200 800 3200
01 0 400 800 1600
1,0 80 80 400 3200
0,2 160 200 800 1600
2,0 40 400 1600 3200

See legend of Table 12.

Table 18

In vivo ricin challenge of BALB/C mice immunized with goat anti-id toc BG11-G2 anti-ricin

Ricin Survival ratiod Elapsed time (hr)P
challenge
(Lg’kg) Control immune Control Immune
50 0/2 0/2 45; 45 52; 71
35 0/2 0/3 All the mice survived

a8 Number of mice surviving/total number of mice
b Time in minutes between s.c. ricin administration and death




Table 17

In vivo ricin challenge of BALB/C mice immunized with goat anti-Ild to BG11-G2 anti-ricin

Ricin Survival ratio? Elapsed time {hr)P
challenge
(ng/kg) Control Immune Control Immune
50 0/2 0/86 47, 47 47, 47, 47
47: 47 52
35 0/2 07 £2,65 71,71 71;
96,; 98; 119
121
20 0/2 57 71,97 118; 143

5 mice survived

a8 Number of mice surviving/total number of mice
b Time in minutes between s.¢. ricin administration and death
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Table 18

BALB/C monoclonal anti-idiotype antibodies to BG11-G2 anti-ricin

ELISA Reactivity with
Anti-ld mAbs
BG11-G2 Normal mouselg Rabbit anti-ricin@ Goat anti-ricinP

NK4-E7-C7 Pos Neg Neg Neg
NK9-G5-B3 Pos Neg Pos Neg
Nk8-F4-F10 Pos Neg Pos Pos
NK9-G&-G7 Pos Neg Pos Pos

7-D10 Pos Neg Pos Pos

8-B9 Pos Neg Pos Pos

10-B8 Pos Neg Pos Pos

@ The rabbit anti-ricin antibodies were generated by immunizing rabbits with 1.0 ug of ricin in
alum. Bleeds were obtained after the fourth immunization, and IgG antibodies were purified by

grotein A chromatography.
The goat anti-ricin IgG was a generous gift from Dr. John F. Hewetson, Toxinology Division,

Department of Pathophysiology, USAMRIID.




Table 19

Ricin ELISA reactivity of BALB/C mice immunized with NK8-F4-F10 anti-id mAb

Mouse Immunizations
designation
10a 20 30
ig Y B Ig Y i Ig Y H
0,0 60¢ 0 1280 20 0 800 80 0 3200
0,1 40 0 640 20 0 800 80 0 6400
1,0 80 0 1280 20 0 800 80 0 3200
0,2 80 0 1280 40 0 1600 80 0 3200
2,0 80 0 640 40 10 800 80 0 3200
Continued
4042 50
Ig Y H Ig y H
0,0 64000 0 128000 32000 0 128000
0,1 64000 0 64000 64000 0 128000
1,0 64000 1600 128000 64000 1000 256000
0,2 64000 1600 128000 64000 2000 128000
2,0 64000 1600 64000 32000 1000 128000

a Primary injection, secondary,....
Mean reciprocal dilution of immune sera giving O.D. > or equal to that of preimmune sera.
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Table 20

Ricin ELISA reactivity of BALB/C mice immunized with NK9-G6-G7 anti-ld mAb

Mouse Immunizations
designation
10a 20 30
Ig Y H Ig Y B Ig Y H
0,0 40 0 1280 200 0 1600 200 0 1600
0,1 80 0 1280 100 0 800 200 0 1600
1,0 160 0 1280 200 0 1600 200 0 “600
0,2 160 0 1280 200 0 800 200 0 3200
2,0 160 0 1280 200 0 800 400 0 6400
Continued
403 50 60
Ig Y H Ig Y 1 Ig y H
0,0 320 0 1600 64000 32C 28000 64000 4000 256000
0,1 80 0 1600 32000 3200 128000 64000 2000 256000
1,0 160 0 3200 64000 1800 128000 128000 4000 256000
0.2 160 0 3200 32000 1600 128000 128000 8000 256000
2,0 640 0 3220 32000 12800 128000 64000 32000 256000

See legend of Table 19.
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Table 21

Ricin ELISA rzactivity of BALB/C mice immunized with 7-D10-F9 anti-ld mAb

Mouse Immunizations
designation
1oa 20 30
Ig Y H lg vy =n Ig Y M
0,0 1280 0 =>1280 >12800 (0 =>12800 32000 2000 128000
0,1 1280 0 >1280 >i2800 C =>12800 16000 0O 128000
1,0 1280 0 >1280 >12800 0 =>12800 16000 0 128000
0,2 1280 0 =>1280 >12800 0 >12800 16000 0 128000
2,0 1280 0 >1280 >12800 0 >12800 16000 0 128000
Continued
4oa 50
ig Y p Ig Y H
0,0 32000 2000 128000 32000 0 128000
0,1 32000 0 128000 16000 0 64000
1,0 32000 0 256000 64000 2000 256000
0,2 32000 0 128000 32000 0 €4000
2,0 16000 0 128000 32000 0 64000

See legend of Table 19.
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Table 22

Ricin ELISA reactivity of BAL3/C mice immunized with 8-B9-H12 anti-ld mAb

Mouse Immunizations
designation
10a 20 30
g v n g v M Ig Y B
0,0 160 0 1280 32000 10 128000 8000 O 32000
0.1 320 0 640 32000 10 64000 8000 0 32000
1,0 320 0 1280 32000 0 128C00 8000 O 64000
0,2 320 0 1280 32000 0 54000 8000 O 32000
2,0 320 0 1280 16000 10 128000 8000 O 64000
Continued
40a &0 60
g v M g v p Ig Y B
0,0 32000 0O >128000 16000 0O 64000 64000 0 256000
0.1 32000 0O >128000 8000 0 32000 32000 0 128000
1,0 32000 O >128000 160006 0O 64000 32000 0O 256000
0,2 32000 0O =>128000 16000 0O 64000 64000 C 256000
2,0 64000 8000 >128000 16000 C 64000 684000 0 256C00

See legend of Table 19.
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Table 23

Ricin ELISA reactivity of BALB/C mice immunized with 10-B8-F10 anti-ld mAb

Mouse Immunizations
designation
1oa 20 30

Ig Y M Ig Y 1 Ig Y H
0,0 1280 0 >1280 12800 0O >12800 16000 © 128000
0.1 1280 0 >1280 >12800 O >12800 32000 O »128000
1,0 640 0 >128C >12800 1600 >12800 32000 O 1287200
0.2 >1280 0 >1280 >12800 1600 >12800 32000 0 >1286C0
2,0 320 0 1280 1600C 10 128000 8000 0 €4000

Continued
492 50

Ig ¥ H Ig i M
0.0 64000 0 128000 32000 0 256000
0.1 64000 0 128000 32000 0 256000
1.0 32000 0 128000 32000 0 256000
02 32000 0 128000 1600( 0 128000
2.0 32000 0 128000 150C0 2000 256000

See legend of Table 19.
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Table 24

In vivo ricin challenge of BALB/C mice immunized with NK8-F4-F10 anti-ld to BG11-G2 anti-ricin

Ricin Survival ratiod Elapsed time (hr)P
challenge
(na/kg) Control immune Control Immune

35 0/2 0/2 40, 64 64, 88

20 0/2 0/3 64,72 136; 136; 136

a8 Number of mice surviving/total number of mice
b Time in minutes between s.c. ricin administration and death

Table 25

Iy vive ricin challenge of BALB/C mice immunized with NK9-G6-G7 anti-Id to BG11-G2 anti-ricin

Ricin Survival ratio? Elapsed tirme (hr)b
challenge
(ral/kg) Control Immune Control immune

35 0/2 0/2 48; 64 69; 98

20 0/2 0/3 64, 72 136; 136, 136

a8 Number of mice surviving/total number of mice
b Time in minutes between s.c ricin administration and death
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Table 26

In vivo ricin challenge of BALB/C mice immunized with 7-D10-F9 anti-Id to BG11-G2 anti-ricin

Ricin Survival ratio? Elapsed time (hr)P
challenge
(ng/kg) Control immune Control Immune

35 0/2 0/2 52; 70 48,70

20 0/2 2/3 143; 146 149; 2 survived

8 Number of mice surviving/total number of mice
D Time in minutes between s.c. ricin administration and death

Table 27

a
In vivo ricin challenge of BALB/C mice immunized with 8-B9-H12 anti-Id to BG11-C2 anti-ricin

Ricin Survival ratio?@ Elapsed time (hr)P
challenge
(ng/kg) Control Immune Control Immune
35 0/2 0/2 69. 93 76, 99
20 0/2 1/3 141, 144 141; 166;
1 survived

2 Number of mice surviving/total number of mice
P Time in minutes between s.c. ricin administration and death
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Table 28

In vivo ricin challenge of BALB/C mice immunized with 10-B8-F10 anti-id to BG11-G2 anti-ricin

Ricin Survival ratio? Elapsed time (hrjP
challenge
(ng/kg) Control immune Control Immune
35 0/2 0/2 52; 71 71:. 76
20 0/2 1/3 143, 166 149; 150
1 survived

a8 Number of mice surviving/total number of mice
b Time in minutes between s.c. ricin administration and death

Table 29

Ricin ELISA reactivity of BALB/C mice immunized with rabbit anti-!d to goat anti-ricin

Mouse immunizations
designation

30a 40 50 62

IgP lg ¢ pd g vy n g v p
2,0 640€ 640 10 NDf 1280 ND 320 5120 640 2560
0,1 640 640 20 ND 1280 ND 840 2560 640 1280
1,0 1280 1280 10 ND 2560 ND 1280 5120 80 2560
0,2 1280 1280 20 ND 5120 ND 2560 5120 1280 1280
2,0 1280 1280 20 ND 1280 ND 1280 5120 1280 1280

2 |mmunizaticn number (tertiary, )
b.c.d Goat anti-mouse lg, anti-p-chain and anti-y-chain were used, respectively as secondary re-

agents.
€ Reciprocal dilution of sera considered positive (O.D > 3 x O.D. of preimmune sera)

f Not determined.
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Table 30

Anti-ld-induced anti-ricin =ntibody responses protect against ricin cytotoxicity

Poolzd mouse
sera (dilution)

Without ricin

With ricin@

%Ib

%PC

None
Preimmurie (10)
Control:

Mouse anti-Id immune
(10)

Rabbit anti-ld immune
(10)

Experimental:

Mouse anti-ld immune
{(10)
(59)
(100)
(200)

Rabbit anti-ld immune
(10)
(50)
(100)
(200)

65,908 + 6,234d

61,978 + 5,923

51,642 +5,015

49,156 £ 4,811

59,079 + 6,102
63,183 + €,623
€6,287 + 7,265
59,274 + 6,292

67,201 £7,017
66,871 + 6,901
69,021 £9,170
64,102 + 6,391

23,167 £3,015

22,768 + 2,843

19,814 = 2,101

21,249 + 1,958

62,152 + 5,384
58,923 £ 6,013
43,164 + 5,028
28,425 + 3,102

65918 £ 7,016
55.926 + 6,127
42,635 + 4,561
29,156 + 4,190

64.9

63.3

61.6

56.8

6.7
34.9
52.0

1.9
16.4
38.2
54.5

100.0
89.4
449
17.9

97.0
741
39.7
13.9

a The final concentration of ricin used was .25 ng/ml.
b percent inhibition of cytotoxicity

C Pe:rcent protection

d Mean cpm + SD of triplicate determination

Control anti-Id are mouse and rabbit anti-Id to an anti-T-2 mycotoxin
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Table 31

In vivo ricin challenge of BALB/C mice immunized with rabbit anti-ld to goat anti-ricin

Elapsed time (hr)b

Ricin Survival ratic?
challenge
(ng/kg) Control Immune Control Immune
100 0/2 0/3 23; 42 28: 42: 44
75 0/2 717 42: 43 42: 42: 42;
45; 47: 48
52
50 0/2 717 42: 50 42: 48: 48
48:; 50; 65
65
40 0/2 8/8 46; 52 48: 6576
76; 76; 96
96; 101
25 1/2 3/3 141 All 3 mice
1 survived survived

a8 Number of mice surviving/totai number of mice
D Time in minutes between s.c. ricin administraticn and death
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Table 32

Ricin ELISA reactivity of BALB/C mice immunized with BALB/C anti-Id to goat anti-ricin

Mouse Immunizations
designation
20a 30 40 50 690
IgP Ig g ¢ pd ig v n g vy u
0,0 80¢€ 1280 1280 10 640 2560 20 2580 5120 10 5120
0.1 80 1280 2560 40 1280 5120 320 2560 10240 640 5120
1,0 10 640 2560 20 1280 5120 40 5120 5120 320 5120
0,2 320 1280 2560 80 640 1280 160 1280 5120 320 2560
2,0 640 640 2560 160 1280 2560 160 2560 10240 320 5120

See Legend of Table 29.
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Table 33

In vivo ricin challenge of BALB/C mice immunized with mouse anti-ld to goat anti-ricin

Elapsed time (hr)b

Ricin Survival ratio?
challenge
(ng/kg) Control Immune Controi Immune
150 0/2 0/5 21; 27 21; 21, 27
27, 45
100 0/2 0/8 21; 25 21: 25; 30;
30; 30; 30
45; 45
75 0/2 0/8 21,35 25, 25; 30
30; 30; 54
54; 54
40 0/2 0/5 48; 50 48; 48: 65
65; 65
25 0/2 0/4 45; 45 65, 65; 65
76

a8 Number of mice surviving/total number of mice

b Time in minutes batween s.c. ricin administration and death




Table 34

In Vivo Ricin Challenge of Mice Immunized With

Ricin Synthetic Peptides

Ricin synthetic Amount of ricin (rg/mouse)
peptides

e

1.5 0.8

Immune Nonimmune immune Norimmun2

Pam3Cys-Liposomes

H19-Ricin B18 2/28 212 313 212
(41; 41)P (41 ; 43) (67 ;91;91) (91:91)
Ricin R18-H19 2/2 313
(41, 46) (67,67 116)
Ricin B18 212 313
(41, 41) (67:.67;101)

Palmytic Acid-Alum

H19-Ricin B18 2/2 212 3/3 2/2
(42; 42) (24 ; 46) (66; 67 ;70) (45; 48)
Ricin B18-H19 111 3/3
(48) (45; 66; 74)

dSurvival ratio (No. dead mice/total no. mice)

bElapsed time in hours (time between ricin administration and death)
|
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Table 35

ELLISA reactivity of BALB/C mice immunized with ricin A 88-112 cyclic peptide

Mouse Immunizations
designation
10a 20
Imb IPC IM P M P M P
0,0 NEG NEG 1600d 200 1600 200 1600 400
0,1 NEG NEG 400 NEG 1600 200 3200 100
1,0 NEG NEG 400 NEG 6400 400 1600 200
0.2 NEG NEG 200 400 400 200 3200 400
2,0 NEG NEG 400 NEG 800 100 3200 400
1.1 NEG NEG 80 NEG 1600 100 3200 100

a Primary injection, secondary,....
b.C |ntramuscutar and intraperitoneal injections, respectively.
d Mean reciprocal dilution of immune sera giving O.D. » or equal to that of preimmune sera.
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Table 36

In vivo ricin challenge of BALB/C mice immunized with ricin A 88-112 cyclic peptide

Ricin Survival ratio?d Eiapsed time (hr)P
challenge
(ng/kg) Control Immune Control Immune
M P IM P
35 0/2 0/2 0/3 21,68 68, 84 68, 68;
74
20 0/2 2/3 313 74, 140 140

a Number of mice surviving/total number of mice
b Tim 2 in minutes between s.c. ricin administration and death
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Adsorbance (410 nm)

0.2}
0.0 A B 8iod $ =
0.81.6 3.1 6.2 12.5 25LO

Anti-ld Concentrations (ug/mil)

Fig. 1. ELISA r:activity of purified rabbit Ab2 anti-(burro anti-STX) using microtiter wells
coated with burro anti-GTX IgG (closed symbols) or with normal horse 1gG (open
symt.ols). Each point represents the mean of triplicate O.D. + SD.
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100

Percent Survival
(61}
Q

\

I ] 1 -4 ‘ 4 1
55 75 95 115 135 155 175

Time Post-Challenge (hrs)

Fig. 3. Protection against ricin in vivo toxicity by infusion of BG11-G2 anti-ricin
mADb before and after challenge with ricin. See legend of Figure 2.
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Amide N

Glutamine 112

T Asparayine 88

Gin gamma C

Distance between Gin 112 side chain amide ' I
N and Asn 88 ycarbonyl C=4.9 A carbonyl C

Distance between Asn 88 o. C and Gln 112yC=5.8 A

Fig. 7 Expanded view of the stick model of the isolated glutamine 112 and asparagine 88 residues as
contained within the Ricin A chain resolved at 2.5 A. The distances between the atoms shown
were determined using the ALCHEMY 1l program superimposed on the 2.5 A structural model
of Ricin created using the RASWIN program (Roger Sayle, Biocomputing Research Unit,
Edinburgh, UK). '
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Anti-idiotype-Based Vaccines against Biological Toxins’
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Anti-idiotype-Based Vaccines against Biological Toxins, Ciany. T. C.. Siwak. E. B.. AND

' HEWETSON, J. F. (1991). Toxicol. Appl. Pharmacol. 108, 183-193. Biological toxins produced
: by living organisms represent one ot the major sources ot contamination of stored grain and
' agricuitural products, and other food sources. The majority of these biological toxins are highly
lethal, nonproteinaceous low-molecular-weight chemical compounds which exert their potent

toxicity through a variety of mechanisms. Because of their small size, they generally do not induce

a significantly high affinity protective antibody response upon toxin exposure, even when conjugated

to large protein carriers which enhance their immunogenicity. Moreover. the very toxic nature

of biological toxins precludes their use as immunogens in the induction of protective immunity.

To circumvent this difficulty, an attempt was made to develop antibody (anti-idiotype)-based

vaccines against a protein synthesis inhibitor, the trichothecene mvcotoxin T-2. and the sodium

channel blockers tetrodotoxin and saxitoxin. Protective monocional antitoxin antibodies were

first generated and then used to induce specific monocional anti-idiotype 1antibodies. Spectfic anti-

idiotype antibodies were assessed for their ability to induce n vivo protective immunity against

LOXICIY. ¢ 1991 Academic Press. Inc.

The term idiotype (Id).’ or idiotypic deter-
minant, oniginally proposed by Qudin and
Michel (1963). represents the antigenic deter-
minant or amino acid sequence associated
with the vanable (V) region of an antibody
(Ab) molecule. Anti-Id (or Ab2) are specific
anti-immunoglobulin (Ig) antibodies that can
be used to define the Id (or Abl) serologically.
The V region of an antibody molecule repre-
sents the site at which interactions between

' This research was supported by Contracts DAMDI7-
87-7005 and DAMDI17-90-C-0051 from the U.3. Army
Medical Research and Development Command. Fort De-
trick. Fredenck, MD.

* Abbreviations used: Abl. antiantigen; Ab2, antianti-
bodv (anu-id). b, biotun: BSA. bovine serum albumin:
LELISA. enzyme-linked immunosorbent assay: Id. idiotvpe:
ig. immunogiobulin: KLH, kevhole limpet hemocvanin:
mAb, monoclonal anubody: STX. saxitoxin: I'DT. ctro-
dotoxin.

antibody and antigen occur. The notion that
the tmmune r<sponse to a nomtnal antigen
(Ag) could be regulated by a series of Id-anti-
Id interactions was first proposed by Jerne
(1974). Jerne’s network theory states that in-
teracuons between Id and anti-ld can either
enhance or suppress the host’s iminune re-
sponse to an Ag by feedback mechanisms.
Within the network theory, it is alsc proposed
that some anti-Id antibodies can mimic the
three-dimensional structure of the nominal
Ag. Antigen/antibody hinding requires suth-
cient conformational complementarity be-
tween the Ag and the antibody molecule for
the formation of interactive ionic forces nec-
essary too this binding to occur. This confor-
mationa! complementarity allows not only for
antigen;anttbody binding, but also tor the in-
teraction between anti-Id anubodies that rec-
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ognize the three-dimensional contformation of

the V region of the Abl. Because of this struc-
tural complementarity. this class of anti-Id
antibodies is recognized serologically as being
similar to the nominal Ag and is said to be
capable of “antigen mimicry.”

Anti-Id antibodies can be classified into dif-
ferent categories based on their binding spec-
ificities (Bona and Kohler. 1984). Anti-Id an-
tibodies recognizing determinants not asso-
ciated with the antigen-binding site of the Ab|
(anti-Ag) and therefore not inhibited by the
Ag are referred to as Ab2a. Antigen-inhibitable
anti-Id antibodies can be divided into two
classes. Anti-Id that arc inhibited by antigen
and that can display similar biological func-
tions to that of the Ag (antigen mimicry) are
designated Ab28, or internal image anti-Id.
whereas those that are inhibited by Ag but
lack biological mimicry are referred to as
Ab2y.

ANTI-IDIOTYPES AS VACCINES

Internal image anti-Id or Ab28 have been
proposed by Nisonoff and Lamoyi (1981) as
potential antibody-based vaccines. Because of
their biological mimicry of the Ag, it is theo-
retically feasible to substitute Ab2 anti-1d for
the nominal Ag in the induction cf a specific
immune response. Indeed. a substantial body
of evidence suggests the fcasibility of using
anti-Id antibodies as potential vaccincs against
a large number of infectious agents. The first
report of an anti-Id vaccine for an infectious
agent involved the Trypanosoma parasite
(Sacks et al.. 1982). Successful anti-Id-based
vaccines were also reported for hepatitis B
(Kennedy et al.. 1983) and rabies (Reagan et
al.. 1983) viral infections. A potential anti-Id
vaccine for controlling infection by the human
immunodeficiency virus (HIV-1) is currently
being pursued (Chanh ¢t al., 1987: Dalgleish
et al., 1987). Infectious agents against which
potential anti-Id vaccines have been reported
are summarized in Table 1. Successful anti-Id
vaccines have also been reported in some tu-
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mor systems (Herlyn ¢f al.. 1986: Kennedy ¢
al., 1987). and in blocking pregnancy in mice
(Wang ¢t al.. 1989). :

ADVANTAGES OF ANTI-IDIOTYPE
VACCINES

There are several situations in which it is
not only advantageous but also preferable to
use the anti-ld-based vaccine approach (Table
2). The first and most obvious advantage
would be in toxicology where. in most in-
stances. the chemical nature and extreme tox-
icity of the compounds render conventional
vaccine approaches. such as synthetic peptides
and recombinant technologies or imm:uniza-
tion with the attenuated form of the toxins.
impractical. In these instances. the anti-Id-
based approach may represent the only feasible
alternative vaccine development strategy. This
approach will be discussed in more detail be-
low. A second advantage of an anti-Id ap-
proach would be in situations where sufficient
amounts of purified immunogens are not
readily available. A third potential advantage
would be when the infectious agents cxhibit
nonprotective antigenic determinants which
may be cross-reactive with the host's tissues.
Anti-Id vaccines could induce an antibody re-
sponsc against a single sclected protective an-
tigenic determinant. thus avoiding the induc-
tion of antibody formation against the host’s
cross-reactive antigens which may lead to au-
toimmune complications. A fourth possible
advantage is the ability of an anti-Id vaccine
to serologically mimic a nonproteinaceous
antigen. such as the case of some biological
toxins and the polysaccharide capsule of some
pathogenic microorganisms. and to induce
protective immunity in animals that are ge-
netically unresponsive immunologically to
immunization with bacteria! capsule until late
in ontogeny (Stein and Soderstrom, 1984). The
ability of anti-Id vaccines to prime the im-
mune system for the selective production of
protective antibodies directed against a specific
antigenic determinant represents 4 fifth po-
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tential advantoge (Kennedy ¢r a/.. 1983: Rea-
gan, 1985). This is particularly significant
when dealing with toxin molecules containing
specific active moieties. Neutralizing antibod-
ies specific for the active sites on the toxin
molecules can be induced by the use of anti-
Id. without the generation of nonprotective
antibodies. A sixth advantage would be with
infectious agents exhibiting a relatively high
degree of antigenic diversity while maintaining
conserved protective epitopes (such as HIV-Ii
envelope glycoprotein tropism for the CD4
molecules expressed on the surface of hu-
man T-lvmphocyies). Anti-Id vaccines can
be designed to induce specific antibodics
" that prevent the binding of HIV-1 to these
target cells (Chanh et al., 1987: Dalgleish ¢r
al., 1987).

STUDIES WITH THE
TRICHOTHECENE MYCOTOXIN T-2

The trichothecene mycotoxins represent a
large group of chemically related fungal me-
tabolites produced by vanous species of Fu-
sarium, Mvyrothecium, Trichoderma. Cepha-
tosporium, and Stachvhotrys. The metabolites
are nonproteinaceous compounds of approx-
imate molecular weights of 300-500 kDa
charactenized by a basic tetracyclic sesquiter-
pene structure with a 12.13-epoxide group and
a 9.10-oligenic bond (Bamberg and Strong.
1971). They represent a major source of con-
tamination of stored grains and agricultural
products (Ghosal ¢r «fl.. 1978). The tricho-
thecenes' wide range of biological activities
include antibactenal. antifungal, and antiviral

TABLE |

SUMMARY OF ANTI-IDIOTYPE-BASED VACCINES

Reference

Infectious agenis Diseascs

Viral

Hepatitis B virus Serum hepatitis

Rabies virus Rabies

Reovirus Encephalitis

Sendai virus Systemic infection

Svao Murine tumors

Poliovirus Poliomyelitis

Encephalitis
Newcastle discase

Herpes simplex virus
Newcastle discase virus

Kennedy ¢r al. (1983)

Reagan of al. (1983)

Sharpe ¢ al. (1984)

Ertl and Finberg (1984)

Kennedy ¢ al. (1985)

UytdeHaag and Osterhaus (1985)

Gell and Moss (1985): Lathey ¢f al. (1987
Tanaka ¢t af. (1986)

Feline leukemia virus
Mouse mammary tumor virus

Human immunodeficiency virus
Influenza virus
Cytomegalovirus
Coxsackievirus
Bactenal
Escherichia coli
Group A streptococcus
Listeria monocytogenes
Mycobacteriun; leprae
Streptococcus pneumoniae
Parasitic
Trypanosoma rhodesiense
Trypanosoma cruzi

Feline immunodcficiency discases
Mouse tumors

AIDS
Influenza
Latent disease
Myocarditis

Infantile diarrhea
Bacterial infection
Meningitis
Tuberculosis
Pneumonia

Sleeping sickness
Chbagas disease

Uytdchaag et al. (1986)
Ravchaudhun ¢r al. (1987)

Chanh ¢f af. (1987). Dalgleish et ul.
(1987

Maver ¢t al. (1987)

Keay ¢ al. (1988)

Paque ¢f a/. (1988)

Stein and Soderstrom (1984)
Monato ¢ al. (1987)
Kautmann ¢r al. (1985)
Praputpittava and Ivany ([987)
McNamara ¢r al. (1987)

Sacks ¢t al. (1982)
Sacks ¢t al. (1985)

Note. Adapted from Schick and Kennedy (1988).
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TABLE 2

POTENTIAL ADVANTAGES OF ANTI-ID-BASED VACCINES

1. Antigen mimicry in toxicology where the toxic
nature of the chemicals preclude their use as
immunogens.

. Inability to obtain sutficicnt immunogens (leprosy).

3. Induction of protective immunity against sclected

antiganic determinants while avoiding cross-reactive
antibodies which may lead 10 autoimmunity.

4. Mimicry of nonproteinaceous immunogens {bactenal

polysaccharides and biological toxins).

5. Priming of immune response for the production of

desirable antibodies.

6. Infectious agents with high genomic diversity and

conserved protective antigenic determinants (human
immunodeficicncy virus).

tJ

Note. Adapted from Kennedy and Chanh (1988).

properties. and all show some degree of animal
toxicity. The trichothecene mycotoxin T-2 has
been shown to be a potent inhibitor of protein
synthesis (Cannon ¢ al. 1976: Schindler,
1974). T-2 exerts its toxicity by binding to the
ribosomal subunit, resulting in the inhibition
of peptidyl transferase function (Schindler.
1974). The LDSO0 values of T-2 administered
gastrically in guinea pigs, rats. and mice are
approximately 5.3. 7.0, and 9.6 mg/kg body
wt, respectively (Fairhurst e al., 1987).
Generation of a protective anti-T-2 mono-
clonal antibody. T-2 mycotoxin does not lend
itself to conventional vaccine development
approaches (synthetic peptide or rccombinant
technologies) since it is a small nonprotein-
aceous chemical compound. For immuniza-
tion purposes. T-2 has been coupled to large
protein carriers in order to induce a significant
antitoxin antibody response. However. this
does not represent a safe approach since con-
jugation of T-2 has been shown to result in
unstable complexes with potential release of
the toxin in its active form (Chu ¢r al., 1979).
To circumvent these problems, we have at-
te:npted to develop an anti-Id-based vaccine
and tc assess its potential in inducing protec-
ticn against T-2 toxicity. The first step in de-
veloping an anti-Id antibody vaccine in this
system 1s tite generation of a specific anti-T-2

CHANH. SIWAK, AND HEWETSON

antibody (Abl) that will confer protection
against T-2 toxicity. BALB/C mice were im-
munized intraperitoneally with T-2 conju-
gated to poly-L-lysine (T-2-PLL) emulsified in
complete Freund's adjuvant (CFA), followed
2 weeks later by T-2-PLL in incomplete
Freund's adjuvant (Chanh ¢t al.. 1989). Three
more injections of T-2-PLL in phosphate-buf-
fered saline (PBS) were given at 2-week inter-
vals. The immune mouse spleen mononuclear
cells were then fused with the mouse myeloma
NS-i cells to generate monoclonal antibodies
(mAbs) as previously described (Gefter er al..
1977). Resuiting hybrids were assessed for their
reactivity with T-2 mycotoxin in an enzyme-
linked immunosorbent assay (ELISA) em-
ploying microtiter wells coated with T-2 con-
jugated to bovine serum albumin (BSA). A
hybrid culture with the highest T-2 binding

activity was selected and subcloned by limiting
dilution. then injected into mice for ascites
production, and the resulting mAb was pun-
fied by protein A-chromatography for further
studies. The generated anti-T-2 mAb is an
IgG,, antibody and is designated HD11. HD11
mADb. but not a control IgG,, mAb. specifically
bound to T-2-BSA-coated wells in a dose-de-
pendent fashion with a 50% binding end point
at a concentration of approximately 0.2 ug/
ml (Chanh ¢r al., 1989). There was no binding
of HD11 to wells coated with two unrelated
sodium channel blockers. saxitoxin (STX) and
tetrodotoxin (TDT). conjugated to BSA (T.
Chanh and J. Hewetson. manuscript submit-
ted). The specificity of the binding was further
assessed in inhibition ELISAs {(Chanh ¢r al..
1989). As little as 6.0 ng/ml of T-2 inhibited
approximately 30% of the binding of HDI11
mADb to T-2-BSA. whereas 400 ng/ml of STX
or TDT inhibited less than 10% of the binding
(Fig. 1). The relative binding affinity constant
of HD1! mAb was approximately 4.8 X 107*
M as determined by IC50 logit analysis (Zett-
ner. 1973). To assess the potential protection
conferred by HDI1 against T-2 cytotoxicity.
an in vitro system measuring the incorporation
of [*H]leucine in the absence or presence of
T-2 by the human epidermoid carcinoma cell
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Fi1G. 1. Inhibition ELISA of HDI1 mAb hinding to T-
2-BSA-coated wells. Each point represents the mean ODyy,
am = SE of triplicate determinations. {O) T-2 mycotoxin:
(@) saxitoxin: (A) tetrodotoxin.

lines Hep-2 and KB was used. It was found
that 10.0 and 16.0 ng/ml of T-2 inhibited ap-
proximately 50% of the radioactive leucine
uptake by the KB and Hep-2 cell lines, re-
spectively (Chanh ¢f al., 1989). When T-2. at
a concentration that inhibited 50% of the leu-
cine uptake. was incubated with HD!! mAb
and added to the KB or Hep-2 cell monolavers,
the cytotoxicity of T-2 was completely abol-
ished (Table 3). Purified HD11 at a concen-

187

tration of 1.0 ug/ml in the Hep-2 cultures al-
most completely neutralized T-2 cvtotoxicity
(3.6 and 62.3% inhibition of leucine incor-
poration with and without -HDI!I. respec-

- tively). Likewise. addition of HD11 to T-2 in

cultures of KB cells significantly enhanced the
uptake of leucine. Incorporation of a control
IgG,, mAb with different specificity had no
effect on T-2 cytotoxicity.

Generation of monoclonal  anti-idiotypic
antibody s,.ecific for HD11 anti-T-2. The pu-
rified and protective HD11 anti-T-2 mAb was
conjugated to kevhole limpet hemocyanin
(KLH) and used to immunize syngeneic
BALB/C mice to generatc monoclonal anti-
Id antibodics (Chanh ¢r al., 1990). A syngeneic
system was used to climinate antiisotypic an-
tibodies and to minimize antiallotypic anti-
bodies. One week after the fourth immuni-
zation of HD11-KLH. spleen cells from the
immune mice were fused with the NS-1 cell
line. Since our strategy was to obtain T-2-in-
hibiting anti-Id. supernatant fluids from hy-
brid cultures were tested simultaneously for
their ability to bind to HD1 [-coated wells and
to inhibit the binding of HD11 to T-2-BSA-
coated plates. Among approximately 800 hy-
brid culture supernatants tested, one was
found that bound to HD11 and inhibited the
latter from binding to T-2. This hybrid. termed

TABLE 3

PROTECTION AGAINST /N Frrro T-2 CYTOTOXICITY BY MONOCLONAL ANTIBODY HDI I

Hep-2 cells KB cells

Antibody (ug/ml) No T-2 16 ng T-2/ml LA | No T-2 10 ng T-2/ml |
None 403.412 £ 21,5129 151007 = K080 62.3% 298387 + 18,151 72304 + 6819 758
HDIT (100) 463.724 £ 32010 442363 £ 25905 J.6 09240 + 25156 337.034 £ 28816 U

HDI!I (1)) 436,929 £ 22,508 428.426 + 21,115 1.9 299334 + 19.81S 298,164 + 19,150 04
HDI (1.0) 419.008 £ 19.052 403,769 * 18.456 o6 278158 £ 212001 189981 = 12,100 317
HD11 (0.1) 429.342 £ 18918 298,133 £ 15,615 30.5 301619 £28.142 75005+ 7015 751
HDI11 (0.01) 415905 £ 20015 210293 = 16,518 494 311,479 £ 21.560 64,583 + 3.001 79.2
Control IgGl1  389.641 « 29,156 IRISO + 10,108 619 286,168 = 19,158 75026 + T0S 73RN

“ Mean of triplicate cpm + SE,
* Mean percentage inhibition of [*H]leucine uptake.
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FiG. 2. Binding of DE8 anti-Id mAb to HDI i-coated
wells. DE§ mAb (m®) and control anti-Id (@). Each point
. represents the mean = SE of trplicate determinations.

DES. was of' the 1gGany 1sotype. The specificity
of the binding of DES8 anti-Id to HD11 anti-
T-2 was tested in a “‘sandwich” binding ELISA
in which various concentrations of purified
DES8 or of a control anti-Id mAb specific for
an anti-hepatitis B surface antigen (gift from
Dr. R. Kennedy. Southwest Foundation for
Biomedical Research. San Antonio, TX) were
added to HD!l-coated wells (Chanh ¢r al..
1990). Binding rcactivity was detected by ad-
dition of HD!1 conjugated to biotin (HD1 -
b), followed by avidin-horseradish peroxidase
(A-HRP) and the substrate 2.2-azino-di-3-
ethyl benzthiazoline-6-sulfonate (ABTS). Fig-
ure 2 shows that the binding of DE8 to HD1 |
was dose-dependent with a 50% end point at
a DE8 concentration of approximately 7.8 ug/
ml. No significant reactivity was observed with
the control anti-Id at a concentration of 0.5
mg/ml. In similar assays. HD11 was specific
in its binding to DES8. whereas normal mouse
Ig or control IgG1 mAb did not bind to DES.
These results suggest that DE8 mAb recognizes
an Id determinant expressed by HD! | anti-
T-2 antibody.

Characterization of the Id determinant rec-
ognized by DES unti-1Id. To determine whether
this recognition occurs at the T-2-binding site
of HDI11. an ELISA was performed in which
various concentrations of DE§ mAb were in-

cubated with 2 constant concentration of

HD! 1-b prior to addition to T-2-BSA-coated
wells (Fig. 3). The results showed that 3.6 ug/
ml of DE8 was able to inhibit approximately
50% of the binding of HDI11 to T-2. whereas
the control monoclonal anti-Id antibody was
unable to significantly affect the binding. To
assess whether the HD11 Id determinant rec-
ognized by DES anti-Id is Ag-inhibitable. var-
ious concentrations of free T-2 mycotoxin
were used to inhibit the binding of HDI11-b
to DE8-coated wells (Fig. 4A) and of DE8-b
to HD!1-coated wells (Fig. 4B). T-2 myco-
toxin efficiently inhibited DE8/HD!1 inter-
actions, whereas STX had no significant effect
on the binding. We also tested DES8 anti-Id for
its ability to neutralize the protective effect of
HDI!1 on the T-2-induced cytotoxicity. Var-
ious concentrations of DES8 or control anti-1d

mAb were incubated with a protective con- -~

centration (100 ug/ml) of HD11 followed by
the addition of a concentration of T-2 (16.0

ng/ml) predetermined to inhibit approxi-

mately 50% of leucine uptake by the Hep-2
cells (Fig. 5). As anticipated. HDI 1 at 100 g/
ml completely protected against T-2 toxicity
(58.156 = 3214 and 138.747 £ 9341 cpm
without and with HDI I, respectively, com-
pared to 140,660 = [1.101 cpm uptake by
cultures without T-2). DES at concentrations
of 50 pg/mi and higher significantly abolished
the protective effect of HD! 1. indicated by a
comparable uptake of radioactive leucinc by

80

LIV o

Percent Inhibition ol Binding

00 "3 ) AR
Anti-ld mAh iy mh

FiG. 3. Inhibition of HDI1I-b binding to T-2-BSA-
voated wells by DES anti-ld. Sce legend to Fig. 2.

N

€ S AP (NI AR e SRR Ao
i e e o R St hd i ]




ANTEIIDIOTYPE-BASED VACCINES

100r
A
'é“’ 80 |
B
£
[o+]
g
Q 60
[~
2
S
€ 410}
I3
7]
[
9
& 20}
0 1411)1111[4

%9

‘/

Ll 1 N O S DU | |

0.002 0.01 0.04 0.18 0.75

3.0 0.002 001 004 0.18 0.75 3.0

T-2 Mycotoxin (ug/ml

FiG. 4. Inhibition of HD!1/DES interactions by T-2 mycotoxin. Inhibition of HD11-b binding 1o DES-
coated wells (A). and of DES-b to HD! I-coated wells (B) by T-2 (W) or by saxitoxin (@),

Hep-2 cells in the absence of HD11 (58.156
+ 3214 cpm) and in the presence of HDI I
and 50 ug/mi of DE8 (69,991 £ 5173 cpm).
An inversely proportional relationship was
noted between the leucine uptake and the
concentration of DE8. The control anti-ld
mADb had little effect. Thus, it appears that the
binding of DE8 to HD11 inhibited the latter
from binding to T-2 and necutralizing its tox-
icity. These results strongly suggest that the Id
determinant on HDI1I recognized by DES
anti-Id is associated with the T-2-binding site
and that the HD11/DES interaction is inhib-
ited by T-2 mycotoxin.

In vivo induction of a protective anti-T-2
immune response by DES anti-Id immuniza-
tion. To test whether DE8 can mimic T-2 in
inducing an in vivo anti-T-2 antibody response
in a syngeneic system, four groups of BALB/
C mice were immunized intraperitoneally with
T-2-OVA. DES8. DE8-KLH. or a control anti-
Id-KLH. After three immunizations, their sera
were tested for T-2 binding to T-2-BSA-coated
wells (Fig. 6). Immunization with the antigen
(T-2-OVA) or with DEB-KLH induced a sig-
nificant and comparable anti-T-2 antibody re-
sponse. Administration of unconjugated DES8
resulted in a much lower level of anti-T-2 an-
tibody response, which is consistent with pre-

vious results indicating the requirement of
conjugating anti-ld to heterologous protein
carniers in the induction of a significant syn-
geneic immune response specific for the nom-
inal Ag (Ward ¢f al.. 1987). Sera of mice im-
munized with the control anti-Id showed
background reactivity.

The anti-T-2 antibody responses induced by
DER or DES-KLH were characterized by the
presence of HD1 1 1d-positive antibodies. Sera

[ ’Hl Leucine Uptake icpm x 104

a i 1 1 1
6.2 125 25 S0 100 100
Antild mAb guymhy

FiG. 5. DES anti-Id abolishes the protective etlect of
HDI11 against T-2 cytotoxicity. DES anti-1d (8) and control
anti-ld (@). The mean cpm + S of cultures with and
without T-2 were 58,156 + 3124 and 140.660 + 11,101
cpm. respectively, The mean epm + 8D of cultures with
T-2 and 100 ug/ml of HD1 was 138.747 + 9341 ¢pm.
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FIG. 6. In vivo induction ot anti-T-2 anubodies by DIER
immunization. Mice were immunized with DER-KLH (m),
DER (@), T-2-OVA (a). or control anti-1d (O). Each point
represents the mean « S0 of five mice.

from mice immunized with DE8 or DES-KLH
inhibited the binding of DE§ to HDI11. sug-
gesting the presence of HDII-like anti-T-2
antibodies (Chanh ¢ afl.. 1990). Thus. im-
munization with DES8 appeared to specifically
induce activation and clonal cxpansion of
progenitor lymphocytes expressing surface
HDI!1 Id-positive receptors. presumably
through the binding of the anti-Id to these re-
ceptors followed by subsequent cell prolifer-
ation and antibody production. Administra-
tion of T-2-OVA did not result in detectable
HD!1 Id-positive antibodics although the
overall anti-T-2 anubody response was com-
parable to that obtained with DE§-KLH im-
munization (Fig. 6). It is noteworthy that the
immunc rcsponse to a particular Ag can be
modulated by anti-Id to consist of a specific
Id determinant. in this case HD11 Id, which
is associated with protection against T-2 tox-
icity. HD11 anti-T-2 mAb is the only protec-
tive antibody among approximately 50 other
mAb with T-2 binding activity generated in
our laboratory.

To determine whether the anti-T-2 antibody
response induced by anti-ld immunization
could protect against T-2 toxicity. various di-
lutions of sera from the four groups of immune
mice were mixed with T-2 at 16 ng/ml and
assayed for [*H]leucinc uptake on Hep-2 cells
(Fig. 7). Incubation ot DEB- and DES-KLI-
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immune mouse sera with -2 significantly re-
duced the T-2-induced evtotoxicity on Hep-2
cells at all dilutions tested (1:20 to 1:640), 1t
is noteworthy that the T-2 neutralizing activity
of scra from mice immunized with T-2-OVA
was not as pronounced as that of DES- or DES-
KLH-immune mice. Incubation of T-2 with
T-2-OVA immune scra resulted in approxi-
mately 25 to 357% inhibition of radioactive
lcucine uptake. whereas incubation with DE§-
or DES-KLH-immune sera resulted in lcucine
uptake almost comparable to cultures without
T-2(59.3%). Sera from mice immunized with
the control anu-Id had no eftect. It is note-
worthy that DES immunization. which mod-
ulated the anu-T-2 antibody response toward
the expression of HD1 1-positive Id (sce above)
which is assoctated with protection. resuited
in a superor protective immunity against T-
2 toxicity than immunization with the nom-
inal Ag (T-2-OVA). Encouraged by the results
of the in vitro Hep-2 assay system. we assessed
the ability of DE8-KLH to induce an anti-T-
2 antibody response that would protect mice
against a lethal challenge with T-2. Groups of’
five BALB/C mice each were immunized with
four injections of DE8-KLH or control anti-
Id mAb. One week after the last immuniza-
tion, the mice were challenged intradermally
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F1G. 7. In vive induction of a protective anti-F-2 anu-
body response by DEX immiunization. See lepend to Fig.
6. The mean epm = SD of Hep-2 cultures with and without
I-2 were 43135« 3891 ¢pm und Y3.841 + 9168 cpm.
respectively (33,97 inhibitton ot uptake).
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with various doses ot T-2 mycotoxin. The re-
sults are presented in Tablc 4. It was previously
determined that the LDS50 of T-2 in naive mice
challenged intradermally is approximately 5.0
mg/kg body weight. Micc actively immunized
with DE8-KLH were protected against T-2
challenge. Although 1/5 mice in the group that
received 10 mg/kg of T-2 succumbed to T-2
toxicity, all the remaining DE8-KLH-trcated
mice. even the group that received 20 mg/kg
of T-2 (four times the LD50). survived. Mice
treated with the control anti-Id antibody were
not protected against T-2 toxicity. This rep-
resents to our knowledge the first demonstra-
tion of anti-Id-induced protective immunity
against a low-molccular-weight  biological
toxin.

STUDIES WITH THE SODIUM
CHANNEL BLOCKERS

The sodium channel blockers have gener-
ated a considerable amount of interest because
of their ability to block sodium ion transport
(Evans. 1972). Sodium current in nerve and
muscle cells can be blocked with as little as |-
10 nM concentration of TDT (Colquhoun ¢/
al., 1972). Death occurs through a rapidly
progressive weakening of voluntary muscles.
including respiratory muscles, resulting from
the interruption of neuromuscular transmis-
ston in motor ncurons (Chevmol ¢f al., 1962)
and in muscle fiber membranes (Narahashi ¢/
al., 1960). Our laboratory has initiated studics
to assess the effectiveness of the anti-id-based
vaccine approach against saxitoxin and tetro-
dotoxin, two sodium channel blockers. STX
and TDT. which are heterocyclic guanidinium
compounds. are among the most potent poi-
sons known. with LD50 values of approxi-
mately 10 ug intraperitoneally in mice (Bower
et al., 1981). Monoclonal Abl has been gen-
erated against STX (Huot ¢ ¢/., 1989a) and
TDT (Huot ¢r al.. 1989b). Two mAbs (S1A5
IgM; and S3E.2 IgG,, mAbs) were isolated
from fusions of spleen cells from BALB/C
mice immunized with STX-KLH. They are

IFABLE 4

ADMINISTRATION OF DE& ANTEIDIOUYPE PROTECTS
MICE AGAINST T-2 Toxicrry iy 1o

Mice T-2 mycotoxin Survival
immunized with (ug/kg) ratio”
Control anu-id 5.0 3/5

10.0 4/5
15.0 5/8
20.0 §/8
DER anu-1d 5.0 /4
10.0 1/8
15.0 0/5

20.0 0/5

“ Number of dead mice/total number of mice tested. T-
2 mycotoxin was administered intradermaily.

specific for STX and do not bind to TDT. de-
spite their relatively similar chemical struc-
tures (Huot ¢r af.. 1989a). Although they both
possess relatively low A, values (10° M '), they
were able to displace the binding of [*'H]STX
to rat brain membranes. and to partially pro-
tect against STX-induced reduction of pe-
ripheral nerve action potential in rat tibial
nerve (Huot o al. 1989a). Likewisc two
monoclonal anti-TDT antibodies (both of the
12G,,, 1sotvpe) that protected against the TDT-
induced reduction of nerve action potential
(Huot ¢z /.. 1989b) were gencrated. Svngencic
monoclonal anti-Id antibedics have been de-
rived from these mAbs and arc being asscssed
for their potential to induce i vivo protective
immunity against the sodium channel blockers
STX and TDT.

CONCLUDING REMARKS

We have presented cxperimental evidence
1o suggest the feasibility of the anti-1d-based
vaccine approach in providing protection
against the in vivo toxicity of the trichothecene
mycotoxin T-2. Theoretically, it should be
possible to design effective anti-Id vaccines
against ail toxic subsiances provided that an-
titoxin antibodies could first be generated that
bind and neutralize circulating toxins before
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they rcach lethal levels in the blood stream,
However. there are instances where this ap-
proach may not be feasible. One of the draw-
backs of this approach results from an inherent
property of antigen/antibody binding. Anti-
gen/antibody interactions are primarily me-
diated by noncovalent ionic forces with bind-
ing affinity constants ranging between 10
and 107" M. This property imposes a limit on
antibody-based protection against toxic sub-
stances possessing higher binding affinity con-
stants for their target site(s). A case in point is
represented by the organophosphorus com-
pound soman which intcracts covalently with
its receptor site. acetylcholine csterase. Al-
though specific monoclonal anti-soman anti-
bodiés have been gencrated. they only partially
protected mice against soman toxicity, pre-
sumably due to their inefficiency in competing
with the esterase for binding to soman (T.
Chanh and J. Sadoff. unpublished results).
To our knowledge. the results presented in
this review represent the first demonstration
of an anti-Id-based vaccine capable of inducing
protective immunity against a nonprotein-
aceous, low-molecular-weight biological toxin
(T-2 mycotoxin). Efforts to develop successful
anti-Id vaccines against STX and TDT toxicity
are under way. These results suggest the pos-
sibility of “‘antigen mimicry" by anti-Id anti-
bodies of biological toxins against which con-
ventional vaccine development approaches
cannot be applied because of their chemical
nature, small size. and extreme in vivo toxicity.
Moreover, the natural immune response to a

particular toxin may comprise a majority of

nonprotective antibodies directed against the
nontoxic moieties of the toxin. Anti-Id vac-
cines with the potential ability to specifically
induce the production of antitoxin antibodies
expressing Id determinants associated with
protection represent a definite advantage in
vaccine development in toxicology. Thus, an
anti-Id-based vaccine represents a viable and
safe approach. Moreover. this vaccine strategy
may possibly be the oniy alternative in pro-
viding protection against some of these bio-
logical toxins.

CHANH. SIWAK,
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Summary. The majority of naturally occurring biological
and chemical toxins are highly lethal, nonproteinaceous,
low molecular weight substances which exert their toxic-
ity through a variety of mechanisms, Their relative small
size and extreme in vivo toxicity have hampered the de-
velopment of protective vaccines. We have investigated
the feasibility of anti-idiotype-based vaccines which uti-
lize antibodies for inducing a systemic and protective
immunity against the in vivo toxicity of some of these
toxic substances. A murine IgG, monoclonal anti-T-2
mycotoxin antibody protective against mycotoxin toxici-
ty was generated. This antibody was used to produce a
second generation monoclonal anti-idiotype antibody
which was capable of serologically mimicking the tertiary
conformation of the nominal antigen, i.c., T-2 myco-
toxin. Administration of the monoclonal anti-idiotype
antibody to mice induced a circulating and protective
antibody response against the in vitro and in vivo toxicity
of T-2 mycotoxin. Antibody-based vaccines may repre-
sent the only safe and effective strategy for the design of
protective vaccines against small nonproteinaceous toxic
compounds whose extreme toxicity prevents their use
as safe immunogens. The potential of antibody-based
vaccines for producing protective immunity against low
molecular weight chemical and biological toxins is dis-
cussed.

Key words: Anti-idiotype antibody vaccines — T-2 myco-
toxin — Saxitoxin — Tetrodotoxin — Ricin

Introduction

The trichothecene mycotoxins represent a chemically re-
lated group of fungal metabolites characterized by a basic
tetracyclic sesquiterpene structure with a 12,13-epoxide
moiety and a 9,10-oleginic bor:d [3]. This group of biolog-
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ical toxins, the most potent of which is the mycotoxin
T-2, represents the major cause of a variety of fungal
mycotoxicoses in humans and animals. The tri-
chothecene mycotoxin T-2 is a potent inhibitor of mam-
malian protein synthesis, affecting the initiation step on _
polyribosomes and the elongation and/or termination
steps [7, 51]. There is, at present, no effective prophylaxis
against the in vivo toxicity of the trichothecene mycotox-
ins. T-2 mycotoxin is a low molecular weight compound
(approximate formula weight 46¢.5), thus requiring con-
jugation to large protein carriers to render it immuno-
genic. However, currently available conjugation methods
usually result in unstable T-2/protein carrier complexes
with 1~~kage of toxic free T-2. Such T-2/carrier com-
plexes u:ave been shown to be toxic when administered to
animals, and therefore cannot serve as safe immunogens
for the induction of protective immunity [12, 21].

Other chemical and biological toxins of interest in-
clude the sodium channel blockers, saxitoxin (STX) and
tetrodotoxin (TDT), and the protein synthesis inhibitor
ricin. Their chemical structures and attempts at generat-
ing anti-idiotype (Id)-based vaccines against their toxic-
ity will be discussed below.

There are three main types of antigenic determinants
associated with an immunoglobuiin (Ig) or antibody
molecule. The first is represented by isotypes or isotypic
determinants. Isotypes define the class and subclass dif-
ferences that are common to all Igs of a given species (i.e.,
¥, i, @, €, 0 for the Ig heavy chain, and x and A for the Ig
light chain). The second type of antigenic determinants
found on Ig molecules is the allotypes or allotypic deter-
minants. Allotypes are defined as intraspecies poiymor-
phisms found on Ig molecules. Allotypes can be associ-
ated with either or both the constant or variable (V)
regions of Ig molecules. The third type of antigenic deter-
minants associated with Ig molecules are termed idio-
types (Ids) or Id determinants. Id determinants encom-
pass antigenic determinants or amino acid sequences as-
sociated solely within the binding or V region of the anti-
body molecule [39]. Anti-Id, also termed Ab2 for the
second antibody, can be generated by immunization with
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the Id-bearing antibodies, termed Ab1, and have been
used to serologically define the Id. The binding of anti-
body to antigen requires sufficient conformational com-
plementarity between the antigen and antibody
molecules for the establishment of ionic forces necessary
for this interaction to occur. This conformational com-
plementarity necessary for antigen/antibody binding also
allows for the interaction between anti-Id antibodies
which recognize the three-dimensional conformation of
the Id determinant located within the V region of the
Ab1. As a result of this structural complementarity, this
type of anti-Id antibodies are recognized serologically as
being similar in structure to the nominal antigen, and are
said to be capable of “antigenic mimicry”.

Anti-Id vaccines

Anti-1d antibodies have been classified according to their
binding specificities [5). Those anti-1d antibodies specific
for antigenic determinants not associated with the anti-
gen-binding site of the Ab1 (antiantigen), and therefore
not inhibited in their binding to Ab1 by the antigen, have
been referred to as Ab2a. Anti-Id antibodies whose bind-
ing to Ab1 can be inhibited by the nominal antigen have
been divided into two classes. Those Ab2 whose binding
is inhibited by antigen but lack antigen mimicry are calied
Ab2y, whereas those which are inhibited by antigen and
which display similar serological properties to those of
the antigen are designated Ab28. As a result of this bio-
logical mimicry of the antigen, Ab28 anti-Id could theo-
retically substitute for the nominal antigen in the induc-
tion of a specific antibody response. In fact, Ab28 or
internal image anti-Id antibodies have been proposed as
potentially useful antibody-based vaccines {35]. Further-
more, within the last 10 years, a large number of studies
have demonstrated the feasibility of the use of anti-Id
antibodies as vaccines in a variety of biological systems.
Most of these studies have focussed on Ab2p8 with sero-
logical mimicry to a variety of antigens, however, it has
been demonstrated that Ab2« can also induce an antigen-
specific immune response without subsequent antigen ex-
posure [50, 61].

Anti-Id vaccines inducing protective immunity against
infectious agents were first reported for Trypanosoma
rhodesiense and T. cruzi [48, 49]. A number of studies
have reported the use of anti-Id vaccines in viral infec-
tions. These include hepatitis B virus [26, 27), rabies virus
[46), reovirus [17], mouse mammary tumor virus [42-45],
Sendai virus [14], and human immunodeficiency virus-1
[2, 9, 61] infections. Experimental anti-Id vaccines have
also been used successfully in some tumor systems [20, 28,
29, 42-45] and, interestingly, in blocking pregnancy in
mice [56]. Anti-1d antibodies have aiso been used to iden-
tifiy specific cellular receptors involved in viral recogni-
tion and binding. Among these are the cellular receptors
for reovirus [17, 59], Epstein-Barr virus [4], polyomavirus
(311, and murine leukemogenic retrovirus f1]. A summary
of major studies of anti-1d vaccines in viral, bacterial, and
parasitic infections is given in Table 1.
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Table 1. Summary of the major experimental anti-idiotype vaccines

Infectious agents Discases References

Viral

Hepatitis B virus Serum hepatitis 26

Rabies virus Rabies 46

Reovirus Encephalitis 17, 59

Sendai virus Systemic infection 14

Simian virus Murine tumors 28

Poliovirus Poliomyelitis 54

Herpes simplex virus Encephalitis 1§, 27

Newcastle disease virus ~ Newcastle disease 53

Feline leukemia virus Feline immunodeficiency 55

Mouse mammary tumor  Mouse tumors 42-45
virus

Human immuno- Acquired immuno- 2,9, 61
deficiency virus deficiency syndrome

Influenza virus Influenza 32

Cytomegalovirus Latent disease 25

Coxsackievirus Myocarditis 40

Bacterial

Escherichia coli Infantile diarrhea 52

Group A streptococcus  Bacterial infection 33

Listeria nionocytogenes Meningitis 24

Mycobacterium tuber- Tuberculosis 41
culosis

Streptococcus pneumoniae  Pneumonia 57

Parasitic

Trypanosoma rhodesiense ~ Sleeping sickness 43

T. cruzi Chagas’ discase 49

Anti-Id vaccine against T-2 mycotoxin toxicity

The trichothecene mycotoxins represent a major source
of contamination of stored grains and agricultural prod-
ucts [19]. They exhibit a wide range of biological activities
which include antifungal, antibacterial, and antiviral
properties, and animal toxicity. T-2 mycotoxin, possibly
the most toxic of the trichothecenes, exhibits a gastric
LD, (dose that kills 50% of the chalienged animals) of
approximately 5.3 mg/kg, 7.0 mg/kg, and 9.6 mg/kg in
guinea pigs, rats, and mice, respectively [16]. T-2 myco-
toxin is a low molecular weight (466.4 Da), nonproteina-
ceous toxin which renders the development of effective
conventional vaccines (using such approaches as recom-
binant and synthetic peptide technology) difficult.

v

Protective murine monoclonal anti-T-2 antibody

To circumvent this difficulty, we have generated mono-
clonal (mAb) Ab1 anti-T-2 antibodies from BALB/C
mice immunized with T-2 mycotoxin conjugated to poly
L-lysine (PLL). The general scheme for the anti-Id ap-
proach in inducing protective immunity against toxic
substances is presented in Fig. 1. An IgG, anti-T-2 mAb,
designated HD11, was generated from fusions of spleen
cells derived from T-2-PLL-immune mice with murine
NS-1 myeloma cells [10]. Protein A-purified HD11 anti-
T-2 mAb is specific for T-2 mycotoxin, and not for unre-

\
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Fig. 1. Schematic representation of the unti-idiotype
(Id)-based approach for the generation of protective im-

lated toxins, and has a relative binding affinity constant
of approximately 5.0x 1078 M, determined by IC,,
(50% inhibitory concentration) logit analysis as described
by Zettner [60]. To assess the potential protection of
HD11 against T-2 cytotoxicity, an in vitro system using
the T-2-sensitive human epidermoid carcinoma cell lines
Hep-2 or KB was used. Incubation of HD11 mAb with
T-2 mycotoxin completely inhibited the in vitro cytotox-
icity of T-2 [10].

Generation and characterization of anti-Id mAbs specific
for HD11

Purified HD11 mAb, derived from BALB/C mice, was
conjugated to keyhole-limpet hemocyanin (KLH) and
used to immunize BLAB/C mice for the generation of
syngeneic anti-Id mAbs [11]. This syngeneic system was
used to minimize anti-isotype and antiallotype reactivity.
Since our screening strategy was to select for hybrids
secreting anti-Id mAbs specific for the T-2-binding site(s)
on HD11 Ab1, supernatant culture fluids resulting from
the fusions were screened simultaneously for their ability
to bind to HD11-coated microtiter wells and to inhibit
the binding of HD11 mAb to wells coated with T-2 con-
jugated to bovine serum albumin (BSA). Among approx-
imately 800 hybrid culture supernatants screened, 1 IgG,,
anti-Id mAb, termed DES, was isolated that recognized
an Id determinant associated with the HD11 mAb bind-
ing site. Further characterization using purified DES8 an-
ti-Id mAb showed that: (1) DES inhibits the binding of
HD11 to T-2-BSA-coated wells (Fig. 2); (2) free T-2
mycotoxin is capable of inhibiting both the binding of

munity against toxins

8

Percent Inhibition of Binding

0 - L 1 1 L 1
500 62.5 7.8 097
Anti-ld mAb (ug/ml)

Fig. 2. DE8 monoclonal (mAb) anti-Id antibody (a) inhibits the
binding of HD11! anti-T-2 to T-2-bovine serum albumin-coated

- microliter wells. @, Control anti-Id mAb

HD11 to DES8-coated wells and that of DE8 to HD11-
coated wells (Fig. 3); (3) DE8 mAb negates the protective
effects of HD11 against the in vitro cytotoxicity of T-2,
presumably by inhibiting HD11 mAb from binding to
and neutralizing T-2 [11]. These results suggest that
HDI11/DES interactions can be inhibited by T-2 myco-
toxin, and that DES8 anti-Id mAb recognizes the T-2-
binding site(s) on HD11 mAb.
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Fig. 3. Inhibition of HD11 Ab1/DE8 Ab2 interactions
by T-2 mycotoxin (m) or by saxitoxin (e). A Inhibition
of HD11 mAb binding to DES; B inhibition of DE$

mAB binding to HD11. The mean percentage inhibition
was determined as: {[optical density (OD) of binding in
the absence of toxin}—[OD of binding in the presence of
toxin}/[OD of binding in the absence of toxin]} x 100

Fig. 4. In vivo induction of anti-T-2 antibody responses by vaccina-
tion with DE8 mAb. BALB/C mice were immunized with DES8
Keyhole-impet hemocynin (), unconjugated DES (o), T-2-ovalbu-
min (a), or control anti-Id mAb (o). Each value represents the
mean + SD of five mice

Generation of a protective anti-T-2 immune response by
vaccination with DES8 anti-Id

To assess whether DE8 mAb could serologically mimic
the nominal antigen (i.e., T-2) in inducing in vivo a pro-
tective anti-T-2 antibody response in a syngeneic system,
four groups of BALB/C mice were immunized intraperi-
toneally with T-2 conjugated to ovalbumin (OVA),
DES8 mAb, DE8 mAb-KLH, or a control anti-Id mAb-
KLH. Two weeks after the third immunization, the mice
were tested for binding to T-2 using microtiter wells
coated with T-2-BSA (Fig. 4). Immunization with T-2-
OVA or with DE8-KLH generated a significant and com-
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parable anti-T-2 antibody response. In contrast, immu-
nization with unconjugated DES8 anti-Id resulted in a
lower anti-T-2 immune response. This is consistent with
previous observations that conjugation of the anti-Id an-
tibody to heterologous protein carriers is necessary for
the induction of a significant antibody response against
the nominal antigen in a syngeneic system [57]. Another
noteworthy observation is the ability of sera from mice
immunized with anti-Id (DE8-KLH or DES) to inhibit
the bindir.g of DE8 to HD11, suggesting the presence of
HD11-I1d* anti-T-2 antibodies in the generated anti-T-2
immune response [11]. Administration of T-2-OVA did
not induce detectable HD11-Id* anti-T-2 antibodies, al-
though the overall anti-T-2 response was comparable to
that obtained with DE8-KLH immunization, and was
higher than that obtained with unconjugated DES
(Fig. 5). Thus, anti-Id vaccination can direct the anti-
body response against a particular antigen towards a
specific Id determinant, in this case HD11 Id which is
associated with protection against T-2 toxicity. HD11
anti-T-2 mAb represents the only protective mAb among
the 50 or so mAbs with T-2 specificity generated in our
laboratory [8]. Immune sera from mice immunized with
T-2-OVA, or with the anti-Id mAb DES, or DES-KLH
were shown to be capable of protecting against the cyto-

_ toxicity of T-2 mycotoxin in the Hep-2 cell assays [11]. It

is noteworthy that the T-2-neutralizing activity of DES-
and DE8-KLH-immune sera is higher than that of T-2-
OVA immune sera. This may be accounted for by the
DER anti-Id-induced positive modulation of HD11 Id*
anti-T-2 associated with protection.

These results argue for possible mimicry of the tertiary
conformational structure of T-2 mycotoxin by DES anti-
Id mAb. The in vitro results discussed above led us to
assess the ability of DE8-KLH to induce in vivo an anti-
T-2 antibody response that would protect mice against a
lethal challenge with T-2 mycotoxin. Groups of five
BALB/C mice each were given four injections of
DE8 mAb-KLH or z control anti-Id mAb conjugated to
KLH. One week after the fourth immunization, the mice
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Fig. 5. In vivo vaccination with DES anti-1d mAb induces an HD11
Id* anti-T-2 antibody response (see Fig. 4). The mean percentage
inhibition was assessed: [(OD of binding without sera)—(OD of
binding with sera)/OD of binding without sera)] » 100

Table 2. In vivo induction of protective immunity by vaccination
with anti-idiotype antibody

BALB/C mice T-2 mycotoxin Survival
vaccinated with (mg/kg) ratio*
Control 5.0 3/5
Anti-idiotype 10.0 4/5

15.0 5/5

20.0 5/5
DES 5.0 0/4
Anti-idiotype 10.0 1/5

15.0 0/5

20.0 0/5

* Number of dead mice/total number of mice challenged

were challenged subcutaneously with various doses of
T-2 mycotoxin (Table 2). Mice actively immunized with
DES anti-Id mAb conjugated to KLH were protected
against an in vivo challenge with a lethal dose of T-2
mycotoxin. All the DE8-K LH-immune mice in the group
receiving 20 mg/kg (4 times the LD,) survived the chal-
lenge, although one of five mice receiving 10 mg/kg died.
Immunization with the control anti-Id conjugated to
KLH did not provide any protection. To our knowledge,
this represents the first demonstration of in vivo anti-Id-
induced protective immunity against a nonproteinaceous
small molecular biology toxin.

Studies with other chemical and biological toxins

The sodium channel blockers STX and TDT

The sodium channel blocker STX and TDT have generat-
ed a considerable amount of interest in toxicology be-
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cause of their ability to block sodium ion transport {15].
They represent some of the most poisonous sub;tancgs
known, being toxic at nanomolar concentrations in
blocking sodium currents in nerve and muscle cells [13].
They are heterocyclic guanidinium compounds with
LD, values of approximately 10 g in mics [6]. Our lab-
oratory has generated two mAbs, namely S1AS5 (IgM)
and S3E.2 (1gG,). specific for STX with relative K, con-
stants of approximately 10™° M. Although their X, val-
ues are relatively low, they are able to displace the bind-
ing of tritiated-[*H]STX from rat brain membranes, and
to protect against STX-induced reduction of peripheral
nerve action potential in rat tibial nerve [22]. Similarly,
two mAbs specific for TDT, both of the IgG, isotype with
K, values approachiag 10~7 M, were isoiated and shown
to protect against TDT-induced reduction of nerve action
potential [23]. The generation of syngeneic anti-Id mAbs
and their potential as vaccines in inducing protective im-
munity are presently under investigation.

The protein synthesis inhibitor ricin

Ricin, a potent protein synthesis inhibitor, is produced by
seeds of the castor plant Ricinus communis. Originally
isolated by Stillmark in the 1880s, ricin is among the most
studied and the most toxic chemicals known to man. A
single ricin molecule in the cytosol is sufficient to cause
cell death. Ricin is a disulfide-bonded heterodimer con-
sisting of a 32-kDa A chain glycoprotein linked to a 32-
kDa B chain glycoprotein [37]. The ricin B chain pro-
motes binding of the ricin molecule to the cellular mem-
brane through its binding specificity for complex galac-
tosides [34]. This binding to cell surface receptors is be-
lieved to trigger the endocytic uptake of the whole ricin
molecule. Once inside the celi, the ricin A chain dissoci-
ates from the B chain and quickly mediates the enzymatic
attack on the cellular protein synthesis machinery at the
level of the 60-S ribosomal subunit [38]. Although the
exact mechanism of protein synthesis inhibition by ricin
is not clearly understood, it is believed that ricin inacti-
vates the 60-S ribosomal subunit catalytically without the
requirement for cofactors. This has led to the notion that
ricin may have endonuclease activity. Recent analysis of
ricin-treated ribosomes has revealed that an adenine is
missing from position A, although the phosphoribose

_backbone remains intact [36]. It is of interest that the

adenine at position A,;,, is located in a region of the
ribosome which is highly conserved during speciation. It
was further shown that ricin removes 1 adenine per ribo-
some subunit, suggesting that it may represent the only
site of action of ricin toxicity.

We have recently generated an antiricin mAb, desig-
nated RG-2 (IgG,), from a fusion between spleen cells
from BALB/C mice immunized with a sublethal dose of
whole ricin and the murine myeloma cell line Sp2/0. This
mAb bound specifically to whole ricin- and ricin A chain-
coated wells, but not to ricin B chain-coated wells, and
protected against ricin cytotoxicity as assessed by
[*H]leucine uptake in an in vitro EL+4 cell assay (data not
shown). The fine specificity of RG-2 and the generation
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of anti-Id mAbs specific for RG-2 which could be utilized
as vaccine for the in vivo induction of a protective an-
tiricin antibody response are under investigation.

Concluding remarks

This review article presents experimental evidence to sug-
gest the efTicacy of the anti-Id-based vaccine strategy in
generating protective immunity against the in vivo toxic-
ity of the protein synthesis inhibitor T-2 mycotoxin. A
similar approach is being investigated for another protein
synthesis inhibitor, ricin, and the sodium channel block-
ers, STX and TDT. In theory. it should be feasible to
design effective anti-Id vaccines against all toxic chemi-
cals with the provision that sufficiently high-affinity
binding antitoxin antibodies (Ab1) can be generated that
can compete with the target sites for binding to and neu-
tralization of circulating toxins before they reach lethal
levelsin the blood. The neutralizing Ab1 can ther be used
as immunogen to generate the proper type of anti-Id
which mimics the tertiary conformation of the nominal
antigen. The requirement of Ab1 possessing high-binding
afTinity constants represents one of the drawbacks of the
anti-1d approach. Antigen/antibody interactions are pri-
marily mediated by noncovalent ionic forces with relative
binding affinity constants ranging approximately be-
tween 107 M and 10° M. This property imposes a limit
on antibody-based protection against toxic substances
with higher binding affinity constants for their target
site(s) than those of antibody/toxin interactions. A case
in point is seen with the organophosphorus compound,
soman, more commonly known as nerve gas, which inter-
acts covalently with its receptor site, acetylcholinesterase.
Although specific monoclonal antisoman antibodies
have been generated in our laboratory, they only partially
proiect against the in vivo toxicity of soman in mice. This
is most likely accounted for by the inability of the antiso-
man mAbs to compete efficiently against the esterase for
binding to soman (T. Chanh and J. SadofT, unpublished
observations).

Since its first proposal as a potential vaccine approach
in 1981 [35], anti-Id vaccines have been described in a
variety of experimental situations. There are several in-
stances in which the anti-1d vaccine approach is not only
advantagcous but also preferable to conventional vaccine
development strategy. The first and most obvious advan-
tage would be in toxicology, as is discussed herein, where,
in most instances, the chemical nature and extreme toxic-
ity of the chemicals render conventional vaccine ap-
proaches impractical if not impossible. When dealing
with toxic, nonproteinaceous low molecular weight tox-
ins whose extreme toxicity precludes their use as im-
munogens, the only approach for the development of a
safe and effective vaccine may be the use of anti-lIds.
Moreover, as seen with the T-2 mycotoxin system, immu-
nization of mice with T-2-OVA results in the generation
of a good anti-T-2 antibody response in which only a
minor proportion of the antibodies is associated with
protection {8]. In contrast, DES anti-Id immunization
also results in a good anti-T-2 antibody response, but one
in which there is an increase in HD11 Id expression.
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Thus, immunization with DE8 anti-Id mAb appeared to
induce a more protective anti-~T-2 antibody response than
did immunization with the antigen, T-2-OVA.

The anti-Id approach would also be useful where im-
munogens are difficult to purify in sufficient amounts,
e.g., hepatitis B and C viruses which can not be propa-
gated in large scale in vitro. Some infectious agents may
also express nonprotective antigenic determinants which
cross-react with the host’s tissue antigens. Anti-Id vac-
cines could be designed to induce antibodies against a
single selected protective determinant, thus avoiding the
induction of antibodies against the host’s tissues antigens
which could lead to autoimmunity. A fourth possible
advantage is represented by the ability of an anti-Id vac-
cine to serologically mimic polysaccharide capsule anti-
gens of some pathogenic microorganisms {52, 58], and to
induce protective immunity in animals that are geneti-
cally unresponsive immunologically to immunization
with bacterial capsules until late ontogeny [52]. Finally,
anti-Id may be useful in enhancing or priming the Id or
antigen specificity of a given immune response by activat-
ing silent or suppressed clones of cells [32, 50].

The application of the ani-Id vaccine strategy in tox-
icology is still in its infancy. Attempts to modulate im-
mune responses utilizing the anti-Id approach have been
reported for bacterial toxins including streptococcal
group A carbohydrate antigen [33], cholera toxin [30], the
capsular polysaccharide antigen of Neisseria meningitidis
[58]. and staphylococcal enterotoxin [47).

The results presented herein represent the first demon-
stration of an anti-Id vaccine capablc of generating pro-
tective immunity against a nonproteinaceous, low molec-
ular weight biological toxin (T-2 mycotoxin). Our work
suggests that anti-Id antibodies can serologically mimic
the tertiary conformational structure of biological toxins
against which conventional vaccine approaches cannot
be applied because of their chemical nature, small size,
and extreme in vivo toxicity. Furthermore, the antigen-
induced immune response to a particular toxin may be
directed primarily against nontoxic moieties of the toxin
molecule, and therefore would not be highly protective.
Anti-Id vaccines with the potential ability to specifically
direct the antibody response toward the production of
antibodies expressing an Id determinant associated with
protection (or directed against the toxic structure of the
molecule) represent a definite advance in vaccine devel-
opment in toxicology. Thus, 'anti-Id vaccines, which

“could be purified to honogeneity without too much diffi-

culty, represent not only a viable and safe approach, but
maybe the only alternative vaccine development strategy
against some biological toxins.
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Polyclonal anti-idiotypes induce specific anti-saxitoxin antibody
responses
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Abstract: Polyclonal BALB/C mouse and New Zealand White rabbit anti-idiotypic antibodies were raised by immunization with
a protein G-purified burro anti-saxitoxin 1gG antibody preparation. Following absorption of non-anti-idiotype rcactivity, murine
and rabbit IgG were purified by protein A chromatography and used to immunize BALB/C mice for the induction of anti-saxitoxin
antibody responses. Unconjugated BALB/C anti-idiotypes did not induce significant anti-saxitoxin reactivity in BALB/C mice.
cven after repeated immunizations. However, BALB/C mice immunized with puriied BALB/C anti-idiotypes conjugated to
keyhole limpet hemocyanin. or with purified. unconjugated rabbit anti-idiotypes. as aluminum hydroxide precipitates, induced
significant and specific anti-saxitoxin immune responses. Saxitoxin, a sodium channel blocker, can protect cells treated with
veratridine and ouabain, whosc respective actions are to open sodium channels and to block the activity of Na/K-ATPase. The
anti-idiotype-induced anti-saxitoxin antibodics inhibited saxitoxin from protecting against cell death induced by veratridine and
ouabain treatment. These and other published cxperimental results strengthen the concept of anti-idiotype-based vaccines in
cliciting protective immunity against a variety of low molecular weight., nonproteinaceous biological and chemical toxins, whose
extreme toxicity does not allow their use as safe immunogens.

Key words:  Suxitoxin: Sodium channel blocker: Anti-idiotype: Vaccine: Protective immunity

Introduction

There exist three major categories of antigenic

determinants within an immunoglobulin (Ig) or
antibody molecule. Isotypic determinants repre-

Correspondence to: T.C. Chanh. Department of Virology and
Immunology, Southwest Foundauon for Biomedical Re-
search, P.O. Box 28147, San Antonio, TX 78228-0147, USA.
Abbreviations: Ab, antibody: ABTS. 2,2-uzino-bis-(3-cthyl-
henzthiazoline-6-sulfonate): BSA. bovine serum albumin: C.
constant: ELISA. enzvme-linked immunosorbent ussay:

sent the class and subclass differences common
to all Igs of a given species. whereas allotypic
determinants represent Ig intraspecies polymor-
phism. Isotypes are generally associated with the
constant (C) region of the Ig molecule, whereas

HRP. horseradish peroxidase; 1d, idiotype: lg. immunoglo-
bulin: KLH, kevhole limpet hemocyanin: mAb. monoclonal
antibody: NGS. normal goat serum: O.D.. optical density:
PBS. phosphate butfered saline; STX, saxitoxin: TDT. tetro-
dotoxin: V., variable.
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allotypes can be found on both the C and variable
(V) regions. The third type of antigenic determi-
nant is represented by the idiotype (1d) determi-
nant. The Id of an antibody moleculc includes a
collection of amino acid sequences. termed id-
iotopes, which reside solely within its binding or
V region domain (Oudin and Michel, 1963).
Anti-Id reagents, or anti-antibodies (Ab2), gen-
erated by immunization with the Id-bearing anti-
body (Abl) have been used to define the Id
serologically. The ability of anti-Id antibodies to
modulate the in vivo immune responses against a
number of antigenic systems has been docu-
mented (Bona, -1988). Perhaps the most interest-
ing application of immune modulation by anti-Id
antibodies is based on their ability to mimic the
tertiary structure of the nominal antigen. This has
led to the concept that ‘internal image’ anti-1d
could be potentially useful as antibody-based
vaccines (Nisonoff and Lamoyi, 1981). Indeed,
the feasibility of this approach has been docu-
mented in a variety of viral, bacterial, and para-
sitic infections (Bona. 1988), and in cancer
(Kennedy et al., 1987). Vaccination of mice with
an anti-Id mAb raised against a protective mAbl
specific for the protein synthesis inhibitor tri-
chothecene mycotoxin T-2 was recently shown
by us to induce in the vaccinated animals a
circulating  and protective immune responsc
against the in vitro and in vivo toxicity of T-2
mycotoxin (Chanh et al.. 1990, 1992).

Saxitoxin (STX) is a potent neurotoxin with an
approximate intraperitoneal LDy, (dose killing
50%, of the injected animals) of 10 pug/kg in mice
(Bower ct al., 1981). It is a nonproteinaceous,
heterocyclic guanidinium compound of approxi-
mate M, of 300 Da, produced by dinoflagellates
of the genus Gonyauwlax during ocean blooms
such as the red tide (Schantz et al.. 1966). These
organisms are ingested in large amounts by shell-
fish such as clams and mussels which concen-
trate STX, yet they themselves do not appear to
be affected (Schantz, 1980). However, paralysis
and death may occur in humans consuming the
contaminated shellfish. The toxicity of this para-
Iytic poison results from its ability to block

sodium 1on transport across the cell membrance
(Evans. 1972). STX binds with an approximate
dissociation corstant of 5 x 10~ M (Hille. 1968)
to its cellular receptor. which is thought to reside
on the external surface of the cell membranes
rather than inside the sodium channel itself (Kao.
1968). This binding appears to be associated with
a 260 kDa protein moiety as well as one or more
smaller polypeptides (Tanaka ct al., 1986).

To assess the feasibility of anti-Id based vac-
cine in the induction of protective immunity
against STX toxicity, BALB/C mice and New
Zealand White rubbits were immunized with
protein G-purified burro anti-STX 1gG. which
had been previously demonstrated to reverse
STX-induced cardiorespiratory failure in guinea
pigs (Benton ct al., 1991). The generated murine
and rabbit anti-Id antibodies were purified and
shown to induce a specific anti-STX antibody
response in naive BALB/C mice. The anti-STX
Ab3 containing scra were shown to negate the
ability of STX to block the sodium channels of
neuroblastoma cells treated with veratridine and
ouabain. Thesc results reinforce the potential
cffectivencss of anti-Id based vaccine in the
induction of systemic and protective immune
responscs against biological and chemical toxins
whose extreme toxicity prevents their use as safe
immunogens.

Materials and Methods

Burro anti-saxitoxin 1gG

The IgG fraction of burro anti-STX aatibodies
was purified by ubsorption and clution from
protein G. and was generously provided by Dr.
J.F. Hewetson (Pathophysiology Department.
USAMRIID, Fort Detrick, Frederick. MD).

Generation of murine and rabbit anti-idiotype anti-
sera

Female BALB/C micc (4-6 weeks of age) and
female New Zcaland White rabbits (4-6 months
of age) were purchased from Harlin Spraguc
Dawley, Inc. (Indianapolis. IN). Upon arrival.
both species of animals were quarantined for at




least 2 weeks before use. The burro anti-STX
IgG preparation was precipitated with alum hy-
droxide as dctailed clsewhere (Schick ct al..
1989). Immunizations of the burro anti-STX
[gG/alum in rabbits (50 pg/animal; intramuscu-
lar) and in mice (10 ugsanimal: intraperitoncal)
were done every 2 weeks, with bleedings ob-
tained before each injection. '

Absorption of polvclonal anti-idiotype arnitisera

To remove anti-isotype and anti-allotype anti-
bodies. the polyclonal rabbit and mouse scra
were repeatedly absorbed over columns of agar-
ose conjugated to normal horse [Ig (Sigma
Chemical Co.. St. Louis. MO). Normal horse Ig
was used instead of normal burro Ig because it is
more readily available and becausc of the close
phylogenetic rclationship between these two spe-
cies.

Detection of anti-idiotype reactivity

To assess the anti-Id specificity of the absorbed
sera. microtiter wells were coated with 0.05 ml of
phosphate buffered saline (pH 7.2) containing
2.0 ug/ml of purified normal horse Ig (Sigma
Chemical Co.) or puritied burro-anti STX IgG
overnight at 4 °C. The wells werc washed with
PBS/1Y; Tween-20 (wash buffer), and blocked
with PBS/5°, normal goat serum (NGS)for | h
at 37°C. The wells were washed with wash
buffer, serial dilutions of the absorbed rabbit or
mouse sera were added (0.05 ml) and the wells
were incubated for | h at 37°C. Pooled preim-
mune mouse and rabbit sera served as negative
controls. After incubation. the wells were
washed. and 0.05 ml of a proper dilution of goat
anti-rabbit Ig (for detection of rabbit anti-Id) or
anti-mouse Ig (for detection of mousc anti-1d)
conjugated to horseradish peroxidase (HRP.
Fisher Scientific. Orangeburg, NY) were added.
The wells were incubated for an additional hour
at 37 °C, followed by addition of the substrate 2,
2-azino-bis-(3-ethyl-benzthiazoline-6-sulfonate,
ABTS) in 0.3%, 0.1 M citric acid buffer, pH 4.0
(Sigma Chemical Co.). The reaction was termi-
rated by adding 0.1 ml of 5%, SDS in PBS. und

absorbance was determined at 410 nm in a Dy-
natech microplate reader. Determinations were
done in tripiicate.

Preparation of anti-1d for immunization

Absorbed rabbit or mouse anti-Id scra that re-
acted with burro anti-STX IgG, but not with
normal horse Ig as assessed above, were further
purificd for BALB/C miousc immunization. Both
absorbed rabbit and mouse anti-Id sera were
absorbed to and cluted from protein A chroma-
tography as described (Ey ctal.. 1978). The
protein A-purified rabbit and mouse Ab2 were
precipitated with aluminum hydroxide (Schick
ct al.. -1989). Groups of BALB/C mice were
immunized i.p. with 50 ug/mouse of purified
rabbit or mouse Ab2 cvery other week for the

gencration of Ab3. Micc were bled before cach ~

immunization. The mouse Ab2 was also conju-
gated to KL.H (Calbiochem, La Jolla, CA) as
previously described for induction of Ab3 in
another group of BALB/C mice (Schick ct al.,
1989).

Reactivity of purified mouse and rabbit anti-Id with
mouse monoclonal anti-STX antibodies

To test for the ability of the purified mouse and
rabbit Ab2 to bind to murine anti-STX mAbs.
two previously generated anti-STX mAbs.
namely S3E.2 (IgG,.) and S1AS (IgM,). were
used (Huot ct al.. 1989a). Briefly, purified S3E.2
or SIAS uanti-STX murine mAbls were used (o
coat microtiter wells (3.0 pg/mi, 0.05 ml/well)
overnight at 4 °C. The wells were washed and
blocked as described above, followed by addition
of serial dilutions {0.05 mi/well) of purified rabbit
or mouse Ab2. The ELISA were performed as
described above with the foliowing changes. For
the detection of rabbit Ab2 binding to mouse
anti-STX. goat anti-rabbit Ig-HRP (Fisher Sci-
entific) was used as the sccondary antibody
reagent. For the detection of mouse Ab2 binding,
specific goat anti-mousce p-chain-HRP (Fisher
Scientific) was used for detecting the binding 10
S3E.2 mAbl (IgG). whereas specific goat anu-
mouse 7-chain-HRP (Fisher Scientific) was used
for detecting the binding to SIAS mAb (IgM).
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Detection of anti-STX (Ab3) untibody response
Anti-STX antibody reactivity in sera ol mice
immunized with mouse or rabbit Ab2 was dec-
tected in an ELISA using STX conjugated to
bovine serum albumin (STX-BSA) with formal-
dehyde as the coupling agent as previously de-
scribed (Huot et al., 1989a). Goat anti-mouse Ig-,
u-chain-, and y-chain-HRP were used to dctect
anti-STX antibodies of all isotypes, IgM isotype,
and IgG isotype, respectively. Monoclonal S1AS
(IgM,) and S3E.2 (IgG,.) anti-STX previously
generated by us (Huot ct al.. 1989a) werc used as
positive controls. Positive reactivity is defined as
0.D. values of immune sera greater than 0.1 and
greater than three times that of preimmune sera.
Specificity analyses were done using binding
ELISA with wells coated with an unreclated toxin
(tetrodotoxin, TDT) conjugated to BSA (Huot
et al., 1989b), and inhibition ELISA in which free
STX was added as the inhibitor of binding to
STX-BSA as previously described by us (Huot
et al., 1989a).

Inhibiiion of sodium channel blocking by STX with
anti-Id-induced anti-STX antihodies

An invitro assay was emploved to assess the
ability of the murine anti-3TX antibody rc-
sponses, induced by rabbit and murine anti-Id, to
abolish the protection provided by STX which
blocks sodium channels opened up by treatment
with veratridine and ouabain (Gallacher and
Birkbeck, 1992). Mouse neuroblastoma cells
(CCL131 obtained from the American Type Cul-
ture Collection, Rockville, MD) in RPMI 1640
(Cell Culture Laboratories, Cleveland, OH)
supplemented with 25 mM Hepes. 200 [U/ml
penicillin, 200 ug/ml streptomycin, and 109,
FCS (Intergen, Purchase, NY) were plate in
96-well flat-bottom tissue culture plates

(3 x 10* cells/well). Following overnight incuba-
tion at 37 °C, the culture medium was removed
and replaced with fresh medium containing vari-
ous concentration of ouabain and veratridine.
We had predetermined that a combination of
0.5 mM ouabain and 0.25 mM veratridine kills
approximately 50-70°, of the CCLI131 cells. It

was also determined that STX at 30 nM pro-
vided approximately 50°, protection against the
ouabain veratridine mediated toxicity. To test for
the ability of anti-STX Ab3 scra to ncgate the
protection provided by STX in this system. mix-
tures of STX (30 nM) without or with serial
dilutions of anti-STX Ab3 sera, or preimmune
sera as negative controls, were added to CCL131
cell monolayers in the presence of 0.5 mM oua-
bain and 0.25 mM veratridine. The wells were
incubated at 37 °C for 48 h, and cell viability was
determined using the tetrazolium salt MTT
(3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetra-
zolium bromide, Sigma Chemical Co.) assay
essentially uas described (Mosmann, 1983).
t-Distribution tests at 95%, confidence level were
used to determine the significance of the differ-
ences observed. Significant differences indicate -
that the anti-STX Ab3 did not negate the protec-
tive effect of STX in this system.

Results

Generation of murine and rabhit anti-Id antibodies
Following three immunizations with burro anti-
STX IgG, the absorbed and protein A-purificd
murine and rabbit unti-Id antibodies showed
significant binding against burro anti-STX IgG.
Approximately 5.0 ug/ml of absorbed and puri-
fied murine anti-Id (Fig. 1) and 2.0 pg/ml of
rabbit anti-1d (Fig. 2) exhibited about 50%, bind-
ing to wells coated with burro anti-STX IgG.
respectively. No significant ELISA reactivity was
observed with either anti-Id preparations against
purified normal horse Ig. Pooled preimmune
rabbit and murine sera at I:10 dilution did not
react significantly with either burro anti-STX
IgG. or with normal horse Ig (data not shown).

Induction of specific anti-STX immune responses in
BALBIC mice by polvclonal murine and rabbit
anti-1d

To assess the ability of the absorbed and purified
murine and rabbit Ab2 in cliciting ant-STX
antibody responses, groups off five BALB.C
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Fig. 1. ELISA reacuvity ol punticd murine Ab2 anu-thurro-

anti-STX) using microtiter wells coated with burro anu-STX

{closed symbols), or with normal horse lg (open symbols).
Mean of triplicate O.D. » SD are shown.

mice each were immunized with cither unconju-
gated murine or rabbit Ab2, or with murinc Ab2
conjugated to KLH. BALB/C mousc Ab2 un-
conjugated and alum hydroxide precipitated
failed to clicit in BALB./C mice a significant
anti-STX antibody response. even after six im-
munizations (data not shown). On the other
hand. both the unconjugated rabbit Ab2 und
BALB/C mouse Ab2 conjugated to KLIH. and

06}
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Fig. 2. ELISA reactivity of puritied rabbit Ab2 anti-(burro-

anti-STX) using microtiter weils couated with burro anti-STX

(closed svmibols) or with normal horse lg (open svmbols).
Meun of triplicate O.D. + SD are shown.
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alum precipitated induced an anti-STX antibody
response in BALB.C mice. All five BALB C
mice immunized with BALB/C mouse Ab2-K LI
exhibited detectable anti-STX antibody reactivity
in ELISA following the second immunization.
The anti-STX untibody tters did not increase
dramatically with subscquent  immunizations:
however, 2.5 and | 5 immunized mice developed
antibody tiers of 1 600 following the 7th and 8th
injections., respectively (Table I). Likewise, the
rabbit Ab2, unconjugated and alum precipitated.
also clicited in BALB/C mice an nti-STX ant-
bodyv response following the sccond immuniza-
tion (Table I, It appeared that five to six immu-
nizations ot the rabbit Ab2 were needed to
induce unti-STX titers similar to those achieved
with seven to eight injections of the murine Ab2.
The anti-STX immune responses induced by
murine Ab2-KLH were primarily of the IgM
isotype (Table 1). In contrast, that elicited by
immunization with the rabbit Ab2 exhibited some
anti-STX 1gG reactivity, although the IgM anti-
STX responses were more pronounced (Ta-
ble I1). The anti-STX Ab3 responses in both
groups appeared to be specific for the toxin
antigen. The binding of pooled sera from mice
immunized with murine Ab2 to STX-BSA-
coated wells was etficiently inhibited by free STX
(Table HD. Moreover. the sera did not exhibit
any significant reactivity - against an unrelated
toxin, namely  tetrodotoxin-BSA - (tdt-BSA).
Similar results were obteined with sera from mice
immunized with rabbit Ab2 (data not shown).

Recaognition of cross-species Id by muring and rabhit
anti-Id antibodies

One of the important requirements for antigenic
mimicry. or internal image, of an anu-Id is its
ability to recognize and bind to Abl raised in
heterologous spectes against the nominal antigen
(in this case STX). Thus. protein A-puritied
murinc and rabbit Ab2 specific for burro anti-
STX 1gG were tested for reactivity against two
murine anti-STX mAbs (S3E.20 an [gG,. and
SIAS. an IgM) generated previously (Huot
ctal.. 1989a). Both the murine and rabbit Ab2
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TABLE 1

LELISA reactivity of BALB C mice immunized with KLH-conpgated BALB C anti-(burro anu-S1TX)

Mouse Immunization no.
number
3 1 1 3 0 - N
lo it

1.0 400° 40 400 SO S00 SO0 N0 10 1600
0.0 200 400 J00) 400 00 [ 1600 i 3200
0.1 200 400 200 00 400 NOD 800 N) 1600
2.0 200 200 400 800 U0 [00 1600 J0 3200
0.2 200 200 200 00 J00 1oon 1600 10 1600

* Reciprocal dilutions of sera considered positive (O.D. 201 and O.D. 2+ 3 < O.D. of preimmune sera). Binding ELISA using
STX-BSA-coated wells were done as previoulsy described by us (Huot et al, 19%9a). .\ pooled serum (1:40) of mice immunized
with rabbit Ab2 to an anti-mycotoxin -2 Ab1 gave an O.D. 51 ol .03 « 002 in this assay.

preparations showed significant binding o the
two murine anti-STX mAbs, whereas no binding
was observed in wells coated with normal mouse
[g or with an anti-TDT mAb (Huot ct al.. 1989b)
(Table IV).

Anti-Id-induced anti-STX antibodies negated the
protective effect of STX in cells wreated with verarri-
dine and ouabain

Treatment of murine neuroblastoma cell line
CCL131 with veratridine and ouabain results in
increcased ion permeability. cell swelling, und
eventual cell death (Gallacher and Birkbeck.
1992). In a representative experiment shown in

TABLLE I

Table V. addition of 0.25 mM veratridine and
0.5mM ouabain resulted in  approximately
77.0", neuroblastoma cell death. In the presence
of STX at a concentration of 30nM, this
veratridine/ouabain-induced cytotoxicity was re-
duced to approximately 46.8”,,. When STX was
preincubated with serial dilutions of pooled mu-
rinc anti-STX Ab3 sera. a dose-dependent de-
crease in the ability of STX to protect against the
cytotoxicity of veratridine and ouabain was ob-
served. Thus, 1:10 dilution of the murine anti-
STX Ab3 scra induced by mouse and rabbit Ab2
significantly inhibited the protection provided by
STX., and reversed veratridine:ouabain toxicity

LELISA reactivity of BALB ¢ mice immumized with rabbit anti-(burro anti-STX)

Mouse Immunization no.
number R
2 3 4 N 0
Iy i
1.0 J00° N{l] 800 800 1600) 1600 200
0.0 200 400 400 400 SO0 40 Lot
0.1 %00 400 300 To00 1600 1280 1600
2.0 400 800 1600 1600 200 220 3200
0.2 200 200 %00 S04 800 160 SOt
* See legend of Tuble [
\
\
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TABLE 1
Speciticity of the murine anti-STNX AD3 responses mduced by
murine Ab2 '

STX-inhibitions ELISA! TDT-binding ELISA"

STX ”., Inhibition Scrum O.D.
concentration difution

( prg;ml)

0 0 10 (.08 + 0.03
31 23.6 20 0.07 + 0.02
6.2 514 0 .04 + 0.01
12.5 86.3 80 0o3 0.2
25.0 95.8 160 0.03 + 0.01
500 9x.2 0 .02+ 0,01
100.0 - 96.5 211 002+ 0.02

ELISA to assess the inhibition of binding of pooled mouse
sera to STX-BSA-coated wells by different concentrations
of STX wis donce as described by us (Huot et al., 1989a).
TDT at 100 ug:ml exhibited 2.4", inhibition of the hinding
in this assay.

" TDT-binding ELISA was done with TDT-BSA-coated
wells as described by us (Huot et al, 1989h). A mouse
anti-TDT serum at 1:300 dilution served as the positive
binding control (0.D. = 0.59 - 0.04).

on CCL131 to 73.7°, and 77.3",. respectively.
There was no significant decrcase in the STX-
mediated protection by preimmune murine sera,
or with a murine anti-ricin mAb (Chanh et al.,
1992).

Discussion

In this manuscript. we have demonstrated the
efficacy of BALB/C murine and rabbit polyclonal
anti-1d antibodies specific for burro-anti-STX in
cliciting a significant and specific anti-STX Ab3
response in naive BALB C mice. Since normal
burro Ig was not available for adsorption studies
to remove anti-burro isotypes and allotvpes from
the murine and rabbit Ab2 sera. the normal horse
Ig-adsorbed sera may contain Ab2 with these
specificities in addition to those with anti-Id
reactivity. None:heless. administration of murine
Ab2-KLH or rabbit Ab2 into naive BALB/C
mice clicited detectable anti-STX Ab3 loliowing

FABLLE Y

LIS reactivity of murme and rabbit Ab2 Ginst miurme
ati-S EX by

Ab2 concentrition Wells coated with anti-STX mABs

{pemh

SIE2 16, S1AS LM

Murine Ab2

5.0 063 008" 072 0049
A . .38 + 0006 1,62 « (LUs
1.2 048+ .04 0.33 + (106
1.0 0,29 4 0.04 0.32: 000
(IR) 018 « 002 021 . 008
015 008 + 3.0} 0,20+ D06
Rabt Ab2
0 IXSREINE! L -3
MR 0.79 + 008 091 010
1.2 0.67 + 005 (L8S +0.09
0.6 . 048 4 0.05 .61 +0.05
0.3 028 1 003 0.40 + (LO6
018 013 0.0d 021+ 0.07

‘The absorbances with anti-TDT 1¢G, mAb-coated wells were
0.09 + 0.0 and 0.0% « 0,04 for rabbit and murine Ab2, re-
spectively.

the sccond immunization. Although the Ab3
response titers induced by Ab2 did not increase
dramatically  following subsequent  immuniza-
tions with Ab2. the titers achicved with six and
cight immunizations of murine Ab2-KLI{ and

rabbit Ab2. respectively, reached  dilutions of

1:800 to 1:3200. The majorty of the anti-STX
Ab3 responses in both groups of mice were of the

[gM isotype. The anti-STX 1gG titery induced by -

murinc Ab2-K LI ranged only from 1:10 to 1:80
dilutions. whereas those induced by rabbit Ab2
were somewhat more significant. ranging {rom
serum dilutions of 1:40 {o 1:1280. The rcason for
this low [gG anti-STX response may be ac-
counted for by the use of alum hvdroxide instead
ol Freund’s or other adjuvants as the immuno-
stimulator. The obscrvauon that BALB.C mu-
rine Ab2. not conjugated to KLH protein carrier.
failed to induce a significant anti-STX immune
response in BALB/C mice is in concordance with
previously published results suggesting the re-
quirement tor Ab2 conjugation to heterologous
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TABLE V

Anti-STX AbI negate the protective effect of STNX moveratridime ouibam treated cells

Neuroblastoma

Murine anu-STNX ADY induced by

cell culture

conditions Rabbit Ab2 Murine Ab2-KI1.H
Pl Immune Pl Immune

vhoOf STXY IiN 0 30 100 i 10 30 1

- - - 192:0.2 101" I85.008 ND¥ ND NS00 tu o' ND ND

+ . - 044 +0.02 043001 046005 ND ND n43. 001 047 -0.01 ND ND
(77.00" (76.3) (75.1 (76.9) (G

[ s . 1.O2+000" 11«02 0320058 077008 090+ 006" 1207 030+ 01" 067 01" TOS. 02
o 42.h (770 (38.4)

(3L (3IN.5) {737 (64.7) 4.

The percent eyvtotoxicity, caleulated as deseribed in Maternids and Methods, i the presence of ouabain veratnidme STX with an

irrelevant anti-ricin 1g(G, mAb was approxamately 4417 .
* Preimmunc sera.

™ 0.25 mM veratridine was used in the assay.

¥ 0.5 mM ouabain wus used in the assay.

of veratridine and ouabain indicated above,
" Reciprocal dilution of sera.
" Mean of triplicate O.D. + SD.
Not donc.
Percent cyvtotoxicity.

P

- = T

Not significant (p values ranging from 0.382 to 0.632).

protein carricrs in the induction of significant
syngencic immune responses to nominal antigens
(Ward et al., 1987: Chanh ct al.. 1990).

The specificity of the anti-STX Ab3 responses
in both groups of immunized mice were demon-
strated in a number of ways. The Ab3 responses
reacted with STX-BSA but not with TDT-BSA
coated wells, and were specifically inhibited by
frce STX from binding to STX-BSA couated
microtiter wells. Morcover. the anti-STX Ab3
sera were capable of negatng the protective etfect
of STX on necuroblastoma cells treated with
veratridine and ouabain. whereas an anti-ricin
mADb had no effect. This property of the anti-STX
Ab3 sera is presumably due to specific binding to
STX. preventing it from closing the sodium

channels opened by the cumulative actions off

veratridine and ouabain. which result in an influx
of ions inside the cells causing cellular swelling

30 nM STX was used. This concentration usually resulted in 307, protection agiinst evtotoxicity induced by the concentritions

Significant ditferences at 93", confidences at 957 contidence level (p values ranging tfrom 0.0261 to 1.002),

and subsequent cell death (Gallacher and Birk-
beck. 1992).

We have previously demonstrated the potential
use of an ant-ld mAb in cliciting @ systemic
anti-mycotoxin T-2 untibody  response which
protected agamst the in vitro and in vivo toxicity
of T-2 (Chanh ct al.. 1990; 1991). The results
presented herein represent. to our knowledge. the
first demonstration of the ase of anti-ld-based
vaccine in the induction of a syvstemic immune
response to STX. u neurotoxin. The observation
that the murine and rubbit Ab2. gencrated by
immunization with burro anti-STX 1gG. recog-
nized two previously generated heterologous
anti-STX murine menoclonal antibodies  sug-
gests that some of the Ab2 may possess antigenic
mimicry. Whether this anti-Id-induced anti-STN
would provide protection against the in vivo tox-
ety ol STX remains 1o be determined. Taken




together., these results reinforee the potential
importance ol anti-Id-based vaccines for the
development of effective prophylaxis against non-
proteinaceous. low molecular weight toxing ol
chemical and biological sources. whose chemical
nature renders conventional approaches to vac-
cine development difficult at best. and whose
extreme in vivo toxicity prevents their use as
immunogens. '
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ABSTRACT

Saxitoxin (STX) is a !ethal neurotoxin which exerts its toxicity by blocking sodium ion
transport across the cellular membrane. A protein G-purified burro anti-STX IgG antibody prepa-

ration was previously generated and shown to reverse the STX-mediated cardiorespiratory failure

in guinea pigs. The purified burro anti-STX IgG antibodies were precipitated with aluminum hy-
droxide and used to immunize BALB/C mice for the production of polyclonal anti-idiotypic antibod-
ies. The generated murine anti-idiotypic sera were rendered specific to burro anti-STX IgG anti-
bodies by repeated absorption, and were further purified by ﬁrotein A chromatography. Purified
murine anti-idiotypic but not control anti-idiotypic antibodies inhibited the binding of the burro anti-
STX antibodies to STX, suggesting recognition of antigenic determinant(s) closely associated with
the combining site(s) of the burro antibodies. BALB/C mice immunized with the absorbed and
protein A-purified syngeneic anti-idiotypic antibodies conjugated to keyhole limpet hemocyanin
developed a specific humoral anti-STX antibody response which protected them against a lethal
in vivo challenge with saxitoxin. Fifty percent of the anti-idiotype vaccinated mice survived an in
vivo STX challenge of 8.0 ng/kg body weight, whereas all the control anti-idiotype immunized
mice died. These findings further strengthen the concept of anti-idiotype-based strategy for the
development of safe and effective vaccines against low 'molecular weight, non-proteinaceous and

highly toxic ‘compounds of biological and chemical origins.




INTRODUCTION

Saxitoxin (STX) represents one of the rost lethal neurotoxin known to man with LD5g
values (dose that kills 50% of the toxin-treated animals) in the pg/kg range.1 Saxitoxin is a non-
proteinaceous, heterocyclic guanidinium compound with an approximate molecular weight (m.w.)
of 300 Da. Itis a biological toxin produced by the dinoflagellates of the genus Gonyaulax found
during ocean blooms such as the red tide.2 The dinoflagellates are ingested in copious amounts
by shellfish including clams and mussels which concentrate the toxin in their systems, without
being adversely affected by the toxin.3 However, consumption of STX-contaminated shellfish by
humar"as may result in paralysis and even death which occurs through a rapidly progressive weak-
ening of voluntary muscles, including respiratory muscles, resulting from the interruption of
neuromuscular transmission in motor neurons# and in muscle fiber membranes.S Thus, STX
contamination of shellfish during ocean blooms not only creates a safety hazard for humans, but
also results in considerable economic loss to the fishing industry. The mechénism of toxicity of
this paralytic toxin results from its ability to block sodium ion transport across the cell membrane.®
Saxitoxin has been shown to bind to its specific cellular recéptor with a dissociation constant of ~
5x 109 Mm.7 Receptor binding studies suggest that STX cellular receptors appear to reside on
the external surface of the cell membranes instead of inside the sodium channels themselves.8
The major STX cellular receptor has been identified as a proteiﬁ of ~ 260 kDa, however STX may
also associate with as yet undefined smaller polypep’cides.9 Because of its chemical, structural
and biological characteristics, including its low m. w. and extreme in vivo toxicity, it has been diffi-
cult to induce immunity against STX intoxication. Low m. w. toxins such as T-2 r‘nycotoxin10 and
STX (T. Chanh, unpublished resuits) have been conjugated to different protein carriers in order to
render them immunogenic, however leakage of the active form of the toxins from the toxin/carrier
complexes has been demonstrated. To circumvent this difficuity, we have investigated the fea-
sibility of eliciting active and protective immunity against STX intoxication in vivo by anti-idiotype

(anti-Id) or Ab2 vaccination.



Immunoglobulin (Ig) molecules are characterized by three major antigenic determinants.
Isotypic determinants define the class and subclass differences within a given species, whereas
allotypic determinants represent intraspecies genetic polymorphism. Idiotypic (Id) determinants
are defined as amino écid sequences associated with the variable (V) region of the Ig molecule.
One of the postulates of the network theory formulated by Jerne is that some anti-ld antibodies
(or Ab2), termed internal image anti-ld or Ab2f whose binding to the Id determinants can be
specifically inhibited by the antigens, ‘have the ability to serologically and structurally mimic the
nominal antigens.11 This "antigenic mimicry” has led to the hypothesis that anti-Id antibodies
may have important applications in vaccine development.12 Indeed, ample experimental evi-
dence exist in support of the ability of anti-ld antibodies to mimic antigens and to induce specific
immune responsiveness in a variety of antigenic systems.t”'28 Our laboratories have been in-
terested in the anti-ld antibody-based approach for the development of effective vaccines against -
a variety of low m.w. toxins of biologiéal and chemical origins. We have previously reported the
induction of active, specific and protective immunity against the in vivo toxicity of T-2 mycotoxin (a
protein synthesis inhibitor) by vaccination of syngeneic mice with a BALB/C anti-ld monoclonal
antibody (mAb) specific for a protective anti-T-2 mAb.29-31 Polyclonal Ab2 antibodies to goat
anti-ricin antibodies have also been generated and demonstrated to induce in syngeneic and
xenogeneic species specific anti-ricin antibody responses which effectively protected the EL-4
murine myeloma cell line against the in vitro cytotoxicity of ricin.32 Herein, we report that BALB/C
mice vaccinated with syngeneic Ab2 anti-Id antibodies to the burro énti-STX antibodies developed
a specific and active antibody response which protected them from a lethal in vivo STX challenge.
The results presented herein and previously published findings discussed above suggest that the
anti-ld vaccine approach may represent a safe and effective mean for the elic‘itation of active and

protective immunity against low m. w. and highly toxic compounds of biological origin.
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MATERIALS AND METHODS |

Burro anti-STX IgG antibodies
The 1gG fraction of the burro anti-STX antibodies was obtained by protein G chromatogra-
phy and was previously demonstrated to reverse the STX-induced cardiorespiratory failure in

guinea pigs.33

Generation of BALB/C anti-idiotype Ab2 sera.

The protein G-purified burro anti-STX IgG antibodies were precipitated with aluminum hy-
droxide as described earlier.34 Female BALB/C mice (Harlan Sprague Dawley, Inc., Indianapolis,
IN) were immunized i.p. with 50 pg/injection of the aluminum hydroxide precipitated burro anti-
STX IgG every other week. The mice were bled two weeks subsequent to the fourth immuniza-
tion, and their sera were pooled and stored at -80°C for analysis. To remove anti-allotype and
anti-isotype reactivity, the murine sera were absorbed repeatedly over agarose conjugated to
normal horse Ig (NHIg, Sigma Chemical Co., St. Louis, MO). Normal horse Ig was used for this
purpose because it is more readily available than normal burro Ig and because there is good
cross-reactivity between these two species' Ig as a resuit of their élose phylogenetic relationship.
The murine Ab2 antibodies were further purified by protein A chromatography, as described

elsewhere35, for further analysis.

ELISA for the detection of BALB/C mouse anti-Id antibodies

Enzyme-linked immunosorbent assays (ELISAs) were used to de—tect BALB/C mouse Ab2
antibody reactivity to burro anti-STX antibodies. Microtiter wells were coated with 0.05 mi of a
predetermined optimum concentration of 2.0 ug/ml of NHIg or burro anti-STX IgG antibodies
overnight at 4°C. The wells were washed with phosphate buffered saline (PBS, pH 7.2) supple-
mented with 1% Tween-20 (wash buffer), and blocked with PBS containing 5% normal goat se-
rum (PBS/NGS) for 1 hr at 37°C. After washing, 0.05 ml containing different concentra-

-5-



-—

tions of the absorbed and protein A-purified murine Ab2 antibodies were added to the wells which

were incubated for 1 hr at 37°C. Pooled preimmune murine Ig and BALB/C mouse anti-ld Ab2

antibodfes specific for goat anti-ricin IgG antibodies, purified as above, were used as negative
controls. 32 After incubation and washing, 0.05 ml of a 1:2000 dilution of goat anti-mouse Ig
conjugated to horseradish peroxidase (HRP, Fisher Scientific, Orangeburg, NY) were added to
the wells. Reactivity was developed by the addition of the substrate 2,2-azino-bis-(3-ethyl-ben-
zthiazoline-6-sulfonate) (ABTS) dissolved in 0.3% 0.1M citric acid buffer, pH 4.0 (Sigma Chemical
Co.). The reaction was stopped by the addition of 5% SDS in PBS, and absorbance was deter-

mined at 410 nm with a Dynatech microplate reader. All determinations were done in triplicate.

Inhibition of.burro anti-STX binding to STX by murine anti-Id antibodies

The proteir: A-purified murine Ab2 antibodies were tested for their ability to inhibit the -
binding of the burro anti-STX IgG to STX as follows. Equal volume (0.05 mi) of 1.0 pg/ml of burro
anti-STX conjugated to biotin34 was admixed with different concentrations of the purified murine
Ab2 antibodies for 30 min at 379C. The mixtures were added to microtiter wells coated with 10 p
g/ml of STX-BSA conjugate prepared as we previously described.38 After 1 hr of incubation at
37°C, binding or inhibition thereof was detected by the addition of avidin-HRP and the substrate,
ABTS.36 pooled and prote purified preimmune mouse 1gG and mouse anti-Id IgG to goat

anti-ricin were used as negative controls.

Vaccination of BALB/C mice with BALB/C anti-Id

' The protein A-purified murine Ab2 1gG antibodies to burro anti-STX antibodies(and the
control murine Ab2 anti-id to goat anti-ricin antibodies) were conjugate;:i to keyhole limpet hemo-
cyanin (KLH, Calbiochem, La Jolla, CA) with 1-ethyl-3(3-dimethylaminopropy!)-carbodiimide
(EDAC, Sigma Chemical Co.), as previously described by us.31 Groups of BALB/C mice were
vaccinated i.p. every three weeks with 50ng/injection of the syngeneic murine Ab2 anti-Id anti-
bodies. The Ab2 anti-Id antibodies were emuisified in Freund's complete adjuvant (FCA) for the
first injection, Freund's incomplete adjuvant (FIA) for the second booster injection, and in PBS for
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subsequent immunizations. The mice ware bled two weeks after the fifth injéction, and their sera
were tested for ELISA reactivity as described below. Other groups of BALB/C mice were similarly

immunized and challenged with different doses of STX, as described below.

Detection of anti-STX antibody responses induced by anti-Id immunization

Serial dilutions of the murine anti-anti-ld-antibodies (Ab3) were tested for reactivity using
microtiter wells coated with STX-BSA36 or tetrodotoxin- (TDT) BSA37, as we previously des-
cribed. Inhibition of binding was also assessed using a 1500 dilution of pooled immune mouse
sera obtained two weeks after the fifth injection, and eithier STX (USAMRID, Fort Detrick, Freder-
_ick, MD) or TDT (Sigma Chemical Co.) as the inhibitor to further determine the specificity of the

anti-ld-induced anti-STX antibody responses.36.37

In vivo STX challenge
After the fifth Ab2 anti-ld immunization, groups of mice were challenged s.c. with various
doses of STX in 0.1 mi of sterile PBS. The number of mice that died from the STX challenge, and

the time between challenge and death (elapsed time) were recorded.

RESULTS

Specificity of the absorbed and purified BALB/C mouse anti-Id antibodies

BALB/C mice vaccinated with the protein G-purified burro anti-STX IgG precipitated in
aluminum hydroxide were bled two weeks subsequent to the fourth immunization. Their sera
were pooled and absorbed by repeated passages over NHIg-agarose column, and purified by
protein A chromatography. Following the third absorption run over NHIg-agarose column, the
BALB/C mouse Ab2 anti-ld antibodies still exhibited residual ELISA reactivity against NHIg-coated
microtiter wells (data not shown). However, after the fourth absorption run, the murine Ab2
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preparation showed no remaining reactivity with NHIg even at a concentration of 50 ug/ml, but still
reacted strongly with the burro anti-STX IgG (Table 1), with an approximate 50% binding end-

point at a concentration of ~ 3.1 pg/ml.

Munne anti-Id antibodies inhibited the binding of burro anti-STX to STX

To determine whether the Id determinant(s) recognized by the absorbed and purified
murine Ab2 anti-ld antibodies was associated with the STX-binding site(s) of the burro anti-STX
IgG, inhibition ZLISAs designed to assess the ability of the purified murine Ab2 antibodies to in-
hibit the binding of the burro anti-STX antibodies to STX-BSA-coated wells were performed.
Burro anti-STX 1gG antibodies preincubated with the control purified murine Ab2 antibodies to
gloat anti-ricin antibodies were still capabie of binding to. STX-BSA .coated wells (Table 2). In ad-
dition, neither of the preimmune murine Ig inhibited the binding of the burro anti-STX antibodies to
STX-BSA. Conversely, the murine Ab2 antibodies raised to burrc anti-STX antibodies signifi- -
cantly inhibited the latter from binding to STX-BSA in a dose-dependent fashion (Table 2). Con-
centrations of murine Ab2 antibodies equal to or higher than 1.2 ug/ml inhibited the binding of the
burro anti-STX antibodies to STX-BSA by greater than 93%. An approximated 50% inhibition of
binding end-point was achieved with a concentration of the BALB/C mouse Ab2 antibodies be-

tween 0.6 pg/ml and 0.3 pug/mi.

Mun’ne. anti-ld antibodies elicited specific and protective anti-STX immune responses in vivé

The specificity of the anti-ld-induced anti-STX antibody responses in a group of five
BALB/C mice immunized with syngeneic anti-Id antibodies was assessed by ELISAs. The binding
of the Ab2-induced antibody responses to STX-BSA-coated microtiter wells was inhibited by STX,
but not by the structurally related Na* channel biocker, TDT (Table 3). STX at a concentration of
€.2 ug/ml inhibited this binding by approximately 48.9%, whereas 100 ug/m! of TDT exhibited only
2.2% inhibition of binding. Concentrations of STX greater than 25 pg/ml exhibited greater than
95% of the binding. The Ab2-induced murine antibody responses were aiso shown to bind to
STX-BSA- but not to TDT-BSA-coated microtiter wells (data not shown). These results led us to
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similarly immunize a larger group of BALB/C mice for in vivo protection experiments. After the
fifth vaccination with absorbed and protein A-purified BALB/C Ab2 anti-Id to burro anti-STX or to
goat anti-ricin, the mice were challenged with different doses of STX (Table 4). No apparent
protection was observed with the STX challenge dose of 16 pg/kg body weight as all toxin-treated

mice succumbed to STX toxicity. On the other hand, some protection was observed with the

group of mice challenged with 12 pg/kg body weight of STX. One out the 10 mice immunized
with murine anti-id antibodies to burro anti-STX antibodies survived this STX challenge dose,
whereas both mice vaccinated with the control anti-ld antibodies died. Furthermore, some delay
in the onset of death was also observed in some mice in the group vaccinated with Ab2 anti-Id
antibodies to burro anti-STX, as compared to the group immunized with the control Ab2 anti-id
(Table 4). The protection became more apparent with the STX dose of 8.0 ug/kg body weight as
5 out of the 10 mice (50%) vaccinated with Ab2 antibodies to burro anti-STX survived, whereas

none of the control mice did.

DISCUSSION

The structural and biological properties of the Na* channel blocker STX render it unsuit-
able as a conventional immunogen for the elicitation of protective immunity against its lethal tox-
icity. A.ntibodies specific for STX have been previously generated employing STX conjugatéd to
KLH.36 However, this may not represent a safe approach since conjugation of T-2 mycotoxinm
and STX (T. Chanh, unpublished observation) to large protein carriers for the purpose of enhanc-
ing immunogenicity, has been shown to result in unstable toxin:carrier cdmplexes with potential
release of the active toxins from the complexes. Therefore, we have undertaken studies to as-
sess the feasibility of employing the Ab2 anti-ld-based approach in eliciting immunity against STX
in vivo toxicity. Polyclonal BALB/C mouse Ab2 antibodies were produced by immunization with |
burro anti-STX IgG antibodies purified by protein G chromatography which had been shown to re-
verse the in vitro effects of STX.33 The resulting murine Ab2 sera, obtained two weeks following
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the fourth immunization, were pooled and rendered specific for the burro anti-STX antihodies by
repeated absorption, and Ab2 IgG antibodies were purified by protein A chremeatography. The
murine Ab2 antibodies appeared to recognize Id determinant(s) closely associated with the STX-
binding site(s) of burro anti-STX antibodies since they efficiently inhibited the binding of the burro
antibodies to STX-BSA-coated microtiter wells (Table 2).

The purified BALB/C mouse Ab2 antibodies were conjugated to KLH and used to vacci-
nate syngeneic mice for the induction of specific anti-STX antibody responses. We and others
had demonstrated previously that in syngeneic systems, conjugation of Ab2 antibodies to het-
erologous protein carriers was required for the induction of significant antibody responses to the
nominal antigens.18.31 vaccination of naive syngereic mice with the Ab2 anti-Id antibodies was
shown to elicit a specific anti-STX antibody response (Table 3). The Ab2-induced anti-STX anti-
body response was specific as shown by the ability of free STX, but not TDT, to inhibit its binding
to STX. This anti-STX immune response was also demonstrated to protect mice from in vivo
challenge with STX (Table 4). Although all the vaccinated mice died from the highest challenge
dose of STX used (16.0 pg/kg body weight), various degree of protection was obtained with the
lower STX challenge doses as assessed by both the survival ratio (number of surviving mice/total
number of mice) and the elapsed time between STX administration and death. One of ten mice
vaccinated with murine Ab2 to burro anti-STX and challenged with 12 pg/kg STX survived,
whereas all control Ab2 anti-Id immune mice died. In addition, a considerable delay in the time of
death followmg STX administration was observed in some of the mice immunized with Ab2 antl-
bodies to buirc anti-STX and challenged with 12 ng/ml STX, as compared to that of the control
group. At the lowest STX challenge dose used (8.0 pg/kg body weight), 5 out of 10 (50%) of the
Ab2-immune mice survived, whereas all the control mice succumbed to the STX challenge (Table
4). It should be pointed out that in previous in vivo protection experiments, control mice always
succumbed to challenge with the dose range of STX used in these studies.

Theoretically, it should be possible to design effective Ab2 anti-ld vaccines against all toxic
chemicals with the provision that sufficiently high-affinity binding antitoxin antibodies (Ab1) can be
generated that can compete with the target sites for binding to and neutralization of circulating
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toxins before they reach lethal levels in blood. This requirement represents one of the drawbacks
of the anti-Id approach in toxicology. Antigen/antibody interactions are primarily mediated.by
noncovalent ionic forces with relative binding constants ranging between 10-6 M and 10°9 M.
This property imposes a limit on antibody-based protection against toxic substances possessing
higher binding affinity constants for their target sites than those of antibody/toxin interactions.
Nevertheless, the experimental results presented herein strengthen our previously re-
ported studies of Ab2-induced protective immunity in toxicology38:39, and support the concept
that the Ab2 antibody-based approach may represent the only safe alternative to vaccine devel-

opment strategy against low molecular weight, nonproteinaceous and highly toxic compounds.
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TABLE 1

Binding specificity of the BALB/C anti-Id antibodies to burro anti-STX I1gG

BALB/C antild ‘ ELISA reactivity with
(ng/mi) '
Burro anti-STX IgG Normal horse IgG
50.0 0.98 +0.082 0.07 + 0.04
25.0 1.02£0.10 0.05+0.03
12.5 0.77 £ 0.06 0.08 + 0.04
6.2 0.55 +0.06 0.06 + 0.03
3.1 0.49 +0.03 0.03+0.02
1.6 0.29 +0.04 NDb
08 0.12+0.03 ND
04 0.08 +0.04 ND

The mice were bled after the fourth immunization with burro anti-STX IgG antit;oc.-irié;. Theur
pooled sera were absorbed and purified as described in Materials and Methods.

@Mean OD at 410 nm + SD. |

bNot done.
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TABLE 2

BALB/C anti-Id antibodies inhibit burro anti-STX binding to STX-BSA-wells

Mouse antibodies Binding of burro anti-STX in the presence of anti-id to

(ug/mi)
Burro anti-STX Goat anti-ricin
Preimmune Immune? Preimmune Immune

50 0.81+0.06® 0.07+003(94.9C 0.82x0.09 0.80+0.08
25 0.80+0.09 0.06 £0.04 (96.1) 0.79+0.10 0.81+0.07 |
1.2 0.78 £0.08 0.08 +0.04 (93.3) 0.80+0.07 0.77 £ 0.09
0.6 0.80+0.07 0.29 £ 0.06 (66.2) NDd 0.82 +0.08
0.3 0.78 £0.09 0.48 £ 0.04 (40.0) ND 0.75£0.07
0.15 0.81+0.08 0.65 £ 0.06 (20.5) | ND . 0.78 £ 0.07
0.07 0.78+£0.07  075+0.08 (26) ND 0.79 = 0.06

2 Pyrified antibodies were prepared from absorbed mouse sera obtained two weeks after the

fourth injection of burro anti-STX antibodies.

b Mean OD at 410 nm + SD.

€ The values in parenthesis represent the percent inhibition of binding calculated as [(Plop -Bck-

grdop) - (Polop - Bekgrdop)] + (Plop - Bekgrdopy x 100], where Pigp, Polgp, and Bekgrdop

represent the OD values of preimmune, postimmune and background, respectively.

d Not done
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TABLE 3

Specificity of the anti-STX immune response induced by anti-idiotypes

Inhibitor Reactivity of anti-ld-induced anti-STX response with STX-BSA-
Concentration coated wells in the presence of inhibitor
(ng/ml)
Saxitoxin Tetrodotoxin
0 0.45 +0.06 (0)3 | 0.47 £0.05 (0)
3.1 0.35 +0.04 (22.2) 0.46 + 0.04 (0)
6.2 0.23 +£0.03 (48.9) 0.45 £ 0.05 (0)
12.5 0.09 £ 0.03 (80.0) 0.48 £ 0.07 (0)
25.2 0.015+0.03 (96.7) 0.43 +0.06 (4.4)
50 0.021 £ 0.03 (95.3) 0.45+0.08 (0)
100 0.017 £ 0.04 (96.2) 0.44 + 0.06 (2.2)

The inhibition ELISAs were done as previo;Jsly described. 36,37 Mouse sera obtained after the
fifth injection of syngeneic anti-ld were pooled and used at a dilution of 1:500.

3Mean OD at 410 nm + SD. The values in parenthesis represenf the mean percent inhibition of
binding of triplicates determined as [(mean QD without inhibitor - ODbckgrd)" (mean OD with in-
hibitor - ODpckgrg) / (mean OD without inhibitdr - ODpckgrg)] x 100.
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TABLE 4

Anti-idiotype-induced protection against STX challenge in vivo

Survival ratio? Elapsed time (min)P

STX (ng/kg)

Immunization with anti-ld to

Burro anti-STX Goat anti-ricin Burro anti-STX Goat anti-ricin

16.0 0/8 02 3:10; 3:14 3:18; 4:03
3:18; 3:31
3:48

12.0 1/10 0/2 4:26, 4:34 5:12;5:24
5.07, 5:32
554, 7.08
8:16; 10.08
11:54; one mouse

survived

80 5/10 02 558,6.18 6 48, 8.40
7.25, 921
9:30; five mice

survived

3 Number of surviving mice / total number of mice.
b Time in minutes between STX challenge and death.
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ABSTRACT

A BALB/c murine IgG, monoclonal antibody, designated BG11-G2, specific for ricin
was generated. BG11-G2 antibody did not bind to either purified ricin chain A or chain B, but
recognized an antigenic determinant whose conformation requires the combination of the two
chains in the formation of the native ricin molecule. It did not react with the protein synthesis
inhibitor, T-2 mycotoxin, or with the sodium channel blockers, saxitoxin and tetrodotoxin. As
little as 0.78 ug/ml of BG11-G2 IgG, anti-ricin monoclonal antibody completely protected
against the in virro toxicity of ricin as 'determined by [’H]leucine uptake in EL-4 cell assays.
Passive intraperitoneal infusion of purified BG11-G2 antibody into BALB/c mice one day prior
to a lethal challenge with ricin considerably delayed the onset of toxicity and death. Better
protection was obtained with BG11-G2 infused before and after ricin challenge.

INTRODUCTION

Discovered in the 1800's, the protein synthesis inhibitor. ricin, produced by the seeds
of the castor plant, Ricinus communis, represenis one of the most toxic chemicals known to
man. The ricin molecule is a disulfide-bonded giycoprotein heterodimer consisting of a 32 kDa
A chain linked to a 32 kDa B chain (1). The two ricin chains appear to have strong affinity for
one another, and association of the two chains is required for maximum toxicity. The ricin B
chain promotes binding of the ricin molecule to cellular membranes through its binding speci-
ficities for complex galactosides (2,3). This binding to cell surface receptors is believed to
trigger the endocytic uptake of ricin molecules (4) and to facilitate the intracellular escape of
the A chain from endosomes into the cytoplasm where toxicity takes place (5). Once inside the
eukaryotic cell cytoplasm, ricin chain A quickly mediates an enzymatic attack on the cellular
protein synthesis at the level of the 60S ribosomal subunit (6). Although the exact mechanism
of protein synthesis inhibition remains unciear, studies have shown that ricin-treated ribosomes
lack an adenine at position A, aithough the phosphoribose backbone remains intact (7). It
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was further shown that ricin removes only one adenine residue per ribosome subunit, suggest-

ing that A_... may represent the only site of action of ricin toxicity (7).

4124

Although monoclonal antibodies (mAb) specific for ricin have been generated, their
potential abilities to protect against ricin toxicity have not been investigated (8). Herein, we
describe the generation and characterization of BG11-G2 murine mAb specific for an antigenic
determinant associated with the intact ricin molecule. This mAb was shown to be effective in
protecting against the in virro cytotoxicity of ricin, and in delaying the onset of ricin toxicity
and death in mice,

MATERIALS AND METHODS

e i ization an ] nti nerati

Three- to five-week-old female BALB/c mice were immunized subcutaneously on a bi-
weekly schedule with a sublethal dose (0.1 ug/mouse) of whole ricin (Sigma Chemical Co., St.
Louis, MO). The primary immunization was administered in Freund's complete adjuvant
(FCA), followed by Freund's incomplete adjuvant (FIA). Subsequent immunizations were
given in phosphate buffered saline (PBS. pH 7.3). Six days after the fourth booster injection,
the mice were sacrificed, and a single spleen cell suspension was prepared and fused with the
murine myeloma cell line Sp2/0 essentially as described previously (9).

-TiC1 !

Hybrid culture supernatant reactivity against ricin was detected using an enzyme-linked
immunosorbent assay (ELISA). In this assay. microtiter wells (Corning Glass Works, Ithaca,
NY) were precoated with 0.05 ml/well of a predetermined concentration of ricin (10 ug/mb) in
PBS. and incubated at 4°C overnight. The microtiter wells were washed twice with washing
buffer composed of 10% Tween-20 in PBS. Unreacted sites on the wells were blocked with
PBS containing 5% normal goat serum (PBS/NGS) for | hr at 37°C. After blocking, the wells
were washed and 0.05 mi of hybrid culture supernatants were added to the wells, which were
incubated for 1 hr at 37°C. After incubation. the wells were washed with washing buffer and
reacted with 0.05 ml of a 1:2500 dilution of goat anti-mouse immunoglobulin (Ig) conjugated
to horseradish peroxidase (HRP) (Fisher Scientific, Pittsburgh, PA). After | hr incubation at
37°C and washing, reactivity was detected by adding the substrate 0.3% 2,2-azino-di-3-ethyl-
benzthiazoline-6-sulfonate in 0.1 M citric acid buffer, pH 4.0 (ABTS. Sigma Chemical Co.).
The optical density (O.D.) was determined at a wavelength of 410 nm using a microplate
reader (Dynatech Laboratories, Alexandria, VA). The ricin-immune mouse scrum at a
1:250 dilution served as the positive control, whereas an 1gG, mAb specific for T-2 mycotoxin
served as the negative control (9). Determinations were done in duplicate.




;
8
!
i

IN VIVO TOXICITY OF RICIN IN MICE 65

Generation of ascites and purification of mAb

Ascitic fluid was generated by injecting pristane-primed BALB/c mice with 1 10 5 x
10® BG11-G2-secreting hybridoma cells. The harvested ascites was cleared by centrifugation,
and purified by a combination of caprylic acid and saturated ammonium sulfate precipitation
essentially as described previously (10). Antibody purity was assessed by SDS-PAGE analysis
as described (11).

Specificity analysi

The reactivity of BG11-G2 mAb against various toxin antigens was determined in
binding ELISA with microtiter wells coated with either whole ricin as described above, or 10
ug/ml of purified ricin chain A, or chain B (Sigma), or T-2 mycotoxin conjugated to bovine
serum albumin (T-2-BSA) (9), or saxitoxin-BSA (STX-BSA) (12), or tetrodotoxin-BSA (TDT-
-BSA) (13} as described. Culture supernatants of the murine hybridoma cell lines TFTA-1 and
TFTB-1 specific for ricin chains A and B, respectively, were used as positive controls
! (American Type Culture Collection, Rockville, MD) {14). An inhibition ELISA was also
performed in which a predctermined concentration of BG11-G2 mAb (30 ng/ml) that gave
approximately 40-60% binding to ricin-coated wells was incubated for I hr at 37°C with
various concentrations of inhibitors (ricin, ricin chain A or chain B, T-2, TDT, or SXT). The
mADb/inhibitor mixtures were added to ricin-coated wells, and the ELISA was Jone as
described above. .

Antibody i
Monoclonal antibody isotyping was performed using both an antigen-dependent and an

antigen-independent ELISA. In the antigen-dependent ELISA, the assay was done as above

with substitution of the goat anti-mouse Ig-HRP with goat IgG specific for mouse Ig isotypes

conjugated to HRP (Fisher Scientific). For the antigen-independent ELISA, an isotyping kit ”'

was used according to the manufacturer’s specifications (Bio-Rad, Richmond. CA).

Ricin in vi -

The murine myeloma EL-4 cell line was purchased from the American Type Culture
Collection (Rockville, MD). The EL-4 cells in log-phase growth were plated in 96-well, flat
bottom tissue culture plates at a density-of 3 x 10°/well in RPMI 1640 (Cell Culture Laborato-
rieg, Cleveland, OH) supplemented with 10% fetal bovine serum (Intergen, Purchase, NY) and
allowed to incubate overnight. To determine the concentration of ricin that kills approximately

50% of the EL-4 cells (IC,), various concentrations of ricin (ranging from 1.0 ng to 100 ng)
were added to triplicate EL-4 wells. The wel.s were incubated for 3 hr at 37°C, and washead

with sterile PBS, and leucine-deficient culture medium supplemented with [*H]leucine (1.0
uCi/well) (New England Nuclear, Boston, MA) was added. The wells were incubated for
another 3 hr, harvested, and processed for scintillation counting. The percent inhibition (%1)
of [*H}leucine uptake by EL-4 cells was determined as |(mean cpm without ricin - mean cpm of

\
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backgrcund) - (mean cpm with ricin - mean cpm background)] / {(mean cpm without ricin -
mean cpm of background)] x 100. In our hands. the ricin IC, vaiue was approximatcly 6.25

ng/ml under the conditions described above.

inst ricin {n vitro toxici
To assess the ability of the mAb to protect against the in vitro toxicity of ricin, various
concentrations of purified BG11-G2 mAb were incubated for 2 hr with an equal volume of
twice the amount of ricin that inhibits 50% of the |*H]leucine uptake as determined above. The
ricin/mAb mixtures were then added to triplicate wells and the cytotoxicity assay was per-
formed essentially as described above. The HD11 IgG, anti-T-2 mycotoxin mAb served as the
negative antibody control.

Passi . inst the in vi icity of rici
Groups of BALB/c mice were infused intraperitoneally with purified BG11-G2 mAb in

PBS (10 mg/ml). The following day (approximately 18 hr post-infusion), the mice were chal-
lenged subcutaneously with different amounts of ricin. The number of mice that died of ricin
toxicity and the time intervals between challenge and death were recorded. In another experi-
ment, groups of BALB/c mice were infused with BG11-G2 mAb approximately 18 hr before
ricin challenge followed by antibody infusions 30 min, 24 hr, and 72 hr post-challenge.

RESULTS

ct I { BGL1-G2 lonal anti-rici ibod

BALB/c mice immunized with a sublethal dose (0.1 pg/ml) of ricin developed detect-
able serum anti-ricin antibody activity following the second immunization (data not shown).
After mice had received four injections, their spleen mononuclear cells were fused with the
murine myeloma cell line Sp2/0, and the resulting hybrid cell culture supernatants were
screened for anti-ricin reactivity by ELISA as described in the Materials and Methods section.
Twenty (3.1%) out of 650 hybrids screened had reactivity against ricin. Among these 20
hybrids, one (BG11-G2) was found in preliminary EL-4 assay to protect against the in vitro
toxicity of ricin' (data not shown), and was selected for further studies. BG11-G2 mAb reacted
in ELISA with microtiter wells coated with intact ricin, but not with the unrelated toxins T-2

mycotoxin, saxitoxin (STX) or tetrodotoxin (TDT) (Table I). Morcover, no reactivity was

observed with wells coated with purified ricin chains A or B.

The BG11-G2 hybrid cells were subcloned by limiting dilution until greater than 90%

of the derived cultures were antibody-positive. Monoclonal BG11-G2 anti-ricin antibody is an

IgG,, mAD, as determined by boih the antigen-dependent anc antigan-independent isotyping assays
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TABLE 1
ELISA reactivity of BGI11-G2 antibody

Microtiter wells coated with

BG11-G2

dilution Ricin A chamn B chain T-2 SXT TDT
Neat 0.83* 0 0 0 0 0]
1:2 0.80 ' 0 0 0 0 0
1:4 0.86 0 0 0 0 0
1:8 0.75 -0 0 0 0 0

*Mean optical density (410 nm) of duplicate determinations minus background values obtained
with mAbs of irrelevant specificity.

0.7
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BG11-G2 mAb (ug/ml)

FIGURE 1

Titration of BG11-G2 mAb binding to ricin in ELISA. Each point represents the mean of duplicate
determinations. The bars represent the range of duplicates.

(data not shown). Ascites was produced by i.p. injection of BG11-G2 hybrid cells into BALB/c
mice, from which BG11-G2 IgG, mAb was purified by saturated ammonium sulfate and caprylic
acid precipitation, as described. The purified BG11-G2 anti-ricin mAb was titrated for binding to
whole-ricin-coated microtiter wells (Fig. 1). Maximum binding was obtained with BG11-G2
concentrations equal to or greater than 1.0 ug/ml. The 50% binding endpoint was approximated
from the binding curve to be between 30 and 40 ng/ml of BG11-G2. The specificity of BG11-G2
mADb was further tested in inhibition ELISA using ‘whole ricin, or isolated ricin chain A or chain B
as inhibitors. Whole ricin was able to inhibit the binding of BG11-G2 in a dose-dependent fashion
(Fig. 2). The 50% inhibition end-point was achieved with approximately 0.75 ug/ml of ricin. No

\
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Percent Inhibition of Binding

0 0.5 1.0 15 M0 25 30 3.5
Whole Ricin (ug/ml)

FIGURE 2

Inhibition of BG11-G2 mADb binding to ricin-coated microtiter wells by different concentrations of
ricin. See legend of Figure 1.

inhibition of binding was observed with purified ricin chains A and B nor with the irrelevant T-2,
TDT, and SXT toxins at a concentration of 200 ug/mi (data not shown).

- i in_vitr icity of rigi

To assess the protective capacity of BG11-G2 against the in virro toxicity of ricin, we
determined the {*H]leucine uptake by EL-4 cells in the presence of ricin (IC, of 6.25 ng/ml) with
or without addition of BG11-G2 mAb (Tabie II). In the presence of 6.25 ng/ml of ricin alone. the
[*H]leucine uptake by EL-4 cells was inhibited by approximately 47%. Addition of BG11-G2 anti-
ricin mAb at concentrations equal to or greater than 0.78 ug/ml completely reversed this inhibition.
Lower concentrations of BG11-G2 resulted in a dose-dependent protection of EL-4 cells against
ricin toxicity. Addition of 10 ug/ml of HD11 anti-T-2 mycotoxin IgG, mAb had no protective
effect.

The LD.,)o (dose that kills 50% of challenged mice) in BALB/c mire administered ricin
either intramuscularly or subcutaneously is approximately 0.5 ug/mouse u. cur hands (data not
shown). To test for BG11-G2 mAb protection ag2inst the in vivo toxicity of ricin, groups of five
BALB/c mice each were infused with 10.0 mg/m! of purified BG11-G2 intraperitoneally. The
following day (approximately 18 hr post-infusion), the mice were challenged subcutaneously with
either 2.5 pug or 5.0 ug/mouse of ricin (Fig. 3). Although all mice eventually succumbed to ricin

\
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TABLE Il

BG11-G2 anti-ricin antibody protects against the in virro toxicity of ricin,

Antibody

(ug/mi) Without ricin With ricin® %BI°
None | 45,142 + 3,789 23,856 + 3,004 47.15

BG-11-G2: '
(1.56) 43,671 + 2,945 45,890 + 4,109 0
(0.78) 45324 + 3,109 46,783 + 3.814 0
(0.39) 43,783 + 4,015 37,525 + 3,164 14.29
(0.19) 48,120 + 3,867 41,524 + 4,569 13.71
(0.097) 40,786 + 4,091 31,248 £ 3,019 23.38
(0.048) 47,094 + 4,365 . 26,154 + 2,683 44.46

' (10) 41,436 + 3,902 20,017 + 4,013 51.69 )

*Ricin used was 6.25 ng/ml.

®Mean percent inhibition of [*H] leucine uptake was determined as described in Materials and
Methods.

“Mean triplicate cpm + SE.

Percent Survival

1
\I
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" A i ye g
55 75 95 115 135 155 175

Time Post-Challenge (hrs)

FIGURE 3

Protection against ricin in vivo toxicity by infusion of BG11-G2 mAb before challenge with 2.5 pg
(squares) or 5.0 ug (triangles) of ricin. Open symbols represents untreated mice, whereas closed
symbols represents mice infused with BG11-G2 mAb.
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! FIGURE 4

Protection against ricin in vivo toxicity by infusion of BG11-G2 mAb before and after challenge
with ricin. See legend in Figure 3.

challenge, there was a considerable delay of the onset of death in mice treated with BG11-G2 mAb
compared to those not treated. Thus, while all untreated mice challenged with 2.5 ug of ricin died
about 48 hr following ricin administration, BG11-G2-treated mice survived for up to 165 hr post-
ricin challenge. All untreated mice challenged with 5.0 ug ricin/mouse died approximately 25 l;r
after ricin challenge. On the other hand, it took 115 hr for all the mAb-treated mice to succumb to
this dose of ricin. No protection was observed when control mice were infused with a specific
anti-ricin mAb that did not protect against the in vitro toxicity of ricin in EL-4 cell assays (data not
shown).

In another experiment, groups of four mice each were infused with 10 mg/ml of BG11-G2
mAb 18 hr before challenge with 4.0 ug or 2.0 ug ricin/mouse. The mice were also given post-
challenge infusions of BG11-G2 mAb at the time points indicated in Materials and Methods.
Again, a rapid onset of death (23-32 hr post-challenge) was observed in the groups of mice that
received 2.0 or 4.0 ug ricin/mouse, but were not treated with BG11-G2 mAb (Figure 4). In con-
trast, 100% of the mAb-treated mice challenged with 4.0 ug of ricin survived 95 hr post-challenge;
however, they all succumbed approximately 115 hr post-challenge. On the other hand, all four
BG11-G2-treated mice challenged with 2.0 ug ricin/mouse survived the lethal challenge with ricin
and appear to be completely normal at this writing (approximately 3 months post-ricin-challenge).
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DISCUSSION

Ricin represents one of the most studied and most potent protein svnthesis inhibitors
known. Because of its extreme toxicity, a great deal of interest has been placed on the develop-
ment of immunotoxins containing ricin. One of the most common ways 10 prepare immunotoxins
is the covalent linkage of the purified toxic ricin A chain to a specific mAb (14.15). This strategy
results in a reduction of some of the nonspecific toxicity associated with immunotoxins prepared
with whole intact ricin. Specific monoclonal antibodies have been generated against ricin, or ricin
chains A or B (8); however, it is not known whether any of these mAbs provide protection against

the in vivo toxicity of ricin.

This manuscript describes the generation and characterization of a murine anti-ricin IgG,
mAb, termed BG11-G2. Its specificity was demonstrated by binding to intact ricin, but not to
unrelated toxins such as TDT, STX, and T-2 mycotoxin. BG11-G2 mAb reacted with an antigenic
determinant associated with the intact ricin molecule, since it did not bind to purified ricin A or B
chains, nor were the purified chains capable of inhibiting the binding of BG11-G2 mAb to ricin-
coated wells.

BG11-G2 anti-ricin mAb was quite effective in protecting EL-4 cells against the in virro

toxicity of ricin as determined by the EL-4 cell assay. This observation led us to attempt to pas-

sively protect BALB/c mice against the in vivo ioxici;y of ricin with purified BG11-G2 mAb. In a
preliminary experiment, it was determined that normal BALB/¢ mice injected intraperitoneally
with 1.0 ml of BG11-G2 ascites exhibited optimum levels of circulating mAb approximately 18 hr
post-infusion (data not shown). This mAb level persists for 24 to 48 hr, and slowly declines there-
after. Although a single injection of BG11-G2 mAb given approximately 18 hr prior to ricin chal-
lenge considerably delayed the onset of death, all mice eventually died. Thus, passive treatment
with anti-ricin mAb before ricin challenge appeared to reduce the toxic levels of ricin in the
circulation. Significantly better protection against ricin toxicity was achieved when BG11-G2 mAb
was given prior to and after ricin challenge. Monoclonal antibody-treated mice challenged with
2.0 ug of ricin were completely protected against ricin in vivo toxicity. Attempts are underway to
produce murine monoclonal and rabbit polyclonal anti-idiotypic antibodies exhibiting antigenic
mimicry (16,17) which may serve as effective vaccines in inducing an active and protective anti-
ricin antibody response.
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SUMMARY

, Protein G-purified goat anti-ricin IgG, previously demonstrated to protect against ricin toxicity in
vitro and in vivo, was used to raise BALB/c mouse and New Zealand White rabbit polyclonal anti-
idiotypic antibodies. The generated anti-idiotypic sera werc repeatedly absorbed over agarose
conjugated to normal goat immunoglobulins, and purified by protein A-agarose affinity chromato-
graphy. Immunization of BALB/c mice with BALB/c anti-idiotypes did not result in a significant
anti-ricin antibody response. However, injection of BALB/c mice with BALB/c anti-idiotypes
conjugated to keyhole limpet haemocyanin (KLH) or with unconjugated rabbit anti-idiotypes
resulted in specific and anti-ricin immune responses. The anti-idiotype-induced anti-ricin antibody
responses protected against the in vitro cytotoxicity of ricin, a potent plant-derived protein synthesis
inhibitor, as assessed by the murine EL-4 lcukaemia cell assays. Thus, anti-idiotype-based vaccines
may represent an alternative, safe and effective means of inducing protective immunity against toxins

such as ricin, whose extreme in vivo toxicity render them unsafe as immunogens.

The network hypothesis as formulated by Jerne envisions the
immune system as a complex and interacting network of
lymphocytes mediated by complementary structures encoded by
immunoglobulin variable (V) region genes.! Idiotypes (Id) are
defined as antigenic determinants or amino acid sequences
associated with the V region of an antibody molecule. One of the
postulates of Jerne's hypothests is that ‘internal image’ anti-I1d
antibodies can mimic the tertiary conformation of the original
antigen and, thereby, interact with the immune system to clicit
specific responsiveness. Thus, anti-Id capable of serologically
mimicking the nominal antigen may have applications in
vaccine development strategy.? The ability of anti-Id to modu-
late the in vivo immune responsiveness to a variety of viral,
bacterial, and parasitic infections has been demonstrated.>’ We
have previously demonstrated that a murine monoclonal anti-1d
antibody raised against a2 monoclonal antibody (mAb) specific
for T-2 mycotoxin, a protein synthesis inhibitor, was capable of
inducing in syngeneic mice a systemic and protective immune
response against the in vitro and in vivo toxicity of T-2.3¢
Recently, rabbit and BALB/c mouse polyclonal anti-Id specific
for burro anti-saxitoxin (anti-STX) IgG were shown by us to
induce a specific antibody response in naive BALB/c mice
against STX, a potent sodium channel blocker (T. Chanh et al.,
manuscript submitted).

Correspondence: Dr T. C. Chanh, Dept. of Virology and Immuno-
logy, Southwest Foundation for Biomedical Research, PO Box 28147,
San Antonio, TX 78228-0147, U.S.A.
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A large variety of plants produce toxic substances which
rank among the most poisonous compounds known. Perhaps
the most extensively investigated is the protein synthesis
inhibitor ricin, isolated from the secds of the castor plant Ricinus
communis. Ricin is a disulphide-linked heterodimer consisting
of two glycoproteins, A and B chains, of approximately 32,000
MW each.” The B chain is a lectin with binding affinity for cell
membrane galactosides.® Binding to cell-surface receptors
mediated by the B chain triggers the endocytic uptake of the
ricin molecule, and facilitates the intracellular escape of the A
chain from endosomes into the cytoplasm.® The ricin A chain
carries the toxic moiety which enzymatically attacks the 60S
ribosomal subunit and disrupts cellular protein synthesis.'?

Asa result of its extreme in vfvo toxicity, ricin cannot be used
as the immunogen to elicit protective immunity. To circumvent
this problem, polyclonal anti-Id raised against a protcin G-
purified goat anti-ricin 1gG preparation, previously shown to
protect against ricin toxicity,'"'* was administered into naive
BALB/c mice and was shown to elicit a specific anti-ricin
antibody response which protected against ricin in vitro cytotox-
icity, as determined by EL-4 murine lcukacmia cell assays. These
experimental results reinforce the concept of the anti-1d-based
approach for vaccine development, especially against biological
and chemical toxins whose low molecular weights, chemical
nature, and extreme in vivo toxicity do not allow their use as safe
immunogens.

Polyclonal anti-Id scra werc generated by immunization of
BALB/c mice and New Zealand White rabbits intraperitoneally

\



682 T. C. Chanh & J. F. Hewetson
Table 1. ELISA rcactivity of sera from BALB ¢ mice immunized with KLH-BALB ¢ anti-goat cinti-neim)
Immunizations
3 4 s 6
Mouse - - -
designation Ig* g u* e Ig n Y Ig I v
0.0 640t 60 ND{ 10 (280 320 ND 5120 283 640
0.1 640 640 ND 20 1280 640 ND 2560 1284 640
1.0 1280 1280 ND e 2560 1280 ND 5120 2560 80
0.2 1280 1280 ND 20 5120 2560 ND 5120 2560 1280
2,0 1280 1280 ND 20 1280 1280 ND 5120 2560 1280
* Goat anti-mouse immunoglobulins, anti-u-chain and anti-;-chain were used respectively as secondary
reagents.
t Reciprocal dilution of sera considered positive (OD > 3 x OD of preimniunce).
3 Not determined.
Table 2. ELISA reactivity of sera from BALB/c mice immunized with rabbit anti-goat (anti-ricin)
Immunizations
2 3 4 5 6
Mouse
designation 1g* g Ig T e Ig ] v Ig n" v
0.0 80* 1280 1280 640 10 2560 2560 20 5120 5120 10
0.1 80 1280 2560 1280 40 5120 2560 320 10.240 5120 640
i.0 10 640 2560 1280 20 5120 5120 40 5120 $120 . 320
0.2 320 1280 2560 640 80 1280 1280 160 5120 2560 320
20 640 640 2560 1280 160 2560 2560 160 10.240 5120 320

* Goal anti-mouse immunoglobulins. anti-g-chain and

(i.p.) and intramusgilarly (i.m.). respectively, with 10 ug/mouse
or 50 ug/rabbit of protein G-purified goat anti-ricin 1gG
precipitated in aluminum hydroxide prepared as previously
described.!* Anti-isotype and anti-allotype reactivitics in the
polyclonal anti-Id scra were removed by repeated absorptions
with agarose normal goal immunoglobulin (NGlg) affinity
chromatography (Sigma Chemical Co.. St Louis. MO) as
previously detailed'* and checked for lack of reactivity against
NGIg by enzyme-linked immunosorbent assay (ELISA).*
Absorbed murine or rabbit anti-1d scra reactive with goat anti-
ricin IgG. but not with NGlg. were further purified by protein A
affinity chromatography and precipitated with aluminum
hydroxide.'* Groups of five BALB/c mice were immunized with
10 ug/mousc of alum-precipitated murine or rabbit anti-1d i.p.
every other week, with bleedings obtained before cach injection.
The purified murine anti-1d antibodies were also conjugated to
keyhole limpet haemocyanin (KLH: Calbiochem. San Diego.
CA) by the 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDAC; Sigma Chemical Co.) procedure.®'* Other groups of
five BALB/c mice were immunized with syngeneic anti-Id-KLH
in alum, as described above. Sera obtained after cach immuniza-
tion were tested for reactivity against ricin, and those reactive
with ricin were tested for binding to the irrelevant neurotoxin
STX" and for protection against ricin cytotoxicity using the EL-

anti-y-chain were used respectively as secondary reagents.

4 cell linc as described previously.' Mice immunized with mouse
anti-ld as alum precipitate did not develop significant anti-ricin
reactivity cven after five immunizations (data not shown). On
the other hand, BALB/c mice immunized with syngencic anti-
1d-KLH exhibited detectable anti-ricin antibodies following the
third immunization (Tablc 1). Mice immunized with rabbit anti-
I1d also developed detectable anti-ricin reactivity following the
second immunization (Table 2). The anti-ricin titres in both
groups of mice increased after subscquent immunizations of
anti-1d. The anti-ricin IgG titres ranged from 1:2560 to 1:5120
and from 1:5120 to 10,240 in micc immunized with syngencic
and rabbit anti-1d, respectively. The predominant isotype in the
anti-ricin responses in both groups of mice was IgM. The anti-
ricin titres dctected with specific anti-mouse p-chain were
between 1:1280 and 1:5120, whereas those detected with
specific anti-mouse y-chain ranged between 1:80 and 1:1280,
following the sixth immunization. The anti-Id-induced anti-
ricin immune responses were specific in that significant reacti-
vity was obtained with purified ricin chains A- and B-coated
microtitre wells, whercas no binding was observed with the
irrclevant STX (data not shown).

The ability of the anti-Id-induced anti-ricin antibody re-
sponses to protect against /n vitro toxicity of ricin was assessed
using the murinec EL-4 leukacmix ccll assay.'s Results of a

\




Anti-idiotype-based vaccine against ricin toxicity

Table ). Anti-ld-induced anti-ricin antibody sesponses protect against ricin cytotoxicity

Pooled
mouse sera/dilution

None
Preimmune
Mousce anti-Id control (10%

Rabbit anti-1d control (10

Mouse anti-Id immune
10
50
100
200

Rabbit anti-Id immune
10
S0
. 100
200

Without ricin

5980 + 62342

61,978 + 5923
51,642+ 5015
49,156 + 4811

59,079+ 6.2
63,183+ 6623
66.287 £ 7265

- 59.274 + 6292

67.201 + 7017
66.871 £ 6901
69.021 + 9170
64.102 £ 6391

With ricin® “alt "ot
23,167 + 3015 64-9
22,768 + 2843 633
19814 4 2101 616
21,249 + 1958 S6-8
62,152+ 5384 0 100-0
S8.923+ 60113 67 %9-4
43,164 + 5028 49 449
28,425+ 3102 52:0 17-9
65918 + 7016 [-9 97-0
55926+ 6127 16-4 74-1
42,6315+ 4561 a2 197
139

683

29.156 2 41790 54-5

* The final concentrition of ricin used was 6-25 ng'ml.
+ Per cent inhibition ("u 1) and per cent protection ("»P) were calculated as described

in the text.

3 Mcan £ SD c.p.m. of triplicate determinations.
§ Sera from mice immunized with an anti-Id mAb-KLH® and polyclonal rabbit
anti-1d"® against an anti-T-2 mAb1. respectively.

representative cxperiment arc shown in Table 3. Pooled sera
from both anti-Id-immunc mousc groups provided significant
protection against ricin toxicity on EL-4 cells. Pooled scra from
either group of mice at 1:10 dilution completely protecied
(100% and 97-0% protection) EL-4 cclis against vicin toxicity.
At a dilution of 1:100 of the pooled Ab3} scra from mice
immunized with syngeneic anti-1d -KLH. approximately 34-9%,
EL-4 cytotoxicity was obtained as compared to 63-3% toxicity
observed in the presence of preimmunc system. Thus. this
dilution of mousc Ab3 scra protected against ricin cytotoxicity
by approximately 44-9%. Likewise. pooled sera of mice immu-
nized with rabbit anti-Id at a dilution of 1:100 provided
approximately 39-7% protection against ricin toxicity. Protec-
tion against ricin cytotoxicity by scra of both mousc groups was
dose dependent. Pooled sera (1:10) from preimmune mice and
from mice similarly immunized with a BALB/c anti-Id mono-
clonal antibody (mAb)~KLH.® or with rabbit polyclonal anti-
1d'* against an anti-T-2 mycotoxin mAb1 did not exhibit anti-
ricin antibody rcactivity in ELISA, and did not protect against
ricin toxicity of EL-4 cells (Table 3).

Herein, experimental evidence is presented for the induction
in BALB/c mice of a specific and protective anti-ricin immune
response by rabbit and BALB/c mouse polyclonal anti-1d
specific for a goat anti-ricin 1gG preparation. Whereas rabbit
anti-1d not conjugated to the protein carrier KLH was cfficient
in eliciting a spezific anti-ricin antibody response in mice,
BALB/c mouse anti-ld required conjugation to KLH. The
requirement of protein carrier conjugation for the induction of’
anti-antigen responses in syngeneic systems is in agreement with
previously published results,’” including our studies of anti-
mycotoxin T-2¢ and anti-STX (T. C. Chanh and J. F. Hewetson,
unpublished data) antibody responses induced by syngeneic

mousc anti-1d. In general. the titres of anti-ricin Ab3 responses
induced by rabbit anti-Id and by mouse anti-1d-KLH appcared
to be comparable. Whereas anti-ricin reactivity was not detect-
able until after three immunizations with the mouse anti-I1d-
KLH. low but detectable reactivity was observed following two
immunizations with rabbit anti-1d. It is noteworthy that the
predominant isotype of anti-ricin antibody responses induced
by both anti-ld preparations injected as aluminum hydroxide
was of the IgM isotype. whereas the anti-KLH 1gG antibody
titres in mice immunized with syngeneic anti-Id-KLH ranged
from 1:100.000 to 1:200.000. Tt would be of interest to
determine whether immunization with anti-l1d admixed in other
adjuvant systems would result in induction of a higher anti-ricin
IgG response.

The generation of anti-1d against polyclonal anti-ricin Abl
of a different species, capable of cliciting specific Ab3 responses
is suggestive of the presence of internal image” anti-1d, and
represents the first demonstration of the induction of specific
and proteclive anti-ricin immune responses by polyclonal anti-
Id recagents. These results provide justification for further
investigations of anti-Id-based vaccines for the generation of
systemic and protective immunity against toxins of biological
and chemical origins, whosec extreme toxicity prevents their use
as safc conventional immunogens.
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