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Abstract

Ricin toxin is a CDC level B biothreat. We have developed a ricin vaccine, RiVax, which is a
recombinant mutant of ricin A chain. RiVax is safe, immunogenic and protective in mice when
administered intramuscularly (IM). We have now attempted to increase the utility and
immunogenicity of RiVax by administering it intradermally (ID) with or without alum. Without
alum, Rivax administered by the ID and IM routes was equally immunogenic and protective. With
alum, ID vaccinations were more immunogenic and protective against both systemic and mucosal
challenge with ricin and superior in protecting animals from ricin-induced lung damage.
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Introduction

Ricin is a heterodimeric toxin which inactivates ribosomes. It can be easily isolated from the
beans of the castor bean plant. It consists of two disulfide linked subunits, an A chain (RTA)
and a B chain (RTB), each with a molecular weight of 30-32 kDa. The RTB facilitates cell
entry and intracellular routing. Once the holotoxin is internalized, the RTA translocates into
the cytosol and catalytically inactivates ribosomes [1]. Symptoms of ricin intoxication
depend upon the route of exposure, i.e. ingestion, inhalation or injection. Due to its
prevalence, ease of production, and toxicity, ricin has been classified as a level B biothreat
by the Centers for Disease Control [2]. Therefore, protection from ricin toxicity would be
most important for military personnel and first responders.

Attempts to treat and/or protect animals from ricin intoxication have been numerous and
varied and fall into three categories: (1) post exposure passive immunization, (2) post
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exposure treatment with small molecules, and (3) prophylactic immunization. Post-exposure
administration of anti-ricin antibody is highly effective but it must be given within hours of
exposure, before there are symptoms of intoxication [3-5]. Unfortunately these symptoms
mimic those of many other diseases and therefore would not be easily recognized in the
setting of bioterrorism. Inexpensively manufactured small molecule inhibitors of ricin have
also been studied and are promising when tested in vitro. However, these inhibitors will also
require administration soon after exposure. In addition, the majority of them have not yet
been studied in animals, and those that have do not confer 100% survival [6-7].
Prophylactic immunization provides the most reliable method for inducing protection
against ricin toxicity. Several approaches have been taken to develop an effective vaccine.
Vaccination with formaldehyde treated ricin holotoxin, both with and without adjuvant,
provides good protection, but this toxoid can retain or develop some toxicity during storage
[8]. Vaccination with deglycosylated RTA (dgRTA) with adjuvant protected animals from
death, but did not ameliorate lung damage following aerosol challenge [9]. DgRTA is also
expensive and dangerous to produce. The use of recombinant RTA containing a 25 amino
acid inactivating insertion plus alum was immunogenic and protective in mice, but residual
catalytic activity makes it an unlikely candidate for a human vaccine [10]. Another vaccine
developed by United States Army Medical Research Institute for infectious diseases
(USAMRIID) utilizes a truncated RTA, which is structurally very stable, immunogenic and
is a highly promising vaccine [11]. However, none of these vaccines eliminates the vascular
leak-inducing site found in RTA and therefore, immunization could cause local tissue
damage.[12].

We have developed a recombinant mutant RTA vaccine called RiVax that contains two
mutations, Y80A and V76M. These mutations inactivate both the ribotoxic site and the
motif responsible for causing vascular leak syndrome [13-14]. RiVax retains its native
structure as determined by X ray crystallography [15] and is both safe and highly
immunogenic in mice, rabbits and humans [14]. Three doses of 3.3 ug each, administered
IM, at 28 day intervals protect 100% of the animals from a challenge with a 10 X LDsg dose
of ricin administered by intraperitoneal (IP) injection, gastric gavage or aerosol [16]. When
sera from immunized rabbits or humans were passively transferred to naive mice, the mice
were protected from injected ricin. [14-17]. Most recently, we have tested the stability of
lyophilized RiVax and shown that it remains active for at least 1 year following storage at
either 4°C or 25°C [18].

In addition to the use of an adjuvant, such as alum, dose sparing regimens and simplified
methods of administration would further improve the utility of RiVax. In general, dose
sparing methods, be it administration of smaller doses or administration of fewer doses, is
advantageous especially when vaccine stocks may be scarce and/or during an emergency.
Additionally, ease of administration will increase the chance that a vaccine is used properly.
One approach to improving the immunogenicity and reducing the dose of RiVax would be
to alter the route of administration. While mucosal vaccine administration has been used to
deliver other protein vaccines, it often requires specialized adjuvants in order to facilitate
uptake and avoid degradation in the harsh mucosal environment [19]. ID and transcutaneous
administration of vaccines have also been studied as alternatives to the more common IM
route of administration [20]. ID administration of protein vaccines has been used to reduce
the dose of some vaccines since the skin is thought to be a more immunogenic route of
administration than the muscle [21-23]. Dose sparing and enhancing immunogenicity are
particularly important in patient populations who are difficult to immunize such as the
elderly and hemodialysis patients [24-25]. Furthermore, the ID vaccination route is also
attractive because it can be carried out rapidly using a needle-free ID gun, thus eliminating
the risk and cost of needle disposal. Based on the advantages of ID vaccination with other
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protein vaccines, we hypothesized that lower doses of RiVax would also be effective if
administered via the ID route in the presence of alum.

In this study we have compared the efficacy of RiVax administered via the ID or IM routes
both with and without alum. Our results demonstrate that both ID and IM vaccination with
RiVax elicit similar antibody titers and confer protective responses both systemically and at
mucosal sites. Importantly, as compared to the IM route, when RiVax is administered with
alum via the ID route, less vaccine is required to elicit protective antibody responses
regardless of whether the mice are challenged with ricin by IP injection, gastric gavage or
aerosol. Finally, ID administration is effective at decreasing lung damage as well as
protecting mice against the lethality of aerosolized toxin. Hence the 1D route has numerous
advantages and clearly shows improved protection against mucosal ricin intoxication.

Materials and Methods

Experimental design

Swiss Webster mice (Taconic, Hudson, NY) were injected either 1D or IM with RiVax,
prepared as previously described [13,14,18]. The vaccine formulation consisted of 0.2 mg/
mL RiVax in 20% trehalose (Sigma, St. Louis, NJ) and 0.04% Tween 80 (Fischer, Fair
Lawn, NJ). This was then lyophilized [18] and stored at 4°C. Reconstituted and diluted
vaccine was administered in a volume of 50 pL either with or without 1 mg/mL alum
(Alhydrogel 1.3%, Brenntag Biosector, Denmark) at one of three dose levels. RiVax with
alum was administered at 1.0, 0.1 and 0.01 ug per dose; RiVax without alum was
administered at 10, 1.0 and 0.1 ug per dose. Control mice were injected with formulation
alone or formulation plus alum. Vaccine was administered on days 0, 28, and 56. Two
weeks following the last injection, mice were bled to determine serum antibody titers and
then challenged with a previously determined 10 X LDsq dose of ricin by one of three routes
(100 pg/kg by gastric gavage, 100 pg/kg by IP injection, and 40 ug/kg by aerosol) [16].
Weights and survival of all mice were followed for 14 days following challenge. Animals
receiving aerosol exposure underwent lung function assessment by plethysmography on
days 0, 1,2,3,5,7,10, 14.

Radioimmunoassay (RIA) to determine RiVax-specific antibody titers

RIAs were carried out using ninety-six well, U- bottom, vinyl plates (Thermo, Millford,
MA) coated with 100 pL of RiVax in phosphate buffered saline (PBS) overnight (ON) at
4°C. Plates were washed and blocked with 10% fetal calf serum (FCS) (HyClone, Logan,
UT), 0.05% sodium azide in PBS for 2 hours at room temperature (RT) and then frozen until
use. Plates were thawed, washed and coated with 100 uL of a known amount of affinity
purified mouse anti-RiVax (1-1000 ng/mL) or test serum serially diluted in 10% FCS,
0.05% sodium azide in PBS, incubated ON at 4°C, washed and incubated with 125]-labeled
rabbit anti-mouse 1gG (10° cpm/100 pL per well). Plates were incubated for 2 hours at RT
and washed 5 times with distilled water. The wells of the plates were cut out, individually
placed into 12 x 75mm glass tubes and the radioactivity in each tube was measured on a
Wizard 1470 Automatic Gamma Counter (Perkin EImer, Waltham, MA). Select serum
samples were also assayed on ricin-coated plates and in these assays all samples and buffers
contained 0.1 M galactose. The titers on the RiVax-coated plates were approximately 2-fold
higher that those obtained on the ricin coated plates. We do not find this to be surprising
since some of the epitopes on the ricin molecule might be obscured by the presence of the B
chain or the fact that ricin A and B chains, but not RiVax are glycosylated.
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Vaccination and ricin challenge

Groups of 8 female Swiss Webster mice, age 6—8 weeks old, were injected either ID or IM,
with RiVax either with or without alum. IM vaccinations were administered in the left flank.
The belly was prepped with an alcohol pad prior to ID vaccination in order to see the skin;
the formation of a ‘blister” after injection confirmed ID delivery of the vaccine. Following
challenge by either IP injection, gastric gavage or aerosol, mice were euthanized if moribund
or after having lost >25% of their pre-challenge body weight.

Aerosol challenge

Mice were exposed to aerosolized ricin in a nose-only exposure chamber (InTox, Moriarty,
NM) as previously described [16]. Lung function was measured using a 12 chamber whole
body plethysmograph (Buxco, Wilmington, NC). The higher the Penh the more labored the
breathing.

Gavage challenge

IP challenge

Mice were challenged by gastric gavage as previously described [16]. Briefly, mice were
fasted and moved to a clean cage 20 hours before challenge. They were dosed with 100 pg/
kg ricin in a volume equal to 1% of their body weight in PBS using a feeding needle
delivered into their stomach while being restrained by hand. Mice were then fasted for an
additional 4 hours. They were monitored for 14 days for weight loss and survival.

Mice were injected IP with 100 pL ricin at 100 ug/kg in PBS and weight loss and survival
were monitored for 14 days.

Statistical Analysis

Results

Statistical significance was considered to be < 0.05 in all cases. In the gavage and IP
challenge models, duplicate experiments of 8 mice each were carried out and data for 16
mice were combined for analysis. In the aerosol challenge model, 4 experiments of 4 mice
each were carried out, data were combined and then analyzed. Titer data in Figure 1
represent 6 experiments of 8 mice in each dose group, combined into groups of 48 mice each
for analysis. To determine significant difference in survival, the Log-rank test was used. To
determine significant difference in titer data and Penh levels, the Student’s t test was used.
All error bars represent 1 standard deviation from the mean.

RiVax-specific antibodies

The ability to elicit high levels of circulating, antigen specific antibodies is an important
indicator of an effective vaccine. In order to compare the ability of ID vs. IM vaccinations to
induce specific antibodies, RiVax was administered to mice as described in the Methods.
Mice were bled one day prior to challenge with ricin to measure the titers of anti-RiVax
antibodies. As shown in Figure 1, the geometric mean titers (GMT) of RiVax-specific
antibodies in mice vaccinated with RiVax in the absence of alum (Figure 1A) were dose
dependent; the addition of alum to the vaccine significantly increased these titers (Figure
1B). In comparing titers following vaccination by either the ID or IM route, we observed
significantly higher titers in ID vaccinated mice at the 0.01 ug dose level (p <0.01).
Comparisons between ID and IM at all other dose levels showed that the ID vaccination
route was as effective as the IM route in inducing RiVax-specific antibodies. Overall, at low
doses the ID vaccination route is significantly better than the IM route in inducing RiVax-
specific antibodies.
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Post challenge survival after ID or IM vaccination with RiVax

While levels of circulating antibodies are good predictors of vaccine efficacy, these
antibodies must protect animals. In order to determine the ability of 1D vs. IM vaccinations
to protect mice against ricin intoxication, we carried out a series of experiments where mice
were vaccinated with RiVax as described in the Methods. Two weeks after the last
vaccination mice were challenged with a 10 X LDsgq dose of ricin either by IP injection,
gastric gavage or aerosol.

As shown in Figure 2, following IP challenge, 100% of mice vaccinated either by the ID or
IM routes at the 10 and 1.0 ug dose levels, survived. At the 0.1 pg dose level, 88% of IM
vaccinated mice and 56% of 1D vaccinated mice survived, demonstrating that protective
effects of ID vaccination were not significantly different from those observed with IM
vaccination. (p > 0.05 by Log-rank) (Figure 2A).

All of the mice that received 3 doses of 10, 1.0 or 0.1 pg of vaccine doses survived a gavage
challenge with ricin regardless of the vaccination route. In order to find a dose level that
might demonstrate a dose-related difference in potency between the two different
vaccination routes, we repeated the experiment at the 1.0, 0.1, and 0.01 ug dose levels. All
of the mice at the 1.0 pg and 88% (7/8) at the 0.1 ug dose levels survived. In contrast, ricin
was lethal to all the mice at the 0.01 ug dose level. Overall, the percent survival following
either vaccination route was identical. The combined results of the two experiments
demonstrated that all the mice vaccinated with three doses of 10 and 1.0 pg each, survived
oral ricin challenge. In addition 94% (15/16 mice) receiving 3 doses of 0.1 ug survived. In
contrast, none of the mice receiving 3 doses of 0.01 pg survived (Figure 2B).

We also investigated the survival of mice vaccinated via the ID or IM routes followed by a
challenge with aerosolized ricin. At the 10 and 1.0 ug dose levels 100% of the mice in both
groups survived. At the 0.1 ug dose level, 69% (5/16 mice) vaccinated via the IM route and
66% (5/15 mice) vaccinated via the 1D route survived (Figure 2C). Hence, vaccination via
the ID and IM route with RiVax alone protected animals from death when ricin was
administered systemically, by gavage or by aerosol.

Post challenge survival after ID or IM vaccination with RiVax plus alum

Despite the fact that survival following vaccination with RiVax was equivalent following
vaccination by either the IM or ID routes, several findings led us to postulate that ID
vaccination would be advantageous when RiVax was administered with alum: (1) recent
work by others suggested that alum works by enhancing activation of dendritic cells (DCs)
[26]; (2) DCs (Langerhan’s cells) are highly prevalent in the skin; (3) our data presented in
Figure 1B which demonstrate that ID administration with alum is superior to IM
administration with alum in eliciting specific antibodies. To test this hypothesis, mice were
vaccinated either 1D or IM with various doses of RiVax in 1 mg/mL alum. Two weeks after
the last vaccination, mice were challenged with ricin administered by IP injection, gastric
gavage or aerosol.

As shown in Figure 3A, when challenged by IP injection 100% of animals vaccinated with 3
doses of 1.0 and 0.1 pg each survived, regardless of the vaccination route. 13% of mice
receiving 3 doses of 0.01 ug RiVax by the IM route, and 50% of mice vaccinated by the ID
route survived.

As shown in Figure 3B, when challenged by gastric gavage, > 90% of the mice receiving 3
doses of 1.0 and 0.1 pg each, survived regardless of the route of administration. At the low
dose level ID administration of RiVax proved superior with 19% and 56% survival using the
IM and ID vaccination routes, respectively.
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Finally, vaccinated animals were challenged with aerosolized ricin. At the high dose level of
3 doses of 1.0 pg each, 100% of mice vaccinated by either the ID or IM routes survived. At
the middle dose level, 93% of the mice vaccinated via the ID route survived, while only
50% of the mice vaccinated via the IM route survived. At the low dose level, vaccination via
the ID vs. IM routes was again significantly better at protecting animals with 25% vs. 13%
survival, respectively (Figure 3C). Hence, RiVax administered in alum via the ID route was
superior to administration via the IM route in protecting animals against the systemic, gut-
mucosal and respiratory toxicity of ricin.

The relationship between survival and specific antibody titers

Effective vaccination induces significant levels of protective antigen-specific antibody. To
validate this in our model, we compared the GMT of RiVax-specific antibody in surviving
vs. non-surviving animals from all challenge groups. We also compared titers according to
vaccination route to determine if surviving mice vaccinated via the 1D route had
significantly higher antibody titers than surviving mice vaccinated via the IM route. As
expected, when RiVax was administered without adjuvant, the survivors show significantly
higher antibody titers than the non-survivors following vaccination via both the ID and IM
routes. In comparing surviving mice vaccinated via either the ID or IM routes, there were no
significant differences in their antibody levels nor were there differences when comparing
ID and IM vaccinated non-survivors (Figure 4A). The results of this comparison were
similar when RiVax was administered with alum (Figure 4B). While more mice vaccinated
with RiVax plus alum via the ID vs. the IM route survived, the survivors in both groups had
similar antibody titers. These data support the observation that higher levels of RiVax-
specific antibodies in the blood correlate with better protection.

Lung function in mice exposed to aerosolized ricin

We were interested in determining whether ID vaccination would not only increase survival,
but also result in less lung damage following exposure to aerosolized ricin. There was no
reason to expect this unless the higher levels of antibody induced by ID administration
exudated into the lungs. To this end we monitored lung function in mice vaccinated with
RiVax, by both routes with or without alum, followed by an aerosol challenge with ricin.
Lung function was assessed on days 0, 1, 2, 3, 5, 7, 10, and 14 post-challenge by whole-
body plethysmography. Many mice receiving the lowest doses of vaccine died by day 3 so
the most relevant comparisons are prior to that time point (with alum, 60% of the low dose
group was surviving on day 3; without alum 87% of the low dose group was surviving on
day 3. In addition, data from mice surviving 5-14 days post challenge showed no significant
difference related to the route of vaccination and therefore are not shown. Overall, both 1D
and IM administration of RiVax conferred significant protection for ricin related lung
damage as compared to controls. When comparing 1D vs. IM vaccinated mice within a dose
level and adjuvant group, both were equally protected from ricin-related lung damage. The
only exception was at the 0.1 ug dose level, where vaccination by the ID route with alum
was significantly better at protecting mice from lung damage (Figure 5). Our data
demonstrate that protection of the lungs following IM vs. ID vaccination is equivalent at
higher dose levels of vaccine, but that when low doses on alum are given, ID vaccination is
more effective than IM vaccination.

Survival and lung function

Although the specific mechanisms responsible for death by ricin intoxication are not clearly
understood and are probably multifactorial, in the case of exposure to aerosolized ricin, it is
presumed that lung damage plays a significant role [2]. In order to determine if this was the
case in our experiments, we compared the day 1 post-challenge Penh levels in non-surviving
and surviving mice. In making this comparison we found that regardless of the vaccination
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route or the presence of alum in the formulation, mice that survived had significantly better
lung function at day 1 than mice that subsequently died (Figure 6). In general, all mice that
survived to day 14 post challenge had low Penh values that reflected normal lung function
indicating that much of the lung damage had already resolved as we observed histologically
in past experiments [16]. While significantly more mice vaccinated via the ID route
survived, the Penh levels in surviving mice vaccinated by either route were not significantly
different; the same was true in comparing non-surviving mice vaccinated by the ID vs. IM
route. These results suggest that if ricin-induced lung damage can be minimized, the chances
of survival may also improve

Discussion

We have previously described a ricin vaccine, RiVax, composed of a recombinant ricin A
chain containing two site mutations to eliminate all known toxicities [13]. We have
demonstrated that when RiVax is administered to mice by IM injection without alum it was
entirely safe and protected mice from ricin-induced death following delivery of the toxin by
IP injection, gastric gavage, or aerosol [16]. RiVax was safe and immunogenic in mice,
rabbits and humans [14]. Adoptive transfer of human anti-RiVax antibody (at levels found
in human serum) into mice protected them from ricin intoxication [17].

Thus far all of our studies have been carried out using IM vaccination of RiVax with or
without alum. Several published studies with other vaccines have reported that small doses
might be more effective if administered via the ID vaccination route. Therefore, the purpose
of this study was to determine whether RiVax administered by ID injection would be more
immunogenic and protective at lower doses [27-29]. ID vaccination has several practical
advantages in protecting humans due to the ease of administration, especially when using an
ID gun, thereby eliminating the need for needles and subsequent needle disposal. In some
cases lower doses have been reported to be as effective as higher doses administered by the
IM route [27-29]. It was, however, unclear whether 1D vaccination would induce antibodies
that would protect mucosal surfaces more effectively than we have already reported using
IM vaccination [16]. Hence, in this study, we have compared ID and IM vaccination with or
without alum at several dose levels and determined the levels of anti-RiVax antibodies
generated in serum as well as the ability of the vaccine to protect mice against ricin
intoxication following systemic, gastric gavage or aerosol challenges, the latter two being
the most likely routes of exposure.

The major findings to emerge from this study are as follows: (1) ID vs. IM administration of
RiVax without alum conferred equal protection; (2) RiVax on alum was significantly better
than RiVax alone in eliciting specific antibodies and both systemic and mucosal protection
when 90-99% less vaccine was used. This was consistent with our previous report using an
IP challenge with ricin [18]; (3) vaccination with RiVax on alum via the ID route is
significantly better than vaccination via the IM route at protecting animals from ricin
challenge, hence, smaller doses of vaccine are required when ID vaccination is used; (4) in
comparing IM vs. ID vaccination with RiVax on alum, at low doses, the latter was more
effective at protecting mice from ricin-induced lung damage; (5) RiVax-specific antibody
levels correlated with post challenge survival.

Extensive studies in our laboratory have shown RiVax to be highly protective when
administered via IM injection without alum [14-16]. In this study, we observed that RiVax
alone delivered by the ID or IM routes was equally effective at protecting mice from
aerosolized, gavaged, or IP injected ricin. This result is consistent with published reports
demonstrating that ID vs. IM administration of other protein vaccines confers similar
protection in the absence of adjuvant [30].
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Administration of vaccines on alum as a method of augmenting immunogenicity has been
standard practice for decades. For nearly 70 years alum has been reported as effective in
increasing antigen specific antibody levels, seroconversion rates, and the longevity of these
responses [31]. Here we compared RiVax administration alone and with alum and found that
our results are comparable to reports using other vaccines and to our previous findings
following IP ricin challenge [18]. While RiVax alone was very effective in inducing
seroconversion, we found that the addition of alum significantly increased specific antibody
levels while also improving protection. The addition of alum to RiVax decreases the dose
needed for protection by at least 10 fold.

ID administration of RiVax on alum is significantly more protective than IM administration
of the same formulation. Most importantly, we observed that ID administration of RiVax on
alum significantly improved protection against ricin delivered by gavage or aerosol. This
finding is significant for two main reasons: (1) the most likely route of ricin intoxication
would be via aerosolized liquid or powder, or contamination of food or water sources; (2)
most pathogens and toxins enter the body through mucosal surfaces making it important to
find novel ways to improve mucosal protection. Hence, research has focused on novel
adjuvants and administration routes to improve mucosal protection. In our studies we have
observed that a protein vaccine, such as RiVax, administered with alum via the ID route
protects both gut and respiratory mucosa as well as or better than an equivalent dose
administered by the IM route. While IM administration of RiVax on alum was superior to
RiVax alone, the improvement observed when the vaccine on alum was administered via the
ID route was even greater. This is not surprising for several reasons: (1) ID administration of
RiVax on alum induced significantly higher antibody titers; (2) past studies in humans
comparing ID vs. IM administration of vaccines on alum have shown that the ID route is 5-
fold more effective at inducing antigen specific antibodies [27,29]; (3) recent findings have
demonstrated that alum enhances both activation and antigen presentation by DCs [26].
Since DCs initiate adaptive immune responses to vaccines, the large numbers of such cells
in the skin would suggest that ID administration of a vaccine would be advantageous.

In our study, we investigated three doses levels of vaccine over a two log range. This has
given us enough evidence to suggest that ID is superior to IM vaccination at lower dose
levels. Due to the wide range of doses that we tested, we were unable to identify the
minimum dose that could be administered ID in order to achieve protection which was
equivalent to that of IM administration. However, this will be an important avenue of
research for future studies. Prior studies comparing seroconversion following ID vs. IM
administration of adjuvented protein vaccines have revealed that approximately a 20% dose
given ID is equivalent to a 100% dose given IM [27,29,18]. Therefore, we were not
surprised that our low ID dose levels did not confer protection that was equal to our middle
and high IM dose levels since each dose level was one log different from the next.

As compared to the IM route, administration of RiVax with alum via the ID route was also
superior in minimizing lung damage following exposure to aerosolized ricin. While
immunization with RiVax protected mice from ricin-mediated death, it was also important to
determine whether it prevented organ damage since this could result in significant
downstream morbidity and mortality. Mucosal protection is mediated primarily by 1gG and
sIgA. sIgA is produced locally and most of the 1gG is exudated into the mucosa by diffusion
[32]. Local IgA works primarily by preventing a toxin or pathogen from breaching the
epithelium. IgG can neutralize and opsonize toxins in mucosal sites as well [33]. Although
we did not study antibody isotypes at mucosal sites in this study, this will be the subject of
future experiments.
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Previous in vitro studies have demonstrated that subsets of dermal DCs induce humoral
immune responses including the production of IgG and IgA [34]. It has also been shown that
transcutaneous vaccination stimulates antibody production at mucosal surfaces [35]. Taken
together with the current findings that ID vaccination is more effective at maintaining
normal lung function following challenge with aerosolized ricin it can be concluded that 1D
vaccination may be superior at providing mucosal protection against toxin exposure and
perhaps pathogen exposure as well.

Lastly, we found that levels of RiVax-specific antibodies in the serum correlated with
survival. Serum antibody levels have long been accepted as an indicator of vaccine efficacy
especially in human studies where challenges with toxins or pathogens are not possible. In
our animal models of ricin toxicity, we were able to clearly show a correlation between
specific antibody levels in the serum and survival. In comparing the antibody levels in ID
and IM vaccinated mice, we observed that regardless of the route of vaccine administration,
the level of specific antibodies correlated with survival. This will be important in evaluating
future studies of RiVax in primates and humans.

There have been many attempts to develop a prophylactic ricin vaccine, using different
preparations of the ricin holotoxin with or without various adjuvants [8-10]. But none of
these has been as extensively studied as RiVax and none have looked at the ID vaccination
route. Since it is likely that a ricin vaccine would be most useful for military personnel, the
ease of ID vaccination with lower doses of vaccine is important.

Clearly these studies must be extended to non-human primates and eventually humans, but it
is likely that similar observations will be made. This, combined with the fact that RiVax is
stable for at least a year as a lyophilized formulation [18], indicates that we have now
improved the conditions for storage and utilization of this vaccine.
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Figure 1. Serum antibody titers

Mice were vaccinated three times at 4 week intervals. Two weeks after the last vaccination
mice were bled before ricin challenge and sera were analyzed for RiVax-specific antibodies,
black bars = IM, hatched bars = ID; All data represent 6 experiments of 8 mice each,
compiled into groups of 48 mice for analysis. (A) without alum, P > 0.05 when comparing
ID and IM in each dose level (B) with alum, 0.01 pg IM and 0.01 pg ID, P < 0.05, indicated
with a bar and asterisk.
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Figure 2. Ricin challenge after vaccination with RiVax without alum

Mice were vaccinated three times at 4 week intervals. Two weeks after the last vaccination
mice were challenged with ricin. P values compare survival of ID vs. IM vaccinated mice
within a dose level; V = 10 pg, A = 1.0 pg, o = 0.1 pg, X = 0.01 pg, o = 0 ug; challenge via
(A) IP injection, at the 0.1 pg dose level, P = 0.078, (B) gastric gavage, at the 0.01 ug dose
level, P = 0.218, (C) aerosol, at the 0.1 ug dose level, P = 0.848. (A) and (B) represents 2
experiments of 8 mice each combined into groups of 16 mice for analysis; (C) represents 4
experiments of 4 animals each combined into groups of 16 mice for analysis.
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Figure 3. Ricin challenge after vaccination with RiVax + alum

Mice were vaccinated three times at 4 week intervals with RiVax in 1 mg/mL alum. Two
weeks after the last vaccination mice were challenged with ricin. P values compare survival
of ID vs. IM vaccinated mice within a dose level; A =1.0 ug, ¢ =0.1 ug, X =0.01 pg, m =
0 pg. Challenge via (A) IP injection, at the 0.01 pg dose level, P < 0.05, (B) gastric gavage,
at the 0.01 pg dose level, P < 0.05, (C) aerosol, at the 0.1 ug dose level, P < 0.05, at the 0.01
ug dose level P < 0.05. (A) and (B) represent 2 experiments of 8 mice each combined into
groups of 16 mice for analysis; (C) represents 4 experiments of 4 animals each combined
into groups of 16 mice for analysis
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Figure 4. Levels of RiVax specific antibodies vs. survival after ricin challenge

Titers from animals at all dose levels were compiled, then grouped to compare non-
survivors and survivors, (A) without alum, IM non-survivors, n = 38; IM survivors, n = 118;
ID non-survivors, n = 37; ID survivors, n = 110, (B) with alum, IM non-survivors, n = 68;
IM survivors, n = 94; 1D non-survivors, n = 42; 1D survivors, n = 109 In all cases, *
indicates P < 0.05.
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Figure 5. Lungs function following aerosol challenge with ricin

Mice were vaccinated three times at 4 week intervals with the doses of RiVax indicated in
the panels. Two weeks after the last vaccination, mice were challenged with aerosolized
ricin and lung function was measured as the Penh on days 0, 1, 2, 3, 5, 7, 9, 10, 14. Penh
values for days 0, 1, 2, 3 are shown. Black bars = IM, hatched bars = ID, grey bars = control

vaccinated mice. * P < 0.05. All data represent 4 experiments of 4 mice each.
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Figure 6. Lung function compared to RiVax-specific antibody and survival

Mice were vaccinated three times at 4 week intervals. Two weeks after the last vaccination,
mice were challenged with aerosolized ricin and lung function was measured as the Penh on
days 0, 1, 2, 3, 5, 7, 10, 14. Penh values from animals at all dose levels were compiled, then
grouped to compare non-survivors and survivors; left graph: without alum, IM non-
survivors, n = 21; IM survivors, n = 41; 1D non-survivors, n = 21; ID survivors, n = 41; right
graph: with alum, IM non-survivors, n = 38; IM survivors, n = 25; ID non-survivors, n = 29;
ID survivors, n = 35. * indicates P < 0.05.
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