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Introduction
Ricin toxin is a 64 kDa protein produced by castor beans (Ricinus communis) [reviewed in
1,2]. The holotoxin consists of two polypeptide chains (A and B) joined by a disulfide bond.
The A chain (RTA) is a ribosome inactivating protein (RIP) that inhibits protein synthesis in
mammalian cells. The B chain (RTB) is a lectin that binds to galactose residues on the surface
of cells. Once internalized by a cell, RTA translocates into the cytosol where it enzymatically
inactivates 60S ribosomes. A single molecule of RTA in the cytoplasm of a cell completely
inhibits protein synthesis. The reported estimated lethal dose of ricin in humans is 1–25 μg/kg
when inhaled, injected, or ingested [2–4]. Because of its wide availability and extraordinary
toxicity, ricin represents a potential agent for use in bioterrorism [3] and is therefore classified
by the Centers for Disease Control, Atlanta GA (CDC) as a level B biothreat. Ricin intoxication
can be prevented in experimental animals by vaccination with toxoid [5] or deglycosylated
ricin A chain (dgRTA) (Leonard Smith, USAMRIID, personal communication), or by passive
immunization with anti-ricin antibodies [5,6]. However the toxoid is considered to be too toxic
for routine use in humans and dgRTA is difficult and expensive to produce, and also retains
both active sites and could induce toxic side effects in humans [7]. Passive immunization with
anti-ricin antibodies is only effective if the ricin dose is relatively low and the antibody is
administered within a few hours after exposure [5,8–9].

In order to avoid these limitations, we developed a recombinant RTA vaccine, named RiVax,
into which we have incorporated two point mutations, Y80A and V76M, to greatly reduce or
eliminate both of its known toxicities, i.e. ribotoxicity and vascular leak-inducing ability [10,
11]. In the absence of adjuvant, RiVax is non-toxic and immunogenic in mice, rabbits and
humans [10–12]. Immune sera from all three species contained ricin-neutralizing antibodies,
which could passively protect non-vaccinated mice from a lethal i.p. challenge with ricin. Mice
immunized three times at four week intervals with at least 1.0 μg of vaccine were consistently
protected against ricin challenges of 10 LD50s administered by one of three routes,
intraperitoneal (i.p.) injection, oral gavage or inhaled aerosol [4].
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It is anticipated that the target group for this vaccine will be personnel in the military as well
as emergency first-responders. Since the conditions in some countries are less than ideal, with
it being logistically difficult to maintain continuous cold chains, especially −20°C or −80°C,
for transport and distribution of drugs, we sought to develop a formulation that was stable at
4°C or 25°C for extended periods of time. In the present study, we describe the development
of a lyophilized formulation of the vaccine that shows no loss of function for at least one year
when stored at either temperature, as determined by protection of mice given a lethal challenge
of ricin by all three challenge routes.

Materials and Methods
Vaccine, ricin and antibodies

The construction, production and purification of RiVax have been described [10,11]. Briefly,
the gene for the enzymatically active wild type RTA, kindly provided by Dr. J. Michael Lord,
Department of Biology Sciences, University of Warwick, Coventry, U.K. [13,14], was
genetically altered to eliminate both its cytotoxic activity (Y80A) and its ability to induce
vascular leak (V76M). This construct was then inserted into pET28a (Novagen, Madison, WI),
which relies on kanamycin rather than ampicillin for selection. Overnight cultures of E. coli
strain BL21 (DE3) (Novagen) freshly transformed with this plasmid in Terrific Broth [15]
containing 30 μg/mL kanamycin grown with agitation at 37°C were used to inoculate the same
media in two 5 L fermentors (New Brunswick Scientific, Edmon, N.J.). Cultures were grown
at 37°C with aeration to an OD600 of 0.6 to 0.8, then at 30°C to an OD600 of 1.0. Cultures were
induced with 1.0 mM isopropyl-B-D-thiogalactopyranoside (IPTG) and grown overnight.
Cells were harvested, resuspended in 2–3 mL phosphate-buffered saline (PBS) (50 mM
phosphate buffered saline, pH 7.0) per gram of cell paste, and lysed by sonication. Cell debris
was removed by centrifugation at 25,000 g for 30 min and supernatants were filtered (0.45
μm). This lysate was dialyzed overnight at 4°C against 10 mM phosphate buffer pH 6.5 and
chromatographed on CM-Sepharose FF (Pharmacia, Piscataway, NJ) equilibrated with the
same buffer. After washing, a 100 to 175 mM NaCl gradient was used for elution. Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to identify the
RiVax peak. The fractions containing this peak were pooled, dialyzed against PBS pH 7.5
buffer, and the preparation chromatographed over an Acticlean column (Sterogene
Bioseparations, Carlsbad, CA) to remove endotoxin (this and all subsequent steps were carried
out using water and reagents that were endotoxin-low). The collected fractions containing
purified RiVax (flow through) were pooled and the amount of endotoxin was measured using
a Limulus Amebocyte Lysate (LAL) assay (Associates of Cape Cod, East Falmouth, MA) as
per the manufacturer's instructions. The protein concentration of the final product was usually
between 0.5 and 1.0 mg/mL and the endotoxin levels were 0.5 to 10 EU/mg. This preparation
was formulated in 10 mM Histidine-HCl, 144 mM NaCl, pH 6.0, 50% v/v glycerol, stored at
−20°C, which has been determined to be an ideal formulation for stability [16]. This material
was dialyzed overnight into 10 mM Histidine-HCl, 144 mM NaCl, pH 6.0 before use as control
vaccine in the protection experiments or to prepare the 26 lyophilized formulations that we
tested, as described in the results. The various formulations of vaccine (described in Results)
were sterilized by filtration through a 0.22 μm filter, aliquotted into sterile vials, frozen at −80°
C, lyophilized at ≤100 mBar at room temperature and sealed under vacuum. The vials were
removed from the lyophilizer, their aluminum seals were crimped, and they were stored at
either 4°C or room temperature for periodic stability testing. Random lyophilized vials were
tested for water content by net weight determinations before and after 2 h at 150°C and found
to be 1–2%.

Antibodies specific for the vaccine were purified from pooled immune serum using
ricinconjugated CL-B4 Sepharose affinity chromatography in the presence of 0.1 M galactose
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[17]. Radioimmunoassay (RIA) and sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) were used to verify the purity and integrity of the antibody.

Stability testing
At intervals, vials of the various formulations of lyophilized vaccine were reconstituted with
water to their original concentration and each was inspected for insoluble particles immediately
upon reconstitution and again one hour later. Samples that remained clear after one hour were
concentrated to 1 mg/mL and evaluated by SDS-PAGE to detect breakdown products.
Formulations that retained integrity for extended periods were also analyzed by HPLC
(BioLogic, BioRad, Hercules CA) with a 7.8mm ID × 30 cm, 5μm.TSK G2000sw column
(TOSHO BioScience) at 1 mL/min Histidine NaCl buffer, to determine the extent of
aggregation of the preparations.

Radioimmunoassay (RIA) of anti-RiVax antibody
96 well plates (Costar, Corning, NY) were coated overnight at 4°C with 100 μL wild type (wt)
RTA, or RiVax at 20 μg/mL in PBS. After washing and blocking the plates with 5% fetal calf
serum (FCS), 100 μL of mouse anti-RiVax antibody at concentrations ranging from 1 to 1000
ng/mL (standard curve) or 100 μL of appropriate dilutions of the sera from vaccinated or control
mice were added in triplicate. After overnight incubation at 4°C the plates were washed and
[125I]-labeled affinity purified rabbit anti-mouse Ig (105 cpm/100 μL) was added. After a 2
hour incubation at room temperature, the plates were washed again and the radioactivity in the
wells was counted in a gamma-counter (Pharmacia).

Vaccinations
Lyophilized RiVax was reconstituted with water to its original volume on the day of each
vaccination. As a positive control, RiVax stored in 50% glycerol at −20°C was dialyzed
overnight in Histidine NaCl buffer and its concentration adjusted to have the dose per 50 μL
for each dose group. When using aluminum hydroxide, the vaccine was adsorbed onto alum
on the day of each vaccination (final concentration 1 mg/mL). Vaccine doses that were used
are described in the Results section. Female Swiss Webster mice, 6–8 weeks of age, (Taconic,
Germantown, NY) were vaccinated with an intramuscular (i.m.) injection of 50 μL three times
at 4 week intervals.

Ricin challenges
Mice were challenged 14 days after the final vaccination. The day prior to challenge, 100–150
μL of blood was collected from each mouse to determine levels of anti-RiVax antibodies. Ricin
challenges in mice were performed as described [4] using ten times the LD50 as previously
determined for each of the three challenge routes [4,10]. Briefly, for all i.p challenges with
ricin, mice were injected with ricin in a volume of 100 μL PBS. For all gavage challenges,
mice were moved to a clean cage without food 20 h prior to the intragastric gavage challenge.
Mice were single-hand restrained and a 1.25 mm diameter gavage needle was gently inserted
directly into their stomachs. The mice were dosed with a volume corresponding to 1% of their
body mass (10 μL/g). Food was withheld for an additional 4 hours following the challenge.
For the ricin aerosol exposures, mice were exposed in a nose-only exposure chamber (InTox,
Moriarty, NM) with a total system airflow rate of 10 L min−1, precisely measured using a
DryCal air flow meter (Bios, Butler, NJ). A small-particle aerosol with a median particle
diameter of 2 μm was generated using a Lovelace nebulizer (InTox) in conjunction with a
particle dryer. Respiratory minute volumes (total volume of air inhaled per minute) were
estimated by using the formula, Log10 (V) (mL min−1) = −0.899 + 1.725 (Log10 body weight)
(g), which is based on animal weight [18]. The estimated inhaled and retained dose of ricin
was then determined from the minute volume, the calculated ricin concentration per L air,
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published particle retention rates, and exposure time. The exposed mice were observed daily
for 14 days. Lung function in the mice was measured using a Buxco 12 chamber whole body
plethysmograph (Wilmington, NC). This technique has been used to assess airway obstruction
[19 and references therein]. For all challenge routes, mice were monitored and weighed daily
for 14 days, a period of time sufficient for almost all surviving vaccinated animals to regain
their initial weight. Mice were euthanized by CO2 asphyxiation followed by spinal dislocation
when moribund or following 25% weight loss.

Results
Formulation and Testing

We evaluated 26 different formulations of our vaccine as lyophilized preparations. Batches of
0.2 mg/mL vaccine were prepared in two different concentrations of various sugars, all in 10
mM histidine, 144 mM NaCl pH 6.0,: 1. Sucrose (10% and 20%); 2. Trehalose (10% and 20%);
3. Dextran (5% and 10%); 4. Mannose (5% and 10%); 5. Sorbitol (10% and 20%); 6. Arginine
(2% and 5%); 7. no additions (histidine/NaCl only). All were prepared with or without 0.04%
Tween 80. These preparations were filtered-sterilized, aliquotted into sterile vials, frozen at
−80°C, lyophilized at ≤100 mBar at room temperature and sealed under vacuum. The vials
were removed from the lyophilizer, the aluminum seals were crimped and stored at either 4°
C or room temperature for periodic stability testing.

Initial testing over a 16 week period involved reconstituting one vial of each formulation/
concentration/temperature, and inspecting each for insoluble particles immediately upon
reconstitution and again one hour later. Samples that remained clear after one hour were
concentrated and run on SDS-PAGE to detect breakdown products. The dextran, mannose, and
no sugar formulations were often cloudy. Though initially stable, the arginine and sorbitol
formulations were occasionally cloudy or had insoluble aggregates (likely dimers and trimers
etc.) and both began to fail after 2–4 weeks. All of these formulations were eventually
eliminated from consideration, leaving only trehalose and sucrose formulations as candidates.

During this period we conducted a `pilot' vaccination study to determine if we retained
immunogenicity following lyophilization. We chose to use the 20% sucrose with Tween stored
at 4°C for this study. Groups of mice were vaccinated four times at weekly intervals and
challenged one week later with 10 LD50s of ricin i.p.; groups of two male and female mice
were vaccinated with formulation only for a negative control. All of the vaccinated mice
survived the challenge and none lost more than 11% of their pre-challenge body weight, while
none of the naïve mice survived the challenge (data not shown). From this we concluded that
lyophilization does not decrease immunogenicity.

Select sucrose and trehalose formulations remained stable (clear and particle-free and >90 of
the major band on SDS-PAGE) through 12 months. In general, formulations stored at 4°C were
more stable than those at room temperature, and formulations with Tween were stable for
longer than without Tween. In particular, all four sucrose preparations, with and without
Tween, and both trehalose preparations without Tween, all stored at RT, failed the visual tests
within 16 weeks. HPLC testing of the remaining contenders at one year showed that the sucrose
preparations often had multiple peaks, containing what appeared to be both breakdown
products and aggregates, often with <80% remaining in the main peak, so we eliminated
sucrose. There remained under consideration four trehalose formulations of which we
ultimately chose 20% trehalose with 0.04% Tween since, without Tween, both 10 and 20%
trehalose were unstable at room temperature and we eliminated 10% with Tween because, on
a single gel at 16 weeks of a vial stored at room temperature, it had multiple bands (though it
passed all subsequent tests, through one year). SDS-PAGE and HPLC analysis of vials of this
preparation, stored at either temperature for up to one year, are shown in Figure 1.
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Electrophoresis showed no detectable breakdown products and, as determined by HPLC, 93–
100% of the material was in a single peak.

Vaccination
Having chosen our lyophilization formulation, we prepared >300 lyophilized vials of 20%
trehalose with 0.04% Tween (T20T) and stored half at each temperature for long term stability
testing, and to use for future studies with adjuvants and different routes of administration. Using
this batch we conducted a series of mouse experiments to test immunogenicity over time as
well as the effects of the adjuvant alum, which was added to the formulation after reconstitution.

Our first potency experiment was to compare T20T stored at both temperatures with vaccine
freshly prepared from the glycerol stock. For the potency experiment, groups of mice were
immunized three times every four weeks with 50 μL i.m. injections of 10 μg, 1 μg, or 0.1 μg
doses of lyophilized vaccine stored at either 4°C or room temperature or with freshly dialyzed
and identically formulated vaccine, or with formulation only. Two weeks after the final
vaccination, serum samples were collected and the mice were challenged i.p. with a 10X
LD50 dose of ricin . This experiment was conducted three times over the course of a year and
the results are summarized in Table 1.

For each time point, the pre-challenge titers of the mice given the same dose levels were the
same (no statistical differences by Student's T test) regardless of the storage conditions, except
that 0.1 μg T20T RT was better than the freshly prepared vaccine at the 3 month timepoint (P
< 0.005), and 0.1 μg T20T 4°C was better than both the 0.1 μg T20T RT and freshly prepared
vaccine at the 12 month timepoint (P < 0.01 and P < 0.05 respectively), indicating that the 4°
C preparation is somewhat more stable than the vaccine stored at room temperature.
Comparisons between time points showed that there were no significant differences between
the titers except for 0.01 μg T20T 4°C was significantly better at 6 months than either at 3
months or at 12 months (P < 0.05 for both); since there was no statistical difference between
the 3 and 12 month time points, we do not consider this to indicate that the preparation was
deteriorating.

At each time point we observed no significant difference between survival of the mice receiving
the same dose levels of the differently stored material. However we did observe less protection
in some mice vaccinated with the lowest dose level at the third time point. Additionally, a
mouse in the 1 μg T20T RT dose group died at the 12 month time point. Since we see a moderate
reduction in potency in all three test groups, including the group vaccinated with the fresh
vaccine, we consider this to be an anomaly of the experiment and not a significant reduction
in potency. This was substantiated in experiments that followed using our other two challenge
routes.

We also tested the potency of this batch of lyophilized vaccine adsorbed to alum at the six
month time point. This experiment was performed exactly as above except: 1) that we used
10-fold lower doses of vaccine in order to be within the correct range to determine the minimum
dose required for protection (based on past experience); and 2) for the addition of 1 mg/mL
aluminum hydroxide (Alhydrogel or ̀ alum') following reconstitution of the lyophilized vaccine
or freshly dialyzed vaccine. As shown in Figure 2, the vaccine on alum induced titers
comparable to vaccine without alum (Table 1) but it required 10-fold less vaccine. Similarly,
the vaccine on alum protects the mice in a dose dependent manner (Figure 3) and was as
protective as 10-fold more vaccine without alum (Table 1).
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Aerosol and Gavage Challenge
We also conducted experiments to test the lyophilized vaccine in our other two challenge
models, oral gavage and aerosol. In these experiments, we tested five different dose levels of
vaccine (10, 3.3, 1.0, 0.33, and 0.1 μg/dose q4w × 3) plus negative control; 14 days after the
third dose mice were bled for serum titers and challenged with 10X LD50 ricin given either
by oral gavage or by inhaled aerosol. These results were compared with historical data in mice
receiving the same vaccine doses, regimen and challenge that were tested using freshly
prepared vaccine. The results of the gavage experiments are shown in Figure 4. The lyophilized
vaccine protected at even the very lowest dose level (0.1 μg/dose) while historically we had
100% survival in only the two highest dose groups and only 20% survival in the lowest dose
group (historical data not shown; [4]). As shown in the weight data plot, the lowest two dose
groups did have more weight loss than the highest three dose groups but with the standard error
these differences are probably not significant

The data for the inhaled aerosol ricin challenges are shown in Figures 5. The results are
indistinguishable from those obtained previously using freshly dialyzed RiVax. The lung
function of the mice was monitored by whole body plethymosgraphy and, as shown in Figure
6, the vaccine protects the airway of the mice in a dose dependent manner.

Discussion
Most vaccines are supplied as liquid formulations and must be stored at 4°C to ensure stability
and potency. The removal of bulk water from vaccine could reduce the physical and chemical
degradation of vaccine ingredients, and permit extended shelf lives and possibly the avoidance
of the cold chain. Lyophilized vaccines that are currently approved for human use or being
tested experimentally consist primarily of dead or attenuated organisms. Examples include live
attenuated hepatitis A [20], influenza [21], Herpes Simplex 2 [22], and yellow fever [23]. Most
of these are lyophilized in sugars such as sucrose [22,24–5], trehalose [22,24], glucose [24],
mannitol [21], Pluronic F68P [21], dextran [21,22], lactose [23] and sorbitol glutamate [23] or
mixtures of several of these [21–23]. Some include Tween [21] or histidine [23]. In addition,
some are lyophilized with alum [24,26]. Most are as stable or more stable than liquid
formulations and most are stored at 4°C. In contrast, there are only a few examples of
lyophilized protein vaccines. These include group B Strep [25], CHO-derived Hepatitis (B)
[24], diphtheria toxoid [26] and tetanus toxoid [26].

The goal of this study was to prepare a number of lyophilized RiVax formulations and evaluate
them for stability and efficacy over time. The major findings to emerge were: 1) The vaccine
was most stable as a lyophilized preparation when formulated in 10 mM histidine-HCl, pH 6.0
with 144 mM NaCl, 20% trehalose, 0.04% Tween 80 and stored at 4°C; 2) This formulation
shows no deterioration of potency, in terms of total anti-vaccine titers or survival following an
i.p. ricin challenge in mice, after one year; 3) When adsorbed to aluminum hydroxide following
reconstitution, it is equipotent to vaccine/alum prepared fresh; 4) The lyophilized formulation
protects as well in our two mucosal ricin challenge models as freshly prepared vaccine, which
are the likely routes of ricin exposure if used as a terrorist weapon.

In total, 26 preparations, each stored at two different temperatures, 4°C and room temperature,
were assessed for stability. Both sucrose- and trehalose-containing formulations (with and
without the addition of Tween 80) performed well over one year but only the 20% trehalose
with 0.04% Tween 80 passed every single stability test conducted at intervals throughout the
entire year, and so it was chosen as our test formulation.

We conducted a series of experiments to compare the lyophilized vaccine formulation with
vaccine freshly prepared from our reference standard, vaccine in Histidine-HCl buffer with 50
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% glycerol stored at −20°C. We compared the vaccines directly at various dose levels using
our `standard' efficacy model in mice, using a challenge dose of 10 times the LD50 delivered
i.p. over the course of one year and found no significant loss if potency of the lyophilized
preparation stored at 4°C and a slight loss in efficacy of the preparation stored at room
temperature.

Based on previous studies with our vaccine, comparing the degree and durability of the immune
response with or without adjuvant, it is clear that the vaccine is much more effective with the
addition of an adjuvant, as expected. Thus, we also tested the lyophilized formulation of RiVax
as an alum formulation; we adsorbed the vaccine to alum following reconstitution and
compared it to freshly prepared alum vaccine preparations. The results from these studies
indicate that there was no difference in potency. We made no attempt to develop a lyophilized
alum formulation, since freezing aluminum salts commonly results in agglomeration, often
with loss of potency [26–28]. There are reports that describe alum-formulated lyophilized
vaccines prepared by spray freeze-drying techniques [26,29] or that utilize the addition of
stabilizers [30] but these were not the subject of this study. We may consider evaluating these
approaches in future since a lyophilized alum formulation would be optimal..

We also tested the potency of our lyophilized vaccine in our two mucosal challenge models,
as these are the exposure routes that would be expected if ricin were used as a weapon of mass
destruction either domestically or in battle. The lyophilized preparation was tested in both the
gavage and aerosol models and we found that there was no loss of potency as compared to
historical data.

Thus far we have testing the lyophilized formulation through one year and have found no
measurable loss of stability or potency during this time. We will continue to assess this
formulation over time but this formulation should be suitable for development into a licensed
product for field use where the availability of a cold-chain is undependable. These results
contribute to the ultimate goal of the development of the vaccine for use in those identified as
being at risk for ricin intoxication, primarily military personnel and first responders. While the
data presented here pertain to material stored for up tp one year, we are encouraged that we
have devised a formulation that stabilizes our vaccine through lyophilization, storage, and
reconstitution, which will enable use of the vaccine without requiring a cold chain. We will
continue to test our vaccine over time to determine it's actual shelf life.
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Figure 1. Stability of the lyophilized vaccine over the course of one year
Lyophilized vaccine formulated with 20% Trehalose and 0.04% Tween was reconstituted with
water to the original concentration of 0.2 mg/mL. A. SDS-PAGE Analysis. The vaccine was
concentrated to 1 mg/mL and electrophoresed under non-reducing conditions on an 8% – 25
% gradient gel: Lyophilized vaccine was stored at room temperature for 12 months (lanes 1
and 2) or 6 months (lanes 3 and 4), or stored at 4°C for 12 months (lanes 5 and 6) or 6 months
(lanes 7 and 8); the even numbered samples were filtered following reconstitution and
concentration, the odd numbered samples were not. B. HPLC Analysis. 0.2 mg/mL samples
were dialyzed against 10 mM histidine/144 mM NaCl, concentrated to 0.3 – 0.6 mg/mL, and
analyzed on a TOSOH G2000SWxl 7.8 mm × 30 cm column (MW standards were also run
but not shown). Panels A and B: storage at 4°C for 12 months; panels C and D: storage at room
temperature for 12 months.
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Figure 2. Pre-challenge serum titers
Mice were vaccinated q4w × 3 with RiVax lyophilized and stored at 4°C or room temperature,
or with freshly dialyzed vaccine, and all adsorbed to alum, as indicated. There were no
statistical differences in titers between the same dose levels of different storage conditions. N
= 8 mice/group, combined data from two experiments with four mice per group. Assays are
run twice with triplicate wells per sample.
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Figure 3. Survival curves of mice vaccinated with RiVax on alum; i.p. challenge
Mice were immunized q4w × 3 with: 1 μg (■), 0.1 μg (■), or 0.01 μg (□) vaccine lyophilized
and stored at 4°C, 1 μg (▲), 0.1 μg (▲), or 0.01 μg (Δ) vaccine lyophilized and stored at room
temperature, or 1 μg (●), 0.1 μg (●), or 0.01 μg (∘) freshly dialyzed vaccine, of buffer only (×)
N = 8 mice/group, combined data from two experiments with four mice per group.
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Figure 4. Gavage Challenge With Ricin
Mice were vaccinated q4w × 3, with doses as indicated, with RiVax lyophilized and stored at
4°C. A. Pre-challenge serum titers. Geometric mean titers (each sample assayed twice) are
presented with SD. B. Survival curves. RiVax dosing: 10 μg (■), 3.3 μg (□), 1 μg (▲), 0.33
μg, (Δ) or 0.1 μg (●) vaccine lyophilized and stored at 4°C, or buffer only (∘). C. Weight
plots. Symbols as for B. N = 16 mice/group, combined data from four experiments with four
mice per group.
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Figure 5. Aerosol Challenge with Ricin
Mice were vaccinated q4w × 3, with doses as indicated, with RiVax lyophilized and stored at
4°C. A. Pre-challenge serum titers. Geometric mean titers (each sample assayed twice) are
presented with SD. B. Survival curves. RiVax dosing: 10 μg (■), 3.3 μg (□), 1 μg (▲), 0.33
μg , (Δ) or 0.1 μg (●) vaccine lyophilized and stored at 4°C, or buffer only (∘). C. Weight
plots. Symbols as for B. N = 16 mice/group, combined data from four experiments with four
mice per group.
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Figure 6. Lung function analysis of mice vaccinated with lyophilized RiVax and challenged by
aerosol
Mice were immunized q4w × 3 with: 10 μg, 3.3 μg, 1.0 μg, 0.33 μg or 0.1 μg vaccine, or buffer
only (greyscale dark to light). N = 16 mice/group, combined data from four experiments with
four mice per group.
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