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Abstract

Long-term protection of rabbits that had been vaccinated with two doses of a recombinant protective antigen (rPA) vaccine was examinec
against an aerosol spore challenge with the Ames isolaBa®fius anthracis at 6 and 12 months. At 6 months after the primary injection,
survival was 74.1% (20/27) with quantitative ELISA titer of 2Q.@of anti-rPA IgG per millilitre and toxin neutralizing antibody (TNA) assay
titer of 332. At 12 months after the primary injection, only 37.5% (9/24) of the rabbits were protected with quantitative ELISA titeaf 19.8
of anti-rPA 1gG per millilitre and TNA assay titer of 286. There was a significant loss of protegt0.0117) and a significant difference in
survival curvesf=0.0157) between the 6- and 12-month groups. When ELISA or TNA assay titer, gender, and challenge dose were entered
into a forward logistic regression model, week 26 ELISA tijer 0.0236) and week 13 TNA assay titer50.0147) for the 6-month group,
and week 26 ELISA titer{=0.0326) and week 8 TNA assay titer£ 0.0190) for the 12-month group, were significant predictors of survival.
Neither gender nor challenge dose were identified as having a statistically significant effect on survival. Booster vaccinations with rPA may
be required for the long-term protection of rabbits against anthrax.

Published by Elsevier Ltd.
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- . ) ) ) 1. Introduction
" Research was conducted in compliance with the Animal Welfare Act

and other Federal statutes and regulations relating to animals and experi- Protecti inst infecti itBacill h .
ments involving animals and adheres to principles stated in the Guide for rotection against intection witibacillus anthracts 1S

the Care and Use of Laboratory Animals, National Research Council, 1996. afforded by a cell-free, FDA'licen§ed VaCCin_e' Anthrax Vac-
The facility where this research was conducted is fully accredited by the cine Adsorbed Biothrax (AVA Biothrax; BioPort Corpo-
Association for Assessment and Accreditation of Laboratory Animal Care ration, Lansing, MI, USA). AVA Biothrax is prepared by
International. Opinions, interpretations, conclusions, and recommendatlonsadsorbing filtered culture supernatant fluid from a toxigenic,

are those of the author and are not necessarily endorsed by the US Army. The . .
research described herein was sponsored by the US Army Medical Researct’fmencapsmated strain @ anthracis, V770-NP1-R, onto

and Materiel Command, Project 02-4-CC-008. an aluminum hydroxide gel adjuvant. The vaccine contains
* Corresponding author. Tel.: +1 301 619 4914; fax: +1 301 619 2152.  protective antigen (PA), lethal factor (LF), and various bac-
E-mail address: stephen.littte@amedd.army.mil (S.F. Little). terial products which are adsorbed onto the adjumnﬂ'he

1 . . . . . .
Present address: DVC LLC, A CSC Company, 64 Thomas Johnson Dr., hinartite anthrax exotoxins, lethal toxin and edema toxin, are
Frederick, MD 21702, USA.

2 present address: Department of Veterinary Sciences, University of formed using the shared constituent PA combined with LF

Wyoming, Wyoming State Veterinary Laboratory, 1174 Snowy Range Rd., Of €dema factor (EF), respectivgBj. The major protective
Laramie, WY 82071, USA. component of AVA Biothrax is PA3-5].

0264-410X/$ — see front matter Published by Elsevier Ltd.
doi:10.1016/j.vaccine.2005.12.028
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In addition to the non-human primate model for anthrax (12 male and 12 female) in the 12-month vaccinated group.
[6,7], the New Zealand white rabbit is considered to be an In the statistical analysis of the data, one female rabbit from
appropriate animal model for human inhalation antfgx the 6-month vaccinated group was identified as an outlier
In studies evaluating the efficacy of AVA and recombinant and was removed from the analysis. A group of unvacci-
protective antigen (rPA) vaccines as well as developing in nated rabbits (two male and two female) served as challenge
vitro surrogate markers, both the quantitative anti-rPA IgG controls at each challenge date. At either 6 or 12 months
ELISA and toxin neutralizing antibody (TNA) assay were post primary vaccination, rabbits were exposed (head only)
determined to support serological correlates of immunity in to a small-particle aerosol in a modified Henderson exposure
the rabbit aerosol challenge mo@@|10]. Long-term protec-  system contained within a class Il biological safety cabi-
tion studies (1-2 years) have been conducted in non-humamet with a lethal dose of spores from the Ames isolat8.of
primates using vaccine preparations similar to AVA]. A anthracis [9]. Inhaled doses were calculated using the aerosol
question that remains unanswered is the long-term efficacyexposure concentration obtained from plate counts from the
of the rPA vaccine in the rabbit aerosol model. For these all-glass impinger which continuously sampled the test atmo-
studies, rabbits were vaccinated intramuscularly (i.m.) with sphere during the 10 min exposure time and the respiratory
rPA vaccine preparations at 0 and 4 weeks (primary and minute volume for each animg®]. Spores were prepared
secondary vaccinations, respectively) then challenged by theas previously describel®] and the same lot of spores was
aerosol route either at 6 or 12 months after the primary vac- used for both challenge dates. Survival was noted for 21 days
cination. Antibody titers were measured periodically by a after challenge. The time-to death (day) was expressed as
quantitative anti-rPA IgG ELISA and a TNA assay, the latter the average: standard deviation (S.D.). The aerosol 4gD
which measures functional antibody activity against lethal of Ames spores in NZW rabbits is 1:110° spores[9].
toxin cytotoxicity in vitro. The inhaled dose of spores (averagesp B S.D.) at the 6-

month challenge for the vaccinated rabbits was-82482.0
LDsg (4.1x 107 spores) and for the control rabbits it was

2. Materials and methods 5024 98.2 LDsp (5.5 x 10’ spores). At the 12-month chal-
lenge, the inhaled dose of spores (averaged-DS.D.) was
2.1. Animals 669+ 150.6 LDy (7.4 x 107 spores) for the vaccinated rab-

bits and for the control rabbits it was 650106.4 LDsg

An equal number of male and female New Zealand white (7.2x 10’ spores).
(NZW) rabbits (3.0-3.5kg) (Covance Research Products,
Denver, PA, USA) were used in the study. The animals 2.3. Serological analysis of antibodies
received food and water ad libitum. Research was conducted
in compliance with the Animal Welfare Act and other federal Blood was collected periodically for analysis of serum
statutes and regulations relating to animals and experimentsantibodies by a quantitative anti-rPA 1gG ELISA and TNA
involving animals and adheres to principles stated in the assay10]. ELISA titers were determined by interpolating the
Guide for the Care and Use of Laboratory Animals, National average absorbance value for triplicate wells of each sample
Research Council, 1996. The facility where this research with the absorbance values of a standard curve generated
was conducted is fully accredited by the Association for from seven dilutions of affinity purified rabbit anti-rPA 1gG
Assessment and Accreditation of Laboratory Animal Care by linear regression analysis and reported as micrograms of

International. anti-rPA 19G per ml (KC4 software, BioTek Instruments,

Winooski, VT, USA) [9,10]. Titers were presented as the

2.2. Vaccination and challenge of rabbits geometric mearx/-= standard error of the geometric mean
(S.E.M.). For the TNA assay, the average absorbance value

Recombinant PA (rPA), expressed iBaanthracis back- of triplicate wells for each test sample dilution, less the

ground[5,12] was manufactured as a cGMP lot by the Bio- average absorbance value of triplicate wells incubated with
pharmaceutical Production Facility at NCI-FCRC (Frederick, lethal toxin, was divided by the average absorbance value
MD, USA) using a modification of a reported procedure of control wells that contained only medium, less the aver-

[13]. The same lot of rPA was used throughout these exper-age absorbance value of triplicate wells incubated with lethal
iments for vaccinations and serological analysis of antibody toxin, and the ratio multiplied by 100 to obtain the percent

response. Lethal factor was prepared as previously describediability of the test wells compared to the control wells;

[14]. Recombinant PA was adsorbed to Alhydrogel (2% sample avg- lethal toxin avg

Al,03; HCL Biosector (formerly Superfos Biosector) Fred- % Control= - I lothal toxi x 100.
erikssund, Denmark) for 20—24 h at@ before use. NZW medium control avg- lethal toxin avg
rabbits were vaccinated i.m. with p@ of rPA vaccine prepa- The percent control values were plotted against each

rations adsorbed to 0.5 mg of aluminum perinjectionin 0.5 ml respective test dilution using a 4-parameter logistic equation
volumes at 0 and 4 weeks. There were 28 rabbits (14 male andalgorithm and TNA assay titers were expressed as the recipro-
14 female) in the 6-month vaccinated group and 24 rabbits cal of the dilution of antiserum that neutralized the cytotoxic
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activity of lethal toxin on J774A.1 cells at 50% of control
values (ERp) using XLfit software (IDBS, Inc., Emeryville,
CA, USA). Titers were presented as the geometric mean
S.E.M.

2.4. Data analysis
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for the 6- and 12-month groups, respectiveiglfle 1. Peak
serological titers were reached at week 6, which was 2 weeks
after the booster injection with 50y of rPA given at week

4. At week 6, the ELISA titers were 3843y of anti-rPA

IgG per millilitre and 294.8.g of anti-rPA IgG per millilitre

for the 6- and 12-month groups, respectively, and the TNA
assay Elgptiters were 4641 and 3335 for the 6- and 12-month

Logio transformations were applied to all ELISA and groups, respectivelyTable 1. TNA assay Elgg titers were
TNA assay titers. After transformation, the dependent vari- significantly different between the 6- and 12-month groups
able met assumptions of normality and homogeneity of vari- at week 6 =0.0068) and week & 0.0046). We cannot
ance. Titers from one female rabbit in the 6-month group explain the reason for the significant differences in the TNA
were found to be outliergl5] and were excluded from the assay Elgp titers between the 6-month and 12-month groups
statistical analysis. Pearson correlation coefficients were cal-at weeks 6 and 8. The same lot of rPA was used to prepare the
culated between ELISA and TNA assay titers. Mixed model vaccine for either the primary or secondary vaccination of the
analysis of variance (ANOVA) was used to compare titers rabbits. After week 6, antibody responses gradually declined
between gender, over time, and between challenge groupsto week 26 (6 months) and then generally remained at that
The effects of gender and ELISA titer or TNA assay titer on concentration until week 52 for the 12-month group with an
the probability of survival were assessed using a backward- ELISA titer of 19.8.g of anti-rPA 1gG per millilitre and a
selection logistic regression model. The effects of gender, TNA assay EJ titer of 286 (Table ). While the ELISA
ELISA or TNA assay titer, and challenge dose on the prob- titers at weeks 26, 39, and 52 were similar with those mea-
ability of survival were assessed using a forward-selection sured at week 4, the TNA assay titers were about four-fold
logistic regression model. Survival analysis was performed higher at weeks 26, 39, and 52 than those measured at week
using the Kaplan—Meier method, with log rank tests for com- 4 prior to the booster injection. Two weeks after the booster
parison of survival curves, which is a plot of the percent vaccination, the TNA assay ERtiters increased by about
survival as a function of time. Fisher exact tests and chi- 53-fold compared to about a 18-fold increase in the anti-
square tests for proportions were used to compare survivalrPA IgG ELISA titers. The fold-increase difference between
rates, which are the ratio between survivors and the totalthe TNA assay and ELISA titers might suggest differences
number of test animals at the end of the study. Analyses werebetween the presentation of the epitopes of rPA available in
conducted using SAS Version 8.2 (SAS Institute, Inc., SAS solution (native conformation) and bound to plastic (dena-

OnlineDoc, Version 8, Cary, NC, USA).

3. Results and discussion

tured epitopes) or it might be the effect of the adjuvant on the
antibody response to antigenic determinants on rPA.
Aerosol challenge of the vaccinated rabbits at 6 months
(week 26) with 374 182.0 LD;g spores of the Ames isolate
of B. anthracis resulted in 74.1% survival (20/27) with an

Before the booster injection at 4 weeks, the ELISA titers average time-to-death of 4400.82 days. Challenge control

were 21.1ug of anti-rPA 1gG per millilitre and 17.6.g of

rabbits (=4) received 502 98.2 LDsg Ames spores and

anti-rPA IgG per ml for the 6- and 12-month groups, respec- had an average time-to-death of 8.5 days. ELISA and

tively, and the TNA assay Hig titers were 86.4 and 63.6

Table 1
Quantitative anti-rPA 1gG ELISA and TNA assay titérs

TNA assay ERg titers from the 6-month group that survived

Assay Group Time post primary injection (week)
0 4 6 8 13 26 39 52
ELISA 6-month BLQ 21.7° (1.221f 384.2 (1.086)  220.9 (1.075) 65.2(1.098) 22.3(1.142) € na na
12-month BLQ 17.6(1.380) 294.8(1.168) 187.7(1.163) 58.1(1.134) 24.5(1.145) 15.3(1.190) 19.8 (1.257)
TNA 6-month 1.6(na) 86.4 (1.239) 4641(1.058) 2202 (1.068) 779 (1.105) 332 (1.127) na na
12-month 1.0 (na) 63.6(1.436) 338@.113) 1551 (1.107) 735(1.127) 307 (1.183) 268 (1.192) 286 (1.215)

@ Rabbits were inoculated with 50y of rPA vaccine at 0 and 4 weeks.

b BLQ, below the limit of quantitation which was 0.0p2/ml IgG, the concentration of the lowest standard (1.44 ng/ml IgG) multiplied by the lowest starting

concentration of the sample (1:50) of the ELISA.
¢ Micrograms of anti-rPA 1gG per millilitre.
d Number in parentheses is the S.E.M.
€ na, not applicable.

f The reciprocal of the dilution of serum that protected half of the cells from lethal toxin cytotoxicitgjEbthe EDsg titer could not be extrapolated from
the 4-parameter logistic regression curve, the value was arbitrarily assigned a value of 1.0. The starting dilution for the TNA assay was 1:50.

9 Titer significantly different between 6- and 12-month gropp 0.0068).
h Titer significantly different between 6- and 12-month gropg (0.0046).
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Table 2
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Quantitative anti-rPA 1gG ELISA and TNA assay Efiters of rabbits that survived or succumbed to aerosol challengeBwiththracis Ames spores

Week 6-month group

12-month group

ELISAP TNA assay ELISA TNA assay
Survivors Non-survivors  Survivors Non-survivors ~ Survivors Non-survivors ~ Survivors Non-survivors
4  207(1.304) 224(1.197) 80.2(1.335) 107.6(1.034) 19.6(1.688) 16.5(1.525) 82.0 (1.877) 54.6 (1.570)
6 4134 (1.105) 311.8(1.126) 4932(1.060) 3902(1.076) 362.0(1.262) 260.5(1.228) 4894 (1.158) 2650 (1.119)
8  227.3(1.088) 203.8(1.157) 2448(1.062) 1636(1.085) 270.2(1.230) 150.5(1.210) 2242 (1.135) 1244 (1.117)
13 71.8(1.113) 49.6(1.173) 927(1.094)  475(1.123) 77.6(1.212) 49.1(1.166) 1108 (1.1569) 578 (1.147)
26 27.#(1.151) 12.¥(1.242) 394(1.132) 204 (1.138) 40.%(1.180) 18.1(1.157) 548(1.192) 218 (1.226)
39 nd na na na 26/91.208) 10.9(1.238) 509 (1.200) 188 (1.229)
52  na na na na 37.61.497) 14.1(1.275) 538 (1.467) 208 (1.201)

2 Rabbits were inoculated with 5y of rPA vaccine at 0 and 4 weeks.

b Micrograms of anti-rPA IgG per millilitre. Number in parentheses is the S.E.M.

¢ The reciprocal of the dilution of serum that protected half of the cells from lethal toxin cytotoxicityoJERBumber in parentheses is the S.E.M.

d Significant differences in quantitative anti-rPA ELISA titers between survivors and non-survivors for the 6-month group at weel.@6G0), but not at
week 4 p=0.8692), week 61(=0.1372), week 8= 0.5146), or week 13»(=0.0811).

€ Significant differences in TNA assay Egtiters between survivors and non-survivors for the 6-month group at week 8.0048), week 13x=0.0017),

and week 26/=0.0128), but not at week 4 € 0.5663) or week 65(=0.0655).

f Significant differences in quantitative anti-rPA ELISA titers between survivors and non-survivors for the 12-month group at week @61(7), week 39

(p=0.0089), and week 52 € 0.0378), but not at week 4 € 0.8035), week 6(=

0.3173), week 84(=0.0602), or week 13»(=0.0823).

9 Significant differences in TNA assay Bgtiters between survivors and non-survivors for the 12-month group at week 8.0030), week 8=0.0025),
or week 13 §=0.0052), week 26p(= 0.0058), week 39(= 0.0028), and week 52 € 0.0182), but not at week 4 € 0.5975).

h na, not applicable.

challenge are compared with those that died from the chal-

lenge inTable 2 Except for week 4 serological responses,
both the quantitative anti-rPA 1gG ELISA and TNA assay
EDsg titers were higher for rabbits that survived challenge
than for rabbits that died from the challenge. Significant dif-

the 6-month challenge group. The mean survival time for
males was 15 2.38 days and for females it was £8.55
days. Significant differences in ELISA titers between male
and female rabbits were observed at weelp 4 ©.0075),
week 6 p=0.0232), week 13p(=0.0057), and week 26

ferences were measured between survivors and non-survivorgp < 0.0001), but not at week 8 € 0.2704) Table 4. Female

quantitative anti-rPA IgG ELISA titer at week 26€ 0.0100)
and TNA assay EBR titers at week 8;{=0.0048), week 13
(p=0.0017), and week 26pE0.0128). There was a sig-
nificant correlation between ELISA titers and TNA assay
EDs titers at week 4, 13, and 2 € 0.0001) and week 8
(p=0.0031), but not at week & € 0.4021). Significant dif-

rabbits had significantly higher TNA assay gfiters than
male rabbits at week 4pE0.0235), week 8(=0.0350),
week 13 p=0.0003), and week 26 E0.0061), but not at
week 6 p=0.3178) Table 4. When gender and ELISA titer
or TNA assay ERptiter were entered into a backward logistic
regression model, the week 26 ELISA titer0.0236) and

ferences were not measured between genders in survival ratesreek 13 TNA assay Eg titer (p =0.0147) were significant

(p=0.3845) Table 3 nor in survival curvesy(=0.3155) for

Table 3
Survival of female and male rabbits inoculated with rPA and challenged by
the aerosol route with spores from the Ames straiB.afnthracis

Groug Gender Survivors/total (%)
Female 11/13 (84.6)

6-montf? Male 9/14 (64.3)
Female 7/12 (58.3)

12-montff Male 2/12 (16.7)

2 Significant difference in percent survival between the 6- and 12-month
groups p=0.0117) and in survival curvep € 0.0157) were measured.

b Mean survival time and standard error for females was 18.2355 days
and for males it was 15.Q% 2.38 days. No significant differences in survival
rates between genders was measuped).3845). No significant difference
in survival curves between genders was measyred(3155).

¢ Mean survival time and standard error for females was 14.2865
days and for males it was 7.1#71.90 days. No significant differences in
survival rates between genders was measyed)(0894). However, sig-

predictors of survival.

Aerosol challenge of rabbits at 12 months (week 52)
with 669+ 150.6 LDsg spores of the Ames isolate @&
anthracis resulted in 37.5% survival (9/24) with an aver-
age time-to-death of 44 0.91 days. Challenge control rab-
bits (=4) received 65 106.4 LDsy spores and had an
average time-to-death of 2480.5 days. ELISA and TNA
assay titers of the rabbits from the 12-month challenge group
that survived challenge are compared with those that died
from the challenge inrable 2 Both the quantitative anti-
rPA 1gG ELISA and TNA assay E£) titers were higher
for rabbits that survived challenge than for rabbits that suc-
cumbed to the challenge. Significant differences were mea-
sured between survivors and non-survivors quantitative anti-
rPA IgG ELISA titers at week 26p(=0.0017), week 39
(p=0.0089), and week 52 £0.0378) and TNA assay Ep
titers at week 6=0.0030), week 8(=0.0025), week 13
(p=0.0052), week 26p(=0.0058), week 39,(=0.0028),

nificant differences in survival curves between genders was determined byand week 52 £=0.0182). There was a significant corre-

Kaplan—Meier log-rank test€(1) =4.16,p = 0.0415).

lation between ELISA titers and TNA assay Eptiters
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at all weeks £<0.0001). Although there were no signifi- (10374 297.5 ml/min) at the time of challenge. The respira-
cant differences in survival rates between male and femaletory minute volume measurements of the four control rabbits
rabbits p =0.0894), there was a significant difference in sur- from the 12-month group (146%¥ 408.1 ml/min) was only
vival curves between the gendepg(l) =4.16,p = 0.0415) slightly greater than the respiratory minute volume measure-
(Table 3. The mean survival time of female rabbits was ments of the four control rabbits from the 6-month group
144 2.65 days, whereas the mean survival time for males (12294 301.1 ml/min). All the rabbits were placed on the
was 7+ 1.90 days. Significant differences in ELISA titers project at same time and were not staggered to adjust for age
between male and female rabbits were observed at week 2&lifferences.

(p =0.0203), week 39(< 0.0001), and week 52 € 0.0013) As stated above, ELISA titer at week 26 was a predictor of
and TNA assay EBy titers between male and female rabbits survival for both the 6- and 12-month groups. Significant dif-
at week 396 =0.0003) and week 52 £ 0.0136) [Table 4. ferences in ELISA titer between survivors and non-survivors

Week 26 ELISA titer §=0.0326) and week 39 TNA assay (Table 2 and female and male rabbit$able 4 at various
EDs titer (»p =0.0209) were identified as significant predic- weeks for both the 6- and 12-month groups were also mea-
tors of survival when gender and titer were entered into a sured. TNA assay E#J titers were also identified as predic-
backward logistic regression analysis for the 12-month chal- tors of survival; week 13 for the 6-month group and week 39
lenge group. for the 12-month group. Significant differences in TNA assay
There was a significant loss of protectign=0.0117) titers between survivors and non-survivoralfle 2 and gen-
and a significant difference in survival curvgs=0.0157) ders {Table 9 at various weeks were also measured for both
between the 6- and 12-month groups. A comparison betweenthe 6- and 12-month groups. Gender differences in survival
the quantitative anti-rPA IgG ELISA titers showed no statis- rates were not observed for the 6- and 12-month groups but
tical differences in ELISA titers for each time period tested gender differences in survival curves were observed only for
between the two groups. However, as stated above, statisthe 12-month group. At the 12-month timeframe, male rab-
tically significant differences were measured between the bits had decreased survival and lower serological responses
6- and 12-month group TNA assay EPtiters at week than female rabbits as measured by ELISA and TNA assay
6 (p=0.0068) and week 8pE0.0046) Table ). Differ- EDsp titers. In a previous studyt 0], we reported that gender
ences in survival between the vaccinated rabbits from the had no influence on survival in rabbits vaccinated with rPA
6- and 12-month groups might be attributed to the signifi- vaccine and challenged 4 weeks later. The difference in sur-
cantly different aerosol challenge doge<(0.0001) at 6 and  vival between the 6- and 12-month groups probably was not
12 months. The mean and S.D. challenge dose for the 6-influenced by the significant difference between the challenge
month group vaccinated rabbits was 37482.0 LD;g and doses. When gender, ELISA titer, and challenge dose were
the mean and SD challenge dose for the 12-month groupcombined within each group, forward logistic regression
vaccinated rabbits was 6689150.6 LD;p. There was not  analysis showed that for both the 6- and 12-month groups,
a significant difference in the challenge dose between 6- week 26 ELISA titers=0.0236 and 0.0326, respectively)
and 12-month challenge control groups<(0.0865). The again were significant predictors of survival. Similarly, when
mean and S.D. challenge dose for the 6-month group chal-gender, TNA assay titer, and challenge dose were combined
lenge control rabbits was 5@298.2 LDsg and the mean  within the 6-month group, week 1% €0.0147) remained
and S.D. challenge dose for the 12-month group challengeas a significant predictor of survival in the forward logistic
control rabbits was 65@ 106.4 LDs5p. The average time-to-  regression model. However, for the 12-month group, week
death, however, of the vaccinated animals or of the challenge8 (» =0.0190) remained in the forward logistic regression
controls were not significantly different between the 6- and model as significant predictors of survival instead of week
12-month groups. The average time-to-death of the vacci- 39 that was identified by the backward logistic regression
nated rabbits from the 6-month group (4®.82 days) was  analysis. The difference between the two results, week 39 or
similar with the average time-to-death of vaccinated rab- week 8, is attributed to the backward and forward regression
bits from the 12-month group (4#40.91 days). Likewise, analysis model effect. When tested by logistic regression,
the average time-to-death of the challenge control rabbits challenge dose did not have a statistically significant effect
from the 6-month group (228 0.5 days) and the 12-month  on survival outcomep(=0.3427). When gender, titers from
group (2.8:0.5 days) were similar. Differences between week 4 through week 26, and challenge dose were combined
the challenge doses that the animals received at the 6- andor both the 6- and 12-month groups, challenge dose again
12-month timeframes may be attributed to the greater res-was not a significant predictor of survival€ 0.2281), while
piratory capacity that was measured in the older animals in group remained in the equatiop£0.0124).
the 12-month group. The calculated challenge dose would be  Early anthrax vaccines were prepared by adsorbing filtered
affected by the respiratory minute volume estimates which culture supernatant fluids to aluminum potassium sulfate
were derived from direct measurement of respiratory func- (alum)[11,16,17]or aluminum hydroxide geJ18]. These
tion measurements before exposure. The respiratory minutevaccines provided excellent short-term protection of rab-
volume was 1.5-times greater for the 12-month vaccine group bits and non-human primates against challejige16—18]
(15004 427.9 ml/min) than for the 6-month vaccine group Wright et al. [17] observed complete protection of non-
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Table 4
Change in quantitative anti-rPA 1IgG ELISA titers and TNA assaydiRers between female and male rabbits in the 6- and 12-month challenge groups
Time post initial ELISA titer (ug anti rPA 1gG per millilitre} TNA assay E[Q titer
injection (week)
6-month group 12-month group 6-month group 12-month group
Male Female Male Female Male Female Male Female
4 12.9 (1.27) 30.6 (1.30) 28.0 (1.28) 11.0 (1.78)  54.7 (1.40) 141.6(1.20)  103.4(1.25)39.1 (1.96)
6 321.8 (1.12)  465.0(1.11) 3248(1.26) 267.8(1.24) 4908 (1.08) 4374 (1.09) 295% (1.17) 3768(1.15)
8 204.4(1.10) 240.2(1.11) 183.2(1.22) 192.4(1.27)  193%(1.09) 2536 (1.09) 1387 (1.15) 173%(1.16)
13 51.5 (1.13) 84.3(1.11) 60.d (1.17) 56.8(1.23) 568.8(1.14)  1095(1.08) 677.5(1.16) 798.8(1.21)
26 14.7 (1.19) 36.6 (1.09) 18.0 (1.18) 33.9(1.20) 2455(1.18) 460.4(1.13)  230.7(1.26)408.1(1.25)
39 nd na 8.4 (1.18) 294(1.17) na na 150191.21) 475.6(1.21)
52 na na 10.4(1.24) 40.4(1.35) na na 1817q1.24) 467.9(1.32)

a ELISA titer expressed as micrograms of anti-rPA IgG per millilitre. Number in parentheses is the S.E.M.

b TNA assay titer expressed as the reciprocal of the dilution of serum that protected half of the cells from lethal toxin cytotoxigjtyNEmber in
parentheses is the S.E.M.

¢ Significant differences in quantitative anti-rPA 1gG ELISA titers between genders for wgek@.Q075), week 65(=0.0232), week 13y(= 0.0057) and
week 26 p=<0.0001) but not for week $E 0.2704).

d Significant differences in quantitative anti-rPA IgG ELISA titers between genders for weplkZ63203), week 39(= <0.0001), and week 52 £ 0.0013)
but not for week 4;=0.1527), week 61(=0.5492), week 84{=0.8752), or week 13»(=0.7996).

€ Significant differences in TNA assay EPtiters between genders for week #=0.0235), week 8(=0.0350), week 13p(=0.0003), and week 52
(p=0.0061) but not for week 6 0.3178).

f Significant differences in TNA assay Egtiters between genders for week 3850.0003) and week 52 & 0.0136) but not for week 4 0.1850), week
6 (p=0.2691), week 81(=0.2781), week 13x=0.5035), or week 26y(= 0.0898).

9 na, not applicable.

human primates with two doses of alum-precipitated vaccine tected 93.3% of rabbits (28/30) at 4 weeks and that with two
injected at 0 and 2 weeks against an intracutaneous chal-doses of 1Gwg of rPA vaccine at 0 and 4 weeks survival
lenge withB. anthracis Vollum spores (between 50,000 and was 100% (12/12) at 6 weeks after the second injegfioh
100,000 spores) after 1 year and against a Vollum aerosolUnlike non-human primates, however, the duration of protec-
spore challenge (8.9 10° to 3 x 10° spores) after 34 days. tion against infection of rabbits does not appear to be long-
Darlow et al.[11] also protected non-human primates with term. Wright et al[17] inoculated rabbits with five doses of
two doses of an alum precipitated vaccine inoculated at 10- an alum-precipitated vaccine preparation on alternate days
day intervals against an aerosol challenge with approximately and observed 50% protection at 16 weeks and only a delay in
10-15 LDy of B. anthracis M.36 after 1 year (100%, 10/10) time to death at 23 weeks against a parenteral challenge with
and after 2 years (85%, 6/7). lvins etfdQ] reported thatnon-  B. anthracis Vollum spores. Boof21] vaccinated rabbits with
human primates were fully protected against lethal aerosolthree 1 ml doses of a cell-free antigen preparation (prepared
challenge with Ames spores 6 weeks after vaccination with without an adjuvant) at 6-day intervals and observed a grad-
a single dose of AVA (100%, 10/10) or with p@ of rPA ual decrease in protection against an intradermal challenge
vaccine (100%, 10/10). The antibody titer of non-human pri- with spores of the CD25 (also referenced as M.36) strain of
mates inoculated with anthrax vaccine preparations has beerB. anthracis from weeks 1 to 8 and no protection at week
reported to decrease over time. Darlow efHL] observeda  10. Challenge times were relative to the third vaccine dose.
steady decrease in the antibody titer in non-human primatesin the current study, we observed limited protection of rab-
during a 2-year period. At 2 years, no detectable antibody bits 6 months (74.1%) and 1 year (37.5%) after injection of
titer was measured. lvins et §.9] reported that non-human  two doses of 5@ug of rPA adsorbed to alhydrogel against
primates inoculated with a single dose of PA adsorbed to an aerosol challenge with anthracis Ames spores. In our
alhydrogel or AVA had a decreasing anti-PA IgG ELISA titer previous study, after the peak antibody titer was measured at
after the peak titer at week 5. 2 weeks after a single dose of rPA vaccine, we observed a
As mentioned above, rabbits have been reported to be pro-steady decrease in the ELISA antibody titer as well as with
tected against a parenteral or aerosol challenge in short-ternthe TNA assay EEy titer [10]. Similarly, after two doses of
efficacy studies with early anthrax vaccirj@é§,17] or AVA 10g of rPA vaccine, peak ELISA titers of 416y anti-rPA
[9]. In the absence of human clinical trials, which cannot be IgG and TNA assay EBytiter of 4270 were measured at week
ethically conducted, or field trials, which are not possible, 6, after which a decrease in ELISA antibody titer and TNA
the US Food and Drug Agency has published regulations to assay Elgptiter were measured at week[ll@]. In the present
allow appropriate animal efficacy studies for vaccines against study, we also observed a steady decrease in antibody titers
anthrax. In an effort to meet this regulation, rabbits have beenfrom week 6 until the 6 month time point, after which the mea-
developed as a surrogate animal model in addition to the non-sured titers remained relatively unchanged until the 12-month
human primat§0]. Short-term efficacy studies using rabbits time frame, which was the end of this study. The titers that
have shown that a single dose of rPA vaccine ({L@Ppro- were measured at 6 and 12 months, however, were not simi-
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lar in that they were not indicative of comparable protective [4] Mahlandt BG, Klein F, Lincoln RE, Haines BW, Jones Jr WI, Fried-
capacity against a lethal spore challenge. One explanationfor ~ man RH. Immunologic studies of anthrax. IV. Evaluation of the

the differencein Iong-term protection between the two animal immunogenicity of three components of anthrax toxin. J Immunol
dels may be related to the greater susceptibility of rab- 1966:96:727-33. . .

mO € ) y g_ P y [5] Ivins BE, Welkos SL. Cloning and expression of ttRucillus

bits to infection[8]. The more rapid development of anthrax anthracis protective antigen gene iBacillus subtilis. Infect Immun

in the rabbit, compared to the non-human prim&le may 1986;54:537-42.

not allow for an adequate amount of time for immunologi- [6] Fritz DL, Jaax NK, Lawrence WB, Davis KJ, Pitt MLM, Ezzell
cal memory to mount an effective protective response against Jw, Et al. Pzthology of ex_perlmfental |nh2alat|on anthrax in the rhesus
the infection. Also, the interrelatior?ship between PA-specific 71 \Taosr;o%efs Ig\fesé;r?]iiv’;?(5gfgé;?n' M, Hunt R, Estep J,

memory B cells (humoral immunity) and T cells (cellular Nielsen C, et al. Pathology of inhalation anthrax in cynomo-
immunity) againstinhalation anthrax has yet to be determined logus monkeys Macaca fascicularis). Lab Invest 2003:83(8):

in the animal models. The role of humoral and cell-mediated 1201-9.

immunity in the non-human primate is undergoing extensive [l Zaucha GM, Pitt MLM, Estep J, lvins BE, Freidiander AM.

. The pathology of experimental anthrax in rabbits exposed by
researcfﬁZO].Arecent report by Marcus et *22] described inhalation and subcutaneous inoculation. Arch Pathol Lab Med

immunological memory in guine_a pigs vaccinated with rPA 1998:122(11):982-92.

and challenged intradermally with Vollum. They found that [9] Pitt MLM, Little SF, Ivins BE, Fellows P, Barth J, Hewetson J, et
protection was achieved only after protective levels of neu- al. In vitro correlate of immunty in a rabbit model of inhalational
tralizing antibodies were measured 8 days after a booster__ anthrax. Vaccine 2001;19:4768-73.

[10] Little SF, Ivins BE, Fellows PF, Pitt MLM, Norris SLW,

mJeCtlon[ZZ]' . . Andrews GP. Defining a serological correlate of protection in
Humans also demonstrate a decreasing serum antibody  rapbits for a recombinant anthrax vaccine. Vaccine 2004;22:422—
concentration to PA after vaccination with AVA over time. 30.
In a clinical trial, in which the route and dosing schedule [11] Darlow HM, Belton FC, Henderson DW. The use of anthrax antigen
of AVA were evaluated, the peak ELISA titer of human to immunise man and monkey. Lancet 1956;2:476-9.
bjects inoculated at 0 and 4 weeks occurred at week 6 and-2) \/orsham PL, Sowers MR. Isolation of an asporogenic (SpoOA) pro-
subjec . o tective antigen-producing strain @ucillus anthracis. Can J Micro-
were measured at about 580 of anti-rPA 1gG per millilitre biol 1999:45:1-8.
[23]. At 24 weeks, the ELISA titer was approximately [13] Farchaus JW, Ribot WJ, Jendrek S, Little SF. Fermentation, purifi-
40pg of anti-PA IgG per millilitre [23]_ Darlow et al. cation, and characterization of protective antigen from a recombi-
[11] argued that the initial two doses of alum-precipitated nant, avirulent strain oBacillus anthracis. Appl Environ Microbiol

. . t0and 10 d . fficient t d 1998;64(3):982-91.
vaccine given at U an ays were insuificient {o produce [14] Leppla SH. Production and purification of anthrax toxin. In: Harsh-

an adequate long-term immun9|09ical response in humans  man s editor. Methods of enzymology, vol. 165. Orlando, FL:
based upon the non-human primate data and that a yearly  Academic Press, Inc.; 1988. p. 103-16.

booster injection was needed. As a|ready noted above, in[15] Bliss Cl. Provisionally normal distributions. Statistics in biology, vol.
spite of an absent immunological response in the non-human_ _ 1- New York: McGraw-Hill; 1967. p. 152-85.

rimate. full brotection against infection was observed [16] Belton FC, Strange RE. Studies on a protective antigen produced in
p ! p 9 ) vitro from Bacillus anthracis: medium and methods of production.

The immunological response, however, resulting from the Br J Exp Pathol 1954:35:144-52.
booster injection also decreased by half within 1 yj@4y. [17] Wright GG, Green TW, Knode Jr RG. Studies on immunity in
The gradual decline in antibody titer over time in rabbits, anthrax V. Immunizing activity of alum-precipitated protective anti-
non-human primates, and humans, which is the parameter __ 9en- J Immunol 1954;73:387-91.

. . . . [18] Puziss M, Wright GG. Studies on immunity in anthrax X. gel-
thatis currently used to determine the immunological status adsorbed protective antigen for immunization of man. J Bacteriol

after vaccination, argues for periodic booster inoculations to 1962:85:230—6.

maintain an appreciable titer. Further studies are necessary19] Ivins BE, Pitt MLM, Fellows PF, Farchaus JW, Benner GE, Waag
in order to understand the immunological responses after DM, et al. Comparative efficacy of experimental anthrax vaccine
vaccination and the role of immunological memory in the candidates against inhalation anthrax in rhesus macaques. Vaccine

bbit and h imat t del 1998;16(11-12):1141-8.
Fabbit and NoN-NUMan primate Surrogate moaels. [20] Phipps AJ, Premanandan C, Barnwell RE, Lairmore MD. Rabbit and

nonhuman primate models of toxin-targeting human anthrax vac-
cines. Microbiol Mol Biol Rev 2004;68(4):617—29.
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