
Effect of reduced dose schedules and intramuscular injection 
of anthrax vaccine adsorbed on immunological response and 
safety profile: A randomized trial☆☆

Jennifer G. Wrighta,*,1, Brian D. Plikaytisa,1, Charles E. Rosea,1, Scott D. Parkerb,1,2, 
Janiine Babcockc,1,3, Wendy Keiteld,1, Hana El Sahlyd,1, Gregory A. Polande,1, Robert M. 
Jacobsone,1, Harry L. Keyserlingf,1, Vera A. Semenovaa,1, Han Lia,1, Jarad Schiffera,1, 
Hanan Dababneha,1, Sandra K. Martina,1, Stacey W. Martina,1, Nina Maranoa,1, Nancy E. 
Messonniera,1, Conrad P. Quinna,1

aCenters for Disease Control and Prevention, 1600 Clifton Road, Atlanta, GA 30333, United 
States

bAlabama Vaccine Research Clinic, University of Alabama at Birmingham, 908 20th Street South, 
Birmingham, AL 35294-2050, United States

☆☆This trial is registered at www.clinicaltrials.gov under the registry number NCT00119067.
*Corresponding author at: National Center for Emerging Zoonotic and Infectious Diseases, Division of Foodborne, Waterborne 
and Environmental Diseases, 1600 Clifton Road NE, MS A-38, Atlanta, GA 30333, United States. Tel.: +1 404 639 4749. 
jgwright@cdc.gov (J.G. Wright).
1For the Anthrax Vaccine Research Program Working Group.
2Current affiliation: Infectious Disease Consultants, 101A Bob Wallace Avenue, Huntsville, AL 35801, United States.
3Current affiliation: Seattle Children’s Hospital, United States.
Author contributions
Wright, Plikaytis, Rose and Quinn had full access to all of the data in the study and take responsibility for the integrity of the data and 
the accuracy of the data analysis.
Study concept and design: Plikaytis, Babcock, Keitel, Poland, Keyserling, Marano, Martin SW, Messonnier and Quinn.
Acquisition of data: Wright, Rose, Schiffer, Semenova, Li, Marano, Parker, Babcock, Keitel, El Sahly, Poland, Jacobson, Keyserling, 
and Quinn.
Analysis and interpretation of data: Wright, Plikaytis, Rose, Schiffer, Semenova, Li, Parker, Babcock, Keitel, El Sahly, Poland, 
Jacobson, Keyserling, Marano, Messonnier, Quinn.
Drafting of the manuscript: Wright, Martin SW, Plikaytis, Rose, Messonnier and Quinn.
Critical revision of the manuscript for important intellectual content: Wright, Plikaytis, Messonnier, Parker, Babcock, Keitel, El Sahly, 
Poland, Jackson, Keyserling, Quinn.
Statistical analysis: Plikaytis, Rose.
Administrative, technical, or material support: Wright, Parker, Babcock, Keitel, El Sahly, Poland, Jacobson, Keyserling, Dababneh, 
Semenova, Martin SK, Li, Schiffer and Quinn.
Study supervision: Wright, Parker, Babcock, Keitel, El Sahly, Poland, Jacobson, Keyserling and Quinn.
Additional contributions
Anthrax Vaccine Research Program (AVRP) Working Group members: Baylor College of Medicine: N. Bond, D. Nino, C. Rangel, C. 
Tajonera. WRAIR: S. Cicatelli, R. Newcomer, R. Nielsen. Mayo Clinic: P. Targonski, I. Ovsyannikova, N. Pinsky. Emory University 
School of Medicine: J. Hilinski, M. Leonard, P. Anderson, V. Grimes, K. Luehrs, P. Newsome, J. Skvarich, K. Stephens. University of 
Alabama, Birmingham: M. Mulligan, F. Johnson, J. Moody, L. Williams, F. Smith. CDC Microbial Pathogenesis & Immune Response 
(MPIR) Laboratory: D. Aranio, M. Brawner, N. Brown*, J. Caba*, S. Crenshaw*, L. Cronin*, R. Desai, L. Foster*, J. Lewis*, F. 
Lyde*, A. Milton*, H. Noland*, N. Patel*, D. Schmidt, S. Shields*, D. Smith*, E. Steward-Clark, R. Thompson*, J. Walls. CDC, 
Division of Bacterial Diseases: W. Holt, J. Jarrell, F. David, S. Shah; M. McNeil; J. Stamper, J. Wheeling, S. Mohammed. * Funded by 
the Atlanta Research and Education Foundation (AREF) through the Department of Veterans Affairs, Veterans Health Administration, 
Office of Research and Development, Atlanta, GA.

Financial Disclosures
No financial conflicts were reported for any author.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the online version, at http://dx.doi.org/10.1016/j.vaccine.2013.10.039.

HHS Public Access
Author manuscript
Vaccine. Author manuscript; available in PMC 2022 May 04.

Published in final edited form as:
Vaccine. 2014 February 12; 32(8): 1019–1028. doi:10.1016/j.vaccine.2013.10.039.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT00119067


cWalter Reed Army Institute for Research, 503 Robert Grant Avenue, Silver Springs, MD 
20910-7500, United States

dDepartments of Molecular Virology & Microbiology and Medicine, Baylor College of Medicine, 
One Baylor Plaza, Houston, TX 77030, United States

eMayo Clinic and Foundation, 611C Guggenheim Building, 200 First Street SW, Rochester, MN 
55905, United States

fEmory University School of Medicine, 2015 Uppergate Drive, Atlanta, GA 30322, United States

Abstract

Objective: We evaluated an alternative administration route, reduced schedule priming series, 

and increased intervals between booster doses for anthrax vaccine adsorbed (AVA). AVA’s 

originally licensed schedule was 6 subcutaneous (SQ) priming injections administered at months 

(m) 0, 0.5, 1, 6, 12 and 18 with annual boosters; a simpler schedule is desired.

Methods: Through a multicenter randomized, double blind, non-inferiority Phase IV human 

clinical trial, the originally licensed schedule was compared to four alternative and two placebo 

schedules. 8-SQ group participants received 6 SQ injections with m30 and m42 “annual” boosters; 

participants in the 8-IM group received intramuscular (IM) injections according to the same 

schedule. Reduced schedule groups (7-IM, 5-IM, 4-IM) received IM injections at m0, m1, m6; 

at least one of the m0.5, m12, m18, m30 vaccine doses were replaced with saline. All reduced 

schedule groups received a m42 booster. Post-injection blood draws were taken two to four weeks 

following injection. Non-inferiority of the alternative schedules was compared to the 8-SQ group 

at m2, m7, and m43. Reactogenicity outcomes were proportions of injection site and systemic 

adverse events (AEs).

Results: The 8-IM group’s m2 response was non-inferior to the 8-SQ group for the three primary 

endpoints of anti-protective antigen IgG geometric mean concentration (GMC), geometric mean 

titer, and proportion of responders with a 4-fold rise in titer. At m7 anti-PA IgG GMCs for the 

three reduced dosage groups were non-inferior to the 8-SQ group GMCs. At m43, 8-IM, 5-IM, 

and 4-IM group GMCs were superior to the 8-SQ group. Solicited injection site AEs occurred at 

lower proportions in the IM group compared to SQ. Route of administration did not influence the 

occurrence of systemic AEs. A 3 dose IM priming schedule with doses administered at m0, m1, 

and m6 elicited long term immunological responses and robust immunological memory that was 

efficiently stimulated by a single booster vaccination at 42 months.

Conclusions: A priming series of 3 intramuscular doses administered at m0, m1, and m6 with a 

triennial booster was non-inferior to more complex schedules for achieving antibody response.
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1. Introduction

The U.S. licensed vaccine, anthrax vaccine adsorbed (AVA) (BioThrax®, Emergent 

BioSolutions Inc., Lansing, MI), is prepared from a cell-free culture filtrate which contains 
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a mixture of proteins, including the principal immunogen protective antigen (PA), adsorbed 

to aluminum hydroxide (Alhydrogel, Brenntag Group, Denmark) as an adjuvant. AVA 

was originally licensed in 1970 [1,2] as a series of 0.5 mL injections administered 

subcutaneously in the upper outer arm, over the deltoid muscle, at months 0, 0.5, 1, 6, 

12, and 18, followed by annual boosters. Evidence for the efficacy of AVA comes from 

several studies in animals, a controlled vaccine trial in humans using a similar product, 

observational data in humans, and immunogenicity data for humans and other mammals 

[3-14].

Due in part to increased vaccination of military personnel beginning in 1997 [15], the US 

Congress tasked the Centers for Disease Control and Prevention (CDC) to expand upon 

the Department of Defense (DoD) pilot studies of dose and schedule optimization [16,17] 

by undertaking the largest ever prospective study of AVA safety and immunogenicity in 

a diverse study population. The primary focus of the CDC Anthrax Vaccine Research 

Program (AVRP) was a 43-month prospective, randomized, double-blind, phase IV, placebo 

controlled clinical trial. The objectives of the AVRP were to document and ensure the 

safety and immunogenicity of AVA, and subsequently to minimize the priming dose series 

and optimize the booster schedule [18]. An interim analysis of safety and immunogenicity 

data generated on 1005 study participants through the first 7 months of their participation 

[19] provided the basis in 2008 for FDA to support a change to IM administration and 

elimination of the week 2 (m0.5) dose in the priming series [20]. We present a final study 

analysis of data collected from 1563 participants through all 43 months of participation.

2. Methods

2.1. Participants and recruitment

The study was sponsored by CDC under an Investigational New Drug (IND) application, 

was approved by the human investigations committees at participating clinical sites and at 

CDC, and was conducted according to the International Conference on Harmonization Good 

Clinical Practices (GCP). Study centers included Walter Reed Army Institute of Research, 

Silver Spring, MD; Baylor College of Medicine, Houston, TX; Emory University School 

of Medicine, Atlanta, GA; Mayo Clinic, Rochester, MN and University of Alabama at 

Birmingham, Birmingham, AL. Oversight was provided by a Data and Safety Monitoring 

Board (DSMB).

Volunteers had to be no less than 18 years and no greater than 61 years of age at the time 

of enrollment. Additional inclusion and exclusion criteria, methods for randomization and 

blinding, as well as sample size calculations, are presented as supplemental material. The 

number of enrollees required by sample size calculations was doubled to allow for attrition 

due to the length of the study.

2.2. Interventions

AVA was provided by the Military Vaccine (MilVax) Agency, DoD, through the United 

States Army Medical Materiel Agency (USAMMA). Over the study duration 6 lots of 
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vaccine were used: FAV063, FAV074, FAV079, FAV087, FAV107, and FAV113. Placebo 

injections were saline (0.9% (w/v) NaCl, Abbott Laboratories, Chicago, IL).

Participants were randomized to one of 6 study groups. One group (8-SQ) received AVA as 

originally licensed, or 6 SQ injections of AVA administered at months 0, 0.5, 1, 6, 12, and 

18, followed by 2 annual boosters administered at months 30 and 42. A second group (8-IM) 

received AVA administered intramuscularly (IM) on the same schedule as the 8-SQ group. 

Three groups received AVA on reduced dose schedules (7-IM, 5-IM, 4-IM). These reduced 

dose schedule groups all received AVA at m0, m1, and m6, with one or more of the doses 

at m0.5, m12, m18 and/or m30 replaced with saline injection. All reduced dosage group 

participants received a booster at m42 (Table 1). The final group was administered saline 

placebo at all 8 times points, with participants equally divided between SQ and IM route of 

administration (Fig. 1 and Table 1). All vaccine and placebo injections were administered as 

a 0.5 mL dose.

2.3. Serological evaluation

Participant immune response profiles were determined for 13 serial pre- and post-injection 

blood samples.4 Samples were assayed for anti-PA IgG by ELISA and reported as titers 

and concentration in μg/ml [21-24]. Dilutional titers were calculated on a continuous scale 

and reported as the reciprocal of dilution [25]. The ELISA lower limit of quantification 

(LLOQ) was 3.7 μg/ml for concentrations of anti-PA IgG and 58 for titers. All reported 

values were from a minimum of two independent tests. The three primary endpoints based 

on the magnitude of anti-PA IgG antibody response were: (1) the proportion of participants 

achieving a ≥4-fold rise in anti-PA specific IgG titer compared to pre-injection titer 

(%4XR), (2) the geometric mean anti-PA specific IgG titer (GMT), and (3) the geometric 

mean concentration (GMC). To calculate geometric mean concentrations and titers, IgG 

concentrations and titers below the LLOQ [26] were set to ½ LLOQ, or 1.85 μg/ml and 1/29 

respectively; 4-fold responses for participants < LLOQ were defined at 4 times the LLOQ. 

This is in contrast to the interim analysis in which ½ LLOQ was used [19].

Lethal toxin (LTx) neutralization activity (TNA) was determined for a subset of enrollees. 

A secondary endpoint, the TNA geometric mean titer (ED50 GMT), was calculated as the 

reciprocal of the serum dilution which neutralized 50% of in vitro LTx cytotoxicity [27-31]; 

TNA samples were run in triplicate. The LLOQ for the TNA assay was an ED50 titer of 36; 

TNA ED50 titers below the LLOQ were set to ½ LLOQ titer, or 18.

2.4. Safety evaluation

An adverse event (AE) was defined as any untoward medical occurrence, regardless of 

causal relationship to vaccination. Solicited injection site and systemic AEs were predefined 

based on data from previous AVA studies [16]. Solicited reactogenicity endpoints included 

injection site adverse events (warmth, tenderness, itching, pain, arm motion limitation, 

4Pre-injection samples were obtained during the injection visits (m0, m1, m6, m12, m18, m30, m42); m0 served as the baseline 
sample. Post-injection samples were obtained 4 weeks following injection (m1, m2, m7, m13, m19, m31, m43); m1 served as the 
post-injection sample for both the m0 and m0.5 injections.
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erythema, induration, edema, nodule formation, and bruise) as well as systemic adverse 

events (fatigue, muscle ache, headache, fever, axillary adenopathy).

Solicited and unsolicited AE data were collected during scheduled in-clinic examinations, 

self-reported using AE diaries, or spontaneously reported at any time during the study and 

through follow-up by telephone of participants who did not return for scheduled visits. AEs 

were scored by participants as mild (no interference with routine activities, or temperature 

< 102.3 °F), moderate (interfered with routine activities, or temperature between 102.3 

and 104 °F), or severe (incapacitating, or temperature <104°F). Serious adverse events 

(SAEs) were classified according to US regulations [32] as those resulting in: death, a 

life-threatening event, initial inpatient hospitalization or prolongation of hospitalization, 

significant or persistent disability/incapacity, congenital anomaly/birth defect, and a medical 

event that required medical or surgical intervention to prevent one of the other outcomes. 

While remaining blinded to the participant’s study status, the DSMB Medical Monitor 

and site PI assessed the causal relationship using the World Health Organization causality 

assessment criteria [33].

2.5. Statistical methods

All immunogenicity analyses were conducted using the according-to-protocol (ATP) 

population which consisted of participants who: received all injections through that time 

point in the windows defined by the protocol, received the correct agent administered via 

the correct route, and received the correct injection volume (≥0.3 ml). A one-sided non-

inferiority hypothesis was applied in this study. Serologic non-inferiority was assessed at the 

critical study time points of months 2, 7, and 43. These time points specifically evaluate the 

onset (m2) and completion (m7) of immunological priming, and the establishment of long 

term immunological memory (m43), in response to injections up to months 1, 6, and 42, 

respectively.

For the GMC and GMT outcomes, the criterion was the ratio of GMC and GMT of the 

originally licensed 8-SQ reference group to the 8-IM and reduced dosage groups. For 

the %4XR outcome, the criterion was the difference between the proportion of four-fold 

responders between the 8-SQ reference group and the 8-IM and reduced dosage groups. 

If the upper 97.5% confidence bound for a comparison was less than the non-inferiority 

margin, then the test group was judged to be non-inferior to the reference group. Non-

inferiority margins of 1.5 and 0.10 were used for comparing the ratios of the geometric 

means and differences in fold-response, respectively. These values were derived from the 

FDA and ICH guidelines and literature precedent [34-36]. There was no expectation that 

non-inferiority would be achieved following placebo injection in reduced dose schedules. 

Due to equivalent schedules, serologic results for study groups 7-IM, 5-IM, and 4-IM were 

combined for immunogenicity analysis for assay data resulting from injections through 

month 6 and referred to as the “combined reduced priming series group” (Table 1).

Analysis of variance (ANOVA) models were constructed to analyze log transformed 

antibody data. Models accounted for the longitudinal nature of the data and included 

adjustments for study site, age group, sex, race, and significant interactions. Analyses 

of proportion fold-responses were stratified by the time points and compared using χ2 
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statistics. Demographic distributions were calculated for 3 time points (months 0, 7 and 43) 

and also compared using χ2 statistics. Non-inferiority calculations stratified by sex were 

performed only for the three primary endpoints.

All reactogenicity analyses were conducted on the safety population, which consisted 

of participants who received at least one injection of the correct agent administered by 

the assigned route. Reactogenicity end points were injection site and systemic AEs. The 

incidence of AEs was computed after each dose and analyzed as dichotomous (yes/no); pain 

upon injection was analyzed as an ordinal endpoint. All hypothesis testing was performed 

using a two-sided significance level of α = 0.05. The presented analysis combined data 

from all groups receiving AVA via the IM route (8-IM, 7-IM, 5-IM < 4-IM) into a single 

IM group, dropping from the analysis any placebo injections in the reduced dosage groups. 

Analysis of in-clinic examination data is presented here; analyses of the AE summary data 

are presented in the supplemental material, along with the methodology for safety data 

collection.

Analyses of AEs focused on differences in the occurrence of AEs between the IM versus SQ 

groups, and females versus males. Logistic regression models using Generalized Estimating 

Equations (GEE) were used to estimate the odds-ratios (OR) for the local and systemic 

AEs. Odds-ratios for the AE pain upon injection were estimated using a multinomial GEE 

model. Factors considered in all models were study site, study group, sex, race, age, time, 

and interactions of treatment group by sex and race. Time was a continuous variable defined 

as the number of days between dose 1 and subsequent doses. Study site, study group, sex, 

and race remained in the models regardless of significance. Other non-significant factors and 

interactions were removed in a stepwise fashion. All AEs were assessed and included in 

the analysis; however, this study was not designed to evaluate possible associations between 

AVA and rare SAEs.

Missing data were considered to be missing at random and were not imputed. All analyses 

were conducted using the SAS software system, version 9.2 (SAS Institute, Inc., Cary, NC).

3. Results

3.1. Participant flow, recruitment and demographics

Study participation was from May 15, 2002 (first enrollment) to November 28, 2007 (last 

blood draw). A total of 1876 participants provided consent and were screened. Of these, 

312 were excluded from enrollment, with the remaining 1564 participants randomized 

into 6 study groups (Fig. 1 and Table 1); one person withdrew from the study following 

enrollment and randomization, but prior to first vaccination, leaving 1563 participants. Of 

the 1563 original participants, 897 (57.4%) retained ATP status and were included in this 

final analysis. Less than 3.3% of the ATP data set was missing at any time point.

The mean age at enrollment was 39 years. The proportion of participants (% of total) at 

enrollment in each of four age groups was similar for age categories of <30 years (n = 439, 

28.1%) and 40–49 years (n = 460, 29.4%), but was lower for the 30–39 years (n = 361, 

23.1%) and 50–61 years categories (n = 303, 19.4). The proportion of participants in each 
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age category differed across treatment groups at the beginning of the study (p = 0.01) but 

was not statistically different at m75 (p-value = 0.08) or m435 (p = 0.39). The proportion 

of males/females at enrollment was nearly equal, with 48.8% of the study population male. 

This proportion did not differ significantly across treatment groups at enrollment (p = 0.99), 

m75 (p = 0.99), or m432 (p-value = 0.92). At enrollment, overall race distribution was 74.2% 

White (n = 1159), 20.7% Black (n = 324), and 5.1% Other (n = 80). The distributions of the 

3 race categories were consistent and did not differ across treatment groups at enrollment (p 
= 0.54), m75 (p = 0.66), or m435 (p = 0.37) across the 3 time points. Less than 5% of the 

study population was Hispanic (n = 70; 4.5%) (Table 2).

3.2. Serological evaluation

As previously noted, 4-fold responses for participants <LLOQ were defined at 4 times the 

LLOQ; this is in contrast to the interim analysis in which ½ LLOQ was used. One direct 

result of this is that %4RX values reported for months 1, 2, 6, and 7 will be lower than those 

reported in 2008 [19].

At m2, in response to the injections administered at m0, m0.5 and m1, the 8-IM group was 

non-inferior to 8-SQ for all 3 anti-PA specific IgG primary endpoints and the TNA ED50 

GMT, while the combined reduced priming series group was not non-inferior for any of the 

endpoints (Table 3 and Fig. 2). At m7, in response to the m6 injection, the 8-IM and the 

combined reduced priming series group were non-inferior to 8-SQ for all anti-PA IgG and 

TNA ED50 endpoints (Table 3). At m43, all 4 treatment arms were non-inferior to 8-SQ for 

all anti-PA IgG and TNA ED50 primary and secondary endpoints; the 8-IM, 5-IM and 4-IM 

groups produced statistically superior responses for 2 of the 3 primary endpoints (Table 3).

We assessed immune response at month 42, following completion of the priming series but 

prior to the m43 booster. Among participants in the 4-IM group, 66% had quantifiable anti-

PA IgG and 14.3% had levels at least 4-fold greater than LLOQ at m42. Among participants 

in the 5-IM group, 95.9% of participants had quantifiable anti-PA IgG and 55.9% had levels 

at least 4-fold greater than LLOQ at m42. All of the individuals in the 4-IM and 5-IM groups 

responded to the 42-month booster with >99% in both groups achieving at least a 4-fold 

increase over their month 42 pre-boost anti-PA IgG levels (Fig. 2b). At m43, the 4-IM group 

post-injection anti-PA IgG response was two-fold greater than that generated by the 8-SQ 

group (GMC 433.2 μg/ml vs. 216.8 μg/ml) with a 100% frequency of responders (Table 3).

Data were also analyzed at multiple time points for statistical differences between sexes. At 

m2, there was not a statistical difference between males and females in the 8-SQ group, but 

there was a statistical difference between males and females in the 8-IM (GMC 67.9 μg/ml 

males, 103.9 μg/ml females, p < 0.01) and the combined reduced priming series groups 

(GMC 38.0 μg/ml males, 56.0 μg/ml females, p < 0.01). At m7 and m43 there were no 

statistically significant differences between sexes (Supplemental Table 1).

In general, there was a decrease in antibody response with age category when assessed 

within each study group. With few exceptions younger participants mounted a response 

5Data for 7 and 43 month time points are for ATP cohort.
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greater than older participants. This gradient was more pronounced in the peak response 

time points of months 2, 7, and 43 (Supplemental Table 2). There was no clear pattern in 

comparisons of race across study groups and time periods. When significant differences did 

occur, antibody responses in white and “other” race categories almost always exceeded the 

responses in blacks (Supplemental Table 3).

At the decisive time points of months 2, 7, and 43 there was a strong positive correlation 

between log(anti-PA IgG concentrations) and log(TNA ED50) (r < 0.91; p > 0.0001). 

There were no detectable differences in the anti-PA IgG vs. TNA correlations between 

treatment groups at any of the time points, indicating that neither route of administration nor 

vaccination schedule had a significant influence on the TNA.

3.3. Reactogenicity

Analysis of in-clinic examination data for injection site AEs demonstrated a significant 

reduction of occurrence for warmth [females (F): OR = 0.11 (0.08, 0.14) and males (M): 

OR = 0.25 (0.19, 0.33)], itching (OR = 0.19 (0.14, 0.24), erythema [F: OR = 0.14 (0.10, 

0.18), M: OR = 0.29 (0.23, 0.37)], induration [F: OR = 0.19 (0.15, 0.24), M: OR = 0.32 

(0.25, 0.42)], edema [OR = 0.36 (0.31, 0.43)], nodules [F: OR = 0.07 (0.05, 0.09), M: OR = 

0.20 (0.14, 0.28)] and bruise [OR = 0.72 (0.52, 0.99)] (Table 4) for IM recipients compared 

to SQ. There was a significant increase in reports of arm motion limitation (AML) for IM 

compared to SQ [OR = 1.80 (1.37, 2.38)]. There was no significant difference between 

IM and SQ groups for pain at the injection site [OR = 1.03 (0.84, 1.26)], but the odds of 

experiencing pain upon injection were reduced by approximately 40% for the IM versus 

SQ groups [OR = 0.61 (0.51, 0.73)]. Some local AEs increased as the number of injections 

increased but there was no consistent pattern in regards to increasing reports of AEs with 

increased number of injections (Supplemental Table 4).

Route of administration did not have a significant influence on systemic AE occurrence 

(Table 4), except for a significantly higher occurrence of generalized muscle ache (6.7%) 

amongst IM recipients compared to SQ (5.3%) [OR 1.59 (1.13, 2.23)]. A lower occurrence 

of fatigue among IM recipients (8.6%) compared to SQ (10.6%) was observed, but was not 

significant [OR = 0.80 (0.62, 1.03)].

Regardless of route of injection, females were almost twice as likely as males to experience 

any injection site AE [OR = 1.90 (1.63, 2.21)]; however, the absolute differences between 

females and males for warmth, tenderness, itching, pain, erythema, induration, edema, 

bruise, and nodules (all except AML) were largest amongst SQ recipients (Table 4). Females 

also had a significant increase in the odds of experiencing greater pain upon injection 

compared to males [OR = 1.91 (1.64, 2.22)]. When looking at in-clinic data, females had a 

significantly increased odds for the occurrence of solicited systemic AEs fatigue [OR = 1.39 

(1.11, 1.74)], muscle ache [OR = 1.40 (1.10, 1.77)], and headache [OR 1.87 (1.45, 2.42)] 

when compared to males (Table 4). The sex by treatment group interaction term for systemic 

AEs was not significant in any of the models, indicating that the differences in systemic 

AEs between men and women were generally consistent across all study groups. These 

findings were consistent when AE summary data were analyzed, which also demonstrated 
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that occurrence of fever was not significantly different between males and females [OR 1.26 

(0.86, 1.85)].

231 serious AEs, including 7 deaths, occurred following 11,135 injections. These serious 

AEs occurred in 186 (11.9%) of the 1563 participants and were distributed across all 6 study 

groups. After a blinded review the Medical Monitor concluded that serious AEs occurring 

in 7 participants were possibly related to the study agent; it was noted upon unblinding that 

1 of the 7 received placebo (Supplemental Table 5). None of the deaths were considered 

possibly related to vaccination. All other events were considered to be unrelated or unlikely 

related to the investigational agent.

4. Comment

These data confirm that the minimal schedule, comprised of a 3-dose IM priming series 

administered at months 0, 1 and 6, followed by a single booster at month 42 (4-IM group), 

established robust immunological priming and sustained immunological memory to at least 

42 months. At month 7, and all points subsequent when vaccine was administered, the anti-

PA IgG responses generated in IM recipients were non-inferior to those in SQ recipients. 

This study confirms IM administration has significant advantages in reducing reactogenicity 

without compromising immunogenicity. These data endorse the conclusions from the study 

interim analysis up to the month 7 time point that were central to the change in use of 

AVA to IM administration and elimination of the dose at week 2 (0.5m) approved in 2008 

[19,20]. As of July 2013, these data were used to support the first approval for AVA use 

in the European Union. The approval was in Germany and is for the 3-IM priming series 

(injections at m0, 1, and 6) with a triennial (m42) booster.

Attaining noninferiority at month 7 emphasizes the importance of completing the 0, 1, 6 

month priming series. In the Brachman study of a predecessor anthrax vaccine [3] there 

were three vaccine breakthrough cases. All three cases had received only the 0–2–4wk initial 

series of the schedule at the time they contracted disease; 2 cases contracted cutaneous 

anthrax just prior to receiving the month 6 dose and the third case contracted cutaneous 

anthrax at 15 months having received only the initial series. There were no cases reported in 

participants receiving the month 6 dose [3]. Vaccine induced protection during the first six 

months of the priming series is a major focus for studies of AVA use during post-exposure 

prophylaxis [37].

As expected, the extended periods between booster doses in the reduced vaccination 

schedules resulted in lower levels of anti-PA IgG prior to vaccination. However, the 

persistence of quantifiable anti-PA IgG and the exceptional recall responses to a booster 

dose administered at either m18 or m42 were noteworthy. Most striking was the immune 

response among the 4-IM group to the m42 injection, the triennial booster. Prior to the 

m42 booster the 4-IM group had lower antibody levels than the 5-IM group; however, the 

booster elicited anti-PA IgG GMCs in the 4-IM group that by m43 were 2-fold higher 

(exceeding 430 μg/ml) and statistically superior to those achieved by the originally licensed 

8-SQ annual booster at the same time point (Table 3). Collectively these data confirm 

that the 3-dose IM priming series established long term antibody secreting plasma cell 
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populations and robust immunological memory manifested by rapid and high anamnestic 

responses. These factors are central to mounting a protective immune response to inhalation 

anthrax when circulating anti-PA antibody levels are low [38,39]. These data, together with 

duration of protection studies in rhesus macaques, challenge the AVA vaccination dogma 

that annual boosters are required to maintain immunity [40,41]. Additionally, the consistent 

high correlations between anti-PA levels and their TNA indicate that the functional integrity 

of the humoral immune response to AVA was maintained across all schedules tested for 

the duration of the study. The data from this analysis were used to support the recent 

change (May 2012) in the AVA schedule to a 3 dose IM priming series (0,1,6 months) 

with subsequent boosters at 12 and 18 months, and annually thereafter (http://www.fda.gov/

BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm304758.htm). In conjunction with 

data from non-human primate studies [41,42], these human data also demonstrate the 

feasibility of reducing the annual booster schedule to a less demanding but no less effective, 

triennial booster schedule.

In this study, IM administered AVA behaved like other aluminum containing vaccines such 

as DTP, Hepatitis A and Hepatitis B, with adverse events typically limited to injection site 

reactions such as erythema and nodule formation [18,43]. Adverse event rates were similar 

between IM administered AVA and IM administered Alhydrogel recombinant Protective 

Antigen (rPA) vaccines currently under development [44-46]. These data demonstrate that 

IM administration improves the safety profile for AVA. Independent review by the Medical 

Monitor concluded that SAEs were unrelated or unlikely related to AVA. The study was not 

statistically powered to identify very rare SAEs.

Previously published data from the interim analysis [19] was utilized by ACIP when the 

current recommendations [40] were developed. The current ACIP recommendation for post 

exposure prophylaxis (PEP) use of AVA is SQ administration of 3 doses at 0, 2, and 4 

weeks [40]. Although not an objective of the AVRP clinical trial, these results may provide 

guidance for the PEP regimen. IM administration does result in decreased reactogenicity, 

which might enhance adherence to the PEP regimen. Analysis of the final study data 

identified robust anti-PA IgG responses at the m2 time point following both IM and SQ 

vaccination. However, statistically significant sex related differences in the magnitude of the 

anti-PA IgG responses occurred at the m2 time point following IM vaccination compared to 

SQ; the clinical significance of this is not known. Although achieving high anti-PA levels 

by m2, males vaccinated IM had significantly lower anti-PA IgG GMC levels than females 

(67.9 μg/ml vs. 103.86 μg/ml respectively; p = 0.01). By month 7, there were no significant 

differences in SQ and IM between the sexes in any group. For optimization of AVA use 

for PEP it will be important to understand the impact of sex related differences on vaccine 

effectiveness.

5. Conclusion

These final analyses clearly demonstrate that a 3 dose IM priming schedule elicits long term 

immunological responses and robust immunological memory that is efficiently stimulated 

by a single booster vaccination at 42 months. When 3 dose IM priming injections are 

followed by triennial boosters, the resultant immune response is non-inferior and in some 
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instances statistically superior to the SQ schedule, indicating a more robust response to 

fewer doses of vaccine administered IM. The data demonstrate that AVA is as safe as other 

aluminum containing vaccines currently licensed in the US, and that IM administration 

remains significantly associated with a reduction in injection site AEs.
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Abbreviations:

IM intramuscularly

SQ subcutaneous

AVA anthrax vaccine adsorbed

PA protective antigen

DoD Department of Defense

CDC Centers for Disease Control and Prevention

AVRP Anthrax Vaccine Research Program

FDA Food and Drug Administration

IND Investigational New Drug

GCP Good Clinical Practices

USAMMA United States Army Medical Materiel Agency

LTx lethal toxin

AE adverse event.
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Fig. 1. Participant flow for the Centers for Disease Control and Prevention Anthrax Vaccine 
Research Program human clinical trial.
a Indicates that reasons for exclusion included abnormal electrocardiogram results, allergy 

to aluminum, autoimmune disorder, chronic condition or disease, compromised injection 

site, current or planned pregnancy, genetic disorder, history of anthrax vaccine adsorbed 

injections, history of or current cancer, mental illness, military commitment, neurologic 

condition, ongoing immune suppression therapy, planned surgery poor venous access, 

security risk, and substance abuse.
b number of participants per group following randomization
c one participant consented and was randomized, but withdrew from study prior to first 

injection
d number of participants in the According to Protocol (ATP) cohort at month 43

‘Terminated injections” means that no more injections were received by participant. 

“Suspended injections” means that the participant withdrew from receiving injections at 

one point during the study, only to either resume injections or be terminated at a later date. 

“Terminated follow-up” means the participant was no longer followed with blood draws 

or for adverse event data, while “Continued follow-up” indicates a participant continued 

to communicate with the study site, either for continued blood draws or adverse event 

follow-up.

Exact reasons for suspension or termination are included in the Supplemental Materials

IM = intramuscular, SQ= subcutaneous
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Fig. 2. 
Anti-protective antigen IgG geometric mean concentration profiles. Time points for 

serological non-inferiority were months 2, 7, and 43; the responses to injections up to 

months 0.5, 6, and 42, respectively. Primary serological endpoints were geometric mean 

concentration (GMC), geometric mean titers (GMT) and proportion of responders with a 4-

fold rise in titer (4%XR). Because of the strong positive correlation between anti-protective 

antigen (PA) IgG concentration and antibody titers (r = 0.99; P < 0.0001), only GMC 

data are presented in the figure. Analysis-of-variance models were constructed to analyze 

log-transformed antibody data. Models allowed for the longitudinal nature of the data and 

included adjustments for study site, age group, sex, race, and significant interactions. Error 

bars indicate 95% confidence intervals (CIs).
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