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Abstract
Improved vaccines and adjuvants are being developed to reduce the threat posed by a terrorist attack
involving aerosolized anthrax spores. Nevertheless, uncertainty persists concerning the relative
benefits of inducing mucosal vs systemic immunity to host survival following inhalational exposure
to anthrax spores. This work examines the effect of delivering the licensed human vaccine (Anthrax
Vaccine Adsorbed, AVA) combined with a CpG oligodeoxynucleotide (ODN) adjuvant
intraperitoneally or intranasally to A/J mice. Results indicate that protection from inhalational anthrax
correlates with the induction of a strong systemic rather than mucosal immune response, and
demonstrate that protection is significantly improved and accelerated by the addition of CpG ODN.
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1. INTRODUCTION
Bacillus anthracis is an aerobic gram-positive spore-forming bacterium found naturally in wild
and domesticated animals [1]. B. anthracis spores are highly resistant to environmental
degradation, and upon germination produce a tripartite toxin that reduces the ability of the
host's immune system to eliminate the pathogen [1]. Human exposure to anthrax typically arises
following contact with infected livestock, and generally results in a mild form of cutaneous
disease [2]. In contrast, inhalational exposure to anthrax causes severe and rapidly progressive
disease that can culminate in death [3;4]. Anthrax Vaccine Adsorbed (AVA) is the only anthrax
vaccine licensed for human use in the US and was approved based on it's ability to reduce
susceptibility to cutaneous anthrax exposure. The release of anthrax spores designed for aerosol
delivery by bioterrorists in 2001, and the resultant morbidity, mortality, and panic, underscored
the need to improve the speed and efficacy of vaccine-induced protection against inhalational
exposure [5].

AVA is prepared by adsorbing the culture filtrate of an attenuated toxinogenic non-
encapsulated strain of B. anthracis (V770-NP1-R) onto aluminum hydroxide [6]. Studies show
that protective Ag (PA), the core of anthrax toxin, is the major immunogen of AVA. Antibody
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(Ab) against PA neutralize the toxin, inhibit spore germination, and improve the phagocytosis/
killing of spores by macrophages [7-10]. The licensed AVA vaccine is administered as a series
of 6 immunizations over 18 months followed by yearly boosters [11]. This schedule induces
protective serum Ab titers somewhat slowly, and has been linked to adverse side effects
[11-13].

Synthetic oligodeoxynucleotides (ODN) containing immunostimulatory “CpG motifs” have
been shown to boost immunity to co-administered vaccines, including AVA [14-16]. CpG
ODN induce the functional maturation of professional Ag presenting cells (APCs) and trigger
the production of immunostimulatory cytokines and chemokines [17;18]. Although previous
studies showed that adding CpG ODN to AVA boosted protection among animals challenged
systemically with anthrax [16;19], their effect on mucosal immunity and protection against
aerosolized anthrax spores was never evaluated. The current work examines whether AVA,
alone or co-administered with CpG ODN, improves host resistance to inhalational anthrax, and
examines the relative contribution of mucosal vs systemic immunity to host survival.

2. MATERIALS AND METHODS
2.1 Reagents

Phosphorothioate CpG ODN 1555 (GCTAGACGTTAGCGT) and control ODN 1612
(GCTAGAGCTTAGCGT) were synthesized at the CBER core facility [19]. Both were free
of endotoxin and protein contamination. A single lot of clinical grade AVA was used in all
experiments (BioPort Corporation, East Lansing, MI). Recombinant PA (rPA) was provided
by USAMRIID (Fort Detrick, MD) and prepared as described [20]. B. anthracis strain 7702,
which is toxinogenic (pXO1+) and non-encapsulated (pXO2), was used to prepare Sterne strain
spores, as described [21].

2.2 Animals
Specific pathogen free male A/J mice were obtained from the NCI (Frederick, MD). They were
housed in sterile micro-isolator cages in a barrier environment, and immunized at 8−12 wk of
age. All animal experiments were conducted using ACUC approved protocols, and aerosol
challenge studies were performed in a BL-3 facility.

2.3 Immunization and challenge studies
Male A/J mice were immunized intraperitoneally (i.p.) or intranasally (i.n.) with 2 or 10 ul of
AVA ± 20 ug of CpG ODN in a final volume of 20 ul. AVA doses were selected on the basis
of preliminary studies demonstrating that 2 ul of AVA induced a detectable but suboptimal
IgG anti-PA response while 10 ul of AVA induced a response that protected 50% of mice from
subsequent anthrax challenge [19]. The maximum dose of AVA used was limited by the volume
of vaccine that could be safely administered i.n. to mice.

Serum obtained by tail nicking was stored at −20° C until use. BAL was collected by instilling
and then removing 0.7 ml of PBS into the lungs of anesthetized mice. Copra Ig was obtained
by physically disrupting fecal pellets followed by suspension and votexing in a cocktail of
protease inhibitors (including 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), E-64,
bestatin, leupeptin, aprotinin, and EDTA (Sigma, St. Louis, MO)) as previously described
[22]. Supernatants were collected by centrifugation at 16,000g for 10' and stored at −20° C
until use.

Mice were challenged via the aerosol route with 20 LD50 (50% lethal doses) of STI spores
suspended in dH2O (1 LD50 = 106 STI spores). The spore aerosol was generated using a six-
jet Collison nebulizer (BGI Incorporated, Waltham, MA) and distributed to individual mice
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using a nose-only exposure system (CH Technologies, Westwood, NJ) as previously described
[23]. Prior to challenge, mice were supplied with fresh air for 10' to allow respiratory rates to
normalize. Survival was monitored for 21 days.

2.4 IgG and IgA anti-PA ELISA
IgG and IgA anti-PA Ab titers were monitored as described [19]. Briefly, 96-well microtiter
plates (Immulon 1B, Thermo Labsystems, Franklin, MA) were coated with 1 ug/ml of rPA in
PBS at 4° C overnight. The plates then were blocked with 5% non-fat dry milk in PBS
containing 0.1% tween-20. Plates were washed, and overlaid with serially diluted BAL, serum
or fecal extract for 2 h at room temperature. After thorough washing, bound Abs were detected
by adding HRP-labeled goat anti-mouse IgG or IgA (Southern Biotechnology, Birmingham,
AL) followed by ABTS substrate (Kirkegaard & Perry, Gaithersburg, MD). Ab titers were
determined by comparison to a standard curve generated using pooled sera from hyper-
immunized mice, and were expressed as the reciprocal of the end point dilution following
background subtraction. All samples were analyzed in duplicate.

2.5 Statistics
Differences in the kinetic development of anti-PA immune responses were examined using
two-way ANOVA. Differences in the IgG anti-PA response induced by various vaccine-
adjuvant combinations were assessed by one-way ANOVA. Differences in survival were
evaluated using log rank analysis of Kaplan-Meier curves. Correlation coefficients were
determined by linear regression analysis.

3. RESULTS
3.1 Route of delivery influences the immunogenicity and protective activity of AVA

Initial studies compared the ability of AVA delivered by the systemic (i.p.) vs mucosal (i.n.)
route to protect against aerosol challenge by anthrax spores. A/J mice were selected for
evaluation because these animals i) mount strong Ab responses to AVA ± CpG ODN and ii)
are highly susceptible to challenge by attenuated STI anthrax spores due to a defect in their
complement cascade [16;24].

Mice were immunized with AVA ± CpG ODN. The magnitude of the resultant mucosal
immune response was analyzed by monitoring anti-PA Abs present in pulmonary
brochioalveolar lavage fluid (BAL) and/or in fecal pellets containing copra Ig secreted into the
gut lumen. As seen in Table IA, Ag-specific copra IgA levels correlated closely with pulmonary
IgA levels in vaccinated mice (R2 = .87, p <.001). Since mice do not survive the collection of
BAL, experiments designed to assess the effect of vaccination on survival post challenge relied
on copra anti-PA titers to monitor mucosal immunity. Systemic immunity was examined by
monitoring serum IgG anti-PA titers. Previous studies showed that serum IgG anti-PA titers
represent a sensitive and specific marker of protection against STI anthrax spores in A/J mice
immunized with AVA ± CpG ODN [19].

Significantly higher anti-PA Ab titers were produced when mice were vaccinated i.n. with 10
rather than 2 ul of AVA (p < .01, Table I). Adding CpG ODN to intranasally administered
AVA significantly boosted both BAL and copra IgA anti-PA titers (3−20 fold increase; p < .
01, Table IA and Fig 1). Intranasal delivery of AVA + CpG ODN elicited a 3-fold higher and
more consistent mucosal response than did systemic vaccination (Fig 1, p <.05). In contrast,
i.p. immunization with AVA plus CpG ODN induced a significantly stronger serum IgG anti-
PA response than did i.n. delivery of the same dose of vaccine (100 fold higher; p. <.01, Table
IB and Fig 2). Adding CpG ODN to systemically administered AVA significantly boosted the
serum Ab response by approximately 20-fold (p. <.001, Table IB and Fig. 2).
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Mice were vaccinated either i.n. or i.p. with AVA + CpG ODN, and then challenged 4 wk later
with 20 LD50 of aerosolized Sterne strain anthrax spores (STI). This dose of STI spores was
uniformly fatal to unimmunized controls. As seen in Fig 3, all mice vaccinated with 10 ul of
AVA + CpG ODN by the i.p. route survived challenge, whereas half of those immunized with
the same vaccine by the i.n. route (or with AVA alone i.p.) succumbed to infection (p. <.01).
Significantly higher survival was also observed when the 2 ul dose of AVA + CpG ODN was
delivered i.n. when compared to i.p. (p. =.02, Fig 3).

3.2 Protection against aerosolized anthrax correlates with systemic but not mucosal anti-PA
Ab titers

To pursue these observations, additional mice were vaccinated and their anti-PA Ab response
evaluated immediately prior to STI spore challenge. Consistent with earlier findings, systemic
immunity was enhanced by immunization with 10 vs 2 ul of AVA (p. <.01), vaccination via
the i.p. rather than i.n. route (p. <.02), and inclusion of CpG ODN as the vaccine adjuvant (p.
<.01, Table IB). Moreover, serum but not mucosal anti-PA titers predicted survival following
aerosolized STI challenge (Fig 4, p <.001). Whereas nearly all mice with systemic IgG anti-
PA titers >10,000 at the time of challenge survived, <10% of those with titers <2,500 survived
(Fig 4). In contrast, there was no significant correlation between copra IgA anti-PA titers and
survival (p = .49, Fig 4).

3.3 Effect of CpG ODN on the rapidity of AVA-induced protection
Previous studies suggested that the addition of CpG ODN to AVA both accelerated and boosted
the induction of pathogen-specific immunity [16;19]. Those studies examined the susceptibility
of mice to systemic anthrax challenge 10 − 21 days after AVA vaccination. To determine
whether the addition of CpG ODN to AVA accelerated the induction of protective immunity
against aerosolized spore challenge, A/J mice were immunized with AVA ± CpG ODN and
their response to inhalational challenge evaluated 5, 10 and 15 days later.

Consistent with prior results, the serum IgG anti-PA response was magnified and accelerated
by the addition of CpG ODN to AVA (Fig 5A). By day 10, serum anti-PA titers were 20-fold
higher in the AVA + CpG ODN vaccinated group, and protection was significantly enhanced
(15/16 vs 4/16, p< .01). Of note, although IgG Ab titers did not differ between groups on day
5 (p = .32), a significant difference in survival was still observed when mice were challenged
at that early time point (p = .04, Wilcoxin log rank test). This finding suggests that host
susceptibility to inhaled anthrax is influenced by the magnitude of the serum anti-PA response
over the course of infection, rather than simply at the time of initial exposure.

4. DISCUSSION
Anthrax spores designed for inhalational exposure were intentionally released in the US in
2001. The resultant morbidity and panic established the viability of anthrax as a bioterror
weapon, and emphasized the need to improve the speed and efficiency with which protective
immunity is induced against aerosolized anthrax [5]. To supplement the development of novel
vaccines and adjuvants (such as CpG ODN), it is of value to clarify the role of mucosal and
systemic immunity in providing protection against inhalational anthrax.

Towards that end, the effect of systemic vs mucosal delivery of AVA ± CpG ODN was
evaluated. A strong systemic IgG anti-PA Ab response was elicited following intraperitoneal
immunization, consistent with previous reports (Fig 2 and [16;19]). Intranasal vaccination was
used to elicit mucosal immunity, based on previous reports showing that this technique
effectively stimulates pulmonary Ab production (Table 1 and [25;26]). The alternative, to
administer AVA intratracheally, was considered unnecessarily invasive by the CBER Animal
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Care and Use Committee. The utility of i.n. vaccination was established during initial studies
showing that all mice immunized with 10 ul of AVA + CpG ODN mounted strong mucosal
responses, with high levels of IgA anti-PA Abs detected in both their lungs and GI tract (Table
1 and Fig 1). Consistent with previous reports, BAL and copra Ab titers correlated significantly
following i.n. vaccination (Table 1 and [25;26]). Since copra Ab levels could be monitored
without harm to the mice (whereas the collection of BAL is fatal), the former was relied upon
to assess mucosal immunity in mice subsequently utilized for pathogen challenge studies.

The induction of humoral immunity was evaluated by comparing the relative change in copra,
BAL and serum Ab levels induced by vaccination. Each source of Abs was evaluated
independently, since it is difficult to compare Ab containing fluid collected from different sites.
As noted in the methods section, BAL is harvested by infusing the lungs with PBS and copra
Ig by diluting fecal pellets in a cocktail of protease inhibitors. Abs collected from mucosal sites
are thus more dilute that those present in the serum. In addition, Abs secreted into the GI tract
persist for only a short period (dictated by their transit time through the gut) whereas Abs
secreted into the serum can accumulate over a period of weeks.

The current work establishes that systemic Ab titers correlate with resistance to aerosolized
anthrax spores, while mucosal Ab titers do not. Even among mice protected from challenge by
i.n. immunization, resistance correlated with systemic rather than mucosal Ab levels. When
the same dose of AVA ± CpG was delivered i.n. or i.p., protection was elicited more effectively
by systemic vs mucosal immunization (Figs 3, 4).

Current findings support several additional conclusions. First, intraperitoneal immunization
induced a higher systemic but lower mucosal Ab response than did intranasal immunization
(Table I and Figs 1,2). Second, the addition of CpG ODN significantly increased the magnitude
of the anti-PA response elicited by both routes of immunization (Tables I, 2 and Figs 1, 2 and
5). Finally, the addition of CpG ODN to AVA significantly reduced host susceptibility to
infection by aerosolized anthrax within 5 days of administration (Fig 5). Results indicate that
this effect was not mediated through the induction of an innate immune response by CpG ODN,
since none of the mice treated with CpG ODN alone survived challenge. Rather, we hypothesize
that survival was influenced by the cumulative serum anti-PA response over the course of
infection rather than solely at the time of pathogen exposure. Thus, vaccines capable of
accelerating the induction of protective Abs when the host is subsequently infected may reduce
morbidity and mortality long after the initial Ab response has waned. Studies designed to test
this hypothesis, and determine whether co-administering CpG-adjuvanted AVA plus
antibiotics can protect mice immediately after anthrax exposure, are underway.

CpG ODN interact with immune cells that express TLR 9, triggering an innate immune
response characterized by the production of pro-inflammatory and Th1 cytokines, chemokines,
and the functional maturation of APCs [17;18]. Previous studies showed that combining CpG
ODN with systemically administered AVA accelerated and increased the production of serum
IgG anti-PA Abs, thereby improving protection against systemic anthrax challenge [16;19].
Results from a phase I clinical study showed that adding CpG ODN to AVA boosted the serum
IgG anti-PA responses of normal human volunteers by 6−8 fold and accelerated the induction
of immunity by approximately 3 weeks (p. <.001 for both parameters) [27]. In that trial, no
significant difference was reported in the frequency of severe adverse events in recipients of
AVA plus CpG ODN vs AVA alone, although mild-moderate adverse events (including pain,
warmth, and swelling at the injection site, and systemic effects such as fever and fatigue) were
slightly more frequent in the former group [27].

Current findings establish that serum rather than mucosal Ab levels predict resistance to
aerosolized anthrax. They also indicate that serum Ab titers may provide a surrogate marker
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for protection against aerosolized anthrax spores. The combination of AVA plus CpG ODN
significantly increased anti-PA Ab titers and accelerated the induction of protective immunity
(conferring a significant increase in survival within 5 days of vaccination). Following the 2001
anthrax attacks, less than half of potentially exposed individuals completed the recommended
course of antibiotics [28]. Thus, vaccinating individuals at risk of exposure to anthrax with
CpG-adjuvanted AVA, perhaps in combination with short-term antibiotic therapy, might
prevent pathogen dissemination and optimize the speed and reliability with which these
individuals develop a protective immune response. In mice, this protection developed even
before serum Ab titers began to rise, indicating that the magnitude of the Ab response over the
course of the infection rather than solely at the time of challenge determines host survival.
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Figure 1. Copra IgA anti-PA Ab titers in AVA-vaccinated mice
Male A/J mice (specific pathogen free) were immunized either i.n. (mucosal) or i.p. (systemic)
with 10 ul of AVA (open symbols) or 10 ul of AVA + 20 ug of CpG ODN (solid symbols).
Data show IgA anti-PA titers from 8 mice/group 6 weeks post immunization compiled by
combining results from two independent experiments.
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Figure 2. Serum IgG anti-PA Ab titers in AVA-vaccinated mice
A/J mice were immunized either i.n. (mucosal) or i.p. (systemic) with 10 ul of AVA (open
symbols) or 10 ul of AVA + 20 ug of CpG ODN (solid symbols). Data show IgG anti-PA titers
from 8 − 16 independently studied mice/group 6 wk post immunization compiled by combining
results from two independent experiments.
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Figure 3. Survival varies by route of immunization
A/J mice were immunized with AVA ± 20 ug of CpG ODN and challenged 4 wk later with 20
LD50 of STI spores via the aerosol route. Mice immunized i.p. with AVA + CpG ODN (solid
line) were significantly better protected than mice immunized i.p. with AVA alone (dashed
line) or i.n. with AVA + CpG ODN (dotted line). Challenge was 100% fatal in unimmunized
mice. Data show the percent survival of 10 mice/group compiled by combining results from
two independent experiments.
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Figure 4. Serum IgG anti-PA titers predict survival following aerosol anthrax challenge
A/J mice were immunized i.n. or i.p. with 2 or 10 ul of AVA ± 20 ug of CpG ODN. Mucosal
(copra) IgA and systemic (serum) IgG anti-PA titers were determined 2 weeks post
immunization, and the mice challenged with 20 LD50 of STI spores via the aerosol route. Data
show mucosal and systemic Ab titers in mice that survived (star) or succumbed (†) to challenge.
Administering 10 ul of AVA + CpG ODN i.p. resulted in 92% survival, compared to 33%
survival when administered i.n. Only 13% of mice immunized with 2 ul of AVA ± CpG ODN
survived. Note that survival correlated significantly with serum IgG (p. <.001) but not with
mucosal anti-PA titers.
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Figure 5. Kinetics of immunity elicited by AVA immunization
A/J mice (N = 24/group) were immunized i.p. with 20 ug of CpG ODN alone (□), 10 ul of
AVA alone ( ) or 10 ul of AVA + 20 ug of CpG ODN ( ). Eight mice from each group were
bled and then challenged with 20 LD50 of STI spores via the aerosol route on day 5, 10 or 15.
Data show the serum IgG anti-PA titers (A) and survival (B) of animals in each group at each
time point. *, p <.05 vs CpG ODN alone; #, p. <.05 vs AVA alone.
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Table I
Influence of Dose, Route and Formulation on AVA-induced humoral immunity

A. Mucosal response to intranasal vaccination.
Dose of AVA CpG ODN BAL Fecal IgA

2 − <10 <10
2 + 24 34

10 − 57 180
10 + 2,220* 2,150*

B. Systemic response to vaccination.
Dose of AVA (ug) Route of Administration CpG ODN Serum IgG anti-PA titer

2 in − <10
2 ip − 35
2 in + 60
2 ip + 3,000

10 in + 5,500
10 ip + 250,000

A/J mice were immunized with 2 or 10 ul of AVA ± 20 ug of CpG ODN. A) Geometric mean IgA anti-PA Ab titer of BAL and feces 3 wk post intranasal
immunization of mice (N = 4/group). Note that both copra and BAL anti-PA titers were significantly higher in mice immunized with 10 ul of AVA + CpG

ODN (p. <.01) than any other group. The correlation coefficient between BAL and copra IgA anti-PA titers was R2 = .87, p <.001. B) Serum IgG anti-
PA titers in mice 14 days after either i.n. or i.p. immunization. 10 ul of AVA was more immunogenic than 2 ul (p <.01); i.p. vaccination was more
immunogenic than i.n. (p < .02); and adding CpG ODN to AVA significantly increased the humoral immune response (p. <.01). N = 8 mice/group.

Microbes Infect. Author manuscript; available in PMC 2008 October 1.


