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Abstract

We have shown that intranasal coapplication of Bacillus anthracis protective Ag (PA) together

with a B. anthracis edema factor (EF) mutant having reduced adenylate cyclase activity (i.e., EF-

S414N) enhances anti-PAAb responses, but also acts as a mucosal adjuvant for coadministered

unrelated Ags. To elucidate the role of edema toxin (EdTx) components in its adjuvanticity, we

examined how a PA mutant lacking the ability to bind EF (PA-U7) or another mutant that allows

the cellular uptake of EF, but fails to efficiently mediate its translocation into the cytosol (PA-

dFF), would affect EdTx-induced adaptive immunity. Native EdTx promotes costimulatory

molecule expression by macrophages and B lymphocytes, and a broad spectrum of cytokine

responses by cervical lymph node cells in vitro. These effects were reduced or abrogated when

cells were treated with EF plus PA-dFF, or PA-U7 instead of PA. We also intranasally immunized

groups of mice with a recombinant fusion protein of Yersinia pestis F1 and LcrVAgs (F1-V)

together with EdTx variants consisting of wild-type or mutants PA and EF. Analysis of serum and

mucosal Ab responses against F1-V or EdTx components (i.e., PA and EF) revealed no adjuvant

activity in mice that received PA-U7 instead of PA. In contrast, coimmunization with PA-dFF

enhanced serum Ab responses. Finally, immunization with native PA and an EF mutant lacking

adenylate cyclase activity (EF-K346R) failed to enhance Ab responses. In summary, a fully
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functional PA and a minimum of adenylate cyclase activity are needed for EdTx to act as a

mucosal adjuvant.

Edema toxin (EdTx) is one of the exotoxins produced by the Gram-positive, spore-forming

rod Bacillus anthracis (1). EdTx is composed of two subunits. The binding subunit, or

protective Ag (PA), allows the binding of these toxins to the anthrax toxin receptors that are

expressed by most cells. The enzymatic subunit, or edema factor (EF), is a calmodulin- and

calcium-dependent adenylate cyclase that catalyzes the conversion of ATP to cAMP (1, 2).

We recently showed that intranasal coapplication of PA together with an EF mutant with

reduced adenylate cyclase activity (i.e., EF-S414N) enhanced anti-PA Ab responses above

levels achieved by intranasal immunization with PA alone (3). The EdTx S414N also was

found to be an adjuvant that promotes mucosal and systemic immunity to intranasally

coadministered unrelated vaccine Ags (3). However, the exact contribution of each subunit

of EdTx to its mucosal adjuvanticity remained unclear.

Most information regarding the mechanisms employed by bacterial toxins to regulate

mucosal immunity comes from studies with cholera toxin (CT) and the related heat-labile

enterotoxin I of Escherichia coli (LT-I or LT). Like EdTx, these molecules are AB-type

toxins. Both toxins carry an enzymatic A subunit capable of increasing cellular cAMP

concentrations (4). In contrast, they target distinct cellular receptors, such as CT binding to

GM1 gangliosides (5), whereas LT-I is more promiscuous and binds other gangliosides

besides GM1, including asialo GM1 and GM2 (6–8). Studies have shown that the ADP-

ribosyl transferase activity of enterotoxins is not required for the intranasal adjuvanticity of

LT-I (9, 10) and CT (11, 12). These findings led to the concept that the ability to increase

cAMP was not absolutely required for bacterial toxins to display adjuvant activity, at least

by the intranasal route. How enterotoxin mutants without enzymatic activity retain adjuvant

activity remains unclear, but it is believed that the presence of an A subunit improves the

stability of the molecule. In this regard, the binding B subunit of CT is not an adjuvant for

Ags coadministered to mice by the intranasal route. In contrast, the more promiscuous LT-

B, which in addition to GM1 binds other gangliosides, was reported to exert adjuvant

activity (13). The manner in which the enzymatic A subunit of enterotoxins is targeted to

cells also has important implications for their adjuvant activity. For example, the CTA-1DD

molecule, which targets an enzymatically active CT-A subunit to B cells, also is an adjuvant

capable of promoting mucosal and systemic immunity to intranasally coadministered Ags

(14). It generally is accepted that subunits of enterotoxins play a role in the polarization of

immune responses toward a Th1 or a Th2 type. Studies have compared immune responses

induced by the chimera of CT-A/LT-B and LT-A/CT-B as nasal adjuvants (15, 16).

This study employed mutants of PA and EF and in vitro and in vivo approaches to establish

how the subcellular delivery of EF in immune cells and its adenylate cyclase activity affect

the mucosal adjuvant activity of nasally administered EdTx.
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Materials and Methods

Mice

Female C57BL/6 mice, 6–7 wk of age, were obtained from Charles River Laboratories

(Wilmington, MA) or The Jackson Laboratory (Bar Harbor, ME) and were 9–12 wk of age

when used. All studies were performed in accordance with both National Institutes of Health

and Ohio State University Institutional Animal Care and Use Committee guidelines to avoid

pain and distress.

Cell lines and toxins

The macrophage cell lines J774A.1 and RAW264.7, which are both derived from BALB/c

mice (I-Ad), were obtained from American Type Culture Collection (Manassas, VA). Cells

were maintained in RPMI 1640 medium containing 10 mM HEPES, 2 mM L-glutamine, 100

U/ml penicillin, 100 µg/ml streptomycin, 2 × 10−5 M 2-ME, 1 mM sodium pyruvate, and

10% FCS. Anthrax EdTx components and derivatives that were used are listed in Table I.

The PA, PA-U7, and PA-dFF proteins were purified from cultures of a recombinant strain of

B. anthracis, as previously described (17). The EF-S414NS was obtained from List

Biological Laboratories (Campbell, CA; product 173) and was produced in a recombinant

strain of B. anthracis, as previously noted (3). This protein was previously denoted EF-

S447N (3), based on numbering that included the signal sequence. This EF-S414N mutant

protein has ~20-fold less activity on cells than the native EF (18). EF wild type (EFwt) and

EF-K346R were produced in E. coli, as previously described (19, 20). CT was obtained

from List Biological Laboratories.

Effect of EdTx derivatives on Ag uptake and costimulatory molecule expression in vitro

Mouse macrophage cell lines RAW264.7 and J774A.1 (American Type Culture Collection)

were used to address the effect of EdTx on APC functions in vitro, including Ag uptake and

expression of costimulatory molecules. The cells were plated on a 24-well plate at 106

cells/ml/well and treated for 24 h with the following combination of EdTx subunits (2 µg/

ml): 1) PAwt; 2) EF-S414N; 3) EFwt; 4) PAwt + EF-S414N; 5) PAwt + EFwt; 6) PA-U7 +

EF-S414N; and 7) PA-dFF + EF-S414N. Medium was removed and cells were incubated for

15 min with OVA-Alexa Fluor 488 (5 µg/ml; Molecular Probes, Eugene, OR). The

expression of costimulatory molecules and the uptake of OVA were assessed by flow

cytometry. In separate experiments, mouse cervical lymph node and spleen cells were

incubated for 6, 24, or 48 h with these toxin derivatives. Cytokine responses were evaluated

by real-time RT-PCR, and the expression of costimulatory molecules was assessed by flow

cytometry.

Immunostaining for flow cytometry

Cells were washed and resuspended in staining buffer (PBS, 1% BSA, 0.01% NaN3). For

flow cytometry analysis, cells were incubated for 30 min at 4°C with one or a combination

of the following fluorescent anti-mouse Abs: anti-CD40, anti-CD80, anti-CD86, anti–I-Ab

(MHC class II), anti-CD11b, and anti-B220 (CD45; BD Biosciences, San Jose, CA). Cells

were washed twice in staining buffer and analyzed by flow cytometry (BD FACSCalibur,
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BD Biosciences; C6 flow cytometer, Accuri Cytometers, Ann Arbor, MI). In selected

experiments, cells were fixed in 1% paraformaldehyde and kept at 4°C before analysis.

Quantification of cytokine mRNA by real-time RT-PCR

Cytokine mRNA responses to EdTx components and derivatives were evaluated, as

previously described (21). Cells were collected and washed in RPMI 1640 without FCS, and

RNA was isolated using STAT-60 (Tel-Test, Friendswood, TX), according to the

manufacturer’s instructions. Reverse transcription was performed with Superscript II reverse

transcriptase, dNTPs, and oligo(dT). Real-time PCR (Stratagene, La Jolla, CA) was

performed with primers generated with Oligo software (Plymouth, MN) and the SYBR

green detection system, according to the manufacturer. Results are expressed as threshold

cycle (Ct), defined as the cycle at which the fluorescence rises appreciably above the

background fluorescence as determined by the second derivative maximum method. The

following formula was used to calculate the logarithm of the relative mRNA levels of a

given cytokine: 20 – (meanCtcytokine – meanCtβ-actin). This formula allows the normalization

of all results against β-actin levels to correct for differences in cDNA concentration between

the starting templates. In order to better visualize the effect of treatments, some mRNA

responses were expressed as treatment-induced relative mRNA levels (TmRNA =

2−[ΔΔCt treated cells − ΔΔCt of nontreated cells])

Immunization

A recombinant fusion protein of Yersinia pestis F1 and LcrV Ags (F1-V; Biodefense and

Emerging Infections Research Resources Repository, Manassas, VA) was used as Ag to

examine the role of EdTx components in its adjuvant activity for unrelated intranasal

vaccines. Briefly, mice were immunized intranasally three times at weekly intervals with 20

µg F1-V alone, or F1-V plus 2 µg EdTx consisting of PA and EFwt, or F1-V plus 2 µg PA-

U7 and 2 µg EF, or F1-V plus 2 µg PA-dFF and 2 µg EF. The PA-U7 and PA-dFF (or PA-

dFF E308D) molecules are mutants of PA, the first one lacking the furin site and the latter

being unable to efficiently translocate EF to the cytosol. To examine the role of the

adenylate cyclase activity of EF in the adjuvanticity of EdTx, mice were immunized

intranasally with F1-V (20 µg), F1-V plus wt EdTx (PA plus EF; 2 µg), or F1-V plus PA

plus EF-K346R. We also examined the contribution of these toxin components on the anti-

PA responses. For these studies, mice were intranasally immunized with 2 µg PA alone; 2 µg

PA and 2 µg EF; 2 µg PA-U7 and 2 µg EF; PA-dFF and 2 µg EF; or 2 µg PA and 2 µg EF-

K346R. Mice were lightly anesthetized with a solution of ketamine/xylazine and given 10 µl

vaccine per nostril. Blood and external secretions (fecal extracts, vaginal washes, and saliva)

were collected, as previously described (16, 22).

Evaluation of F1-V– and PA-specific Ab isotypes and IgG subclass responses

ELISA was used to assess Ag-specific Ab levels in plasma and external secretions, as

described previously (16, 22). Briefly, microtiter plates were coated with F1-V (5 µg/ml),

PA (5 µg/ml), or EF (5 µg/ml) for analysis of F1-V–, PA-, and EF-specific Ab responses,

respectively. The IgM, IgG, or IgA Abs were detected with HRP-conjugated goat anti-

mouse µ-, γ-, or α-H chain-specific antisera (Southern Biotechnology Associates,
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Birmingham, AL). Biotin-conjugated rat anti-mouse IgG1 (clone A85–1), IgG2a (clone

R19–15), IgG2b (clone R12–3), or IgG3 (clone R40–82) mAbs and HRP-conjugated

streptavidin (BD Biosciences) were used to measure IgG subclass Ab responses. The color

was developed with the addition of ABTS substrate (Sigma-Aldrich, St. Louis, MO), and the

absorbance was measured at 415 nm. End-point titers were expressed as the log2 dilution

giving an OD415 of ≥0.1 above those obtained with nonimmunized control mouse samples.

Macrophage toxicity assay to assess anti-PA neutralizing Abs

The protective effects of PA-specific Abs were determined, as previously described (3).

Briefly, J774 macrophages (5 × 104 cells/well) were added to 96-well, flat-bottom plates.

After 12 h of incubation, plasma or external secretion samples were added together with

lethal toxin (1 µg/ml PA plus 1 µg/ml lethal factor [LF]) and incubated for an additional 12

h, as described (3, 23). Viable macrophages were evaluated after addition of MTT (Sigma-

Aldrich) (23).

Statistics

Results are expressed as the mean ± 1 SD. Unless otherwise indicated, statistical

significance was determined by Student t test or by ANOVA, followed by the Fisher least

significant difference test. For statistical analysis, Ab levels below the detection limit were

recorded as 2 log2 below the detection limit. For analysis of mRNA responses, one-way

ANOVA followed by a Duncan’s multiple range test were used to compare 20-ΔCt values

among the groups (i.e., no treatment, PA, PA + EF, and mutants of PA + EF). All tests were

considered significant at a probability of p ≤ 0.05. Statistical analyses were performed with

the Statistica 9.0 software package (StatSoft, Tulsa, OK) or the Statview software for

MacIntosh computers.

Results

Intracellular delivery of EF influences Ag uptake by macrophages

The abilities of APCs to take up Ag and express costimulatory molecules are crucial for the

development of adaptive immunity after immunization. In order to elucidate the relative

contribution of the cell-binding component (i.e., PA) and the enzymatic component

responsible for the adjuvant activity of the B. anthracis EdTx, we first examined the uptake

of a soluble Ag (i.e., OVA-Alexa Fluor 488) by macrophages exposed to mutants of PA and

EF (Table I). One of the PA mutants (PA-U7) lacks the furin site, and thus cannot be

proteolytically activated so as to bind EF. The other mutant (PA-dFF E308D) has amino

acid changes (deletion of F314 and F315) that greatly decrease its ability to translocate EF to

the cytosol (whereas the E308D substitution has no known effect). We also examined the

contribution of the enzymatic subunit by using a mutant of EF (EF-S414N) that has a greatly

reduced ability to increase cellular cAMP concentrations (Table I). Exposure of macrophage

cell lines to PA alone, or EF alone, did not affect their ability to uptake Ag. Macrophages

exposed to PA plus EF-S414N or EFwt exhibited significantly higher uptake of the soluble

Ag than control-untreated cells (Fig. 1). In contrast, pretreatment of macrophages with EF-

S414N and PA-dFF or PA-U7 failed to enhance uptake of the soluble Ag (Fig. 1).
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Intracellular delivery of EF influences costimulatory molecule expression

We next examined the role of EdTx components in the expression of CD80 and CD86 by

macrophage cell lines (i.e., RAW264.7 and J774A.1). As expected, treatment of macrophage

cultures with PA alone, or EF alone, did not enhance their expression of these costimulatory

molecules (Fig. 2). Consistent with our previous report (3), CD80 and CD86 expression

were up-regulated in macrophages exposed to PA plus EF-S414N. Interestingly, the same

profiles of CD80 and CD86 expression were seen after exposure of macrophages to PA plus

the fully functional EFwt. The levels of CD80 and CD86 expression were not increased in

macrophages cultured in the presence of EF-S414N and PA-U7, where the same levels of

costimulatory molecule expression were found as in control cells cultured without effectors

or in the presence of PA alone (Fig. 2). The presence of EF-S414N and PA-dFF induced a

slight, but no significant increase in CD80 expression by RAW264.7 cells. However, EF-

S414N and PA-dFF significantly increased the mean fluorescence intensity of CD86

expression by J774A.1 cells (Fig. 2).

It is clear that macrophage cell lines, and even bone marrow-derived APCs (i.e.,

macrophages and dendritic cells), may not recapitulate the behavior of cells in the complex

environment of lymphoid tissues. Thus, we next examined the responses of cervical lymph

node cells to in vitro treatment with EdTx components. Neither PA alone nor PA-dFF plus

EF regulated expression of CD86, CD40, or I-Ab (MHC class II) by cervical lymph node

cells. As seen with macrophage cell lines, a combination of PA plus EF enhanced CD86

expression in cervical lymph node cells, and this effect extended to both B220+ (B

lymphocytes) and CD11b+ (macrophages) cells (Fig. 3A). This treatment also increased the

expression of I-Ab, mostly on macrophages (Fig. 3A). CD40 expression was also increased

by PA plus EF, but this effect seemed to be restricted to cells other than B220+ cells (B

lymphocytes) (Fig. 3A). Treatment of spleen cells with EdTx components showed the same

regulatory effect of PA plus EF on CD86, CD40, and I-Ab expression (Fig. 3B). However,

PA-dFF plus EF was able to enhance CD86 expression by splenic B cells (B220+) (Fig. 3B).

Neither EF alone nor EF plus PA-U7 affected costimulatory molecule expression by cervical

lymph node or spleen cells (data not shown).

Intracellular delivery of EF influences cytokine responses

Cytokines secreted by APCs in response to adjuvant exposure play a central role in the

induction of adaptive immunity. The mucosal adjuvant CT induces IL-6 (24) and IL-1 (25)

secretion by APCs, and we (26) and others (27) have shown that these cytokines promote

adaptive immune responses. We found that a 6-h exposure of cervical lymph node cells to

PA plus EF induced IL-1β, IL-18, caspase-1, IL-6, and TGF-β mRNA responses (Fig. 4A).

The PA-dFF plus EF treatment was also able to enhance IL-18 and TGF-β mRNA, but not

any of the other cytokines tested (Fig. 4A). Interestingly, cervical lymph node cells exposed

to PA plus EF for 24 h exhibited a different profile of cytokine response, which consisted of

high IL-1β, IL-18, caspase-1, IL-6, TNF-α, and IL-10 mRNA responses (Fig. 4B, upper

panel). Also interesting was our finding that, at this 24-h time point, the PA-dFF plus EF

treatment only induced TNF-α mRNA (Fig. 4B, upper panel). Neither EF alone nor EF plus

PA-U7 induced significant cytokine mRNA responses (data not shown). To facilitate
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visualization of the effect of the treatments, mRNA responses were also expressed as

treatment-induced relative mRNA levels (Fig. 4B, lower panel).

Intracellular delivery of EF enhances systemic and mucosal immunity against PA

We previously showed that intranasal immunization with PA plus EF-S414N promotes anti-

PA Ab responses in both the peripheral blood and mucosal secretions (3). There also was a

report by others suggesting that, when used in higher concentrations, EF (28), LF, or fusion

proteins containing the N-terminal portion of LF can enter cells in the absence of PA (29,

30). Therefore, we examined how the cellular site of EF delivery would affect EdTx-induced

immunity to PA. When compared with mice intranasally immunized with PA plus EF-

S414N, mice that received EF-S414N plus the PA-U7 (devoid of the furin cleavage site)

exhibited significantly reduced PA-specific Abs in the serum (Fig. 5A). In fact, PA-specific

Ab levels in these mice were not different from those measured in mice given PA alone (Fig.

5A). We also found that mice that received EF-S414N plus PA-dFF were able to mount high

levels of PA-specific serum IgG1 and IgG2b Abs, although these levels were below those

achieved by immunization with the native PA and EF-S414N. PA-specific serum and

mucosal IgA Abs were significantly reduced in mice given EF-S414N plus the PA-U7, but

these responses were less affected in samples from mice given EF-S414N plus PA-dFF (Fig.

5B). As expected, no anti-PA Abs were detected in control mice given FIV alone (Fig. 5).

It also was important to establish the biological significance of anti-PA Abs induced by

intranasal immunization with EdTx derivatives consisting of EF-S414N plus PA-U7 or PA-

dFF. The in vitro macrophage toxicity assay revealed low levels of anti-PA neutralizing Abs

in the serum of mice given PA alone and significantly higher titers in the serum of mice

immunized with PA plus EF-S414N (Table II). Coadministration of EF-S414N plus PA-U7

generated low levels of anti-PA neutralizing Abs, which were of the same magnitude as

those measured in the serum of mice given PA alone. Interestingly, coimmunization of EF-

S414N plus PA-dFF also enhanced serum levels of neutralizing anti-PA Abs above the

levels seen after intranasal immunization with PA alone (Table II). Finally, neutralizing anti-

PA Abs were detected in the saliva, but only in mice immunized with PA plus EF-S414N

and, to a lesser extent, in saliva of mice that received EF-S414N plus PA-dFF (Table II). No

other mucosal secretion was found to contain significant levels of neutralizing anti-PA Abs.

The adjuvant activity of B. anthracis EdTx for coadministered vaccine Ags is influenced by
the subcellular site of EF delivery

We next examined to what extent the subcellular site of EF delivery would affect the

adjuvant activity of EdTx for a coadministered vaccine Ag and subsequent establishment of

systemic and mucosal immune responses. For this purpose, groups of mice were immunized

three times at weekly intervals with the following: 1) 20 µg F1-V alone; 2) F1-V plus 2 µg

PA and 2 µg EF; 3) F1-V plus 2 µg PA-U7 and 2 µg EF; and 4) F1-V plus 2 µg PA-dFF and

2 µg EF. The EFwt was used in this series of experiments because our previous studies

showed no difference between the adjuvant activity of EFwt and EF-S414N.

High levels of F1-V–specific IgA and IgG Abs were detected in the serum of mice given PA

plus EF as adjuvant (Fig. 6). As described above for PA-specific Ab responses, intranasal
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coapplication of F1-V together with EF plus PA-dFF, which allows the entry of EF to

endosomes, but not an efficient translocation of EF into the cytosol, also gave rise to

significant levels of F1-V– specific IgG Abs in the plasma (Fig. 6). The profile of IgG

subclasses, and more specifically the ratio of IgG1/IgG2a Abs, is an indirect indication of

the Th cytokines supporting the Ab responses (31). In this regard, mice immunized with EF

and PA-dFF exhibited the same profile of IgG subclasses of mice given PA plus EF with

IgG1 > IgG2b > IgG2a > IgG3 (Fig. 6). However, the magnitude of these anti-F1V

responses was lower than those induced by native EdTx (i.e., PA plus EF) as adjuvant.

Furthermore, immunization in the presence of EF and PA-dFF also induced F1-V–specific

IgG, but not IgA, in vaginal secretions and saliva (Fig. 6). In contrast with PA-dFF, PA-U7,

which is devoid of the furin cleavage site and, thus, does not mediate the entry of EF into the

cells, failed to enhance F1-V–specific Ab responses in the blood or in mucosal secretions

(Fig. 6).

EdTx requires an enzymatically active EF subunit to enhance immunity to PA and
coadministered unrelated vaccine Ag

Finally, we asked whether an EdTx derivative consisting of native PA and a mutant EF

devoid of adenylate cyclase activity would retain the adjuvant activity of native EdTx when

used for intranasal immunizations. To address the role of the adenylate cyclase activity in

the adjuvant activity for PA, mice were immunized three times at weekly intervals with the

following: 1) 2 µg PA alone; 2) 2 µg PA plus 2 µg EF (EdTx); or 3) 2 µg PA plus 2 µg EF-

K346R (EdTx derivative). As expected, mice immunized with PA plus EF exhibited

enhanced anti-PA Ab responses compared with mice immunized with PA only. Intranasal

immunization with PA plus EF-K346R failed to enhance PA-specific Ab responses above

levels achieved in the serum (Fig. 7A) or in mucosal secretions (Fig. 7B) after immunization

with PA alone.

Several reports have documented that ganglioside-binding enterotoxins lacking enzymatic

activity can retain their adjuvant activity and enhance mucosal and systemic immunity to

intranasally coadministered vaccine Ags (9–12). Therefore, we tested whether intranasal

application of PA plus EF-K346R could enhance immune responses to coadministered F1-

V. Mice intranasally immunized with 20 µg F1-V plus EdTx (2 µg PA plus 2 µg EF)

exhibited elevated anti–F1-V Ab levels in both the serum and mucosal secretions (Fig. 8). In

contrast, the magnitude of the F1-V–specific Ab responses in the blood and mucosal

secretions was not significantly different between groups of mice given F1-V alone and F1-

V together with PA plus EF-K346R (Fig. 8). Taken together, these results clearly indicate

that the EF-K346R molecule lacking enzymatic activity is not an adjuvant, and that some

adenylate cyclase activity is needed for EdTx to act as an adjuvant for intranasal vaccines.

Discussion

A better understanding of the relative contribution of the binding/targeting and enzymatic

subunits of enterotoxins and other bacterial toxin derivatives to the mucosal adjuvant

activity of these molecules is crucial for the design of more effective immunization

strategies. The results summarized in this manuscript clearly indicate key requirements for
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B. anthracis EdTx to act as an adjuvant and promote mucosal and systemic immunity. Thus,

the enzymatic subunit EF needs to be delivered into the cytosol of host cells by functional

PA, and a minimum of adenylate cyclase activity is required for EF to stimulate APCs and

enhance vaccine-specific Ab responses.

One of the major findings of this work is the fact that the adjuvant activity of EdTx is

completely abrogated when the enzymatic subunit EF is devoid of adenylate cyclase

activity. As mentioned earlier, a number of studies have shown that the ADP-ribosyl

transferase activity is not required for nasal adjuvanticity of LT-I (9, 10) and CT (11, 12). In

contrast, our results clearly indicate that a minimum of enzymatic activity is needed for EF

to enhance immunity. This apparent discrepancy could be explained by the difference in

mechanisms involved in the ability of EdTx and the enterotoxins CT and LT to increase

cAMP. For example, CT and LT are ADP ribosyl transferases (5) that activate the

endogenous adenylate cyclase of cells, whereas EdTx is itself an adenylate cyclase (2, 32). It

also is possible that the multimeric binding B subunits of CT and LT provide cells with

addition signals by cross-linking their receptor molecules. In this regard, although CT and

LT are closely related enterotoxins, CT as a mucosal adjuvant promotes strong Th2

responses, whereas LT supports mixed Th1/Th2 responses. The difference in the profile of

Th cytokine responses supported by these adjuvants has been attributed to their targeting of

different cell surface molecules.

The expression of costimulatory molecules by APCs and the ability to take up Ags are

critical steps for the development of adaptive immunity. Our in vitro studies showed that

binding of PA to the cell surface anthrax toxin receptor is not sufficient for triggering

stimulatory signals, which in turn would up-regulate the expression of costimulatory

molecules and promote Ag uptake. More specifically, we found that correct subcellular

delivery of EF by a functional PA was a prerequisite for EdTx to exert its adjuvant activity.

Our finding is consistent with previous reports that B. anthracis PA is a sophisticated system

for delivery of exogenous molecules in mammalian cells. The combination of anthrax PA

plus the 1–254 N-terminal fragment of LF (LFn1–254) or EF (EFn1–254) has been used as a

molecular syringe to introduce foreign Ags into target cells. Mechanistic studies with PA

mutants attenuated in self-assembly or translocation (33, 34) or cells with disrupted furin

genes (35) showed that delivery of Ag involves the same toxin self-assembly and

translocation steps that occur during intoxication. This delivery system primed CTL

responses in both BALB/c (H-2d) and C57BL/6 (H-2b) mice (36). In addition, injection of

mice with dendritic cells treated in vitro with a LFn1–254 fusion protein and PA effectively

primed CTL responses (37).

Because several studies suggested that EF (or LF) could enter mammalian cells in the

absence of PA, at least when added at higher concentrations, one might expect to measure

some signs of stimulation on macrophages exposed to EF alone or EF plus PA-U7. In this

regard, studies with the proteasome inhibitor lactacystin have shown that the LFn1–254- and

PA-mediated delivery of proteins switches their processing from the cytosolic degradative

pathway into the classical processing pathway, for presentation by MHC class I molecules

(29, 33). In addition, whereas the cellular delivery of LFn-coupled Ag optimally occurred in

the presence of a functional PA, LFn fusion proteins were able to enter the classical MHC
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class I degradation pathway and prime CTL responses in the absence of PA (29, 30). This

PA-independent LFn delivery of Ags could be abrogated in the presence of a phagocytosis

inhibitor (cytochalasin B) or an inhibitor of proteins exocytosis (brefeldin) (29). Finally, the

Ags delivered in the absence of PA seemed to colocalize with proteasomes, which degrade

proteins into peptides capable of entering the classical MHC class I pathway (30). In

conclusion, it is very likely that the lack of regulatory activity of EF added alone to cells or

added in the presence of PA-U7 is due to its degradation within the proteasome.

Another striking observation from this study is the ability of EF to retain some stimulatory

effects on APC functions and Ab responses, when delivered into cells by PA-dFF. This

limited, but constitutive regulatory effect suggests that cAMP is not exclusively produced by

EF in the cytosol and that a limited level of cAMP can be induced by EF in the endosomes.

Alternatively, the channel produced by the PA dFF protein may retain a limited ability to

translocate EF. In this regard, even rather small increases in cAMP may be able to fully

activate protein kinase A and the downstream pathways. Real-time imaging of cells

expressing cAMP biosensors have shown that EF enters the cytosol from late endosomes

and remains associated with these compartments (38). Anthrax toxins are known to alter

immune cell functions (39). However, anthrax EdTx was also reported to induce the

maturation of dendritic cells (40), an effect that certainly contributes to its adjuvanticity. In

this study, we show that EdTx (i.e., PA plus EF), and to some extent EF given together with

PA-dFF, stimulates expression of costimulatory and production of cytokines, including IL-1,

known to mimic most of the adjuvant activity of CT for IgG Ab responses (27). Cytokine

mRNA responses in our studies are consistent with a previous report that i.v. administration

of EdTx increased several cytokines, including IL-1, IL-6, and IL-10 (41). The role of each

individual cytokine tested in the adjuvant activity of EdTx derivatives remains to be

elucidates. Nonetheless, our studies clearly demonstrate that mutation of EdTx components

that alter these cytokine responses also affects the adjuvant activity of EdTx derivatives for

both systemic IgG and mucosal IgA responses. Our in vitro studies with macrophages,

cervical lymph node, and spleen cells also highlight the point that different cells display

heterogeneous levels of susceptibility to EdTx, which in part may be due to differences in

the expression of cellular receptors TEM8 and CMG2 (1, 42). Finally, the fact that EF given

together with PA-dFF retains some of the adjuvant activity of EdTx for IgG, but not IgA,

provides us with a potentially useful system for dissecting mechanisms underlying the

ability of vaccine adjuvants to promote secretory IgA Ab responses.
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CT cholera toxin

EdTx edema toxin

EF edema factor

LF lethal factor
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FIGURE 1.
OVA uptake by macrophage cell lines treated with EdTx derivatives. Mouse macrophage

cell lines RAW264.7 and J774A.1 were plated on a 24-well plate at 106 cells/ml and treated

for 24 h with the following combination of EdTx subunits (2 µg/ml): 1) PAwt (PA) alone; 2)

EF-S414N alone; 3) EF; 4) PA + EF-S414N; 5) PA + EF; 6) PA-U7 + EF-S414N; 7) PA-

dFF + EF-S414N. Medium was removed and cells were incubated for 15 min with OVA-

Alexa Fluor 488 (5 µg/ml; Molecular Probes). The uptake of OVA was assessed by flow

cytometry and expressed as percentage of GFP-positive cells (n = 3 separate experiments).

Results are expressed as mean ± 1 SD. Statistical significance: *p ≤ 0.05 when compared

with control-untreated cells.
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FIGURE 2.
Costimulatory molecule expression in macrophage cell lines treated with EdTx derivatives.

Mouse macrophage cell lines RAW264.7 (A) and J774A.1 (B) were plated on a 24-well

plate at 106 cells/ml and treated for 24 h with the following combination of EdTx subunits (2

µg/ml): 1) PAwt (PA) alone; 2) EF-S414N alone; 3) EF; 4) PA + EF-S414N; 5) PA + EF; 6)

PA-U7 + EF-S414N; 7) PA-dFF + EF-S414N. The expression of costimulatory molecules

CD80 and CD86 was assessed by flow cytometry. Results are expressed as percentage of

positive cells or mean fluorescence intensity and are from four separate experiments. Results

are expressed as mean ± 1 SD. Statistical significance: *p ≤ 0.05 when compared with

control untreated cells.
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FIGURE 3.
Costimulatory molecule and MHC class II expression cervical lymph node and spleen cells

treated with EdTx derivatives. Mouse cervical lymph node cells (A) and spleen cells (B)

were plated on a 24-well plate at 106 cells/ml and incubated for 24 h with medium (None) or

the following combination of EdTx subunits: 1) PAwt (PA) alone (2 µg/ml); 2) PA + E F (2

µg/ml); 3) PA-dFF + EF (2 µg/ml). The expression of costimulatory molecules (i.e., CD86

and CD40) and MHC class II (I-Ab) by B cells (B220) and macrophages (CD11b) was

assessed by flow cytometry. Results are expressed as percentage of positive cells and are
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from four separate experiments. Results are expressed as mean ± 1 SD. Statistical

significance: *p ≤ 0.05 when compared with control-untreated cells (None).
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FIGURE 4.
Cytokine mRNA responses to EdTx components and derivatives. Relative cytokine mRNA

expression in cervical lymph node cells after 6 h (A) or 24 h (B) of culture in the presence of

EdTx components and derivatives. Relative mRNA levels were analyzed by real-time RT-

PCR. All the results were normalized against β-actin expression to correct for differences in

cDNA concentration of the starting template and are expressed as 20 – (meanCtcytokine –

meanCtβ-actin). One-way ANOVA, followed by Duncan’s multiple range test, was used to
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compare 20-ΔCt values of treated groups (i.e., PA, PA + EF, and mutants of PA + EF) with

control untreated. Differences were considered significant at a probability of *p ≤ 0.05.
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FIGURE 5.
PA-specific Abs after intranasal immunization with PA mutants and EFwt. A, Serum PA-

specific Ab isotype and IgG subclass responses after intranasal administration of EdTx

derivatives. Mice were immunized three times at weekly intervals with 2 µg PA only

(horizontal-striped bar); 2 µg PA plus 2 µg EF (filled bar); 2 µg PA-U7 plus 2 µg EF

(diagnol-striped bar); or 2 µg PA-dFF plus 2 µg EF (stippled bar). The PA-specific IgA, IgG,

and IgG subclass responses were determined 1 wk after the last immunization. B, PA-

specific Ab responses in saliva and vaginal secretions were determined 2 wk after the last
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immunization. The results are expressed as the reciprocal log2 titers ± 1 SD and are from

three experiments and five mice/group. Statistical significance: *p ≤ 0.05 when compared

with mice immunized with PA only.
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FIGURE 6.
F1-V–specific Abs after intranasal immunization with PA mutants and EFwt. A, Serum F1-

V–specific isotype and IgG subclass responses after intranasal administration of EdTx

derivatives. Mice were immunized three times at weekly intervals with 20 µg F1-V only

(open bar); F1-V plus 2 µg PA plus 2 µg EF (filled bar); F1-V plus 2 µg PA-U7 plus 2 µg EF

(diagnol-striped bar); or F1-V plus 2 µg PA-dFF plus 2 µg EF (stippled bar). F1-V–specific

IgA, IgG, and IgG subclass Ab responses were determined 1 wk after the last immunization.

B, Ag-specific Ab levels in mucosal secretions (saliva and vaginal washes) were determined
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2 wk after the last immunization. The results are expressed as the reciprocal log2 titers ± 1

SD and are from three experiments and five mice/group. Statistical significance: *p ≤ 0.05

when compared with mice immunized with F1-V only.
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FIGURE 7.
PA-specific Abs after intranasal immunization with wt PA and EF mutants. A, PA-specific

serum Ab isotype and IgG subclass responses after intranasal administration of EdTx

derivatives. Mice were immunized three times at weekly intervals with 2 µg PA alone; 2 µg

PA plus 2 µg EF; or 2 µg PA-U7 plus 2 µg EF-K346R. The IgA and IgG subclass (IgG1 and

IgG2a) Ab responses were determined 1 wk after the last immunization. B, PA-specific Ab

levels in mucosal secretions (saliva and vaginal washes) were assessed 2 wk after the last

immunization. The results are expressed as the reciprocal log2 titers ± 1 SD and are from
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three experiments and five mice/group. Statistical significance: *p ≤ 0.05 when compared

with mice immunized with PA only.
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FIGURE 8.
F1-V–specific Abs after intranasal immunization with wt PA and EF mutants. A, F1-V–

specific serum Ab isotype and IgG subclass responses after intranasal administration of

EdTx derivatives. Mice were immunized three times at weekly intervals with 20 µg F1-V

only; F1-V plus 2 µg PA plus 2 µg EF; or F1-V plus 2 µg PA-U7 plus 2 µg EF-K346R. The

F1-V–specific IgA, IgG, and IgG subclass Ab responses were determined 1 wk after the last

immunization. B, F1-V–specific Ab levels in mucosal secretions (saliva and vaginal washes)

were assessed 2 wk after the last immunization. The results are expressed as the reciprocal
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log2 titers ± 1 SD and are from three experiments and five mice/group. Statistical

significance: *p ≤ 0.05 when compared with mice immunized with F1-V only.
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Table I

PA and EF derivatives used in these studies

Molecules Characteristics References

PA wt (or native) PA

PA-dFF (E308D) Mutant with deletion of F314 and F315; internalizes EF, LF to endosomes, but does not translocate them
efficiently to the cytosol (E308D has no known functional effect)

43

PA-U7 Mutant lacking the RKKR furin cleavage site, and therefore unable to bind and internalize EF, LF 44

EF wt (or native) EF

EF-S414N Mutant with reduced ability to increase cAMP levels in cells 18

EF-K346R EF mutant devoid of adenylate cyclase catalytic activity due to a point mutation in the ATP binding site 19
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Table II

Neutralizing anti-PA Abs produced in response to intranasal administration of EdTx derivatives

Neutralizing Ab Titers (1/Dilution)

Immunization Plasma Saliva Vaginal Washes

PA only 426 ± 13 BD BD

PA plus EF-S414N 7103 ± 82* 10 ± 3* 3 ± 2

PA-U7 plus EF-S414N 391 ± 23 BD BD

PA-dFF plus EF-S414N 2109 ± 12* BD BD

Serial dilutions of each sample were added to J774 macrophage cultures in the presence of lethal toxin. The neutralizing titers were determined as
the last dilution yielding an MTT OD equal to twice the background value. Results are shown as neutralizing Ab titers and are expressed as the
reciprocal dilution ± 1 SE of three separate experiments, and five mice per group per experiment.

*
p < 0.05 when compared with control samples from mice given PA alone. BD, below detection level.
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