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Abstract

Nasal application of native cholera toxin (nCT) as a mucosal adjuvant has potential toxicity for the 

CNS through binding to GM1 gangliosides in the olfactory nerves. Although mutants of cholera 

toxin (mCTs) have been developed that show mucosal adjuvant activity without toxicity, it still 

remains unclear whether these mCTs will induce CNS damage. To help overcome these concerns, 

in this study we created new double mutant CTs (dmCTs) that have two amino acid substitutions 

in the ADP-ribosyltransferase active center (E112K) and COOH-terminal KDEL (E112K/KDEV 

or E112K/KDGL). Confocal microscopic analysis showed that intracellular localization of dmCTs 

differed from that of mCTs and nCTs in intestinal epithelial T84 cells. Furthermore, both dmCTs 

exhibited very low toxicity in the Y1 cell assay and mouse ileal loop tests. When mucosal 

adjuvanticity was examined, both dmCTs induced enhanced OVA-specific immune responses in 

both mucosal and systemic lymphoid tissues. Interestingly, although both dmCT E112K/KDEV 

and dmCT E112K/KDGL showed high Th2-type and significant Th1-type cytokine responses by 

OVA-specific CD4+ T cells, dmCT E112K/KDEV exhibited significantly lower Th1-type 

cytokine responses than did nCT and dmCT E112K/KDGL. These results show that newly 

developed dmCTs retain strong biological adjuvant activity without CNS toxicity.
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An important aspect of immune responses at mucosal surfaces is the production of 

polymeric IgA Abs, as well as their transport across the epithelium and release as secretory 

IgA (S-IgA).3 Because this S-IgA Ab response represents the first major line of defense 

against invasion by viral and bacterial pathogens (1), recent efforts have been focused on the 

development of vaccines that are capable of inducing effective immune responses in 

mucosal tissues. However, most protein Ags are rather weak immunogens when given by a 

mucosal route. If the full potential of the new generation of mucosal vaccines is to be 

realized, effective and reliable mucosal adjuvants must be developed.

Our recent study (2) showed that nasal vaccines for nasopharyngeal-associated 

lymphoreticular tissue (NALT)-based mucosal immunity could make a significant 

contribution to protecting the elderly. Furthermore, these nasal and oral vaccines would be 

easier to administer than parenteral ones. Mucosal vaccines would also carry less risk of 

transmitting infections like hepatitis B and HIV, which are still associated with the use of 

injectable vaccines in several parts of the world. Despite these many attractive features, it 

has often proved difficult in practice to stimulate strong mucosal S-IgA Ab responses with 

subsequent protection by the use of mucosal administration of vaccines, and the results to 

date for mucosal vaccinations using soluble protein Ags have been, with a few notable 

exceptions, rather disappointing (3).

Native cholera toxin (nCT) produced by Vibrio cholerae is structurally similar to the native 

heat-labile enterotoxin (nLT) of enterotoxigenic Escherichia coli. Both toxins act as 

adjuvants for the enhancement of mucosal and systemic Ab responses to coadministered 

protein Ags given by either oral or nasal routes (4–7) and, consequently, are the most widely 

used experimental mucosal adjuvants in animal models. Furthermore, both act as mucosal 

adjuvants by inducing CD4+ Th2 cells secreting IL-4, IL-5, IL-6, and IL-10, which provide 

help for Ag-specific S-IgA as well as plasma IgG1, IgA, and IgE Ab responses (8, 9). 

Although they are potent mucosal adjuvants, both nCT and nLT are also toxic and, thus, are 

not suitable for use with mucosal vaccines in humans. Therefore, a number of nontoxic 

mutant derivatives of cholera toxin (CT) or heat-labile enterotoxin (LT) have been 

constructed.

Our own group has contributed to the efforts of constructing nontoxic mutant derivatives; 

we generated two mutant CTs (mCTs), mCT S61F and mCT E112K, by substituting a single 

amino acid in the ADP-ribosyltransferase active center of the A subunit (10, 11). Although 

these originally created forms of mCT did not induce ADP-ribosylation and cAMP 

formation, they still served as mucosal adjuvants by inducing CD4+ Th2 cells, thereby 

providing effective help for Ag-specific, mucosal S-IgA, as well as plasma IgG and IgA Ab 

responses.

3Abbreviations used in this paper: S-IgA, secretory IgA; AFC, Ab forming cell; CHO, Chinese hamster ovary; CLN, cervical lymph 
node; CT, cholera toxin; nCT, native CT; CT-A, A subunit of nCT; CT-B, B subunit of nCT; dmCT, double mutant CT; mCT, mutant 
CT; DD, dimer of an Ig binding element; ER, endoplasmic reticulum; LT, heat-labile enterotoxin; nLT, native LT; NALT, 
nasopharyngeal-associated lymphoreticular tissue; NP, nasal passage; OB, olfactory bulb; ON/E, olfactory nerves and epithelium; 
SMG, submandibular gland.
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It is clearly too dangerous to use an enterotoxin as an adjuvant for mucosal vaccines in 

humans. Our previous studies have shown that nasally administered nCT accumulates in the 

olfactory nerves and epithelium (ON/E) and olfactory bulbs (OBs) of mice after binding to 

GM1 gangliosides (12). Furthermore, nCT as a mucosal adjuvant redirects coadministered 

protein Ags into these neuronal tissues (12). This finding has provoked some concern about 

the potential role for ganglioside GM1-binding molecules that target neuronal tissues, 

including the CNS, in nasal immunization. Although deposition of nCT via the ON/E and 

OBs did not lead to obvious pathologic changes in brain tissue after nasal administration 

(13), it has been reported that a human vaccine containing inactivated influenza and nLT as 

an adjuvant resulted in a very high incidence of Bell's palsy (14, 15). These results strongly 

indicate that it is essential to develop a safer and more effective nasal adjuvant for human 

use.

Both nCT and nLT consist of a ring of five B subunits and a single A subunit that is cleaved 

into A1 and A2 chains. Previous studies showed that the carboxyl terminus of the A2 

subunit of nCT contains the ER retention signal tetrapeptide KDEL (RDEL in LT). These 

results show that the toxin is transported via the vesicles from the plasma membrane to the 

Golgi compartment with subsequent separation of the A and B subunits of nCT (designated 

throughout as CT-A and CT-B, respectively). The CT-A subunit is redirected to the plasma 

membrane by retrograde transport via the ER, whereas the CT-B subunit persists in the 

Golgi compartment. The intracellular target of toxin is Gs, the stimulatory regulatory 

component of adenyl cyclase (16, 17). Thus, mutations in KDEL influence the movement of 

CT from the Golgi apparatus to the ER (18–21). It has previously been shown that mutation 

in K(R)DEL of both CT and LT delayed the time course of toxin-induced Cl−secretion. 

Furthermore, consistent with a slower rate of signal transduction, KDEL mutants trafficked 

more slowly to the basolateral membrane than did nCT (18, 19).

However, a recent report indicated that mutant LT RDEL retained ADP-ribosyltransferase 

activity and induced morphological changes in Chinese hamster ovary (CHO) cell cultures 

(19). In contrast, mCT E112K has proven to be a safe and stable adjuvant (10, 11, 13, 22). 

The mCT E112K was constructed to be devoid of toxicity while retaining its adjuvant 

activity. Our previous studies showed that mCT E112K was effective in the murine system. 

Nasal immunization of OVA, the pneumococcal surface protein A of Streptococcus 

pneumoniae, or diphtheria toxoid plus mCT E112K elicited both Ag-specific IgA and IgG 

Ab responses in mucosal and systemic immune compartments (10, 11, 13). Although our 

recent studies showed that mCT E112K did not elicit any neuronal damage based upon 

nerve growth factor-β1 production in the CNS as well as Ag redirection (23, 24), these 

studies did not provide any direct information as to whether mCT E112K migrates into the 

CNS after nasal application. In this regard, we have developed double mutants of CT 

(dmCTs) by introducing a potent mutation in the ADP-ribosylation activity center and 

KDEL (E112K/KDEV or E112K/KDGL). Therefore, it is now essential for us to determine 

whether potentially less trafficking of these new dmCTs, when compared with mCT E112K, 

will occur in their distribution into the CNS. In this study, we have examined the mucosal 

adjuvanticity and toxicity of these two dmCTs for our continuing efforts to develop safe and 

effective nasal adjuvants for mucosal vaccines.
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Materials and Methods

Preparation of recombinant mCTs

The plasmids containing nCT or mCT E112K genes were constructed as described 

previously (10). These plasmids were cloned into pUC119 of a 3.1-kb EcoRI/PstI DNA 

fragment including nCT or mCT E112K genes (10). The KDGL and KDEV mutants were 

constructed by site-directed mutagenesis in which amino acid substitutions were introduced 

on a plasmid of nCT using PCR. The following oligonucleotides were used to create genes 

encoding the mutant toxins KDEV and KDGL: 5′-TAA GGA TGA AGT ATG ATT AAA 

TTA A-3′ and 5′-TAG AAT TAA GGA TGG ATT ATG ATT A-3′ (mutant codons 

underlined). To construct dmCT E112K/KDEV and E112K/KDGL, the BspEI/HincII 

fragments including KDEV or KDGL mutations were ligated to a plasmid of mCT E112K. 

After the DNA sequences were confirmed, pUC119 harboring the mutated CT genes at the 

EcoRI/PstI site were transformed into E. coli DH5-α. The E. coli strains containing the 

plasmids for the dmCT genes were grown in Luria-Bertani medium (10 g of NaCl, 10 g of 

tryptone, and 5 g of yeast extract per liter) with 100 μg/ml ampicillin, and dmCTs were 

purified according to the method described previously (25). Briefly, the bacteria were 

harvested and lysed with a sonicator (Insonator 201M; Kubota). The crude lysate was then 

applied to an immobilized D-galactose column (Pierce) and eluted with galactose. The 

purified recombinant dmCTs contained <0.05 endotoxin U/μg protein.

Intracellular tracking

Human intestinal epithelial T84 cells were incubated with 10 μg/ml Alexa Fluor 488-

conjugated nCT, mCT E112K, dmCT E112K/KDEV, or dmCT E112K/EDGL. To identify 

their intracellular destination, we used boron dipyrromethane Texas Red ceramide 

(Invitrogen Life Technologies) as a marker for the Golgi apparatus (26) and ER-Tracker 

(Invitrogen Life Technologies) Blue-White p-xylene-bis-pyridinium bromide as a marker for 

the ER (27). Boron dipyromethane Texas Red-ceramide was added to individual cultures at 

a concentration of 5 μM for 10 min before termination of the cultures. Cells were washed 

once before being further cultured in medium containing 2 μM ER-Tracker for 30 min. After 

incubation, cells were washed three times with PBS and then fixed with 3.7% formaldehyde 

in PBS for 10 min at room temperature. After fixation, a Leica TCS SP2-AOBS model 

confocal microscope or a LMS510 model confocal microscope (Zeiss) was used to visualize 

the cells. The merged color (yellow) area of each Golgi or ER staining image was picked up 

using Adobe Photoshop software and converted into a black and white picture. The black 

area in this black and white picture is based upon the original yellow color and was 

measured using ImageJ (National Institutes of Health). The condition for picking up the 

yellow area was saved and applied to all pictures. A monolayer of T84 cells covered most of 

the dish surface; however, for accuracy, we measured the total pixel area covered with cells 

in the identical picture using ImageJ software. Thus, each picture covers 12.96 mm2 of 

culture surface, which is equal to 262144 pixels. The results were shown as the percentage 

of yellow color area pixels per the total area pixels covered with cells.
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Bioassay and toxicity analysis

We next studied the ability of newly created dmCTs and nCT (List Biological Laboratories) 

to induce toxic effects on cultured mouse Y-1 adrenal tumor cells, following a previously 

developed procedure (28). Briefly, serial dilutions of dmCT E112K/KDEV, dmCT E112K/

KDGL, mCT E112K, or nCT were added to cultures of Y-1 cells at a density of 5 × 104 

cells/well in 0.1 ml of F-10 medium (Invitrogen Life Technologies) containing 15% horse 

serum and 2.5% FCS and incubated at 37°C with 5% CO2 for 24 h. Light microscopy was 

then used to examine cells for morphological changes such as the common “rounding” of 

cells. The toxin concentration required to initiate the rounding of Y-1 cells was determined. 

For the cAMP assay, 1.5 × 104 CHO cells in F-10 medium containing 1% FCS were 

cultured with 100 ng/ml dmCT E112K/KDEV, dmCT E112K/KDGL, mCT E112K, or nCT 

at 37°C with 5% CO2 for 18 h. Intracellular cAMP measurement was done with an enzyme 

immunoassay kit (Amersham Biosciences). The protein amount for some samples was 

determined with a Coomassie protein assay reagent (Pierce), and the levels of cAMP were 

expressed as picomoles of cAMP per milligram of protein (10). The mouse ileal loop test 

was conducted essentially as described previously (29, 30). Briefly, the jejenum was ligated 

with a piece of cotton thread at a distance of ~3 cm from the pylorus. Immediately after 

ligation, each loop was injected with 0.1 ml of toxin or PBS (as a control). After 3 h, each 

loop was hung on a fixed clip and stretched by placing another clip weighing 2 g on the 

other end of the loop. Then, the length and weight of each loop were measured. The weight/

length ratio (mg/cm) was used to express the intensity of the reaction.

Mice

C57BL/6 mice were obtained from the Frederick Cancer Research Facility (National Cancer 

Institute, Frederick, MD) as well as Japan SLC at 8–12 wk of age. Upon arrival, all mice 

were immediately transferred to mi-croisolators, maintained in horizontal laminar flow 

cabinets, and provided sterile food and water ad libitum. The health of the mice was tested 

semi-annually, and all mice used in experiments were determined to be free of bacterial and 

viral pathogens.

CNS trafficking

We investigated the distribution of acridinium-labeled toxins in the ON/E and OBs after 

nasal immunization. In these experiments, we used acridinium-labeled toxins because 

acridinium is a chemiluminescent molecule that can be triggered with sodium hydroxide and 

hydrogen peroxide in a luminometer to emit light at 430 nm. Because of its high sensitivity, 

acridinium can be detected at levels as low as femtograms. nCT, mCT E112K, dmCT 

E112K/KDEV, and dmCT E112K/KDGL were labeled with acridinium as described 

elsewhere (31). Five or 0.5 μg of acridinium-labeled nCT, mCT E112K, dmCT E112K/

KDEV, or dmCT E112K/KDGL was given nasally, and its distribution in CNS tissues was 

then checked after 24 h. In some experiments, mice were given nasal OVA plus 0.5 μg of 

acridinium-labeled nCT, mCT E112K, dmCT E112K/KDEV, or dmCT E112K/KDGL three 

times at weekly intervals. Seven days after the last immunization, residual amounts of 

enterotoxin in the CNS tissues were detected. For isolation of CNS tissues, we examined 

both ON/E and OBs as previously described (12). The levels of acridinium present were 
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determined by triggering with sodium hydroxide and hydrogen peroxide in a luminometer 

emitting light at 430 nm. The CNS tissues of mice given nasal PBS were examined for their 

background levels of luminescence. These control values are subtracted from each 

experimental value.

Nasal immunization and sample collection

C57BL/6 mice were immunized three times at weekly intervals with a nasal dose of 100 μg 

of OVA (Fraction V; Sigma-Aldrich) and 0.5 μg of nCT, mCT E112K, dmCT E112K/

KDEV, or dmCT E112K/KDGL in PBS (11, 22, 32). Plasma and mucosal secretions (nasal 

washes, saliva, and fecal extracts) were collected on day 21. Saliva was obtained from mice 

following i.p. injection of 100 μg of sterile pilocarpine hydrochloride (Sigma-Aldrich) (33). 

Fecal pellets (100 mg) were suspended in 1 ml of PBS containing 0.1% sodium azide and 

then extracted by vortexing for 5 min. The samples were spun at 10,000 × g for 5 min, and 

the supernatants were collected as fecal extracts (11, 22, 33). The nasal washes were 

obtained by injecting 1 ml of PBS containing 1% BSA on three occasions into the posterior 

opening of the nasopharynx with a hypodermic needle (34).

Ab assays

Ab titers in plasma and external secretions were determined by an ELISA (10, 11, 22, 35). 

Falcon microtest assay plates (BD Biosciences) were coated with an optimal concentration 

of OVA (100 μl of 1 mg/ml) in PBS overnight at 4°C. Two-fold serial dilutions of samples 

were added after blocking with PBS containing 1% BSA. To detect Ag-specific Ab levels, 

HRP-conjugated, goat anti-mouse μ, γ, or α H chain-specific Abs were used (Southern 

Biotechnology Associates). For IgG Ab subclass determinations, biotinylated mAbs specific 

for IgG1, IgG2a, IgG2b, and IgG3 (BD Pharmingen) and peroxidase-conjugated goat anti-

biotin Ab were used. End point titers were expressed as the last dilution yielding an 

OD414 nm of >0.1 U above negative control values after 15 min of incubation.

ELISA for OVA-specific IgE Ab responses

OVA-specific IgE Abs were determined by an ELISA (32). Plasma samples were collected 

2 wk after the initial nasal immunization, because our previous studies showed that peak Ag-

specific IgE Ab responses were seen at this time point, when mice were immunized with 

OVA and either nCT or mCT E112K as mucosal adjuvants (11). For detection of OVA-

specific plasma IgE Ab levels, 96-well immunoplates (Nunc) were coated with rat anti-

mouse IgE mAb (R35-72; BD Pharmingen) and incubated overnight at 4°C. After blocking 

with 3% BSA in PBS, serial dilutions of plasma samples were added and incubated 

overnight at 4°C. Following extensive washing, biotinylated OVA was added and the plates 

were incubated overnight at 4°C. Next, HRP-labeled goat anti-biotin Ab (Vector 

Laboratories) was added, and the color reaction was developed with 2, 2′-azino-bis(3-

ethylbenzthiazoline-6-sulfonic acid) (Sigma). End point titers were expressed as the last 

dilution yielding an OD414 nm of >0.1 U above negative control values after 15 min 

incubation.
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Enumeration of Ab-forming cells (AFCs)

The spleen and cervical lymph nodes (CLNs) were removed aseptically, and single-cell 

suspensions were prepared as described elsewhere (11, 22, 32, 35). The submandibular 

glands (SMGs) and PBS-perfused lungs were removed aseptically and minced into small 

fragments. Mononuclear cells were isolated by a combination of an enzymatic dissociation 

procedure with collagenase type IV (0.5 mg/ml; Sigma-Aldrich) followed by discontinuous 

Percoll (Amersham Biosciences) gradient centrifugation (33). For isolation of mononuclear 

cells from NALT and nasal passages (NPs), a modified dissociation method was used based 

upon a previously described protocol (36–38). Individual NALTs were carefully removed 

using micro-surgical tweezers under a stereoscopic microscope. Following removal of the 

NALT, the NP tissues were also removed from the nasal cavity. Cells from individual 

tissues were prepared by gently teasing them through sterile stainless steel screens, followed 

by enzymatic dissociation using collagenase type IV to obtain single-cell preparations (36–

38). Mononuclear cells were purified by discontinuous Percoll gradients (Amersham 

Biosciences). Mononuclear cells in the interface between the 40 and 75% layers were 

removed, washed, and resuspended in RPMI 1640 (Mediatech) supplemented with HEPES 

buffer (15 mM), L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), and 

10% FCS (complete medium). Cells were then subjected to an OVA-specific ELISPOT 

assay to detect cells producing IgM, IgG, and IgA AFCs (11, 22, 32, 35). Ninety-six-well 

nitrocellulose plates (Millipore) were coated with 1 mg/ml OVA for analysis of anti-OVA 

specific AFCs (11, 32, 33).

OVA-specific T cell responses

CD4+ T cells were purified by the magnetic-activated cell sorter system (Miltenyi Biotec) as 

described previously (11, 35). Briefly, cells from the spleen and CLNs were incubated in a 

nylon wool column (Polysciences) to remove B cells and macrophages. Enriched T cell 

fractions were then incubated with anti-mouse CD4 (GK 1.5) microbeads (Miltenyi Biotec) 

and passed through a magnetized column. The purified T cell fractions were >97% CD4+ 

and >99% viable. Cells were resuspended in complete medium, and the purified CD4+ T 

cells (4 × 106 cells/ml) were cultured with or without 1 mg/ml OVA in the presence of T 

cell-dependent, mitomycin C-treated splenic APCs. These APCs were derived from naive 

mice and were placed in 96-well or 24-well tissue culture plates (Corning Glass) for 5 days 

at 37°C in a moist atmosphere of 5% CO2 in air. In some experiments, purified CD4+ T cells 

from CLNs and spleen of naive mice were incubated with anti-CD3 mAb (10 μg/ml)- and 

anti-CD28 mAb (10 μg/ml)-coated wells for 2 days at 37°C in a moist atmosphere of 5% 

CO2 in air.

Proliferation of CD4+ T cells was assessed using a cell proliferation ELISA (Roche 

Diagnostic Systems). Briefly, 10 μmol of BrdU was added for the final 18 h of incubation. 

The plates were centrifuged at 300 × g for 10 min before drying. The plates were incubated 

with FixDenat solution (Roche) for 30 min at room temperature. Once the solution had been 

removed, the cells were labeled with a peroxidase-conjugated anti-BrdU mAb for 90 min at 

room temperature. The plates were washed with PBS-Tween 20 and then developed using a 

tetramethyl benzidine substrate solution. Incubations were terminated by addition of 1 M 

H2SO4. The absorbance of samples was measured by an ELISA reader at 450 nm. In some 
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experiments, culture supernatants were harvested after 2 or 5 days of incubation and were 

then subjected to cytokine-specific ELISA.

Cytokine-specific ELISA

Levels of cytokines in culture supernatants were measured by ELISA. The details of the 

ELISA for IFN-γ, IL-2, IL-4, IL-5, IL-6, and IL-10 have been described previously (10, 39–

41). For coating and detection, the following mAbs were used: for anti-IFN-γ, R4-6A2 and 

XMG1.2 mAbs; for anti-IL-2, JSE6-1A12 and JES-5H4 mAbs; for anti-IL-4, BVD4-1D11 

and BVD6-24G2 mAbs; for anti-IL-5, TRFK-5 and TRFK-4 mAbs; for anti-IL-6, 

MP5-20F3 and MP5-32C11 mAbs; and for anti-IL-10, JES5-2A5 and JES5-16E3 mAbs. 

The levels of Ag-specific cytokine production were calculated by subtracting the results of 

control cultures (e.g., without OVA stimulation) from those of OVA-stimulated T cell 

cultures. This ELISA was capable of detecting 0.10 ng/ml IFN-γ, 30.5 pg/ml IL-2, 23.4 

pg/ml IL-4, 6.1 pg/ml IL-5, 78.1 pg/ml IL-6, and 24.4 ng/ml IL-10.

Statistics

The data are expressed as the mean ± SEM. Each mouse group that received dmCT was 

compared with the mice given nCT or mCT E112K as nasal adjuvants using a Mann-

Whitney U test with StatView II (Abacus Concepts) designed for Macintosh computers. A p 

value of <0.05 or <0.01 was considered significant.

Results

Double mutant CTs fail to track from the Golgi into the ER

Because it has been shown that the COOH terminus of the CT-A subunit KDEL is essential 

for intracellular movement of CT from the Golgi to the ER, we initially examined 

intracellular trafficking of our newly developed second generation dmCTs in the T84 human 

intestinal cell line using confocal microscopic analysis (Fig. 1). After 4 h of incubation, nCT 

and mCT E112K were detected in the ER of T84 cells (Fig. 1, A and C, yellow staining); 

however, dmCT E112K/KDEV and dmCT E112K/KDGL were not detected there 

(segregated green and red staining; Fig. 1A). Thus, the area of yellow staining with both 

dmCTs was significantly lower than that of nCT and mCT E112K (Fig. 1C). Both mCT 

E112K and dmCT E112K/KDEV were seen in the Golgi apparatus (Fig. 1B), and the large 

area of yellow staining was noted (Fig. 1C). Interestingly, the distribution pattern of dmCT 

E112K/KDEV and dmCT E112K/KDGL differed with the former by being retained longer 

in the Golgi apparatus than the latter (Fig. 1B). Thus, dmCT E112K/KDGL resulted in 

segregated green and red staining with only a small area of yellow staining (Fig. 1, B and 

C). Because a small area of nCT was noted in the Golgi apparatus (Fig. 1C), it is possible 

that nCT moved quickly into the ER or the surface membrane. In contrast, dmCT E112K/

KDGL is most likely redistributed to the surface membrane, because a significantly lower 

retention signal was found in the ER (Fig. 1C). As these results show, because these dmCTs 

are either retained in the Golgi apparatus (dmCT E112K/KDEV) or redistributed to the 

surface membrane (dmCT E112K/KDGL), they do not undergo retrograde transport into the 

ER. In contrast, both nCT and mCT E112K reached the ER within 4 h of incubation.
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Enzymatic activity and toxicity of mCTs

The biologic properties and toxicity of dmCTs were examined and compared with those of 

mCT E112K and nCT (Table I). Essentially no cAMP induction was seen when CHO cells 

were incubated with dmCTs or mCT E112K. To further examine the toxicity of dmCTs, the 

morphological changes in Y-1 cells were assessed. Both dmCT E112K/KDEV and E112K/

KDGL showed significantly lower toxicity than nCT (1/2083 and 1/2778 of nCT, 

respectively). In addition, when the mouse ileal loop test was performed to measure toxic 

manifestations, both dmCTs were found to induce significantly lower levels of fluid 

accumulation than nCT.

dmCTs do not accumulate in the CNS

To determine whether dmCTs undergo retrograde transport into the CNS, acridinium-

labeled dmCT E112K/KDEV, dmCT E112K/KDGL, mCT E112K, or nCT were given by 

the nasal route. Twenty-four hours after nasal administration of 0.5 μg of nCT, mCT E112K, 

dmCT E112K/KDEV, and dmCT E112K/KDGL, similar levels of all administered 

enterotoxins could be detected in the ON/E, but no significant accumulation of the 

enterotoxins was seen in the OBs (Table II). Accumulation in the ON/E appeared to be dose 

dependent. Thus, 2- to 4-fold higher quantities of nCT and dmCTs were found in the ON/E 

after nasal delivery of a 5-μg dose (Table II). At a 5-μg nasal dose, dmCTs accumulated 

more in the ON/E of mice than did nCT or mCT E112K, but nCT accumulated in the OBs 

whereas dmCTs did not (Table II). Furthermore, some mCT E112K accumulation was seen 

in the OBs, although the levels were lower than that of nCT (Table II). The residual levels of 

dmCT-acridinium compounds in ON/E and OBs were also examined 7 days after the last 

immunization. Mice were given nasal OVA and acridinium-conjugated nCT, mCT E112K, 

or dmCTs three times at weekly intervals. Interestingly, no accumulation of either dmCT 

E112K/KDEV or dmCT E112K/KDGL was detected in the ON/E or the OBs; however, 

significant amounts of nCT were seen in the OBs (Table II). Furthermore, small amounts of 

mCT E112K were also detected in the OBs (Table II). Taken together, our studies show that 

although dmCTs bind and accumulate in the ON/E, these dmCTs do not enter the OBs, 

whereas nCT quickly traffics into the OBs and remains for at least 7 days after 

immunization. Furthermore, our findings show that novel dmCTs may have an improved 

safety profile as nasal adjuvants when compared with mCT E112K, because mCT E112K 

shows some accumulation in the ON/E and OBs, although the levels were significantly 

lower than those seen with nCT.

Mucosal adjuvant activity of dmCTs

To assess the mucosal adjuvant properties of dmCTs, the mice were nasally immunized with 

100 μg of OVA plus 0.5 μg of dmCT E112K/KDEV, dmCT E112K/KDGL, mCT E112K, or 

nCT three times at weekly intervals. Plasma and mucosal external secretions (nasal washes, 

fecal extracts, and saliva) were collected 7 days after the last immunization. Significant 

levels of OVA-specific S-IgA Ab responses were seen in all external secretions of mice 

nasally immunized with OVA plus dmCT E112K/KDEV or E112K/KDGL. However, mCT 

E112K exhibited significantly lower OVA-specific IgA Ab responses in mucosal external 

secretions than did nCT (Fig. 2). Elevated levels of OVA-specific IgG Ab responses were 
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seen in mice given nasal dmCTs as mucosal adjuvants. OVA-specific IgG Ab responses in 

mice immunized with OVA plus dmCT E112K/KDEV or dmCT E112K/KDGL were 

identical with those seen in mice given nasal OVA plus nCT (Fig. 3). In contrast, mice given 

nasal mCT E112K as a mucosal adjuvant showed significant but lower OVA-specific IgG 

Ab responses than did mice immunized with OVA plus dmCTs or nCT (Fig. 3).

Furthermore, plasma OVA-specific IgG subclass Ab responses were also examined. High 

levels of OVA-specific-IgG1 and IgG2b Ab responses were seen in mice nasally immunized 

with OVA plus dmCT E112K/KDEV or E112K/KDGL, as well as in mice given nCT. 

Although OVA-specific IgG2a Ab responses were relatively lower than those of the IgG1 

and IgG2b subclasses, anti-OVA IgG2a titers were significant in mice given nasal nCT or 

dmCT E112K/KDGL but reduced in those given dmCT E112K/KDEV or mCT E112K. An 

OVA-specific IgE ELISA revealed elevated levels of OVA-specific IgE Ab responses in 

plasma of mice given OVA plus nCT (Table III). Most interestingly, significantly lower 

levels of OVA-specific IgE Abs were noted in mice given nasal OVA plus dmCTs as well as 

mCT as a nasal adjuvant (Table III).

OVA-specific AFC responses to mCTs

The results of OVA-specific Ab responses were further confirmed at the B cell level by 

using an OVA-specific ELISPOT assay (Fig. 4). Mononuclear cells from spleens, CLNs, 

lung, NPs, SMGs, and NALT of mice nasally immunized with OVA plus nCT, mCT 

E112K, dmCT E112K/KDEV, or dmCT E112K/KDGL were subjected to an OVA-specific 

ELISPOT assay to determine the numbers and isotypes of AFCs present. In the spleen, 

CLNs, NPs, and lungs of mice given nasal OVA plus dmCT E112K/KDEV or E112K/

KDGL, OVA-specific IgG AFC were elevated to levels comparable to those seen in mice 

given nCT as nasal adjuvant. In contrast, nasal administration of mCT E112K resulted in 

levels of anti-OVA IgG AFCs in spleen, CLNs, and lungs that were lower than those seen 

with dmCTs and nCT. Furthermore, both dmCT E112K/KDEV and dmCT E112K/KDGL 

induced high numbers of OVA-specific IgA AFCs in NALT, SMGs, and NPs. These results 

clearly show that the newly developed second generation of dmCT E112K/KDEV and 

dmCT E112K/KDGL induces Ag-specific Ab responses as effectively as nCT in both 

systemic and mucosal lymphoid tissues.

OVA-specific CD4+ T cell proliferative and cytokine responses

Because nasal immunization with OVA plus either dmCT E112K/KDEV or dmCT E112K/

KDGL induced OVA-specific Ab responses in both systemic and mucosal compartments, it 

was important to examine the nature of OVA-specific CD4+ Th cell responses. We initially 

assessed OVA-specific CD4+ T cell proliferative responses in spleen and CLNs of mice 

nasally immunized with OVA plus dmCTs, nCTs, or mCT E112K. Significantly higher 

OVA-specific CD4+ T cell proliferative responses were seen in the spleen and CLNs of 

mice immunized with both dmCT E112K/KDEV and dmCT E112K/KDGL than in mice 

immunized with mCT E112K (Fig. 5). These OVA-specific CD4+ T cell proliferative 

responses were comparable to those seen in mice given nCT.
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We next examined CD4+ Th1- and Th2-type cytokine responses by Ag-specific CD4+ T 

cells from the spleen and CLNs of mice nasally immunized with OVA plus dmCTs (Fig. 6). 

Both dmCT E112K/KDEV and dmCT E112K/KDGL induced high levels of Th2-type 

cytokines (IL-4, IL-5, IL-6, and IL-10) in OVA-stimulated CD4+ T cell cultures. The levels 

of these cytokines were almost comparable to those seen in OVA-stimulated CD4+ T cells 

from mice given nCT as nasal adjuvant. Of interest, these Th2-type cytokine responses were 

comparable to those induced by polyclonal stimulation (solid phase anti-CD3 and anti-CD28 

mAb; Fig. 6, dotted lines). In contrast, OVA-stimulated CD4+ T cells from the spleen and 

CLNs of mice given nasal OVA plus nCT or dmCT E112K/KDGL exhibited similar levels 

of Th1-type cytokines (IFN-γ and IL-2) (Fig. 6). Although these Th1-type cytokine 

responses were significantly higher than those responses induced by mCT E112K or dmCT 

E112K/KDEV as nasal adjuvants, relative Th1-type cytokine production was markedly 

lower than that induced by anti-CD3 and anti-CD28 mAb stimulation.

Discussion

It is well known that nCT and nLT are effective adjuvants that are capable of enhancing 

both mucosal S-IgA and systemic IgG Ab responses to coadministered protein Ags in mice 

and other experimental models. However, both enterotoxins are unsuitable for use in 

humans due to their toxicity, causing severe diarrhea if given orally and CNS toxicity if 

administered nasally (14, 15, 42–44). To overcome these obstacles to clinical practicability, 

several groups, including ours, have focused on developing nontoxic derivatives of CT or 

LT (10, 16, 17, 45–50). However, although these studies have been successful in producing 

nontoxic mutants, they did so at times by sacrificing the mucosal adjuvanticity associated 

with nCT (10, 16, 17, 45–50).

This study shows that a newly developed second generation of dmCTs, which have two 

amino acid substitutions in the ADP-ribosyltransferase active center (E112K) and COOH-

terminal KDEL (dmCT E112K/KDEV or dmCT E112K/KDGL), offer real advantages as 

nasal adjuvants over the previously developed mCT E112K. When used as nasal adjuvants, 

even small doses (0.5 μg) of the two dmCTs induced levels of Ag-specific Ab responses in 

both mucosal and systemic lymphoid tissues that were comparable to those induced by nCT. 

Unlike nCT, however, that high degree of mucosal adjuvanticity was not accompanied by 

toxicity. Indeed, both dmCT E112K/KDEV and dmCT E112K/KDGL lacked ADP-

ribosyltransferase activity and proved unable to move from the Golgi to the ER. Both 

dmCTs were thus unable to induce increases in intracellular cAMP. In addition dmCTs did 

not elicit fluid accumulation in mouse-ligated ileal loops. Furthermore, confocal 

microscopic analysis showed that the majority of the dmCTs were localized between the 

surface membranes and the Golgi apparatus in the T84 cell line and in dendritic cells, and 

this localization differed from that of mCTs and nCT. Although dmCTs accumulate in the 

ON/E for a short period, this accumulation did not last and the dmCTs were not transferred 

into the OBs. Furthermore, nasal application of OVA, together with dmCT E112K/DEV and 

dmCT E112K/KDGL as adjuvants, resulted in only minimal induction of IgE Ab responses. 

Collectively, these results indicate that these newly created dmCTs are potent nontoxic 

mucosal adjuvants suitable for the induction of both mucosal and systemic immune 

responses in humans.
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Although the advantages of nasal immunization have made it the route of choice for the 

administration of enterotoxins, one area of continuing concern has been the possibility that 

nasal vaccines could enter the CNS because of the anatomical proximity of the ON/E and 

OBs to the brain. This potential for neurotoxicity could, of course, rule out the use of 

enterotoxin-based mucosal adjuvants in humans. Indeed, it was reported that nLT and 

detoxified LT mutants also targeted the CNS of mice following nasal application (51). In 

addition, our previous study showed the potential toxicity of CT for the CNS (12). Once CT-

B or another nasal enterotoxin vaccine has been associated with neurons via GM1 binding, it 

cannot be efficiently cleared, and it accumulates in neuronal tissues associated with the 

olfactory tract tissues (12).

Although our past studies provided evidence that the nCT that accumulates in the olfactory 

tissue after nasal administration did not lead to obvious pathologic changes in brain tissue 

(52), our more recent study showed that nasal application of nCT induced nerve growth 

factor-β, an indicator of nerve cell damage in the olfactory tissues of rhesus macaques (23). 

We still do not understand the full biological and pathogenic consequences of enterotoxin 

deposition in the CNS mediated by ganglioside GM1 binding of olfactory tissues; however, 

it has been shown that a human nasal influenza vaccine with nLT as mucosal adjuvant 

resulted in the side effect of Bell's palsy (14, 15). It is likely that the nLT was the active 

component in this vaccine leading to facial paralysis.

In this regard, we have created a second generation of mCTs that avoid transport to the CNS 

tissues. Our current study clearly shows that dmCTs were not transferred into the OBs, 

although they were bound and began to accumulate in the ON/E within 24 h. More 

importantly, the dmCTs that accumulated in the ON/E cleared after 24 h and were not seen 

in the OBs 7 days after the last immunization even though they were given three times in 

three consecutive administrations at weekly intervals. Furthermore, because the second 

generation of dmCTs was designed to avoid cAMP activation by failing to traffic to the 

ADP-ribosylation activity center, dmCTs did not induce any inflammatory responses despite 

their early accumulation in the ON/E. Indeed, nasal washes of mice given nasal dmCTs as 

mucosal adjuvants resulted in essentially no TNF-α production (data not shown). These 

findings strongly support the safety of newly developed second generation E112K/KDEV 

and E112K/KDGL dmCTs.

In addition to our current approach, which inhibits intracellular trafficking of the enterotoxin 

A subunit, others have developed a nCT-based safe and effective adjuvant which targets the 

Ig receptor on both naive and memory B cells to avoid GM1 ganglioside binding (53). Thus, 

the enzymatically active A1 subunit of nCT was combined with a dimer of an Ig binding 

element (DD) from Staphylococcus aureus protein A (CT-A1-DD) and coadministered with 

Ag. This CT-Al-DD adjuvant induced significant Ab and T cell responses without CNS 

toxicity (53). Furthermore, the same study showed that mCT-A1 E112K-DD failed to elicit 

adjuvanticity (53). In contrast, others as well as our studies have clearly shown that mCT 

E112K and dmCTs (E112K/KDEV and E112K/KDGL) retained their nasal adjuvant 

activities (10, 11, 22, 23). It is possible that the different outcomes between these studies is 

due to the GM1 ganglioside binding ability of the adjuvants that we have used (10, 13, 17). 

Thus, mCT and dmCTs target all nucleated cells including professional APCs such as 
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dendritic cells and macrophages, whereas mCT-A1 E112K-DD is limited to binding to B 

cells. The precise cellular and molecular mechanisms of these new nasal adjuvants needs to 

be elucidated in future studies. Both dmCTs and CT-A1-DD adjuvants are potential 

candidates for the development of safe mucosal vaccines.

Past studies have shown that nCT induces marked increases in Ag-specific IgE Ab responses 

after nasal immunization (10). To develop a mucosal adjuvant that is both safe and effective, 

the potential for IgE Ab production must be reduced without sacrificing the ability to 

generate Ag-specific mucosal S-IgA and plasma IgG Ab responses. Our previous studies 

singled out mCT E112K as the safest and most effective CT-derived adjuvant because it 

supported Ag-specific S-IgA Ab responses with lower levels of total and anti-CT-B IgE Ab 

responses than those observed with other enterotoxin-derived adjuvants after nasal 

immunization (13). Furthermore, when used as a nasal adjuvant, the mCT-A E112K/LT-B 

chimera, a mCT E112K derivative, induced significantly lower levels of total and Ag-

specific IgE Ab responses in the plasma of mice (32). In the current study, we have assessed 

whether newly created dmCTs induce Ag-specific IgE Ab responses. Our results show that 

nasal administration of dmCT E112K/KDEV or E112K/KDGL does not enhance IgE Ab 

responses. Thus, levels of OVA-specific IgE Ab responses were comparable to those elicited 

by mCT E112K. These results indicate that these dmCT E112K/KDEV and dmCT E112K/

KDGL molecules likely avoid allergic reactions to the coadministered Ag and, thus, are 

promising candidates for being potent nontoxic mucosal adjuvants for human use.

In an attempt to circumvent the toxicity of enterotoxin adjuvants, we developed double 

mutants of nCT that both lacked the ADP-ribosyltransferase activity and expressed altered 

ER retention signals (dmCT E112K/KDEV and dmCT E112K/KDGL). To examine the 

efficacy of these dmCTs for the induction of Ag-specific mucosal S-IgA and systemic IgG 

Ab responses, we initially used a 5-μg dose of dmCT as nasal adjuvant. We chose this 

dosage because our previous studies showed that the induction of Ag-specific immune 

responses in both mucosal and systemic tissues of mice and nonhuman primates required a 

10-fold higher dose of mCT E112K/S61F or mCT-A E112K/LT-B than of nCT (2, 10, 11, 

23). Because our initial experiments showed dmCTs to be effective adjuvants at the 5-μg 

dose, we next tested whether 0.5 μg of the newly developed dmCTs could also elicit nasal 

adjuvanticity. Our results showed both dmCTs to be potent mucosal adjuvants, even when 

administered at a 10-fold lower rate. In contrast, at a dosage of 0.5 μg, mCT E112K failed to 

induce the high titers of Ag-specific immune responses seen with nCT.

Although we cannot currently offer a precise explanation for this outcome, it seems clear 

that the additional point mutation in mCT E112K improves nasal adjuvanticity. Because the 

structure of the CT molecule is thought to be key to its biological activity (13), there has 

been concern that the introduction of a point mutation into CT might change or destabilize 

its own structure and cause diminished mucosal adjuvanticity (13). However, our finding 

that second generation dmCTs retained nasal adjuvanticity even at lower doses suggests that 

the molecular structures of dmCTs may be unchanged or stable even after the introduction 

of double mutations. To explore that possibility, we are currently testing the crystal 

structures of these dmCTs.
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The newly developed dmCTs showed their adjuvant activities through Th2-type cytokine 

production, especially via an IL-4-dependent mechanism. Thus, nasal immunization with 

OVA plus dmCT E112K/KDEV or dmCT E112K/KDGL failed to induce OVA-specific Ab 

responses in IL-4-deficient mice (data not shown). Interestingly, analyses of Th1- and Th2-

type cytokine production by CD4+ Th cells revealed that dmCT E112K/KDGL exhibited 

similar characteristics, especially in the responses of Th1-type cytokine synthesis. Thus, 

nasal administration of either nCT or dmCT E112K/KDGL resulted in higher levels of IFN-

γ and IL-2 production than did that of mCT E112K or dmCT E112K/KDEV, although the 

levels were relatively lower than the IFN-γ and IL-2 production induced by anti-CD3 and -

CD28 mAb treatment. In further support of the similar adjuvant properties shared by nCT 

and dmCT E112K/KDGL, their OVA-specific plasma IgG2a Ab responses, which are 

known to be associated with Th1-type cytokines, were significantly higher than those seen 

in mice given nasal mCT E112K or dmCT E112K/KDEV. We propose that these 

differences in cytokine profile and OVA-specific IgG subclass Ab responses are due to a 

difference in the intracellular trafficking of dmCT E112K/KDEV and dmCT E112K/KDGL. 

These findings indicate that dmCT E112K/KDGL may retain the prototype adjuvanticity of 

nCT, including the induction of cell-mediated immunity. Because nCT as a nasal adjuvant 

successfully induced CTL activity by CD8+ T cells, we are currently testing cytokine 

production and CTL activity by CD8+ T cells from mice given nasal dmCT E112K/KDGL 

as a mucosal adjuvant.

In summary, a newly developed second generation of both dmCT E112K/KDEV and dmCT 

E112K/KDGL retained adjuvant activity and elicited mucosal and systemic immunity to 

nasally coadministered Ags without exhibiting ADP-ribosyltransferase activity or 

participating in normal intracellular trafficking. Interestingly, like mCT E112K, dmCT 

E112K/KDEV showed dominant Th2-type cytokine responses. In contrast, like nCT, dmCT 

E112K/KDGL elicited not only Th2-type cytokine responses but also significantly higher 

Th1-type cytokine responses than did dmCT E112K/KDEV and mCT E112K. Although 

different in their immunobiological characteristics, both of our newly developed second-

generation dmCTs show promise as effective and safe nasal adjuvants in mice. Future 

studies will determine whether these adjuvants are safe and effective in both nonhuman 

primates and humans.
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FIGURE 1. 
Localization of nCT, dmCT E112K/KDEV, dmCT E112K/KDGL, and mCT E112K in T84 

cells after incubation. Cells were fixed and analyzed 4 h after the start of Alexa Fluor 488-

conjugated nCT, dmCT E112K/KDEV, dmCT E112K/KDGL, and mCT E112K uptake. To 

identify the intracellular destination, colocalization with ER-Tracker Blue-White p-xylene-

bispyridinium bromide, a marker for the ER, is shown in quasi-red (A), whereas BODIPY 

TR-cer-amide, a marker for the Golgi apparatus, is shown in red (B). The merged signals 

appear yellow. Typical image pictures are presented for each group. The yellow color area 

of nCT (■), mCT E112K (▥), dmCT E112K/KDEV (▨), and dmCT E112K/KDGL ( ) 

were quantified with ImageJ software (C). The values represent the mean ± 1 SEM for six 

pictures from two different experiments. Each picture covers 12.96 mm2 of culture surface, 

which was equal to 262,144 pixels. *, p < 0.05; **, p < 0.01, when compared with nCT; †, p 

< 0.05; ††, p < 0.01, when compared with mCT E112K.
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FIGURE 2. 
Comparison of OVA-specific IgA Ab responses in nasal washes, fecal extracts, and saliva of 

mice immunized with OVA plus nCT, mCT, or dmCTs. Each mouse group was nasally 

immunized once a week for three consecutive weeks with 100 μg of OVA plus 0.5 μg of 

nCT (■), dmCT E112K/KDEV (▨), dmCT E112K/KDGL ( ), mCT E112K (▥), or PBS 

(□) as mucosal adjuvant. Seven days after the last immunization, the IgA levels in nasal 

washes and saliva were determined by an OVA-specific ELISA. The values shown are the 

mean ± 1 SEM for 30 mice in each experimental group. ND indicates that the titer was not 

detectable. *, p < 0.05; **, p < 0.01, when compared with nCT; †, p < 0.05; ††, p < 0.01, 

when compared with mCT E112K.
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FIGURE 3. 
Comparison of OVA-specific plasma IgG and IgG subclass Ab responses of C57BL/6 mice 

nasally immunized with OVA plus nCT, mCT, or dmCTs. Each mouse group was nasally 

immunized once a week for three consecutive weeks with 100 μg of OVA plus 0.5 μg of 

nCT (■), dmCT E112K/KDEV (▨), dmCT E112K/KDGL ( ), mCT E112K (▥), or PBS 

(□) as mucosal adjuvant. Seven days after the last immunization, plasma IgG and IgG 

subclass Ab levels were determined by OVA-specific ELISA. The values shown are the 

mean ± 1 SEM for 30 mice in each experimental group. ND, not detected. *, p < 0.05; **, p 

< 0.01, when compared with nCT. †, p < 0.05; ††, p < 0.01, when compared with mCT 

E112K.
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FIGURE 4. 
Analysis of OVA-specific AFCs in mice immunized nasally with OVA and nCT, mCT, or 

dmCTs. Each mouse group was nasally immunized once a week for three consecutive weeks 

with 100 μg of OVA plus 0.5 μg of nCT (■), dmCT E112K/KDEV (▨), dmCT E112K/

KDGL ( ), mCT E112K (▥), or PBS (□). Seven days after the last immunization, 

mononuclear cells isolated from the NPs, SMGs, CLNs, lungs, and spleen were examined 

using an OVA-specific ELISPOT assay to determine the numbers of IgM, IgG, and IgA 

AFCs. The results represent the mean values ± 1 SEM for 20 mice in each experimental 

group. *, p < 0.05; **, p < 0.01, when compared with nCT. †, p < 0.05; ††, p < 0.01, when 

compared with mCT E112K.
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FIGURE 5. 
Analysis of Ag-specific CD4+ T cell proliferative responses induced by nasal immunization 

with OVA plus CT derivatives. Each mouse group was nasally immunized once a week for 

three consecutive weeks with 100 μg of OVA plus 0.5 μg of nCT (■), dmCT E112K/KDEV 

(▨), dmCT E112K/KDGL ( ), or mCT E112K (□). The splenic and CLN CD4+ T cells 

were isolated 7 days after the last immunization and cultured with or without OVA in the 

presence of APCs. The stimulation index was determined as A450 nm of wells with OVA 

divided by wells without OVA (control). The results represent the individual values from 

three separate experiments. *, p < 0.05; **, p < 0.01, when compared with nCT; †, p < 0.05; 

††, p < 0.01, when compared with mCT E112K.
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FIGURE 6. 
OVA-induced CD4+ Th1-type and Th2-type cytokine responses in mice given nasal OVA 

plus nCT, mCT, or dmCTs. Each mouse group was nasally immunized once a week for 

three consecutive weeks with 100 μg of OVA plus 0.5 μg of nCT (■f), dmCT E112K/

KDEV (▨), dmCT E112K/KDGL ( ), or mCT E112K (□). A, The splenic CD4+ T cells (4 

× 106 cells/ml) from each mouse group were cultured with 1 mg/ml OVA in the presence of 

APCs (8 × 106 cells/ml). B, The CLN CD4+ T cells (4 × 106 cells/ml) from each mouse 

group were cultured with 1 mg/ml OVA in the presence of APCs (8 × 106 cells/ml). Culture 

supernatants were harvested after 5 days of incubation (or after 2 days for IL-2) and 

analyzed by the respective cytokine-specific ELISA. The dotted lines indicate levels of each 

cytokine in the wells of anti-CD3 mAb- and anti-CD28 mAb-stimulated CD4+ T cells from 

spleen or CLNs of naive mice. Th1-type cytokine production by anti-CD3 and anti-CD28 

mAb treatments were IFN-γ at ~80 ng/ml and IL-2 at ~10 ng/ml, respectively. The values 

shown are the mean ± SEM of 15 mice in each group. *, p < 0.05; **, p < 0.01, when 

compared with nCT; †, p < 0.05; ††, p < 0.01, when compared with mCT E112K.
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Table I

Comparison of biologic and toxic activity of mCTs

Nasal Adjuvant cAMP Induction
a
 (pmol/mg protein) Y1-Cell Assay

b
 (pg/ml) Heal Loop Testc (W:L ratio)

nCT 104.4 ± 2.3††
0.06 ± 0.01†† (1)

d 164.3 ± 4.0††

E112K/KDEV 5.3 ± 0.3** 125.0 ± 20.8** (1/2083) 47.7 ± 9.7**

E112K/KDGL 6.5 ± 0.2** 166.7 ± 9.7** (1/2778) 41.7 ± 3.4**

E112K 7.0 ± 1.0** 234.1 ± 44.3* (1/3902) 45.5 ± 0.4**

PBS 7.4 ± 0.5** 37.6 ± 4.4**

a
CHO cells (1.5 × 104 cells/well) were cultured in F-10 medium containing 1 % FCS with 100 ng/ml of each toxin for 18 h, and the cAMP 

induction was assessed using an enzyme immunoassay. Values represent the mean ± SEM of nine culture wells in each group. **, p < 0.01, when 
compared with nCT. ††, p < 0.01, when compared with mCT E112K.

b
Y-1 cells were cultured with F-12 medium containing 15% horse serum and 2.5% FCS and serial dilution of each toxin for 24 h. The enterotoxin 

concentration required to initiate rounding was determined. Values represent the mean ± SEM of of 12 culture wells in each group. *, p < 0.05; **, 
p < 0.01, compared with nCT. ††, p < 0.01, when compared with mCT E112K.

c
The ratio of the weight in milligrams to length in centimeters (W:L ratio) after injection of dmCTs into the loop. Each loop was injected with 0.1 

ml of 1 /xg of dmCTs or nCT. The weight and length of each loop were measured after 3 h values. Values represent the mean ± SEM of six loops 
in each group. **, p < 0.01, when compared with nCT. ††, p < 0.01, when compared with mCT E112K.

d
The values in parenthesis is the ratio of the toxicity of dmCTs to the toxicity of nCT.
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Table II

Comparison of the distribution of dmCTs and nCT in olfactory tissues

CNS Tissues

ON/E
a

OBs
a

ON/E
b

OBs
b

Nasal Adjuvants 5 μg 0.5 μg 5 μg 0.5 μg 5 μg 5 μg

nCT 9.61 ± 0.49†c 4.03 ± 0.41 1.84 ± 0.55 0.26 ± 0.09 2.23 ± 0.07 1.36 ± 0.02

mCT E112K 3.97 ± 0.37* 4.01 ± 0.65 0.83 ± 0.16 0.12 ± 0.07 1.83 ± 0.19 0.19 ± 0.01**

E112K/KDEV 17.92 ± 1.59*† 4.51 ± 0.58 <0.1**† <0.1 0.46 ± 0.14**† <0.1**

E112K/KDGL 14.79 ± 1.07*† 4.73 ± 0.37 0.25 ± 0.03**† <0.1 0.39 ± 0.01**† <0.1**

a
Distribution of acridinium-labeled enterotoxins into the OBs and ON/E was determined 24 h after nasal application of 5 or 0.5 fig of acridinium-

labeled nCT, mCT E112K, dmCT E112K/KDEV, or dmCT E112K/KDGL. The OB and ON/E were collected and analyzed for the presence of 
acridinium-labeled enterotoxin.

b
Groups of mice were nasally immunized with 100 fig of OVA plus 5 fig of acridinium-labeled nCT, mCT E112K, dmCT E112K/KDEV, or 

dmCT E112K/KDGL three times at weekly intervals. The distribution of acridinium-labeled enterotoxins in the OBs and ON/E were determined 7 
days after the last nasal application. The OBs and ON/E were collected and analyzed for the presence of acridinium-labeled enterotoxin.

c
Data are expressed as nanograms per 10 mg of tissue ± SEM for nine mice in each experimental group. The CNS tissues of nine mice given nasal 

PBS were examined for background levels of luminescence. These control values were subtracted from each experimental value. Difference from 
the value of nCT was statistically significant. (*, p < 0.05; **, p < 0.01). †, P < 0.05, when compared with mCT E112K.

J Immunol. Author manuscript; available in PMC 2015 June 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hagiwara et al. Page 26

Table III

Comparison of OVA-specific IgE Ab responses induced by nCT, mCT, or dmCTs

Treatment Group
a Ag-Specific IgE

b
 (reciprocal log2 titer)

nCT 7.5 ± 0.3††c

E112K/KDEV 3.3 ± 0.4**

E112K/KDGL 3.3 ± 0.3**

E112K 2.3 ± 0.2**

PBS <2

a
Each mouse group was nasally immunized once a week for two consecutive weeks with 100 μg of OVA plus 0.5 μg of nCT, mCT E112K/KDEV, 

mCT E112K/KDGL, mCT E112K, or PBS.

b
Seven days after the last immunization, OVA-specific IgE levels in plasma were determined by ELISA.

c
The values shown are the mean ± SEM for 6–8 mice in each experimental group. **, p < 0.01, when compared with nCT. ††, p < 0.01, when 

compared with mCT E112K.
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