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Botulinum toxin is the etiologic agent responsible for the disease botulism, which is characterized by
peripheral neuromuscular blockade. Botulism is ordinarily encountered as a form of oral poisoning. The toxin
is absorbed from the lumen of the gut to reach the general circulation and is then distributed to peripheral
cholinergic nerve endings. However, there is a widespread presumption that botulinum toxin can also act as
an inhalation poison, which would require that it be absorbed from the airway. Experiments have been done
to show that both pure toxin and progenitor toxin (a complex with auxiliary proteins) are inhalation poisons.
Interestingly, the data indicate that auxiliary proteins are not necessary to protect the toxin or to facilitate its
absorption. When studied on rat primary alveolar epithelial cells or on immortalized human pulmonary
adenocarcinoma (Calu-3) cells, botulinum toxin displayed both specific binding and transcytosis. The rate of
transport was greater in the apical-to-basolateral direction than in the basolateral-to-apical direction. Trans-
cytosis was energy dependent, and it was blocked by serotype-specific antibody. The results demonstrated that
the holotoxin was not essential for the process of binding and transcytosis. Both in vivo and in vitro experi-
ments showed that the heavy-chain component of the toxin was transported across epithelial monolayers,
which indicates that the structural determinants governing binding and transcytosis are found in this frag-
ment. The heavy chain was not toxic, and therefore it was tested for utility as an inhalation vaccine against the
parent molecule. This fragment was shown to evoke complete protection against toxin doses of at least 104

times the 50% lethal dose.

Botulinum neurotoxin (BoNT), which is produced by the
organisms Clostridium botulinum, Clostridium beratii, and Clos-
tridium butyricum, is synthesized as a single-chain polypeptide
with a molecular mass of ca. 150 kDa (29). This relatively
inactive protoxin undergoes posttranslation modification, dur-
ing which a trypsin-like enzyme cleaves (nicks) the single-chain
molecule to generate a dichain molecule in which a heavy-
chain polypeptide (ca. 100 kDa) is linked by a disulfide bond to
a light-chain polypeptide (ca. 50 kDa). The dichain molecule is
the agent responsible for the disease botulism.

BoNT is synthesized in seven immunologically distinct forms
designated A, B, C1, D, E, F, and G (25, 26). Under natural
conditions, each of these serotypes is released from clostridia
in association with two classes of proteins: a family of hemag-
glutinins (HA) and a single nontoxin, nonhemagglutinin
(NTNH) (24). The complex that is composed of a toxin and
noncovalently associated proteins is known as progenitor toxin.
Each of the serotypes responsible for human illness (mainly A,
B, and E) forms a unique progenitor complex with associated
proteins, but these associated proteins play no role in the signs
and symptoms characteristic of clinical botulism (10, 15, 22).

The target organ for BoNT is the cholinergic nerve ending
(4). Substantial progress has been made in defining the cellular
and subcellular actions of the toxin, beginning with the discov-
ery that the toxin progresses through a sequence of well-de-
fined steps. These include binding to the plasma membrane,

penetration of the plasma membrane by receptor-mediated
endocytosis, penetration of the endosome membrane by pH-
induced translocation, and intracellular expression of enzy-
matic activity (30). BoNT is a zinc-dependent endoprotease
that cleaves several polypeptides that are essential for exocy-
tosis (12, 14). Toxin-induced cleavage of these substrates leads
to blockade of transmitter release from peripheral cholinergic
neurons, and this in turn accounts for all major signs and
symptoms of botulism, including flaccid paralysis and respira-
tory arrest.

For BoNT to cause poisoning, it must first enter the body
and gain access to nerve endings. Most cases of botulism are
oral in nature, and therefore the toxin must escape the lumen
of the gut and reach the general circulation. A number of
reports indicate that toxin movement across gut membranes
likely occurs in the small intestine (2, 31). Recent work on
isolated and polarized human gut epithelial cells has provided
additional information about this phenomenon (20). BoNT
binds to serotype-specific receptors on the apical (mucosal)
sides of cells, undergoes receptor-mediated endocytosis and
transcytosis, and is ultimately released on the basolateral (se-
rosal) sides of cells. The intact 150-kDa holotoxin is not essen-
tial for the process of binding and transcytosis; the 50-kDa
carboxy-terminal half of the heavy chain is sufficient to mediate
this process. Furthermore, the entire message for ligand bind-
ing resides within the toxin molecule. Associated proteins, such
as HA and NTNH, are not essential for the toxin to bind or
penetrate gut epithelial cells (21).

In contrast to the volume of work on the gastrointestinal
system, little work has been done on BoNT and the respiratory
system. This is due to the fact that, in the past, clinical botulism
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has been recognized as a form of oral poisoning rather than
inhalation poisoning (but see reference 13). Therefore, in this
report, an attempt has been made to evaluate the respiratory
system as a portal for toxin entry into the body. More precisely,
this report (i) characterizes the process of inhalation poisoning
by the toxin, (ii) identifies a likely mechanism for transcytosis
of the toxin from the airway lumen to the general circulation,
and (iii) describes a mechanism for using the inhalation route
to induce immunity against the toxin. In each case, new data on
toxin interaction with airway epithelial cells are compared with
existing data on toxin interaction with gut epithelial cells.

MATERIALS AND METHODS

Materials. Human pulmonary adenocarcinoma (Calu-3) cells and Madin-
Darby canine kidney (MDCK) cells were obtained from the American Type
Culture Collection (Manassas, Va.). Tissue culture media and sera were pur-
chased from Life Technologies, Inc. (Baltimore, Md.), and the American Type
Culture Collection. [3H]inulin and 125I–Bolton-Hunter reagent were purchased
from NEN Life Science Products (Boston, Mass.). Sephadex G-25 gel filtration
columns and Western blotting detection reagent were obtained from Amersham
Pharmacia Biotech (Piscataway, N.J.). DNase I, rat tail collagen type I, and rat
immonuglobulin G (IgG) were purchased from Sigma Chemical Co. (St. Louis,
Mo.). Elastase was purchased from Worthington Biochemical Corporation
(Worthington, N.J.). Other reagents were purchased from Sigma Chemical Co.,
and additional laboratory supplies were obtained from Fisher Scientific (Mal-
vern, Pa.).

Animals. Female Swiss-Webster mice (25 to 30 g) and male Sprague-Dawley
rats (125 to 150 g), which were purchased from Ace Animals (Boyertown, Pa.),
were housed in an accredited animal colony (American Association for Accred-
itation of Laboratory Animal Care) and allowed unrestricted access to food and
water. All procedures involving animals were reviewed and approved by the
Thomas Jefferson University Institutional Animal Care and Use Committee.

Toxin. BoNT type A (BoNT/A) and its heavy-chain component (HC) were
purified to homogeneity by procedures decribed in the literature (8, 27). Pro-
genitor BoNT/A was purchased from WAKO Fine Chemicals (Dallas, Tex.).
Protein concentrations were routinely determined by the Bradford assay (3). For
progenitor BoNT/A and pure BoNT/A, concentrations were determined spec-
trophotometrically using the relationships 1.66 A278 � 1 mg/ml and 1.63 A278 �
1 mg/ml, respectively, where A278 is the absorbance at 278 nm (8).

Iodination of protein. BoNT/A and the HC were iodinated using 125I–Bolton-
Hunter reagent essentially according to the manufacturer’s instructions, as de-
scribed previously (20). The reaction time was reduced to diminish loss of toxicity
of the resulting product. The toxin was labeled to an average specific activity of
500 Ci/mmol with a residual toxicity of �90%. Sample protein concentrations
and associated counts were used to calculate the specific activity.

Cell culture. Calu-3 cells were grown in Eagle’s minimum essential medium
supplemented with 10% newborn calf serum, 100 U of sodium penicillin G/ml,
and 100 �g of streptomycin/ml. MDCK cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 5% newborn calf serum, 100 U of sodium
penicillin G/ml, and 100 �g of streptomycin/ml. The cultures were maintained at
37°C in 5% CO2. Calu-3 cells were fed every 3 days and passaged (1:2) when they
were 80 to 90% confluent, approximately every 7 days. MDCK cells were fed
every 3 days and passaged (1:5) when they were 95% confluent, approximately
every 3 days.

Isolation and culture of alveolar epithelial cells. Primary cultures of rat alve-
olar epithelial cells, which establish polarized monolayers with tight junctions
(�1,500 �/cm2), were prepared as described in detail elsewhere (16, 17). Briefly,
the lungs of pathogen-free male Sprague-Dawley rats (125 to 150 g) were per-
fused via the pulmonary artery, lavaged with Ca2�- and Mg2�-free Ringer’s
solution, and exteriorized. The isolated lungs were instilled intratracheally with
porcine pancreatic elastase (2.5 U/ml) and gently agitated for 30 min at 37°C.
The elastase-treated lungs were minced, and the resulting crude cell mixtures
were filtered sequentially through 150-, 37-, and 15-�m-pore-size filters (Cross
Wire Cloth Manufacturing Co. Bellmawr, N.J.). The filtered cell mixture was
purified by adhering blood-borne cells, which contain Fc receptors, to immobi-
lized IgG (9). Nonadhering cells (�90% type II pneumocytes) were pooled and
pelleted at 100 � g for 10 min, and the pellet was resuspended in culture medium
consisting of Eagle’s modified essential medium supplemented with 100 U of
sodium penicillin G/ml, 100 �g of streptomycin/ml, and 10% total calf serum.
The cells were further purified by panning them on tissue culture petri dishes in

an incubator (5% CO2 in air) at 37°C for 45 min. Nonadhering cells were pooled
and seeded onto tissue culture-treated polycarbonate filter cups (Transwell;
Corning-Costar, Cambridge, Mass.) at a density of 1.5 � 106 cells/cm2. The
media were changed on the third day after plating and every other day thereafter.
The cultures were maintained in a humidified 5% CO2 incubator at 37°C. Cell
viability (�90%) was measured by trypan blue dye exclusion.

Transcytosis assay. For assay of transcytosis, cells were grown in Transwell
porous-bottom dishes on polycarbonate membranes with a 0.4-�m pore size.
Prior to being seeded with cells, the Transwell dishes were coated with 10 �g of
rat tail collagen type I/cm2 as described previously (20). The coated wells were
allowed to dry at room temperature overnight. After drying, the wells were
sterilized under UV light for 1 h, followed by preincubation with cell culture
medium (30 min) (see above). The preincubation medium was removed imme-
diately prior to the addition of cells and fresh medium.

Calu-3 cells and MDCK cells were plated at confluent density (�1.5 � 105

cells) into Transwell dishes with 0.5 ml of medium in the upper chamber and 1.0
ml in the lower chamber. In these experiments, medium in the upper chamber
bathed the apical surfaces of the cells, and medium in the lower chamber bathed
the basolateral surfaces of the cells. The culture medium was changed every 2
days. The cultures were allowed to differentiate for a minimum of 10 days before
assay of transcytosis.

The transcytosis assay was initiated by adding 10�8 M 125I-labeled BoNT/A or
HC to either the upper or the lower chamber. Transport of radiolabeled mole-
cules was monitored by collecting all of the medium from the appropriate
chamber. An aliquot (0.5 ml) from each sample was filtered through a Sephadex
G-25 column, and 0.5-ml fractions were collected. The amount of radioactivity in
the fractions was determined in a 	 counter. Labeled molecules eluted at void
volume, and the radioactivity contained in the void volume fractions was summed
to determine the total amount of protein present.

The energy dependence of the transcytosis process was confirmed by examin-
ing the phenomenon at low temperature. Calu-3 monolayers were preincubated
on ice for 1 h and then washed three times with iced phosphate-buffered saline.
The monolayers were placed in a Transwell apparatus, and iced medium was
placed in both chambers. The Transwell plates were transferred to an aerobic jar
in which the temperature was maintained at 4°C and CO2 tension was main-
tained with a CampyPak (Becton Dickinson, Cockeysville, Md.).

Monolayer permeability and integrity. The transepithelial electrical resistance
(TEER) and inulin transport were measured to evaluate the structural integrity
of Calu-3, MDCK, and alveolar epithelial cells for transcytosis experiments. An
EVOM Epithelial Voltohmmeter (World Precision Instruments, Sarasota, Fla.)
was used to record electrical resistance across the cell monolayers before and
after each experiment. A polycarbonate membrane immersed in medium was
used as a control, and resistance was calculated in ohms per square centimeter.

To control for membrane integrity and to estimate diffusion between cells, the
rate of passage of [3H]inulin from the upper to the lower reservoir was deter-
mined essentially as described previously (19). According to this procedure, the
media in both reservoirs contained unlabeled 1 mM inulin. The assay was initi-
ated by adding 1 mM [3H]inulin to the upper reservoir. The rates of inulin flux
from the upper to the lower chambers were measured over a period of 18 h.

Structure of transcytosed material. Polyacrylamide gel electrophoresis was
combined with autoradiography to confirm that transcytosed toxin maintained its
native structure. 125I-BoNT/A was added to the apical sides of Calu-3 monolay-
ers, and medium on the basolateral sides was collected 18 h later. The media
from 12 wells were combined and then concentrated using a Centriplus centrif-
ugal filter device (Millipore, Bedford, Mass.). The concentrate was filtered as
described above on a Sephadex G-25 column, and the labeled toxin that eluted
at void volume was concentrated again using a Centricon microconcentrator
(Millipore). Samples were separated on 8% polyacrylamide gels under reducing
and nonreducing conditions. The gels were fixed for 30 min in destaining solu-
tion, dried on blotting paper, and exposed to Biomax film (Kodak, Rochester,
N.Y.).

Administration of BoNT/A and HC. Proteins were administered to animals in
three different protocols: (i) pharmacokinetics of absorption, (ii) induction of
immunity, and (iii) toxicity assay. For each protocol, BoNT/A or the HC was
administered by the intranasal (i.n.) or intraperitoneal (i.p.) route. For i.n.
administration, mice were lightly anesthetized with isoflurane (Iso-thesia; Abbott
Laboratories, North Chicago, Ill.). Protein was administered by a single appli-
cation of a 20-�l solution to the nares. The heads of the animals were maintained
in an upright position to minimize drainage into the posterior pharynx. For i.p.
administration, animals received a single injection of 0.1 ml. For both i.n. and i.p.
administration, proteins were given in a phosphate-buffered saline solution (pH
7.0).

During pharmacokinetic experiments, mice (n � 5 per group) received 36.4 �g
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of 125I-BoNT/A or 24.4 �g of 125I-HC/kg of body weight by the i.n. route.
Individual groups were sacrificed with CO2 at 1, 2, 3, 4, or 6 h, and blood was
collected by cardiac puncture. Plasma was separated from the blood by centrif-
ugation at 3,000 � g for 10 min and then stored at �20°C until it was assayed.
Plasma samples (100 �l) were subsequently mixed with phosphate-buffered sa-
line (400 �l) and filtered through a Sephadex G-25 column. Fractions (0.5 ml)
were collected, and the amount of radioactivity in the fractions was measured in
a 	 counter. Labeled BoNT/A and HC eluted at void volume, and the radioac-
tivity contained in the void volume fractions was summed to determine the total
amount of protein present.

For immunization experiments, mice (n � 5 per group) received 0.1, 1.0, or 10
�g of the purified HC by the i.n. route, as described above. The protein was
administered on days 0, 7, 14, 21, and 28. The animals were challenged i.p. with
3 � 104 50% lethal doses (LD50) of BoNT/A on day 35 and then observed for an
additional 5 days.

Toxicity experiments were done to compare the relative potencies of progen-
itor BoNT/A and pure BoNT/A by the i.n. route. The techniques for protein
administration were the same as those described above. The doses of protein
used in toxicity assays were 0.1, 1, or 10 �g of BoNT/A or 0.267, 2.67, or 26.7 �g
of progenitor toxin A per mouse. The animals (n � 15 per group per dose) were
observed for 15 days.

Preparation of anti-BoNT/A antiserum. Mice were injected i.p. with 5 �g of
HC mixed with Freund’s complete adjuvant (50:50). The animals subsequently
received 5 �g of HC on days 14 and 28 and 5 �g of BoNT/A on days 42 and 56,
each with Freund’s incomplete adjuvant (50:50).

ELISAs. Enzyme-linked immunosorbent assays (ELISAs) were performed as
described by Siegel (28) with only minor modifications. Highly purified (�95%)
BoNT/A was diluted to 5 �g/ml in phosphate-buffered saline, pH 7.4, and then
added to microtiter plates (100 �l/well) that were incubated at 4°C overnight in
a sealed container. One percent bovine serum albumin in Tris-buffered saline
with 0.1% Tween 20 was used to block nonspecific binding. Serum samples were
initially diluted 1:30 and then serially diluted fourfold for a total of seven
dilutions (1:30 to 1:122,880). The diluted sera were added in duplicate to toxin-
coated wells (100 �l/well). The secondary antibody was alkaline phosphate-
conjugated goat anti-human IgA or IgG diluted 1:1,000. The primary and sec-
ondary antibodies were incubated for 60 min at 37°C. p-Nitrophenyl phosphate
(100 �l/well) was added as a substrate. The plates were incubated at room
temperature for 30 min, and absorbance was measured with a microplate reader
at 405 nm. ELISA titers were defined as the reciprocal of the highest serum
dilution giving an absorbance of 0.2 (U) above background.

Statistical analyses. All data are presented as means 
 standard deviations.
The equality of variances was tested using the t test.

RESULTS

BoNT/A is an inhalation poison. Most cases of naturally
occurring botulism are oral in nature, and they can be charac-
terized as either primary intoxication or primary infection fol-
lowed by secondary intoxication. In primary intoxication, pa-
tients ingest food that is tainted with preformed toxin. In
primary infection, patients ingest clostridia that colonize the
gut and produce the toxin in situ.

Experiments were done to determine whether the respira-
tory system could serve as a portal of entry for primary intox-
ication. For this purpose, mice were challenged with three
doses of pure BoNT or progenitor BoNT. Challenge doses
were administered i.n. and i.p.

As shown in Fig. 1, pure BoNT is an inhalation poison. The
potency of the material is substantial, though not as great as
when the portal of entry is bypassed and the toxin is adminis-
tered directly into the peritoneal cavity. A closer examination
of the data reveals another interesting point. Figure 1 plots the
geometric means of survival times versus the log10 of the ad-
ministered dose. The resulting relationship is apparently linear
over the range of doses tested. This is similar to the outcome
that has been reported for oral, i.p., and intravenous adminis-
tration of toxin.

Experiments were also done to compare the potency of pure
BoNT with that of progenitor BoNT when administered i.n.
Interestingly, the presence of HA and NTNH in the progenitor
complex did not enhance toxicity. These data make it clear that
it is the pure neurotoxin that is an inhalation poison.

Transcytosis of pure BoNT/A. Human gut epithelial cells
grown in monolayer cultures have the ability to bind and tran-
scytose BoNT/A (20). This phenomenon operates in both the
apical-to-basolateral (A3B) and basolateral-to-apical (B3A)
directions, although the former is more efficient. Experiments
were done to determine whether human pulmonary adenocar-
cinoma (Calu-3) cells, when allowed to differentiate and po-
larize, would behave in a similar manner. Experiments were
also done with MDCK cells, which have the ability to differ-
entiate, polarize, and transcytose certain substances but which
have not been implicated in BoNT/A action.

125I-BoNT/A (10�8 M) was added either to the upper (viz.,
apical) or lower (viz., basolateral) sides of Calu-3 monolayers
in a Transwell apparatus, and the rate of appearance of iodin-
ated toxin on the contralateral side was monitored over a
period of 18 h. Interestingly, transcytosis of BoNT/A was de-
tected in both directions across the Calu-3 monolayers, and the
rate of transcytosis was apparently constant over the duration
of the experiment (Fig. 2A). The actual rate constants, which
are given in Table 1, indicate that the unidirectional flux of
125I-labeled BoNT/A in the A3B direction was approximately
twofold greater than that in the B3A direction (P � 0.01).

BoNT/A was also transported across MDCK cells, but the
rate of transcytosis was substantially less than that in Calu-3
cells (Table 1). This reinforces an earlier observation that
transcytosis of BoNT/A across MDCK cells was much lower
than that across gut epithelial (T-84) cells (20).

Additional experiments were done to determine whether a
primary cell line of rat alveolar origin would bind and transcy-
tose the toxin. Cells were isolated and plated as described in
Materials and Methods, and they were used in transcytosis
experiments as described above for cell lines. Figure 2B shows
the results of experiments in which 125I-BoNT/A (10�8 M) was
added to either the apical or basolateral sides of monolayers.
The rate constants calculated from the data (Table 1) indicate
that (i) transcytosis in the A3B direction was greater than that

FIG. 1. Relationship between concentration of BoNT/A and mean
survival time of mice. I.p. and i.n. administrations were studied, and
each point represents the average value (plus standard deviation)
obtained with 15 mice.
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in the B3A direction (P � 0.001) and (ii) regardless of direc-
tion, transcytosis in the Calu-3 cell line was slightly greater
than that in the primary cell culture. These rates are highly
likely to reflect transcytosis rather than paracellular move-
ment, because monolayers had patent tight junctions (see be-
low).

Structural integrity of transcytosed material. Active BoNT
is a dichain molecule linked by a disulfide bond. When this
bond is reduced, the holotoxin cannot poison intact cells.
Therefore, an effort was made to confirm that transcytosed
material retained its structural integrity.

125I-BoNT/A (10�8 M) was added to the upper wells, and
the entire contents of the lower wells were collected after 18 h.
This material was concentrated and then submitted to poly-
acrylamide gel electrophoresis and autoradiography. The re-
sults demonstrated that transcytosed toxin was almost entirely
in the active dichain form (Fig. 3). When this material was
reduced, it yielded an HC and a light-chain component that
were indistinguishable from those of native toxin.

Transcytosis of the HC of BoNT/A. Earlier work on gut
epithelial cells and on cholinergic nerve endings showed that
the BoNT/A holotoxin is not necessary for binding and inter-
nalization. The HC, and perhaps even the carboxy-terminal
half of the HC, may be sufficient (18). However, there is some
disagreement about the significance of binding and internal-
ization of the HC. Questions have been raised about whether,
at nerve endings, this process is relevant to the course of events
in poisoning with holotoxin (7). On the other hand, binding
and transcytosis of the HC in gut epithelial cells appears to be
similar to that of holotoxin (A. Maksymowych, unpublished
observation).

Experiments were done to determine whether the isolated
HC of BoNT/A could bind and cross either Calu-3 cells or
primary alveolar cells. Transcytosis of the HC, which was mea-
sured in both the A3B and B3A directions, was examined in
the same manner as transcytosis of BoNT/A. The data for
Calu-3 cells, which are shown in Fig. 4A and Table 1, show that

FIG. 2. Time course of BoNT/A transport in A3B and B3A directions across Calu-3 cells (A) and rat alveolar epithelial cells (B). Monolayers
were exposed for various times at 37°C to 125I-BoNT/A (10�8 M), which was added to the donor medium. At the indicated times, receptor media
were removed and measured for radioactivity as described in Materials and Methods. Each data point represents an average (plus standard
deviation) of three separate experiments with three replicates each.

FIG. 3. Autoradiogram of transcytosed 125I-BoNT/A across Calu-3
cells. 125I-BoNT/A that had passed through Calu-3 cells was separated
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10%).
Lanes a, c, and e, nonreducing conditions; lanes b, d, and f, reducing
conditions; lanes a and b, labeled starting material; lanes c and d,
material incubated with medium at 37°C for 18 h; lanes e and f,
transcytosed material.

TABLE 1. Transcytosis rates of BoNT/A and HC across
Calu-3 and rat alveolar epithelial cells

Molecule Cells Direction Transcytosis rate
(fmol/h/cm2)

BoNT/A Calu-3 A3B 0.422 
 0.076
B3A 0.206 
 0.037

Rat alveolar epithelial A3B 0.376 
 0.014
B3A 0.159 
 0.027

MDCK A3B 0.060 
 0.014
B3A 0.045 
 0.006

HC Calu-3 A3B 0.198 
 0.007
B3A 0.112 
 0.033

Rat alveolar epithelial A3B 0.140 
 0.050
B3A 0.132 
 0.026
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(i) 125I-HC was transported in both directions, although the
A3B rate was greater than the B3A rate (P � 0.05), and (ii)
the rate of transport of the HC was lower than that of BoNT/A
(P � 0.01). The primary cultures of alveolar epithelial cells also
transported [125I]-HC (Fig. 4B), but there was not a statistically
significant difference between the A3B rate and the B3A
rate (Table 1). Nevertheless, similarly to Calu-3 cells, the rate
of transport of holotoxin in primary cells was slightly greater
than that of the HC (P � 0.001).

Integrity of polarized monolayers and movement of toxin
across monolayers. There are two broad categories of mecha-
nisms by which a large protein such as BoNT can cross a
monolayer: (i) active transcellular movement, such as transcy-
tosis, and (ii) inactive paracellular movement, such as simple
diffusion. Earlier work on BoNT/A movement across polarized
monolayers of gut epithelial cells demonstrated the involve-
ment of an active transport process. The work presented above
suggests that BoNT/A can cross polarized monolayers of alve-
olar cells by a similar mechanism. Four additional types of
experiments were done to demonstrate that this assumption is
correct: (i) measurement of transcellular resistance, (ii) mon-
itoring of paracellular movement of [3H]inulin, (iii) determin-
ing the effect of low temperature on BoNT/A movement, and
(iv) determining the effect of serotype-specific antibodies on
BoNT/A movement.

The principal barrier to paracellular movement is the for-
mation of tight junctions. When tight junctions are formed,
there is a pronounced increase in TEER. Daily measurements
of TEER in monolayers of Calu-3 cells and MDCK cells re-
vealed that a high level of resistance (�1,000 �/cm2) was
attained by day 10, and this high level of resistance was nor-
mally maintained for �14 days. Monolayers of primary alveo-
lar cells reached a TEER of �1,500 �/cm2 by day 4, and this
was maintained for �2 days. For all experiments described in
this report, monolayers were used only when they displayed a
TEER of �1,000 �/cm2.

The structural integrity of the monolayer was further con-

firmed by monitoring the movement of [3H]inulin from the
apical to the basolateral sides of cells in a Transwell apparatus.
The experiments were done identically to those reported ear-
lier for BoNT, except that a higher concentration of inulin was
employed (1 mM). The average values obtained in three ex-
periments indicated that the A3B rate in Calu-3 cells fell
within the range of 0.01 to 0.07 nmol/h/cm2. The A3B rates
for MDCK and primary alveolar cells were even lower. These
values are a clear indication that paracellular diffusion of inulin
was hindered, and thus, that the structural integrity of cells and
tight junctions was intact (see Discussion).

The next set of experiments was designed to test the premise
that movement of toxin across the polarized monolayer is an
energy-dependent process. This was done by comparing the
rates of transcytosis at physiological temperature (37°C) and at
a low temperature (4°C). As shown in Fig. 5, reducing the
temperature had a profound effect, decreasing transcytosis by
ca. 81% (P � 0.001).

Finally, work was done to show that the movement of toxin
across the monolayer was dependent on structural determi-
nants within the toxin molecule, which would serve as another
indicator of an active process as opposed to a passive one. For
this purpose, 125I-BoNT/A was preincubated with either non-
immune serum or immune serum (1 h; 37°C). The incubation
mixture was then added to upper wells, and the amount of
transcytosis was measured over an 18-h period. The data
showed that there was a slight reduction in transcytosis with
nonimmune serum (ca. 20%) (Fig. 5). On the other hand,
preincubation with immune serum reduced transcytosis by ca.
76% (P � 0.001).

Systemic absorption of BoNT/A and HC after i.n. adminis-
tration. In vivo studies with mice (Fig. 1) demonstrated that
BoNT/A is an inhalation poison. Transcytosis experiments
(Fig. 2 and 4 and Table 1) demonstrated that both BoNT/A
and its HC are actively transported from the apical to the
basolateral side of polarized alveolar epithelial cells. There-
fore, additional experiments were done to quantify both the

FIG. 4. Time course of HC transport in A3B and B3A directions across Calu-3 cells (A) and rat alveolar epithelial cells (B). Monolayers were
exposed for various times at 37°C to 125I-HC (10�8 M), which was added to the donor medium. At the indicated times, receptor media were
removed and measured for radioactivity as described in Materials and Methods. Each data point represents an average (plus standard deviation)
of three separate experiments with three replicates each.
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time course and the amount of BoNT/A and HC appearance in
blood following i.n. administration.

Animals (n � 5 per group per data point [Fig. 6]) were given
either 125I-BoNT/A or 125I-HC by inhalation, and at various
times after protein administration, animals were sacrificed and
blood was collected. The animals that received BoNT/A were
monitored for 3 h, at which time toxin-induced flaccid paralysis
was apparent. The animals that received the HC were moni-
tored for 6 h, and as expected, they did not develop flaccid
paralysis or any other adverse effects.

As shown in Fig. 6, the time point for maximum protein
concentration in the blood was �2 h. However, the peak value
for BoNT/A was higher than that for the HC. For both pro-
teins, there was rapid clearance after attainment of peak val-
ues.

Evaluation of HC as an inhalation vaccine against BoNT/A.
There is an extensive literature demonstrating that the HCs of
BoNT and tetanus toxin are the most immunogenic portions of

the holotoxins, and furthermore, that these components can be
used as parenteral vaccines against the parent molecules (1, 5,
23). The data in Fig. 6 indicate that the HC of BoNT/A can be
administered by the i.n. route to reach the general circulation,
and it does not evoke toxicity. Therefore, this component was
tested as a potential inhalation vaccine.

Mice (n � 5 per group) received various doses of the HC
(0.1, 1.0, and 10 �g/mouse) at 0, 1, 2, 3, and 4 weeks. Each dose
was administered by the i.n. route. At 5 weeks, all animals were
challenged with 3 � 104 LD50 of BoNT/A by the i.p. route.
Animals that had not been immunized with the HC died within
1 h of challenge, and the same result was obtained with animals
that received 0.1 �g/mouse. However, 20% of the animals that
received 1.0 �g survived, and 100% of the animals that re-
ceived 10 �g survived (Fig. 7). In view of the substantial chal-
lenge dose that was administered, the protection at the high
dose of the HC was impressive.

Animals that had been immunized with the HC were also
used to measure evoked levels of IgG. Similar to the challenge
experiments, the IgG experiments yielded a dose-response
curve. The ELISA titer at the 1-�g dose was 0.93 log10 units,
and the titer at 10 �g was 4.00 log10 units. Thus, the combined
data indicate that a sufficient titer of IgG, and resistance to
challenge with 3 � 104 LD50, occurs at an inhalation dose
between 1 and 10 �g.

DISCUSSION

There are a variety of reasons for studying the interaction
between BoNT and the respiratory system, two of which are
especially compelling. First, the possibility that the toxin can be
absorbed through the respiratory system means that special
attention must be focused on this phenomenon in the context
of bioterrorism. Oral poisoning due to BoNT has long been
recognized as a potential threat, but the potential threat due to
inhalation poisoning has not been widely appreciated. The
data presented in this report show that both oral and inhala-
tion poisoning should be sources of concern. On a completely

FIG. 5. Effects of temperature and preincubation with BoNT/A-
specific antiserum on A3B BoNT/A flux across Calu-3 cells. Each
data point represents an average (plus standard deviation) of three
separate experiments with three replicates each.

FIG. 6. Concentrations of BoNT/A and HC in plasma after i.n.
administration of 125I-BoNT/A (36.4 �g/kg) or 125I-HC (24.4 �g/kg).
The values represent the means (
 standard deviations) for five mice.

FIG. 7. Survival rate and anti-BoNT/A IgG responses after i.n.
administration of HC. Mice were immunized i.n. with three different
doses of the HC on days 0, 7, 14, 21, and 28. Challenges with 3 � 104

LD50 of BoNT/A were given i.p. on day 35. Serum samples were also
taken on day 35, and serum antibody titers were determined by a
BoNT/A-specific IgG ELISA. The values represent the means (plus
standard deviations) for five mice.
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different note, the possibility that the toxin—or a fragment
derived from it—can penetrate epithelial membranes raises
the possibility that the toxin can be reengineered to create an
inhalation vaccine. More precisely, a derivative could be ad-
ministered at doses that trigger a substantial IgG response
without eliciting any adverse effects. This would represent a
completely unique therapeutic application of BoNT. Though
strikingly different in their implications for human health and
well being, both the potential threat as an agent of bioterror-
ism and the potential utility as an inhalation vaccine serve as
strong motivation to develop a better understanding of BoNT
interaction with the respiratory system.

BoNT/A is an inhalation poison. The overwhelming majority
of cases of naturally occurring botulism can be traced to an oral
etiology (i.e., primary intoxication or primary infection with
secondary intoxication). Furthermore, virtually all known cases
of the disease are due to progenitor toxin rather than pure
toxin (but see below). The ability of progenitor toxin to pro-
duce naturally occurring poisoning is linked to two of its char-
acteristics. First, the intertwined structure of the progenitor
toxin is highly resistant to the harsh conditions of low pH and
proteolytic enzymes in the gut (2, 6, 31). Second, the toxin itself
is capable of binding to receptors on epithelial cells that me-
diate internalization and transcytosis (20). Thus, the complex
of the toxin and associated proteins has both the ability to
survive degradation in the gut and the ability to escape the
lumen and reach the general circulation.

It is important to note that the role of associated proteins is
relative rather than absolute. For example, laboratory animal
experiments have shown that progenitor toxin is a very potent
oral poison, but higher doses of pure toxin can also act as an
oral poison (21). As another example, at least one episode of
human poisoning has been attributed to a strain of clostridia
that does not possess the gene for HA (Eric Johnson, personal
communication). Thus, that protein could not have contrib-
uted to poisoning.

The fact that BoNT/A by itself can penetrate gut epithelial
cells raises the obvious question of whether it might penetrate
other epithelial cells, and especially those that serve as a
boundary between the outside world and the general circula-
tion. Also, the fact that associated proteins play the principal
role of protecting the toxin from low pH and proteolytic en-
zymes raises the question of whether they would be essential in
portals of entry that do not have such harsh conditions. For
obvious reasons, airway epithelial cells and the inhalation
route are logical choices as cells and systems in which to an-
swer these questions about BoNT.

The literature on BoNT as an inhalation poison is very
limited (13). Indeed, there has never been a publication that
fully describes the phenomenon of primary intoxication. Nev-
ertheless, there has been a general acceptance of two premises:
(i) the toxin can act by the inhalation route, and (ii) most
research dealing with this phenomenon is unpublished work
related to bioterrorism.

In the present study, an attempt has been made to begin the
process of characterizing the interaction between BoNT/A and
the respiratory system. This has involved experiments on ho-
mogeneous epithelial cell lines of human alveolar origin and a
primary epithelial cell culture of rat alveolar origin and inha-
lation studies of mice. The work done here on Calu-3 cells and

primary cell cultures shows that pure BoNT/A can cross po-
larized monolayers that have tight junctions. Work done in
vivo shows that both progenitor toxin and pure toxin can cross
epithelial membranes and cause toxicity. Somewhat less neu-
rotoxin crossed cells when it was in complex with associated
proteins. Similar findings have been obtained when the abili-
ties of progenitor toxin and pure toxin to cross intestinal cells
have been compared (A. Maksymowych, personal communi-
cation).

It is highly likely that toxin crossed airway cells by transcy-
tosis rather than paracellular movement. Several lines of evi-
dence support this conclusion, including the following: (i)
TEER measurements demonstrated a high level of resistance,
which is consistent with patent tight junctions; (ii) paracellular
movement of inulin, a molecule that is �2 orders of magnitude
smaller than BoNT/A, was hindered, and this too is consistent
with structurally intact tight junctions; (iii) low temperature
greatly diminished the movement of BoNT/A across epithelial
cells, which is suggestive of active transport rather than simple
diffusion; and (iv) serotype-specific antibody virtually abol-
ished toxin movement across cell layers, making simple diffu-
sion unlikely.

The cumulative data strongly support the premise that
BoNT/A is an inhalation poison and that poisoning is due to
the active process of binding and transcytosis across airway
epithelial cells. In contrast to oral poisoning, inhalation poi-
soning does not benefit from the presence of auxiliary proteins.

It is unlikely that the ability of the toxin to enter the body
through the respiratory system will ever have major signifi-
cance in the context of naturally occurring poisoning. With the
exception of specialized settings, such as laboratories that han-
dle the toxin, the prospects for exposure by inhalation are
slight. This concept is amply verified by the clinical literature
on the incidence of botulism. However, there is the unfortu-
nate prospect that poisoning could occur in an unnatural man-
ner. The data reported here are consistent with the premise
that BoNT could be exploited as an inhalation agent in bio-
logical warfare or bioterrorism (11).

The HC of BoNT/A mediates absorption. Research on gut
epithelial cells has shown that the HC is both necessary and
sufficient to mediate binding and transcytosis. Work on cho-
linergic nerve endings, which are the target organ for toxin
action, has shown that the HC is necessary for binding, but the
question of whether it is sufficient remains unresolved. It has
been reported that the HC binds to nerve endings and is
internalized, but its intraneuronal fate is different from that of
the holotoxin (7).

The work reported here demonstrates that the HC of
BoNT/A can penetrate airway epithelial cells both in vivo and
in vitro. The HC appears to be slightly less efficient than the
holotoxin, but the magnitude of the disparity is not great. The
slight difference in efficiency could be due to one of two broad
causes: (i) when the HC is separated from the rest of the toxin
molecule, its structure is altered in a way that diminishes af-
finity for receptors on epithelial cells, and (ii) there is some
portion of the light chain that acts in concert with the HC to
produce maximal binding affinity. Work to further characterize
the mechanisms that underlie BoNT/A binding to epithelial
cells is under way.

BoNT/A can be modified to create an inhalation vaccine.
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The finding that a truncation fragment of BoNT/A can be
absorbed by the inhalation route has an immediate and obvi-
ous clinical implication. There is a substantial body of research
indicating that the HCs of clostridial neurotoxins are immu-
nogenic and that parenteral administration of these com-
pounds can evoke immunity against the parent toxins. Indeed,
clinical trials are under way in which the carboxy-terminal half
of the HC of BoNT/A is being tested as an injection (subcu-
taneous) vaccine against native toxin (5). The fact that the HC
is an efficient immunogen, combined with the fact that it can be
absorbed through the airway, raises the prospect that the HC
can serve as an inhalation vaccine against botulism.

In an initial series of experiments, the abilities of three doses
of the HC to evoke immunity against a substantial challenge
dose of native toxin (3 � 104 LD50; i.p.) were tested. At the
highest dose tested (10 �g/animal/administration), there was
complete immunity. In relation to these experiments, it should
be noted that inhalation administration of the HC leads to
systemic appearance of the protein, and the lethal dose of
BoNT/A was administered systemically. This suggests that im-
munity was IgG mediated but does not necessarily exclude a
mucosal mechanism. To address the latter possibility, immu-
nity experiments have been initiated in animals that lack Pey-
er’s patches and therefore are deficient in the ability to initiate
a mucosal immune response.

Regardless of whether immunity ultimately proves to be
systemic, mucosal, or a combination of the two, the data show
that the HC can serve as an inhalation vaccine. The resistance
that this vaccine evokes could confer protection against botu-
lism that is either naturally occurring or the product of malice.
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