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Transcutaneous immunization (TCI) is a new technique that uses the application of vaccine antigens in a
solution on the skin to induce potent antibody responses without systemic or local toxicity. We have previously
shown that cholera toxin (CT), a potent adjuvant for oral and nasal immunization, can induce both serum and
mucosal immunoglobulin G (IgG) and IgA and protect against toxin-mediated mucosal disease when adminis-
tered by the transcutaneous route. Additionally, CT acts as an adjuvant for coadministered antigens such as
tetanus and diphtheria toxoids when applied to the skin. CT, a member of the bacterial ADP-ribosylating exo-
toxin (bARE) family, is most potent as an adjuvant when the A-B subunits are present and functional. We now
show that TCI induces secondary antibody responses to coadministered antigens as well as to CT in response
to boosting immunizations. IgG antibodies to coadministered antigens were also found in the stools and lung
washes of immunized mice, suggesting that TCI may target mucosal pathogens. Mice immunized by the
transcutaneous route with tetanus fragment C and CT developed anti-tetanus toxoid antibodies and were
protected against systemic tetanus toxin challenge. We also show that bAREs, similarly organized as A-B
subunits, as well as the B subunit of CT alone, induced antibody responses to themselves when given via TCI.
Thus, TCI appears to induce potent, protective immune responses to both systemic and mucosal challenge and
offers significant potential practical advantages for vaccine delivery.

Transcutaneous immunization (TCI), introduction of anti-
gens by topical application to intact skin, has many practical
merits compared to injectable routes of administration. This
needle-free method of vaccine delivery could decrease the risk
of needle-borne diseases, reduce the complications related to
physical skin penetration, and improve access to vaccination by
eliminating the need for trained personnel and sterile equip-
ment. As an initial step toward the development of this new
route of immunization, we recently reported that cholera toxin
(CT) acts as an adjuvant for coadministered antigens when
applied to the surface of the skin (14).

CT is an 86-kDa heterodimeric protein which is secreted by
the bacterium Vibrio cholerae when colonizing the small intes-
tine, where the toxin induces massive fluid secretion by the in-
testinal epithelium (9, 23). CT is organized as an A-B5 proen-
zyme with the ADP-ribosyltransferase activity contained in the
A subunit and its target cell binding region located on the B
subunit which binds to the ubiquitous cell membrane ganglio-
side GM1 (18, 22). While a profound rise in the level of intra-
cellular cyclic AMP upon binding of CT to the ganglioside GM1
on the intestinal epithelia is thought to lead to fluid loss and
diarrhea, the mechanism of its adjuvant effect in the immune
system is not fully understood (25). CT is a member of the
bacterial ADP-ribosylating exotoxin (bARE) family, which
also includes Escherichia coli heat-labile enterotoxin (LT),
Bordetella pertussis-derived pertussis toxin (PT), Pseudomonas
aeruginosa exotoxin A (ETA), and Corynebacterium diphtheria-
derived diphtheria toxin (22).

When administered perorally or intranasally, CT induces
antibody responses against both itself and coadministered pro-

teins and is thus considered a potent mucosal adjuvant (11, 31).
The perceived toxicity of CT and the related toxin LT has
limited the widespread use of these proteins as vaccine com-
ponents and adjuvants and has led to mucosal strategies in-
volving nontoxic mutants (10, 13, 24, 31) and purified B
subunits (19, 32). However, we have recently found that ap-
plication of CT to the skin induces potent immune responses
without evidence of the systemic toxicities that accompany its
use via oral, nasal, or parenteral routes (14). Thus, TCI allows
the use of native CT as an adjuvant without causing the ex-
pected side effects.

We have shown in previous studies that application of CT
along with other proteins induces antibody responses against
both the toxin and coadministered proteins (14) and that anti-
CT antibodies are sufficient to protect the immunized animals
from a lethal mucosal challenge with the toxin (15). We now
show that the use of CT as an adjuvant results in classic secon-
dary antibody responses to boosting, the presence of mucosal
antibodies to coadministered antigens, and systemic protection.

MATERIALS AND METHODS

Animal care and use. The work described in this paper was conducted under
a protocol approved by the Institute’s Laboratory Animal Care and Use Com-
mittee in accordance with the Guide for the Care and Use of Laboratory Animals
(28a) in facilities that are fully accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care, International. The animals were
cared for by the Department of Animal Medicine, Walter Reed Army Institute
of Research, with biosafety level 2 precautions.

Immunization and antigens. CT, CT B subunit (CTB), CTA, ETA, diphtheria
toxoid (DT), tetanus fragment C (tetC), tetanus toxoid, and tetanus toxin were
obtained from LIST Biologicals (Campbell, Calif.), and bovine serum albumin
(BSA) and LT were obtained from Sigma (St. Louis, Mo.). BALB/c mice, 6 to 8
weeks of age, were shaved on the dorsum with a no. 40 clipper and rested for 48 h.
The mice were anesthetized with ketamine-xylazine during the immunization pro-
cedure to prevent grooming. The skin was wetted with 100 ml of immunizing
solution placed on the shaved skin over a 2-cm2 area and left for 2 h. The mice
were then extensively washed with approximately 1 liter of lukewarm tap water,
patted dry, and washed again. No adverse effects from the shaving, anesthesia,
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immunization, or washing procedures were observed. Neither erythema nor indu-
ration was seen at the immunization site for up to 72 h after the antigen exposure.

ELISA. Antibody levels against CT, CTB, CTA, LT, ETA, BSA, DT, and tetC
were determined by an enzyme-linked immunosorbent assay (ELISA). Immu-
lon-2 polystyrene plates (Dynatech Laboratories, Chantilly, Va.) were coated
with 0.1 mg of antigen in saline per well, incubated at room temperature over-
night, blocked with 0.5% casein–Tween 20, and washed; serial dilutions of sera
were applied; and the plates were incubated for 2 h at room temperature.
Specific immunoglobulin G (IgG) heavy-plus-light-chain (H1L) antibody was
detected by using horseradish peroxidase-linked goat anti-mouse IgG (H1L)
(Bio-Rad, Richmond, Calif.) and revealed after 30 min with 2,29-azinobis(3-
ethylbenzthiazolinesulfonic acid) substrate (ABTS; Kirkegaard & Perry, Gaith-
ersburg, Md.), and the reaction was stopped with 1% sodium dodecyl sulfate.
The plates were read at 405 nm. IgA antibody levels were determined as above
with goat anti-mouse IgA (Zymed, South San Francisco, Calif.) as the secondary
antibody. Results reported in ELISA units were determined by using the inverse
dilution of the serum that yields an optical density of 1.0. In all cases, ELISAs
were conducted to discount the role of cross-reactivity between coadministered
antigens (data not shown).

Lung washes and stool collection. Lung washes were obtained from immu-
nized mice. The mice were sacrificed, the trachea was transected, 22-gauge
polypropylene tubing was inserted, and phosphate-buffered saline was infused to
gently inflate the lungs. The infused material was then withdrawn and reinfused
for a total of three cycles and stored at 220°C. Stool pellets were collected the
day before challenge after spontaneous defecation, weighted, homogenized in
1 ml of phosphate-buffered saline per 100 mg of fecal material, and centrifuged,
and the supernatant was collected and stored at 220°C.

Tetanus toxin challenge. Mice were challenged with tetanus toxin as previously
described (12). The mice were injected subcutaneously in the scruff of the neck
with 10 ng of tetanus toxin in nutrient broth-borate buffer (1:1) and were ob-
served for 7 days. Those that developed severe paralysis were euthanized.

125I labeling of CT. CT was labeled with chloramine-T as previously described
(8). The resulting activity of the 125I-labeled CT was shown to be 1.5 3 106

counts/min/mg.
Statistical analysis. Unless otherwise indicated, the data shown are the geo-

metric means and standard errors of the mean (SEM) from values obtained with
individual animals. Antibody titers in groups were compared by an unpaired
two-tailed Student t test, and P , 0.05 was regarded as significant.

RESULTS

Antibody response to CT and other ADP-ribosylating exo-
toxins. We recently reported that CT placed on the skin in sa-
line solution acts as a potent immunogen and elicits a strong
systemic anti-CT antibody response (14) (Table 1). By contrast,
BSA applied in the same fashion does not induce a readily
detectable anti-BSA response. Since CT is a member of the
bARE family, we tested whether other proteins in this group
might also induce circulating antibodies after application to the
skin. Similar to CT, purified CTB induced a strong antibody
response (Table 1). Although purified preparations of CTB
may contain small amounts (,0.01%) of enzymatic CTA, re-
combinant CTB, which lacks CTA entirely, was equally immu-
nogenic compared to purified CTB. In contrast, purified CTA
induced no anti-CTA IgG titers, suggesting that CTB activity is
important for TCI. LT, which is similar to CT in size, amino
acid sequence, and receptor binding (4, 31), induced a potent
antitoxin antibody response in the sera. ETA, which contains
both A and B domains on the same peptide and bears little
structural homology to LT or CT (22), also induced a transcu-
taneous antibody response against itself. Therefore, as a group,
these members and subunits of the bARE family appear active
when applied as antigens for TCI.

Antibody dose response to CT and LT. Initial studies with
CT as an immunogen indicated that 100 mg of antigen was
sufficient to induce high levels of antibodies in serum (14, 15).
To describe the dose-response relationship between CT and its
resulting humoral response, different amounts of CT (1 to 300
mg) in a fixed volume of saline were applied to the skin. The
mice were immunized and boosted 4 and 8 weeks later. No
significant difference was found in the responses to 300 mg and
to 100 mg, but the antibody titer at all other doses was signif-
icantly different (Fig. 1). A clearly detectable response was ob-
served in doses as low as 3 mg. Similarly, LT induced antigen-

TABLE 1. Antibody responses to CT, CT subunits,
and other bAREsa

Immunizing
antigen

Antibody
specificity

Mean IgG titer in serum
(ELISA units) SEM

CT Anti-CT 39,828 17,826–44,838
CTB Anti-CTB 7,480 3,756–14,896
rCTBb Anti-CTB 9,324 5,271–13,372
CTA Anti-CTA 0 0
LT Anti-LT 22,461 20,262–27,167
ETA Anti-ETA 3,758 1,951–77,240
BSA Anti-BSA 0 0

a BALB/c mice (n 5 5) were immunized with 100 mg of antigen at 0 and 3
weeks. Antibody titers were measured by ELISA at 6 weeks. The results are
reported as the geometric mean 6 SEM of individually assayed sera in ELISA.

b rCTB, recombinant CTB.

FIG. 1. Dose-dependent antibody response to CT (A) or LT (B) in mice immunized by the transcutaneous route. (A) The mice (n 5 5) were immunized at 0, 4,
and 8 weeks, and serum was analyzed for anti-CT IgG (H1L) titers at 12 weeks. (B) The mice (n 5 5) were immunized at 0 weeks, and serum was analyzed for anti-LT
IgG (H1L) titers 3 weeks later. The results shown are the geometric mean and SEM of IgG titers measured in sera from five individual animals and reported in ELISA
units, the inverse dilution at which the absorbency is equal to 1.0 at 405 nm. An asterisk denotes a statistically significant difference (P # 0.05) in antibody titer compared
to the response in the high-dose groups.
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specific antibody titers in a dose-dependent manner after a
single immunization, and 10 mg was clearly immunogenic.

Kinetics of the antibody response to CT and coadministered
antigen. Previous studies indicated that CT acts as an adjuvant
when coadministered with another protein such as DT (14). In
the present study, we examined the kinetics of the antibody
response associated with TCI. The potent antibody response to
a priming dose with CT as an immunogen was further in-
creased after the second and third immunizations (Fig. 2A). By
comparison, the antibody response to LT as an immunogen
was less pronounced but also increased after the second and
third immunizations. The secondary antibody response to CT,
when administered as an adjuvant with DT or BSA, was not
diminished compared to the response to CT alone (Fig. 2C and
E). The antibody response to the coadministered antigens DT
and BSA was clearly enhanced by using CT as an adjuvant and

showed a secondary antibody response upon boosting (Fig. 2D
and F). The antibody response to DT and BSA could be boost-
ed with CT as an adjuvant despite the high levels of preexisting
CT antibodies (Fig. 2D and F).

Reimmunization with coadministered antigens. The ability
to reimmunize previously immunized animals with another an-
tigen and CT as an adjuvant was evaluated with DT and BSA.
Mice were immunized and boosted on the skin with DT, with
CT as an adjuvant. The same mice were then reimmunized
on the skin with BSA, also with CT as an adjuvant. As shown
in Fig. 3, the mice initially produced both anti-CT and anti-
DT antibodies as expected. After the same mice were im-
munized and boosted with BSA plus CT adjuvant, they pro-
duced anti-BSA antibodies of a magnitude similar to naive
mice vaccinated only with CT and BSA, as shown in the pre-
vious experiment (Fig. 2F). Thus, reimmunization with a sec-

FIG. 2. Kinetics of the IgG (H1L) antibody response to CT (A, C, E), LT (B), DT (D), or BSA (F) in animals immunized and boosted (arrows) by the
transcutaneous route. The mice (n 5 5) were immunized with CT alone (100 mg) (A), LT alone (100 mg) (B), CT plus DT (100 mg of CT 1 100 mg of DT [black circles])
(C and D), DT alone (100 mg [gray circles]) (D), CT plus BSA (100 mg of CT 1 200 mg of BSA [black circles]) (E and F), or BSA alone (200 mg [gray circles]) (F).
Gray circles in panels D and F indicate antibody levels to DT or BSA, respectively, in mice vaccinated without using CT as the adjuvant. Antibody titers were measured
by ELISA at multiple time points. The results are reported as the mean 6 SEM. Similar results were obtained in two independent experiments.
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ond coadministered antigen with CT as an adjuvant appears
feasible in the context of TCI.

Antibody response to CT and coadministered antigens at
the mucosa. We recently reported that CT administered via
TCI induces protective anti-CT antibodies detectable at the
mucosal surfaces (15). To determine whether CT also induces
an antibody response against coadministered antigen detect-
able at the mucosal surfaces, mice were immunized transcuta-
neously with CT as an adjuvant for DT and the mucosal (lung
and stool) anti-CT and anti-DT IgG and IgA titers were eval-
uated. Anti-CT IgG and IgA were detected in the lung wash
and stool samples from mice immunized with CT alone or with
CT as an adjuvant for DT (Fig. 4A and B). Animals exposed to
both CT and DT exhibited anti-DT IgG responses in the lung
wash and stool samples (Fig. 4C). Anti-DT IgA was not found
in these mice, and IgG and IgA were not detected in the stool
or lung wash samples from animals exposed to DT alone.

Tetanus toxin Challenge. Previous studies have shown that
TCI can protect against lethal mucosal toxin challenge (15). In
this experiment, we tested the ability of TCI to confer protec-
tion against systemic tetanus toxin challenge. A papain de-
rivative of tetanus toxin, tetC, which has been shown to be
a protective antigen (12), was used with CT as an adjuvant. As
shown in Table 2, all mice immunized with tetC plus CT pro-
duced anti-tetC and anti-tetanus toxoid antibodies. Two mice
immunized with tetC alone produced a low-level anti-tetC
response. In accordance with these results, all mice immunized
with CT plus tetC were protected against tetanus toxin chal-
lenge, as were the two responders in the tetC alone group. No
protection was seen in mice immunized with CT or CT plus
sequestrin, an irrelevant protein (data not shown).

Fate of 125I-labeled CT administered by TCI. The possibility
that oral immunization occurred through grooming was eval-
uated by using 125I-labeled CT to track its fate. CT is exquis-
itely sensitive to inactivation by gastric acid, and for this reason
oral immunization with CT is normally performed with bicar-
bonate to neutralize the pH in the stomach (5). Therefore, it
seemed unlikely that ingestion of the CT remaining after ex-
tensive washing would account for the potent systemic anti-
body response observed following TCI. Previous studies per-
formed in our laboratory revealed that mice fed 10 mg of CT in
saline developed a detectable but significantly lower antibody
response to CT than did animals given CT via TCI (,1,000 and
39,000 anti-CT ELISA units, respectively). In the present
study, mice were anesthetized and immunized on the back with
100 mg of 125I-labeled CT containing 1.5 3 106 counts/min/mg.

Control mice remained anesthetized for 6 h to exclude groom-
ing, and experimental mice were anesthetized for 1 h and then
allowed to groom after being washed. The mice were sacrificed
at 6 h, and their organs were weighed and assayed for 125I on
a Packard gamma counter. A range of 2 to 3 mg of CT
remained on the skin at the site of immunization after washing
(14,600 cpm/mg of tissue), while a maximum of 0.5 mg of CT
was detected in the stomach (661 cpm/mg of tissue) and intes-
tines (9 cpm/mg of tissue). Additionally, guinea pigs, animals
that are unable to groom their backs, developed high levels of
anti-CT antibodies in response to TCI (unpublished observa-
tions). These data suggest that oral immunization does not
significantly contribute to the circulating antibodies detected
when CT is placed on the skin.

DISCUSSION
In previous studies, we found that TCI results in potent

antibody responses (14) and that protection against CT-medi-
ated mucosal disease can be elicited (15). In the present study,
we show that TCI induces secondary antibody responses to
boosting (Fig. 2), responses to coadministered antigens that
can be detected at the mucosa (Fig. 3), and protection against
systemic toxin challenge (Table 2). These immunological re-
sponses to TCI are desirable outcomes of vaccine adjuvant use,
and thus TCI may have broad application to vaccine strate-
gies requiring antibody responses. Although the underlying
immune mechanisms leading to TCI remain to be deter-
mined, the role of Langerhans cells acting as antigen-present-
ing cells activated by adjuvants may explain the phenomenon
of immunization through intact skin, since these cells are be-
lieved to be the only antigen-presenting cells in uninflamed
skin (33). Thus, TCI may provide powerful access to the im-
mune system as well as opening a new route for vaccine deliv-
ery.

Most vaccines require multiple boosts to achieve protective
levels of antibodies. We found that TCI results in secondary
antibody responses to boosting and that high levels of anti-
bodies to the coadministered antigens, DT or BSA, can be
achieved (Fig. 2). Interference with the ability to boost coad-
ministered antigens by the simultaneous boosting of CT anti-
bodies was not seen despite the high level of response to CT.
Similarly, reimmunization with BSA after the induction of
anti-DT antibodies was demonstrated despite high preexisting
levels of anti-CT antibodies. Thus, a potent multivalent anti-
gen-specific response to TCI was achieved through boosting of
the secondary antibody response without interference.

The tetanus challenge model was selected to evaluate wheth-
er TCI could produce a protective immune response against a
vaccine-preventable disease. The correlate for systemic protec-
tion against tetanus is known to be the induction of antitoxin
IgG in serum (26). Both antigen-specific IgG and protection
were readily induced by TCI, suggesting that this method in-
duces functional responses that may be used for other vaccines.
Since TCI induced both systemic and mucosal antibodies to
the coadministered antigens, the TCI approach may be bene-
ficial for diseases stemming from mucosal pathogens. Protec-
tion against toxin-mediated diseases, such as diphtheria, teta-
nus, and possibly pertussis, is known to be mediated in large
part by antitoxin antibodies (30). The ability of TCI to induce
high levels of anti-CT antibodies has raised the possibility of an
effective antitoxin enteric vaccine (15). Anti-CT immunity can
be completely protective in animals (17, 29) and clearly con-
tributes to immunity in resistant humans (6). Although the
correlates for protection against other vaccine-preventable dis-
eases such as diphtheria and Haemophilus influenzae b infec-
tion are also known to be antigen-specific IgG in serum (16,

FIG. 3. TCI of mice with preexisting anti-CT and anti-DT titers with a third,
unrelated antigen (BSA). The mice were immunized by the transcutaneous route
at 0, 4, and 8 weeks with CT (100 mg) and DT (100 mg) and then exposed to CT
(100 mg) and BSA (200 mg) at 13 and 17 weeks after the first immunization.
Serum collected from the animals at 0, 13, and 20 weeks was analyzed. The
results are reported as the mean 6 SEM for groups of five mice. Similar results
were obtained with BSA as the primary immunogen and DT as the second
immunogen.
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30), the presence of mucosal IgG is also likely to be important
for protection against these mucosal pathogens (20).

The presence of antigen-specific antibodies in the mucosa
after TCI may be due to local production by antibody-secreting
cells (IgA) or through transudation of circulating immunoglob-
ulin from the sera (IgG or IgA). In general, mucosal IgG is
thought to be transudative (28), and such responses are clearly
protective against influenza (7). On the other hand, IgA de-
tected at the mucosal level is usually presumed to be of local
origin (31), but this remains to be determined for the anti-CT
IgA produced by TCI, since high levels of anti-IgA are present
in the sera of immunized mice (15). Thus, although TCI is
similar to intramuscular immunization in that TCI induces
serum IgG to coadministered antigen, TCI raises the levels of
serum and mucosal IgG antibodies to coadministered antigens
as well as the levels of serum and mucosal IgA antibodies to
CT.

A structurally dissimilar bARE, ETA, was used to determine
if the phenomenon of TCI might be more generalized. ETA,
derived from P. aeroginosa, is a single 613-amino-acid peptide
with A and B domains on the same peptide. This is unlike CT
and LT, which are composed of large (86-kDa), noncovalently
linked subunits with A-B5 stoichiometry (22). ETA binds to an
entirely different receptor, the a2-macroglobulin receptor/low-
density lipoprotein receptor-related protein (21). Despite the
dissimilarities in size, structure, and binding target between
ETA and CT, ETA also induced a transcutaneous antibody
response. Thus, TCI is not entirely dependent on CT or LT
binding of ganglioside GM1, as suggested by the poor response
to CTA alone, and the adjuvant effects seen with TCI may not

be exclusively dependent on CT. bAREs such as ETA, LT, and
other adjuvants may provide alternative antigens and adjuvants
on the skin and may lead to new strategies for induction of
protective immunity. Although the optimal dose of CT as an
adjuvant is not known, CT is clearly active as an antigen at
doses as low as 3 mg (Fig. 1), indicating that lower doses of CT
or other adjuvants may be effective.

Several experiments were designed to evaluate the potential

TABLE 2. Protection against subcutaneous challenge
with tetanus toxina

Mouse
tag no.

Immunization
antigen

Antibody titer (ELISA units) Survival at
10 daysAnti-CT Anti-tetC Anti-TT

5401 tetC 26 48 36 2
5402 tetC 35 677 422 1
5403 tetC 19 15 18 2
5404 tetC 21 43 30 2
5405 tetC 17 110 70 1

5406 CT 1 tetC 277,606 7,469 1,402 1
5407 CT 1 tetC 147,439 5,499 5,213 1
5408 CT 1 tetC 34,134 .12,800 .12,800 1
5409 CT 1 tetC 1,488,896 .12,800 .12,800 1
5410 CT 1 tetC 36,079 2,359 84 1

a Mice were immunized with TetCT (100 mg) and/or CT (100 mg) at 0, 4, 9, and
15 weeks. Three weeks later (18 weeks), the animals were bled for analysis of
anti-CT, TetC, and tetanus toxoid Ig (H1L). The mice were then challenged
with tetanus toxin (10 ng/animal) by the subcutaneous route at the nape of the
neck and evaluated for survival.

FIG. 4. Responses to CT and coadministered antigens DT at the mucosa. Mice (n 5 5) were immunized with CT (100 mg) (left), DT (100 mg) (middle), or CT plus
DT (100 mg each) (right) at 0, 8, and 18 weeks by TCI. At 30 weeks later, stool samples and lung wash extracts were collected and analyzed for anti-CT (A and B)
and anti-DT (C) Ig. Antigen-specific IgG (A and C) and IgA (B) titers were measured. Curves showing the titers from individual animals are plotted. Control stool
preimmune samples from mice and control lung washes from mice immunized with an irrelevant protein, ricin A subunit, had optical densities of 0. The results are
representative of data observed in two independent experiments.
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role of grooming in the antibody response in mice immunized
via TCI. The experiments have shown that mice immunized by
oral feeding or gastric infusion in the absence of buffering of
the acidic gastric environment develop far lower antibody titers
to CT than do those given CT by TCI. These low antibody re-
sponses suggest that CT, as was found in other studies, does
not tolerate the low gastric pH (5) and that oral intake of the
holotoxin does not play an important role in the antibodies
induced by TCI. The 125I labeling of CT showed that the actual
amount of CT which might be ingested is at least 1 log unit
below the dose delivered in oral feeding experiments. The
maximum amount of ingested 125I-labeled CT was calculated
to be 0.5 mg, far below the dose required to induce a high anti-
CT antibody response when administered orally without bicar-
bonate. Because mice could be immunized through nicks in the
skin, the animals were shaved 48 h before immunization, and
the rare nicked mouse was eliminated from the experiment.
More importantly, several studies have also shown that mice
can be effectively be immunized on the unshaved surface of the
ear (15).

TCI appears to offer a new method for the delivery of vac-
cines, with special advantages for multiple boosting immuniza-
tions or multivalent-vaccine delivery. TCI may avoid the need
for sterile techniques and equipment and highly trained person-
nel, thereby circumventing the problems of blood-borne spread
of disease from the reuse of both needles and jet injectors (1–3,
35) and decreasing the barriers to immunization. Intradermal
injection and jet injector systems, which can achieve immune
responses superior to that produced by the intramuscular route
(27, 34), presumably target anatomical sites which are similar
to those targeted by TCI, suggesting that TCI may be an immu-
nologically sound approach to vaccination. Thus, TCI appears
to induce potent, functional immune responses coupled with
significant practical advantages for vaccine delivery.
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