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Vaccine strategies, such as influenza virus vaccination of the elderly, are highly effective at preventing
disease but provide protection for only the responding portion of the vaccinees. Adjuvants improve the
magnitude and rates of responses, but their potency must be attenuated to minimize side effects. Topical
delivery of strong adjuvants such as heat-labile enterotoxin from Escherichia coli (LT) induces potent immune
responses. We hypothesized that LT delivered alone in an immunostimulating (LT-IS) patch placed on the skin
at the site of injection could augment the immune response to injected vaccines. This was based on the
observation that topically applied LT induces migration of activated antigen-presenting cells (APCs) from the
skin to the proximal draining lymph node (DLN), and that APCs loaded with antigen by injection in the same
anatomical region also migrate to the same DLN. We observed that when influenza virus vaccine is injected and
an LT-IS patch is placed to target the same DLN, the influenza virus antibody response is enhanced. Similarly,
influenza virus-specific T cells isolated from the lungs show increased levels of gamma interferon and
interleukin-4 production. An LT-IS patch placed near an injected vaccine also leads to increased levels of
hemagglutination inhibition titers, enhanced mucosal immunoglobulin A responses, and enhanced antigen
presentation. Although the mechanisms by which an LT-IS patch exerts its enhancing effects need further
study, the enhanced immune responses, ability to safely use potent adjuvants, and simplicity of LT-IS patch
application address an important unmet need and provide a new immune enhancement strategy.

The skin immune system has recently been recognized as a
highly attractive target for vaccine delivery (17). This is in part
driven by characterization of skin immune mechanisms (20)
and in part by renewed interest in needle-free vaccine delivery
strategies (10). Transcutaneous immunization (TCI) is a novel,
needle-free approach to immunization using a patch or similar
means to deliver vaccine antigens with accompanying adju-
vants via the skin, and it is in clinical evaluation (12, 15). The
immunostimulation achieved by the use of adjuvants in the
skin appears to take advantage of the potent antigen-present-
ing cells (APCs) in the epidermis, Langerhans cells (LCs),
which in combination with topical use of the most powerful
adjuvants lead to strong systemic immune responses to vac-
cines.

Adjuvants may play their greatest role with poorly immuno-
genic vaccine antigens or in settings of immune compromise
such as the senescent immune system (9, 33). The notable
immune stimulation observed by the use of adjuvants on the
skin suggested that topical delivery of adjuvants to the skin
might be used to augment immune responses to vaccines de-
livered concurrently by other routes, i.e., using a patch at the
time of injection. Influenza virus vaccination of the elderly,
while effective, falls well short of fully protecting the recipients
due to the low response rates to the vaccine. Even a modest

enhancement of the immune response could lead to significant
impact on morbidity and mortality (6, 24). In principle, the use
of coinjected adjuvants in the vaccine has been shown to mod-
estly but significantly enhance influenza virus vaccine immune
responses in the elderly (9). However, the immune enhance-
ment achieved by the use of adjuvants is often accompanied by
side effects (9, 24, 29). The adjuvant MF59, used in the influ-
enza virus vaccine targeting the elderly, has been modified to
decrease the reactogenicity, achieving a balance between reac-
togenicity and potency (13). The use of heat-labile enterotoxin
from Escherichia coli (LT) as an adjuvant is attractive, as LT is
potent, can readily be delivered to the human epidermis, and
has been safely used on the skin in several clinical trials (12,
15).

LCs are bone marrow-derived dendritic cells (DCs) residing
in the epidermis. They play a dual role of immunosurveillance
in the skin and, upon activation by microorganisms or their
products, crawl out of the skin to the draining lymph nodes
(DLNs), where they orchestrate a specific immune response (2,
22). Activated, mature LCs are APCs, express high levels of
costimulatory molecules, and secrete cytokines, resulting in
strong immune effector responses by B and T lymphocytes (2,
34).

We hypothesized that adjuvant-activated epidermal LCs
could exert bystander or direct immunostimulatory effects on
APCs loaded with antigen by injection if they targeted the
same DLN, leading to enhanced immune responses to injected
vaccines. We and others have found that stimulation of LCs in
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the skin leads to increased populations of activated DCs in the
DLN (1, 17, 22, 34). In the present study, we show that appli-
cation of an immunostimulating patch containing LT (LT-IS
patch) on the skin over the same DLN field as an injected
influenza virus vaccine leads to markedly enhanced serum in-
fluenza virus-specific antibody responses. We also show that an
LT-IS patch leads to increased levels of functional antibody
responses, enhanced T-cell responses, and enhanced antigen
presentation. While the mechanisms by which this may occur
remain to be fully defined, the enhanced immune responses,
ability to safely use potent adjuvants, and simplicity of the
LT-IS patch application may lead to a new concept for improv-
ing the effectiveness of immunizations.

MATERIALS AND METHODS

Immunization. Female C57BL/6 mice (n � 5 to 8) 6 to 8 weeks of age were
obtained from Taconic Laboratories. (i) Subcutaneous (s.c.), intradermal (i.d.),
and intramuscular (i.m.) immunizations: mice were immunized either s.c. or i.d.
under the dorsal caudal surface at the base of the tail or i.m. in the right and left
femoral muscles with 5 �g of trivalent influenza split virus vaccine (influenza
virus vaccine) containing A/Panama/2007, A/New Caledonia/20/99, and B/Johan-
nesburg/15/99 strains (Aventis Pasteur, Lyon, France). (ii) Transcutaneous im-
munizations: mice were immunized on the skin as described previously (32).
Briefly, shaved skin of anesthetized mice was pretreated by hydration with saline-
soaked gauze; the stratum corneum was disrupted by mild abrasion with emery
paper (GE Medical Systems). Wet patches containing phosphate-buffered saline
(PBS) or LT (Berna Biotech, Switzerland) were applied on pretreated skin for
1 h or overnight.

Lung wash and cell isolation. Lung washes were collected as described pre-
viously (11). Lungs were perfused by flushing the right ventricle of the heart with
PBS. The organs were removed, minced, and dissociated by incubation in diges-
tion medium (10% fetal bovine serum [Life Technologies], 125 U of collagenase/
ml, 60 U of hyaluronidase/ml, 60 U of DNase I [Sigma]/ml) for 1 h at 37°C and
constant agitation. Homogenates were filtered, treated with ACK lysing buffer
(Life Technologies), and washed.

ELISA. Influenza virus- and LT-specific immunoglobulin G (IgG), IgG1,
IgG2a, and IgA titers were determined in sera and lung washes by enzyme-linked
immunosorbent assay (ELISA) on 96-well plates (Immulon-2HB; Dynex Labo-
ratories) coated overnight with each strain of influenza split virus, as described
elsewhere (11). Antibody titers are reported as the optical density at 405 nm
(OD405) or ELISA units, which correspond to the inverse dilution of the serum
that yielded an OD405 of 1.0.

HAI titers. Serum samples from days 0 and 52 postimmunization were ana-
lyzed by John Treanor at the University of Rochester for hemagglutination
inhibition (HAI) titers as described previously (16).

ELISPOT. ELISPOT was used to measure the number of cells producing
interleukin-4 (IL-4) and gamma interferon (IFN-�). Multiscreen-HA membrane
plates (Millipore) were coated with monoclonal antibodies specific for mouse
IFN-� (Biosource) and IL-4 (Pharmingen), stored overnight at 4°C, and blocked
with 1% bovine serum albumin (BSA) in PBS for 1 h at 37°C. Cells isolated from
lungs were plated starting at 106/well in duplicate and serially diluted. Cells were
cultured overnight in the presence of influenza split virus dialyzed against PBS or
medium alone. Spots were resolved as described previously (28).

Antibodies and fluorescent dyes. Antibodies (BD Biosciences) specific for
mouse CD11c (biotin, phycoerythrin [PE], and APC), CD16/32, CD19 (PerCP-
Cy5), CD86 (PE), and H-2 IAb (PE) were used at 5 �g/ml, and streptavidin-
CyChrome was used at 0.1 �g/ml. Fluorescein isothiocyanate (FITC) (Sigma)
was reconstituted at 100 mg/ml in dimethyl sulfoxide and then diluted into PBS.
A viability dye (ethidium homodimer) was used to stain dead cells that were
gated out of all flow cytometry graphs. Cells were suspended in ice-cold PBS
supplemented with 1% BSA and incubated with Fc Block (CD16/32) for 20 min
before addition of 5 �g of fluorescent antibodies/ml and viability dye. After 30
min, cells were washed twice with ice-cold 1% BSA in PBS and analyzed using a
FACSCalibur (BD Biosciences).

LC labeling and analysis. Skin at the dorsal caudal surface was painted with
FITC alone in PBS or admixed with LT. Twenty-four hours later, DLNs (ingui-
nal) were isolated and stained for CD11c, H-2 IAb, and CD86 (Pharmingen).

Fluorescent protein conjugates. Ovalbumin (OVA; Sigma) and LT were con-
jugated to succinimidyl esters of AlexaFluor (Molecular Probes)-reactive dyes.

OVA was conjugated to either AlexaFluor 488 or AlexaFluor 633. LT was
conjugated to AlexaFluor 488. Briefly, 0.9 ml of a 15-mg/ml OVA solution or a
6-mg/ml LT solution in PBS plus 0.1 M sodium bicarbonate and 1 mg of Alexa
Fluor dye reconstituted with 25 �l of dimethyl sulfoxide were combined and
incubated at room temperature with constant stirring for 4 h. Protein conjugated
with dye was separated from free dye by size-exclusion chromatography using a
6-cm by 1.5-cm Sepahcryl S-200 (Amersham Pharmacia Biotech AB) column and
PBS running buffer. Conjugated protein was concentrated using a Centricon 30
(Amicon). After conjugation, LT maintained monosialoganglioside GM1 recep-
tor binding activity (data not shown) and 20-fold lower in vitro ADP-ribosyl-
transferase activity (data not shown). DQ-OVA (Molecular Probes) is a
quenched fluorescent dye that fluoresces only after proteolysis, releasing two
fragments with fluorescence excitation and emission maxima of 505 and 515 nm,
respectively.

RESULTS

LT induces epidermal LC migration to the DLNs. The role
of LCs in the afferent arm of immune response induction is
well established (20, 22). Consistent with these findings, intra-
dermally injected West Nile live virus, plasmid DNA with en-
coded adjuvants, and topical cholera toxin increase the migra-
tion of LCs out of the skin and into the DLNs (1, 17, 21). As
the robust immune responses that follow TCI depend on the
use of potent adjuvants such as LT (15, 32), we hypothesized
that LT activates LCs, which then migrate to the DLN for
antigen presentation (12, 17). To address the effect of LT on
migration of epidermal LCs, we used an aqueous solution of
FITC to track LCs, which minimized the activating effect of
acetone-solubilized FITC (17, 22). Following topical FITC-LT
application, the number of FITC� cells increased in the DLN
(Fig. 1C), and the FITC� cells derived from LT-treated skin
demonstrated a strong up-regulation of CD86 and modest
increase in major histocompatibility complex (MHC) class II
(Fig. 1F and I). Similar results were seen in studies with direct
labels of the adjuvant or antigen (data not shown; see also Fig.
7, below), suggesting that LT coadministered with antigen pro-
motes the activation, maturation, and migration of activated
LCs from skin to DLNs.

Adjuvant-activated APCs from the skin target DLNs. In
previous studies, we have shown that TCI induces strong sys-
temic and mucosal immune responses (7, 11, 12, 15, 17, 32).
However, it was not clear from previous studies whether LCs
migrate beyond the direct DLNs after topical application of LT
or whether they migrate to distal sites to stimulate T- and
B-cell responses (8, 17). To determine whether LT-activated
LCs would migrate primarily to the DLNs, FITC in PBS ad-
mixed with LT was placed on the skin at the dorsal caudal
region, and the DLNs and non-DLNs were harvested at 24 h.
Only cells isolated from inguinal lymph nodes contained a
FITC� population (Fig. 1J), whereas axillary and cervical
lymph nodes demonstrated near-background numbers of
FITC� cells (Fig. 1K and L). In similar studies using FITC in
organic solvent without LT, or with fluorescent-labeled protein
OVA or LT, migration only to the specific draining nodes was
seen after topical applications to the skin surface of the head,
thorax, and abdomen, respectively (data not shown). These
results suggest that the vast majority of adjuvant-activated LCs
migrate only to the DLN proximal to the site of application,
making the DLN a desirable target for an immunostimulation
strategy.

The LT patch augments antibody responses to injected in-

VOL. 77, 2003 ENHANCEMENT OF IMMUNE RESPONSES BY LT-IS PATCH 5219



fluenza virus vaccine. Based on our finding that LT increases
DC migration to DLNs, we hypothesized that topical applica-
tion of LT could enhance immune responses to antigen ad-
ministered by systemic routes if applied in a way that both
injected antigen and topically applied LT targeted the same
DLNs. To test the hypothesis that topically applied LT poten-
tiates the immune response to injected influenza virus vaccine,
mice were immunized by routes used in human immunizations
(s.c. or i.m.) with influenza virus vaccine, and a patch contain-
ing PBS or LT was applied on the dorsal caudal region. While
i.m. or s.c. injections induced similar levels of serum IgG to all
three influenza virus strains, the responses were significantly
increased by LT-IS patch application (all three strains in the
s.c. group; P � 0.05) (Fig. 2B, D, and F) and in the A/Panama
and B/Johannesburg strains in the i.m. group (Fig. 2A and E).

To further confirm the importance of targeting antigen and
adjuvant to the DLN, mice were injected with trivalent influ-
enza virus vaccine by s.c., i.m., and i.d. routes, and patches were
placed on the dorsal caudal surface (Fig. 3). i.d. injection of

vaccine was done directly at the site of the LT-IS patch place-
ment, versus the base of the tail (s.c.) or lateral thigh (i.m), to
determine whether LT delivered within closer anatomical
proximity to the patch would be more efficient at stimulating
the responses. The results showed that responses to all three
strains were significantly increased by the LT-IS patch with all
three immunization routes. The LT-IS patch was especially
efficient when influenza virus vaccine was administered i.d. at
the site of placement (Fig. 3A, D, and G). The increased

FIG. 1. LT activates LC migration to DLNs. Mice (n � 3) were
topically treated with FITC (B, E, and H) or FITC admixed with LT
(C, F, and I). Inguinal LN cells were isolated 24 h later from naïve (A,
D, and G) or immunized mice and incubated with fluorescent dye-
conjugated antibodies. Large granular cells were gated and analyzed
for surface expression of CD11c (A to C), MHC class II (D to F), and
CD86 (G to I). The percentage of double-positive cells is listed in the
upper right quadrant of each dot plot. To determine the migration and
distribution of LCs from the skin to the LN, inguinal (J), axillary (K),
and superficial (L) cervical LNs were isolated from mice treated with
FITC admixed with LT, stained for CD11c, and analyzed for the
amount of FITC uptake. The percentage of CD11c� FITC� cells is
listed in panels J to L. Cells from naïve mice were used to set the
background fluorescence and the marker.

FIG. 2. An LT-IS patch enhances the immune response to i.m. and
s.c. injected antigen. Mice were immunized on days 0 and 14 by i.m. or
s.c. injection with 5 or 1.5 �g of trivalent influenza virus vaccine,
respectively. LT (50 �g) or PBS (no LT) was loaded onto a patch
applied to the skin for 1 h. Serum collected 2 weeks after the second
immunization was measured by ELISA for IgG titers to A/Panama
(panels A and B), A/New Caledonia (panels C and D), and B/Johan-
nesburg (panels E and F). Individual titers are displayed (open circles)
with the corresponding geometric mean (bars) for each group. Groups
marked with an asterisk indicate a significant (P � 0.05) increase from
their respective group receiving a PBS patch.

FIG. 3. An LT-IS patch enhances the immune response to antigen
delivered by i.d., i.m., or s.c. injection. Mice were immunized on days
0 and 14 by i.d., i.m., or s.c. injection of 5 �g of influenza virus vaccine
and application of an adhesive patch containing 5, 25, or 50 �g of LT
or PBS alone overnight over the injection site. Serum was collected
and analyzed, and results were reported as described in the legend for
Fig. 2.
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responses to the i.d. injection were LT dose dependent, and
patches containing as little as 5 �g of LT were sufficient to
augment specific antibody titers. Significant increases in anti-
body titers were achieved by s.c. injection with LT-IS patches
containing 25 and 50 �g of LT (Fig. 3B, E, and H) and by i.m.
injection with 50 �g of LT (Fig. 3C, F, and I). The three routes
of immunization without the LT-IS patch induced comparable
influenza virus-specific antibody responses independent of
route. These studies suggested that antigen and adjuvant
should be delivered in close anatomical proximity to obtain
maximum efficiency with the LT-IS patch application, consis-
tent with the need to target the same DLNs with the patch and
injection.

The immunostimulant effect depends on targeting adjuvant
and antigen to the same DLN. LT-IS patches placed directly
over the injection site (i.d. and s.c.) or close to the injection site
(i.m.) have been shown to augment immune responses to in-
jected influenza virus vaccine (Fig. 3). To determine the effect
of an LT-IS patch placed at a different site than the injection
site, mice were immunized i.d. with influenza virus vaccine at
the dorsal caudal region. Patches containing 0, 5, 25, or 50 �g
of LT were placed at the same site or at the dorsal cervical
region. As expected, mice that received an LT patch at the site
of vaccine injection (caudal patch) had significantly higher
antibody titers than the group with no LT (Fig. 4A). In con-
trast, when patches were placed in the cervical region draining

to the cervical lymph nodes and injection was done in the
dorsal caudal skin draining to the inguinal lymph nodes, the
antibody levels were the same as the control group (Fig. 4B),
while the serum antibody response to LT was strong (75,190
versus 104,275; P � 0.52 in the 50-�g group), indicating that
the LT was adequately delivered in both groups. Similar results
were seen in experiments done with i.m. injection (data not
shown). This result confirms the need to target the same DLN
with an IS patch in order to augment responses to an injected
vaccine.

Mucosal antibodies to influenza virus. Although serum an-
tibody titers correlate with protection against human influenza
virus, mucosal antibody responses may also contribute to pro-
tection against influenza virus infection (14). To determine
whether an LT-IS patch would stimulate mucosal antibody
responses, lung lavage fluid was assayed for the presence of
influenza virus A/Panama antibodies (Fig. 5). As expected,
lung IgG responses (total IgG and IgG1, and IgG2a subclasses)
to influenza virus A/Panama were significantly increased in
mice immunized with influenza virus injection and the LT-IS
patch compared to mice immunized by injection alone (Fig.

FIG. 4. An LT-IS patch at a distal location does not enhance re-
sponses to injected influenza virus vaccine. Mice were immunized on
days 0 and 14 by i.d injection with 5 �g of trivalent influenza virus
vaccine at the dorsal caudal region, and LT (5, 25, or 50 �g) or PBS (no
LT) was loaded onto a patch and applied on the skin over the site of
injection (A) or at the dorsal cervical region (B). Serum collected 2
weeks after the second immunization was measured by ELISA for
B/Johannesburg-specific IgG titers. Individual titers are displayed
(open circles) with the corresponding geometric mean (bar) for each
group. FIG. 5. An LT-IS patch enhances mucosal antibody responses to

influenza virus in the lung. Mice (as described in the legend for Fig. 3)
were immunized by i.d. injection of influenza virus vaccine and re-
ceived either a PBS or a 50-�g LT patch. Lung washes were collected
3 weeks after the third immunization and analyzed for IgG (A and E),
IgG1 (B and F), IgG2a (C and G), and IgA (D and H) specific for
A/Panama.
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5A, B, and C versus E, F, and G). A/Panama-specific IgA
responses appeared to be increased by the addition of an LT-IS
patch, compared to placebo groups (Fig. 5D and H). This is
consistent with the previous observation of the induction of
antigen-specific mucosal secretory IgA in the context of TCI
(35).

LT patch augments HAI titers. Neutralizing antibodies
against influenza virus are the standard marker of protective
immunity against influenza virus infection (5, 19). To ensure
that an LT-IS patch induces functional antibodies, HAI titers
were measured. As shown in Table 1, the HAI titers were
markedly enhanced with the use of an LT-IS patch, and the
increase in titers was LT dose dependent. Although the mag-
nitude of the responses was lower, enhancement of HAI titers
was also seen with groups that were injected i.m. or s.c. with
the addition of an LT-IS patch (data not shown).

Enhanced T-cell responses in a disease target tissue. Previ-
ous studies have shown that TCI elicits systemic T-cell re-
sponses in sites beyond the DLN (spleen, distal nodes) (17, 18,
35). The effect of application of an LT-IS patch upon the
generation of influenza virus antigen-specific T cells was eval-
uated using single-cell suspensions from perfused whole lung
prepared from groups of mice immunized with and without the
LT-IS patch. Antigen-induced IL-4 and IFN-� were detected
using an ELISPOT method. The application of an LT-IS patch
significantly increased the number of influenza virus A-specific
T cells producing both IFN-� and IL-4 in the lungs (Fig. 6A
and B, respectively). This is consistent with the enhancement
of both mucosal IgG1 and IgG2a found in lung washes (Fig.
5B, C, F, and G) and suggests that both Th1 and Th2 T-cell
responses are up-regulated with an LT-IS patch.

Adjuvant and antigen loading of APCs. To visualize the
migration and localization of an injected antigen and topically
applied LT, we applied AlexaFluor 488 conjugated to LT (AF-
LT) and AlexaFluor 633 conjugated to the model antigen
OVA (AF-OVA). Although these studies used OVA for pur-
poses of antigen tracking, experiments performed to determine
the LT-IS patch effect have shown that both cellular and hu-
moral responses are also enhanced by the application of an
LT-IS patch in mice parenterally (i.m. or i.d.) immunized with

OVA (data not shown). For antigen-adjuvant tracking studies,
labeled antigen was injected and labeled adjuvant was placed
topically, and DLN were removed after 24 h to determine
whether injected antigen and topical adjuvant were taken up by
separate or the same APCs. These studies confirmed that in-
jected antigen and topical adjuvant could be found only in the
specific DLN (data not shown). Three sets of labeled popula-
tions can be distinguished on the dot plots (Fig. 7): AF-OVA
single-positive cells (upper left quadrant), AF-LT single-posi-
tive cells (lower right), and AF-OVA� AF-LT� double-posi-
tive cells (upper right). The double-positive populations (ad-
juvant plus antigen) were seen in the i.d., s.c., and TCI groups
(Fig. 7A, B, and D, upper right). These studies suggested that
the adjuvant directly targeted at least a population of antigen-
laden APCs. By contrast, in animals given OVA i.m. (lateral
thigh), only AF-OVA� or AF-LT� cells were detected (Fig.
7C); no double-positive cells were seen.

The absence of double-positive cells in the i.m. groups sug-
gests that LT-activated APCs can exert their immune-enhanc-
ing effects by bystander means, such as cytokine secretion, as
well as by direct effects on the APC, as suggested by double-
positive cells in the i.d., s.c., and TCI groups. Although anti-

FIG. 6. Influenza virus-specific lung T cells from skin-immunized
mice secrete IFN-� and IL-4. Mice were immunized as described in the
legend for Fig. 4. Three weeks after the third immunization, lung cells
were isolated and cultured in the presence of influenza virus A/Pan-
ama split virus (black columns) or medium alone (gray columns). Spots
indicating the presence of IL-4- (A) or IFN-�- (B) secreting cells were
counted using a dissecting microscope.

TABLE 1. HAI titers to influenza A and B virus strains

Influenza virus
strain LT (�g)

HAI titer in sample no.: Mean HAI
titera

%
Positiveb

1 2 3 4 5

A/New Caledonia 0 20 5 20 5 5 11 0
5 40 80 80 40 40 56 100

25 80 40 40 80 40 56 100
50 320 80 160 160 80 160 100

A/Panama 0 5 5 5 5 5 5 0
5 80 40 20 20 10 34 40

25 10 40 20 20 20 22 20
50 320 10 80 80 20 102 60

B/Guangdong 0 80 5 10 5 10 22 20
5 40 160 160 80 320 152 100

25 160 640 160 160 80 240 100
50 2560 40 640 160 80 696 100

a Indicates the arithmetic mean of five individual titers 3 weeks after the third immunization.
b The percentage of samples for each group with HAI titers of �40. Preimmune samples had HAI titers of �5 for all three viral strains.
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body results indicated that the i.m. route requires a higher dose
of LT in the IS patch to enhance the influenza virus-specific
responses, this may reflect the inefficiency of a bystander effect
or may result from the fact that antigen injected i.m. in the
lateral thigh tracks to both the inguinal and popliteal LN,
making the amount of antigen available in the inguinal node
after i.m. injection lower compared to that after i.d. or s.c.
injection.

To further explore the possibility that the effects on OVA-
laden APCs in the i.m. groups were indirect, the OVA� cells
from groups of mice that received an LT-IS patch or placebo
patches were tested for the expression of the LC activation
marker CD86. Following i.d. and s.c. injection, OVA� cells
showed an up-regulated CD86 phenotype when isolated from
mice with an LT-IS patch compared to placebo patch groups
(Fig. 7E and F), implying a direct effect on the APCs by LT.
This was also the case for cells isolated after TCI administra-
tion of both OVA and LT (Fig. 7H), which would be expected

to load APCs directly with both adjuvant and antigen. For i.m.
injection, the expression of CD86 was the same on OVA�

cells, with or without the use of an LT-IS patch (Fig. 7G).
Thus, i.d. and s.c. injections resulted in LT-activated, antigen-
laden APCs similar to topically applied adjuvant and antigen,
whereas in the i.m. group OVA-laden APCs were not acti-
vated. These data suggest that adjuvant exerts both direct and
indirect enhancing effects on antigen-loaded APCs.

LT-IS patch and antigen processing. As the LT-IS patch
appeared to augment both B- and T-cell-mediated responses,
we reasoned that LT might affect antigen processing. To assess
the role of an LT-IS patch on APCs, we used OVA coupled
with a quenched fluorophore (DQ-OVA) (4) to monitor anti-
gen processing, as DQ-OVA emits fluorescence only if proteo-
lytic digestion occurs in the endosome in the first step of
antigen processing by APCs. An unquenched fluorescent anti-
gen (AF-OVA) that can elicit fluorescence without proteolysis
was used as control. With DQ-OVA, a two- to threefold in-
crease in fluorescence could be detected in groups with LT
patches compared to the group with the PBS patch (16%
versus 6% CD11c� OVA� cells) (Fig. 8). As expected, there
was no clear difference in fluorescence for the groups treated
with AF-OVA with and without LT (35% versus 32% CD11c�

OVA� cells), as AF-OVA does not require proteolysis to flu-
oresce. This result suggests that LT-activated LCs demonstrate
increased antigen processing in response to the LT-IS patch,
consistent with the concept of greater antigen presentation and
T-cell priming.

FIG. 7. Migration and activation marker up-regulation of CD11c�

dendritic cells after application of an LT-IS patch. Mice (n � 3) were
immunized with 50 �g of AlexaFluor 633-conjugated OVA (AF-OVA)
by i.d. (A and E), s.c. (B and F), or i.m. (C and G) injection, or with
300 �g of AF-OVA by topical application (D and H) followed by a
30-�g AlexaFluor 488-conjugated LT-IS patch (A to D) or a 40-�g LT
patch (E to H). After 20 h, inguinal (draining) LNs were excised,
processed, and stained with fluorescently labeled antibodies. Panels A
to D were gated on large, granular, CD11c�, CD19� live cells, and
panels E and F were gated on large, granular, CD11c�, CD19�, OVA�

live cells. In panels E to H, the histogram overlays compare the levels
of CD86 on gated cells from mice immunized with a PBS (closed gray
histogram) or LT (open black lined histogram) patch, as indicated by
arrows. The percentage of CD11c� cells is listed in quadrants A to D.

FIG. 8. Application of an IS patch increases the amount of antigen
processed by CD11c� dendritic cells. C57BL/6 mice (n � 4) were
injected i.d. in the dorsal caudal region with 300 �g of DQ-OVA or
AlexaFluor 488-conjugated OVA (AF-OVA). A PBS (grey columns)
or LT (black columns) patch was applied onto the pretreated dorsal
caudal surface directly on top of the injection site. The mice were
euthanized 20 h after immunization, and their inguinal (draining) LN
were excised, separated into single-cell suspensions, and stained with
fluorescently labeled antibodies. The bars represent the percentage of
large, granular, CD11c�, CD19�, live inguinal LN cells containing
fluorescent OVA.
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DISCUSSION

This study shows that an adjuvant such as LT administered
as an LT-IS patch can significantly increase immune responses
to influenza virus vaccine administered by injection. The effect
of LT was manifested by higher serum antibodies and HAI
titers and enhanced levels of mucosal influenza virus-specific
IgA and IgG. Increased numbers of antigen-specific IFN-�-
and IL-4-producing T cells were also found in the lungs of mice
parenterally immunized with influenza virus vaccine and who
received an LT-IS patch at the time of injection. Finally, the
effect of topical LT on increased numbers and on the activation
state of migrating CD11c� cells into the DLN appears to be
tied to enhanced presentation of antigen delivered to the same
DLN. These data together suggest that LT activates skin
APCs, which then enhance the immune response to antigens
injected over the same DLN.

The LT-IS patch strategy takes advantage of the potent
immunostimulating properties of LT while avoiding the sys-
temic side effects seen with the use of adjuvants by mucosal or
parenteral routes (9, 26, 29, 31). Topical immunization appears
to target the most superficial layer of the skin, the epidermis,
which contains a significant number of LCs, which are known
to have an important role in immune surveillance. Stimulating
agents, such as microbes, induce activation of LCs and migra-
tion from the skin to the DLNs (21, 23, 34). Cell-tracking
studies have confirmed that antigens applied on the skin are
taken to the DLNs by LCs (22, 23). These LCs display an
activated phenotype and up-regulated MHC class II molecules
(20, 22). Our data consistently show that the adjuvant LT
increases the migration of DCs from the skin to the DLN and
up-regulates their activation state. In studies using TCI, robust
T-cell and antibody responses to the vaccines are seen only
when adjuvant is used, suggesting that the adjuvant effect on
APCs results in the immune enhancement. Taken together, the
data in this study and previous studies suggest that the adjuvant
exerts its effect through the LC, although other skin APCs may
be engaged.

While the effect of an LT-IS patch was evident for all routes
of immunization (i.d., s.c., and i.m.), the precise mechanism for
immune augmentation will require further investigation. In the
context of topical delivery of adjuvant and antigen (TCI), the
APC appears to be loaded with both adjuvant and antigen, as
might be expected. We had hypothesized that the LT-IS patch
strategy might exert its enhancement through bystander ef-
fects, such as cytokine secretion in the microenvironment of
the DLN affecting and enhancing the antigen presentation of
the antigen-loaded APC. The tracking studies suggested that in
scenarios where the antigen and adjuvant were delivered in
similar anatomical spaces (i.d., s.c., TCI), the antigen and ad-
juvant were loaded in the same APC (Fig. 7). However, in the
studies using i.m. injection, immune enhancement was seen
even though the APCs appeared to be separately loaded. Thus,
while immune enhancement by an LT-IS patch may be due to
direct effects of the adjuvant on the APC, indirect bystander
effects mediated by cytokines or chemokines secreted in the
microenvironment of the DLN may also play a role (2).

Vaccines with low immunogenicity in particular require the
use of a strong adjuvant to enhance the antigen-presenting
environment by increasing the expression of inflammatory cy-

tokines and APC costimulatory molecules (2, 27). Inflamma-
tory stimuli induce a rapid and transient boost of MHC class II
synthesis and increase the half-life of MHC class II molecules,
resulting in large numbers of long-lived peptide-loaded MHC
class II molecules capable of stimulating T cells even after
several days (3). Similarly, bacteria can increase MHC class I
molecules’ stabilization by threefold of their half-life, leading
to efficient presentation in the DLNs (30). In agreement with
these findings, our data suggest that an LT-IS patch can in-
crease antigen processing in LCs, increase levels of costimu-
lating molecules (CD86), and thereby augment the effect or
immune responses important to protective immunity.

The present data clearly show that an LT-IS patch elicits
qualitative and quantitative enhancement of antigen-specific
responses. We have found that the LT-IS patch enhances the
immune response to a variety of antigens (data not shown),
suggesting that this strategy may be used in several contexts,
such as enhancing immune responses in elderly vaccinees to
influenza virus and pneumococcal vaccines, in established can-
cer immunotherapy regimens that lack sufficient immune stim-
ulation, or in dose sparing in contexts where vaccine supply is
critical (pandemic influenza). When immune responses to ap-
propriate strains of influenza virus are elicited through vacci-
nation, the vaccine is highly effective in prevention of influen-
za-related morbidity and mortality (25). However, the elderly
immune response rates to influenza virus vaccination are un-
satisfactory and clearly much lower compared to healthy adults
(6). Although the use of adjuvants has been shown to enhance
influenza virus responses in healthy adults (31) and in the
elderly (9), the use of an LT-IS patch may both enhance the
influenza virus-specific immune response and improve the tol-
erability of adjuvant use. Clearly, the biology of an IS strategy
needs to be confirmed in the context of target settings such as
the elderly, immune suppressed, and healthy human popula-
tions. However, the LT-IS patch appears to be a practical
strategy, and LT effects are well established in human studies
(12, 15). Clinical studies will confirm whether an LT-IS patch
can augment the immune response to injected vaccines and
thus provide an additional important tool for immunization
strategies.
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