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Abstract

The focus of this report is on the development of an improved DNA immunization protocol, which
takes advantage of the strengths of DNA immunization, as well as those associated with adjuvant
delivered by transcutaneous immunostimulatory (1S) patches. Because transcutaneous delivery of
adjuvants to the skin at the vaccination site has been shown to amplify the immune response to protein
antigens, we hypothesized that the same IS patch when placed on the skin at the site of DNA injection
could further enhance the immune response to a DNA influenza vaccine. We have combined an
influenza DNA vaccine, hemagglutinin fused with three copies of complement C3d, to enhance
uptake and antigen presentation, with an IS patch containing heat-labile enterotoxin from Escherichia
coli. Coadministration of a potent adjuvant in IS patches placed on the skin at the site of DNA
vaccination dramatically amplifies anti-influenza antibody immune response. Supplementing DNA
vaccines with IS patches may be a particularly valuable strategy because DNA vaccines can be rapidly
modified in response to mutations in pathogens, and individuals with compromised immune systems
such as transplant patients and the elderly will benefit from the enhanced antibody response induced
by the IS patches.

Introduction

Vaccine strategies, such as influenza virus vaccination of the elderly, are highly effective in
preventing disease but provide protection for only those patients who mount effective humoral
response to the target antigen (Guebre-Xabier et al., 2003). Moreover, because the elderly
commonly suffer to some extent from immunosenescence, generating adequate levels of virus-
neutralizing antibodies with a vaccine presents a real challenge (Haynes and Swain, 2006).
Adjuvants improve the magnitude and rates of immune responses, but their potency must be
attenuated to minimize adverse side effects associated with them. Transcutaneous delivery of
strong adjuvants such as heat-labile enterotoxin from Escherichia coli (LT) induces potent
immune responses due to the LT-induced migration of activated antigen-presenting cells
(APCs) from the skin to the proximal draining lymph node (Glenn et al., 2003). We have
previously shown that LT delivered alone in an immunostimulating (LT-1S) patch placed on
the skin at the site of vaccine injection can significantly amplify the immune response to
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injected vaccines with minimal adverse reactions at the site of immunization. Similarly,
influenza virus—specific T cells isolated from the lungs show increased levels of gamma
interferon and interleukin-4 (IL-4) production (Guebre-Xabier et al., 2003). 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
(Guebre-Xabier et al., 2004). However, due to significant problems associated with producing
contemporary influenza virus vaccines, such as the cost of producing them and the long period
of time required to produce sufficient quantities of a new version of the vaccine, the ability to
respond to new mutant pathological strains of the virus is a critical area of concern.

DNA vaccines represent a viable alternative to classical vaccines, which rely on attenuated
viruses or subunit vaccines (Kieber-Emmons et al., 2000; Laddy and Weiner, 2006; Wheeler
et al., 2006). DNA vaccines have several advantages compared to traditional vaccines: they
are more stable, less expensive, easy to modify in response to viral mutations, and safer than
subunit or viral-based vaccines. In addition, DNA vaccines can be modified so that genes
encoding the desired antigen(s) can be targeted to specific cellular localizations, thereby
promoting the desired type of immune response (Chattergoon et al., 1997; Henke, 2002;
Peachman et al., 2003). The immune response to DNA immunization can also be enhanced by
using molecular adjuvant(s) (immune modulators), such as cytokines in conjunction with the
immunogen, which can direct the T helper cell toward the desired pathway (Laddy and Weiner,
2006). Another example of a molecular adjuvant is the C3d fragment of complement C3, which
was previously shown to enhance antibody formation following immunization with
recombinant hen egg lysozyme, a model antigen, containing three tandem repeats of C3d
(3C3d) (Dempsey et al., 1996). More recently, we have used 3C3d as a molecular adjuvant to
induce more rapid production of high-affinity protective anti-influenza hemagglutinin (HA)
antibodies after DNA immunization of mice (Ross et al., 2000; Mitchell et al., 2003; Watanabe
etal., 2003). However, the immune response induced by DNA vaccines is generally lower and
requires a significantly longer period of time to reach maximal antibody titers in large animals
and humans than that induced by classical vaccines (MacGregor et al., 1998; van Rooij et
al., 1998). Therefore, additional improvements in DNA vaccine design are necessary before
this approach can be widely utilized for successful DNA vaccination in humans.

The focus of this report is on the development of an improved DNA immunization protocol,
which takes advantage of the strengths of DNA immunization, as well as those associated with
transcutaneous LT-IS patches. Because the augmentation of immune response by
transcutaneous delivery of adjuvants to the skin at the vaccination site is safer than when the
adjuvant is injected with the vaccine (Glenn et al., 2003), and because we have previously
demonstrated that LT-IS patch significantly improves antibody responses to influenza
vaccination in the elderly (Frech et al., 2005), we hypothesized that the same LT-IS patch when
placed on the skin at the site of DNA injection could augment the immune responses to our
prototype DNA influenza vaccine. In this report we demonstrate for the first time that
application of an LT-IS patch significantly enhances the onset and amplitude of the antibody
response, as well as the T cell response, to gene gun immunization with the plasmid encoding
secreted hemag-glutinin (HA) fused with 3 copies of complement component C3d
(psHA-3C3d) vaccine compared to the immune response induced by the DNA immunogen
alone.

Materials and Methods

Animals

Eight- or 10-week-old female BALB/c mice were purchased from Jackson Laboratories (Bar
Harbor, ME). All animals were housed in a temperature-controlled and light-cycle-controlled
facility, and their care was according to the guidelines of the National Institutes of Health and
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the University of California, Irvine. All experiments involving mice were performed at the
University of California, Irvine, under an approved Institutional Animal Care and Use
Committee protocol, which was issued to the principal investigator and the corresponding
author (D.H.C.). The manuscript does not contain human studies.

DNA vaccine and immunizations

DNA plasmids expressing a secreted form of influenza HA (A/PR/8/34, H1H1) fused with
three copies of murine C3d component were previously described (Ross et al., 2000).
Immunization of mice with plasmids (two independent experiments with six animals for each
experimental or control group) was performed on shaved abdominal skin using the Helios gene
gun (Bio-Rad, Hercules, CA) as we described (Ghochikyan et al., 2003). Briefly, immediately
prior to immunization, mice were anesthetized by intraperitoneal injection of nembutal
solution. Mice were shaved and bombarded with two shots of 1 ug of DNA per 0.5 mg of gold
beads (Bio-Rad) at a helium pressure setting of 400 psi. The skin was pretreated by hydration
with saline-soaked gauze, and the stratum corneum was disrupted by buffing with fine-grade
emery paper strips. Immediately following the immunization (0 h) or after 24 or 48 h of DNA
bombardment, LT-IS patches (IOMAI, Gaithersburg, MD) were applied to hydrated skin of
experimental mice for approximately 18 h. Control mice were immunized with the same DNA
vaccine alone or in combination with placebo patches, which lacked the LT. Another control
group did not receive the DNA vaccine, but LT-IS patches were applied to the skin as described
above for LT-IS patches. Mice were immunized three more times by the same method
biweekly, and sera were collected 7-8 days after each immunization.

Enzyme-linked immunosorbent assay for detection of anti-HA antibodies

Anti-influenza (or anti-HA) antibodies were measured in plasma of immunized and control
mice as we described previously (Robinson et al., 1997). Briefly, the wells of Immulon I1 96-
well plates (Dynex Technologies, Chantilly, VA) were coated with killed influenza virus (pH
9.7,2h, 37°C) followed by three washes. Plates were blocked with 3% dry milk in Tris buffered
saline containing 0.05% Tween-20 (TTBS). Different dilutions of sera from experimental and
control mice were added into the wells to detect the endpoint antibody titers for these
immunized groups. After incubation and washing, horseradish peroxidase (HRP)—conjugated
anti-mouse immunoglobulin G (1gG) was added as recommended by the manufacturer (Jackson
ImmunoResearch, West Grove, PA). Plates were incubated and washed, and the 3,3',5,5'-
tetramethylbenzidine peroxidase substrate (Pierce Biotechnology, Rockford, L) was added to
develop the reaction. The reaction was stopped by adding 2M sulfuric acid. All the plates were
analyzed spectrophotometrically at 450 nm. To determine the specific isotypes present, sera
were pooled, and tested in duplicate. For detection of mouse 1gG1, 1gG2a, 1gG2b, or IgM
isotypes, we used anti-mouse Ig-subclass-specific HRP-conjugated secondary antibodies
(Zymed, San Francisco, CA).

T cell proliferation

Analyses of T cell proliferation were performed in splenocyte cultures from individual animals
as we previously described (Cribbs et al., 2003). However, to decrease non-specific activation
of splenocytes, we used HL-1 serum-free synthetic medium (Cambrex, Baltimore, MD)
without fetal bovine serum. Splenocytes (5 x 10° in 100 uL) from experimental and control
mice were restimulated in vitro with purified HA protein (provided by Dr. T. Ross) at a
concentration 10 pg/mL. Cells were first incubated for 72 h, and then 1 pCi 3[H]thymidine
(Amersham Pharmacia Biotech, Pistcataway, NJ) was added to each well for 16-18 h. Cells
were harvested using a Tomtec Mach Il (Tomtec, Hamden, CT) harvester, and 3[H]thymidine
uptake (cpm) was counted on a MicroBeta 1450 Trilux scintillation counter (Wallac Oy, Turku,
Finland). The stimulation index was calculated as previously described (Cribbs et al., 2003).
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Statistical analysis

Results

Statistical parameters (average value and standard deviation) were calculated using GraphPad
Prism 3.03 software. Statistical differences between groups were analyzed by one-way analysis
of variance (ANOVA) and Tukey’s multiple comparison posttest (GraphPad Prism 3.03
software). A p<0.05 was considered statistically different.

Effect of LT-IS patch on the humoral immune response to DNA immunization

We hypothesized that stronger immune responses could be elicited by a combination of
molecular and conventional adjuvants, especially when the adjuvants utilized different
mechanisms for amplifying the response to the vaccine. To test this hypothesis, we examined
the role of adjuvant patches in enhancing the anti-HA antibody responses in BALB/c mice
vaccinated with psHA-3C3d. Differences in the anti-influenza titers produced in response to
psHA-3C3d immunogen were analyzed in sera from immunized animals after each boost. Anti-
HA antibody titers in the sera of mice immunized with psHA-3C3d followed by patch
application were significantly higher than in the sera of mice immunized with psHA-3C3d
only, or in combination with placebo patches (p<0.001) at each time point (Fig. 1A).
Importantly, after only two injections with DNA plasmid plus LT-IS patches, there were
detectable levels of specific anti-HA antibodies, which were further enhanced after the third
and fourth injections. Thus, IS patches helped prime and amplify the antibody response to the
DNA vaccine.

Temporal relationship between LT-IS patch application and the humoral immune response
to DNA immunization

We investigated whether the time of LT-IS patch application was critical to the humoral
immune response to DNA immunization because the time course of protein expression induced
by DNA immunization, and the antigen uptake and presentation by APCs are not well defined.
Therefore, we decided to apply the LT-1S patches at different time points postimmunization.
Interestingly, we did not observe statistically significant differences in the titers of antibody
elicited in the three experimental groups of mice immunized with DNA plasmid followed by
application of LT-1S patches at 0, 24, or 48 h post-DNA immunization (Fig. 1A). Serial
dilutions of sera collected from DNA-immunized and control mice were used to determine the
endpoint titers of anti-influenza anti-bodies after the final immunization (Fig. 1B).
Experimental mice that received four doses of the psHA-3C3d DNA vaccine accompanied by
LT-IS patches induced the highest titers (>1:12,800) of anti-HA antibodies. This titer was
approximately 30 times greater than that generated in mice immunized with DNA vaccine only,
or psHA-3C3d combined with placebo patch lacking the LT adjuvant (Fig. 1B).

Effect of LT-IS patches on antibody isotype in response to DNA immunization

Antibody isotyping has been used as an indirect measure of the contribution of Thl (1gG2a)
and Th2 (1gG1) cytokines during the stimulation of the humoral response (Finkelman et al.,
1990). Thus, we measured production of IgG1, 1gG2a, 1gG2b, and IgM anti-influenza
antibodies in the sera of immune BALB/c mice. Previously, it was shown that a model antigen
fused with 3C3d induced predominantly IgG1 antibodies in CBA mice immunized
intramuscularly (Dempsey et al., 1996). More recently, we have demonstrated that splenocytes
of another strain of mice (BALB/c) immunized with psHA-3C3d also produced primarily Th2-
type cytokine, IL-4 (Guebre-Xabier et al., 2003). Thus, as expected, our control group of
BALB/c mice injected with psHA-3C3d produced influenza-specific antibodies of 1gG1
isotype (Fig. 2). Mice immunized with psHA-3C3d and supplemented with the LT-1S patch
immediately, or after 24 and 48 h following DNA immunization also induce anti-influenza
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antibodies of primarily of the 1gG1 isotype (Fig. 2). The calculated IgG1/IgG2a ratio following
immunization with DNA immunogen with or without LT-IS indicates that the both
immunization protocols induce a highly polarized Th2-mediated immune response. Thus, in
our experiments the LT-1S patches do not change the isotype profile of antibodies generated
in BALB/c mice vaccinated with psHA-3C3d (Fig. 2).

Effect of LT-IS patches on the T cell response to DNA immunization

T cell help is an essential factor for robust B cell activation, and since LT-IS patches enhanced
antibody response, we examined whether the patches also amplified the anti-HA-induced T
cell proliferation following DNA vaccination. Ten days postimmunization, splenocytes from
mice were isolated and restimulated in vitro with purified HA protein. As expected, splenocytes
from mice immunized with psHA-3C3d plus LT-IS patches induce significantly stronger T
cell proliferation responses to the viral antigen than those from mice immunized with
psHA-3C3d alone (Fig. 3). As expected, we saw no difference in HA-induced T cell
proliferation when LT-IS patches were applied at the different time points (Fig. 3).

Mechanisms involved in the LT-IS patch—induced amplification of the immune response to
gene gun—mediated DNA immunization

We have demonstrated that the transcutaneous delivery of the LT adjuvant via IS patches can
significantly enhance the B and T cell response to gene gun—mediated DNA immunization,
without altering the Th phenotype. Previously, Dempsey et al. (1996) suggested three possible
mechanisms for enhancement of immune responses by C3d fusion proteins. All these
mechanisms are based on binding of C3d to CD21/CR2 receptor expressed on B cells, as well
as on professional APCs. CD21/CR2 is coexpressed as a honcovalent complex with CD19,
which functions as a specialized membrane adaptor protein for antigen-specific B cell receptors
(BCRs) (Ahearn et al., 1996). BCR activation induces the phosphorylation of CD19, which
results in the activation of lipid and protein kinases and subsequent increases in Ca2* influx
(O’Rourke et al., 1998; Brooks et al., 2000). It has been demonstrated previously that following
antigen binding, the BCR moves into cholesterol/sphingolipid-rich membrane lipid raft
microdomains (Cheng et al., 1999). Translocation of both CD19/CD21 complex and BCR into
lipid rafts was shown to occur after binding of cells to an antigen tagged with C3d. Importantly,
CD19/CD21 complex significantly prolongs BCR residency in lipid rafts and also stimulates
signaling through this antigenic receptor (Cherukuri et al., 2001). Thus, it is likely that secreted
HA molecule fused with 3 copies of complement component C3d (sHA-3C3d) molecule
synthesized in vivo after DNA immunization has the capacity to bind both antigen-specific
BCR and CD21/CD19 and act as a molecular adjuvant for amplifying the humoral response to
HA (Ross et al., 2000). In addition, we have previously shown that topical delivery of adjuvant
to the skin significantly augments protective humoral and cellular immune responses to
influenza virus antigens likely through activation of skin dendritic cells (Guebre-Xabier et
al., 2003).

Another desirable feature of vaccines is to provide a strong memory response so that subsequent
boosts induced a therapeutic level of protective antibodies. Because the CD21 molecules
expressed on professional APCs also promote the development and maintenance of memory
B cells (Dempsey et al., 1996), we suggest that combining the LT-1S patches with 3C3d
molecular adjuvant also will induce enhanced memory responses following DNA vaccination
(Guebre-Xabier et al., 2003). The studies presented here establish that both humoral and
cellular immune responses induced by a DNA vaccine can be further enhanced by topical
delivery of LT-1S adjuvant directly to the skin at the site of DNA immunization.
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Discussion

Vaccines can be highly effective in preventing diseases caused by infectious agents; however,
inducing an adequate immune response without significant adverse events represents a
significant challenge to vaccine development (Guebre-Xabier et al., 2003; Haynes and Swain,
2006). We believe that a combinatorial approach to DNA vaccine design that includes a
molecular adjuvant in the DNA immunogen, which is further supplemented with IS patches,
can be widely utilized for successful DNA vaccination in humans. Desirable features of this
approach include the transcutaneous delivery of potent adjuvants, which can safely promote
potentimmune responses to vaccines (Glennetal., 2003), and secondly the use of DNA vaccine
technology that can be rapidly modified in response to mutations in pathogens and configured
to include a molecular adjuvant that targets antigen uptake by APCs (Dempsey et al., 1996;
Kieber-Emmons et al., 2000; Laddy and Weiner, 2006; Wheeler et al., 2006).

In this report we demonstrate that application of LT-1S patch significantly enhances the onset
and amplitude of the antibody response, as well as the T cell response, to gene gun
immunization with the psHA-3C3d vaccine compared to the immune response induced by the
DNA immunogen alone. In addition, we found that the time of LT-1S patch application was
not critical to the humoral immune response to DNA immunization because there were no
significant differences in the titers of antibody elicited when the LT-1S patches were applied
at the same time as the DNA immunization, or at 24 or 48 h postimmunization (Fig. 1A). This
result is most likely due to the continuous expression of the psHA-3C3d in the skin, which
provides a chronic source of antigen that can be processed by APCs recruited by application
of the LT-IS patches. Interestingly, in our experiments the LT-IS patches did not change the
isotype profile of antibodies generated in BALB/c mice vaccinated with psHA-3C3d (Fig. 2).
However, because BALB/c mice are prone to a Th2-biased immune response (Mills et al.,
2000;Wang et al., 2003), future studies using different strains of mice will be necessary to
demonstrate that the LT adjuvant patches do not convert the psHA-3C3d-induced immune
response to a Thl phenotype. Conversely, if the LT adjuvant were to induce a switch from a
Th2-preferred immune response in other strains of mice, then substitution of LT with cholera
toxin in the IS patches may be desirable (Glenn et al., 1998;Eriksson et al., 2003;Lavelle et
al., 2004;Su et al., 2004;Nikolic et al., 2007). Based on the results presented in this report, we
propose that the combination of DNA immunization with IS patches should reduce the number
of injections necessary for elicitation of potent immune responses in humans, which provides
support for a new strategy for safely enhancing the immune response to DNA vaccination.
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FIG. 1.

(A) Anti-influenza antibody responses enhanced by combining DNA vaccination with LT-1S
patches. Application of LT-IS patches following DNA vaccination (at 0, 24, and 48 h) induces
significantly higher amount of anti-influenza antibodies compared to controls. Binding to viral
antigens was analyzed in sera of mice at dilution 1:250, and average values from one out of
two independent enzyme-linked immunosorbent assay experiments are presented (similar
results were obtained in the second experiment). Error bars represent SD; ***p<0.001. (B)
Adjuvant (LT) administrated as an immunostimulant (I1S) patch increases titers of antiviral
antibodies in mice vaccinated with DNA immunogen. Results from one out of two independent
experiments are presented (similar results were obtained in the second experiment).
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FIG. 2.

Detection of 1gG1, 19G2a, 1gG2b, and 1gM subclasses of anti-influenza antibodies in pooled
sera (dilution 1:250) collected from individual mice after the last immunization. Immunization
with DNA vaccine alone or in combination with placebo patch induced production of antiviral
antibodies of 1gG1 isotype. Application of LT-IS patches following DNA vaccination does not
change the isotype profile of anti-influenza antibodies. Results from one out of two independent
experiments are presented (similar results were obtained in the second experiment).
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FIG. 3.

T cell proliferation in mice immunized with DNA vaccine combined with LT-IS patch.
Splenocytes from immunized and control mice were restimulated in vitro with purified HA
antigen. Only application of LT-IS patches following DNA vaccination induces significant
proliferation of antigen-specific T cells. LT-1S patch, DNA vaccine alone, or combination of
DNA vaccine and placebo patch induced very low proliferation of splenocytes. Pools of
splenocytes from each group were analyzed, and two experiments were performed with 12
mice in each group. Mean values of stimulation index from two independent experiments are
presented. Error bars represent SD; ***p<0.001.
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