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Abstract
Easy and effective vaccination methods could reduce mortality and morbidity due to vaccine-
preventable influenza infections. In this study, we examined the use of microneedle patches to
increase patient coverage through possible self administration and enhance vaccine
immunogenicity by targeted delivery to skin. We carried out a detailed study of protective immune
responses after a single influenza vaccination to the skin of mice with a novel microneedle patch
designed to facilitate simple and reliable vaccine delivery. Skin vaccination with inactivated virus-
coated microneedles provided superior protection against lethal challenge compared to
intramuscular injection as evidenced by effective virus clearance in lungs. Detailed immunologic
analysis suggests that induction of virus neutralizing antibodies as well as enhanced anamnestic
humoral and cellular responses contributed to improved protection by microneedle vaccination to
the skin. These findings suggest that vaccination in the skin using a microneedle patch can
improve protective immunity, and simplify delivery of influenza and possibly other vaccines.
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1. Introduction
Influenza virus causes 17,000–51,000 deaths in the United States annually [1]; a global
pandemic could kill millions [2]. Improving the delivery of influenza vaccine antigens such
as transdermal vaccination would be an important advance, which may be enabled by
targeting skin’s specialized antigen-presenting Langerhans and dermal dendritic cells across
the skin layer [3,4]. However, topical antigen delivery is blocked by skin’s outermost barrier
layer of stratum corneum [4].

Intradermal (ID) administration has been proposed to improve immunogenicity of influenza
vaccines and limited data suggest this approach offers promise. For example, a pair of
clinical studies showed that a reduced dose of influenza vaccine delivered to the skin
generated similar hemagglutination inhibition (HAI) responses compared to the full
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intramuscular (IM) dose, which suggested a dose-sparing strategy [5-8]. Intraepidermal
delivery by jet injection showed both increased protection and dose sparing compared to
subcutaneous (SC) injection in mouse [9]. Human trials using other vaccines, such as
inactivated polio, rabies and hepatitis B, have more definitively shown enhanced immune
responses and protection after low-dose ID delivery compared to IM immunization [10].
Overall, these findings suggest that influenza vaccination in the skin would benefit from
detailed immunologic study to determine the possible benefits of this route of
administration.

Such detailed immunologic studies have been difficult to carry out in humans due to their
invasive nature as well as the noted unreliability of ID delivery using conventional Mantoux
injection [11]. In animals, it is even harder to inject into the thin skin of rodents, which is
often thinner than the bevel on the tip of a hypodermic needle and thus attempts to inject ID
often go subcutaneous (SC) or IM. In this study, we have used microneedles to reliably
target vaccine delivery to the skin of mice using a device designed for simple administration
with minimal training.

We and others have fabricated microneedles by adapting tools of the microelectronics
industry to create micron-scale needles that pierce skin’s outer barrier layer of stratum
corneum and administer compounds into skin [12,13]. Microneedles can be assembled into
patches suitable for self-administration using low-cost manufacturing [14] and have been
reported as painless and well-tolerated by human subjects [15,16]. Some work has addressed
vaccine delivery via the ID route using hollow microneedles requiring delivery of a liquid
vaccine formulation by clinical personnel [8,17,18]. Microneedles have also been also
developed as solid microneedle patches that are coated with inactivated influenza virus
vaccine [19,20] for subsequent dissolution of coated vaccines from the microneedles in the
skin and may be suitable for self administration.

Only 113 million vaccinations were given in the 2007-2008 influenza season, although
influenza vaccine is currently recommended in United States for 220 million people [1].
Barriers to wider coverage include the need for injection by trained medical personnel and
anxiety associated with hypodermic needles [21]. These limitations would be amplified
during rapid mass vaccination during a possible pandemic, because hypodermic injection
has risks of cross-contamination and spread of a pathogen [22]. Vaccination using a self-
administered microneedle patch could address these limitations.

This study sought to develop solid microneedles for influenza vaccine not only to enable
detailed immunologic analysis of influenza vaccination in the skin, but also as a delivery
technology to enable simple and reliable vaccination for wider patient coverage in clinical
practice. The results from the present study provides evidence that microneedle skin
immunization can be superior to IM immunization in inducing protective immunity as
demonstrated by improved lung viral clearance as well as recall humoral and cellular
immune responses to influenza virus.

2. Materials and methods
2.1. Preparation of inactivated influenza virus

Formalin-inactivated influenza A/PR/8/34 virus (A/PR8) was prepared as described
previously [23] and used as a vaccine antigen through this study. Briefly, influenza virus A/
PR8 was grown in 10 day old embryonated hen’s eggs and purified from allantonic fluid by
using a discontinuous sucrose gradient (15, 30, and 60%) layers. The purified virus was
inactivated by mixing the virus with formalin at a final concentration of 1:4000 (v/v).
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2.2. Fabrication, coating and imaging of microneedles
Stainless steel microneedles were fabricated using laser cutting and electropolishing, as
described previously [24]. To apply a vaccine coating, microneedles were dipped six times
at 25°C into coating solution using a dip-coating device described previously [24] and air
dried. The coating solution was composed of 1% (w/v) carboxymethylcellulose (CMC)
sodium salt (Carbo-Mer, San Diego, CA), 0.5% (w/v) Lutrol F-68 NF (BASF, Mt. Olive,
NJ), 15% (w/v) trehalose (Sigma Aldrich, St. Louis, MO) and 1 mg/ml inactivated virus in
phosphate buffered saline (PBS).

Microneedles were imaged by, bright-field stereo microscope (Olympus SZX12, Center
Valley, PA) with a CCD camera (Leica DC 300, Leica Microsystems, Bannockburn, IL). To
image the microneedles after delivery of viral antigen into skin, microneedles coated with
inactivated virus were inserted into mouse cadaver skin for 10 min.

2.3. Immunization and viral challenge infection
BALB/c mice (Charles River, Wilmington, MA) were anesthetized intramuscularly with 110
mg/kg ketamine (Abbott Laboratories, Abbott Park, IL) mixed with 11 mg/kg xylaxine
(Phoenix Scientific, St. Joseph, MO). The skin on the back of the mouse was exposed by
removing hair with depilatory cream (Nair, Princeton, NJ), washed with 70% ethanol, and
dried with a hair dryer. An in-plane five-needle array of microneedles coated with 0.4 μg of
inactivated influenza virus was manually inserted into the skin and left for 10 min to
dissolve the vaccine coating in the skin. To determine the amount of inactivated virus
vaccine coated on microneedle, vaccine coated microneedles were soaked in PBS solution
for 12 h at 4°C, and the amount of released protein measured by a BCA protein assay kit
(Pierce Biotechnology, Rockford, IL).

As a positive control, mice were similarly treated, but no depilatory cream was applied, and
0.4 μg of inactivated influenza virus in 100 μl PBS solution was injected intramuscularly
into the mice. IM immunization was performed using the same inactivated influenza virus
dose and in the absence of any adjuvant. Naïve (i.e., negative control) mice received no
treatment. Mock control (i.e., negative control) mice received microneedle vaccination in the
skin with coating buffer but not containing vaccine.

For virus challenge, isoflurane-anesthetized mice were intranasally infected with the mouse-
adapted A/PR8 virus (20 LD50) five weeks after vaccination. Mice were observed daily to
monitor changes in body weight and to record mortality (mice were compassionately
sacrificed at 25% body weight loss). In some cases, mice (4 out of 10 mice per group) were
sacrificed four days after challenge to harvest lung and spleen for additional analysis
described below. All animal studies were approved by the Emory University Institutional
Animal Care and Use Committee.

2.4. Antibody responses
Influenza virus-specific antibodies of different isotypes (IgG, IgG1, IgG2a and IgG2b) were
determined by enzyme-linked immunosorbent assay (ELISA) following standard protocols
described previously [23]. Data are presented as optical densities read at 450 nm or end-
point titers. Titers are expressed as the highest dilution having a mean optical density at
450nm greater than the mean value plus 3 standard deviations of naïve serum samples.

2.5. Neutralization, hemagglutination inhibition titer (HAI), lung viral titer and lung
inflammatory cytokine assays

Virus neutralization assay of serum samples collected at week 4 post immunization was
performed using MDCK cells (American Type Culture Collection, Manassas, VA)
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following a previously described procedure [23]. Neutralization activity was expressed as
the percentage of plaque reduction as a function of serum dilution.

Hemagglutination-inhibition (HAI) titers were determined as previously [23]. Briefly, serum
samples were first treated with receptor-destroying enzyme in 1:3 ratio (Denka Seiken,
Tokyo, Japan) overnight at 37°C and then incubated for 30 min at 56°C. Sera were then
serially diluted in separate wells, mixed with 4 HA units (HAU) of influenza A/PR8 virus,
and incubated for 30 min at room temperature prior to adding 0.5% chicken red blood cells.

Lung viral titers at day 4 post challenge were determined by counting the number of plaques
formed on the MDCK cells as described previously [23] . Inflammatory cytokines (IL-6,
IFN-γ) in lungs collected at day 4 post challenge were analyzed by Ready-Set-Go cytokine
kits (eBioscience, San Diego, CA) following the manufacturer’s procedure.

2.6. Virus-specific immune recall responses upon virus challenge
Spleen cells harvested from immunized and naïve mice at day 4 post-challenge were also
used to determine cytokine producing T cell responses by ELISPOT (BD/PharMingen, San
Diego, CA)_upon the in vitro stimulation with a mixture of two major A/PR8
hemagglutinin-specific histocompatibility complex class I (MHC-I) peptides (IYSTVASSL
and LYEKVKSQL) or a pool of five MHC-II peptides (SFERFEIFPKE,
HNTNGVTAACSH, CPKYVRSAKLRM, KLKNSYVNKKGK, and
NAYVSVVTSNYNRRF), as described previously [23]

2.7. Statistical Analysis
Every assay was measured using at least three samples, from which the arithmetic mean and
standard error of the mean were calculated (unless otherwise noted). A two-tailed Student’s
t-test (α=0.05) was performed when comparing two different conditions. When comparing
three or more conditions, a one-way analysis of variance (ANOVA; α=0.05) was performed.
In all cases, a value p<0.05 was considered statistically significant.

3. Results
3.1. Fabrication of microneedle and stabilization of influenza vaccines by trehalose

To carry out this study, microneedles fabricated by laser-cutting stainless steel sheets were
designed to be long enough to penetrate through stratum corneum and viable epidermis and
into superficial dermis by gentle manual insertion, but short enough to avoid pain compare
to hypodermic needle. Figure 1A illustrates a size comparison between an array of 5
microneedles and a conventional hypodermic needle [16]. The microneedle length is
approximately 700 μm. For comparison, the thickness of mouse epidermis and full-thickness
skin are approximately 30 μm and 700 μm respectively [25], which suggests that
microneedles penetrated through the full thickness of mouse skin.

Our delivery strategy involved coating solid microneedles with formulations of influenza
vaccine that dissolve in skin. We developed aqueous coating formulazztions including
surfactant to facilitate uniform coatings by reducing surface tension, viscosity enhancer to
enable thicker coatings by increasing coating solution residence time during a drying
process, and inactivated whole influenza virus (A/PR/8/34) as a vaccine antigen. To prevent
vaccine activity loss, we used trehalose, which is known to stabilize biomolecules during
drying [26]. Dip coating influenza vaccine onto microneedles in the coating buffer produced
thick, uniform coatings localized to microneedle shafts as seen in white (Fig.1B-i). Insertion
of microneedles into skin led to dissolution of coated vaccines from the microneedles within
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minutes (Fig. 1B-ii). As shown in Fig. 1B-ii, the white, bulky vaccine coating was dissolved
in the skin and disappeared from microneedle surface.

3.2. Antibody responses after delivery of solid microneedle influenza vaccine
We next evaluated vaccine efficacy via microneedle delivery to the skin compared with IM
injection in mice. Groups of mice (n=10 BALB/c mice per group) were IM immunized with
unprocessed inactivated virus vaccine (0.4 μg total protein contents) or administered via skin
with an array of microneedle coated with 0.4 μg of inactivated virus in a solid formulation.
A mock control group of mice was immunized with microneedles coated with coating buffer
only in the absence of vaccine. Visual examination of the skin of animals in all three groups
showed that the sites of microneedle insertion (either with vaccine or mock control) show
barely perceptible erythema that resolved within hours. IM vaccinated mice also showed
very mild erythema, although somewhat more pronounced that the microneedle-treated sites,
which also resolved within hours.

Both IM and microneedle groups showed gradual increases in virus specific antibody levels
with time up to week 4 after a single immunization (Fig. 2). For total IgG, IgG2a, and IgG2b
(Fig 2A, 2C, 2D), antibody levels after skin vaccination were statistically the same as IM
vaccination (p>0.1). Interestingly, microneedle delivery induced higher levels of IgG1
antibodies compared to IM immunization at weeks 2 and 4 (p<0.05, Fig 2B). For both
delivery methods, IgG2a was the dominant isotype (ratios of virus specific IgG2a and IgG1
antibodies based on titers for microneedle and IM is 8 and 16, respectively), indicating T
helper type 1 (Th1) biased immune responses. When antibody levels were compared in
terms of titers as end-point dilutions, a similar pattern of antibody profiles was observed in
both total IgG and isotype antibodies (data not shown). Thus, by systemic humoral
measures, microneedle delivery to the skin and IM immunization provided similar antibody
responses, but microneedles increased IgG1 while maintaining IgG2 levels. These results
suggest that microneedle skin immunization can induce more balanced IgG1 and IgG2a
antibody responses compared to IM immunization although inactivated whole virus vaccine
delivered by either IM immunization or microneedle skin vaccination induced a dominant
IgG2a isotype antibody response.

3.3. Induction of functional antibodies by microneedle vaccination
Viral neutralizing activity is a direct and sensitive measure for functional antibodies [27].
Even the high level of 540 fold-diluted serum samples from the microneedle group showed
100% inhibition of virus plaque formation whereas a smaller dilution factor of 270 was
needed for 100% inhibition in the IM immunization group although (Fig. 3).
Hemagglutination inhibition titers (HAI) are another important serological response when
assessing vaccine efficacy. HAI titers of 40 are generally expected to provide 50%
protective immunity [28]. Both microneedle and IM immunization groups showed HAI
titers of approximately 300, whereas the mock control showed an HAI titer of less than 15.
Therefore, microneedle skin immunization can induce comparable (or higher) levels of virus
neutralizing antibody and HAI responses compared to IM immunization.

3.4. Protection against lethal challenge infection
To determine protection, microneedle, IM immunized, and mock control mice were
challenged with a lethal dose of mouse-adapted A/PR8 virus (20 × LD50) at 5 weeks after a
single vaccination. Mock control mice showed pathologic signs including ruffled fur,
lethargy, and significant weight loss, and then died or had to be euthanized by day 6.
Microneedle and IM immunized mice were protected without body weight loss (p>0.4) (Fig.
4). Thus, microneedle delivery to the skin and IM immunization both provided apparently
similar protection against challenge.
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3.5. Protective efficacy of microneedle vaccination
We next assessed local immunity in the lung as a more direct measure of immune protection
at the major site for virus replication. At four days post-challenge, IM-immunized mice had
2000-fold lower lung viral titers than mock control mice, indicating significant suppression
of viral replication (Table 1). Interestingly, the group of mice that received microneedle
vaccination in the skin had no detectable lung viral titers indicating effective control of
challenge virus replication by day 4. Moreover, mock challenged mice exhibited high levels
of inflammatory cytokines known to cause tissue damage and increased mortality [29],
whereas no IFN-γ and an order of magnitude less IL-6 were detected in lungs of both groups
of immunized mice (Table 1). Importantly, microneedle-immunized mice showed even
lower levels of IL-6 compared to IM immunization, indicating less pathological symptoms
due to viral replication. Therefore, microneedle delivery to the skin provided superior
protection in the lung compared to IM immunization.

3.6 .Rapid recall humoral and cellular immune responses induced by microneedle
vaccination after challenge infection

To better understand the underlying host immune mechanism for improved lung viral
clearance after microneedle immunization in the skin, we performed detailed immunologic
studies. Improved responses to skin immunization using microneedles could be caused by
more effective induction of rapid recall immune responses from immunologic memory upon
pathogen exposure. We first assessed this by measuring antibody responses four days after
virus challenge. Microneedle vaccination in the skin was found to induce higher levels of
virus-specific IgG than IM immunization both in sera (Fig. 5) and, more significantly, in
lungs (Table 1). The microneedle vaccine group showed significantly higher levels of virus
specific total IgG antibody than IM immunization after challenge (Fig. 5), indicating rapid
host anamnestic immune responses probably due to the exposure and replication of
challenge virus. Whereas, the IM immunization group showed decreases in levels of virus-
specific antibodies at this early time post challenge infection, which might be related with
delayed virus clearance.

We next assessed cellular recall responses by measuring cytokine-secreting spleen cells
harvested four days post-challenge following stimulation with immunodominant major
histocompatibility complex (MHC) class I and II hemagluttanin peptides (Fig.6).
Microneedle-vaccinated mice induced approximately three-fold more IFN-γ and IL-4
cytokine-secreting splenocytes compared to IM immunization upon MHC II peptide
stimulation. Altogether, these results indicate that microneedle delivery to the skin induced
rapidly responsive anamnestic recalls upon pathogen exposure particularly through lung and
serum antibodies as well as MHC II-associated CD4+ T helper cells, which might be
especially important to protection in the elderly [30]. Enhanced immune responses at the
time of day 4 post challenge observed particularly in the group of microneedle vaccination
in the skin reflect the recall responses of memory, since it is too early for naïve mice to
induce protective virus-specific antibodies or cellular immunity [31]. In summary, our
results indicate that influenza vaccine delivery to the skin by solid microneedles were
superior to IM immunization in inducing effective recall immune responses contributing to
improved protective immunity.

4. Discussion
In the present study, we demonstrated that microneedle vaccination in the skin was superior
to IM immunization in inducing rapid increases in virus-specific antibodies in lung and sera,
and recall responses of T cells. One of the striking findings was that microneedle
vaccination was more effective in controlling challenge virus replication than IM
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immunization. At the early time point of day 4 post-challenge, virus specific serum total IgG
was significantly higher in the microneedle vaccine group than those observed by IM
immunization. These rapidly enhanced recall immune responses indicate that the vaccine-
induced pre-existing memory B cells in the microneedle group might be rapidly responsive
to the exposure of challenge virus and its replication. These rapid host recall responses after
microneedle vaccination were reflected by the significant increases in sera and lungs at an
early time point of day 4 after challenge. In contrast, in the IM immunization group, the
serum antibodies were transiently decreased by day 4 post challenge probably due to
recruitment of circulating antibodies for binding to rapidly replicating viruses. Thus, it is
speculated that the IM immunized group might be less effective in rapidly responding to the
exposure of challenge virus than the microneedle vaccine group, which results in a delay in
clearing virus compared to the microneedle delivery.

In the spleen, cytokine-secreting splenocytes are generated by a MHC II-dependent pathway
to produce both Th1 and Th2 CD4+ T helper cells [32]. Skin-derived dendritic cells are
known to express high levels of MHC II molecules upon activation [33]. The combination of
these elevated humoral and cellular anamnestic responses can explain the lower lung viral
titers resulting in lower levels of lung inflammatory cytokines and the associated excellent
protection against viral challenge. More detailed kinetic studies after challenge are needed to
better understand the control of viral replication and the generation of memory immune
responses with microneedle vaccination in comparison with IM immunization.

The humoral, cellular and protective immune responses to influenza vaccination in the skin
are not well understood. Only limited studies on intradermal immunizations have been
reported using animals probably due to difficulties in intradermally delivering vaccines in
solution (10 to 100 μl) using a relatively large hypodermic needle into relatively thin skin
[18,34]. There have also been intradermal immunization studies in humans by delivering
liquid formulations of vaccines (100 to 500 μl) using hypodermic needles [5-8,17,35,36].
Based on HAI antibody responses after vaccination with low doses delivered by ID
injection, some clinical studies demonstrated dose sparing effects although equivalent dose
comparing groups are missing [5,7,8]. A well-controlled and direct comparison of low-dose
influenza vaccination ID versus IM showed similar HAI for both delivery routes among
adult subjects, which indicated that ID delivery was not dose sparing [35]. In contrast, a
separate study did show elevated HAI responses after low-dose ID delivery among the
elderly [17]. However, none of these studies reported detailed immune responses or
protective immunity due to intrinsic technical limitations. Clearly, such experiments would
be difficult to be carried out on humans. Thus, microneedle immunizations can provide an
enabling tool to gain insight into the immunologic basis for improved protection. More
detailed dosage studies will be needed to better define the optimization for microneedle
vaccination.

In addition to apparent immunologic advantages, microneedles also offer potential logistic
opportunities. The small size of solid microneedle patches should facilitate storage,
stockpiling and transportation of influenza vaccines, possibly via mail [37]. Vaccination
should be faster and simpler because microneedles are painless [16], inherently avoid need
for reconstitution, and may be administered by minimally trained personnel or possibly
patients themselves. Used microneedles have small disposal volume and are difficult to
reuse, either intentionally or accidentally. Finally, mass-produced microneedles are expected
to be cost-competitive with hypodermic needle and syringe.
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5. Conclusion
Skin vaccination using microneedles induced robust humoral and cellular immune responses
that were, by some measures, significantly stronger than IM injection and provided full
protection against viral challenge. Although this research used microneedles to study skin
vaccination, we hypothesize that the advantages reported here may be more broadly
representative of vaccination in the skin, which may be harnessed to develop better
influenza vaccines. These immunologic advantages, combined with logistic benefits,
indicate that microneedle delivery to the skin may offer a strategy for improved influenza
vaccination.
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Fig.1.
(A) Size comparison between a microneedle array and the tip of a 20 gauge hypodermic
needle (scale bar = 1500 μm). (B) Bright-field micrographs of a microneedle (scale bar =
150μm). (i) A microneedle coated with inactivated influenza virus as seen in white, bulky
parts covering the microneedle. (ii) The same microneedle after insertion and removal from
mouse skin after 10 min, indicating the disappearance of the vaccine coating as a result of
dissolution of the vaccine coating in the skin. (C) Insertion of microneedles across the skin
layer.
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Fig.2.
Kinetics of virus-specific total IgG and isotype antibodies after a single dose of vaccination.
Kinetics of influenza virus specific serum antibody responses were determined at week 1, 2,
and 4 post-immunization with microneedle (MN) vaccine in the skin, IM immunization, or
mock immunization (n=10 mice). Antibody levels in the diluted serum samples (100x) were
determined by ELISA using inactivated virus as a coating antigen and presented as optical
densities (OD at 450 nm). (A) Total serum IgG. (B) IgG1. (C) IgG2a. (D) IgG2b (*p<0.05).
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Fig. 3.
Induction of functional antibodies after a single vaccination. Neutralizing activity expressed
as percentages of plaque reduction on MDCK cells 4 weeks after immunization (n=10
mice).
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Fig. 4.
Protection against lethal challenge with A/PR8 virus (20 LD50) five weeks after
immunization. Change of (A) body weight and (B) survival rate (n=6 mice).
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Fig. 5.
Virus specific serum antibody levels before and after challenge. Averages (n=4 mice) are
shown from three independent experiments (*p<0.05). Titers are expressed as the highest
dilution fold having a mean optical density at 450nm greater than the mean value plus 3
standard deviations of naïve serum samples.

Kim et al. Page 15

Vaccine. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Cellular responses to influenza vaccination. (A) IFN-γ and (B) IL-4 secreting splenocytes in
response to A/PR8 hemagglutinin-specific MHC I and II peptide stimulation determined by
ELISPOT (n=4, *p<0.05). Averages (n=4 mice) are shown from duplicate wells.
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Table 1

Lung virus titer, lung inflammatory cytokines, and total virus-specific IgG antibody from lung extracts A.

Group Lung virus titer (log10) B Lung IFN-γ (pg/ml) C Lung IL-6 (pg/ml) C Lung IgG (OD450) D

MockE 6.64 ± 0.7 650 ±50 1500 ± 200 0.28 ± 0.02

MN+TreF 1.69 ± 0.2* 0 60 ± 20* 1.5 ± 0.23*

IMG 3.25 ± 0.4 0 200 ± 60 0.8 ± 0.1

A
Lung extracts harvested four days post-challenge. Averages of 4 individual mice pre group are shown from two independent experiments

(*p<0.05 compared with IM).

B
Lung virus titer expressed as plaque-forming units/ml. The detection limit for lung viral titers was 50 pfu/ml.

C
Lung inflammatory cytokines presented as geometric mean.

D
Total virus-specific IgG antibody from lung extracts. (100x diluted samples, n=4 mice)

E
The mock control mice.

F
Microneedle immunization with trehalose formulation.

G
Intramuscularly immunization with intact influenza vaccine.
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