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Background. A major goal in influenza vaccine development is induction of serological memory and cellular
responses to confer long-term protection and limit virus spread after infection. Here, we investigate induction of
long-lived immunity against the 2009 HIN1 virus after skin vaccination.

Methods. BALB/c mice received a single dose of 5 pg inactivated A/California/04/09 virus via coated metal
microneedles (MN) applied to skin or via subcutaneous injection.

Results. MN or subcutaneous vaccination elicited similar serum IgG and hemagglutination inhibition titers and
100% protection against lethal viral challenge 6 weeks after vaccination. Six months after vaccination, the
subcutaneous group exhibited a 60% decrease in functional antibody titers and extensive lung inflammation after
challenge with 10 X LDs, of homologous virus. In contrast, the MN group maintained high functional antibody
titers and IFN-vy levels, inhibition of viral replication, and no signs of lung inflammation after challenge. MN
vaccination conferred complete protection against lethal challenge, whereas subcutaneous vaccination induced only
partial protection. These findings were further supported by high numbers of bone marrow plasma cells and spleen

antibody-secreting cells detected in the MN group.
Conclusions.

A single skin vaccination with MN induced potent long-lived immunity and improved protection

against the 2009 HINI influenza virus, compared with subcutaneous injection.

Vaccination against influenza could benefit from new
vaccine formulations and vaccine delivery methods
capable of inducing serological memory and strong cel-
lular responses [1, 2]. This could result in better pro-
tection and decreased morbidity and mortality associated
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with influenza. The main aim of vaccination is the in-
duction of long-lived immunity that will enable a rapid
protective immune response after encounter with the
pathogen by activating the appropriate mechanisms of
the immune system. This will increase the magnitude and
the quality of vaccine-induced immune response and
result in long-term protection against influenza virus [3].

Recent studies have demonstrated that intramuscular
administration of the vaccine is not the most efficient
method of vaccine delivery [4-7]. The low concentration
of dendritic cells and macrophages and the lack of MHC
class II-expressing cells in the muscles result in limited
activation of T lymphocytes, leading to reduced humoral
and cellular responses and T cell-dependent B cell
activation [6]. As an alternative site for vaccination, the
skin contains a rich network of antigen-presenting cells
(APCs), including macrophages, Langerhans cells (LCs),
and dermal dendritic cells (DCs) [8, 9]. Delivery of an
antigen through the skin activates innate immune
mechanisms, including pattern recognition receptors
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(PRCs) that induce the production of cytokines and chemokines
responsible for the initiation of the immune response [9-11].
After encounter with the antigen, LCs and DCs differentiate and
migrate to the draining lymph nodes where they will activate
naive T and B cells [12, 13].

We previously reported that new routes of influenza vaccine
delivery via the skin using antigen-coated metal microneedle
patches or dissolving microneedles encapsulating the antigen elicit
strong humoral and cellular immune responses that can confer
at least equal protection, compared with the conventional in-
tramuscular route of delivery, against seasonal influenza [14-17].

The recent HIN1 pandemic illustrated the actual threat of
influenza virus and that vaccine induced protective immunity
against it is essential [18]. According to the Centers for Disease
Control and Prevention, the recent HIN1 A/California/04/09
virus continues to be the predominant circulating strain
worldwide, with younger age groups being more affected by it
[19]. Therefore, vaccines that exhibit strongly protective im-
munity against the virus continue to be urgently needed [20].

In this study we showed, for the first time to our knowledge,
the efficacy of a single-dose skin vaccination with inactivated
virus using microneedles to elicit robust serological memory and
cellular responses, resulting in improved viral clearance and
protection after infection with the novel 2009 HIN1 influenza
virus. Maintenance of high serum functional antibody titers and
strong recall responses could reduce morbidity and mortality
rates by conferring long-term protection against influenza virus
after a single vaccine dose with microneedle patches.

MATERIALS AND METHODS

Microneedle Fabrication and Coating

As described elsewhere [14], metal microneedles were fabricated
by laser-etching stainless steel sheets (McMaster-Carr). Micro-
needles were prepared in rows of 5 microneedles. Each micro-
needle measured 700 um long, with a cross sectional area of
170 pm by 55 pm at the base and tapering to a sharp tip. Mi-
croneedles were dip-coated using a coating solution formulated
with 1% (w/v) carboxymethylcellulose (Carbo-Mer), 0.5% (w/v)
Lutrol F - 68NF (BASF), 15% (w/v) D-(+)-trehalose dihydrate
(Sigma), and 5 pg/mL inactivated HIN1 2009 virus vaccine [21].

Cells and Viruses

Madin-Darby canine kidney cells (ATCC CCL 34, American
Type Culture Collection) were maintained in Dulbecco’s
Modified Eagle’s Medium (Mediatech) containing 10% fetal
bovine serum (Hyclone; ThermoFisher Scientific). Influenza
virus stocks (A/California/04/09, HIN1) were prepared, puri-
fied, and inactivated, as described elsewhere [22]. Hemaggluti-
nation (HA) activity was determined using turkey red blood
cells (LAMPIRE Biological Laboratories) [23]. The mouse-
adapted virus was obtained using 5 serial passages in lungs of

BALB/c mice. The LDs, was calculated using the Reed-Muench
formula, and viral titer was determined by plaque assay [14].

Vaccinations and Characterization of Inmune Responses
Female BALB/c mice (Charles River Laboratory; 30 mice per
group; age, 6-8 weeks) received 1 dose (5 pg) of the vaccine
administered with microneedles or subcutaneously, which is the
route most closely related to skin vaccination. For microneedle
delivery, the mice were treated by manual insertion of the
microneedles into skin on the dorsal surface for 5 min [14, 16].
A placebo group was treated in the same way with uncoated
metal microneedles. Unimmunized mice were used as an
additional negative control. Animals were bled retro-orbitally 2,
4, and 24 weeks after vaccination under systemic anesthesia [14].
Six weeks and 24 weeks after vaccination, mice (n = 5) were
challenged with 10X LDs, dose of live mouse-adapted HIN1
virus and were monitored for 14 days for signs of morbidity
(body weight changes, fever, and hunched posture) and mor-
tality. A weight loss of >25% was used as the experimental
endpoint, at which mice were euthanized according to the
Institutional Animal Care and Use Committee guidelines. Four
days after challenge of an independent cohort, blood samples
were collected to determine humoral immune responses and
lung samples were collected to determine virus and antibody
titers, cytokine expression levels, and histopathological changes.
All serum samples and lung homogenates were individually
processed to determine humoral immune responses (total IgA,
IgG, IgG isotypes, and hemagglutination inhibition [HAI] titers)
[14]. Cellular immune responses were estimated using cytokine
enzyme-linked immunosorbent assay (ELISA) [14, 22]. Finally,
a cohort of immunized unchallenged mice (n = 5 per group)
was euthanized 12 weeks after vaccination, and spleen and bone
marrow were collected for the measurement of influenza-
specific IgA and IgG antibody-secreting cells (ASC) and plasma
cells by enzyme linked immunospot assay (ELISPOT) [24-26].
All animal studies had approval of the Emory University’s
Institutional Animal Care and Use Committee.

Histopathological Examination

Lung, liver, and spleen tissue samples were collected and fixed in
100% formalin solution, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin [27]. The stained samples
were examined for signs of pathological changes under light
microscopy.

Statistics

The statistical significance of the differences was calculated by
2-tailed unpaired Student’s ¢ test and 1-way analysis of variance
(ANOVA; including Bonferronis’s multiple comparison test)
or 2-way ANOVA. Values of P < .05 were considered to be
statistically significant. Unless otherwise stated, independent
experiments were run at least in triplicates.
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RESULTS

Generation of Humoral Immune Responses After Skin
Vaccination

To compare the efficacy of vaccination routes, we measured the
levels of functional antibody titers induced after vaccination.
The HAI is a commonly used correlate for detecting the func-
tional antibody responses against the HA protein of the virus,
which is the most important antigen in inducing protective
immunity. As early as week 2, mice vaccinated in the skin with
HIN1-coated microneedles had 3-fold higher HAI (HAI, 38)
titers than did mice vaccinated subcutaneously (Figure 1A).
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Figure 1. Induction of humoral immune responses. Serum samples

from mice bled 2, 4, and 24 weeks after vaccination were analyzed for the
levels of functional antibody titers against A/California/04/09 by HAI (A),
total serum IgG titers (B), and their isotype profile, IgG1, and IgG2a (C) by
quantitative ELISA. 1gG1:lgG2a ratios are shown above the graph. MN,
microneedle-vaccinated group; s.c., subcutaneously vaccinated group;
uncoated, placebo group treated with uncoated microneedles. Data
represent the mean = standard error of the mean (SEM).

Although at week 4, the microneedle group showed only 1.5
times higher HAI titers than the subcutaneous group (114 vs 74;
P =.063), at the end of the 24-week period, there was a dramatic
decrease (60%) in HAI titers in the subcutaneously vaccinated
mice whereas there was no change in the microneedle-
vaccinated animals, which was almost 4-fold higher than in
the subcutaneous group (112 vs 30; P = .009). These results
demonstrate that microneedle vaccination with 1 dose of
inactivated HIN1 influenza virus induces and sustains higher
functional antibody titers over time, compared with sub-
cutaneous vaccination.

We then measured the levels of influenza-specific IgG anti-
bodies in serum samples. At week 2, we observed a 2-fold greater
difference in IgG titers in the microneedle group (Figure 1B),
compared with the subcutaneous group (P < .001). Despite the
increases of serum antibody levels over time in both vaccinated
groups, IgG levels in the microneedle group also remained
higher than those in the subcutaneous group (P < .001). Of
interest, the levels of IgG in the subcutaneous group showed
a 20% reduction from week 4-24, whereas there was a 25%
increase in the microneedle group during the same period. These
findings indicate that, in contrast to subcutaneous vaccination,
a single microneedle vaccination with inactivated swine-origin
HINI virus elicits high serum antibody titers that are being
maintained at least 6 months after a single dose of the vaccine.

We previously reported that the route of vaccination in-
fluences the isotype profile of the immune response being
generated [14, 16, 22]. Four weeks after vaccination, the mi-
croneedle- vaccinated group had an IgGl:IgG2a ratio of 2.96
and the subcutaneous group had a ratio of 3.66 (Figure 1C).
The ratio of IgG1:IgG2a observed is suggestive of immune re-
sponses that are predominantly T helper type 2 (Th2). These
numbers suggest that, initially, both routes induce a bias to-
ward Th2 responses. When the IgG ratio was examined at 24
weeks, we observed no changes in the subcutaneous group, but
the microneedle group shifted to a more balanced 1gG1:1gG2a
ratio (Figure 1C). These results indicate that microneedle de-
livery of the inactivated A/California/04/09 virus induces
a switch toward Thl responses over time and a more balanced
Thl and Th2 response.

Protective Efficacy Against Swine-Origin HIN1 Lethal

Challenge 6 Weeks After Vaccination

To evaluate the ability of the vaccine to confer protection, mice
were challenged with 10X LDs, of mouse-adapted HIN1 virus 6
weeks after vaccination. All mice vaccinated subcutaneously or
with microneedles in the skin survived the challenge, whereas all
the naive mice died by day 8 (Figure 2A). Although the survival
rates were similar, the microneedle-vaccinated animals fared
better than the subcutaneously vaccinated animals, because they
showed less body weight loss (5% peak body weight loss in the
microneedle group vs 10% in the subcutaneous group) or
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Figure 2. Protective efficacy against swine-origin HIN1 influenza
infection 6 weeks after vaccination. Survival (A) after challenge with
10X LDsq of live mouse-adapted virus. Body weight (BW) changes of
challenged mice (B) were recorded during the infection period.
Microneedle (MN) or subcutaneously (s.c.) vaccinated mice and placebo
(uncoated) mice were monitored for 14 days after challenge. Data
represent the mean = standard error of the mean (SEM).

morbidity signs (Figure 2B). These findings indicate that the
microneedle route of vaccination confers moderately better
protective immunity against lethal challenge than does sub-

cutaneous vaccination.

Recall Systemic and Mucosal Humoral Inmune Responses
Twenty-four weeks after receiving a single dose of the vaccine,
mice from all groups were challenged with 10X LDs, of mouse-
adapted A/California/04/09 virus. Mice vaccinated in the skin
with the microneedle route demonstrated robust recall serum
humoral immune responses 4 days after challenge, with ~3-fold
higher HAI titers in the microneedle group, compared with the
subcutaneously vaccinated animals (P = .009) (Figure 3A).
Similar to this, we measured 3-fold higher influenza-specific IgG
titers among microneedle-vaccinated animals, compared with
subcutaneously vaccinated animals (P = .0001) (Figure 3B). The
isotype profile data were similar to the prechallenge findings
(Figure 3C). The high systemic antibody titers observed after
challenge in the microneedle group indicate the presence of
strong recall systemic humoral responses 6 months after vacci-
nation, compared with the subcutaneously vaccinated group.
To evaluate the induction of mucosal immune responses, we
measured the influenza-specific IgA and IgG titers in the lungs
of mice 24 weeks after vaccination and 4 days after challenge. We
found detectable levels of IgA titers in microneedle-vaccinated

mice (Figure 3D), although the subcutaneous group had no
detectable titers, similar to the naive animals. In the lungs, we
detected high IgG titers in the microneedle-vaccianted mice,
which were 4-fold greater, compared with the subcutaneously
vaccinated animals (P = .0002) (Figure 3E). Of note, although
the microneedle group had a similar isotype profile to that
observed systemically, the subcutaneous group produced mostly
Th2 responses with weak Th1 responses (Figure 3F). These data
demonstrate strong local mucosal recall responses in the lungs of
microneedle-vaccinated mice induced after a single vaccination
and a more balanced Th1 and Th2 immune response, compared
with subcutaneous injection.

Cellular Inmune Responses

The levels of TNF-a, IL-4, and IFN-y were measured as in-
dicators of cellular immune responses in the lung suspensions of
mice challenged 24 weeks after vaccination. We observed at least
2-fold higher levels of TNF-o in the unvaccinated infected
mice (Figure 4A) than in either microneedle or subcutaneously
vaccinated groups (P < .03), indicating the presence of strong
inflammation and cell death in their lungs. The levels of IL-4,
similar in both vaccinated groups (Figure 4B), were significantly
higher than in the unvaccinated infected mice (P = .003
for microneedles group and P = .015 for the subcutaneous
group). Because IL-4 inhibits the production of different pro-
inflammatory cytokines, including TNF-o,, its presence in the
lungs of vaccinated mice indicates the inhibition of the in-
flammatory process. The most striking difference in the cytokine
release after challenge was the significant increase of IFN-y
levels observed in the microneedle group (Figure 4C). IFN-y
production was 3-fold higher than in the subcutaneous group
(P = .03) or the unvaccinated infected group (P = .004). These
results demonstrate that vaccination of skin with microneedles
induces robust cellular immune responses and increased pro-
duction of IFN-vy in the lungs of microneedle-vaccinated mice,
reflecting effective viral clearance after infection.

Evaluation of Viral Replication After Challenge

To further evaluate the protective immune responses induced
by microneedle vaccination, we assessed the efficiency of virus
clearance from the lungs of challenged vaccinated and naive
mice 24 weeks after vaccination. Four days after challenge, the
lungs of unvaccinated infected mice had viral titers 7.5 Xx 107
pfu/g, indicating a high replication rate of the virus (Figure 5A).
In the subcutaneous group, the viral titers were only 1.4 log
lower (2.8 Xx 10° pfu/g) than in the unvaccinated infected
group. In contrast, no viral titers were detected in mice vacci-
nated with coated microneedle arrays, suggesting the presence of
strong cellular responses and serological memory that contrib-
uted to the inhibition of viral replication in the lungs. These
findings demonstrate that delivery of the antigen to skin en-
hances viral clearance from the respiratory compartment,
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and lung isotype profile (F). Titers and isotype profiles were determined by ELISA. IgG1:gG2a ratios are shown above the graphs. Data represent the
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compared with subcutaneous delivery, even 6 months after a
single vaccination.

Histopathological Analysis

The histopathology of the tissue samples collected after chal-
lenge of vaccinated or unvaccinated mice 24 weeks after vacci-
nation did not show any signs of inflammation in spleen or liver
samples, suggesting that the infection is restricted to the lungs
without significant extrapulmonary involvement (data not
shown). In contrast, we saw clear signs of profound pulmonary
inflammation in the unvaccinated infected (Figures 5B and 5C)
or subcutaneously vaccinated animals (Figures 5D and 5E).
Peribronchial and intra-alveolar inflammation was accompa-
nied by significant pulmonary edema and cellular infiltration,
mainly consisting of neutrophils, although this histopathological
picture was less intense in the subcutaneously vaccinated group.
The group of mice vaccinated with microneedles did not show
any signs of inflammation (Figure 5F), with a histological

picture similar to the naive uninfected group of mice
(Figure 5G). These findings are consistent with the lung viral
titers and correlate well with the recall responses observed in the
microneedle group 6 months after vaccination. These findings
further indicate the presence of long-term protective immunity
induced by microneedle vaccination in the skin.

Evaluation of Long-lived Bone Marrow Plasma Cells and Spleen
Antibody-Secreting Cells

To evaluate the efficacy of microneedle vaccination to induce
and sustain long-lived immune responses, we investigated the
presence of long-lived plasma cells in the bone marrow and
ASCs in the spleen 12 weeks after a single vaccination, which
is an efficient period for the establishment of memory. Anti-
influenza-specific IgG plasma cells in the bone marrow were
elevated in the microneedle-vaccinated group, compared with
the naive group (P < .001). The largest number of plasma cells
in the bone marrow was detected in the microneedle-vaccinated
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Figure 4. Cellular immune responses in lung suspensions after virus
challenge. TNF-or (A), IL-4 (B), and IFN-y (C) were measured in lung
suspensions of MN and subcutaneously vaccinated animals 24 weeks
after vaccination and 4 days after challenge with 10X LDsgq of live virus.
Groups are as described in Figure 4 legend. Data represent the mean =+
standard error of the mean (SEM).

group (Figure 6A), with a 2-fold difference, compared with
subcutaneously vaccinated mice (P = .033). We also detected
increased numbers of IgA plasma cells in the bone marrow
in both microneedle and subcutaneously vaccinated groups
(Figure 6B), compared with naive mice (P < .003) but with no
statistically significant difference between these 2 vaccinated
groups (P < .08).

In the spleen, influenza-specific IgG ASCs were increased
in both microneedle and subcutaneously vaccinated groups
(Figure 6C), compared with naive mice (P < .02) but with no
statistically significant difference between these 2 vaccinated
groups (P > .05). No statistically significant difference was
observed between vaccinated and naive mice in levels of virus-
specific IgA ASCs in the spleen (data not shown).
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Figure 5. Lung viral titers and lung histopathological examination after
lethal infection. Lung viral titers were measured as an indicator of
protection after challenge with 10 X LDsg of live virus 6 months after
vaccination (4). Data represent the mean * standard error of the mean
(SEM). Lung tissue sections from naive infected (B,C), subcutaneously
vaccinated (D,£), microneedle (MN)-vaccinated (F), and naive (G) mice
were stained with hematoxylin and eosin stain. Groups are as described
in Figure 4. N.D., titers not detected.

Protection Against Swine-Origin HIN1 Lethal Challenge 6
Months After Vaccination

To evaluate the longevity and efficacy of the induced
HINI influenza-specific antibodies to confer protection after
a single vaccination, mice were challenged with 10 X LDs, of
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Figure 6. Evaluation of bone marrow plasma cells and spleen antibody-
secreting cells. Numbers of influenza-specific IgG (4) and IgA (B) plasma
cells in the bone marrow and IgG ASCs in the spleen (C) were determined
3 months after a single vaccination. The cells were cultured in the
presence of either 4 ug/mL purified inactivated A/California/04/09 virus
or with T pg/ml LPS which is a polyclonal stimulator as a positive control.
Sixteen hours later, the supernatants were transferred to ELISPOT plates
coated with purified inactivated A/California/04/09 virus (4 pg/mL). ASC
and plasma cell numbers of vaccinated mice were considered positive if
the numbers of spots were higher than the sum of naive infected group
spots plus 3 times the standard deviation [25]. Data represent the mean =+
standard error of the mean (SEM).

mouse-adapted virus 24 weeks later. Body weight changes and
survival were registered daily, as previously described. Mice that
were vaccinated with microneedles in the skin were fully

protected against lethal challenge with a maximum body weight
loss of 10%. In contrast, subcutaneously vaccinated mice were
only partially protected, with a mortality rate of 40% and a mean
body weight loss of 15% for the mice that survived. These
findings demonstrate that the microneedle route of delivery
induces long-lived immunity capable of conferring complete
survival against lethal challenge even 6 months after a single
vaccination.

DISCUSSION

The recent HIN1 influenza pandemic is a good example of the
unpredictability of influenza virus evolution and emphasizes the
necessity of developing improved vaccination methods and
vaccination strategies capable of inducing serological memory
and strong cellular responses. This approach would enable
a better protection of the population, decreasing morbidity
and mortality rates [28]. The conventional routes of vaccine
administration may limit the magnitude and the quality of the
immune response by targeting and activating less immunolog-
ically active sites [7, 28]. In contrast, administration of the
vaccine through the skin appears to target and activate the
appropriate innate mechanisms and immunologically active
cells that could induce a more robust and long-lasting immune
response [29].

Recent studies have demonstrated that keratinocytes and
dermal endothelial cells are the only cells that can express all 10
Toll-like receptor genes (TLRs) and respond to respective
ligands [30, 31]. In addition, the high concentration of dermal
DCs, macrophages, and LCs expressing MHC class II after
activation, prime T lymphocytes initiating the immune re-
sponses [13]. Naive T cells that are activated after encounter
with the antigen will undergo clonal expansion and differen-
tiate into effector and memory T cells [32]. This direct acti-
vation of T cells may be responsible for the proliferation of T
helper cells into Th1 and Th2 cells, resulting in the activation of
both humoral and cellular compartments eliciting robust hu-
moral antibody responses; however, of more importance, it
enhances T cell-mediated immunity inducing long-lasting
protection against the pathogen [28, 33, 34]. The higher pro-
duction of IFN-y that we observed in mice vaccinated through
the microneedle route of delivery could be attributed to the
activation of these cellular mechanisms. The role of IFN-y in
the inhibition of viral replication is well established [35, 36].
IFN-vy activates macrophages and promotes cell-mediated im-
munity against different pathogens. Both CD4 and CD8 T cells
produce IFN-y after the development of antigen-specific
immunity [14, 37].

Priming of T cells may also influence the quality and quantity
of B cell responses. Differences in the intensity and quality of
T cell and B cell immune responses that originate from different
contribution of DCs and macrophages during T cell priming
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between intramuscular and intradermal administration of an
antigen have been recently observed [38]. Naive B cells, after
T-cell dependent antigenic activation [31], differentiate into
memory B cells and plasmablasts that later fully differentiate
into long-lived plasma cells that reside in the bone marrow and
are crucial for the maintenance of circulating antibody levels
[39-41]. Serological memory to an antigen is essential for long-
term antibody-mediated immunity [25, 42]. This type of im-
munity is crucial for controlling and clearing the infection [25].
The higher number of influenza-specific plasma cells detected in
the bone marrow of microneedle-vaccinated mice could explain
the maintenance of high serum circulating total and neutralizing
influenza-specific antibodies measured even 6 months after
delivery of a single dose of inactivated influenza vaccine and the
induction of strong recall responses observed after challenge
[43, 44]. The levels of circulating antibodies induced after mi-
croneedle vaccination correlated well with the higher number of
IgG plasma cells found in the bone marrow and the IgG ASCs in
the spleen.

In this study, we report that a single microneedle vaccina-
tion with inactivated A/California/04/09 virus was successful
in inducing long-lived serological memory against a pandemic
strain. Challenge of mice with high doses of mouse adapted
virus revealed complete protection 6 months after a single
vaccination and improved inhibition of viral replication in the

lungs of infected mice. We hypothesize that serological
memory in combination with the higher production of IFN-y
induced after delivery of the antigen through the skin con-
tribute to the rapid clearance of the virus after influenza in-
fection.

The pandemic HINI1 A/California/04/09 influenza virus
currently continues to be the predominant circulating strain
with low genetic variation of the virus (antigenic drift). Groups
at high risk of influenza, including the elderly population,
infants [45] and children [20], or immunocompromised in-
dividuals [46], could benefit from the immunologic advantages
induced by delivery of the vaccine to the skin. Maintenance of
high serum antibody titers would be expected to the provide
increased long-term protection [1] until encounter with the
virus and could also induce higher responses after revaccination
(41, 47, 48].

Skin-based vaccination has received less attention than other
routes of administration largely because of the difficulty to
perform intradermal injections using conventional hypodermic
needles [49]. In this study, we used microneedles to simply and
reliably target vaccination in the skin. Microneedles, therefore,
may serve as an enabling technology to make skin-based vac-
cination a clinically viable alternative, which as this study shows,
offers a number of immunologic advantages; microneedle de-
livery also offers other logistical advantages that make this
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method attractive for influenza vaccination, such as inexpensive
manufacturing, small size for easy storage and distribution, and
simple administration that might enable self-vaccination to in-
crease patient coverage [50]. Overall, delivery of an antigen
through the skin using microneedles appears to be a very
promising approach for vaccination and, in the future, could be
expanded to delivering other vaccines as well.
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