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intramuscular (i.m.) or subcutaneous (s.c.) administration of
the full dose. Similar dose-sparing benefits provided by i.d.
delivery have been observed in more recent studies using current trivalent split antigen vaccines (8, 29). Additional clinical
trials comparing i.m. and i.d. routes for influenza vaccines are
in progress (information found at http://www.clinicaltrials.gov
[accessed 14 September 2006]). Clinical studies are also under
way to investigate whether adjuvants such as aluminum hydroxide and MF59 may increase the immune response to annual influenza vaccines as well as vaccines directed against
H5N1 virus (9, 16, 23, 45). Finally, investigators are also pursuing DNA plasmids, viral vectors, and protein subunits as
possible alternatives to conventional influenza vaccines based
on split-virion preparations (17, 38, 47, 49).
One factor that has precluded the widespread adoption of the
i.d. route is the difficulty associated with performing i.d. injections
using conventional needles and syringes. We have undertaken
development of microneedles, at least in part, to overcome such
difficulties. We have incorporated microneedles into reliable and
easy-to-use delivery devices and have used such devices for vaccine delivery (1, 2, 4, 15, 33–36). We previously demonstrated that
microneedle-based i.d. administration induces stronger immune
responses than conventional injection for anthrax and Japanese
encephalitis vaccines in preclinical animal studies (15, 36). The
potential advantages of microneedles for drug and vaccine delivery, as well as the challenges associated with commercialization of
such technology, are reviewed elsewhere (35).
The mouse has been extensively used as an early preclinical
model for influenza vaccine research and has been previously
used for early stage testing of microneedles. When available,
however, it is preferable to test microneedles in species with
thicker skin so as to more reliably deposit the vaccine into the
i.d. tissue space. Thus, we have chosen to conduct our initial
studies on influenza vaccine in a rat model since rat skin is
thicker than the total length of the microneedle (i.e., 1 mm)

The recent shortages in influenza vaccine availability have
highlighted the need for new technologies to increase or extend the supply of vaccine (21, 22, 25). In the United States,
most influenza vaccines are currently supplied in multidose
vials. These vials are typically overfilled, in part, to accommodate the dead space volume contained within conventional
needles and syringes. In this respect, the conversion to syringes
with reduced waste space volume can enable up to 19% additional vaccine to be recovered from each multidose vial (39,
46). Conversion from multidose vials to single-dose prefilled
syringes could also result in reduced vaccine wastage. Another
approach includes the conversion to cell-derived vaccine manufacturing methods that are more efficient than traditional
approaches involving viral propagation in chicken eggs (5, 19).
An alternative strategy has been to explore new vaccine
delivery routes such as intradermal (i.d.) and intranasal. The
skin, in particular, is a potent immunostimulatory tissue with
an abundance of professional antigen-presenting cells (7, 43,
48). As such, i.d. delivery has been suggested as a means of
“stretching” the available supply of influenza vaccine by eliciting a protective immune response using less vaccine per dose
(31). Over the years, i.d. delivery has been investigated for
rabies, hepatitis B, influenza, and other vaccines (6, 8, 10, 11,
13, 20, 24, 29, 30, 37, 40–42, 44, 50). In several cases, dosesparing benefits from i.d. delivery have been reported. Intradermal delivery of influenza vaccine was investigated in humans
in the late 1970s using monovalent and bivalent vaccine preparations (10, 20, 24). In these early studies, i.d. delivery of
one-fifth the conventional dose was shown, in some cases, to
elicit levels of immune response similar to those elicited by
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Recent clinical studies have suggested that, for certain strains of influenza virus, intradermal (i.d.) delivery
may enable protective immune responses using a lower dose of vaccine than required by intramuscular (i.m.)
injection. Here, we describe the first preclinical use of microneedle technology for i.d. administration of three
different types of influenza vaccines: (i) a whole inactivated influenza virus, (ii) a trivalent split-virion
human vaccine, and (iii) a plasmid DNA encoding the influenza virus hemagglutinin. In a rat model, i.d.
delivery of the whole inactivated virus provided up to 100-fold dose sparing compared to i.m. injection. In
addition, i.d. delivery of the trivalent human vaccine enabled at least 10-fold dose sparing for the H1N1
strain and elicited levels of response across the dose range similar to those of i.m. injection for the H3N2
and B strains. Furthermore, at least fivefold dose sparing from i.d. delivery was evident in animals treated
with multiple doses of DNA plasmid vaccine, although such effects were not apparent after the first
immunization. Altogether, the results demonstrate that microneedle-based i.d. delivery elicits antibody
responses that are at least as strong as via i.m. injection and that, in many cases, dose sparing can be
achieved by this new immunization method.
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employed in these studies. This rat model was initially developed for respiratory immunotoxicology and influenza virus
host resistance studies (12, 28, 32) and has been recently used
for preclinical immunogenicity studies of an influenza vaccine
nasally administered as a dry powder (27). The results of the
current study show that microneedle-based i.d. delivery of viral
and DNA-based influenza vaccines elicits antibody responses
that are at least as strong as i.m. injection and that, in many
cases, dose sparing can be attained.
MATERIALS AND METHODS

FIG. 1. Comparison of standard 27-Ga needle to 34-Ga microneedle. The displayed microneedle has an inner diameter of 76 m,
an outer diameter of 178 m, and a total exposed length of 1.0 mm.

nized by either i.d. or i.m. injection of 50, 10, 5, or 1 g pCMV-HA in a total
volume of 50 l on days 0, 21, and 42.
Influenza virus ELISA. For the influenza virus enzyme-linked immunosorbent
assay (ELISA), blood was collected, under anesthesia, via the retro-orbital sinus.
Serially diluted serum samples were added to 96-well MaxiSorp plates (Nalge
Nunc, Rochester, NY) coated with 1 g/ml of either whole inactivated influenza
virus A/Puerto Rico/8/34, A/New Caladonia/20/99, or A/Panama/2007/99 (Biodesign International, Saco, ME) or recombinantly derived HA from influenza virus
B/Hong Kong/1434/2002 (Protein Sciences Corp., Meriden, CT) in carbonate
coating buffer (Sigma, St. Louis, MO). Bound antibody was detected using
horseradish peroxidase-labeled secondary antibody (Southern Biotech, Birmingham, AL) followed by addition of tetramethylbenzidine substrate (Sigma). Absorbance readings for each sample (optical density at 450 nm) were obtained
using a plate reader (Tecan USA, Research Triangle Park, NC) following the
addition of 0.5 M H2SO4 (Sigma) to each well. Endpoint serum antibody titers
were calculated as the highest serum dilution producing an absorbance reading
at least 3 times that of the equivalent dilution of naive control serum.
HAI assay. The hemagglutination inhibition (HAI) assay was performed as
described in the latest version of Current Protocols in Immunology (14). Briefly,
sera were inactivated at 56°C for 10 min to destroy complement and HAI
inhibitors. Samples (25 l per well) were then added in serial dilution to wells
containing 25 l of 4 hemagglutinating units of either A/New Caladonia/20/99 or
A/Panama/2007/99 whole inactivated influenza virus or recombinantly derived
HA from influenza B/Hong Kong/1434/2002. Chicken red blood cells (50 l of
0.5% cells) were then added and incubated at room temperature for 1 h. Endpoint HAI titers were defined as the reciprocal of the highest serum dilution that
completely inhibited hemagglutination of the red blood cells.
Statistics. Statistical analysis was performed with an analysis of variance model
including dose, delivery route, and bleed (i.e., time point) and their interactions.
ELISA titer values were natural logarithm transformed to improve normality.
Contrasts were performed to characterize the nature of the factor effects, with a
Bonferroni adjustment used to correct for multiple comparisons. In order to
assess the repeated measures nature of the study, separate analysis of variance
models including dose and delivery route were fit to data from the three bleeds
to confirm that overall trends held for subsets of uncorrelated observations.

RESULTS
Microneedles. Figure 1 displays a 34-Ga, stainless steel microneedle as compared to a standard 27-Ga needle. The microneedles used to immunize rats in this study had an inner
diameter of 76 m, an outer diameter of 178 m, and an exposed
length of 1 mm. Microneedles were affixed to a conventional
syringe and used according to a method whereby the microneedle
is inserted perpendicularly to the skin surface to its full exposed
length in order to control the dermal penetration depth (3).
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Animals. Female Brown Norway rats (Charles River, Raleigh, NC) 7 to 10
weeks of age were housed at BD Technologies. Studies were conducted in
accordance with U.S. Department of Agriculture and National Institutes of
Health guidelines for the care and use of animals and under protocols approved
by an Institutional Animal Care and Use Committee. Rats were anesthetized
prior to dosing and blood sampling by intraperitoneal (i.p.) injection of a cocktail
containing ketamine, acepromazine maleate, and xylazine (Butler, Columbus,
OH) at a ratio of 30:1:1.
Influenza virus vaccines. Influenza virus A/Puerto Rico/8/34 (H1N1), produced by Charles River SPAFAS (North Franklin, CT), was propagated in
chicken eggs, purified via sucrose gradient, and inactivated by formalin prior to
suspension in HEPES-saline. The commercial human vaccine (Fluzone 20032004 formulation, Sanofi-Pasteur, Swiftwater, PA) contained an H1N1 strain
(A/New Caladonia/20/99), an H3N2 strain (A/Panama/2007/99), and a B strain
(B/Hong Kong/1434/2002).
Preparation of plasmid DNA. Plasmid DNA, driven by cytomegalovirus
(CMV) promoter and expressing firefly luciferase or ␤-galactosidase (hereafter
referred to as pCMV-Luc and pCMV-␤, respectively) or the hemagglutinin (HA)
of influenza A/Puerto Rico/8/34 (originally provided by Hariet Robinson, Emory
University, Atlanta, GA, and hereafter referred to as pCMV-HA), was produced
by Aldevron (Fargo, ND) and supplied suspended in phosphate-buffered saline.
Injections. Hair was first removed from the i.d. and i.m. injection sites with
electric clippers. For i.d. delivery, rats were injected on the lower dorsal surface using
a 1-mm-long, 34-gauge (Ga) stainless steel microneedle (15, 34, 36) fitted to a 1-ml
syringe (BD, Franklin Lakes, NJ) and inserted perpendicularly into the skin to
control delivery depth (3). Intramuscular injections employed a 30-Ga needle (1/2 in.
in length) and 1-ml syringe (BD) and were given into the quadriceps muscle.
Reporter gene expression. Rats (n ⫽ 4 per group) were administered i.d. or
i.m. injections of 50 g or 5 g of reporter plasmid DNA (pCMV-Luc) suspended in 50 l phosphate-buffered saline. Twenty-four hours postdelivery, rats
were euthanized and tissues of the delivery sites (muscle or skin) were excised.
For i.m. sites, the entire quadriceps muscle was removed and processed. Skin
injection sites were marked with an indelible marking pen for identification at the
time of tissue collection. These skin sites were approximately 1 cm in diameter.
We did not normalize based on total protein content or tissue weight due to the
substantially higher protein content and weight of recovered muscle as compared
to skin. Such normalization would artificially reduce the calculated relative light
unit (RLU)/mg values from i.m.-treated groups as compared to i.d.-treated
groups. Rather, we normalized based on luciferase background signal in tissue
(muscle or skin) collected from sites injected with an unrelated plasmid
(pCMV-␤) on the contralateral side of the same animal. The negative control
tissue was of similar size to tissue collected from sites injected with pCMV-Luc
and was processed in the same manner. In addition, muscle and skin samples
were homogenized in an equivalent volume (900 l) of passive lysis buffer
(Promega, Madison, WI) and an equivalent volume of supernatant (20 l) was
assayed from each sample. Homogenates were prepared using a hand-held homogenizer (Biospec Products, Bartlesville, OK) and then were centrifuged, and
supernatants were assayed for luciferase activity using a luciferase assay kit
(Promega, Madison, WI) and tube luminometer instrument (Analytical Luminescence Laboratory, San Diego, CA). Luciferase activity was recorded as mean
increase in RLU over background signal from sites injected with the unrelated
pCMV-␤ plasmid.
Immunizations. For studies using whole, inactivated influenza virus, rats (n ⫽
4 per group) were injected i.d. or i.m. on days 0, 21, and 42 with 1, 0.1, or 0.01
g of vaccine (dosage levels based on total protein content in the viral suspension) in an injection volume of 50 l. For studies using the human trivalent
split-virion vaccine, rats (n ⫽ 10 per group) were given a single i.d. or i.m.
injection with 100 l of either undiluted vaccine (“high dose”) or vaccine diluted
1:10 (“low dose”). For DNA immunization, rats (n ⫽ 5 per group) were immu-

VOL. 14, 2007

DELIVERY OF INFLUENZA VACCINE VIA MICRONEEDLES

Immune response to whole inactivated influenza virus.
Groups of rats were immunized with graded doses of whole inactivated influenza virus A/Puerto Rico/8/34 via microneedlebased i.d. delivery or i.m. injection using a conventional needle.
Serum antibody responses were measured by ELISA after one,
two, or three inoculations of vaccine (Fig. 2A, B, and C, respectively). Intradermal delivery stimulated responses that were comparable to or greater than those elicited by i.m. injection at all
doses and time points investigated. Notably, there was a less

marked reduction in titer as the vaccine dose was reduced from
1 g to 0.01 g for the i.d. groups relative to the i.m. groups. After
a single injection, the i.d.-induced geometric mean titer (GMT)
dropped 4-fold across the dose range, while the corresponding
i.m.-induced GMT dropped 11-fold (Fig. 2A). Similar results
were also apparent after boosting; GMT elicited by i.d. injection
dropped two- to threefold as the dose was reduced, while i.m.induced GMT fell by 13- to 16-fold (Fig. 2B and C). At the
completion of the study, i.d. delivery of 0.01 g of vaccine stimulated antibody titers (GMT of 25,600) at levels not significantly
different (P ⫽ 0.99) from those elicited using 100-fold-more vaccine (GMT of 51,200), while in contrast, the corresponding responses induced by i.m. injection differed significantly (P ⫽ 0.002)
across this dose range (GMT at 0.01-g dose of 3,200; GMT at
1-g dose of 51,200) (Fig. 2C).
Immune response to trivalent split-virion vaccine. Currently
approved influenza vaccines for human use consist of a trivalent split-virion preparation containing 15 g HA from each of
the three strains represented in the formulation (H1N1, H3N2,
and B strains). Antibody responses to this vaccine are typically
measured by HAI assay, in which a reciprocal titer of 40 is
considered to be protective in humans. To compare microneedle-based i.d. delivery and i.m. injection, rats were given
a single dose of the 2003-2004 Fluzone vaccine and monitored
for serum antibody responses against each strain by ELISA
and HAI assay 21 days after immunization. Rats were immunized with either a “high dose” (100 l of undiluted vaccine) or
a “low dose” (100 l of vaccine diluted 1:10) of vaccine. Intradermally induced antibody titers against the H1N1 strain
dropped less markedly as the dose was reduced than the corresponding titers elicited by i.m. injection (Fig. 3A and B).
Responses induced by i.d. delivery of a low dose of vaccine
were not significantly different in magnitude from the corresponding responses elicited by either i.d. or i.m. injection of a
high dose, as measured both by ELISA (Fig. 3A; P ⫽ 0.19) and
HAI assay (Fig. 3B; P ⫽ 0.85). All animals immunized with a
high dose of vaccine responded with HAI titers against the
H1N1 strain of at least 40 regardless of the method of administration. In contrast, none (0/10) of the rats immunized with
the low dose of vaccine by i.m. injection raised an HAI titer
against the H1N1 strain of at least 40, while 90% (9/10) of rats
immunized with the low dose of vaccine by i.d. delivery responded with an HAI titer of at least 40 (Fig. 3B).
There were less marked differences between i.d.- and i.m.induced titers raised against the H3N2 and B strains (Fig. 3C
to F). The responses against the H3N2 strain dropped to a
similar extent in both i.d. and i.m. groups as the dose was
reduced 10-fold, and response levels were similar between i.d.
and i.m. routes at each dosage level (Fig. 3C and D). There was
some evidence of i.d.-enabled dose sparing for the B strain by
ELISA (Fig. 3E), although such an effect was not evident by
the HAI assay, in which results were more variable (Fig. 3F).
Reporter gene expression. In order to examine the feasibility
of using microneedles to administer plasmid DNA, we initially
compared levels of reporter gene expression following i.d. or
i.m. injection of a luciferase-encoding plasmid (Fig. 4). Mean
relative levels of luciferase activity in skin following i.d. delivery of 50 g of pCMV-Luc were approximately 30-fold greater
than corresponding reporter gene activity in muscle following
i.m. injection. A similar enhancement was also observed at the

Downloaded from http://cvi.asm.org/ on October 15, 2019 by guest

FIG. 2. Serum antibody response in rats (n ⫽ 4 per group) following immunization with 1, 0.1, or 0.01 g of whole inactivated influenza
virus A/PR/8/34 on days 0, 21, and 42. Influenza virus-specific antibodies were measured by ELISA on (A) day 21, (B) day 42, and (C) day
56. Displayed are ELISA GMTs ⫾ standard deviation.
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FIG. 3. Rats (n ⫽ 10 per group) were immunized with either a high dose (100 l of undiluted vaccine) or a low dose (100 l of vaccine diluted
1:10) of trivalent split-virion influenza vaccine (Fluzone 2003-2004 formulation) and analyzed for serum antibody response 21 days later. Bars
represent group GMT, and open symbols represent the responses from individual animals. (A) ELISA response against the H1N1 (A/NC/20/99)
strain. (B) HAI response against the H1N1 (A/NC/20/99) strain. (C) ELISA response against the H3N2 (A/Pan/2007/99) strain. (D) HAI response
against the H3N2 (A/Pan/2007/99) strain. (E) ELISA response against the B (B/HK/1434/02) strain. Due to insufficient quantities of sera from
some animals, for analysis of ELISA titers against the B strain, only seven individuals from the i.d. “low-dose” group and nine animals from the
i.m. “low-dose” group were analyzed. (F) HAI response against the B (B/HK/1434/02) strain.

lower 5-g dosage level, with i.d. delivery inducing 20-foldgreater relative luciferase activity than i.m. injection (Fig. 4).
Immune response to DNA vaccine. To examine whether
greater plasmid gene expression translates into stronger im-

mune responses, rats were immunized with graded doses of
plasmid DNA encoding the HA of the influenza A/Puerto
Rico/8/34 strain (pCMV-HA) by microneedle-based i.d. delivery or i.m. injection. Similar dose-response curves between i.d.
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FIG. 4. Luciferase activity in skin or muscle following i.d. or i.m.
administration of either 50 g or 5 g of pCMV-Luc (n ⫽ 4 rats per
group). As a negative control, rats were injected with the unrelated
reporter plasmid, pCMV-␤. Tissues were collected 24 h postdelivery
and analyzed by luciferase assay for reporter gene expression. Luciferase activity is expressed as mean increase in RLU over background
luciferase activity from tissue sites that had been injected with
pCMV-␤. Bars represent group means, and open symbols represent
responses from individual animals.

and i.m. groups were observed after a single dose of DNA
vaccine (Fig. 5A). ELISA titers remained elevated as the dose
was reduced from 50 g to 5 g and then dropped precipitously as the dose of plasmid was further reduced to 1 g. After
boosting, however, dose-sparing benefits from i.d. delivery
were apparent (Fig. 5B and C). Although titers were similar for
i.d. and i.m. groups across the 50-g to 5-g dose range, titers
dropped much less dramatically in the i.d. group as the dose
was further reduced to 1 g. The GMT for the i.m. group
treated with two 1-g doses of DNA plasmid was below the
limit of detection (⬍50; Fig. 5B), with none of the animals
(0/5) responding. In contrast, all of the animals (5/5) in the i.d.
group responded with titers ranging from 800 to 51,200 (GMT ⫽
7,352; Fig. 5B). Similar results were apparent after a third dose
of vaccine; i.d.-induced GMT dropped 3-fold as the dose was
reduced from 5 g to 1 g, while corresponding GMT elicited
by i.m. injection dropped over 350-fold as the dose was reduced (Fig. 5C). Antibody titers from individual animals immunized by the i.d. route with three doses of 1 g of DNA
ranged from 3,200 to 409,600 (GMT ⫽ 29,407; Fig. 5C), while
titers from the corresponding i.m. group ranged from ⬍50 to
800 (GMT ⫽ 100; Fig. 5C).
DISCUSSION
Means of extending the available supply of influenza vaccine
are of great interest given the recent shortages of vaccine
availability (21, 22, 25) and the looming threat of a new influenza pandemic caused by the avian influenza virus (26, 51).
The potential to spare dose by i.d. administration was suggested over 25 years ago (10, 20, 24) and has received renewed
attention recently (8, 29, 31). However, the lack of a reproducible and easy-to-use i.d. delivery system has prevented the
widespread conversion to this promising alternate mode of
administration. Microneedles, when incorporated into a familiar and easy-to-use delivery platform such as the syringe, may

FIG. 5. Serum antibody response in rats (n ⫽ 5 per group) following immunization with 50, 10, 5, or 1 g of pCMV-HA on days 0, 21,
and 42. Antibodies against whole inactivated influenza virus A/PR/8/34
were measured by ELISA on (A) day 21, (B) day 42, and (C) day 56.
Displayed are ELISA GMTs ⫾ standard deviation.

offer a means to overcome these difficulties and render the i.d.
delivery route as a preferred method of vaccination. In so
doing, it may be possible to fully exploit the immunological
benefits of vaccination via the upper layers of the skin.
Previous studies compared i.d. delivery of a low dose (e.g.,
0.1 ml) of influenza vaccine to i.m. or subcutaneous injection of
a high dose (e.g., 0.5 ml), but did not conduct direct head-to-
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subjects both with and without preexisting antibodies against
the vaccine strains. The successful clinical and commercial
development of a microneedle-based i.d. delivery system for
influenza vaccine has the potential to be of significant benefit
to annual influenza vaccination programs as well as emergency
vaccination against new emerging pandemic strains.
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head comparisons of the two methods of delivery at the lower
dosage level (6, 8, 10, 20, 24, 29). Here, we conducted dose
titration studies in animals in which i.m. delivery and i.d. delivery were directly compared using both viral and DNA-based
vaccines. Dose sparing from i.d. delivery was evident for both
types of viral vaccines (i.e., whole inactivated influenza virus
and trivalent split virion) and the DNA plasmid construct. The
extent of dose sparing, however, varied according to the vaccine employed and the strain of influenza virus. For example,
while dose sparing was evident for the H1N1 strain in the
trivalent vaccine, such an effect was not observed for the H3N2
and B strains (Fig. 3). There were some differences in responses observable by HAI assay as compared to ELISA (Fig.
3). We cannot rule out the possibility that such differences may
have been due to residual nonspecific hemagglutination inhibitors present in the serum. Nonetheless, the dose-sparing effects from i.d. delivery against the H1N1 strain were apparent
by both assays. Numerous clinical trials comparing i.d. administration and i.m. administration of influenza vaccines (both annual
trivalent preparations and H5N1 strains) are in progress (information found at http://www.clinicaltrials.gov [accessed 14 September 2006]). Additional clinical testing of microneedles will be
required in order to determine the extent to which microneedlebased i.d. delivery can spare dose in humans.
Previous studies using the gene gun for epidermal powder
immunization have suggested a Th2 bias by this form of cutaneous delivery, while standard needles used for i.d. or i.m.
delivery were reported to induce a predominantly Th1 response (18). In contrast, we have not observed such a bias from
microneedle-based epidermal or dermal delivery for DNA or
protein subunit vaccines (33, 34). For example, we previously
showed that microneedle-based cutaneous delivery of a DNA
plasmid encoding the hepatitis B surface antigen induced a
mixed and balanced immunoglobulin G1/immunoglobulin G2a
response in mice that was similar to that induced by conventional i.m. injection using a standard needle (33). The present
study further demonstrates that microneedle-based i.d. delivery can induce HAI antibodies which are thought to be important for protection against influenza virus infection. Similarly,
we previously showed that cutaneous delivery of a flavivirus
vaccine using microneedles induces protective levels of virusneutralizing antibodies in nonhuman primates (15). Additional
studies are required in order to further reconcile the potential
differences in Th1/Th2 induction following cutaneous delivery
using microneedles compared to other methods.
Belshe et al. reported that i.d. delivery of a low dose of
influenza vaccine induces slightly lower responses than i.m.
injection of the full dose in subjects ⬎60 years of age; however,
seroprotection rates were still very high, ranging from 93 to
100% following i.d. vaccination (8). In a recent clinical study
conducted in Thailand, it was reported that i.d. delivery of
one-fifth the conventional dose elicited weaker responses than
i.m. injection of the full dose in healthy young adults (6).
Nonetheless, response levels from i.d. delivery exceeded levels
required for influenza vaccine licensure by the European Committee for Proprietary Medicinal Products. One factor that
may influence the magnitude of the i.d.-enabled dose-sparing
effect is the level of preexisting antibodies at the time of immunization (6, 10, 24). Thus, it will be of interest to examine
microneedle delivery systems in various age groups and in
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