
RESEARCH PAPER

Intradermal delivery of a fractional dose of influenza H7N9 split vaccine
elicits protective immunity in mice and rats

Shanshan Zhoua,b, Tianyu Renc, Hongjing Gub, Cheng Wange, Min Lib, Zhongpeng Zhaob, Li Xingb, Liangyan Zhangb,
Yi Sund, Penghui Yangb,c, and Xiliang Wanga,b

aAnhui Medical University, HeFei , Anhui, China; bState Key Laboratory of Pathogen and Biosecurity, Institute of Microbiology and Epidemiology,
Academy of Military Medical Sciences, Beijing, China; cDepartment of Hepatobibiary of Beijing Hospital, Beijing, China; dJiangsu Chengyu Mite Medical
Technologies Co. Taizhou, Jiangsu, China; eDepartment of Orthopedics of Chinese PLA General Hospital, Beijing, China

ARTICLE HISTORY
Received 28 August 2017
Revised 24 November 2017
Accepted 26 December 2017

ABSTRACT
Vaccination is the most effective method of preventing the spread of the influenza virus. However, the
traditional intramuscular (IM) immunization causes fear, pain, and cross infection. In contrast, needle-free
(NF) immunization is quick and easy for medical personnel and painless and safe for patients. In this study,
we assessed the safety and protective efficacy of NF intradermal (ID) immunization with the influenza
H7N9 split vaccine (Anhui H7N9/PR8). A preliminary safety evaluation showed that ID immunization with
15 mg of the H7N9 influenza vaccine was not toxic in rats. Moreover, the antigen was metabolized more
rapidly after ID than after IM immunization, as determined by in vivo imaging, and ID immunization
accelerated the generation of a specific immune response. Additionally, ID immunization with a 20% dose
of the H7N9 split vaccine Anhui H7N9/PR8 offered complete protection against lethal challenge by the live
H7N9 virus. Taken together, our findings suggest that NF ID immunization with the H7N9 influenza
vaccine induces effective protection, has a good safety profile, requires little antigen, and elicits an
immune response more rapidly than does IM immunization. This approach may be used to improve the
control of influenza H7N9 outbreaks.
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Introduction

China has experienced five influenza A(H7N9) virus epidemics
since the first report in March 2013. As of May 16, 2017, 1,486
infections in 25 provinces of China have been reported by the
World Health Organization, and 586 of these led to the death
of the patient (mortality rate, » 40%).1 Therefore, Chinese
health organizations have focused on fighting this novel influ-
enza virus. By means of reverse genetics, we prepared a novel
H7N9/PR8 virus cleavage vaccine that protects mice from
lethal challenge with the wild-type virus.2 We evaluated alter-
native immunization methods, as the traditional method is
hampered by fear of needles and can cause needle-stick injuries.

Needle-free (NF) intradermal (ID) immunization is safe,
simple, and requires a small quantity of antigen.3 For example,
ID immunization is effective against influenza, rabies, and hep-
atitis B virus infection.4 The skin is a major immunocompetent
organ and is easily accessible, making it ideal for vaccination.5

Compared to the traditional intramuscular (IM) influenza vac-
cine, NF ID immunization with even a low dose of antigen
elicits a rapid and protective immune response.6 However, the
safety and efficacy of NF ID administration of the H7N9 influ-
enza split vaccine are unclear. More importantly, ID immuniza-
tion may reduce the quantity of antigen required and accelerate

the immune response, thus reducing the time required to halt
an influenza H7N9 epidemic.5,7,8 In this study, we evaluated
the safety and protective efficacy of the ID delivery of a frac-
tional dose of an influenza H7N9 split vaccine in mice and rats.
Our results revealed that ID immunization requires only 20%
of the antigen dose administered IM.

Results

Safety and accuracy of the MP-0.1 NF injection system

We evaluated the safety and accuracy of ID immunization
with the monovalent H7N9 split vaccine using the MP-0.1
system in rats, using 10% ink (HERO232) as an indicator.
The MP-0.1 system with a suitable spring was used to immu-
nize rats ID; no residue was observed super- or sub-cutane-
ously (Fig. 1). The daily increase in body weight was similar
after IM and ID injection of 100 mL of the H7N9 split vaccine
(3, 9, or 15 mg hemagglutinin [HA]) or of saline as a control
(Fig. 1C), suggesting the safety of the NF injection system and
the split H7N9 vaccine. Next, we evaluated micro- and
macro-pathological damage. Skin specimens were collected,
and pathological changes were analyzed histologically. From
days 1 to 3, both MP-0.1 (ID) and syringe (IM) immunization
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with 3, 9, or 15 mg of HA caused slight hyperkeratosis of the
epidermis and a slight inflammatory exudation and hyper-
emia in the dermis, sebaceous glands, and subcutaneous mus-
cle. On day 7, epidermis excoriation, fewer infiltrating
inflammatory cells (IICs), superficial fascia capillary prolifera-
tion, and muscle fiber hyperplasia were observed, which led
to complete recovery of the injection injuries (Fig. S1).

Consistent with the pathological results, the Draize test scores
showed that skin irritation had recovered at day 7. The ini-
tially high Draize test scores in the ID groups decreased from
days 1 to 3, suggesting gradual absorption of the antigen
(Fig. S1). Thus, the MP-0.1 system facilitates safe and accurate
NF injection of 100 mL of the H7N9 vaccine.

Optimum vaccine dose

ID immunization with an antigen dose as low as 20% of that
typically administered IM can be effective,5, 7, 9, 10 possibly due
to the specific immunogenic structure of the skin.11, 12 To deter-
mine the optimal HA dose for ID immunization, mice and rats
were immunized ID or IM with 3, 9, or 15 mg HA, and serum
was collected on days 14, 21, and 28 after boosting for measure-
ment of hemagglutination-inhibition (HI) titers. The HI titers of
mice immunized IM with 3, 9, and 15 mg of HA were 101.80 §
0.10, 102.60 § 0.10, and 102.90 § 0.10, respectively, at 28 days after
the second immunization (Fig. 2A). The serum HI titers of mice
that received 3 mg HA ID were 103.10§0.10, 103.67 § 0.10, and
103.67 § 0.30 at 14, 21, and 28 days after boosting, respectively.
However, serum HI titers were lower following the ID immuni-
zation of mice and rats with 15 mg HA (Fig. 2B), indicating that
a higher HA dose does not elicit a stronger immune response.
Thus, the optimal HA dose for ID immunization in mice was
3 mg, which was lower than that of rats, possibly because of
reduced intradermal antigen absorption in the former. ID or IM
immunization with the H7N9 influenza vaccine preferentially
induced a Th2-type immune response in BALB/c mice (Fig. 2C).
Therefore, NF ID immunization induced a Th2-type immune
response in mice and rats, and a 20% dose in mice yielded
serum HI titers similar to those following IM immunization,
which were maintained for a longer time.

Figure 1. The ventral sites of rats were wiped and injected ID with 100 mL of 10%
ink-PBS using the MP-0.1 system. The animals were euthanized, and their skin
was dissected and lifted to confirm the accuracy of the injection (A, B). On day 0,
the rats were immunized IM (syringe) or ID (MP-0.1 system) with 3, 9, or 15 mg of
HA, or PBS, in a total volume of 100 mL, and body weight changes were recorded
daily (C).

Figure 2. Six-to-eight-week-old BALB/c mice (nD 6) and SD rats (nD 6) were twice immunized ID or IM with 3, 9, or 15 mg of HA of the split H7N9 influenza vaccine at 2-
week intervals, and serum samples were collected at 2, 3, and 4 weeks post-boosting for HI antibody measurements (A, B). Mice and rats were immunized with the H7N9
influenza vaccine at 0 and 14 days, and serum HI antibody titers and IgG subtypes were assayed at 2 and 4 weeks post-boosting (C).
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ID immunization elicits a rapid serum antibody response

Next, we analyzed IICs in the dermis and muscle tissue in rats
and measured HI antibody titers after immunization in mice
(Fig. 3A, B). Pathologic analysis of the skin of rats immunized
ID at days 1, 2, 3, and 7 showed that intradermal IIC began on
day 1, peaked at day 3, and returned to a normal level at day 7.
In muscle tissue, IIC began at day 3 after IM immunization.
Interestingly, the serum HI antibody titers of mice immunized
ID began to increase at 3 days after immunization, which was
2 days earlier than in mice immunized IM. These data indicate
that ID immunization elicited a more rapid immune response
than IM immunization.

Intradermal immunization prolongs antigen deposition

To explore antigen distribution and metabolism following IM
or ID immunization, in vivo imaging was performed. Rats were
immunized IM or ID with 3 mg of Cy5-labeled-HA, and in vivo
fluorescence imaging was performed at 1 hour, 1 day, 2 days,
5 days, and 7 days (Fig. 4A and 4B). NF ID immunization
resulted in a diffuse distribution of HA, whereas injection using
a syringe resulted in a small concentrated pool of HA. The dif-
fuse HA distribution likely facilitated uptake of HA by antigen-
presenting cells (APCs). This could explain the earlier immune
response after ID immunization with the H7N9 influenza virus
vaccine. Moreover, fluorescence could be detected for up to
7 days in the rats immunized ID but had disappeared by day
5 in those immunized IM. Maintenance of the antigen in situ
for a longer time likely resulted in a stronger antigen-specific

immune response. Next, antigen metabolism in the kidney,
liver, spleen, thymus, and brain of rats was evaluated by in vivo
imaging (Fig. 4C, D, E, F). HA was metabolized more rapidly
after ID immunization than after IM immunization, as the fluo-
rescence intensity in the organs of mice immunized ID was
markedly higher up to 24 h. After 24 h, there was no difference
between IM and ID immunization. Notably, no fluorescence
was observed in the brain tissue of mice immunized ID or IM.
These in vivo imaging results indicated earlier HA metabolism
and prolonged deposition after ID immunization, possibly due
to diffuse spread of the antigen.

A lower HA dose protected against lethal H7N9 virus
challenge

To evaluate the protective efficacy of ID immunization with a
reduced dose of HA against live H7N9 influenza virus, mice
immunized with 3 or 15 mg HA were, at 2 weeks after boosting,
challenged intranasally (IN) with 5.0 £ 103 of the 50% tissue
culture infective dose (TCID50) of live A/AnHui/1/2013 H7N9
virus. The mice that received ID immunization with 3 mg HA
survived and showed the least reduction in body weight; their
body weight recovered from day 7 post-challenge (Fig. 5A).
Similarly, all mice immunized IM with 15 mg HA survived;
however, 20% of the mice immunized IM with 3 mg HA died.
All mice in the control group died within 10 days. At day
7 post-challenge, mice were euthanized, and the lungs were
subjected to histopathological examination. Severe histopatho-
logical damage, including fragmentation of alveolar walls and
infiltration of lymphocytes, was observed in the control group,
whereas only mild inflammatory changes and few IICs were
observed in mice immunized ID with 3 mg HA. Therefore, ID
immunization with a 3-mg HA dose of the H7N9 split vaccine
protected mice against challenge with live H7N9 influenza
virus.

Discussion

Because NF ID immunization requires penetration of the epi-
dermis, there is a risk of skin damage, such as unexpected pene-
tration.13, 14 Our results confirm the safety and accuracy of the
NF injection system in rats. Although mouse skin is so thin
that slight adjustment of the spring pressure can result in a pen-
etration accident, vaccination of mini pigs, which have thicker
skin than mice, resulted in no damage to the skin (data not
shown).

IN administration of antigen elicits a specific sIgA
response at the mucosal surface, which prevents virus inva-
sion.15 Therefore, we hypothesized that intradermal struc-
tures also induce the secretion of mucosal antibodies.
However, we did not detect sIgA in the mucosa after ID
immunization. ID immunization with 20% of the typical
antigen dose reportedly elicits a stronger immune response
than IM immunization.6,16,17 However, the underlying
mechanism is unclear. Considering the advantages of a low
antigen dose (e.g., safety for human use, lower cost, faster
production, and reduced side effects), ID immunization,
and particularly NF ID immunization, will likely be used
increasingly frequently.18,20,21

Figure 3. BALB/c mice (n D 6) were immunized IM or ID with 3 or 15 mg HA of the
H7N9 influenza vaccine, and serum HI antibody titers were measured beginning at
day 0 (A). Thirty rats were injected with 3 mg of HA of the H7N9 influenza vaccine,
or saline as a control, using a syringe or the MP-0.1 system, and skin biopsies were
obtained at 0, 1, 2, 3, and 7 days for assessment of inflammatory cell infiltration
into the dermis and muscular layer (B).

HUMAN VACCINES & IMMUNOTHERAPEUTICS 625



Following ID immunization, LCs [infiltrated inflammatory
cells] and dendritic cells (DCs) present antigens to na€ıve T cells.
Thus, ID immunization may result in an earlier immune
response, which would reduce the rate of spread of the influ-
enza virus. In this study, NF ID immunization elicited a rapid
immune response and HA metabolism in vivo. This may be
because NF ID immunization resulted in a diffuse HA distribu-
tion, enhancing the uptake of the antigen by APCs. Alterna-
tively, the antigen may have been more rapidly metabolized
into the lung, liver, spleen and kidney, as indicated by in vivo
imaging. The absence of antigen metabolism in brain tissue is

likely due to its inability to cross the blood–brain barrier.
Because NF ID immunization removes the fear of needles and
is pain-free, it is suitable for vulnerable populations, including
the elderly and children.22

NF ID immunization resulted in prolonged deposition of
antigen at the site, enhancing its uptake by APCs. Interestingly,
NF ID immunization resulted in higher serum antibody titers
did than immunization using a syringe, possibly because of the
diffuse distribution of the antigen by the NF system. LCs and
DCs take up antigens, migrate to peripheral draining lymph
nodes, and process and present the antigen to na€ıve T cells to

Figure 4. The H7N9 split vaccine was labeled with Cy5 for visualization of antigen deposition and metabolism in vivo. Rats were immunized ID using MP-0.1 or IM using a
syringe and anesthetized with 4% isoflurane. Fluorescence signals were visualized at 1 hour, 1 day, 2 days, 5 days, and 7 days, and background auto-fluorescence was sub-
tracted (A). Fluorescence intensity over time (B). At 1, 24, and 48 h, three rats per group were euthanized, and the kidney, liver, spleen, and thymus were removed and
subjected to fluorescence imaging (C, D, E, F).
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initiate an immune response.10, 15, 23–25 These processes differ
between IM and ID immunization.26, 27 In future research, we
plan to examine why ID immunization accelerated the immune
response and investigate whether both the cellular and humoral
immune responses are accelerated. Moreover, whether the ear-
lier initiation of antigen metabolism in vivo contributed to the
more rapid immune response remains unclear. Additionally,
further investigations of cross-protective efficacy and the long-
term immune response following ID NF immunization are
required. To facilitate clinical application, the safety and immu-
nogenicity of NF ID immunization with fractional doses of
antigen should be evaluated in ferrets or primates. In summary,
NF ID immunization with a lower dose of influenza vaccine
stimulates a rapid and protective immune response at a reduced
cost and will enable optimum utilization of influenza vaccine
production capacity.

Materials and methods

Animals

BALB/c mice and Sprague–Dawley (SD) rats were purchased
from the Laboratory Animal Center of the Academy of Military
and Medical Sciences and were housed at an appropriate

temperature under a standard light/dark cycle. All animal
experiments were conducted under protocols approved by the
Institutional Animal Care and Use Committee of the Academy
of Military and Medical Sciences (AMMS) (Approval no.:
SYXK 2015-008), and all facilities were accredited by the
AMMS Animal Care and Ethics Committee. All experiments
using infectious influenza viruses were conducted under bio-
safety level 3 containment.

Vaccine

The monovalent influenza A (H7N9) split virus vaccine (Anhui
H7N9/PR8) was developed by the HengYe Biological Com-
pany, and the seed virus was prepared from the reassortant vac-
cine H7N9/PR8 virus as described previously.2 Briefly, the
reassortant H7N9/PR8 virus was harvested from egg cultures
and inactivated with formaldehyde. The inactivated virus was
concentrated, purified, and further sterilized by chromatogra-
phy in a buffer containing Triton X-100. The vaccine contains
all viral proteins, and the major component is HA (» 30% of
total protein). Split virus vaccines containing 3, 9, and 15 mg
HA were prepared using WHO-approved protocols.28 The vac-
cines were stored at 4�C prior to use.

Device accuracy and safety evaluation

SD rats (200 g) were used to assess the accuracy of the MP-0.1
low-pressure NF injection system (Jiangsu Chengyu Mite
Medical Technologies Co., Jiangsu, China). The rats were
anesthetized, their hair trimmed using clippers, and ventral
sites were wiped with alcohol prior to injection. Blue and
black ink (10%) in phosphate-buffered saline (PBS) (100 mL)
was injected, the animals were euthanized immediately there-
after. The skin of the rats was dissected and lifted to evaluate
the accuracy of injection. For safety evaluation, rats were
immunized IM (syringe) or ID (MP-0.1 system) with 3, 9, or
15 mg of HA of the H7N9 split vaccine or with PBS as a con-
trol in a total volume of 100 mL on day 0, and their body
weight was monitored daily. Pathological sections obtained at
1, 2, 3, and 7 days after IM immunization with 15 mg HA or
ID immunization with 3 mg HA were used to evaluate damage
to the skin.

Draize test and pathology evaluation

Skin irritation was evaluated at 1–7 days after IM or ID
immunization. Skin erythema and edema were graded sepa-
rately, each on a 0–4 scale: 0, no erythema; 1, very slight ery-
thema, barely perceptible erythema; 2, well-defined erythema;
3, moderate-to-severe erythema; and 4, severe erythema (beet
redness) to slight eschar formation (deep injury); 0, no edema;
1, very slight edema, barely perceptible; 2, slight edema (edges
of the area raised and well defined); 3, moderate edema
(raised approximately 1 mm); and 4, severe edema (raised
more than 1 mm and extending beyond the area of exposure).
Epidermis, fat, and muscle samples from rats at days 1, 2, 3,
and 7 were embedded in paraffin wax, sectioned, and sub-
jected to pathologic analysis of IICs in the epidermis and sub-
cutaneous muscle.

Figure 5. At 0 and 14 days, BALB/c mice were immunized IM with PBS or 15 or
3 mg HA, or they were immunized ID with 3 mg HA of the influenza H7N9 split vac-
cine. Two weeks later, they were challenged IN with a lethal dose of wild-type
A/AnHui/1/2013 H7N9 virus (5.0 £ 103 TCID50 pfu). Body weight was monitored
daily (n D 6), and pathological changes (n D 3) in the lungs were analyzed at
7 days after challenge (A, B, C, D, E).
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Efficacy of ID immunization

To determine the optimum dose for NF ID immunization with
the H7N9 split vaccine, 6-week-old BALB/c mice and 6-week-old
SD rats were immunized IM or ID with 3, 9, or 15 mg of HA in a
total volume of 100 mL on two occasions separated by
14-day intervals. Sera were collected before immunization and at
14, 21, and 28 days after boosting, and HI titers were measured as
described previously.7 Briefly, 4 HA units were mixed with serum
for 30 min at room temperature in 96-well plates, 0.5% (v/v) tur-
key erythrocytes were added, and the samples were incubated for
40 min. The highest serum dilution level was defined as the HI
titer of the sample. Serum IgG, IgG1, and IgG2a levels were mea-
sured as described previously.29 Plates were coated with 5 mg/mL
inactivated influenza virions, and samples were serially diluted 10-
fold in PBS and added to the coated plates in triplicate. Bound
antibodies were detected using 1:20,000 dilutions of goat anti-
mouse IgG, IgG1, and IgG2a (Sigma, USA) and goat-anti-rat IgG
(Sigma), conjugated to horseradish peroxidase. Plates were stained
with 3,3'5,5' tetramethyl benzidine substrate (Sigma), the reaction
was stopped by adding 2 M H2SO4, and the optical density (OD)
at 450 nm was read. Mice that received PBS alone were used as
negative controls. At 14 days after boosting, mice were challenged
IN with wild-type A/Anhui/1/2013 (H7N9) virus (5.0 £ 103

TCID50), as described previously.2 Mice were observed for signs
of illness and weighed daily for 14 days. Mice identified as mori-
bund or who had lost> 25% of their body weight were humanely
euthanized. At 7 days post-challenge, mice were euthanized, and
lung tissue was collected for histopathological evaluation.

In vivo imaging

Mice immunized IM or ID with Cy5-labeled (1:500) (GE Health-
care USA) H7N9 vaccine were imaged using an FX PRO In Vivo
Imaging System (Kodak BioMax, Rochester, NY, USA).30 Briefly,
mice were anesthetized in a chamber containing 4% isoflurane in
a gas mixture of oxygen, nitrogen, and medical air. Following each
imaging session, mice were allowed to recover until they could
breathe and walk unassisted. To track antigen metabolism after
ID and IM immunization, liver, kidney, thymus, spleen, and brain
samples were collected at the indicated time points. The fluores-
cence intensity (counts per second [cps]) of the target site after the
subtraction of the background autofluorescence from control
mice was used as a surrogate for antigen concentration.

Statistical analysis

Data were analyzed using GraphPad Prism 5.0 software
(GraphPad Software, San Diego, CA, USA). Measurements
were subjected to analysis of variance (ANOVA), and signifi-
cant differences were analyzed by two-tailed t-test. Differences
between groups were evaluated by ANOVA; p < 0.05 was con-
sidered to indicate statistical significance. All experiments were
performed in triplicate.

Abbreviations

DC dendritic cell
ELISA enzyme-linked immunosorbent assay

GMT geometric mean titer
HA hemagglutination
HI hemagglutination-inhibition
IM intramuscular
ID intradermal
IN intranasally
IIC infiltrated inflammatory cells
PBS phosphate buffered saline
sIgA secretory immunoglobulin A
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