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Background: This study evaluated dissolvable microneedle patch (dMNP) delivery of hepatitis B vaccine in rhesus macaques 
and provides evidence that dMNP delivery elicits seroprotective anti-HBs levels comparable with human seroprotection, potentially 
useful for hepatitis B birth dose vaccination in resource-constrained regions.

Methods: Sixteen macaques were each vaccinated twice; they were treated in 4 groups, with dMNP delivery of AFV at 24 ± 8 µg 
(n = 4) or 48 ± 14 µg (n = 4), intramuscular injection of AFV (10 µg; n = 4), or intramuscular injection of AAV (10 µg; n = 4). Levels 
of antibody to hepatitis B surface antigen (HBsAg) (anti-HBs) and HBsAg-specific T-cell responses were analyzed.

Results: Six of 8 animals with dMNP delivery of AFV had anti-HBs levels ≥10 mIU/mL after the first vaccine dose. After dMNP 
delivery of AFV, interferon γ, interleukin 2, and interleukin 4 production by HBsAg-specific T cells was detected. A statistically sig-
nificant positive correlation was detected between anti-HBs levels and cells producing HBsAg-specific interferon γ and interleukin 2 
(T-helper 1–type cytokine) and interleukin 4 (T-helper 2–type cytokine) in all anti-HBs–positive animals.

Conclusions: dMNP delivery of AFV can elicit seroprotective anti-HBs levels in rhesus macaques that are correlated with human 
seroprotection, and it could be particularly promising for birth dose delivery of hepatitis B vaccine in resource-constrained regions.

Keywords. hepatitis B virus; hepatitis B vaccine; microneedle patch; skin vaccination; cellular immune response; adaptive im-
mune response; rhesus macaques.

Hepatitis B virus (HBV) infection and its chronic sequelae rep-
resent a global public health problem [1]. In 2015, an estimated 
257 million people globally were living with chronic HBV in-
fection, and about 887  000 HBV-attributed deaths occurred 
annually [2]. A  primary mode of HBV transmission is from 
infected mothers to their newborns around birth (perinatal 
transmission). Perinatal HBV infection is a major risk factor 
for developing chronic HBV infection [3]. For this reason, the 
World Health Organization (WHO), the American College 
of Immunization Practices, and other national immunization 
programs recommend universal birth dose delivery of mono-
valent hepatitis B vaccine to infants during the first 24 hours 
of life, followed by timely completion of the routine hepatitis B 
vaccine series, because this can prevent 85%–95% of mother-to-
child HBV transmission [4].

WHO estimates global routine immunization coverage to 
be 84% but the average  birth dose coverage rate for hepa-
titis B vaccine is only 39% [2]. Although the WHO Western 
Pacific Region countries have achieved a high birth dose cov-
erage rate (84%), other HBV-endemic areas have not scaled 
up birth dose delivery [5], owing to competing priorities for 
limited resources, the logistics of reaching births in remote 
areas that lack birth attendants trained to deliver hepatitis 
B vaccine as a birth dose, limited integration of maternal-
child health with expanded immunization programs, and 
insufficient cold chain systems [4, 6]. More accessible and 
simpler delivery of the hepatitis B vaccine could facilitate 
of universal birth dose delivery for hepatitis B vaccine and 
increase the probability of global elimination of mother-to-
child HBV transmission.

Previous studies have shown that microneedle patch 
(MNP) delivery of many vaccines, including influenza, ro-
tavirus, polio, and measles vaccines, induce potent immune 
responses [7–11]. Dendritic cells, antigen-presenting cells 
which recognize foreign microbes and initiate immune re-
sponses, are abundant in the skin, and epidermal keratino-
cytes initiate immune response by releasing cytokines and 
chemokines against foreign antigens [12–14]. In addition, 
MNP vaccination offers simplified logistics, including ad-
ministration by minimally trained personnel, elimination of 
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biohazardous sharps waste, improved thermostability, and 
small package size [15].

Standard hepatitis B vaccine uses aluminum hydroxide 
adjuvant. However, the aluminum adjuvant in the hepa-
titis B vaccine is associated with injection site inflamma-
tion [16]. Previous studies have shown that inflammation 
induced by aluminum adjuvants at the injection site can 
induce nodule or granuloma formation in humans and ani-
mals [17–19], which may make MNP delivery of aluminum 
adjuvant to skin unacceptable in humans, particularly 
among newborns.

In the current study, we evaluated dissolvable MNP (dMNP) 
delivery of adjuvant-free monovalent hepatitis B vaccine (AFV) 
compared with standard intramuscular injection of aluminum-
adjuvanted monovalent hepatitis B vaccine (AAV) and intra-
muscular injection of AFV in rhesus macaques.

MATERIALS AND METHODS

Hepatitis B Vaccines

Bulk AFV (concentration 2.4  mg/mL) and standard AAV for 
intramuscular injection were provided by the Serum Institute 
of India [20].

dMNP and Intramuscular Injection in Rhesus Macaques

The animal use protocol (protocol 2742CHOMONC) and pro-
cedures were reviewed and approved by the Institutional Animal 
Care and Use Committee of the US Centers for Disease Control 
and Prevention (CDC). dMNPs were fabricated with AFV, as 
described elsewhere [21]. Before vaccination, each animal was 
placed in ventral recumbency and sedated with ketamine/
xylazine (10  mg/kg and 0.5  mg/kg, respectively) or ketamine 
hydrochloride (3 mg/kg and 0.075 mg/kg, respectively); depil-
atory lotion (Nair; Church & Dwight) was used to remove hair 
from the animals’ backs for dMNP delivery.

The dMNPs were manually applied to the skin with pres-
sure to the center of the patch for 30 seconds to facilitate 
microneedle insertion. The dMNP remained in place, undis-
turbed, for 20 minutes before removal. Intramuscular vaccine 
injections to the vastus lateralis muscle on the leg were per-
formed using a 26-gauge 1/2 hypodermic needle and syringe. 
Sixteen rhesus macaques were vaccinated in groups of 4 as 
follows: intramuscular AAV at 10  µg (pediatric dose), intra-
muscular AFV at 10 µg (10 μg of hepatitis B surface antigen 
(HBsAg) per 0.5 mL), and AFV delivered by dMNP at an es-
timated 24  ±  8  μg (dMNP-I) or 48  ±  14  μg (dMNP-II) [21] 
(Supplementary Materials and Methods). At 8 weeks after vac-
cination, a second, booster vaccination was performed using 
the same dose and delivery method each animal had received 
at initial vaccination. Two dMNP nonresponders (dMNP-II) 
were vaccinated with a third supplemental dose of intramus-
cular AAV (10 µg) at 9 weeks after the booster.

Measurement of Antibody to Hepatitis B Surface Antigen (HBsAg)

Prevaccination blood specimens were collected (at –2, –1, and 
0 weeks) and used as baseline controls. Levels of antibody to 
HBsAg (antibody to hepatitis B surface antigen (anti-HBs)) were 
measured weekly using the VITROS Anti-HBs Reagent Pack 
(Ortho-Clinical Diagnostics), according to the manufacturer’s 
instructions. In immunocompetent adults and children, anti-
HBs levels ≥10 mIU/mL are considered seroprotective against 
HBV infection in humans [22].

Interferon γ, Interleukin 5, and Interleukin 4 Enzyme-Linked Immunospot 

Assay

Isolated peripheral blood mononuclear cells (PBMCs) were re-
suspended in EmbryoMax 2× freezing medium (Millipore). We 
performed enzyme-linked immunospot (ELISPOT) assays using 
96-well ImmunoSpot kits for human interferon (IFN) γ, inter-
leukin 5 (IL-5), and interleukin 4 (IL-4) (CTL), according to the 
manufacturer’s instructions. Briefly, PBMCs were washed twice 
with 5 mL of CTL-Test Medium, the cells were counted with the 
Countess Automated Cell Counter (Invitrogen), and cell num-
bers were adjusted to 4 × 106cells/mL. Bulk monovalent AFV 
was used at 20 μg/mL concentration in CTL-Test Medium. For 
24 hours, 2 × 105 cells were stimulated with a final concentration 
of 1 μg of adjuvant-free HBsAg per well at 37°C in 5% carbon 
dioxide. Anti-human IFN-γ/IL-5/IL-4 (CTL) detection solution 
was added, according to the manufacturer’s instructions. 
For positive control, cells were stimulated with 50  ng/mL 
phorbol 12-myristate 13-acetate (Sigma) and 500  ng/mL 
ionomycin (Sigma), and 1% dimethyl sulfoxide (Sigma) was 
used as the negative control. All assays were performed in 
duplicate, and results were averaged. The positive cells (blue-
colored spots) on the bottom of the well— HBsAg-specific 
IFN-γ, interleukin 2 (IL-2), or IL-4 responses—represent se-
creted cytokines. Cytokine-producing spot-forming cells 
(SFCs) were scanned and counted with a CTL analyzer. Each 
vaccination group had a single background mean value that was 
calculated from triple wells of the negative control. The back-
ground mean was then subtracted, and the spot counts were 
normalized by the number of cells per well. Negative controls 
had 0 spot-forming cell counts (SFCs)/106 cells for IL-2, IL-4, 
and IL-5, and 0–5 SFCs/106 cells for IFN-γ in each vaccination 
group. Positive controls had 100–200 SFCs/106 cells for IL-2, 
200–300 SFCs/106 for IL-4, 200–400 SFCs/106 cells for IL-5, and 
1500–2500 SFCs/106 cells for IFN-γ. There were no changes in 
the signal-background ratio over time.

Enzyme-Linked Immunosorbent Assay 

Twenty-four hours after stimulation, supernatants were col-
lected from ELISPOT plates and stored at −80°C until testing 
with enzyme-linked immunosorbent assay (ELISA). The Multi-
Analyte ELISA Array kit (Qiagen), containing interleukin 1β (IL-
1β), IL-4, IL-6, interleukin 10, 12, and 17A, IFN-γ, tumor necrosis 
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factor (TNF) α, transforming grown factor (TGF) β1, mono-
cyte chemoattractant protein (MCP) 1, macrophage inflamma-
tory protein (MIP) 1α, and MIP-1β, was used according to the 
manufacturer’s protocol. Levels of protein expression were meas-
ured as absorbance at 450 nm using a Biotek ELISA plate reader, 
and fold changes of cytokines and chemokines were obtained by 
dividing absorbance value of each cytokine or chemokine by that 
of prevaccination samples as the baseline controls.

Statistical Analysis

Statistical analyses were performed with GraphPad software 
(version 7.04). Spearman rank correlation coefficients (r) were 
calculated using SPSS software (version 21). The statistical sig-
nificance of r was tested using a 2-tailed t test. Differences were 
considered significant at P <0.05.

RESULTS

Anti-HBs Responses to Hepatitis B Vaccine in Rhesus Macaques

Anti-HBs level kinetics in postvaccination serum samples 
are shown in Figure 1. Four animals were used for each vac-
cination group. However, 1 animal that initially received 
the dMNP-I dose was accidently given intramuscular AAV 
during the booster vaccine dose. This animal was excluded 
from further analysis even though the anti-HBs levels after 
initial dMNP dosing was 490 mIU/mL (data not shown in 
Figure 1). Three of 4 animals receiving the dMNP-I dose, 2 
of 4 receiving the dMNP-II dose, 2 of 4 receiving intramus-
cular AFV, and all 4 receiving intramuscular AAV had anti-
HBs levels ≥10 mIU/mL (range, 13–895 mIU/mL) after the 
primary vaccination. 

After the booster dose, anti-HBs levels increased in all vaccin-
ated animals except 2 animals who received the dMNP-II dose. 
At the end of observation, the anti-HBs levels in 3 animals com-
pleting dMNP-I vaccination (dMNP-I group) were 801, 33, 
and 298 mIU/mL and those in 4 animals receiving dMNP-II 
vaccination (dMNP-II group) were 236, 167, 0, and 0 mIU/
mL. After both initial and booster vaccinations, 5 of 7 animals 
that received dMNP vaccine, 3 of 4 that received intramuscular 
AFV, and all 4 that received intramuscular AAV had anti-HBs 
levels ≥10 mIU/mL (Figure 1). The mean quantitative anti-HBs 
responses were as follows: 219 mIU/mL in the dMNP groups 
(n = 7), 434 mIU/mL in the intramuscular AFV group (n = 4), 
and 4178 mIU/mL in the intramuscular AAV group (n  =  4). 
No adverse reactions were detected at the immunization sites 
in any animal. The group of 5 animals that received dMNP 
hepatitis B vaccine with anti-HBs levels ≥10 mIU/mL was too 
small to separate into the 2 groups; they were treated as a single 
dMNP group for further analysis.

HBsAg-Specific T-Cell Responses

The cellular immune responses were assessed by analyzing 
HBsAg-specific IFN-γ–, IL-2–, and IL-4–producing T cells by 
means of ELISPOT analysis. The average of ELISPOT analysis 
at baseline, 5 weeks after the first vaccination, 5 weeks after the 
booster, and 9 weeks after the booster (end of observation) are 
shown in Figure 2. After the initial vaccination, HBsAg-specific 
IFN-γ– and IL-4–producing T-cell responses in the dMNP 
group were higher than those in the intramuscular AFV group. 
In the dMNP group, levels of HBsAg–specific IFN-γ–produ-
cing T cells peaked (430 SFCs/106 PBMCs; P  <  0.0001) in  5 
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Figure 1. Levels of antibody to hepatitis B surface antigen (anti-HBs) after hepatitis B vaccination of rhesus macaques. Anti-HBs levels after dissolvable microneedle patch 
(dMNP) vaccination with adjuvant-free hepatitis B vaccine (AFV) (dMNP-I group [dose, 24 ± 8 μg] depicted with closed circles and dMNP-II group [dose, 48 ± 14 μg] with open 
circles) (A); intramuscular injection of AFV (B); and intramuscular injection of standard aluminum-adjuvanted hepatitis B vaccine (AAV) (C). Anti-HBs levels were analyzed in 
weekly serum samples after vaccination. Points in the line graphs indicate titers for each animal in each experimental group (n = 7 for dMNP group; n = 4 for both intramus-
cular AAV and intramuscular AFV groups). Seropositive titers were defined as any detectable anti-HBs level and the threshold as ≥10 mIU/mL. After both initial and booster 
vaccinations, 5 of 7 animals receiving dMNP vaccine, 3 of 4 receiving intramuscular AFV, and all 4 receiving intramuscular AAV had anti-HBs levels ≥10 mIU/mL.
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weeks after the booster dose, and the response was lower than 
that in the intramuscular AAV group (603 SFCs/106 PBMCs) 
but higher than that in the intramuscular AFV group (325 
SFCs/106 PBMCs). The highest HBsAg-specific IL-2–producing 
T-cell responses were detected after boosting (P  <0.0001),  in 
with similar magnitudes of IL-2 response among the dMNP 
(43 SFCs/106 PBMCs) and intramuscular AFV (48 SFCs/106 
PBMCs) groups but higher responses in the intramuscular AAV 
group (79 SFCs/106 PBMCs; P < .001). 
Five weeks after the booster dose, HBsAg-specific IL-4–produ-
cing T-cell responses were similar between the dMNP group (23 
SFCs/106 PBMCs) and the intramuscular AFV group (21 SFCs/106 
PBMCs) (Figure 2B) (P < .001). However, at the end of observa-
tion, HBsAg-specific IL-4–producing T-cell responses increased 

continuously in the dMNP group (27 SFCs/106 PBMCs; P < .001) 
but decreased in the intramuscular AFV group (17 SFCs/106 
PBMCs; P < .001). Differences in HBsAg-specific IFN-γ and IL-2 
responses between dMNP and intramuscular AAV groups after 
boosting (P = .001 and P < .001, respectively) and at the end of 
observation (both P < .001) were statistically significant.

Secreted Cytokines and Chemokines in HBsAg-Specific T Cells

Elevated levels of the proinflammatory cytokines IL-1β, IL-6, 
TNF-α, and TGF-β and the proinflammatory chemokines MCP-1 
(CCL2), MIP-1α (CCL3), and MIP-1β (CCL4) were detected in 
all 3 groups: dMNP, intramuscular AFV, and intramuscular AAV 
(Figure 3). Compared with the intramuscular AFV and intra-
muscular AAV groups, dMNP vaccination produced higher 
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Figure 2. Hepatitis B surface antigen (HBsAg)–specific T-cell responses after dissolvable microneedle patch (dMNP) delivery of adjuvant-free hepatitis B vaccine (AFV), 
intramuscular injection of AFV, and intramuscular injection aluminum-adjuvanted hepatitis B vaccine (AAV). The vaccination schedule is shown in the top panel. The booster 
(second vaccination) was performed at 8 weeks after the initial vaccination. Frequencies of HBsAg-specific T-helper 1 cells secreting interferon (IFN) γ (A) and interleukin 2 
(IL-2) (B) or T-helper 2 cells secreting interleukin 4 (IL-4) (C) were determined with enzyme-linked immunospot assay. T-cell responses were analyzed using samples (red arrows 
in top panel) obtained from before vaccination (baseline), 5 weeks after the first vaccine dose (identified as 1st vaccination), 5 weeks after the second (booster) immunization, 
and the end of observation (EOB). Data are expressed as spot-forming cells (SFCs) per 106 peripheral blood mononuclear cells (PBMCs) and different color of dots represent 
levels from individual animal in each experimental group (Each color represent 5 of 7 animals receiving dMNP, 3 of 4 animals receiving intramuscular AFV and 4 of 4 receiving 
intramuscular AAV had anti-HBs levels ≥10 mIU/mL). There were statistically significant differences in HBsAg-specific IFN-γ and IL-2 responses between dMNP and intra-
muscular AAV groups at boosting (P = 0.001 and P < 0.0001, respectively) and EOB (both P < .001). *P < .001.
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induction of TNF-α (2-way analysis of variance, P =  .007) and 
MIP-1β (P = .002) after the first vaccination, and high MIP-1β ex-
pression levels were maintained in the dMNP group until the end 
of observation. However, TNF-α expression decreased continu-
ously until the end of observation in dMNP and intramuscular 
AFV groups. Induction of IL-6 (P =  .03) after dMNP vaccina-
tion peaked at the end of observation, and expression levels were 
higher than in the intramuscular AAF and AAV groups. 
TGF-β expression induced by dMNP (P = .01) and intramuscular 
AFV increased continuously until the end of observation. MCP-1 
expression had increased significantly at the end of observation in 
the dMNP, intramuscular AFV, and intramuscular AAV groups 
(P < .001). For the intramuscular AAV group, expression levels of 
IL-1β (P = .001), TNF-α, TGF-β, MIP-1α (P = .008), and MIP-1β 
peaked after boosting. Levels of cytokine and chemokines in-
duced by different vaccine delivery strategies were compared at 
different time points. Statistically significant IL-1β, IL-6, TGF-β, 
MIP-1α, and MIP-1β responses were detected after boosting and 
at the end of observation in the dMNP, intramuscular AFV and 
intramuscular AAV groups (P < .001) (Figure 3).

Correlation Between T-Cell Responses and Anti-HBs Levels

Nonparametric correlation analysis was performed to establish a 
relationship between the vaccine-induced T-cell and anti-HBs re-
sponses. Statistically significant positive correlations were found 
between IFN-γ–, IL-4–, and IL-2–producing T-cell responses 
and anti-HBs levels among all vaccination groups (Figure 4). 
Figure 5 shows the relationship between cytokine and chemo-
kine expression levels in supernatants of HBsAg-stimulated cul-
tures of PBMCs and the anti-HBs levels induced in the dMNP, 
intramuscular AFV, and intramuscular AAV groups. Statistically 
significant positive correlations were found between IL-1β, TGF-
β, MIP-1α, and MIP-1β expression and anti-HBs levels in all 
vaccination groups. IL-6 and TNF-α expression was positively 

correlated with anti-HBs levels in the intramuscular AAV and 
intramuscular AFV groups. MIP-1 expression was positively cor-
related with anti-HBs levels only in the dMNP group.

DISCUSSION

In many low- and middle-income settings, HBV infections 
occur mainly through perinatal or early childhood transmis-
sion [23]. The most effective strategy to prevent HBV trans-
mission from mother to child is birth dose delivery of hepatitis 
B vaccine within a narrow time window after birth, followed 
by timely delivery of the remaining hepatitis B vaccine series. 
A birth dose of hepatitis B vaccine followed by 2 more doses 
of can reduce the prevalence of chronic HBV infection by ap-
proximately 85%–90% in infants [4]. However, birth dose vac-
cination coverage for hepatitis B vaccine lags in a number of 
HBV-endemic regions, including sub-Saharan Africa, in part 
owing to lack of trained healthcare personnel to administer 
hepatitis B vaccine around birth and other logistical challenges 
[4]. Identification of alternative delivery methods that would 
overcome these challenges could allow progress toward elimi-
nation of new childhood HBV infections.

In the current study, we examined both humoral and cellular 
immune responses to dMNP delivery of monovalent AFV in 
rhesus macaques. We used AFV because previous reports sug-
gest that the aluminum adjuvant is reactogenic in skin [16–18], 
so therefore undesirable for vaccine delivery. Vaccination by 
dMNP is of particular interest for administering a hepatitis B 
vaccine birth dose in economically developing countries be-
cause this vaccine delivery method can be performed by min-
imally trained personnel, would reduce hazardous needle 
waste, and might overcome cold chain challenges. For example, 
studies have shown that naive human subjects were able to self-
administer MNPs after only very brief training [11, 15].
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Figure 3. Secreted cytokines and chemokines in hepatitis B surface antigen (HBsAg)–specific T cells induced by vaccination. Levels of interleukin 1β (IL-1β), interleukin 
6 (IL-6), tumor necrosis factor (TNF) α, transforming grown factor (TGF) β, monocyte chemoattractant protein (MCP) 1, macrophage inflammatory protein (MIP) 1α, and 
MIP-1β were analyzed by means of enzyme-linked immunosorbent assay in supernatants of HBsAg-stimulated cultures of peripheral blood mononuclear cells (PBMCs) after 
vaccination of macaques with dissolvable microneedle patch (dMNP) delivery of adjuvant-free hepatitis B vaccine (AFV), intramuscular injection of AFV, and standard intra-
muscular injection of aluminum-adjuvanted hepatitis B vaccine (AAV). The fold change in absorbance of each cytokine was obtained by comparing to absorbance at 450 nm 
of prevaccination samples, used as baseline controls. The levels of cytokines and chemokines for each animal in the experimental groups are shown at baseline (before 
vaccination) (blue), 5 weeks after the first vaccine dose (identified as 1st vaccination) (green), 5 weeks after the second (booster) immunization (orange), and at the end of 
observation (EOB) (brown).
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The results of hepatitis B vaccine delivery by dMNP in non-
human primates could provide more relevant information about 
the potential efficacy of this delivery method in humans than do 
experiments in mice. Even though rhesus macaques are not a nat-
ural host for HBV infection, they have previously been used to 
assess immune response to hepatitis B vaccine, and this informa-
tion was used to establish human dosing for human seroprotective 
levels ≥10 mIU/mL [24, 25]. dMNP delivery of inactivated polio 
vaccine has also been tested in rhesus macaques [26]. Similar to 
HBV, poliovirus does not naturally infect macaques; however, 
dMNP delivery of inactivated polio vaccine induced immunoge-
nicity in macaques, as measured by neutralizing antibody response.

We found that anti-HBs levels with dMNP hepatitis B vac-
cine delivery were lower than those with intramuscular AFV 

or intramuscular AAV in rhesus macaques. However, anti-
HBs levels produced by 2 different dMNP doses did not differ 
significantly. All 4 animals in the dMNP-I group and 2 in 
the dMNP-II group also produced anti-HBs levels ≥10 mIU/
mL (seroprotective levels in human) after the first vaccina-
tion (Figure 1). Although 2 animals receiving the dMNP-II 
dose (48 ± 14 µg) demonstrated no measurable anti-HBs pro-
duction or induction of cellular immune response, it remains 
unclear whether these macaques were poor responders or 
whether the higher dose of vaccine delivered by dMNP neg-
atively affected their ability to produce anti-HBs after antigen 
exposure. It is possible that the immune systems of these 2 
animals were compromised, because when they subsequently 
received the standard dose (10  μg) of intramuscular AAV as 
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Figure 4. Correlation between hepatitis B surface antigen (HBsAg)–specific T-cell responses and levels of antibody to HBsAg (anti-HBs) after dissolvable microneedle patch 
(dMNP) delivery of adjuvant-free hepatitis B vaccine (AFV), intramuscular AFV, and intramuscular aluminum-adjuvanted hepatitis B vaccine (AAV). Spearman correlation tests 
were performed. Dots represent correlation tests in the dMNP (A), intramuscular AFV (B), and intramuscular AAV (C) groups. Abbreviations: IFN, interferon; IL-2, interleukin 
2; IL-4, interleukin 4; PBMCs, peripheral blood mononuclear cells; SFCs, spot-forming cells.
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a third vaccination, much lower anti-HBs levels and cellular 
immune responses were induced compared with responses 
among the intramuscular AAV group animals after just 2 doses 
(Supplementary Figures 1 and 2).

We demonstrated that dMNP delivery of AFV can induce 
antigen-specific cellular immune responses after 1 dose, which 
increase after a booster dose (Figure 2). Levels of HBsAg-
specific IFN-γ– (T-helper 1 [Th1]–type cytokine) and IL-4–
producing (T-helper 2 [Th2]–type cytokine) T-cell responses 
by dMNP delivery were higher than responses to intramuscular 
AFV delivery. In addition, dMNP delivery induced IFN-γ–, 
IL-4–, and IL-2–producing T-cell responses that were posi-
tively correlated with anti-HBs levels (Figure 4). These results 
suggest that dMNP-induced antibodies were associated with 
both antigen-specific Th1 and Th2 responses. dMNP vaccine 
delivery also induced stronger Th1/Th2 responses than did in-
tramuscular AFV delivery.

We found that high levels of inflammatory cytokines (IL-1β, 
IL-6, TNF-α, and TGF-β) and chemokines (MCP-1, MIP-1α, 
and MIP-1β) were induced in response to dMNP delivery 
(Figure 3). In a previous study, up-regulation of IL-1β, TNF-
α, MIP-1α, MIP-2, and MCP-1 were detected in the skin of 
mice after influenza MNP vaccination [27]. TNF-α and IL-1β 

have previously been shown to be involved in the migration 
of Langerhans cells and the subsequent accumulation of den-
dritic cells in draining lymph nodes during Leishmania major 
infection [12, 28]. MCP-1, MIP-1α, and MIP-1β are inflamma-
tory chemokines and function on neutrophils, granulocytes, 
monocytes, immature dendritic cells, and activated T cells 
by recruiting these effector cells to the site of pathogen entry 
[29]. A previous study showed that expression of MIP-1α and 
MIP-1β in activated natural killer and T cells was associated 
with the secretion of IFN-γ against listeriosis [30]. We found 
statistically significant positive correlations between MIP-1α 
(r = 0.594; P = .006), MIP-1β (r = 0.738; P < .01) and HBsAg-
specific IFN-γ production with dMNP hepatitis B vaccine de-
livery. In addition, positive correlations between IL-1β, TGF-β, 
MIP-1, MIP-1α, and MIP-1β expression and anti-HBs levels in 
the dMNP group were statistically significant (Figure 5). These 
results suggest that cytokines and chemokines induced by 
dMNP hepatitis B vaccine may enhance HBsAg-specific T-cell 
responses in skin and antigen-presenting B cells [31, 32].

It should be noted that intramuscular vaccination with AAV 
and AFV were performed using doses of 10  µg of HBsAg, 
whereas dMNP vaccination was performed using doses 
of 24  ±  8  µg (dMNP-I) and 48  ±  14  µg (dMNP-II) of bulk, 
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adjuvant-free HBsAg. Comparisons between intramuscular 
and dMNP groups need to account for different routes of ad-
ministration and different doses. The current study provides for 
the first time information on immune responses to dMNP de-
livery of AVF in rhesus macaques, supporting the hypothesis 
that dMNP can induce robust anti-HBs and cellular responses 
to hepatitis B vaccine delivery, even in the absence of aluminum 
adjuvant. In addition, a limited number of animals were tested 
in each vaccination group; however, nonhuman primates have 
been shown to produce the anti-HBs levels that align with anti-
HBs levels signifying immune protection in humans, including 
infants [25, 33].

In conclusion, we showed that delivery of AFV using dMNP 
induced humoral and cellular immune responses. These in-
cluded production of anti-HBs levels to human seroprotective 
levels induced by conventional intramuscular delivery of 
AAV in humans. dMNP hepatitis B vaccine delivery elicited 
stronger cellular immune responses than intramuscular AFV, 
although they were administered at different doses. In addi-
tion, proinflammatory cytokine and chemokine secretion was 
detected in supernatants of HBsAg-stimulated PBMC cul-
tures from the dMNP group. Future translational studies will 
be needed to improve dMNP hepatitis B vaccine fabrication 
and delivery and eventually study of hepatitis B vaccination by 
dMNP in humans. These results suggest that dMNP vaccination 
elicits an anti-HBs immune response that may be predictive of a 
seroprotective human response. The data presented in this study 
provide evidence for dMNP hepatitis B vaccination and possibly 
for birth dose delivery in HBV-endemic low-resource settings.
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