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Hepatitis B (HB) infection caused by Hepatitis B virus (HBV) is the most common liver disease in the world. HB vaccine,
when administered in conjunction with alum adjuvants, induces Th2 immunity that confers protection against HBV.
However, currently available vaccine formulations and adjuvants do not elicit adequate Th1 and CTL responses that
are important for prevention of maternal transmission of the virus. Microspheres synthesized from poly (D, L-lactide-
co-glycolide) (PLGA) or poly (D, L-lactide) (PLA) polymers have been considered as promising tools for in vivo delivery
of antigens and drugs. Here we describe PLA microspheres synthesized by premix membrane emulsification method
and their application in formulating a new microsphere based HB vaccine. To evaluate the immunogenicity of this
microsphere vaccine, BALB/c mice were immunized with microsphere vaccine and a series of immunological assays were
conducted. Results of Enzyme-linked ImmunoSpot (ELISPOT) assays revealed that the number of interferon-gamma
(IFN-y)-producing splenocytes and CD8* T cells increased significantly in the microsphere vaccine group. Microsphere
vaccine group showed enhanced specific cell lysis when compared with HB surface antigen (HBsAg) only group in *'Cr
cytotoxicity assays. Moreover, microsphere vaccine elicited a comparable level of antibody production as that of HB
vaccine administered with alum adjuvant. We show that phagocytosis of HBsAg by dendritic cells is more pronounced in
microsphere vaccine group when compared with other control groups. These results clearly demonstrate the potential

of using PLA microspheres as effective HB vaccine adjuvants for an enhanced Th1 immune response.

Introduction

Hepatitis B virus (HBV) remains a global problem despite the
availability of an effective hepatitis B (HB) vaccine. Some of the
causes for the persistence of the virus include establishment of
a stable host cell (hepatocyte)—virus relationship, lack of virus
specific drugs, and a large population of carriers. Although these
reasons explain in part the high global disease burden of this
virus, the precise reason underlying the unusually high incidences
of HBV infections worldwide continues to elude the scientific
community. At present, approximately 350 million people around
the world are HBV carriers and represent a permanent source
of infection. About 1 million people die from HBV-associated
hepatoma and hepatic cirrhosis every year.! Currently available
HB vaccine contains recombinant hepatitis B surface antigen,
which when administered in conjunction with alum adjuvant
confers protection against HBV infection by inducing a potent,
predominantly humoral immune response.

*Correspondence to: Zhongyu Hu; Email: huzy67@163.com

Although factors governing the clearance of HBV in the acute
self-limited HBV infection or the persistence of the virus in
chronic infection are not clearly understood, it appears that the
disease activity correlates closely with the strength of virus-specific
T cell immune responses. The humoral antibody response to
viral envelope antigens, which is modulated by Th2 cell response,
contributes to the clearance of circulating virus, while the Thl-
type cellular immune responses to the envelope, nucleocapsid,
and polymerase antigens eliminate infected cells.? A weak HBV-
specific T cell immune response may result in the persistence
of HBV infection, whereas strong polyclonal and multi-specific
T cell immune responses are associated with self-limited acute
infection.? So vaccines effective in inducing humoral and cellular
immune responses may have greater prospects in the prophylaxis
and therapy of HBV infection.

Microspheres synthesized from poly (D,L-lactide) (PLA)
or poly (D,L-lactide-co-glycolide) (PLGA) polymers are both
biodegradable and biocompatible. These 2 polymers have
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Figure 1. SEM photographs and size distribution of PLA microspheres. (A) Microsphere suspension was spotted on aluminum foil and dried naturally.
Surface morphology of PLA microspheres was observed by SEM (B) Microspheres suspended in distilled water were examined by dynamic light scatter-

been deemed safe for use as suture material and for controlled
release drug delivery systems.? Studies employing PLA or PLGA
microspheres to elicit immune responses have been widely
conducted. Microspheres encapsulated with tetanus toxoid,
hepatitis B core antigen (HBcAg), B cell epitopes, and DNA
have been studied since early 1990s.°7 These studies have clearly
demonstrated the ability of microspheres to enhance immune
responses induced by antigens and peptides. However, some
drawbacks have limited the progress of microencapsulation
technology. In particular, low levels of loading of the antigen and
distortion of the epitopes have been shown to decrease the efficacy
of the application. Therefore, instead of microencapsulation,
several studies now show that microspheres adsorbed with
antigens on the surface are more efficient in inducing potent
immune responses.®

In this study, PLA microspheres synthesized by premix
membrane emulsification method were used to produce a new
microsphere based vaccine containing HB surface antigen
(HBsAg). BALB/c mice immunized with this vaccine developed
HBsAg-specific cellular and humoral immune responses. The
potential of this new vaccine in inducing both cellular and
humoral immune responses are discussed.

Results

Characterization of PLA microspheres

PLA microspheres prepared by the premix membrane
emulsification method were examined using scanning electron
microscope (SEM). The microspheres exhibited a spherical
morphology with a smooth outer surface (Fig. 1A). Except for
the differences in size, there were no obvious differences in the
morphology. Notably, no cavities or depressions were observed
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on the surface of the microspheres. Dynamic light scattering
analysis of the PLA microsphere preparation revealed that the
distribution of the microspheres was uniform. There were no
signs of aggregation. The diameter of the microspheres ranged
from 700 nm to 950 nm with a mean diameter of about 800 nm
(Fig. 1B). These results are in agreement with the SEM picture
of the microspheres.

Microsphere vaccines elicit enhanced IFN-y secretion and
specific lysis in splenocytes

To evaluate the potential of PLA microspheres in enhancing
HBsAg induced specific IFN-y secretion, we measured the
number of [IFN-v secreting cells resulting from the priming of mice
with microsphere vaccines containing varying concentrations of
microspheres. ELISPOT assays were conducted on splenocytes
harvested 7 d post immunization of mice. After 20 h of in vitro
re-stimulation, splenocytes from mice immunized with 1 mg or
400 g microspheres and 4 g HBsAg exhibited significantly (2
< 0.05) higher numbers of IFN-7y secreting cells compared with
mice immunized with 4 g HBsAg alone. This enhancement
in the number of IFN-y secreting cells was dependent on the
concentration of microspheres in the vaccine (Fig. 2).

It is usually difficult for the host to eliminate intracellular
pathogens such as Mycobacteria and HBV.*"® Antigen-specific
CTL activity is known to play an essential role in clearing
these pathogens. To evaluate the impact of PLA microspheres
on antigen-specific CTL activity, we performed *'Cr release
assays. T cells obtained from mice immunized with microsphere
vaccines showed an increased percentage of specific cell lysis. As
the E:T ratio increased, the specific lysis activity increased for
both microsphere vaccine group and HBsAg only group (Fig. 3).
The results of the 'Cr release assays clearly demonstrate the
ability of PLA microspheres to enhance antigen-specific cellular
immune responses.
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Figure 2. PLA microsphere enhances HBsAg induced IFN-y secretion.
BALB/c mice were subcutaneously immunized with microsphere vaccine
containing different doses of microspheres. Formulation for each mouse
contained 4 g HBsAg except for PLA microsphere group. Splenocytes
were isolated from vaccinated mice on day 7 post immunization and the
number of IFN-vy secretion cells were counted using ELISPOT assays. Data
are presented as mean spot forming cells (SFC) with standard deviation
for 5 mice per group. Statistical significance was determined by one-way
ANOVA and Bonferroni post test between groups. *P < 0.05.

CD8* T cells play a pivotal role in cellular immune response
against intracellular pathogens, including viruses. To find out
if PLA microspheres have a stimulatory effect on the ability of
CD8* T cells to secrete IFN-vy, we first separated CD8* T cells
from mice splenocytes. After re-stimulation with MHC I peptide,
significant differences (P < 0.05) were observed in number of
IFN-vy secreting CD8* T cells between microsphere vaccine
group and HBsAg only group. Splenocytes treated in parallel
under identical conditions also showed a significantly higher
number of IFN-y spot-forming cells (SFCs) in microsphere
vaccine group when compared with the HBsAg only group,
independently corroborating previous observation of the ability
of PLA microspheres to enhance IFN-y secretion (Fig. 2).
Interestingly, the HB vaccine group was as potent as the PLA
microsphere vaccine group in enhancing the stimulation of CD8*
T cells for secreting IFN-vy (Fig. 4).

Microsphere vaccines facilitate HBsAg-specific humoral
response

Serum collected from mice immunized with one dose of
different formulations containing 4 pg HBsAg at 14, 30, 60, 90,
180, and 360 d post-immunization were analyzed for presence
of anti-HBs antibodies using chemiluminescent microparticle
immunoassay. As seen in Figure 5, HB vaccine induced a
rapid, high-level, and long-lasting antibody response, while the
response levels of microsphere vaccine and HBsAg only groups
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Figure 3. HBsAg specific cytolytic activities of splenocyts from mice
immunized with one dose of PLA microsphere vaccine. Splenocytes
isolated from mice immunized with different formulations were co-cul-
tured with target cells P815 which were labeled with *'Cr for 6 h. Specific
lysis was measured with different E:T ratio. Line with squares: PLA micro-
sphere vaccine; triangles: aqueous HBsAg; dots: PLA microsphere.

were relatively low. Mice immunized with recombinant HBsAg
only exhibited low seroconversion ratio (Table 1) and the
antibody titer decreased gradually after 90 d post immunization.
Microsphere vaccine elicited higher antibody titer than HBsAg
only and the antibody titer remained constant from 180 to 360
d post immunization with no obvious decrease. Interestingly,
lyophilization had a negative effect on the antibody production
induced by microsphere vaccine. As seen in Figure 6, anti-HBs
titer generated by freeze-dried microsphere vaccine decreased
dramatically when compared with microsphere vaccine group.
Thus, lyophilization seems detrimental to immunogenicity of
microsphere vaccines.

PLA microspheres aid phagocytosis of HBsAg by dendritic
cells (DCs) and particle size affects the immune response of
microsphere vaccine

To visualize microspheres uptake by DCs, murine DCs
isolated using magnetic beads were incubated with FITC-
labeled HBsAg or microsphere adsorbed FITC-labeled HBsAg
for 6 h. Fluorescence microscopy showed that microspheres were
first adsorbed on the surface of DCs, and then endocytosed
into the cytoplasm. During 6 h of in vitro stimulation, it was
easier for microspheres with a diameter of about 800 nm to be
adsorbed and phagocytosed by DCs than for HBsAg protein
molecule. More FITC-labeled HBsAg adsorbed on the surface
of microspheres were endocytosed into DCs, which helps explain
the enhancement in cellular and humoral immune responses of
microsphere vaccine (Fig. 6).

Microspheres with different particle sizes were used to
evaluate the contribution of microspheres to cytokine secretion.
As is shown in Figure 7, microspheres with a diameter of 350
nm demonstrated significantly higher HBsAg-specific IFN-y
production (P < 0.05). Microspheres with diameters of 1 wm or
larger could also induce the secretion of HBsAg-specific IFN-y,
but with a relatively lower potency.
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Figure 4. HBsAg-specific IFN-y production in splenocytes and CD8* T
cells. BALB/c mice were vaccinated with different vaccine formulations.
At day 7, splenocytes and CD8" T cells were isolated for enumeration of
IFN-y secreting cells with ELISPOT assays. Results are shown as the mean
value of IFN-y SFCs observed in 4 x 10° CD8* T cells or 10° splenocytes.
PLA mcirosphere vaccine group shows significantly higher IFN-y secre-
tion level than agueous HBsAg group in both splenocytes and CD8* T
cells (*P < 0.05).

Discussion

Currently available systems for in vivo delivery of drugs and
vaccines are not optimal. Therefore, development of new delivery
systems has been a topic of intense research. There has been long
standing interest in the use of biodegradable polymers for the
delivery of antigens or drugs. Way back in 1970s, Preis et al. used
polymers encapsulated with bovine serum albumin for animal
immunizations, and showed that vaccine formulations containing
polymers had a comparable protective effect as that of freund’s
complete adjuvant." In recent years, PLA and PLGA microspheres
have been investigated intensely because they offer, among
other benefits, 2 important advantages over other polymers—
biocompatibility and biodegradability. Despite these clear
advantages offered by polylactide microspheres, other limitations
have restricted the development of microsphere vaccines. For
instance, studies focused on encapsulation of antigens or DNA
in microspheres for the purpose of controlled release have
encountered problems of low loading rate of antigens onto the
microspheres.””™ In addition shear forces and organic solvents
present in the loading process distort or destroy the structure
of the antigen or change its antigenicity. These drawbacks pose
major hurdles in the development of microsphere encapsulation
technology. Some of these challenges have been circumvented by
adsorbing antigens onto the surface of microspheres rather than
attempting to encapsulate them.® Microspheres with surface-
adsorbed antigens offer advantages in not only preserving the
antigenicity of antigens, but they are also amenable to scalable,
reproducible, and robust manufacturing processes, which would
facilitate commercial production of the vaccine. Systemic and
mucosal immune responses have been reported for immunization
with surface-adsorbed PLGA microspheres containing certain
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Figure 5. Anti-HBs titers in the sera of mice immunized with different
formulations. Groups of animals were immunized subcutaneously with a
single dose (containing 4 g HBsAg) of these formulations. Serum sam-
ples were collected at different time points and analyzed using chemilu-
minescent microparticle immunoassay for anti-HBs titers.

antigens.'®"” Microspheres used in this study were prepared
using premix membrane emulsification method. This method
produced remarkably homogenous particles (Fig. 1) that could
evoke potent immune responses under a variety of experimental
conditions tested, underscoring the utility of PLA microspheres
in vaccine preparations.

Although factors which result in the clearance of HBV in
the acute self-limited HBV infection or the persistence of the
virus in chronic infection are not clearly understood, it appears
that the disease activity correlates closely with the strength of
virus-specific T cell immune response.>!®"® HBV-specific
T-cell responses, especially CTLs, play a role in the control of
HBV infection in children born to HBsAg-positive mothers
after immunoprophylactic treatment.?” The aim of the present
study was to evaluate the immune effects of a new microsphere
vaccine, which could provide an effective means to combat
chronic hepatitis B infection. Since the adsorbed antigen is
much easier to release from the surface of the microsphere rather
than from encapsulated microspheres used in controlled-release
formulations, the microsphere vaccine formulated in this study
could evoke a much quicker immune response. We prepared
microsphere vaccine by mixing microspheres and recombinant
HBsAg, which got adsorbed onto the surface of microspheres.
Microsphere vaccines with different ratios of microspheres and
HBsAg were examined for IFN-y secretion. Compared with
HBsAg only group, microsphere vaccine containing 1 mg and
400 pg PLA microspheres showed a significant increase in IFN-y
SECs. Further studies performed using isolated CD8* T cells and
splenocytes for evaluating microsphere vaccine induced IFN-y
secretion confirmed the benefits of microsphere based vaccine.
Moreover, CTL responses have been traditionally implicated in
eradicating HBV infection.*" In this study, PLA microspheres
enhanced HBsAg induced specific CTL lysis, which could play

a role in HBV clearance in HBV infection. Our results clearly
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Table 1. Anti-HBs seroconversion ratio in the sera of mice immunized with different formulations (n = 10)

Seroconversion ratio
Groups
14d 30d 60d 90d 180d 360d
Vaccine 1/10 10/10 10/10 10/10 10/10 10/10
Microsphere vaccine 1/10 8/10 10/10 10/10 10/10 10/10
Freeze-dried microsphere vaccine 1/10 8/10 10/10 10/10 10/10 10/10
HBsAg 0/10 5/10 7/10 8/10 7/10 5/10

show that immunization with PLA microsphere vaccine induces
robust cellular immune responses in mice, underscoring its value
as a candidate vaccine for chronic HB immunotherapy.

Humoral response against viral envelope antigens, which is
modulated by Th2 cells, contributes to the clearance of circulating
virus, while the Thl-type cellular immune responses against
the envelope, nucleocapsid, and polymerase antigens eliminates
infected cells.*® Alum contained in commercial HB vaccine is
an excellent adjuvant in inducing humoral immune response.
Results of this study show that one dose of PLA microsphere
vaccine elicited anti-HBs seroconversion in 8/10 mice 30 d
post immunization, and no obvious decline was observed in the
antibody titer 1 y post immunization. The titer of anti-HBs in
microsphere vaccine group persisted at the level of 2000 to 4000
mIU/mL. Although this level is lower than that of HB vaccine
group, it is still well above the level recommended for adequate
protection.

Size and surface character of microspheres influence
microsphere uptake by immune cells.?! Delivery of microspheres
into APCs contributes to the immune response induced by specific
antigens.”? In this study, we observed that microsphere vaccine
facilitates the phagocytosis of HBsAg into DCs in vitro, which
is consistent with the results of enhanced cytokine secretion and
CTL lysis induced by PLA microspheres in ELISPOT and CTL
assays. The reason for enhanced phagocytosis might lie in the fact
that PLA microspheres probably mimic a kind of microparticle
that is more liable to be phagocytosed compared with small
protein molecules. This results in much larger and more efficient
delivery of the adsorbed HBsAg into APCs, which contributes to
the enhancement of cell-mediated immune responses. Significant
differences in the ability to enhance IFN-y secretion were
observed in PLA microsphere vaccines containing different sizes

A B

of the microspheres. Vaccines containing smaller microspheres
(0.35 pwm diameter) were the most potent in inducing an immune
response. This is in agreement with the results of a previous study
in which smaller microparticles adsorbed with DNA were more
effective in inducing a humoral response.” Thus, optimization
of the size of the microspheres is an important criteria for
development of an effective PLA microsphere based vaccine.

In summary, this study evaluates the potential of biodegradable
PLA microspheres for use in vaccines for the induction of an
immune response against HBsAg. Results of our studies show
that HBsAg absorbed on PLA microspheres can evoke potent
humoral responses. Homogenous distribution of microspheres in
solution, scalability, and reproducibility make PLA microsphere
based vaccine delivery for protection against HBV infections a
commercially viable option.

Materials and Methods

PLA, recombinant HBsAg and HB vaccine

PLA was purchased from the Institute of Medical
Instrument. Recombinant HBsAg was expressed in Hansenula
polymorpha and produced by Hualan Biological Engineering
Inc. The recombinant antigen was purified to >99.0% purity
using High-Performance Liquid Chromatography (HPLC).
Aluminum hydroxide adjuvant containing HB vaccine was
kindly provided by Hualan Biological Engineering Inc.. The
concentration of HBsAg and AL** were 20 pg/mL and 0.5 mg/
mL, respectively.

Preparation and characterization of PLA microspheres

PLA microspheres were prepared as described previously.*
Briefly, in a two-step procedure, coarse emulsions were first

C

Figure 6. Uptake study in murine DC, stimulated with FITC-labeled HBsAg and microsphere vaccine for 6 h in vitro. (A) APC labeled DC; (B) FITC-labeled
HBsAg (blue) phagocytosed by DC; (C) Phagocytosis of microsphere vaccine adsorbed with FITC-labeled HBsAg; DCs isolated from immunized BALB/c
mice with magnetic microbeads were co-cultured with microsphere vaccine with FITC-labeled HBsAg at 37 °C for 6 h. DCs were labeled with APC-CD11c
mADb and washed followed by fluorescence microscopy. White arrows: microspheres adsorbed with FITC-labeled HBsAg on the surface of DC.
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Figure 7. Induction of HBsAg-specific IFN-y secretion in mice immu-
nized with PLA microsphere vaccine containing microspheres of dif-
ferent diameters. BALB/c mice (n = 15) were immunized with different
formulations of microsphere vaccines varying in particle size. At day 7,
splenocytes were isolated for ELISPOT assays to evaluate the frequency
of occurrences of IFN-y secreting T cells in splenocytes. Results are
shown as the number of spots observed in 10° splenocytes (*P < 0.05).

prepared by low-speed stator homogenization and then poured
into the premix reservoir. Microspheres were synthesized by
extruding the coarse emulsions through SPG membrane under
high pressure. The microspheres were stirred overnight to
evaporate organic solvent and the resulting PLA microspheres
were washed 3 times using PBS and stored until further use. The
surface morphology of PLA microspheres was examined by SEM.
The mean size was measured by using dynamic light scattering
technique.

Preparation of microsphere vaccine

Aqueous HBsAg bulk was diluted with PBS to different
concentrations. Fixed amount of PLA microspheres were added
to this liquid recombinant HBsAg. The mixture was gently
shaken at 25 °C overnight. Further dilutions for immunization
were performed using PBS.

Animal and Immunization

Female BALB/c mice (H-2¢) aged 6- to 8-wk were purchased
and bred in the animal facilities of National Institutes for Food
and Drug Control (NIFDC). Aqueous HBsAg bulk was diluted
to 40 pg/mL. Diluted aqueous HBsAg and microsphere vaccine
formulations containing 40 pwg/mL HBsAg were administered
subcutaneously into the back of the mice with a volume of 100
mL each. To ensure an equal content of HBsAg in HB vaccine
group, mice were vaccinated subcutaneously with 200 pL of the
formulation.

Cell isolation, purification of CD8* T cells and CD11c¢* DCs

BALB/cmiceweresacrificed 7 d post-immunizationand spleens
were removed aseptically, ground gently, filtered through a sterile
400-grid wire mesh, and flushed with normal saline. Cells were
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separated by loading cell suspension gently onto Nycoprep (Axis-
Shield) density gradient and centrifuging at 600x g for 20 min at
room temperature. Splenocytes at the interphase were collected,
washed twice with RPMI 1640 (Hyclone), and suspended in
complete RPMI 1640 (RPMI 1640 supplemented with 2 mM
L-glutamine, 10 mM HEPES, 50 wM 2-mercaptoethanol, 100
U/mL penicillin, 100 mg/mL streptomycin, and 10% heat-
inactivated fetal bovine serum). CD8* T cells were further
purified by positive selection using anti-CD8 (Ly-2) microbeads
(Miltenyi Biotec) and cells expressing MHC II molecules were
purified using MHC 1I (la) microbeads as antigen presenting
cells. CD11c* DCs used in phagocytic assay were purified using
CD11c (N418) microbeads. The resulting CD8* T cells and DCs
were routinely >85% positive for CD8 or CDllc as determined
by flow cytometry.

ELISPOT assays

Splenocytes were harvested at different time points according
to the immunization protocols. PVDF 96-well plates (Millipore,
MA) which were coated overnight at 4 °C with 5 pg/mL purified
anti-mouse IFN-y monoclonal antibody were flooded with 100
L 4 x 10° cells /mL splenocytes or 2 x 10 cells/ml CD8* T
cells and 100 pL HBsAg S, ) peptide (IPQSLDSWWTSL,
final concentration: 10 pg/mL) in each well. Then they were
incubated at 37 °C, in a 5% CO, and humidified incubator for
20 h. After incubation the plates were manipulated according
to BD™ ELISPOT Set (BD Biosciences) Instruction Manual.
SECs were enumerated with ImmunoSpot™ system (Cellular
Technology Ltd.).

Cytotoxic T lymphocytes assays

In vitro re-stimulation and chromium release assays were
performed as previously described.” Briefly, P815 cells (kind
gift from CDC, China) labeled with *'Cr were co-cultured with
splenocytes at 37 °C and 5% CO, for 6 h. After centrifugation,
100 p.L supernatant was collected for gamma radiation counting,
The percentage of specific release was calculated as ([experimental
release — spontaneous release] / [total release — spontaneous
release]) x 100%. Total release was measured by incubating
target cells with Triton X-100. Spontaneous release counts were
always less than 10% of the total counts. Data shown are the
mean of triplicate cultures.

Evaluation of in vivo anti-HBs production

Antibodies against HBsAg were detected with automated
chemiluminescent  microparticle ~ immunoassay, ~ Abbott
ARCHITECT® anti-HBs. The anti-HBs value equal to or greater
than 10 mIU/mL was considered as positive seroconversion. The
numbers of serum anti-HBs conversions and titer of each positive
serum were calculated.

Phagocytic uptake study

DCs were seeded in 24-well plate at 3 x 10 cells /well, and 50
L FITC-labeled HBsAg (containing 2 pg HBsAg) or 500 pg
microspheres containing 2 pg FITC-labeled HBsAg in 50 pL
were added in each well as stimulus. To determine the difference
in the 2 stimulus induced phagocytosis, DCs were stained with
APC-labeled anti-CD11c mAb (Miltenyi Biotec). Phagocytosis
was observed with fluorescence microscope.
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Statistical analysis

Statistical analysis was performed by one-way ANOVA and
Bonferroni post test using GraphPad Prism software (GraphPad
Software) and P < 0.05 was considered statistically significant.
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