Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 20: 103-110, 2019

Contribution of sex-based immunological differences
to the enhanced immune response in female mice
following vaccination with hepatitis B vaccine
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Abstract. Hepatitis B virus (HBV) vaccination is regarded
as the most economical and effective method for the preven-
tion and control of HBV infection, a major global health
problem. Previous studies have suggested that there may be
sex-specific differences regarding the immune response to the
HBYV vaccine in humans; however, the mechanisms associated
with these sex-specific differences are yet to be elucidated.
In the present study, sex-based immunological differences in
mice following HBV vaccination were investigated to determine
the mechanisms underlying sexual dimorphism, with the aim
of identifying potential targets for clinical intervention. Balb/c
mice (n=6) were vaccinated intramuscularly on 3 different
days (days O, 14 and 28) with the HBV vaccine. Sera were
analyzed via ELISA for the presence of HBV surface antigen
(HBsAg)-specificimmunoglobulin G (IgG), and of different IgG
subtypes, 3 weeks following the third injection. Enzyme-linked
immunosorbent spot assays were conducted to determine
interleukin-4/interferon-y secretion. Immunological memory
stimulated by the vaccine was detected via flow cytometry
analysis and ELISA 1 week following the booster immuniza-
tion. The seroconversion of the treated female group was higher
compared with the male group at one week following the second
vaccination. Female mice exhibited significantly increased
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HBsAg antibody titers compared with males at 1-5 weeks
following the third vaccination. Sera obtained from vaccinated
female mice exhibited markedly increased titers of IgGl and
IgG2b compared with those from male mice. Furthermore,
female mice exhibited elevated cytotoxic T lymphocyte
responses and immune memory. Collectively, the results of the
present study indicated that sex-based immunological differ-
ences affected the dynamics and characteristics of the immune
response in mice immunized with the HBV vaccine.

Introduction

Hepatitis B virus (HBV) infection is a global health problem,
particularly in Southeast Asia and Africa (1). An estimated
~260 million individuals are chronic carriers, serving as the
main reservoir for continued HBV transmission (2-4). Almost
25% of carriers develop serious liver diseases, including
cirrhosis, chronic hepatitis and primary hepatocellular carci-
noma (5). It is predicted that 500,000-1.2 million individuals
succumb every year from the chronic consequences of HBV
infection (6); however, the prevalence of HBV infection
varies markedly between different countries. For example, the
incidence rate is 15-20% in Taiwanese adults, 9.8% in Egypt,
7.4% in Iran, 8.6% in Israel and 7.18% in China (7,8).
Numerous countries introduced the HBV vaccine into
national routine immunization schemes of infants during
the 1990s to eliminate HBV transmission and prevent
HBV-associated chronic liver disease. The prevalence of
HBYV infection subsequently decreased in the following years,
as the vaccination program was universally implemented (9).
The universal HBV vaccination program for infants has been
incorporated into the national immunization scheme in China
since 1992 (10). Between 1992 and 2006, the surface antigen
of HBV (HBsAg)-positive rate among young children in
China decreased from ~10% to 2.08% (11). High titers of HBV
surface antibody (anti-HBs) produced in response to the HBV
vaccine were revealed to be able to effectively protect humans
from infection with HBV (12). At present, HBV vaccination is
regarded as the most effective and economical method for the
prevention and control of HBV infection (11,13,14).
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Anti-HBs levels =10 IU/1 in response to HBV vaccination
are generally regarded as seroprotective, and are considered
to effectively prevent HBV infection (15); however, due to
interindividual differences, 5-10% of healthy immunocompe-
tent subjects do not elicit an antibody response (16), notably
increasing the possibility of HBV infection. A large number of
clinical data have revealed that males exhibit an increased risk
of non-responsiveness to the HBV vaccine (17-19). In addi-
tion, males are more likely than females to be HBV carriers,
exhibit a notably increased mortality rate from hepatocellular
carcinoma associated with HBV infection (13,14,20), and
HBYV infection has been observed to be sexually dimorphic in
humans (14). Consistent with these differences are sex-specific
differences in the antibody response following vaccination;
antibody responses are more easily stimulated in females than
in males (21). At present, however, the mechanism underlying
sex-based differences with respect to the anti-HBV immune
response remains unclear. The present study aimed to deter-
mine the immunological differences in response to the HBV
vaccine between immunized female and male mice, providing
a potential theoretical framework for the prevention and
control of HBV infection.

Materials and methods

Mice. A total of 72 BALB/c mice (36 males and 36 females,
specific pathogen-free grade; aged 4-6 weeks; 13-15 g) were
purchased from Beijing Huafukang Biological Technology
Co., Ltd. and housed in an aseptic environment at the Animal
Center of State Key Laboratory of Biotherapy of Sichuan
University for 2 weeks, with adaptive feeding prior to the start
of experiment. The animals were fed with a standard labora-
tory chow and sterile water ad libitum. They were maintained
in a controlled environment at a temperature of 20-25°C,
relative humidity of 40-70%, artificially illuminated with a
12:12-h light/dark cycle and air exchanges of 10-15 times/h.
The experimental protocol was approved by the Ethics Review
Committee for Animal Experimentation of Chengdu Blood
Center. A total of 3 cohorts of 24 mice were used during
the present study; a preliminary cohort, and 2 experimental
cohorts. Data from the second cohort were presented for
ELISpot assays, whereas data for all other assays were gener-
ated from the third cohort.

Vaccines and immunization protocol. HBV vaccines were
prepared by mixing 1 xg HBsAg (cat. no. P4875; Abnova) with
25 pug alum (cat. no. 21645-51-2; Brenntag Biosector A/S) in
PBS in a total volume of 100 ul. BALB/c mice were randomly
divided into four groups: Male control; female control;
male treated and female treated. Treated groups (n=6) were
vaccinated 3 times intramuscularly with the HBV vaccine on
days 0, 14 and 28. The mice in the control groups (n=6) were
treated with PBS. Blood samples were collected from the tail
vein, with the exception of week 7, when blood was collected via
retro-orbital sampling under 4% isoflurane to obtain sufficient
blood (150-200 pl) to analyze total and subtype anti-HBs titers.
Serum samples were obtained via centrifugation at 4,000 x g
for 10 min at 4°C following incubation at 37°C for 2 h. Sera
were analyzed using ELISA for the presence of HBsAg-specific
immunoglobulin G (IgG) at weeks 1, 3,5 and 7. Enzyme-linked
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immunosorbent spot (ELISpot) assays were performed to deter-
mine the secreted levels of interleukin-4 (IL-4)/interferon-y
(IFN-y) at 1 week following the third immunization.
Immunological memory stimulated by the vaccine was detected
using flow cytometric analysis and ELISA at 1 week following
the booster immunization (week 31 immunization; schematic of
treatments in Fig. 1A).

Measurement of antibodies. HBsAg solution (100 pl) diluted
in carbonate buffer to a concentration of 1 yg/ml was applied
to Nunc™ MaxiSorp™ 96-well flat-bottomed ELISA plates
(BioLegend, Inc.) overnight at 4°C. Following washing with
5% (v/v) Tween-20 in PBS (pH 7.2; PBST), the plates were
blocked with 5% non-fat dry milk and 0.05% Tween-20 in
PBS for 1 h at 37°C. The plates were subsequently incubated
with 2-fold diluted serum from animals for 1 h at 37°C. The
initial dilution of serum for total IgG was set at 1:2,000,
whereas that of the antibody subtype was 1:100. Plates were
washed 5 times with PBST and subsequently detected with
horseradish peroxidase-conjugated goat anti-mouse IgG
(1:3,000 dilution; cat. no. ZB-2305; Beijing Zhongshan Golden
Bridge Biotechnology Co., Ltd.; OriGene Technologies, Inc.),
IgGl (cat. no. 1070-05), IgG2a (cat. no. 1080-05) or IgG2b
(cat. no. 1090-05; all 1:1,000 dilution; SouthernBiotech) for
1 h at 37°C. Plates were developed using Thermo Scientific™
Pierce™ 3,3'.5,5'-tetramethylbenzidine substrate (cat. no. 34028;
Pierce; Thermo Fisher Scientific, Inc.) for the peroxidase color
reaction, followed by detection of the absorbance at 450 nm on
an ELISA microplate reader.

Detection of seroconversion. Sera from weeks 1, 3 and 5 were
diluted to 1:100 with 5% non-fat milk and 0.05% Tween-30
in PBS, and subsequently analyzed for total anti-HBs IgG,
following the aforementioned ELISA protocol. The calculation
formula for the cut-off value was as follows: 2.1x[A,s(negative
control)-A,so(blank)]. When the value of A, (negative
control)-A,s,(blank) exceeded the cutoff value, the animals
were classified as being anti-HBs seropositive. The serocon-
version rate was determined as the percentage of anti-HBs
seropositive mice in total immunized mice.

ELISpot assay. Splenocytes were isolated from immunized
mice at 1 week following the final immunization as previously
described (22), and ELISpot assays were performed using the
mouse IFN-y/IL-4 Dual-Color ELISpot kit (cat. no. ELD5217,
R&D Systems, Inc.). Briefly, splenocytes (5x10° cells/well)
were seeded in microplates that were pre-coated with mouse
IFN-y-specific monoclonal antibody and IL-4-specific poly-
clonal antibody. Subsequently, cells were co-incubated with
5 pug/mlHBsAgor 1 ug/ml Concanavalin A (cat.no. 11028-71-0,
Sigma-Aldrich; Merck KGaA) as a positive control at 37°C
for 48 h. ELISA analysis was then conducted according to
the manufacturer's protocol. The spots were counted using an
ELISpot reader system (Dakewe Biotech Co., Ltd.).

Flow cytometric analysis. A total of 3 treated mice were
randomly selected to measure the percentage of memory
T lymphocytes. Splenocytes were isolated from the immu-
nized mice at week 32 and adjusted to 2x10° cells/ml. Splenic
lymphocyte-suspending liquid (100 u1) was added into the flow
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Figure 1. Induction of HBV immunity in mice. (A) Schematic of the HBV immunization protocol. Mice (n=6) were immunized with HBsAg (1 ug) and
alum (25 pg) at weeks 0, 2 and 4, or treated with PBS as control. In addition, mice were immunized with the same dose of vaccine at week 31. At 1 week
following the third immunization, mice (n=3) were sacrificed, and an enzyme-linked immunosorbent spot assay was performed. Sera were collected on
weeks 1,3,5,7,9, 11 and 32, and the anti-HBs titers were measured by endpoint-dilution ELISA. The immunological memory stimulated by the vaccine was
detected using flow cytometric analysis and ELISA at one week following the booster injection. For the measurement of antibodies, serum from the control
groups was analyzed and used as the negative control. The positive cut-off for seroconversion was set as 2.1x[(OD,;,(negative control serum)-OD,;,(blank
control)]. (B) Percentage of seroconversion for treated mice at weeks 0, 2 and 4. (C) Total anti-HBs IgG titers measured one week following the third immuniza-
tion. Data are presented as the mean + standard deviation. “P<0.05 vs. male group. HBV, hepatitis B virus; anti-HBs, hepatitis B surface antibody; OD, optical

density; HBsAg, surface antigen of HBV; IgG, immunoglobulin G.

tube and centrifuged at 1,000 x g for 5 min at 4°C. The cells
were blocked with 1 ul anti-mouse cluster of differentiation
(CD)16/CD32 mAb (cat. no. 553141) in PBS for 5 min at 4°C.
Then cells were stained with peridinin-chlorophyll protein
(perCP)-cyanine 5 (cy5)-anti-mouse CD4 (cat. no. 550954),
perCP-cy5-anti-mouse CD8 (cat. no. 561109), phycoer-
ythrin-anti-mouse CD44 (cat. no. 553134) and fluorescein
isothiocyanate-anti-mouse CD62L (cat. no. 561917; 1 ul
of each antibody) for 30 min at 4°C. All antibodies were
purchased from BD Pharmingen (BD Biosciences). Then,
the cells were washed twice with PBS. Stained cells
were analyzed on a BD FACSCalibur™ flow cytometer
(BD Biosciences). Flow cytometric analysis was performed
using NovoExpress 1.2.1 software (ACEA Biosciences, Inc.).

Statistical analysis. Statistical analysis was performed using
SPSS version 13.0 software (SPSS, Inc.). All values were
presented as the mean + standard deviation. The indepen-
dent-samples t-test was used for comparisons between treated
groups. One-way ANOVA followed by Tukey's post hoc test
was used for comparisons between multiple groups. P<0.05
was considered to indicate a statistically significant difference.

Results

Seroconversion following HBV vaccination. To investigate the
seroconversion rate of anti-HBs, the prepared HBV vaccines
were separately injected intramuscularly into the hind legs of
female or male mice at 0, 2 and 4 weeks, and subsequently the
anti-HBs titers were detected at 1, 3 and 5 weeks (Fig. 1A).

600001-e-Female
-=-Male -

400004 o

200004

Anti-HBs titer (total 1gG)
(relative to the contral group)

0l—= # . . T .
1 3 5 7 9 11
Weeks after first immunization

Figure 2. Anti-HBs levels following immunization over time. Levels
of anti-HBs following immunization with the hepatitis B vaccine were
measured at weeks 0, 2 and 4, relative to the PBS-treated control groups.
Data are presented as the mean + standard deviation. “P<0.01 and ““P<0.001
vs. male group. Anti-HBs, hepatitis B surface antibody.

No changes in the immune response were elicited by the
HBYV vaccine in any of the mice at 1 week following the first
immunization; however, 3 of the 6 female mice generated
anti-HBs 1 week following the second immunization (a sero-
conversion rate of 50%). Conversely, the seroconversion rate
of the treated male mice group at this time point was 16.7%
(Fig. 1B). A 100% seroconversion rate was observed for
the two treated groups following the third immunization;
however, treated female mice produced a significantly
increased total anti-HBs titer compared with the treated male
mice (Fig. 1C).

Detection of increased levels of anti-HBs titer in treated
female mice. It was previously reported that antibody responses
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Figure 3. Detection of HBsAg-specific IgG subtypes. Titers of anti-HBs (A) IgG, (B) IgGl1, (C) IgG2a and (D) IgG2b were determined by ELISA at week 7.
Data are presented as the mean =+ standard deviation. "P<0.05, “P<0.01 vs. male group. HBsAg, hepatitis B virus surface antigen; IgG, immunoglobulin G.

to HBV vaccines were typically elevated in females compared
with in males, particularly in young and elderly adult popula-
tions (12). To determine the effects of sex-specific differences
on the efficacy of HBV vaccines, total anti-HBs titers were
evaluated at 1, 3,5,7,9 and 11 weeks following the first injec-
tion (Fig. 1A). The specific anti-HBs response was elicited in
all immunized mice from week 3 compared with the control
group (Fig. 2). In the treated female group, anti-HBs levels
peaked at week 7 with a subsequent gradual reduction by
weeks 9 and 11. Immune responses to the HBV vaccine were
markedly increased in the treated female group compared with
the treated males during the entire course of the experiment,
and were significantly increased at weeks 5, 7 and 9 (Fig. 2).

Detection of increased levels of HBsAg-specific antibody
subtypes in treated female mice. To further investigate the
mechanisms of humoral immunity elicited by HBV vaccines,
the expression of various subtypes of anti-HBs antibody were
detected at week 7. Treated female mice produced a signifi-
cantly increased total anti-HBs titer compared with the treated
male mice at week 7 (Fig. 3A). Additionally, it was revealed
that the HBV vaccine led to a non-significant trend towards an
increased HBsAg-specific IgG2a titer in treated female mice
compared with treated male mice (Fig. 3C). Furthermore,
serum IgGl (7.5-fold) and IgG2b (32-fold) levels were signifi-
cantly increased in the treated female group compared with
the treated male group (Fig. 3B and D). Collectively, the results
indicated that compared with male mice, the HBV vaccine
induced an increased antibody response in female mice.

Cytotoxic T lymphocyte (CTL) responses are increased in
female mice compared with male mice. To further investigate
the sex-based immunological differences between the female
and the male mice, the production of IFN-y and IL-4 by
HBsAg-exposed splenocytes extracted from the immunized
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Figure 4. CTL responses to HBV immunization. Production of IL-4 (blue)
and IFN-y (red) by CTLs 5 weeks following the first HBV immunization,
as determined by an enzyme-linked immunosorbent spot assay. Data are
presented as the mean + standard deviation. “P<0.01 vs. male treated group.
CTL, cytotoxic T lymphocyte; HBV hepatitis B virus; IFN-y, interferon-v;
IL-4, interleukin-4.

mice was detected via ELISpot assays in vitro. The number of
IL-4 spot-forming cells (SFCs; blue; Fig. 4) was significantly
increased in female mice compared with the treated males.
Furthermore, the secretion of IFN-y (red SFCs) was markedly
increased in treated female mice compared with treated males.

Female mice exhibit heightened immune memory compared
with male mice. Memory lymphocytes capable of rapid
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Figure 5. Detection of the immune memory responses. Gates for flow cytometry were set based on the corresponding control group using an isotype-stained
control such that <0.5% of cells were within the positive gate. (A) Representative plots and (B) quantification of percentages of CD4*/CD8*CD44*CD62L*
cells, as determined by flow cytometry. (C) HBsAg-specific IgG titer detected at week 32. Data are presented as the mean + standard deviation. "P<0.05 vs.

male treated group. CD, cluster of differentiation; HBsAg, hepatitis B surface antigen; IgG, immunoglobulin G.

proliferation or production of specific antibodies upon encoun-
tering HBV antigens serve an important role in suppressing
HBYV re-infection (23,24). To determine the extent of long-term
protection against HBV, treated mice were injected with an
HBYV vaccine booster at week 31, and anti-HBs levels were
detected one week later. A total of 3 treated mice were randomly
selected to measure the percentage of memory T lymphocytes.
As presented in Fig. 5A and B, treated female mice exhibited
a significantly increased percentage of CD4*CD44*CD62L*
memory T cells compared with treated male mice. In addition,
the anti-HBs titers in the treated female mice were significantly
increased compared with the male mice (Fig. 5C).

Body weight. Age-matched Balb/c mice were randomly
assigned to the aforementioned four treatment groups. Body
weight was measured every week. Female and male treated
mice exhibited normal body weights. There were no significant
differences in body weight between the control and treated
animals for either gender (Fig. 6).

Discussion

Infection with HBV, an acute and chronic communi-
cable disease, has developed into a major global health
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Figure 6. Body weight of control and hepatitis B-immunized mice. Body
weight was measured every week for the duration of the study. Data are
presented as the mean + standard deviation.

problem (7,8,25). At present, vaccination is regarded as the
most effective prevention measure against HBV infection;
however, ~5-10% of healthy immunocompetent subjects
are non-responsive (26). Previous studies demonstrated that
the male gender was associated with increased incidence
of non-response to HBV vaccination (19,25,27), whereas
others indicated that there was no sex-based difference in the
immune response to the HBV vaccine between males and
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females (28,29). To clarify the biological influences of sex on
the immune response to the HBV vaccine, the present study
aimed to investigate the sexual dimorphism in the immune
response to HBV vaccination in mice.

In the present study, sex-specific differences in antibody
responses to the HBV vaccine were reported. Female mice
exhibited an increased seroconversion rate in the early immu-
nization stages, and sustained increased humoral immunity
and cellular immunity compared with male mice. In addition,
female mice developed a more effective immune memory that
could rapidly induce high levels of anti-HBs or activate cellular
immunity to clear HBV infection. Consistent with these results,
sex-specific differences in the humoral immune response were
previously observed with other vaccines, such as influenza, hepa-
titis B and meningococcal A (27). It was reported that females
mount more frequent and stronger humoral and cell-mediated
immune responses to bacterial and viral vaccines compared
with males (30). According to certain studies (31-35), in addi-
tion to gender, the immunogenicity of the HBV vaccine was
associated with age and body mass index; old age and excessive
weight reduced the immune response to HBV vaccination. In
the present study, mice of the same age were randomly divided
into groups and body weight was measured every one week.
There were no significant differences in body weight between
the groups during the study period.

The results of the present study revealed that ~50% of
the female mice were seropositive for anti-HBs antibody
following two injections, compared with 16.7% of the male
mice. Furthermore, the female mice developed more sustained,
longer-lasting and significantly increased levels of anti-HBs
following the second dose of HBV vaccine. The IgG2a:1gG1
antibody level ratio is frequently used to evaluate the type
of T helper cell (Th) response, with a value >1 indicating a
predominantly Thl response, and a value <1 indicating a
predominantly Th2 response (36-38). To evaluate the type of
immune response, the levels of total IgG1, IgG2a, and IgG2b
were evaluated. The production of IgG1 and IgG2b antibodies
in the female group was significantly increased compared
with the male group, whereas no significant difference was
observed between the two groups regarding IgG2a levels;
however, this may be a result of the small sample size of the
study (n=6), as relative IgG2a levels were notably increased
in the female group compared with the male group. These
findings suggested that the immune response evoked by HBV
vaccine in the two treated groups was Th2-type.

The mechanisms underlying sex differences associated
with antibody responses to vaccines remain unclear. It has
been reported that an observed relative increase in CD4* T cell
numbers in females compared with males may partially explain
the more vigorous antibody response in females (39,40).
In addition, increased levels of T cell activation and prolif-
eration were previously detected in females compared with
males when cultured peripheral blood mononuclear cells
were stimulated in vitro (41,42). HBV-specific CTLs and
CD4* T lymphocytes serve important roles in determining
the outcome of HBV infection (43). Viral replication usually
activates the CD8* CTL response, which contributes towards
the elimination of infected cells and reduced viral loads (44).
Accompanying the development of the CTL response,
CD4* T cells proliferate and produce antiviral cytokines to
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regulate the immune response, preventing persistent infection
by sustaining the CD8* CTL function (45) or by providing
signals for the induction of CD8" T-cell memory (46-49). To
characterize the functional differences between the immune
responses induced by HBV vaccination in mice of different
sex, the production of the antiviral cytokines, IL-4 and IFN-v,
by HBsAg-exposed splenocytes from immunized mice was
analyzed by an ELISpot assay. IFN-vy, predominantly secreted
by HBsAg-specific CD8* T cells, but also by HBsAg-specific
Th1 CD4* T cells, is required for the elimination of HBV infec-
tion (50,51). IL-4 produced by CD4* Th2 cells contributes to
B-cell development and the promotion of humoral responses;
IL-4 was revealed to suppress the expression and replica-
tion of HBV in a hepatocellular carcinoma cell line (52). In
the present study, the number of IL-4-secreting T cells was
significantly increased in females compared with in males;
however, the number of SFCs secreting IFN-y in females was
not significantly different compared with in males.

HBYV vaccination induces the production of a high titer
of antibodies and an effective CTL response with the ability
to eliminate HBV in immunized subjects (53); however,
HBV-specific T-cell responses have a tendency to decline,
even beyond the point of detection, in the years following
vaccination (54). Therefore, the induction of immunological
memory is required for achieving long-term protection (54).
To characterize whether there were sexual differences in
immune memory, in the present study, memory T cells
were detected via flow cytometric analysis. The percentage
of CD4*CD44*CD62L* memory T cells was significantly
increased in treated female mice compared with treated
male mice; however, the percentage of CD8*CD44*CD62L*
memory T cells was not significantly different between
the two genders. Sex-dependent differences in immuno-
logical memory have also been reported in response to other
vaccines (55). The anti-HBs titers in the treated female mice
were increased compared with those in the treated male mice
at one week following the booster injection. A limitation of the
present study is that blood samples were not collected during
week 31, meaning that alterations in antibody titers prior to
and following the booster could not be determined.

In conclusion, the present study may improve understanding
of sexual dimorphism in the immune responses to HBV vaccine.
Increasing evidence has indicated that biological sex influences
the immune responses to vaccination and infection; however, the
biological mechanisms underpinning such differences are yet
to be determined (30,56,57). Among the most well-established
mechanisms for differences in immunity is the sex-hormone
milieu. Therefore, further studies into the regulatory effects of
sex hormones on the immune system are required.
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