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Background: The cellular mechanisms involved in the lack of protective antibody
response after hepatitis B vaccination are still rather unclear. Regulatory B cells (Breg)
known as modulators of B-and T-cell responses may contribute to poor vaccine
responsiveness. The current study aimed to investigate the role of regulatory B cells
(Breg) in hepatitis B vaccine non-responsiveness after immunization with second- or third-
generation hepatitis B vaccines.

Method:We performed comparative phenotypic and frequency analysis of Breg subsets
(CD24+CD27+ and CD24highCD38high Breg) in second-generation hepatitis B vaccine
non-responders (2nd HBvac NR, n = 11) and responders (2nd HBvac R, n = 8) before (d0),
on day 7 (d7), and 28 (d28) after booster vaccination. Cryopreserved peripheral blood
mononuclear cells were stimulated ex vivo with a combination of CpG, PMA, and
Ionomycin (CpG+P/I) and analyzed for numbers and IL-10 expression levels of Breg by
flow cytometry-based analyses.

Results: Flow cytometry-based analyses revealed elevated frequencies of CD24+CD27+

Breg at all time points and significantly higher frequencies of CD24highCD38high Breg on d0
(p = 0.004) and 28 (p = 0.012) in 2nd HBvac NR compared to 2nd HBvac R. In parallel, we
observed significantly lower levels of CpG+P/I-induced IL-10 expression levels of
CD24+CD27+ and CD24highCD38high Breg (d0: p < 0.0001; d7: p = 0.0004; d28: p =
0.0003 and d0: p = 0.016; d7: p = 0.016, respectively) in 2nd HBvac NR compared to 2nd

HBvac R before and after booster immunization. Frequencies of CD24+CD27+ and
CD24highCD38high Breg significantly decreased after third-generation hepatitis B
booster vaccination (d7: p = 0.014; d28: p = 0.032 and d7: p = 0.045, respectively),
whereas IL-10 expression levels of both Breg subsets remained stable.
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Conclusion: Here we report significantly higher frequencies of CD24highCD38high Breg in
parallel with significantly lower IL-10 expression levels of CD24+CD27+ and
CD24highCD38high Breg in 2nd HBvac NR compared to 2nd HBvac R. Anti-HBs
seroconversion accompanied by a decrease of Breg numbers after booster
immunization with a third-generation hepatitis B vaccine could indicate a positive effect
of third-generation hepatitis B vaccines on Breg-mediated immunomodulation in hepatitis
B vaccine non-responders.
Keywords: regulatory B cells, IL-10 expression, vaccine non-responsiveness, hepatitis B vaccination, B10+ cells
1 INTRODUCTION

According to the WHO 260 million people are chronically
infected with HBV and 887,000 people are dying each year due
to hepatitis B virus (HBV) infection (1). Second-generation
hepatitis B vaccines composed of the small HBV envelope
protein (hepatitis B surface antigen; HBsAg) are currently used
for universal vaccination and reduce the overall incidence of both
hepatitis B and the associated long-term consequences such as
chronic hepatitis B and liver cirrhosis (2, 3).

Vaccination with recombinant HBsAg triggers the
production of anti-HBs with an anti-HBs titer of > 10 IU/L
being a very reliable surrogate marker for vaccine-induced
protective immunity (4). Approximately 5-10% of vaccinees
are defined as “non-responders”, i.e. they do not develop a
protective anti-HBs titer after completing a full primary series
of the hepatitis B vaccine (5–8). Third-generation hepatitis B
vaccines containing additional HBV envelope proteins (pre-S1
and pre-S2) are known to be more immunogenic and superior in
inducing protective antibody titers also in non-responders to the
conventional vaccines (9). Despite the success of universal
immunization programs leading to high regional vaccination
coverage rates in most Western countries, non-responsiveness to
hepatitis B vaccination is a major problem, especially for health
care workers for whom successful hepatitis B vaccination is
mandatory (10, 11). Genetically determined resistance,
advanced age, gender, obesity, smoking, chronic/systemic
disease, and immunosuppressive therapies are known factors
contributing to non-response to immunization (6, 12–18).
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Several aspects like failure of antigen presentation or
costimulatory signals, defects in the generation of HBsAg-
specific CD4 T helper (Th) cells and insufficient production of
Th1 and Th2 cytokines upon hepatitis B vaccination have been
discussed, but the exact underlying immunological and
molecular mechanisms contributing to hepatitis B vaccine
non-responsiveness remain largely unclear (10, 19–24). Further
studies investigating immune cells and immunological
mechanisms involved in non-responsiveness to vaccines are
urgently needed and will help to improve immunogenicity of
existing or the development of new vaccines to overcome non-
responsiveness to hepatitis B vaccines.

In the last years, studies revealed that regulatory B cells (Breg)
have an immunosuppressive capacity and help to maintain
immunological homeostasis (25, 26). Breg suppress
immunopathology by skewing T-cell differentiation, induction
and maintenance of regulatory T cells, as well as suppression of
pro-inflammatory cells, mainly mediated through regulatory
cytokines IL-10, TGF-ß, and IL-35 (25–29). There is an
ongoing debate on the phenotypic characterization of different
Breg subsets, specific Breg markers, and the question whether all
B cells can acquire suppressive function in response to
environmental triggers, or whether Breg represent a distinct
lineage (28, 30–32). CD24+/highCD27+ and CD24highCD38high

Breg have been described as distinct Breg subpopulations
and investigated in different disease entities like autoimmune
diseases (e.g. multiple sclerosis, rheumatoid arthritis, systemic
lupus erythematosus, etc.) and cancer (25, 30, 33–35). For
both, CD24+/highCD27+ and CD24highCD38high Breg it is
known that they can suppress effector CD4 T cells and
dendritic cells, and CD24highCD38high Breg can additionally
induce regulatory T cells (Treg) and suppress virus-specific
CD8 T cells (30, 33, 36).

Rosser et al. (37) postulated three potential mechanism
for Breg-mediated suppression of antibody responses, which
could also play a role in the case of hepatitis B vaccine non-
responsiveness: (i) Breg may alter the cytokine microenvironment
in which plasma cell maturation takes place; (ii) Breg could
suppress CD4 Th cells, which leads to a diminished maturation
of B cells into antibody producing plasma cells; (iii) Breg could
induce Treg which may contribute to an indirect suppression of
antibody production (25, 37).

In the last years, some studies investigated the role of Breg in
hepatitis B vaccine non-responsiveness, but findings were
September 2021 | Volume 12 | Article 713351
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contradictory and in-depth analyses remain elusive (12, 38, 39).
Bolther et al. concluded that levels of regulatory B cells do not
predict serological responses to hepatitis B vaccination (38). In
contrast, Garner-Spitzer et al. reported clearly elevated frequencies
of CD24highCD38high Breg in hepatitis B vaccine non-responders
which might contribute to the increased baseline levels of IL-10 in
these individuals and also lead to an induction of regulatory T
cells (39).

The current study aimed to investigate different Breg
subpopulations in hepatitis B vaccine responders and non-
responders before and after booster vaccination with a second-
versus a third-generation hepatitis B vaccine.
2 MATERIALS AND METHODS

2.1 Study Cohorts
Two groups of hepatitis B vaccinated individuals were enrolled in
this study. The first group comprised eleven non-responders to
second-generation hepatitis B vaccine (2nd HBvac NR) (9
women, 2 men; average age of 25.7 years) (Table 1). All 2nd

HBvac NR subjects received a full primary series of hepatitis B
vaccine and were repeatedly vaccinated with Engerix® or
Twinrix® in the past, without developing protective anti-HBs
levels (> 10 IU/L). The second group consists of eight responders
to second-generation hepatitis B vaccine (2nd HBvac R) (6
women, 2 men; average age: 30.0 years), who received a full
series of Twinrix® vaccination more than ten years in the past
(Table 1). On day 0, group 1 (2nd HBvac NR) received a booster
vaccination with the third-generation recombinant hepatitis B
vaccine Sci-B-Vac™ (VBI Vaccines Inc., Rehovot, Israel),
whereas group 2 (2nd HBvac R) was revaccinated with the
second-generation recombinant hepatitis B vaccine Twinrix®

(Glaxo Smith Kline, Brentford, UK). Peripheral blood was
taken by venipuncture at baseline (day 0), and on day 7, and
28 after vaccination with the approval of the local ethic
committees (School of Medicine, Technical University of
Munich and Innsbruck Medical University). Data on age,
weight, and height (BMI (body mass index) measurement),
smoking status, alcohol consumption, medical co-morbidities,
and medication were collected at baseline (Table 1). Informed
Frontiers in Immunology | www.frontiersin.org 3
consent was obtained from all participating individuals prior to
their inclusion.

2.2 Determination of Serum Anti-HBs
Levels
Serum levels of HBsAg-specific antibodies (anti-HBs) were
quantified using the Architect® chemiluminescence
microparticle immunoassay (Abbott Diagnostics, Wiesbaden,
Germany). The detection limit was 10 IU/mL.

2.3 Isolation and Cryoconservation of
PBMC
Within 4 h after collection of heparinized whole blood human
peripheral blood mononuclear cells (PBMC) were separated by
Ficoll density gradient (human Pancoll, PAN-BIOTECH,
Aidenbach, Germany) as described previously (40). PBMC
were frozen in aliquots of 5 x 106 PBMC per vial in 1.8 mL
cryotubes (Thermo Scientific, Roskilde, Denmark) in a
concentration of 1 x 107 PBMC per 1 mL freezing medium
(fetal calf serum (FCS) (Life Technologies, Darmstadt, Germany)
supplemented with 10% DMSO (Sigma-Aldrich, Steinheim,
Germany) in a freezing container (Mr. Frosty, Thermo
Scientific, Roskilde, Denmark) and put on -80°C. After 48 h
PBMC were stored in the vapor phase of a liquid nitrogen tank
until further use.

2.4 Thawing and Resting of PBMC
PBMC were thawed at 37°C using CTL Anti-Aggregate Wash™

20x Solution (Cellular Technology Limited (CTL) Europe, Bonn,
Germany) diluted in RPMI-1640 medium (Life Technologies,
Darmstadt, Germany) (1:20). Cells were counted with an
automated cell counter (Vi-cell XR, Beckman Coulter, Krefeld,
Germany) in CTL-Test™Medium (Cellular Technology Limited
(CTL) Europe, Bonn, Germany). The median cell recovery after
thawing was 4.4 x 106 PBMC per vial with a median viability of
92%. For a standard resting procedure PBMC were incubated for
18 h at 37°C in a humidified atmosphere at 5% CO2 in a
concentration of 2 x 106 PBMC/mL CTL-Test™ medium
supplemented with 10% FCS and 1% penicillin–streptomycin
(PenStrep, Life Technologies, Invitrogen, Darmstadt, Germany)
(abbr.: RPMI-10) RPMI-10. The median cell recovery after
resting was 4.2 x 106 PBMC per vial with a median viability
of 94%.

2.5 Flow Cytometry-Based Analysis of Cell
Frequencies and Cytokine Production
2.5.1 Ex Vivo Stimulation of PBMC
2 x 106 overnight rested PBMC were seeded in polypropylene U-
bottom 96-well microtiter plates (Fisher Scientific, Hampton,
USA) with CTL-Test™Medium and either stimulated with CpG
oligodeoxynucleotides (10 µg/mL) (InvivoGen, Toulouse,
France), PMA (Phorbol-12-myristat-13-acetat) (30 ng/mL)
(Sigma-Aldrich, St. Louis, USA), and Ionomycin (1 µg/mL)
(Sigma-Aldrich, St. Louis, USA) (referred to as “CpG+P/I”) or
left unstimulated as a medium control to define background
activity. After 1 h of incubation at 37°C in 5% CO2, 10 µg/mL of
TABLE 1 | Characteristics of study cohorts.

Cohorts (Number
of participants)

Hepatitis B vaccine
non-responders (n = 11)

Hepatitis B vaccine
responders (n = 8)

Gender
Female n = 9 n = 6
Male n = 2 n = 2
Mean age at 1. Visit
(years)

25.7 (20.0 – 38.0) 30.0 (23.0 – 38.0)

Mean BMI (range) 24.7 (18.7 – 37.9) 24.6 (19.8 – 32.7)
Smoking (%) 18.2 not known
History of co-
morbidities (%)

27.3 not known

Allergies (%) 54.5 not known
September 2021 | Volume 12 | Article 713351
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secretion blocker Brefeldin A (Sigma-Aldrich, St. Louis, USA) in
a total volume of 50 µL CTL-Test™ medium was added to each
well. Stimulation was stopped after 4 h by transferring the plates
to 4°C overnight.

2.5.2 Surface Marker and Intracellular Cytokine
Staining
After a centrifugation step (560g, 5 min, 4°C), PBMC were
resuspended in 100 µL of eBioscience™ Flow Cytometry
Staining Buffer (Life Technologies, Invitrogen, Darmstadt,
Germany) and a Fc block (Human TruStain FcX™, BioLegend,
San Diego, USA, 1:20) was added followed by incubation for
10 min at RT. Next, PBMC were stained with 100 µL of UV Live/
Dead working solution (1:100 LIVE/DEAD™ Fixable Blue Dead
Cell Stain Kit (Life Technologies, Invitrogen, Darmstadt,
Germany) for 30 min on ice in the dark followed by two
washing steps with 200 µL eBioscience™ Flow Cytometry
Staining Buffer (Life Technologies, Invitrogen, Darmstadt,
Germany). For a combined intracellular and surface staining,
PBMC were fixed for 20 min on ice in the dark using 100 µL/
well eBioscience™ Intracellular Fixation buffer (Life Technologies,
Invitrogen, Darmstadt, Germany) and afterwards centrifuged
(710g, 5 min, 4°C) and washed in permeabilization buffer
eBioscience (10X) (Life Technologies, Invitrogen, Darmstadt,
Germany) for three times. PBMC were stained with the
antibodies listed in Additional file 1: Table S1 in a total volume
of 100 µL antibody staining solution (1:2) (Permeabilization Buffer
and Brilliant Stain Buffer (BD Biosciences, Franklin Lakes, USA)
for 30 min on ice in the dark. Cells were washed twice with 200 µL/
well Permeabilization Buffer and finally re-suspended in 300 µL
Staining Buffer and Permeabilization Buffer (1:2) for acquisition.
For compensation, UltraComp eBeads™ Compensation Beads
(Life Technologies, Invitrogen, Darmstadt, Germany) and
ArC™ Amine Reactive Compensation Bead Kit (Life
Technologies, Invitrogen, Darmstadt, Germany) were stained
with antibodies and live/dead discriminating dyes without
fixation steps and finally re-suspended in 300 µL Staining and
Permeabilization buffer (1:2) for acquisition. Cells were stored cold
and in the dark until acquisition.

2.5.3 Data Acquisition
Acquisition of samples was performed within 4 h after staining
using a BD LSR Fortessa flow cytometer (Becton Dickinson,
Franklin Lakes, USA) equipped with a 96-well plate reader and
FACSDiva Software V.6.0 (Becton Dickinson, Heidelberg,
Germany). On a weekly basis, the flow cytometer ’s
performance was checked and settings were configured with
Cytometer, Setup & Tracking beads (Becton Dickinson, Franklin
Lakes, USA). Photomultiplier voltages were adjusted with the
help of unstained cells for all parameters.

2.5.4 Gating Strategy
Flow cytometry-based analysis was performed on at least 1.0 x
105 living lymphocytes using the software FlowJo version 10
(FlowJo LLC, BD, Ashland, USA). Gating strategy for analysis of
ex vivo re-stimulated PBMC is shown in the supplementary
information (Additional file 2: Figure S1). Each gate was set in
Frontiers in Immunology | www.frontiersin.org 4
the negative control sample and then adjusted to the antigen
stimulated samples. In detail, we firstly set a broad forward-side
scatter gate to prevent excluding cells of interest, followed by an
exclusion of dead cells. Using a FSC-W against FSC-A plot, we
excluded doublets. Next, we gated on CD3-CD14- cells and
CD19+ B cells. Within the CD19+ cells, we gated on
CD24+CD27+ and CD24highCD38high Breg, respectively. FMO
controls were used to gate on CD24+, CD27+, and CD38+ cells,
respectively. For functional analysis, we gated on IL-10, IL-35,
and TGF-ß expression in the CD19+ B cell, CD24+CD27+, and
CD24highCD38high Breg population. Two independent audits
were performed to control the gating.

2.5.5 Data Interpretation
We detected significantly higher levels of IL-10, IL-35, and TGF-ß
expression of CD24+CD27+ and/or CD24highCD38high Breg upon
CpG+P/I re-stimulation compared to unstimulated PBMC in both
cohorts. In line with this, we used CpG+P/I induced frequencies
for further analysis without further background subtraction.
Detected frequencies of cytokine expressing Breg which derived
from rare events (< 20 events) were excluded from further analysis
to avoid misleading interpretations. The median fluorescence
intensity (MFI) of CD24+CD27+IL-10+, CD24+CD27+IL-35+,
CD24+CD27+TGF-ß+ and CD24highCD38highIL-10+ Breg of
second-generation hepatitis B vaccine non-responders and
responders before (day 0) and 7, and 28 days after vaccination
with a third-generation hepatitis B vaccine are shown in
Additional file 3: Figure S2.

2.6 Statistical Analysis
All results were included in the analysis, as no attempt was made
to exclude outliers. All tests were two-sided and conducted on
exploratory 5% significance levels. Effect measures are presented
with 95% confidence intervals. Nonparametric statistical tests
were applied in all cases. Unpaired Mann-Whitney U test was
used to define significance of values between the 2nd HBvac NR
and 2nd HBvac R group. One-Way ANOVA (Friedman test) was
applied for analyses within the two groups for the different time
points. In case of resulting p-values < 0.05, paired Wilcoxon
signed rank tests were performed to assess significance of change
in values within the 2nd HBvac NR and 2nd HBvac R group,
respectively. The software Graph Pad Prism 9.1.0 (GraphPad
Software, La Jolla, California, USA) was used for statistical
analyses. Interpretation of Spearman`s correlation coefficient
was performed according to Cohen (41).
3 RESULTS

3.1 Vaccination With Third-Generation
Hepatitis B Vaccine Sci-B-Vac Overcomes
Non-Responsiveness to Second-
Generation Hepatitis B Vaccination
First, we examined anti-HBs (antibody to hepatitis B surface
antigen) levels of second-generation hepatitis B vaccine non-
responders (n = 11) (referred to as “2nd HBvac NR”) before (day
September 2021 | Volume 12 | Article 713351
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0) and after vaccination (day 28 and 56) with the third-
generation hepatitis B vaccine Sci-B-Vac. Sci-B-Vac vaccination
led to anti-HBs seroconversion (anti-HBs levels >Partner Site
Munich 10 IU/L) in 10/11 (90.9%) 2nd HBvac NR. In detail, we
detected median anti-HBs levels of 3.97 IU/L (0Partner Site Munich
- 8.46 IU/L) on day 0 and 72.44 IU/L (0 - >1000 IU/L) on day 28
after Sci-B-Vac vaccination (p = 0.002) (Figure 1). Three of six
Sci-B-Vac vaccination non-(anti-HBs levels < 10) or low (anti-HBs
levels < 100) -responder subjects (42) received a second Sci-B-Vac
vaccination on day 30, resulting in anti-HBs levels of 0, 33.0, and
634.2 IU/L at day 56, respectively (Figure 1).

Comparison of the characteristics of Sci-B-Vac vaccine low-
(“3rd HBvac LR”; anti-HBs < 100 IU/L; n = 5) and high- (“3rd

HBvac HR”; anti-HBs > 100 IU/L; n = 5) responders revealed no
differences in age (mean: 25.6 (range 21-31) and 23.4 (range 21-
30) years, respectively) (p = 0.524), gender (4 female, 1 male in
each cohort), smoking habits (one smoker in the 3rd HBvac HR
group), and in history of comorbidities (one person with
comorbidities per group) and medication (none in each group).

The only one remaining non-responder from study group 1
(2nd and 3rd HBvac NR) had risk factors (smoking, obesity,
hypertension) known to impair vaccine efficacy.

3.2 Vaccine Non-Responders Showed
Higher Numbers of CD24highCD38high Breg
And Lower Breg-Derived IL-10 Expression
Compared to Vaccine Responders
High levels of immunomodulatory lymphocytes and related
cytokines such as regulatory B cells (Breg) and IL-10 have been
associated with serological non-response to hepatitis B
vaccination. To investigate this, we analyzed frequencies of two
populations of Breg (CD24+CD27+ and CD24highCD38high Breg)
and respective IL-10 levels in a cohort of 2nd HBvac NR (n = 11)
Frontiers in Immunology | www.frontiersin.org 5
at baseline visit and on day 7 and 28 post Sci-B-Vac booster
vaccination. For comparative analysis, we additionally
determined frequencies of Breg and IL-10 expression levels on
day 0, 7, and 28 also in a cohort of second-generation hepatitis B
vaccine responders (referred to as “2nd HBvac R”; n = 8)
receiving a second-generation hepatitis B booster vaccination.

Frequencies of CD24+CD27+ Breg tend to be higher in 2nd

HBvac NR compared to 2nd HBvac R at all three time points (d0:
p = 0.062; d7: p = 0.059; d28: p = 0.109) (Figure 2A). In parallel,
we ob s e r v ed s i gn ifi can t l y h i ghe r f r equenc i e s o f
CD24highCD38high Breg in the 2nd HBvac NR compared to the
2nd HBvac R group on day 0 (p = 0.004) and day 28 (p = 0.012),
but not on day 7 (p = 0.051) (Figure 2B and Table 2).

Comparison of CpG- and PMA/Ionomycin (CpG+P/I)-
induced IL-10 expression levels of Breg between both cohorts
showed significantly lower frequencies of CD24+CD27+IL-10+

Breg in the 2nd HBvac NR group at all time points (d0: p <
0.0001; d7: p = 0.0004; d28: p = 0.0003) (Figure 2C). Frequencies
of CD24highCD38highIL-10+ Breg were also significantly lower in
2nd HBvac NR compared to 2nd HBvac R on day 0 and 7, but not
on day 28 (d0: p = 0.016; d7: p = 0.016; d28: p = 0.111)
(Figure 2D and Table 2).

Besides IL-10, other cytokines like IL-35 and TGF-ß could
mediate immunosuppressive function of Breg. CD24+CD27+IL-
35+ Breg were detectable in nine 2nd HBvac NR and three 2nd

HBvac R (Figure 3A). Median frequencies of CD24+CD27+IL-
35+ Breg were comparable between both groups and time
points, but reactivity rates in the 2nd HBvac R group were
too low for statistical analysis (Figure 3A and Table 1).
CD24highCD38highIL-35+ Breg were largely undetectable in
both groups (1/11 2nd HBvac NR and 0/8 2nd HBvac R; data
not shown). Regarding TGF-ß expression, we detected
CD24+CD27+TGF-ß+ Breg in ten 2nd HBvac NR but only one
2nd HBvac R (Figure 3B and Table 2). CD24highCD38highTGF-
ß+ Breg were detectable in six 2nd HBvac NR subjects with
comparable frequencies at all time points, but in none of the 2nd

HBvac R subjects (Table 2).
Correlation analysis revealed no correlation of pre-

vaccination levels of CD24+CD27+IL-10+ Breg and anti-HBs
levels on day 28 (rs = 0.083), but a moderate correlation of
pre-vaccination levels of CD24highCD38highIL-10+ Breg and anti-
HBs levels on day 28 (rs = 0.300) (Additional file 4: Figures
S3A, B).

3.3 Significant Lower Frequencies of B10+

Cells in Vaccine Non-Responders
Compared to Responders
We further analyzed CpG+P/I-induced IL-10 expression levels of
CD19+ B cells (B10+ cells), since IL-10 plays an active role in B-
cell differentiation into antibody secreting plasmablasts and B10+

cells. We determined significantly lower frequencies of B10+ cells
in 2nd HBvac NR compared to 2nd HBvac R at baseline (day 0)
(p < 0.0001), and also on day 7 (p = 0.0005), and day 28 (p =
0.0001) post vaccinations (Figure 4). In detail, we detected
median frequencies of B10+ cells of 0.70% (0.28 – 1.51%) and
2.24% (1.29 – 4.40%) on day 0, 0.66% (0.23 – 2.01%), and 2.13%
(1.53 – 3.67%) on day 7, and 0.77% (0.24 – 1.75%) and 2.18%
FIGURE 1 | Anti-HBs levels of second-generation hepatitis B vaccine non-
responders before and after vaccination with third-generation hepatitis B

vaccine Sci-B-Vac™. Depicted are anti-HBs levels (IU/L) of second-
generation hepatitis B vaccine non-responders (2nd HBvac NR, n = 11) before

(day 0), after primary (day 28), and second (day 56, n = 3) Sci-B-Vac™

vaccination. The dashed line indicates the threshold for protective anti-HBs
levels (> 10 IU/L). The interconnected lines link the respective data points of
each subject at each time point. Statistics are based on paired Wilcoxon
signed rank tests. **p < 0.01.
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TABLE 2 | Frequencies and cytokine expression levels of CD24+CD27+ and CD24highCD38high Breg and B10+ cells.

Cell population Time point 2nd HBvac NR; Median (min-max) (%) 2nd HBvac R; Median (min-max) (%) p-value

CD24+CD27+ Breg d0 10.70 (3.33 – 24.3) 3.07 (1.44 – 15.50) 0.062
d7 10.30 (2.62– 19.40) 3.75 (1.52 – 16.80) 0.059
d28 8.62 (2.47 – 17.90) 4.56 (1.75 – 13.30) 0.109

CD24highCD38high Breg d0 5.67 (3.84 – 14.10) 3.04 (1.63 – 4.63) 0.004
d7 5.42 (2.54 – 12.20) 3.22 (1.88 – 6.48) 0.051
d28 5.20 (2.59 – 12.50) 2.84 (1.23 – 4.75) 0.012

CD24+CD27+IL-10+ Breg d0 1.63 (1.08 – 3.63) 7.92 (5.14 – 15.90) <0.0001
d7 1.84 (1.04 – 5.31) 11.0 (2.95 – 15.0) 0.0004
d28 2.19 (1.20 – 6.08) 9.61 (5.10 – 19.40) 0.0003

CD24highCD38highIL-10+ Breg d0 0.89 (0.39 – 1.75) 3.85 (2.73 – 5.75) 0.016
d7 1.59 (0.36 – 1.79) 2.48 (2.11 – 3.97) 0.016
d28 1.39 (0.58 – 1.93) 2.68 (1.03 – 4.80) 0.111

CD24+CD27+IL-35+ Breg d0 1.68 (0.48 – 2.14) 1.19 (0.76 – 2.54) ND
d7 1.39 (0.73 – 3.06) 1.05 (0.71 – 2.73) ND
d28 1.23 (0.52 – 3.94) 1.76 (0.70 – 2.34) ND

CD24+CD27+TGF-ß+ Breg d0 1.49 (0.78 – 3.20) 0.31 ND
d7 1.34 (0.89 – 2.09) 0.66 ND
d28 1.31 (0.79 – 3.21) 0.38 ND

CD24highCD38highTGF-ß+ Breg d0 1.44 (0.77 – 1.85) U ND
d7 1.07 (0.72 – 2.20) U ND
d28 1.18 (0.60 - 2.44) U ND

B10+ cells d0 0.70 (0.28 – 1.51) 2.24 (1.29 – 4.40) <0.0001
d7 0.66 (0.23 – 2.01) 2.13 (1.53 – 3.67) 0.0005
d28 0.77 (0.24 – 1.75) 2.18 (1.21 – 3.92) 0.0001
Frontiers in Immunology | www.frontier
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FIGURE 2 | Frequencies of CD24+CD27+ (A), CD24highCD38high (B), CD24+CD27+IL-10+ (C), and CD24highCD38highIL-10+ Breg (D) of second-generation hepatitis
B vaccine non-responders and responders. Depicted are (CpG+P/I)-induced frequencies of CD24+CD27+ (A), CD24highCD38high (B), CD24+CD27+IL-10+ (C), and
CD24highCD38highIL-10+ Breg (D) of second-generation hepatitis B vaccine non-responders (NR, red circles, n = 11) and second-generation hepatitis B vaccine
responders (R, blue circles, n = 8) before (day 0) and 7, and 28 days after vaccination with a third- (NR group) or second- (R group) generation hepatitis B vaccine,
respectively. The boxes show the median and the 25th and 75th percentile. Whiskers indicate the highest and lowest values. Statistical analyses are based either on
unpaired Mann-Whitney U tests for the analysis of the NR vs. the R group or on Friedman tests with post Wilcoxon signed rank testing for analysis of the impact of
third- and second-generation hepatitis B vaccines within the NR or R group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
713351

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Körber et al. Breg in HepB Vaccine Non-Responsiveness
(1.21 – 3.92%) on day 28 in 2nd HBvac NR compared to 2nd

HBvac R, respectively (Figure 4 and Table 2).

3.4 Frequencies of CD24+CD27+ and
CD24highCD38high Breg Decreased Upon
Booster Vaccination With Third-
Generation Vaccine but Remained Stable
Upon Second-Generation Vaccine Booster
Immunization
Next, we assessed the impact of booster vaccination with second-
(2nd HBvac R group) and third- (2nd HBvac NR group)
Frontiers in Immunology | www.frontiersin.org 7
generation hepatitis B vaccines on Breg and B10+ cell
frequencies as well as Breg-derived IL-10 expression

Upon booster vaccination with the third-generation vaccine
(2nd HBvac NR group), we observed significantly higher
frequencies of CD24+CD27+ Breg prior (d0) compared to day 7
(p = 0.014) and day 28 (p = 0.032) post vaccination, but no
difference between day 7 and 28 (p = 0.123) (Figure 2A).
Frequencies of CD24highCD38high Breg were also significantly
higher prior vaccination (d0) compared to day 7 post
vaccination (p = 0.045), but comparable between the other time
points (d0 vs. d28: p = 0.175; d7 vs. d28: p = 0.520) (Figure 2B).

After booster vaccination with a second-generation vaccine (2nd

HBvac R group), frequencies of CD24+CD27+ and
CD24highCD38high Breg were comparable across time points (p =
0.531 and p = 0.236, respectively) (Figures 2A, B).

Analysis of CD24+CD27+IL-10+ and CD24highCD38highIL-10+

Breg numbers revealed no significant differences between the
different booster vaccines and time points (2nd HBvac NR: p =
0.643 and p = 0.124, respectively; 2nd HBvac R: p = 0.423 and p =
0.125, respectively) (Figures 2C, D).

We also observed no significant differences in frequencies of
B10+ cells between the different booster vaccines and time points
(2nd HBvac NR: p = 0.256 and 2nd HBvac R: p =
0.967) (Figure 4).

3.5 Third-Generation Hepatitis B Vaccine
Low- and High-Responders Showed
Different Frequencies of CD24+CD27+ And
CD24highCD38high Breg Before and One
Week After Booster Vaccination
Finally, we analyzed differences in frequencies of Breg and B10+

cells between third-generation hepatitis B vaccine low- (3rd

HBvac LR) and high-responders (3rd HBvac HR) (n = 5,
respectively). Frequencies of CD24+CD27+ Breg were
significantly higher in the 3rd HBvac LR compared to the 3rd

HBvac HR group on day 0 and day 7, but not on day 28 (d0: p =
0.032; d7: p = 0.024, and d28: p = 0.548, respectively) (Figure 5A
A B

FIGURE 3 | Comparison of frequencies of CD24+CD27+IL-35+ (A) and CD24+CD27+TGF-ß+ (B) Breg of second-generation hepatitis B vaccine non-responders and
responders. Depicted are (CpG+P/I)-induced frequencies of CD24+CD27+IL-35+ (A) and CD24+CD27+TGF-ß+ (B) Breg of second-generation hepatitis B vaccine
non-responders (NR, red circles) and second-generation hepatitis B vaccine responders (R, blue circles) before (day 0) and 7, and 28 days after vaccination with a
third- (NR group) or second- (R group) generation hepatitis B vaccine, respectively. The boxes show the median and the 25th and 75th percentile. Whiskers indicate
the highest and lowest values. Statistical analyses were done with unpaired Mann-Whitney U tests.
FIGURE 4 | Comparison of frequencies of CD19+IL-10+ B (B10+) cells of
second-generation hepatitis B vaccine non-responders and responders.
Depicted are frequencies of B10+ cells of second-generation hepatitis B
vaccine non-responders (NR, red circles) and second-generation hepatitis B
vaccine responders (R, blue circles) before (day 0) and 7, and 28 days after
vaccination with a third- (NR group) or second- (R group) generation hepatitis
B vaccine, respectively. The boxes show the median and the 25th and 75th

percentile. Whiskers indicate the highest and lowest values. Statistical
analyses are based either on unpaired Mann-Whitney U tests for the analysis
of the NR vs. the R group or on Friedman tests with post Wilcoxon signed
rank testing for analysis of the impact of third- and second-generation
hepatitis B vaccines within the NR or R group. ***p < 0.001; ****p < 0.0001.
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and Table 3). In contrast, we observed a tendency of lower
frequencies of CD24highCD38high Breg in the 3rd HBvac LR
compared to the HR group at all three time points (p = 0.095,
respectively) (Figure 5B and Table 3).

Regarding IL-10 expression levels, we observed a tendency of
higher frequencies of B10+ cells (d0: p = 0.310; d7: p = 0.056; d28
p = 0.595) and CD24+CD27+IL-10+ Breg (d0: p = 0.548, d7: p =
0.056, d28: p = 0.999) in the 3rd HBvac LR compared to the HR
group at all three time points, respectively (Figures 5C, E and
Table 3). Since CD24highCD38highIL-10+ Breg were only
detectable in three 3rd HBvac LR and two HR at all three time
Frontiers in Immunology | www.frontiersin.org 8
points, we could not conduct reliable statistical analyses between
the two groups (Figure 5D and Table 3). One of the eleven 2nd

HBvac NR failed to produce protective anti-HBs levels even after
vaccination with a third-generation hepatitis B vaccine. This 3rd

HBvac NR showed low frequencies of CD24+CD27+ and
CD24+CD27+IL-10+ Breg (d0: 3.58%; d7: 3.44%; d28: 3.02%
and d0: 1.49%; d7: 1.12%; d28: 1.65%, respectively). The
frequencies of CD24highCD38high Breg of the 3rd HBvac NR
subject were in the median range of all 2nd HBvac NR subjects
(d0: 5.67%; d7: 5.42%; d28: 5.20%). Noteworthy, the 3rd HBvac
NR subject showed the highest frequencies of CD19+ B cells
A B

C

E

D

FIGURE 5 | Frequencies of CD24+CD27+ (A), CD24highCD38high (B), CD24+CD27+IL-10+ (C), CD24highCD38highIL-10+ Breg (D), and CD19+IL-10+ B (B10+) cells
(E) of third-generation hepatitis B vaccine low- and high-responders. Depicted are (CpG+P/I)-induced frequencies of CD24+CD27+ (A), CD24highCD38high (B),
CD24+CD27+IL-10+ (C), CD24highCD38highIL-10+ Breg (D) and CD19+IL-10+ B (B10+) cells (E) of third-generation hepatitis B vaccine low- (LR) and high-responders
(HR) (red circles, n = 5, respectively) before (day 0) and 7, and 28 days after vaccination with a third-generation hepatitis B vaccine. The boxes show the median and
the 25th and 75th percentile. Whiskers indicate the highest and lowest values. Statistical analyses are based on unpaired Mann-Whitney U tests. *p < 0.05.
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within the 2nd HBvac NR group, but the lowest frequencies of
B10+ cells of all 2nd HBvac NR and 2nd HBvac R subjects (d0:
0.28%; d7: 0.23%; d28: 0.24%).
4 DISCUSSION

Although several potential immunological mechanisms
associated with hepatitis B vaccine non-responsiveness, like
failure of antigen presentation or costimulatory signals, impact
of certain HLA class II alleles, or lack of specific CD4 Th cells
have been investigated, the decisive underlying immunological
mechanisms remain unclear (10, 19, 20, 39, 43). In the current
study, we asked whether non-responsiveness to hepatitis B
vaccine is associated with a dysregulation of certain Breg
subpopulations and analyzed their frequency and function in
relation to second- versus third-generation hepatitis B vaccine
induced immunity

Breg known to mediate immunosuppressive functions and the
effect of different hepatitis B vaccine formulations on their
frequency and function have not yet been investigated in parallel
as possible factors involved in vaccine non-responsiveness. We
performed comparative phenotypic and frequency analysis of
CD24+CD27+ and CD24highCD38high Breg in 2nd in HBvac NR
and R before and after booster vaccination to investigate whether
non-responsiveness to hepatitis B vaccination is associated with
alterations of Breg frequencies and their cytokine expression levels.

One of our main findings was the detection of higher
frequencies of CD24+CD27+ and CD24highCD38high Breg
accompanied by lower levels of IL-10 expression in 2nd HBvac
NR compared to R. So far, very few studies investigated the
association of Breg frequencies and IL-10 expression levels with
non-responsiveness to hepatitis B vaccination (12, 38, 39). In
contrast to our results, Bolther et al. observed no significant
differences in frequencies of CD24highCD38high Breg between 2nd

HBvac non-/low-responder and high-responder (38). But since
the authors combined non- and low-responder in one group, the
finding of comparable frequencies of CD24highCD38high Breg in
Frontiers in Immunology | www.frontiersin.org 9
non-/low versus high-responder group could be biased by the
very low number of non-responder subject included (38).
Correlation analysis revealed no significant correlation of anti-
HBs levels and frequencies of IL-10+CD24highCD38high Breg,
which is in line with our results (38).

In a study cohort of hepatitis B and tick-borne encephalitis
(TBE) vaccine non-responders Garner-Spitzer et al. investigated,
whether non-responsiveness is an antigen and/or vaccine-
specific phenomenon. In line with our observations, Garner-
Spitzer et al. reported clearly elevated frequencies of
CD24highCD38high Breg in HBvac NR pre- and post-booster
TBE vaccination compared to TBE non- or high-responders
(39). Since HBvac NR developed sufficient anti-TBE titers
(neutralization test (NT) titers ≥ 1:10) and Breg frequencies
did not decline post TBE booster vaccination, they concluded
that the underlying immunological mechanisms of non-
responsiveness rather depend on the applied vaccine antigen
and host-related genetic predispositions (39).

Interestingly, TBE non- and high responders had comparable
median frequencies of CD24highCD38high Breg pre-booster
which only increased in the non-responder group after TBE
booster vaccination. In our study, we observed a decline of both,
CD24+CD27+ and CD24highCD38high Breg frequencies, post
third-generation booster vaccination in 2nd HBvac NR, which
could indicate a positive effect of third-generation hepatitis B
vaccines on Breg-mediated immunomodulation in HBvac NR.
Interestingly we did not observe decreased numbers of
CD24+CD27+ and CD24highCD38high Breg post-boost with the
second-generation hepatitis B vaccine.

Breg modulate immune responses predominantly, although
not exclusively, via IL-10, therefore IL-10 expression is often
used as a marker for Breg function (25). IL-10, a pleiotropic
cytokine, is known to act as an immunoregulatory molecule
which inhibits the production of inflammatory cytokines by T
cells and monocytes and suppresses antigen-presentation e.g. by
downregulation of MHC II expression (12, 44), but it is also
known to promote B-cell differentiation into antibody secreting
plasmablasts (12, 44–46). Several subsets of B cells produce
TABLE 3 | Frequencies and cytokine expression levels of CD24+CD27+ and CD24highCD38high Breg and B10+ cells of 3rd HBvac LR and 3rd HBvac HR.

Cell population Time point 3rd HBvac LR; Median (min-max) (%) 3rd HBvac HR; Median (min-max) (%) p-value

CD24+CD27+ Breg d0 14.0 (10.60 – 24.30) 7.86 (3.33 – 11.60) 0.032
d7 11.50 (10.30 – 19.40) 8.22 (2.62 – 10.70) 0.024
d28 10.60 (6.72 – 17.90) 7.92 (2.47 – 12.80) 0.548

CD24highCD38high Breg d0 4.20 (2.90 – 5.42) 6.50 (3.81 – 10.90) 0.095
d7 3.51 (2.57 – 5.09) 7.56 (2.61 – 10.30) 0.095
d28 3.60 (2.46 – 3.93) 7.98 (2.66 – 12.0) 0.095

CD24+CD27+IL-10+ Breg d0 3.09 (1.08 – 3.63) 1.63 (1.27 – 2.73) 0.548
d7 3.02 (1.66 – 5.31) 1.63 (1.04 – 2.93) 0.056
d28 2.42 (1.51 – 6.08) 2.19 (1.20 – 4.22) 0.999

CD24highCD38highIL-10+ Breg d0 0.89 (0.73 – 1.29) 1.07 (0.39 – 1.75) ND
d7 1.59 (1.05 – 1.79) 1.07 (0.36 – 1.77) ND
d28 1.39 (0.99 – 1.42) 1.26 (0.58 – 1.93) ND

B10+ cells d0 1.15 (0.41 – 1.51) 0.65 (0.48 – 0.83) 0.310
d7 1.20 (0.61 – 2.01) 0.63 (0.36 – 0.91) 0.056
d28 1.04 (0.60 – 1.75) 0.77 (0.65 – 1.12) 0.595
September 2021 | Volume 12 | Article
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IL-10, including B10+ cells, CD24+CD27+ and CD24highCD38high

Breg (30, 34). Within our study cohorts, we observed
significantly lower IL-10 expression levels of CD24+CD27+ and
CD24highCD38high Breg and CD19+ B10+ cells in HBvac NR
compared to HBvac R pre-booster.

Heine et al. reported that genes associated with the
differentiation into antibody-secreting cells are upregulated in
IL-10-secreting B cells and concluded that autocrine and
paracrine IL-10 signaling contributes to differentiation of B
cells into antibody secreting cells (45). Therefore, low IL-10
expression levels may additionally favor non-responsiveness to
hepatitis B vaccination.

The fact, that we observed significantly lower IL-10
expression levels of CD24+CD27+ and CD24highCD38high Breg
and B10+ cells in 2nd HBvac NR support the hypothesis that IL-
10 may contribute to B-cell differentiation into anti-HBs
secreting plasma cells (12). Of note, also the HBvac NR who
was the only individual without protective anti-HBs titer even
after booster with third-generation hepatitis B vaccine had very
low frequencies of IL-10 expressing CD24+CD27+ and
CD24highCD38high Breg and B10+ cells. However, we could not
observe a significant increase in IL-10 expression levels of
CD24+CD27+ and CD24highCD38high Breg in 2nd HBvac NR
who seroconverted after third-generation booster vaccination.

Although the immunoregulatory role of Breg is
predominantly driven by IL-10, other cytokines, like IL-35 and
TGF-ß are known to impact responsiveness to hepatitis B
vaccination (10, 26–29). Breg-derived TGF-b can lead to an
expansion of Treg linked with impaired antibody production (26,
35). In line with reports of Jarrosson et al. (10), we observed
robust frequencies of IL-35 and TGF-ß expressing CD24+CD27+

Breg in the 2nd HBvac NR whereas in 2nd HBvac R group, these
Breg were mostly undetectable.

Another important result of our study was the high
seroconversion rate of HBvac NR after booster vaccination
with a third-generation hepatitis B vaccine which was also
observed in previous studies, using Sci-B-Vac™ (9, 47–49).
Commonly used hepatitis B vaccines belong to the second-
generation vaccines and are composed of the yeast-derived
recombinant non-glycosylated small (S) HBV envelope protein
(HBsAg) (3), whereas third-generation hepatitis B vaccines like
Sci-B-Vac™, consist of glycosylated and non-glycosylated pre-
S1, pre-S2, and S proteins produced in mammalian cells (48).
Differences in glycosylation patterns and physical properties of
these vaccine antigens might result in higher immunogenicity
and successful induction of protective anti-HBs titers (9, 47, 49–
51). The exact underlying immunological mechanisms of higher
anti-HBs seroconversion rates in formerly non-responders are
still unclear, but it is assumed that the additional pre-S1 and pre-
S2 domains increase immunogenicity and may evade genetic
non-responsiveness to the S antigen (52, 53).

As postulated by Garner-Spitzer et al., non-responder status
does probably not reflect a basic defect in antibody production,
as HBV-NR respond well to TBE and influenza vaccine. Our data
support this hypothesis since ten of eleven 2nd HBvac NR showed
a seroconversion after vaccination with Sci-B-Vac™. There are
Frontiers in Immunology | www.frontiersin.org 10
reports suggesting that a real hepatitis B non-responder status is
quite rare and that most non-responders are indeed low-
responders where higher vaccine doses, intradermal vaccine
application or repeated vaccinations could overcome the NR
status (54, 55). At least for our study cohort this does not apply,
as most study participants already received several booster
vaccinations with second-generation vaccines without showing
seroconversion. The fact, that vaccination with a third-
generation hepatitis B vaccine lead to anti-HBs seroconversion
in more than 90% of our study participants also argues against an
overall defect in the priming and generation of vaccine-induced
memory B cells. Valats et al. reported that 2nd HBvac NR showed
substantial numbers of HBsAg-specific memory B cells able to
differentiate into anti-HBs secreting plasma cells upon in vitro
re-stimulation (54). Since production of anti-HBs is known to be
Th cell-dependent (19, 56–59) also a dysfunction in T-cell help
mediating hepatitis B vaccine non-responsiveness was discussed
(60, 61). But this is contradicted by the fact that several studies
reported vaccine-induced, HBs-Ag-specific T cells being
detectable in second-generation hepatitis B vaccine non-
responders (10, 62). We have not investigated Th cell function
or immunoregulatory T-cell subsets in our study cohorts as our
main focus was the possible involvement of Breg on vaccine non-
responsiveness. It remains to be investigated whether and how
Breg-mediated effects described here interact with other
immunoregulatory mechanisms (e.g. a vaccine-induced,
dysfunctional T-cell response) which might synergistically
favor hepatitis B vaccine non-responsiveness.

In summary, we report significantly higher frequencies of
CD24highCD38high Breg in parallel with significantly lower IL-10
expression levels of CD24+CD27+ and CD24highCD38high Breg in
2nd HBvac NR compared to 2nd HBvac R. Anti-HBs
seroconversion accompanied by a decrease of Breg numbers
after booster immunization with a third-generation hepatitis B
vaccine could indicate a positive effect of third-generation
hepatitis B vaccines on Breg-mediated immunomodulation in
hepatitis B vaccine non-responders. Further studies investigating
Breg-mediated mechanisms involved in non-responsiveness to
vaccines also during primary series of hepatitis B vaccination
may help to further improve immunogenicity of existing or the
development of new vaccines to overcome non-responsiveness to
hepatitis B vaccines.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by ethic committees: School of Medicine, Technical
University of Munich and Innsbruck Medical University. The
September 2021 | Volume 12 | Article 713351

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Körber et al. Breg in HepB Vaccine Non-Responsiveness
patients/participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

NK, TB, and UP conceived and designed the experiments. BW
and BG-L provided blood samples. NK and LP performed the
experiments and acquired the data. NK, LP, and TB analyzed
the data. NK, LP, BW, BG-L, PK, HR, UP, and TB interpreted
the data. NK, LP, and TB drafted the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This study was supported by Helmholtz Initiative for Personalized
Medicine (iMed, project title: “Molecular basis and early
predictors of non-responsiveness to hepatitis B vaccination”).
Frontiers in Immunology | www.frontiersin.org 11
The research leading to these results has received funding
from the European Union’s Seventh Framework Programme
[FP7/2007-2013] under Grant Agreement No: 280873 ADITEC.
ACKNOWLEDGMENTS

We thank Manuela Laumer, Christoph Richter (both: Institute of
Virology, Helmholtz Zentrum München, Munich, Germany)
and Dominik Diem (Institute of Molecular Immunology and
Experimental Oncology, School of Medicine, Technical
University of Munich (TUM), Munich) for technical support.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
713351/full#supplementary-material
REFERENCES
1. WHO. WHO Global Hepatitis Report (2017). Available at: https://www.who.

int/hepatitis/publications/global-hepatitis-report2017/en/.
2. Shepard CW, Simard EP, Finelli L, Fiore AE, Bell BP. Hepatitis B Virus

Infection: Epidemiology and Vaccination. Epidemiol Rev (2006) 28:112–25.
doi: 10.1093/epirev/mxj009

3. Zanetti AR, Van Damme P, Shouval D. The Global Impact of Vaccination
Against Hepatitis B: A Historical Overview. Vaccine (2008) 26(49):6266–73.
doi: 10.1016/j.vaccine.2008.09.056

4. CDC. Hepatitis B Questions and Answers for Health Professionals (2021).
Available at: https://www.cdc.gov/hepatitis/hbv/hbvfaq.htm.

5. Cardell K, Akerlind B, Sallberg M, Fryden A. Excellent Response Rate to a
Double Dose of the Combined Hepatitis A and B Vaccine in Previous
Nonresponders to Hepatitis B Vaccine. J Infect Dis (2008) 198(3):299–304.
doi: 10.1086/589722

6. Zuckerman JN. Protective Efficacy, Immunotherapeutic Potential, and Safety
of Hepatitis B Vaccines. J Med Virol (2006) 78(2):169–77. doi: 10.1002/
jmv.20524

7. Filippelli M, Lionetti E, Gennaro A, Lanzafame A, Arrigo T, Salpietro C, et al.
Hepatitis B Vaccine by Intradermal Route in Non Responder Patients: An
Update. World J Gastroenterol (2014) 20(30):10383–94. doi: 10.3748/
wjg.v20.i30.10383

8. Ponde RAA. Expression and Detection of Anti-HBs Antibodies After Hepatitis
B Virus Infection or Vaccination in the Context of Protective Immunity. Arch
Virol (2019) 164(11):2645–58. doi: 10.1007/s00705-019-04369-9

9. Rendi-Wagner P, Shouval D, Genton B, Lurie Y, Rumke H, Boland G, et al.
Comparative Immunogenicity of a PreS/S Hepatitis B Vaccine in Non- and
Low Responders to Conventional Vaccine. Vaccine (2006) 24(15):2781–9.
doi: 10.1016/j.vaccine.2006.01.007

10. Jarrosson L, Kolopp-Sarda MN, Aguilar P, Bene MC, Lepori ML, Vignaud
MC, et al. Most Humoral non-Responders to Hepatitis B Vaccines Develop
HBV-Specific Cellular Immune Responses. Vaccine (2004) 22(27-28):3789–
96. doi: 10.1016/j.vaccine.2004.02.046

11. Gunson RN, Shouval D, Roggendorf M, Zaaijer H, Nicholas H, Holzmann H,
et al. Hepatitis B Virus (HBV) and Hepatitis C Virus (HCV) Infections in
Health Care Workers (HCWs): Guidelines for Prevention of Transmission of
HBV and HCV From HCW to Patients. J Clin Virol (2003) 27(3):213–30.
doi: 10.1016/s1386-6532(03)00087-8

12. Hohler T, Reuss E, Freitag CM, Schneider PM. A Functional Polymorphism in
the IL-10 Promoter Influences the Response After Vaccination With HBsAg
and Hepatitis A. Hepatology (2005) 42(1):72–6. doi: 10.1002/hep.20740
13. Van der Wielen M, Van Damme P, Chlibek R, Smetana J, von Sonnenburg F.
Hepatitis a/B Vaccination of Adults Over 40 Years Old: Comparison of Three
Vaccine Regimens and Effect of Influencing Factors. Vaccine (2006) 24
(26):5509–15. doi: 10.1016/j.vaccine.2006.04.016

14. Hohler T, Reuss E, Evers N, Dietrich E, Rittner C, Freitag CM, et al.
Differential Genetic Determination of Immune Responsiveness to Hepatitis
B Surface Antigen and to Hepatitis A Virus: A Vaccination Study in Twins.
Lancet (2002) 360(9338):991–5. doi: 10.1016/S0140-6736(02)11083-X

15. Kubba AK, Taylor P, Graneek B, Strobel S. Non-Responders to Hepatitis B
Vaccination: A Review. Commun Dis Public Health (2003) 6(2):106–12.

16. Liu F, Guo Z, Dong C. Influences of Obesity on the Immunogenicity of
Hepatitis B Vaccine. Hum Vaccin Immunother (2017) 13(5):1014–7.
doi: 10.1080/21645515.2016.1274475

17. Yang S, Tian G, Cui Y, Ding C, Deng M, Yu C, et al. Factors Influencing
Immunologic Response to Hepatitis B Vaccine in Adults. Sci Rep (2016)
6:27251. doi: 10.1038/srep27251

18. Young KM, Gray CM, Bekker LG. Is Obesity a Risk Factor for Vaccine Non-
Responsiveness? PloS One (2013) 8(12):e82779. doi: 10.1371/journal.pone.
0082779

19. Bocher WO, Herzog-Hauff S, Herr W, Heermann K, Gerken G, Meyer Zum
Buschenfelde KH, et al. Regulation of the Neutralizing Anti-Hepatitis B
Surface (HBs) Antibody Response In Vitro in HBs Vaccine Recipients and
Patients With Acute or Chronic Hepatitis B Virus (HBV) Infection. Clin Exp
Immunol (1996) 105(1):52–8. doi: 10.1046/j.1365-2249.1996.d01-732.x

20. Salazar M, Deulofeut H, Granja C, Deulofeut R, Yunis DE, Marcus-Bagley D,
et al. Normal HBsAg Presentation and T-Cell Defect in the Immune Response
of Nonresponders. Immunogenetics (1995) 41(6):366–74. doi: 10.1007/
BF00163994

21. Avanzini MA, Belloni C, Soncini R, Ciardelli L, de Silvestri A, Pistorio A, et al.
Increment of Recombinant Hepatitis B Surface Antigen-Specific T-Cell
Precursors After Revaccination of Slow Responder Children. Vaccine (2001)
19(20-22):2819–24. doi: 10.1016/s0264-410x(01)00007-x

22. Chedid MG, Deulofeut H, Yunis DE, Lara-Marquez ML, Salazar M, Deulofeut
R, et al. Defect in Th1-Like Cells of Nonresponders to Hepatitis B Vaccine.
Hum Immunol (1997) 58(1):42–51. doi: 10.1016/s0198-8859(97)00209-7

23. Jafarzadeh A, Shokri F. The Antibody Response to HBs Antigen is Regulated
by Coordinated Th1 and Th2 Cytokine Production in Healthy Neonates. Clin
Exp Immunol (2003) 131(3):451–6. doi: 10.1046/j.1365-2249.2003.02093.x

24. Kardar GA, Jeddi-Tehrani M, Shokri F. Diminished Th1 and Th2 Cytokine
Production in Healthy Adult Nonresponders to Recombinant Hepatitis B
Vaccine. Scand J Immunol (2002) 55(3):311–4. doi: 10.1046/j.1365-
3083.2002.01057.x
September 2021 | Volume 12 | Article 713351

https://www.frontiersin.org/articles/10.3389/fimmu.2021.713351/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.713351/full#supplementary-material
https://www.who.int/hepatitis/publications/global-hepatitis-report2017/en/
https://www.who.int/hepatitis/publications/global-hepatitis-report2017/en/
https://doi.org/10.1093/epirev/mxj009
https://doi.org/10.1016/j.vaccine.2008.09.056
https://www.cdc.gov/hepatitis/hbv/hbvfaq.htm
https://doi.org/10.1086/589722
https://doi.org/10.1002/jmv.20524
https://doi.org/10.1002/jmv.20524
https://doi.org/10.3748/wjg.v20.i30.10383
https://doi.org/10.3748/wjg.v20.i30.10383
https://doi.org/10.1007/s00705-019-04369-9
https://doi.org/10.1016/j.vaccine.2006.01.007
https://doi.org/10.1016/j.vaccine.2004.02.046
https://doi.org/10.1016/s1386-6532(03)00087-8
https://doi.org/10.1002/hep.20740
https://doi.org/10.1016/j.vaccine.2006.04.016
https://doi.org/10.1016/S0140-6736(02)11083-X
https://doi.org/10.1080/21645515.2016.1274475
https://doi.org/10.1038/srep27251
https://doi.org/10.1371/journal.pone.0082779
https://doi.org/10.1371/journal.pone.0082779
https://doi.org/10.1046/j.1365-2249.1996.d01-732.x
https://doi.org/10.1007/BF00163994
https://doi.org/10.1007/BF00163994
https://doi.org/10.1016/s0264-410x(01)00007-x
https://doi.org/10.1016/s0198-8859(97)00209-7
https://doi.org/10.1046/j.1365-2249.2003.02093.x
https://doi.org/10.1046/j.1365-3083.2002.01057.x
https://doi.org/10.1046/j.1365-3083.2002.01057.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Körber et al. Breg in HepB Vaccine Non-Responsiveness
25. Chekol Abebe E, Asmamaw Dejenie T, Mengie Ayele T, Dagnew Baye N,
Agegnehu Teshome A, Tilahun Muche Z. The Role of Regulatory B Cells in
Health and Diseases: A Systemic Review. J Inflamm Res (2021) 14:75–84.
doi: 10.2147/JIR.S286426

26. Sanaei MJ, Nahid-Samiei M, Abadi MSS, ArjmandMH, Ferns GA, Bashash D,
et al. New Insights Into Regulatory B Cells Biology in Viral, Bacterial, and
Parasitic Infections. Infect Genet Evol (2021) 89:104753. doi: 10.1016/
j.meegid.2021.104753

27. Barsotti NS, Almeida RR, Costa PR, Barros MT, Kalil J, Kokron CM. IL-10-
Producing Regulatory B Cells Are Decreased in Patients With Common
Variable Immunodeficiency. PloS One (2016) 11(3):e0151761. doi: 10.1371/
journal.pone.0151761

28. Esteve-Sole A, Teixido I, Deya-Martinez A, Yague J, Plaza-Martin AM, Juan
M, et al. Characterization of the Highly Prevalent Regulatory CD24hiCD38hi
B-Cell Population in Human Cord Blood. Front Immunol (2017) 8:201.
doi: 10.3389/fimmu.2017.00201

29. Jansen K, Cevhertas L, Ma S, Satitsuksanoa P, Akdis M, van de Veen W.
Regulatory B cells, A to Z. Allergy (2021) 76(9):2699–715. doi: 10.1111/
all.14763

30. Rosser EC, Mauri C. Regulatory B Cells: Origin, Phenotype, and Function.
Immunity (2015) 42(4):607–12. doi: 10.1016/j.immuni.2015.04.005

31. Ticha O, Moos L, Wajant H, Bekeredjian-Ding I. Expression of Tumor
Necrosis Factor Receptor 2 Characterizes TLR9-Driven Formation of
Interleukin-10-Producing B Cells. Front Immunol (2017) 8:1951.
doi: 10.3389/fimmu.2017.01951

32. Wasik M, Nazimek K, Bryniarski K. Regulatory B Cell Phenotype and
Mechanism of Action: The Impact of Stimulating Conditions. Microbiol
Immunol (2018) 62(8):485–96. doi: 10.1111/1348-0421.12636

33. Iwata Y, Matsushita T, Horikawa M, Dilillo DJ, Yanaba K, Venturi GM, et al.
Characterization of a Rare IL-10-Competent B-Cell Subset in Humans That
Parallels Mouse Regulatory B10 Cells. Blood (2011) 117(2):530–41.
doi: 10.1182/blood-2010-07-294249

34. Yang M, Du C, Wang Y, Liu J. Increased CD19+CD24+CD27+ B Regulatory
Cells are Associated With Insulin Resistance in Patients With Type I
Hashimoto's Thyroiditis. Mol Med Rep (2017) 15(6):4338–45. doi: 10.3892/
mmr.2017.6507

35. Yang M, Rui K, Wang S, Lu L. Regulatory B Cells in Autoimmune Diseases.
Cell Mol Immunol (2013) 10(2):122–32. doi: 10.1038/cmi.2012.60

36. Das A, Ellis G, Pallant C, Lopes AR, Khanna P, Peppa D, et al. IL-10-
Producing Regulatory B Cells in the Pathogenesis of Chronic Hepatitis B
Virus Infection. J Immunol (2012) 189(8):3925–35. doi: 10.4049/jimmunol.
1103139

37. Rosser EC, Blair PA, Mauri C. Cellular Targets of Regulatory B Cell-Mediated
Suppression. Mol Immunol (2014) 62(2):296–304. doi: 10.1016/j.molimm.
2014.01.014

38. Bolther M, Andersen KLD, Tolstrup M, Visvanathan K, Woolley I, Skinner N,
et al. Levels of Regulatory B Cells Do Not Predict Serological Responses to
Hepatitis B Vaccine.Hum Vaccin Immunother (2018) 14(6):1–6. doi: 10.1080/
21645515.2018.1441653

39. Garner-Spitzer E, Wagner A, Paulke-Korinek M, Kollaritsch H, Heinz FX,
Redlberger-Fritz M, et al. Tick-Borne Encephalitis (TBE) and Hepatitis B
Nonresponders Feature Different Immunologic Mechanisms in Response to
TBE and Influenza Vaccination With Involvement of Regulatory T and B
Cells and IL-10. J Immunol (2013) 191(5):2426–36. doi: 10.4049/
jimmunol.1300293

40. Körber N, Behrends U, Hapfelmeier A, Protzer U, Bauer T. Validation of an
IFNgamma/IL2 FluoroSpot Assay for Clinical Trial Monitoring. J Transl Med
(2016) 14(1):175. doi: 10.1186/s12967-016-0932-7

41. Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd edVol. 567.
Hillsdale, NJ: Erlbaum (1988).

42. Harder T, Remschmidt C, Falkenhorst G, Zimmermann R, Hengel H, Ledig T,
et al. Background Paper to the Revised Recommendation for Hepatitis B
Vaccination of Persons at Particular Risk and for Hepatitis B Postexposure
Prophylaxis in Germany. Bundesgesundheitsblatt Gesundheitsforschung
Gesundheitsschutz (2013) 56(11):1565–76. doi: 10.1007/s00103-013-1845-8

43. McDermott AB, Cohen SB, Zuckerman JN, Madrigal JA. Human Leukocyte
Antigens Influence the Immune Response to a Pre-s/S Hepatitis B Vaccine.
Vaccine (1999) 17(4):330–9. doi: 10.1016/s0264-410x(98)00203-5
Frontiers in Immunology | www.frontiersin.org 12
44. van de Veen W, Stanic B, Yaman G, Wawrzyniak M, Sollner S, Akdis DG,
et al. IgG4 Production Is Confined to Human IL-10-Producing Regulatory B
Cells That Suppress Antigen-Specific Immune Responses. J Allergy Clin
Immunol (2013) 131(4):1204–12. doi: 10.1016/j.jaci.2013.01.014

45. Heine G, Drozdenko G, Grun JR, Chang HD, Radbruch A, Worm M.
Autocrine IL-10 Promotes Human B-Cell Differentiation Into IgM- or IgG-
Secreting Plasmablasts. Eur J Immunol (2014) 44(6):1615–21. doi: 10.1002/
eji.201343822

46. Dang VD, Hilgenberg E, Ries S, Shen P, Fillatreau S. From the Regulatory
Functions of B Cells to the Identification of Cytokine-Producing Plasma Cell
Subsets. Curr Opin Immunol (2014) 28:77–83. doi: 10.1016/j.coi.2014.02.009

47. Shapira MY, Zeira E, Adler R, Shouval D. Rapid Seroprotection Against
Hepatitis B Following the First Dose of a Pre-S1/Pre-S2/S Vaccine. J Hepatol
(2001) 34(1):123–7. doi: 10.1016/s0168-8278(00)00082-9

48. Shouval D, Roggendorf H, Roggendorf M. Enhanced Immune Response to
Hepatitis B Vaccination Through Immunization With a Pre-S1/Pre-S2/S
Vaccine. Med Microbiol Immunol (2015) 204(1):57–68. doi: 10.1007/
s00430-014-0374-x

49. Krawczyk A, Ludwig C, Jochum C, Fiedler M, Heinemann FM, Shouval D,
et al. Induction of a Robust T- and B-Cell Immune Response in Non- and
Low-Responders to Conventional Vaccination Against Hepatitis B by Using a
Third Generation PreS/S Vaccine. Vaccine (2014) 32(39):5077–82.
doi: 10.1016/j.vaccine.2014.06.076

50. Elhanan E, Boaz M, Schwartz I, Schwartz D, Chernin G, Soetendorp H, et al. A
Randomized, Controlled Clinical Trial to Evaluate the Immunogenicity of a
PreS/S Hepatitis B Vaccine Sci-B-Vac, as Compared to Engerix B((R)),
Among Vaccine Naive and Vaccine Non-Responder Dialysis Patients. Clin
Exp Nephrol (2018) 22(1):151–8. doi: 10.1007/s10157-017-1416-7

51. Coursaget P, Bringer L, Sarr G, Bourdil C, Fritzell B, Blondeau C, et al.
Comparative Immunogenicity in Children of Mammalian Cell-Derived
Recombinant Hepatitis B Vaccine and Plasma-Derived Hepatitis B Vaccine.
Vaccine (1992) 10(6):379–82. doi: 10.1016/0264-410x(92)90067-t

52. McDermott AB, Zuckerman JN, Sabin CA, Marsh SG, Madrigal JA.
Contribution of Human Leukocyte Antigens to the Antibody Response to
Hepatitis B Vaccination. Tissue Antigens (1997) 50(1):8–14. doi: 10.1111/
j.1399-0039.1997.tb02827.x

53. Zuckerman JN, Zuckerman AJ, Symington I, Du W, Williams A, Dickson B,
et al. Evaluation of a New Hepatitis B Triple-Antigen Vaccine in Inadequate
Responders to Current Vaccines. Hepatology (2001) 34(4 Pt 1):798–802.
doi: 10.1053/jhep.2001.27564

54. Valats JC, Tuaillon E, Funakoshi N, Hoa D, Brabet MC, Bollore K, et al.
Investigation of Memory B Cell Responses to Hepatitis B Surface Antigen in
Health Care Workers Considered as non-Responders to Vaccination. Vaccine
(2010) 28(39):6411–6. doi: 10.1016/j.vaccine.2010.07.058

55. Rahman F, Dahmen A, Herzog-Hauff S, Bocher WO, Galle PR, Lohr HF.
Cellular and Humoral Immune Responses Induced by Intradermal or
Intramuscular Vaccination With the Major Hepatitis B Surface Antigen.
Hepatology (2000) 31(2):521–7. doi: 10.1002/hep.510310237

56. Chisari FV, Isogawa M, Wieland SF. Pathogenesis of Hepatitis B Virus
Infection. Pathol Biol (Paris) (2010) 58(4):258–66. doi: 10.1016/
j.patbio.2009.11.001

57. Mosmann TR, Coffman RL. TH1 and TH2 Cells: Different Patterns of
Lymphokine Secretion Lead to Different Functional Properties. Annu Rev
Immunol (1989) 7:145–73. doi: 10.1146/annurev.iy.07.040189.001045

58. Mosmann TR, Sad S. The Expanding Universe of T-Cell Subsets: Th1, Th2
and More. Immunol Today (1996) 17(3):138–46. doi: 10.1016/0167-5699(96)
80606-2

59. Larsen CE, Xu J, Lee S, Dubey DP, Uko G, Yunis EJ, et al. Complex Cytokine
Responses to Hepatitis B Surface Antigen and Tetanus Toxoid in Responders,
Nonresponders and Subjects Naive to Hepatitis B Surface Antigen. Vaccine
(2000) 18(26):3021–30. doi: 10.1016/s0264-410x(00)00084-0

60. Shokrgozar MA, Shokri F. Enumeration of Hepatitis B Surface Antigen-
Specific B Lymphocytes in Responder and Non-Responder Normal
Individuals Vaccinated With Recombinant Hepatitis B Surface Antigen.
Immunology (2001) 104(1):75–9. doi: 10.1046/j.1365-2567.2001.01273.x

61. Goncalves L, Albarran B, Salmen S, Borges L, Fields H, Montes H, et al. The
Nonresponse to Hepatitis B Vaccination Is AssociatedWith Impaired Lymphocyte
Activation. Virology (2004) 326(1):20–8. doi: 10.1016/j.virol.2004.04.042
September 2021 | Volume 12 | Article 713351

https://doi.org/10.2147/JIR.S286426
https://doi.org/10.1016/j.meegid.2021.104753
https://doi.org/10.1016/j.meegid.2021.104753
https://doi.org/10.1371/journal.pone.0151761
https://doi.org/10.1371/journal.pone.0151761
https://doi.org/10.3389/fimmu.2017.00201
https://doi.org/10.1111/all.14763
https://doi.org/10.1111/all.14763
https://doi.org/10.1016/j.immuni.2015.04.005
https://doi.org/10.3389/fimmu.2017.01951
https://doi.org/10.1111/1348-0421.12636
https://doi.org/10.1182/blood-2010-07-294249
https://doi.org/10.3892/mmr.2017.6507
https://doi.org/10.3892/mmr.2017.6507
https://doi.org/10.1038/cmi.2012.60
https://doi.org/10.4049/jimmunol.1103139
https://doi.org/10.4049/jimmunol.1103139
https://doi.org/10.1016/j.molimm.2014.01.014
https://doi.org/10.1016/j.molimm.2014.01.014
https://doi.org/10.1080/21645515.2018.1441653
https://doi.org/10.1080/21645515.2018.1441653
https://doi.org/10.4049/jimmunol.1300293
https://doi.org/10.4049/jimmunol.1300293
https://doi.org/10.1186/s12967-016-0932-7
https://doi.org/10.1007/s00103-013-1845-8
https://doi.org/10.1016/s0264-410x(98)00203-5
https://doi.org/10.1016/j.jaci.2013.01.014
https://doi.org/10.1002/eji.201343822
https://doi.org/10.1002/eji.201343822
https://doi.org/10.1016/j.coi.2014.02.009
https://doi.org/10.1016/s0168-8278(00)00082-9
https://doi.org/10.1007/s00430-014-0374-x
https://doi.org/10.1007/s00430-014-0374-x
https://doi.org/10.1016/j.vaccine.2014.06.076
https://doi.org/10.1007/s10157-017-1416-7
https://doi.org/10.1016/0264-410x(92)90067-t
https://doi.org/10.1111/j.1399-0039.1997.tb02827.x
https://doi.org/10.1111/j.1399-0039.1997.tb02827.x
https://doi.org/10.1053/jhep.2001.27564
https://doi.org/10.1016/j.vaccine.2010.07.058
https://doi.org/10.1002/hep.510310237
https://doi.org/10.1016/j.patbio.2009.11.001
https://doi.org/10.1016/j.patbio.2009.11.001
https://doi.org/10.1146/annurev.iy.07.040189.001045
https://doi.org/10.1016/0167-5699(96)80606-2
https://doi.org/10.1016/0167-5699(96)80606-2
https://doi.org/10.1016/s0264-410x(00)00084-0
https://doi.org/10.1046/j.1365-2567.2001.01273.x
https://doi.org/10.1016/j.virol.2004.04.042
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Körber et al. Breg in HepB Vaccine Non-Responsiveness
62. Nystrom J, Cardell K, Bjornsdottir TB, Fryden A, Hultgren C, Sallberg M.
Improved Cell Mediated Immune Responses After Successful Re-Vaccination
of Non-Responders to the Hepatitis B Virus Surface Antigen (HBsAg)
Vaccine Using the Combined Hepatitis A and B Vaccine. Vaccine (2008) 26
(47):5967–72. doi: 10.1016/j.vaccine.2008.08.054

Conflict of Interest: UP received funding for the project from the Helmholtz
Association in context of the iMed initiative and the Helmholtz-Alberta-Initiative
in Infectious Disease Research. UP serves as scientific advisor for Gilead,
Leukocare, Abbvie, MSD, Arbutus, GSK, Vaccitech, Biontech, and Dicerna.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Frontiers in Immunology | www.frontiersin.org 13
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Körber, Pohl, Weinberger, Grubeck-Loebenstein, Wawer, Knolle,
Roggendorf, Protzer and Bauer. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
September 2021 | Volume 12 | Article 713351

https://doi.org/10.1016/j.vaccine.2008.08.054
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Hepatitis B Vaccine Non-Responders Show Higher Frequencies of CD24highCD38high Regulatory B Cells and Lower Levels of IL-10 Expression Compared to Responders
	1 Introduction
	2 Materials and Methods
	2.1 Study Cohorts
	2.2 Determination of Serum Anti-HBs Levels
	2.3 Isolation and Cryoconservation of PBMC
	2.4 Thawing and Resting of PBMC
	2.5 Flow Cytometry-Based Analysis of Cell Frequencies and Cytokine Production
	2.5.1 Ex Vivo Stimulation of PBMC
	2.5.2 Surface Marker and Intracellular Cytokine Staining
	2.5.3 Data Acquisition
	2.5.4 Gating Strategy
	2.5.5 Data Interpretation

	2.6 Statistical Analysis

	3 Results
	3.1 Vaccination With Third-Generation Hepatitis B Vaccine Sci-B-Vac Overcomes Non-Responsiveness to Second-Generation Hepatitis B Vaccination
	3.2 Vaccine Non-Responders Showed Higher Numbers of CD24highCD38high Breg And Lower Breg-Derived IL-10 Expression Compared to Vaccine Responders
	3.3 Significant Lower Frequencies of B10+ Cells in Vaccine Non-Responders Compared to Responders
	3.4 Frequencies of CD24+CD27+ and CD24highCD38high Breg Decreased Upon Booster Vaccination With Third-Generation Vaccine but Remained Stable Upon Second-Generation Vaccine Booster Immunization
	3.5 Third-Generation Hepatitis B Vaccine Low- and High-Responders Showed Different Frequencies of CD24+CD27+ And CD24highCD38high Breg Before and One Week After Booster Vaccination

	4 Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


