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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

Erika Garner-Spitzer,* Angelika Wagner,* Maria Paulke-Korinek,* Herwig Kollaritsch,*
Franz X. Heinz,” Monika Redlberger-Fritz,” Karin Stiasny,” Gottfried F. Fischer,*
Michael Kundi,§ and Ursula Wiedermann®*

Low responsiveness/nonresponsiveness is characterized by an insufficient immune response upon primary and/or booster vacci-
nation and affects 1-10% of vaccinees. In the current study, we aimed to investigate whether nonresponsiveness is an Ag/vaccine-
specific phenomenon and to clarify underlying immunological mechanisms. Nonresponders to tick-borne encephalitis (TBE) or
hepatitis B Ag with a history of previous TBE vaccinations were booster vaccinated with TBE and influenza vaccine and compared
with TBE high responders in terms of humoral and cellular immune response. Postboosters in TBE high responder existing TBE
titers increased, and solid humoral responses to influenza vaccine were induced. In TBE nonresponders, low to undetectable
prevaccination TBE titers remained low, whereas sufficient influenza Abs were induced. In both TBE groups, a positive corre-
lation of humoral and cellular immune response was seen as high/low TBE titers were associated with sufficient/lack of Ag-specific
T cell proliferation. Furthermore, responses to influenza were robust in terms of Abs and cytokine production. In contrast, in
hepatitis B nonresponders, sufficient humoral responses to TBE and influenza Ags were induced despite lacking specific IL-2 and
IFN-y production. Importantly, these patients showed high IL-10 baseline levels in vitro. HLA-DR subtypes associated with
hepatitis B nonresponsiveness were overrepresented in this group, and high IL-10 levels were linked to these subtypes. Whereas
TBE and hepatitis B nonresponders had increased IL-10-producing FOXP3* T regulatory cells upon vaccination, only in hepatitis
B nonresponders, showing elevated prevaccination IL-10 levels, a prominent population of B regulatory cells was detected. We
conclude that immunological pathways of nonresponsiveness follow different patterns depending both on vaccine Ag and genetic

predisposition of the vaccinee.

P I onresponsiveness is currently defined as the inability of
a vaccinee to produce sufficient protective Ab responses
after a completed primary and/or booster vaccination.

This phenomenon affects 1-10% of vaccinated individuals depending

on the type of vaccination. A booster immunization with a sub-

sequent check of the specific Ab titer is the current state of the art
to distinguish nonresponders from individuals who show a decline
in Ab levels that can be boostered. To date, the immunological
background of vaccination failures remains largely unclear; it is
unknown whether nonresponsiveness relates to only one or rather
to several vaccine Ags, whether nonresponders have a higher
susceptibility to infection and/or to a more severe course of the
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disease, and whether vaccination breakthroughs occur in these
individuals.

Vaccination failures have been observed and described in the
context of several routine vaccinations. Best documented is non-
responsiveness to hepatitis B vaccine in which up to 10% of
healthy, immune-competent vaccinees do not mount protective Ab
responses to the most common hepatitis B vaccines containing the
hepatitis B surface (HBs) Ag (1, 2). Measurement of anti-HBs Ab
levels is used to determine protection against hepatitis B. The
minimum level of Abs allowing for protection against HBV is
defined as >10 mIU/ml (3). Because the number of hepatitis B
nonresponders is significant and protection is of crucial impor-
tance for risk populations such as health care professionals, this
specific type of vaccination failure has been investigated in more
detail. Risk factors such as obesity, heavy smoking, or renal dis-
ease have been determined (4, 5), and, additionally, certain HLA
class II subtypes (HLA-DRB1, HLA-DQB1) have been associated
with nonresponsiveness to current hepatitis B vaccines (6). Also,
the role of IL-10 in hepatitis B nonresponsiveness has been
highlighted in several studies. Nonresponders frequently display
a genotype of high TGF-B and IL-10 secretion (7) as well as
a functional polymorphism in the IL-10 promoter that negatively
influences humoral immune response to hepatitis B vaccine (8).

Similar to hepatitis B, nonresponders have also been detected
among hepatitis A vaccinees. Vaccination against hepatitis A was
established in the 1990s with a prediction of long lasting protection
(9, 10). To determine the long-term Ab persistence 10 y after
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primary vaccination, a clinical trial with >1000 participants was
conducted at our institute (11). In the scope of this investigation,
a small group of vaccinees (2%) with anti-hepatitis A virus Ab
levels below protection level could be identified, and, in a booster
study performed with these individuals, we could confirm a seg-
ment of true nonresponders whose Ab levels remained low after
revaccination. Lack of Abs correlated with reduced cellular im-
mune responses, for example, Ag-specific in vitro cytokine pro-
duction and also with a decreased expression of the hepatitis A
virus—specific receptor on T cells (12).

Tick-borne encephalitis (TBE) virus is presently highly endemic
in Austria and in other Northern, Central, and Eastern European
countries and parts of Russia. A rigorous vaccination campaign in
Austria led to a sharp decline of TBE morbidity, and presently
~90% of the population is vaccinated against TBE (13). Our ex-
tensive studies on persistence of protective TBE immunity
revealed that, 3 y after booster vaccination, 10% of the investi-
gated individuals had anti-TBE titers below protection level, for
example, neutralization test (NT) titers <1:10 (14). In half of
these unprotected vaccines, the NT titers could be boostered while
remaining low in others, resulting in a non/low-responder rate of
~5% (15, 16). Notably, these non/low responders were most fre-
quently found in the age group >50, indicating that immunose-
nescence possibly contributes to this type of nonresponsiveness.

From these observations, several questions arose, for example,
whether nonresponsiveness is a general phenomenon of genetically
predisposed persons or an Ag-specific effect; whether there is
a correlation of humoral and cellular immune responses; and
whether there are cellular prediction markers of nonresponsiveness.
To answer these questions, we included two different types of
nonresponders in the current study, that is, TBE nonresponders and
hepatitis B nonresponders. Individuals with high Ab responsive-
ness to TBE served as a control group. All vaccinees included in the
study had a history of previous TBE vaccination. Two different
vaccines, namely TBE and influenza, were administered to the
three groups, and the immune responsiveness of the study par-
ticipants was compared at the humoral and cellular level. Vaccine-
specific titer levels measured prior to and over a time period of 6 mo
postvaccination were correlated with in vitro cytokine production
of Ag-specific restimulated blood mononuclear cells. Additionally
naive, memory, and regulatory subpopulations of lymphocytes
were characterized to elucidate the underlying immunologic
mechanisms responsible for the impaired immune responses to
vaccination.

Materials and Methods
Study population

Healthy adults (>18 y, no upper age limit) of both sexes with a docu-
mented complete primary TBE vaccination plus one booster were included
in the study. The individuals were recruited from a pool of vaccinees that
participated in earlier studies on protective immunity to TBE and hep-
atitis B at our institute in cooperation with the affiliated outpatient clinic.
After signing written informed consent, 67 participants were enrolled in
the study, and three age- and gender-matched groups fulfilling the fol-
lowing inclusion criteria were established: TBE nonresponders with
TBE NT titers <1:10 (n = 23); hepatitis B nonresponders with anti-HBs
Ag-Ab levels <10 mIU/ml (despite primary hepatitis B immunization
plus one booster) and a history of completed TBE vaccination (n = 22);
and TBE high responders with NT >1:30 (n = 22), who served as an
immunocompetent control group (Fig. 1A). After initial blood sampling
(day 0), the study participants received a TBE booster and an influenza
vaccination, and 1 wk, 8 wk, and 6 mo after the vaccinations, further
blood samples were drawn. From the samples taken before and 1 wk after
booster vaccination, both plasma and PBMCs were prepared to eval-
uate humoral and cellular parameters, 8 wk and 6 mo after booster only
plasma was used for Ab kinetic analyses (Fig. 1B). The clinical trial was
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conducted with the approval of the Ethical Committee of the Medical
University of Vienna (registration number 474/2008) and the national
regulatory authority.

Vaccines

Participants received the TBE vaccine FSME-IMMUN 0.5 ml, containing
2.4 g inactivated TBE virus (strain Neudorfl). Because the recruitment
took place over the course of 2 y, two different seasonal influenza vaccines
were used. Patients received either Inflexal V 2008/2009, 0.5 ml, con-
taining 15 g hemagglutinin of A/Brisbane HINI-like, of A/Uruguay
H3N2-like, and of B/Florida B-strain or Inflexal V 2009/2010, 0.5 ml,
containing identical A strains, but B/Brisbane B strain. Both types of
vaccines are licensed in Austria, FSME-IMMUN (Baxter Innovations)
since 1996 and Inflexal V (Berna Biotech Crucell) since 2002. All vaccines
were stored at 2-6°C until usage.

Specific Ab titer levels to TBE and influenza Ag

Anti-TBE virus Abs were measured by NT in plasma samples obtained prior
to and 1 wk, 8 wk, and 6 mo after booster (stored at —20°C until evaluation).
Neutralization assays were carried out in microtiter plates using baby
hamster kidney cells (American Type Culture Collection BHK-21), as
described previously (17, 18). Twofold serial dilutions of polyclonal sera
were mixed with 25 PFU virus (starting dilution of the serum in the
mixture, 1:10) and incubated for 1 h at 37°C. BHK-21 cells were added,
and incubation was continued for 3 d. The presence of virus in the su-
pernatant was determined by four-layer ELISA. The virus neutralization
titer was defined as the reciprocal of the serum dilution that gave a 90%
reduction in the absorbance readout in the assay compared with the control
without Ab.

Virus-specific Abs measured by hemagglutination inhibition (HAI) test
are associated with protective immunity against influenza. According to the
Centers for Disease Control and Prevention guidelines, a protective post-
vaccination titer is either considered as HAI titer of >1:40 or as fold in-
crease >2 of geometric mean titers (GMT) reaching a HAI titer of >1:40
(19). In the current study, we referred to fold increase of GMT in our study
groups using the World Health Organization standard methodology for
HAI tests (20). In brief, two serial 2-fold dilutions of the sera were pre-
pared. The diluted sera were incubated either with the hemagglutinin Ag of
the respective influenza strains present in the vaccines or with the solvent.
Thereafter, a suspension of chicken erythrocytes was added. Haemag-
glutination occurred with virus Ag in the absence of sufficient inhibiting
Abs. The HAI titer is the reciprocal value of the highest dilution inhibiting
hemagglutination. The titer assigned to each sample is the geometric mean
of two independent determinations. NT and HAI assay were carried out at
the Department of Virology at the Medical University of Vienna.

Ag-specific in vitro restimulation of PBMC

PBMC were prepared by standard Ficoll-Paque centrifugation and stored, as
previously described (12). For in vitro restimulation of PBMC, TBE virus
Ag (strain Neudorfl) and influenza Ag (identical strains as in Inflexal V
2008/2009 and 2009/2010, respectively) were used. Ag TBE TICOVAC
like was provided by Baxter Innovation (Vienna, Austria). The Ag con-
centration was equivalent to the used vaccine (2.4 pg inactivated TBE
virus, strain Neudorfl per 500 wl solvent, final concentration 4.8 pg/ml).
Aluminum hydroxide, formalin, and stabilizing agents had been removed
below detection levels by the manufacturer, and a final concentration of
0.048 pg Ag/well was used. Inflexal V final product 2008/2009 was ob-
tained from Berna Biotech Crucell (Berne, Switzerland) and comprised
three influenza strains, as follows: A/Brisbane HINI1-like, A/Uruguay
H3N2-like, and B/Florida B-strain. Product 2009/2010 contained identi-
cal influenza A strains, but B/Brisbane B strain. Inflexal V final product
comprises 30 pg/ml hemagglutinin of each strain, resulting in 90 pg/ml
total concentration; it was used for restimulation at 0.75 pg/well.

For in vitro restimulation, frozen PBMC were thawed and re-established
in complete RPMI 1640 medium. Cells in triplicates were plated in 96-well
round-bottom plates at 8 X 10°/well. The respective Ag dilutions were
added to a total culture volume of 200 wl. The superantigen Staphylo-
coccus enterotoxin B (0.2 wg/well) was used as positive control, and cells
incubated only with media provided baseline levels. Cultures were main-
tained for 48 h at 37°C, 5% CO,, and 95% humidity; subsequently, the
supernatants were harvested, pooled, and stored at —20°C until analysis.

Quantification of cytokine production in supernatants

Cytokines IL-2, IFN-y, and IL-10 were quantified in culture supernatants
via Luminex technology with Fluorokine MAP Human Base Kit A (R&D
Systems) using fluorescently labeled microsphere beads and a Luminex
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A

TBE high TBE non HepB non
n 22 23 22
mean age (years)? 60 (40-87) 63 (41-84) 63 (47-82)
gender (m/f) 1012 9/14 10/12
Inclusion criteria aHBs-Ag
(titer) NT >1:30 NT <1:10 <10 miU/ml
B + FSME-IMMUN®
+ Inflexal® V
blood sampling: do 1w 8w 6 mo g
—_—
cellular response
—

humoral response

FIGURE 1. Study characteristics. (A) Demographic data and inclusion
criteria of study participants enrolled in the three groups. “Mean values and
range. f, female; aHBs-Ag, anti—hepatitis B surface Ag—Abs; m, male; NT,
NT titer. (B) Timeline of blood sampling, vaccinations, and immunological
evaluations. FSME-IMMUN, TBE booster vaccination; Inflexal V, influ-
enza booster vaccination.

reader. In a provided 96-well microplate, 50 pl culture supernatants
(duplicates in 1:2 dilutions) were incubated with 50 wl fluorescently la-
beled microsphere beads for 3 h at 20°C. Then the plate was washed three
times and incubated with 50 wl biotin detection Ab for 1 h at room tem-
perature. After 30 min of incubation with 50 .l streptavidin-PE, the plate
was run on the Luminex platform. The concentrations of cytokines were
calculated via standard curves determined with known concentrations of
cytokines provided by the manufacturer.

TGF-B levels in supernatants were assessed in duplicates with eBio-
science Human/Mouse TGF-B1 ELISA Ready-SET-Go! Kit (sensitivity
60 pg/ml).

Cytokine data sets were only included in the calculation of mean values if
the restimulated PBMCs showed robust IFN-y and/or IL-2 production in
response to superantigen Staphylococcus enterotoxin B as positive control.

A

Data sets lacking a response to the positive control were excluded, indi-
cating a poor viability of PBMC or methodological problems.

Immunofluorescent staining and cytometric analyses

PBMC preparations were washed once with PBS/0.5% BSA/0.5% sodium
azide, diluted to 5 X 10° cells per micronic tube, and blocked with 20%
human AB serum for 20 min. Surface staining was done with directly
conjugated mAbs for 30 min at 4°C in the dark; staining of IgD required
two steps, as follows: biotinylated anti-IgD Ab was incubated for 30 min,
followed by streptavidin-allophycocyanin Ab for 30 min. For intracellular
staining of IL-10 and granzyme B, cells with completed surface staining
were incubated with fixation/permeabilization buffer (eBioscience) for 30
min in the dark, then washed and resuspended in permeabilization buffer
(eBioscience) and stained with specific intracellular mAbs for 30 min at
4°C in the dark. After final washing with permeabilization buffer, cells
were resuspended in FACS staining buffer (eBioscience) for analysis.

All stained PBMC were analyzed on FACSCalibur flow cytometer (BD
Biosciences) by gating on cells with forward and side light scatter properties
of lymphocytes using BD CellQuest software. Isotype-matched control Abs
were used to verify the staining specificity of the experimental Abs.

mAb for surface staining

The following mAbs were used: anti-human CD19 FITC (mouse IgG1k),
anti-human CD27 PE (mouse IgGlk), anti-human IgD-biotin (mouse
IgG2ak), streptavidin-allophycocyanin; anti-human CD45RA PE (mouse
IgG2bk), anti-human CD4 PerCP (mouse IgG1k), anti-human CD8 allo-
phycocyanin (mouse IgG1k), anti-human CD4 FITC (mouse 1gG1k), anti-
human CD28 PerCP (mouse IgG1k); all listed mAbs were purchased from
BD Biosciences. Anti-human CCR7 FITC (IgG2ak) was obtained from
R&D Systems. CD24 PE (mouse IgG2ak), CD38 PE/Cy5 (mouse IgGl1k),
and CD25 PE/Cy5 (mouse IgGlk) were purchased from eBioscience.
Freshly isolated PBMC were used for flow cytometric analysis of surface
markers.

mADb for intracellular staining

Human Regulatory T-Cell Staining Kit (eBioscience) was used according to
manufacturer’s instructions for the quantification of CD4*/CD25*/FOXP3*
T cells. Intracellular staining was done with anti-human IL-10 allophy-
cocyanin (rat IgG2ak; BioLegend), anti-human granzyme B-PE (clone
GB12 mouse IgGl; Invitrogen), and anti-human FOXP3 PE (rat IgG2ak;
eBioscience). For intracellular staining of IL-10 and granzyme B, PBMC
were seeded at 3 X 10° cells in 1 ml complete RPMI 1640 and stimulated
with PMA (10 ng/ml) and ionomycin (1.25 pM) for 4 h, with brefeldin A

TBE NT titers —a— TBE high

—o— TBE non

—&—Hep B non

300
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FIGURE 2. GMT of NT and HAI test. (A) Anti-
TBE virus Abs were measured by NT before and 100
1 wk, 8 wk, and 6 mo after booster immunization. 50
Kinetics of neutralizing TBE Abs in TBE non-
responders, TBE high responders, and hepatitis B 0

nonresponders are shown. Data points are GMT do 1w 8w 6 mo
with 95% confidence interval. (B) HAI assay was B
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HALI test titers to the three influenza strains con- 175 —o—H3N2
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added at 10 wg/ml after 1 h. All intracellular staining was carried out with
PBMC stored in liquid nitrogen.

HILA class Il typing

HLA class II typing of the donor samples was done at the Department of
Blood Group Serology, Medical University of Vienna. In the blood samples
obtained for tissue typing, DNA was isolated either by salting-out method or
GenoMTM-6 (GenoVision; VertriebsGesmbH, Vienna, Austria). HLA class
II genes were typed at the high-resolution level by sequence-based typing
and comprised HLA DRB1, DRB3/4/5, and DQBI1 allele (21).

Statistical evaluation

Ab titers from NT and HAI assays were log transformed, and results are
expressed as GMT with 95% confidence interval. Due to skewed distri-
butions, cytokine data were also log transformed. Fractions of lymphocytes
were arcsine transformed to obtain normality and to remove correlation
between means and variances. Normality was assessed by Kolmogorov-
Smirnov test with Lilliefors’ correction. In all cases, no significant devi-
ation from normality was found after transformation. Statistical signifi-
cance was assessed by ANOVA and linear contrasts. Linear contrasts
specified the a priori hypotheses, as follows: difference between pre- and
postvaccination sera, and comparison between TBE responders and the
two groups of nonresponders. For presentation of data in figures and tables,
95% confidence intervals were computed after log transformation of titers
or concentrations and arcsine transformation of percentages. For all tests,
p values <0.05 were considered significant.

Results

High TBE-specific Abs induced in TBE high responders and
hepatitis B nonresponders; low TBE Abs in TBE
nonresponders upon TBE revaccination

TBE-specific neutralizing Ab titers are measured as a correlate of
protection, and NT titers >1:10 are considered protective (Fig. 1).
In TBE high responders, protective GMT were present before
booster (67.5 GMT [NT]) and increased significantly after booster
with peak titers after 2 mo at 139.6 GMT (NT). Titer assessment
6 mo after booster revealed significantly higher titer levels com-
pared with prebooster levels (101.1 GMT [NT]). In contrast, TBE
nonresponders showing GMT below protection level prebooster
(namely 6.5 GMT [NT]) displayed a slight increase to a GMT
(NT) of 9.8 after 1 wk. GMT rose to 18.0 2 mo after booster and
declined again (10.7 GMT [NT]) at 6 mo after booster vaccina-
tion. Also, in hepatitis B nonresponders, an adequate TBE im-
mune response could be observed. GMT (NT) rose from 57.1
prebooster to 109.7 1 wk postbooster, increased further to 146.8 2
mo after vaccination, and then declined to 88.9 GMT (NT) after 6
mo (Fig. 2A).

To investigate whether nonresponders produce TBE Abs with
altered avidity, we determined mean TBE IgG avidity indexes, as
described elsewhere, in the three investigated groups (22). No
significant differences were found between the groups, indicating
that the quality of vaccine-induced IgG TBE Abs was not influ-
enced in nonresponders (data not shown).

In all, TBE titers upon TBE booster remained low in TBE non-
responders, but were markedly enhanced in TBE high responders and
also hepatitis B nonresponders.

Protective titers to influenza vaccine in all three groups

The HAI Ab responses against the three influenza virus strains
contained in the vaccine were measured in all study participants
before and at the three described time points after booster vac-
cination and are depicted as GMT (Fig. 2B). In TBE high re-
sponders, the measured HAI GMT to influenza A HIN1 and
influenza B strain clearly increased, whereas titers to influenza A
H3N2 remained rather low (GMT 19.6 8 wk postbooster). The
titer increase to influenza HIN1 was very rapid in this group, and
peak GMT were measured already 1 wk after booster. In the TBE
nonresponder group, the HAI titers to both influenza A strains
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showed only moderate increase, whereas strong humoral responses to
influenza B strain were observed (peak titers 2 mo postbooster). In
hepatitis B nonresponders, the humoral response to all three influenza
strains was consistently robust with highest GMT measured 2 mo
postbooster.

In conclusion, a marked increase of influenza Ab titers to at least
one of the virus strains contained in Inflexal V was observed in all
vaccination groups.

Different cytokine production profiles after Ag-specific
restimulation of PBMC

Production of IL-2, IFN-v, and IL-10 was measured in cultures of
Ag-restimulated PBMC. Upon stimulation with TBE Ag, the

A IL2
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FIGURE 3. Quantification of cytokine secretion in PBMC after Ag-
specific restimulation. IL-2 (A), IFN-y (B), and IL-10 (C) production of
PBMC incubated with medium (first bars from left), TBE Ag (full bars),
and Inflexal Ag (third bars from left) for 48 h. IL-2, IFN-y, and IL-10
concentrations in culture supernatants were assessed with Luminex tech-
nology. Cytokine levels in pg/ml before (d0) and 1 wk (1w) after booster.
Mean values, SD, and p values are shown. ANOVA and linear contrasts,
*p < 0.05, **p < 0.01, ***p < 0.001.
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Table I. Distribution of T and B lymphocytes

CD3 CD19
T/B Cells
As % of Total Lymphocytes Day 0 1 wk Day 0 1 wk
TBE high 73.75 (70.15-77.34)* 73.54 (69.62-77.47) 4.46 (3.54-5.37) 3.87 (3.20-4.55)
TBE non 66.50 (60.72-72.29) 68.85 (64.53-73.17) 4.78 (3.48-6.07) 5.29 (3.20-7.39)
Hep B non 72.57 (67.65-77.49) 73.31 (69.70-76.91) 5.13 (4.09-6.18) 4.86 (3.46-6.26)

Mean percentages of CD3 T cells and CD19 B cells before (day 0) and 1 wk after booster vaccination in the three study groups are depicted as
percentages of total lymphocytes. Lower and upper 95% confidence intervals of mean percentages are indicated in parentheses. ANOVA and linear

contrasts.

*p < 0.05, TBE high responders (TBE high) versus TBE nonresponders (TBE non).

Hep B non, Hepatitis B nonresponders.

levels of IL-2, which is a growth factor for Ag-activated T cells
and measure of T cell proliferation, were significantly higher in
TBE high responders compared with TBE nonresponders before
booster (93.7 pg/ml versus 40.1 pg/ml). Measured 1 wk post-
booster, the IL-2 levels markedly increased in TBE high re-
sponders while remaining low in TBE nonresponders (130.8 versus
45.3 pg/ml). In hepatitis B nonresponders, who showed high pro-
tective TBE Ab titers, very low IL-2 production before booster
with only marginal increase postbooster was observed. When
stimulated with influenza Ag containing the three respective
strains, TBE high responders and TBE nonresponders showed high
IL-2 levels before booster with a significant increase postbooster,
this being in accordance with high humoral responses to influenza
vaccine. In contrast, hepatitis B nonresponders displayed low
Inflexal-specific IL-2 levels before booster (significantly lower than
in TBE groups) with nonsignificant increase postbooster despite
the fact that high anti-influenza titers had been detected in this
group (Fig. 3A).

The assessment of IFN-y production in response to stimulation
with TBE-Ag revealed a similar pattern as seen with IL-2. In TBE
high responders, IFN-y levels increased after booster from 43.9 to
101.1 pg/ml (p < 0.05), whereas in TBE nonresponders low
prebooster IFN-vy levels remained low (26.4 versus 36.7 pg/ml)
postbooster. In hepatitis B nonresponders, low IFN-vy levels to
TBE-Ag with moderate increase after booster were observed (24.7
versus 49.3 pg/ml). The IFN-y production upon stimulation with
Inflexal Ag increased significantly after booster in all three groups,
yet on a significantly lower level in hepatitis B nonresponders
(Fig. 3B).

Quantification of IL-10 in the three investigated groups revealed
differing baseline levels in unstimulated PBMC. Compared with
TBE high responders and nonresponders, unstimulated cells of
hepatitis B nonresponders showed significantly higher IL-10
baseline levels before and after booster vaccination, and, also in
restimulated PBMC, IL-10 levels were highest in this group.
Postbooster increase of IL-10 in response to TBE Ag was observed
only in TBE high responders, whereas, after restimulation with
Inflexal Ag, significant increase of IL-10 was observed in all three
groups (Fig. 3C). Additionally, IL-10 production of restimulated
cells was compared between the groups after subtraction of baseline

Table II.  Distribution of CD4 and CDS8 T cells

levels; this revealed that prebooster PBMC from hepatitis B non-
responders produced significantly more IL-10 upon TBE stimula-
tion than both TBE groups (data not shown).

Also, TGF-3 was quantified in supernatants of unstimulated and
Ag-restimulated PBMC. Significantly elevated TGF-(3 levels were
observed in unstimulated cells of TBE and hepatitis B non-
responders compared with TBE high responders; moreover, Ag-
specific restimulation did not result in increased TGF-f produc-
tion (data not shown).

In summary, the in vitro cytokine profiles revealed that high/low
levels of IL-2 and IFN-y were present in TBE high responders/
nonresponders upon TBE stimulus, whereas Inflexal induced high
levels of IL-2 and IFN-y in both TBE groups. In hepatitis B
nonresponders, low IL-2 and IFN-vy levels were measured upon
stimulation with both TBE and Inflexal, which were accompanied
by high IL-10 production in unstimulated as well as Ag-stimulated
PBMC cultures.

Flow cytometric characterization and quantification
of lymphocyte subpopulations

The magnitude of B and T lymphocyte populations, their respective
naive/memory compartments, effector function of cytotoxic
T cells, and regulatory immune cell populations were investigated
in the three study groups.

Normal T and B cell distributions in the three study groups. The
quantification of CD3 T cells and CD19 B cells as percentage of
total lymphocytes revealed a normal distribution of the respective
populations. Except for significantly more (p < 0.05) CD3 T cells
before booster in TBE high responders compared with TBE
nonresponders, no other significant differences between the three
groups before/after booster were observed. Also, percentages of
CD4 Th cells and CD8 CTL were in the normal range without
significant differences between groups before/postbooster vacci-
nations (Tables I, II).

Naive and memory subpopulations of B cells. Distinction of naive
and memory B cells was done via staining of CD27 and IgD on
B cells. A smaller population of CD27 /IgD* naive B cells was
found in hepatitis B nonresponders compared with the TBE high-
responder control group (45.3 versus 54.7% of total B cells). In
turn, hepatitis B nonresponders showed an increased percentage of

CDh4 CD8
Th/CTL
As % of Total Lymphocytes Day 0 1 wk Day 0 1 wk
TBE high 53.25 (49.29-57.21) 53.81 (49.40-58.23) 18.54 (15.66-21.42) 17.81 (14.82-20.80)
TBE non 49.38 (43.73-55.03) 51.09 (46.42-55.76) 17.72 (14.98-20.47) 17.64 (14.86-20.42)
Hep B non 50.14 (45.47-54.81) 50.37 (45.90-54.83) 19.35 (15.85-22.86) 20.10 (16.65-23.56)

Mean percentages of CD4 T cells and CD8 cytotoxic T cells before (day 0) and 1 wk after booster vaccination in the three study groups as
percentages of total lymphocytes. Lower and upper 95% confidence intervals of mean percentages are indicated in parentheses.
Hep B non, hepatitis B nonresponders; TBE high, TBE high responders; TBE non, TBE nonresponders.
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switched B memory cells (CD27*/IgD~, 29.0 versus 24.1%);
differences were not significant and remained unchanged after
booster (data not shown).

Significantly different naive and memory subpopulations of T cells.
Via expression of CCR7 and CD45RA on T cells, naive, lymph
node homing T central memory, and peripheral tissue homing T
effector memory (Tgym) populations of CD4 Th cell and CD8
cytotoxic T cells can be quantified (23). Results in CD4 T cells
showed that both nonresponder groups had a lower mean per-
centage of naive T cells (39.9% in TBE nonresponders and 46.6%
in hepatitis B nonresponders versus 52.9% in TBE high re-
sponders). In contrast, T memory populations were increased in
nonresponders, especially Tgy percentages were significantly
higher with 16.7% in TBE nonresponders (p < 0.01) and 11.6% in
hepatitis B nonresponders (p < 0.05) versus 8.8% TBE high
responders. These differences were observed both before and after
booster vaccination (Table III).

In contrast to Th cells, CD8 T cells contain a CD45RA"* Tgym
subset termed Tgyra Of ~30% (24). As seen in CD4 Th cells,
TBE and hepatitis B nonresponders had less naive CD8 T cells
than TBE high responders (22.7 and 25.3 versus 30.0% of CD8),
but only TBE nonresponders showed increased Tgy cells (31.9
versus 25.6% in TBE high responders) before booster. After booster,
a significant difference in Tgy population between TBE nonre-
sponders and high responders was observed (p < 0.05, Table IV).

1 wk
1.29 (0.76-1.81)
3.58 (1.76-5.41)
2.89 (1.15-4.65)

EMRA

Day 0
1.37 (0.72-2.03)
3.28 (1.60-4.97)

3.33 (1.29-5.38)

1 wk
15.45 (10.87-20.03)

8.8%% % (7.24-10.51)
12.63 (9.99-12.27)

EM

Day 0

TBE nonresponders have more CTLs with progressed effector
function. Coexpression of CD27 and CD28 on CD8 T cells can
be used to distinguish three functionally different subsets of CD8
effector T cells. Early differentiated CD8 T cells express both
CD27 and CD28, intermediates have a CD277/CD28 " phenotype,
and late differentiated cells are CD27 /CD28" (25). Downregu-
lation of these surface markers corresponds with a progressed/
higher differentiated effector function of CTL (Fig. 4A). The
quantification of these subsets in our study population showed that
TBE nonresponders had clearly less CTL with early differentiated
effector function compared with TBE high responders (52.3 ver-
sus 60.2%) before booster. In turn, more highly differentiated CTL
were present in TBE nonresponders (33.9 versus 25.5%); this
difference became even more pronounced (34.7 versus 23.5%;
p < 0.05) after booster vaccination (Fig. 4B).

8.75%# ##% (7.36-10.15)
16.67 (11.51-21.84)
11.30 (9.08-13.52)

1 wk
36.63 (31.18-42.08)

40.41 (34.61-46.20)
37.05 (30.95-43.14)

CM

Day 0

TBE nonresponders and hepatitis B nonresponders show increased
FOXP3™ T regulatory cells. Both nonresponder groups displayed
a significant increase of the CD4*/CD25*/FOXP3* T regulatory cell
(T-reg) population after booster (3.97—4.44% in TBE nonresponders,
and 4.03—4.65% in hepatitis B nonresponders), whereas in the control
group T-regs significantly decreased after vaccination (mean 5.04—
4.59% of CDA4 T cells; Fig. SA). In representative nonresponder and
high-responder vaccinees, a combined staining of intracellular IL-10
and FOXP3 was performed, revealing that IL-10-secreting FOXP3™"
T-regs increase after booster in both nonresponder groups (Fig. 5B,
5C). In these donors, also type 1 T-regs (Trl) were analyzed via
intracellular staining of granzyme B and IL-10 in CD4 T cells (26),
yet no induction of this adaptive T-reg population was observed
(data not shown).

The described representative hepatitis B nonresponders were
individuals, who featured high NT and HAI titers after booster, but
lacked IL-2 and IFN-y production upon Ag-specific in vitro
restimulation. Additionally, these donors had high IL-10 basal
levels in unstimulated PBMC and were HLA class II typed, showing
both alleles associated with hepatitis B nonresponsiveness (HLA-
DRB1*#07, HLA- DQB1*02).

Representative TBE nonresponders lacked humoral and cellular
responses to TBE vaccine. Humoral response to influenza was

36.98 (31.87-42.10)
40.04 (34.30-45.78)
38.73 (32.51-44.95)

1 wk
52.98* (47.17-58.80)
40.56 (31.49-49.63)
47.20 (39.96-54.44)

Naive

Day 0

52.89 (47.42-58.35)
39.87 (30.93-48.81)

Flow cytometric characterization of CD4" T cells
46.62 (39.23-54.02)

CD4 T Cell

Subpopulations
Significantly different naive and memory subpopulations in CD4 T cells. Expression of CCR7 and CD45RA was used to quantify T,y (Naive), T central memory (CM), Tgy (EM), and Tevra (EMRA) populations of Th cells. Percentages of

subpopulations as percentages of total CD4 T cells; lower and upper 95% confidence intervals of mean percentages are indicated in parentheses. Statistical significance was assessed by ANOVA and linear contrasts.

*p < 0.05, TBE high responders (TBE high) versus TBE nonresponders (TBE non).

*##p < 0.05, TBE high versus hepatitis B nonresponders (Hep B non).
##%p < 0.01, TBE high versus TBE non.

As % of CD4
Hep B non

TBE high
TBE non

Table III.
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& observed to at least one of three strains, and in vitro IL-2 and IFN-vy
casg 8 production upon restimulation with influenza Ag was present.
% & . .
= These donors had no detectable IL-10 in unstimulated cultures of
121 & PBMC
24 [© Mg =% .
NSO | 2 . . .
z § S| 2 The representative TBE high responders had clearly increased
C ; Ab titers to both vaccine Ags after the booster vaccinations and also
§ é['\j a2 showed high in vitro IL-2 and IFN-vy production in Ag-restimulated
o . .
g § PBMC. No IL-10 in unstimulated PBMC was present.
15
M SxQ :1 Large population of immature transitional B cells, precursors of B
el 5 regulatory cells in hepatitis B nonresponders. Immature transi-
o |ddd| = tional CD19%/CD24"¢"/CD38"2" B cells have been shown to
E caqg 5 possess regulatory capacity in healthy donors via IL-10 production
E E g ‘—é“ % (27). This B cell subtype was quantified in selected nonresponder
5SS 2= and high-responder donors as percentage of total B cells (Fig. 6A).
;;: § Hepatitis B nonresponders showed the highest numbers of this cell
Tsa E § type constituting 34% of B cells before booster and remaining so
E b E% postbooster. In TBE nonresponders, this potential B regulatory
» & 2 E E”:é cell population significantly increased postbooster from lower
ER= S92 = 3 prebooster numbers (from 10.5 to 18.4% and from 21.2 to 25.2%).
:%;\«' ;E In contrast, FEBIF highh.rt}:]sponders had medium Percentages of
n=Es CD19*/CD24™¢"/CD38™¢" B cells prebooster, which clearly de-
- g3 -
s Qo 2 creased after vaccination (from 12.3 to 9.9% and from 20.9 to
2 2y 7.6%) (Fi
=2 . g. 6B).
A~ NN <
R 5 § In conclusion, flow cytometric quantification of T cell sub-
91‘\ 3; cO\lI\ gy populations showed increased percentages of CD4 Tgy pop-
; &8 =3 ulations (versus decreased naive cell subsets) in TBE and hepatitis
f— — O .
Alada Z g} B nonresponders. In TBE nonresponders, also an increased CD8
TS 5”; Tgem subset along with highly differentiated effector function of
{854 [_‘Eg CD8 T cells was present. Foxp3*T-regs producing IL-10 were
5y increased postbooster in both nonresponder groups. In hepatitis B
~~~| En . . .
IR2L| 54 nonresponders, a consistently high percentage of immature tran-
S22 5§ sitional B cells was also observed
L dadl 2% '
B2z ¢ % Confirmed HLA class II subtypes in hepatitis B
§ ; ; é '-E nonresponsiveness
LN € 2 : *
mwn| 2 Certain HLA class II subtypes (HLA-DRB1*07 and HLA-
5 g g DQB1*02) have been described to be associated with non-
oat % g responsiveness to current hepatitis B vaccines (6). These subtypes
Soa o 8 were also in our study overrepresented in the hepatitis B nonre-
o | & QI é'.- é % sponder group with 14 of 22 donors having at least one of these
Fle=F| 38 . alleles. In contrast, the increased presence of these alleles was not
AlS=d|Bg 2 p
SeZl 8 g g seen in TBE nonresponders (7 of 23), similar as in the TBE high-
g%g é% A responder control group (8 of 22). When calculating the total
P 5 E % number of HLA-DRB1#07 and HLA-DQB1*02 alleles per group,
_“é soal £58 we found 29 alleles in hepatitis B nonresponders versus 9 in
05 = . .
E % % ; e £ 2 TBE nonresponders (11 in TBE high responders). Thus, our data
S . ;\ "é gI é ::5 % confirm the described HLA associations in hepatitis B nonre-
r FleSw =z ﬁ o sponsiveness and indicate that TBE nonresponsiveness is not
x ST| zEm correlated with these subtypes. We also observed that no other
a o—of| §o& yp
© TR Evn s DR-B1, B3/4/5, or DQ-B1 subtypes were present with increased
2 E DA %2 g frequency in the TBE nonresponder group, suggesting that this
'% z csal B =5 type of nonresponsiveness probably involves no HLA class II
N SHA| 25 = st
5 S gag @ association.
Q [ 5 e
< o L 0T
2 o |=oT E2g Discussion
— = .. . .
; Alecc o E In the current study, we asked whether nonresponsiveness is
‘é § § © E’ e § a general phenomenon and tried to identify important immunologic
g Al 245 pathways. The study featured the comparison of TBE nonresponders/
& . g;j low responders versus a TBE high-responder control group and
E @ § Bl. = SsE additionally included habitual hepatitis B nonresponders. Immune
< k=1~ . .
= 2% |2 § ; 5. & responsiveness at humoral and cellular level to TBE and influenza
. ° . S . . . . .
2 é ax 28 e = é;ﬂ v booster vaccination was evaluated in detail, and our results provide
= ST |REZ| g5 A a new perspective on the immunologic background of this immune
= & dysfunction.
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FIGURE 4. TBE nonresponders have
more CTLs with progressed/late effector
function than TBE high responders. (A)
Gating of the early (CD277/CD28%),
intermediate (CD27*/CD287), and late
(CD27 /CD28 ") differentiated subpop-
ulation of CD8" cytotoxic T cells. (B)
Distribution of the three subsets as per-
centages of total CD8* CTLs before (d0)
and 1 wk after booster vaccination in the
three investigated groups. Lower and
upper 95% confidence interval of mean
percentage is indicated in parentheses.
Statistical significance was assessed by
ANOVA and linear contrasts; “p < 0.05,
TBE high responders versus TBE non-
responders.
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As expected, in TBE nonresponders/low responders, TBE-
specific titers increased only marginally until week 8 and then
again declined below protective levels after 6 mo. In TBE high
responders, an increase of already high TBE titers was observed
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CD27

with peak titers 8 wk after booster. After 6 mo, Ab levels were still
higher than prebooster titers. Hepatitis B nonresponders mounted
TBE titers that were similar in magnitude and time profile to the
high-responders control group, indicating that in these subjects
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Increased T-regs in TBE and hepatitis B nonresponders. (A) T-reg distributions (CD4*/CD25"/FOXP3"). Percentage of T-regs (CD25%/

FOXP3™) as percentage of total CD4 T cells before (d0) and 1 wk after booster in the three investigated groups. Statistical significance was assessed by
ANOVA and linear contrasts, *p < 0.05. (B and C) Percentage of IL-10—positive FOXP3* T-regs before and after booster. Representative example of
increased T-regs (CD25"/FOXP3" as percentage of CD4 T cells, R3) and increased IL-10" Tregs (as percentage of total T-regs) 1 wk after booster vac-
cination in a TBE nonresponder (B) and a hepatitis B nonresponder (C) .
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R3:353%

CcD24

CD19/CD24"/CD38" as % of CD19 B-cells (gate R3) do 1 week
TBE high-responders 123 9.9
21.0 76
TBE non-responders 10.5 18.4
211 251
Hepatitis B non-responders 35.3 329
33.8 34.8

FIGURE 6. Large population of immature transitional B cells in
hepatitis B nonresponders. (A) Gating of CD19*/CD24"&"/Cp3ghieh
B cells. Expression of CD24 and CD38 on CD19* B cells; the CD24" "/
CD38"e" subset constitutes immature transitional B cells. (B) Table with
percentages of CD19*/CD24"e"/CD38"e" a5 percentage of total CD19*
B cells in selected donors of the three investigated groups.

nonresponsiveness at the humoral level seems to be restricted to
hepatitis B Ag (Fig. 2A). This was further confirmed by sufficient
humoral immune responses to the influenza vaccine in all three
investigated groups (Fig. 2B). Taken together, the observed TBE
and influenza titers indicate that both types of nonresponsiveness
are Ag specific at the humoral level because high responsiveness
(Ab production) to unrelated vaccine Ags is present in these
vaccinees.

Cytokine levels in both TBE groups confirm that cellular re-
sponsiveness correlates with Ab titers. Upon in vitro stimulation
with the TBE Ag, TBE high responders showed an increase of
already higher IL-2 and IFN-v production, whereas a lack of TBE-
specific Abs in TBE nonresponders was accompanied by consis-
tently low cytokine levels. Stimulation with the three influenza
strains resulted in a significant increase of IL-2 and IFN-y pro-
duction postbooster in both TBE groups, which was in accordance
with the observed high influenza-specific humoral responses. We
recently described a similar positive correlation between Abs and
cytokine production in hepatitis A high responders and nonre-
sponders (12). In contrast, in hepatitis B nonresponders, humoral and
cellular immune responses to unrelated vaccine Ags were not pos-
itively correlated. In these donors, high protective titers to TBE
and influenza vaccine were detected, whereas restimulation with both
vaccine Ags resulted in low IL-2 and IFN-vy levels (Fig. 3A, 3B).

In contrast, the measurement of immune-suppressive IL-10 in
this group showed significantly higher IL-10 baseline levels already
present in unstimulated PBMC before and after booster compared
with both TBE groups. IL-10 levels after antigenic stimulation were
also highest in hepatitis B nonresponders (Fig. 3C). Interestingly,
highest IL-10 levels in unstimulated cells were observed in donors
that had HLA class II subtypes associated with hepatitis B non-
responsiveness. We hypothesize that in these vaccinees elevated
baseline IL-10 levels could be present due to genetic poly-
morphisms leading to higher IL-10 production as described for
hepatitis B nonresponders (8). Alternatively, multiple hepatitis B
boosters in individuals with specific MHC class II subtypes pos-
sibly resulted in prolonged low-avidity Ag presentation leading to
induction of tolerance and IL-10 production.

According to our findings, the presence of IL-10 probably
abrogates T cell proliferation upon TBE and influenza vaccine Ag
stimulation in vitro in hepatitis B nonresponders. Yet, in vivo these
donors are capable of generating TBE and influenza-specific Abs
in a secondary/memory immune response. According to recent
studies, secondary Ab responses require IL-2 production from
proliferating, Ag-specific CD4 T cells, leading to induction of IgG-
producing plasma cells and cognate T cell help (CD40/CD40L
interaction) for Ig class switching (28, 29). These observations
raise the question of how hepatitis B nonresponders are capable of
producing Ag-specific Ab titers, if abrogated T cell proliferation is
not only an in vitro phenomenon but also present in vivo. An
increased B memory cell pool present in this group allows spec-
ulation that higher numbers of memory cells could enable suffi-
cient Ab production despite lacking T cell proliferation. It
certainly remains questionable whether these individuals are able
to mount a robust primary immune response when encountering
an unknown/new vaccine Ag. This is an issue to be addressed in
further studies.

In addition to IL-10, also TGF-f3 baseline levels were increased,
though in both nonresponder groups (data not shown). TGF-f3 is
a prerequisite for peripheral induction of T-regs, which is in line
with expanded T-reg populations found after booster vaccination
in TBE and hepatitis B nonresponders.

For a more complete investigation of cellular immune response
to vaccine Ags, we quantified different T and B cell subsets to
observe whether nonresponsiveness is associated with altered naive
and memory compartments and/or regulatory cell populations,
possibly accounting for the observed high base levels of IL-10 in
hepatitis B nonresponders.

Only limited data on the role of T-regs in vaccine responsiveness
are available (30, 31). Mostly, their number and function have
been investigated in relation to autoimmune diseases, in graft-
versus-host reactions and in cancer (30, 32, 33). We have previ-
ously demonstrated that FOXP3* T-regs appear to relatively de-
crease postbooster in normal responders, which was shown upon
hepatitis A vaccination in healthy donors and in breast cancer
patients receiving a Her-2/neu vaccine (34). Also, the application
of a prostate cancer vaccine resulted in lower T-reg numbers
postvaccination in investigated patients; additionally reduced
T-reg activity postbooster correlated positively with the overall
survival of these patients (35). The decrease of T-regs as per-
centage of CD4 T cells postbooster is most likely not in ab-
solute numbers, but rather a result of Ag-specific T-effector cell
expansion postbooster.

The quantification of FOXP3™ T-regs in our study population
revealed that, in TBE high responders, representing immune-
competent controls, FOXP3* T-regs significantly decreased after
booster vaccination, which is in accordance with the above-
mentioned studies. In contrast, in both nonresponder groups,
FOXP3" T-regs were significantly expanded after booster (Fig. 5A).
Also, Trl cells, which are peripherally induced upon chronic Ag
stimulation in the presence of IL-10 (36), were characterized in
selected donors, yet no induction was observed in the three in-
vestigated groups.

In TBE nonresponders, the expansion of existing TBE-Ag—
specific natural T-regs (37) might have led to the observed increase
of FOXP3* T-regs, whereas high TGF-B levels indicate that, in
parallel, the induction of inducible T-regs could also have occurred.
The role of T-regs in nonresponsiveness to hepatitis B vaccine has
been investigated by Yang et al. (38, 39), who showed higher
numbers of FOXP3* T-regs after a hepatitis B booster vaccination
along with an upregulation of programmed cell death-1 molecule in
nonresponders. A more recent study demonstrated higher FOXP3*
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T-reg/CD4 T cell ratios in hepatitis B nonresponders as well as
increased FOXP3 mRNA levels upon stimulation with HBs Ag or
unspecific PHA stimulus (40). It is important to note that in our
study context the expansion/induction of FOXP3™ T-regs in hep-
atitis B nonresponders occurred upon encounter of unrelated
vaccine Ags, which indicates that induction of inducible T-regs in
the presence of TGF-f3 rather than expansion of Ag-specific T-regs
might account for the increase of FOXP3* T-regs after booster in
this group. In contrast, an induction of hepatitis B virus—specific
T-regs might have occurred earlier in the context of repeated hep-
atitis B vaccinations, which now expand upon unspecific stimulus
and lead to decreased immune responses to unrelated Ags.

Furthermore, we could demonstrate that, in selected TBE and
hepatitis B nonresponders, more IL-10-producing Foxp3* T-regs
are present in the expanded T-reg populations after booster vac-
cination, possibly indicating an active suppressive function of this
cell population (Fig. 5B, 5C).

The observations on T-reg populations in our study groups in-
dicate that high IL-10 levels present in hepatitis B nonresponders
prior to vaccination cannot solely be attributed to FOXP3* T-regs
because similar frequencies are present in TBE nonresponders,
who do not show high IL-10 baseline levels. Thus, we charac-
terized other potentially regulatory immune cell populations,
firstly B cells. Immune regulatory function of human B cells via
secretion of IL-10 has been described in the context of immune-
related diseases such as multiple sclerosis (41, 42) and systemic
lupus erythematosus (27, 43) as well as in natural tolerance of
renal transplants (44). Blair et al. (27) have shown that human
CD19*CD24"¢"CD38Me" immature B cells possess regulatory
capacity via production of IL-10 upon stimulation with anti-
CDA40, for example, abrogation of Thl differentiation via IL-10
but not TGF-3 was observed. Very recently, a role for suppressive
B regulatory cells was demonstrated in chronic hepatitis B car-
riers; the numbers of IL-10-producing CD19*CD24"ehCcD3ghieh
immature B cells correlated with disease flares, and sorted cells
could suppress HBV-specific CD8 T cell responses in vitro (45).
Additionally, these potential B regulatory cells have been shown
to favor the induction of FOXP3" T-regs (46).

In line with these findings, quantification of CD19*CD24"€"
CD38™&" immature B cells in selected donors of our study pop-
ulation revealed the highest percentage of this potentially B reg-
ulatory cell type in hepatitis B nonresponders, remaining high
after booster vaccination. A lesser percentage of CD197CD24Me
CD38"" immature B cells was found in both TBE groups, which
increased postbooster in TBE nonresponders, but decreased in
TBE high responders (Fig. 6B). We hypothesize that this B reg-
ulatory cell population might contribute to the increased baseline
levels of IL-10 in hepatitis B nonresponders and also lead to an
induction of FOXP3* T-regs in both nonresponder groups.

In addition to polymorphic regulatory cell populations, the
nonresponder groups showed variation also in other T cell com-
partments. Analysis of naive and memory CD4 T cell subsets
revealed that especially TBE, and to a lesser extent also hepatitis B
nonresponders, have less naive CD4 T cells (CCR7*/CD45RA™),
and in turn significantly more Tgy; cells (CCR7 /CD45RA ™)
before and after booster vaccination (Table III). The Tgy com-
partment represents circulating, Ag-experienced T cells homing to
peripheral tissues with limited proliferative capacity, but readily
available T cell effector function via production of effector cyto-
kines and molecules (23, 47). Cytotoxic CD4 T cells in vaccine-
induced protection in humans have been described previously
(48), and thus, a higher frequency in nonresponders indicates that
in these vaccinees increased CD4 T cell effector function might be
present, possibly in compensation for lacking Abs.
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Subsets of CD8 T cells show similar distribution patterns as
CD4 Th cells. Naive CDS8 T cells are less frequent in both non-
responder groups, whereas a higher percentage of Tgy cells is
found in TBE nonresponders before and after booster vaccination
(Table IV). This indicates a particular role for CTL in TBE non-
responsiveness, which is further supported by an increased pres-
ence of CTL with highly progressed effector function in these
vaccinees. Expression of CD27 and CD28 on CTL allows the
assessment whether virus-specific CTL effector function has been
recalled repeatedly, this leading to downregulation of these surface
markers (25). Quantification of the early, intermediate, and late
subset shows that TBE nonresponders have less CTL, with early
and more with progressed/late effector differentiation compared
with TBE high responders (Fig. 4B). The fact that CD27 and
CD28 are downregulated indicates that CTL have been repeatedly
activated, possibly due to repeated TBE immunizations, which via
cross-presentation induce Ag-specific CD8 T cells (49).

In summary, our study on vaccine nonresponsiveness shows that
different types of nonresponsiveness are based on varying im-
munologic mechanisms. TBE nonresponsiveness is strictly Ag
specific at the humoral and cellular level, and, unlike hepatitis B
nonresponsiveness, seems to involve no HLA class II association.
Increased CD8 Ty populations and also progressed CTL differ-
entiation indicate a possible compensatory mechanism on CD8
T cell level in this group. FOXP3" T-regs are induced after booster
vaccination, which potentially abrogates T cell proliferation to
TBE Ag (at least in vitro) and/or directly suppresses IgG pro-
duction of B cells. In contrast, hepatitis B nonresponsiveness
displays a completely different immunologic setting. The humoral
immune response to unrelated, but previously encountered, vac-
cine Ags is unimpaired, whereas T cell proliferation to these Ags
is reduced in vitro, most likely due to high baseline levels of IL-
10. Increased IL-10 is correlated with presence of HLA class II
subtypes associated with hepatitis B nonresponsiveness, indicating
a role for irregularities in hepatitis B Ag presentation. Whether
this suppressive cytokine impairs immune function in other ways
in these individuals remains to be investigated. Increased numbers
of potential B regulatory cells are present in hepatitis B non-
responders, possibly contributing to a priori high IL-10 levels and
in parallel inducing suppressive FOXP3™ T-regs that exert broader
suppressive function.

The different immunologic pathways leading to vaccine non-
responsiveness that were outlined in this work need to be further
clarified; thus, more detailed in vitro studies on Ag presentation
and functionality of involved regulatory cell subsets are being
planned.

Disclosures
The authors have no financial conflicts of interest.

References

1. Zuckerman, J. N. 2006. Protective efficacy, immunotherapeutic potential, and
safety of hepatitis B vaccines. J. Med. Virol. 78: 169-177.

2. Kubba, A. K., P. Taylor, B. Graneek, and S. Strobel. 2003. Non-responders to

hepatitis B vaccination: a review. Commun. Dis. Public Health 6: 106-112.

. 1988. Immunisation against hepatitis B. Lancet 1: 875-876.

4. Bock, H. L., J. Kruppenbacher, R. Sdnger, W. Hobel, R. Clemens, and W. Jilg.
1996. Immunogenicity of a recombinant hepatitis B vaccine in adults. Arch.
Intern. Med. 156: 2226-2231.

5. Kriamer, A., D. Sommer, E. G. Hahn, and E. O. Riecken. 1986. German ex-
perimental hepatitis B vaccine—influence of variation of dosage schedule, sex
and age differences on immunogenicity in health care workers. Klin.
Wochenschr. 64: 688-694.

6. McDermott, A. B., S. B. Cohen, J. N. Zuckerman, and J. A. Madrigal. 1998.
Hepatitis B third-generation vaccines: improved response and conventional
vaccine non-response—evidence for genetic basis in humans. J. Viral Hepat. 5
(Suppl. 2): 9-11.

0

€20z Jequieydes 9z uo Jasn (8121 1.£90) BUUSIA lUNPBN A1eiqr Ad Jpd°€6200€ L/SFE08E L/9Z+2/S/ 161 /4pd-8oie/jounwiwif/Bio"1eesjeunolj/:dpy woly pepeojumoq



2436

7.

10.

14.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

Jarrosson, L., M. N. Kolopp-Sarda, P. Aguilar, M. C. Béné, M. L. Lepori,
M. C. Vignaud, G. C. Faure, and C. Kohler. 2004. Most humoral non-responders
to hepatitis B vaccines develop HBV-specific cellular immune responses. Vac-
cine 22: 3789-3796.

. Hohler, T., E. Reuss, C. M. Freitag, and P. M. Schneider. 2005. A functional

polymorphism in the IL-10 promoter influences the response after vaccination
with HBsAg and hepatitis A. Hepatology 42: 72-76.

. Wiedermann, G., M. Kundi, and F. Ambrosch. 1998. Estimated persistence of

anti-HAV antibodies after single dose and booster hepatitis A vaccination (0-6
schedule). Acta Trop. 69: 121-125.

Van Herck, K., P. Beutels, P. Van Damme, M. Beutels, J. Van den Dries,
P. Briantais, and E. Vidor. 2000. Mathematical models for assessment of long-
term persistence of antibodies after vaccination with two inactivated hepatitis A
vaccines. J. Med. Virol. 60: 1-7.

. Rendi-Wagner, P., M. Korinek, B. Winkler, M. Kundi, H. Kollaritsch, and

U. Wiedermann. 2007. Persistence of seroprotection 10 years after primary
hepatitis A vaccination in an unselected study population. Vaccine 25: 927-931.

. Garner-Spitzer, E., M. Kundi, P. Rendi-Wagner, B. Winkler, G. Wiedermann,

H. Holzmann, C. Herzog, H. Kollaritsch, and U. Wiedermann. 2009. Correlation
between humoral and cellular immune responses and the expression of the
hepatitis A receptor HAVcr-1 on T cells after hepatitis A re-vaccination in high
and low-responder vaccinees. Vaccine 27: 197-204.

. Kunz, C. 2003. TBE vaccination and the Austrian experience. Vaccine 21(Suppl.

1): S50-S55.

Kaiser, R., and H. Holzmann. 2000. Laboratory findings in tick-borne enceph-
alitis—correlation with clinical outcome. Infection 28: 78-84.

Rendi-Wagner, P., M. Kundi, O. Zent, A. Banzhoff, P. Jachnig, R. Stemberger,
G. Dvorak, E. Grumbeck, B. Laaber, and H. Kollaritsch. 2004. Inmunogenicity
and safety of a booster vaccination against tick-borne encephalitis more than 3
years following the last immunisation. Vaccine 23: 427-434.

Rendi-Wagner, P., M. Paulke-Korinek, M. Kundi, U. Wiedermann, B. Laaber,
and H. Kollaritsch. 2007. Antibody persistence following booster vaccination
against tick-borne encephalitis: 3-year post-booster follow-up. Vaccine 25:
5097-5101.

Stiasny, K., S. Kiermayr, H. Holzmann, and F. X. Heinz. 2006. Cryptic prop-
erties of a cluster of dominant flavivirus cross-reactive antigenic sites. J. Virol.
80: 9557-9568.

. Holzmann, H., M. Kundi, K. Stiasny, J. Clement, P. McKenna, C. Kunz, and

F. X. Heinz. 1996. Correlation between ELISA, hemagglutination inhibition, and
neutralization tests after vaccination against tick-borne encephalitis. J. Med.
Virol. 48: 102-107.

. Fiore, A. E., D. K. Shay, K. Broder, J. K. Iskander, T. M. Uyeki, G. Mootrey, J. S.

Bresee, and N. J. Cox. 2009. Prevention and control of seasonal influenza with
vaccines: recommendations of the Advisory Committee on Immunization
Practices (ACIP), 2009. MMWR Recomm. Rep. 58: 1-52.

WHO. 2011. Manual for the diagnosis and virological surveillance of Influenza.
Available at: http://whglibdoc.who.int/publications/2011/9789241548090_eng.
pdf

Ludajic, K., Y. Balavarca, H. Bickeboller, D. Pohlreich, M. Kouba,
M. Dobrovolna, M. Vrana, A. Rosenmayr, G. F. Fischer, 1. Fae, et al. 2008.
Impact of HLA-DPB1 allelic and single amino acid mismatches on HSCT. Br. J.
Haematol. 142: 436-443.

Gassmann, C., and G. Bauer. 1997. Avidity determination of IgG directed against
tick-borne encephalitis virus improves detection of current infections. J. Med.
Virol. 51: 242-251.

Woodland, D. L., and J. E. Kohlmeier. 2009. Migration, maintenance and recall
of memory T cells in peripheral tissues. Nat. Rev. Immunol. 9: 153-161.
Monteiro, M., C. Evaristo, A. Legrand, A. Nicoletti, and B. Rocha. 2007. Car-
tography of gene expression in CDS single cells: novel CCR7— subsets suggest
differentiation independent of CD45RA expression. Blood 109: 2863-2870.
Appay, V., P. R. Dunbar, M. Callan, P. Klenerman, G. M. Gillespie, L. Papagno,
G. S. Ogg, A. King, F. Lechner, C. A. Spina, et al. 2002. Memory CD8+ T cells
vary in differentiation phenotype in different persistent virus infections. Nat.
Med. 8: 379-385.

Grossman, W. J., J. W. Verbsky, B. L. Tollefsen, C. Kemper, J. P. Atkinson, and
T. J. Ley. 2004. Differential expression of granzymes A and B in human
cytotoxic lymphocyte subsets and T regulatory cells. Blood 104: 2840-2848.
Blair, P. A., L. Y. Norefia, F. Flores-Borja, D. J. Rawlings, D. A. Isenberg,
M. R. Ehrenstein, and C. Mauri. 2010. CD19(+)CD24(hi)CD38(hi) B cells ex-

28.

29.

30.

31.

32.

33.

34.

%)
w

36.

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

IMMUNOLOGIC MECHANISMS OF VACCINE NONRESPONSIVENESS

hibit regulatory capacity in healthy individuals but are functionally impaired in
systemic lupus erythematosus patients. Immunity 32: 129-140.

Aberle, J. H., K. Stiasny, M. Kundi, and F. X. Heinz. 2013. Mechanistic insights
into the impairment of memory B cells and antibody production in the elderly.
Age 35: 371-381.

Litjens, N. H., M. Huisman, D. Hijdra, B. M. Lambrecht, K. J. Stittelaar, and
M. G. Betjes. 2008. IL-2 producing memory CD4+ T lymphocytes are closely
associated with the generation of IgG-secreting plasma cells. J. Immunol. 181:
3665-3673.

Berod, L., F. Puttur, J. Huehn, and T. Sparwasser. 2012. Tregs in infection and
vaccinology: heroes or traitors? Microb. Biotechnol. 5: 260-269.

Surls, J., C. Nazarov-Stoica, M. Kehl, S. Casares, and T. D. Brumeanu. 2010.
Differential effect of CD4+Foxp3+ T-regulatory cells on the B and T helper cell
responses to influenza virus vaccination. Vaccine 28: 7319-7330.

Hippen, K. L., J. L. Riley, C. H. June, and B. R. Blazar. 2011. Clinical per-
spectives for regulatory T cells in transplantation tolerance. Semin. Immunol. 23:
462-468.

Campbell, D. J., and M. A. Koch. 2011. Phenotypical and functional speciali-
zation of FOXP3+ regulatory T cells. Nat. Rev. Immunol. 11: 119-130.
Wiedermann, U., C. Wiltschke, J. Jasinska, M. Kundi, R. Zurbriggen, E. Garner-
Spitzer, R. Bartsch, G. Steger, H. Pehamberger, O. Scheiner, and C. C. Zielinski.
2010. A virosomal formulated Her-2/neu multi-peptide vaccine induces Her-2/
neu-specific immune responses in patients with metastatic breast cancer: a phase
1 study. Breast Cancer Res. Treat. 119: 673-683.

. Vergati, M., V. Cereda, R. A. Madan, J. L. Gulley, N. Y. Huen, C. J. Rogers,

K. W. Hance, P. M. Arlen, J. Schlom, and K. Y. Tsang. 2011. Analysis of cir-
culating regulatory T cells in patients with metastatic prostate cancer pre- versus
post-vaccination. Cancer Immunol. Immunother. 60: 197-206.

Roncarolo, M. G., S. Gregori, M. Battaglia, R. Bacchetta, K. Fleischhauer, and
M. K. Levings. 2006. Interleukin-10-secreting type 1 regulatory T cells in
rodents and humans. Immunol. Rev. 212: 28-50.

Litjens, N. H., K. Boer, and M. G. Betjes. 2012. Identification of circulating
human antigen-reactive CD4+ FOXP3+ natural regulatory T cells. J. Immunol.
188: 1083-1090.

. Yang, Z., L. Wang, W. Niu, Y. Wu, J. Zhang, and G. Meng. 2008. Increased

CD4+CD25+FoxP3+ regulatory T cells in the blood of nonresponders after
standard hepatitis B surface antigen vaccine immunization. Clin. Immunol.
127: 265-266.

Yang, Z., S. Wang, J. Zhang, L. Wang, and Y. Wu. 2008. Expression of PD-1 is
up-regulated in CD4+CD25+ FoxP3+ regulatory T cell of non-responders after
hepatitis B surface antigen vaccine immunization. Clin. Immunol. 129: 176-177.
Li, J., D. Tan, H. Liu, and K. Li. 2011. CD4(+) CD25(+) FoxP3(+) T regulatory
cells in subjects responsive or unresponsive to hepatitis B vaccination. Zhong
Nan Da Xue Xue Bao Yi Xue Ban 36: 1046-1051.

Duddy, M., M. Niino, F. Adatia, S. Hebert, M. Freedman, H. Atkins, H. J. Kim,
and A. Bar-Or. 2007. Distinct effector cytokine profiles of memory and naive
human B cell subsets and implication in multiple sclerosis. J. Immunol. 178:
6092-6099.

Correale, J., M. Farez, and G. Razzitte. 2008. Helminth infections associated
with multiple sclerosis induce regulatory B cells. Ann. Neurol. 64: 187-199.
Anolik, J. H., J. Barnard, T. Owen, B. Zheng, S. Kemshetti, R. J. Looney, and
1. Sanz. 2007. Delayed memory B cell recovery in peripheral blood and lym-
phoid tissue in systemic lupus erythematosus after B cell depletion therapy.
Arthritis Rheum. 56: 3044-3056.

Newell, K. A., A. Asare, A. D. Kirk, T. D. Gisler, K. Bourcier, M. Suthanthiran,
W. J. Burlingham, W. H. Marks, I. Sanz, R. I. Lechler, et al; Immune Tolerance
Network ST507 Study Group. 2010. Identification of a B cell signature associ-
ated with renal transplant tolerance in humans. J. Clin. Invest. 120: 1836-1847.
Das, A., G. Ellis, C. Pallant, A. R. Lopes, P. Khanna, D. Peppa, A. Chen, P. Blair,
G. Dusheiko, U. Gill, et al. 2012. IL-10-producing regulatory B cells in the
pathogenesis of chronic hepatitis B virus infection. J. Immunol. 189: 3925-3935.
Lemoine, S., A. Morva, P. Youinou, and C. Jamin. 2011. Human T cells induce
their own regulation through activation of B cells. J. Autoimmun. 36: 228-238.
Lanzavecchia, A., and F. Sallusto. 2005. Understanding the generation and
function of memory T cell subsets. Curr. Opin. Immunol. 17: 326-332.
Amanna, 1. J., and M. K. Slifka. 2011. Contributions of humoral and cellular
immunity to vaccine-induced protection in humans. Virology 411: 206-215.
Segura, E., and J. A. Villadangos. 2011. A modular and combinatorial view of
the antigen cross-presentation pathway in dendritic cells. Traffic 12: 1677-1685.

€20z Jequieydes 9z uo Jasn (8121 1.£90) BUUSIA lUNPBN A1eiqr Ad Jpd°€6200€ L/SFE08E L/9Z+2/S/ 161 /4pd-8oie/jounwiwif/Bio"1eesjeunolj/:dpy woly pepeojumoq


http://whqlibdoc.who.int/publications/2011/9789241548090_eng.pdf
http://whqlibdoc.who.int/publications/2011/9789241548090_eng.pdf

