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The genus Neisseria includes, in addition to several commensal species, two significant human pathogens, Neisseria gonorrhoeae (gonococci), the causative agent of gonorrhea, and
Neisseria meningitidis (meningococci), a major cause of bacterial meningitis. Both pathogens exclusively infect humans as
their natural hosts. Gonococci gain access to submucosal tissue
after adherence to the urogenital mucosa, where they elicit
acute and severe inflammation, primarily in males. In females,
infection is mainly associated with a muted or absent inflammatory response (75). In the majority of cases, meningococci
colonize the upper respiratory tract, leading to asymptomatic
carriage of the bacteria. In some cases, for reasons which are
not fully understood, neisseriae invade the colonized tissue,
leading to systemic spread of the bacteria (12). Tissue damage
is mediated by proinflammatory cytokines, especially tumor
necrosis factor alpha (TNF-␣), which can be detected at high
levels in blood and cerebrospinal fluid (CSF) during meningitis
(6, 30, 53, 65). If untreated, meningitis leads to multiorgan
failure and septic shock, and mortality rates can be as high as
85% (7).
Various bacterial components are implicated in the pathogenesis of neisserial infections (11, 48, 74). The pili and Opa
proteins, for instance, play crucial roles in adhesion to and
invasion of different host cells, respectively (15). Neisserial
porins could prevent the microbicidal activities of phagocytes
(27, 48) and modulate apoptosis in lymphoid cells and epithelial cells (47, 50). Several investigators have also allocated the
neisserial immunoglobulin A1 (IgA1) protease to this list of
potential virulence factors (see below). IgA1 proteases are

produced by a variety of gram-positive and gram-negative human pathogens (35, 55, 71). The neisserial IgA1 proteases are
derived from precursor molecules which are secreted through
an autocatalytic process (57). The secreted enzyme cleaves
human IgA1, but not IgA2, in the hinge region of the heavy
chain, a 13-amino-acid, proline-rich consensus cleavage sequence (55, 58). Since IgA1 is thought to be the predominant
antibody subclass protecting mucosal tissues against microorganisms, the cleavage of IgA1 by the neisserial enzyme might
impair the local mucosal immune function, although no direct
in vivo evidence has been supplied so far (31). It has also been
hypothesized that such bacterium-induced changes may be a
primary event in the pathogenesis of certain inflammatory respiratory diseases and some forms of atopy (1, 35, 36).
The potential role(s) of the IgA1 proteases may extend beyond cleavage of IgA1. Several findings support the role of
IgA1 protease in neisserial pathogenesis: its ability to cleave
human LAMP1 (hLAMP1), a major integral membrane glycoprotein of lysosomes with an IgA1-like hinge in its luminal
domain (3, 29, 43); its roles in gonococcal transepithelial trafficking in T84 monolayers (33) and in the inhibition of TNF␣-mediated apoptosis in human monocytic tumor cells (5); its
exclusive association with human pathogens (49, 71, 74); and
its ability to exhibit important immunomodulatory properties,
in particular the induction of proinflammatory cytokines (46).
Very recently, Senior et al. have suggested the hormone human chorionic gonadotropin as the target of the gonococcal
IgA1 protease, with major implications for the invasiveness of
the pathogen and for the fetus in pregnancy (63).
The immune response to neisserial infections is dominated
by immunoglobulin-mediated effector functions, e.g., complement lysis, and most studies have focused on humoral immune
responses (8, 18, 41, 56). However, antibody production by B
cells against thymus-dependent antigens is regulated by T

* Corresponding author. Mailing address: Abteilung Molekulare Biologie, Max-Planck-Institut für Infektionsbiologie, Schumannstrasse
21/22, D-10117 Berlin, Germany. Phone: 49 30 2846 0400. Fax: 49 30
2846 0401. E-mail: meyer@mpiib-berlin.mpg.de.
335

Downloaded from http://iai.asm.org/ on June 2, 2020 at 27712478

We have previously shown that immunoglobulin A1 (IgA1) protease, an exoenzyme of pathogenic neisseriae,
can trigger the release of proinflammatory cytokines from human monocytic subpopulations. Here, we demonstrate a dose-dependent T-cell response to recombinant gonococcal IgA1 protease (strain MS11) in healthy
human blood donors. This response was delayed in comparison to the immune response against tetanus toxoid.
Stimulation with IgA1 protease led to the activation of CD4ⴙ and CD8ⴙ T cells, as well as CD19ⴙ B cells and
CD56ⴙ NK cells, indicated by de novo expression of CD69. Only CD4ⴙ T cells proliferated and stained positive
for intracellular gamma interferon (IFN-␥). Both proliferation and IFN-␥ production were dependent on
antigen presentation via major histocompatibility complex class II. Peripheral blood mononuclear cells stimulated with IgA1 protease produce IFN-␥ and tumor necrosis factor alpha but no, or very low amounts of,
interleukin-10 (IL-10) or IL-4, indicating a Th1-based proinflammatory immune response. These findings
support the significance of IgA1 protease as a virulence determinant of bacterial meningitis and its function
as a dominant proinflammatory T-cell antigen.
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MATERIALS AND METHODS
Purification and characterization of recombinant IgA1 protease. In this study
we used recombinant IgA1 protease expressed in Escherichia coli strain H2053
that harbors plasmid pJP11 containing the iga gene of N. gonorrhoeae MS11 with
the temperature-inducible bacteriophage  promoter PL, as described previously
(46). Briefly, the supernatant of a 4-liter stationary-phase culture was recovered
after centrifugation. The bacterial supernatant, containing the secreted recombinant IgA1 protease, was applied to a cation exchange column. After being
washed, bound protein was eluted with 500 mM potassium phosphate. Fractions
(10 ml) were collected and dialyzed into gel filtration buffer (20 mM TRIS [pH
8.0], 300 mM NaCl, 10% gycerol). Gel filtration was performed with a preequilibrated Superdex column (Pharmacia, Erlangen, Germany). Protein-containing
eluates were detected by UV absorption, collected, dialyzed against phosphatebuffered saline (PBS) (pH 7.4), and then stored at ⫺20°C. Purified protein was
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and a
single band was detected with subsequent Coomassie staining. The protein concentration was determined with a commercial protein determination assay (BioRad, Munich, Germany). The cleavage activity of recombinant IgA1 protease
was determined by incubation with human IgA1 (20 ng/l; Dakopatts, Glostrup,
Denmark) in Tris buffer (0.05 M Tris-HCl, 10 mM CaCl2, 10 mM MgCl2 [pH
7.5]) at 37°C according to the method described previously (29).
Endotoxin assays. The endotoxin content of IgA1 protease preparations was
measured by the Limulus amoebocyte lysate assay (Haemochrom Diagnostica,
Essen, Germany) as described by the manufacturer. All preparations contained
⬍15 pg of endotoxin per g of protein.
Cells. Healthy adult volunteers with no history of invasive neisserial disease
were selected. PBMC were isolated from freshly drawn, heparinized blood by
density gradient centrifugation over Ficoll-Isopaque (Pharmacia) and washed
twice in Ca2⫹ Mg2⫹-free PBS. For some experiments, monocytes were separated
by using a monocyte isolation kit (Miltenyi, Bergisch Gladbach, Germany). The
purity of monocytes (⬎95% CD14 positive) was assessed by flow cytometry with
a fluorochrome-conjugated anti-CD14 antibody (Coulter Immunotech, Krefeld,
Germany).
Cell culture and stimulation of cytokine release. All cell cultures were performed in RPMI 1640 supplemented with 2 mM L-glutamine, 500 U of penicillin/
ml, 500 g of streptomycin/ml, and 5% autologous human serum. Hereafter, this
medium is designated as culture medium. A total of 105 cells were cultured in 200

l of culture medium in round-bottom 96-well plates at 37°C and in 5% CO2.
Cell-free supernatants were harvested at various times (100 l/well and three to
six wells per each experiment), transferred to round-bottom 96-well plates, and
frozen at ⫺20°C until assayed.
Cytokine ELISA. The levels of cytokines released in the culture supernatants
were quantified with commercially available sandwich enzyme-linked immunosorbent assay (ELISA) kits (BioSource, Solingen, Germany). The assays were
performed as recommended by the manufacturer. In brief, polystyrene microtiter
plates were coated with the capturing monoclonal antibody overnight, washed
(PBS–0.02% Tween 20), and blocked with PBS–0.5% bovine serum albumin
(BSA). Test samples and cytokine standards were diluted, 100 l was added to
wells in triplicate, and the mixtures were incubated at room temperature for 2 h.
Next, the detecting monoclonal antibody was added, followed by washing and
incubation with streptavidin-peroxidase conjugate for 20 min. After being
washed, the chromogenic substrate (tetramethylbenzidine substrate with H2O2;
Kierkegaard & Perry) was added to each well, and color development was
stopped after 20 min by the addition of 50 l of 1 M H2SO4. The absorbance of
the samples was measured at 450 nm. Cytokine concentrations were determined
by extrapolation from the standard curve. The results (in nanograms or picograms per milliliter) are expressed as the means of triplicate determinations. The
detection limits of the ELISA kits were ⱕ10 pg/ml for all cytokines.
IFN-␥ ELISPOT. The number of cells that released gamma interferon (IFN-␥)
upon activation was quantified with a commercially available pair of anti-IFN␥-detecting antibodies (R&D, Wiesbaden, Germany). Enzyme-linked immunospot (ELISPOT) assays were performed as follows. ELISPOT filter plates (Millipore, Eschborn, Germany) were coated with monoclonal IFN-␥-capture
antibody overnight, washed extensively with PBS, and blocked with PBS–0.5%
BSA for 2 h. PBMC previously stimulated in culture plates were transferred to
the ELISPOT filter plates for overnight incubation under standard tissue culture
conditions. The plates were washed (PBS–0.05% Tween 20) to remove the
cultured cells, and the detecting antibody was added. After being washed, alkaline phosphatase solution was added to each well, and the mixtures were incubated for 30 min. After further washing, alkaline phosphatase substrate (5bromo-4-chloro-3-indolylphosphate–nitroblue tetrazolium) was added to each
well, and color development of the spots was stopped after 15 min by being
washed with water. The number of spots resulting from cells activated by previous stimulation was quantified with the spot counter BioReader (BioSys, Karben,
Germany).
Flow cytometry. The following antibody conjugates were used for flow cytometry: fluorescein isothiocyanate (FITC)-conjugated anti-IFN-␥ (25723.11, IgG2b;
R&D), anti-CD14 phycoerythrin (PE) as a monocytic marker (RMO52, IgG2a),
anti-CD3 PE as a T-cell marker (UCHT1, IgG1), anti-CD4 PE as a T helper cell
marker (13B8.2, IgG1), anti-CD56 PE as an NK cell marker (N901 [NKH1],
IgG1), anti-CD19 PE as a B-cell marker (J4.119, IgG1), and anti-CD69 PE as an
early activation marker (TP1.55.3, IgG2b) (all from Coulter Immunotech). Control mouse IgG was also obtained from Coulter Immunotech.
For detection of surface markers, cells were washed, adjusted to 2 ⫻ 105
cells/200 l in PBS with 0.5% BSA, and incubated with the antibodies for 30 min
at 4°C. For the detection of intracellular cytokines, 2 ⫻ 106 cells were washed and
resuspended in 200 l of Cytofix/Cytoperm solution (Becton Dickinson, Erembodegem-Aalst, Belgium) for fixation (30 min, 4°C). After being washed with
Perm/Wash buffer (Becton Dickinson) to retain a permeable state, cells were
adjusted to 2 ⫻ 105/200 l in Perm/Wash buffer and incubated with the antibodies for 20 min at 4°C. After being washed, the samples were analyzed on a
FACScalibur (Becton Dickinson) with the Cell Quest program. The cells were
gated by their forward scatter-side scatter profile. Background levels of immunofluorescence were determined using isotype control IgG.
Confocal laser scanning microscopy. For immunofluorescence staining we
used mouse anti-hLAMP1 (H4A3; Developmental Studies, Hybridoma Bank,
University of Iowa, Ames) as a marker for late phagolysosomes, goat anti-mouse
Cy3 (Jackson ImmunoResearch Laboratories), and FITC-labeled IgA1 protease.
For detection of intracellular localization of IgA1 protease, CD14⫹ cells were
purified from PBMC. Cells were incubated with FITC-labeled IgA1 protease for
1 h, washed, and fixed on a slide with 2% paraformaldehyde. After permeabilization with PBS–0.5 Triton X-100, cells were incubated with the anti-hLAMP1
antibody (dilution 1:30) for 45 min at 37°C, washed in PBS, and then incubated
with secondary antibody for an additional 30 min. Slides were mounted with
Mowiol (Merck, Darmstadt, Germany).
Proliferation assay. Proliferation assays with PBMC (105 cells/well in culture
medium) were performed at 37°C in 96-well U-bottom plates in a total of 200 l
per well. The cells were cultured for various times (1 to 10 days) and pulsed with
0.5 Ci of [3H]thymidine per well, followed by overnight incubation. Cells were
then harvested on filters and the incorporation of [3H]thymidine (Amersham,
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helper cells, which recognize specific peptide epitopes in the
context of major histocompatibility complex (MHC) molecules. In this study we address the to-date-neglected aspect of
T-cell responses to neisserial antigens in humans.
A number of neisserial components have been studied as
possible vaccine candidates to date. Capsular polysaccharides
(CPS), as well as improved CPS-tetanus toxoid conjugates,
were thought to induce a CD4⫹ T-cell-dependent response
and led to short-lived, strain-specific protection against serogroups A, C, W135, and Y. CPS did not induce protection
against serogroup B meningococci, which cause disease in
many countries worldwide (21, 22). Outer membrane proteins,
including porin and Opa proteins, are the basis for outer membrane vesicle vaccines, and these are presently under intensive
investigation (16, 52). Although data on T-cell recognition of
neisserial outer membrane proteins are accumulating (73) and
new antigens, such as the recently identified novel neisserial
protein TspA (37) and the autotransporter A protein of N.
meningitidis (2), have been described, no data are yet available
on the T-cell response to neisserial IgA1 protease.
The identification and characterization of neisserial antigens
are essential for the optimal design of vaccines. Here, we
identify the neisserial IgA1 protease as a T-cell antigen. The
IgA1 protease-induced T-cell response was characterized by
flow cytometry, and the cytokine production pattern and cell
activation status were determined. We report on the interaction of this enzyme with human peripheral blood mononuclear
cells (PBMC) and discuss its relevance in infection.
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FIG. 2. Proliferative responses to IgA1 protease of donors differ.
The plot shows values from all three donors tested on day 10 of the
experiment for which the results are shown in Fig. 1. Proliferation in
response to IgA1 protease occurred at different concentrations of
enzyme used, depending on the donor. Medium alone and TT (2
LF/ml) were used as controls (data not shown). Means ⫾ standard
deviations for six determinations are shown.

Freiburg, Germany) was measured with a micro-beta scintillation counter (Wallac Instruments, Turku, Finland). Unstimulated cells and tetanus toxoid (TT; 2
limit of flocculation units [LF]/ml)-stimulated cells were used as controls.

To determine whether the observed proliferation was induced specifically by IgA1 protease and not by trace amounts
of lipopolysaccharide (LPS) remaining in the preparation after
purification from E. coli, BSA and LPS were used as controls
(Fig. 3). For these and further experiments, two donors with
high proliferation indices and one with a low proliferation
index (donors 14, 26, and 27) were chosen. The endotoxin
content present in the protease preparation of 10 g/ml did not
exceed 150 pg/ml, as determined by Limulus amebocyte lysate
assay. Neither BSA (10 g/ml) nor LPS (200 pg/ml) caused
proliferation of PBMC, indicating that the proliferative response was an IgA1 protease-specific effect, although a potentiating effect of residual LPS cannot be excluded.
IgA1 protease is taken up by human monocytes and intracellularly colocalizes with hLAMP1. To further characterize
the cellular interactions involved in this process, in vitro binding of IgA1 protease to different subpopulations of PBMC was
investigated. Upon incubation of IgA1 protease with human

RESULTS
Induction of T-cell proliferation in human PBMC by IgA1
protease. To assess the antigenic potential of IgA1 protease,
PBMC from three healthy human donors (donors 14, 26, and
27) were incubated with the purified enzyme. Proliferation was
monitored for 10 days by using different concentrations of
IgA1 protease. TT and medium alone were used as positive
and negative controls, respectively. IgA1 protease induced proliferation of PBMC from all donors in a dose-dependent manner starting at day 5 and reached levels of 50,000 cpm during
the first 10 days of stimulation, as indicated by [3H]thymidine
incorporation (Fig. 1). PBMC stimulated with TT began to
proliferate earlier (day 4) and reached a maximum of proliferation (up to 90,000 cpm) on day 7, after which proliferation
decreased in all samples tested. Unstimulated cells showed
proliferative responses of ⬍1,000 cpm. Proliferation of PBMC
in one donor was detectable with 0.1 g of IgA1 protease/ml,
whereas PBMC from the other two donors responded to concentrations higher than 1 or 10 g/ml (Fig. 2).
To test whether the observed proliferative response is a
common feature, PBMC from five additional healthy human
donors (donors 8, 12, 25, 42, and 68) were incubated with the
purified enzyme (10 g/ml) and proliferation was determined
on day 7. The concentration of the IgA1 protease and the time
point were adopted from previous experiments. Medium alone
and TT were used as controls. IgA1 protease induced proliferation by PBMC from all donors tested; however, proliferative responses differed between donors, as indicated by various
proliferation indices (Table 1). Proliferative responses from
unstimulated cells were ⬍1,000 cpm.

TABLE 1. Proliferation of human PBMCs in response to IgA1
protease (10 g/ml) and TT (2 LF/ml)
Donor no.

14
26
27
12
25
68
8
42

Proliferation index fora:
IgA1 protease

TT

74
23
132
20
31
10
12
27

200
103
235
76
45
34
43
153

a
Values are the proliferation indices for eight donors tested, representing the
ratio between stimulus and medium control (mean values for six determinations).
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FIG. 1. Proliferation of human PBMC in response to IgA1 protease (0.1, 1, 10, and 20 g/ml), TT (2 LF/ml), and medium alone.
PBMC from donors 14, 26, and 27 were cultured with the indicated
stimuli for 4, 5, 7, and 10 days. Filled symbols, different concentrations
of IgA1 protease used in the experiment; open symbols, controls. The
results (means ⫾ standard deviations of six determinations) shown are
from donor 27 as representative of the donors tested.
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PBMC, IgA1 protease associated with CD14⫹ cells (monocytes) within the first few minutes of incubation, a process that
could be monitored with FITC-labeled IgA1 protease in flow
cytometric analyses. IgA1 protease did not bind to B or T cells
(Fig. 4A). Association of IgA1 protease with human monocytes
could be prevented by applying the microfilament-disrupting
macropinocytosis-blocking agent cytochalasin D or by performing the experiment at 4°C, suggesting that IgA1 protease
is internalized by monocytes. These culture conditions modulated the binding pattern of FITC-conjugated BSA (10 g/ml),
which was used as control, in a similar manner (data not
shown).
After internalization, antigen-containing macrosolutes usually are concentrated and accumulate in a lysosomal compartment, which is characterized by the presence of hLAMP-1 and
contains MHC class II molecules and proteases. To further
track the IgA1 protease after uptake by the monocytes, purified CD14⫹ cells were incubated with FITC-labeled IgA1 protease and confocal laser scanning microscopy revealed the
presence of the IgA1 protease within lysosomal compartments,
as determined by colocalization with hLAMP-1 (Fig. 4B).
Incubation of PBMC with IgA1 protease results in activation of all lymphocyte subsets. Next, we investigated whether
incubation of PBMC with IgA1 protease has a stimulatory
effect on CD19⫹ B cells, CD4⫹ and CD8⫹ T cells, and CD56⫹
NK cells. The activation status of the cells was determined by
detection of CD69 on the cell surface using flow cytometry.
Culture of cells with medium alone or with TT was included as
a control. Incubation of human PBMC with IgA1 protease led
to increased expression of CD69 on the cell surfaces of CD4⫹
and CD8⫹ T cells, as well as on B and NK cells (Fig. 5), in
comparison to the medium control. TT induced a similar but

more intense activation, as evidenced by a higher level of
expression of CD69.
Incubation of PBMC with IgA1 protease induces cytokine
production. Stimulation and proliferation of leukocytes are
usually accompanied by cytokine production. To assess the
profile and concentration of cytokines produced in response to
IgA1 protease, supernatants from IgA1 protease-stimulated
PBMC were collected at different times throughout the 10 days
of cell culture, and IFN-␥, TNF-␣, interleukin-10 (IL-10), and
IL-4 were quantified by ELISA (Fig. 6). The levels of secreted
IFN-␥ were dose dependent and increased with time, reaching
concentrations of up to 5 ng/ml. Cytokine levels in unstimulated cell cultures were below the limit of detection. Similar to
the levels of IFN-␥, the levels of TNF-␣ increased in a dosedependent manner. When low concentrations of IgA1 protease
were used (1 and 10 g/ml), IL-10 and IL-4, respectively, were
detectable at low levels. IL-10 was detectable at day 3 of culture. IL-10 concentrations reached a maximum around day 4,
decreased after day 6, and were no longer detectable on day 9.
In contrast to IL-10, IL-4 was detected later (beginning at day
4) but, similarly to IL-10, decreased after day 6. Interestingly,
the highest concentration of IgA1 protease used (20 g/ml)
completely suppressed IL-10 and IL-4, whereas no such effect
was observed for IFN-␥ or TNF-␣.
CD4ⴙ T cells are the source of IFN-␥ produced upon incubation of PBMC with IgA1 protease. We demonstrated by
confocal laser scanning microscopy that IgA1 protease is internalized by monocytes, probably via macropinocytosis, and is
directed to lysosomal compartments. Antigen presentation via
MHC class II molecules leads to the specific activation of
CD4⫹ T cells and to their clonal expansion. On the other hand,
other lymphocytic cell subsets become activated upon incubation with IgA1 protease, as indicated by increased expression
of CD69. To determine the source of cytokine release, IFN-␥producing cell subsets of human PBMC were identified by
intracellular staining and flow cytometry. Intracellular cytokines were first detected after 6 days (Fig. 7A). The lymphocytes that stained positive for IFN-␥ expressed the early activation marker CD69 (data not shown). Additional surface
staining with either anti-CD4, anti-CD8, anti-CD56, or antiCD19 revealed that the main producers of IFN-␥ were CD4⫹
T cells (Fig. 7B).
To examine whether IFN-␥ production depends on IgA1
protease processing and presentation in the context of MHC
class II, the monoclonal antibody L243 was used to inhibit
CD4⫹ T-cell activation by blocking the peptide-binding groove
and thus interfering with MHC class II presentation. PBMC
were cultured for 2 days with IgA1 protease in the presence or
absence of the monoclonal anti-MHC class II antibody L243 or
an isotype control. Unstimulated cells and TT-stimulated cells
were treated in the same manner (data not shown). After 2
days of culture, cells were transferred to ELISPOT filter plates
and cultured for another 18 h. The results show that blocking
MHC class II presentation leads to decreased IFN-␥ production, indicating that CD4⫹ T cells become specifically activated
and are primarily responsible for the secretion of IFN-␥ (Fig.
8). Similarly, TT induced IFN-␥ production from CD4⫹ T
cells, which also was inhibited by the use of L243 (data not
shown). Unstimulated cells did not produce IFN-␥.
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FIG. 3. Specific proliferation of PBMC in response to IgA1 protease. To determine whether the proliferative response was IgA1 protease specific, BSA (10 g/ml) and LPS (200 pg/ml) were used as
controls along with medium alone, TT (2 LF/ml), and IgA1 protease
(10 g/ml). PBMC were cultured with the respective stimuli for 3, 5,
and 7 days, and proliferation of cells was monitored by incorporation
of [3H]thymidine. Results (means ⫾ standard deviations for three
determinations) shown here are from donor 14 as representative of the
donors tested. The filled triangle accounts for the response to IgA1
protease, whereas the open symbols represent the stimuli which were
used as controls.
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FIG. 4. (A) IgA1 protease is associated with human CD14⫹ cells (monocytes). After isolation, PBMC were incubated with FITC-conjugated
IgA1 protease (10 g/ml) for 30 min at 37°C. The cells were washed and stained with anti-CD3 or anti-CD14 antibody to differentiate between
cell subpopulations. The results for the interaction of IgA1 protease with monocytes (CD14⫹), T cells (CD3⫹) and non-T cells (CD3⫺) from donor
26 as representative of the donors tested are shown. (B) IgA1 protease colocalizes with hLAMP1 within lysosomal compartments of CD14⫹
monocytes. After isolation of PBMC from peripheral blood, monocytes were isolated. Cells were then incubated with FITC-labeled IgA1 protease
and with anti-hLAMP1 antibody to mark the lysosomal compartments. The figure shows confocal images demonstrating the localization of IgA1
protease within lysosomal compartments of CD14⫹ monocytes (shown for donor 26 as representative of the donors tested). (I) IgA1 protease is
shown in green; (II) lysosomal compartments are shown in red; (III) the overlay in yellow indicates colocalization.
339
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FIG. 5. IgA1 protease leads to an upregulation of CD69 on the cell surfaces of lymphocytes. Human PBMC were incubated with IgA1 protease
(10 g/ml) overnight. Nonstimulated cells and TT-stimulated cells (2 LF/ml) were used as controls. Cells were harvested and stained with a
monoclonal antibody against the early activation marker CD69 on the cell surface of T lymphocytes (CD4⫹ or CD8⫹), B lymphocytes (CD19⫹),
or NK cells (CD56⫹) for flow cytometry. The results (donor 26 as representative of the donors tested) shown are the percentages of CD69⫹ cells
of each cell subpopulation investigated.
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DISCUSSION
To assess the antigenic potential of neisserial IgA1 protease,
we initially screened healthy volunteers (n ⫽ 8) for the presence of T cells that responded to IgA1 protease. We found that
neisserial IgA1 protease could indeed induce proliferative responses in vitro and IFN-␥ production by CD4⫹ T cells in a
dose-dependent manner in all donors tested. Incubation of
PBMC with IgA1 protease resulted in de novo expression of
CD69 on CD4⫹ and CD8⫹ T cells, as well as CD19⫹ B cells
and CD56⫹ NK cells. Together, these data suggest that neisserial IgA1 protease is a potent human CD4⫹ T-cell antigen,
stimulating a Th1-type immune response in vitro.
PBMC from all tested donors showed in vitro proliferative
responses to neisserial IgA1 protease accompanied by IFN-␥
production, although to different extents. In addition, in subsequent experiments, donors with high proliferation indices
elicited response patterns similar to those with low indices. The
sera of all donors tested contained antibodies against IgA1
protease; however, the antibody levels did not correspond to
the intensity of the proliferative responses observed. IgA1 protease-specific antibodies are stimulated by clinical infection as
well as by asymptomatic carriage (9). Antibody titers against
IgA1 protease are present at high levels in sera from acute- and
convalescent-phase meningitis patients (19). This was also
shown in vaccination trials where antibody titers remained
constant or even increased over a 5-year period (67). Our
findings may represent variations of a primary response or a

memory response following carriage of pathogenic neisseriae
(24) or Haemophilus influenzae, which expresses a closely related IgA1 protease (38, 45). The differences in stimulation
observed with different donors may reflect HLA polymorphism
or exposure to cross-reactive antigens of other organisms (23).
T cells recognizing the peptide-MHC complex on the surface of antigen-presenting cells (APC) through their T-cell
receptor (TCR) become activated and proliferate. The activation can be monitored by the detection of specific activation
markers expressed on the cell surface. An early activation
marker, CD69, was chosen to demonstrate the activation status
of CD4⫹ T cells upon incubation of PBMC with IgA1 protease.
In contrast to the untreated control, CD69 could be detected
on the cell surfaces of IgA1 protease-treated CD4⫹ T cells.
Interestingly, several other cell types, including CD19⫹ B cells,
CD8⫹ T cells, and CD56⫹ NK cells, were found to express
CD69. The IL-2 receptor CD25, a late activation marker and
indicator for proliferation, was also upregulated upon incubation of PBMC with IgA1 protease (data not shown).
It has been shown that exogenous protein antigens can be
internalized (especially by dendritic cells as professional
APCs) and presented to CD8⫹ T cells through MHC class I
molecules by so-called cross-presentation (10, 40, 42). We
found IFN-␥ production associated with only CD4⫹ T cells.
Neither B cells, CD8⫹ cells, nor NK cells participate in IFN-␥
production, suggesting that the activation of CD8⫹ T cells seen
in this study is a consequence of cytokine-mediated bystander
events rather than through specific engagement of the TCR. It
is also known that high concentrations of LPS (⬎100 ng/ml)
can induce IFN-␥ production and proliferation of NK cells and
may lead to an activation of T cells, B cells, and monocytes (25,
32). Using nonpathogenic bacteria, NK cells were shown to be
primary targets for LPS-induced proliferation, but neither activation nor proliferation of purified CD4⫹, CD8⫹, or CD19⫹
cells has been reported (28). In our study, IgA1 protease was
produced as a recombinant protein in E. coli, and the preparations contained ⬍15 pg of LPS/g of protein. Equivalent
amounts of purified LPS could neither induce proliferation nor
stimulate IFN-␥ production (data not shown).
Cytokines play an essential role in regulating immune responses. The presence of specific cytokines can influence the
development of the immune response generated (Th1 or Th2)
and can contribute to the virulence and putative clearance of a
pathogen (26, 51). It has been described that during systemic
meningococcal infection, high levels of proinflammatory cytokines are present in blood and CSF, contributing to severe
tissue damage and facilitating brain infection by increasing
permeability of the blood-brain barrier. In particular, TNF-␣
and IL-1␤ have been shown to be key mediators of meningococcal sepsis (17, 69, 72). These effects mediated by endotoxin
may be potentiated by IgA1 protease itself, as previously demonstrated by our group (46). In this study, we found high levels
of IFN-␥ and the proinflammatory cytokine TNF-␣ in supernatants of PBMC cultured with IgA1 protease whereas the
levels of IL-10 and IL-4 were very low, consistent with a Th1like profile. IFN-␥, which is mainly induced by IL-12, is also
detected in plasma of humans with bacterial meningitis (39).
Nevertheless, the type of the immune response in bacterial
meningitis is not yet clear. In some studies, type 1 cytokines
were detected during bacterial meningitis (20, 62), whereas
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FIG. 6. Purified IgA1 protease induces dose-dependent release of
the cytokines IFN-␥, TNF-␣, IL-10, and IL-4 from PBMC. PBMC
from donors 14, 26, and 27 were cultured with different concentrations
of IgA1 protease. Cell-free supernatants were harvested, and cytokine
levels were determined by ELISA. Filled symbols, different concentrations of IgA1 protease used in the experiment; open symbols, control
nonstimulated cells (medium) and TT (2 LF/ml)-stimulated cells. Results (means ⫾ standard deviations for six determinations) for donor
27 as representative of the donors tested are shown.

341

342

TSIRPOUCHTSIDIS ET AL.

INFECT. IMMUN.

other studies report type 2 cytokines (61). Recent work describes age-dependent humoral as well as cellular immune
responses to N. meningitidis (59, 60). Neonatal naive T cells
respond differently to cytokine stimulation than do adult T
cells. Neonatal CD45RA cells are induced to develop an IL-4
producing a Th2 phenotype (with production of IgG1 and
IgG3 antibodies), whereas adult cells develop a Th1 phenotype
(production of IgG2) following stimulation with IL-12 (66).
These low levels of IgG2 in young children are thought to be an
important factor reflected in the age-dependent incidence of
disease, since a deficiency in IgG2 causes enhanced susceptibility to encapsulated bacteria, including meningococci (4, 64,
68). The relatively low levels of the Th2-type cytokines observed in this study could result from the increased levels of
IFN-␥, which is known to inhibit IL-10 production (13), especially since the decrease of both cytokines, IL-10 and IL-4,
correlates with the increase of IFN-␥ at day 6 of culture.
Interestingly, high concentrations of antigen (⬎20 g/ml) resulted in a lack of cytokine production corresponding to the
Th2 type, whereas it had no effect on IFN-␥ production, indicating that a supression of a Th2 response may have occurred

initially. IL-10, however, is crucial in limiting damage in bacterial meningitis by controlling TNF-␣ levels (54, 70). The
reduction that we observed would promote infection rather
than bacterial clearance.
This study demonstrates that healthy individuals generate a
Th1-type-dominated immune response against gonococcal
IgA1 protease in vitro and that IgA1 protease-specific T cells
can be detected in peripheral blood. These T cells might have
been locally stimulated and might further traffic to mucosal
sites (14, 34). Extensive sharing of neutralizing epitopes was
found between N. meningitidis and N. gonorrhoeae IgA1 proteases, making them potentially attractive vaccine components
(44). Based on these homologies, the observed T-cell response
to gonococcal IgA1 protease might also be relevant for the
meningococcal enzyme in meningitis, where the occurrence of
an inflammatory response with strong production of proinflammatory cytokines occurs frequently as a pathogenic factor.
Although it is possible that Th2 type cytokines reduce inflammation through reduction of TNF-␣ by IL-10, it is also likely
that a Th1-dominated immune response and subsequent production of IgG2 antibodies might have a protective effect in
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FIG. 7. (A) IFN-␥ production can be detected intracellularly by
flow cytometry in CD3⫹ lymphocytes after stimulation of human
PBMC with IgA1 protease. Human PBMC were cultured with IgA1
protease (10 g/ml) for different lengths of time. Nonstimulated cells
and TT-stimulated cells (2 LF/ml) were used as controls. After 1, 2, 3,
and 6 days, cells were harvested and stained with monoclonal antibodies against CD3 on the cell surface and against IFN-␥ intracellularly.
The results (donor 27 as representative of the donors tested) are the
percentage of double-positive cells. (B) CD4⫹ T cells are mainly responsible for the IFN-␥ produced upon incubation of human PBMC
with IgA1 protease. In the same experiment for which the results are
shown in panel A, cells were harvested and stained with monoclonal
antibodies against lymphocytic surface markers and IFN-␥ intracellularly, of T lymphocytes (CD4⫹ or CD8⫹), B lymphocytes (CD19⫹), or
NK cells (CD56⫹), respectively, for flow cytometry. The results are the
percentages of double-positive cells of each cell subpopulation investigated.
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meningitis. Altogether, these findings invite further studies on
the role of neisserial IgA1 protease as an immunologically
important antigen.
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The results (donor 14 as representative of the donors tested) are the
means ⫾ standard deviations representing the number of spots from
three wells.
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