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In search for novel T-cell immunogens involved in protection against invasive meningococcal disease, we
screened fractionated proteins of Neisseria meningitidis (strain SD, B:15:P1.16) by using peripheral blood
mononuclear cells (PBMCs) and specific T-cell lines obtained from normal individuals and patients conva-
lescing from N. meningitidis infection. Proteins of iron-depleted meningococci produced higher PBMC prolif-
eration indices than proteins of iron-replete organisms, indicating that iron-regulated proteins are T-cell
immunogens. Insoluble proteins of the iron-depleted cells, which produced better T-cell stimulation than
soluble ones, were fractionated by using sodium dodecyl sulfate-polyacrylamide gels and recovered as five
fractions (F1 to F5) corresponding to decreasing molecular weight ranges. The proteins were purified (by
elution and precipitation) or electroblotted onto nitrocellulose membranes (dissolved and precipitated) before
use in further T-cell proliferation assays. One of the fractions (F1), containing high-molecular-mass proteins
(>130 kDa), consistently showed the strongest T-cell proliferation responses in all of the T-cell lines examined.
F1 proteins were subdivided into four smaller fractions (F1A to F1D) which were reexamined in T-cell
proliferation assays, and F1C induced the strongest responses in patients’ T-cell lines. Rabbit polyclonal
antibodies to F1C components were used to screen a genomic expression library of N. meningitidis. Two major
clones (C1 and C24) of recombinant meningococcal DNA were identified and fully sequenced. Sequence
analysis showed that C24 (1,874 bp) consisted of a single open reading frame (ORF), which was included in
clone C1 (2,778 bp). The strong CD4™ T-cell-stimulating effect of the polypeptide product of this ORF (named
TspA) was confirmed, using a patient T-cell line. Immunogenicity for B cells was confirmed by showing that
convalescent patients’ serum antibodies recognized TspA on Western blots. Additional genetic sequence
downstream of C24 was obtained from the meningococcal genomic sequence database (Sanger Centre),
enabling the whole gene of 2,761 bp to be reconstructed. The DNA and deduced amino acid sequence data for
tspA failed to show significant homology to any known gene, except for a corresponding (uncharacterized) gene
in Neisseria gonorrhoeae genome sequences, suggesting that tspA4 is unique to the genus Neisseria. The DNA and
deduced amino acid sequence of the second ORF of clone C1 showed significant homology to glo4, encoding
glyoxalase I enzyme, of Salmonella typhimurium and Escherichia coli. Thus, we have identified a novel neisserial
protein (TspA) which proved to be a strong CD4* T-cell- and B-cell-stimulating immunogen with potential as

a possible vaccine candidate.

Neisseria meningitidis is the most common cause of pyogenic
meningitis among children and young adults and is the only
bacterium that causes epidemic outbreaks of meningitis. The
clinical manifestations of infection with N. meningitidis range
from asymptomatic carriage to overwhelming septicemic shock
(5). There is presently an upsurge of meningococcal infection
worldwide, particularly that due to serogroup B. This sero-
group causes 55 to 70% of all N. meningitidis infections in
England and Wales. N. meningitidis capsular polysaccharide
(CPS) vaccines against serogroups A, C, W135, and Y offer
short-lived, strain-specific protection, but they do not protect
against group B. CPS vaccines are also ineffective in children
less than 2 years old, the age group most at risk. The ideal N.
meningitidis vaccine should provide long-term immunity to all
strains in all age groups; no such vaccine has been developed
thus far.
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Immunity to N. meningitidis infection correlates with the
presence of bactericidal immunoglobulin G (IgG) (13). Help
by CD4™ T cells is required for an efficient humoral immune
response generating lytic IgG and memory B cells. CD4" T
cells recognize antigen (Ag) peptides associated with major
histocompatibility complex class II on Ag-presenting cells
(APCs). Thus, appropriate proteins may enhance the effective-
ness of meningococcal vaccines by acting as more appropriate
carriers for the immunogenic CPS or as protective immuno-
gens in their own right. Attempts have been made to improve
the efficacy of the CPSs as vaccine candidates by conjugating
them to carrier proteins (e.g., tetanus toxoid) to make them
CD4™" T-cell dependent. However, with the poorly immuno-
genic group B CPS, there was no increase in lytic IgG and no
memory development (29). The tolerogenicity of serogroup B
CPS (due to molecular mimicry) may ultimately preclude its
use in conjugate vaccines (14, 20).

The outer membrane proteins (OMPs) are potential vaccine
candidates. The number of OMPs studied so far for T-cell
stimulation is very limited; they include the major porins PorA
and PorB (class 1 and 2 OMPs, respectively) and class 5 pro-
teins (Opa and Opc) (10, 26, 27). Vaccination with N. menin-



3534 KIZIL ET AL.

gitidis outer membrane vesicles (Norwegian vaccine) elicits
strong primary and memory CD4" T-cell responses to PorA
and PorB (17). However, the major-class OMPs are highly
variable and are used in the serological typing of N. meningi-
tidis. Several outer membrane vesicle vaccines enriched with
these class proteins underwent extensive clinical trials in Scan-
dinavia (8) and South America (11, 22, 28). The results were
largely disappointing. However, crude mixtures of meningo-
coccal OMPs have been used with success as carriers for the
Haemophilus influenzae type b CPS vaccine (16), indicating
that they do contain potent CD4* T-cell epitopes.

The identification and characterization of further meningo-
coccal T- and B-cell protein Ags is a priority to enable the
design of the optimal vaccines for N. meningitidis infection.
Here we describe an approach that led to the identification of
TspA, a novel meningococcal protein Ag which stimulates T
cells of both normal individuals and patients convalescing from
N. meningitidis infection. We report the characterization of this
Neisseria-specific Ag.

MATERIALS AND METHODS

N. meningitidis growth conditions and protein extraction. N. meningitidis,
strain SD (B:15:P1.16), was subcultured in Mueller-Hinton broth and grown
overnight in 5% CO,. Iron limitation, as a relatively well-characterized form of
stress, was achieved by the addition of 25 uM desferrioxamine (Ciba) to the
Mueller-Hinton broth. To obtain total protein extracts, the cells were resus-
pended in phosphate-buffered saline (PBS) and sonicated for 4 min on ice at 4°C.

To separate soluble and insoluble membrane-bound meningococcal compo-
nents, sonicated whole-cell extracts of iron-depleted organisms (SD ™) or iron-
replete organisms (SD"), at a concentration of 1 mg/ml, were centrifuged at
3,000 X g, and the pellet was resuspended in PBS containing 10% Triton X-100
and incubated by shaking for 3 h at room temperature. This was followed by
centrifugation at 100,000 X g for another 2 h. The supernatant (soluble proteins)
was removed, and the pellet (insoluble proteins) was resuspended in PBS.

SDS-PAGE and electroblotting. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) of sonicated SD™ whole-cell extracts (1 mg/ml)
was performed in 10% linear polyacrylamide gels. Separated proteins were
transferred from the SDS-polyacrylamide gels onto nitrocellulose membranes
(Schleicher & Schuell; 0.45 wm pore size) (3, 6).

Preparation of fractions of electroblotted proteins for T-cell proliferation
assays. For addition to proliferation assay mixtures, the nitrocellulose mem-
branes were divided transversely into five equal fractions corresponding to dif-
ferent approximate molecular masses, with fractions F1 to F5 corresponding to
>130 kDa, 70 to 130 kDa, 50 to 70 kDa, 34 to 50 kDa, and <34 kDa, respectively
(Fig. 1). An additional piece of neat (unused) nitrocellulose membrane with the
same surface area as the fractions was included as a negative control. Blot
fractions were dried for 1 h at 37°C and solubilized in dimethyl sulfoxide.
Nitrocellulose particles were precipitated with carbonate-bicarbonate buffer (pH
9.6) and collected by centrifugation (1). The dimethyl sulfoxide was removed by
washing the precipitates four times in Hanks’ balanced salt solution. Fractions
were resuspended in RPMI 1640 to a final volume of 0.5 ml, of which 10-pl
aliquots were added to each well in the T-cell proliferation assays.

Protein purification by elution from SDS-polyacrylamide gels. Triton X-100-
treated SD ™ insoluble proteins were separated on SDS-polyacrylamide gels. The
gel was then divided transversely into five fractions corresponding to those
produced from the nitrocellulose membranes after transblotting. Fraction F1 was
subsequently subdivided transversely into four subfractions (F1A to F1D) (Fig.
1). The gel fractions were allowed to partially dehydrate for 15 min and crushed
with a syringe barrel. They were then shaken in 10 ml of 0.1 M Tris-HCI (pH
6.8)-0.1% SDS for 48 h at 4°C. The gel matrix was removed by centrifugation,
and the eluted proteins were recovered by lyophilization or by precipitation with
acidified acetone. In the first method, the protein-containing supernatant was
dialyzed against 0.02 M Tris buffer and then frozen at —70°C for 24 h before
being freeze-dried overnight, using a Birchfield freeze-drier. The lyophilized
powders were reconstituted in water. In the second method, eluted proteins were
precipitated by adding 10 volumes of cold acidified acetone (90% acetone, 5%
acetic acid, 5% triethylamine) to the protein-containing supernatant, and the
mixture was incubated on ice for 6 to 7 h. The precipitated material was collected
by centrifugation, and the pellet was stored at —20°C until it was redissolved in
distilled water. Proteins recovered by precipitation rather than by lyophilization
were used in the T-cell stimulation assays, as the lyophilized proteins did not
induce T-cell proliferation.

Preparation of PBMCs and T-cell proliferation assay. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from the blood of 13 normal healthy
volunteers and two patients convalescing from meningococcal disease by liquid
gradient centrifugation over Histopaque 1077 (Sigma-Aldrich Co. Ltd.). The
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FIG. 1. Coomassie brilliant blue-stained SDS-polyacrylamide gel of whole
bacterial lysate of strain SD, indicating how the separated proteins were divided
into five fractions (F1 to F5) based on approximate molecular mass ranges (in
kilodaltons) and F1 was further divided into four subfractions (F1A to FID).

PBMCs were adjusted to 2 X 10° cells/ml in RPMI 1640 supplemented with 10
mmol of HEPES, 2 mmol of L-glutamine, 100 U of penicillin per ml, and 100 mg
of streptomycin per ml (Sigma), with 10% human AB serum (Blood Transfusion
Service, Sheffield, United Kingdom) added (RPMI/AB). A total of 2 X 10°
PBMCs (in 200 pl) were added to each well of 96-well flat-bottomed plates (ICN
Biomedicals Ltd.), and 100 ug of SD* per ml, 100 pg of SD™ per ml, 5 pg of
Candida Ags (CAD) per ml, or 10 g of phytohemagglutinin (PHA) per ml was
then added to quadruplicate wells.

The cells were incubated at 37°C in 5% CO, for 7 days. The cultures were
pulsed with 1 pCi of [*H]thymidine (Amersham International, Amersham,
United Kingdom) per well for the final 18 h. The cells were harvested on unifilter
plates by using an automatic cell harvester (FiltermateTM196). [*H]thymidine
incorporation was measured as counts per min on a Beckman Topcount. Results
are expressed as means = standard deviations. Student’s ¢ test for unpaired data
was used for continuous variables. The Bonferoni correction to the standard P
value for significance (P = 0.05) was applied for multiple simultaneous compar-
isons. Stimulation (proliferation) indices (SIs) were calculated as counts per
minute of cells cultured with the Ag divided by counts per minute of cells
cultured without Ag.

Generation of EBV-transformed B-cell lines. B-cell lines were generated, as
described previously (12), to serve as APCs in the T-cell proliferation assay and
for maintaining the T-cell lines. PBMCs were incubated with Epstein-Barr virus
(EBV) produced by the B95-8 cell line (provided by C. Davenport, Division of
Immunology, University of Nottingham) and then cultured in supplemented
RPMI 1640 containing 10% fetal calf serum. Cyclosporine (0.5 pg/ml) was added
for the first 4 weeks of culture.

Generation, stimulation, and analysis of T-cell lines. PBMCs were cultured at
10° cells/well (24-well plates) in RPMI/AB. SD™ antigens (100 pg/ml) and
interleukin-2 (IL-2) (5 U/ml; Boehringer Mannheim) were added to each well,
and the culture was incubated for 5 days. On day 5, an additional 5 U of IL-2 per
ml was added, and on day 14, cells were used in a proliferation assay. T-cell lines
were maintained by weekly addition of gamma-irradiated autologous feeder cells
(either EBV-transformed B cells [EBV-B cells] or PBMCs; 10°), SD™ antigens
(100 pwg/ml), and IL-2 (5 U/ml) to 10° T cells.

For proliferation assays, T-cell lines were cultured at 1 X 10* cells/well (in
flat-bottomed 96-well plates) plus 2 X 10* gamma-irradiated autologous EBV-B
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TABLE 1. Proliferation of PBMC (2 X 10° cells/well) in response to meningococcal proteins

Donor Mean cpm * SD (SI) in response to:

or B
patient SD™ proteins SD™ proteins CAD PHA Tsr%?:l]f
D1 ND* 203 = 18 (14.5) 390 = 203 (27.9) 778.4 = 101 (55.6) 14 =55
D2 494 + 43 (18.3) 626 + 34 (23.2) 78.3 £ 14 (2.9) 1,644.3 £ 650 (60.9) 27+ 83
D3 145 =21 (3.1) 197 = 30 (4.2) 94 =23 (2.0) 5,315.7 = 291 (113.1) 47 £ 19
D4 1,190 = 66 (2.8) 2,252 £ 73 (5.3) 6,545 £ 725 (15.4) 152,745 = 4,676 (359.4) 425 =21
D5 211 £ 16 (3.3) 793 =25 (12.4) 12,608 = 411 (197) 39,040 = 1,672 (610) 64 =11
D6 121 £ 14 (2.2) 286 + 36 (5.2) 709.5 = 71 (12.9) 24,365 + 4,473 (443) 55*+18
P14

EC ND 2,019 £ 565 (2.5) ND 12,622 = 450 (16) 813 = 69

LC ND 4,240 = 200 (5.0) ND 11,500 = 534 (13) 831 =48

¢ Calculated as mean counts per minute for cells cultured with the Ag divided by mean counts per minute for the negative control.

b Cells cultured without Ag.
¢ ND, not done.
4EC, early convalescent; LC, late convalescent.

cells/well in RPMI/AB. Cells were cultured for 4 days with different antigen
preparations. Eighteen hours before cell harvest, cultures were pulsed with 0.5
uCi of [*H]thymidine per well. Cells were harvested, and [°H]thymidine incor-
poration was measured and analyzed as described above.

To determine the phenotype of T-cell lines, 2 X 10° cells were incubated at 4°C
for 30 min with an anti-CD3, anti-CD4, anti-CD8, or anti-y/d monoclonal anti-
body (MAD) (Dako). The cells were then washed in PBS and incubated with
fluorescein isothiocyanate-conjugated F(ab), sheep anti-mouse immunoglobu-
lins (Sigma) for 30 min at 4°C. They were washed again in PBS and fixed in 300
wl of 10% formaldehyde in PBS. The stained cells were analyzed with a Becton
Dickinson fluorescence-activated cell scanner (FACScan).

To enrich a T-cell line for CD4™ cells, the cells were resuspended at 107
cells/ml in PBS and incubated with anti-CD8 and anti-y/3 T-cell receptor MAbs
(Dako) at 4°C for 15 min. Cells were then pelleted, resuspended in PBS to which
MACS magnetic microbeads coated with sheep anti-mouse IgG (Miltenyi Biotec
GmbH) were added, and incubated at 4°C for 15 min. The labelled cells were run
into the column, which was then washed with PBS. The effluent was collected as
the negatively selected, CD4" T-cell-enriched fraction.

Preparation of rabbit antiserum to meningococcal F1C proteins and Western
blotting. Rabbit polyclonal antibodies (R-F1C) were raised against purified pro-
teins contained in fraction F1C, eluted from SDS-polyacrylamide gels, and ly-
ophilized. A New Zealand White male rabbit was immunized five times at 2-week
intervals. The first injection contained 30 wg of protein mixed with Freund’s
complete adjuvant, and booster doses consisted of the same amount of the Ag
mixed with Freund’s incomplete adjuvant. After four injections, the animal was
test bled, boosted with one more injection, and then sacrificed 8 days later, and
the serum was stored at —20°C. Western blotting was carried out on electroblot-
ted proteins as described previously (6) with R-F1C (diluted 1:1,000). Western
blotting was also carried out with convalescent patients’ sera diluted 1:50 in
blocking buffer, as previously described (6).

Screening a gene library of N. meningitidis. The R-F1C antiserum was used to
screen a previously established genomic library of N. meningitidis (strain SD) in
NZaplI (7, 18). The library was amplified in Escherichia coli XL1-Blue (E. coli
XB) (Stratagene) and screened for plaques reactive with R-F1C (preabsorbed
with XB before use at a dilution of 1:1,000) as described previously (7). Identified
plaques were purified, their pBluescript plasmids (containing recombinant me-
ningococcal DNA inserts) were rescued in vivo in XB, proteins were expressed,
and plasmids were extracted and examined by agarose gel electrophoresis, as
described previously (7).

DNA sequencing and analysis. Recombinant meningococcal DNA in the res-
cued pBluescript plasmids was sequenced (7). Initial sequences were obtained by
using the forward and reverse universal primers TTG TAA ACC GAC GGC
CAG TG and CAC ACA GGA AAC AGC TAT GAC C, respectively. Subse-
quent sequencing was performed by designing primers based on the newly ob-
tained sequences (7).

Meningococcal sequence data obtained from these plasmids were analyzed by
using the GeneJockey II program for Apple Macintosh (Biosoft). Database
searches (GenEMBL and GenBank) were carried out for sequence homologies,
using the Daresbury Genetics Computer Group program and the available
BLAST (Basic Local Alignment Search Tool) search facility on the Internet.

RESULTS

PBMC proliferative responses to whole-cell extracts of N.
meningitidis. Lymphocyte proliferation assays were performed

with PBMCs from 13 normal healthy donors to identify those
individuals with T-cell responses to whole bacterial extracts of
group B meningococci (strain SD). In these experiments PBMCs
were cultured for 7 days with whole-cell extracts of meningo-
cocci grown under iron-sufficient conditions (SD*) or iron-
restricted conditions (SD ™) to induce the expression of iron-
regulated genes. CAD and PHA were used as positive controls.
For a negative control, no Ag was added to the wells. Based on
the response to CAD, an SI of 2 or more was considered
positive.

CAD stimulated lymphocyte proliferation in all donors, al-
though not always to a greater extent than meningococcal total
proteins, and PHA induced high proliferation for all donors
(Table 1). Negative controls for the normal donors never ex-
ceeded 500 cpm. PBMCs from six normal donors gave prolif-
erative responses to the meningococcal proteins, with SD™
consistently inducing higher responses than SD* (Table 1).
Therefore, in all subsequent experiments, only SD™ extracts
were used. At least seven other normal donors failed to show
a proliferative response to the meningococcal extracts (SD* or
SD ™), suggesting that individuals vary in T-cell responsiveness
to N. meningitidis (not shown).

PBMC proliferation to SD™ proteins was also examined for
a patient (P1), from whom early and late convalescent blood
samples (7 and 28 days after recovery, respectively) were ob-
tained (Table 1). Both early and late convalescent PBMCs
showed significant proliferative responses to SD~ when com-
pared with PBMCs cultured alone (P < 0.0055 and P < 0.0001,
respectively, with a cutoff of P = 0.025). The late convalescent
PBMC:s produced a significantly greater response to SD ™ than
did the early convalescent PBMCs (SI = 5 and 2.5, respec-
tively; P < 0.0003), whereas their responses to PHA were very
similar.

Establishment of T-cell lines specific to whole SD™ menin-
gococcal Ags. T-cell lines (99% CD3™") specific to meningococ-
cal Ags were generated from several normal healthy donors
and from convalescent patients recovering from meningococ-
cal disease. The cell lines were maintained weekly with SD™
extract, gamma-irradiated autologous APCs, and IL-2. The
APCs were EBV-B-cell lines or, for some of the normal do-
nors, PBMCs. The T-cell lines showed proliferative responses
to meningococcal Ags. For example, with the T-cell line estab-
lished from patient 2 (P2), protein extracts of both SD™ and
SD™ meningococci yielded statistically significant T-cell pro-
liferation (2,104 = 200 and 4,225 * 427 cpm, respectively),
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FIG. 2. T-cell proliferation assays carried out with T-cell lines from donor D1 (a), donor D4 (b and c) and patient P2 (d), stimulated with fractionated proteins
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mean for quadruplicate wells (1 X 10* T cells and 2 X 10* APCs per well) from
one experiment. Error bars indicate standard deviations. T+B cells alone, no-Ag
negative control.

compared to the no-Ag negative control (T plus B cells alone;
884 = 31 cpm) (P < 0.001). However, SD™ protein extracts
yielded stronger T-cell stimulation than those of SD™ extracts
(P < 0.0001, with a cutoff of P = 0.05).

Stimulation of T-cell lines by fractionated meningococcal
Ags. Meningococcal total proteins were separated by SDS-
PAGE (Fig. 1) and transferred to nitrocellulose membranes.
These were divided into five equal transverse fractions (F1 to
F5) corresponding to different molecular mass ranges, as indi-
cated in Fig. 1. T-cell proliferation assays were then performed
with SD™ and SD~ fractionated proteins. As shown in Fig. 2a,
a T-cell line from normal donor 1 (D1) showed the highest
proliferative responses to fractions F1 and F5 of SD™. Fl,
which contains high-molecular-mass proteins (>130 kDa),
stimulated T cells approximately three times better than the T
plus B cells alone and significantly better than F2, F3, F4, and
F5 (P < 0.001 for the former three and P < 0.005 for the latter,
with a cutoff off of P = 0.013).

The same experiments were repeated for the D4 T-cell line,
and similar results were obtained for fractionated SD™ pro-
teins (Fig. 2b). Again, the response to fraction F1 was signifi-
cantly higher (P < 0.001) than that to fractions F2, F3, F4, and
F5 (with a cutoff of P = 0.013). Similar results were also
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obtained with the D2 T-cell line (data not shown). In contrast,
fractionated SD* whole-cell extracts showed little or no stim-
ulation of the T-cell lines from D1 and D4 compared with neat
nitrocellulose membrane (data not shown).

The results shown in Fig. 2a and b indicated that the most
potent meningococcal T-cell stimulants were in the high-mo-
lecular-weight range (fraction F1). Further experiments were
therefore undertaken with T-cell lines from normal donor D4
and patient P2 to confirm the molecular weight range of the
major T-cell stimulants. Insoluble SD™ membrane components
(which were found to induce a better T-cell stimulation than
soluble components [data not shown]) were run on SDS-
PAGE and recovered as five fractions corresponding to the
molecular weight ranges shown in Fig. 1. In this case, the
proteins were not transferred to nitrocellulose membranes but
were recovered directly from the polyacrylamide gels. The gels
were sliced transversely into the five fractions from which pro-
tein fractions F1 to FS were eluted. The proteins were then
precipitated, redissolved, and adjusted to equivalent protein
concentrations for addition to the T-cell cultures. The results
were consistent with those obtained by using the nitrocellulose
membrane blot method. With the D4 T-cell line, fraction F1
proteins induced the highest T-cell proliferation compared
with fractions F2, F3, F4, and F5 (P < 0.001, with a cutoff of
P = 0.013) (Fig. 2c). With the P2 T-cell line, F1 proteins again
gave higher proliferation than F2, F3, F4, and F5 proteins (P <
0.005, P < 0.001, P < 0.014, and P < 0.003, respectively, with
a cutoff of P = 0.013) (Fig. 2d).

Subfractions of T-cell-stimulating meningococcal Ags.
Based on the consistent T-cell-stimulatory effect of its proteins,
fraction F1 was chosen for further studies in order to identify
the individual T-cell-stimulating proteins. Fraction F1 contains
approximately 12 proteins, as detected on silver-stained SDS-
polyacrylamide gels (data not shown). To find out which pro-
tein(s) was responsible for the T-cell stimulation, SD™ insolu-
ble proteins were again separated by SDS-PAGE, and fraction
F1 of the gel was further subdivided into four subfractions
(F1A to F1D). The area above the 200-kDa level was divided
into two equal segments (subfractions F1A and F1B), and the
area below this was divided into another two equal segments
(subfractions F1C and F1D) (Fig. 1). The proteins were then
eluted from the gel segments, precipitated by using the acidi-
fied-acetone method described above, and tested for their abil-
ity to stimulate T-cell proliferation. As shown in Fig. 3, with the
patient P2 T-cell line, subfraction F1C induced the highest
T-cell proliferative response (P < 0.002 compared to T plus B
cells alone), although all four subfractions showed stimulation
compared to the no-Ag negative control (T plus B cells alone).
Thus, the order of decreasing stimulation of the P2 T-cell line
by the four F1 subfractions was C > D = B > A. For the T-cell
line of another patient (P1), this order of stimulation was D =
C > A = B, and for the normal donor D4 T-cell line, the order
was B > C > D > A (data not shown). The collective ranking
for T-cell stimulation given by these experiments was C > D =
B > A. Therefore, subfraction F1C was chosen for further
analysis, since this subfraction most consistently stimulated the
SD ™ -specific T-cell lines of different donors.

Cloning of an F1C protein (TspA). SD™ F1C proteins were
eluted from the corresponding subfractions of SDS-polyacryl-
amide gels and lyophilized. A rabbit polyclonal antiserum
(R-F1C) was then raised against these F1C proteins. Immuno-
blotting showed that this antiserum clearly recognized the high-
molecular-mass proteins contained in the purified F1C fraction
and whole-cell extracts of the SD™ strain (Fig. 4). In the latter
case, the strongest antibody reactions occurred with proteins
at around 200 kDa. R-F1C also reacted, although weakly, with
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FIG. 4. Western blot of rabbit anti-F1C against SD~ whole-cell extracts and
purified F1C proteins.

several low-molecular-mass F1C and SD ™ proteins, which may
be breakdown products of the higher-molecular-mass proteins.
No reaction was detected with rabbit preimmune serum (not
shown).

The R-F1C antiserum was then used to screen a genomic
expression library of N. meningitidis (strain SD) in NZaplI. This
phage library had been established following the digestion of
the meningococcal genomic DNA with the restriction enzyme
Sau3A and ligated into the NZaplI phage at the Xhol restric-
tion site of the multiple cloning site (18).

After screening of approximately 50,000 plaques by immu-
noblotting, 55 positive clones (C1 to C55) were identified. Four
of the most immunogenic (strongly positive) clones (C1, C13,
C14, and C24) were chosen for purification and characteriza-
tion. They were purified by being reseeded into E. coli XB at
a high dilution and rescreened with the R-F1C antiserum. The
meningococcal DNA inserts were rescued in vivo into pBlue-
script SKII plasmids (within XB) and designated pSKCI,
pSKC13, pSKC14, and pSKC24. The plasmid-containing XB
strains were grown in the presence of isopropyl-B-p-thiogalac-
toside (IPTG) and analyzed by Western blotting for the ex-
pression of meningococcal proteins, using R-F1C antiserum
(preadsorbed with XB). All of the samples examined showed
very similar Western blot profiles, with the expression of a
major immunogenic high-molecular-mass protein (ca. 130
kDa) and several lower-molecular-mass proteins (possibly
breakdown products of the major protein) reactive with the
R-F1C antiserum. The profiles of pSKC1 and pSKC24 are
shown in Fig. 5.

Plasmid preparations were extracted, and their meningococ-
cal DNA inserts were examined by agarose gel electrophoresis.
They all appeared to comigrate, except for pSKC24, which was
smaller, with an estimated recombinant DNA insert of 1.8 kb
(not shown). Sequencing of the 5" and 3’ ends of the DNA
inserts, using universal forward and reverse primers, confirmed
that the comigrating plasmids were indeed identical. There-
fore, only pSKC1 and pSKC24 (containing clones C1 and C24,
respectively) were chosen for further molecular characteriza-
tion.

From the initial sequence data, it was clear that clones C1
and C24 were identical at their 3’ ends (reverse) but different
at their 5" ends. This and the differences in plasmid size sug-
gested that pSKCI1 contained a larger meningococcal DNA
insert than that pSKC24. This was confirmed when both
strands of both plasmid inserts were fully sequenced. The
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FIG. 5. Western blot of whole-cell extracts of E. coli XB transformed with
plasmids pSKC1 (lane 1), pSKC24 (lane 2), and pBluescript (without a DNA
insert) (lane 3). Organisms were cultured in the presence of IPTG, and the blots
were probed with rabbit anti-F1C preadsorbed with the host strain containing
pBluescript.

cloned meningococcal DNA insert in pSKC1 was 2,778 bases
long, and that in pSKC24 was 1,874 bases long, extending from
base 904 of clone C1 to its 3’ end (Fig. 6).

The DNA sequence data for clones C1 and C24 were ana-
lyzed, and likely open reading frames (ORFs) were identified
(Fig. 6). ORF1 was present in C1 but not C24, whereas ORF2
was present in both plasmids. Thus, clone C24 consisted of only
the latter ORF, the product of which (named TspA) must have
been responsible for the selection of the immunogenic clones.

To confirm the immunogenicity of TspA produced by the
selected clones, the ability of the purified recombinant TspA to
stimulate the meningococcal (SD™)-specific T-cell line of pa-
tient P2 was examined.

T-cell stimulation by TspA. The TspA fragment expressed
by clone C24 (in E. coli XB) was prepared by elution from
SDS-polyacrylamide gels followed by precipitation with acidi-
fied acetone. As a negative control, ca. 130-kDa proteins (E.
coli P130) of the host E. coli XB, containing pBluescript with
no meningococcal DNA inserts, were eluted and precipitated
in the same way as for TspA. To achieve comparability, the test

901 (Sau3A) 2778

!| j||* C1

ORF1 (gloA) ORF2 (TspA)

1878

—T< c24

(T'spA)

FIG. 6. Schematic representation of meningococcal DNA fragments C1 and
C24. Numbers indicate distances (in bases) from the 5’ end and sites of Sau3A
restriction.
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TABLE 2. Proliferation of CD4" cell-enriched, SD ™ -maintained, and TspA-maintained T-cell lines of patient P2 (1 X 10* T cells
and 2 X 10* APCs per well) stimulated with purified TspA and E. coli P130 and insoluble SD ™~ proteins

Mean cpm * SD (SI¢) for the following T-cell line:

Ag or mitogen
CD4" cell enriched

SD™ maintained TspA maintained

Negative control”
P130

1,115 + 151 (1)
1,500 + 117 (1.3)

TspA 4,500 = 474 (4.0)
SD™ extract 2,602 + 163 (2.3)
PHA 12,287 + 550 (11.0)

1,431 + 44 (1)
1,375 + 132 (0.9)
2,376 = 500 (1.7)
2,516 + 81 (1.8)
12,500 = 350 (8.8)

837 + 901 (1)
1,115 + 87 (1.3)
3,719 = 394 (4.4)
1,662 + 394 (2.0)

10,120 *+ 500 (12.0)

¢ Calculated as mean counts per minute for cells cultured with the Ag divided by mean counts per minute for cells cultured without Ag (negative control).

> T plus B cells alone.

TspA and P130 were prepared from the same number of cells,
as assessed by the optical density at 600 nm of log-phase cul-
tures, and the precipitated products were reconstituted in
equal volumes of PBS. Equal volumes of the final TspA and
P130 purified preparations were then tested in T-cell prolifer-
ation assays for their ability to stimulate T-cell lines. In these
experiments, the meningococcal (SD ™ )-specific T-cell line of
patient P2 was used.

Before T-cell proliferation assays were performed, the P2
T-cell line was phenotyped by indirect immunofluorescence
with a CD4-specific MAD and flow cytometry. This showed that
the T-cell population was 50% CD4™. To establish a line en-
riched for CD4" T cells, the y/8* T cells and CD8" T cells
were removed by using magnetic beads (mini-MACS) coated
with MADs to /8 T-cell receptors and CDS8. The resulting
T-cell population was 86.5% CD4™".

The results shown in Table 2 demonstrate that the CD4™"
cell-enriched T cells of the P2 line clearly responded to TspA
(SI = 4). This was significantly higher than the response to
SD™ (SI = 2.3; P < 0.003) or the negative controls, including
E. coli P130 (SI = 1.3; P < 0.001, with a cutoff of P = 0.017).
Although the absolute responses (in counts per minute) are
similar to those with whole PBMCs (Table 1), it should be
noted that 20 times fewer T cells were used, i.e., 1 X 10%well
(plus 2 X 10* APCs) compared with 2 X 10> PBMCs.

Two parallel cultures of the CD4™ cell-enriched P2 T-cell
line were maintained with SD™ or TspA. After 4 weeks, both
cell lines were reexamined for T-cell proliferation and CD4
phenotype. The SD -maintained line showed a reduced re-
sponse to TspA (SI = 1.7) that was similar to the response to
SD™ (SI = 1.8), although TspA continued to induce a signif-
icantly better T-cell response than E. coli P130 (P < 0.009, with
a cutoff of P = 0.017) (Table 2). This SD ™ -maintained T-cell
line showed a reduction of CD4™" cells to 67%.

R-FI1C P3

P4

The TspA-maintained specific T-cell line gave a much better
response to TspA (SI = 4.4) than to SD™ (SI = 2.0; P < 0.006)
(Table 2). Again the response to TspA was higher than that to
P130 (SI = 3; P < 0.0012, with a cutoff of P = 0.017). This
TspA-maintained T-cell line remained 85% CD4™".

B-cell stimulation by TspA. The recombinant TspA, ex-
pressed by pSKC24, was immunoblotted against sera from four
patients convalescing from meningococcal disease. Figure 7
clearly shows that all four patients responded with IgG anti-
bodies against recombinant TspA.

Sequence analysis of TspA. The DNA and deduced amino
acid sequences of the ORFs were used to search the Gen-
EMBL data bank for sequence homologies. Only the DNA and
deduced amino acid sequences of ORF1 (accession no.
Y14298) showed significant homology to known sequences.
ORF1 showed 60% homology and a 414-base overlap with the
gloA genes of Salmonella typhimurium (accession no.
STUS57364) and E. coli (accession no. U57363). gloA is known
to encode the glyoxalase I enzyme component of the glyoxalase
system that inactivates electrophilic 2-oxaldehydes (25).

The DNA and deduced amino acid sequences of the TspA-
encoding ORF2 failed to show any significant homology to any
known sequence in the available data banks (GenEMBL and
Swissprot). However, it showed homology to a corresponding
gene in N. gonorrhoeae genome sequences (16a), suggesting
that tspA is present in both pathogenic species of the genus
Neisseria.

The sequence analysis indicates that ORF2 represents the
C-terminal fragment encoded by the gene of interest (tspA).
Additional genetic sequence downstream of ORF2 was ob-
tained from the meningococcal genomic sequence database
(17a), enabling the whole gene of 2,761 bases to be recon-
structed (accession no. AJ010113).

PS P6

Ec

C24 C24 Ec

C24 Ec C24 Ec C24

FIG. 7. Western blot of whole-cell extracts of E. coli XB transformed with pSKC24 containing recombinant TspA (C24) or with pBluescript with no meningococcal
DNA insert (Ec). Membranes were probed with convalescent-phase sera from four different patients (P3 to P6), or the rabbit anti-F1C (positive control). All sera were
adsorbed with XB containing pBluescript, as described previously (6). #, ca. 130 kDa.
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DISCUSSION

In view of the need for meningococcal vaccine components
that are highly immunogenic for helper T cells, we adopted an
immunological approach to identify novel T-cell stimulants of
N. meningitidis. The more conventional strategy has been to
start with previously identified meningococcal components and
then investigate their potential immunogenicity. By contrast,
we chose to utilize the discriminatory capacity of the immune
system itself to highlight the meningococcal components that
were most immunogenic for T cells and then isolate and char-
acterize these components. Thus, we stimulated peripheral
blood T cells, of both normal healthy donors and patients
convalescing from meningococcal infections, with crude insol-
uble membrane components of group B meningococci frac-
tionated on the basis of molecular weight. We raised an anti-
serum against the most immunogenic subfraction; this
antiserum was used to screen a recombinant genomic expres-
sion library of N. meningitidis. This led to the isolation and
sequencing of a novel meningococcal protein whose immuno-
genicity for the T cells and B cells of convalescent patients was
confirmed.

The PBMCs of many (although not all) normal donors gave
an in vitro proliferative response to the meningococcal lysate,
which may represent a primary response or a memory response
following natural benign exposure to N. meningitidis. The dif-
ferences in stimulation observed with different donors may
reflect HLA polymorphism, different histories of exposure to
neisserial Ags (e.g., carriage of Neisseria lactamica), or expo-
sure to cross-reactive Ags of other organisms. However, in
terms of identifying meningococcal Ags that stimulate protec-
tive T-cell immunity, investigating the response of convalescent
patients was particularly important. In such cases the infection
is unequivocally documented, and the fact that the patient has
survived and recovered (with the aid of intensive therapy)
suggests that protective immunity has developed.

Proteins obtained from meningococci grown under iron
restriction gave significantly better stimulation than those
grown under iron-sufficient conditions. We concluded that pro-
teins that are expressed under iron restriction (iron-regulated
proteins [FeRPs]) might have contributed to the PBMC pro-
liferation. It is known that during iron-restricted growth, me-
ningococci express several new proteins, including two trans-
ferrin-binding proteins, two lactoferrin-binding proteins, two
hemoglobin-haptoglobin utilization proteins, iron-binding pro-
teins, and several other FeRPs (e.g., FrpA to -C) of unknown
function (2, 4, 15, 19, 21, 23, 24). Indirect evidence has sug-
gested that FeRPs induce T-cell-dependent antibody responses
in animals (4, 9).

The highest T-cell responses were to fraction F1 of the
meningococcal proteins separated by SDS-PAGE, i.e., the
high-molecular-mass components (=130 kDa). This is intrigu-
ing since fractions F3 and F4, in particular, contain known
T-cell stimulants, namely, PorA, PorB, and possibly class 5
(Opa and Opc) proteins (26, 27). Recent studies have shown
that these proteins stimulate T-cell proliferation in a wide-
range of major histocompatibility complex class II molecular
types. It is possible that fractions F2 to F4 contain a mixture of
T-cell-suppressive as well as T-cell-stimulatory antigens, with a
net result of a minimal proliferative T-cell response. Alterna-
tively, the individual proteins within these fractions have dif-
ferent optimal dose responses that vary among different HLA
types.

The rabbit antiserum raised against subfraction F1C (R-
F1C) identified a number of clones from the genomic expres-
sion library of N. meningitidis, with those selected on the basis
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of giving the strongest signal having in common an ORF
(ORF2 in clone C1). This ORF partially encoded a novel
neisserial protein which we named TspA (for T-cell-stimula-
tory protein A). ORF2 consisted of 1,854 bases with 617 de-
duced amino acids and an estimated molecular mass of 65 kDa.
This ORF was present in all of the selected clones, and there-
fore, it was highly likely that the common major immunogenic
protein was related to this ORF. This immunogenic protein
expressed by clone C24 was ca. 130 kDa, as identified on
SDS-polyacrylamide gels and Western blots with R-F1C. This
was twice as big as the estimated product of ORF2, which may
(or may not) reflect dimerization of the protein.

Having identified and purified the C24 product as an immu-
nogenic B-cell-stimulating component of F1C proteins as rec-
ognized by R-F1C, it was important to confirm that this protein
(TspA) was responsible, at least partly, for the observed T-cell-
stimulatory effect of F1C. Therefore, TspA was precipitated
after elution from the preparatory gels. Comigrating proteins
of the host E. coli were eluted and precipitated from the same
number of cells in the same way as the purified TspA; these
proteins were collectively designated E. coli P130 and were
used in the T-cell proliferation assays in parallel with TspA to
act as a negative control. TspA and P130 were tested for their
capacity to stimulate a meningococcus-specific T-cell line, de-
rived from a convalescent patient (P2), which had been highly
enriched for CD4™" cells. TspA caused significantly greater
proliferation than not only P130 but also the crude preparation
of SD™ proteins, thus confirming that TspA is, indeed, a potent
T-cell stimulant which is recognized in the protective response
to natural meningococcal infection. It is noteworthy that this
recombinant TspA is truncated, and a full molecule may (or
may not) induce an even stronger T-cell proliferation. It is
interesting that when the CD4™ T-cell-enriched P2 cell line
was further maintained with whole SD ™ lysate, the proportion
of CD4" cells declined again (from 86.5 to 67%), as did the
response to TspA. By contrast, maintaining the line with TspA
maintained the proportion of CD4 " cells and the response to
TspA. This indicates that TspA is a specific CD4™ T-cell stim-
ulant, whereas the whole meningococcal lysate contains stim-
ulants of CD4™" T cells and other T cells.

Sera from patients recovering from meningococcal disease
were shown to contain antibodies specific for TspA, thus dem-
onstrating that TspA is immunogenic for B cells during natural
infection. Normal sera from five individuals, with no history of
invasive meningococcal disease, failed to react with TspA (data
not shown). Further evidence for the B-cell immunogenicity of
TspA is provided by our finding that antibodies to TspA are
readily generated in BALB/c mice immunized with the purified
recombinant protein (data not shown), as well as by its immu-
nogenicity in rabbits shown by raising the antiserum to the
meningococcal protein fraction F1C (R-F1C).

Additional sequence data downstream of C24 were obtained
from the recently released meningococcal genomic sequence
data (16a). This helped us to reconstruct the full gene of 2,761
bases which encodes TspA and showed that the ORF of clone
C24 constitutes the C-terminal two-thirds of the gene. This
may explain the difference in molecular mass detected on
Western blotting with R-F1C antiserum for the product of
pSKC24 (ca. 130 kDa) (Fig. 5) and the natural product present
in the crude SD™ (and SD™ [not shown]) preparation and the
F1C subfraction (ca. 200 kDa) (Fig. 4).

Attempts are being made to amplify the complete gene,
using PCR, and to clone it in an expression vector. Further
work will involve full molecular, immunochemical, and func-
tional characterization of the complete protein. An important
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aspect of this work will be determining the general immuno-
genicity of TspA in a broad selection of individuals.
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