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Two-partner secretion (TPS) systems export large TpsA proteins to the surface and extracellular milieu. In meningococci, three
different TPS systems exist, and of these, TPS system 2 (TPS2) and TPS3 can be detected by the host’s immune system. We evalu-
ated the distribution of TPS systems among clinical isolates from two prospective cohort studies comprising 373 patients with
meningococcal meningitis. TPS system 1 was present in 91% of isolates, and system 2 and/or 3 was present in 67%. The TPS sys-
tem distribution was related to clonal complexes. Infection with strains with TPS2 and/or TPS3 resulted in less severe disease
and better outcomes than infection with strains without these systems. Using whole-blood stimulation experiments, we found
no differences in the host cytokine response between patients infected with TPS system 2 and 3 knockout strains and patients
infected with a wild-type strain. In conclusion, meningococcal TPS system 2 and/or 3 is associated with disease severity and out-
come in patients with meningitis.

The two-partner secretion (TPS) pathway is a widespread pro-
tein secretion route in Gram-negative bacteria consisting of a

large and secreted exoprotein (TpsA) typically of more than 100
kDa and an �60-kDa transporter protein (TpsB) (1). TpsA and
TpsB translocate across the inner cytoplasmic membrane through
the general secretion system (2). Subsequently, TpsB inserts into
the outer membrane and facilitates the export of TpsA. TpsA tar-
gets TpsB using the so-called TPS domain, which is located at the
N terminus of the periplasmic intermediate. Functions of TPS
systems vary among different bacterial species and include hemo-
lysis, cytotoxicity, and iron acquisition (3, 4). Neisseria meningiti-
dis (the meningococcus) is a Gram-negative diplococcus and a
major cause of bacterial meningitis and sepsis worldwide (5). Se-
creted products are considered to be important in the pathogen-
esis of meningococcal invasive disease (6). The TPS pathway is one
of many protein export mechanisms in meningococci and com-
prises three distinct systems (1), of which one (TPS system 1
[TPS1]; see below) is generally present among meningococcal iso-
lates (7, 8). This ubiquitous system had initially been indicated to
contribute to adhesion to cultured host cells (9) or, alternatively,
to prolonged intracellular survival (6, 7, 9). This TPS system was
more recently also shown to play a role in maintaining meningo-
coccal biofilms (10) and to act as a toxin-antitoxin system active in
bacterial fratricide (11, 12). To date, it remains unclear how the
different functions are related to each other.

Three TPS systems are known in the meningococcal genome:
TPS1, encoded by tpsA1a, tpsA1b, tpsB1, and tpsB1tr; TPS2, en-
coded by tpsA2a, tpsA2b, and tpsB2; and TPS3, encoded by tpsA3
(the numbers in the gene and protein names refer to the systems)
(8). However, the TPS domains of TpsA proteins of all three sys-
tems can be exported by TpsB2, whereas TpsB1 is capable of ex-
porting only TpsA1 (1). During meningococcal infection, compo-
nents of TPS2 and TPS3 can elicit an immune response, which
suggests that antibodies against TPS systems may be potential vac-
cination components (8). Most TPS genes are unique, except for

tpsA1b, a duplicate of tpsA1a, and tpsB1tr, a truncated and non-
functional duplicate of tpsB1. TPS genes of the three systems are
located within distinct genomic islands (8). Repetitive putative
open reading frames (ORFs) encoding the C-terminal end of full-
length TpsA proteins (tpsC cassettes) are present downstream of
the tpsA1a, tpsA1b, and tpsA2a genes, possibly to enable variation
of tpsA by recombination between these cassettes and full-length
tpsA (12, 13).

We previously reported the frequency of tps genes in 88 clinical
invasive N. meningitidis isolates from both sepsis and meningitis
patients (8). With the current knowledge of the TpsA-TpsB spec-
ificity (1), 82% harbored a functional TPS1, 47% harbored a func-
tional TPS2, and 20% harbored a functional TPS3. Another study
reported the frequency of TPS genes in 822 meningococcal carrier
isolates, determined using dot blot hybridization of tpsA genes:
77% harbored an intact TPS1, 40% harbored an intact TPS2, and
15% harbored an intact TPS3 (7). In both studies, isolates with
TPS2 and/or TPS3 were linked to hyperinvasive clonal complexes
(cc; defined as cc8, cc11, cc32, cc41/44, and cc269). Although these
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studies used different selections of isolates, the results suggest that
meningococcal TPS systems are related to bacterial invasiveness
or virulence. However, it does not indicate whether the TPS sys-
tems play a role in the severity of infection or the disease outcome.
To establish such a link, we evaluated the distribution of TPS
systems among clinical isolates from two prospective cohorts of
bacterial meningitis patients and evaluated the association be-
tween these systems and meningococcal disease severity. Subse-
quently, we evaluated our findings with in vitro experiments using
tps knockout meningococcal strains and complemented knockout
strains.

(A part of the information presented here has previously been
presented on a poster at the 47th Infectious Diseases Society of
America [IDSA] Annual Meeting in Philadelphia, PA, USA, in
2009 [14] and on a poster at the 53rd Interscience Conference on
Antimicrobial Agents and Chemotherapy [ICAAC] in Denver,
CO, USA, in 2013 [15].)

MATERIALS AND METHODS
Meningitis cases. The Dutch Meningitis Cohort Study (October 1998 to
April 2002) and the MeninGene Study (January 2006 to July 2014) were
prospective nationwide observational cohort studies of adults with com-
munity-acquired bacterial meningitis in the Netherlands. Patients were
included with the help of the Netherlands Reference Laboratory for Bac-
terial Meningitis (NRLBM). This laboratory received isolates from the
cerebrospinal fluid (CSF) of 90% of all patients with bacterial meningitis
in the Netherlands. Written informed consent was obtained from all pa-
tients or their legally authorized representatives. The study was approved
by the Medical Ethics Committee of the Academic Medical Center, Am-
sterdam, the Netherlands.

Case record forms were used to collect data on the patients’ history,
symptoms and signs on admission, laboratory findings at admission, clin-
ical course, outcome and neurologic findings at discharge, and treatment.
The Glasgow Coma Scale (GCS) was used to determine the patients’ con-
scious state on admission. Outcome was graded according to the Glasgow
Outcome Scale (GOS) (16). A favorable outcome was defined as a score of
5, and an unfavorable outcome was defined as a score lower than 5.

Meningococcal typing. N. meningitidis strains from patients with me-
ningococcal meningitis were collected and stored at NRLBM. Serogroup-
ing and multilocus sequence typing (MLST) were performed at NRLBM
as previously described (17), and the results have been published previ-
ously (18, 19). The clonal complexes (cc) were assigned according to the
MLST database, available at http://pubmlst.org/neisseria/.

PCR analysis of strains from the 1998 to 2002 cohort. The distribu-
tion of genes encoding TpsA (tpsA1, tpsA2a, tpsA2b, tpsA3) and genes
encoding TpsB (tpsB1, tpsB2) among the meningococcal isolates from the
cohort studied from 1998 to 2002 (n � 254; referred to here as the 1998 to
2002 cohort) was determined by 6 different PCRs. The primer pairs used
are displayed in Table S1 in the supplemental material. The primers tar-
geting the tpsB genes were designed to produce full-length tpsB genes,
meaning that the truncated form is not amplified in these PCRs. The
tpsA1-specific PCR did not discriminate between a possible duplication of
this ORF, as is present in the genome of N. meningitidis MC58 (tpsA1b).

Whole-genome sequencing of strains from the 2006 to 2014 cohort.
An in-house-adapted version of the Wizard Genomic DNA purification
kit (Promega) was used to isolate chromosomal DNA. The genomes of the
meningococcal isolates from the cohort studied from 2006 to 2014 (n �
115; referred to here as the 2006 to 2014 cohort) were sequenced at the
Welcome Trust Sanger Institute using Illumina HiSeq 2000 analyzers, as
was previously described (20).

TPS system definition. For the 1998 to 2002 cohort, isolates with TPS
system 1 were defined as isolates yielding an amplicon in the tpsA1 PCR
and either the tpsB1 or the tpsB2 PCR. Isolates with TPS system 2 were
defined as isolates yielding an amplicon in the tpsA2a and/or tpsA2b PCR

in combination with an amplicon in the tpsB2 PCR. Isolates with TPS
system 3 were defined as isolates yielding an amplicon in the tpsA3 and the
tpsB2 PCRs. For the 2006 to 2014 cohort, TPS system genes were defined
by BLAST analysis of the tps genes from meningococcal strain MC58, and
the TPS systems were identified if the necessary tpsA and tpsB genes were
present.

Meningococcal knockout and complemented knockout strains. N.
meningitidis knockout strain H44/76 (B:15:P1.7,16; cc32 [21]) tpsB2::ery
lacks a functional TPS2 due to replacement of the tpsB2 gene by an eryth-
romycin resistance (ery) cassette. Replacement of tpsB2 resulted from al-
lelic exchange through homologous recombination using plasmid pKO-
tpsB2::ery. This plasmid was constructed by replacing the kanamycin
resistance (kan) cassette in pKO-tpsB2 (8) with the ery cassette of plasmid
pFLOB4300 (22) using the PstI restriction sites present. The replacement
resulted in strain H44/76 tpsB2::ery. The knockout strain H44/76 tpsA3::
kan lacks a functional TPS3 due to replacement of the tpsA3 gene by a kan
cassette (8). The knockout strain H44/76 tpsA3::kan tpsB2::ery (H44/76
�tpsA3 tpsB2) lacks both a functional TPS2 and a functional TPS3. In the
H44/76 tpsB2::ery and the H44/76 tpsA3::kan tpsB2::ery strains, tpsB2 was
complemented by transforming the knockout strain with plasmid pEN-
TpsB2. The tpsB2 ORF was obtained by PCR using primers TCCGTGTA
TTGAATGCCCATTGATGA and GAGATCTGAATTCCGTTGATTTG
ACTATGCCGTTTTA (1). The resulting amplicon was digested by the
restriction enzymes BamHI and EcoRI and ligated into pET11a (Invitro-
gen) that had been digested with the same enzymes. The ORF was subse-
quently inserted into the neisserial expression vector pEN300 (23) using
restriction enzymes NdeI and AatII. The resulting plasmid (pEN-TpsB2)
carried tpsB2 under the control of an IPTG (isopropyl-�-D-thiogalacto-
pyranoside)-inducible lac promoter and was introduced into strain
H44/76 and its derivatives by transformation (1, 23).

Western blot analysis. All Western blotting procedures were carried
out as described earlier (1). Blots were incubated with antisera (anti-TPS1,
anti-TPS2, and anti-TPSB2).

Blood stimulation experiments. N. meningitidis colonies were sus-
pended in RPMI medium with 2% glucose and diluted to an optical den-
sity at 530 nm (OD530) of 0.05 in 40 ml RPMI medium. Bacteria were
grown for 2.5 h to a mid-log growth phase, washed with 25 ml RPMI
medium, and resuspended in 10 ml RPMI medium. Venous blood was
drawn from seven healthy subjects, stored in sodium heparin tubes, and
used directly. Meningococcal cultures with an OD530 of 0.01 (106 bacteria/
ml) were added to blood in a 1:1 ratio in polypropylene tubes and grown
for 4 h at 37°C in 5% CO2 with or without the presence of 1 mM IPTG.
The number of CFU was determined in triplicate at time zero and 4 h. The
interlukein-6 (IL-6) level was measured in duplicate by enzyme-linked
immunosorbent assay (ELISA; Biosource-Invitrogen).

Statistics. In the analysis of the association between the patient char-
acteristics and the TPS system presence, we used the Mann-Whitney U
test to identify differences between patient groups with respect to contin-
uous variables. Dichotomous variables were compared by use of the �2

test, and statistical tests were two-tailed, with a P value of �0.05 being
regarded as significant.

RESULTS
Patient cohorts. This study used meningococcal strains from two
time periods. Strains from the first time period, October 1998 to
April 2002, were from 258 episodes of community-acquired me-
ningococcal meningitis in 258 patients. Detailed clinical and mi-
crobiological characteristics have been described previously (18,
24). Patient characteristics, their clinical course, and the causative
bacterial strain isolated from the cerebrospinal fluid (CSF) were
available for 254 (98.4%) of the 258 meningococcal meningitis
episodes. The most prevalent clonal complexes were cc41/44
(41%; all strains but one were serogroup B), cc11 (24%; all strains
were serogroup C), and cc32 (16%; all strains were serogroup B).
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All these clonal complexes are considered to be hyperinvasive be-
cause they are more frequently isolated from patients than from
carriers (25). The case fatality rate was 7%, and 12% of patients
had an unfavorable outcome.

In the second period analyzed, from 2006 to 2014, N. meningi-
tidis was the causative organism in 150 of 1,412 episodes of com-
munity-acquired meningitis. The case fatality rate was 3%, and
13% of patients had an unfavorable outcome (19). In our analysis,
we included 115 meningococcal isolates whose whole genomes
were sequenced. The most prevalent clonal complexes were
cc41/44 (32%), cc32 (23%), cc269 (9%), and cc213 (9%). In this
cohort, the proportion of cc11 isolates dropped to 5%, due to a
national serogroup C vaccination campaign in 2002.

tps genes in clinical isolates in the two patient cohorts. Me-
ningococcal serogroup data, sequence types, clonal complexes,
and the tps gene/TPS system distribution in both cohorts are
shown in Table S2 and Fig. S1 in the supplemental material. A
summary of the TPS system distribution in all available cohorts is
shown in Table S3 in the supplemental material. In the 1998 to
2002 cohort, 246 of 254 isolates (97%) harbored an intact TPS1
system. tpsA1 was absent in five isolates, and three isolates con-
tained an insertion sequence (IS1301) in tpsB1 (all three isolates
were sequence type 2704 [ST2704] from cc11). In 162 (64%) iso-
lates, a complete TPS2 (tpsB2 and either tpsA2a or tpsA2b, or both)
was present. In 52 isolates (20%), a functional TPS3 (tpsB2 and
tpsA3) was present. Of the 87 strains that harbored TPS1 only, 71
(82%) were serogroup C strains, 59 (68%) belonged to hyperin-
vasive cc11, and 10 (11%) belonged to hyperinvasive cc8. Of note,
none of the tested cc11 and cc8 isolates contained a TPS2 or TPS3
system. Of the 162 strains containing TPS system 2 and/or TPS
system 3, 158 (98%) were serogroup B strains. In this subgroup,
the most prevalent clonal complexes were hyperinvasive cc41/44
(n � 99), cc32 (n � 36), and cc269 (n � 16). The 52 isolates
harboring all 3 systems belonged to hyperinvasive cc32 or cc269.

In the 2006 to 2014 cohort, 89 of 115 (77%) isolates harbored
an intact TPS1 system (P � 0.0001 compared to the 1998 to 2002
cohort). A TPS2 system was present in 84 of 115 (73%) isolates,
and a TPS3 system was present in 33 of 115 (29%) isolates. Only 8
of 115 (7%) isolates were serogroup C strains, and of these, 6 (all of
which belonged to hyperinvasive cc11) did not contain any TPS
system. Nonhyperinvasive clonal complexes that did not contain
any TPS system were cc22 (n � 5), cc23 (n � 4), and cc174 (n �
3). These clonal complexes were absent in the first cohort. In 84/
115 (73%) strains, either a TPS2 or a TPS3 system was present. Of
the 31 isolates harboring all TPS systems, 30 belonged to hyperin-
vasive cc32 or cc269.

TPS systems and clinical outcome. Patients infected with me-
ningococci without a TPS system or harboring solely TPS1 pre-
sented with a lower GCS score (median, 12 [interquartile range
{IQR}, 9 to 15] versus 14 [IQR, 11 to 15]; P � 0.006) and more
often had focal neurological deficits upon presentation (31 of 122
[25%] versus 32 of 246 [13%] patients; P � 0.003) than patients
infected with isolates that contained multiple TPS systems (Table
1). The proportion of patients with systemic complications (31 of
121 [26%] versus 34 of 245 [14%]; P � 0.006) and unfavorable
outcomes (21 of 123 [17%] versus 23 of 246 [9.3%]; P � 0.031)
was higher among the patients infected with meningococci with-
out a TPS or harboring solely TPS1 than patients infected with
isolates containing TPS system 2 and/or 3.

In the 1998 to 2002 cohort, we previously described a polymor-

phism at position 184 in the meningococcal factor H binding pro-
tein (fHbp) to be associated with cc11 and an unfavorable out-
come in this cohort (26). There is considerable overlap in the
distribution between cc11, the factor fHbpD184 polymorphism,
and TPS systems, raising the possibility that this polymorphism
rather than the TPS system is important for the clinical outcome
(Fig. 1). However, in analyses that excluded the patients who were
infected with meningococci with fHbpD184, the difference in the
proportion of meningococci with no TPS or solely TPS1 and me-
ningococci with multiple TPS systems remained detectable be-
tween patients with a GCS score of �14 or a GCS score of �14: 38
of 60 (63%) versus 68 of 151 (45%) (P � 0.016). The difference in
the proportion of patients with any systemic complication showed
a similar trend: 14 of 60 (23.3%) versus 19 of 151 (12.6%) (P �
0.052).

tps knockout strain and cytokine induction. Next, we per-
formed whole-blood stimulation experiments in which we com-
pared the growth of meningococcal strain H44/76, which has all
three TPS systems intact, and isogenic TPS system 2 and 3 knock-
out strains and the induction of IL-6 (one of the acute-phase me-
diators of the immune response to infection) by these strains (Fig.
2). We also included strains in which the knocked out gene was
complemented by the original gene on a plasmid. The TpsA pro-
tein expression profile of all created strains was tested by Western
blotting and was consistent with the genetic background (see Fig.
S2 in the supplemental material). The growth of all tested bacterial
strains in RPMI medium was similar (see Fig. S2 in the supple-
mental material). After 4 h, we observed no difference in the
growth of the tested knockout mutants and the wild type or the
complemented strains in whole blood from each of the seven do-
nors. However, bacterial growth results were different between
donors: in samples from three persons, all strains grew exponen-
tially. In samples from three other persons, no growth was ob-
served and the number of viable bacteria in the inoculum and after
4 h of incubation remained equal. In the sample from one person,
all strains were killed and the IL-6 concentration in the blood of
this person was therefore not measured. In the blood samples
from the six remaining test subjects, the IL-6 concentrations in-
duced after 4 h of growth showed no differences among the tested
strains. There was no correlation between the number of CFU
and IL-6.

tps genome signature. TPS systems 1 and 2 are encoded within
genomic islands that carry several traits that suggest the influence
of recombination events that may influence strain-to-strain vari-
ation, e.g., the presence of tpsC cassettes and a high abundance of
sequence repeats (8). Horizontally acquired genes can be detected
by an aberrant dinucleotide composition (genome signature)
compared to the rest of the genome (27). We characterized the
genome signature of all tps genes by determining the dinucleotide
relative abundance (�*) in the genome of N. meningitidis strain
MC58 (cc32) (28). The genome signatures of tpsA3 and all tpsB
genes were similar to those of the rest of the genome, whereas the
genome signatures of all tpsA genes from strains with TPS systems
1 and 2 (tpsA1a, tpsA1b, tpsA2a, tpsA2b) were highly dissimilar
from those of the rest of the genome: over 96% of the genome
fragments yielded a lower �* score than tpsA1a, tpsA1b, tpsA2a, or
tpsA2b (Table 2). This supports a role for recombination with
heterologous DNA fragments to vary the tpsA sequences.
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DISCUSSION

Our results show that the presence of functional meningococcal
TPS2 and TPS3 is associated with a better clinical outcome in
meningococcal meningitis. Patients infected with meningococci
harboring no TPS or solely TPS1 were admitted to the hospital

with more severe disease and had a higher risk of an unfavorable
outcome than patients infected with meningococci harboring
TPS2 and/or TPS3. This contrasts with findings that these systems
are immunogenic in humans and thought to contribute to viru-
lence, since they are more often found in hyperinvasive strains, as
described earlier (8) and corroborated by the results presented
here. Unfortunately, our first attempts to address the underlying
biological mechanism in our blood stimulation experiments
failed, since the growth characteristics and IL-6 responses were
similar between isogenic strains that either carried or lacked the
three TPS systems. It therefore remains to be shown why TPS
systems 2 and 3 are more often found in hypervirulent clonal
complexes but lead to a more favorable outcome.

Thus far, functional analyses of meningococcal TPS systems
have focused on the TpsA proteins (also known as HrpA proteins)
of strains with TPS system 1 (7, 9, 10, 12), while those of strains
with TPS systems 2 and 3 have not been addressed. The overall
homology between secreted TpsAs of different systems is primar-
ily based upon the TPS domain, important for secretion, and not
the functional parts downstream of that N-terminal domain (6, 8,
29). Nevertheless, the additional systems could have a comparable
function. A function as an adhesin seems less likely, since adher-
ence to cultured epithelial cell lines mediated by TpsA1s required

TABLE 1 Associations between clinical characteristics of meningitis patients and meningococcal TPS system distribution

Characteristic

Patients infected with isolates without an
immunogenic TPS systema

Patients infected with isolates with an
immunogenic TPS systemb

P valueResult No. of patients Result No. of patients

Demographic characteristics
Mean 	 SD age (yr) 38 	 21 123 36 	 18 246 0.63
No. of patients with duration of symptoms of

�24 h/total no. assessed (%)
61/121 (50) 115/236 (49) 0.76

Symptoms at presentation
Median (25th–75th percentile) GCS score 12 (9–15) 121 14 (11–15) 245 0.006
No. of patients with rash/total no. assessed (%) 71/123 (58) 146/246 (59) 0.77
No. of patients with focal neurological

deficitsc/total no. assessed (%)
31/122 (25) 32/246 (13) 0.003

Median (25th–75th percentile) diastolic blood
pressure

70 (60–84) 120 70 (62–80) 235 0.77

Blood parameters
No. of patients with positive blood culture/

total no. assessed (%)
75/116 (65) 102/209 (49) 0.006

Median (25th–75th percentile) thrombocyte
count (109/liter)

166 (122–213) 118 173 (139–225) 232 0.14

CSF parameters
Median (25th–75th percentile) CSF leukocyte

count (cells/mm3)
4,998 (1,100–12,000) 115 5,600 (1,742–13,325) 233

Median (25th–75th percentile) CSF/blood
glucose ratio

0.081 (0.01–0.35) 112 0.80 (0.01–0.31) 219 0.84

No. of patients with the following outcome
parameters/total no. assessed (%):

Any systemic complication 31/121 (26) 34/245 (14) 0.006
Unfavorable outcomed 21/123 (17) 23/246 (9.3) 0.031

a Isolates without TPS2 and/or TPS3. Data are for 123 patients, unless indicated otherwise.
b Isolates with TPS2 and/or TPS3. Data are for 246 patients, unless indicated otherwise.
c Defined as aphasia, monoparesis, hemiparesis. or cranial nerve palsies.
d An unfavorable outcome was a Glasgow Outcome Scale score of 1 to 4.

FIG 1 Venn diagram of meningococcal genetic factors associated with clinical
outcome. The overlap of isolates from clonal complex 11, isolates with the
fHbpD184 polymorphism, and isolates without immunogenic TPS systems is
shown for our cohort of 254 patients with bacterial meningitis studied from
1998 to 2002 (total n � 102).
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strains that lacked both a capsule and lipopolysaccharide mole-
cules of normal length (9). Furthermore, biofilm formation ap-
peared to be independent of adhesive functions in TpsA1s (10).
Both functions would also improve the virulence of a bacterial
strain. Prolonged intracellular survival and the observation that
meningococci that lack a TpsA1 are more often found to be asso-
ciated with the endocytic pathway (9), as well as its fratricide func-
tions (12), could result from TpsA toxin activity, which resides in
the C-terminal region of the protein (11). Strikingly, one of the
two system 2 TpsAs includes a VENN motif also found in TpsA1
and is instrumental in toxic activity (11, 30). Of note, toxins with
a VENN motif are often endonucleases targeting DNA or RNA.
Furthermore, both genetic islands that encode systems 2 and 3
include a gene encoding an acyltransferase of a type that is often
needed to activate other bacterial toxins (6) (results not shown).

In our collection of clinical CSF isolates, TPS1 was almost uni-
formly present in the first cohort (97%), whereas the rate at which
it was present in the second cohort decreased to 77%, due to the
higher prevalence (17% versus 4%) of strains without TPS systems
(see Fig. S1C in the supplemental material). The high rate of TPS1
in our first cohort is in contrast to the frequency of TPS1 (82%)
that was reported in a previous study of meningococcal disease

isolates covering strains recovered from 2001 to 2005 (8). This
might be explained by the higher proportion of serogroup Y and
W strains in that collection (7 of 13 strains were from one of these
serogroups, whereas 2 of 8 strains from the 1998 to 2002 cohort
were from one of these serogroups).

In the same study, the prevalence of TPS systems capable of
inducing an immune response (TPS system 2 or 3) was 47%,
which is markedly lower than the 64% found in the 1998 to 2002
cohort and the 73% found in the 2006 to 2014 cohort. In our two
cohorts, 92% and 69% of the CSF isolates were from hypervirulent
clonal complexes, respectively. Remarkably, we could not detect
TPS system 2 and/or 3 in hypervirulent cc11 and cc8 strains,
whereas the prevalence of these systems in the other hypervirulent
clonal complex strains was 81 to 100%. The combined data from
the available studies show that cc8 isolates (n � 17) never con-
tained TPS2 and/or 3, whereas these systems rarely appeared in
cc11 isolates (2 isolates out of 81 total isolates tested were positive)
(8, 9). Overall, the TPS system distribution is highly related to
specific clonal complexes. In the first cohort, of 235 isolates be-
longing to the 5 most prevalent clonal complexes, only 13 (6%)
had an aberrant distribution of TPS systems. In the second cohort,
this proportion was 16%.

The genes encoding TPS systems are located on genomic is-
lands. This is in line with the observed genomic dissimilarity of the
tpsA genes of TPS systems 1 and 2, suggesting horizontal gene
transfer as the mechanism of TPS system acquisition. In contrast,
the genome signature of the two tpsB genes is not aberrant from
that of the genome. System 3 appears to be encoded on a genetic
island that is always found to be inserted in the same chromo-
somal location and flanked by a repeat of 52 nucleotides that is
present in a single copy in strains that do not include the systems.
However, the genome signature of this genomic island does not
differ from that of the genome, suggesting an early acquisition and
a sufficiently long period of amelioration. Alternatively, system 3
is part of the genuine meningococcal genome and may be lost to
increase virulence. The tpsA genes vary in sequence at their 3= end,
and the genomic islands of both TPS system 1 and 2 strains con-
tain tpsC cassettes that appear to be silent variants of the 3= end of
the functional tpsA genes, suggesting the existence of recombina-
tion events that appear to occur at a low frequency (6, 12). The
position of the islands for system 1 and 2 strains, however, ap-
pears, again, to be conserved between strains, suggesting that the
observed association with clinical outcome is not caused by flank-
ing genes (8, 31). Furthermore, these genetic islands appear to be

TABLE 2 Genome signature of tps genes

Gene
% genomic fragments
with a lower �*a

tpsB1 49.4
tpsB1tr 41.9
tpsA1 96.0
tpsA1b 98.4
tpsB2 64.5
tpsA2a 99.3
tpsA2b 97.9
tpsA3 44.1
a The percentage of genomic fragments with a lower dinucleotide relative abundance
(�*), as described previously (28), of all tps genes in the Neisseria meningitidis MC58
strain (NCBI reference sequence, GenBank accession number NC_003112) is shown.

FIG 2 Meningococcal blood stimulation experiments. (A) Growth of the N.
meningitidis H44/76 wild type (WT) and several TPS system 2 and 3 knockout
and complemented knockout strains in human blood samples. Arrow, starting
inoculum. Three different patterns of growth in blood from the different peo-
ple were observed among the isolates. No differences in growth were observed
among the meningococcal strains. Negative control samples without bacteria
(RPMI medium only) showed no bacterial growth. (B) IL-6 induction in blood
samples from 6 persons after 4 h of growth. IL-6 induction by wild-type,
several TPS system 2 and 3 knockout, and complemented knockout strains was
compared. We observed no difference in IL-6 induction. T, time.
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dedicated to the TPS systems and do not encode additional viru-
lence factors.

All tested meningococcal wild-type and knockout strains in-
duced a similar IL-6 response in our blood stimulation experi-
ments. Remarkably, the size of the response did not correlate with
bacterial growth, even though at 4 h there was a 1,000-fold differ-
ence in the number of CFU between samples from different do-
nors. Therefore, it is likely that in our experiments the IL-6 im-
mune response is unrelated to the presence of TpsA but is already
maximally stimulated by other meningococcal factors. In future
research, the levels of a larger panel of cytokines/chemokines in
blood samples from more persons should be tested to fully inves-
tigate whether TpsA has a role in stimulating proinflammatory
cytokines. However, the functions of TPS systems 2 and 3 ap-
peared to influence the host defenses and their signaling routes in
such a way that the effects of the induction of proinflammatory
cytokines were reduced, as suggested by the less severe disease
outcome. Previously, TPS system components elicited an anti-
body response in 4 out of 17 serum samples from patients who
were recovering from a meningococcal infection (8). Only a small
portion of the population is probably capable of eliciting an anti-
body response against TPS system components or the responses
are masked by immunodominant antigens that are more strongly
expressed.

An association between cc11 and outcome was observed pre-
viously, although at that time the reason remained unknown (18).
Due to serogroup C vaccination in the Netherlands in 2002, the
incidence of cc11 meningitis has decreased from 24 to 5%. More
recently, the meningococcal factor H binding protein D184 poly-
morphism was associated with an unfavorable outcome (26). The
considerable overlap of these traits with the TPS system distribu-
tion might suggest that the observed association with outcome is a
genetic linkage effect. However, when we reanalyzed our data by
excluding the data for patients who were infected with meningo-
cocci with fHbpD184, the difference in the proportion of patients
with a GCS score of �14 remained between patients infected with
meningococci without TPS systems or harboring solely TPS1 and
those infected with meningococci with multiple TPS systems.

Our study provides insights into the presence of the different types
of TPS systems and their effects on disease outcomes and reveals a
high frequency of certain TPS system types in strains belonging to
hyperinvasive clonal complexes, but also a less severe disease out-
come when these TPS system types are present. This is relevant to the
discussion of the hyperinvasiveness of some clonal complexes. Be-
cause of the natural variation in the distribution of these systems
among strains, further epidemiological surveys as well as analysis of
the biological role of the systems remain warranted.
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