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Ab responses for mice given xrPspA plus pFL were comparable
to those seen for mice given nasal nCT vaccination (Fig. 3A).
To further support these findings, elevated numbers of PspA-
specific IgA AFCs were detected in NPs, CLNs, NALT, lungs,
and MeLNs of mice given nasal rPspA and pFL (Fig. 3B). In
addition, significantly higher numbers of rPspA-specific IgG
and/or IgM AFCs were seen for mice given pFL as a nasal
adjuvant than for mice given nasal pORF or rPspA alone (Fig.
3B). These results clearly show that pFL as a nasal adjuvant
effectively elicits rPsp-specific Ab responses in mucosa-associ-
ated lymphoid tissues in the respiratory tract. Since nasal im-
munization is known to induce systemic immunity in addition
to the mucosa, rPspA-specific Ab responses in plasma and
spleen were examined. Nasal pFL as a mucosal adjuvant suc-
cessfully enhanced rPspA-specific IgG and IgA Ab responses
in plasma which are comparable to those responses seen in
mice given nasal rPspA plus nCT (Fig. 4A). Thus, significantly
increased numbers of rPspA-specific IgM, 1gG, and IgA AFCs
were seen in spleen of mice given pFL as a nasal adjuvant (Fig.
4B). When the levels of rPspA-specific IgG subclass Ab re-
sponses were examined, increased levels of anti-rPspA IgG1,
IgG2a, and IgG2b Abs were noted for mice given nasal rPspA
plus pFL compared with those Ab responses for mice given
rPspA plus pORT or rPspA alone (Fig. 4A). Essentially no
IgG3 Ab response against rPspA was detected. Taken to-
gether, pFL as a nasal adjuvant effectively induces rPspA-
specific Ab responses in both mucosal and systemic immune
compartments.

Nasal rPspA plus pFLleads CD11b* and CD8" DCs. Since
our previous studies reported that nasal pFL plus ovalbumin as
an Ag elicited expansion of CD8expressing lymphoid-type
CD1l1ct DCs (19), we next characterized CD11c™ DCs in the
various mucosal tissues of mice given rPspA plus pFL or
pORF. Nasal immunization of rPspA plus pFL significantly
increased the frequency of CD11c* cells in both mucosal and
systemic tissues compared with results for mice given rPspA
plus pORF (Table 1). Interestingly, the numbers of CD8* DCs
were increased in all tissues of mice given pFL as a nasal
adjuvant compared with those numbers for mice given nasal
pORF. In addition, increased frequencies of CD11b™ DCs
were noted in NALT, NPs, CLNs, and spleen. In contrast,
increased frequencies of B220" DCs were seen only in CLNs
(Table 1). Further, higher expression of major histocompati-
bility complex class IT (MHC II), CD40, CD80, and CD86 was
seen on CD11c* DCs (Table 1). CD8" and CD11b* DCsfrom
NALT, lungs, and NPs were also examined by fluorescence-
activated cell sorting (FACS) for expression of costimulatory
molecules. Our results showed increased frequencies of co-
stimulatory molecule expression by CD8* and CD11b™ DCsin
the tissues of mice given nasal pFL compared with those in
control groups (Table 2). Taken together, these results indicate
that nasal administration of rPspA plus pFL preferentially
expands the numbers of CD8"* and CD11b™ DC populations
which express elevated levels of costimulatory molecules.

Thil- and Th2-type cytokine responses by PspA-specific
CD4* T cells. We next assessed rPspA-specific CD4" T cell
responses induced by pFL as a mucosal adjuvant. rPspA-stim-
ulated CD4" T cells from lungs, CLNs, and spleen of mice
given nasal rPspA plus pFL showed significantly higher prolif-
erative responses than did those from mice nasally immunized
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FIG. 4. Comparison of rPspA-specific Ab responses in plasma and
spleen cells of mice given nasal rPspA plus pFL (black column) or
pORF (white column), rPspA alone (shaded column), or rPspA plus
nCT (hatched column). Each mouse group was nasally immunized
weekly for three consecutive weeks. (A) Seven days after the last
immunization, rPspA-specific IgM, IgG, IgA, and IgG subclass Ab
responses in plasma were determined by Ag-specific ELISA. An rP-
spA-specific IgG3 Ab response was not detected. (B) Seven days after
the last immunization, mononuclear cells were isolated from spleens
and were then subjected to ELISPOT assay to determine numbers of
rPspA-specific IgM, IgG, and IgA AFCs. The values shown are the
means = SEM (n = 20). , P < 0.05; **, P < 0.01 (compared with
results for mouse group given rPspA alone). f, P < 0.05 (compared
with results for mouse group given rPspA plus pPORF).

with rPspA plus pORF (Table 3). In this regard, when Thl-
and Th2-type cytokine profiles were examined, PspA-stimu-
lated CD4* T cells from mice given pFL as a nasal adjuvant
exhibited higher levels of I1-2, IL-4, IL-5, and IL-6 production
than those in control mice. On the other hand, levels of IFN-y
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TABLE 1. Frequencies of CD11¢* DCs and CD8, CD11b, B220, and costimulatory molecule expression by CD11c* DCs of mucosal effector
and inductive tissues of mice given nasal rPspA with pFL or pORF*¢

Adjuvant given % CD1lc* total % CD11c* DCs expressing:

Tissue source with nasal R &
PspA ymphocyte CcDg CD11b¢ B220F CD40¢ CD80¢ CDsg* MHC 11¢
NALT pFL *66+ 1.7 ¥235%+37 *231+31 565*62 *31+07 109* 45 *193x 48 **689* 82
pORF 1.7% 1.2 121+ 1.6 123+39 504+06 04*05 59+ 16 89+26 459+ 19
Lungs pFL *»B7+ 1.3 *124+24 686+41 248%35 4611 *152%56 *208+36 *51.5+ 96
pORF 33+ 16 77+09 639+39 206x47 1601 69+ 24 95+179  391=07
NPs pFL *¥101%=24  *221*23 *60.1x69 193=37 *111+33 *238*35 259*62 38542
pORF 53% 0.9 148+38 3L1+60 206x47 36x07 17.8x01 231+76 333%19
CLNs pFL *23+04 *328%36 *31.8+36 *454* 41 31202 *F2UT 10 *433+29 87.4%59
pORF 0702 21.1*36 248%+32 333+x45 07%x09 106+13 285+85 853%06
Spleen pFL #24% 07 *2L.7+22 *334%51 446=35 *43+20 203* 64 **264+53 **875+15
pORF 14+ 05 182+09 252+34 399x35 11x01 12906 114+28 750x42

* Mononuclear cells from NALT, lungs, NPs, CLNs, and spleens of mice immunized with rPspA plus pFL or pORF were stained with a combination of anti-CD11¢
and the respective MAD and subjected to FACSCalibur flow cytometry analysis.

® Mononuclear cells were stained with PE-conjugated anti-CD11c MAD and subjected to flow cytometry analysis.

¢ Mononuclear cells were stained with FITC-conjugated anti-CD 8, -CD11b, and -B220 MADb and PE-labeled anti-CD11c.

4 Mononuclear cells were stained with PE-labeled anti-CD40, -CD80, -CD86 or I-A® and biotinylated anti-mouse CD11c MAb followed by CyChrome-streptavidin.

Cx P < 0.05 **, P < 0,01 (compared with those of mice immunized with rPspA plus pORF).

production by PspA-stimulated CD4% T cells were essentially
the same between mice given pFL or pORF (Table 3). Intra-
cellular IL-17 analysis revealed that no significant increase in
the frequency of IL-17-producing CD4" T cells was seen in
CLNs and spleen of mice given nasal pFL. compared with
results for mice given empty plasmid as a nasal adjuvant (data
not shown). These results show that pFL as a nasal adjuvant
preferentially induces Th2-type dominant cytokine responses
in the lower respiratory mucosa when rPspA is used as an Ag
for nasal vaccination.

Protection against S. pneumoniae infection by nasal vacci-
nation with rPspA plus pFL. In order to determine the func-
tional properties of nasal vaccination with rPspA plus pFL,
mice were challenged with S. pneumoniae strain WU2 (1.8 X
107 CFU/20 D 1 week after the last vaccination. When the
bacterial densities in the lungs, NWs, and blood were exam-
ined 48 h after nasal challenge, mice given nasal rPspA plus
pFL showed significantly lower bacterial density. Con-
versely, lungs, NWs, and blood of mice given rPspA plus

pORF contained high numbers of S. pneumoniae bacteria
(Fig. 5). These results show that nasal rPspA plus pFL
provides effective protection against S. pneumoniae infec-
tion at the lung and nasal mucosa.

DISCUSSION

In this study, we have investigated whether nasal pFL. as a
mucosal adjuvant elicits functional bacterial Ag (xPspA)-
specific Ab responses for protection against S. pneumoniae
infection. Our results clearly showed that nasal vaccination
with rPspA plus pFL elicited DC-mediated Th2-type and
IL-2 cytokine responses and subsequent anti-rPspA Abs for
protection against pneumococcal infection at the pulmonary
mucosa. Since a risk of central nervous system toxicity is one
of the major issues for nasal vaccine development (6, 9, 29),
we also examined pFL uptake and inflammatory cytokine
synthesis in the nasal mucosa. Our results indicated that
nasal pFL was taken up only by NALT and NP DCs, as well

TABLE 2. Frequencies of costimulatory molecule expression on CD8 or CD11b DCs in mucosal effector and inductive tissues
of mice given nasal rPspA with pFL or pPORF*

% CD1lc* DCs

Adjuvant given with

Tissue source I rPspA CD8* DCs CD11b* DCs
CD40 CD80 CDh8&6 MHC II CD40 CD80 CD86 MHC I
NALT pFL **14+ 01 *44*06 *95+14 **345+22 *¥13x01 *41x03 *85: 17 *27.3x 4.2
pORF 02=01 20+ 04 4.0x= 0.7 124+ 1.3 0.2+0.1 1702 3710 146*15
Lungs pFL *17+202 **7.7+03 *75x04 **187x31 *14x=02 *66x09 *80x08 *305%x38
pORF 05+ 0.1 1.3x0.1 2.3*+0.2 62+ 10 0.9+03 3509 36*x10 145x57
NPs pFL *$58+04 *82x17 *98+15 *148%+24 F45+11 *13.1+x20 11.5%33 *206% 35
pORF 1.4+ 0.3 49+ 14 49+ 1.0 73+ 19 25+ 1.0 7017 8720 120%x22

® CD11c-positive DCs from NALT, lungs, and NPs of mice immunized with rPspA plus pFL or pORF were purified from mononuclear cells by using the automatic
cell sorter system AutoMacs and were stained with a combination of FITC-conjugated anti-mouse CD8x MADb or anti-mouse CD11b MAb and PE-labeled anti-CD40,
-CD80, -CD86, or IFA® and subjected to FACSCalibur flow cytometry analysis. *, P < 0.05; **, P < 0.01 (compared with those of mice immunized with rPspA plus
pORE).
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TABLE 3. CD4* Thl- and Th2-type cytokine responses after in vitro restimulation with rPspA®
e Production of Thl- or Th2-type cytokine®
. 5 Stimulation

Tissue  Nasal adjuvant index® IFN-y L2 IL-4 L5 IL6 1L-10

: (ng/mD (pg/mD (pg/mD (pg/ml) (ng/mb (ng/ml)
Lungs pFL *55* 1.8 2.03 = 0.40 *#249.8 + 48.8 *56.7+ 9.4 *255.7 + 76.9 *1.80 = 0.49 1.19+ 0.32
pORF 25* 06 1.48 £ 0.24 130.1 = 35.7 21.2* 44 86.6 = 22.0 0.78 = 0.29 0.89 * 0.34
CLNs pFL *6.1% 1.3 1.63 £ 0.24 *201.3 £ 55.3 *55.6 = 14.9 *314.5 + 66.6 1.51 = 0.68 143+ 0.41
pORF 2.4+ 0.2 1.13+0.18 78.8 = 13.6 18.8 = 5.40 66.5 = 28.8 0.72 + 0.34 1.21 = 0.47
Spleen pFL *48+ 1.4 1.65 + 0.47 *391.1 = 68.9 *45.1 = 105 *286.8 + 53.4 *1.33 = 0.50 1.57+ 0.39
pORF 1.9+ 04 1.22 + 0.39 53.3 = 19.1 16.1 = 6.20 577+ 151 0.89 + 0.42 1.40 = 0.24

2 The CD4* T cells (4 x 10° cells/mD from lungs, CLNs, and spleen were isolated 7 days after the last immunization with rPspA (5 pg) and pFL or pORF as a mucosal
adjuvant and cultured with T cell depleted feeder cells (8 X 10° cellyml). Values are presented as means + SEM of data from 30 mice for each group and a total of
three experiments. *, P < 0.05 when compared with mice given rPspA plus pORF.

b Proliferative responses of CD4™* T cells from mice nasally immunized with rPspA plus pFL or pORF as a mucosal adjuvant were represented as the stimulation
index by measuring counts per minute (cpm) of wells with or without rPspA (controD). The levels of [3H]TdR incorporation for each control well were between 500

and 1,000 cpm. The results show the individual values from these separate experiments of 30 mice per experimental group.
< The culture supernatant were harvested after 48 h of incubation and subjected to the respective cytokine ELISAs.

as nECs, but not by ON/E. Further, minimal levels of IL-18,
1L-6, and TNF-a production were induced in NWs of mice
given pFL. Taken together, the current study is the first to
show that nasal pFL is a safe mucosal adjuvant that effec-
tively elicits bacterial Ag (PspA)-specific functional Ab re-
sponses that are potent for the prevention of pneumococcal
pneumonia and bacteremia.

We recently showed that pFL as a nasal adjuvant elicited
PspA-specific S-IgA Ab responses in the nasal cavity to
prevent nasal carriage of S. pneumoniae (12). Although the
recent study clearly indicated the potential of pFL as a nasal
adjuvant for a pneumococcal vaccine, it still remained to be
elucidated whether pFL can induce protection in the lower
respiratory mucosa, including the lungs. In this regard, nasal
pFL elicited functional rPspA-specific S-IgA Ab responses
in the BALF and lungs when mice given nasal rPspA plus
pFL were nasally challenged with a large amount (20 pk
1.8 X 107 CFU) of WU2 (invasive strain), allowing bacterial
exposure to the lungs. Thus, mice given nasal rPspA plus

pFL showed a significantly lower number of bacteria in the
BALF after being challenged fatally with WU2 than did
mice given empty plasmid as a nasal adjuvant. Based upon
our previous studies and those of others (12, 42), we ex
pected that nasal immunization with rPspA plus pFL in-
duced Ag-specific functional S-IgA Ab responses in the na-
sal cavity. Indeed, a remarkable anti-rPspA SIgA Ab
induction and the inhibition of bacterial growth were seen in
NWs after bacterial challenge. Thus, it is possible that an
effective inhibition of nasopharyngeal bacterial colonization
might lead to drastic reduction of bacterial growth in the
Iungs and prevention of subsequent bacteremia. In any case,
the presence of anti-PspA IgA Abs in the lower and upper
respiratory mucosa is the fundamental factor to prevent
bacterial invasion of the hosts.

The FL protein is known as a synergistic hematopoietic
growth factor that has emerged as a potential immuno-
modulator (8, 21, 38) and can expand DC populations and
enhance antigen-presenting cell (APC) activity (13, 24). In
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FIG. 5. Comparison of protective effects against S. pneumoniae infection with nasal pFL-based rPspA vaccine. One week after the last
immunization with rPspA plus pFL (closed circle) or pORF (open circle), mice were challenged with 1.8 X 10 CFU of the WU2 strain.
(A) Forty-eight hours after bacterial challenge, the lungs were removed aseptically and homogenized in 9 ml of sterile saline per gram of lung tissue
for the culture. (B) NWs were harvested aseptically by flushing with 1 ml of PBS and cuitured on agar medium. (C) Blood samples were plated
on agar medium from the culture. The detection limit of bacterial cultures was 10% CFU/g. The values shown are the means = SEM (n = 15). Each
line represents the median log,, CFU/mouse. *, P < 0.05, compared with mouse group given rPspA plus pORF.
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addition, it was recently reported that percutaneous admin-
istration of the FL protein regulated migration and Ag up-
take of lung DCs (34, 35). In this regard, our previous
studies showed that nasal pFL increases the frequency of
CD8" DCs in various mucosal and systemic lymphoid tis-
sues (11, 19). Our present study showed increased numbers
of CD8" DCs, which agrees with these previous findings
even though a bacterial Ag was used as a component of the
nasal vaccine. Since a recent study indicated that induction
of CD8" DCs promoted protection against respiratory in-
fection (7), it is possible that induction of CD8% DCs in the
mucosal and systemic compartments contributes to S. pneu-
moniae clearance in the respiratory tract and blood. Fur
ther, increased frequencies of CD11b* DCs were also seen
in mice given nasal rPspA plus pFL. Recent reports showed
that the interactions between CD4* T cells and DCs play a
key role in the induction of pulmonary immunity (1) and
that DCs polarize initial CD4% T cell activation toward
Th2-type immune responses (33). Further, our previous and
present studies showed that nasal pFL elicited CD8* DC-
mediated Th2-type responses. In this regard, it is possible
that CD11b* DCs play a role in the downregulation of
Th2-prone cytokine responses for the maintenance of mu-
cosal homeostasis. Indeed, it was suggested that FL treat-
ment induced Th2-suppressive lung CD11b™ DCs (15, 35).
Further, nasal application of FL-expressing adenovirus as a
mucosal adjuvant preferentially expands CD11b* DCs to
produce a balanced Thl- and Th2-type cytokine response
(82). The actual immunoregulatory functions of CD11b*
DCs induced by nasal pFL are currently being tested in our
laboratory.

In summary, the present study shows that pFL as a nasal
adjuvant induces enhanced PspA-specific immunity in the
nasal-pulmonary mucosa via CD8" and CD11b™ DC subset-
mediated Th2-type cytokines responses. Importantly, nasal
vaccination with rPspA plus pFL inhibits bacterial growth in
the lungs and nasal cavities of mice in order to prevent the
early phases of pneumococcal pneumonia without CNS tox
icity or inflammation. These findings suggest that pFL is a
safe nasal adjuvant for use in the future development of
vaccines that can induce enhanced specific immunity against
bacterial and viral Ags.
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Genotypic Profile of
Streptococcus suis Serotype 2
and Clinical Features of Infection
in Humans, Thailand
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Shota Nakamura, Yukihiro Akeda, Marcelo Gottschalk, Pathom Sawanpanyalert, and Kazunori Oishi

To examine associations between clinical features
of Streptococcus suis serotype 2 infections in humans in
Thailand and genotypic profiles of isolates, we conducted
a retrospective study during 2006-2008. Of 165 patients
for whom bacterial cultures of blood, cerebrospinal fluid,
or both were positive for S. suis serotype 2, the major
multilocus sequence types (STs) found were ST1 (62.4%)
and ST104 (25.5%); the latter is unique to Thailand. Clinical
features were examined for 158 patients. Infections were
sporadic; case-fatality rate for adults was 9.5%, primarily
in northern Thailand. Disease incidence peaked during the
rainy season. Disease was classified as meningitis (58.9%)
or nonmeningitis (41.1%, and included sepsis [35.4%] and
others [5.7%]). Although ST1 strains were significantly
associated with the meningitis category (p<0.0001), ST104
strains were significantly associated with the nonmeningitis
category (p<0.0001). The ST1 and ST104 strains are
capable of causing sepsis, but only the ST1 strains
commonly cause meningitis.

Sreptococcus suis, an emerging zoonotic pathogen,
causes invasive infections in persons who are in close
contact with infected pigs or contaminated pork-derived
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products (/). On the basis of capsular polysaccharides, 33
serotypes of S. suis have now been identified. Of these,
serotype 2 is the most prevalent type in humans infected
with this pathogen (/,2). Since the largest outbreak of human
S. suis infection in 2005, in Sichuan Province, People’s
Republic of China (3), this disease has been increasingly
recognized worldwide. The numbers of reported cases,
especially in persons from Southeast Asian countries, have
increased dramatically during past few years (4).

In Thailand, at least 300 cases of S. suis infection in
humans have been reported (5—717). Although an outbreak of
S. suis infections was confirmed in Phayao Province during
May 2007 (9), most cases in humans occur sporadically
and are primarily located in the northern region of this
country (6—/1). A relatively low incidence of cases with S.
suis serotype 14 has also been reported in this region (/2).
Although previous studies have reported high frequencies
(59.0%—88.7%) of S. suis infections in persons in this area
who ate raw pork products (8—//), the pathogenesis of this
disease, including routes of transmission, is unclear.

The major clinical manifestations of the disease are
bacterial meningitis and sepsis, but other manifestations
have been reported (7,4, 8,10,13). Most cases of bacterial
meningitis can be attributed to the hematogenic spread
of invasive bacteria, but how circulating bacteria cross
the blood—cerebrospinal fluid (CSF) barrier and cause
meningitis is not clear (/4,/5). Furthermore, the overall
clinical features of this disease have not been extensively
and comprehensively investigated in Southeast Asian
countries.

A variety of virulence factors associated with S. suis
have been reported (/6-20), but none have been proven
to be essential for the host defense of this disease, except
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the capsular polysaccharide (79). In serotype 2 isolates
obtained during a previous outbreak in Sichuan, China, an
~89-kb DNA fragment, which has been associated with
a pathogenicity island (89K PAI), was identified (27).
The 89K PAI fragment encodes a 2-compartment signal
transduction system, SalK-SalR, which is required for full
virulence (22).

We report the results of a retrospective study of the
clinical features of 158 cases of human infection with S. suis
serotype 2 and the molecular epidemiology of 165 S. suis
serotype 2 isolates. The study objective was to demonstrate
associations between the clinical features of disease
caused by S. suis serotype 2 in persons in Thailand and the
genotypic profiles of the isolates. The study was reviewed
and approved by the Ethics Committees of Research
Institute for Microbial Diseases, Osaka University, and
conducted according to the principles expressed in the
Declaration of Helsinki.

Methods

Isolate Identification

From January 2006 through August 2008, a total of
1,154 unidentified streptococcal isolates from blood or
CSF were collected from hospitals in all 76 provinces of
Thailand. Biochemical testing of these isolates, using API
Strep (bioMérieux, Durham, NC, USA) and S. suis—specific
and S. suis serotype 2— or 1/2—specific PCR (/2,23),
confirmed 165 isolates from 34 hospitals in 25 provinces
as S. suis. The final serotype of all strains was confirmed
by coagglutination tests that used rabbit antiserum (Statens
Serum Institute, Copenhagen, Denmark).

Genotypic Profiles of Isolates

Multilocus sequence type (MLST) testing was
performedasdescribed by Kingetal.(24), withamodification
for mutS as described by Rehm et al (25). MLST alleles and
the resulting sequence type (ST) were assigned by using the
S. suis MLST database (http://ssuis.mlst.net). eBURST was
used to identify the clonal complexes for these 165 serotype
2 strains within S. swis, and the overall structure of the
population was obtained through the MLST database (26).
Virulence-associated genes (VAG), including extracellular
released protein factor (epf), muramidase-released protein
(mrp), and suilysin (s/y), and variants of mrp or epf were
determined by PCR as described by Silva et al. (27), with
minor modifications. Presence of the 89K PAI fragment
was determined by PCR as reported by Chen et al (27).
Pulsed-field gel electrophoresis (PFGE) was performed as
described (28), and the pulsotypes were assigned to clusters
of isolates with >80% similarity from the dendrogram. The
dendrogram representing the genetic relationships between
the representative pulsotypes from 165 S. suis serotype
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2 strains was drawn by using the Cluster 3.0 software
program and examined by using the TreeView program as
described (/2,29).

Clinical Features of Cases

Of the 165 patients whose culture results were positive
for S. suis serotype 2, medical records for 158 were
retrospectively reviewed by physicians at local hospitals
in Thailand. Medical records for the remaining 7 patients
were not available. The clinical manifestations were mostly
divided into 2 categories: meningitis and nonmeningitis.
The meningitis category involved confirmed meningitis,
bacteremic meningitis, and probable meningitis. All
patients in the meningitis category had typical meningeal
signs, such as neck stiffness, and acute disease onset.
Although bacteremic meningitis was defined as a case
in which both CSF and blood cultures were positive,
confirmed meningitis was defined as a case with a positive
CSF culture only, and probable meningitis was defined as a
case with a positive blood culture only. The nonmeningitis
category included the clinical manifestations of sepsis and
sepsis with focal signs other than meningitis (septic arthritis
or spondylodiscitis, infective endocarditis, and bacteremic
pneumonia). Sepsis was defined as systemic inflammatory
response syndrome and a positive blood culture (30), and
septic arthritis or septic spondylodiscitis was defined as
described (37). Diagnosis of infectious endocarditis was
based on the Duke criteria (32). Septic shock was also
defined as described (33).

Statistical Analyses

Comparisons of the clinical characteristics between
fatal and nonfatal cases were analyzed by using the ¥
test or Fisher exact test with Stata version 10.0 software
(StataCorp, College Station, TX, USA). Patient ages and
periods of hospital admission were tested for normality
of the distribution using the Kolmogorov-Smirnov test
and were compared by using the Student ¢ test with SPSS
version 11.0 software (SPSS Inc., Chicago, IL, USA). Data
were considered significant at p<0.05.

Results

Genotypic Profiles of Isolates

Ofthe 165 S. suis serotype 2 isolates, 123 were isolated
from blood and 42 from CSF. eBURST analysis based on
MLST enabled classification of these strains into 4 ST
complexes: the ST1, ST27, ST29, and ST104 complexes
(Table 1). ST126, a novel ST, has a single locus variant
from ST1. The largest cluster of 89K PAl—carrying strains
was ST1 (n = 81, 49.1%), which had the epf+/sly+/mrp+
genotype; these strains were isolated from blood and CSF.
Another large cluster of non-89K PAl-carrying strains was
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Table 1. Genotypic profiles of 165 clinical isolates of Streptococcus suis serotype 2, Thailand, January 2006—August 2008*

89K PAI
ST complex ST VAGT Isolation site + - No. (%) strains
1 1 epr~/sly+Imrp+ Blood 1 0 103 (62.4)
epf+isly+imrp+ Blood 52 13
CSF 29 5
epf+/sly+imrp’® Blood 0 1
CSF 0 2
126 epf+/sly+/mrp+ Blood 1 0 3(1.8)
CSF 2 0
27 28 epf~Isly—Imrp+ Blood 0 1 3(1.8)
CSF 0 2
29 25 ept-/sly-Imrp* Blood 8 0 11 (6.7)
epf~/sly—~Imrp+ Blood 3 0
103 epf-/sly—Imrp* Blood 2 0 3(1.8)
epf—/sly—Imrp+ Blood 1 0
104 104 epf-/sly+Imrp— Blood 3 38 42 (25.5)
CSF 0 1
Total no. strains NA NA NA 102 63 165 (100)

*ST, sequence type; VAG, virulence-associated gene; 89K PAI, an =89-kb pathogenicity istand; CSF, cerebrospinal fluid; NA, not applicable.
+mrp° and mrp* are mrp variants that produce ~750-bp and =1,800-bp fragments, respectively, by PCR (23,34).

ST104, which had the epf~/sly+/mrp— genotype (n = 39,
23.6%); most of these strains (n = 38) were isolated only
from blood. ST103, ST104, and ST126 were found only in
isolates from humans in Thailand.

PFGE of Isolates

Of the 165 serotype 2 strains, PFGE analyses
identified 20 pulsotypes (Figure 1, panel A). Analysis of
the dendrogram for these 20 pulsotypes revealed at least
16 clusters (I to XVI) (Figure 1, panel B). Although 5
pulsotypes of A were identified for the ST1 and ST126
strains, 2 major pulsotypes (A [n = 32] and Al [n = 43]),
Al (n = 43), and A4 (n = 3) were grouped in 1 cluster.
Pulsotype A2 (n = 21), which consisted of ST1 strains
lacking the 89K PAIl fragment, was classified into a
distinguished cluster. PFGE showed diverse DNA patterns
for strains ST25 and ST103. ST25 strains were classified
into 5 clusters of I, 11, 111, 1V, and V1II. ST103 strains were

classified into 3 clusters of VI, XIV, and XV. Three ST28
strains lacking 89K PAI exhibited the unique DNA pattern
of pulsotype Dj; these were classified into cluster XVI.
Although 4 pulsotypes (H, H1, H2, and H3) were identified
for ST104 strains, 2 major pulsotypes (H [n = 29] and H1
[n=11]) in ST104 strains were classified into cluster VII.
Collectively, clusters X and XI for ST1 and ST126 strains
and cluster VII for ST104 strains accounted for the major 3
clusters found for cases in Thailand.

Geographic and Seasonal Distribution

Of the 165 isolates, 136 (82.4%) were from the
northern region, 19 (11.5%) from the central region, 7
(4.2%) from the northeast region, and 3 (1.8%) from the
eastern region (Table 2; Figure 2, panel A). No strains were
isolated from the southern region. The dates of isolation
suggest that human cases occur more frequently during the
rainy season, June—August of each year (Figure 2, panel B).
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Figure 1. A) Pulsed-field gel electrophoresis profiles of 165 human isolates of Streptococcus suis serotype 2, after Smal digestion. Numbers

of isolates are indicated in parentheses below pulsotype numbers.

profiles. ST, sequence type.
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B) Dendrogram generated from the pulsed-field gel electrophoresis
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Table 2. Distribution of sequence types of 165 clinical isolates of Streptococcus suis serotype 2, by region, Thailand

Sequence type North Northeast East Central South
1 85 6 1 11 0
25 11 0 0 0 0
28 3 0 0 0 0
103 1 0 1 1 0
104 33 1 1 7 0
126 3 0 0 0 0
Total 136 7 3 19 0
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Figure 2. Distribution and sequence types (STs) of 165 human
isolates of Streptocoocus suis serotype 2, January 2006—August
2008, Thailand. A) Regions of isofation; B) monthly distribution of
isolations.
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Clinical Features of Cases

The clinical features of the 158 human cases of S.
suis serotype 2 infection are summarized in Table 3. The
median age (range) of the 155 patients for whom age was
known was 55.0 (18-93) years; 72.8% were male. No
cases in children were identified in this study. All 158
patients had been hospitalized; median duration (range) of
hospitalization for the 158 patients was 11 (1-45) days; 15
(9.5%) patients died. No significant differences were found
between the fatal and nonfatal cases with respect to patient
age or period of admission.

The meningitis category (n = 93) included 22 cases of
confirmed meningitis, 44 cases of bacteremic meningitis,
and 27 cases of probable meningitis (Figure 3). The
nonmeningitis category (n = 65) included sepsis with
focal signs other than meningitis (n = 9) and sepsis (n =
56). Sepsis with focal signs other than meningitis included
septic arthritis (n = 5), infective endocarditis (n = 3), and
bacteremic pneumonia (n = 1). Of the 15 fatal cases, 8 were
assigned to the meningitis category (probable meningitis
[n = 6], meningitis [n = 1], bacteremic meningitis [n = 1),
6 cases were sepsis, and 1 case was infective endocarditis
(Table 3). Although the cases of bacteremic meningitis
were significantly associated with a nonfatal outcome (p
= 0.043), the probable meningitis cases were significantly
associated with a fatal outcome (p = 0.013). The combined
frequencies for the recent consumption of raw pork
products and exposure to pigs were 39.9%. None of the
clinical signs or possible risk factors, including recent
exposure to pigs or raw pork products, or alcohol abuse,
was significantly associated with a fatal outcome. Of the
158 patients, 154 parenterally received antimicrobial drugs,
such as ceftriaxone, and data concerning antimicrobial drug
treatment were not available for 4. Corticosteroids, such as
dexamethasone, were used for only 4 patients.

Clinical Features and Genotype Profiles

The distributions of STs for the 158 human isolates
for the meningitis and nonmeningitis categories are shown
in Table 4. Although the ST strains were significantly
associated with the meningitis category (p<0.0001), the
ST104 strains were significantly associated with the
nonmeningitis category (p<0.0001). The VAG profile of
epf+/sly+/mrp+, which was dominant in the ST1 strains,
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Table 3. Demographic and clinical features of 158 human cases of Streptococcus suis serotype 2 infections, Thailand, January 2006—

August 2008
Characteristic All, n =158 Fatal, n = 15;9.5% Nonfatal, n = 143; 90.5% p value
Demographic
Male sex, % 72.8 66.7 73.4 0.386
Mean (median) age, yt 56.6 (55.0) 53.9 (52.5) 57.0 (56.0) 0.264
Period of admission, d, mean (median) 12.5 (11) 10.1 (6) 12.9 (12) 0.737
Meningitis category, no. (%) cases
Confirmed meningitis 22 (13.9) 1(6.7) 21 (14.7) 0.348
Bacteremic meningitis 44 (27.8) 1(6.7) 43 (30.1)t 0.043
Probable meningitis 27 (17.1) 6 (40.0) 21(14.7)8 0.013
Nonmeningitis category, no. (%) cases
Septic arthritis 5(3.2) 0 5(3.2) 1
Infective endocarditis 3(1.9) 1(6.7) 2(1.4) 0.905
Bacteremic pneumonia 1(0.6) 0 1(0.7) 1
Sepsis 56 (35.4) 6 (40.0) 50 (35.0) 0.698
Signs and symptoms, no. (%) cases
Diarrhea 28 (17.1) 5(33.3) 23 (16.1) 0.1
Hearing loss 34 (21.5) 4(26.7) 30 (21.0) 0.409
Altered consciousness 35 (22.2) 4(26.7) 31(21.7) 0.434
Shock 9 (5.7) 2 (13.3) 7 (4.9) 0.205
Possible risk factors, no. (%) cases
Recent consumption of raw pork products 52 (32.9) 5(33.3) 47 (32.9) 0.589
Recent exposure to pigs 11(7.0) 2(13.3) 9 (6.3) 0.28
Alcohol abuse 33 (21.0) 5(33.3) 28 (19.6) 0.178

*Statistical analyses were performed by using the X° or Fisher exact test.
TAges were not available for 3 patients.

1One case of bacteremic meningitis was associated with pneumonia.
§Two cases of probable meningitis were associated with spondylodiscitis.

was also significantly associated with the meningitis
category (p<0.0001). The VAG profile of epf~/sly+/mrp—,
which was observed only in the ST104 strains, was also
significantly associated with the nonmeningitis category
(p<0.0001). Because the largest cluster of 89K PAl—carrying
strains was associated with the VAG profile of epf+/sly+/
mrp+, the presence of 89K PAI was also significantly
associated with the meningitis category (p<0.0001). None

of the genotypic profiles that included STs, VAG, and
presence of 89K PAI were significantly associated with
fatal or nonfatal outcomes (data not shown).

Discussion

Our finding that isolated S. suis serotype 2 strains
peaked during the rainy season of 2006-2008 confirmed
conclusions reached in previous small-scale studies

Table 4. Genotypic features of Streptococcus suis serotype 2 as risk factor for meningitis*

Clinical category, no. (%) strains

Feature All, n =158 Meningitis, n = 93 Nonmeningitis, n = 65 p value
Sequence type
1 98 (62.0) 73 (78.5) 25 (38.5) <0.0001%
104 40 (25.3) 6 (6.5) 34 (52.3) <0.0001%
25 11 (7.0) 7(7.5) 4(6.2) 0.478
28 3(1.9) 2(2.2) 1(1.5) 0.632
103 3(1.9) 2(2.2) 1(1.5) 0.655
126 3(1.9) 2(2.2) 0 0.201
VAG profile
epf+/sly+/mrp+ 97 (61.4) 72 (79.6) 25 (35.4) <0.0001%
epf+/sly+/mrp® 3(25.3) 3(3.2) 0(0) 0.201
epf-/sly+/mrp— 40 (25.3) 6 (6.5) 34 (52.3) <0.0001%
epf- /sly—~/mrp* 10 (6.3) 6 (6.5) 4(6.2) 0.607
epf—/sly—/mrp+ 7 (4.4) 5(5.3) 2(3.1) 0.392
epf—/sly+/mrp+ 1(1.0) 1(1.1) 0(0) 1
89K PAI profile, 89K PAI+ 98 (62.0) 70 (75.3) 28 (43.1) <0.0001%

*Statistical analyses were performed by using the x2 or Fisher exact test. VAG, virulence-associated gene; 89K PAI, ~83-kb pathogenicity island.

tSignificant association with the meningitis category.
1Significant association with the nonmeningitis category.
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conducted in northern Vietnam and Hong Kong (35,36).
The predominant distribution of these isolates in northern
Thailand is also in accordance with previous reports (6—
11). However, why no human cases were identified in
southern Thailand remains uncertain. A recent study from
Hong Kong reported heavy contamination of S. suis in raw
pork meat at local supermarkets or wet markets; therefore,
a hot and humid climate may facilitate the growth of S. suis
in raw pork products in those markets (36) and increase the
risk for S. suis infections in humans in northern Thailand.
The finding of no cases in children suggests that the routes
of transmission are associated with adult behavior.

A recent study from northern Thailand, based on 20
human isolates collected during 1998-2002, reported that
the most common isolates of S. suis serotype 2 were ST25
(40%), followed by ST1 (15%) and ST103 (15%) (34). By
contrast, the MLST and PFGE results in this study clearly
demonstrated that ST1 strains with major pulsotypes of A,
Al and A2, and ST104 with major pulsotypes of H and H1
were currently circulating in the same region of Thailand
during 2006-2008. Collectively, these data suggest
dynamic replacement of STs from ST25 to ST1 and ST104
among serotype 2 strains during recent years in this region.

Although S. suis serotype 2 has been reported to be
the most frequent cause of bacterial meningitis in adults
in Vietnam (73,35), other clinical manifestations, such as
sepsis and infectious endocarditis, have also been found
to be common in Thailand (6,8,11). Of the 158 human
cases in the study reported here, =60% were assigned
to the meningitis category and =35% were sepsis. Other
clinical manifestations, including infective endocarditis,
were rare. The findings reported here demonstrate
significant associations between the ST1 strains and the
meningitis category and between the ST104 strains and the
nonmeningitis category. These findings indicate that both
the ST1 and ST104 strains cause bacteremia and sepsis
but that the ST1 strains are more likely to cross the blood—
CSF barrier and subsequently result in meningitis. Because
=80% of the cases in the meningitis category were caused
by strains with ST1, as evidenced by a VAG profile of epf+/
sly+/mrp+ and 89K PAI, these genotypic profiles of S. suis
serotype 2 may favor bacterial survival and multiplication
in the bloodstream, which would result in high levels
of bacteremia, crossing of the blood—CSF barrier, and
invasion of the meninges and the central nervous system
(15). Our PFGE data showed that the pulsotype Al found
in serotype 2 strains with ST1 was identical to pulsotype 11
of serotype 2 strains with ST1 from Vietnam and pulsotype
1 of the serotype 2 strains with ST1 from Hong Kong
(13,28). These isolates from Vietnam and Hong Kong were
associated with a VAG profile of epf+/siy+/mrp+, and the
strains from Vietnam were also the cause of meningitis in
adults. A unique DNA pattern of pulsotype D, classified
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into cluster XVI, was found for 3 strains with ST28 isolated
from nonfatal cases in this study. Previous studies also
reported 1 nonfatal case caused by the ST28 strain from
Thailand and Japan (34,38).

Associations for bacteremic meningitis cases with
nonfatal outcomes and probable meningitis cases with
fatal outcomes contrasted strikingly in this study. Of 6
fatal cases of probable meningitis, 2 were caused by ST1,
2 by ST25, and 2 by ST104 strains. The extent to which
the virulence of each ST strain contributed to these deaths
remains uncertain. Another possible explanation may be
a frequent involvement of critically ill patients, for whom
lumbar puncture was not possible; these patients had
probable meningitis and typical meningeal signs, acute
disease onset, and positive blood culture only.

Because the clinical charts were retrospectively
reviewed and the etiologic diagnosis of S. suis infection
might not have been readily reported to the attending
physicians during the hospitalization of the patients in this
study, the extent of investigations of clinical manifestations,
possible risk factors, and causes of death might have been
limited. Because different physicians were involved in the
assessment of different patients in this study, the possibility
of misdiagnosis for clinical categories cannot be completely
excluded even though meningeal signs and acute disease
onset are clinical indicators of meningitis.

In conclusion, this study of the clinical features of 158
cases of S. suis seotype 2 infection in humans in Thailand
showed that the disease occurs sporadically in adults and
results in a mortality rate of =9.5%; the major clinical
manifestations include meningitis and sepsis. MLST
analyses of 165 isolates from humans indicated that the
major STs were ST1 followed by ST104. Although both
ST1 and ST104 strains cause sepsis, it is likely that only the
ST1 strain causes meningitis. Further studies are needed to
elucidate the pathogenesis of the human S. suis infections
that are prevalent in Southeast Asian countries.
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Sepsis and spontaneous bacterial peritonitis in Thailand
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In dune, 2007, a 66-yearold man (case 1), an alcohol
misuser with alcoholic liver cirrhosis who habitually ate
raw pork, was referred to Uttaradit Hospital, northern
Thailand. He had a fever and massive ascites. His
leucocyte count was 4-4x10%/L, and total bilirubin and
albumin concentrations were 23-7 mg/L, and 26 o/L,
respectively. Polymorphonuclear leucocyte count of
ascitic fluid was 4-1x108/L and culture was positive
despite a negative blood culture. This patient was
diagnosed with spontaneous bacterial peritonitis,! and
successfully treated with ceftriaxone. Testing of this
isolate with the API 20 Strep Kit (BioMérieux,
Marcy I'Foile, France) suggested Streptococcus equi
subspecies zooepidemicus with 91-8% identification.
However, there was 99% similarity of the 16S rDNA
sequence with known S suis strains. Confirmation that
this isolate belonged to this species was further supported
by a positive reaction for S suisspecific PCR amplification
of the S suis 16S rRNA gene.?

In May, 2007, a 62-year-old woman (case 2), with liver
cirrhosis who had had repeated episodes of spontaneous
bacterial peritonitis in 2006, was admitted to Phetchabul
Hospital, northern Thailand, with a fever Physical
examination showed cutaneous jaundice and ascites. Her
leucocyte cell count, total bilirubin, and albumin were
15-1x109/1, 108 -2 mg/L, and 18 g/L, respectively. Culture
of ascitic fluid was negative, blood culture was positive,
and she was diagnosed with sepsis. The isolate was
identified as S suis by the API 20 Strep Kit. This patient
also improved on treatment with ceftriaxone.

The isolates from these two cases were confirmed by a
coragglutination test as serotype 5 for case 1 and
serotype 24 for case 2 (table), and were assigned to the
novel sequence types by multilocus sequence typing.?

We report the first human cases of S suisinfection with
serotypes 5 and 24. S suisis a zoonotic pathogen that can

Guse 1 Case 2

Source of isolate

Clinical dizenosis

Gmorid illness
Ssuis-gpecific AR
Sequencing of 16S1RNAgene

Serotype
Multilocus sequence typing

SE sequence type.

Hdentification with AP120 Srep

Ascites

Shontaneous bacterial pentonitis
Sequi subspecies zooepidemicus
Positive Positive
Ssuis(99%) Ssuis(99%
5 24

SI181 Si221

Hood

Sepsis
Livercinhosis
Ssuis

Table: Microbiological features of two human cases of Streptococcus suis infection
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cause invasive infections in human beings who consume
raw pork products or are in close contact with infected
pigs.’ Although serotype 2 is the most prevalent in
human beings, cases with serotypes 1, 4, 14, and 16 have
been reported.** In Thailand between 2006 and 2008,
179 human isolates of S suis were collected from sterile
sites eg, blood, cerebrospinal fluid. Of these isolates,
165 (92-2%) were serotype 2, and 12 (6-7%) were
serotype 142 The differential diagnosis of our two cases
includes melioidosis and leptospirosis. Bacterial
translocation has an important role in the pathogenesis
of spontaneous bacterial peritonitis in cirrhosis, and the
most common pathogens are enterobacteriaceae.’
Previous reports on human infections after recent
consumption of raw pork products suggested that the
gastrointestinal tract is a major route of entry in cases of
S suis infections in Thailand and Vietnam.** In this
region, the occurrence of spontaneous bacterial
peritonitis through bacterial translocation of S suis after
consumption of raw pork products is possible in patients
with liver cirrhosis. A similar case of spontaneous
bacterial peritonitis caused by serotype 16 strain of S suis
in a patient with alcoholic liver cirrhosis was reported
from Vietnam.' Although the isolation rates for
serotypes 5 and 24 are low (2 17 cases; 1-1%), S suis
specific PCR is recommended for identification of
streptococcal isolates from sterile sites, and a serious
caution against eating raw pork products should be given
to patients with liver cirrhosis, especially in southeast
Asian countries,
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Abstract Isolated congenital asplenia (ICA) is a rare
condition at risk for overwhelming infection. When com-
plicated by invasive infection, the mortality remains high,
at greater than 60%. We describe a girl with ICA who
developed recurrent meningitis by three different patho-
gens. The first, meningitis by Escherichia coli, occurred
4 days after premature birth. The other two pathogens were
serotype 6B Streptococcus pneurroniae and Haenmophilus
influenzae type b (Hib), at 18 and 25 months of age,
respectively. The patient was successfully treated with
prompt antimicrobial therapy in all episodes. Serum anti-
polyribosylribitol phosphate (PRP) and anti-6B-type
preumococcal antibodies were below the levels for pro-
tective activity after natural infections. Although anti-PRP
antibody was significantly increased after Hib vaccination,
two (6B and 19F) of seven serotype-specific pneumococcal
antibodies were not elevated to protective levels after the
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second 7-valent pneumococcal conjugate vaccine (PCV7).
We, therefore, added a third PCV7. To our knowledge, this
is the first neonatal ICA patient with invasive infection and
the first case of bacterial meningitis occurring three times.
Our findings indicate that monitoring of immune responses
after natural infections and vaccinations, and reevaluations
of vaccine schedule, are important for ICA patients to
prevent subsequent invasive infections.

Keywords Isolated congenital asplenia - Bacterial
meningitis - Immunological response - Recurrence -
Neonate - Vaccine

Introduction

Congenital asplenia often occurs as part of a recognized
malformation syndrome with anomalies of the heart, great
vessels, and viscera [1]. The best known among these
syndromes is the asplenia/polysplenia syndrome associated
with visceroarterial heterotaxy, and its incidence is esti-
mated at approximately 1/10,000 to 1/40,000 live births [2].
In contrast, isolated congenital asplenia (ICA) occurs fairly
more infrequently. A recent French nationwide study indi-
cated that the prevalence is 0.51 per million births [2]. Both
conditions have an increased susceptibility to overwhelm-
ing invasive infections, carrying considerable mortality.
However, the diagnosis of ICA is sometimes difficult
because of the lack of other anomalies; therefore, such
individuals may be umrecognized until postmortem autopsy.

Practice guidelines for the prevention of life-threatening
infections in children with hyposplenia and asplenia
advocate antibiotic prophylaxis and immunizations against
Streptococcus pneunroniae and Haermophilus influenzae
type b (Hib), the most common causative organisms for

13
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these patients [3]. However, given that several asplenic
cases of overwhelming infections that could be considered
as vaccine failures have been documented [4, 3], the
1immunogenicity of vaccination for asplenic patients is still
an important concem.

We present here a girl with ICA who developed multiple
episodes of meningitis caused by three different pathogens,
namely, Escherichia coli, S. pneunoniae (serotype 6B),
and Hib. She was successfully treated with prompt initia-
tion of antibiotics in all episodes. We also present the
details of immune responses to natural infections by Hib
and serotype 6B S. pneurroniae and those to immunizations
of Hib conjugate vaccine and 7-valent pneumococcal
conjugate vaccine (PCV7).

Case report

A 4-day-old girl, who was born of nonconsanguineous
parents as their first child, weighing 1,742 g at the 34th
week of gestation, presented with repetitive apnea during
admission because of prematurity. Physical examination
showed that heart rate was 135/min and body temperatire
was 37.2°C. Laboratory data showed WBC of 5.8 9 1071
with 28.5% neutrophils, C-reactive protein (CRP) of
4.3 mg/dl, and blood glucose of 95 mg/dl. Cerebrospinal
fluid (CSF) examination showed 3,947 cells/l 1 with 96%
polymorphonuclear cells, 197 mg/dl protein, and 44 mg/dl
glucose. Two days later, isolates from the CSF and blood
were identified as E. coli OX:K1:H-, and the same bacte-
rium was also subsequently isolated from the stool of her
asymptomatic mother. The patient was diagnosed as having
early-onset E. coli meningitis that was vertically trans-
mitted. We treated the patient with cefotaxime (CTX) for
21 days. Auditory brainstem response examination at
28 days of age revealed profound hearing impairment at
the right ear. The patient was discharged at 38 days of age.
Genetic analysis [6, 7] showed that the strain harbored
virulence factor genes such as iroN, papG3, afa, and kps,
but not enfl, sfa, or ibeA

At 18 months old, the patient was rehospitalized
because of a 6-h history of fever and generalized tonic-
clonic convulsion lasting 3 min. On admission, 30 min
after the convulsion, heart rate was 170/min and body
temperatire was 39.4°C. Her consciousness had become
clear. Laboratory findings showed WBC of 21.79 1071
and CRP of 6.0 mg/dl. CSF examination showed no ple-
ocytosis, with normal concentrations of protein (10 mg/dD
and glucose (85 mg/dl). Treatment with intravenous CTX
was empirically initiated under the tentative diagnosis of
occult bacteremia. The day after admission, serotype 6B
S. prneunoniae was isolated from the blood but not from
the CSF. Resistance to penicillin was established by

123

microbiological [minimum inhibitory concentration (MIC),
21 g/ml] and genotypic (mutations in pbpla, pbp2X, and
pbp2b [8]) analyses, and CTX was substituted with
panipenem-betamipron. On day 3, prolonged fever and
frequent vomiting led us to perform a second CSF exanr
ination, showing 14,500 cells/1 ], protein of 58 mg/dl, and
glucose of 63 mg/dl. The CSF was positive for S. pneu
noniae antigen test (Binax NOW S. pneuroniae; Binax),
but yielded no organisms in culture. The blood WBC and
CRP were elevated to 21.79 10%1 and 22.1 mg/dl,
respectively. We diagnosed her disease as pneumococcal
meningitis following bacteremia and increased the doses of
panipenem-betamipron with good clinical response. She
received antimicrobial therapy for 14 days and was dis-
charged without any additional sequelae.

At 25 months of ages, the patient was referred to the
emergency department in another hospital with a 2-h history
of fever, vomiting, and tonic—clonic convulsion of 2-min
duration. At amival, heart rate was 180/min and body
temperature was 39.4°C. Her consciousness soon became
clear. Laboratory examination showed WBC of 3.5 9 101
and CRP of 0.6 mg/dl. Afterblood culture was obtained, the
patient received intravenous sulbactam/ABPC. On day 3,
the blood culture yielded b-lactamase-non-producing
ABPC-resistant (BLNAR) Hib, and the laboratory exam-
inations showed marked deterioration: WBC of 26.6 9 1071
and CRP of 21.5 mg/dl. CSF examination showed 4,992
cell¢/l 1, 164 mg/dl protein, and 34 mg/dl glucose with
positive culture for Hib. Thus, the diagnosis of a third
bacterial meningitis was made. The patient thereafter
received infravenous meropenem for 14 days and was dis-
charged on day 16 after onset without any additional
sequelae. Molecular analysis of the strain identified three
amino acid substitutions: His-517, Thr-385, and Ile-377, in
fsI [9]. This substitution pattern was classified as subgroup
I BLNAR by a recent nationwide study of childhood
meningitis in Japan [9].

The multiple episodes of meningitis prompted us to
evaluate immunological functions. The results after the
second episode of meningitis showed that serum levels of
IgG (639 mg/dD), IgA (65 mg/dD), IgM (97 mg/dl), IgG,
(80 mg/dD), C3 (140 mg/dl), C4 (24 mg/dD), and CH50
(86.1 Uiml) were within normal limits. T/B-cell subsets
(65/28%), CD3/CD4/CD8 lymphocyte subsets (61%/44%/
14%), natural killer cell activity (25%), neutrophil phago-
cytic activity using fluorescence bead test by flow cytomr
etry (70.0%), and neutrophil bacteriocidal activity (93.4%)
were also normal. Computed tomography (CT) of the skull
and inner ears did not show any deformity or defects. To
screen interleukin- 1 receptor-associated kinase 4 deficiency
and myeloid differentiation primary response protein 88
deficiency, we performed flow cytometric analysis [10],
resulting in normal intracellular tumor necrosis factora

—325—



J Infect Chemother

production of monocytes after lipopolysaccharide stimur
lation. After the third meningitis, ultrasonography and CT
of the abdomen finally revealed asplenia without visce-
roarterial anomalies. Howell-Jolly body-containing RBCs
were exceedingly rarely found ( 0.1% of RBCs) in
peripheral blood. Ultrasonographic examinations of her
parents detected normal size and normal position of the
spleen.

Since the diagnosis of ICA at 26 months of age, che
moprophylaxis with amoxicillin of 20 mg/kg/day was
introduced as well as vaccinations of Hib vaccine and
PCV7. Subsequent to the introduction of these strategies,
the patient has not suffered from any invasive infections
for more than 2 years. At 36 months of age, we assessed
her neurodevelopmental status using the New Edition of
the Kyoto Scale of Psychological Development, indicating
a normal developmental quotient of 83 (normal range,
[ 80). ‘

We evaluated immune responses to natural infections
with Hib and serotype 6B pneumococcus and those to
immunizations of Hib vaccine and PCV7 (Table 1.
Despite natural infections, serum anti-polyribosylribitol
phosphate (PRP) (0.601g/ml) and anti-serotype 6B
(0.191 1 g/ml) antibodies were below the levels of long-
term protective activity (1.0 1g/ml [11] and 0.34 1 g/ml
[12, 13], respectively) 4 and 6 months after each infection,
respectively. At 1 month after administration of the second
Hib and PCV7 vaccination, anti-PRP antibody was sig-
nificantly elevated to 3.15 1 g/ml, but two (6B and 19F) of
seven serotype-specific pneumococcal antibodies were still
below the protection levels. We therefore added a third
PCV7. Because antibodies to pneumococcal capsular
polysaccharide protect the host by opsonizing pneumo-
cocci for phagocytosis, we concomitantly performed the
opsonophagocytic killing assay (OPA) [14] after the third
PCV7. Table 1 shows significantly high OPA titers against
types 6B and 19F were observed, findings inconsistent with
the low anti-6B and anti-19F IgG antibody levels. OPA
titers against five other types were also elevated to the
levels for protection { 8) [12, 13].

Discussion

We report a gil with non-familial ICA with recurrent
bacterial meningitis. ICA is a rare anomaly. Mahlaoui et al.
[2] recently documented 20 ICA cases in France and
reviewed the literature. In addition to the 65 cases in their
report and references therein [2], we found reports of 5
other ICA patients [5, 15] in the literature between January
1960 and April 2011 using the Medline database. Thus, we
can here review 70 ICA cases in total. Compared with
these patients [2, 5, 15], our case is informative and
interesting in several respects.

First are the multiple episodes of meningitis caused by
three different pathogens. Of the previous 70 cases, 48
(69%) experienced invasive bacterial infection at least
once. Of these 48 patients, only 8 had multiple episodes of
invasive bacterial infections, two times in 5 cases and three
times in 3 cases (Table 2) [2, 16-20]. Our patient is the first
described for whom all three episodes were bacterial
meningitis. To better understand the underlying patho-
genesis, we characterized the causative pathogens by
molecular analysis. Penicillin-resistant serotype 6B pneu
mococcus and BLNAR Hib subgroup III were among the
most prevalent strains causing childhood meningitis in
Japan [8, 9]. In contrast, E. coli is extremely rare among
ICA patients, and we are aware of only one such case,
which resulted in death at 4 months of age [21]. E coli in
our case possessed capsular antigen K1 and the siderophore
receptor gene, iroN, which contribute to the bacteremic
step in E. coli neonatal meningitis [7, 22]. Because the
same strain was isolated from the stool of her asymptonr
atic mother, we confirmed the route of contagion. Besides
asplenia, prematurity of the host and high pathogenic fac-
tors of the E. coli strain might have contributed to this
infection.

Second is the good prognosis, despite our patient
developing meningitis three times, one of which occurred
4 days after premature birth. Our neonatal case is the
youngest at the firstinvasive infection among the previously
reported ICA patients. There have been only 3 ICA patients

Table 1 Serum serotype-specific IgG antibody concentrations and opsonophagocytic killing assay titer before and after 7-valent pneumococcal

conjugate vaccine

Serotype 4 6B Vv 14 18C 19F 23F
IsG OPA IgG OPA IgG OPA IgG OPA IgG OPA IgG OPA IgG OPA
cone. cone. cone. conc. cone. conc. conc.
Before PCV7 (6 months after 0132 NA 0191 NA 0062 NA 0366 NA 4229 NA 029 NA 014 NA
natural infection)
1 month after 2-dose PCV7 2809 NA 0263 NA 4040 NA 6767 NA 3949 NA 0.356 NA 0233 NA
1 month after 3-dose PCV7 1.37 536 0.137 557 1199 326 5.075 2367 1.89 210 0295 192 0.471 769

PCV7 T-valent pneumococeal corjugate vaccine, IgG cone. anti-serotype-specific IgG antibody concentration (1 g/'mb, OPA opsonophagocytic
Killing assay (titer), NA not assessed (under treatment with antimicrobial agents)
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Table 2 Isolated congenital asplenia patients with multiple episodes of invasive bacterial infections

Patient Gender Infectious Age at onset Type of infection Organisms Outcome Reference

number episodes

1 F 1 6 months Meningitis Streptococcus pneunroniae Survived  [2]
2 11 months Meningitis, purpura fulminans S, pneuwnoniae Died

2 M 1 10 months Meningitis S. pneunoniae Swvived [2]
2 11 months Purpura fulminans S. pneurroniae Swrvived
3 1 year 7 months  Purpura fulminans S. pneurroniae Survived

3 M 1 1 year 9 months  Meningitis S. pneunoniae Survived  [16]
2 2 years 3 months Meningitis S. pnewrroniae Survived

4 M 1 1 year 2 months  Meningitis S. pneunoniae Suwvived [17]
2 15 years Meningitis Not available Died

5 M 1 1 year Meningitis S. preunoniae Survived [18]
2 1 year Meningitis S. preumoniae Survived
3 1 year Osteomyelitis Culture negative Survived

6 F 1 6 months Meningitis S. preurroniae Swrvived  [19)
2 2 years 6 months Sepsis Not available Died

7 F 1 1 year 6 months  Arthritis S. pneunmoniae Survived [19]
2 1 year 9 months  Axthritis Haemophilus influenzae type b Swrvived
3 10 years Sepsis S. pneunroniae Died

8 M 1 5 years Sepsis S. pneunoniae Survived  [20]
2 9 years Meningitis S. pneunroniae Died

9 F 1 0 month (4 days) Meningitis Escherichia coli Survived  Present case
2 1 year 6 months  Meningitis S. prneunroniae Survived
3 2 years 1 month  Meningitis H influenzae type b Survived

who had overt infections under 3 months of age, which
include 1 fatal case [21] and 2 with major sequelae (central
nervous system deficit [23] or loss of foot and fingers [24]).
Of the 45 childhood and adult patients with invasive
infections whose outcomes were known, 29 (64%) died and
3 (7%) had serious sequelae [2, 5, 23, 24]. In contrast, our
patient showed normal newological development under
nomrserious sequelae of unilateral hearing loss. Such
favorable outcome may be attributable to the eary recog-
nition and hospitalization. Fortunately, the first episode
developed during the period of hospitalization under close
monitoring because of prematurity. In addition, at both
second and third infectious episodes, she could receive
immediate antimicrobial treatment.

Finally, we meticulously investigated the immunologi-
cal responses to natural infections with S. pneurroniae and
Hib and those to vaccinations. Of the 70 cases we can
review [2, 3, 15, there has been no report addressing this
issue. The spleen is a pivotal organ for the phagocytosis of
encapsulated bacteria and for the production of immuno-
globulins against these pathogens [3]. Even after natural
invasive infections of Hib and serotype 6B pneumococcus,
serum antibody levels were not elevated to the levels of

13

long-term protection against the pathogens, which may
reflect the immunocompromised status of asplenia. This
concept is supported by findings from Mikoluc et al. [25]
that the congenital asplenic patients had significantly lower
concentrations of serum anti-pneumococcal antibodies and
reduced responses to PCV7, especially to serotypes 6B and
23F. Similar findings were also observed in adult asplenic
patients with overwhelming infection caused by S. pneu
noniae, representing vaccine failures [4, 5]. Serum anti-
body concentrations against 6B and 19F in our patient were
significantly lower than those against five other serotypes.
In contrast, when we evaluated OPA ftiters after the third
PCVT vaccination, they were at sufficient levels for pro-
tection against all serotypes including types 6B and 19F.
OPA might be a more important indicator for protection
against S. pneurroniae [13].

In conclusion, we described a girl with a rare case of
ICA, who presented with recurrent meningitis caused by
three different pathogens, and was successfully treated
without severe sequelae. Exact determination of serum
antibody concentrations of encapsulated bacteria and
reevaluation of vaccine schedules should be important to
protect against relevant infections in ICA patients.
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Abstract

Background: Bordetella pertussis is the primary etiologic agent of the disease pertussis. Universal immunization programs
have contributed to a significant reduction in morbidity and mortality of pertussis; however, incidence of the disease,
especially in adolescents and adults, has increased in several countries despite high vaccination coverage. During the last
three decades, strains of Bordetella pertussis in circulation have shifted from the vaccine-type to the nonvaccine-type in
many countries. A comparative proteomic analysis of the strains was performed to identify protein(s) involved in the type
shift.

Methodology/Principal Finding: Proteomic analysis identified one differentially expressed protein in the B. pertussis strains:
the type Il cytotoxic effector protein BteA, which is responsible for host cell death in Bordetella bronchiseptica infections.
Immunoblot analysis confirmed the prominent expression of BteA protein in the nonvaccine-type strains but not in the
vaccine-type strains. Sequence analysis of the vaccine-type strains revealed an 1S481 insertion in the 5’ untranslated region
of bteA, —136 bp upstream of the bteA start codon. A high level of bteA transcripts from the 15481 promoter was detected
in the vaccine-type strains, indicating that the transcript might be an untranslatable form. Furthermore, BteA mutant studies
demonstrated that BteA expression in the vaccine-type strains is down-regulated by the 1S481 insertion.

Conclusion/Significance: The cytotoxic effector BteA protein is expressed at higher levels in B. pertussis nonvaccine-type
strains than in vaccine-type strains. This type-dependent expression is due to an insertion of 1S481 in B. pertussis clinical

pertussis. PLoS ONE 6(3): €17797. doi:10.137 1/journal.pone.0017797
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strains, suggesting that augmented expression of BteA protein might play a key role in the type shift of B. pertussis.
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Introduction

Bordetella pertussis is a human-specific pathogen that is the
ctiologic agent of whooping cough, an acute respiratory discasc
that is often particularly severe in infants [1]. Universal
immunization programs have contributed to a significant reduc-
tion in morbidity and mortality of pertussis, cspecially in infants
and children; however, the incidence of pertussis has increased in
several countries despite high vaccination coverage |2-5]. Since
the 1980s, a considcrable genetic transition has been observed
between B. pertussis vaccine strains and circulating clinical strains in
many countrics [6—11]. Genetic variations have been found in the
loci encoding the major B. pertussis virulence factors: pertussis toxin
S1 subunit (pixd), pertactin (pm) and fimbriac 3 (fim3). Among
circulating B. pertussis strains, vaccine-type alleles (ptxA2, pml and
Jim34) have been replaced mainly with nonvaccine-type alleles
(ptxAl, pm2 and fun3B). 1t has been speculated that adaptation of
the bacterial  population to  vaccine-induced immunity has
produced this genetic shift, and is onc possible explanation for
the resurgence of pertussis {12-15]. However, there have been few
reports of the exact mechanism underlying this phenomenon.

@ PLoS ONE | www.plosone.org

B. pertussis cxpresses various virulence factors, including adhesins
and toxins, which function to establish and maintain host infection.
Several virulence factors such as filamentous hacmagglutinin (FHA)
and pertussis toxin (P1) are expressed under the control of the BvgAS
two-component regulatory system [1,16,17]. 'The BvgAS system also
positively regulates virulence factor sceretion via the type 111 secretion
system (1'3SS) [18,19]. 'T'3SS is highly conserved among a number of
Gram-negative bacteria and functions as an injector of virulence
molecules (i.c., cffectors) into the host cell through a needle-like
injection apparatus [20,21]. In B. pertussis, 1T3SS plays a role in
subverting the protective innate and adaptive immunity of the host.
Three T3SS-secreted proteins, BopN, BopD and Bsp22, have been
identified so far [22]. In the animal pathogen Bordetella bronchiseptica,
BopN is involved in the up-regulation of cytokine 1L-10 [23], while
Bsp22 polymerizes to form a flexible filamentous structure at the tip of
the needle structure and associates with the pore component BopD
[24]. The Bsp22 translocon is expressed in a significant proportion of
B. pertussis clinical isolates but not in "T'ohama and Wellcome 28, the
common laboratory-adapted vaccine strains |22].

Genomic differences between B. pertussis clinical strains and the
vaccine strain ‘Tohama have been investigated. The comparative
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