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Abstract
Streptococcus pneumoniae (SPN), the leading cause of meningitis in children and adults
worldwide, is associated with an overwhelming host inflammatory response and subsequent brain
injury. Here we examine the global response of the blood-brain barrier to SPN infection and the
role of neuraminidase A (NanA), a SPN surface anchored protein recently described to promote
central nervous system tropism. Microarray analysis of human brain microvascular endothelial
cells (hBMEC) during infection with SPN or an isogenic NanA-deficient (ΔnanA) mutant revealed
differentially activated genes, including neutrophil chemoattractants IL-8, CXCL-1, CXCL-2.
Studies using bacterial mutants, purified recombinant NanA proteins and in vivo neutrophil
chemotaxis assays indicated that pneumococcal NanA is necessary and sufficient to activate host
chemokine expression and neutrophil recruitment during infection. Chemokine induction was
mapped to the NanA N-terminal lectin-binding domain with a limited contribution of the sialidase
catalytic activity, and was not dependent on the invasive capability of the organism. Further,
pretreatment of hBMEC with recombinant NanA protein significantly increased bacterial invasion
suggesting that NanA-mediated activation of hBMEC is a prerequisite for efficient SPN invasion.
These findings were corroborated in an acute murine infection model where we observed less
inflammatory infiltrate and decreased chemokine expression following infection with the ΔnanA
mutant.

Introduction
S. pneumoniae (SPN, pneumococcus), a Gram-positive, alpha-hemolytic diplococcus, is a
significant human pathogen ranked as the 4th most common cause of global mortality by an
infectious pathogen (Carapetis et al., 2005). It is responsible for frequently occurring
diseases including pneumonia, otitis media, sinusitis and meningitis. All SPN strains tested
have been shown to possess neuraminidase (sialidase) activity (Kelly et al., 1967). Although
three distinct neuraminidases, nanA, nanB and nanC are present in the SPN genome (Xu et
al., 2008), only NanA is surfaced-anchored and present in all strains (Camara et al., 1994,
Pettigrew et al., 2006, King et al., 2005). NanA has been shown to contribute to
pneumococcal colonization of the nasopharynx and development of otitis media (Tong et
al., 2000, Tong et al., 2001), spread from the nasopharynx to lungs in a mouse model of
infection (Manco et al., 2006, Orihuela et al., 2004) and more recently to BBB penetration

*Corresponding Author: Dr. Kelly S. Doran, Department of Biology, Center for Microbial Sciences, San Diego State University, 5500
Campanile Dr., San Diego, CA 92182-4614, Tel: 619-594-1867, Fax: 619-594-5686, kdoran@sciences.sdsu.edu.

NIH Public Access
Author Manuscript
Cell Microbiol. Author manuscript; available in PMC 2011 November 1.

Published in final edited form as:
Cell Microbiol. 2010 November ; 12(11): 1576–1588. doi:10.1111/j.1462-5822.2010.01490.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Uchiyama et al., 2009). Neuraminidases in general represent attractive new targets for drug
discovery (Hsiao et al., 2009), thus increased understanding of the functional role of NanA
could lead to important discoveries for therapeutic intervention.

Pneumococcus is currently the leading cause of bacterial meningitis in young children and
adults worldwide with a mortality rate of 20–35% (Gans et al., 2002). Despite antibiotic
therapy high morbidity is prevalent due to intracranial complications such as brain edema,
hydrocephalus, and cerebrovascular hemorrhage (Weisfelt et al., 2006). Brain damage
following pneumococcal meningitis results generally from the loss of BBB integrity due to
the toxicity of the bacterial products and/or activation of host inflammatory mediators that
compromise BBB function (Meli et al., 2002). The human BBB, which is primarily
composed of a single layer of specialized human brain microvascular endothelial cells
(hBMEC), serves as a critical barrier to protect the central nervous system (CNS) against
microbial invasion. In addition to providing a barrier function, the BBB is thought to play an
active role in initiating a specific innate defense response that promotes neutrophil
recruitment and activation (Doran et al., 2003). We have recently shown that NanA
promotes BBB penetration, but the exact mechanism for bacterial entry and the contribution
of SPN NanA to inflammatory activation during BBB interaction is unknown.

In this study we examine for the first time the global gene expression profile of brain
endothelium to infection with SPN and an isogenic ΔnanA mutant using microarray, real-
time RT-PCR, and protein analysis. Our studies suggest that BBB endothelium responds to
the SPN NanA with functional gene expression to promote the characteristic neutrophilic
inflammatory response of acute pneumococcal meningitis. NanA-mediated BBB activation
was attributed primarily to the Laminin G like lectin-binding domain that also promotes
SPN-hBMEC interaction. Our results demonstrate that SPN exploits the NanA-induced BBB
defensive response by promoting bacterial uptake, emphasizing a novel role for this
neuraminidase in the pathogenesis of pneumococcal meningitis.

Results
Expression profile of brain endothelium induced by SPN and the NanA-deficient mutant

Understanding the acute response of the BBB endothelium to SPN infection and major
virulence factor NanA should provide insight into the pathogenesis of pneumococcal
meningitis. In this study we used microarray analysis to examine the global transcriptional
response of hBMEC to infection with WT and a ΔnanA mutant strain. Growth kinetics were
similar between the two strains under the conditions used in our experiments
(Supplementary Fig. 1A). Additionally, both the WT and ΔnanA mutant exhibited similar
levels of hemolytic activity (data not shown). By 6 hours post infection with SPN WT, 43
genes exhibited more than 1.5 fold increase in transcript abundance (Supplementary Table
1). The most highly induced hBMEC genes included IL-8, CXCL-1, and CXCL-2, the CXC
chemokine family members that act mainly on cells of the neutrophil lineage. Other highly
induced proinflammatory genes were CCL-20, a chemokine which is chemotactic for
lymphocytes and neutrophils (Hieshima et al., 1997), IL-6, a pro-inflammatory cytokine
which has been shown in mice to be required for resistance against SPN (Poll et al., 1997)
and ICAM-1 which plays an essential role as an endothelial receptor to bind and activate
circulating neutrophils at the site of infection.

Interestingly, infection with the NanA-deficient mutant resulted in decreased expression of a
small subset of genes (n=14), compared to that observed after WT infection, which included
chemokines IL-8, CCL-20, CXCL-1, and CXCL-2 (Supplementary Table 1). These results
were confirmed in independent experiments using real time RT-PCR (Fig. 1A). In general,
the relative abundance of the different transcripts correlated with the fold increases observed
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by the microarray analysis (Fig. 1A, Supplementary Table 1). We also observed a marked
increase in chemokine secretion by hBMEC upon infection with WT SPN, but secretion of
chemokines IL-8, CXCL-1, CXCL-2 and CCL-20 was significantly reduced when cells were
infected with the ΔnanA mutant (Supplementary Fig. 1B). Consistent with the microarray
experiments, no difference in IL-6 secretion was observed, indicating that NanA only affects
transcription of specific cytokines. Overall, these independent experiments confirmed our
microarray results and suggest that the pneumococcal NanA contributes to the induction and
rapid activation of the host innate defense system for neutrophil recruitment and activation.

NanA is sufficient to induce IL-8 expression and neutrophil chemotaxis
We next sought to determine whether SPN NanA is sufficient to induce IL-8, the most
potent neutrophil chemo-attractant, using purified recombinant NanA protein. NanA was
expressed as an N-terminal GST-tagged fusion protein and purified to >95% homogeneity
(Fig. 1B) as described in the Experimental procedures. Using a fluorescent assay to measure
sialidase activity (Uchiyama et al., 2009), we found that the NanA-GST exhibited sialidase
activity (Supplementary Fig. 2). Treatment of hBMEC with NanA-GST resulted in increased
IL-8 transcription over time while incubation with the similarly purified GST alone had no
effect (Fig. 1C). Both purified proteins, NanA-GST and GST alone, contained a similar low
level (2EU/ml or ∼0.2 ng/ml) of endotoxin.

As we have demonstrated that NanA is both necessary and sufficient for chemokine
induction in hBMEC, we next hypothesized that infection with WT SPN would result in
increased neutrophil recruitment compared to infection with the isogenic ΔnanA mutant
strain. We therefore analyzed neutrophil recruitment to the site of infection using an in vivo
neutrophil recruitment assay as described previously (Sorge et al., 2008). Neutrophil
migration was assessed upon subcutaneous injection of SPN WT or the ΔnanA mutant strain
into the right or left flank of mice, respectively. After 4 hours, homogenized skin sections
were analyzed for the neutrophil enzyme myeloperoxidase (MPO), which serves as an
effective indicator of neutrophil infiltration (Bradley et al., 1982, Sorge et al., 2008) and
compares well with other in vivo assays of neutrophil chemotaxis (Sorge et al., 2008). MPO
levels and therefore the number of accumulating neutrophils were significantly lower after
infection with the ΔnanA mutant compared to the WT strain (Fig. 1D). Parallel experiments
demonstrated that similar bacterial CFU were recovered from the skin for the both the WT
and ΔnanA mutant under these conditions (Supplementary Fig. 3). Taken together these
results indicate that pneumococcal NanA is sufficient to activate IL-8 transcription and
functional neutrophil signaling pathways in vivo resulting in neutrophil recruitment during
active pneumococcal infection.

The NanA Laminin G like lectin binding domain promotes IL-8 induction
As neuraminidase activity is a key function of NanA, we hypothesized that exogenous
neuraminidase treatment may similarly result in increased IL-8 expression in brain
endothelium. A recent study demonstrated that treatment with exogenous neuraminidase
increased IL-8 production in lung epithelial cells (Kuroiwa et al., 2009). We treated hBMEC
with increasing concentrations of commercially-available neuraminidase from Arthrobacter
ureafaciens, which lacks a lectin binding domain, but targets similar sialic acid linkages as
SPN (Scanlon et al., 1989, Rogerieux et al., 1993); however, no significant induction in IL-8
gene transcription was observed even at the highest concentration (500 U/ml) of sialidase
(Fig. 2A). Prior treatment of hBMEC with exogenous sialidase followed by infection with
SPN stimulated a slight, but statistically significant, increase in IL-8 transcription (Fig. 2B).
However this treatment failed to rescue the activation defect of the ΔnanA mutant. While
these results suggest that sialidase activity may contribute to some extent to IL-8 induction,
it is not sufficient for complete hBMEC activation.
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In addition to the catalytic domain responsible for enzymatic activity, sequence analysis has
revealed that SPN NanA also possesses an YSIRK type signal sequence, a laminin G-like
lectin binding domain, and the C-terminal LPXTG motif that anchors the enzyme to the
bacterial cell surface (Camara et al., 1994, Yesilkaya et al., 2006) (Fig. 2C). Thus we sought
to characterize the contribution of the NanA sialidase catalytic domain and the laminin G-
like lectin binding domain to IL-8 gene activation using targeted deletion constructs lacking
the active catalytic site (ΔEnz) or the laminin G domain (ΔLG) constructed previously
(Uchiyama et al., 2009). The specific constructs, pNanA, pNanAΔEnz and pNanAΔLG,
were used to complement the ΔnanA mutant strain. Cell surface location of NanA targeted
mutant proteins in these strains as well as sialidase activity in the case of pNanAΔLG is
preserved in these strains. As shown in Fig. 2D, only complementation with pNanA or
pNanAΔEnz restored IL-8 activation to levels induced by WT SPN. Additionally treatment
of hBMEC with purified NanAΔEnz-GST resulted in similar IL-8 induction levels
compared to that observed with NanA-GST treatment (Supplementary Fig. 4). These studies
demonstrate that the laminin G-like lectin binding domain of SPN NanA is required for IL-8
activation.

Induction of IL-8 transcription depends on NanA-mediated adherence
Recognition of SPN by brain endothelial cells and subsequent expression of chemokines
may contribute significantly to the prominent leukocyte recruitment observed in
pneumococcal meningitis. As we have shown recently that SPN NanA also promotes
pneumococcal BBB invasion (Uchiyama et al., 2009), we asked whether NanA-mediated
bacterial invasion is required for the observed IL-8 activation. We used cytochalasin D
(Sorge et al., 2008, Nizet et al., 1997), a potent actin polymerization inhibitor, to block
pneumococcal invasion of hBMEC in a dose dependent manner (Fig. 3A). Blocking
concentrations of cytochalasin D did not inhibit pneumococcal adherence or IL-8 induction
in parallel experiments (Fig. 3B, C). These results confirm that pneumococcal invasion of
hBMEC is not required for IL-8 induction and imply that SPN NanA-mediated adherence
initiates signaling events that lead to increased chemokine production.

NanA mediated activation promotes bacterial entry to brain endothelium
To elucidate the signaling pathways that trigger IL-8 induction, we performed experiments
in the presence of pharmacological inhibitors of key signaling molecules involved in
cytokine production, including transcription factor NF-κB and members of the Mitogen-
activated protein kinase (MAPK) family, MAPK/ERK (extracellular signal-regulated
kinase) kinase1/2 (MEK1/2) and p38 MAPK. As shown in Fig. 4A SPN-induced IL-8
secretion in hBMEC is reduced in a dose-dependent manner by all tested inhibitors.
Treatment of hBMEC with U0126, a compound that inhibits the enzymatic activity of
MEK1/2 and subsequent activation of ERK signaling pathways (Favata et al., 1998), had the
strongest inhibitory effect on IL-8 secretion compared to the DMSO treated control (Fig.
4A). Experiments by others have demonstrated that host cell activation by proinflammatory
cytokines promotes SPN uptake (Cundell et al., 1995,Ring et al., 1998,Radin et al., 2005).
Consistent with these observations, pretreatment of hBMEC monolayers with U0126
inhibitor (50 µM) prior to infection reduced bacterial invasion for both the WT and ΔnanA
mutant strain (Fig. 4B), further indicating that cellular activation is a prerequisite for
efficient hBMEC invasion by SPN.

To assess whether NanA could provide the necessary activation to stimulate bacterial
uptake, hBMEC were treated with TNFα, shown previously to activate host cells and
promote SPN uptake (Cundell et al., 1995), or with purified NanA protein (NanA-GST),
shown above to induce chemokine transcription and immune activation. Following a 3 hour
incubation period, proteins were removed and monolayers infected with WT SPN or the
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ΔnanA mutant. As expected, TNFα treatment resulted in increased bacterial uptake, however
there was still a significant difference in the invasive capability observed between the WT
and the NanA-deficient mutant (Fig. 4C). Interestingly, pretreatment of hBMEC with NanA-
GST or NanAΔEnz-GST significantly increased bacterial invasion of both the WT and
NanA-deficient strains (Fig. 4C, D). These results strongly suggest that NanA, and
specifically the lectin binding domain, mediates immune activation of hBMEC, and
promotes SPN uptake.

Our in vitro results using the hBMEC tissue culture model indicate that SPN NanA
contributes to BBB endothelium activation and subsequent bacterial uptake. We sought to
corroborate our in vitro findings in vivo using a murine model of pneumococcal infection as
described previously (Uchiyama et al., 2009). BALB/c male mice (8 weeks old) were
injected intravenously with SPN WT or isogenic ΔnanA mutant (8 mice per group).
Following 6 or 24hrs post injection, mice were euthanized, blood and brain were collected,
and total RNA was isolated from brain tissue at the 6hr time point. At 6 hr real time RT-
PCR analysis revealed that mice infected with the ΔnanA mutant exhibited decreased
transcript levels of the murine functional CXC homologue, KC, compared to mice infected
with WT SPN (Fig. 5A). At this early time point levels of SPN detected in the blood of each
group were essentially identical, while bacterial counts isolated from the brain of ΔnanA
infected mice were significantly lower than those isolated from mice infected with the WT
strain (Supplementary Fig. 5A). We found that at 24 h the levels of WT and ΔnanA mutant
SPN in blood and brain were similar (Supplementary Fig. 5B), but the mean ratio of brain/
blood cfu in the WT strain was significantly greater than the ΔnanA mutant (Fig. 5B).
Histopathologic analysis revealed brain leukocytic infiltrates in sections from WT-infected
mice (Fig. 5C,D,E,F); inflammation was scant or absent in those animals infected with the
isogenic ΔnanA mutant (Fig. 5G).

Discussion
Our studies using DNA microarray analysis, real-time RT-PCR and immunoassays reveal a
unique requirement for the SPN NanA protein in activation of specific BBB defense
pathways by SPN, the leading agent of bacterial meningitis in children and adults. SPN
infection resulted in NanA-dependent secretion of IL-8, CXCL1, CXCL2 and CCL20 in
hBMEC that correlated with functional neutrophil chemotaxis in vivo. Complementary,
purified recombinant NanA resulted in increased expression of chemokine IL-8. NanA-
mediated IL-8 induction was mapped primarily to the N-terminal Laminin G-like lectin
binding domain with only a modest contribution from sialidase activity. Using
pharmacological inhibitors, we observed a dominant role for the MAPK/ERK signaling
pathway in IL-8 secretion. Finally, our data suggest that the gene induction mediated by the
NanA-hBMEC interaction results in efficient SPN invasion. These results suggest a novel
role for the bacterial NanA protein in exploiting BBB activation to promote bacterial CNS
entry, allowing escape from the blood stream to an immune-privileged site.

The BBB, composed primarily of a specialized layer of brain microvascular endothelial cells
separates the brain and its surrounding tissues from the circulating blood, tightly regulating
the flow of nutrients and molecules and thereby maintaining the proper biochemical
conditions for normal brain function (Betz, 1992, Betz et al., 1986). Bacterial meningitis, a
serious CNS infection, can develop rapidly into a life-threatening situation even in
previously healthy children or adults. We have adapted a tissue culture model of the human
BBB using immortalized hBMEC (Stins et al., 1997) to investigate for the first time the
acute global response of BBB endothelium to SPN infection in vitro. The hBMEC line has
proven valuable in the analysis of a wide variety of human CNS pathogens including
Neisseria meningitidis (Unkmeir et al., 2002), Escherichia coli K1 (Kim, 2001), group B
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streptococcus(Nizet et al., 1997, Doran et al., 2003), Bacillus anthracis (Sorge et al., 2008)
and SPN (Ring et al., 1998, Uchiyama et al., 2009). HBMEC infection by SPN WT resulted
in upregulation of proinflammatory cytokines and chemokines functioning to orchestrate
neutrophil recruitment and activation. A similar innate response was previously observed
upon hBMEC infection with GBS, suggesting a generalized response to bacterial infection
(Doran et al., 2003). Compared to WT SPN infection, we found that infection of hBMEC
with a NanA-deficient mutant resulted in significantly less gene induction and secretion of
key immune CXC chemokine proteins and functional neutrophil chemotaxis to the site of
infection. Other factors such as the SPN toxin, pneumolysin, choline-binding protein A,
CbpA, and pnemococcal surface protein A, PspA, have also been shown to induce
chemokine expression in human cells (Graham et al., 2006, Bernatoniene et al., 2008).
Interestingly, chemokine modulation by SPN infection may be cell context dependent as
CbpA was shown to down regulate chemokine expression in respiratory epithelium and
nasopharyngeal cells (Graham et al., 2006). Our studies presented here were all performed
with inocula of SPN expressing the opaque phenotype. It is likely that multiple phase-
variant SPN factors may function synergistically to elicit BBB immune defense.

Bacterial neuraminidases play important roles in host-pathogen interactions and offer
attractive targets for therapeutic intervention (Taylor, 1996, Hsiao et al., 2009). The major
pneumococcal neuraminidase, NanA, has been shown to desialylate both host proteins and
surface components from neighboring/competing bacteria (Shakhnovich et al., 2002, King et
al., 2004) and contribute to virulence in animal models of disease (Mitchell, 2000, Orihuela
et al., 2004, Manco et al., 2006, Uchiyama et al., 2009). However, previous studies have not
examined the contribution of NanA to inflammatory activation. Our results clearly show that
NanA is necessary and sufficient to promote chemokine signaling in brain endothelium,
resulting in functional neutrophil recruitment during infection. Interestingly, activation was
mediated largely by the N-terminal Laminin G like portion of NanA, with only a modest
contribution by the sialidase catalytic domain. These results parallel recent studies on the
trans-sialidase from protozoan Trypanosoma cruzi, which demonstrated that endothelial cell
activation and parasite uptake were initiated by an inactive form of the sialidase (Dias et al.,
2008).

Earlier literature has suggested that bacterial neuraminidase may be a factor in the
pathogenesis of pneumococcal meningitis as elevated levels of free sialic acid in
cerebrospinal fluid were associated with adverse outcome including coma and bacteremia
(O'Toole et al., 1971). Our results from this study suggest that the Laminin G-like domain of
NanA must interact directly with hBMEC to initiate chemokine signaling and inflammatory
activation. This may involve the synergistic effect of the sialidase activity and binding
function imparted by the laminin G domain. We have recently shown that the Laminin G-
like lectin binding domain of NanA plays an important role in SPN invasion of brain
endothelium and bacterial entry into the CNS (Uchiyama et al., 2009). This evokes the
following question: does NanA-mediated invasion initiate hBMEC activation, or does
NanA-mediated cellular activation initiate bacterial uptake? To address these possibilities
we inhibited bacterial invasion with cytochalasin D and analyzed IL-8 transcript after
infection with WT and NanA-deficient strains. Cytochalasin D treatment did not inhibit IL-8
induction. These results confirm that pneumococcal invasion of hBMEC is not required for
IL-8 induction, and that SPN NanA-mediated adherence initiates signaling events that
increase chemokine production.

To address whether NanA-mediated activation is required for bacterial invasion, we first
investigated the signaling pathways involved in hBMEC IL-8 production upon SPN
infection. We employed specific pharmacological inhibitors to block major signaling
pathways involved in immune responses including NFκB and MAPK/ERK kinase1/2
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(MEK1/2) and p38 MAPK. Pretreatment of hBMEC with these individual inhibitors resulted
in a dose-dependent decrease in IL-8 secretion by WT SPN; however inhibition of MEK1/2
and subsequent inhibition of ERK signaling pathways with inhibitor U0126 had the most
potent effect. Interestingly, inhibition of ERK signaling in hBMEC also markedly reduced
invasion of both the WT and NanA-deficient strains (Fig. 4B). Pretreatment of hBMEC with
TNFα or NanA recombinant proteins (NanA-GST and NanAΔEnz-GST) also increased
bacterial invasion in hBMEC (Fig. 4C, D). These results suggest that hBMEC activation
through NanA is necessary for efficient SPN uptake and are consistent with previous studies
showing that activation of MAP kinases was required for pneumococcal uptake (Radin et
al., 2005). It has been well established that inflammatory activation of host cells results in
the upregulation of PAF receptor (PAFr), promoting efficient SPN host cell entry, invasion
and trafficking across the BBB via receptor-mediated endocytosis (Ring et al., 1998).
Whether NanA-mediated activation results in upregulation of PAFr remains to be
determined although our microarray analysis does not show a change in PAFr transcription
following infection with SPN WT or the ΔnanA mutant (data not shown).

Our results suggest a novel role for SPN NanA in immune evasion, allowing bacterial
escape from the blood stream to an immune privileged site by exploiting host cell defense to
enhance bacterial BBB penetration. These results were corroborated in vivo as infection with
the NanA-deficient mutant resulted in significantly less expression of KC, the murine
functional homologue of CXC family chemokines and reduced BBB invasion, as we had
observed previously (Uchiyama et al., 2009). We cannot exclude the possibility that the
reduced level of KC observed during infection with the NanA-deficient mutant in our in vivo
studies was due to an overall reduced bacterial load in the brain. However, our in vitro and
in vivo studies presented here show decreased chemokine expression, bacterial invasion and
PMN migration following infection with the ΔnanA mutant, despite similar bacterial levels
as the WT strain. These data strongly support the idea that NanA-mediated SPN adherence
contributes to chemokine induction that promotes subsequent cellular activation and
bacterial internalization. Future studies on the contribution of NanA to SPN induced BBB
permeability during disease progression will be informative.

We speculate that the Laminin G-like domain of SPN NanA engages a cellular receptor to
initiate a signal transduction cascade leading to immune activation of brain endothelium.
Subsequent SPN-hBMEC interaction likely involves additional pneumococcal factors such
as PavA (Pracht et al., 2005) and/or CbpA via interaction with PAFr (Ring et al., 1998) or
the Laminin receptor (Orihuela et al., 2009). Candidate receptors known to interact with
Laminin G like domains include sulfatides, heparin, β1 integrins and α-dystroglycan (Talts
et al., 1999), some of which are known to activate the ERK-MAP kinase signaling cascade
(Ferletta et al., 2003, Spence et al., 2004). In summary we have established a previously
unidentified role for NanA in the pathogenesis of pneumococcal infection. Our discovery of
the novel requirement of a neuraminidase for immune activation and subsequent CNS entry
suggests that therapies directed at neutralizing this molecule may be beneficial in preventing
the progression of bacterial meningitis.

Experimental Procedures
Bacterial strains and growth conditions

Streptococcus pneumoniae (SPN) serotype 2 strain D39 (NCTC 7466)(Berry et al., 1989)
and its isogenic ΔnanA mutant were used for these experiments. The ΔnanA mutant,
deficient in neuraminidase A, was constructed by nonpolar insertion-duplication
mutagenesis of the nanA gene as previously described (Winter et al., 1997). SPN cultures
were grown in Todd-Hewitt broth (THB) supplemented with 1.5% yeast extract (THY
media). All studies were all performed with inocula of SPN expressing the opaque
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phenotype. NanA deletion derivatives have been described previously (Uchiyama et al.,
2009). Briefly, elimination of the critical active site residues for sialidase activity (E609 and
R625) (Yesilkaya et al., 2006) or of the Laminin G-like domain (amino acid residues 37 to
222) of nanA was accomplished by inverse PCR and confirmed by sequence analysis.
Surface expression of NanA in mutant derivative was determined previously by FACS
analysis (Uchiyama et al., 2009). SPN transformed with either pNanA or NanA deletion
derivatives, pNanAΔLG and pNanAΔEnz, or empty vector control (pDC123) were cultured
in THY containing chloramphenicol (2µg/ml).

Endothelial cell culture and infection assays
The human brain microvascular endothelial cell line (hBMEC), kindly provided by Kwang
Sik Kim (Johns Hopkins University), were originally isolated as previously described (Stins
et al., 1997, Stins et al., 1994). hBMEC monlayers were cultured using RPMI 1640 (Gibco),
supplemented with 10% fetal calf serum (FBS; Gibco), 10% Nuserum (BD Biosciences, San
Jose, California, USA), and 1% modified Eagle's medium nonessential amino acids (Gibco).
Infection assays for microarray analysis, cytokine secretion, bacterial adherence and
invasion were performed as previously described (Doran et al., 2003, Doran et al., 2005,
Uchiyama et al., 2009). Bacterial adherence and invasion was calculated as (recovered
CFU / initial inoculum CFU) x 100%. For inhibitor studies cells were pretreated (30 min)
with indicated amounts of cytochalasin D, TCPK, SB202190 and U0126 (Sigma), prior to
incubation with bacteria. For activation experiments, hBMEC were treated with TNFα
(Peprotech Inc. Rocky Hill, NJ; 200ng/ml), or recombinant NanA (0.5 µM) for 3 hours, after
which time proteins were removed and monolayers washed 1X with PBS prior to incubation
with bacteria.

RNA isolation, cDNA preparation, RT-PCR and chemokine expression
RNA was isolated from hBMEC monolayers or mouse brain tissue infected with SPN or
isogenic ΔnanA mutant, using the RNEasy kit (Qiagen, Valencia, CA) according to the
manufacturer's instruction. 1 µg of RNA was reverse transcribed to cDNA (Superscript
First-strand synthesis kit, Invitrogen) and quantitative PCR (qPCR) was performed using the
following primer sets: KC-F, 5'- CCGCGCCTATCGCCAATG-3' and KC-R: 5'-
CTTGGGGACACCTTTTAGCATCTTTTGG -3'; Beta-Actin F: 5'-
ACCCACACTGTGCCCATCTAC-3' and Beta Actin R: 5'-
AGCCAAGTCCAGACGCAGG-3'; primer sets for IL-6, IL-8, CXCL1, CXCL2, CCL20
and PCR amplification conditions including primer efficiencies have been described
previously (Sorge et al., 2008). PCR primer efficiencies for KC and Beta actin were 2.10
and 2.08 respectively. Calculation of relative gene expression included adjustments for PCR
efficiencies and using the following equation: Relative gene expression = target gene
efficiency x (CT control - CT sample) / efficiency for Beta actin or GAPDH x (CT control -
CT sample).

Concentrations of cytokines and chemokines in hBMEC supernatants collected 6h post
infection with SPN WT or the ΔnanA mutant were measured using enzyme-linked
immunosorbent assays (ELISA) according to the manufacturer's instructions for IL-8, IL-6,
CCL20, CXCL1 (R&D systems, Minneapolis, MN, USA) and CXCL2 (BioSupplyUK).

Microarray analysis
Microarray experiments were performed using Sentrix Human-8 Expression BeadChips,
which analyzed 25,440 transcripts (Illumina, San Diego, CA) according to manufacturer's
instructions and as described previously (Sorge et al., 2008). Data were analyzed using a
statistical algorithm developed for high-density oligonucleotide arrays (Sasik et al., 2002).
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Expression and purification of NanA-GST fusion proteins—The nanA gene was
amplified from the genomic DNA of SPN D39 using the following primers, BamHI-NanA-F
(5′-GAATTCGGATCCCAAGAAGGGGCAAGT-3′), XhoI-NanA-R (5′-
CAGATCCTCGAGTGCCTGCTGAGCAAG-3′) and cloned in BamHI/XhoI site of
pGEX4T-2 (GE HealthSciences). NanAΔEnz was amplified using the same set of primers
from pNanAΔEnz and was also cloned into BamHI/XhoI site of pGEX4T-2. The
recombinant plasmids, pGEX-NanA and pGEX-NanAΔEnz, were verified by DNA
sequencing. Expression and purification of NanA-GST and NanAΔEnz-GST fusion proteins
were performed according to manufacturer's instructions. Briefly, E. coli BL21(DE3) cells
carrying pGEX-NanA or pGEX-NanAΔEnz were grown at 37°C and fusion protein
expression was induced with 1 mM IPTG. After 4 h of induction, cells were harvested by
centrifugation and lysed by sonication. Proteins were purified from the crude extract using
Glutathione-Sepharose (GE HealthSciences) column chromatography. Fractions collected
were concentrated using Amicon Ultra centrifugal devices (Millipore) and buffer exchanged
in PBS using PD10 columns (GE HealthSciences). The purified proteins were >95% pure as
evident from SDS-PAGE (Fig. 3A). GST alone was similarly purified and served as a
control protein. The level of endotoxin in purified protein preparations was determined using
ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit (Genscript) according to
manufacture’s directions.

Sialidase activity assay—A quantitative assay utilizing 4-Methylumbelliferyl-N-acetyl-
α-D-neuraminic acid sodium salt hydrate (4-MU; Fluka USA) was used to assay sialidase
activity as described previously (Uchiyama et al., 2009). Briefly, protein dilutions were
mixed with 50 µl of 4-MU diluted to 0.35% in phosphate citrate buffer. The plate was
incubated at 37°C and fluorescence (excitation 360 nm, emission 460 nm) recorded every 15
minutes from time 0 to 1 h; with reported values corrected for the reaction blank containing
phosphate citrate buffer alone.

In vivo neutrophil chemotaxis and myeloperoxidase assay
Neutrophil recruitment was determined using an in vivo chemotaxis assay as described
previously (Sorge et al., 2008). SPN WT and ΔnanA mutant were grown to early log phase,
washed and resuspended in PBS to OD600 = 0.4. Eight week old CD-1 male mice were
injected subcutaneously with 1×106 CFU (0.1 ml) of either WT SPN or ΔnanA mutant on
the right or left shaved flank, respectively. After 4 hours, mice were euthanized and the site
of subcutaneous injection was excised for further analysis of bacterial counts or
myeloperoxidase (MPO) activity as described previously (Sorge et al., 2008).

Mouse Infection Studies
All animals were handled in strict accordance with good animal practice as defined by the
relevant national and/or local animal welfare bodies, all animal work was approved by the
appropriate committee (SDSU protocol APF #07-07-014D). A murine model of early CNS
infection using SPN WT and the isogenic ΔnanA mutant has been described previously
(Uchiyama et al., 2009). Briefly, 8 week old male BALB/c (Charles River) mice were
injected intravenously with 5–6 ×107 CFU of SPN WT or isogenic ΔnanA mutant (n=8 per
group). Six hours after injection, mice were euthanized and blood and brain were collected,
∼30 mg brain tissue was homogenized in RLT buffer (Qiagen, Valencia, CA) containing β-
mercaptoethanol (10µl/ml) using a bead beater, and total RNA extracted using the RNEasy
kit (Qiagen) according to the manufacturer's instruction. Remaining brain tissue was
homogenized in PBS and lysate plated on THY plates for enumeration of bacterial colonies.
For a longer endpoint experiment mice were injected intravenously with 5 ×104 CFU of
SPN WT or isogenic ΔnanA mutant (n=8 per group). 24 hours after injection, mice were
euthanized and blood and brain were collected. One half of brain was fixed in PBS + 4%

Banerjee et al. Page 9

Cell Microbiol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PFA for histopathological analysis and the remaining half was homogenized in PBS and
lysate plated on THY plates for enumeration of bacterial colonies.

Statistical analysis—Graphpad Prism version 4.03 was used for statistical analysis.
Differences in adherence/invasion, mRNA expression, chemokine secretion in hBMEC
supernatants were evaluated using Students t-test. Differences in neutrophil recruitment
were determined using a paired t-test for the MPO assay. Statistical significance was
accepted at p < 0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Real time RT-PCR analysis of chemokines IL-8, CXCL1, CXCL2, CCL20 in hBMEC 6
h post infection with WT SPN or isogenic ΔnanA mutant. Transcript levels were normalized
to GAPDH and fold change was determined as described in Material and Methods. Bars
represent mean and standard deviation of one representative experiment. (B) NanA was
expressed as GST tagged fusion protein and purified using Glutathione Sepharose affinity
chromatography. The recombinant protein was >95% pure as demonstrated by SDS-PAGE.
(C) Treatment of hBMEC with NanA-GST induced significant IL-8 expression over time
compared to GST control. (D) Neutrophil recruitment was assessed by measuring
myeloperoxidase (MPO) activity in skin homogenates 4 h post subcutaneous injection with
either SPN WT or ΔnanA mutant. Bars indicate mean levels of neutrophil recruitment. **
p<0.005, *** p<0.001.
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Figure 2.
Measurement of IL-8 transcript after 6 h treatment of hBMEC with exogenous sialidase
from Arthrobacter urefaciencs alone (A) or with concurrent infection with the WT and
ΔnanA mutant (B). Schematic diagram of NanA showing different protein domains
including the signal sequence, laminin G like domain, catalytic domain and LPXTG motif
(C). IL-8 transcript abundance following infection with SPN WT and the ΔnanA mutant
complemented with WT nanA or deletion mutants lacking the active catalytic site
(pNanAΔEnz) or the laminin G domain (pNanAΔLG) (D). Data represent mean and
standard deviation of triplicate wells of a representative experiment performed three times. *
p<0.05, ** p<0.005, *** p<0.001.
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Figure 3.
Determination of bacterial invasion (A), adherence (B), and IL-8 transcript abundance (C)
following cytochalasin D treatment. HBMEC monolayers were treated with indicated
concentrations of cytochalasin D for 30 min prior to infection with WT SPN or the ΔnanA
mutant. IL-8 transcript levels were measured by real time RT-PCR following 6 h infection.
Experiments were performed three times in triplicate. ** p<0.005, *** p<0.001.
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Figure 4.
(A) HBMEC monolayers were treated with signaling pathway inhibitors TCPK, SB202190
and U0126 for 30 min prior to infection with SPN. Protein expression of IL-8 in hBMEC
supernatants, 6 h post infection was determined using ELISA. Quantification of bacterial
invasion following hBMEC treatment with U0126 (30 min) compared to DMSO control (B),
TNFα and NanA-GST (C) or NanA-GST and NanAΔEnz-GST (D). Experiments were
performed three times in triplicate. Bars represent mean and standard deviation of one
representative experiment. ** p<0.005, *** p<0.001.
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Figure 5.
(A) Transcript abundance of murine chemokine KC in total RNA isolated from mice brain
6h post intravenous (i.v.) injection with WT SPN or ΔnanA mutant. Transcript levels were
normalized to β-Actin and expressed as fold change compared to mice injected with PBS
only. (B) Ratio of brain bacterial counts (CFU) to blood CFU 24h post infection with WT
SPN or ΔnanA mutant. Mice were injected with 5×104 CFU of WT SPN or ΔnanA mutant
intravenously and 24h post injection animals were sacrificed. Histopathology of H&E
stained representative brain tissue samples following infection with WT SPN (C–F),
depicting areas of areas of leukocyte infiltration and microabscess formation (arrows), and
ΔnanA mutant (G) ** p<0.005, *** p<0.001.
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