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ABSTRACT

Bacterial meningitis is a devastating worldwide dis-
ease. Half of the survivors of meningitis remain with
permanent neurological sequelae. The pathogenesis of
meningitis is based on a complex host-pathogen interac-
tion. Streptococcus pneumoniae is a life-threatening neu-
roinvasive pathogen that asymptomatically colonizes
the upper respiratory tract. Adherence of pneumococci
to the host epithelium is a prerequisite in the onset of
streptococcal infections; such adherence is favored by
the formation of bacterial pili. In this article, we will de-
scribe the pneumococcal pili and its contribution to the

onset of meningitis.
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INTRODUCTION

Streptococcus pneumoniae is a Gram-positive bacteria

and one of the most common etiological agents of bacte-

rial meningitis which is associated with high mortality and
morbidity [30]. Pneumococci asymptomatically colonize
the human nasopharynx in up to 40 % of adults [19]. The
infectivity of this pathogen and the development of protec-
tive immunity is poorly described in the current literature
[25]. Meningitis-causing S. pneumoniae possess a set of
antigenic structures, such as the cell wall components (i. e.
teichoic acids, surface-associated proteins, adhesins and
pili) that contribute to the bacterial invasion of the host
epithelial lining [15].

In order to secure attachment on to host tissues,
S. pneumoniae use adhesins normally located on its surface
or at the end of long hair-like structures called pili [26].
Some strains of this pathogenic bacteria form pili, which
play a role in biofilm formation, a characteristic life-style of
the bacteria constituting the oral flora and are involved in
primary colonization [5]. Pili are encoded within pathoge-
nicity islands and differ among Gram-positive and Gram-
negative bacteria. In the case of Gram-positive bacteria,
protein subunits are covalently linked, chaperons are not
required for assembly and tlp protein is not needed to initi-

ate the formation of the pilus structure [26].
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Pili of Gram-positive bacteria

Pili are long proteinaceous structures implicated in
many functions such as adhesion to host cells, biofilm for-
mation, DNA uptake and immune evasion. These struc-
tures were identified for the first time in the Gram-positive
bacteria Corynebacterium diphtheria, and later in many
others, such as S. pneumoniae [5]. The pili of Gram-posi-
tive bacteria are made of covalently linked pilins forming
a string of beads of approximately 3nm in diameter and
various lengths ranging from 0.1 to 5um, although indi-
vidual single pili of 9.5nm diameter have been observed
from cryo-EM on S. pneumoniae TIGR4 preparations [10].

The cell wall of Gram-positive bacteria is a surface
structure, which promotes interactions with its environ-

ment and provides physical cell integrity [17]. The forma-
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transpeptidase enzymes are located, and continues to the
cell wall, where proteins are anchored to form hair-like
structures. Via transpeptidation, sortases A, B, D and E
anchor surface proteins to the cell wall by recognizing the
conserved C-terminal LPxTG motif, meanwhile sortase C
links proteins for the pili assembly (Figure 1)[5]. Cell wall
decorators (i.e. all the chemical structures attached to the
cell wall such as proteins) provide bacterial envelopes with
species- and strain-specific properties. All of these struc-
tures, including the bacterial pili, contribute to bacterial
virulence, or favor interactions with the host immune sys-
tems [17]. Specifically, the pili of S. pneumoniae becomes
a key element that perform multiple functions during bac-

terial life cycles, such as host cell invasion, biofilm forma-
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Fig. 1. Pili of S. pneumoniae

A) Organization of gene clusters encoding pili in the pathogenic strain S. pneumoniae TIGR4. Encoding genes for the following proteins are represented

as arrows: sortases (violet), major pilin protein RrgB (orange), minor pilin proteins RrgA (blue) and RrgC (green). White arrow represents gene flanking

the cluster; B) Biogenesis of pili of S. pneumoniae TIGR4. Sortases (green circles), located in the plasma membrane are responsible for anchoring pili to

the cell wall. Anchor adhesin RrgC is shown as green oval, major pilin subunit RrgB is coloured in orange and minor adhesion RrgA is located in the tip
of pili (blue oval). Figure adapted from Hilleringmann etal., 2009; Scott, Zahner, 2006 [26, 11]
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tion, cell aggregation, DNA transfer and twitching motility
[11].

Assembly of pilus in Streptococcus pneumoniae

S. pneumoniae produces pili protruding from the bacte-
rial cell surface. This structure is not always visible in all
the cells from the same population [3]. Pili are composed of
covalently linked pilin subunits. Each subunit has a LPxTG
motif required for the covalent attachment to other pilin
subunits and it is thought to ultimately be linked to the cell
wall peptidoglycan by the housekeeping sortase A [1]. The
sortase recognition motif LPxTG is included in the cell
wall sorting signal (CWSS) region, together with a trans-
membrane anchor and a positively charged cytoplasmic tail
[8]. The sortase-mediated pilus assembly was first demon-
strated in C.diphtheria. The pilus assembly is performed
on the bacterial surface once pilins are secreted across the
plasma membrane via the Sec-dependent pathway. The na-
scent pilins are anchored in the membrane by its hydro-
phobic domain of the CWSS [5]. Transpeptidase enzymes
responsible to link pilin subunits in S. pneumoniae are the
sortases SrtC-1, SrtC-2, and SrtC-3 [8]. The pilus backbone
is formed in a head-to-tail manner by the polymerization
of the backbone pilin subunits, in which a lysine of the pilin
motif of one subunit forms a covalent isopeptide bond with
a threonine residue in the LPXTG of the next subunit.

The last step is carried out by the sortase A, in which
the mature filament is covalently linked to the pepdidogly-
can precursor lipid II, leading to the covalent attachment
of the pilus to the cell wall. Additionally, one or two acces-
sory pilins are integrated into individual pili. Minor pilin 1
containing the LPxTG motif are first integrated into the pi-
lus, serving as pilus polymerization initiators and they are
preferentially located at the pilus tip; meanwhile the Minor
pilin 2 is often found at the base of the pilus and serves as

an anchor [5].

Structure of pili of Streptococcus pneumoniae

S. pneumoniae expresses two types of pili. Pilus-1, en-
coded by pilus islet 1, is composed of a backbone subunit
RrgB and two ancillary proteins, RrgA and RrgC (Figure
1). Pilus-2 is encoded by the pilus islet 2 and is composed
of a pitB backbone subunit [1, 11]. The genes required for
pilus production are located in a 12 Kb pathogenicity island
(the rlrA islet) [27]. The pilus-1 expressed by S. pneumoni-

ae is composed of one major (RrgB) and two minor (RrgA

and RrgC) structural proteins. Filaments are formed by a
single string of RrgB monomers, which are elongated with
RrgA and RrgC according to their putative roles as adhe-
sion and anchor to the cell wall surface, respectively (Figure
1) [10]. Moreover, a genomic region of S. pneumoniae codes
for a second functional pilus. This region is composed of
five genes, two of them coding for putative LPxTG-type
surface-anchored proteins (pitB and pitA), the latter con-
taining a stop codon, one gene encoding a signal peptidase-
related product (sipA), and two genes coding products dis-
playing similarity to sortases (srtG1 and srtG2) [1]. PitB is
suggested to be the most probable backbone of the fimbria
containing stabilizing intramolecular isopeptide bonds and

PitA, a putative ancillary protein [31].

Biological functions of bacterial pili

Bacterial pili are considered as surface-exposed viru-
lence factors [14]. These structures appear crucial for the
initiation of bacterial colonization inside the host and are
involved in adhesion, recognition of host cell receptors,
biofilm formation and evasion from the innate immune
system, all of which contribute to infection [5]. The role of
pili in adherence has been demonstrated in several Gram-
positive bacteria such as C. renale and S. agalactiae, which
adhere to kidney or to human lung epithelial cells [7, 12].
S. agalactiae expresses a pili composed of three structural
subunits (PilA, PilB and PilC), of which PilB is the major
backbone protein; PilA is an adhesive protein located at the
tip of the pilus (AP-1), and PilC (AP-2) acts as pilus an-
chors [7].

In regard to S. pneumoniae, RrgB is the shaft protein
and two accessory proteins, RrgA and RrgC, act as an ad-
hesin and anchor, respectively [11]. Both PilA and RrgA
adhesins exhibit a von Willebrand adhesion domain
(VWA), which is important for their cell binding proper-
ties [14]. VWA-containing proteins are widely distributed
among archae, bacteria and eukaryotes [23]. This domain
found in eukaryotes is involved in interactions with the
extracellular matrix (ECM) [28]. Likewise, some bacterial
surface proteins specifically interact with extracellular ma-
trix components such as fibronectin, fibrinogen, collagen,
and heparin-related polysaccharides [22]. Similarly, RrgA
has been shown to bind in a dose-dependent manner to
the ECM compounds (e.g. fibrinogen, fibronectin, lam-
inin and collagen I) and to recognize different receptors

on their target cells [10, 14]. Collagen-binding Microbial
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Surface Components Recognizing Adhesive Matrix Mol-
ecule (MSCRAMMSs) represents a major class of adhesins
contributing to host colonization. Pilus-associated adhes-
ins often belong to the MSCRAMMs family, suggesting the
importance of pili in bacterial adhesion to the extracellular
matrix [5]. It has been demonstrated that there is markedly
less adherence to human respiratory epithelial cells when
the gene encoding for the RrgA pilin subunit of S. pneu-
moniae TIGR4 has been deleted [21].

Concerning the biofilm formation, the 3D-biofilm
structure begins with a primary attachment of the bacterial
surface. Then, interactions among bacteria are strength-
ened by long pilus structures that contribute to an irrevers-
ible attachment. Regularly, during infections S. pneumoniae
exists in a sessile biofilm rather than in a planktonic form,
except during sepsis or meningitis [13, 22]. Specifically, it
has been established the contribution of RrgA in biofilm
formation once insertions into rrgA gene, encoding the
PI-1 pilus adhesion, abrogated biofilm formation [20].

On the other hand, pili have also been related to the
host immune responses modulation. Piliated strains of
S. pneumoniae triggered higher pro-inflammatory TNF-a
and IL-6 responses compared to the non-piliated counter-
part during systemic infections. Finally, another pili-related
function is the contribution to colonization. Pneumococci
expressing pI-1 displayed advantages on colonization of the
respiratory tract in mice after intranasal challenge in com-
parison to non-piliated TIGR4 mutant which had shown
less virulence in the murine models of colonization, pneu-
monia and bacteraemia. Particularly, S. pneumoniae TIGR4
pilus-associated RrgA is critical for the colonization of the

upper respiratory tract in mice [21].

Colonization and neuroinvasion of S. pneumoniae
S.pneumoniae colonizes the nasopharynx degrading
the mucus viscosity by ex-olygosidases such as neuramini-
dase A (NanA), B-galactosidase (BgaA), N-acetylglucos-
aminidase (StrH), and neuraminidase B (NanB), which
allows the pneumococci to persist in the airways [20]. It
is believed that pneumococcal meningitis is acquired via
this colonization, followed by bacteraemia and invasion of
the Central Nervous System (CNS) [4]. Recent studies have
reported that a high degree of bacteraemia is necessary
but at times may not be sufficient enough for developing
meningitis. Moreover, microbial binding to microvascular

endothelial cells (BMEC), and invasion in this cell type is a
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prerequisite for the penetration of the blood-brain barrier
(BBB). Alternatively, other routes of bacterial entry into the
CNS have been associated with pneumococci. Such routes
include spreading from contiguous sources of infection, or
to enter into the CNS through a non-hematogenous route
after intranasal inoculation in experimental animals or oti-
tis media [9].

Pathogens causing meningitis share a common strat-
egy to move from the mucosa into the brain through the
blood stream. Many bacteria bind to extracellular matrix
proteins (e.g. laminin, collagen or fibronectin), which fa-
cilitate the initial attachment preceding the actual inva-
sion [16]. S. pneumoniae is thought to enter the CNS by
crossing the BBB or the blood-cerebrospinal fluid (CSF)
barrier by local tissue damage or by transcytosis through
BMEC [6]. In order to enter the CNS, pneumococci pos-
sess an armory of virulence factors including surface pro-
teins, polysaccharide capsule and cell wall components for
invasion [16]. The capsule is a major virulence determinant
due to its anti-phagocytic activity. Some surface-exposed
proteins such as pneumococcal surface protein A (PspA)
and C (PspC) are the best characterized as choline-binding
proteins. PspA interferes with complement activation while
PspC interacts with human immunoglobin A and with the
polymeric immunoglobulin receptors, showing also anti-
phagocytic properties due to its capability to bind to com-
plement C3 [18].

Pneumococci have the ability to bind to certain recep-
tors located on the plasma membrane of epithelial and en-
dothelial cells. This receptor-mediated binding facilitates
bacterial translocation and the bacterial invasion through
the human cell layers mice [21]. The binding of bacterial
adhesins to specific host cell receptors may lead to a sig-
nal transduction resulting in tight bacterial attachment or
internalization via host cells invasion [16]. Pneumococci
could take advantage of an increased expression of cell ad-
hesion molecules, generated during inflammation as a re-
sponse of cell migration, attach to the platelet-activating
factor (PAF) receptor and cross the BBB by transcellular
mechanisms [24]. Once pneumococci enter the CNS, the
brains resident macrophages act as key effectors of initial
innate immunity clearing the bacteria and recruiting pe-
ripheral blood cells to the site of infections [18]. Replica-
tion of pneumococci inside the subarachnoid space, simul-
taneously occurs with the release of bacterial products such

as peptidoglycans, which are highly immunogenic and in-



crease the inflammatory response. The initial pneumococ-
cus sensing in the CNS is performed by Toll-like 2, 4 and
9 receptors which recognize peptidoglycan, pneumolysin,
and CpG in the bacterial DNA, respectively [29].

Role of S. pneumoniae pili in meningitis

Pneumococcal meningitis is characterized by a high
mortality rate (20—30%) due to complications derived
from an excessive immune response as well as damage by
the pathogen itself. These complications include brain ede-
ma, cerebral ischemia and increased intracranial pressure
[16]. Expression of the pili is related with the pathogenicity
of the pneumococci. Thirty percent of the S. pneumoniae
strains, isolated from clinical environments are piliated and
contain the rlrA genetic element [14].

The contribution of S. pneumoniae pili in meningitis has
not been completely described. Pathogens-causing menin-
gitis possess small size and this feature may facilitate their
migration through the BBB. Pneumococci grow forming
chains and sometimes they are found as individual cocci.
Chain formation is thought to favor adherence to the epi-
thelium [2].In 2016, Iovino etal. described the advantag-
es that pili-expressing S. pneumoniae possess for the brain
entry; mice infected with piliated S. pneumoniae TIGR4
had approximately 80% more pneumococci in the brain
than mice infected with a non-piliated strain. The ability to
enter the brain was also evaluated using TIGR4ArrgA and
TIGR4ArrgBC mutants, suggesting that RrgA allows bacte-
rial binding to the BBB endothelium, and thereby promotes
the entry of pneumococci into the brain. Despite whether
or not S. pneumoniae forms either chains or biofilms in the
majority of infections during meningitis, individual cells
have been observed inside the brain more frequent than in
the bloodstream. This fact suggests that even if the fraction
of single cocci in circulation is low, they continuously seed

the brain endothelium during infections [21].

CONCLUSIONS

In conclusion, bacterial pili play different roles during
infections. Meningitis caused by pathogenic bacteria such
as S. pneumoniae have been widely studied but the detailed
mechanisms about how the bacteria enter into the brain
still remain unknown. Pili in Gram-positive bacteria are

well characterized but their interplay with the CNS, spe-

cifically with cells from the neurovascular unit, needs to be
investigated in order to decipher its contribution in the de-

velopment of meningitis.
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