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Editorial on the Research Topic
Molecular Pathogenesis of Pneumococcus

Streptococcus pneumoniae has been for decades the number one bacterial killer of children
worldwide, but it is also a commensal of the human nasopharynx during childhood.
Although vaccination with pneumococcal conjugate vaccines has helped decrease the burden of
pneumococcal disease (PD), mortality caused by this pathogen remains high. The introduction of
pneumococcal vaccines has also created a niche for vaccine-escape serotypes. Moreover, the rise
of multidrug-resistant clones around the world has posed a serious threat in recent years. A better
understanding of pneumococcal biology and pathogenesis is needed to further reduce the burden
of PD. In the current research topic, nine papers were published for this perspective.

Complex molecules of human epithelia, including the human upper and lower airways, contain
N-acetylglucosamine (NAG) that can be metabolized by pneumococcus to survive and persist
during colonization, and succeed during pathogenesis. Afzal et al. investigated the transcriptome
of the pneumococcal strain D39 growing in media with NAG as a sole source of carbohydrates, and
demonstrated upregulated transcription of operons involved in NAG uptake. They confirmed that
nagA and nagB are essential for the growth of pneumococcus in the presence of NAG and found
that NagR regulates genes involved in the metabolism of NAG (Afzal et al.).

Phosphorus and metal ions are essential nutrients for all living organisms (Porcheron et al.,
2013). Most bacteria encode a single Pst transporter for the uptake of inorganic phosphate (Pi).
However, Zheng et al. demonstrated that S. pneumoniae possesses two distinct Pst transporters,
Pstl and Pst2. Interestingly, Pi uptake by these two Pst proteins can be compensated by a Na™/Pi
co-transporter, NptA, in non-encapsulated S. pneumoniae (NESp) strains. In contrast, either Pst1 or
Pst2 is needed for the growth of encapsulated strains. The Pi uptake transporters in S. pneumoniae
are tightly controlled by two transcription factors, PhoU1 and PhoU2, to maintain high Pi transport
in different Pi availability, which is required for optimal capsule biosynthesis (Zheng et al.).

It is known that AdcR-regulated genes play a role in pneumococcal pathogenesis. Manzoor
et al. found that a number of genes belonging to the AdcR and the PsaR regulons are highly
upregulated in the presence of Ni**, suggesting the importance of Ni** in pneumococcal
virulence. Additionally, most bacteria have developed strategies for iron acquisition from the host
hemoglobulin (Hb) or heme (Andrews et al., 2003). S. pneumoniae Spbhp-37 is a cell surface protein
and has an high affinity with Hb. The expression of Spbhp-37 is upregulated when S. pneumoniae
is grown in media where Hb is provided as the sole iron source (Romero-Espejel et al.). Therefore,
Spbhp-37 might be essential for S. pneumoniae to establish an infection in the host.

Another surface protein of S. pneumoniae, pneumococcal surface protein K (PspK), is
known to increase colonization and virulence by NESp during otitis media (OM) episodes
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(Keller et al., 2014). Therefore, PspK is considered as a NESp-
specific virulence factor. Interestingly, it was demonstrated that
expression of pspK in an encapsulated pneumococcal strain
significantly increased adhesion and invasion of human epithelial
cells. Additionally, Murine colonization was increased when a
capsule mutant expressed pspK (Keller et al.). These findings
indicate that PspK plays distinct roles in pathogenesis between
encapsulated S. pneumoniae and NESp.

It is known that macrophages play an essential role in the
recognition and clearance of bacterial infections by either innate
immunity or present antigen to establish acquired immunity.
Phosphoinositide 3-kinase (PI3K) is an essential regulator for
Fcy and CR-mediated phagocytosis (Cox et al., 1999). Protein
kinase B (Akt or PKB) is one of the major signal transducers
and is a downstream target of PI3K (Alessi et al., 1997). By
using immuno-fluorescence microscopy, antibiotic protection
assays, and addition of inhibitors of central host cell kinase,
new evidence showed that PI3K and Akt play an important
role in uptake and killing of S. pneumoniae by human THP-
1 macrophages, which is independent of Fcy or CR-mediated
phagocytosis pathways (Kohler et al.).

Through investigating interactions between pneumococcal
biofilms and biofilms produced by other human pathogens, Khan
et al. discovered that pneumococcal strains produce a factor(s)
that efficiently eradicates, i.e., within hours, Staphylococcus
aureus biofilms including those produced by methicillin-resistant
S. aureus (MRSA) strains. Eradication was more efficient when S.
pneumoniae and S. aureus had direct contact, which mimicked
the condition that the strains would naturally encounter on the
human upper airways. Physical-mediated killing did not require
production of hydrogen peroxide since a S. pneumoniae mutant
in spxB gene, encoding for an enzyme involved in production
of H,O,, was able to eradicate S. aureus biofilms. Authors
hypothesized that research on factors allowing eradication of
S. aureus will provide alternative therapeutics for S. aureus
infections (Khan et al.).

Influenza pandemics and seasonal outbreaks have enhanced
susceptibility to secondary infection with S. pneumoniae.
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Boianelli et al. developed a computational approach to evaluate
the efficacy of treatment with Oseltamivir for flu infection
and secondary pneumococcal pneumonia. Their mathematical
algorithms revealed that increasing the recommended dose
(i.e, 75 mg) to 150 mg, or 300 mg, almost doubles the
effect of Oseltamivir against secondary bacterial infection.
Other aspects of the treatment were also evaluated using
their computational approach. Overall, their study warrants
clinical trials to determine the efficacy of treatment regimens
with Oseltamivir against lethality of secondary pneumococcal
infection post influenza (Boianelli et al.).

Macrolides inhibit bacterial protein synthesis by binding
to the large 50S ribosomal subunit (Schroeder and Stephens).
These antibiotics have been extensively used for treatment
of pneumococcal infection, which raises a strong selective
pressure contributing to the expansion of macrolide-resistant
S. pneumoniae. Macrolide resistance in S. pneumoniae is
predominantly due to ribosomal methylation by the gene
product encoded by erm(B) and macrolide efflux by a two-
component efflux pump encoded by mef (E)/mel (Schroeder
and Stephens). Current pneumococcal vaccines are effective in
reducing macrolide resistance caused by vaccine serotypes. On
the other hand, “serotype replacement” post vaccination might
lead to macrolide resistance in new serotypes, which remains a
public health concern.
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By using a transcriptomic approach, we have elucidated the effect of Ni* on the global
gene expression of S. pneumoniae D39 by identifying several differentially expressed
genes/operons in the presence of a high extracellular concentration of Ni¢*. The genes
belonging to the AdcR regulon (adcRCBA, adcAll-phtD, phtA, phtB, and phtE) and the
PsaR regulon (ocpA, prtA, and psaBCA) were highly upregulated in the presence of Ni° .
We have further studied the role of Ni#t in the regulation of the AdcR regulon by using
ICP-MS analysis, electrophoretic mobility shift assays and transcriptional lacZ-reporter
studies, and demonstrate that Ni?* is directly involved in the derepression of the AdcR
regulon via the Zn?*-dependent repressor AdcR, and has an opposite effect on the
expression of the AdcR regulon compared to Zn+.

Keywords: metal homeostasis, pneumococcus, nickel, zinc, AdcR, Pht family proteins, AdcR regulon, PsaR
regulon

INTRODUCTION

In bacteria, the transition metal ions play an important role in the proper functioning of many
enzymes, transporters, and transcriptional regulators. Transition metal ions are the prerequisite
for the proper bacterial growth at low concentrations, but metal ions can be lethal at higher
concentrations (Blencowe and Morby, 2003; Finney and O’Halloran, 2003; Moore and Helmann,
2005; Ge et al.,, 2012). Therefore, proper homeostasis of metal ions is very important for the
survival of bacteria, which is maintained by the dedicated metal transport- and efflux-systems
(Tottey et al., 2008; Waldron and Robinson, 2009; Lisher et al., 2013). These systems are tightly
regulated by metal-responsive transcriptional regulators to ensure the proper functioning of the
cell by maintaining the minimum levels of metal ions inside the cell.

Streptococcus pneumoniae is one of the most common human pathogens that reside
asymptomatically in the human nasopharynx (Mitchell, 2003). However, it may occasionally
translocate to the lungs, the eustachian tube, the blood, and the nervous system, causing
pneumoniae, otitis media, bacteremia, and meningitis, respectively (Obaro and Adegbola, 2002;
Bogaert et al., 2004). During translocation from the nasopharynx to other infection sites, S.
pneumoniae may encounter different environmental conditions including varying metal ions
concentrations, which might affect the expression of different genes including virulence genes
(Gupta et al., 2009; Shafeeq et al., 2011b, 2013; Plumptre et al., 2014a). However, the exact
conditions that S. pneumoniae might face during infections, are poorly understood.
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Manzoor et al.

Ni”—Dependem Gene Regulation in S. pneumoniae

The role of manganese (Mn*"), zinc (Zn>*), copper (Cu?*),
iron (Fe?t), cobalt (Co?"), and cadmium (Cd?*) on the gene
regulation of S. pneumoniae have already been established and
several metal-specific acquisition- and efflux-systems have been
characterized. These systems include AdcRCBA (the Zn2*-
uptake system), CzcD (the Zn?T-efflux system), PsaBCA (the
Mn?*-uptake system), MntE (the Mn?"-efflux system), the cop
operon (the Cu?t-efflux system), and PiaABCD, PiuBCDA, and
PitADBC (the Fe*™- and Fe’'-uptake systems) (Kloosterman
et al., 2007, 2008; Hendriksen et al., 2009; Rosch et al., 2009;
Bayle et al., 2011; Shafeeq et al., 2011a, 2013; Manzoor et al.,
2015c). These systems have further been shown to be regulated by
metal-specific transcriptional regulators in S. pneumoniae. The
Zn?T -uptake system (AdcRCBA) is repressed by transcriptional
regulator AdcR in the presence of Zn?>* (Shafeeq et al., 2011a).
Similarly, the psaBCA operon encoding Mn?* -uptake system are
repressed by transcriptional regulator PsaR in the presence of
Mn?* (Johnston et al., 2006; Kloosterman et al., 2008), whereas,
this PsaR-mediated repression is relieved by the addition of Zn*,
Co?t, Cd?t, or Ni*t (Kloosterman et al., 2008; Jacobsen et al.,
2011; Begg et al., 2015; Manzoor et al., 2015a,b,c).

Ni** is an essential micronutrient for certain bacteria, due
to its role in various cellular processes like methane formation,
hydrolysis of urea, and consumption of molecular hydrogen
(Chen and Burne, 2003; Mulrooney and Hausinger, 2003;
Rodionov et al., 2006; Anwar et al., 2007). In Escherichia coli,
the nik operon (nikABCDE) involved in the transport of Ni*+
is shown to regulate by transcriptional regulator NikR (De
Pina et al., 1999). Moreover, the expression of NmtA, an ATP-
dependent transporter involved in the efflux of Ni?* and Co*,
is tightly regulated by Ni?>*-responsive transcriptional regulator
NmtR in Mycobacterium tuberculosis (Cavet et al., 2002). Ni**+
is also shown to regulate the expression of urease activity
in Streptococcus salivarius and Helicobacter pylori (van Vliet
et al., 2001; Chen and Burne, 2003). The amount of Ni?T in
the human blood is estimated to be 0.83 ng ml~! (Alimonti
et al., 2005) and it is likely that S. pneumoniae may encounter
Ni** during infection in blood. So far, very little is known
about the impact of Ni’t on the global gene expression of
S. pneumoniae. Previously, the role of Ni** in the regulation
of the Zn?T-efflux system czcD was reported (Kloosterman
et al., 2007). It was shown that the SczA-mediated expression
of czcD was highly increased in the presence of Zn?*, Co**,
or Ni*t (Kloosterman et al., 2007). Moreover, a number of
proteins and motif with Co**- and Ni**-binding capacity has
been identified by Immobilized metal affinity column (IMAC)
and LTQ-Orbitrap mass spectrometry (MS) that have diverse
functions in the S. pneumoniae (Sun et al., 2013). In a recent
study, we demonstrated the role of Ni>T in regulation of the
PsaR regulon and showed that Ni?* not only alleviates the
Mn?*-dependent binding of PsaR to the promoter regions of
the PsaR regulon genes, but also cause Mn?* deficiency possibly
by blocking Mn?*-uptake via PsaA, hence leading to the high
expression of the PsaR regulon in the presence of Ni** (Manzoor
et al., 2015b).

In this current study, we used a transcriptomic analysis
approach for the identification of differentially expressed

genes/operons in response to high extracellular Ni** in S.
pneumoniae. The expression of genes belonging to the AdcR
regulon and the PsaR regulon was highly upregulated in the
presence of Ni**. We further studied the role of Ni** in
the AdcR-mediated regulation of the adcRCBA, adcAll-phtD,
phtA, phtB, and phtE by using transcriptional lacZ-reporter
studies, inductively coupled plasma-mass spectrometry (ICP-
MS) analysis and electrophoretic mobility shift assays (EMSAs),
and showed that Ni*?* and Zn?* play an opposite role in
the regulation of the adcRCBA, adcAIl-phtD, phtA, phtB, and
phtE.

MATERIALS AND METHODS

Bacterial Strains and Media

Bacterial strains used in this study are listed in Table 1. Growth
of bacteria and DNA manipulation were performed as described
(Shafeeq et al., 2011a; Manzoor et al., 2015a). All experiments in
this study were performed in chemically defined medium (CDM).

TABLE 1 | List of strains and plasmids used in this study.

Strain/plasmid  Description Source
S. pneumoniae
D39 Serotype 2 strain, cps 2 Laboratory of P. Hermans
SS200 D39 AadcR; EryR Shafeeq et al., 2011a
IM404 D39 AbgaA::PczcD-lacZ; TetR Manzoor et al., 2015a
IM501 D39 AbgaA::PadcR-lacZ; TetR This study
IM502 D39 AbgaA::PadcAll-lacZ; Tet? This study
IM503 D39 AbgaA::PphtA-lacZ; Tet? This study
IM504 D39 AbgaA::PphtB-lacZ; Tet? This study
IM505 D39 AbgaA::PphtE-lacZ; TetR This study
IM551 SS200 AbgaA::PadcR-lacZ; This study
TetR
IM552 SS200 AbgaA::PadcAll-lacZ; This study
TetR
IM553 SS200 AbgaA::PphtA-lacZ; TetR  This study
IM554 SS200 AbgaA::PphtB-lacZ; TetR  This study
IM555 SS200 AbgaA::PphtE-lacZ; TetR  This study
E. coli
EC1000 KmR; MC1000 derivative Laboratory collection
carrying a single copy of the
pPWV1 repA gene in glgB
Plasmids
pPP2 AmpR TetR; promoterless lacZ Halfmann et al., 2007
For replacement of bgaA with
promoter lacZ-fusion. Derivative
of pPP1
pIM501 pPP2 PadcR-lacZ This study
pIM502 pPP2 PadcAll-lacZ This study
pIM503 pPP2 PphtA-lacZ This study
pIM504 pPP2 PphtB-lacZ This study
pIM505 pPP2 PphtE-lacZ This study
SS107 pNZ8048 carrying strep-tagged Shafeeq et al., 2011a

AdcR downstream of PnisA
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TABLE 2 | List of primers used in this study.

Name Nucleotide sequence (5'=)3') Restriction
site
Padcr-F CGGAATTCTTTTTCAGCAAAGATTGGG EcoRl
Padcr-R CGGGATCCCTTTCCTTTTAGACTTCTC BamHI
PadcAll-F CGGAATTCCTTCACTTATGGCTATAAGC EcoRl
PadcAll-R CGGGATCCAAAGAAAGACACTTAACAGG BamHI
PphtA-F CGGAATTCTGAACTTCAAAAAGAATACG EcoRl
PphtA-R CGGGATCCCTTAAAATCAAAGCTGCCGC BamHI
PphtB-F GCATGAATTCGGCAGAAGCAGAAAAATTAC EcoRl
PphtB-R CGATGGATCCAAGTGTAGCTACTGACC BamHI
PphtE-F CGGAATTCAGAAGTAGATAGTCTCTTGG EcoRl
PphtE-R CGGGATCCACGATAACAGCTGATCCAGC BamHI

Salts of metal ion ZnSO4.7H,0 and NiSO4.6H,0O were used as
specified in the Results section. Primers used in this study are
based on the genome sequence of S. pneumoniae D39 and are
listed in Table 2.

DNA Microarray and Data Analysis

For microarray analysis in response to Ni**, S. pneumoniae D39
wild-type was grown in two biological replicates in CDM with
and without the addition of 0.5 mM NiSO4 6H, 0. To analyze the
impact of adcR deletion on the transcirptome of S. pneumoniae
in the presence of NiZt, D39 wild-type and AadcR (55200)
(Shafeeq et al., 2011a) were grown in two biological replicates
in CDM with 0.3mM of NiSO46H,O. All other procedures
regarding microarray experiments and data analysis were done
as described before (Shafeeq et al., 2011b; Afzal et al., 2015).
For the identification of differentially expressed genes a Bayesian
p < 0.001 and a fold change cut-oft of 2 was applied. The DNA
microarray data have been submitted to gene expression omnibus
(GEO) database under the accession number GSE73852.

Construction of Transcriptional

lacZ-fusions and -galactosidase Assays
Chromosomal transcriptional lacZ-fusions to the promoter
regions of adcR, adcAll, phtA, phtB, and phtE were constructed
in plasmid pPP2 (Halfmann et al., 2007) with the primer pairs
listed in Table 2, resulting in pIM501-505. These plasmids were
introduced into D39 wild-type and AadcR (SS200) (Shafeeq
et al,, 2011a) resulting in strains IM501-505 and IM551-554,
respectively. All plasmids were checked for the presence of
correct insert by means of PCR and DNA sequencing. For p-
galactosidase activity, the derivatives of S. pneumoniae were
grown in triplicate in CDM supplemented with different metal
ion concentrations (w/v) mentioned in the Results and harvested
at the mid-exponential growth phase. The $-galactosidase activity
was measured as described before (Kloosterman et al., 2006).
Standard deviations were calculated from three independent
replicates of each sample.

Inductively Coupled Plasma-mass
Spectrometry (ICP-MS) Analysis

To determine the cell-associated concentration of metal ions, an
ICP-MS analysis was performed on the cells grown in triplicates
in CDM with and without the addition of 0.5mM Ni?* till the
mid-exponential growth phase. Cell cultures were centrifuged at
4°C and washed twice with overnight Chelex (Sigma) treated
phosphate-buffered saline (PBS) with 1 mM nitrilotriacetic acid.
Cells were dried overnight in a Speedvac at room temperature.
The dried cells were dissolved in 2.5% nitric acid (Ultrapure,
Sigma Aldrich) and lysed at 95°C for 10min by vigorous
vortexing after each 30s. The lysed cell samples were used for
ICP-MS analysis as described (Jacobsen et al., 2011). Metal ion
concentrations were expressed as |L g g~} dry weight of cells.

Overexpression and Purification of
Strep-tagged AdcR

The nisin-inducible (NICE) expression system (Kuipers et al.,
1998) in Lactococcus lactis strain NZ9000 was used for the
overexpression of C-terminally Strep-tagged AdcR (Shafeeq etal.,
2011a). Cells were grown until an ODgpo of 0.4 in 1 L culture
followed by the induction with 10 ng ml~! nisin. The purification
of AdcR-Strep tag was performed using the Streptactin
column from IBA according to the supplier’s instructions
(www.iba-go.com). The purified protein was eluted in buffers
without EDTA and stored at a concentration of 0.5 mg/ml in the
elution buffer (100 mM Tris-HCI [pH 8], 150 mM NaCl, 2.5 mM
desthiobiotin, and 1 mM B-mercaptoethanol) with 10% glycerol
at —80°C.

Electrophoretic Mobility Shift Assays
Electrophoretic mobility shift assays (EMSAs) were performed
as described (Kloosterman et al., 2008). In short, PCR products
of the promoter regions of adcR, adcAll, phtA, phtB, and pcpA
were labeled with [y->*P] ATP. All the EMSAs were performed
with 5000 cpm of [y-33P] ATP-labeled PCR products in buffer
containing 20mM Tris-HCL (pH 8.0), 5mM MgCl,, 8.7%
(w/v) glycerol, 62.5mM KCl, 25 pg/ml bovine serum albumin
and 25 pg/ml poly (dI-dC). Various metal ions were added in
concentrations as described in the Results section. Reactions were
incubated at 30°C for 30 min before loading on gels. Gels were
run in 1 M Tris-borate buffer (pH 8.3) at 95V for 90 min.

RESULTS

Identification of Ni2*-dependent Genes in

S. pneumoniae

To investigate the impact of Ni*™ on the transcriptome of S.
pneumoniae, a DNA microarray-based comparison of D39 wild-
type grown in CDM with 0.5 mM Ni?* to the same strain grown
in CDM with 0 mM Ni?* was performed. Table 3 summarizes
the list of differentially expressed genes in the presence of
0.5mM Ni2*. The PsaR regulon consisting of the operon psaBCA
(encoding Mn?*-dependent ABC transporters, PsaBCA), pcpA
(encoding a choline binding protein, PcpA), and prtA (encoding
a serine protease PrtA) were highly upregulated in the presence of
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TABLE 3 | Summary of transcriptome comparison of S. pneumoniae D39
wild-type grown in CDM plus 0.5 mM Ni2+ to CDM plus 0 mM Ni2+.

Gene tag?  FunctionP Ratio®  P-value

SPD0475 CAAX amino terminal protease family 5.39 1.48E-11
protein

SPD0526 Fructose-1,6-bisphosphate aldolase, 3.07 1.93E-13
class Il

SPD0558 Cell wall-associated serine protease, PrtA 9.67 2.92E-13

SPD0738 Cytidine deaminase 21.92 6.05E-07

SPD0888 Adhesion lipoprotein, AdcAll (LmB) 2.07 7.08E-07

SPD0889 Pneumococcal histidine triad protein 2.06 5.81E-10
D, PhtD

SPD0890 Pneumococcal histidine triad protein 713 2.81E-05
E, PhtE

SPD1038 Pneumococcal histidine triad protein 12.54 2.00E-14
A, PhtA

SPD1078 L-lactate dehydrogenase 4.21 2.04E-14

SPD1138 Heat shock protein, HtpX 3.61 9.44E-05

SPD1360 Hypothetical protein 7.29 1.15E-10

SPD1402 Non-heme iron-containing ferritin, DpR 2.65 2.10E-11

SPD1461 Manganese ABC transporter, ATP-binding 11.90 5.33E-15
protein, PsaB

SPD1462 Manganese ABC transporter, permease 10.71 5.26E-14
protein, PsaC

SPD1464 Thiol peroxidase 2.13 8.68E-10

SPD1632 Hypothetical protein 2.32 3.47E-05

SPD1633 Galactose-1-phosphate uridylyl 2.68 7.81E-06
transferase, GalT

SPD1634 Galactokinase, GalK 413 1.29E-08

SPD1635 Galactose operon repressor, GalR 5.00 4.27E-07

SPD1636 Alcohol dehydrogenase, zinc-containing, 35.69  0.00E+00
AdhB

SPD1637 Transcriptional regulator, MerR family 38.25  0.00E+400

SPD1638 Cation efflux system protein, CzcD 7789  5.55E-15

SPD1651 Iron-compound ABC transporter, —3.91 1.27E-13
ATP-binding protein

SPD1652 Iron-compound ABC transporter, —3.783  4.57E-12
iron-compound-binding protein

SPD1965 Choline binding protein, PcpA 2.80 8.16E-04

SPD1997 Zinc ABC transporter, zinc-binding 3.91 1.14E-12
lipoprotein, AdcA

SPD1998 Zinc ABC transporter, permease protein, 2.00 2.47E-04
AdcB

SPD1999 Zinc ABC transporter, ATP-binding protein, 417 1.29E-13
AdcC

SPD2000 adc operon repressor, AdcR 3.88 2.46E-11

@Gene numbers refer to D39 locus tags.
PD39 annotation/TIGR4 annotation (Hoskins et al., 2001, Lanie et al., 2007).
CRatios >2.0 or <2.0 (wild-type + 0.5mM NP+ /wild-type + 0 mM NiF+).

Ni**. The Ni**-dependent upregulation of the PsaR regulon in
the presence of Ni?* is consistent with our recent study, where
we have explored the Ni**-dependent regulation of the PsaR
regulon in more details (Manzoor et al., 2015b). Expression of
a gene cluster including the cation efflux system gene czcD, the
MerR family transcriptional regulator, and the Zn?*-containing
alcohol dehydrogenase adhB was increased more than 35-fold in
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FIGURE 1 | Cell-associated metal ion concentrations (expressed ug
g~ 1) of S. pneumoniae D39 wild-type when grown in CDM with either
0mM or 0.5mM Ni2+, The statistical significance of the differences in the
mean metal ion concentrations was determined by One-way ANOVA (NS not
significant, *P < 0.05, and **P < 0.001).

the presence of Ni?*. The cation efflux system CzcD was shown
to protect S. pneumoniae against the intracellular Zn>*-stress
(Kloosterman et al., 2007). A novel TetR family transcriptional
regulator SczA has been shown to activate the expression of czcD
in the presence of Zn?*, Co**, or Ni** (Kloosterman et al.,
2007). Therefore, the upregulation of czcD in our transcriptomic
analysis is consistent with the finding presented in previous
study (Kloosterman et al., 2007). Furthermore, genes encoding a
heat shock protein (HtpX) and a Dpr homolog (spd_1402) were
also differentially expressed. The Dpr protein has been shown
to protect bacterial cells from oxidative stress (Pulliainen et al.,
2003).

The genes belonging to the AdcR regulon were also
upregulated in the presence of Ni**. The expression of the
adc operon was 4-fold upregulated. The expression of adcAIl-
phtD operon was upregulated 2-fold. The expression of other
genes encoding for Pht family proteins (PhtA and PhtE), was
upregulated more then 7-fold. Previously, it was shown that the
expression of the AdcR regulon is repressed by the transcriptional
regulator AdcR in the presence of Zn?* (Shafeeq et al., 2011a).
Transcriptome data was further validated by qRT-PCR analysis
(Supplementary data: Table S1). Upregulation of the AdcR
regulon in the presence of Ni>™ might also indicate the putative
role of Ni*™ in the regulation of the AdcR regulon by the
transcriptional regulator AdcR. Therefore, we decided to further
explore the role of Ni2* in the regulation of the AdcR regulon and
to determine the intracellular concentrations of metal ions in S.
pneumoniae D39 grown in the presence of either 0.5 mM Ni?* or
0mM Ni** in CDM.

S. pneumoniae Accumulates More Ni?*
When Grown in the Presence of 0.5 mM
Ni2+

To investigate whether the observed transcriptomic responses
correlated with high cell-associated concentration of Ni*, we
performed an ICP-MS analysis on the same conditions used for

performing the transcriptome analysis, i.e., cells grown either
in the presence of 0.5mM Ni’** or 0mM Ni** in CDM. Our
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ICP-MS data revealed that the cells grown in the presence
of 0.5mM Ni?* accumulate 30-fold more cell-associated Ni**+
compared to the cells grown in 0 mM Ni?t (30 g g~/ dry mass
of cells vs. <1 g g~ dry mass of cells) (Figure 1). Moreover, 2.6-
fold decrease in the cell-associated concentration of Mn?* was
observed. The cell-associated concentration of other metal ions
was not changed in the presence of 0.5mM Ni** compared to
0 mM Ni?*. Therefore, it is likely that the transcriptomic changes
observed in the presence of 0.5M Ni?T are due to the high
intracellular concentration of Ni**.

Ni2*-dependent Expression of the AdcR

Regulon

To explore the transcriptional regulation of the genes/operons
belonging to the AdcR regulon (adcRCBA, adcAIl-phtD, phtA,
phtB, and phtE) found in our microarray analysis, transcriptional
lacZ-fusions were constructed to the promoter regions of adcR,
adcAll, phtA, phtB, and phtE in plasmid pPP2 (Halfmann et al.,
2007) and transferred to S. pneumoniae D39 wild-type. The
expression of PadcR-lacZ, PadcAll-lacZ, PphtA-lacZ, PphtB-lacZ,

and PphtE-lacZ was measured in CDM and CDM-Zn?* (Zn?**+
depleted medium) with the addition of 0, 0.1, 0.3, or 0.5 mM
Ni2*. As AdcR represses the expression of the AdcR regulon
in the presence of Zn?*, we also used Zn>*-depleted medium
(CDM-Zn?T). B- galactosidase activity (Miller Units) showed that
the elevated concentration of Ni?* led to the high expression
of all these promoters in CDM and CDM-Zn** (Figures 2A,B).
However, the expression of these promoters was much higher in
CDM-Zn** compared to CDM. The full CDM contains minor
amounts of Zn?* (around 883 g 171) (Manzoor et al., 2015a),
which could explain the lower expression of these promoters in
CDM compared to CDM-Zn?*. This data not only suggests the
role of Ni?* in the regulation of the adcRCBA, adcAIl-phtD,
phtA, phtB, and phtE, but also indicate the ability of Ni?* to
derepress the Zn>*-dependent repression of these genes.

Opposite Effect of Zn?t and Ni2t on the
Expression of the AdcR Regulon

B-galactosidase activities shown above indicate that Ni** might
compete with Zn?* and that both metal ions have opposite effects
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FIGURE 2 | Expression level (in Miller units) of the D39 wild-type containing transcriptional lacZ-fusions to PadcR, PadcAll, PphtA, PphtB, and PphtE,
grown in CDM (A) and CDM-Zn2* (Zn2*-depleted medium) (B) with different added concentrations of Ni2+. Standard deviation of three independent
replications is indicated with error bars. Statistical significance of the differences in the expression levels was determined by One-way ANOVA (NS, not significant,
*P < 0.05, P < 0.001, and ***P < 0.0001).
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FIGURE 3 | Expression level (in Miller units) of the D39 wild-type
containing transcriptional lacZ-fusions to PadcR (A), PadcAll (B),
PphtA (C), PphtB (D), and PphtE (E), grown in CDM with or without
addition of different concentrations of Ni2+ and Zn2+. Standard
deviation of three independent replications is indicated with error bars.
Statistical significance of the differences in the expression levels was

determined by One-way ANOVA (*P < 0.05, **P < 0.001, and ***P < 0.0001).

on the expression of the adcRCBA, adcAll-phtD, phtA, phtB,
and phtE. In order to study the interplay of Ni** and Zn?*
in the regulation of adcRCBA, adcAIl-phtD, phtA, phtB, and
phtE in more details, we performed p-galactosidase assays with
PadcR-lacZ, PadcAll-lacZ, PphtA-lacZ, PphtB-lacZ, and PphtE-
lacZ in CDM with the addition of varying concentrations of Ni**+
and Zn** together. B-galactosidase data (Miller Units) showed
that addition of Zn®>* in the medium leads to the repression of
PadcR-lacZ, PadcAll-lacZ, PphtA-lacZ, PphtB-lacZ, and PphtE-
lacZ, even in the presence of Ni**. However, repression caused
by Zn?* was much weaker at higher concentrations of Ni**
(Figures 3A-E). This data confirm that Ni®* and Zn?* have
an opposite effects on the expression of adcRCBA, adcAIl-phtD,
phtA, phtB, and phtE, where Zn?* represses and Ni?T derepresses
the expression of these genes.

Role of the Transcriptional Regulator AdcR
in the Ni2*t-dependent Expression of the
AdcR Regulon

Previously, it has been shown that the transcriptional regulator
AdcR represses the expression of adcRCBA, adcAII-phtD, phtA,
phtB, and phtE in the presence of Zn?t (Shafeeq et al., 2011a). In
this study, our transcriptomic analysis and transcriptional lacZ-
reporter data indicate that Ni?* derepresses the expression of
these genes. To identify whether the transcriptional regulator
AdcR is also responsible for the Ni**-dependent expression
of adcRCBA, adcAll-phtD, phtA, phtB, and phtE, we have
transformed PadcR-lacZ, PadcAll-lacZ, PphtA-lacZ, PphtB-lacZ,
and PphtE-lacZ into the adcR mutant (SS200) and performed
pB-galactosidase assays. P-galactosidase data revealed that the
deletion of adcR leads to increase expression of PadcR-lacZ,
PadcAll-lacZ, PphtA-lacZ, PphtB-lacZ, and PphtE-lacZ even
in the absence of Ni*™ (Figure4). Upregulation of these
transcriptional lacZ-fusions in the adcR mutant indicates that
Ni2*-dependent expression of adcRCBA, adcAIl-phtD, phtA,
phtB, and phtE is mediated by transcriptional regulator AdcR.

To elucidate the Ni?T-dependent role of AdcR in more
details and find more targets of AdcR in the presence of Ni**,
microarray comparison of the adcR mutant with D39 wild-
type was performed in CDM with 0.3 mM Ni**. As expected,
the expression of genes belonging to the AdcR regulon was
highly upregulated (Table 4), except for the adc operon, which
was downregulated in our transcriptome analysis (Table 4). For
creating an adcR mutant in previous study, an erythromycin-
resistance gene cassette was used to replace the adcR gene
(Shafeeq et al., 2011a). Therefore, downregulation of the adc
operon might be due to the polar effect of adcR deletion on the
downstream genes of adcR (Shafeeq et al., 2011a). We further
validated our DNA microarray data by qRT-PCR. qRT-PCR data
is also in agreement with our transcriptome data (Supplementary
data: Table S2).

Binding of AdcR to Its Target Is Zn?*-and

Ni2*-dependent
To study the direct interaction of AdcR with the promoter
regions of the genes belonging to the AdcR regulon in the
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TABLE 4 | Summary of transcriptome comparison of S. pneumoniae D39
wild-type with AadcR (SS200) grown in CDM with 0.3 mM Ni2+.

Gene tag?  FunctionP Ratio®  P-value

SPD0126 Pneumococcal surface protein A, PhpA 2.29 1.35E-05

SPD0277 6- phospho-beta-glucosidase, CelA 12.36 2.28E-13

SPD0278 Hypothetical protein 6.67 1.12E-09

SPD0279 PTS system, IIB component, CelB 7.82 3.99E-09

SPD0280 Transcriptional regulator, CelR 10.24 2.71E-12

SPD0281 PTS system, IIA component, CelC 4.80 1.75E-07

SPD0282 Hypothetical protein 6.8 6.87E-10

SPD0283 PTS system, IIC component, CelD 7.10 8.67E-09

SPD0308 ATP-dependent Clp protease, 4.21 5.54E-10
ATP-binding subunit, ClpL

SPD0888 Adhesion lipoprotein, AdcAll (LmB) 1.65 3.39E-04

SPD0889 Pneumococcal histidine triad protein D, 3.51 1.21E-08
PhtD

SPD0893 Hypothetical protein 3.51 8.62E-07

SPD1038 Pneumococcal histidine triad protein A, 5.59 8.67E—09
PhtA

SPD1514 ABC transporter, ATP-binding protein -3.35 4.04E-08

SPD1515 Hypothetical protein —4.06 4.50E-09

SPD1516 Hypothetical protein —4.57 3.25E-09

SPD1997 Zinc ABC transporter, zinc-binding —18.45 4.07E-13
lipoprotein, AdcA

SPD1998 Zinc ABC transporter, permease protein, —2.71 1.29E-04
AdcB

SPD1999 Zinc ABC transporter, ATP-binding protein, —10.76 3.21E-12
AdcC

SPD2000 adc operon repressor, AdcR -15.29 7.99E-11

SPD2001 Hypothetical protein —25.05 1.31E-12

aGene numbers refer to D39 locus tags.
bD39 annotation/TIGR4 annotation (Hoskins et al., 2001; Lanie et al., 2007).
CRatios >2.0 or <2.0 (SS200 + 0.3mM N2+ /wild-type + 0.3mM NiZ+).

presence of Ni**, we performed EMSAs with purified Strep-
tagged AdcR (Ad-Strep tag) and >*P-labeled promoters of adcR,
adcAll, phtA, phtB, and pcpA. To prevent the interference of
metal ions with Ad-Strep tag, all the experiments were performed
in EDTA free gels and buffers. The pcpA promoter region

was taken as a negative control. Ad-Strep tag was unable to
shift the promoter regions of adcR, adcAll, phtA, and phtB
in the absence of metal ions (Lane 2 in Figure 5). However,
the addition of 0.2mM Zn?" led to the binding of Ad-Strep
tag to the promoter regions of adcR, adcAlIl, phtA, and phtB
(Lane 3 in Figures 5A-D), which is consistent with our previous
study (Shafeeq et al., 2011a). Interestingly, 0.2 and 0.4 mM Ni?*
were unable to stimulate the binding of Ad-Strep tag with the
promoter regions of adcR, adcAll, phtA, and phtB (Lane 4 and
5 in Figures 5A-D). In our transcriptome data mentioned above,
Ni2* showed a derepressive effect on the expression of the AdcR
regulon. Therefore, we also decided to check the interaction of
Ad-Strep tag with the promoter regions of adcR, adcAll, phtA,
and phtB in the presence of both Zn** and Ni** together. The
Zn*-dependent interaction of AdcR with these promoters in
the presence of 0.2mM Zn?* was alleviated with the addition
of 0.2mM or 0.4mM Ni?T (Lane 6 and 7 in Figures 5A-D).
Under the same conditions, we did not see any band shift with
the promoter region of pcpA as a negative control (Figure 5E).
Thus, this data indicates that Zn?* and Ni** have an opposite
effects on the interaction of AdcR with the promoter regions of
adcR, adcAll, phtA, and phtB.

Effect of Ni2ton SczA-mediated

Expression of the Zn%t-efflux system czcD
To investigate the regulation of czcD in the presence of Nizt,
we studied the transcriptional response of PczcD-lacZ grown in
complete CDM with the addition of different concentrations of
Ni?*. B-galactosidase assays showed that PczcD-lacZ responded
to Ni?t and its expression was highly increased with an
increasing concentration of Ni?* (Figure 6). This data is in
agreement with our transcriptomic data mentioned above and
suggests the putative role of CzcD in Ni** homeostasis.

DISCUSSION

Transition metal ions such as Mn?*, Zn?*, Cu?*, Fe?*, Co?*,
and Cd?>* have been shown to play a pivotal role in the
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FIGURE 5 | In vitro interaction of Ad-Strep tag with the promoter
regions of adcR (A), adcAll (B), phtA (C), phtB (D), and pcpA (E).
Ad-Strep was added at a concentration of 30 nM as indicated above panel,
while lane 1 is without added protein. Arrows indicate the position of shifted
probe and asterisks indicate the position of free probe. 0.2 mM Zn2+ was
added in lanes 3, 6, and 7. Whereas, Ni2+ was added at the concentration of
0.2mM in lane 4 and 6, and 0.4 MM in lanes 5 and 7.

metabolism and virulence of S. pneumoniae (Brown et al., 2001;
Kloosterman et al., 2008; Shafeeq et al., 2011b; Begg et al., 2015).
However, the role of Ni** on the global gene expression of
S. pneumoniae has not been studied before. In this study, we
analyze the transcriptome changes in S. pneumoniae D39 wild-
type in response to high Ni?* concentration. The expression of a
number of important genes and operons with diverse functions,
including the AdcR regulon (adcRCBA, adcAIl-phtD, phtA, phtB,
and phtE), the PsaR regulon (pcpA, prtA, and psaBCA) regulon,
and the Zn**-efflux system czcD were significantly altered in the

PczeD-lacZ
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FIGURE 6 | Expression level (miller units) of the D39 wild-type
containing transcriptional lacZ-fusion to PczcD grown in CDM with
different added concentrations of Ni2+. Standard deviation of three
independent replications is indicated with error bars. Statistical significance of
the differences in the expression levels was determined by One-way ANOVA
(NS, not significant and ***P < 0.0001).

presence of Ni>*. We further studied the role of Ni*t in the
regulation of the AdcR regulon and demonstrated that Ni?* plays
an opposite role compared to Zn>" in the regulation of the AdcR
regulon.

The AdcR regulon consists of adcRCBA, adcAIl-phtD, phtA,
phtB, phtE, and adhC in S. pneumoniae. The adc operon
(adcRCBA) is involved in Zn?>* acquisition, and encodes
for a Zn**-responsive MarR family transcriptional regulator,
AdcR, two ABC transporter proteins AdcC and AdcB, and
an extracellular Zn?*-binding protein AdcA (Dintilhac et al.,
1997; Dintilhac and Claverys, 1997; Bayle et al., 2011). The
adcAIl gene encodes an adhesion lipoprotein which has an
overlapping specificity with AdcA for Zn?* (Bayle et al,
2011). AdcAIl belongs to the Lral-lipoprotein family and is
organized in an operon with a phtD gene encoding pneumococcal
histidine triade protein precursor D (PhtD). phtA, phtB, and
phtE encodes for pneumococcal histidine triade protein A, B,
and E, respectively. Recent studies have demonstrated the role
of the PhT family proteins (PhtA, PhtB, PhtE, and PhtD) in
intracellular Zn?* acquisition and pathogenesis in S. pneumoniae
(Hava and Camilli, 2002; Ogunniyi et al., 2009; Plumptre
et al, 2014b). The adhC gene encodes for a Zn*"-containing
alcohol dehydrogenase. Previously, it was demonstrated that
the expression of adcRCBA, adcAII-phtD, phtA, phtB, and phtE
is repressed, while the expression of adhC is activated by the
transcriptional regulator AdcR in the presence of Zn** (Shafeeq
et al,, 2011a). Here, we show that Ni** also plays a role in the
regulation of adcRCBA, adcAll-phtD, phtA, phtB, and phtE. Our
pB-galactosidase assays showed that the expression of adcRCBA,
adcAIl-phtD, phtA, phtB, and phtE was increased with increasing
concentrations of Ni>*. However, we did not find any significant
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change in the expression of adhC in our both transcriptome
analysis performed in this study. This might exclude the role of
Ni** in the AdcR mediated regulation of adhC.

High concentrations of Ni** can be very toxic for bacteria
(Macomber and Hausinger, 2011). Therefore, bacteria must limit
the toxic amount of Ni** to perform normal cellular functions.
In many bacteria, CDF-family efflux pumps help to maintain
proper concentrations of heavy metals in the cell. For example, in
Bacillus subtilis, the CzcD heavy metal efflux pump is involved in
the homeostasis of Zn?>*, Co?*, Cu?*, and Ni?*, and is regulated
by CzrA (Moore et al., 2005). It is also important to note that
the expression of czcD is highly upregulated in our transcriptome
analysis in response to Ni?*. Expression of czcD is regulated by
the TetR family transcriptional regulator SczA in the presence
of Zn?t, Co%*, or Ni2t (Kloosterman et al., 2007). Moreover,
Zn?*, Co?*, or Ni?* has been shown to stimulate the binding of
SczA to the promoter region of czcD (Kloosterman et al., 2007).
In this study, we further confirmed the expression of czcD in
the presence of Ni* by transcriptional lacZ-reporter study with
PczeD-lacZ and our results are consistent with a previous study
(Kloosterman et al., 2007).

The PsaR regulon consists of psaBCA, pcpA, and prtA that
encodes for the Mn?* uptake system (PsaBCA), a choline binding
protein (PcpA), and a serine protease (PrtA), respectively. The
expression of the PsaR regulon is shown to be repressed by
the DtxR family transcriptional regulator PsaR in the presence
of Mn* (Johnston et al., 2006). Notably, Zn?* and Co?* can
bind with PsaR to relieve the Mn?*-dependent repression of the
PsaR regulon (Kloosterman et al., 2008; Manzoor et al., 2015a).
Recently, we have studied the regulation of the PsaR regulon
in the presence of Ni>T and demonstrated that like Zn?>* and
Co?*, Ni** also has the ability to derepress the Mn?*-dependent
repression of the PsaR regulon, and that high concentrations of
Ni?* leads to cell-associated Mn?* deficiency (Manzoor et al.,
2015b). In this study, we have also observed the significant
upregulation of the PsaR regulon in our transcriptome analysis
performed in the presence of Ni>™ (Table 3). Upregulation of the
PsaR regulon in our transcriptome further verifies our previous
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Streptococcus pneumoniae is a widespread colonizer of the mucosal epithelia of the
upper respiratory tract of human. However, pneumococci are also responsible for
numerous local as well as severe systemic infections, especially in children under
the age of five and the elderly. Under certain conditions, pneumococci are able to
conquer the epithelial barrier, which can lead to a dissemination of the bacteria into
underlying tissues and the bloodstream. Here, specialized macrophages represent an
essential part of the innate immune system against bacterial intruders. Recognition
of the bacteria through different receptors on the surface of macrophages leads
thereby to an uptake and elimination of bacteria. Accompanied cytokine release
triggers the migration of leukocytes from peripheral blood to the site of infection,
where monocytes differentiate into mature macrophages. The rearrangement of the
actin cytoskeleton during phagocytosis, resulting in the engulfment of bacteria, is
thereby tightly regulated by receptor-mediated phosphorylation cascades of different
protein kinases. The molecular cellular processes including the modulation of central
protein kinases are only partially solved. In this study, the human monocytic THP-1
cell line was used as a model system to examine the activation of Fcy and
complement receptor-independent signal cascades during infection with S. pneumoniae.
Pneumococci cultured either in chemically defined or complex medium showed
no significant differences in pneumococcal phagocytosis by phorbol 12-myristate
13-acetate (PMA) differentiated THP-1 cells. Double immuno-fluorescence microscopy
and antibiotic protection assays demonstrated a time-dependent uptake and killing of
S. pneumoniae 35A inside of macrophages. Infections of THP-1 cells in the presence
of specific pharmacological inhibitors revealed a crucial role of actin polymerization
and importance of the phosphoinositide 3-kinase (PI3K) and Protein kinase B (Akt) as
well during bacterial uptake. The participation of essential host cell signaling kinases in
pneumococcal phagocytosis was deciphered for the kinase Akt, ERK1/2, and p38 and
phosphoimmunoblots showed an increased phosphorylation and thus activation upon
infection with pneumococci. Taken together, this study deciphers host cell kinases in
innate immune cells that are induced upon infection with pneumococci and interfere with
bacterial clearance after phagocytosis.

Keywords: Streptococcus pneumoniae, phagocytosis, THP-1 cells, cell signaling, p38, Akt, PI3K, ERK1/2

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 17 April 2016 | Volume 6 | Article 48


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org/cellular_and_infection_microbiology/editorialboard
http://www.frontiersin.org/cellular_and_infection_microbiology/editorialboard
http://www.frontiersin.org/cellular_and_infection_microbiology/editorialboard
http://www.frontiersin.org/cellular_and_infection_microbiology/editorialboard
http://dx.doi.org/10.3389/fcimb.2016.00048
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2016.00048&domain=pdf&date_stamp=2016-04-26
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:kohlert@uni-greifswald.de
http://dx.doi.org/10.3389/fcimb.2016.00048
http://journal.frontiersin.org/article/10.3389/fcimb.2016.00048/abstract
http://loop.frontiersin.org/people/313007/overview
http://loop.frontiersin.org/people/313107/overview
http://loop.frontiersin.org/people/27623/overview

Kohler et al.

Signal Transduction during Pneumococcal Phagocytosis

INTRODUCTION

Streptococcus pneumoniae is a common colonizer of the upper
respiratory tract of human, with increased colonization rates
in children and the elderly (Garenne et al, 1992; Bogaert
et al., 2004b; Hussain et al., 2005). Beside its role as a
harmless colonizer, pneumococci are also a common cause
of otitis media, pneumonia, meningitis and sepsis, especially
in children under the age of 5 years (Bogaert et al, 2004a;
Sleeman et al., 2006). S. pneumoniae possesses a wide variety
of virulence factors to colonize the host, invade into tissues
and to evade the human immune system (Jonsson et al., 1985;
Gamez and Hammerschmidt, 2012; Voss et al., 2012). The
epithelia of the upper respiratory tract of human represent
thereby a physical barrier which needs to be conquered in
the process of invasive pneumococcal diseases. Pneumococci
therefore release amongst others pneumolysin, neuraminidase,
and hyaluronidase to the environment, leading to disruption
of connective tissues and extracellular matrices, promoting
dissemination of the bacteria into underlying tissues, and the
blood system (Kelly and Jedrzejas, 2000; Feldman et al., 2007;
Trappetti et al,, 2009; Mitchell and Mitchell, 2010). In this
scenario, phagocytic cells play an essential role in the recognition
and clearance of bacterial infections (van Furth and Cohn, 1968;
van Furth et al, 1972). Macrophages represent an important
link between the innate and the acquired immune system due
to the possibility to phagocytose and digest bacteria and to
present part fragments of processed bacteria in association with
major histocompatibility complex (MHC) class I or II to T-
cells (Greenberg and Grinstein, 2002). Bacterial recognition and
uptake by macrophages can be initiated by the activation of
different surface receptors. Fc receptor-mediated phagocytosis is
initiated by recognition of immunoglobulin G (IgG) opsonized
microorganisms. Here, members of the Fcy receptor family
are able to recognize and bind the constant Fc region
of I1gG molecules that opsonize pathogenic microorganisms
(Gomez et al.,, 1994; Ravetch, 1997). Microorganisms can also
be opsonized for complement receptor-mediated phagocytosis
by proteins of the complement system, like C3b or C4b,
resulting from cleavage of complement factors (Ghiran et al.,
2000).

Besides recognition of opsonized microorganisms, cells of
the innate immune system have the capability to sense bacteria
directly via their target specific molecular structures, the so called
pathogen-associated molecular patterns (PAMPs) via pattern
recognition receptors (PRRs). These receptors are located on
the surface of host cells, intracellularly and are also be secreted
(Janeway and Medzhitov, 2002; Iwasaki and Medzhitov, 2015).
For the recognition of pneumococci various PRRs have been
described, including the C-reactive protein (CRP), members
of the toll-like receptor family (TLRs), Nod proteins, the LPS
binding protein (LBP), and CD14 (Mold et al., 2002; Weber
et al,, 2003; Currie et al., 2004; Echchannaoui et al., 2005; Malley
et al.,, 2005). Furthermore, the C-type lectin SIGN-R1 and the
scavenger receptor MARCO, both expressed by macrophages,
have been described as PRRs important for the recognition of
pneumococci (Arredouani et al., 2004; Kang et al., 2004).

However, recognition of bacteria via PAMPs and sensing of
opsonized bacteria leads to the initiation of signal transduction
cascades catalyzed by different protein kinases ending up in the
activation of proteins involved in actin remodeling and therefore
phagocytosis (Freeman and Grinstein, 2014). Nevertheless, the
molecular process of actin remodeling during phagocytosis
is only partially understood and best studied in Fcy and
complement-3 receptor-(CR3) mediated phagocytosis.

The signaling network of protein kinases involved in
phagocytosis is rather complex and dependent from the activated
surface receptors and cross-talk between different signaling
pathways.

Members of the phosphoinositide-3-kinase (PI3K) family are
essential for many cellular processes by transducing outside-
inside signaling. Amongst others, this signaling leads to the
activation of downstream effector pathways, including the
reorganization of the cytoskeleton via exchange factors that
regulate the small GTPase Rac and activation of the protein
kinase C (PKC) as well as the serine/threonine protein kinase B
(PKB/Akt) (Hawkins et al., 1995; Katso et al., 2001; Engelman
et al, 2006). Moreover, experiments with pharmacological
inhibitors of the PI3K (Wortmannin and LY294002) revealed
also an essential role in FCy and complement receptor-mediated
phagocytosis (Cox et al., 1999; Aderem, 2003). Blocking of the
PI3K leads not to an inhibition of opsonized particle binding
or initial actin polymerization but seems to be required for
membrane extension and fusion during engulfment (Araki et al,,
1996; Cox et al., 1999).

Another important component of intracellular signaling
processes is the protein kinase B (Akt), a serine/threonine
(Ser/Thr) protein kinase involved in a wide variety of signaling
pathways concerning such as cell growth, survival, or cellular
metabolism (del Peso et al., 1997; Wullschleger et al., 2006;
Manning and Cantley, 2007). Akt is an important downstream
target of the PI3K, and represents therefore a mediator of the
PI3K activity, as shown for example by blocking Akt activation
using the PI3K inhibitor Wortmannin (James et al., 1996). Also,
Akt was further shown to be activated during the process of Fcy
receptor-mediated phagocytosis (Ganesan et al., 2004).

A third protein family widely involved in cellular signal
transduction pathways is the mitogen-activated protein kinase
(MAPK) family. These kinases are also Ser/Thr protein kinases
converting extracellular stimuli into a cellular response and they
are involved in many physiological processes (Widmann et al.,
1999). Examples for conventional MAPKs are the two MAPK
isoforms ERK1 and ERK2 which can be activated by a number
of different growth factors such as platelet-derived growth factor
(PDGF) and epidermal growth factor (EGF) as well as in response
to insulin, ligand binding on heteromeric G-protein coupled
receptors (GPCR), cytokines, osmotic stress, and microtubule
disorganization (Boulton et al., 1990; Raman et al., 2007).

ERK1/2 was shown to be activated during the process of Fcy-
mediated phagocytosis (Karimi and Lennartz, 1998; Fitzer-Attas
et al., 2000). Interestingly, ERK1/2 was shown to be inhibited
in the early phase of CR3-dependent bacterial phagocytosis as
shown by infection of human macrophages with Francisella
tullarensis (Dai et al., 2013).
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The p38 kinases are a further sub-group of the MAPK family,
which includes the p38 «, B, v, and 3 kinases. The p38 kinases
are highly activated by cytokines and environmental stress and
were shown to be critical for the regulation of immune and
inflammatory processes (Cuenda and Rousseau, 2007). Bacterial
binding to various TLRs initiates bacterial phagocytosis via
signaling cascades involving amongst others p38 (Doyle et al.,
2004).

A widely-used model cell line for the analysis of
macrophage/pathogen interactions are the human monocytic
THP-1 cells. The addition of phorbol 12-myristate 13-acetate
(PMA) to the growth medium leads to the differentiation
of monocytes into macrophage-like phagocytic cells. Due to
their availability of Fc receptors, C3b receptors and various
pattern recognition receptors, as well as the lack of surface and
cytoplasmatic immunoglobulins, THP-1 cells can be used for
immunocytochemical studies (Tsuchiya et al., 1980; Matsumoto
et al., 1990).

In this study, the human pathogen S. pneumoniae and
human THP-1cells were used to evaluate the role of the
bacterial growth medium on phagocytosis, to study the
time-dependent uptake of pneumococci and to visualize the
intracellular fate over time within the macrophages. On the other
hand Fcy- and CR-independent signaling mechanisms during
phagocytosis of S. pneumoniae in differentiated THP-1 cells were
analyzed. Therefore, infection experiments in the presence of
pharmacological inhibitors of actin polymerization, PI3K and
Akt were carried out. Furthermore, cell lysates from different
time points of infected THP-1 cells were analyzed by immunoblot
analysis to identify the participation of important cellular
protein kinases involved in cell signaling during pneumococcal
phagocytosis.

MATERIALS AND METHODS

Bacterial Strains, Media, and Culture

Conditions

Streptococcus pneumoniae NCTC 10319 (serotype 35A, low
encapsulated) (Pracht et al, 2005) was grown in complex
medium Todd-Hewitt broth (Oxoid) supplemented with 0.5%
yeast extract (THY), defined chemical medium RPMI modified
(RPMl,0q) (Schulz et al., 2014), or on blood agar plates (Oxoid)
at 37°C and 5% CO,.

Bacterial Growth Curves

Bacteria were plated from cryo cultures on blood agar (Columbia
agar with sheep blood, Oxoid) and incubated at 37°C and 5%
CO;. THY medium or RPMly;,oq (40 ml in polypropylene tubes)
was inoculated with freshly grown bacteria to an initial ODggo =
0.1-0.15 and incubated without agitation in a water bath at 37°C.
Growth was monitored at appropriate time points by measuring
absorbance at ODgq (BioPhotometer, Eppendorf).

Phagocytosis Experiments

Monocytic THP-1 cells were seeded in 24-well plates (2 x
10° cells per well in RPMI-1640 supplemented with 10% heat
inactivated FCS in a volume of 1 ml) and differentiation was

stimulated by the addition of 200 nmol/ml phorbol 12-myristate
13-acetate (PMA) (Sigma-Aldrich). Prior to infection THP-1 cells
were incubated for 72 h at 37°C and 5% CO,. Pneumococci
cultured in RPMI,,,q to mid-log phase (ODgpp = 0.35-0.45),
were centrifuged and washed with infection medium (RPMI-
1640, PAA) containing 1% heat inactivated fetal bovine serum
(Gibco).

THP-1 cells were infected with S. pneumoniae using a
multiplicity of infection (MOI) of 50 bacteria per phagocyte
at 37°C and 5% CO; in infection medium. Bacteria were
slightly centrifuged (2 min, 200 x g) onto the cells to initiate a
simultaneous contact with phagocytes. Post infection, phagocytes
were washed with infection medium and subsequently incubated
with Penicillin G (100 units/ml, Sigma-Aldrich) and Gentamicin
(0.1 mg/ml, Sigma-Aldrich) for 1h at 37°C and 5% CO,.
After washing, the phagocytes were lysed using a 1% saponin
solution. The colony forming units (cfu) of released intracellular
pneumococci was determined by plating the bacteria in
appropriate dilutions on blood agar plates (Hermans et al., 2006;
Noske et al., 2009; Hartel et al., 2011).

Phagocytosis was also analyzed in the presence of the
pharmacological inhibitors of PI3-kinase (Wortmannin, 50 nM
and LY294002 50 wM, ENZO Life Sciences), Akt kinase
(Akt-inhibitor VIII, 2.5 and 5 pM, Calbiochem), and actin
polymerization (Cytochalasin D, 0.125 and 0.25 wM, ENZO Life
Sciences).

Double Immunofluorescence Staining

Pneumococci attached to or phagocytosed by PMA-differentiated
THP-1 cells were visualized by double immunofluorescence
microscopy (DIF). Therefore, THP-1 cells (2 x 10°) were
seeded on sterile glass cover slips (12 mm, Hartenstein) and
cultured at 37°C and 5% CO,, 72 h prior to the infection (in
the presence of 200 nmol/ml PMA) and infected as described
above. Post-infection, THP-1 cells were washed with infection
medium to remove unbound bacteria and then fixed with 1%
paraformaldehyde (Roth). After blocking with 5% bovine serum
albumin (BSA, Roth), extracellular bacteria were stained using
a polyclonal anti-pneumococcal serum (1:200) and secondary
goat anti-rabbit IgG coupled to Alexa-Fluor-488 (1:500, Abcam).
Intracellular pneumococci were stained with Alexa-Fluor-568
goat anti-rabbit IgG (1:500, Abcam) after permeabilization of
the THP-1 cells with 0.1% Triton-X-100 (Sigma) (10 min, room
temperature) and pneumococcal antiserum as primary antibody
(1:200). For the statistical analysis 100 cells per experiment and
time point were analyzed for the number of intracellular bacteria.

SDS-Page and Immunoblotting

To analyze the phosphorylation status of selected host kinases
during pneumococcal infection, cell lysates were prepared as
followed. THP-1 cells (1 x 10°) cells were seeded in 6-well
plates in a volume of 2 ml/well. Cells were infected as described
above and infection was stopped at different time-points by
washing cells with ice-cold infection medium, following cell
disruption by the addition of Triton-X-100 lysis buffer (10 mM
TRIS, 100mM NaCl, 1mM EDTA, 1mM EGTA, 1mM NaF,
20mM NayP,07, 2mM NazVOy, 0.1% SDS, 1% Triton-X-100,
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10% glycerin, 0.5% sodium deoxycholate) supplemented with
a protease inhibitor (Complete®, Roche). Afterwards, plates
were incubated on ice for 10 min followed by sonication
(2 x 30 s). After centrifugation (18,234 x g, 10min, 4°C)
protein concentration of the supernatant was determined using
the Bradford assay (Sigma) and stored at —20°C. Cell lysates
(50 pg/sample) were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) on 12% gels.
Proteins were transferred on a nitrocellulose membrane (GE
Healthcare) by semi-dry blotting. After transfer, the membrane
was blocked overnight at 4°C in TBS + 5% skim milk (Roth).
Immunodetection was carried out using specific primary and
horse radish peroxidase-(HRP)-conjugated secondary antibodies
(listed in Table 1). A primary antibody against glycerinaldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a loading
control. Luminol was used as substrate for HRP. Detection
was carried out using a chemiluminescence-detecting camera
(ChemoCam, INTAS).

Statistics and Quantitative Analysis of

Immunoblots
All data are reported as the mean + SD. Statistical analysis
was performed with unpaired, two-tailed Student’s ¢-test using
GraphPad Prism® software v5.01. In all analyzes a p < 0.05 was
considered statistically significant.

The image processing program Image] was used for
quantificational analysis of immunoblots by densitometry (Girish
and Vijayalakshmi, 2004; Schneider et al., 2012).

RESULTS

Influence of Bacterial Growth Medium on
Pneumococcal Phagocytosis by THP-1
Cells

To assess the impact of the bacterial growth medium on
pneumococcal phagocytosis by PMA-differentiated THP-1 cells,
S. pneumoniae were grown in complex medium (THY) or
chemically defined medium (RPMI,,q)prior to infection. The
growth curves of S. pneumoniae in the different growth

media (Figure 1A) showed a delayed growth in the chemically
defined medium in comparison to the complex medium, which
is probably due to the high adaptation of pneumococci to
the overall nutrient availability in RPMI,;4. In consequence,
pneumococci cultured in THY showed an earlier achievement of
the stationary phase and a higher optical density.

Pneumococci used in infection assays were harvested from
the exponential growth phase (ODgyg = 0.35-0.45). PMA-
differentiated THP-1 cells were infected for 1 h. The number of
recovered intracellular surviving bacteria was determined by the
antibiotic protection assay. The results revealed no significant
influence of the bacterial growth medium on pneumococcal
uptake by PMA-differentiated THP-1 (Figures 1B,C).

Kinetics of S. pneumoniae Phagocytosis
by THP-1 Cells

In the results of the antibiotic protection assay a time-dependent
increase of phagocytized pneumococci could be observed over
time without saturation 90 min post infection (Figure2A).
In the complementary infection assay, adherent extracellular,
and ingested intracellular pneumococci were visualized and
illustrated using DIF-staining. Similar to the antibiotic protection
assay, an increase of intracellular bacteria was monitored over
time as shown by representative microscopic images (Figure 2B).
The enumeration of intracellular bacteria in 100 infected THP-
1 cells using immunofluorescence microscopy confirmed the
results of the antibiotic protection assay. This approach also
demonstrated a time-dependent increase of intracellular bacteria
upon increasing infection times, without reaching saturation
90 min post-infection (Figure 2C).

Intracellular Fate of Phagocytized

Pneumococci

The intracellular fate of S. pneumoniae after phagocytosis was
analyzed in a time-dependent manner post-infection of THP-
1 cells. Extracellular bacteria were killed after infection by the
addition of antibiotics. The intracellular number of recovered,
viable bacteria was determined after lysis of the THP-1 cells and
plating of the bacteria on blood agar plates. The THP-1 cells

TABLE 1 | Antibodies used in this study.

Antibody Dilution MW [kDa] Source Company

Akt Antibody 1:500 60 Rabbit Cell Signaling (#9272)
Phospho-Akt (Ser473) 1:500 60 Rabbit Cell Signaling (#9271)
GAPDH polyclonal antibody 1:50,000 36 Goat Abnova (#PAB6637)
p44/42 MAPK (ERK1/2) (137F5) 1:1000 42,44 Rabbit Cell Signaling (#4695)
Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) 1:1000 42, 44 Rabbit Cell Signaling (#9101)
P38 MAPK 1:1000 43 Rabbit Cell Signaling (#9212)
Phospho-p38 MAPK (Thr180/Tyr182) 1:1000 43 Rabbit Cell Signaling (#4511)
Goat Anti-Rabbit IgG (H+L) (Clone: pAb)-HRPO 1:5600-1:2500 None Goat Dianova (#111-035-045)
Polyclonal Rabbit Anti-Goat IgG/HRP 1:2000 None Rabbit Dako (#P044901-2)
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) 1:500 None Goat Abcam (#ab150077)
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 568) 1:500 None Goat Abcam (#ab175471)

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

April 2016 | Volume 6 | Article 48


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Kohler et al.

Signal Transduction during Pneumococcal Phagocytosis

- THY
= RPMioq

2.5+

ODggp

400 600

Time [min]

0 200

C

ns ns

T

2.0x10%4

g
o
3

1.5x105+

-
]
1

1.0x105+

cfui2x10° cells

5.0x104+

% bacterial uptake
g &

,\’5\ \spb' ,\’5\
Qg\“

>
@\@
Qg

FIGURE 1 | Influence of the cultivation medium on pneumococcal
phagocytosis. (A) Growth curves of S. pneumoniae 35A grown in complex
medium (THY) or chemically defined medium (RPMI.,o4.). The significance of
the THY-medium is based on the difference to RPMIy,q4. (B,C) Phagocytosis
of S. pneumoniae 35A after growth in THY or RPMlyy,oq. PMA-differentiated
THP-1 cells (2 x 105) were infected (30 min) with a pneumococcal MOI of 50
at 37°C and 5% CO». After infection, extracellular pneumococci were killed by
the addition of Gentamycin and Penicillin G (incubation at 37°C and 5% CO»
for 1 h). The number of intracellular bacteria was determined by plating cell
lysates on blood agar and visualized as recovered cfu (A) or % bacterial
uptake of the infection dose (B). Values represent means + SD of at least
three independent experiments. ns = not significant, p > 0.5; “o < 0.05; *p <
0.01; **p < 0.001.

showed a continuous killing of the engulfed pneumococci during
the evaluation period as determined by a constant decrease of
bacterial cfu over time (Figure 3A). Similar, the DIF-staining and
fluorescence microscopy confirmed the results of the antibiotic
protection assay (Figures3B,C). Representative images and
numbers of intracellular bacteria within infected THP-1 cells
confirmed the decrease of intracellular pneumococci over the
observed time period. Taken together, these results revealed
an effective time-dependent intracellular killing of phagocytized
pneumococci by THP-1 cells.

Inhibition of Pneumococcal Phagocytosis
by Inhibitors of Central Host Cell Kinases

Phagocytosis and hence, the rearrangement of the host cell
cytoskeleton requires most likely bacterial binding to cell
surface receptors, followed by cell signaling through different
protein kinases and finally activation of proteins involved in
the reorganization of the cytoskeleton. To demonstrate the
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FIGURE 2 | Analysis of the time-dependent phagocytosis of S.
pneumoniae. (A) Antibiotic protection assay: PMA-differentiated THP-1 cells
(2 x 109) were infected with exponential grown S. pneumoniae 35A (MOl =
50). The infection was stopped at different time points (15-90 min) by adding
of Penicillin G and Gentamicin. Intracellular recovered viable pneumococci
were quantified after plating cell lysates on blood agar and enumeration of cfu.
(B) Double immunofluorescence staining of THP-1 cells at different time-points
of infection. Extracellular bacteria were stained using polyclonal
anti-pneumococcal antiserum and Alexa-Fluor-488 labeled secondary
antibody (green) and after permeabilization of cells with 0.1% Triton-X 100
intracellular bacteria (red) were stained using a polyclonal anti-pneumococcal
antiserum and secondary Alexa-568-labeled antibody. (C) Intracellular
pneumococci of 100 infected THP-1 cells on microscopic slides were counted
(double immunofluorescence microscopy) at different time points of infection.
Values represent means + SD of at least three independent experiments.

influence of actin polymerization during phagocytosis, infection
experiments were carried out in the presence of Cytochalasin
D (CytoD), a potent inhibitor of actin polymerization. PMA-
differentiated THP-1 cells were infected with S. pneumoniae
35A in the presence of different concentrations of CytoD. DIF-
staining and immunofluorescence microscopy were applied to
visualize the effect of CytoD on the phagocytosis rate. The
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FIGURE 3 | Time-dependent killing of intracellular pneumococci. (A) To
visualize the bacterial fate of intracellular bacteria, PMA-differentiated THP-1
cells (2 x 105) were infected with exponential grown S. pneumoniae 35A
(MOI = 50) for 60 min at 37°C and 5% CO,. Post infection, extracellular
pneumococci were killed by the addition of Gentamycin and Penicillin and
subsequently cells were incubated in infection medium. Living intracellular
bacteria were quantified by plating cell lysates at different time points
post-infection on blood agar. (B) Double immunofluorescence staining of
infected THP-1 cells at different time-points post infection. Extracellular
pneumococci appear in green and intracellular in red. (C) Intracellular
pneumococci of 100 infected THP-1 cells on microscopic slides were counted
after DIF-staining at different time points post-infection. Values represent
means + SD of at least three independent experiments. ns = not significant,
p > 0.5; "0 < 0.05; *p < 0.01; **p < 0.001.

addition of increasing concentrations of CytoD resulted in a
dose-dependent decline of intracellular pneumococci within the
infected THP-1 cells (Figure 4A). To quantify ingested bacteria
the number of intracellular bacteria was enumerated in infected
cells by DIF-staining and subsequent immunofluorescence
microscopy (Figure 4C). A significant, dose-dependent effect
of CytoD on the phagocytosis rate (reduction of intracellular
bacteria to 40 and 16%) was visible. These results were confirmed
with an antibiotic protection assay where the amount of living
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FIGURE 4 | Influence of the actin polymerization on pneumococcal
phagocytosis. PMA-differentiated THP-1 cells (2 x 105) were infected for 1 h
with exponentially grown S. pneumoniae 35A (MOI = 50) in the presence of
the actin polymerization inhibitor Cytochalasin D (0.125, 0.25 pwM). (A) Double
immunofluorescence staining of THP-1 cells. Extracellular pneumococci
appear in green and intracellular in red. (B) The number of intracellular
recovered and surviving pneumococci ¢fu was determined using the antibiotic
protection assay. (C) Intracellular pneumococci of 100 infected THP-1 cells on
microscopic slides were enumerated after DIF-staining. Values represent
means + SD of at least three independent experiments. **p < 0.01; **p <
0.001.

extracellular bacteria significantly declined dose-dependently (45
and 25%) with increasing concentrations of CytoD (Figure 4B).

This experimental approach was further chosen to analyze
the role of the protein kinases PI3K and Akt in the process
of pneumococcal phagocytosis by THP-1 cells. The presence
of the PI3K inhibitors Wortmannin and LY294002 resulted
in a significant inhibition of pneumococcal uptake after 1
h of infection. The microscopic images of the DIF-stained
infections (Figure 5A) and counted bacteria within the THP-1
cells (Figure 5C) showed a significant decrease of intracellular
bacteria (33 and 30%) compared to the control cells treated
only with DMSO. These results were comparable to the results
obtained in the complementary antibiotic protection assay
(Figure 5B). To analyze the role of the protein kinase Akt,
different concentrations of the Akt inhibitor VIII were used
during pneumococcal infection of THP-1 cells. The results
of the antibiotic protection assay (Figure 6A) in the presence
of Akt inhibitor VIII revealed a dose-dependent decrease of
viable intracellular pneumococci (66 and 39%) with increasing
concentrations of the inhibitor. Taken together, these results
reflect the essential role of actin polymerization and the
involvement of the protein kinases PI3K and Akt in the Fcy
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FIGURE 5 | Influence of the pharmacological inhibitors Wortmannin
and LY294002 of the PIBK on pneumococcal phagocytosis.
PMA-differentiated THP-1 cells (2 x 10°) were infected for 1 h with exponential
grown S. pneumoniae 35A in the presence or absence of the PI3K inhibitor
Wortmannin (50 nM) or LY294002 (50 uM). (A) Double immunofluorescence
staining of THP-1 cells. Extracellular pneumococci appear in green and
intracellular in red. (B) Intracellular cfu was determined by the antibiotic
protection assay and intracellular cfu was determined by plating cell lysates on
blood agar. (C) Intracellular pneumococci of 100 infected THP-1 cells on
microscopic slides were counted after DIF-staining. Values represent means +
SD of at least three independent experiments. *p < 0.01; ***p < 0.001.

and CR-independent phagocytosis of S. pneumoniae through
PMA-differentiated THP-1 cells.

Time-Dependent Phosphorylation of
Selected Protein Kinases during Bacterial
Phagocytosis

To evaluate the involvement and time-dependent
phosphorylation of various protein kinases during pneumococcal
infection, PMA-differentiated THP-1 cells were infected with S.
pneumoniae for different time periods. Cell lysates were used for
SDS-PAGE and immunoblot analysis with specific antibodies
against phosphorylated and non-phosphorylated forms of
different protein kinases (Table 1). The inhibition of Akt in the
presence of Akt inhibitor VIII was already demonstrated to be
involved in pneumococcal uptake as shown by an antibiotic
protection assay (Figure 6A). The immunoblots of Akt/pAkt
indicated an increase in Akt phosphorylation 10 min post
infection with the highest amount after 20 min (Figure 6B). A
densitometric approach was chosen to quantify the obtained
results from the immunoblot. The analysis reflects thereby
the observed increase of the phosphorylated form of Akt as

shown in Figures 6 C,D. Moreover, the phosphorylation of
the MAPKs ERK1/2 and p38 during pneumococcal uptake was
analyzed (Figure 7). Here the amount of phosphorylated ERK1/2
(pERK1/2) starts to increase 20 min post-infection, whereas the
amount of phosphorylated p38 (pp38) increases already after
5 min post-infection.

DISCUSSION

The innate immune system comprises an enormous arsenal of
defense strategies to recognize and eliminate foreign microbes,
colonizing or invading the human body. These include amongst
others physical barriers like epithelia and mucus, secreted
enzymes, antimicrobial peptides, and phagocytes (Someya et al.,
2013; Sperandio et al., 2015). A critical function of the immune
system is the detection and elimination of invading microbes in
normally sterile compartments of the human body. In such a case,
professional phagocytes recognize microbes amongst others via
PRRs, triggering intracellular signal cascades leading in the end
to engulfment and elimination of foreign intruders (Silva, 2010).

In this study, we investigated the interaction of pneumococci
with macrophage-like, PMA-differentiated THP-1 cells in the
absence of human antibodies or complement. This approach
allowed us to analyze the host cell response independently of Fcy
or CR-mediated phagocytosis pathways.

Pneumococci have to adapt to various environmental
conditions, including nutrient availability, during colonization of
mucosal surfaces in humans and invasive infections. Changes in
the nutrient composition or availability results in an alteration
of intracellular metabolites, influencing regulatory networks
and as a consequence gene expression and protein production
(Orihuela et al., 2004; Tang, 2011; Schulz and Hammerschmidt,
2013). Pneumococcal growth in a chemically defined medium
reflects much more the in vivo situation, in which certain
nutrients and/or carbon sources are limited. As shown in the
pneumococcal growth curves (Figure 1A), growth was indeed
affected due to the limitation of several nutrients. Interestingly,
no difference in bacterial uptake through THP-1 cells could
be observed using chemically defined (RPMlI,,,q4) or complex
medium (THY). This indicates that the composition of surface-
exposed bacterial structures necessary for the recognition and
uptake of S. pneumonia by THP-1 cells are not substantially
changed or reduced due to the composition of the chosen growth
media.

Kinetics of pneumococcal phagocytosis by THP-1 cells
were analyzed by DIF-staining and subsequent fluorescence
microscopy. With this approach, all intracellular bacteria can
be visualized, while no differentiation between living and non-
viable bacteria is possible. First intracellular pneumococci within
THP-1 cells were detected after 15-30 min of infection. The
monitored pneumococcal internalization happened in the same
time-frame as carried out with other bacteria like S. aureus and
THP-1 cells (Miller et al., 2011). A saturation in pneumococcal
uptake was not observed within the analyzed time period (15-
90 min), suggesting a higher capacity of THP-1 cells to take up
bacteria.
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FIGURE 6 | Influence of the pharmacological Inhibitor Akt inhibitor VIIl on pneumococcal phagocytosis and cell signaling. (A) Intracellular cfu was
determined after infection of PMA-differentiated THP-cells (2 x 105) with S. pneumoniae 35A in the presence of Akt inhibitor VIII (2.5, 5 M or DMSO as control) using
the antibiotic protection assay and subsequent plating of bacteria on blood agar. (B) Immunoblot analysis of total Akt and pAkt. Cell lysates of different time points
post-infection (5 to 60 min, Ctrl = uninfected cells) separated using SDS-PAGE and immunoblot analysis. GAPDH was used as a loading control. (C,D) Densitometric
quantification of total Akt and pAkt in relation to GAPDH by ImageJ. Values of Figure 4A represent means + SD of at least three independent experiments. *p <0.01.

A major virulence factor of S. pneumoniae is the
polysaccharide capsule protecting the bacteria from phagocytosis
(Wood et al,, 1946). In our experimental approach, the low
encapsulated strain 35A was chosen to facilitate recognition of
surface exposed PAMPs by macrophage PRRs. Intracellular
killing of bacteria in macrophages takes place in the
phagolysosome via proteases, antimicrobial peptides and
reactive oxygen and nitrogen species (Garin et al, 2001).
Whereas, several bacterial species evolved strategies to survive or
escape from phagolysosomes, such mechanisms are unknown for
pneumococci. However, it was shown that during pneumococcal
phagocytosis by dendritic cells, a minor proportion of the
pneumococci escape from the intracellular vacuoles and resides
in the cytosol (Noske et al., 2009). The reason or mechanisms
for the pneumococcal escape from phagosomes is unknown. For
experiments regarding the intracellular fate of the phagocytized
pneumococci during infection, one time point was chosen.
Pneumococci phagocytized after 1 h of infection were nearly
completely killed within 5 h post-infection in a time-dependent
manner, demonstrating the inability of S. pneumoniae 35A to
survive within the macrophages. However, a minor amount of
remaining intracellular pneumococcal cfu 5 h post-infection

could be explained with the outbreak of some of the pneumococci
from macrophage phagosomes into the cytoplasm.

The participation of the actin machinery and central cellular
protein kinases involved in intracellular signaling pathways was
analyzed by pneumococcal infection assays in the presence of
specific pharmacological inhibitors and immunoblot analysis
of THP-1 cell lysates from different time points of infection.
The engulfment of pneumococci into phagosomes requires the
recognition of the bacteria via surface receptors on THP1-
cells, activation of signal cascades and in the end remodeling
of the cytoskeleton. The inhibition of actin polymerization by
Cytochalasin D during phagocytosis leads in the conducted
experiments to a dose-dependent reduction of pneumococcal
uptake up to 75%. These results underline the essential function
of cytoskeleton rearrangement in pneumococcal phagocytosis by
PMA-differentiated THP-1 cells.

The PI3K is an essential regulator of phagocytosis as shown
for Fcy and CR-mediated phagocytosis (Araki et al., 1996;
Cox et al, 1999). The enzyme catalyzes after activation the
phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2)
to phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Domin and
Waterfield, 1997). PIP3 was shown to be a key player in signaling
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FIGURE 7 | Time-dependent phosphorylation of mitogen-activated protein kinases during pneumococcal uptake. Cell lysates of different time points
post-infection (5-60 min, Ctrl = uninfected cells) were analyzed using SDS-PAGE and subsequent immunoblot analysis (antibodies used are listed in Table 1). GAPDH
was used as a loading control. (A,B) Immunoblot analysis and densitometric analysis of ERK1/2 and phosphorylated ERK1/2 (pERK1/2) (C,D) Immunoblot and
densitometric analysis of p38 and phosphorylated p38 (pp38).

pathways controlling phagocytosis (Gerisch et al., 2009). The  inhibitors Wortmannin or LY294002 leads to strong decrease in
activation of the PI3K can, besides others, also occur via  pneumococcal phagocytosis. The protein kinase B (Akt) is one of
PRRs as shown for various TLRs (Arbibe et al., 2000; Monick  the major signal transducers, activated by PIP3 of the PI3K (Chan
et al., 2001). Also in our experiments, using non-opsonized  etal, 1999). After 10 min of pneumococcal infection, the amount
pneumococci, inhibition of the PI3K by the pharmacological  of phosphorylated Akt started to increase, with a maximum
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20min post-infection (Figure 4B). Inhibition of Akt by Akt
inhibitor VIII led to a dose-dependent decrease of phagocytized
pneumococci within the THP-1 cells. First intracellular bacteria
where observed after 15-30 min after infection, which is in
concert with the activation of Akt after 10 min, which in
turn leads to activation of proteins involved in cytoskeleton
rearrangement and therefore engulfment of the pneumococci.
Besides the activation of the PI3K and Akt, we were interested
in the activation of the mitogen activated kinases ERK1/2 and
p38. The infection of THP-1 cells with S. pneumoniae resulted in
an increase of pERK1/2 20 min post-infection, without saturation
after 60 min. The downstream substrates of ERK1/2 includes
amongst others transcription factors, kinases, and cytoskeletal
proteins (Yoon and Seger, 2006) involved in proliferation,
differentiation, and activation of macrophages (Rao, 2001).
Further investigations are needed here, especially with a focus
on the role of ERK1/2 in the induction of cytokines during
phagocytosis. The second MAPK we focused on is p38. This
kinase was shown to be activated by several external stimuli like
TNF-a, heat, osmotic shock, or growth factors (Freshney et al.,
1994; Rouse et al., 1994). Doyle et al. proposed a model in which
the activation of TLRs in macrophages leads amongst others to
the activation of p38 resulting in the upregulation of scavenger
receptors like MARCO and therefore enhanced phagocytosis
(Doyle et al., 2004). In our experiments, the phosphorylation of
p38 started within the first 5 min post-infection indicating an
important role in the early phase of pneumococcal phagocytosis.
The activation of the aforementioned kinases during
pneumococcal infection seems not to be restricted to
professional phagocytes. Pneumococci were shown to interact
with the cellular polymeric immunoglobulin receptor (pIgR) of
respiratory epithelial cells via the pneumococcal surface protein
C (PspC). The modulated signaling cascades resulting in uptake
of the bacteria involves amongst others the PI3K, Akt, and the
MAPKs ERK1/2 (Agarwal and Hammerschmidt, 2009; Agarwal
et al,, 2010). Furthermore, pneumococci were shown to be taken
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Streptococcus pneumoniae is a Gram-positive microorganism that is the cause of
bacterial pneumonia, sinusitis and otitis media. This human pathogen also can cause
invasive diseases such as meningitis, bacteremia and septicemia. Hemoglobin (Hb) and
haem can support the growth and viability of S. pneumoniae as sole iron sources.
Unfortunately, the acquisition mechanism of Hb and haem in this bacterium has been
poorly studied. Previously we identified two proteins of 37 and 22 kDa as putative
Hb- and haem-binding proteins (Spbhp-37 and Spbhp-22, respectively). The sequence
of Spbhp-37 protein was database annotated as lipoprotein without any function or
localization. Here it was immunolocalized in the surface cell by transmission electron
microscopy using specific antibodies produced against the recombinant protein. The
expression of Spbhp-37 was increased when bacteria were grown in media culture
supplied with Hb. In addition, the affinity of Sphbp-37 for Hb was determined. Thus, in
this work we are presenting new findings that attempt to explain the mechanism involved
in iron acquisition of this pathogen. In the future these results could help to develop new
therapy targets in order to avoid the secondary effects caused by the traditional therapies.

Keywords: Streptococcus pneumoniae, haem, iron, iron starvation, haem-binding protein

INTRODUCTION

Streptococcus pneumoniae is the most important cause of bacterial pneumonia and moreover
this pathogen can cause infections as septicemia, bacteremia, and meningitis (Yaro et al,
2006; Thornton et al., 2010). This bacterium causes considerable human morbidity and
mortality throughout the world, especially among children, the elderly and immunocompromised
individuals (Gray et al., 1979; Austrian, 1989; Musher, 1992; Butler and Schuchat, 1999). However,
the mechanisms for pneumococcal disease are not fully understood. There is a necessity for the
discovering of novel therapeutic strategies focused on bacterial iron acquisition systems, because
many bacteria pathogens require iron as an essential nutrient to infect the human (Klebba et al.,
1982; Ratledge and Dover, 2000; Simpson et al., 2000; Crosa and Walsh, 2002; Andrews et al., 2003).
Due to that the iron is required in several cellular processes, most bacteria have developed strategies
for iron scavenging from host proteins (Wooldridge and Williams, 1993; Raymond et al., 2003; Ge
and Sun, 2012; Andrews et al., 2013). One of the best studied bacterial iron acquisition systems is
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based on siderophores, which are secreted from the bacterial
cell to scavenge free iron (Wooldridge and Williams, 1993;
Guerinot, 1994; Wandersman and Delepelaire, 2004). Even
though many pathogens secrete siderophores for iron acquisition
during infection (Wandersman and Stojiljkovic, 2000; Genco
and Dixon, 2001; Wandersman and Delepelaire, 2004), there
are not biochemical or genetic evidences that S. pneumoniae
produces siderophores (Tai et al., 1993; Brown et al., 2001;
Romero-Espejel et al., 2013). As a result of the powerful
reactivity of haem, it is generally sequestered within human
cells by hemoproteins such as hemoglobin (Hb; Wandersman
and Stojiljkovic, 2000; Wandersman and Delepelaire, 2004). In
accordance, many bacteria have developed systems involved in
iron acquisition from host hemoproteins (Tai et al., 1993; Brown
et al,, 2001; Genco and Dixon, 2001; Romero-Espejel et al.,
2013). There are several studies on bacterial haem acquisition
systems based mostly on Gram-negative bacteria (Stojiljkovic
etal., 1996; Lewis et al., 1998; Wandersman and Stojiljkovic, 2000;
Genco and Dixon, 2001; Olczak et al, 2001). Comparatively,
less is known about how Gram-positive pathogens utilize host
hemoproteins as an iron source. Recently, some surface proteins
of Streptococcus pyogenes have been shown that bind haem (Shr
and Shp, and haem-specific ATP-binding cassette transporter
HtsABC). Shp has been shown to rapidly transfer its haem to the
HtsA lipoprotein of HtsABC (Lei et al., 2002, 2003; Bates et al.,
2003). In addition, it has been proposed that Shr is a source of
haem for Shp and that the Shr-to-Shp haem transfer is a step of
the haem acquisition process in S. pyogenes (Zhu et al., 2008).

Staphylococcus aureus acquires iron from haem by the Isd
(iron-regulated surface determinant) system, which is formed
by cell wall-anchored surface proteins (IsdA, IsdB, IsdC, and
IsdH), a membrane transporter (composed by IsdD, IsdE, and
IsdF), a transpeptidase (SrtB), and cytoplasmic haem-degrading
monooxygenases (IsdG and Isdl) (Mazmanian et al., 2000,
2002, 2003; Skaar and Schneewind, 2004; Wu et al., 2005).
Unfortunately, the mechanism of Hb and haem uptake in S.
pneumoniae has been poorly studied. This pathogenic bacterium
can grow using Hb or haem as a sole iron source. Hb acquisition
is vital to microbial survival (Tai et al., 1993; Brown et al.,
2001; Romero-Espejel et al., 2013). Previously, we detected two
potential S. pneumoniae Hb- and haem-binding proteins (Spbhp)
of 22 and 37 kDa, termed by us as Spbhp-22 and Spbhp-37. The
Spbhp-37 protein had homology with a lipoprotein (Bierne et al.,
2002; Romero-Espejel et al., 2013). Interestingly, several proteins
required for virulence in Gram-positive bacteria are lipoproteins;
for instance, FhuD which is an iron-siderophore transporter
(Schneider and Hantke, 1993). Therefore, the aim of this work
was to confirm the role of Spbhp-37 as Hb-binding protein and
to determinate the affinity of Sphbp-37 for Hb.

MATERIALS AND METHODS

S. pneumoniae Growth Conditions

S. pneumoniae strain R6 was grown under microaerophilic
conditions in 5% CO; for 24h at 37°C on agar plates
supplemented with 5% sheep blood. The cellular cultures were
then inoculated in plates containing Todd-Hewitt Broth (THB),

supplemented with 0.5% yeast extract (THB-Y) and incubated for
16 h at 37°C with 5% CO,. For testing alternative iron sources
the bacteria were cultivated in well culture plates containing
medium THB, supplemented with 0.5% yeast extract (THB-Y)
and 700 wm of 2,2'dipyridyl (a chelating agent) was added to
eliminate free iron from the culture medium. Then, incubation
was followed for 16 h at 37°C with 5% CO,. The cellular growth
was adjusted to 0.1 (ODggp) by spectrophotometry. After 3h
under iron starvation, the culture medium was supplemented
with 2 WM human Hb.

Cloning and Expression of Spbhp-37

Recombinant Protein

The coding region of the Spbhp-37 gene, excluding the signal
peptide, was amplified by PCR from S. pneumoniae genomic
DNA. For its directional cloning we used as sense primer
an oligonucleotide containing the BamHI recognition site (5'-
GGGGGGGATCCATGAACAAGAAACAATGGCTAGGTC-3'),
and as anti-sense primer an oligonucleotide that included
the Sall recognition site (5'-GGGGGGTCGACTTATTTT
TCAGGAACTTTTACGCTTCCATC-3'). Then, amplicon was
cloned in frame with the glutathione-S-transferase (GST), tag of
the pGEX-6P-1 construction vector (GE Healthcare) using the
BamHI and Sall restriction sites. The nucleotide sequence was
corroborated by automated DNA sequencer.

For expression, Escherichia coli (strain BL21) competent cells
were transformed with the pGEX-6P-1 empty vector, used as a
negative control, or with the construction containing the Spbhp-
37 gene (pGEX-spbhp-37). Induction of recombinant proteins
(GST and Spbhp-37-GST) was induced with 1 mM isopropyl--
D-thiogalactopyranoside (IPTG) for 3h at 37°C.

Purification of the Spbhp-37 Recombinant

Protein

Inclusion bodies (IB), where the recombinant protein was
accumulated, were purified as described (Vallejo et al., 2002).
Briefly, after protein induction, cultures were centrifuged at
1500 g for 40 min and bottom was suspended in 50 ml of buffer
A (100mM Tris-HCl pH 8.0, 10mM EDTA, 100 mM NaCl)
in the presence of 1 mM PMSF. Cells were sonicated for 30s
(100 W) and 50 s off time for a total sonication time (including
the off time) of 10 min. Then, an equal volume of buffer A
having 8 M urea and 1mM PMSF was added, stirred for
1h at 4°C and centrifuged at 10000g for 30 min. Pellet was
resuspended in 500 ml of buffer B (100 mM Tris-HCl pH 8.0,
1 mM EDTA, 1 M NaCl) and centrifuged at 10000 g for 30 min.
Pellet was resuspended in 500 ml of water, centrifuged again,
and frozen at —70°C. After that, pellet was resuspended in
buffer C (2 M urea, 20mM Tris-HCl pH 8.0, 0.5 M NaCl,
and 2% Triton X-100), centrifuged for 15 min at 10000 g,
washed with the same volume of buffer B and centrifuged
again. Then, the wet pellet of IB (2.1 g) was dissolved in
20 ml of solubilization buffer (8 M urea, Tris-HCl pH 8.0,
0.5 M NaCl and 1 mM 2-mercaptoethanol) and stirred for 2h
at room temperature. Sample was centrifuged at 12000g for
30 min at 4°C and supernatant was extensively dialyzed against a
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freshly prepared solution containing 20 mM Tris-HCI pH 8.0 and
4mM urea. Finally, dialyzed samples were filter through a 0.45
wm membrane and stored in aliquots at —70°C. Recombinant
protein was then purified by affinity chromatography using
Glutathione-agarose beads (GE Healthcare) following the
manufacturer’s recommendations. Induction of the recombinant
protein and its purification were examined by SDS-PAGE and
western blotting assays using antibodies against GST. Cleavage of
the GST tag was achieved using Pre-Scission protease following
the manufacturer’s reccommendations.

Production of Specific Antibodies

Recombinant protein was used as antigen to produce specific
antibodies against Spbhp-37. Thus, recombinant protein was
mixed with a volume of TiterMax Gold Adjuvant (Sigma 145380-
33-2). Then, a New Zealand white rabbit was injected with 150
ng of protein in 1 ml of suspension. For immunization, protein
suspension was divided in four doses of 250 wl each, which
were injected into two subcutaneous and two intramuscular
sites. Immunization was performed three times for periods of
15 days. The study was conducted in accordance with Good
Laboratory Practices (GLP) and Use of Laboratory Animals
(NOM-062-Z00-1999). The study protocol was approved by
the Institutional Animal Care and Use Committee (IACUC)-
Cinvestav. Thereafter, antiserum was obtained and tested using
total S. pneumoniae extracts or Spbhp-37 purified protein.

Western Immunoblotting

Protein samples from different fractions during purification
of the Spbhp-37 recombinant protein or total extracts of
S. pneumoniae, isolated as described (Romero-Espejel et al.,
2013), were loaded onto 12% SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were soaked for 1 h with
5% non-fat milk in PBS in order to saturate all remaining
active binding sites, and then they were incubated with anti-GST
(glutathione transferase; 1:10000) or anti-Spbhp-37 (1:10000)
antibodies. After that, membranes were incubated with anti-
rabbit IgGs secondary antibodies conjugated to horseradish
peroxidase (Invitrogen 65-6120; 1:10000) and the antibodies
recognition was revealed by chemiluminescence (Millipore).

Immunoelectron Microscopy

Bacteria grown in THB-Y or in the presence of Hb as only
iron source were fixed in 4% paraformaldehyde and 0.5%
glutaraldehyde in PBS for 1 h at room temperature. Samples
were embedded in the acrylic resin (LR White) and polymerized
under UV at 4°C overnight. Thin sections (i.e., 60 nm) were
obtained and mounted on Formvar-covered nickel grids. Later,
sections were incubated in PBS with 10% fetal bovine serum
before incubation with the anti-Spbhp-37 antibodies diluted
(1:100) in 5% fetal bovine serum. Then, samples were incubated
with anti-rabbit IgGs secondary antibodies conjugated to 20 nm
colloidal gold spheres (Ted Pella Inc; 1:100). Finally, sections
were contrasted with aqueous solutions of uranyl acetate and lead
citrate before being examined in a Jeol JEM-1011 transmission
electron microscope.

S. pneumoniae Growth in the Presence of
Hb and Anti Spbhp-37-GST Antibodies

Cells of S. pneumoniae previously cultivated and inoculated in
THB (supplemented with 0.5% of yeast extract). When it was
necessary to test an iron supply alternative, a chelating agent
700 pm 2,2'-dipyridyl (Sigma D216305-25G) was used in order
to eliminate iron from the medium of culture. Thereafter, the
bacteria were incubated for 16h at 37°C with an atmosphere
regulated at 5% CO,. In order to synchronize the cellular growth
(ODggp) was adjusted to 0.1. Thus, the cellular growth was
monitored each hour. After 3 h under iron starvation the medium
of culture was supplemented with: (a) only 2.5 uM of Hb (Cat.
H7379, Sigma®), (b) pre-immune serum (500 mg/ml) plus Hb
or (c) anti-Spbhp-37 antibodies (500 mg/ml) plus Hb. After that,
cellular growth was monitored each hour for 4 h, comparing
under iron limiting condition vs. the condition when Hb was
supplied as the sole iron source or when the anti-Spbhp-37
antibodies were added.

Overlay Assays

Total extracts of S. pneumoniae were separated by 12% SDS-
PAGE and transferred to nitrocellulose membranes (Bio-Rad).
Membranes were incubated for 1h at 37°C with 0.5% non-
fat milk in PBS and 0.05% Tween 20, pH 7.4 (PBST) to block
unspecific sites and then overnight at 4°C with human Hb (2.5
pM). After that, membranes were incubated for 1h at 37°C
with anti-hemoglobin antibodies (Santa Cruz Biotechnology SC-
21005) (1:10000), and lastly 1h at 37°C with the horseradish
peroxidase-conjugated secondary antibodies (Invitrogen 65-
6120; 1:10000). Antibodies recognition was developed by
chemiluminescence (Millipore). As a control, a membrane was
incubated only with PBST before the incubation with anti-globin
antibodies.

Surface Plasmon Resonance (SPR)

All SPR experiments were performed using Biacore T200
optical biosensor (GE Healthcare Life Sciences, Little Chalfont,
Buckinghamshire, UK). SPR measurements were carried out
in HBS-EP running buffer 10X (10 mM HEPES, 3mM EDTA,
150 mM NaCl, 0.05% v/v of Tween 20 and pH 7.4) at 25°C
in a CM5 chip (coated with carboxylated dextran). For the
immobilization scouting Hb was dissolved (30 jLg/ml) in acetate
buffer (pH 3.5, 4, 4.5, 5, and 5.5) and injected at the Biacore
system at flow rate of 10 pl/min, with a contact time of 120s
and using NaOH 50 mM as a wash solution to regenerate the
chip surface. Once pH was selected (pH 4), Hb was dissolved
in a corresponding acetate buffer (30 pwg/ml) and immobilized
to the chip using amine coupling at an immobilization level of
RL = 435 RU to reach a theorical RUmax = 249.53. During
the coupling, the chip surface was activated using 1:1 mixture of
100 mM Nethyl-N-(dimethylaminopropyl)-carbodiimide (EDC)
and 100 mM N-hydroxysuccinimide (NHS; both dissolved in
water), and after Hb injection, the residual activated carboxy
methyl groups on the chip surface were blocked by 1 M
ethanolamine, pH 8.5. For this study, flow cell 1 was blank
immobilized (without protein) for using as a reference. To
analyze interactions of Spbhp-37 with immobilized Hb, Spbhp-37

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

31

May 2016 | Volume 6 | Article 47


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Romero-Espejel et al. Characterization of Spbhp-37, a Hemoglobin-Binding Protein of Streptococcus pneumoniae

A E. coli B C S. pneumoniae
[ l | : |
Coomassie
VYB Coomassie WB
[ 1 ) AN —
a av Ab Ab Ab Ab
= » = GST Spbhp-37
c o 3 = Control Spbhp-37 __ GST
[ [ g g ‘g 5 6 E
3 3@ 8 £ 28 ¢ £ £ £ £
b 52 &= o Sc o 8 2 2 8
8 &% 2 3 3% B s © 8
oy -0 o 3 2 9 e S a o a
[} © = E o 33 = - = _ _
kDa 3 532 © 2 %8 5 o o E E S =
= (=) ] £ wE o o o 5] ° e °
100~ — = kDa , _
75= 100~
P = € Spbhp37 75
50= BT {
50- =
3= =
37- <€—Spbhp-37
| e d
25= —
25
20=- - -
20~ "=
1 2 3 4 5 6 1 2 1 2 3 4
FIGURE 1 | Production of a Spbhp-37 recombinant protein and antibodies against it. The Spbhp-37 encoding gene was cloned in the pGEX-6P-1 vector, the
recombinant protein was expressed in E. coli bacteria (BL21 strain) and purified. Then, this protein was used as antigen to obtain specific antibodies against it. Finally,
antibodies were utilized in western blotting assays on the recombinant protein and total extracts of S. pneumoniae. (A) Production and purification of the Spbhp-37
recombinant protein. Proteins were analyzed by 12% SDS-PAGE stained with coomassie blue. Lane 1, total proteins of non-induced bacteria; lane 2, total proteins of
IPTG-induced bacteria; lane 3, soluble fraction of IPTG-induced bacteria; lane 4, insoluble fraction of IPTG-induced bacteria; lane 5, solubilization of inclusion bodies;
lane 6, purified protein. (B) Western blotting on purified recombinant protein. Lane 1, western blotting using an antibody directed against the GST tag; lane 2, western
blotting using an antibody directed against the recombinant protein (anti-Spbhp-37). (C) Proteins were analyzed by 12% SDS-PAGE stained with coomassie blue and
western blotting on total proteins of S. pneumoniae. Lane 1, total extracts of S. pneumoniae were analyzed by 12% SDS-PAGE stained with coomassie blue; lane 2,
western blotting using the pre-immune serum; lane 3, western blotting using anti-Spbhp-37 antibodies; lane 4, western blotting using anti-GST. Molecular weight
markers are indicated on the left. Arrows indicate the antibodies recognition of recombinant protein Spbhp-37.

was dissolved in buffer HBS-EP and injected. The same buffer
was used as the running buffer. The flow rate was maintained
constant throughout the kinetics experiment (30 pl/min),
contact time was settled for 120s and dissociation time was
kept at 300s. Regeneration was carried out with NaCl 1 M for
30s. Experiments were performed with various concentrations of
Sphbp-37 from 100 to 1000 nM, monitoring the refractive index
changes as a function of time under constant flow conditions. The
relative amount of Spbhp-37 bound to the Hb was determined
by measuring the net increase of refractive index over time
compared with that of running buffer alone. This change was
reported in response units (RU). The data analysis was done with
Biacore T200 evaluation software version 1.0 and data was fit to
1:1 binding.

RESULTS
Cloning and Expression of Spbhp-37

To investigate the participation of Spbhp-37 protein on iron
acquisition, its encoding gene was cloned in the plasmid pGEX-
6-P-1. The construction was termed pGEX-spbhp-37 and was
used to transform BL21 strain; the expression of Spbhp-37 was
induced with IPTG. The overexpression of Spbhp-37 protein
was confirmed by SDS-PAGE stained with Coomassie blue,
we observed a band of 63 kDa when bacteria were incubated
with IPTG with respect to non-induced bacteria (Figure 1, lane

2). This molecular weight corresponds to the expected for the
recombinant protein (26 kDa from GST and 37 kDa from Spbhp-
37). Unfortunately, when soluble and insoluble fractions were
separated, the Spbhp-37 recombinant protein was detected in
the insoluble fraction (Figure 1, lane 4). Therefore, a protocol to
solubilize the inclusion bodies (IB) was performed (see Materials
and Methods Section) (Figure 1, lane 5) previous to purification
of the protein by affinity chromatography (Figure 1, lane 6).
To confirm the identity of the purified protein, we carried out
western blot assays using anti-GST antibodies. Results showed
that antibodies recognized the purified recombinant protein
(Figure 1B, lane 1).

Obtaining of Anti Spbhp-37 Antibodies

In order to produce anti Spbhp-37 antibodies, the recombinant
protein was used as antigen to inoculate a New Zealand
rabbit. As expected, the obtained antibodies recognized the
recombinant protein in western blot assays (Figure 1B, lane 2).
After that, antibodies were characterized by western blotting
on total proteins of S. pneumoniae. In these assays, antibodies
recognized a single band of 37 kDa, which corresponds to the
molecular weight of Spbhp-37 (Figure 1C, lane 3). This band
was not revealed when western blotting was performed with pre-
immune serum or with anti-GST antibodies (Figure 1C, lanes
2, 4, respectively). These results allowed us to demonstrate the
specificity of the antibodies raised against Spbhp-37.
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Spbhp-37 Protein is Increased Two Fold on
the Surface of S. pneumoniae When it is
Grown in the Presence of Hb As Only Iron

Source

To investigate the location of Spbhp-37 in S. pneumoniae
bacteria we performed immunoelectronic microscopy assays
using antibodies against the recombinant protein. Our results
showed the presence of Spbhp-37 protein on bacteria surface
(Figure 2B). Signal was specific for Spbhp-37 because not signal
was detected in a control incubated only with the gold-labeled
secondary antibodies (Figure 2A). Then, to analyze the effect of
Hb on the expression of Spbhp-37, we cultivated S. pneumoniae
in THB in the presence of Hb as the sole iron source. In
this condition we observed that the occurrence of Spbhp-37

-
o
1

Gold particles/
bacterium
T

TH -Fe+Hb

FIGURE 2 | Immunoelectron microscopy of Spbhp-37 protein. S.
pneumoniae cellular cultures were incubated in normal Todd-Hewitt Broth or in
medium with Hb as only iron source. Then, localization of Spbhp-37 was
analyzed by immunoelectron microscopy. (A) Negative control. Bacteria
incubated only with the gold-labeled secondary antibodies. (B) Spbhp-37 in
normal medium. (C) Spbhp-37 in medium with Hb as only iron source.
Arrowheads indicate the location of Spbhp-37 protein in S. pneumoniae. In
right is shown the magnification of cell bacteria to compare expression in both
growth conditions. (D) Quantitative analysis of Spbhp-37 expression. Gold
particles on bacteria growth under normal conditions (TH) and in medium with
Hb as only iron source (-Fe+Hb) were counted n = 25. Data represent mean
+ SD of three independent experiments. Asterisk indicates a significant
difference (o < 0.05).

on bacteria surface was more abundant than when cells were
grown in normal medium (Figure 2C). To obtain a quantitative
value, the positive signals were counted in each condition. Results
revealed an increase of about two fold of Spbhp-37 in bacteria
grown with Hb (Figure2D). This result was corroborated
by western blotting (data no showed). These results suggest
that the presence of Hb increases two fold the abundance of
Spbhp-37.

Anti Spbhp-37-GST Antibodies Limited the
Cellular Growth When Hb Was Supplied As

the Sole Iron Source

To explore whether Spbhp-37 protein is related to utilization
of Hb in the cellular growth of S. pneumoniae, we designed an
experiment in which the anti-Spbhp-37 antibodies were supplied
to block the bacteria growth under free iron limiting conditions,
but using Hb as sole iron source. When S. pneumoniae was
cultivated in THB under iron starvation, the cellular growth
was limited, but when this media was supplemented with
Hb as the sole iron source, the cellular growth was restored
(Figure 3). Interestingly, the cellular growth was blocked when
anti-Spbhp-37 antibodies were added to cellular cultures with
Hb as the sole iron source (Figure3). In addition, pre-
immune serum had a minimal effect on the cellular growth
in media supplemented with Hb (Figure 3). Results clearly
showed the cellular growth under iron limiting conditions was
impaired.
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FIGURE 3 | Anti Spbhp-37-GST antibodies block the cellular growth of
S. pneumoniae. S. pneumoniae strain R6 was cultivated in Todd-Hewitt
Broth under conditions of: iron sufficiency (—e=); without iron (=#=); without
iron and supplemented with Hb (=3=); without iron and supplemented with
Hb in the presence of anti-Spbhp-37 antibodies (=>==); and without iron and
supplemented with Hb in the presence of pre-immune serum (used as
unrelated antibodies) (—=). The cellular growth was monitored each hour for a
period of 7 h by spectrophotometry (600 nm). Data represent mean + SD of
three independent experiments by triplicate. The cellular growth from bacteria
cultivated in the medium without iron and supplemented with Hb in the
presence of anti-Spbhp-37 antibodies was significantly higher compared to
the cellular growth from bacteria cultivated in the medium without iron and
supplemented with Hb in the presence of pre-immune serum (used as
unrelated antibodies; p < 0.05, one-way ANOVA).
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i- - i i assumptions, the interaction between -37 protein an
Anti-Spbhp-37 Antibodies Block the p h b Spbhp-37 p d
Interaction between Spbhp-37 Protein and Hb as well the blockage of this interaction by anti Spbhp-37
Hb antibodies were investigated by overlay assays. Thus, total

proteins of S. pneumoniae (Figure4D) were separated in
SDS-PAGE and transferred to nitrocellulose membranes. Then,
membranes were incubated with Hb and interaction was revealed
with anti-Hb antibodies. At least five proteins, including a 37
kDa band Spbhp-37 protein (located in the top of gel), were
recognized by Hb and anti-Hb antibodies when total proteins
were used (Figure 4A). Interestingly, the detection of the protein

Inhibition  of  cellular  growth  with  anti-Spbhp-37
notwithstanding the presence of Hb supports the hypothesis
that Spbhp-37 is a receptor for Hb and that antibodies block
the interaction between both proteins. To corroborate these

N was not observed when anti-Spbhp-37 antibodies were added

Qfs\ in the overlay assays (Figure 4B). In addition, not bands were

\'%Q*o N N detected when incubation of Hb was omitted in the overlay

xvf‘\ N \Q\°\ experiments (used as a negative control) (Figure 4C). Results

¥ $\® <% confirmed that Spbhp-37 binds to Hb and that antibodies block

Spbhp-37 ' the interaction between both proteins.

Spbhp-37 Showed High Affinity by Hb

— To determine the affinity of Spbhp-37 for Hb, the GST

- tag of the Spbhp-37 recombinant protein was eliminated by

A B C D digestion with the Pre-Scission protease and its affinity to Hb

\_'_} - was analyzed by surface plasmon resonance (SPR). First, to

confirm the cleavage of the GST tag, protein samples were

Overlay assay Coomassie
analyzed by SDS-PAGE and western blotting. After SDS-PAGE

FIGURE 4 | Hb binds to Spbhp-37 protein in overlay experiments. Total and coomassie blue staining we observed the purified Spbhp-
proteins of S. pneumoniae were loaded onto 12% SDS-PAGE, transferred to 37-GST protein (Figure 5A, lane 1), the Spbhp-37 protein
nlltrocellulose membrane and ovgrlay assays lwere performeq. (A) Overlgy. without GST (Figul‘e 5A, lane 2)) and the releasing of the
Nitrocellulose membranes were incubated with Hb, with anti-hemoglobin . . .

antibodies, and peroxidase-conjugated secondary antibodies. (B) As in A, but GST tag (Flgure 5A, lane 3 )' Identlty of Spbhp—3 7 protein
the overlay assay was incubated first with anti-Spbhp-37 antibodies. (C) was corroborated bY western blotting assays using the anti
Negative control. Nitrocellulose membranes were incubated only with primary Spbhp-37 antibodies. These antibodies recognized the Spbhp-
and secondary antibodies (omitting the incubation with Hb). (D) Coomassie 37-GST protein (Figure 5B, lane 1) and the Spbhp—37 protein

blue staining. Total proteins of S. pneumoniae were loaded onto 12%

SDS-PAGE. Arrow indicates the Spbhp-37 protein. without the GST tag (Figure 5B, lane 2), but GST was not

revealed (Figure 5B, lane 3). As a control, western blotting was
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FIGURE 5 | Purification of the Spbhp-37 recombinant protein without the GST tag. Spbhp-37-GST recombinant protein was purified by chromatography
affinity and the cleavage of GTS tag was performed by the PreScission protease. Then, protein samples were analyzed by 12% SDS-PAGE and western blotting using
anti-Spbhp-37 antibodies was tested. (A) Coomassie blue staining. (B) Western blotting with anti-Spbhp-37. (C) Western blotting with anti-GST. Lane 1,
Spbhp-37-GST; lane 2, Spbhp-37 without GST; lane 3, GST. Molecular weight markers are indicated at the left side.
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FIGURE 6 | Quantitative analysis of hemoglobin-Sphbp-37 interaction
using Biacore assay (Surface Plasmon Resonance). Human hemoglobin
was immobilized on sensor chips CM5 (Biacore) and binding curves for
Spbhp-37 were expressed in resonance units (RU) as a function of time. The
kinetic parameters and concentrations of the analysis are indicated.

performed using an anti-GST antibody, where only Spbhp-37-
GST protein (Figure 5C, lane 1), and GST (Figure 5C, lane 3)
were revealed.

To obtain kinetic binding data by SPR, Hb was immobilized
on the sensor chip and the binding of Spbhp-37 (without
GST tag) at concentrations ranged from 100 to 1000 nm was
tested. In these experiments we observed a dose-dependent
binding of Spbhp-37 to Hb (Figure6). Curve fitting of
the sensograms enabled us to determine that Kd was of
3.57 e-7 M, showing a high affinity of Spbhp-37 protein
for Hb.

DISCUSSION

S. pneumoniae is a human pathogen that uses Hb to cover its
iron necessities. However, the iron acquisition mechanism has
been poorly studied. Previously, we identified a lipoprotein of 37
kDa (Spbhp-37) as a S. pneumoniae membrane protein, which
was purified by haem affinity chromatography and that could be
involved in the Hb and haem acquisition. In the present work, by
use of an antibody raised against Spbhp-37 recombinant protein
we showed that the expression of native protein was increased
on the surface of S. pneumoniae when Hb was supplemented as
the sole iron source. These results clearly showed the character
of receptor protein, because it was detected on the surface of the
bacterium (Lei et al., 2002, 2003; Bates et al., 2003; Mazmanian
et al,, 2003). In addition, when these antibodies were used to
analyze the bacterial growth in the presence of Hb, we noticed
that they diminished about 50% the cell growth with respect to
that obtained in media with Hb in the absence of this antibody or
in the presence of pre-immune serum, indicating the importance
of Spbhp-37 on uptake of Hb when was supplied as only iron
source. This hypothesis was confirmed by overlay assays, because
we found that Hb bound to Spbhp-37 protein and anti Spbhp-
37 antibodies were capable to inhibit the interaction between Hb
and Spbhp-37 protein. In fact, antibodies only blocked the Hb

binding to one (Spbhp-37) of the all bands previously identified
in S. pneumoniae total proteins (Romero-Espejel et al., 2013),
which correspond to 37 kDa size, this observation clearly showed
the specificity of the antibodies produced. On the other hand,
the low Kd determined by SPR for the binding of Hb and
Spbhp-37 protein (3.57 e~ M) is similar to that reported for the
TonB-dependent haem receptor (HasR) of Serratia marcescens,
the outer membrane haem receptor (HmuR) of Porphyromonas
gingivalis, and haem receptor (HasA) of S. marcescens (Ghigo
etal,, 1997; Olczak et al., 2001; Deniau et al., 2003), indicating that
Spbhp-37 protein binds Hb with high affinity and suggesting that
this protein is necessary in the mechanisms of iron acquisition
to scavenge iron. Possibly other proteins are involved in this
mechanism, for example those reported previously by our group,
which include a stress general protein of 22 kDa, a maltose-
binding protein of 45 kDa, and a glutamine synthetase type I 50
kDa (Romero-Espejel et al., 2013). These proteins could help to
introduce and store the iron source to cytoplasm as it has been
described for other Gram-positive bacteria (Mazmanian et al.,
2002, 2003; Skaar et al., 2004; Skaar and Schneewind, 2004; Wu
et al.,, 2005).

Our overall results attempt to explain the iron acquisition
mechanism by S. pneumoniae when Hb is available. We showed
that Spbhp-37 is a surface protein involved in Hb uptake, an
essential mechanism of this pathogen to establish an infection
process in human, because this bacterium uses Hb and haem as
iron sources.
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Streptococcus pneumoniae infections result in a range of human diseases and are
responsible for almost one million deaths annually. Pneumococcal disease is mediated
in part through surface structures and an anti-phagocytic capsule. Recent studies have
shown that nonencapsulated S. pneumoniae (NESp) make up a significant portion
of the pneumococcal population and are able to cause disease. NESp lack some
common surface proteins expressed by encapsulated pneumococci, but express surface
proteins unique to NESp. A chinchilla model of otitis media (OM) was used to determine
the effect various pneumococcal mutations have on pathogenesis in both NESp and
encapsulated pneumococci. Epithelial cell adhesion and invasion assays were used
to examine the effects in relation to deletion of intrinsic genes or expression of novel
genes. A mouse model of colonization was also utilized for comparison of various
pneumococcal mutants. It was determined that pneumococcal surface protein K (PspK)
and pneumolysin (Ply) affect NESp middle ear pathogenesis, but only PspK affected
epithelial cell adhesion. Experiments in an OM model were done with encapsulated
strains testing the importance of native virulence factors and treatment of OM. First,
a triple deletion of the common virulence factors PspA, PspC, and Ply, (APAC), from
an encapsulated background abolished virulence in an OM model while a PspC mutant
had detectable, but reduced amounts of recoverable bacteria compared to wildtype.
Next, treatment of OM was effective when starting antibiotic treatment within 24 h with
resolution by 48 h post-treatment. Expression of NESp-specific virulence factor PspKin
an encapsulated strain has not been previously studied, and we showed significantly
increased adhesion and invasion of human epithelial cells by pneumococci. Murine
colonization was not significantly increased when an encapsulated strain expressed
PspK, but colonization was increased when a capsule mutant expressed PspK. The
ability of PspK expression to increase colonization in a capsule mutant despite no
increase in adhesion can be attributed to other functions of PspK, such as sIgA binding or
immune modulation. OM is a substantial economic burden, thus a better understanding
of both encapsulated pneumococcal pathogenesis and the emerging pathogen NESp is
necessary for effective prevention and treatment.

Keywords: Streptococcus pneumoniae, pneumococcal surface proteins, PspK, nonencapsulated Streptococcus
pneumoniae, NESp, pneumococcus, chinchilla, otitis media
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INTRODUCTION

The pathogenesis of  Streptococcus  pneumoniae  (the
pneumococcus) is varied and complex due in part to surface
structures (Gillespie and Balakrishnan, 2000; Hammerschmidt,
2006; Thornton et al., 2010). Pneumococcal diseases account
for ~1 million childhood deaths annually worldwide (O’Brien
et al, 2009). However, introduction of the pneumococcal
conjugate vaccine (PCV) has led to a dramatic decline in
invasive pneumococcal disease (IPD) (Fitzwater et al., 2012).
The currently available pneumococcal vaccines target specific
pneumococcal polysaccharide serotypes, 23 in Pneumovax
(Pneumovax® 23; PPSV23; Merck, Whitehouse Station,
NJ, USA), and 13 in Prevnar [Prevnar 13®; PCV13; Pfizer
(formerly Wyeth Pharmaceuticals), New York, NY, USA].
Despite extensive use of the PCV in certain parts of the
world, noninvasive pneumococcal infections are still prevalent
(Weinberger et al., 2011). Noninvasive pneumococcal infections
include nonbacteremic pneumonia, conjunctivitis, otitis media
(OM), and sinusitis. The pneumococcus is a common etiological
agent of OM. In the United States, OM is responsible for most
pediatrician visits (McCaig and Hughes, 1995; Gonzales et al,,
2001; Lieberthal et al., 2013).

The major pneumococcal virulence factor and target of the
PCV is the pneumococcal polysaccharide capsule. There are at
least 97 antigenically distinct capsule types (serotypes), as well as
pneumococci that do not express any capsule (Geno et al., 2015).
Encapsulated strains are dependent on the presence of capsule for
all stages of the life cycle, from colonization to virulence, while
nonencapsulated S. pneumoniae (NESp) do not require a capsule
(Kadioglu et al., 2008). Pneumococcal surface proteins are
required for colonization and mediate virulence independent of
the capsular status. Pneumococcal surface proteins are classified
by means of surface attachment and include choline binding
proteins (CBPs), LPxTG binding, lipoproteins, and nonclassical
surface proteins (Bergmann and Hammerschmidt, 2006).

The surface of NESp and encapsulated pneumococci vary
greatly, not only because of the presence or absence of capsule,
but also based on the various surface proteins expressed.
Regardless of what surface proteins are expressed in either
NESp or encapsulated pneumococci, they are essential for
colonization and pathogenesis (Valentino et al., 2014). The
surface composition between different encapsulated strains also
varies, usually as a result in variations of what genes are encoded
and expressed, along with different protein isoforms. For
instance, the encapsulated pneumococcal CBPs PspA and PspC
have multiple variants and have been shown to be important
for virulence in both invasive and noninvasive infections
(Ogunniyi et al, 2007a). It is important to understand the
alterations in virulence profiles as a consequence of differential
surface protein expression in order to better understand which
strains may be more pathogenic. Furthermore, genetic exchange
between pneumococci occurs rapidly and can alter the virulence
potential of a strain. Past studies examining alterations in surface
proteins have shown that during OM, deletion of PspC reduced
virulence while loss of PspA completely eliminated disease in
a serotype 2 background (Schachern et al., 2014). NESp lack

PspA and PspC but some express the LPxTG binding protein
PspK, which has been shown to increase NESp colonization
and virulence during OM (Park et al, 2012; Keller et al,
2013, 2014, 2015). We have previously demonstrated adherence
to epithelial cells is an important function of NESp surface
proteins, and increased adhesion of NESp correlated to increased
bacterial burden during OM (Keller et al., 2013, 2014). Another
important virulence factor that all known encapsulated and
nonencapsulated pneumococci possess is pneumolysin (Ply).
It has been shown that Ply has a significant function during
infection (Mitchell and Mitchell, 2010). The role of Ply in NESp
virulence during OM has not been previously established.

Pneumococci are known to exchange genetic material that
has resulted in a high frequency of recombination within the
cps locus, potentially as a consequence of selective pressure
from the use of the PCV (Croucher et al, 2011). Genetic
exchange at the cps locus between encapsulated pneumococci
and NESp may allow encapsulated strains to persist transiently
as a nonencapsulated variant despite vaccination. High rates of
chromosomal recombination are also focused around regions
harboring genes for antibiotic resistance (Croucher et al., 2011).
Antibiotic resistance is commonly observed in pneumococcal
strains, and NESp often harbor multiple drug resistances
(Sulikowska et al., 2004; Chewapreecha et al, 2014; Keller
et al, 2016). Due to rapid transfer of resistance genes
between pneumococcal strains, prompt, and targeted treatment is
necessary for pneumococcal infections. Timely treatment allows
for faster resolution and may limit dissemination into other sites.

The current study demonstrates that the absence of Ply
reduces the ability of NESp to cause OM. Also, epithelial
cell adherence is an important function of OM virulence, but
does not directly lead to pathogenesis of encapsulated strains.
Additionally, we demonstrate that expression of PspK in capsule
mutants partially compensates for the loss of capsule during
colonization, thus affording pneumococci a way to circumvent
increased use of capsule targeting vaccines.

METHODS

Bacterial Strains

Table 1 contains bacterial strains, relevant mutations, and
selective markers used in the current study. All pneumococcal
strains were grown at 37°C in 5% CO; in Todd-Hewitt medium
with 0.5% yeast extract (THY), or on sheep blood agar (BA) with
appropriate antibiotic selection as indicated in Table 1. Genomic
and plasmid DNA was obtained using manufacturers protocols
with a DNeasy blood and tissue kit (Qiagen) or a plasmid minikit
(Qiagen), respectively. Plasmids were maintained in Escherichia
coli strain DH5a and grown in Luria Bertani broth (LB) with
appropriate antibiotic selection.

Genetic Manipulations

Gene deletions were made through allelic replacement.
Pneumococcal transformations were performed in competence
media (THY, 0.2% fresh bovine serum albumin, 0.01% CacCl,,
and 0.1% glucose). Bacteria were grown in competence media to
approximately ODgqp 0.2, diluted 1:20 in competence media, and

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

39

May 2016 | Volume 6 | Article 55


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Keller et al.

Pneumococcal Virulence in Experimental OM

TABLE 1 | Bacterial strains used in this study.

Strain Parent strain Serotype Mutation Marker? References

D39 2 Avery et al., 1944
APAC D39 2 Ply/PspA/PspC Tmp-Tet-Erm Quin et al., 2007

Deletion (10 pg/ml-5 png/ml-0.3 pg/ml)

R36A D39 2 Capsule Mutation Taylor, 1949
LEK20 D39 2 PspK Addition Kan (500 pg/mi) This study
AM1000 D39 2 Capsule Mutation Magee and Yother, 2001
LEK16 D39 2 Capsule Deletion/PspK Addition Kan (500 pg/ml) This study

MNZz67 NESp Park et al., 2012
LEKO5 MNZz67 NESp PspK Deletion Spec (300 ng/ml) This study
LEKO7 MNz67 NESp Ply Deletion Tmp (10 pg/ml) This study
LEK11 MNz67 NESp PspK/Ply Deletion Spec-Tmp (300 png/ml-10 pg/mi) This study

EF3030 19F Andersson et al., 1983
LEK10 EF3030 19F PspC Deletion Erm (0.3 ng/ml) This study
LEK12 EF3030 19F Capsule Deletion Spec (300 pg/ml) This study
LEK14 EF3030 19F PspK Addition Kan (500 pg/ml) This study
LEK15 EF3030 19F Capsule Deletion/PspK Addition Spec-Kan (300 ng/ml-500 pg/ml) This study

aTmp-trimethoprim; Tet, Tetracycline; Erm, Erythromycin; Kan, Kanamycin,; Spec, Spectinomycin.

stimulated with 2 pg/ml of competence-stimulating peptide 1
(CSP-1) for 12 min before the addition of ~1 jLg of DNA (Yother
et al., 1986). Pneumococci were incubated for 4 h at 37°C before
plating on BA containing appropriate antibiotic selection.

DNA for pspK deletion in MNZ67 and cps deletion in EF3030
was obtained through polymerase chain reaction (PCR) of
genomic DNA isolated from MNZ1131 (Park et al., 2012) with
primers DexBF (5-GACTATCTAGCCAAGCTAGG-3') and
AliAR (5'- CCCTGTACGAGATGTAGTTG -3'). DNA for ply
deletion was isolated from APly2 (Thornton and McDaniel,
2005) using primers UpstreamPlyF (5-CTAGCCTTGACAACT
AGCCAATC-3') and DownstreamPlyR (5-TGCAAATAGAAA
GTTTCAGCC-3'). Expression of PspK was achieved through
ectopic expression using plasmid pABG5. The pspK gene was
isolated from genomic MNZ67 DNA using primers pABG5
PspKF (5'-GCGGAATTCATGAATAATAAGAATATCATC
CCGATGAG-3") and pABG5 PspKR (5-GCGCTGCAGCTA
ATTTTTATGTTTAACAAATGGAAGA-3'). Primers contain
restriction sites EcoRI and Pstl, respectively, indicated by bolded
and underlined section of primer. Plasmid pABG5 and pspK
amplicon was digested with EcoRI (NEB) and PstI (NEB), ligated
with T4 DNA ligase (Thermo Scientific) and transformed into
DH5a making pABG5::pspK. Plasmid verified by sequencing and
PspK levels in wildtype MNZ67 and PspK expression mutants
were equivalent as determined by flow cytometry and Western
blot analysis.

Adhesion and Invasion Assays

Adhesion and invasion assays were performed as previously
described (Keller et al., 2013). In brief, 24 well-plates were
seeded to ~90% confluency with human pharyngeal cell line
Detroit 562 or lung cell line A549. Epithelial cells were incubated
with 1 x 107 CFU/ml of bacteria suspended in EMEM for
30 min then washed two times with 1X PBS to remove

unbound pneumococci. Epithelial cells were trypsinized (100
ul 0.25% Trypsin-EDTA) and plated on BA for enumeration.
Invasion assays were performed as above, but epithelial cells
were incubated with bacteria for 2 h before being washed two
times with 1X PBS. Washed cells were further incubated for 1
hr with EMEM containing 10 pg/ml penicillin and 200 pg/ml
streptomycin to kill extracellular bacteria. Epithelial cells were
washed and trypsinized as above before enumeration on BA.

Experimental OM

Experimental OM was performed as previously described (Keller
etal,, 2014). In brief, young adult chinchillas (Chinchilla lanigera,
body weight 400-500 g) from Ryerson Chinchilla Ranch were
allowed to acclimate for at least 7 days. Otoscopic examination
was used to examine the tympanic membrane of all animals
before infection. Chinchillas with no visible pathology received
100 i transbullar injections containing 1 x 107 NESp or 1 x
10? encapsulated pneumococci in 1X PBS containing 0.04%
gelatin. Differences in inoculum amounts between NESp and
encapsulated pneumococci were calculated in accordance to
previous studies that displayed encapsulated pneumococci to be
highly invasive causing sepsis and death very rapidly at high
inoculums in this model (Forbes et al., 2008). Chinchillas were
injected with 1 x 10* of the D39 mutant APAC due to a
known reduction of virulence in other animal models (Ogunniyi
et al., 2007b). Infections with encapsulated pneumococci were
only performed out to 3 days due to significant pathology
of these strains. Animals were monitored daily for clinical
symptoms (listing, loss of appetite, and response to stimulus or
noise) and tympanic membrane was visualized for inflammation
immediately following euthanasia with a Karl Storz Vetcam XL
692800 20 with an otoscopic attachment. Samples were collected
and visible tympanic inflammation and biofilm formation were
scored. Tympanic inflammation was scored through otoscopic
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examination as follows: 0 = none, 1 = inflammation, 2 =  Pneumococcal ascension to the middle ear was assessed by
effusion, and 3 = tympanic rupture. The tympanic membrane  bacterial enumeration of bullae collected from the IN challenged
of an uninfected chinchilla is an opalescence oft-white color  mice. The posterior section of the skull was bisected down the
with inflammation defined as visible rubor or yellowing of the  sagittal plane and brain removed from both sections. Bullae
membrane. Effusion of the middle ear is indicated by physical ~ were located slightly posterior and caudally of external ear canal,
presence of fluid upon sample processing or yellowing of the  removed with forceps, and homogenized in 200 1 1X PBS before
tympanic membrane with visible pockets of air behind the  enumeration on BA containing 5 pg/ml gentamicin.
membrane. Tympanic rupture is indicated by a breach of the

tympanic membrane with possible drainage. Biofilm formation Statistical Analysis

was visibly scored as follows: 0 = none, 1 = surface formation,  Results from adhesion assays were determined by Student’s ¢-
2 = traverses bulla, and 3 = traverses bulla with thickening. For  test with the InStat program (GraphPad Software). For OM and
treatment experiments, ampicillin (100 mg/kg) was administered ~ colonization, the numbers of CFU in the different experimental
intramuscularly every 12 h starting at the indicated time points. ~ groups were compared using the Mann-Whitney test with the
Individual data points in OM studies represent each bulla per  InStat program. Significant results are indicated by P values of
animal (2 total), with at least two biological replicates examining ~ <0.05.

1-2 chinchillas per replicate. All animal studies were performed

in accordance with protocols approved by the University of RESULTS

Mississippi Medical Center Institutional Animal Care and Use

Committee. We have previously demonstrated that deletion of PspK from
. . . NESp MNZ11, a sequence type (ST) 6151, reduced pathogenesis
Murine Colonization in an OM model and significantly reduced epithelial cell adhesion

Mouse studies were performed as previously described (Keller — (Keller et al., 2014). Deletion of PspK from NESp MNZ67
et al., 2013). In brief, 6-8 week old C57/BL6 mice were lightly ~ (ST1464) also significantly reduced bacterial burden during OM
anesthetized with isoflurance and intranasally (IN) challenged  in a chinchilla model, p < 0.0001 (Figure 1A). Inflammation and
with 10 pul 1X PBS containing ~1 x 107 bacteria. Five days  biofilm formation were significantly reduced when comparing
post-challenge, mice were euthanized, nasopharyngeal lavage, = PspK deletion mutant (LEKO05) to wildtype (MNZ67), p = 0.028
and tissue samples as well as bullae were collected, and bacteria ~ and p = 0.0027, respectively (Table 2). Next, the significance
were enumerated on BA containing 5 pg/ml gentamicin. Samples  of Ply in NESp OM pathogenesis was determined because
were collected through retrograde lavage of 200 ] sterile saline  pneumolysin has been associated with increased inflammation
solution starting from exposed trachea and samples collected  (Hirst et al., 2004). We observed a significant reduction in
from the nares. Mice were decapitated and physically denuded  recovered bacteria from the middle ear (Figure 1A). Also, a
of fur followed by transverse sectioning of skull posterior  significant reduction in biofilm formation was observed when
of orbital sockets. Anterior section of the skull was bisected  ply was deleted (Table 2). Next a double mutant lacking both
down sagittal plane and nasopharyngeal tissue collected with ~ PspK and Ply was tested for virulence during OM. Surprisingly,
forceps and homogenized in 200 pl 1X PBS before enumeration.  there was no significant difference in the number of bacteria
Colonizing bacteria are a combination of bacterial counts  recovered from the chinchilla middle ear in comparison to
from lavage and nasopharyngeal tissue from the same mouse.  wildtype MNZ67, p > 0.05. (Figure 1A).

A NESp OM B Encapsulated Mutant
! p=0.1243 : £<0.0001
p=0.0016 f 1
101
8 p<0.0001 |_{p<°'°°°1
l I 84
o 6 S
- 3
Q Q69
S 4l S
w w
o O 44
g e
- g
2 - 24
0- 0 y y
MNZ67 LEKO5 LEKO7 LEK11 D39 APAC R36A
FIGURE 1 | Deletion of pneumococcal virulence factors significantly reduces bacterial burden during experimental OM. (A) Single gene deletion of pspK
(LEKO5; p < 0.0001) or ply (LEKO7; p = 0.0016) and double gene deletions of pspK and ply (LEK11; p = 0.1243) had significant reductions in recovered bacteria
compared to wildtype NESp MNZ67. (B) Serotype 2 pneumococcal strain D39 had high levels of bacteria recovered from the middle ear of chinchillas, but no bacteria
were recovered when chinchillas were challenged with a D39 triple gene deletion mutant APAC or acapsulalar mutant R36A (o < 0.0001). Data represents at least
two independent experiments of four bullae per experiment.
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Previous studies have shown the importance of PspA and
PspC for encapsulated pneumococci (serotype 2) during OM
(Schachern et al., 2014). We have shown the importance of
Ply for NESp OM virulence in contrast to past work in
encapsulated pneumococci (serotype 3) (Sato et al, 1996). A
combination of PspA, PspC, and Ply deletion have not been
tested in encapsulated strains. We found that deleting all three
proteins from serotype 2 strain D39 (APAC) and deletion of
capsule (R36A) completely attenuated virulence in comparison
to wildtype, p < 0.0001 (Figure 1B). A corresponding reduction
in inflammation and biofilm formation was observed when
comparing triple mutant APAC and capsule mutant R36A to
wildtype D39 p < 0.0001 (Table 2).

As previously reported, increased adhesion of NESp to
epithelial cells correlated with increased bacterial recovery from
the middle ear of chinchillas (Keller et al., 2014). Due to
reduced bacterial recovery of Ply deletion mutants, we wanted
to determine if Ply impacted epithelial adhesion. Although we
observed a reduction in pneumococci recovered during OM,

TABLE 2 | Inflammation and biofilm scores of infected chinchillas.

Strain Inflammation Biofilm Inflammation Biofilm
score formation P-value P-value
MNz67 1.00 £+ 0.41 2.00 + 0.41
LEKO5 0.00 £ 0.00 0.25 +£0.25 0.0286 0.0002
LEKO7 0.50 £ 0.29 0.50 £ 0.29 0.33 0.0015
LEK11 1.375 + 0.26 1.00 + 0.27 0.45 0.061
D39 1.50 +£0.29 2.00 + 0.00
APAC 0.00 + 0.00 0.00 + 0.00 0.0021 0.0001
R36A 0.50 +£0.25 0.60 + 0.37 0.04 0.0091
EF3030 2.00 + 0.00 1.75 +£0.25
LEK10 1.50 +£0.29 2.00 + 0.00 0.1354 0.4816

Scores are average with standard error of the mean with significant p-values indicated in
bold. P-value is for mutant vs. parent strain.

Figure 2A shows deletion of ply did not reduce epithelial cell
adhesion to pharyngeal cell line Detroit 562 (p > 0.05). This
indicated that another virulence mechanism, such as biofilm
formation, may be responsible for the decrease in recovered
bacteria. As expected deletion of PspK from wildtype strain
MNZ67 did reduce epithelial adhesion (p < 0.0001). Deletion
of capsule has been shown to increase epithelial cell adhesion
of encapsulated strains, which we verified here (Figure 2B).
Increased epithelial cell adherence of NESp has led to increased
bacterial recovery during experimental OM, but we did not
observe that correlation when capsule genes were deleted from
encapsulated strains despite increased epithelial cell adherence.

We have shown that D39 (serotype 2) can infect chinchillas
and specific virulence factors play a role in pathogenesis.
Unfortunately D39 resulted in high virulence in the chinchilla
OM model with as few as 10 CFU causing death in some
chinchillas limiting its usefulness due to ethical reasons (data
not shown). We wanted to determine if other serotypes were
as virulent as D39 during an OM infection, so we investigated
encapsulated strain EF3030 (19F, known causative serotype
of OM) for our infection model (Joloba et al., 2001). High
bacterial loads of EF3030 were recovered from the middle ear of
chinchillas during experimental OM (Figure 3) with a portion
of infected chinchillas becoming septic. However, chinchillas
infected with EF3030 had better clinical outcomes than D39
infected animals (data not shown). No difference between
inflammation or biofilm formation was observed between D39
and EF3030, p > 0.05 (Table2). In an effort to reduce
invasiveness of encapsulated EF3030, PspC was deleted. Deletion
of PspC from EF3030 (LEK10) reduced bacterial burden, p =
0.0026, but did not prevent invasive infections in chinchillas
(Figure 3).

We next wanted to determine if treatment of an OM infection
prone to systemic invasion was treatable with commonly
prescribed antibiotics, and if the time of treatment aided in
outcome. Amoxicillin is a commonly prescribed antibiotic for the
treatment of OM (Lieberthal et al., 2013). The use of ampicillin
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FIGURE 2 | Adhesion of pneumococci to human pharyngeal epithelial cell line Detroit 562 is affected by specific gene deletions. (A) Deletion of pspK
from wildtype NESp MNZ67 significantly reduced bacterial adhesion to epithelial cells, but no effect was seen with a ply gene deletion. Deletion of pspK and ply from
MNZ67 (LEK11) significantly reduced epithelial cell adhesion compared to wildtype MNZ67 (o < 0.0001). (B) Pneumococcal epithelial cell adhesion was significantly
increased in both D39 mutants, APAC and R36A (o < 0.0001). Data represents three independent experiments in triplicate.
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FIGURE 3 | Encapsulated strain EF3030 (serotype 19F) middle ear
pathogenesis in chinchillas are not mediated by PspC. There is a
significant decrease in the amount of bacteria recovered from the middle ear of
chinchillas when comparing wildtype EF3030 to pspC gene deletion (LEK10).
Data represents samples from four bullae.

for our study avoids excess stress upon the animals by reducing
the handling necessary to gavage treatment into an infected
chinchilla. We found that treatment starting within 24 h post-
infection was able to completely clear EF3030 infection, p <
0.0001 (Figure 4A). Treatment starting 48 h after infection was
also able to reduce bacterial burden, but only by two logs
compared to no treatment, p < 0.005 (Figure 4A). EF3030 with
no treatment had increased inflammation (Figure 4C) compared
to treatment starting at 24 h post-infection (Figure 4B) or 48 h
post-infection (Figure 4D).

We have shown that pneumolysin and surface proteins impact
pneumococcal virulence and rapid treatment is necessary to
efficiently clear infections and limit systemic dissemination.
Genetic exchange between pneumococci occurs regardless of
capsule status, but the effect of a NESp-specific surface protein
expressed in an encapsulated strain has never been determined.
Past studies have utilized D39 acapsular derivative R36A for
PspK expression in an encapsulated background (Keller et al.,
2013, 2014), but R36A has been lab adapted for decades and
may not represent a capsule exchange that occurs naturally.
Here, we use a PspK expressing plasmid to determine the effects
of PspK expression on encapsulated pneumococcal adherence
and colonization with and without the presence of capsule. As
shown in Figures 5A,B, expression of PspK in encapsulated
strains EF3030 and D39 increased their ability to adhere to lung
epithelial cell line A549, p < 0.0001 and p = 0.032 respectively.
While this is independent of the two serotypes tested, EF3030
(serotype 19F) had a significantly greater increase in lung
epithelial cell adhesion than D39 (serotype 2). The deletion of
capsule increased epithelial cell adhesion with or without the
presence of PspK. Surprisingly, expression of PspK in acapsular
mutants did not significantly increase epithelial cell adhesion

when the capsule was absent. This is in contrast to past work
using the D39 capsule mutant R36A (Keller et al., 2013). There
was a concurrent increase in epithelial cell invasion in all samples
in which epithelial cell adhesion was increased (Figures 5C,D).

We next wanted to determine if these effects in vitro were
also observed in a mouse model. Since increased adherence
may correlate to enhanced virulence of encapsulated strains,
the chinchilla OM virulence model was avoided due to ethical
consideration of the animals. EF3030 was chosen for this model
because it is a known colonizer of the mouse nasopharynx
and, unlike D39, does not disseminate into the blood in mice.
As shown in Figure 6A, there was no difference in the ability
of EF3030 to colonize when PspK was present or absent. In
contrast, when the capsule is removed from EF3030 and PspK
is expressed, there were significantly more bacteria recovered
from the mouse nasopharynx (p = 0.0082), but not equivalent
to wildtype EF3030 levels. The amount of bacteria that ascended
through the mouse Eustachian tube into the middle ear was
also quantified (Figure 6B). Expression of PspK in EF3030 or in
EF3030 capsule mutant LEK12 did not significantly increase the
number of bacteria collected from the middle ear.

DISCUSSION

PspK plays an important role in NESp pathogenesis along with
pneumolysin (Ply) (Figure 1). While PspK mediated virulence
is through increased epithelial cell adhesion, Ply virulence
is not (Figure2A). The expression of PspK in encapsulated
strains increases adhesion in vitro to human epithelial cells
(Figures 5A,B), but does not correlate to increased ability to
colonize the mouse nasopharynx. Colonization by a capsule
mutant of an encapsulated strain is partially rescued by the
expression of PspK, but not to the level of a wildtype encapsulated
strain (Figure 6A). We were also able to show the importance
of surface proteins for OM in encapsulated strains, as well as an
increased efficacy of treatment when the treatment is started early
during infection.

We first described PspK as a virulence protein in the chinchilla
using MNZ11, a ST6151 strain that is genetically related to other
NESp based on sequence type (Keller et al., 2014). The current
study uses a NESp MNZ67, a ST1464 that has been previously
associated with pneumococci of the 19F serotype. We determined
that PspK performs a similar function in NESp regardless of the
genetic background in which it is being expressed, both in terms
of in vitro epithelial cell adhesion and in vivo pathogenesis. The
role of Ply, a known virulence factor found in all encapsulated
and nonencapsulated pneumococci, was also examined in NESp
virulence. We were able to demonstrate a significant decrease
in virulence during OM when Ply was not expressed (Figure 1),
and this is independent of epithelial cell adhesion. Decreased
virulence was most notable in the amount of biofilm in the middle
ear, with the Ply mutant producing significantly less biofilm than
wildtype MNZ67 (Table 2). This is unsurprising due to previous
reports on the importance of Ply for biofilm formation and helps
explain the decrease in recovered bacteria (Shak et al., 2013).
Recent reports of NESp have also identified a second Ply-like
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FIGURE 4 | Effect of bacterial burden and clinical symptoms of systemic ampicillin treatment of EF3030 OM model. (A) Untreated animals had high levels
of recovered bacteria and ampicillin treatment significantly reduced bacterial burden. Treatment starting 24 h post-infection cleared all detectable bacteria from the
middle ear and treatment starting 48 h post-infection had a smaller, but significant reduction in recovered bacteria. (B) Tympanic membrane of animal 72 h
post-infection and 48 h after start of treatment. (C) Tympanic membrane of mock treated animal 72 h post-infection. (D) Tympanic membrane of animal 72 h
post-infection and 24 h after start of treatment. Data represents samples from four bullae and representative pictures.

gene (plyB) that is more closely related to cytolysins of other  the D39 mutant APAC is similar to NESp by lacking these
streptococcal species (Morales et al, 2015). The presence of  proteins, but still retains the important capsule virulence factor.
this second cytolysin may compensate for the deletion of the = Unlike NESp, APAC was unable to cause OM and had no
canonical Ply, but this has yet to be tested. This led to the question  visible signs of pathology. While APAC was inoculated at a
of the importance of pneumolysin in encapsulated strains during ~ lower CFU/ml than NESp, we have been able to previously
experimental OM. recover NESp from chinchillas infected with as little as 1 x

In contrast to this study with a pneumolysin mutant in  10* inoculum but with a reduction in total number of infected
NESp, a previous study in encapsulated pneumococci showed  animals (unpublished data). While capsule is important for
no effect on OM virulence (Sato et al, 1996). It has been  encapsulated pneumococcal pathogenesis, it in itself is not
previously reported that the choline binding proteins PspA  sufficient to cause disease. Surprisingly, APAC had increased
and PspC both play a role in pneumococcal pathogenesis, adherence in comparison to wildtype D39. While increased
including middle ear infections (Schachern et al., 2014). We  adherence of NESp has been associated with higher rates of
examined the encapsulated strain D39 and a triple deletion  virulence in an OM model, this does not seem to hold for
mutant (APAC) that lacks PspA, PspC, and Ply because previous  capsule mutants (Keller et al., 2014). Park et al. (2012) showed
studies showed variable effects of individual mutants, but none  significantly less colonization by AM1000 in a mouse model
containing all deletions (Schachern et al, 2014). The APAC  compared to D39 despite higher rates of epithelial cell adhesion.
mutant has been found to be avirulent in other infection models =~ We also examined the encapsulated strain EF3030 (serotype
(Ogunniyi et al, 2007b; Quin et al,, 2007), but has not been ~ 19F) in a chinchilla model because it is less virulent in a
previously tested in chinchillas. NESp lack both PspA and  mouse model and the serotype 2 D39 caused fatal pathology
PspC yet are able to cause OM. Additionally, we have shown  in several chinchillas within the time course of the study. We
here that although virulence is reduced, a NESp Ply mutant also tested a PspC mutant in the EF3030 background (LEK10)
is still able to cause an infection (Figure1). The surface of to reduce the invasive nature of EF3030. Both the wildtype and
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FIGURE 5 | Encapsulated strain EF3030 (serotype 19F) and mutants adherence and invasion to lung epithelial cell line A549. (A) Expression of PspK in
serotype 19F EF3030 (LEK14) significantly increased epithelial cell adhesion when capsule was present (p < 0.0001). Deletion of capsule significantly increased
epithelial cell adhesion (LEK12; p < 0.0001) compared to wildtype EF3030. Expression of PspK in LEK12 (EF3030Acps) did not increase adhesion of LEK15
(EF3030Acps::PspKt) compared to acapsular EF3030 (LEK12). (B) Expression of PspK in serotype 2 D39 (LEK?20) significantly increased epithelial cell adhesion
when capsule was present (p = 0.034). Deletion of capsule significantly increased epithelial cell adhesion (AM1000; p < 0.0001), but expression of PspK in AM1000
(D39Acps) did not increase adhesion of LEK16 (D39Acps::PspK™). (C) Expression of PspK in serotype 19F EF3030 (LEK14) significantly increased epithelial cell
invasion when capsule was present (p = 0.0024). Deletion of capsule significantly increased epithelial cell invasion (LEK12; p = 0.0149) compared to wildtype
EF3030. Expression of PspK in LEK12 (EF3030Acps) did not increase invasion of LEK15 (EF3030Acps::PspKT) compared to acapsular EF3030 (LEK12). (D)
Expression of PspK in serotype 2 D39 (LEK20) significantly increased epithelial cell invasion when capsule was present (o = 0.047). Deletion of capsule significantly
increased epithelial cell adhesion (AM1000; p < 0.0001), but expression of PspK in AM1000 (D39Acps) did not increase adhesion of LEK16 (D39Acps::PspK™). Data
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FIGURE 6 | Encapsulated strain EF3030 (serotype 19F) and mutants in a mouse model of colonization. (A) At 5 days post-infection, enumerated bacteria
recovered from the mouse nasopharynx did not significantly increase when encapsulated EF3030 expressed PspK. EF3030 capsule mutant, LEK12, showed
significantly more colonization when PspK was expressed (LEK15; p = 0.0082). (B) Collected bullae from colonized mice showed no significant difference in middle
ear ascension when PspK was expressed independent of capsule status. Mean CFU/mouse indicated by horizontal bar on figure.
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the PspC mutant were able to cause OM, but there was no
significant difference between clinical symptoms. However, there
was significantly fewer pneumococci recovered from the middle
ear of chinchillas infected with the PspC mutant (Figure 3). In
both EF3030 and LEK10, we were able to recover bacteria from

the blood of infected chinchillas, and this led to the question of
treatment.

Amoxicillin is a commonly prescribed antibiotic for middle
ear infections, and EF3030 is susceptible to ampicillin and its
derivations. Amoxicillin is an oral antibiotic that is absorbed
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through the stomach and must be ingested for effective
treatment. This entails restraining and gavaging chinchillas for
treatment, inducing high amounts of stress given that treatment
is administered every 12 h. Therefore, an injectable form of
ampicillin was used as a substitute. We found that treatment
administered 24 h after infection was able to completely clear
OM within 48 h of start of treatment. This corresponded to
reduced tympanic inflammation and a better clinical outcome.
We also show that treatment administered 48 h after infection
is still sufficient to reduce the bacterial burden during OM,
even though only 24 h had elapsed since start of treatment
(Figure 4). It was not surprising that ampicillin treatment cleared
the pneumococcal infection, but it was somewhat surprising as
how fast this occurred. This information is important to know
as studies on treatment of NESp in middle ear infections have
not been done, even though these bacteria tend to be highly
drug resistant. Additionally, OM co-infections of pneumococcus
and nontypeable Haemophilus influenzae (NTHi) are common
(Casey and Pichichero, 2004; Dagan et al., 2013). It has been
shown that secreted beta-lactamases from NTHi significantly
improve survival of pneumococci in the middle ear (Weimer
et al,, 2011). Elucidating treatment and time to resolution of
infection is necessary to determine the effectiveness of various
antibiotics and to overcome the consequences of co-infections.

An interesting observation during this study was deletion
of PspA, PspC, and Ply abolished D39 virulence even when
capsule was present. Surface proteins are important for virulence,
but NESp that lack common encapsulated surface proteins
cause disease. We wanted to determine the effect of PspK
expression on encapsulated strains and whether the expression
of PspK in a capsule mutant is able to restore virulence. Despite
pspK being located at the cps locus, it may be possible for
an encapsulated variant to express PspK due to pneumococcal
natural transformation and high levels of genetic variability.
It has been observed that aliD, a NESp cps locus protein, is
found in the cps locus of some encapsulated strains (Bentley
et al,, 2006; Keller et al., 2016). Ectopic expression of PspK in
an encapsulated background was able to significantly increase
the ability of an encapsulated strain to adhere to both lung
and pharyngeal epithelial cell lines. This seems independent
of capsule as the same effect was observed in a serotype 2
background (D39) and a serotype 19F background (EF3030).
While an increase in adherence was observed in both serotypes,
there was a significantly greater increase in adhesion when
comparing EF3030 to D39 (Figures 5A,B). It is speculated that
the capsule structure may affect the ability of PspK to increase
adherence. This is because the type 2 capsule is composed of 6
repeating sugar subunits in comparison to the type 19F capsule
which contains 3 repeating sugar subunits, which may alter
capsule size and accessibility of PspK to epithelial cells (Bentley
et al., 2006).

We were able to confirm that the deletion of the cps locus
from encapsulated strains significantly increased epithelial cell
adhesion of these mutants (Figures 5A,B). Surprisingly, the
expression of PspK had no significant effect on epithelial cell
adhesion when capsule was not present. This could be explained

by a saturation of the epithelial cells, reducing the ability of
PspK to interact with the epithelial cells. These findings are in
contrast to our past work when expression of PspK in R36A
did show a significant increase in epithelial cell adhesion. The
capsule mutants made for this study were minimally passed,
while the D39 derivative R36A has been passed multiple times
and for several decades. This may have altered the surface of
R36A compared to a recently made capsule mutant. When a
mouse was colonized with these PspK expression strains with or
without capsule, an opposite trend of what would be expected
based on the adhesion data was observed (Figure 6A). The highly
adherent EF3030 expressing PspK (LEK14) had no significant
difference in colonization. Yet when PspK was expressed in a
EF3030 capsule mutant (LEK15), there was significantly more
bacteria recovered from the mouse nasopharynx. This effect
must be independent of epithelial cell adhesion, as a capsule
mutant was adherent with or without PspK expression. We
have previously shown that PspK does bind sIgA and this may
aid in colonization. Also, we have shown that PspK may be
responsible for modulating the host immune response (Keller
et al,, 2015). If PspK down regulated innate immune responses,
it would allow the more vulnerable capsule mutant to readily
persist, which was our observation. The effects of PspK on
cytokine expression were mild and may explain why only a
small increase in colonizing bacteria was observed (Keller et al.,
2015).

Taken together this work shows surface structures and Ply
are important for pneumococcal OM in both encapsulated
and nonencapsulated pneumococci. Also, deletion of multiple
virulence factors seems to have a greater impact on virulence than
single gene deletions. While this is not surprising, it emphasizes
the importance for protein-based vaccines to contain multiple
proteins for both broader and more complete protection.
Targeting single proteins may not be sufficient to abolish
virulence or clear an infection. NESp lack several of the proteins
being developed for a protein vaccine, but PspK has been
shown to be a protective immunogen (Keller et al, 2015).
As replacement of capsule can be partially compensated for
by acquisition of PspK, inclusion of PspK in future vaccine
development may be necessary to provide the broadest protection
possible.
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Influenza pandemics and seasonal outbreaks have shown the potential of Influenza A
virus (IAV) to enhance susceptibility to a secondary infection with the bacterial pathogen
Streptococcus pneumoniae (Sp). The high morbidity and mortality rate revealed the
poor efficacy of antiviral drugs and vaccines to fight IAV infections. Currently, the most
effective treatment for IAV is by antiviral neuraminidase inhibitors. Among them, the
most frequently stockpiled is Oseltamivir which reduces viral release and transmission.
However, effectiveness of Oseltamivir is compromised by the emergence of resistant
IAV strains and secondary bacterial infections. To date, little attention has been given to
evaluate how Oseltamivir treatment strategies alter Influenza viral infection in presence
of Sp coinfection and a resistant IAV strain emergence. In this paper we investigate
the efficacy of current approved Oseltamivir treatment regimens using a computational
approach. Our numerical results suggest that the curative regimen (75 mg) may yield
47% of antiviral efficacy and 9% of antibacterial efficacy. An increment in dose to 150
mg (pandemic regimen) may increase the antiviral efficacy to 49% and the antibacterial
efficacy to 16%. The choice to decrease the intake frequency to once per day is not
recommended due to a significant reduction in both antiviral and antibacterial efficacy. We
also observe that the treatment duration of 10 days may not provide a clear improvement
on the antiviral and antibacterial efficacy compared to 5 days. All together, our in silico
study reveals the success and pitfalls of Oseltamivir treatment strategies within IAV-Sp
coinfection and calls for testing the validity in clinical trials.

Keywords: viral infection, S. pneumoniae coinfection, Oseltamivir treatment, PK/PD model, microbial resistance,
population modeling, viral dynamic model
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1. INTRODUCTION

Influenza A virus (IAV) and Streptococcus pneumoniae (Sp)
are common causative agents of morbidity and mortality,
respectively (Kilbourne, 2006; Morens et al., 2008; World Health
Organization, 2009a). Over the last century four major influenza
pandemics in 1918, 1957, 1968, and 2009 have had a significant
impact worldwide. The Great Pandemic also known as the
Spanish flu of 1918/1919 is considered as the deadliest pandemic
with an estimated mortality of about 100 million around the
globe (Johnson and Mueller, 2002). Interestingly, during the
1918 pandemic over 71% of the blood and sputum samples
from fatal victims tested positive for Sp (Louria et al., 1959;
McCullers and Rehg, 2002; McCullers, 2006, 2014), indicating a
clear predisposition to lethal secondary bacterial infection in IAV
preinfected patients.

Even though the mortality rate due to coinfections has
decreased during the succeeding pandemics mostly because
of antibiotic implementation, it still remains to be the most
likely cause of death in 10-55% of the 2009 HIN1 victims.
Thus, bacterial coinfection is a critical clinical outcome of viral
infection and great attempts have been made to understand the
pathogenesis and treatment course. The underlying mechanism
for copathogenesis has been widely studied in animal models,
providing evidence for a multifaceted disease affecting both lung
physiology and immune responses (Shahangian et al., 2009; Small
et al.,, 2010; Kash et al., 2011; Li et al., 2012). TAV-mediated
immune aberrations such as immune cell dysfunction and
apoptosis, dysregulated cytokine milieu and immunopathology
in the lungs (Murray et al., 2014) have been implicated to have
both immediate and long-term effects on anti-pneumococcal
defense. The impact of coinfection is not limited to the bacterial
outgrowth but also impairs antiviral immunity. Therefore, it
is important for clinical treatment of coinfections to have
a combinatorial approach to focus on all aspects of disease
pathogenesis: the virus, bacteria, and host immune responses.

For prevention and treatment of acute IAV infection,
antiviral drugs are an important adjunct to influenza vaccines
(Goldstein and Lipsitch, 2009). The most commonly used
Food and Drug Administration approved (FDA) antiviral drugs
are neuraminidase inhibitors, e.g., Zanamivir, Peramivir, and
Oseltamivir. The viral neuraminidase is an enzyme found on
IAV surface enabling IAV virions to be released from the
infected host cell. The neuraminidase inhibitors block this
activity, thus interfering with viral spread and infectivity in the
lungs (Moscona, 2005). In vivo administration of Oseltamivir is
effective in controlling viral loads and immunopathology during
lethal infection (McNicholl and McNicholl, 2001). In humans,
the drug reduces clinical symptoms by 0.7-1.5 days when
treatment is started 2 days after laboratory confirmed influenza,
representing great potential if used appropriately to prevent the
development of resistance (McNicholl and McNicholl, 2001).
In the case of coinfections, the murine study in McCullers
(2004) showed that treatment with Oseltamivir improved the
survival by 75% in the coinfected group which further improved
after combinatorial therapy with ampicillin. The first line of
therapy following pneumococcal pneumonia is penicillin or

other beta lactams, however the higher inflammatory status
of the lung following coinfection with highly pathogenic virus
strains may call for the use of non-lytic bacteriostatic agents
such as clindamycin and azithromycin (Karlstrom et al., 2009).
Furthermore, the anti-inflammatory and immunomodulatory
action of corticosteroids used to treat many immune diseases
could have a potent additive effect. In fact, the in vivo murine
study by Trappetti et al. (2009) suggested a positive role of
neuraminidase in Sp biofilm formation, thus Oseltamivir would
be beneficial in preventing colonization. Following this study,
the inhibiting effect of the approved anti-IAV drugs (Oseltamivir
and Zanamivir) on Sp neuraminidase was confirmed by an
in vitro kinetic study (Gut et al, 2011). Despite the existing
combinatorial therapies against coinfections, the cumulative
effect of neuraminidase inhibitor (Oseltamivir), the correct
antibiotic and corticosteroids (Dexamethasone) is yet to be
studied. With the increase in Oseltamivir use, drug resistant
IAV strains may emerge bearing mutations such as H275Y
in neuraminidase (Sheu et al, 2008). So far, the potentially
detrimental effect of such mutant virus strains on secondary
bacterial infections remains elusive.

The effectiveness of the Oseltamivir treatment depends on the
dose regimen, intake frequency, time delay between infection
and treatment, and treatment duration. The antiviral efficacy
of neuraminidase inhibitors such as Oseltamivir, Amantadine
and Peramivir has been investigated experimentally (Tanaka
et al, 2015) and theoretically (Handel et al., 2007; Canini
et al, 2014; Kamal et al, 2015). Recently, pharmaceutical
companies have taken a strategic initiative to promote the use
of modeling approaches within drug projects. The value of
a model-based approach for improved efficiency and decision
making during the preclinical stage of drug development has
been largely advocated (Visser et al., 2013). Drug administration
considers mainly two phenomena, i.e., the pharmacokinetic (PK)
and pharmacodynamic (PD). The PK regards the temporal
distribution of drug concentration in different organs of host
body, while the PD describes the effect of a drug on the organism
(Lahoz-Beneytez et al., 2015).

To the best of our knowledge, Oseltamivir treatment
strategies for IAV infection in presence of Sp coinfection
and a resistant IAV strain has not been investigated. In this
paper, we tested the approved Oseltamivir treatment efficacy,
combining a mathematical model of IAV-Sp coinfection with
the PK/PD model of Oseltamivir. A possible emergence of
an TAV Oseltamivir-resistant strain is also considered. Our
computational results showed that Oseltamivir treatment with
a dose of 150mg, twice per day for 5 days is the minimum
requirement recommended to achieve an antiviral efficacy of
49% and an antibacterial efficacy of 16%. Moreover, we found
that in case of 75 mg dose administration, the intake frequency
should not be lower than twice per day. A prolongation of
the treatment up to 10 days with an intake frequency of twice
per day, did not produce a clear benefit in terms of efficacy.
This theoretical framework revealed the success and pitfalls of
Oseltamivir strategies within IAV-Sp coinfection, paving the way
for further refinement of therapeutic applications and clinical
trials.
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2. MATERIALS AND METHODS (2014) the OC action by modifying the viral replication rate to

.. = (1 — eg(t))p, where €g(t) is the time varying drug efficac
2.1. PK/PD Model of Oseltamivir Ic)leﬁned asa funclt)ion of OC concentration: e !
The PK model of Oseltamivir consists of a two compartment
model (Rayner et al., 2008; Wattanagoon et al., 2009; Canini es(t) = ocC ) ()
et al., 2014), one for Oseltamivir phosphate (OP) and one for Ecgo + O0C
its active metabolic compound form Oseltamivir Carboxylate

(OC). The system of ordinary differential equations describing ECg0 is the OC concentration providing the 50% of drug efficacy.

the concentrations of OP and OC is as follows: Cell culture assays found the values of ECS, in the range [0.0008—
35] uM (Tamiflu (R), 2009). Simulation environments will be
G = —k,G, (1) based on values ofECgo equal to 0.5, 10, and 35 M.
OP = k,G — kfOP, )
0C = k;OP — k.OC, 3) 2.2. 1AV-Pneumococcus Coinfection Model

The scheme of the mathematical model of IAV-Sp coinfection
where G is the depot compartment representing the OP dose  and Oseltamivir interaction is illustrated in Figure 1. The
administered, before it is adsorbed inside the blood with the = dynamic of the IAV Oseltamivir-sensitive strain V is described
adsorption rate k,. The parameter k; is the conversion rate from by the target cell model with the eclipse phase (Nowak and
OP to OC and k, is the OC elimination rate. The initial conditions ~ May, 2000; Baccam et al., 2006; Beauchemin and Handel, 2011;
of this system are G(0) = Dose, OP(0) = 0, OC(0) = 0. As  Boianelli et al, 2015). Then, this is incorporated with the
the explicit effect of OC is to inhibit the viral release of IAV ~ mathematical model of IAV-Sp coinfection proposed by Smith
from infected cells, we modeled in similar vein to Canini et al. et al. (2013). We denote with U the uninfected cells, I; the non

VR : Resistant mutant strain

V : Sensitive strain

B : Bacteria

U : Target cells
My . Macrophages

I : Non productive infected cells with V
I ; Productive infected cells with ¥
J1: Non productive infected cells with Vg
J2 : Productive infected cells with Vg
0C: Oseltamivir carboxylate

@ : Death state

w 3
>
1
1

FIGURE 1 | Mathematical model for IAV-Sp coinfection with the antiviral Oseltamivir carboxylate OC. The IAV sensitive strain  and resistant mutant strain
VR (H275Y) are cleared at rate c. The uninfected cells become non productively infected cells /1 and J1 at the rate g by V and VR respectively. /1 and J1 become
productively infected cells at the rate k, that is Io and J» respectively. V and Vg replicate at the rate p(1 — w) and up respectively. Io and Jo are cleared at rate §. The
bacteria B proliferate at the rate m and increase the viral replication rate a. In turn VV and Vg increase the bacterial carrying capacity with the parameter ¢.
Macrophages M, phagocytose the bacteria with the rate y,f(B, M4). The phagocytosis rate is decreased by V and Vg with the parameter . Bacteria increase the
toxicity rate of non productively and productively infected cells of VV and Vg with the rate parameter . The Oseltamivir carboxylate OC decreases the V and Vg viral
replication rate p to p(1 — eg(t) and p(1 — eg(t)) respectively.
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productively infected cells, I, the productively infected cells. U
is infected by V with infection rate B. 1/k is the average time
in which I cells become productively infected cells. § is the
clearance rate of productively infected cells I, while p is the
viral replication rate of V by I,. ¢ is the viral clearance rate of
V. We fix the initial number of uninfected cells U(0) at 107.
The initial conditions for the sensitive strain V and Sp B are
in Table 2, while for the others model variables are set to zero.
The TAV and Sp initial conditions for performing simulations
are in the concentration units of TCIDsomL~! and CFUmL™!.
The volume (mL) in the initial condition refers to the volume
used (50 uL) in Smith et al. (2013) for the IAV and Sp (D39
strain) inoculum. According to the effect of OC on productively
infected cells, the viral replication rate p is modified in p(1 —
€s(t)). We assume that an IAV Oseltamivir-resistant mutant
strain (H275Y) Vg could emerge from the sensitive type as a
consequence of Oseltamivir treatment (Sheu et al., 2008; World
Health Organization, 2010; Chen et al., 2011; Dobrovolny et al.,
2011; Renaud et al.,, 2011). The kinetic parameters of Vy are
assumed equal to those of V. The emergence of V is considered
to be with the probability u. Vg and V can compete for the
same target cells U (Govorkova et al.,, 2010). Then, we denote
with J; and J, the non productively and productively infected
cells respectively of Vg, where €r(t) is the Oseltamivir efficacy
against Vg having the same form in (4). It has been shown that
for Vg, EC§0 is 400 times higher than those for V (Gubareva
et al., 2001). We also explore the case where it is 200 times
higher.

To investigate the synergy between IAV and Sp, Smith et al.
(2013) modeled the bacteria dynamics and interaction with
alveolar macrophages M4. The macrophages phagocytosis rate
ymf (B, Ma) of free bacteria is expressed by the mathematical
function yyn*Mu/(n>My + B?), where n is the maximum
number of bacteria phagocytosed per My, ya is the maximum
phagocytosis rate. My cells number is considered in quasi steady
state, denoted as M}. Thus, the phagocytosis rate f(B, My) is a
decreasing function of B. The pneumococcus growth is assumed
to be logistic with rate m and carrying capacity Kg. The IAV is
assumed to increase the pneumococcal adherence to epithelial
cells. This is translated by increasing the bacterial carrying
capacity Kp(l + ¢V) where ¢ is a proportionality constant.
Moreover, another contribution of the IAV is the decreased
rate of phagocytosis by Ma. This effect is included with the
saturation function ¥V /(Kpy + V), where ¢ is the maximal
reduction of the phagocytosis rate and Kpy is the half saturation
constant. On the other hand, the pneumococcus effects on
the TAV that may cause viral rebound are unknown. One
plausible hypothesis assumes that the bacterial neuraminidase
supports the viral neuraminidase to enhance the viral particle
release from infected cells (McCullers, 2014). This is taken
into account by considering an additional term in the viral
replication rate p(1 + aB?), where z is the nonlinearity order
coefficient and a is the positive term of bacterial effect. The
model also included the toxicity effect of B on Ij, Ji, and I,
J» with the toxicity rate n. This model is extended including
the dynamics of the resistant virus, assuming that Vx influences
B in the same way of V and vice versa. The modified

model is as follows:

U = —BUV+ Vg), (5)
I, = BUV — kI, — nBI4, (6)
I, = kI; — 81, — nBI, (7)
Ji = BUVR — kJ1 — nBJy, (8)
J» = ki — 8], — nB, )

V = (1—wp(l +aB)(1 — es(t)l, — cV, (10)
Vr = up(1 + aB?)((1 — es()) I + (1 — er(t)]2) — Vg, (11)

. B
B:mB(l— )
Kp(1 4+ ¢(V + V)
n? M} Y(V + Vg)
—yy——A g1 TR 12
MM + B2 < V+VR+KPV> 12

The parameters value used for our population approach are
in Table 1. These values represent the median value estimated
in Canini et al. (2014), Wattanagoon et al. (2009) and Smith
et al. (2013). More specifically, IAV-Sp model parameters were
estimated from adult mice in Smith et al. (2013). It should be
noted that kinetics and time scales of viral titer as well as immune
parameters estimated from murine data can offer a reasonable
approximation of TAV-Sp dynamics in humans (Small et al., 2010;
Beauchemin and Handel, 2011). The parameter u was estimated
from human studies in Hayden (2001), as well as the Oseltamivir
PK/PD model was inferred for human adults (Wattanagoon et al.,
2009).

2.2.1. Drug Regimen Evaluation

The approved regimens stated by the guidelines for Oseltamivir
administration in human adults (World Health Organization,
2009b; Canini et al., 2014) are: 75 mg twice per day for
5 days (curative regimen), 150 mg twice per day for 5
days (recommended regimen for pandemic influenza). These
regimens are shown in Table2 as a benchmark for the
treatment evaluation. Oseltamivir regimens were evaluated with
the antiviral efficacy index defined in Canini et al. (2014) as:

AUCVy 4+ AUCR
VEEF — 1 — AVCVr + AUCRT

(13)
AUCV + AUCR

where AUCVt and AUCR7 are the area under the curve of V
and Vp in presence of treatment, while AUCV and AUCR are the
area under the curve without treatment. We also computed the
antibacterial efficacy of the Oseltamivir treatment:

AUCBt

BEFF =1 — ,
AUCB

(14)

where AUCBt and AUCB are the area under the curve of the
bacterial time course with and without treatment.

2.2.2. Population Approach

In order to take into account the individual heterogeinity
observed in vivo (Canini and Carrat, 2011), we performed 10,000
simulations by sampling from a uniform distribution centered
in the estimated values of Table 1 with a variation of £30%.
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TABLE 1 | IAV-Sp and PK/PD Oseltamivir model parameters with ranges used for the population approach.

Parameter Definition Median (Range)? Unit References

IAV-Sp MODEL PARAMETERS

B Virus infectivity 2.8 (1.96 3.64) %1076 TCID5OmL‘1 Smith et al., 2013

k Eclipse phase 4.0(2.85.2) day~! Smith et al., 2013

8 Productive cell clearance rate 0.89 (0.62 1.16) day~! Smith et al., 2013

o Viral replication rate 25.1(17.7 32.89) TCIDsgmL~ " day~! Smith et al., 2013

c Viral clearance rate 28.4 (19.88 36.92) day*1 Smith et al., 2013

n Toxicity of infected cell rate 5.2 (3.64 6.76) x10~10 CFU mL~1 Smith et al., 2013

m Resistant virus appearance rate 2(1.42.6) x1070 adim Hayden, 2001

@ Increase in carrying capacity 1.2(0.84 1.56) x108 TCIDggmL™" Smith et al., 2013

v Decrease in phagocytosis rate 0.87 (0.61 1.13) adim Smith et al., 2013

a Positive feedback rate 1.2 (0.84 1.56) %1073 CFU mL—? Smith et al., 2013

m Bacterial growth rate 27 (19 35) day“ Smith et al., 2013

Kg Pneumococcus carrying capacity 2.3(1.612.99) x108 CFUmL™! Smith et al., 2013

Kpy Half saturation constant 1.8(1.26 2.34) x103 TCID5OmL*1 Smith et al., 2013

oy Macrophages phagocytosis rate 1.35(0.95 1.75) x 10~ cell~Tday~" Smith et al., 2013

n Maximum bacteria number for My 5.0 (3.5 6.5) CFUmML~ cell~1 Smith et al., 2013

z Non linear coefficient 0.5 (0.350.65) adim Smith et al., 2013
OSELTAMIVIR PK/PD PARAMETERS

Ka OP adsorption rate 1.01 (0.7 1.31) =1 Wattanagoon et al., 2009
Kk OP conversion rate in OC 0.684 (0.48 0.88) h—1 Wattanagoon et al., 2009
ke OC clearance rate 0.136 (0.09 0.177) h—1 Wattanagoon et al., 2009

aParameter ranges used for the population approach. The values are computed with + 30% of variation from the median values.
The volume (mL) in model parameters was related to the total volume used (50 uL) in Smith et al. (2013) for the IAV and Sp (D39 strain) inoculum.

Model parameter ranges are showed in Table 1. We computed
the antiviral and antibacterial efficacy defined in Equations (13)-
(14) of the curative regimen with 75, 150, 300, and 450 mg, twice
per day for 5 days. Moreover, a different intake frequency of
once per day for 5 days with dosage of 75 mg was explored. A
different treatment duration of 10 days with 75mg and intake
frequency of twice per day was also investigated. In order to
mimic a realistic scenario, we assumed a random sampling for
the starting time of drug treatment, time of coinfection and initial
values of viral and bacterial titers. In fact, the amount of viral and
bacterial burden is unknown when an individual is infected by
IAV and Sp. Moreover, it is also unknown after how many days
post the infection time the antiviral treatment is started. This is
because the time of infection is not known. In the same way, the
time of coinfection is typically unknown in naturally acquired Sp
coinfection. The ranges of experimental values are presented in
Table 2. For the correct viral dynamics simulation, we imposed
the viral titer V to be constant when it crosses lower values than
the threshold of 2.8 x 1077 TCID5omL~!. The minimum therapy
initiation time was considered starting at 2 days post infection,
because at this time symptoms are clearly visible (Aoki et al,
2003; Louie et al., 2012; Muthuri et al., 2012).

2.2.3. Statistical Analysis

We performed the one way ANOVA statistical significance
test and then Bonferroni test on the 10,000 stochastic
simulations. The statistical significance difference for antiviral
and antibacterial distributions between the 75 mg dose (curative
regimen) and 150 (pandemic regimen), 300, and 450 mg were

TABLE 2 | Simulation settings and approved Oseltamivir treatment
regimens.

Variable Range Units

Therapy initiation time [234] days

Time of pneumococcus 4567 days

coinfection after influenza infection

Intial viral load/titer [2 100] TCIDsgmL™!

Initial pneumococcal (D39 strain) [20 600] CFU mL~1

load

APPROVED REGIMENS (World Health Organization, 2009b)

Dose Intake frequency  Treatment duration

75 mg (curative) Twice per day 5 days

150 mg (pandemic) Twice per day 5 days

The volume (mL) was related to that used (50 ul) in Smith et al. (2013) for the IAV and Sp
(D39 strain) inoculum.

computed. We compared also the curative regimen intake
frequency of twice per day with intake frequency of once per day.
Moreover, we investigated the statistical significance between
treatment duration of 5 and 10 days. The comparison is done for
ECg0 values of 0.5, 10, and 35 M.

2.2.4. Sensitivity Analysis

To analyse to which extent each parameter affected the model
outputs, we simulated the viral and bacterial dynamics by
changing the parameters in Table 1 once per time of 10, 30 and
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50% and keeping the others fixed (see Supplementary Figures
4, S5).

3. RESULTS

3.1. Influence of Oseltamivir Dose

In this section we evaluated the antiviral and antibacterial
efficacy for Oseltamivir dose of 75, 150, 300, 450 mg, twice
per day for a treatment duration of 5 days. Figure 2 displays
histograms obtained for different doses and ECS,,. The histograms
represent the distribution of antiviral and antibacterial efficacy
values computed from 10,000 samples. Tables 3 and 4 show the
median values of antiviral and antibacterial efficacy for different
doses and EC3; values. Interestingly, the antibacterial efficacy
histograms in Figure 2 presented a bimodal distribution for both
different doses and ECS, values. The antibacterial dichotomy may
be a result of two factors. The first could be attributed to the
bacterial growth rate (m) and macropaghes phagocytosis rate
(vm), greatly affecting Sp dynamics. The second refers to IAV
parameters responsible for macrophages phagocytosis decrease
(Kpy) and bacterial carrying capacity increase (¢) that influence

the pneumococcal time course as well (Supplementary Figure
S5). Then, combinations of these viral and bacterial parameters
can promote alternatively bacterial colonization or bacterial
clearance. This implies that in favorable conditions, Oseltamivir
treatment strategies may be able to inhibit viral dynamics
(high antiviral efficacy) and in turn modulate bacterial growth
(high antibacterial efficacy). Otherwise, in worst scenarios,
Oseltamivir treatment strategies may fail to control bacterial
dynamics.

For the best scenario where Oseltamivir treatment is effective
(EC?O 0.5 M), the first set of 10,000 simulations revealed
that the distribution of antiviral and antibacterial efficacy were
significantly different by changing the dose from 75 to 150 mg.
In fact, for the curative regimen of 75 mg, the antiviral efficacy
median value was 47%, remaining quite stable for higher values
of dose (49%). The same pattern was conserved for higher values
of ECgO, where for the highest dosage tested (450 mg), the median
antiviral efficacy values were 45 and 28.9%, while for the curative
regimen were 22 and 8.7% respectively. Concurrently, in Table 4,
the antibacterial efficacy for the curative regimen with EC3, = 0.5
uM presented a value of 9% that further decreased to 0.3% for

S
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FIGURE 2 | Histograms of the antiviral (green) and antibacterial efficacy (grey) for different Oseltamivir dose of 75, 150, 300, and 450 mg, with intake
frequency of twice per day and a duration of 5 days for (A) EcgO = 0.5 uM, (B) EC?0 =10 uM, and (C) Ecg0 = 35 uM. The x-axis represents the Oseltamivir
antiviral/antibacterial efficacy against IAV ranging from 0 (0%) to 1 (100%).
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TABLE 3 | Antiviral efficacy median values for different EC?0 and different
dose regimens with intake frequency of twice per day and treatment
duration of 5 days.

Dose (mg) ECS, (kM)

0.5 10 35
75 0.47* 0.22* 0.087*
150 0.49* 0.31* 0.153*
300 0.49 0.40* 0.237*
450 0.49 0.45* 0.289*
*Statistically significant.

For EC?O = 0.5 uM, statistically significant difference was observed between the antiviral
efficacy distributions for the dose of 75 and 150 mg (P < 0.05), while significant
differences were found (P < 0.05) between all the dose for Ecgo =10, 35 uM.

TABLE 4 | Antibacterial efficacy median values for different Ecg0 and
different dose regimens with intake frequency of twice per day for a
duration of 5 days.

Dose (mg) ECS50 (kM)

0.5 10 35
75 0.09* 0.010* 0.003*
150 0.16* 0.017* 0.006*
300 0.31* 0.030* 0.010*
450 0.41* 0.036* 0.015*
*Statistically significant.

For ECZ, = 0.5, 10, 35 uM, the diifferences between the antibacterial efficacy for all doses
of 75, 150, 300, and 450 mg were statistically significant (P < 0.05).

EC3, = 35 uM. Similarly, for 450 mg, the antibacterial efficacy
dropped from 41 to 1.5%.

We also investigated the sensitivity of the Oseltamivir antiviral
and antibacterial efficacy with respect to the ECX values. The
previous results were with ECX) = 400 x ECS). Thus, we
tested the same treatment regimens of 75, 150, 300, and 450 mg
with intake frequency of twice per day, for 5 days where
EC?O =200 x ECgO. We computed the antiviral and antibacterial
efficacy for the previous existing three different values of ECg0
(see Supplementary Figure S1). Histograms of antiviral and
antibacterial efficacy presented the same properties observed
when ECR) 400 x EC3,. More specifically, in agreement
with the previous case with ECR| = 400 x EC3, a statistically
significant difference was observed between 75 and 150 mg for
the lowest value of ECS;. We noted similar median values of the
antiviral efficacy for different doses and EC3, with respect to the
case where ECR) = 400 x ECS;. In the same way, the antibacterial
efficacy for 200 and 400 times the value of EC3; also presented
consistent values (see Supplementary Tables S1, S2).

3.2. Role of Oseltamivir Intake Frequency

In order to investigate the effect of the intake frequency treatment
on the coinfection course dynamics, we simulated in another set
of 10,000 simulations, the administration of 75 mg dose with
intake frequency of once per day, for 5 days. These treatment
regimens are explored for the same values of EC3, considered

TABLE 5 | Comparison of antiviral and antibacterial efficacy median
values for different Ecg0 values with intake frequency of once and twice
per day and treatment duration of 5 days.

Intake frequency ECS5q (M)

0.5 10 35
ANTIVIRAL EFFICACY
Twice per day 0.47* 0.22* 0.09*
Once per day 0.43* 0.135* 0.04*
ANTIBACTERIAL EFFICACY
Twice per day 0.09* 0.010* 0.005*
One per day 0.04* 0.005* 0.002*
*Statistically significant.

Statistical significance difference of antiviral/antibacterial efficacy distributions (P < 0.05)
was obtained between different intake frequency of once and twice per day.

previously and with the value of ECR = 400 x ECS,. The
antiviral and antibacterial efficacy values are reported in Table 5.
Histograms obtained from 10,000 simulations are shown in
Figure 3.

Both antiviral and antibacterial histogram values significantly
decreased when the intake frequency was once per day or for
higher EC3;. The bimodal distribution was conserved for the
antibacterial histograms due to reasons stated previously. The
distributions of antiviral and antibacterial efficacy presented
statistically significant difference (P < 0.05) for both different
values of intake frequency and ECS,. Notably, the values in
Table 5 with intake frequency of once per day were lower
compared to the median values of the antiviral efficacy of the
curative regimens for different values of EC3,. Therefore, the
antibacterial efficacy medians with intake frequency of once per
day showed approximately half values with respect to those with
intake frequency of twice per day. These results stressed the
importance of intake frequency to determine the clearance of
the TAV-Sp coinfection. Furthermore, the case where ECL
200 x EC3, (Supplementary Figure S2) was also investigated,
noting that in this regimen both the antiviral and antibacterial
efficacy medians possessed similar ranges compared with those
obtained when ECE = 400 x ECS, (see Supplementary
Table S3).

3.3. Effect of Treatment Duration
In order to test the influence of the treatment duration on the
Oseltamivir efficacy against coinfection dynamics, we assumed
the possibility of treatment duration of 10 days with dose of 75
mg and intake frequency of twice per day. The median values of
antiviral and antibacterial efficacy are in Table 6. The histograms
showing the antiviral and antibacterial efficacy distributions
obtained from 10,000 simulations for different ECS, values are
presented in Figure 4.

Antiviral efficacy distributions for treatment duration of 5 and
10 days show similar median values for all of ECS; (no statistical
significance differences are noted, P > 0.05). Moreover, the
antibacterial efficacy with treatment durations of 5 and 10 days
confirmed the same pattern, in particular for ECS, = 10 M. We
also investigated the same treatment regimens using the value of
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FIGURE 3 | Histograms of the antiviral (green) and antibacterial (grey)
efficacy for the dose of 75 mg and intake frequency of once per day,
with the duration of 5 days for (A) ECS, = 0.5 uM, (B) ECS, = 10 uM, (C)
Ecg0 = 35 uM. The x-axis represents the Oseltamivir antiviral/antibacterial
efficacy against IAV/Sp ranging from 0 (0%) to 1 (100%).

TABLE 6 | Comparison of antiviral and antibacterial efficacy medians for
different EC?0 values and intake frequency of twice per day with the
treatment duration of 5 and 10 days.

Treatment duration Ecgo (uM)

0.5 10 35
ANTIVIRAL EFFICACY
5 days 0.47 0.22 0.09
10 days 0.52 0.24 0.10
ANTIBACTERIAL EFFICACY
5 days 0.08 0.01 0.005
10 days 0.12 0.01 0.003

For the antiviral/antibacterial efficacy, statistical significance difference was not found
(P > 0.05) for both treatment durations and different EC?O values.

ECE| =200 x EC3, (see Supplementary Figure $3). In this setting
also the antiviral efficacy distributions with treatment durations
for 5 and 10 days were not statistically significant. We noted
similar median values for the antiviral and antibacterial efficacy
when EC?0 = 200 x ECg0 (see Supplementary Table S4), for
all the values of EC considered. Overall analysis suggested that
the resistant mutant strain behavior may not really altered the
efficacy of the Oseltamivir against IAV-Sp coinfection.
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FIGURE 4 | Histograms of the antiviral (green) and antibacterial (grey)
efficacy for the dose of 75 mg and intake frequency of twice per day
with the duration of 10 days for (A) Ecgo = 0.5, (B) EC?0 =10 uM, (C)
EC?0 = 35 uM. The x-axis represents the Oseltamivir antiviral/antibacterial
efficacy against IAV/Sp ranging from 0 (0%) to 1 (100%).

4. DISCUSSION

In the last decades many mathematical models have been
developed describing the IAV infection dynamics in different
hosts (Baccam et al., 2006; Tridane and Kuang, 2010; Hernandez-
Vargas and Meyer-Hermann, 2012; Smith et al., 2013; Canini
and Perelson, 2014; Boianelli et al., 2015), and in presence of
treatment (Beauchemin and Handel, 2011; Canini and Perelson,
2014; Canini et al., 2014; Boianelli et al., 2015). However, the
history of IAV pandemics have highlighted the role of the
secondary bacterial infection in the increased morbidity and
mortality. To date, the only mathematical model describing the
IAV-pneumococcus coinfection was developed by Smith et al.
(2013).

In this paper, we extend the coinfection model from
Smith et al. (2013), by adding the pharmacokinetic and
pharmacodynamic effects of Oseltamivir and taking into account
a possible emergence of resistant mutant strain (H275Y)
induced by Oseltamivir treatment. In our model, we simulate
the intra-subject variability of influenza infection and also
a time dependent Oseltamivir drug efficacy. We test the
capability of the current approved Oseltamivir treatment
regimens to achieve antiviral and antibacterial efficacy in a
stochastic environment. Here, we simulate a more realistic
scenario for coinfection and Oseltamivir treatment strategies.
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For example, we assume a random time of treatment as we
do not know the delay between viral infection and treatment
initiation. Secondly, we consider the time of coinfection
randomly, because the time of secondary Sp infection is
unknown. Moreover, in real life infection the exact amount
of the viral and bacterial burden is usually unknown as well.
The possibility of different intake frequencies and treatment
duration according to the approved treatment regimens is
explored.

Our results show that the curative regimen (75 mg for 5 days,
twice per day) may offer the 47% of antiviral efficacy and 9% of
antibacterial efficacy only in the case where the Oseltamivir is
effective (ECg0 = 0.5 wM) against IAV. Increasing the dose from
75 to 150 mg with the same value of ECS, results in a statistically
significant gain in terms of antiviral (49%) and antibacterial
efficacy (16%). Then, for the case of IAV-Sp coinfection, the
pandemic regimen could be recommended. Moreover, increasing
the dose may not represent a reasonable gain of antiviral and
antibacterial efficacy. However, in the case of the lowest efficiency
of Oseltamivir (ECg0 = 35 uM), a significant increase in antiviral
and antibacterial efficacy is obtained with a dose of 450 mg. With
this dose, twice per day, for 5 days, antiviral and antibacterial
efficacy display 28.9 and 1.5% median values, respectively. In
the same range of treatment strategies for the value of ECY =
200 x EC3, the antiviral and antibacterial efficacy presented
no significant differences compared to the case where ECY =
400 x ECso. Moreover, reducing the intake frequency from
twice to once per day with a dose of 75 mg could determine a
significant reduction in the antiviral and antibacterial efficacy for
the ranges of ECE0 explored. In particular, from the best scenario
(ECg0 = 0.5 uM), the antiviral efficacy reduces from 47 to 43%
and the antibacterial efficacy from 9 to 4%. This reduction is
more pronounced in the worst case (ECgO = 35 uM), where
both antiviral and antibacterial efficacy reduce approximately
to the half of those values presented for a dosage of twice per
day.

Against intuition, when the treatment duration is prolonged
to 10 days with dose of 75mg, this does not significantly
increase the antiviral and antibacterial efficacy for all the values
of EC3,. Concerning the antiviral efficacy, this result can be
mainly attributed to the positive feedback of the bacterial
secondary infection on IAV dynamics and in turn on the viral
area under the curve. On the other hand, the antibacterial
efficacy is also influenced, since the viral dynamics can modulate
the bacterial growth via macrophages deactivation and can
increase bacterial carrying capacity. The latter statement is also
one of the factors that could lead to the bimodal distribution
of the antibacterial efficacy histograms observed in all the
treatment strategies. Importantly, from our computational study,
the pharmacokinetic parameter ECgO directly influences the
outcome of the Oseltamivir drug on IAV-Sp coinfection for all
the tested treatment regimens. On the contrary, it turns out
that the sensitivity of the antiviral and antibacterial efficacy to
the EC§0 parameter is low. This implies to presume that the
resistant mutant strain does not really affect the antiviral and
antibacterial efficacy. This is in agreement with in silico results
obtained in Canini et al. (2014) where the authors evaluated

the impact of Oseltamivir treatment strategies in the presence
of the emerging resistant strain. In fact, for the treatment
strategies considered in our work, the authors observed similar
values of the antiviral efficacy (Treanor et al., 2000) when
treatment is initiated at day 2 post infection. Therefore, our
results of antibacterial efficacy (9%) obtained with curative
regimen are lower than the experimental work of McCullers
(2004), reporting an antibacterial efficacy value of 25% for murine
data.

However, there are limitations in our simulation studies.
Concerning the applied model (1)-(12), we did not consider
the role of the immune response to clear the influenza virus. In
fact, our investigations cannot be applied with hosts shedding
preexisting immunity. Future studies should consider different
models for the viral infection including the dynamics of the
immune response such as CD8+T cells (Hancioglu et al,
2007; Lee et al., 2009; Miao et al., 2010; Tridane and Kuang,
2010; Dobrovolny et al., 2013), Interferon type I (Canini and
Carrat, 2011; Pawelek et al, 2012; Hernandez-Vargas et al.,
2014) and Natural killer cells (Canini and Carrat, 2011). In
addition, the PK/PD dynamics have been estimated only for
adults (Wattanagoon et al., 2009). This implies that for other
groups such as children and seniors, our computational study
should be tested with appropriate PK/PD parameter estimates.
In fact for elderly, PK/PD parameters, e.g., apparent volume
of distribution (prolongation of elimination half-life) can have
important changes due to age modification in organ physiology
(Mangoni and Jackson, 2004).

In summary, we find that the actual recommended regimens
for Oseltamivir, i.e., curative and pandemic regimens may not
completely able to control the colonization of a secondary
bacterial coinfection. Higher doses, such as 150 and 300 mg, are
recommended. Nevertheless, even this treatment regimen may
not control coinfection in case of low Oseltamivir effectiveness.
Moreover, our computational study suggests clear disadvantages
of reducing the intake frequency below twice per day for a
treatment duration of 5 and 10 days. Future clinical studies
are needed to verify our results towards improved therapeutic
treatments to fight coinfections (Dunning et al., 2014).
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Unlike most bacteria, Streptococcus pneumoniae (pneumococcus) has two
evolutionarily distinct ABC transporters (Pst1 and Pst2) for inorganic phosphate
(P) uptake. The genes encoding a two-component regulator (PnpRS) are located
immediately upstream of the pst7 operon. Both the pst7 and pst2 operons encode
putative PhoU-family regulators (PhoU1 and PhoU2) at their ends. This study addresses
why S. pneumoniae contains dual P; uptake systems and the regulation and contribution
of the Pst1 and Pst2 systems in conditions of high (mM) P; amount and low (WM) P
amount. We show that in unencapsulated mutants, both pst7 and pst2 can be deleted,
and P; is taken up by a third Na™/P; co-transporter, designated as NptA. In contrast,
either pst1 or pst2 is unexpectedly required for the growth of capsule producing
strains. We used a combination of mutational analysis, transcript level determinations
by gRT-PCR and RNA-Seq, assays for cellular PnpR~P amounts by SDS-PAGE, and
pulse-P; uptake experiments to study the regulation of P; uptake. In high P; medium,
PhoU2 serves as the master negative regulator of Pst2 transporter function and PnpR~P
levels (post-transcriptionally). AphoU2 mutants have high PnpR~P levels and induction
of the pst1 operon, poor growth, and sensitivity to antibiotics, possibly due to high P
accumulation. In low P; medium, Pst2 is still active, but PnpR~P amount and pst7
operon levels increase. Together, these results support a model in which pneumococcus
maintains high P; transport in high and low P; conditions that is required for optimal
capsule biosynthesis.

Keywords: PhoU, PnpRS two-component system (TCS), PnpR~P phosphorylation, Pst1 and Pst2 P; ABC
transporters, NptA Na*/P; co-transporter

INTRODUCTION

Phosphorus is an essential element in all cells because of its structural and metabolic roles in nearly
all biological processes, including the composition of nucleic acids, phospholipids, and energy
intermediates. A preferred source of phosphorous for bacterial cells is environmental inorganic
orthophosphate (PO ; P;). The mechanism of extracellular P; uptake has been studied intensively
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in Escherichia coli and Bacillus subtilis as model organisms
(Hulett, 1993; Takemaru et al., 1996; Wanner, 1996; Qi et al,,
1997; Lamarche et al., 2008; Hsieh and Wanner, 2010; Botella
et al, 2011, 2014), and recently in other bacterial species
(Braibant et al., 1996; Gonin et al., 2000; Zaborina et al,
2008; Rifat et al., 2009; Shi and Zhang, 2010; Burut-Archanai
et al, 2011; Cheng et al,, 2012; Wang et al., 2013; de Almeida
et al, 2015; Lubin et al, 2016). Generally, bacterial high-
affinity P; uptake systems consist of an ATP-binding cassette
(ABC) transporter, designated as Pst (for phosphate-specific
transporter), which contains at least four component subunits:
an extracellular P; binding protein (PstS), two transmembrane
channel proteins (PstCA), and a cytoplasmic ATPase (PstB)
(see Figure 1; Hsich and Wanner, 2010). The expression of
most bacterial Pst transporters is regulated at the transcriptional
level by a two-component regulatory system (TCS), which has
different designations in different bacteria (Hulett, 1993; Novak
et al., 1999; Throup et al, 2000; Howell et al., 2006; Glover
et al,, 2007). Many bacteria also regulate P; uptake by an
ancillary negative regulatory protein, designated PhoU (Steed
and Wanner, 1993; Botella et al., 2011, 2014; de Almeida et al,,
2015; Lubin et al., 2016).

In E. coli and related enterobacteria, the histidine kinase
(HK) and response regulator (RR) that mediate P; transport are
designated as PhoR and PhoB, respectively, and the regulation
of P; uptake involves a PhoU regulator (Hsich and Wanner,
2010; Gardner et al,, 2014, 2015). Briefly, when [P;i] > 4.0 uM,
the expression of the phoB-phoR regulator and pst transporter
operons is inhibited by PhoU by a mechanism described below
(Hsieh and Wanner, 2010). When the [P;] is depleted to
<4.0 wM, PhoU releases inhibition of the PhoR HK and the PstB
subunit of the transporter, allowing autophosphorylation of the
PhoR HK, phosphoryl transfer to the PhoB RR, and activation
of transcription by PhoB~P of operons in the phosphate (pho)
regulon, including the pst transporter, the phoB-phoR regulator,
and other operons involved in the uptake and assimilation
of phosphorous-containing compounds (Wanner, 1996; Hsieh
and Wanner, 2010). PhoB~P activates transcription by binding
to the Pho box sequence upstream from the promoters of
the regulon operons, including phoB-phoR, which provides
autoregulation of the TCS proteins (Wanner, 1996; Martin, 2004;
Lubin et al., 2016). Usually, the sequence of the consensus Pho
box is different between Gram-negative (e.g., E. coli) and Gram-
positive (e.g., B. subtilis) bacteria (Martin, 2004). Since the Pst
transporter is not activated in E. coli at high P; concentrations,
this system is considered as a high-affinity transporter that
works predominantly at low P; concentrations (Wanner, 1996).
PhoB/R, the Pst transporter, and members of the Pho regulon
are important for virulence in many pathogenic Gram-negative
bacteria, including E. coli, Vibrio cholerae, Proteus mirabilis, and
Pseudomonas aeruginosa (Jacobsen et al., 2008; Lamarche et al.,
2008; Zaborina et al., 2008; Pratt et al., 2010; Chekabab et al.,
2014a,b). In P. aeruginosa, the PstS P; binding protein also plays
roles in adhesion and a Pj-independent role in biofilm formation
(Zaborina et al., 2008; Neznansky et al., 2014; Shah et al., 2014).

PhoU is a negative regulator of Pho regulon expression in
E. coli and many other bacteria (Muda et al., 1992; Wanner,

1996; Hsieh and Wanner, 2010; Gardner et al., 2014; de Almeida
et al., 2015). Although, PhoU is an important regulator in
many bacteria, it is notably absent from certain Gram-positive
bacteria, including B. subtilis (Qi et al., 1997; Moreno-Letelier
et al, 2011). phoU deletion in E. coli, P. aeruginosa, and
Mycobacterium marinum leads to growth defects (Steed and
Wanner, 1993; Wanner, 1996; Rice et al., 2009; Wang et al.,
2013; de Almeida et al, 2015). In E. coli, this growth defect
is reversed by deletion of the pst transporter operon or the
phoBR TCS operon (Steed and Wanner, 1993; Wanner, 1996).
These observations suggest that the growth defect of phoU
mutants is caused by unregulated function of the Pst transport
system, leading to excess P; accumulation (Wanner, 1996; Rice
etal,, 2009). AphoU mutants also accumulate increased amounts
of poly-orthophosphate (poly-P;) in E. coli, M. marinum, P.
aeruginosa, and Caulobacter crescentus (Morohoshi et al., 2002;
Hirota et al.,, 2013; Wang et al., 2013; de Almeida et al., 2015;
Lubin et al., 2016). Poly-P; also accumulates in E. coli K-12 cells
in stationary phase in high P; medium, and this accumulation
is correlated with inhibition of biofilm formation mediated by
PhoB~P RR phosphorylation with acetyl-phosphate acting as
donor (Grillo-Puertas et al., 2016). The rate of P; uptake was
reported to increase in an E. coli AphoU in one study (Rice et al.,
2009), but not in another (Steed and Wanner, 1993). Besides
defective growth, AphoU mutants exhibit higher sensitivity to a
diverse range of antibiotics in E. coli, Mycobacterium tuberculosis,
M. marinum, and P. aeruginosa (Li and Zhang, 2007; Shi and
Zhang, 2010; Wang et al., 2013; de Almeida et al,, 2015) and a
defect in mutagenic DNA break repair in E. coli (Gibson et al.,
2015).

Recent papers demonstrate that E. coli PhoU interacts with the
PAS domain of the PhoR HK and with the PstB ATPase protein,
in support of the dual inhibition of Pho regulon transcription
and Pst mediated transport in E. coli (Gardner et al., 2014,
2015). Three crystal structures of PhoU-like proteins have been
reported from Aquifex aeolicus, Thermotoga maritima, and P.
aeruginosa (Liu et al., 2005; Oganesyan et al., 2005; Lee et al.,
2014), showing that PhoU consists of two symmetric, three-
alpha-helix bundles. However, these PhoU proteins showed
several quaternary structures in crystals, including monomer,
dimer, or hexamer packing (Liu et al., 2005; Oganesyan et al.,
2005; Lee et al, 2014). Gel filtration shows that purified E.
coli PhoU forms a dimer in solution (Gardner et al., 2014). In
addition, divalent cation binding of magnesium and manganese
is required for E. coli PhoU binding to the cytoplasmic side of the
inner membrane and may play a role in formation of a ternary
regulatory complex containing PhoU, PhoR, and PstB (Gardner
et al., 2014). On the other hand, a recent study suggests that a
different paradigm operates in C. crescentus, where PhoU does
not modulate PhoR HK activity directly (Lubin et al., 2016).
Instead, PhoU may negatively regulate the activity of the Pst
transporter in response to P;j availability in C. crescentus (Lubin
et al., 2016).

Besides Pst ABC transporters, P; is taken up by symporter
secondary transport systems. In E. coli, two additional P;
transporters, PitA and PitB, have been identified that are
symporters of divalent cations, such as Mg?>* and Ca?* (van Veen
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maintained during variations in P; conditions. See the text for additional details.
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FIGURE 1 | Model for regulation of the dual Pst1 and Pst2 ABC P; transporters in Streptococcus pneumoniae D39. Genomic sequencing and
transcriptome analyses show that pnpRS, pst1-phoU1, and pst2-phoU2 are organized into three distinct operons that are transcribed from separate promoters,
indicated by Ps followed by arrows (see text). The Pst2 ABC P; transporter is constitutively expressed in both high and low P; conditions. PhoU2 inhibits
phosphorylation of the PnpR response regulator (RR) and negatively regulates the transport activity of Pst2. In the absence of PhoU2, PnpR is phosphorylated by the
PnpS histidine kinase (HK). PnpR~P binds to the Pho box upstream of the pst7-phoU7 operon and activates transcription and expression of the genes encoding the
Pst1 transporter and PhoU1 regulator; however, PnpR~P does not autoregulate its own (pnpRS) transcription. In contrast to PhoU2, PhoU1 negatively regulates the
transport activity of Pst1, but does not regulate phosphorylation of PnpR. In the absence of the Pst2 transporter or in low P; conditions, the PnpRS two component
system (TCS) activates the expression of the genes encoding the Pst1 transporter and PhoU1 regulator. Either the Pst1 or Pst2 P; transporter is required in
encapsulated cells. Therefore, the regulated Pst1 and constitutive Pst2 P; transport systems may act as a redundant failsafe to ensure that capsule biosynthesis is

etal., 1994; Wanner, 1996; Harris et al., 2001; Jackson et al., 2008).
PitA and PitB have been considered as low-affinity P; transporters
that predominantly function in high P; environments (Wanner,
1996; Hsieh and Wanner, 2010). Moreover, expression of pitA is
induced by Zn?* addition (Jackson et al., 2008), suggesting that
PitA may act primarily as a metal ion transporter instead of a P;
transporter (Beard et al., 2000).

Unlike E. coli, B. subtilis, or C. crescentus, which contain only
one Pst transporter, Streptococcus pneumoniae (pneumococcus)
encodes two evolutionarily distinct P; ABC pump transporters,
Pstl and Pst2 (Figure 1; Lanie et al., 2007; Moreno-Letelier
et al,, 2011). The multigene pstl and pst2 operons are located
at different locations in the pneumococcus chromosome (Lanie
et al., 2007). Only one phoBR-like TCS, pnpRS, encoding the
PnpR RR and the PnpS HK, is encoded upstream of the pstl
operon, and both the pstl and pst2 transporter operons encode
separate PhoU-family regulators, designated PhoU1 and PhoU2
(Figure 1). The PnpRS TCS, Pstl transporter, and PhoU1l were
initially studied in unencapsulated S. pneumoniae laboratory
strain R6x (Novak et al., 1999), before the discovery of the second
Pst2 transporter and PhoU?2 regulator. This work indicated that
pnpRS operon expression was not regulated by P; amount, and
that mutants deficient in the PstBl ATPase subunit seemed
to show decreased P; uptake in certain growth media (Novak
et al, 1999). Subsequent work suggests that upregulation of

pstl operon expression is correlated with increased B-lactam
antibiotic resistance in low-affinity pbp2x mutants and some
clinical isolates of S. pneumoniae (Soualhine et al., 2005; Engel
et al., 2014).

S. pneumoniae is a common commensal bacterium that
primarily colonizes the human nasopharynx (Donkor,
2013; Chao et al, 2014; Hakansson et al., 2015; Short and
Diavatopoulos, 2015), but can become an opportunistic
pathogen, causing several serious respiratory and invasive
diseases (Henriques-Normark and Tuomanen, 2013; Vernatter
and Pirofski, 2013; Ferreira and Gordon, 2015; Gratz et al.,
2015; Oliver and Swords, 2015). Therefore, the Pstl and Pst2
transporters must mediate P; acquisition from several niches
with vastly different P; concentrations in human hosts (Orihuela
et al., 2001; Wilson, 2005, 2008). Signature-tagged mutagenesis
(STM) screens and a study of the role of the PnpR RR (also called
RR04) indicated that the pnpRS, pstl, and pst2 operons are all
required for full pneumococcal virulence (Polissi et al., 1998;
Throup et al., 2000; Hava and Camilli, 2002; McCluskey et al.,
2004; Paterson et al., 2006; Trihn et al., 2013). Consistent with
these earlier studies, a recent Tn-Seq study showed that PhoU1
is important for nasopharynx colonization, whereas PhoU2 is
important for lung infection (van Opijnen and Camilli, 2012).

In this report, we studied the transcriptional and functional
regulation of the pneumococcal Pstl and Pst2 P; transporters
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under growth conditions containing high (18 mM) or low
(=100 wM) concentrations of Pj. Our results show that pst2
operon transcription is constitutive, but Pst2 transporter activity
is negatively regulated by PhoU2. In addition, PhoU2 negatively
regulates PnpR RR phosphorylation and transcription of the
pstl operon at high concentrations of P;j. Therefore, PhoU2
resembles E. coli PhoU in that it functions in regulating the
level of RR phosphorylation, besides modulating Pst2 transporter
activity. In contrast, PhoUl resembles C. crescentus PhoU in
that it only regulates Pstl transporter activity and does not
modulate PnpRS TCS function. Our results also indicate that
encapsulated S. pneumoniae requires the function of Pstl or
Pst2 for growth, whereas a symporter, named NptA, can provide
sufficient P; to allow the growth of unencapsulated mutants in
high P; conditions.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Strains used in this study are listed in Table S1. Encapsulated
strains were derived from parent strain TU1781 (D39 cps™
rpsL1), and unencapsulated strains were derived from parent
strains 1U1945 (D39 Acps), 1U1824 (D39 Acps rpsLI), and
1U3309 (D39 Acps2E rpsLI), which are derivatives of serotype
2 S. pneumoniae strain D39 IU1690 (Lanie et al., 2007).
Strains containing antibiotic markers were constructed by
transformation of competent pneumococcal cells with linear
DNA amplicons synthesized by overlapping fusion PCR
(Ramos-Montanez et al., 2008; Tsui et al., 2010). Strains
containing markerless alleles in native chromosomal loci were
constructed using allele replacement via the Pc-[kan-rpsL™]
(Janus cassette; Sung et al., 2001). Primers used to synthesize
different amplicons are listed in Table S2. All constructs
were confirmed by DNA sequencing of chromosomal regions
corresponding to the amplicon region used for transformation.
Bacteria were grown on plates containing trypticase soy agar
II (modified; Becton-Dickinson) and 5% (vol/vol) defibrinated
sheep blood (TSAII-BA). Plates were incubated at 37°C in
an atmosphere of 5% CO,. For selections of transformants,
TSAII-BA plates contained 250 pg/mL kanamycin, 0.3 pg/mL
erythromycin, or 250 pg/mL streptomycin. Strains were cultured
statically in Becton-Dickinson brain heart infusion (BHI)
broth at 37°C in an atmosphere of 5% CO,, and growth
was monitored by ODgy as described before (Tsui et al,
2016). Transformants were single-colony-isolated on TSAII-BA
plates containing antibiotics twice before growth in antibiotic-
containing BHI broth for storage (Tsui et al., 2016). All mutant
constructs were confirmed by DNA sequencing of chromosomal
regions corresponding to the amplicon region used for
transformation.

Static growth in BHI broth, which contains ~18 mM P;,
was used as a high P; condition. For growth curves, strains
were inoculated into 3mL of BHI broth, serially diluted, and
grown overnight. The next day, cultures with ODgy = 0.1-
0.3 were diluted into 5 mL of fresh BHI broth to ODg;¢~20.002,
and growth was monitored hourly. C+Y medium (Lacks and
Hotchkiss, 1960) was used for studies of moderately low P;

condition. We determined that C+Y broth (no added P;) already
contains ~1.5mM P; (see Results). A modified chemically
defined medium (mCDM) (Carvalho et al, 2013) was used
for moderate and low P; conditions. To optimize growth, the
concentrations of choline-HCl and all amino acids amounts were
increased by 1000-fold and tyrosine was added to 100 mg/L
compared to the CDM recipe in Carvalho et al. (2013). In
addition, 40 mM MOPS buffer was added to mCDM, which was
adjusted to a final pH = 7.4 with 10 M NaOH. mCDM contains
36.4 mM P;(Carvalho et al., 2013). mCDM with no P; was made
by omitting KH,PO4 and K;HPO, and adding KCI to 50.8 mM.
mCDM media with 2mM or 1 mM P; was made by mixing
mCDM and mCDM lacking P; in a ratio of 2-34.4 or 1-354,
respectively. mCDM with 1 mM P; was diluted 10 or 100-fold
with mCDM lacking P; make mCDM with 100 pM and 10 pM P;,
respectively. For growth in mCDM, 3 mL overnight cultures were
grown as described above, and the next day, cultures with ODg
= 0.1-0.3 were centrifuged (5125 x g, 5 min, 25°C), washed with
3 mL mCDM lacking P; twice, and resuspended in 3 mL mCDM
lacking P;. Cells were then diluted in 5mL of mCDM with 2,
1 mM, 100, 10 oM, or no P; to OD=0.005 and growth of static
cultures in an atmosphere of 5% CO; was monitored hourly at
ODe2o.

Antibiotic Disk Diffusion Assays

Overnight cultures were diluted and grown in 5mL of BHI
to ODgyo~0.1. 100 LWL of cultures were mixed with 3mL of
nutrient-broth soft agar [0.8% (w/v) nutrient broth and 0.7%
(w/v) Bacto Agar (Difco)] and poured onto TSAII-BA plates.
After 15min, antibiotics disks were placed at the middle of
plates, which were incubated at 37°C in an atmosphere of
5% CO, overnight for 16h. Diameters of zones of growth
inhibition were measured with a ruler, and P-values were
calculated by unpaired t-test in GraphPad Prism. Antibiotic
disks were from Becton, Dickinson Co.: cefotaxime (30 g);
cefazolin (30 ug); cefamandole (30g); ceftazidime (30g);
amdinocillin (10 pg); vancomycin (30 pug); gentamicin (120 pg);
and tetracycline (30 png).

RNA Preparation, qRT-PCR, and RNA-Seq

Analyses

To study high P; conditions, overnight cultures were diluted and
grown in 5mL of BHI to OD ~0.15. Cells were collected by
centrifuging at 16,000 x g for 5min at 4°C. 1 mL of RNApro
solution (MP Biomedicals) was added to resuspend cell pellets.
The suspension was transferred to a Lysing Matrix B tube (MP
Biomedicals), which was shaken 3X in FastPrep homogenizer (6.0
M/s for 40s each). Cell debris and lysing matrix were removed
by centrifugation at 16,000 x g for 5min at 4°C. 700 nL of
supernates was transferred to a new microcentrifuge tube and
incubated at room temperature for 5min. 300 wL of chloroform
was then added followed by incubation at room temperature
for 5min. Mixtures were centrifuged at 16,000 x g for 5min
at 4°C. 280 uL of the upper, aqueous phase was collected and
mixed with 140 pL of 100% Ethanol in a new microcentrifuge
tube for RNA precipitation. RNA purification was done using
miRNeasy minikit (Qiagen), including on-column treatment
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with DNase I (Qiagen), following the manufacturer’s instructions.
5ug of purified RNA was treated by DNase from a DNA-
free DNA removal kit (Ambion). 125 ng of treated RNA was
used to synthesize cDNA by a qScript Felex cDNA synthesis
kit (Quanta Biosciences). Synthesized cDNA was diluted 1:6 in
water and then serially diluted 1:5 in water three more times.
qRT-PCR reactions contained 10 pL of 2 x Brilliant IIT Ultra-
Fast SYBR Green QPCR Master Mix (Agilent), 2 L of each
2uM primers (Table S3), 0.3 L of a 1:500 dilution of ROX
reference dye, and 6 uL of diluted cDNA. Samples were run in
an MX3000P thermocycler (Stratagene) with Program MxPro v.
3.0. Transcript amounts were normalized to gyrA mRNA amount
and compared with transcript amounts of the wild-type parent
strain by unpaired ¢-test in GraphPad Prism (Kazmierczak et al.,
2009).

To study low P; conditions, bacteria from overnight BHI
broth cultures were washed, diluted, and grown in 5mL of
mCDM medium containing 36.4 mM P; to ODg~0.15. Cells
were collected by centrifugation, washed twice with 5 mL mCDM
lacking P;, and resuspended in mCDM containing 36.4 mM P; or
10 wM P;. Cultures were incubated at 37°C in an atmosphere of
5% CO; for 30 min. Lysis, RNA extraction, purification, and qRT-
PCR reactions were performed as described above, except that
16S rRNA was used to normalize transcript amounts, because
gyrA was down-regulated under low P; condition. All transcript
amounts were compared with the wild-type parent strain grown
in mCDM containing 36.4 mM.

RNA samples for RNA-Seq analyses were prepared from
30mL cultures as described previously (Hoover et al., 2015)
c¢DNA library construction, single-end, 100 bp-sequencing on
a HiSeq 2000 sequencer (Illumina), and bioinformatic analyses
were performed as described in Hoover et al. (2015). False-
discovery rates (FDR) were calculated using Benjamini and
Hochberg’s algorithm (Benjamini and Hochberg, 1995) and a
gene or region was defined as differentially expressed if it had
an up- or down-fold change of 1.8 with a FDR < 0.05. RNA-Seq
data were deposited in the NCBI GEO database under accession
number GSE80637.

Phos-Tag SDS-PAGE and Western Blot
Phos-tag SDS-PAGE and standard Western blotting were carried
out as described previously (Wayne et al, 2010, 2012; Tsui
et al., 2014). To study high P; conditions, overnight BHI broth
cultures were diluted and grown up to ODg~0.2 in 30 mL
of BHI Cells expressing PnpR-L-FLAG®> were lysed using a
FastPrep homogenizer, and cell lysates were resolved by Phos-tag
SDS-PAGE at 4°C (Wayne et al., 2012). Cells expressing PstS2-
HA were lysed by the same method, but resolved by standard
SDS-PAGE (Tsui et al., 2014). PnpR-L-FLAG® and PstS2-HA
were detected by Western blotting as described previously
(Tsui et al,, 2014) using anti-FLAG or anti-HA antibody as
primary antibody. Chemiluminescent signal in protein bands was
quantitated by using an IVIS imaging system as described in
Wayne et al. (2010).

To study low P; conditions, strains were grown in 30 mL of
mCDM to ODg;p=0.2 as described above. Cells were collected by
centrifugation and washed twice with 30 mL of mCDM lacking

P;. Cell pellets were resuspended in 30 mL of mCDM containing
36.4mM P; or lacking P; and incubated statically at 37°C in
an atmosphere of 5% CO, for 40 min. Proteins samples were
extracted and Phos-tag SDS-PAGE was performed as described
above.

Qualitative Quellung Assay for Capsule
Overnight cultures were diluted and grown in 5mL of BHI
to OD~0.15. 1 uL of culture was mixed with 1pL of Type
2 pneumococcal antiserum (Statens Serum Institut) on a glass
slide. A cover slip was placed on top of the mixture, which was
viewed immediately with a 100X objective by a phase-contrast
microscope. Cells surrounded by capsule appear enlarged or
swollen.

P; Concentration Determination

The P; amount in C+Y broth was determined by the colorimetric
method described in Katewa and Katyare (2003). Briefly,
standards were prepared by dilution of a KH;POy stock to give
final P; concentrations of 2.5, 5.0, 10.0, 20.0, and 40.0 uM P; in
2.4 mL of water in glass tubes. 0.8 mL of 3N H,SO4 was added to
each standard tube. 0.4 mL of 2.5% (w/v) ammonium molybdate
(prepared in 3N H;SO4) was added in each tube. Last, 0.4 mL
of reducing agents (20 mg of hydrazine sulfate and 20 mg of
ascorbic acid dissolved in 1 mL of 0.1N H,SO,) was added to each
tube. After 2h at room temperature, Agyo was determined and
plotted to generate a standard curve. C+Y broth (no added P;)
was diluted 100X with water, P; content was assayed as described
above, and P; concentration was determined from the standard
curve.

P; Uptake Assays

To study high P; conditions, strains were grown in 5mL of BHI
broth to ODgpp~0.2. Cells were centrifuged at 5125 x g for 5 min
at room temperature, washed twice with 5mL of mCDM lacking
Pj, and resuspended at room temperature in 5mL of mCDM
lacking P;. K,H??PO, (107-10° dpm; 8500-9120 Ci/mmole;
Perkin Elmer) was added to a final concentration of 1 mM at ¢=0,
and 100 pL of cells was collected by vacuum filtration (0.22 pm
GSWP; 13 mm diameter; Millipore) at 1, 2, 4, 6, 10 min after
addition of *2P. Filters were washed 3X with 3mL of room-
temperature 1 x PBS (Ambion). Washed filters were transferred
individually into 20-mL glass scintillation vials to which 5mL of a
biodegradable counting cocktail was added. Dpm of each sample
was determined using a TRI-CARB 2100TR Liquid Scintillation
Counter (Perkin Elmer), P; amount incorporated at each time
point was calculated.

To study low P; condition, strains were grown to ODgp~20.2
in mCDM containing 36.4mM Pi as described above. Cells
were centrifuged at 5125 x g for 5min at room temperature,
and washed twice with 5mL of mCDM lacking Pj. Cell
pellets were resuspended in 5mL of mCDM lacking P; and
incubated 1h at 37°C in an atmosphere of 5% CO;. 200 uM
of KoH*PO, (107-10% dpm) was added at ¢ 0, and
samples were withdrawn, filtered, and counted as described
above.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

64

June 2016 | Volume 6 | Article 63


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Zheng et al.

Multiple Roles of Pneumococcal PhoU2

RESULTS

AphoU2 Mutants Show a Growth Defect
and Increased Sensitivity to a Range of
Antibiotics That is Reversed by Inactivation

of Pst2 Transport

The Pst transporter is not needed for growth of E. coli at high
P; concentrations >4uM, and AphoU mutations lead to a
severe growth defect that is reversed by inactivation of the
Pst transporter (Steed and Wanner, 1993; Rice et al.,, 2009).
To determine the roles of the Pstl and Pst2 transporters and
their regulation, we constructed a series of markerless deletion
mutants [AphoU2 (IU6375); AphoUl (1U6377); ApnpRS
(IU6381); Apst2 (IU6610); Apstl (IU6638)] in S. pneumoniae
serotype 2 strain D39, which is encapsulated and virulent (Lanie
etal., 2007; Figure 1, Table S1). Mutants were first grown in BHI
broth, which contains a high P; concentration (=18 mM). Only
the AphoU2 mutant showed a significant decrease in growth
yield compared to the parent and other mutants (Figure 2A,
Figure S1A, Table S4). Growth yield was restored when the
AphoU2 mutation was complemented by an ectopic copy of the
phoU2" gene expressed from the g4 promoter at the bgaA site
(IU6397) (Figure 2A, Table S4). Similar results were obtained in
mutants in unencapsulated D39 derivative strain K579 and E579
(data not shown).

Inactivation of phoU in E. coli generates higher sensitivity to
various kinds of antibiotics than the parent strain (Li and Zhang,
2007). Since the pneumococcal AphoU2 mutant shows a similar
growth defect as the AphoU mutant in E. coli (Figure 2A, Figure
S1A), we tested antibiotic sensitivity to several antibiotics. Of the
Pho regulon mutants tested in the encapsulated strain, only the
AphoU2 mutant showed increased sensitivity to p-lactams and
other classes of antibiotics, including glycopeptides and protein
synthesis inhibitors, on plates that contain relatively high P;
content (Figure 2B, Figure S1B, and Table S5).

Previous work in E. coli (Steed and Wanner, 1993; Wanner,
1996; Rice et al, 2009; Hsieh and Wanner, 2010) and C.
crescentus, in which PhoU is essential for growth (Lubin et al.,
2016), indicated that the reduced growth of phoU deletion
or depletion mutants could be reversed by inactivation of the
Pst pump. This reversal was interpreted to mean that PhoU
negatively regulates the Pst transporter itself, and in its absence,
deleterious phosphate compounds accumulate that disrupt
growth and metabolism. In the pneumococcal encapsulated D39
genetic background, a Apst2-phoU2 deletion mutant lacking
the Pst2 transporter and PhoU2 regulator grew similar to the
parent strain and did not show increased sensitivity to antibiotics
caused by the absence of PhoU2 alone (Figures 2C,D, Table S4).
Likewise, single deletions of genes encoding each component
of the Pst2 transporter restored growth yield of a AphoU2
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FIGURE 2 | Deletion of phoU2 leads to a lower growth yield and increased g-lactam antibiotic sensitivity that are reversed by a Apst2 mutation. (A)
Representative growth curves in BHI broth (18 mM P;) of encapsulated parent strain (IU1781), a AphoU2 mutant (IU6375), and a AphoU2 mutant complemented by
ectopic expression of PhoU2+ (IU6397). Strains were grown as described in Materials and Methods. A linear scale for ODgyq is used to emphasize differences in
growth yields. Growth yields and rates are quantitated for multiple determinations in Table S4. (B) Cefotaxime sensitivity assays of encapsulated parent strain (IU1781),
a AphoU2 mutant (IU6375), and a PhoU2+ -complemented AphoU2 mutant (1U6397). Cefotaxime disk sensitivity assays of bacteria grown in BHI broth were
performed as described in Material and Methods. P-values were calculated by unpaired t-tests relative to the parent strain using GraphPad Prism; (n > 3);
**P < 0.001. Increased sensitivity to other B-lactam antibiotics, vancomycin, gentamicin, and tetracycline of a AphoU2 mutant compared to its isogenic parent strain
is shown in Table S5. (C) Representative growth curves of encapsulated parent strain (IU1781) and AphoU2 (IUB375), Apst2-phoU2 (IUB550), and Apst2 (1U6610)
mutants in BHI broth. (D) Cefotaxime sensitivity assays for encapsulated parent strain (IU1781), and AphoU2 (IU6375), Apst2-phoU2 (IU6550), and Apst2 (IU6610)
mutants. (n > 3); ***P < 0.001.
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mutant back to wild-type (data not shown). Western blot analysis
showed that the AphoU2 mutation did not change the cellular
amount of the PstS2 transporter subunit fused to the HA epitope
tag (Figure S3), and by inference the amount of the Pst2
transporter. We conclude that the decreased growth yield and
antibiotic sensitivity of encapsulated pneumococcus AphoU2
mutants in high P; conditions are dependent on function of the
Pst2 transporter, consistent with negative regulation of the Pst2
transporter by PhoU2.

PhoU2 Negatively Regulates Transcription
Activation of the pst1 Operon by the
PnpRS TCS in High P; Conditions

As noted in the Introduction, PhoU negatively regulates the
PhoBR TCS in E. coli, but not in C. crescentus (Hsiech and
Wanner, 2010; Lubin et al, 2016). Consequently, we tested
whether AphoUl or AphoU2 deletions affected transcript
levels of the pstl or pst2 operons under high P; conditions
(see Figurel). We first performed RNA-Seq analyses of
AphoU2:kanrpsLt and AphoU2:kanrpsL™  AphoUl:Pc-erm
mutants growing in early-middle exponential phase in BHI
broth, which contains a high (18 mM) concentration of P;
(Table S6). In both strains, only transcript amounts of the pst1
transporter operon, including phoUI in the single mutant,
were strongly induced (~22X). The transcript amounts of
the pnpRS regulator and pst2 transporter operons were not
induced, and the number of other genes in the Pho regulon
appears to be limited in S. pneumoniae D39 (Table S6). Notably,
pneumococcus encodes neither an alkaline phosphatase (phoA)

nor a pathway for synthesis of teichuronic acids lacking
phosphate (Wanner, 1996; Botella et al., 2011, 2014). Besides
the strong induction of pstl operon transcription, there were
small (2-4X) changes in the relative amounts of only a handful
of other transcripts, including some corresponding to metabolic
and stress-responsive genes, possibly reflecting the defective
growth of these phoU2 mutants. In both mutants, one of the
stronger responses was a decrease in the relative transcript
amounts of the genes encoding the glycerol facilitator (GlpF)
and glycerol kinase (GIpK). A putative, somewhat degenerate
Pho box is located -125 bp upstream of the glpK reading
frame. Together, these results suggested that PhoU2 negatively
regulates pst] operon expression under high P;j conditions,
whereas the pnpRS and pst2 operons are constitutively
expressed.

These conclusions were confirmed by qRT-PCR analysis of
combinations of markerless deletion mutations in the pst and
pnpRS genes (Table 1). RNA-Seq transcriptome analysis indicates
that the pnpRS, pstl-phoUl, and pst2-phoU2 operons are
separately transcribed (Table S6, Figure 1, Figures S2A,B). Hence,
we quantitated the relative amounts of the pnpR, pstSI, and pstS2
transcripts normalized to gyrA transcript amount by qRT-PCR to
represent pnpRS, pst1-phoUl, and pst2-phoU2 operon expression
(see Materials and Methods; Wayne et al., 2012). Consistent
with the RNA-Seq results, the AphoU2 mutations caused ~16X
increase in pst1-phoUl operon transcript amount, but no change
in expression of pst2 or pnpRS operon (Table 1, line 2). In
contrast, a AphoUI mutation did not cause a significant change
in the relative amounts of transcript from any of the three
operons (Table 1, line 3). No increase in pst1-phoUl transcript

TABLE 1 | Relative transcript amounts of the pst1, pst2, and pnpRS operons in regulatory mutants?.

Strains? Relative transcript amount of pstS1¢

Relative transcript amount of psi‘szd Relative transcript amount of pnpR®

1. Parent strain (IU1781)
2. AphoU2 (U6375)

=1
+16.0+1.8(n=4) (")

3.AphoUT1 (IUB377) +1.6 £0.4 (0 =4) (ns)
4. AphoU2//phoU2+ (IUB397) +1.3+0.3 (n=23)(ns)
4. ApnpR (IUB379) —-48+02((n=2) (")
6. ApnpS (IU6496) —2.4+04(Nn=2) ("
7. ApnpRS (U6381) -20+06(n=2)()
8. AphoU2 ApnpR (IU6573) —-4.4+11 (=4 (")
9. AphoU2 ApnpS (1UB595) —21+03(Nn=4) ™
10. AphoU2 ApnpRS (IUB575) —-25+£0.6(n=5)("
11. AphoU2 AphoUT (1U6499) +19.6 £ 1.6 (n = 5) (")
12. Apst2-phoU2 (IU6550) +43.8 £4.2 (n=4) (")
13. Apst2 (IU6610) +44.8 £1.5(n=4) (")
14. Apst2-phoU2 AphoUT (1U6612) +44.8 £5.5(n=23) (%)
15. Apst1 (IUB638) -

=1

+1.2+0.6 (n=2) (ns) -12Mn=1)
+1.3+0.4 (n=2) (ns) +1.1(h=1)
ND9 ND
—1.1+0.1(n=2) (ns) ND
—-1.4+0.1 (n=2)(ns) ND
—-1.1+0.2 (n=2) (ns) ND
ND ND
ND ND
ND ND
—-1.4+0.1(n = 2) (ns) +1.0(h=1)
- +1.1 £0.0 (n =3) (ns)
- ND
- ND
+1.0(h=1) ND

4RNA preparation and gRT-PCR were performed as described in Materials and Methods.
bStrains were markerless deletion mutants derived from encapsulated parent strain IU1781.
CRelative pstS1 gene transcript amount was used to represent pst1 operon expression.
9Relative pstS2 gene transcript amount was used to represent pst2 operon expression.

€ Relative pnpR gene transcript amount was used to represent pnpRS operon expression.

P < 0,001; **P < 0.01; *P < 0.05; ns, not significant. P-values were calculated by an unpaired t-test in GraphPad Prism. P-value is not available when n = 1.

IND, not determined.
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amount in the AphoU2 mutant was detected in complementation
experiments in which a wild-type copy of phoU2™" was expressed
from an ectopic site (Table 1, line 4).

We next determined that the increased transcription of the
pstl-phoUl operon in the AphoU2 mutant is mediated by the
PnpRS TCS through increased phosphorylation of the PnpR~P
RR. ApnpR, ApnpS, or ApnpRS mutants showed slightly reduced
pst1-phoUl operon transcript amounts compared to the parent
strain, with no change in pst2-phoU2 operon expression (Table 1,
lines 5-7). Likewise, ApnpR AphoU2, ApnpS AphoU2, and
ApnpRS AphoU2 double mutants showed reduced pstI-phoU1
operon relative transcript amounts (Table 1, lines 8-10), instead
of the sizable increase observed for the AphoU2 single mutant
containing an active PnpRS TCS (Table 1, line 2). To confirm
directly that PhoU2 acts as a negative regulator of PnpRS function
under high P; conditions, we performed Phos-tag SDS PAGE
analysis to determine PnpR~P RR phosphorylation levels (see
Materials and Methods; Figure 3). In these experiments, we
fused three tandem copies of the FLAG epitope tag to the C-
terminus of the PnpR RR regulator expressed from its normal
chromosomal locus (Figure 3, Table S1). The PnpR-L-FLAG?
RR induced pstl-phoUl transcription to a similar extent as
wild-type (untagged) PnpR™ in a AphoU2 mutant (data not
shown). In the phoU2t strain, essentially no PnpR~P (<1%)
was detected in cells growing exponentially in high-P; BHI broth
(Figure 3). In contrast, the AphoU2 mutant contained ~45%
PnpR~P, which accounts for the high (~16X) increase in pstI-
phoUl transcript detected (Table 1, line 2). We conclude that
PhoU2 negatively regulates PnpR~P amounts and transcription
of the pstl-phoUl operon, but does not regulate transcription
of the pnpRS or pst2-phoU2 operon, which are constitutively
expressed.

Consistent with this interpretation, a putative PnpR~P
binding site (Pho-box) sequence (TTTACACAATCITTACA;
Martin, 2004) is located 92 bp upstream of pstSI reading frame
gene (Figure 1), but no recognizable Pho-box sequences can be
found upstream of the pnpRS or pst2-phoU2 operon. Finally,
we tested whether induction of pstI-phoUI operon expression
contributes to the growth defect and antibiotic sensitivity of a
AphoU2 mutant (Figure 2). A AphoU2 Apst1 or AphoU2 ApstI-
phoUI double mutant showed the same decrease in growth yield
(Figure 4A, Table S4) and antibiotic sensitivity (Figure 4B) as the
AphoU?2 single mutant, indicating that these defects were caused
primarily by misregulation of the Pst2 transporter in high P;
conditions, instead of induced expression of the Pst1 transporter.

Transcription of the pst1 Operon is Further
Induced by the Absence of the Pst2
Transporter Under High P; Conditions

We next tested whether absence of the Pst2 transporter affects
pstl operon expression in bacteria growing in high P;-BHI
broth. Surprisingly, relative transcript amounts from the pstI
operon increased by ~44 fold in the Apst2 phoU2%", Apst2-
phoU2, and Apst2-phoU2 AphoUl mutant compared to the
parent strain (Table1, lines 12, 13, and 14). By contrast,
pst2 operon transcription is unchanged in a Apstl phoUI™
mutant compared to the parent (Table 1, line 15). The similar
induction in the Apst2 phoU2" and Apst2-phoU2 mutants
(Table 1, lines 12 and 13) implies that negative regulation of the
PnpRS TCS by PhoU2 depends on a functional Pst2 transporter
system. Moreover, the similarity of pstI induction in the Apst2-
phoU2 AphoUI and other mutants implies that PhoUl does
not directly regulate pstI transcription. This conclusion was
supported by the similar induction of pstI operon transcription

(no tag) pnpR-L-F* pnpR-L-F

was determined by an unpaired t-test in GraphPad Prism; **P < 0.001.

A
- s
A5 I
T ey FreR
Parent phoU2* AphoU2

FIGURE 3 | Approximately 45% of PnpR is phosphorylated (PnpR~P) in a AphoU2 mutant. (A) Representative Phos-tag SDS-PAGE of the encapsulated
parent strain not expressing a FLAG-tagged protein (IU1781, lane 1) and of the pnpR-L-FLAGS (1U6689, lane 2), and AphoU2 pnpR-L-FLAGS (IU6687, lane 3)
mutants growing exponentially in BHI broth. The gel was Western blotted with anti-FLAG antibody as described in Materials and Methods. The top two bands in all
lanes are nonspecific. The upper anti-FLAG-specific band corresponds to phosphorylated PnpR~P, and the lower band corresponds to unphosphorylated PnpR.
Control experiments show that the upper band is heat-sensitive, as expected for PnpR~P (Figure S4). (B) Quantification of 3 independent Phos-tag SDS-PAGE
experiments. Less than 1% of PnpR was phosphorylated in the phoU2* strain, whereas ~45% of PnpR is phosphorylated (PnpR~P) in the AphoU2 mutant. P-value
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FIGURE 4 | Deletion of pst1 or pst1-phoU1 in a AphoU2 mutant does
not recover growth yield or antibiotic sensitivity. (A) Representative
growth curves of encapsulated parent strain (IU1781), and AphoU2 (IUB375),
AphoU2 Apst1 (IU6664), and AphoU2 Apst1-phoU1 (U6854) mutants in BHI
broth. Growth yields and rates are quantitated in Table S4. (B) Cefotaxime
sensitivity assays for encapsulated parent strain (IU1781), and AphoU2
(IlUB375), AphoU2 Apst1 (IU6664), and AphoU2 Apst1-phoUT (1U6854)
mutants. (n > 3); **P < 0.001. See Materials and Methods, the legend to
Figure 2, and the text for additional details.

in the AphoU2 phoUI" and AphoU2 AphoUI mutants (Table 1,
lines 2 and 11). Instead, the growth characteristics of these
mutants imply that PhoU1 negatively regulates the activity of
the Pstl transporter, in parallel to the negative regulation of
the activity of Pst2 by PhoU2 (Figure 5A, Table S4). In BHI
broth, the parent, AphoUl, and Apst2-phoU2 mutant show
similar growth and antibiotic sensitivity (Figure 5; Table S4).
In contrast, the AphoU2 and AphoUl Apst2-phoU2 mutants
showed reduced growth yield and increased antibiotic sensitivity
(Figure 5, Table S4), consistent with increased P; accumulation
caused by misregulation of the Pst2 and Pstl transporters,
respectively. This interpretation was further supported by the
reduced growth rate and yield and increased antibiotic sensitivity
of the AphoU2 AphoUI mutant compared to the AphoU2 and
Apst2-phoU2 AphoUI mutants (Figure 5; Table $4).

Either the Pst1 or Pst2 Transporter is
Required in the Encapsulated, But Not in
the Unencapsulated, D39 Strain

E. coli encodes an alternate low-affinity P; uptake (Pit) system
that functions in the absence of the high-affinity Pst transporter
in high P; conditions (Wanner, 1996; Harris et al., 2001; Hsieh
and Wanner, 2010). However, we were unable to construct Apst2
Apst] mutants in the encapsulated strain of D39 (Table 2, top
two sections), where the AnptA amplicon was used as a positive

A -8~ Parentstrain
- AphoU1
1.5 - Apst2-phoU2
AphoU2
-© AphoU1 Apst2-phoU2
o 07 = AphoU2 AphoU1
8
(o]
0.5
0.0 T T T 1
0 2 4 6 8 10
Time (h)
B * %
804 *kk
3 | O Parent strain
€ 61 I O Aphou2
5] l 3 AphoUt
° B Apst2-phoU2
£ 407 BB AphoU1 Apst2-phoU2
kS 20' Wl AphoU2 AphoU1
o 20]
5 1 cefotaxime sensitivity
N
0-

Strain

FIGURE 5 | A AphoU1 Apst2-phoU2 double mutant phenocopies a
AphoU2 single mutant for decreased growth yield and increased
cefotaxime sensitivity, which are even greater in a AphoU1 AphoU2
double mutant. (A) Representative growth curves of encapsulated parent
strain (IU1781) and AphoU2 (IU6375), AphoU1 (IU6377), Apst2-pholU2
(IUB550), AphoU1 Apst2-pholU2 (IU6612), and AphoU2 AphoU1 (IU6499)
mutants in BHI broth. (n > 3) Growth yields and rates are quantitated in Table
S4. (B) Cefotaxime sensitivity assays for encapsulated parent strain (1U1781)
and AphoUZ2 (IU6375), AphoU1 (IUB377), Apst2-phoU2 (IU6550), AphoU1
Apst2-phoU2 (IUB612), and AphoU2 AphoU1 (IUB499) mutants. (n > 3);
***P < 0.001. See Materials and Methods, the legend to Figure 2, and the text
for additional details.

control in the transformations. Likewise, we were unable to
construct a Apst2 ApnpRS double mutant, where induction of
the Pstl transporter was negated by the absence of the PnpRS
TCS (Table 1, top section; Figure 1). As expected, the cps*
ApnpRS-pst] mutant could be constructed (IU6133), where the
Pst2 transporter is functional.

In all Apst2 Apstl cps™ transformations, several colonies
(<10) appeared upon prolonged incubation (Table 2, top two
sections). These suppressor colonies had a rougher appearance
than the smooth colonies of D39 cpst strains (data not
shown), suggesting that capsule production was lost or reduced
in these Apst2 Apstl transformants. The Quellung test for
serotype 2 capsule (see Materials and Methods) confirmed that
a suppressor strain (IU6413) had lost its capsule (data not
shown). This result suggested that unlike in cpst strains, we
would be able to construct Acps Apst] Apst2 mutants in
the D39 genetic background. This hypothesis was confirmed
by transformation experiments (Table 2, bottom two sections),
and growth experiments showing that Acps Apstl Apst2 triple
mutants grew comparably to the Acps single mutant in BHI broth
(Figure S5). Thus, we conclude that either the Pstl or Pst2 P;
transporter must be functional in encapsulated D39 strains and
that the ApstI Apst2 cpst double mutant is not viable.
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TABLE 2 | The Apst1 Apst2 double mutant cannot be constructed in

encapsulated strain D392.

Recipient strain

Amplicon®

Number of colonies on
transformation plates

after ~20 hd
Apst2 cpst AnptA (control) 100-150 (h = 3)
(encapsulated) ApnpRS 0-10(n =29)
Apst1 0-4 (n=29)
Apst1-phoU1 0 =3
No DNA (control) 0(nh=23
Apst1 cpst AnptA (control) 100-150 (n = 3)
(encapsulated) Apst2? 0(n=23)
Apst2-phoU2 0(nh=23g
No DNA (control) 0(nh=3g
Apst2 cps mutants AnptA (control) 100-150 (n = 3)
(unencapsulated) APNPRS 250-300 (n = 3)
Apst1 100-150 (0 = 3)
Apst1-phoU1 250-300 (n = 3)
No DNA (control) 0(n=3
Apst1 cps mutants AnptA (control) 100-150 (n = 3)
(unencapsulated) ApSt2 100-150 (n = 3)
Apst2-phoU2 150-200 (n = 3)
No DNA (control) 0 =3

aTransformations were performed as described in Materials and Methods.

b Transformations were performed into multiple cps™ strains [IU1690 (D39); IU1781 (D39
rpsL1)] and cps mutants [IU1824 (D39 Acps rpsL1); IU1945 (D39 Acps); IU3309 (D39
ACps2E rpsL1)] with similar results. D39 Acps2E rpsL1 Apst1 Apst2 mutants could not
be repaired back to cps™ (data not shown).

¢Amplicons were synthesized as described in Materials and Methods (see Table S2).
Amplicons used for transformations contained the P.-kanrpsL* or Pc-erm antibiotic
cassette for selection. Transformations with the AnptA amplicon or without DNA were
the positive or negative control, respectively.

d <10 colonies on plates indicates accumulation of unencapsulated suppressor mutants
(see text).

NptA is the Third P; Uptake System That

Functions in Acps Apst1 Apst2 Mutants
Normal growth of the Acps Apst] Apst2 mutant in high P;
medium (Figure 5) implies that sufficient P; is being taken up
by a third uptake system. BLAST searches did not reveal a close
pneumococcal homolog of the Pit symporters of E. coli and B.
subtilis. During these searches, we found another candidate gene,
spd_0443, which encodes a putative Na™/P;-cotransporter II-
like protein. Spd_0443 homologs have been shown to act as P;
transporters in mammalian intestines and kidneys (Katai et al.,
1999) and in certain bacterial species, such as V. cholerae and
Vibrio vulnificus (Lebens et al., 2002; Staley and Harwood, 2014).
Consistent with a role in P; uptake, we could not delete spd_0443
in a Acps Apstl Apst2 mutant in high P; medium (Table 3), but
we could delete spd_0443 in the Apstl or Apst2 single mutant
(Table 2). Thus, the Spd_0443 Na*/P;-cotransporter likely acts
as a third Pi uptake system in S. pneumoniae. Because the iron
transporter in S. pneumoniae is already named “Pit,” we renamed
Spd_0443 as NptA (Na™-dependent phosphate transporter A),
similar to Vibrio species (Lebens et al., 2002).

TABLE 3 | NptA (Na*t/Pi co-transporter) is a third P; uptake system.

Recipient strain? Ampliconb Number of colonies on
transformation plates after ~20 h
Apst1 cps ApnpR (control) 150-200 (n = 3)
AnptA 100-150 (n = 3)
No DNA (control) 0 (n = 3)
Apst2 cps ApnpR (control) 150-200 (n = 3)
AnptA 100-150 (n = 3)
No DNA (control) 0 (n=3)
Apst1 Apst2 cps ApnpR (control) 150-200 (n = 3)
AnptA 0(h =23
No DNA (control) 0 (n=3)

aTransformations were performed as described in Materials and Methods.
Transformations were performed into two cps mutants [IU1824 (D39 Acps rpsL1);
1UB309 (D39 Acps2E rpsL1)] with similar results.

bAmplicons were synthesized as described in Materials and Methods (see Table S2).
Amplicons used for transformations contained the Pe-kanrpsLt or P.-erm antibiotic
cassette for selection. Transformations with the ApnpR amplicon or without DNA were
the positive and negative control, respectively.

Apst1-phoU1 or Apst2-phoU2 Deletion
Has No Effect on Growth Under Low P;

Conditions

We next examined the roles of the Pstl and Pst2 transporters
and their regulators (Figure 1) under low P; culture conditions.
A previous study used the semi-defined C+Y medium as a
low P; condition (Novak et al., 1999). However, encapsulated
strains grew in C+Y broth without P; addition (Figure S6),
and direct chemical assay (see Materials and Methods; Katewa
and Katyare, 2003) showed that C+Y broth (with no added
P;) contains ~1.5mM P; (Figure S7). Therefore, a modified
chemically defined medium (mCDM) was used to study low
P; culture conditions (see Materials and Methods; Carvalho
et al., 2013). The growth yield of the wild-type encapsulated
strain was dependent on P; concentration below 1 mM P;, with
growth detectable down to ~10 wM and no growth without P;
addition (Figure 6A). Growth rates and yields of the Apst2-
phoU2 and Apstl-phoUl mutants were similar to those of the
parent strain (Figures 6B,C), implying that a functional Pst1 or
Pst2 transporter is sufficient for optimal growth under low P;
conditions.

We used unencapsulated (Acps) mutants to determine the
effects of P; concentration when both the Pstl and Pst2
transporters were absent. Similar to the encapsulated strains
(Figure 6), growth yield of the parent, Apst1-phoUl, and Apst2-
AphoU2 single mutants decreased below 1mM P; and was
still detectable at 10 uM P; (Figures 7A-C). By contrast, the
growth of the Apst2-phoU2 Apstl-phoUl double mutant was
not fully supported even by 2mM P;, and growth yield showed
apparent autolysis in 1 mM P; and no growth with >100 pM P;
(Figure 7D). We conclude that in low P; conditions, the NptA
transporter alone is not sufficient for growth of D39-derived .
pneumoniae, consistent with NptA acting as a low-affinity P;
transporter compared to Pstl or Pst2.
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FIGURE 6 | Deletion of the pst1-phoU1 or pst2-phoU2 operon does not affect growth under low P; conditions in mCDM media. (A) Representative growth
curves of encapsulated parent strain (IU1781) in mCDM with 36.4, 1 mM, 100, 10 uM, and no P;. (B) Representative growth curves of a Apst2-phoU2 mutant (IU6550)
in mCDM with 36.4, 1mM, 100, 10 uM, and no P;. (C) Representative growth curves of a Apst7-phoU7 mutant (IU6830) in mCDM with 36.4, 1 mM, 100, 10 uM, and
no P;. mCDM with different concentrations of P; was prepared as described in Materials and Methods. Growth curves were determined at least 3X independently.

4 6 8
Time (h)

Low P; Induces pst1 Operon Transcript
Amount >100X via Phosphorylation of the
PnpR~P RR

We determined the effect of low P; concentration on pstI
operon expression in the encapsulated D39 strain. Strains were
grown in high-P; (36.4 mM) mCDM, washed, and resuspended
in mCDM containing high (36.4 mM) or low (10 uM) P; (see
Materials and Methods). After 30 min, samples were taken for
qRT-PCR using 16S rRNA as the normalization standard (see
Materials and Methods). In all strains tested, P; limitation
to 10 M induced relative pstl transcript amount by >100X
compared to the wild-type parent strain in high (36.4 mM) P;
(Table 4). Similar to strains grown in BHI (Table 1), AphoU2
and AphoU2 AphoUl mutants showed ~25X induction of pst]
operon transcript amount when grown in mCDM containing
high P; (Table 4), whereas a AphoUI mutant showed no increase
(Table 4). In these mutants, reduction of P; concentration to
10 uM induced pstl transcript amounts by an additional ~5-
100X (Table 4). P; limitation of a ApnpRS TCS mutant showed
no increase in relative pstl operon transcript amounts (data
not shown), indicating a dependence on the PnpRS TCS for
induction of pstl operon transcription in low P; media. This
conclusion was confirmed by Phos-tag SDS PAGE, which showed
that phosphorylation of the PnpR RR (PnpR~P) went from <1%
in mCDM containing 36.4mM P; to ~80% following a shift

to mCDM lacking P; for 40 min (Figure S8A). We conclude
that transcription of pneumococcal pstl transporter operon is
strongly induced by the PnpR~P RR in low P; conditions.

Deletion of pst1-phoU1 and pst2-phoU2
Reduces the Rate of P; Uptake by ~50% in

an Unencapsulated Strain

Previously, the relative rate of P; uptake was reported to be
reduced by ~230% in a ApstBl mutant of laboratory strain R6x
grown in C+Y medium (no added P;) (Novak et al, 1999),
which turns out to contain a relatively high (1.5 mM) P; content
(above; Figure S7). To the contrary, 32P; uptake experiments in
encapsulated and unencapsulated D39 mutants lacking the Pst1
(Apst1-phoUT1) or Pst2 (Apst2-phoU2) transporter showed linear
rates of 2P; uptake for at least 10 min that were similar to those
of the wild-type parent strains in mCDM containing 1 mM total
P; (Figures 8A,B, Table S7). R6x is a derivative of R6 (Tiraby
and Fox, 1973), which is an unencapsulated derivative of D39
(Lanie et al., 2007). The difference between this and the previous
result (Novak et al., 1999) may partly reflect the large number of
mutations in the R6 laboratory strain compared to the D39 strain
progenitor genetic background (Lanie et al., 2007). In contrast
to the single mutants, the unencapsulated Apst1-phoUI Apst2-
phoU2 double mutant showed a significant drop (*50%) in the
rate of P; uptake compared to the wild-type parent strain or
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FIGURE 7 | The NptA Na*/P; co-transporter alone cannot provide sufficient P; for long-term growth in mCDM containing moderately high (1 mM) and
lower P; concentrations. (A) Representative growth curves of unencapsulated parent strain Acps (IU1945) in mCDM with 36.4, 2, 1 mM, 100, 10 uM, and no P;. (B)
Representative growth curves of unencapsulated Acps Apst2-phoU2 mutant (K583) in mCDM with 36.4, 2, 1 mM, 100, 10 uM, and no P;. (C) Representative growth
curves of unencapsulated Acps Apst1-phoUT mutant (E595) in mCDM with 36.4, 2, 1 mM, 100, 10 uM, and no P;. (D) Representative growth curves of
unencapsulated Acps Apst2-phoU2 Apst1-phoU1 mutant (IU5774), which only contains the NptA Na*/P; transporter, in mCDM with 36.4, 2, 1 mM, 100, 10 uM,
and no Pj. Growth curves were determined at least 3X independently.

the single mutants in mCDM containing 1 mM P; (Figure 8B,
Table S7) or in C+Y broth (data not shown). This result
implicates both the Pstl and Pst2 transporters in P; uptake in
S. pneumoniae D39.

P; Uptake is Reduced in a Apst1-phoU1
Mutant Limited for Total P;

To determine P; uptake under low P; conditions, we incubated
encapsulated parent, Apsti-phoUl, or Apst2-phoU2 mutants
in mCDM lacking P; for 1h, and then added 32p; (total [P;]
= 200 M), and sampled P; uptake with time (Figure 8C).
Unlike the constant rate of 3P uptake observed at 1mM
total P; (Figures 8A,B), P; uptake leveled off after about 5 min
in 200nwM P; (Figure 8C). The initial rate of P; uptake by
the encapsulated parent strain was markedly greater (~8X)
in 200pM P; than in 1mM P; (Figures 8A,C, Tables S7,
S8). The initial rate of P; uptake was comparable for the
parent strain and the Apst2-phoU2 mutant (Figure 8C, Table
S8). In contrast, the initial rate of P; uptake was reduced
by ~2X in the Apstl-phoUI mutant compared to the parent
or Apst2-phoU2 mutant (Figure 8C, Table S8). These results
support a primary role for the Pstl transporter in low-P;
conditions.

DISCUSSION

In this paper we demonstrate for the first time that regulation
of the two evolutionarily distinct Pst P; transport systems is
linked in several ways in the human commensal and pathogen,
S. pneumoniae. Niches encountered by pneumococcus in human
hosts contain different P; concentrations, including nasal fluid
(~5mM), saliva (=1 mM), and serum (~1 mM) (Bansal, 1990;
Wilson, 2005, 2008). Several aspects of this regulatory network
are unusual, compared to the usual negative regulation of P;
uptake even at moderate P; concentrations in other bacterial
species (Figure 1; Hulett, 1993; Hsieh and Wanner, 2010; Botella
et al, 2011). The pstl-phoUl and pst2-phoU2 operons are
completely separated in the pneumococcal chromosome, and
although upstream of the pstI-phoUI operon, the pnpRS operon,
which encodes the PnpRS TCS, is independently expressed and
not autoregulated (Table 1, Figure 1). Deletion of gene spd_1614,
which encodes a third putative PhoU-like protein, did not lead to
growth phenotypes and was not studied further (data not shown).

Expression of the Pst2 transporter is constitutive under the
conditions tested here, including media containing high P;
concentrations (Table 1, Table S6, and Figure S3). However,
Pst2 uptake of P; is likely negatively regulated by the PhoU2
protein, whose absence causes a drop in growth yield and
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TABLE 4 | Relative transcript amounts of the pst1 operon in different
mutants in mCDM containing high and low P; concentrations?.

b

Strains P; concentration Relative transcript amount of

in mCDM pstS1 operon®
Parent strain (1IU1781)  36.4mM =1
10uM 209.7 + 37.9 (n = 6) ()9
AphoU2 (1U6375) 36.4mM 241 +39(n=23) (™
10uM 201.6 + 47.6 (0 = 3) (**)
AphoUT (1U6377) 36.4mM 1.4+ 01 (1= 23) (ns)
10uM 145.4 £ 25.3 (0 = 4) (™)
AphoU2 AphoU1 36.4mM 283+ 0.5 (n=23) (*
(1UB499) 10uM 136.3 + 12.6 (0 = 3) (")

aRNA preparation and qRT-PCR from strains in mCDM containing high and low P;
concentrations were performed as described in Materials and Methods.

bStrains were markerless deletion mutants derived from encapsulated parent strain
1U1781 (see Table S1).

°Relative pstS1 gene transcript amount was used to represent pst1 operon expression.
P - 0.001; ns, not significant. P-values were calculated by an unpaired t-test in
GraphPad Prism.

increased antibiotic sensitivity in mutants growing in high P;
medium (Tables S4, S5, Figures 1, 2, and Figure S3). In addition,
PhoU2 negatively regulates the transcription activation of the
pstl-phoUl operon by the phosphorylated PnpR~P RR, such
that a AphoU2 deletion mutation leads to a substantial increase
in pstl-phoUl transcript amounts (Table 1, Figures 1, 3, and
Figure S4). The PhoU1 protein, which shares only 34% amino
acid identities with PhoU2, does not play a reciprocal role in
negatively regulating pst1-phoU]I transcription (Table 1, lines 3,
11, and 14), but PhoU1 likely negatively regulates P; uptake by
the Pstl, but not the Pst2, P; transporter (Figures 1, 4, 5). Thus,
the PhoU?2 protein can regulate both PnpR phosphorylation level
and Pst2 transporter function, similar to the PhoU homolog
in E. coli (Hsieh and Wanner, 2010; Gardner et al., 2014,
2015). In contrast, PhoUl function is restricted to regulating
transporter but not TCS function, similar to the PhoU in C.
crescentus (Lubin et al., 2016). E. coli PhoU interacts with the PAS
domain of the PhoR HK (Gardner et al., 2014, 2015). However,
the pneumococcal PnpS HK lacks a recognizable PAS domain,
and it remains to be determined whether PhoU2 regulation of
PnpR~P levels is through direct interactions with the PnpS
HK. Likewise, it is unknown whether PhoU?2 interacts with the
PstB1 subunit of the Pstl transporter to exert control over pstI-
phoU1 operon transcription, by analogy to control in E. coli
(Gardner et al., 2014, 2015). Interactions of PhoU1l or PhoU2
with subunits of the Pstl or Pst2 transporters also remain to be
determined.

The requirement of a functional Pst1 or Pst2 for growth of the
encapsulated serotype 2 strain provides a biological rationale for
the constitutive expression and function of the Pst2 transporter
at high P; concentrations (Table2) and why S. pneumoniae
maintains dual P; uptake systems. Capsule is one of the
most important factors required for pneumococcal colonization,
carriage, and virulence in its human host (Briles et al.,, 1992;

Morona et al., 2004, 2006; Bentley et al., 2006; Hyams et al.,
2010). Expression of the Pstl transporter is strongly induced by
low P; conditions (Table 4), and lack of PhoU1 does not change
pstl-phoUl operon expression in high P; media (Tables 2, 4).
These results, and a reduced rate of P; uptake by mutants lacking
Pstl (Figure 8C, Table S8) indicate that Pstl functions mainly
at low P; concentrations. However, encapsulated S. pneumoniae
strains require high-affinity P; transport even in high-P; media
(Table 2), and this P; uptake cannot be provided by the low-
affinity NptA Na™/P; cotransporter that replaces Pstl and Pst2
in unencapsulated strains (Figure 8B, Table S7). The reason
underlying this link between Pst-mediated P; transport and the
maintenance of capsule is not currently clear. A recent report
suggests that low P; conditions induce capsule biosynthesis in
M. tuberculosis (van de Weerd et al., 2016). Overexpression of
capsule could alter the metabolism of S. pneumoniae thereby
inhibiting the growth of ¢ps™ ApstI Apst2 mutants and leading to
the appearance of spontaneous cps mutants (Table 2). However,
starvation of the wild-type D39 cpst strain for P; for 1h
did not reveal a qualitative change in capsule amount in the
Quellung reaction (data not shown). Moreover, pneumococcal
capsule biosynthesis is positively regulated by phosphorylation
of regulatory protein CpsD (Yother, 2011), and this protein
phosphorylation would likely be reduced during P; limitation.

The regulatory pathways that mediate capsule induction in
M. tuberculosis involve sigma factors and poly-P; kinases (van
de Weerd et al.,, 2016) that are absent from S. pneumoniae. As
mentioned in the Introduction, AphoU mutants of other bacteria
accumulate poly-P; (Morohoshi et al., 2002; Hirota et al., 2013;
Wang et al,, 2013; de Almeida et al., 2015; Lubin et al., 2016),
possibly because high intracellular Pi concentration disrupt
metabolic homeostasis leading to defects in growth accompanied
by general antibiotic sensitivity. RNA-Seq results reported here
indicate that the pneumococcal Pho regulon contains a limited
number of recognizable genes involved in P; accumulation (Table
S6). Notably, S. pneumoniae serotype 2 strain D39 as well as
some other serotype strains, such as TIGR4, lack recognizable
homologs of poly-P; kinases Ppkl and Ppk2 (Zhang et al,
2002) and Mg**-dependent poly-P; exopolyphosphatase Ppx
(Akiyama et al, 1993), but do encode a degradative Mn**-
dependent, inorganic pyrophosphatase (PpaC) (Lanie et al.,
2007); therefore, it is unclear whether these S. pneumoniae strains
produces poly-P;. DAPI staining experiments that revealed poly-
P; accumulation in C. crescentus AphoU mutants (Lubin et al.,
2016) were inconclusive and did not indicate any differences in
staining of the phoU2" parent and AphoU2 mutant in high-
P; BHI broth (data not shown). Similarly, DAPI-based assays
of extracts did not show any difference between the parent and
AphoU2 mutant indicative of different poly-Pi amounts (data not
shown).

Taken together, our results suggest that S. pneumoniae may
maintain the regulated Pstl and constitutive Pst2 P; transport
systems as a failsafe to ensure capsule biosynthesis is maintained
during variations in P; conditions. Coordination between the
two Pst P; transport systems is coordinated by the PhoU2
protein that modulates transcription of the pstI-phoUI operon
by the PnpRS TCS and separately regulates the function of
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FIGURE 8 | The Pst1 or Pst2 transporter is sufficient for P; uptake under moderately high P; conditions (1 mM), but the Pst1 transporter is required for
optimal P; uptake under low P; conditions (200 M) following P; limitation. (A) P; uptake assays of encapsulated parent strain (IU1781) and Apst2-phoU2
(1U6550) and Apst1-phoUT (IUB830) mutants in 1 mM total S2P; in mCDM (1 = 3). P; uptake was determined as the initial rate of 32P; incorporation into cells in
mCDM in pulse-labeling experiments described in Materials and Methods. See Tables S7 for initial rates of P; uptake (n = 3). (B) P; uptake assays of unencapsulated
parent strain Acps (IU1945) and Acps Apst2-phoU2 (K583), Acps Apst1-phoUT (E595), and Acps Apst1-phoUT Apst2-phoU2 (IU5774) mutants in 1 mM P,
mCDM. See Tables S7 for initial rates of Pj uptake (n = 3). (C) P; uptake assay of encapsulated parent strain (IU1781) and Apst2-phoU2 (1U6550) and Apst7-phoU1
(IUB830) mutants in 200 uM total P; mCDM following P; starvation for 1 h as described in Materials and Methods (n = 3). Initial rates of Pi uptake were determined with
the first min of labeling and are listed in Table S8 (n = 3).

the Pst2 transporter. Most bacteria encode a single Pst-type P;
transporter as part of a Pho regulon that encode numerous
phosphate accumulation and sparing proteins (Hulett, 1993;
Wanner, 1996; Hsiech and Wanner, 2010). The limited Pho
regulon of S. pneumoniae may reflect restriction to the human
host, where P; is the primary source of phosphorus (Wilson,
2008). Even among the Streptococcus, dual Pst systems are
limited to only a few species, including S. pneumoniae, S.
pseudopneumoniae, S. dysgalactiae, S. equi (Group C), S. porcinus,
S. agalactiae (Group B), and S. equinus, and are absent from
the major Viridans and A Groups. Outside of the Streptococcus,
multiple Pst P; transporters have only been reported in a very
limited number of bacteria, including Synechocystis sp. PCC
6803 and M. tuberculosis (Braibant et al., 1996; Suzuki et al.,
2004; Burut-Archanai et al,, 2011; Tischler et al., 2013). In
Synechocystis, low P; conditions activate expression of both of
the Pst P; transporters that are present (Suzuki et al., 2004),
whereas in M. tuberculosis one Pst transporter is activated by
low P; and at least one other Pst transporter seems to be
constitutively expressed, like Pst2 in S. pneumoniae (Tischler
etal., 2013).
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Streptococcus pneumoniae is a common commensal and an opportunistic pathogen.
Suspected pneumococcal upper respiratory infections and pneumonia are often treated
with macrolide antibiotics. Macrolides are bacteriostatic antibiotics and inhibit protein
synthesis by binding to the 50S ribosomal subunit. The widespread use of macrolides is
associated with increased macrolide resistance in S. pneumoniae, and the treatment
of pneumococcal infections with macrolides may be associated with clinical failures.
In S. pneumoniae, macrolide resistance is due to ribosomal dimethylation by an
enzyme encoded by erm(B), efflux by a two-component efflux pump encoded by
mef(E)/mel(msr(D)) and, less commonly, mutations of the ribosomal target site of
macrolides. A wide array of genetic elements have emerged that facilitate macrolide
resistance in S. pneumoniae; for example erm(B) is found on Tn977, while the mef(E)/mel
operon is carried on the 5.4- or 5.5-kb Mega element. The macrolide resistance
determinants, erm(B) and mef(E)/mel, are also found on large composite Tn976-like
elements most notably Tn6002, Tn2009, and Tn2070. Introductions of 7-valent and
13-valent pneumococcal conjugate vaccines (PCV-7 and PCV-13) have decreased
the incidence of macrolide-resistant invasive pneumococcal disease, but serotype
replacement and emergence of macrolide resistance remain an important concern.

Keywords: Streptococcus pneumoniae, antibiotic resistance, macrolide resistance, erm(B), mef(A/E)/mel(msr(D)),
Mega, pneumococci

INTRODUCTION

Streptococcus pneumoniae, the pneumococcus, is a commensal of the human nasopharynx and
an opportunistic pathogen that is a leading worldwide cause of death for children under the
age of 5 years (Walker et al., 2013). In addition to localized infections such as otitis media and
pneumonia, the pneumococcus may cause severe invasive disease (IPD) including bacteremia and
meningitis. Development of penicillin resistance in the pneumococcus in the 1980s-1990s shifted
antibiotic treatment of suspected pneumococcal upper respiratory infections and pneumonia to
macrolides. Widespread macrolide use, however, is associated with increased macrolide resistance
in S. pneumoniae (Bergman et al, 2006; Malhotra-Kumar et al,, 2007). Clinical failures of
macrolide treatment of pneumococcal infections have been reported for lower respiratory tract
infections (Klugman, 2002) and bacteremia (Lonks et al., 2002; Schentag et al., 2007). Widespread
macrolide use is a strong selective pressure contributing to the expansion of macrolide-resistant
S. pneumoniae (Bergman et al., 2006; Keenan et al., 2015). Globally, macrolide resistance among
S. pneumoniae is geographically variable but ranges from <10% to >90% of isolates (Farrell et al.,
2008; Pan et al., 2015; Xiao et al., 2015).
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MACROLIDE ANTIBIOTICS

Macrolides are defined by a complex macrocyclic structure with
a 14-, 15-, or 16-membered lactone ring substituted with neutral
or amino sugar groups. Macrolides inhibit bacterial protein
synthesis by binding to the large 50S ribosomal subunit and
disrupting protein elongation by causing the dissociation of the
peptidyl-tRNA.

Erythromycin, discovered in 1952, is a 14-membered
macrolide produced by Saccharopolyspora erythraeus (formerly
Streptomyces erythraeus; McGuire et al, 1952). After the
discovery of erythromycin and other naturally-produced
macrolides, research focused on the creation of synthetic and
semisynthetic macrolides (Kirst, 2010; Seiple et al., 2016).
Azithromycin and clarithromycin are semisynthetic macrolides
approved for use in the United States, and azithromycin is one
of the most prescribed antibiotics in the US (Hicks et al., 2015).
Additional macrolides such as roxithromycin and josamycin
are approved in other countries worldwide. Macrolides bind
reversibly to the 23S rRNA at a site near the peptidyl transferase
center of the 50S ribosomal subunit (Kannan and Mankin, 2011).
Macrolide binding occurs in pre-structured ribosomal assemblies
(Pokkunuri and Champney, 2007). The smaller macrolides (14-
and 15-membered) partially block the nascent peptide channel
to inhibit the elongating peptide chain while larger macrolides
(16-membered) fully block the nascent peptide channel and
cause ribosomal disassociation that reversibly inhibits protein
synthesis (Weisblum, 1995b). Though distinct in chemical
structure, the lincosamide and streptogramin class antibiotics
have overlapping binding sites with macrolides and have similar
mechanisms of action (Kirst, 2010).

MECHANISMS OF MACROLIDE
RESISTANCE

Ribosomal Modification

Erythromycin ribosomal methylase (erm) family genes encode
adenine-specific N-methyltransferases that methylate the 23S
rRNA to prevent antibiotic binding (Weisblum, 1995a). The
ribosomal methylase found in S. pneumoniae is primarily
encoded by erm(B) whose gene product dimethylates the target
site of the 23S rRNA (A2058 in Escherichia coli; Skinner et al.,
1983; Johnston et al., 1998). The erm(B) gene is the most common
macrolide resistance determinant in S. pneumoniae (Table 1).
Erm(A) subclasses erm(A) (Syrogiannopoulos et al., 2001) and
erm(TR) (Camilli et al., 2008) are rarely found in S. pneumoniae.
Ribosomal methylation by Erm(B) confers resistance to
macrolides, lincosamides, and streptogramin B, which is
characterized as the MLSp phenotype (Weisblum, 1995a). In
addition to the expanded spectrum of resistance, erm(B) provides
high-level resistance to macrolides (erythromycin MICs usually
>256 jLg/ml).

The induction of erm(B) allows high-level translation of
Erm(B) in the presence of inducers such as erythromycin
(Chancey et al., 2011). In the pneumococcus, erm(B) expression
may be inducible or constitutively expressed to high levels. As
expression of erm genes is repressed in the absence of inducing

drugs through a mechanism of translational attenuation; erm(B)
expression has been proposed to have a bacterial fitness cost
(Min et al.,, 2008; Chancey et al., 2012; Gupta et al., 2013). A
recent study found that a Staphylococcus aureus strain expressing
erm(C) was outcompeted by S. aureus expressing catalytically-
inactive erm(C) (Gupta et al., 2013), supporting the need for
tight regulation of expression. Interestingly, deletion of the
leader sequence of erm(B) in S. pneumoniae was found to
confer resistance to telithromycin, the first-generation ketolide,
a semi-synthetic macrolide antibiotic, by allowing constitutive
expression (Wolter et al., 2008).

Macrolide Efflux

Macrolide efflux in S. pneumoniae has been the most common
cause of macrolide resistance in North America, the United
Kingdom, and others (Table 1). Pneumococcal macrolide efflux
is encoded by the mef(E)/mel operon and occurs through
an as yet incompletely understood mechanism of macrolide
binding and membrane targeting for efflux (Chancey et al,
2012). Macrolide resistance in S. pneumoniae requires both
mef (E) and mel. These genes are carried on the macrolide efflux
genetic assembly (Mega) element and are expressed from a
single promoter inducible by 14- and 15-membered macrolides
(e.g., erythromycin, clarithromycin, and azithromycin; Gay and
Stephens, 2001; Ambrose et al., 2005; Chancey et al., 2015b).
Expression of mef(E) and mel is tightly controlled through
transcriptional attenuation (Chancey et al., 2015b).

The first gene, mef(E) shares 90% sequence identity with
mef (A) from Streptococcus pyogenes (Tait-Kamradt et al., 1997;
Roberts et al., 1999). While mef(E) is most common, mef (A) is
more common in Germany, Denmark, and Australia (Table 1).
Another homolog, mef (1), also shares 91% identity with mef (A),
has been found in S. pneumoniae (Cochetti et al, 2005;
Wierzbowski et al., 2005b) but is rarely found (Table 1). Most
studies do not distinguish between mef (E) and mef(A) and thus
report only mef(E) or mef(A) rather than mef(A/E), which is a
more accurate description of the data. In S. pneumoniae, mef (E)
encodes a 405 amino acid protein that belongs to the major
facilitator superfamily, which utilizes proton motive force-driven
efflux to expel molecules from cells (Tait-Kamradt et al., 1997).
The second gene, mel (also known as msr(D)) is a homolog
of the S. aureus gene mrs(A) (Roberts et al., 1999), which
encodes an ATP-binding cassette (ABC) transporter protein
but lacks typical hydrophobic, membrane-binding domains,
and is predicted to interact with chromosomally encoded
transmembrane complexes (Ambrose et al., 2005). Mef(E) and
Mel have been shown to synergistically provide macrolide
resistance and operate as a two-component efflux pump in S.
pneumoniae (Ambrose et al., 2005; Zhang et al., 2016). A recent
E. coli study suggests a physical interaction between Mef(E)
and Mel and that Mel may bind macrolides and localize to
the membrane (Nunez-Samudio and Chesneau, 2013). In S.
pyogenes the presence of msr(D) alone was required for macrolide
resistance (Zhang et al., 2016) and recent evidence suggests
antibiotic resistance by ATP-binding cassette proteins may occur
through ribosomal protection by displacing ribosome-bound
macrolide molecules (Sharkey et al., 2016). Thus, the working
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TABLE 1 | Distribution of macrolide resistance genotypes by country.

Continent Macrolide resistance genotype distribution % Years References
Country

erm(B) mef(A/E) mef(E) mef(A) erm(B) + mef(E) Negative?

Morocco 90.2 6.5 0 3.3 0 2007-2014 Diawara et al., 2016
South Africa 36.5 16.3 46.4 0.4 2003-2004 Farrell et al., 2008
ASIA
China 63.4 0.6 36.0 0 2006-2008 Ma et al., 2013

69.6 0 30.4 2010 Zhou et al., 2011

62.9 371 2012-2013 Geng et al., 2014
Hong Kong 45.9 27.7 26.4 0 2008-2009 Kim et al., 2012
Iran 44 16 40 2011-2013 Azadegan et al., 2015
Japan 56.3 28.8 10.9 4.0 2011 Kawaguchiya et al., 2014

59.5 252 12.6 2.7 2011-2012 Okade et al., 2014

53.2 21.8 17.9 71 2012 Chiba et al., 2014
Jordan 26.4 24.5 13.2 35.8 2012-2013 Swedan et al., 2016
Lebanon 65.3 0 19.5 14.6 2005-2009 Daoud et al., 2011

36.4 18.1 31.8 13.6 2008-2010 Tahaet al., 2012
Malaysia 35.2 42.6 9.3 13.0 2008-2009 Kim et al., 2012
Saudi Arabia 37.5 62.5 0 0 2003-2004 Farrell et al., 2008
Sri Lanka 73.3 13.3 13.3 0 2008-2009 Kim et al., 2012
South Korea 43.3 13.0 43.3 0.4 2008-2009 Kim et al., 2012
Taiwan 55.1 225 21.4 1.0 2008-2009 Kim et al., 2012

70.0 5.0 25.0 2010 Safari et al., 2014
Thailand 47.9 37.2 1.7 3.2 2008-2009 Kim et al., 2012
Vietnam 56.9 2.1 41.0 0 2008-2009 Kim et al., 2012
AUSTRALIA
Australia 32.4 3.9 20.6 35.3 (6.9)P 0.9 2005 Xu et al., 2010
EUROPE
Austria 45.5 54.5 0 0 2003-2004 Farrell et al., 2008
Belgium 90.2 1.6 3.3 4.9 2007-2009 Lismond et al., 2012
Bulgaria 63.2 21.0 15.8 2006-2010 Setchanova et al., 2012
Denmark 30.4 15.9 49.3 0 2 2007 Nielsen et al., 2010

(1.4)°

France 90.0 2.4 1.2 6.5 2003-2004 Farrell et al., 2008
Finland 30.5 40.4 15.7 0.9 12.6 2002-2006 Siira et al., 2009
Germany 27.0 1.2 57.7 44 0 2005-2006 Bley et al., 2011

66.8 8.3 20.7 3.6 2012-2013 Iméhl et al., 2015
Greece 22.0 45.8 0 32.2 2009 Grivea et al., 2012
Hungary 82.4 11.8 5.9 0 2003-2004 Farrell et al., 2008
Ireland 38.9 61.1 0 0 2003-2004 Farrell et al., 2008
Italy 55.8 38.5 1.0 4.8 2003-2004 Farrell et al., 2008
Poland 80.8 7.7 3.8 7.7 2003-2004 Farrell et al., 2008
Russia 54.1 12.7 30.6 2.6 2009-2013 Mayanskiy et al., 2014
Slovak Republic 64.7 5.9 17.6 11.8 2003-2004 Farrell et al., 2008
Spain 74.3 7.7 17.9 2000-2007 De La Pedrosa et al., 2009
Switzerland 70.6 23.5 0 5.9 2003-2004 Farrell et al., 2008
Turkey 44.4 11.1 44.4 2008-2009 Sirekbasan et al., 2015
United Kingdom 20.8 70.8 4.2 4.2 2003-2004 Farrell et al., 2008
NORTHAMERICA
Canada 27.0 50.0 95 5 19.0 3.6 1997-2002 Wierzbowski et al., 2005b

2008 Wierzbowski et al., 2014
Mexico 17.2 724 10.3 0 2003-2004 Farrell et al., 2008
(Continued)
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TABLE 1 | Continued

Continent Macrolide resistance genotype distribution % Years References
Country
erm(B) mef(A/E) mef(E) mef(A) erm(B) + mef(E) Negative?

USA 19.5 51.3 28.7 0.5 2007 Hawkins et al., 2015
Alaska 15.0 58.8 20.0 6.3 2006-2010 Rudolph et al., 2013
Arizona 5 25 2.5 67.5 2007-2008 Bowers et al., 2012
SOUTH AMERICA
Argentina 19.2 76.9 3.8 2009-2010 Reijtman et al., 2013
Brazil 36.0 44.0 20.0 2007-2012 Caierdo et al., 2014
Colombia 56.9 40.2 30.7 0.9 7.1 4.4 1994-2008 Ramos et al., 2014

53.7 0 6.1 2005-2008 Hidalgo et al., 2011
Peru 53.3 33.3 0 13.3 2003-2004 Farrell et al., 2008
Venezuela 83.3 12.5 0.0 4.2 2007 Quintero et al., 2011

4PCR negative for erm(B), mef(A/E), mef(A), and mef(E). Some authors have determined these to be ribosomal mutations.

bStrains contain both erm(B) and mef(A).
¢Strains contain mef().

model for macrolide efflux in S. pneumoniae may be macrolide
displacement from ribosomes by mel, which transfers macrolide
molecules to mef (E) for efflux.

S. pneumoniae with mef(E)/mel have been shown to have
an M phenotype, which is resistant to 14- and 15-membered
macrolides but susceptible to lincosamides and streptogramin
B (Tait-Kamradt et al., 1997). While mef(E)/mel-containing
strains display low level resistance (MICs 1-8pg/ml) to
erythromycin, macrolide induction increases expression of
mef (E)/mel and results in increased levels of macrolide resistance
(Wierzbowski et al., 2005a). Induction of mef(E)/mel by
macrolides increases MICs to >16 jLg/ml (Ambrose et al., 2005;
Chancey et al., 2011). The presence of the two-component
efflux pump encoded by mef(E)/mel also increases resistance
to the human antimicrobial peptide LL-37 (Zihner et al,
2010). LL-37 also induces expression of the efflux pump
(Zdhner et al., 2010). These data may suggest the efflux pump
is induced during nasopharyngeal colonization and primes
the mef(E)/mel-containing pneumococci to resist macrolide
antibiotics.

Ribosomal Mutations

Point mutations in 23S rRNA at or near the macrolide binding
residue A2058 (E. coli ribosome) have resulted in high-level
macrolide resistance (Vester and Douthwaite, 2001; Franceschi
et al., 2004). Mutations of ribosomal proteins L4 and L22 confer
macrolide resistance in pathogenic and nonpathogenic bacteria
including pneumococci. L4 and L22 are ribosomal proteins with
domains on the surface of the ribosome as well as tentacles that
extend into the exit tunnel in proximity to the macrolide-binding
site (Schuwirth et al., 2005). In E. coli, a Lys-63-Glu change in
the L4 protein (rpID) as well as a triple amino acid deletion of
Met-82, Lys-83, and Glu-84 from L22 (rplV) confer resistance
to macrolides (Wittmann et al., 1973; Chittum and Champney,
1994). A variety of additional L4 and L22 mutations have also
been found to confer macrolide resistance (Zaman et al., 2007;
Diner and Hayes, 2009). While the overall incidence is rare in

S. pneumoniae, L4 and L22 mutations have been shown to result
in macrolide resistance (Franceschi et al., 2004).

Dual Macrolide Resistance Genotype

S. pneumoniae containing both erm(B) and mef(E)/mel were
first reported in the late-1990s (Corso et al., 1998; Nishijima
et al., 1999) and are now found worldwide (Farrell et al., 2008).
The dual macrolide resistance genotype occurred in 12% of
global isolates collected from 2003 to 2004, which is twice the
frequency reported from 1999 to 2000 (Farrell et al., 2008).
In 2004, 18.4% of S. pneumoniae isolates from the US were
found to have the dual erm(B) and mef (E)/mel genotype (Jenkins
et al,, 2008); in a recent study, up to 52% of macrolide-resistant
isolates from Arizona were found to contain both macrolide
resistance genes (Bowers et al., 2012). Tn2010 has been identified
as the major composite mobile element that contains erm(B)
and mef(E)/mel (Mega) (Del Grosso et al., 2006). Following
introduction of the 7-valent pneumococcal conjugate vaccine
(PCV-7) the “replacement” serotype 19A (ST320) with Tn2010
emerged (Del Grosso et al., 2007). ST320 is a multidrug resistant
strain that appears to represent a “capsule switch” from serotype
19F and is responsible for a global pandemic in the wake of PCV-
7 introduction (Moore et al., 2008; Li et al., 2011). The high-level
and broader resistance conferred by erm(B) would predict that
mef (E)/mel is functionally redundant in erm(B)-containing S.
pneumoniae.

DISSEMINATION OF RESISTANCE
DETERMINANTS

Macrolide Resistance Chromosomal

Locations

The mef(E)/mel-containing genetic element Mega is
found in at least six distinct chromosomal sites within
the pneumococcal genome (Chancey et al, 2015a), while
mef(A) is found on Tni207.1 (Xu et al, 2010). Mega
insertion sites are distributed around the chromosome: (I)
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a phosphomethylpyrimidine kinase (TIGR4 SP_1598), (II) a
DNA-3-methyladenine glycosylase (SP_0180), (III) a capsule
biosynthesis gene (SP_0103), (IV) the RNA methyltransferase
rumA (SP_1029) (Gay and Stephens, 2001), (V) orf6 of
Tn916-like elements (Del Grosso et al, 2006), and (VI)
a novel insertion into a S. suis homolog element found
in S. pneumoniae (Chancey et al, 2015a). Due to genetic
variations at insertion site IV, this class is subdivided: (IVa)
Mega and ISSmi element insertion along with deletion of
the 30.7kb pneumococcal pathogenicity island-1 (PPI-1),
and (IVb) simple insertion of Mega into rumA with PPI-1
intact, and (IVc) same organization as IVa with a S. equi
subspecies zooepidemicus-related integrative and conjugative
element (42kb) inserted upstream of Mega (Chancey et al,
2015a).

The Mega element lacks genes required for transposition
(Gay and Stephens, 2001). Analysis of the Mega insertion
sites revealed a putative target sequence of 5-TTTCCNCAA-
3’ about six base pairs upstream of the insertion and Tn916-
like coupling sequences (Chancey et al, 2015a). The genes
required for Mega transposition may be present on other
conjugative elements of the pneumococcal genome and in non-
S. pneumoniae commensal organisms (Gay and Stephens, 2001;
Chancey et al., 2015a). While Mega is infrequently transferred
through transposition, once stabilized in the genome Mega is
widely disseminated through horizontal DNA exchange and
homologous recombination.

Tn916 is the prototype conjugative transposon that contains
the tetracycline resistance gene fet(M), and is found in many
Gram-positive bacteria. Tn916 may incorporate additional
antibiotic resistance determinants which comprise larger Tn916-
like composite elements (Roberts and Mullany, 2011). The
history and molecular mechanisms of the Tn916 family are
beyond the scope of this review, but have been explored
previously (Roberts and Mullany, 2009). The most common
Tn916-like elements in S. pneumoniae containing erythromycin
resistance cassettes include Tn2009, Tn6002, and Tn2010
(Chancey et al., 2015a). Tn2009 is a Tn916-like element
with Mega inserted into orf6 of Tn916 to provide macrolide
resistance, the M phenotype (Del Grosso et al., 2004). Tn6002
is also a Tn916-like element with macrolide resistance, with
a MLSp phenotype due to the incorporation of an erm(B)-
containing element into orf20 of Tn916 (Brenciani et al,
2007). The erm(B) gene may also be incorporated into
Tn916. Tn917, an erm(B)-containing transposon insertion
into orf9 of Tn916 creates Tn3872 (Brenciani et al., 2007).
S. pneumoniae with the dual macrolide resistance genotype
most often contain Tn2010 or rarely the newly described
element Tn2017 (Del Grosso et al., 2009). Tn2010 is a Tn916-
like element with Mega in orf6 and the erm(B) element
in orf20 of Tn916 (Del Grosso et al, 2007). Tn2010 likely
arose through the homologous recombination of Tn2009 with
Tn6002 (Chancey et al, 2015a). A similar recombination
event likely occurred with Tn2009 and Tn3872 to create
Tn2017, which is a Tn916-like element with a Mega insertion
in orf6 and Tn917 in orf9 of Tn916 (Del Grosso et al,
2009).

Interspecies Exchange of Macrolide

Resistance

During the growth cycle, pneumococci develop a natural state
of competence and can acquire DNA from the environment.
A mechanism of DNA repair allows for integration of new
DNA through homologous recombination (Straume et al., 2015).
The human nasopharynx is the primary ecological niche for
the pneumococcus during asymptomatic carriage (Simell et al.,
2012), where S. pneumoniae has the opportunity to acquire DNA
from other pneumococci and from commensal bacteria of the
upper respiratory tract that may act as a reservoir for antibiotic
resistance.

Other bacteria that reside in the human upper respiratory
tract carry the macrolide resistance genes. Tn6002 is the
most common erm(B)-containing mobile genetic element of S.
pyogenes (Brenciani et al., 2007). A recent study found Mega,
Tn2009, Tn6002, and Tn2010 in commensal viridans group
streptococci isolated from the human oropharynx (Brenciani
et al., 2014). In this study, S. mitis was the most commonly
isolated streptococcal species with the macrolide resistance
elements. Other Gram-positive bacteria have been shown to
carry erm(B) and/or mef(E) (Luna et al., 1999; Seppild et al.,
2003; Santoro et al, 2014). The Tn2009 element has been
found in commensal, Gram-negative Acinetobacter junii, and
there is evidence of this Mega-containing transposon in other
Gram-negative species including E. coli, Enterobacter cloacae,
Klebsiella sp., Proteus sp., and Pseudomonas sp. (Ojo et al., 2006).
Interspecies dissemination of mobile genetic elements containing
antibiotic resistance cassettes appears common.

Asymptomatic pneumococcal carriage occurs in children and
adults with rates in children ranging from <15% to >90% in
developing countries (Shak et al., 2013). Carriage varies based
on factors including geography and socioeconomic class (O’Brien
and Nohynek, 2003; Simell et al., 2012). During nasopharyngeal
carriage, S. pneumoniae forms biofilms that enhance natural
transformation (Chao et al., 2014) and genetic exchange during
co-colonization by two pneumococcal strains is efficient with
transformation efficiencies up to 1072 (Marks et al., 2012).
This environment may have allowed for the dissemination of
macrolide resistance determinants including the assembly and
selection of the dual macrolide resistance elements, e.g., Tn2017
and the more common Tn2010 (discussed above).

IMPACT OF PNEUMOCOCCAL
CONJUGATE VACCINES ON MACROLIDE
RESISTANCE

Between 1994 and 1999, macrolide-resistant invasive
pneumococcal disease (MR-IPD) rapidly emerged in the US
largely due infections caused by isolates containing mef (E)/mel
(Gay et al., 2000; Stephens et al., 2005). Introduction of PCV-7 in
2000 significantly reduced the incidence of MR-IPD in the US as
the highest rates of macrolide resistance were present in PCV-7
vaccine serotypes (Stephens et al., 2005; Rudolph et al., 2013;
Hawkins et al., 2015). Similar vaccine specific reductions were
observed worldwide, which was observed in Germany through
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the reduction of mef(A)-containing serotype 14 (ST9) isolates
(Bley et al., 2011; Imohl et al., 2015). The incidence of MR-IPD
from 2002 through 2009 stabilized while macrolide-resistant
PCV-7 serotypes continued to decline; this decline was offset
by the rapid emergence of macrolide-resistant serotypes not
covered by PCV-7, specifically serotype 19A, ST320 (formerly
CC271; Del Grosso et al., 2007; Bowers et al., 2012; Chancey
et al., 2015a).

The incidence of MR-IPD caused by serotype 19A isolates
with the dual macrolide resistance phenotype (both erm(B) and
mef (E)/mel) rapidly increased from 2003 through 2010 in the
US and worldwide (Li et al., 2011; Quintero et al., 2011; Bowers
et al, 2012; Sharma et al., 2013; Pan et al, 2015; Lyu et al,,
2016). Selective pressure by PCV-7 and the continued high-level
use of macrolides provided an opportunity for this 19A clone to
expand worldwide. The introduction of PCV-13 in the later-2010,
which contains serotype 19A, was successful in reducing carriage
and IPD caused by vaccine serotypes including macrolide-
resistant serotype 19A isolates (Desai et al.,, 2015; Imdohl et al.,
2015). Overall, pneumococcal conjugate vaccination has yielded
sustained reductions in pneumococcal disease (Pilishvili et al.,
2010). Despite challenges with serotype replacement, PCVs are
an effective intervention in reducing the incidence of disease
caused by macrolide-resistant pneumococcal serotypes contained
in the vaccine. Continued expansion of pediatric pneumococcal
vaccination into developing countries is predicted to greatly
reduce the global burden of pneumococcal disease and antibiotic
resistant pneumococci (Rodgers and Klugman, 2011).

CONCLUSIONS

Macrolide resistance rapidly emerged in S. pneumoniae
in the early-1990s. The introduction and widespread use

of semisynthetic macrolides including azithromycin and
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Staphylococcus aureus (Sau) strains are a main cause of disease, including nosocomial
infections which have been linked to the production of biofilms and the propagation of
antibiotic resistance strains such as methicillin-resistant Staphylococcus aureus (MRSA).
A previous study found that Streptococcus pneumoniae (Spn) strains kill planktonic
cultures of Sau strains. In this work, we have further evaluated in detail the eradication
of Sau biofilms and investigated ultrastructural interactions of the biofilmicidal effect. Spn
strain D39, which produces the competence stimulating peptide 1 (CSP1), reduced Sau
biofilms within 8 h of inoculation, while TIGR4, producing CSP2, eradicated Sau biofilms
and planktonic cells within 4 h. Differences were not attributed to pherotypes as other
Spn strains producing different pheromones eradicated Sau within 4 h. Experiments
using Transwell devices, which physically separated both species growing in the
same well, demonstrated that direct contact between Spn and Sau was required
to efficiently eradicate Sau biofims and biofim-released planktonic cells. Physical
contact-mediated killing of Sau was not related to production of hydrogen peroxide as an
isogenic TIGR4 AspxB mutant eradicated Sau bacteria within 4 h. Confocal micrographs
confirmed eradication of Sau biofilms by TIGR4 and allowed us to visualize ultrastructural
point of contacts between Sau and Spn. A time-course study further demonstrated
spatial colocalization of Spn chains and Sau tetrads as early as 30 min post-inoculation
(Pearson’s coefficient >0.72). Finally, precolonized biofims produced by Sau strain
Newman, or MRSA strain USA300, were eradicated by mid-log phase cultures of
washed TIGR4 bacteria within 2 h post-inoculation. In conclusion, Spn strains rapidly
eradicate pre-colonized Sau aureus biofilms, including those formed by MRSA strains,
by a mechanism(s) requiring bacterium-bacterium contact, but independent from the
production of hydrogen peroxide.

Keywords: Staphylococcus aureus, Streptococcus pneumoniae, biofilms, physical contact, eradication
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INTRODUCTION

Two important human pathogens, Streptococcus pneumoniae
(Spn) and Staphylococcus aureus (Sau) persist by forming
biofilms in the nasopharynx of healthy humans (Bogaert et al.,
2004; Regev-Yochay et al., 2004; Bakaletz, 2007; Chien et al., 2013;
Dunne et al., 2013; Shak et al,, 2013, 2014; Vidal et al., 2013;
Chao et al., 2014). Spn is a common childhood commensal, but
also causes otitis media, pneumonia and severe diseases including
bacteremia, septicemia, and meningitis (Regev-Yochay et al,
2004; Vidal et al., 2013). Spn, which displays nasopharyngeal
carriage rates of up to 90% in children, shifts to a meshed biofilm
structure which promotes its persistence in the nasopharynx,
increases resistance to antibiotics and acts as a source of
planktonic pneumococci, which infiltrate into other parts of the
respiratory system (i.e., lungs), bloodstream, and spinal fluid to
cause disease (Yarwood et al., 2004; Shak et al., 2013; Vidal et al.,
2013; Gritzfeld et al., 2014).

Sau strains, including methicillin-resistant Sau strains
(MRSA), colonize the nasopharynx, anterior nares, and skin
in 30-50% of healthy individuals, but also produce a variety of
infections involving the skin and soft tissue, the bloodstream, the
respiratory system, and the skeletal system (Regev-Yochay et al.,
2004, 2008; Yarwood et al., 2004; Chien et al., 2013; Dunne et al.,
2013; Bhattacharya et al., 2015). Given its location in healthy
individuals (i.e., skin), Sau can be easily transmitted in hospital
environments, causing a variety of nosocomial infections. Sau-
associated nosocomial infections are recognized for their strong
ability to form biofilms on abiotic surfaces such as catheters, or
indwelling devices. Once a biofilm is established, Sau tolerate
concentrations of antimicrobials that would otherwise eradicate
planktonic growth (Kiedrowski and Horswill, 2011; Bhattacharya
etal., 2015).

Epidemiological studies in children, including those from
our laboratory, have demonstrated a negative association for
nasopharyngeal carriage of Spn and Sau strains, i.e., children
carrying Spn strains in the nasopharynx are less likely to also
carry Sau (Chien et al., 2013; Dunne et al., 2013). With the recent
introduction of pneumococcal vaccines, this competition for
the nasopharyngeal niche has been more evident. For example,
a study by Bogaert et al. (2004) that included 3198 children
from the Netherlands showed that those vaccinated against Spn
experienced a decrease in carriage of Spn vaccine types with a
subsequent increase in nasopharyngeal carriage of Sau (Bogaert
et al., 2004). Similar evidences were provided by Regev-Yochay
et al. (2004) and Chien et al. (2013), in the pre-vaccine era
(Regev-Yochay et al., 2004; Chien et al., 2013).

The molecular mechanism(s) behind these epidemiological
observations has been investigated without conclusive findings.
A study by Regev-Yochay et al. (2006), for example, showed that
Spn strains (e.g., Pn20 and TIGR4) interfere with the growth
of planktonic cultures of Sau strain Newman by a mechanism
likely involving the release of H,O; into the supernatant (Regev-
Yochay et al., 2006). Killing of Sau planktonic cultures by
Spn strains was observed after 6 h of incubation and it was
inhibited by the addition of catalase, or by incubating Sau with
Spn mutant in the spxB gene which encodes for the enzyme

producing H,O; (i.e., Pn20AspxB, or TIGR4AspxB). In contrast,
studies using a neonatal rat model of colonization demonstrated
that Sau colonizes the nasal passages whether co-inoculated
along with TIGR4 or with a TIGR4AspxB mutant (Margolis,
2009). Moreover, Margolis et al. (2010) showed, using a similar
neonatal rat model, that Spn strain TIGR4 coexisted in the nasal
epithelium along with Sau, whether Spn or Sau was already
colonizing the nasal passages and the other strain was introduced
(Margolis et al., 2010). The inconsistencies for the in vitro killing
vs. co-existence in animal models have not yet been resolved.

Since Sau biofilms have been linked to the persistence
of chronic infections that cannot otherwise be eradicated
with available antimicrobials (Kiedrowski and Horswill, 2011;
Bhattacharya et al., 2015), eradication of Sau biofilms has drawn
considerable interest in the last few years. In this study, we
have further investigated killing of Sau biofilms using different
approaches, including those aimed to eradicate preformed
biofilms. We have demonstrated at the ultrastructural level that
physical contact is required for efficient killing of Sau by Spn;
killing by physical contact eradicated Sau strains, including
MRSA strain USA300, within 2h post-inoculation. In support
of these findings, washed bacteria more efficiently killed Sau
biofilms than supernatant indicating that the mechanism is more
complex than we originally thought. The molecular mechanism,
however, warrants further development as complete eradication
of Sau biofilms was rapidly achieved.

MATERIALS AND METHODS

Bacterial Strains and Culture Media

Spn and Sau strains utilized in this study are shown in Table 1.
Spn strains were cultured on blood agar plates (BAP), or BAP
with 25 pg/ml gentamicin, whereas Sau strains were grown on
salt mannitol agar (SMA) plates or Luria-Bertani agar ([LBA] 1%
tryptone [Becton- Dickinson], 0.5% yeast extract, 1% NaCl, and
1.5% agar [Becton-Dickinson]). Todd Hewitt broth containing
0.5% (w/v) yeast extract (THY) was utilized in all experiments.

Preparation of Inoculum for Experiments

Inoculum was prepared essentially as previously described (Vidal
etal., 2011). Briefly, an overnight BAP (for Spn), or LBA (for Sau),
culture was used to prepare a cell suspension in THY broth to
an ODgp of ~0.08. This suspension was incubated at 37°C in a
5% CO, atmosphere until the culture reached an ODggp of ~0.2
(early-log phase). Then glycerol was added to give a final 10%
(v/v) and stored at —80°C until used. An aliquot of these stocks
was further diluted and plated to obtain bacterial counts (cfu/ml).

Co-incubation Experiments

Experiments were conducted using 8-well glass slide (Lab-Tek),
polystyrene 6-well plates and 24-well plates (Corning). Spn and
Sau strains were inoculated at a density of ~1 x 10° cfu/ml
each in THY and incubated at 37°C in a 5% CO, atmosphere
for the indicated time. Control wells were only inoculated with
Spn or Sau. Where indicated, bovine liver catalase (Sigma) was
added to a final concentration of 1000 U/ml. Planktonic cells
were removed, diluted and platted onto BAP or BAP with
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TABLE 1 | Strains utilized in this study.

Strain Description Reference or source

D39 Avery strain, pherotype CSP1, clinical isolate capsular serotype 2 Avery et al., 1944; Lanie et al., 2007
TIGR4 Invasive clinical isolate, pherotype CSP2, capsular serotype 4 Tettelin et al., 2001

TIGR4AspxB TIGR4 with an insertion within the spxB gene, spxB::kan-rpsLt Regev-Yochay et al., 2006

SPJVO1 D39 encoding pMV158GFP, Tet? Vidal et al., 2011

SPJV09 TIGR4 encoding pMV158GFP, TetR Vidal et al., 2013

GA13499 Phenotype CSP1, capsular serotype 19F Kindly provided by Dr. Scott Chancey
ABB.1 Phenotype CSP2, capsular serotype 3 Benton et al., 1997

S. aureus Newman NCTC 8178, ATCC 13420
S. aureus ATCC 25923
S. aureus SAJVO1

S. aureus USA300

Clinical isolate, utilized as quality control strain for antimicrobial susceptibility testing
Strain isolated from a post-surgery knee infection in our laboratory at Emory University.
NRSA384, methicillin-resistant strain isolated from a wound in Mississippi

Boake, 1956

Laboratory stock

Laboratory stock

Centers for Disease Control Prevention, 2003

gentamicin to obtain cfu/ml for Spn or onto LBA or SMA to
obtain cfu/ml of Sau. Biofilms were washed once with PBS,
mixed with with 1ml of sterile PBS and sonicated for 15s
in a Bransonic ultrasonic water bath (Branson, Danbury, CT),
followed by extensive pipetting to remove remaining attached
biofilm bacteria. Biofilms were diluted and platted as above.

Experiments with Preformed Sau Biofilms
Sau was inoculated into a 6-well microplate and incubated at
37°C with 5% CO, for 4 h after which planktonic cells were
removed and biofilms were washed once with sterile PBS. THY
was added to the washed Sau biofilms and then these were
inoculated with ~1 x 10° cfu/ml of the early-log phase inoculum,
prepared as described above, or with supernatants, planktonic
cells, biofilms or washed bacteria obtained from 4h cultures
of Spn. These inoculants were prepared as follows: ~1 x 10°
cfu/ml of the early-log phase inoculum was inoculated into 6-well
plates and incubated for 4 h. Planktonic cells were then removed,
centrifuged, and washed twice with PBS. The supernatant was
separated and filter sterilized using a 0.45um syringe filter
(Puradisc, GE Healthcare, UK). Biofilms were harvested as
mentioned earlier and washed twice with sterile PBS. In another
set of wells, biofilms were detached by sonication, then both
biofilms and planktonic cells were collected by centrifugation,
and the pellet was washed twice with PBS. The same amount
(~1 x 10° cfu/ml) of washed bacteria, planktonic cells, or
biofilms were inoculated into preformed Sau biofilms; an aliquot
of supernatant (100 1) was inoculated as well. Inoculated and
control cultures were incubated for 2 h at 37°C with 5% CO; after
which bacteria were counted as described.

Transwell Experiments

To physically separate Spn and Sau within the same wells, two
chambers were created by installing a Transwell filter device
(Corning, NY USA). The Transwell membrane (0.4 LM) creates
a physical barrier impermeable to bacteria, but allows passage of
small molecules between the two chambers (top and bottom).
In some experiments Spn was inoculated in the top chamber
and Sau in the bottom chamber, whereas in other experiments
bacteria were reversed, i.e., Sau in the top and Spn in the bottom.

In control wells, which did not contain the Transwell device, Spn
and Sau were inoculated together. Plates were incubated for 4h at
37°C in a 5% CO; atmosphere and then planktonic and biofilm
bacteria were removed from both the top and bottom chamber
and counted.

Confocal Microscopy Studies

Spn, Sau, or Spn with Sau were inoculated (~1 x 10° cfu/ml
each) into 8-well glass slide (Lab-Tek) containing THY and
incubated at 37°C in a 5% CO, atmosphere. Planktonic cells
were then removed, and biofilms were washed with sterile
PBS, after which bacteria were fixed with 2% paraformaldehyde
(PFA) for 15min at room temperature. Fixed biofilms were
then blocked with 1% BSA for 30 min at 37°C and incubated
first with a rabbit polyclonal anti-Sau antibody (4 jLg/ml) (Santa
Cruz, Biotechnology Inc.,) for 1 h at room temperature, followed
by PBS washes and 1-h incubation with a secondary Alexa-
555, labeled goat anti-rabbit antibody (20 pg/ml) (Molecular
probes). Then the preparation was washed with sterile PBS
and incubated 30 min with rabbit raised anti-Spn antibodies
(Staten Serum Institute) that had been previously labeled
with Alexa-488 (50 jug/ml) (Molecular Probes) following the
manufacturer instructions. In some experiments, Spn strains
expressed the green fluorescent protein (GFP), SPJVO0l or
SPJV09. Stained preparations were finally washed two times
with PBS, mounted with ProLong Diamond Antifade mountant
with DAPI (Molecular Probes), and analyzed with an Olympus
FV1000 confocal microscope. Confocal images were analyzed
with Image] version 1.49k (National Institutes of Health, USA)
or The Imaris software (Bitplane, South Windsor CT).

Colocalization Analysis

The Imaris 8.2 software (Bitplane) was utilized for colocalization
analysis. Briefly, the Costes method was utilized to set up a
threshold for both the green channel and the red channel in
confocal slices of z-stacks images (Costes et al, 2004). The
Pearson’s coefficient (PC) of colocalized volume was calculated
using ranges from —1 to 1 where a PC = —1 indicates a mutually
exclusive localization of two signals, PC = 0 random overlap,
and PC = 1 indicates perfect colocalization (Costes et al., 2004).
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Counts of colocalized bacteria and free Sau bacteria was also
performed with Imaris 8.2 software.

Statistical Analysis

Statistical analysis presented in this study was conducted using
the Mann Whitney U-test and the software SigmaPlot Version
12.0 (Systat Software, Inc.).

RESULTS

Spn Strain TIGR4, but not D39, Kills Sau
Biofilm Cells

Since epidemiological reports have suggested a negative
association between Sau and Spn for nasopharyngeal
colonization, we assessed populations of biofilm cells when
strains where co-incubated on abiotic surfaces or cultures of
human pharyngeal cells. This study showed similar counts
of Sau biofilms attached to abiotic surfaces, or pharyngeal
cells, whether incubated alone or with Spn strain D39 for 4
h (Figures 1A,B). However, Sau biofilms were significantly
reduced, but not eradicated (i.e., completely killed), 8 h post-
inoculation (p = 0.03) in wells inoculated along with D39
(Figures 1A,B). Bacterial counts of Spn biofilms did not change
whether incubated alone or with Sau at 4 or 8 h post-inoculation
(Figures 1C,D). A non-statistically significant decrease of Spn
biomass was observed, however, when incubated with Sau at 4 or
8 h post-inoculation of abiotic or human cells, respectively.

Experiments with another Spn reference strain TIGR4,
and Sau strain Newman, were also conducted. Whereas, Sau
planktonic cells and biofilms reached, 4 h post-inoculation,
a bacterial density of ~4.6 x 107 cfu/ml and ~9.8 x 10°
cfu/ml, respectively, Sau planktonic cells and biofilms were
eradicated (<50 cfu/ml) when they were incubated with strain
TIGR4 for 4h (Figure 2A). TIGR4 planktonic cells, or biofilms,
remained unchanged whether incubated alone or with Sau for 4h
(Figure 2B). MRSA strain USA300, Sau ATCC 25923, SAJVO01,
were also challenged with TIGR4 for 4 h and eradication of both
planktonic and biofilms was similarly observed (Figures 2C,D
and not shown).

Since strain D39 produces the competence stimulating peptide
1 (CSP1) and TIGR4 produces CSP2, to further investigate if
differences in killing of Sau was due to the quorum sensing
pherotype (i.e., CSP1 or CSP2) we inoculated strains GA13499
(pherotype 1) or Spn A66.1 (pherotype 2) along with Sau
and the mixtures were incubated for 4h. Eradication of both
Sau planktonic and Sau biofilms by both strains was observed
indicating that Sau killing does not depend on the pneumococcal
pherotype (not shown).

Direct Contact between Sau and Spn Is
Required for Killing of Sau

To investigate whether Spn biofilm cells or their supernatants
were responsible for the observed phenotype against Sau, strains
were inoculated into the same wells, but bacteria were separated
using a Transwell system device, which has a membrane with a
pore size of 0.4 pm. The Transwell device allows the supernatants
to flow throughout the well, but separates bacteria inoculated
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FIGURE 1 | Spn D39 reduces the population of Sau biofilms. Sau was
inoculated alone (Sau) or with Spn strain D39 (Sau+Spn) in abiotic polystyrene
plates (A,C) or human pharyngeal cells (B,D). Plates were incubated for 4 or
8h at 37°C. Planktonic cells were removed, biofilms were harvested, diluted
and then plated onto salt mannitol agar plates to obtain Sau biofim counts
(cfu/ml) or blood agar plates with gentamicin to obtain Spn biofilm counts
(cfu/ml). Error bars represent the standard errors of the means, calculated
using data from at least three independent experiments. *statistical
significance (p < 0.05) in comparison to wells inoculated only with Sau.

in the top chamber from those inoculated in the bottom of
the well. Neither Sau planktonic cells (Figure 3A), nor biofilms
(Figure 3B) were killed when TIGR4 was inoculated in the
Transwell device and Sau was inoculated in the bottom of
the well (i.e., Spn/Sau). Since the Transwell membrane has a
smaller diameter than the bottom of the well, in another set
of experiments we inoculated TIGR4 in the bottom of the
well and Sau was inoculated directly in the Transwell chamber
(i.e., Sau/Spn). Once again, TIGR4 was not able to kill Sau
planktonic cells or Sau biofilms within 4h (Figures 3A,B).
TIGR4 planktonic cells and biofilms were similar, whether
(1) coincubated with Sau (positive control), (2) inoculated
in the Transwell chamber and Sau in the bottom or (3)
in the bottom of the well when Sau was inoculated in the
Transwell chamber (Figure 3C). Experiments were conducted
using Transwell devices with different membrane areas (4.67
and 1.12 cm?) to account for variations in the volume of culture
medium obtaining similar results. Altogether, these experiments
demonstrated that physical contact is necessary for Spn to
kill Sau.
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Direct Killing of Sau by Spn Does not
Require SpxB, but Is Inhibited by Catalase

Interference of planktonic cultures of Sau by Spn has been
demonstrated to occur via hydrogen peroxide, a byproduct of
the enzyme SpxB (Regev-Yochay et al., 2006). To investigate
whether the observed physical contact-mediated killing requires
hydrogen peroxide, we conducted experiments with an isogenic
TIGR4AspxB mutant, which does not produce detectable levels
of hydrogen peroxide (Regev-Yochay et al., 2006). As shown
in Figure 4A, the hydrogen peroxide TIGR4AspxB mutant was
able to eradicate Sau Newman strain within 4 h of incubation.
The population of the isogenic mutant was not affected by
co-incubation with Sau (Figure 4B).

We next incubated Sau and Spn in the presence of bovine
liver catalase. In comparison to co-cultures incubated without
catalase, incubation of TIGR4 wt with catalase inhibited killing
of Sau (Figure 5A). To investigate whether the inhibitory effect
of catalase was separate from its enzymatic activity against H,O,
the isogenic TIGR4AspxB mutant, which does not produce
H,0,, was also incubated with catalase and this treatment
was enough to render TIGR4AspxB unable to eradicate Sau
bacteria (Figure 5A). Whereas, Spn density was similar whether
incubated alone or with Sau (Figure 5B), we noticed that in
control wells inoculated only with Sau, or Spn, and incubated in

FIGURE 3 | Efficient Killing of Sau by Spn requires direct contact.
Transwell chambers were installed into 6-well plates and THY was added.
TIGR4 was inoculated directly in the Transwell chamber and Sau in the bottom
of the well (Sp/Sau), or Sau was inoculated in the Transwell chamber and
TIGR4 in the bottom (Sau/Spn). As a control Sau was inoculated alone or with
TIGR4 (+Spn). Cultures were incubated for 4 h at 37°C, after which planktonic
bacteria (A) or biofims (B) were harvested from the Transwell chamber, or
from the bottom of the well, serially diluted and plated onto salt mannitol agar
plates. (C) Planktonic and biofims were also plated onto BAP plates with
gentamicin to obtain Spn counts. Error bars represent the standard errors of
the means calculated using data from at least three independent experiments;
the median (cfu/ml) is shown inside bars. *Statistical significance (o < 0.05) in
comparison to wells inoculated with Sau.

the presence of catalase, the bacterial density of both populations,
planktonic and biofilms, significantly increased in comparison to
wells incubated without the enzyme (Figures 5A,B).

Together, these experiments demonstrate that SpxB-generated
hydrogen peroxide is not involved in the direct-killing of Sau.
These experiments also indicate that the inhibitory effect of
catalase is due to other changes induced by incubating with the
enzyme, which are separate from catalase’s enzymatic activity
against H,O,.

Physical Interaction within Biofilms
Formed by Sau and Spn

To gain insights on ultrastructural interactions between TIGR4,
or D39, and Sau, we obtained confocal micrographs. At 4h
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FIGURE 4 | TIGR4AspxB mutant eradicate Sau bacteria. Sau Newman
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onto salt mannitol agar plates to obtain Sau counts (A) or blood agar plates
with gentamicin to obtain TIGR4 AspxB counts (B). Error bars represent the
standard errors of the means calculated using data from at least three
independent experiments. The median (cfu/ml) is shown inside bars. *statistical
significance (p < 0.05) in comparison to wells inoculated only with Sau.

post-inoculation, control Sau biofilms were robust and covered
~90% of the abiotic substrate (Figure 6A) whereas in wells co-
incubated with TIGR4, Sau biofilms were eradicated (Figure 6D).
The few Sau cells attached to the substratum appeared to
be in close proximity to TIGR4 bacteria suggesting physical
interaction between the two species (Figure 6F, arrows). TIGR4
biofilms remained similar whether co-incubated with Sau or
incubated alone (Figures 6B,E). Biofilms formed by Sau, when
co-incubated with D39, were reduced to ~60% in comparison
to control wells (Figures 6G,I). D39 biofilms were similarly
observed whether incubated alone or with Sau (Figures 6C,H).

Given that TIGR4 killed Sau and MRSA strain USA300, a
time course study was conducted to evaluate physical interactions
in detail. As shown in Figures 7A-D, Sau rapidly formed
aggregates, i.e., tetrads, at 1 h post-inoculation, which continued
growing until forming a bacterial lawn 4 h later. TIGR4 formed
chains that aggregated on the bottom of the well (Figures 7E-H)
but did not produce, at this time-point, the robust bacterial lawn
observed with Sau. When incubated with TIGR4, Sau biofilms
were not produced. The few bacteria attached to the bottom were
surrounded by TIGR4 (Figures 7I-L).

Spatial Ultrastructural Colocalization

between Spn and Sau

Experiments showed above suggested that Sau and Spn
colocalize; to further confirm physical colocalization, we stained
the pneumococcal capsule and Sau capsule by fluorescence, and
confocal micrographs were analyzed using the Imaris software.
As shown in Figure 8, there was a spatial colocalization between
Sau and TIGR4 bacteria as early as 1h post-inoculation. The
Pearson’s coefficient (PC) of colocalized volume was 0.78,
which statistically confirmed true spatial colocalization. TIGR4
surrounded Sau making contact with individual bacterium and
those Sau bacteria forming tetrads (Figures 8A-C). Removing
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means calculated using data from at least three independent experiments. The
median (cfu/ml) is shown inside bars. *statistical significance (p < 0.05) in
comparison to wells inoculated only with Sau.

the channel of the Spn capsule (green), or Sau capsule (red),
allowed us to better visualize specific points of contact (Figure 8,
arrows in Sau+DNA and Spn+DNA). Colocalization between
Sau and TIGR4 was also observed at 2 h post-inoculation (PC =
0.72) indicating bacteria remained joint (Figures 8D-F). Further
analysis of more than 30 confocal micrographs demonstrated
that most Sau bacteria are in contact with Spn (mean = 5.16,
median = 4), in comparison to those Sau bacteria observed alone
(mean = 1.2, median = 0.0; Figure 8M). Whereas, Spn strain
D39 did not eradicate Sau biofilms, D39 bacteria were observed
colocalizing with Sau at 1 h (PC = 0.73) or 2h (PC = 0.89) post-
inoculation (Figures 8G-L). In most cases a long chain of Spn
made contact with tetrads or aggregates of Sau bacteria.

Pre-colonized Sau Is Eradicated by TIGR4,
but not by Strain D39

We then tested whether pre-colonized Sau biofilms could be
eradicated by Spn. To assess this, Sau was incubated for 4h to
form biofilms, after which planktonic cells were removed. Early
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Single-species biofilms

Sau+TIGR4

Sau+D39

FIGURE 6 | Confocal studies of Sau coincubated with Spn strains. (A) Sau, (B) SPJV09 (TIGR4), or (C) SPJVO1 (D39), or mixtures of Sau and SPJV09 (D-F) or
Sau and SPJVO1 (G-I) was inoculated into an eight-well slide and incubated for 4 h at 37°C. Biofilms were fixed with 2% PFA and stained with an anti-Sau antibody
followed by an Alexa 555-labeled anti-rabbit secondary antibody (red). Spn strains were expressing the green fluorescent protein. Preparations were analyzed by
confocal microscopy. A representative xy optical section is shown. Bar = 20 wm. Gray arrows point out areas where Sau and TIGR4 are located.

log-phase cultures of D39, or TIGR4 cells, (~1 x 10 cfu/ml)
were inoculated into preformed Sau biofilms and then incubated
for an additional 4 h period. As seen in Figure 9, pre-colonized
Sau biofilms were significantly reduced by incubating with D39,
or TIGR4. Furthermore, reduction of pre-formed Sau biofilms by
TIGR4 (~1.5 x 10° cfu/ml) was significantly different than Sau
reduction produced by incubating with D39 (~3.2 x 10° cfu/ml).
Since biofilms releases planktonic cells into the supernatant,
viable planktonic bacteria were also counted. In control wells, Sau
planktonic cells released by preformed biofilms reached a density
of ~1.7 x 10® cfu/ml (Figure 9B), whereas in pre-formed Sau
biofilms inoculated with D39 the population of Sau planktonic
cells was reduced, although the reduction was not statistically
significant (Figure 9B). Sau planktonic cells (<50 cfu/ml) were
eradicated in wells infected with Spn strain TIGR4 (Figure 9B).
Spn counts were obtained in order to investigate if the
observed differences in D39 and TIGR4’s ability to reduce pre-
colonized Sau biofilms and kill planktonic cells was due to
an increased population of TIGR4. Both planktonic cells and

biofilms were significantly lower in wells inoculated with TIGR4
in comparison to D39 (~200-fold lower) confirming that an
increased population was not a factor in the killing of Sau by
TIGR4 (Figure 9C).

Spn Bacteria, but not Supernatants,

Efficiently Kill Sau Pre-colonized Biofilms

Our next experiments fractionated TIGR4 cultures into
planktonic cells, biofilms and supernatants and evaluated
killing of Sau by these fractions. Since inoculating TIGR4
with Sau at the same time eradicated Sau biofilms in 4h,
cultures of TIGR4 were grown for 4 h and then planktonic
cells, biofilms and culture supernatant were separated and
incubated with preformed Sau biofilms. We hypothesized
that Spn from 4h cultures (i.e., activated cultures) would kill
Sau biofilms faster and therefore preformed biofilms were
incubated for 2 h. As expected, inoculating preformed Sau
biofilms with early log-phase TIGR4 cultures reduced, but did
not eradicate, preformed biofilms within 2 h (Figure 10A).
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Sau

TIGR4

Sau+TIGR4

FIGURE 7 | Time course study of physical interaction between Sau and Spn strains. Sau (A-D), TIGR4 (E-H), or Sau and TIGR4 (I-P) were inoculated into an
eight-well slide and incubated for 1, 2, 3, or 4 h at 37°C. Biofilms were fixed with 2% PFA and stained with an anti-Sau antibody followed by an Alexa 555-labeled
anti-rabbit secondary antibody (red) and then an anti-Spn antibody labeled with Alexa 488 (green). Bacterial DNA was stained by DAPI (blue). Micrographs were taken
by confocal microscopy. Panels show representative xy optical sections (~0.4 wm each). Bar at the right panel is valid for its corresponding horizontal panels. Panels
(I-L) show the red and green channels while panels (M-P) the red and blue channels. Bars = 10 um, except were indicated (7 pm).

However, washed Spn (planktonic+biofilms), planktonic, or
biofilms harvested from 4h cultures eradicated Sau biofilms
(Figure 10A). Sterile supernatant from this 4h culture was
only able to reduce Sau biofilms (5.6 x 10° cfu/ml) in
comparison with the non-inoculated control (1.1 x 10°
cfu/ml).

Experiments were also conducted with supernatants from 6
to 8 h cultures with similar reduction (not shown). Accordingly,
confocal micrographs showed robust preformed Sau biofilms,
4h post-inoculation (Figure 10B), that were significantly
reduced within 30min and 1h post-inoculation of washed
Spn (Figures 10B-D) and completely eradicated within 2
h (Figure 10E). TIGR4 bacteria, however, were not able to
recolonize the substrate once Sau biofilms were removed as
TIGR4 was only observed attached to the few Sau bacteria, but
not attached to the bottom (Figure 10E).

DISCUSSION

We have demonstrated in this study that TIGR4, and other Spn
strains, rapidly eradicated preformed Sau biofilms, including
biofilms produced by MRSA strain USA300. To kill Sau
biofilms, the pneumococcus required physical contact which
was documented by several lines of evidence including confocal
microscopy, colocalization experiments, and experiments
utilizing a Transwell system to separate both species. The
physical contact-mediated killing was very efficient as it
completely eradicated a viable lawn of Sau biofilms within 2h
(i.e., viable counts under the limit of detection of 50 cfu/ml).
This efficient mechanism however, was not mediated by
production of H,O5, as an isogenic mutant lacking the enzyme
responsible for producing hydrogen peroxide was able to
eradicate Sau biofilms and planktonic bacteria. As shown in
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FIGURE 8 | Colocalization between Sau and Spn. Sau and TIGR4 (A-F) or Sau and D39 (G-L) were inoculated together into an eight-well slide and incubated for
1h (A-C, G-l) or 2h (D-F, J-L) at 37°C. Biofilms were fixed with 2% PFA and stained with an anti-Sau antibody followed by an Alexa 555-labeled anti-rabbit
secondary antibody (red) and then an anti-Spn antibody labeled with Alexa 488 (green). Bacterial DNA was stained by DAPI (blue). Micrographs were taken by
confocal microscopy and analyzed using Imaris software. Panels show representative xy optical sections (~0.4 wm each). Bar = 10 um at right panels and is valid for
its corresponding horizontal panels. Vertical panels show specific channels. Arrows point out areas of colocalization between Sau and Spn. (M) Sau colocalized with

Spn after 1 h of co-incubation, or free Sau bacteria, were counted in 30 different micrographs. Means were plotted and error bars represent the standard errors.
(%), statistical significance (o < 0.001).
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FIGURE 9 | Spn TIGR4 kills preformed Sau biofilms. Sau was inoculated
in microtiter plates containing THY and incubated for 4 h, after which
planktonic cells were removed and fresh THY medium was added. Sau
biofilms were left uninoculated (Sau) or co-inoculated with Spn strain D39
(Sau/D39) or TIGR4 (Sau/TIGR4) and incubated for 4 h at 37°C. Biofilms (A) or
planktonic cells (B) were harvested, serially diluted and plated onto salt
mannitol agar plates to obtain bacterial counts. (C) Dilutions were also plated
onto blood agar plates with gentamicin to obtain Spn planktonic and biofilm
counts. Error bars represent the standard errors of the means calculated using
data from at least three independent experiments; the median (cfu/ml) is
shown inside bars. Statistical significance (p < 0.05) in comparison to wells
inoculated with Sau (*), Sau/D39 (#) or D39 (#).

this work and others (Regev-Yochay et al., 2006), incubating
with catalase was enough to inhibit killing of Sau by Spn. We
further demonstrated in this study that the inhibitory effect of
catalase was separate from its enzymatic activity against hydrogen
peroxide, as incubating a TIGR4 isogenic spxB mutant, which
does not produce H,O;, with catalase inhibited killing of Sau.
Accordingly, Park et al. (2008), showed that catalase produced
by Sau strains confers some degree of protection to a challenge
with Spn; authors did not utilize, however, a hydrogen peroxide
deficient-mutant to verify this protection was directly mediated
by its enzymatic activity against H,O,, as shown in our studies
(Park et al., 2008). We hypothesize that incubating Spn with
catalase has downstream effects impacting a mechanism that
seems to be more complex than originally thought. Future
transcriptomic studies should help us to identify, if any, these
changes. Changes in bacterial densities, affected by incubating
with catalase (Figure 5B), can also be a factor, as bacterial density

>

S. aureus (log,, cfu/ml)

FIGURE 10 | Washed TIGR4 bacteria rapidly kill preformed Sau
biofilms. (A) Sau was inoculated (Sau) in microtiter plates containing THY and
incubated for 4 h, after which planktonic cells were removed and fresh THY
medium was added. Another set of wells were inoculated with TIGR4 and
incubated for 4 h at 37°C. Planktonic cells, biofiims, or supernatants from this
TIGR4 4 h culture were separated as specified in Material and Methods.
Preformed Sau biofilms were left uninoculated (Sau), or inoculated with

~1 x 109 cfu/ml of an early-log phase culture of planktonic TIGR4 cells
(+Spn), or 4 h cultures of washed bacteria (+Plank/Bio), washed planktonic
bacteria (+Plank), washed biofilms (+Bios) or supernatant (+Sup) and
incubated for 2 h at 37°C. Cultures were harvested, serially diluted and plated
onto salt mannitol agar plates to obtain Sau (cfu/ml). Error bars represent the
standard errors of the means calculated using data from at least three
independent experiments. Statistical significance in comparison to wells
inoculated with (*, p < 0.004) Sau or (¢, p < 0.001) +Plank/Bio. (B-E) Sau
was inoculated into an eight-well slide and incubated for 4 h at 37°C. Sau
Biofilms were challenged with 4 h cultures of washed TIGR4 bacteria and
incubated for 30 min (B), 1h (C), 1.5h (D), and 2 h (E). At the end of
incubation, biofilms were fixed with 2% PFA and stained with an anti-Sau
antibody followed by an Alexa 555-labeled anti-rabbit secondary antibody (red)
and then an anti-Spn antibody labeled with Alexa 488 (green). DNA was
stained with DAPI. Preparations were analyzed by confocal microscopy. A
representative xy optical section is shown. Bar = 20 um.
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ratios favoring the pneumococcus are required to eradicate Sau
bacteria (discussed below).

Sau strains, including MRSA strains, were the second most
common pathogen associated to nosocomial infections in 2011
in the USA accounting for 10.7% of all cases (Magill et al,
2014). In the study by Magill et al. (2014), conducted by the
Centers for Disease Control and Prevention (CDC), it was
estimated that there were ~721,800 nosocomial infections in
2011. Biofilm-related, device-associated infections, (i.e., central-
catheter-associated bloodstream infection, catheter-associated
urinary tract infection, and ventilator-associated pneumonia),
and surgical-site infections accounted for >47% of those cases
(Magill et al., 2014). The majority of Sau nosocomial infections
were related to formation of biofilms, i.e., catheter-associated
bacteremia. Due to this, efforts are in place to eradicate Sau
biofilms and thus decrease hospital-acquired infections and Sau
biofilm-related disease.

A number of approaches, other than antibiotics, are now
being tested to prevent, or once stablished to eradicate Sau
biofilms. Prevention involves the development of new materials
that prevent attachment, antibacterial coating, and vaccines
(Bhattacharya et al.,, 2015). Treatment of established Sau biofilms
includes matrix degrading enzymes, dispersal triggering agents,
small-molecule inhibitors, targeting regulatory molecules, and
surgical removal of the focus of infection. Although promising,
no single treatment has proven effective to those suffering Sau
biofilm disease. Whereas, comparisons were not made with
the above mentioned approaches, studies within this work
demonstrated complete removal of preformed Sau biofilms
within 2 h of incubation with Spn strains TIGR4, A66.1
and GA13499. These observations certainly warrant further
investigations and development.

Spn strains can produce two different quorum sensing
pheromones, CSP1 and CSP2 (Pestova et al., 1996). The
pheromones control competence for transformation (Havarstein
et al,, 1995), biofilm formation (Vidal et al., 2013) and lysis
of other pneumococci when incubated together, known as
fratricide (Steinmoen et al, 2003; Guiral et al, 2005). As
shown in our experiments, killing of Sau biofilms was not
directly related to the production of a specific quorum sensing
pheromone. The possibility exists, however, that a quorum
sensing mediated mechanism regulates killing of Sau as our
experiments with washed Spn bacteria, mid-log phase (4h)
cultures, killed more rapidly in comparison to early-log phase
Spn cultures. Experiments are under way in our laboratories to
address the potential role, if any, of quorum sensing in direct
killing of Sau biofilms.

A mechanism mediated by the production and release of
H,0; has been demonstrated for planktonic cultures, and culture
supernatants, of Sau strains (Regev-Yochay et al., 2006, 2008).
Accordingly, in our study we also observed killing of Sau strains
by culture supernatants of Spn (Figure 10), but this was not as
efficient as killing of Sau by Spn bacteria. Hydrogen peroxide is
a byproduct of the aerobic metabolism produced by pyruvate
oxidase, SpxB. Production of H,O, has been proposed as the
main driver of the negative association between Spn and Sau, as
observed in carriage studies (Regev-Yochay et al., 2006, 2008).

There is, however, a significant proportion of cocolonization
events observed in children (Chien et al., 2013; Dunne et al,,
2013). Decreased Spn-mediated killing of some Sau strains was
not a factor for the observed cocolonization events, as studies
by Regev-Yochay et al. (2008) demonstrated similar bactericidal
effect of Sau strains isolated from children co-colonized with
pneumococcal strains vs. those only colonized by Sau (Regev-
Yochay et al., 2008). Further studies using a neonatal rat model
of colonization showed that Spn and Sau can cohabit the nasal
passages (Margolis et al., 2010) and that Sau co-colonization rates
with Spn TIGR4 wt were similar to those of its isogenic spxB
mutant (Margolis, 2009). Perhaps levels of H,O, in the animal
model vs. those obtained in broth cultures are not comparable,
which may explain the differences in cocolonization. To our
knowledge, levels of H,O, produced by Spn in the human
nasopharynx or nasal passages in animal models have not been
determined. Production of H,O, by Spn appears not to be the
factor allowing contact-mediated killing of Sau given that, in
our study an isogenic spxB mutant was still able to eradicate
Sau bacteria. Another streptococci, S. gordonii, produces levels
of H,O, comparable to TIGR4, but is unable to kill Sau (Regev-
Yochay et al., 2006). Other lines of evidence indicate that H,O;
produced by streptococci induces Sau lethal prophages (Selva
et al., 2009).

In our study with biofilms, and those conducted with
planktonic cultures, killing of Sau required a minimum Spn
inoculum of ~1 x 10° cfu/ml to kill the same amount of
inoculated Sau bacteria; a reduced Spn challenge, for example ~1
x 10° cfu/ml, will not kill a density of ~1 x 10° cfu/ml of Sau.
Physical contact, which we observed in our studies was required
for efficient killing, may be a limiting factor for the Spn-Sau
required ratio. Another possibility is that a bacterial threshold is
required to activate, i.e., by quorum sensing, an efficient killing
mechanism which may include the production of enough H,O5.
The need of a bacterial threshold observed in in vitro studies may
provide an explanation for the cocolonization of Spn and Sau in
animal models. For example, in the classic study by Margolis et al.
(2010), authors demonstrated cocolonization of <10 cfu of both
species, Spn and Sau, in the nasal passages of animals. Perhaps
this limited amount of bacteria does not allow for both to reach
physical interaction in the nasal microenvironment.

Studies in our laboratory have also recently investigated
nasopharyngeal bacterial densities in Tanzanian children
cocolonized, or not, with Spn and/or Sau. We, as others in
previous studies, demonstrated a negative association for
children colonized only with Spn vs. those colonized by both
Spn and Sau. Moreover, our study also showed a statistically
significant reduction (p = 0.03) of Sau density in those children
cocolonized with Spn (~1.5 x 10* cfu/ml) vs. those colonized
only by Sau (~5.2 x10* cfu/ml). As per the in vitro situation
shown in Figures2, 6 of the current study, nasopharyngeal
density of Spn strains in Tanzanian children did not change,
whether or not the host was cocolonized with Sau, ~1.5 x
10® cfu/ml vs. ~1.7 x 10° cfu/ml, respectively (Chochua et al.,
unpublished data; Wu et al., unpublished data).

In conclusion, Spn rapidly eradicates preformed Sau
biofilms, including those formed by MRSA strain USA300. The
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mechanism requires physical contact and a bacterial threshold.
Killing of Sau by Spn was not mediated by production of
hydrogen peroxide, but it was inhibited by catalase through a
mechanism independent of catalase’s enzymatic activity against
hydrogen peroxide.
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In this study, we have explored the transcriptomic response of Streptococcus
pneumoniae D39 to N-acetylglucosamine (NAG). Transcriptome comparison of
S. pneumoniae D39 wild-type grown in chemically defined medium (CDM) in the
presence of 0.5% NAG to that grown in the presence of 0.5% glucose revealed elevated
expression of many genes/operons, including nagA, nagB, manLMN, and nanP. We
have further confirmed the NAG-dependent expression of nagA, nagB, manlLMN, and
nanP by B-galactosidase assays. nagA, nagB and gimS are putatively regulated by a
transcriptional regulator NagR. We predicted the operator site of NagR (dre site) in PnagA,
PnagB, and PgimS, which was further confirmed by mutating the predicted dre site in the
respective promoters (nagA, nagB, and gimS). Growth comparison of AnagA, AnagB,
and AgImS with the D39 wild-type demonstrates that nagA and nagB are essential for S.
pneumoniae D39 to grow in the presence of NAG as a sole carbon source. Furthermore,
deletion of ccpA shows that CcpA has no effect on the expression of nagA, nagB, and
g/mS in the presence of NAG in S. pneumoniae.

Keywords: N-acetylglucosamine, NAG, NagA, NagB, GImS, pneumococcus, CcpA

INTRODUCTION

Pneumonia, sepsis, meningitis, otitis media, and conjunctivitis are a few of the diseases caused
by the major human pathogen Streptococcus pneumoniae that results in over a million deaths
each year worldwide (Ispahani et al., 2004; O’Brien et al., 2009). S. pneumoniae relies on several
nutrient sources and virulence factors to colonize in the human nasopharynx (Phillips et al., 1990;
Titgemeyer and Hillen, 2002; Carvalho et al., 2011). Regulatory mechanisms of a number of carbon
and nitrogen sources important for the lifestyle and virulence of S. pneumoniae have already been
studied (Kloosterman et al., 2006b; Carvalho et al., 2011; Kloosterman and Kuipers, 2011; Afzal
et al,, 2015¢,d). S. pneumoniae has been shown to metabolize 32 carbohydrates including the
three-carbon molecule glycerol, nine hexoses or hexose derivatives (ascorbate, fructose, galactose,
glucosamine, glucose, mannose, N-acetylglucosamine, N-acetyl-mannosamine, and N-acetyl-
neuraminic acid), three a-galactosides (melibiose, raffinose, and stachyose), two p-galactosides
(lactose, and lactulose), four a-glucosides (maltose, maltotriose, sucrose, and trehalose), seven
p-glucosides (amygdalin, arbutin, 1-O-methyl-p-glucoside, cellobiose, gentiobiose, aesculin, and
salicin) and six polysaccharides (glycogen, hyaluronate, inulin, maltodextrin, pectin, and pullulan)
(Bidossi et al., 2012).

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 99

November 2016 | Volume 6 | Article 158


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org/cellular_and_infection_microbiology/editorialboard
http://www.frontiersin.org/cellular_and_infection_microbiology/editorialboard
http://www.frontiersin.org/cellular_and_infection_microbiology/editorialboard
http://www.frontiersin.org/cellular_and_infection_microbiology/editorialboard
https://doi.org/10.3389/fcimb.2016.00158
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2016.00158&domain=pdf&date_stamp=2016-11-16
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:o.p.kuipers@rug.nl
https://doi.org/10.3389/fcimb.2016.00158
http://journal.frontiersin.org/article/10.3389/fcimb.2016.00158/abstract
http://loop.frontiersin.org/people/207183/overview
http://loop.frontiersin.org/people/205490/overview
http://loop.frontiersin.org/people/256145/overview
http://loop.frontiersin.org/people/16336/overview
http://loop.frontiersin.org/people/188510/overview

Afzal et al.

NAG-Dependent Gene Regulation in S. pneumoniae

The importance of carbon sources in the life-style of
S. pneumoniae can be judged from the fact that over 30% of
all the transporters in the genome are presumably involved
in sugar uptake (Tettelin et al, 2001; Bidossi et al., 2012),
a considerably larger number than that present in the other
microorganisms inhabiting the same niche (Paulsen et al,
2000; Tettelin et al., 2001). The glycoproteins lining the
epithelial surfaces in the human nasopharynx might be good
carbon and energy sources for pneumococcal growth. Notably,
S. pneumoniae has the ability to grow on mucin as a sole carbon
source (Yesilkaya et al., 2008). Mucins are constituents of the
mucus that span the epithelial surfaces (Rose and Voynow,
2006). These structures are largely O-glycosylated glycoproteins
and are usually composed of N-acetylglucosamine (NAG), N-
acetylgalactosamine, N-acetylneuraminic acid, galactose, fucose,
and sulphated sugars connected to the protein core, mostly
via an N-acetylgalactosamine moiety (Rose and Voynow, 2006;
Terra et al, 2010). S. pneumoniae has several extracellular
glycosidases with an extensive variety of substrates specificities
and can make use of the other host glycans, such as N-glycans
and glycosaminoglycans (Burnaugh et al, 2008; King, 2010;
Marion et al., 2012). These enzymes produce a number of free
sugars that potentially can be used by the pneumococcus. The
deglycosylation activity of both exo- and endoglycosidades has
previously been demonstrated in S. pneumoniae (King et al.,
2006; Burnaugh et al., 2008; Jeong et al., 2009; Marion et al.,
2009). The ability to utilize complex glycans present at the site of
colonization contributes to the successful survival and virulence
of S. pneumoniae in the host (Buckwalter and King, 2012; Linke
et al., 2013). Besides, the role of these enzymes in in vivo fitness
is demonstrated by the findings that glycosidase mutants show
attenuated capacity to colonize and to cause disease in mouse
models (Tong et al., 2000; Jeong et al., 2009; Marion et al., 2009;
Terra et al., 2010).

NAG is an important amino-carbon source for several bacteria
due to its role as an energy resource and in peptidoglycan
synthesis (Dobrogosz, 1968; Mobley et al, 1982). Several
studies highlighted the importance of NAG as a preferred
carbon source in bacteria (Dobrogosz, 1968; Mobley et al.,
1982). The involvement of NAG for both catabolic and
anabolic purposes requires proper regulatory mechanisms for its
utilization, as shown in model microorganisms, such as Bacillus
subtilis, Escherichia coli, Streptococcus mutans, and Streptomyces
coelicolor (Plumbridge, 2001; Nothaft et al., 2010; Bertram et al.,
2011; Zeng and Burne, 2015). The NAG regulon consists of
nagA, nagB, and gImS in S. mutans, and is regulated by a
GntR-family transcriptional regulator NagR (Moye et al., 2014).
NagA is an NAG-6-phosphate deacetylase, whereas NagB is a
GIcN-6-P deaminase, and GImS is a Fru-6-P amidotransferase.
NagB was upregulated in the presence of NAG while GImS
expression decreased, signifying that the regulatory mode of
these enzymes depends on the concentration of environmental
NAG. A glmS-inactivated mutant could not grow in the absence
of NAG, whereas the growth of nagB-inactivated mutant was
decreased in the presence of NAG (Kawada-Matsuo et al,
2012). nagB inactivation led to a decrease in the expression
of virulence factors, including cell-surface protein antigen and

glucosyltransferase, and also impeded biofilm formation and
saliva-induced aggregation in S. mutans (Kawada-Matsuo et al.,
2012). NagA has been shown to be important for the growth of
pneumococcus in the presence of NAG as a sole carbon source
(Paixdo et al., 2015).

Diverse bacterial groups including streptomycetes, firmicutes,
and enterobacteriaceae universally use phosphotransferase
systems (PTSs) for uptake and phosphorylation of NAG (Simoni
et al., 1976; Mobley et al., 1982; Alice et al., 2003; Nothaft et al.,
2003, 2010). ManLMN PTS has been shown to be a glucose
and mannose PTS in Streptococcus salivarius (Vadeboncoeur,
1984) and was also responsible for uptake of fructose, and
NAG (Lortie et al., 2000). ManLMN transports glucose and
mannose, and also shows specificity for galactose, NAG, and
glucosamine in S. pneumoniae (Bidossi et al., 2012). NagP (PTS
EIIBC component) is the main transporter of NAG in B. subtilis
and S. mutans (Reizer et al., 1999; Saier et al., 2002; Moye et al.,
2014).

Here, we demonstrate the effect of NAG on the global gene
expression of S. pneumoniae and NAG-dependent expression of
nagA, nagB, manLMN, and nanP. We further hypothesize that a
GntR-family transcriptional regulator, NagR, might be involved
in the regulation of nagA, nagB, and glmS and predict a putative
operator site for NagR (dre site). We also explored the global
impact of ccpA deletion on the transcriptome of S. pneumoniae
in the presence of NAG, showing that ccpA has no effect on the
expression of nagA, nagB, and glmS. Furthermore, we show that
nagA and nagB are essential for S. pneumoniae to grow on NAG
validating the previous study, where essentiality of nagA in the
growth of S. pneumoniae was demonstrated (Paixdo et al., 2015).

MATERIALS AND METHODS

Bacterial Strains, Growth Conditions, and

DNA Isolation and Manipulation

Bacterial strains and plasmids used in this study are listed
in Tablel. S. pneumoniae D39 was grown as described
previously (Kloosterman et al, 2006a; Afzal et al., 2014).
For P-galactosidase assays, derivatives of S. pneumoniae D39
were grown in chemically defined medium (CDM) (Neves
et al, 2002) supplemented either with 0.5% glucose or
with 0.5% NAG. For selection on antibiotics, medium was
supplemented with the following concentrations of antibiotics:
150 pg/ml spectinomycin, 15 pLg/ml trimethoprim and 2.5 pg/ml
tetracycline for S. pneumoniae; and 100 pg/ml ampicillin for
E. coli. All bacterial strains used in this study were stored in 10%
(v/v) glycerol at —80°C. For PCR amplification, chromosomal
DNA of S. pneumoniae D39 (Lanie et al., 2007) was used. Primers
used in this study are based on the sequence of the S. pneumoniae
D39 genome and listed in Table 2.

Construction of nagA, nagB, and gimS
Mutants

nagA and nagB deletion mutants were made by allelic
replacement with trimethoprim- and spectinomycin-resistance
cassettes, respectively. Briefly, primers nagA-1/nagA-2 and
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TABLE 1 | List of strains and plasmids used in this study.

Strain/plasmid Description* Source

S. PNEUMONIAE

D39 Serotype 2 strain Laboratory of
P. Hermans
MA700 D39 AnagA; TrmR This study
MA701 D39 AnagB; SpecR This study
MA702 D39 AgimS This study
MA703 D39 AbgaA::PnagA-lacZ; TetR This study
MAT704 D39 AbgaA::PnagB-lacZ; Teth This study
MA705 D39 AbgaA::PgimS-lacZ; TetR This study
MA706 D39 AbgaA::PmanlL-lacZ; TetR This study
MA707 D39 AbgaA::PnagA-M-lacZ, TetR This study
MA708 D39 AbgaA::PnagB-M-lacZ; TetR This study
MA709 D39 AbgaA::PgimS1-M-lacZ; TetR This study
MA710 D39 AbgaA::PgimS3-M-lacZ; TetR This study
MA203 D39 AbgaA::PnanE-lacZ; TetR Afzal et al., 2015b
E. coLl
EC1000 Laboratory
collection

PLASMIDS
pPP2 AmpR TetR; promoter-less lacZ. For Halfmann et al.,

replacement of bgaA with promoter lacZ 2007

fusion. Derivative of pPP1
pPORI280 ErmR; orit repA~, deletion derivative of Leenhouts et al.,

pPWVO01; constitutive lacZ expression from 1998

P32 promoter
pMA700 pORI280 carrying gimS deletion This study
pMA701 pPP2 PnagA-lacZ This study
PMA702 pPP2 PnagB-lacZ This study
PMA703 pPP2 PgimS-lacZ This study
PMA704 pPP2 PmanL-lacZ This study
pPMA705 pPP2 PnagA-M-lacZ This study
PMA706 pPP2 PnagB-M-lacZ This study
PMA707 pPP2 PgimS1-M-lacZ This study
PMA708 pPP2 PgimS3-M-lacZ This study

*Ampf, Specf, Tet?, and TrmP confer ampicillin, spectinomycin, tetracycline and
trimethoprim resistance gene, respectively.

nagA-3/nagA-4 were used to generate PCR fragments of the
left and right flanking regions of nagA. Similarly, primers
nagB-1/nagB-2 and nagB3/nagB-4 were used to generate PCR
fragments of the left and right flanking regions of nagB. PCR
products of left and right flanking regions of nagA and nagB
contain Ascl and Notl restriction enzyme sites, respectively.
The trimethoprim- and spectinomycin-resistance cassettes that
are amplified by primers Spec-F/Spec-R and Trmp-F/Trmp-R,
respectively from pORI38 and pKOT, also contain AscI and NotI
restriction enzyme sites on their ends. Then, by restriction and
ligation, the left and right flanking regions of nagA and nagB were
fused to the trimethoprim- and spectinomycin-resistance genes,
respectively. The resulting ligation products were transformed to
S. pneumoniae D39 wild-type and selection of the mutant strains
was done on appropriate concentrations of trimethoprim and
spectinomycin.

A markerless glmS mutant (AglmS) was constructed in the
S. pneumoniae D39 wild-type using the pORI280 plasmid, as
described before (Kloosterman et al., 2006a). Primer pairs,
glmS-1/glmS-2 and glmS-3/glmS-4, were used to generate PCR
fragments of the left and right flanking regions of glmsS,
respectively. These PCR fragments were inserted into pORI280
using Xbal and BglII restriction sites, resulting in pMA700. All
mutants were further confirmed by PCR and DNA sequencing.

Growth Analysis

For growth analysis of AmnagA, AnagB, and Aglms,
S. pneumoniae D39 wild-type and its isogenic mutants (AnagA,
AnagB, and AglmS) were grown microaerobically at 37°C in 5
ml tubes containing 3 ml CDM supplemented either with 0.5%
NAG or with 0.5% Glucose. Cultures were maintained at 37°C
for 11 h and optical density at 600 nm was recorded with 1 h
interval. CDM without inoculum was taken as blank. The growth
of each strain was monitored from six biological replicates from
at least two different days.

Construction of Promoter lacZ-fusions and

f-Galactosidase Assays
Chromosomal transcriptional lacZ-fusions to the nagA, nagB,
glmS, and manL promoters were constructed in the integration
plasmid pPP2 (Halfmann et al, 2007) with primer pairs
mentioned in Table 2, resulting in pMA701-04 respectively.
Briefly, PCR products of nagA, nagB, glmS, and manL promoters
were obtained using primers pairs mentioned in Table 2. These
PCR fragments contain EcoRI and BamHI restriction sites
at their ends. pPP2 also has EcoRI and BamHI restriction
sites in its multiple cloning site (MCS). Then, by restriction
and ligation, these PCR fragments were cloned into pPP2.
PMA701-04 were further introduced into the S. pneumoniae
D39 wild-type resulting in strains MA703-06, respectively. All
plasmid constructs were checked by PCR and DNA sequencing.
B-galactosidase assays were performed as described before
(Israelsen et al., 1995; Kloosterman et al., 2006a) using cells that
were grown in CDM with appropriate sugar mentioned in Results
section and harvested in the mid-exponential phase of growth.
To study the functionality of dre site, the following promoter
lacZ-fusions of nagA, nagB, and glmS with mutated dre sites
were made in pPP2 (Halfmann et al., 2007) using the primer
pairs mentioned in Table 2: PnagA-M (mutation in the dre site),
PnagB-M (mutation in the dre site), PglmSI-M (mutation in
the 1st dre site), and PglmS3-M (mutation in the 3rd dre site),
resulting in plasmid pMA705-08, respectively. The mutations
were incorporated into the primers used to amplify the target
promoter regions containing the dre sites. These constructs were
introduced into the S. pneumoniae D39 wild-type, resulting in
strains MA707-10.

Microarray Analysis

For DNA microarray analysis in the presence of NAG, the
transcriptome of S. pneumoniae D39 wild-type, grown in
biological replicates in CDM with 0.5% NAG was compared
to D39 wild-type grown in CDM with 0.5% glucose. Similarly,
for DNA microarray analysis of AccpA, the transcriptome of
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TABLE 2 | List of primers used in this study.

Name Nucleotide sequence (5'—>3')* Restriction site
nagA-R CATGGGATCCGTCCACAAGTTCCAAGTAACC BamH|
nagA-F CATGGAATTCGCAGACAGCTCAAGACAAGC EcoRl
nagA-F-M CATGGAATTCTATCTCCAAAAAATAGGTCGCTGTCATTTACAAAT EcoRl
nagB-R CATGGGATCCGCAACTTTTCCACCTTGAACTTGG BamHi|
nagB-F CATGGAATTCGGGCAATCAATTCCTCTGGC EcoRl
nagB-F-M CATGGAATTCCGTTTTCACTTGACAAAAATTGGTCGCTGTCATATAATAA EcoRl
gimS-R CATGGGATCCCAACACCAACAATTCCACAC BamH|
glmS-F CATGGAATTCCGTCGTCTGAAGAAATCAGG EcoRl
manL-F CATGGAATTCCAGTAGAAGATGCTGTTG EcoRl
manL-R CATGGGATCCTGACTGATGAATACCC BamHI
glmS1-F-M CATGGAATTCACAGGAGCTTAATTTGAACGCTGTCAATTTTTACTC EcoRI
glmS3-R-M CATGGGATCCCACATAGTATATACGACACAGGCAAGCTGTGCTTTCTCCTT BamH|
AAAATTGGGCGCGTCTAATTCA
nagA-1 GACGGTGGTCATTGCGACTG -
nagA-2 GCATAGGCGCGCCCCTCGACGAACTCCGTGTG Ascl
nagA-3 CGATTGCGGCCGCGGTAGCAACCTACCTAGATGG Not!
nagA-4 CGTAGATATTCAGCCTGCATACC -
nagB-1 GGGTGTCGTTCATGACAAGGG -
nagB-2 GCATAGGCGCGCCGCTACTTCCTGTCGCAAGTCC Ascl
nagB-3 CGATTGCGGCCGCGCAGATGCTGAAGCGCTTAGC Notl
nagB-4 CCATAGACAATGTCTAGTCTAAGC -
glmS-1 TGCTCTAGAGGTCATCTTCGTGAACTTCACCG Xbal
glmS-2 CCGCAGAATCATAGCCACGG -
glms-3 GCTATGATTCTGCGGCGACTGTACACCCTTACCTCTC -
glms-4 GAAGATCTCCAGGACAATCTCTGGGGC Balll
Spec-R GCTAAGCGGCCGCACTAAACGAAATAAACGC Not!
Spec-F GCTATGGCGCGCCCTAATCAAAATAGTGAGGAGG Ascl
Trmp-R GCATGCGGCCGCGTTACGACGCGCATAGACGG Ascl
Trmp-F GCATGGCGCGCCGGATTTTTGTGAGCTTGGA Notl

*The underlined sequences represent the respective restriction sites.

S. pneumoniae D39 wild-type was compared to D39 AccpA,
grown in biological replicates in CDM with 0.5% NAG. The
cells were harvested at their respective mid-exponential growth
phases. All other procedures regarding the DNA microarray
experiment and data analysis were performed as previously
described (Afzal et al., 2015a; Shafeeq et al,, 2015). For the
identification of differentially expressed genes a Bayesian p <
0.001 and a fold change cut-off >2 was applied. Microarray
data have been submitted to GEO (Gene Expression Omnibus)
database under the accession number GSE89589 and GSE89590.

RESULTS

The Putative NAG Regulon in

S. pneumoniae

The NAG regulon consists of nagA, nagB, and glmS in S. mutans
and is regulated by a GntR-family transcriptional regulator NagR
(Moye et al., 2014). NagA is an NAG-6-phosphate deacetylase,
whereas NagB is a GIcN-6-P deaminase, and GImS is a Fru-6-
P amidotransferase. S. pneumoniae D39 also possess the genes
that encode proteins putatively involved in the transport and

utilization of NAG. These genes are nagA, nagB, manLMN,
nanP, and glmS. In S. pneumoniae, it appears that NAG
enters the cell through NanP PTS (SPD-1496) and/or ManLMN
(SPD-0262-64) and is subsequently phosphorylated (Kanehisa
et al., 2014). NanP (PTS) is encoded by the gene that is part
of nan operon-I (spd_1488-97) of the nan gene cluster and
is proposed to transport amino sugars (Bidossi et al., 2012;
Afzal et al., 2015b). nanP codes for EIIBC components of the
PTS and therefore, needs EIIA component of another PTS to
phosphorylate the incoming NAG. The phosphorylated NAG is
deacetylated to glucosamine-6-P by NagA (Kanehisa et al., 2014).
NagB converts glucosamine-6-P to fructose-6-P, whereas GlmS
converts fructose-6-P to glucosamine-6-P. The role of NAG on
the gene expression of S. pneumoniae has not been investigated
before. Therefore, we decided to explore the effect of NAG on the
whole transcriptome of S. pneumoniae.

NAG-Dependent Gene Expression in
S. pneumoniae
To study the transcriptomic response of S. pneumoniae D39 to

NAG, microarray comparison of S. pneumoniae D39 wild-type
grown in CDM with 0.5% NAG to that grown in CDM with
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0.5% glucose was performed. Presence of NAG in the medium
resulted in altered expression of a number of genes/operons
after applying the criteria of >2.0-fold and p < 0.001 (Table
S1). Table 3 summarizes the transcriptome changes incurred
in S. pneumoniae in the presence of NAG and lists the fold-
change in the expression of the putative NAG transport and
utilization genes.

The glutamine regulon was downregulated around 4-fold in
the presence of NAG. This regulon consists of genes involved
in glutamine synthesis and uptake (glnA and glnPQ), glutamate
synthesis (gdhA), and the gene coding for the pentose phosphate
pathway enzyme Zwf, which forms an operon with glnPQ
(Kloosterman et al., 2006b). The glutamine regulon is shown to
be repressed in the presence of a nitrogen source (Kloosterman
et al.,, 2006b). The presence of nitrogen in NAG might be the
reason of down-regulation of the glutamine regulon. A putative
operon spd_1969-72 was highly upregulated in the presence of
NAG. This operon encodes proteins that are putatively involved
in the utilization of carbohydrates. spd_1970 codes for a ROK-
family protein (RokD), but it lacks an HTH (helix-turn-helix)
domain making it a less probable candidate as a transcriptional
regulator of this operon (Shafeeq et al., 2012). ROK-family
proteins are a class of transcriptional regulators involved
in carbohydrate-dependent transcriptional control (repressor,
ORF and kinase). They also contain sugar kinases and many
functionally uncharacterized proteins (Titgemeyer et al., 1994).
This operon was also upregulated in the presence of cellobiose
(Shafeeq et al., 2013) and some other sugars making it a candidate
for the utilization of multiple sugars. strH is another gene
that was highly upregulated in the presence of NAG. StrH
is a P-N-acetylhexosaminidase and is an important virulence
factor of S. pneumoniae. StrH is a cell-surface attached B-N-
acetylglucosaminidase that is used by S. pneumoniae to process
the termini of host complex N-linked glycans (Pluvinage et al.,
2013). StrH and SPD-1969 are also possibly being involved in
the conversion of chitobiose into NAG based presumably on
bioinformatics (Kanehisa et al., 2014). Similarly, spd_1973-74 was
also upregulated in our microarray analysis. Both these genes
are annotated to be involved in carbohydrate metabolism, where
SPD-1973 is a putative a-1,2-mannosidase and SPD-1974 is a
hypothetical protein.

cel gene cluster (spd-0277-0283) putatively involved in the
utilization of cellobiose is upregulated in the presence of NAG.
This gene cluster is shown to be activated by transcriptional
regulator CelR in the presence of cellobiose (Shafeeq et al.,
2011). Tagatose pathways (lac gene cluster) and Leloir pathway
genes (galK and galT) involved in the utilization of lactose and
galactose (Afzal et al., 2014, 2015e) are significantly upregulated
in the presence of NAG. lac gene cluster comprises of two
operons in S. pneumoniae, i.e., lac operon-I (lacABCD) and
lac operon-1I (lacFEG) (Afzal et al., 2014). LacR, a DeoR-
type regulator acts as a transcriptional repressor of lac operon-
I in the absence of lactose/galactose (Afzal et al, 2014).
Whereas, BglG-family transcriptional antiterminator LacT acts
as a transcriptional activator of the lac operon-II in the presence
of lactose (Afzal et al.,, 2014). Putative Raffinose uptake genes

TABLE 3 | Summary of data from Table S1 showing transcriptome
comparison of S. pneumoniae D39 wild-type grown in CDM with 0.5%
NAG to that grown in CDM with 0.5% glucose.

D39 tag? Function® Ratio®
spd_1971 Glycosyl hydrolase-related protein 22.8
spd_0063 B-N-acetylnexosaminidase, StrH 14.2
spd_1970 ROK family protein 138.9
spd_1050 Tagatose 1,6-diphosphate aldolase, LacD 18.7
spd_1972 hypothetical protein 13.6
spd_0277 6-phospho-p-glucosidase 131
spd_1969 Glycosyl hydrolase-related protein 11.9
spd_1051 Tagatose-6-phosphate kinase, LacC 11.0
spd_1052 Galactose-6-phosphate isomerase, LacB 10.7
spd_1053 Galactose-6-phosphate isomerase, LacA 9.9
spd_0280 Transcriptional regulator, CelR 7.7
spd_1677 Sugar ABC transporter, RafE 7.4
spd_1676 Sugar ABC transporter, RafF 6.6
spd_1634 Galactokinase, GalK 6.5
spd_1633 Galactose-1-phosphate uridylyltransferase, GalT 6.3
spd_1675 Sugar ABC transporter, RafG 5.6
spd_1047 PTS system, lactose-specific [IBC components, LacE 5.4
spd_0283 PTS system, IIC component 5.2
spd_1974 Hypothetical protein 4.8
spd_1046 6-phospho-B-galactosidase, LacG 4.4
spd_1049 Transcription antiterminator, LacT 4.4
spd_0282 Hypothetical protein 4.4
spd_0281 PTS system, IIA component 4.2
spd_1664 PTS system, trehalose-specific IABC components 4.2
spd_1663 a-phosphotrehalase, TreC 4.0
spd_0279 PTS system, IIB component 3.9
spd_1495 Sugar ABC transporter, sugar-binding protein 3.7
spd_1973 a-1,2-mannosidase, putative 3.6
spd_1496 PTS system, IIBC components 3.4
spd_0263 PTS system, mannose-specific IC component, ManM 3.2
spd_0262 PTS system, mannose/fructose/sorbose family protein, 3.0
IID component
spd_1494 Sugar ABC transporter, permease protein 2.7
spd_1493 Sugar ABC transporter, permease protein 2.4
spd_1866 N-acetylglucosamine-6-phosphate deacetylase, NagA 2.4
spd_1846 PTS system, IIB component 2.3
spd_1246 glucosamine-6-phosphate isomerase, NagB 2.3
spd_0264 PTS system, mannose-specific IIAB components, 2.1
ManL

spd_1492 Hypothetical protein 2.0
spd_1491 Hypothetical protein 2.0
spd_1100 Glucose-6-phosphate 1-dehydrogenase, Zwf 2.2
spd_0448 Glutamine synthetase, GInA -3.3
spd_1099 Amino acid ABC transporter, ATP-binding protein -3.3
spd_0447 Transcriptional regulator, GInR —-3.7
spd_1098 Amino acid ABC transporter, amino —4.4

acid-binding protein

aGene numbers refer to D39 locus tags.

bD39 annotation (Lanie et al., 2007).

CRatio represents the fold increase/decrease in the expression of genes in the presence
of 0.5% NAG compared to 0.5% glucose.
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rafEFG (spd-1675-77) are highly upregulated in the presence of
NAG. Glucose and sucrose are shown to inhibit raffinose uptake
(Tyx et al.,, 2011). A putative trehalose system (spd-1663-64) is
highly expressed under our tested conditions. Upregulation of
these different sugar systems under our tested conditions might
be due to absence of CCR in the presence of NAG as a sole carbon
source and further experiments are required to explore the role of
these genes in the utilization of NAG.

Expression of genes that are putatively part of NAG utilization
and transport pathway was also altered in our transcriptome
analysis (Table 3). Expression of manLMN is upregulated around
3-fold in the presence of NAG. We observed upregulation
of the nan operon-I, which is involved in the transport and
utilization of sialic acid (an amino carbon source) (Marion
et al., 2011). Moreover, expression of nagA and nagB was
upregulated more than two folds in the presence of NAG
(Table 3). No change in the expression of gimS is observed in our
transcriptome in the presence of NAG. Upregulation of nanP,
manLMN, nagA, and nagB in our transcriptome supports that
these genes are important in NAG utilization in S. pneumoniae
and strengthens the notion that NanP and ManLMN might be
very important for NAG transport. Therefore, we decided to
further explore the regulation of these genes in the presence of
NAG.

NAG Induces the Expression of the Genes
Involved in the Putative Transport and
Utilization of Amino Sugars

In order to investigate in more detail the transcriptional
regulation of nanP, manLMN, nagA, and nagB in the presence
of NAG and to confirm our microarray results, we made ectopic
transcriptional lacZ-fusions of nanE, manL, nagA, and nagB
promoters (PnagA-lacZ, PnagB-lacZ, PnanE-lacZ, and PmanL-
lacZ) and performed B-galactosidase assays (Figure 1). Our B-
galactosidase assays data revealed that the expression of PnagA-
lacZ, PnagB-lacZ, PnanE-lacZ, and PmanL-lacZ was strikingly
higher in the presence of NAG compared to glucose in CDM
(Figure 1). These data further confirm our microarray data
mentioned above. We did not observe any change in the
expression of gImS in our microarray analysis in the presence of
NAG. To further study the expression of glmS in the presence
of NAG and confirm our microarray analysis, we constructed
ectopic transcriptional lacZ-fusion of gImS promoter (PglmsS-
lacZ) and performed B-galactosidase assays. We could not see
any significant change in the expression of PglmS-lacZ under our
tested conditions.

Predication and Confirmation of the dre
Sites in the Promoter Regions of gimS,
nagA, and nagB

Recently, NagR was characterized as a transcriptional repressor
and shown to bind with specific DNA sequences named as
dre sites, present in the promoter regions of the nagAB and
glmS genes in S. mutans (Zeng and Burne, 2015). Blast search
in S. pneumoniae D39 for NagR revealed the presence of a
putative GntR-family transcriptional regulator NagR (SPD-1275)
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FIGURE 1 | Expression levels (in Miller units) of PnagA-lacZ,
PnagB-lacZ, PgimS-lacZ, PnanE-lacZ, and PmanL-lacZ in

S. pneumoniae D39 wild-type grown in CDM either with 0.5% glucose
or with 0.5% NAG. Standard deviations of three independent experiments
are indicated in bars. Statistical significance of the differences in the
expression levels was determined by one-way ANOVA (NS, not significant and

=P < 0.0001).

in S. pneumoniae D39. Presence of a NagR ortholog in S.
pneumoniae might suggest its role in the regulation of the glmS,
nagA, and nagB. We decided to delete nagR in S. pneumoniae
D39 and study its role. However, we could not delete nagR in
S. pneumoniae D39, suggesting the essentiality of NagR in the
lifestyle of S. pneumoniae.

To explore the NagR regulated genes in S. pneumoniae
D39, we decided to explore the genome of S. pneumoniae
D39 for dre sites by using the Genome2D tool (Baerends
et al, 2004) and a MEME motif sampler search (Bailey
and Elkan, 1994). A 20-bp consensus sequence was found
upstream of nagA (5'-AAATAGGTCTATACCATTTA-3") and
nagB (5'- AAATTGGTCTATACCATATA-3') in S. pneumoniae
D39 (Figure S1). We also found three dre sites in the
promoter region of gimS (5'-AATTTGAACTATACCAATTT-
3/, 5'-AAACAAGTATATACTGTTTT-3' and 5'-GAATTAGACT
ATACCAATTT-3'). These DNA stretches may serve as dre sites
in S. pneumoniae. We further checked the conservation of
this dre site in other streptococcal species (Streptococcus mitis,
Streptococcus agalactiae, Streptococcus dysgalactiae, Streptococcus
equi, S. mutans, Streptococcus pyogenes, Streptococcus sanguinis,
Streptococcus gallolyticus, Streptococcus suis, and Streptococcus
uberis) and constructed weight matrix of the putative dre sites
presents in different streptococci (Figure S2). We found that the
dre sequence is highly conserved in the promoter regions of nagA,
nagB and glmS in these streptococci as well (Figure SI).

To determine if the located stretch of DNA mediates
the NagR-dependent transcriptional control of the glmsS,
nagA, and nagB, we made a number of transcriptional lacZ-
fusions, where conserved bases in the putative dre sites were
mutated in PrnagA (5'-AAATAGGTCTATACCATTTA-3' to 5'-
AAATAGGTCGCTGTCATTTA-3'), PnagB (5'-AAATTGGTC
TATACCATATA-3' to 5-AAATTGGTCGCTGTCATATA-3')
and PglmS (first site: 5-AATTTGAACTATACCAATTT-
3’ to 5-AATTTGAACGCTGTCAATTT-3' and third site:
5-GAATTAGACTATACCAATTT-3’ to 5-GAATTAGAC
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GCGCCCAATTT-3"). We could not mutate the second dre
site in PglmS as it overlaps with core promoter sequence. The
expression of PnagA-M-lacZ and PnagB-M-lacZ (few conserved
bases of the dre sites were mutated) compared to that of the
promoters with the intact dre sites (PnagA-lacZ and PnagB-lacZ)
was considerably higher in the presence of glucose and NAG
(Figures 2A,B). A derepression of the expression of PglmS was
observed when either of the putative dre sites in PglmS (dre site 1
and 3) was mutated. These results suggest that dre sites present
in PglmS, PnagA and PnagB are active and may act as an operator
site for NagR in S. pneumoniae.

nagA and nagB Are Essential for
S. pneumoniae D39 to Grow in the

Presence of NAG as a Sole Carbon Source
nagA, nagB, and glmS encode important enzymes for the
metabolism of NAG in bacteria. To elucidate the significance
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FIGURE 2 | Verification of dre sites in PnagA, PnagB, and PgimS.
Expression levels (in Miller units) of PnagA-lacZ, PnagB-lacZ, PgimS-lacZ,
PnagA-M-lacZ, PnagB-M-lacZ, PgimS1-M-lacZ, and PgimS3-M-lacZ in S.
pneumoniae D39 wild-type grown in CDM with 0.5% glucose (A) and 0.5%
NAG (B). PnagA-M-lacZ and PnagB-M-lacZ represent promoter lacZ-fusions
of nagA and nagB with mutated dre sites, whereas PgimS17-M-lacZ and
PgimS3-M-lacZ represents promoter-lacZ-fusions with mutated dre site 1 and
3, respectively in PgimS. Standard deviations of three independent
experiments are indicated in bars. Statistical significance of the differences in
the expression levels was determined by one-way ANOVA (NS, not significant,
**P < 0.001, and ***P < 0.0001).

of these genes on the growth of S. pneumoniae, we made
knockout mutants of these genes (AnagA, AnagB, and AglmS),
and explored the impact of mutation of these genes on the growth
of S. pneumoniae D39 in the presence of 0.5% NAG or glucose
in CDM. The genetic organization and PCR confirmation of
nagA, nagB, and glmS mutants are given in the Figure 3 and
Figure S3, respectively. All three mutants (AnagA, AnagB, and
AglmS) had approximately the same growth as D39 wild-type
in the presence of glucose in the medium (Figure 4). AglmS$
also showed the same growth pattern as the D39 wild-type in
the presence of NAG. However, in contrast to D39 wild-type,
AnagA and AnagB were not able to grow in the presence of
NAG (Figure 4). These results suggest that nagA and nagB are
necessary for S. pneumoniae to grow in the presence of NAG.
These results are also in accordance with recently published data,
where they showed that a mutant of nagA did not grow in the
presence of NAG as a sole carbon source (a phenotype that could
be complemented) (Paixio et al., 2015).

Role of CcpA in Regulation of nagA, nagB,

nanP, gimS, and manL

CcpA is the master transcriptional regulator in S. pneumoniae
that represses the expression of genes involved in the utilization
of non-preferred sugars in the presence of a preferred one.
To explore the effect of ccpA deletion on the transcriptome
of S. pneumoniae and in NAG-dependent regulation of NAG
utilization and transport genes, we performed transcriptome
comparison of D39 AccpA to D39 wild-type in CDM with 0.5%
NAG. Expression of a number of genes was altered significantly
(Table S1). These genes have been categorized according to
their protein function in COG categories (Table4). We did
not observe any significant change in the expression of nagA,
nagB, or glmS, suggesting CcpA independent expression of these
genes. However, expression of manLMN and nan operon-I was
upregulated in AccpA, which might suggest a putative role of
CcpA in regulation of the manLMN and nan operon-I. nan
operon-I was already shown to be regulated by CcpA and to
have a cre box (Afzal et al., 2015b). Therefore, upregulation of
nan operon-I in the absence of ccpA strengthens the previous
observation (Afzal et al., 2015b).

To further confirm the role of CcpA in the regulation of nagA,
nagB, glmS, and manL, we analyzed the promoter regions of these
genes for the presence of cre boxes. We could not find a cre
box in the promoter regions of nagA, nagB, and glmS, which
might confirm the CcpA-independent regulation of the nagA,
nagB, and glmS by transcriptional regulator NagR. However, we
found a putative cre box (5'-ATGAAAACGGTTTATA-3') in the
promoter regions of manL, further confirming the role of CcpA
in the regulation of manLMN.

DISCUSSION AND CONCLUSIONS

The existence of well-developed sugar transport mechanisms in
the opportunistic respiratory human pathogen, S. pneumoniae,
emphasizes the importance of carbohydrates in the lifestyle of
pneumococcus and confers an extra advantage to survive in a
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FIGURE 3 | Identification of the dre site in the promoter regions of nagA, nagB, and gimS in S. pneumoniae D39 wild-type. Translational start sites are
italicized and putative dre sites are bold and rectangle. Core promoter sequences are underlined.

changing nutritional environment (Tettelin et al., 2001). Glucose
Glucose is the most preferred carbon source for S. pneumoniae but the
presence of several other sugar-specific systems in S. pneumoniae
0.6 indicates its ability to use other available sugars (Hoskins
et al., 2001; Lanie et al., 2007; Bidossi et al., 2012). Extensive
studies have been performed regarding regulatory mechanisms
—_—WT of different dedicated systems for sugars, including maltose,
Anagd raffinose, cellobiose, sialic acid, and others in S. pneumoniae (Tyx
——AnagB et al,, 2011; Shafeeq et al., 2013; Afzal et al., 2015b,f). Lack of
——AgimS free carbohydrates in the human airway makes modification and
0 . i i i i i ' import of complex glycans much more critical for pneumococci
0 100 200 300 400 500 600 700 to obtain the necessary carbon (Buckwalter and King, 2012).
Timei(Minnios) At least nine surface-associated glycosidases have been shown
B NAG to modify host glycans in pneumococci, which makes bacterial
survival better in the host (King et al., 2006; Burnaugh et al,,
2008; Dalia et al., 2010). Data suggests that NAG may be an
important carbohydrate for pneumococci (Bidossi et al., 2012).
The regulatory mechanisms of genes putatively involved in NAG
utilization have not been explored in S. pneumoniae. The current
study sheds light on the regulatory mechanism of the nagA, nagB,
and gImS in S. pneumoniae.

nagA, nagB, and glmS$ are annotated as a part of the amino
sugar metabolism pathways in S. pneumoniae (Kanehisa et al.,
2014). In our transcriptome comparison of S. pneumoniae D39
Time (Minutes) grown in CDM with 0.5% NAG to that grown in CDM with 0.5%
glucose revealed increased expression of nagA, nagB, manLMN,
and nanP. In S. mutans, expression of gimS is repressed in the
presence of NAG compared to glucose (Zeng and Burne, 2015).
This repression of glmS in the presence of NAG was relieved
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FIGURE 4 | Growth of S. pneumoniae D39 wild-type and its isogenic
mutants AnagA, AnagB, and AgImS grown in CDM with 0.5% glucose
(A) and 0.5% NAG (B).
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TABLE 4 | Number of genes significantly affected in S. pneumoniae D39 AccpA compared to the D39 wild-type grown in CDM with 0.5% NAG.

Functional categories Total Up Down
C: Energy production and conversion 10 4 6
D: Cell cycle control, cell division, chromosome partitioning 2 0 2
E: Amino acid transport and metabolism 4 3 1
F: Nucleotide transport and metabolism 1 0 1
G: Carbohydrate transport and metabolism 19 17 2
H: Coenzyme transport and metabolism 1 0 1
|: Lipid transport and metabolism 3 0 3
J: Translation, ribosomal structure and biogenesis 15 3 12
K: Transcription 3 2 1
L: Replication, recombination and repair 3 2 1
M: Cell wall/membrane/envelope biogenesis 6 2 4
O: Posttranslational modification, protein turnover, chaperones 3 3 0
P: Inorganic ion transport and metabolism 3 1 2
Q: Secondary metabolites biosynthesis, transport and catabolism 2 1 1
R: General function prediction only 5 3 2
S: Function unknown 42 22 20
T: Signal transduction mechanisms 3 3 0

U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanisms
Others

N
- O

34 19 15

Total number of genes

169 94 75

Genes affected with more than 2-fold in D39 AccpA compared to the D39 wild-type are shown in COG functional categories.

in nagR mutant (Zeng and Burne, 2015). However, no change
in the expression of glmS is observed in our NAG-dependent
transcriptome and no effect of ccpA deletion on the expression
of glmS is observed. Mutating dre site 1 or 3 in the PglmS led to
increase in expression of PglmS in the presence of glucose and
NAG. This might indicate that NagR represses the expression of
glmS in the presence of glucose and NAG.

The transport of amino-sugars has been attributed to a
PTS (NanP) and manLMN in S. mutans (Moye et al., 2014).
Similarly, a NAG-specific PTS (NagE) and a mannose-specific
PTS ManXYZ have been shown to be involved in the NAG
transport in E. coli (White, 1970; Alvarez-Aforve et al., 2009).
manLMN has also been proposed to be involved in NAG
transport in S. pneumoniae (Bidossi et al., 2012). Similarly,
a PTS present in nan operon-1 (putatively called nanP) has
been suggested to play a part in the transport of glucosamine
in S. pneumoniae (Kanehisa et al., 2014). manLMN and nanP
are upregulated in our NAG-dependent transcriptome analysis,
which is further confirmed by B-galactosidase assays. These
observations confirm the findings of the previous studies and
strengthen the involvement of nanP and manLMN in the
transport of NAG.

NagA, NagB, and GImS are very important for the metabolism
of NAG and these three factors are associated with the synthesis
of GIcN-6-P, a precursor for cell wall peptidoglycan synthesis in
E. coli (Plumbridge et al., 1993; Plumbridge and Vimr, 1999).
Here, we have studied the impact of nagA, nagB, and gImS
deletions on the growth of S. pneumoniae in the presence of

NAG. Our studies suggest that nagA and nagB are important
for pneumococcus to grow on NAG as their deletion mutants
failed to grow in the presence of NAG in the medium as a
sole carbon source. NagA has also been shown to be essential
for growth in the presence of NAG as a sole carbon source
(Paixdo et al., 2015). However, no impact of glmS deletion on
the growth of S. pneumoniae was observed. In B. subtilis, nagB
has been shown to be essential for growth in the presence of
NAG (Gaugué et al,, 2013). NagB and GImS have been shown
to be involved in virulence in S. mutans (Kawada-Matsuo et al.,
2012). Inactivation of nagB led to a decrease in the expression
of virulence factors, including cell-surface protein antigen and
glucosyltransferase, and also impeded biofilm formation and
saliva-induced aggregation in S. mutans (Kawada-Matsuo et al.,
2012). Pneumococcal nagA mutant was tested in mouse model
of colonization and of model of bronchopneumonia with
bacteremia, and no difference in virulence was observed (Paixdo
etal., 2015). It might be still interesting to further explore the role
of the nagB and glmS in virulence of S. pneumoniae.

In E. coli a ROK-family protein (NagC) acts as a
transcriptional repressor of the NAG regulon (nagE and
nagBACD), which encodes genes that are involved in the uptake
and metabolism of NAG. Furthermore, it has been shown that
NAG binds to NagC to relieve the repression caused by NagC
(Plumbridge, 1991; Titgemeyer et al., 1994). Similarly, a GntR
family transcriptional regulator NagR has been shown to act
as a transcriptional regulator of the genes involved in NAG
utilization in B. subtilis, S. mutans and in some other bacteria
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(Bertram et al., 2011; Moye et al, 2014). In S. mutans, NagR
has been shown to regulate the expression of glmS and nagAB
by binding to the NagR operator sites called dre sites (Zeng
and Burne, 2015). Our study suggests that NagR is present in
S. pneumoniae and might regulate the expression of the nagA,
nagB, and glmS by binding to the dre sites present in the
promoter regions of these genes. We could not delete nagR,
which might indicate about its essentiality or its involvement
in some important cell process directly or indirectly. However,
we mutated the conserved bases in the dre sites present in the
promoter regions of nagA, nagB, and gImS which might suggest
the importance of these bases in the regulation of these genes. To
explore more putative dre sites in the D39 genome, we conducted
a genome-wide search for putative pneumococcal dre sites. A
dre site was only found in the promoter regions of nagA and
nagB, and three dre sites were found in the promoter region
of glmS. This predicted dre site was also found to be highly
conserved in other streptococcal species as well (Novichkov
et al,, 2010), suggesting a similar function of NagR in these
organisms.

The master transcriptional regulator, CcpA (Carbon
catabolite protein A), was shown to be involved in the repression
of non-preferred sugar metabolism genes in the presence of
a preferred carbon source, and has a role in pneumococcal
pathogenesis (Lulko et al., 2007; Zomer et al., 2007; Carvalho
et al,, 2011). A number of non-preferred sugar systems have also
been shown to be regulated independently of CcpA by other
transcriptional regulators, like the cel gene cluster activated by
CelR in S. pneumoniae (Shafeeq et al., 2011). In this study, we
elucidated the role of CcpA in the regulation of nagA, nagB,
glmS, manLMN, and the nan operon-I by elaborating the impact
of a ccpA deletion on the whole transcriptome of S. pneumoniae
in the presence of NAG as a sole carbon source in CDM.
Our transcriptome data demonstrated the CcpA-independent
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The Age-Driven Decline in Neutrophil
Function Contributes to the Reduced
Efficacy of the Pneumococcal
Conjugate Vaccine in Old Hosts

Shaunna R. Simmons, Essi Y. I. Tchalla, Manmeet Bhalla and Elsa N. Bou Ghanem*

Department of Microbiology and Immunology, University at Buffalo School of Medicine, Buffalo, NY, United States

Despite the availability of vaccines, Streptococcus pneumoniae (PNeumococcus) remains
a serious cause of infections in the elderly. The efficacy of anti-pneumococcal vaccines
declines with age. While age-driven changes in antibody responses are well defined, less
is known about the role of innate immune cells such as polymorphonuclear leukocytes
(PMNs) in the reduced vaccine protection seen in aging. Here we explored the role of
PMNs in protection against S. pneumoniae in vaccinated hosts. We found that depletion
of PMNs in pneumococcal conjugate vaccine (PCV) treated young mice prior to
pulmonary challenge with S. pneumoniae resulted in dramatic loss of host protection
against infection. Immunization boosted the ability of PMNs to kill S. pneumoniae and this
was dependent on bacterial opsonization by antibodies. Bacterial opsonization with
immune sera increased several PMN anti-microbial activities including bacterial uptake,
degranulation and ROS production. As expected, PCV failed to protect old mice against
S. pneumoniae. In probing the role of PMNs in this impaired protection, we found that
aging was accompanied by an intrinsic decline in PMN function. PMNs from old mice
failed to effectively kill S. pneumoniae even when the bacteria were opsonized with
immune sera from young controls. In exploring mechanisms, we found that PMNs from
old mice produced less of the antimicrobial peptide CRAMP and failed to efficiently kil
engulfed pneumococci. Importantly, adoptive transfer of PMNs from young mice reversed
the susceptibility of vaccinated old mice to pneumococcal infection. Overall, this study
demonstrates that the age-driven decline in PMN function impairs vaccine-mediated
protection against Streptococcus pneumoniae.

Keywords: neutrophils, vaccines, S. pneumoniae, immunosenescence, antimicrobial activity

INTRODUCTION

Streptococcus pneumoniae (pneumococcus) infections are responsible for an estimated 1.6 million
deaths globally each year (WHO., 2014). Pneumococcal infections occur most frequently in young
children and older adults (Grudzinska et al., 2020). In fact, S. pneumoniae remain the leading cause
of community acquired bacterial pneumonia in people over the age of 65 years old (CDC., 2018
2018; Grudzinska et al., 2020). This is despite the availability of two pneumococcal vaccines, the
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pneumococcal polysaccharide vaccine (PPSV) which is
recommended for older adults and the pneumococcal
conjugate vaccine (PCV) which is recommended for the most
vulnerable elderly in the USA (Matanock A et al., 2019).
However, both vaccines have shown reduced protection in
elderly individuals (Simell et al., 2011; Gongalves et al., 2016;
Matanock A et al., 2019). This is in part, due to
immunosenescence, defined as the age-related decline in
immune system function (Simell et al, 2011), that leads to
reduced antibody levels and function following vaccination
(Simell et al., 2011; Jackson et al., 2013).

Polymorphonuclear leukocytes (PMNs) are innate immune
cells required for host defense against S. pneumoniae infection.
These cells are the first to influx to the site of pneumococcal
infection and are essential for bacterial clearance (Hahn et al.,
2011; Kolaczkowska and Kubes, 2013; Bou Ghanem et al., 2015;
Gongalves et al., 2016). PMNs can kill bacteria through several
antimicrobial effector functions. PMNs kill extracellular bacteria
via the release of reactive oxygen species (ROS), neutrophil
extracellular traps (NETs), and by degranulation of preformed
granules that contain antimicrobial compounds (Kolaczkowska
and Kubes, 2013; Naegelen et al., 2015; El-Benna et al., 2016;
Nguyen et al,, 2017; Yin and Heit, 2018). PMNs also engulf S.
pneumoniae through the process of phagocytosis (Kolaczkowska
and Kubes, 2013). Once engulfed, the bacteria are contained
within phagosomes where they are killed intracellularly through
ROS production, acidification of the phagosome, and primarily
by fusion of antimicrobial granules with the phagosome
membrane (Nordenfelt and Tapper, 2011; Monfregola et al,
2012; Johnson and Criss, 2013; Yin and Heit, 2018). The
importance of these cells in bacterial killing and defense of
naive hosts against pneumococcal infection is well established
(Garvy and Harmsen, 1996; Hahn et al., 2011; Bou Ghanem
et al.,, 2015). However, whether these innate immune cells also
play a critical role in protection of vaccinated hosts against S.
pneumoniae challenge is not fully explored.

Despite different methods of bacterial killing utilized by
PMNs, S. pneumoniae express several factors to evade PMN-
mediated killing, one of which is the expression of a
polysaccharide capsule (Shenoy and Orihuela, 2016). This
capsule helps the bacteria resist phagocytic killing (Hyams
et al., 2010). The presence of an opsonin, in the form of
complement or antibody, deposited on the surface of the
bacteria helps overcome this resistance and mediates clearance
through activation of complement and Fc receptors on PMNs
(Kadioglu et al., 2008; Shenoy and Orihuela, 2016). Activation of
these receptors triggers distinct signaling pathways in PMNs
(Garcia-Garcia and Rosales, 2002; Kobayashi et al., 2002; Nguyen
et al., 2017). Previous studies using coated beads found that
signaling via Fc and complement receptors resulted in
differences in phagocytosis, ROS production as well as receptor
specific changes in gene expression (Garcia-Garcia and Rosales,
2002; Kobayashi et al., 2002). Thus, in a vaccinated host,
antibodies may enhance host protection against infection by
binding pneumococci and promoting their uptake and killing by
PMNs (Dalia and Weiser, 2011).

Aging is accompanied by a decline in levels and opsonic
capacity of antibodies (Simell et al., 2011; Jackson et al., 2013;
Adler et al., 2017) in response to immunization, which blunts the
effectiveness of vaccines in protecting the host against infection.
However, there is also impaired intrinsic PMN function in
elderly subjects (Simell et al., 2011). When compared to young
donors, PMNs from elderly human donors display reduced
killing of S. pneumoniae even when the bacteria were
opsonized with sera from young PPSV immunized hosts
(Simell et al., 2011). This suggests that antibody-mediated
responses by PMNs are impaired with age. Similar studies,
however, are lacking for PCV. Further, the contribution of
PMNs to the age-driven decline in vaccine protectiveness
is unclear.

In this study, using a murine model of infection, we asked if
the decline in PMN function contributes to the reduced efficacy
of the pneumococcal conjugate vaccine in aged hosts. We found
that following PCV vaccination, PMNs are necessary for
protection of young hosts against infection with §.
pneumoniae. Aged mice were not protected by PCV
vaccination. This was associated with an age-related intrinsic
decline in PMN function, specifically in intracellular killing of
engulfed bacteria following antibody-mediated uptake.
Importantly, adoptive transfer of PMNs from young hosts into
vaccinated, aged mice, rescued their ability to fight infection.
These findings indicate that enhancing PMN function in aged
hosts, may boost overall vaccine protectiveness.

MATERIALS AND METHODS

Ethics Statement

All animal studies were performed in accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals. Procedures were reviewed and approved
by the University at Buffalo Institutional Animal Care and Use
Committee (approval number AR202100089).

Mice

Young (2 months) and old (18-22 months) C57BL/6 mice were
obtained from the National Institute on Aging colonies or
purchased from Jackson Laboratories (Bar Harbor, ME). All
mice were housed in a specific-pathogen free facility at the
University at Buffalo for four weeks prior to starting
experiments. Due to mice availability, all experiments were
performed in male mice, however the role of PMNs in
vaccinated hosts was also confirmed in young female C57BL/6
mice (Figure 1).

Bacteria

Wildtype (WT) Streptococcus pneumoniae TIGR4 strain and a
pneumolysin deletion mutant (Aply) were a kind gift from
Andrew Camilli (Greene et al., 2015). GFP-expressing
Streptococcus pneumoniae TIGR4 was a kind gift from Sarah
Roggensack (Bhalla et al., 2020). Bacteria were grown to mid-
exponential phase at 37°C at 5% CO, in Todd Hewitt broth
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FIGURE 1 | PMNs are required for protection of PCV immunized young hosts at the time of bacterial challenge. Young C57BL/6 female mice were mock treated
(naive) or administered 50ul of Prevnar-13 via intramuscular injections to the hind legs (vaccinated). Four weeks following vaccination mice were challenged i.t. with
1x10” CFU S. pneumoniae TIGR4. To deplete PMNs prior to infection, mice were injected i.p. with anti-Ly6G antibodies (IA8) or isotype control at days -1, 0, and +1
to +4 with respect to infection as outlined in (A). (B) Mice were then monitored for survival. (B) Data were pooled from three experiments with 14 mice per group.
Significant differences were determined using the Log-Rank (Mantel-Cox) test. Bacterial burden in the lung (C) and blood (D) were also assessed 1 day post infection.
(C, D) Data were pooled from three separate experiments with n = 9 mice per group. Each square indicates an individual mouse. *, denotes significant differences by
One-way ANOVA followed by Tukey’s multiple comparisons test. * denotes p < 0.05 and *** denotes p < 0.001. ns denotes not significant.

supplemented with 0.5% yeast extract and oxyrase as previously
described (Siwapornchai et al., 2020).

PMN Isolation

Bone marrow cells were collected by flushing the femurs and
tibias harvested from uninfected mice with RPMI supplemented
with 10% FBS and 2mM EDTA. Red blood cells were then lysed,
and remaining cells were washed, and resuspended in PBS.
PMNs were separated via density centrifugation using
histopaque 1119 and 1077 (Sigma) as previously described
(Swamydas and Lionakis, 2013; Bhalla et al., 2020; Siwapornchai
etal., 2020; Tchalla et al., 2020). The PMNs were then resuspended
at the desired concentration in Hank’s Balanced Salt Solution/
0.1% gelatin with no Ca** or Mg**. The purity of PMNs was
confirmed using flow cytometry and 85-90% of enriched cells were
positive for Ly6G and CD11b.

Mouse Infections

Mice were anesthetized with isoflurane and infected
intratracheally (i.t.) with 50ul of the indicated concentrations
of WT Streptococcus pneumoniae TIGR4 pipetted directly into
the trachea with the tongue pulled out to ensure delivery of
bacteria directly into the lungs. Following infection, mice were
monitored for signs of disease including activity, weight loss,
posture, breathing, and blindly scored from 0 (healthy) to 21
(severe disease) as previously described (Tchalla et al., 2020).
Lungs were harvested and homogenized in sterile PBS. Blood was
collected from the tail vein to follow bacteremia. Samples were
diluted in sterile PBS and plated on blood agar plates to
enumerate bacterial numbers.

Generation of Inmune Sera

To generate immune sera, mice were immunized intramuscularly
via injection of 50ul of the pneumococcal conjugate vaccine
(PCV) Prevnar-13® (Wyeth pharmaceuticals) into the caudal
thigh muscle. Mice were euthanized four weeks following
vaccination and blood was collected by cardiac puncture into
microtainer tubes (BD) and centrifuged at 9000 rpm to collect
sera. Sera were stored at -80°C until use. To heat inactivate the
sera, samples were incubated at 56°C for 40 minutes as previously
described (Fante et al., 2021).

Opsonophagocytic Killing Assay

The ability of PMNs to kill S. pneumoniae was determined as
previously described (Lysenko et al.,, 2007; Bou Ghanem et al.,
2015). 10° PMNs were infected with 2x10° CFU (at a multiplicity
of infection (MOI) of 2) of S. pneumoniae TIGR4 pre-opsonized
with 3% naive, immune, or heat inactivated (Hi) immune sera as
indicated. PMNs were infected for 40 minutes at 37°C, reactions
were then stopped on ice for 2 minutes. Reactions were then
plated on blood agar and killing percentage was determined with
respect to no PMN control wells under the same
treatment conditions.

MPO and CRAMP ELISAs

PMNs were infected at a MOI of 2 with S. pneumoniae TIGR4
pre-opsonized with 3% naive or heat inactivated immune sera.
Control wells were mock infected with 3% sera only. PMNs were
infected for 40 minutes at 37°C. Cells were then centrifuged to
collect the supernatants and pellets. Pellets were lysed with RIPA
lysis buffer with 0.1% Tx-100 and both, supernatants and pellets

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

13

March 2022 | Volume 12 | Article 849224


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Simmons et al.

Neutrophil Immunosenescence Blunts Vaccine Protectiveness

were analyzed for MPO (MPO ELISA, Invitrogen) and the
Cathelicidin antimicrobial peptide (CAMP ELISA Kkit,
mybiosource) as per manufacturer’s instructions.

Measurement of ROS

Intracellular and extracellular ROS production was measured as
previously described (Siwapornchai et al., 2020). PMNs were re-
suspended in HBSS (Ca** and Mg”" free) and acclimated at room
temperature for one hour. The cells were then spun down and re-
suspended in KRP buffer (Phosphate buffered saline with 5mM
glucose, ImM CaCl, and ImM MgSO,) and equilibrated at room
temperature for 30 minutes. 5x10° PMNs were then seeded per
well in 96-well white LUMITRAC™ plates (Greiner Bio-One).
Wells were infected with TIGR4 S. pneumoniae pre-opsonized
with naive or heat inactivated immune sera. Control wells were
mock infected with PBS and 3% sera only. Phorbol 12-myristate
13-acetate (PMA) (Sigma) (100nM) was used as a positive
control. For detection of extracellular ROS, 50uM Isoluminol
(Sigma) plus 10U/ml HRP (Sigma) were added to the wells and
for detection of intracellular ROS, 50uM Luminol (Sigma) was
added to the wells as previously described (Dahlgren et al., 1989;
Dahlgren and Karlsson, 1999; Martner et al., 2008; Rajecky et al.,
2012). Luminescence was immediately read (following infection)
over a period of one hour at 37°C in a pre-warmed Biotek Plate
reader. Wells containing buffer and Isoluminol plus HRP or
Luminol alone were used as blanks.

Gentamicin Protection Assay

PMNs were infected at MOI 25 with Aply S. pneumoniae pre-
opsonized with 3% naive or heat inactivated immune sera for 15
minutes at 37°C. Gentamicin was then added at 100ug/ml for 30
minutes to kill the extracellular bacteria. To determine initial
bacterial uptake, reactions were washed with HBSS and
resuspended in HBSS/0.1% gelatin, reactions were then diluted
and plated on blood agar. To determine intracellular killing,
reactions continued at 37°C for an additional 30 minutes. The
reactions were then diluted and plated on blood agar plates. The
percentage of the engulfed inoculum (at 15 minutes) that was
killed was then calculated.

Bacterial Uptake Assay

Bacterial uptake was determined using inside-out staining as
previously described (Bhalla et al., 2020). PMNs were infected
with GFP-expressing S. pneumoniae at a MOI of 2. Reactions
were incubated rotating for the indicated times at 37°C. Cells
were washed and resuspend in FACS buffer. To differentiate
between associated vs. engulfed bacteria, the cells were stained
with rabbit polyclonal anti-pneumococcal serotype 4 capsular
antibodies (Cederlane) followed by a PE-conjugated secondary
anti-Rabbit IgG antibody (12473981; Invitrogen). Flow
cytometry was used to determine the percentage of PMNs that
associated with bacteria (GFP™ PMNs). GFP™ PMNs were
analyzed for a PE signal and the percentage of engulfed
bacteria (GFP'/PE’) vs. extracellular bacteria (GFP"PE") was
determined. To assess the amounts of engulfed bacteria, we gated
on GFP'/PE” PMNs and measured the mean fluorescent
intensity of GFP within that gate.

Adoptive Transfer of PMNs

PMNs were adoptively transferred as previously described
(Bhalla et al., 2020; Siwapornchai et al., 2020). Briefly, PMNs
were isolated from the bone marrow of young and old naive
(unvaccinated), uninfected mice and resuspended in PBS.
2.5x10° PMNs were then transferred into old PCV vaccinated
mice by intraperitoneal (i.p) injection. This method allows
delivery of PMNs into the circulation as we previously
described (Siwapornchai et al., 2020). One hour following
transfer, mice were infected it with 1x10° Colony Forming
Units (CFU) S. pneumoniae TIGR4. At 18 hours post
infection, the mice were scored for clinical signs of disease.
Mice were euthanized and the lung and blood collected and
plated on blood agar plates for enumeration of bacterial CFU.

Measurement of Extracellular DNA

PMNs were infected at a MOI of 2 with S. pneumoniae TIGR4
pre-opsonized with 3% naive or heat inactivated immune sera for
40 minutes at 37°C. Control wells were mock infected with 3%
sera only. Cells were then centrifuged to collect the supernatants.
Supernatant samples were then stained for DNA with SYTOX
Green (Invitrogen) and DNA was measured using a Biotek
plate reader.

Antibody ELISA

Antibody levels against heat-killed S. pneumoniae TIGR4 were
measured by ELISA as previously described (Bou Ghanem et al.,
2018; Tchalla et al., 2020; Bhalla et al., 2021).

Antibody Binding to Bacterial Surfaces

WT and capsule deletion mutant (Acps) S. pneumoniae TIGR4
bacteria were opsonized with 3% heat inactivated immune,
immune, or naive sera at 37°C for 30 minutes. Cells were
washed, pelleted and stained for IgG antibodies with APC
conjugated IgG (H+L) F(ab ft.) Goat anti-Mouse (17-4010-82;
eBioscience). Flow cytometry was used to measure the MFI of
antibody bound to the surface of bacteria.

Complement Deposition Assay

WT S. pneumoniae TIGR4 bacteria were opsonized at 37°C for
30 minutes with 3% naive, heat inactivated naive, immune, or
heat inactivated immune sera as indicated. Following
opsonization, cells were washed, pelleted, and stained for
complement with FITC conjugated Goat anti-mouse C3
(Catalogue number GC3-90F-Z; purchased from ICL). Flow
cytometry was used to measure the MFI of complement bound
to the surface of bacteria.

Neutrophil Depletion

Neutrophils were depleted by intraperitoneal injection of 50ug of
anti Ly6G antibody (clone IA8) or isotype IgG control (BD
Pharmingen) following the timeline outlined in Figure 1A
(Tchalla et al., 2020).

Flow Cytometry
Fluorescence intensities were measured on a BD Fortessa and at
least 20,000 events were analyzed using FlowJo.
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Statistics

Statistical analysis was performed using Prism 9 (Graph Pad). CFU
data were log-transformed to normalize distribution. Bar graphs
represent the mean values +/- SD. Significant differences were
determined by Student’s t-test, one-way ANOVA followed by
Dunnet’s or Tukey’s multiple comparisons test or 2-way ANOVA
followed by Sidak’s multiple comparisons test as appropriate
(indicated in the legends). Differences between fractions were
determined by Fisher’s exact test. Survival analyses were
performed using the log-rank (Mantel-Cox) test. All p values less
than 0.05 were considered significant (as indicated by asterisks). *
denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

RESULTS

PMNs Are Required for Protection in PCV
Vaccinated Young Hosts Following
Bacterial Infection

PMNs are required for innate resistance of naive hosts against S.
pneumoniae infection, however, the role of neutrophils in anti-
bacterial defense in vaccinated hosts is unclear. To determine the
role of PMNs in response to S. pneumoniae in vaccinated hosts,
young, C57BL/6 female mice were immunized with pneumococcal
conjugate vaccine (PCV). Four weeks later, immunized mice were
treated with isotype controls or anti-Ly6G Ab IA8 to deplete PMNs
one day prior to and daily throughout the first 4 days following S.
pneumoniae pulmonary infection (Figure 1A). Depletion of PMNs
prior to intratracheal challenge with S. pneumoniae and throughout
the course of infection resulted in loss of vaccine-mediated
protection (Figure 1). While 100% of PMN sufficient vaccinated
controls survived a challenge dose that is lethal in naive mice, only
25% of PMN depleted vaccinated mice survived the infection
(Figure 1B). As biological sex can influence immune responses,
and our studies in old mice are limited to males due to availability,
we tested the role of PMNs in young vaccinated male mice. Similar
to what we found in females, PMN depletion of vaccinated young
male mice resulted in a significant decrease in survival and loss of
vaccine-mediated protection (Figure S1). These data show that
PMNs are required for PCV-mediated protection against S.
pneumoniae infection in young hosts.

The Presence of Immune Sera

Enhances Opsonophagocytic Killing

in Vaccinated Young Hosts

To investigate the role of PMN conferred protection in vaccinated
hosts, we compared the ability of PMNs from immunized and naive
mice to kill S. pneumoniae ex vivo using established
opsonophagocytic killing assays (Lysenko et al., 2007; Bou
Ghanem et al., 2015). We found that PMNs from immunized
mice killed S. pneumoniae significantly better than those isolated
from naive mice (Figure 2). This enhanced killing was a result of the
presence of anti-pneumococcal antibodies in sera and not intrinsic
to the PMNs themselves. When exposed to bacteria opsonized with
naive sera, the ability of PMNs from vaccinated mice to kill S.
pneumoniae was comparable to that of naive hosts (Figure 2).
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FIGURE 2 | Enhanced opsonophagocytic bacterial kiling by PMNs from
vaccinated mice is dependent on opsonization by immune sera. PMNs were
isolated from the bone marrow of young male C57BL/6 naive (N) or Prevnar-
13 immunized mice (I) and infected with S. pneumoniae pre-opsonized with
either naive or immune sera. The percentage of bacteria killed was then
calculated with respect to a no PMN control under the same treatment
conditions. Data shown are pooled from three separate experiments (n = 3
biological replicates) where each condition was tested in triplicate (n = 3
technical replicates) per experiment. *, denotes significance as calculated by
One-way ANOVA followed by Tukey’s multiple comparisons test. * denotes
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p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001.

Similarly, the ability of PMNs from naive mice to kill S. pneumoniae
pre-opsonized with immune sera was significantly boosted
(Figure 2). Sera isolated from immune mice contained
significantly higher levels of IgG antibodies compared to naive
controls (Figure S2A). These antibodies bound to the surface of S.
pneumoniae and were specific to the pneumococcal capsule (Figure
S2B). These findings suggested that PMNs promote clearance of
antibody opsonized bacteria. In fact, when we compared bacterial
burdens in vaccinated mice following pulmonary challenge with S.
pneumoniae, we found that the vaccinated PMN depleted hosts had
a 100-fold higher bacterial burden in the lungs (Figure 1C)
compared to vaccinated PMN sufficient controls. The vaccinated
PMN depleted hosts also had systemic spread of the infection,
where half of the mice became bacteremic compared to only 10% of
the vaccinated isotype treated controls (Figure 1D). Overall, these
findings suggest that following vaccination, PMNs act as effectors
that promote clearance of antibody opsonized bacteria enhancing
host resistance to infection.

Anti-Pneumococcal Antibodies Enhance
PMN Anti-Microbial Responses

PMNss can kill bacteria through several antimicrobial functions.
To determine the mechanisms by which immune sera enhances
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PMN activity, we analyzed several PMN functions in response to
S. pneumoniae opsonized with naive, or heat inactivated (Hi)
immune sera. Heat inactivated immune sera was used to denature
complement proteins and isolate the role of antibodies as an
opsonin. We confirmed that heat inactivation of sera had no effect
on antibody binding to the pneumococcal capsule when compared
to full immune sera (Figure S2B). We also confirmed that heat
inactivation of sera prevented complement deposition on the
surface of bacteria (Figure S2C). To probe mechanisms, we
assessed phagocytosis, degranulation and ROS production,
which have all been shown to be important for the ability of
PMN:ss to kill S. pneumoniae (Domon and Terao, 2021). We first
measured phagocytosis of S. pneumoniae by PMNs using GFP-
tagged bacteria and a flow-cytometry based assay we had
previously established (Bhalla et al.,, 2020) and found that
significantly more bacteria are taken in by PMNs when
opsonized with Hi immune sera compared to when opsonized
with naive sera (Figure 3B). As the ~ 1.7-fold increase in the
amount of engulfed bacteria did not fully account for the overall
increase in killing capacity, we also assessed other antimicrobial
activities. We measured the amount of Myeloperoxidase (MPO)
released by PMNs into the supernatants in response to infection as
a proxy for mobilization of primary granules (Armstrong et al.,
2016; Miralda et al., 2020). We found that PMNs released 7-fold
more MPO upon infection with S. pneumoniae opsonized with
heat inactivated immune sera compared to bacteria opsonized

with naive sera (Figure 3A). Finally, we measured production of
intracellular and extracellular reactive oxygen species (ROS) by
PMNs using chemiluminescent assays. We found that when
infected with S. pneumoniae opsonized with heat inactivated
immune sera, both intracellular (Figure 3C) and extracellular
(Figure 3D) ROS production by PMNs significantly increases
when compared to infection by naive sera opsonized bacteria.
These data show that the presence of anti-pneumococcal
antibodies in a PCV vaccinated host enhance PMN
antimicrobial effector functions in response to S. pneumoniae.

PCV Fails to Protect Old Mice Following S.
pneumoniae Infection

The findings above indicate that following vaccination, enhanced
PMN antimicrobial function protects young hosts from
pneumococcal infection, however, it is known that vaccine
efficacy declines with age. To determine the efficacy of PCV
vaccination using an aged murine model, young (2-3 months)
and old (18-22 months) male C57BL/6 mice were vaccinated
with PCV and four weeks following vaccination the mice were
infected intratracheally with S. pneumoniae and monitored for
survival. We found that while vaccinated young mice were fully
protected, PCV immunization induced protection in less than
half of the old mice, where only 37% survived the pulmonary
challenge (Figure 4). These data show that PCV-mediated
protection declines in aged hosts.
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FIGURE 3 | PMN anti-bacterial responses are enhanced in the presence of specific anti-pneumococcal antibodies. (A) PMNs were isolated from the bone marrow
of young male C57BL/6 naive mice and infected for 10 minutes with GFP tagged S. pneumoniae TIGR4 preopsonized with naive or heat inactivated immune sera.
The amount of GFP positive bacteria (MFI) inside each cell was determined via flow cytometry using inside-out staining. Data are pooled from three separate
experiments where each condition was tested in triplicate (n = 3). Significant differences (o < 0.05, indicated by *) were determined by unpaired Student’s t test.
(B-D) PMNs isolated from the bone marrow of young male C57BL/6 naive mice were infected with S. pneumoniae pre-opsonized with naive or heat inactivated (Hi-)
immune sera or mock treated with sera alone as indicated. (B) The supernatants were t collected and myeloperoxidase (MPO) levels measured by ELISA. *, denotes
significant difference compared to uninfected controls as determined by unpaired Student’s t test. Data are pooled from 3 separate experiments with n = 3 mice per
group. (C) Production of intracellular ROS over time was measured by chemiluminescence of luminol. (D) Production of extracellular ROS over time was measured
by chemiluminescence of isoluminol in the presence of HRP. (C, D) Data are representative of one of three separate experiments where each condition was tested in
triplicate (n = 3 technical replicates) per experiment. Significant differences (p < 0.05, indicated by *) were determined by 2-way ANOVA followed by Sidak’s multiple
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Intrinsic PMN Function Declines With Age
Given the decline in protection with age and the essential role of
PMNs in vaccinated young hosts, we next looked at how PMN
function changes with age upon vaccination. Using an
opsonophagocytic killing assay, PMNs were isolated from young
and old mice and exposed to S. pneumoniae opsonized with
matching immune sera. We found that PMNs from vaccinated
old mice kill pneumococci significantly worse than those isolated
from young counterparts (Figure 5). It is well known that antibody
levels and function following vaccination decline with age (Simell
etal,, 2011; Jackson et al., 2013). Therefore, to parse out the effect of
the sera vs PMN intrinsic function, we mixed and matched sera and
found that bacterial opsonization with immune sera from young
controls failed to boost the antimicrobial activity of PMNs from old
mice (Figure 5). This indicates that the decline in neutrophil
function observed here is not solely due to the well-established
age-related decline in anti-pneumococcal antibodies, but that there
is an intrinsic decline in PMN function with age. Strikingly, when
the immune sera from young mice were heat inactivated, PMNs
from old mice completely failed to kill pneumococci and in fact
bacterial growth occurred (Figure 5). This occurred only in the
presence of PMNs from aged hosts as pre-opsonization with heat-
inactivated immune sera still induced significant killing by PMNs
from young mice (Figure 5), indicating there is an age-related
decline in PMN killing of antibody opsonized S. pneumoniae. These
data show that unlike in young hosts, immunization of old mice fails
to boost PMN antimicrobial activity.

Intracellular Killing of Enguifed S.
pneumoniae Is Impaired With Age

To determine the mechanism of the intrinsic decline in PMN
function observed with age, we compared the antimicrobial
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FIGURE 4 | PCV administration fails to protect old mice against S.
pneumoniae pulmonary infection. Young and old male C57BL/6 mice were
vaccinated with Prevnar-13. Four weeks following vaccination, mice were
infected intra-tracheally (i.t.) with 10° CFU S. pneumoniae and monitored for
survival. Data are pooled from 2 separate experiments with n = 8 mice per
group. Significant differences were determined by Log-Rank (Mantel-Cox)
test. ** denotes p < 0.01.
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FIGURE 5 | The intrinsic antibacterial function of PMNs declines with age.
PMNs were isolated from the bone marrow of naive young and old male
C57BL/6 mice and infected with S. pneumoniae pre-opsonized with young
immune (Y1), old immune (Ol), or young heat inactivated immune (Y Hi-l) sera.
The percentage of bacteria killed was then calculated in comparison to a no
PMN control under the same treatment conditions. Data are pooled from four
separate experiments (n=4 biological replicates) where each condition was
tested in triplicate (n=3 technical replicates) per experiment. *, denotes
significant differences as determined by One-way ANOVA followed by Tukey’s
multiple comparisons test. * denotes p < 0.05, ** denotes p < 0.01, and

*** denotes p < 0.001. ns denotes not significant.

effector functions of PMNs isolated from young and old mice
in response to S. pneumoniae opsonized with heat inactivated
immune sera from young controls. We found that when
comparing extracellular anti-microbial activities such as MPO
release, extracellular ROS production, and extracellular DNA
released as a marker of NETosis (Linnemann et al., 2020), there
was no difference with age (Figures S3A, C, E). Additionally, we
found no age-related difference in the amount of intracellular
MPO levels or the amount of intracellular ROS produced
(Figures S3B, D). As phagocytosis is required for the ability of
PMNs to efficiently kill S. pneumoniae (Standish and Weiser,
2009) we next compared pneumococcal uptake by PMNs from
young and old mice. We found no age-related difference in
phagocytosis of bacteria opsonized with heat inactivated immune
sera (Figure S3F). However, when we compared killing of
engulfed bacteria using a gentamicin-protection assay we had
previously established (Bhalla et al., 2020), we found a significant
decline in the ability of PMNs from old mice to intracellularly kill
S. pneumoniae opsonized with heat inactivated immune sera
compared to PMNs from young mice (Figure 6A). An important
mediator of pneumococcal intracellular killing by PMNs are
antimicrobial enzymes and peptides packaged in intracellular
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granules within the cell (Yin and Heit, 2018). As we previously
found no age-related difference in the intracellular concentration
of the primary granule enzyme MPO (Figure S3B), we then
analyzed the intracellular concentration of Cathelicidin-related
antimicrobial peptide (CRAMP), a peptide that is able to kill
pneumococci (Habets et al., 2012) and is found in PMN
secondary granules (Borregaard et al.,, 2007). We found that at
baseline, PMNs from old mice expressed significantly lower
concentrations of CRAMP when compared to PMNs from
young controls (Figure 6B). Following infection with S.
pneumoniae opsonized with heat inactivated young immune
sera, while both PMNs from young and old mice had
increased levels of CRAMP, overall amounts were still
significantly lower in aged hosts (Figure 6B). These data
suggest that following antibody-mediated uptake, there is an
age-related decline in the ability of PMNs to kill pneumococcus
intracellularly, and this deficit in intracellular killing may be due
to a decrease in intracellular CRAMP levels.

Adoptive Transfer of PMNs From

Young Mice Rescues the Age-Related
Susceptibility of Vaccinated Old

Mice to S. pneumoniae Infection

Aged mice are not protected following PCV vaccination and we
have found that PMNs from aged mice fail to efficiently kill S.
pneumoniae following antibody-mediated uptake. To determine
if PMNs from young mice could boost the resistance of old PCV
vaccinated mice to S. pneumoniae infection, we adoptively
transferred 2.5x10° PMNs isolated from the bone marrow of
naive young or old mice into four-week PCV vaccinated old
mice. Following transfer of PMNs, mice were infected
intratracheally with S. pneumoniae, and 18 hours post
infection we analyzed the clinical score where a higher score
corresponds to worse disease severity. We found that old PCV
vaccinated mice that received PMNs from young controls had
significantly lower clinical score compared to the old mice that
received age matched PMNs (Figure 7A). The lower clinical

score in the young PMN transfer group was accompanied by
lower incidences of bacteremia with 50% of mice in this group
becoming bacteremic compared with 90% of the mice in the aged
matched transfer group (Figure 7B). Additionally, the old
vaccinated mice that received PMNs from young controls also
had significantly less bacterial burden in the lung compared to
the age matched controls (Figure 7C). Taken together these data
show that the presence of young, functional PMNs in an old
vaccinated host reduces clinical disease presentation, and also
reduces lung infection and systemic spread of the bacteria. These
results indicate that enhancing PMN function in aged hosts
improves anti-pneumococcal vaccine-mediated protection.

DISCUSSION

The role of PMNs in innate immunity and their interactions with
S. pneumoniae have been well characterized (Kolaczkowska and
Kubes, 2013; Simmons et al., 2021). However, many studies have
been performed using un-opsonized bacteria, naive sera
(Standish and Weiser, 2009; Dalia et al.,, 2010; Bou Ghanem
et al., 2015; Siwapornchai et al., 2020) or complement (Standish
and Weiser, 2009; Bou Ghanem et al., 2017), while the
interactions of PMNs with antibody-opsonized S. pneumoniae
which have major implications on vaccine effectiveness are less
explored (Fulop et al., 1985; Esposito et al., 1990; Butcher et al.,
2001; Simell et al., 2011). This is of particular importance in hosts
where immune responses to vaccination are sub-par as is the case
in older individuals. The efficacy of pneumococcal vaccines is
known to decline with age (Simell et al., 2011; Gongalves et al.,
2016; Matanock A et al., 2019) and while several aspects of the
age-driven decline in adaptive immunity that result in reduced
antibody production and function in response to immunization
have been elucidated, the importance of PMNs in the decline of
vaccine-mediated protection during aging remains under
explored. In this study, we found that following PCV
vaccination, PMNs are necessary for the protection of young
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FIGURE 6 | Aging impairs intracellular killing of engulfed S. pneumoniae. (A) PMNs were isolated from the bone marrow of naive young and old male C57BL/6 mice
and infected with S. pneumoniae pre-opsonized with young heat inactivated immune sera for 15 minutes at 37°C. Gentamicin (100ug/ml) was then added for 30
minutes to kill extracellular bacteria. PMNs were then washed and one set immediately plated on blood agar plates to determine the amounts of engulfed bacteria.
The other sets of PMNs were incubated for 30 more minutes and then plated to enumerate remaining viable bacteria. The % of engulfed bacteria that was killed was
then calculated. (B) PMNs from young and old naive mice were infected with S. pneumoniae pre-opsonized with young heat inactivated immune sera for 40 minutes.
The cells were then lysed and assayed for CRAMP levels using ELISA. Data are pooled from (A) three separate experiments (n=3 biological replicates) where each
condition was tested in triplicate (n=3 technical replicates) per experiment and (B) four separate experiments (n=4 biological replicates). *, denotes significant
differences as determined by unpaired Student’s t test. * denotes p < 0.05, and *** denotes p < 0.007. ns denotes not significant.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

118

March 2022 | Volume 12 | Article 849224


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Simmons et al.

Neutrophil Immunosenescence Blunts Vaccine Protectiveness

and ** denotes p < 0.01.

Clinical Score Blood Lung
p=0.07
15+ " 10~ 90% 8- .
o] 50% o
° = — ]
E 81 © g 61 °
o 10 [} ;o_ 2 ) 5
[T
3 S 6 G 44 ©
o ) 5 o))
54 © o S
O 44 2
3_
0- 2- 0-
Young Old Young Old Young  Old
PMN  PMN PMN  PMN PMN  pMN
Recipient  Recipient Recipient  Recipient Recipient  Recipient

FIGURE 7 | Adoptive transfer of PMNs from young mice at the time of challenge rescues the susceptibility of vaccinated old mice to S. pneumoniae. Old male
C57BL/6 mice were vaccinated with Prevnar-13, four weeks post vaccination mice were adoptively transferred 2.5x10° PMNs from either naive young or naive old
mice. One hour post transfer, mice were infected i.t. with 1x10° CFU of S. pneumoniae and clinical score (A) as well as bacterial numbers in the blood (B), and lung
(C) were determined 18 hours post infection. (B) Fractions indicate the percent of mice that were bacteremic. Asterisks indicate significant differences calculated by
unpaired Student’s test (A, C) and Fisher’s exact test (B). Data pooled from n=11 mice per group (A, B) or n=4 (C) mice per group are shown. * denotes p < 0.05,

hosts upon infection with S. pneumoniae. The binding of specific
anti-capsular antibodies on the surface of the bacteria were
shown to enhance several antimicrobial activities and overall
pneumococcal killing by PMNs from young mice. However, aged
mice were not protected by PCV vaccination and this decline in
vaccine protection was associated with an age-related intrinsic
decline in PMN function, specifically in antibody-mediated
bacterial killing. Importantly, adoptive transfer of PMNs from
young mice into aged hosts, rescued the ability of PCV to confer
protection against infection. This work highlights both the
importance of PMNs in protection of vaccinated hosts and
that PMNs may be a potential target to boost vaccine-mediated
protection in aged hosts that otherwise remain susceptible to S.
pneumoniae infection.

S. pneumoniae have evolved several mechanisms to evade
phagocytic uptake and clearance including the expression of
capsule on their surface (Hyams et al, 2010; Shenoy and
Orihuela, 2016). Therefore, opsonization of Streptococcus
pneumoniae by complement and/or antibodies is important for
bacterial uptake and clearance by PMNs (Kadioglu et al., 2008;
Shenoy and Orihuela, 2016). Activation of complement receptors
(CR) or Fc Receptors (FcR) on the PMN surface trigger distinct
signaling pathways. It has been shown previously that activation
of PMNs from young hosts and their resulting antimicrobial
response is dependent on the receptor triggered (Kobayashi et al.,
2002). When PMNss isolated from healthy, young, human donors
were exposed to latex beads coated with IgG, serum complement,
or both, phagocytosis and ROS production were affected based
on the opsonin used (Kobayashi et al., 2002). IgG-coated beads
induced faster phagocytosis and greater ROS production than
beads coated with complement. In the case of ROS production
the combined activation of both CRs and FcRs produced the
highest amounts of ROS (Kobayashi et al.,, 2002). Additional
studies using antibody or complement coated surfaces have
shown that CRs alone do not initiate a strong ROS response

but FcR-mediated activation or combined FcR and CR activation
produce higher amounts of ROS (Zhou and Brown, 1994). PMN
ROS response through the NADPH complex can also activate
additional antimicrobial responses, such as NETosis and the
production of proinflammatory cytokines (Nguyen et al., 2017).
These data indicate that activation of antimicrobial effector
functions by PMNs via CRs or FcRs proceed by distinct
signaling pathways (Nguyen et al., 2017). In this study we used
live bacteria to show that, similar to previous reports, PMNs
isolated from young mice display increased antimicrobial effector
functions when S. pneumoniae is opsonized with specific
antibodies. When compared to opsonization with complement,
opsonization of S. pneumoniae with antibodies alone resulted in
a significant increase in overall pneumococcal killing and an
increase in phagocytosis, ROS production, as well as
MPO release.

Our work also shows an age-related decline in antibody-
mediated bacterial killing by PMNs in mice immunized with the
pneumococcal conjugate vaccine. This is in line with previous
work in humans vaccinated with PCV, where PMNs isolated
from the blood of elderly donors displayed a significant decline
in opsonophagocytic killing when compared to PMNs isolated
from young donors (Simell et al, 2011). This decline in
opsonophagocytic killing with age was also accompanied by a
significant decline in the opsonic titer of antibodies to multiple
pneumococcal serotypes and there was an increase in the
amounts of antibodies needed for functional bacterial killing to
occur, however, complement activity was found to be higher with
age (Simell et al, 2011). We showed here that when PMNs
isolated from aged mice are exposed to S. pneumoniae opsonized
with sera from immunized young donors, there was an age-
related decline in pneumococcal killing. This impairment was
even more pronounced when complement was deactivated,
despite the presence of functional antibodies, suggesting that
there is an intrinsic decline in select FcR-mediated antimicrobial
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responses with age. Indeed, pneumococci pre-opsonized with
heat-inactivated sera were able to replicate in the presence of
PMNs from aged mice. This is in line with our previous findings
using these opsonophagocytic killing assays, where when PMNs
fail to kill bacteria, we observe bacterial growth instead
(Siwapornchai et al., 2020). It is known that S. pneumoniae
express several exoglycosidases that can cleave terminal sugars
off of glycoconjugates (King et al., 2006) and use those for growth
(Burnaugh et al., 2008). Therefore, it is possible that §.
pneumoniae are using factors expressed or released by PMNs
such as glycoconjugates as a nutrient source, aiding
bacterial replication.

We sought to determine the reason for this age-related decline,
and found that in aged mice, following antibody-mediated uptake,
PMNs have a decline in intracellular pneumococcal killing. To
explore the mechanisms of this age-related decline in antibody-
mediated intracellular killing we analyzed the intracellular levels of
antimicrobial peptide CRAMP, a component of PMN secondary
granules (Borregaard etal., 2007). In PMNs, secondary (also known
as specific) granules, are released prior to the release of primary
granules and play a role in the killing of pathogens (Yin and Heit,
2018). S. pneumoniae were shown to be susceptible to CRAMP and
the human homologue LL-37 and clinical isolates of several
different serotypes are killed upon exposure to LL-37 in vitro
(Habets et al.,, 2012). CRAMP deficiency in CRAMP knockout
mice was also shown to increase mortality in mice with
pneumococcal meningitis (Merres et al., 2014). These data
indicate that CRAMP is an antimicrobial product that is
important for killing of S. pneumoniae. Our study shows that
with age there is a decline in the intracellular levels of the
antimicrobial peptide CRAMP in PMNs. This decline was both in
resting PMNs and in response to infection suggesting less of this
antimicrobial product is pre-made within PMNs and production of
new CRAMP in response to infection is also impaired with aging.
Interestingly, aged mice were also reported to display a decline in
CRAMP expression in the epithelium of the upper respiratory tract,
which was associated with a decline in pneumococcal clearance
(Kroneetal.,2013). Reduction in CRAMP abundance may partially
account for the age-related decline in intracellular killing of bacteria
by PMNs; however, as CRAMP production is reduced but not
abolished, additional factors such as overall levels of granules,
composition of the granular components, and their trafficking
towards the bacteria containing phagosome in PMNs from aged
hosts may also play a role and need to be investigated in the future.

With age there is a functional decline in antibody opsonic
capacity and a decline in the number of antibodies produced in
response to vaccination (Simell et al., 2011; Jackson et al., 2013).
However, we found that introduction of PMNs from young hosts
to aged vaccinated hosts was able to enhance host protection,
despite the well-established decline in antibody number and
function. These data indicate that in an immune aged host,
despite a decline in adaptive immunity, the presence of functional
PMNs is critical for protection against pneumococcal infection.
This further suggests that the age-driven decline in PMN function
also impairs vaccine-mediated protection against Streptococcus
pneumoniae. As PMNs are crucial for host defense against a

plethora of pathogens and their overall anti-microbial function
declines with age (Butcher et al., 2000; Simmons et al., 2021), our
findings have far-reaching implications to other infections in the
elderly. Therefore, targeting PMN responses may be a potential
future avenue for boosting overall vaccine efficacy in aged hosts.
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Supplementary Figure 1 | PMNs are required for protection of PCV immunized
young male hosts at the time of bacterial challenge. Young (2 months old) C57BL/6
male mice were mock treated (naive) or administered 50ul of Prevnar-13 via
intramuscular injections to the hind legs (vaccinated). Four weeks following
vaccination mice were challenged i.t. with 1x10° CFU S. pneumoniae TIGR4. To
deplete PMNs prior to infection, mice were injected i.p. with anti-Ly6G antibodies
(IA8) or isotype control at days -1, 0, and +1 to +4 with respect to infection as
outlined in Figure 1A. Mice were then monitored for survival. Data were pooled
from two experiments with 6 mice per group. Significant differences were
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determined using the Log-Rank (Mantel-Cox) test. * denotes p<0.05, ** denotes
p<0.01, and *** denotes p<0.001.

Supplementary Figure 2 | Production of anti-pneumococcal IgG in the sera
following PCV administration. (A) Young C57BL/6 mice were mock treated (naive)
or vaccinated with Prevnar-13 and blood was collected at two and four weeks
following vaccination. IgG levels against heat-killed S. pneumoniae TIGR4 were
measured by ELISA. Antibody (Ab) units were calculated based on a hyperimmune
standard included in each ELISA. Asterisks indicate significant differences with
respect to vaccinated mice as determined by unpaired Student t-test. Data were
pooled from two separate experiments with n=6 mice per group and presented as
means +/- SD. (B) Sera was collected from four-week immunized or naive male
mice as indicated and used to opsonize S. pneumoniae TIGR4 (WT) or a capsular
deletion mutant (Acps) for 30 minutes. The cells were then washed and stained with
fluorescently-labeled anti-mouse IgG. The amount (mean fluorescent intensity or
MFI) of Abs bound to the bacterial surface was determined by flow cytometry.
Representative data from one of three separate experiments (n=3 biological
replicates) are shown where each condition was tested in triplicate (n=3 technical
replicates) per experiment. *, denotes significant differences from WT bacteria
opsonized with immune sera by One-way ANOVA followed by Dunnett’s multiple
comparisons test. (C) Sera was collected from PCV immunized or naive mice and
heat inactivated at 56°C for 40 minutes as indicated. S.pneumoniae TIGR4 was
opsonized with the sera for 30 minutes. Cells were labeled with fluorescently tagged
anti-mouse C3 antibody and the amount (MFI) of antibody bound to complement
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