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ABSTRACT Studies of the human pathogen group A Streptococcus (GAS) define the
carrier phenotype to be an increased ability to adhere to and persist on epithelial
surfaces and a decreased ability to cause disease. We tested the hypothesis that a
single amino acid change (Arg135Gly) in a highly conserved sensor kinase (LiaS) of a
poorly defined GAS regulatory system contributes to a carrier phenotype through in-
creased pilus production. When introduced into an emm serotype-matched invasive
strain, the carrier allele (the gene encoding the LiaS protein with an arginine-to-
glycine change at position 135 [liaSR'35%]) recapitulated a carrier phenotype defined
by an increased ability to adhere to mucosal surfaces and a decreased ability to
cause disease. Gene transcript analyses revealed that the /iaS mutation significantly
altered transcription of the genes encoding pilus in the presence of bacitracin. Elimi-
nation of pilus production in the isogenic carrier mutant decreased its ability to col-
onize the mouse nasopharynx and to adhere to and be internalized by cultured
human epithelial cells and restored the virulence phenotype in a mouse model of
necrotizing fasciitis. We also observed significantly reduced survival of the isogenic
carrier mutant compared to that of the parental invasive strain after exposure to hu-
man neutrophils. Elimination of pilus in the isogenic carrier mutant increased the
level of survival after exposure to human neutrophils to that for the parental inva-
sive strain. Together, our data demonstrate that the carrier mutation (liaSR'35%) af-
fects pilus expression. Our data suggest new mechanisms of pilus gene regulation in
GAS and that the invasiveness associated with pilus gene regulation in GAS differs
from the enhanced invasiveness associated with increased pilus production in other
bacterial pathogens.

KEYWORDS group A Streptococcus, carrier, sensor kinase, pilus, colonization,
asymptomatic carriage

olonization of a susceptible host is a critical first step in the infection cycle of all

bacterial pathogens. Upon contact with a host, a complex interplay between host
immune and clearance mechanisms and the ability of a pathogen to subvert host
defenses ensues. The result is a continuum ranging from asymptomatic carriage
(henceforth referred to simply as carriage) to the breach of host barriers, dissemination,
and a multitude of disease manifestations (1). Currently, the vast majority of research
and, hence, our understanding of infectious disease pathogenesis are based on the
ability of a bacterial pathogen to cause disease. However, the rates of carriage of many
bacterial pathogens, such as Neisseria meningitidis (2-4), Streptococcus pneumoniae (5),
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Staphylococcus aureus (6), Streptococcus agalactiae (group B Streptococcus [GBS]) (7-9),
and Streptococcus pyogenes (group A Streptococcus [GAS]) (10), far exceed the rates of
disease caused by these pathogens. Thus, study of the bacterial molecular mechanisms
that contribute to carriage is critical to identifying enhanced strategies to prevent
disease.

GAS is an ideal model organism for the study of bacterial carriage. The diseases
caused by GAS range from relatively benign superficial diseases (e.g., impetigo, phar-
yngitis) to severe and life-threatening conditions (e.g., toxic shock syndrome, necrotiz-
ing fasciitis). In the United States, the annual rate of occurrence of serious invasive
disease caused by GAS is very low at approximately 3 cases/100,000 population (11).
GAS is also carried in the throats of healthy individuals in the absence of symptoms. The
rate of GAS carriage among children ranges from 5 to 15% (10), a rate that far exceeds
that of any disease caused by GAS. The mechanisms by which GAS causes disease have
been intensely investigated and have been the subject of several reviews (12). On the
other hand, the GAS carrier state has been described as an enigma for decades, with
few efforts being made to explore the underlying bacterial or host mechanisms of GAS
carriage (13, 14). Improving our understanding of the bacterial molecular mechanisms
contributing to GAS carriage may enhance our understanding of the basic biology of
this important human pathogen and facilitate the development of an effective vaccine.

Control of gene expression by regulatory systems along with mutational adaptation
may favor bacterial persistence after disease resolution. Comparison of the whole
genomes of carriage and disease-causing strains of GAS has identified mutations
unique to carrier strains that contribute to GAS carriage (15-18). A recurring theme that
has emerged from GAS comparative genomic studies is that mutations affecting
bacterial cell surface molecules alter the host-pathogen interaction and are critical to
the development of carriage and a carrier phenotype. Gene regulation in GAS, similar
to that in other bacteria, uses several two-component systems (TCS) that consist of a
membrane-anchored histidine kinase (HK) for sensing environmental stimuli that, upon
activation, phosphorylates a cytoplasmic response regulator (RR), leading to altered
gene transcription (19). GAS genomes have up to 13 TCS, and the functions of many
remain poorly understood (20). Recently, a GAS carrier strain with a mutation leading
to a single amino acid change in a sensor kinase (LiaS) of the three-component system
(3CS) LiaFSR was identified (17). Importantly, this was the first mutation in a human GAS
carrier strain found to alter global gene regulation. The carrier mutation in /ia$ (causing
an arginine-to-glycine change at position 135 of the LiaS protein [liaSR'3>%]) alters the
transcription of genes encoding several virulence factors (17). The relative contribution
of individual differential gene expression to the carrier phenotype has not been further
explored.

Pili are long filamentous surface structures made by GAS and other bacterial pathogens
that have received increased attention, especially in Gram-positive organisms. The GAS
pilus was first identified in 2005 (21), and it is now known to be a heteropolymeric
structure consisting of a backbone protein (BP) and ancillary proteins (AP) (22) and is
the antigenic target for serologic T typing first described by Lancefield (21). Studies
suggest that the presence of pilus on the GAS cell surface may simultaneously promote
epithelial cell colonization and reduce virulence (23, 24), phenotypes consistent with a
carrier state. Regulation of GAS pilus gene expression occurs through stand-alone
regulators, including RofA/Nra (25-27) and MsmR (28), and varies by serotype but may
also involve GAS TCS. Studies in S. pneumoniae (29) and GBS (30) suggest that the
LiaFSR three-component system may directly or indirectly regulate pilus gene expression.
However, to date, no studies provide direct evidence of LiaFSR pilus gene regulation in GAS.

In the study described here, we tested the hypothesis that the /iaS?'3>¢ carrier mutation
increases pilus gene transcription and that increased pilus production contributes to
the carrier phenotype. In contrast to previous studies, we show that activation of the
LiaFSR 3CS by bacitracin results in a significant increase in pilus gene transcription in
the isogenic carrier mutant. Elimination of pilus production in the isogenic carrier
mutant decreases its ability to adhere to and persist on epithelial surfaces and restores
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virulence, essentially reversing the carrier phenotype. Our studies are the first to
provide direct evidence that the LiaFSR regulatory system alters pilus gene regulation
and that increased pilus production contributes to carriage.

RESULTS

Activation of the LiaFSR 3CS significantly increases pilus gene transcription
and protein expression in the carrier mutant. Previous RNA sequencing (RNA-seq)
analyses assessing the global gene transcriptional impact of the /iaSR'35¢ mutation
failed to reveal any significant differences in pilus gene transcription (17). In contrast,
deletion of liaS (hk03) in Streptococcus pneumoniae significantly increased pilus gene
transcription (29), whereas deletion of liaR in Streptococcus agalactiae significantly
decreased pilus gene transcription (30). We hypothesized that the absence of signifi-
cant changes in pilus gene transcripts in the isogenic carrier mutant was due to the
relative inactivity of the LiaFSR three-component system under the previous conditions
tested. Activation of LiaFSR- and LiaR-dependent gene activation in response to
bacitracin is well established in Bacillus subtilis (31), S. aureus (32), and S. pneumoniae
(33). We tested our hypothesis by measuring the bacitracin-induced activation of LiaFSR
through gene transcription. Prior to assaying transcript levels, we first assayed the
ability of the parental invasive strain MGAS10870 to grow in the presence of
bacitracin. MGAS10870 was grown to mid-exponential phase and, upon reaching
mid-exponential-phase growth, was treated with bacitracin at concentrations ranging
from the MIC (0.025 ug/ml for MGAS10870 and 0.0125 wg/ml for the isogenic mutant
MGAS10870 /iaSR'3>%) to over 100-fold the MIC (5.0 wg/ml). The highest concentration
of bacitracin resulted in a significant reduction in growth beginning at the 60-min time
point (Fig. 1A). No significant differences in growth were observed for the other
concentrations used. Additionally, no significant differences in the numbers of CFU
between treated and untreated cultures were observed up to bacitracin concentrations
of 1.0 ng/ml (Fig. 1A, dashed lines).

We next assayed activation in GAS bacteria harvested at 30-min intervals following
the addition of bacitracin using quantitative real-time PCR to measure the transcript
levels of liaFSR and compared those levels to the transcript levels from untreated cells.
LiaFSR is known to be autoregulated in B. subtilis (31); however, whether autoregulation
occurs in GAS is unknown. Significant increases in liaFSR transcript levels following the
addition of bacitracin occurred at concentrations of =1 pug/ml and =60 min posttreat-
ment (Fig. 1B). To provide further evidence of LiaFSR activation, we also assayed the
transcript levels of spxA2 (spyM3_1799) following the addition of bacitracin. This
gene was assayed because deletion of LiaR in S. agalactiae was found to eliminate
spxA transcription (30), and more recently, LiaR has been shown to bind to a 25-bp
consensus motif in the promoter of the homologous spxA in Streptococcus mutans (34).
Examination of the spxA2 promoter sequence in a serotype M3 GAS strain revealed a
similar motif with approximately 85% identity (data not shown). Further, spxA2 was the
most highly differentially gene expressed in RNA-seq studies comparing the wild type
and its isogenic carrier (liaS?'3>¢) mutant (17). Consistent with spxA2 gene regulation by
LiaFSR, we observed significantly increased spxA2 transcript levels following the addi-
tion of bacitracin (Fig. 1B, spxA2). The transcription of spxA2 was also concentration and
time dependent. However, at the highest concentration used (5.0 wg/ml), transcript
levels continued to increase at the 90-min time point, coinciding with a significantly
reduced growth rate (Fig. 1B, spxA2). Overall, examination of /iaFSR and spxA2 transcript
levels revealed a peak at 60 min following treatment with bacitracin at 1.0 ug/ml,
suggestive of LiaFSR activation.

Having established the in vitro conditions under which the LiaFSR 3CS was activated,
we next tested the hypothesis that the carrier mutation /iaS?'35¢ significantly alters
pilus gene transcription. The genes necessary for pilus biosynthesis in GAS are contig-
uously located in a chromosomal region with genes encoding fibronectin binding
proteins, collagen binding proteins, and T antigens (FCT) (35). The T antigen is com-
posed of the pilus subunits, including a backbone protein (spyM3_100, tee3) and two
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FIG 1 Activation of LiaFSR by bacitracin (Bac) and effect on gene transcription in the serotype M3
invasive strain MGAS10870. (A) MGAS10870 was grown in rich medium (THY), and bacitracin was added
when the ODg,, was 0.5 (dotted line). Cells were harvested at 30-min intervals (gray arrows) for RNA
extraction and quantitative real-time PCR. Dashed lines, number of CFU during growth in the presence
of bacitracin (5.0 ug/ml; black dashed line) or without bacitracin (red dashed line). (B) Quantitative
real-time PCR of liaF, liaS, liaR, and spxA2 at 30 min (white bars), 60 min (gray bars), and 90 min (black
bars) following the addition of bacitracin. *, P < 0.05 (t test, unpaired, Welch'’s correction) compared to
the transcript level at time zero.

ancillary proteins (spyM3_0098 and spyM3_102) (22). Pilus subunits and the associated
sortases necessary for assembly are oriented in a predicted operon (Fig. 2A) under the
control of a single promoter (Database of Prokaryotic Operons, version 2.0; http://
csbl.omb.uga.edu/DOOR/ [36]). We measured the transcript levels of the genes encod-
ing an ancillary protein (spyM3_0098, cbp) and the backbone protein (spyM3_0100, tee3)
from cells of MGAS10870 and the isogenic carrier mutant (MGAS10870 [iaSR'35G)
following treatment with bacitracin (1.0 wg/ml, 60 min) (Fig. 2B). Consistent with our
hypothesis, we observed significantly increased pilus gene transcription in the isogenic
carrier mutant compared to the parental strain following treatment with bacitracin
(Fig. 2C).

It is possible that modest but significant increases in transcription do not result in
increased protein expression in the isogenic carrier mutant compared to the invasive
parental strain. We generated an affinity-purified polyclonal antibody against the major
pilus backbone protein, Tee3 (SpyM3_0100), to test the hypothesis that the isogenic
carrier mutant produced more pilus protein than the parental invasive strain did. Cell
wall and secreted proteins were purified after treatment with bacitracin (1.0 wg/ml),
as described above for transcript analyses (Fig. 2B). As predicted following Western
immunoblotting using the anti-Tee3 antibody, the isogenic carrier mutant showed
increased amounts of the Tee3 protein compared to the parental strain in both purified
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FIG 2 Effect of bacitracin treatment on pilus gene transcript levels. (A) FCT region in serotype M3 GAS. The spectinomycin resistance gene, aad9 (gray block),
was used to construct in-frame deletions of the pilus backbone protein (tee3, spyM3_0100). (B) Growth curves for MGAS10870 and MGAS10870 /iaSR'3°S in rich
medium with and without bacitracin at 1.0 ug/ml. Bacitracin was added when the ODg,, was 0.5, and cells were harvested 60 min after that for RNA extraction
and quantitative real-time PCR. (C) Quantitative real-time PCR for determination of the transcript levels of pilus genes (cbp and tee3), pilus gene regulators (nra
and msmR), and spxA2.*, P < 0.05 (t test, unpaired, Welch'’s correction) compared to those in parental strain MGAS10870. (D) Western immunoblotting for Tee3
in the parental invasive strain (MGAS10870), an isogenic carrier mutant, and derived pilus-negative mutants. Cells were treated with bacitracin as described in
the legend to panel B, proteins were extracted, and equal amounts of purified cell wall and secreted proteins were probed with an affinity-purified antibody

to Tee3 as described in Materials and Methods.

cell wall and secreted protein extracts (2-fold and 1.7-fold increases, respectively;
Fig. 2D).

Increased pilus gene transcription in the isogenic carrier mutant is not due to
altered gene transcription of known pilus gene regulators. Pilus gene regulation
may occur through a number of transcriptional regulators and appears to be M protein
serotype and FCT type dependent (25-28). Serotype M3 GAS (FCT type 3) strains may
regulate pilus gene expression through regulators that reside within the FCT chromo-
somal region, including Nra (SpyM3_0097) (26) and MsmR (SpyM3_0103) (28). Addi-
tionally, transcriptome analysis following the deletion of the stand-alone regulator Mga
suggests that Mga is an activator of pilus in serotype M1 GAS strains (37). One potential
explanation for the significant increase in pilus gene transcription in the isogenic carrier
mutant relative to the parental strain is alteration of gene transcription in one or more
of the known pilus gene regulators. A previous transcriptome analysis of the isogenic
carrier strain at two time points failed to identify significant differences in either nra or
msmR transcript levels. However, mga transcript levels in the isogenic carrier mutant
decreased approximately 2-fold in early exponential phase (17). To explore the poten-
tial mechanism of altered pilus gene transcription, we assayed transcripts of nra, msmR,
and mga in the isogenic carrier and wild-type parental strains after bacitracin treatment
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(1.0 ng/ml, 60 min). Consistent with previous RNA-seq data (17), we observed an
approximately 2-fold decrease in mga transcription in the isogenic carrier mutant in the
absence or presence of bacitracin (Fig. 2C). Interestingly, we observed a significant
decrease in the transcript levels of both pilus genes and the pilus gene regulator nra
in the parental strain (MGAS10870) after bacitracin exposure (Fig. 2C). No significant
differences in the transcript levels of either nra or msmR were observed between the
isogenic carrier mutant and the parental strain (Fig. 2C). Nra is a positive regulator of
pilus gene transcription in serotype M53 but a negative regulator in serotype M49 (26).
Thus, Nra may act as a positive regulator of pilus gene transcription in serotype M3 GAS
strains, and the decreased transcription observed in the wild-type MGAS10870 strain
may be responsible for the differences in pilus gene expression compared to that in the
isogenic carrier strain. Our data indicate that the increased pilus gene transcription
conferred by the /iaSR'3>G carrier mutation is not mediated by other known pilus gene
regulators.

Deletion of the major pilus subunit gene in the /iaS?'35S carrier mutant decreases
the ability to colonize the mouse nasopharynx and adhere to and be internalized by
cultured human epithelial cells. We have defined the carrier phenotype to be one
characterized by an increased ability to adhere to epithelial surfaces and a decreased
ability to cause disease, a definition supported by investigation of independent carrier-
specific mutations and their contribution to the carrier phenotype (15-18). The liaSR'3>G
carrier mutation causes an increased frequency of mouse colonization in a model of
nasopharyngeal infection (17). Further, in serotype M1 GAS strains, elimination of pilus
decreases adherence to cultured human epithelial cells (23). Inasmuch as induction of
the LiaFSR 3CS by bacitracin in vitro leads to alteration of pilus gene transcription, we
hypothesized that the liaS?'3>¢ mutation results in increased pilus gene transcription
in vivo and contributes to the carrier phenotype, including an increased ability to
colonize the mouse nasopharynx. If this is true, elimination of the GAS pilus would
lead to decreased recovery following mouse nasopharyngeal infection. To test this
hypothesis, we created an in-frame replacement of the major pilus subunit gene
(spyM3_0100, tee3) to generate a pilus-negative carrier mutant (MGAS10870 [iaSR13>G
Atee3) and a wild-type invasive strain (MGAS10870 Atee3) (Fig. 2A). Both pilus-negative
strains lacked bacterial cell surface pilus expression, as determined by Western immu-
noblotting using an affinity-purified anti-Tee3 polyclonal antibody (Fig. 2D). Mice
infected in the nasopharynx with the parental invasive strain (MGAS10870), isogenic
carrier mutant (MGAS10870 [iaSR'35G), pilus-negative invasive strain (MGAS10870
Atee3), or pilus-negative carrier mutant (MGAS10870 liaSR'3>S Atee3) were swabbed
daily for 14 days to determine the number of bacterial CFU. Elimination of pilus
production significantly reduced the ability of the isogenic carrier strain to colonize the
mouse nasopharynx but had only a modest effect on that of the invasive strain (Fig. 3A).
Consistent with the findings of previous studies, beginning at day 5 bacteria were
significantly more frequently recovered from mice infected with the /iaS?'3>S carrier
mutant than from mice infected with the parental strain (Fig. 3A). The pilus-negative
liaSR1356 mutant was recovered from mice significantly less frequently than the
liaSR135G mutant but significantly more frequently than the pilus-negative wild-type
invasive strain (Fig. 3A).

In addition to decreased recovery following mouse nasopharyngeal infection, we
hypothesized that elimination of pilus would also significantly reduce adherence of the
carrier mutant to cultured human epithelial cells. Thus, we performed in vitro adher-
ence assays comparing the pilus-negative mutants to their parental counterparts. We
observed significantly increased adherence of MGAS10870 liaSR'3>¢ to HaCaT cells
compared to the parental strain, MGAS10870 (Fig. 3B, HaCaT). We also assayed adher-
ence to HEp-2 cells and observed a phenotype similar to that for adherence to HaCaT
cells (Fig. 3B, HEp-2). Elimination of the pilus backbone protein had no significant effect
on the adherence of the parental invasive strain to either HaCaT or HEp-2 cells (Fig. 3B).
The pilus-negative carrier mutant had significantly reduced adherence to HEp-2 cells
and a trend toward reduced adherence to HaCaT cells (Fig. 3B). Interestingly, the
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FIG 3 Elimination of pilus in MGAS10870 liaSR'35G decreases recovery following mouse nasopharyngeal infection and in vitro adherence to and internalization
by human epithelial cells. (A) Percentage of mice from which bacteria were recovered following nasopharyngeal infection with the respective GAS strains. **,
P < 0.05 (Kruskal-Wallis repeated-measures ANOVA) relative to mice infected with all other strains after day 5 (dotted line); *, P < 0.05 compared to both the
parental and pilus-negative parental strains after day 5. (B) Adherence to cultured human epithelial cells. Assays of adherence to HaCaT and HEp-2 cells were
performed in replicates of 12 on at least two occasions. Internalization assays were performed using HEp-2 cells. Percent adherence or percent internalization
was calculated by dividing the colony counts following the assay by the input number of bacterial cells and multiplying by 100. P values were determined by

the Mann-Whitney U test. NS, not significant.

pilus-negative carrier mutant maintained significantly increased adherence compared
to that of either the parental or the pilus-negative parental strain (Fig. 3B), suggesting
that additional molecules are involved in adherence in the carrier mutant.

We also assessed the contribution of the GAS pilus to the ability of the parental and
isogenic carrier mutants to be internalized by human epithelial cells. Previous studies
suggest that pilus contributes to the ability of GAS to be internalized by epithelial cells
(24). Thus, we hypothesized that the increased pilus gene transcription conferred by
the carrier mutation would also lead to increased internalization by HEp-2 cells. We
performed gentamicin protection assays to determine the level of internalization of
the parental, isogenic carrier, and pilus-negative strains. The isogenic carrier mutant
had an almost 3-fold increased ability to be internalized by HEp-2 cells compared to the
wild-type, parental strain (Fig. 3B). Elimination of pilus did not significantly alter the
ability of either the parental or the isogenic carrier mutant to be internalized by HEp-2
cells. However, there was a trend toward significance for the pilus-negative isogenic
carrier mutant (P = 0.065). Overall, the data suggest that pilus is a contributor to
epithelial cell adherence and internalization in the isogenic carrier mutant but that
additional factors also contribute to this phenotype.

Deletion of the pilus major subunit gene partially restores virulence in the
liaSR'35G carrier mutant in a mouse model of necrotizing fasciitis. It has been
shown that deletion of pilus in serotype M1 GAS strains results in increased virulence
in mouse models of invasive GAS infection (23, 24). Thus, we next hypothesized that if
increased pilus expression is a contributor to the carrier phenotype (i.e., decreased
virulence) conferred by the [iaSR'35¢ mutation, elimination of pilus would restore
virulence in isogenic carrier mutant MGAS10870 /iaSR'35S. Using strains identical to
those used for mouse nasopharyngeal infection, mice were infected intramuscularly
and followed for survival. No significant difference in survival was observed between
mice infected with the isogenic /iaSR'35CG carrier mutant strain and mice infected with
the pilus-negative liaSR'3>¢ mutant (MGAS10870 liaSR'3>G Atee3) (Fig. 4A). However,
consistent with an inverse relationship between pilus expression and virulence, we
observed significantly greater mortality in mice infected with the MGAS10870 Atee3
mutant strain than mice infected with the carrier liaSR'35¢ mutant strain (Fig. 4A).
Examination of mouse limbs at 72 h postinfection revealed that the pilus-negative
liaSR1356 mutant caused an infection that appeared similar to that caused by the wild
type, with larger areas of devitalized tissue and necrosis that were indistinguishable
from those caused by the parental invasive strain (Fig. 4B). In contrast, the MGAS10870
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fascial plane and surrounded by healthy muscle tissue (magnification, X4). (C) Pathology score for
wild-type, isogenic carrier, and pilus-negative derivatives based on microscopic examination at 24 h
postinfection. *, P < 0.05 (Wilcoxon rank sum) compared to all other strains.

liaSR135G strain caused a small isolated area of infection surrounded by healthy tissue
(Fig. 4B), similar to previous observations (17). Using a validated pathology score (38),
the isogenic carrier mutant (MGAS10870 liaSR'3>%) produced significantly less tissue
damage than the wild-type or pilus-negative strain (Fig. 4C). Thus, consistent with our
hypothesis, elimination of pilus partially restored virulence in the /iaS?'35¢ mutant
strain.

The isogenic carrier mutant had decreased survival after exposure to human
neutrophils, a phenotype reversed upon elimination of pilus production. Previ-
ously, an inverse relationship between pilus expression and survival in human blood
was reported for serotype M1 GAS strains (23). The /iaS?'3>G carrier mutation is known
to confer a decreased ability to grow in human blood ex vivo (17). We hypothesized that
increased pilus transcription and increased pilus expression in the isogenic carrier
mutant contribute to this phenotype. Further, we hypothesized that, as reported for
serotype M1 GAS strains (23), decreased survival of the isogenic carrier mutant in
human blood would be due to increased pilus expression. To test this hypothesis, we
performed GAS survival assays following exposure to purified human neutrophils.
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FIG 5 Elimination of pilus in MGAS10870 /iaSR'35G increases survival in purified human neutrophils. The
survival of MGAS10870 (parental strain), MGAS10870 Atee3 (parental strain, pilus negative), MGAS10870
1iaSR13G (carrier mutant), or MGAS10870 /iaSR135G Atee3 (carrier mutant, pilus negative) was assessed 3
h following interaction with human neutrophils. Percent survival was calculated with the equation
(CFU , pn at 3 h/CFU @t 0 h) X 100. P values were determined by the Mann-Whitney U test.

Consistent with our previous observations in whole blood ex vivo (17), the isogenic
carrier mutant had significantly reduced survival compared to the parental invasive
strain (Fig. 5). The pilus-negative carrier mutant strain (MGAS10870 /iaSR'3>CG Atee3) had
significantly increased survival compared to the pilus-positive carrier mutant (Fig. 5).
In contrast, elimination of pilus in the invasive strain did not result in significantly
increased survival (Fig. 5).

DISCUSSION

Neither the bacterial nor the host molecular mechanisms that contribute to the
persistence of bacterial pathogens in the upper respiratory tract of humans are well
understood. Few studies have directly examined the bacterial molecular genetic factors
that lead to the persistence of GAS in humans (15, 16, 18). Our findings substantially
enhance understanding of the molecular mechanism underlying the carrier mutation
(liaSR135G) and its contribution to the asymptomatic carrier phenotype in GAS. We
demonstrated that the carrier mutation altered pilus gene regulation and that in-
creased pilus gene expression contributed to increased adherence and internalization
by epithelial cells and decreased virulence (i.e., the carrier phenotype). This is the first
report of pilus as a major contributor to a carrier phenotype in GAS and differs strikingly
from the enhanced invasiveness reported for piliated pneumococci (39, 40) and GBS
(41, 42).

Our discovery that a GAS carrier mutation alters expression of bacterial surface
structures and contributes to the GAS carrier phenotype is in concert with previous
findings. We reported a mutation unique to carrier strains in the promoter of the
stand-alone regulator Mga that led to decreased transcription of mga and Mga-
regulated genes, including emm, encoding M protein (18). We also identified a carrier
mutation that restored the function of the GAS surface protein SclA (streptococcal
collagen-like protein A) (16). In addition, we discovered that mutations eliminating GAS
capsule production were the most frequently identified mutations in GAS carrier strains
(15). In the aggregate, our studies have revealed multiple independent pathways to
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a carrier phenotype defined by increased persistence, decreased virulence, and
decreased inflammation, a phenotype that stands in stark contrast to an invasive
disease phenotype. A recurring theme has emerged, in that independent genetic
changes altering cell surface molecules and, potentially, the host-microbe interaction
are critical to the carrier phenotype.

Little is known regarding GAS gene regulation by the three-component system
LiaFSR. We previously showed that the /iaSR'3>S carrier mutation significantly altered
the transcript levels of approximately 7% of the genes in serotype M3 GAS strains (17).
Here, we show that gene regulation by LiaFSR and LiaSR'3>G is affected following
activation by bacitracin. Specifically, we show that, consistent with the findings of
studies with GBS (30) and S. pneumoniae (29), the GAS LiaFSR exerts some level of
control over pilus gene transcription. Targeted gene transcription of known pilus gene
regulators identified nra to be one potential mechanism for the increased pilus gene
transcription in the isogenic carrier mutant. However, the association was indirect, as
the only significant differences in nra transcription following treatment with bacitracin
were in the parental invasive strain (in which nra transcription was decreased 3.6-fold),
suggesting that nra acts as a positive regulator of pilus gene transcription, similar to
the findings for serotype M53 GAS (26). We also observed a 1.9-fold decrease in mga
transcription in the isogenic carrier mutant following treatment with bacitracin. Mga-
deficient mutants of serotype M1 GAS have decreased pilus gene expression (37),
suggesting that Mga is also an activator of pilus gene expression.

It is unknown if the LiaFSR three-component system directly interacts with the
pilus operon or known pilus gene regulators. Serotype M1 GAS strains lacking LiaS
have a reduced ability to grow under acidic conditions (43). Recently, site-directed
mutagenesis suggested that LiaS may contribute to extracellular acidification and
may be activated under acidic conditions, and this directly affected biofilm formation
(44). Further, GAS pili contribute to biofilm formation, and, at least for a subset of FCT
types, a lower environmental pH enhances pilus gene transcription (45). More studies
are needed to further define the precise mechanism of pilus gene regulation by LiaFSR
and the mechanism by which the /iaSR13>S carrier mutation alters pilus gene transcrip-
tion.

Our data strongly support the possibility that pilus expression confers a distinct
advantage to the development of a carrier phenotype. In studies of serotype M1 GAS
strains, mutants lacking pili had a reduced ability to adhere to pharyngeal cells (46),
human tonsillar epithelium, and primary human keratinocytes (47). Pilus-defective
mutants of serotype M1 GAS were also shown to have a decreased ability to adhere
to cultured human epithelial cells and reduced virulence in murine models of
invasive disease (23, 24). Consistent with the findings of previous studies, our data
demonstrate that increased pilus expression contributes to the increased adher-
ence and decreased virulence of the isogenic carrier mutant. Moreover, our findings
echo those of others showing an inverse relationship between expression of
bacterial adhesins and virulence (48-50). The pili of several Gram-positive patho-
gens, including GAS, are under investigation as potential vaccine targets (21, 51).
Our findings that pili influence virulence but also carriage and persistence have
direct implications in vaccine development.

The current study shows that the LiaFSR 3CS is directly involved in GAS pathogen-
esis and the host-pathogen interaction. No previous studies have directly linked the
LiaFSR regulatory system to immune evasion. The /iaS?'3>S single amino acid change
results in a significantly decreased ability to survive exposure to human neutrophils. This
finding begins to define a mechanism for the observation that the carrier mutation
decreases survival in whole human blood ex vivo (17). Previous studies of GAS-neutrophil
interactions identified the two-component regulatory system Ihk/Irr to be critical to
GAS survival (52), and irr-negative mutants were more easily killed by neutrophils (53).
RNA-seq analysis of the /iaSR'35G mutant at two separate time points in vitro did not
show any significant changes in irr and ihk transcription (17). Further investigation is
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needed to determine the precise mechanism by which the LiaFSR 3CS contributes to
immune evasion.

Our study has several limitations. We performed targeted gene transcript analysis.
It is possible that additional genes are affected by the LiaSR'35G carrier amino acid
substitution upon activation by bacitracin or other cell wall-active agents. It is also
possible that activation of the LiaFSR three-component system by bacitracin remains
incomplete and other LiaFSR-activating factors may further contribute to gene regu-
latory differences. Further, elimination of pilus in the isogenic carrier strain did not fully
restore the invasive phenotype. Previous transcriptome studies comparing the parental
and isogenic carrier strains showed that several virulence factors are affected (17).
Alteration of pilus gene expression contributes to the overall carrier phenotype, but it
is likely that the complete phenotype imparted by the /iaSR'35G carrier mutation is
multifactorial.

In summary, our study adds substantially to the existing framework of the bacterial
molecular mechanisms that contribute to carriage of GAS and other bacterial patho-
gens. The single amino acid change in LiaS alters the GAS phenotype in favor of
asymptomatic carriage. Rather than alter expression of a single factor, the liaSR'3>¢
mutation likely alters expression of multiple surface/secreted factors, such as pilus, that
contribute to the carrier phenotype (Fig. 6). It is reasonable to hypothesize that further
study of the gene regulatory changes associated with the /iaSR'3>G carrier mutation will
reveal new mechanisms contributing to the carrier phenotype.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used in this study are listed in Table S1 in the
supplemental material. MGAS10870 is a serotype M3 GAS invasive strain isolated in 2002 in Ontario,
Canada, and its genome has been sequenced to high quality (54). Strain MGAS10870 [iaSR'35C is a
previously described isogenic mutant differing from the parental strain, MGAS10870, only by the carrier
lia$ allele (17). All GAS strains were grown in Todd-Hewitt broth containing 0.2% (wt/vol) yeast extract
(THY; Difco Laboratories), on THY agar, or on Trypticase soy agar containing 5% sheep blood agar (SBA;
Becton Dickinson).

Generation of pilus-negative mutants in strains MGAS10870 and MGAS10870 liaSR1355, The
plasmids and primers used in this study are listed in Table S2. We used a previously described procedure
(55) for in-frame replacement of the gene encoding the pilus backbone protein tee3 (spyM3_0100) with
a spectinomycin resistance gene (aad9) in strains MGAS10870 and MGAS10870 liaSR135G. Experimental
details are provided in the supplemental material. Mutants were confirmed and shown, using whole-
genome sequencing, to lack spurious mutations.

Anti-Tee3 antibody production and Western immunoblot analysis. Recombinant, purified Tee3
protein was produced using an Impact system (New England BioLabs). Briefly, tee3 (spyM3_0100) was
synthesized, optimized for expression in Escherichia coli, and cloned into pTXB1 (GenScript). Protein
overexpression and purification were carried out as described in the manufacturer’s instructions (New
England BioLabs). Purified Tee3 protein was subjected to mass spectrometry for identification prior to
use in antibody production. Affinity-purified rabbit polyclonal anti-Tee3 antibody was generated by
Covance (Denver, PA). Isolation of bacterial proteins and Western immunoblot analysis were carried out
as previously described (18).

Mouse virulence studies. All mouse experiments were conducted under a protocol approved by the
Houston Medical Research Institute Institutional Animal Care and Use Committee. Mouse intranasal and
intramuscular infections were carried out as previously described (17). For nasopharyngeal infections, a
total of 30, 3- to 4-week-old female CD1 mice (Harlan Laboratories) were intranasally inoculated with 5 X
107 CFU of the appropriate GAS strain in 50 ul phosphate-buffered saline (PBS), after which the mice
were swabbed daily for 14 days. For intramuscular infections, mice (n = 15) were infected in the right
hind limb with 5 X 106 CFU of the appropriate GAS strain in 100 wl PBS. Mice were evaluated at 24 h
postinfection for histopathology. All mice were observed and sacrificed when they reached near
mortality, determined using predefined criteria. For histopathology scoring, a pathologist blind to the
strain treatment groups reviewed each slide (n = 5 per strain) as previously described (38).

Human neutrophil survival assays. Human neutrophils (polymorphonuclear leukocytes [PMNs])
were isolated from heparinized venous blood of healthy volunteer donors (n = 14) in accordance with
a protocol approved by the Institutional Review Board for Human Subjects at Montana State University.
All subjects provided written informed consent. Neutrophils were isolated as previously described (56).
Complete procedural details are provided in the supplemental material. Percent survival was determined
by dividing the number of bacterial CFU after 3 h exposure by the number of bacterial CFU at time zero.

Cultured human epithelial cell adherence and internalization assays. Adherence to cultured
human epithelial cells was carried out as previously described (15). Complete experimental details can
be found in the supplemental material. Percent adherence was calculated by dividing the recovered
number of CFU by the original inoculum. GAS internalization by cultured epithelial cells was carried out
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expression of pilus favors increased adherence, decreased immune evasion/inflammation, and decreased virulence, key

characteristics of the carrier phenotype and persistence. WT, wild type.

as previously described (15). Percentage internalization was calculated by dividing the recovered number
of CFU by the original inoculum. All assays were performed in replicates of 12.

RNA isolation and qRT-PCR analysis. GAS strains were grown overnight in THY, diluted 1:50 in
fresh, prewarmed THY, and incubated at 37°C. Growth was monitored hourly using spectrophotometry
(determination of the optical density at 600 nm [ODg,]), and when the strains reached an ODy,, of 0.5,
bacitracin (Sigma-Aldrich) was added to achieve the final concentration indicated above. Cells were
harvested at 30, 60, and 90 min following the addition of bacitracin. RNA was isolated and purified with
an RNeasy minikit (Qiagen) as previously described (18). The quantity and quality of RNA were deter-
mined using an Agilent 2100 bioanalyzer and an RNA 6000 Nano kit (Agilent Technologies).

TagMan (Life Technologies) quantitative real-time PCR (qRT-PCR) of cDNA produced using Super-
Script Il reverse transcriptase (Invitrogen) was performed with an ABI 7500 Fast real-time system. The
TagMan primers and probes used in the analyses are listed in Table S2. The endogenous control gene
tufA was used for all TagMan analyses. Transcript levels were compared between strains using the AAC,
threshold cycle (C;) method (User Bulletin No. 2, ABI Prism 7700 sequence detection system; Life
Technologies). All reactions were performed in triplicate using RNA purified from at least three biological
replicates.

Statistics. All statistical analyses were performed with Prism (version 6) software (GraphPad Software,
Inc.). A Mann-Whitney U test was used to compare survival following exposure to purified human
neutrophils and adherence to or internalization by cultured human epithelial cells for the strains. A
two-tailed t test (unequal variance) was used to compare gene transcript levels. A log rank test was used
to compare survival, and Kruskal-Wallis analysis of variance (ANOVA) was used to compare the rates of
nasopharyngeal GAS recovery from mice. The Wilcoxon rank sum test was used to compare histopa-
thology scores. A P value of <0.05 was considered significant for all tests unless otherwise indicated.
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