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Abstract
Macrolide Resistance in Streptococcus pneumoniae

By Max R. Schroeder

Streptococcus pneumoniae, the pneumococcus, is an obligate commensal of the
human nasopharynx, but an important opportunistic pathogen. The explosive, widespread
use of macrolides in the last thirty years has been a strong selective pressure contributing
to the expansion of macrolide-resistant S. pneumoniae. Macrolide resistance in
pneumococci is primarily due to ribosomal methylation by a methyltransferase encoded
by erm(B) and an efflux system encoded by mef(E)/mel, an operon of the macrolide
efflux genetic assembly (Mega) element. These determinants are present on an expanding
group of mobile composite genetic elements.

Through a prospective study of invasive pneumococcal disease (IPD) using
established population-based surveillance, the incidence of IPD and macrolide-resistant
IPD (MR-IPD) in Atlanta, Georgia from 2003-2013 was studied. The heptavalent
pneumococcal conjugate vaccine (PCV-7) introduced in 2000 was previously found to
decrease IPD and MR-IPD caused by PCV-7 vaccine serotypes through individual and
herd protection. In this work, we demonstrated a continued decline of IPD and MR-IPD
caused by PCV-7 serotypes and observed “serotype replacement” by serotypes 7F for
IPD and 19A for MR-IPD. The increase in MR-IPD from 2003-2009 was largely due to
the clonal expansion of the serotype 19A clonal complex 320 isolates that contained
Tn2010, a new composite mobile element with both erm(B) and mef(E)/mel. We
documented a rapid decline of these isolates following PCV-13 introduction.

By creating isogenic mutants, we assessed the contributions of dual macrolide
resistance determinants in Tn2010 for pneumococcal fitness and macrolide resistance.
We found erm(B) confers high-level macrolide resistance in Tn2010-containing strains,
but mef(E)/mel encoded efflux remains functional. We also identified and assessed high-
level macrolide-resistant IPD isolates caused by insertions of Mega, Mega-2.1VVa and
Mega-2.1Vc, associated with the pneumococcal pathogenicity island. Deletion of
mef(E)/mel eliminated macrolide resistance in these isolates. Using in vitro competition
experiments, we found that, in the presence of erythromycin, high-level macrolide-
resistant S. pneumoniae (conferred by erm(B) or Mega-2.1Va) have a growth fitness
advantage. These data indicate the ability of S. pneumoniae to generate high-level
macrolide resistance by efflux or ribosomal methylation, that either high-level
mechanism affords a selective advantage, and that the efflux pump may have additional
biological functions.
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Chapter 1: Introduction

I. The Pneumococcus

Streptococcus pneumoniae, the pneumococcus, is an obligate commensal of the
human nasopharynx, an opportunistic pathogen and a leading cause of death for children
worldwide (1). In 2007, the World Health Organization estimated that up to 1.6 million
people died each year due to pneumococcal infections including almost one million
children under the age of five (2). In addition to severe invasive disease including
bacteremia and meningitis, the pneumococcus causes localized, non-invasive infections
such as otitis media and pneumonia. S. pneumoniae is identified through growth on blood
agar as alpha-hemolytic colonies that are sensitive to optochin, a quinine analogue that
was used in the treatment of lobar pneumonia in the early twentieth century. Despite a
lack of catalase production, S. pneumoniae is aerotolarant. Microscopically, pneumococci
are classified as a Gram-positive diplococcic due to their characterized lancet-shaped cell
morphology. There are over 90 serotypes of S. pneumoniae that are distinguished based

on differences in the structure of capsular polysaccharide expressed (3).

A. Discovery

S. pneumoniae was independently co-discovered by George Miller Sternberg from
the United States and Louis Pasteur from France (4, 5). In September of 1880, Sternberg
identified Micrococcus lanceolatus, later named S. pneumoniae, by inoculating rabbits
with his own saliva (6). In December of the same year, Pasteur also inoculated rabbits

with saliva of a boy who died of rabies (7). After the rabbits died, both Sternberg and



Pasteur isolated and cultivated diplococcal bacteria from the blood of the rabbits and in
their publications the two microbiologists described the same organism. Although Pasteur
is often credited as the discoverer of the pneumococcus (5), Sternberg was the first to
photograph the pneumococcus and isolate the organism from several carriers. Subsequent
researchers found the pneumococcus to be a common colonizer in the human upper-

respiratory tract and a frequent cause of pneumonia (4, 5).

B. Capsular Polysaccharide

When initially describing the microscopic appearance of the pneumococcus in
1881, Pasteur described an aureole that surrounded the diplococci (7) which was later
identified as polysaccharide capsule. In 1916 Laura Stryker from the U.S. found
pneumococcal virulence to be dependent on the presence of the capsule, as capsule loss
was associated with a reduction of virulence (8). In 1900 the German physician Friedrich
Neufeld described bile solubility of the pneumococcus as a key microbiological
identifying feature (4, 9). A few years later in 1904 Neufeld first published the Quellung
reaction (10) which has remained as a gold standard for serotyping of S. pneumoniae. In
the Quellung reaction bacterial cells are treated with capsule specific antibodies that bind
to capsular polysaccharide and cause capsule swelling that may be observed
microscopically. Today PCR-based molecular methods are used to complement Quellung
reactions (11). Over 90 pneumococcal capsular polysaccharide serotypes have been

identified to date (3, 12).

C. Transforming Principle
Groundbreaking experiments that lead to the identification of DNA as the

hereditary material in cells were first performed with S. pneumoniae. In 1928, Frederick



Griffith published the first observation of bacterial transformation (13). In his
experiments, Griffith inoculated mice with bacterial cultures from smooth (encapsulated)
or rough (unencapsulated) pneumococcal isolates and found that only mice inoculated
with the smooth isolate died. Furthermore, smooth pneumococci were isolated from dead
mice and rough pneumococci were isolated from surviving mice. When bacterial cultures
were heat-killed prior to inoculation all inoculated mice survived. When Griffith used a
combination of live rough bacteria with heat-killed smooth bacteria, the inoculated mice
died and live smooth S. pneumoniae were isolated from the dead mice. Therefore, the
presence of the heat-killed “smooth” pneumococci contributed an unknown factor to the
“rough” pneumococci which transformed the organism to a smooth phenotype, and the

phenomenon was termed the “transforming principle.”

Continuing the work of Griffith, three medical doctors in the United States,
Oswald Avery, Colin MacLeod, and Maclyn McCarty determined that the transforming
principle was DNA (14, 15). In their experiments the heat-killed smooth bacterial lysate
was separated into purified DNA, RNA, proteins, lipids, and carbohydrates, and each
fraction was combined with the rough bacteria as an inoculum (15). Through meticulous
purification methods they ascertained that purified DNA was capable of transforming
rough bacteria in vivo into smooth bacteria that resulted in death of the mice. The
conclusion was that DNA is the transforming principle from the Griffith experiment and

thus DNA is the hereditary material of life.



I1. Pathogenesis

A. Non-Invasive Diseases

The pneumococcus is an opportunistic pathogen with high rates of asymptomatic
carriage based on age, race, and socioeconomic status. The highest rates of carriage are in
young children. Studies have found that up to 75% of children under the age of 5 and
30% of adults living in households with young children are colonized by S. pneumoniae.
Pneumococcal acquisition and colonization is considered a prerequisite for disease as it
provides an opportunity for the bacteria to migrate from the nasopharynx to local or

systemic sites of infection (16).

1. Acute Otitis Media

Otitis media is an infection of the middle ear that results in ear pain, fluid
accumulation, sometimes drainage from the ear, loss of hearing, and low-grade fever.
Interestingly, acute otitis media is the most common reason for pediatric office visits in
the U.S. with more than 20 million visits annually coded as otitis media. Although the
majority of cases of otitis media are caused by viruses, bacterial otitis media is common
and S. pneumoniae is the most common cause of bacterial otitis media. Migration of
colonizing S. pneumoniae from the nasopharynx to the middle ear using the Eustachian
tube as the passageway may result in acute otitis media. Otitis media is often a self-
limiting infection for which clearance can occur without the need of antibiotic
intervention (17). In Europe, ibuprofen is typically prescribed for treatment of otitis
media to reduce discomfort due to middle ear inflammation. In the U.S., otitis media is
often treated with antibiotics such as amoxicillin, or for patients with a penicillin allergy,

macrolides. Added benefits of antibiotic treatment include shortening the duration of



infection and reducing the risk of permanent hearing damage (17, 18). Interestingly,
recent studies in mice have found increased pneumococcal colonization and translocation
of pneumococci to the middle ear following vaccination with live attenuated influenza
virus (19, 20). This suggests vaccination of children with FluMist®, the quadrivalent live

attenuated influenza vaccine, might increase the risk of pneumococcal otitis media.

2. Pneumonia

Pneumococcal pneumonia is the most common type of community-acquired
pneumonia worldwide (21). In 2015, pneumococcal pneumonia was the cause of an
estimated 922,000 deaths of children under five years old representing 15% of deaths of
children in this age group (22, 23). The highest rates of pneumococcal pneumonia occur
in developing countries, specifically Sub-Saharan Africa. Pneumonia is medical
syndrome wherein the alveoli, or microscopic air sacs, become inflamed. While a variety
of microorganisms may cause pneumonia, bacteria and viruses are the most common
etiologic agents. Pneumococci descend from the nasopharynx to the lower respiratory
tract where they may infect the alveoli, often as a secondary infection following the
common cold virus or influenza. Symptoms of pneumococcal pneumonia are acute and
include cough with green or blood-tinged mucus, chest pain, malaise, nausea and
vomiting, diarrhea, and fever. Influenza has a high association with pneumococcal
disease, specifically pneumonia (24, 25). During the 1918 influenza pandemic, co-
infection with influenza and S. pneumoniae may have caused extensive pulmonary
thrombosis that contributed to the high mortality of this pandemic (26). Respiratory
syncytial virus (RSV) also had a significant association with pneumococcal pneumonia

Q7).



B. Invasive Pneumococcal Diseases (IPD)
During acute local infection by S. pneumoniae, the pneumococcus may reach the

bloodstream and disseminate to other sterile sites, such as joints or the meninges.

1. Bacteremia

When pneumococci replicate in the bloodstream, the infection is classified as
pneumococcal bacteremia or septicemia. Bacteremia is often associated with fever that
may be accompanied by shaking chills, hypotension, gastrointestinal distress, and altered
sensory perception. Bloodstream infections are life-threatening and may result in the
systemic inflammatory response syndrome. Historically, the pneumococcus was an
important cause of endocarditis. Though the molecular mechanisms are still not fully
understood (28), there is evidence that colonization of the nasopharynx, by pneumococci
especially in young children, may lead directly to bloodstream entry from the
nasopharynx to cause occult bacteremia, e.g. bacteremia without a local pneumococcal
infection (29, 30). Improved patient outcomes are attributed to antibiotic therapy when

treated with macrolides (31) or combination therapy (32).

2. Meningitis

Spread of pneumococci directly from a non-invasive infection (e.g. otitis media)
or via bacteremia to the subarachnoid space containing the meninges is termed
meningitis. Meningitis is a life-threatening disease of inflammation of the subarachnoid
space and meninges, the protective outer membranes that line the brain and spinal cord.
Meningeal infection and associated inflammation can lead to cerebral edema and
infection of blood vessels that can result in collateral damage to the brain parenchyma,

which may lead to coma and death (33). With a variety of agents causing meningitis,



identification of the pathogen is critical in implementing a successful treatment regimen.
In pneumococcal meningitis, about half of all surviving patients experience neurological
sequelae and approximately 25% of children experience moderate or severe symptoms
(34). S. pneumoniae has remained the leading cause of bacterial meningitis in the United
States, where it is responsible for three times as many cases of bacterial meningitis as the
next leading agents (35). Though the mechanisms are still unknown, S. pneumoniae is
thought to penetrate the blood-brain barrier through a receptor-mediate process (36).
Pneumococci present in the blood adhere to the specific receptors that allow the organism

to cross the blood brain barrier.

I11. Treatment and Prevention

A. Antibiotic Therapy

During the mid-1990s, the emergence and high prevalence of penicillin resistance
among S. pneumoniae resulted in a shift in the recommended treatment for non-
meningitis pneumococcal infections from beta-lactams to macrolides. Macrolides are
often used as the first line of treatment against upper respiratory tract infections and
community acquired pneumonia. 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. The introduction of new macrolides and their widespread use beginning

in the 1990s resulted in increased macrolide resistant in S. pneumoniae (37, 38).



Erythromycin, discovered in 1952, is a 14-membered macrolide produced by
Streptomyces erythraeus (39). After the discovery of erythromycin and other naturally-
produced macrolides, research focused on the creation of synthetic and semisynthetic
macrolides (40). Azithromycin and clarithromycin are semisynthetic macrolides
approved for use in the United States. Others macrolides are approved in different
countries worldwide or are used as a growth supplement in animals. Macrolides bind
reversibly to the 23S rRNA at a site near the peptidyl transferase center of the 50S
ribosomal subunit. This binding occurs in pre-structured ribosomal assemblies (41). 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 (42). Though distinct in chemical structure, the antibiotics lincosamide
and streptogramin have overlapping binding sites with macrolides and similar

mechanisms of action.

B. Vaccines

During World War I, as many as one million people participated in various
clinical trials of heat-killed whole pneumococcal cell-based vaccines, but the efficacy of
these vaccines was not established (4, 43). During World War 1l the United States
military had a successful clinical trial using a tetravalent capsule polysaccharide vaccine,
but the success of penicillin for treatment of bacterial infection virtually eliminated
commercial interest in pursuing vaccine development (44). It was not until 1977 that the
first pneumococcal polysaccharide vaccine, PPSV-14, with capsular polysaccharide

antigens from 14 serotypes of S. pneumoniae (serotype 1, 2, 3, 4, 6A, 7F, 8, 9N, 12F, 14,



18C, 19F, 23F, and 25), became licensed in the U.S. (45). In 1984, PPSV-14 was
replaced by PPSV-23, which contained capsular polysaccharide antigens individually
extracted from serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F,
18C, 19A, 19F, 20, 22F, 23F, and 33F, combined to create the final formulation (46). The
effectiveness of this vaccine has been challenged but it has continued to be recommended
for adults at risk of pneumococcal disease including individuals aged 65 years and older

(47, 48).

The pneumococcal conjugate vaccine (PCV-7), containing seven capsular
polysaccharides of serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F conjugated to the CRM1g7
diphtheria protein, was licensed in 2000 for use in children under five years old in the
United States (49, 50). Following PCV-7 introduction, clonal expansion of non-vaccine
strains was observed worldwide (51-53). The emergence of non-PCV-7 serotypes
resulted in development of additional PCV formulations. In 2010, an additional six
serotypes (1, 3, 5, 6A, 7F, and 19A conjugated to CRMg7) were added to the PCV-7
serotypes to create the 13-valent conjugate vaccine (PCV-13), which replaced PCV-7 in
the U.S. (50, 54). In addition to direct protection, pneumococcal conjugate vaccines have
yielded sustained reductions in pneumococcal carriage of vaccine serotypes (55) and also
disease caused by vaccine serotypes in unvaccinated (herd protection) (56, 57). The
continued expansion of pneumococcal conjugate vaccination into developing countries is

greatly reducing the global burden of pneumococcal disease (50).



10

IVV. Macrolide Resistance

As noted widespread macrolide use is associated with increased macrolide
resistance in S. pneumoniae (37, 38). Clinical failures of macrolide treatment of
pneumococcal infections have been reported for lower respiratory tract infections (58)
and bacteremia (59, 60). The widespread use of macrolides provides a selective pressure
that has contributed to the expansion of macrolide-resistant S. pneumoniae (37, 61).
Globally, erythromycin resistance among S. pneumoniae is geographically variable but

ranges from <10% to >50% of isolates (62).

A. Mechanisms of Macrolide Resistance
Macrolide resistance in S. pneumoniae is mediated through three distinct
mechanisms: modification of the macrolide ribosomal target site, macrolide efflux, and

chromosomal mutations to macrolide binding sites.

1. Ribosomal Modification

Erythromycin ribosomal methylase (erm) family genes encode an adenine-
specific N-methyltransferases that methylates the 23 rRNA to prevent antibiotic binding
(63). When present in Escherichia coli the 23S rRNA is methylated at A2058, which is
considered to be the target for methylation and macrolide binding (64). The ribosomal
methylase found in S. pneumoniae is encoded by the erm(B) gene whose gene product
dimethylates this target site of the 23S rRNA (65). Ribosomal methylation by Erm(B)
confers resistance to macrolides, lincosamide, and streptogramin B, which is
characterized as the MLSg phenotype (63). In addition to the expanded spectrum of

resistance, erm(B) provides high-level resistance to macrolides (erythromycin MICs >256

pg/ml).
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The induction of erm(B) allows high-level translation of Erm(B) in the presence
of inducers such as erythromycin (66). In the pneumococcus, erm(B) expression may be
inducible or constitutively expressed to high levels. As expression of erm genes is
frequently 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 (67-69). A recent study found that a Staphylococcus aureus strain expressing erm(C)
was outcompeted by S. aureus expressing catalytically-inactive erm(C) (68), 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 which is a semi-synthetic macrolide antibiotic, by allowing

constitutive expression (70).

2. Macrolide Efflux

Macrolide efflux in S. pneumoniae is the most common cause of macrolide
resistance in North America (62, 71). Pneumococcal macrolide efflux is encoded by the
mef(E)/mel operon and occurs through an poorly understood mechanism of macrolide
binding and membrane targeting for efflux (72). Macrolide resistance in S. pneumoniae
requires both mef(E) and mel (73, 74). 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 and azithromycin) (74-76).
Expression of mef(E) and mel is tightly controlled through transcriptional attenuation
(75).

The first gene, mef(E) shares 90% sequence identity with mef(A) from

Streptococcus pyogenes (77, 78). In S. pneumoniae, mef(E) encodes a 405 amino acid
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protein that belongs to the major facilitator superfamily, which utilizes proton motive
force-driven efflux to expel molecules from cells (77). The second gene, mel (also
msr(D)) is a homolog of the S. aureus gene mrsA (78), which encodes an ATP-binding
cassette (ABC) transporter protein but lacks typical hydrophobic, membrane-binding
domains and is thought to interact with chromosomally encoded transmembrane
complexes (74). Mef(E) and Mel have been shown to operate as a dual efflux pump in S.
pneumoniae (74). A recent study in Escherichia coli suggests a physical interaction
between Mef(E) and Mel and that Mel may bind macrolides and localize to the
membrane (79).

S. pneumoniae with mef(E)/mel have been shown to have an M phenotype, which
IS resistance to 14- and 15-membered macrolides (e.g. erythromycin and azithromycin)
while retaining susceptibility to lincosamides and streptogramin B (77). While most
mef(E)/mel-containing strains are resistant to low levels (1-8 pg/ml) of erythromycin,
strains with increased expression of mef(E)/mel have increased levels of macrolide
resistance (80). Induction of mef(E)/mel by macrolides causes increased expression and
thus increased levels of macrolide resistance (to >16 pg/ml) (66, 74). In addition to
macrolides, the presence of mef(E)/mel has been shown to increase resistance to the
human antimicrobial peptide LL-37, which was also found to induce expression of the
efflux pump (81). This suggests the macrolide efflux pump may be expressed during
nasopharyngeal colonization and prime mef(E)/mel-containing pneumococci for exposure

to macrolide antibiotics.
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3. Ribosomal Mutations

Point mutations in 23S rRNA at or near the macrolide binding residue A2058 (E.
coli ribosome) have resulted in macrolide resistance (82, 83). 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 (84). 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 (85, 86). A variety of additional L4 and L22 mutations
have also been found to confer macrolide resistance (87, 88). While the overall incidence
is rare, some L4 and L22 mutations have resulted in macrolide resistance in S.

pneumoniae (82).

4. Dual Macrolide Resistance Genotype

S. pneumoniae containing both erm(B) and mef(E)/mel were first reported in the
late-1990s (89, 90) and are now found worldwide (62). The dual macrolide resistance
genotype occurred in 12% of global isolates collected from 2003-2004, which is twice the
frequency reported from 1999-2000 (62). In 2004, 18.4% of S. pneumoniae isolates from
the United States were found to have the dual erm(B) and mef(E)/mel genotype (71); and
in a study published this year, up to 52% of macrolide-resistant isolates from Arizona
were found to contain both macrolide resistance genes (91). Tn2010 has been identified
as the composite mobile element that contains erm(B) and mef(E)/mel (Mega) (92).
Tn2010 was first identified in S. pneumoniae serotype 19. Following introduction of the

7-valent pneumococcal conjugate vaccine (PCV-7) the “replacement” serotype 19A
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(ST320) with Tn2010 emerged (93). ST320 is a multidrug resistant strain that appears to
represent a “capsule switch” from serotype 19F and is responsible for global pandemic in
the wake of PCV-7 introduction (53, 94). This emergence of S. pneumoniae with dual
macrolide resistance determinants is intriguing. 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.

B. Dissemination of Resistance Determinants

1. Macrolide Resistance Chromosomal Locations

The mef(E)/mel-containing genetic element Mega is found in six distinct
chromosomal sites within the pneumococcal genome (76, 95, 96). Mega insertion sites
are distributed around the chromosome: (1) a phosphomethylpyrimidine kinase (TIGR4
SP_1598), (I1) a DNA-3-methyladenine glycosylase (SP_0180), (I11) a capsule
biosynthesis gene (SP_0103), (IV) the RNA methyltransferase rumA (SP_1029) (76), (V)
orfé of Tn916-like elements (95), and (V) a novel insertion into a S. suis homolog
element found in S. pneumoniae (96). Due to genetic variations at insertion site 1V, this
class is subdivided: (IVVa) Mega and ISSmi element insertion along with deletion of the
30.7 kb pneumococcal pathogenicity island-1 (PPI-1), and (IVVb) simple insertion of
Mega into rumA with intact PPI-1, and (IVVc) same as IVa with a S. equi subspecies
zooepidmicus-related ICE (42 kb) inserted upstream of Mega (96). The Mega element is
horizontally transferred through transformation and homologous recombination between
pneumococci but the element per se lacks genes required for transposition (76). Analysis
of the insertion sites revealed a putative target sequence of 5’-TTTCCNCAA-3’ about six

base pairs upstream of the insertion and Tn916-like coupling sequences (96). The genes
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required for Mega transposition may be present on other conjugative elements of the
pneumococcal genome and in non-S. pneumoniae commensal organisms (76, 96).
However, Mega is infrequently transferred through transposition but once stabilized can
be widely disseminated through horizontal DNA exchange and homologous

recombination.

Tn916 is the prototype conjugative transposon that contains the tetracycline
resistance gene tet(M), and is found in many Gram-positive bacteria. Tn916 may
incorporate additional antibiotic resistance determinants which comprise larger Tn916-
like composite elements (97). The history and molecular mechanisms of the Tn916
family are beyond the scope of this review, but have been explored previously (98). The
most common Tn916-like elements in S. pneumoniae containing erythromycin resistance
cassettes include Tn2009, Tn6002, and Tn2010 (96). Tn2009 is a Tn916-like element
with Mega inserted into orf6 of Tn916 to provide macrolide resistance, the M phenotype
(99). Tn6002 is also a Tn916-like element with macrolide resistance, MLSg phenotype,
due to the incorporation of an erm(B)-containing element into orf20 of Tn916 (100). The
erm(B) gene may also be incorporated into Tn916. A Tn917, an erm(B)-containing
transposon, insertion into orf9 of Tn916 creates Tn3872 (100). S. pneumoniae with the
dual macrolide resistance genotype contain Tn2010 or the less common and newly
described Tn2017 (101). Tn2010 is a Tn916-like element that with Mega in orf6 and the
erm(B) element in orf20 of Tn916 (102). Tn2010 likely arose through the homologous
recombination of Tn2009 with Tn6002. A similar recombination event likely occurred
with Tn2009 and Tn3872 to create Tn2017, which was found to be a Tn916-like element

with a Mega insertion in orf6 and Tn917 in orf9 of Tn916 (101).
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2. Interspecies Exchange of Macrolide Resistance

S. pneumoniae is naturally transformable. During its growth cycle, pneumococci
develop a natural state of competence and acquire DNA from their environment. A
mechanism of DNA repair allows for integration of new DNA through homologous
recombination (103, 104). The human nasopharynx is the primary ecological niche for
the pneumococcus during asymptomatic carriage that is a prerequisite for pneumococcal
infections (16). In the nasopharynx, S. pneumoniae have the opportunity to acquire DNA
from a wide diversity of commensal bacteria of the upper respiratory tract which may act

as a reservoir for antibiotic resistance.

Bacteria other than S. pneumoniae that reside in the human upper respiratory tract
also carry the macrolide resistance genes erm(B) and mef(E)/mel as Mega. Tn6002 is the
most common erm(B)-containing mobile genetic element of S. pyogenes (100). A recent
study found Mega, Tn2009, Tn6002, and Tn2010 in commensal viridans group
streptococci isolated from the throats of patients with pharyngitis (105). In this study, S.
mitis was the most commonly isolated streptococci and isolates were found with the
macrolide resistance elements including Mega, Tn2009, Tn6002, and Tn2010 (105).
Various Gram-positive bacteria have been shown to carry erm(B) and/or mef(E) (106-
108). The Tn2009 element has also been found in the commensal, Gram-negative
Acinetobacter junii, and the authors found evidence of this Mega-containing transposon
in additional Gram-negative species including E. coli, Enterobacter cloacae, Klebsiella
sp., Proteus sp., and Pseudomonas sp. (109). Interspecies dissemination of mobile

genetic elements containing antibiotic resistance cassettes appears common.
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Asymptomatic pneumococcal carriage occurs in children and adults with rates in
children ranging from less than 15% to greater than 90% in developing countries and
varies based on other factors include geography and socioeconomic class (16, 110).
During nasopharyngeal carriage S. pneumoniae forms complex biofilm structures and
enhance natural transformation (111). Genetic exchange during co-colonization by two
pneumococcal strains is extremely efficient with transformation efficiencies of up to 107
(112). Therefore, nasopharyngeal carriage provides an opportunity for S. pneumoniae to
acquire mobile genetic elements and macrolide resistance genes from co-colonizing
pneumococci and commensal organisms. This environment may also have allowed for
the assembly and selection of the dual macrolide resistance elements, Tn2017 and the

more common Tn2010.

V. Specific Aims

S. pneumoniae is an important obligate human pathogen with efficient
mechanisms of horizontal genetic exchange. Two major selection pressures, new
vaccines that impact pneumococcal biology and widespread antibiotic use have led to the
emergence of adapted pneumococcal strains. In this dissertation, we focused on the
emergence of macrolide resistance in pneumococci, the impact of new conjugate
pneumococcal vaccines on macrolide resistance, the evolution of the genetic basis for
macrolide resistance in pneumococci and the effects of macrolide resistance on
pneumococcal fitness. We were fortunate to have used an established population-based
surveillance program for this work. Invasive pneumococcal disease (IPD) has been
assessed in Atlanta, Georgia since 1994 using prospective surveillance by the Georgia

Emerging Infections Program as a part of the Centers for Disease Control and Prevention
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(CDC) national Active Bacterial Core surveillance network (113-117). The initial impact
of PCV-7 introduction on the incidence of IPD and the incidence of IPD caused by
macrolide-resistant S. pneumoniae has been previously reported (115). The specific aims

for this dissertation were:

1) To determine the molecular basis of macrolide resistance in invasive
pneumococcal disease isolates from the Atlanta metropolitan area, during the
PCV-7 era and after the introduction of PCV-13.

2) To determine the genetic basis responsible for and the biological advantage of
efflux-mediated high-level macrolide resistance in S. pneumoniae and the
emergence of S. pneumoniae with dual macrolide resistance determinants,

mef(E)/mel and erm(B).
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RESEARCH IN CONTEXT

Evidence before this study

Streptococcus pneumoniae is a major cause of sepsis, meningitis, otitis media and
pneumonia and is a leading cause of death among children and the elderly worldwide.
Antibiotic resistance has emerged as a major concern in the treatment of S. pneumoniae
infections. The emergence of penicillin resistant S. pneumoniae and the introduction of
new synthetic macrolides led to the widespread use of macrolides for presumptive
pneumococcal pneumonia and otitis media. However, in the 1990s the incidence of

disease caused by macrolide-resistant S. pneumoniae began to increase worldwide.

The introduction of the heptavalent pneumococcal conjugate vaccines (PCV-7-containing
serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F) in pediatric populations reduced the
incidence of pneumococcal disease by direct protection and by herd protection of
unvaccinated individuals. However, “replacement” serotypes, especially serotype 19A,
emerged following the introduction of PCV-7. In 2010, the US licensed the use of PCV-
13 (containing the PCV-7 serotypes and serotypes 1, 3, 5, 6A, 7F, and 19A). Other
countries have now incorporated PCV-13 or other expanded coverage pneumococcal

conjugate vaccines.

Using an established population-based surveillance network, we investigated the impact
of the 7- and 13-valent conjugate vaccine on macrolide resistant invasive pneumococcal
disease in Atlanta, Georgia, USA. As background evidence for this study, we searched

PubMed for publication for various combinations of “pneumococcal conjugate vaccine”,

“PCV-77, “PCV-13”, “Streptococcus pneumoniae”, “macrolide resistance”, “mef(E)”,
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“erm(B)”, “serotype 19A”, “Tn2010”, “serotype replacement”, “pneumococcal carriage”,
“C(C320”, and “invasive pneumococcal disease”. We focused on studies of invasive
pneumococcal disease and pneumococcal carriage in the United States and other

countries that had implemented PCV-7 and/or PCV-13 vaccination programs.

Added value of this study

The impact over two decades of PCV-7 and PCV-13 on macrolide-resistant invasive
pneumococcal disease (MR-IPD) was assessed. The incidence and molecular basis of
MR-IPD in the over three million population of metropolitan Atlanta, a mirror of the US
population we determined. MR-IPD rapidly increased throughout the 1990s, due
primarily to isolates containing mef(E)/mel carried on the genetic element Mega, which
confers resistance through macrolide efflux. Following PCV-7 introduction in 2000, the
incidence of MR-IPD rapidly declined (2000-2003) due to decreases in isolates with
mef(E)/mel but also in isolates containing the gene for the ribosomal methylase erm(B).
The incidence of MR-IPD stabilized from 2005-2009, but macrolide-resistant
pneumococci, mostly serotype 19A CC320, with dual resistance mechanisms (mef(E)/mel
and erm(B) contained on Tn2010), emerged, while the incidence of MR-IPD in PCV-7
serotypes continued to decline. Serotype 19A MR-IPD rapidly declined following PCV-
13 introduction. However, increases in MR-IPD caused by serotypes 15A, 15B, 15C,

22F, 23A, and 35B, not currently represented in PCV formulations, were observed.

Implications of all the available evidence

Pneumococcal conjugate vaccine introductions not only reduce the burden of invasive

pneumococcal disease but have had great impact on the incidence antibiotic-resistant
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pneumococci. However, the selective pressures of continued macrolide use in populations
and conjugate vaccine introduction can lead to the emergence and clonal expansion of
new macrolide resistance genotypes. The study emphasizes the importance of continued
surveillance of S. pneumoniae and the need for programs that emphasize the judicious use

of antibiotics.
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ABSTRACT

Background. Two major genetic determinants, mef(E)/mel and erm(B), encoding genes
responsible for macrolide efflux and ribosomal methylation, respectively, confer most
macrolide resistance in Streptococcus pneumoniae. The introduction of the heptavalent
pneumococcal conjugate vaccine (PCV-7) in 2000 dramatically reduced macrolide-
resistant invasive pneumococcal disease (MR-IPD) due to serotypes (6B, 9V, 14, 19F,
and 23F) containing mef(E)/mel or erm(B). The continued impact of PCV-7 (2000-2009)

and PCV-13 (2010-2013) on was prospectively assessed.

Methods. A twenty-year prospective study of invasive pneumococcal disease performed
in Metropolitan Atlanta using population-based surveillance was the basis for this study.
Genetic determinants of macrolide resistance were evaluated by established molecular

techniques.

Findings. During the decade of PCV-7 use (2000-2009), MR-IPD decreased rapidly but
then increased. In 2003, serotype 19A CC320 isolates containing both mef(E)/mel and
erm(B) were observed and rapidly expanded in 2005-2009 peaking in 2010 (incidence
1.38 per 100,000 population), accounting for 36.1% of MR-IPD isolates and 11.7% of all
IPD. The clonal expansion of 19A CC320 was greatest in the <2, 2-4, and 65+ year old
populations. Following PCV-13 introduction, a 74.1% decrease in dual macrolide-

resistant IPD was observed (incidence 0.32 per 100,000 in 2013).

Interpretation. The selective pressures of widespread macrolide use and PCV-7
introduction on S. pneumoniae were evident in our population. Serotype 19A (CC320)

with dual macrolide resistance mechanisms emerged following PCV-7 but rapidly
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declined after PCV-13 introduction. However, other macrolide-resistant serotypes not
currently represented in current PCV formulations (15A, 15B, 15C, 22F, 23A, and 35B)
have increased. Continued surveillance of IPD and the judicious use of antibiotics need to

continue to be a focus public health strategy.

Funding. Work was supported by a VA Merit Grant and the CDC. The sponsors had no

role in study design, data collection, or development of this report.

Running Title: PCV impact on macrolide-resistant invasive pneumococcal disease

Keywords: Streptococcus pneumoniae, pneumococcus, macrolide resistance,
pneumococcal conjugate vaccines, PCV-7, PCV-13, invasive pneumococcal disease,

molecular epidemiology
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INTRODUCTION

Streptococcus pneumoniae is a commensal of the human nasopharynx and an
opportunistic pathogen. The pneumococcus causes a range of diseases ranging from
localized infections (e.g. otitis media and pneumonia) to severe invasive disease (sepsis
and meningitis) with the highest burden of pneumococcal disease occurring in children
less than five years old (1). B-lactam resistance emerged in the pneumococcus in the
1980s and 1990s, complicating the choice of treatment regimens. Macrolide antibiotics
became a major alternative to the use of penicillins and cephalosporins for the treatment
of suspected upper respiratory tract infections and community-acquired pneumonia
caused by pneumococci. However, macrolide resistance rapidly emerged in S.
pneumoniae following introduction and widespread use, especially, of new semisynthetic

macrolides (e.g. azithromycin, clarithromycin) (2-4).

Two major macrolide resistance phenotypes are observed in pneumococci. An M
phenotype and an MLSg phenotype, mediated through macrolide efflux and ribosomal
target site modification, respectively (5). The M phenotype results from the expression of
the macrolide resistance efflux pump encoded by mef(E)/mel, two co-transcribed genes of
the macrolide efflux genetic assembly (Mega), that confers moderate level resistance to
14- and 15-membered macrolides (6, 7). The MLSg phenotype is due to the presence of
the ribosomal methylase encoded by erm(B), which results in high level macrolide
resistance as well as resistance to the chemically distinct lincosamides (clindamycin) and
streptogramin B that target overlapping ribosomal sites (8). Throughout the 1990s, the
expansion of macrolide-resistant invasive pneumococcal disease (MR-IPD) in the US

was largely due to mef(E)/mel-mediated macrolide efflux (5, 9, 10). Both mef(E)/mel and
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erm(B) are contained on conjugative transposable elements or smaller remnants of such
elements. Horizontal gene transfer and clonal expansion contribute to the dissemination

of macrolide resistance determinants in pneumococci (11, 12).

In 2000, the pneumococcal conjugate vaccine (PCV-7) containing seven capsular
polysaccharides of serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F conjugated to the
CRM197 diphtheria protein was licensed for use in children under five years old in the
United States (13, 14). However, serotype replacement was observed (15-17) and in
2010, an additional six serotypes (1, 3, 5, 6A, 7F, and 19A conjugated to CRM197) were
added to the PCV-7 serotypes to create a 13-valent conjugate vaccine (PCV-13), which
replaced PCV-7 in the US (14, 18). PCV-7 and PCV-13 vaccination also decrease
pneumococcal upper respiratory carriage (19) and disease (20), “herd protection” due to

the serotypes in the vaccines.

Using a well-established population-based surveillance network and molecular
typing, we have followed MR-IPD in Atlanta for over twenty years. We documented the
initial impact of PCV-7 on the incidence of macrolide resistant S. pneumoniae using
population-based assessment (3). The aim of the current study was to investigate the
incidence and molecular basis of macrolide resistance in invasive pneumococcal disease
isolates in the Atlanta metropolitan area, during the PCV-7 era and after the introduction
of PCV-13. The emergence and decline of MR-IPD due to serotype 19A belonging to
clonal complex 320 (CC320) was defined. The clone contained dual macrolide resistance
mechanisms (both mef(E)/mel and erm(B)). The emergence of MR-IPD due to serotypes

15A, 15B, 15C, 22F, 23A, 33F, and 35B was also observed.
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MATERIALS AND METHODS

Surveillance. Invasive pneumococcal disease (IPD) has been tracked in Atlanta,
Georgia since 1994 using prospective population-based surveillance (2, 9) as part of the
Centers for Disease Control and Prevention (CDC) Active Bacterial Core Surveillance
(ABCs) of the Georgia Emerging Infections Program (3, 21, 22). For this study, S.
pneumoniae isolates from IPD were collected from all hospitals and laboratories within
the Georgia Health District-3 (HD-3), which consists of the core metropolitan Atlanta
counties (Clayton, Cobb, DeKalb, Douglas, Fulton, Gwinnett, Newton, and Rockdale)
with a 2010 population of 3,682,873. Population census data (2000 and 2010) and post
census estimates for the HD-3 population were obtained from the US Census Bureau

each year.

Bacterial Strains. Each invasive S. pneumoniae isolate collected was serotyped
and tested for antibiotic susceptibility at the CDC (7, 23). Serotyping was performed by
standard Quellung reactions (21). Antibiotic minimum inhibitory concentrations (MIC)
were determined by broth microdilution assays following Clinical and Laboratory
Standards Institute guidelines (23). Isolates with an erythromycin MICs of >1 pg/ml were
resistant, 0.5 pg/ml were intermediate-resistant, and <0.5 pg/ml were susceptible. All
non-susceptible pneumococcal isolates, both resistant and intermediate-resistant, were
then analyzed by PCR for the presence of macrolide resistance genetic determinants (3).
Of 1170 macrolide non-susceptible isolates from 2003-2013, 1131 (96.6%) were

available for the molecular determination of the macrolide resistance genotype.
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Macrolide Resistance Gene Detection. Genomic DNA was isolated from
erythromycin non-susceptible strains by either a crude lysis procedure (9) or the
InstaGene™ Matrix (BioRad). One Taq® DNA polymerase and deoxynucleotide
solution mix (New England Biolabs). PCR amplification of erm(B) of a 551 bp product
was performed using primers KG1F (5’-TTGGAACAGGTAAAGGGCATT) and
KGIR2 (5’-TTTGGCGTGTTTCATTGCTTG) (9). Detection of mef(E)/mel was
determined by the presence of a 555 or 456 bp product from primers KG8 (5°-
GTATCATGTCACTTGCTATGCC) (7) and KG10 (5’
ACACCTAGCTTGCCTACAAGTG). Whole genome sequences were available for 50 of
the MR-IPD isolates (11, 24). The multilocus sequence type (MSLT) was determined for
35 dual macrolide resistant genotype isolates from the mid- and late-PCV-7 era through
traditional methods and genomic sequence data using the pubmlst.org/spneumoniae

database (25).

Statistical Analysis. Statistical analyses were performed using Prism® 5
(GraphPad). Chi Square analyses were used to compare proportions of cases and
noncases as previously described (26). Population data was used to calculate incidence

rates, which are reported as cases per 100,000 population (3).
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RESULTS

Changes in Macrolide Resistant Invasive Pneumococcal Disease (1994-2013)

The emergence of MR-IPD cases in Georgia HD-3 between 1994 and 1999 and
the initial impact of PCV-7 introduction 2000-2002 on MR-IPD have been previously
reported (3). MR-IPD increased from 4.5 per 100,000 population in 1994 (16.3% of all
IPD isolates) to 9.3 per 100,000 in 1999 (31.6% of all IPD isolates) (Figure 1). After
PCV-7 introduction in 2000, the incidence of MR-IPD declined to 2.9 per 100,000 by
2002 (a 68.8% reduction, 22.1% of all IPD isolates) (Figure 1). From 2003-2005 to 2006-
2009, the mean incidence of MR-IPD rose significantly from 3.64 to 3.85 per 100,000
(p<0.0001, 27.9% to 30.3% of all IPD isolates, Figure 1, Table 1). After introduction of
PCV-13 in 2010, the incidence of MR-IPD decreased to 2.45 per 100,000 by 2013
(p<0.0001). Between 1999 and 2013 the MR-IPD incidence in our population decreased

73.7% (9.3 to 2.45 per 100,000).

Emergence of MR-IPD Due to erm(B) and the Dual Macrolide Resistance Genotype

In the pre-PCV-7 era (1994-1999) the increase in MR-IPD incidence was due to
the emergence of mef(E)/mel-containing isolates (Figure 1), which expanded in particular
in serotype 14 but also in serotypes 6B, 9V, 19F, and 23F (3). The incidence of MR-IPD
with erm(B)-mediated macrolide resistance fluctuated between 1.5 and 2.3 per 100,000
from 1994-1999 (Figure 1) and was found predominantly in serotypes 6B, 14, 19F, and
23F (3). The rapid decline in MR-IPD following the introduction of PCV-7 in 2000-2002
(Figure 1) was due to a reduction of disease due to mef(E)/mel- and erm(B)-containing

isolates of PCV-7 serotypes 14, 6B, 9V, 19F, and 23F (3). From 2003-2009, mef(E)/mel-
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mediated MR-IPD continued to decline, from 3.49 to 1.64 per 100,000 (p<0.0001)
(Figure 1, Table 1). However, this decline was offset by an emergence of isolates with
erm(B)-mediated resistance after 2003. The incidence of isolates containing erm(B) alone
significantly increased from the 2003-2009, from 0.22 to 0.87 per 100,000 (p=0.0002)
(Figure 1, Table 1). Also noted was the emergence of isolates with a mef(E)/mel and

erm(B) dual macrolide resistance genotype after 2003 (Figure 1, Table 1).

The dual macrolide resistance genotype was not observed prior to 2000 in our
population but steadily increased from 0.19 per 100,000 in 2003 to 1.35 per 100,000 in
2010 (p<0.0001, Figure 1, Table 1). After introduction of PCV-13 in infants and young
children in 2010, MR-IPD declined from 3.71 per 100,000 in 2009 to 2.45 per 100,000 by
2013 (p=0.0103) due to the significant reduction of MR-IPD with the dual macrolide
resistance genotype, which declined from 1.11 per 100,000 in 2009 to 0.32 per 100,000
by 2013(p<0.0001, Figure 1, Table 1). The incidence of MR-IPD with mef(E)/mel or

erm(B) alone did not change significantly from 2009 to 2013 (Figure 1, Table 1).

Age Specific Changes in Macrolide-Resistant Invasive Pneumococcal Disease (MR-

IPD)

In the <2 year old population, MR-IPD increased from 1994 to 1999 due to
disease caused by isolates containing mef(E)/mel (incidence increased from 55.6 to 134.1
per 100,000) or erm(B) (incidence increased from 12.0 to 18.3 per 100,000) (3). MR-IPD
incidence significantly declined from 2000 to 2002 following PCV-7 introduction, due to
a marked reduction of isolates with mef(E)/mel or erm(B) (incidence decreased from 17.5

and 2.7 per 100,000, respectively, by 2002) (3). From 2003-2005 to 2006-2009, the mean
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incidence of erm(B) alone or both mef(E)/mel and erm(B) increased from 0.00 and 2.48
to 2.13 and 5.72 per 100,000 in those <2 years (p=0.0077 and p=0.0106) respectively
(Table 1, Figure 2A). Following PCV-13 introduction MR-IPD rapidly declined in <2
year olds, overall a 65.7% reduction in MR-IPD incidence was observed by 2013 (2006-
2009 rate of 20.88 to 7.16 per 100,000 in 2013; p=0.0033) (Figure 2A, Table 1).
Reductions were observed in the incidence of the three macrolide resistance genotypes in
<2 year olds; MR-IPD caused by mef(E)/mel dropped 47.9% (2006-2009 mean incidence
of 11.78 to 6.14 per 100,000 in 2013) and erm(B) dropped 51.2% (2006-2009 mean
incidence of 2.09 to 1.02 per 100,000 in 2013) (Figure 2A, Table 1). After reaching an
incidence of 10.92 per 100,000 in 2010, MR-IPD caused by the dual macrolide resistance

genotype disappeared in the <2 years of age population by 2012 (Figure 2A, Table 1).

MR-IPD in the 2-4 year old population increased from 12.8 to 17.4 per 100,000
between 1994 and 1999, but after PCV-7 introduction declines by 2002 to 2.8 per
100,000 (3). From 2005 to 2009, the incidence of MR-IPD in this age group increased
from 3.70 to 8.22 per 100,000. Following PCV-13 introduction, 2-4 year olds
experienced a 68.5% reduction in MR-IPD cases (2006-2009 mean incidence of 6.45 to
2.03 per 100,000 in 2013, p=0.0254) (Figure 2B, Table 1). The mef(E)/mel genotype fell
43.6% (2007-2009 mean incidence of 3.60 to 2.03 per 100,000 in 2013) (Figure 2B,
Table 1). After reaching peak rates of 1.55 per 100,000 for erm(B) in 2008 and 4.95 per
100,000 for the dual resistance genotype in 2010, neither genotype was observed in 2-4

year olds by 2013 (Figure 2B, Table 1).

In the >65 year old population, MR-IPD caused by isolates containing mef(E)/mel

increased from 1994 to 1999 to an incidence of 18.3 per 100,000 (3). From 2000-2002,
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following PCV-7 introduction, the incidence of mef(E)/mel-containing isolates decreased
to 4.5 per 100,000 (3). From 2003-2009, MR-IPD incidence caused by isolates containing
erm(B) increased from 1.02 to 3.31 per 100,000 and the dual macrolide resistance
genotype increased significantly from 0.00 to 3.68 per 100,000 (p=0.0024), while the
incidence of isolates containing mef(E)/mel declined from 13.76 to 6.26 per 100,000
(Table 1, Figure 2C). After the introduction of PCV-13, MR-IPD in the >65 year old
population decreased 51.4% (2006-2009 mean incidence of 12.23 to 5.94 per 100,000 in
2013, p=0.0013) (Figure 2C, Table 1). The reduction after 2010 in MR-IPD cases was
due to decreases in all resistance genotypes: 40.8% reduction of mef(E)/mel (2006-2009
mean incidence of 7.52 to 4.45 per 100,000 in 2013, p=0.0486), 49.1% reduction of
erm(B) (2006-2009 mean incidence of 2.34 to 1.19 per 100,000 in 2013, p=0.0546), and
85.3% reduction of the dual resistance genotype (2006-2009 mean incidence of 2.04 to
0.30 per 100,000 in 2013, p=0.0169) (Figure 2C, Table 1). MR-IPD in other, lower risk
age-groups (4-17, 18-39, and 40-64 year old populations) did not change significantly

from 2006-2009 to 2013 (Table 1).

Macrolide Resistant Serotypes

PCV-7 or PCV-13 serotypes. MR-IPD caused by serotypes in PCV-7, and PCV-
13 (4, 6B, 9V, 14, 18C, 19F, and 23F), continued to decline from 2003-2009 from 1.43 to
0.09 per 100,000 (p<0.0001) and, remarkably, by 2013 no cases of MR-IPD caused by
PCV-7 serotypes were detected (Figure 3, Table S1). Of the additional six capsular
serotypes contained in PCV-13 (1, 3, 5, 6A, 7F, and 19A), serotypes 1 and 5 did not
cause MR-IPD and serotype 7F only caused 3 cases of MR-IPD in our population 2003-

2013 (Figure 3, Table S1). MR-IPD caused by serotype 3 remained stable from 2003-
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2013 at a mean incidence of 0.07 per 100,000 (Table S1). However, incidence of MR-
IPD caused by serotype 19A significantly increased from 0.93 per 100,000 in 2003 to
2.15 per 100,000 in 2009 (p=0.0001) but, following PCV-13 introduction in 2010,
sharply declined to 0.43 per 100,000 by 2013 (p<0.0001, Figure 3, Table S1).
Interestingly, MR-IPD caused by serotype 6A declined from 0.57 per 100,000 in 2003 to
0.06 per 100,000 in 2009 (p=0.0003) and no cases occurred from 2010-2013 (Figure 3,

Table S1).

Non-PCV-7 or PCV-13 serotypes. The incidence of MR-IPD cases due to
serotype 33F remained stable with a mean incidence of 0.41 per 100,000 from 2003-
2013, causing 9-15% of MR-IPD (Figure 3, Table S1). MR-IPD caused by three other
serotypes significantly increased from 2003-2013: serotype 15A (p=0.0033), 22F
(p=0.0230), and 23A (p=0.0379) (Figure 3, Table S1). From 2006-2009 to 2013,
significant increases in MR-1PD caused by 15B (p=0.0367), 15C (p=0.0047), and 35B

(p<0.0001) were also observed (Figure 3, Table S1).

Dual macrolide resistance serotypes. The dual macrolide resistance genotype
(mef(E)/mel + erm(B)) was first identified in the Atlanta surveillance area in 2000 in
three serotype 19F isolates (ST236, ST271, and ST3039), all belonging to the multi-locus
sequence type clonal complex CC320 (11). In 2003, the first MR-IPD serotype 19A,
ST320 isolate with the dual macrolide resistance genotype was identified (Figure 4). MR-
IPD due to isolates with the dual resistance genotype significantly increased from the
2003-2009 (p<0.0001, Figure 1 and 4, Table 1). Dual macrolide resistant isolates from
2003-2005 belonged to CC320 (three 19F included ST271 and two ST3039, while 19A

isolates were all ST320). All dual macrolide resistance isolates from 2007-2009 were also
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found to belong to CC320, two 19F isolates (sequence types ST236 and ST3039), 23
19A, ST320 isolates and one 19A, ST1339 isolate. These isolates contain the newly
recognized mobile genetic element Tn2010 (12). The dual macrolide resistance genotype
was also found in serotypes 3, 6C, 11A, 15A, 22F, 23A, 33F, 35B, and nontypeable S.
pneumoniae (Figure 4). Following PCV-13 introduction in 2010, the number of isolates

with the dual macrolide resistance genotype steadily declined (Figures 1 and 4).

Changes in Serotypes Causing Invasive Pneumococcal Disease (1994-2013)

As previously reported, IPD incidence in the Atlanta population ranged from 27.6
to 31.6 per 100,000 between 1994 and 1999 and dramatically decreased following PCV-7
introduction in 2000 to a rate of 13.0 per 100,000 by 2002, a 55.8% reduction from 1999
(Figure 5A) (3). IPD due to PCV-7 capsular serotypes fell dramatically (Figure 6). PCV-
7 serotypes caused 18.1-22.0 cases per 100,000 from 1994-1999 but only 5.1 cases per
100,000 in 2002 (Figure 5A) (3). PCV-T7 serotypes caused 62-70% of IPD from 1994-

1999 but only 39% of IPD in 2002 (Figure 5B) (3).

From 2002 to 2009, IPD ranged between 11.0 and 14.1 cases per 100,000 (Figure
5A), but the proportion of disease caused by PCV-7 serotypes continued to decrease,
2.5% of IPD cases by 2009 (Figure 5B). After the introduction of PCV-13 in 2010, the
incidence of IPD caused by PCV-7 serotypes declined to 0.1 per 100,000 by 2013. This
represented a 99.5% reduction of cases (from 20.4 per 100,000 in 1999) caused by PCV-

7 serotypes.

From 1994-2000, IPD caused by serotypes 1, 3, 5, 6A, 7F, and 19A, the six

serotypes added to PCV-13 ranged between 3.2 and 5.6 per 100,000 (Figure 5A)
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representing less than 15% of IPD cases (Figure 5B). Following PCV-7 introduction in
2000, IPD caused by these six serotypes ranged between 3.2 per 100,000 in 2000 and 5.9
per 100,000 in 2006, and remained between 4.7 and 6.2 per 100,000 from 2006-2009
(Figure 5A). IPD caused by serotypes 1, 3, 5, 6A, 7F, and 19A increased from 14.5% in
2000 to 48.9% in 2009 (Figure 5B). The incidence was due to both expansion of
serotypes 7F and 19A, which increased dramatically from 1999 incidence of 0.2 and 0.9
per 100,000, respectively, to 2.1 and 3.0 per 100,000 in 2009 (Figure 7), and decreases in
serotype 6A (see below). Interestingly, IPD caused by serotype 1 increased from 1994-
1996, but then decreased from 1997-2004 and only occasionally caused disease
afterwards (Figure 7). Serotype 5 rarely caused IPD in our population. IPD cases caused
by serotype 6A decreased following the introduction of PCV-7 (Figure 7). IPD caused by
serotype 3 was relatively consistent throughout the twenty-year study period (Figure 7).
Though serotype 6A decreased serotype 6C, first observed in our population in 1999,
emerged through 2010 (Figure 8). In 2010, of the six serotypes 1, 3 5, 6A, 7F, and 19A,

only serotypes 3, 7F, and 19A caused IPD (Figure 7).

Following PCV-13 introduction, a 25.8% reduction of overall IPD from 12.0 per
100,000 in 2009 to 8.9 per 100,000 in 2013 was observed (Figure 5A). IPD caused by the
six additional serotypes in PCV-13 decreased 74.8% from 5.9 per 100,000 in 2009 to 1.5
per 100,000 in 2013 (Figure 5A). The decline was due to reductions of IPD caused by
serotypes 7F and 19A (Figure 7). Though not represented in PCV-13, IPD caused by
serotype 6C also declined from 2010 through 2013, suggesting cross-reactivity with the

serotypes 6A and 6B conjugates present in PCV-13 (Figure 8).
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IPD caused by non-PCV-13 serotypes (non-vaccine serotypes) was 3.8-3.7 per
100,000 from 1994-1999 representing approximately 15% of IDP cases (Figure 5). After
PCV-7 was introduced in 2000, non-vaccine IPD increased from 3.5 per 100,000 in 2000
to 7.1 cases per 100,000 in 2007 and remained between 5.8 and 7.3 per 100,000 from
2007-2013 (Figure 5A). Following the 2000 and 2010 introductions of PCV-7 and PCV-
13, respectively, the proportion of IPD caused non-vaccine serotypes continued to
increase from 15% before vaccination to 81.5% of IPD in 2013 (Figure 5B). The most
prevalent non-vaccine serotypes causing IPD include serotype 12F, 15A, 22F, 23A, 33F,
and 35B (Figure 9). Incidence of IPD caused by serotypes 12F and 22F fluctuated
throughout the study period but remained between 0.2 and 1.4 per 100,000 (Figure 9).
Following the PCV-7 introduction in 2000, IPD caused by serotypes 15A, 23A, 33F, and

35B emerged (Figure 9).

DISCUSSION

Pneumococcal conjugate vaccines (PCVs) have now been introduced into
populations worldwide, and each time major reductions in the burden of pneumococcal
disease have followed the introductions (14). PCVs provide individual protection and
reduce transmission and asymptomatic nasopharyngeal carriage of the serotypes
contained in PCVs (e.g. herd protection) (27, 28). PCVs also have reduced the incidence
of antibiotic-resistant S. pneumoniae by decreasing the serotypes that often carry
multiple, antibiotic resistant determinants (14). In a previous study, we found MR-IPD

incidence decreased dramatically in the Atlanta population after the introduction of PCV-
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7 in 2000, primarily due to the reduction of PCV-7 serotypes containing the mef(E)/mel
efflux macrolide resistance determinants (3). A modest reduction of erm(B)-mediated
resistance in pneumococci was also observed following PCV-7 introduction (3). The
reductions of IPD and MR-IPD observed in metropolitan Atlanta, GA reflected those

observed throughout the rest of the US (29).

However, as we report here, the incidence of MR-IPD stabilized in Atlanta from
2003-2005 and then increased to 2006-2009. The changes in incidence from 2003-2009
in IPD and MR-IPD were due to a continued decline in PCV-7 serotypes and “serotype
replacement” by non-PCV-7 serotypes, especially 7F and 19A (Figures 3, 5, and 7).
Specifically, a continued decrease in MR-IPD due to mef(E)/mel-containing isolates was
observed 2003-2009 with PCV-7 use, but the MR-IPD increase was due to the re-
emergence of erm(B)-only isolates and the rapid emergence of serotype 19A isolates
containing both determinants (Figure 1). Introduction of PCV-13 in 2010 in the pediatric
population decreased the incidence of MR-IPD caused by dual resistance (mef(E)/mel and
erm(B)) isolates through the suppression of serotype 19A CC320. The greatest reductions
in MR-IPD after PCV-13 were observed in the <2 (74%) and 2-4 year age groups (66%),
and in unvaccinated >65 year old populations (51.4%). As of March 2012, only 56% of
US children under five years old had been vaccinated with PCV-13, so the rapid decline
in all age-groups may be attributed to both individual and herd protection (30). The data

are consistent with overall IPD reductions seen throughout the US (20).

Older adults, >65 years of age, are at high risk of pneumococcal disease. Until
recently, only the 23-valent pneumococcal polysaccharide vaccine (PPV23) was

recommended for those >65 year old. PPV23 provides some protection against IPD but
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does not impact pneumococcal carriage or transmission (14, 28). In August 2014, the US
Advisory Committee on Immunization Practices (ACIP) recommended PCV-13 for
routine use in the 65+ year old population (31, 32). This introduction should further

reduce the incidence of IPD and MR-IPD in the >65 year old population.

The routine use of PCV-7 in children reduced cases of MR-IPD caused by PCV-7
serotypes but serotype replacement was observed (3, 15, 28, 33). In addition to 19A, the
incidence MR-IPD caused by serotypes 15A, 22F, and 23A increased following PCV-7
introduction (Figures 3). These serotype replacement events were driven by the selective
pressures of PCV-7 and continued high-level macrolide usage (4, 34). The introduction of
PCV-13 was followed by decreased incidence of disease due to reduction in the
additional serotypes of PCV-13, specifically 19A (20). MR-IPD due to serotypes 15B,
15C, and 35B increased after the introduction of PCV-13. Interestingly, MR-IPD caused
by serotype 6A declined throughout the PCV-7 era despite a lack of coverage by PCV-7.
Protection against serotype 6A by PCV-7 likely occurred through immunological cross-
reaction with vaccine-induced antibodies to serotype 6B, which was included in PCV-
7(35). The incidence of 6A was clarified by the discovery of serotype 6C, which was
previously classified as serotype 6A (35). Continued monitoring of IPD and MR-IPD

serotypes is important for future pneumococcal conjugate vaccine formulations (14).

S. pneumoniae containing both of the macrolide resistance determinants,
mef(E)/mel and erm(B), were first noted in the late-1990s from the US and Japan (36-38).
MR-IPD caused by dual macrolide-resistant serotype 19A S. pneumoniae belonging to
CC320 (formerly CC271) (11, 12, 39) increased steadily from 2006-2010 in the Atlanta

population and worldwide (10, 12, 17, 39). Dual macrolide-resistant isolates were found
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to contain the mobile genetic element Tn2010 (11) (Figure 4). Tn2010 is a large 26.4-Kb
element with Mega (mef(E)/mel) and Tn917 (erm(B)) inserted at two distinct sites into a
Tn916-like conjugative transposon (12). Tn2010 likely arose from a recombination event
between Tn2009 [a Mega (mef(E)/mel)-containing Tn916-like transposon] and Tn6002 [a
Tn917 (erm(B))-containing Tn916-like transposon] (11, 12). Introduction of PCV-13 in
the US in 2010 was followed by a rapid decline in the incidence of IPD cases caused by
the dual macrolide-resistant S. pneumoniae. By 2013, no invasive disease caused by dual
macrolide resistant genotype isolates was detected in individuals under 18 years old in

Atlanta.

The global use of macrolides is a selective pressure for the development and
expansion of macrolide resistance in S. pneumoniae (4, 34). While PCVs have reduced
the burden of MR-IPD (3, 10), macrolide resistance among the pneumococcus has
continued to increase worldwide. In Atlanta less than 27.5% of IPD isolates from 2013
were macrolide resistant while in China over 90% of S. pneumoniae isolated are

macrolide resistant (40, 41).

In summary, serotype 19A CC320 with dual macrolide resistant mechanisms
emerged following PCV-7 introduction as a serotype replacement macrolide antibiotic
resistant clone. The incidence of MR-IPD, due largely to the impact on serotype 19A,
decreased dramatically among <2 year olds as well as in 2-4 year olds and 65+ year olds
following the introduction of PCV-13 in 2010. PCVs can significantly reduce the
incidence of antibiotic resistance in S. pneumoniae. Expanded pneumococcal conjugate
vaccines continue to reduce the burden of IPD and are important tools in combating

antibiotic resistance. Moreover, this study emphasizes the impact of ongoing surveillance
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of S. pneumoniae and the need for programs that emphasize the judicious use of

antibiotics.
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Table 1. Incidence of MR-IPD 2003-2013 in Atlanta, GA, by age-group, macrolide

resistance, and macrolide resistance genotype. Incidence reported as cases per 100,000

population.

Incidence

All Ages

Overall IPD
Macrolide Resistance
mef(E)/mel

erm(B)

Dual Resistance

<2 years old
Macrolide Resistance
mef(E)/mel

erm(B)

Dual Resistance

2-4 years old
Macrolide Resistance
mef(E)/mel

erm(B)

Dual Resistance

5-17 years old
Macrolide Resistance
mef(E)/mel

erm(B)

Dual Resistance
18-39 years old
Macrolide Resistance
mef(E)/mel

erm(B)

Dual Resistance
40-64 years old
Macrolide Resistance
mef(E)/mel

erm(B)

Dual Resistance

>65 years old
Macrolide Resistance
mef(E)/mel

erm(B)

Dual Resistance

2003

14.02
4.09
3.49
0.22
0.19

23.82
20.42
0.00
2.27

7.89
7.89
0.00
0.00

0.36
0.18
0.18
0.00

1.73
1.62
0.11
0.00

417
3.10
0.24
0.36

14.77
13.76
1.02
0.00

2004

12.29
3.36
2.72
0.34
0.08

1474
11.06
0.00
2.46

4.73
3.94
0.00
0.00

0.36
0.36
0.00
0.00

1.06
0.82
0.23
0.00

4.34
3.47
0.43
0.00

11.72
9.96
1.76
0.00

2005

12.89
3.48
2.67
0.35
0.39

16.21
13,51
0.00
2.70

3.70
1.48
0.74
1.48

0.39
0.39
0.00
0.00

1.45
1.32
0.00
0.00

4.54
3.50
0.70
0.35

10.05
7.18
0.96
1.44

2006

13.50
4.34
2.59
0.52
1.12

18.79
12.16
111
5.53

4.84
3.45
0.69
0.69

0.61
0.20
0.00
0.20

2.29
1.72
0.11
0.46

5.08
2.13
1.02
1.83

13.32
10.36
0.99
1.48

2007

13.23
3.46
1.83
0.75
0.68

18.88
10.49
2.10
4.19

6.53
4.35
0.73
1.45

0.48
0.32
0.16
0.00

1.61
0.80
0.57
0.23

3.63
1.71
0.81
0.81

9.75
5.32
2.22
1.77

2008

12.02
3.88
2.22
0.91
0.65

25.48
13.80
3.19
7.43

6.19
1.55
1.55
3.09

0.60
0.45
0.00
0.15

1.00
0.78
0.11
0.00

4.13
2.16
1.41
0.47

12.23
8.15
2.85
1.22

2009

11.99
3.71
1.64
0.87
1.11

20.36
10.67
1.94
7.76

8.22
5.06
1.27
1.27

0.48
0.16
0.32
0.00

1.80
0.54
0.45
0.81

2.80
1.12
0.84
0.75

13.63
6.26
3.31
3.68

2010

1151
3.82
1.60
0.74
1.35

18.57
6.55
1.09

10.92

7.77
2.12
0.71
4.95

0.67
0.17
0.00
0.50

0.85
0.53
0.21
0.00

3.85
1.19
1.19
1.19

15.33
8.82
2.68
3.83

2011

9.46
2.62
1.46
0.34
0.79

16.80
8.96
2.24
4.48

2.08
0.69
0.69
0.69

0.00
0.00
0.00
0.00

1.20
0.65
0.09
0.46

3.30
1.74
0.55
0.92

7.31
4.52
0.35
2.09

2012

8.03
2.72
1.61
0.54
0.57

5.28
5.28
0.00
0.00

2.78
1.39
0.00
1.39

0.48
0.48
0.00
0.00

0.73
0.27
0.09
0.36

4.03
2.57
0.83
0.64

8.74
4.21
2.59
1.94

2013

8.90
2.45
1.50
0.63
0.32

7.16
6.14
1.02
0.00

2.03
2.03
0.00
0.00

0.31
0.15
0.15
0.00

0.98
0.45
0.45
0.09

3.70
1.98
0.95
0.77

5.94
4.45
1.19
0.30
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FIGURE LEGENDS

Figure 1. The incidence (2003-2013) of macrolide-resistant invasive pneumococcal
disease (MR-IPD) (black line) as cases per 100,000 population and incidence by
macrolide resistance genotype: mef(E)/mel (white squares), erm(B) (white diamond), or

the dual macrolide resistance genotype (mef(E)/mel and erm(B) (white triangles).

Figure 2. The incidence (2003-2013) of MR-IPD cases in individuals (A) <2 years, (B)
2-4 years, (C) >65 years. Incidence is shown as cases per 100,000 population with white
bars for mef(E)/mel incidence, vertical striped bars for erm(B) incidence, and black bars

for the dual macrolide resistance genotype (mef(E)/mel and erm(B)) incidence.

Figure 3. The S. pneumoniae serotype distribution of MR-IPD in (A) 2002 (two years
after PCV-7 introduction), (B) 2003-2005, (C) 2006-2009, and (D) 2013 (three years
after PCV-13 introduction). Size of pie charts are scaled to represent cases per year:
Figure 3A (74%), 3B (100%), 3C (120%), 3D (86%). “Other” pneumococcal serotypes
are non-vaccine serotypes that did not change over the study period. Serotypes contained

in PCV-13 are underlined.

Figure 4. S. pneumoniae MR-IPD isolates with dual resistance genes (mef(E)/mel and
erm(B)) were first observed in the surveillance area in 2000: 19F (black bars), 19A
(white bars). Other serotypes (striped bars) with the dual macrolide resistance genotype
first observed in 2006 (11A), 2008 (23A), 2009 (15A, 33F, and two nontypeable strains),

2010 (two 22F and one nontypeable), 2012 (6C and 35B), and 2013 (serotype 3).
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Figure 5. The incidence (1994-2013) of invasive pneumococcal disease as cases per
100,000 population by capsular serotypes: serotypes contained in PCV-7 (black bars),
additional six serotypes contained in PCV-13 not represented in PCV-7 (left strip bars),

and non-vaccine serotypes (white bars).

Figure 6. The incidence (1994-2013) of invasive pneumococcal disease caused by PCV-
7 serotypes as cases per 100,000 population. Incidence for each of the seven serotypes is
presented: serotype 4 (black bars), 6B (left strip bars), 9V (black dots on white bars), 14

(horizontal strip bars), 18C (gray bars), 19F (right strip bars), and 23F (white bars).

Figure 7. The incidence (1994-2013) of invasive pneumococcal disease caused by the six
PCV-13 serotypes not represented in PCV-7 as cases per 100,000 population. Incidence
for each serotypes is presented: serotype 1 (black bars), 3 (left strip bars), 5 (black dots

on white bars), 6A (horizontal strip bars), 7F (gray bars), and 19A (white bars).

Figure 8. Incidence of serogroup 6 IPD by serotype from 1994-2013. Incidence for 6B a
PCV-7 serotype (black bars), 6A a PCV-13 serotype (left strip bars), and 6C a non-

vaccine serotype (white bars) are presented.

Figure 9. The incidence (1994-2013) of invasive pneumococcal disease caused by non-
vaccine serotypes as cases per 100,000 population. Incidence for each of the most
prevalent serotypes in the Atlanta surveillance area is presented: serotype 12F (black
bars), 15A (left strip bars), 22F (black dots on white bars), 23A (horizontal strip bars),
33F (gray bars), and 35B (right strip bars). “Other” serotypes are non-vaccine serotypes
that caused less than 0.1 cases per 100,000 population and did not change dramatically

during the course of the study (white bars).
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Figure 2
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Figure 3
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Figure 4
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.
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Table S1. Incidence of MR-IPD 2003-2013 in Atlanta, GA, by serotype. Incidence

reported as cases per 100,000 population.

Incidence 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Overall IPD 1402 1229 1289 1350 1323 1202 1199 1151 946 803 8.90

MR-IPD 409 336 348 434 346 388 371 382 268 272 245
PCV-7
Serotypes 143 079 060 036 010 013 0.09 019 015 0.03 0.00

4 011 0.08 0.00 000 000 000 000 000 0.03 0.00 0.00
14 057 011 014 013 000 003 000 006 0.03 0.00 0.00
18C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19F 0.14 0.04 0.18 0.16 0.03 0.00 0.06 0.03 0.00 0.03 0.00
23F 0.25 0.15 0.14 0.03 0.00 0.00 0.03 0.03 0.00 0.00 0.00
6B 0.22 0.19 0.14 0.03 0.00 0.06 0.00 0.00 0.00 0.00 0.00
9v 014 023 000 000 007 003 000 006 0.09 0.00 0.00
PCV-13
Serotypes 1.61 1.73 1.88 251 1.83 1.92 2.30 1.88 1.08 0.77 0.51
1 000 000 000 000 000 000 000 000 0.00 0.00 0.00
3 011 008 004 013 003 000 009 016 000 0.15 0.09
5 000 000 000 000 000 000 000 000 0.00 0.00 0.00
19A 093 143 156 212 166 180 215 1.72 1.08 059 043
6A 057 023 028 023 010 013 0.06 000 0.00 0.00 0.00
7F 0.00 0.00 0.00 003 003 000 000 000 0.00 0.03 0.00
Non-vaccine
Serotypes 1.04 0.83 0.99 1.47 1.53 1.83 1.32 1.75 1.39 192 1.93
12F 0.00 0415 0.04 000 0.00 0.00 0.00 0.00 006 0.00 0.00
15A 004 004 011 026 051 042 036 028 033 035 037
158 000 000 0.07 003 007 003 000 000 006 006 011
15B/C 000 000 000 000 000 0.00 0.03 019 003 0.00 0.00
15C 000 000 000 003 000 003 0.00 0.00 000 0.09 011
22F 000 000 000 007 000 013 009 013 003 015 0.17
23A 0.00 0.00 0.00 0.00 0.14 0.26 0.06 0.09 006 015 0.14
33F 0.68 0.34 0.60 0.55 0.41 0.45 0.33 0.19 0.27 044 0.23
35B 0.04 0.04 0.04 0.13 0.07 0.10 0.09 0.28 018 032 043
11A 0.07 0.08 0.00 0.10 0.03 0.10 0.03 0.19 009 012 0.17
6C 0.11 0.11 0.11 0.20 0.24 0.19 0.18 0.28 0.24 021 0.09
others 011 008 0.04 010 0.07 013 015 013 0.03 003 0.11
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INTRODUCTION

Macrolide resistance in Streptococcus pneumoniae emerged in the U.S. and globally
during the early 1990's. The RNA methylase encoded by erm(B) and the macrolide
efflux genes mef(E) and mel were identified as the resistance determining factors.
These genes are disseminated in the pneumococcus on mobile, often chimeric elements
consisting of multiple smaller elements. To better understand the variety of elements
encoding macrolide resistance and how they have evolved in the pre- and post-conjugate
vaccine eras, the genomes of 121 invasive and ten carriage isolates from Atlanta
from 1994 to 2011 were analyzed for mobile elements involved in the dissemination
of macrolide resistance. The isolates were selected to provide broad coverage of the
genetic variability of antibiotic resistant pneumococci and included 100 invasive isolates
resistant to macrolides. Tn9176-like elements carrying mef(E) and mel on the Macrolide
Genetic Assembly (Mega) and erm(B) on the erm(B) element and Tn977 were integrated
into the pneumococcal chromosome backbone and into larger Tn5253-like composite
elements. The results reported here include identification of novel insertion sites for Mega
and characterization of the insertion sites of Tn976-like elements in the pneumococcal
chromosome and in larger composite elements. The data indicate that integration of
elements by conjugation was infrequent compared to recombination. Thus, it appears
that conjugative mobile elements allow the pneumococcus to acquire DNA from distantly
related bacteria, but once integrated into a pneumococcal genome, transformation and
recombination is the primary mechanism for transmission of novel DNA throughout the
pneumococcal population.

Keywords: mobile genetic el p il ive and

RNA methylase gene erm(B). The mef(E)/mel operon confers

Streptococcus pneumoniae, the pneumococcus, remains a signif-
icant risk to human health. Treatment of pneumococcal dis-
ease has been hindered by emergence of resistance to the key
antibiotics (Klugman and Lonks, 2005). Macrolide resistance
in pneumococci emerged throughout the 1990’s, a process that
has been documented in the Atlanta, Georgia, USA metropoli-
tan area by an ongoing prospective-based surveillance of inva-
sive pneumococcal disease by the Georgia Emerging Infections
Program (Farley et al., 2002). A high incidence of efflux-mediated
macrolide resistance was observed in serotypes prior to the intro-
duction of the Seven-valent Pneumococcal Conjugate Vaccine
(PCV7) in the Atlanta area in late 2000 (Gay et al., 2000; Stephens
et al., 2005). PCV7 targets capsular polysaccharides of seven
serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F (Stephens et al., 2005).
Expansion of these serotypes prior to PCV7 was a major driver of
increased macrolide resistance in Atlanta (Stephens et al., 2005).
Most macrolide resistance in S. pneumoniae is conferred
by the efflux genes mef(E) and mel or the target-modifying

the M-phenotype, that is, resistance to 14- and 15-membered
macrolides but not lincosamides or streptogramin B (Leclercq
and Courvalin, 1991). Erm(B) confers resistance to macrolides,
lincosamides and streptogramin B (MLSg antibiotics) which is
the MLSg-phenotype (Syrogiannopoulos et al., 2003). The dis-
semination of macrolide resistance genes in pneumococci has
been aided by mobile genetic elements (MGE). The mef (E) and
mel genes are located on the Macrolide Genetic Assembly, Mega
(Gay and Stephens, 2001). Mega can be 5.5 kb (Mega-1) or 5.4 kb
(Mega-2) based on the size of the mef (E)/mel intergenic region.
Expression of the mef (E)/mel operon is controlled by transcrip-
tional attenuation and is inducible by 15- and 16-membered
macrolides (Ambrose et al., 2005; Wierzbowski et al., 2005).
Immediately downstream and convergent to the mef(E)/mel
operon are four co-transcribed open reading frames, orfs 3-6.
This operon has organization and sequence similarity to a SOS-
responsive operon on the pneumococcal conjugative transposons
Tn5252 and Tn5253 (Munoz-Najar and Vijayakumar, 1999; Gay
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and Stephens, 2001). Tn5253, which is Tn5252 with a Tn916-like
insertion, is the prototype for a series of Tn5253-like integrative
and conjugative element (ICE). It is one of two ICE demon-
strated to carry macrolide resistance determinants in pneumo-
cocci (Ayoubi et al., 1991; Croucher et al., 2014; Mingoia et al.,
2014). The other ICE commonly associated with macrolide resis-
tance is ICESp23FST81 (Croucher et al., 2009).

The Mega element has integrated into at least four loci in the
pneumococcal chromosome. Mega insertion classes I-IV were
originally identified in US isolates (Gay and Stephens, 2001) and
were also observed in Europe (Del Grosso et al., 2006). The class
I Mega insertion site is in a homolog of the S. pneumoniae TIGR4
gene SP_1598 encoding a phosphomethylpyrimidine kinase pre-
dicted to be involved in thiamine biosynthesis (Gay and Stephens,
2001). Class IT insertions are in a DNA-methyladenine glycosidase
(SP_0180) and class IIT are in capA (SP_0103) located in the cap-
sule biosynthesis locus. Class IV is in the RNA-methyltransferase
rumA (SP_1029) located at the left flank of the pneumococcal
pathogenicity island (PPI-1) (Brown et al., 2001).

In addition to the locations in the pneumococcal chromo-
some backbone, Mega has integrated into orf6 of Tn9l6, a
18.0 kb conjugative transposon associated with tetracycline resis-
tance due to the presence of tet(M) (Roberts and Mullany,
2011). Tn916 has been enlisted to disseminate macrolide resis-
tance in many forms. The Tn916-like element carrying Mega
inserted into orf6 is Tn2009 (Del Grosso et al., 2004). A Tn916-
like element with a 2.8kb fragment carrying erm(B), named
“erm(B) element,” inserted into Tn916 orf20 is Tn6002 (Cochetti
et al., 2007) (Figure1). A Tn916-like element harboring both
orf6:Mega and orf20::erm(B) is Tn2010 (Del Grosso et al., 2007)
(Figure 1). The fact that the two smaller cassettes are inserted
into the same locations in the different Tn916-like elements
suggests either a very specific target sequence leading to mul-
tiple identical insertions, or that Tn2010 is linked to Tn2009

and Tn6002 through recombination of macrolide resistance-
conferring MGE. The same is true for Tn2009, Tn3872, and
Tn2017. Tn3872 and Tn2017 are Tn916-like elements with orf9
disrupted by Tn917, a 5.3 kb transposon-related element carry-
ing erm(B) (McDougal et al., 1998). Tn2017 is nearly identi-
cal to Tn3872, but also contains Mega integrated into Tn916
orf6 (Del Grosso et al., 2009). The apparent interchangeability
of the smaller macrolide resistance elements raises a question
regarding the relative roles of conjugation and recombination
in the dissemination of macrolide resistance and the evolution
in the pneumococcus. S. pneumoniae is a naturally competent
bacterium and is extremely proficient at acquiring and incor-
porating exogenous DNA into its genome (Berge et al., 2002;
Claverys et al., 2006; Prudhomme et al., 2006). On the other hand,
macrolide resistance-encoding Tn916-like elements appear to be
incapable of pneumococcus-to-pneumococcus conjugation (Del
Grosso et al., 2004; Zhou et al., 2014). Tn2009 and Tn2010 are
non-conjugative while Tn6002 is conjugative but at very low fre-
quencies (Del Grosso et al., 2004, 2007; Cochetti et al., 2007).
Conjugative transfer of Mega from S. salivarius, however, has been
observed, but only from a host strain with a co-resident con-
jugative transposon (Santagati et al., 2009). How important is
DNA acquisition by conjugation in the pneumococcus, which is
so proficient at transformation and recombination?

In the present study we utilized comparative genomics to iden-
tify the mobile elements involved in dissemination of macrolide
resistance in a geographically defined population. We sequenced
the genomes of 147 pneumococcal isolates, including 131 inva-
sive and carriage isolates collected in Atlanta, Georgia over an
18 year period spanning the pre- and post-conjugative vaccine
era (McDougal et al., 1998; Cochetti et al., 2008). The goal of
this study was to make a broad survey of the genomic diversity
in the pneumococcal clones circulating in the Atlanta metropoli-
tan area in pre- and post-PCV7 eras, and to document the MGE

MEGA Tn917
(5.5 Kkb) (5.3 kb)
mef(E) mel erm

14 13

Tn916 (18.0 kb) h-‘m * tet(M) ;ﬂ# xis int

erm(B) element
(2.8 kb)

erm(B)

Tn3872 (23.3 kb) H*H—“*:NWZH*«H

Tn2009 (23.5 kb) hﬂm‘h:QlM'*«H
Tn6002 (20.8 kb) h“@*m*‘:ﬁﬂ*ﬁﬂ

Tn2010 (26.3 kb) hmm#‘ﬁ%‘**“

FIGURE 1| i i i iated with
mobile elements in pneumococci. Conjugative transposon Tn976
and Tn976-like mosaic elements carrying Mega (blue), and erm(B)

on the erm(B) element and Tn977 (purple). The yellow arrows
indicate tet(M) encoding tetracycline resistance. Black arrows indicate
insertion sites.
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that promoted the dissemination of macrolide resistance genes.
By analyzing the genetic organization and the integration sites
of the elements in relation to the clonal lineage and serotype of
the isolates that harbor them, we hoped to gain a better under-
standing of the relative roles of conjugation and transformation
in the evolution and dissemination of macrolide resistance in
S. pneumoniae.

MATERIALS AND METHODS

BACTERIAL STRAINS

Atlanta invasive S. pneumoniae isolates were obtained from the
Georgia Emerging Infections Program and were isolated from
patients in Atlanta, Georgia as part of an ongoing, prospec-
tive, population-based surveillance study (Farley et al., 2002).
Macrolide resistant isolates were assayed for the presence of
macrolide resistance genes mef(E), mel and erm(B) by PCR as
previously described (Stephens et al., 2005). One hundred and
twenty one isolates recovered from patients between 1994 and
2011 were non-randomly selected for whole genome sequenc-
ing (Table S1). Selection criteria included capsule serotype,
antibiotic resistance, macrolide resistance genes, and date of
isolation. In addition to macrolide resistance, clindamycin, tetra-
cycline, and chloramphenicol were considered indicators of
mobile elements. Sequence type was also considered if available
(see below). Thirteen invasive pneumococcal isolates from U.S.
states other than Georgia were provided by the Antimicrobial
Bacterial Core Surveillance Program and the Centers for Disease
Control and Prevention (CDC) (McCormick et al, 2003).
These included four isolates from Maryland, two each from
Connecticut, Oregon, and Minnesota, and one each from
California, New York, and Tennessee. Three invasive isolates,
two from Europe and one from the North Carolina, were pro-
vided by the Pneumococcal Molecular Epidemiology Network
(PMEN) (McGee et al,, 2001). Finally, the study was supple-
mented with 10 carriage isolates collected from the Atlanta
population; five each isolated pre-PCV7 (1995) and post-PCV7
(2009) (Sharma et al., 2013). Carriage isolates were collected
from nasopharyngeal swabs of healthy children between the
ages of 5 months and 5 years old (Sharma et al., 2013). The
total number of sequenced pneumococcal genomes was 147
(Table S1).

CHARACTERIZATION OF ISOLATES

The capsule serotype of each isolate was determined by the insti-
tution from which it was acquired and verified by analyses of
the capsule locus in the genome sequence. Minimal inhibitory
concentrations (MIC) of erythromycin, clindamycin, tetracycline,
and chloramphenicol were determined by microdilution or Etest
(bioMerieux Inc., Durham, NC). The Multi Locus Sequence Type
(MLST) of selected isolates was determined by Sanger nucleotide
sequencing of PCR products with MLST allele-specific primers
as previously described (Enright and Spratt, 1998). The sequence
types of the remaining isolates were determined from allelic data
extracted from their genomes. Isolates were assigned to a clonal
complex based on eBURST analysis of the complete S. pneumo-
niae MLST database as of September, 2014 (http://pubmlst.org/
spneumoniae/).

GENOME SEQUENCING

For each isolate sequenced, two shotgun libraries were con-
structed for 454 sequencing: one rapid non-paired-end library for
coverage and one 3 kb paired-end library for assembly scaffold-
ing. All isolates were sequenced using the 454 GS FLX Titanium
to a depth of sequence coverage ranging from 16x to 57x.
Shotgun reads were assembled into 4-32 contigs per isolate using
Celera Assembler v6.1 (Myers et al., 2000). Genome sequences
have been deposited in the GenBank Nucleotide Sequence
Database (http://www.ncbi.nlm.nih.gov/) (Table S1) and the
PathoSystems Resource Integration Center (PATRIC) (Wattam
et al., 2014). Isolates are available through the American Type
Culture Collection-managed Biodefense and Emerging Infections
Resources repository (http://www.beiresources.org).

WHOLE GENOME ALIGNMENT AND PHYLOGENETIC TREE
CONSTRUCTION

Two high throughput reference-based pipelines were used to
perform single nucleotide polymorphism (SNP) discovery and
validation in 166 genomes using the TIGR4 genome as a refer-
ence (Tettelin et al., 2001). The genomes included the 147 from
the present project plus 15 publicly available, closed, pneumococ-
cal genomes and four whole genome shotgun sequences from this
project that were later excluded from this study due to the lack
of associated meta-data (Table S1). The analysis pipelines made
extensive use of Perl (https://www.perl.org) scripts and were
implemented within the Ergatis framework (https://github.com/
jorvis/ergatis) (Orvis et al., 2010). The alignment-based SNP dis-
covery pipeline named Skirret mainly executes a series of utilities
from the MUMmer 3.0 package (http://mummer.sourceforge.
net/) (Kurtz et al., 2004) namely nucmer, delta-filter and show-
SNPs to determine SNP positions. This pipeline was run on all
166 assembled genomes with a minimum alignment identity of
98%. A k-mer based algorithm called kSNP (http://sourceforge.
net/projects/ksnp/) (Gardner and Hall, 2013) was also employed
to identify SNPs in the assembled genomes using 41 bp as the
length of the k-mer. Next, a BLAST-based validation pipeline
was used to merge the SNP panels from the Skirret and kSNP
pipelines and 41bp sequence surrounding each SNP position
was extracted from the reference TIGR4 genome. These short
sequences were searched against all 166 genomes using all-vs.-
all BLASTN searches (e-value cut-off 0.0001) to eliminate false
positive SNP calls, only core SNPs in short sequences found in
all 166 genomes were selected. Putative recombinogenic regions
were not excluded. The set of 10,120 core SNP bases were concate-
nated from each of the input genomes to create a multi-FASTA
file. This file was used for phylogenetic tree construction using the
Geneious Basic software version 5.6.4 with neighbor-joining and
the Hasegawa, Kishino and Yano (HKY) genetic distance model.
The HKY model assumes that every base has a different equilib-
rium base frequency, and also assumes that transitions evolve at
a different rate to transversions. A consensus tree was built based
on 100 iterations to provide an estimate for the level of support
for each clade in the final tree. We used a 100% consensus sup-
port threshold that resulted in a strict consensus tree where the
clades included were those that were present in all the trees of the
original set.
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IDENTIFICATION AND CHARACTERIZATION OF MOBILE ELEMENTS
Mega and Mega insertion sites were located by comparing
genomes with the 5,511bp Mega element from strain GA17457
(Data File S1). ICE were identified by BLASTN (Altschul et al,,
1997) search of the terminal direct repeats localized at the ends
transposons ICESp23FST81 (81.0 kb; Accession no. FM211187),
Tn5253 (66.2 kb; Accession no. EU351020) (Iannelli et al., 2014),
Tn916 (18.0kb; Accession no. U49939) and others. Elements
were characterized by the int genes they carried. Integrase
genes were identified by BLASTN search with query sequences
from described ICE including those mentioned above. All query
sequences used are supplied as supporting information (Data
File S1). Comparisons of composite ICE were visualized with the
Artemis Comparison Tool (Carver et al., 2005). Genomes were
also searched for antibiotic resistance genes, including mef (E),
mef (A), mel(msr(D)), erm(B), erm(A), tet(M) and cat (Data
File S1). The nucleotide sequences of each Mega, Tn916-like
and composite elements are provided as supporting information
(Data Files S2, S3 and S4, respectively).

RESULTS

WHOLE GENOME COMPARISONS

Isolates of S. pneumoniae were selected from the >13,000 strain
collection of the Georgia Emerging Infections Program. Isolates
were collected as part of an ongoing, prospective, population-
based surveillance of invasive pneumococcal disease (IPD) in
the Atlanta metropolitan area (Farley et al., 2002). One hun-
dred and twenty one invasive S. pneumoniae isolates from 1994
to 2011 were non-randomly selected for genome sequencing.
Isolates were selected to provide broad coverage of the genotypes
existing in the population during the surveillance period, but
with a focus on macrolide resistance, with 100 resistant to ery-
thromycin (MIC >1 pg/ml). 74 displayed the M-phenotype as
indicated by susceptibility to the lincosamide clindamycin and 24
were also resistant to clindamycin (MLSg-phenotype) (Table S1).
In addition to the Atlanta invasive isolates, 10 carriage isolates
from Atlanta were included. Also included were 16 strains not
from Atlanta. For more detail, please see the Material Methods
and supporting information (Table S1). In total 147 pneumococ-
cal genomes were sequenced including 23 different serotypes, 77
multi-locus sequence types (ST), 24 clonal complexes (CC) and
two singletons (Table S1).

The 147 isolates from this study and 15 publically available
genomes were compared using whole genome single nucleotide
polymorphism (SNP) analyses. The resulting phylogenetic tree
is shown in Figure 2. The genomes clustered into MLST clonal
complexes with the exception of CC156 which was divided into
three clades (Figure2). This may be an example of a limita-
tion of MLST typing as the three clusters appear to be unre-
lated. CC156 is a large complex consisting of multiple subgroups
thus not all were as closely related as the label CC156 implied
(Figure S1). For example ST90 has only one allele in common
with ST156. However, it was interesting to observe that two of
the CC156 subgroups appear to be linked by a common Mega
insertion event (see below). Further, the eBURST-predicted sub-
groups (SG90, SG124 and SG156) are well-established indepen-
dent clonal complexes (CC90, CC124 and CC156, respectively)

indicating that their inclusion into a single clonal complex is
an artifact of eBURST and not a true indication of common
ancestry.

DISTRIBUTION OF THE MACROLIDE RESISTANCE-ENCODING ELEMENT
MEGA

Of the Atlanta invasive isolates, 86 contained Mega integrated
into the pneumococcal chromosome backbone or nested within
larger mobile elements. Mega was found in 17 serotypes, 16 clonal
complexes and two singletons (Table 1). Of these, 48 carried the
5,511 kb Mega type 1 (Mega-1) with a 119 bp mef (E)/mel inter-
genic region and 38 carried the 5,412kb Mega type 2 (Mega-2)
with a 99bp deletion in the intergenic region (Table1). The
genome of GA07643 contained a previously unidentified 5,617 bp
Mega variant, designated Mega-3, characterized by a 107 bp tan-
dem duplication that included the first 90 bp of mel and 23 bp
upstream containing its ribosomal binding site (RBS). Analyses
of the 454 raw reads revealed that both copies of the repeated
sequence were contained on single reads and the tandem dupli-
cation region had greater than 40x sequence coverage. This
confirmed that the duplication was not an assembly error. The
authentic duplication resulted in an intergenic region that con-
tained the 119bp that immediately follows mef(E) in Mega-1,
followed by a 38 codon ORF that includes the first 30 amino
acids of Mel. The ORF had the mel RBS and appeared suit-
able for protein expression. Theoretically this could have a polar
effect of mel translation, however, GA07643 had an erythromycin
MIC of >16 pg/ml so it does not appear to have had a nega-
tive impact on resistance (Table S1). The full-length copy of mel
overlapped the 3" end of the duplicated ORF by 10 bp and main-
tained the native mel RBS. There was no correlation between
the size of the mef(E)/mel intergenic region and the level of
efflux-mediated erythromycin expressed by that strain (data not
shown).

Mega was found inserted into each of the four previously
identified insertion sites within the pneumococcal chromosome
backbone (classes I-IV) (Gay and Stephens, 2001), in Tn916-like
elements (class V), and in one novel site (Table 1). Six genomes
contained Mega integrated into the class I insertion site, five
of which were clonal (6A, CC2090) indicating clonal dissemi-
nation (Figure 2, light blue dots; Table 1). The exception was
GA17457, a serotype 19A, CC199 isolate that has been used as
the genetic background for studying the regulation of mef (E) and
mel (Zihner et al., 2010; Chancey et al., 2011). GA17457 was
closely related to four isolates in CC199 that contained Mega-1
in class III sites (Mega-1.I1I) and was the only CC199 strain to
have Mega-1 integrated into class I (Mega-1.I) (Figure 2). Class
IT Mega insertions were identified in 38 genomes (Table 1). The
elements inserted into this site include Mega-1 (n = 2), Mega-
2 (n = 35) and the novel Mega-3 in strain GA07643 (Table 1).
Mega-1.III was found in ten genomes in diverse backgrounds:
five serotypes and four clonal complexes (Table 1). Mega class
III insertions clustered mainly in CC199 but single isolates con-
taining Mega-1.III were identified in CC156, CC81, and CC62
(Figure 2). Five genomes contained Mega-1 or Mega-2 inserted
into the class IV site which was divided into three subclasses, [Va,
1Vb, and IVc (see below).
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081

FIGURE 2 | Whole genome SNP-derived phylogenetic tree. \Whole
genome single nucleotide polymorphism analysis of 166 genomes,
including 147 from the present study and nine publically available
closed genomes, using the TIGR4 genome as reference. The tree
was rooted using S. infantis SPAR10 as the outgroup. Numbers on
the perimeter indicate the MLST clonal complex of the isolates and
are colored the same as the branches leading to the isolates in
each complex. The clonal complex of each sequence type was
defined as the founder ST of a clonal group, as predicted by

eBURST analyses of the entire S. pneumoniae MLST databased
accessed in September, 2014 (http://pubmlst.org/spneumoniae/). Isolate
names and serotype labels colored blue indicates that the strain
was isolated prior to the introduction of PCV7 in 2000. Red
colored names and serotypes indicate the strains were isolated in
2000 or later. Colored dots indicate a Mega insertion in the isolate
and are color coded by Mega insertion site, light blue, class I;
dark blue, class Il; red, class Ill; pink, class IV; green, class V
(Tn916 orf6); and gold, novel insertion site.

Comparison of the nucleotide sequences flanking Mega
inserted into each site revealed conserved sequences upstream
of the Mega insertion site that may indicate a target sequence
(Figure 3). The potential consensus was 5 TTTCCNCAA 3" and
was located approximately six bp upstream of Mega in all sites
(Figure 3). The six base pairs flanking Mega on either side resem-
bled coupling sequences as described for conjugative transposons
such as Tn916 (Figure 3). The coupling sequences and Mega
flanking sequences illustrated in Figure 3 were representative of

all Mega elements inserted into the respective sites. This implies
that the Mega integrated into each site were descended from a sin-
gle, or very few, ancestral transposition event(s). An example of
this can be seen in the whole genome phylogeny (Figure 2). The
class II Mega insertion was present in almost all CC156 isolates
(Figure 2, dark blue dots). Genomes from isolates of this large
complex clustered into three clades correlating to CC156 sub-
groups 90, 124, and 156 (Figure 2). Almost all genomes in sub-
groups 90 and 156 contained Mega (Figure 2). All 10 subgroup
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Table 1| Insertion sites of Mega.

Element (no.) Insert? (no.) TIGR4 homolog® Function cce Serotype(s)? (no.)
Mega-1 (48) 1(6) SP_1598 Phosphomethylpyrimidine kinase 2090 6A (5)
199 19A (1)
11(2) SP_0180 DNA-3-methyladenine glycosylase 1379 6C (1)
62 MA (1)
111 (10) SP_0103 Capsule biosynthesis 156 v (1)
62 MA (1)
199 15C (3), 19A (4)
81 23F (1)
Vb (2) SP_1029 RNA methyltransferase 100 33F (2)
V(27) na Transcriptional regulation 156 9V (1)
124 14(1)
2218 15B (1)
320 19A (6), 19F (15)
242 23F (3)
Novel (1) S. suis element® 14.(1)
Mega-2 (38) 11'(35) SP_0180 DNA-3-methyladenine glycosylase 156 6A (1), 6B (5), 9V (2), 19A (5), 23A (2)
2090 BA (2), 19A (5)
15 14 @)
568 35B (2)
62 MA (1)
191 7A (1)
66 4(1)
320 19F (1)
433 22F (1)
439 23F (1)
singletons 19A (2)
IVa/c (3) SP_1029/SP_1067 Pneumococcal Pathogenicity Island 1 1536 6B (2)
320 19F (1)
Mega-3 (1) 11(1) SP_0180 DNA-3-methyladenine glycosylase 66 4(1)

2 Class of Mega insertion site.

b Genes disrupted by Mega insertion. Classes I-IV are disrupted genes and are shown by S. pneumoniae TIGR4 locus tag.

¢ CC, clonal complex.
d PCV7 capsule serotypes are underlined.

¢ Integrative and conjugative element closely related to an element in Streptococcus suis 05HASE8 (Accession no. CP002007).

156 genomes contained Mega; eight Mega-2, class II, one Mega-1
class Il insertion and one integration into orf6 of Tn916 (Table 1;
Figure 2). Further, CC2090, which branches from CC156, has two
clades in one of which nine of nine isolates contain Mega class
1. The other branch of CC2090 contains almost all isolates with
Mega class I indicating a second conjugation event in this complex
(Figure 2). Again this strongly implies that Mega inserted into the
class II site early in the history of these lineages.

The Mega class IV insertion site, as previously described (Gay
and Stephens, 2001), was near the 3" end of rumA (SP_1029,
TIGR4 annotation) that encoded a tRNA methyltransferase and
was located at the left end of the Pneumococcal Pathogenicity
Island-1 (PPI-1) (Brown et al., 2004) (Figure 4). Large deletions
and multiple MGEs were associated with Mega integrated into
this site, giving rise to the three class IV subclasses (Table1).
Starting with the simplest, the class IVb insertion contained
Mega-1 integrated into rumA leaving Mega flanked by the

fragments of the gene (Figure4). Two class IVDb isolates were
identified, all serotype 33F, CC100 (Table 1). The class IVa inser-
tion contained Mega-2 integrated into the same location in rumA
and had an identical sequence to the left junction of Mega in
class IVb (Figure 4). However, the downstream remnant of rumA
was deleted along with the entire 30.7kb PPI-1 (SP_1029 to
SP_1067) (Figure 4). The island was replaced by Mega-2 and a
1,801 bp insertion sequence 1SSmi2 found in S. mitis strain B6
(Accession no. FN568063.1) (Figure 4). The class IVc Mega-2
insertion was similar to class IVa in that PPI-1 was deleted and
ISSmi2 was located at the right junction with the chromosome
(Figure 4). However, a 41,995 bp transposon-like sequence most
closely related to ICESzI from S. equi subspecies zooepidemi-
cus strain H70 (Accession no. FM204884) (Holden et al., 2009)
was inserted between the rumA insertion site and the left end of
Mega-2. Thus, the class IVc Mega site organization consists of,
in tandem, a transposon previously undefined in pneumococci,
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Class I TAATTCCCCCAA ATTCCA

Class II CCGTTTCCCAAG ACAGAC

Class III TTTGCTAATCAA ACAACC
Class IVb CTATTTCCTCAA ACGCAT
Class IVa CTGTTTCCTCAA ACGCAT
Class IVc AGTTTGGACAAT GATAAG
Class V TTATTTCCACAT ACAGGA

Novel site TGTTTTCCAAAG ACACAT

FIGURE 3 | Mega insertion sites. Target sites of the mobile element
Mega encoding macrolide efflux genes mef(E) and mel. Putative six base
coupling sequences (C.S.) are shown adjacent to both ends of Mega
(italics). Underlined letters indicate conserved nucleotides that may be

CATGTT .....AGCACA TCACGCAAGCTATC
CATGTT . . .AGCACA GCCTGATAGGTTTC
CATGTT . ...AGCACA CATTGAATAAAAAA
CATGTT ....AGCACA CGTCGAGACGGTAG

CATGTT ....AGCACA TGTGGAGTGTGTAG

CAAGTT ... . AGCACA TGTGGAGTGTGTAG

CATGTT .. .AGCACA CAATATCCACTTGT

CATGTT .. .AGCACA TGTGGAGGTTGTAG
Mega

the consensus recognition sequence 5 TTTCCNCAA 3'. Class IV was
composed of three distinct, subclasses, IVa, Vb, and IVc. Class Vb and
IVa share the same left junction and IVa and IVc same right junction

(shaded).

Mega-2 and ISSmi2. The Atlanta invasive isolate GA17545 (6B,
CC1536) contained the only class IVc Mega insertion identified
(Tables S1, S2). Class IVa isolates are also typically 6B, CC100,
however, a single Atlanta invasive isolate, GA04375, with serotype
19E and in CC320 was also found to contain Mega-2.IVa (Table 1;
Table S1). GA04375 was isolated in 1995 and was the earliest iso-
lated CC320 in the genome collection and only one of two CC320
that contained Mega inserted into the pneumococcal chromo-
some backbone. The other was 3063-00, an invasive 19F, CC320
collected in 1999 in Tennessee (Table S1, S2). The serotype 14,
CC156 isolate GA02254 from 1994 contained Mega-1 inserted
into an unidentified transposon-like sequence and was most
closely related to a sequence in S. suis 05SHAS68 (Accession no.
CP002007). Twenty-seven genomes contained Mega-1 inserted
into orf6 of a Tn916-like element (class V) (Table 1). Tn916-like
elements are discussed further in the next section. These data
suggest that PPI-1 is a hotspot for integration by recombination
and conjugation. This locus could be an entry point for non-
pneumococcal DNA to integrate into the pneumococcal genome.
Conversely, the conservation of the target site in rumA across non-
pneumococcal streptococci makes it possible that pneumococcus
has been the donor and a non-pneumococcal streptococcus the
recipient. The high degree of recombination in the pneumococ-
cus makes it difficult to determine directionality of gene flow,
but it likely can flow in both directions. With just these few iso-
lates, we showed evidence for HGT with three non-pneumococcal
streptococci; S. equi, S. mitis, and S. suis.

Tn916-LIKE ELEMENTS CARRYING MACROLIDE RESISTANCE
DETERMINANTS

The genomes were searched for Tn916-like elements by BLASTN
using the conserved ends of Tn916 (Data File S1). Of the 86
macrolide resistant invasive isolates from Atlanta, 53 contained a
full-length Tn916-like element (Table S3). A macrolide resistance
determinant was nested within the Tn916 element in all but six,
which instead contained Tn916 and an unlinked Mega-2.II (n =
5) or Mega-1.III (n = 1) (Table S3). Four distinct Tn916-like

elements containing one or two macrolide resistance determi-
nants were identified: Tn2009, Tn2010, Tn6002, and Tn3872
(Figure 1; Table 2). Tn2009 was found in 15 Atlanta invasive iso-
lates spanning six CC and six serotypes (Table S3). Tn6002 was
carried by nine Atlanta invasive isolates including five CC (and
a singleton) and seven serotypes (Table S3). Tn2010 was found
in 13 Atlanta invasive isolates, two Atlanta carriage isolates, and
eight non-Atlanta invasive isolates (Table 2; Table S3).

To better understand the evolutionary relationships between
these elements, the insertion site of each was determined. Tn916-
like elements were integrated into four unique loci in the pneu-
mococcal chromosome backbone and into several loci within
Tn5253-like elements (Figure 5). Every Tn2010 element discov-
ered was inserted into SP_1947 (TIGR4 annotation) encoding
a hypothetical secreted protein (Table 2; Figure 5). This is the
same location where Tn2010 has been previously reported to be
integrated (Zhou et al., 2014). Six of 15 Tn2009 elements and
four of nine Tn6002 elements found in invasive Atlanta isolates
were inserted into the same locus as Tn2010 (Table 2). The 6-
base coupling sequences were identical for all elements in this
locus suggesting that the elements found integrated into this locus
were derived from a single transposition event (Figure 5). This
further implies that the macrolide resistance elements Mega-1,
Tn917 and erm(B) were independently acquired by a Tn916 resid-
ing in the SP_1947 locus. In addition, elements in this locus were
identified in two clonal complexes (CC320, CC156) indicating
transformation and recombination of the element in this locus
between clonal complexes.

Tn2009 was also identified integrated into SP_1638 (TIGR4),
an iron-dependent transcriptional regulator, in a single serotype
9V, CC156 isolate from 2007. The fact that no element was
identified in this locus from an earlier collected isolate may indi-
cate that this integration event occurred more recently than the
SP_1947 integration. Likewise, a single isolate (22F, CC433) from
2010 contained Tn6002 integrated into the ABC transporter gene
SP_1438. Five serotype 6B, CC384 isolates contained Tn916 inte-
grated into IytA (SP_1937) encoding an autolysin (Table 2). Each

www.frontiersin.org

February 2015 | Volume 6 | Article 26 | 7

88



Chancey et al.

Mobile macrolide-resistant elements in pneumococci

conserved region variable region
(15.1 kb) (15.6 kb)
rumA piaABCD PhgABC
TIG?%EPLI HH /(m
Ne1z PPi1 - [DNIESZH IEODIDDDIDI DD
6B ST1536
Mega-LIVb IR0 IEDIPDD XK CMDAI
GA41317
33F ST2705
Mega-2.IVa
GA16242
6B ST1536
Mega-2.IVa
GA04375
19F ST236
Mega-2.IVe ) DD
GAL7545 S. equi subspecies zooepidemicus-related ICE (42.0 kb) Mega  ISSmi
6B ST1536 1.8 kb
FIGURE 4 | Vari; of the P | Path Island-1 borders; yellow, iron uptake operon piaABCD; purple, osmotic stress
associated with Mega. The Pneumococcal Pathogenicity Island-1 in tolerance operon phgABC; gray, PPI-1 conserved region genes not
TIGR4 extends from rumA (SP_1029) to ftsW (SP_1065). Strain NP112 otherwise labeled; white, PPI-1 variable region genes; blue, Mega;
is closely related to GA16242 and GA17545, the Mega-2.IVa and IVc orange, ISSmil. The light blue double arrow indicates the presence of
strains, but contains the conserved region of PPI-1. Red blocks an undefined transposon-like sequence from S. equi subspecies
represent regions of homology. Arrows indicate genes. Green, PPI-1 zooepidemicus.

Table 2 | Tn916 and Tn916-like el inserted directly into the ch backb of il ive S. p iae isol from Atlanta, GA.
Element (no.) Serotype (no.) cc? Insertion Sites P (no.) Function Resistance genes
Tn916-like 6B (5) 384 SP_1937 lytA, autolysin tet(M)
Tn6002-like 22F (1) 433 SP_1438 ABC transporter/ATP-binding subunit erm(B) tet(M)
Tn6002-like 16A (3) 63 SP_1947 Hypothetical protein erm(B) tet(M)
19A (1)
Tn2009-like 9V (1) 156 SP_1638 Iron-dependent transcriptional regulator mef(E) mel tet(M)
Tn2009-like 19F (6) 320 SP_1947 Hypothetical protein mef(E) mel tet(M)
Tn2010-like 19A (6) 320 SP_1947 Hypothetical protein erm(B) mef(E) mel tet(M)
19F (7)

2 Clonal complex as defined by eBURST analyses of multi-locus sequence type data.
b Chromosomal insertion sites are presented as the locus tag for homologous genes in S. pneumoniae TIGR4 (Tettelin et al., 2001).

of these closely related isolates contained unlinked Mega-2.IT
(Table S2). The other Tn916-like elements identified were inte-
grated into a composite ICE resembling Tn5253 and are discussed
below.

COMPOSITE ICE CONTAINING MACROLIDE RESISTANCE
DETERMINANTS

Tn916-like elements with macrolide resistance determinants have
been associated with large conjugative transposons also known
as ICE (Henderson-Begg et al., 2009; Mingoia et al., 2014). To

determine if ICE have been involved in macrolide resistance
dissemination in Atlanta, the genomes of 100 macrolide resis-
tant invasive pneumococcal isolates from Atlanta were searched
by BLASTN for the conserved ends of known ICE (Data
File S1). The genomes of 15 macrolide resistant isolates con-
tained composite ICE-like elements that ranged in size from
approximately 57 to 88kb (Table 3). Comparison of the inte-
grase genes encoded on the ICE revealed two distinct families
of conjugative transposons. Nine belonged to the Tn5253 family
and six belonged to the ICESp23FST81 family (Table 3). Each
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Tn5253 orf43 TATTTTTT ATGGAT AAAAA...... TGTTT ACTGTTAA orf20
GA41301 orf43 AATATTTT TATATG AAAAA...... TGTTT ACTGTTAA orf20
GA05245 orf43 AATATTTT TATATG AAAAA...... TGTTT ACTGTTAA orf20
GAl17227 orf43 AATATTTT TATATG AAAAA...... TGTTT ACTGTTAA orf20
GA47502 orf20 CTGTTTTT TTAGAA AAAAA...... TGTTT ACTGTTAA orf20
GR47597 orf20 CTGTTTTT TTAGAA AAAAA...... TGTTT CAAATARA orfl8
GA60132 (R) orf43 ATARAATTT TATATA AAARAA...... TGTTT ATATGARA orfl8
GA11304 (R) orf43 ATAAATTT TATATA AAAAA...... TGTTT ATATGAARA orfl8
GA40536 (R) orf20 ATCTTTTT TATATA AAAAA...... TGTTT TTCTAAAA orfl8
GA19101 (R) orf20 ATCTTTTT TATATA AAAAA...... TGTTT ATTTGAARA orflS8
GA47210 orf20 ATCTTTTT TATTTG AAAAA...... TGTTT TTCTAAARA orfl8
ICESp23FST81 orf9 AGTTTTTT TAAAAT AAAAA...... TGTTT ATTTCAAA orf8
GA11663 orf9 AGTTTTTT TAAAAT AAAAA...... TGTTT ATTTCAAA orf8
GA44378 orf9 AGTTTTTT TAAAAT AAAAA...... TGTTT ATTTCARA orf8
GA13430 orf9 AGTTTTTT TAAAAT AAAAA...... TGTTT ATTTCAAA orf8
GAl13494 orf9 AGTTTTTT TAAAAT AAAAA...... TGTTT ATTTCAAA orf8
GA41565 orf9 AGTTTTTT TAAAAT AAAAA...... TGTTT ATTTCAAA orf8
FIGURE 5 | Insertion sites of Tn9176-like elements. Insertion sites within flanking the Tn976-like element. (R) indicates that the Tn976-like element is in
composite elements. The terminal sequences of Tn976 are shown in italics. the reverse orientation. The ORFs that flank the Tn976-like elements are
Coupling sequences are underlined. Plain text indicates the sequences of ICE indicated adjacent to the ICE sequences on either side.

of the Tn5253-family transposons was inserted into the pneu-
mococcal chromosome backbone in the gene for ribobiogenesis
GTPase, rbgA (SP_1155, TIGR4 annotation) involved in assem-
bly of 23S ribosomes. Downstream of Tn5253-like elements in
this locus is the immunoglobulin Al protease gene iga as has
been described previously (Croucher et al., 2009). Each of the
ICESp23FST81-like elements was inserted into the chromosome
backbone gene rpIL (SP_1354) which encodes ribosomal protein
L7/L12 (Croucher et al., 2009). The correlation of ICE family and
insertion sites reflects the specificity of the integrases Intryszs3
and Intycgspasrsts1 (Mingoia et al., 2007; Wyres et al., 2013).

The five ICESp23FST81-like elements contained Tn9I6-like
insertions, including a Tn916-like, a Tn3872-like and four
Tn2009-like elements (Table 3). Each of the smaller elements was
integrated between orf9 and orf8 of Tn5253 and contained iden-
tical flanking and coupling sequences, indicating that each was
derived from a single conjugation event and subsequent trans-
fer of Mega-1 between Tn916 and Tn2009 (Figure 6). GA44378
containing Tn916 integrated into the ICESp23FST81-like element
was macrolide resistant due to an unlinked Mega-1.III inser-
tion (Table 3; Table S2). ICESp23FST81 was originally described
in a 23F ST81 isolate (Croucher et al, 2009). Five of six
ICESp23FST81 family elements were also in CC81, however
only two were serotype 23F (Table 3). The others were serotype
19A (n=1) and 19F (n = 2) and represent capsule switching
from a PCV7 vaccine serotype to a non-vaccine serotype and a
different vaccine serotype, respectively. This conclusion is sup-
ported by the close relationship between the isolates, all but
one of which was also serotype 23F and CC81 (Figure 6). The
lone exception was GA13494, a serotype 14, CC156 isolate that

contained Tn2009, indicating horizontal transfer of the compos-
ite element between the clones (Figure 6). These were isolated
over a 9-year period spanning the pre-PCV7 and post-PCV7 eras
(1995-2004). This demonstrated clonal expansion and the long-
term stability of the clone and the Tn5253-like element harboring
Tn2009.

In the other composites identified, the Tn916-like element was
inserted between orf43 and orf20 of Tn5253. Tn3872 was inserted
in this locus in GA47597, a serotype 3, CC180 isolate from 2006
(Table 3). Tn3872 was also inserted downstream of orf20 and con-
tained the same flanking DNA sequences, however, the right junc-
tion was flanked by orfI8. This indicated that GA47597, a serotype
3, CC180 isolate from 2006, also contained Tn3872 which had
a sequence identical to GA47502 flanking the left junction of
Tn3872 (Figure 6). Tn6002 was also found flanked by orf20 on
the left and orf18 on the right in two isolates (Table 3; Figure 5).
Like GA47597, GA19101 was a serotype CC180 isolate suggesting
a common integration event for a Tn916-like element (Figure 6).
However, Tn6002 in both of these isolates was integrated in the
opposite orientation from Tn2009 and Tn3872 (Figure 6). This
suggests separate conjugation events (one for each orientation)
followed by homologous recombination of one junction to create
a chimeric insertion site (i.e., 0rf20/0rf18). In both isolates with
Tn3872, the element was integrated into orf20/orf18 in the same
orientation as Tn2009 in this location (Table 3). Again, Tn2009
and Tn6002 in this location had identical coupling sequences
indicating a single event integration event of a Tn916-like element
followed by acquisition of nested macrolide resistance elements
by homologous recombination. Finally, orf43/orfI8 was identi-
fied as the site of insertion of Tn6002 in four isolates (Table 2).
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Table 3 | Atlanta i ive isol ini ite ICE ding lid

Strain Year Type cec? Size (bp)  Int Family? Tn916-like Tn916-like 1.S.© Resistance genes? Antibiogram?
GA05245 1995 23F 242 70,161 Tn5253 Tn2009-like  orf43/orf20 mef(E) mel tet(M) ERY TET
GA11304 1999  06A 156 82,623 Tn5253 Tn6002-ike  orf43/orf18 (R) erm(B) tet(M) cat ERY CLI TET CHL
GA11663 1999 19F 81 86,725 ICESp23FST81 Tn2009-like orf9/orf8 mef(E) mel tet(M) cat ~ ERY TET CHL
GA13430 1999 19F 81 86,674 ICESp23FST81 Tn2009-like orf9/orf8 mef(E) mel tet(M) cat ~ ERY TET CHL
GA13494 1999 14 156 86,593 ICESp23FST81  Tn2009-ike  orf9/orf8 mef(E) mel tet(M) cat  ERY TET CHL
GA17227 2000 23F 242 67,131 Tnb253 Tn2009-like orf43/orf20 mef(E) mel tet(M) ERY TET
GA19101 2002 03 180 67673 Tn5253 Tn6002-ike  orf20/orf18 (R) erm(B) tet(M) cat ERY CLI TET CHL
GA40563 2003 04 S 60,190 Tn5253 Tn6002-like orf20/0rf18 (R) erm(B) tet(M) cat ERY CLI TET CHL
GA41301 2004 23F 242 67191 Tnb5253 Tn2009-like orf43/orf20 mef(E) mel tet(M) ERY TET
GA41565 2004 19A 81 88,320 ICESp23FST81 Tn2009-like  orf9/orf8 mef(E) mel tet(M) cat ~ ERY TET CHL
GA44378 2005 23F 81 81,138 ICESp23FST81 Tn916-like orf9/orf8 mef(E) mel tet(M) cat ERY TET CHL
GA47210 2006 168 156 56,904 Tn5253 Tn2009-like orf20/orf18 mef(E) mel tet(M) ERY TET
GA47502 2006 19A S 70,931 ICESp23FST81 Tn3872-like orf9/orf8 erm(B) tet(M) cat ERY CLI TET CHL
GA47597 2006 03 180 67,106 Tnb253 Tn3872-like orf20/orf18 erm(B) tet(M) cat ERY CLI TET CHL
GA60132 2010 06C 1390 71,603 Tn5253 Tn6002-ike  orf43/orf18 (R) erm(B) tet(M) ERY CLITET

2 CC, clonal complex. Clonal complex was defined as the predicted founder of a complex as predicted by eBURST analyses (default settings).

b Int, integrase gene. intrszs3 (Accession no. EU351020); inticesp2arstst, (Accession no. FR671403).

¢ 1.S., insertion site of Tn916-like element in the ICE. Orfs refer to the annotation of Tn5253. (R) indicates that the Tn916-like element is in the reverse orientation.
9 Resistance to key antibiotics. ERY, erythromycin; CLI, clindamycin; TET, tetracycline; CHL, chloramphenicol. Minimum inhibitory concentrations for each isolate

are provided as supporting information.
The horizontal line divides the pre-and post-PCV7 isolate.

GA44378 (23F, CC81)

lssoo 13000 |2ss00 l2s000 [s2s00

FIGURE 6 | Comparison of ICESp23FST81-like elements encoding
macrolide resistance. The location of the Tn976-like element in
each is indicated by the Tn5253 genes shown as arrows above

caf(pC194) Tn916
cat tet(M)
ICESp23FST81 (23F, CC81) KNI KK 4 )DMHKIKKK I IMKIDD  <J <J IR DHDD N HDED ) D 8BNK30

GA13430 (19F, ccst) <K IGI<T 4 GO KKK UKD < <I <K RAIKINHDD DI I ID D UK

GA41565 (194, ccs) <IN IGI<T 4 KIDIE KKK INKIDD < <J I IRAIXIDNDD HHEDED I DI D UK ]

<KX § DMK IKKIDD < <1 IR XKKIKIDNDD D HDED bb) BB ]

GA13494 (14, €C156) RG] 4 KD KKK IKKID) < < CIIRATA0HDD INHEDED 00 1D D NHIMDHKX]

lz9000 |assoo |s2000 |sesoo lssooo [1500 78000 lgasoo

each track. Green arrows, Tn976-genes; Blue arrows, mef(E) and
mel; yellow arrows, tet(M); pink arrows, integrated plasmid pC194;
red arrows, cat.

Tn5253 is also flanked by these genes and with conserved cou-
pling sequences, indicating that each is descended from a single
conjugation event followed by integration of the erm(B) ele-
ment between orf43 and orf20. These data suggest that de novo
integration Tn916-like elements into pneumococcal chromosome
backbones or ICE was infrequent relative to the rate of horizontal
transfer by transformation and recombination.

DISCUSSION

The genome of S. pneumoniae is extremely plastic due to its
natural competency and possession of numerous MGE. While
transformation and conjugation are both involved in shaping
the pneumococcal chromosome, the diversity of macrolide resis-
tance elements, both independent and integrated into larger
conjugative elements, raises the question of the relative role
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of each mechanism in the dissemination of macrolide resis-
tance in pneumococci. Recombination events involving various
macrolide resistance determinants were evidenced by an appar-
ent interchangeability of Mega, the erm(B) element and Tn917
in Tn916-like elements. The conversion of Tn6002 and Tn6003
(containing aminoglycoside resistance gene aphA-3) has been
reported (Palmieri et al., 2012). These elements in turn were
integrated into the chromosome backbone or were inserted into
larger integrative and conjugative transposons. In this study, com-
parative genomics were used to assess the elements existing in a
geographically defined location before and after the introduction
of PCV7, to better understand the complex history of macrolide
dissemination.

We identified Mega inserted in the four previously described
locations in the pneumococcal chromosome backbone (Gay and
Stephens, 2001) and inserted into orf6 of Tn916-like elements. We
also found a novel insertion site within an undefined transposon-
like sequence similar to an element in S. suis. It is not clear if
Mega integrated into the element before or after it made the
cross-species horizontal transfer into the pneumococcus. Either
way, it is an apparent example of pneumococci acquiring novel
DNA from a non-pneumococcal streptococci, likely by conjuga-
tion event introducing the S. suis element into pneumococci or by
Mega inserting into a novel locus in pneumococci. We also iden-
tified a transposon-like element most closely related to ICESz1
from S. equi subsp. zooepidemicus. This element was located in the
Pneumococcal Pathogenicity Island 1 (PPI-1) and was associated
with Mega. However, the possibility of S. suis and S. equi having
acquired these elements from the pneumococcus cannot be dis-
regarded. In fact, there is no data to suggest that these elements
cannot flow equally in both directions.

PPI-1 appears to be a hotspot for recombination and/or inte-
gration of MGE. Not only was Mega inserted in PPI-1 but it
appeared that integration of Mega at this location created, or
retained, target sites for mobile elements. The Mega class IVb
insertion contains Mega with no deletion of the target site. This
may have been the original integrated structure. Subsequently,
each flank of Mega-1.IVb may have been dislocated by insertion
of additional MGE. Downstream of Mega in classes IVa and IVc
was an insertion sequence, ISSm 1, originally identified in S. mitis
(Denapaite et al., 2010). Interestingly, ISSmi precisely replaced
the variable region of the pathogenicity island, which was a rem-
nant of a Tn5252-like ICE (Brown et al., 2001). The variability at
this locus and the presence of multiple integrated MGE-related
sequences suggested this to be a hotspot for recombination or a
common target site for conjugative elements. Upstream of Mega
in class IVc was a large unidentified conjugative transposon-
like sequence related most closely to a transposon-like sequence
from S. equi subspecies zooepidemicus. The undefined element
was integrated into the exact location within rumA as Mega and
was integrated immediately upstream of Mega resulting in three
MGE:s linked in tandem: the unidentified transposon, Mega, and
ISSmil. Both undefined pneumococcal transposons are currently
under investigation to identify their origin, understand where
they came from, how they moved, what cargo they carry and
their ability to transfer by conjugation from pneumococci to
pneumococci and non-pneumococcal streptococci.

Closed circle intermediates of excised Tn916-like elements are
formed by binding of semi-complementary coupling sequences
creating a heteroduplex. This process produces novel coupling
sequences with each integration event. Based on the observation
that coupling sequences are altered upon integration, we used
predicted coupling sequences as indicators of unique integration
events. Mega and erm(B) often integrate in Tn916-like elements
(Del Grosso et al., 2004, 2007, 2011). In the present study we
identified many of the previously reported macrolide resistant
Tn916-like elements in the Atlanta population including Tn2009,
Tn2010, Tn6002, and Tn3872. The mechanism of conjugation of
Tn916 is well-understood. The Tn916 integrase is promiscuous,
that is, targeting sequences that are A-T rich, but not sequence
specific (Rudy et al., 1997; Rocco and Churchward, 2006). Tn916-
like transposons excise imperfectly from a donor strain to carry
some flanking genomic bases and create a closed-circle interme-
diate with a mismatched junction (Caparon and Scott, 1989). The
resulting overlapping region is the coupling sequence for subse-
quent integration, and thus each transposition event may create a
new coupling sequence (Lu and Churchward, 1995). These facts
and the observation by our laboratory and others that Tn916-like
elements are found integrated within relatively few sites in the
pneumococcus and with little variation in the coupling sequences,
suggest that conjugation into and between pneumococci is rela-
tively infrequent compared to transformation and recombination
events.

ICE appear to be well-established in the pneumococcal popu-
lation. They were present during a rapid emergence of macrolide
resistant invasive pneumococcal disease during the early to mid-
1990’ (Wyres et al., 2013) in the United States. In addition,
ICE have been reported in isolates from the 1960’s (Wyres
et al,, 2013). ICE were identified in invasive and carriage pneu-
mococcal isolates in Atlanta (Table3). The ICE carrying the
shorter macrolide resistance elements were of two types as
has been reported previously (Roberts and Kreth, 2014). The
first was a group of Tn5253-like elements containing differ-
ent combinations of Mega, the erm(B) element, and Tn917
also carrying erm(B). All of these elements were integrated
into the same location in the pneumococcal chromosome back-
bone: the ribobiogenesis GTPase, rbgA. The second group was
similar to ICESp23FST81 and were all inserted into the ribo-
some protein encoding gene rplL. The conservation of inser-
tion sites reflects the specificity of different integrases encoded
on each element. Because of the specificity of these integrases,
it is to be expected that they would integrate into the exact
location repeatedly. Therefore, we can make no conclusions
on the frequency of transfer of the element into or out of
pneumococci.

Comparison of the sequence types and serotypes of the pneu-
mococcal isolates carrying macrolide resistance determinants
showed closely related isolates with variable macrolide resistance
elements indicating horizontal transfer. For example, in Figure 6
GA41565 and GA44378 are both CC81, but the former is serotype
19A and the latter is 23F. These isolates cluster together in the
whole genome analyses further indicating their similarity. Both
contain ICESp23FST81-like ICE that are nearly identical and
both have a Tn916-like element with no macrolide resistance
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determinant, while GA41565 contains Tn2009. This indicates
the acquisition or loss of Mega by recombination. Analyses of
the insertion sites suggested that conjugative insertion events
of the elements into the pneumococcus are infrequent leading
to the conclusion that these elements have been largely dis-
seminated by lateral gene transfer through transformation and
homologous recombination. Because homologous recombina-
tion requires homology between donor and host DNAs, gene
flow between closely related isolates may occur more frequently
than between distantly related clones. However, the presence
of macrolide elements in composite transposons and the wide
dissemination of composite transposons may aid in horizon-
tal gene transfer between distant clones by creating 50-90 kb
regions of homology that act as landing sites for the small nested
elements carrying macrolide resistance determinants. These addi-
tional regions of homology may have aided in the dissemination
of macrolide resistance not only because of the binding sites
created by the composite elements, but also because of the mul-
tidrug resistance nature of the chimeric genetic elements. For
example, macrolide resistance dissemination is aided by the non-
macrolide antibiotic resistance determinants tetracycline and
chloramphenicol due to soft selective sweeps of macrolide ele-
ments linked to cat and tet(M) genes carried on composite mobile
elements.

The 7-valent Pneumococcal Conjugate Vaccine PCV7 was
introduced into Atlanta in late 2000. We analyzed the genomic
data in respect to the pre-vaccine and post-vaccine years. There
appeared to be little effect on the types of elements harbor-
ing macrolide resistance determinants, however, the sequence
types and serotypes harboring these elements were changed sig-
nificantly. Some examples of this can be seen in the whole
genome phylogenetic analyses where blue text indicated isolation
in the pre-vaccine era and red indicated post-vaccine isolation
(Figure 2). Note that in clonal complex 320, all isolates from
before the vaccine were serotype 19E, a PCV7 serotype (Figure 2).
After the vaccine was introduced serotype 19A, a non-PCV7
serotype, appeared. The shift to 19A was concomitant with the
appearance of Tn2010, which was not detected in the pre-vaccine
era. Interestingly, Tn2010 was detected in only one chromosome
backbone site and was not found in any ICE (Table 2). Likewise,
CC2090 appears to have switched from the vaccine-associated
serotype 6A to the non-vaccine serotype 19A (Figure 2). Every
serotype 19A CC2090 strain was isolated after the introduction of
the vaccine (Figure 2).

In conclusion, macrolide resistance dissemination in pneumo-
cocci has been greatly influenced by conjugation and transforma-
tion. Because Mega and Tn916-like element integration events
appear infrequent, transformation and homologous recombina-
tion appear to be the primary means of horizontal transfer into
the pneumococcus. With limited sites for insertion, the element
has multiplied its capacity to disseminate throughout the pneu-
mococcal population by co-opting the insertion sites of other ele-
ments. Thus, conjugation allows acquisition of DNA from more
distantly related bacteria. Once in a pneumococcal genome, if
beneficial and selected, the conjugated transposon is subsequently
disseminated by transformation throughout the pneumococcal
population.
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Figure S1. S. pneumoniae isolates clustered by MLST typing.
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% Collection, Isolates were provided by the following agencies: GEIP, EIP, Sharma,
PMEN, Pneumococcal Molecular Epidemiology Network

® MRME, Macrolide Resistance Encoding Mobile Element

© MIC, Minimum inhibitory concentration, reported at pug/ml

d S/I/R, Sensitive/Intermediate/Resistant

Antibiotic abbreviations, ERY, erythromycin; CLI, clindamycin; TET, tetracycline
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Supplemental Table S2. Macrolide resistance element insertion sites.
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# CC, clonal complex
® TIGR4 annotation

¢ MIC, Minimum inhibitory concentration, reported at pg/ml

Antibiotic abbreviations, ERY, erythromycin; CLI, clindamycin; TET, tetracycline
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Supplemental Table S3.Tn916-like elements in S. pneumoniae.
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% Type, serotype
® ST, Multilocus sequence type
¢ CC, Clonal complex

4 MIC, Minimum inhibitory concentration, reported at pg/ml

Antibiotic abbreviations, ERY, erythromycin; CLI, clindamycin; CHL, chloramphenicol;

TET, tetracycline
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ABSTRACT

The explosive, widespread use of macrolides in the last thirty years has been a
strong selective pressure contributing to the expansion of macrolide-resistant
Streptococcus pneumoniae. Macrolide resistance in pneumococci is primarily due to
ribosomal methylation by a methyltransferase encoded by erm(B) or due to efflux
encoded by mef(E)/mel, an operon carried on the macrolide efflux genetic assembly
(Mega) element. We have documented the recent clonal expansion of serotype 19A
complex isolates that contain Tn2010, a new, emerging composite mobile genetic
element with both erm(B) and Mega. In this study we, through creation of isogenic
mutants, found that erm(B) was critical to confer high-level macrolide resistance in
Tn2010-containing strains but that mef(E)/mel-mediated efflux remained functional. We
also report new, high-level resistance (MIC >16 pg/ml) isolates containing Mega alone
caused by specific genomic insertions, Mega-2.1Va and Mega-2.1V ¢, associated with the
presence of ISSmi2 and deletions of the Pneumococcal Pathogenicity Island-1. Deletion
of mef(E)/mel in these isolates completely eliminated macrolide resistance. Using in vitro
competition experiments, we found that in the presence of erythromycin, high-level
macrolide-resistant S. pneumoniae conferred by either erm(B) or Mega-2.1Va, have a
growth fitness advantage over lower-level macrolide-resistant S. pneumoniae conferred
by other Mega insertions. These data indicate that the ability of S. pneumoniae to
generate high-level macrolide resistance by either ribosomal methylation or efflux affords
a selective advantage for pneumococci in a macrolide environment, and that the efflux

pump might have additional selective function(s).
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INTRODUCTION

Streptococcus pneumoniae, the pneumococcus, is an obligate commensal of the
human nasopharynx and an opportunistic pathogen responsible for morbidity and
mortality worldwide. S. pneumoniae causes non-invasive diseases such as acute otitis
media, sinusitis, and pneumonia, as well as invasive diseases such as bacteremia and
meningitis (1). Antibiotic therapy for community-associated upper respiratory tract
bacterial infections often includes a macrolide (2, 3). However, the choice of a macrolide
has been compromised by the rapid emergence of macrolide resistance in S. pneumoniae.
Widespread use of macrolides has provided a strong selective pressure contributing to the
expansion of macrolide-resistant S. pneumoniae (4). In the United States, macrolides are
one of the most prescribed antibiotics with 190 prescriptions per 1000 people in 2011 (2).
Macrolide resistance in S. pneumoniae rapidly emerged in the early-mid 1990s and

increased throughout that decade (5, 6).

Macrolide resistance in S. pneumoniae is predominantly due to ribosomal
modification or macrolide efflux (7). Macrolides bind to the 23S rRNA (A2058 for
Escherichia coli) of the 50S ribosome to inhibit protein synthesis (8). A ribosomal
methyltransferase, encoded by erm(B), prevents binding of macrolides by dimethylating
the target site on the ribosome (9). Ribosomal methylation results in very high-level
macrolide resistance (erythromycin MIC >256 pg/ml) as well as resistance to
lincosamides and streptogramin B (the MLSg phenotype). Macrolide efflux is mediated
by mef(E) and mel, a dual efflux pump carried on the 5.5 kb or 5.4 kb genetic element
Mega (10, 11). Mega is found in five locations in the pneumococcal genome and also as a

component of a conjugative transposon or larger composite elements. The mef(E)/mel-
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encoded macrolide efflux pump confers resistance to macrolides only (the M phenotype)
and is inducible by 14- and 15-membered macrolide molecules (12, 13). In the United
States, most pneumococcal macrolide resistance is due to efflux (14, 15). Efflux-
mediated macrolide resistance has been generally reported as MICs of erythromycin as 1-
16 pg/ml (12, 16), and the clinical significance of efflux-mediated resistance has been

debated (17).

We have identified the mobile genetic elements disseminated macrolide resistance
in our population and have documented the emergence and clonal expansion of
macrolide-resistant serotype 19A clonal complex 320 isolates that contain Tn2010, with
both erm(B) and mef(E)/mel (Chapter 2). In this study, we assessed the contribution of
erm(B) and mef(E)/mel in Tn2010 isolates Further, we have identified new high-level
macrolide resistance of S. pneumoniae (MIC >16 pg/ml) with Mega alone. The genetic
basis responsible for high-level macrolide resistance due to efflux in S. pneumoniae was
investigated. We also found high-level macrolide resistance, regardless of mechanism,

provided a competitive growth advantage during exposure to erythromycin.

RESULTS

Macrolide resistance in S. pneumoniae and the Mega element. To better
understand the genetic basis for the wide variation in Mega-associated minimum
inhibitory concentrations (MICs), a panel of 44 distinct, well-characterized macrolide-
resistant clinical isolates was investigated (Table 1). This panel was selected from
macrolide-resistant isolates collected through prospective population-based surveillance

of invasive pneumococcal disease in Atlanta 1994-2011 (18). Strains represented
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difference years of isolation, serotype, MLST, and clonal complex. The MICs to
erythromycin of macrolide-resistant S. pneumoniae with the Mega element varied from 2
to >256 pg/ml (Figure 1). Erythromycin MICs of 1-16 pg/ml were classified as

“resistant” and >16 ug/ml were classified as “high-level resistant.”

The majority of these Mega-containing S. pneumoniae demonstrated typical
resistant to erythromycin with MICs of 4-16 pg/ml (Table 1, Figure 1). However, after
overnight growth with subinhibitory erythromycin (0.1 pg/ml), the erythromycin-induced
MICs for these strains were 16-64 pg/ml (Table 1, Figure 1). These erythromycin MICs
and induced-erythromycin MICs are representative of macrolide resistance caused by
Mef(E)/Mel-mediated macrolide efflux previously reported (11-13). The relationship of
MIC to the Mega promoter polymorphisms, the 99-bp difference in the mef(E)/mel

intergenic region and the genomic sites of Mega insertion were assessed.

The mef(E)/mel promoter region is now well defined and is highly conserved (19).
The single base pair change in the promoter sequence did not correlate with differences in
MIC (Figure Al). Specifically, the consensus -19G to -19T found in four of the ten Mega

classes did not correlate with the MIC.

Chromosomal insertion sites Mega-1.1, Mega-1.11, Mega-2.11, Mega-1.111, Mega-
1.1Vb, and Mega-1.VTn2009 all have erythromycin MICs 2-16 pg/ml uninduced and 16-
64 pg/ml induced (Table 1, Figure 1). These strains had the typical level of macrolide
resistance associated with efflux for S. pneumoniae. These isolates were also susceptible
to clindamycin and thus have an M phenotype. The newly described Mega-1.novel

insertion (20), herein named Mega-1.VI, also exhibited an MIC of 4 pg/ml and an
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induced-erythromycin MIC of 16 pg/ml. Mega type 1 (Mega-1) and Mega type 2 (Mega-
2), due to a 99 bp insertion/deletion of the intergenic region between mef(E) and mel (11),
did not contribute to macrolide resistance as both Mega-1.11 and Mega-2.11 were found to

have the same erythromycin and induced-erythromycin MICs (Figure 1).

Mega-containing S. pneumoniae with high-level macrolide resistance. S.
pneumoniae containing Mega-2.1Va, Mega-2.1Vc, or Mega-1.V Tn2010 were found to
exhibit high-level macrolide resistance, e.g. uninduced MIC of >16 pg/ml and induced
MIC of >64 ug/ml (Figure 1). Of the four S. pneumoniae isolates with Mega-2.1Va, the
erythromycin MICs were 18-64 with induced-erythromycin MICs of 96 to >256 ug/ml.
To date one S. pneumoniae Mega-2.1Vc isolate has been identified (19, 20); this isolate
has an erythromycin MIC of 64 pug/ml and is inducible to >256 pug/ml. Mega-2.1Va and
Mega-2.1Vc isolates were found to be clindamycin susceptible, e.g. M phenotype. No
other macrolide resistant determinants were found in these isolates (see below). The
Mega-1.V Tn2010 isolates were found to have uninduced erythromycin MICs of >256
pg/ml, but this was due to the presence of erm(B) (see below). All erm(B)-containing
isolates, including Tn2010-containing isolates, were clindamycin resistant, the MLSg

phenotype.

Macrolide resistance in dual erm(B) and mef(E)/mel, Tn2010-containing S.
pneumoniae. To define high-level macrolide resistance phenotype observed for Tn2010-
containing S. pneumoniae, isogenic deletion mutations were made in erm(B) or
mef(E)/mel or both in strain GA44288, an invasive pneumococcal disease isolate (20).
The deletion of mef(E)/mel from GA44288 (Tn2010), designated MS41, had no effect on

MIC as MS41 (Tn2010 Amef(E)/mel) had an erythromycin MIC of >256 pg/ml (Table 2).
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The deletion of erm(B), in GA44288 designated MS32, lowered but did not eliminate
macrolide resistance. MS32 (Tn2010Aerm(B)) had an erythromycin MIC of 8 pug/ml and
an induced erythromycin MIC of 64 pug/ml (Table 2). This MIC is similar to Tn2009
Mega-containing isolates (Table 1, Figure 1). The deletion of both macrolide resistance
determinants in GA44288 designated MS42 (Tn2010 Aerm(B)Amef(E)/mel) was found to
be susceptible to erythromycin (MIC 0.125 pg/ml) (Table 2). This confirmed erm(B) and
mef(E)/mel as the only macrolide resistance determinants in GA44288 and that high-level
macrolide resistance of Tn2010-containing S. pneumoniae was due to the presence of

erm(B).

In S. pneumoniae the expression of mef(E) and mel is controlled through
transcriptional attenuation (12, 13, 19). Macrolide-induced ribosomal stalling results in
deattenuation of mef(E)/mel to produce full-length polycistronic transcripts. In order to
determine if mef(E)/mel were expressed in presence of erm(B), mef(E) expression was
measured by qRT-PCR from GA44288 after a 15 min exposure to erythromycin. The
expression of mef(E) was dose-dependent, and 0.5 pg/ml erythromycin was sufficient to
induce expression in both the wild type (Figure 2) and Aerm(B) background (data not
shown). Thus in a dual macrolide resistance isolate, mef(E)/mel were expressed upon

exposure to macrolides and as shown by MIC data above results in a functional efflux

pump.

mef(E)/mel-encoded efflux alone is responsible for high-level macrolide
resistance in Mega-2.1Va- and Mega-2.1VVc-containing S. pneumoniae. Isolates with
Mega-2.1Va and Mega-2.1VVc were found to have high-level macrolide resistance

(Figure 1). To confirm the molecular basis for this high-level macrolide resistance,
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mef(E)/mel was deleted from the high-level macrolide-resistant strain GA16242 with a
Mega-2.1Va insertion (uninduced erythromycin MIC of 64 pg/ml) to create TS9001.
TS9001 was susceptible to erythromycin at 0.125 pg/ml (Table 2). Similarly, deletion of
mef(E)/mel from the high-level macrolide-resistant Mega-2.1\VV¢ strain GA17545
(uninduced erythromycin MIC of 64 pg/ml) resulted in susceptibility to macrolides as the
erythromycin MIC of the mutant designated XZ8012-5 was 0.19 pg/ml (Table 2). Thus,
mef(E)/mel-encoded efflux alone in this genomic location were responsible for high-level

macrolide resistance in these S. pneumoniae isolates.

To further analyze the function of Mega in class IVa and V¢ insertions and
determine whether the high-level macrolide resistance phenotype of Mega was
transferable, the Mega-2.1VVa insertion was transformed into the erythromycin susceptible
strain NP112 (MIC 0.19 ug/ml). The resulting NP112 Mega-2.1Va isolate (designated
MS23) demonstrated high-level macrolide resistance with an erythromycin MIC of 32
pg/ml and was inducible up to >256 pg/ml (Table 2). The transfer of Mega-2.1Va
included the adjacent ISSmi2 element and recreated the pneumococcal pathogenicity
island (PPI-1) deletion found in Mega-2.1Va isolates (20). Deletion of mef(E)/mel from
MS23 (MS30) restored macrolide susceptibility (Table 2). Efflux-mediated high-level
macrolide resistance was also transferred to the GA17457 Amef(E)/mel deletion strain
(XZ8009). After transformation with the Mega-2.1Va insertion, the strain designated
MS27 was found to have an erythromycin MIC of 32 pg/ml inducible up to >256 ng/ml
(Table 2). These data confirm that Mega-2.1Va insertions result in high-level macrolide

resistance.
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High-level macrolide resistance, regardless of mechanism, provides a growth
competitive advantage during exposure to erythromycin. Unregulated erm(C) has
been found through competitive growth assays to cause a growth defect in S. aureus after
approximately 40 generations of growth (21). We first sought to determine whether
erm(B) in S. pneumoniae resulted in a growth defect and whether such defect might be
alleviated by the presence of mef(E)/mel in Tn2010-containing S. pneumoniae.
Erythromycin-induced cultures of GA44288 and the isogenic mutants (MS32 and MS41)
(Table 2) were used as the input for an in vitro competitive index (1:1 ratio), using a
concentration of erythromycin known to be achieved in human serum during treatment
(0.5 pg/ml) (22). There was no significant difference between MS41 (GA44288
Amef(E)/mel) and GA44288 in this assay (Figure 3A, p=0.5460). This suggested the
presence of mef(E)/mel did not provide a growth advantage to an erm(B)-containing
strain during exposure to erythromycin. When MS32 (GA44288 Aerm(B)) was competed
with GA44288 the competitive index decreased to approximately 0.01 after 50
generations (Figure 3B), which indicated a significant advantage for GA44288
(p=0.0012). Similarly, the competitive index of MS32 (GA44288 Aerm(B)) versus MS41
(GA44288 Amef(E)/mel) dropped to approximately 0.01 by the endpoint 50 generations
(Figure 3C, p<0.0001). When these experiments were performed without erythromycin,
the competitive indexes remained at approximately 1 throughout the course of the
experiments (Figure A2). In each of the erythromycin-induced competitive index
experiments, an erm(B)-containing strain (GA44288 and MS41) had a competitive

advantage over the erm(B) deletion stain (MS30) (Figure 3). The data suggest that
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erm(B) provided a growth advantage during when S. pneumoniae is exposed to

treatment-level concentrations of erythromycin.

To determine whether the competitive advantage for growth of erm(B) during
erythromycin exposure was due Erm(B)-mediated ribosomal methylation or to the high-
level macrolide resistance of the erm(B)-containing strains, we performed the
competitive index assay with the GA44288 isogenic strains in competition with
GA16242, a Mega-2.1Va strain that produces high-level macrolide resistance due to the
presence of mef(E)/mel (Figure 1, Table 2). In the assay, the competitive index for
GA44288 versus GA16242 remained ~1 throughout the course of the experiments
(Figure 4A, p=0.3088). The competitive index for MS41 (GA44288 Amef(E)/mel) versus
GA16242 also did not change throughout the experiments (Figure 4B, p=0.4397). These
data suggest the growth advantage of erm(B) (Figure 3) was due to high-level macrolide
resistance and was not specific to Erm(B)-mediated ribosomal methylation. Finally, we
assayed MS32 (GA44288 Aerm(B)) with GA16242 and found the competitive index
decreased below 0.1 after 50 generations of growth (Figure 4C, p=0.0316). The
competition advantage of high-level macrolide resistance strains (MS32 and GA16242)
indicated that high-level macrolide resistance, regardless of mechanism, provided a

growth competitive advantage during exposure to erythromycin.

DISCUSSION
High-level macrolide resistance due to efflux has previously been observed in a
few clinical isolates (15) but not characterized at a molecular level. We found high-level

macrolide resistance in S. pneumoniae is due to macrolide efflux caused by specific
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(Mega-2.1VVa and Mega-2.1Vc) insertions that are linked to the presence of ISSmi2 and
deletion of the Pneumococcal Pathogenicity Island-1 (PPI-1). We also defined the
interesting dual macrolide resistance genotype of Tn2010-containing isolates, which
emerged in the PCV-7 conjugate vaccine era (Chapter 2). Both erm(B) and mef(E)/mel
are expressed and functional in these isolates. Further, high-level macrolide resistance,
due to either ribosomal methylation or efflux, provided a growth competitive advantage

during exposure to treatment levels of erythromycin.

The rise of macrolide resistance in the United States throughout the 1990s was
largely attributed to the increased occurrence of isolates containing the Mega element
encoding a two-component efflux pump (14, 15). Mega-containing isolates have been
generally associated with lower levels of macrolide MICs (<16 pg/ml erythromycin)
compared to levels observed for erm(B) (=64 pg/ml erythromycin) (15). Macrolide
resistance in the pneumococcus, caused by erm(B) and mef(E)/mel, has been linked to

treatment failures for lower respiratory tract infections and bacteremia (23-25).

The two most common Mega elements are type 1 and 2, which are distinguished
by a 99-bp insertion/deletion (Mega-1 at 5.5-kb and Mega-2 at 5.4-kb) (11). Mega has
inserted into the pneumococcal genome in six distinct sites, termed Mega classes (20).
Insertion sites numbered I-1V were originally described (11). When inserted into Tn916-
like elements, Mega is classified as insertion site V (26-28). Recently, we reported a

novel chromosomal insertion site, VI (20).

Mega class IV has been further classified into three subclasses: Mega-2.1Va,

Mega-1.1Vb, and Mega-2.1VVc (20) all of which are upstream of PPI-1. We found Mega-
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2.IVa and Mega-2.1Vc have high-level macrolide resistance while the Mega-1.1Vb
insertion has uninduced MICs of 2-16 pg/ml with induced MICs of 24-64 pg/ml
(Tablel). The 99-bp insertion/deletion in the intergenic region between mef(E) and mel,
the distinguishing characteristic between Mega-1 from Mega-2, does not appear to affect

the level of macrolide resistance.

The presence of ISSmi2 adjacent to Mega and the deletion of PPI-1 in Mega-1Va
and Mega-IVc isolates should be investigated further to assess their roles in high-level
macrolide resistance. The presence of ISSmi2 upstream of Mega orf3-6 could cause
upregulation of these genes leading to increased macrolide resistance. Alternatively, the
deletion of the PPI-1 may result in high-level macrolide resistance of Mega-2.1\VVa/c
isolates. The PPI-1 is comprised of a conserved region of 15.1-kb and a variable region of
15.6-kb (20, 29). Deletion of the piaABCD and phgABC operons of the conserved region
of PPI-1 decrease virulence in mice (30, 31). Interestingly, the Mega-2.1Va/c isolates in
this study were recovered from invasive pneumococcal disease patients, which suggest

the strains have maintained virulence without the presence of the PPI-1.

In the mid-2000s after PCV-7 introduction, clonal expansion of macrolide-
resistant serotype 19A S. pneumoniae with dual resistance determinants, Mega and
erm(B), was observed worldwide (15, 27, 32, 33) (Chapter 2). This dual macrolide
resistant genotype results in an MLSg phenotype with high-level macrolide resistance
(Table 2). The mef(E)/mel operon was inducible in the erm(B) background, which
indicates co-expression of both macrolide resistance mechanisms. The high-level
macrolide resistance of S. pneumoniae isolates with the dual macrolide resistance

genotype, mef(E)/mel and erm(B) (Tn2010-containing), was due to erm(E), but
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mef(E)/mel provided lower efflux-mediated resistance levels (Table 2) and may provide

other selective advantages due to mef(E)/mel such as resistance to antimicrobial peptides
(e.g. LL-37) (34). The introduction of PCV-13 has significantly decreased the incidence

of serotype 19A and the dual macrolide resistance genotype especially in high-risk

populations, <5 and >65 year old populations (Chapter 2).

Antibiotic resistance determinants are often inducible and provide a selective
advantage over non-resistant organisms in an antibiotic-containing environment.
However, expression of these determinants can be associated with a fitness cost when the
selective pressure is absent (35). In the pneumococcus, erm(B) commonly is inducible
and tightly regulated expressed through translational attenuation (36, 37). The mef(E)/mel
operon is regulated through transcriptional attenuation (19). Overexpression of erm(B) in
S. pneumoniae by a partial attenuator deletion did not cause a growth defect when the
strain was grown in vitro as a pure culture (38). However, in Staphylococcus aureus,
deregulation of erm(C), a homolog of erm(B), results in increased expression of a subset
of the proteome that causes a 10-fold fitness defect in vitro (21). We found that erm(B) in
S. pneumoniae did not cause a fitness defect and provided a competitive advantage up to
100-fold during macrolide exposure. Murine TLR13 is stimulated by a fragment of
bacterial 23S rRNA but methylation of A2058, the target of erm(C) and erm(B),
prevented TLR13 activation and prevented detection of the bacteria through this pathway
(39). Humans do not have TLR13, and thus it is at present unclear if erm(B)-mediated

ribosomal methylation has a protective effect against the human immune response.

The recent emergence of S. pneumoniae with dual macrolide resistance

determinants is a novel event (Chapter 2). The dual macrolide resistance genotype may
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have arisen by a mef(E)/mel-containing strain acquiring erm(B). A Tn2009-containing
strain may have acquired erm(B) through homologous recombination of a Tn6002
fragment with erm(B) flanked by Tn916 orf20 to create Tn2010, which would convert the
strain from an M phenotype with lower-level macrolide resistance to an MLSg phenotype
with high-level macrolide resistance. Alternatively, dual macrolide resistance genotype
may have occurred through a Tn6002-containing strain becoming transformed with a
Tn2009 fragment with Mega flanked by Tn916 orf6 to create Tn2010. During in vitro
competitive growth assays, erm(B) provided a growth fitness advantage when subjected
to erythromycin due to the high-level macrolide resistance conferred by erm(B) as
mef(E)/mel did not contribute the in vitro survival benefit. The presence of mef(E)/mel
has been found to enhance resistance to the human antimicrobial peptides LL-37 (34).
The host immune response may have provided a selective pressure for the acquisition of
mef(E)/mel by an erm(B)-containing S. pneumoniae. While it is not possible to determine
the order of acquisition of the macrolide resistance determinants, the close genetic
linkage of these resistance determinants and non-macrolide resistance determinants (i.e.
tetracycline resistance) on Tn2010 and Tn2010-like elements may result in a soft
selective pressure for maintenance (40). With an undetectable fitness burden for
maintenance of mef(E)/mel and/or erm(B) it is unlikely these determinants would be lost
from the pneumococcal population, even with reduced use of macrolides in clinical

settings (35).

The most effective measure to date in combating macrolide-resistant
pneumococcal infections has been the introduction of pneumococcal conjugate vaccines

(PCV). These vaccines provide individual protection for vaccinated individuals, reduce
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transmission of vaccine serotypes leading to herd protection for unvaccinated individuals
in the same population (41). PCV-7 containing capsular polysaccharides of serotypes 4,
6B, 9V, 14, 18C, 19F, and 23F conjugated to diphtheria protein CRM197 was introduced
into the US pediatric population in 2000. Introduction of PCV-7 was followed by rapid
decrease in the incidence of local and invasive pneumococcal disease caused by the
vaccine serotypes; these vaccine serotypes also had the highest frequency of macrolide
resistance determinants (14). Following serotype replacement by non-PCV-7 serotypes,
PCV-13 containing capsular polysaccharides of serotypes from PCV-7 and serotypes 1,
3,5, 6A, 7F, and 19A conjugated to CRM197 was introduced in the United States in
2010 and also resulted in decreased pneumococcal disease and macrolide-resistance due
to the effects on vaccine serotypes (42) (Chapter 2). Overall macrolide-resistant invasive
pneumococcal disease declined 70% in Atlanta since 1999 (Chapter 2). The dual
macrolide resistance genotype (Tn2010-containing) has predominately been found in
association with serotype 19F most commonly 19A, PCV-13 introduction decreased the
incidence of invasive pneumococcal disease cause by isolates with the dual macrolide

resistance genotype (Chapter 2).

In summary, high-level macrolide resistance in S. pneumoniae can result from
efflux due to the mef(E)/mel-encoded two-component efflux pump, the specifically in the
context of the Mega-2.1Va or Mega-2.1\VVc genomic insertions. Th2010-containing S.
pneumoniae isolates carry both erm(B) and mef(E)/mel, which are both functional in
these strains. High-level macrolide resistance regardless of mechanism provides a

competitive growth advantage during exposure to erythromycin.
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MATERIALS and METHODS

Bacterial Strains, Media, and Growth Conditions. The characteristics of strains
used are listed in Table 1 and 2. All S. pneumoniae strains were routinely grown on
trypticase soy agar Il containing 5% sheep’s blood (blood agar) or in Todd-Hewitt broth
containing 0.5% yeast extract broth (THY). Plate cultures were grown at 37°C with 5%
CO; and broth cultures were grown in a 37°C water bath.

Antibiotic Susceptibility. Bacterial cultures were grown overnight on blood agar
and subcultured onto blood agar or blood agar with erythromycin supplementation to
induce resistance expression as a standard protocol in our laboratory (13, 34). These
overnight cultures were suspended to a density approximately equal to a 0.5 McFarland
standard and streaked onto Mueller-Hinton agar containing 5% sheep’s blood.
Erythromycin susceptibility tests were performed by applying an erythromycin Etest
strips (bioMérieux). After an overnight incubation, erythromycin susceptibility was
measured. Uninduced MICs of 1-16 ug/ml were classified as resistant and >16 ug/ml
were classified as high-level resistant.

General DNA Manipulation. Primers sequences are listed in Table Al. PfuUltra
Il Fusion DNA polymerase (Agilent Technologies) or Q5 polymerase (New England
Biolabs), restriction enzymes (New England Biolabs) and T4 DNA ligase (Invitrogen)
was used for mutational cassette construction. Tag DNA polymerase (Applied
Biosystems) or One Tag DNA polymerase (New England Biolabs) were used for
screening putative mutants.

Transformations. S. pneumoniae was transformed by a standard method that

utilized the competence-stimulating peptide 1 (CSP-1) for induction of competence(43).
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CSP-1 was synthesized by Emory University Microchemical Facility. Transformations
were performed using plasmid DNA or PCR products and selected on blood agar
containing kanamyecin at 400 pg/ml, erythromycin at 1 pg/ml, or chloramphenicol at 3.2
pg/ml as described below.

Mutants TS9001-3 and XZ8012-5 (Table 2). Competent cells were transformed
with a previously created plasmid that replaces mef(E) and mel with an aphA-3 cassette
and double crossover mutants were selected on kanamycin and confirmed by PCR and
sequencing (34). This method was used to delete mef(E)/mel from GA16242 to create
TS9001-3 and from GA17545 to create XZ8012-5.

Mutants MS23 and MS27 (Table 2). A 10.9 kb PCR product containing Mega-
2.1Va was amplified using primers SC173 and SC251 and purified using the QIAquick
Gel Extraction kit. Purified PCR products were transformed into NP112 to create MS23
and XZ8009 to create MS27 and transformants were selected on erythromycin. Insertions
were confirmed by PCR of the left and right junctions of Mega-2 in insertion site IVa
with primers SC10 with SC173 and SC70 with SC251.

Mutant MS30 (Table 2). Strain MS23 was transformed with BamHI| digested
mef(E)/mel::aphA-3 plasmid. The desired double crossover was selected on kanamycin.
The insertion was confirmed by PCR amplification of a 1521 bp product with primers
SC125 and kanA.

Mutant MS32 (Table 2). From GA44288 genomic DNA, amplified upstream
(primers MS34 and MS35) and downstream (primers MS36 and MS37) regions of
erm(B) were spliced by overlapping extension (SOE) to create an internal Xbal site using

the PCR amplified regions with primers MS34 and MS37. The resulting 1066 bp product
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was digested with BamHI and Pstl and cloned into double-digested pUC19 vector to
create pMRS11. The kanamycin resistance cassette, aphA-3 was PCR amplified from
pSF151 (44) using primers MS53 and MS54 and the product was Xbal digested and
cloned into pMRS11 to create pMRS13. The aphA-3 cassette was confirmed to be in the
forward direction by PCR with primers MS34 and MS54. Transformation of GA44288
cells with pMRS13 and selection on kanamycin to created strain MS32, which was
confirmed by PCR amplification with primers MS27 and kanA as well as MS28 and
kanC.

Mutant MS41 and MS42 (Table 2). PCR amplification of the mef(E) upstream
region by primers MS64 and MS72, the mel downstream region by primers MS63 and
MS69, and the chloramphenicol cassette from pEVP3 (45) by primers MS70 and MS71.
A single SOE PCR reaction with the three PCR products and primers MS63 and MS64
created a 2 kb Amef(E)/mel::cmR cassette. This product was used for transformation and
selection on chloramphenicol for GA44288 to create MS41 and MS32 to create MS42,
which were confirmed by PCR amplification of a 2 kb product from primers MS63 and
MS64.

gRT-PCR. Overnight blood agar cultures were suspended in THY and grown
until to mid-log phase (ODgpo=0.3-0.5). Each culture was diluted to ODgyp=0.05 in
prewarmed THY and grown to mid-log phase and cultures were divided into tube with or
without erythromycin as indicated and continued to grow until desired treatment time was
achieved. Culture aliquots were mixed with RNAprotect Bacterial Reagent (Qiagen) and
RNA was isolated using the RNeasy Mini Kit (Qiagen). DNA was removed via the

TURBO DNA-free (Applied Biosystems) and confirmed to be free of DNA by PCR
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using primers for genes of interest (Table A2). QuantiTect Reverse Transcription Kit
(Qiagen) was used to create cDNA from the purified RNA. gRT-PCR was performed
using iIQ SYBR Green Supermix (BioRad) with an iCycler iQ Real-Time Detection
System (BioRad). qRT-PCR primers are listed in Table A2. The measured C+ values
were averaged and wild type untreated condition was used to calculate the relative
expression, AACr value.

Competitive Index. Bacterial growth competitions were developed based on
methods of Gupta et al. (21). Overnight blood agar cultures were subcultured onto blood
agar with or without supplementation with erythromycin at 0.5 pg/ml. Each strain was
suspended in THY broth with or without erythromycin (0.5 pug/ml) and grown to
ODg0p=0.5-0.7 and diluted to ODgy=0.050 in fresh media. Diluted cultures were mixed
(1:1) for competition assays or grown independently as non-competition controls and
grown to ODgnp=0.5-0.7 and diluted 200-fold in fresh media. Cultures were subcultured
three times allowing the cultures to grow for approximately 50 generations. Sampling of
cultures was performed to monitor growth phase by ODgg. At T=0 and each time the
cultures reached late-log/stationary phase, culture aliquots were collected, serially diluted
in phosphate-buffered saline, and plated on blood agar without selection (total culture
density) and selective blood agar (one of the mutants): kanamycin 400 pg/ml,
erythromycin 1 pg/ml, chloramphenicol 3.2 pg/ml, or tetracycline 2 pg/ml. The
competitive index (CI) was calculated as Cl = (mutant CFUgypu/Wildtype CFUoutpur)/
(mutant CFUinpu/wildtype CFUinpyt) and a CI<1 indicates the mutant is less fit than then

the wildtype.
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Statistical analysis. Unpaired, two-tailed t tests with 95% confidence intervals
were performed using Prism® 5 (GraphPad). For the growth competition experiments,
the competitive index values of input were compared to the endpoint of 50 generations of

growth.
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TABLES
Table 1. S. pneumoniae isolates macrolide resistance gene classification and

erythromycin minimum inhibitory concentrations (MICs).

Isolation Clonal
Mega erm(B) Strain MIC?  iMIC?P Year Serotype  MLST  Complex Source
Mega-1.1 None GA17328 4 24 2000 6A 376 CC2090 (20)
GA17457 8 48 2000 19A 199 CC199 (20, 34)
GA16857 4-6 24-32 2002 6A 376 CC2090 GAEIP
GA41348 6-8 32 2004 19A 199 CC199 GAEIP
GA41437 3 24 2004 6A 376 CC2090 (20)
GA41502 4 32 2004 19A 199 CC199 GAEIP
Mega-1.11 None EU-NP04 4 16-24 2009 6C 2705 CC1379  (20)
GA47033 4-6 16-24 2005 6C 4150 CC1379  (20)
GA52306 4 12-24 2007 6C 3676 CC1379  (20)
GA60190 8 16 2010 6C 1292 CC1379  (20)
Mega-2.11 None GA11757 16 48 2000 14 13 CC15 GAEIP
GA16531 8 48 2001 6B 146 CC156 (20)
GA17530 16 48 2000 14 81slv - GAEIP
GA41538 16 64 2004 6A 384 CC156 (20)
GA41688 16 48 2004 14 13 CC15 (20)
Mega-1.111 None GA17301 8 48 2000 9V 156 CC156 (20)
GA17570 6 48 2001 9V 156 CC156 (20)
GA18641 8-12 48-64 2002 9V 156 CC156 GAEIP
GA41277  12-24 64 2004 19A 199 CC199  (20)
GA47760 6-8 32 2006 11A 62 CC62 (20)
GA62681 6-8 64 2011 15C 199 CC199 (20)
Mega-2.1Va None GA04375 18 96 1995 19F 236 CC320 (20)
GA14846 64 >256 2000 6B 1536 CC1536  GAEIP
GA16242 64 >256 2001 6B 1536 CC1536  (20)
GA16374 64 >256 2001 6B 1536 CC1536  GAEIP
Mega-2.1Vc None GA17545 64 >256 2000 6B 1536slv. CC1536 (19, 20)
Mega-1.1Vb None GA17828 16 64 2001 33F 2705 CC100 GAEIP
GA19795 4 24 2004 33F 2705 CC100 GAEIP
GA40189 2-3 24 2002 33F 2705 CC100 GAEIP
GA41317 8 24-32 2004 33F 2705 CC100 (20)
GA41318 8 32 2004 33F 2705 CC100 GAEIP
Mega-1.V
Tn2009 None GA16833 4 32-48 2002 19F 5053 CC320 (20)
GA17227 8-12 24 2000 23F 242 CC242 (20)
GA17371 12 96 2000 19F 8014 CC320 (20)
GA41301 12 32 2004 23F 242 CC242 (20)
GA41565 3-4 32 2004 19A 81 Cc81 (19, 20)
Mega-1.VI None GA02254 3-4 16 1994 14 124 CC156 (29, 20)
None Tn3872  GA47597 >256 >256 2006 3 180 CC180 (20)
Tn6002 GA44194  >256 >256 2005 19A 2543 CC63 (20)
Mega-2.V
Tn2010 Tn2010 GA11856 >256 >256 2000 19F 271 CC320 (20)
GAl6121 >256 >256 2000 19F 236 CC320 (20)
GA44288  >256 >256 2005 19A 320 CC320 (20)
GA47688 >256 >256 2006 19A 320 CC320 (20)
GA47778 >256 >256 2006 19A 320 CC320 (20)

8 MICs determined by Etest in at least duplicate and reported as pg/ml. Ranges provided
when replicates varied, and each range is within a two-fold dilution.

® Subinhibitory concentration used for induction: 0.1 pg/ml.
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Table 2. Erythromycin minimum inhibitory concentrations (MICs) for S. pneumoniae

strains and mutants (Mega insertion, serotype, MLST (clonal complex)) used in this

study.
Uninduced Induced
Strain MIC? MIC*®  Relevant Genotype Reference
GA44288 >256 >256  Mega-1.V Tn2010, 9A, ST320 (20)
(CC320)
MS32 8 64 GA44288 Aerm(B)::aphA-3 This study
MS41 >256 >256  GA44288 Amef(E)/mel::cat® This study
MS42 0.125° * GA44288 Aerm(B)::aphA-3, This study
Amef(E)/mel::cat®
GA16242 64 >256  Mega-2.1Va, 6B, ST1536 (20)
(CC1536)
TS9001-3 0.125° * GA16242 Amef(E)/mel::aphA-3 This study
GAL17545 96 >256  Mega-2.1\Vc (19)
6B, ST1536slv (CC1536)
XZ8012-5 0.19° * GA17545 Amef(E)/mel::aphA-3 This study
NP112 0.19° * no macrolide resistance genes, (20)
6B, ST1536 (CC1536)
MS23 32 >256  NP112 +Mega-2.1Va This study
MS30 0.19° * MS23 Amef(E)/mel::aphA-3 This study
GAL17457 8 64 Mega-1.1, 19A, ST199 (CC199) (34)
XZ8009 0.125° * GA17457 Amef(E)/mel::aphA-3 (34)
MS27 32 >256  XZ8009 +Mega-2-1Va This study

# MICs reported as pg/ml
® Subinhibitory concentration used for induction: 0.5 pg/ml
S Susceptible to erythromycin when MIC < 0.5 pg/ml

* Susceptible strains were not tested for inducible MIC
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FIGURE LEGENDS

Figure 1. Macrolide resistance phenotypes and genotypes of S. pneumoniae.
Erythromycin minimum inhibitory concentrations (MICs) were determined from
uninduced (black bars) and cultures induced with 0.1 ug/ml erythromycin (white bars).
Each bar is the average MIC for a macrolide resistance genotype and strains are detailed
in Table 1.

Figure 2. mef(E) expression in strain GA44288 after 15 min exposure to erythromycin.
The data are normalized 1, to the expression of mef(E) without erythromycin (0 pg/ml)
and error bars are the C+ value standard deviations of technical duplicates. The data

presented are representative of experiments from at least three separate days.

Figure 3. The competitive index of isogenic GA44288 mutants grown in vitro with
erythromycin (0.5 pg/ml) for approximately 50 generations: (A) MS41 (GA44288
Amef(E)/mel) versus GA44288, (B) MS32 (GA44288 Aerm(B)) versus GA44288, and
(C) MS32 (GA44288 Aerm(B)) versus MS41 (GA44288 Amef(E)/mel).

Figure 4. The competitive index of high-level macrolide resistance strains with distinct
mechanisms (erm(B) and Mega-2.1Va) in vitro with erythromycin (0.5 pg/ml) grown for
approximately 50 generations: (A) GA44288 (erm(B)-and mef(E)/mel-containing) versus
GA16242 (Mega-2.1Va-containing), (B) MS41 (GA44288 Amef(E)/mel, erm(B)-
containing) versus GA16242 (Mega-2.1Va-containing), and (C) MS32 (GA44288

Aerm(B)) versus GA16242 (Mega-2.1Va-containing).
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Figure 4
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SUPPLEMENTAL MATERIALS

Supplemental Table Al. Primers used in the study.
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Cloning Restriction
Primers Sequence (5’ to 3°) Site?
SC173 CCAGAGATTGTGTCTGTCATGC
SC251 GCTAGTCACTAGACGGTTTAGACC
SC10 ACTTGTCAATCACGGACAGC
SC70 GCAAGTTGCTGCTAGACACTG
SC125 AGCAAGAGAGTACCAGGATAC
kanA CTTAGCAGGAGACATTCCTTCCG
kanC GTGGTATGACATTGCCTTCTGCG
MS27 AGCGTGCCTATTATGCAGTC
MS28 TCGCCAAAATGCTGTTGATC
MS34 ATTAGGATCCTATCAATCGGTATATCCGTT BamHI
CGTGTAACTTTCCAAATTTATCTAGACTTAAGTT  Xbal
MS35 TGCTTCTAAGTC
GACTTAGAAGCAAACTTAAGTCTAGATAAATTT  Xbal
MS36 GGAAAGTTACACG
MS37 TAATCTGCAGACTTACCAAGATATCACGAA Pstl
MS53 TATATCTAGACAGGACAATAACCTTATAGC Xbal
MS54 TATATCTAGACCAACTTACTTCTGACAAC Xbal
MS63 TATAGGATCCCATTTTGATAAAAACTACAACAG  BamHI
G
MS64 TATACTGCAGAGCCTTGATTGCAAGGC Pstl
MS69 GCTTATCGATACCGTCGAATTTAAGGTAGTCGCT
GG
MS70 CCAGCGACTACCTTAAATTCGACGGTATCGATA
AGC
MS71 GGAAGTATGAGTCTCATTCCAGTTAGTGACATTA
GAAAACCG
MS72 CGGTTTTCTAATGTCACTAACTGGAATGAGACTC
ATACTTCC
qRT-PCR Amplified
Primers Sequence (5’ t0 3°) Locus
ql6S_F2 CCAGATGGACCTGCGTTGTAT 16S rRNA
g16S_R2 TCCGTCCATTGCCGAAGATT 16S rRNA
gmef_F3 GTATTCCCGAAACGGCTAAACTG mef(E)
gmef_R3 TGGAACGCCTGTGCATATTTC mef(E)
gmel_F2 TTCTGCACCGACTATAGGGTATGG mel
gmel_R2 AAACCCTAGAGCACAGGATTGC mel
germ_F2 CCGAACACTAGGGTTGCTCTT erm(B)
germ_R2 TGTGGTATGGCGGGTAAGTT erm(B)

2 Restriction sites are underlined.
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AGATTTTGTGAAAGCTAATCGCTTGCTACTAAGGAAGATAATCCAGAGCGTTACAGTCTA
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TGAAGAAAACTTCGTCATATCCTTTAAATCTGGCATCGAATTGGAAGTATGAGTCTCATT
TGAAGAAAACTTCGTCATATCCTTTAAATCTGGCATCGAATTGGAAGTATGAGTCTCATT
TGAAGAAAACTTCGTCATATCCTTTAAATCTGGCATCGAATTGGAAGTATGAGTCTCATT
TGAAGAAAACTTCGTCATATCCTTTAAATCTGGCATCGAATTGGAAGTATGAGTCTCATT
TGAAGAAAACTTCGTCATATCCTTTAAATCTGGCATCGAATTGGAAGTATGAGTCTCATT
TGAAGAAAACTTCGTCATATCCTTTAAATCTGGCATCGAATTGGAAGTATGAGTCTCATT
TGAAGAAAACTTCGTCATATCCTTTAAATCTGGCATCGAATTGGAAGTATGAGTCTCATT
TGAAGAAAACTTCGTCATATCCTTTAAATCTGGCATCGAATTGGAAGTATGAGTCTCATT
TGAAGAAAACTTCGTCATATCCTTTAAATCTGGCATCGAATTGGAAGTATGAGTCTCATT

CCATAACTTTTATAI | GAACATATCATCTTGT IGIGI IAITACIATAAATTGATATAAACA

T T T T T T
130 140 150 160 170 180

1 1 1 1 1 1
CCATAACTTTTATATTGAACATATCATCTTGTTGTGTTATACTATAAATTGATATAAACA
CCATAACTTTTATATTGAACATATCATCTTETTGTGTTATACTATAAATTGATATAAACA
CCATAACTTTTATATTGAACATATCATCTTGTTGTGTTATACTATAAATTGATATAAACA
CCATAACTTTTATATTGAACATATCATCTTIITTGTGTTATACTATAAATTGATATAAACA
CCATAACTTTTATATTGAACATATCATCTTTTGTGTTATACTATAAATTGATATAAACA
CCATAACTTTTATATTGAACATATCATCTTGTTGTGTTATACTATAAATTGATATAAACA
CCATAACTTTTATATTGAACATATCATCTTETTGTGTTATACTATAAATTGATATAAACA
CCATAACTTTTATATTGAACATATCATCTTGTTGTGTTATACTATAAATTGATATAAACA
CCATAACTTTTATATTGAACATATCATCTTGTTGTGTTATACTATAAATTGATATAAACA
CCATAACTTTTATATTGAACATATCATCTTGTTGTGTTATACTATAAATTGATATAAACA

AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA
T T T T T T

190 200 210 220 230 240

1 1 1 1 1 1
AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA
AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA
AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA
AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA
AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA
AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA
AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA
AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA
AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA
AAGATGTAGGAGGAACCGAAACTATGACAGCCTCAATGCGTTTAAGATAAGCTGGCAATA

60
60
60
60
60
60
60
60
60
60

120
120
120
120
120
120
120
120
120
120

180
180
180
180
180
180
180
180
180
180

240
240
240
240
240
240
240
240
240
240

152

Page 1



Alignment Report of Untitled ClustalW (Slow/Accurate, IUB)
Tuesday, January 19, 2016 12:14 PM

Majority

Mega-1.1
Mega-1.11
Mega-2.11
Mega-1.11I
Mega-2.IVa
Mega-1.IVb
Mega-2.IVc
Mega-1.VTn2009
Mega-1.VTn2010
Mega-1.VI

Majority

Mega-1.1
Mega-1.11
Mega-2.11
Mega-1.11I
Mega-2.IVa
Mega-1.IVb
Mega-2.1Vc
Mega-1.VTn2009
Mega-1.VTn2010
Mega-1.VI

Majority

Mega-1.1
Mega-1.11
Mega-2.11
Mega-1.11I
Mega-2.IVa
Mega-1.1Vb
Mega-2.IVc
Mega-1.VTn2009
Mega-1.VTn2010
Mega-1.VI

Majority

Mega-1.1
Mega-1.11
Mega-2.11
Mega-1.11l
Mega-2.1Va
Mega-1.IVb
Mega-2.IVc
Mega-1.VTn2009
Mega-1.VTn2010
Mega-1.VI

AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT
T T T T T T
250 260 270 280 290 300

1 1 1 1 1 1
AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT
AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT
AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT
AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT
AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT
AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT
AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT
AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT
AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT
AAAAAAGCAGAATCTATACCCGATGATAGGCTTTTTTGTTGTGCTTATTTATACGATATT

GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG

T T T T T T
310 320 330 340 350 360
1

1 1 1 1 1
GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG
GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG
GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG
GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG
GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG
GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG
GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG
GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG
GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG
GAGCATTCATTAGTTACGGTGAGGATATTGGTTATTTAACTATACCTTTATTTAACTATG

TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT
T T T T T T

370 380 390 400 410 420

1 1 1 1 1 1
TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT
TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT
TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT
TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT
TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT
TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT
TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT
TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT
TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT
TCTTTAATATGAATGTTTCCAAATTGTATGTATGCAGACCAAAAGCCACATTGTGGGGTT

TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA
T T T T T T
430 440 450 460 470 480

1 1 1 1 1 1
TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA
TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA
TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA
TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA
TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA
TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA
TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA
TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA
TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA
TGGCCTGCATTTTTTATTGCCTAGAATGCTATTCAAAATAGAAATTCAAGCAAAATAATA

300
300
300
300
300
300
300
300
300
300

360
360
360
360
360
360
360
360
360
360

420
420
420
420
420
420
420
420
420
420

480
480
480
480
480
480
480
480
480
480



154

Alignment Report of Untitled ClustalW (Slow/Accurate, IUB) Page 3
Tuesday, January 19, 2016 12:14 PM
Majority TGCAGGAGATAATATAAATG

T T

490 500

1 1
Mega-1.1 TGCAGGAGATAATATAAATG 500
Mega-1.Il TGCAGGAGATAATATAAATG 500
Mega-2.Il TGCAGGAGATAATATAAATG 500
Mega-1.11l TGCAGGAGATAATATAAATG 500
Mega-2.IVa TGCAGGAGATAATATAAATG 500
Mega-1.IVb TGCAGGAGATAATATAAATG 500
Mega-2.IVc TGCAGGAGATAATATAAATG 500
Mega-1.VTn2009 TGCAGGAGATAATATAAATG 500
Mega-1.VTn2010 TGCAGGAGATAATATAAATG 500
Mega-1.VI TGCAGGAGATAATATAAATG 500

Decoration 'Decoration #1': Shade (with solid black) residues that differ from the Consensus.



Supplemental Figure A2.Competitive index of GA44288 mutants grown without
erythromycin.
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Chapter 5: Final Discussion

I. The Pneumococcus

Streptococcus pneumoniae is an opportunistic pathogen that causes non-invasive
(acute otitis media and pneumonia) and invasive disease such as bacteremia and
meningitis. As a common commensal of the human nasopharynx, the pneumococcus is
often carried by young children, less than five years of age (1, 2). Each year
approximately 1.6 million people die from pneumococcal infections; one million are
children under the age of five (3). During the mid-1990s, the high prevalence of penicillin
resistance among S. pneumoniae resulted in a shift from B-lactam to macrolide antibiotics
for non-invasive pneumococcal diseases and upper respiratory infections. Widespread use
of macrolides contributed to the expansion of macrolide-resistant S. pneumoniae.
Globally, erythromycin resistance among S. pneumoniae is geographically variable and

ranges from <10% to >50% (4).

I1. Invasive Pneumococcal Disease (IPD) Serotypes

S. pneumoniae serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F were the most
common serotypes causing invasive pneumococcal disease (IPD) worldwide through
2000 (5). This was despite the inclusion of these serotypes in the 23-valent pneumococcal
polysaccharide vaccine (PPSV-23) which was licensed in 1984. In 2000, a heptavalent
pneumococcal conjugate vaccine (PCV-7) was licensed for use in children under five
years old in the United States (6, 7). PCV-7 contains the capsular polysaccharides of

serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F conjugated to the CRM197 diphtheria
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protein. With the rise in IPD from non-PCV-7 serotypes, PCV-13 was licensed in 2010
for use in the pediatric population as a replacement for PCV-7 (7, 8). PCV-13 contains
serotypes from PCV-7 with the addition of serotypes 1, 3, 5, 6A, 7F, and 19A conjugated

to the CRM197 diphtheria protein.

We investigated the impact of PCV-7 and PCV-13 on invasive pneumococcal
disease. In Atlanta, from 1994-1999 the incidence of IPD averaged 30.2 cases per
100,000 population (9). Pediatric (children <2 years old) vaccination with PCV-7 began
in Atlanta in 2000 and by 2002 IPD was reduced 57% (9). Worldwide reductions of IPD
were also observed following PCV-7 introductions in other countries, attributed both
individual protection and herd protection (10-16). Vaccination with pneumococcal
conjugate and other bacterial meningitis conjugate vaccines reduces nasopharyngeal
carriage of vaccine serotypes in populations (7, 17), which protects non-vaccinated
individuals through interference with human-to-human transmission (12, 18). In Chapter
2, we determined the effect of PCV-7 and PCV-13 on the incidence of IPD from 2002
through 2013 as a result of continued vaccine pressure within the population. Although
IPD caused by PCV-7 serotypes continued to decline following PCV-7 introduction, the
rate of IPD remained constant at ~12 per 100,000 from 2002-2009 due to serotype
replacement. “Serotype replacement” following PCV-7 introduction has been observed
worldwide (10, 11). The expansion of non-vaccine serotypes such as 7F and selection of
capsule switching events (e.g. a capsule switch event in a highly successful serotype 19F
led to the expansion of this clone as serotype 19A, which is not represented in PCV-7

(19, 20), both contributed to “serotype replacement.” Unlike PCV-7, successful conjugate
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vaccines against other respiratory and meningitis pathogens, Haemophilus influenza and

Neisseria meningitides, have not resulted in serotype replacement (21-23).

As shown in Chapter 2, PCV-13 introduction in Atlanta in 2010 was followed by
a further decline in incidence of IPD, which by 2013 was 8.8 cases per 100,000
population. Overall, IPD in Atlanta was reduced 71% from 1994-1999 to 2013 due to
PCV-7 and PCV-13 introduction. Reduction of IPD in Atlanta following PCV-13 was
largely due to reductions of IPD caused by serotypes 7F and 19A: worldwide PCV-13 has
led to reductions in IPD due to each of the six additional serotypes (1, 3, 5, 6A, 7F, and
19A) (17, 24-27). In Atlanta, IPD caused by serotype 3 was consistent but at low
incidence throughout the twenty-year study period, while serotypes 1 and 5 infrequently
caused IPD in this population. Following the 2000 and 2010 introductions of PCV-7 and
PCV-13, respectively, the proportion of IPD caused by vaccine serotypes continued to
decline and by 2013 accounted for only 18.5% of IPD in Atlanta. As young children were
initial target of vaccination, the overall decreased rates of IPD in all age populations
highlights the success of PCV-7 and PCV-13 vaccine interventions in reducing the
burden of disease in vaccination and non-vaccinated individuals by herd protection (7,

10, 13, 14, 25, 28, 29).

I11. Macrolide-Resistant Invasive Pneumococcal Disease (MR-1PD)

Macrolide resistance rapidly emerged in S. pneumoniae in the early-1990s (9, 30,
31). The introduction and widespread use of semisynthetic macrolides including
azithromycin and clarithromycin was an important driver. Macrolides reversibly at a site

near the peptidyl transferase center of the 50S ribosomal subunit on the 23S rRNA, which
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inhibits protein synthesis (32, 33). Macrolide resistance in S. pneumoniae is
predominantly due to two mechanisms: target site modification and macrolide efflux
(34). The ribosomal methylation by the gene product encoded by erm(B) confers high-
level resistance to macrolide as well as resistance to lincosamide and streptogramin B
(MLSg phenotype) (35). Pneumococcal macrolide efflux occurs through a yet-undefined
mechanism by the presence of mef(E)/mel of the transposable genetic element Mega (36),
confers resistance to 14- and 15-membered macrolides while remaining susceptible to
lincosamides and streptogramin B (37, 38).

Between 1994 and 1999, MR-IPD rapidly emerged in Atlanta, GA, largely due to
an increase in cases caused by isolates containing mef(E)/mel (9, 39). PCV-7 introduction
reduced the incidence of MR-IPD. The highest rates of macrolide resistance were present
in PCV-7 vaccine serotypes (9, 40-42). In Chapter 2, we noted the stabilization of the
incidence of MR-IPD from 2002 through 2009 due to the continued decline of macrolide-
resistant PCV-7 serotypes that was offset by the rapid emergence of macrolide-resistant
serotypes not covered by PCV-7 specifically serotype 19A. This serotype replacement
event was largely caused by clonal expansion of a serotype 19A, ST320, clone that
belongs to clonal complex 320 (formerly CC271) (43-45). The clone arose from a capsule
switch event where a 19F strain was transformed to 19A. Interestingly, many macrolide-
resistant serotype 19A CC320 isolates were found to contain both erm(B) and

mef(E)/mel.

The incidence of MR-IPD caused by isolates with the dual macrolide resistance
phenotype (both erm(B) and mef(E)/mel) rapidly increased from 2003 through 2010 and

expanded worldwide (2, 45-49). Selective pressure by PCV-7 and the frequent use of
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macrolides clinically provided an opportunity for this clone to become quite successful.
The introduction of PCV-13, which includes serotype 19A, was successful in reducing
IPD caused by macrolide-resistant serotype 19A isolates in Atlanta. By 2013, there were
no cases of MR-IPD caused by isolates from CC320 vaccine-targeted age-groups (those
<5 years old) and disease due to this clone was greatly reduced in non-vaccinated
individuals in Atlanta (Chapter 2). Despite challenges with serotype replacement, PCVs
were an effective intervention in reducing the incidence of disease caused by vaccine
serotypes with high rates of macrolide resistance. From 1999 to 2013, PCVs decreased

MR-IPD 74% in the Atlanta population.

IV. Macrolide Resistance Elements

Following the observation that the emergence of MR-IPD in the late-1990s was
caused by isolates containing mef(E)/mel (39), our lab identified the Macrolide Efflux
Genetic Assembly (Mega) as the insertion element in S. pneumoniae that carries mef(E)
and mel under control of a single promoter (50, 51). Mega is related to the Tn916 family
of conjugative transposons, but due to its lack of transposition genes, Mega is most
efficiently transferred horizontally through transformation and homologous
recombination between pneumococci (50). In Chapter 3, we investigated the composite
mobile genetic elements in S. pneumoniae responsible for macrolide resistance through
genomic sequencing of 147 isolates, 131 of which were collected from the Atlanta
population-based surveillance. In addition to the five previously reported Mega insertion
sites (50, 52), we identified a novel Mega insertion site, now termed the class V1 insertion
site. We found that all Mega insertion sites had putative six base coupling sequences at

each end of Mega (left junction 5’-CATGTT-3’ and right junction 5’-AGCACA) as well
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as a consensus recognition sequence of 5’-TTTCCNCAA-3’. These data resemble
insertion sites of conjugative transposons and suggest conjugative transposition specific
machinery have facilitated insertion of Mega in to these specific genetic regions. The
conserved insertion sites suggest very few transposition events may have occurred

leading to Mega insertion into these genetic contexts.

Also, In Chapter 3, we reported the macrolide resistance elements of S.
pneumoniae detected in our collection of sequenced genomes. In 2004 del Grosso and
colleagues described the insertion of Mega into orf6 of Tn916 (52), i.e. class V insertion.
We found this Mega insertion commonly within the sequenced genomes. The presence of
Mega in a Tn916-like element was identified as Tn2009 (47, 52) while the presence of
both Mega and erm(B) in a Tn916-like element was identified as Tn2010 (44, 46) Only
Tn2010 was found within the Atlanta population isolates. Tn6002 and Tn3872, which
contain erm(B) on Tn916-like elements, were also found in macrolide-resistant S.
pneumoniae (43). Another dual macrolide resistance element, Tn2017 was not identified
in the sequenced genomes (53). Tn2017 isolate have been reported in serotype 19F, and
may not be present in the United States due to vaccine pressure by PCV-7 and PCV-13.
The Tn2010-containing serotype 19A ST320 clone emerged in the PCV-7 era as a
vaccine replacement serotype and spread worldwide as both a carriage isolate and as a

cause IPD (44-46).

V. High-Level Macrolide Resistance
The emergence of the Tn2010-containing serotype 19A ST320 clone was of

interest due to the presence of dual macrolide resistance determinants. In Chapter 4,
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through creation of a series of isogenic mutants, we found the presence of erm(B) in
Tn2010 was critical in conferred a high-level macrolide resistance phenotype similar to S.
pneumoniae with erm(B) at other sites. The mef(E)/mel operon did not contribute to the
high-level macrolide resistance or enhance survival in vitro in the presence or absence of
erythromycin. In Staphylococcus aureus, erm(C)-mediated resistance has been shown to
exert a fitness cost due to ribosomal methylation (54). However, we concluded that
expression of erm(B) in S. pneumoniae did not produce a fitness defect for which the
presence of mef(E)/mel would alleviate. A recent study also found Tn2010 does not
confer a fitness cost in the pneumococcus (55). Previous research found that S.
pneumoniae isolates that contained both erm(B) and mef(E)/mel had high rates of
recombination (56). This may suggest that the ancestor clone was created Tn2010
through a recombination event wherein Tn2009 acquired erm(B) or Tn6002 acquired

Mega. A potential explanation for the maintenance of Mega in Tn2010 is discussed later.

Mega can be found as two isoforms Mega-1 (5.4-kb) and Mega-2 (5.5-kb) due to
a 99 bp insertion between mef(E) and mel. We investigated the level (MIC) of macrolide
resistance of six Mega insertion sites and found high-levels (>32 ug/ml) of macrolide
resistance were conferred by Mega-2.1VVa and Mega-2.1V¢ insertions (Chapter 4). The 99-
bp intergenic region between mef(E) and mel of Mega-2 was not the cause of high-level
resistance because Mega-2.11 displayed lower levels of macrolide resistance, MICs 1-16
ug/ml. In addition, we showed that Mega-2.1VVa and Mega-2.1Vc have a downstream
deletion of the adjacent Pneumococcal Pathogenicity Island-1 (PPI-1) (Chapter 3), which
has a conserved 15.1-kb region and a variable 15.6-kb region (43, 57). The elimination of

certain genetic regions of this island may be involved in up-regulation of mef(E) and mel.
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Deletion of the piaABCD and phgABC operons of the conserved region and deletion of
different variable regions has been associated with decreased virulence in mice (58-60).
Although predicted to be less virulent, all five high-level mef(E)/mel strains were

invasive isolates.

Through our competition experiments, we found that high-level macrolide-
resistant S. pneumoniae have a growth fitness advantage over lower-level macrolide-
resistant S. pneumoniae in the presence of selection. This difference was found to be
independent of macrolide resistance mechanism causing high-level resistance as either
high-level erm(B) or a high-level Mega-containing isolate outcompetes a lower-level
Mega strain. Strains with either high-level macrolide resistance mechanism were equally
fit in competition with each other under erythromycin pressure. The concentration of
erythromycin used was the same as is achieved in serum during erythromycin treatment
(0.5 pg/ml). The presence of mef(E)/mel did not enhance fitness during the competition

assays, the contribution of mef(E)/mel in dual macrolide resistance isolates is still unclear.

V1. Future Directions

Surveillance programs such as the one essential for this work are critical in
monitoring the epidemiology of pneumococcal disease including antibiotic resistant IPD
and pneumococcal carriage. As part of the Active Bacterial Core surveillance (ABCs)
program the Emerging Infections Program in Atlanta has tracked IPD and collected S.
pneumoniae isolates for over twenty years. This long-term surveillance program observed
the emergence of MR-IPD in the late-1990s and was among the first to report on the

remarkable success of PCV-7 in reducing IPD and MR-IPD in populations and that
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significant herd protection was resulting from vaccination of young children. As of 2015,
the Centers for Disease Control and Prevention (CDC) is now performing genomic
sequencing of all IPD isolates collected from the 10 sites in the United States as part of
the ABCs program that has a S. pneumoniae surveillance population of over 31 million
people (Atlanta, GA; Baltimore, MD; Connecticut state; Denver, CO; Minnesota state;
New Mexico state; Oregon state; Rochester and Albany, NY; San Francisco, CA,
Tennessee state). Continued prospective population-based surveillance is critical in

providing data on the incidence of IPD, the serotypes involved and antibiotic resistance.

After PCV-7 introduction, serotype replacement and clonal expansion of capsule
switch clones stalled reductions of pneumococcal disease. Following the introduction of
PCV-13 IPD and MR-IPD decreased within three years. Continued surveillance is needed
to determine if these decreases will be sustained and if serotype replacement again

appeared.

As discussed in Chapter 3, the non-vaccine serotypes 12F, 15A, 22F, 23A, 33F,
and 35B are now the most prevalent IPD serotypes and non-vaccine serotypes 15A, 15B,
15C, 23A, 22F, 33F, and 35B are the most prevalent MR-IPD serotypes. In less than four
years following PCV-13 introduction, carriage of serotype 35B S. pneumoniae
significantly increased and 15B, 15C, and 11A remained common carriage serotypes (1).
With the well documented link between nasopharyngeal carriage and pneumococcal
disease (61), serotype 35B, 15B, 15C, and 11A are important serotypes to monitor during

PCV-13 implementation.
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The rapid emergence of the serotype 19A CC320 clone containing Tn2010, with
both erm(B) and mef(E)/mel, as a replacement serotype was observed worldwide. With
the higher-level macrolide resistance and broader range of antibiotic resistance conferred
by the presence of erm(B) compared to mef(E)/mel, the presence of mef(E)/mel in dual
macrolide resistance strains appears functionally redundant. We did not find a macrolide
resistance or fitness benefit of the presence of mef(E)/mel in a strain containing erm(B).
However, previous works by our group showed that expression of mef(E)/mel are
inducible by the human antimicrobial peptide LL-37 and the presence of mef(E)/mel
enhances resistance to LL-37 (62). Thus mef(E)/mel may be maintained and selected for
in strains containing erm(B) to enhance protection against host antimicrobial peptides at
mucosal membranes. Future studies should focus on the role of mef(E)/mel during in vivo
colonization, where they may be induced and expressed and provide initial protection
during macrolide treatment before erm(B) is expressed. Recently, macrolide-induced
expression of mef(E)/mel was shown to occur through a tightly controlled regulation
system of transcriptional attenuation (51). Expression of mef(E)/mel may occur through
an additional mechanism as LL-37 induction of mef(E)/mel was not due to the same

induction mechanism as macrolides (Chancey, unpublished data).

The mechanism of macrolide efflux in S. pneumoniae has yet to be fully
elucidated (37). Efflux is mediated by the gene products of mef(E) and mel for macrolide
resistance in S. pneumoniae: mef(E) encodes a major facilitator superfamily protein and
mel encodes an ATP-binding cassette (ABC) transporter protein but lacks a hydrophobic,
membrane-binding domain (36, 63). While it is thought that Mef(E) and Mel cooperate to

expel macrolides, a direct interaction of these two proteins has yet to be demonstrated.
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High-level macrolide resistance is most commonly due to the presence of erm(B);
but in Chapter 4, we showed Mega in some genetic locations will confer similar high-
level macrolide resistance. As Mega-2.1Va and Mega-2.1Vc insertions coincided with a
unique deletion of PPI-1, this region should be further probed to determine if a product(s)
of this region is(are) involved in the regulation of mef(E)/mel. Expression of mef(E)/mel
may be affected by osmotic stress or iron levels that are controlled by the PPI-1 operons
phgABC and piaABCD, respectively (57, 59), both of which are missing in these high-
level macrolide-resistant Mega-only isolates. Alternatively, a protein or RNA regulator
encoded on PPI-1 may be involved in suppression of mef(E)/mel expression to levels
observed in all Mega-containing isolates with an intact PPI-1. These high-level
expressing Mega isolates are not commonly found but enhanced expression of
mef(E)/mel may also lead to higher levels of resistance to LL-37 and promote enhanced
survival during colonization. Additional surveillance for these high-level macrolide-

resistant Mega stains is important during genomic analysis of IPD isolates.

Pneumococcal conjugate vaccines are widely used now in developed countries are
of increasing focus in developing countries, which should continue to decrease the
burden of pneumococcal disease worldwide especially toward reducing the rates of
childhood mortality. In the United States, PCV-7 and PCV-13 have been successful in
reducing the incidence of IPD and continued use of PCV-13 is needed to sustain the
lower incidence of disease. In August 2014, the Advisory Committee on Immunization
Practices (ACIP) recommended PCV-13 for routine use in the 65+ year old population
(64, 65), which should further reduce the incidence of IPD and MR-IPD in this high-risk

population. Some vaccine efforts also seek to target pneumococcal surface proteins that
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would lead to the eradication of the pneumococcus from the human nasopharynx, but
such efforts should be pursued with caution as complete elimination from the microbiome
of children may lead to imbalances and niche availability for another prominent
opportunistic pathogen with high rates of antibiotic resistance, such as S. aureus. Future
pneumococcal vaccine development efforts should seek to increase the number of

serotypes in PCVs to further reduce the incidence of pneumococcal disease.
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INTRODUCTION

F rancisella tularensis was first identified as the causative agent of
a fatal plague-like disease in a population of ground squirrels
in Tulare County, CA, in 1911 (147). Originally called Bacterium
tularense, it was later renamed Francisella tularensis in honor of
Edward Francis, who spent his career extensively studying and
characterizing the transmission and growth of this bacterium
(209). Although it causes disease in squirrels, rabbits, and numer-
ous other mammals, no animal has been identified as a reservoir.
Instead, the reservoir may be freshwater or amoebae living
therein. As there is no person-to-person spread, F. tularensis is
acquired primarily by humans via arthropod vectors or zoonotic
transmission, though it can also be transmitted by inhalation of
aerosolized bacteria or ingestion of contaminated food or water
(2). Inhalation of F. tularensis causes the most severe infections,
and only 10 bacteria can lead to a potentially fatal disease. This
high infectivity, along with its ease of aerosolization, have led to its
history of weaponization (209).

Francisella species are endemic only in the Northern Hemi-
sphere. F. tularensis subsp. tularensis (F. tularensis) is the most
virulent etiologic agent of tularemia in humans and is the primary
disease-causing Francisella species in North America. Francisella
tularensis subsp. holarctica (F. holarctica) is responsible for the
majority of reported cases of tularemia in Europe and Asia. The
current vaccine is an attenuated live vaccine strain (LVS) derived
from virulent F. holarctica by serial passage. LVS causes a very mild
infection in humans but can cause a lethal infection in mice and is
therefore commonly used as a model to study Francisella patho-
genesis. The closely related Francisella novicida species rarely
causes disease in humans, though some cases have been docu-
mented (31, 125). However, F. novicida is highly virulent in mice,
has over 98% identity to F. tularensis at the DNA level (188),
shares many of the same virulence genes (43), and is also used as a
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model system to study Francisella virulence. Finally, Francisella
tularensis subsp. mediasiatica is a species of intermediate virulence
in humans and is found in Central Asia, while Francisella philomi-
ragia and Francisella noatunensis can cause infections in aquatic
organisms, including wild and farmed fish (57). Throughout this
paper we will refer to “Francisella” when discussing general char-
acteristics shared by numerous species and subspecies and will
otherwise refer to specific species and subspecies by name. It is
important to note that there are significant differences between
highly virulent and less pathogenic strains in terms of the require-
ments of genes for pathogenesis, susceptibilities to host defenses,
and the types of immune responses induced. Therefore, caution
must be used when interpreting results from experiments using
less pathogenic species and drawing conclusions about the char-
acteristics of highly virulent species.

F. tularensis subspecies are the etiological agents of the disease
tularemia, also known as rabbit fever. Tularemia is characterized
by a 3- to 5-day incubation period (209) during which the bacteria
replicate almost “silently” in macrophages and other types of host
cells. The eventual release of bacteria from these cells may coincide
with the presentation of flu-like symptoms. There are several
manifestations of tularemia, each dependent on the route of ac-
quisition (159). The most common form of tularemia is ul-
ceroglandular disease, which can result from insect bites or from
contact with infected animal tissues following mechanical damage
to the skin. A cutaneous ulcer develops at the site of infection, and
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FIG 1 Stages of Francisella pathogenesis in the macrophage. Francisella can be
detected by multiple macrophage receptors (see “Mechanisms of Entry and
Fate of Intracellular Francisella” below) and is engulfed by a unique pseudopod
loop mechanism. It then traffics to an early phagosome called the Francisella-
containing phagosome (FCP). Francisella uses multiple mechanisms to evade
host defenses in this harsh environment (inset). Francisella blocks the NADPH
oxidase and also detoxifies reactive oxygen species (ROS). It can also resist the
action of antimicrobial peptides (AMPs). Francisella does not signal through
TLR4 but does activate TLR2 and may induce TLRY signaling. Francisella then
escapes the FCP to replicate within the cytosol. Subsequently, Francisella asso-
ciates with autophagosomes, although the outcome of this interaction is un-
known. Francisella can also induce host cell death.

bacteria drain to lymph nodes, subsequently causing a systemic
infection. Less common forms of the disease include pneumonic,
oculoglandular, and oropharyngeal tularemia. Streptomycin or
doxycycline is indicated for treatment. Tularemia may be fatal;
however, survivors gain robust immunity that has been found to
last for up to 30 years (79).

Upon infection, Francisella initially comes into contact with
extracellular defenses such as complement, antibody, and cationic
antimicrobial peptides (28, 29, 51, 190). Binding of these compo-
nents to bacteria directly or indirectly leads to lysis and killing
(189). Therefore, Francisella uses multiple surface structures and
outer membrane modifications (capsule, lipopolysaccharide
[LPS] O antigen, modifications that increase surface charge, etc.)
to resist these components and block killing. In addition, this pre-
vents structural damage that would release proinflammatory bac-
terial components capable of initiating a strong immune response.
Francisella also enters host cells as an efficient way of evading
extracellular defenses.

After engulfment by phagocytic cells, including macrophages,
Francisella is taken up into phagosomes that contain an array of
toxic antimicrobials aimed at degrading the bacteria (Fig. 1).
However, this pathogen has an equally diverse cache of defenses to
counteract host antimicrobials. These once again prevent not only
killing but also the release of proinflammatory bacterial compo-
nents that could be recognized by host innate immune receptors
(including Toll-like receptors [TLRs]) that stimulate inflamma-
tory responses. Furthermore, similarly to entering host cells to
avoid extracellular antimicrobials, Francisella escapes the phago-
some to avoid phagosomal antimicrobials and, importantly, reach
the cytosol, where it can replicate (Fig. 1). The cytosol is also,
however, guarded by innate recognition and defense systems (in-

384 mmbr.asm.org

cluding the inflammasome) with which the bacteria must con-
tend. In order to replicate in this host compartment, Francisella
must also obtain the nutrients required to sustain its rapid cell
division and actively counteract host defenses aimed at limiting
nutrient availability.

In addition to subverting extracellular and intracellular de-
fenses to facilitate replication, Francisella suppresses the activation
of adaptive immune defenses that have the capability of destroy-
ing infected host cells. For example, CD8 T cells can directly lyse
infected host cells, clearing these havens for bacterial replication.
They and other cells also secrete the cytokine gamma interferon
(IFN-v), which can activate strong defenses in host cells, allowing
them to resist Francisella replication. Therefore, Francisella uses
several strategies to skew adaptive responses and block IFN-y sig-
naling to help preserve its replication niche in infected host cells
(35,119, 166, 189). Here we review the multitude of ways in which
Francisella subverts host defenses at each of the stages of intracel-
lular infection as well as its effects on adaptive immune responses.

SUBVERSION OF HOST DEFENSES

Following its transmission, Francisella must resist extracellular
host defenses prior to entry into host cells. Furthermore, there is
evidence that a potentially important extracellular phase exists
after the initial stage of infection (87, 136, 239). Up to 75% of
viable LVS and F. tularensis SchuS4 bacteria in the blood are pres-
ent extracellularly at multiple time points following intranasal and
intradermal murine infection (87). This finding was confirmed in
studies with F. novicida in which ~80% of viable bacteria in the
blood were present extracellularly in serum (239). Of important
note, these extracellular Francisella organisms are still infectious,
suggesting that this extracellular phase may play an important role
in dissemination from the site of infection (239). These data high-
light the fact that Francisella must subvert extracellular host de-
fenses to initiate infection and likely to spread and cause disease at
later stages as well.

Complement and Antibody

During extracellular phases of infection, Francisella must be able
to subvert, resist, or evade killing by a plethora of antimicrobial
defenses. One major extracellular defense is the complement sys-
tem that is present and active in mammalian blood. The comple-
ment system consists of an intricately regulated cascade of extra-
cellular signaling proteins that can be triggered by the recognition
of a microbe, ultimately leading to its lysis by a pore-forming
complex or promoting uptake and killing by phagocytes (190).
Throughout the process of complement activation, host signaling
molecules which act to promote inflammation and recruit phago-
cytes and T cells to the site of infection are formed. Furthermore,
inhibition of complement activation is necessary to maintain the
integrity and viability of the pathogen, as well as to prevent the
release of immunostimulatory bacterial components (pathogen-
associated molecular patterns [PAMPs]) that would activate an
enhanced immune response.

Complement activation is a complex process and is described in
detail in a number of reviews (88, 190). Briefly, this process is
initiated by the binding of lectins or antibodies to bacteria, which
subsequently promote the recruitment and activation of the com-
plement factors C1 through C4. This leads to the generation of the
C3 convertase, a central signaling molecule in the complement
cascade. When C3 is cleaved to C3a (an anaphylatoxin) and C3b,
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FIG 2 Complement Evasion by Francisella. Antibodies (Abs) can bind to the bacterial surface (left panel), leading to binding of complement component C3
(right panel), triggering activation of the complement cascade and generation of C3a, an inflammatory anaphylatoxin, and C3b. C3b ultimately leads to the
formation of the membrane attack complex (MAC) and lysis of the bacterial cell. Francisella counteracts these defenses by binding host plasmin, which inhibits
antibody binding (left panel) and thus complement activation. Francisella also binds host factor H, which inhibits C3 cleavage to C3a and C3b and instead acts
with host factor I to create the complement-inhibitory molecules C3d and C3bi. This skews the complement cascade from promoting MAC formation and lysis
to facilitating phagocytosis. Factor H binding may be promoted by fibrinogen, which is converted to fibrin and is known to bind plasmin, but this has yet to be

demonstrated.

the canonical complement cascade continues, ultimately leading
to bacterial lysis (Fig. 2). Briefly, lysis occurs when C3b, bound to
the bacterial envelope, interacts with other complement factors to
signal for the formation of the membrane attack complex (MAC).
The MAC forms a pore in the bacterial envelope, leading to loss of
membrane integrity and osmotic potential, in turn leading to lysis
of the bacterium.

Although C3 binds to the bacteria, Francisella blocks comple-
ment activation by cleaving this protein into the smaller inhibitory
fragments C3bi and C3d (Fig. 2) (28, 29, 51). Generation of these
fragments prevents the ability of C3 to signal toward MAC forma-
tion. The exact mechanism of C3 inactivation on the Francisella
surface is not yet known; however, host factor H readily binds the
Francisella cell surface (29) and can inhibit formation of the C3
convertase (Fig. 2). Importantly, factor H can also serve as a co-
factor for host factor I-mediated cleavage of C3b to C3biand C3d.
Despite the evidence that factor H binds Francisella, factor I
(which is necessary for C3b cleavage) has not yet been shown to
interact directly with the bacterial surface. Factor I may interact
only transiently, or if it does not bind, a Francisella-encoded factor
may be responsible for C3b cleavage to C3bi and C3d.

Generation of C3bi and C3d is not only responsible for inhib-
iting subsequent MAC formation butis also important in promot-
ing opsonophagocytosis. By binding complement receptor 3
(CR3) on host phagocytes, C3bi and C3d allow Francisella to enter
host cells, further promoting escape from extracellular antimicro-
bials such as complement, antibody, and antimicrobial peptides
(20, 28) and facilitating entry of the bacteria into an intracellular
replicative niche. It should be noted, however, that uptake medi-
ated by C3bi/C3d and CR3 leads to limited Francisella replication
compared to uptake by nonopsonic receptors (see “Mechanisms
of Entry and Fate of Intracellular Francisella” below for a more
detailed discussion). Therefore, Francisella encounters comple-
ment upon infection and can prevent complement-mediated lysis
by converting C3 into C3bi and C3d. This routes Francisella to a
nonoptimal replicative pathway within host cells, but it is none-
theless an effective way to subvert extracellular antimicrobials and
promote intracellular replication.
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Francisella’s complement-inhibiting activity is highly depen-
dent on the O-antigen oligosaccharide present on LPS on the sur-
face of the bacterial cell (51, 192, 211). Mutants lacking O antigen,
either by random selection for rough or gray variants or by target-
ing wbt locus genes necessary for O-antigen production, are sig-
nificantly more sensitive to complement than their wild-type
counterparts (51, 192, 211). Interestingly, the relative importance
of O antigen in complement resistance differs between F. novicida
and F. tularensis. F. novicida wbt mutants are more than 2,000-fold
more sensitive to serum than wild-type bacteria, while F. tularensis
mutants are only 4-fold more sensitive (221). This may be due to
the structural differences in O-antigen tetrasaccharide oligomers
between these species (221) and/or additional O-antigen-inde-
pendent mechanisms of complement resistance in F. tularensis
that have not yet been elucidated.

The sensitivity of Francisella O-antigen mutants to complement
is due to increased binding of complement factors compared to
that in the wild type and an inability to catalyze the cleavage of C3
to C3bi (51, 192, 211). This results in the binding of complement
factors C5 to C9, which form the MAC and do not bind wild-type
Francisella, ultimately causing lysis of the mutant bacteria and
decreased survival in serum (29, 51, 192, 211). Therefore, the pres-
ence of the O antigen is vital not only for regulating the quantity of
complement factors which bind to the Francisella envelope but
also for subverting the ability of bound complement components
to mediate lysis of the bacteria.

The importance of maintaining resistance to complement lysis
is demonstrated by the fact that complement-sensitive mutants
are also severely attenuated in vivo. Francisella strains with muta-
tions in the wbt locus are attenuated during infection of both
macrophages (130, 135, 221) and mice (129, 153, 204, 221, 232).
Furthermore, mutants lacking genes necessary for O-antigen pro-
duction that are outside the wbt locus are also attenuated for in-
tracellular replication and in vivo virulence compared to the wild
type (130).

Additionally, strains with mutations in genes predicted to be
important for capsule production are also significantly attenuated
in vitro and in vivo (throughout this paper, “in vitro” refers to
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FIG 3 Shielding of inflammatory PAMPs in Francisella. Francisella modifies and limits the release of its inflammatory components (PAMPs) that can be
recognized by pattern recognition receptors, such as TLRs, expressed by antigen-presenting cells (APC). Francisella bacterial lipoproteins (BLPs) and DNA
(shown in red) are PAMPs with inflammatory activity, while the capsule, LPS, free lipid A, and membrane phospholipids do not elicit an inflammatory response.
Francisella modifies its LPS and free lipid A such that these PAMPs do not activate host TLR4. It is unclear whether Francisella peptidoglycan (PGN) has
inflammatory activity (represented in brown). Membrane proteins that are not BLPs and are not as a class considered PAMPs are shown in purple. The capsule
and LPS O antigen provide resistance to antimicrobials such as complement and antimicrobial peptides, preventing damage to the bacterial membranes, which
would result in the release of immunostimulatory BLPs and DNA. In addition to providing resistance to the damaging effects of antimicrobials, the capsule and
O antigen may also serve as physical barriers to the release of PAMPs into the environment.

infection of host cells in culture, while “in vivo” refers to infection
of mammalian hosts such as mice) (110, 130, 153, 232). This is
important to note, since recent evidence has suggested that the O
antigen and capsule of Francisella are structurally similar, with the
capsule consisting of a polymer of O-antigen tetrasaccharide sub-
units (9) as well as a glycoprotein component termed a “capsule-
like complex” (18). As such, some mutants deficient in LPS O-an-
tigen production are also impaired in the production of capsule
(9, 130), including specific wbt operon mutants (wbtA, wbtC,
wbtM, and whbtl). wbtK and IpxL mutants lose the ability to syn-
thesize LPS O antigen but maintain the polysaccharide capsule
(9). Conversely, the F. tularensis genes FTT_0673 and FTT_0674
are necessary for capsule production but dispensable for O-anti-
gen production (9). However, to the best of our knowledge, the
ability of these mutants to resist complement has not been estab-
lished. Testing the level of complement resistance in these mu-
tants would allow the elucidation of which structure(s) is re-
quired. Thus, the current literature suggests that complement
resistance in Francisella depends on O antigen, an O-antigen poly-
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saccharide capsule, or both, as well as other potential factors that
have yet to be elucidated.

Interestingly, the Francisella genome is known to contain an
operon with similarity to the Bacillus species capBCA genes nec-
essary for the production of a poly-D-glutamic acid capsule (71,
110, 153). However, to date, no poly-D-glutamic acid has been
identified in Francisella. Although Francisella capB mutants are
attenuated during murine infection, an LVS capB mutant did not
exhibit increased sensitivity to serum (110, 213). Furthermore, it
is not known whether CapB is required for production of the
O-antigen capsule, the glycoprotein capsule-like complex, or a
different bacterial envelope structure.

In addition to their sensitivity to complement, recent work has
demonstrated that LPS O-antigen and capsule mutants are signif-
icantly more proinflammatory than wild-type cells (153, 171). An
important, but perhaps overlooked, aspect of O-antigen and cap-
sule function may be the ability of these large surface structures to
mask and prevent the release of PAMPs on the Francisella surface
(Fig. 3). In support of this hypothesis, LPS O-antigen mutants
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release more DNA into the cytosol of host cells during infection,
leading to an increase in host inflammation and proinflammatory
cell death (discussed further in “Cytosolic Defenses” below) (171).
However, it is unclear whether this release of bacterial DNA (a
PAMP) is due to a general instability of the Francisella envelope or
an increased sensitivity to serum components and/or other anti-
microbials. Taken together, these data highlight the important
role that polysaccharide surface structures play in preventing host
recognition of Francisella and virulence.

In addition to the strategies described above, some bacteria use
additional mechanisms to inhibit complement activation. For ex-
ample, Streptococcus pneumoniae uses its surface M protein to
bind host fibrinogen, a protein that can bind the complement
inhibitor factor H, thus allowing fibrinogen-coated bacteria to
inhibit complement activation (233). To our knowledge, no study
to date has demonstrated that Francisella is capable of binding
fibrinogen. However, recent work has shown that Francisella
binds host plasminogen on its surface, which is in turn converted
to plasmin (54), which can bind fibrinogen (137). Thus, although
not yet directly demonstrated, this may be the mechanism used by
Francisella to bind and sequester factor H, contributing to com-
plement resistance (Fig. 2). Plasmin can also degrade soluble an-
tibody, allowing Francisella to prevent antibody-mediated com-
plement activation (59). Highlighting the potential importance of
plasmin binding in pathogenesis, F. tularensis binds plasmin while
the attenuated LVS strain does not, and LVS is therefore unable to
evade this pathway. Together, Francisella utilizes LPS O antigen,
its O-antigen polysaccharide capsule, and plasmin in order to sub-
vert complement activation, promoting extracellular bacterial
survival and preventing the release of proinflammatory PAMPs
that would subsequently initiate a strong host immune response
leading to clearance of the infection.

Antimicrobial Peptides

In addition to complement, the host produces a variety of other
antimicrobials, most notably cationic antimicrobial peptides such
as defensins and cathelicidins (42). Positively charged antimicro-
bial peptides, capable of disrupting the negatively charged bacte-
rial membrane, are present extracellularly on mucosal surfaces as
well as within macrophages and neutrophils. Upon infection, the
bacteria first encounter either the epithelium of the lungs (after
inhalation) or the skin (upon arthropod bites or contact with in-
fected animal tissue). Subsequently, macrophages and neutro-
phils are among the first cell types the bacteria enter. Therefore,
resistance to cationic antimicrobial peptides is likely a critical
component of early pathogenesis.

Three defensin antimicrobial peptides (hBD-1, hBD-2, and
hBD-3) are present in the human airway mucosa (42). The 50%
effective concentration (ECs,) (the concentration that kills 50% of
the bacteria) for hBD-1 and hBD-2 against F. novicida is higher
than that against other bacteria such as Pseudomonas, Staphylococ-
cus, and Escherichia coli (roughly 100-fold greater for hBD-1 and
10-fold greater for hBD-2) (108). Accordingly, hBD-1 and hBD-2
are ineffective at killing F. novicida (98), and at sites of infection, it
is estimated that hBD-1 and hBD-2 concentrations are below the
levels required for killing (198). It is likely that even though in vitro
infection of lung epithelial cells with F. novicida induces the ex-
pression of hBD-1 and hBD-2 (10- and 40-fold, respectively),
these levels are still too low to effectively kill the bacteria. hBD-3,
however, is effective at killing F. novicida (in broth culture) (98),
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but it is present at levels only about 2-fold higher than the ECs,
(198), and infection does not further induce its expression (98).
Therefore, it is likely that defensins play very little role in host
defense against Francisella, due to its high resistance to hBD-1 and
hBD-2 as well as its lack of induction of hBD-3 during infection.

Similar to the case for hBD-1 and hBD-2, F. novicida signifi-
cantly induces the production of the cathelicidin LL-37 in lung
epithelial cells in vitro (5). Furthermore, it is estimated that at sites
of infection, LL-37 peptide concentrations average approximately
25 pg/ml (198), about 100-fold higher than the EC, for F. novi-
cida (5). Similar to its evasion of complement, Francisella must
likely resist the action of LL-37 and presumably other host anti-
microbials (such as hBD-1 and hBD-2) to prevent not only lysis
and death but also the release of PAMPs that would subsequently
trigger a proinflammatory response.

The literature to date has described at least two different mech-
anisms by which Francisella can either resist or evade the action of
host antimicrobials: (i) by altering the charge of its surface and
thus being able to use electrostatic interactions to repel cationic
antimicrobial peptides and (ii) by encoding a number of efflux
systems that are necessary for resistance to antimicrobials as well
as for virulence in vivo.

Francisella modifies its lipid A, an outer membrane glycolipid
structure that is a component of LPS but is also present in Franci-
sella in a “free” form which lacks the canonical LPS core and O-
antigen sugars (discussed in greater detail in “Toll-Like Recep-
tors” below) (230). The bacteria remove the negatively charged
phosphate groups from the 1 and 4’ positions of the lipid A por-
tion of complete LPS (Fig. 4), which serves to increase the overall
charge of the bacterial surface and repel cationic antimicrobials
(94). Mutants that do not remove the 4’ phosphate are much
more sensitive to cationic antimicrobial peptides and are highly
attenuated in vivo (229). This attenuation is attributed to the in-
creased susceptibility to cationic antimicrobials, which leads to
membrane damage and the release of higher levels of PAMPs,
resulting in a greater proinflammatory response, including in-
creased neutrophil recruitment that results in clearance of the
bacteria (210, 229).

Preventing interactions with cationic host antimicrobials is one
of Francisella’s first lines of defense against the host immune re-
sponse. However, increased surface charge does not prevent all
antimicrobials from acting on the bacterial cell, particularly un-
charged or negatively charged antimicrobials that could poten-
tially be attracted more efficiently. Francisella, like many other
bacteria, including Neisseria (95), Pseudomonas (179), and Salmo-
nella (23), encodes at least one known multidrug efflux pump that
allows resistance to a number of different antimicrobials and de-
tergents, the AcrAB/TolC efflux pump. In addition, other pre-
dicted efflux pump proteins have been identified in screens for
Francisella virulence genes, including FTN_1066, FTN_1217,
FTN_1277, FIN_1654, and FTN_1657 (130, 140, 232). While the
exact functions of these predicted efflux proteins are unknown,
they may play a role complementary to the known functions of the
AcrAB/TolC efflux pump.

The AcrAB inner membrane efflux platform (30), coupled with
the TolC outer membrane transporter (91, 178), forms a pump
that facilitates the active efflux of toxic compounds and detergents
from the bacteria, preventing their antimicrobial action. This
multidrug efflux pump is important for Francisella resistance to
B-lactams, tetracyclines, aminoglycosides, quinolones, detergents
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FIG 4 E. coli and Francisella lipid A structures. The structures of the E. coli lipid A moiety (A) and free lipid A from Francisella species (B) are shown. For both
structures, the sugar backbone is highlighted in blue and acyl chains are represented in black, with numbers denoting length. Phosphate groups at the E. coli lipid
A4’ and 1 positions (absent from lipid A of full-length Francisella LPS) are highlighted in red. Francisella free lipid A contains the phosphate at the 1 position and

is modified with galactosamine (GalN) (in green).

(notably bile salts), and antimicrobial dyes (30, 91). Highlighting
the importance of this system in pathogenesis, mutants with mu-
tations in pump components are severely attenuated in vivo (30,
91, 178). While the AcrAB/TolC system is known to provide re-
sistance against host antimicrobial peptides in bacteria (95) and it
is assumed that Francisella mutants would be more sensitive to
host-derived antimicrobials during infection, to the best of our
knowledge this has not been directly tested.

Interestingly, TolC mutants stimulate an increased proinflam-
matory response compared to that of wild-type Francisella (178).
This may be due to increased sensitivity to antimicrobials in vivo
leading to increased PAMP release or to a general membrane in-
stability defect eventually leading to PAMP release. Furthermore,
since TolC has been shown to be involved in the secretion of vir-
ulence factors in other bacteria such as Pseudomonas (100) and E.
coli (227), it cannot be ruled out that it may play a similar role in
Francisella pathogenesis, accounting for some of the virulence de-
fects exhibited by mutants lacking this protein.

Another important aspect of antimicrobial peptide resistance in
Francisella is the potential contribution of the O antigen and/or
capsule. The Klebsiella capsule prevents interaction with antimi-
crobial peptides (39), and the O antigen of Salmonella has been
shown to act similarly (212). However, to the best of our knowl-
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edge, whether these systems contribute to Francisella resistance is
not yet known. Together, the ability of Francisella to resist and
evade the action of complement, antibody, and antimicrobial
peptides within the host allows it not only to survive but also to
maintain the integrity of its envelope, preventing the release of
proinflammatory molecules that would induce a host response
and promoting its virulence.

Mechanisms of Entry and Fate of Intracellular Francisella

As mentioned above, one mechanism used by bacteria to evade
extracellular defenses is simply to enter host cells. Macrophages
are sentinels of infection and are one of the first cell types to en-
counter Francisella (97). Upon initial contact with macrophages,
Francisella binds to host receptors and is taken up via spacious,
asymmetrical protrusions called pseudopod loops (52). Ultra-
structural analyses have shown that pseudopod loops are formed
during uptake of unopsonized and opsonized Francisella and are
present in multiple cell types (52). This novel phenomenon differs
from other described bacterial uptake mechanisms, including
coiling phagocytosis seen at the surface of phagocytes during Le-
gionella pneumophila infection and conventional phagocytosis ob-
served during infection with multiple bacterial and viral species
(102, 103, 199, 200).
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FIG 5 Intracellular fates of Francisella after uptake by different macrophage
receptors. Antibody-opsonized Francisella is taken up via the FcyR, leading to
increased ROS production and induction of proinflammatory cytokines, de-
layed FCP acidification and bacterial escape (2 to 4 h) from the phagosome,
and only moderate levels of cytosolic replication. Uptake of serum (comple-
ment)-opsonized Francisella is mediated mainly by complement receptor 3
(CR3) and scavenger A receptors (SRA), which lead to slowed FCP acidifica-
tion and phagosomal escape (2 to 4 h) and result in modest cytosolic replica-
tion. Lastly, uptake of unopsonized Francisella is mediated by the mannose
receptor (MR) and surface-exposed nucleolin (SE-N), leading to rapid acidi-
fication (15 to 30 min) and escape from the FCP (30 min to 1 h) and robust
cytosolic replication.

Furthermore, Francisella LVS can recruit host cell membrane
cholesterol-rich lipid domains, or “lipid rafts,” with caveolin-1 for
successful entry into macrophages (217). Depletion of plasma
membrane cholesterol or removal of glycosylphosphatidylinositol
(GPI)-anchored proteins results in a severe decrease in Francisella
uptake and subsequent intracellular replication (217). Interest-
ingly, in nonphagocytic cells such as hepatocytes, LVS and F. novi-
cida use cholesterol-rich lipid domains dependent on clathrin, not
caveolin-1, for entry (123). Thus, Francisella uses multiple mech-
anisms for uptake into phagocytic and nonphagocytic cells.

The efficiency of Francisella uptake by macrophages depends in
large part on whether the bacteria are opsonized, since serum- or
antibody-opsonized bacteria are taken up by macrophages at 10-
fold-higher levels than unopsonized bacteria (90). While this in-
creased efficiency of uptake helps the bacteria evade extracellular
defenses, it comes at a cost since the intracellular fates of op-
sonized and unopsonized bacteria are different (Fig. 5). Op-
sonized bacteria escape the phagosome with delayed kinetics and
replicate modestly in the host cell cytosol (28, 90, 176, 202). In
contrast, unopsonized Francisella escapes the phagosome rapidly
and replicate robustly in the cytosol (17, 202). Therefore, the route
of uptake has a profound impact on the outcome of infection, and
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as discussed below, Francisella uses several strategies to promote
entry mechanisms that favor its survival and replication.

Uptake of unopsonized Francisella depends largely on the man-
nose receptor (MR). When the MR is blocked with antibody or
mannan, uptake of unopsonized Francisella decreases by more
than 50% (17, 202). Unopsonized Francisella taken up by the MR
escapes the phagosome rapidly and replicate to high numbers. In
addition, the MR is known to induce relatively weak inflammatory
responses compared to those induced by other phagocytic recep-
tors (225). All of these outcomes favor the bacteria, and therefore,
MR-mediated uptake makes host cells more permissive for Fran-
cisella replication, similar to what is observed during uptake of
Mpycobacterium tuberculosis (113).

In contrast, serum-opsonized bacteria are bound by comple-
ment, leading to uptake mediated in large part by complement
receptor 3 (CR3). Ablation of CR3 (CR3 ™/~ macrophages) results
in at least a 50% decrease in uptake of serum-opsonized LVS
(202). The scavenger A receptor (SRA), although traditionally
known to play a role in uptake of unopsonized bacteria, contrib-
utes to the uptake of serum-opsonized Francisella, since SRA™
macrophages exhibit a 20% reduction in the uptake of serum-
opsonized LVS (176). Macrophage cell surface-exposed nucleolin
has also been implicated in uptake of serum-opsonized Francisella
by binding the bacterial membrane protein EF-Tu (19). Finally,
MR-mediated uptake also plays a role in uptake of serum-op-
sonized Francisella (roughly 30% decreased uptake when blocked)
(90). As mentioned above, this multireceptor uptake pathway pre-
dominated by CR3 results in delayed phagosomal escape and rep-
lication and is therefore nonoptimal for Francisella.

Opsonization with antibody, specifically IgG, leads to FcyR-
mediated uptake of Francisella. FcyR ™'~ macrophages exhibit a
90% reduction in uptake of IgG-opsonized Francisella, although
they have no defect in the uptake of unopsonized or serum-op-
sonized bacteria (90). FcyR-mediated uptake leads to increased
activation of the NADPH oxidase, a phagosomal enzyme complex
that produces toxic reactive oxygen species (ROS) and is discussed
in greater detail below. This activation results in a more inhospi-
table environment for the bacteria in the phagosome, acting to
delay phagosomal escape and severely limit subsequent bacterial
replication. The efficacy of this host defense is revealed when ROS
production is abrogated by genetic deletion of an NADPH oxidase
component (using gp91”"°*~’~ macrophages), since IgG-op-
sonized Francisella bacteria are rescued and can replicate to high
levels (90).

Binding of plasmin by Francisella (mentioned in “Complement
and Antibody” above) leads to degradation of soluble antibody at
the bacterial surface (Fig. 2) (59), which limits uptake by the FcyR
pathway and therefore subversion of this pathway, facilitating
higher levels of intracellular replication. Francisella also subverts
the CR3-mediated pathway using LPS O antigen and capsule,
which inhibit binding of complement factors. It should be noted
that when complement binding does occur, the bacteria alter the
complement pathway to prevent MAC formation and lysis (Fig.
2). However, the alternate complement fragments generated ac-
tually promote phagocytosis via CR3. While uptake via this path-
way is not optimal, it does still support bacterial replication and is
a much better outcome for the bacteria than complement-medi-
ated lysis. The most optimal entry pathway, however, is mediated
via the MR. Therefore, Francisella uses the aforementioned sub-
version mechanisms to promote uptake by the more favorable
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MR-mediated pathway, facilitating the highest levels of intracel-
lular replication.

Phagosomal Acidification

After uptake by the macrophage, Francisella resides within the
Francisella-containing phagosome (FCP) and subsequently es-
capes into the cytosol, where it can replicate (Fig. 1) (184). The
brief time spent in the FCP is a dynamic step in infection during
which Francisella must actively evade host antimicrobial defenses,
including acidification of the FCP, reactive oxygen species, and
antimicrobial peptides. Acidification of the phagosome is a de-
fense mechanism that lowers the pH in this compartment, pre-
venting many types of bacteria from efficiently replicating. Many
intracellular pathogens must subvert this host defense mechanism
by either blocking it, escaping the phagosome, or maintaining
intracellular pH in spite of the lowered pH in the environment
(184). Itis interesting to note that acidification is actually required
for the rapid phagosomal escape of the intracellular pathogen Lis-
teria monocytogenes (27). Studies with Francisella have shown a
brief acidification of the FCP that is dependent on the route of
uptake, although there has been debate about whether this step is
required for rapid escape and about its effect on the outcome of
infection, as detailed below (49, 52, 53, 194).

Uptake of unopsonized Francisella leads to transient acidifica-
tion of the FCP and rapid escape (49, 194). Santic et al. reported
acidification of the phagosome at 15 to 30 min postinfection of
human monocyte-derived macrophages (MDM) with unop-
sonized F. novicida, followed by escape at 30 min to 1 h postinfec-
tion (194). Interestingly, they showed that inhibition of the vacu-
olar proton ATPase (VATPase) pump by bafilomycin A (BFA)
does not block escape but results in delayed escape (6 to 12 h).
These results suggest that acidification is required for rapid escape
from the FCP (194). Additionally, Chong et al. observed brief
acidification of the FCP in macrophages infected with unop-
sonized F. tularensis (49). Similarly, BFA did not inhibit phago-
somal escape or cytosolic replication but slowed infection kinetics
(49). Together these data show that acidification of the FCP en-
sures rapid escape and robust replication of unopsonized Franci-
sella; however, it is not required for these processes.

Concurrently, it has been reported that uptake of serum-op-
sonized Francisella results in acidification of a modest 20% to 30%
of phagosomes containing serum-opsonized LVS and that it is not
required for escape or replication (53). Additionally, the authors
found that the maturing FCP does not acquire high levels of the
acid hydrolase cathepsin D, which is a cellular marker of acidifi-
cation, or the endosomal-lysosomal markers CD63, LAMP1, and
LAMP2, which are cellular markers of phagosomal maturation
(52, 53). In contrast to the previously mentioned work using un-
opsonized bacteria, BFA did not significantly delay infection ki-
netics in these experiments using serum-opsonized bacteria (53).
These data demonstrate that acidification of the FCP is not re-
quired for escape and replication of unopsonized or serum-op-
sonized Francisella but is required for rapid escape of unopsonized
Francisella. The fact that Francisella does not exhibit a significant
survival or replication defect in the presence or absence of acidi-
fication demonstrates that this pathogen has devised ways to effi-
ciently resist this host defense. This resistance is mediated in part
by physically escaping the FCP, where acidification takes place
(discussed in “Francisella Escape from the Phagosome” below). It
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is also likely that Francisella has evolved mechanisms to maintain
intracellular pH while in the acidified environment of the FCP.

Inhibition of Reactive Oxygen Species

In addition to subverting the potentially toxic effect of acidifica-
tion of the FCP, Francisella must contend with reactive oxygen
species (ROS) produced in this compartment. ROS are produced
by the NADPH oxidase, a membrane-bound multicomponent en-
zyme system that converts molecular oxygen into toxic superox-
ide anions (161). In a resting phagocyte, NADPH oxidases are
unassembled, with the gp917"°* and p22°"°* (also called flavocy-
tochrome bss5) components localizing to the plasma membrane
and p47°"°%, p40P"*x, p6771°%, and Rac2 to the cytosol (145, 161).
Upon phagocytosis of a microbe, the cytosolic subunits traffic to
the phagosome and assemble with the membrane subunits to cre-
ate the active NADPH oxidase that then produces ROS. Similar to
the case for numerous extracellular and intracellular bacterial spe-
cies, including Helicobacter pylori and Salmonella spp., multiple
Francisella species block NADPH oxidase assembly in neutrophils
and macrophages (4, 89, 145, 156, 203).

Francisella species use several approaches to inhibit ROS, in-
cluding blocking initial assembly of NADPH oxidase components
at the phagosomal membrane, blocking ROS production in com-
plexes that have assembled, and detoxifying ROS that are gener-
ated. F. novicida requires four putative acid phosphatases (AcpA,
AcpB, AcpC, and Hap) for inhibition of NADPH oxidase assem-
bly (155, 186). AcpA colocalizes with the cytosolic NADPH oxi-
dase component p477"°* during infection, and purified AcpA
dephosphorylates p477"°* and p40?"** (155). Without phosphor-
ylated membrane-bound components, the cytosolic NADPH ox-
idase components are not recruited and assembly cannot occur
(14). These data suggest that AcpA interacts directly with NADPH
oxidase components to block complex assembly.

While AcpA plays a role in limiting the oxidative burst, its rel-
ative contribution to virulence is unclear. Two studies found that
AcpA is required for replication of F. novicida in human macro-
phage-like cells, indicating that blocking the NADPH oxidase is an
important factor in facilitating replication (11, 155). In contrast,
another study using F. novicida determined that AcpA did not play
arole in replication in murine macrophages (22). In F. tularensis,
deletion of acpA, or even of acpA, acpB, and acpC together, did not
influence virulence in murine macrophages or human monocytes
(48,146). These conflicting data indicate that AcpA is not required
for Francisella replication under all conditions tested. Its require-
ment may depend on the species or host cells used and the specific
infection conditions.

In addition to blocking assembly, F. tularensis can also inhibit
the generation of ROS when NADPH oxidase assembly is induced
by exogenous stimuli (146). In spite of the formation of this com-
plex, F. tularensis can inhibit the production of ROS. These data
show that F. tularensis can block NADPH oxidase-dependent ROS
production postassembly (146), although the mechanism by
which this occurs has not yet been elucidated.

Although Francisella uses the mechanisms described above to
significantly suppress activation of the NADPH oxidase, low levels
of ROS are produced in the phagosome during infection (203).
Like many pathogens, Francisella can directly detoxify ROS using
proteins, including catalase (134, 151, 214) and superoxide dis-
mutases (15, 16, 151), whose specific mechanisms of action are
reviewed extensively elsewhere (135). In addition to these well-
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known mechanisms of ROS resistance, we identified a previously
uncharacterized protein, FTN_1133, that is required for virulence
and resistance to organic hydroperoxides (135). FTN_1133 has
sequence similarity to Ohr proteins, which are involved in resis-
tance to organic hydroperoxides created during the interaction of
ROS with lipids of the bacterial cell membrane (135). The
FTN_1133 mutant was attenuated for replication, although this
could be restored in gp917"**~/~ macrophages and mice (135).
These data together indicate that Francisella has numerous over-
lapping mechanisms with which to subvert the NADPH oxidase
and ROS, facilitating pathogenesis.

Francisella Escape from the Phagosome

Phagosomal escape is the last step in Francisella’s subversion of the
phagocytic pathway, allowing it to escape the toxic phagosome
and reach the cytosol, where it can replicate. The timing of escape
has been a topic of debate and, as mentioned above, is largely
dependent on the route of Francisella uptake by host cells. Unop-
sonized Francisella escapes the phagosome rapidly (within 1 h)
whereas opsonized Francisella exhibits delayed escape (2 to 4 h)
(92).

The exact mechanism of escape is not yet known; however, the
proteins encoded in the Francisella pathogenicity island (FPI) are
absolutely required. The FPI encodes a putative type VI secretion
system (T6SS) that is essential for Francisella replication and
pathogenesis (21; reviewed in reference 160). The requirement of
a specialized secretion system for phagosomal escape would be in
line with the situation in many intracellular bacteria, including
Shigella flexneri (T3SS), Listeria monocytogenes (Sec pathway), and
Burkholderia spp. (T3SS) (70, 168, 177, 193, 197). Briefly, the FPI
proteins IgIA and IgIB share homology with proteins encoded in
T6SS clusters in multiple bacterial species, are required for
phagosomal escape, and may form the putative outer tube of the
T6SS “needle” (64, 65). IgIC has been proposed to form the inner
tube (64), while Igll and VgrG are secreted and therefore may interact
with host proteins during infection (21). In addition, numerous pro-
teins that are not encoded in the FPI have also been implicated in
phagosome escape and are reviewed elsewhere (11, 49).

To facilitate phagosomal escape, Francisella must subvert the
action of host factors that have evolved to slow or block this pro-
cess in order to control infection. Activation of the phosphatidyl-
inositol 3-kinase (PI3K)/Akt pathway by bacteria leads to produc-
tion of proinflammatory cytokines, increased ROS production,
and retention of bacteria in the phagosome (61, 104, 181). In
accordance, activation of the PI3K/Akt pathway during F. novicida
infection blocks phagosomal escape and cytosolic replication
(181). Interestingly, F. novicida infection of macrophages activates
the SH2 domain-containing inositol phosphatase (SHIP) by an
unknown mechanism that is dependent on live bacteria (167).
SHIP antagonizes activation of the PI3K/Akt pathway, leading to
rapid escape from the phagosome and robust cytosolic replication
(167). Additionally, the PI3K/Akt pathway can be activated by cell
surface receptors, including FcyR (143) and TLRs (121). There-
fore, Francisella mechanisms to evade these receptors (discussed
in “Complement and Antibody” above and in “Toll-Like Recep-
tors” below) may also function to block activation of the PI3K/Akt
pathway and ensure rapid phagosomal escape.
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Toll-Like Receptors

Upon contact with host cells, extracellular and intracellular mi-
crobes encounter host pathogen recognition receptors (PRRs)
that are capable of detecting conserved microbial components
(PAMPs) (109). These receptors can then trigger multiple path-
ways, including phagocytosis and inflammatory signaling (109)
(115). Toll-like receptors (TLRs) are important PRRs that can
recognize PAMPs outside the host cell and in the endosome/
phagosome (115, 216). TLR signaling is mediated by TIR domain-
containing adaptor proteins, including MyD88, TRIF, and TIRAP,
that activate transcription factors such as NF-kB and IRF3
(115). These transcriptional regulators induce the expression of
inflammatory cytokines and type I interferons, resulting in the
activation of innate and adaptive immune cells (109, 115). Nu-
merous TLRs recognize bacterial PAMPs, including TLR2, which
senses bacterial lipoproteins (BLPs) and peptidoglycan (PGN)
(12, 73), TLR4, which signals in response to LPS from Gram-
negative bacteria, TLR5, which recognizes flagellin, and TLRY,
which senses bacterial CpG DNA (115).

A central component of Francisella’s success as a pathogen is its
ability to avoid recognition and subvert the host inflammatory
response, particularly in the early stages of infection. Indeed,
Francisella can likely evade or suppress inflammatory signaling by
all of the aforementioned bacterium-sensing TLRs. For example,
Francisella does not encode flagellin, and therefore TLR5 is not
activated in response to infection (128). Though TLR recognition
of Francisella DNA has been suggested (77), TLR9 (present in the
membranes of endosomes and phagosomes) was shown to be un-
important for the host response to Francisella infection in vivo
(56). This suggests that Francisella may subvert TLR9 activation,
possibly by limiting the release of its DNA through resistance to
damaging antimicrobial agents (see “Complement and Antibody”
and “Antimicrobial Peptides” above) and/or by directly modulat-
ing TLR9 signaling. In support of the idea that Francisella main-
tains strong structural integrity to prevent DNA release, Peng et al.
have shown that some hyperinflammatory F. novicida mutants
exhibit increased bacteriolysis and DNA release during in vitro
infection (171). Though Francisella rapidly escapes the phago-
some (see “Francisella Escape from the Phagosome” above), it is
intuitive that bacterial damage or killing and resulting DNA re-
lease during the time within this compartment would activate
TLRO. It would be interesting to determine the extent of bacterial
damage in the phagosome, whether phagosomal bacteria can trig-
ger TLRY signaling, and whether Francisella DNA is capable of
acting as a TLRY activator.

While TLR4 is considered a primary sensor of Gram-negative
bacteria, Francisella LPS does not efficiently activate TLR4 com-
pared to LPS from E. coli and other Gram-negative pathogens
(180). Many Gram-negative bacteria that elicit robust TLR4 sig-
naling synthesize a hexa-acylated lipid A portion of LPS with acyl
chains of 12 to 14 carbons and phosphate groups at the 1 and 4’
positions (Fig. 4) (180). However, Francisella modifies or removes
these important signaling structures. For example, Francisella
lipid A acyl chains are two to six carbons longer than those in E.
coli LPS (180). In addition, Francisella lipid A is tetra-acylated, as it
lacks the canonical 3" double acyl chain, and both the 1 and 4’
phosphate groups are absent (Fig. 4) (180). These modifications
are critical for virulence, since an F. novicida mutant lacking the
IpxF gene and producing a penta-acylated lipid A containing the 4’
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phosphate group is rapidly cleared in a mouse infection model
(229). This mutant exhibits hypersensitivity to the cationic anti-
microbial peptide polymyxin B and elicits an increased local cyto-
kine response and increased neutrophil recruitment in vivo. TLR4
is not involved in this response, suggesting that the attenuation is
not due to an increase in the signaling capacity of the mutant LPS.
Instead, it is likely that the observed attenuation is due to the
mutant’s increased sensitivity to antimicrobial peptides that lead
to outer membrane damage and leakage of other bacterial PAMPs,
such as BLPs and DNA, within the phagosome, where they could
trigger TLR2- or TLR9-dependent inflammatory responses.

Unlike in other bacteria, between 70% and 90% of total Fran-
cisella lipid A exists as “free lipid A” that does not contain core
polysaccharides or O antigen (Fig. 4) (230, 243). Similar to the
case for the complete LPS, free lipid A is tetra-acylated with elon-
gated acyl chains and lacks the 4’ phosphate group. However,
instead of being removed as it is in complete LPS, the phosphate at
the 1 position is present and modified with galactosamine (230,
243). This modification to free lipid A alone is critical for patho-
genesis, since an flmK mutant that does not add the galactosamine
to free lipid A is highly attenuated in vivo (114). To the best of our
knowledge, free lipid A is unique to Francisella and could repre-
sent a novel mechanism of virulence that might be involved in
strengthening the outer membrane. However, it is somewhat
counterintuitive that Francisella would produce free lipid A with-
out O antigen, since O antigen is so critical for virulence (see
“Complement and Antibody” above). Further studies of the role
of Francisella’s free lipid A during host interactions will elucidate
its contribution to virulence.

Since Francisella LPS (and likely free lipid A) is a poor TLR4
activator, it is expected that TLR4 would not play a critical role in
host defense against this pathogen. Most reports support this con-
clusion, although some disagree as to the magnitude of TLR4 sig-
naling that Francisella LPS can elicit as well as whether TLR4 plays
aminor role or no role in host defense. For example, studies have
reported that, in vitro, LPS from F. novicida triggers a low level
inflammatory response (96, 116) while LVS LPS does not, even at
high concentrations (5 pg/ml) (6, 116, 219). However, other stud-
ies reported that LVS LPS can induce TLR4 signaling in both tran-
siently transfected HEK293 cells and human monocytes, but only
when added at high doses that are likely not biologically relevant
(=2.5 pg/ml) (72). The varied LPS signaling responses may be
due to differences in the cell types used or slight structural varia-
tions, such as the 6" glucose addition to F. novicida LPS or the 4’ or
6’ hexose modifications of the LVS LPS (25, 94). Overall, these
data show that the LPS from the Francisella species tested is mark-
edly less inflammatory than LPS from other Gram-negative or-
ganisms such as E. coli, Salmonella, or Bordetella (6, 72, 96, 219).
This finding is in agreement with the general lack of TLR4 activa-
tion during in vivo Francisella infections, as discussed below.

Though early reports indicated that TLR4-deficient mice ex-
hibit increased sensitivity to LVS infection (8, 138), the bulk of the
current evidence suggests that TLR4 is not essential for the host
response to infection. For example, TLR4-deficient mice are not
more susceptible than wild-type mice to low-dose F. tularensis or
LVS aerosol challenge (46), LVS low-dose intradermal (i.d.) infec-
tion (47), or intranasal inoculation with either LVS or F. novicida
(1). However, the 50% lethal dose (LDs,) for LVS is 1 log lower in
TLR4-deficient mice than in wild-type mice after high-dose i.d.
infection (10° to 107 CFU) (47). Therefore, TLR4 may play a mi-
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nor role in the host response to high-dose infections, though
doubts remain about whether such a high inoculum is physiolog-
ically relevant. Even if TLR4 does play a minor role in host defense,
it is not nearly as important as other innate defense proteins (tu-
mor necrosis factor alpha [TNF-a], IFN-y, or MyD88) that are
critically required for resistance to infection as judged by the sus-
ceptibility to infection of mice lacking these proteins (1, 126).
Overall, Francisella LPS is a poor TLR4 ligand, and TLR4 does not
appear to play an important role in the host response to infection
in vitro or in vivo.

TLR2 is the primary TLR involved in the inflammatory re-
sponse to Francisella infection (1). Known Francisella TLR2 ago-
nists include the uncharacterized lipoproteins LpnA/Tul4 and
FTT_1103 (86, 220). To our knowledge, TLR2 recognition of
Francisella PGN has not been reported, and the status of PGN as a
TLR2 ligand is still under debate (12, 73, 222). Several reports have
shown that TLR2 is essential for the early inflammatory response
to Francisella infection in macrophages in vitro, as well as a critical
component of the host response to in vivo Francisella infection as
demonstrated by its requirement for control of pulmonary and
intradermal infection (1, 16, 55).

However, while Francisella elicits TLR2-dependent signaling, it
can also dampen this response. Specific Francisella genes that play
arole in this suppression of the host inflammatory response have
been identified. For example, a strain with a mutation in the FPI
gene iglC not only failed to escape the phagosome or replicate in
macrophages but also was unable to suppress TNF-o production
and other inflammatory responses (64, 131, 196, 219). In addi-
tion, infection of macrophages with wild-type LVS blocked TLR2
and TLR4 activation in response to the addition of E. coli BLP and
LPS, respectively, while the igIC mutant could not block this sig-
naling (219). Further supporting the attenuation of TLR2 signal-
ing by Francisella, infection with F. tularensis has been shown to
reduce TLR2 expression (38). Mechanisms that the bacteria use to
resist damage by antimicrobials, and therefore the release of BLPs,
are also an indirect way of evading TLR2 signaling. It has been
reported that high-molecular-weight (HMW) carbohydrates
from “host-adapted” LVS and F. tularensis capsules impede TLR2-
dependent cytokine production in murine macrophages (240),
possibly by shielding the bacteria from antimicrobials. Taken to-
gether, these data indicate that Francisella is capable of subverting
TLR2 signaling, while the host uses this pathway as a mechanism
of innate defense.

Preliminary evidence suggests that highly virulent F. tularensis
is able to suppress host recognition and inflammatory signaling
even further. Melillo et al. recently reported that F. tularensis
strain SchuS4 has a greater ability to prevent proinflammatory
cytokine production than LVS during infection of murine macro-
phages (150). Indeed, 2 days after pulmonary infection, F. tular-
ensis replicates to high numbers in the lungs of mice but does not
induce inflammatory signaling and in fact triggers an increase in
anti-inflammatory signaling (7, 34, 35). In addition, F. tularensis
infection of dendritic cells (DC) suppresses the response of both
infected and bystander cells to TLR agonists, due at least in part to
a heat-stable bacterial component (44). Taken together, these
findings suggest that F. tularensis is able to suppress the host in-
flammatory response to an even greater degree than other Franci-
sella species, correlating with its heightened virulence. Further
studies querying the role of TLR signaling in response to F. tular-
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ensis infection could shed light on the mechanisms of inflamma-
tory subversion utilized by this pathogen.

Finally, Collazo et al. demonstrated that mice lacking the adap-
tor MyD88, but not those lacking TLR2, TLR4, or TLRY, had
greatly increased susceptibility to LVS infection (56). This indi-
cates that multiple TLRs may play overlapping roles in resistance
to infection, such that no one TLR knockout displays highly en-
hanced susceptibility (56). Alternatively, Medina et al. propose
that an unknown MyD88-dependent PRR may be involved in the
host response to LVS infection (148). Overall, Francisella species
are able to largely evade recognition by TLRs as well as to suppress
TLR2 signaling, significantly contributing to virulence.

Cytosolic Defenses

When Francisella reaches the cytosol, it has trafficked past TLRs
and phagosomal defenses. It is nonetheless faced with a formida-
ble challenge: replicate to high numbers without triggering an
effective immune response. This is all the more challenging since
the process of bacterial replication results in the release of PAMPs
that can be recognized by cytosolic PRRs. Like the cell surface and
the phagosome, the cytosol is equipped with numerous PRRs that
recognize an array of bacterial products and elicit an immune
response aimed at clearing the invaders. One large family of cyto-
solic PRRs is the Nod-like receptor (NLR) family, whose 22 mem-
bers respond to a diverse set of PAMPs, including PGN (Nod1 and
Nod2), flagellin (NLRC4, NAIP5, and NAIP6) (118), components
of bacterial type III secretion systems (NLRC4), and damage in-
duced by pore-forming toxins (NLRP3) (152). Nod1 and Nod2
are membrane-associated NLRs that detect muropeptide subunits
of PGN and induce NF-kB activation and proinflammatory cyto-
kine production (174). A role for Nods during Francisella infec-
tion has yet to be described, but these receptors may recognize and
respond to PGN from this pathogen. Alternatively, Francisella
may subvert Nods by modifying its PGN (similar to the case for
Listeria monocytogenes, which N-deacetylates its PGN [33]) or by
suppressing the Nod signaling pathway.

Other cytosolic PRRs, such as RIG-Iand MDA-5, bind bacterial
or viral nucleic acids and induce the production of type I interfer-
ons (IFNs) (157). The type ITEN family includes numerous IFN-a
proteins, a single IFN-B protein, and other IFNs (66). These se-
creted cytokines have a well-established role in interfering with
viral replication but can also be induced in response to bacterial
infection (157). F. novicida induces type I IFN production inde-
pendently of TLRs, Nod1/2, RIG-I, or MDA-5 (99). The cytosolic
PRR that induces type I IFN production in response to F. novicida
is currently unknown. However, the adaptor protein STING
(stimulator of interferon genes) is required for type I TFN produc-
tion during F. novicida infection and is speculated to act down-
stream of the yet-to-be-identified cytosolic PRR (112). STING is
known to induce type I IFN production in response to cytosolic
double-stranded DNA (dsDNA) derived from transfected plas-
mids, viruses, and some bacteria (107). Therefore, it is likely that
Francisella DNA, which has been observed in the host cytosol by
confocal microscopy (112), is the ligand that activates this cytoso-
lic defense system.

Itis not clear how Francisella DNA reaches the cytosol to trigger
type I IEN, but bacterial escape from the phagosome is required
for induction of this host response (99, 112). Perhaps damage
incurred by Francisella in phagosomes allows for the release of
DNA from ruptured phagosomes following escape. Interestingly,
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an auxotrophic mutant of LVS that escapes the phagosome but
cannot replicate in the cytosol failed to trigger cytosolic defense
pathways (169), suggesting that bacterial replication might be re-
quired to increase the amount of DNA to a threshold level to
which the host responds. In this context, mechanisms of main-
taining structural integrity (LPS modifications, O antigen, and
capsule; see “Complement and Antibody” and “Toll-Like Recep-
tors” above) may prevent damage to the bacteria and the release of
DNA in the cytosol and therefore would be hypothesized to pro-
mote subversion of these cytosolic defenses.

In addition to triggering the type I IFN pathway, cytosolic DNA
released during Francisella infection can also be recognized by the
PRR absent in melanoma 2 (AIM2) (82, 183), whose expression is
upregulated by IFN-B (112). AIM2 is a member of the PYHIN
(pyrin and HIN-200) family of proteins that binds dsDNA
through a HIN-200 domain (81, 101, 187). AIM2 contributes to
host defense by initiating the formation of a multiprotein complex
called the inflammasome that is comprised of a PRR (from the
NLR or PYHIN families), the scaffolding protein ASC, and the
cysteine protease caspase-1 (144). Inflammasome activation
causes infected cells to undergo an inflammatory form of pro-
grammed cell death called pyroptosis (84). This cell death may
release bacteria into the extracellular environment, where they can
easily be taken up by cells such as neutrophils that are not permis-
sive for replication (210). Additionally, pyroptosis is accompanied
by the release of the proinflammatory cytokines interleukin-13
(IL-1B) and IL-18 from dying cells, serving to recruit and activate
other immune cells and further promote bacterial clearance.
AIM2 inflammasome activation is essential for controlling F.
novicida infection, since mice lacking components of this defense
system succumb to infection much more rapidly than their wild-
type counterparts (81, 141). The murine NLRC4 and NLRP3 in-
flammasomes do not play an obvious role in combating F. novi-
cida during infection of macrophages or mice (141, 142).
However, the NLRP3 inflammasome, along with the AIM2 in-
flammasome, is activated during Francisella infection of human
epithelial cells and monocytes/macrophages (13). The mechanism
underlying NLRP3 activation in human cells is not clear, since
Francisella does not express known NLRP3 ligands.

Unlike the less virulent F. novicida, highly virulent F. tularensis
fails to efficiently activate the inflammasome (234). Macrophages
and dendritic cells infected with F. tularensis secrete very low levels
of the inflammasome-dependent cytokine IL-18 in vitro, and there
is very little caspase-1 activation induced in the spleens and livers
of infected mice (234). As mentioned, microarray analysis of hu-
man monocytes infected with F. tularensis revealed that this
pathogen downregulates the expression of several genes belonging
to the TLR and type I IFN pathways (38, 60). TLR2 signaling is
necessary for the expression of IL-13 and increases the rate of
inflammasome activation during F. novicida infection (111),
while type I IFN is essential for inflammasome activation (99).
Therefore, hampering TLR2 and IFN signaling, two major host
defense pathways that contribute to inflammasome activation,
could lead to a lack of activation of this complex during F. tular-
ensis infection. It is likely that highly virulent F. tularensis also has
additional ways by which to limit inflammasome activation.

Several Francisella genes have been implicated in modulating in-
flammasome activation (82, 106, 224, 232). However, Peng et al. re-
cently showed that these genes were not important for actively mod-
ulating the inflammasome (171). Instead, the increased induction of
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macrophage death triggered by a panel of mutants lacking genes en-
coding membrane-associated proteins was due to increased bacteri-
olysis in the cytosol that allowed for the leakage of DNA and increased
inflammasome activation. This study suggests that maintenance of
membrane integrity is critical for Francisella to prevent the release of
PAMPs and induction of the inflammasome. F. tularensis may also
directly suppress inflammasome activation; however, genes impor-
tant for direct suppression of the inflammasome complex by F. tula-
rensis have not been identified. The presence of such genes in F. tula-
rensis but not less virulent Francisella species could explain the
divergence in activation of this complex.

During the latter stages of F. tularensis infection, infected cells
undergo caspase-3-dependent programmed cell death or apopto-
sis. Unlike pyroptosis, this form of cell death is noninflammatory
(120). Wickstrum et al. observed a significant increase in apopto-
sis in the livers and spleens of F. tularensis-infected mice between
days 3 and 4 postinfection. This spike in apoptosis was preceded
by an exponential increase in bacteria and antigen distribution in
the infected organs (234). F. tularensis may direct host cells to
undergo apoptosis instead of pyroptosis following cytosolic repli-
cation, facilitating dissemination to neighboring cells without
triggering a strong inflammatory response. Additionally, phago-
cytosis of apoptotic bodies by activated macrophages impairs the
ability of these cells to produce proinflammatory cytokines (80).
In the context of an F. tularensis infection, these macrophages that
have been rendered immunologically suppressed by taking up
bacterium-containing apoptotic bodies could serve as reservoirs
for further replication. Interestingly, it is not clear how Francisella
egresses from infected cells and disseminates throughout the host.
These impaired macrophages could also serve as Trojan horses,
trafficking the bacteria systemically.

Another strategy commonly used by viruses and some patho-
genic bacteria to exit host cells is to hijack the autophagic pathway
(69). Autophagy is a process carried out by eukaryotic cells in
which cytoplasmic material is engulfed into double-membrane-
bound vacuoles called autophagosomes that subsequently fuse
with lysosomes for degradation (127). This pathway was originally
described as being important for maintaining cellular homeosta-
sis, but it is now evident that it is also important for host defense.
Following cytosolic replication, some Francisella organisms reside
inside autophagosomes (45), although it is not clear whether this
is a host-induced response to control infection or a pathogen-
induced mechanism to promote virulence. Francisella autophago-
somes contain major histocompatibility complex (MHC) class I
(105), suggesting that the host might induce autophagy to degrade
bacteria and present their antigens to activate the immune system
and control bacterial replication. However, F. tularensis modu-
lates the expression of atg5, beclin 1, and several other autophagy-
related genes (60) during macrophage infection, supporting the
notion that Francisella may act to subvert this host defense system.
Furthermore, autophagy was recently shown to regulate the level
of AIM2 inflammasome activation by targeting these com-
plexes for lysosomal degradation (206). Therefore, hijacking the
autophagic pathway could serve as a critical step in F. tularensis
pathogenesis by hampering inflammasome-mediated bacterial
clearance and providing this pathogen with a method by which to
escape from host cells.

Replicating in the cytosol of host cells without inducing an in-
flammatory response is one of the most challenging yet critical
immune subversion tactics employed by F. tularensis during in-
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fection. Although many of the virulence determinants that aid in
evasion of cytosolic defenses are not currently known, it is likely
that there are numerous genes necessary to subvert recognition by
multiple PRRs, activation of cell death pathways, and killing via
autophagy.

Nutritional Defenses

Although subverting host defenses in the cytosol is essential to
facilitate intracellular replication and virulence, Francisella must
also ensure that it can acquire sufficient nutrients in this host cell
compartment to sustain its high growth rate. The host, however,
has developed mechanisms that limit the availability of specific
nutrients, providing a “nutritional” defense against pathogens.
The fight over nutrients highlights another critical aspect of host-
pathogen interactions.

Many Francisella genes annotated as being involved in metabolism,
for both energy production and biosynthesis of macromolecules,
have been identified in screens for genes important in intracellular
replication and in vivo virulence (130, 135, 140, 214, 232). These
screens identified genes required for growth during infection but not
in rich media, and they therefore suggest that Francisella must utilize
distinct metabolic pathways in order to successfully survive and rep-
licate within the host, compared to those required for growth in
broth. Mapping the genes identified in these screens onto predicted
pathways has highlighted specific metabolic pathways critical to
Francisella replication in the host, such as the biosynthesis of purines
and pyrimidines as well as gluconeogenesis and glycolysis. The im-
portance of these pathways in Francisella intracellular replication has
recently been reviewed by Meibom and Charbit (149). We will focus
on the mechanisms utilized by Francisella to directly access nutrients,
such as iron and tryptophan, which are actively limited by the host
during infection.

Iron, one of the most thoroughly studied nutrients in terms of
host-pathogen interactions, is necessary for a variety of enzymatic
functions in bacteria and is a vital component of various redox
reactions that take place during growth. Within the host, nearly
99.9% of total iron is intracellular (37). Extracellular iron is highly
insoluble, which thus represents a barrier to its uptake (36).
Therefore, the little iron present outside host cells is associated
with iron storage molecules such as heme, transferrin, and lacto-
ferrin (36, 228). Francisella can overcome this first barrier to iron
acquisition by entering host cells, where the iron content is sub-
stantially higher. However, even within host cells, iron is often
sequestered by iron-containing redox enzymes and iron storage
proteins such as ferritin and lactoferrin, making its acquisition by
the bacteria challenging (36, 228).

Furthermore, the host has additional mechanisms to try to se-
quester iron away from pathogens as it responds to infection. Past
work has demonstrated that when macrophages sense LPS or are
stimulated with IFN-y, the host cells respond by decreasing ex-
pression of the transferrin receptor (TfR) that shuttles iron-bound
transferrin into the cell (158). These signs of infection also signal
the host to increase production of ferritin, which binds and se-
questers free iron within host cells (185). Together, these host
strategies decrease the availability of free iron both extracellularly
and intracellularly.

Due in part to these mechanisms, serum iron concentrations
significantly decrease in otherwise healthy human volunteers dur-
ing F. tularensis SchuS4 inhalational infection (170), as occurs
during other microbial infections (231). This can be correlated
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FIG 6 Competition for iron during Francisella infection. (A) Upon infection
of macrophages, Francisella induces the upregulation and relocalization of the
transferrin receptor (TfR) to the forming phagosome, facilitating an influx of
iron into the host cell. (B) The host counteracts this by upregulating Dmt1 and
ferroportin, which export iron from the phagosome to the cytosol and from
the cytosol to the extracellular space, respectively. (C) Francisella, however,
counters this by inducing host hepcidin, which binds ferroportin and causes it
to be degraded. In total, this leads to an increase of intracellular iron available
in the cytosol for Francisella replication.

with the fact that instead of the decrease in TfR expression typi-
cally observed in response to infection, TfR is significantly up-
regulated during LVS infection (165) and even colocalizes with the
early Francisella-containing phagosome (FCP) (165). Interest-
ingly, TfR localization does not occur with killed bacteria, indicat-
ing that LVS actively alters host TfR localization through an un-
known mechanism (165). Increases in TfR would lead to
increased intracellular pools of iron, while decreasing serum iron
levels. Also, unlike stimulation with [FN-y and/or LPS, LVS infec-
tion does not induce expression of ferritin (165). Therefore, LVS
may also actively prevent the host from sequestering the intracel-
lular iron brought in by TfR, allowing the bacteria to utilize the
increased iron pool. Together, these changes in host expression of
TfR and ferritin, as well as TfR localization to the FCP, cause a
significant increase in usable intracellular iron that can enhance
Francisella replication (Fig. 6).

Further highlighting the tug-of-war between host and patho-
gen, the host counters the influx of iron due to increased TfR
expression during LVS infection by increasing expression of
Dmtl, a phagosomal membrane protein which transports iron
from phagosomes into the cytosol, as well as ferroportin, which
shuttles iron from the cytosol out of the cell (Fig. 6) (165). The
combined action of these proteins would limit the amount of in-
tracellular iron available to replicating Francisella in the cytosol.
Countering this restriction, LVS infection induces the production
of hepcidin, an antimicrobial peptide secreted by hepatic cells
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(165). Hepcidin binds to ferroportin on the host cell surface, caus-
ing it to become internalized and subsequently be degraded (162).
Thus, hepcidin induction and subsequent inhibition of efflux of
cytosolic iron appear to be one strategy employed by LVS to main-
tain intracellular iron pools at levels permissive for replication.
However, whether LVS actively induces hepcidin production to
specifically inhibit ferroportin or whether hepcidin’s antiferro-
portin action is an unintentional consequence to the host and
secondary to its antimicrobial activity is not known. The exact
mechanisms by which Francisella promotes the expression of hep-
cidin and TfR, while simultaneously preventing ferritin expres-
sion, are unknown.

Further contributing to its ability to capture and acquire iron,
Francisella utilizes a rhizoferrin-like siderophore (215). Siderophores
are small molecules that selectively bind iron at a significantly higher
affinity than host iron-sequestering compounds, creating a biochem-
ical flux in favor of the siderophore-producing organism (154). This
allows Francisella to outcompete the host for available iron. The Fran-
cisella locus necessary for production and utilization of its sidero-
phore is SIABCDE (also termed figABCDE) (117, 215). fSIABCD are
directly involved in the production and/or export of the Francisella
siderophore (117, 215). fsIE, on the other hand, is not necessary for
production or export, but instead is required for the utilization of the
siderophore, through either siderophore binding or import (117,
182). Francisella lacks genes with significant similarity to the known
(and typically highly conserved) siderophore receptor and importer
genes tonB, exbB, and exbD (122). It is therefore hypothesized that
fSIE, or one of the two fSIE orthologs present in the genome, may act as
anovel siderophore importer (182). The two fsIE-like genes, termed
fupAB (encoded in LVS by a single protein fusion of these two para-
logs, named fupA/B) (132, 205), are important for siderophore up-
take, particularly in LVS compared to F. tularensis, which relies more
heavily on fSIE for siderophore import (132, 182, 205).

In the context of an infection, siderophore production and iron
acquisition proteins are a vital component of Francisella’s ability
to maintain iron homeostasis and ultimately survive and replicate
in the host. fSIABC and feoB, encoding a ferrous iron importer
utilized by other bacteria to directly import free iron (41, 122,
215), have each been identified in in vivo virulence screens (214,
232). fsIABC have also been shown to be necessary for replication
in macrophages (135). Furthermore, fupAB are required for full
virulence in mice during LVS (205) and F. tularensis (223) infec-
tion and for LVS replication in macrophages (140, 205). Interest-
ingly, while unable to produce siderophores, an fs/A mutant of F.
tularensis SchuS4 is not attenuated during infection of mice, sug-
gesting that other iron acquisition pathways, such as the feoB im-
porter or the fupAB system, may be playing a parallel role. On the
other hand, while not identified in previous screens for virulence
factors, we have identified fsIE in a negative selection screen in F.
tularensis for genes necessary for survival in mice (D. S. Weiss et
al., unpublished observation).

Although iron acquisition may play an important role in patho-
genesis, recent work has demonstrated that Francisella must also limit
its total intracellular iron concentration (133). Increased intracellular
iron concentrations can lead to increased susceptibility to oxygen
radical damage within the bacteria. In fact, more virulent strains, such
as F. tularensis SchuS4, have lower levels of intracellular iron than the
less virulent LVS, which correlates with increased resistance to oxygen
radical-mediated stresses (133). It is important to note that these
studies were performed using bacteria grown on agar plates. It would
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be interesting to measure the iron content of each strain during in-
fection to see if the differences mentioned above are maintained.
Overall, these data suggest that Francisella maintains homeostasis of
intracellular iron, importing enough to promote survival while pre-
venting excessively high and toxic concentrations.

Although it is the most thoroughly studied, iron is not the only
nutrient whose availability is actively limited by the host. The intra-
cellular concentration of the amino acid tryptophan is significantly
decreased during infection (218) due to an increase in the expression
of indoleamine 2,3-dioxygenase (IDO), which initiates the trypto-
phan catabolic pathway by converting tryptophan to kynurenine
(218). IDO is expressed in nearly every cell type, excluding hepatic
cells, and is particularly highly expressed in the lungs and placenta
(218). Infection by Chlamydia (26) or Streptococcus (172), as well as
stimulation with IFN-vy (238) or LPS (237), induces IDO expression
and results in decreased tryptophan levels. This is an important de-
fensive mechanism, as it creates an innate nutritional barrier that
limits the ability of microbes to replicate.

Upon intranasal infection with Francisella, IDO is significantly up-
regulated in the lung (172). Francisella is capable of overcoming this
host defense by maintaining the ability to synthesize tryptophan de
novo, although this process is very energy intensive (241). The impor-
tance of tryptophan prototrophy is exemplified by the fact that strains
with mutations in trpB, which is necessary for the final step of tryp-
tophan biosynthesis, are significantly attenuated during intranasal
infection (50, 172) and that this attenuation can be overcome in
IDO™/" mice (172). trpB mutants are capable of limited intracellular
replication in macrophages and show decreased survival in IFN-y-
stimulated macrophages compared to wild-type Francisella (50). As
IDO expression is induced by IFN-y, the attenuation of the rpB mu-
tant is also rescued upon infection of IFN-y receptor (IFNGR)-defi-
cient mice (50). These data indicate that tryptophan prototrophy is a
necessary attribute of Francisella pathogenesis, allowing the bacte-
rium to overcome an aspect of the nutritional barrier induced by
IFN-vy and IDO upon infection of the lung.

While it can produce tryptophan, Francisella is auxotrophic for 13
amino acids which it cannot synthesize de novo, likely because it does
not encode some or all of the enzymes required for their biosynthetic
pathways (122, 149, 188). Therefore, it is intuitive that being able to
acquire these essential amino acids within the host is a necessary com-
ponent of Francisella pathogenesis. Francisella is predicted to lack all
of the biosynthetic enzymes for arginine, histidine, lysine, methio-
nine, and tyrosine (122). Interestingly, a putative methionine uptake
transporter (FTN_1107/FTT1125) (140, 214), lysine importer
(FTN_0296/FTT1633c) (232), and tyrosine permease (FTN_1711/
FTT1732c) (11) have all been identified in virulence screens, suggest-
ing that they are necessary for pathogenesis. Furthermore, amino acid
importers with no predicted substrate (FTN_0097/FTT1688 and
FTN_0848/FT'T0968c) have been identified as well (130, 135, 140,
214,232). This suggests that Francisella may have developed strategies
to scavenge from the host those amino acids which it cannot synthe-
size de novo.

Other than tryptophan restriction, to the best of our knowledge,
we do not know of another example of active host depletion of an
amino acid that is important during Francisella infection. While
numerous biosynthetic and metabolic pathways have been lost
during the reductive evolution of the more recently evolving F.
tularensis and F. holarctica subspecies, Francisella species are capa-
ble of de novo biosynthesis of alanine, glutamate, glutamine, as-
paragine, glycine, phenylalanine, and tryptophan (122, 149, 188).
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In fact, pathways for the synthesis of glutamate, glycine, and phe-
nylalanine are redundantly represented. This suggests that the
ability to synthesize these amino acids is essential for pathogenesis
and could potentially counter active host restriction mechanisms,
similar to the way Francisella counters tryptophan depletion as
described above. In further support of this idea, asparagine syn-
thase (FTN_1421/FTT1456c) which is necessary for asparagine
prototrophy (130, 135,232), and a number of enzymes utilized for
the creation of aromatic amino acid precursors have been identi-
fied in virulence screens (149).

Another well-known example of Francisella auxotrophy is the
requirement for cysteine, which serves as a necessary source of
sulfate. This requirement is also necessary in broth and thus does
not necessarily represent an active host defense process to deplete
cysteine. However, in the host, cysteine is present within glu-
tathione (GSH). The ability to utilize GSH is thus a required
component of Francisella intracellular growth. Indeed, F. tula-
rensis mutants lacking a transpeptidase (ggt) necessary for
cleavage of GSH are severely attenuated during infection of
macrophages and mice (3).

The requirement for other biosynthetic pathways during host
infection, such as purine and pyrimidine biosynthesis, is well es-
tablished for Francisella and other bacterial pathogens (10, 149).
Furthermore, the importance of central metabolism (e.g., glycol-
ysis) has also been shown to play a role during infection (149).
Additionally, there is evidence that nutritional status may play a
role in allowing Francisella to sense the host phagosome compared
to being in the host cytosol (40) and to induce expression of vir-
ulence genes, including those required for phagosomal escape (40,
67, 191). Mutants that are unable to recognize particular metab-
olites, such as polyamines present in the host cytosol, are signifi-
cantly attenuated and unable to alter temporal expression of vir-
ulence factors (191). Taken together, these data highlight the
importance in the outcome of infection of host and pathogen
proteins involved in this nutritional tug-of-war.

Modulation of Adaptive Inmune Responses

We have focused a great deal of attention on the ways in which
Francisella modulates the immune responsiveness of the cells that
it directly infects. We now discuss the effect that these interactions
have on the ability of other immune cells to fight infection and the
development of an effective adaptive immune response. As noted
previously, pulmonary infection caused by F. tularensis in humans
is characterized by an initial delay in inflammatory responses dur-
ing the first 72 h (58). Although it is not entirely clear how F.
tularensis evades early immune responses, modulating the activity
of innate immune cells that contribute to early cell-mediated im-
munity likely plays a significant role. Antigen-presenting cells
(APCs), such as macrophages and dendritic cells, play an impor-
tant role in early innate defense against Francisella infection. The
ability of these cells to present microbial antigens and activate T
cells enables them to serve as a bridge between the innate and
adaptive immune systems. During the earliest stages of infection,
Francisella resides primarily in macrophages (97). Therefore, it is
not surprising that this pathogen uses multiple subversion mech-
anisms (e.g., facilitating cell entry via nonactivating macrophage
receptors, escaping phagosomal killing, and modulating cytosolic
defense pathways) to systematically disarm macrophage defenses.
However, when activated by the proinflammatory cytokine
IFN-v, these phagocytes are capable of overcoming the modula-
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tory effects exerted by Francisella, preventing its replication in the
cytosol (68, 126). Primarily produced by NK cells and dendritic
cells during infection, IFN-y regulates over 200 genes, many of
which are involved in host defense pathways important for en-
hancing nitric oxide production, inducing autophagy, and in-
creasing major histocompatibility complex (MHC) class I and II
antigen presentation (32, 226). Activation of these pathways could
collectively enhance Francisella clearance and promote host sur-
vival. Moreover, a lack of IFN-vy in vivo, through either genetic
disruption (76) or anticytokine treatment (126), increased the
susceptibility of mice to Francisella infection, indicating that this
cytokine is an important mediator of host defense in vivo.

The exact mechanism of [FN-y-mediated clearance of Franci-
sella from activated macrophages is unclear. IFN-+y can hinder F.
novicida and LVS escape from the phagosomes of human mono-
cyte-derived macrophages and murine peritoneal exudate cells,
respectively (131, 195). This prolonged retention of Francisella in
the phagosome would expose bacteria to phagosomal defenses
such as the NADPH oxidase, nitric oxide, and lysosomal enzymes
if phagolysosomal fusion occurred (201), all of which are upregu-
lated by IFN-, leading to bacterial clearance. In contrast, escape
of highly virulent F. tularensis from the phagosome is not affected
by IFN-v activation of macrophages, although its cytosolic repli-
cation is nonetheless restricted (74). Therefore, IFN-y-mediated
activation of macrophages leads to both phagosomal and cytosolic
defenses that control the virulence of multiple Francisella species.

Since IFN-vy has such a pleiotropic effect on macrophage acti-
vation, any mechanism of suppressing the action of this cytokine
would likely have broad effects on promoting Francisella patho-
genesis. Francisella directly impairs the ability of macrophages to
respond to IFN-vy stimulation during infection by downregulating
the expression of the alpha subunit of the IFN-y receptor
(IFNGR), which is critical for signaling (189). Nallaparaju et al.
found that in the event that signaling through the IFNGR does
occur, Francisella uses FopC to indirectly block the phosphoryla-
tion and subsequent activation of Statl (a transcriptional regula-
tor that is required for IFNGR signaling) (159a, 166). The IFN-y
signaling pathway is further decommissioned during infection as
the bacteria induce an increase in the expression of SOCS3, a
protein that negatively regulates this pathway (38). Activation of
the TLR signaling pathway enhances IFN-y-dependent cytokine
production in macrophages (242). Therefore, suppression of TLR
signaling by mechanisms discussed earlier in this review (preven-
tion of PAMP release, modification of LPS/lipid A structure to
prevent TLR4 activation, and downregulation of TLR expression)
could also dampen activation of the IFN-y pathway.

In addition to suppressing IFN-y signaling, F. tularensis induces
macrophages to produce the immunomodulatory lipid prosta-
glandin E, (PGE,) (236). PGE, inhibits T cells from producing
IFN-v, favoring bacterial replication (Fig. 7) (175). PGE, also in-
duces the expression of a >10-kDa protease-resistant host factor
that promotes ubiquitin-dependent lysosomal degradation of
MHC class I molecules, resulting in a nearly complete absence of
MHC class II on the surface of macrophages (235). Therefore, by
inducing PGE,, Francisella inhibits bacterial killing mediated by
IFN-vy and also dampens the induction of adaptive immune re-
sponses by limiting antigen presentation through MHC class II.

Dendritic cells play a critical role in directing cell-mediated im-
munity by producing cytokines that control the way in which T
cells are activated and the immune responses that they subse-
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quently promote. In accordance with this pathogen’s ability to
dampen cell-mediated immune responses, F. tularensis suppresses
proinflammatory cytokine production from these cells (35).
Among these cytokines is IL-12, which is important for the devel-
opment of IFN-y-producing T cells (75). Surprisingly, inhibition
of IL-12 by F. tularensis is mediated by IFN- production (Fig. 7)
(24). As described previously in this review, type I IFNs contribute
to inflammasome activation by Francisella. However, there was no
correlation between IFN-f production and inflammasome acti-
vation during F. tularensis infection. Considering that F. tularensis
dampens the expression of genes in the type I IFN pathway, it is
possible that this pathogen suppresses the expression of type I
IFNs to a level that is below the threshold for inflammasome ac-
tivation but adequate for IL-12 suppression.

F. tularensis also redirects macrophages to become alternatively
activated (207). Alternatively activated macrophages exhibit a
skewed inflammatory profile that is less antimicrobial, with de-
creased levels of nitric oxide production upon IFN-y stimulation
and an impaired ability to kill bacteria (78, 93). Additionally, F.
tularensis directs dendritic cells to produce the anti-inflammatory
cytokines transforming growth factor § (TGF-B) and IL-10 (35,
236). This greatly contributes to the absence of an inflammatory
response early in infection because IL-10 inhibits macrophage
proliferation and proinflammatory cytokine production (164). In
addition, it can lead to reduced MHC class II expression, which
would suppress adaptive immune responses (139).

IL-10 or TGF-B can direct dendritic cells to become tolero-
genic, inhibiting their ability to activate T cells that induce an
inflammatory response (Fig. 7) (139). These cytokines also pro-
mote the development of regulatory T cells that can suppress the
inflammatory activity of other T cells (85). In fact, pulmonary
regulatory T cells develop in the lungs during F. tularensis infec-
tion, and this development correlates with an increase in bacterial
burden (173). Though it is currently unclear how F. tularensis
redirects APCs toward an anti-inflammatory response, inducing
immune tolerance through the induction of IL-10 or TGF-B is a
survival strategy used by pathogens such as Yersinia pestis, Coxiella
burnetii, and Chlamydia pneumoniae (63). In the case of Yersinia
pestis, IL-10 production is induced by the type III secretion system
effector protein LerV (124, 208). Further characterization of Fran-
cisella secretion systems and effector proteins may shed light on
similar mechanisms of immune modulation.

Cell-mediated immunity is generally accepted as being essential
for controlling intracellular bacterial infection. In accordance
with this dogma, antibodies have been shown to provide little
protection against Francisella infection, but antibody-indepen-
dent B cell responses are important for early protection (62).
However, Francisella, like some other intracellular bacterial
pathogens (83), is also capable of infecting and replicating inside B
cells (119), although it is not known whether it can modulate B cell
activity in order to evade immune detection. Salmonella enterica
serovar Typhimurium has been shown to induce MyD88-depen-
dent IL-10 production in splenic B cells during systemic infection,
promoting its survival in vivo (163). As discussed above, IL-10
induces a tolerogenic state in immune cells, and it is possible that
Francisella-induced IL-10 production in APCs could also alter the
function of B cells during infection.

Francisella uses multiple strategies to modulate APCs in order
to subvert subsequent activation of the adaptive immune system.
This modulation not only contributes to the failure in immune
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Francisella

FIG 7 Subversion of adaptive immune responses by Francisella. Francisella infects antigen-presenting cells (APCs) and dampens their ability to produce
proinflammatory cytokines. IL-12 is blocked via the induction of beta interferon (IFN-B). IFN-vy is produced by dendritic cells and T cells during Francisella
infection, and it induces macrophages to kill the bacteria. Francisella blocks signal transduction through the IFN-+y receptor (IFNGR) by inhibiting Stat1
phosphorylation and through the induction of prostaglandin E2 (PGE,), which inhibits IFN-y production by T cells. Francisella also hampers T cell activation
by inducing the degradation of major histocompatibility complex class IT (MHC II) (indicated by its absence from the cell surface, tagging with ubiquitin [Ub],
and trafficking toward the lysosome) and directing APCs to produce the anti-inflammatory cytokines TGF-B and IL-10, which promote the development of

regulatory T cells (T,

activation during the initial stages of infection but also helps pro-
vide a suitable environment for replication in subsequent phases
of infection by dampening adaptive responses such as the activa-
tion of CD8 T cells, which could kill infected host cells harboring
Francisella.

CONCLUDING REMARKS

Francisella uses a vast arsenal of virulence mechanisms to subvert
host defenses and promote intracellular replication. The main
overarching strategy is to prevent the initiation of host inflamma-
tory responses. Since the inflammatory response operates in a pos-
itive-feedback loop, it is powerful once started and very difficult, if
not impossible, to reign in. If initiated, host defenses encountered
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rg) that are able to suppress inflammation and cell-mediated immune responses.

by the bacteria (extracellular, phagosomal, and cytosolic defenses)
are heightened at each step of infection, taking a toll on replication
levels. This is highlighted by comparing the intracellular fates of
Francisella in unstimulated or IFN-vy-stimulated macrophages.
While Francisella is able to grow rapidly in unstimulated macro-
phages, IFN-y-stimulated macrophages are not permissive for
replication and are instead able to kill the bacteria. Therefore, if
inflammatory processes leading to IFN-vy production are initiated,
this drastically alters the course of infection in favor of the host.
Since PAMPs activate inflammatory pathways during infec-
tion, a critical aspect of subverting the inflammatory response is
preventing PAMP recognition by the host. Francisella achieves
this in large part by devoting considerable resources to resisting
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damage (capsule, LPS O antigen, lipid A modifications, efflux
pumps, detoxifying ROS, etc.) induced by antimicrobials that
would lead to the release of PAMPs. When PAMPs are inevitably
liberated and recognized by the host at some level, Francisella sup-
presses the signaling of host PRRs, although the mechanisms by
which this occurs are not defined and will be a critical area of
future research. The importance of subverting early inflammatory
responses can be seen when studying numerous mutant strains
that lack virulence traits required in the first hours of infection
(resistance to complement and phagosomal defenses, defects in
phagosome escape, etc), which are often hyperinflammatory and
severely attenuated for virulence.

Remaining immunologically “silent” allows the bacteria to
reach the host cytosol, where they can replicate. However, an often
overlooked virulence trait is the ability to acquire sufficient nutri-
ents to facilitate rapid intracellular replication. Francisella has sev-
eral strategies to acquire iron and synthesize tryptophan de novo to
subvert specific host defense pathways. As mentioned, numerous
metabolic genes have been identified in virulence screens and may
lead to the elucidation of novel mechanisms by which the bacteria
subvert “nutritional defenses.” This is a subject of great interest
not just for Francisella pathogenesis but also in the field of bacte-
rial pathogenesis as a whole. As it is one of the most virulent
bacterial pathogens known, continued research into how Franci-
sella subverts innate and adaptive host responses will lead to novel
discoveries that will enhance our understanding of host-pathogen
interactions.
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Rapid Killing of Acinetobacter baumannii by Polymyxins Is Mediated
by a Hydroxyl Radical Death Pathway
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Acinetobacter baumannii is an opportunistic pathogen that is a cause of clinically significant nosocomial infections. Increas-
ingly, clinical isolates of A. baumannii are extensively resistant to numerous antibiotics, and the use of polymyxin antibiotics
against these infections is often the final treatment option. Historically, the polymyxins have been thought to kill bacteria
through membrane lysis. Here, we present an alternative mechanism based on data demonstrating that polymyxins induce rapid
cell death through hydroxyl radical production. Supporting this notion, we found that inhibition of radical production delays
the ability of polymyxins to kill A. baumannii. Notably, we demonstrate that this mechanism of killing occurs in multidrug-re-
sistant clinical isolates of A. baumannii and that this response is not induced in a polymyxin-resistant isolate. This study is the
first to demonstrate that polymyxins induce rapid killing of A. baumannii and other Gram-negatives through hydroxyl radical
production. This significantly augments our understanding of the mechanism of polymyxin action, which is critical knowledge
toward the development of adjunctive therapies, particularly given the increasing necessity for treatment with these antibiotics

in the clinical setting.

A cinetobacter baumannii is an increasingly prevalent opportu-
nistic pathogen that causes nosocomial infections (5, 6, 11, 34,
43, 47). This Gram-negative, aerobic, coccobacillus is responsible
for a significant number of hospital-acquired infections, including
those of the skin and bloodstream, as well as pneumonia and men-
ingitis (5, 6, 18, 34, 47). Importantly, A. baumannii is able to
persist on hospital surfaces for weeks to months, providing an
environmental reservoir for its transmission (44—46). Com-
pounding this problem, multidrug-resistant (MDR) strains of A.
baumannii have been isolated with increasing frequency, and
strains with pan-drug resistance (PDR) have been described as
well, particularly among vulnerable patients within intensive care
units or military hospitals (3, 11, 15, 33, 36, 39, 41). The poly-
myxin class of antibiotics is generally considered a final option of
antibiotic therapy against MDR strains of A. baumannii, in large
part due to the high potential for nephrotoxicity. Nonetheless,
clinical use of the polymyxins, including polymyxin B and poly-
myxin E (colistin), to treat A. baumannii infection is increasing
out of necessity due to antibiotic resistance (25, 26, 50).

Polymyxins are non-ribosomally synthesized, cationic antimi-
crobial peptides that bind to lipid A in the outer leaflet of the
Gram-negative outer membrane (10, 32). Positively charged
amino acid residues in the polymyxins form a ring that associates
with negatively charged residues within lipid A through electro-
static interactions, causing membrane perturbations (10). In ad-
dition, polymyxins contain a string of hydrophobic amino acids
which insert into the outer membrane, increasing bacterial mem-
brane permeability (10). It has often been assumed that these
membrane disruptions cause bacterial cell death directly through
membrane lysis. However, reports from as far back as the late
1970s indicate that under certain conditions, polymyxins are ca-
pable of killing bacteria without lysis, suggesting that another
mechanism of bacterial cell death may also be induced by treat-
ment with these antibiotics (8, 21).

Recently, it has been demonstrated that a number of classes of
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antibiotics induce the production of lethal hydroxyl radicals
within bacteria through the Fenton reaction (12, 22). Briefly, this
reaction occurs when superoxides are converted to peroxides by
superoxide dismutases present in the cell. Peroxides are capable of
interacting with ferric iron associated with a number of biological
molecules within the bacterial cell, oxidizing the iron and forming
hydroxyl radicals in the process (16, 17, 22, 49). Ultimately, the
concentration of hydroxyl radicals reaches levels that cannot be
controlled, and the subsequent oxidative damage to DNA, lipids,
and proteins eventually causes cell death (12, 22). Although hy-
droxyl radical-mediated cell death has been demonstrated with
antibiotics that target intracellular proteins (12, 22), it is not
known whether the classes of antibiotics that directly target the
outer membrane (such as the polymyxins) cause cell death
through a similar mechanism.

Here, we demonstrate that polymyxin B and colistin initiate
rapid killing of both sensitive and MDR isolates of A. baumannii,
as well as other Gram-negative species, through hydroxyl radical
production. Treatment of A. baumannii with these antibiotics
caused an increase in hydroxyl radicals and, furthermore, killing
of A. baumannii by the polymyxins was delayed in the presence of
inhibitors that both directly and indirectly block the production of
oxygen radicals through the Fenton reaction. To our knowledge,
this is the first demonstration of how the polymyxin family in-
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TABLE 1 MICs for strains utilized in this study

MICs (ug/ml)*

Antibiotic ATCC 17978 CI-2 CI-3 CI-4
Amikacin =16 (S) =16(S) >32(R) >32(R)
Ampicillin-sulbactam  =8/4 (S) 16/8 (I) >16/8 (R) 16/8 (1)
Cefepime =8(S) >16 (R) >16 (R) >16 (R)
Ceftazidime 4(S) >16 (R) >16 (R) >16 (R)
Gentamicin =4(S) >8 (R) >8 (R) >8 (R)
Levofloxacin =2(S) =2(S) >4 (R) >4 (R)
Meropenem =4(S) =4(S) >8 (R) 8 (D)
Ticarcillin-clavulanate =16 (S) =16 (S) >64 (R) >64 (R)
Tobramycin =4(S) 8 () >8 (R) >8 (R)
Trimethoprim- >2/38 (R) >2/38 (R) >2/38 (R) >2/38 (R)

sulfamethoxazole
Colistin 0.19 (S) 0.5(S) 0.19(S)  >256 (R)

“R, resistant; I, intermediate resistance; S, sensitive. For drug combinations, the two
respective MICs are separated by a slash (/).

duces rapid killing of A. baumannii and provides a rationale for
previous observations of polymyxin-induced death without lysis
observed in other species. With an increasing number of A. bau-
mannii isolates demonstrating multidrug resistance, this study
may provide clues as to how to exploit hydroxyl radical-mediated
cell death to combat drug resistance in this and other drug-resis-
tant bacterial pathogens.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All A. baumannii strains (ATCC
17978, CI-2, CI-3, and CI-4), as well as Escherichia coli DH5« (Invitrogen,
Grand Island, NY), were routinely grown from frozen stock in Mueller-
Hinton (MH) broth (BD Biosciences, Sparks, MD) at 37°C with aeration.
For Francisella novicida U112 (a gift from Denise Monack, Stanford Uni-
versity), 0.2% L-cysteine was added to the growth medium. CI-2, CI-3,
and CI-4 were kindly provided by Brandi Limbago, Division of Health
Care Quality Promotion, Centers for Disease Control and Prevention,
Atlanta, GA. CI-2 was isolated in the District of Columbia in 2005, CI-3
was isolated in Ohio in 2006 by endotrachial aspirate, and CI-4 was iso-
lated in Mississippi in 2010 from sputum.

Determination of MICs. Identification and antimicrobial susceptibil-
ity testing were performed using the MicroScan WalkAway Plus auto-
mated system (Siemens Medical Solutions Diagnostics, Deerfield, IL). Or-
ganism suspensions were prepared using the Prompt system (Siemens
Medical Solutions Diagnostics) to inoculate Neg Combo 41 conventional
identification susceptibility panels (Siemens Medical Solutions Diagnos-
tics). Manual susceptibility testing using Etest strips (bioMérieux, Dur-
ham, NC) on MH agar was performed for colistin since it is not included
on the MicroScan panel. Multidrug resistance (MDR) was defined as re-
sistance to at least one member of three or more classes of antibiotic:
aminoglycosides, beta-lactams, cephalosporins, or fluoroquinolones
(29). Pan-drug resistance (PDR) was defined as resistance to all antibiotic
therapies tested, including colistin (29).

Detection of hydroxyl radicals. Overnight cultures were subcultured
1:50 into MH broth for 2 h to an optical density at 600 nm of ~2. Cultures
were centrifuged at 5,000 X g for 10 min, washed twice in phosphate-
buffered saline (PBS; Lonza, Walkersville, MD), and diluted to 107
CFU/ml in PBS. The cells were subsequently treated with polymyxin B
(USB, Cleveland, OH) or polymyxin E (colistin; Sigma-Aldrich, St. Louis,
MO) at a final concentration of 2 wg/ml or with hydrogen peroxide at a
final concentration of 0.15%, followed by incubation at 37°C with gentle
shaking for 30 min. After treatment, the hydroxyl radical-specific fluores-
cent dye 3’-(p-hydroxyphenyl) fluorescein (HPF; Life Technologies,
Grand Island, NY) was added to treated or untreated cultures at a final
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concentration of 5 WM. Fluorescence was immediately measured in a
BioTek Synergy MX plate reader (BioTek, Winooski, VT) with an excita-
tion setting of 490 nm and an emission setting of 515 nm, both with a
9-nm bandwidth.

Time-kill assays. To determine the levels of killing by antimicrobial
compounds, time-kill experiments were performed as previously de-
scribed (28). Overnight cultures were subcultured as described above and
then diluted to a final concentration of 10" CFU/mlin MH broth. Samples
were treated with 2 g of either polymyxin B or colistin/ml (or 400 p.g of
colistin/ml for the F. novicida experiments) and incubated with aeration at
37°C. At the indicated time points, aliquots of treated cells were harvested,
suitable dilutions were performed, and then the cells were plated onto MH
agar plates. After overnight incubation of the plates at 37°C, CFU were
enumerated. Thiourea (Sigma-Aldrich) was added to cultures concur-
rently at the indicated doses. When 2,2’-dipyridyl (MP Biomedical, Solon,
OH) was utilized, the cells were pretreated for 20 min at 37°C with the
indicated doses, before treatment with polymyxins. The addition of thio-
urea or 2,2'-dipyridyl did not alter growth kinetics in broth (see Fig. S1A
and B in the supplemental material).

Statistics. All experiments were analyzed using a two-tailed, unpaired
Student ¢ test.

RESULTS

Polymyxins induce hydroxyl radical production. Polymyxins
are thought to kill Gram-negative bacteria by binding to lipid A in
the outer membrane and subsequently disrupting the stability of
both the outer and inner membranes, ultimately leading to cell
lysis (10, 32). Due to the observations that bactericidal antibiotic
treatment induces the production of hydroxyl radicals within bac-
teria and that these radicals play a significant role in causing bac-
terial cell death through oxidative damage to DNA, lipids, and
proteins (22), we sought to determine whether the last line poly-
myxin antibiotics induced hydroxyl radical-mediated cell death in
A. baumannii.

In order to first establish a baseline of A. baumannii sensitivi-
ties to polymyxins, MICs were determined for the type strain,
ATCC 17978 (Table 1). We next determined the kinetics of poly-
myxin-mediated killing of this strain. Time-kill assays revealed
that polymyxin B-mediated killing of A. baumannii occurred
quickly, with a >3-log reduction of viable cells within 30 min (Fig.
1). Furthermore, similar rapid killing kinetics occurred upon
treatment with colistin (polymyxin E) at an identical dose (Fig. 1).
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FIG 1 Polymyxins induce rapid killing of A. baumannii. A. baumannii cul-
tures were treated with 2 g of polymyxin B/ml (M) or colistin/ml (#) or left
untreated (A). At 0, 15, and 30 min, cultures were plated, and the CFU were
enumerated. The data are representative of three independent experiments.
Points represent the means and bars represent the standard deviation of trip-
licate samples. ***, P < 0.0001.
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FIG 2 Polymyxins induce hydroxyl radical production. A. baumannii cultures were left untreated or were treated with 0.15% hydrogen peroxide (H,0,) (A), 5
pg of kanamycin/ml (B), 2 ug of polymyxin B/ml (C), or 2 pg of colistin/ml (D) for 30 min. After treatment, the hydroxyl radical specific fluorescent dye
3'-(p-hydroxyphenyl) fluorescein was added, and the fluorescence was measured (490 nm/515 nm). The data are representative of three independent experi-
ments. Bars represent the means and standard deviations of triplicate samples. ***, P < 0.0001.

In order to determine whether hydroxyl radicals were in-
duced during the observed rapid polymyxin killing, we utilized
the cell permeable, hydroxyl radical-specific fluorescent dye,
3'-(p-hydroxyphenyl) fluorescein (HPF) (12). As positive con-
trols, we treated cultures with hydrogen peroxide or kanamy-
cin (previously demonstrated to induce hydroxyl radicals [22])
for 30 min and measured HPF fluorescence compared to un-
treated cultures (Fig. 2A and B). We observed an ~2-fold in-
crease in fluorescence, indicating an increase in hydroxyl rad-
ical production. We next assayed the A. baumannii cultures
treated with either polymyxin B or colistin and observed that
both treatments induced an ~2-fold increase in fluorescence
compared to the untreated control (Fig. 2C and D). To dem-
onstrate that the increased fluorescence was not simply due to
bacterial lysis, we sonicated A. baumannii and observed that
the resulting lysates did not produce increased HPF fluores-
cence above the untreated control (see Fig. S2 in the supple-
mental material). These data indicate that lysis is not sufficient
to cause an induction of HPF fluorescence and, furthermore,
that hydroxyl radicals are induced by treatment with the poly-
myxins.

To determine whether polymyxin-mediated radical produc-
tion was limited to its action on A. baumannii, we utilized the
Gram-negative species Escherichia coli and Francisella novicida, a
model intracellular pathogen (19). We first determined the kinet-
ics of colistin-mediated killing in these species (see Fig. S3A and B
in the supplemental material) and observed that both species were
killed with similar kinetics as A. baumannii at the doses utilized.
We subsequently measured hydroxyl radical production and ob-

5644 aac.asm.org

served a significant increase in HPF fluorescence following both
kanamycin and colistin treatment of these strains (see Fig. S4A to
D in the supplemental material). Together, these data indicate that
treatment with polymyxins induces the production of hydroxyl
radicals, and that radical production is concurrent with rapid kill-
ing of these Gram-negative species by polymyxins.

Rapid polymyxin killing of A. baumannii is mediated by hy-
droxyl radicals. Due to our observations that polymyxin B and
colistin treatment induced hydroxyl radical production in A.
baumannii, we sought to determine whether hydroxyl radicals
were required for the rapid killing of A. baumannii. We there-
fore utilized a hydroxyl radical scavenging compound, thio-
urea (35), and assessed its ability to prevent polymyxin killing
of A. baumannii. If hydroxyl radicals do indeed mediate the
rapid killing of A. baumannii, then concurrent treatment with
thiourea would be hypothesized to prevent cell death. In fact,
when we performed time-kill assays in the presence of thiourea,
we found a striking decrease in the ability of both polymyxin B
and colistin to kill A. baumannii compared to treatment with
either antibiotic alone (Fig. 3A and B). Notably, treatment with
thiourea rescued survival to nearly the level observed in bacte-
ria not treated with either antibiotic and markedly inhibited
the rapid decrease in viability. We further examined the ability
of thiourea to rescue colistin-mediated killing in E. coli and F.
novicida and observed similar magnitudes of rescue in these
organisms as well (see Fig. S3A and B in the supplemental
material). As an additional control, we directly assayed the
ability of thiourea to prevent colistin-mediated radical forma-
tion. We observed that thiourea significantly dampened the
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FIG 3 Polymyxin killing is delayed by hydroxyl radical quenching. A. baumannii cultures were treated with either 2 pg of polymyxin B/ml (A) or 2 pg of
colistin/ml (B) alone () or in combination with either 300 mM thiourea (@) or 600 mM thiourea (M), or they were left untreated in culture medium (A). At
0, 15, and 30 min, the cultures were plated, and the CFU were enumerated. The data are representative of three independent experiments. Points represent the
means and bars represent the standard deviations of triplicate samples. ***, P < 0.0001; *, P < 0.05.

amount of colistin-mediated radical formation in A. bauman-
nii, as well as in E. coli and F. novicida (see Fig. S5A to C in the
supplemental material). Since quenching hydroxyl radicals de-
lays killing, these data indicate that the radicals induced by the
polymyxins play a significant role in mediating rapid cell death
in A. baumannii and other Gram-negative species.

Polymyxin killing of A. baumannii is delayed by inhibition
of the Fenton reaction. Previous studies have indicated that reac-
tive oxygen species initiate an exponential increase in hydroxyl
radical production through an intracellular Fenton reaction (12,
16, 22). The iron chelator, 2,2'-dipyridyl (dipyridyl), has previ-
ously been shown to be a potent inhibitor of the Fenton reaction
by sequestering available iron, thereby preventing its interaction
with peroxides (16). In order to determine whether Fenton chem-
istry was indeed playing a role in the killing of A. baumannii dur-
ing polymyxin action, we assayed the ability of dipyridyl to pre-
vent polymyxin-mediated killing. Treatment of A. baumannii
with dipyridyl significantly inhibited killing by both polymyxin B
and colistin (Fig. 4A and B). Furthermore, we determined that
dipyridyl was also capable of rescuing colistin-mediated killing of
E. coli and F. novicida (see Fig. S3A and B in the supplemental
material). We further examined whether dipyridyl prevented
colistin-mediated radical production, in A. baumannii, E. coli, and
F. novicida. Similar to our results with thiourea, we observed a
significant decrease in colistin-mediated hydroxyl radical produc-
tion following treatment with dipyridyl (see Fig. S5A to C in the
supplemental material). Since dipyridyl is capable of inhibiting
the rapid loss of viability observed during polymyxin-mediated
death, as well as the induction of hydroxyl radicals, these data
implicate the involvement of the Fenton reaction in the rapid
killing of A. baumannii, as well as other Gram-negative organisms,
by the polymyxins. Together with the ability of the hydroxyl rad-
ical scavenger thiourea to inhibit polymyxin-mediated death,
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these iron depletion data strongly suggest that polymyxins induce
rapid killing of Gram-negative bacteria through Fenton chemis-
try-mediated hydroxyl radical production.

Drug-resistant clinical isolates of A. baumannii are killed
through hydroxyl radicals after polymyxin treatment. MDR and
PDR clinical isolates of A. baumannii have been identified with
increasing frequency and present a significant problem in health
care settings (3, 33, 36, 39, 41). We therefore sought to determine
whether the hydroxyl radical-mediated cell death pathway was
induced in recent clinical isolates recalcitrant to the majority of
current therapies. These isolates would therefore represent poten-
tial candidates for treatment with the polymyxins, including colis-
tin. We first examined the ability of colistin to induce hydroxyl
radical production in two MDR clinical isolates of A. baumannii,
CI-2 and CI-3, both of which are colistin sensitive (Table 1). Consis-
tent with our previous results, following 30 min of treatment with
colistin, we observed a significant increase in hydroxyl radical pro-
duction (Fig. 5A and B). Furthermore, we examined whether treat-
ment of a PDR isolate, CI-4, which has significant resistance to colis-
tin (Table 1), would induce the production of hydroxyl radicals.
Interestingly, colistin treatment did not cause an induction of hy-
droxyl radicals in this strain (Fig. 5C), indicating that sublethal levels
of colistin are not able to induce hydroxyl radicals, which is consistent
with data on other antibiotic treatments (22). Together, these data
suggest that the induction of hydroxyl radicals following colistin
treatment is conserved in recent clinical isolates, and that colistin
resistance prevents their induction.

To determine whether these hydroxyl radicals were participat-
ing in rapid killing by colistin, we utilized time-kill assays and
assessed the ability of thiourea and dipyridyl to prevent colistin-
mediated death in these clinical isolates of A. baumannii. We ob-
served that by quenching radical oxygen species or depleting iron
to suppress the Fenton reaction, the rapid killing of CI-2 and CI-3
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FIG 4 Polymyxin killing is mediated by iron. A. baumannii cultures were treated with either 2 jug of polymyxin B/ml (A) or 2 ug of colistin (B) alone (#) or in

combination with 600 wM dipyridyl (M), or they were left untreated in culture medium (A). At 0, 15, and 30 min, the cultures were plated, and the CFU were
enumerated. The data are representative of three independent experiments. Points represent the means and bars the standard deviations of triplicate samples. **,

P < 0.005; %, P < 0.05.

by colistin was significantly inhibited (Fig. 6A and B). Further-
more, the PDR/colistin-resistant isolate CI-4 did not demonstrate
a significant change in viability following treatment with colistin,
alone or in combination with thiourea or dipyridyl (Fig. 6C). In
total, these data demonstrate that the induction of hydroxyl rad-
icals by colistin is responsible for the rapid killing of sensitive A.
baumannii isolates, including clinically important MDR strains,
and that resistance to the polymyxins prevents hydroxyl radical
production.

DISCUSSION

Classically, the polymyxins have been thought to kill bacteria
through membrane disruptions and, ultimately, cell lysis (10).
However, there exist historical reports of polymyxins killing bac-
teria without actively lysing those cells (8, 21). Here, we demon-
strated that treatment with polymyxins induces hydroxyl radical
production through the Fenton reaction and that this radical pro-

>
w

duction mediates the rapid killing of A. baumannii, as well as E.
coli and F. novicida.

Other bactericidal antibiotics, including the quinolones, B-lac-
tams, and aminoglycosides, have previously been shown to induce
the production of hydroxyl radicals, which ultimately mediate
killing of Escherichia coli and Staphylococcus aureus (12, 22). No-
tably, each of these antibiotic classes interact directly with en-
zymes involved in different aspects of bacterial physiology: DNA
replication, cell wall synthesis, and translation, respectively. Con-
versely, the polymyxins are not known to interact with bacterial
enzymes and instead target lipid A in the outer membrane of
Gram-negative bacteria (10, 32). Thus, their ability to both induce
hydroxyl radicals and kill A. baumannii through hydroxyl radical
production is somewhat surprising. To our knowledge, this is the
first demonstration that the polymyxins induce an oxidative cell
death pathway.

The mechanism by which polymyxin treatment induces the

(@]

£ 1500 sk £ 1000 * £ 1000

5 5 5

§ E 800 g 800

T 1000 @ &

2 2 600 2 600

¢ g g

o =] o

=2 3 400 I 3 400

i 500 [ i

> = >

5 & 200 & 200

= = =

£ 2 T 3 o T
< Untreated Untreated

T
Untreated Colistin

Colistin Colistin

FIG5 Colistin induces hydroxyl radical production in MDR clinical isolates. Cultures of colistin-sensitive MDR strain CI-2 (A) or CI-3 (B) or a colistin-resistant
PDR A. baumannii strain CI-4 (C) were treated with 2 g of colistin/ml or left untreated for 30 min. After treatment, the hydroxyl radical specific fluorescent dye
3'-(p-hydroxyphenyl) fluorescein was added, and fluorescence was measured (490 nm/515 nm). The data are representative of two independent experiments.
Bars represent the means and standard deviations of triplicate samples. ***, P < 0.0001; *, P < 0.05.
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FIG 6 Clinical isolates are killed through hydroxyl radical production during polymyxin treatment. The colistin-sensitive MDR clinical isolates CI-2 (A) and
CI-3 (B) or the colistin-resistant PDR A. baumannii strain CI-4 (C) were treated with 2 pg of colistin/ml (#) alone or in combination with either 600 p.M
dipyridyl (@) or 600 mM thiourea (M), or they were left untreated in culture medium (A). At 0, 15, and 30 min, the cultures were plated, and the CFU were
enumerated. The data are representative of two independent experiments. Points represent the means and bars represent the standard deviation of triplicate

samples. **, P < 0.005; *, P < 0.05.

production of hydroxyl radicals in A. baumannii is not com-
pletely clear. Other bactericidal antibiotics were shown to in-
duce a stress response in E. coli, disrupting the production of
NADH by inhibiting the tricarboxylic acid cycle and thus ulti-
mately causing aberrant respiration in the electron transport
chain (12, 22). Disruptions in the electron transport chain pro-
mote the production of superoxide that can participate in the
Fenton reaction and induce production of hydroxyl radicals
(12, 16, 22). In addition, it has been demonstrated that the
mistranslation of membrane proteins following treatment with
aminoglycosides or the mammalian peptidoglycan recognition
proteins activates the CpxAR two-component system in E. coli,
which is involved in the bacterial envelope stress response, and
subsequently triggers the depletion of NADH and production
of hydroxyl radicals through the process described above (20,
23). It is therefore tempting to posit that the polymyxins may
induce hydroxyl radicals in a similar fashion, by activating an
envelope stress response in the bacterial cell, which shifts the
metabolic state and causes aberrant electron transport. In fact,
Vibrio cholerae treated with polymyxin B exhibits an increase in
the transcriptional levels of rpoE, the sigma factor involved in
envelope and oxidative stress responses (37). Interestingly,
previous studies have indicated that polymyxin B treatment
can induce aberrant oxidative respiration (31, 40, 42). In or-
ganisms with no experimentally identified CpxAR envelope
stress-sensing two-component system, such as A. baumannii
and F. novicida, this envelope stress response may be triggered
by other, as-yet-unidentified, sensory systems. In total, these
past observations are consistent with the data presented here
and together suggest that killing of Gram-negative bacteria,
including A. baumannii, by the polymyxins may follow the
proposed conserved pathway of hydroxyl radical-mediated cell
death. It is also interesting to consider the possibility that other
membrane-targeting antibiotics, such as daptomycin, which
depolarizes the bacterial membrane and also kills bacteria
without causing lysis, induce this cell death pathway as well
(7,13).

Since polymyxin treatment is increasingly the last line thera-
peutic option for patients infected with MDR strains of A. bau-
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mannii, we further elucidated the conserved nature of hydroxyl
radical-mediated killing in MDR clinical isolates. Not only did
colistin treatment induce hydroxyl radical production in colistin-
sensitive strains, but both thiourea and dipyridyl were able to in-
hibit the ability of colistin to kill these strains, indicating that
hydroxyl radical-mediated cell death can occur in MDR nosoco-
mial isolates of A. baumannii (Fig. 5 and 6). We also note that
colistin resistance prevented the induction of hydroxyl radicals in
A. baumannii.

Colistin resistance in A. baumannii has primarily been linked
to changes in its lipid A, dampening or preventing the initial in-
teraction between colistin and the bacterial envelope. These
changes include complete loss of lipid A or additions of phospho-
ethanolamine to mask negatively charged phosphate moieties (2,
4, 14, 30, 38). A. baumannii can become resistant through muta-
tions in genes necessary to produce lipid A or through muta-
tions in the PmrAB two-component system, which signals for
lipid A alterations (1, 2, 4). The PmrAB system is activated by
ferric iron, and growth in iron replete conditions has been
shown to provide a slight increase in the A. baumannii MIC for
colistin, likely due to PmrAB activation of lipid A alterations
(1, 2, 4). This is not contrary to our data, which suggests that
when colistin interacts with the bacterial envelope, intracellu-
lar iron potentiates killing through the Fenton reaction and the
induction of hydroxyl radicals (16). Thus, as we demonstrate,
iron depletion prevents Fenton chemistry from potentiating
the production of hydroxyl radicals following polymyxin treat-
ment. Notably, it has been demonstrated that some pathogenic
bacterial species limit intracellular iron, and those with lower
levels have increased resistance to oxidative killing (27). It is
interesting to consider the possibility that this intracellular
iron limitation may provide resistance to a broad range of host
defenses, as well as the polymyxins.

With the increasing frequency of A. baumannii as a nosoco-
mial pathogen, a rising percentage of these infections requiring
treatment with polymyxins, as well as the growing cost of treat-
ment of infections with this pathogen, understanding the pre-
cise mechanism of action of these last line therapeutics is im-
perative (3, 5, 6, 24, 34, 36, 43, 47). Our findings not only
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augment our knowledge of the mechanism of polymyxin action
but also provide support to current concepts of utilizing hy-
droxyl radical-inducing agents as therapies against extensively
drug-resistant pathogens (9, 48).
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Clustered, regularly interspaced, short palindromic repeats-CRISPR
associated (CRISPR-Cas) systems defend bacteria against foreign
nucleic acids, such as during bacteriophage infection and transfor-
mation, processes which cause envelope stress. It is unclear if
these machineries enhance membrane integrity to combat this
stress. Here, we show that the Cas9-dependent CRISPR-Cas system
of the intracellular bacterial pathogen Francisella novicida is in-
volved in enhancing envelope integrity through the regulation
of a bacterial lipoprotein. This action ultimately provides increased
resistance to numerous membrane stressors, including antibiotics.
We further find that this previously unappreciated function of
Cas9 is critical during infection, as it promotes evasion of the host
innate immune absent in melanoma 2/apoptosis associated speck-
like protein containing a CARD (AIM2/ASC) inflammasome. Inter-
estingly, the attenuation of the cas9 mutant is complemented only
in mice lacking both the AIM2/ASC inflammasome and the bacte-
rial lipoprotein sensor Toll-like receptor 2, but not in single knock-
out mice, demonstrating that Cas9 is essential for evasion of both
pathways. These data represent a paradigm shift in our under-
standing of the function of CRISPR-Cas systems as regulators of
bacterial physiology and provide a framework with which to in-
vestigate the roles of these systems in myriad bacteria, including
pathogens and commensals.

gene regulation | innate immune evasion

lustered, regularly interspaced, short palindromic repeats—

CRISPR associated (CRISPR-Cas) systems are adaptive
bacterial defenses against foreign nucleic acids derived from
bacteriophages, plasmids, and other sources (1-4). Foreign nucleic
acids are targeted by direct hybridization of small CRISPR RNAs
(crRNAs), which act in conjunction with conserved Cas proteins to
mediate cleavage of the target. Interestingly, there is evidence that
CRISPR-Cas components are up-regulated in the presence of
bacteriophages or due to perturbations in the cell envelope (5-7),
suggesting that CRISPR-Cas systems are induced in response to
envelope stresses. Despite this up-regulation, it is unknown whether
CRISPR-Cas systems function to counteract the stresses occurring
at the envelope.

We demonstrated a role for components of a type II-B
CRISPR-Cas system, which are encoded predominantly in
pathogens and commensals (8-10), in the regulation of a mem-
brane lipoprotein produced by the intracellular pathogen Franci-
sella novicida (11). Through the action of the RNA-directed
endonuclease Cas9 and two small RNAs, tracrRNA and scaRNA,
the transcript for a bacterial lipoprotein (BLP; FTN_1103) is
targeted and its stability altered, resulting in a decrease in protein
production (SI Appendix, Fig. S1) (11). As this is the only known

www.pnas.org/cgi/doi/10.1073/pnas.1323025111

direct and natural example of CRISPR-Cas-mediated en-
dogenous gene regulation, the F. novicida type 1I-B CRISPR-Cas
system represents an important model to understand how these
common prokaryotic genetic elements can act as regulators to
control microbial physiology.

F. novicida is capable of causing disease in a number of
mammalian species, including humans (12-14). During infection,
F. novicida must resist the action of numerous antimicrobials
that are present on mucosal surfaces and within phagosomes of
innate immune cells such as macrophages (15). Compared with

Significance

Increasing the integrity of the bacterial envelope is necessary
to allow the successful survival of bacterial pathogens within
the host and allow them to counteract damage caused by
membrane-targeting antibiotics. We demonstrate that com-
ponents of a clustered, regularly interspaced, short palindromic
repeats—CRISPR associated (CRISPR-Cas) system, a prokaryotic
defense against viruses and foreign nucleic acid, act to regulate
the permeability of the bacterial envelope, ultimately providing
these cells with the capability to resist membrane damage caused
by antibiotics. This regulation further allows bacteria to resist
detection by multiple host receptors to promote virulence. Over-
all, this study demonstrates the breadth of function of CRISPR-Cas
systems in regulation, antibiotic resistance, innate immune
evasion, and virulence.
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other Gram-negative species, F. novicida is highly resistant to the
effects of several antimicrobials, including cationic antimicrobial
peptides that disrupt bacterial membranes causing lysis and death
(16-18). These cationic antimicrobial peptides act similarly to
polymyxin antibiotics which are often used as surrogates for their
study, and F. novicida is also extremely resistant to polymyxins.
Following phagocytosis by macrophages, F. novicida escapes the
phagosome and replicates to high titers in the cytosol (19).
Throughout this cycle, the macrophage employs numerous pattern
recognition receptors to respond to F. novicida infection. This
includes the BLP receptor Toll-like receptor 2 (TLR2), present at
both the plasma membrane and in the phagosome, which initiates
a proinflammatory response (20). Additionally, F. novicida can be
recognized in the host cytosol by the absent in melanoma 2/apo-
ptosis associated speck-like protein containing a CARD (AIM2/
ASC) inflammasome (21-23). This protein complex triggers acti-
vation of the cysteine protease caspase-1, which mediates an in-
flammatory host cell death. Cell death results in the loss of the
intracellular replicative niche for F. novicida, and as such, plays an
important role in controlling infection. Because both TLR2 and the
AIM2/ASC inflammasome are important for host defense against
F. novicida infection, dampening the activation of these innate
signaling pathways is critical for F. novicida pathogenesis (24-26).

We initially sought to identify genes that allow F. novicida to
resist antimicrobials, using polymyxin for these studies. Surpris-
ingly, we identified the CRISPR-Cas gene cas9 as being required
for F. novicida resistance to this membrane-targeting antibiotic.
We subsequently found that tracrRNA and scaRNA, two small
RNAs that function with Cas9, were also necessary for polymyxin
resistance, and that this process was dependent on their ability to
repress production of the FTN_1103 BLP. We further observed
that this regulation was critical for the enhancement of envelope
integrity, which facilitated resistance to other antimicrobials as
well. This process also occurred during infection of host cells and
subsequently dampened AIM2/ASC inflammasome activation.
The importance of Cas9-mediated evasion of the inflammasome,
as well as evasion of TLR2, in F. novicida pathogenesis was
highlighted by the demonstration that the cas9 deletion mutant
was rescued for virulence in mice lacking both ASC and TLR2,
but not either component alone. Thus, the work presented here
demonstrates that CRISPR-Cas systems are capable of enhanc-
ing the integrity of the bacterial envelope, a previously un-
appreciated role in bacterial physiology. This promotes resistance
to antimicrobials and, during infection, facilitates the evasion of
multiple innate defense pathways. This represents a previously
unappreciated CRISPR-Cas function that is likely relevant to
numerous bacteria, including pathogenic and commensal species.

Results

Cas9 Regulatory Axis Promotes Enhancement of Envelope Integrity.
We sought to determine if CRISPR-Cas systems could enhance
bacterial membrane integrity, because they are known to be up-
regulated in response to nucleic acid transfer events associated
with envelope stress. A genetic screen for determinants of
F. novicida resistance to the membrane targeting antibiotic
polymyxin B (details of which can be found in the ST Appendix,
Figs. S2 and S3 and Tables S1-S3) identified the gene encoding
the CRISPR-Cas endonuclease Cas9 (FTN_0757). The cas9
mutant was significantly hindered in its ability to grow in the
presence of polymyxin, even at doses that had little effect on the
growth of WT bacteria (Fig. 14 and SI Appendix, Fig. S4), and was
also unable to resist a lethal dose of this antimicrobial (Fig. 1B).
This defect could be successfully complemented by restoration of
the cas9 gene to the deletion mutant (SI Appendix, Fig. S5). In
contrast, mutants lacking casl, cas2, cas4, or the CRISPR locus
were not defective in their ability to survive in the presence of
polymyxin B (SI Appendix, Fig. S6). Resistance to polymyxin is
often mediated by alterations to the structure of lipid A in the

11164 | www.pnas.org/cgi/doi/10.1073/pnas.1323025111
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Fig. 1. The Cas9 regulatory axis is necessary for polymyxin resistance. (4)
WT, cas9, or cas9/1103 deletion mutants were grown overnight in broth
culture containing the indicated concentration of polymyxin B. Percent
growth compared with untreated cultures is plotted (n = 3). (B) 10° cfu of
WT, cas9, or cas9/1103 deletion mutants were treated with 800 pg/mL of
polymyxin B, and cfu were enumerated at the indicated times to quantify
antimicrobial killing. (C and D) WT, cas9, or cas9/1103 deletion mutants were
grown to midlog phase, washed, and stained with (C) propidium iodide or (D)
ethidium bromide, and fluorescence was measured (n = 3). *P < 0.05; **P <
0.005; ***P < 0.001.

outer membrane and an increase in surface charge. However, the
cas9 deletion mutant produced a lipid A identical to WT cells (S7
Appendix, Fig. S7) and had similar total surface charge (SI Ap-
pendix, Fig. S8). Together, these data clearly demonstrate the
importance of Cas9 in the enhancement of resistance against a
membrane-damaging antibiotic through a mechanism independent
of lipid A modifications.

Because F. novicida Cas9 functions with two small RNAs
(tractRNA and scaRNA; the three components are together
referred to as the Cas9 regulatory system) to regulate an endoge-
nous transcript encoding a membrane-localized BLP (FTN_1103)
(11), we tested whether mutants lacking these small RNAs had
a diminished ability to grow in the presence of polymyxin.
tractrRNA and scaRNA deletion mutants exhibited an increase
in susceptibility, similar to the cas9 deletion strain (SI Appendix,
Fig. S9 4 and B). Furthermore, deletion of FTN_1103 from the
cas9, tractrRNA, or scaRNA mutants restored their resistance to
polymyxin to near WT levels (Fig. 14 and SI Appendix, Fig. S9 A
and B). In addition, we observed that the Cas9 regulatory axis
mutants displayed a modest increase in susceptibility to the nonionic
surfactant, Triton-X, but not hydrogen peroxide (SI Appendix, Figs.
S10 and S11). We further found that these strains were more sus-
ceptible to streptomycin and kanamycin, first-line choices for
treatment of Francisella infection (27) (SI Appendix, Figs. S12
and S13), in a manner dependent on overproduction of
FTN_1103. These surprising observations suggest that the regula-
tory action of these CRISPR-Cas components promotes resistance
to multiple antimicrobials through regulation of FTN_1103.

Because we observed a marked defect in antimicrobial re-
sistance, we sought to address whether Cas9, tracrRNA, and
scaRNA promoted resistance by enhancing the integrity of the
bacterial envelope. We therefore directly analyzed the perme-
ability of the cas9 deletion mutant by measuring its uptake of
propidium iodide (PI), which fluoresces when bound to nucleic
acid. The cas9 deletion mutant demonstrated a limited, yet sig-
nificant, increase in fluorescence compared with WT bacteria,

Sampson et al.

221



indicating that it is more permeable to PI (Fig. 1C). Importantly,
similar levels of colony-forming units were recovered from the
mutant and WT bacteria during this experiment (SI Appendix,
Fig. S14), and we observed no significant difference in the ability
of the strains to grow in rich or minimal media (SI Appendix, Fig.
S15), together indicating that although envelope permeability
was altered, bacterial viability was unaffected. As a further proof
of principle, we performed similar experiments with the nucleic
acid-staining dye ethidium bromide (EtBr) and observed a near-
identical increase in fluorescence in the cas9 mutant (Fig. 1D).
Comparable effects were observed in both the tracrRNA and
scaRNA deletion mutants (S Appendix, Fig. S16), which also did
not display an observable defect during growth in broth (S7
Appendix, Fig. S15). Furthermore, the increased permeability of
all three mutant strains could be restored to near WT levels
through deletion of FTN_1103 (Fig. 1 C and D and SI Appendix,
Fig. S16), demonstrating that overproduction of this envelope
lipoprotein results in decreased envelope integrity. Thus, the
Cas9 regulatory axis acts to directly enhance envelope integrity in
part through regulation of a BLP and thereby mediates re-
sistance to multiple antimicrobials.

Cas9 Regulatory Axis Promotes Enhanced Bacterial Integrity During
Intracellular Infection. Because these data demonstrated a role for
CRISPR-Cas components in enhancing envelope integrity dur-
ing growth in broth culture, we examined whether they were
necessary for a similar function during infection of macrophages,
an important replicative niche for F. novicida. Importantly, Cas9
regulatory axis mutants and double mutants lacking FTN_1103
survived and replicated to WT levels in macrophages (Fig. 24
and SI Appendix, Fig. S174). However, during intracellular
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a-Francisella Propidium lodide

WT

Acas9

Acas9/
1103

Fig. 2. Cas9 is necessary for enhanced envelope integrity during in-
tracellular infection. (A) Bone marrow-derived macrophages were infected
with WT, cas9, or cas9/1103 deletion mutants at a multiplicity of infection
(MOI) of 20:1 (bacteria per macrophage). At 4 h postinfection, macrophages
were lysed and plated to enumerate colony-forming units. (B and C) Mac-
rophages were infected as above, and at 4 h postinfection, were per-
meabilized with saponin and stained with anti-Francisella antibody (green),
propidium iodide (nucleic acids, red), and DAPI (DNA, blue). Colocalization
was determined as no less than 50% Pl overlap with anti-Francisella. One
thousand bacteria were counted per strain and quantified in B. Represen-
tative fluorescence micrographs are shown in C. Arrows indicate represen-
tative Pl and anti-Francisella colocalization. Data are representative of at
least three independent experiments in A, whereas B and C are compiled
from four independent experiments. ***P < 0.001.
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infection we observed that cas9, tracrRNA, and scaRNA de-
letion mutants displayed an almost 10-fold increase in PI
staining, a measure of membrane permeability (Fig. 2 B and C
and SI Appendix, Fig. S17 B and C). Additionally, intracellular
permeability to PI was dependent on FTN_1103, further dem-
onstrating the importance of repression of this membrane li-
poprotein for the enhancement of envelope stability during
infection of host cells (Fig. 2 B and C and SI Appendix, Fig. S17
B and C).

Cas9, tracrRNA, and scaRNA Are Required for Evasion of Inflammasome
Activation. Because we observed an increase in the permeability
of Cas9 regulatory axis mutants during intracellular infection,
we sought to determine if the lack of enhanced membrane in-
tegrity might correlate with increased recognition of bacterial
components by host cytosolic receptors that activate innate
immune signaling pathways. Francisella is recognized in the
cytosol by the AIM2 inflammasome, which contains the adaptor
protein ASC, and is partially activated in a TLR2-dependent
manner (21-23, 28). Inflammasome activation leads to an in-
flammatory host cell death and loss of Francisella’s intracellular
replicative niche. To determine if the loss of envelope integrity
in the Cas9 regulatory axis mutants could result in an inability
to dampen inflammasome activation, we measured cell death
following infection of bone marrow-derived macrophages.
Mutants lacking cas9, tractrRNA, or scaRNA (but not other com-
ponents of the CRISPR-Cas system) displayed significantly higher
levels of cytotoxicity than WT bacteria (Fig. 34 and SI Appendix,
Figs. S18 and S19), through a signaling pathway that was partially
dependent on TLR2 and completely dependent on ASC (Fig. 34).
We further found that in the absence of FTN_1103, cytotoxicity
decreased to near WT levels (Fig. 34 and SI Appendix, Fig. S18),
demonstrating that dysregulation of the FTN_1103 BLP is indeed
the primary factor responsible for the increased activation of ASC-
dependent cell death in the Cas9 regulatory axis mutants.

To directly address whether loss of envelope integrity could
lead to increased inflammasome activation, we treated WT
bacteria with a sublethal dose of polymyxin B. Although this
dose did not result in a loss of cellular viability (SI Appendix,
Fig. S20A4), it resulted in an increase in envelope permeability
as measured by EtBr staining (S/ Appendix, Fig. S20B), similar
in magnitude to that observed in the cas9 deletion mutant
(Fig. 1C). Upon infection of macrophages, WT bacteria pre-
treated with polymyxin B showed significantly more cytotoxicity
than untreated bacteria in a manner that was partially TLR2-
dependent and completely ASC-dependent (Fig. 3B), similar to
the cell death elicited by the cas9 deletion mutant (Fig. 34).
Thus, these data directly show that loss of envelope integrity
can lead to increased inflammasome activation. Along with
both the increased permeability and cytotoxicity of Cas9 regula-
tory axis mutants, these data demonstrate that Cas9-dependent
enhancement of envelope integrity acts to promote evasion of
the inflammasome.

The cas9 Mutant Is Rescued for Virulence in ASC/TLR2-Deficient Mice.
cas9 deletion mutants are severely attenuated and unable to
cause lethal infection in mice (11). However, the cause of this
attenuation in vivo is not clear. Because Cas9 is important for
evasion of both the inflammasome and TLR2, we tested whether
the cas9 mutant was rescued for virulence in the absence of these
innate inflammatory pathways. Mice lacking ASC alone were
able to control infection by the cas9 deletion mutant, since the
bacteria were undetectable in the spleen following infection (S7
Appendix, Fig. S214) and were unable to cause morbidity in
these mice (SI Appendix, Fig. S21B). Similarly, mice lacking
TLR2 alone were also capable of controlling infection by the
cas9 deletion mutant (SI Appendix, Fig. S21 A and C). We
therefore generated mice lacking both of these innate immune
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mutant (Fig. 4 C and D). This increase in virnlence of the cas9
mutant in ASC/TLR 2-deficient mice highlights the essential role
that Cas9 plays in facilitating the evasion of two distinct and
critical host innate immune receptors, providing further evidence
of the important roles that CRISPR-Cas systems can play in
bacterial pathogenesis.

Discussion

Here, we demonstrate that the CRISPR-Cas endonuclease Cas9,
working in conjunction with tracrRNA and scaRNA, is critical
for enhancing the stability of the bacterial envelope and pro-
moting resstance to polymyxin B, as well as other antibiotics.
Expresson of CRISPR-Cas components can be induced by bac-
terial envelope siress, disruptions in envelope protein localization
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proteins, and infection of macrophages derived from these mice
validated that the induction of both cell death and the in-
flammatory cytokine response by the cas9 deletion mutant were
completely abrogated (SI Appendix, Fig. S22 A and B). Strikingly,
during infection of these mice, the cas9 deletion mutant was
significantly rescued for snrvival and replication (Fig. 4 Aand B
and SI Appendix, Fig. S21A). The level of the cas9 in-
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data presented here suggest that CRISPR-Cas systems with
regulatory functions may provide bacteria with the capacity to
resist certain antibiotics. Thus, loss of these systems in antibiotic-
resistant species may have unappreciated regulatory effects
leading to altered bacterial physiology (i.e., envelope structure)
and enhanced susceptibility to certain antibiotics. Delineating the
regulatory functions of CRISPR-Cas systems in diverse bacteria
will be required to more broadly assess their potential roles as
antibiotic resistance determinants.

During infection, the ability of CRISPR-Cas systems to en-
hance envelope integrity has important ramifications for the
virulence of F. novicida. We demonstrate here that Cas9 regu-
latory axis-mediated envelope enhancement is necessary to in-
hibit activation of the inflammasome and host cell death. This is
broadly in agreement with the idea that mutant strains with
membrane defects induce increased levels of inflammasome
activation (24). Furthermore, we directly demonstrate that an in-
crease in envelope permeability induced by polymyxin B treatment
leads to enhanced inflammasome activation. Because the AIM2/
ASC inflammasome responds to DNA released from Francisella, it
is likely that increased envelope stability serves to prevent the re-
lease of nucleic acid, thereby subverting inflammasome activation
(21, 23, 24). It has been posited that the AIM2/ASC inflammasome
has a low threshold for activation, perhaps requiring only a single
bacterium to release DNA (24). Therefore, small changes in en-
velope integrity may have drastic effects on inflammasome activa-
tion, while not having any observable effects on a bacterial
population’s viability as a whole. The regulation of BLP ex-
pression by the Cas9 regulatory axis thus limits the levels of this
TLR?2 ligand and subsequent activation of TLR2 (11), as well as
promoting enhanced envelope integrity and subversion of the
inflammasome. In the absence of both ASC and TLR2, the vir-
ulence of the cas9 mutant is significantly restored (Fig. 4 4, B,
and D), demonstrating the importance of Cas9-mediated innate
immune evasion in the ability of F. novicida to cause disease.

Although F. novicida is the only known bacterial species in
which Cas9 plays a clearly demonstrated regulatory role, it
is likely that Cas9-dependent regulation contributes to the
virulence of other pathogens encoding this protein including
Streptococcus spp., Legionella pneumophila, Listeria monocytogenes,
Staphylococcus aureus, and Haemophilus parainfluenzae (8, 9, 11,
29). In fact, a role for Cas9 in controlling virulence traits has
been demonstrated in Neisseria meningitidis and Campylobacter
Jejuni. Each has been observed to require Cas9 for both invasion
and replication in eukaryotic cells (11, 35). In addition, both of
these species require Cas9 to attach to host cells, further sup-
porting the hypothesis that CRISPR-Cas systems can have
effects on the bacterial envelope (11, 35). Interestingly, we have
additionally observed defects in the C. jejuni envelope in the
absence of Cas9. A cas9 deletion mutant in C. jejuni displays
an increase in envelope permeability, similar to that observed
in F. novicida (SI Appendix, Fig. S234), and is significantly
more sensitive to erythromycin, a first-line treatment for in-
vasive campylobacteriosis (SI Appendix, Fig. S23B) (36). There-
fore, although it is yet unknown how Cas9 may function as a
regulator in C. jejuni, it is clear that these findings represent
a broader role for Cas9 systems in modulating this important
aspect of bacterial physiology.

CRISPR-Cas systems have more broadly been linked to other
processes that involve the bacterial envelope and extracellular
structures. For instance, the type I CRISPR-Cas system in
Pseudomonas aeruginosa is capable of modulating biofilm for-
mation (37, 38), and the type I system in Myxococcus xanthus is
an essential component in regulating the development of fruiting
bodies (39-41). These examples provide further support for
a broader CRISPR-Cas function in the modification and regu-
lation of the envelope and extracellular structures, extending
beyond those organisms that encode Cas9. This unappreciated

Sampson et al.

role for CRISPR-Cas systems would allow the myriad bacterial
species encoding them to respond to envelope stresses that occur
as a result of not only bacteriophage attack but also infection of
host cells and exposure to other environmental conditions.

Experimental Procedures

Bacterial Manipulations. F. novicida strain U112 and all derivatives used in
this study were routinely grown at 37 °C with aeration in tryptic soy broth
(TSB) supplemented with 0.2% L-cysteine (BD Biosciences), or on tryptic soy
agar plates supplemented with 0.1% L-cysteine. Cas9 regulatory axis de-
letion mutants and complementation strains were described previously (11,
42). FTN_1254 and FTN_0709 mutants were constructed by allelic exchange
as described previously (43, 44) using primers in S/ Appendix, Table S3.

Polymyxin Treatments. The indicated strains were grown overnight and
subsequently diluted to an ODggp of 0.03 in Mueller-Hinton/cation-adjusted
broth with 0.2% L-cysteine containing the specified doses of polymyxin B
(USB Corporation). Following overnight growth at 37 °C with aeration,
ODggp Was measured and used to calculate the percent growth compared
with the growth of the strain in media alone. For the killing assay, cultures
were treated with 800 pg/mL of polymyxin B, incubated at 37 °C with
aeration, and plated for colony-forming units at the indicated time
points. For sublethal treatments with polymyxin, bacterial cultures were
washed once and resuspended in media containing 40 pg/mL polymyxin
B for 30 min. Treated cells were subsequently washed twice before
preparing for infections as described below.

In Vitro Permeability. The indicated strains were grown overnight and sub-
sequently subcultured 1:50 in TSB and grown to an ODggo of ~0.8-0.9. Cells
were washed twice in 50 mM phosphate buffer and resuspended in 50 mM
phosphate buffer containing 30 pg/mL EtBr (Fisher Scientific) or 200 pM PI
(Life Technologies). Fluorescence was measured immediately in a Biotek
Synergy Mx plate reader using an excitation of 250 nm and emission of 605
nm for EtBr or excitation of 534 nm and emission of 617 nm for PI, correcting
with samples lacking bacteria.

Macrophage Culture and Infection. Murine bone marrow-derived macro-
phages were prepared from WT C57BL/6 mice or the indicated knockout
strains and cultured as described previously (42). Macrophages were seeded
overnight and infected with overnight cultures of the indicated bacterial
strains at a MOI of 20:1 bacteria per macrophage. Plates were centrifuged
for 15 min at 335 x g at room temperature to promote bacterial uptake.
Infected macrophages were incubated for 30 min at 37 °C and washed twice
before adding DMEM containing 10 pg/mL gentamicin.

Intracellular Permeability. WT murine bone marrow-derived macrophages
were seeded onto glass coverslips and infected as above. At 4 h postinfection,
macrophages were gently permeabilized for 15 min at room temperature
with 0.1% saponin/3% (wt/vol) BSA in PBS. Cells were first stained with 2.6 M
Pl and chicken-anti-F. novicida antibody (a kind gift from Denise Monack,
Stanford University) for 12 min at 37 °C. Following washing, cells were fixed
with 4% (vol/vol) paraformaldehyde and incubated with FITC-labeled anti-
chicken antibody. Coverslips were mounted onto glass slides with SlowFade
Gold reagent with DAPI (Life Technologies). Slides were imaged on a Zeiss
Axioscope Z.1 microscope and a Zeiss Imager 2.1 camera. Images were an-
alyzed with Volocity 5.5 software (Perkin-Elmer). Colocalization was de-
termined by no less than 50% overlap between Pl and Francisella-positive
cells, and 1,000 cells were counted for each strain.

Cytotoxicity Assays. Murine bone marrow-derived macrophages prepared
from the indicated mice were infected with bacterial strains as described
above. At 5.5 h postinfection, supernatants were collected and assayed for
levels of lactate dehydrogenase using the nonradioactive cytotoxicity assay
kit (Promega).

Murine Infections. ASC™~ and TLR2™~ C57BL/6 mice were a generous gift
from Bali Pulendran, Emory Vaccine Center, Atlanta (with much appreciated
assistance from Paul Hakimpour) and were bred together to generate mice
deficient in both ASC and TLR2. Mice were bred and kept under specific-
pathogen free conditions in filter-top cages at Yerkes National Primate
Center, Emory University, and provided food and water ad libitum. For
bacterial burden assays, female WT or ASC/TLR2-deficient mice (of 8-10 wk
of age) were infected s.c. with 2 x 10° cfu of the indicated bacterial strains
in sterile PBS. At 48 h postinfection, liver and spleen were harvested,
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weighed, and homogenized in PBS, and serial dilutions were plated to
enumerate colony-forming units. For survival experiments, mice were infected
with 108 cfu s.c. and monitored for signs of illness. Mice were killed when they
appeared moribund. All experimental procedures were approved by the Emory
University Institutional Animal Care and Use Committee (Protocol #069-2008Y).

Statistics. Two-tailed, Student t tests were performed to analyze pairs of
data as indicated, excluding the experiments in Fig. 4 A and B, which were
analyzed with the Mann-Whitney test.

1. Richter C, Chang JT, Fineran PC (2012) Function and regulation of clustered regularly
interspaced short palindromic repeats (CRISPR) / CRISPR associated (Cas) systems. Vi-
ruses 4(10):2291-2311.

Fineran PC, Charpentier E (2012) Memory of viral infections by CRISPR-Cas adaptive

immune systems: Acquisition of new information. Virology 434(2):202-209.

Sorek R, Lawrence CM, Wiedenheft B (2013) CRISPR-mediated adaptive immune sys-

tems in bacteria and archaea. Annu Rev Biochem 82:237-266.

. Barrangou R, Marraffini LA (2014) CRISPR-Cas systems: Prokaryotes upgrade to

adaptive immunity. Mol Cell 54(2):234-244.

Perez-Rodriguez R, et al. (2011) Envelope stress is a trigger of CRISPR RNA-mediated

DNA silencing in Escherichia coli. Mol Microbiol 79(3):584-599.

Quax TE, et al. (2013) Massive activation of archaeal defense genes during viral in-

fection. J Virol 87(15):8419-8428.

Young JC, et al. (2012) Phage-induced expression of CRISPR-associated proteins is

revealed by shotgun proteomics in Streptococcus thermophilus. PLoS ONE 7(5):

38077.

Chylinski K, Le Rhun A, Charpentier E (2013) The tracrRNA and Cas9 families of type Il

CRISPR-Cas immunity systems. RNA Biol 10(5):726-737.

Chylinski K, Makarova KS, Charpentier E, Koonin EV (2014) Classification and evolu-

tion of type Il CRISPR-Cas systems. Nucleic Acids Res, 10.1093/nar/gku241.

Schunder E, Rydzewski K, Grunow R, Heuner K (2013) First indication for a functional

CRISPR/Cas system in Francisella tularensis. Int J Med Microbiol 303(2):51-60.

. sampson TR, Saroj SD, Llewellyn AC, Tzeng YL, Weiss DS (2013) A CRISPR/Cas system
mediates bacterial innate immune evasion and virulence. Nature 497(7448):254-257.

12. Hand J, Scott-Waldron C, Balsamo G (2012) Outbreak of Francisella novicida infections
among occupants at a long-term residential facility - Louisiana, April-July, 2011.
Louisiana Morbidity Rep 23(1):1-6.

. Birdsell DN, et al. (2009) Francisella tularensis subsp. novicida isolated from a human
in Arizona. BMC Res Notes 2:1-6.

. Leelaporn A, Yongyod S, Limsrivanichakorn S, Yungyuen T, Kiratisin P (2008) Franci-
sella novicida Bacteremia, Thailand. Emerg Infect Dis 14(12):1935-1937.

. Jones CL, et al. (2012) Subversion of host recognition and defense systems by Fran-
cisella spp. Microbiol Mol Biol Rev 76(2):383-404.

16. Han S, Bishop BM, van Hoek ML (2008) Antimicrobial activity of human beta-defensins
and induction by Francisella. Biochem Biophys Res Commun 371(4):670-674.

. Mohapatra NP, et al. (2007) Identification of an orphan response regulator required
for the virulence of Francisella spp. and transcription of pathogenicity island genes.
Infect Immun 75(7):3305-3314.

. Urban C, Tiruvury H, Mariano N, Colon-Urban R, Rahal JJ (2011) Polymyxin-resistant
clinical isolates of Escherichia coli. Antimicrob Agents Chemother 55(1):388-389.

. Golovliov I, Baranov V, Krocova Z, Kovarova H, Sjéstedt A (2003) An attenuated strain

of the facultative intracellular bacterium Francisella tularensis can escape the phag-

osome of monocytic cells. Infect Immun 71(10):5940-5950.

Cole LE, et al. (2010) Phagosomal retention of Francisella tularensis results in TIRAP/

Mal-independent TLR2 signaling. J Leukoc Biol 87(2):275-281.

Fernandes-Alnemri T, et al. (2010) The AIM2 inflammasome is critical for innate im-

munity to Francisella tularensis. Nat Immunol 11(5):385-393.

Jones JW, et al. (2010) Absent in melanoma 2 is required for innate immune recog-

nition of Francisella tularensis. Proc Nat/ Acad Sci USA 107(21):9771-9776.

. Rathinam VA, et al. (2010) The AIM2 inflammasome is essential for host defense

against cytosolic bacteria and DNA viruses. Nat Immunol 11(5):395-402.

Peng K, Broz P, Jones J, Joubert LM, Monack D (2011) Elevated AIM2-mediated py-

roptosis triggered by hypercytotoxic Francisella mutant strains is attributed to in-

creased intracellular bacteriolysis. Cell Microbiol 13(10):1586~1600.

N

w

IS

w

o

N

L

Ld

e

@

B

vl

N

®

©

20.

5

21.

22.

N

2.

©

24.

b

11168 | www.pnas.org/cgi/doi/10.1073/pnas.1323025111

ACKNOWLEDGMENTS. We thank Emily Crispell, Thayer King, William
Shafer, and Eric Skaar for helpful discussions and critical reading of this
manuscript. This work was supported by National Institutes of Health
(NIH) Grants U54-Al1057157 from the Southeastern Regional Center of
Excellence for Emerging Infections and Biodefense, R56-AI87673, and
R0O1-A1110701 (to D.S.W., a Burroughs Wellcome Fund Investigator in
the Pathogenesis of Infectious Disease). T.R.S. was supported by the Na-
tional Science Foundation Graduate Research Fellowship Program and
the Achievement Rewards for College Scientists Foundation. J.Z. and P.Z. were
supported by NIH R01-Al055588 and GM5-1310.

25. Jones CL, Sampson TR, Nakaya HI, Pulendran B, Weiss DS (2012) Repression of bac-

terial lipoprotein production by Francisella novicida facilitates evasion of innate im-

mune recognition. Cell Microbiol 14(10):1531-1543.

Mariathasan S, Weiss DS, Dixit VM, Monack DM (2005) Innate immunity against

Francisella tularensis is dependent on the ASC/caspase-1 axis. J Exp Med 202(8):

1043-1049.

Word Health Organization (2007) WHO Guidelines on Tularaemia. WHO Library

Cataloguing-in Publication Data (World Health Organization, Geneva), 978 92 4

154737 6.

28. Jones CL, Weiss DS (2011) TLR2 signaling contributes to rapid inflammasome activa-

tion during F. novicida infection. PLoS ONE 6(6):20609.

Louwen R, Staals RH, Endtz HP, van Baarlen P, van der Oost J (2014) The role of

CRISPR-Cas systems in virulence of pathogenic bacteria. Microbiol Mol Biol Rev 78(1):

74-88.

30. Gunderson FF, Cianciotto NP (2013) The CRISPR-associated gene cas2 of Legionella

pneumophila is required for intracellular infection of amoebae. MBio 4(2):

e00074-e13.

Palmer KL, Gilmore MS (2010) Multidrug-resistant enterococci lack CRISPR-cas.

MBio 1(4):e00227-e10.

32. Dang TN, et al. (2013) Uropathogenic Escherichia coli are less likely than paired fecal

E. coli to have CRISPR loci. Infect Genet Evol 19:212-218.

Burley KM, Sedgley CM (2012) CRISPR-Cas, a prokaryotic adaptive immune system, in

endodontic, oral, and multidrug-resistant hospital-acquired Enterococcus faecalis.

J Endod 38(11):1511-1515.

34. Bikard D, Hatoum-Aslan A, Mucida D, Marraffini LA (2012) CRISPR interference can

prevent natural transformation and virulence acquisition during in vivo bacterial in-

fection. Cell Host Microbe 12(2):177-186.

Louwen R, et al. (2013) A novel link between Campylobacter jejuni bacteriophage

defence, virulence and Guillain-Barré syndrome. Eur J Clin Microbiol Infect Dis 32(2):

207-226.

Allos BM (2001) Campylobacter jejuni infections: Update on emerging issues and

trends. Clin Infect Dis 32(8):1201-1206.

Cady KC, O'Toole GA (2011) Non-identity-mediated CRISPR-bacteriophage interaction

mediated via the Csy and Cas3 proteins. J Bacteriol 193(14):3433-3445.

Zegans ME, et al. (2009) Interaction between bacteriophage DMS3 and host CRISPR

region inhibits group behaviors of Pseudomonas aeruginosa. J Bacteriol 191(1):

210-219.

Viswanathan P, Murphy K, Julien B, Garza AG, Kroos L (2007) Regulation of dev, an

operon that includes genes essential for Myxococcus xanthus development and

CRISPR-associated genes and repeats. J Bacteriol 189(10):3738-3750.

Boysen A, ge E, Julien B, Sogaard-Andersen L (2002) The DevT protein stim-

ulates synthesis of FruA, a signal transduction protein required for fruiting body

morphogenesis in Myxococcus xanthus. J Bacteriol 184(6):1540-1546.

Thony-Meyer L, Kaiser D (1993) devRS, an autoregulated and essential genetic locus

for fruiting body development in Myxococcus xanthus. J Bacteriol 175(22):7450-7462.

Weiss DS, et al. (2007) In vivo negative selection screen identifies genes required for

Francisella virulence. Proc Natl Acad Sci USA 104(14):6037-6042.

Brotcke A, et al. (2006) Identification of MglA-regulated genes reveals novel virulence

factors in Francisella tularensis. Infect Immun 74(12):6642-6655.

44. Anthony LS, Gu MZ, Cowley SC, Leung WW, Nano FE (1991) Transformation and allelic
replacement in Francisella spp. J Gen Microbiol 137(12):2697-2703.

26.

-

27.

N

29.

°

31.

33.

w

35.

Il

36.

&

37.

N

38.

3

39.

)

40.

S

a.

22.

S

43,

@

Sampson et al.

225



226

Appendix D: Pleomorphic structures in human blood are red blood cell-derived

microvesicles, not bacteria

Adam Mitchell MD*; Warren D. Gray PhD*; Max Schroeder BA?; Hong Yi MS?;
Jeannette V. Taylor®, Elizabeth R. Wright, PhD**; David Stephens MD?; John D. Roback

MD, PhD®; Charles D. Searles MD**

'Division of Cardiology, Department of Medicine, Emory University; “Division of
Infectious Disease, Department of Medicine, Emory University; *Robert P. Apkarian
Integrated Electron Microscopy Core, Emory University; “Division of Infectious Disease,
Department of Pediatrics, Emory University; *Center for Transfusion and Cellular

Therapy, Department of Pathology and Laboratory Medicine, Emory University

Manuscript Under Review

M.R.S. participated in design and execution of experiments and edited the paper.



227

Abstract

Background: Red blood cell (RBC) transfusions are a common, life-saving therapy for
many patients, but they have also been associated with poor clinical outcomes. We
identified unusual, pleomorphic structures in human RBC transfusion units by negative-
stain electron microscopy that appeared identical to those previously reported to be
bacteria in healthy human blood samples. The presence of viable, replicating bacteria in
stored blood could explain poor outcomes in transfusion recipients and have major
implications for transfusion medicine. Here, we investigated the possibility that these
structures were bacteria.

Results: Flow cytometry, miRNA analysis, protein analysis, and additional electron
microscopy studies strongly indicated that the pleomorphic structures in the supernatant
of stored RBCs were RBC-derived microvesicles (RMVs). Bacterial 16S rDNA PCR
amplicons were sequenced and found to be highly similar to species that commonly
contaminate lab reagents.

Conclusions: These studies suggest that pleomorphic structures identified in human
blood are RMVs and not bacteria, and they provide an example in which laboratory

contaminants may confound interpretation of EM data.

Key words: nanobacteria, healthy human blood, red blood cell, erythrocyte, microvesicle,

microparticle
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Background:

Red blood cell (RBC) transfusions are a necessary and often life-saving therapy, but have
been associated with significant morbidity and mortality, though the mechanisms
responsible for this association remain unclear (1). During the course of studying RBC-
derived microvesicles (RMV5s), that are known to accumulate over time in stored human
RBC units, we detected submicron, pleomorphic structures by negative-stain electron
microscopy (EM). A review of the literature revealed previous reports of identical,
submicron, pleomorphic structures in human blood, that were characterized as bacteria
(2, 3). McLaughlin et al. concluded that the pleomorphic structures were bacteria based
on bacterial 16S rDNA sequencing, flow cytometry-based fluorescent in situ
hybridization studies, the apparent ability of the structures to replicate, and their
sensitivity to antibiotics (2). However, bacteria could not be cultured by standard
techniques. Intrigued by the possibility of viable nanobacteria in RBC transfusion units as
a possible etiology of poor clinical outcomes after transfusion, we examined the
pleomorphic structures isolated from RBC storage units further, and conclude that these

structures are not bacteria, but rather RMVs.

Results and discussion:

Electron microscopy of RMVs

Several groups have published electron micrographs of RMVs, thus we expected to find a
mostly spherical morphology (4, 5). However, negative stain EM images (Figure 1A and
B) of the unfixed pellet obtained from the supernatant of stored RBC units appeared

identical to images published by McLaughlin et al. and Szymanski et al. In both of these
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latter cases, the pleomorphic structures were reported to be bacteria. We consistently
identified similar pleomorphic structures in RBC units obtained from >6 healthy donors;
these structures were present immediately after donation (day 0) as well as after several
weeks of storage at 4°C, under standard blood bank conditions. We reasoned that these
pleomorphic structures were either RMVs with unusual morphology (possibly due to
artifact), or they were in fact microbial in nature. We systematically ruled out possible
sources of artifact — RBC centrifugation, washing of the carbon grid with water, a lack of
albumin in the isolated pellet - and also performed TEM and SEM of fixed pellets (Figure
1, C-F). Regardless of how the unfixed samples were prepared, negative-stain EM
reliably produced images represented in Figure 1 A and B. However, detailed analysis of
fixed material by TEM and SEM revealed that, whereas some of the vesicles were
pleomorphic and rod-like in shape, many retained the expected ellipsoidal shape (Figure
1, C-F) (4, 5). Further, comparison of fixed and unfixed samples by negative stain EM
showed mostly ellipsoidal versus mostly pleomorphic, rod-like shaped vesicles

respectively (Figure 1G and H).

Microbial DNA analysis of vesicles identifies common contaminants

To further assess whether bacterial DNA is present in the supernatant of stored RBC
units, a large microvesicle pellet was isolated by sequential centrifugation of RBCs
(100mL) that had been stored for 42 days under standard blood bank conditions. The
pellet contained ~3 billion submicron, calcein-positive vesicles, as determined by flow
cytometric analysis. DNA was extracted from the pelleted material and analyzed by

standard gel electrophoresis. S. pneumoniae was used as a positive control, and molecular
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grade water or molecular grade water passed through the Qiagen DNA extraction
protocol were negative controls. Despite the isolation of very large numbers of these
vesicles, no genomic DNA was observed on gel electrophoresis (Figure 2, A). Similar
results were obtained using a phenol-chloroform based DNA extraction protocol.
Subsequently, PCR was performed on the pelleted material using the same universal 16S
rDNA primers as described by McLaughlin et al. PCR product was observed in pelleted
vesicles and both positive and negative controls (Figure 2, B). The PCR product from
each sample was purified and sequenced by single pass sequencing (Beckman Coulter
Genomics) using the same 16S rDNA primers. BLAST analysis revealed that 16S
sequences in the pelleted material were highly similar to Pelomonas spp. Sequences from
molecular grade water and water passed through the Qiagen extraction protocol were
related to Bradyrhizobium spp. and Propionibacterium spp., respectively. All three
species are known to be common contaminants in laboratory reagents (6). Of note, both
species identified by McLaughlin et al. are also now known to be typical contaminants
(Stenotrophomonas spp., Pseudomonas spp.). As expected, 16S rDNA amplified from S.
pneumonia DNA was identified as S. pneumonia (raw sequences available in

supplemental material).

16S rDNA levels are unchanged in human serum incubated for up to 10 days
To further rule out the possibility of viable bacteria in the blood of healthy humans,
serum from 3 donors was subjected to 16S rDNA gPCR analysis after incubation for 0, 5,

and 10 days. The abundance of 16S rDNA would be expected to increase over time if
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viable, replicating bacteria were present. Here, we did not find any change in the amount

of 16S rDNA over time (ANOVA, p = 0.53) (Figure 2, C).

Flow cytometry, miRNA, and protein analysis indicate isolated structures are RMVs
Flow cytometric analysis demonstrated that all vesicles in the pelleted material from RBC
storage units were positive for glycophorin-A (GPA), a RBC specific surface antigen, and
calcein-AM (Figure 3, A), suggesting that they were membrane-bound and intact (7).
Calcein-AM is a non-fluorescent, membrane permeable dye that becomes fluorescent and
membrane impermeant after it is cleaved by esterases. RNA isolated from the vesicles
was characterized using an Agilent Bioanalyzer and revealed that it contained only small
RNA (Figure 3, B). miR-451, a miRNA known to be highly enriched in RBCs was highly
abundant in both RBC and in RMV fractions, as compared to RNA isolated from cultured
human aortic endothelial cells (HAECs), which have low levels of miR-451 and were
used as a negative control (Figure 3, C). High levels of hemoglobin-alpha were detected
in protein lysate of the vesicles and RBCs (Figure 3, D). Since the RMV pellet was
washed extensively with PBS prior to RNA or protein isolation, it is not expected that the

miR-451 or hemoglobin-alpha was derived from lysed RBCs in the stored unit.

In summary, unfixed negative-stain EM of material in the extracellular fluid of RBC units
identified pleomorphic structures that appeared identical to those previously reported to
be circulating bacteria. Our results suggest that these pleomorphic structures are RMVs,
not viable bacteria. First, genomic DNA was undetectable in the extracellular material,

even when very large numbers of vesicles were used for DNA isolation. Second,
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incubation of serum samples from healthy humans at 30°C for up to 10 days failed to
show any increase in bacterial 16S rDNA content. Third, 16S rDNA sequences amplified
by PCR here and previously are known to be common contaminants in laboratory
reagents (6). Lastly, isolated vesicles had intact membranes, RBC specific antigen on
their surface, and relatively abundant amounts of hemoglobin alpha and miR-451, a

miRNA highly expressed in RBCs (8).

The unusual, pleomorphic nature of the vesicles present in unfixed negative stain EM
appeared to largely be due to the vesicles remaining flexible and deformable just prior to
grid preparation. Whereas, most vesicles were observed to be ellipsoidal when fixed for
negative stain EM, thin-section TEM, or SEM. However, a small fraction of particles
seemed to have a rod-shaped morphology. Why RBC-derived vesicles would assume this
seemingly energetically unfavorable morphology is not clear, though it may be related to
the unique structural proteins or lipid content responsible for the biconcave shape of

RBCs.

While it is accepted that bacteria transiently transmigrate into healthy human circulation,
the concept that naturally occurring, viable nanobacteria routinely circulate in blood is
not well supported. In general, the existence of nanobacteria is controversial (9), and,
whereas multiple groups have provided evidence that nanobacteria-like structures can
form spontaneously in human serum, the consensus opinion is that these structures are

likely mineraloprotein complexes rather than microbes (10, 11).
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Conclusions

The existence of pleomorphic nanobacteria in healthy human blood has been described
elsewhere; however, our study suggests that pleomorphic structures observed in negative
stain electron micrographs of human RBC storage units, plasma and serum are MVs and
that 16S rDNA PCR products associated with these MVs are contaminants, commonly
known to be present in laboratory reagents. In the case of RBC storage units, the
pleomorphic structures in the extracellular fluid are RMVs, derived from RBC plasma

membranes.

Methods
The Emory University IRB approved all studies and study participants gave written

consent prior study participation.

Isolation of RBC-derived vesicles

Leukocyte-depleted RBC transfusion units were obtained from the blood bank at Emory
University Hospital and stored from 0-42 days under standard conditions at 4°C. Blood
product samples were obtained through a syringe port using a sterile 18-gauge needle
under aseptic conditions. Samples were then prepared using a protocol developed to
isolate microvesicles (MVs). RBCs were centrifuged at 1900 x g for 1 minute to pellet
cells, the supernatant was transferred to a sterile tube, and centrifuged a second time at
800 x g for 10 minutes to pellet any residual RBCs. The supernatant was then centrifuged
at 16,100 x g for 20 minutes to pellet MVs. The MV pellet was re-suspended in

molecular grade PBS and either studied immediately or frozen in aliquots at minus 80°C.
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Electron microscopy

Negative staining

The Robert P. Apkarian Integrated Electron Microscopy Core, Emory University
performed transmission electron microscopy of the RBC vesicles using a standard
negative staining protocol. Briefly, 400-mesh carbon coated copper grids were made
hydrophilic by glow discharging. A 5-pl droplet of the pellet suspension, either unfixed
or fixed with 2.5% glutaraldehyde, was placed on the grid, after 5 minutes, the grid with
the suspension was rinsed by briefly touching the sample side to three drops of distilled
water. The excess water on the grid was then removed by blotting the side of the grid on
a piece of filter paper. For negative staining, 5 pl of 1% phosphotungstic acid (PTA) was
applied onto the grid immediately after water removal, and then removed as described
above after 30 seconds. The grid was allowed to completely dry before viewing in the

microscope.

TEM

For thin-section TEM examination of embedded RBC vesicles, the samples were fixed
with 2.5% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4). Samples were then
washed with the same buffer twice and post-fixed with 1% osmium tetroxide and 1.5%
potassium ferrocyanide in the same buffer, dehydrated through a graded ethanol series to
100%, and embedded in Eponate 12 resin (Ted Pella Inc., Redding, CA). Ultrathin
sections were cut on a Leica UltraCut S ultramicrotome (Leica Microsystems Inc.,

Buffalo Grove, IL) at 70 nm, and counter-stained with 4% aqueous uranyl acetate and 2%
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lead citrate. Sections were examined using a 120 kV JEOL JEM-1400 LaBg transmission
electron microscope (JEOL, Ltd., Japan) equipped with a Gatan 2k x 2k US1000 CCD

camera (Gatan, Inc., Pleasanton, CA).

SEM

For SEM examination of RBC vesicles, the samples were fixed with 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer (pH 7.4). The samples were then placed onto poly-L-
lysine coated silicon chips and washed with the same buffer twice before post-fixation
with 1% osmium tetroxide in the same buffer and dehydration through a graded ethanol
series to 100%. Silicon chips with vesicles were then loaded into a Polaron E3000
critical point drying apparatus to exchange 100% ethanol for liquid CO,. Once liquid
CO, was brought to its critical point, it was vented slowly. The samples on the silicon
chips were coated with 8 nm chromium in a Denton DV-602 Turbo Magnetron Sputter
Coater (Denton Vacuum, LLC, Moorestown, NJ) before imaging on the upper-stage of a

Topcon DS-150 field emission-scanning electron microscope (FE-SEM).

Microbial DNA analysis

DNA was isolated from microvesicle pellets, molecular grade water, and a colony of
Streptococcus pneumoniae using a QlAamp DNA Mini Kit according to the
manufacturer’s specified protocol for bacteria (Qiagen). As an alternative, DNA was
extracted using a conventional phenol-chlorophorm extraction protocol (12). Standard

agarose gel electrophoresis was carried out on a 1% agarose accompanied by a 1kb DNA
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ladder (NEB). The same universal 16S PCR primers used by McLaughlin et al. were
utilized to amplify 16S rDNA: BSF8/20 (5'-AGAGTTTGATCCTGGCTCAG-3’) and the
reverse primer BSR1541/20 (5'-AAGGAGGTGATCCAGCCGCA-3") (2). PCRs were
performed in 20ul reaction volumes with 1X Q5 High Fidelity Master Mix (New England
Biolabs), 1uM forward and reverse primer, and 6ul of DNA template. Reactions were
carried out on a Biorad C1000 Touch Thermocycler with the following conditions: 98°C
x 10 minutes, (98°C x 10 seconds, 70°C x 30 seconds, 72°C x 30 seconds) x 38 cycles,
72°C x 2 minutes. PCR products were purified using a Qiaquick PCR Purification Kit per
the manufacturer’s protocol and sent for commercial first pass sequencing (Beckman

Coulter) using the BSF8/20 and BSR1541/20 primers.

16S rDNA gPCR of human serum

Under aseptic conditions, blood was collected into serum vacutainers (BD) from 3
healthy donors (no medications). Cells were removed by centrifugation (3,000 x g for 7
minutes) and serum was incubated for 0, 5, or 10 days at 30°C. DNA was extracted from
100ul of serum as described above and used as a template for g°PCR. Universal 16S
primers developed previously for 16S rDNA gPCR were utilized: EUBAC-F (5'-
TCCTACGGGAGGCAGCAGT-3") and EUBAC-R (5"-
GGACTACCAGGGTATCTAATCCTGTT-3")(13). These primers were selected for
gPCR because the amplicon size was more appropriate for gPCR studies than the primers
used by McLaughlin et al. Reactions were performed in 20ul volumes with 1X Quantitect
SYBR Green Master Mix, 300nM forward and reverse primers, and 8.8ul DNA.

Thermocycler conditions were: 95C x 10 minutes, (95°C x 15 seconds, 60°C x 1 minute)
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x 40 cycles. All reactions were performed in triplicate. Relative expression was
calculated as 2°“and converted to fold-change by normalizing to the mean expression at
day 0. Data was analyzed using a one-way ANOVA with the assistance of Prism

(Graphpad).

Flow cytometry

Isolated particles were stained with 10uM calcein-AM (Life Technologies) and anti-
CD235a (GPA) fluorescently labeled antibody (PE/Cy7; BioLegend), incubated at room
temperature for 20 minutes, and analyzed on a BD LSR flow cytometer (BD
Biosciences). The concentration of RMVs in a sample was calculated by ratiometric
comparison after adding a known concentration of Flow-Check Fluoroshperes

(Beckman).

miRNA analysis

Total RNA was isolated using a miRNeasy Mini Kit according to the manufacturer’s
protocol (Qiagen) and analyzed on an Agilent Bioanalyzer with the RNA 6000 Pico Kit
by standard protocol. qRT-PCR analysis of miR-451 was performed using Qiagen
products (miScript 11 RT Kit, miScript Primer assay) and analyzer on a StepOne Real-

Time PCR System (ThermoFisher).

Western blot
Particles were lysed in RIPA buffer, exposed to brief sonication, and protein was

quantified using the BCA assay. 30ug of protein was separated by gel electrophoresis,
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transferred to a nitrocellulose membrane, and probed using an anti-hemoglobin-alpha

antibody (Santa Cruz Biotechnology; sc-21005).
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Figure Legends

Figure 1. Representative electron micrographs of pelleted material from supernatant of
RBC storage units. A, B, Negative stain EM images of the unfixed material, showing
pleomorphic structures. C,D, Thin-section TEM images, showing membrane encapsulate
vesicles. E,F, SEM images. G,H, Negative stain EM of fixed (G) versus unfixed (H)

structures. Vesicles were isolated and imaged as described in Methods section.

Figure 2. Analysis of bacterial DNA in pelleted material from RBC storage units and
serum. RMVs were isolated from ~100mL of RBCs stored under standard conditions for
42 days. A, Genomic DNA was isolated and analyzed by gel electrophoresis. Molecular
grade water and DNA from S. Pneumoniae served as negative and positive controls,
respectively. Band reflective of genomic DNA was only observed in positive control
lane. B, Isolated DNA was also subjected to 16S rDNA PCR analysis, using universal
primers. PCR product was observed for all samples assessed. C, Serum from 3 healthy
donors was incubated at 30°C for 5 and 10 days, and then analyzed using a 16S rDNA
gPCR assay. No significant difference in 16S rDNA was observed between the different

time points.

Figure 3. Vesicles isolated from supernatant of RBC storage units are membrane-bound,

intact, and contain RBC surface antigen and RBC-specific miRNA. A, Unstained vesicles
(red, bottom left) or vesicles co-stained with calcein-AM and fluorescent anti-GPA (blue,
top right) were analyzed by flow cytometry. >99% of the vesicles were positive for

calcein-AM and anti-GPA. B, RNA from vesicles was analyzed by Agilent Bioanalyzer.
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Peak on electropherogram at 25 nt is internal standard and small peak to the right reflects
small RNA. This electropherogram is representative of Bioanlyzer data from six different
RBC storage units. C, Levels (Ct values) of miR-451 were assessed by qRT-PCR in
stored RBCs, the RMV pellet, and in human aortic endothelial cells (HAECs, negative
control). D, Hemoglobin-alpha content of RMV pellet and stored RBCs, as assessed by

Western blot. Blot is representative of six different RBC storage units.
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Figure 1.
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Figure 2.
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