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Antimicrobial Resistance Among
Streptococcus pneumoniae

Catia Cilloniz, Carolina Garcia-Vidal, Adrian Ceccato, and Antoni Torres

2.1 Introduction

Antibiotic resistance is a direct result of antibiotic consumption [1, 2]. In the United
States, it is estimated that antibiotic resistance is responsible for more than 2 million
infections and 23,000 deaths each year, with a direct cost of $20 billion and addi-
tional productivity losses of $35 billion [3, 4]. Data from Europe showed that
approximately 25,000 deaths are attributable to antibiotic-resistant infections, with
a related cost of $1.5 billion annually [5]. The use of antibiotics in primary care is
high; the most frequent indications for their use are respiratory tract infections [6].

Streptococcus pneumoniae (pneumococcus) is the leading cause of community-
acquired pneumonia and is considered to be a major cause of death of children
under 5 years old worldwide. In a recent report on global antibiotic resistance, pub-
lished by the World Health Organization (WHO) in 2014, pneumococcus was con-
sidered to be one of the nine bacteria of international concern [7]. Other infections
caused by pneumococcus include bacteremia, otitis media, and meningitis. In bacte-
rial meningitis, pneumococcus is associated with mortality rates ranging from 16%
to 37%. About 30-50% of adult survivors present permanent residual symptoms [8,
9]. The study by Van Boeckel et al. [10], regarding global antibiotic consumption
from 2000 to 2010, reported that it grew by more than 30%, from approximately 50
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billion to 70 billion standard units. Penicillins, cephalosporins, and macrolides were
the three most consumed antibiotics in 2010. The three countries that consumed the
most antibiotics in 2010 were India with 13 billion standard units, China with 10
billion, and the United States with 7 billion standard units (a standard unit is the
number of doses sold; the IMS Health database identifies a dose as a pill, capsule,
or ampoule).

Resistance of pneumococcus against 3-lactams and macrolides is a major con-
cern worldwide. For example, in Southern European countries, the prevalence of
this resistance may be above 20% [11, 12]. The increased utilization of antibiotics,
the dissemination of several resistant clones, the ability of pneumococcus to undergo
serotype replacement and capsular switching, and the horizontal transmission of
antibiotic resistance genes make this pathogen very difficult to control. This chapter
summarizes currently available information regarding pneumococcal antibiotic
resistance.

2.2 Basis of Antimicrobial Resistance in Streptococcus
pneumoniae

The nasopharyngeal carriage rate of pneumococcus is higher in children, mainly
during the first years of life (nasopharyngeal carriage rates range from 20% to
50% in healthy children). In contrast, with the healthy adult population, naso-
pharyngeal carriage rates range from 5% to 30%. Transmission of pneumococ-
cus from children to household contacts or adults is the principal cause of
nasopharyngeal carriage and the spread of antibiotic-resistant clones.
Pneumococcus undergoes genetic transformation and can acquire DNA from
other streptococci; during asymptomatic nasopharyngeal carriage, selection of
resistant pneumococcus occurs especially in children, because they carry pneu-
mococcus more often and for longer periods. Moreover, children are more fre-
quently exposed to antibiotics. Interestingly, the use of fluoroquinolones in
children is limited, because in animal models using young animals, develop-
ment of articular cartilage damage in weight-bearing joints has been described
[13, 14]. This adverse effect may explain why the rate of pneumococcus resis-
tance to fluoroquinolones remains low. A direct correlation has been reported
between the use of the fluoroquinolone antibiotics and prevalence of fluoroqui-
nolone resistance in pneumococcus [15-18]. Table 2.1 describes the principal
mechanisms of resistance to this antibiotic class by pneumococcus; Fig. 2.1
shows the timeline of antimicrobial resistance of pneumococcus.
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Table 2.1 Basis of antimicrobial resistance in Streptococcus pneumoniae
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Antibiotic Effect Mechanism resistance Risk factors
B-lactam Inhibit the final steps | Alteration of the cell wall Previous antibiotic
of peptidoglycan PBP, resulting in decreased use of B-lactam
synthesis (cell wall) | affinity for penicillin antibiotics in the last
by binding to 3—6 months
high-molecular- Prior hospitalization
weight penicillin- in the last 3 months
binding proteins Attendance in a
(PBPs) day-care center
Residence in
long-term care
facilities
Chronic pulmonary
disease mainly
chronic obstructive
pulmonary disease
(COPD)
Human
immunodeficiency
virus (HIV) infection
Macrolides Inhibit protein Target site (ribosomal) Previous hospital
synthesis by binding | alteration by an enzyme that | admission
23S ribosomal target | methylates 23S rRNA Resistance to
sites in bacteria subunits and is encoded by penicillin
the.ermB (erythromycin- Previous use of
rgsmtance methylase) gene: macrolides
high level of macrolide . -
. Recurrent otitis media
resistance and complete
cross-resistance to macrolide | Cases related to
lincosamide streptogramin B | Serotypes such
type serotype 6A, 6B, 14,
Active efflux pumps encoded 23F, 19F
by the mefE or mefA Attendance in
(macrolid efflux) gene: day-care centers
low-level of resistance only to
macrolides
Fluoroquinolones | Inhibit DNA Spontaneous point mutations | Prior use of
synthesis by in the quinolone resistance- | fluoroquinolones

interacting with
intracellular drug
targets, DNA gyrase,
and topoisomerase
v

determining region (QRDR)

Chronic obstructive
pulmonary disease
(COPD)

Residence in a
long-term center

Elderly persons

Cerebrovascular
disease
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Fig. 2.1 Timeline of antibiotic resistance of Streptococcus pneumoniae. Abbreviation: MDR
multidrug-resistant, PCV pneumococcal conjugate vaccine

2.2.1 Penicillin and f3-Lactam-Resistant Streptococcus
pneumoniae

B-lactam antibiotics include penicillins, cephalosporins, and carbapenems. These
compounds inhibit the final steps of peptidoglycan (cell wall) synthesis by binding
to high-molecular-weight penicillin-binding proteins (PBPs). These antibiotics
have a broad spectrum of activity against Gram-positive and Gram-negative bacte-
ria. f-lactam antibiotics are considered to be time-dependent killers, meaning that
increasing concentration significantly above the minimal inhibitory concentration
(MIC) does not increase killing. The compounds have efficacy when concentrations
are approximately four times the MIC of the microorganism. To determine the effi-
cacy of B-lactam antibiotics, the preferred pharmacodynamic parameter is time (T)
> MIC. For the majority of f-lactams, effectiveness is achieved at T > MIC for more
than 40-50% of the dosing interval [19].

Amino acid alterations of the cell wall PBP result in decreased affinity for peni-
cillin, which is the main mechanism of penicillin resistance. Several PBPs have
been identified, including 1a, 1b, 2x, 2a, 2b, and 3. Alterations to the properties of
PBPs are brought about by transfer of portions of the genes encoding the PBPs from
other streptococcal species, resulting in mosaic genes [20].

The Clinical and Laboratory Standards Institute (CLSI) and the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) define penicillin
resistance of pneumococcus via empirical breakpoint determination [21].
Breakpoints established by the CLSI in 2012 for pneumococci defined penicillin
resistance as:
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e Infections other than meningitis: susceptible < 2 pg/ml, intermediate < 4 pg/ml,
and resistant > 8 pg/ml

*  Meningitis: susceptible < 0.06 pg/ml, intermediate > 0.12 pg/ml, and resis-
tant > 2 pg/ml

The breakpoints for penicillin susceptibility are based on three criteria: micro-
biological data, pharmacokinetic/pharmacodynamics of p-lactam antibiotics, and
clinical outcome of pneumococcal infections. In a patient treated with a dose of
intravenous penicillin, the levels achieved in the lung will be 100 times greater than
those reached in the brain. Thus, use of low concentrations of B-lactam for pneumo-
coccal infections, such as otitis media or meningitis, could lead to treatment failure.
In contrast, with pulmonary infections the levels of B-lactam reached are generally
sufficient to clear infection. Therefore, treating the same pathogen will require dif-
ferent doses of a given p-lactam depending on the site of infection. Likewise, we
must considerer pneumococcal resistance in different sites of infection differently,
and breakpoints for resistance will be different.

2.2.2 Macrolide Resistance in Streptococcus pneumoniae

Macrolides inhibit bacterial protein synthesis by binding to the 23S rRNA compo-
nent of the 50S ribosomal subunit in bacteria. There are two main mechanisms of
macrolide resistance in pneumococcus. One involves target-site (ribosomal) altera-
tion by an enzyme that methylates 23S rRNA, an enzyme that is encoded by the
ermB (erythromycin-resistance methylase) gene. The resistance phenotype is called
MLS; (macrolide, lincosamide, streptogramin B type) and is responsible for a high
level of macrolide resistance. In a low proportion of cases, ermB gene variation that
modifies the binding site for macrolides and lincosamides confers complete cross-
resistance to clindamycin [22].

The second mechanism of resistance involves active efflux pumps encoded by
the mefE or mefA (macrolide efflux) genes. These mutations result in low-level
resistance to macrolides but not to the other two agents. The mefA gene is predomi-
nant in Europe, whereas mefB gene predominates in North America.

The relative frequency of the two macrolide resistance mechanisms varies by
geographic region [23-36] (Table 2.2): in European countries, approximately 90%
of the isolates of pneumococcus presented the MLSg phenotype, which is associ-
ated with high levels of macrolide resistance, whereas in North America between
50% and 65% of the resistant pneumococcus isolates contained efflux mutations
that were associated with lower levels of macrolide resistance [12]. In Asian coun-
tries, strains that showed both mechanism of resistance are a major concern, with
between 12% and 40% of the resistant isolates displaying both mechanisms [31,
37—40]. In South American countries, isolates reporting both mechanisms vary
between 4% and 20% [34, 41]. Worldwide resistance to macrolides in pneumococ-
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Table 2.2 Worldwide genotype distribution of macrolide resistance in Streptococcus pneumoniae

No of isolates

% genotype

Country/year of study tested distribution Reference

Europe

Turkey — 2008-2009 80 44% ermB Sirekbasan et al. [23]
11% mefA
44% ermB + mefA

Spain — 1999-2007 187 90% ermB Calatayud et al. [24]
9% mefE
1% mefA

Greece — 2005-2009 1105 (carriers) 29% ermB Grivea et al. [25]
24% ermB + mefE
42% mefE
5% mefA

Belgium — 2007-2009 249 90% ermB Lismond et al. [26]
2% mefE
3% ermB + mefE

North America

Canada— 1998-2004 865 47% mefA Wierzbowsk et al. [27]
43% ermB
6% ermB + mefA

USA -2007 4535 18% ermB Hawkins et al. [28]
62% mef (A/E) gene
15% mef (A/E) + ermB

Asia

Lebanon — 2010-2015 132 38% ermB El Ashkar et al. [29]
29% mef (A/E)
31% mef (A/E) + ermB

Japan — 2013-2014 960 76% ermB Kawaguchiya et al.
32% mef (A/E) [30]
11% mef (A/E) + ermB

Iran 186 44% ermB Azadegan et al. [31]
16% mef (A/E)
40% mef (A/E) + ermB

South 2184 49% ermB Kim et al. [32]

Korea — 2008-2009 20% mefA
30% mefA + ermB

South America

Colombia — 1994-2011 | 225 98% ermB Ramos et al. [33]
2% ermB + mef E

Argentina — 2009-2010 | 126 77% mefA Reijtman et al. [34]
19% ermB
4% mefA + ermB

Africa

Morocco —2007-2014 655 90% ermB Diawara et al. [35]
6% mef E
35 ermB + mefE

Tunisia — 1998-2004 100 88% ermB Rachdi et al. [36]

12% mefA
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cus has increased recently and is associated with the extensive global use of macro-
lides, principally for community-acquired respiratory tract infections.

2.2.3 Fluoroquinolone Resistance in Streptococcus
pneumoniae

Fluoroquinolones inhibit DNA synthesis by forming drug-enzyme-DNA complexes
with DNA gyrase and topoisomerase I'V. The main mechanism of resistance to fluo-
roquinolones is mediated by amino acid substitutions in these two essential enzymes.
As with other bacteria, resistant pneumococcus exhibits spontaneous point muta-
tions in a region of GyrA (gyrase) and ParC (topoisomerase IV) called the quino-
lone resistance-determining region (QRDR). Some pneumococci may also exhibit
an efflux-mediated mechanism, although the clinical significance is unclear. The
presence of dual mechanisms of resistance has been reported in strains having high
levels of resistance, often from cases of treatment failure [12, 42, 43]. In some cases
multiple mutations in the target proteins accumulate [44], which supports the idea
that repeated antimicrobial challenge gradually erodes the effectiveness of
fluoroquinolones.

2.2.4 Resistance to Other Antibiotics

Currently, the European Respiratory Society (ERS)/European Society of Clinical
Microbiology and Infectious Diseases (ESCMID) guidelines recommend the use of
tetracyclines (broad-spectrum bacteriostatic antibiotics that act by binding to the
30S ribosomal subunit and thereby inhibit bacterial protein synthesis) as a first
choice for treatment of lower respiratory infections [45]. On the other hand, the
American Thoracic Society (ATS)/Infectious Disease Society of America (IDSA)
[46] recommends doxycycline for healthy patients with pneumococcal community-
acquired pneumonia with low risk of drug-resistant pneumococcus and for patients
with penicillin allergy [46].

The ribosomal protection protein (RRP), which binds to the ribosome and forces
the drug from its binding site, is the main resistance mechanism of pneumococcus
to tetracycline and doxycycline. This form of resistance is mediated by an alteration
in the fetM gene. In 2012 a study by Donhofer et al. showed that TetM can directly
remove and release tetracycline from the bacterial ribosome by an interaction
between domain IV of the 16S rRNA and the tetracycline binding site [47].

Due to the increase in resistance of pneumococcus to several antibiotics over the
last decade and several reported cases of treatment failure, vancomycin, a glycopep-
tide antibiotic that acts by inhibiting proper cell wall synthesis, was added to the
standard antibiotic treatment for pneumococcal meningitis. There are several reports
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about treatment failure with vancomycin due to the emergence of vancomycin-
tolerant pneumococcus. However, there is no report of vancomycin-resistant
pneumococcus.

Tolerant pneumococcus survives but does not replicate during therapy with anti-
biotics. When antibiotic therapy is finished, pneumococci are able to resume growth.
This phenomenon is associated with a reduction of autolysin activity, which is part
of an endogenous bacterial cell-death pathway [48].

2.2.5 Multidrug-Resistant (MDR) Streptococcus pneumoniae

It is estimated that the worldwide prevalence of multidrug-resistant (MDR) S. pneu-
moniae is high, ranging from 36% in Asia to 15% in Europe [12, 49], although the
prevalence is geographically variable. Multidrug resistance in pneumococcus is
defined as resistance to three or more antibiotic classes. Pneumococcus MDR gen-
erally involves reduced susceptibility to B-lactams, macrolides, tetracyclines, and
sulfonamides; resistance to quinolones in MDR pneumococcus is less frequent.

The majority of MDR strains of pneumococcus are derived from resistant genetic
clones, with a few clones dominating the pneumococcus isolates on a worldwide
basis [49]. Data from European studies show that the MDR phenotype is most fre-
quent among serotypes 1, 14, 15A, 19A, 19F, and 23F [50]. In the United States and
Canada, however, the most frequent serotypes associated with MDR pneumococcus
are 15A, 15B, 15C, 22F, 23A, 33F, and 35B [51-54]. Studies from Asian countries
report that 11A, 15A, 19A, and 19F are the serotypes most frequently associated
with MDR pneumococcus [53, 55, 56]. In African countries, 19A and 19F are the
most frequently associated with MDR pneumococcus [57]. Collectively these data
indicate that the spread of MDR pneumococcus globally has high variability among
countries. The introduction of conjugate pneumococcal vaccines contributed to the
large reduction of the burden of pneumococcal disease and the reduction of antimi-
crobial resistance in S. pneumoniae. Nevertheless, the emergence of non-vaccine
serotypes that show multidrug resistance is a major concern.

2.3 Risk Factors for Infection by Drug-Resistant
Pneumococcus

Several studies identify factors associated with an increased risk of infection by
pneumococcus resistant to the most frequently used antibiotics. The three main fac-
tors are host factors (age, comorbidities), environmental factors (geographic regions
with high population density and proximity to high-resistance regions, day-care
centers with children, long-term nursing facilities with elderly persons), and factors
related to the use of antibiotics (previous antibiotic therapy, duration of antibiotic
therapy).



2 Antimicrobial Resistance Among Streptococcus pneumoniae 21
2.3.1 Risk Factors Related to Penicillin Resistance

The use of a B-lactam antibiotic in the previous 3—6 months is the main risk factor
associated with penicillin-resistant pneumococcal infection [12, 21, 58-60]. A
study by Ruhe et al. [61] regarding the duration of previous antibiotic treatment and
its association with penicillin-resistant bacteremic infection revealed that the risk
depends on the class of prior antibiotic exposure and the duration of therapy. The
study analyzed 303 patients with pneumococcal bacteremia. In 98 (32%) cases of
bacteremia caused by penicillin-non-susceptible S. pneumoniae, statistical analysis
showed that the use of p-lactams, sulfonamides, and macrolides within the last
1-6 months before presentation was associated with penicillin-non-susceptible S.
pneumoniae bacteremia (p < 0.05). In a second study with the same bacteremic
population, Ruhe et al. [62] identified 33 (11%) cases of bacteremia caused by high-
level resistant S. pneumoniae. In these cases, three risk factors for high-level
penicillin-resistant pneumococcal infection were identified: p-lactam antibiotic use
in the previous 6 months, previous residence in a risk area (defined as stays in day-
care facilities, prisons, homeless shelters, nursing homes, or other long-term care
facilities), and respiratory tract infection in the previous year.

Age extremes (<5 years or > 65 years) are a recognized risk factor for penicillin-
resistant pneumococcal infections [12, 17, 63]. As pointed out above, nasopharyn-
geal carriage of pneumococcus in healthy children ranges from 20% to 50%, and in
the healthy adult population, nasopharyngeal carriage rates range from 5% to 30%
[64, 65]. Consequently, it is not difficult to understand why several studies have
shown that day-care centers are a risk factor for colonization and infection of chil-
dren due to penicillin-resistant pneumococcus [66—68]. Similarly, institutionalized
adults, especially those older than 65 years of age, have increased risk for penicillin-
resistant pneumococcal infections [69]. Moreover, the presence of specific comor-
bidities, such as human immunodeficiency virus (HIV) and chronic pulmonary
disease, especially chronic obstructive pulmonary disease (COPD), is a recognized
risk factor for penicillin-resistant pneumococcal infection [58].

Several studies have addressed the association between antibiotic consumption
and resistance selection. A study by van Eldere et al. [70], concerning the impact of
antibiotic usage in ambulatory patients in Belgium, involved 14,448 Streptococcus
pneumoniae isolates collected between 1994 and 2004. This work showed a modest
relationship between consumption and resistance; additional factors were high pop-
ulation density and proximity to high-resistance regions, particularly for the devel-
opment of multiple resistances in pneumococcus. In this Belgian population, the
highest levels of resistance were to erythromycin, followed by resistance to tetracy-
cline and penicillin; the highest prevalence of co-resistance to two antibiotics was
for erythromycin-tetracycline.

In 2001 the prevalence of non-susceptibility to erythromycin in the Belgium
study peaked at 36.7% and stayed mostly stable until 2004. Prevalence of non-
susceptibility to tetracycline reached its highest level (31.7%) in 2000; penicillin
non-susceptibility hit 17.7% in 2000 and declined to 11.6% in 2004. The prevalence



22 C. Cill6niz et al.

of co-resistance to erythromycin-tetracycline was 26.7% in the period 2002-2003
and decreased slightly to 25.9% in 2004.

The overall antibiotic consumption in Belgium was 26.4 DID (daily doses
per 1000 inhabitants per day) in 1995 and decreased slightly to 23.3 DID in
2004. The most frequently consumed antibiotics were broad-spectrum penicil-
lins (9 DID in 2000 to 6.4 DID in 2004). Macrolides showed a similar pattern (6
DID in 2000 to 4.5 DID in 2004) as did cephalosporins (4.7 DID in 2000 to 3.7
DID in 2004). Tetracycline was the second most prescribed class in 1995, but
usage declined in 2004 to 1.9 DID. Overall, consumption and resistance were
roughly parallel.

Another study concerned antimicrobial drug use in ambulatory care and resis-
tance trends in Europe [71] for 21 countries during the period 2000-2005. The work
showed that variation in consumption coincided with the prevalence of resistance at
the country level [71]. Antimicrobial drug use decreased (>15%) in Bulgaria, Czech
Republic, France, and Germany, but it increased (>15%) in Croatia, Denmark,
Greece, and Ireland. The most widely used antibiotics were penicillins (including
broad-spectrum penicillins). Macrolides were the second most widely used cate-
gory; the third consisted of cephalosporins, monobactams, and carbapenems.
Fluoroquinolones occupied the fourth position. Four (France, Luxemburg, Belgium,
and Portugal) of the six countries reporting the highest antimicrobial usage (Greece,
France, Luxembourg, Portugal, Croatia, and Belgium) also reported the highest
resistance proportions.

An interesting, small, case-controlled study about penicillin dust exposure
with pharmaceutical workers in Tehran (Iran) reported that the workers in the
penicillin production line carried a greater percentage of resistant pneumococcus
[72]. The study included 60 cases (workers on a penicillin production line) and
60 controls (workers in food production), and data were obtained via survey, air
sampling, and throat swab. In the penicillin production line arm of the study, the
mean overall concentrations of penicillin dust were 6.6 mg/m?, while it was
4.3 mg/m?® in the food production line (p = 0.001). S. pneumoniae was detected
in 45% (27) individuals in the dust-exposed group, 92.6% of which showed peni-
cillin resistance. In the control group, S. pneumoniae was detected in 35% of the
subjects, while 71.4% of the S. pneumoniae-positive cases were drug resistant
(» =0.014).

2.3.2 Risk Factors Related to Macrolide Resistance

Recent therapy by macrolides is the main risk factor for macrolide-resistant nasal
colonization and pneumococcal infection [1, 12, 73, 74]. The study by Dias et al.
[75], which evaluated the role of antimicrobial and vaccine use in the trends of
resistance to penicillin and erythromycin in Portugal from 1994 to 2004, found
that the use of macrolides was the main factor associated with an increase of
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penicillin and erythromycin non-susceptible isolates among adults (p < 0.01) and
erythromycin non-susceptible isolates among children (p = 0.006). The study also
suggested that the heptavalent vaccine is failing to reduce antimicrobial resis-
tance, possibly due to the increased consumption of azithromycin (p = 0.04).
Other works showed that there is an increased risk of macrolide-resistant infec-
tion in cases related to certain pneumococcus serotypes, in particular 6A, 6B,
11A, 14, 23F, and 19F [76, 77].

Other important risk factors are age below 5 years [78-81], attendance in a day-
care center [82—84], middle ear infection [85-87], and nosocomial acquisition [26].
As with B-lactams, there is strong evidence correlating the prevalence of macrolide
resistance of pneumococcus and overall macrolide consumption within specific
geographic areas [70, 71, 88].

2.3.3 Risk Factors Related to Fluoroquinolone Resistance

Previous exposure to fluoroquinolones is considered the main risk factor for fluo-
roquinolone resistance [89-92]. Other risk factors, reported worldwide, are
COPD, nosocomial acquisition, and residence in a nursing home [43, 93, 94]. A
retrospective review of cases of invasive pneumococcal infections in adults in
Spain reported that residence in public shelters (OR 26.13, p = 0.002), previous
hospitalization (OR 61.77, p < 0.001), human immunodeficiency virus (HIV)
infection (OR 28.14, p = 0.009), and heavy smoking (OR 14.41, p = 0.016) are
risk factors associated with acquiring an infection by levofloxacin-resistant pneu-
mococci [95-97].

2.3.4 Risk Factors Related to Multidrug-Resistance

The reported risk factors for multidrug-resistant pneumococcal infection are
extremes in age (< 2 years and > 65 years), presence of co-morbidities, such as
chronic heart disease, chronic lung disease, chronic liver disease, chronic renal
disease, prior exposure, especially repeated exposure, to antibiotic therapy in
the previous 3 months, and being an immunosuppressed host [21, 46, 49, 66,
98-100]. Also, infections with pneumococcal serotypes such as 6A/B, 19A,
19F, 15A, 35B, 23A, 22F, and 33F were risk factors. Of these, the strongest risk
factor is repeated exposure to antibiotic therapy. Figure 2.2 provides a sche-
matic explanation for how antibiotic resistance arises and spreads in bacterial
populations. We conclude that the increasing prevalence of multidrug-resistant
strains complicates treatment options for S. pneumoniae infections and in some
cases resistance leads to treatment failure.
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2.4 Pneumococcal Serotypes and Antibiotic Resistance

There are 98 reported pneumococcal serotypes (capsule type); 92 were identified
using the Quellung method, and the additional serotypes were identified using
molecular techniques [101-103]. These serotypes are grouped into 48 serogroups
based on their antigenic similarities [104]. Several epidemiological studies suggest
that relationships exist between specific serotypes/serogroups and the age of the
host, site of infection, comorbidities, geographic region, pneumococcal invasive-
ness, and disease severity [105—108]. As pointed out above, serotype differences
also relate to antimicrobial resistance. The differing behavior among serotypes may
reflect differences in nasopharyngeal carriage, with the highest rates in children,
especially in the first year of life. As pointed out above, risk factors for nasopharyn-
geal carriage in children include winter season, age below 6 years, presence of
younger siblings, and attendance in day-care centers. In adults, risk factors for naso-
pharyngeal carriage include cigarette smoking, asthma, and acute upper respiratory
infection [64, 109, 110].

Colonization in children may persist for a mean of 4 months, but it is much
shorter in adults, usually 2—4 weeks [16]. This long period of carriage and the fre-
quent exposure to antibiotics by children explain why they are considered the main
source of resistant strains of pneumococcus [99].

2.5 Global Resistance Trends

In recent decades there has been a global acceleration in pneumococcal antibiotic
resistance that coincides with the increased use of antibiotics [2]. The report,
Antibiotic Resistance Threats in the United States, 2013 [111], highlights the impor-
tance of drug-resistant pneumococcus. This report covers bacteria causing severe
human infections and the antibiotics used to treat those infections. The main objec-
tive of this report was to provide an overview of the complex problem of antibiotic
resistance and to encourage immediate action to keep the situation from getting
worse. In this report the CDC prioritized bacteria into one of three categories: urgent
threats, serious threats, and concerning threats. Drug-resistant S. pneumoniae was
considered to be a serious threat. Pathogens in this category require prompt and
sustained action.

Navarro et al. [112], in a 2010 surveillance report on invasive pneumococcal
disease in 26 EU/EEA countries, considered isolates with MIC > 0.12 mg/L as non-
susceptible to penicillin (this cutoff value is for meningeal isolates and is the most
widely used for surveillance studies). The highest rates of non-susceptibility to
penicillin were found in Romania (42.2%), Cyprus (36.4%), and France (27.5%).
The highest rates of non-susceptibility to cefotaxime were found in Romania
(23.8%) and Ireland (9.3%).
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The European Antimicrobial Surveillance, published in 2014, showed that of
the 10,456 invasive pneumococcal disease cases reported by 28 EU/EEA coun-
tries, Romania, Spain, and Croatia showed the highest rates of non-susceptibility
to penicillin (47%, 28%, and 26%, respectively, for these countries). The lowest
rates were reported for Cyprus, Belgium, and the Netherlands, at 0%, 1.3%, and
2.1%, respectively [95]. We note that these surveillance data might not be strictly
comparable among all countries, as the clinical breakpoints used to determine
penicillin susceptibility differed, depending on guidelines used and the site of
infection [113]. Nevertheless, the striking differences likely reveal key differ-
ences in antimicrobial use.

Rates of macrolide resistance range widely, from 20% to 90%. This variability
is likely related to geographical differences [114—116]. A US surveillance study
by Jones et al. [114] reported that 56% of isolates (from 19,000 samples ana-
lyzed) showed macrolide resistance. The 2014 European Report of antimicrobial
resistance showed that Romania, Slovakia, and Malta (48%, 41%, and 38%,
respectively) reported the highest rates of non-susceptibility to macrolides; the
lowest rates were reported for Cyprus (0%), Latvia (4.1%), and the Netherlands
(4.3%) [113]. A recent Spanish study of 643 patients with community-acquired
pneumonia found that 22% had macrolide-resistant pneumococcus and 98% of
those showed high-level resistance [117].

The rate of fluoroquinolone resistance of pneumococcus in the United States
and Europe remains low (<1% and <3%, respectively) [12, 113, 118, 119]. One
study, the Antimicrobial Resistance Surveillance in Europe [113], reported resis-
tance data for 30 European countries from the period 2009 to 2012 for 8 bacterial
pathogens as invasive isolates (blood and cerebrospinal fluid). Twenty-four
European countries reported susceptibility data for fluoroquinolones in 6263 iso-
lates (57% of all reported pneumococcus isolates). Among these, 5.2% were
resistant to fluoroquinolones, and 4.4% of the fluoroquinolone-resistant isolates
were also penicillin non-susceptible. Similarly, an American study by Jones et al.
[114], which was a 14-year longitudinal (1998-2011) survey of S. pneumoniae
that analyzed 18,911 isolates (collected from community-acquired respiratory
tract infections, bacteremias, and pneumonia), reported only 1.2% non-suscepti-
bility to fluoroquinolones (levofloxacin). In contrast, Asian countries reported
higher levels, from 10% to 12%. For example, a study from Hong Kong that
analyzed antimicrobial resistance data for S. pneumoniae from the period 2001—
2007, using samples from respiratory tissue, wounds, blood, and other fluids,
reported that 11% had reduced susceptibility to levofloxacin [32, 120]. Similarly,
a prospective surveillance study of 2184 S. pneumoniae isolates collected from
patients with pneumococcal infections from 60 hospitals in 11 Asian countries
from 2008 to 2009 reported resistance to fluoroquinolones at 1.7%, 0.4%, 1.5%,
and 13.4% for levofloxacin, moxifloxacin, gatifloxacin, and ciprofloxacin,
respectively (Kim et al. [91]). Isolates from Taiwan (6.5%) and South Korea
(4.6%) showed the highest rates of levofloxacin resistance.
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2.6 Impact of Vaccines on Resistance

Two types of pneumococcal vaccines are currently available: the polyvalent pneu-
mococcal polysaccharide vaccine (PPV) and the pneumococcal conjugate vaccine
(PCV).

The PPV23 vaccine includes 23 purified capsular polysaccharide antigens of
Streptococcus pneumoniae (1,2, 3,4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B,
17F, 18C, 19A, 19F, 20, 22F, 23F, and 33F); it was licensed in the United States in
1983. PPV23 induces antibodies primarily through a T-cell-independent immune
response that enhances phagocytosis, thereby killing the bacterium [121]. The
immune system of young children does not produce an adequate response to the
polysaccharide capsule; consequently, the vaccine is not used in this age group.

The pneumococcal conjugate vaccine 7-valent (PCV7), which included seven
pneumococcal sertotypes (4, 6B, 9V, 14, 18C, 19F, and 23F), was introduced in the
United States in 2000. It is recommended for infants and young children. This vac-
cine is highly effective in preventing invasive disease, with percentages of efficacy
of about 90%. The routine use of PCV7 has resulted not only in a tremendous reduc-
tion in invasive pneumococcal infections in children but also decreased rates of
pneumococcal disease in adults.

Also, after 4 years of the introduction of PCV7 in the United States, the inci-
dence of invasive pneumococcal disease caused by penicillin-non-susceptible S.
pneumoniae and multidrug-resistant S. pneumoniae decreased. In 1999, the rate of
invasive disease caused by penicillin-non-susceptible strains was 6.3 cases per
100,000 — it decreased to 2.7 cases per 100,000 in 2004. Similarly, in 1999 the rate
of cases caused by strains not susceptible to multiple antibiotics was 4.1 cases per
100,000 and decreased to 1.7 cases per 100,000 in 2004 [122]. The study by Whitney
et al. [123] demonstrated that the PCV7 vaccine prevents invasive disease in both
healthy and chronically ill children. Despite the success of PCV7, studies have
noted an increase in the incidence of invasive pneumococcal disease (IPD) caused
by non-vaccine serotypes, such as 1, 3, 5, 6A, 6C, 7F, 12F, 19A, and 22F [124].
These serotypes are related to penicillin-non-susceptible clones. The emergence of
serotype 19A, which correlates with high-level penicillin and multidrug resistance,
is a main concern globally [125]. This serotype presents a dual macrolide-resistance
phenotype (erm B and mefA).

A new 13-valent pneumococcal polysaccharide-protein conjugate vaccine
(PCV13) was approved by the Food and Drug Administration in February 2010 for
the prevention of IPD in infants and young children. PCV 13 contains capsular poly-
saccharides from serotypes 1, 3, 4,6A, 7F, 9 V, 14, 18C, 19A, 19F, and 23F. In
March 2010, the Advisory Committee for Immunization Practices (ACIP) recom-
mended that PCV13 replace PCV7 for the vaccination of children. New studies
show a similar reduction in IPD following the introduction of the PCV13 vaccine,
as seen previously with the PCV7 vaccine. The study by Moore et al. [126] analyzed
IPD cases (33,688 cases, of which 89% contained serotyping results) during July
2004—June 2013 and classified as being caused by the PCV13 serotypes against
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which PCV7 has no effect (PCV13/nonPCV7). The work found a reduction in IPD
in adults associated with PCV 13 introduction in children. In all adult age groups,
PCV13/nonPCV7-type IPD (especially serotypes 19A and 7F) declined by 58-72%,
which was comparable to that observed early after PCV7 introduction. The PCV13
led to overall reductions of IPD of 12-32% [126]. However, the phenomenon of
serotype replacement, which is thought to be caused by non-vaccine serotypes
(NVT) that occupy nasopharyngeal natural niches vacated after pneumococcal vac-
cination, is again observed with pneumococcal serotypes 11A, 15A, 23B, and 35B,
the most frequent serotypes. Serotypes 15A and 23B show a high proportion of
penicillin non-susceptibility [127].

2.7 Impact of Antibiotic Resistance on Outcome

The relationship between antibiotic resistance of pneumococci and clinical outcome
is an important consideration for clinicians, because treatment failure related to
antimicrobial resistance is not clear-cut. There are several factors that influence
clinical outcome in pneumococcal infections, such as comorbidities (host factors)
and invasiveness of the pneumococcus serotype (virulence of the microorganism)
that contribute to poor outcome [12].

2.7.1 p-Lactam Resistance and Clinical Implications

The relevance of penicillin-resistant S. pneumoniae to clinical outcome in cases of
pneumococcal community-acquired pneumonia (CAP) is controversial. Several
studies showed that treatment failure in CAP cases does not occur when appropriate
therapy and doses are used, even in those patients infected with non-susceptible
strains and treated with B-lactams. For example, in 2010 a Spanish study analyzed
1041 patients with pneumococcal pneumonia in which 114 (11%) presented septic
shock. The main risk factors were current smoking, chronic corticosteroid therapy,
and serotype 3 pneumococcus. No difference was found regarding genotypes or pat-
terns of antibiotic resistance between patients with or without septic shock [128].
Similarly, a study by Morgandon et al. [129], concerning severe pneumococcal
pneumonia in patients admitted to intensive care units (ICU), reported that risk fac-
tors for mortality were age, male sex, and renal replacement therapy. Comorbidities,
macrolide administration, concomitant bacteremia, or penicillin susceptibility did
not influence outcome in these cases. These studies suggest that the outcome with
community-acquired pneumococcal pneumonia is probably associated with the
clinical presentation of pneumonia rather than the antibiotic resistance of the pneu-
mococcus strain. A plausible explanation is that antibiotic concentrations achieved
in the lung are usually higher than the pneumococcal MIC for more than 40-50% of
the dosing interval, even with resistant strains. It will now be interesting to
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determine whether infection by strains having a very high level of resistance to
B-lactams (MIC > 16 pg/ml) correlates with clinical failure with pneumonia
patients.

A different situation is seen with pneumococcal otitis media or meningitis when
treated with a B-lactam — treatment failure is associated with resistant strains. The
speculation is that treatment failure is due to the difficulty in obtaining sufficiently
high antibiotic levels at these sites of infection. For this reason, most guidelines
recommend the use of concomitant vancomycin for patients with pneumococcal
meningitis until the pneumococcal MIC for a f-lactam is known [130].

2.7.2 Macrolide Resistance and Clinical Implications

The high rate of macrolide resistance in pneumococcus is a major concern world-
wide. Reports of treatment failure in cases of otitis media, meningitis, pneumonia,
and bacteremic pneumonia are in the literature [12, 131] for patients who had infec-
tions caused by macrolide-resistant strains. For this reason, monotherapy with mac-
rolides is not recommended as an empirical treatment in any infection caused by
pneumococcus.

Much less information is available for the relationship between macrolide-
resistant Streptococcus pneumoniae and clinical outcome than with patients treated
with p-lactams. A recent work by Cill6niz et al. [117] concerning the effect of mac-
rolide resistance on the presentation and outcome of 643 patients with CAP reported
that 22% were macrolide resistant. They found no evidence suggesting that patients
hospitalized for macrolide-resistant S. pneumoniae pneumonia were more severely
ill upon presentation or had worse clinical outcomes if they were treated with
guideline-compliant regimens, including pB-lactams, versus noncompliant regimens.
A randomized prospective trial is needed to determine whether there is a relation-
ship between macrolide resistance and poor outcome in patients with severe
community-acquired pneumonia with whom f-lactam-macrolide combination ther-
apy might improve outcome.

2.7.3 Fluoroquinolone Resistance and Clinical Implications

Treatment failure has been observed with patients treated with fluoroquinolones
who had infections caused by fluoroquinolone-resistant strains [43, 132]. However,
the global rates of fluoroquinolone resistance remain low [32, 99, 114, 118, 133],
making correlation between resistance and outcome statistically marginal. In a 2013
study, Kang et al. [134] evaluated the impact of levofloxacin resistance on 136 adult
patients with invasive pneumococcal disease (IPD). In this work, pneumonia was
the most frequent disease (68%), followed by primary bacteremia (11%) and men-
ingitis (11%). The rate of levofloxacin resistance in invasive pneumococcal isolates
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was 3.7% (5/136) of the isolates. The overall 30-day mortality rate was 26.5%
(36/136). In univariate analysis, the factors associated with 30-day mortality in
patients with IPD were corticosteroid use, presentation with septic shock, and
development of acute respiratory distress syndrome (ARDS). The authors found an
association between levofloxacin resistance and increased mortality, although sta-
tistical significance was not reached (p = 0.083). However, multivariate analysis
revealed that presentation with septic shock, corticosteroid use, development of
ARDS, and levofloxacin resistance were independent factors associated with 30-day
mortality.

Several worldwide reports about antimicrobial resistance in pneumococcus
noted that in countries where the rates of f-lactam resistance and macrolide resis-
tance are high, the prevalence of fluoroquinolone resistance is also high [70, 114].
It may be that in those situations the consumption of fluoroquinolones is also high.

2.8 Future Considerations

Pneumococcal infections and antimicrobial resistance remain a global health
problem.

Since global antibiotic consumption contributes to the emergence of antibiotic-
resistant bacteria such as S. pneumoniae, one approach for reducing the problem is
to reduce the need for antibiotics through better public health. Changing social
norms about how and when to use antibiotics is central to preserving antibiotic
effectiveness in all countries. For example we should avoid the use of antibiotics in
agriculture and the food industry. The study by Boeckel el al., concerning global
trends in antimicrobial use in food animals, reported that the demand for meat glob-
ally has led to antibiotic consumption in animals to rise by 70% over the past decade.

The pneumococcus is unusual because vaccines are available. The pediatric
pneumococcal conjugate vaccine has had a striking effect on vaccinated children
and even non-vaccinated children and adults for the pneumococcal serotypes
included in the vaccine. However, non-vaccine serotypes have emerged and are now
associated with high-level antimicrobial resistance. Therefore, continuous surveil-
lance programs are needed to determine optimal empiric treatment for a given local-
ity. Surveillance programs are also needed to control the impact of pneumococcal
campaigns on serotype distribution, emergence of non-vaccine serotypes, and anti-
microbial resistance.

Not all members of an antibiotic class are equally effective against the pneumo-
coccus. Some have a lower MIC than others, and some kill more rapidly. At approved
doses, some reach infected tissues more effectively than others. These properties
need to be carefully defined to guide clinical use. For example, with compounds that
induce mutagenic responses, rapid killing is likely to be important. Additional
insight may emerge from geographical locations that use particular derivatives and
have very high rates of resistance. A clear example of this is the resistance of pneu-
mococcus to macrolides. In Europe the main resistance mechanism is the ribosomal
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mutation that confers high resistance to macrolides, whereas in the United States,
the dominant mechanism of resistance is active efflux, which confers low levels of
resistance to macrolides. These data suggest the importance of clinical studies in
different geographical areas before recommending particular antibiotics. A com-
pletely different question is how to slow transmission among young children and
elderly persons in long-term care facilities. Solutions may involve reducing antimi-
crobial consumption, the main driver of newly acquired resistance.

Continued surveillance to quantify pneumococcal resistance is also needed to
detect the emergence of new strains exhibiting high-level resistance to penicillin.
Moreover, we need to better understand the clinical relevance and impact of antibi-
otic resistance on pneumococcal infections, since there is not always a clear rela-
tionship between resistance and treatment failure.

Major Points

e Streptococcus pneumoniae remains an important pathogen worldwide.
Pneumococcal infections are related to high rates of morbidity and mortality
especially in young children, older adults, and immunocompromised persons.

* Worldwide pneumococcal infections remain a big challenge for physicians
because of its resistance to penicillin and increasing resistance to macrolides.

o Efforts to reduce antibiotic consumption should be encouraged by educational
programs and guidelines for healthcare professionals.

* The best way to prevent pneumococcal infection is by the implementation of
conjugate pneumococcal vaccinations.

e It is important to monitor the evolution of pneumococcal disease, focusing on
serotype replacement.

» Studies focusing on the development of new vaccine designs should be addressed
in order to avoid serotype replacement.
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