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Abstract

Bacterial infections are frequent complications among patients treated for
cancer. The type, severity, and treatment of bacterial infections vary and
depend upon the specific malignancy, associated chemotherapies, and trans-
plantation. This chapter discusses commonly encountered bacterial pathogens
as well as Nocardia and mycobacteria in patients with cancer and addresses the
clinical syndromes and management. Drug-resistant bacteria are becoming an
increasingly recognized problem in patients with cancer. Antimicrobial
resistance in select gram-positive and gram-negative bacteria are discussed
along with the mechanisms of resistance and recommended therapies.
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1 Introduction

Infectious diseases are among the most frequent complications encountered in
cancer management. Optimal patient care necessitates a familiarization with
common bacterial pathogens and their treatment. Staphylococcus aureus, coagu-
lase-negative staphylococci, Enterococcus spp., and viridans group streptococci
are the more common gram-positive bacterial pathogens encountered in patients
with cancer. Among the gram-negative bacteria, members of the Enterobacteria-
ceae family and Pseudomonas aeruginosa are the more frequently encountered
and virulent pathogens. Many patients with cancer, especially those hospitalized,
have prior antimicrobial treatment experience. Antimicrobial resistance is an
increasing problem, and understanding the mechanisms of resistance is imperative
toward prescribing effective therapy. Drug resistance mechanisms of select gram-
positive and gram-negative bacteria as well as treatment options are reviewed.

Nocardia and mycobacteria both stain acid-fast and can produce severe pro-
gressive disease in patients with cancer. Nocardia may produce pulmonary disease
resembling that of mycobacteria, or more distinct forms of extrapulmonary dis-
ease. Tuberculosis is less common in the United States, but must be considered in
any patient with compatible features. Atypical presentations of tuberculosis are
more common in cancer patients. Non-tuberculosis mycobacteria (NTM) encom-
pass a very large group of organisms with diverse manifestations of localized or
disseminated clinical disease. An overview of bacterial infections in patients with
cancer is provided.

2 Select Gram-Positive Bacteria

2.1 Staphylococcus spp.

S. aureus is a virulent pathogen causing significant disease in both immunocom-
petent and immunocompromised patients. Clinical infections in patients with
cancer caused by S. aureus are quite diverse and include intravascular catheter
infections, skin and soft tissue infections, visceral abscesses, endocarditis, bone
and joint infections, and bloodstream infections. Bloodstream infections with
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S. aureus are a medical urgency, requiring prompt intervention. Metastatic foci of
S. aureus infection can develop, requiring prolonged antimicrobial therapy and
possible surgery. Intravascular catheters remain one of the most common causes of
S. aureus nosocomial- and community-acquired bloodstream infections. In the
hospital setting, approximately 20 % of bloodstream infections are caused by
S. aureus [1]. For methicillin- (or oxacillin-) susceptible S. aureus, cefazolin or a
penicillinase-resistant penicillin is recommended for more serious infections,
including bloodstream infections. Vancomycin can be used for B-lactam allergic
patients, but is less active. Oral antimicrobials including first-generation cepha-
losporins, anti-staphylococcal penicillins, trimethoprim–sulfamethoxazole, mino-
cycline, clindamycin, and the newer fluoroquinolones can be used for mild soft
tissue infections.

Most S. aureus bacteria are resistant to penicillin through plasmid-encoded
penicillinase production. Methicillin-resistant S. aureus (MRSA) is defined by a
minimum inhibitory concentration (MIC) with oxacillin at C4 mcg/mL. MRSA
is becoming an increasing problem in hospitals around the world. Patients who
have been treated with an antibiotic within the preceding 3 months (especially
B-lactams and fluoroquinolones) are at increased risk for MRSA [2]. In 2003, up
to 64 % of hospital-onset S. aureus infections in the intensive care units were
MRSA [3]. Of the estimated 94,360 MRSA infections that occurred in the USA
during 2005, approximately 75 % were bloodstream infections [4]. A surveil-
lance of nine US hospitals in 2005 found the combination of S. aureus virulence
and the immunosuppression of patients with cancer enables rapid S. aureus
infection progression and high rates of disease recurrence if not recognized early
or treated aggressively [5].

MRSA carries the mecA gene that encodes for penicillin-binding protein 2A
(PBP2A). PBP2A has very low binding affinity for B-lactam antimicrobials and
confers phenotypic bacterial resistance to all B-lactam antimicrobials, including
penicillins, cephalosporins (except ceftaroline), and carbapenems. The mecA gene
is located in a mobile staphylococcal cassette cartridge (SCC), which aids in
chromosomal incorporation. There are currently eight SCC mec types (I-VIII), that
differ in both mec and cassette chromosome recombinase gene complexes, along
with a number of additional novel SCC subtypes [6, 194]. MRSA is commonly
categorized into either health-care-associated (HA) MRSA or community-associ-
ated (CA) MRSA. The nomenclature refers to differences in demographic back-
grounds, genetic and clonal features, susceptibility patterns, and clinical
characteristics of the MRSA strains. About 85 % of all invasive MRSA infections
are associated with some type of exposure to health care settings, and approxi-
mately 15 % develop within the community. Characteristics and differences
between HA-MRSA and CA-MRSA are listed in Table 1.

CA-MRSA typically is more susceptible to non-B-lactam antimicrobials
(including fluoroquinolones, macrolides, gentamicin, and clindamycin) and has
exotoxin virulence factors [7]. MRSA strains susceptible in vitro to clindamycin
but resistant to erythromycin may harbor erythromycin ribosomal methylase (erm)
genes, conferring an inducible resistance to clindamycin. Clinical failure with
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clindamycin has been reported in this setting [8]. Inducible clindamycin resistance
can be identified in the laboratory with double-disk diffusion testing (D-testing) on
erythromycin-resistant, clindamycin-susceptible MRSA strains. USA 300 and
USA 400 are the two most commonly encountered CA-MRSA clones. The most
common toxin is the Panton–Valentine leukocidin (PVL), a cytotoxin associated
with skin and soft tissue infections and necrotizing pneumonia [9]. PVL is char-
acteristically uncommon in HA-MRSA strains.

Treatment options for MRSA depend upon the infection syndrome as well as
in vitro drug susceptibility data. Vancomycin, daptomycin, linezolid, ceftaroline,
telavancin, teicoplanin and quinupristin-dapfopristin are typically active drugs.
Additional options, depending upon drug susceptibility data, may include tri-
methoprim–sulfamethoxazole, minocycline, doxycycline, tigecycline, clindamy-
cin, and the newer fluoroquinolones. Confirmed vancomycin-intermediate (VISA)
or vancomycin-resistant (VRSA) MRSA is fortunately quite rare; however, even
‘susceptible’ MRSA may be less responsive to vancomycin. Some reports have
shown MRSA bacteremia with a vancomycin MIC of B0.5 ug/mL to have a higher
treatment success rate with vancomycin than MRSA with vancomycin MIC
1–2 ug/ml [10, 11].

Coagulase-negative staphylococci (CoNS) comprise a heterogenous group of
bacteria that are part of the natural skin microbial flora. Although less virulent
compared to S. aureus, many CoNS (including S. epidermidis and S. haemolyticus)
are resistant to multiple antibiotics including methicillin. The mechanisms of
resistance are similar to those of S. aureus and include B-lactamase production and
PBP2A production by the mecA gene. Both S. aureus and CoNS produce a biofilm,
enabling attachment to foreign material. CoNS, including S. epidermidis, are the

Table 1 Characteristics of HA-MRSA and CA-MRSA

HA-MRSA CA-MRSA

Patient risk
factors

Prolonged hospitalization, ICU
admission, residents of long-term care
facilities; comorbidities including
diabetes mellitus and hemodialysis

Children, competitive athletes, prisons,
soldiers; select ethnic groups (Native
Americans, Alaska Natives, Pacific
Islanders), intravenous drug users, men
who have sex with men

Clinical
syndromes

Nosocomial pneumonia, intravenous
catheter infections and related
bacteremias, urinary catheter-
associated urinary tract infections,
surgical site infections

Skin and soft tissue infections
(furuncles, skin abscesses), necrotizing
pneumonia

Antimicrobial
resistance

B-lactam class resistance, resistance to
other drug classes common

B-lactam class resistance, more
susceptible to other drug classes

Predominant
SCC types

Types I, II, III Type IV, V, VII

PVL toxin Rare Frequent

(Based on data from Refs. [6] and [192])
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most common cause of intravascular catheter infections [12, 13]. The high usage
of short-term and tunneled central venous catheters in patients with cancer (e.g.,
for chemotherapy and/or blood product infusions) allows for CoNS to be the most
common cause of bloodstream infections in this patient group as well as for
hospitalized patients in general [1]. Single positive blood cultures with CoNS need
to be interpreted with caution as contamination from the skin is common. CoNS
are also a common pathogen with other types of foreign body infections including
prosthetic valves and other endovascular devices, cerebrospinal fluid shunts,
peritoneal dialysis catheters, ocular implants, and prosthetic joints.

S. lugdunensis is a CoNS that deserves special mention. S. lugdunensis is more
virulent than other CoNS and should never be regarded as a contaminant in blood
cultures. Up to 50 % of S. lugdunensis community-acquired bloodstream infec-
tions in one series were associated with endocarditis, whereas nosocomial S. lug-
dunensis bacteremias were commonly catheter associated [14]. S. lugdunensis has
also been associated with infections of skin and soft tissues (often with abscess
formation), central nervous system (CNS), bone and joint, peritoneum, and oral
cavity [15]. Despite its enhanced pathogenicity, S. lugdunensis remains susceptible
to most B-lactam antimicrobials.

2.2 Enterococcus spp. and Viridans Group Streptococcus

Enterococcus spp. are a component of the normal gastrointestinal bacterial flora
and occasionally may be found in the vagina and oral cavity [16]. Enterococcal
infections may develop secondary to a compromise in bowel wall integrity, fecal
contamination, genitourinary complications, animal contact, and through noso-
comial acquisition. Before the emergence of vancomycin-resistant enterococci
(VRE), 85–90 % of clinical enterococcal isolates were E. faecalis, 5–10 % were
E. faecium, and the remaining 3–4 % were other Enterococcus spp. [17].
Enterococcus spp. have lower intrinsic virulence compared to S. aureus and group
A Streptococcus as well as no exotoxin production.

Although a wide array of clinical infections have been ascribed to Enterococcus
spp. (including endocarditis, urinary tract infections, and osteomyelitis), enteric
and other-related intraabdominal infections as well as bacteremias are especially
common in patients with cancer. Any compromise in bowel wall integrity
increases the risk for infection with Enterococcus spp. Cancers of the gastroin-
testinal, genitourinary and biliary tracts, antineoplastic chemotherapy, neutropenic
colitis (typhlitis), and enteric graft-versus-host disease all enable enterococci and
other enteric flora to translocate beyond the bowel lumen and produce clinical
disease. Infection in these settings is often polymicrobial and should generally be
managed with broadened antibacterial therapy.

Because of lower affinity for the penicillin-binding proteins, Enterococcus spp.
are less susceptible to B-lactams compared to other gram-positive bacteria. Rarely,
enterococci also produce a B-lactamase. The MICs of active penicillins to
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Enterococcus spp. are significantly higher compared to most streptococci [16].
Penicillin, ampicillin, amoxicillin, piperacillin, imipenem, meropenem, and
doripenem are moderately active against susceptible enterococci, but remain
bacteriostatic. The addition of gentamicin or streptomycin may provide additional
activity when combined with a B-lactam and is typically recommended in cases of
enterococcal endocarditis. The cephalosporins (except ceftaroline against E. fae-
calis) and clindamycin are not active. Although trimethoprim–sulfamethoxazole
(TMP-SMX) may have mild in vitro activity, enterococci can metabolically utilize
exogenous folinic acid, dihydrofolate, and tetrahydrofolate to survive, rending this
drug clinically ineffective [18]. The fluoroquinolones also have low-level anti-
enterococcal activity, but their clinical usefulness is quite limited outside of simple
lower urinary tract infections, and rates of quinolone resistance remain high.
Enterococci have the ability to exchange genes encoded on plasmids for additional
drug resistance. Such acquired drug resistance has rendered most macrolides,
tetracyclines, and occasionally vancomycin ineffective.

Peptidoglycan is a crucial component of the bacterial cell wall, and vancomycin
exerts it activity through the inhibition of peptidoglycan biosynthesis. Specifically,
vancomycin binds to the D-alanyl-D-alanine terminus of the pentapeptide pepti-
doglycan precursor and inhibits subsequent enzymatic steps in cell wall develop-
ment [19]. Vancomycin resistance develops through the synthesis of peptidoglycan
cell wall precursors that contain an altered terminal dipeptide (e.g., D-alanyl-D-
lactate or D-alanyl-D-serine) instead of a D-alanyl-D-alanine terminus. Vancomycin
is subsequently not able to bind with the altered enterococcal dipeptide terminus.

VRE were first identified in Europe in 1988 [20, 21] and have subsequently
spread worldwide. Vancomycin resistance is much more prevalent in E. faecium;
however, vancomycin-resistant E. faecalis has been isolated, usually as a nosoco-
mial pathogen [22]. The incidence of VRE colonization and infection are increasing.
Up to 10 % of hemodialysis patients in one center were reported to be colonized
with VRE [23]. Within the USA, a recent multicenter study found 28 % of the
enterococci cultured from intensive care unit (ICUs) to be VRE [24]. In a recent
national surveillance study of bloodstream infections, 60 % of E. faecium and 2 %
of E. faecalis isolated were VRE [1]. Patients with cancer, especially hematologic
malignancies, have a high risk for VRE morbidity and mortality because of
extended health care facility and antimicrobial exposures, chemotherapy-associated
bowel wall compromise and sustained periods of post-chemotherapy neutropenia
[25]. Pretransplant VRE colonization is an independent risk factor for increased
mortality in patients receiving allogeneic hematopoietic stem cell transplantations
[26]. The increase in mortality in this group correlates with the presence of VRE
bacteremia.

There are multiple VRE phenotypes (including A-G and select others)
depending upon the altered terminal dipeptide (D-alanyl-D-lactate for VanA, B,
and D types; D-alanyl-D-serine for VanC, E, and G types) and elimination of
high affinity precursors [27]. VanA is the most common VRE phenotype and
demonstrates high-level resistance to both vancomycin and teicoplanin. Transfer
of VanA-type resistance via plasmid DNA from enterococci to S. aureus has been
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identified and poses great concern [28, 29]. VanB is the next most common and
exhibits moderate to high resistance to vancomycin but remains susceptible to
teicoplanin. The VanC phenotype is characteristic of E. gallinarum and E. cass-
eliflavus/flavescens and has an intrinsic low-level resistance to vancomycin that is
chromosomally encoded [30]. It remains susceptible to teicoplanin. Although E.
gallinarum and E. casseliflavus/flavescens are infrequently encountered, they are
more commonly found in patients with immunosuppression, including hemato-
logic malignancies, hematopoietic stem cell, and solid organ transplantation [31].
VanD has been found in E. faecium that has moderate levels of resistance to both
vancomycin and teicoplanin. VanE and G have been found in E. faecalis with a
similar terminal D-serine substitution and phenotypic effect as the VanC [30].

Most VRE are resistant to penicillin and ampicillin, but on rare occasions these
agents may show in vitro activity. Treatment options for VRE include linezolid,
daptomycin, quinupristin/dalfopristin (for E. faecium only), and tigecycline.
Resistance to each of these agents has been demonstrated. Currently, linezolid is
the only oral agent approved by the Food and Drug Administration for the treat-
ment of VRE infection; however, the myelosuppressive effects (including leuko-
penia and thrombocytopenia) may limit its sustained use in patients with some
cancers. Nitrofurantoin may be active for uncomplicated VRE urinary tract [32].

Viridans group streptococci constitute a heterogenous group of bacteria that are
found throughout the gastrointestinal and female genital tracts. Contrasting
enterococci which predominate more in the lower small bowel and colon, viridans
group streptococci are more prevalent in the oral cavity and upper respiratory tract.
A breakdown in the mucosal barrier through chemotherapy-associated oral
stomatitis and enteritis allows viridans group streptococci to cause infection. S.
mitis and other viridans group streptococcal infections have been well identified
following high-dose cytosine arabinoside therapy for acute leukemia [33]. Other
risk factors for the development of viridans group streptococcal infections include
profound neutropenia, antimicrobial prophylaxis with TMP-SMX or select fluo-
roquinolones, and use of stomach acid suppressants [34, 35]. In neutropenic
patients, viridans group streptococci can produce a toxic shock-like syndrome,
involving multiorgan dysfunction and respiratory failure [35, 36]. Such a syn-
drome may occur despite early clearance of bacteria from the bloodstream. An
unusual outbreak of toxic shock-like syndrome caused by a toxigenic clone of
S. mitis has also been described in immunocompetent patients [37].

Viridans group streptococci are generally susceptible to most B-lactam anti-
microbials. Ceftriaxone is commonly used for its favorable clinical experience and
convenient once daily administration. Penicillin historically was the drug of choice,
but resistance through altered penicillin-binding proteins is not uncommon and may
confer resistance to other beta-lactam antimicrobials. Alternative intravenous
agents include vancomycin, daptomycin, quinupristin/dalfopristin, and tigecycline
[38, 39], while the newer fluoroquinolones, linezolid, macrolides, and tetracyclines
remain oral options. Fluoroquinolone-resistant viridans group streptococci have
been increasingly identified in neutropenic patients receiving fluoroquinolone
prophylaxis [40, 41].
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2.3 Other Gram-Positive Bacteria

Streptococcus bovis is another constituent of normal gastrointestinal tract flora.
Similar to other enteric bacteria, S. bovis bacteremia can develop when the there is
compromise of the bowel wall secondary to either tumor invasion or antineoplastic
chemotherapy. Bloodstream infections with S. bovis appear to have a higher
association than other bacteria with the presence of bowel wall cancers. Patients
with otherwise unexplained S. bovis bacteremia should undergo appropriate
intestinal cancer screening [42]. Many providers also consider enteric evaluation
in patients with otherwise unexplained Clostridium septicum bloodstream infec-
tion [43, 44].

The nutritionally variant streptococci (NVS), Abiotrophia defectiva, and Gran-
ulicatella spp. are fastidious bacteria that may grow as satellite colonies around
S. aureus and other select bacteria or on pyridoxal- or L-cysteine-supplemented
agar. NVS are part of the normal bacterial flora of the upper respiratory, gastroin-
testinal, and genitourinary tracts. NVS bacteremia can occur in patients with cancers
of the gastrointestinal, genitourinary, or upper respiratory tracts and in those
receiving antineoplastic chemotherapy. NVS have also been associated with
destructive valvular lesions in patients with endocarditis. NVS are less susceptible
to penicillin compared to Streptococcus spp., and combination therapy with am-
inopenicillin and aminoglycoside is commonly used for the treatment of endocar-
ditis and refractory infections. Activity of cephalosporins against NVS is variable,
but vancomycin and expanded fluoroquinolones remain active [45, 46].

Streptococcus pneumoniae infections are especially problematic in anatomi-
cally and functionally asplenic patients. Numerous hematologic indications for
splenectomy exist, including hereditary spherocytosis, thalassemia major, mye-
loproliferative disorders with symptomatic splenomegaly, select cases of non-
Hodgkin’s disease, and occasionally for immune thrombocytopenia, thrombotic
thrombocytopenic purpura, hairy cell leukemia, and as a staging procedure in
Hodgkin’s disease [47, 48]. S. pneumoniae is the most common bacterial infection
associated with post-splenectomy severe sepsis. Other pathogens associated with
severe disease in asplenic patients include Neisseria meningitidis, Haemophilus
influenza type B, Capnocytophaga canimorsus, and Babesia microti. Estimates of
post-splenectomy infection incidence and mortality vary although two large
reviews reported a combined severe infection incidence of 3.2–4.2 % with a
mortality of 1.4–2.5 % [49, 50].

Listeria monocytogenes is predominantly seen in neonates, the elderly, pregnant
women, and in immunosuppressed patients, primarily those with cell-mediated
immunity (CMI) dysfunction. Although an infrequently encountered pathogen, this
‘diphtheroid-like’ appearing gram-positive bacillus can produce bloodstream
infections with a particular tropism for the meninges and brainstem (meningoen-
cephalitis and rhombencephalitis) (see Chapter Central Nervous System Infections
in Cancer Patients and Hematopoietic Stem Cell Transplant Recipients), as well as
food-borne illness and disseminated neonatal disease. A recent review of listeriosis
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in patients with cancer at the MD Anderson Cancer Center identified 59 % of
patients had a hematologic malignancy (60 % lymphoma and 40 % leukemia or
myeloma) and the remaining 41 % had solid tumors [51]. Bloodstream infection
was the most common presentation, although 21 % had CNS involvement. Listeria
bloodstream infection has been associated with CMV reactivation in recipients of
allogeneic hematopoietic stem cell transplantation [52, 53].

3 Select Gram-Negative Bacteria

Although the incidence of gram-negative bacterial bloodstream infections in
patients with febrile neutropenia is less than that of gram-positive bacteria
[54, 55], the mortality of gram-negative bacteremia remains substantially higher
[56]. Members of the Enterobacteriaceae family, primarily E. coli and Klebsiella
spp., and P. aeruginosa are most commonly encountered [57]. Gram-negative
bacteria isolated from a sterile body site should never be discounted as a
contaminant.

3.1 The Enterobacteriaceae

The family Enterobacteriaceae contributes to the normal microbial flora of the
lower gastrointestinal tract, oropharynx, and vagina and is the most common group
of gram-negative bacteria isolated in the laboratory. Enterobacteriaceae produce
the vast majority of gram-negative bacterial infections in patients with cancer.
They frequently produce bloodstream, urinary tract, peritoneal, hepatobiliary, and
nosocomial- and ventilator-associated pulmonary infections. The more commonly
encountered members of this family include E. coli, Klebsiella spp., Enterobacter
spp., Citrobacter spp., Serratia spp., Proteus spp., Morganella spp., Providencia
spp., Plesiomonas sp., Hafnia sp., Yersinia spp., Salmonella spp., and Shigella spp.
Although some of the Enterobacteriaceae including Salmonella, Shigella, Aero-
monas, and E. coli 0157:H7 can produce distinct infection syndromes, many other
species of this large family share similarities in clinical disease.

Gram-negative bacteremia in a neutropenic patient can rapidly turn fatal if
effective antimicrobial therapy is not promptly started. E. coli is the most common
gram-negative bacteria isolated from blood cultures and is also the most common
pathogen in urinary tract infections. E. coli O157:H7 comprises most of the en-
terohemorrhagic E. coli and can produce shiga-toxin-mediated hemorrhagic colitis
in both immunocompromised and immunocompetent patients. E. coli O157:H7
often is acquired through the consumption of contaminated ground beef and is the
most common cause of hemolytic uremic syndrome (hemolytic anemia with
schistocytes, thrombocytopenia, and renal insufficiency). Klebsiella spp. are the
more commonly encountered Enterobacteriaceae in respiratory tract infections.
Although often associated with ‘currant jelly’ sputum and the ‘bulging fissure
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sign’ on chest X-ray, these findings are not specific to Klebsiella spp. Proteus
mirabilis causes 90 % of Proteus infections and is readily identifiable in culture
for its ‘swarming’ tendency on agar. A variety of extended-spectrum penicillins,
cephalosporins, carbapenems, fluoroquinolones, aminoglycosides, and TMP-SMX
are active against the Enterobacteriaceae; however, drug resistance is not
uncommon. Select tetracyclines and macrolides may also be active. Knowledge of
both the species and antimicrobial susceptibility data are needed for optimal drug
therapy (see gram-negative bacterial drug resistance).

3.2 Pseudomonas aeruginosa

P. aeruginosa is one of the most concerning bacteria to produce infection in the
immunocompromised patient. Inherent bacterial virulence leading to high mor-
tality and progressive drug resistance through numerous mechanisms have
necessitated preemptive treatment in patients suspected of having infection with
P. aeruginosa. P. aeruginosa infections are generally considered to be nosoco-
mially acquired; however, community-acquired primary Pseudomonas blood-
stream infections occasionally occur [58].

Three sequential studies performed at the University of Texas, MD Anderson
Cancer Center, during the 1960s, 1970s, and 1990s on the mortality of P. aeruginosa
bloodstream infections in patients with underlying malignancies found the overall
cure rate of P. aeruginosa bacteremia in patients with underlying malignancies to be
21, 62, and 80 %, respectively [59–61]. The favorable trend in outcome may reflect
both the additional anti-Pseudomonas antimicrobials developed during the past three
decades and changes in cancer management, including new chemotherapy regimens
and antimicrobial prophylaxis. Despite these medical advances, the morbidity and
mortality attributed to P. aeruginosa infections remain significant. Compared to
immunocompetent patients, both P. aeruginosa and Enterobacteriaceae bloodstream
infections are more common in patients with neutropenia (absolute neutrophil count
\500 cells/uL) [62]. P. aeruginosa bloodstream infections are also more common in
patients with acute leukemia compared to other hematologic or solid organ malig-
nancies [60, 62]. More severe forms of graft-versus-host disease in allogenic
hematopoietic stem cell transplantation are another risk factor for P. aeruginosa
infection [63]. Empiric antibacterial therapy in patients with neutropenia and fever
must contain activity against gram-negative bacteria, including P. aeruginosa.

P. aeruginosa can also cause serious skin and soft tissues infections in patients
receiving antineoplastic chemotherapy. Ecthyma gangrenosum can develop in
neutropenic patients with bacteremia. Ecthyma gangrenosum appears as ery-
thematous round skin lesions with developing central necrosis and ulceration.
Cutaneous Pseudomonas infection in the form of folliculitis may develop after
exposure to contaminated hot tubs, whirlpools, or swimming pools. Deep tissue
wounds with P. aeruginosa may follow puncture wounds to the foot (e.g., nail
punctures through tennis shoes). Although not common for patients with cancer,
P. aeruginosa infections can also produce pulmonary disease, especially in
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patients with underlying bronchiectasis or cystic fibrosis; bone and joint disease;
CNS infections associated with recent neurosurgery; endocarditis from intravenous
drug usage; ear and eye infections, as well as nosocomial urinary tract infections.

Effective antimicrobials against P. aeruginosa include cefepime, ceftazidime,
meropenem, imipenem, doripenem, piperacillin, piperacillin–tazobactam, aztreo-
nam, ciprofloxacin, levofloxacin, gentamicin, tobramycin, amikacin, and colistin.
Aminoglycoside or colistin therapy alone is not appropriate for the treatment of
P. aeruginosa bacteremia [64]. P. aeruginosa has significant potential for the
development of antimicrobial drug resistance. Risk factors for the development of
multidrug-resistant P. aeruginosa include the use of carbapenems for one or more
weeks, a history of P. aeruginosa infection or colonization during the preceding
year, and a history of chronic obstructive pulmonary disease (COPD) [65].

3.3 Gram-Negative Bacterial Drug Resistance

Antimicrobial drug resistance through B-lactamase production by the Enterobac-
teriaceae and other gram-negative bacteria pose increasing therapeutic challenges.
Over the last two decades, more types of B-lactamase production have been
identified, decreasing effective therapeutic drug options. Also concerning is that
routine antimicrobial susceptibility testing will not reliably identify some types of
B-lactamase production nor predict clinical response to expanded B-lactam ther-
apy. Comparative longitudinal antibiograms show an increasing number of bac-
terial pathogens with multiple drug resistance mechanisms [66]. Patients with
cancer have a high risk for colonization and infection with drug-resistant bacteria.
Frequent hospitalizations of this patient group combined with exposures to mul-
tiple antibiotics contribute to this risk [67]. Drug-resistant nosocomial infections
are most often encountered in the ICU setting, followed by non-ICU hospital
wards and outpatient hospital settings [68]. Within the ICU setting, rates of nos-
ocomial drug-resistant bacterial infections are more prevalent in developing
countries compared to the United States [69]. Such discrepancies may reflect
differences in infection control policies and lack of adequate funding, compliance
problems with adequate hand hygiene practices, differences in nurse-to-patient
ratios and hospital overcrowding. Efforts to curb the propagation of multidrug-
resistant pathogens will require enhanced national and global antimicrobial
stewardship as well as appropriate infection control measures.

The first plasmid-mediated B-lactamase identified in gram-negative bacteria
was the penicillin hydrolysis enzyme TEM-1 found in E. coli during the 1960s.
TEM-1 is now the most commonly encountered B-lactamase in gram-negative
bacteria, accounting for up to 90 % of the ampicillin resistance in E. coli as well
as ampicillin and penicillin resistance in strains of H. influenzae and N. gonor-
rhoeae [70, 71]. SHV-1 is another common B-lactamase and is found predom-
inantly in K. pneumoniae and E. coli. The SHV-1 B-lactamase is chromosomally
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encoded in the majority of isolates of K. pneumoniae, but is usually plasmid
mediated in E. coli [71].

Continued antimicrobial selective pressure has allowed for the emergence of
additional TEM and SHV enzymes that enable select bacteria to hydrolyze an
expanded group of B-lactam antimicrobials, including most cephalosporins.
Extended-spectrum beta-lactamase (ESBL) enzymes confer resistance to the
oxyimino-cephalosporins (cefotaxime, ceftazidime, ceftriaxone, cefuroxime, and
cefepime) and monobactams (aztreonam), but not the cephamycins (cefoxitin,
cefotetan) or carbapenems (imipenem, meropenem, ertapenem, and doripenem)
[72]. Additionally, ESBL-producing bacteria are resistant to penicillins, but can be
inhibited by beta-lactamase inhibitors such as clavulanic acid, sulbactam, and ta-
zobactam [73]. Genes encoding for ESBL production are transmissible and prob-
lematic in hospitals and long-term care facilities with congregate patient
populations [74]. Currently over 150 different ESBL enzymes have been identified.

ESBL production is most commonly found in K. pneumoniae, K. oxytoca, and
E. coli [71, 75]. Occasionally, ESBL production has also been seen with Citro-
bacter spp., Enterobacter spp., Proteus spp., Salmonella spp., Serratia spp., and
other enteric bacteria, as well as in isolates of Acinetobacter baumannii and
P. aeruginosa [66]. Prolonged mechanical ventilation is a significant risk factor for
acquiring ESBL-producing bacteria [76] as these patients are usually more
debilitated with a higher likelihood of receiving excessive antimicrobial therapy.
Other risk factors for ESBL-producing bacterial infection include repetitive and
prolonged hospitalizations, use of central venous and urinary catheters, adminis-
tration of total parenteral nutrition, and exposure to third-generation cephalospo-
rins, aminoglycosides, and TMP-SMX [72, 76]. The use of B-lactam/B-lactamase
inhibitor combinations, rather than third-generation cephalosporins, in ventilated
patients may help protect against development of ESBL-producing bacterial
infections [77].

The Clinical and Laboratory Standards Institute (CLSI) testing platform for
ESBL-producing gram-negative bacteria applies only to E. coli, Klebsiella spp.,
and P. mirabilis. Testing methodologies to identify ESBL production in other
bacteria have not yet been validated [72]. In vitro susceptibility testing with ESBL-
producing bacteria can be misleading as some antimicrobials may appear falsely
active in vitro [66]. Unless proven otherwise, CLSI recommends all phenotypically
confirmed ESBL-producing bacteria, irrespective of species, be reported as resistant
to all penicillins, cephalosporins (except cefoxitin and cefotetan), and aztreonam in
order to avoid therapy with potentially ineffective antimicrobials [72].

ESBL-producing bacteria pose significant therapeutic challenges as resistance
genes for other antimicrobials including aminoglycosides, tetracyclines, and
TMP-SMX are often present on the same plasmid [76]. Carbapenems should be
considered first-line treatment for serious infections with ESBL-producing gram-
negative bacteria [72]. Treatment with either imipenem or meropenem produces
the most effective bacterial clearance and favorable patient outcomes. Ertapenem
is effective as well. Combination therapy with a carbapenem is not superior to
carbapenem therapy alone. B-lactam/B-lactamase inhibitor combinations, such as
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piperacillin–tazobactam, can be active against bacteria possessing a single plas-
mid-mediated ESBL. Many bacteria, however, can produce multiple ESBL types,
significantly reducing piperacillin–tazobactam activity [78, 79]. Cefepime is less
effective than the carbapenems, but may provide some activity when used in
higher doses (at least 2 g twice daily) against organisms with a cefepime MIC
\2 ug/mL [72]. Cefepime MIC values are generally higher in ESBL-producing
strains of E. cloacae compared to non-ESBL-producing strains [80]. Cefepime
and piperacillin–tazobactam therefore should not be used as first-line treatment
against ESBL-producing bacteria and only considered when other more effective
antimicrobials are not available. The fluoroquinolones may be effective for some
mild-to-moderate ESBL-producing bacterial infections; however, fluoroquinolone
resistance rates over 55 % have been reported among ESBL-producing Entero-
bacteriaceae [81].

Resistance to expanded-spectrum cephalosporins and many broad-spectrum
penicillins can also develop with the hyperproduction of the Bush group 1, chro-
mosomal-mediated (AmpC) B-lactamase. The AmpC B-lactamase is inducible and
has been most commonly found in E. cloacae, E. aerogenes, C. freundii, and
S. marcescens [75, 82]. In a surveillance study of nosocomial bloodstream infections
in US hospitals, 50 % of E. aerogenes, 35 % of E. cloacae, and 39 % of C. freundii
isolates produced AmpC B-lactamase and were resistant to ceftazidime, ceftriaxone,
piperacillin, and piperacillin–tazobactam [83]. Less common bacteria that have been
found to occasionally harbor chromosomal-mediated AmpC B-lactamases include
Acinetobacter spp., Aeromonas spp., Chromobacterium violaceum, C. freundii,
Enterobacter spp., E. coli, H. alvei, Morganella morganii, Ochrobactrum anthropi,
P. rettgeri, P. stuartii, P. aeruginosa, S. marcescens, and Y. enterocolitica [75]. In
addition, plasmid-mediated AmpC B-lactamases have been found in K. pneumoniae,
Salmonella spp., and P. mirabilis [84].

Although Enterobacter spp., Citrobacter spp., and Serratia spp. may appear
susceptible to penicillins and cephalosporins in vitro, select antibiotic pressure
(e.g., third-generation cephalosporins) can facilitate production of high levels of
AmpC B-lactamase production [85, 86]. Of the third-generation cephalosporins,
ceftriaxone appears to be most provocative toward inducing AmpC B-lactamase
production in E. cloacae [87] and possibly in other bacteria. The higher biliary
concentration of ceftriaxone and broad activity against the Enterobacteriaceae may
contribute to this effect. Interestingly, the fluoroquinolones may offer a protective
effect against AmpC B-lactamase production [87]. In addition to antimicrobial
pressure, AmpC B-lactamase production may develop through a spontaneous gene
mutation enabling a ‘de-repressed’ state of B-lactamase hyperproduction [83].

Many AmpC B-lactamase-producing bacteria are resistant to the semisynthetic
penicillins (e.g., piperacillin) and combination B-lactam/B-lactamase inhibitors.
Antimicrobials that generally remain active include carbapenems, cefepime,
aminoglycosides, TMP-SMX, and fluoroquinolones. ESBL- and AmpC-type
B-lactamase production can occur together in some E. cloacae and E. aerogenes.
Although cefepime may be clinically useful against AmpC B-lactamase producing
gram-negative bacteria, it remains less effective against ESBL-producing bacteria.
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Of significant concern has been the propagation of carbapenemase production
among select Enterobacteriaceae. Carbapenemase-producing Enterobacteriaceae
differ from ESBL- and AmpC B-lactamase-producing bacteria in that no reliably
effective antimicrobial treatment options exist. The carbapenemases can hydrolyze
all penicillins, cephalosporins, and carbapenems, rendering these drug classes
ineffective. Currently, K. pneumoniae is the most commonly encountered bacteria
with carbapenemase production [88]. Carbapenemase-producing genes have also
occasionally been identified in E. coli and other genera of the Enterobacteriaceae
family, including Proteus, Serratia, Salmonella, and Citrobacter [89–92]. Plasmid
and chromosomal carbapenemase enzyme production have also been identified in
non-Enterobacteriaceae pathogens including Acinetobacter sp., P. aeruginosa, and
Stenotrophomonas sp. [74].

Genes encoding seven types of Klebsiella pneumoniae carbapenemase (KPC)
have been identified on plasmids that can be readily transferred within the same or
different species of Enterobacteriaceae [93, 94]. Such drug resistance transmissi-
bility has led to KPC-producing Enterobacteriaceae outbreaks in the Northeastern
USA and hospitals around the world. From 2000 to 2007, reported cases of
carbapenemase-producing K. pneumoniae increased from \1 to 8 % of all iden-
tified Klebsiella spp. [88]. Investigators at Mount Sinai Hospital in New York City
found a 26 % prevalence of carbapenemase-producing K. pneumoniae among all
invasive K. pneumoniae isolates identified between 2004 and 2006 [95]. Similarly,
one-third of all K. pneumoniae isolated in separate surveillance study in New York
City were carbapenemase-producing strains [96]. Previously recognized in India
and Pakistan, a new carbapenemase called the New Delhi metallo-beta-lactamase
(NDM-1), conferring resistance to all beta-lactam agents except aztreonam, was
confirmed in E. coli, K. pneumoniae, and E. cloacae within the United States in
2010 [97].

Risk factors for the development of carbapenemase-producing bacteria include
solid organ or hematopoietic stem cell transplantation, mechanical ventilation,
longer hospital stay, exposure to cephalosporins and carbapenems [95]. Mortality
attributed to carbapenemase-producing Klebsiella has been estimated at 35–44 %
[93]. Currently, there are no CLSI-validated tests for detecting AmpC B-lactamase
or carbapenemase production [75]. Treatment options remain quite limited. In
addition to broad B-lactam drug resistance, resistance to fluoroquinolones and
sulfonamides is common. Aminoglycosides, colistin, tetracycline, and tigecycline
have variable activity.

4 Other Bacterial Pathogens

Clostridium difficile is an anaerobic, spore-forming gram-positive bacillus that is
the most common cause of antibiotic-associated pseudomembranous colitis.
C. difficile infection (CDI) is also the most common nosocomial enteric infection
in patients with recent antibiotic use or hospitalization. The spectrum of disease
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ranges from an asymptomatic carrier state to fulminant toxic megacolon. Anti-
microbials that are active against anaerobic bacteria (especially clindamycin, third-
generation cephalosporins, and broad-spectrum penicillins) are more likely to
provoke C. difficile colitis development. The risk is less with linezolid, amino-
glycosides, rifampin, and vancomycin. C. difficile toxins can be identified in the
stool of 15–25 % of patients with antibiotic-associated diarrhea and in more than
95 % of patients with pseudomembranous colitis [98]. Symptoms of CDI are
attributed to two exotoxins (A and B), which produce mucosal damage and
inflammation to the colon. The BI/NAP1 strain of C. difficile has recently been
identified to have a higher toxin production and hypersporulation capacity sec-
ondary to deletions in the tcdC regulatory gene [99]. Both 18- and 39-base pair
deletions have been detected in up to 30 % of patients with CDI in one study but
without direct correlation to clinical disease severity. Thus, other genetic and/or
patient clinical factors likely contribute toward the severity of CDI [100].

The overall incidence of C. difficile colitis in hospitalized patients is 1–2 %;
however, in patients with a solid organ or hematopoietic stem cell transplant or
receiving myeloablative antineoplastic therapy, the incidence is higher. The
increased incidence may reflect a higher usage of antimicrobials, underlying dis-
ease, and select chemotherapeutic agents (including adriamycin, cyclophospha-
mide, methotrexate, 5-fluorouracil, and tacrolimus) [101]. Although the incidence
of CDI is variable among different patient groups, it has been reported as high as
15–20 % in hematopoietic stem cell recipients in some centers [102, 103].

Initial steps toward CDI management include cessation of any unnecessary
antibiotics. Oral metronidazole or oral vancomycin remains first-line treatment
options. For more severe disease, a combination of oral vancomycin and intra-
venous metronidazole can be used [104]. Intravenous immunoglobulins have been
used in select cases but with mixed results. C. difficile disease can recur, and the
risk of disease relapse progressively increases after each episode of C. difficile
infection. Options for more refractory or relapsing cases of C. difficile include
high-dose vancomycin (which may also be given as pulse dosing and tapering
regimens), rifaximin, nitazoxanide, fidaxomicin and use of probiotics such as
Saccharomyces boulardii (see Chapter Enteric Infections). Fecal bacteriotherapy /
instillation has been used successfully in more treatment refractory cases but not
well studied in patients recently receiving antineoplastic chemotherapy.

Many other anaerobic bacteria can produce significant disease when the
integrity of gastrointestinal tract is compromised. Myeloablative chemotherapy,
especially idarubicin and cytosine arabinoside, used for the treatment of acute
myelogenous leukemia, predispose to mucositis, enteritis, and colitis [105].
Fusobacterium spp., Peptostreptococcus spp., and Porphyromonas spp. are com-
monly encountered in oral and para-pharyngeal infections, whereas Bacteroides
spp., Clostridium spp., Prevotella spp., and Peptostreptococcus spp. are frequently
identified in intra-abdominal infections. Significant pathogen overlap exists, and
anaerobic bacterial infections are typically polymicrobial. Novel bacteria include
Fusobacterium necrophorum, commonly involved with Lemierre’s syndrome, and
C. septicum, commonly involved in neutropenic colitis.
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5 Nocardia

The genus Nocardia is a ubiquitous group of environmental bacteria containing
over 50 species [106]. Nocardia is a novel gram-positive branching filamentous
aerobic saprophyte, found in soil, decomposing vegetation and other organic
matter, and in fresh and salt water. Both Nocardia and Rhodococcus are members
of the family Nocardiaceae, which belongs to a suborder of ‘aerobic actinomy-
cetes’ that also includes Mycobacterium, Corynebacterium, Gordona, and Tsuk-
amurella. Nocardia exhibits varying degrees of acid fastness depending upon the
mycolic acid composition in the cell wall and type of stain used [106]. The
modified Kinyoun acid-fast stain uses a 1 % sulfuric acid as a decolorizer (instead
of the more potent hydrochloric acid used in the decoloration step in Ziehl–
Neelsen staining procedure), which enhances the ability of Nocardia to retain the
colored fuchsin [107]. Unlike mycobacteria, Nocardia has a ‘beaded’ acid-fast
appearance on microscopy. In contrast to other gram-positive bacteria, Nocardia
appears as filamentous bacteria with hyphae-like branching. Nocardia can
resemble Actinomyces spp. on gram stain; however, Actinomyces spp. are not acid-
fast and grow under anaerobic conditions.

The majority of Nocardia infections occur in patients with immunosuppressive
conditions; however, up to one-third of patients are immunocompetent [108].
Patients with depressed CMI are especially at high risk including those with
lymphoma and other hematologic malignancies, patients taking steroids or other
CMI-suppressing medications [109]. Patients with allogenic hematopoietic stem
cell transplants are at much higher risk for nocardiosis than autologous hemato-
poietic stem cell transplant recipients [110, 111]. The development of graft-versus-
host disease and subsequent additional immunosuppressive treatments may
account for much of the increased risk in allogenic hematopoietic stem cell
transplant patients. In hematopoietic stem cell transplant patients, nocardiosis can
develop at varying time periods, which range from two–three months to one–two
years after the transplant [110, 111]. Although the use of cyclosporin has been
associated with the development of nocardiosis [112, 113], combination therapy
with cyclosporin and prednisone in some patient groups may pose less risk than
azathioprine and prednisone or high-dose prednisone alone [114, 115]. Solid tissue
cancers with associated chemotherapy represent another novel category for
Nocardia disease development. Comorbidities including diabetes, chronic lung
disease, and alcoholism contribute as well.

Pulmonary nocardiosis is the most common form of Nocardia infection. The
onset of symptoms may be subacute to more chronic and can include cough which
may be productive, shortness of breath, chest pain, hemoptysis, fever, night
sweats, weight loss, and progressive fatigue. The chest X-ray may show focal or
multifocal disease containing nodular and/or consolidation infiltrate as well as
cavitary lesions [116]. Pleural effusions can develop in up to one-third of patients.
It can be very difficult clinically and radiographically to differentiate Nocardia
from filamentous fungal (e.g., aspergillosis, mucormycosis) or mycobacterial
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disease. Occasionally, Nocardia spp. may be isolated from the respiratory tract in a
person without respiratory disease. Nocardia found as an ‘airway colonizer’ is
more typical in patients with underlying structural lung disease such as bronchi-
ectasis and cystic fibrosis [106] and should be interpreted cautiously. The isolation
of Nocardia in an immunocompromised patient should never be ignored, espe-
cially if any abnormal clinical or radiologic pulmonary findings are present.

Extrapulmonary nocardiosis is relatively common and can occur through
hematogenous dissemination or a contiguous spread of necrotizing pneumonitis
into the pleura, pericardium, mediastinum, and vena cava. Abscess formation is
characteristic of extrapulmonary nocardiosis and can resemble a pyogenic bacteria
process or evolve into a chronic granulomatous or mixed progressive inflammatory
mass. The CNS is the most common extrapulmonary location for nocardiosis (up
to 44 % in one series) [116] (see Chapter Central Nervous System Infections in
Cancer Patients and Hematopoietic Stem Cell Transplant Recipients). Patients
may have one or more brain abscesses and present with headache, nausea, vom-
iting, seizures, or alternation in consciousness [106]. Neurologic symptoms typi-
cally develop gradually, although an acute presentation with rapid progression
may occasionally occur. Cerebral nocardiosis commonly accompanies pulmonary
disease, but isolated CNS disease can present. In immunocompetent patients,
cerebral nocardiosis is less common and may resemble a brain tumor or vascular
infarct [117, 118].

Primary cutaneous and soft tissue nocardiosis can result from traumatic injury
to the skin that involves contamination with soil [119]. Unlike other forms of
nocardiosis, primary cutaneous disease usually develops in immunocompetent
hosts. After skin inoculation, a superficial abscess or localized cellulitis can
develop. Cutaneous nocardiosis can resemble soft tissue infections produced by
S. aureus or streptococci; however, this form of Nocardia disease is usually more
indolent [116]. The infection can spread to the regional lymph nodes and produce a
single or linear chain of nodular lesions. Lymphocutaneous nocardiosis is often
called ‘sporotrichoid’ nocardiosis given the similar presentation of sporotrichosis.
In more advanced disease, a mycetoma can develop with sinus tract development.
N. brasiliensis is the most common Nocardia spp. in cutaneous disease (especially
progressive and lymphocutaneous disease) although N. asteroides and N. otiti-
discaviarum have also occasionally been isolated [119].

Nocardia bacteremia is less frequently encountered. In one review of Nocardia
bacteremia, 64 % patients had concurrent pulmonary nocardiosis, 28 % had
concurrent cutaneous disease, and 19 % had concurrent CNS disease [120].
Nocardia bacteremia associated with central venous catheter infections has been
reported [121, 122]. Polymicrobial bloodstream infections with Nocardia spp. and
gram-negative bacilli have also been identified. Hematogenously disseminated
nocardiosis has led to infection in the eyes (keratitis), heart valves, liver, spleen,
adrenal glands, thyroid gland, and organ tissues.

General treatment recommendations for nocardiosis are hindered by the lack
of prospective controlled trials. Optimal antimicrobial treatment regimens have
not been firmly established. Nocardia spp. display variable in vitro antimicrobial

Bacterial Pathogens 107

http://dx.doi.org/10.1007/978-3-319-04220-6_9
http://dx.doi.org/10.1007/978-3-319-04220-6_9


susceptibility patterns, and the management of nocardia infections must be
individualized [123]. CLSI has published recommendations for antimicrobial
susceptibility testing for Nocardia spp. and other aerobic actinomycetes [124].
Nocardia isolated from clinically significant infections should undergo antimi-
crobial susceptibility testing to assist in treatment decisions. Drug susceptibility
patterns to major Nocardia spp. are listed in Table 2.

Sulfonamides, including sulfadiazine and sulfisoxazole, have been the antimi-
crobials of choice to treat nocardiosis for the past 50 years despite bacteriostatic
activity [125]. TMP-SMX is the most commonly used sulfonamide preparation in
the USA, although the benefit of the trimethoprim component is unclear. Divided
doses of 5–10 mg/kg/d of the trimethoprim component or (25–50 mg/kg/d sulfa-
methoxazole) are recommended to produce sulfonamide serum concentrations
between 100 and 150 mcg/mL. Adverse reactions to high-dose TMP-SMX are
frequent and include myelosuppression, hepatoxicity, and renal insufficiency.
TMP-SMX is active against the vast majority of Nocardia spp.; however, N. otit-
idiscaviarum is typically resistant to TMP-SMX, and N. nova and N. farcinica are
occasionally resistant as well [119, 125].

Alternative antimicrobial agents with activity against Nocardia spp. include
amikacin, imipenem, meropenem, ceftriaxone, cefotaxime, minocycline, moxi-
floxacin, levofloxacin, linezolid, tigecycline, and amoxicillin–clavulanic acid.
Imipenem is more active than either meropenem or ertapenem against most
Nocardia spp. [126]. Ertapenem should not be used as a replacement for imipenem
or meropenem. Minocycline appears to have the best anti-Nocardia activity of the
tetracyclines and is an alternative oral agent in patients allergic to sulfonamides.
Tigecycline, a glycylcycline, appears to be active in vitro against most Nocardia
spp. Of the fluoroquinolones, moxifloxacin is fairly active in vitro against
N. asteroides complex [126, 127]. Linezolid, an oxazolidinone, is quite active
against virtually all known pathogenic Nocardia spp. and has successfully been
used in the treatment of patients with disseminated and CNS nocardiosis [128].
Amoxicillin/clavulanate is moderately active against many strains of N. asteroides,
N. farcinica, and N. braziliensis, but inactive against most strains of N. nova,
N. otitidiscaviarum, and N. transvalensis [119].

Combination therapy with imipenem–cefotaxime, amikacin–TMP-SMX,
imipenem–TMP-SMX, amikacin–cefotaxime, or amikacin–imipenem may pro-
vide enhanced activity [129]. In mice models, amikacin and imipenem were
more effective in the treatment of cerebral and pulmonary nocardiosis then
TMP-SMX alone [130, 131]. For most forms of nocardiosis, initial combination
drug therapy is recommended. In patients with CNS disease, therapy should
include drugs with favorable CNS penetration (e.g., TMP-SMX plus ceftriax-
one). Patients with severe nocardiosis may benefit from the addition of a third
agent such as linezolid. Combination therapy should continue until clinical
patient improvement, Nocardia speciation, and antimicrobial drug susceptibility
information can be confirmed. Single drug therapy may suffice thereafter.
Duration of treatment is generally prolonged to minimize risk of disease relapse.
Immunocompetent patients with pulmonary or multifocal (non-CNS) nocardiosis
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may be successfully treated with 6–12 months of antimicrobial therapy.
Immunosuppressed patients and those with CNS disease should receive at least
12 months antimicrobial therapy with the appropriate clinical monitoring.

TMP-SMX is an effective prophylaxis agent to prevent Pneumocystis pneu-
monia and also can decrease the risk of nocardia infections. Daily TMP-SMX
prophylaxis most reliably prevents nocardiosis and may also account for the
decreased prevalence of nocardiosis in patients with advanced HIV infection
[132]. Intermittent therapy with oral TMP-SMX (two double-strength tablets twice
weekly or one single strength tablet thrice weekly) is less protective against
nocardiosis [110, 114, 115].

6 Mycobacteria

Mycobacteria are aerobic bacilli that contain long-chain mycolic acid glycolipids
in their cell wall and belong to the family Mycobacteriaceae, order Actinomy-
cetales. All mycobacteria are acid-fast bacilli. Using either the Ziehl–Neelsen or
Kinyoun stain, mycobacteria do not decolorize with acidified alcohol after
staining with carbolfuchsin. The fluorescent stain auramine–rhodamine is more
sensitive for mycobacteria identification but generally less specific compared to
the Ziehl–Neelsen or Kinyoun stains. Gram staining mycobacteria occasionally
reveal gram-positive or gram-variable bacilli; however, mycobacteria may also
appear as unstained silhouettes against the background [133].

Compared to other pathogens, mycobacteria are less commonly encountered in
patients with cancer; however, mycobacterial infections in patients who have
received a solid organ transplant, hematopoietic stem cell transplant, or antineo-
plastic chemotherapy are becoming increasingly recognized. This may reflect
increased environmental exposures, chemotherapy-induced immunosuppression,
improved laboratory diagnostic techniques, and international travel for medical
care. Mycobacteria tuberculosis is more commonly isolated in patients from
countries where tuberculosis is endemic, whereas NTM infections predominate in
countries with a lower incidence of tuberculosis [134].

The treatment of mycobacteria poses numerous challenges. Mycobacteria are
resistant to many ‘conventional’ antimicrobials and require combination drug ther-
apy for prolonged durations. Drug interactions between antimycobacterial treatment
regimens and select antineoplastic drugs along with difficulties in drug susceptibility
data interpretation for many NTM species create additional complexities. A multi-
disciplinary management approach between the hematologist–oncologist and the
infectious diseases specialist is essential for favorable patient outcomes.

6.1 Mycobacteria tuberculosis Complex

Mycobacteria tuberculosis complex in humans and animals includes M. tubercu-
losis, M. bovis, and the less commonly encountered M. africanum, M. microti,
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M. canettii, M. caprae, and M. pinnipedii is primarily responsible for tuberculosis
in humans. M. bovis commonly infects animals (bovine tuberculosis) and occa-
sionally produces disease in humans consuming unpasteurized milk products or
though bladder instillation therapies containing the Bacillus Calmette-Guerin
strain of M. bovis. Approximately one-third of the global population, including
more than 11 million persons in the United States, has been infected with
M. tuberculosis. In 2007, a total of 13,299 tuberculosis cases were reported in the
United States with approximated incidence of 4.6 cases per 100,000 persons [135].
The incidence of tuberculosis in foreign-born persons in the United States is nearly
10 times greater than that of US-born persons. It is therefore consistent that the
incidence of tuberculosis in patients with cancer is highest in foreign-born patients
[136]. Among patients with cancer, M. tuberculosis is most commonly seen in
those with hematologic malignancies including acute leukemia, Hodgkin’s and
non-Hodgkin’s lymphoma, and those who have undergone allogenic hematopoi-
etic stem cell transplantation comprise [136–139]. Among allogenic hematopoietic
stem cell recipients, chronic graft-versus-host disease and total body irradiation
augment the risks for tuberculosis development [140, 141]. Rates of tuberculosis in
patients with hematologic cancers are approximately 40 times higher than the
general US population [137]. With the exception of head and neck cancers, solid
tissue cancers do not present as high of a risk for tuberculosis development.
Interestingly, there may be an association between pulmonary tuberculosis and the
subsequent development of pulmonary adenocarcinoma [142].

Pulmonary tuberculosis can be divided into primary pulmonary tuberculosis and
reactivation (post-primary) tuberculosis. Primary tuberculosis develops as an
uninterrupted proliferation of M. tuberculosis after initial infection and without a
period of quiescence [143]. Symptomatic primary pulmonary tuberculosis is typi-
cally encountered in young infants and in HIV-infected patients. However, patients
with other immunosuppressive conditions, including hematologic malignancies and
cell-mediated immune defects, also may present with primary disease (see Chapter
Respiratory Infections). Hilar and mediastinal adenopathy are common with pri-
mary disease along with confluent infiltrates in the mid and lower lung fields.
Reactivation tuberculosis is most commonly encountered in immunocompetent
adults and often radiographically presents as upper lobar fibronodular infiltrates,
often with thick-walled cavitary disease and volume loss of the lung. Lower lung
and other atypical lung findings occur in up to 1/3 of patients. Hilar adenopathy is
unusual with reactivation tuberculosis. Among immunosuppressed patients, espe-
cially those with advanced HIV infection and hematopoietic stem cell transplan-
tation, pulmonary tuberculosis commonly radiologically presents as multilobar
airspace consolidation or nodular disease [144].

In the setting of immunosuppression, extrapulmonary presentations of tuber-
culosis are common [145, 146]. Lymphadenitis is the most common form of
extrapulmonary tuberculosis and historically has been called scrofula when
referring to lymphadenitis of the head and neck region. The cervical lymph nodes
(about 60 %) and supraclavicular lymph chains are most commonly involved in
TB lymphadenitis; however, the submandibular and auricular nodes may be
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affected. Other less common lymph nodes affected include the axillary, inguinal,
mesenteric, mediastinal, and inframammary nodes. The most common presenting
symptom is a gradually enlarging neck mass (98 % in one case series) [147].
Infected lymph nodes can become fluctuant, matted, or suppurative with sinus
formation and spontaneous drainage. They can coalesce into an enlarging mass
that can eventually compress other structures, including the esophagus and blood
vessels [148]. Fine-needle aspirate (FNA) generally should be the first diagnostic
step (with multiple needle passes). Excisional biopsy should be performed if the
results (histology and staining) of FNA are indeterminate.

Mycobacterial infectious of the CNS are almost always caused by M. tuber-
culosis [149]. Isolated CNS tuberculosis can occur, or present as a component of
disseminated disease. Tuberculosis meningitis is the most common presentation of
CNS disease, although tuberculomas, parenchymal abscesses, and spinal arach-
noiditis (typically in the basilar meninges) can occur. Tuberculosis meningitis is
more common in children under 5 years of age but can also occur in adults,
especially those with immunosuppressive conditions or HIV infection [150, 151].
The spinal fluid typically has a lymphocyte-predominant pleocytosis with elevated
protein and low glucose. An early neutrophil predominance in up to 25 % of HIV-
negative patients, although an ensuing shift to lymphocytes usually occurs in the
subsequent 24–48 h [152]. Untreated, progressive CNS tuberculosis leads to
cognitive decline, seizures, coma, and death.

Abdominal tuberculosis can present in many forms, including infection of the
gastrointestinal tract and the peritoneum. Any part of the gastrointestinal tract may
be involved; however, ileocecal disease is most common [153]. Peritoneal tuber-
culosis develops from hematogenous and lymphatic seeding or from contiguous
microbial spread from adjacent infected organs. Hepatosplenic lesions of tuber-
culosis may appear soon after resolution of chemotherapy-induced neutropenia and
clinically resemble hepatosplenic candidiasis [154, 155]. Elevations in CA-125 in
women, commonly seen in ovarian carcinoma, may be present in patients with
abdominal tuberculosis [156]. Other forms of extrapulmonary tuberculosis
including bone and joint disease, pericardial and renal disease should also be
considered in the appropriate setting among patients with cancer [139, 157].

Treatment guidelines for pulmonary and extrapulmonary tuberculosis have
been published and recommend combination anti-tuberculosis drug therapy [158].
First-line drugs include isoniazid, rifampin, pyrazinamide, and ethambutol.
Combination drug therapy is generally recommended for 6–12 months depending
upon the type of infection, antimicrobial susceptibility data, and combination drug
regimen used in treatment. Drug toxicities and interactions with chemotherapeutic
agents require monitoring. Rifampin induces the hepatic metabolism and lowers
the serum concentration of many drugs (Table 3).

Mycobacteria bovis is a member of M. tuberculosis complex and is a compo-
nent of intramuscular Bacille Calmette–Guérin (BCG) vaccine given to young
children throughout much of the world and intravesicular BCG used in men with
bladder cancer. The BCG vaccine is one of the most commonly administered
vaccines outside of the United States and administered to prevent or reduce miliary
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Table 3 Drug interactions with rifampin

Rifampin induces the hepatic cytochrome P450 enzymatic pathway, resulting in increased
metabolism and lower serum concentrations of the following drugsa:

Anticonvulsants (e.g., phenytoin)

Antiarrhythmics (e.g., disopyramide, mexiletine, quinidine, tocainide)

Azole antifungals (e.g., fluconazole, itraconazole, voriconazole)

Calcium channel blockers (e.g., diltiazem, nifedipine, verapamil)

Oral and systemic contraceptive agentsb

Oral hypoglycemic agents (sulfonylureas)

Opiate analgesics including methadone

Protease inhibitors (atazanivir, indinavir, amprenavir, daurunavir, saquinavir)

Tricyclic antidepressants (e.g., amitriptyline, nortriptyline)

Select immunosuppressants (corticosteroids, cyclosporine, tacrolimus)

Select antimicrobials (e.g., macrolides, doxycycline, ciprofloxacin, chloramphenicol)

Other:

Benzodiazepines Beta-blockers Theophylline

Levothyroxine Coumadin Quinine

Dapsone Barbiturates Digoxin
aIt may be necessary to adjust the dosages of these drugs if they are given concurrently with
rifampin
bPatients using oral or other systemic hormonal contraceptives should be advised to change to
non-hormonal form of birth control (e.g., condoms) during rifampin therapy

and meningeal tuberculosis in children. The protective effects of the BCG vaccine
against tuberculosis development in adults remain ill defined [159]. Because both
the intramuscular and intravesicular vaccines contain live bacteria, progressive
M. bovis infection can develop in patients with immunosuppressive conditions.
Disseminated infection with marrow and visceral organ involvement has been
reported in patients with hematologic malignancies and/or receiving alemtuzumab
[160]. M. bovis infection can also be acquired through consumption of contami-
nated unpasteurized milk from cattle with bovine tuberculosis. Contrasting to
M. tuberculosis, M. bovis is universally resistant to pyrazinamide. First-line active
drugs include isoniazid, rifampin, and ethambutol.

6.2 Non-tuberculosis Mycobacteria

NTM are ubiquitous environmental organisms found in water, soil, animals, birds,
milk, and other foods [161]. There are over 125 species of NTM [162]; however, a
relatively small number of species cause the bulk of human disease. The Runyon
classification is an older method using bacterial growth rate, colony morphology,
and pigment formation to distinguish common NTM pathogens [133]; however,
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current laboratory diagnostics incorporate the use of nucleic acid probes and gene
sequencing for speciation.

In contrast to M. tuberculosis, NTM are generally less pathogenic, acquired
through environment exposure, and not transmitted from person to person. NTM
infection may develop from direct skin inoculation or trauma, ingestion, and possibly
via inhalation of contaminated aerosols. The precise source of infection, however,
usually remains inapparent [163]. Phagocytosis by macrophages and subsequent
upregulation of interleukin-12 and interferon-gamma are the primary host defense
mechanisms against NTM [164]. Suppression of IL-12 and IFN-c through select
cancers, antineoplastic chemotherapy, or genetic deficiency enables progression and
dissemination of NTM disease. The incidence of NTM infections ranges from 0.4 to
4.9 % in hematopoietic stem cell transplant patients [134]. Advanced immunosup-
pression may preclude granuloma formation and lead to mycobacteria-laden his-
tiocytes or macrophages, as seen with Fite or Ziehl–Neelsen stains [133].

Although Mycobacterium avium complex (MAC) can be found worldwide,
many NTM have a geographic predominance. M. kansasii is more commonly
isolated from patients living in the central/midwest states and southern/south-
western states as well as in southeast England and Wales [162, 165, 166].
M. xenopi is the second most common NTM isolated in Canada and the UK but is
rarely encountered in the USA. M. malmoense is more commonly seen in Scan-
dinavia. M. haemophilum has a wide geographic distribution including Europe,
Israel, Australia, Canada, United Kingdom, Africa, Fiji, and the USA. Pulmonary
disease with rapidly growing mycobacteria is more prevalent in the warm, humid
southern and Gulf coastal regions of the USA [167]. Other forms of rapid growing
mycobacterial disease, however, appear to be less geographically restricted.

Pulmonary disease is the most common manifestation of NTM infection, but
extrapulmonary and disseminated NTM disease is increasingly common in
immunosuppressed patients and those with underlying cancers. MAC is the most
common cause of pulmonary NTM disease in the USA [162] and is the most
common disseminated opportunistic bacterial infection in patients with advanced
HIV infection [168]. Fibronodular MAC pulmonary disease may appear similar to
pulmonary tuberculosis with upper lobe predominance, cavitary disease, and a
higher organism burden. Nodular bronchiectasis MAC disease tends to present
with scattered pulmonary nodular or micro-nodular infiltrates with underlying
bronchiectasis. In contrast to immunocompetent patients and those with underlying
chronic lung disease, pulmonary MAC disease is less frequently encountered in
patients with advanced HIV infection or other forms of significant immunosup-
pression. M. kansasii is the second most common NTM pulmonary pathogen in the
USA and a common pathogen encountered in patients with advanced HIV
infection and other immunosuppressive conditions [169]. The pulmonary disease
produced by M. kansasii can resemble tuberculosis with upper lobe disease and
cavitary lesions. M. kansasii disease often occurs in patients with hematologic and
solid organ cancers, occupational lung disease, and COPD [170–172]. Other sig-
nificant NTM pulmonary pathogens include M. abscessus, M. fortuitum, and less
commonly M. szulgai, M. simiae, M. xenopi, M. malmoense, and M. celatum. Lung
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infections with rapidly growing mycobacteria, including M. fortuitum complex and
M. abscessus complex, are more common with underlying gastrointestinal disor-
ders including GERD and repetitive vomiting.

The isolation of NTM from respiratory specimens without significant clinical or
radiologic findings of disease may represent a more indolent infection and not
require treatment [164]. The diagnosis NTM pulmonary disease is based on a
collective assessment of clinical patient symptoms with radiologic and microbi-
ologic information. Guidelines for the diagnosis of pulmonary NTM disease have
been published [162]. Hematologic and solid organ cancers are not common risk
factors for the development of NTM pulmonary disease, but the immunomodu-
latory effects of some cancers and chemotherapy regimens can significantly aug-
ment and accelerate disease progression in patients already infected. Multifocal or
diffuse pulmonary NTM disease in patients with cancer and immunosuppression
may reflect disseminated disease, especially in the presence of unexplained ade-
nopathy, organomegaly, or cytopenias. Hypersensitivity pneumonitis is another
form of pulmonary NTM disease that can occur in select patients from exposure to
aerosolized droplets of MAC, especially from indoor hot tubs [173, 174]. Cases
have also been identified after exposure from swimming pool water and showers.

Disseminated NTM disease is best described in patients with advanced HIV
infection, but has also been associated with hematologic malignancies (including
acute leukemias, CML, and hairy cell leukemia) and hematopoietic stem cell
transplantation [175–177]. Mycobacteria may be identified in blood cultures, bone
marrow, lymph nodes, liver, spleen, and other organ tissues. MAC, M. kansasii,
M. xenopi, M. fortuitum complex, M. chelonae, and M. abscessus complex are the
most frequent NTM identified in patients with disseminated disease. Disseminated
MAC may result from either previous enteric or respiratory tract infection [178].
Hepatosplenomegaly, diffuse adenopathy, chronic diarrhea, anemia, and leuko-
penia are common with disseminated disease. Specialized mycobacterial blood
cultures provide a good diagnostic measure for disseminated MAC and have a
sensitivity above 90 % in HIV-infected patients [179].

Central venous catheter-related infections are the most common NTM disease
in hematopoietic stem cell transplant recipients [134]. The rapidly growing
mycobacteria (M. fortuitum complex, M. abscessus complex, M. chelonae) are
more frequently associated with catheter infections, although M. haemophilum and
M. mucogenicum have occasionally been encountered. Infected venous catheters
with mycobacteria should be promptly removed [180].

NTM lymphadenitis may indicate disseminated NTM disease when multiple
lymph nodes are involved or localized infection when isolated in the head and
neck region of immunocompetent individuals. FNA or excision biopsy is typically
used to make the diagnosis and to exclude other infectious causes as well as
lymphoma and some soft tissue tumors. Localized MAC and M. scrofulaceum
infection of the preauricular, submandibular, and cervical lymph notes are com-
mon in children. MAC represents over 90 % of mycobacteria causes for pediatric
cervical lymphadenitis [181, 182]. Cervical and perihilar lymphadenitis from
M. haemophilum infection can also develop in immunocompetent children.
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Skin and soft tissue NTM disease is well reported in patients with hematologic
malignancies [183, 184], although less than 20 % of NTM infections identified in
hematopoietic stem cell recipients present with cutaneous disease [134]. The rap-
idly growing mycobacteria, including M. fortuitum complex, M. chelonae, and
M. abscessus complex, are especially common in cutaneous and soft tissue infec-
tions. Localized infections can develop after surgery or penetrating trauma, whereas
multifocal and disseminated lesions are more frequent in immunosuppressed
patients. M. fortuitum complex tends to be more closely associated with recent
penetrating trauma or surgery, whereas M. chelonae and M. abscessus complex
occur more commonly in patients with more immunomodulatory conditions [184].
Cutaneous M. marinum infection can develop in both immunocompetent and
immunosuppressed patients and may present as skin nodules, commonly in the line
of lymphatic drainage. This ascending appearance of infection closely resembles
that of sporotrichosis and cutaneous nocardiosis. Single or multiple cutaneous
lesions, monoarticular or oligoarticular septic arthritis, and osteomyelitis have been
frequently reported with M. haemophilum [185, 186].

In vitro drug susceptibility testing for NTM species is problematic. There are
little data with NTM correlating in vitro antimicrobial susceptibility results and
clinical outcomes. Exceptions that correlate susceptibility data with clinical out-
comes include clarithromycin for MAC treatment [187–189] and rifampin for
M. kansasii treatment. Antimicrobial susceptibility testing for MAC should only
routinely be performed for clarithromycin. Amikacin susceptibility testing should
also be considered when used in combination therapy [195]. Clarithromycin testing
results are predictive of susceptibility to azithromycin, and specific testing for
azithromycin activity is more difficult to perform. For M. kansasii, susceptibility
testing should be performed for rifampin, with additional testing performed for other
drugs only if rifampin is resistant in vitro (MIC[1 mcg/mL) [162, 190]. M. kansasii
may be reported as resistant to isoniazid at MIC 0.2–1.0 mcg/mL but clinically
remain susceptible at higher concentrations (e.g., MIC B5 mcg/mL) [190]. Despite
the lack of clear data, antimicrobial susceptibility testing is still recommended for
certain NTM species including the rapidly growing mycobacteria [167]. Cipro-
floxacin susceptibility testing correlates with susceptibilities to levofloxacin and
ofloxacin, but may not predict nor correlate with susceptibilities to moxifloxacin.

6.2.1 Select NTM Species and Treatment Options
MAC is composed of two related species, M. avium and M. intracellulare. These
species generally are considered together as there is no therapeutic or prognostic
value in distinguishing between them. The three most common infections caused
by MAC include pulmonary disease, lymphadenitis, and disseminated disease.
Pulmonary disease is more readily identified in immunocompetent patients,
whereas disseminated disease is more commonly seen in advanced HIV infection
and other immunosuppressed patients.

The newer macrolides (clarithromycin and azithromycin) remain the corner-
stone of MAC treatment. Combination therapy with a newer macrolide is
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recommended as monotherapy can lead to the development of drug resistance
[189]. Ethambutol is another active drug, and coadministration with clarithro-
mycin has shown to decrease the emergence of macrolide-resistant MAC [191].
Current recommendations for the treatment of pulmonary MAC disease include
clarithromycin or azithromycin plus ethambutol and a rifamycin [162]. Daily or
intermittent therapy with amikacin or streptomycin can be added for severe disease
or in patients with macrolide resistance. Oral fluoroquinolone, especially moxi-
floxacin, can also be considered for macrolide-resistant MAC.

M. kansasii is one of the most virulent NTMs and a common human pathogen.
Tap water is a primary reservoir for M. kansasii. M. kansasii can appear as a long,
banded, or beaded bacillus when stained with Ziehl–Neelsen or Kinyoun stains.
The isolation of M. kansasii from any site should generally not be disregarded as a
contaminant or colonizer; M. kansasii usually has a pathogenic role when isolated
in culture [165]. In addition to pulmonary disease, M. kansasii occasionally can
cause lymphadenitis, granulomatous skin lesions, and osteomyelitis. Rifampin is
the cornerstone of M. kansasii treatment and usually given in combination therapy
with isoniazid and ethambutol. Other active drugs include clarithromycin, newer
fluoroquinolones, amikacin, streptomycin, and sulfamethoxazole.

The rapidly growing mycobacteria are defined by their faster growth in solid
media with mature mycobacterial colonies developing on solid agar within 7 days,
compared to other mycobacteria. In addition to M. fortuitum complex, M. chelonae,
and M. abscessus complex, other occasionally encountered rapidly growing myco-
bacteria include the M. smegmatis group (including M. smegmatis, M. wolinsky, and
M. goodii) and M. immunogenicum. As with other NTM, the rapidly growing
mycobacteria group is ubiquitous in the environment and flourishes in warm humid
environments such as hot tubs, spas, and hot water pipes. Although this group typ-
ically stains positive with the Ziehl–Neelsen stain or Kinyoun method, these
organisms can be weakly acid-fast or even occasionally appear negative on acid-fast
staining. Clinical disease with rapidly growing mycobacteria usually is more pro-
nounced in patients with immunosuppressive conditions; however, these organisms
produce significant disease in immunocompetent patients as well. Infections more
commonly seen with rapidly growing mycobacteria include skin and soft tissue
infections, intravenous catheter, and other foreign-body-associated infections, laser
in site keratomileusis (LASIK) surgery, and pulmonary disease [167].

The treatment of rapidly growing mycobacteria depends upon the species of
bacteria. M. fortuitum complex is typically susceptible to more antibiotics than
other rapid growers and may include the tetracyclines and sulfamethoxazole.
M. chelonae is resistant to cefoxitin and usually susceptible to tobramycin. The
newer macrolides, moxifloxacin, linezolid, imipenem, and tigecycline often
remain active. M. abscessus sensu stricto is commonly multidrug resistant
(including relative resistance to tobramycin) although may be susceptible to
cefoxitin and amikacin. Although the newer macrolides are often active against the
rapid growing mycobacteria, M. fortuitum complex and M. abscessus sensu stricto
both contain an erythromycin methylase gene (erm), which can produce inducible
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resistance to the macrolides (including clarithromycin and azithromycin). Thus,
macrolide monotherapy is not recommended.

M. marinum is closely associated with exposures to fish tanks, swimming pools,
and other water reservoirs. It typically causes a granulomatous cutaneous disease
and tenosynovitis. Infection is acquired through skin inoculation or exposure with
preferential growth in the cooler areas of the body (commonly the extremities).
Antimicrobials that are usually active against M. marinum include clarithromycin
(or azithromycin), TMP-SMX, minocycline, doxycycline, moxifloxacin, rifampin,
and ethambutol. For most cases of cutaneous disease, combination therapy with two
active drugs can be used. Clarithromycin and ethambutol have been commonly
used with the addition of rifampin in cases of more severe disease [162]. Teno-
synovitis and joint disease may require surgical debridement. Transplant recipients
and other immunosuppressed patients should wear gloves to clean fish tanks [134].

M. haemophilum infections occur in two general groups: the severely immu-
nocompromised patients (e.g., lymphoma, solid organ and hematopoietic stem cell
transplant recipients, and HIV/AIDS patients) and immunocompetent children
[185]. M. haemophilum infection is more severe in immunosuppressed patients and
includes cutaneous lesions, lymphadenitis, septic arthritis, osteomyelitis, and dis-
seminated disease [185, 186]. Disseminated disease in the lung, blood, and lymph
nodes may occur. M. haemophilum requires hemin- or iron-supplemented culture
media and low temperatures for growth. Amikacin, clarithromycin, the fluoro-
quinolones, and the rifamycins may be active, but treatment should be guided by
antimicrobial susceptible data.
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