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11.1  Introduction

Multidrug-resistant (MDR) bacterial infections are responsible for significant mor-
bidity and mortality in solid organ transplant (SOT) recipients worldwide. Although 
there has been an increasing recognition of the threat of antimicrobial resistance 
over the last decade, SOT recipients remain vulnerable to infections with MDROs 
(multidrug-resistant organisms). Most commonly, these infections are seen early 
after transplantation when healthcare-associated risk factors, surgical complica-
tions, and donor-derived factors predominate.

MDR bacteria are defined as bacteria that are resistant to at least one agent in 
three different antibiotic classes [1]. These organisms can be further classified as 
extremely drug-resistant (XDR) or pan-drug-resistant (PDR). In XDR infections, 
bacteria are only susceptible to two classes of antimicrobials. In PDR infections, 
bacteria are resistant to all active antimicrobials. The most common organisms that 
“escape” the effects of antimicrobials and become MDROs are Enterococcus fae-
cium, Staphylococcus aureus, Clostridium difficile, Acinetobacter species, 
Pseudomonas aeruginosa, and Enterobacteriaceae, commonly known as the 
ESCAPE organisms [2].
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Infections with MDROs often result in increased hospital length of stay, higher 
costs, exposure to medications with adverse effects and decreased graft, and patient 
survival. Mortality rates are higher in these patients, often compounded by inap-
propriate empiric antimicrobial therapy. Lastly, insufficient clinical data in how to 
treat SOT recipients with MDR infections, specifically in the setting of resistant 
Gram-negative infections, frequently contribute to higher mortality rates.

11.2  Gram-Positive Bacteria

Multidrug-resistant infections with Gram-positive organisms typically include 
methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant 
Enterococcus (VRE). MRSA infections appear to be decreasing, likely in the setting 
of infection prevention and control strategies [3]. Newer antimicrobials have pro-
vided improved treatment options for the management of MRSA and VRE 
infections.

11.3  Methicillin-Resistant Staphylococcus aureus (MRSA)

Staphylococcus aureus colonizes the nares and skin, causing infection in the setting 
of a breach of mucosal barriers or skin such as in the setting of an intravascular cath-
eter. The Centers for Disease Control and Prevention (CDC) reported that 47.9% of 
all Hospital acquired infections caused by Staphylococcus aureus were methicillin-
resistant in 2014 [4]. MRSA bloodstream infections (BSIs) and surgical site infec-
tions (SSIs) have been associated with longer median duration of hospital stay, 
increased hospital costs, and higher mortality rates as compared to patients with 
methicillin- susceptible Staphylococcus aureus (MSSA) infection [5, 6]. Despite this, 
overall rates of HAIs secondary to MRSA appear to be declining in both the United 
States and Europe, perhaps due to improved infection control measures [3].

MRSA infections in SOT recipients typically present in the first 3 months after 
transplant. They most commonly cause bloodstream infections in the setting of 
intravenous catheters, surgical site infections, and respiratory tract infections [7]. 
Donor-derived infections have also been described, specifically in recipients of 
donors with MRSA bacteremia and endocarditis. Despite appropriate use of antimi-
crobials active against MRSA in the recipient and negative blood cultures in the 
donor at the time of procurement, transmission still occurred as evidenced by whole 
genome sequencing [8, 9].

Risk factors for MRSA infections in SOT recipients have previously been 
reported, largely in liver transplant (LT) recipients. These include nasal colonization 
with MRSA, recent surgical intervention, CMV seronegativity, primary CMV infec-
tion, prior antibiotic exposure, and increased ICU length of stay [10–13]. In lung 
transplant recipients, mechanical ventilation greater than 5 days was a significant 
risk factor for MRSA infection [14].
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Among these risk factors, MRSA colonization seems to confer a significantly 
increased risk for infection with MRSA after transplant. In a large single center 
study, liver transplant candidates and recipients with MRSA colonization had an 
increased risk of MRSA infection but not of death [15]. These findings were con-
firmed in a meta-analysis in which patients with pre- and posttransplant MRSA 
colonization had a sixfold and 11-fold increase in MRSA infections posttransplant, 
respectively. About 8.5% of SOT candidates were colonized with MRSA, similar to 
other high-risk populations such as those on hemodialysis [16].

The management of patients with MRSA infection involves appropriate antimi-
crobial therapy (Table  11.1) along with source control [17–19]. Vancomycin 
remains the most commonly used antimicrobial to treat patients with MRSA infec-
tion and is still recommended as a first-line therapy when the vancomycin MIC is 
less than 2 [20, 21]. The phenomenon of “MIC creep” seen with vancomycin is 
controversial and has been associated with increased treatment failure and mortal-
ity in some studies. However, a recent meta-analysis showed no significant differ-
ence in the risk of death when comparing patients with a vancomycin MIC ≥1.5 to 
MIC <1.5 [22].

Table 11.1 Treatment options for methicillin-resistant Staphylococcus aureus (MRSA) 
infections

Treatment
Recommended adult 
dosing (nl CrCl) Adverse effects Comments

Vancomycin 15–20 mg/kg IV q12 Nephrotoxicity  •  First-line therapy when 
the vancomycin MIC is 
less than 2

 •  Requires PK/PD 
monitoring to achieve an 
AUC/MIC ratio of 400 or 
a trough of 15–20 for 
bacteremia, endocarditis, 
osteomyelitis, meningitis

Daptomycin 6 mg/kg IV daily for 
bacteremia, 
endocarditis; some 
reports of using 
higher doses 
(8–10 mg/kg) in 
severe infections

Myopathy, 
rhabdomyolysis, 
weekly CPK 
should be 
monitored; 
eosinophilic 
pneumonia

 • Bactericidal
 •  Cannot be used for 

pulmonary infections 
because inactivated by 
surfactant

Linezolid 600 mg IV or PO q12 Myelosuppression
Peripheral 
neuropathy
Optic neuritis
Lactic acidosis
Serotonin 
syndrome (with 
other SSRIs)

 •  Approved for HAP, CAP, 
and SSTIs

 • Orally bioavailable

(continued)
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Table 11.1 (continued)

Treatment
Recommended adult 
dosing (nl CrCl) Adverse effects Comments

Ceftaroline 600 mg IV q12 Similar to other 
cephalosporins 
(rash, diarrhea)

 •  Fifth-generation 
cephalosporin with 
activity against MRSA, 
VISA, and GNRs

 •  Approved for SSTIs, CAP 
but has been used for 
bacteremia and in some 
case reports in 
combination with 
daptomycin for salvage 
therapy

Telavancin 10 mg/kg IV q24 Nephrotoxicity, 
QT prolongation, 
dysgeusia

 •  Approved for HAP and 
SSTIs but black box 
warning of increased 
mortality observed in 
patients with renal 
impairment

 •  Combination with 
tacrolimus may prolong 
QT

 •  Woman should have a 
pregnancy test prior to use

Dalbavancin Two-dose regimen, 
1000 mg IV followed 
by 500 mg IV 1 week 
later

Nausea/HA/
diarrhea

 •  Approved for SSTIs
 •  Long half-life which 

allows for two doses 
1 week apart

Tigecycline 100 mg IV × 1 
followed by 50 mg 
IV q12

Nausea/vomiting  •  Bacteriostatic
 •  Achieves low plasma drug 

concentrations and 
thereby controversial in 
use for severe infections 
and bacteremia

 •  Approved for SSTIs, IAB, 
or HAP

Clindamycin 600–1200 mg IV 
q6–8 h

Gastrointestinal, C. 
difficile infection

 •  Bacteriostatic with good 
tissue penetrations

 •  Appropriate for SSTIs, 
not bacteremia or severe 
infections

Sulfamethoxazole-
trimethoprim

8–10 mg/kg daily 
based on 
trimethoprim 
component in two 
divided doses (orally 
or IV)

Hematologic 
effects, 
hepatotoxicity, 
severe 
dermatologic 
reactions

 • Avoid use in bacteremia
 •  Can be used for SSTIs

Mg/kg milligrams/kilogram, IV intravenous, MIC minimum inhibitory concentration, PK/PD phar-
macokinetic/pharmacodynamics, AUC/MIC area under the curve/minimum inhibitory concentra-
tion, HAP healthcare-associated pneumonia, CAP community-associated pneumonia, SSTI skin 
and soft tissue infection, VISA vancomycin-intermediate Staphylococcus aureus, GNRs Gram-
negative rods, IAB intra-abdominal infection
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Commonly used alternatives for treatment of MRSA infection include daptomy-
cin and linezolid. Daptomycin, most commonly used for the treatment of bactere-
mia and right-sided endocarditis, is inactivated by surfactant and cannot be used for 
the treatment of pneumonia. MRSA isolates with higher vancomycin MICs may 
also exhibit higher MICs to daptomycin, and some recommend higher doses of 
daptomycin (8–10 mg/kg). Combination therapy, particularly the use of daptomycin 
with beta-lactams such as ceftaroline, may be used as salvage therapy to minimize 
the emergence of resistance with daptomycin alone [23, 24]. Linezolid is most com-
monly used in the treatment of pneumonia where it may have superior efficacy 
when compared to vancomycin [25].

Duration of treatment is typically 4–6 weeks of therapy in patients with compli-
cated MRSA bacteremia. In patients with uncomplicated bacteremia (exclusion of 
endocarditis, no prosthesis, clearance of bacteremia in 2–4  days, defervescence 
within 72  h of initiating therapy, no evidence of metastatic sites of infection), 
2 weeks of therapy may be considered [20]. MRSA abscess and complicated skin 
and soft tissue infections should be debrided, and intravascular catheters should be 
removed in the setting of bacteremia.

The emergence of heteroresistant populations of vancomycin intermediate 
strains (hVISA) and VISA (vancomycin intermediate Staphylococcus aureus) 
infections have also been documented, although uncommon. Heart transplantation 
in a patient with hVISA left ventricular assist device infection, mediastinitis, and 
bacteremia has previously been described as has the clonal spread of an hVISA 
strain in a cohort of liver transplant recipients [26, 27].

Aggressive infection prevention and control measures, such as active surveil-
lance, have previously been shown to help curtail MRSA infections in SOT recipi-
ents [28]. Infection prevention and control measures such as hand hygiene, 
chlorhexidine bathing for ICU patients, and implementation of contact precautions 
for patients infected with MRSA have also been shown to reduce hospital-acquired 
MRSA infections [29]. Larger, multicenter studies are needed to evaluate the benefit 
of such practices as decolonization in SOT recipients [30].

11.4  Vancomycin-Resistant Enterococcus (VRE)

Enterococcus is a Gram-positive organism that commonly colonizes the gastroin-
testinal tract and frequently causes infections in abdominal organ transplant recipi-
ents. Vancomycin resistance, specifically in Enterococcus faecium, became 
increasingly recognized in liver transplant recipients in the 1990s. Although typi-
cally known as a less virulent organism, infection with VRE has been associated 
with increased morbidity and mortality in SOT recipients, especially prior to the 
widespread availability of newer antimicrobials [31, 32].

Risk factors for VRE infection in liver transplant recipients include prior antibi-
otic use, intra-abdominal surgical procedures, biliary complications, and previous 
colonization [33–35]. Compared to non-colonized patients, liver transplant candi-
dates and recipients colonized with VRE have an increased risk of VRE infection 
and death [15]. A meta-analysis documented an increase in VRE infection in patients 
with pre- and posttransplant VRE colonization [16].
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Treatment for VRE infections should include source control and implementation 
of an active antimicrobial agent against VRE (Table 11.2). The most commonly used 
agents in the treatment of VRE infection are linezolid and daptomycin. Linezolid, an 
oxazolidone, has been used with good success in SOT recipients [36, 37]. Prolonged 

Table 11.2 Treatment options for vancomycin-resistant Enterococcus (VRE) infections

Treatment

Recommended 
adult dosing (nl 
CrCl) Adverse effects Comments

Linezolid 600 mg IV or 
PO q12

Myelosuppression
Peripheral neuropathy
Optic neuritis
Lactic acidosis
Serotonin syndrome (with 
other SSRIs)

•  Approved for VRE infection/
bacteremia

•  Orally bioavailable

Daptomycin 6 mg/kg IV 
daily but can be 
used in higher 
doses (see text)

Myopathy, 
rhabdomyolysis, weekly 
CPK should be 
monitored; eosinophilic 
pneumonia

•  Frequently used for VRE 
infection/bacteremia

•  Bactericidal
•  Cannot be used for 

pulmonary infections 
because inactivated by 
surfactant

Quinupristin- 
dalfopristin

7.5 mg/kg IV q8 Phlebitis
Myalgias/arthralgias
Elevation in 
transaminases/bilirubin

•  Approved for VRE in the late 
1990s, largely a second-line 
drug given treatment-related 
adverse events and likely 
decreased efficacy compared 
to newer agents

Tigecycline 100 mg IV × 1 
followed by 
50 mg IV q12

Nausea/vomiting •  Bacteriostatic
•  Achieves low plasma drug 

concentrations and thereby 
controversial in use for 
severe infections and 
bacteremia

•  Approved for SSTIs,  
IAB, or HAP

Tedizolid 200 mg IV or 
PO once daily

Fewer reported AEs when 
compared to linezolid—
specifically hematologic 
and gastrointestinal- and 
lacks drug interactions 
with other SSRIs

•  Activity against MRSA in 
addition to VRE

•  Orally bioavailable

Oritavancin 1200 mg as a 
one-time 
infusion

Nausea, vomiting, 
headache

•  Long half-life enables single 
dose administration

•  Activity against MRSA in 
addition to VRE

•  Approved for SSTIs

Mg/kg milligrams/kilogram, IV intravenous, MIC minimum inhibitory concentration, MRSA 
methicillin- resistant Staphylococcus aureus, HAP healthcare-associated pneumonia, SSTI skin and 
soft tissue infection, IAB intra-abdominal infection, AEs adverse events, SSRIs selective serotonin 
reuptake inhibitor
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therapy can be associated with thrombocytopenia and leukopenia. Other adverse 
effects include peripheral neuropathy, serotonin syndrome in patients receiving con-
comitant SSRIs and lactic acidosis. Earlier meta-analyses suggested linezolid may 
be associated with improved clinical outcomes when compared to daptomycin 
although the outcome of these studies may have been affected by suboptimal dapto-
mycin dosing [38].

Daptomycin, a bactericidal agent, is frequently used off-label as treatment for 
VRE infections and has been successfully used in SOT recipients [39]. However, 
the optimal dosing strategy of daptomycin for VRE infections still remains unclear. 
A recent retrospective cohort study of patients with VRE bloodstream infections 
(BSI) found that patients treated with daptomycin doses greater than 8 mg/kg had 
significantly improved microbiological clearance of infection; patients treated with 
even higher doses of daptomycin (≥10 mg/kg) had improved survival. There was no 
significant increase in CPK in the patients treated with higher-dose daptomycin 
[40]. Another prospective study from Taiwan found all-cause 14-day mortality was 
improved in patients receiving either high-dose daptomycin (9 mg/kg) or linezolid 
as compared to those receiving low-dose daptomycin (6–9  mg/kg) [41]. Higher 
doses of daptomycin may therefore be safely used to treat VRE infections although 
larger studies in SOT recipients are lacking. Combination therapy with beta-lactams 
has also been used in treatment of VRE infections, specifically in endocarditis 
[42–44].

Single-center studies have documented both daptomycin and linezolid resistance 
in patients with VRE infections. In a single center study of 14 liver transplant recipi-
ents with daptomycin non-susceptible Enterococcus faecium infections, all except 
one had previous exposure to daptomycin, and there was a 71% overall mortality 
rate [45]. Other studies have also described liver transplant recipients with linezolid- 
resistant VRE infections [46].

A comprehensive prevention strategy against VRE includes judicious use of anti-
microbial agents and implementation of infection prevention and control measures 
such as hand hygiene and chlorhexidine bathing in the ICU. Routine surveillance is 
not indicated; however, in units with high prevalence rates or outbreak settings, 
active surveillance and use of contact precautions may be helpful to prevent cross- 
transmission and guide perioperative prophylaxis at the time of transplant [31, 32, 
47]. Limited data exists regarding the use of decolonization strategies for rectal 
carriage of VRE, and larger studies are needed [48].

11.5  Gram-Negative Bacteria

Increasing resistance among Gram-negative bacteria in the last decade has accounted 
for a significant rise in antimicrobial resistant infections worldwide and presents a 
serious public health threat. The three most common Gram-negative organisms to 
“escape” the effects of antimicrobials are Acinetobacter species, Pseudomonas 
aeruginosa, and Enterobacteriaceae.
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11.6  Carbapenem-Resistant Enterobacteriaceae (CRE)

Infections with carbapenem-resistant Enterobacteriaceae (CRE) have been increas-
ingly described in SOT recipients. ß-lactamases which hydrolyze carbapenems are 
responsible for CRE infections. These are largely classified by molecular structure 
as described in the Ambler classification (Table 11.3). Types of carbapenemases 
among Enterobacteriaceae include Ambler class A (KPC), class B (zinc-dependent 
metallo-B-lactamases, VIM, IMP, NDM), and class D (OXA type). The most com-
monly described carbapenemase is KPC (Ambler class A), which accounts for a 
large proportion of carbapenem-resistant Klebsiella pneumoniae (CRKP) infec-
tions. KPC-producing isolates account for most CRE infections seen in the United 
States, Israel, Europe, China, and South America [49]. They hydrolyze all ß-lactams 
and are usually resistant to other classes of drugs such as fluoroquinolones and ami-
noglycosides. More recently in 2009, infections with the New Delhi metallo-beta-
lactamase 1 (NDM-1) were described in South Asia and the United Kingdom. These 
have subsequently been described worldwide, largely in immigrants from South 
Asia. Lastly, infections with oxa-48 carbapenemase have been described in Europe, 
Turkey, North Africa, and India [49–52].

In the United States, CRE accounts for about 9300 infections annually and 600 
deaths a year [53]. The incidence of CRKP varies by center and type of transplant. 
Various studies have reported rates between less than 1 and as high as 20% although 
the incidence of CRKP infection in LT recipients is likely around 5% in endemic 
areas [49, 50, 54]. LT recipients typically present with primarily intra-abdominal 
infections or bacteremia, whereas kidney transplant (KT) recipients present with 
urinary tract infections. Respiratory tract infections are more commonly seen in 
heart and lung recipients [50]. Necrotizing skin and soft tissue infections has also 
been described in transplant recipients [55]. Mortality rates in SOT recipients with 
CRKP vary by report but are usually between 30 and 50% with some studies 
describing mortality rates as high as 70% [49, 50, 56–58].

SOT recipients with CRE infection often have multiple risk factors that predis-
pose them to infection including prolonged hospital and ICU stay, antimicrobial 
use, and mechanical ventilation [49, 59]. Transplantation itself has been an indepen-
dent risk factor for CRKP [59]. In LT recipients, risk factors for CRKP have included 
MELD score at LT, re-transplantation, biliary leak, renal replacement therapy, and 
mechanical ventilation [60–62]. In KT recipients, risk factors have also included 
receipt of antimicrobials (other than sulfamethoxazole-trimethoprim) and increased 
transplant admission length of stay and use of ureteral stent [63, 64].

Table 11.3 Ambler classification of ß-lactamases

Ambler classification ß-lactamases Examples
A Penicillinases KPC, TEM, SHV, CTX-M
B Metallo-ß-lactamases IMP, VIM, NDM
C Cephalosporinases Amp-C
D Oxacillinases OXA
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Pretransplant and posttransplant colonization has also been shown to be associ-
ated with posttransplant infection [56, 62, 65]. However, in a recent multicenter 
study, patients who were colonized with CRKP had 1-year survival rates approach-
ing 80% posttransplant. Colonization with CRE may therefore not be considered an 
absolute contraindication to transplant [66].

Donor-derived infections with CRKP have also been reported. In one report, four 
recipients received tissue from a donor with CRKP, but there was evidence of trans-
mission to only one recipient. In this case, timely communication and early involve-
ment of transplant infectious disease specialists resulted in all four recipients 
receiving perioperative prophylaxis with antimicrobial agents directed toward the 
donor’s KPC isolate resulting in only one transmission [67].

Treatment of CRE infections is largely based on observational clinical studies and 
should include source control and susceptibility-directed antimicrobial therapy 
(Table 11.4) [2, 68–70]. Source control is essential to improved clinical outcomes 
and mortality [59]. Tigecycline can be used for the treatment of intra-abdominal, skin 
and soft tissue and pulmonary infections but may be less effective in treating blood-
stream or urinary tract infections because it does not achieve good serum or urinary 
levels. The polymyxins are some of the most active agents against CRE and require 
complex dosing schemes that have only recently been elucidated [2]. Polymyxin B, 
which differs from colistin or polymyxin E by amino acid structure, appears to be 
associated with less nephrotoxicity than colistin [71]. Neurotoxicity is also less com-
mon with more recent formulations. Fosfomycin has been used in combination ther-
apy successfully but is only available in IV formulation in Europe [72].

Other data has suggested that combination therapy may have more efficacy in the 
treatment of CRE infections when compared to monotherapy. In one multicenter 
retrospective cohort study in Italy, triple combination therapy was associated with 
lower mortality; specifically, the use of a carbapenem was associated with improved 
survival [73]. Other studies have reported on combination therapies involving the 
use of colistin and a carbapenem, colistin and tigecycline, or even dual carbapenem 
therapy [74]. In vitro synergy studies have confirmed activity of dual carbapenem 
therapy against carbapenemase-producing strains as well as polymyxin and 
rifampin; rifampin however should be used with caution in transplant recipients as 
it decreases the levels of calcineurin inhibitors, mTOR inhibitors and triazole anti-
fungals [49]. However, in a large, international retrospective cohort study that 
included 480 patients with CRE BSI, there was no difference between monotherapy 
and combination therapy except in patients who had severe infections and were 
considered to have a high mortality score [75]. Larger clinical trials are still needed 
to understand why and which combination therapy may be effective for severely ill 
patients and elucidate optimal treatments for CRE infection [74].

Ceftazidime-avibactam is a recently approved beta-lactam/beta-lactamase inhib-
itor combination with activity against CRE [68]. Recent observational data suggests 
that ceftazidime-avibactam may be superior to alternative treatments such as colis-
tin [76–78]. However, resistance to ceftazidime-avibactam has already been reported 
[79]. Of note, ceftazidime-avibactam cannot be used for NDM-1 infections as avi-
bactam does not inhibit metallo-B-lactamases.
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Table 11.4 Treatment of multidrug-resistant (MDR) Gram-negative infections

Treatment
Recommended adult 
dosing (nl CrCl) Adverse effects Comments

Commercially available
Tigecycline 100 mg IV × 1 

followed by 50 mg IV 
q12

Nausea/vomiting •  Bacteriostatic
•  Achieves low plasma drug 

concentrations and 
thereby controversial in 
use for severe infections 
and bacteremia

•  Approved for SSTIs, IAB, 
or HAP

•  Does not have activity 
against Proteus, 
Providencia, or 
Pseudomonas

Polymyxins Colistin 5 mg/kg/day 
IV or polymyxin B 
1.25 mg/kg IV q12

Nephrotoxicity
Neurotoxicity

•  Approved for GNR 
infections including 
Pseudomonas

•  Requires complex PK/PD 
dosing with a loading 
dose

Ceftazidime- 
avibactam

2.5 gm IV q8 Nausea/vomiting •  Approved for complicated 
IAB and UTIs

•  Inhibits the activity of 
class A, B, and D 
enzymes, but not  
against B

Ceftolozane- 
tazobactam

1.5 gm IV q8 Nausea/vomiting, 
headache

•  Approved for complicated 
IAB and UTIs

•  Has activity against MDR/
XDR Pseudomonas and 
ESBL organisms

Fosfomycin 3 gm orally × 1; IV 
formulation available 
outside of the United 
States

•  Oral formulation should 
only be used for 
uncomplicated cystitis

•  Rapid development of 
resistance if IV 
formulation used as 
monotherapy

Aminoglycosides 5–7 mg/kg/day IV of 
tobramycin or 
gentamicin; 15 mg/
kg/day IV of amikacin

Nephrotoxicity, 
ototoxicity, 
vestibular toxicity

•  Needs peak and trough 
monitoring

Meropenem/
vaborbactam

4 gm IV q8 Headache, infusion 
site reaction, 
diarrhea

•  Recently approved for 
UTI/pyelonephritis

•  Inhibitor of class A and 
class C ß-lactamases

Drugs in the pipeline
Imipenem/
relebactam

•  Inhibitor of class A and 
class C ß-lactamases with 
additional activity against 
Pseudomonas

M. M. Rana et al.
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Prevention of CRE in the healthcare setting often requires a combination of sev-
eral infection control and prevention strategies. These include hand hygiene, cohort-
ing of patients or staff, contact isolation precautions for patients infected or 
colonized with CRE, environmental cleaning, and focus on implementation of an 
effective antimicrobial stewardship program [80].

11.7  MDR Pseudomonas aeruginosa

Resistance mechanisms in Pseudomonas aeruginosa can be complex and often 
involve loss of outer membrane porins and upregulation of efflux pumps resulting 
in few therapeutic options [81]. Pseudomonas aeruginosa is a common cause of 
pneumonia and/or bacteremia early posttransplant [82, 83]. In one study, SOT 
recipients were 3.47 times more likely to have an MDR strain of Pseudomonas as 
compared to a non-SOT recipient [84]. Frequently, MDR Pseudomonas colonizes 
the lungs of CF patients pre- and posttransplant with colonization in 75% of lung 
transplant recipients in some reports [54, 83]. It is also the most common cause of 
bacterial pneumonia in lung transplant recipients, responsible for 25% of infections 
[54]. However, colonization with MDR Pseudomonas is not an absolute contraindi-
cation to lung transplant as overall rates of survival are similar in patients with or 
without colonization [54, 82, 85, 86].

The most significant risk factor for colonization or infection with MDR 
Pseudomonas remains prolonged exposure to antimicrobial therapies [54]. Other 
risk factors include ICU stay, previous transplantation, hospital-acquired BSI and 
septic shock [84, 87].

Treatment should utilize prolonged infusion of beta-lactam antimicrobials or 
increased doses of concentration-dependent therapy (i.e., fluoroquinolones) when 
susceptible. The polymyxins can also be utilized, and inhaled colistin or 

Table 11.4 (continued)

Treatment
Recommended adult 
dosing (nl CrCl) Adverse effects Comments

Plazomicin •  Aminoglycoside with 
activity against KPC- and 
OXA-producing 
organisms and MDR 
Pseudomonas

Eravacycline •  Fluorocycline tetracycline 
with activity against 
NDM- and KPC-
producing organisms and 
CRAB

Mg/kg milligrams/kilogram, IV intravenous, MIC minimum inhibitory concentration, PK/PD phar-
macokinetic/pharmacodynamics, HAP healthcare-associated pneumonia, SSTI skin and soft tissue 
infection, GNRs Gram-negative rods, IAB intra-abdominal infection, UTI urinary tract infection, 
MDR multidrug-resistant, XDR extremely drug-resistant, ESBL extended-spectrum beta-lacta-
mase, KPC Klebsiella-producing carbapenamase, NDM New Delhi metallo-beta-lactamase, CRAB 
carbapenem-resistant Acinetobacter baumannii

11 Multidrug-Resistant Organisms in Solid Organ Transplantation



156

aminoglycosides can be used in the treatment of pneumonia as adjunctive therapy 
[88]. The role of combination therapy especially in the management of XDR iso-
lates remains controversial and can be used initially in severely ill patients prior to 
obtaining susceptibilities [31].

Both new B-lactam/b-lactamase inhibitors, ceftazidime-avibactam and 
ceftolozane- tazobactam, have activity against MDR Pseudomonas isolates [31]. 
However, ceftolozane-tazobactam shows particular promise against MDR and XDR 
isolates of Pseudomonas due to stability against multiple resistance mechanisms 
[89]. Successful use of ceftolozane-tazobactam has been described in several case 
reports of SOT recipients with MDR and XDR Pseudomonas infections including 
one lung transplant recipient and another LVAD patient undergoing HT [90, 91]. It 
is also a promising treatment option for pneumonia due to good penetration into the 
epithelial lining.

11.8  Carbapenem-Resistant Acinetobacter baumannii (CRAB)

Prevalence data for carbapenem-resistant Acinetobacter baumannii (CRAB) in 
SOT recipients varies by transplant center and region [54]. Acinetobacter is a par-
ticularly resilient pathogen, and many carbapenem-resistant isolates are resistant to 
other available antimicrobials [92]. A recent prospective cohort study at a single 
center in Brazil found that 46% of their LT recipients were colonized with CRAB 
and CRAB was the most common MDR Gram-negative isolated on surveillance 
[65]. MDR and XDR Acinetobacter are frequently seen in ventilator-associated 
pneumonia in cardiothoracic patients; however, respiratory infections in LT recipi-
ents are also described [65, 92, 93]. Treatment of MDR and XDR Acinetobacter 
infections remains challenging. Sulbactam, a B-lactamase inhibitor, has intrinsic 
activity against Acinetobacter and should be used if susceptible. Other therapeutic 
options include tigecycline, minocycline, aminoglycosides, and polymyxins if sus-
ceptible. A single center demonstrated that combination therapy with colistin and 
carbapenems was effective in SOT recipients [92]. Cefiderocol (formerly S-649266), 
an investigational siderophore cephalosporin, demonstrated potent in vitro activity 
against a 2014–2016 worldwide collection of clinical isolates of MDR A. bauman-
nii and other carbapenem non-susceptible Gram-negatives [94].

11.9  Burkholderia cepacia

The Burkholderia cepacia (B. cepacia) complex comprises multiple different sub-
species and is most known for its significance in patients with cystic fibrosis (CF) 
and lung transplantation, where it has been associated with increased morbidity and 
mortality. Infection with B. cepacia can lead to a progressive necrotizing pneumonia, 
resulting in a decline in pulmonary function [95]. The subspecies, B. cenocepacia, in 
particular, has been associated with poor outcomes [54]. In one single center study, 
patients infected with B. cenocepacia before transplant were six times more likely to 
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die within 1 year of lung transplant compared to those infected with other Burkholderia 
species and eight times more likely to die than compared to patients who were not 
infected [96]. In addition, transplant recipients infected with B. gladioli had signifi-
cantly higher mortality compared to patients who were not infected [97]. Other stud-
ies have shown that infection with other B. cepacia species, such as B. multivorans, 
may not be associated with increased mortality after lung transplant [98].

Guidelines from the International Society for Heart and Lung Transplantation 
(ISHLT) suggest that B. cenocepacia and B. gladioli may be considered a relative 
contraindication to lung transplant and that these patients should be referred to a 
transplant center with significant experience in managing these infections [99]. B. 
cepacia complex strains are intrinsically resistant to multiple antimicrobials and can 
acquire resistance through efflux pumps or beta lactamases. Effective antimicrobi-
als include trimethoprim-sulfamethoxazole, ceftazidime, meropenem, levofloxacin, 
and minocycline, and oftentimes combination drug therapy is utilized in patients 
with MDR or XDR infections [100]. Ceftazidime-avibactam has also been shown to 
have potent activity against B. cepacia [101]. Transmission of B. cepacia in health-
care and non-healthcare settings has been described, including through poor adher-
ence to handwashing and contaminated respiratory equipment. Infection control 
interventions such as education, use of contact precautions, segregation of patients 
with B. cepacia in single-patient rooms with showers, and environmental decon-
tamination have been shown to reduce transmission among CF patients [102, 103].

11.10  Conclusion

SOT recipients are at risk for MDR infections in the early posttransplant setting due 
to an interplay of complex risk factors that include exposure to broad-spectrum 
antimicrobials, healthcare-associated exposures, and surgical risk factors. Of par-
ticular concern are increasing reports of resistant Gram-negative infections and their 
association with high mortality rates in SOT recipients. Infection prevention and 
control measures are important, but more data is needed specifically in SOT recipi-
ents. Source control is essential in the management of SOT recipients with MDR 
infections. Lastly, while newer antimicrobials are being developed, more random-
ized controlled trials are needed to determine the optimal therapeutic regimens for 
these patients.
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