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ARTICLE INFO ABSTRACT

Keywords: Mollicute infections, caused by Mycoplasma and Ureaplasma species, are serious com-
mollicute infection plications after lung transplantation; however, understanding of the epidemiology and
Mycoplasma species outcomes of these infections remains limited. We conducted a single-center retrospective
Ureaplasma species study of 1156 consecutive lung transplants performed from 2010-2019. We used log-
lung transplantation binomial regression to identify risk factors for infection and analyzed clinical management

and outcomes. In total, 27 (2.3%) recipients developed mollicute infection. Donor charac-
teristics independently associated with recipient infection were age <40 years (prevalence
rate ratio [PRR] 2.6, 95% CI 1.0-6.9), White race (PRR 3.1, 95% CI 1.1-8.8), and purulent
secretions on donor bronchoscopy (PRR 2.3, 95% CI 1.1-5.0). Median time to diagnosis
was 16 days posttransplant (IQR: 11-26 days). Mollicute-infected recipients were signifi-
cantly more likely to require prolonged ventilatory support (66.7% vs 21.4%), undergo

Abbreviations: BAL, bronchoalveolar lavage; Cl, confidence intervals; DUH, Duke University Hospital; HS, hyperammonemia syndrome; IQR, interquartile range; OPTN, organ procurement and
transplant network; PCR, polymerase chain reaction; PRR, prevalence rate ratios.
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dialysis (44.4% vs 6.3%), and remain hospitalized >30 days (70.4% vs 27.4%) after
transplant. One-year posttransplant mortality in mollicute-infected recipients was 12/27
(44%), compared to 148/1129 (13%) in those without infection (P <0001). Hyper-
ammonemia syndrome occurred in 5/27 (19%) mollicute-infected recipients, of whom 3

(60%) died within 10 weeks posttransplant. This study highlights the morbidity and mortality

associated with mollicute infection after lung transplantation and the need for better

screening and management protocols.

1. Introduction

Mollicutes, such as Mycoplasma species (spp.) and Ure-
aplasma spp., are a class of bacteria that commonly colonize the
urogenital tract."? Lacking a cell wall, these bacteria are not
identifiable on traditional Gram-stain methods and are intrinsi-
cally resistant to beta-lactams. Their small size and limited
biosynthetic function further complicate culture recovery.
Excluding M. pneumoniae, infections associated with these
bacteria are limited largely to urogenital conditions in immuno-
competent patients, although extragenital infections can occur,
particularly in the immunocompromised host.® Extragenital mol-
licute infection after lung transplantation is well described, pre-
dominantly for M. hominis, U. parvum, and U. urealyticum.*®
Donor transmission of mollicute infection after lung trans-
plantation was first proposed in a report of 2 single orthotopic
lung transplant recipients who developed M. hominis pneumonia
after receiving lungs procured from the same donor.° Subse-
quent studies using molecular diagnostics further support donor
acquisition of mollicute infection among lung transplant
recipients.®’

Clinical syndromes associated with mollicute infection in lung
transplant recipients include pneumonia, superficial and deep
surgical site infections including empyema and anastomotic
dehiscence.®'® Hyperammonemia syndrome (HS) is a post-
transplant complication strongly associated with mollicute infec-
tion that results from the metabolism of arginine and urea by
Mycoplasma spp. and Ureaplasma spp., respectively.'*'®
Increased ammonium production may lead to accumulation and
subsequent encephalopathy, coma, seizures, and death.'” HS,
irrespective of concurrent mollicute infection, can affect up to 4%
of lung transplant recipients with an associated mortality of up to
750,.1415,18

While mollicute infections after lung transplantation can cause
substantial morbidity and mortality, data on the epidemiology,
management, and outcomes of these infections remain sparse.
Single-center studies have reported donor characteristics,
including younger age,19'21 sexual activity,QO'21 and aspiration
preceding death’® as potential risk factors for recipient mollicute
infections; however, most transplant centers lack policies for
donor screening. Similarly, no consensus exists for recipient
management, and clinical outcomes of mollicute-infected re-
cipients without HS are largely unknown. The prevalence of
recipient mollicute infection is similarly uncertain due to the

technical challenges with standard culture methods®® and the
nonspecific clinical features associated with infection.

We performed this single-center retrospective cohort study to
better understand mollicute infections occurring after lung
transplantation, including risk factors for infection, clinical pre-
sentation, management, and outcomes.

2. Materials and methods
2.1. Setting and transplant protocols

Duke University Hospital (DUH) is a 957-bed academic hos-
pital and transplant center located in North Carolina. This study
included all lung transplant surgeries performed from January
2010 through December 2019 and 2 years of posttransplant
follow-up. Mollicute-selective cultures or polymerase chain re-
action (PCR) testing of transplant recipient specimens was per-
formed only if clinicians suspected mollicute infection. When
mollicute cultures were ordered, specimens were incubated on
mollicute-selective media at DUH for up to 5 days. Standard
bacterial cultures performed on routine media were incubated for
up to 14 days. Upon the clinician's request, specimens were sent
to the University of Alabama at Birmingham Diagnostic Myco-
plasma Laboratory or the Mayo Clinic Laboratories for PCR
identification of M. hominis, U. urealyticum, and U. parvum, and
antimicrobial susceptibility testing via microbroth dilution. Lung
transplant donor samples were not tested for mollicutes.

Lung transplant recipients received induction immunosup-
pression with basiliximab, followed by maintenance immuno-
suppression consisting of a calcineurin inhibitor (eg, tacrolimus
or cyclosporine), steroids, and an antimetabolite (eg, mycophe-
nolate mofetil or azathioprine). Standard early posttransplant
antibacterial prophylaxis included intravenous vancomycin and
either cefepime or ceftazidime. No patients received additional
antibacterial prophylaxis intended to prevent mollicute infection.
Surveillance bronchoscopies for bronchoalveolar lavage (BAL)
bacterial cultures, fungal cultures, mycobacterial cultures, and
transbronchial biopsies were routinely performed 1, 3, 6, and 12
months after transplant. Diagnostic bronchoscopies were per-
formed based on the clinician's judgment.

Over the course of this study, 2 clinical practice changes
occurred that affected posttransplant mollicute diagnostic ap-
proaches. First, DUH clinicians began to utilize external labora-
tory PCR diagnostic mollicute testing in 2016. Second, beginning
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in 2019, we provided education to lung transplant clinicians
regarding donor-derived mollicute infections and encouraged a
low threshold for posttransplant diagnostic testing, including
serum ammonia levels for patients with posttransplant
encephalopathy.

2.2. Analysis plan

We analyzed data on all consecutive lung transplant donors
and their recipients transplanted at DUH from January 2010
through December 2019, including patients undergoing retrans-
plantation and multiorgan recipients. Discrete donor and recip-
ient demographics and clinical data prospectively submitted to
the Organ Procurement and Transplantation Network (OPTN)
per standard procedure were subsequently analyzed via the
OPTN Thoracic Standard Transplant Analysis and Research
datasets. Donors were classified as Public Health Service (PHS)
increased-risk donors based on criteria established by the Cen-
ters for Disease Control and Prevention for viral bloodborne
pathogen transmission.?® Detailed donor sexual histories were
not available.

The mollicute cohort in this study included all patients who
had positive Mycoplasma spp. or Ureaplasma spp. cultures after
transplant, or had a positive PCR test for M. hominis, U. ure-
alyticum, or U. parvum. Date of diagnosis was defined as the
collection date of the first positive mollicute test. For patients who
underwent multiple lung transplants, mollicute infection was
attributed to the transplant surgery that immediately preceded
the diagnosis date. Transplant infectious diseases physicians
retrospectively collected additional clinical data from the DUH
electronic medical record on patients with mollicute infection.
These data included presenting symptoms and signs of mollicute
infection, microbiological studies, extent of infection, the devel-
opment of HS, and characteristics of concurrent infections.
Specific aspects of clinical management including modifications
to immunosuppression, antimicrobial therapy, and procedural
interventions were also collected. Finally, we analyzed clinical
outcomes, including comorbidities experienced during the index
transplant hospitalization, rejection up to 180 days posttrans-
plant, and 2-year survival.

Beginning in 2015, data were collected on all lung recipients
with mollicute-specific diagnostics (Mollicute-selective cultures
or PCR) performed within the first 90 days after transplant, serum
ammonia levels collected within 30 days posttransplant, and
exposure to mollicute-active antibiotics within the first 30 days
posttransplant. Antibiotics considered to have activity against
mollicutes included doxycycline, minocycline, tigecycline, levo-
floxacin, moxifloxacin, azithromycin, and clindamycin.

At least 2 transplant infectious diseases physicians
reviewed data on all patients in the mollicute cohort to adju-
dicate the diagnosis of mollicute infection and assess for HS.
Definite mollicute infections included all cases of culture-
proven infection outside of the pulmonary parenchyma, and
respiratory isolation of mollicutes with evidence of clinical
pneumonia or definite HS (Supplemental Table 1). Possible/
probable infection occurred when patients had positive
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microbiologic studies for mollicutes from the respiratory tract
alone without clearly attributable clinical infection. Clinical
pneumonia was defined as the presence of new pulmonary
infiltrates or changes in respiratory status resulting in an
alteration to antimicrobial therapy. Definite HS required the
presence of positive microbiologic studies for mollicutes,
altered mentation, and a corresponding serum ammonia level
>100 pmol/L. Patients with positive microbiologic studies,
altered mentation, and ammonia levels of 51 to 99 pmol/L were
categorized as having possible HS.

We used unadjusted log-binomial regression to compare
clinical characteristics and outcomes of transplant recipients who
developed mollicute infection with recipients without microbio-
logically proven mollicute infection. We then constructed a
multivariate log-binomial regression model to identify indepen-
dent predictors of posttransplant mollicute infection. We initially
included all donor and recipient characteristics in the multivariate
model that were epidemiologically plausible risk factors and had
statistically significant univariate associations (P <05) with
mollicute infection. After assessing for collinearity, we used a
backward elimination strategy and included risk factors in the
final model that were statistically significant predictors (P <.05) of
mollicute infection. Potential for confounding was evaluated by
calculating the percent change in point estimates when variables
were removed from the model. Prevalence rate ratios (PRR)
were estimated using maximum likelihood. Wald 95% confidence
intervals (Cl) were calculated, and likelihood ratio Chi-square
tests were used to compare prevalence rates. Chi-square tests
were used to compare 1-year survival among recipients with
mollicute infection that occurred after transplants performed in
2019 versus 2010-2018, as well as to compare donor charac-
teristics for patients who underwent transplants in 2019 versus
prior years. Two-year survival for recipients stratified by devel-
opment of mollicute infection was analyzed using the Kaplan-
Meier method. Calculations were performed in SAS, version
9.4 (SAS Institute).

The Duke University Institutional Review Board approved this
research (Reference Number: Pro00105729).

3. Results
3.1. Recipient and donor characteristics

From 2010-2019, our center performed 1156 lung transplant
surgeries. Of this cohort, 27 (2.3%) patients developed microbi-
ologically proven posttransplant mollicute infection. The median
age, sex, indications for transplantation, and perioperative
characteristics between patients with and without mollicute
infection posttransplant were similar (Table 1). Donor character-
istics associated with a statistically significant increased risk of
recipient infection upon univariate analysis included age <40
years (81.5% vs 59.8%; P =.03), White race, (85.2% vs 64.0%; P
= .03), and PHS increased risk for viral bloodborne pathogen
transmission (40.7% vs 21.1%; P = .02) (Table 2).2> A lung
transplant recipient was also more likely to develop mollicute
infection if the donor’s cause of death was due to anoxia (48.1%
vs 24.4%; P = .01) or if the donor had purulent secretions
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Table 1

Recipient characteristics and outcomes for 1156 patients who underwent lung transplantation surgery from 2010-2019. Results are stratified by
development of mollicute infection after transplant. Univariate associations between each variable and prevalence of mollicute infection were assessed
with log-binomial regression.

Recipient characteristic Recipient mollicute No recipient mollicute PRR for recipient mollicute P value

infection (N = 27) infection (N = 1129) infection (95% ClI)

Preoperative characteristics

Age at transplant, median (IQR), y* 59 (49-68) 60 (47-67) 1.0 (0.8-1.3) .89
Male sex 14 (51.9) 683 (60.5) 0.7 (0.3-1.5) .37
Race/ethnicity
White 23 (85.2) 1019 (90.3) 0.6 (0.2-1.8) .38
Black 3 (11.1) 84 (7.4) 15 (0.5-5.0) 48
Hispanic 1 (3.7) 18 (1.6) 23 (0.3-16.1) 40
Other® 0 (0) 8 (0.7) 0 N/A 1.0

Underlying pulmonary disease

Idiopathic pulmonary fibrosis 14 (51.9) 467 (41.4) 1.5 (0.7-3.2) .28
Chronic obstructive pulmonary disease 2 (7.4) 177 (15.7) 0.4 (0.1-1.8) .26
Cystic fibrosis 1 (3.7) 172 (15.2) 0.2 (0.0-1.6) A3
Other disease 10 (37.0) 313 (27.7) 15 (0.7-3.3) 29
Prior lung transplant 2 (7.4) 69 6.1) 1.2 (0.3-5.1) .78
Obese (BMI > 30 kg/m?) 1 (3.7) 21 (1.9) 2.0 (0.3-14.0) 49
Underweight (BMI < 20 kg/m?) 1 (3.7) 219 (19.4) 0.2 (0.0-1.2) .07
Diabetes mellitus 3 (11.1) 281 (24.9) 0.4 (0.1-1.3) 12
Renal insufficiency (creatinine > 1.3mg/dL) 4 (14.8) 100 (8.9) 1.8 (0.6-5.0) .29
Karnofsky Performance Status Score < 30%° 6 (22.2) 159 (14.1) 1.7 (0.7-4.2) .24
Lung allocation score, median (IQR)“ 42.4 (36.9-62.7) 43.4 (36.8-54.4) 1.0 (0.8-1.3) .73
Perioperative characteristics
Hospitalized at time of transplant 4 (14.8) 165 (14.6) 1.0 (0.4-2.9) .98
Ventilator at time of transplant 1 (3.7) 62 (5.5) 0.7 (0.1-4.8) .69
ECMO at time of transplant 2 (7.4) 53 (4.7) 1.6 (0.4-6.6) .51
Ischemic time, median (IQR), h* 6.2 (5.2-7.7) 6.6 (5.6-7.9) 1.0 (0.8-1.1) .61
Bilateral lung transplantation® 22 (81.5) 859 (76.1) 14 (0.5-3.6) .52
CMV mismatch (recipient CMV negative) 7 (25.9) 277 (24.5) 1.1 (0.5-2.5) .87
Clinical outcomes
Posttransplant ventilator support >5 d°® 18 (66.7) 236 (21.4) 6.9 (3.1-15.2) <.0001
Dialysis between transplant and discharge 12 (44.4) 71 (6.3) 10.3 (5.0-21.4) <.0001
Transplant hospitalization >30 d 19 (70.4) 309 (27.4) 6.0 (2.7-13.6) <.0001
Death <180 d after transplant 7 (25.9) 80 (7.1) 4.3 (1.9-9.9) .0006
Death <365 d after transplant 12 (44.4) 148 (13.1) 5.0 (2.4-10.4) <.0001

Data are presented as No. (%) unless otherwise indicated.
Abbreviations: BMI, body mass index; Cl, confidence interval; CMV, cytomegalovirus; ECMO, extracorporeal membrane oxygenation; IQR, interquartile range; LAS,
lung allocation score; N/A, not applicable; PRR, prevalence rate ratio.

2 Prevalence rate ratios and confidence intervals are given for 10-year increase in age, 10-point increase in lung allocation score,?* and 1-h increase in ischemic
time, respectively.
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P Other race/ethnicity for recipients without mollicute infection was reported as Asian (n = 6) or American Indian/Alaska Native (n = 2).

© Missing data on performance status®® were excluded for 1 (0.1%) recipient who did not develop mollicute infection.

9 One patient who developed mollicute infection underwent combined bilateral lung and heart transplantation.

¢ Missing data on duration of ventilator support were excluded for 25 (2.2%) recipients who did not develop mollicute infection.

identified on bronchoscopy at the time of procurement (37.0% vs
19.2%; P =.02).

Multivariate analysis demonstrated that donor characteris-
tics of age <40 years (PRR, 2.6; 95% ClI, 1.0-6.9), White race
(PRR, 3.1; 95% CI, 1.1-8.8), and purulent secretions on
bronchoscopy (PRR, 2.3; 95% CI, 1.1-5.0) were independent
risk factors for recipient mollicute infection (Table 3).
Donor PHS increased risk status and death due to anoxia were
not independent predictors of recipient infection and did not

suggest notable confounding when removed from the
multivariate model, changing point estimates of remaining
variables by less than 15%. Of the 27 patients with mollicute
infection, 22 (81%) had donors with at least 2 of the 3 inde-
pendent risk factors, whereas only 543 (48%) donors not
associated with recipient mollicute infection had 2 or more risk
factors. However, 4 of the 5 mollicute infections linked to do-
nors with fewer than 2 risk factors had invasive extrapulmonary
infections.

Table 2

Donor characteristics for 1156 patients who underwent lung transplantation surgery from 2010-2019. Results are stratified by recipient development of
mollicute infection after transplant. Univariate associations between each variable and prevalence of recipient mollicute infection were assessed with log-
binomial regression.

Donor characteristic, n (%) Recipient mollicute No recipient mollicute PRR for recipient mollicute P value
infection (N = 27) infection (N = 1129) infection (95% CI)
Age <40y 22 (81.5) 675 (59.8) 2.9 (1.1-7.6) .03
Male sex 20 (74.1) 696 (61.6) 1.8 (0.7-4.1) 20
Racef/ethnicity
White 23 (85.2) 722 (64.0) 3.2 (1.1-9.1) .03
Black 2 (7.4) 256 (22.7) 0.3 (0.1-1.2) .08
Hispanic 1 (3.7) 83 (7.4) 05 (0.1-3.6) 48
Other? 1 (3.7) 68 (6.0) 0.6 (0.1-4.4) 62
Obese (BMI > 30 kg/m?) 5 (18.5) 269 (23.8) 0.7 (0.3-1.9) .52
Underweight (BMI < 20 kg/m?) 1 (3.7) 87 (7.7) 0.5 (0.1-3.4) .45
Diabetes mellitus® 2 (7.4) 101 (8.9) 0.8 (0.2-3.4) 78
Renal insufficiency (creatinine > 1.3) 10 (37.0) 368 (32.6) 1.2 (0.6-2.6) .63
PHS increased risk donor® 1 (40.7) 239 (21.2) 2.5 (1.2-5.3) .02
Heavy alcohol use® 5 (19.2) 168 (15.2) 1.3 (0.5-3.4) .57
Death due to anoxia 13 (48.1) 275 (24.4) 2.8 (1.3-5.9) .01
Abnormal chest X-ray® 18 (66.7) 762 (67.7) 1.0 (0.4-2.1) 91
Purulent secretions on bronchoscopy' 10 (37.0) 217 (19.2) 2.4 (1.1-5.2) .02

Data are presented as No. (%) unless otherwise indicated.
Abbreviations: BMI, body mass index; ClI, confidence interval; N/A, not applicable; PHS, Public Health Service; PRR, prevalence rate ratio.

& Other race/ethnicity for donor associated with recipient mollicute infection was reported as multiracial. Other race/ethnicity for donors not associated with
recipient mollicute infection was reported as multiracial (n = 45), Asian (n = 22), or American Indian/Alaska Native (n = 1).

® Diabetes mellitus was considered not to be present for 9 (0.8%) donors for whom diabetes status was not documented. These donors were not associated with
recipient mollicute infection.

° Donor atincreased risk for human immunodeficiency virus, hepatitis B virus, or hepatitis C virus transmission to recipient, according to the United States Public
Health Service guideline recommendations.?®

d Data on heavy alcohol use were excluded for 25 (2.2%) donors with unknown alcohol use histories. These donors included 1 donor associated with recipient
mollicute infection and 24 donors not associated with recipient mollicute infection.

¢ Data on chest X-ray findings were excluded for 4 (0.3%) donors without reported chest X-ray findings. These donors were not associated with recipient
mollicute infection.

f As documented at time of procurement. Secretions were considered not to be purulent for 43 (3.7%) donors for whom bronchoscopy findings were not
documented. These donors included 2 donors associated with recipient mollicute infection and 41 donors not associated with recipient mollicute infection.
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Table 3

Characteristics of lung transplantation donors that were independent
predictors of recipient mollicute infection after transplant performed from
2010-2019. Multivariate analysis was performed with log-binomial
regression.

Donor characteristic® Prevalence rate P value
(95% Cl)

Age <40 2.6 (1.0-6.9) .05

White race 3.1 (1.1-8.8) .04

Purulent secretions on bronchoscopy 2.3 (1.1-5.0) .03

& Other donor characteristics included in the multivariable model prior to
backward elimination were Public Health Service increased infection risk
donor status and death due to anoxia.

3.2. Diagnostics and microbiology

Among the 27 patients with mollicute infection, 15 (56%) pa-
tients had isolated extrapulmonary disease, 11 (41%) patients
had isolated pulmonary disease, and 1 (4%) patient had both
pulmonary and extrapulmonary disease (Table 4). Of the 11
patients with isolated pulmonary disease, 6 patients had clinical
pneumonia or definite HS. No patients developed urogenital
infection. Most infections were caused by M. hominis or U. ure-
alyticum (22/27; 81%). Ureaplasma spp. were identified in 10
(83%) of 12 infections with pulmonary involvement, whereas
Mycoplasma spp. were identified in 11 (69%) of 16 extrapulmo-
nary infections (Fig. 1).

Median time to mollicute diagnosis was 16 days posttrans-
plant (interquartile range [IQR]:11-26 days), and most in-
fections (22/27; 81%) were detected during the index
transplant admission (Table 4). Isolated pulmonary infections
trended toward an earlier diagnosis at a median of 13 days
posttransplant (IQR, 5-21 days), compared to extrapulmonary
infections at a median of 20 days (IQR, 13-32 days; P =12).
Initial diagnosis occurred from culture growth on mollicute-
selective media in 19 (70%) patients. The remaining patients
were diagnosed via standard bacterial cultures (6/27; 22%) or
PCR of BAL fluid (2/27; 7.4%). All standard bacterial
cultures detecting mollicute infection isolated M. hominis; cul-
ture diagnosis of Ureaplasma spp. infections uniformly
required use of mollicute-selective media. Antimicrobial sus-
ceptibility testing was performed on 12 isolates. All isolates
were susceptible to tetracycline; 2 isolates were levofloxacin
resistant; and 1 isolate was erythromycin-resistant (Supple-
mental Table 2).

3.3. Clinical syndrome and management

The most common clinical characteristics associated with
mollicute infection were leukocytosis and pleural effusion,
occurring in 17 (63%) and 16 (59%) patients, respectively
(Table 4). All 16 patients with extrapulmonary infection underwent
invasive procedural or surgical intervention, including thor-
acentesis (4/16; 25%), chest tube insertion (6/16; 38%), and
surgical site wound debridement (13/16; 81%). Patients with
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Table 4
Clinical characteristics and antimicrobial treatment of 27 lung transplant
recipients with mollicute infection.

Characteristic

Median time from transplant to 16 (11-26)
diagnosis, d (IQR)

Extent of infection, n (%)

Isolated extrapulmonary disease® 15 (56)

Isolated pulmonary infection 11 (41)
Definite pulmonary infection 6 (19)
Possible/probable pulmonary infection 5 (22)

Extrapulmonary and pulmonary disease 1 (4)

Species identified causing infection®, n (%)

Mycoplasma hominis 11 (41)
Mycoplasma species. not further identified 1 (4)
Ureaplasma parvum 1 4)
Ureaplasma urealyticum 12 (44)
Ureaplasma species. not further identified 3 (11)

Initial diagnostic test identifying infection, n (%)

Standard bacterial media culture® 6 (22)
Selective mollicute media culture® 19 (70)
Polymerase chain reaction 2 (7)

Signs and symptoms at time of infection, n (%)

Encephalopathy 10 (37)
Clinical pneumonia® 11 (41)
Fever 10 (37)
Leukocytosis (peripheral white blood 17 (63)

cell count > 12 x 10°cells/L)

Pulmonary effusion 16 (59)
Unilateral 7 (26)
Bilateral 9 (33)

Peak serum ammonia level, n (%)

<50 pmol/L 5 (19)
51-99 pmol/L 5 (19)
>100 pmol/L 6 (22)
Not performed 11 (41)

Hyperammonemia syndrome, n (%)

Definite 5 (19)
Possible 4 (15)
Median duration of antimicrobial 6 (4-8)

treatment, weeks (IQR)
Antimicrobial regimen, n (%)

Doxycycline and levofloxacin 18 (67)

(continued on next page)
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Table 4 (continued)

Characteristic
Doxycycline and azithromycin 2 7)
Doxycycline 2 )
Other' 5 (19)

Data are presented as no. (%) unless otherwise indicated.

2 Defined as infection outside of the lung parenchyma including pleural
infections.

® One patient had infection with both Mycoplasma and Ureaplasma species.

¢ Bacterial media consisting of horse-blood agar.

d Mycoplasma media consisting of A8 Agar and 10B broth tube.

¢ Defined as the presence of new pulmonary infiltrates or changes in res-
piratory status resulting in an alteration to antimicrobial therapy.

f Doxycycline + azithromycin + ciprofloxacin (n = 1); doxycycline + cipro-
floxacin (n = 1); doxycycline + moxifloxacin (n=1); moxifloxacin + azi-
thromycin (n = 1); moxifloxacin (n = 1).

mollicute infection universally received antimicrobial therapy with
antimollicute activity (Fig. 2 and Supplemental Table 3).

Most patients (18/27; 67%) were treated with dual doxycycline
and levofloxacin for the duration of their antibiotic course; median
total duration of therapy was 6 weeks (IQR: 4-8 weeks). Immu-
nosuppression was not changed in 13/27 (48%) patients, and
antimetabolite therapy was suspended in 12/27 (44%) patients.
Calcineurin inhibition was modified from tacrolimus to cyclo-
sporine in 2/27 (7%) due to concerns of altered mentation.
Biopsy-proven acute cellular rejection (ACR) within 180 days of
transplantation occurred in 10/27 (37%) patients, and most
rejection episodes (8/10; 80%) were diagnosed after the diag-
nosis of mollicute infection.

In total, 5/27 (19%) mollicute-infected patients met criteria for
definite HS (Table 5). HS was diagnosed with a median time of 16
days (range, 4-26 days) after transplant. Ureaplasma spp. were
the causative pathogens in 4/5 (80%) patients and M. hominis-
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Figure 1. Sites of infection among 27 lung transplant recipients who
developed Mycoplasma spp. or Ureaplasma spp. Infection.
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associated HS was identified in 1 patient. At the time of
HS diagnosis, 3 (60%) patients were on dialysis for renal
replacement therapy, and the other 2 (40%) patients were
commenced on dialysis to facilitate ammonia removal. Most pa-
tients (4/5; 80%) additionally received bowel decontaminants for
hyperammonemia.

3.4. Outcomes

Compared to patients without mollicute infection, patients who
developed mollicute infection were more likely to require venti-
latory support beyond 5 days posttransplant (66.7% vs 21.4%; P
< .0001), undergo dialysis during their index hospitalization
(44.4% vs 6.3%; P <.0001), and remain hospitalized >30 days
after transplant (70.4% vs 27.4%; P <.0001) (Table 1). In the first
year after transplant, 12 (44%) patients in the mollicute cohort
died compared to 148 (13%) deaths among patients without
infection (P < .0001) (Table 1). Only 1 additional mollicute-
infected patient died in the second posttransplant year (Fig. 3).
In the mollicute cohort, 9 (69%) of 13 total deaths were deemed
at least possibly attributable to mollicute infection (Fig. 2). Of
patients with HS, 3 (60%) of 5 patients died within the first 10
weeks after transplant, and all deaths within the HS cohort were
at least possibly attributable to mollicute infection (Table 5 and
Supplemental Table 4).

3.5. Longitudinal trends

Mollicute diagnoses in 2019, the final year of the study,
accounted for 10/27 (37%) cases identified in this 10-year cohort.
Among those diagnosed with mollicute infection in 2019, only 2/
10 (20%) patients died within 1 year of transplant, compared to
10/17 (59%) patients with mollicute infection who underwent
transplant over the previous 9 years (P =.05).

In 2015, only 4 (4%) of 107 lung transplant recipients had a
mollicute-specific culture performed within the first 90 days after
transplant (Supplemental Fig. 1) and only 15 (14%) recipients
underwent serum ammonia within 30 days after transplant
(Supplemental Fig. 2). Use of mollicute-specific cultures and
serum ammonia testing increased over time, and in 2019, 46
(36%) of 128 recipients had a mollicute culture performed, and 50
(39%) recipients had a serum ammonia level tested. Mollicute
PCR testing was first used in 2016 but was utilized in only 14
patients throughout the full study period. Early posttransplant use
of antibiotics with antimollicute activity among recipients without
known mollicute acquisition remained stable until a modest
decrease in antibiotic utilization occurred in 2018-2019 (Sup-
plemental Fig. 3).

For transplant surgeries performed in 2019, most donor
characteristics were similar to those of donors for transplants
performed from 2010-2018 (Supplemental Table 6); however,
donors from 2019 were significantly more likely to be White
(75.0% vs 63.1%; P =.01 for White vs. non-White race) and have
PHS increased risk status (35.2% vs 19.9%; P < .0001). The
2019 donors were also more likely to be younger than 40 years of
age (68.0% vs 59.3%; P =.06) and have died from anoxia (31.3%
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Figure 2. Clinical courses of 27 lung transplant recipients who acquired posttransplant Mycoplasma hominis or Ureaplasma species.

vs 24.1%; P =.08), though these trends did not reach statistical
significance.

3. Discussion

We analyzed the epidemiology, risk factors, clinical charac-
teristics, and outcomes associated with mollicute infections that
occurred after lung transplantation at a large transplant center. To
our knowledge, this study includes the largest published cohort of
culture-proven mollicute infections post-lung transplantation.
Donor-related factors that increased risk of recipient infection
included young age, White race, and purulent secretions in the
donor's lungs at the time of procurement. In contrast, no key
recipient risk factors were identified, suggesting a risk for these
donor-derived infections in all recipients. Recipients with molli-
cute infection had longer index hospitalizations, increased time
on mechanical ventilation, and increased mortality. Morbidity and
mortality were further magnified in those with HS.

Clinical signs and symptoms characterizing mollicute infection
were nonspecific, and disease severity was highly variable.
Ureaplasma spp. were more common in pulmonary specimens
whereas Mycoplasma spp. were more common in extrapulmo-
nary cultures. Notably, mollicute-selective media for extrap-
ulmonary specimens was rarely used, potentially limiting the
detection of small Ureaplasma spp. colonies'; this practice
contrasts with the near-universal use of mollicute-selective

cultures in respiratory samples that showed pulmonary mollicute
infection. Nonspecific clinical signs highlight the need for main-
tained hypervigilance for mollicute infection posttransplant and
the potential for improved detection through use of
mollicute-specific diagnostics.

Nearly all patients with mollicute infection received several
weeks of combination antimicrobial therapy. Dual antibiotic
therapy use was based on proposed synergistic benefits, and the
potential for antibiotic resistance to macrolides, tetracyclines, and
fluoroquinolones.?®?® Notably, no isolate in our study was
tetracycline-resistant, and in vitro resistance to macrolides and
fluoroquinolones was uncommon. Our data suggest that doxy-
cycline monotherapy could be appropriate in some scenarios
(eg, early respiratory colonization or mild pulmonary infection). In
addition to receiving antimicrobial therapy, nearly half of patients
had antimetabolite immunosuppression held during acute in-
fections. The rate of ACR in the mollicute-infected cohort did not
exceed historical rates at our center.?® Additional studies are
needed to better instruct antimicrobial treatment and immuno-
suppressive management as demonstrated by the heterogeneity
in management shown in this cohort.

Patients with extrapulmonary infections or HS required ad-
juncts to antimicrobials. In all cases of extrapulmonary infection,
patients underwent invasive procedures, such as drainage of
pleural effusions or surgical debridement of infected tissue. In
cases of HS, all patients received dialysis, either as renal



Table 5

Patient characteristics, management, and outcomes of 5 lung transplant recipients with definite hyperammonemia syndrome.

Patient Age, sex (y Indication Time from Pathogen Site of infection Peak Antibiotic Dialysis Bowel decontaminants Clinical outcome
number of transplant)  for transplant to ammonia duration performed at the  given at the time of HS ~ (wk of follow-up
transplant mollicute level® (umol/ (wk) time of HS diagnosis® after transplant)
diagnosis (d) L) diagnosis
6 69 yo, F IPF 16 Mycoplasma Pulmonary and 114 1 Yes Lactulose Death, possible
(2016) hominis Extrapulmonary Rifaximin contribution from
mollicute infection
(54)
12 49 yo, F pHTN 26 Ureaplasma Pulmonary >1000 3 Yes® Lactulose Death, probably
(2019) urealyticum Rifaximin attributable to
mollicute infection
4)
13 50 yo, F PM-ILD 21 Ureaplasma Pulmonary 199 6 Yes® Lactulose Death, possibly
(2017) urealyticum Rifaximin attributable to
mollicute infection
9)
14 67 yo, M IPF 13 Ureaplasma Pulmonary 102 7 Yes® None Death, possible
(2018) species contribution from
mollicute infection
(C)
19 53 yo, M IPF 4 Ureaplasma Pulmonary 100 4 Yes Lactulose Cure (104)
(2019) urealyticum Rifaximin

Metronidazole

Abbreviations: HS, hyperammonemia syndrome; IPF, idiopathic pulmonary fibrosis; pHTN, pulmonary hypertension; PM-ILD, polymyositis associated interstitial lung disease; yo, year old.

@ Measured 2-weeks before or after mollicute diagnosis.

b Bowel decontaminant agents used specifically to treat hyperammonemia syndrome.

¢ Dialysis initiated prior to diagnosis of mollicute infection for management of renal failure.
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Figure 3. Kaplan-Meier curve of lung transplant recipients with and
without mollicute infection over a 2-year posttransplant period.

replacement therapy or to facilitate ammonia removal; nearly all
patients received bowel decontaminating agents to further pro-
mote ammonia reduction, though the benefit of these practices is
unclear.'*'® One patient with HS had disseminated infection
from M. hominis detected on multiple mollicute-specific cultures
without concurrent growth of Ureaplasma spp., adding to the
evidence of M. hominis as a potential cause of HS,*° despite the
stronger link between Ureaplasma spp. and HS.'®

Our data affirm the findings of other studies demonstrating
mollicute infection post-lung transplant as a donor-derived
infection.* %21 Also consistent with prior studies, young donor
age increased the risk of mollicute infection in our cohort,'®" and
male donors were associated with an increased risk of infection
that did not reach statistical significance.'®?"' Our analysis also
revealed novel risk factors for mollicute infection, including the
presence of purulent secretions on donor bronchoscopy and
White donor race. The association between purulent donor se-
cretions and mollicute infection supports donor aspiration as a
means of inoculation with urogenital Mycoplasma and Ure-
aplasma spp. colonizing the oropharynx, presumably acquired
through oropharyngeal sex.'%? The association between White
race and risk of infection has not been previously reported. Rather
than a genetic predisposition to mollicute colonization, this as-
sociation likely reflects other unmeasured factors associated with
donor race, possibly related to social behaviors or sexual prac-
tices.* The potential utility of including donor secretions and race
in predictive models of donor respiratory mollicute colonization
and recipient infection merits further study.

This study highlights the significant adverse outcomes asso-
ciated with posttransplant mollicute infection and the need for
pre-emptive screening or earlier disease detection. At present,
most centers do not employ protocolized donor or recipient
screening, nor is there an accepted standard for recipient anti-
microbial prophylaxis or monitoring for posttransplant infection.
At least 1 transplant center screens donor lungs via BAL with
mollicute-selective cultures and Ureaplasma spp. PCR, admin-
istering dual antimicrobial prophylaxis to recipients until a
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negative screen result or 14 days of therapy in cases of a positive
result.”’ Investigators at 2 other centers reported their experi-
ence with screening recipient serum ammonia levels and either
donor’! or early postoperative recipient’® BAL with Mycoplasma
and Ureaplasma PCRs; results of these studies instructed
recipient management.

Near the end of our study, we began providing education to
clinicians regarding posttransplant mollicute infections and pro-
moted a low threshold for diagnostic testing, including serum
ammonia testing for patients with posttransplant encephalopathy.
Following this intervention, utilization of mollicute-specific cul-
tures and serum ammonia levels increased. An apparent in-
crease in the prevalence of mollicute infections also occurred at
the end of the study, likely reflecting increased awareness and
diagnostic testing, which may have contributed to improved
survival. Independent of testing practices, characteristics of the
2019 donor cohort may have increased risk of recipient mollicute
infection at the end of the study. The 2% prevalence of recipient
mollicute infection reported for the full study cohort likely un-
derestimates the true prevalence due to incomplete diagnostic
testing and frequent use of antibiotics active against mollicutes
that may have successfully treated occult infections.

Variability in screening and management practices empha-
sizes the need for carefully designed studies to ascertain the
value of donor respiratory tract mollicute screening and proto-
colized management of recipients. While selective donor
screening would reduce diagnostic resources compared to uni-
versal donor screening, use of a selective strategy in our cohort
would have excluded several donors linked to important extrap-
ulmonary recipient infections. Future studies could also elucidate
whether prophylactic recipient antimicrobial therapy targeting
mollicutes could be avoided in recipients of donors who screen
negative. Finally, uncertainties remain about the relative perfor-
mance of culture and PCR methods for both screening and
diagnosis of clinical infection. Moreover, a lack of FDA-approved
molecular tests for urogenital mollicutes impacts the ability to
routinely test donors with a standardized assay. In our study,
diagnostic PCR was rarely utilized but may lead to earlier
detection if available locally.>>* Conversely, PCR could detect
airway colonization and lead to antibiotic overuse among re-
cipients who may not progress to clinical infection.*’

This study had 3 primary limitations, largely due to its retro-
spective nature. First, some mollicute infections may not have
been captured, particularly early in the study due to

potential underuse of mollicute-specific diagnostics. Conse-
quently, the true prevalence of mollicute infection may be
underestimated. Second, 5 patients were classified as having
possible/probable infection when microbiological confirmation
was limited to pulmonary specimens. Some of these patients
may have had respiratory colonization without invasive infection.
Distinguishing between colonization and infection was difficult
due to our practice of administering prompt antimollicute therapy
for all lung transplant recipients with positive mollicute microbi-
ologic studies. Third, our experience with mollicute infections
may not be fully generalizable to other institutions due to
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differences in donor selection and recipient management,
including immunosuppression, antimicrobial prescribing prac-
tices, and the threshold for performing mollicute-specific diag-
nostic studies.

Mollicute infection after lung transplantation is difficult to di-
agnose and is associated with substantial morbidity and mor-
tality, particularly for recipients who develop HS. Keys to early
diagnosis include a high index of clinical suspicion and specific
microbiological testing. This study identified donor risk factors
associated with the development of infection, and screening for
mollicutes in the donor’s lungs prior to transplantation may pre-
vent recipient infections and improve outcomes; however, the
best protocols for donor screening and recipient prophylaxis
remain unknown. The management of recipient mollicute infec-
tion remains heterogeneous and depends on site of infection,
disease severity, and presence of HS. Further studies are
needed to improve our understanding of donor-derived infections
caused by Mycoplasma and Ureaplasma spp. and promote
strategies to best mitigate the complications they cause.
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