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Abstract: Lung transplantation for people with cystic fibrosis (PwCF) is a critical therapeutic option,
in a disease without a cure to this day, and its overall success in this population is evident. The medical
advancements in knowledge, treatment, and clinical care in the field of cystic fibrosis (CF) rapidly
expanded and improved over the last several decades, starting from early pathology reports of CF
organ involvement in 1938, to the identification of the CF gene in 1989. Lung transplantation for CF
has been performed since 1983, and CF now accounts for about 17% of pre-transplantation diagnoses
in lung transplantation recipients. Cystic fibrosis transmembrane conductance regulator (CFTR)
modulators have been the latest new therapeutic modality addressing the underlying CF protein
defect with the first modulator, ivacaftor, approved in 2012. Fast forward to today, and we now have
a growing CF population. More than half of PwCF are now adults, and younger patients face a better
life expectancy than they ever did before. Unfortunately, CFTR modulator therapy is not effective
in all patients, and efficacy varies among patients; it is not a cure, and CF remains a progressive
disease that leads predominantly to respiratory failure. Lung transplantation remains a lifesaving
treatment for this disease. Here, we reviewed the current knowledge of lung transplantation in PwCF,
the challenges associated with its implementation, and the ongoing changes to the field as we enter
a new era in the care of PwCF. Improved life expectancy in PwCF will surely influence the role of
transplantation in patient care and may even lead to a change in the demographics of which people
benefit most from transplantation.

Keywords: cystic fibrosis; lung allocation; lung transplantation; CFTR modulator therapy

1. Background

Cystic fibrosis (CF) is an autosomal recessive disease that results from inheriting two
copies of a pathogenic mutation in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene, one from each parent [1]. The encoded CFTR protein is a cyclic adenosine
monophosphate (cAMP)/protein kinase-regulated apical membrane anion channel ex-
pressed throughout numerous cells of the body, ranging from those of the lungs, intestines,
kidneys, and pancreas [2] to lymphocytes and fibroblasts [3], and to cells of the central
and peripheral nervous system [4]. Its most well-defined function is in epithelial cells
where it typically facilitates flow of chloride ions across the cell membrane and allows
for preservation of the balance between salt and water on several mucosal surfaces of the
body [5]. CFTR total activity is related to its quantity and function, which are determined
by the mutation encoding the defective protein [6]. For example, Class I CFTR mutations
result from nonsense, frameshift or splicing mutations in which no functional protein is
created. The most common CFTR mutation is F508del, a Class II mutation, which results
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in protein misfolding, such that it is degraded before it reaches the cell surface. About
85% of the CF patient population carries at least one copy of F508del [7]. CFTR Class III
mutations are characterized by defective chloride channel regulation and gating. Mutation
Classes I through III are more commonly associated with more severe lung dysfunction
and pancreatic insufficiency (PI). Class IV and V mutations are related to defects in channel
conductance and stability, respectively; these result in proteins that have residual function
and are usually associated with milder disease severity compared to Classes I, II, and
III [8]. Absent or dysfunctional CFTR protein in the airways results in the accumulation of
thickened secretions that are unable to be cleared by cilia, which leads to chronic airway
infections, inflammation, and bronchiectasis. People with CF (PwCF) are known to also
suffer from multiple comorbidities beyond respiratory illnesses, including pancreatitis,
exocrine and endocrine PI, CF-related diabetes, biliary dysfunction, cirrhosis, intestinal
obstruction, malabsorption, nutritional insufficiency, growth delay, nasal polyps, recurrent
sinusitis, infertility, anxiety, depression, and many other pathologies [9]. Currently, more
than 100,000 people worldwide suffer from the disease and about 1000 individuals are
diagnosed each year [10].

Although the management of all conditions associated with CF is essential for the
complete care of these patients, the pulmonary manifestations of CF have been estimated
to account for greater than 90% of the morbidity and mortality of the disease [11]. In the
respiratory epithelium, dysfunctional chloride channels lead to the formation of abnormal,
viscous fluid on the surface of cells that is insufficiently mobilized by cilia. This leads
to a vicious cycle of airway obstruction, infection, and inflammation that progresses to
fibrosis resulting in bronchiectasis and ultimately, end-stage lung disease that can only be
cured by lung transplantation [12]. Advancements in CF respiratory management include
mucolytics, airway hydrators, chest physiotherapy devices, inhalational antimicrobials,
and highly effective modulator therapy (HEMT) such as elexacaftor/tezacaftor/ivacaftor
(ETI) that correct and improve the underlying protein defect [13]. Undeniably, this led
to increased longevity for CF patients. The median life expectancy for CF patients born
today now exceeds 50 years of age, whereas it was predicted to be less than 30 in the
early 1990s [14]. However, there remains approximately 10% of the United States CF
population that is still ineligible for HEMT and continues to have progressive disease [7].
Additionally, people with advanced CF lung disease despite HEMT may still have clinical
features associated with worse mortality, warranting lung transplantation evaluation (see
Figure 1). Thus, while advancements in CF therapeutics paved the way for an improved
life expectancy, there is still no cure for CF, and lung transplantation remains a critical
treatment modality.
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Figure 1. CT radiograph of a patient with advanced CF lung disease demonstrating extensive bron-
chiectasis and mucoid impaction. Patient was heterozygous for F508del with a forced expiratory 

Figure 1. CT radiograph of a patient with advanced CF lung disease demonstrating extensive
bronchiectasis and mucoid impaction. Patient was heterozygous for F508del with a forced expiratory
volume in 1 s (FEV1) of 0.74 L/22% predicted, history of several pulmonary exacerbations per
year, chronic hypoxemia and hypercapnia, and severe pulmonary hypertension. Highly effective
modulator therapy, elexacaftor/tezacaftor/ivacaftor, had not yet been approved at the time when the
patient required a bilateral lung transplantation.
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2. Pre-Transplant
2.1. Lung Transplantation Referral Criteria in CF

Since the very first lung transplantation procedure was performed in 1963 [15], its
implementation has grown dramatically, such that about 4500 lung transplantations are
now performed annually across the world [16]. As per guidelines published by the Interna-
tional Society of Heart and Lung Transplantation (ISHLT) [17], ideal lung transplantation
recipients have significant lung disease that progressed despite maximal therapy, causes
symptoms that limit activities of daily living, and poses a high risk of death over the next
two years in the absence of transplantation. However, these patients should not have other
significant medical problems and are expected to have at least 80% survival for greater
than five years after transplantation. Specifically, although exact contraindications may
vary based upon the specializations of a particular transplantation center, individuals
who are in shock, require life support, have a detectable HIV viral load, are greater than
70 years old, have limited functional status, are severely overweight (BMI greater than
35) or underweight (BMI less than 16), have had a recent stroke or myocardial infarc-
tion, or suffer from stage 3b or greater chronic kidney disease, advanced liver disease, or
untreatable hematologic disorders generally are not considered for transplantation. It is
strongly recommended to refer eligible patients for evaluation for transplantation early
given the extended length of time necessary to complete the workup and to address any
concerns before listing a patient. For example, early referral allows patients and caregivers
ample time to gain education and to make an informed decision about whether or not to
pursue transplantation and to establish a solid relationship with their lung transplant team.
For PwCF, it eases transition of care between their CF and transplant care teams. Early
referral also allows the transplant team to continuously assess adherence, optimize patients’
overall health and functional status (e.g., weight concerns and deconditioning) and address
psychosocial concerns [18].

Despite the fatal nature of end-stage lung disease being a shared likeness among
many lung diseases, disease-specific indications for lung transplantation are necessary to
reflect unique disease characteristics. For example, referral criteria for patients who suffer
from chronic obstructive pulmonary disease (COPD) include having a BODE index [19],
a composite score measuring body mass index, forced expiratory volume in one second
(FEV1), dyspnea, and six-minute walk distance equal to five or six with other features
of increased mortality such as an FEV1 that measures less than 25% predicted [17]. A
typical referral for those who suffer from interstitial lung disease occurs when they have a
forced vital capacity (FVC) that measures less than 80% predicted or a diffusing capacity
for carbon monoxide (DLCO) that measures less than 40% predicted, or if they require
supplemental oxygen.

Similar to other diseases, cystic fibrosis carries its own disease-specific indications for
referral for lung transplantation (Table 1) long prior to development of terminal disease.
According to the Cystic Fibrosis Foundation (CFF) consensus committee [18], specific
indications for referral include–an FEV1 that measures less than 50% predicted associated
with a greater than 20% relative decline in FEV1 over the previous year, an FEV1 that
is less than 40% predicted and is associated with specific markers of shortened survival
(greater than two pulmonary exacerbations per year, hemoptysis of greater than 240 mL,
pneumothorax, BMI less than 18 despite aggressive attempts to gain weight), or an FEV1
less than 30% predicted even without associated complications. The disease course of CF
can be very heterogeneous and, at times, carry an unpredictable nature. In some cases,
even preceding lung transplantation referral, the CFF identifies individuals with advanced
lung disease, who are at high risk of clinical decline, and, therefore, may benefit from early
and robust mitigation of risk factors for disease progression [20]. Specifically, patients who
have an FEV1 that measures less than 40% (even without an additional complication), have
had a previous intensive care unit admission for respiratory failure, suffer from baseline
hypercapnia (PaCO2 greater than 50 on stable blood gas), require oxygen use during the
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day and at rest, have developed pulmonary hypertension, or cannot walk greater than
400 m would be classified as having advanced lung disease.

Table 1. Indications and Contraindications for Lung Transplantation and CF-Specific Factors [17,18,20].

General Indications
-Advanced lung disease that is refractory to medical therapy
-Greater than 50% mortality from lung disease without transplantation over the next two years
-Greater than 80% five-year survival post-transplantation

Absolute
Contraindications

-Clinical shock, disseminated infection, or HIV infection with a detectable viral load
-Malignancy with high risk of recurrence or cancer-related death
-Lack of interest in transplantation, evidence of persistent non-adherence to treatment
-Non-pulmonary organ dysfunction
-GFR less than 40
-Stroke or acute coronary syndrome within the past thirty days
-Acute liver failure or cirrhosis with synthetic dysfunction
-Hematologic disorders not amenable to treatment
-Active substance use or dependence

Relative Contraindications

-Age greater than 70 years
-Severe coronary artery disease or cerebrovascular disease
-BMI greater than 35 or less than 16 kg/m2

-Severe esophageal dysmotility, chest wall deformity, or previous thoracic surgery expected to cause
difficulty with post-transplant healing
-Infection or colonization with highly resistant or virulent organism
-Detectable hepatitis B or C viral load
-Limited functional status or neurocognitive condition that may interfere with adherence to regimen
after transplantation

CF-Specific Referral
Criteria

-FEV1 < 50% predicted with a greater than 20% relative decline in FEV1 within one year
-FEV1 < 40% predicted accompanied by:
-More than two exacerbations per year requiring antibiotics
-Massive hemoptysis of more than 240 mL that necessitates ICU admission or bronchial artery
embolization
-BMI less than 18
-FeV1 < 30% predicted
-Six-minute walk test result < 400 m
-Advanced CF lung disease:
-Hypoxia (PaO2 < 55 mmHg) at rest or with exertion
-Hypercapnia (PaCO2 > 50 mmHg)
-Previous exacerbation requiring positive pressure ventilation
-Pulmonary artery systolic pressure > 50 mmHg

2.2. Lung Allocation

The mechanism employed for distribution of lungs for transplantation in the United
States changed over the years. Prior to 2005, lungs were distributed according to the
duration of time spent on a waitlist. In essence, those people who had been listed for
the longest time were those who preferentially received a transplantation. However, pre-
transplant mortality was nearly 30% [21]. For that reason, the Lung Allocation Score (LAS)
was adopted. It implements a measurement of anticipated survival (in number of days)
prior to and following transplantation for each individual. The measurement of survival
prior to transplantation is subtracted from that of survival following transplantation to
yield a raw score that is normalized on a scale from 0 to 100—the final LAS [22]. Those with
the highest LAS are assigned greatest priority for transplantation. In essence, those patients
who are in greatest need of transplantation and have the longest anticipated duration
of survival with transplantation are the ones who are assigned the greatest priority to
receive a transplant, and this system is applied for all indications for lung transplantation.
Following implementation of the LAS, the average time spent on waitlists decreased, the
total number of transplantations increased, and the average LAS score of patients who
underwent transplantation increased [23]. Later on, however, waitlist mortality increased
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marginally. A suspicion is that, with advancements in treatment for all patients with
lung disease, progressively sicker patients have been listed for transplantation, and over-
estimation of post-transplant mortality by the LAS may bias against transplantation for
these people [24].

For PwCF in particular, a recent study showed that median transplant-free survival
for patients whose FEV1 measured less than 30% predicted was only 6.6 years [25]. Un-
fortunately, the median time to transplantation was 8.3 years. Additionally, according to
the annual report from the CFF [7], in 2021, 232 PwCF died, but only 54 PwCF underwent
lung transplantation. One likely explanation is the insufficient supply of transplantable
organs and inadequate referral of patients to transplantation. On average, the lung retrieval
rate is lower (15–20%) when compared to other solid organs [26]. Donation after cardio-
circulatory death (DCD) accounts for less than 5 percent of the donation pool but recent
data showed short- and long-term outcomes after lung transplantation using controlled
DCD donation yielded excellent results that were comparable to those of donation after
brain death (DBD) [27]. The use of ex vivo lung perfusion (EVLP) as a method to improve
organ quality and reverse any injury before transplantation helps to evaluate lungs from
uncontrolled DCD and expand the pool of donor lungs available [27]. EVLP use slowly
increased overtime, to almost 6% of deceased donor lungs recovered for transplant in the
United States since 2015, and there is no evidence of a negative impact on one-year recipient
survival [28]. Data are limited regarding the implementation of these tools for CF lung
transplantation recipients; however, combined, these approaches are being carried out more
frequently to combat an insufficient donor pool. Balancing the acceptable tolerability of
donor organ function with transplant outcomes will also help to reduce waitlist mortality.

As the LAS does not consider factors specific to CF that are associated with increased
mortality, such as frequency of CF pulmonary exacerbations, life-threatening hemoptysis,
or recurrent pneumothoraces, waitlist mortality for PwCF remained greater than 10% even
following implementation of the LAS [29]. Nolley et al. proposed modifications to the
LAS to include CF-specific risk factors for mortality. While data are limited, and are not
yet validated in an era where use of modulator therapy is more widespread, there is some
literature to suggest that use of parameters specific to mortality in CF would increase the
predictive value of the LAS for this demographic [30].

As of March 2023, a new Composite Allocation Score (CAS) has taken the place of the
LAS. Analogous to the LAS, it includes estimates of the mortality prior to, and following,
transplantation of a particular person. Unique to the CAS is information about the proximity
of the organ donor and recipient to one another (in the interest of maximizing the survival
of as many transplantable organs as possible), related to candidates who are of particular
consideration for transplantation (patients younger than 18 years of age and those who
previously served as organ donors), and concerning candidates who are hard to match with
donor organs, such as those whose height or antibody panels are not compatible with most
donor organs (in the interest of limiting the time that these people spend on transplant
waitlists) [31]. Thus far, based upon data only from simulated patient scenarios, the lung
CAS is expected to reduce waitlist deaths and decrease the average time spent on a waitlist
while maintaining post-transplant survival [32]. The final new component is of particular
relevance to PwCF. Many PwCF likely have suffered from lifelong nutritional deficiencies,
intestinal malabsorption, and chronic inflammation, contributing to poor growth rates
during childhood and reduced stature as compared to the general population. Although
data are yet to come, the lung CAS is expected to lead to a shorter average waitlist time for
these individuals.

3. Post-Transplant

In 2021, the CFF released a consensus statement [33] for the care of CF lung transplan-
tation recipients (CFLTRs), as CFLTRs have unique comorbidities that require specialized
care. The CFF organized a multidisciplinary committee that formulated 32 recommen-
dations covering topics related to infectious diseases, endocrinology, gastroenterology,
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pharmacology, mental health, and family planning. A main emphasis was on the close
coordination of care between the lung transplantation team, the CF care center, and various
sub-specialists with experience in the care of PwCF and lung transplantation recipients.
The recommendations of the committee are listed in Table 2.

Table 2. CFF recommendations for the care of PwCF after lung transplantation.

Category Recommendation % Vote

General Care
CF Lung Transplant Recipients should follow up with a multidisciplinary CF care team
within 6–12 months of transplant to resume extra-pulmonary CF care. Communication

between the transplant and CF care teams is essential for coordination of care
100%

General Care
CF and Transplant programs should operationalize infection prevention and control

policies across all services as indicated by the CF Foundation’s Infection Prevention and
Control Guidelines

95%

Infectious disease

Non–invasive CF-specific bacterial, fungal, and AFB respiratory cultures should be
obtained by the transplant or CF center every 3 months in actively waitlisted transplant

candidates, and clinicians should review prior pathogen history to guide the
peri-operative antibiotic regimen

100%

Infectious disease An intraoperative CF bacterial, fungal and AFB culture of the native lung should be
obtained at the time of lung transplantation 100%

Infectious disease

In CF Lung Transplant Recipients with multidrug resistant pathogens,
susceptibility-driven antimicrobials should be administered when the recipient has a

susceptible antibiotic choice with acceptable toxicity. In the absence of a
susceptibility-driven perioperative choice, previously effective regimens should

be considered

100%

Infectious disease
For CF Lung Transplant Recipients, there are insufficient evidence to recommend for or
against routine intraoperative pleural and tracheal irrigation with antimicrobial agents to

decrease infections after transplant
100%

Infectious disease
Perioperative and/or early posttransplant inhaled antibiotics for bacterial pathogens

isolated prior to transplant should be considered as a complement to systemic
antimicrobials in CF Lung Transplant Recipients

100%

Infectious disease There is insufficient evidence to recommend for or against the use of inhaled antibiotics
for prevention of recolonization or chronic lung allograft dysfunction (CLAD) 100%

Infectious disease
There is insufficient evidence to recommend for or against the routine collection of

sputum for bacterial, fungal or AFB cultures in asymptomatic CF Lung
Transplant Recipients

95%

Sinus Disease
In individuals with CF and asymptomatic chronic rhinosinusitis (CRS), the CF

Foundation recommends against pre-transplant prophylactic sinus surgery for the
prevention of lung graft colonization.

100%

Sinus Disease CF Lung Transplant Recipients should be screened for symptoms of CRS at least annually 100%

Sinus Disease
CF Lung Transplant Recipients with moderate or severe symptomatic CRS should be seen
in consultation with an otolaryngologist experienced in CF for consideration of optimal

topical therapies and endoscopic sinus surgery
100%

Nutrition and
GI Complications

CF Lung Transplant Recipients should receive ongoing consultation with a dietitian with
CF expertise in order to obtain individualized nutritional therapy to achieve an

established BMI or weight-for-length goal
100%

Nutrition and
GI Complications

In CF Lung Transplant Recipients, vitamin D supplementation should be continued, but a
combination of vitamin A,D,E,K supplements should be discontinued after lung
transplantation; fat soluble vitamin levels should be measured by 3 months after
transplant, and levels should be repleted and followed individually as needed

100%

Nutrition and
GI Complications

Symptoms should be assessed daily in hospitalized patients, particularly within the
immediate post-operative period and with any opiate medication administration, for

early signs of obstipation and obstruction that might herald emergence of distal intestinal
obstruction syndrome (DIOS)

100%
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Table 2. Cont.

Category Recommendation % Vote

Nutrition and
GI Complications

In CF Lung Transplant Recipients who develop DIOS, early enteral lavage should be
considered. Refractory DIOS should be managed in coordination with experts in CF

gastrointestinal complications to reduce risk for prolonged obstruction and potential need
for operative management

100%

Nutrition and
GI Complications

For CF Lung Transplant Recipients who experience new or worsening symptoms of
gastrointestinal dysmotility, a gastroenterologist and a dietitian with CF expertise should

be consulted to guide the approach to symptom control and potential interventions
100%

Nutrition and
GI Complications

CF Lung Transplant Recipients should undergo liver enzyme monitoring for CF Liver
Disease (CFLD) at least annually, and when levels are elevated, patients should receive

non-invasive imaging techniques for initial evaluation

Diabetes and
Bone Health

CF Lung Transplant Recipients who do not have Cystic Fibrosis-Related Diabetes (CFRD)
should be screened with an oral glucose tolerance test (OGTT) at 3–6 months after

transplant and then annually–following the recommended screening guidelines for CFRD
95%

Diabetes and
Bone Health

CF Lung Transplant Recipients who have CFRD should be treated with insulin and
should undergo intensive self-blood glucose monitoring (SBGM) and individualized close
clinical follow-up in addition to lifestyle modifications. Furthermore, an endocrinologist
with expertise in CF and transplant associated DM should be consulted when possible

Diabetes and
Bone Health

For CF Lung Transplant Recipients, bone density should be assessed with dual energy
X-ray absorptiometry (DEXA) at 6–12 months after transplant 100%

Mental Health and
Family Planning

CF Lung Transplant Recipients should have mental health screening and consultation for
depression, anxiety, and post-traumatic stress disorder (PTSD) within 6 months of

transplant and then should resume annual screening per the International Committee on
Mental Health (ICMH) Depression and Anxiety Guidelines

100%

Mental Health and
Family Planning

Caregivers of CF Lung Transplant Recipients should be screened for depression, anxiety,
and PTSD within 6 months of transplant and should be referred for further assessment

if necessary
90%

Mental Health and
Family Planning

Females with CF who are post-lung transplant and are considering pregnancy should
assess carefully their individual risks through shared decision making with maternal fetal

medicine and transplant providers
100%

Mental Health and
Family Planning

Females with CF who are post-lung transplant should avoid pregnancy for at least the
first 2 years after transplantation because of the increased risk of acute rejection,

accelerated chronic rejection, and death
100%

Pharmacology and
Therapeutics

There is insufficient evidence to recommend for or against the use of Cystic Fibrosis
Transmembrane Conductance Regulator (CFTR) modulators for CF Lung

Transplant Recipients
100%

Pharmacology and
Therapeutics

There is insufficient evidence to recommend for or against the use of induction
immunosuppression for CF Lung Transplant Recipients 100%

Pharmacology and
Therapeutics

CF Lung Transplant Recipients should have close monitoring of calcineurin inhibitor drug
levels because of altered pharmacokinetics 100%

Pharmacology and
Therapeutics

Reduced renal function is common in CF Lung Transplant Recipients, and serum
creatinine is often a poor surrogate for renal function. Therefore, medications should be
dosed carefully according to the estimated glomerular filtration rate (GFR) of the patient,

and when available, therapeutic drug monitoring should be implemented

100%

Pharmacology and
Therapeutics

There is insufficient evidence to recommend for or against the routine use of airway
clearance, dornase alfa, or hypertonic saline among CF Lung Transplant Recipients 100%

Note. Reprinted from Table 1 in [34]. Creative Commons user license link: https://creativecommons.org/licenses/
by/4.0/ accessed on 10 April 2023.

4. CF Pathogens

A common challenge in lung transplantation in PwCF is the various pathogens seen
in the CF respiratory tract [35]—some of which portend worse outcomes (e.g., Burkholderia
cnocepacia) post transplant. Persistent infections of the allograft lung impose a risk for

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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chronic lung allograft dysfunction (CLAD) [36]. There are two forms of CLAD: bronchiolitis
obliterans syndrome (BOS) and restrictive allograft syndrome (RAS). BOS is characterized
by an obstructive pulmonary function with radiographic evidence of air trapping on a
computed tomography (CT) scan; histopathology demonstrates obliterative bronchiolitis.
In RAS, pulmonary function is restrictive, CT demonstrates pleural–parenchymal infiltrates,
and pleuroparenchymal fibro-elastosis is seen on histopathology [37]. Certain pathogens
such as Pseudomonas aeruginosa are significant risk factors for BOS. Thus, isolation of these
pathogens from lung transplantation candidates and recipients are heavily considered
in their clinical management. Here, we highlight CF pathogens that deserve particular
attention during evaluation for, and following, lung transplantation.

4.1. Pseudomonas aeruginosa

Pseudomonas aeruginosa (PsA) is the most common organism colonizing the airways
and sinuses in PwCF. It has been reported in up to 60%, although the prevalence appears
to be decreasing since ETI was introduced as HEMT. It is yet to be determined if this is a
direct effect of ETI or, more likely, a reflection of poor culture sampling due to diminished
sputum production in the majority of PwCF taking ETI [7]. Oftentimes, these bacteria
are multi-drug resistant (MDR) given the history of frequent antibiotic treatments that
most CF patients receive over the course of their lives for management of pulmonary
exacerbations [38]. The PsA strain in CF also tends to be mucoid alginate-producing, which
is responsible for the production of a protective biofilm for the bacteria against airway
clearance and antibiotic penetrance [39]. The mortality impact of MDR PsA compared
to that of more susceptible PsA strains is unclear at this time in CF patients after lung
transplantation [40,41]. There are two phases to PsA infection: acute and chronic [42].
Acute pulmonary exacerbations typically present with both pulmonary and systemic
symptoms including increased sputum production, increased cough, malaise, and weight
loss. Treatment for the acute phase typically includes airway clearance and antibiotics
that target lower airway microbes in addition to those that target PsA. In contrast, chronic
phase is more indolent and defined by Leed’s criteria as having >50% sputum cultures
positive for PsA in the preceding 12 months. Treatments for patients with chronic infections
include cycling anti-PsA inhalational antibiotics such as inhaled tobramycin or aztreonam.
Intermittent administration of oral and/or intravenous antibiotics is commonly used for
disease control [36].

Researchers explored the relationship between post-transplantation bacteria and trans-
plantation outcomes, and preliminary data suggested PsA infection or colonization was
likely associated with increased BOS risk [43]. The exact mechanisms remain unknown,
but studies in animal models and human lung allografts suggested that PsA colonization
in lung allografts may promote activation and migration of lymphocytes into the lung
allografts resulting in damages in the lung allograft epithelium [36]. Certain chemokine
receptors such as CXCR1 and CXCR2 are integral membrane proteins that bind and respond
to cytokines. Studies noted that in PwCF, CXCR1+ lymphocytes were found more fre-
quently, in comparison to patients without CF, suggesting PsA may promote the expansion
of CXCR1+ lymphocytes [44]. CXCR1/2 chemokine/ligand axis uses ELR+ chemokines
(CXCL1, CXCL5, CXCL7, CXCL8), which are chemotactic for both neutrophils and lympho-
cytes expressing CXCR1 or CXCR2. Later studies would find that PsA infection, but not
colonization, and elevated levels of CXCL1, increased the risk of BOS, with higher levels of
CXCL1 furthering the risk [36].

4.2. Burkholderia cepacia Complex

Burkholderia cepacia complex (Bcc) poses a very high risk of reinfection after trans-
plantation and is associated with high mortality rates. Similar to PsA, Bcc infection pre-
transplantation persists after transplantation [45]. Bcc comprises over 24 different species.
Bcc species most often found in PwCF are B. cenocepacia, B. mutivorans, B. vietnamiensis,
B. dolosa, B. cepacia. While not a part of the Bcc, B. gladioli is another Burkholderia species of-
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ten seen in CF [46,47]. Similar to pseudomonas, many strains of Bcc are MDR although Bcc
species tend inherently to be resistant to many antibiotic classes. In a cohort of 216 PwCF
who underwent lung transplantation, 22 had Bcc pre-transplantation, including 12 with
B cenocepacia. Nine patients infected with B. cenocepacia died post-transplantation, and these
deaths were attributed to Bcc sepsis [48]. Colonization with B. cenocepacia is commonly
a contraindication to lung transplantation in many centers. Bcc carries a heterogeneous
virulence; for instance, B. multivorans is considered less virulent than B cenocepacia and
was not associated with a worse survival difference compared to non-infected patients
post-transplantation [49].

The clinical course of an infection with a Bcc organism can be unpredictable, but the
outcome is often related to the pathogenicity of the infecting strain [50]. Bcc typically estab-
lishes chronic infection in patients with CF, but can occasionally cause acute necrotizing
pneumonia with respiratory failure and sepsis—termed cepacia syndrome. Bcc species
tend inherently to be resistant to many antibiotic classes, and as a result, treatment of Bcc is
challenging. To date, there are no randomized controlled trials of treatments for respiratory
exacerbations in patients with CF chronically infected with Bcc. Thus, there are no optimal
antibiotic regimens present [51]. At this time, clinicians must rely on susceptibility data,
prior clinical responses and their experience until more data are available.

4.3. Mycobacterium abscessus

Mycobacterium abscessus (M. abscessus) and mycobacterium avium complex (MAC) are
the most common nontuberculous mycobacteria (NTM) found in PwCF [52]. Infection
prior to transplantation is associated with an increased risk of recurrence following surgery
despite attempts at eradication. Mycobacterium abscessus is of particular interest in the
field of lung transplantation due to its complication rate post-operatively [53]; for this
reason, it may be considered a relative, and sometimes absolute, contraindication in cer-
tain transplantation centers [17,18]. Nonetheless, favorable outcomes have been reported
in PwCF who are colonized with Mycobacterium abscessus and are lung transplantation
recipients [54]. Treatment is challenging to tolerate and requires a multidrug treatment
regimen. Data on treatment outcomes in PwCF and Mycobacterium abscessus lung infections
remain limited despite its clinical significance. The American Thoracic Society and the
Infectious Disease Society of America recommend a typical treatment schedule divided
into two phases: an initial intensive phase and a continuation phase [55]. The intensive
phase is composed of an oral macrolide and intravenous amikacin with one or more addi-
tional intravenous antibiotics, such as tigecycline, imipenem, or cefoxitin, for a 3–12 week
period—depending on severity of infection, response to treatment, and tolerability of
the regimen. The continuation phase continues the oral macrolide, and includes inhaled
amikacin and two-to-three additional antibiotics such as minocycline, clofazimine, moxi-
floxacin, or linezolid. The choice of antibiotic should be guided, but not dictated, by drug
susceptibility testing. Testing for drug toxicity is essential. Much of this crucial work is
carried out through multidisciplinary care and coordination with experts in NTM treatment.

4.4. Aspergillus

Aspergillus is a common fungal infection occurring in up to 50% of patients awaiting
lung transplantation. Aspergillus can demonstrate an array of disease states including
asymptomatic colonization, allergic bronchopulmonary aspergillosis, tracheobronchitis,
and invasive aspergillosis. Amongst PwCF who have undergone lung transplantation, stud-
ies demonstrated that there is a two-to-four-fold higher incidence of Aspergillus infections
as compared to non-CF patients [56]. Factors that impact airway colonization/infections
include direct exposure to the environment, impaired mucociliary clearance, immunosup-
pression, and donor-transmitted infections. Voriconazole is the drug of choice for invasive
aspergillosis, as it was shown to improve outcomes in severely immunosuppressed pa-
tients [57]. Other therapies include amphotericin B, caspofungin, and posaconazole, but
these treatments are often considered second-line or salvage therapy [58]. Following trans-
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plantation, Aspergillus is associated with BOS, increases the risk of infections, and impairs
oxygenation and ventilation. Due to the risk of BOS, most CF centers will often administer
antifungal prophylaxis to their patients after lung transplantation [59]. However, more
studies will be required to determine the optimal length of prophylactic therapy balancing
the benefit of prophylaxis with the risks of drug toxicities.

4.5. COVID-19

Over the course of the past several years, the pandemic of COVID-19 infection un-
doubtedly devastated several patient populations across the entire world. Early in the
pandemic, initial reports [60] and subsequent data [61] alike suggested that rates of in-
fection among PwCF were not significantly higher than those of the general population.
Although altered pulmonary anatomy and physiology might have mechanistically sug-
gested a predisposition to infection, possible protective factors for PwCF include use of
airway clearance medications and pre-existent knowledge about infection control prac-
tices and social distancing. Nonetheless, COVID-19 infection can predispose PwCF to
pulmonary exacerbations and can lead to severe, life-threatening disease, particularly in
lung transplant recipients who are immunosuppressed [61].

5. Noninfectious Complications

Noninfectious complications unique to CF patients after lung transplantation include
endocrine, gastrointestinal, and oncologic pathologies. CF patients at baseline are uniquely
susceptible to the development of insulin deficiency, and after transplant due to the use
of corticosteroids and immunosuppressive therapies, the prevalence of diabetes mellitus
increases [62]. Post-transplantation status and corticosteroid exposure also predispose to
accelerated bone loss, pathological fractures, as well as osteonecrosis [63]. Epstein–Barr
Virus mismatch, in the context of chronic immunosuppressive therapy, increases the risk
for malignancy, particularly post-transplant lymphoproliferative disease (PTLD). Cancer
screening is discussed in more detail in the article entitled “Future Comorbidities in an
Aging Cystic Fibrosis Population”.

Gastrointestinal complications include gastroesophageal reflux and intestinal dysmotil-
ity. These conditions are common in CF, and they may worsen after transplantation [64].
Due to inherent dysmotility, intestinal obstruction syndrome may occur and result in fur-
ther malnutrition which is an important risk factor for poor outcomes after surgery [65].
Distal intestinal obstruction syndrome (DIOS) occurs in 15.9% of adults with CF and
increased risk of gastrointestinal complications such as DIOS is well known after lung
transplantation [64]. Differentiating DIOS from other causes of bowel obstruction, such
as constipation, in CF may be difficult, but one of the more widely used definitions for
DIOS is an acute complete, or incomplete, fecal obstruction in the ileocecum. Constipation,
however, is defined as gradual fecal impaction of the total colon [66]. Studies have shown
that the incidence of DIOS post lung transplantation is roughly 10% [67]. Factors that are
theorized to contribute to this syndrome include pancreatic insufficiency, reduced intestinal
water content, slow intestinal transit, and dehydration of the mucus layer due to altered
intestinal secretion [68]. Additionally, pre-transplantation abdominal operation and prior
meconium ileus were some of the strongest predictors of developing DIOS [67]. Preventive
therapy for DIOS includes the implementation of oral laxatives, adequate hydration, and
pancreatic enzyme supplementation; however, there is a lack of consensus regarding the
best preventive measures [69].

6. Prognosis

The median survival of CF patients after lung transplant is 8.3 years, whereas it is
5.7 years after lung transplant for all indications [70]. Although lung transplant is the
standard of care for CF patients with end-stage lung disease, and although predictors of
mortality prior to transplant are well defined, factors that prognosticate mortality following
transplant in CF are not as well established. Risk stratifications to determine prospective
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lung transplant candidates who would benefit most from transplantation can be challeng-
ing [71]. A systematic review and meta-analysis evaluated risk factors of age, gender, FEV1,
pulmonary hypertension, BMI, CF-related diabetes, and pre-existing infections with Bcc
and/or PsA with post-transplant mortality in CF [72]. The single risk factor associated
with increased mortality after transplantation was pre-existent Bcc infection. As discussed
previously, the species of Bcc have varying virulence, and so, this must be taken into
account; B. cenocepacia is associated with worse mortality. Thus, it is vital to identify species
of microorganisms that are commonly identified within a complex. Surprisingly, factors
that are known to be associated with waitlist mortality, such as low FEV1, pulmonary
hypertension, low BMI, female gender, and CF-related diabetes, were not associated with
post-transplant mortality. Therefore, the use of existing risk stratification tools may actually
underestimate the survival benefit of transplantation in CF. The most likely reason that low
FEV1 and pulmonary hypertension do not affect the mortality after transplant is that the
surgery leads to the improvement of these two factors.

For some time, low BMI was believed to be associated with poorer outcomes in CF
lung transplantation recipients. The theory was that worsening CF with advanced lung
disease is correlated with reduced nutrition as patients will have dyspnea, anorexia, and
increased basal energy expenditure from chronic respiratory infections. Early data showed
that underweight status prior to lung transplantation was associated with mortality after
transplantation [73]. Therefore, low BMI was frequently one of the absolute contraindi-
cations to lung transplantation [74]. Challenging this idea, recent data from the United
Network for Organ Sharing (UNOS) dataset revealed that the median survival in patients
with CF and BMI < 17 kg/m2 was 7.0 years, which was comparable to subjects with other
commonly transplanted diagnoses [75]. A likely reason for this disparity between theoreti-
cal risk and clinical outcomes data is that BMI does not differentiate between fat mass and
fat-free body mass. In comparison, sarcopenia may be a more useful prognostic indicator.
One study demonstrated that decreased muscle mass index, as measured by CT scan at
the time of lung transplantation, was associated with decreased survival and increased
hospital length of stay after transplantation [76]. Another study similarly showed that
low muscle cross-sectional area, as measured by CT scan, was associated with increased
duration of hospitalization after transplantation [77]. Although pre-transplantation FEV1
has not been associated with post-transplant mortality, as described previously, low FEV1
is a marker for severe disease. Thus, as recent data demonstrated that sarcopenia prior to
transplantation is a predictor of poor outcomes subsequent to transplantation, it is under-
standable also that skeletal muscle mass index prior to transplantation is associated directly
with FEV1 [78]. Another explanation for the lack of correlation between pre-transplant
BMI and post-transplant outcome may be that nutritional status is reversible. Underweight
patients with CF were shown to have higher risk of death without lung transplantation,
highlighting the urgency for transplantation [75]. These new data challenge pre-existing
beliefs and highlight that patients with CF and low BMI may be unjustifiably excluded
from lung transplantation.

Although transplantation in patients with CF, as compared with transplantation in the
context of other end-stage lung diseases, is associated with relatively favorable outcomes,
CF patients tend to be quite young at the time of transplantation. For that reason, eventually,
some CF patients will develop CLAD, but they may continue to have relatively limited
medical comorbidities, so they may be eligible for an additional lung transplant. CLAD
occurs in about 50% of recipients 5 years after lung transplantation [79]. Unfortunately,
the survival rates of re-transplantation remain significantly worse, compared to those
of primary transplantation despite advances in immunosuppression and post-operative
management [80]. The risk factors associated with developing CLAD remain unclear. What
has been shown is that patients who require repeat transplantation often experience a
decline in clinical status across multiple organ systems [80]. The more notable organs
include the renal system, with higher baseline creatinine, and the pulmonary system with
increased oxygen requirements or lower FEV1 [80]. Due to these organ failures the patients
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are often bridged with dialysis for their kidneys or with mechanical ventilation and/or
extracorporeal membrane oxygenation (ECMO) for their pulmonary/circulatory failure. It
is important to note, however, that, in general, patients who previously have undergone
lung transplantation are at about a five-fold increased risk for all-cause mortality, as com-
pared to the general population [81]. Additionally, these forms of external organ support
were noted as predictors of worsening cardiopulmonary status and graft failure three years
after transplantation [82] and, thus, are likely only further to exacerbate this known mortal-
ity risk. It is also important to note that, as compared to patients undergoing a primary
lung transplantation, those who ultimately require a re-transplantation require a greater
duration of mechanical ventilation and, on average, have a longer post-transplantation
ICU stay [83]. Ultimately, these individuals have worse pulmonary function than those
undergoing a first transplantation [83], and some single-center studies even noted greater
mortality [84,85]. Therefore, earlier identification of patients who are at higher risk of
needing another transplantation is imperative, as it may allow for earlier intervention
and, thereby, alleviate the need to bridge these patients to transplantation with mechanical
ventilation or ECMO. It also may allow for the optimization of patients such that they are
in better condition prior to the re-transplantation surgery. In particular, preliminary data
regarding the use of inhaled cyclosporine are promising. An initial study of 58 patients
published in 2006 demonstrated that inhaled cyclosporine administered prophylactically
to lung transplantation recipients did not decrease the incidence of acute rejection, but it
did increase the duration of both survival and chronic, rejection-free survival [86]. A subse-
quent phase II study regarding the use of inhaled cyclosporine in patients who developed
BOS demonstrated a decreased incidence of progression of BOS grade in the treatment
arm [87]. Data from phase III randomized controlled trials of inhaled cyclosporine use in
patients who suffer from BOS, both in the context of single lung transplantation [88] and
double lung transplantation [89], are pending. Given these promising data that demon-
strate potential for intervention to mitigate the need for re-transplantation, it is of utmost
urgency to determine risk factors associated with the development, and worsening, of
CLAD. The exact predisposing features associated with CLAD remain elusive, but some
studies associated thymoglobuin use, number of infections treated, and certain infections
with increased incidence of CLAD [37]. However, additional studies are needed to identify
the specific risk factors associated with the development of CLAD.

7. The Changing Landscape of Lung Transplantation in CF

The average age of patients with CF undergoing lung transplantation has been
rising—arguably as a result of implementation of modulator therapy and improved com-
prehensive care of these patients. The percentage of pediatric patients among those who
received a lung transplant for CF decreased from 12.5% between 2005 and 2009 to 9.6%
from 2010 to 2014, and the percentage of patients aged greater than 40 years increased
14.2% to 17.2% over the same time period [90]. According to pooled data from the UNOS
from 1992 to 2016, of all PwCF who underwent lung transplantation, those patients who
were older than 30 years had a significantly greater median survival as compared to those
whose ages were between 18 and 29 years old [90]. Secondary analysis demonstrated that
the younger group had higher allograft failure as well as higher incidence of malignancy.
With the increasing age of CF lung transplant recipients, one could hypothesize that this
could translate to improvement in survival post-transplantation. However, older aged
patients may also carry additional age-related comorbidities. Further studies are needed
to elucidate the underlying mechanisms of age-related disparity in survival, but there
are a few hypotheses [91]. The older recipients may have had phenotypically milder CF;
thus, they did not require a transplantation until they reached an older age. However,
this study was performed over a relatively long period of time, over which the average
age of lung transplantation recipients did increase dramatically–possibly due to external
factors such as ongoing improvements in standardized care, thereby delaying the need for
transplantation. Behavioral maturation, associated with better medication adherence and
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psychosocial support, is another possibility for the observed difference in survival between
the age groups. Furthermore, younger-aged patients typically had public insurance, in
contrast to private insurance most commonly seen in older patients, which may have
contributed to their level of access to care. Another observation is that cytomegalovirus
(CMV) and Epstein–Barr virus (EBV) recipient sero-negative status was more likely to
occur in younger patients, resulting in a higher chance for CMV and EBV mismatch if the
donor was sero-positive, thereby increasing the risk of the development of post-transplant
lymphoproliferative disorders.

8. HEMT Impact on Transplantation Landscape

The first FDA-approved modulator was ivacaftor, an oral agent which targeted a point
mutation, G551D, in the CFTR. Mutations in G551D result in abnormal CFTR proteins
that have an impaired ability to open. Ivacaftor allows the channel opening probability to
increase and, therefore, is classified as a potentiator. Early studies conducted by Accurso
and colleagues [92], which evaluated the safety of this medication, found in their secondary
endpoints that there were also changes in predicted FEV1 and median sweat chloride
levels. Later CFTR modulator studies would also measure these changes. Although there
have been studies that demonstrated no correlation between reductions in FEV1 and mean
sweat chloride level, with respect to an individual patient, in the context of ivacaftor use,
when these studies were pooled together with respect to a population, sweat chloride level
changes did appear to correlate with lung function changes [93].

Since the approval of ivacaftor, there have been other potentiators as well as correctors
that were approved for CF. Further clinical trials demonstrated that a combination of
potentiators and correctors are more efficacious than monotherapy alone [93]. The newest
FDA-approved combination therapy is elexacaftor/tezacaftor/ivacaftor (ETI), the first
triple combination therapy, for patients who are 12 years and older that have CF with at
least one F508del mutation in the CFTR protein.

The development of HEMT such as ETI revolutionized the management not only of
CF patients over the course of their lifespan but also of those with advanced lung disease.
It is important to recognize that although CF patients no longer suffer from CF lung disease
after transplantation, these patients continue to suffer from systemic complications of
CF. Previously, it was theorized that patients who had undergone lung transplant would
not benefit from HEMT because the primary end point for modulator therapy trials was
commonly the change in FEV1% predicted. However, recent studies demonstrated that
the use of HEMT, even after transplantation, helps to manage important non-pulmonary
manifestations of CF, including nutritional and gastrointestinal outcomes, sinus disease,
and persistent pseudomonal infections [94]. Other notable considerations in using ETI
following transplantation include observational data demonstrating no impact on graft
dysfunction [95] or on immunosuppression drug regimen/dosing [96]. As a result, the use
of HEMT post-lung transplant may be of potential benefit with acceptable safety profiles.
Nonetheless, clinicians must be vigilant and monitor for side effects and toxicities of HEMT
including drug–drug [96] interactions, even though relative safety in combination with
immunotherapy was observed. More research is needed before further recommendations
can be made regarding the use of HEMT post lung transplant.

9. Conclusions

While CF is a rare disease, it has the potential to cause significant morbidity and mor-
tality to those with advanced pathology, and the greatest suffering in CF is associated with
pulmonary disease. The only cure for end-stage lung disease is pulmonary transplantation.
Despite the hurdles specific to coordination of lung transplantation for CF patients, its
success in this demographic is evident. The pathology central to CF was only first described
in a case series in 1938 [97], and its gene was only identified in 1989 [98]. Nonetheless,
lung transplantation for CF has been performed since 1983 [99], and CF now accounts for
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about 17% of pre-transplant diagnoses [70]. The median survival of CF patients after lung
transplant is 8.3 years, whereas it is 5.7 years after lung transplant for all indications [70].

Although HEMT continues to demonstrate promise in mitigating the symptoms of,
and progression to, severe disease, it cannot be used to treat all illness-causing mutations,
and some patients suffer from disease that already advanced greatly. Thus, it is likely that
lung transplantation will remain a cornerstone of treatment of terminal pulmonary disease
in CF for years to come.

However, there are still a lot of advances to be made to ensure that as many eligible
patients as possible survive to the time of transplantation—particularly via modification
of the lung allocation scoring system for CF patients. With ongoing advancements in care
for CF patients, both before and after transplant, particularly due to the implementation
of HEMT, pre- and post-transplant longevity of CF patients is likely to improve. For
that reason, future research may focus on re-defining indications or contraindications for
transplantation in this patient population. For instance, disease complications, such as
suboptimal BMI, or infections with highly virulent organisms, which may previously have
been deemed contraindications to transplantation, may represent stronger indications
for transplantation in the future. Additionally, investigation might focus on longevity
post transplantation, CLAD, and indications for re-transplantation, as the population of
long-term survivors after transplantation grows.
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