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Introduction
During the last decades, short-term outcomes after lung
transplantation (LTx) have improved due to advances
in immunosuppressive regimens and better peri- and
postoperative care. Despite significant improvement of early
survival, however, long-term survival remains limited, with a
median 5-year survival of approximately 54% and a median
10-year survival of 32% (1). Long-term survival after LTx is
mainly hampered by the development of chronic rejection
(CR) (1,2). CR in this review is defined as a sustained
decrease in pulmonary function (forced expiratory volume in
one second, FEV1) of ≥20% from the average of the patient’s
two best post-transplant values (‘baseline’), in the absence of
other identifiable causes. CR affects 45% of all LTx recipients
within 5 years following LTx, which is the highest prevalence
in solid-organ transplantations, and accounts for the majority
of late post-transplant mortality (3,4). There are at least
two different clinical manifestations of CR: bronchiolitis
obliterans syndrome (BOS)—an obstructive phenotype—
and restrictive allograft syndrome (RAS) or restrictive CR—
a restrictive phenotype. Median survival after BOS diagnosis
is 3 to 5 years, whereas median survival after RAS diagnosis is
limited to 0.5 to 1.5 years (5,6).
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Since long-term survival after LTx is hampered
by the development of CR and therapeutic strategies
have been largely unsuccessful, prevention of CR is an
important and challenging therapeutic approach (7-11).
Current prophylactic practices mostly include an
immunosuppressive induction therapy, a maintenance
therapy with conventional triple drug immunosuppression
(mostly methylprednisolone, a calcineurin inhibitor and
a cytostatic agent) and prevention of risk factors for CR,
including conventional infectious prophylaxis.
Despite the importance of preventive strategies,
randomized trials are scarce. In the current paper, we will
review clinical evidence aimed at prevention of CR after
LTx (schematically summarized in Figure 1). Data derived
from in vitro or animal studies are considered to be too
premature and outside the scope of the current review.
Immunosuppression
Induction therapy
Induction therapy is an intense immunosuppressive therapy
administered at the time of LTx with the aim of reducing
early acute rejection (AR). AR has been shown to be the
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Figure 1 Schematic presentation of the possible strategies for prevention of CR after LTx. PGD, primary graft dysfunction; AR, acute
rejection; CLAD, chronic lung allograft dysfunction; BOS, bronchiolitis obliterans syndrome; RAS, restrictive allograft syndrome; EVLP,
ex vivo lung perfusion; IS, immunosuppression; LTx, lung transplantation.

leading risk factor for CR. Induction therapy may reduce
the incidence of early AR and hence, the subsequent
development of CR (12). Also, induction therapy provides
a longer timeframe to achieve therapeutic calcineurin
inhibitor levels in the early post-operative period, allowing
the kidneys to recover after surgery before experiencing
toxic effects of CNI (9). Two categories of induction therapy
are widely used: monoclonal or polyclonal lymphocytedepleting agents and interleukin-2 receptor antagonists
(IL2RA). According to the International Society for Heart
and Lung Transplantation (ISHLT) registry, approximately
70% of LTx patients nowadays receive an induction
treatment, most of them with IL2RA (1).
IL2RAs: daclizumab, basiliximab
Daclizumab and basiliximab are monoclonal agents directed
against the interleukin-2 receptor of T-cells. Daclizumab
and basiliximab saturate the alpha-subunit of this receptor,
thereby preventing para-/autocrine activation and
proliferation of T-cells by interleukin-2 (9,13). Evidence
concerning these induction agents is conflicting. Multiple
small retrospective and prospective trials demonstrated
a decrease in AR episodes and prolonged CR-free and
overall survival with daclizumab induction in comparison to
antithymocyte globulin (ATG) induction or conventional
immunosuppression with corticosteroids, a calcineurin
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inhibitor and a cytostatic agent (14-16). In contrast however,
other small retrospective trials demonstrated an increase
in episodes of AR and CR incidence with daclizumab or
basiliximab compared with ATG (17,18). In addition, a
prospective trial comparing OKT3, ATG and daclizumab
induction found no difference in episodes of AR, CR-free
or overall survival between these three groups (19).
Lymphocyte-depleting agents: ATG, OKT3,
alemtuzumab
ATG is a polyclonal lymphocyte-depleting agent that
acts through complement mediated and antibody-related
cell lysis and through opsonization and phagocytosis by
macrophages (9,13). ATG was demonstrated in a RCT
to be superior to conventional immunosuppression with
corticosteroids, a calcineurin inhibitor and a cytostatic
agent in preventing early AR (20). However, there were no
differences in late post-transplant outcome, such as CR and
survival (21).
OKT3 is a monoclonal lymphocyte-depleting agent that
acts through binding of the T-cell receptor CD3 complex
(9,13). Two prospective trials could not demonstrate a
difference in AR, CR-free and overall survival after OKT3
induction compared to induction with ATG (19,22).
Moreover, OKT3 was associated with more adverse effects,
in particular with more bacterial infections (19).
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Alemtuzumab is a monoclonal lymphocyte-depleting
agent that acts through binding of CD52 on the cell surface
of B and T cells, monocytes, macrophages and natural
killer cells (9,13). In a study of Wehman et al. alemtuzumab
induction with reduced immunosuppression showed a
comparable rate of AR and overall survival in comparison
to conventional immunosuppression with corticosteroids, a
calcineurin inhibitor and a cytostatic agent (23). In addition,
Shyu et al. could demonstrate an improved freedom
from AR and lymphocytic bronchiolitis and a prolonged
CR-free survival in LTx patients induced with alemtuzumab
in comparison to LTx patients induced with ATG,
da cl iz u m a b o r c o nventi o na l i mmu no s u p p ression .
Overall survival after induction with alemtuzumab was
comparable to ATG induction and better than induction
with daclizumab or conventional immunosuppression (24).
However, alemtuzumab was only introduced the last decade,
and evidence from randomized controlled trials is lacking.
A recent meta-analysis could not demonstrate any
statistically significant differences between the use of T-cell
antibody induction compared with no induction, or different
types of T-cell antibodies discussed above regarding AR,
CR-free and overall survival (25). Nevertheless, this metaanalysis was limited to the size and nature of the limited
number of available studies.
Maintenance therapy
LTx patients usually receive a triple drug immunosuppression
maintenance therapy consisting of corticosteroids, a
cytostatic agent and a calcineurin inhibitor. Such a regimen
provides more effective immunosuppression and minimizes
side effects of drugs utilized by allowing lower target levels
(1,9). According to the ISHLT, the most used combination
therapy at 1 and 5 years post-LTx consists of tacrolimusmycophenolate mofetil (MMF)-corticosteroids (1).
Corticosteroids
Corticosteroids attenuate inflammation by inducing
neutrophil leukocytosis and a transient reduction in
circulating eosinophils, monocytes, and lymphocytes.
In contrast, antibody production is preserved, since
B-cells are less affected by corticosteroids (26). Systemic
corticosteroid use is widely considered an important
component of immunosuppressive regimens after solid
organ transplantation, despite numerous and frequent
side-effects (1,27). Despite their widespread use in most
immunosuppressive regimens, no randomized trials on
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prevention of CR after LTx are available. Whether systemic
corticosteroids can be safely stopped after LTx, without
increasing the risk for subsequent development of CR,
remains also unknown.
Airway inflammation is known to be suppressed by
inhaled corticosteroids in other chronic inflammatory lung
diseases such as asthma and chronic obstructive pulmonary
disease (COPD) (28,29). Inhaled corticosteroids have been
shown to reduce the total cell numbers in bronchoalveolar
(BAL) fluid of LTx patients in a randomized placebocontrolled trial (30). In contrast with these findings, neither
cell differentials, nor lung function were altered after adding
3 months inhaled corticosteroids to a systemic therapy of
corticosteroids in LTx (31). These findings suggest that
inhaled corticosteroids are ineffective for the prevention of
CR after LTx, although more research is needed regarding
adequate local delivery and timing of this therapy.
Cytostatic agents: azathioprine (AZA) and MMF
AZA and MMF are antimetabolites or antiproliferative
agents which inhibit the purine and/or pyrimidine
synthesis and thus block the de novo pathway of nucleotide
synthesis in cells. In addition to this de novo pathway, a
salvage pathway also provides nucleotide synthesis in most
cells. As lymphocytes lack a salvage pathway, AZA and
MMF specifically exert their antiproliferative effect on
these cells (26,27).
MMF has proven to decrease the incidence of AR
and to prolong overall and CR-free survival in renal and
heart transplant recipients compared to AZA (32,33). LTx
recipients treated with MMF also showed less episodes
of AR and a slower decline in FEV 1 in comparison to
AZA in non-randomized trials (34-36). Moreover, MMF
significantly reduced graft loss due to CR in comparison
to AZA in LTx (37). In contrast to these findings, two
randomized trials could not demonstrate a difference in
AR rates, CR-free and overall survival between MMF or
AZA maintenance treatment (38,39). Therefore, despite
the increasing use of MMF, there is limited evidence of
superiority of MMF over AZA in LTx (9).
Calcineurin inhibitors: cyclosporine, tacrolimus
Cyclosporine forms a complex with cyclophilin, while
tacrolimus binds to FK-binding protein or immunophilin in
the cell cytoplasm of T-cells. These complexes both inhibit
calcineurin from translocating to the nucleus, resulting
in a lack of IL-2 mRNA transcription, which is needed
for activation and proliferation of T lymphocytes. The
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limited amount of calcineurin in immune cells compared
to other cell types, as well as the fact that calcineurin is
critical for T-cell activation, accounts for the sensitivity of
T-lymphocytes to cyclosporine and tacrolimus (9,40).
Ta c r o l i m u s h a s d e m o n s t r a t e d s u p e r i o r i t y o v e r
cyclosporine in a limited number of randomized studies
regarding CR incidence, CR-free survival, lymphocytic
bronchiolitis and arterial hypertension (41-45), without
an effect on AR or survival (41,43,45). On the other hand,
tacrolimus may be associated with a higher incidence of
post-transplant diabetes (44,46). Single center placebocontrolled trials could demonstrate an extended CR-free
and overall survival when adding inhaled cyclosporine to the
maintenance immunosuppression therapy after LTx (47-49).
However, a subsequent multi-centre randomized controlled
trial failed to demonstrate a difference in CR-free survival
and overall survival (50).
Mammalian target of rapamycin (mTOR) inhibitors:
everolimus, sirolimus
Everolimus and sirolimus block mTOR and inhibit
growth factor-stimulated proliferation of lymphocytes and
mesenchymal cells. According to the ISHLT registry, the
use of mTOR inhibitors increases from approximately 8%
1 year after transplantation versus approximately 16%
5 years after LTx (1,9).
Two multicenter randomized trials could not show a
difference in CR incidence, CR-free and overall survival
between everolimus and AZA, or everolimus and de novo
enteric-coated mycophenolate sodium as part of the
triple immunosuppression regimen after LTx. Moreover,
everolimus was associated with more severe adverse events
(39,51). Similarly, Bhorade et al. could not demonstrate
superiority of sirolimus in comparison to AZA regarding
AR rate and incidence of CR (52). Sacher et al. on the other
hand showed a lower incidence of CR and improved overall
survival in patients treated with sirolimus compared to
patients treated with MMF (53). However, sirolimus was
also associated with significant adverse effects including
venous thromboembolism and impaired bronchial
anastomosis healing (52-54).
However, therapy with a mTOR inhibitor may provide
an advantage in specific situations. Long-term calcineurin
inhibitor use often leads to nephrotoxicity. Adding an
mTOR to minimize calcineurin inhibitor exposure, may
improve renal function without significant change in AR
and FEV1 (55,56). Additionally, mTOR inhibitors seem to
be associated with a decreased incidence of cytomegalovirus
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(CMV) infections in solid-organ transplant patients (52,57).
Immunomodulation
Neomacrolide antibiotics
Azithromycin and clarithromycin are neomacrolide
antibiotics with a macrolactam ring. Both antibiotics are
derived from erythromycin, an antibiotic with a macrocyclic
lactone ring, which has been isolated from Streptomyces
species (58).
Azithromycin
Azithromycin has both antimicrobial and immunomodulatory
properties (59). Antimicrobial properties against grampositive (e.g., S. pneumoniae and S. aureus), gram-negative
(e.g., H. influenzae and M. catarrhalis) and atypical pathogens
(e.g., Chlamydia, Mycoplasma, Listeria, Pneumocystis and
Legionella spp.) are achieved by binding of the 50S ribosome
subunit of bacteria, lowering protein synthesis. Antimicrobial
activity against P. Aeruginosa is accomplished by reducing
quorum sensing-dependent virulence factors, reducing
alginate and biofilm formation, reducing protein synthesis
and interaction with outer cellular membrane proteins (58).
Immunomodulatory properties are achieved by influencing
multiple cytokines and chemokines, and in this way lowering
airway inflammation and airway remodeling. Exact cellular
mechanisms are beyond the scope of this review and are
summarized elsewhere (59).
Several studies have demonstrated azithromycin to
improve FEV 1 by an average of 15% in 30–83% and
overall survival in approximately 35–40% of LTx recipients
diagnosed with CR (60-70). A randomized controlled
trial of Corris et al. in established BOS demonstrated a
mean difference in FEV1 of 0.3 L in favor of azithromycin
versus placebo (70). Especially patients with increased
BAL lavage neutrophilia (>15–20%) are more successfully
treated (67). In some of these azithromycin-treated patients,
FEV 1 no longer meets the spirometric criteria for CR,
which condition is denominated neutrophilic reversible
allograft dysfunction (NRAD) or azithromycin responsive
allograft dysfunction (ARAD) (67,71). NRAD/ARAD is
typically characterized by neutrophilic airway inflammation,
coarse crackles and increased sputum production and
bronchiectasis, airway wall thickening, mucous plugging
and centrilobular nodules on chest CT. Histology initially
shows an inflammatory process, but may end up in fibrosis.
Prognosis of NRAD/ARAD is good (71). Therefore,
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current management guidelines recommend a trial of
azithromycin for a least 3 months once CR is suspected (72).
Importantly, azithromycin is also effective as preventive
therapy for CR. A randomized placebo-controlled trial of
azithromycin demonstrated that prophylactic azithromycin
reduces CR prevalence and improves CR-free survival. In
this trial, CR prevalence is reduced with 32% after 2 years
and with 23% after 7 years (73,74). Overall survival between
the two groups is similar, most likely due to initiation
of open-label azithromycin treatment in patients with
established CR. Patients treated with azithromycin also
demonstrated higher pulmonary function (FEV1), better
functional exercise capacity, lower airway neutrophilia
and lower systemic C-reactive protein levels over time
compared to those receiving placebo (73,74).
In patients with established NRAD/ARAD, multiple
cytokines/chemokines and proteins are upregulated. One
study shows that MMP-gelatinase is increased in BAL fluid
of these patients. After 3 to 6 months of treatment with
azithromycin, MMP-gelatinase was decreased compared
with patients not treated with azithromycin, but still
increased compared to stable patients. These findings
suggest an ongoing matrix remodeling process, despite
treatment with azithromycin, and thus possibly a higher risk
to later development of CR. These findings suggest that a
preventive approach with azithromycin may be preferred to
a therapeutic approach (71).
Possible adverse events of azithromycin include nausea,
vomiting, diarrhea or abdominal pain due to stimulation
of gut motility. Cardiovascular events, particularly
arrhythmias, mainly in case of concomitant use of other
QT-prolonging medicines or underlying structural heart
disease should be taken into account (75). However, the
absolute risk of fatal cardiac arrhythmia is low and in
fact comparable to that of alternative antibiotics (76).
Azithromycin may be considered the safest of all
macrolides since serum levels in healthy volunteers
are >3,000 times lower than drug concentrations required
for cardiomyocyte potassium channel (hERG/IKr)blockade, action potential prolongation and QTc
prolongation (22-24). Caution is nevertheless required
for toxic accumulation of azithromycin in patients with
impaired hepatic function, in case of concomitant use of
other QT-prolonging drugs, or underlying structural heart
disease. Another concern is the potential for emergence of
bacterial resistance with long-term use of azithromycin,
although this has not been show yet in microbiome studies
in patients long-term treated with azithromycin (77,78).
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Clarithromycin
Long-term treatment with clarithromycin in lung
transplant recipients with established CR results in an
improved FEV1 in approximately one-third of patients in
comparison to placebo. These results are comparable to
long-term azithromycin therapy (79). On the other hand,
Dhillon et al. could not demonstrate beneficial effects when
using clarithromycin to prevent CR (80). The reason for
this discrepancy with azithromycin is unclear. However, in
contrast to clarithromycin, azithromycin does not affect
calcineurin levels, making azithromycin the neomacrolide of
preference for both prevention and treatment of CR postLTx (81,82).
Montelukast (MLK)
MLK is a leukotriene-receptor antagonist (LTRA) with
anti-inflammatory properties, which has particularly an
effect on eosinophilic airway inflammation (83). A single
center study in patients with pulmonary graft versus host
syndrome disease after bone marrow transplantation, a
disease showing similarities to CR after LTx, demonstrated
an improvement in pulmonary function after treatment
with MLK (84). Consecutively, a retrospective pilot study
with MLK in patients with established CR, unresponsive to
azithromycin, showed attenuation of the FEV1 decline from
112±26 to 13±13 mL/month after 6 months treatment with
MLK. In the control group, there was no significant change
in the rate of FEV1 decline (85). Unpublished data of our
group demonstrate that in particular patients with BOS
stage 1 unresponsive to azithromycin therapy may benefit
from MLK treatment (Ruttens et al., in revision).
Statins
Statins inhibit 3-hydroxy-3-methylglutaryl-coenzyme
A reductase and by doing so reduce cholesterol. Besides
this primary mechanism of action, statins also influence
endothelial function and have immunomodulatory effects
that are unrelated to their cholesterol-lowering function
(86,87). Johnson et al. demonstrated that pulmonary
function is better in LTx recipients post-operatively
receiving statins in comparison to non-treated patients.
Moreover, less and less severe episodes of AR and a better
6-year survival (91% versus 54%) were noted. Also a trend
for a lower CR prevalence (0% versus 37%) was seen
in statin-treated patients in comparison to placebo (88).
Another study demonstrated an association between post-
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operative administration of statins and better CR-free and
overall survival (89). These studies point to beneficial effect
of preventive treatment with statins after LTx, yet the exact
dose and duration of therapy is currently unknown. Also,
he exact mechanism is unknown, but some of the beneficial
effects can possibly be explained by reduction in primary
graft dysfunction (PGD) grade 2 and grade 3 in patients
taking statins prior to LTx (90). Since PGD is associated
with an increased risk for CR one could argue that statins
decrease CR development by reducing PGD (87,91).
However, Johnson et al. demonstrated a trend towards a
lower CR-free survival, despite that statins were started
only 1 year after LTx (88). This suggests that statins, next
to reducing PGD, may exert other effects which influence
CR-free and overall survival.
Vitamin D
Vitamin D is a fat-soluble vitamin obtained by diet or
through the skin that requires conversion in the liver or
the kidneys to become metabolically active. Vitamin D was
shown to have beneficial effects in asthma, COPD, and
tuberculosis, demonstrating improved pulmonary function,
reduced airway remodeling and a decrease in exacerbations
(92,93). Since vitamin D has immunomodulatory
functions, there may also be a possible beneficial effect of
a preventive treatment with high doses of vitamin D after
LTx (92). However, a randomized controlled trial could
not demonstrate an improvement in CR prevalence and
CR-free survival with vitamin D. Other secondary
endpoints, including AR, were not different as well (94).
Extracorporeal photopheresis (ECP)
Intensified immunosuppression is obtained with ECP,
in which leucocytes in the blood are isolated, incubated
with 8-methoxypsoralen and subsequently exposed to
ultraviolet-A light before re-entering the patient. This
induces lymphocyte apoptosis, which likely causes an
immunomodulatory effect via increase and activation of
regulatory T-cell activation and thus can be considered as a
type of T-cell vaccination (95).
Several studies demonstrated stabilization or
improvement of FEV1 and a better overall survival after
addition of ECP to standard immunosuppressive therapy
in LTx recipients diagnosed with CR (95-99). In particular
LTx patients diagnosed with BOS with elevated BAL
neutrophilia and slow decline in FEV1 (<100 mL/month)
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seem to benefit from ECP (95). LTx patients with recurrent
episodes of AR were also found to have an overall superior
survival after ECP treatment, making ECP possibly a
promising treatment to prevent CR (100). Currently, early
post-LTx ECP as pre-emptive strategy is being investigated
(abstract of unpublished data: Jaksch et al. J Heart Lung
Transplant 2014;32:803).
Prevention of risk factors
Ischemia-reperfusion injury
PGD due to ischemia-reperfusion injury, remains an
important short and long-term complication after LTx (101).
PGD occurs within the first 72 hours after LTx and is
characterized by pulmonary edema with diffuse alveolar
damage and infiltrates on chest CT. PGD clinically
manifests itself as hypoxemia and is associated with CR-free
and overall survival (102-105).
New preservation strategies of donor lungs revealed
possibilities for attenuating PGD and increasing CR-free
and overall survival. Improved preservation solutions, such
as low potassium dextran and Celsior, have been associated
with improved outcome (106,107). However, clinically
ex vivo lung perfusion (EVLP) shows the greatest potential
as ex vivo assessment of the lungs allows interventions to
potentially improve lung quality by reducing inflammation
and early immune activation. A leukocyte filter can decrease
the load of inflammatory cells within the graft, while
treatment with mesenchymal stem cells lead to a decrease
in pulmonary inflammation (108,109). Tikkanen et al. could
demonstrate an increased CR-free and overall survival
when using EVLP in contrast to cold preservation of donor
lungs, particularly in brain death donors (110). Long-term
clinical results, including pulmonary function and CR, from
a prospective, randomised, multi-center trial (INSPIRE) to
compare lung allograft preservation by EVLP with standard
cold storage are expected in 2017.
AR
Acute (perivascular) rejection (AR) is diagnosed based on the
presence of perivascular and interstitial mononuclear cell
infiltrates on transbronchial biopsy. The severity of AR is
defined by the distribution and extension of these infiltrates
and ranges from A0 (no rejection) to A4 (severe) (111).
Episodes of minimal (A1), but especially mild and severe
AR (A ≥2) are associated with higher incidence of CR
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(112-115). The significance and treatment of minimal AR
(grade A1) remains controversial. However, when grade
A1 rejection is diagnosed, treatment with a short course
of systemic steroids is recommended since the possible
benefits of this therapy exceed the risks (12,72,112,116).
Case-control studies with augmented immunosuppression
in patients with non-minimal AR (grade ≥A1) after LTx are
not available, since it is widely accepted that augmenting
immunosuppression and a short course of systemic steroids
is the appropriate treatment of non-minimal AR (1,72).
However, indirect evidence suggests that augmented
immunosuppression and a short course of systemic steroids
may decrease the risk of subsequent CR in patients with
non-minimal AR (113,117).
Lymphocytic bronchiolitis
Lymphocytic bronchiolitis represents acute airway
inflammation and is characterized by a lymphocytic
infiltration in the submucosa of bronchioles on histopathology
with grades range from B0 (no rejection) to B2R (high grade
rejection) (111). Lymphocytic bronchiolitis is an established
risk factor for CR (88,90,91,94,95). Azithromycin decreases
IL-17 driven neutrophilia in lymphocytic bronchiolitis and
may as such reduces CR incidence (118). A short course of
systemic steroids is advised as well, although convincing
evidence is lacking (72). One study demonstrated a beneficial
effect of inhaled steroids in LB, but evidence for preventive
treatment with inhaled steroids is lacking (119).
Anti-human leucocyte antigen (HLA) antibodies
Donor specific antibodies (DSA), mostly anti-HLA
antibodies, but also non-HLA antibodies, originate
when the lung allograft is recognized by the recipient’s
immune system as non-self despite immunosuppressive
treatment (120-126).
HLA antibodies have been associated with persistent,
recurrent, high-grade AR and to lymphocytic bronchiolitis
(125,126). Some 10% to 50% of LTx patients may develop
DSA (mostly DQ) (121). Detection of de novo HLA DSA
is linked with severity of CR and overall survival (121-124).
Non-HLA antibodies to self-antigens (for example
collagen V, K-α1 tubulin) are also known to be associated
with an increased risk of CR and worse outcome after
LTx (120-124). These findings suggest that (non-)HLA
antibodies may have a pathogenic role in the development
of CR and that clearing or preventing formation of these
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antibodies might reduce CR-prevalence.
In a study of Snyder et al., an aggressive desensitization
protocol with plasmapheresis, solumedrol, bortezomib and
rituximab did not decrease HLA antibodies in sensitized
LTx recipients, nor improve survival (127). In a prospective
observational study of Hachem et al., patients were started
on preemptive antibody-directed therapy with rituximab
and monthly intravenous immunoglobulins (IVIG) or
monthly IVIG alone once they developed DSA. Patients
who cleared their DSA had a better CR-free and overall
survival compared to patients who failed to clear their DSA.
Combined treatment with rituximab and IVIG proved to
be superior compared to IVIG alone (128). Therefore,
preemptive antibody-directed treatment may mitigate the
risk of CR associated with DSA. However, evidence is
scarce and placebo controlled trials are desperately needed.
Infections
Since the lung is one of the only organs in direct contact
with the external environment, the lung is uniquely
susceptible to microbial invasion, a part from the risk of
donor-derived infections such as for instance by CMV.
Therefore, infection of the lung allografts with microorganisms is very frequent and multiple infections are
known to be associated with the development of CR (129).
CMV
Since LTx donor and LTx recipient are most not matched
for CMV status, reactivation of CMV after LTx is common.
In the past, early survival after LTx was frequently hampered
by CMV infections (130). Meanwhile, a preventive therapy
with ganciclovir or valganciclovir has shown to reduce
the cumulative incidence of CMV-related events and to
ameliorate CR-free and overall survival in LTx patients
(131-134). However, despite this improvement, CR-free
and overall survival is still reduced in CMV-mismatched
LTx recipients in comparison to matched patients despite
ganciclovir/ganciclovir prophylaxis, suggesting that CMV
prophylaxis is not optimized yet (135). Zamora et al. could
show that ganciclovir/valganciclovir prophylaxis should be
continued for at least 180 days after LTx to significantly
reduce the incidence of CMV disease and hence CR-free
and overall survival. However, optimal duration and timing
of this preventive therapy remains unknown (136).
Multiple retrospective studies could demonstrate
superiority of a combined preventive regimen consisting
of CMV hyperimmune globulins (CMV IG) in addition
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to ganciclovir/valganciclovir in comparison to ganciclovir/
valganciclovir alone in high risk patients influencing CR
incidence and overall survival (135,137,138). Moreover,
Solidoro et al. showed reduced AR and lymphocytic
bronchiolitis, as well as a lower prevalence of Epstein-Barr
virus (EBV) and combined CMV and EBV infections with a
combined preventive therapy (139).
In the future, prospective randomized clinical trials are
needed to evaluate efficacy, cost-effectiveness and timing of
either prolonged ganciclovir/valganciclovir prophylaxis, or
combined CMV prophylaxis on CR prevention.

prospective trials are needed. Aerosolized antipseudomonals
(AAP) have demonstrated, in a single center retrospective
trial, to protect LTx patients not suffering from cystic
fibrosis (CF) against recurrent infections with Pseudomonas
spp., without having an effect on CR-free and overall
survival (154). AAP after LTx have also shown to improve
maintenance of lower airway sterility concerning
Pseudomonas spp. in CF and have possibly a beneficial
effect on AR and CR occurrence or progression (155,156).
However, randomized controlled trials with AAP as a
preventive treatment are lacking.

Respiratory syncytial virus (RSV)
In LTx patients, RSV is one of the most common
community-acquired respiratory virus infections. Lower
respiratory tract infections by RSV are associated with
the development of CR and a worse long-term survival
(140-143). In the past, RSV has been treated off-label with
ribavirin, corticosteroids, palivizumab or immunoglobulins.
Nevertheless, none of these treatments was proven
to prevent subsequent development of CR (144-146).
However, recently a multicenter randomized placebocontrolled trial of Gottlieb et al. using inhaled ALN-RSV01
was able to demonstrate a lower incidence of new onset or
progressive CR after RSV infection, compared to placebo.
ALN-RSV01 is a siRNA targeting the RSV nucleocapsid
messenger RNA, preventing formation of the nucleocapsid
protein and thereby reducing viral replication. ALN-RSV01
may provide a novel preventive treatment approach for
decreasing the incidence of RSV-related CR (147,148).

Aspergillus spp.
Colonization and infection of the lungs with Aspergillus spp.
have been identified as a distinct risk factor for CR (129,157).
Since deposition of Aspergillus conidia in the small airways
is involved in Aspergillus-driven development of CR, in
particular small conidia Aspergillus spp. are at risk for the
development of CR (158). In contradiction, Peghin et al.
could not confirm the association between colonization and
infection with Aspergillus spp. and subsequent development
of CR (159).
Nebulized liposomal amphotericin B decreases the
incidence of infection and colonization with Aspergillus spp.
and therefore may prevent CR (159,160). Voriconazole
prophylaxis may also be used as a preventive strategy for
Aspergillus in LTx patients, but voriconazole is associated with
liver enzyme abnormalities and the development of cutaneous
squamous cell carcinoma (161,162). Yet, studies evaluating
the efficacy of anti-Aspergillus prophylaxis are scarce and
generally underpowered to detect a significant reduction in
CR incidence after Aspergillus prophylaxis after LTx.

Pseudomonas spp.
Colonization or infection with Pseudomonas spp. after LTx
is an established risk factor for the development of CR
and is associated with worse CR-free and overall survival
(129,149-151). Pseudomonas spp. induce direct tissue
damage, immune-mediated injury and fibroblast
proliferation, finally leading to complete obstruction of the
airways (152). This process is orchestrated by intercellular
quorum-sensing signaling molecules (QSM), which have
an intrinsic immunomodulatory capacity resulting in
suppressed T-cell proliferation, chemokine and cytokine
release an neutrophil chemotaxis (149,153).
Azithromycin has immunomodulatory properties
and inhibits the production of cytokines, proteases and
quorum sensing molecules. Therefore, azithromycin
may be an effective preventive therapy for CR in patients
colonized with Pseudomonas after LTx (149). However, more
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Gastroesophageal reflux
Gastroesophageal reflux disease (GERD) is highly
prevalent in patients with end-stage lung diseases
awaiting LTx (163). Moreover, LTx recipients are prone
to develop GERD after surgery due to post-operative
iatrogenic vagal innervation, impaired cough reflexes
and mucociliary clearance, and reduced gastric motility
induced by immunosuppressive drugs such as calcineurin
inhibitors (164). Acid and non-acidic reflux are known
non-alloimmune risk factors for the development of CR
by causing repetitive epithelial injury and are associated
with worse pulmonary function (165-168).
Pharmacological treatment of reflux consists of
histamine-2 receptor blockers, proton pomp inhibitors
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(PPI) and prokinetic agents to support gastric motility (169).
Evidence for medical treatment of GERD and gastric
aspiration is scarce. A therapy with a PPI could not
reduce pepsin as a surrogate marker of aspiration in BAL
fluid of LTx patients (166). However, azithromycin was
demonstrated to decrease reflux, proximal reflux episodes
and esophageal acid exposure. Bile acid levels in BAL were
significantly reduced as well (170).
Fundoplication surgery (e.g., Nissen or Toupet
fundoplication) is a last surgical option to prevent gastric
aspiration. In a study of 30 pediatric LTx recipients, reflux
burden and fundoplication were not associated with CRfree and overall survival (171). However, other studies
demonstrated a decrease in AR and an improvement or
stabilization in CR-free and overall survival after antireflux surgery (169,172-178). These beneficial effects of
fundoplication seems to be based on improving the immune
environment in the lungs of LTx patients (179). Since
only retrospective observational studies and case series are
available, and thus more evidence is needed, surgery should
only be performed in well-selected patients with high
evidence for GERD.
Sinus surgery
Patients with CF frequently suffer from chronic
rhinosinusitis. The sinuses of these patients can be
considered as a reservoir for bacteria, which can spread to
the lower respiratory tract, where they can cause allograft
colonization and infection (180,181). The upper and lower
airways of patients with CF are also more often colonized
with Pseudomonas spp. than the airways of LTx recipients
with other underlying diseases (182). Since Pseudomonas spp.
are known to be associated with the development of CR, it
is possible that chronic rhinosinusitis with Pseudomonas spp.
plays a role in the development of CR in LTx recipients
with CF (149).
Extensive sinus surgery, consisting of endoscopic frontospheno-ethmoidectomy combined with daily nasal rinsing
with a saline solution, after LTx in CF patients may lead to a
decrease of approximately 30% in concurrent colonization of
the higher and lower airways with Pseudomonas spp. and other
bacteria (183-185). A significant decrease in clinically relevant
pulmonary infections has also been demonstrated (183).
Whereas Holzmann et al. could only show a trend towards a
lower incidence of CR after sinus surgery and daily nasal care
after LTx in CF patients, Vital et al. could reveal a significant
decrease of CR (183-185). Leung et al. could not prove an
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effect on overall nor on CR-free survival, but the protocol of
this study included pretransplant sinus surgery limited to the
maxillary sinus and the ethmoid in CF patients and lacked a
postoperative nasal care program (186).
Conclusions
Long-term survival after LTx is mainly limited by the
development of CR. Since therapeutic strategies have been
largely unsuccessful, prevention of CR is an important and
challenging therapeutic approach. CR is a term covering
different phenotypes including BOS and RAS. Since these
different phenotypes have different clinical characteristics,
different pathophysiological mechanisms and survival
differences, different prevention and treatment strategies
will be needed. Therefore, a personalized, tailored
therapeutic regimen will probably be the most effective
approach in these LTx patients. Despite the importance
of preventive strategies, clear evidence is scarce and more
randomized controlled trials are desperately needed.
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