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Abstract

Immunosuppression for lung transplant recipients is a critical part of post-transplant care, to prevent acute and chronic
rejection. Treatment protocols consist of induction and maintenance immunotherapy. Induction agents provide an immediate
state of immunosuppression following transplantation and over time, and their use has become more commonplace. Several
agents are available for clinical use, including anti-thymocyte globulin, alemtuzumab, and basiliximab, the latter being most
commonly employed. Each induction agent has unique side effects and caveats to their use, of which we must be aware.
Maintenance immunosuppression is initiated following transplant but requires multiple doses prior to reaching therapeutic
levels. A calcineurin inhibitor, an anti-metabolite, and a corticosteroid are traditionally used, most commonly tacrolimus,
mycophenolate mofetil, and prednisone. Dosing regimens and goal trough levels vary and are tailored to a patient’s clinical
status and duration post-transplant. Future clinical studies may be able to assist in determining the optimal induction and
maintenance immunosuppression regimens. In the interim, we use cohort and registry data to guide our therapies.
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Introduction

For individuals with end-stage lung disease, lung transplan-
tation can increase life expectancy and improve quality of
life. Despite improvements in surgical techniques, immuno-
suppressive regimens, and organ preservation, median sur-
vival following a lung transplant is just 6.7 years [1]. Graft
survival is associated with numerous recipient and donor
characteristics such as recipient age, gender, and underlying
diagnosis [1].

Acute rejection is common in the first year following
transplant, with over 25% of recipients experiencing at least
one episode. US registry data demonstrates chronic rejection
occurs in 41.8% by 5 years and remains the leading cause
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of death after lung transplant [2]. Lifelong immunosuppres-
sion is essential to prevent acute rejection and delay chronic
rejection.

In the absence of consensus, lung transplant centers
develop immunosuppressive protocols based on experience
and dogma. Here we explore the evidence for the use of
induction and chronic immunosuppression medications.

Induction immunosuppression

Induction achieves a rapidly therapeutic state of immunosup-
pression immediately after lung transplantation. A variety
of agents can be used as induction agents, including poly-
clonal and monoclonal T-cell-depleting antibodies and IL-2
receptor antagonists—these agents target T-cells by decreas-
ing their numbers and inhibiting activation or proliferation.
Simultaneous initiation of maintenance immunosuppression
is usual; however, it often takes time to attain therapeutic
levels, and induction can bridge this gap (Fig. 1).

Most centers in the USA use induction agents; in 2018,
68.9% of recipients received an IL-2 receptor antagonist and
9.1% a T-cell-depleting agent [2]. In the International Tho-
racic Organ Transplant Registry of the International Society
for Heart and Lung Transplantation (ISHLT) registry, the
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Fig. 1 Site of action for induc-
tion and maintenance immuno-
suppressants. Red bars indicate
the site of binding/pathway
blockade caused by each immu-
nosuppressant agent. Notably,
most immunosuppression regi-
mens address multiple pathways
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use of induction immunosuppression was reported for over
80% of patients. Over time, the use of IL-2 antagonists has
become the most common treatment as the use of polyclonal
depleting agents and CD52 monoclonal antibody treatments
has decreased [1].

Potential benefits of induction include a reduction in
the rate of acute rejection, a reduced risk of acute kidney
injury, and a reduced chronic nephrotoxicity due to lower
required doses of calcineurin inhibitors and corticosteroids.
Evidence also suggests potential for increased freedom
from bronchiolitis obliterans syndrome (BOS) and a graft
survival benefit [3, 4]. The use of induction may also nar-
row the differential diagnosis for allograft dysfunction in
the acute post-operative period by reducing the likelihood
of rejection [5]. Risks of induction include an increased
risk of infection (including anastomotic infections [6])
and lymphoproliferative disorders [7]. Based on US data
(Scientific Registry of Transplant Recipients (SRTR)),
rates of acute rejection were slightly lower (15.7-15.9%)
in recipients who received induction than those who did
not (18%) [2].

Induction immunosuppression is generally divided into three
categories: (1) monoclonal T-cell-depleting agents include
alemtuzumab (Campath®), (2) polyclonal T-cell-depleting
agents include anti-thymocyte globulin (ATG), and (3) IL-2

receptor antagonists including daclizumab (removed from the
market in 2018) and basiliximab (BAS) (Table 1).
Muromonab-CD3, marketed as OKT3®, was an induction
agent previously used in solid organ transplant. This mouse
monoclonal antibody (mAb) to CD3 frequently resulted in
severe cytokine storm reactions and ultimately fell out of
favor as other better tolerated agents, ATG and anti-CD52
mADb, became available. OKT3® was removed from the US
and European markets in 2010 due to declining sales [8].

Alemtuzumab

Alemtuzumab is an IgG monoclonal antibody against CD52
approved for chronic lymphocytic leukemia. Although
it is not Food and Drug Administration (FDA)-approved
for use in solid organ transplant, alemtuzumab has been
clinically used and studied in induction and chronic lung
allograft rejection [9, 10]. CD52 is a glycoprotein found
on most immune cells (T, B, NK cells, monocytes, and
macrophages). Use of alemtuzumab leads to lysis of these
cells and sustained T and B cell depletion of more than 50%
at 6 months [9] that can persist for more than a year for
lymphocytes [11]. It is only available directly through the
manufacturer [12], and is administered post-operatively as
a single injection of 30 mg. Vital signs should be monitored
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given the risk of hypersensitivity reactions in up to 92% of
patients [11].

Current literature shows limited support for the use of
alemtuzumab in induction. No difference in acute rejec-
tion, or lymphocytic bronchiolitis was seen in prospective
cohort investigations [13]; however, retrospective cohorts
have shown higher survival with alemtuzumab than in
those patients with no induction and greater freedom
from acute rejection [14, 15]. The use of alemtuzumab
in transplant recipients over the age of 60 has been asso-
ciated with an increased risk of mortality and graft loss
in kidney transplantation [16]. For this reason, its use is
often avoided in lung transplant recipients over the age of
60-65 years. Additionally, there is some concern for an
increased risk of malignancy in older adults; however, this
is not currently supported by published data in solid organ
transplant. Registry data from the Scientific Registry of
Transplant Recipients/Organ Procurement and Trans-
plantation Network (SRTR/OPTN) and ISHLT database
investigations appear to support the use of induction over
none, with evidence of improved survival [17-19] (see
Tables 2 and 3).

Anti-thymocyte globulin

ATG is derived from horses (ATGAM®) or rabbits (Thymo-
globulin®) immunized with human thymocytes. It function-
ally inactivates and depletes T-cells by blocking multiple
T-cell clusters of differentiation factors and human leukocyte
antigens. When ATG binds to the T-cell receptor, this can
cause activation and cellular apoptosis, leading to a cytokine
release syndrome (e.g., fevers, chills, hypotension, pulmo-
nary edema). Due to these commonly observed side effects,
ATG requires pre-treatment with acetaminophen, diphenhy-
dramine, and methylprednisolone and close monitoring of
vital signs should occur during the infusion [12]. Multiple
dosing regimens have been described and are often institu-
tion-specific. Medication-related toxicities include thrombo-
cytopenia and leukopenia; therapy should be reduced if they
occur [20] (see Table 1).

Trials have produced conflicting evidence supporting the
use of ATG as induction therapy for lung transplant. Several
randomized controlled trials, comparing ATG to other induc-
tion agents, showed no difference in acute rejection, bronchi-
olitis obliterans (BOS), or survival [5, 21]. However, when
comparing ATG to no induction, use of ATG demonstrates
a 20-32% reduction in BOS [22, 23]. Special consideration
must be observed for cytomegalovirus (CMV) mismatches
(donor-positive, recipient negative status) as induction may
increase the risk of viremia and early infection [24], and as a
consequence, this therapy is often avoided in these patients.
An increased frequency of readmissions following transplant
has also been observed in patients induced with ATG [14].

Basiliximab

Basiliximab (BAS) is a chimeric (murine/human) mono-
clonal antibody directed against the IL-2 alpha chain, on
the surface of T-cells (CD25). It prevents binding of IL-2,
the signal for T-cell proliferation, but does not cause T-cell
depletion. As a non-depleting agent, BAS’s role in lung
transplantation is isolated to induction therapy. No pre-
treatment medications are required, but adverse effects
including anaphylactoid symptoms can occur [12, 25, 26].
Daclizumab, an agent similar to BAS, was voluntarily with-
drawn from the market in 2018 due to multiple meningoen-
cephalitis reports [27]. Daclizumab has not been included
explicitly in our literature review, as it is not available for
clinical use and noted adverse effects.

In several retrospective cohorts, IL-2 agents (daclizumab
and BAS) appeared to reduce the frequency of acute rejec-
tion, increase the time to first rejection episode, and increase
survival duration [28, 29]. In addition, the 2019 ISHLT reg-
istry found 50% of all lung transplant recipients received
induction therapy with an IL-2 receptor antagonist. While
direct comparator studies have failed to find survival ben-
efit with BAS over other agents [15, 30, 31], analysis of
a large cohort registry data has consistently demonstrated
favorable effects of IL-2 receptor antagonist induction ther-
apy [18, 19]. In one of the most extensive UNOS registry
reviews, BAS was found to reduce the risk of mortality over
no induction (HR =0.822; p <0.0001) and induction with
ATG (HR=0.89; p=0.02) [19]. This finding supported an
earlier cohort review of the ISHLT registry [24] that found
basiliximab offered a graft survival benefit over no induc-
tion and ATG. The heterogeneity of the patient populations
and the retrospective nature of registry studies makes the
appropriate application of this information challenging, but
BAS use in induction has continued to grow over the last
20 years (Tables 2 and 3).

Maintenance immunosuppression

Lifelong immunosuppression after lung transplant is essen-
tial to prevent acute rejection, postpone chronic rejection,
and improve survival. Three-drug maintenance immunosup-
pression is the standard of care after lung transplant and
typically includes a calcineurin inhibitor (CNI) (tacrolimus
or cyclosporine), an anti-metabolite (mycophenolate or aza-
thioprine), and a corticosteroid (prednisone). According to
the 2019 International Thoracic Organ Transplant Registry
of the ISHLT, tacrolimus (Tac), mycophenolate, and pred-
nisone were the leading maintenance immunosuppressants
1 year after transplant, with approximately 62% of patients
from 2005 to 2018 prescribed this regimen [1]. Given the
delicate checks and balances post-transplantation, the goal
of maintenance immunosuppression is to not only minimize
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immune-mediated allograft injury but also to minimize med-
ication-related side effects.
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Like CsA, Tac has poor and variable absorption but is
10-100 times more potent [34]. Sublingual administration of
Tac, which increases bioavailability by approximately 100%
[35], can be utilized in cases where variable absorption pre-
vents consistent serum levels. Once-daily extended-release
formulations were approved by the FDA in 2013 (Astagraf
XL®) and 2015 (Envarsus XR®). Benefits of extended-
release Tac formulations include lower peak levels leading
to reduced adverse effects and the potential for better medi-
cation adherence due to once-daily dosing. Target immuno-
suppression levels for Tac and CsA vary based on patient
characteristics and the time following transplant. Generally,
higher CO and C2 targets are reserved for the early post-
transplant period and levels can be reduced as time passes
to minimize nephrotoxicity and infection risk. When setting
goals, clinicians should take into account patient characteris-
tics such as time since transplant, past episodes of rejection,
and infection history.

Significant drug interactions may occur with CsA and
Tac due to their metabolism via the hepatic cytochrome
P450 enzymes. CsA is also a moderate inhibitor of CYP3A4
which may cause additional interactions. Adverse effects
associated with Tac and CsA can be found summarized in
Table 4.

To date, evidence has not demonstrated that there is a
significant difference in post-transplant survival between
Tac and CsA [36, 37]. However, Tac appears to be superior
to CsA with regard to acute rejection, incidence of BOS,
and chronic lung allograft dysfunction (CLAD) [38, 39].
Generally, agent selection is dictated by patient tolerance of
one mediation over the other as some adverse effects (i.e.,
PRES) are agent-specific rather than class-specific and re-
introduction of a CNI following a wash-out period is often
attempted (see Table 5).

cutaneously (to limit infusion-

Alemtuzumab administered sub-
related reactions)

Intervention/type of trial
Retrospective cohort

=45

44

Cohort 2: alemtuzumab, n

Cohort 1: BAS, n

N
89

Whited et al. 2015 [15]

Author/year

ALM, BAS

Table 2 (continued)

Agent (s)
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Table 3 (continued)

Outcomes

Exclusion

Intervention/type of trial

Author/year

Agent (s)

Recipients who underwent induction had a

Re-transplantation, other than deceased

BAS, ALM, ALG, ATG Whitson et al. 2014 [19] 12,858 Retrospective cohort review of the

reduced risk of death (p<0.0001)
Lower risk of death for patients receiv-

donor; transplant year before 1/1/2001

or after 12/21/2012; age < 18 years;

UNOS/SRTR database
Cohort 1: induction (44%) with BAS,

ing BAS compared to no induction

induction with daclizumab or OKT3;
use of more than one induction agent,

patient, or graft survival <1 day

alemtuzumab, thymoglobulin, ALG, or

0.822; p<0.0001) or ALG/ATG

(HR =

5713
Cohort 2: no induction (56%), n

ATG, n

(HR=0.89; p=0.0223)

Median survival: induced patients

7145

71.3 months; no induction 63.2 months
No significant difference found in the inci-

dence of post-transplant dialysis

Anti-metabolites

Azathioprine (AZA) was FDA-approved in 1968 and is one
of the oldest medications used for solid organ transplant.
It is metabolized to 6-mercaptopurine (6-MP) before being
converted to several compounds that are incorporated into
replicating DNA. These compounds stop DNA replication
and block the de novo pathway of purine synthesis, thereby
preventing T-cell and B-cell proliferation [32]. AZA is asso-
ciated with adverse effects that can be found summarized in
Table 4. A common polymorphism of thiopurine S-methyl-
transferase (TPMT) exists, resulting in low or absent enzyme
activity that can cause enhanced myelosuppression [40], and
this should be assessed in patients prior to medication initia-
tion. The most significant drug interaction to keep in mind
with AZA is its use with xanthine oxidase inhibitors, as the
combination can cause significant bone marrow suppression.

Mycophenolate mofetil (MMF) and mycophenolate
sodium (MPS) were FDA-approved in 2000 and 2004,
respectively. They are metabolized to the active form,
mycophenolic acid, which targets inosine monophosphate
dehydrogenase, the enzyme responsible for B- and T-lym-
phocyte DNA production [32]. Common side effects can
be seen in Table 4. Mycophenolate administration should
be separated from antacids containing magnesium and alu-
minum hydroxides, cholestyramine, and sevelamer as these
can decrease its efficacy [41].

Selected studies comparing MMF to AZA can be found in
Table 5. While there was no statistical significance in most
of the endpoints of the selected studies, there was a slight
benefit favoring MMF compared to AZA in terms of acute
rejection and tolerability. Zuckermann et al. [42] showed that
study subjects taking MMF had fewer episodes of rejection
(p<0.01) and more patients who were completely free of
rejection at 6 months [42]. In a prospective, randomized,
open-label, multicenter study by McNeil et al., more patients
withdrew from AZA therapy than MMF therapy (p=0.02)
[43].

Corticosteroids

Steroids, mainly prednisone and methylprednisolone, play
an important role in maintenance immunosuppression and
treatment of active rejection. They exert both anti-inflamma-
tory and immunosuppressive effects. Steroid receptors are
expressed ubiquitously and suppress multiple inflammatory
genes which decreases T-cell proliferation, decreases mac-
rophage activation, inhibits cytokine production, and alters
lymphocyte migration [32]. To minimize adverse events
associated with steroids, there is interest in steroid with-
drawal in solid organ transplant, with renal transplant having
the most data for steroid reduction and withdrawal. However,
this strategy is not recommended in thoracic transplant due
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Table 6 Clinical considerations in the modification of immunosuppression

Clinical scenario Management of immunosuppression Notes
Leukopenia e Decrease or hold anti-metabolite e May depend on severity of leukopenia or if neutropenia is
involved

Infection o Decrease C, target levels of CNI e May depend on severity of infection and if patient is in the

and/or intensive care unit or on vasoactive medications or respira-
e Decrease or hold anti-metabolite tory support

Chronic kidney disease o Decrease C target levels of CNI

and/or

o Addition of mTOR inhibitor
or
e Conversion of CNI to belatacept

Acute or chronic liver injury e Decrease CNI dose

e Decrease mTOR inhibitor dose (if applicable)

PTLD o Decrease C,, target levels of CNI

Malignancy e Stop anti-metabolite
o Decrease C, target levels of CNI

e Avoid conversion to belatacept

lymphoproliferative disorder (PTLD). It also has a higher
risk of infections, malignancies, and progressive multifocal
leukoencephalopathy, compared to traditional immunosup-
pression with CsA [53].

It has been studied and is FDA-approved in kidney trans-
plantation as a CNI alternative and should always be used in
combination with MMF and steroids due to higher rates of acute
cellular rejection [54]. The primary benefit of using belatacept
is its renal preservation properties in patients with CNI-induced
nephrotoxicity. There is limited data for its use in lung transplan-
tation and more data is needed to evaluate the safety profile and
associated risks in this patient population [55, 56].

Modifications to maintenance immunosuppression

While it may be difficult to provide absolute recommenda-
tions on how best to adjust maintenance immunosuppres-
sion in certain clinical situations, there is a general consen-
sus to the management of common clinical scenarios after
lung transplant. These heuristics vary by clinical practice in
each transplant program, but generally include reduction in
immunosuppression in the setting of leukopenia, infection,
PTLD, and malignancy (see Table 6).

Discussion

Despite concerns for deep levels of immunosuppression
leading to risks of infection and malignancy, the use of
induction immunosuppression is increasingly common.
Though cohort investigations show variable outcomes
in head-to-head and comparative control trials, registry
studies consistently support the use of induction with
evidence of improved survival, fewer episodes of acute

rejection, and delayed onset of CLAD. Overall, IL-2
antagonists are well tolerated and appear to be the saf-
est option in terms of adverse effects with evidence in
registry and cohort investigations supporting their use.

Long-term triple-drug immunosuppression is the stand-
ard of care for post-lung transplant recipients with Tac,
MMF, and low-dose prednisone is the most commonly pre-
scribed combination. Deviations from a three-drug regimen
are generally the result of patient intolerance to medica-
tions and the need to mitigate undesired side effects. Pro-
tocols vary widely across lung transplant centers, but agent
selection should be individualized for each patient based on
time since transplant, rejection and infection history, side
effect profile, and potential drug-drug interactions. With
careful selection and vigilant monitoring, these high-risk
medications can be used safely to improve both the length
and quality of life for our patients.
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