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Abstract
Advances in maintenance immunosuppression over the past three decades have im-
proved solid organ transplantation outcomes dramatically. Uninterrupted access to 
immunosuppression is paramount to minimize rejection and maintain allograft and pa-
tient survival. There is no standardized approach to maintenance immunosuppression 
management. Agents used vary based on transplanted organ, center-specific proto-
col, provider expertise, insurance formularies, ability to cover co-pays, recipient char-
acteristics and tolerability. Published data reflects this heterogeneity. Despite this 
limitation, maintenance immunosuppression usage cross pollinates between organ 
groups with standard of care agents often being used off-label, making medication ac-
cess a challenge for many transplant recipients. A multidisciplinary panel of American 
transplant clinicians was formed to review published literature on maintenance 
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1  |  BACKGROUND

Organ transplantation is a lifesaving procedure for many individuals 
with end-stage organ disease.1–7 The need for lifelong maintenance 
immunosuppression (M-IMS) is nearly universal as risk of rejection 
is omnipresent. Nonadherence to M-IMS is a contributing cause of 
poor post-transplant outcomes, with barriers to medication access 
a leading risk factor for nonadherence.8 Consequently, ensuring pa-
tients have consistent access to M-IMS is an essential task of every 
transplant program.

The modern era of M-IMS began in the 1990s with the emer-
gence of modified cyclosporine, tacrolimus, and mycophenolic acid 
(MPA) which has led to significant improvements in one-year al-
lograft survival among all organ recipients by decreasing the rate 
of rejection.1–7 Since that time, additional M-IMS agents have been 
introduced with novel mechanisms of action. (Figure 1) Current M-
IMS practices involve a multi-drug regimen tailored to the individual 
based on rejection risk, organ characteristics, comorbidities, and 
side effects with modifications made as these factors change. As 
modifications to M-IMS occur, the ability to transition from one M-
IMS regimen to another expeditiously and without interruption is 
essential for preventing allograft rejection, maintaining allograft and 
patient survival, and ensuring adherence.

The 2019 Organ Procurement and Transplantation Network 
Annual Data Report shows the most common M-IMS regimen pre-
scribed at discharge was tacrolimus, mycophenolate meofetil (MMF), 
and corticosteroids for kidney (65%), pancreas (67%), liver (65%), 
heart (86%), and lung (80%) transplant recipients.2–6 Tacrolimus and 
corticosteroids are the most common regimen for intestinal trans-
plant recipients (44%).7 (Table 1) However, these three agents are 
not universally accessible to all organ groups for rejection prophy-
laxis due to lack of sponsor-conducted registration phase 3 licensure 

trials to achieve organ-specific US Food and Drug Administration 
(FDA) approval or due to national formulary restrictions in se-
lect countries. For example, none of the above M-IMS agents are 
FDA-approved for use in pancreas or intestinal transplant (Table 2). 
Centers for Medicare and Medicaid Services (CMS) rely on US 
Pharmacopeia compendia, such as Micromedex and the American 
Hospital Formulary Service-Drug Information (AHFS-DI), to decide 
if off-label medication use is appropriate based on available evi-
dence.9,10 These resources include literature that support off-label 
use of M-IMS, but are neither comprehensive nor reflective of mod-
ern clinical practice. Consequently, off-label, off-compendia use is 
common in solid organ transplantation (SOT) as described in a 2018 
study, where 67% of lung, 34% of intestine, 33% of pancreas, 22% 
of heart, and 17% of liver recipients were prescribed off-label, off-
compendia M-IMS regimens.11 Only recently was immediate-release 
tacrolimus (IR-TAC) FDA-approved for use in lung transplant based 
on real-world evidence of effectiveness.12

Although M-IMS is a protected class for Medicare-covered 
transplant recipients recent Medicare modernization efforts have 
introduced further barriers to access such as requirements for re-
current prior authorizations, step-therapy prerequisite, and formu-
lary restrictions.13,14 For patients that do not have Medicare at the 
time of transplant, challenges with medication access are also com-
mon and can lead to significant costs to patient, program, and health 
system.11,15

While comprehensive reviews of M-IMS have previously been 
published, these have been limited in scope and do not include 
newer agents or product formulations. To date, consensus rec-
ommendations do not exist on this topic. These consensus rec-
ommendations will adequately review the depth and breadth of 
available literature on modern, organ-specific immunosuppressive 
regimens for providers and provide recommendations, including 

immunosuppression with the goal to formulate consensus recommendations for their 
use in specific organ groups. These consensus recommendations are intended to 
provide transplant clinicians with a summary of literature on maintenance immuno-
suppression in the modern era and to support transplant team members working to 
secure medication access for patients.

K E Y W O R D S
drug approval, immunosuppression therapy, immunosuppressive agents, organ transplantation

F I G U R E  1  Timeline of maintenance 
immunosuppression
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expert opinion, to support medication access in the vulnerable 
SOT population.

2  |  METHODS

2.1  |  Consensus panel composition

The Consensus Panel was composed of multidisciplinary experts in 
abdominal and thoracic transplantation from different institutions 
across the United States. Panel included transplant physicians (ab-
dominal surgeon, hepatologists, gastroenterologist, cardiologist, and 
pulmonologist) and transplant pharmacists. Authors were invited 
for their capacity as clinical experts based on executive commit-
tee members' recommendations, their scholarly activity, length of 
clinical experience, and active membership in the endorsing organi-
zations (American College of Clinical Pharmacy, American Society 
of Transplantation, and International Society of Heart and Lung 
Transplantation).

2.2  |  Consensus development based on evidence

Consensus Panel members were divided according to their ex-
pertise into kidney (2), pancreas (2), liver (4), intestine (2), heart 
(3), and lung (3) author workgroups with an identified lead in each 
group. Each workgroup was tasked with developing organ-specific 
key clinical questions that contribute to the current knowledge on 
use of modern M-IMS in SOT. Key clinical questions from each 
workgroup were distributed among the entire Panel of authors. 
The Panel finalized a list of key clinical questions to be addressed 
in preparation for literature review. Following completion of lit-
erature review, the Consensus Panel met over a series of three 
teleconferences to present findings and develop final recommen-
dations. A draft of the document was reviewed, edited, and ap-
proved by all Panel members. Finally, the document was reviewed 

by endorsing societies and revised by the Consensus Panel for 
final approval.

2.3  |  Literature review and analysis

Each workgroup performed literature review and analysis specific 
for their organ. Division of labor between the workgroups varied de-
pending on workgroup size and the anticipated volume of literature 
to be reviewed. (Figure  2) However, to improve data consistency 
across workgroups, a literature evaluation tool was shared between 
Panel members indicating minimum necessary data collection point 
for every paper reviewed and included in final analysis (i.e., allograft 
survival at 12 months, patient survival at 12 months, and rejection 
incidence at 12  months). After completing literature review, each 
organ-specific workgroup developed their own recommendations 
to the previously identified key clinical questions and provided sup-
porting literature evidence summaries. This information was shared 
with all Panel members. Subsequently, the Panel met over a series 
of three teleconferences to review organ-specific recommendations 
and supporting literature. Any group discrepancies were addressed 
until a consensus was achieved.

The Panel reviewed all available human studies published in 
English that were identified through PubMed database searches using 
Medical Subject Headings. Studies before January 1, 1995, were not 
considered for inclusion unless they were represented in larger sys-
tematic reviews or no other high-quality evidence existed. Studies 
describing pediatric transplantation were excluded. Keywords used 
to conduct literature searches were immunosuppressants, immunosup-
pressive agents, cyclosporine, azathioprine, prednisone, corticosteroids, 
tacrolimus, basiliximab, daclizumab, mycophenolate, sirolimus, everoli-
mus, belatacept, kidney transplantation, renal transplantation, pancreas 
transplantation, liver transplantation, hepatic transplantation, small 
bowel transplantation, intestinal transplantation, heart transplantation, 
cardiac transplantation, lung transplantation, and pulmonary transplan-
tation. Priority was given to evidence from randomized controlled 

Organ Transplanted Regimen

Kidney Tacrolimus + MMF + Corticosteroids (66%)
Tacrolimus + MMF (27%)

Pancreas Tacrolimus + MMF + Corticosteroids (68%)
Tacrolimus + MMF (26%)

Liver Tacrolimus + MMF + Corticosteroids (65%)
Tacrolimus + MMF (17%)
Tacrolimus +  Corticosteroids(6%)

Intestine Tacrolimus + Corticosteroids (37%)
Tacrolimus + MMF + Corticosteroids (30%)
OTHER (18%)
Tacrolimus + MMF (7%)

Heart Tacrolimus + MMF + Corticosteroids (86%)
Tacrolimus + MMF (7%)

Lung Tacrolimus + MMF + Corticosteroids (82%)
OTHER (11%)

TA B L E  1  Most common maintenance 
immunosuppressant regimens at 
discharge2–7
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trials (RCTs) or meta-analyses. However, lower-level evidence, includ-
ing abstracts, was reviewed in absence of higher quality data or full 
publications (Figure 2). The authors also searched clini​caltr​ials.gov for 
any ongoing appropriate clinical trials.

2.3.1  |  Evidence grading

To evaluate evidence, the Panel followed the Grading of 
Recommendations Assessment, Development, and Evaluation 
(GRADE) system to evaluate the quality of evidence and determine 
strength of recommendations in the healthcare setting (Table 3).16–19 
In cases where well-designed evidence was lacking, recommenda-
tions were provided as best practice and expert opinion after review-
ing available lower grade evidence. The Consensus Panel reviewed 
all organ-specific recommendations, including the assigned strength 
of the recommendations and quality of evidence. Any discrepancies 
were discussed until a consensus was made.

3  |  CLINIC AL QUESTIONS AND 
RECOMMENDATIONS

3.1  |  Calcineurin inhibitors

Calcineurin inhibitors (CNI) exert their activity on T cells by assorted 
interactions with calcineurin, directly or indirectly, via adaptor pro-
teins ultimately preventing translocation of nuclear factor of activated 
T-lymphocyte to the nucleus and thus preventing the transcription of 
proliferative and pro-inflammatory cytokines such as interleukin (IL)-
2, 4, 5, 6, 17. The overall effect is the inhibition of adaptive immune 
response through inhibition of T-cell activation and proliferation.

Cyclosporine, a cyclic, nonribosomal undecapeptide, was FDA 
approved in 1983. Its addition to the standard regimen of azathio-
prine and corticosteroids halved kidney rejection rates and increased 
1-year allograft survival from 50–60% to 80%.20–22 Cyclosporine 
is available in two, twice-daily formulations: modified (Neoral® or 
Gengraf®) and nonmodified (Sandimmune®). Formulations are not 
interchangeable as the original nonmodified formulation exhibits 
poor oral bioavailability and high intra-patient variability in absorp-
tion due to its dependence on bile acid salts.23 These recommen-
dations focus on modified, cyclosporine microemulsion (CyA-ME) 
given the infrequent use of nonmodified formulation in modern 
M-IMS regimens. Tacrolimus, a cyclic macrolactone hybrid prod-
uct of polyketide and non-ribosomal peptide synthesis, appeared 
on the market in 1994 and is generally considered a more potent 
CNI due to its ability to reduce 1 year rejection rates to <10% across 
nearly all organs. Three formulations of tacrolimus exist, IR-TAC, or 
Prograf®, and extended-release formulations including extended-
release tacrolimus (ER-TAC), Astagraf® (US brand) or Advagraf® 
(European brand), and LCP- tacrolimus (LCPT), Envarsus®. Dosage 
forms are not interchangeable as they have different pharmacoki-
netic profiles.24TA
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As CNI have a narrow therapeutic index with wide inter- and 
intra-patient pharmacokinetic variability, therapeutic drug moni-
toring (TDM) is mandatory. Cyclosporine can be monitored with 
a 12-h trough or 2-h peak level. Peaks highly correlate with over-
all drug exposure and decreased acute rejection incidence but 
are less practical given the narrow window of time when peaks 
drawn are considered interpretable.25–28 Tacrolimus requires 
12- or 24-h trough monitoring depending on formulation used. 
Goal therapeutic drug levels vary based on factors such as time 
since transplant, organ(s) transplanted, concomitant immuno-
suppression, and past medical history including infections, risk 
of rejection, and malignancy. CNI have a variety of side effects, 
most significantly nephro- and neurotoxicity. Nephrotoxicity 
can be acute or chronic, with attendant hyperkalemia. Similarly, 
neurotoxicity has been associated with concentration peaks and 
can manifest as mild symptoms such as headaches or tremors, to 
more serious effects such as seizures or progressive reversible en-
cephalopathy syndrome (PRES). Also common are metabolic side 

effects including hyperglycemia and hypertension.29 Moreover, as 
CNI are predominantly metabolized through CYP3A4 and absorp-
tion is influenced by p-glycoprotein, numerous drug interactions 
exist. In patients who cannot take solid dosage forms, suspension 
formulations are used. Alternatively, IR-TAC can be administered 
sublingually. Intravenous formulations are less common due to 
heightened risk of nephrotoxicity.

1.	 Is tacrolimus the most efficacious CNI for prevention of allograft 
rejection and loss at 12  months or longer?
1.1.	 Recommendation (1A kidney, pancreas, liver; 1D intestine; 

2B heart, lung). Tacrolimus is superior to CyA-ME for the 
prevention of allograft rejection. Additionally, it is supe-
rior for reducing the severity of rejection in kidney and 
pancreas transplants.

1.2.	Recommendation (1A kidney, pancreas; 1B liver) . Tacrolimus 
is associated with improved allograft survival compared 
to CyA-ME.

F I G U R E  2  Literature search and 
review summary Kidney

2 Reviewers

895 articles
identified and

reviewed
263 articles

screened
107 included in

final 
recommendation

Pancreas
2 Reviewers

204 articles
identified and

reviewed
96 articles
screened

51 included in final
recommendation

Liver
4 Reviewers

312 articles
identified and

reviewed
103 articles

screened
73 included in final
recommendation

Intestine
2 Reviewers

172 articles
identified and

reviewed
38 articles
screened

18 included in final
recommendation

Heart
3 Reviewers

676 articles
identified and

reviewed
181 articles

screened
50 included in final
recommendation

Lung
3 Reviewers

148 articles
identified and

reviewed
80 articles
screened

38 included in final
recommendation

TA B L E  3  GRADE criteria19

Level of evidence Quality certainty Meaning

A High The true effect is close to estimated effect

B Moderate The true effect is probably close to estimated 
effect

C Low The true effect may be markedly different 
from estimated effect

D Very low The true effect is probably markedly different 
from estimated effect

Recommendation level Strength of recommendation Meaning

1 Strong Panel confident recommendation benefit 
outweighs risk

2 Weak Panel uncertain, consider individual patient 
factors
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1.3.	Recommendation (2B lung). Tacrolimus may also provide 
an advantage for prevention of bronchiolitis obliterans 
syndrome (BOS) compared to cyclosporine.

Recommendation 1 Evidence Summary: Tacrolimus Efficacy
In kidney transplant numerous meta analyses and open-label 

RCTs have evaluated tacrolimus compared to CyA-ME.30–37 Kramer 
and colleagues showed a composite endpoint of allograft loss, pa-
tient death and biopsy-proven acute rejection (BPAR) at 24 months 
occurred more frequently in CyA-ME treated patients (42.8% vs. 
25.9%; p  < 0.001).38 Other RCTs have also shown less steroid-
resistant rejection (4.2% in tacrolimus/MMF vs. 10.7% in CyA-ME/
MMF) and less moderate to severe (Banff II–III) rejection with tac-
rolimus/MMF.31,32 The 3-year analysis showed that while overall 
allograft survival was not different between groups, patients with 
DGF in the tacrolimus group experienced significantly better 3-
year allograft survival compared to the CyA-ME arm (84.1% vs. 
49.9%; p  =  0.02). The landmark Symphony study compared four 
immunosuppression regimens: standard dose cyclosporine, low 
dose cyclosporine, low dose tacrolimus, and low dose sirolimus in 
1645 low immunologic risk kidney transplant patients.33 Low dose 
tacrolimus was significantly better than all other treatment arms 
in terms of BPAR (12.3% low dose tacrolimus vs. 25.8% standard 
cyclosporine, 24% low dose cyclosporine, and 37.2% low dose siro-
limus, p < 0.001), mean calculated glomerular filtration rate (GFR), 
and 12-month allograft survival. Finally, two meta-analyses have 
been conducted evaluating the efficacy of tacrolimus compared to 
cyclosporine post-kidney transplantation.36,37 The meta-analysis 
by Webster and colleagues identified that the allograft survival 
benefit of tacrolimus diminished with higher targeted tacrolimus 
troughs and when different cyclosporine formulations were ac-
counted for.36 The second meta-analysis concluded tacrolimus was 
superior to cyclosporine in terms of allograft loss (RR 0.089, 95% 
CI 0.057–0.122, p < 0.001) and acute rejection (RR 0.638, 95% CI 
0.571–0.713, p < 0.001).37

Several randomized, prospective head-to-head studies inves-
tigated tacrolimus against CyA-ME based regimen in pancreas 
transplant recipients.39–44 The EUROSPK study group conducted a 
multicenter trial of 205 simultaneous pancreas-kidney transplants 
receiving rabbit antithymocyte globulin (rATG), MMF, and short-term 
corticosteroids. The study demonstrated reduced 1-year incidence 
of BPAR with tacrolimus vs. CyA-ME (27.2% vs. 38.2%, p  =  0.09) 
and improved allograft survival (91.3% vs. 74.5%, p < 0.0005).40 This 
benefit was sustained at 3 years of follow up with rejection sever-
ity worse in patients receiving CyA-ME.42,43 More initial episodes of 
BPAR were moderate or severe in CyA-ME (28% vs. 3%, p = 0.009). 
Single-center studies showed similar benefit with significant re-
duction in acute rejection rates and recurrence in the tacrolimus 
groups.39,44 Also, significantly less allograft loss due to rejection was 
observed (p = 0.026) in tacrolimus-treated patients.44 The interpre-
tation of the impact of CNI choice in pancreas transplantation can 
be confounded by the distinct effects on glucose metabolism and 
insulin secretory capacity.45

Numerous randomized, prospective trials compared efficacy 
and safety of tacrolimus against CyA-ME in liver transplantation. 
Notably, a multicenter, open-label, randomized trial compared 
CyA-ME with tacrolimus in 606 liver transplants and showed 21% of 
tacrolimus patients and 32% of CyA-ME patients achieved the pri-
mary composite outcome of death, re-transplantation, or treatment 
failure for immunologic reasons at 12 months (RR 0.63, 95% CI 0.48–
0.84, p = 0.001).46 A 3-year follow up confirmed tacrolimus patients 
were still less likely to meet the composite endpoint (RR 0.75, 95% 
CI 0.60–0.95; p = 0.016).47 Significantly more patients randomized 
to tacrolimus were alive at 3 years with their original allograft on the 
allocated study medication compared to CyA-ME (62.1% vs. 41.6, 
p  < 0.001). Long-term outcomes of patients treated with tacroli-
mus versus CyA-ME were evaluated in other smaller prospective 
randomized clinical trials, where allograft and patient survival rates 
were similar between those receiving tacrolimus or CyA-ME, either 
in combination with corticosteroids with or without antimetabo-
lites.48–50 Adverse effects were also found to be significantly less in 
the tacrolimus group. Specifically, one study found more patients on 
CyA-ME (29.4%) were switched to tacrolimus, mostly due to lack of 
efficacy (acute or chronic rejection). In comparison 8% of tacrolimus 
patients were converted to CyA-ME, all due to adverse drug reac-
tions, not lack of efficacy.48

The modern era of intestinal transplantation begins with the 
advent of tacrolimus and various antibody induction strategies. For 
this reason, in intestinal transplantation, there are no head-to-head 
comparative studies of tacrolimus vs. CyA-ME. Nonetheless, tacro-
limus is the standard of care in all modern-day literature, including 
two case control studies as well as multiple large case series.51–56

Multiple RCTs outline both short- and long-term outcomes with 
tacrolimus compared to CyA-ME in heart transplant. A random-
ized, open-label, single-center study of 67 heart transplant patients 
compared the use of CyA-ME to tacrolimus with concomitant aza-
thioprine and corticosteroids.57 One- and five-year graft survival, 
freedom from rejection grade ≥ 3A and chronic allograft vascu-
lopathy (CAV) was similar between groups. A single-center, RCT 
of 106 heart transplant patients receiving MPA, corticosteroids, 
and daclizumab induction compared tacrolimus with CyA-ME.58 
There was a longer rejection-free time period in the CyA-ME group 
(93 ± 100 days vs. 55 ± 81 days, p = 0.1), but a higher percentage of 
patients remained rejection-free in the tacrolimus group (28% vs. 
39.2% cyclosporine, p = 0.233) with a trend toward less rejections 
per patient in the first year (0.94 ± 0.12 vs. 1.22 ± 0.14, p = 0.138). 
Longer-term randomized, open-label data comparing tacrolimus and 
CyA-ME found significantly higher freedom from rejection in the 
tacrolimus arm at 1 (65.5% vs. 30%, p = 0.013), 5 (65.5% vs. 23.3%, 
p = 0.004) and 10 years (65.5% vs. 21.7%, p = 0.004) in an inten-
tion to treat (ITT) analysis of 60 heart transplant patients.59 Authors 
also evaluated freedom from cardiac allograft vasculopathy (CAV) 
in both groups at 1 year (96.4% tacrolimus vs. 88.5% cyclosporine, 
p = 0.281), 5 years (64% tacrolimus vs. 36% cyclosporine, p = 0.085), 
and 10 years (45.8% tacrolimus vs. 8% cyclosporine, p = 0.003). No 
difference in survival was found at 10 years. While many of the trials 
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comparing tacrolimus and cyclosporine do not necessarily find a sur-
vival difference, the cardiovascular side effect profiles are noticeably 
distinct. One prospective, randomized, concealed-allocation, open-
label study with parallel arms of 129 stable heart transplant patients 
found tacrolimus-treated patients had significantly larger decreases 
in total and LDL cholesterol at 1, 3, and 6 months.60 Additionally, 
coronary heart disease risk significantly decreased at 6 months in 
tacrolimus patients (9.3 to 7.9 vs. 9.2 to 9.5, p = 0.0007).

When used in combination with corticosteroids and an anti-
metabolite, tacrolimus was shown to have a decreased incidence in 
acute cellular rejection in lung transplant recipients relative to cyc-
losporine by multiple RCTs and meta-analyses. Tacrolimus-treated 
patients were significantly less likely to develop acute rejection, 
BOS, or lymphocytic bronchitis at 24  months (84.7% vs. 54.5%, 
p = 0.002) when used in combination with azathioprine, corticoste-
roids, and basiliximab induction, compared to cyclosporine.61 Similar 
results were seen when evaluating the agents in combination with 
MMF, corticosteroids, and rATG in a randomized open-label study 
of 50 lung transplants. Treated rejection episodes per 100 patient 
days were lower with tacrolimus compared to CyA-ME (0.225 vs. 
0.456, p < 0.05), with similar patient survival at 6 and 12 months.62 
Finally, a meta-analysis of three trials with 297 lung transplant re-
cipients found fewer incidences of acute rejection per 100 patient 
days (mean difference −0.14, 95% CI, −0.28 to −0.01, p = 0.04) with 
tacrolimus-treated patients. No difference in patient survival was 
seen, but a trend toward decreased BOS was observed with tacroli-
mus.63 Considering conversion in the setting of BPAR, a cohort of 20 
lung transplant recipients with refractory BPAR transitioned from 
cyclosporine to tacrolimus had a reduced incidence and severity of 
rejection at the median follow-up of 25 months and BPAR was re-
versed in 55% of patients.64 Considering BOS, in a randomized open-
label trial of 274 lung transplant recipients who received tacrolimus 
vs. cyclosporine in combination with MMF and corticosteroids, the 
cumulative incidence of BOS was reduced with tacrolimus at 3 years 
(11.6% vs. 21.3%, p  =  0.037) with similar rates of acute rejection 
and patient survival.65 In a Cochrane Review of 413 lung transplant 
recipients, a decrease in the incidence of BOS at 24 months was seen 
with tacrolimus (RR 0.46, 95% CI 0.29–0.74) with similar rates of 
acute rejection and patient survival.66 Lastly, in a prospective study 
of 79 patients with BOS on cyclosporine and an antimetabolite, con-
version to tacrolimus at a mean of 30.4 months post-transplant re-
sulted in less of a drop in forced expiratory volume (FEV1) time curve 
post-conversion at month 12.67

1.	 Are extended-release formulations of tacrolimus as effective as 
immediate release formulation?
2.1.	Recommendation (1A kidney; 1B liver; 1C heart). Once daily, 

extended-release formulations of tacrolimus are equally 
efficacious as IR-TAC for the prevention of acute rejection 
and patient and allograft survival.

2.2.	Recommendation (1B kidney, pancreas, liver; 1C heart; 2D 
lung). Kidney, liver, heart, and lung transplant recipients 
on LCPT have comparable tacrolimus exposure as those 

receiving IR-TAC with a reduced mean total daily dose 
(TDD). Pancreas and lung transplant recipients on ER-TAC 
had comparable tacrolimus exposure compared to those 
on IR-TAC.

2.3.	Recommendation (2C pancreas). Despite similar exposure, at 
12  months, LCPT treated patients experienced less BPAR 
without affecting patient or allograft survival.

2.4.	Recommendation (2D intestine). There are limited data for 
ER-TAC use in intestine transplantation. However, there 
is no evidence of harm when used in this population.

Recommendation 2 Evidence Summary: Efficacy of Extended-
Release Formulations of Tacrolimus

Use of de novo ER-TAC in kidney transplant was described in 
a randomized, open-label trial of 667 patients.68 ER-TAC was com-
pared to IR-TAC in combination with MMF and corticosteroids. 
BPAR rates at 24 weeks were similar (20.4% ER-TAC vs. 15.8% R-
TAC, p = 0.182) as was 12-month patient and allograft survival. A 
similar study of 638 patients compared ER-TAC to IR-TAC to CyA-ME 
in combination with MMF, corticosteroids, and basiliximab induc-
tion.69 At 12  months, efficacy failure (defined as death, allograft 
loss, BPAR, or lost to follow-up), was no different among the three 
groups. Considering LCPT, a randomized, open-label study of 543 
kidney transplant recipients compared de novo LCPT to IR-TAC and 
found target tacrolimus trough levels were more rapidly achieved 
following the initial dose of LCPT (36.6% vs. 18.5%).70 Overall, rates 
of treatment failure were noninferior to IR-TAC. Lastly, one ran-
domized open-label trial of 326 stable kidney transplant patients 
assessed conversion from IR-TAC to LCPT.71 LCPT was noninferior 
to IR-TAC for the primary efficacy endpoint, proportion of patients 
with efficacy failures (death, allograft failure, locally read BPAR, or 
loss to follow-up) at 12 months. Mean daily dose of LCPT was signifi-
cantly (p < 0.0001) lower than pre-conversion IR-TAC dose at each 
visit while mean troughs were similar.

Three studies examined use of ER-TAC formulations in de novo 
setting following pancreas transplantation.72–74 A randomized, 
prospective, crossover pharmacokinetic study of 22 simultaneous 
pancreas-kidney (SPK) recipients demonstrated comparable tac-
rolimus exposure, serum creatinine, blood glucose, and lipase at 
6 months between ER-TAC and IR-TAC.72 In another prospective, 
single arm study of 14 SPK recipients on ER-TAC, 38% experienced 
rejection at 11 months while patient and kidney graft survival were 
100%. Pancreas graft survival was 93%.73 Lastly, in an observational 
LCPT study of 39 SPK recipients, although similar exposure was re-
ported, LCPT-treated patients experienced significantly less BPAR 
(0% vs. 29%, p  =  0.01) at 12  months.74 This was accompanied by 
better glycosylated hemoglobin values (4.9% vs. 5.6% p = 0.01) at 
6 months compared to IR-TAC.

De novo use and conversion to LCPT have been studied in liver 
transplant. In a randomized open-label study of 58 de novo liver 
transplant patients, freedom from acute rejection at day 180 and 
360 was similar with LCPT versus IR-TAC (79% vs. 87% and 74% 
vs. 82%, respectively).75 When used as conversion therapy in a 
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retrospective study of 25 patients recieving basiliximab induction 
with or without MMF, no rejection had occurred within 3 months of 
conversion.76 Considering pharmacokinetics, LCPT demonstrated a 
more consistent profile with lower Cmax and peak-trough fluctuation 
when converted from IR-TAC. Overall AUC was similar to IR-TAC at a 
30% lower TDD with no new safety concerns occurred within 1 year 
of follow-up.77 An additional retrospective, observational study 
of 150 patients converted from IR-TAC to LCPT at a ratio of 1:0.7 
found maintained target tacrolimus trough levels with a reduced 
median TDD.78 No episodes of rejection were seen at 24 months. 
ER-TAC has also been studied in both the de novo and conversion 
settings. A large, randomized, two-arm, parallel-group study of 475 
liver transplant patients found ER-TAC to be non-inferior to IR-TAC 
at 24 and 52 weeks (BPAR 36.3% and a 37.9% vs. 33.7% and 35.4, 
respectively).79 Severity of rejection and patient and allograft sur-
vival at 52 weeks were similar. A second multicenter, randomized, 
open-label, parallel group study of 615 liver transplant patients 
on de novo ER-TAC, MMF, single-dose methylprednisolone with 
or without basiliximab sought to determine whether a decreased 
initial dose of ER-TAC versus delaying therapy initiation to 5 days 
post-transplantation improved kidney function at 24 weeks.80 GFR 
significantly improved in the decreased dose and delayed initiation 
arm compared to standard therapy. The lower dose arm also showed 
a lower incidence of BPAR compared to the standard dose arms. ER-
TAC was also studied as conversion therapy in a two-arm, parallel-
group, open-label trial of 91 liver transplant patients randomized to 
convert to ER-TAC versus continuing IR-TAC.81 No patients reached 
the primary composite endpoint of this study, efficacy failure defined 
as BPAR, allograft loss, or death within 6 months post-conversion, 
leading authors to conclude that conversion of stable liver transplant 
recipients to ER-TAC is safe and effective.

LCPT use in intestinal transplant is limited to a case report of 
a 37-year-old male who received an abdominal wall vascularized 
composite allograft and small bowel transplant.82 The patient was 
transitioned to LCPT in combination with MMF and prednisone. No 
adverse outcomes were noted.

LCPT was recently studied in heart transplant in a phase 2, 
single-center, open-label, non-inferior matched control study of 25 
recipients who were matched 1:2 with a historical IR-TAC control.83 
Patients were maintained on MPA and corticosteroids that tapered 
off by 6 months. LCPT was noninferior to IR-TAC for the compos-
ite endpoint of death, acute cellular rejection and/or new allograft 
dysfunction within 1 year (20% vs. 40%, CI -40% to −0.5%). One 
year death was not observed with LCPT group compared to 14% 
of control group. Rejection incidence, mortality rates and Kaplan–
Meier survival curves were not significantly different between the 
two groups. The rate of cardiovascular-related readmissions was 
higher in the IR-TAC group (50%) compared to LCPT group (20%) 
(p = 0.046). Trough levels were consistently higher with lower TDD 
in the LCPT group. De novo use of ER-TAC has also been studied. 
A small, prospective, randomized trial of 19 heart transplant pa-
tients who received basiliximab induction, MPA, and corticosteroids 
showed low incidence of acute rejection in both groups at 1 and 

6 months.84 Another study in 82 heart transplant recipients exam-
ining de novo ER-TAC revealed that trough levels are lower during 
the first week post-transplant compared to IR-TAC regimen.85 In 
addition, patients in the IR-TAC group had a stronger inclination to 
develop stage 2 rejection, but this did not affect 1-year mortality 
(15% vs. 20%, respectively).

Conversion from IR-TAC to extended-release formulations has 
been evaluated in stable lung transplant recipients. Converting 
between once-daily formulations, a prospective pharmacokinetic 
evaluation of stable lung transplant patients switched from ER-TAC 
to LCPT in a 1:0.7 ratio found similar drug exposure between for-
mulations.86 Mean TDD was significantly less in LCPT at 6 months. 
No difference in adverse effects or spirometry were noted, and no 
BPAR occurred. In a single-arm, non-randomized study of 19 stable 
lung transplant recipients more than 6 months post-transplant, pa-
tients were switched from IR-TAC to ER-TAC with similar area under 
the curve (AUC) at 2 weeks pre- and post-conversion. There was no 
difference in adverse effects per patient month nor acute cellular 
rejection at 6 months after conversion.87 In lung transplant recipi-
ents with cystic fibrosis, to achieve target Cmin and similar AUC, an 
increase in dose may be required when converting from IR-TAC to 
ER-TAC.88

1.	 What is the role of extended-release formulations of tacrolimus 
in modern M-IMS?
3.1.	Recommendation (1B kidney; 1C liver, heart) . Complex med-

ication regimens involving multiple daily doses have shown 
to decrease patient medication adherence. Decreased 
medication adherence is associated with worse outcomes. 
Once daily tacrolimus products may improve the rate of 
adherence compared to twice daily tacrolimus.

3.2.	Recommendation (1B kidney; 1D pancreas). Due to phar-
macokinetic differences, LCPT abrogates peak-related 
side effects of tacrolimus, such as tremors, in transplant 
recipients.

3.3.	Recommendation (1C kidney). LCPT may be advantageous 
in recipients who are African American, elderly (≥65) and 
presumed or proven rapid metabolizers.

3.4.	Recommendation (2C pancreas). De novo LCPT use in the 
setting of MPA and corticosteroids may improve metabolic 
outcomes in the early (3–6 month) post-pancreas transplant 
period.

Recommendation 3 Evidence Summary: Role of Extended-Release 
Formulations of Tacrolimus

Two studies assessed ER-TAC's effect on adherence in kidney 
transplant. The first, a RCT of 219 stable kidney recipients con-
verted from IR-TAC to ER-TAC at 3 months found of those who re-
mained engaged with the regimen at 6 months, significantly more 
ER-TAC patients took the prescribed number of doses (88.2% vs. 
78.8%, p  =  0.0009).89 Patients on IR-TAC missed more evening 
doses than morning (14.2% vs. 11.7%, p = 0.0035). Additionally, 
an observational prospective study of 1106 kidney and liver 
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transplant recipients on ER-TAC were assessed for adherence 
and acceptance at 3 and 6 months.90 At 3 months, adherence 
was improved in 21%, unchanged in 69%, and worsened in 10% 
of patients. General acceptance score was improved in 28% and 
unchanged in 39% of patients. Results were similar at 6 months. 
Available data for LCPT conversion focus on its unique phar-
macokinetic profile including lower Cmax, percent fluctuation, 
swing, and Cmax/Cmin ratio with consistent drug exposure.24,91 The 
STRATO study was an open-label, multicenter, prospective study 
of 30 kidney transplant recipients with clinically significant tremor 
that aimed to see if LCPT's lower Cmax would impact tacrolimus's 
neurotoxic side effect profile. A statistically and clinically signifi-
cant improvement in tremor (via FTM score, accelerometry device, 
and quality of life in essential tremor score) was observed 7 days 
post-conversion.92 ASERTAA, a prospective randomized crossover 
study of 50 African American kidney transplants, found no signif-
icant difference in tacrolimus exposure or Cmax in hypermetabolic 
(CYP 3A5 expressers) compared to nonexpressers.93 However, 
IR-TAC Cmax was significantly higher in hypermetabolic patients 
(33%, p = 0.04) compared to those on LCPT (11%, p = 0.4). Lastly, 
a pooled analysis of 861 kidney transplants from two RCTs found 
LCPT to have lower efficacy failure rates in African American and 
elderly (≥65 years old) patients.94

De novo use of LCPT in pancreas transplant recipients demon-
strated possible benefit in lower BPAR (0% vs. 29%, p = 0.01) and 
HgA1c values (mean HgA1c 4.9% vs. 5.6% p = 0.01) compared to 
IR-TAC in an observational study of 39 SPK recipients.74 A single re-
port of converting 8 IR-TAC treated pancreas transplant recipients to 
LCPT found 100% of patients converted for neurotoxicity had docu-
mented improvement following conversion.95

A prospective, single-center, observational study of 125 liver 
transplant patients that were switched from IR-TAC to ER-TAC re-
vealed a 12-month allograft survival rate of 96% with no episodes of 
acute rejection in patients switched to ER-TAC.96 A self-reported im-
provement in 12-month medication adherence was observed (non-
adherence rate 66.4% at baseline to 30.9%).

In heart transplant, improved medication adherence with ER-
TAC was demonstrated in a pre-experimental study of 76 stable 
heart transplant patients.97 Baseline self-reported non-adherence 
was 75% and significantly improved at 8 months (40.3%, p < 0.0001). 
Specifically, adherence improved in 56.9% of patients, was un-
changed in 37.5% and was impaired in 5.6%.

1.	 What is the role of cyclosporine in modern M-IMS?
4.1.	 Recommendation (2C kidney, liver, heart, lung; 1D pancreas; 

expert opinion intestine). While appropriately balancing risk 
vs. benefit, cyclosporine may be used as an alternative 
to tacrolimus in transplant recipients with tacrolimus 
intolerance.

Recommendation 4 Evidence Summary: Cyclosporine Role
In the modern era of SOT cyclosporine is not the agent of choice 

for M-IMS. However, its use in the setting of tacrolimus-associated 

side effects should be considered when conversion to other agents 
is not feasible.

One study conducted in kidney and liver transplant recipients 
(31% kidney, 48% liver) cited neurotoxicity as the most common rea-
son for switching from tacrolimus to CyA-ME (55%).98 Other reasons 
for switching to cyclosporine included diabetes and gastrointestinal 
intolerance in 24% of patients for each. The switch from tacrolimus 
to cyclosporine resulted in acute rejection within the first year after 
conversion in 18% of kidney and 31% of liver transplant patients.

A multicenter analysis of CNI use in pancreas transplant recip-
ients illustrates the importance of converting tacrolimus treated 
patients to CyA-ME in case of adverse events in this transplant 
population. At 1 year, 20% of recipients had converted safely from 
tacrolimus to cyclosporine for diabetogenicity, nephrotoxicity, 
or rejection.99 Although larger head-to-head studies in pancreas 
demonstrate tacrolimus is superior to CyA-ME in acute settings, 
long-term data from single-center reports demonstrate equiv-
alent allograft and patient outcomes when used with MPA and 
corticosteroids.100

Available data comparing the two agents in lung transplant have 
found similar rates of patient and allograft survival.61,63,65,66,101,102 
Importantly, some studies found rates of side effects were 
significantly higher in tacrolimus-treated patients compared to 
those on CyA-ME.62,63,65,101,103

1.	 Can tacrolimus monotherapy be safely used as M-IMS to prevent 
allograft rejection and loss at 12  months?
5.1.	 Recommendation (2A kidney). Tacrolimus monotherapy in 

the setting of alemtuzumab induction immunosuppression 
is as effective at preventing BPAR and achieves similar 
1-year patient and allograft survival as IL2-receptor an-
tagonist induction followed by tacrolimus and MPA in low 
immunologic risk transplant recipients. No recommendation 
can be made for tacrolimus monotherapy in recipients of 
high immunologic risk.

5.2.	Recommendation (2C pancreas). Tacrolimus monotherapy 
following alemtuzumab induction is comparably safe and 
effective at 12  months to a more conventional induction 
and maintenance regimen.

5.3.	Recommendation (2B liver). Tacrolimus monotherapy is a 
viable M-IMS to prevent allograft rejection or loss.

5.4.	Recommendation (2C intestine). Along with antilymphocyte 
antibody (ALA) induction, tacrolimus monotherapy can be 
safely used.

5.5.	 Recommendation (2C heart). Tacrolimus monotherapy, after 
corticosteroids are weaned off by 2 months post-transplant, 
appears to be safe and efficacious.

Recommendation 5 Evidence Summary: Tacrolimus Monotherapy
The use of tacrolimus monotherapy has been most extensively 

studied in low immunologic risk kidney transplant recipients in the 
setting of alemtuzumab induction. In 2008, a prospective RCT of 
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131 deceased donor kidney transplant recipients compared tac-
rolimus monotherapy after alemtuzumab induction to tacrolimus-
based triple drug therapy after basiliximab induction.104 Patients 
with a PRA >25% were excluded. Rates of BPAR at 12  months 
were 20% in the alemtuzumab/tacrolimus monotherapy group 
compared to 32% with basiliximab/triple immunosuppression 
(p  =  0.09). Allograft function and patient and allograft survival 
were no different; however, there was more cytomegalovirus 
(CMV) in the alemtuzumab/tacrolimus monotherapy arm. Two 
similarly-designed studies comparing alemtuzumab induction 
with tacrolimus monotherapy to IL-2 induction with tacrolimus/
MPA showed similar 1-year patient and allograft outcomes in 116 
low immunologic risk, predominantly living donor, kidney trans-
plant recipients.105,106 No data are available comparing tacrolimus 
monotherapy to triple therapy in the setting of ALA induction for 
both arms.

Reports of tacrolimus monotherapy in pancreas transplanta-
tion stem from a single-center, observational study where following 
alemtuzumab induction, 60 patients were maintained on tacrolimus 
(initial trough level of 10–12 ng/ml) monotherapy. With a mean fol-
low-up period of 22 months patient, pancreas, and kidney allograft 
survival rates were 94%, 89%, and 87%, respectively. The incidences 
of acute rejection, corticosteroid-resistant rejection, and CMV in-
fection were 30%, 7%, and 12%, respectively.107 The lack of other 
available evidence evaluating tacrolimus monotherapy suggest that 
at present it cannot be highly considered to maintain pancreas trans-
plant patients on monotherapy.

Studies that evaluated tacrolimus monotherapy M-IMS in liver 
transplant recipients are heterogenous as different immunosup-
pression regimens were utilized in comparison groups, and the 
timing of monotherapy initiation were variable. Some studies left 
patients on tacrolimus monotherapy after induction or 2 weeks 
after liver transplant, while others start weaning adjunct M-IMS 
3–6 month post-transplant.108–117 Furthermore, two studies weaned 
adjunct M-IMS off in the comparative arm, rendering these arms 
on tacrolimus monotherapy as well.108,109 Within the constraints of 
these limitations, most studies demonstrate a comparable allograft 
rejection rate and allograft survival rates at 12 months in patients on 
tacrolimus monotherapy.108–112 However, some studies notably had 
relatively high overall rejection rates overall that would be unaccept-
able in the current era.109–111

Tacrolimus monotherapy is frequently used along with ALA in-
duction in intestinal transplantation with favorable outcomes in 
terms of allograft survival and post-transplant complications.51–53

In heart transplantation, the most notable evidence available 
on tacrolimus monotherapy is the TICTAC trial.118 This was a pro-
spective, open-label, randomized study of 150 de novo isolated 
first heart transplant patients who received either tacrolimus 
monotherapy or tacrolimus/MPA. All patients were weaned off 
corticosteroids by 8–9 week post-transplant. There was no differ-
ence seen in the primary outcome of mean composite biopsy score 
at 6 months (tacrolimus 0.70 ± 0.44, 95% CI 0.6 to 0.8 vs. tacroli-
mus/MPA 0.65 ± 0.40, 95% CI 0.55 to 0.74, p = 0.44) or 12 months 

(tacrolimus 0.67 ± 0.39, 95% CI 0.59 to 0.76 vs. tacrolimus/MPA 
0.62 ± 0.39, 95% CI 0.53 to 0.71, p = 0.38). Also, 3-year survival 
was similar between groups (92.4% tacrolimus vs. 97% tacroli-
mus/MPA, p = 0.58). There was no difference in the development 
of allograft vasculopathy nor freedom from treated rejection at 
6 and 12  months. Nine of the 79 patients on tacrolimus mono-
therapy were started on MPA because of rejection. However, 26 
of the 71 tacrolimus/MPA patients had MPA withdrawn due to 
leukopenia, 2 of which correlated with rejection. At 10 years, pa-
tient survival and freedom from CAV were similar between groups 
(68% vs. 80.9%, p = 0.15; and 75.6% vs. 84.6%, p = 0.11 in tac-
rolimus vs. tacrolimus/MPA, respectively) although crossover was 
common.119

3.2  |  Antimetabolites

This class of drugs includes azathioprine and MPA. Azathioprine 
incorporates its metabolite, 6-thioguanine into DNA subsequently 
blocking synthesis. It has been proposed that CD28-dependent ac-
tivation of the RAC1 G-protein mediates this immunosuppressive 
effect.120 Nevertheless, its metabolite 6-methyl-MP also inhibits 
de novo synthesis of purines. The disruption of both the de novo 
and salvage pathways of nucleic acid synthesis convey a more ex-
tensive and severe side effect profile including alopecia, pancrea-
titis, and hepatotoxicity.121 MPA inhibits de novo purine synthesis 
in activated lymphocytes; thus, disproportionately preventing active 
lymphocyte proliferation as they cannot use the salvage pathway to 
create guanosine.122 Two formulations of MPA exist, the pro-drug 
(MMF, CellCept®) and the enteric coated formulation [mycopheno-
late sodium (MPS), Myfortic®]. Of note, these formulations are not 
bioequivalent.

Since these agents affect cells with rapid turnover, MPA is as-
sociated with myelosuppression and gastrointestinal side effects 
such as nausea, vomiting, and diarrhea. These are dose-related and 
often prompt MPA dose manipulations that have been associated 
with increased rejection in some populations.123–128 Lastly, MPA 
is teratogenic and should be avoided 6 weeks prior to and during 
pregnancy. The FDA-required MPA Risk Evaluation Mitigation 
Strategy program was developed to educate healthcare provid-
ers and female patients of childbearing potential regarding these 
risks, importance of pregnancy prevention and planning, as well 
as need to report pregnancies to the Mycophenolate Pregnancy 
Registry.129

Plasma concentrations of MPA can be measured and have been 
correlated with clinical efficacy and toxicity; MPA AUCs <30 μg/
ml/h correlate with increased rates of rejection whereas AUCs 
>60 μg/ml/h have been linked to increased leukopenia.130,131 
However, MPA undergoes enterohepatic recirculation and thus has 
a complex pharmacokinetic profile. MPA single time point concen-
trations do not correlate well with total drug exposure making AUC 
monitoring a challenge. Interestingly, since cyclosporine inhibits en-
terohepatic recirculation, MPA exposure is reduced by 30% in its 
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presence. Thiopurine S-methyltransferase (TPMT) activity can af-
fect azathioprine drug exposure and subsequent myelosuppression. 
Approximately 10% of the population has a polymorphism in TPMT 
leading to low-level activity and increased risk of myelosuppression. 
Routine monitoring for the TPMT polymorphism prior to azathio-
prine initiation is recommended in the non-transplant setting.132 
While there are limited data in transplant population due to low 
usage rate, routine screening for TPMT is also recommended in all 
transplant patients before starting azathioprine.133-136

1.	 Is MPA the superior antimetabolite in preventing allograft rejection 
and/or loss at 12  months?
6.1.	Recommendation (2B kidney). There may be benefit to the 

use of MPA over azathioprine for the prevention of acute 
rejection.

6.2.	Recommendation (1C pancreas, 1B liver). MPA is more ef-
fective than azathioprine in reducing acute rejection rates 
at 12  months.

6.3.	Recommendation (2D intestine). Despite an absence of stud-
ies directly comparing MPA to azathioprine, MPA has been 
adopted as a standard component of early M-IMS in this 
population in lieu of azathioprine.

6.4.	Recommendation (1B heart). MPA has demonstrated bet-
ter patient and allograft survival over azathioprine with 
a decreased incidence and severity of acute rejection.

6.5.	Recommendation (2C lung). Comparative data have variable 
results although there are some observational and cohort 
data demonstrating less acute rejection with MPA as com-
pared to azathioprine and potential benefit in switching 
to MPA in the setting of BOS.

Recommendation 6 Evidence Summary: MMF Efficacy
In kidney transplant, two RCTs compare MMF to azathioprine 

in combination with CyA-ME and corticosteroids.137,138 The first, a 
prospective, open-label, multicenter, randomized study of 477 kid-
ney recipients compared three groups: those on 3 months of MMF 
followed by 9 months of azathioprine, 12  months of MMF, and 
12  months of azathioprine. Investigators found significantly lower 
acute rejection and treatment failure rates with MMF-containing 
groups (43.7% and 43.2% vs. 58.6%, p < 0.01; 23.4% and 21% vs. 
32%, p < 0.04, respectively).137 The other study of 336 kidney trans-
plants randomly assigned to either MMF or azathioprine found sim-
ilar rate of clinical rejection at 6 and 21 months.138 Of note, steroids 
were tapered at 6 months in stable patients. Two RCTs also com-
pared both antimetabolites in the setting of tacrolimus. The first, a 
prospective open-label randomized study of 223 first-time kidney 
transplants compared three groups: tacrolimus/MMF, CyA-ME/
MMF, and tacrolimus/azathioprine.31 There was no difference in 
12-month BPAR or patient and allograft survival, but corticosteroid-
resistant rejection (4.2% in tacrolimus/MMF vs. 10.7% in CyA-ME/
MMF and 11.8% in the tacrolimus/azathioprine) and moderate to 
severe (Banff II–III) rejection was lowest in the tacrolimus/MMF 
group. The 3-year analysis also showed BPAR requiring ALA therapy 

was lower in the tacrolimus/MMF group compared to tacrolimus/
azathioprine (33% vs. 75%, p = 0.03).32 The other RCT assessed cor-
ticosteroids and tacrolimus in combination with either azathioprine, 
MMF 1 gm/day, or MMF 2 gm/day.139 BPAR at 1 year was 32.2%, 
32.2%, and 8.6% in the azathioprine, MMF 1 gm/day, and MMF 2 
gm/day groups, respectively (p < 0.01). ALA treatment of BPAR was 
the same. The mean dose of MMF in the 2 gm/day group decreased 
to 1.5 gm/day by 6 months, primarily due to GI-related side effects. 
Lastly, two meta-analyses and one systematic review confirmed 
MMF when used with a CNI reduced the risk of rejection when com-
pared to azathioprine. Rates of allograft and patient survival did not 
differ between those on MMF and azathioprine.

Pancreas transplant recipients treated with MMF/CNI experi-
enced significantly reduced acute rejection rates in the first post-
transplant year compared to  those on azathioprine/CNI according 
to several observational studies. 140–145 Additionally, an open-label, 
randomized, multicenter study showed numerically lower rates of 
rejection at 6 and 12-months, though not statistically significant.146 
However, time to rejection or treatment failure was significantly lon-
ger in MMF group (p = 0.049).

Two RCTs have compared azathioprine with MMF in liver trans-
plant recipients. The largest study of 565 patients on CNI and corti-
costeroids randomized to receive either azathioprine or MMF found 
significantly more rejection at 6 months in those on azathioprine 
(47.7% vs. 38.5%, p  =  0.025).147 Additionally, patients on azathio-
prine were more likely to have multiple episodes of rejection and 
require ALA treatment. Both groups had similar patient and allograft 
survival. The second RCT of 57 patients compared azathioprine to 
MMF in combination with cyclosporine, corticosteroids, and antithy-
mocyte globulin (ATG) induction.148 While patients receiving azathi-
oprine were more likely to develop rejection compared to those on 
MMF (44.8% vs. 21.4%; p = 0.06), patient survival was similar be-
tween the two groups. A 12-month follow-up of 63 patients again 
demonstrated that rejection was less likely to develop in patients 
receiving MMF (19.4% vs. 40.6%; p = 0.06).149 The study population 
was small and follow-up limited to 12 months. Additionally, none of 
the studies performed protocol biopsies and the largest study used 
MMF 3 gm/day which is 50% more than the dose that is commonly 
used.

There are no head to head comparative studies for MPA versus 
azathiprine. Additionally, there are limited data for mycophenolate 
use in intestinal transplantation due to gastrointestinal toxicities as-
sociated with this medication.150 However, it continues to remain a 
standard component in many early M-IMS regimens with tacrolimus, 
before transition to alternative therapy or tacrolimus monotherapy 
as illustrated in case reports and case series.82,151–153

Several well-designed clinical trials have compared the MMF 
and azathioprine in heart transplant. Notably, a prospective, mul-
ticenter study of 109 patients randomized to MMF or azathioprine 
found an overall low incidence of rejection (3 reversible subclinical 
rejections).154 Considering long-term outcomes, a double-blind, 
randomized, active-controlled trial in 650 heart transplant patients 
(327 MMF and 323 azathioprine) in combination with CyA-ME and 
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prednisone found significantly lower rates of rejection requiring 
treatment (65.7% vs. 73.7%, p = 0.026)155 Importantly, the overall 
mortality rate at 12 months was 6.2% in the MMF group compared 
to 11.4% in the azathioprine group (p = 0.031). At 36 months, the 
incidence of death or re-transplant was 11.8% in those on MMF 
compared to 18.3% on azathioprine (p  < 0.01), and the time to 
death or re-transplant was also significantly shortened with aza-
thioprine therapy.156 Finally, a large ISHLT/UNOS registry study 
analyzed MMF compared to azathioprine on a cyclosporine-based 
M-IMS protocol in 5599 heart transplant recipients (657 in MMF 
group and 4942 in azathioprine group).157 They found an actuarial 
survival benefit with MMF at 1 and 3 years compared to azathio-
prine (96% vs. 93% and 91% vs. 86%, respectively), and a relative 
risk (RR) of 3 year mortality of 0.62 in favor of MMF compared to 
azathioprine (p = 0.011). The Kaplan–Meier survival curve show a 
statistically significant improvement in the MMF group (p = 0.0012) 
with survival rates of 94.5%, 92.3%, and 87.1% at 1-, 2-, and 3-year 
post-transplant, respectively. MMF therapy at the time of discharge 
reduced the 3-year mortality risk by approximately 50% after con-
trolling for other known risk factors for mortality in this population.

Multiple RCTs evaluated MMF versus azathioprine in lung trans-
plant recipients. A prospective, randomized, open-label, multicenter 
study of lung transplant patients who received MMF or azathioprine 
in combination with ATG induction, cyclosporine, and corticoste-
roids found no difference in biopsy grade > A2, or grade unknown 
acute rejection, within first year (54.1% vs. 53.8%). There was no 
significant difference in the primary endpoint BOS, with 73% in the 
MMF group versus 75% in the azathioprine group free from BOS 
at 3 years; p  =  0.70. While there was a trend towards improved 
survival with MMF at 1 year (88% vs. 80%, p  =  0.07), there was 
no significant difference at 3 years between groups (75% vs. 69%). 
However, more patients discontinued azathioprine (59.6% vs. 46.5%, 
p = 0.02).158 Secondly, in a randomized, prospective, dual center trial 
of 81 recipients on cyclosporine, corticosteroids, and either MMF 
or azathioprine, the incidence of BPAR grade 2 or greater (MMF 
63% vs. azathioprine 58%, p = 0.82) and patient survival (MMF 86% 
vs. azathioprine 82%, p  =  0.57) did not differ at 6 months.159 In a 
small non-randomized cohort study (n = 22), of patients treated with 
ATG induction, cyclosporine, prednisone, and MMF or azathioprine, 
significantly fewer episodes of acute rejection were seen in those 
on MMF compared to azathioprine (0.26 ± 0.34 vs. 0.72 ± 0.43 ep-
isodes/100 patient-days, p  < 0.01).160 However, there was no sta-
tistically significant difference in BOS at 12 months (MMF 18% vs. 
azathioprine 36%, p = NS). In a non-randomized, single-center expe-
rience of 156 lung transplant patients undergoing monthly surveil-
lance bronchoscopies for at least 6 months post-transplant, patients 
treated with MMF had significantly fewer acute rejection episodes 
per patient (0.5 ± 1.0 vs. 1.5 ± 1.9, p < 0.001), recurrent rejection in-
cidence (14% vs. 42%, p < 0.001), and less severe (grade 3) rejection 
(0.93% vs. 10.4%, p = 0.01). A significant decrease in allograft loss 
due to either death or re-transplantation (p = 0.049) and a trend to-
ward improved survival at 5 years were also observed (MMF 79% vs. 
azathioprine 64%, p = 0.062).161 Lastly, switching from azathioprine 

to MMF in the setting of BOS may offer benefit. In a single arm study 
of 13 lung transplant patients with BOS, MMF 3 gm/day (duration: 
1 week to 24 months, mean 11.4 months) replacing azathioprine re-
sulted with stabilization of pulmonary function tests in majority of 
patients after MMF initiation.162

1.	 Where can MPS be advantageous over MMF?
7.1.	 Recommendation (1A kidney; 1B pancreas, heart; 2C liver) . 

MMF dose reductions are associated with increased re-
jection rates. Transplant recipients with gastrointestinal 
side effects may benefit from conversion to enteric-coated 
MPS. It is a safe and effective alternative to MMF.

7.2.	 Recommendation (2B lung) . Available data for MPS describe 
that it can be utilized in combination with corticosteroids 
and a CNI. However, there are no data directly comparing 
MPS to MMF.

Recommendation 7 Evidence Summary: Role of Mycophenolate 
Sodium

In kidney transplant, two RCTs and one retrospective case con-
trol assessed MPS versus MMF. The first study, a double blind RCT 
of 322 stable kidney transplant patients found similar rates of neu-
tropenia and GI side effects at 3 months and 12  months in those 
on MPS versus MMF.163 Rates of BPAR and efficacy failure were 
similar. Overall incidence of infections was similar, but the number 
of serious infections was significantly lower with MPS (8.8% vs. 
16.0%; p  < 0.05). A larger retrospective case control of 1704 pa-
tients found significantly higher BPAR with MMF vs. MPS (30% vs. 
22%, p = 0.0004) with a significantly higher risk of drug discontin-
uation and dose reduction (hazard ratio  =  1.507, p  =  0.0002 and 
1.703, p < 0.0001, respectively).164 The fewer dose reductions and 
discontinuations may have translated to lower BPAR, although data 
are correlational. Most recently, a multicenter, double-blind, RCT 
of 396 kidney transplant patients with self-reported GI symptoms 
found that those on MPS were more likely to have a change in base-
line total Gastrointestinal Symptom Rating Scale (GSRS) score ≥ 0.3 
(62% vs. 55%, p = 0.15).160,165 A subgroup analysis found patients 
with indigestion, diabetes, on steroids, or converted between 6- and 
12-month post-transplant had a significant improvement in GSRS.

In pancreas transplant recipients, a multivariate analysis re-
vealed that MMF use and duration of diabetes are both risk factors 
for GI complications such as non-infectious diarrhea.166 Moreover, 
following pancreas transplantation, MMF dose manipulation due to 
side effects, has been associated with increased rejection rates and 
should be avoided.123,128 A retrospective evaluation of 15 pancreas 
transplant recipients with gastroparesis was performed a median 
182 (69–1523) days post-transplant to determine MPA AUC while on 
MMF.167 Subsequently, patients were converted to MPS with similar 
drug exposure (MPA peak, trough and AUC0–12) as MMF. However, 
despite similar exposure, MPS-treated patients experienced signif-
icant reduction in upper and lower GI side effects (100% MMF vs. 
20% MPS, p < 0.001). Similar findings were reported in an observa-
tional cohort study, where MPS was associated with lower incidence 
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of acute diarrhea and reduced diarrhea severity as compared to 
MMF.166 Moreover, MPS use was associated with less adverse event 
driven dose manipulations in this population.168 A multicenter, pro-
spective, observational study showed comparable clinical efficacy 
when MPS was used in de novo setting or when introduced later, 
following pancreas transplantation.169

Several studies have assessed the role of MPS in patients who 
developed GI intolerance to MMF after undergoing liver transplant. 
Fifty-five percent of 36 patients who were converted to an equi-
molar dose of MPS at a median of 45  month post-transplant had 
resolution of their GI symptoms, 17% had improvement, and 28% 
had either no change or worsening.170 Another study compared 
MMF and MPS in two parts. The first part was a prospective, dou-
ble blinded RCT between de novo MMF and MPS.171 GSRS in the 
30 analyzed patients trended toward better tolerability with MPS 
versus MMF but was not statistically significant. The second part, a 
conversion study of 29 patients, found significant improvement in GI 
symptoms (p < 0.001) in patients transitioned to MPS. Additionally, 
in a prospective, open-label, longitudinal study of 31 patients, GI 
symptoms (p = 0.002) and quality of life (p = 0.0009) improved in 
those transitioned to MPS.172 Similarly, three observational studies 
observed similar improvements in GI symptoms after conversion to 
MPS.173–175 Though these studies were small, had limited follow up, 
and did not necessarily use equimolar dosing of MPS, they add to 
the body of evidence that MPS is a safe and efficacious alternative in 
patients experiencing GI intolerance while on MMF therapy.

In heart transplant, MMF has been associated with gastroin-
testinal side effects in many clinical trials and often prompt dose 
reductions in clinical practice. A retrospective review of 182 heart 
transplant recipients on MMF identified that 71% of patients re-
quired a dose decrease due to an intolerance or toxicity.127 Also, 
rejection was significantly higher in patients with GI intolerance to 
MMF requiring a dose reduction compared to those on target study 
doses (65% vs. 35%, p = 0.002). Interestingly, this finding was not 
replicated in patients who had a dose reduction for leukopenia or 
infection. This finding was also substantiated in a single-blind, pro-
spective, multicenter, 12-month study comparing MMF to equimolar 
MPS in combination with CyA-ME and corticosteroids. The original 
trial found the incidence of treatment failure (defined as a compos-
ite of biopsy-proven and treated acute rejection, allograft loss or 
death) was similar for both groups at 6 (52.6% MPS vs. 57.9% MMF) 
and 12 months (57.7% MPS vs. 60.5% MMF, p  = NS).176 However, 
the authors also noted significantly more patients on MMF had ≥2 
dose reductions throughout the study compared to MPS (26.9% vs. 
42.1%, p = 0.048). This prompted a post hoc analysis that revealed 
MMF patients who did not undergo dose reductions experienced 
a 38.5% treatment failure, 57.7% BPAR and 11.5% BPAR ≥3A rate 
compared to 60% treatment failure, 70% BPAR and 44% BPAR ≥ 3A 
rate in those that underwent ≥1 dose reduction.177 When compar-
ing all patients with ≥1 dose reduction, there was a decreased inci-
dence of treatment failure (46.8% EC-MPS vs. 60% MMF, p = NS) 
and BPAR (55.3% EC-MPS vs. 70% MMF, p = NS) at 12 months. Of 
the rejections seen at 12 months in the dose reduction groups, those 

in the MMF group were more likely to have more severe rejection 
(grade ≥ 3A) compared to those in the EC-MPS group (44% MMF vs. 
23.4% EC-MPS, p = 0.032). The average daily dose as a percentage 
of recommended protocol dose was significantly higher for MPS 
(88.4% vs. 79%, p  =  0.016) and days below the protocol-required 
dose was significantly higher for MMF (39.4% vs. 24.8%, p = 0.016).

Although no head-to-head studies comparing MMF to MPS exist 
in lung transplant, data for MPS use exist. A prospective, random-
ized, multicenter, open-label study was conducted in 165 adult lung 
transplant recipients that received cyclosporine, corticosteroids, 
and de novo MPS 1080 mg twice daily that was either continued or 
switched to everolimus 4–12 weeks post-transplant.178 There was no 
significant difference in the primary endpoint of BOS within 3 years 
post-transplant between groups based on intention to treat (ITT) (24 
MPS vs. 24 everolimus, p = 0.87) or per protocol (PP) (10 MPS vs. 
15 everolimus, p = 0.16). Three-year patient survival and one-year 
acute rejection was not significantly different between groups (MPS 
84% vs. everolimus 76%, p  =  0.19 and 46.3% vs. 38.1%, respec-
tively). However, leukopenia (46% vs. 24%, p < 0.01), diarrhea (26% 
vs. 9%, p < 0.01), and CMV infection (12% vs. 4%, p = 0.04) were 
more frequent with MPS and venous thromboembolism (5% vs. 17%, 
p = 0.02) more frequent with everolimus. 

1.	 What is the Role of azathioprine in modern M-IMS?
8.1.	Recommendation (1C kidney, pancreas, liver, heart, lung) . 

Azathioprine is the antimetabolite of choice for all trans-
plant recipients that are, or desiring to become, pregnant.

8.2.	Recommendation (1B kidney, heart, lung; 2C pancreas; 1D 
intestine) . Azathioprine may be used in place of MPA in 
those intolerants to MPA products, such as gastrointestinal 
toxicity, that require an antimetabolite.

Recommendation 8 Evidence Summary: Role of Azathioprine
In 2007, the FDA changed the pregnancy rating of MMF from 

“C” to “D” meaning there is positive evidence of human fetal risk. 
This change was a result of pregnancy registries and published liter-
ature showing an increased risk of spontaneous abortion, congenital 
malformations, and other abnormalities. Specifically in kidney trans-
plant, an analysis of 444 pregnancies found discontinuation of MPA 
before conception result in higher live birth and lower miscarriage 
rates (78% vs. 48% and 20% vs. 48%, respectively p < 0.001) than 
those on MPA early in pregnancy.179 Based on this, current guide-
lines recommend discontinuing MPA and considering the risks and 
benefits of transitioning patients who are, or are planning on be-
coming pregnant, to azathioprine.180,181 It is important to note that 
although azathioprine is also labeled pregnancy category D, that rat-
ing is based on animal studies showing fetal anomalies and embry-
onic resorption. However, clinical studies in SOT have not seen these 
results replicated.182–186 Most notably, The National Pregnancy 
Transplant Registry evaluated 56 patients (46 kidney, 7 pancreas–
kidney, 2 heart, and 1 lung) converted off MPA at least 6 weeks prior 
to 58 pregnancies and found 51 live births (88%), four spontaneous 
abortions (7%), two stillbirths (3%), and one therapeutic termination 
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(2%) with no above average birth defects observed.187 Additional 
smaller studies in kidney, pancreas-kidney, liver, heart, and lung 
transplant found increased incidence of teratogenicity and sponta-
neous abortions.188–191

Available data show less GI side effects with azathioprine com-
pared to MPA in kidney transplant. In a RCT comparing azathioprine, 
MMF 1 gm/day, or MMF 2 gm/day in combination with corticoste-
roids and tacrolimus, the mean dose of MMF in the 2 gm/day group 
decreased to 1.5  gm/day by 6 months, primarily due to GI-related 
side effects.139 A meta-analysis of 3143 kidney recipients from 19 
RCTs found a significantly greater risk of diarrhea in MMF-treated 
patients compared to azathioprine (RR 1.57, 95% CI 1.33 to 1.86, 
p < 0.0001).192

Although no conversion studies exist in the pancreas population, 
due to significant rejection risk reported with MPA dose manipu-
lation in the setting of GI toxicity, the use of AZA as an alternative 
is recommended. While MPA reduced early acute rejection rates, 
short- and long-term efficacy data demonstrates no difference with 
azathioprine in terms of pancreas allograft and patient survival.146,193

In intestinal transplantation, in the setting of MPA-associated 
gastrointestinal toxicities, azathioprine use has been reported in 
a case series with documented amelioration of gastrointestinal 
symptoms.150 Its use was also described in a case series where 
azathioprine was used along with belatacept and prednisone 
as a rescue therapy in setting of tacrolimus associated kidney 
dysfunction.194

Azathioprine has been associated with less GI side effects com-
pared to MMF in heart transplant. Specifically, in a 3-year, random-
ized, double-blind trial comparing MMF or AZA in combination with 
cyclosporine and corticosteroids, MMF showed a higher incidence 
of diarrhea (52.4% vs. 39.4%) and esophagitis (9% vs. 3.8%).156

Less gastrointestinal side effects have been reported with aza-
thioprine in comparison with MMF in lung transplant. Specifically, 
less nausea was reported with azathioprine 2  mg/kg/day (34%) 
vs. MMF 3 gm/day for first 3 months followed by 2 gm/day (43%) 
in a prospective, randomized, open-label, multicenter study.158 In 
a randomized, prospective, open-label, dual center trial including 
81 adult lung transplant patients 61.5% (8 of 13) of MMF patients 
who discontinued drug subsequently tolerated azathioprine. Dose 
reductions were most common due to leukopenia (similar between 
groups). GI complaints, necessitating drug discontinuation, were 
more common with MMF [5 of 43 (11.6%) vs. 0 with azathioprine].159

3.3  |  Corticosteroids

Along with azathioprine, corticosteroids are the longest used immu-
nosuppressants in SOT. Their mechanism of action is multifaceted 
and involves inhibition of cytokine synthesis, redirection of lym-
phocyte traffic, and anti-inflammatory effects. Intravenous meth-
ylprednisolone and oral prednisone are the most commonly used 
corticosteroids for prevention and treatment of rejection. A vast 
majority of transplant recipients are maintained on corticosteroids 

indefinitely. However, due to significant morbidity associated with 
chronic use, early corticosteroid withdrawal following transplanta-
tion has been attempted across all organs. 

1.	 Is corticosteroid withdrawal a safe and effective immunosuppression 
strategy in the era of modern M-IMS?
9.1.	 Recommendation (1B kidney, liver, heart; 1C pancreas). While 

corticosteroids remain the cornerstone of M-IMS for most 
patients, sustained effort to eliminate corticosteroids due 
to their metabolic complications has been successfully 
attempted.

9.2.	 Recommendation (1B intestine; 2D lung). Corticosteroids are 
a standard component of M-IMS however,  elimination ef-
forts have been attempted in lung.

Recommendation 9 Evidence Summary: Corticosteroid Withdrawal
In kidney transplantation it is important to note that induction 

immunosuppression was used in the majority of studies assess-
ing corticosteroid withdrawal. Net states of immunosuppression 
should be considered when deciding to withdrawal corticosteroids. 
Corticosteroid withdrawal has been successfully done in low and 
moderate risk kidney transplant recipients, but may result in higher 
incidence of BPAR with similar patient and allograft survival.195–217 
Long-term similar patient and allograft survival were confirmed in 
a follow-up analysis of a landmark study.218 The adjusted hazard 
ratios of all-cause and death-censored allograft failure in those 
assigned to withdraw from steroids were 0.83, 95% CI 0.62–1.10, 
p = 0.19 and 0.78, 95% CI, 0.52–1.19, p = 0.25; and did not differ be-
tween groups. Corticosteroid withdrawal has also been associated 
with improvement in metabolic endpoints such as hyperlipidemia, 
serum triglycerides, need for insulin to treat diabetes, and changes 
in HgA1c.211,212 Two-thirds of kidney transplants are maintained on 
corticosteroids long term.2

In pancreas transplantation, observational studies show similar 
death-censored allograft loss and patient survival between patients 
maintained on chronic corticosteroid therapy vs. rapid corticoste-
roid withdrawal.219–227 Improvement in metabolic outcomes has also 
been reported. Nevertheless, vast majority of patients are main-
tained on corticosteroids for life. A meta-analysis of existing clinical 
trials on steroid avoidance in pancreas and pancreas-kidney trans-
plantation concluded that too little evidence exists to favor the use 
or the avoidance of steroids.228

There are several RCTs that evaluated corticosteroid withdrawal 
in liver transplant recipients, but they are heterogenous, and major-
ity of them have very small sample sizes.109,110,229–242 Nonetheless, 
most demonstrate noninferiority of corticosteroids withdrawal in 
terms of BPAR, allograft and patient survival.109,110,229–240 However, 
the small sample sizes may predispose to the lack of a statistical sig-
nificance. Corticosteroid withdrawal was observed to decrease the 
prevalence of DM, hypertension, dyslipidemia, and bone disease in 
some studies, though this benefit was not seen in others.109,231,234,235

In intestinal transplantation, corticosteroids are a standard 
component of early- and long-term M-IMS regimens as illustrated 
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by observational studies that persistently include them as essential 
components of M-IMS in this population.51,52,54–56,150–153,194,243–246

In heart transplantation, most patients are either maintained 
on corticosteroids or withdrawal is attempted at 3–6 months or 
greater post-transplant.247–252 At 1 and 5 years post-transplant, 89% 
and 52% of recipients, respectively, continued to be maintained on 
corticosteroids.253 Predominantly low immunologic risk patients 
have successfully undergone early corticosteroid withdrawal (within 
2 months post-transplant) or avoidance although time to withdrawal 
and concomitant immunosuppression varied in these trials.118,254,255 
In a retrospective cohort study, patients who successfully underwent 
early corticosteroid withdrawal within 2 months post-transplant had 
improved survival compared to those who failed early withdrawal 
attempts.255 In a large cohort study of the ISHLT registry in adult 
primary heart transplant recipients, long-term corticosteroid use 
>5 years was associated with an increased risk of mortality through 
10 years after transplant compared to corticosteroid withdrawal at 
≤2 years (HR = 1.57, 95% CI 1.40 to 1.75, p < 0.0001).256 Less post-
transplant diabetes mellitus, bone loss, and improvement in muscle 
strength has been reported in recipients without corticosteroids as 
compared to those on corticosteroid maintenance.254

In lung transplantation, corticosteroids are a standard com-
ponent of M-IMS regimens as illustrated by available studies that 
persistently include them as essential components of M-IMS in 
this population.61,62,65,156,157,176,257 Nonetheless, corticosteroid 
withdrawal late post-lung transplantation in stable recipients has 
been retrospectively evaluated in two studies. The first, a non-
comparative study of 34 patients whose steroids were withdrawn 
a median of 877 ± 233 days post-transplant found 80% success-
fully remained off.258 Steroids were restarted in six patients due to 
functional deterioration. The second study attempted to withdraw 
steroids in 35 patients a median 70 ± 13 months post-transplant.259 
However, discontinuation of steroids did not occur in 27 patients 
due to unstable PFT's (n = 21) and BOS with associated poor lung 
function (n = 6). A decrease in mean cholesterol levels was seen in 
those with withdrawal, with no impact on blood pressure, weight, 
or FEV1.

3.4  |  Mammalian target of rapamycin inhibitors

mTOR inhibitors (mTORi) block interleukin 2- and 15-driven prolif-
eration of hematopoietic and nonhematopoietic (vascular smooth 
muscle) cells by inhibiting the activation of p70S6 kinase. This inhi-
bition prevents the cell cycle from progressing from G1 to S phase, 
inhibiting proliferation of T and a wide range of other cells.260 Two 
oral formulations exist, once daily sirolimus (Rapamune®) and twice 
daily everolimus (Zortress®). Everolimus was derived from sirolimus 
by substituting a hydroxyethyl chain at position-40 of the sirolimus 
molecule, making it more hydrophilic and bioavailable but also re-
ducing its half-life. Additionally, mTORi are not commonly used 
first line as M-IMS (Table 2) but rather second line in place of or in 
combination with other first-line agents for various indications. Like 

CNI, mTORi have numerous drug interactions due to CYP 3A4 and p-
glycoprotein. TDM is required due to their narrow therapeutic index.

The most common side effects include myelotoxicity, dyslip-
idemia, delayed wound healing, lung toxicity, and aphthous ulcers. 
These frequently lead to discontinuation in patients on mTORi. Both 
agents are linked to enhanced nephrotoxicity if co-administered with 
standard dose CNI.261 Additionally, everolimus has been associated 
with peripheral edema, constipation, and urinary tract infections.262 
However, mTORi side effect profile does differ from antimetabolites 
including less observed diarrhea and leukopenia representing an 
alternative to antimetabolites.178,263 Due to side effects associated 
with wound healing, dehiscence and allograft thrombosis, use is in 
the early post-transplant period (<30–90 days) is generally avoided 
across all organ types.123,243,260,262,264,265

1.	 What is the role of mTORi in the context of kidney function?
10.1.	 Recommendation (1A kidney; 1B liver, lung; 2B heart) . 

mTORi may be considered in combination with low-dose 
CNI, MPA, with or without corticosteroids to minimize 
CNI-associated kidney dysfunction.

10.2.	 Recommendation (1A kidney; 2B pancreas; 1B liver; 2B 
heart) mTORi may also be considered as a replacement 
to CNI to minimize CNI-associated kidney dysfunction.

10.3.	 Recommendation (2C kidney). Antimetabolites can be re-
placed by a mTORi when used in combination with low-
dose CNI as a kidney-sparing strategy.

Recommendation 10 Evidence Summary: Role of mTORi in Kidney 
Function

Everolimus and sirolimus are FDA approved for rejection pro-
phylaxis in kidney transplant in combination with cyclosporine 
and corticosteroids.260,262 A meta-analysis found lower SCr (WMD 
−18.31 μmol/L, 95% CI −30.96 to −5.67) in eight trials that replaced 
a CNI with mTORi with no difference in acute rejection rates.266 
Notably, rejection rates and GFR were decreased when low-dose 
mTORi was used in combination with standard-dose CNI compared 
to high-dose mTORi and reduced-dose CNI. mTORi use in place of 
or in combination with CNI to minimize associated kidney dysfunc-
tion needs to balance its side effects and BPAR risk with this poten-
tial benefit. Five large RCTs comparing de novo mTORi usage to CNI 
found mixed impact on kidney function.33,267–270 Often patients 
had higher rates of 6- and 12-month BPAR and mTORi-associated 
complications including delayed wound healing, mouth ulcerations, 
and hyperlipidemia. However, two of these RCTs that included 
rATG induction saw similar 12 month BPAR rates in those on siroli-
mus triple therapy compared to CNI triple therapy, but were likely 
underpowered for assessment of rejection outcomes.267,268 Five 
large RCTs investigating conversion of CNI to mTORi 1–6 months 
post-transplant found significant improvement in kidney function 
with similar BPAR, patient and graft survival 12–24 months post-
transplant.271–275 One large RCT converted patients >6 months 
posttransplant from CNI to sirolimus found significantly higher 
GFRs at 12 and 24  months in those on assigned therapy but no 
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statistically significant difference in ITT analysis.271 Post-hoc anal-
ysis identified patients with GFR > 40 ml/min had more favorable 
risk–benefit profile. When mTORi are used in combination with CNI 
to replace antimetabolites, the CNI dose should be reduced given 
available literature finding significantly worse kidney function in 
patients on mTORi and standard dose CNI compared to those on 
MMF-triple therapy.276–278 Effects on worse kidney function were 
not replicated when mTORi were used in combination with reduced 
dose CNI.270,279–281

Replacing a CNI with an mTORi in pancreas transplant along with 
MPA with or without corticosteroids also resulted in improvement of 
CNI-associated nephrotoxicity with minimal impact on allograft and 
patient survival.282–285 A large, open-label, RCT examined outcomes 
of sirolimus vs. tacrolimus-based M-IMS in simultaneous pancreas 
kidney transplant patients on concomitant MMF, steroids, and ATG 
induction.264 Due to risk of wound healing issues, sirolimus therapy 
was introduced at 3 months. Mean 12-month CrCl was significantly 
higher in the sirolimus group (78.25 ± 24.89 vs. 65.49 ± 17.83 ml/
min/1.73 m2 respectively, p = 0.009). There was no difference be-
tween the two groups in terms of rejection and allograft survival. 
However, more patients in sirolimus group developed de novo donor 
specific antibodies (dnDSA) and had significantly higher rates of 
drug discontinuation. There was a significant conversion from siroli-
mus to tacrolimus-based immunosuppression leading the authors to 
not recommend sirolimus as primary choice.

Most high-quality literature in liver transplant examines mTORi 
in combination with, or in place of, CNI to minimize kidney dysfunc-
tion. Available literature shows regimens containing mTORi have 
similar efficacy compared to those without. Everolimus is FDA ap-
proved for rejection prophylaxis in liver transplant in combination 
with reduced-dose tacrolimus and corticosteroids.262 Additionally, 
multiple RCTs saw improvement in patients' kidney function when 
everolimus was used in place of, or in combination with low dose 
CNI.286–293 Notably, many of these RCTs rely on per-protocol anal-
yses for these findings due to high rates of dose alterations, drug 
discontinuation, or patient compliance affecting intent-to-treat anal-
yses. Similarly, three RCTs examined replacing or reducing CNI with 
sirolimus addition 4–36 week post-transplant and found significant 
improvements in kidney function.294–296 Although two of the stud-
ies saw no change in rejection rates, one of the RCTs found higher 
rates of BPAR (12.2% vs. 4.14%, p = 0.02), but decreased allograft 
loss (3.4% vs. 8.3%, p  =  0.04) with sirolimus/MMF compared to 
CNI/MMF.295 Specifically, one additional randomized study found 
patients converted to sirolimus 4–6 weeks post-transplant with 
half-dose CNI had preserved kidney function at 3 months [eGFR 74 
(57–95) vs. 67 (55–85) ml/min/1.73 m2, p = 0.004]; but the effect was 
temporary.286-294,296,297 A meta-analysis of sirolimus compared to 
CNI in 543 patients from 11 studies confirmed these findings how-
ever with a nonsignificant improvement in GFR of 3.38 ml/min, 95% 
CI −2.93 to 9.69, observed in those on sirolimus.298 Its use in those 
with a baseline GFR > 50 ml/min was associated with a significant 
improvement of 10.35 ml/min (95% CI 3.98–16.77). Sirolimus had 
no significant association with death (RR 1.12, 95% CI 0.66–1.88) 

or allograft failure (RR 0.80, 95% CI 0.45–1.41), but it was signifi-
cantly associated with infection (RR 2.47, 95% CI 1.14–5.36), rash 
(RR 7.57, 95% CI 1.75–32.7), ulcers (RR 7.44, 95% CI 2.03–27.28), 
and discontinuation of therapy (RR 3.61, 95% CI 1.32–9.89). Lastly, 
de novo use of sirolimus to replace or reduce CNI should be avoided 
as it has not been shown to impact kidney function and has been 
correlated to increased adverse events, BPAR, allograft loss, sepsis, 
and death.299–301

mTORi may offer benefit by stabilizing or modestly improving 
kidney function in heart transplant patients with reduced or with-
drawn CNI. The NOCTET study randomized 282 patients ≥1 year 
after heart or lung transplantation to everolimus with reduced CNI 
and found GFR significantly decreased in 58% of heart transplant 
controls compared to the everolimus group with similar allograft 
function, rates of rejection, death, and major cardiac events be-
tween groups ≥1 year after transplant (n = 176 patients with ≥5 years 
of follow-up, 125 which were heart transplant).257 Similarly, three 
other randomized studies in heart transplantation found significant 
improvements in eGFR or CrCl at 12 months in those converted to 
mTORi 1.5 to ≥12 months post-transplant compared to reduced- or 
standard-dose CNI.302–304 However, associated renal benefit needs 
to be balanced with rejection risk when removing or decreasing CNI 
exposure. In the open-label, multicenter, randomized SCHEDULE 
trial, 115 de novo heart transplant recipients receiving rATG induc-
tion, MMF and corticosteroids were randomized to either cyclospo-
rine or everolimus with reduced-exposure cyclosporine followed 
by cyclosporine withdrawal 7–11 weeks post-transplant.303 Treated 
BPAR was significantly higher in the everolimus arm (50% vs. 23%, 
p < 0.01). It is important to note that mTORi side effects and treat-
ment discontinuations are common. Specifically, there were more 
treatment discontinuations in those on sirolimus compared to a CNI 
(42.1% vs. 15.8%, p = 0.003) with diarrhea, anemia, rash, mouth ul-
cers, stomatitis, acne, and infection occurring significantly more with 
sirolimus. Proteinuria assessment prior to and during mTORi therapy 
is important as proteinuria altered the response of renal function to 
everolimus in a randomized, prospective study comparing everoli-
mus and MMF in combination with reduced cyclosporine. If baseline 
proteinuria was ≥150 mg per day, CrCl was significantly worse from 
baseline to year 3 as compared to no proteinuria.305

In lung transplant, mTORi can be used >3 months post-transplant 
in combination with reduced CNI, MPA, and corticosteroids to 
minimize the nephrotoxicity of the CNI. Of the four RCTs and one 
single arm study examining this combination, all (three examining 
everolimus and two sirolimus) found improvement in kidney func-
tion.178,257,306–308 Rates of rejection, chronic lung allograft dysfunc-
tion (CLAD), and death were similar although many of these studies 
were not powered to detect a difference. Increased rates of mTORi 
side effects and pneumonia did occur in mTORi arms. 

1.	 What is the role of mTORi in the setting of MPA replacement?
11.1.	 Recommendation (2B kidney). De novo use of mTORi in 

place of an antimetabolite has shown comparable or lower 
rates of rejection when used with a CNI.
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11.2.	 Recommendation (1C kidney; 1B pancreas). Use of mTORi 
in the setting of MPA intolerance can be recommended 
with low dose CNI with or without corticosteroids.

11.3.	 Recommendation (1B pancreas). Considering that MPA 
dose discontinuation or manipulation due to GI toxicity 
has been associated with rejection, the use of mTORi in 
place of MPA dose reduction has been linked with lower 
rejection rates if used in combination with tacrolimus, 
with or without corticosteroids.

Recommendation 11 Evidence Summary: Role of mTORi in MPA 
replacement

Of published kidney transplant RCTs examining de novo mTOR 
use in place of an antimetabolite, two found lower rates of acute re-
jection with mTORi compared to antimetabolites, whereas two found 
no difference.276,277,309,310 Additionally, one found a significantly re-
duced risk of antibody-mediated rejection (AMR) with everolimus in 
combination with CyA-ME and prednisone compared to MMF.276 In 
the setting of MPA intolerance, use of mTORi has been reported as 
an effective alternative following kidney transplantation.311,312

Care of pancreas transplant recipients is often complicated by 
gastroparesis that may be exacerbated by MPA-based M-IMS reg-
imen. Consequently, use of mTORi as a rescue therapy in setting 
of MPA-associated GI intolerance has been extensively explored. 
Based on findings from several observational studies, early conver-
sion to sirolimus in setting of MPA intolerance should be considered 
an important strategy that does not affect overall patient and al-
lograft survival.283,284,313,314 Late conversion to mTORi due to MPA 
intolerance is also safe and effective approach, but clinical compli-
cations are frequent warranting close monitoring.313 As increased 
rejection has been observed with MPA dose manipulations or dis-
continuation, comparative use of mTORi in this setting has also been 
explored.123,128,315–318 De novo use of mTORi along with low dose 
tacrolimus/steroids yielded lower rejection rates than MPA-treated 
patients whose MPA was stopped due to intolerance. Overall, 
mTORi use had comparable short-and long-term allograft outcomes 
to MPA treated patients. 

1.	 What is the role of mTORi in the setting of malignancy?
12.1.	 Recommendation (2C kidney; 1B liver, 1C heart) . mTORi 

have been associated with a reduction in de novo and 
recurrent malignancies following transplant and may be 
of value in the setting of cancer.

Recommendation 12 Evidence Summary: Role of mTORi in 
Malignancy

A registry study of malignancies in 33,249 deceased donor kid-
ney transplant recipients found mTORi use was associated with a 
significantly reduced risk of post-transplant de novo malignancy (RR 
0.39, 95% CI 0.24-0.64, p = 0.0002) and non-skin solid malignancy 
(RR 0.44, 95% CI 0.24-0.82, p =0.0092).319 A systematic review of 
13 studies analyzing mTORi use within 3 months post-kidney trans-
plant demonstrated a reduced risk of post-transplant malignancy 

compared to the use of CNI-based regimens (RR 0.67, 95% CI 0.51–
0.86, p = 0.002).320

In liver transplant, the SiLVER study was an international, mul-
ticenter, randomized, open-label study of 528 recipients with HCC 
at the time of transplant who were randomized at 4–6 weeks to 
sirolimus-containing therapy or standard therapy.321 Investigators 
found higher recurrence-free survival rates in those on sirolimus at 
1 and 3 years post-transplant; however, this significance was lost by 
the end of the 8-year study period. Also, overall survival was better 
in those on sirolimus 5 years post-transplant (HR, 0.7, 95% CI 0.49–
1.00). Interestingly, subgroup analyses revealed that low risk (within 
Milan criteria) patients benefited most. Lastly, one randomized, mul-
ticenter, open-label study evaluated HCC recurrence rates in 118 liv-
ing donor liver transplants with HCC (most within Milan criteria) at 
the time of transplant on everolimus/reduced tacrolimus compared 
to standard tacrolimus.322 Rate of HCC recurrence at 12 months was 
lower in the everolimus/reduced tacrolimus group (n = 0) compared 
to standard tacrolimus (n = 5).

In a retrospective cohort study of 454 heart transplant patients 
malignancy occurred significantly less with everolimus (n = 4) versus 
MMF (n = 23), (p < 0.001), at a median follow-up of 69 months.323 
A small observational study of 10 recipients with multiple and/or 
recurrent skin cancer were switched to everolimus with a significant 
decrease in the mean number of tumors per patient as compared to 
same time period prior to everolimus (3.7 vs. 1.5, p = 0.03).324 Lastly, 
in a retrospective cohort study of 523 patients, de novo malignancy 
(HR 0.34, 95% CI 0.18 to 0.62, p < 0.001) and post-transplant lymph-
oproliferative disorder (PTLD) risk (HR 0.13, 95% CI 0.03 to 0.59, 
p = 0.009) were significantly less in sirolimus-treated patients com-
pared to CNI.325

1.	 What is mTORi's impact on graft rejection or chronic graft 
dysfunction?
13.1.	 Recommendation (2C intestine) . Use of mTORi is associ-

ated with less rejection compared to a CNI, corticosteroid-
containing regimen, as well as improved allograft survival 
at 12  months.

13.2.	 Recommendation (2B lung) . Substitution of antimetabo-
lites with mTORi may decrease rates of BOS. Comparative 
data have found similar and lower rates of rejection with 
mTORi.

13.3.	 Recommendation (1A heart) . mTORi have been used in 
combination with, or in place of, antimetabolites, as well 
as in combination with, or in place of, CNI with or with-
out corticosteroids. They have been associated with both 
prevention and reduced progression of CAV.

Recommendation 13 Evidence Summary: Impact of mTORi on Graft 
Rejection or Chronic Graft Dysfunction

De novo sirolimus use significantly improved outcomes following 
intestinal transplantation. Sirolimus use alongside tacrolimus and 
corticosteroids dramatically reduced 30-day BPAR rates (73.7% vs. 
16.7%, p < 0.002) and improved 12-month allograft survival (57.9% 
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vs. 91.7%, p  < 0.04) compared to tacrolimus/corticosteroids alone 
in a case control of 31 patients.243 However, a significantly higher 
rate of wound dehiscence and reoperation was reported in siroli-
mus treated group (33.3% vs. 5%, p = 0.05). Similar outcomes were 
reported in other observational studies with sirolimus and one case 
series with everolimus.244–246 In another case series of 22 patients, 
addition of mTORi to standard therapy allowed for the reduction of 
immunosuppression in majority (68.2%) of patients.326

mTORi offer a unique benefit in heart transplantation by de-
creasing incidence and/or reducing progression of CAV. However, 
risks should be weighed, patient selection criteria considered, and 
strategies incorporated to mitigate risks as highlighted in literature 
below. Importantly, the timing of mTORi initiation is critical. The 
EVERHEART trial was a 6-month, open-label, multicenter random-
ized trial that compared safety (wound healing delays, pericardial 
or pleural effusion, and renal insufficiency) in heart transplants re-
ceiving everolimus immediately (≤144 h post-transplant) or after a 
4–6-week delay (using MMF as a bridge) along with reduced-dose 
CyA.327 The study found significantly higher rates of adverse events 
leading to discontinuation in those who had immediate everolimus 
initiation.

In the open-label, multicenter, randomized SCHEDULE trial de-
scribed previously CAV incidence was significantly less in the ever-
olimus group at 5–7 years post-transplant (53% vs. 74% p = 0.037), 
however, treated BPAR was significantly higher (50% vs. 23%, 
p  < 0.01).302,328 Additionally, CAV progression was significantly 
decreased in those on everolimus at 36 months (change in max-
imal intimal thickness 0.09 ± 0.05 vs. 0.15 ± 0.16 mm, p  =  0.03). 
Comparing everolimus to antimetabolites, A2310 was a 24-month, 
open-label, multicenter, RCT comparing de novo everolimus 3 mg 
or 1.5 mg with corticosteroids/reduced-dose cyclosporine to MMF 
with corticosteroids/standard dose cyclosporine in 721 patients. 
There was a benefit in terms of CAV as mean increase in maximal 
intimal thickness at 12  months was significantly less with ever-
olimus 1.5  mg compared to MMF [0.03 (±0.05) mm versus 0.07 
(±0.11) mm, p < 0.001].263 A pre-specified sub study conducted in 
189 patients in A2310 also demonstrated significantly less CAV at 
12 months with everolimus as compared to MMF (12.5% vs. 26.7%, 
p = 0.018).329 Additionally, the RAD B253 study included 634 pa-
tients randomized to de novo everolimus 1.5 mg, 3 mg, or azathio-
prine with cyclosporine/corticosteroids found a significantly lower 
incidence of CAV at 24  months with everolimus 1.5  mg (33.3%) 
compared to azathioprine (58.3%), p = 0.017.330 Sirolimus has also 
been shown to prevent and/or delay progression of CAV. A RCT 
of 136 heart transplant recipients on either de novo sirolimus or 
azathioprine in combination with CyA-ME and corticosteroids 
found all vasculopathy parameters significantly increased in those 
on azathioprine up to 2 years post-transplant. This was not ob-
served in sirolimus-treated patients. Mean intima (0.35 ± 0.26 mm 
vs. 0.19 ± 0.12 mm, p < 0.000), media thickness (0.32 ± 0.19 mm vs. 
0.22 ± 0.16 mm, p  =  0.0048), and plaque burden (29.4  ± 19.1 vs. 
16.2 ± 9.6%, p < 0.0001; 28.7 ± 15.3 vs. 18.3 ± 11.3%, p = 0.0002) 
at 6 and 24 months were significantly increased with azathioprine 

compared to sirolimus.331 Lastly, a single-center, open-label, RCT 
of 78 de novo transplants patients found sirolimus/MMF had the 
highest freedom from CAV (93.3% vs. 80.8% tacrolimus/sirolimus 
vs. 73.5% tacrolimus/MMF, p = NS).332 Some RCTs found no sta-
tistically significant difference in rates of acute rejection, allograft 
loss, and death between mTORi/MPA and tacrolimus/MPA groups 
from 1–5 years post-transplant.263,330–332 However, it is important 
to note, one RCT found increased mortality with higher everoli-
mus exposure (3 mg arm, goal trough 6–12 ng/ml), thus this arm 
was terminated early. In addition, an increase in 3-month mortality 
was observed with everolimus 1.5 mg arm as compared to MMF if 
rATG induction was utilized, but not basiliximab or no induction. 
Mortality at 24 months was similar to MMF.263 One RCT examined 
46 heart transplant patients with graft atherosclerosis compared 
outcomes between a control group maintained on MMF or AZA 
to those randomized to sirolimus. Authors found that significantly 
more control patients met the primary composite endpoint of 
clinically significant events including death, acute myocardial in-
farction, need for angioplasty or bypass surgery, and/or a >25% 
increase in catheterization score as compared to those random-
ized to sirolimus (14 vs. 3 patients, p < 0.001).333

In the setting of lung transplant, two RCTs and one observa-
tional study saw significant decreases in incidence of BOS when 
mTORi were used in combination with CNI and corticosteroids, in 
place of an antiproliferative.291,334,335 Although significant findings 
often came from per-protocol analyses given high withdrawal rate 
in mTORi arms. One study did find similar rates of rejection, CLAD, 
and allograft survival 1-year post-transplant in patients on sirolimus 
versus azathioprine containing regimens.336 Additionally, rates of 
BPAR were significantly lower in two studies evaluating everolimus-
containing regimens compared to MMF or azathioprine.291,335 These 
potential benefits of mTORi in place of antimetabolites need to be 
balanced with the higher rates of withdrawal (up to 64%).291,335,336

1.	 What is the role of mTORi in the setting of CMV infection or 
disease?
14.1.	 Recommendation (1B kidney, lung; 2A heart). Regimens that 

include mTORi may provide protection from CMV.

Recommendation 14 Evidence Summary: Role of mTORi in Setting 
of CMV

Six RCTs compared the impact of mTORi-, CNI-, or antimetabolite-
containing regimens on CMV infection in kidney transplant. Three 
RCTs found significantly lower CMV infections when sirolimus re-
placed a CNI in combination with MMF with or without corticoste-
roids, although these were secondary findings.33,268,274 When MMF 
was replaced by everolimus in three large RCTs, rates of CMV infec-
tion and/or disease were also significantly reduced 12–36  months 
post-transplant.277,280,337 A meta-analysis of 4622 patients from 11 
studies confirmed these findings showing a reduced risk of CMV in-
fection in patients on mTORi compared to MMF (RR 0.43, 95% CI 0.29 
to 0.63, p < 0.0001).338 Larger studies are needed focusing on CMV 
as a primary endpoint to elucidate complete clinical implications.
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Available literature for everolimus use in place of antimetabolites 
in heart transplant have found it to associated with less CMV. In 
a 12-month, multicenter, randomized, open-label study of de novo 
patients randomized to everolimus significantly less CMV was seen 
compared to those on MMF (8.8% vs. 32.5%, p  < 0.001).339 CMV 
data from three RCT that included 1009 de novo heart transplant 
patients comparing everolimus with either azathioprine or MMF 
demonstrated a reduction in odds of experiencing CMV infection 
with everolimus compared to azathioprine (OR 0.32, 95% CI 0.17–
0.59, p < 0.001) and MMF (OR 0.20, 95% CI 0.08–0.47, p < 0.001).340

In lung transplant four studies, three multicenter RCTs and one 
case control, evaluated replacing MMF or azathioprine with either 
sirolimus or everolimus. Significantly lower rates of CMV, viral infec-
tions, and lower respiratory tract infections were observed, although 
these were secondary outcomes.291,334–336 Rates of BPAR were sig-
nificantly lower in two studies evaluating everolimus-containing reg-
imens compared to MMF or azathioprine.291,335 Whereas the other 
study saw similar rates of rejection and allograft survival 1-year 
post-transplant in patients on sirolimus versus azathioprine con-
taining regimens.336 These potential benefits of mTORi in place of 
antimetabolites need to be balanced high rates of withdrawal due to 
drug related adverse reactions, including venous thromboembolism, 
observed in available literature.291,335,336

3.5  |  Co-stimulation Inhibitors

Belatacept is the only FDA-approved co-stimulation inhibitor for 
prophylaxis of rejection in SOT. It is also the only immunosuppres-
sant medication that does not work directly on T cells. Designed as a 
CTLA-4 IgG, belatacept works primarily by binding to B7-1/B7-2 ex-
pressed by APCs, with a resulting effect of blocking T-cell costimula-
tion via CD28, an integral step in their activation. Inhibition prevents 
T-lymphocyte proliferation, cytokine production and ultimately allo-
graft rejection. Belatacept is approved for use in Epstein–Barr Virus 
(EBV) seropositive kidney transplant recipients only, in combination 
with MMF, corticosteroids, and basiliximab induction. It is a weight-
based intravenous infusion that is eventually dosed on an every 4-
week basis.341 Given its long half-life of 8–9 days allowing for less 
frequent dosing and administration route, belatacept is an appealing 
option for transplant recipients who struggle with medication com-
pliance. Moreover, belatacept has a favorable side effect profile with 
no nephrotoxic and minimal metabolic effects and no required TDM. 
Due to an increased risk of PTLD, belatacept should not be used in 
patients with an unknown or negative EBV serostatus. 

1.	 What is the role of de novo belatacept in modern M-IMS?
15.1.	 Recommendation (1B kidney). Belatacept can be used in 

EBV seropositive patients to improve kidney function and 
metabolic outcomes including hypertension, diabetes, and 
hyperlipidemia through the avoidance of CNI. Despite an 
increase in early rejection, belatacept decreased long-term 
death and allograft loss.

15.2.	 Recommendation (2C kidney). When compared to 
tacrolimus-based M-IMS, belatacept improved kidney func-
tion, albeit with increased rates of rejection that were 
reduced with a transient concomitant course of tacrolimus.

15.3.	 Recommendation (2B liver). De novo use of belatacept 
cannot be recommended given higher rates of death and 
allograft loss.

Recommendation 15 Evidence Summary: De novo Belatacept 
Efficacy

Large, RCTs compared de novo belatacept to cyclosporine-based 
triple immunosuppression with MMF and prednisone. The first was 
comprised of 666 kidney transplants and found a 43% reduction in 
the risk of death or allograft loss at 7 years in those treated with 
more-intensive (MI) or less-intensive (LI) belatacept compared to cy-
closporine (HR 0.57, 95% CI 0.35 to 0.95, p = 0.02 and 0.57, 95% CI 
0.35 to 0.94, p = 0.02 of MI and LI, respectively).342 Mean eGFR was 
70.4, 72.1, and 44.9 ml/min per 1.73 m2 for belatacept MI, belata-
cept LI, and cyclosporine regimens (p < 0.001 for overall treatment 
effect). Of note, acute cellular rejection rates were higher in belata-
cept patients and usually occurred within the first 3 months.343 Also, 
a high rate of PTLD was discovered in EBV seronegative recipients, 
leading to the medication's black box warning.

A similarly designed study in expanded criteria donors found 
improvements in mean eGFR (53.9, 54.2, and 35.3  ml/min per 
1.73 m2p  < 0.001 for overall treatment effect) for belatacept MI, 
belatacept LI compared to cyclosporine-treated patients at 7 years 
with similar rates of rejection, death, and allograft loss.344 A 
Cochrane systematic review found belatacept to be associated with 
better allograft function, as well as diabetic, lipid, and hypertensive 
profiles, compared to CNI.345 Three more recently published ret-
rospective studies compared belatacept to tacrolimus M-IMS. The 
first study evaluated belatacept versus tacrolimus with MPAs in the 
setting of early corticosteroid withdrawal at post-operative day 5 
in a low immunologic-risk population. This open label, randomized 
controlled, multicenter trial did not find superiority in the composite 
endpoint of death, allograft loss, or MDRD eGFR < 45 at 12 months 
(8.4%, 14.4%, and 13.3% of alemtuzumab/belatacept, rATG/belata-
cept, and rATG/tacrolimus, respectively), although longer term fol-
low-up is ongoing. BPAR rates were significantly higher in belatacept 
arms. Rates of neurologic adverse events and electrolyte abnormal-
ities were significantly reduced in both belatacept arms compared 
to tacrolimus. Outcomes were not compared to a corticosteroid-
containing regimens.346 The second study compared a historical tac-
rolimus cohort to belatacept in combination with basiliximab, MMF, 
and corticosteroids. Given a significantly higher rate of 1-year BPAR 
(50.5% vs. 20.5%, p < 0.001) a nine-month course of low-dose tac-
rolimus was added and found to have similar rates of BPAR (16% 
vs. 20.5%, p = 0.9) and superior eGFR at 4 years (63.8 vs. 46.2 ml/
min) but no difference in death, allograft loss, or viral infections.347 
Another retrospective propensity matched cohort study found an 
increased rate of acute rejection (OR 3.12, 95% CI 2.13 to 4.57, 
p < 0.001) and no difference in risk of death or allograft loss at 1 year 
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with belatacept (HR 0.84, 95% CI 0.61 to 1.15, p = 0.28 and HR 0.83, 
95% CI 0.62 to 1.11, p = 0.20).348

One large, partially blinded, RCT in 250 liver transplant recipi-
ents compared de novo high and low dose belatacept to tacrolimus 
in combination with MMF and corticosteroids. The high-dose regi-
men was also investigated with and without basiliximab induction. 
This study was terminated early, as rates of death and allograft loss 
were significantly higher in belatacept groups, leading to a black box 
warning on the medication.349 Since then, very low-level data have 
been published including a single arm cohort of four patients con-
verted off belatacept to MMF monotherapy with resulting worse 
allograft function. Patients were then started on triple therapy with 
the addition of a CNI and corticosteroids with resulting worsening in 
kidney function.350

1.	 Can patients be safely converted to belatacept to eliminate or 
minimize CNI exposure?
16.1.	 Recommendation (2B kidney). It is safe to convert stable, 

living, or deceased donor, low immunologic risk transplant 
recipients from CNI to belatacept. While such a conversion 
has been shown to improve kidney allograft function, along 
with a modest decrease in the development of NODAT 
and hypertension, these benefits must be weighed with an 
increased risk of acute rejection and infection, particularly 
CMV.

16.2.	 Recommendation (2D pancreas, liver, intestine; 2C heart, 
lung). Conversion to belatacept from a CNI can be con-
sidered in patients experiencing CNI-associated side ef-
fects, specifically nephrotoxicity. Optimal dosing strategy, 
as well as safety and efficacy outcomes, are still unclear 
with available evidence. Benefits must be weighed against 
increased risk of acute rejection and infection.

Recommendation 16 Evidence Summary: Safety of Belatacept 
Conversion

One RCT with long-term follow-up and three large observa-
tional studies have been published in kidney transplant analyzing 
belatcapt conversion. The RCT evaluated belatacept conversion at 
6–36 months post-transplant. Belatacept 5 mg/kg on days 1, 15, 29, 
43, and 57 with subsequent 28-day dosing thereafter was added to 
CNI, antimetabolite, and corticosteroids and compared to a CNI-
continuation group (split between tacrolimus and cyclosporine-
containing regimens). Patients were of low immunologic risk 
(predominantly white, first-time transplants, with PRAs < 20%, and 
without recent history of rejection). At 12 and 36 months, kidney 
function was improved in the belatacept group, but rejection rates 
were higher with the majority occurring early post-conversion. At 
12  months, blood pressure tended to be lower in the belatacept 
group compared to the CNI group. At 36  months, more viral and 
fungal infections occurred in the belatacept group.351,352 Two obser-
vational studies found similar results. A cohort of 219 patients con-
verted to belatacept found an increase in mean eGFR (32 ± 16.4 at 
baseline to 38 ± 20 ml/min per 1.73 m2 at follow-up, p < 0.0001), with 

conversion <3 months post-transplant being the largest predictive 
factor of an increase in GFR >10 ml/min per 1.73 m2 at 12 months. 
Acute rejection rate was 8.2% post-conversion.353 Similarly, an-
other cohort of 280 patients found a significant improvement in 
eGFR in those converted <6 months post-transplant (12.7  ± 15.4 
vs. 6.4  ± 11.9  ml/min per 1.73 m2, p  =  0.009). Considering infec-
tions, the same cohort found a 1-year opportunistic infection (OI) 
rate of 12.1% in belatacept-treated patients with the most common 
being CMV (18/42 OI; 42.9%) and Pneumocystis pneumonia (12/42 
OI; 28.6%).354 Similarly, among 181 belatacept-treated patients 
matched to 181 controls, 17.7% experienced CMV disease versus 
2.8% of controls. CMV disease cumulative incidences were 6.33 and 
0.91/100 person-years (p-y) in belatacept and control groups, re-
spectively. CMV disease risk was highest in those >70 years and with 
eGFR <30 ml/min; cumulative incidences were 18.4 and 5.2/100 p-y, 
respectively.355

A phase II, multicenter, open-label randomized trial examined 
concomitant corticosteroid and CNI avoidance in SPK transplant 
population. Following a rapid, early corticosteroid taper, tacroli-
mus exposure was minimized over the first 24 weeks and eventu-
ally discontinued by week 40. The study was halted early due to 
significantly higher incidence of BPAR in pancreas allografts in the 
belatacept arm following CNI withdrawal. Moreover, compared to 
patients on tacrolimus and MPA, kidney function at 52 weeks and 
glycosylated hemoglobin were similar. There were no differences in 
metabolic outcomes, such as use of antihypertensives or lipid low-
ering agents.356 However, a recent abstract demonstrated that in 
eight pancreas transplant recipients progression of kidney dysfunc-
tion was halted by converting patients from a corticosteroid-free, 
CNI-MPA-sirolimus based regimen to belatacept with 4–6 weeks of 
tacrolimus overlap. While no improvement in eGFR was achieved, no 
further decline was observed with no impact on pancreas allograft in 
terms of HgA1c, C-peptide, and glucose values. Authors noted that 
patients converted to belatacept did not experience any serious viral 
infections or donor-specific antibody (DSA).357

In liver transplant, data are limited to a case report of a gen-
tleman, who converted 5 years post-transplant to belatacept as a 
last-line option after experiencing MMF-associated colitis, CNI-
associated CKD, and mTORi-associated lung injury. Six months 
post-conversion, the patient's lung injury had recovered, and CKD 
stabilized (eGFR 20-30 ml/min/1.73 m2).358

Intestine transplant data are limited to a single-center report 
presented as an abstract during the 2017 International Congress of 
the Intestinal Rehabilitation and Transplant Association.194 In a small 
cohort of six intestine transplant recipients on tacrolimus mono-
therapy experiencing CNI nephrotoxicity, patients were switched 
to either belatacept with azathioprine and prednisolone (n = 2), low 
dose tacrolimus (levels < 3; n  =  2), or no other maintenance ther-
apy (n = 2). Majority of patients (83.3%) demonstrated an immedi-
ate improvement in eGFR; one patient demonstrated a decrease in 
proteinuria, without a significant improvement of the eGFR. Two pa-
tients discontinued belatacept due to intolerance. There were three 
bowel rejection episodes, two (66%) had development of dnDSA.
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Similarly, data are limited to case reports and small case series 
in heart transplant.359–361 The largest series published to date is a 
descriptive, retrospective review of 40 heart transplant patients re-
ceiving belatacept with reduced dose CNI or CNI withdrawal, corti-
costeroid maintenance, and MMF with or without everolimus in the 
majority of patients.360 The most common reason for belatacept use 
was need for kidney recovery. Mean GFR was 35 ± 20 ml/min/m2 at 
the time of conversion and had increased to 55 ± 43 ml/min/m2 after 
12 months. One case of PRES and two cases of thrombotic microan-
giopathy (TMA) resolved post-conversion. The improvement in kid-
ney function was more pronounced in those converted ≤3 months 
post-transplantation. Rates of infection and rejection via protocol 
biopsy were similar pre versus post belatacept initiation. However, 
rates of grade 2R and 3R rejections were higher after belatacept 
initiation. Also, a case report of a young female heart transplant 
converted to belatacept found no issues of allograft rejection nor 
dysfunction.362

Lastly, in lung transplant data are limited to one prospective ob-
servational study, two small case series, and a case report, none of 
which have comparator groups. Of note, dosing regimens used were 
different, often higher, from FDA-approved dosing. In the largest 
study to date, 85 lung transplant recipients were prospectively eval-
uated after conversion to belatacept with reduced CNI exposure at a 
median of 293 days after transplant (IQR 148–611). Kidney function 
remained stable throughout conversion with no allograft function de-
cline. Belatacept was discontinued in 33% of patients, mostly due to 
infectious complications.363 In a single-center case series of eight lung 
transplant recipients with kidney dysfunction on their existing CNI-
based regimen, belatacept was added at a median post-transplant day 
585 (IQR 139–1414) to the maintenance regimen to allow for tem-
porary discontinuation or withdrawal of CNI. One patient had mild 
ACR, which responded to treatment with IV methylprednisolone. 
FEV1 remained stable at 1, 3, and 6 months following conversion and 
decreased by a smaller amount compared a historical cohort (median 
−1.3% vs. −2.2%).364 Additionally, a case series of nine lung trans-
plant patients who underwent conversion from a CNI-based regimen 
to belatacept due to intolerance demonstrated an increase in mean 
eGFR (32.5 vs. 45.3 ml/min/m2, p = 0.03), by median end of follow-up 
at 418 days. No difference in composite rejection standardized score 
was found pre- and post-belatacept conversion.365 Lastly, a case re-
port of a 56-year-old male bilateral lung transplant recipient with he-
molytic uremic syndrome attributed to both tacrolimus and sirolimus, 
was converted to belatacept, MPA, and prednisone. No episodes of 
ACR were seen on biopsy at 3 and 6 months following conversion.366

1.	 Does belatacept use impact the appearance of DSA after trans-
plantation and reduce the rate of AMR?
17.1.	 Recommendation (2C kidney ). Belatacept may have a 

potential favorable impact on DSA.

Recommendation 17 Evidence Summary: Belatacept Impact on DSA
Numerous small studies have found decreased DSA devel-

opment with belatacept use in kidney transplant.367,368 The post 

hoc Kaplan–Meier analysis of BENEFIT and BENEFIT-EXT found 
dnDSA incidence at 7 years was significantly lower in belatacept- 
vs. cyclosporine-treated kidney transplant patients (p  < 0.01). In 
BENEFIT, dnDSA development was 1.4%, 3.5%, and 12.1% in be-
latacept MI, belatacept LI, and cyclosporine-treated patients, re-
spectively. In BENEFIT-EXT dnDSA development was 3.8%, 1.1%, 
and 11.2% in belatacept MI, belatacept LI, and cyclosporine-treated 
patients, respectively.369

3.6  |  Interleukin-2 receptor antagonists

Interleukin-2 receptor antagonists (IL2RA) competitively bind the 
alpha subunit of the high-affinity interleukin-2 receptor that is se-
lectively expressed on activated T-lymphocytes. Inhibition prevents 
cytokine-mediated lymphocyte proliferation, a critical step in al-
lograft rejection. There were two IL2RA, basiliximab (Simulect®) 
and daclizumab (Zenapax®), approved by the FDA for rejection 
prophylaxis in kidney transplantation along with cyclosporine and 
corticosteroids.370,371 Despite limited FDA approval, IL2RA use was 
expanded over time across all organ transplant groups but is gener-
ally limited to induction therapy. Currently, basiliximab is the only 
IL2RA agent available for use. Administration of two doses of dacli-
zumab in a 2-week interval in kidney transplant recipients achieved 
sustained blockade of the alpha receptor for over 10 weeks post-
transplantation.372 For many transplant clinicians, the long terminal 
half-life of IL2RA (basiliximab single dose is 7.2 days, daclizumab sin-
gle dose is 20 days) and favorable adverse event profile made them 
attractive M-IMS options, particularly in cases where rapid CNI 
withdrawal or minimization is needed. To date, single-center studies 
where IL2RA were used as M-IMS have been published in all organ 
groups. 

1.	 Should IL2RA be used as M-IMS to prevent acute rejection safely 
and effectively?
18.1.	 Recommendation (2C kidney, pancreas, liver, intestine, heart, 

lung). Available data do not offer clear benefit for use in 
any one organ setting. Use as a M-IMS should be avoided 
and limited to only the most extreme clinical situations 
where there is no other alternative.

Recommendation 18 Evidence Summary: IL2RAs as M-IMS
A Simulect CNI-Replacement Study Group was formed to eval-

uate the risk of sensitization against the basiliximab. In 2008 the 
Group published their observational experience, in an abstract 
format, of seven patients who underwent kidney transplanta-
tion with MPA, corticosteroids and 40 mg basiliximab adminis-
tered once monthly for 6 months. The CNI dose was reduced to 
50% on day 1, 25% at week 2, and then discontinued at month 1. 
Median follow up was 7.2 years. One patient experienced allograft 
loss due to chronic rejection, following reduction of MMF dose 
due to GI side effects. There were no ACR episodes or infectious 
complications. Patients had stable eGFR at 6 months.373 In 2004, 
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a case series of 21 kidney transplant recipients experiencing CNI-
associated side effects (12 nephrotoxicity, four neurotoxicity, two 
TMA, two diabetes and one polyomavirus nephropathy [PVN]) 
were switched from CNI to sirolimus and two doses of daclizumab. 
No patients experienced ACR. Five patients experienced progres-
sive allograft loss despite switch (causes included PVN, chronic 
allograft nephropathy, TMA, and nonadherence). Patients with 
neurotoxicity and PTDM experienced improvement or cessation 
in symptom progression. Patient survival was 100% at the end of 
observation period.374 In 2002, a case series of 11 patients (seven 
heart, two liver, two heart/kidney) with CNI-associated neph-
rotoxicity were given a “CNI Holiday” for 48–72  h during which 
IL2RA were administered every 7–20 days for a mean period of 
21 days. All patients' kidney function improved, then stabilized. 
No cases of ACR were reported. However, six patients died in the 
period ranging from 2 weeks to 7 months following “CNI Holiday.” 
Causes of death included allograft failure, cancer/PTLD, cerebro-
vascular accident, pneumonia, and perforated diverticulitis.375 A 
smaller case series demonstrated two kidney transplant patients 
experiencing CNI nephrotoxicity achieve stable eGFR after con-
version to basiliximab every 2–4 weeks along with MPA and cor-
ticosteroids for 24–30 months. Stable allograft function was seen 
with no rejection or serious infectious complication.376

A case control study in 25 pancreas transplant recipients expe-
riencing CNI-associated side effects (nephrotoxicity, neurotoxicity 
and PTDM) underwent conversion from CNI to monthly daclizumab 
infusions. Allograft survival at 1, 3, and 5 years was 88%, 79%, and 
60% in the IL2RA group and 67%, 44%, and 44% in the control group 
(p values 0.06, 0.01, and 0.05). There was no difference in patient 
survival between groups.377

In 15 liver transplant recipients, kidney function stabilized 
after CNI was converted to IL2RA every 2 months for a median of 
26 months (2–51 range). However, three patients experienced acute 
rejection following conversion, with one resulting in death due to 
allograft loss. Authors also describe infectious complications in the 
setting of IL2RA maintenance.378

The use of IL2RA for maintenance is most frequently described in 
the setting of intestinal transplantation. Multiple single-center reports 
describe use as standard of care.379–381 Most frequently, the IL2RA 
induction is extended for up to 1-year post-transplant as an overall 
immunosuppressive “booster” strategy or if CNI minimization is war-
ranted. Various dosing approaches have been described. In 2013, a 
case control study demonstrated a significant reduction in acute re-
jection with the use of IL2RA therapy in 7 intestinal transplant patients 
(39–22% p = 0.02). Allograft survival at 3 years was higher if IL2RA at 
any time point after transplantation (67% vs. 49% p = 0.03).379 Benefit 
is often confounded by the descriptive nature of published data and 
absence of well-matched comparison or control group.

In 2009, a case-control study was published comparing 17 heart 
transplant recipients who were converted from CNI (10) and siroli-
mus (7) based regimens to IL2RA due to nephrotoxicity to 10 control 
patients on CNI with stable kidney function. IL2RA were adminis-
tered in 2-month intervals for 2–32 months. Following conversion, 

four patients died due to pneumonia, perforated diverticulitis, se-
vere BPAR, and complications of acute-on-chronic kidney failure. In 
the surviving cohort, kidney function improved after 1 month and 
remained stable for the remainder of the observation period. Left 
ventricular ejection fraction after conversion did not statistically dif-
fer between the groups (55 ± 15% in CNI patients, 54 ± 11% in siroli-
mus patients and 55 ± 9% in controls).382

There are three case series describing use of basiliximab mainte-
nance in lung transplantation. One described extending traditional 
basiliximab induction regimen to include a third dose given 20 days 
postoperatively. This allowed investigators to lower CNI exposure 
in the early postoperative period that resulted in recovery of kidney 
function (eGFR).383 The remaining two case series describe basilix-
imab use to minimize CNI-associated nephro- (n  =  9) and neuro-
toxicity (n = 3) allowing for CNI minimization (nephrotoxicity) and 
avoidance (neurotoxicity). This ultimately resulted in recovery of 
organ function in 12 lung transplant recipients.384,385

4  |  FUTURE RESE ARCH NEEDS

A search of ClinicalTrials.gov resulted in a list of studies investi-
gating M-IMS in the adult SOT population. (Table  4) The major-
ity of these studies investigate novel dosage forms and certain 
organ groups are underrepresented. These patterns highlight the 
urgency of FDA to recognize the need for research of novel thera-
peutic M-IMS in SOT under the umbrella of “rare” or “ultra-rare” 
disease, and allow for use of accelerated drug approvals, as well 
as surrogate endpoints and biomarkers in SOT research. Some 
historical limits placed on transplantation research have recently 
been updated to now permit use of modern immunosuppression 
combinations as standard of care in clinical trials as it was a pre-
viously identified limitation which shows movement in the right 
direction.386

These consensus recommendations highlights the paucity of 
well-designed literature available in lung, pancreas and intestine 
transplantation and should serve as a call to action for the entire 
transplant community. In areas of practice such as SOT, where 
clinical trials are impractical due to small population size, every 

TA B L E  4  Summary of clinical trials investigating maintenance 
immunosuppressants in adult population

Organ
Number 
of trials

Kidney 46

Pancreas 1

Liver 20

Intestine 1

Heart 6

Lung 9

Note: Includes trials not yet recruiting, recruiting, enrolling by invitation, 
or active-not recruiting. Accessed on October 30, 2021.
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consideration should be given for creation of a clinical trial network 
to allow for collaborative research practice using registry study re-
search design.

ACKNOWLEDG MENTS
We acknowledge the contribution of Drs. Laura Lourenco and Simon 
Tremblay for their initial work on the panel. The panel expresses its 
gratitude to Dr. Keri Sims and the members of the Pharmacotherapy 
Publications, Inc. Board of Directors, including Drs. James Tisdale, 
Michael Maddux, Larisa Cavallari, Vicki Ellinrod, and William Miller 
for their support in developing these important consensus recom-
mendations. Additionally, Shandie Covington and the American 
Society of Transplantation Board as well as Megan Barrett and the 
International Society of Heart and Lung Transplantation Board for 
their review and endorsement.

CONFLIC T OF INTERE S T
Author personal and financial relationships with industry and other 
entities are detailed in Appendix A.

ORCID
Joelle Nelson   https://orcid.org/0000-0002-1162-6362 
Maya Campara   https://orcid.org/0000-0003-3402-4716 

R E FE R E N C E S
	 1.	 Recipients. SRoT. One year adjusted graft survival by organ and 

year of transplant, 1992 to 2001. OPTN/SRTR 2003 annual re-
port. Accessed July 20, 2021.

	 2.	 Hart A, Lentine KL, Smith JM, et al. OPTN/SRTR 2019 annual data 
report: kidney. Am J Transplant. 2021;21(S2):21-137. doi:10.1111/
ajt.16502

	 3.	 Kandaswamy R, Stock PG, Miller J, et al. OPTN/SRTR 2019 an-
nual data report: pancreas. Am J Transplant. 2021;21(S2):138-207. 
doi:10.1111/ajt.16496

	 4.	 Kwong AJ, Kim WR, Lake JR, et al. OPTN/SRTR 2019 annual data 
report: liver. Am J Transplant. 2021;21(S2):208-315. doi:10.1111/
ajt.16494

	 5.	 Colvin M, Smith JM, Ahn Y, et al. OPTN/SRTR 2019 annual data 
report: heart. Am J Transplant. 2021;21(S2):356-440. doi:10.1111/
ajt.16492

	 6.	 Valapour M, Lehr CJ, Skeans MA, et al. OPTN/SRTR 2019 an-
nual data report: lung. Am J Transplant. 2021;21(S2):441-520. 
doi:10.1111/ajt.16495

	 7.	 Horslen SP, Smith JM, Ahn Y, et al. OPTN/SRTR 2019 annual 
data report: intestine. Am J Transplant. 2021;21(S2):316-355. 
doi:10.1111/ajt.16498

	 8.	 Fine RN, Becker Y, De Geest S, et al. Nonadherence consensus 
conference summary report. Am J Transplant. 2009;9(1):35-41. 
doi:10.1111/j.1600-6143.2008.02495.x

	 9.	 AHFS Drug Information. AHFS clinical drug information. American 
Society of Health-System Pharmacists, Inc; 2021.

	 10.	 Micromedex. Greenwood Village (CO): IBM Corporation; 2017. 
Subscription required to view. Accesed August 8, 2021. www.
micro​medex​solut​ions.com

	 11.	 Potter LM, Maldonado AQ, Lentine KL, et al. Transplant recipients 
are vulnerable to coverage denial under Medicare part D. Am J 
Transplant. 2018;18(6):1502-1509. doi:10.1111/ajt.14703

	 12.	 Research FaDACfDEa. FDA approves new use of transplant drug 
based on real-world evidence. Accessed August 25, 2021. https://

www.fda.gov/drugs/​drug-safet​y-and-avail​abili​ty/fda-appro​ves-
new-use-trans​plant​-drug-based​-real-world​-evidence

	 13.	 Centers for Medicare & Medicaid Services. Modernizing part D and 
medicare advantage to lower drug prices and reduce out-of-pocket 
expenses; 2018. Accessed September 8, 2021. https://s3.amazo​
naws.com/publi​c-inspe​ction.feder​alreg​ister.gov/2018-25945.pdf

	 14.	 Centers for Medicare & Medicaid Services. Medicare prescrip-
tion drug benefit manual, Ch. 6 – part D drugs and formulary re-
quirements, sect. 30.2.5; 2016. Accessed on September 8, 2021. 
https://www.cms.gov/Medic​are/Presc​ripti​on-Drug-Cover​age/
Presc​ripti​onDru​gCovC​ontra/​Downl​oads/Part-D-Benef​its-Manua​
l-Chapt​er-6.pdf

	 15.	 Lushin EN, McDermott JK, Truax C, et al. A multicenter case series 
documenting Medicare part D plan denials of immunosuppressant 
drug coverage for organ transplant recipients. Am J Transplant. 
2021;21(2):889-896. doi:10.1111/ajt.16321

	 16.	 Guyatt GH, Oxman AD, Kunz R, et al. Going from evidence to rec-
ommendations. BMJ. 2008;336(7652):1049-1051. doi:10.1136/
bmj.39493.646875.ae

	 17.	 Guyatt GH, Oxman AD, Kunz R, Vist GE, Falck-Ytter Y, 
Schünemann HJ. What is “quality of evidence” and why is it im-
portant to clinicians?BMJ. 2008;336(7651):995-998. doi:10.1136/
bmj.39490.551019.be

	 18.	 Guyatt GH, Oxman AD, Vist GE, et al. GRADE: an emerging 
consensus on rating quality of evidence and strength of rec-
ommendations. BMJ. 2008;336(7650):924-926. doi:10.1136/
bmj.39489.470347.ad

	 19.	 Balshem H, Helfand M, Schunemann HJ, et al. GRADE guidelines: 
3. Rating the quality of evidence. J Clin Epidemiol. 2011;64(4):401-
406. doi:10.1016/j.jclinepi.2010.07.015

	 20.	 Group CMTS. A randomized clinical trial of cyclosporine in cadav-
eric renal transplantation. N Engl J Med. 1983;309(14):809-815. 
doi:10.1056/NEJM198310063091401

	 21.	 Group EMT. Cyclosporin in cadaveric renal transplantation: one-
year follow-up of a multicentre trial. Lancet. 1983;2(8357):986-989.

	 22.	 Group CMTS. A randomized clinical trial of cyclosporine in cadav-
eric renal transplantation. Analysis at three years. N Engl J Med. 
1986;314(19):1219-1225. doi:10.1056/NEJM198605083141904

	 23.	 Sandimmune package insert. Novartis; 2020.
	 24.	 Tremblay S, Nigro V, Weinberg J, Woodle ES, Alloway RR. A 

steady-state head-to-head pharmacokinetic comparison of all 
FK-506 (Tacrolimus) formulations (ASTCOFF): an open-label, pro-
spective, randomized, two-arm, three-period crossover study. Am 
J Transplant. 2017;17(2):432-442. doi:10.1111/ajt.13935

	 25.	 Levy G, Thervet E, Lake J, Uchida K. Patient manage-
ment by Neoral C(2) monitoring: an international consen-
sus statement. Transplantation. 2002;73(9 Suppl):S12-S18. 
doi:10.1097/00007890-200205151-00003

	 26.	 Caforio AL, Tona F, Piaserico S, et al. C2 is superior to C0 as 
predictor of renal toxicity and rejection risk profile in stable 
heart transplant recipients. Transplant Int. 2005;18(1):116-124. 
doi:10.1111/j.1432-2277.2004.00001.x

	 27.	 Grant D, Kneteman N, Tchervenkov J, et al. Peak cyclo-
sporine levels (Cmax) correlate with freedom from liver 
graft rejection: results of a prospective, randomized com-
parison of neoral and sandimmune for liver transplan-
tation (NOF-8). Transplantation. 1999;67(8):1133-1137. 
doi:10.1097/00007890-199904270-00008

	 28.	 Roy A, Grant DR, Kneteman NM, et al. [A comparative randomized 
prospective multicenter study of Sandimmune vs Neoral in liver 
transplantation]. Ann Chir. 1998;52(8):716-721.

	 29.	 Mayer AD, Dmitrewski J, Squifflet JP, et al. Multicenter 
randomized trial comparing tacrolimus (FK506) and cy-
closporine in the prevention of renal allograft rejection: 
a report of the European Tacrolimus Multicenter Renal 

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-1162-6362
https://orcid.org/0000-0002-1162-6362
https://orcid.org/0000-0003-3402-4716
https://orcid.org/0000-0003-3402-4716
https://doi.org/10.1111/ajt.16502
https://doi.org/10.1111/ajt.16502
https://doi.org/10.1111/ajt.16496
https://doi.org/10.1111/ajt.16494
https://doi.org/10.1111/ajt.16494
https://doi.org/10.1111/ajt.16492
https://doi.org/10.1111/ajt.16492
https://doi.org/10.1111/ajt.16495
https://doi.org/10.1111/ajt.16498
https://doi.org/10.1111/j.1600-6143.2008.02495.x
http://www.micromedexsolutions.com
http://www.micromedexsolutions.com
https://doi.org/10.1111/ajt.14703
https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-new-use-transplant-drug-based-real-world-evidence
https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-new-use-transplant-drug-based-real-world-evidence
https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-new-use-transplant-drug-based-real-world-evidence
https://s3.amazonaws.com/public-inspection.federalregister.gov/2018-25945.pdf
https://s3.amazonaws.com/public-inspection.federalregister.gov/2018-25945.pdf
https://www.cms.gov/Medicare/Prescription-Drug-Coverage/PrescriptionDrugCovContra/Downloads/Part-D-Benefits-Manual-Chapter-6.pdf
https://www.cms.gov/Medicare/Prescription-Drug-Coverage/PrescriptionDrugCovContra/Downloads/Part-D-Benefits-Manual-Chapter-6.pdf
https://www.cms.gov/Medicare/Prescription-Drug-Coverage/PrescriptionDrugCovContra/Downloads/Part-D-Benefits-Manual-Chapter-6.pdf
https://doi.org/10.1111/ajt.16321
https://doi.org/10.1136/bmj.39493.646875.ae
https://doi.org/10.1136/bmj.39493.646875.ae
https://doi.org/10.1136/bmj.39490.551019.be
https://doi.org/10.1136/bmj.39490.551019.be
https://doi.org/10.1136/bmj.39489.470347.ad
https://doi.org/10.1136/bmj.39489.470347.ad
https://doi.org/10.1016/j.jclinepi.2010.07.015
https://doi.org/10.1056/NEJM198310063091401
https://doi.org/10.1056/NEJM198605083141904
https://doi.org/10.1111/ajt.13935
https://doi.org/10.1097/00007890-200205151-00003
https://doi.org/10.1111/j.1432-2277.2004.00001.x
https://doi.org/10.1097/00007890-199904270-00008


622  |    NELSON et al.

Study Group. Transplantation. 1997;64(3):436-443. 
doi:10.1097/00007890-199708150-00012

	 30.	 Hardinger KL, Bohl DL, Schnitzler MA, Lockwood M, Storch GA, 
Brennan DC. A randomized, prospective, pharmacoeconomic trial 
of tacrolimus versus cyclosporine in combination with thymoglob-
ulin in renal transplant recipients. Transplantation. 2005;80(1):41-
46. doi:10.1097/01.tp.0000162980.68628.5a

	 31.	 Johnson C, Ahsan N, Gonwa T, et al. Randomized trial of tacro-
limus (Prograf) in combination with azathioprine or mycopheno-
late mofetil versus cyclosporine (Neoral) with mycophenolate 
mofetil after cadaveric kidney transplantation. Transplantation. 
2000;69(5):834-841. doi:10.1097/00007890-200003150-00028

	 32.	 Gonwa T, Johnson C, Ahsan N, et al. Randomized trial of tacroli-
mus + mycophenolate mofetil or azathioprine versus cyclosporine 
+ mycophenolate mofetil after cadaveric kidney transplantation: 
results at three years. Transplantation. 2003;75(12):2048-2053. 
doi:10.1097/01.tp.0000069831.76067.22

	 33.	 Ekberg H, Tedesco-Silva H, Demirbas A, et al. Reduced exposure 
to calcineurin inhibitors in renal transplantation. N Engl J Med. 
2007;357(25):2562-2575. doi:10.1056/NEJMoa067411

	 34.	 Kramer BK, Montagnino G, Del Castillo D, et al. Efficacy and safety 
of tacrolimus compared with cyclosporin a microemulsion in renal 
transplantation: 2 year follow-up results. Nephrol Dial Transplant. 
2005;20(5):968-973. doi:10.1093/ndt/gfh739

	 35.	 Montagnino G, Krämer BK, Arias M, Group ETvCMRTS. Efficacy and 
safety of tacrolimus compared with cyclosporine microemulsion in 
kidney transplantation: twelve-month follow-up. Transplant Proc. 
2002;34(5):1635-1637. doi:10.1016/s0041-1345(02)02960-3

	 36.	 Webster A, Woodroffe RC, Taylor RS, Chapman JR, Craig JC. 
Tacrolimus versus cyclosporin as primary immunosuppression 
for kidney transplant recipients. Cochrane Database Syst Rev. 
2005;(4):Cd003961. doi:10.1002/14651858.CD003961.pub2

	 37.	 Azarfar A, Ravanshad Y, Mehrad-Majd H, et al. Comparison 
of tacrolimus and cyclosporine for immunosuppression after 
renal transplantation: an updated systematic review and meta-
analysis. Saudi J Kidney Dis Transpl. 2018;29(6):1376-1385. 
doi:10.4103/1319-2442.248292

	 38.	 Krämer BK, Montagnino G, Del Castillo D, et al. Efficacy and 
safety of tacrolimus compared with cyclosporin A microemulsion 
in renal transplantation: 2 year follow-up results. Nephrol Dialysis 
Transplant. 2005;20(5):968-973. doi:10.1093/ndt/gfh739

	 39.	 el-Ghoroury M, Hariharan S, Peddi VR, et al. Efficacy and safety of 
tacrolimus versus cyclosporine in kidney and pancreas transplant 
recipients. Transplant Proc. 1997;29(1–2):649-651. doi:10.1016/
s0041-1345(96)00380-6

	 40.	 Bechstein WO, Malaise J, Saudek F, et al. Efficacy and safety of 
tacrolimus compared with cyclosporine microemulsion in primary 
simultaneous pancreas-kidney transplantation: 1-year results of 
a large multicenter trial. Transplantation. 2004;77(8):1221-1228. 
doi:10.1097/01.tp.0000120865.96360.df

	 41.	 Boggi U, Vistoli F, Del Chiaro M, et al. Single-center, open, pro-
spective, randomized pilot study comparing cyclosporine 
versus tacrolimus in simultaneous pancreas-kidney transplan-
tation. Transplant Proc. 2004;36(4):1064-1066. doi:10.1016/j.
transproceed.2004.04.035

	 42.	 Malaise J, Saudek F, Boucek P, et al. Tacrolimus compared with cyc-
losporine microemulsion in primary simultaneous pancreas-kidney 
transplantation: the EURO-SPK 3-year results. Transplant Proc. 
2005;37(6):2843-2845. doi:10.1016/j.transproceed.2005.05.024

	 43.	 Saudek F, Malaise J, Boucek P, Adamec M, Euro SPKSG. Efficacy 
and safety of tacrolimus compared with cyclosporin microemul-
sion in primary SPK transplantation: 3-year results of the Euro-
SPK 001 trial. Nephrol Dial Transplant. 2005;20(Suppl 2):ii3-10, 
ii62. doi:10.1093/ndt/gfh1076

	 44.	 Bruce DS, Woodle ES, Newell KA, et al. Tacrolimus/myco-
phenolate provides superior immunosuppression relative to 

neoral/mycophenolate in synchronous pancreas-kidney trans-
plantation. Transplant Proc. 1998;30(4):1538-1540. doi:10.1016/
s0041-1345(98)00348-0

	 45.	 Triñanes J, Ten Dijke P, Groen N, et al. Tacrolimus-induced BMP/
SMAD signaling associates with metabolic stress-activated 
FOXO1 to trigger β-cell failure. Diabetes. 2020;69(2):193-204. 
doi:10.2337/db19-0828

	 46.	 O'Grady JG, Burroughs A, Hardy P, Elbourne D, Truesdale A. 
Tacrolimus versus microemulsified ciclosporin in liver trans-
plantation: the TMC randomised controlled trial. Lancet. 
2002;360(9340):1119-1125. doi:10.1016/s0140-6736(02)11196-2

	 47.	 O'Grady JG, Hardy P, Burroughs AK, Elbourne D. Randomized 
controlled trial of tacrolimus versus microemulsified cy-
closporin (TMC) in liver transplantation: poststudy sur-
veillance to 3 years. Am J Transplant. 2007;7(1):137-141. 
doi:10.1111/j.1600-6143.2006.01576.x

	 48.	 González-Pinto IM, Rimola A, Margarit C, et al. Five-year follow-up 
of a trial comparing tacrolimus and cyclosporine microemulsion 
in liver transplantation. Transplant Proc. 2005;37(4):1713-1715. 
doi:10.1016/j.transproceed.2005.03.128

	 49.	 Fisher RA, Stone JJ, Wolfe LG, et al. Four-year follow-up of 
a prospective randomized trial of mycophenolate mofetil 
with cyclosporine microemulsion or tacrolimus following 
liver transplantation. Clin Transplant. 2004;18(4):463-472. 
doi:10.1111/j.1399-0012.2004.00192.x

	 50.	 Levy G, Grazi GL, Sanjuan F, et al. 12-month follow-up analysis of 
a multicenter, randomized, prospective trial in de novo liver trans-
plant recipients (LIS2T) comparing cyclosporine microemulsion 
(C2 monitoring) and tacrolimus. Liver Transpl. 2006;12(10):1464-
1472. doi:10.1002/lt.20802

	 51.	 Abu-Elmagd KM, Costa G, Bond GJ, et al. Five hundred intesti-
nal and multivisceral transplantations at a single center: major 
advances with new challenges. Ann Surg. 2009;250(4):567-581. 
doi:10.1097/SLA.0b013e3181b67725

	 52.	 Chang HK, Kim SY, Kim JI, et al. Ten-year experience with bowel 
transplantation at Seoul St. Mary's Hospital. Transplant Proc Mar. 
2016;48(2):473-478. doi:10.1016/j.transproceed.2015.12.065

	 53.	 Ekser B, Kubal CA, Fridell JA, Mangus RS. Comparable outcomes 
in intestinal retransplantation: single-center cohort study. Clin 
Transplant. 2018;32(7):e13290. doi:10.1111/ctr.13290

	 54.	 Masetti M, Cautero N, Lauro A, et al. Three-year experience in 
clinical intestinal transplantation. Transplant Proc. 2004;36(2):309-
311. doi:10.1016/j.transproceed.2004.01.106

	 55.	 Trevizol AP, David AI, Dias ER, Mantovani D, Pecora R, 
D'Albuquerque LA. Intestinal and multivisceral transplantation 
immunosuppression protocols--literature review. Transplant Proc. 
2012;44(8):2445-2448. doi:10.1016/j.transproceed.2012.07.016

	 56.	 Kato T, Nishida S, Mittal N, et al. Intestinal transplantation at the 
University of Miami. Transplant Proc. 2002;34(3):868. doi:10.1016/
s0041-1345(02)02646-5

	 57.	 Kobashigawa JA, Patel J, Furukawa H, et al. Five-year results of 
a randomized, single-center study of tacrolimus vs microemulsion 
cyclosporine in heart transplant patients. J Heart Lung Transplant. 
2006;25(4):434-439. doi:10.1016/j.healun.2005.11.452

	 58.	 Sánchez-Lázaro IJ, Almenar L, Martínez-Dolz L, et al. A prospec-
tive randomized study comparing cyclosporine versus tacrolimus 
combined with daclizumab, mycophenolate mofetil, and steroids 
in heart transplantation. Clin Transplant. 2011;25(4):606-613. 
doi:10.1111/j.1399-0012.2010.01309.x

	 59.	 Guethoff S, Meiser BM, Groetzner J, et al. Ten-year results of a 
randomized trial comparing tacrolimus versus cyclosporine a 
in combination with mycophenolate mofetil after heart trans-
plantation. Transplantation. 2013;95(4):629-634. doi:10.1097/
TP.0b013e318277e378

	 60.	 White M, Haddad H, Leblanc MH, et al. Conversion from cyclo-
sporine microemulsion to tacrolimus-based immunoprophylaxis 

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1097/00007890-199708150-00012
https://doi.org/10.1097/01.tp.0000162980.68628.5a
https://doi.org/10.1097/00007890-200003150-00028
https://doi.org/10.1097/01.tp.0000069831.76067.22
https://doi.org/10.1056/NEJMoa067411
https://doi.org/10.1093/ndt
https://doi.org/10.1016/s0041-1345(02)02960-3
https://doi.org/10.1002/14651858.CD003961.pub2
https://doi.org/10.4103/1319-2442.248292
https://doi.org/10.1093/ndt
https://doi.org/10.1016/s0041-1345(96)00380-6
https://doi.org/10.1016/s0041-1345(96)00380-6
https://doi.org/10.1097/01.tp.0000120865.96360.df
https://doi.org/10.1016/j.transproceed.2004.04.035
https://doi.org/10.1016/j.transproceed.2004.04.035
https://doi.org/10.1016/j.transproceed.2005.05.024
https://doi.org/10.1093/ndt
https://doi.org/10.1016/s0041-1345(98)00348-0
https://doi.org/10.1016/s0041-1345(98)00348-0
https://doi.org/10.2337/db19-0828
https://doi.org/10.1016/s0140-6736(02)11196-2
https://doi.org/10.1111/j.1600-6143.2006.01576.x
https://doi.org/10.1016/j.transproceed.2005.03.128
https://doi.org/10.1111/j.1399-0012.2004.00192.x
https://doi.org/10.1002/lt.20802
https://doi.org/10.1097/SLA.0b013e3181b67725
https://doi.org/10.1016/j.transproceed.2015.12.065
https://doi.org/10.1111/ctr.13290
https://doi.org/10.1016/j.transproceed.2004.01.106
https://doi.org/10.1016/j.transproceed.2012.07.016
https://doi.org/10.1016/s0041-1345(02)02646-5
https://doi.org/10.1016/s0041-1345(02)02646-5
https://doi.org/10.1016/j.healun.2005.11.452
https://doi.org/10.1111/j.1399-0012.2010.01309.x
https://doi.org/10.1097/TP.0b013e318277e378
https://doi.org/10.1097/TP.0b013e318277e378


    |  623NELSON et al.

improves cholesterol profile in heart transplant recipients with 
treated but persistent dyslipidemia: the Canadian multicentre 
randomized trial of tacrolimus vs cyclosporine microemulsion. 
J Heart Lung Transplant. 2005;24(7):798-809. doi:10.1016/j.
healun.2004.05.023

	 61.	 Hachem RR, Yusen RD, Chakinala MM, et al. A randomized con-
trolled trial of tacrolimus versus cyclosporine after lung trans-
plantation. J Heart Lung Transplant. 2007;26(10):1012-1018. 
doi:10.1016/j.healun.2007.07.027

	 62.	 Treede H, Klepetko W, Reichenspurner H, et al. Tacrolimus ver-
sus cyclosporine after lung transplantation: a prospective, open, 
randomized two-center trial comparing two different immunosup-
pressive protocols. J Heart Lung Transplant. 2001;20(5):511-517. 
doi:10.1016/s1053-2498(01)00244-3

	 63.	 Fan Y, Xiao YB, Weng YG. Tacrolimus versus cyclosporine for 
adult lung transplant recipients: a meta-analysis. Transplant Proc. 
2009;41(5):1821-1824. doi:10.1016/j.transproceed.2008.11.016

	 64.	 Vitulo P, Oggionni T, Cascina A, et al. Efficacy of tacrolimus res-
cue therapy in refractory acute rejection after lung transplanta-
tion. J Heart Lung Transplant. 2002;21(4):435-439. doi:10.1016/
s1053-2498(01)00379-5

	 65.	 Treede H, Glanville AR, Klepetko W, et al. Tacrolimus and cyclospo-
rine have differential effects on the risk of development of bron-
chiolitis obliterans syndrome: results of a prospective, randomized 
international trial in lung transplantation. J Heart Lung Transplant. 
2012;31(8):797-804. doi:10.1016/j.healun.2012.03.008

	 66.	 Penninga L, Penninga EI, Moller CH, Iversen M, Steinbruchel DA, 
Gluud C. Tacrolimus versus cyclosporin as primary immunosup-
pression for lung transplant recipients. Cochrane Database Syst 
Rev. 2013;(5):CD008817. doi:10.1002/14651858.CD008817.pub2

	 67.	 Borro JM, Bravo C, Sole A, et al. Conversion from cyclosporine to 
tacrolimus stabilizes the course of lung function in lung transplant 
recipients with bronchiolitis obliterans syndrome. Transplant Proc. 
2007;39(7):2416-2419. doi:10.1016/j.transproceed.2007.06.071

	 68.	 Kramer BK, Charpentier B, Backman L, et al. Tacrolimus once 
daily (ADVAGRAF) versus twice daily (PROGRAF) in de novo renal 
transplantation: a randomized phase III study. Am J Transplant. 
2010;10(12):2632-2643. doi:10.1111/j.1600-6143.2010.03256.x

	 69.	 Silva HTJr, Yang HC, Abouljoud M, et al. One-year results with 
extended-release tacrolimus/MMF, tacrolimus/MMF and cyclospo-
rine/MMF in de novo kidney transplant recipients. Am J Transplant. 
2007;7(3):595-608. doi:10.1111/j.1600-6143.2007.01661.x

	 70.	 Budde K, Bunnapradist S, Grinyo JM, et al. Novel once-daily 
extended-release tacrolimus (LCPT) versus twice-daily tacroli-
mus in de novo kidney transplants: one-year results of phase III, 
double-blind, randomized trial. Am J Transplant. 2014;14(12):2796-
2806. doi:10.1111/ajt.12955

	 71.	 Bunnapradist S, Ciechanowski K, West-Thielke P, et al. Conversion 
from twice-daily tacrolimus to once-daily extended release tacro-
limus (LCPT): the phase III randomized MELT trial. Am J Transplant. 
2013;13(3):760-769. doi:10.1111/ajt.12035

	 72.	 Cattral M, Luke S, Knauer MJ, et al. Randomized open-label 
crossover assessment of Prograf vs Advagraf on immunosuppres-
sant pharmacokinetics and pharmacodynamics in simultaneous 
pancreas-kidney patients. Clin Transplant. 2018;32(2):e13180. 
doi:10.1111/ctr.13180

	 73.	 Schenker P, Klein T, Kruger B, et al. Modified release tacrolimus in 
de novo immunosuppression after simultaneous pancreas-kidney 
transplantation--a first single-center experience. Transplant Proc. 
2009;41(6):2573-2575. doi:10.1016/j.transproceed.2009.06.114

	 74.	 Torabi J, Konicki A, Rocca JP, et al. The use of LCP-tacrolimus 
(Envarsus XR) in simultaneous pancreas and kidney (SPK) trans-
plant recipients. Am J Surg. 2020;219(4):583-586. doi:10.1016/j.
amjsurg.2020.02.027

	 75.	 DuBay DA, Teperman L, Ueda K, et al. Pharmacokinetics of once-
daily extended-release tacrolimus tablets versus twice-daily 

capsules in de novo liver transplant. Clin Pharmacol Drug Dev. 
2019;8(8):995-1008. doi:10.1002/cpdd.657

	 76.	 Choi D, Thaker S, West-Thielke P, Elmasri A, Chan C. Evaluating the 
conversion to extended-release tacrolimus from immediate-release 
tacrolimus in liver transplant recipients. Eur J Gastroenterol Hepatol. 
2021;33(8):1124-1128. doi:10.1097/MEG.0000000000002172

	 77.	 Alloway RR, Eckhoff DE, Washburn WK, Teperman LW. Conversion 
from twice daily tacrolimus capsules to once daily extended-
release tacrolimus (LCP-Tacro): phase 2 trial of stable liver trans-
plant recipients. Liver Transpl. 2014;20(5):564-575. doi:10.1002/
lt.23844

	 78.	 Willuweit K, Frey A, Horster A, Saner F, Herzer K. Real-world 
administration of once-daily MeltDose([R]) prolonged-release 
tacrolimus (LCPT) allows for dose reduction of tacrolimus and 
stabilizes graft function following liver transplantation. J Clin Med. 
2020;10(1):124. doi:10.3390/jcm10010124

	 79.	 Trunečka P, Boillot O, Seehofer D, et al. Once-daily prolonged-
release tacrolimus (ADVAGRAF) versus twice-daily tacro-
limus (PROGRAF) in liver transplantation. Am J Transplant. 
2010;10(10):2313-2323. doi:10.1111/j.1600-6143.2010.03255.x

	 80.	 TruneČka P, Klempnauer J, Bechstein WO, et al. Renal function in 
de novo liver transplant recipients receiving different prolonged-
release tacrolimus regimens-the DIAMOND study. Am J Transplant. 
2015;15(7):1843-1854. doi:10.1111/ajt.13182

	 81.	 Kim JM, Kwon CH, Joh JW, et al. Conversion of once-daily 
extended-release tacrolimus is safe in stable liver transplant 
recipients: a randomized prospective study. Liver Transplant. 
2016;22(2):209-216. doi:10.1002/lt.24336

	 82.	 Atia A, Hollins A, Erdmann RF, et al. Synchronous abdomi-
nal wall and small-bowel transplantation: a 1-year follow-up. 
Plast Reconstr Surg Glob Open. 2020;8(7):e2995. doi:10.1097/
GOX.0000000000002995

	 83.	 vanZyl JS, Sam T, Clark DM, et al. De novo tacrolimus extended-
release tablets (LCPT) vs twice-daily tacrolimus in adult heart 
transplantation: results of a single-center non-inferiority matched 
control trial. Clin Transplant. 2021;35:e14487. doi:10.1111/
ctr.14487

	 84.	 Urbanowicz T, Baszyńska-Wachowiak H, Ligowski M, 
Straburzyńska-Migaj E, Misterski M, Jemielity M. Comparison of 
conventional tacrolimus versus prolong release formula as initial 
therapy in heart transplantation. Ann Transplant. 2014;19:295-299. 
doi:10.12659/aot.890268

	 85.	 Ghodsizad A, Koch A, Ungerer MN, et al. Immunosuppression with 
tacrolimus early after orthotopic heart transplantation: a compar-
ison of prograf and advagraf. Heart Surg Forum. 2012;15(6):E307
-E309. doi:10.1532/hsf98.20111145

	 86.	 Sintes H, Sáez-Giménez B, Berastegui C, et al. Pharmacokinetic 
study of conversion between 2 formulations of once-daily 
extended-release tacrolimus in stable lung transplant pa-
tients. Transplantation. 2018;102(10):e439-e446. doi:10.1097/
tp.0000000000002348

	 87.	 Méndez A, Berastegui C, López-Meseguer M, et al. Pharmacokinetic 
study of conversion from tacrolimus twice-daily to tacroli-
mus once-daily in stable lung transplantation. Transplantation. 
2014;97(3):358-362. doi:10.1097/01.Tp.0000435699.69266.66

	 88.	 Soto GAC, Ruiz-Antorán B, Laporta R, et al. Dose increase 
needed in most cystic fibrosis lung transplantation patients 
when changing from twice- to once-daily tacrolimus oral admin-
istration. Eur J Clin Pharmacol. 2015;71(6):715-722. doi:10.1007/
s00228-015-1859-2

	 89.	 Kuypers DR, Peeters PC, Sennesael JJ, et al. Improved adherence 
to tacrolimus once-daily formulation in renal recipients: a random-
ized controlled trial using electronic monitoring. Transplantation. 
2013;95(2):333-340. doi:10.1097/TP.0b013e3182725532

	 90.	 Cassuto E, Pageaux GP, Cantarovich D, et al. Adherence to and ac-
ceptance of once-daily tacrolimus after kidney and liver transplant: 

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.healun.2004.05.023
https://doi.org/10.1016/j.healun.2004.05.023
https://doi.org/10.1016/j.healun.2007.07.027
https://doi.org/10.1016/s1053-2498(01)00244-3
https://doi.org/10.1016/j.transproceed.2008.11.016
https://doi.org/10.1016/s1053-2498(01)00379-5
https://doi.org/10.1016/s1053-2498(01)00379-5
https://doi.org/10.1016/j.healun.2012.03.008
https://doi.org/10.1002/14651858.CD008817.pub2
https://doi.org/10.1016/j.transproceed.2007.06.071
https://doi.org/10.1111/j.1600-6143.2010.03256.x
https://doi.org/10.1111/j.1600-6143.2007.01661.x
https://doi.org/10.1111/ajt.12955
https://doi.org/10.1111/ajt.12035
https://doi.org/10.1111/ctr.13180
https://doi.org/10.1016/j.transproceed.2009.06.114
https://doi.org/10.1016/j.amjsurg.2020.02.027
https://doi.org/10.1016/j.amjsurg.2020.02.027
https://doi.org/10.1002/cpdd.657
https://doi.org/10.1097/MEG.0000000000002172
https://doi.org/10.1002/lt.23844
https://doi.org/10.1002/lt.23844
https://doi.org/10.3390/jcm10010124
https://doi.org/10.1111/j.1600-6143.2010.03255.x
https://doi.org/10.1111/ajt.13182
https://doi.org/10.1002/lt.24336
https://doi.org/10.1097/GOX.0000000000002995
https://doi.org/10.1097/GOX.0000000000002995
https://doi.org/10.1111/ctr.14487
https://doi.org/10.1111/ctr.14487
https://doi.org/10.12659/aot.890268
https://doi.org/10.1532/hsf98.20111145
https://doi.org/10.1097/tp.0000000000002348
https://doi.org/10.1097/tp.0000000000002348
https://doi.org/10.1097/01.Tp.0000435699.69266.66
https://doi.org/10.1007/s00228-015-1859-2
https://doi.org/10.1007/s00228-015-1859-2
https://doi.org/10.1097/TP.0b013e3182725532


624  |    NELSON et al.

results from OSIRIS, a French observational study. Transplantation. 
2016;100(10):2099-2106. doi:10.1097/TP.0000000000001307

	 91.	 Gaber AO, Alloway RR, Bodziak K, Kaplan B, Bunnapradist S. 
Conversion from twice-daily tacrolimus capsules to once-daily 
extended-release tacrolimus (LCPT): a phase 2 trial of stable 
renal transplant recipients. Transplantation. 2013;96(2):191-197. 
doi:10.1097/TP.0b013e3182962cc1

	 92.	 Langone A, Steinberg SM, Gedaly R, et al. Switching STudy of 
kidney TRansplant PAtients with tremor to LCP-TacrO (STRATO): 
an open-label, multicenter, prospective phase 3b study. Clin 
Transplant. 2015;29(9):796-805. doi:10.1111/ctr.12581

	 93.	 Trofe-Clark J, Brennan DC, West-Thielke P, et al. Results of 
ASERTAA, a randomized prospective crossover pharmacogenetic 
study of immediate-release versus extended-release tacrolimus 
in African American kidney transplant recipients. Am J Kidney Dis. 
2018;71(3):315-326. doi:10.1053/j.ajkd.2017.07.018

	 94.	 Bunnapradist S, Rostaing L, Alloway RR, et al. LCPT once-daily 
extended-release tacrolimus tablets versus twice-daily capsules: 
a pooled analysis of two phase 3 trials in important de novo 
and stable kidney transplant recipient subgroups. Transplant Int. 
2016;29(5):603-611. doi:10.1111/tri.12770

	 95.	 Kerstenetzky L, Descourouez JL, Jorgenson MR, et al. A single-
center experience with tacrolimus LCP (Envarsus XR) in pancreas 
transplant recipients. Ann Pharmacother. 2018;52(4):392-396. 
doi:10.1177/1060028017749076

	 96.	 Beckebaum S, Iacob S, Sweid D, et al. Efficacy, safety, and im-
munosuppressant adherence in stable liver transplant patients 
converted from a twice-daily tacrolimus-based regimen to once-
daily tacrolimus extended-release formulation. Transplant Int. 
2011;24(7):666-675. doi:10.1111/j.1432-2277.2011.01254.x

	 97.	 Doesch A, Akyol C, Erbel C, et al. Increased adherence eight months 
after switch from twice daily calcineurin inhibitor based treatment 
to once daily modified released tacrolimus in heart transplanta-
tion. Drug Des Devel Ther. 2013;7:1253-1258. doi:10.2147/dddt.
s52820

	 98.	 Abouljoud MS, Kumar MS, Brayman KL, Emre S, Bynon JS. 
Neoral rescue therapy in transplant patients with intoler-
ance to tacrolimus. Clin Transplant. 2002;16(3):168-172. 
doi:10.1034/j.1399-0012.2002.01054.x

	 99.	 Gruessner RW. Tacrolimus in pancreas transplantation: a multi-
center analysis. Tacrolimus pancreas transplant study group. Clin 
Transplant. 1997;11(4):299-312.

	100.	 Boggi U, Vistoli F, Del Chiaro M, et al. Neoral versus pro-
graf in simultaneous pancreas-kidney transplantation with 
portal venous drainage: three-year results of a single-
center, open-label, prospective, randomized pilot study. 
Transplant Proc. 2005;37(6):2641-2643. doi:10.1016/j.
transproceed.2005.06.086

	101.	 Keenan RJ, Konishi H, Kawai A, et al. Clinical trial of tac-
rolimus versus cyclosporine in lung transplantation. Ann 
Thorac Surg. 1995;60(3):580-584; discussion 584-5. 
doi:10.1016/0003-4975(95)00407-c

	102.	 Zuckermann A, Reichenspurner H, Birsan T, et al. Cyclosporine 
a versus tacrolimus in combination with mycophenolate mofetil 
and steroids as primary immunosuppression after lung transplan-
tation: one-year results of a 2-center prospective randomized 
trial. J Thorac Cardiovasc Surg. 2003;125(4):891-900. doi:10.1067/
mtc.2003.71

	103.	 Kur F, Reichenspurner H, Meiser BM, et al. Tacrolimus (FK506) as 
primary immunosuppressant after lung transplantation. Thorac 
Cardiovasc Surg. 1999;47(3):174-178. doi:10.1055/s-2007-1013136

	104.	 Margreiter R, Klempnauer J, Neuhaus P, Muehlbacher F, 
Boesmueller C, Calne RY. Alemtuzumab (Campath-1H) and tacro-
limus monotherapy after renal transplantation: results of a pro-
spective randomized trial. Am J Transplant. 2008;8(7):1480-1485. 
doi:10.1111/j.1600-6143.2008.02273.x

	105.	 Chan K, Taube D, Roufosse C, et al. Kidney transplantation with 
minimized maintenance: alemtuzumab induction with tacrolimus 
monotherapy–an open label, randomized trial. Transplantation. 
2011;92(7):774-780. doi:10.1097/TP.0b013e31822ca7ca

	106.	 Welberry Smith MP, Cherukuri A, Newstead CG, et al. 
Alemtuzumab induction in renal transplantation permits safe ste-
roid avoidance with tacrolimus monotherapy: a randomized con-
trolled trial. Transplantation. 2013;96(12):1082-1088. doi:10.1097/
TP.0b013e3182a64db9

	107.	 Thai NL, Khan A, Tom K, et al. Alemtuzumab induction and tac-
rolimus monotherapy in pancreas transplantation: One- and 
two-year outcomes. Transplantation. 2006;82(12):1621-1624. 
doi:10.1097/01.tp.0000250712.12389.3d

	108.	 Eason JD, Nair S, Cohen AJ, Blazek JL, Loss GEJr. Steroid-free 
liver transplantation using rabbit antithymocyte globulin and early 
tacrolimus monotherapy. Transplantation. 2003;75(8):1396-1399. 
doi:10.1097/01.TP.0000062834.30922.FE

	109.	 Moench C, Barreiros AP, Schuchmann M, et al. Tacrolimus monother-
apy without steroids after liver transplantation--a prospective ran-
domized double-blinded placebo-controlled trial. Am J Transplant. 
2007;7(6):1616-1623. doi:10.1111/j.1600-6143.2007.01804.x

	110.	 Margarit C, Bilbao I, Castells L, et al. A prospective ran-
domized trial comparing tacrolimus and steroids with tac-
rolimus monotherapy in liver transplantation: the impact on 
recurrence of hepatitis C. Transplant Int. 2005;18(12):1336-1345. 
doi:10.1111/j.1432-2277.2005.00217.x

	111.	 Boudjema K, Camus C, Saliba F, et al. Reduced-dose tacroli-
mus with mycophenolate mofetil vs. standard-dose tacrolimus 
in liver transplantation: a randomized study. Am J Transplant. 
2011;11(5):965-976. doi:10.1111/j.1600-6143.2011.03486.x

	112.	 Lerut J, Mathys J, Verbaandert C, et al. Tacrolimus monother-
apy in liver transplantation: one-year results of a prospective, 
randomized, double-blind, placebo-controlled study. Ann Surg. 
2008;248(6):956-967. doi:10.1097/SLA.0b013e31819009c9

	113.	 Cholongitas E, Shusang V, Germani G, et al. Long-term follow-up 
of immunosuppressive monotherapy in liver transplantation: 
tacrolimus and microemulsified cyclosporin. Clin Transplant. 
2011;25(4):614-624. doi:10.1111/j.1399-0012.2010.01321.x

	114.	 Becker T, Foltys D, Bilbao I, et al. Patient outcomes in two 
steroid-free regimens using tacrolimus monotherapy after dacli-
zumab induction and tacrolimus with mycophenolate mofetil in 
liver transplantation. Transplantation. 2008;86(12):1689-1694. 
doi:10.1097/TP.0b013e31818fff64

	115.	 Boillot O, Mayer DA, Boudjema K, et al. Corticosteroid-free im-
munosuppression with tacrolimus following induction with 
daclizumab: a large randomized clinical study. Liver Transpl. 
2005;11(1):61-67. doi:10.1002/lt.20307

	116.	 Samonakis DN, Mela M, Quaglia A, et al. Rejection rates in 
a randomised trial of tacrolimus monotherapy versus triple 
therapy in liver transplant recipients with hepatitis C virus 
cirrhosis. Transplant Infect Dis. 2006;8(1):3-12. doi:10.1111/​
j.1399-3062.2006.00124.x

	117.	 Weiler N, Thrun I, Hoppe-Lotichius M, Zimmermann T, Kraemer I, 
Otto G. Early steroid-free immunosuppression with FK506 after 
liver transplantation: long-term results of a prospectively random-
ized double-blinded trial. Transplantation. 2010;90(12):1562-1566. 
doi:10.1097/TP.0b013e3181ff8794

	118.	 Baran DA, Zucker MJ, Arroyo LH, et al. A prospective, random-
ized trial of single-drug versus dual-drug immunosuppression in 
heart transplantation: the tacrolimus in combination, tacrolimus 
alone compared (TICTAC) trial. Circ Heart Fail. 2011;4(2):129-137. 
doi:10.1161/circheartfailure.110.958520

	119.	 Baran DAK, Vijaykumar S, Gidea C, Camacho M, Zucker MJ. 
TICTAC 10: ten year follow-up of the tacrolimus in combina-
tion tacrolimus alone compared trial. J Heart Lung Transplant. 
2018;37(4S):S18-S19.

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1097/TP.0000000000001307
https://doi.org/10.1097/TP.0b013e3182962cc1
https://doi.org/10.1111/ctr.12581
https://doi.org/10.1053/j.ajkd.2017.07.018
https://doi.org/10.1111/tri.12770
https://doi.org/10.1177/1060028017749076
https://doi.org/10.1111/j.1432-2277.2011.01254.x
https://doi.org/10.2147/dddt.s52820
https://doi.org/10.2147/dddt.s52820
https://doi.org/10.1034/j.1399-0012.2002.01054.x
https://doi.org/10.1016/j.transproceed.2005.06.086
https://doi.org/10.1016/j.transproceed.2005.06.086
https://doi.org/10.1016/0003-4975(95)00407-c
https://doi.org/10.1067/mtc.2003.71
https://doi.org/10.1067/mtc.2003.71
https://doi.org/10.1055/s-2007-1013136
https://doi.org/10.1111/j.1600-6143.2008.02273.x
https://doi.org/10.1097/TP.0b013e31822ca7ca
https://doi.org/10.1097/TP.0b013e3182a64db9
https://doi.org/10.1097/TP.0b013e3182a64db9
https://doi.org/10.1097/01.tp.0000250712.12389.3d
https://doi.org/10.1097/01.TP.0000062834.30922.FE
https://doi.org/10.1111/j.1600-6143.2007.01804.x
https://doi.org/10.1111/j.1432-2277.2005.00217.x
https://doi.org/10.1111/j.1600-6143.2011.03486.x
https://doi.org/10.1097/SLA.0b013e31819009c9
https://doi.org/10.1111/j.1399-0012.2010.01321.x
https://doi.org/10.1097/TP.0b013e31818fff64
https://doi.org/10.1002/lt.20307
https://doi.org/10.1111/j.1399-3062.2006.00124.x
https://doi.org/10.1111/j.1399-3062.2006.00124.x
https://doi.org/10.1097/TP.0b013e3181ff8794
https://doi.org/10.1161/circheartfailure.110.958520


    |  625NELSON et al.

	120.	 Tiede I, Fritz G, Strand S, et al. CD28-dependent Rac1 activation 
is the molecular target of azathioprine in primary human CD4+ 
T lymphocytes. J Clin Invest. 2003;111(8):1133-1145. doi:10.1172/
JCI16432

	121.	 Imuran package insert. Sebela; 2018.
	122.	 Allison AC, Eugui EM. Purine metabolism and immunosuppres-

sive effects of mycophenolate mofetil (MMF). Clin Transplant. 
1996;10(1 Pt 2):77-84.

	123.	 Girman P, Lipar K, Kocik M, et al. Sirolimus vs mycophenolate 
mofetil (MMF) in primary combined pancreas and kidney trans-
plantation. Results of a long-term prospective randomized study. 
Am J Transplant. 2020;20(3):779-787. doi:10.1111/ajt.15622

	124.	 Langone A, Doria C, Greenstein S, et al. Does reduction in my-
cophenolic acid dose compromise efficacy regardless of tacro-
limus exposure level? An analysis of prospective data from the 
mycophenolic renal transplant (MORE) registry. Clin Transplant. 
2013;27(1):15-24. doi:10.1111/j.1399-0012.2012.01694.x

	125.	 Knoll GA, MacDonald I, Khan A, Van Walraven C. Mycophenolate 
mofetil dose reduction and the risk of acute rejection after 
renal transplantation. J Am Soc Nephrol. 2003;14(9):2381-2386. 
doi:10.1097/01.asn.0000079616.71891.f5

	126.	 Vanhove T, Kuypers D, Claes KJ, et al. Reasons for dose reduc-
tion of mycophenolate mofetil during the first year after renal 
transplantation and its impact on graft outcome. Transplant Int. 
2013;26(8):813-821. doi:10.1111/tri.12133

	127.	 Galiwango PJ, Delgado DH, Yan R, et al. Mycophenolate mofetil 
dose reduction for gastrointestinal intolerance is associated with 
increased rates of rejection in heart transplant patients. J Heart Lung 
Transplant. 2008;27(1):72-77. doi:10.1016/j.healun.2007.10.012

	128.	 Ciancio G, Sageshima J, Chen L, et al. Advantage of rapamycin 
over mycophenolate mofetil when used with tacrolimus for si-
multaneous pancreas kidney transplants: randomized, single-
center trial at 10 years. Am J Transplant. 2012;12(12):3363-3376. 
doi:10.1111/j.1600-6143.2012.04235.x

	129.	 Kim M, Rostas S, Gabardi S. Mycophenolate fetal toxicity and risk 
evaluation and mitigation strategies. Am J Transpl. 2013;13(6):1383-
1389. doi:10.1111/ajt.12238

	130.	 Shaw LM, Holt DW, Oellerich M, Meiser B, vanGelder T. Current 
issues in therapeutic drug monitoring of mycophenolic acid: report 
of a roundtable discussion. Ther Drug Monit. 2001;23(4):305-315. 
doi:10.1097/00007691-200108000-00001

	131.	 Oellerich M, Shipkova M, Schütz E, et al. Pharmacokinetic and 
metabolic investigations of mycophenolic acid in pediatric pa-
tients after renal transplantation: implications for therapeutic 
drug monitoring. German study group on mycophenolate mofetil 
therapy in pediatric renal transplant recipients. Ther Drug Monit. 
2000;22(1):20-26. doi:10.1097/00007691-200002000-00004

	132.	 Lichtenstein GR, Loftus EV, Isaacs KL, Regueiro MD, Gerson LB, 
Sands BE. ACG clinical guideline: Management of Crohn's disease 
in adults. Am J Gastroenterol. 2018;113(4):481-517. doi:10.1038/
ajg.2018.27

	133.	 Gummert JF, Schutz E, Oellerich M, Mohr FW, Dalichau H. 
Monitoring of TPMT in heart transplant recipients under im-
munosuppressive therapy with azathioprine. Artif Organs. 
1995;19(9):918-920. doi:10.1111/j.1525-1594.1995.tb02451.x

	134.	 Song DK, Zhao J, Zhang LR. TPMT genotype and its clinical implication 
in renal transplant recipients with azathioprine treatment. J Clin Pharm 
Ther. 2006;31(6):627-635. doi:10.1111/j.1365-2710.2006.00775.x

	135.	 Schutz E, Gummert J, Mohr F, Oellerich M. Azathioprine-
induced myelosuppression in thiopurine methyltransferase de-
ficient heart transplant recipient. Lancet. 1993;341(8842):436. 
doi:10.1016/0140-6736(93)93028-y

	136.	 Tassaneeyakul W, Srimarthpirom S, Reungjui S, Chansung K, 
Romphruk A, Tassaneeyakul W. Azathioprine-induced fatal 
myelosuppression in a renal-transplant recipient who carried 

heterozygous TPMT*1/*3C. Transplantation. 2003;76(1):265-266. 
doi:10.1097/01.TP.0000070521.22024.F1

	137.	 Sadek S, Medina J, Arias M, Sennesael J, Squifflet JP, Vogt B. Short-
term combination of mycophenolate mofetil with cyclosporine as a 
therapeutic option for renal transplant recipients: A prospective, 
multicenter, randomized study. Transplantation. 2002;74(4):511-
517. doi:10.1097/00007890-200208270-00013

	138.	 Remuzzi G, Lesti M, Gotti E, et al. Mycophenolate mofetil versus 
azathioprine for prevention of acute rejection in renal transplanta-
tion (MYSS): a randomised trial. Lancet. 2004;364(9433):503-512. 
doi:10.1016/s0140-6736(04)16808-6

	139.	 Miller J, Mendez R, Pirsch JD, Jensik SC. Safety and efficacy of 
tacrolimus in combination with mycophenolate mofetil (MMF) in 
cadaveric renal transplant recipients. FK506/MMF dose-ranging 
kidney transplant study group. Transplantation. 2000;69(5):875-
880. doi:10.1097/00007890-200003150-00035

	140.	 Rigotti P, Cadrobbi R, Baldan N, et al. Mycophenolate mofetil 
(MMF) versus azathioprine (AZA) in pancreas transplantation: a 
single-center experience. Clin Nephrol. 2000;53(4):suppl 52–54.

	141.	 Odorico JS, Pirsch JD, Knechtle SJ, D'Alessandro AM, 
Sollinger HW. A study comparing mycophenolate mofetil 
to azathioprine in simultaneous pancreas-kidney trans-
plantation. Transplantation. 1998;66(12):1751-1759. 
doi:10.1097/00007890-199812270-00032

	142.	 Elkhammas EA, Yilmaz S, Henry ML, et al. Simultaneous pancreas/
kidney transplantation: comparison of mycophenolate mofetil ver-
sus azathioprine. Transplant Proc. 1998;30(2):512. doi:10.1016/
s0041-1345(97)01380-8

	143.	 Stegall MD, Simon M, Wachs ME, Chan L, Nolan C, Kam I. 
Mycophenolate mofetil decreases rejection in simultaneous 
pancreas-kidney transplantation when combined with tacroli-
mus or cyclosporine. Transplantation. 1997;64(12):1695-1700. 
doi:10.1097/00007890-199712270-00011

	144.	 Oh JM, Wiland AM, Klassen DK, Weidle PJ, Bartlett ST. 
Comparison of azathioprine and mycophenolate mofetil 
for the prevention of acute rejection in recipients of pan-
creas transplantation. J Clin Pharmacol. 2001;41(8):861-869. 
doi:10.1177/00912700122010762

	145.	 Gruessner RW, Sutherland DE, Drangstveit MB, Wrenshall 
L, Humar A, Gruessner AC. Mycophenolate mofetil in pan-
creas transplantation. Transplantation. 1998;66(3):318-323. 
doi:10.1097/00007890-199808150-00007

	146.	 Merion RM, Henry ML, Melzer JS, Sollinger HW, Sutherland 
DE, Taylor RJ. Randomized, prospective trial of mycophenolate 
mofetil versus azathioprine for prevention of acute renal allograft 
rejection after simultaneous kidney-pancreas transplantation. 
Transplantation. 2000;70(1):105-111.

	147.	 Wiesner R, Rabkin J, Klintmalm G, et al. A randomized double-
blind comparative study of mycophenolate mofetil and azathi-
oprine in combination with cyclosporine and corticosteroids in 
primary liver transplant recipients. Liver Transpl. 2001;7(5):442-
450. doi:10.1053/jlts.2001.23356

	148.	 Sterneck M, Fischer L, Gahlemann C, Gundlach M, Rogiers X, 
Broelsch C. Mycophenolate mofetil for prevention of liver allograft 
rejection: initial results of a controlled clinical trial. Ann Transplant. 
2000;5(1):43-46.

	149.	 Fischer L, Sterneck M, Gahlemann CG, Malago M, Rogiers X, 
Broelsch CE. A prospective study comparing safety and efficacy 
of mycophenolate mofetil versus azathioprine in primary liver 
transplant recipients. Transplant Proc. 2000;32(7):2125-2127. 
doi:10.1016/s0041-1345(00)01599-2

	150.	 Apostolov R, Asadi K, Lokan J, Kam N, Testro A. Mycophenolate 
mofetil toxicity mimicking acute cellular rejection in a small intes-
tinal transplant. World J Transplant. 2017;7(1):98-102. doi:10.5500/
wjt.v7.i1.98

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1172/JCI16432
https://doi.org/10.1172/JCI16432
https://doi.org/10.1111/ajt.15622
https://doi.org/10.1111/j.1399-0012.2012.01694.x
https://doi.org/10.1097/01.asn.0000079616.71891.f5
https://doi.org/10.1111/tri.12133
https://doi.org/10.1016/j.healun.2007.10.012
https://doi.org/10.1111/j.1600-6143.2012.04235.x
https://doi.org/10.1111/ajt.12238
https://doi.org/10.1097/00007691-200108000-00001
https://doi.org/10.1097/00007691-200002000-00004
https://doi.org/10.1038/ajg.2018.27
https://doi.org/10.1038/ajg.2018.27
https://doi.org/10.1111/j.1525-1594.1995.tb02451.x
https://doi.org/10.1111/j.1365-2710.2006.00775.x
https://doi.org/10.1016/0140-6736(93)93028-y
https://doi.org/10.1097/01.TP.0000070521.22024.F1
https://doi.org/10.1097/00007890-200208270-00013
https://doi.org/10.1016/s0140-6736(04)16808-6
https://doi.org/10.1097/00007890-200003150-00035
https://doi.org/10.1097/00007890-199812270-00032
https://doi.org/10.1016/s0041-1345(97)01380-8
https://doi.org/10.1016/s0041-1345(97)01380-8
https://doi.org/10.1097/00007890-199712270-00011
https://doi.org/10.1177/00912700122010762
https://doi.org/10.1097/00007890-199808150-00007
https://doi.org/10.1053/jlts.2001.23356
https://doi.org/10.1016/s0041-1345(00)01599-2
https://doi.org/10.5500/wjt.v7.i1.98
https://doi.org/10.5500/wjt.v7.i1.98


626  |    NELSON et al.

	151.	 Tzakis AG, Weppler D, Khan MF, et al. Mycophenolate mofetil 
as primary and rescue therapy in intestinal transplanta-
tion. Transplant Proc. 1998;30(6):2677-2679. doi:10.1016/
s0041-1345(98)00786-6

	152.	 Jaffe BM, Beck R, Flint L, et al. Living-related small bowel trans-
plantation in adults: a report of two patients. Transplant Proc. 
1997;29(3):1851-1852. doi:10.1016/s0041-1345(97)00095-x

	153.	 Beckurts KT, Stippel D, Schleimer K, et al. First case of isolated 
small bowel transplantation at the university of cologne: rejection-
free course under quadruple immunosuppression and endoluminal 
monitoring with video-capsule. Transplant Proc. 2004;36(2):340-
342. doi:10.1016/j.transproceed.2004.01.104

	154.	 Angermann CE, Störk S, Costard-Jäckle A, et al. Reduction of cy-
closporine after introduction of mycophenolate mofetil improves 
chronic renal dysfunction in heart transplant recipients--the 
IMPROVED multi-Centre study. Eur Heart J. 2004;25(18):1626-
1634. doi:10.1016/j.ehj.2004.06.032

	155.	 Kobashigawa J, Miller L, Renlund D, et al. A randomized active-
controlled trial of mycophenolate mofetil in heart transplant re-
cipients. Mycophenolate Mofetil Investigators. Transplantation. 
1998;66(4):507-515. doi:10.1097/00007890-199808270-00016

	156.	 Eisen HJ, Kobashigawa J, Keogh A, et al. Three-year results of 
a randomized, double-blind, controlled trial of mycophenolate 
mofetil versus azathioprine in cardiac transplant recipients. 
J Heart Lung Transplant. 2005;24(5):517-525. doi:10.1016/j.
healun.2005.02.002

	157.	 Hosenpud JD, Bennett LE. Mycophenolate mofetil versus 
azathioprine in patients surviving the initial cardiac trans-
plant hospitalization: an analysis of the Joint UNOS/ISHLT 
Thoracic Registry. Transplantation. 2001;72(10):1662-1665. 
doi:10.1097/00007890-200111270-00015

	158.	 McNeil K, Glanville AR, Wahlers T, et al. Comparison of my-
cophenolate mofetil and azathioprine for prevention of 
bronchiolitis obliterans syndrome in de novo lung transplant re-
cipients. Transplantation. 2006;81(7):998-1003. doi:10.1097/01.
tp.0000202755.33883.61

	159.	 Palmer SM, Baz MA, Sanders L, et al. Results of a random-
ized, prospective, multicenter trial of mycophenolate mofetil 
versus azathioprine in the prevention of acute lung al-
lograft rejection. Transplantation. 2001;71(12):1772-1776. 
doi:10.1097/00007890-200106270-00012

	160.	 Ross DJ, Waters PF, Levine M, Kramer M, Ruzevich S, Kass RM. 
Mycophenolate mofetil versus azathioprine immunosuppressive 
regimens after lung transplantation: preliminary experience. J 
Heart Lung Transplant. 1998;17(8):768-774.

	161.	 Speich R, Schneider S, Hofer M, et al. Mycophenolate mofetil 
reduces alveolar inflammation, acute rejection and graft loss 
due to bronchiolitis obliterans syndrome after lung transplanta-
tion. Pulm Pharmacol Ther. 2010;23(5):445-449. doi:10.1016/j.
pupt.2010.04.004

	162.	 Whyte RI, Rossi SJ, Mulligan MS, et al. Mycophenolate mofetil 
for obliterative bronchiolitis syndrome after lung transplan-
tation. Ann Thorac Surg. 1997;64(4):945-948. doi:10.1016/
s0003-4975(97)00845-x

	163.	 Budde K, Curtis J, Knoll G, et al. Enteric-coated mycophenolate 
sodium can be safely administered in maintenance renal transplant 
patients: results of a 1-year study. Am J Transplant. 2004;4(2):237-
243. doi:10.1046/j.1600-6143.2003.00321.x

	164.	 Sollinger HW, Sundberg AK, Leverson G, Voss BJ, Pirsch JD. 
Mycophenolate mofetil versus enteric-coated mycophenolate 
sodium: a large, single-center comparison of dose adjustments 
and outcomes in kidney transplant recipients. Transplantation. 
2010;89(4):446-451. doi:10.1097/TP.0b013e3181ca860d

	165.	 Langone AJ, Chan L, Bolin P, Cooper M. Enteric-coated mycophe-
nolate sodium versus mycophenolate mofetil in renal transplant 
recipients experiencing gastrointestinal intolerance: a multicenter, 

double-blind, randomized study. Transplantation. 2011;91(4):470-
478. doi:10.1097/TP.0b013e318205568c

	166.	 Rangel EB, Melaragno CS, Sa JR, 
et al. Mycophenolate mofetil versus enteric-coated mycophe-
nolate sodium after simultaneous pancreas-kidney transplan-
tation. Transplant Proc. 2009;41(10):4265-4269. doi:10.1016/j.
transproceed.2009.09.060

	167.	 Belliere J, Esposito L, Gandia P, et al. Comparison of the expo-
sure of mycophenolate mofetil and enteric-coated mycopheno-
late sodium in recipients of kidney-pancreas transplantation. Ann 
Transplant. 2014;19:76-81. doi:10.12659/AOT.889691

	168.	 Hardinger KL, Hebbar S, Bloomer T, Murillo D. Adverse drug re-
action driven immunosuppressive drug manipulations: a single-
center comparison of enteric-coated mycophenolate sodium vs. 
mycophenolate mofetil. Clin Transplant. 2008;22(5):555-561. 
doi:10.1111/j.1399-0012.2008.00820.x

	169.	 Ricart MJ, Oppenheimer F, Andres A, et al. Enteric-coated myco-
phenolate sodium in de novo and maintenance kidney-pancreas 
transplant recipients. Clin Transplant. 2012;26(3):424-431. 
doi:10.1111/j.1399-0012.2011.01526.x

	170.	 Dumortier J, Gagnieu MC, Salandre J, et al. Conversion from my-
cophenolate mofetil to enteric-coated mycophenolate sodium in 
liver transplant patients presenting gastrointestinal disorders: 
a pilot study. Liver Transpl. 2006;12(9):1342-1346. doi:10.1002/
lt.20792

	171.	 Lopez-Solis R, DeVera M, Steel J, et al. Gastrointestinal side ef-
fects in liver transplant recipients taking enteric-coated myco-
phenolate sodium vs. mycophenolate mofetil. Clin Transplant. 
2014;28(7):783-788. doi:10.1111/ctr.12379

	172.	 Toledo AH, Hendrix L, Buchholz V, et al. Improvement of gas-
trointestinal symptoms after conversion from mycopheno-
late mofetil to enteric-coated mycophenolate sodium in liver 
transplant patients. Clin Transplant. 2012;26(1):156-163. 
doi:10.1111/j.1399-0012.2011.01444.x

	173.	 Robaeys G, Cassiman D, Verslype C, et al. Successful conversion 
from mycophenolate mofetil to enteric-coated mycophenolate 
sodium (myfortic) in liver transplant patients with gastrointestinal 
side effects. Transplant Proc. 2009;41(2):610-613. doi:10.1016/j.
transproceed.2008.12.021

	174.	 Barrera-Pulido L, Alamo-Martínez JM, Marín-Gómez LM, 
et al. Switching from mycophenolate mofetil to enteric-coated 
mycophenolate sodium in liver transplant patients with gastro-
intestinal complications. Transplant Proc. 2009;41(6):2192-2194. 
doi:10.1016/j.transproceed.2009.06.004

	175.	 Miras M, Carballo F, Egea J, et al. Clinical evolution in the 
first 3 months of patients after liver transplantation in main-
tenance phase converted from mycophenolate mofetil to 
mycophenolate sodium due to gastrointestinal complica-
tions. Transplant Proc. 2007;39(7):2314-2317. doi:10.1016/j.
transproceed.2007.06.038

	176.	 Kobashigawa JA, Renlund DG, Gerosa G, et al. Similar efficacy and 
safety of enteric-coated mycophenolate sodium (EC-MPS, myfor-
tic) compared with mycophenolate mofetil (MMF) in de novo heart 
transplant recipients: results of a 12-month, single-blind, random-
ized, parallel-group, multicenter study. J Heart Lung Transplant. 
2006;25(8):935-941. doi:10.1016/j.healun.2006.04.005

	177.	 Segovia J, Gerosa G, Almenar L, et al. Impact of dose reductions 
on efficacy outcome in heart transplant patients receiving enteric-
coated mycophenolate sodium or mycophenolate mofetil at 12 
months post-transplantation. Clin Transplant. 2008;22(6):809-814. 
doi:10.1111/j.1399-0012.2008.00887.x

	178.	 Glanville AR, Aboyoun C, Klepetko W, et al. Three-year results 
of an investigator-driven multicenter, international, randomized 
open-label de novo trial to prevent BOS after lung transplanta-
tion. J Heart Lung Transplant. 2015;34(1):16-25. doi:10.1016/j.
healun.2014.06.001

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/s0041-1345(98)00786-6
https://doi.org/10.1016/s0041-1345(98)00786-6
https://doi.org/10.1016/s0041-1345(97)00095-x
https://doi.org/10.1016/j.transproceed.2004.01.104
https://doi.org/10.1016/j.ehj.2004.06.032
https://doi.org/10.1097/00007890-199808270-00016
https://doi.org/10.1016/j.healun.2005.02.002
https://doi.org/10.1016/j.healun.2005.02.002
https://doi.org/10.1097/00007890-200111270-00015
https://doi.org/10.1097/01.tp.0000202755.33883.61
https://doi.org/10.1097/01.tp.0000202755.33883.61
https://doi.org/10.1097/00007890-200106270-00012
https://doi.org/10.1016/j.pupt.2010.04.004
https://doi.org/10.1016/j.pupt.2010.04.004
https://doi.org/10.1016/s0003-4975(97)00845-x
https://doi.org/10.1016/s0003-4975(97)00845-x
https://doi.org/10.1046/j.1600-6143.2003.00321.x
https://doi.org/10.1097/TP.0b013e3181ca860d
https://doi.org/10.1097/TP.0b013e318205568c
https://doi.org/10.1016/j.transproceed.2009.09.060
https://doi.org/10.1016/j.transproceed.2009.09.060
https://doi.org/10.12659/AOT.889691
https://doi.org/10.1111/j.1399-0012.2008.00820.x
https://doi.org/10.1111/j.1399-0012.2011.01526.x
https://doi.org/10.1002/lt.20792
https://doi.org/10.1002/lt.20792
https://doi.org/10.1111/ctr.12379
https://doi.org/10.1111/j.1399-0012.2011.01444.x
https://doi.org/10.1016/j.transproceed.2008.12.021
https://doi.org/10.1016/j.transproceed.2008.12.021
https://doi.org/10.1016/j.transproceed.2009.06.004
https://doi.org/10.1016/j.transproceed.2007.06.038
https://doi.org/10.1016/j.transproceed.2007.06.038
https://doi.org/10.1016/j.healun.2006.04.005
https://doi.org/10.1111/j.1399-0012.2008.00887.x
https://doi.org/10.1016/j.healun.2014.06.001
https://doi.org/10.1016/j.healun.2014.06.001


    |  627NELSON et al.

	179.	 Constantinescu SCL, Armenti D, Moritz M. Mycophenolic acid 
product discontinuation prior to conception: analysis of pregnan-
cies in kidney transplant recipients. Am J Transpl. 2016;16(suppl 
3):228.

	180.	 Costanzo MR, Costanzo MR, Dipchand A, et al. The International 
Society of Heart and Lung Transplantation Guidelines for the care 
of heart transplant recipients. J Heart Lung Transpl. 2010;29(8):914-
956. doi:10.1016/j.healun.2010.05.034

	181.	 Kasiske BL, Zeier MG, Chapman JR, et al. KDIGO clinical practice 
guideline for the care of kidney transplant recipients: a summary. 
Kidney Int. 2010;77(4):299-311. doi:10.1038/ki.2009.377

	182.	 Kamarajah SK, Arntdz K, Bundred J, Gunson B, Haydon G, 
Thompson F. Outcomes of pregnancy in recipients of liver trans-
plants. Clin Gastroenterol Hepatol. 2019;17(7):1398-1404.e1. 
doi:10.1016/j.cgh.2018.11.055

	183.	 Thakrar MV, Morley K, Lordan JL, et al. Pregnancy after 
lung and heart-lung transplantation. J Heart Lung Transplant. 
2014;33(6):593-598. doi:10.1016/j.healun.2014.02.008

	184.	 Shaner J, Coscia LA, Constantinescu S, et al. Pregnancy after 
lung transplant. Prog Transpl. 2012;22(2):134-140. doi:10.7182/
pit2012285

	185.	 Al-Otaibi T, Gheith O, Zahab MA, et al. Successful pregnancy 
outcome in a recipient with simultaneous kidney and pancreas 
transplant who underwent posttransplant metabolic surgery. 
Exp Clin Transplant. 2019;17(Suppl 1):220-222. doi:10.6002/ect.
MESOT2018.P75

	186.	 Normand G, Brunner F, Badet L, et al. Pregnancy outcomes in 
simultaneous pancreas and kidney transplant recipients: a na-
tional French survey study. Transplant Int. 2017;30(9):893-902. 
doi:10.1111/tri.12983

	187.	 Sifontis NCL, Lundgren M, Dharbhamulla N, et al. Pregnancy out-
comes in solid organ transplant recipients with a switch from a 
mycophenolic acid product to azathioprine prior to conception 
[abstract]. Am J Transplant. 2013;13(suppl 5):161.

	188.	 Punnoose LR, Coscia LA, Armenti DP, Constantinescu S, 
Moritz MJ. Pregnancy outcomes in heart transplant recipients. 
J Heart Lung Transplant. 2020;39(5):473-480. doi:10.1016/j.
healun.2020.02.005

	189.	 Sifontis NM, Coscia LA, Constantinescu S, Lavelanet AF, Moritz 
MJ, Armenti VT. Pregnancy outcomes in solid organ transplant 
recipients with exposure to mycophenolate mofetil or siroli-
mus. Transplantation. 2006;82(12):1698-1702. doi:10.1097/01.
tp.0000252683.74584.29

	190.	 Anderka MT, Lin AE, Abuelo DN, Mitchell AA, Rasmussen SA. 
Reviewing the evidence for mycophenolate mofetil as a new te-
ratogen: case report and review of the literature. Am J Med Genet 
A. 2009;149A(6):1241-1248. doi:10.1002/ajmg.a.32685

	191.	 Mohamed-Ahmed O, Nelson-Piercy C, Bramham K, et al. 
Pregnancy outcomes in liver and cardiothoracic transplant recip-
ients: a UKnational cohort study. PLoS One. 2014;9(2):e89151. 
doi:10.1371/journal.pone.0089151

	192.	 Knight SR, Russell NK, Barcena L, Morris PJ. Mycophenolate 
mofetil decreases acute rejection and may improve graft sur-
vival in renal transplant recipients when compared with azathio-
prine: a systematic review. Transplantation. 2009;87(6):785-794. 
doi:10.1097/TP.0b013e3181952623

	193.	 Fabrega AJ, Corwin CL, Hunsicker L. Mycophenolate mofetil ver-
sus azathioprine in simultaneous pancreas-kidney transplant re-
cipients on cyclosporine. Transplant Proc. 1998;30(4):1562-1563. 
doi:10.1016/s0041-1345(98)00358-3

	194.	 Vrakas G, Weissenbacher A, Chen M, et al. Belatacept and 
basiliximab in intestinal transplantation. Transplantation. 
2017;101(6S2):S7. doi:10.1097/01.tp.0000521282.83986.56

	195.	 Ahsan N, Hricik D, Matas A, et al. Prednisone withdrawal in kid-
ney transplant recipients on cyclosporine and mycophenolate 
mofetil--a prospective randomized study. Steroid Withdrawal 

Study Group. Transplantation. 1999;68(12):1865-1874. 
doi:10.1097/00007890-199912270-00009

	196.	 Alloway RR, Hanaway MJ, Trofe J, et al. A prospective, pilot study 
of early corticosteroid cessation in high-immunologic-risk pa-
tients: the Cincinnati experience. Transplant Proc. 2005;37(2):802-
803. doi:10.1016/j.transproceed.2004.12.129

	197.	 Haller MC, Kammer M, Kainz A, Baer HJ, Heinze G, Oberbauer 
R. Steroid withdrawal after renal transplantation: a retro-
spective cohort study. BMC Med. 2017;15(1):8. doi:10.1186/
s12916-016-0772-6

	198.	 Haller MC, Royuela A, Nagler EV, Pascual J, Webster AC. Steroid 
avoidance or withdrawal for kidney transplant recipients. Cochrane 
Database Syst Rev. 2016;(8):Cd005632. doi:10.1002/14651858.
CD005632.pub3

	199.	 Kumar MS, Heifets M, Moritz MJ, et al. Safety and efficacy of 
steroid withdrawal two days after kidney transplantation: analy-
sis of results at three years. Transplantation. 2006;81(6):832-839. 
doi:10.1097/01.tp.0000203558.34739.c6

	200.	 Mujtaba MA, Taber TE, Goggins WC, et al. Early steroid with-
drawal in repeat kidney transplantation. Clin J Am Soc Nephrol. 
2011;6(2):404-411. doi:10.2215/cjn.05110610

	201.	 Park JB, Kim SJ, Oh HY, et al. Steroid withdrawal in living donor 
renal transplant recipients using tacrolimus and cyclosporine: a 
randomized prospective study. Transplant Int. 2006;19(6):478-
484. doi:10.1111/j.1432-2277.2006.00303.x

	202.	 Ponticelli C, Carmellini M, Tisone G, et al. A randomized trial of 
everolimus and low-dose cyclosporine in renal transplantation: 
with or without steroids?Transplant Proc. 2014;46(10):3375-3382. 
doi:10.1016/j.transproceed.2014.05.087

	203.	 Roodnat JI, Hilbrands LB, Hené RJ, et al. 15-year follow-up of a 
multicenter, randomized, calcineurin inhibitor withdrawal study 
in kidney transplantation. Transplantation. 2014;98(1):47-53. 
doi:10.1097/01.Tp.0000442774.46133.71

	204.	 Sureshkumar KK, Marcus RJ, Chopra B. Role of steroid mainte-
nance in sensitized kidney transplant recipients. World J Transplant. 
2015;5(3):102-109. doi:10.5500/wjt.v5.i3.102

	205.	 Thierry A, Mourad G, Büchler M, et al. Three-year outcomes in 
kidney transplant patients randomized to steroid-free immuno-
suppression or steroid withdrawal, with enteric-coated mycophe-
nolate sodium and cyclosporine: the infinity study. J Transplant. 
2014;2014:171898. doi:10.1155/2014/171898

	206.	 Vanrenterghem Y, Lebranchu Y, Hené R, Oppenheimer F, Ekberg 
H. Double-blind comparison of two corticosteroid regimens plus 
mycophenolate mofetil and cyclosporine for prevention of acute 
renal allograft rejection. Transplantation. 2000;70(9):1352-1359. 
doi:10.1097/00007890-200011150-00015

	207.	 Vanrenterghem Y, vanHooff JP, Squifflet JP, et al. Minimization of 
immunosuppressive therapy after renal transplantation: results of 
a randomized controlled trial. Am J Transplant. 2005;5(1):87-95. 
doi:10.1111/j.1600-6143.2004.00638.x

	208.	 Vincenti F, Monaco A, Grinyo J, Kinkhabwala M, Roza A. 
Multicenter randomized prospective trial of steroid withdrawal 
in renal transplant recipients receiving basiliximab, cyclospo-
rine microemulsion and mycophenolate mofetil. Am J Transplant. 
2003;3(3):306-311. doi:10.1034/j.1600-6143.2003.00005.x

	209.	 Vincenti F, Schena FP, Paraskevas S, Hauser IA, Walker RG, 
Grinyo J. A randomized, multicenter study of steroid avoidance, 
early steroid withdrawal or standard steroid therapy in kid-
ney transplant recipients. Am J Transplant. 2008;8(2):307-316. 
doi:10.1111/j.1600-6143.2007.02057.x

	210.	 Włodarczyk Z, Wałaszewski J, Perner F, et al. Freedom from re-
jection and stable kidney function are excellent criteria for steroid 
withdrawal in tacrolimus-treated kidney transplant recipients. Ann 
Transplant. 2002;7(3):28-31.

	211.	 Woodle ES, First MR, Pirsch J, Shihab F, Gaber AO, Van Veldhuisen 
P. A prospective, randomized, double-blind, placebo-controlled 

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.healun.2010.05.034
https://doi.org/10.1038/ki.2009.377
https://doi.org/10.1016/j.cgh.2018.11.055
https://doi.org/10.1016/j.healun.2014.02.008
https://doi.org/10.7182/pit2012285
https://doi.org/10.7182/pit2012285
https://doi.org/10.6002/ect.MESOT2018.P75
https://doi.org/10.6002/ect.MESOT2018.P75
https://doi.org/10.1111/tri.12983
https://doi.org/10.1016/j.healun.2020.02.005
https://doi.org/10.1016/j.healun.2020.02.005
https://doi.org/10.1097/01.tp.0000252683.74584.29
https://doi.org/10.1097/01.tp.0000252683.74584.29
https://doi.org/10.1002/ajmg.a.32685
https://doi.org/10.1371/journal.pone.0089151
https://doi.org/10.1097/TP.0b013e3181952623
https://doi.org/10.1016/s0041-1345(98)00358-3
https://doi.org/10.1097/01.tp.0000521282.83986.56
https://doi.org/10.1097/00007890-199912270-00009
https://doi.org/10.1016/j.transproceed.2004.12.129
https://doi.org/10.1186/s12916-016-0772-6
https://doi.org/10.1186/s12916-016-0772-6
https://doi.org/10.1002/14651858.CD005632.pub3
https://doi.org/10.1002/14651858.CD005632.pub3
https://doi.org/10.1097/01.tp.0000203558.34739.c6
https://doi.org/10.2215/cjn.05110610
https://doi.org/10.1111/j.1432-2277.2006.00303.x
https://doi.org/10.1016/j.transproceed.2014.05.087
https://doi.org/10.1097/01.Tp.0000442774.46133.71
https://doi.org/10.5500/wjt.v5.i3.102
https://doi.org/10.1155/2014
https://doi.org/10.1097/00007890-200011150-00015
https://doi.org/10.1111/j.1600-6143.2004.00638.x
https://doi.org/10.1034/j.1600-6143.2003.00005.x
https://doi.org/10.1111/j.1600-6143.2007.02057.x


628  |    NELSON et al.

multicenter trial comparing early (7 day) corticosteroid cessa-
tion versus long-term, low-dose corticosteroid therapy. Ann Surg. 
2008;248(4):564-577. doi:10.1097/SLA.0b013e318187d1da

	212.	 Woodle ES, Vincenti F, Lorber MI, et al. A multicenter pilot study of 
early (4-day) steroid cessation in renal transplant recipients under 
simulect, tacrolimus and sirolimus. Am J Transplant. 2005;5(1):157-
166. doi:10.1111/j.1600-6143.2004.00655.x

	213.	 Borrows R, Loucaidou M, Van Tromp J, 
et al. Steroid sparing with tacrolimus and mycophenolate mofetil 
in renal transplantation. Am J Transplant. 2004;4(11):1845-1851. 
doi:10.1111/j.1600-6143.2004.00583.x

	214.	 Montagnino G, Sandrini S, Casciani C, et al. A randomized trial of 
steroid avoidance in renal transplant patients treated with ever-
olimus and cyclosporine. Transplant Proc. 2005;37(2):788-790. 
doi:10.1016/j.transproceed.2004.11.033

	215.	 Rostaing L, Cantarovich D, Mourad G, et al. Corticosteroid-free 
immunosuppression with tacrolimus, mycophenolate mofetil, and 
daclizumab induction in renal transplantation. Transplantation. 
2005;79(7):807-814. doi:10.1097/01.tp.0000154915.20524.0a

	216.	 terMeulen CG, vanRiemsdijk I, Hené RJ, et al. Steroid-withdrawal at 
3 days after renal transplantation with anti-IL-2 receptor alpha ther-
apy: a prospective, randomized, multicenter study. Am J Transplant. 
2004;4(5):803-810. doi:10.1111/j.1600-6143.2004.00419.x

	217.	 Vítko S, Klinger M, Salmela K, et al. Two corticosteroid-free 
regimens-tacrolimus monotherapy after basiliximab administra-
tion and tacrolimus/mycophenolate mofetil-in comparison with a 
standard triple regimen in renal transplantation: results of the Atlas 
study. Transplantation. 2005;80(12):1734-1741. doi:10.1097/01.
tp.0000188300.26762.74

	218.	 Woodle ES, Gill JS, Clark S, Stewart D, Alloway R, First R. Early 
corticosteroid cessation vs long-term corticosteroid therapy in 
kidney transplant recipients: long-term outcomes of a random-
ized clinical trial. JAMA Surg. 2021;156(4):307-314. doi:10.1001/
jamasurg.2020.6929

	219.	 Kaufman DB, Leventhal JR, Koffron AJ, et al. A prospective study 
of rapid corticosteroid elimination in simultaneous pancreas-
kidney transplantation: comparison of two maintenance immu-
nosuppression protocols: tacrolimus/mycophenolate mofetil 
versus tacrolimus/sirolimus. Transplantation. 2002;73(2):169-177. 
doi:10.1097/00007890-200201270-00004

	220.	 Aoun M, Eschewege P, Hamoudi Y, et al. Very early steroid with-
drawal in simultaneous pancreas-kidney transplants. Nephrol Dial 
Transplant. 2007;22(3):899-905. doi:10.1093/ndt/gfl660

	221.	 Cantarovich D, Karam G, Hourmant M, et al. Steroid avoid-
ance versus steroid withdrawal after simultaneous pancreas-
kidney transplantation. Am J Transplant. 2005;5(6):1332-1338. 
doi:10.1111/j.1600-6143.2005.00816.x

	222.	 Malheiro J, Martins L, Fonseca I, et al. Steroid withdrawal in 
simultaneous pancreas-kidney transplantation: a 7-year re-
port. Transplant Proc. 2009;41(3):909-912. doi:10.1016/j.
transproceed.2009.03.036

	223.	 Tanchanco R, Krishnamurthi V, Winans C, et al. Beneficial outcomes 
of a steroid-free regimen with thymoglobulin induction in pancreas-
kidney transplantation. Transplant Proc. 2008;40(5):1551-1554. 
doi:10.1016/j.transproceed.2008.03.081

	224.	 Vessal G, Wiland AM, Philosophe B, Fink JC, Weir MR, Klassen 
DK. Early steroid withdrawal in solitary pancreas transplantation 
results in equivalent graft and patient survival compared with 
maintenance steroid therapy. Clin Transplant. 2007;21(4):491-497. 
doi:10.1111/j.1399-0012.2007.00675.x

	225.	 Malaise J, Nakache R, Kahl A, et al. Corticosteroid withdrawal 
in simultaneous pancreas-kidney transplantation: a 3-year re-
port. Transplant Proc. 2005;37(6):2853-2855. doi:10.1016/j.
transproceed.2005.05.026

	226.	 Hanaway MJ, Roy-Chaudhury P, Buell JF, et al. Pilot study of 
early corticosteroid elimination after pancreas transplantation. 

Transplant Proc. 2005;37(2):1287-1288. doi:10.1016/j.
transproceed.2004.12.072

	227.	 Freise CE, Kang SM, Feng S, et al. Experience with steroid-free 
maintenance immunosuppression in simultaneous pancreas-
kidney transplantation. Transplant Proc. 2004;36(4):1067-1068. 
doi:10.1016/j.transproceed.2004.04.017

	228.	 Montero N, Webster AC, Royuela A, Zamora J, Crespo Barrio M, 
Pascual J. Steroid avoidance or withdrawal for pancreas and pan-
creas with kidney transplant recipients. Cochrane Database Syst 
Rev. 2014;(9):CD007669. doi:10.1002/14651858.CD007669.pub2

	229.	 Bonaccorsi-Riani E, Sempoux C, Piette N, et al. Impact of steroid-
avoidance immunosuppression on long-term outcome after liver 
transplantation for HCV cirrhosis: the need for well documented 
long-term follow-up. Acta Gastroenterol Belg. 2012;75(4):411-418.

	230.	 Cuervas-Mons V, Herrero JI, Gomez MA, et al. Impact of tacroli-
mus and mycophenolate mofetil regimen vs. a conventional ther-
apy with steroids on cardiovascular risk in liver transplant patients. 
Clin Transplant. 2015;29(8):667-677. doi:10.1111/ctr.12557

	231.	 De Carlis L, Belli LS, Rondinara GF, et al. Early steroid withdrawal 
in liver transplant patients: final report of a prospective random-
ized trial. Transplant Proc. 1997;29(1–2):539-542. doi:10.1016/
s0041-1345(96)00255-2

	232.	 Klintmalm GB, Davis GL, Teperman L, et al. A randomized, mul-
ticenter study comparing steroid-free immunosuppression and 
standard immunosuppression for liver transplant recipients 
with chronic hepatitis C. Liver Transpl. 2011;17(12):1394-1403. 
doi:10.1002/lt.22417

	233.	 Lerut JP, Pinheiro RS, Lai Q, et al. Is minimal, [almost] steroid-
free immunosuppression a safe approach in adult liver trans-
plantation? Long-term outcome of a prospective, double blind, 
placebo-controlled, randomized, investigator-driven study. Ann 
Surg. 2014;260(5):886-891; discussion 891-2. doi:10.1097/
SLA.0000000000000969

	234.	 Llado L, Xiol X, Figueras J, et al. Immunosuppression without 
steroids in liver transplantation is safe and reduces infection and 
metabolic complications: results from a prospective multicenter 
randomized study. J Hepatol. 2006;44(4):710-716. doi:10.1016/j.
jhep.2005.12.010

	235.	 Saliba F, Rostaing L, Gugenheim J, et al. Corticosteroid-sparing 
and optimization of mycophenolic acid exposure in liver transplant 
recipients receiving mycophenolate mofetil and tacrolimus: a ran-
domized, Multicenter study. Transplantation. 2016;100(8):1705-
1713. doi:10.1097/TP.0000000000001228

	236.	 McDiarmid SV, Farmer DA, Goldstein LI, et al. A random-
ized prospective trial of steroid withdrawal after liver 
transplantation. Transplantation. 1995;60(12):1443-1450. 
doi:10.1097/00007890-199560120-00013

	237.	 Otero A, Varo E, deUrbina JO, et al. A prospective randomized 
open study in liver transplant recipients: daclizumab, mycopheno-
late mofetil, and tacrolimus versus tacrolimus and steroids. Liver 
Transpl. 2009;15(11):1542-1552. doi:10.1002/lt.21854

	238.	 Pelletier SJ, Nadig SN, Lee DD, et al. A prospective, random-
ized trial of complete avoidance of steroids in liver transplanta-
tion with follow-up of over 7 years. HPB. 2013;15(4):286-293. 
doi:10.1111/j.1477-2574.2012.00576.x

	239.	 Ramirez CB, Doria C, Frank AM, Armenti ST, Marino IR. Completely 
steroid-free immunosuppression in liver transplantation: a ran-
domized study. Clin Transplant. 2013;27(3):463-471. doi:10.1111/
ctr.12119

	240.	 Tisone G, Angelico M, Palmieri G, et al. Immunosuppression with-
out prednisone after liver transplantion is safe and associated with 
normal early graft function: preliminary results of a randomized 
study. Transplant Int. 1998;11(Suppl 1):S267-S269. doi:10.1007/
s001470050475

	241.	 Reggiani P, Arru M, Regazzi M, et al. A “steroid-free” tac-
rolimus and low-dose mycophenolate mofetil primary 

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1097/SLA.0b013e318187d1da
https://doi.org/10.1111/j.1600-6143.2004.00655.x
https://doi.org/10.1111/j.1600-6143.2004.00583.x
https://doi.org/10.1016/j.transproceed.2004.11.033
https://doi.org/10.1097/01.tp.0000154915.20524.0a
https://doi.org/10.1111/j.1600-6143.2004.00419.x
https://doi.org/10.1097/01.tp.0000188300.26762.74
https://doi.org/10.1097/01.tp.0000188300.26762.74
https://doi.org/10.1001/jamasurg.2020.6929
https://doi.org/10.1001/jamasurg.2020.6929
https://doi.org/10.1097/00007890-200201270-00004
https://doi.org/10.1093/ndt
https://doi.org/10.1111/j.1600-6143.2005.00816.x
https://doi.org/10.1016/j.transproceed.2009.03.036
https://doi.org/10.1016/j.transproceed.2009.03.036
https://doi.org/10.1016/j.transproceed.2008.03.081
https://doi.org/10.1111/j.1399-0012.2007.00675.x
https://doi.org/10.1016/j.transproceed.2005.05.026
https://doi.org/10.1016/j.transproceed.2005.05.026
https://doi.org/10.1016/j.transproceed.2004.12.072
https://doi.org/10.1016/j.transproceed.2004.12.072
https://doi.org/10.1016/j.transproceed.2004.04.017
https://doi.org/10.1002/14651858.CD007669.pub2
https://doi.org/10.1111/ctr.12557
https://doi.org/10.1016/s0041-1345(96)00255-2
https://doi.org/10.1016/s0041-1345(96)00255-2
https://doi.org/10.1002/lt.22417
https://doi.org/10.1097/SLA.0000000000000969
https://doi.org/10.1097/SLA.0000000000000969
https://doi.org/10.1016/j.jhep.2005.12.010
https://doi.org/10.1016/j.jhep.2005.12.010
https://doi.org/10.1097/TP.0000000000001228
https://doi.org/10.1097/00007890-199560120-00013
https://doi.org/10.1002/lt.21854
https://doi.org/10.1111/j.1477-2574.2012.00576.x
https://doi.org/10.1111/ctr.12119
https://doi.org/10.1111/ctr.12119
https://doi.org/10.1007/s001470050475
https://doi.org/10.1007/s001470050475


    |  629NELSON et al.

immunosuppression does not prevent early acute rejection after 
liver transplantation. Transplant Proc. 2005;37(4):1697-1699. 
doi:10.1016/j.transproceed.2005.02.111

	242.	 Takada Y, Kaido T, Asonuma K, et al. Randomized, multicenter 
trial comparing tacrolimus plus mycophenolate mofetil to tacro-
limus plus steroids in hepatitis C virus-positive recipients of liv-
ing donor liver transplantation. Liver Transpl. 2013;19(8):896-906. 
doi:10.1002/lt.23679

	243.	 Fishbein TM, Florman S, Gondolesi G, 
et al. Intestinal transplantation before and after the introduc-
tion of sirolimus. Transplantation. 2002;73(10):1538-1542. 
doi:10.1097/00007890-200205270-00004

	244.	 Florman S, Gondolesi G, Schiano T, et al. Improved results in 
small bowel transplantation using sirolimus. Transplant Proc. 
2002;34(3):936. doi:10.1016/s0041-1345(02)02678-7

	245.	 Lauro A, Dazzi A, Ercolani G, et al. Rejection episodes and 3-year 
graft survival under sirolimus and tacrolimus treatment after adult 
intestinal transplantation. Transplant Proc. 2007;39(5):1629-1631. 
doi:10.1016/j.transproceed.2007.02.067

	246.	 Rao B, Segovia MC, Kazimi M, Parekh R, Raoufi M, Jafri SM. Use 
of Everolimus after multivisceral transplantation: a report of 
two cases. Transplant Proc. 2016;48(2):485-488. doi:10.1016/j.
transproceed.2015.11.034

	247.	 Elboudwarej O, Phan D, Patel JK, et al. Corticosteroid wean after 
heart transplantation-Is there a risk for antibody formation?Clin 
Transplant. 2017;31(4):1-6. doi:10.1111/ctr.12916

	248.	 Teuteberg JJ, Shullo M, Zomak R, McNamara D, McCurry K, 
Kormos RL. Aggressive steroid weaning after cardiac trans-
plantation is possible without the additional risk of sig-
nificant rejection. Clin Transplant. 2008;22(6):730-737. 
doi:10.1111/j.1399-0012.2008.00868.x

	249.	 Rosenbaum DH, Adams BC, Mitchell JD, et al. Effects of early 
steroid withdrawal after heart transplantation. Ann Thorac 
Surg. 2006;82(2):637-644; discussion 644. doi:10.1016/j.
athoracsur.2006.03.067

	250.	 Opelz G, Dohler B, Laux G. Long-term prospective 
study of steroid withdrawal in kidney and heart trans-
plant recipients. Am J Transplant. 2005;5(4 Pt 1):720-728. 
doi:10.1111/j.1600-6143.2004.00765.x

	251.	 Felkel TO, Smith AL, Reichenspurner HC, et al. Survival and inci-
dence of acute rejection in heart transplant recipients undergoing 
successful withdrawal from steroid therapy. J Heart Lung Transplant. 
2002;21(5):530-539. doi:10.1016/s1053-2498(01)00417-x

	252.	 Baran DA, Rosenfeld C, Zucker MJ. Corticosteroid weaning in sta-
ble heart transplant patients: guidance by serum cortisol level. J 
Transplant. 2018;2018:3740395. doi:10.1155/2018/3740395

	253.	 Stehlik J, Edwards LB, Kucheryavaya AY, et al. The registry of 
the International Society for Heart and Lung Transplantation: 
twenty-seventh official adult heart transplant report--2010. J 
Heart Lung Transplant. 2010;29(10):1089-1103. doi:10.1016/j.
healun.2010.08.007

	254.	 Yamani MH, Taylor DO, Czerr J, et al. Thymoglobulin induc-
tion and steroid avoidance in cardiac transplantation: results 
of a prospective, randomized, controlled study. Clin Transplant. 
2008;22(1):76-81.

	255.	 Taylor DO, Bristow MR, O'Connell JB, et al. Improved long-term 
survival after heart transplantation predicted by successful early 
withdrawal from maintenance corticosteroid therapy. J Heart Lung 
Transplant. 1996;15(10):1039-1046.

	256.	 Goldraich LA, Stehlik J, Cherikh WS, et al. Duration of corticoste-
roid use and long-term outcomes after adult heart transplantation: 
a contemporary analysis of the International Society for Heart and 
Lung Transplantation registry. Clin Transplant. 2018;32(8):e13340. 
doi:10.1111/ctr.13340

	257.	 Gullestad L, Eiskjaer H, Gustafsson F, et al. Long-term outcomes of 
thoracic transplant recipients following conversion to everolimus 

with reduced calcineurin inhibitor in a multicenter, open-label, 
randomized trial. Transplant Int. 2016;29(7):819-829. doi:10.1111/
tri.12783

	258.	 Borro JM, Sole A, De la Torre M, Pastor A, Tarazona V. Steroid 
withdrawal in lung transplant recipients. Transplant Proc. 
2005;37(9):3991-3993. doi:10.1016/j.transproceed.2005.09.190

	259.	 Shitrit D, Bendayan D, Sulkes J, Bar-Gil Shitrit A, Huerta M, 
Kramer MR. Successful steroid withdrawal in lung transplant re-
cipients: result of a pilot study. Respir Med. 2005;99(5):596-601. 
doi:10.1016/j.rmed.2004.09.023

	260.	 Rapamune package insert. Pfizer; 2021.
	261.	 Wiseman AC, McCague K, Kim Y, Geissler F, Cooper M. The effect of 

everolimus versus mycophenolate upon proteinuria following kid-
ney transplant and relationship to graft outcomes. Am J Transplant. 
2013;13(2):442-449. doi:10.1111/j.1600-6143.2012.04334.x

	262.	 Zortress package insert. Novartis; 2021.
	263.	 Eisen HJ, Kobashigawa J, Starling RC, et al. Everolimus versus my-

cophenolate mofetil in heart transplantation: a randomized, mul-
ticenter trial. Am J Transplant. 2013;13(5):1203-1216. doi:10.1111/
ajt.12181

	264.	 Cantarovich D, Kervella D, Karam G, et al. Tacrolimus- versus 
sirolimus-based immunosuppression after simultaneous pancreas 
and kidney transplantation: 5-year results of a randomized trial. 
Am J Transplant. 2020;20(6):1679-1690. doi:10.1111/ajt.15809

	265.	 King-Biggs MB, Dunitz JM, Park SJ, Kay Savik S, Hertz MI. Airway 
anastomotic dehiscence associated with use of sirolimus immedi-
ately after lung transplantation. Transplantation. 2003;75(9):1437-
1443. doi:10.1097/01.tp.0000064083.02120.2c

	266.	 Webster AC, Lee VW, Chapman JR, Craig JC. Target of rapa-
mycin inhibitors (sirolimus and everolimus) for primary immu-
nosuppression of kidney transplant recipients: a systematic 
review and meta-analysis of randomized trials. Transplantation. 
2006;81(9):1234-1248. doi:10.1097/01.tp.0000219703.39149.85

	267.	 Larson TS, Dean PG, Stegall MD, et al. Complete avoidance 
of calcineurin inhibitors in renal transplantation: a random-
ized trial comparing sirolimus and tacrolimus. Am J Transplant. 
2006;6(3):514-522. doi:10.1111/j.1600-6143.2005.01177.x

	268.	 Büchler M, Caillard S, Barbier S, et al. Sirolimus versus cyclospo-
rine in kidney recipients receiving thymoglobulin, mycopheno-
late mofetil and a 6-month course of steroids. Am J Transplant. 
2007;7(11):2522-2531. doi:10.1111/j.1600-6143.2007.01976.x

	269.	 Flechner SM, Glyda M, Cockfield S, et al. The ORION 
study: comparison of two sirolimus-based regimens ver-
sus tacrolimus and mycophenolate mofetil in renal al-
lograft recipients. Am J Transplant. 2011;11(8):1633-1644. 
doi:10.1111/j.1600-6143.2011.03573.x

	270.	 Qazi Y, Shaffer D, Kaplan B, et al. Efficacy and safety of Everolimus 
plus low-dose tacrolimus versus mycophenolate mofetil plus 
standard-dose tacrolimus in de novo renal transplant recipi-
ents: 12-month data. Am J Transplant. 2017;17(5):1358-1369. 
doi:10.1111/ajt.14090

	271.	 Schena FP, Pascoe MD, Alberu J, et al. Conversion from calci-
neurin inhibitors to sirolimus maintenance therapy in renal al-
lograft recipients: 24-month efficacy and safety results from the 
CONVERT trial. Transplantation. 2009;87(2):233-242. doi:10.1097/
TP.0b013e3181927a41

	272.	 Budde K, Becker T, Arns W, et al. Everolimus-based, calcineurin-
inhibitor-free regimen in recipients of de-novo kidney trans-
plants: an open-label, randomised, controlled trial. Lancet. 
2011;377(9768):837-847. doi:10.1016/s0140-6736(10)62318-5

	273.	 Lebranchu Y, Thierry A, Toupance O, et al. Efficacy on renal func-
tion of early conversion from cyclosporine to sirolimus 3 months 
after renal transplantation: concept study. Am J Transplant. 
2009;9(5):1115-1123. doi:10.1111/j.1600-6143.2009.02615.x

	274.	 Weir MR, Mulgaonkar S, Chan L, et al. Mycophenolate mofetil-
based immunosuppression with sirolimus in renal transplantation: 

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.transproceed.2005.02.111
https://doi.org/10.1002/lt.23679
https://doi.org/10.1097/00007890-200205270-00004
https://doi.org/10.1016/s0041-1345(02)02678-7
https://doi.org/10.1016/j.transproceed.2007.02.067
https://doi.org/10.1016/j.transproceed.2015.11.034
https://doi.org/10.1016/j.transproceed.2015.11.034
https://doi.org/10.1111/ctr.12916
https://doi.org/10.1111/j.1399-0012.2008.00868.x
https://doi.org/10.1016/j.athoracsur.2006.03.067
https://doi.org/10.1016/j.athoracsur.2006.03.067
https://doi.org/10.1111/j.1600-6143.2004.00765.x
https://doi.org/10.1016/s1053-2498(01)00417-x
https://doi.org/10.1155/2018
https://doi.org/10.1016/j.healun.2010.08.007
https://doi.org/10.1016/j.healun.2010.08.007
https://doi.org/10.1111/ctr.13340
https://doi.org/10.1111/tri.12783
https://doi.org/10.1111/tri.12783
https://doi.org/10.1016/j.transproceed.2005.09.190
https://doi.org/10.1016/j.rmed.2004.09.023
https://doi.org/10.1111/j.1600-6143.2012.04334.x
https://doi.org/10.1111/ajt.12181
https://doi.org/10.1111/ajt.12181
https://doi.org/10.1111/ajt.15809
https://doi.org/10.1097/01.tp.0000064083.02120.2c
https://doi.org/10.1097/01.tp.0000219703.39149.85
https://doi.org/10.1111/j.1600-6143.2005.01177.x
https://doi.org/10.1111/j.1600-6143.2007.01976.x
https://doi.org/10.1111/j.1600-6143.2011.03573.x
https://doi.org/10.1111/ajt.14090
https://doi.org/10.1097/TP.0b013e3181927a41
https://doi.org/10.1097/TP.0b013e3181927a41
https://doi.org/10.1016/s0140-6736(10)62318-5
https://doi.org/10.1111/j.1600-6143.2009.02615.x


630  |    NELSON et al.

a randomized, controlled spare-the-nephron trial. Kidney Int. 
2011;79(8):897-907. doi:10.1038/ki.2010.492

	275.	 Bemelman FJ, deFijter JW, Kers J, et al. Early conversion to 
prednisolone/Everolimus as an alternative weaning regimen 
associates with beneficial renal transplant histology and func-
tion: the randomized-controlled MECANO trial. Am J Transplant. 
2017;17(4):1020-1030. doi:10.1111/ajt.14048

	276.	 Lorber MI, Mulgaonkar S, Butt KM, et al. Everolimus versus myco-
phenolate mofetil in the prevention of rejection in de novo renal 
transplant recipients: a 3-year randomized, multicenter, phase 
III study. Transplantation. 2005;80(2):244-252. doi:10.1097/01.
tp.0000164352.65613.24

	277.	 Vítko S, Margreiter R, Weimar W, et al. Three-year efficacy and 
safety results from a study of everolimus versus mycopheno-
late mofetil in de novo renal transplant patients. Am J Transplant. 
2005;5(10):2521-2530. doi:10.1111/j.1600-6143.2005.01063.x

	278.	 Sommerer C, Suwelack B, Dragun D, et al. An open-label, random-
ized trial indicates that everolimus with tacrolimus or cyclosporine 
is comparable to standard immunosuppression in de novo kidney 
transplant patients. Kidney Int. 2019;96(1):231-244. doi:10.1016/j.
kint.2019.01.041

	279.	 Tedesco Silva HJr, Cibrik D, Johnston T, et al. Everolimus plus 
reduced-exposure CsA versus mycophenolic acid plus standard-
exposure CsA in renal-transplant recipients. Am J Transplant. 
2010;10(6):1401-1413. doi:10.1111/j.1600-6143.2010.03129.x

	280.	 Tedesco-Silva H, Felipe C, Ferreira A, et al. Reduced incidence of 
cytomegalovirus infection in kidney transplant recipients receiv-
ing Everolimus and reduced tacrolimus doses. Am J Transplant. 
2015;15(10):2655-2664. doi:10.1111/ajt.13327

	281.	 Tedesco-Silva HJr, Vitko S, Pascual J, et al. 12-month safety and 
efficacy of everolimus with reduced exposure cyclosporine in de 
novo renal transplant recipients. Transplant Int. 2007;20(1):27-36. 
doi:10.1111/j.1432-2277.2006.00414.x

	282.	 Gautam A, Morrissey PE, Gohh R, Yango A, Monaco AP. 
Experience with sirolimus for calcineurin minimization/
elimination in pancreas-after-kidney transplantation. 
Transplant Proc. 2005;37(8):3542-3543. doi:10.1016/j.
transproceed.2005.09.042

	283.	 Matias P, Araujo MR, Romao JEJr, Abensur H, Noronha IL. 
Conversion to sirolimus in kidney-pancreas and pancreas trans-
plantation. Transplant Proc. 2008;40(10):3601-3605. doi:10.1016/j.
transproceed.2008.07.138

	284.	 Almeida M, Martins LS, Dias L, et al. Conversion to sirolimus in 
a population of kidney and kidney-pancreas transplant recip-
ients. Transplant Proc. 2005;37(6):2777-2780. doi:10.1016/j.
transproceed.2005.06.088

	285.	 Egidi MF, Cowan PA, Naseer A, Gaber AO. Conversion to siroli-
mus in solid organ transplantation: a single-center experience. 
Transplant Proc. 2003;35(3 Suppl):131S-137S. doi:10.1016/
s0041-1345(03)00240-9

	286.	 Fischer L, Saliba F, Kaiser GM, et al. Three-year outcomes in de 
novo liver transplant patients receiving everolimus with reduced 
tacrolimus: follow-up results from a randomized, multicenter 
study. Transplantation. 2015;99(7):1455-1462. doi:10.1097/
TP.0000000000000555

	287.	 Fischer L, Klempnauer J, Beckebaum S, et al. A randomized, con-
trolled study to assess the conversion from calcineurin-inhibitors to 
everolimus after liver transplantation-PROTECT. Am J Transplant. 
2012;12(7):1855-1865. doi:10.1111/j.1600-6143.2012.04049.x

	288.	 Masetti M, Montalti R, Rompianesi G, et al. Early withdrawal of 
calcineurin inhibitors and everolimus monotherapy in de novo liver 
transplant recipients preserves renal function. Am J Transplant. 
2010;10(10):2252-2262. doi:10.1111/j.1600-6143.2010.03128.x

	289.	 Saliba F, Duvoux C, Gugenheim J, et al. Efficacy and safety of ever-
olimus and mycophenolic acid with early tacrolimus withdrawal 

after liver transplantation: a multicenter randomized trial. Am J 
Transplant. 2017;17(7):1843-1852. doi:10.1111/ajt.14212

	290.	 Sterneck M, Kaiser GM, Heyne N, et al. Everolimus and early cal-
cineurin inhibitor withdrawal: 3-year results from a randomized 
trial in liver transplantation. Am J Transplant. 2014;14(3):701-710. 
doi:10.1111/ajt.12615

	291.	 Strueber M, Warnecke G, Fuge J, et al. Everolimus versus mycophe-
nolate mofetil De novo after lung transplantation: a prospective, 
randomized, open-label trial. Am J Transplant. 2016;16(11):3171-
3180. doi:10.1111/ajt.13835

	292.	 Nashan B, Schemmer P, Braun F, et al. Early everolimus-facilitated 
reduced tacrolimus in liver transplantation: results from random-
ized HEPHAISTOS trial. Liver Transplant. 2022;28(6):998-1010. 
doi:10.1002/lt.26298

	293.	 Suh L-BJ KS, Soin AS, Lee W-C, et al. Renal function outcomes with 
Everolimus plus reduced-exposure tacrolimus in de novo living 
donor liver transplantation. Transplantation. 2018;102(7):21-22.

	294.	 Shenoy S, Hardinger KL, Crippin J, et al. Sirolimus conversion in 
liver transplant recipients with renal dysfunction: a prospective, 
randomized, single-center trial. Transplantation. 2007;83(10):1389-
1392. doi:10.1097/01.tp.0000261630.63550.41

	295.	 Teperman L, Moonka D, Sebastian A, et al. Calcineurin inhibitor-
free mycophenolate mofetil/sirolimus maintenance in liver 
transplantation: the randomized spare-the-nephron trial. Liver 
Transplant. 2013;19(7):675-689. doi:10.1002/lt.23658

	296.	 Watson CJE, Gimson AES, Alexander GJ, et al. A randomized 
controlled trial of late conversion from calcineurin inhibitor 
(CNI)-based to sirolimus-based immunosuppression in liver trans-
plant recipients with impaired renal function. Liver Transplant. 
2007;13(12):1694-1702. doi:10.1002/lt.21314

	297.	 Buchholz BM, Ferguson JW, Schnitzbauer AA, et al. Randomized 
sirolimus-based early calcineurin inhibitor reduction in liver 
transplantation: impact on renal function. Transplantation. 
2020;104(5):1003-1018. doi:10.1097/TP.0000000000002980

	298.	 Asrani SK, Leise MD, West CP, et al. Use of sirolimus in liver transplant 
recipients with renal insufficiency: A systematic review and meta-
analysis. Hepatology. 2010;52(4):1360-1370. doi:10.1002/hep.23835

	299.	 Abdelmalek MF, Humar A, Stickel F, et al. Sirolimus conversion reg-
imen versus continued calcineurin inhibitors in liver allograft re-
cipients: a randomized trial. Am J Transplant. 2012;12(3):694-705. 
doi:10.1111/j.1600-6143.2011.03919.x

	300.	 Asrani SK, Wiesner RH, Trotter JF, et al. De NovoSirolimus and 
reduced-dose tacrolimus versus standard-dose tacrolimus after 
liver transplantation: the 2000–2003 phase II prospective ran-
domized trial. Am J Transplant. 2014;14(2):356-366. doi:10.1111/
ajt.12543

	301.	 Dunkelberg J. Sirolimus as primary immunosuppression in liver 
transplantation is not associated with hepatic artery or wound 
complications. Liver Transplant. 2003;9(5):463-468. doi:10.1053/
jlts.2003.50079

	302.	 Gustafsson F, Andreassen AK, Andersson B, et al. Everolimus 
initiation with early calcineurin inhibitor withdrawal in De novo 
heart transplant recipients: long-term follow-up from the ran-
domized SCHEDULE study. Transplantation. 2020;104(1):154-164. 
doi:10.1097/tp.0000000000002702

	303.	 Zuckermann A, Keogh A, Crespo-Leiro MG, et al. Randomized con-
trolled trial of sirolimus conversion in cardiac transplant recipients 
with renal insufficiency. Am J Transplant. 2012;12(9):2487-2497. 
doi:10.1111/j.1600-6143.2012.04131.x

	304.	 Groetzner J, Kaczmarek I, Schulz U, et al. Mycophenolate 
and sirolimus as calcineurin inhibitor-free immunosuppres-
sion improves renal function better than calcineurin inhibitor-
reduction in late cardiac transplant recipients with chronic 
renal failure. Transplantation. 2009;87(5):726-733. doi:10.1097/
TP.0b013e3181963371

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/ki.2010.492
https://doi.org/10.1111/ajt.14048
https://doi.org/10.1097/01.tp.0000164352.65613.24
https://doi.org/10.1097/01.tp.0000164352.65613.24
https://doi.org/10.1111/j.1600-6143.2005.01063.x
https://doi.org/10.1016/j.kint.2019.01.041
https://doi.org/10.1016/j.kint.2019.01.041
https://doi.org/10.1111/j.1600-6143.2010.03129.x
https://doi.org/10.1111/ajt.13327
https://doi.org/10.1111/j.1432-2277.2006.00414.x
https://doi.org/10.1016/j.transproceed.2005.09.042
https://doi.org/10.1016/j.transproceed.2005.09.042
https://doi.org/10.1016/j.transproceed.2008.07.138
https://doi.org/10.1016/j.transproceed.2008.07.138
https://doi.org/10.1016/j.transproceed.2005.06.088
https://doi.org/10.1016/j.transproceed.2005.06.088
https://doi.org/10.1016/s0041-1345(03)00240-9
https://doi.org/10.1016/s0041-1345(03)00240-9
https://doi.org/10.1097/TP.0000000000000555
https://doi.org/10.1097/TP.0000000000000555
https://doi.org/10.1111/j.1600-6143.2012.04049.x
https://doi.org/10.1111/j.1600-6143.2010.03128.x
https://doi.org/10.1111/ajt.14212
https://doi.org/10.1111/ajt.12615
https://doi.org/10.1111/ajt.13835
https://doi.org/10.1002/lt.26298
https://doi.org/10.1097/01.tp.0000261630.63550.41
https://doi.org/10.1002/lt.23658
https://doi.org/10.1002/lt.21314
https://doi.org/10.1097/TP.0000000000002980
https://doi.org/10.1002/hep.23835
https://doi.org/10.1111/j.1600-6143.2011.03919.x
https://doi.org/10.1111/ajt.12543
https://doi.org/10.1111/ajt.12543
https://doi.org/10.1053/jlts.2003.50079
https://doi.org/10.1053/jlts.2003.50079
https://doi.org/10.1097/tp.0000000000002702
https://doi.org/10.1111/j.1600-6143.2012.04131.x
https://doi.org/10.1097/TP.0b013e3181963371
https://doi.org/10.1097/TP.0b013e3181963371


    |  631NELSON et al.

	305.	 Potena L, Prestinenzi P, Bianchi IG, et al. Cyclosporine lowering 
with everolimus versus mycophenolate mofetil in heart transplant 
recipients: long-term follow-up of the SHIRAKISS randomized, 
prospective study. J Heart Lung Transplant. 2012;31(6):565-570. 
doi:10.1016/j.healun.2012.01.002

	306.	 Gottlieb J, Neurohr C, Muller-Quernheim J, et al. A randomized trial 
of everolimus-based quadruple therapy vs standard triple therapy 
early after lung transplantation. Am J Transplant. 2019;19(6):1759-
1769. doi:10.1111/ajt.15251

	307.	 Shitrit D, Rahamimov R, Gidon S, et al. Use of sirolimus and 
low-dose calcineurin inhibitor in lung transplant recipients with 
renal impairment: results of a controlled pilot study. Kidney Int. 
2005;67(4):1471-1475. doi:10.1111/j.1523-1755.2005.00224.x

	308.	 Venuta F, De Giacomo T, Rendina EA, et al. Recovery of 
chronic renal impairment with sirolimus after lung transplan-
tation. Ann Thorac Surg. 2004;78(6):1940-1943. doi:10.1016/j.
athoracsur.2004.03.018

	309.	 Kahan BD. Efficacy of sirolimus compared with azathioprine 
for reduction of acute renal allograft rejection: a randomised 
multicentre study. The Rapamune US Study Group. Lancet. 
2000;356(9225):194-202. doi:10.1016/s0140-6736(00)02480-6

	310.	 Vítko S, Margreiter R, Weimar W, et al. Everolimus (Certican) 12-
month safety and efficacy versus mycophenolate mofetil in de novo 
renal transplant recipients. Transplantation. 2004;78(10):1532-
1540. doi:10.1097/01.tp.0000141094.34903.54

	311.	 Balda S, Inza A, Odriozola N, Zarraga S, Garcia-Erauskin G, 
Lampreabe I. Combination of everolimus and tacrolimus in kidney 
transplant patients with intolerance to mycophenolate mofetil/
mycophenolic acid. Transplant Proc. 2009;41(6):2095-2098. 
doi:10.1016/j.transproceed.2009.06.061

	312.	 Shin BC, Chung JH, Kim HL. Sirolimus: a switch option for my-
cophenolate mofetil-induced leukopenia in renal transplant re-
cipients. Transplant Proc. 2013;45(8):2968-2969. doi:10.1016/j.
transproceed.2013.08.040

	313.	 Marcella-Neto R, deSa JR, Melaragno CS, et al. Late con-
version to sirolimus or everolimus after pancreas trans-
plant. Transplant Proc. 2020;52(5):1376-1379. doi:10.1016/j.
transproceed.2020.02.028

	314.	 Rogers J, Ashcraft EE, Emovon OE, et al. Long-term outcome of si-
rolimus rescue in kidney-pancreas transplantation. Transplantation. 
2004;78(4):619-622. doi:10.1097/01.tp.0000128622.53395.02

	315.	 Sageshima J, Ciancio G, Chen L, et al. Everolimus with low-dose 
tacrolimus in simultaneous pancreas and kidney transplantation. 
Clin Transplant. 2014;28(7):797-801. doi:10.1111/ctr.12381

	316.	 Girman P, Lipar K, Koznarova R, et al. Similar early complication 
rate in simultaneous pancreas and kidney recipients on tacroli-
mus/mycophenolate mofetil versus tacrolimus/sirolimus immu-
nosuppressive regimens. Transplant Proc. 2010;42(6):1999-2002. 
doi:10.1016/j.transproceed.2010.05.121

	317.	 Gallon LG, Winoto J, Chhabra D, Parker MA, Leventhal JR, 
Kaufman DB. Long-term renal transplant function in recipient of 
simultaneous kidney and pancreas transplant maintained with 
two prednisone-free maintenance immunosuppressive combina-
tions: tacrolimus/mycophenolate mofetil versus tacrolimus/siro-
limus. Transplantation. 2007;83(10):1324-1329. doi:10.1097/01.
tp.0000264189.58324.91

	318.	 Witzigmann H, Rhein T, Geissler F, et al. Immunosuppression with 
sirolimus/tacrolimus combination in pancreas transplantation: 1-
year results. Transplant Proc. 2002;34(8):3354-3356. doi:10.1016/
s0041-1345(02)03675-8

	319.	 Kauffman HM, Cherikh WS, Cheng Y, Hanto DW, Kahan BD. 
Maintenance immunosuppression with target-of-rapamycin in-
hibitors is associated with a reduced incidence of de novo ma-
lignancies. Transplantation. 2005;80(7):883-889. doi:10.1097/01.
tp.0000184006.43152.8d

	320.	 Wolf S, Hoffmann VS, Habicht A, et al. Effects of mTOR-is on 
malignancy and survival following renal transplantation: a sys-
tematic review and meta-analysis of randomized trials with a min-
imum follow-up of 24 months. PLoS One. 2018;13(4):e0194975. 
doi:10.1371/journal.pone.0194975

	321.	 Geissler EK, Schnitzbauer AA, Zülke C, et al. Sirolimus use in liver 
transplant recipients with hepatocellular carcinoma. Transplantation. 
2016;100(1):116-125. doi:10.1097/tp.0000000000000965

	322.	 Jeng LB, Lee SG, Soin AS, et al. Efficacy and safety of everolimus 
with reduced tacrolimus in living-donor liver transplant recipi-
ents: 12-month results of a randomized multicenter study. Am J 
Transplant. 2018;18(6):1435-1446. doi:10.1111/ajt.14623

	323.	 Wang YJ, Chi NH, Chou NK, et al. Malignancy after heart transplan-
tation under Everolimus versus mycophenolate mofetil immuno-
suppression. Transplant Proc. 2016;48(3):969-973. doi:10.1016/j.
transproceed.2015.12.071

	324.	 Euvrard S, Boissonnat P, Roussoulieres A, et al. Effect of ever-
olimus on skin cancers in calcineurin inhihitor-treated heart 
transplant recipients. Transplant Int. 2010;23(8):855-857. 
doi:10.1111/j.1432-2277.2009.01010.x

	325.	 Asleh R, Clavell AL, Pereira NL, et al. Incidence of malignancies 
in patients treated with sirolimus following heart transplanta-
tion. J Am College Cardiol. 2019;73(21):2676-2688. doi:10.1016/j.
jacc.2019.03.499

	326.	 Modi K, Segovia M, Mavis A, et al. Efficacy and safety of mam-
malian target of rapamycin inhibitors following intestinal and 
multivisceral transplantation. Clin Transplant. 2021;35(7):e14324. 
doi:10.1111/ctr.14324

	327.	 Potena L, Pellegrini C, Grigioni F, et al. Optimizing the safety pro-
file of Everolimus by delayed initiation in De novo heart trans-
plant recipients: results of the prospective randomized study 
EVERHEART. Transplantation. 2018;102(3):493-501. doi:10.1097/
tp.0000000000001945

	328.	 Arora S, Andreassen AK, Karason K, et al. Effect of everolimus 
initiation and calcineurin inhibitor elimination on cardiac allograft 
vasculopathy in de novo heart transplant recipients. Circ Heart Fail. 
2018;11(9):e004050. doi:10.1161/circheartfailure.117.004050

	329.	 Kobashigawa JA, Pauly DF, Starling RC, et al. Cardiac allograft vas-
culopathy by intravascular ultrasound in heart transplant patients: 
substudy from the Everolimus versus mycophenolate mofetil 
randomized, multicenter trial. JACC Heart Fail.2013;1(5):389-399. 
doi:10.1016/j.jchf.2013.07.002

	330.	 Vigano M, Tuzcu M, Benza R, et al. Prevention of acute rejec-
tion and allograft vasculopathy by everolimus in cardiac trans-
plants recipients: a 24-month analysis. J Heart Lung Transplant. 
2007;26(6):584-592. doi:10.1016/j.healun.2007.03.005

	331.	 Keogh A, Richardson M, Ruygrok P, et al. Sirolimus in de novo 
heart transplant recipients reduces acute rejection and pre-
vents coronary artery disease at 2 years: a randomized clini-
cal trial. Circulation. 2004;110(17):2694-2700. doi:10.1161/01.
Cir.0000136812.90177.94

	332.	 Kaczmarek I, Zaruba MM, Beiras-Fernandez A, et al. Tacrolimus 
with mycophenolate mofetil or sirolimus compared with calci-
neurin inhibitor-free immunosuppression (sirolimus/mycopheno-
late mofetil) after heart transplantation: 5-year results. J Heart Lung 
Transplant. 2013;32(3):277-284. doi:10.1016/j.healun.2012.11.028

	333.	 Mancini D, Pinney S, Burkhoff D, et al. Use of rapamycin slows 
progression of cardiac transplantation vasculopathy. Circulation. 
2003;108(1):48-53. doi:10.1161/01.Cir.0000070421.38604.2b

	334.	 Sacher VY, Fertel D, Srivastava K, et al. Effects of prophylactic use 
of sirolimus on bronchiolitis obliterans syndrome development in 
lung transplant recipients. Ann Thorac Surg. 2014;97(1):268-274. 
doi:10.1016/j.athoracsur.2013.07.072

	335.	 Snell GI, Valentine VG, Vitulo P, et al. Everolimus versus aza-
thioprine in maintenance lung transplant recipients: an 

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.healun.2012.01.002
https://doi.org/10.1111/ajt.15251
https://doi.org/10.1111/j.1523-1755.2005.00224.x
https://doi.org/10.1016/j.athoracsur.2004.03.018
https://doi.org/10.1016/j.athoracsur.2004.03.018
https://doi.org/10.1016/s0140-6736(00)02480-6
https://doi.org/10.1097/01.tp.0000141094.34903.54
https://doi.org/10.1016/j.transproceed.2009.06.061
https://doi.org/10.1016/j.transproceed.2013.08.040
https://doi.org/10.1016/j.transproceed.2013.08.040
https://doi.org/10.1016/j.transproceed.2020.02.028
https://doi.org/10.1016/j.transproceed.2020.02.028
https://doi.org/10.1097/01.tp.0000128622.53395.02
https://doi.org/10.1111/ctr.12381
https://doi.org/10.1016/j.transproceed.2010.05.121
https://doi.org/10.1097/01.tp.0000264189.58324.91
https://doi.org/10.1097/01.tp.0000264189.58324.91
https://doi.org/10.1016/s0041-1345(02)03675-8
https://doi.org/10.1016/s0041-1345(02)03675-8
https://doi.org/10.1097/01.tp.0000184006.43152.8d
https://doi.org/10.1097/01.tp.0000184006.43152.8d
https://doi.org/10.1371/journal.pone.0194975
https://doi.org/10.1097/tp.0000000000000965
https://doi.org/10.1111/ajt.14623
https://doi.org/10.1016/j.transproceed.2015.12.071
https://doi.org/10.1016/j.transproceed.2015.12.071
https://doi.org/10.1111/j.1432-2277.2009.01010.x
https://doi.org/10.1016/j.jacc.2019.03.499
https://doi.org/10.1016/j.jacc.2019.03.499
https://doi.org/10.1111/ctr.14324
https://doi.org/10.1097/tp.0000000000001945
https://doi.org/10.1097/tp.0000000000001945
https://doi.org/10.1161/circheartfailure.117.004050
https://doi.org/10.1016/j.jchf.2013.07.002
https://doi.org/10.1016/j.healun.2007.03.005
https://doi.org/10.1161/01.Cir.0000136812.90177.94
https://doi.org/10.1161/01.Cir.0000136812.90177.94
https://doi.org/10.1016/j.healun.2012.11.028
https://doi.org/10.1161/01.Cir.0000070421.38604.2b
https://doi.org/10.1016/j.athoracsur.2013.07.072


632  |    NELSON et al.

international, randomized, double-blind clinical trial. Am J Transplant. 
2006;6(1):169-177. doi:10.1111/j.1600-6143.2005.01134.x

	336.	 Bhorade S, Ahya VN, Baz MA, et al. Comparison of sirolimus with 
azathioprine in a tacrolimus-based immunosuppressive regimen in 
lung transplantation. Am J Respir Crit Care Med. 2011;183(3):379-
387. doi:10.1164/rccm.201005-0775OC

	337.	 Vitko S, Tedesco H, Eris J, et al. Everolimus with optimized cyc-
losporine dosing in renal transplant recipients: 6-month safety 
and efficacy results of two randomized studies. Am J Transplant. 
2004;4(4):626-635. doi:10.1111/j.1600-6143.2004.00389.x

	338.	 Xie X, Jiang Y, Lai X, Xiang S, Shou Z, Chen J. mTOR inhibitor ver-
sus mycophenolic acid as the primary immunosuppression regime 
combined with calcineurin inhibitor for kidney transplant recipi-
ents: a meta-analysis. BMC Nephrol. 2015;16:91. doi:10.1186/
s12882-015-0078-5

	339.	 Viganò M, Dengler T, Mattei MF, et al. Lower incidence of 
cytomegalovirus infection with everolimus versus myco-
phenolate mofetil in de novo cardiac transplant recipients: a ran-
domized, multicenter study. Transplant Infect Dis. 2010;12(1):23-30. 
doi:10.1111/j.1399-3062.2009.00448.x

	340.	 Kobashigawa J, Ross H, Bara C, et al. Everolimus is associated with 
a reduced incidence of cytomegalovirus infection following de 
novo cardiac transplantation. Transplant Infect Dis. 2013;15(2):150-
162. doi:10.1111/tid.12007

	341.	 Nulojix package insert. Bristol-Myers Squibb; 2014.
	342.	 Vincenti F, Rostaing L, Grinyo J, et al. Belatacept and long-term out-

comes in kidney transplantation. New Engl J Med. 2016;374(4):333-
343. doi:10.1056/nejmoa1506027

	343.	 Vincenti F, Charpentier B, Vanrenterghem Y, et al. A phase III study of 
belatacept-based immunosuppression regimens versus cyclospo-
rine in renal transplant recipients (BENEFIT study). Am J Transplant. 
2010;10(3):535-546. doi:10.1111/j.1600-6143.2009.03005.x

	344.	 Durrbach A, Pestana JM, Florman S, et al. Long-term outcomes 
in belatacept- versus cyclosporine-treated recipients of extended 
criteria donor kidneys: final results from BENEFIT-EXT, a phase 
III randomized study. Am J Transplant. 2016;16(11):3192-3201. 
doi:10.1111/ajt.13830

	345.	 Masson P, Henderson L, Chapman JR, Craig JC, Webster AC. 
Belatacept for kidney transplant recipients. Cochrane Database 
Syst Rev. 2014. doi:10.1002/14651858.cd010699.pub2

	346.	 Woodle ES, Kaufman DB, Shields AR, et al. Belatacept-based 
immunosuppression with simultaneous calcineurin inhibitor 
avoidance and early corticosteroid withdrawal: A prospective, ran-
domized multicenter trial. Am J Transplant. 2020;20(4):1039-1055. 
doi:10.1111/ajt.15688

	347.	 Adams AB, Goldstein J, Garrett C, et al. Belatacept combined 
with transient calcineurin inhibitor therapy prevents rejection 
and promotes improved long-term renal allograft function. Am J 
Transplant. 2017;17(11):2922-2936. doi:10.1111/ajt.14353

	348.	 Cohen JB, Eddinger KC, Forde KA, Abt PL, Sawinski D. 
Belatacept compared with tacrolimus for kidney transplanta-
tion. Transplantation. 2017;101(10):2582-2589. doi:10.1097/
tp.0000000000001589

	349.	 Klintmalm GB, Feng S, Lake JR, et al. Belatacept-based immu-
nosuppression in de novo liver transplant recipients: 1-year 
experience from a phase II randomized study. Am J Transplant. 
2014;14(8):1817-1827. doi:10.1111/ajt.12810

	350.	 Schwarz C, Rasoul-Rockenschaub S, Soliman T, et al. Belatacept 
treatment for two yr after liver transplantation is not associated 
with operational tolerance. Clin Transplant. 2015;29(1):85-89. 
doi:10.1111/ctr.12483

	351.	 Grinyó JM, Del Carmen RM, Alberu J, et al. Safety and efficacy 
outcomes 3 years after switching to Belatacept from a calcineurin 
inhibitor in kidney transplant recipients: results from a phase 2 ran-
domized trial. Am J Kidney Dis. 2017;69(5):587-594. doi:10.1053/j.
ajkd.2016.09.021

	352.	 Rostaing L, Massari P, Garcia VD, et al. Switching from calcineurin 
inhibitor-based regimens to a belatacept-based regimen in renal 
transplant recipients: a randomized phase II study. Clin J Am Soc 
Nephrol. 2011;6(2):430-439. doi:10.2215/cjn.05840710

	353.	 Darres A, Ulloa C, Brakemeier S, et al. Conversion to Belatacept 
in maintenance kidney transplant patients: a retrospective multi-
center European study. Transplantation. 2018;102(9):1545-1552. 
doi:10.1097/tp.0000000000002192

	354.	 Bertrand D, Chavarot N, Gatault P, et al. Opportunistic infec-
tions after conversion to belatacept in kidney transplantation. 
Nephrol Dial Transplant. 2020;35(2):336-345. doi:10.1093/ndt/
gfz255

	355.	 Chavarot N, Divard G, Scemla A, et al. Increased incidence and un-
usual presentations of CMV disease in kidney transplant recipients 
after conversion to belatacept. Am J Transplant. 2021;21(7):2448-
2458. doi:10.1111/ajt.16430

	356.	 Stock PG, Mannon RB, Armstrong B, et al. Challenges of calci-
neurin inhibitor withdrawal following combined pancreas and 
kidney transplantation: results of a prospective, randomized clin-
ical trial. Am J Transplant. 2020;20(6):1668-1678. doi:10.1111/
ajt.15817

	357.	 Chen JFJ, Fridell J, Yaqub M, et al. Belatacept Based CNI Free 
Immunosuppression in Pancreas Transplantation. Results at 
4 Years [abstract]. Am J Transplant. 2019;19(suppl 3):401-402.

	358.	 Lang K, Kane C, Vanwagner LB. Belatacept as salvage maintenance 
immunosuppression in a liver transplant recipient. Transplant Rep. 
2020;5(4):100070. doi:10.1016/j.tpr.2020.100070

	359.	 Kumar D, Yakubu I, Cooke RH, Halloran PF, Gupta G. Belatacept 
rescue for delayed kidney allograft function in a patient with 
previous combined heart-liver transplant. Am J Transplant. 
2018;18(10):2613-2614. doi:10.1111/ajt.15003

	360.	 Launay M, Guitard J, Dorent R, et al. Belatacept-based immu-
nosuppression: a calcineurin inhibitor-sparing regimen in heart 
transplant recipients. Am J Transplant. 2020;20(2):553-563. 
doi:10.1111/ajt.15584

	361.	 Schenk AD, Anderson DJ, Cole RT, Badell IR, Larsen CP. De novo 
belatacept in a kidney-after-heart transplant recipient. Transplant 
Direct. 2020;6(1):e515. doi:10.1097/txd.0000000000000967

	362.	 Enderby CY, Habib P, Patel PC, Yip DS, Orum S, Hosenpud 
JD. Belatacept maintenance in a heart transplant recip-
ient. Transplantation. 2014;98(7):e74-e75. doi:10.1097/
TP.0000000000000404

	363.	 Benninger L. Does belatacept provide a safe renal sparing immu-
nosuppression in lung transplant recipients? A single-center expe-
rience. Abstract. J Heart Lung Transplant. 2021;40(4):S77-S78.

	364.	 Timofte I, Terrin M, Barr E, et al. Belatacept for renal rescue in 
lung transplant patients. Transplant Int. 2016;29(4):453-463. 
doi:10.1111/tri.12731

	365.	 Iasella CJ, Winstead RJ, Moore CA, et al. Maintenance Belatacept-
Based immunosuppression in lung transplantation recipients who 
failed calcineurin inhibitors. Transplantation. 2018;102(1):171-177. 
doi:10.1097/TP.0000000000001873

	366.	 Hui C, Kern R, Wojciechowski D, et al. Belatacept for mainte-
nance immunosuppression in lung transplantation. J Investig 
Med High Impact Case Rep. 2014;2(3):2324709614546866. 
doi:10.1177/2324709614546866

	367.	 Sethi S, Najjar R, Peng A, et al. Outcomes of conversion from 
calcineurin inhibitor to belatacept-based immunosuppression 
in HLA-sensitized kidney transplant recipients. Transplantation. 
2020;104(7):1500-1507. doi:10.1097/TP.0000000000002976

	368.	 Ulloa CE, Anglicheau D, Snanoudj R, et al. Conversion from calci-
neurin inhibitors to belatacept in HLA-sensitized kidney transplant 
recipients with low-level donor-specific antibodies. Transplantation. 
2019;103(10):2150-2156. doi:10.1097/TP.0000000000002592

	369.	 Bray RA, Gebel HM, Townsend R, et al. De novo donor-specific 
antibodies in belatacept-treated vs cyclosporine-treated 

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1600-6143.2005.01134.x
https://doi.org/10.1164/rccm.201005-0775OC
https://doi.org/10.1111/j.1600-6143.2004.00389.x
https://doi.org/10.1186/s12882-015-0078-5
https://doi.org/10.1186/s12882-015-0078-5
https://doi.org/10.1111/j.1399-3062.2009.00448.x
https://doi.org/10.1111/tid.12007
https://doi.org/10.1056/nejmoa1506027
https://doi.org/10.1111/j.1600-6143.2009.03005.x
https://doi.org/10.1111/ajt.13830
https://doi.org/10.1002/14651858.cd010699.pub2
https://doi.org/10.1111/ajt.15688
https://doi.org/10.1111/ajt.14353
https://doi.org/10.1097/tp.0000000000001589
https://doi.org/10.1097/tp.0000000000001589
https://doi.org/10.1111/ajt.12810
https://doi.org/10.1111/ctr.12483
https://doi.org/10.1053/j.ajkd.2016.09.021
https://doi.org/10.1053/j.ajkd.2016.09.021
https://doi.org/10.2215/cjn.05840710
https://doi.org/10.1097/tp.0000000000002192
https://doi.org/10.1093/ndt
https://doi.org/10.1093/ndt
https://doi.org/10.1111/ajt.16430
https://doi.org/10.1111/ajt.15817
https://doi.org/10.1111/ajt.15817
https://doi.org/10.1016/j.tpr.2020.100070
https://doi.org/10.1111/ajt.15003
https://doi.org/10.1111/ajt.15584
https://doi.org/10.1097/txd.0000000000000967
https://doi.org/10.1097/TP.0000000000000404
https://doi.org/10.1097/TP.0000000000000404
https://doi.org/10.1111/tri.12731
https://doi.org/10.1097/TP.0000000000001873
https://doi.org/10.1177/2324709614546866
https://doi.org/10.1097/TP.0000000000002976
https://doi.org/10.1097/TP.0000000000002592


    |  633NELSON et al.

kidney-transplant recipients: post hoc analyses of the randomized 
phase III BENEFIT and BENEFIT-EXT studies. Am J Transplant. 
2018;18(7):1783-1789. doi:10.1111/ajt.14721

	370.	 Simulect package insert. Novartis; 2014.
	371.	 Zenapax package insert. Roche Pharmaceuticals; 2003.
	372.	 terMeulen CG, Baan CC, Hene RJ, Hilbrands LB, Hoitsma AJ. 

Two doses of daclizumab are sufficient for prolonged interleukin-
2Ralpha chain blockade. Transplantation. 2001;72(10):1709-1710. 
doi:10.1097/00007890-200111270-00027

	373.	 Gill J, Dandavino R, Prasad R, Shoker A, Kovarik JM. 6-Month 
Feasibility Study To Evaluate Replacement of Calcineurin Inhibitors 
(CNI) with Basiliximab in CNI-intolerant maintenance kidney 
transplant recipients. Poster Presented at: American Transplant 
Congress, Toronto, Ontario, Canada. 2008.

	374.	 Sundberg AK, Rohr MS, Hartmann EL, Adams PL, Stratta 
RJ. Conversion to sirolimus-based maintenance immuno-
suppression using daclizumab bridge therapy in renal trans-
plant recipients. Clin Transplant. 2004;18(Suppl 12):61-66. 
doi:10.1111/j.1399-0012.2004.00220.x

	375.	 Cantarovich M, Metrakos P, Giannetti N, Cecere R, Barkun J, 
Tchervenkov J. Anti-CD25 monoclonal antibody coverage allows 
for calcineurin inhibitor “holiday” in solid organ transplant patients 
with acute renal dysfunction. Transplantation. 2002;73(7):1169-
1172. doi:10.1097/00007890-200204150-00030

	376.	 Gabardi S, Catella J, Martin ST, et al. Maintenance immunosuppres-
sion with intermittent intravenous IL-2 receptor antibody therapy 
in renal transplant recipients. Ann Pharmacother. 2011;45(9):e48. 
doi:10.1345/aph.1Q019

	377.	 Kirchner VA, Suszynski TM, Radosevich DM, et al. Anti-CD25 
antibody (daclizumab) maintenance therapy in pancreas trans-
plantation. Transplant Proc. 2010;42(6):2003-2005. doi:10.1016/j.
transproceed.2010.05.083

	378.	 Walsh C, Barkun J, Tchervenkov J, et al. Anti-CD25 monoclo-
nal antibody replacement therapy for chronic kidney disease in 
liver transplant recipients. Transplantation. 2013;95(3):495-500. 
doi:10.1097/TP.0b013e318277230e

	379.	 Kubal CA, Mangus RS, Vianna RM, et al. Impact of positive flow 
cytometry crossmatch on outcomes of intestinal/multivisceral 
transplantation: role anti-IL-2 receptor antibody. Transplantation. 
2013;95(9):1160-1166. doi:10.1097/TP.0b013e3182888df0

	380.	 Kubal CA, Pennington C, Fridell J, Ekser B, Muhaylov P, 
Mangus R. Challenges with intestine and multivisceral re-
transplantation: importance of timing of re-transplantation and 

optimal immunosuppression. Ann Transplant. 2018;23:98-104. 
doi:10.12659/aot.908052

	381.	 Carreno MR, Kato T, Weppler D, et al. Induction therapy with 
daclizumab as part of the immunosuppressive regimen in 
human small bowel and multiorgan transplants. Transplant Proc. 
2001;33(1–2):1015-1017. doi:10.1016/s0041-1345(00)02310-1

	382.	 Cantarovich M, Giannetti N, Routy JP, Cecere R, Barkun J. Long-
term immunosuppression with anti-CD25 monoclonal anti-
bodies in heart transplant patients with chronic kidney disease. 
J Heart Lung Transplant. 2009;28(9):912-918. doi:10.1016/j.
healun.2009.05.021

	383.	 Hogerle BA, Kohli N, Habibi-Parker K, et al. Challenging immu-
nosuppression treatment in lung transplant recipients with kid-
ney failure. Transplant Immunol. 2016;35:18-22. doi:10.1016/j.
trim.2016.02.002

	384.	 Ross DJ, Belperio J, Natori C, Ardehali A. The effect of monthly 
anti-CD25(+) treatment with Basiliximab on the progression of 
chronic renal dysfunction after lung transplantation. Int J Organ 
Transplant Med. 2020;11(3):101-106.

	385.	 Yamagishi H, Chen-Yoshikawa TF, Date H. Basiliximab for poste-
rior reversible encephalopathy syndrome after lung transplanta-
tion. Eur J Cardiothorac Surg. 2017;52(4):823-824. doi:10.1093/
ejcts/ezx151

	386.	 Vincenti F, Klintmalm G, Halloran PF. Open letter to the FDA: new 
drug trials must be relevant. Am J Transplant. 2008;8(4):733-734. 
doi:10.1111/j.1600-6143.2007.02122.x

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: NelsonJ, AlveyN, BowmanL, et al. 
Consensus recommendations for use of maintenance 
immunosuppression in solid organ transplantation: Endorsed 
by the American College of Clinical Pharmacy, American 
Society of Transplantation, and the International Society for 
Heart and Lung Transplantation. Pharmacotherapy. 
2022;42:599-633. doi: 10.1002/phar.2716

 18759114, 2022, 8, D
ow

nloaded from
 https://accpjournals.onlinelibrary.w

iley.com
/doi/10.1002/phar.2716 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/ajt.14721
https://doi.org/10.1097/00007890-200111270-00027
https://doi.org/10.1111/j.1399-0012.2004.00220.x
https://doi.org/10.1097/00007890-200204150-00030
https://doi.org/10.1345/aph.1Q019
https://doi.org/10.1016/j.transproceed.2010.05.083
https://doi.org/10.1016/j.transproceed.2010.05.083
https://doi.org/10.1097/TP.0b013e318277230e
https://doi.org/10.1097/TP.0b013e3182888df0
https://doi.org/10.12659/aot.908052
https://doi.org/10.1016/s0041-1345(00)02310-1
https://doi.org/10.1016/j.healun.2009.05.021
https://doi.org/10.1016/j.healun.2009.05.021
https://doi.org/10.1016/j.trim.2016.02.002
https://doi.org/10.1016/j.trim.2016.02.002
https://doi.org/10.1093/ejcts
https://doi.org/10.1093/ejcts
https://doi.org/10.1111/j.1600-6143.2007.02122.x
https://doi.org/10.1002/phar.2716

	Consensus recommendations for use of maintenance immunosuppression in solid organ transplantation: Endorsed by the American College of Clinical Pharmacy, American Society of Transplantation, and the International Society for Heart and Lung Transplantation
	Abstract
	1|BACKGROUND
	2|METHODS
	2.1|Consensus panel composition
	2.2|Consensus development based on evidence
	2.3|Literature review and analysis
	2.3.1|Evidence grading


	3|CLINICAL QUESTIONS AND RECOMMENDATIONS
	3.1|Calcineurin inhibitors
	3.2|Antimetabolites
	3.3|Corticosteroids
	3.4|Mammalian target of rapamycin inhibitors
	3.5|Co-­stimulation Inhibitors
	3.6|Interleukin-­2 receptor antagonists

	4|FUTURE RESEARCH NEEDS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES


