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Abstract The mammalian target of the rapamycin (mTOR)
inhibitors sirolimus and everolimus are increasingly being
used in pediatric kidney transplantation in different combi-
nations and doses. Several studies have shown beneficial
effects of using mTOR inhibitors in children after pediatric
renal transplantation. A switch to a low-dose calcineurin
inhibitor (CNI) and mTOR inhibitor has been proven to
stabilize the glomerular filtration rate. Additionally, de novo
studies using a low-dose CNI and an mTOR inhibitor have
shown good graft survival and a low number of rejections.
Side effects of mTOR inhibitors, such as hyperlipidemia,
wound healing problems, and proteinuria, mainly occur if
high doses are given and if treatment is not combined with a
CNI. Lower doses of mTOR inhibitors do not result in growth
impairment or reduced testosterone levels. Treatment with
mTOR inhibitors is also associated with a lower number of
viral infections, especially cytomegalovirus. Due to their
antiproliferative effect, mTOR inhibitors could theoretically
reduce the risk of post-transplant lymphoproliferative disease.
mTOR inhibitors, especially in combination with low-dose
CNIs, can safely be used in children after kidney transplanta-
tion as de novo therapy or for conversion from CNI- and
mycophenolate mofetil-based regimens.
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Introduction

The immunosuppressive regimens currently used in children
are often based on those evaluated in adults, but generalizing
adult data to children does not take into account unique

features of the pediatric patient population. Long-term surviv-
al rates of pediatric kidney transplant grafts have not improved
in recent years [1]. Approximately 20 % of pediatric patients
experience acute rejections within the first year after kidney
transplantation (KTX), and reducing this rate remains an
important therapeutic objective [2, 3]. However, treatments
designed to prevent graft rejection have often resulted in over-
immunosuppression and led to complications, including in-
fection and malignancy [2]. Moreover, the nephrotoxicity of
calcineurin inhibitors (CNIs) is a significant problem contrib-
uting to chronic deterioration of graft function. Recent em-
phasis has been on steroid-free regimens [4]. The ultimate aim
of any chosen therapeutic regimen is to achieve sufficient
immunosuppression with a low number of acute and chronic
rejections along with a low number of side effects and low
nephrotoxicity. Mammalian target of rapamycin (mTOR) in-
hibitors are a new group of immunosuppressants that, in
combination with other drugs, may help to achieve these goals
more successfully than standard therapies.

How do mTOR inhibitors work?

Mammalian target of rapamycin (mTOR) inhibitors have en-
tered the market within the last 10 years as a new group of
immunosuppressants. They have been evaluated in several
studies and approved by governmental authorities for immu-
nosuppression in adults after KTX. mTOR inhibitors such as
sirolimus and everolimus act as immunosuppressants by
blocking the signaling pathway of T-cell growth factors and
thereby inhibiting the proliferation of antigen-activated Tcells
(Fig. 1). mTOR is a serine/threonine kinase which belongs to
the phosphatidylinositol-3 kinase-related kinases family. It
regulates cellular metabolism, growth, and proliferation, mak-
ing it a suitable drug target. mTOR exists in two distinct
multiprotein complexes, denoted mTORC1 and mTORC2,
which regulate key enzymes involved in cell cycle regulation
and proliferation. mTOR inhibitors bind the cytosolic protein
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FK-binding protein 12 (FKBP12) and form the mTOR inhib-
itor–FKBP12 complex, which directly binds and thereby in-
hibits mTORC1. Consequently, mTOR inhibitors inhibit the
proliferation of antigen-activated T cells by blocking their
growth factor signaling pathways and arresting the cells in
the G1 stage of the cell cycle. In this way, mTOR inhibitors
also inhibit the proliferation of vascular muscle and cancer
cells. The antiproliferative action of mTOR inhibitors in the
arterial vessel wall has been shown to inhibit atherogenic
remodeling and neointima formation preclinically [5, 6] and
to reduce transplant vasculopathy clinically [7]. Since mTOR
inhibitors are involved in signaling pathways that block the
development of malignant tumors [8], they have antineoplas-
tic potential as antiangiogenic compounds [9] and as pro-
moters of apoptosis [10–13]. This dual immunosuppressive
and antiproliferative effect is an important feature for long-
term treatment after transplantation and may improve the
long-term outcome after KTX. Other advantages of mTOR
inhibitors include a lack of nephrotoxicity [14, 15] and a
reduced number of gastrointestinal side effects when com-
pared to mycophenolate mofetil [16]. The method of action
as compared to other immunosuppressive drugs is shown in
Fig. 2.

The two mTOR inhibitors used in transplantation

Two mTOR inhibitors are currently available for use in
transplantation: sirolimus, which was the introduced first,
and everolimus, a modified molecule of sirolimus that was
approved later. The major difference between the two drugs
is the shorter half-life of everolimus. The substance now
primarily referred to as sirolimus was first found on Easter
Island (also known as Rapa Nui), accounting for its original
name, rapamycin. Most of the studies of sirolimus in chil-
dren were carried out between 2000 and 2010, mainly in the
USA. After two early studies with everolimus [16, 17] that
started in 2002 and 2004, the next monocenter trial with
everolimus started in Europe in 2008, and the first large
multinational study of pediatric KTX was initiated in 2012
with results expected in 2014.

Other mTOR inhibitors on the market (e.g., temsirolimus)
are only used in cancer therapy but not in transplantation.

Approval

Everolimus was approved for the prevention of organ rejec-
tion after KTX in 2010 by the U.S. Food and Drug
Administration (FDA) [18] and in 2003 by the European
Medical Agency (EMEA) for prophylaxis of organ rejection
in adult patients following allogeneic renal or cardiac trans-
plant [19]. In 2012 the EMEA also approved everolimus for
prophylaxis of organ rejection in adult patients following
allogeneic liver transplantation.

Everolimus has also been approved by the FDA and
EMA for the treatment of subependymal giant cell astrocy-
toma associated with tuberous sclerosis in patients who are
assessed as not suitable for surgical intervention (2010) and
for breast cancer treatment in postmenopausal women with
advanced hormone-receptor positive, HER2-negative type
cancer, in conjunction with exemestane (2012). The EMEA
has approved everolimus additionally for “treatment of pa-
tients with advanced renal cell carcinoma whose disease has
progressed on or after treatment with VEGF-targeted treat-
ment” (2009) and for adults with tuberous sclerosis and
renal angiomylipoma (2012).

Sirolimus was approved for combined immunosuppres-
sion after KTX by the FDA in 2006. In Europe, sirolimus
was indicated by the EMEA in 2004 for the prophylaxis of
organ rejection in adult patients who are receiving a renal
transplant and who are at a low-to-moderate immunological
risk. The EMEA recommends “that sirolimus be used initially
in combination with a cyclosporine A (CsA) microemulsion
and corticosteroids for 2 to 3 months. Sirolimus may be
continued as a maintenance therapy with corticosteroids only
if cyclosporine can be progressively discontinued” [19].

There is no approval for either of these substances for
children in organ transplantation. The EMEA has decided on a
mandatory pediatric investigational plan for everolimus.
Therefore, a prospective randomized trial with everolimus

Fig. 1 Chemical Structures of
everolimus and sirolimus
(reproduced from Pascual et al.
[89] with permission)
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was started in pediatric KTX in 2012 and a one-arm prospec-
tive trial in pediatric liver transplantation was started in 2013.

Maintenance therapy

Maintenance therapy with everolimus

The use of everolimus was initially proposed for the long-
term treatment of patients after KTX instead of CNIs, such
as tacrolimus and CsA, to reduce the amount of CNI toxic-
ity. It was speculated that patients with signs of CNI toxicity
in kidney biopsy could benefit from a switch from CNIs to
everolimus. Our own group reported on maintenance thera-
py with everolimus and low-dose CsA in 13 renal transplant
children and adolescents with a mean age of 13 years. These
patients had biopsy-confirmed transplant nephropathy
with a mean decrease in glomerular filtration rate (GFR)
from 55 to 45 mL/min/1.73 m2 within 1 year on CsA+
mycophenolate mofetil and prednisolone combination therapy
[17]. Mycophenolate mofetil was discontinued, the CsA dose
was halved, and the everolimus dose was adjusted to
1.6 mg/m2/day. After 6 months, the mean trough level was
52 ng/L for CsA and 4 ng/mL for everolimus. After 12months,
the GFR showed a slight mean increase to 47mL/min/1.73 m2

which was not statistically significant but led to the conclusion
that GFR stabilized under this regimen. Furthermore, the
switching of patients with a GFR of approximately

<30 mL/min/1.73 m2 onto everolimus and low-dose CsA
did not improve in renal function. No serious adverse drug
reactions or acute rejections occurred. Serum cholesterol and
the albumin-to-creatinine ratio did not increase significantly.

Maintenance therapy with sirolimus

Several studies have been conducted on the switch to a
sirolimus-based therapy in pediatric KTX. The outcomes were
mostly associated with an increase in GFR and an acceptable
number of side effects. These outcomes were observed when
CNI was reduced to 50% [20]. Also, in cases where interstitial
fibrosis and tubular atrophy were detected in kidney biopsies,
a conversion from CNI to sirolimus was found to stabilize
graft function for at least 1 year [21, 22]. In other studies in
which CNI-free immunosuppression was used with a combi-
nation of sirolimus and mycophenolate mofetil, only a select
group of patients with a low amount of proteinuria, tubular
atrophy, good baseline graft function, no acute rejections, and
CNI toxicity benefitted from a switch to sirolimus [23–26].

De novo therapy

De novo therapy with everolimus

Ettenger et al. [27] published results of an open-label mul-
ticenter study with 19 renal transplant recipients (<16 years

Fig. 2 Mechanism of action of mammalian target of rapamycin (mTOR) inhibitors (reproduced from Zuckermann et al. [90] with permission). PSIs
Proliferation signal inhibitors

Pediatr Nephrol (2014) 29:1119–1129 1121



of age) who had received de novo everolimus, CsA, and
steroid treatment for at least 1 year. Of the 19 patients, 15
were followed for an additional 2 years. The mean daily
dose of everolimus was 1.53 mg/m2. CsA was adjusted to a
trough level of 75–150 ng/mL, and the steroid level was
reduced to a low maintenance dose. Three patients had
biopsy-confirmed acute rejection episodes, and four had
chronic allograft nephropathy. One patient lost his graft after
more than 1 year. The survival rate in the extension study
was 100 %. Aside from two incidences of cytomegalovirus
(CMV) infection, two other viral infections developed. Four
patients required the use of HMG-CoA-reductase inhibitors.
The mean serum creatinine concentration after 3 years was
1.1 mg/dL. Therefore, this first long-term prospective study
examining de novo everolimus+CsA treatment demonstrat-
ed good efficacy and safety after pediatric RTX.

Our own group conducted a prospective trial in 20 chil-
dren after KTX who were initially treated with basiliximab,
CsA [with a trough level (C0) of 200–250 ng/mL], and
prednisolone [28]. After 2 weeks, the CsA dose was reduced
to 50 % (C0 75–100 ng/mL), and after 6 months it was
further reduced (C0 50–75 ng/mL). Six months after KTX,
the prednisolone dose was set to alternating doses, and it
was discontinued 3 months later. At 6 months post-KTX, all
20 protocol biopsies showed no acute rejection or borderline
findings. Interstitial fibrosis and tubular atrophy (IF/TA)
were only detected in 2/20 patients. Indication biopsies
showed no acute rejections and only two borderline find-
ings. At 1 year post-KTX, the mean GFR was 71±
25 mL/min/1.73 m2. Without CMV prophylaxis, only two
primary CMV infections were observed, despite a positive
donor/recipient CMV-constellation in 10/20 children.

Analysis of 3 years of cumulative data from this study
[29] revealed no loss of follow-up of graft or patient.
Indication biopsies showed no acute rejection (Banff classi-
fication≥IA). IF/TA was detected in three children. One of
the patients presented with transplant glomerulopathy (C4d
negative) as a sign of chronic humoral rejection, which was
combined with the detection of a donor-specific antibody in
the Luminex assay. At 3 years post-KTX, the mean GFR
rate was 61±27 mL/min/1.73 m2. No cases of post-
transplant lymphoproliferative disease (PTLD) or polyoma-
virus nephropathy were diagnosed. After 3 years, 17 of the
20 patients were still on the original immunosuppressive
regimen. We therefore concluded that this treatment regimen
might be a promising therapy after pediatric KTX. In
October 2012, Novartis (Basel, Switzerland) initiated the
CRADA2314 trial, a worldwide, multicenter, randomized
controlled trial comparing de novo therapy with tacrolimus
and everolimus + prednisolone to a standard therapy with
tacrolimus, steroids and mycophenolate mofetil, in 200 chil-
dren after KTX. Originally, induction with basiliximab was
mandatory, but with a study amendment, the decision on the

use of induction therapy has been left to the participating
center. The results of this trial will hopefully show whether
initial immunosuppression with everolimus and low-dose
CNI is advantageous for children after KTX or not.

De novo therapy with sirolimus

In all drug regimens using sirolimus for initial therapy in
children, sirolimus has been administered in combination
with basiliximab, daclizumab, or antithymocyte globulin
induction in which sirolimus was combined either with a
CNI or with mycophenolate mofetil. In all of the studies, the
number of side effects was acceptable, and graft survival
was good [30–34]. The largest trial with sirolimus in chil-
dren after KTX was carried out by Benfield and Bartosh
[35]. The main goal of this randomized, controlled trial was
to eliminate steroids. One group of patients was treated with
daclizumab, steroids, tacrolimus, and sirolimus, and the
other group was treated with the same regimen but without
steroids. This trial, which used full doses of CNI (trough
levels 175–400 ng/mL first 2 weeks after transplatation,
175–300 ng/mL week 3 to month 3, 50–250 ng/mL after-
wards) and sirolimus (6 mg/m2; trough levels 10–
20 ng/mL), was terminated early after randomization of
131 patients because of an unexpectedly high rate of
PTLD in the intervention group (14 %). These findings were
associated with the known risk factor of the majority of
children with an Epstein–Barr virus (EBV) donor+/recipi-
ent− serostatus. The researchers concluded that steroid elim-
ination was possible with this protocol, but that a
combination of full-dose sirolimus and full-dose tacrolimus
could not be recommended for routine use because of the
side effects. No controlled, randomized, prospective studies
using low-dose sirolimus and low-dose CNI have as yet
been carried out in pediatric renal transplantation patients.

Growth and development

Since mTOR inhibitors are antiproliferative agents, immu-
nosuppression with these drugs might negatively influence
growth. Sirolimus has been demonstrated to inhibit longitu-
dinal growth in fast-growing rats [36] and to decrease en-
dochondral bone growth [37]. In one case report, a girl
stopped growing after being switched from CsA to sirolimus
[38]. In one study involving conversion to sirolimus, no
difference in height standard deviation score levels was
observed [39]. Two other trials showed impaired growth
[40, 41]. Good growth was observed in the largest trial using
sirolimus in which there was a greater standardized height
velocity in the steroid-free group, which received sirolimus,
than in the control group [35]. The longest trial using
everolimus showed no evidence of impaired growth [28,
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29]. A matched pairs study that compared children treated
with everolimus and low-dose CsA also showed no signif-
icant difference in growth (our data, not yet published).

Sex hormones

Sex hormone levels were normal in the two everolimus
studies conducted to date [28, 29]. Regarding sirolimus,
three studies showed a dose-dependent decrease in testos-
terone levels after the switch, resulting in suppressed levels
of testosterone in some adolescents [41–44] that was asso-
ciated with an increase in luteinizing hormone. This effect
has also been shown in heart transplantation [45]. In rats,
this negative effect was shown to be reversible after with-
drawal of sirolimus medication [46]. Based on these find-
ings, regular assessment of sex hormones is advocated and
would seem advisable in cases involving changes, dose
reduction, or discontinuation of the mTOR inhibitor.

Potential advantages of the use of mTOR inhibitors

Therapy with mTOR inhibitors has a number of potential
advantages, since the possibility of minimizing the dosage
of CNIs may lead to less CNI nephrotoxicity. The use of
mTOR inhibitors might also enable early steroid withdrawal
and thereby possibly improve growth and reduce the side
effects of steroid treatment. These results were partially
demonstrated in a randomized trial that unfortunately had
to be discontinued due to the incidence of PTLD, presum-
ably from overimmunosuppression [35]. Therefore, no final
conclusions as to whether a combination of sirolimus and
low-dose-CNI is a secure treatment without corticosteroids
can be drawn. In trials with early steroid withdrawal in
combination with everolimus therapy the patients showed
similar growth as those in other trials with non-mTOR
immunosuppression [2, 4]. The antiproliferative effect of
mTOR inhibitors might reduce the risks of malignancy
(mainly the incidence of PTLD) and reduce the incidence
of viral infections, such as CMV or BK polyomavirus in-
fections. These effects have been partially shown in adult
studies [47, 48]. Studies have also demonstrated that the
incidence of CMV infections is lower if patients are treated
with an mTOR inhibitor [49]. Treatment with an mTOR
inhibitor might decrease the need for nephrotoxic,
myelotoxic, and expensive antiviral medications, such as
valganciclovir. Additionally, CMV infections have a nega-
tive impact on graft survival, so a reduction in CMV in-
fections is expected to lead to better long-term graft
function. This positive effect on viral infections occurs only
if the overall immunosuppression is low. When full-dose
CNI and sirolimus are used, an increased incidence of PTLD

has been demonstrated [33]. A conversion to sirolimus
[50–53] and everolimus [54] has been shown to improve
the course of PTLD in adults, as well as in children with
sirolimus after liver transplantation [55]. Long-term results
of larger studies are necessary to demonstrate whether
mTOR inhibitors have a positive influence on the develop-
ment of PTLD in children.

Side effects

Hyperlipidemia

Hyperlipidemia has been reported in most of the pediatric
trials using mTOR inhibitors. The concentrations of triglyc-
erides, low-density lipoprotein cholesterol, and high-density
lipoprotein cholesterol increase in association with the
mTOR inhibitor dose [56]. In the everolimus conversion
and initial therapy studies, in which a low dose of
everolimus was used, cholesterol values increased only
gradually [12, 16, 17, 27–29]. In studies using sirolimus,
hyperlipidemia was detected in approximately 10–60 % of
the children [15, 25, 33, 57, 58], with maximum detection
early after transplantation [25]. A substantial number of
patients in these trials had to be treated with HMG-CoA-
reductase inhibitors. The effect seems to be dose-dependent,
and the influence on long-term complications remains
unclear.

Proteinuria

Whereas no significant albuminuria was detected in any of
the pediatric everolimus studies (that used a combination of
low-dose everolimus and low-dose CNI) [12, 16, 17, 26,
27], studies with sirolimus did show an increase in albumin-
uria [59]. This side effect was mainly observed after CNI
elimination, but not in patients receiving a combination of
CNI and sirolimus. Thus, it may not be sirolimus itself but
CNI elimination that causes the increase in proteinuria.
Interestingly, this possibility is supported by the observation
that when the same dose of sirolimus was used and CNI was
re-introduced into the therapeutic regimen, proteinuria was
once again lowered [60]. However, pre-existing proteinuria
could be worsened after the introduction of mTOR in-
hibitors and therefore be a limitation for its use, even in
combination with a CNI. It has been shown that mTOR
inhibitors decrease the production of vascular endotheli-
al growth factor (VEGF) [61] and block VEGF signal-
ing pathways [62] in the podocyte and thereby may lead
to albuminuria. Additionally, it is hypothesized that
mTOR inhibitors can induce proximal tubular epithelial
cell dysfunction and reduce receptor-mediated albumin
uptake [63].
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Wound healing

Wound healing problems have been reported with both
compounds. With respect to everolimus, this problem was
primarily described when everolimus therapy was initiated
directly after transplantation [28]. Consequently, several tri-
als examining the use of everolimus delayed the introduc-
tion of the mTOR inhibitor for 2–4 weeks after KTX. The
same is true for the use of sirolimus [51, 64, 65]. The
antiproliferative effect of mTOR inhibitors is believed to
be responsible for these findings. Since there are also other
studies in adults in which no influence of mTOR inhibitors
on wound healing was observed [66], it remains unclear
whether mTOR inhibitors affect wound healing or not.
The problem of wound healing may be dosage related as
the first studies that reported these effects administered
mTOR inhibitors at very high doses.

Other side effects

Aphtous ulcers and herpetic lesions are seen quite often, but
these are transient in most children and do not require any
dose reduction of mTOR inhibitors. Interstitial pneumonia
caused by Pneumocystis carinii pneumonia (PCP) or other
microorganisms has been diagnosed in some patients, mainly
under high doses. Therefore PCP-prophylaxis is recommended
when mTOR inhibitors are used. In the case of a diagnosis of
interstitial pneumonia, the dose of the mTOR inhibitor should
be significantly reduced or therapy with the agent should be
discontinued.

Hematologic abnormalities, such as anemia and throm-
bocytopenia, occur due to the antiproliferative effects of
mTOR-inhibitors. In some children erythropoetin stimulating
agents have to be administered. Platelet count has to be taken
into consideration before surgery.

Several other less common side effects of mTOR inhibitors
have been described, including lymphedema, nail disorders
(e.g.,paronychia), acne, constipation, bleeding, glucose intol-
erance, and thrombotic microangiopathy.

Combination with other immunosuppressive drugs

Everolimus is only approved in combination with a low-
dose CNI. Also, all pediatric studies involving conversion to
mTOR inhibitors or initial use of these drugs have been
conducted in combination with low-dose CsA or low-dose
tacrolimus. Studies using everolimus in combination with
mycophenolatemofetil have only been carried out in adults [67].

In contrast, most of the sirolimus studies in children were
carried out with the aim to eliminate CNI [15, 22–24, 33,
51–58]. This aim was associated with a need for a higher
sirolimus dosing; consequently, there were a higher number

of side effects. The historic focus on the use of sirolimus
without CNI might be explained by the negative effects of
an interaction between this drug and CsA [14, 21, 30], as
well as early reports of increased nephrotoxicity when full-
dose sirolimus was combined with a CNI in adults.

The differences between the immunosuppressive combi-
nations of everolimus and sirolimus make it quite difficult to
compare the two drugs. Two factors may explain these
differences. First, most studies on sirolimus were carried
out several years before the studies on everolimus started,
so the design of the everolimus trials benefitted from the
experiences of the sirolimus trials. Secondly, most studies
on sirolimus were carried out in North America, whereas the
everolimus studies were mainly conducted in Europe.
Traditionally, there are some differences in the use of immu-
nosuppressants between North America and Europe.

Dosing

Sirolimus and everolimus have significant pharmacokinetic
differences; however, both substances are chemically quite
similar. Sirolimus was isolated from Streptomyces
hygroscopicus. Interestingly, its structure is related to that
of tacrolimus, an isolate of a Japanese Streptomyces sub-
group, but it has a completely different mode of immuno-
suppressive action. Everolimus is the synthetic 40-O-(2-
hydroxyethyl) derivative of sirolimus. The drugs are mainly
hepatically eliminated by the cytochrome P 450 isoenzyme
3A4 and then by the multidrug transporter p-glycoprotein
via the gut [68, 69]. Both mTOR inhibitors have known
interactions with other drugs, including antibiotics,
antiepilieptics, and antifungals (Table 1). The therapeutic
windows of both substances are narrow, yet there is signif-
icant intra- and interindividual variability in their pharma-
cokinetics. Therefore, therapeutic drug monitoring by liquid
chromatography with tandem mass spectrometry (LC-
MS/MS) is highly recommended. Sirolimus has a more
age-dependent half-life than everolimus; however, in chil-
dren, twice-daily dosing of both substances corrected to
body surface area is recommended [16, 21, 30], whereas in
adolescents, sirolimus can also be administered once daily,
as in adults [69]. The exact age of a switch to once-daily
dosing is different in the publications cited. It is
recommended that the treating physician delay the switch
until adolescence. Because of the long half-life of sirolimus,
in fact no real “trough levels” but steady state levels are
measured in older children. This makes sirolimus therapy
more forgiving when doses are not administered according
to the time schedule and might make it a more appropriate
drug for adolescents.

If sirolimus is used in combination with a CNI,
several aspects of the treatment must be taken into
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account. If both medications are used in standard doses,
overimmunosuppression might occur and lead to a higher
number of PTLDs and viral infections [15, 34, 35]. Therefore,
the aim in long-term use should be lower trough levels, such as
2–4 ng/mL tacrolimus, 30–50 ng/mL CsA, and 4–5 ng/mL
sirolimus. It is important to recognize that sirolimus can in-
crease tacrolimus clearance in children leading to lower trough
levels [70]. CsA exposure is not altered by sirolimus [71, 72].
Tacrolimus only slightly decreases sirolimus clearance, whereas
CsA is responsible for a significantly higher sirolimus metabo-
lism in children [30]. This is in contrast to findings in adults,
where the half-life of sirolimus is prolonged by CsA [73].

Interestingly, sirolimus levels significantly decrease in children
if administered at the same time as CsA [16, 72], but not when
sirolimus is administered 4 hours after CsA. However, separate
dosing is very impractical in routine use [16]. In contrast to
CsA, tacrolimus alters sirolimus exposure only marginally [74].
Since these interactions with CNI change when CNI is reduced
or eliminated, individualized dosing and therapeutic drug mon-
itoring are important when sirolimus is used. In combination
with mycophenolate mofetil, no significant drug interactions
have been reported.

Everolimus also inhibits clearance of CsA and vice versa,
since the same pathway is used for elimination. Therefore,

Table 1 Medications with important drug interactions with mammalian target of rapamycin inhibitors and therapeutic consequencesa

ACE inhibitors: mTOR inhibitors may enhance the adverse/toxic effect of ACE Inhibitors. Specifically, the risk of angioedema may be increased.
Risk C: Monitor therapy

Clozapine: Myelosuppressive agents may enhance the adverse/toxic effect of clozapine. Specifically, the risk for agranulocytosis may be increased.
Risk X: Avoid combination

CYP3A4 inducers (i.e., phenobarbital, carbamezepine, phenytoine, oxcarbazepine, rifampicin, rifabutin): May decrease the serum concentration of
mTOR inhibitors. Management: Avoid concurrent use of strong CYP3A4 inducers, but if strong CYP3A4 inducers cannot be avoided, consider
gradually increasing the mTOR inhibitor dose. Risk X: Avoid combination

CYP3A4 inhibitors (i.e., protease inhibitors, erythromycin, clarithromycin, ketoconazole, itraconazole, fluconazole, verapamil, diltiazem): May
increase the serum concentration of mTOR inhibitors. Risk X: Avoid combination

Dasatinib: May increase the serum concentration of CYP3A4 Substrates. Risk C: Monitor therapy

Deferasirox: May decrease the serum concentration of CYP3A4 substrates. Risk C: Monitor therapy

Denosumab: May enhance the adverse/toxic effect of immunosuppressants. Specifically, the risk for serious infections may be increased. Risk C:
Monitor therapy

Echinacea: May diminish the therapeutic effect of immunosuppressants. Risk D: Consider therapy modification

Efavirenz: May decrease the serum concentration of mTOR-inhibitors. Management: Closely monitor mTOR inhibitor serum concentrations when
starting, stopping, or changing doses of efavirenz, particularly during the first 2 weeks after any change. Dose adjustment of mTOR inhibitors
may be required. Risk D: Consider therapy modification

Grapefruit juice: May increase the serum concentration of mTOR-inhibitors. Risk X: Avoid combination

Ivacaftor: May increase the serum concentration of CYP3A4 substrates. Risk C: Monitor therapy

Leflunomide: Immunosuppressants may enhance the adverse/toxic effect of leflunomide. Specifically, the risk for hematologic toxicity such as
pancytopenia, agranulocytosis, and/or thrombocytopenia may be increased. Management: Consider not using a leflunomide loading dose in
patients receiving other immunosuppressants. Patients receiving both leflunomide and another immunosuppressant should be monitored for bone
marrow suppression at least monthly. Risk D: Consider therapy modification

Mifepristone: May increase the serum concentration of CYP3A4 substrates. Management: Minimize doses of CYP3A4 substrates, and monitor for
increased concentrations/toxicity, during and 2 weeks following treatment with mifepristone. Avoid cyclosporine, dihydroergotamine,
ergotamine, fentanyl, pimozide, quinidine, sirolimus, and tacrolimus. Risk D: Consider therapy modification

Natalizumab: Immunosuppressants may enhance the adverse/toxic effect of natalizumab. Specifically, the risk of concurrent infection may be
increased. Risk X: Avoid combination

Pimecrolimus: May enhance the adverse/toxic effect of immunosuppressants. Risk X: Avoid combination

Roflumilast: May enhance the immunosuppressive effect of immunosuppressants. Risk D: Consider therapy modification

St Johns wort: May decrease the serum concentration of mTOR inhibitors. Management: Concurrent use of mTOR-inhibitors with St Johns wort is
not recommended. Risk X: Avoid combination

Tacrolimus (topical): May enhance the adverse/toxic effect of immunosuppressants. Risk X: Avoid combination

Tocilizumab: May decrease the serum concentration of CYP3A4 substrates. Risk C: Monitor therapy

Tofacitinib: Immunosuppressants may enhance the immunosuppressive effect of tofacitinib. Management: Concurrent use with antirheumatic doses
of methotrexate or other non-disease modifying antirheumatic drugs is permitted, and this warning seems to particularly focused on more potent
immunosuppressants. Risk X: Avoid combination

Trastuzumab: May enhance the neutropenic effect of Immunosuppressants. Risk C: Monitor therapy

ACE, Angiotensin-converting enzyme; mTOR, mammalian target of rapamycin; CYP, cytochrome P450
a Reproduced from Lexicomp, Inc. [91, 92] with permission
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lower doses of everolimus and CsA should be administered
when these substances are used in combination [74]. If
everolimus is used in combination with mycophenolate
mofetil or tacrolimus, these interactions do not occur.
Therefore, the doses of everolimus administered in combi-
nation with mycophenolate mofetil or tacrolimus are ap-
proximately double those used in combination with CsA
[75]. One study reported that tacrolimus exposure is reduced
by everolimus [76].

The gold standard for drug monitoring of both mTOR
inhibitors is liquid chromatography/mass spectrometry
(LC/MS). This method is used routinely in most laborato-
ries. However, a chemiluminescent microparticle immuno-
assay (CMIA) on the Architect® analyzer for measuring
sirolimus levels is also available. This assay has a bias of
+15–20 % [77] and can also be used for the measurement of
everolimus levels due to the similarity of both substances,
but also with a significant bias as compared to LC/MS [78].

Table 1 lists the reported drug interactions that have
to be taken into account when prescribing sirolimus and
everolimus.

Comparison between everolimus and sirolimus

As described above, a comparison between sirolimus and
everolimus is complicated by the different context in which
these drugs have been administered in their respective stud-
ies. Unfortunately, no head-to-head trials that directly com-
pare both substances in a similar setting have been carried
out in adults or children. However, some aspects may be
considered from the results of studies in adults. Practical
experience with everolimus and sirolimus has revealed that
there are a number of special benefits to using everolimus in
terms of its side-effect profile that appears to be less severe,
since it is associated with a lower incidence of hyperlipid-
emia [17], fewer instances of de novo proteinuria, a lower
rate of wound healing disorders [64], less pneumonitis [16],
better controllability because of its shorter serum half-life,
and simultaneous use with CNI without a time interval
between doses.

mTOR inhibitors and adaptive immunity / tolerance

Mammalian target of rapamycin is involved in adaptive
immunity, including T-cell differentiation into effector or
regulatory T cells [79–83]. T-cell/dendritic cell interaction
activates mTOR in a dose- and time-dependent manner [84].
In CD4 T cells, mTOR integrates signals from immune
activation, metabolic cues, and environmental stimuli.
mTOR mediates response to cytokines [83], and recent
experiments with genetically modified animals have shown

that mTORC1 is essential for Th1 and Th17 differentiation,
whereas mTORC2 is involved in Th2 differentiation [82,
83]. Finally, PIK3/AKT seems to negatively regulate FoxP3
expression via mTORC1, and inhibition of mTOR thereby
leads to the generation or expansion of regulatory T cells
[80, 85, 86]. It is speculated that this increase of regulatory
T cells might lead to operational tolerance. Proliferation of T
cells is also affected. The TSC1 complex, which negatively
controls mTORC1, maintains quiescence of T cells or NK
cells [82]. The mTOR pathway is a major regulator of
memory CD8 cells. Inhibition of mTOR by sirolimus alters
the process of short-lived and memory effector cells [83]
and provides the signal for CD8 T cell expansion [87, 88].
This might be the explanation for a better replication of
virus-specific CD8 cells and thereby for the lower incidence
of viral infections under mTOR inhibitor therapy.

Conclusion

Mammalian target of rapamycin (mTOR) inhibitors can
safely be used after pediatric KTX as an initial immunosup-
pressive therapy or for a switch in immunosuppressive
therapy in cases of clinical need. However, the question of
impaired wound healing is not yet finally answered. The use
of mTOR inhibitors with reduced doses of CNIs may be
advisable in patients with slowly decreasing renal function
as a means of reducing CNI toxicity. Its use in well-
advanced renal insufficiency (GFR<30 ml/min/1.73m2)
does not provide any benefit for the patients. In some
patients with long-term CNI toxicity, CNI-free immunosup-
pression using mTOR inhibitors with mycophenolate
mofetil may be advisable. The risk of CMV and EBV in-
fections is lower than in standard protocols, which may
benefit patients. mTOR inhibitors may reduce CNI toxicity
in all pediatric solid organ transplants, and by means of
steroid reduction/withdrawal they may also improve long-
term growth and reduce steroid side effects. The number of
side effects of mTOR inhibitors is acceptable in our experi-
ence if the right mode of dosing and continuous drug mon-
itoring are used. Everolimus may have some advantages
over sirolimus. The first small de novo trials in KTX with
both mTOR inhibitors have had encouraging results if care
is taken to avoid overimmunosuppression. Long-term
results and additional prospective, randomized trials are
needed, and one is presently being conducted. The re-
sults of these trials must be awaited before final con-
clusions on the use of mTOR inhibitors in children after
KTX can be drawn.
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