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Abstract: Background: mTOR-Is positively influence the occurrence and course of cer-
tain tumors after solid organ transplantation. mTOR-inhibitor (mTOR-I) treatment, either
alone or in combination with Calcineurininhibitors (CNIs), significantly reduces the in-
cidence of malignancies after organ transplantation. However, there is no information
on which mTOR-I, Sirolimus (SIR) or Everolimus (ERL), has a stronger anti-tumoral ef-
fect. Methods: The current literature was searched for prospective randomized controlled
trials in renal transplantation. There were 1.164 trials screened, of which 20 could be
included (7465 patients). We performed a network meta-analysis to analyze the relative
risk of different types of mTOR-I compared to CNI treatment on malignancies after trans-
plantation. A minimum follow-up of 24 months was mandatory for inclusion. Results:
Four different types of mTOR-I treatment were analyzed in network meta-analyses—SIR
mono, ERL mono, SIR with CNI, and ERL with CNI. The average follow-up of all trials was
43.8 months. All four different mTOR-I regimes showed a significant reduced relative risk
for malignancies compared to a regular CNI-treatment with the strongest effect under SIR
in combination with a CNI (RR 0.23, CI 0.09–0.55, p = 0.001). This effect remained consistent
for all tumor entities except non-melanoma skin cancer (RR 0.25, CI 0.07–0.90, p = 0.033).
Conclusions: It is well known that an mTOR-I based treatment in transplant patients
reduces the risk of tumor manifestation in comparison to CNI treatment. A combination of
SIR and CNI seems to be the most potent mTOR-I therapy against malignancies.

Keywords: kidney transplantation; malignancy; mTOR-inhibitor

1. Introduction
Kidney transplantation remains the best treatment option for patients with end-stage

renal failure and shows a better outcome than long-term dialysis. The introduction of
potent immunosuppressants facilitated the clinical success of organ transplantations. Nev-
ertheless, side effects of immunosuppressant therapy and graft loss still remain a problem.
According to an USRDS-based analysis, around 15.6% of kidney transplant recipients pass
away within the first three years after transplantation. Of these, 76.3% have a functioning
graft, which accounts for 46.8% of all graft losses [1]. Most of these patients die of cardio-
vascular problems, followed by infections and malignancy. In transplanted patients, tumor
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diseases are the third most frequent reason for death with a functioning graft. Compared
to the general population, the incidence of malignancies is about 2 to 4 times higher and
shows an increase over time [2–4]. Contributing to just 3.6% of deaths with a functioning
graft in the first year after transplantation, this figure rises to 16% between 2 and 5 years
post-transplantation, nearing the rate of infections [5]. The progression of malignancies
with concomitant immunosuppressive therapy is also more severe than without immuno-
suppression. For instance, the 5-year survival of patients with kidney transplant with
colorectal cancer is 27%, as opposed to 75% in the normal population [6].

The most common tumors under immunosuppression are skin cancer as NMSC. Also,
malignancies related to viral infections, e.g., Kaposi sarcoma, lymphomas, and cancer of
the anus and vulva, have a particularly high incidence, whereas the risk of developing
infection-unrelated tumors such as colon carcinoma, prostate cancer, etc., is only slightly
increased [7–9]. Kidney cancer incidence is particularly increased in patients following
kidney transplantation, as is liver cancer in patients with liver transplantation [10]. In
addition, the type of immunosuppressant used influences the incidence of malignancies.
Azathioprine and CNIs especially are confirmed to increase the incidence of certain cancers.
Cyclosporin A (CsA) has even been classified as a carcinogenic drug by the International
Agency for Research on Cancer [11,12].

In contrast, many studies have now demonstrated a reduction in the incidence of de
novo malignancies with the use of mTOR-Is. The effect is apparent soon after transplanta-
tion, and seems to affect malignancies of different origin, but is particularly evident in the
incidence and recurrence of skin tumors. This effect is also present under a combination
therapy of an mTOR-I with a CNI and in other “non-skin” tumors [13].

However, it is not yet clear which mTOR-I (SIR vs. ERL) has the strongest anti-tumoral
effect. As most randomized controlled trials are focused on only one of these two mTOR-Is,
we collected data on the incidence of malignancies and tried to estimate the anti-tumoral
effect of each mTOR-I using network metanalyses.

2. Materials and Methods
This is a network meta-analysis investigating the effects of two different mTOR-Is

(SIR or ERL, monotherapy or in combination with CNI) compared to CNI treatment from
randomized clinical trials (RCTs) on the incidence of post-transplant malignancies. This
meta-analysis follows the reporting guidelines outlined in the Preferred Reporting Items
for Meta-Analyses (PRISMA-NMA) (Supplementary Material File S1) [14].

2.1. Identification of the Eligibility Trials

The literature search was limited to prospective randomized controlled trials on
kidney transplantation, excluding retrospective studies. Full-text articles were retrieved
from PubMed (http://www.ncbi.nlm.nih.gov, accessed on 1 January 2021), ScienceDirect
(http://www.sciencedirect.com, accessed on 1 January 2021), and the Cochrane Central Reg-
ister of Controlled Trials (http://www.mrw.interscience.wiley.com/cochrane/cochrane_
clcentral_articles_fs.html, accessed on 1 January 2021) up to December 2020. The search
utilized highly sensitive strategies for identifying eligible trials, combined with the follow-
ing MeSH terms: (mTOR-inhibitor OR sirolimus OR everolimus) AND transplant AND
(kidney OR renal).

2.2. Eligibility Criteria

Only prospective randomized renal transplantation trials with de novo kidney trans-
plants were included, starting from 2004. A mandatory requirement for inclusion was
that at least two treatment arms were investigated in these trials. One arm consisted of

http://www.ncbi.nlm.nih.gov
http://www.sciencedirect.com
http://www.mrw.interscience.wiley.com/cochrane/cochrane_clcentral_articles_fs.html
http://www.mrw.interscience.wiley.com/cochrane/cochrane_clcentral_articles_fs.html
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an mTOR-I-based immunosuppression regimen (SIR or ERL), either with or without a
CNI, while the second arm involved an mTOR-I-free, CNI-based immunosuppression
regimen. mTOR-I introduction had to be de novo or within 6 months after transplantation.
The selected trials were screened for data on post-transplant malignancy with at least a
minimum follow-up of 24 months after transplantation. Information was summarized
if several publications showed the same cohort of patients. Two independent reviewers
conducted the screening and inclusion of articles.

2.3. Data Synthesis and Statistical Analysis

The clinical trials included in the analysis are qualitatively summarized in tables,
detailing the direct and indirect comparisons.

We calculated relative risks (RRs) for the long-term incidence of malignancy (minimum
24 months) after transplantation, comparing CNI- and mTOR-I-based immunosuppression,
to synthesize the available evidence. Analysis was made for all types of malignancies
(NMSC included) and in a separate analysis for malignancies with NMSCs excluded. To
account for potential heterogeneity, we conducted a random effects network meta-analysis
to assess the relative treatment effect of the various immunosuppressants.

The method of the network analysis was performed as shown in the previous work of
our research group on CMV-infections [15]. In addition to regular meta-analysis with direct
comparisons of two trials (A vs. B), a network analysis can calculate indirect comparisons
of several trials with one common treatment arm (A vs. C, using trials comparing A vs. B
and B vs. C). Standard errors were calculated based on the incidence rates and the number
of patients in each group. The meta-analysis was conducted using statistical software
package R (version 4.3.1) with the netmeta package (version 4.15-1) [16]. p-values less than
0.05 were regarded as significant, and all confidence limits were calculated at the 95% level.

A network geometry graph was used for a visualization of the evidence in the network.
To display the network, it is created in the plane. The nodes in the graph represent the
various treatments, while the edges indicate the treatment comparisons that were evaluated.
The thickness edges directly correlate with the number of trials and the number of patients
included in the trials, which directly compare the four linked treatments.

Results of the network analysis are shown as estimates of the RRs. The results are
visualized in a forest plot, arranged to reflect the treatment rankings based on the analysis.

Within-design heterogeneity was evaluated using Cochran’s Q test and Higgins’ I2

statistics [17]. Based on the I2 values, heterogeneity will be classified as not important
(0% to 40%), moderate (30% to 60%), substantial (50% to 90%), or considerable (75% to
100%) [18]. Evaluation of potential statistical significance of between-design inconsistency
was made using the Q statistic and corresponding tests.

2.4. Data Extraction and Methodologic Quality

Two independent reviewers collected the following data from eligible articles: total
included patients, number of patients per treatment arm, type of transplanted organ,
induction therapy, type and dosage of mTOR-I and CNI, timing of initiation of the mTOR-I
treatment post-transplantation, trough levels, follow-up period, description and incidence
of events of overall malignancies, and NMSCs long-term (minimum 24 month follow-
up) post-transplantation, as well as statistical analysis on post-transplant malignancies
associated with mTOR-Is and CNIs, both individually and in combination.

Three reviewers assessed the methodological quality using the Cochrane Collaboration
tool and intention to treat (ITT) analysis [19,20].
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3. Results
3.1. Included Trials

There were 1164 results in the initial literature search. Out of these, 20 trials were in
accordance with the inclusion criteria. Thus, 7465 patients were included in total (Figure 1).
The number of patients in the studies ranged from a minimum of 52 to a maximum of
2026. The average follow-up of all trials was 43.8 months (median 36 months). Of these
trials, 9 RCTs used Sirolimus (SRL, Table S1, Supplementary Data) and 11 Everolimus (ERL,
Table S2, Supplementary Data) as the mTOR-I. In the majority of cases, initiation of the
mTOR-I was de novo or very early (within the first month; 12 trials, 60%). As an induction
therapy, most of the trials employed either monoclonal or polyclonal antibodies (18 trials,
90%). Dosing of the mTOR-Is was slightly different between groups, with lower mTOR-I
drug levels if used as a combination therapy with CNI. Drug levels for SIR monotherapy
were 10–15 ng/mL (minimum and maximum of all trials) in the first 3 months, with a
reduction afterwards to 5–10 ng/mL, in comparison to drug levels from 3 to 10 ng/mL in
the SIR + CNI group. ERL monotherapy showed overall drug levels of 3–12 ng/mL, and
the combination therapy 5–10 ng/mL.
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(n=1164)
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(n=9)

ERL vs. CNI
(n=11)

Reasons for exclusion:
• Duplicates
• No data on malignancy
• Retrospective analysis
• Low methodologic quality
• Introductiong mTOR-I > 6 months after Tx
• No longterm data on malignancy
• No kidney transplantation

SIR mono vs. CNI
(n=7)

SIR + CNI vs. CNI
(n=2)

ERL mono vs. CNI
(n=5)

ERL + CNI vs. CNI
(n=6)

Full-text articles assessed for eligibility
(n=82)

Studies included in qualitative synthesis
(n=35)

Studies included in quantitative synthesis 
(network meta-analysis)

(n=20, pts.: 7465)

Figure 1. Flow chart of the selection of articles.

Among the RCTs using SIR, 7 compared SIR monotherapy and 2 compared the combi-
nation of SIR and CNI against a CNI treatment. For ERL, 5 trials compared monotherapy,
while 6 trials compared the combination of ERL and CNI with CNI.



Transplantology 2025, 6, 2 5 of 11

The included trials all showed data on the overall incidence of malignancies long-
term post-transplantation. Of the 20 trials, only 13 (65%) showed data on the incidence of
malignancies without NMSCs. The network graphs show the geometry of the two different
treatment networks (Figure 2).
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3.2. Methodologic Quality

All 20 RCTs were evaluated to have good methodological quality based on the
Cochrane Collaboration tool (File S1, Supplementary Data). An ITT approach was em-
ployed in nearly all of the RCTs to analyze the data (19/20, 95%).

3.3. Incidence of Overall Malignancy Long-Term Post-Tx

All mTOR-Is were able to significantly reduce the relative risk for malignancy (NMSC
included) compared to standard CNI treatment, as demonstrated in the network meta-
analysis with random-effects. The combination therapy of SIR and CNI showed the
strongest antitumoral effect of all analyzed treatments (RR 0.23, 95% CI [0.09, 0.55];
two RCTs). All other mTOR-I treatment regimens also displayed a significant reduc-
tion in relative risks (SIR monotherapy—seven RCTs; ERL monotherapy—five RCTs;
ERL + CNI—six RCTs) (Figure 3).
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Figure 3. Forest plot showing the relative risks (RRs) of the incidence of overall malignancies (NMSC
included) for the four mTOR-I vs. CNI treatment options after transplantation.

There was no within-design heterogeneity detected in the model (I2 = 0% [0.0%; 50.0%],
not significant (n.s.)). The network estimates between groups are shown in the net league
table (Table 1).



Transplantology 2025, 6, 2 6 of 11

Table 1. Overall malignancy (NMSC included). League table showing RRs and confidence interval.

ERL
0.94
(0.59; 1.50)

ERL
combination . .

1.04
(0.57; 1.89)

1.10
(0.67; 1.81) SIR . .

4.40
(1.82; 10.67)

3.11
(1.25; 7.74)

2.82
(1.05; 7.59)

SIR
combination .

0.66
(0.44; 0.99)

0.71
(0.56; 0.88)

0.64
(0.41; 1.00)

0.23
(0.09; 0.55) Control

3.4. Incidence of Malignancy Without NMSCs Long-Term Post-Tx

The network meta-analysis with random effects showed that SIR-based immunosup-
pression compared to CNI could still significantly reduce the risk for malignancy when
NMSCs were excluded (SIR + CNI − RR 0.25, 95% CI [0.07, 0.90]; two RCTs). Although
the remaining mTOR-I treatment options were able to reduce the risk for malignancy, this
effect was not significant (SIR monotherapy—six RCTs; ERL monotherapy—three RCTs;
ERL + CNI—two RCTs) (Figure 4).
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Figure 4. Forest plot showing the relative risks (RRs) of the incidence of overall malignancies without
NMSCs on the four analyzed mTOR-I vs. CNI treatment options after transplantation.

A non-significant within-design heterogeneity was observed in the model (I2 = 29.2%
[0.0%; 66.1%], n.s.). The network estimates between groups are shown in the net league
table (Table 2).

Table 2. Malignancy without NMSC. League table showing RRs and confidence interval.

ERL
1.19
(0.19; 7.62)

ERL
combination

1.72
(0.27; 10.77)

1.44
(0.46; 4.53) SIR

3.22
(0.40; 25.97)

2.70
(0.59; 12.28)

1.88
(0.42; 8.36)

SIR
combination

0.81
(0.16; 4.27)

0.68
(0.30; 1.57)

0.47
(0.22; 1.05)

0.25
(0.07; 0.90) Control

4. Discussion
This systematic review examines the impact of mTOR-Is compared to CNIs on malig-

nancy following kidney transplantation. A network meta-analysis was used to estimate the
antitumoral effect of four different mTOR-I-based regimens. This analysis included data of
20 RCTs involving 7465 patients in total, making it the largest study of its kind on this topic.
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The longer immunosuppressants are used, the higher the risk of developing tumors. Thus,
only long-term RCTs with a minimum follow up more than 24 months after transplantation
were included.

Former reports have confirmed that mTOR-Is can reduce the incidence for malignancy.
This effect has been shown, especially for NMSCs, multiple times [21–23]. The results of this
network meta-analysis align with these studies, demonstrating that all mTOR-Is regimens
provide a benefit in reducing the incidence of malignancy, including NMSCs. Clinical trials
directly comparing SIR with ERL are missing, and to the best of our knowledge, none are
currently being implemented. By using the statistical method of network analysis, we could
show that the lowest relative risk for malignancy is under the combination therapy of SIR
and CNI (RR 0.23). Monotherapy with SIR was also favorable compared to CNI (RR 0.64).
Also, monotherapy of ERL (RR 0.66) and a combination of ERL and CNI (RR 0.71) showed
significantly reduced relative risks for malignancy compared to CNI.

SIR (Rapamune) is produced from Streptomyces hygroscopicus as a macrolide antibiotic.
With an additional hydroxyethyl group at the C (40), ERL (Certican) is a derivative of
SIR. Both SIR and ERL bind to the same intracellular immunophilin (FKBP12) as TAC.
However, rather than inhibiting calcineurin, the drug–receptor complex in this case binds to
proteins called “mammalian targets of rapamycin” (mTOR). This leads to cell cycle arrest by
inhibiting a multifunctional serine-threonine kinase, which in turn prevents both DNA and
protein synthesis [24]. In comparison to SIR, ERL exhibits distinct tissue and subcellular
distribution, varying affinities for active drug transporters and drug metabolizing enzymes,
and a considerably higher potency in terms of interacting with the mTOR complex 2
(mTORC2) [25].

The antitumoral effect of mTOR-I can be explained by the following mechanisms:
1. An increase in E-cadherin promotes cellular junctions and thereby prevents tumor cell
migration. 2. The increase in p-27kip-1 kinase inhibits cyclins, which are required for the cell
cycle. 3. Reduction of IL-10 inhibits the Janus kinase transmitter, Jak-Stat transcription and
cell growth. 4. Inhibition of mTOR serine-threonine-kinase decreases the proliferation of
endothelial and smooth muscle cells (angiogenesis), T lymphocytes (anti-rejection activity),
and neoplastic cells [26,27].

Why the combination of SIR and CNI and a therapy with SIR in general is favorable
against the other regimens in our analysis, and which molecular mechanism underlies this
difference, remain unknown. One reason for this could be that only two RCTs with the
combination therapy of SIR and CNI showed results on malignancy, and thus could be
included in this network analysis [28–31]. Both trials used induction therapy and mTOR-Is
de novo. Because of this, the trial conducted by Kumar et al. had a very long follow-up of
96 months [30,31]. This could have led to a stronger antitumoral effect of the combination
of SIR and CNI. Also, both studies had an early complete withdrawal of the additional
corticosteroid medication. Using the combination, mTOR-I and CNI trough levels are
substantially reduced. There is evidence that a reduction in immunosuppression may be
an effective adjuvant therapeutic strategy in the case of malignancy [32].

Another indirect effect on tumor development can be the reduction in oncogenic
viruses under a combination therapy of mTOR-I and CNI [15,33], which could have led to
fewer malignancies in these RCTs.

Even though the anti-tumoral effect of the mTOR-Is seems to be especially potent
against NMSCs, we and others have already shown that mTOR-Is also have a certain anti-
tumor effect against other tumors [13,26,34,35]. The predominant part of the anti-tumor
effect remained present even when administered in combination with a CNI [13]. We also
tried to address the important question of whether patients under mTOR-I benefit regarding
the incidence of tumors other than NMSCs. This beneficial effect could be confirmed in this
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new network analysis, with a significant risk reduction only for the combination of SIR and
CNI (RR 0.25).

A large metanalysis with 21 included RCTs showed that SIR was associated with a
reduction in the risk of malignancy and NMSC in transplant recipients. The risk reduction
was also seen when NMSCs were excluded [36]. Another metanalysis on patients after
kidney transplantation confirmed the results of SIR on the incidence of NMSC but showed
conflicting results for other tumors, with a reduced risk for kidney cancer but an elevated
risk for prostate cancer [37]. This may be due to the inclusion of trials with a too-short
follow up. Nearly 30% of the included trials had a maximum follow up of 12 months,
averaging only 2 years follow up. This may have been simply too short to detect significant
effects on tumor incidence.

The trials on ERL show similar results. ERL has been approved as an antitumoral
agent for various malignant entities, such as advanced metastatic renal cell cancer [38,39],
gastroenteropancreatic neuroendocrine tumors [40] and subependymal giant cell astrocy-
toma [41].

Furthermore, we cannot rule out the possibility that mTOR-Is may be permissive for
certain tumor types while inhibiting others, as has been suggested for prostate and renal
cancers [37].

Our study has some limitations. As highlighted above, there were only two trials
comparing therapy with SIR and CNI with a CNI-alone therapy. This may have led to a
bias in our results. Data on other malignancies than NMSC were reported in only 13 of the
20 analyzed trials (65%), with an average follow up of 46 months. For some tumors, 4 years
of follow up might be too short.

Naturally, the primary endpoint in the included RCTs was on survival and biopsy
proven acute rejection (BPAR) and not malignancy, and we did not have patient-level
information from the included RCTs. Given the known association between immunosup-
pression and malignancy, this adverse event is likely to have been closely monitored and
not missed during trial follow-up visits.

We also have to mention that we had to exclude a relevant RCT from Ekberg et al. on
SIR versus CNI [42]. Of the 1589 patients initially included, only 958 (60%) were included
in the follow-up group and only 533 were still on treatment after 3 years. Correspondingly,
the numbers for the SIR group were 399 initial vs. 228 follow-up and 92 (40%) on treatment.
Overall, 24% of patients on SIR were switched to tacrolimus in the first year. As we were
interested in long-term tumor data, this is a relevant drop out which could have influenced
this network analysis.

5. Conclusions
It is well known that an mTOR-I-based treatment in transplant patients reduces the

risk of tumor manifestation in comparison to CNI treatment. A combination of SIR and
CNI seems to be the most potent mTOR-I therapy against malignancies. SIR is not likely to
experience a renaissance in solid organ transplantation. Nevertheless, trials like this are
important to help understand the beneficial effects of mTOR-inhibition better.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/transplantology6010002/s1, File S1: Cochrane Collaboration tool
assessing the methodological quality; Table S1: Included trials using SIR as the mTOR-I; Table S2:
Included trials using ERL as the mTOR-I.
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