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History of research on the discovery and development of mTOR signaling



The advances in transplant immunosuppression have reduced substantially the incidence of 

kidney graft rejection.

In recent years, the focus has moved from preventing rejection to preventing the long-term 

consequences of long-standing immunosuppression, including nephrotoxicity induced by 

calcineurin inhibitors (CNI), as well as infectious and neoplastic complications.

The landscape of kidney transplantation has changed notably, 
moving from an incidence of acute kidney graft rejection of 
>80% in the early ages to <10% nowadays, as a result of the 
advances in transplant immunosuppression.



Since the appearance in the late 1990s of mTOR 

inhibitors (mTORi), these unmet needs in 

immunosuppression management could be addressed 

thanks to their benefits (reduced rate of viral infections 

and cancer). 

However, management of side effects can be 

troublesome and hands-on experience is 
needed.



(mTOR) is a central controller of cell growth, proliferation, 
metabolism and angiogenesis.



• Rapamycin and its analogs (all 
termed rapalogs) first form a 
complex with the intracellular 
receptor FK506 binding protein 
12 (FKBP12) and then bind a 
domain separated from the 
catalytic site of mTOR, blocking 
mTOR function

Mechanism of action



1. Reduced CNI Toxicity
CNIs are nephrotoxic over time, 
potentially causing chronic kidney 
damage
Switching to mTOR inhibitors can 

preserve renal function by reducing CNI 
exposure.

2. Anti-Cancer Properties
mTOR inhibitors have anti-proliferative
and anti-angiogenic effects, lowering 
the risk of certain cancers, especially 
post-transplant malignancies like Kaposi
sarcoma and skin cancer.
3. Improved Protein Synthesis
By inhibiting mTOR, these drugs can 
help modulate cell growth and 
proliferation, potentially reducing 
chronic allograft damage.

4. Potential Cardiovascular Benefits
mTOR inhibitors may improve lipid 
metabolism and have anti-
atherosclerotic effects, which can 
benefit cardiovascular health in 
transplant patients.

5. Reduced Risk of Viral Infections

• mTOR inhibitors are associated with a 
lower risk of CMV (cytomegalovirus) 
and BK virus reactivation compared to 
CNIs

6. Bone Health Preservation

• They may have a lesser impact on 
bone mineral density compared to 
CNIs, which can cause osteoporosis.



1. Delayed Wound Healing

mTOR inhibitors impair wound 

healing due to their anti-proliferative 

effects, making them unsuitable for 

…

2. Adverse Effects on Proteinuria

Patients with pre-existing proteinuria 

may experience worsening of this 

condition 

3. Side Effects Common adverse 

effects include mouth ulcers, 

hyperlipidemia, edema, and 

pneumonitis, which can affect patient 

compliance.
4. Risk of Acute Rejection

Transitioning to mTOR inhibitors may 
increase the risk of acute rejection if not 
carefully managed, particularly in 

patients with borderline or 
unstable graft function.

5. Impact on Quality of Life

• mTOR inhibitors can cause side 
effects like fatigue, rash, or 
stomatitis, which may negatively 
impact the patient's quality of life.

6. Need for Close Monitoring

• The transition requires careful 
monitoring of drug levels, renal 
function, and side effects, 
necessitating more frequent medical 
visits and adjustments.

7. Not Suitable for All Patients

• Contraindications include severe 
proteinuria, recent infections, or high 
immunologic risk, limiting the 
applicability of mTOR inhibitors



The potential association of everolimus 
With cardiovascular risk factors. 
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KnoWn side effects associated With (mTOR) inhibitors 



Early Clinical Trials 

•In 1996, the first study about the use of 
mTORi in kidney transplant recipients 
was published 



study was conducted in 43 quiescent renal transplant patients 

who for at least six months had borne well-
functioning allografts, as defined by glomerular 

filtration rates (GFR) > 40 ml/min. All patients had been 
maintained for at least three months on CsA oral doses that 
achieved stable therapeutic blood levels

NO difference in terms of renal function, liver function tests, 
cyclosporine levels and blood pressure.

Side effects were thrombocytopenia (dose-related) and mild leucope-
nia (dose-unrelated), as well as an increase in total cholesterol level, 
while triglycerides were not affected 



Methods: In 11 European centers, first cadaveric renal allograft 
recipients were randomized to CsA (n=42) or sirolimus (n=41). 

Dosing of these agents was concentration-controlled and open-
labeled. All patients received corticosteroids and azathioprine.

Conclusions: Results at 12 months suggest that sirolimus can be 
used as base therapy in the prophylaxis of acute renal 

transplant rejection, and has a safety profile that differs from 
CsA.

n a phase-II trial, 83 patients were randomized to receive either 
cyclosporine (200–400 ng/mL for the first two months and 
100–200 thereafter, n = 42) or SRL, (target trough levels 30 
ng/mL for the first two months and 15 ng/mL thereafter, n = 
41) without induction 
The two drugs were associated with AZA and steroids.
Results were comparable in terms of acute rejection (41% for 

SRL and 38% for CsA), while a consistent improvement in renal 
function was noted in the mTORi group, along with less 
incidence of tremor and hypertension.
However, the very high trough levels reached with SRL were 

associated with leuco thrombocytopenia, dyslipidemia and 
mTORi-associated pneumonia 



prospective, multicentre, randomised, double-blind trial to 
investigate the impact of the addition of sirolimus, compared 
with azathioprine, to a cyclosporin and prednisone regimen.

Interpretation: Use of sirolimus reduced occurrence and 
severity of biopsy-confirmed acute rejection episodes with no 
increase in complications. Further studies are needed to 
establish the optimum doses for the combined regimen.

A phase-III double-blind multicenter trial published in the 
Lancet in 2000 validated the benefit of the CsA and SRL 
combination in comparison with CsA and AZA [58]. 



139,370 recipients

between 1999 through 

2010 

comparing clinical outcomes among users of mTORIs

versus calcineurin inhibitors (CNI) in their primary 

immunosuppresive regimen. 

During the first 2 years posttransplantation, primary 

use of mTORIs without CNIs (N = 3237) was 

associated with greater risks of allograft failure and 

death compared with a CNI-based regimen (N = 125 

623
During years 2–8, primary use of mTORIs without 

CNIs was independently as- sociated with greater 

risks of death (HR 1.25; 95% CI, 1.11–1.41) and the 

composite (HR 1.17; 95%CI, 1.08– 1.27) in fully 

adjusted analyses. 

Compared with CNI-based 

regimens, use of an mTORI-

based regimen for primary 

immunosup- pression in kidney 

transplantation was associated 

with inferior recipient survival



Calcineurin Inhibitor Conversion 

In order to avoid early acute rejection while preserving 
kidney function in the long term, a number of calcineurin 
inhibitor conversion regimens have been explored using 
either belatacept or mTOR inhibitors as the primary 
immu- nosuppressive agent
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Three renal-sparing strategies aimed at 
decreasing exposure of kidney transplant 
allografts to the nephrotoxic effects of CNIs 
have been studied



sirolimus with or without MPA 
was investigated in several 

(RCTs)
this strategy was abandoned 
because acute rejection rates 

were unacceptably high; 
because a CNI was not used, 
high mTOR inhibitor doses 

(especially for sirolimus) were 
used, which resulted in high 
rates of complications and 
withdrawal from studies.

CNI minimization strategies 
using reduced-dose CNI with 
the addition of or increased 

doses of MPA or sirolimus were 
also investigated,but were 

abandoned because 
statistically significant benefits 

of CNI minimization were 
either not demonstrated or 

were transient

there is CNI elimination -- ie, 
CNI is withdrawn at some point 

after transplantation and 
replaced by an mTOR inhibitor 
in combination with MPA and 

corticosteroid. For this 
strategy, the patient is initiated 
on a CNI and MPA for the first 
few months after transplant 

when the risk for rejection 
is greatest; then the CNI is 

converted to an mTOR 
inhibitor



De novo Early Late

CNI  
Conversion



Comparisons between early and late conversion to mTOR 
inhibitors (mTORi) in kidney transplantation reveal key 
differences in outcomes:

1. Early 

Conversion:

Later transitions often carry fewer risks of acute 

rejection but may result in less pronounced 

renal benefits compared to early 

conversion.

Switching from calcineurin inhibitors (CNIs) to mTORi 

within the first months post-transplantation generally 

improves renal function. 

Trials like SMART and ZEUS observed significant 
increases in glomerular filtration rate (GFR).

However, early conversion may increase the risk of 

proteinuria and adverse events like stomatitis or 

hyperlipidemia.

2. Late 

Conversion:

Both strategies can maintain similar patient and graft survival rates, but side 

effects and long-term outcomes vary



The worst results in terms of graft survival, biopsy-proven acute rejection, and eGFR were 
observed in the sirolimus groups (3) 



ORION trial 
443 patients with kidney transplants 
were randomized to:

sirolimus plus tacrolimus with tacrolimus 
elimination at week 13 (group 1)

sirolimus and mycophenolate (group 2)

tacrolimus and mycophenolate (group 3) 

Group 2 experienced  a 1-year acute rejection rate of 
31.3% and was sponsor terminated. 

The 1-year acute rejection rates for groups 1 
and 3 were 15.2% and 8.2%, respectively. 

At 2 years, mean Nankivell GFR were not different among 

the 3 groups. 
At 1 and 2 years, there were no statistically signifi- cant 
differences in patient or graft survival between groups 1 and 3 
or groups 2 and 3



12-month, open-label, 

multicenter 
300 kidney transplant recipients were 
randomized to continue cyclosporine 
(CsA) or convert to everolimus at 4.5 
months posttransplant, outcomes were 
assessed at month 36 (n = 284; 94.7%).

significant improvement in kidney function 

Rates of biopsy-proven acute rejection at 36 months were higher in the 

everolimus group (13%) than in the cyclosporin group (4.8%)

Patient and graft survival rates were similar between groups



patients who remain on an 

everolimus-based regimen 

beefit from a significant and 

clinically relevant improvement 

in renal function that is 

maintained to 3 years posttrans-

plant, as demonstrated by the 

improved renal function in the 

on-therapy population. 

. 



The efficacy and safety of converting 
maintenance renal transplant recipients 

CNIs to sirolimus was evaluated.

(Transplantation 2009;87: 233–242)



6 to 12months posttransplant and receiving cyclosporine or tacrolimus,

BCAR, graft survival, and patient 
survival were similar between groups



Percentage of patients showing clinically meaningful 
improvements in GFR at 24 months. (A) ITT analysis of patients 
with Nankivell GFR more than 40 mL/ min. (B) ITT analysis of 
subgroup of patients with baseline GFR more than 40 mL/min 
and UPr/Cr less than or equal to 0.11.

Median urinary protein-to-creatinine ratios (UPr/Cr) were 
similar at baseline but increased significantly after SRL 
conversion.

Post hoc analyses identified a subgroup with baseline GFR more 
than 40 mL/min and UPr/Cr less than or equal to 0.11, whose 
risk-benefit profile was more favorable after conversion than 
that for the overall SRL conversion cohort.





Before Late Conversion

➢ Graft Function: Patients with stable 

graft function and low proteinuria are 

better candidates for conversion.

➢ Cancer Risk: High-risk cancer 

patients may benefit more from 

mTOR inhibitors.

➢ Patient Preference and Tolerance: 

Individual tolerance to side effects 

and willingness to undergo frequent 

monitoring are crucial.

Borderline or unstable graft function: Patients with impaired 
graft function are more susceptible to immune attacks during 
the transition phase.

High immunologic risk: Patients with a history of rejection, high 
panel-reactive antibodies (PRA), or poor HLA matching may 
face elevated ris

Suboptimal transition protocols: Inadequate overlap or 
improper dosing adjustments can lead to insufficient 
immunosuppression.



Mitigation Strategies

Gradual Transition: Carefully phase out CNIs while introducing 
mTOR inhibitors to maintain a balanced immunosuppressive 
effect.

Therapeutic Drug Monitoring (TDM): Ensure target drug levels 
are achieved to prevent under- or over-suppression.

Adjunctive Therapies: Combine mTOR inhibitors with 
antiproliferative agents (like mycophenolate mofetil) or 
low-dose steroids to bolster immunosuppression during 
transition.

Close Monitoring: Perform frequent monitoring of 

graft function, serum creatinine, and biomarkers 
like donor-derived cell-free DNA to detect 

early signs of rejection.

Patient Selection: Avoid transitioning high-risk patients or those 
with unstable grafts unless absolutely necessary and under 
strict supervision.



Monitoring and Management Post-Conversion

Regular monitoring of kidney function (eGFR, proteinuria).

Lipid profiles and metabolic parameters.

Adjusting dosages based on therapeutic drug monitoring (TDM).



Late conversion to mTOR 

inhibitors is a nuanced 

decision that balances 

potential long-term benefits 

(e.g., reducing cancer risk, 

preserving kidney function) 

against possible short-term

complications and side 

effects.



Timing and Criteria for Late Conversion

• Stable graft function.

• Absence of acute rejection episodes.

• Absence of severe proteinuria (often a 
contraindication for mTORi use).

Late conversion typically occurs at least 6-12 months 
post-transplant, once the graft function and immune 

stability are established.

Factors influencing timing:









Kaplan–Meier curve in the tacrolimus (Tac) 
maintained group and sirolimus (SRL) converted 
group, for cumulative patient survival.

randomized trial in 200 patients



Estimated GFR according to treatment groups; tacrolimus (Tac) maintained versus 
sirolimus (SRL) converted group.

Biopsy-proven acute rejection at 
24 months postrandomization
was similar between the groups.

Patient survival, graft survival 
and estimated GFR were also 
not statistically different. 

Based on this study a 
prednisone-free 
immunosuppressive regimen, 
conversion from Tac to SRL at 12 
months posttransplantation is 
not associated with increased 
rates of acute rejection and 
graft loss. 



performed to investigate the efficacy and safety of conversion 
from calcineurin inhibitors (CNIs) to mammalian target of 
rapamycin inhibitors (mTORi) in kidney transplant recipients 
(KTRs).

Twenty-nine RCTs (5,747 KTRs)

However, this conversion strategy may be prevented by the higher 
drug discontinuation rate due to mTORi associated adverse events, 

such as more acute rejection, infection, proteinuria, leukopenia, acne, and mouth ulcer, 
indicating that conversion therapy may only be a treatment option in selected patients.

Conclusions:

Posttransplant patients have a better graft 
function and lower incidence of malignancy 
after conversion from CNI to mTORi therapy. 







Chinese Medical Journal 2022



• Proteinuria: Increased proteinuria is a common side effect of mTOR 
inhibitors.

• Wound healing complications: mTOR inhibitors impair wound 
healing, which may be problematic if the patient has a surgical 
history.

• Metabolic side effects: Includes dyslipidemia and mouth ulcers.

• Risk of rejection: Switching to mTOR inhibitors can slightly increase 
the risk of acute rejection if not carefully managed.

Challenges and Risks of 
mTOR Inhibitors





• In summary, transitioning to mTOR inhibitors requires a 
meticulously tailored approach with vigilant monitoring to 
balance the benefits of reduced CNI toxicity against the 
heightened risk of rejection.

Benefits vs. Risks



• Current data suggest that patients with an already 
reduced eGFR and/or proteinuria will receive no benefit 
from calcineurin inhibitor elimination with mTOR inhibitor 
conversion, and early use of mTOR inhibitors without a 
calcineurin inhibitor may be mired by high rejection rates 
and a high side effect profile, thus potentially limiting their 
use. 

Overall, the role of mTOR inhibitors to replace calcineurin 
inhibitors as part of a conversion strategy has been met with 

mixed results.



Comparisons between early and late conversion to mTOR inhibitors 

(mTORi) in kidney transplantation reveal key differences in 

outcomes:

1. Early Conversion: 

Switching within the first months post-transplantation generally 

improves renal function.

Trials like SMART and ZEUS observed significant increases in 

glomerular filtration rate (GFR). However, early conversion may 

increase the risk of proteinuria and adverse events like stomatitis or 

hyperlipidemia.

2. Late Conversion: 

Later transitions often carry fewer risks of acute rejection but may 

result in less pronounced renal benefits (Late is too late)
compared to early conversion.

Both strategies can maintain similar patient and graft survival rates, 

but side effects and long-term outcomes vary
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