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Introduction

Renal transplantation (RT) is the best modality of  renal replace-
ment therapy for most patients with stage-5 chronic kidney dis-
ease, as this improves the quality of  life, patient survival and is 
cost-effective [1]. Since the first successful RT performed between 
the identical twins in the Peter Brent Brigham Hospital, Boston 
on 23rd December 1954 by Murray et al, RT has become a routine 
[2]. According to the World Health Organisation, in 2013, a to-
tal of  78950 kidney transplants were performed in 104 countries 
worldwide [3]. When a kidney is transplanted from a human leu-
cocyte antigen (HLA) non-identical donor, the recipient mounts 
an alloimmune response, that leads to T lymphocyte activation, 
antibody production, complement activation, allograft rejection 
and transplant failure [4]. Immunosuppressive agents are used to 
prevent acute cellular and antibody-mediated rejections (AMR), 
both early and late, which lead to chronic allograft injury (CAI) 
in long-term. Significant advances have been made in the immu-
nosuppressive strategies over the past three decades to reduce the 

incidence of  allograft rejection and side-effects of  the drugs, and 
to improve long-term graft and patient survivals. Introduction of  
cyclosporine revolutionised the practice of  RT by reducing acute 
rejection rate and improved the short-term graft survival, which 
was further improved by tacrolimus, mycophenolate mofetil 
(MMF) and induction immunosuppressive agents. Despite these 
advances, there is lack of  clear evidence of  improvement of  long-
term graft survival because CAI continues to cause late renal al-
lografts losses [5].

Immunosuppressive agents used in RT are classified into three 
groups: induction, maintenance and rescue agents (Table 1). In-
duction agents comprise of  polyclonal antibodies (rabbit antithy-
mocyte globulin (rATG)) and interleukin-2 receptor antagonist 
(IL-2RA) (basiliximab and daclizumab). The anti-CD3 monoclo-
nal antibody (OKT3) is no longer used because of  severe adverse 
side-effects. Newer induction agents include alemtuzumab and 
rituximab. The maintenance agents comprise of  calcineurin in-
hibitors (CNIs) (cyclosporine and tacrolimus), antiproliferative 
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agents (azathioprine and MMF), mammalian target of  rapamy-
cin inhibitors (mTOR-I) (sirolimus and everolimus) and corti-
costeroids. Three newer maintenance agents include belatacept, 
a costimulation blocker; sotrastaurin, a protein kinase C inhibi-
tor; and tofacitinib, a JAK 3 inhibitor. Transplant rejection can 
be acute cellular and acute AMR. Mild cellular rejection can be 
treated with corticosteroids, whereas moderate and severe acute 
cellular rejection is typically treated with ATG. AMR is treated 
with plasmapheresis, intravenous immunoglobulin (IVIg) and 
rituximab. Refractory AMR is treated with proteasome inhibitor 
bortezomib and C5 inhibitor, eculizumab. This review will focus 
on the stepwise evolution of  immunosuppressive agents in RT 
over the last six decades, their safety and efficacy, outcomes of  
pivotal trials and newer drugs under investigation. It is essential to 
understand the principles of  immunology involved in RT for the 
interpretation of  the mechanism of  action of  these drugs, hence 
a section on immunology is included.

Literature Search Strategy

The literature search was carried out in PubMed and relevant web-
sites by using the search terms “kidney transplantation”, “immu-
nosuppressive agents”, “immunology” and “outcomes”. Relevant 
references were compiled by using EndNote software (Version X 
7.4; Thomson Reuters, Philadelphia, PA, USA).

Immunology in Renal Transplantation

Sir Peter Medawar, the father of  transplantation, introduced the 
concept of  transplantation immunology from his pioneering ex-
perimental works done between 1943 and 1944. He demonstrated 
that the second skin graft in the same animal was rejected more 
readily than the first skin graft, which was due to active immu-
nisation from the first graft [6, 7]. The role of  lymphocytes in 
the rejection process was demonstrated much later after the de-
velopment of  hybridoma technology [8]. The importance of  a 
humoral component in hyperacute rejection was emphasised by 

Kissmeyer-Nielsen in 1966 who described the destructive effects 
of  preformed antibodies on the allograft [9].

Allorecognition and T cell activation

Both innate (dendritic cells, macrophages, neutrophils, mast cells 
and natural killer cells) and adaptive (T and B cells) immune sys-
tems are implicated in the allograft rejection process. The innate 
immune system is activated by damage-associated molecular pat-
terns (heat-shock proteins, adenosine triphosphate, uric acid, ri-
bonucleic acid (RNA), deoxyribonucleic acid (DNA)), proteins 
derived from extracellular matrix (hyaluronan fragments and 
heparin sulphate), and cytokines and chemokines released due to 
ischaemia-perfusion injury and microbial products. The activated 
innate immune system triggers the adaptive immune system lead-
ing to cellular rejection. In addition, recognition and presentation 
of  the alloantigens leads to activation of  the adaptive immune 
system [10].

Allorecognition can occur by direct or indirect pathways [11, 12]. 
After establishment of  the vascular connection between donor 
and recipient, the activated dendritic cells migrate out of  the graft 
to the T-cell rich regions of  the recipient lymph nodes where they 
encounter naive recipient T cells [13]. The donor dendritic cells 
and recipient T cells engage each other using cell surface recep-
tors, the major histocompatibility complex (MHC) molecules on 
the dendritic cell and the T cell receptor (TCR), the junction is 
called an “immunological synapse”, thereby generating antigen-
specific intracellular signal (signal 1) [14, 15]. Simultaneously, 
additional molecules coalesce in the synapse to generate second 
signal called co-stimulation signal (signal 2), which is essential for 
complete T cell activation. Lack of  signal 2 leads to either anergy 
or apoptosis [11, 14].

The receptor-ligand interaction between T-cells and the antigen 
presenting cells (APCs), which are involved in generation of  co-
stimulatory signals are CD28-B7 and CD154-CD40. CD28 and 

Table 1. Classification of  immunosuppressive agents according to clinical applications.

Induction agents Maintenance agents Rescue agents
Polyclonal and monoclonal 
antibodies:
ATG
OKT3
Alemtuzumab
Rituximab

Calcineurin inhibitors:
Cyclosporine
Tacrolimus

Mild to moderate cellular rejection:
Corticosteroids

Interleukin-2 receptor an-
tagonists:
Basiliximab
Daclizumab

Anti-metabolites:
Azathioprine
Mycophenolate mofetil

Moderate to severe cellular rejection:
Polyclonal and monoclonal antibodies:
ATG
OKT3

Methylprednisolone m-TOR inhibitors:
Sirolimus 
Everolimus

Acute antibody-mediated rejection:
Immunoglobulins 
Rituximab
Bortezomib 
Eculizumab 

Newer agents:
Co-stimulation blocker: Belatacept 
Protein kinase C inhibitor: Sotrastaurin
JAK 3 inhibitor: Tofacitinib
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CD154 are expressed on T cells and their ligands B7 and CD40 are 
expressed on APCs. CD28 consists of  two ligands, B7-1 (CD80) 
and B7-2 (CD86).  T cells also express cytotoxic T-lymphocyte as-
sociated antigen-4 (CTLA-4), which is homologous to CD28, but 
has a higher affinity than CD28 to bind B7. Binding of  CTLA-4 
to B7 (both CD80 CD86) leads to generation of  inhibitory signal 
to terminate T cell response [16, 17].

Following assembly of  immunological synapses, the combination 
of  signal 1 and 2 activates three downstream signal transduction 
pathways within the cytoplasm of  the T cell: the calcium-calcineu-
rin pathway, the RAS-mitogen activated protein kinase pathway, 
and the IKK-nuclear factor қB (NF- қB) pathway [18-20]. The 
signals reach the nucleus and activates gene transcription factors 
including the nuclear factor of  activated T cells (NFAT), activat-
ed protein-1, and NF- қB, respectively. As a result of  gene tran-
scription, several new molecules and cytokines including CD25, 
CD154, interleukin-2 (IL-2) and interferon-γ (IFN- γ) are secreted 
and their receptors expressed [21].

IL-2 binds to its own receptor on the surface of  T cell in auto-
crine fashion (signal 3), which, activates the mammalian target of  
rapamycin (mTOR) pathway, phosphoinositide-3-kinase (PI3K) 
pathway and Janus kinase/signal transducers and activators of  
transcription protein pathway (JAK/STAT), which allow the acti-
vated T cells to progress through the cell division cycle and clonal 
expansion of  donor HLA/peptide -specific effector (CD8+ cy-
totoxic T cells) T cells [22, 23]. These cells produce CD8+ T-cell 
mediated cytotoxicity, help macrophage-induced delayed type hy-
persensitivity response (CD4+Th1) and help B cells for antibody 
production (CD4+Th2) [24, 25]. A subset of  activated T cells 
(CD4+ or CD8+) survive in an inactive state for a long period, 
called the memory T cells, but will quickly expand and mount an 
aggressive immune when re-exposed to the same alloantigen [26].

B Lymphocytes

In addition to production of  donor-specific anti-HLA antibodies, 
B cells play an important role in processing transplant alloantigen 
and presentation to the alloreactive T cells, thereby amplifying T 
cell-mediated allograft damage. B cells recognise transplant anti-
gens in their native forms without requirement of  processing and 
presentation to MHC molecules [27]. B cells also internalise anti-
gens, process them and present to the T cells through the indirect 
pathway of  allorecognition. They receive signals from T cells via 
CD40 by binding to the T cell CD40L, which upregulate expres-
sion of  B7 molecules on B cells and facilitate antigen presenta-
tion and T cell co-stimulation [28]. Cross-linking of  unprocessed 
antigen to the antigen-specific surface antibodies stimulates B cell 
activation, proliferation, and differentiation in to a plasma cell. 
Some of  the activated B cells become memory B cells. The anti-
HLA antibodies produced by plasma cells bind alloantigen and 
cause graft injury either by activating the complement cascade 
known as complement-dependent cytotoxicity (CDC) or via Fc 
receptor (CD16) in the natural killer cells, the antibody-dependent 
cellular cytotoxicity (ADCC) [29].

The potential role of  regulatory B cells in induction of  tolerance 
is under investigation. More recently, a subset of  B cells, so called 
transitional B cells (TrB) with surface markers of  CD27negC-
D24hiCD38hi, have been recognised, which exhibit suppressive 

function conducive to induction of  tolerance. The IL-10 secreting 
TrB cells can suppress T helper cells and effector T cell responses. 
The concomitant production of  TNF-α by B cells overcomes this 
inhibitory function. Thus the effects of  intervention on the sub-
sets of  these two types of  TrB cells to induce tolerance in RT, 
requires further investigation [30, 31].

Donor-specific antibodies

Plasma cells can produce antibodies against both HLA and non-
HLA antigens. Non-HLA antibodies directed against donor 
endothelial antigens such as MHC class I polypeptide-related 
sequence A or B (MICA and MICB), smooth muscle antigen (vi-
mentin), collagen-V and cell surface receptor such a type I an-
giotensin II receptor are reliably detected by currently available 
techniques [32]. Several studies have suggested that DSA to HLA 
antigens and endothelial antigens may be a driver for both acute 
and chronic AMR [33].

Immunosuppressive Agents in Renal Transplan-
tation

Total lymphoid irradiation

Total lymphoid irradiation (TLI) has been the first method of  
immunosuppression  in human RT based on the principle of  the 
destruction of  blood cells in bone marrow and lymphoid tissue 
responsible for rejection [34]. In a prospective randomised trial, 
which compared pre-operative TLI with post-operative cyclo-
sporine therapy, Waeret al. observed significantly high incidence 
of  acute rejection rate in the TLI group, although the infectious 
complications were identical [35]. Zhu et al. successfully desensi-
tised and rescued highly sensitised and RT recipients with AMR 
using a combination of  TLI, low-dose IVIG and ATG and plas-
mapheresis [36]. The side-effects of  TLI, such as nausea, vomit-
ing, diarrhoea, hair loss, bone marrow suppression and infections 
made this form of  treatment less favourable. It is more effective 
if  given prior to transplantation. Local graft irradiation was in 
routine practice for some time for prevention and treatment of  
refractory acute rejection, but with the availability of  better alter-
natives, TLI has fallen out of  favour [37, 38].

Corticosteroids

Zukoski and Lee of  Texas  documented the benefit of  corticoster-
oid therapy, first in a canine model, followed by in man [39]. From 
1966 to 1978 conventional therapy consisted of  azathioprine and 
high-dose prednisolone, which was associated with complications 
such as bone marrow aplasia, gastrointestinal perforation, weight 
gain, hyperlipidemia, diabetes, hypertension, and bone disease.
Steroids act by blocking IL-2 gene expression on the T-cells and 
APCs. Non-specific immunosuppressive effects like lymphopenia 
and chemokine inhibition leading to migration of  monocytes in 
the area of  inflammation, may also contribute to its action [40].

Several trials compared the efficacy and safety of  low-dose ver-
sus high-dose steroids and concluded that low-dose steroids were 
as effective as high dose steroids in preventing rejections and 
steroid-related complications, but a large dose of  azathioprine (at 
least 2mg/kg/day) was recommended [41, 42]. High dose steroid 
therapy is the first line approach to the treatment of  acute rejec-
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tion. High dose oral steroid versus high- and lower intravenous 
doses of  steroid have been examined in randomised trials. Low 
dose intravenous steroids (3mg/kg IV bolus) is found to be as 
effective as high dose steroid (15-30 mg/kg IV bolus) and this 
was not associated with increased incidence of  steroid-resistant 
rejection [43, 44].

The detrimental effect of  steroids on the metabolic profile begins 
in the early post-transplantation period. The outcome of  com-
plete avoidance of  steroids was examined in randomised trial us-
ing IL-2RA induction. CNIs and maintenance with cyclosporine 
and MMF, where steroid withdrawal after 1 week was not associ-
ated with rise in acute rejection rate or graft failure [45-47].

The pharmacokinetic interaction of  steroid with MMF and tac-
rolimus leads to alteration in the bioavailability of  these drugs. 
Induction of  uridine diphosphate glucuronosyltransferase activ-
ity by the steroids, increases the clearance of  mycophenolic acid, 
thereby reducing the exposure to MMF. Tapering of  steroid in 
the post-transplant period leads to increased trough, peak and 
12 hours area under the concentration curve of  MMF [48]. Ster-
oids induce both cytochrome P450 3A (CYP3A) enzymes and 
P-glycoprotein (P-gp) in the liver and intestine. Tacrolimus is a 
substrate for these enzymes, thus leads to increased bioavailability 
of  tacrolimus when steroid is tapered or stopped (as high as 25%) 
after RT, which may cause nephrotoxicity [49].

Azathioprine

The modern era of  pharmacological immunosuppression was ini-
tiated by Schwartz and Dameshek in 1959 by documenting that 
the antiproliferative drug 6-mercaptopurine (6-MP) dampened 
antibody production and prolonged rabbit skin allograft survival 
[50]. The imidazole derivative of  6-MP, azathioprine, was used by 
Sir Roy Calne in 1960 demonstrating the prolonged survival of  
canine renal transplants from 7.5 to 23.7 days [51]. Azathioprine 
is metabolised in liver by thiopurine methyl transferase (TPMT) 
to 6-MP, the active metabolite, but other pathways also exist and 
explain individual variation in its metabolism. It interferes with 
purine metabolism and RNA synthesis, thus inhibiting gene repli-
cation and T cell activation. Individuals with deficiency of  TPMT 
are more sensitive to its myelosuppressive effects [52].

The three pivotal trials, the U.S Renal Transplant Study, the Tri-
Continental Study and the European Mycophenolate Mofetil 
Study compared MMF versus azathioprine or placebo in patients 
on baseline cyclosporine-prednisolone regimen. All trials demon-
strated significant reduction in the incidence of  acute rejection in 
MMF group at 6 months (19.8% vs. 38%; 19.7% vs. 35.5%; and 
17.5 vs. 46.4%, respectively) [53-55], although graft and patient 
survivals were not different at 1 year. The cost differential be-
tween MMF and azathioprine was 10 fold to 15 fold. An analysis 
of  49666 primary renal allograft recipients reported to the US re-
nal database system suggested that continued therapy with MMF 
was associated with protective effect against declining renal func-
tion at 1 year compared with azathioprine [56].

Conversion to azathioprine in patients on cyclosporine was ex-
amined in several trials, which showed increased risk of  rejection 
(up to 25%), but there was no difference in the graft and patient 
survivals at 15 years of  follow-up [57-59]. In patients receiving 

CNI together with azathioprine who developed CAI, switching 
to MMF and reduction of  CNI dosage, was associated with ei-
ther stabilisation or an improvement in renal function [60]. In an 
European randomised study involving 500 patients, addition of  
azathioprine to tacrolimus based regimen did not show any differ-
ence in the graft survival, patient survival, and acute or chronic re-
jection [61]. Gradually azathioprine has been replaced with MMF 
in modern immunosuppressive protocols, but used during preg-
nancy due to reduced association with foetal malformations [62].

Cyclosporine

Cyclosporine was isolated in 1969 from a soil fungus Tolypocladium 
inflatum (Gams) and its immunosuppressive action in transplanta-
tion elucidated by Jean F. Borel [63, 64]. Cyclosporine combines 
with cyclophilin, and the complex thus formed, binds to calcium-
dependent and calmodulin-dependent phosphatase, the calcineu-
rin, thereby blocks the dephosphorylation of  cytosolic form of  
the nuclear factor of  activated T-cells (NFATc) and prevents it 
from translocating into the nucleus (NFATn) and to the DNA 
promotor region, thereby inhibits IL-2 synthesis. Blockade of  IL2 
gene transcription leads to failure of  T cell clonal expansion and 
differentiation of  precursor to mature cytotoxic T cells [64]. Clini-
cal trials of  cyclosporine in renal transplantation began in Cam-
bridge in 1978 and cyclosporine was introduced into immunosup-
pression regimen protocols world-wide in 1982 [65, 66].

The original,  oil-based formulation  of  cyclosporine (Sandim-
mune®; Novartis Basel, Switzerland) was introduced in 1983, 
which showed significant interpatient and intrapatient variability 
due to slow absorption. This made dosing difficult and increased 
the risk of  chronic rejection. In 1995, a microemulsion formu-
lation of  cyclosporine, Neoral (Sandimmune Neoral®, Novartis 
Basel, Switzerland) was introduced, which has better absorption 
leading to improved bioavailability with less variability in denovo 
and stable transplant patients. Neoral reduced the acute rejection 
rate significantly although there was no difference in the long-
term graft and patient survival [67-69]. In recent years several 
generic preparation of  microemulsion formulations are available; 
however the results are variable due to variable absorption pro-
file leading to change of  dosage in about 20% patients and also 
increase in the incidence of  acute rejection. An analysis of  data 
from Collaborative Transplant Study showed significantly worse 
1 year graft survival in patient who had received generic formula-
tion of  cyclosporine. It is mandatory to monitor patients more 
closely when generic formulation is used [58, 70, 71].

The value of  monitoring cyclosporine level 2 hours (C2) after 
administration has been examined in several studies, which have 
shown variable results, although majority of  them have shown 
that dosing of  cyclosporine based on C2 levels (>1500 µg/L in 
first 2 weeks after RT) reduced acute rejection significantly. How-
ever, trough level (C0) remains the standard despite inherent poor 
correlation with the outcomes [72-74].

The introduction of  cyclosporine significantly improved graft sur-
vival at 1 year compared to azathioprine and steroid group (89.5% 
vs. 50%) [75]. Several studies conducted in Europe, Canada, Min-
neapolis, Milan, Pittsburgh, Sydney and data from Collaborative 
Transplant Study have confirmed the improved graft survival with 
the use of  cyclosporine [75-77, 78, 57, 79, 80]. In order to reduce 
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the side-effects such as infections, nephrotoxicity and B-cell lym-
phoma; low dose cyclosporine was combined with azathioprine 
and low dose steroid, termed as ‘triple therapy’. A randomised 
trial comparing double therapy (cyclosporine and azathioprine) 
with triple therapy (low dose cyclosporine, azathioprine and pred-
nisolone) in cadaveric RT showed no difference in the incidence 
of  acute rejection, infection, graft survival (54.4% vs. 59.6%) and 
patient survivals (79.8% vs. 82.3%) at 5 years [81]. Similar results 
were reported in other studies using triple therapy [59].

A randomised controlled trial from Milan comparing triple ther-
apy versus and high dose cyclosporine and steroids showed simi-
lar graft and patient survival between the two groups, but there 
were more rejection episodes in the triple therapy group with evi-
dence of  greater renal impairment and infection in the high-dose 
cyclosporine group [82]. Triple therapy replacing azathioprine 
with MMF has resulted in significant reduction in the incidence 
of  acute rejection episodes (44% versus 31%; P<0.01), although 
there was no difference in the graft or patient survival rate [83]. 
ATG, OKT3 or more recently, IL-2RA monoclonal antibodies 
(basiliximab and daclizumab) are routinely added to triple thera-
py in patients with delayed graft function and sensitisation. This 
quadruple therapy or sequential therapy allows one to either delay 
the introduction of  CNI or to use in reduced dose, respectively, 
while the kidney recovers from acute tubular necrosis [84, 85].

Acute nephrotoxicity is largely reversible but chronic nephrotox-
icity is mostly irreversible with non-specific histological damage 
to glomeruli, blood vessels and interstitium [86]. In the Symphony 
study, in the first year post-transplantation, cyclosporine was asso-
ciated with higher blood levels of   uric acid, systolic and diastolic 
pressure in comparison to tacrolimus and sirolimus [87]. Over the 
last two decades, tacrolimus has gradually replaced cyclosporine 
because of  superior results yielded by it.

Tacrolimus

Like cyclosporine, tacrolimus is a CNI, which was introduced 
in 1987. Tacrolimus was isolated from a soil fungus, Streptomyces 
tsukubaensis and was found to be 100 times more potent than cy-
closporine. Structurally both are different, but have similar mode 
of  action. Tacrolimus binds to FK binding protein, calcium, calm-
odulin and calcineurin, which inhibits the phosphatase activity of  
calcineurin and thereby blocks translocation of  cytosolic NFAT 
into the nucleus, leading to inhibition of  IL-2 gene transcription 
and T-cell activation [88, 89].

The phase III U.S. multicentre trial compared the efficacy and 
safety of  tacrolimus with that of  Sandimmune cyclosporine. At 
1 year, there was significantly low incidence of  acute rejection 
in tacrolimus group (30.7% vs. 46.4%; P=0.001), low incidence 
of  moderate-to-severe rejection (10.8% vs. 26.5%), at 5 years pa-
tients with serum creatinine value greater than 150µg/L was lower 
in tacrolimus group (40.4% vs. 62%; P=0.0017), but tremor and 
paraesthesia were more common in tacrolimus group. There was 
no difference in the 1 year patient (95.6% vs. 96.6%) and graft sur-
vival (91.2% vs. 87.9%) between the two groups. The incidence 
of  post-transplant diabetes mellitus (PTDM) was 19.9% in the 
tacrolimus group and 4.0% in the cyclosporine group (P<0.001), 
and was reversible in some patients [90].

A randomised prospective trial comparing tacrolimus/azathio-
prine, cyclosporine Neoral /MMF, and tacrolimus/MMF showed 
no difference in the acute rejection episodes, but there was a 
significant difference in the number of  patient requiring ATG 
(4.2% in tacrolimus/MMF arm compared with 10.7% in the 
cyclosporine/MMF arm and 11.8% in the tacrolimus/azathio-
prine arm; P=0.05). There was no difference in the patient and 
graft survival at 1, 2 or 3 years [91]. Combination of  sirolimus or 
MMF with tacrolimus based regimens did not show any differ-
ence in the incidence of  acute rejection, patient or graft survival 
[92]. Comparison of  dual therapy (tacrolimus/prednisolone) with 
triple therapy (tacrolimus/MMF/prednisolone) showed signifi-
cantly low incidence of  acute rejection in the triple therapy group 
(44% vs, 27%; P=0.014). There was no difference in the patient 
and graft survival, incidence of  delayed graft function, CMV and 
PTDM between the two groups [93].

A meta-analysis of  30 trials (4102 patients) comparing tacroli-
mus with cyclosporine showed significant reduction of  graft loss 
in tacrolimus treated recipients (RR=0.56), less acute rejection 
(RR=0.69), less steroid-resistant rejection (RR=0.49), but more 
diabetes mellitus requiring insulin (RR = 1.86), tremor, headache, 
diarrhoea, dyspepsia, and vomiting. Cyclosporine treated recipi-
ents had significantly more constipation and cosmetic side effects. 
No differences were seen in infection or malignancy [94]. Several 
trials have confirmed better renal function associated with tacroli-
mus compared to cyclosporine[95-97].

Tacrolimus has been proven effective as rescue therapy in cy-
closporine-treated patients with steroid-resistant acute rejection 
episodes [98, 99]. In Pittsburgh, 5-year follow-up of  169 patients, 
who were converted from cyclosporine to tacrolimus for refrac-
tory rejection, showed 74% success rate and a mean serum creati-
nine of  202µmol/L. Steroid withdrawal was achieved in 22% of  
cases after conversion to tacrolimus [100].

In a large European study on tacrolimus conversion for cyclo-
sporine-induced toxicities, successful outcomes were achieved 
in resolving gingival hyperplasia, hypertrichosis, hyperlipidaemia 
and hypertension [101]. With the use of  tacrolimus, nephrotoxic-
ity leading to CAI and metabolic side-effects, particularly PTDM 
have generated major concerns. Several CNI minimising or spar-
ing protocols have been examined to assess the efficacy of  low 
dose CNIs in combination with other agents, which have shown 
to reduce premature graft loss. In the ELITE (Efficacy Limit-
ing Toxicity Elimination) Symphony study, a regimen of  dacli-
zumab, mycophenolate mofetil, and corticosteroids in combina-
tion with low-dose tacrolimus was superior to regimens involving 
daclizumab induction plus either low-dose cyclosporine, low-dose 
sirolimus, or standard-dose cyclosporine without induction, in im-
proving renal function, allograft survival, and acute rejection rates 
[102, 103].

Prolonged-release tacrolimus

Non-adherence is a common and major cause of  RT failure and 
amounts to seven-fold risk of  graft failure in non-adherent group 
compared to adherent group (OR=7.1; P<0.001) [104]. To ad-
dress the non-adherence issue, a once-a-day (QD) formulation 
of  tacrolimus (Advagraf®) has been approved in several countries 
since 2007. Several prospective studies have assessed the efficacy, 
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safety, acute rejection, graft dysfunction and graft loss of  QD 
preparation with twice-a-day (BID) formulation (Prograf®)both 
in de novo initiation or conversion settings. A review including 
all published phase III/IV studies in de novo initiation concluded 
that QD is as effective as BID in preventing acute rejection, graft 
dysfunction and graft loss [105]. The early conversion from tac-
rolimus BID to QD has the theoretical advantages of  reducing 
the odds of  underexposure with tacrolimus in early post-trans-
plantation, however there is paucity of  data regarding efficacy and 
safety of  the early conversion. The recommendation from the 
French expert panel is to perform early conversion (1:1mg) after 
bowel movement has resumed and a stable state of  the tacroli-
mus trough level has been achieved. If  the trough level with BID 
level is below the target range, conversion should be postponed 
[106]. Following de novo initiation, tacrolimus systemic exposure 
is reduced by approximately 30% with the QD formulation. The 
reduction is lower if  first dose is given pre-operatively. Therefore, 
it is recommended to initiate tacrolimus QD pre-operatively. Fol-
lowing conversion, 10-15% decrease in trough level is observed, 
which does not translate into an equivalent decrease in area under 
the curve (AUC). There is no difference in the glycaemic control, 
renal function, patient and graft survival between the two groups, 
but there is trend for improved adherence with QD formulation 
[107].

Mycophenolate mofetil (MMF)

MMF has been used extensively in all organ transplant recipients 
due to its good safety profile, efficacy, and ease of  its adminis-
tration without need of  mandatory monitoring. The active me-
tabolite is mycophenolic acid, which inhibits the enzyme inosine 
monophosphate dehydrogenase and thereby purine nucleotide 
synthesis, blocks both T and B lymphocyte proliferation [108].

The three pivotal trials, the U.S Renal Transplant Study, the Tri-
Continental Study and European Mycophenolate Mofetil Study 
compared MMF versus azathioprine or placebo in patients on 
baseline cyclosporine-prednisolone regimen (see section on aza-
thioprine) suggested a lack of  nephrotoxicity, neurotoxicity, or 
hepatotoxicity. Significant incidence of  myelotoxicity and gastro-
intestinal (GI) side-effects were reported. The GI side-effect was 
significantly reduced with the use of  enteric-coated mycopheno-
late sodium (Myfortic®, Novartis) [109]. There was also consist-
ent increase in the incidence of  cytomegalovirus (CMV) infection 
in the MMF group. The U.S Pivotal trial showed significant ben-
efit of  MMF to the higher immunological risk patients in reducing 
the risk of  rejection, particularly for African-Americans [110].

A meta-analysis of  19 trials involving 3143 patients has shown 
that MMF used with a CNI confers a clinical benefit over azathio-
prine by reducing the risk of  acute rejection (RR=0.62) and graft 
loss (RR=0.76), with no difference in other adverse events except 
diarrhoea [111]. A single centre trial evaluated the combination 
of  MMF and tacrolimus plus steroids versus last two agents and 
observed a decreased risk of  acute rejection episodes from 44% 
to 27% at 1 year [112]. Tacrolimus in combination with MMF 
provided better renal function, less hypertension and reduced hy-
perlipidaemia than in combination with sirolimus [92].

Administration of  MMF for the treatment of  acute rejection 
episodes has failed to show any benefit. However, a multicentre 

study has suggested that MMF reduced the incidence of  steroid-
resistant acute rejection episodes [113]. The use of  MMF has al-
lowed reduction of  CNI exposure after 3 months (cyclosporine 
C0 100 to 150 ng/mL; tacrolimus C0 5 to 7 ng/mL) leading to im-
proved creatinine clearance, uric acid, blood pressure and triglyc-
eride values [114]. Several studies have examined elimination of  
CNIs to avert chronic nephrotoxicity. Withdrawal of  cyclosporine 
and continuation of  MMF plus steroid at 3 months was associ-
ated with two fold increase in acute rejection episodes, although 
better creatinine clearance, reduced blood pressure and favour-
able lipid profile was observed [115].

For avoidance of  CNIs, MMF and steroids has been used in 
combination with sirolimus [116], basiliximab/sirolimus [117], or 
belatacept/basiliximab [118]. An excessive occurrence of  acute 
rejection episodes have been observed in studies where CNI was 
not used. In a Spanish study, 65% of  MMF-treated patients re-
mained on CNI free regimen at 12 months, but only 36% re-
mained CNI free at 5 years [119].

A meta-analysis of  nine RCTs (1820 participants) assessed the 
effect of  steroid withdrawal between 3 and 6 months of  RT in pa-
tients on CNI plus MMF. Use of  cyclosporine was associated with 
an increased incidence of  biopsy-proven acute rejection (BPAR) 
(RR=1.61). Contrarily, tacrolimus allowed steroid withdrawal 
without increased incidence of  BPAR [120]. MMF is also shown 
to reduce the incidence of  chronic allograft nephropathy (CAN) 
and benefit those patients with evidence of  early CAN [121]. In 
summary, MMF has become a component of  several immuno-
suppressive regimens resulting in better outcomes compared to 
azathioprine and has been successful in reducing CNI-induced 
nephrotoxicity.

mTOR Inhibitors: Sirolimus and Everolimus

Sirolimus is a macrocyclic lactone, a fermentation product iso-
lated from Streptomyces hygroscopicus [122]. Everolimus was synthe-
sised from sirolimus by substitution at position 40 at its structure 
by 2-hydroethyl chain, which has improved oral bioavailability. 
mTOR is serine-threonine kinase that acts as a scaffold for bind-
ing of  proteins, which and a key component in cell cycle regula-
tory signalling pathway. Sirolimus and everolimus act by inhibiting 
the mTOR and inhibit T-cell proliferation. After entering the cells, 
mTOR-I bind with FK binding proteins, which further binds with 
mTOR and blocks its action resulting in inactivation of  S6K1 and 
4EBP and inhibition of  CD28-mediated downregulation of  IĸBα, 
a regulatory protein that upregulates IL-2 transcription [123]. This 
leads to cell cycle arrest in late G1 phase [124]. Sirolimus has no 
nephrotoxicity but in addition to its immunosuppressive effects it 
inhibits proliferation of  fibroblasts, endothelial cells, hepatocytes 
and smooth muscle cells [125, 126].

mTOR-I have been evaluated in RT as an addition to CNI-based 
therapy, as de novo immunosuppression from the time of  RT, as a 
later addition to CNI to enhance immunosuppression in response 
to acute rejection, and as a substitution for CNIs in the pres-
ence of  nephrotoxicity or CAI in the maintenance phase. When 
sirolimus was compared with Sandimmune cyclosporine in com-
bination with azathioprine and prednisolone, there was no differ-
ence in the incidence of  acute rejection (41% versus 31% at 12 
months) [127]. Similar results were observed when azathioprine 
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was substituted with MMF (27% versus 18.5%) [116]. A registry 
analysis suggested higher incidence of  acute rejection, higher rate 
of  delayed graft function and reduced allograft survival in RT re-
cipients, when combination of  sirolimus and MMF was compared 
with tacrolimus/MMF or cyclosporine/MMF regimens [128]. 
Two large randomised trials ORION [129] and SYMPHONY 
[102] suggest that combination of  sirolimus and MMF is inferior 
to low-dose tacrolimus and MMF-based triple therapy.

In a systematic review by Webster et al. (33 trials: sirolimus (27); 
everolimus (5) and head-to-head (1)) [130]; when mTOR-I re-
placed CNI there was no difference in acute rejection, but serum 
creatinine was lower, and bone marrow more suppressed (leuko-
penia: RR 2.02; thrombocytopenia: RR 6.97; anaemia: RR 1.67). 
When mTOR-I replaced antimetabolites, acute rejection (RR 
0.84) and CMV infection (RR 0.49) were reduced, but hypercho-
lesterolaemia was increased (RR 1.65). There was no significant 
difference in mortality, graft loss or malignancy risk for mTOR-I 
in any comparison. The use of  mTOR-I immediately after RT is 
limited due to adverse effects on would healing and lymphocele. 
However, replacement of  CNI with sirolimus as maintenance 
therapy before structural changes have occurred in cases of  early 
CAI has shown to improve renal function [131].

The Sirolimus Renal Conversion Trial (CONVERT trial) exam-
ined the effects of  converting from CNI to sirolimus as main-
tenance therapy and showed (particularly in the subgroup with a 
baseline GFR of  > 40 mL/min and a urinary protein-to creatinine 
ratio of  ≤ 0.11) superior renal function in patients treated with 
sirolimus for 12 to 24 months[132]. RCT by Guerra etal. suggest 
maintenance therapy with tacrolimus/MMF is more favourable 
than either tacrolimus/sirolimus or cyclosporine/sirolimus [133].

The efficacy of  everolimus with reduced CNI in comparison to 
conventional MMF and standard CNI in de novoRT have been 
addressed in two large randomised trials; namely, the A2309 trial 
[134]; and the EVEREST study [135]; and third TRANSFORM 
study [136] is in recruitment stage. The available data indicate that 
everolimus targeting 3-8 ng/ml can achieve at least 60% reduction 
in maintenance concentration of  CNI without loss of  efficacy in 
de novo RT recipients at low to moderate immunological risk. 
The benefit in terms of  renal function was achieved when very 
low CNI exposure was achieved. Early withdrawal of  steroids in 
everolimus with reduced CNI have shown an increased risk of  
acute rejection [137].

Several randomised trials have investigated the effect of  introduc-
ing everolimus and withdrawing CNI in RT recipients, where the 
time of  CNI withdrawal varied from seven weeks to seven years. 
Studies of  early switch at seven weeks or halving of  CNI dose 
from two weeks onwards followed by full withdrawal at 2 months 
was associated with high rate of  BPAR at 12 month (27.5% and 
31%, respectively)[138-140]. Two large studies have demonstrated 
improved renal function when the switch was initiated at months 
3-4.5, although ZEUS study showed high incidence of  mild BPAR 
after CNI withdrawal compared to CNI continuation(13.6% ver-
sus 7.6%) [141, 142]. Two studies of  late conversion (APOLLO 
[mean seven years] [143] and ASCERTAIN [mean >5 years] [144]
showed no loss of  efficacy after switch. Data regarding develop-
ment of  de novo DSA in patients receiving everolimus is inad-
equate. Patients on CNI with declining renal function, malignant 

neoplasms or non-melanoma skin cancers have benefitted when 
switched to everolimus [145].

Antibodies

In the early 1950s, lymphocytes were recognised as the predomi-
nant effector in rejection and by the mid-1960s, lymphocyte 
depleting antibodies such as antilymphocyte serum (ALS), anti-
lymphocyte globulin (ALG) and rabbit antithymocyte globulin 
(rATG) were isolated from animal experiments, which were com-
posed of  many undefined specificities, hence collectively known 
as polyclonal preparations. In 1975, Kohler and Milstein, devel-
oped monoclonal antibodies by the hybridoma technology, which 
has genetically defined monoclonal specificity and overcame the 
shortcomings of  polyclonal preparations, particularly specific-
ity and variability. Anti-CD3 monoclonal antibody (OKT3, Mu-
romonab) was the first monoclonal antibody specific for CD3, 
which very rapidly cleared T-cells from peripheral circulation and 
was found to be very effective in prevention and treatment of  
rejection. Subsequently, with the advances in genetic engineering, 
several monoclonal antibodies were developed, whose efficacy 
and safety and clinical applications are described below. There are 
currently three antibodies which are used for induction therapy: 
IL-2 receptor antagonist (basiliximab and daclizumab), rATG and 
alemtuzumab.

Rabbit antithymocyte globulin (rATG): Rabbit ATG is com-
monly used for induction and treatment of  steroid-resistant cel-
lular and antibody mediated rejections. In 1960s and 1970s, ALS 
and ALG were used to reduce the acute rejection, which delayed 
the onset of  acute rejection, but did not alter the ling-term sur-
vival [146, 147]. The use of  polyclonal antibodies declined after 
introduction of  cyclosporine because of  the increased incidence 
of  infections and malignancies. However, ATG has been inves-
tigated in combinations with CNIs, MMF and steroids in higher 
immunological risk patients, recipients of  donation after circula-
tory death and extended criteria donors, delayed graft function, 
particularly where avoidance of  prolonged calcineurin inhibitor 
is desired [148-152]. With better viral prophylaxis and improved 
understanding of  the infectious aetiology of  post-transplant lym-
phoproliferative disorder (PTLD), ATG is being used in a variety 
of  situations with confidence. It causes T-cell depletion through 
complement activation. It also modulates cell surface and adhe-
sion molecules [153]. Side-effects include early acute cytokine 
release syndrome, delayed serum sickness and higher infections 
with CMV and other infections.

Pilch et al. compared the efficacy and safety of  rATG and IL-2 re-
ceptor antagonists (basiliximab and daclizumab) in a prospective 
randomised controlled trial (RCT) in combination with tacroli-
mus, MMF and steroid, and showed no difference in the incidence 
of  acute rejection, renal function and graft survival between the 
two groups. There was increased incidence of  BK virus infection 
in the rATG group [154]. In a meta-analysis by Liu et al. including 
6 studies (853 patients), there was no difference between rATG 
and basiliximab in terms of  BPAR, delayed graft function, graft 
loss and patient death. But basiliximab group had lower incidence 
of  infection and neoplasm. Basiliximab is considered as effective 
as rATG, therefore, is safer and preferable option for induction 
therapy in RT [155].
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Recent evidence suggests that de novo DSA is associated with 
AMR and graft failure after RT. The effects of  induction immu-
nosuppression with rATG and basiliximab on DSA was assessed 
by Brokhof  et al. in 114 consecutive moderately sensitized (posi-
tive DSA and negative flow crossmatch) recipients who received 
deceased donor RT with a follow-up of  36 months. The incidence 
of  DSA (HR=0.33) and AMR (HR=0.9) were significantly lower 
in the ATG group [156].

In a comprehensive systematic review, Webster et al. examined 
the safety and efficacy of  ATG, OKT3 and steroids in the treat-
ment of  acute rejection episodes. In treating the first rejection 
episodes, antibodies were better than steroids in reversing rejec-
tion episodes and preventing graft loss, but there was no differ-
ence in preventing subsequent rejection or death at 1 year. For the 
treatment of  steroid-resistant rejection, there was no benefit of  
OKT3 over ATG in reversing rejection, preventing subsequent 
rejection, preventing graft loss or death [157].

Muromonab (OKT3): Orthoclone OKT3 is a murine IgG2a 
antibody that was first introduced in the early 1980s as an induc-
tion agent in sensitised patients, for the treatment of  steroid-re-
sistant rejections and in patients with delayed graft function to 
facilitate delay of  CNI administration [158, 159]. OKT3 binds to 
epsilon chain of  the CD3 protein in association with the T cell 
receptor complex, and mediates complement-dependent cell lysis 
and ADCC, thereby clears all T-cells from peripheral circulation. 
Binding of  OKT3 to CD3 leads to TCR-CD3 internalisation, 
thus T cells without TCR are incapable of  receiving primary anti-
gen signal and are immunologically inactive [160]. Lysis of  T cells 
leads to release of  cytokines causing severe systemic manifesta-
tions including pulmonary oedema and aseptic meningitis [158]. 

All trials in the past have shown OKT3 as an efficacious agent in 
the prevention and successful reversal of  80% of  severe rejec-
tions, particularly those associated with vasculitis (Banff  grade 2 
or 3 rejection). OKT3 together with tacrolimus, MMF and pred-
nisolone improved the graft survival and renal function in pa-
tients with steroid-resistant rejection [161]. Low doses OKT3 and 
low dose ATG were found to be equally effective in the treatment 
of  steroid-resistant rejection [162]. However, the use of  OKT3 
in RT has been abandoned due to its severe side-effects and the 
availability of  safer agents.

Interleukin-2 receptor (CD25) monoclonal antibody: Basi-
liximab and daclizumab are anti-CD25 monoclonal antibodies, 
which inhibit IL-2 binding to α-chain of  the CD25 molecule and 
deprive T cells of  this cytokine thereby preventing T cell activa-
tion and proliferation without causing cell lysis [163]. Therefore, 
they are also known as non-depleting antibodies. Daclizumab is a 
humanized anti-CD25 IgG1, while basiliximab is a chimeric anti-
CD25 IgG1. Daclizumab and basiliximab have been shown to re-
duce modestly the incidence of  acute cellular rejection compared 
with methylprednisolone induction when used with triple or dual 
immunosuppressive agents, with no side-effects [164]. There was 
no difference in the efficacy and safety between basiliximab and 
daclizumab in terms of  BPAR, renal function, graft and patient 
survival [165].

In a phase III study, Nashan et al.assessed the ability of  basilixi-
mab to prevent acute-rejection episodes in renal allograft recipi-

ents in comparison to a placebo in patients receiving cyclosporine 
and steroids. The incidence of  BPAR at 6 months was signifi-
cantly lower in the basiliximab group (29.8% vs. 44%), as was the 
incidence of  steroid-resistant rejection episodes (10% vs. 23.1%)
[166]. Webster et al. in a meta-analysis including 38 trials and 4893 
participants, showed significant reduction of  acute rejection at 6 
months compared to placebo (RR: 0.66), but with no difference 
in the incidence of  CMV infection, malignancy, graft and patient 
survival. There is no apparent difference in the outcomes between 
basiliximab and daclizumab [167].

Brennan et al., in a randomised trial, compared basiliximab with 
rATG in patients receiving cyclosporine, MMF and prednisolone, 
and showed lower incidence of  acute rejection (25.5% vs. 15.5%) 
and steroid-resistant rejection (8% vs. 1.4%). Both groups had 
similar incidences of  graft loss (9.2% and 10.2%), delayed graft 
function (40.4% and 44.5%), and death (4.3% and 4.4%).  Patients 
receiving rATG had a greater incidence of  infection (85.8% vs. 
75.2%, P=0.03) but a lower incidence of  CMV disease (7.8% vs. 
17.5%, P=0.02). Patient and graft survival were similar in the two 
groups [168]. Similar results were observed by Noel et al. when 
daclizumab was compared with ATG [169]. At present, basilixi-
mab has supplanted ATG as the most frequently used induction 
agent in RT.

Alemtuzumab: Alemtuzumab (Campath-1H) is a humanised 
rat monoclonal anti-CD52 antibody directed against the CD52 
membrane protein present on most T cells, B cells and mono-
cytes [170]. It leads to rapid depletion of  bulk of  T cells, lesser 
depletion of  B cells and monocytes by cell lysis, thereby causes 
cytokine release syndrome, but less in severity compared to rATG 
and OKT3 [171]. Because alemtuzumab does not clear plasma 
cells, there is increased incidence of  AMR and development of  
DSA [172].

The role of  alemtuzumab as an induction treatment followed by 
an early reduction in CNI and MMF exposure and steroid avoid-
ance (3-C Trial in UK), and basiliximab-based induction treatment 
was examined in a RCT. The patients were randomly assigned to 
either alemtuzumab-based induction treatment (ie, alemtuzumab 
followed by low-dose tacrolimus and MMF without steroids) or 
basiliximab-based induction treatment (basiliximab followed by 
standard-dose tacrolimus, MMF, and prednisolone). Compared 
with basiliximab-based treatment, alemtuzumab-based induction 
therapy was followed by reduced CNI and MMF exposure and 
steroid avoidance; and reduced the risk of  BPAR in patients re-
ceiving a RT (7% vs. 17%). There was no difference in the inci-
dence of  infections and graft loss [173].

In a meta-analysis including 10 RCTs (1223 patients), alemtu-
zumab induction had a lower risk of  BPAR compared with basi-
liximab and daclizumab. No significant difference was observed 
in the risk of  BPAR when induced with rATG. There was no 
difference in early or delayed graft loss, patient death, PTDM, 
when alemtuzumab was compared with IL-2RA and rATG. It is 
more acceptable to base the choice of  induction agent on safety 
outcomes and/or costs [174].

In the prospective INTAC study, alemtuzumab was compared 
with rATG and basiliximab induction in patients who received 
tacrolimus and MMF as maintenance therapy and early steroid 
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withdrawal was done at day 5. In low risk-group (alemtuzumab vs. 
basiliximab induction), there was low incidence of  BPAR (3% vs. 
15% at 3 months; 5% vs. 17% at 12 months; and 10% vs. 22% at 
3 years). But among high-risk patients (alemtuzumab and rATG), 
no significant difference was seen in the incidence of  BPAR (18% 
vs. 15%). The risk of  cancer (5% vs. 1%) and serious infection 
(22% vs. 35%) were significantly high in the low risk group [175].

Rituximab: Rituximab is a chimeric monoclonal antibody spe-
cific for CD20, which is expressed on the majority of  B cells, 
leads to depletion of  these cells. Rituximab is used as an induction 
agent for desensitisation in ABO-incompatible donor recipient 
pairs or transplant across a positive crossmatch following anti-
body removal and in the treatment of  AMR [176, 177]. In a dou-
ble-blind, placebo-controlled study, van den Hoogen, et al. evalu-
ated the efficacy and safety of  rituximab as induction therapy in 
RT patients receiving either single dose of  rituximab or placebo. 
Maintenance immunosuppression consisted of  tacrolimus, MMF 
and steroids.  Immunologically high-risk patients (PRA > 6% or 
retransplant) not receiving rituximab had a significantly higher in-
cidence of  rejection (38.2%) compared to other treatment groups 
(rituximab-treated immunologically high-risk patients, and rituxi-
mab or placebo-treated immunologically low-risk (PRA </= 6% 
or first transplant) patients 17.9%, 16.4% and 15.7%, respectively; 
P = 0.004). Thus rituximab induction was beneficial to the high-
risk patients [178].

Fuchinoue et al. have reported their 5 year outcome of  ABO-in-
compatible RT using rituximab induction and showed better out-
come in terms of  graft survival (100%, 96.8% and 99.2%, respec-
tively), renal function, AMR (4%, 15.95 and 2.5%, respectively), 
and acute cellular rejection (4%, 9.5%, and 14.3%, respectively) 
in the rituximab treated ABO-incompatible RT compared to the 
ABO-incompatible RT who did not receive rituximab and ABO-
compatible RT [179].

RT in the presence of  DSA and positive CDC crossmatch carry 
significant risk of  AMR and mortality. The desensitisation proto-
col consisting of  rituximab, plasmapheresis and low dose IVIG 
was assessed by Riella at al. and showed 84% graft survival and 
86% patient survival at 5 years. 61% of  the graft experienced 
AMR and 1 graft was lost from hyperacute rejection. The mean 
serum creatinine was 170µmol/L at 5 years. Thus, desensitisation 
using rituximab induction provided acceptable results in living 
donor RT [180]. Rituximab is used effectively in the treatment of  
PTLD in combination with chemotherapy and reduction of  im-
munosuppression, where renal function has been well preserved 
[181, 182].

Belatacept

Belatacept, a fusion protein composed of  the Fc fragment of  
human IgG1 linked to the extracellular domain of  CTLA-4, se-
lectively inhibits T-cell activation through costimulation blockade 
[183]. Balatacept has been in use since 2006 in two phase III stud-
ies, Belatacept Evaluation of  Nephroprotection and Efficacy as 
First-line Immunosuppression Trial (BENEFIT) and BENEFIT–
Extended Criteria Donors (BENEFIT-EXT) trial [184, 185].

The phase III BENEFIT study assessed a more intensive (MI) or 
less intensive (LI) regimens of  belatacept, versus cyclosporine in 

adults receiving a kidney transplant from living or standard criteria 
deceased donors. At 1 year, the both belatacept groups and cyclo-
sporine groups had similar graft and patient survivals (MI: 95%, 
LI: 97% and cyclosporine: 93%) better renal function (eGFR 65, 
63 and 50 mL/min for MI, LI and cyclosporine, respectively), 
but belatacept patients experienced a higher incidence (MI: 22%, 
LI: 17% and cyclosporine: 7%) and grade of  acute rejection epi-
sodes. Safety was generally similar between groups, but PTLD 
was more common in the belatacept groups [118]. The phase III 
BENEFIT-EXT study evaluated similar drug regimens in extend-
ed criteria deceased donor RTs and showed better renal function 
(4-7 mls/min higher mean eGFR in the belatacept group), but 
the acute rejection rate, graft and patient survivals and infections 
were similar. The incidence of  PTLD was high in the belatacept 
group [186]. The 7 years follow-up result of  the BENFIT study 
has been published recently, showed a 43% reduction in death or 
graft loss for moth MI and LI belatacept regimens compared with 
cyclosporine regimen. The mean eGFR increased over the 7 year 
period with belatacept and decreased with cyclosporine regimen. 
The cumulative frequency of  serious adverse events at month 84 
were similar across treatment groups [187]. One limitation of  the 
trial is that cyclosporine, a less contemporary immunosuppressive 
agent was utilised.

Bortezomib

Bortezomib is a proteasome inhibitor which causes phosphoryla-
tion of  the Bcl2 family of  proteins and the cleavage product in-
duced G2-M cell arrest and apoptosis of  the plasma cells and 
thereby inhibits antibody production. Several case series have 
shown successful reversal of  severe AMR refractory to conven-
tional therapy and preoperative desensitisation of  highly sensi-
tised  positive crossmatch living donor RT [188-190]. In order 
to assess the efficacy of  bortezomib in RT patients with positive 
DSA and biopsy-proven AMR, a prospective randomised trial 
(BORTEJECT) is underway in Vienna, which aims to assess 
the renal function, proteinuria, patient and graft survivals at 24 
months [191].

Eculizumab

Eculizumab is a humanised monoclonal anti-C5 IgG antibody 
that binds to complement protein C5, preventing cleavage into 
C5a and C5b, and subsequent formation of  C5b-9 or membrane 
attack complex. There are several case series reporting successful
treatment of  severe AMR refractory to conventional treatment 
and thrombotic microangiopathy post-RT [192, 193]. Stegall et 
al. from Mayo Clinic studied the efficacy of  eculizumab in 26 re-
cipients of  highly sensitised recipients of  living donor RT and 
compared with historical controls of  51 sensitised patients treated 
with similar plasma exchange-based protocol without eculizumab. 
The incidence of  BPAR at 3 months was 7.7% in the eculizumab 
group compared with 41.2% in the control group. With eculi-
zumab, AMR episodes were easily treated with plasma exchange, 
thus reducing the need for splenectomy. On 1-year protocol bi-
opsy, transplant glomerulopathy was found to be present in 6.7% 
of  eculizumab-treated recipients and in 35.7% of  control patients 
[194]. More research needs to be undertaken in order to deter-
mine indications and the length of  treatment for patients DSA 
and at risk of  recurrence of  haemolytic-uraemic syndrome [195].
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C1 inhibitor in AMR

The safety and efficacy of  C1 inhibitor (C1-INH, Berinert®), 
which inhibits the classical and lectin pathways of  complement 
activation, is under evaluation in highly sensitised RT patients 
who are at risk of  developing AMR. The plasma derived C1 in-
hibitor was given in addition to IVIg, plasmapheresis and rituxi-
mab and compared using placebo. In the study group there was 
significant reduction in the incidence of  AMR, reduced C1q and 
DSA. C1-INH was also tested in AAMR, which showed favour-
able outcomes. However, the efficacy of  this agents needs to be 
evaluated in prospective randomised trials [196, 197].

Agents Investigated in the Past

FTY-720

FTY-720 is a sphingosine-1-phosphate analogue which interferes 
with cell traffic between lymphoid organs and blood without im-
pairing T- and B-cell activation, proliferation and effector func-
tion. Its efficacy and safety was tested in clinical trials, but further 
investigation was discontinued due to adverse effects on visual 
function [198].

Sotrastaurin

Sotrastaurin is a protein kinase C signalling inhibitor, blocks IL-2 
production and T-cell activation independent of  the CNI path-
way. In a phase II randomised study, de novo RTs received sotras-
taurin was given to two groups of  patients; standard exposure 
of  tacrolimus (SET), reduced exposure of  tacrolimus (RET) and 
control (SET + MMF). After 3 months, tacrolimus was omitted 
in the sotrastaurin group and MMF given. There was significantly 
high rate acute rejection, infections, GI side-effects in the sotras-
taurin group leading to discontinuation of  the study [199].

Tofacitinib

Tofacitinib is a small molecule agent which inhibits JAK3 and 
thereby inactivates JAK/STAT dependent IL-2 induced T-cell 
proliferation [200]. In a phase II study, Tofacitinib was compared 
with CNI-free regimens, where the incidence of  acute rejection 
and graft function were comparable between the two groups. 
But the incidence of  serious infection, anaemia, neutropenia and 
PTLD were significantly high in the Tofacitinib group. Further 
investigation of  this agent has been abandoned [201].

Generic Formulations

There has been growing interest in promoting generic conver-
sion from brand medications in clinical RT for cost-containment 
measures. However, due to drug variability, issues with bioequiva-
lence, increased risk of  rejection, graft loss and increased hospi-
talisation, concerns have been raised on conversion to generic for-
mulations, particularly due to narrow therapeutic index of  some 
of  the drugs [202]. The available data on the efficacy and safety 
of  generic conversion to brand formulations of  tacrolimus (Pro-
graf®), MMF (Cellcept®) and cyclosporine Neoral to generic for-
mulations such as tacrolimus (Tacni®) MMF (Myfenax®, Mycept®) 
and cyclosporine (Iminoral®) is limited and variable. Prospective 
data on the pharmacokinetics including the area under the curve, 

Cmax, time to Cmax and trough levels are paramount to compare 
the two formulations [203]. A systematic review and meta-analysis 
has evaluated the clinical efficacy and bioequivalence of  generic 
immunosuppressive drugs Neoral (cyclosporine) (32 studies), 
Prograf® (tacrolimus) (12 studies), and Cellcept® (mycophenolate 
mofetil) (six studies) in solid organ transplantation, with refer-
ence to the outcomes including patient survival, allograft survival, 
acute rejection, adverse events and bioequivalence. Pooled analy-
sis of  RCTs in patients with RT that reported bioequivalence cri-
teria showedthat Neoral (two studies) and Prograf® (three studies) 
were not bioequivalent with generic preparations. The single Cell-
cept® trial also did not meet bioequivalence. Acute rejection was 
rare but did not differ between groups. High quality data showing 
bioequivalence and clinical efficacy of  generic immunosuppres-
sive drugs in patients with transplants were lacking, hence need 
for well-designed studies was recommended [204].

Conclusion

The pinnacle of  success achieved in RT has evolved over the 
past century by passing through various milestones in the field of  
immunology and immunosuppressive drugs, which has become 
possible through relentless research, both in experimental animal 
models and human volunteers. Since the early years of  TLI to the 
current stage of  evaluation of  costimulation blockade, significant 
reduction in the incidence of  acute rejection has been achieved, 
but chronic AMR, side-effects of  the drugs and their cost have 
been the target of  intervention. Further development in both 
induction and maintenance immunosuppressive strategies is re-
quired to achieve an ideal regimen, which would prolong allograft 
survival with minimal complications.
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