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Abstr act
In recent years solid organ transplantation has been
rapidly developed as a therapeutic intervention that is
life-saving and greatly contributes to a better quality of
life in organ recipients. The rapid development has been
made possible because of a drastic expansion in the
immunosuppressive repertoire. Unfortunately, the side
effects of these drugs can be severe, which is one of the
reasons that life expectancy of transplant patients still
significantly falls short of that of the general population. In
this review manuscript we will discuss current and future
immunosuppressive strategies that are employed in solid
organ transplantation. Expanding our understanding of
the human immune system will hopefully provide us with
newer, smarter drugs that promote immunotolerance
without the side effects observed today.

adequate immune suppression, it also resulted in profound
bone marrow aplasia, which often led to patients dying
from overwhelming infections.
The breakthrough came in 1959, when it was reported
that 6-mercaptopurine (6-MP), which was already in
use for acute lymphocytic leukaemia, suppressed the
immune system.3,4 Soon, the first clinical trial using a
combination of corticosteroids and 6-MP was set up. It
delivered one-year rates of allograft survival in the range
of 40-50%.5 A few years later, 6-MP was replaced by its
prodrug azathioprine, which was equally effective but less
toxic. Also, antithymocyte globulin (ATG) was introduced:
first to treat corticosteroid-resistant rejection episodes and
later as part of induction protocols. Several trials followed,
producing rates of one-year graft survival of around 70%.6-8
In the early 1980s, the introduction of cyclosporine marked
a new era in clinical transplantation, increasing one‑year
graft survival rates to well over 80%.2
In the last 20 years, the immunosuppressive repertoire
has been extended significantly with the introduction of
drugs, such as tacrolimus, mycophenolate mofetil and
sirolimus, and monoclonal antibodies, such as basiliximab
and alemtuzumab. These drugs have facilitated major
improvements, especially in one-year graft survival,
which now exceeds 90% in most centres. Unfortunately,
long-term graft survival still lags behind, with only a
very modest increase compared with the early days of
transplantation medicine.
Here, we present an overview of the drugs currently used
for immunosuppression after solid organ transplantation.
Our focus is mainly on renal transplantation, but
the general principles apply for all types of organ
transplantation. We will discuss mechanisms of action,
major toxicities and the place in the immunosuppressive
regimen for these drugs. Tables 1 and 2 provide a summary.
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INTROD U C TION
In 1954, the first successful renal transplantation was
performed at the Peter Bent Brigham Hospital in Boston.1
Because the donor and recipient were identical twins,
there was no need for immunosuppression. This success
underlined the surgical feasibility of organ transplantation
and greatly stimulated research into immunosuppression,
opening up the possibility to extend transplantation beyond
identical twins.
In the 1950s, sublethal doses of total body irradiation (TBI)
were combined with cortisone.2 Although TBI did produce
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Table 1. Overview of drugs currently used in solid organ transplantation
Drug
Glucocorticosteroids

Trade name

Place in treatment protocol
Induction and maintenance;
acute cellular rejection and AMR
Maintenance

Comments
Role in maintenance immunosuppression under investigation because of severe side effects during long-term use
Azathioprine
Imuran
Mainstay of immunosuppression together with glucocorticosteroids until 1980s, producing one-year graft survival of
around 70%
MMF
CellCept
Maintenance
MMF, introduced in early 1990s, was initially favoured over
mycophenolic acid
Myfortic
azathioprine, but newer trials show similar efficacy
Calcineurin inhibitors Neoral
Maintenance
CNIs were introduced in the 1980s-1990s and revolution(Cyclosporine/
Prograft/
ised maintenance immunosuppression. Tacrolimus has a
Tacrolimus)
Advagraf
lower risk of acute rejection and allograft loss than cyclosporin. The use of CNIs is limited by their side effects, especially nephrotoxicity
mTOR-inhibitors
Certican
Maintenance
Place in maintenance immunosuppression still under inves(Sirolimus/Everolimus) Rapamune
tigation; often used to limit CNI nephrotoxicity
ATG
Induction; steroid-resistant
Oldest available medication for induction and rejection
rejection
treatment (apart from steroids), still highly effective but toxic
Alemtuzumab
MabCampath Induction; steroid-resistant
Place in induction and acute rejection treatment is still under
rejection
investigation; appears to be similar to ATG while less toxic
Rituximab
MabThera
AMR, HLA‑sensitised patients,
Has also been evaluated as induction agent, but
ABO‑incompatible transplantations unsuccessfully
Basiliximab
Simulect
Induction
Higher rejection rates one year post-transplantation than
ATG, but less toxic
Belatacept
Nulojix
Maintenance
Promising new agent for maintenance immunosuppression,
further studies are needed
Bortezomib
Velcade
AMR
Small, non-randomised trials suggest efficacy in AMR
Eculizumab
Soliris
AMR
May decrease AMR in highly sensitised individuals
AMR = antibody-mediated rejection; ATG = antithymocyte globulin; CNI = calcineurin inhibitor; MMF = mycophenolate mofetil; mTOR =
mammalian target of rapamycin.

Table 2. Major toxicities of drugs currently used in solid organ transplantation
Drug

Glucocortico
steroids
Azathioprine
MMF
Cyclosporine

Cardiovascular toxicity

Hyper
tension
++

Dyslipi DM
daemia
+
++ -*

N
N
++

N
+
+++

N
+
+

+$
N
+

++
+++

++
+

+
-

Tacrolimus
+
mTOR-inhib- N
itors
ATG
Alemtuzumab
Rituximab
Basiliximab
Belatacept
Bortezomib
Eculizumab

Malignancies Selected infections

++

+
-

++

+

+
-

CMV§ EBV#

Bone
Other
marrow
suppression

BKV†
N

-

+

+
+

+
+
+
+
+

+
+

++
+

+

+
+
+
+
+

Cushingoid appearance, sleep disturbances, mood changes, impaired wound
healing, osteoporosis
Hepatotoxicity
Gastrointestinal symptoms
Nephrotoxic, neurotoxic, gum
hyperplasia
Nephrotoxic, neurotoxic, gum hyperplasia
Impaired wound healing, flulike
syndrome, acne
Cytokine-release syndrome
Mild cytokine-release syndrome,
induction of autoimmune disease
Infusion reactions
Hypersensitivity reactions
Neurotoxicity
Very expensive

*Used in many treatment protocols for malignancies; however, an increased risk of malignancy has also been described; $historically associated with
an increased risk of malignancy, when azathioprine was given in high dosages. The risk association for currently used lower dosages is less clear;
§
CMV infections are increased with all immunosuppressive medications; however mTOR-inhibitors are thought to decrease the risk, whereas ATG
increases the risk; #EBV increases the risk of PTLD (post-transplant lymphoproliferative disorder). Induction or rejection therapy with polyclonal
and monoclonal antibodies increases the risk of PTLD. PTLD can be treated with rituximab; †The risk of a BKV infection is mostly dependent on
the total load of immunosuppression, but MMF and tacrolimus appear to increase the risk.
ATG = antithymocyte globulin; BKV = BK virus; CMV = cytomegalovirus; DM = diabetes mellitus; EBV = Epstein-Barr virus; MMF = mycophenolate
mofetil; mTOR = mammalian target of rapamycin.
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G L U C O C ORTI C OSTEROIDS

The net result of these pathways is a neutrophilic
leukocytosis, accompanied by dramatic transient
reductions in circulating eosinophils, monocytes, and
lymphocytes.11 Circulating T cells rapidly decline, due
to a combination of effects, including redistribution,12
inhibition of pro-inflammatory cytokines9 and induction
of apoptosis.13,14 B cells are less affected and antibody
production is largely preserved.15
Because of their wide scope of immunosuppressive effects,
glucocorticosteroids are used both for induction and
maintenance immunosuppression and for treatment
of acute rejection episodes. However, there are several
well-known side effects. In addition to opportunistic
infections, these include a Cushingoid appearance,
sleep disturbances, mood changes, hyperglycaemia,
hypertension, alterations in lipid metabolism, impaired
wound healing and osteoporosis. Therefore, the role
of corticosteroids, especially their long-term use in
maintenance immunosuppression, is a subject of active
research. In a recent systematic review of 29 randomised
controlled trials, steroid avoidance and steroid withdrawal
strategies in renal transplantation were not associated
with increased mortality or graft loss despite an increase
in acute rejection episodes. However, follow-up was

Since their discovery just after World War II, glucocorticosteroids have become one of the most widely used
drugs in modern medicine. Glucocorticosteroids inhibit
inflammation through three mechanisms: direct genomic
effects, indirect genomic effects and nongenomic
mechanisms,9 illustrated in figure 1. Direct genomic
effects occur when the cortisol-glucocorticosteroid receptor
complex moves to the nucleus and affects transcription.
Two important examples are the induction of annexin 1 and
MAPK phosphatase 1. Each of them inhibits prostaglandin
synthesis, which in turn inhibits inflammation. Indirect
genomic effects take place when the glucocorticoidreceptor complex interacts with other transcription factors.
NFkB is inhibited through this mechanism, leading to
a decrease of COX-2, which also inhibits prostaglandin
synthesis. Nongenomic effects, i.e. effects not mediated
by changes in gene expression and transcription, may
explain why glucocorticosteroids can also act very rapidly.
The best-described non-genomic mechanism involves
the activation of endothelial nitric oxide synthethase
(eNOS), which appears to protect against ischaemia and
reperfusion-induced injury in mice.10

Figure 1. Mechanism of action of glucocorticosteroids
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limited, varying from six months to five years.16 Another
meta-analysis17 also concluded that acute rejections were
increased in steroid avoidance protocols, without affecting
graft or patient survival.

resulting in an accumulation of active azathioprine
metabolites.35 MMF, on the other hand, causes more
dyslipidaemia and diabetes mellitus and is associated with
an increased risk for BK nephropathy.36

ANTI M ETABOLITES

C AL C INE U RIN IN H IBITORS

Antimetabolites are purine and/or pyrimidine inhibitors,
blocking DNA synthesis. Two well-known examples are
azathioprine and mycophenolate mofetil, which are both
used for maintenance immunosuppressive treatment.
Azathioprine (Imuran®) was among the first drugs to
be used in solid organ transplantation. It is metabolised
to 6-MP, which interferes with DNA synthesis. Its
immunosuppressive action in vivo seems to be mediated
mainly by its inflammatory properties.18,19 However, it
is also thought to stimulate T-cell apoptosis.20 Figure 2
summarises the mechanism of action of azathioprine and
other immunosuppressive drugs.21-25
The main side effects of azathioprine are bone marrow
suppression and hepatotoxicity. Historically, its use has
also been associated with malignancies. However, whereas
older data show a clear correlation, newer data analysing
combined immunosuppressive medications in which
azathioprine is generally used in lower dosages, are less
clear-cut.26
Mycophenolate mofetil (MMF, CellCept®) was first used
in the early 1990s.27 MMF is a prodrug that is rapidly
metabolised to its active metabolite mycophenolic acid. A
few years ago, mycophenolic acid also became available
directly as Myfortic®. MMF inhibits lymphocyte function
by blocking purine biosynthesis via inhibition of the
enzyme inosine monophosphate dehydrogenase.28 In
most eukaryotic cells, blocking inosine monophosphate
dehydrogenase has little effect on cell division because
purines can also be generated from nucleotide breakdown
products, the so-called purine salvage pathway. Because
B and T lymphocytes lack this pathway, MMF is a more
selective antiproliferative agent than azathioprine.29,30
Because of this, and because MMF is less hepatotoxic and
is not associated with malignancies,26 it was expected to
replace azathioprine in the immunosuppressive repertoire,
especially when several studies found that acute rejection
rates for prednisolone/MMF/cyclosporine were lower than
for prednisolone/azathioprine/cyclosporine.31,32 However,
all these studies used older preparations of cyclosporine.
Studies using the newer micro-emulsification formulation
(Neoral®) have shown similar efficacy and adverse effects
for the two regimens.33,34
When deciding between azathioprine and MMF, several
additional factors come into play. For example, azathioprine
should be used with caution in patients treated with
allopurinol, because this drug inhibits xanthine oxidase,

Cyclosporine (Neoral ®) and tacrolimus (Prograft ®,
Advagraf®) are calcineurin inhibitors (CNIs). Cyclosporine
binds to cyclophilin, whereas tacrolimus binds to
FK‑binding protein. Both result in calcineurin inhibition,
which in turn inhibits translocation and activation of
nuclear factor of activated T cells (NFAT), leading to
downregulation of IL-2, 3 and 4, TNF-alpha, CD40L,
G-CSF, IFN-g and others.37
The development of CNIs – first cyclosporine and later
tacrolimus – revolutionised the treatment of solid organ
transplant patients, significantly improving graft survival
rates. Both have become cornerstones of maintenance
immunosuppression. However, nephrotoxicity has proven
to be a major problem. Two mechanisms are at play.38 The
first mechanism, endothelial injury leading to heightened
mesangial cell contractility, is potentially reversible, but
the second mechanism, interstitial fibrosis, which may
occur as early as three months after transplantation, is
irreversible.
Over the last two decades, tacrolimus has gradually become
the more widely used CNI, because it is associated with a
lower risk of acute rejection and allograft loss, as shown by
several studies and confirmed by meta-analysis.39,40 Toxicity
profiles are similar: both increase the risk of malignancy;
cyclosporine is associated with slightly higher rates of
hypertension, hyperlipidaemia and gum hyperplasia,
whereas tacrolimus has more prominent neurological side
effects and more cases of drug-induced diabetes and BK
nephropathy.36
mTOR INHIBITORS
mTOR stands for mammalian target of rapamycin.
Inhibition of this target prevents the transduction of the
signal initiated by binding of IL-2 to its IL-2 receptor.
This signal targets the mTOR complex, which has a
key role in the regulation of various processes in the
cell affecting cell growth and division. 41 In addition to
immunosuppressive properties, mTOR inhibitors also have
antiproliferative properties and are used for oncological
indications. Sirolimus and everolimus (an active metabolite
of sirolimus) are the main drugs in this class. Major
side effects include thrombocytopenia, hyperlipidaemia
and impaired wound healing. Sirolimus monotherapy
is generally not nephrotoxic, but in combination with
CNIs, significant nephrotoxicity has been described, due
to increased blood levels of CNIs. 42,43 CMV infections, on
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the other hand, seem to occur less frequently with mTOR
inhibitors. 44,45
mTOR inhibitors are used for maintenance immunosuppression. A 2006 meta-analysis46 comparing mTOR
inhibitors with antimetabolites and calcineurin inhibitors
concluded that mTOR inhibitors lowered the risk of acute
rejection and a higher GFR. However, side effects were also
more severe, particularly bone marrow suppression and
lipid disturbances. The limitation of this meta-analysis was
a follow-up of only two years. A randomised-controlled trial
published in 201147 with a follow-up of eight years revealed
different results: maintenance therapy with prednisolone/
tacrolimus/MMF was accompanied by lower rates of acute
rejection and a higher GFR than either prednisolone/
tacrolimus/sirolimus or prednisolone/cyclosporine/
sirolimus.
Overall, the place of mTOR inhibitors in immunosuppression after solid organ transplantation is still unclear.
mTOR inhibitors are often used in patients experiencing

CNI toxicity. A common approach is to start with a
combined CNI-plus-mTOR inhibitor regimen, and
aim for discontinuation of CNIs at three to six months
post-transplantation, thereby avoiding irreversible CNI
nephrotoxicity. Two trials for sirolimus48,49 have shown
that this results in improved renal function without
significantly increasing acute rejection, whereas the recent
ZEUS trial has shown that this holds true for everolimus
as well.50 Finally, in patients developing malignancies
after transplantation (e.g. skin cancers, Kaposi sarcomas,
post-transplantation lymphoproliferative disease (PTLD)),
treatment with mTOR inhibitors seems to be a rational
option.

DE P LETIN G ANTIBODIES
Drugs in this class include antithymocyte globulin
(ATG), alemtuzumab and rituximab. ATG is a polyclonal

Figure 2. Mechanism of action of selected immunosuppressive drugs
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equivalent in terms of acute rejection, graft loss, delayed
graft function and mortality. Taken together, these results
indicate that it is reasonable to reserve the use of ATG for
high-risk patients, whereas basiliximab is a good option
for low-risk patients, as several studies have shown.73-75
The place of alemtuzumab in induction protocols remains
to be settled, especially now that Genzyme Europe has
withdrawn its marketing authorisation for commercial
reasons.76

immunoglobulin derived from either rabbits or horses
that have been immunised with human thymocytes. In
addition to T-cell depletion, it induces B-cell apoptosis,
interferes with dendritic cell function, modulates adhesion
molecules and chemokine receptors and induces regulatory
T cells.51 Administration of ATG induces a cytokine-release
syndrome, which includes fever, chills and sometimes
hypotension and pulmonary oedema. It also induces a
profound lymphopenia that may last beyond one year.52,53
ATG is used both as induction therapy and in the case of
steroid-resistant rejection.
Alemtuzumab is a humanised monoclonal antibody
against CD52. CD52 is present on T cells, B cells, NK
cells and to a lesser extent on monocytes. As with ATG,
alemtuzumab infusion can be followed by a cytokinerelease syndrome, but this is much milder than with
ATG.54,55 Autoimmune phenomena have been observed,
such as thyroid disease, haemolytic anaemia and
thrombocytopenia.56 Alemtuzumab can be used for
induction therapy (see also next section). It is also under
investigation for acute rejection. Preliminary studies57-61
indicate that it may be an equally effective, but less toxic
alternative to ATG in steroid-resistant rejection.
Rituximab is a monoclonal antibody against CD20,
which is present on almost all B cells, except for plasma
cells. In addition to being widely used in patients with
haematological and rheumatoid disorders, rituximab is
under study for application in antibody‑mediated rejection
(AMR),62 desensitisation of HLA-sensitised patients63 and
ABO-incompatible transplantations.64 It is also effective for
PTLD.65 Some studies have also evaluated rituximab as an
induction agent, generally with disappointing results.66-68
Side effects include infusion-related reactions.

OT H ER I M M U NOS U P P RESSI V E DR U G S
Belatacept, bortezomib and eculizumab are promising
new candidates in this category. Belatacept is a fusion
protein composed of the modified extracellular domain
of CTLA4 and the Fc domain of human immunoglobulin
IgG1. It blocks the CD80/86 co-stimulatory signal that
is needed for T-cell activation, providing a new target for
maintenance immunosuppression.76 In low to moderate
risk renal transplantation, short-term patient and allograft
survival appear comparable with that observed under
cyclosporine, with improved renal function despite
more frequent and severe early acute rejection. Adverse
effects include bone marrow suppression, hypertension,
dyslipidaemia36 and a relatively high frequency of PTLD.77
Further research is needed to compare its efficacy and
safety with other maintenance regimens.
Bortezomib, a proteasome inhibitor frequently used for
treating multiple myeloma, is active against mature plasma
cells. This sets it apart from many other immunosuppressive drugs, which can deplete immature B cells but
not plasma cells. This makes bortezomib a promising
candidate in the treatment of antibody-mediated rejection,
traditionally associated with poor allograft survival. In one
study comparing the addition of bortezomib or rituximab
to a standard treatment protocol, 18-month graft survival
in the bortezomib group was significantly higher.78 Several
other small studies79 seem to confirm improved graft
survival, especially in early AMR, but larger studies are
needed. Neurotoxicity, headache, fatigue and bone marrow
suppression are major side effects.
Eculizumab is a humanised monoclonal antibody that
blocks the cleavage of human complement component
C5 into its pro-inflammatory components.80 This drug
is available for the treatment of paroxysmal nocturnal
haemoglobinuria (PNH) and atypical haemolytic uraemic
syndrome (aHUS). Together with bortezomib and
rituximab, it may be useful in the treatment of AMR. One
study showed that eculizumab reduced the incidence of
AMR in highly sensitised individuals when administered
immediately post-transplantation.81 A limitation is its price:
for PNH, the yearly cost is estimated to be $ 400,000.

NON - DE P LETIN G ANTIBODIES
The CD25 monoclonal antibody basiliximab is the main
drug in this category. CD25 is the IL-2 receptor alpha chain
on T cells and is expressed on activated T cells.69,70 Side
effects are relatively mild; hypersensitivity reactions have
been described.22
Basiliximab can be used for induction therapy. Several
studies have compared induction protocols using ATG,
alemtuzumab or basiliximab. A Cochrane review 71 showed
that basiliximab and ATG are equivalent in terms of graft
loss or acute rejection at six months after transplantation,
but that the use of ATG is accompanied by lower acute
rejection rates at one year post‑transplantation, at the
cost of increased malignancies and CMV infections. A
recent meta-analysis on alemtuzumab 72 showed that
when compared with basiliximab, alemtuzumab results
in fewer acute rejections. Alemtuzumab and ATG were
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F U T U RE DE V ELO P M ENTS

with chronic GVHD.88 It remains to be determined
whether the same holds true for recipients of solid organ
transplantation.

The ultimate goal of transplantation medicine is the
induction of tolerance, which would eliminate the need for
lifelong use of immunosuppressive medication. Indirect
evidence that the human immune system possesses
mechanisms to promote tolerance has been available for a
long time as reflected by patients who have discontinued
their immunosuppressive medication (e.g. due to
noncompliance or for medical reasons such as persisting
infections or malignancy), but still have functioning
transplants.
Recent research has identified specific regulatory immune
cells, which are specialised leukocyte populations that are
either selected to have regulatory function during their
development or acquire immunosuppressive properties
in the local microenvironment of the allograft or in the
graft-draining lymphoid tissues.82 Regulatory T cells
appear to play a central role, but regulatory B cells,
macrophages, dendritic cells, myeloid-derived stromal
cells and mesenchymal stromal cells also exist. A common
feature of many regulatory cells is their ability to produce
IL-10, a cytokine that may create a microenvironment that
facilitates regulation and may function to enhance the
generation and function of regulatory immune cells.82

C ON C L U SION
In the past century, enormous steps have been taken in the
field of solid organ transplantation. Heart, lung and liver
transplantations are life-saving. In renal transplantation,
the life expectancy of transplant patients easily exceeds
that of dialysis patients. All this has been made possible
because of a drastic expansion in the immunosuppressive repertoire. Unfortunately, the side effects of
these drugs can be severe, which is one of the reasons
that life expectancy of renal transplant patients still falls
significantly short of that of the general population.
Expanding our understanding of the human immune
system will hopefully provide us with newer, smarter
drugs that promote immunotolerance without the side
effects observed today.
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