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Abstract

Antiproliferative agents include Mycophenolic acid and Azathioprine (which is
less commonly used unless in certain conditions). They were initially identified
for use in autoimmune and cancer research due to their role in disruption of
cellular replication. They have now become the cornerstone of antirejection
maintenance therapy in solid organ transplant. In this chapter we will describe
the major times that lead to discovery, mechanisms of action, side effects, use
during pregnancy and the major clinical trials.
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1 Discovery

The antiproliferative medications azathioprine and mycophenolic acid (MPA) were
both first identified as part of research into autoimmune diseases and cancer signal-
ing pathways in humans. Before the structure of DNA was elucidated, a research
team led by Gertrude B. Elion and George H. Hitchings studied an extensive number
of purine analogs in the hope that they could discover a compound that could
interrupt cellular replication (Elion 1989). In 1951, this team first synthesized
6-mercaptopurine (6-MP) which was initially approved for use in the treatment of
childhood leukemias (Elion et al. 1960).

Meanwhile, after several advances were made in understanding the immunologic
basis of organ transplantation and rejection, a separate team led by Sir Roy Calne
began to use 6-MP in experimental attempts at human kidney and heart transplants
(Schwartz et al. 1958). Elion and Hitching later synthesized a metabolic derivative of
6-MP in 1957 named BW 57-322, later termed azathioprine (Elion 1989). In
collaboration with Elion and Hitching, Calne began to use azathioprine in place of
6-MP due to its more favorable side-effect profile. In 1954, the first successful living
kidney transplant between identical twins was performed in Boston by Joseph
Murray and his team. This work contributed to receiving the Nobel Prize for
Medicine later on. In 1962, Calne and his team utilized an immunosuppressive
regimen of azathioprine and glucocorticoids to perform the first successful long-
term kidney transplantations from non-related donors (Murray et al. 1963).

Mycophenolic acid (MPA) was first synthesized in the late nineteenth century by
an Italian medical scientist Bartolomeo Gosio. Using samples collected from spoiled
corn, he discovered the fungal species Penicillium brevicompactum which had
considerable antibacterial activity. In 1896, he isolated the crystallized form of the
compound which gave the fungus its antibacterial properties (Zhang and Demain
2005). His discovery was initially forgotten until two American scientists,
C.L. Alsberg and O.M. Black, later synthesized the same compound in 1912, giving
it the name mycophenolic acid (Regueira et al. 2011).

MPA was initially used for its antibacterial and antiviral effects, though its
adverse side-effect profile led to its near abandonment in clinical use. This changed
in the 1980s due to the research of South African geneticist Anthony Allison and his
wife Elsie Eugui. Allison discovered the metabolic pathway of de novo guanine
nucleotide biosynthesis, particularly the enzyme Inosine-5’-monophosphate dehy-
drogenase (IMPDH), which is partly responsible for immune rejection in organ
transplantation.
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In their search for a molecule that could block this pathway, the Allisons
experimented with the neglected antibacterial agent MPA, which they found to
have significant immunosuppressive activity in mice and strong inhibition of mito-
genic stimulation of human lymphocytes (Bentley 2000). After working to synthe-
size variants with less toxicity and increased immunosuppressive effect, they went
on to demonstrate that MPA was useful in animal models of organ transplantation
which was later extrapolated to humans in clinical trials (Bechstein et al. 1992;
Taylor et al. 1994). MPA was then approved for use in kidney transplantation by the
FDA in May of 1995 under the brand name CellCept®.

2 Mechanism of Action

2.1 Azathioprine

Although azathioprine is no longer used routinely in solid organ transplantation
protocols, it was one of the first immunosuppressive agents in the field. Currently use
is limited to stable patients already on therapy, those intolerant to mycophenolate
acid due to GI side effects, or female transplant recipients considering pregnancy.

Azathioprine is a purine analog prodrug, which is rapidly hydrolyzed to
6-mercaptopurine (6-MP) after administration. 6-MP is later converted by hypoxan-
thine guanine phosphoribosyl transferase (HGPRT) to various metabolites including
active 6-thioguanine (6-thioGTP), which becomes incorporated into actively
replicating DNA preventing the de novo pathway of purine synthesis (Maltzman
and Koretzky 2003). More specifically, 6-thioGTP has been shown to prevent DNA
synthesis in actively replicating T cells. Thiopurine S-methyltransferase (TPMT)
methylates 6-MP into the inactive form 6-methylmercaptopurine (6-MMP) (Fig. 1).

Recently, the same compound has been shown to inhibit CD28, a co-stimulatory
mediator essential for the signaling pathway required for T cell activation (Aarbakke
et al. 1997). Related metabolites of azathioprine have also demonstrated inhibition of
the enzyme Rac-1, which sets in motion a series of pathways that culminate with
mitochondrial-driven T cell apoptosis (Poppe et al. 2006). In TPMT enzyme defi-
cient patients, toxic levels of 6-thioGTP can accumulate leading to life-threatening
myelosuppression. Hence TMPT genotyping is recommended prior to initiation of
azathioprine (Relling et al. 2013).

HGPRT
AZA   →       6-MP -------------→        6-TGN → DNA incorporation 

↓ TMPT
6-MMP

Fig. 1 Pharmacokinetics of MMF. AZA Azathioprine, 6MP 6-Mercaptopurine, HGPRT Hypoxan-
thine guanine phosphoribosyltransferase, 6TGN 6-Thioguanine nucleotides, TMPT Thiopurine
S-methyltransferase, 6-MMP 6-methylmercaptopurine
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2.2 Mycophenolic Acid

MPA is a reversible inhibitor of Inosine monophosphate dehydrogenase IMPDH, a
crucial enzyme in the de novo biosynthesis of guanine nucleotides. Mycophenolate
mofetil (MMF, brand name CellCept®) undergoes rapid hydrolysis to the active
form MPA after administration (Ransom 1995). The mean half-life of MPA in
systemic circulation is approximately 17 h. MPA is mainly metabolized by the
liver, undergoes glucuronidation to a pharmacologically inactive 7-O-glucuronide
metabolite (MPAG) (major metabolite) and active metabolite MPA-acyl-glucuro-
nide (AcMPAG) which is responsible for the GI toxic effects (Jeong and Kaplan
2007).

It undergoes enterohepatic circulation which contributes to approximately 35% of
the MPA area under the curve (AUC). This leads to a secondary plasma peak after
6–12 h from administration. Cyclosporin inhibits this enterohepatic pathway for
MPA lowering overall MPA plasma levels. MPA is eventually excreted through the
kidneys (Jeong and Kaplan 2007) (Fig. 2).

While most cells in the human body can recover guanine nucleotides through
salvage pathways, proliferating lymphocytes are entirely dependent upon the
IMDPH pathway for purine synthesis and thus DNA replication (Ji et al. 2006).
This partial selectivity for lymphocyte proliferation accounts for MPA’s superior
side-effect profile and efficacy when compared to azathioprine. MPA has been
shown in in vivo experiments to block both T and B cell proliferation, and to
down-regulate the expression of adhesion molecules on lymphocytes (Ensley et al.
1993).

3 Optimal Dose of Mycophenolic Acid

Clinical trials were conducted to assess optimal dosage, when comparing 2 g/day
versus 3 g/day there was no additional benefit shown and a trend to more side effects
with the higher dose, rendering 2 g/day as the standard of care. (Placebo-controlled
study of mycophenolate mofetil combined with cyclosporin and corticosteroids for
prevention of acute rejection. European Mycophenolate Mofetil Cooperative Study
Group 1995).

4 Enteric-Coated Mycophenolic Acid

In an effort to reduce the gastrointestinal side effects of MMF, enteric-coated
mycophenolate sodium (EC-MPS) was developed. This formulation allows for
delayed release of MPA in the small intestine. Clinical trials showed similar safety
profiles and efficacy including similar rates of biopsy proven rejection, graft loss,
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and death. However, gastrointestinal adverse events were also found to be similar
(Salvadori et al. 2004).

5 Target Dose Monitoring of MMF

Clinical trials showed a strong association of MPA concentration with incidence of
rejection and individual variation of MPA AUC and pre-dose concentration, which
led some to advocate for target dose monitoring of MMF (Jeong and Kaplan 2007).
However, subsequent prospective clinical trials showed no significant difference in
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MPAG inactive 7-O-glucuronide metabolite, AcMPAG active metabolite MPA-acyl-glucuronide.
From “Therapeutic Monitoring of Mycophenolate Mofetil” by Hyunyoung Jeong and Bruce
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biopsy proven acute rejection and graft loss in the fixed dose of MMF compared to
concentration controlled arm. Also elevated MPA levels could not be correlated to
its toxic effects. With the similar outcomes and extra expenses, routine target dose
monitoring has fallen out of favor (Byrne et al. 2011).

6 Side Effects

The relatively rapid cellular turnover in the gastrointestinal tract and bone marrow
accounts for their particular susceptibility to the side effects of antiproliferative
medications. The most substantial side effect of azathioprine is bone marrow
suppression (anemia, thrombocytopenia, and leukopenia), which is why regular
monitoring with complete blood counts is essential. Dose reduction may be helpful
and improvement in the CBC can be seen as soon as 7–10 days after adjustment
(Maltzman and Koretzky 2003). Pancreatitis and hepatotoxicity are less rare but
more serious side effects reported with azathioprine (Aarbakke et al. 1997).

As mentioned previously, MPA is more specific for proliferating lymphocytes
than azathioprine and as such bone marrow suppression is far less common
(Bunnapradist and Ambühl 2008). GI upset, particularly nausea, vomiting, and
diarrhea are the most common side effects associated with MPA and may lead to a
decreased dosage in many patients. Some studies have shown that utilizing enteric-
coated mycophenolate sodium instead of MMF may lead to less GI side effects and
higher sustained doses overtime (Ortega et al. 2011).

7 MMF and Azathioprine During Pregnancy

Several prospective and large case series have suggested safety of azathioprine use
during pregnancy without increase in malformations (Natekar et al. 2011). This
remains one of the indications for use of azathioprine in heart transplantation.

In 2006 the national transplantation pregnancy registry NTPR reported increased
risk of both miscarriages and birth defects and female transplant recipients using
MPA during pregnancy. This did not appear to affect male recipients. In 2007 the
Food and Drug Administration (FDA) issued a black box warning on the use of
MPA during pregnancy. Pregnancy testing was also recommended immediately
before initiation of MPA and at 8–10 days after use. In order to educate health
providers in females receiving the truck with reproductive potentials, the FDA
mandated a single shared risk evaluation and mitigation strategies (REMS) system
in 2012 (Kim et al. 2013).
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8 MMF vs Azathioprine

In the 1990s three pivotal trials compared MMF vs azathioprine based immunosup-
pression regimens, showing a reduction in incidence of acute rejection post renal
transplantation from 40–45% to 20–25% (Placebo-controlled study of
mycophenolate mofetil combined with cyclosporin and corticosteroids for preven-
tion of acute rejection. European Mycophenolate Mofetil Cooperative Study Group
1995; A blinded, randomized clinical trial of mycophenolate mofetil for the preven-
tion of acute rejection in cadaveric renal transplantation. The Tricontinental
Mycophenolate Mofetil Renal Transplantation Study Group 1996; Sollinger 1995).
A few years later the heart transplant community underwent its first large collabora-
tion with a multicenter double-blind, active controlled trial randomizing 650 patients
undergoing their first heart transplant to receive azathioprine vs MMF, in combina-
tion with cyclosporine and corticosteroids. There were significant reductions in
one-year mortality, rejection with hemodynamic compromise and in treatable rejec-
tion episodes in the MMF cohort (Kobashigawa et al. 1998).

In an attempt to assess long-term effect of MMF on renal graft survival, the US
renal transplant scientific registry was analyzed by Ojo et al. between October 1988
to June 1997 with a total of 66,774 renal transplant recipients, it showed at 4 years
MMF reduced the relative risk of graft loss by 27% independent of incidence of
acute rejection (Ojo et al. 2000). These trials have led to MMF being the cornerstone
as an antiproliferative in solid organ transplant and its replacement of azathioprine.

9 Clinical Trials

Below are some highlighted clinical trials in solid organ transplant with MMF and/or
azathioprine (Table 1):

In spite of the numerous clinical trials, there remains no single standardized
immunosuppression regimen. Rather, they are individualized based on patient’s
characteristics, risk profiles, and underlying comorbidities and balancing the risks
of over immunosuppression with the risk of rejection (Kobashigawa 2017).

Antiproliferatives and Transplantation 45



Ta
b
le

1
M
aj
or

ra
nd

om
iz
ed

cl
in
ic
al
tr
ia
ls
of

an
tip

ro
lif
er
at
iv
e
m
ed
ic
at
io
ns

in
so
lid

or
ga
n
tr
an
sp
la
nt
at
io
n

S
tu
dy

C
om

pa
ri
so
n

P
at
ie
nt
s

F
ol
lo
w
-

up (y
ea
rs
)

S
ur
vi
va
l

R
ej
ec
tio

n
N
ot
es

K
id
ne
y

E
ur
op

ea
n
R
en
al
M
M
F

S
tu
dy

gr
ou

p,
19

95
(P
la
ce
bo

-
co
nt
ro
lle
d
st
ud

y
of

m
yc
op

he
no

la
te
m
of
et
il

co
m
bi
ne
d
w
ith

cy
cl
os
po

ri
n

an
d
co
rt
ic
os
te
ro
id
s
fo
r

pr
ev
en
tio

n
of

ac
ut
e

re
je
ct
io
n.

E
ur
op

ea
n

M
yc
op

he
no

la
te
M
of
et
il

C
oo

pe
ra
tiv

e
S
tu
dy

G
ro
up

19
95

)

M
M
F
2G

vs
M
M
F

3G
vs

pl
ac
eb
o

(b
ac
kg

ro
un

d
of

C
S
A

+
st
er
oi
ds
)

49
1

0.
5

N
o
di
ff
er
en
ce

L
es
s
w
ith

M
M
F
at

bo
th

do
se
s

(n
o
di
ff
er
en
ce

be
tw
ee
n
M
M
F
do

se
s)

U
.S
.R

en
al
M
M
F
S
tu
dy

gr
ou

p,
19

95
(S
ol
lin

ge
r

19
95

)

M
M
F
2G

vs
M
M
F

3G
vs

A
Z
A

(b
ac
kg

ro
un

d
of

C
S
A

+
st
er
oi
ds
)

49
9

0.
5

N
o
di
ff
er
en
ce

L
es
s
w
ith

M
M
F
at

bo
th

do
se
s

(n
o
di
ff
er
en
ce

be
tw
ee
n
M
M
F
do

se
s)

U
se

of
an
til
ym

ph
oc
yt
e

ag
en
ts
fo
r
re
je
ct
io
n
hi
gh

er
in

A
Z
A

gr
ou

p

T
ri
co
nt
in
en
ta
l
R
en
al
M
M
F

S
tu
dy

gr
ou

p,
19

95
(A

bl
in
de
d,

ra
nd

om
iz
ed

cl
in
ic
al
tr
ia
lo

f
m
yc
op

he
no

la
te
m
of
et
il
fo
r

th
e
pr
ev
en
tio

n
of

ac
ut
e

re
je
ct
io
n
in

ca
da
ve
ri
c
re
na
l

tr
an
sp
la
nt
at
io
n.

T
he

T
ri
co
nt
in
en
ta
l

M
yc
op

he
no

la
te
M
of
et
il

M
M
F
2G

vs
M
M
F

3G
vs

A
Z
A

(b
ac
kg

ro
un

d
of

C
S
A

+
st
er
oi
ds
)

50
3

0.
5

N
o
di
ff
er
en
ce

L
es
s
w
ith

M
M
F
at

bo
th

do
se
s

(n
o
di
ff
er
en
ce

be
tw
ee
n
M
M
F
do

se
s)

46 R. Donovan et al.



R
en
al
T
ra
ns
pl
an
ta
tio

n
S
tu
dy

G
ro
up

19
96

)

H
al
lo
ra
n,

et
al
.(
m
et
a-

an
al
ys
is
),
19

97
(H

al
lo
ra
n

et
al
.1

99
7)

M
M
F
2G

vs
M
M
F

3G
vs

A
Z
A

or
pl
ac
eb
o
(b
ac
kg

ro
un

d
of

C
S
A
+
st
er
oi
ds
)

1,
49

3
1

N
o
di
ff
er
en
ce

L
es
s
w
ith

M
M
F
at

bo
th

do
se
s

(n
o
di
ff
er
en
ce

be
tw
ee
n
M
M
F
do

se
s)

N
o
di
ff
er
en
ce

in
gr
af
t

su
rv
iv
al
be
tw
ee
n
al
l
gr
ou

ps

S
ha
pi
ro

et
al
.(
19

99
)

T
A
C
vs

T
A
C
+
M
M
F

(b
ac
kg

ro
un

d
of

st
er
oi
ds
)

20
6

1.
5

N
o
di
ff
er
en
ce

L
es
s
w
ith

T
A
C
+
M
M
F
gr
ou

p

Jo
hn

so
n
et
al
.(
20

00
)

T
A
C
+
A
Z
A

vs
T
A
C
+
M
M
F
vs

C
S
A

+
M
M
F

22
3

3
N
o
di
ff
er
en
ce

N
o
di
ff
er
en
ce

(t
ho

ug
h

tr
en
d
to
w
ar
ds

lo
w
er

re
je
ct
io
n
in

T
A
C
+
M
M
F
gr
ou

p)

C
S
A
+
M
M
F
gr
ou

p
w
ith

si
gn

ifi
ca
nt
ly

w
or
se

re
na
l

fu
nc
tio

n

G
on

w
a
et
al
.(
P
ro
gr
af

S
tu
dy

G
ro
up

),
20

03
(G

on
w
a
et
al
.

20
03

)

T
A
C
+
M
M
F
vs

T
A
C
+
S
R
L

36
1

0.
5

N
o
di
ff
er
en
ce

N
o
di
ff
er
en
ce

T
A
C
+
S
R
L
gr
ou

p
w
ith

si
gn

ifi
ca
nt
ly

w
or
se

re
na
l

fu
nc
tio

n

H
al
l
et
al
.(
th
e
E
R
L
B
30

1
S
tu
dy

G
ro
up

),
20

04
(S
al
va
do

ri
et
al
.2

00
4)

E
C
-M

P
S
vs

M
M
F

(b
ac
kg

ro
un

d
of

N
eo
ra
l
+
st
er
oi
ds
)

42
3

1
N
o
di
ff
er
en
ce

N
o
di
ff
er
en
ce

B
ot
h
sa
fe
ty

pr
ofi

le
s
an
d
G
I

ad
ve
rs
e
ev
en
ts
w
er
e
si
m
ila
r

fo
r
bo

th
gr
ou

ps

M
Y
S
S
,2
00

7
(R
em

uz
zi
et
al
.

20
07

)
M
M
F
+
C
S
A
vs

A
Z
A

+
C
S
A

24
8

5
N
o
di
ff
er
en
ce

N
o
di
ff
er
en
ce

H
ea
rt

K
ob

as
hi
ga
w
a
et
al
.(
19

98
)

M
M
F
vs

A
Z
A

65
0

3
H
ig
he
r
w
ith

M
M
F

L
es
s
w
ith

M
M
F

L
es
s
C
A
V
w
ith

M
M
F
at

1
ye
ar
,b

ut
m
or
e

op
po

rt
un

is
tic

in
fe
ct
io
ns

E
is
en

et
al
.(
20

03
)

E
V
R
1.
5G

vs
E
V
R

3G
vs

A
Z
A

(b
ac
kg

ro
un

d
of

C
S
A

+
st
er
oi
ds
)

63
4

1
N
o
di
ff
er
en
ce

N
o
di
ff
er
en
ce

E
V
R
as
so
ci
at
ed

w
ith

le
ss

C
A
V
bu

t
w
or
se

re
na
l

fu
nc
tio

n

(c
on

tin
ue
d)

Antiproliferatives and Transplantation 47



Ta
b
le

1
(c
on

tin
ue
d)

S
tu
dy

C
om

pa
ri
so
n

P
at
ie
nt
s

F
ol
lo
w
-

up (y
ea
rs
)

S
ur
vi
va
l

R
ej
ec
tio

n
N
ot
es

K
eo
gh

et
al
.(
20

04
)

A
Z
A

vs
S
R
L

13
6

2
N
o
di
ff
er
en
ce

L
es
s
re
je
ct
io
n
w
ith

S
R
L
at
6
m
on

th
s

S
R
L
as
so
ci
at
ed

w
ith

le
ss

C
A
V
,w

or
se

re
na
l
fu
nc
tio

n
m
or
e
an
em

ia
,A

Z
A

w
ith

m
or
e
na
us
ea

an
d
ar
rh
yt
hm

ia

K
ob

as
hi
ga
w
a
et
al
.(
20

06
)

T
A
C
/M

M
F
vs

T
A
C
/S
R
L
vs

C
S
A
/M

M
F

34
3

1
N
o
di
ff
er
en
ce

L
es
s
tr
ea
ta
bl
e

re
je
ct
io
n
in

th
e
T
A
C

gr
ou

ps

T
A
C
/M

M
F
as
so
ci
at
ed

w
ith

be
tte
r
re
na
lf
un

ct
io
n,

T
A
C
/S
R
L
as
so
ci
at
ed

w
ith

im
pa
ir
ed

w
ou

nd
he
al
in
g

T
IC
T
A
C
tr
ia
l,
20

11
(B
ar
an

et
al
.2

01
1)

T
A
C
vs

T
A
C
+
M
M
F

(b
ac
kg

ro
un

d
of

ea
rl
y

st
er
oi
ds
)

15
0

1
N
o
di
ff
er
en
ce

N
o
di
ff
er
en
ce

N
o
di
ff
er
en
ce

in
C
V
A

be
tw
ee
n
gr
ou

ps

E
is
en

et
al
.(
20

13
)

M
M
F
+
st
an
da
rd

C
S
A

vs
E
V
R
+
re
du

ce
d-
do

se
C
S
A

72
1

2
N
o
di
ff
er
en
ce

N
o
di
ff
er
en
ce

E
V
R
w
ith

le
ss

C
A
V
th
an

M
M
F
,t
ho

ug
h
hi
gh

-d
os
e

E
V
R
(3
.0

m
g)

st
op

pe
d

pr
em

at
ur
el
y
du

e
to

in
cr
ea
se
d
m
or
ta
lit
y

S
C
H
E
D
U
L
E
tr
ia
l,
20

16
(A

nd
re
as
se
n
et
al
.2

01
6)

M
M
F
+
C
S
A
vs

E
V
R
+
re
du

ce
d-
do

se
C
S
A

w
ith

ea
rl
y
C
S
A

w
ith

dr
aw

al

11
5

3
N
o
di
ff
er
en
ce

M
or
e
m
ild

re
je
ct
io
n
in

E
V
R
-o
nl
y
gr
ou

p,
bu

t
no

di
ff
er
en
ce

at
1
ye
ar

E
V
R
w
ith

le
ss

C
A
V
bu

t
m
or
e
op

po
rt
un

is
tic

in
fe
ct
io
ns

L
iv
er

Ja
in

et
al
.(
19

98
)

T
A
C
vs

T
A
C
+
M
M
F

(b
ac
kg

ro
un

d
of

st
er
oi
ds
)

20
0

1
N
o
di
ff
er
en
ce

N
o
di
ff
er
en
ce

T
re
nd

to
w
ar
ds

de
cr
ea
se
d

re
je
ct
io
n
an
d
ne
ph

ro
to
xi
ci
ty

in
M
M
F
gr
ou

p

48 R. Donovan et al.



K
lu
pp

et
al
.(
19

99
)

C
S
A

+
M
M
F
vs

T
A
C
+
M
M
F
vs

T
A
C

(b
ac
kg

ro
un

d
of

st
er
oi
ds
)

12
0

1.
5

T
A
C
+
M
M
F
an
d

T
A
C
gr
ou

p
w
ith

hi
gh

er
su
rv
iv
al

T
A
C
+
M
M
F
an
d

T
A
C
gr
ou

p
w
ith

lo
w
er

re
je
ct
io
n

F
is
ch
er

et
al
.(
20

00
)

M
M
F
vs

A
Z
A

(b
ac
kg

ro
un

d
of

C
S
A

+
st
er
oi
ds
)

63
1

N
o
di
ff
er
en
ce

L
es
s
w
ith

M
M
F

B
on

e
m
ar
ro
w

su
pp

re
ss
io
n

le
ss

co
m
m
on

w
ith

M
M
F

W
ie
sn
er

et
al
.(
20

01
)

M
M
F
vs

A
Z
A

(b
ac
kg

ro
un

d
of

C
S
A

+
st
er
oi
ds
)

56
5

1
N
o
di
ff
er
en
ce

L
es
s
w
ith

M
M
F
at

6
m
on

th
s,
no

di
ff
er
en
ce

at
1
ye
ar

L
un

g

M
cN

ei
l
et
al
.(
20

06
)

M
M
F
vs

A
Z
A

(b
ac
kg

ro
un

d
of

C
S
A

+
st
er
oi
ds
)

31
5

3
S
ig
ni
fi
ca
nt

1
ye
ar

su
rv
iv
al
w
ith

M
M
F
,n

ot
si
gn

ifi
ca
nt

at
3
ye
ar
s

N
o
di
ff
er
en
ce

S
tr
ue
be
r
et
al
.(
20

16
)

M
M
F
vs

E
V
R

(b
ac
kg

ro
un

d
of

C
S
A

+
st
er
oi
ds
)

19
0

2
N
o
di
ff
er
en
ce

L
es
s
w
ith

E
V
R

H
ig
h
dr
op

ou
t
ra
te
re
po

rt
ed

in
E
V
R
gr
ou

p

Si
m
ul
ta
ne
ou

s
pa

nc
re
as
/k
id
ne
y

O
do

ri
co

et
al
.(
19

98
)

A
Z
A

vs
M
M
F

(b
ac
kg

ro
un

d
of

C
S
A

+
st
er
oi
ds
)

10
9

2
N
o
di
ff
er
en
ce

L
es
s
w
ith

M
M
F

S
im

ila
r
re
du

ct
io
n
in

re
je
ct
io
n
ra
te
s
fo
r
bo

th
ki
dn

ey
an
d
pa
nc
re
as

w
ith

M
M
F

M
er
io
n
et
al
.(
20

00
)

A
Z
A

vs
M
M
F

(b
ac
kg

ro
un

d
of

C
S
A

+
st
er
oi
ds
)

15
0

0.
5

N
o
di
ff
er
en
ce

N
o
di
ff
er
en
ce

A
Z
A
az
at
hi
op

ri
ne
,
M
M
F
m
yc
op

he
no

la
te

m
of
et
il,

E
C
-M

P
S
en
te
ri
c-
co
at
ed

m
yc
op

he
no

la
te

so
di
um

,
C
SA

cy
cl
os
po

ri
ne
,
E
V
R
ev
er
ol
im

us
,
T
A
C
ta
cr
ol
im

us
,
SR

L
si
ro
lim

us
,C

A
V
ca
rd
ia
c
al
lo
gr
af
t
va
sc
ul
op

at
hy

,s
C
r
se
ru
m

cr
ea
tin

in
e

Antiproliferatives and Transplantation 49



References

A blinded, randomized clinical trial of mycophenolate mofetil for the prevention of acute rejection
in cadaveric renal transplantation. The Tricontinental Mycophenolate Mofetil Renal Transplan-
tation Study Group (1996) Transplantation 61(7):1029–1037

Aarbakke J, Janka-Schaub G, Elion GB (1997) Thiopurine biology and pharmacology. Trends
Pharmacol Sci 18(1):3–7

Andreassen AK, Andersson B, Gustafsson F, Eiskjaer H, Rådegran G, Gude E et al (2016)
Everolimus initiation with early calcineurin inhibitor withdrawal in de novo heart transplant
recipients: three-year results from the randomized SCHEDULE study. Am J Transplant 16
(4):1238–1247. https://doi.org/10.1111/ajt.13588

Baran DA, Zucker MJ, Arroyo LH, Camacho M, Goldschmidt ME, Nicholls SJ et al (2011) A
prospective, randomized trial of single-drug versus dual-drug immunosuppression in heart
transplantation: the tacrolimus in combination, tacrolimus alone compared (TICTAC) trial.
Circ Heart Fail 4(2):129–137. https://doi.org/10.1161/CIRCHEARTFAILURE.110.958520

Bechstein WO, Suzuki Y, Kawamura T, Jaffee B, Allison A, Hullett DA et al (1992) Low-dose
combination therapy of DUP-785 and RS-61443 prolongs cardiac allograft survival in rats.
Transpl Int 5(Suppl 1):S482–S483

Bentley R (2000) Mycophenolic acid: a one hundred year odyssey from antibiotic to immunosup-
pressant. Chem Rev 100(10):3801–3826

Bunnapradist S, Ambühl PM (2008) Impact of gastrointestinal-related side effects on
mycophenolate mofetil dosing and potential therapeutic strategies. Clin Transpl 22
(6):815–821. https://doi.org/10.1111/j.1399-0012.2008.00892.x

Byrne R, Yost SE, Kaplan B (2011) Mycophenolate mofetil monitoring: is there evidence that it can
improve outcomes? Clin Pharmacol Ther 90(2):204–206. https://doi.org/10.1038/clpt.2011.95

Eisen HJ, Tuzcu EM, Dorent R, Kobashigawa J, Mancini D, Valantine-von Kaeppler HA et al
(2003) Everolimus for the prevention of allograft rejection and vasculopathy in cardiac-
transplant recipients. N Engl J Med 349(9):847–858. https://doi.org/10.1056/NEJMoa022171

Eisen HJ, Kobashigawa J, Starling RC, Pauly DF, Kfoury A, Ross H et al (2013) Everolimus versus
mycophenolate mofetil in heart transplantation: a randomized, multicenter trial. Am J Trans-
plant 13(5):1203–1216. https://doi.org/10.1111/ajt.12181

Elion GB (1989) The purine path to chemotherapy. Science 244(4900):41–47
Elion GB, Callahan SW, Hitchings GH, Rundles RW (1960) The metabolism of 2-amino-6-

[(1-methyl-4-nitro-5-imidazolyl)thio]purine (B.W. 57-323) in man. Cancer Chemother Rep
8:47–52

Ensley RD, Bristow MR, Olsen SL, Taylor DO, Hammond EH, O'Connell JB et al (1993) The use
of mycophenolate mofetil (RS-61443) in human heart transplant recipients. Transplantation 56
(1):75–82

Fischer L, Sterneck M, Gahlemann CG, Malago M, Rogiers X, Broelsch CE (2000) A prospective
study comparing safety and efficacy of mycophenolate mofetil versus azathioprine in primary
liver transplant recipients. Transplant Proc 32(7):2125–2127. https://doi.org/10.1016/s0041-
1345(00)01599-2

Gonwa T, Mendez R, Yang HC, Weinstein S, Jensik S, Steinberg S et al (2003) Randomized trial of
tacrolimus in combination with sirolimus or mycophenolate mofetil in kidney transplantation:
results at 6 months. Transplantation 75(8):1213–1220. https://doi.org/10.1097/01.TP.
0000062837.99400.60

Halloran P, Mathew T, Tomlanovich S, Groth C, Hooftman L, Barker C (1997) Mycophenolate
mofetil in renal allograft recipients: a pooled efficacy analysis of three randomized, double-
blind, clinical studies in prevention of rejection. The International Mycophenolate Mofetil Renal
Transplant Study Groups. Transplantation 63(1):39–47

Jain AB, Hamad I, Rakela J, Dodson F, Kramer D, Demetris J et al (1998) A prospective
randomized trial of tacrolimus and prednisone versus tacrolimus, prednisone, and

50 R. Donovan et al.

https://doi.org/10.1111/ajt.13588
https://doi.org/10.1161/CIRCHEARTFAILURE.110.958520
https://doi.org/10.1111/j.1399-0012.2008.00892.x
https://doi.org/10.1038/clpt.2011.95
https://doi.org/10.1056/NEJMoa022171
https://doi.org/10.1111/ajt.12181
https://doi.org/10.1016/s0041-1345(00)01599-2
https://doi.org/10.1016/s0041-1345(00)01599-2
https://doi.org/10.1097/01.TP.0000062837.99400.60
https://doi.org/10.1097/01.TP.0000062837.99400.60


mycophenolate mofetil in primary adult liver transplant recipients: an interim report. Transplan-
tation 66(10):1395–1398

Jeong H, Kaplan B (2007) Therapeutic monitoring of mycophenolate mofetil. Clin J Am Soc
Nephrol 2(1):184–191. https://doi.org/10.2215/CJN.02860806

Ji Y, Gu J, Makhov AM, Griffith JD, Mitchell BS (2006) Regulation of the interaction of inosine
monophosphate dehydrogenase with mycophenolic acid by GTP. J Biol Chem 281(1):206–212.
https://doi.org/10.1074/jbc.M507056200

Johnson C, Ahsan N, Gonwa T, Halloran P, Stegall M, Hardy M et al (2000) Randomized trial of
tacrolimus (Prograf) in combination with azathioprine or mycophenolate mofetil versus cyclo-
sporine (Neoral) with mycophenolate mofetil after cadaveric kidney transplantation. Transplan-
tation 69(5):834–841

Keogh A, Richardson M, Ruygrok P, Spratt P, Galbraith A, O'Driscoll G et al (2004) Sirolimus in
de novo heart transplant recipients reduces acute rejection and prevents coronary artery disease
at 2 years: a randomized clinical trial. Circulation 110(17):2694–2700. https://doi.org/10.1161/
01.CIR.0000136812.90177.94

KimM, Rostas S, Gabardi S (2013) Mycophenolate fetal toxicity and risk evaluation and mitigation
strategies. Am J Transplant 13(6):1383–1389. https://doi.org/10.1111/ajt.12238

Klupp J, Glanemann M, Bechstein WO, Platz KP, Langrehr JM, Keck H et al (1999)
Mycophenolate mofetil in combination with tacrolimus versus Neoral after liver transplantation.
Transplant Proc 31(1–2):1113–1114

Kobashigawa J (2017) Clinical trials in heart transplantation: the evolution of evidence in immuno-
suppression. J Heart Lung Transplant 36(12):1286–1290. https://doi.org/10.1016/j.healun.
2017.10.009

Kobashigawa J, Miller L, Renlund D, Mentzer R, Alderman E, Bourge R et al (1998) A randomized
active-controlled trial of mycophenolate mofetil in heart transplant recipients. Mycophenolate
Mofetil Investigators. Transplantation 66(4):507–515

Kobashigawa JA, Miller LW, Russell SD, Ewald GA, Zucker MJ, Goldberg LR et al (2006)
Tacrolimus with mycophenolate mofetil (MMF) or sirolimus vs. cyclosporine with MMF in
cardiac transplant patients: 1-year report. Am J Transplant 6(6):1377–1386. https://doi.org/10.
1111/j.1600-6143.2006.01290.x

Maltzman JS, Koretzky GA (2003) Azathioprine: old drug, new actions. J Clin Invest 111
(8):1122–1124. https://doi.org/10.1172/JCI18384

McNeil K, Glanville AR, Wahlers T, Knoop C, Speich R, Mamelok RD et al (2006) Comparison of
mycophenolate mofetil and azathioprine for prevention of bronchiolitis obliterans syndrome in
de novo lung transplant recipients. Transplantation 81(7):998–1003. https://doi.org/10.1097/01.
tp.0000202755.33883.61

Merion RM, Henry ML, Melzer JS, Sollinger HW, Sutherland DE, Taylor RJ (2000) Randomized,
prospective trial of mycophenolate mofetil versus azathioprine for prevention of acute renal
allograft rejection after simultaneous kidney-pancreas transplantation. Transplantation 70
(1):105–111

Murray JE, Merrill JP, Harrison JH, Wilson RE, Dammin GJ (1963) Prolonged survival of human-
kidney homografts by immunosuppressive drug therapy. N Engl J Med 268:1315–1323. https://
doi.org/10.1056/NEJM196306132682401

Natekar A, Pupco A, Bozzo P, Koren G (2011) Safety of azathioprine use during pregnancy. Can
Fam Physician 57(12):1401–1402

Odorico JS, Pirsch JD, Knechtle SJ, D'Alessandro AM, Sollinger HW (1998) A study comparing
mycophenolate mofetil to azathioprine in simultaneous pancreas-kidney transplantation. Trans-
plantation 66(12):1751–1759

Ojo AO, Meier-Kriesche HU, Hanson JA, Leichtman AB, Cibrik D, Magee JC et al (2000)
Mycophenolate mofetil reduces late renal allograft loss independent of acute rejection. Trans-
plantation 69(11):2405–2409

Ortega F, Sánchez-Fructuoso A, Cruzado JM, Gómez-Alamillo JC, Alarcón A, Pallardó L et al
(2011) Gastrointestinal quality of life improvement of renal transplant recipients converted from

Antiproliferatives and Transplantation 51

https://doi.org/10.2215/CJN.02860806
https://doi.org/10.1074/jbc.M507056200
https://doi.org/10.1161/01.CIR.0000136812.90177.94
https://doi.org/10.1161/01.CIR.0000136812.90177.94
https://doi.org/10.1111/ajt.12238
https://doi.org/10.1016/j.healun.2017.10.009
https://doi.org/10.1016/j.healun.2017.10.009
https://doi.org/10.1111/j.1600-6143.2006.01290.x
https://doi.org/10.1111/j.1600-6143.2006.01290.x
https://doi.org/10.1172/JCI18384
https://doi.org/10.1097/01.tp.0000202755.33883.61
https://doi.org/10.1097/01.tp.0000202755.33883.61
https://doi.org/10.1056/NEJM196306132682401
https://doi.org/10.1056/NEJM196306132682401


mycophenolate mofetil to enteric-coated mycophenolate sodium drugs or agents:
mycophenolate mofetil and enteric-coated mycophenolate sodium. Transplantation 92
(4):426–432. https://doi.org/10.1097/TP.0b013e31822527ca

Placebo-controlled study of mycophenolate mofetil combined with cyclosporin and corticosteroids
for prevention of acute rejection. European Mycophenolate Mofetil Cooperative Study Group
(1995) Lancet 345(8961):1321–1325

Poppe D, Tiede I, Fritz G, Becker C, Bartsch B, Wirtz S et al (2006) Azathioprine suppresses ezrin-
radixin-moesin-dependent T cell-APC conjugation through inhibition of Vav guanosine
exchange activity on Rac proteins. J Immunol 176(1):640–651

Ransom JT (1995) Mechanism of action of mycophenolate mofetil. Ther Drug Monit 17
(6):681–684

Regueira TB, Kildegaard KR, Hansen BG, Mortensen UH, Hertweck C, Nielsen J (2011) Molecular
basis for mycophenolic acid biosynthesis in Penicillium brevicompactum. Appl Environ
Microbiol 77(9):3035–3043. https://doi.org/10.1128/AEM.03015-10

Relling MV, Gardner EE, Sandborn WJ, Schmiegelow K, Pui CH, Yee SW et al (2013) Clinical
pharmacogenetics implementation consortium guidelines for thiopurine methyltransferase
genotype and thiopurine dosing: 2013 update. Clin Pharmacol Ther 93(4):324–325. https://
doi.org/10.1038/clpt.2013.4

Remuzzi G, Cravedi P, Costantini M, Lesti M, Ganeva M, Gherardi G et al (2007) Mycophenolate
mofetil versus azathioprine for prevention of chronic allograft dysfunction in renal transplanta-
tion: the MYSS follow-up randomized, controlled clinical trial. J Am Soc Nephrol 18
(6):1973–1985. https://doi.org/10.1681/ASN.2006101153

Salvadori M, Holzer H, de Mattos A, Sollinger H, Arns W, Oppenheimer F et al (2004) Enteric-
coated mycophenolate sodium is therapeutically equivalent to mycophenolate mofetil in de
novo renal transplant patients. Am J Transplant 4(2):231–236

Schwartz R, Stack J, Dameshek W (1958) Effect of 6-mercaptopurine on antibody production. Proc
Soc Exp Biol Med 99(1):164–167

Shapiro R, Jordan ML, Scantlebury VP, Vivas C, Marsh JW, McCauley J et al (1999) A prospec-
tive, randomized trial of tacrolimus/prednisone versus tacrolimus/prednisone/mycophenolate
mofetil in renal transplant recipients. Transplantation 67(3):411–415

Sollinger HW (1995) Mycophenolate mofetil for the prevention of acute rejection in primary
cadaveric renal allograft recipients. U.S. Renal Transplant Mycophenolate Mofetil Study
Group. Transplantation 60(3):225–232

Strueber M, Warnecke G, Fuge J, Simon AR, Zhang R, Welte T et al (2016) Everolimus versus
mycophenolate mofetil de novo after lung transplantation: a prospective, randomized, open-
label trial. Am J Transplant 16(11):3171–3180. https://doi.org/10.1111/ajt.13835

Taylor DO, Ensley RD, Olsen SL, Dunn D, Renlund DG (1994) Mycophenolate mofetil
(RS-61443): preclinical, clinical, and three-year experience in heart transplantation. J Heart
Lung Transplant 13(4):571–582

Wiesner R, Rabkin J, Klintmalm G, McDiarmid S, Langnas A, Punch J et al (2001) A randomized
double-blind comparative study of mycophenolate mofetil and azathioprine in combination with
cyclosporine and corticosteroids in primary liver transplant recipients. Liver Transpl 7
(5):442–450. https://doi.org/10.1053/jlts.2001.23356

Zhang L, Demain AL (2005) Natural products: drug discovery and therapeutic medicine. Humana
Press

52 R. Donovan et al.

https://doi.org/10.1097/TP.0b013e31822527ca
https://doi.org/10.1128/AEM.03015-10
https://doi.org/10.1038/clpt.2013.4
https://doi.org/10.1038/clpt.2013.4
https://doi.org/10.1681/ASN.2006101153
https://doi.org/10.1111/ajt.13835
https://doi.org/10.1053/jlts.2001.23356

	Antiproliferatives and Transplantation
	1 Discovery
	2 Mechanism of Action
	2.1 Azathioprine
	2.2 Mycophenolic Acid

	3 Optimal Dose of Mycophenolic Acid
	4 Enteric-Coated Mycophenolic Acid
	5 Target Dose Monitoring of MMF
	6 Side Effects
	7 MMF and Azathioprine During Pregnancy
	8 MMF vs Azathioprine
	9 Clinical Trials
	References


