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Introduction

Mycophenolate mofetil (MMF) is used to prevent rejec-

tion after solid organ transplantation and is nowadays an

important drug for kidney transplant patients [1,2]. It is

a prodrug that is rapidly converted to its active metabo-

lite mycophenolic acid (MPA), which selectively inhibits

inosine 5¢-monophosphate dehydrogenase (IMPDH), a

key enzyme in the purine de novo synthetic pathway of

guanosinenucleotides [3,4]. There are two pathways for

guanosine production, the de novo pathway and the sal-

vage pathway. In activated lymphocytes, the de novo path-

way is dominant [3]. Blocking the conversion of inosine

5¢-monophosphate (IMP) to xanthosine 5¢-monophos-

phate (XMP) by inhibiting IMPDH depletes guanosine

triphosphate (GTP) and deoxyguanosine triphosphate

(dGTP) pools. This depletion of dGTP pools is thought

to be responsible for diminished proliferation of T lym-

phocytes in vitro and is thought also to underlie – at least

in part – the efficacy of MMF in vivo [3].

Previously, we performed a randomized trial in which

HIV-1-infected patients were treated either with highly

active antiretroviral therapy (HAART) in combination

with MMF or with HAART alone. The rationale of this

study was that by inhibiting lymphocyte proliferation, the

availability of target cells for HIV infection would be low-

ered. Furthermore, because of the supposed effect of

MPA on the dGTP pools, the depletion of intracellular

Keywords

dGTP, GTP, mycophenolate mofetil.

Correspondence

Sanjay U. C. Sankatsing, Division of Infectious

Diseases, Tropical Medicine and AIDS,

Department of Internal Medicine, Academic

Medical Center, University of Amsterdam,

Meibergdreef 9, 1105 AZ Amsterdam, The

Netherlands. Tel.: +31 20 5664380; fax:

+31 20 6972286; e-mail: s.u.sankatsing@

amc.uva.nl

Received: 16 May 2008

Revision requested: 25 June 2008

Accepted: 4 July 2008

doi:10.1111/j.1432-2277.2008.00739.x

Summary

To study if mycophenolic acid (MPA), the active metabolite of mycophenolate

mofetil (MMF), indeed inhibits T-cell proliferation in kidney transplant recipi-

ents by lowering intracellular deoxyguanosine triphosphate (dGTP) and guano-

sine triphosphate (GTP) levels. Blood was drawn from 11 kidney transplant

recipients. Ex vivo T-cell proliferation was measured by stimulation with phy-

tohemagglutin (PHA) and anti-CD3 monoclonal antibody (mAb). Plasma

MPA levels and intracellular dGTP and GTP in peripheral blood mononuclear

cells were measured. MMF induces a significant decrease in T-lymphocyte pro-

liferation at all time points (i.e. 24 h, 10 days and 8 weeks) after stimulation

with both PHA (P = 0.001, 0.002 and 0.013 respectively) and anti-CD3 mAb

(P = 0.004, 0.004 and 0.005 respectively). There was no significant change in

intracellular dGTP (P = 0.31, 0.16 and 0.35) or GTP levels (P = 0.99, 0.32 and

0.49) between baseline and day 1, day 10 or week 8. All MPA levels were above

the minimal required concentration for the inhibition of lymphocyte prolifera-

tion. MMF inhibits T-lymphocyte proliferation in kidney transplant recipients

without lowering intracellular dGTP or GTP levels. This suggests another

mechanism underlying its immunosuppressive capacity.

Transplant International ISSN 0934-0874

ª 2008 The Authors

1066 Journal compilation ª 2008 European Society for Organ Transplantation 21 (2008) 1066–1071



dGTP could have a direct antiretroviral effect and could

enhance the antiretroviral effect of the guanosine nucleo-

side analogue abacavir [5]. Although polyclonally induced

lymphocyte proliferation as detected by 3H-thymidine

incorporation was significantly lower in patients treated

with MMF, no difference was observed in the dGTP pools

in peripheral blood mononuclear cells (PBMCs) between

patients who were treated with MMF and those who were

not. There were also no differences in the increase of

CD4 T-cell counts or decrease in plasma HIV RNA

between the two patient groups [5–7]. To explain these

findings, we hypothesized that the cell develops a com-

pensation mechanism, for instance by using the salvage

pathway for guanosine nucleotide production, thereby

masking decreased dGTP levels.

To explore this further, we studied renal transplant

recipients just before and at different time intervals after

the start of immunosuppressive drug therapy including

MMF. We measured the intracellular dGTP and GTP

pools in parallel to T-cell activation markers and prolifer-

ative capacity.

Methods

Patients

Kidney transplant patients receiving a kidney from a liv-

ing donor in our hospital were eligible for this study if

they were above 18 years of age and never used MMF

before. Apart from MMF in a dosage of 1000 mg twice

daily orally, they received the CD25 monoclonal antibody

basiliximab, 20 mg i.v. at day 0 and 20 mg i.v. at day 4

postoperatively, as well as prednisolone 10 mg daily and

cyclosporine aiming at trough levels of 100 ng/ml. Writ-

ten informed consent to obtain blood samples for the

purpose of this study was obtained from all patients.

Pharmacokinetics

The plasma MPA trough concentration was measured

24 h after the first dosage (i.e. 12 h after the last dosage

and just before the third dosage) and after 10 days and

8 weeks of treatment. For each measurement, 7 ml hepa-

rinized blood was obtained. Plasma concentrations of

MPA were measured with a liquid chromatographic assay,

as described earlier, which has been validated in the

ranges of 0.01–10 mg/l for 200 ll plasma samples [8].

Lymphocyte proliferation assays

At baseline, before the patient received MMF or other

immunosuppressive drugs, after 24 h, 10 days and

8 weeks blood was collected and whole-blood lympho-

cyte cultures were performed as described previously

[9]. In summary, heparinized blood from patients was

1:10 diluted with Iscove’s Modified Dulbecco’s Medium,

supplemented with penicillin (100 U/ml) and streptomy-

cin (100 lg/ml) and b-mercapto-ethanol (1 lg/ml).

Aliquots of 150 ll were incubated with phytohemagglu-

tin (PHA; Welcome, Beckenham, UK), final concentra-

tion 5 lg/ml or with coated anti-CD3 T3/4.E mAb

(Sanquin, Amsterdam, the Netherlands) 1/1000. All

incubations were performed in U-bottomed wells of

microtitre plates (Costar, Corning, NY, USA) at 37 �C

in a humidified atmosphere of 5% CO2 for 96 h. The

cells were harvested and proliferation was determined by

measurement of incorporation of 3H-thymidine

(0.2 lCi/well, specific activity 2 Ci/mmol), added 4 h

before the end of incubations, using liquid scintillation

counting. All incubations were performed in triplicate

and the median values of counts per minute were used

in further analyses.

Intracellular GTP

At baseline before start of MMF, and after 24 h, 10 days

and 8 weeks heparinized blood was collected and lym-

phocytes were isolated by Ficoll–Hypaque density centri-

fugation (Pharmacia Biotech AB, Uppsala, Sweden).

Ribonucleotides were extracted by adding 150 ll of ice-

cold 0.4 m perchloric acid to a cell pellet of 5–10 · 106

cells. After 10 min on ice, the suspension was centri-

fuged at 11 000 g at 4 �C for 15 min. The supernatant

was removed and neutralized with approximately 7.5 ll

5.0 m K2CO3. After centrifugation (11 000 g at 4 �C for

5 min), the supernatant was saved and used for HPLC

analysis. The pellet containing total protein was dis-

solved in 500 ll 0.2 m NaOH and the protein content

was measured with a copper-reduction method using

bicinchonic acid, essentially as described by Smith

et al. [10].

Nucleotide profiles were determined by ion exchange

HPLC using a Whatman Partisphere SAX column

(4.6 · 125 mm, 5 lm particle size) and a Whatman AX

(10 · 25 mm) guard column. Buffer A consisted of 9 mm

NH4H2PO4 (pH 3.5) and buffer B consisted of 325 mm

NH4H2PO4 (pH 4.4) and 500 mm KCl. Nucleotides were

eluted with a gradient from 100% buffer A to 90% buffer

B in 60 min at a flow-rate of 1 ml/min.

Intracellular dGTP

At the same time points as mentioned above, a separate

32 ml blood sample was obtained in cell preparation

tubes with sodium citrate and PBMCs were isolated, for

the measurement of dGTP with an enzymatic assay as

described earlier [7,11].
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Statistical analysis

Data were analysed with spss 11.5.2 (SPSS Inc., Chicago,

IL, USA). Median and interquartile range (IQR) of MPA

plasma levels, thymidine incorporation, and dGTP and

GTP levels were calculated. The T-test was used to analyse

the changes in thymidine incorporation and in intracellu-

lar nucleotide levels.

Results

Patients

Between May 2003 and April 2004, 11 patients were

included (nine males and two females) with a median age

of 47 years (IQR 31–53 years), who each received a first

kidney transplant. In the past, none of them had been

treated with immunosuppressive drugs.

Pharmacokinetics of MPA

All MPA plasma trough levels (26 samples, Fig. 1) were

above the IC50 of 0.14 lg/ml, above which a decrease in

lymphoproliferative capacity as measured by thymidine

incorporation ([3H]-TdR incorporation) may be expected

[12]. The median MPA plasma level for all samples was

2.00 lg/ml (IQR 0.55–2.84 lg/ml).

Immunology

After initiation of MMF treatment, in all patients, a sig-

nificant decrease in proliferative capacity of lymphocytes

as measured by [3H]-TdR incorporation was observed

after whole-blood stimulation with both PHA (Fig. 2a)

and aCD3 mAb (Fig. 2b). This decrease in proliferation

as compared to baseline was observed not only after 24 h

(P = 0.001 for PHA and P = 0.004 for aCD3 mAb stimu-

lation) but also after 10 days (P = 0.002 for PHA and

P = 0.004 for aCD3 mAb stimulation) and after 8 weeks

(P = 0.013 for PHA and P = 0.005 for aCD3 mAb stimu-

lation).

Intracellular dGTP and GTP

There was no significant change in intracellular dGTP lev-

els between baseline and day 1, 10 or week 8 (P = 0.31,

0.16 and 0.35; Table 1 and Fig. 3a). On the contrary,

Figure 1 Median (IQR) MPA plasma trough levels. The x-axis shows

the time in days after the first MMF dosage. The horizontal dotted

line represents the minimum required MPA plasma level (0.14 lg/ml).

(a)

(b)

Figure 2 Proliferative capacity of lymphocytes measured with [3H]-

TdR incorporation in counts per minute of each patient (a) after PHA

and (b) after aCD3 mAb stimulation. The x-axis shows the time in

days after the first MMF dosage.

Table 1. Intracellular nucleotide concentrations.

dGTP

(pmol/106 cells)

GTP

(pmol/mg protein)

Day 0 Median (n) 0.18 (10) 4.68 (11)

IQR 0.14–0.34 3.34–4.80

Day 1 Median (n) 0.39 (11) 3.78 (9)

IQR 0.21–0.72 3.18–5.33

Day 10 Median (n) 0.48 (10) 5.02 (10)

IQR 0.41–0.68 3.77–5.93

Week 8 Median (n) 0.37 (9) 4.72 (9)

IQR 0.23–0.60 3.78–5.34
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there was a trend towards an increase between day 0 and

day 1.

Likewise, there was also no significant change in intra-

cellular GTP levels between baseline and day 1, 10 or

week 8 (P = 0.99, 0.32 and 0.49; Table 1 and Fig. 3b).

Discussion

Here, we show that treatment of kidney transplant recipi-

ents with the IMPDH-inhibitor MMF does not induce

depletion of dGTP and GTP in their circulating lympho-

cyte pool. However, the proliferative capacity of these

lymphocytes after polyclonal stimulation in vitro was

completely inhibited. Although the latter could have been

caused by the other immunosuppressive drugs used, the

same results were found during treatment of HIV patients

with MMF. Indeed, we confirm our previous data, show-

ing inhibited proliferative capacity of lymphocytes with-

out any difference in in vivo dGTP concentrations

between HIV patients treated with MMF and HIV

patients not treated with this drug [7]. Thus, the

increased level of immune activation as observed in HIV-

infected patients [13] cannot explain that observation.

These findings are in contrast to previously published

data from in vitro studies suggesting that the immuno-

suppressive effect of MPA is accomplished by inhibiting

guanosine production via the de novo pathway of purine

synthesis. Jugodzinsky et al. [14] demonstrated decreased

intracellular GTP levels in lymphocytes from MMF-trea-

ted kidney transplant recipients as compared to healthy

control individuals. However, in our present study, we

measured the nucleotides in kidney transplant recipients

before start of MMF treatment and 24 h thereafter. But

again, no differences in intracellular dGTP and GTP levels

were observed.

Our findings may be explained by the fact that the sal-

vage pathway for the production of dGTP and GTP in

lymphocytes might be more important in vivo than was

observed in vitro. In cardiac transplant recipients treated

with MMF, it was indeed demonstrated that the salvage

pathway was induced, which prevented GTP depletion

[15].

Another explanation might be the presence of two iso-

forms of IMPDH. One isoform (type II), mainly used by

activated lymphocytes, is more readily inhibited by MPA

than the other isoform (type I) [16]. The proliferation of

activated lymphocytes using isoform II might be blocked

by MPA resulting in a shift to nonactivated lymphocytes

with isoform I on which MPA have less effect. As a con-

sequence there are more lymphocytes without a decrease

of dGTP and GTP but, because these cells do not prolif-

erate, the overall thymidine incorporation is low.

A third explanation might be our sampling time. It was

recently demonstrated that MPA inhibits IMPDH within

2 h, resulting in a depletion of GTP [17]. After 4 h, the

IMPDH activity returned to baseline whereas T-cell pro-

liferation remained below baseline [18]. In our study, the

first blood sample after start of MMF treatment was taken

just before the next dose of MMF. We therefore may have

missed the depletion of dGTP and GTP. Nevertheless,

lymphocyte proliferation was inhibited in our patients,

suggesting another mechanism by which MMF accom-

plishes this immunosuppressive effect, such as reduction

in the production of cytokines, necessary for an optimal

proliferative response [19,20].

Finally, the effects of the other drugs included in the

quadruple immunosuppressive drug treatment as given to

our kidney transplant recipients might have overruled the

action of MMF. Indeed, by co-administration of the other

drugs, cells may have been prevented to enter the S-phase

of cell division. Although the additional benefit of adding

MMF to the immunosuppressive drug regimen after solid

(a)

(b)

Figure 3 Intracellular concentrations of (a) dGTP and (b) GTP (x-axis,

sampling time; y-axis, intracellular concentrations).
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organ transplantation has unequivocally been proven, its

mechanism of action might include other points of attack

than just inhibition of proliferation. For instance, its abil-

ity to alter leucocyte–endothelial adhesion and inhibition

of platelet-derived growth factor induced vascular smooth

muscle cell proliferation by directly scavenging H2O2 may

add to overall immunosuppressive capacity [21,22].

In conclusion, we demonstrate that ex vivo T-cell pro-

liferation was indeed inhibited in MMF-treated patients,

as was shown previously [4]. The suggested mechanism,

i.e. depletion of dGTP and GTP, could not be demon-

strated in vivo, suggesting either another mechanism for

inhibiting T-cell proliferation or only early transient

decreases in the (d)GTP pool, yet resulting in prolonged

inhibition of T-cell proliferation.
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