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SUMMARY

The aim of this study was to evaluate the effects of the immunomodulating drug mycophenolic acid

(MPA) on splenocytes in an animal model of systemic lupus erythematosus (SLE), using MRLlpr/lpr

mice. MPA reversibly inhibits inosine 5 0-monophosphate dehydrogenase, an enzyme involved in the de

novo guanosine synthesis. Splenocytes were treated with MPA (at 1 or 10 mm), and stimulated with

either lipopolysaccharide (LPS; 10 mg/ml) or concanavalin A (ConA; 1´25 mg/ml). In blocking

experiments, guanosine (100 mm) was added to the cultures to inhibit the effects of MPA. Lymphocyte

proliferation, enumeration of immunoglobulin producing cells (using ELISPOT) and quantification of

anti-double-stranded (ds) DNA antibodies, IFN-g and IL-10 (by ELISA) in supernatants were

performed. In addition, cell viability was evaluated using propidium iodide and flow cytometry. We

found that MPA-treated splenocytes had dramatically decreased mitogen-induced proliferation and

number of immunoglobulin producing cells, down-regulated production of IFN-g , IL-10 and IgM anti-

dsDNA antibodies. The viability of MPA-treated cells was also decreased. All of the effect modulated by

MPA could be neutralized by the addition of guanosine. We conclude that MPA has potent

immunomodulating effects on both B and T lymphocytes, modulating not only proliferation, but also the

production of cytokines, immunoglobulins and autoantibodies.
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INTRODUCTION

Mycophenolic acid (MPA) is an immunomodulating drug that

inhibits inosine 5 0-monophosphate dehydrogenase, an enzyme that

catalyses the conversion of inosine monophosphate (IMP) to

xanthosine monophosphate (XMP) in the de novo guanosine

synthesis [1,2]. MPA treatment of lymphocytes depletes intracel-

lular pools of guanosine triphosphate (GTP) and deoxyguanosine

triphosphate (dGTP) and inhibits proliferation. Guanosine (guo)

addition neutralizes the antiproliferative effects of MPA [3].

Mycophenolate mofetil (MMF), a prodrug of MPA with improved

bioavailability [4,5], is used widely in transplantation medicine to

prevent graft rejection. Recently, MMF has been proposed as a

candidate drug for treating autoimmune and inflammatory

diseases, such as nephritis [6,7], skin disorders [8,9] and HIV

infection [10].

Previous studies have demonstrated the efficacy of MMF

treatment in vivo of SLE-prone NZB/W [11,12] and MRLlpr/lpr

mice [13±15]. MRLlpr/lpr mice develop (i) massive enlarge-

ments of the lymph nodes and spleens, (ii) autoantibodies, (iii)

hypergammaglobulinaemia (iv) severe immune complex-

mediated glomerulonephritis, (v) non-erosive arthritis and (vi)

vasculitis [16]. Furthermore, MRLlpr/lpr mice accumulate

double negative (CD31, B2201, CD42 and CD82) T cells and

display profound defects in T cell responsiveness, i.e. an

inability to respond to ConA-induced proliferation and a

deficiency in IL-2 production [17,18]. Our previous studies

showed that MMF-treated MRLlpr/lpr mice lived longer,

developed less severe glomerulonephritis, displayed reduced

accumulations of double negative T cells, had decreased

immunoglobulin and autoantibody production and increased ex

vivo proliferative responses as well as increased IL-10 and IFN-

g levels in splenocyte culture supernatants following ConA

stimulation [14,15]. However, van Bruggen and colleagues

demonstrated only slight MMF-directed immunomodulating

effects in MRLlpr/lpr mice [13]. Given these apparently

contradictory findings regarding the immunomodulating proper-

ties of MMF in SLE mice, we examined the direct effects of

MPA both on lymphocyte function and on the production of

immunoglobulins and autoantibodies. Therefore, the aim of this

study was to evaluate in vitro MPA immunomodulation of

splenocytes taken from either SLE-prone MRLlpr/lpr mice or

healthy C57BL/6 mice.
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MATERIALS AND METHODS

Mice

MRLlpr/lpr and C57BL/6 mice were originally purchased from

BomholtgaÊrd (Ry, Denmark). MRLlpr/lpr mice were bred in the

animal facility of the Department of Rheumatology, University of

GoÈteborg. The mice were housed 3±10 animals in each cage under

standard conditions of temperature and light and were fed

standard laboratory chow ad libitum. Female mice aged between

3 and 4 months (MRLlpr/lpr) and between 10 and 15 months

(C57BL/6) were used in the experiments.

Single cell preparation

Spleens were freshly isolated, mashed and passed through a nylon

wool sieve to give a single cell suspension. Cells from two or three

spleens were pooled and considered as one observation. Cells

were centrifuged at 515 g for 5 min and the pelleted cells were

resuspended in Tris-buffered 0´83% ammonium chloride in order

to lyse erythrocytes. The total number of cells was calculated after

two washes in PBS before being used.

In vitro treatment with MPA

Spleen cells (1 � 106/ml) were incubated in 96-, 24- or 6-well

flat-bottomed microtitre plates (Nunc, Roskilde, Denmark) in

volumes of 0´2, 2 or 10 ml, respectively. A complete medium

consisting of Iscove's medium (GIBCO, Paisley, UK) supple-

mented with 10% fetal calf serum (FCS) (Biological Ind., Beit

Haemek, Israel), 2 mm glutamine, 5 � 1025 m 2-mercaptoethanol

and 50 mg/ml gentamycin was used. MPA (Roche Pharmaceu-

tical, Basel, Switzerland) was dissolved in dimethylsulphoxide

(DMSO; Merck, Darmstadt, Germany) and further diluted in

medium to give final concentrations of 0´1, 1 and 10 mm MPA.

Cells incubated in complete medium alone were used as controls,

and in some experiments DMSO (without MPA) was included to

exclude any potential effects of DMSO alone. Guanosine hydrate

(guo; product number G12000, Sigma-Aldrich, St Louis, MO,

USA) was dissolved in 0´4 m NaOH and diluted further in

complete medium to a final concentration of 100 mm in order to

neutralize the effects of MPA. Ten mm guo had no effect on MPA

treatment while 75 mm was as effective as 100 mm (data not

shown). In order to stimulate the splenocytes to produce

cytokines, immunoglobulins and to proliferate, the B cell mitogen

lipopolysaccaride (LPS; Sigma) or the T cell mitogen concana-

valin A (ConA; Miles Yeda, Rehovot, Israel) was included [19] at

the final concentrations of 10 or 1´25 mg/ml, respectively. Cell

cultures were incubated at 378C in 5% CO2 and 95% humidity for

3±4 days.

Lymphocyte proliferation

Spleen cells (1 � 106/ml) were incubated for 72 h in 96-well flat-

bottomed microtitre plates with LPS or ConA or in the absence of

either mitogen and subsequently treated with MPA and/or guo as

described above. For the final 18 h of culture 1 mCi[3H]-

thymidine (Amersham, Buckinghamshire, UK) was added to each

well. The cultures were harvested into glass-fibre filters,

processed and counted in a b -counter. The cells were set up in

triplicate, and the results are expressed as the mean of the counts

per minute (cpm).

Enumeration of immunoglobulin-producing cells

The ELISPOT technique [20] was used, with modifications, as

described previously [14] for enumeration of IgM and IgG

producing cells in splenocyte cultures. The numbers of immu-

noglobulin-secreting cells were expressed as the frequency of

spot-forming cells per 106 mononuclear cells (SFC/106 MNC).

Cytokine and anti-double-stranded (ds) DNA antibody analyses

After 72 or 96 h of incubation of splenocytes as described above,

the supernatants were collected and stored in 2208C awaiting

cytokine (96 h ConA stimulated MRLlpr/lpr supernatants) and
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Fig. 1. Proliferative responses (cpm) of spleen cell cultures from C57BL/6 (n � 6) and MRLlpr/lpr mice (n � 3) 72 h after in vitro

treatment with different doses of MPA in the presence of (X) or in the absence of (W) 100 mm guanosine. The cells (1 � 106/ml) were either

untreated or stimulated with LPS (10 mg/ml) or ConA (1´25 mg/ml). Individual mouse spleen cell cultures are shown. Regarding C57BL/6

mice, not all splenocyte cultures were stimulated with ConA or given guo, explaining the discrepancy of numbers of observations in the

figure. Irrespective of the of mouse strain or whether or not mitogen was present, both 1 and 10 mm MPA significantly decreased

proliferative responses compared to cultures where no MPA was added. Similar results were obtained in three pilot experiments for each

mouse strain, data not shown. *P , 0´05, **P , 0´01 and ***P , 0´001.
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anti-dsDNA antibody analyses (72 h C57BL/6 and MRLlpr/lpr

supernatants stimulated with LPS) with ELISA. IFN-g ELISA

was performed as described previously [15]. The Opt-EIAe Set

for murine IL-10 (Pharmingen, San Diego, CA, USA) was used

according to the manufacturer's instructions. Anti-dsDNA anti-

bodies of IgM isotype were measured by ELISA as described

previously [14].

Cell viability

The viability of freshly isolated spleen cells was determined by

the trypan blue exclusion method. MRLlpr/lpr splenocyte

viability in 72-h cultures in the presence or absence of MPA

and/or guo and further stimulated with LPS, was investigated

using flow cytometry. Briefly, cells were harvested from the

plates, counted and washed in PBS. The cells were resuspended in

200±300 m l of PBS and 10 m l of 50 mg/ml propidium iodide

(Sigma) was added 30±60 s before analysis in a FACSTAR

(Beckton-Dickinson).

Statistical analysis

The unpaired Student's t-test was used as the statistical method.

Results are presented as the mean ^ the standard deviation (s.d.).

In Figs 1, 2 and 3 all individual observations are shown. For

statistical analysis the results from MPA-treated cells were

compared with the results from cells not treated with MPA;

P , 0´05 was considered statistically significant.

All data were also analysed with the non-parametric Mann±

Whitney test with the same results regarding statistical signifi-

cance (not shown).

RESULTS

MPA has potent anti-proliferative effects on splenocyte cultures in

vitro

Spleen cells from 4-month-old MRLlpr/lpr and 10±14-month-old

C57BL/6 mice were treated with different concentrations of MPA

and stimulated with either LPS or ConA or left non-stimulated for

72 h in vitro. The results presented in Fig. 1 show that MPA had a

dose-dependent antiproliferative effect on both MRLlpr/lpr and

C57BL/6 spleen cells, and that the highest dose of MPA (10 mm)

completely inhibited proliferative responses to either LPS or

ConA. As expected, lymphocytes from MRLlpr/lpr mice

displayed weaker mitogen-stimulated proliferative responses

compared to lymphocytes from C57BL/6 mice. The addition of

guo (100 mm) completely abrogated the antiproliferative effects

of MPA on both non-stimulated and mitogen-exposed cells. The

addition of DMSO to the cell cultures did not affect proliferation

(data not shown).

MPA inhibits LPS induced Ig production

Isolated spleen cells, pooled from either MRLlpr/lpr mice (two

experiments n � 3 in each) or C57BL/6 mice (three individuals

from one experiment) were stimulated with LPS and treated with

MPA in the presence or absence of guo for 3 days. The

frequencies of IgM- and IgG-producing cells were examined.

The frequency of IgM-producing cells was significantly

decreased after MPA treatment at doses of 1 and 10 mm in both

mouse strains (Fig. 2). The neutralizing effect of guo on MPA-

treated MRLlpr/lpr splenocytes is shown in Fig. 2. Similar levels

of guo neutralization were found in a pilot study with C57BL/6

splenocytes (data not shown). The number of IgM SFC/106 spleen

cells in freshly isolated spleens (day 0) was 1470 ^ 240 for

C57BL/6 mice (n � 3) and 2580 ^ 1240 for MRLlpr/lpr mice

(n � 6).

The suppressive effect of MPA on IgG SFC was less

pronounced than on IgM (Table 1). In C57BL/6 mice MPA

significantly decreased the frequency of SFC. Furthermore, MPA

decreased IgG SFC in MRLlpr/lpr in one of two experiments

using the high dose of MPA. The addition of guo to the MRLlpr/

lpr splenocyte cultures neutralized the effects of MPA. DMSO

alone did not affect the spot producing capacity of the cells (data

not shown). As expected, the levels of IgG SFC in freshly isolated

spleen cells were several-fold higher in MRLlpr/lpr than in

C57BL/6 mice.

MPA reduces IgM anti-dsDNA antibody levels

Splenocyte culture supernatants from MRLlpr/lpr and C57BL/6

mice, treated in vitro with MPA in the absence or presence of guo

and stimulated with LPS, were taken after 72 h and analysed for

IgM anti-dsDNA antibodies. MPA significantly decreased the

levels of IgM anti-dsDNA antibodies in spleen cell cultures from

both MRLlpr/lpr and C57BL/6 mice (Fig. 3). As expected, the

levels of dsDNA antibodies in cultures without MPA were higher

in MRLlpr/lpr mice than in C57BL/6 mice.
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Fig. 3. IgM anti-dsDNA antibodies in supernatants from spleen cells,

isolated from MRLlpr/lpr mice (from two experiments, n � 3 in each) and

C57BL/6 mice (n � 3), cultured with MPA and stimulated with LPS

(10 mg/ml) in vitro for 72 h. MPA treatment of separate spleen cell pools

are shown. *P , 0´05 and **P , 0´01.
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Fig. 2. IgM SFC per 1 � 106 spleen cells from 3±4-month-old MRLlpr/

lpr mice (from two experiments, n � 3 in each) and 10±11-month-old

C57BL/6 mice (n � 3) after 72 h in vitro treatment with MPA (0, 1 or

10 mm) ^ 100 mm guanosine. LPS (10 mg/ml) was used as the mitogen

in all cultures. Results of MPA treatment of separate spleen cell pools are

shown. Similar results were obtained in two pilot experiments for MRLlpr/

lpr mice and in one for C57BL/6 mice, data not shown. **P , 0´01 and

***P , 0´001. W, No guanosine; X, 100 mm guanosine.
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MPA reduces ConA-induced cytokine production

Cultured splenocyte supernatants from MRLlpr/lpr mice, treated

in vitro with MPA in the presence or absence of guo and

stimulated with ConA, were taken after 96 h and assayed for IFN-

g and IL-10. Both IFN-g and IL-10 levels were reduced in a dose-

dependent manner after MPA treatment (Fig. 4). Adding guo to

cultures treated with MPA restored the IFN-g and IL-10 levels to

those of untreated splenocyte supernatants. The addition of DMSO

alone did not affect the cytokine levels in splenocyte culture

supernatants.

Guanosine abrogates MPA-induced cell death in LPS-stimulated

spleen cells

The viability of freshly isolated spleen cells always exceeded 95%

as determined by trypan blue exclusion. We considered the

possibility that MPA might be cytotoxic which could affect our

results. To investigate this, we stained cultured MRLlpr/lpr spleen

cells with propidium iodide. Figure 5 shows that MPA decreased

the viability of spleen cells in LPS-stimulated cultures. The

addition of guo to the cultures blocked the MPA-induced decrease

in viability, suggesting that MPA-induced cell death was due to

IMPDH depletion. Thus, MPA was not cytotoxic per se in the

concentrations used, but deprived cells of guo. However, guo

alone reduced the viability of LPS-stimulated MRLlpr/lpr spleen

cells in culture. The addition of DMSO did not affect viability

(data not shown).

DISCUSSION

This study shows that IMPDH depletion with MPA has significant

modulatory effects on murine T and B lymphocyte functions in

vitro, both in healthy C57BL/6 mice and in SLE-prone MRLlpr/

lpr mice. It is important to note that the concentrations of MPA

used in these experiments were within the range found in human

plasma 2 h after a single oral dose of 1 g MMF [21].

MPA dramatically decrease the proliferative response of

spleen cells to T and B cell mitogens, an effect neutralized by
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Fig. 4. Cytokine levels in culture supernatants of spleen cells, isolated

from 4 month-old MRLlpr/lpr mice (n � 3). The cells were cultured with

MPA in the presence or absence of guanosine, and stimulated with ConA

in vitro for 96 h. The IFN-g (units, where 1 unit � 87´7 pg/ml) and IL-10

(pg/ml) levels were measured with ELISA. Data are presented as mean

^ s.d. N � 3 for each mean value. Similar results for IFN-g were obtained

in two pilot experiments, data not shown. *P , 0´05 and **P , 0´01. W,

No guanosine; X, 100 mm guanosine.

Table 1. IgG spot-forming cells (SFC) per million spleen cells from MRLlpr/lpr and C57BL/6 mice. Splenocytes were isolated and treated with different

concentrations of MPA in the presence or absence of 100 mm guanosine in vitro for 72 h. LPS (10 mg/ml) was used as mitogen in all cultures. The

spontaneous production of IgG by freshly isolated splenocytes is also presented. For statistical analysis the MPA treated cells were compared with cells not

treated with MPA. Similar results were obtained in two pilot experiments with MRLlpr/lpr mice and in one with C57BL/6 mice

Mice n

Age

(months)

Before

treatment

IgG SFC per million spleen cells (103)

MPA (mm) MPA (mm) 1 Guanosine (100 mm)

0 0´1 1 10 0 0´1 1 10

C57BL/6 3 11 1´6 ^ 0´7 7´3 ^ 0´7 4´8 ^ 1´1* 2´2 ^ 1´3** 2´2 ^ 0´9** n.d. n.d. n.d. n.d.

MRLlpr/lpr 3 3 10´2 ^ 4´5 10´4 ^ 3´3 9´6 ^ 4´8 4´5 ^ 2´7 3´7 ^ 0´4* n.d. n.d. n.d. n.d.

MRLlpr/lpr 3 4 6´1 ^ 1´1 5´4 ^ 2´3 n.d. 3´6 ^ 0´9 3´1 ^ 1´7 5´4 ^ 0´9 n.d. 5´0 ^ 1´4 4´7 ^ 2´0

*P , 0´05, **P , 0´01. Data are presented as mean ^ s.d., n.d. � not done.
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Fig. 5. MRLlpr/lpr (n � 3) spleen cell viability after 3 days in culture in

the presence or absence of MPA and guo. All cultures were stimulated

with LPS (10 mg/ml). Cells were harvested, washed and transferred to

FACS tubes. Propidium iodide was added to the cells 1 min prior to

analysis. Similar results were obtained in two pilot experiments, data not

shown. Mean ^ s.d. is presented. **P , 0´01. W, No guanosine; X, 100

mm guanosine.
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addition of guo, suggesting that MPA acted via depletion of

guanine nucleotides. Previously, it was demonstrated in vitro that

MMF treated MRLlpr/lpr spleen cells displayed suppressed

proliferative responses to ConA [13]. These findings corroborate

earlier in vitro studies where human peripheral blood cells

stimulated with phytohaemagglutinin (PHA) and treated with

1 mm MPA showed a suppressed proliferation, an effect reversible

by addition of guo [3]. Recently, we have shown that spleen cells

from MRLlpr/lpr mice treated with MMF in vivo displayed

increased proliferative responses to ConA compared to controls

[15]. In addition, we demonstrated that spleen cells from MMF

treated MRLlpr/lpr mice were more normal (i.e. had less double

negative T cells) than untreated mice and therefore responded

better to ConA.

MPA also decreased the ability of B lymphocytes, from both

MRLlpr/lpr and C57BL/6 mice, to produce immunoglobulins

actively after stimulation with LPS in vitro, an effect reversed by

adding guo to the cultures. As expected, the effect of MPA was

most pronounced in IgM-producing cells, the dominant Ig isotype

following LPS stimulation [22,23]. Furthermore, the frequency of

IgG-secreting cells was decreased by addition of MPA. Notably,

MPA treatment of MRLlpr/lpr spleen cell cultures stimulated with

LPS suppressed levels of IgG-producing cells below those of

freshly isolated cells. These results corroborate our previous in

vivo experiments demonstrating decreased immunoglobulin

production in MRLlpr/lpr mice after MMF treatment [14].

MRLlpr/lpr mice display increased IgG SFC and have greatly

increased levels of IgG in serum. When these mice were treated

with MMF, the number of IgG-producing cells was decreased and

serum levels of IgG and IgG autoantibodies were lowered [14].

Thus, in vitro, MPA-induced or in vivo, MMF-induced guanosine

depletion caused a decrease in antibody production in MRLlpr/lpr

mice.

MPA significantly decreased the levels of IgM anti-dsDNA

antibodies in supernatants of LPS-stimulated splenocytes from

both MRLlpr/lpr and C57BL/6 mice. IgG anti-dsDNA antibodies

are considered the most pathogenic autoantibodies in SLE disease.

In MRLlpr/lpr mice, serum IgG anti-dsDNA antibodies dominate

over IgM, and it has been shown that after in vivo treatment with

MMF only IgG anti-dsDNA antibody levels decreased [14].

However, in our present experiments, IgM was favoured over IgG,

and therefore we analysed the effects of MPA on IgM anti-dsDNA

antibody levels. The in vitro results with MPA reported here

support our previous results that MMF has the ability to down-

regulate anti-dsDNA antibody levels in vivo.

IFN-g and IL-10 production was down-regulated by MPA

treatment and the effect was reversed by adding guo to the

cultures. In our previous study we found no differences in the

production of these cytokines in the serum of mice treated with

MMF. When performing pure in vitro experiments, interfering

factors present in vivo are minimized. In the complex in vivo

situation there might be compensatory mechanisms affecting the

cytokine balance and thereby influencing the results. On the

contrary, IFN-g and IL-10 in supernatants from ConA stimulated

spleen cells treated in vivo with MMF were significantly

increased, a phenomenon coupled to the increased ex vivo

proliferative response discussed above [15].

An additional effect of MPA is the potential to induce

apoptosis. Cohn et al. have shown that MPA increases apoptosis

in human lymphoid and monocytic cell lines [24], and Li et al.

showed that prolonged depletion of GTP induced by MPA led to

the apoptosis of insulin-secreting b -cells in vitro [25]. However,

Hauser et al. could not detect apoptosis in a study where they

showed antiproliferative effects of MMF on mesangial cells [26].

Recently it was shown that MPA induced the apoptosis and cell

death of activated CD41 T lymphocytes from HIV infected

humans in vitro. Treatment of HIV patients with MMF decreased

the number of dividing CD41 and CD81 T cells without affecting

the total CD41 and CD81 populations in peripheral blood cells

[10]. Thus, MMF can selectively induce cell death in certain cell

populations, and in our previous study [15] showed that the

frequency of double-negative T cells in spleen was decreased,

whereas no difference was found regarding the frequency of

CD41 and CD81 T cells. In our present study, the viability of

MRLlpr/lpr cells was only slightly decreased after MPA

treatment. By adding guo to the cultures, MPA-induced cell death

was decreased and in the presence of both guo and MPA the drug

was not cytotoxic.

Taken together, the results suggest strongly that depletion of

guanine nucleotides attenuate lymphocytic functions, including

proliferation and cytokine and immunoglobulin production. In the

present study we focused on lymphocytes and their activities

following exposure to MPA. We used unfractionated spleen cells

and therefore other cells, such as macrophages, were present in the

cultures. Direct or indirect effects of MPA on macrophages,

adhesion molecules or nitric oxide production cannot be excluded.

In the context of SLE these factors have significance, since they

might contribute to the beneficial effects of MMF seen in SLE-

prone mice. SLE is an immune complex-mediated disease,

involving autoantibody production by B lymphocytes as well as

T lymphocyte helper functions. MMF affects both cell populations

and has the potential to suppress ongoing autoimmune processes

in lupus. Indeed, case reports of SLE patients successfully treated

with MMF where other therapies failed indicate that the drug

could be therapeutic in this disease [27±29]. Interestingly, Chan

and colleagues recently reported that for the treatment of diffuse

proliferative lupus nephritis MMF was as effective as cyclopho-

sphamide [6].

In summary, we show that MPA treatment of MRLlpr/lpr

spleen cells in vitro modulated activities of the acquired immune

system, including lymphocyte proliferation and the production of

cytokines, immunoglobulins and autoantibodies.
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