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Abstract

The immunosuppressive drug, mizoribine, has been used to
prevent rejection of organ allografts in humans and in animal
models. Based on studies in cell lines, mizoribine has been pos-
tulated to be an inhibitor of inosine monophosphate (IMP) de-
hydrogenase (EC1.2.1.14), a pivotal enzyme in the formation of
guanine ribonucleotides from IMP. To further characterize the
mechanism of action of this drug, we studied the effect of mizor-
ibine on human peripheral blood T cells stimulated with alloan-
tigen, anti-CD3 MADb, or pharmacologic mitogens. Mizoribine
(1-50 pg/ml) was able to inhibit T cell proliferation by 10-
100% in a dose-dependent fashion to all stimuli tested. Mea-
surements of purine ribonucleotide pools by HPLC showed
that mizoribine led to a decrease in intracellular GTP levels,
and that repletion of GTP reversed its antiproliferative effects.
We also examined sequential events occurring after T cell stim-
ulation. Early events in T cell activation, as assessed by steady-
state mRNA levels of c-myc, IL-2, c-myb, histone, and cdc2
kinase, as well as surface IL-2 receptor expression, were unaf-
fected. However, cell cycle analysis revealed decreased num-
bers of cells in S, G2, and M phases, and showed that the G1/S
block was reversed with GTP repletion. These data indicate
that mizoribine has an effect on T cell proliferation by a mecha-
nism distinct from that of cyclosporine or corticosteroids, and
therefore may be useful in combination immunosuppressive reg-
imens. (J. Clin. Invest. 1991. 87:940-948.) Key words: purine
ribonucleotides - IMP dehydrogenase « transplantation « T cell
activation ¢ cell cycle

Introduction

The immunosuppressive drug, mizoribine (4-carbamoyl-1-4-
D-ribofuranosylimidazolium-5-olate, also known as bredinin),
has been shown to be an effective agent in organ transplanta-
tion. In animal models, mizoribine has shown a strong syner-
gistic effect when used in combination with cyclosporine to
prolong the survival of canine renal allografts (1-5), and rat
cardiac and partial lung allografts (6). Mizoribine has also been
used successfully as a primary immunosuppressive agent in
human renal transplantation, with results comparable or supe-
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rior to that of azathioprine, but without demonstrable myelo-
suppression or hepatotoxicity (4, 7-12).

Mizoribine is an imidazole nucleoside (Fig. 1), which was
first isolated in 1974 from the soil fungus Eupenicillum brefel-
dianum (13). Mizoribine is metabolized to its monophosphate
form by adenosine kinase (14), and has been postulated to in-
hibit inosine monophosphate (IMP)! dehydrogenase
(EC1.2.1.14), an enzyme required for the synthesis of guanine
nucleotides from IMP. Initial studies demonstrated that mizor-
ibine inhibited the growth of murine lymphoma cells by inter-
fering with guanine nucleotide metabolism (15). Subsequently,
Ichikawa et al. found that mizoribine suppressed the prolifera-
tion of peripheral blood lymphocytes to lectins and alloanti-
gens (16), but specific data on its metabolic effects were not
provided.

The potential importance of guanine nucleotides in T cell
function is suggested by a number of findings. Signal transduc-
tion through the T cell receptor for antigen (TCR) is believed to
be mediated by G protein coupling of the receptor to phospho-
lipase C (17). In addition, there is recent evidence implicating
the P21™ GTPase in T cell activation (18). Guanine nucleo-
tides have also been suggested as second messengers in the al-
ternate pathway of T cell activation mediated by the CD28
surface molecule, since CD28 stimulation raises intracellular
cyclic guanosine monophosphate levels (19). Finally, defi-
ciency of the enzyme purine nucleoside phosphorylase is asso-
ciated with perturbed levels of guanine ribonucleotides and
severely deficient T cell immunity (20). These observations
suggest that the ability of mizoribine to block T cell prolifera-
tion might be due to its interference with physiologic guanine
nucleotide metabolism, thereby blocking T cell proliferation at
the level of signal transduction or at some more distal point in
the activation pathway.

To further examine the effects of mizoribine on T cell prolif-
eration, we used purified T lymphocytes, free of contamination
by B cells and macrophages. These accessory cell-depleted T
lymphocytes do not respond to soluble antigen or lectins, but
can be stimulated with monoclonal antibodies directed against
either the TCR, or the CD3 complex of proteins, which is inti-
mately associated with the TCR in the cell membrane (21).
TCR/CD?3 signaling activates protein kinase C and induces a
rise in intracellular calcium, effects that can be mimicked with
the combination of phorbol ester and a calcium ionophore
(e.g., ionomycin) (21). The .experiments described here have
used both sets of stimuli in order to determine whether mizori-
bine interfered with cell surface signaling events or acted at a
more distal point in the activation pathway.

Our studies were undertaken to ask whether mizoribine

1. Abbreviations used in this paper: IL-2R, IL-2 receptor; IMP, inosine
monophosphate.
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specifically perturbed guanine ribonucleotide pools, and if so,
to determine at what point guanine ribonucleotide depletion
had its effect on stimulated T cells. Using highly purified T
cells, we have found that the inhibition of T cell proliferation
by mizoribine is associated with a decrease in intracellular GTP
and is reversible with GTP repletion. Despite this proliferative
inhibition, mizoribine did not block early events in T cell acti-
vation such as IL-2 or IL-2R expression, although the entry of
cells into S phase was severely impaired. Taken together, our
data suggest that mizoribine blocks T cell proliferation via a

guanine ribonucleotide-dependent mechanism that prevents

cells from exiting G1 and entering S phase.

Methods

Monoclonal antibodies (MAbs). The mouse anti-human MAbs 9.3
(anti-CD28), G19-4 (anti-CD3), 9.6 (anti-CD2), G17-2 (anti-CD4),
and G10.1 (anti-CD8) were produced as previously described (22-25).
FITC- and phycoerythrin-conjugated nonspecific isotype-matched
control antibodies, and FITC-conjugated IL-2R (anti-CD25) were pur-
chased from Coulter Immunology, Inc., (Hialeah, FL). FITC-labeled
WT-31 (anti-T cell receptor 8 chain) was purchased from Becton Dick-
inson & Co. (Mountain View, CA), and FITC-labeled goat anti-mouse
IgG2a and IgG1 were purchased from FisherBiotech (Orange-
burg, NY).

Reagents. Mizoribine (mol wt 259) was a generous gift of Dr. N.
Kamatani (Tokyo Women’s Medical College, Tokyo, Japan). Cyclo-
sporine was kindly provided by Carl H. June (Naval Medical Research
Institute, Bethesda, MD). Ionomycin was obtained from Calbiochem-
Behring Corp. (San Diego, CA). Phorbol myristate acetate (PMA) was
purchased from Sigma Chemical Co. (St. Louis, MO), and reconsti-
tuted as a 1 mg/ml solution in dimethylsulfoxide. Fresh working dilu-
tions of PMA (at 5 ug/ml in PBS) were prepared as needed for each
experiment. Guanosine and 8-aminoguanosine were also obtained
from Sigma Chemical Co.

Isolation of peripheral blood lymphocytes. All blood donors were
healthy volunteers who gave informed consent to venipuncture. Periph-
eral blood mononuclear cells were isolated from venous blood by den-
sity gradient centrifugation using Ficoll-Hypaque. When specified, pu-
rified T cells were obtained using a protocol previously described (26).
Briefly, T cells were negatively selected for by incubating the unsepa-
rated mononuclear cells with saturating amounts of MAbs directed at
CD11, CD20, CD16, CD14, and HLA-DR followed by separation us-
ing goat anti-mouse immunoglobulin-coated magnetic beads (Ad-
vanced Magnetics Institute, Cambridge, MA). Cell purity was moni-

tored by staining the negatively selected cells with FITC-conjugated
MADbs directed at CD2, and was always > 98% positive as compared
with staining with a nonspecific control MAb.

Cell culture. Cells were cultured in complete medium consisting of
RPMI-1640, 10° U/liter penicillin, 100 ug/liter streptomycin, 5 mM
Hepes, 2 mM L-glutamine, and 10% fetal calf serum. All products were
purchased from Gibco Laboratories (Grand Island, NY). Cells were
cultured at a density of 1 X 10%/ml. When used, anti-CD3 antibody was
immobilized on plastic culture dishes using a 1 ug/ml solution (27).
The concentration of 9.3 MAD used in cell cultures was always 1 ug/ml.
PMA was used at a final concentration of 3 ng/ml, ionomycin at 125
ng/ml, guanosine at 50 uM, and 8-aminoguanosine at 100 uM. To
stimulate cells in mixed lymphocyte reactions (MLRs), cells were cul-
tured with an equal number of irradiated (3,000 R, '*’Cs source) alloge-
neic peripheral blood mononuclear cells. When used, mizoribine was
added simultaneously with the stimulating agents.

Proliferative assays. Cells were cultured in complete medium in
96-well round-bottomed microtiter plates at 5 X 10* cells/well in a total
volume of 0.2 ml. Proliferation, measured as DNA synthesis, was de-
termined by adding 1 uCi of [*H]thymidine (ICN Pharmaceuticals,
Inc., Irvine, CA) to each well for the last 6 h of culture, after which
plates were harvested with a PHD 200 Cell Harvesting System (Cam-
bridge Technology, Inc., Cambridge, MA). MLRs were harvested after
6 d, and all other cultures were harvested after 72 h, except as noted. All
assays were performed in quadruplicate.

Analysis of cell surface phenotype. 1 X 10° cells were washed twice,
mixed with a saturating amount of the appropriate FITC- or PE-conju-
gated antibody, and suspended in 100 ul of a solution of 50% fetal calf
serum and 50% PBS containing 0.1% sodium azide. Cells were incu-
bated for 45 min at 4°C, washed twice with cold PBS, and resuspended
in 0.5 ml PBS with 1% formaldehyde for flow cytometric analysis.
When unlabeled MAbs were used, cells were first incubated as indi-
cated above with the unlabled antibody, washed twice, and stained in a
similar fashion with FITC-conjugated goat anti-mouse Ab before fixa-
tion in 1% formaldehyde.

Single- and dual-color fluorescent analyses were performed on a
FACScan® (Becton Dickinson, Mountain View, CA). Positive cells
were defined as those with fluorescent intensity beyond a threshold
defined by the negative control (cells stained with isotype-matched non-
specific mouse immunoglobulin). Dead cells were excluded from analy-
sis using forward and right-angle light-scatter gating. Electronic sub-
traction was used to correct for spectral emission overlap from the
green into the red channel. Cell staining was measured in arbitrary
units as the log of fluorescent intensity, and in all cases is displayed on a
four decade scale.

Analysis of DNA content. 1 X 10° cells were washed twice with
HBSS and resuspended at 1-2 X 10° cells/ml. 2.5 vol of ice-cold 70%
ethanol were added over 1-1.5 min while vortexing. The fixed cells
were washed twice with HBSS, resuspended in a solution of 18 ug/ml
propidium iodide and 40 ug/ml RNAse, and incubated for 16 h. Analy-
sis of DNA content was performed on an Epics C cell sorter (Coulter
Electronics, Inc.) within 24 h of propidium iodide staining. Analysis of
cell cycle was done using the Paral software program. Results are ex-
pressed as fluorescent intensity on a linear scale using arbitrary units.

Northern blot analysis. Cells were harvested from cultures by resus-
pension and centrifugation, and total cellular RNA was extracted with
guanidinium isothiocyanate (28). The samples were equalized for ribo-
somal RNA, and the equalization was confirmed by ethidium bromide
staining of equal amounts of the RNA samples on a nondenaturing 1%
agarose gel as previously described (29). These equalized RNA samples
(5-10 ug) were separated on 1% agarose-formaldehyde gels and trans-
ferred to nitrocellulose. Membranes were baked under a vacuum for 2
h and then prehybridized (30). The DNA probes used were labeled by
nick translation and hybridized to the membranes as previously de-
scribed (30), after which the membranes were exposed to x-ray film at
-70°C.

DNA probes. The probes used in these experiments were gene-spe-
cific inserts isolated from low melting point agarose gels after digestion
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of the plasmid in which they were propagated with the appropriate
restriction endonucleases. The probes used include HLA-B7 (1.4 kb
[31]), human ¢-myc (2.5 kb [32]), IL-2 (1.0 kb [33]), histone (1.4 kb
[34]), c-myb (3.4 kb, gift of Michael Clarke, University of Michigan),
human cdc2 kinase (35) (1.1 kb; gift of Jeffry Corden, Johns Hopkins
School of Medicine, Baltimore, MD).

Measurement of ATP and GTP. Nucleotide pools were quantified
using HPLC on a Partisil-10 SAX anion exchange column (Whatman,
Clifton, NJ). 5-10 X 10° cells were harvested and counted at the indi-
cated time points, and washed twice. Cell viability, assessed by trypan
blue exclusion, always exceeded 95%. The cells were then resuspended
in 150 ul PBS and extracted with 170 ul of ice-cold 1 N perchloric acid.
After 5 min at 4°C, the extract was neutralized with | N KOH. The
volume of sample analyzed was adjusted for cell count, and 50-100 pl
of the supernatant was injected for each analysis. Ribonucleoside tri-
phosphates were separated using a linear gradient from 80% buffer A
(0.002 M NH,H,PO,, pH 2.8) to 90% buffer B (0.75 M NH H,PO,, pH
3.9) over 30 min at a flow rate of 2 ml/min. The individual nucleotide
concentrations were calculated by comparing areas of peaks absorbing
at 254 nm to the areas generated by nmol amounts of pure standards
using a 3390A Hewlett Packard integrator.

Results

Mizoribine blocks mitogen and alloantigen-induced T cell acti-
vation. Since mizoribine has been found to be effective in pre-
venting organ allograft rejection, we first examined the effects
of the drug on T cell proliferation induced by a variety of mito-
genic stimuli. T cells were purified as described (except for
MLRs where unseparated mononuclear cells were used) and
cultured with increasing concentrations of mizoribine. Table I
displays a representative experiment (one of four independent
experiments) showing that mizoribine blocked T cell prolifera-
tion induced by anti-CD3 MAbs, alloantigen, and PMA plus
either ionomycin, anti-CD28 MAbs, or both. This effect was
dose dependent, and the concentration at which 50% inhibi-
tion was seen (IC,,) varied from < 1 ug/ml for CD3 stimula-
tion, to ~ 5 ug/ml for PMA-induced stimulation. A concentra-
tion of 50 ug/ml of mizoribine suppressed proliferation to the
level of medium control for every stimulus tested. Similar re-
sults were obtained when cultures were harvested at a variety of
time points before and beyond the usual culture period, demon-
strating that these effects of mizoribine were not a time-depen-
dent phenomenon (data not shown).

Mizoribine and cyclosporine additively block T cell prolifer-
ation. The fact that mizoribine inhibited T cell proliferation
induced by phorbol ester plus anti-CD28 MADb (Table I), a
mitogenic combination we have previously shown to be resis-
tant to cyclosporine immunosuppression (36), suggested that
the two drugs act via distinct mechanisms and might have an
additive effect in vitro. To examine this possibility, purified T
cells were stimulated with immobilized anti-CD3 MAbs in the
presence of varying concentrations of mizoribine and cyclo-
sporine. Fig. 2 shows that mizoribine and cyclosporine acted
additively to inhibit proliferation induced via TCR/CD3 stim-
uli. For example, the combination of 5 ug/ml of mizoribine
and 10 ng/ml of cyclosporine block proliferation to approxi-
mately the same level as is seen with 100 ng/ml of cyclosporine
alone. These in vitro findings are consistent with the observa-
tion that mizoribine and cyclosporine act cooperatively to pro-
long allograft survival in animal models (1, 2, 4).

Alterations in GTP levels with mizoribine. Mizoribine has
been reported to be an inhibitor of IMP dehydrogenase, an
enzyme which catalyzes the first step in the conversion of IMP
to guanosine monophosphate. Therefore, we next studied the
effect of mizoribine on purine ribonucleotide levels in acti-
vated T cells. Purified T cells were stimulated with the combina-
tion of PMA, ionomycin, and anti-CD28 MAb. These agents
were chosen since all three appear to play distinct and indepen-
dent roles in T cell activation, and their combination has been
previously shown to lead to maximal T cell proliferation and
lymphokine production (37). The cells were harvested 72 h
after stimulation for analysis of purine ribonucleotide pools by
HPLC (see Methods) and for measurement of DNA synthesis
(Fig. 3). Mizoribine caused a dose-related depletion of GTP in
activated T cells (4), which closely paralleled its effect on prolif-
eration (C). A small diminution of ATP levels (B), which did
not appear to correlate with proliferative inhibition, was ob-
served. Further evidence against a role for adenine nucleotide
depletion by mizoribine was the inability of adenine supple-
mentation of the media to reverse the proliferative inhibition
of the drug (data not shown).

In order to examine the effect of lymphocyte activation on
GTP levels and the time course of GTP depletion induced by
mizoribine, GTP levels were serially measured in cells cultured
in the presence and absence of 10 ug/ml of mizoribine (Fig. 4).

Table 1. Mizoribine Blocks Mitogen or Alloantigen-dependent T cell Proliferation

Miz CD3 PMA + Iono PMA + CD28 PMA + Iono + CD28 MLR
(ug/ml) cpm* cpm* cpm* cpm* cpm*
0 167,630+14,566 43,716+6,466 26,933+3,625 35,154+8,246 56,497+4,925
1 32,390+2,983 32,249+1,930 21,018+1,400 24,574+5,541 33,457+6,007
2 ND 25,758+2,888 24,798+2,699 21,936+1,923 ND
5 19,192+612 14,918+1,096 19,377+651 15,258+1,522 9,296+1,127
10 7,734+656 7,854+333 9,309+686 8,470+532 2,980+199
50 611+73 866+125 1,293+32 1,115+113 424+69

* Cells were cultured for 72 h in 96-well microliter plates except for MLRs which were cultured for 6 d. The anti-CD3 mAb G19-4 was immo-
bilized on the tissue culture plate using a 1 ug/ml solution. PMA was used at 3 ng/ml, ionomycin (Jono) at 125 ng/ml, and the anti-CD28 mAb
9.3 at 1 ug/ml. For MLRs equal numbers of responder and irradiated stimulating cells were used. All cultures were pulsed with 1 uCi of
tritiated thymidine 6 h before harvesting. Unstimulated cells incorporated 778+237 cpm of thymidine at 72 h (culture duration for mitogenic
stimuli) and 10,423+2155 cpm at 6 d (culture period for MLRs). Values are mean+SD.
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Figure 2. Additive effects
of mizoribine and
cyclosporine. Purified T
cells were stimulated to
proliferate with
immobilized anti-CD3
MAD with varying

No CsA
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CsA 50 ng/mL

A RARE
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CsA 500 ng/mL
CsA 1000 ng/mL

concentrations of
mizoribine and
cyclosporine. Cells were

plated in 96-well round
bottom plates and
cultured for 72 h.
Proliferation, measured
as DNA synthesis and
indicated as counts per
minute, was determined
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Lymphocyte activation induced a fivefold increase in GTP lev-
els at 72 h. Upon cell stimulation, mizoribine slowed the initial
accumulation of GTP and reduced subsequent levels by 35-
55%, although GTP content eventually exceeded unstimulated
values. Intracellular GTP levels at 72 h were equivalent in cells
that had been exposed to mizoribine for 7 h, 24 h, or the entire
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harvested.
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culture period. Thus, mizoribine caused the same degree of
GTP depletion whether it was added at culture initiation orata
later time point.

To determine if repletion of intracellular GTP could re-
verse the inhibitory effects of mizoribine, parallel cultures
(stimulated with PMA, ionomycin, and anti-CD28 MAb) were
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Figure 3. Alterations in
GTP levels with
mizoribine and effects of
GTP repletion. Purified

T cells were stimulated
with a combination of
PMA, plus ionomycin,
plus anti-CD28 MAD (4,
B, and C), or with anti-
CD3 MAb (D). Control
(— o —); GTP repletion
(— = —). Cultures were
performed with varying
concentrations of
mizoribine, and in paired
cultures guanosine plus
8-aminoguanosine were
used to replete
intracellular GTP. The
cells were harvested after
72 h, at which point the
perchloric acid extracts
were analyzed for GTP
and ATP content by
HPLC, and proliferation
was determined by [*H)-
thymidineincorporation.
All values are expressed
as a percentage of the

results in untreated cultures (those not containing mizoribine) and are the mean+SE of three independent experiments (except D, which shows
the mean=SE of replicates from a single experiment). Untreated baseline values are as follows: (4) (GTP), control — 0.483 nmol/10° cells, GTP
repleted — 1.59 nmol/10° cells; (B) (ATP), control — 1.32 nmol/10° cells, GTP repleted — 0.71 nmol/10° cells; (C) (proliferation), control —

12,079 cpm, GTP repleted — 22,887 cpm; (D) (proliferation), control — 149,856 cpm, GTP repleted — 229,990 cpm.
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Figure 4. Time course of alterations in GTP levels. Purified T cells
were stimulated with PMA and ionomycin. Cells were cultured in
the absence (squares) or presence (circles) of 10 ug/ml of mizoribine,
which was added either at culture initiation, or 7 or 24 h before
harvesting (time of addition indicated by arrows). Samples were
harvested at 24, 48, and 72 h, extracted with perchloric acid, and
analyzed for GTP content by HPLC.

plated containing 50 uM guanosine plus 100 uM 8-amino-
guanosine. We have previously shown that in cultured T and B
lymphoblasts the combination of guanosine and 8-aminogua-
nosine at these concentrations results in a sustained rise in
intracellular concentrations of GTP, whereas guanosine alone
results in more transient increases (38). This effect is mediated
by the slow conversion of guanosine to guanine in the presence
of 8-aminoguanosine, a weak competitive inhibitor of the de-
gradatory enzyme purine nucleoside phosphorylase (39). 8-
Aminoguanosine alone had no effect on the mizoribine-in-
duced inhibition of T cell proliferation (data not shown). How-
ever, the combination of guanosine and 8-aminoguanosine
augmented proliferation in the absence of mizoribine, and com-
pletely reversed the anti-proliferative effects of mizoribine at
concentrations up to 5 ug/ml (Fig. 3, C and D). This combina-
tion similarly reversed the inhibitory effects of mizoribine
when T cells were stimulated to proliferate with anti-CD3 MAb
(Fig. 3 D). Measurement of ATP and GTP pools by HPLC
confirmed that intracellular GTP levels had been restored to
control values in cultures containing guanosine and 8-amino-
guanosine (Fig. 3, 4 and B). It is notable that at the highest
doses of mizoribine used, 50 ug/ml, the addition of guanosine
and 8-aminoguanosine did not restore proliferation, despite
the fact that GTP levels were unchanged. This was not due toa
direct toxic effect of the drug, since cell viability as assessed by
trypan blue exclusion was not altered by this dose of mizori-
bine. Rather, it suggests that mizoribine may have additional
mechanisms of action which are physiologically important
only at high concentrations of the drug.

Mizoribine does not interfere with early events in T cell
activation. The traditional assay of proliferation by DNA syn-
thesis measures an event that occurs during S phase of the cell
cycle. Having found that mizoribine blocked DNA synthesis,
we now sought to determine whether events occurring earlier

944  Mechanism of Action of the Immunosuppressive Drug Mizoribine

in the cell cycle (i.e., in G1) were similarly inhibited. Thus
purified T cells were stimulated with PMA plus ionomycin plus
anti-CD28 MAD in the absence or presence of 10 ug/ml of
mizoribine, and the cells were harvested at 6 and 24 h. Total
cellular RNA was extracted and analyzed by Northern blotting
(Fig. 5). A concentration of 10 ug/ml of mizoribine was used
since this exceeded the ICs, of the drug for this particular mito-
genic stimulus. In the experiment shown, proliferation (mea-
sured on day 3) was inhibited by 71% (14,869+1589 vs.
4272+512). As shown in Fig. 5 mizoribine did not block the
expression of the nuclear protooncogene, c-myc, a gene ex-
pressed very early after T cell activation, independent of new
protein synthesis (40). To determine whether mizoribine
blocked entry of the cells into the G1 phase of the cell cycle we
also analyzed steady-state mRNA levels for cdc2 kinase, a gene
expressed at the R (restriction) point in G 1, after which the cell
becomes committed to mitosis and is unable to return to GO
(41). As was the case for c-myc, cdc2 kinase levels were not
significantly altered in mizoribine-treated cultures (Fig. 6).
Mizoribine also did not affect the expression of either histone
or ¢-myb, both of which are expressed late in G1 (data not
shown) (41).

IL-2 and IL-2R expression is unimpaired by mizoribine.
Since mizoribine did not appear to interfere with the general
process of T cell activation, we next asked whether mizoribine
interfered with the specific induction of the T cell growth factor
IL-2 or its receptor (IL-2R). To test for IL-2 expression North-
ern blots prepared as above were hybridized with an IL-2-spe-
cific cDNA probe (Fig. 5). Similar to what we observed with

o PxlsCD2g
w + + | Miz
Hours

=16 24 6 24

RNA

Figure 5. Mizoribine
does not block
expression of genes
associated with T cell
activation. Purified T
cells were cultured with
medium alone (MED)
or with a combination
of PMA (P; 3 ng/ml)
plus ionomycin (I; 125
ug/ml) plus anti-CD28
MAD (1 pg/ml) in the
absence or presence of
mizoribine (Miz; 10 ug/
ml) and harvested at the
indicated time points.
RNA was isolated and
equalized on 1% agarose
gels (top). Northern
blots were prepared and
the filters were
hybridized sequentially
with cDNA probes for
c-myc, IL-2, and HLA.
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Figure 6. Mizoribine does
not block the expression the
cdc2 kinase gene. Purified
T cells were cultured with
medium alone (MED) or
with a combination of PMA
(P; 3 ng/ml) plus ionomycin
(1; 125 pg/ml) plus anti-
CD28 MAD (1 ug/ml) in the
absence or presence of
mizoribine (Miz; 10 ug/ml)
and harvested at 24 h. RNA
was isolated and equalized on
1% agarose gels. Northern
blots were prepared and
; hybridized with a cDNA
. probe for cdc2 kinase. The
lower band in each lane is
the cdc2 kinase transcript, and the upper band is the HLA transcript.
The cdc2 kinase:HLA ratio determined by scanning densitometry
was 0.48 for cell stimulated in the absence of mizoribine (middle lane)
and 0.64 for cells stimulated in the presence of mizoribine (right lane).

c-myc and cdc2 kinase mRNA levels, mizoribine did not block
the expression of IL-2 mRNA. The small increase in IL-2
mRNA seen in the mizoribine-treated culture is accounted for
by the slightly higher amount of HLA message found in that
sample.

Flow cytometry was used to measure IL-2R induction, and
as shown in Fig. 7 no significant effect on surface IL-2R expres-
sion was seen at concentrations of mizoribine up to 10 ug/mlin
cells stimulated with PMA plus ionomycin plus anti-CD28
MADb. Mizoribine did not affect the forward or side light scatter
profiles of cells harvested from these cultures, indicating again
that T cells became activated with a concomitant increase in
size and granularity. Similar results were obtained when T cells
were stimulated with anti-CD3 MAD (data not shown). In addi-
tion, mizoribine did not alter the percentage of lymphoblasts
‘that stained positive for CD4, CD8, CD28, or the TCR g chain
(data not shown). At a concentration of 50 ug/ml of mizori-
bine, moderate decreases in both IL-2R expression and light
scatter were seen. This observation, coupled with the inability
of GTP repletion to reverse the proliferative inhibition of 50
ug/ml of mizoribine (Fig. 3), further suggests there may be
additional mechanisms of action of mizoribine at high concen-
trations.

Mizoribine blocks the movement of cells from G 1 to S phase
of the cell cycle. Since it was demonstrated that mizoribine did
not block the initial steps of T cell activation, we utilized cell
cycle analysis to further characterize the point at which mizori-
bine inhibited T cell proliferation. Cells were stimulated with
anti-CD3 MAD, harvested after 48 h, and stained with propi-
dium iodide before flow cytometry. As seen in Fig. 8 (4 and C),
cultures containing mizoribine contained significantly de-
creased numbers of cells in S, G2, and M phases of the cell
cycle. Supporting the importance of this observation, GTP re-
pletion using guanosine plus 8-aminoguanosine restored the
normal progression to S phase in mizoribine-treated cultures
(Fig. 8, B and D). Since mizoribine did not block the expression
of the G1-associated genes, c-myc and IL-2, this result confirms
that mizoribine blocks the movement of cells from G1 to S.

IL-2R  90° Scatter

Unstimulated

|
) Med  Miz
L‘JM m P+I+CD28 none
JM /\\ " 1.0 ug/ml
m m " 10.0 pg/ml
m j\\\‘k " 50.0 pg/ml

Figure 7. Mizoribine does not affect the expression of IL-2 receptor
on activated T cells. Purified T cells were stimulated in culture
medium (Med) containing PMA plus ionomycin plus anti-CD28
MAD (P + I + CD28) in the absence or presence of varying
concentrations of mizoribine (Miz), and harvested after 48 h. Both
stimulated and unstimulated cells were stained with FITC-conjugated
anti-IL-2 receptor MADb, or FITC-conjugated nonspecific mouse Ig
as a negative control (not shown). For clarity, each panel shows only
anti-IL-2R staining, and fluorescent intensity is displayed on the
x-axis in arbitrary units on a 4 log scale. The y-axis indicates cell
number. In each instance background staining with the nonspecific
mouse Ig was similar to the pattern of IL-2R staining seen on the
unstimulated cells (top). Unstained cells were also analyzed by flow
cytometry to determine 90° light scatter profiles, which is displayed

in arbitrary units on a linear scale.

Discussion

Over the past 25 yr, a variety of immunosuppressive agents
have become available for research and clinical use. Concur-
rently, significant advances have been made in our understand-
ing of the processes occurring during T cell activation. In part,
these studies have led to more precise characterizations of the
site of action of various immunosuppressive drugs. This in turn
has enabled the design of immunosuppressive drug combina-
tions that take advantage of nonoverlapping mechanisms of
action, thus creating synergistic immunosuppression while
minimizing drug-related toxicity. Thus cyclosporine, which
blocks IL-2 (and other lymphokine) mRNA expression in most
experimental systems (42), is combined with corticosteroids,

L. Turka, J. Dayton, G. Sinclair, C. Thompson, and B. Mitchell 945



Figure 8. Mizoribine blocks cells from
exiting G1 and entering S phase. Purified
T cells were stimulated with anti-CD3

MADb, harvested after 48 h, stained with
propidium iodide, and DNA content was

Cell Number

L J

analyzed by flow cytometry. Cells were
stimulated in the absence (4 and B) or
presence (C and D) of 2 ug/ml of
mizoribine. The cultures shown in B and
D were supplemented with 50 uM
guanosine plus 100 M 8-
aminoguanosine to replete intracellular
GTP (B and D). Each panel displays
fluorescence in arbitrary units on a linear
scale. Equal numbers of cells were

analyzed in each graph. The percentage
I of cells in S + G2 + M phases are: (4) —

Fluorescent Intensity

which block IL-1 secretion (43), and azathioprine, which
blocks cell division (44).

The imidazole nucleoside mizoribine was first isolated
from a soil fungus in 1974, and since then has proven effi-
cacious in both clinical and experimental transplantation. De-
spite this, little is known of its mechanism of action. Our results
demonstrate that mizoribine blocks the proliferation of T cells
to a variety of mitogenic stimuli, without interfering with the
initial phases of T cell activation.

The ability of mizoribine to inhibit T cell proliferation in-
duced by either mitogens, which engage cell surface structures
(e.g., anti-CD3 MAD or alloantigen), or by phorbol ester plus
calcium ionophore, indicates that the effect of the drug is inde-
pendent of cell membrane interactions and occurs after protein
kinase C activation and intracellular calcium increases. Our
findings that the expression of c-myc and IL-2 mRNA, and of
the 55-kD IL-2R protein product is consistent with these obser-
vations, and demonstrates that mizoribine does not affect
events occurring in the initial phases of G1. This finding was
confirmed by cell cycle analysis which demonstrated that mi-
zoribine-containing cultures had decreased numbers of cells in
S, G2, and M phases, thus indicating a blockade in the move-
ment of cells from G1 to S. Since the expression of mRNA for
cdc2 kinase, histone, and ¢c-myb were each unaltered by mizori-
bine, the block can be further localized to a subphase late in G1
and distal to the R (restriction) point, after which cells become
committed to mitotic division.

T cell unresponsiveness to IL-2, even in the presence of
IL-2R expression, has been reported in other systems and is
potentially a physiologic immunoregulatory mechanism (45).
Consistent with this, the interaction of IL-2 with its receptor
has been shown to induce c-myb expression and stimulate the
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33%; (C) (mizoribine) — 21%; (B) (GTP
repletion) — 45%; and (D) (mizoribine
plus GTP repletion) 36%.

progression of cells from G1 to S phase (46). Churilla et al. (47)
have reported that in antigen-stimulated T cell clones, the fail-
ure of IL-2R+ cells to proliferate in response to IL-2 correlates
with a lack of c-myb expression. In this study, mizoribine was
also able to block the proliferation of naive T cells, despite the
sparing of IL-2 and IL-2 receptors. This effect however, must
occur by a distinct mechanism, since we found no impairment
of c-myb induction, implying that at least part of IL-2 signaling
was unimpaired.

In an attempt to more precisely define the mechanism of
action of the drug, we examined intracellular purine ribonucle-
otide pools, since mizoribine has been postulated to inhibit
IMP dehydrogenase, an enzyme required for guanine nucleo-
tide biosynthesis. These studies showed that mizoribine caused
a dose-dependent depletion of intracellular GTP without signif-
icantly affecting ATP. When intracellular GTP was repleted
using the combination of guanosine and 8-aminoguanosine,
the antiproliferative action of mizoribine was reversed at all but
the highest doses of the drug. Thus at low to moderate concen-
trations of mizoribine, inhibition of proliferation appears to be
a direct consequence of GTP depletion. In contrast, at higher
concentrations of mizoribine (50 ug/ml), we were unable to
reverse the antiproliferative effects of the drug with GTP reple-
tion, despite restoration of GTP levels to control values. As
discussed earlier, we conclude that there may be additional
mechanisms of action of mizoribine at high concentrations.

We did not observe depletion of adenine nucleotide pools
at concentrations of mizoribine up to 10 pg/ml, and adenine
did not reverse the inhibitory effects of the drug (data not
shown). Thus, our data provide direct evidence regarding the
importance of GTP in T cell proliferation. Previous studies on
cells from patients with purine nucleoside phosphorylase defi-



ciency, all of whom have severely depressed cellular immunity,
have demonstrated a depletion in GTP in the erythrocytes
from some of these individuals (48, 49). However to our knowl-
edge, this is the first report directly examining the effects of
GTP depletion and repletion on T cell activation and prolifera-
tion. It is of additional interest that while the site of action of
azathioprine remains unknown despite extensive study and
clinical use (44), its active metabolite, 6-thio-IMP, is capable of
inhibiting IMP dehydrogenase (50), thereby causing changes in
intracellular purine ribonucleotides similar to what we have
observed with mizoribine. Of the known inhibitors of IMP de-
hydrogenase, only mycophenolic acid and tiazofurin have been
used in large clinical trials. Mycophenolic acid has been moder-
ately effective in the treatment of psoriasis (51), but was with-
drawn from widespread use because of gastrointestinal toxicity.
Tiazofurin was developed as an antineoplastic agent, but was
associated with marked toxicity in phase I studies (52). The
potential of either of these drugs to act as immunosuppressive
agents has not been specifically evaluated.

As supported by our data (Fig. 2) and in vivo studies, mi-
zoribine might be expected to be most useful in human allo-
graft recipients when combined with cyclosporine and cortico-
steroids. An advantage of this regimen is that mizoribine does
not appear to cause either myelosuppression or hepatotoxicity,
both of which can occur with azathioprine. At doses of 1-3
mg/kg per d, mizoribine has proven safe and efficacious in
human renal transplantation (4, 7-12). When measured, peak
and trough mizoribine levels have been ~ 5 and 1 ug/ml, re-
spectively, concentrations that we have shown to act additively
with cyclosporine in vitro. Our finding that mizoribine blocked
GTP accumulation even when added after cell stimulation
(Fig. 4), coupled with the observation that cell proliferation is
similarly inhibited by exposure to mizoribine during the final
hours of culture (16; and data not shown), suggests that mizori-
bine might be useful in modulating active immune responses
as well as in preventing their initiation.

In conclusion, we have shown that mizoribine blocks T cell
proliferation without interfering with proximal events in T cell
activation. The mechanism of action of mizoribine, when used
in low doses, is depletion of intracellular GTP pools, which
causes a block in transition of the cells from G1 to S phase in
the cell cycle. While GTP depletion is known to be associated
with inhibition of DNA synthesis per se (53), the lack of myelo-
suppression in patients treated with mizoribine argues against a
non-specific antiproliferative effect at the doses used clinically.
The apparent selective effect of this drug against T cells in vivo
may be related either to their relative levels of IMP dehydroge-
nase or to their more specific requirements for GTP. We are
currently using in vitro models of lymphoid and nonlymphoid
cell growth to confirm a T cell-specific effect of mizoribine and
to examine the basis for this specificity.
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