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The phosphodiesterase inhibitor pentoxifylline (POX), which is known to have 
pharmacological effects in animal models of multiorgan failure and endotoxin- 
mediated shock, was tested for its immunosuppressive potential onT lymphocyte 
activation in vitro and in vivo. POX was found to have a profound inhibitory effect 
on both mitogen- and antigen-induced proliferation of CD4+ T cells in vitro. This 
inhibitory activity of the drug could be reproduced by treatingT lymphocytes with 
CAMP analogues during stimulation. Responses of repeatedly in vitro stimulated 
cells were much more strongly inhibited by the drug and by CAMP analogues than 
responses of fresh resting lymphocytes. Furthermore, POX could drastically 
down-regulate tumor necrosis factor regulate production and to a lesser extent 
interleukin (1L)-2 secretion in activated T cells, but an excess of exogenous IL-2 
did not override the antiproliferative effect of the drug. In contrast, the same 
doses of POX had no inhibitory effect on spontaneous or induced IL-4 and IL-6 
production by short-term cultured T lymphocytes, indicating a selective sparing 
of T helper type 2 (Thz)-associated lymphokine functions by the drug. To test a 
potential use of POX as an antiinflammatory agent in T cell-mediated autoim- 
mune disease, the influence of POX o n  myelin basic protein (MBP)-induced 
experimental autoimmune encephalomyelitis (EAE) was assessed. The onset of 
EAE in Lewis rats could almost completely be abrogated by oral administration 
of POX during the induction phase of disease. Lack of clinical symptoms in 
POX-treated animals coincided with a marked suppression of MBP-specificT cell 
reactivity in vitro, without any evidence for a generalized impairment of T cell 
activity. Collectively, our data suggest the potential use of xanthine derivatives of 
the POX type as a supporting antiinflammatory therapeutic agent in Thl CD4+ 
T cell-mediated autoimmune diseases in animal models and possibly in man. 

1 Introduction 

The xanthine derivative pentoxifylline (POX) is a widely 
used vasoactive drug with proven clinical efficiency in 
different microcirculatory disorders. POX [3,7-dimethyl- 
1-(5-oxohexyl) xanthine] is rapidly distributed in body 
tissues after intravenous administration and metabolized to 
active and inactive products in the liver [l]. Unpleasant 
side-effects and toxic reactions to the drug are fairly rare. In 
addition to the rheological functions of POX, in recent 
years a potential use of POX as an antiinflammatory drug 
has gained increasing interest. POX has been shown to be of 
great therapeutical benefit in various animal models of 
severe systemic bacterial infection with both gram-positive 
and gram-negative bacteria and in the so-called adult 
respiratory stress syndrome [2-61. Special attention has 
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been focused on the beneficial role of POX in endotoxin- 
induced shock in man, where macrophage/monocyte- 
produced TNF a may be the crucial effector molecule of the 
pathology [7-91: intravenous administration of the drug 
given to volunteers before intravenous endotoxin injection 
blocked the subsequent rise in circulating TNF [lo]. This 
corresponds to the documented inhibition of TNF message 
transcription and translation in macrophages by POX in 
vitro [7, 111. 

Through its effects on cellular levels of cyclic adenosine 
monophosphate (CAMP), POX stimulates the production 
of prostaglandins of the E and I series (PGI2, PGE2) in 
endothelial cells, resulting in enhanced regional blood flow 
and thrombolysis and suppresses the production of various 
immune mediators in monocytes and neutrophils [ l l ,  121. 
POX inhibits the TNF-mediated increase in tissue factor 
(TF) activity and can enhance the LPS-induced production 
of the acute-phase protein IL-6 in monocytes [4,13].Thus, 
POX comprises both proinflammatory and antiinflamma- 
tory effects on different cell poulations and the net gain in 
terms of a beneficial reduction of undesired inflammatory 
reactions in disease has to be assessed in every particular 
pathophysiological scenario individually. 

In this communication we evaluated the potential use of 
POX as a therapeutic agent in a Tcell-mediated autoim- 
mune disease, exemplified by the animal model of experi- 
mental autoimmune encephalomyelitis (EAE) in Lewis 
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rats. EAE in rodents is a well-characterized animal model 
for the study of demyelinating inflammation in the central 
nervous system (CNS) and autoimmune diseases in general 
[14-181. The immune disorder is based on a DTH-like 
immune reactivity in the brain of affected animals. The 
mediators of the disease are myelin basic protein (MBP)- 
specific Tcells that are MHC class I1 restricted. Activation 
of these autoreactive T lymphocytes leads to the initiation 
of CNS inflammation that is subsequently perpetuated by a 
massive influx of largely nonspecific lymphocytes and 
macrophages/monocytes into inflammatory foci. In the 
final effector mechanism responsible for demyelinating 
tissue destruction and ultimately leading to clinical symp- 
tomatology,T cell- and macrophage-mediated TNF produc- 
tion seems to play a mayor role [19-221. EAE in rodents is 
suspected to be an equivalent to CNS-specific autoimmune- 
like diseases in man, such as postinfectious encephalomye- 
litis syndrome or possibly multiple sclerosis and may 
therefore be considered as a useful tool to study new 
therapeutical approaches to T cell-mediated autoimmune 
diseases. 

In the results presented here we demonstrate that POX 
applied in therapeutic doses is preferentially affecting Thl- 
but not Th2-associated lymphokine production in vitro and 
can efficiently suppress the induction of EAE in rats 
without having any obvious undesired side effects. Thus, it 
may be justified to assess further the potential use of POX 
and related derivatives in reducing Thl-mediated DTH like 
immune reactions under physiological and pathophysiolog- 
ical conditions in other animal models and possibly in 
man. 

2 Materials and methods 

2.1 Animals and immunization 

Female Lewis rats were obtained from our own animal 
breeding facilities and kept under non-germ-free condi- 
tions. The animals were used for experiments at the age of 
10-12 weeks (approx. 200 g body weight). For induction of 
EAE, rats were immunized under ether anesthesia with a 
dose of 0.4 pg MBP/g body weight (approx. 80 pg/animal) 
by a single injection of a volume of 200 pl in complete 
Freund’s adjuvant (CFA) containing Mycobacterium tuber- 
culosis (Difco, Detroit, MI) in both hind footpads. Oral 
administration of POX was performed by feeding animals 
with 4mg POX/g dry feed, corresponding to 300mg 
POSX/kg body weight/day. The animals’ weight was 
recorded daily and EAE severity was determined according 
to the following grading: 0, no clinical signs; 1, complete 
loss of tail tonus and unsteady gait; 2 ,  complete paralysis of 
the hind legs; 3, complete paralysis of both hind and fore 
legs; 4, death due to EAE. Animals were killed at day 25 
after MBP challenge, when they had fully recovered from 
disease, and proliferation assays were performed with both 
local node cells and splenocytes. 

2.2 Chemicals 

Dibutyryl cyclic adenosine phosphate (DBcAMP) was 
obtained from Sigma Chemie (Deisenhofen, FRG). POX 
was a gift from Hoechst (Frankfurt, FRG). 

2.3 Cells 

Tcell lines were established according to a method pre- 
viously described [23]. Briefly, lymph node cells from 
immunized donor rats were cultured in stimulation medium 
[RPMI 1640 medium supplemented with 10% heat-inacti- 
vated fetal calf serum (Boehringer, Mannheim), glutamine, 
L-asparagine, 2-ME, sodium pyruvate and antibiotics] for 4 
days in the presence of 10 pg/ml MBP and then expanded in 
growth medium containing IL-2 (Con A supernatant) for 
6-9 days. The Tcell line underwent cycles of antigen- 
supplemented stimulation medium, containing irradiated 
(500 rad) syngeneic thymocytes as antigen-presenting cells, 
and of growth in medium only,Tcell lines were phenotypi- 
cally characterized with a fluorescent activated cell sorter 
(Becton Dickinson, Mountain View, CA) as CD3+ CD4+ 
CD8-. MBP-specific Tcell lines are functional in causing 
EAE and secrete high amounts of TNF upon stimula- 
tion. 

2.4 T cell proliferation assay 

MBP-specificTcells (lo4 well) were cultured with irradiated 
syngeneic thymocytes (lo6 well) as accessory cells in 
round-bottom 96-multiwell tissue culture plates (Greiner, 
Austria) in 0.2 mVwell supplemented RPMI 1640 medium. 
Antigen (MBP 20 pg/ml) or mitogen (Con A 1 pg/ml) and 
POX in different concentrations were added in triplicate 
wells and the culture was incubated for 36 h. Proliferation 
was assessed using [3H] thymidine (0.5 pCi/well; Amer- 
sham, Braunschweig, FRG) for the following 6 h by 
standard liquid scintillation techniques. For measuring the 
proliferative response of unprimed lymphocytes, spleno- 
cytes from naive animals were incubated as above for 72 h 
and [3H] thymidine was added for the following 16 h. 
Results are expressed as mean counts per minute (cpm) of 
triplicates, the standard error of the mean was always 
< 10% except for very low values. 

2.5 Lymphokine assays 

TNF production was assessed by a modified assay using the 
murine sarcoma WEHI 164. WEHI cells (2 x lo3) were 
cultured in flat-bottom 96-multiwell tissue plates in a 
volume of 200 p1 in the presence of supernatants to be 
tested (100 pl) or various amounts of recombinant TNF 
standard. After a 36 h incubation proliferation of the 
sarcoma cells was measured by [3H] thymidine incorpora- 
tion for the following 6 h and recombinant TNF content of 
supernatants was calculated using rTNF as a standard. 

For measuring IL-2, supernatants from T cells were tested 
after a 24-h stimulation period in a bioassay with CTLL 
indicator cells (2 x lo3 cells/well); IL-2 concentrations were 
defined using a standard curve with recombinant IL-2. 

IL-4 production was determined with the help of the 
IL-4-responsive murine cell line F 4/4 (kindly provided by 
Dr. E. Schmidt, Institut fur Immunologie, Mainz, Germa- 
ny). F 4/4 cells (1 x 103/well) were cultivated in serum-free 
Isove’s medium with dilutions of the lymphokine-contain- 
ing culture supernatant. An internal standard for IL-4 
calibrated with murine rIL-4 was incubated in parallel. 
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Proliferation was assessed by [3H] thymidine incorporation 
after pulsing the cultures (0.5 pCi/well) for the final 6 h of 
the 36-h culture period. 

MBP response Con-A response 

2.6 IL-6 assay 

IL-6 production was measured as hybridoma growth factor 
using the 7TD1 cell line, as described by Van Snick et al. 
[24]. Briefly, 2 x 10’ cells in 200 pl were cultured for 72 h 
with different dilutions of the supernatant to be tested or 
the appropriate control medium. For the last 6 h, the cells 
were pulsed with 0.5 pCi/well [3H] thymidine. Hybridoma 
growth factor activity resulting in half maximal stimulation 
of target cell growth was arbitrarily defined as 1 U. 

3 Results 

3.1 Inhibition of Tcell proliferation by POX 

To study the protective effect of POX on Tcell-triggered 
immune responses, antigen-specific CD4+ T cells were 
stimulated with their respective nominal antigen or with 
mitogen in the presence of increasing concentrations of the 
drug (Fig. 1). Tcells were stimulated with various concen- 
trations of antigen (including optimal concentrations of 
20 pg MBP/ml) and an optimal amount of the mitogen. In  
the experimental conditions utilized here, POX concentra- 
tions as low as 1 pg/ml had a marked inhibitory effect on 
antigen-driven T cell activation: with both optimal and 
suboptimal concentrations of antigen, a suppression of cell 
proliferation in the range of 25-35% could be observed. 
The inhibitory effect was dose dependent and not due to 
toxic effects on cell integrity, as assessed by trypan blue 
staining (data not shown). When testing the antiprolifera- 
tive capacity of the drug on mitogen-mediated Tcell 
activation, a less pronounced effect was observed: concen- 
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Figure 1. Antiproliferative action of POX on an MBP-specific 
Tcell clone in vitro. MBP-specificTcells (1 X 104/well) were tested 
in a proliferation assay with irradiated syngeneic thymocytes as 
accessory cells in the presence of various concentrations of antigen 
or mitogen, with or without POX. Proliferation was determined by 
adding [“HI thymidine from the during the last 6 h of the 42 h assay. 
Cells were harvested and proliferation was assessed by scintillation 
counting.The results represent triplicate samples from one of three 
experiments performed. 
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Figure 2. Antiproliferative effect of a cAMP analogue on Tcell 
activation. Antigen-specific and mitogen-driven stimulation of an 
MBP-specific Tcell clone was tested in the presence of diffcrent 
concentrations of DBcAMI? Tcells (2 x lo4 per well) were 
cultivated with 20 pg/ml MBP or 1 pg/ml Con A and irradiated 
accessory cells for 36 h. Proliferation was assessed for the following 
6 h. 

trations of 1 pg/ml only resulted in an approximately 10% 
reduction and to achieve a 50% inhibition of cell prolifer- 
ation, nearly 100 pg POX/ml was necessary. 

3.2 DBcAMP mimicks the inhibitory effect of POX 

Xanthine derivatives are known to exert their pharmaco- 
logical effects by increasing the intracellular concentration 
of the second messenger CAMP. It is therefore of interest to 
test whether the drug and its effector molecule show similar 
effects. To assess whether the antiproliferative effect of 
POX is related to its cAMP increasing capacity, antigen- 
specific T cells were stimulated in the presence of various 
concentrations of DBcAW. As depicted in Fig. 2, an 
increase in intracellular cAMP levels by treatment with 
DBcAMP turned out to be efficient in reducing Tcell 
stimulation of mitogen-triggered and antigen-specific T 
lymphocytes. Again, as already observed with the methyl- 
xanthine itself, the negative effect on mitogen-driven 
activation was less pronounced than on antigen-specific 
activation. 

3.3 POX reduces IL-2 production and TNF secretion in 
CD4+ Tcells 

We next studied the effects of POX on the production of 
TNFand IL-2 byThl-like CD4+ T lymphocytes.To this end, 
an MBP-specific Tcell clone (Q4; [23]), which is strongly 
encephalitogenic and capable of secreting very high 
amounts of TNF upon stimulation, was stimulated with 
antigen in the presence or absence of the drug and 
supernatants were tested in bioassays for their cytokine 
content. Whereas TNF production was strongly down- 
regulated in the presence of even low amounts of POX, 
similar concentrations of the drug had only a moderate 
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Figure3. Inhibitory effect of POX on IL-2 secretion and TNF 
production. An MBP-specific Tcell clone which is capable of 
secreting high amounts of TNF in vitro and causes severe EAE 
after transfer of 1 x loh activated cells into recipient animals, was 
used. Cells (2 x 104 per well) were activated for 36 h with optimal 
amounts of MBP and supernatants were tested for IL-2 and TNF 
content. For determining IL-2 secretion, the CTLL test was used 
(with an upper detection limit of 50 U IL-2/ml and a lower limit of 
0.25 U IL-2/ml). TNF production was assessed in a proliferation- 
inhibition assay with the TNF-sensitive cell line WEHI 164 
(medium control gave a maximal proliferation of 48323 cpm, 1 pg 
rTNF/ml gave a proliferative response of 1921 cpm). Results were 
calculated with the help of a standard curve with recombinant IL-2 
or TNF, respectively. 

effect on IL-2 secretion of the cells (Fig. 3). To gain more 
information about the role of IL-2 in POX-mediated 
inhibition of T cell activation, we measured the inhibitory 
effect of POX on activation of Tcells, cultured with an  
excess of exogenous IL-2. As shown in Fig. 4, high amounts 
of IL-2 could not revert the suppression of POX-mediated 
Tcell activation.We conclude that a limited IL-2 availability 
is not the cause of decreased T lymphocyte proliferation in 
the presence of POX. 

prdihntion (cpm x 10 -'I 

3.4 Different susceptibility of resting versus 
mitogen-activated T cells to POX 

To test a possible differential effect of POX on Tcells 
displaying different activation states, the suppressive effect 
of the drug on either mitogen-induced stimulation of fresh 
resting lymphocytes o r  mitogen-induced stimulation of 
lymphocytes which had been repeatedly exposed to  Con A 
in vitro was compared. Surprisingly, there was a more 
pronounced susceptibility of repeatedly stimulated lym- 
phocytes than of primary Tcell responses to the negative 
effect of the drug (Fig. 5). This preferential effect of the 
phosphodiesterase could again be mimicked by applying 
CAMP analogues (data not shown), suggesting a differen- 
tial importance of the second messenger CAMP in T 
lymphocytes repeatedly exposed to proliferative stimuli. 
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Figure 5. Effect of POX on single Con A-activated versus multiple 
Con A-activated cells. For measuring POX effects on primary 
Tcell responsiveness, 3 X 10' splenocytes per well were stimulated 
with 1 pg Con Alml for 48 h and proliferation was determined for 
the following 6 h. For measuring POX effects on secondary and 
tertiary Tcell responses, Con A blasts were cultivated for 1 or 2 
restimulation cycles respectively, and 1 x 104 cells were stimulated 
with mitogen in the presence of irradiated thymocytes as accessory 
cells and different concentrations of POX. Maximal proliferative 
responses were: primary Con A response: 35 113 cpm; secondary 
Con A response: 32 81 1 cpm; tertiary Con A response: 
34 087 cpm. 

3.5 POX does not exert an inhibitory effect on IL-6 and 
IL-4 production by T lymphocytes 

There is evidence from recent studies that POX can elicit 
reverse effects on cytokine production by the same cell and 
even when applied at the same concentrations. Human 
monocytes produced significantly lower amounts of TNF, 
but higher levels of the acute-phase cytokine IL-6 upon 
stimulation in the presence of POX [4]. When evaluating 
the effects of POX on IL-6 production by activated 
short-term cultivated Tcells, we arrived at  similar conclu- 
sions: whereas no negative effect of the drug with respect to 
Con A-induced IL-6 production could be observed (Fig. 6), 
the spontaneous production of the interkeukin was even 
slightly elevated in the presence of certain concentrations of 
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Figure6. Effect of POX on IL-6 and IL-4 production. For 
measuring the influence of POX on IL-6 and IL-4 secretion, 
lectin-induced IL-6/IL-4 producing T cells were generated accord- 
ing to  the method of Rocken et al. [25] by expanding Tcells for 
prolonged periods of time in the presence of IL-2 plus Con A. For 
restimulation, 5 X 104 Tcells per well were cultivated with 
irradiated accessory cells in the presence of various concentrations 
of POX with or without 1 Kghl  Con A. After 48 h, supernatants 
were tested in serial dilutions with the IL-6 responsive cell line 
7TD1. Two days later, proliferation was determined for 6 h and 
results were calculated as described in Sects. 2.5 and 2.6. As IL-4 
indicator cells, the murine clone F 4/4 was used. 

POX (T cells are known to secrete constitutively low 
amounts of IL-6). Such a slightly increasing effect of POX 
could likewise be observed, when the LPS-induced IL-6 
production of primary peripheral blood lymphocytes was 
tested (data not shown). Likewise IL-4 levels of stimulated 
Tcells remained unaffected by the presence of POX, 
further emphasizing that the antiproliferative effect of POX 
at the indicated concentrations is obviously not due to a 
general inhibition of the overall gene transcription machin- 
ery in the target cell. 

3.6 Suppression of EAE by oral administration of POX 

Since POX can significantly lower antigen-specific CD4+ 
Tcell responses in vitro, we next tried to elucidate the 
potential role of POX as a therapeutic agent in a CD4+ 
T cell-mediated autoimmune disease, experimental au- 
toimmune encephalomyelitis. After immunizing Lewis rats 
with MBP, one group of animals was treated orally with 
POX during the induction phase of the disease (day 3 -day 
9), whereas controls were left untreated. As depicted in 
Fig. 7, POX treatment could almost completely prevent the 
outbreak of disease. POX-treated animals exhibited no or 
only marginal symptoms of EAE, and did not even show a 
moderate loss of body weight in most cases. As expected, 
controls which received no drug, developed in 100% of 
cases a severe form of EAE. This drastic suppression of 
disease by POX application in vivo was reflected by a 
corresponding lowering of MBP-specificT cell responses, as 
assessed by in vitro proliferation tests. POX-treated animals 
showed no significant systemic response to the autoantigen 
MBP, whereas the local immune response of Tcells from 
regional lymph nodes was nearly as pronounced as in 
controls (Fig. 8). Thus, systemic POX administration in 
concentrations used here is evidently not interfering with 
T cell priming in regional secondary lymphoid organs, but 
can drastically suppress the systemic spread of activated T 
lymphocyte populations. Interestingly, systemic T cell re- 
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Figure 7. Suppression of EAE by oral administration of POX. 
Young female Lewis rats were immunized with MBP in CFA, 
injected into both hind footpads. The group of POX-treated 
animals received the drug orally from day 3 to  day 10 after 
immunization at a dose of 300 mgkg body weightlday. Weight 
changes and occurence of clinical manifestations were recorded 
daily. Each group (POX-treated and non-treated) comprised six 
animals, of which three representative examples are depicted (thin 
line: weight change; thick line: clinical course). 

sponses to mitogens were left unaffected in the group of 
POX-treated rats, arguing that the drug doses applied here 
do not cause an overall severe impairment of peripheral 
T cell functions. 

4 Discussion 

POX and related methylxanthine derivatives have so far 
been used in animal models and clinical studies of patients 
with multiorgan failure or different forms of shock, i.e. in 
pathophysiological situations requiring hyperacute im- 
mune intervention [2, 3, lo]. Preliminary reports have 
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Figure 8. MBP responsiveness of POX-treated and non-treated 
animals. Local lymph node responscs (2 X lo5 cells/well) and 
systemic responses (5 X los splenocytes/well) from POX-treated 
animals and controls were tested 25 days after immunization. 
Antigedmitogen concentrations were 20 pglml for MBP, 20 pg/ml 
for PPD and 1 pglml for Con A. Proliferation was assessed during 
the last 8 h of an 88 h culture for antigen-specific responses and 
medium control, and during the last 6 h of a 54 h culture for 
mitogen-driven proliferation. One typical example each for six 
animals of each group tested is shown. 

proven that POX can counteract multiorgan dysfunctions, 
and reduces clinical recovery time, morbidity and mortality 
caused by septic shock without provoking any appreciable 
side effects. The pathophysiological hallmark of most of 
these clinical entities, like endotoxin shock, is the activa- 
tion of the macrophage/monocyte system with a concomi- 
tant massive release of TNF-a as the ultimate effector 
molecule [8,9]. In  the current investigation, we have tried 
to evaluate the potential benefit of POX administration in a 
different clinical situation, namely in a T cell-mediated 
autoimmune disease, based on a DTH-like immune 
mechanism in the brain. Our data suggest that the prefer- 
ential suppressive effect of POX on T h l  functions, as 
assessed by in v i m  studies, might contribute to  the 
observed weakening of a Thl-triggered CNS autoimmune 
disease in Lewis rats. 

The phosphodiesterase inhibitor POX proved to  lower the 
production of growth factors (IL-2) and to inhibit the 
secretion of effector molecules (TNF) in activated Thl-like 
CD4+ cells in vitro. Furthermore, the drug exerted a strong 
negative influence on T cell proliferation tested under 
various conditions, an effect that could be mimicked by 
treating cells with a cAMP analogue. Our results extend 
previous studies which could demonstrate an inhibitory 
effect on CD4+ T cell proliferation by elevating intracellu- 
lar levels of the second messenger CAMP [26]. The inhibi- 
tory effect of the same pharmacological stimulus was more 
pronounced on  primed (i.e. memory) Tcells than on 
unprimed, naive T cell proliferation, which is in agreement 
with a recent report showing only a modest abilityof resting 
T cells to elevate cAMP in response to exogenous stimuli 
[27]. This suggests that adenylate cyclase activity is rela- 

tively high and/or the phosphodiesterase activity is low in 
resting Tcells. If so, the possibility exsists that upon 
repeated Thl-directed stimulation, Tcells express higher 
phosphodiesterase activities, making them more suscepti- 
ble for inducers of CAMP- and POX-related drugs. Our 
finding of a preferential in vivo effect of POX on the 
systemic expansion of autoaggressive T cells, leaving the 
local priming of these cells in regional lymph nodes largely 
unaffected, is in agreement with this hypothesis, although 
this is a very speculative interpretation. The fact that the 
systemic effects (spleen) of a systemically administered 
drug were more robust than the regional effects in a 
compact tissue (lymph node) could likewise simply be due 
to differences in tissue distribution of POX upon oral 
administration. 

It is now well established that murine CD4+ T lymphocytes 
can be divided intoThl cells, characterized by the secretion 
of mainly IL-2,TNFand IFN-y, and Th2 cells which produce 
high amounts of IL-4, IL-5, IL-6 and IL-10 in vitro [28-311. 
Based upon a recent report, it is likely that T h l  and Th2 type 
cells exist likewise in rats [32]. More importantly, these two 
subsets of CD4+ Tcells seem also to  be generated during 
immune responses in vivo [32-341. Our finding of a largely 
unaffected (or even slightly up-regulated) IL-4 and IL-6 
production by POX is in agreement with results from Novak 
and Rothenberg [27], who suggested that Thl and Th2 cells 
can be distinguished by their maintenance of low cAMP 
levels (Thl) and high cAMP levels (Th2) respectively. This 
postulate is supported by the fact that cAMP has been 
proven to play a crucial role in the IL-6 signal transduction 
pathway [35,*]. Furthermore, factors capable to  elevate 
intracellular levels of C A W ,  such as cholera toxin or PGE2, 
are known to down-regulate T h l  lymphokines, while leav- 
ing Th2 lymphokine secretion unaffected [36, 371. These 
results indicate that T h l  and Th2 cells differ in their 
sensitivity to an increase in cAMP levels, which suggests a 
potential target for selective pharmacological intervantion 
[38]. Thus, as POX seems to exert its suppressive effect 
mainly on Thl-associated lymphokine production, while 
sparing Th2-associated immune mediators, the drug might 
be considered of particular value in immune responses 
governed by Thl-like Tcell reactivity, such as DTH-like 
immune reactions in the CNS. Of note is that IL-4 and 
PGE2, which are up-regulated by POX, have recently been 
suggested to play an important role in the recovery phase of 
EAE [39]. Furthermore, the resistence of Lewis rats to 
develop a second EAE episode after challenge with MBP is 
suspected to be based on a switch from a cell-mediated 
MBP response (Thl) to a humoral (Th2) one [40]. 

Systemic administration of the drug turned out to be an 
appropriate rationale in preventing the outbreak of clinical 
signs of CNS autoimmunity in MBP-challenged animals. 
EAE has served as the primary animal model for multiple 
sclerosis (MS) and postinfectious encephalomyelitis syn- 
drome in man, despite certain dissimilarities between MS 
and EAE. Various strategies of immunotherapy have been 
followed in the treatment of MS (reviewed in [41, 421. For 
example, steroids are widely used for treating the exacer- 
bation phase in MS, with the known side effects of 

* Rott, O.,Tontsch, U., Fleischer, B. and Cash, E., IL-6 produc- 
tion in "normal" and HTLV-1 tax-expressing brain-specific 
endothelial cells (in press). 



Eur. J. Immunol. 1993. 23: 1745-1751 Pentoxifylline suppresses EAE 1751 

10 Zabel, F?, Schonharting, M. M., Schade, U. F. and Schlaak, M., 
Prog. Clin. Biol. Res. 1991. 367: 207. 

11 Stricter, R. M., Remick, D. G. ,  Ward, F? A. ,  Spengler. R. N., 
Lynch 111, J. F!, Larrick, J. and Kunkel, S. L., Biochem. 
Biophys. Res. Commun. 1988. 155: 1230. 

12 Santos, M. J., Martinez-Sales,V.,VaIles, J., Aznar, J.,Yaya, R., 
Yaya, A. and Villa, I?, Prostaglandins 1985. 29: 113. 

13 Hakim, J., Mandell, G. L. and Novick,W. J. (Eds.). Pentoxi- 
fylline and analogues, Karger, Basel 1990, p. 86. 

14 Zamvil, S. S. and Steinman, L., Annu. Rev. Immunol. 1990.8: 
579. 

15 Cross, A. H., Cannella, B., Brosnan, C. F. and Raine, C. S., 
Lab. Invest. 1990. 63: 162. 

16 Sobel, R. A., Blanchette, B.W., Bahn, A. K. and Colvin, R. B., 
J. Immunol. 1984. 132: 2393. 

17 Traugott, U., Raine, C. S. and McFarlin, D. E. ,  Cell. Immunol. 
1985. 91: 240. 

18 Koetsier, J. C. (Ed.), Handbook of Clinical Neurology. Elscvier 
Science Publishers B.V., Amsterdam 1985, p. 42Y. 

19 Powell, M. B., Mitchell, D., Lederman, J., Buchmeier, J., 
Zamvil, S. S., Graham, M., Ruddle, N. H. and Stcinman, L., 
lnt. Immunol. 1990. 2: 539, 

20 Polman, C. H., Dijkstra, C. D., Sminia,T. and Koetsier, J. C., J. 
Neuroimmunol. 1986. 11: 215. 

21 Ruddle, N.  H., Bergman, C. M., McGrath, K. M., Lingenheld, 
E. G., Grunnet, M. L., Padula, S. J. and Clark, B., J. Exp. Med. 
1990. 172: 1193. 

22 Huitinga, I.,van Rooijen, N., de Groot, C. J. A., Uitdehaag, B. 
M. J. and Dijkstra, C. D., J. Exp. Med. 1990. 172: 1025. 

23 Rott, 0. ,Wekerle, H. and Fleischer, B., Int. Immunol. 1992.3: 
347. 

24 Van Snick, J., Vink, A., Cayphas, S. and Uyttenhove, C., J. 
Exp. Med. 1987. 165: 641. 

25 Rocken, M., Muller, K. M., Saurat, J.-H. and Hauser, C., J. 
Imrnunol. 1991. 146: 577. 

26 Farrar,W. L., Evans, S. W., Rapp, U. R. and Cleveland, J. L., J. 
Immunol. 1987. 139: 2075. 

27 Novak,T. J. and Rothenberg, E.V., Proc. Natl. Acad. Sci. USA 
1990. 87: 9353. 

28 Fiorentino, D. F., Bond, M.-W. and Mosmann, T. R. ,  J. Exp. 
Med. 1989. 170: 2081. 

29 Street, N. E., Schumacher, J. H., Fong, T. A., Bass, H., 
Fiorentino, D. F., Leverah, J. A. and Mosmann, T. R., J .  
Irnmunol. 1990. 144: 1629. 

30 Mosmann, T. R. and Moore, K. W., Immunol. Today 1991. 
A49. 

31 Mosmann,T. R.  and Coffman, R. L., Adv. Immunol. 1989.46: 
111. 

32 Papp, I., Wieder, K. J., Sablinski,T., OConnel, F? J., Milford, 
E.  L., Strom, T. B. and Kupiec-Weglinski, J. W., J. Immunol. 
1992. 148: 1308. 

33 Pond, L., Wassom, D. L. and Hayes, C. E., J. Immunol. 1989. 
143: 4232. 

34 Murray, J. S., Madri, J., Tite, J., Carding, S. R. and Bottomly, 
K., J. Exp. Med. 1989. 170: 2135. 

35 Zhang,Y., Lin, J.-X. and Vilcek, J., J.  Biol. Chemistry 1988. 
263: 6177. 

36 Betz, M. and Fox, B. S., J. Immunol. 1991. 146: 108. 
37 Munoz, E., Zubiaga, A. M., Merrow, M., Sauter, N. €? and 

38 Gajewski,T., Schell, S. R. and Fitch, F. W., J. Immunol. 1990. 

39 Khoury, S. J., Hancock,W. W. and Weiner, H. L., J. Exp. Med. 

40 Mason, D., Immunol. Today 1990. 2: 57. 
41 Calder,V., Owen, S., Watson, C., Feldman, M. and Davidson, 

42 Hafler, D. A. and Weiner, H.  L., Immunol. Today 1989. 3: 

43 Scott, F?, Natovitz, I?, Coffman, R. L., Pearce, E. and Sher, A., 

Huber, B.T., J. Exp. Med. 1990. 172: 95. 

144: 4110. 

1992. 176: 1355. 

A., Immunol. Today 1989. 3: 99. 

104. 

J. Exp. Med. 1988. 168: 1675. 

alteration of electrolyte composition and generalized non- 
specific immunosuppression. Long-term administration of 
azathioprine has only proven to be of benefit in those 
patients with a relatively mild form of the disease. Cyclo- 
sporin A (CsA) administration causes a decrease of IL-2 
receptor expression in peripheral lymphocytes but not in 
brain-infiltrating cells upon intravenous application, sug- 
gesting a poor capacity of CsA to penetrate the blood-brain 
barrier. Provided that EAE and MS do indeed share a 
common pathophysiological mechanism, i.e. are based on 
the (peripheral) activation of autoantigen-specific Thl-like 
CD4+ T lymphocytes which subsequently establish a 
DTH-like immune reaction in the brain, POX and deriva- 
tives might be considered as a supporting drug in the 
treatment of MS patients. As POX and steroids seem to 
inhibit the production of TNFkachectin at different points 
of the signal transduction pathway [7], xanthine derivatives 
might prove a valuable therapeutic agent especially when 
administered in concert with other already established 
antiinflammatory drugs. As shown here, POX is able to 
suppress efficiently the activation of Thl-CellS in vkro and in 
vivo without resulting in an overall immunosuppression or 
causing obvious severe side effects. Other documented 
features of the drug, such as down-regulation of TNF-a 
mRNA levels in macrophages/monocytes or stimulation of 
PG synthesis in vascular endothelilal can be expected to 
contribute further to the desired attenuation of autoreac- 
tive inflammatory reactivity. Finally, even the original 
purpose of POX, namely its use as a rheological drug, could 
participate in the creation of an antiinflammatory thera- 
peutic regimen by enhancing the regional blood flow in MS 
lesions. Collectively, our study determines the safety and 
efficacy of POX to treat a CNS-specific autoimmune 
disease in an animal model and might justify further 
assessment of the role of POX as a supporting drug in 
situations of Thl cell-mediated immune abnormality in 
man. Therapeutic intervention with Thl-/ThZselective 
drugs can be considered to be of particular benefit in 
situations, where adverse effects in terms of a weakening or 
exacerbation of the same disease are caused by Thl or Th2 
cells, respectively [43]. 
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