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Abstract

Polyamines downregulate immune reactivity. RA is as-

sociated with decreased IL 2 production. In this study, we

present evidence to suggest that excessive polyamines can con-

tribute to the IL 2 deficiency in RA. Blocking polyamine pro-
duction with inhibitors of ornithine decarboxylase results in
increased IL 2 production by RA PBMC. Moreover, poly-
amine oxidase (PAO) inhibitors and catalase also increase IL 2
production by RA PBMC. This effect of PAOinhibition is
monocyte mediated.

After 3 d in culture, RAPBMCproduce three times more

IL 2 than do normal PBMC. This rise is prevented by exoge-
nous spermidine but only in the presence of monocytes. The
concentration of polyamines in RA PBMCand synovial fluid
MNCis 2-20-fold higher than in normal cells.

Thus, polyamines and their oxidation products downregu-
late IL 2 production by RA PBMCand may account for the
decreased T cell effector function seen in this disease.

Introduction

PHA-stimulated peripheral blood (PB)' and synovial fluid
(SF) lymphocytes from RApatients produce less IL 2 in com-

parison to normal PBL (1). A decreased PHAresponse follows
in vitro infection with EBVand can be corrected by removal of
monocytes (2). The response to PHAcan be partially restored
by adding indomethacin, a prostaglandin biosynthesis inhibi-
tor (3). The defect in PHA-stimulated IL 2 production seen in
systemic lupus erythematosus can be reversed by resting the
cells in culture for 2-3 d (4).

Ornithine decarboxylase (ODC) catalyzes the synthesis of
putrescine from ornithine. Putrescine is metabolized into
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1. Abbreviations used in this paper: DFMO,difluoromethylornithine;
MDC, monocyte-depleted cells; MDL, N-2,3-butadienyl derivative of
putrescine (MDL 72,527 DA); MNC, mononuclear cells; aMO, a-

methyl ornithine; ODC, ornithine decarboxylase; PAO, polyamine
oxidase; PB, peripheral blood; SF, synovial fluid.

spermidine and spermine by the addition of one or two pro-
pylamine groups, respectively (5). Putrescine can be oxidized
by diamine oxidase and the products are H202, ammonia, and
y-aminobutyr-aldehyde. Spermine and spermidine are also
oxidized, by polyamine oxidase (PAO), to produce H202, am-
monia, and different aldehydes (6).

IL 2 production by murine (7) and human (8) lymphocytes
is increased when these cells are treated with a-difluoro-meth-
ylornithine (DFMO), an ODCinhibitor. ODCinhibition de-
creased the polyamine content of the treated cells; the in-
creased IL 2 production was reversed by the addition of poly-
amines. Polyamines also inhibit lymphocyte proliferation and
other parameters of immunity (9). Bovine PAOacts on poly-
amines to generate immunosuppressive products (10). The in-
hibition of cell proliferation by exogenously added polyamines
may be mediated by a PAOoriginating from a cellular
source (11).

Wehave evidence that IL 2 production by normal PBL is
downregulated by the products of spermidine oxidation (1 la).
Wenow report that immunosuppressive products related to
polyamines and polyamine oxidase may play a role in the T
cell hyporesponse of RApatients.

Methods

Patients and blood donors. A total of 40 patients and 15 sex- and
age-matched normal healthy donors were studied. All patients (34
females and 6 males) had active RAand fulfilled the American Rheu-
matism Association criteria for the diagnosis of RA. The subjects had a
mean age of 54.4 yr (range 21-69). All patients were treated with
nonsteroidal antiinflammatory drugs, five with methotrexate, nine
with gold, four with D-penicillamine, four with imuran, three with
corticosteroids, and one with cytoxan. No correlation was found be-
tween any of the phenomena described in this work and the medica-
tion of the RApatients.

60-120 ml of heparinized venous blood was taken from each sub-
ject. SF was drawn from RA patients with knee effusions. The SF
specimens were incubated with 50 ug/ml hyaluronidase (Sigma Chem-
ical Co., St. Louis, MO)and then handled like PBto purify various cell
populations.

Cell separations. Mononuclear cells (MNC) from venous blood or
SF were prepared by Ficoll-Hypaque (Pharmacia Fine Chemicals,
Uppsala, Sweden) density gradient centrifugation. All cell preparations
mentioned in Results and Discussion are RAPB cells unless otherwise
stated.

T cells were prepared by first allowing MNCto adhere to plastic
dishes at 37°C for 1 h and then taking the nonadherent cells and
purifying from them cells capable of forming rosettes with sheep eryth-
rocytes. Briefly, 3 X 107 nonadherent MNCin 3 ml complete medium
(see below) were mixed with 3 ml of 5 X 10'/ml suspension of neuro-
aminidase-treated sheep erythrocytes in medium and incubated at
37°C for 15 min, then centrifuged (at 200 g for 5 min) and further
incubated at 4°C for 45 min. Thereafter, the rosetted cells were ob-
tained by centrifugation through Ficoll hypaque. The erythrocytes in
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the cell pellet were lysed by exposure to 0.83% NH4C1 in 0.017M
Tris-HCI buffer for 7 min. The rosetted cells contained > 92%T3-posi-
tive cells as checked by flow cytometry.

OKT8-negative cells were prepared from total T cells by a panning
technique. Briefly, 20 X 106 cells/ml were suspended in OKT8hybrid-
oma supernatant (ATCC CRL8014; American Type Culture Collec-
tion, Rockville, MD) and incubated for 45 min at 40C. Cells were
washed, suspended in PBS + 5%FCS and put into flasks, precoated
with goat anti-mouse IgG, for 90 min at 40C. The last step was re-
peated and nonbound cells were collected. About 90% of the T cells
with suppressor phenotype cells were removed by this technique as
checked by flow cytometry.

The term monocyte-depleted cells (MDC), mentioned later on in
the text, refers to either nonadherent MNCor T cells. Both these cell
preparations contained 4-5% monocytes (by flow cytometry) and pro-
duced the same amounts of IL 2.

Culture medium. All cell cultures were performed at 370C, 5%CO2
in RPMI 1640 medium supplemented with 10%heat-inactivated FCS,
2 mML-glutamine, 25 mMHepes buffer, 100 U/ml penicillin, and 100
Ag/ml streptomycin. All the reagents were from Gibco Laboratories
(Grand Island, NY) and this medium is referred to in the text as
complete medium. HBIO1 (New England Nuclear, Boston, MA) was
used as a serum-free medium.

Assay for IL 2 secretion. Cells were suspended at 2 X 106/ml and
various reagents were added. Stimulation was always with 2 mg/ml
PHA (Burroughs-Wellcome, Durham, NC). After 24 h, supernatants
were harvested and stored at 4VC until they were assayed.

IL 2 activity was detected using a murine IL 2-dependent cytotoxic
T cell line (CTLL-2). The assay was described in detail elsewhere (1).
Results were calculated using probit analysis (12).

Cell proliferation assay. MNCwere resuspended in complete me-
dium at a concentration of 2 X 106 cell/ml and 100 Al was placed in
96-well round-bottom plates (Costar Corp., Cambridge, MA). The
cells were incubated with or without 2 ,g/ml PHA. This concentration
was found to be optimal. Cultures were incubated for 72 h and tritiated
thymidine (3H; 1 MCi/well in 10 Al, specific activity 6.7 Ci/mmol) was
added 6 h before termination of the culture. Cells were harvested on
glass fiber filters by using a semiautomatic cell harvester (Mini-Mash
23-500; M. A. Bioproducts, Walkersville, MD). Cultures were per-
formed in triplicate and the data were expressed as mean counts per
minute. Radioactivity was measured in a liquid scintillation counter
(Packard Instruments, Downers Grove, IL).

ODCassay. 20 X 106 T cells were incubated for 24 h with or
without PHA(2 Mg/ml) and purified human IL 1 (2.5 U/ml; Cistron
Technology, Palo Alto, CA). The assay was a modification of (13). The
entire assay was done at 4°C. Cells were harvested, pipetted into 3.5-ml
tubes, and spun at 400 g for 7 min. Supernatants were aspirated off and
0.5 ml of 50 mMNa2HPO4(pH 7.2) containing 0.1 mMEDTA, 20
mMDTT (Calbiochem-Behring Corp., La Jolla, CA), 5 mMNaF, 2
mMPMSFphosphate (Calbiochem-Behring Corp.) was added to each
tube. Cells were sonicated for 20 s and then centrifuged at 10,000 g for
5 min. Two aliquots of 180 ml from each sample were incubated
separately for 60 min with 20 Ml of L-[ I-'4C]ornithine (0.05 mCi/0. 14
mg per 0.5 ml) (New England Nuclear) in 15-ml conical centrifuge
tubes fitted with rubber stoppers and center wells (Kontes Co., Vine-
land, NJ). The released '4CO2 was collected by absorption to filter
paper to which 20 Ml of 2 N NaOHwas added. The assay was termi-
nated by adding 1 ml of 1 Mcitric acid. Absorbed radioactivity on the
filters was counted by liquid scintillation spectroscopy.

Polyamine analysis. Samples of 3 X 106 fresh MNCwere pelleted
and frozen at -20°C until they were assayed in triplicates. The prepa-
ration of the cells for reversed-phase HPLCand the subsequent poly-
amine analysis were done according to reference 14.

Flow cytometry using immunofluorescent staining. Cells were
washed two times and suspended in cold PBScontaining 1%FCS, and
aliquots were put into 12 X 75 mmpolystyrene tubes at a total con-
centration of 1-2 X 106 cells/tube. Cell pellets were incubated for 20
min at 4VC with 100 Ml of the optimal dilution of fluorescein isothio-

cyanate-conjugated MAb in 1% PBS-FCS. Cells were then washed
once with I ml cold PBSand fixed in 1%paraformaldehyde in PBSand
stored at 4VCuntil flow cytometry was performed. Flow cytometry was
performed using a dual-laser FACS IV system (Becton Dickinson
FACSDivision, Sunnyvale, CA) to quantitate the stained cells.

Leu-4 and Leu-M3, Leu-2a, and Leu-3a (all from Becton Dickin-
son, Mountain View, CA) were used to identify human T cells, mono-
cytes, and T cells with suppressor or helper phenotype, respectively.

Enzymes, IL 2, and chemicals. Quinacrine, a PAOinhibitor, cata-
lase, a-methyl ornithine (aMO, an ODCinhibitor) spermidine, putres-
cine, 1,3-diaminopropane, cadaverine, hyaluronidase, asparagine, di-
amine oxidase, and monoamine oxidase were all from Sigma Chemical
Co. Diphenhydramine hydrochloride (a PAO inhibitor) (Benadryl)
was from Aldrich Chemical Co., Milwaukee, WI. Neuroaminidase was
from ICN Biochemicals, Cleveland, OH. Purified human delectinated
IL 2 was from Cellular Products, Buffalo, NY. Difluoromethylorni-
thine (an ODCinhibitor) and the N-2,3-butadienyl derivative of pu-
trescine (a PAOinhibitor) (MDL 72, 527-DA) (MDL) were a gift from
Merrell DowResearch Institute, Cincinnati, OH.

Piroxicam (Feldene, an inhibitor of prostaglandins biosynthesis)
was a gift from Pfizer Chemicals, NewYork, NY.

The monoamine oxidase used (EC 1.4.3.4) is assayed using the
monoamine-benzylamine as a substrate. This amine oxidase from bo-
vine plasma can oxidize spermidine as follows (6): spermidine 0

N-(4-aminobutyl)-3-aminopropionaldehyde + ammonia + hydrogen
peroxide. It oxidizes polyamines at a 2.5-fold higher rate than benzyl-
amine and does not oxidize putrescine and cadaverine (15). Therefore,
it was used as a PAO(16).

Statistical analysis of results. The statistical significance of the re-
sults was calculated using a one-tailed t test.

Results

Regulation of IL 2 production by monocytes, prostaglandins,
and hydrogen peroxide. Because H202 is produced by acti-
vated monocytes and macrophages and is also a product of
PAO, we used catalase to assess the role H202 might play in the
regulation of IL 2 production. As can be seen in Fig. 1, catalase
increased IL 2 production by MNC, to a comparable degree as
that affected by monocyte depletion, implicating H202 as an
inhibitory signal. Neither inactivated catalase (20 min boiling,
1 min sonication) nor 1,300 U/ml SODinfluenced IL 2 pro-
duction. The addition of reagent H202 at 50, 100, and 200 ,uM
to MDCsuppressed IL 2 production by 17, 67, and 88%,
respectively, without affecting cell viability by > 10% as as-
sessed by the fluorescein diacetate assay. Prostaglandin synthe-
sis inhibition increased IL 2 production in a dose-dependent
fashion (Fig. 1).

Regulation of IL 2 production by polyamines. Because
blocking ODC(a primary enzyme in polyamine biosynthesis)
by its irreversible inhibitor DFMOincreases IL 2 production
by normal MNC,we investigated the effect of this drug on IL 2
production by RAMNC. Wefound that both DFMOand the
reversible inhibitor aMOhave comparable enhancing effects
on RAMNC(Table I). This effect appears to be mediated by
reducing the concentration of the polyamine-spermidine and
not the diamine-putrescine, as only spermidine counteracted
the effect of aMO. aMOacts in a dose-dependent way.

Products ofpolyamine oxidation can decrease IL 2 produc-
tion. Having found that polyamines and H202 have an inhibi-
tory effect on the capacity of human RAMNCto produce IL
2, and in view of the information that products of enzymatic
oxidation of polyamines have immunosuppressive properties
(10), we tried to construct a model system in which the combi-
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Figure 1. Effect of monocytes and their secretory products on IL 2
production. Fresh MNCor MDCwere stimulated with PHAfor 24 h
in the presence of various agents. None, MNCwith PHAonly. Su-
pernatants were harvested and assayed for IL 2 activity. The results
are mean of three experiments±SD. The catalase concentration
(7,000 U/ml) was found optimal. Catalase did not affect the CTLL-2
cells response to standard IL 2. The significance of the differences be-
tween "none" and the other conditions is: a, P < 0.05; b, P < 0.025;
c, P < 0.005.

nation of PAOand polyamines will be essential and sufficient
to downregulate IL 2 production by RAMNC.

These experiments were performed in serum-free medium
with MDCbecause FCScontains PAO(9) and activated mac-
rophages secrete PAO(17). PAO(5 X 10-4 U/ml) decreased IL
2 production significantly (P < 0.025) and this effect was abol-
ished by catalase (P < 0.025) and aMOthat caused reduction
in polyamine levels (Table II). Interestingly, the combination
of PAOand spermidine did not suppress IL 2 production sig-
nificantly more than PAOalone. This might be due to the lack
of endogenous PAO(MDC in a serum-free medium) and lim-
ited supply of exogenous PAO.

The PAOeffect depended upon substrate availability and
thus, spermidine overcame the effect of aMO(P < 0.005).
However, the PAOeffect was abolished by catalase (P < 0.0 1)

Table I. Effect of ODCInhibitors on IL 2 Production

Percent enhancement
Condition of IL 2 production

None 100±10.7*
DFMO(5 mM) 132±11.6*
aMO(5 mM) 134±4.9*
aMO(50 mM) 221±25.6*
aMO(50 mM)+ Spermidine (10MM) 95±12.4§
aMO(50 mM)+ Putrescine (10 AM) 192±23.2*

Fresh MNCwere stimulated for 24 h by PHAin the presence of var-
ious reagents. Supernatants were harvested and assayed for IL 2 ac-
tivity. The values in the Table are percentages of "none" = 12.1±1.3
IL 2 U/ml. The results shown are means of three experiments±SD.
The samples were dialyzed before they could be assayed because
DFMOhas an inhibitory effect on the CTLL cells used for the IL 2
assay. The dialysis did not affect the IL 2 assay significantly.
The addition of spermidine did not cause any loss of cell viability as
assessed by the fluorescein diacetate assay (< 5%dead cells).
* Significance of difference in relation to "none," P < 0.025.
* Significance of difference in relation to "none," P < 0.005.
§ Significance of difference in relation to 50 mMaMO, P < 0.005.

Table IL The Combination of Spermidine and PAO
Downregulates IL 2 Production

PAO Catalase aMO Spermidine IL 2

U/mi

- - - - 29.1±3.2
+ - - - 21.4±2.4
+ - - + 19.6±2.5
+ + _ - 28.6±3.5
+ - + - 30.3±3.6
+ - + + 18.2±2.1
_ - + + 29.8±3.1
+ + + + 26.3±2.8

Fresh MDCwere stimulated for 24 h by PHAin a serum-free me-
dium (HB O1) in the presence of various reagents. Supernatants were
harvested and assayed for IL 2 activity. The data presented represent
mean values of three experiments.
Neither the PAOnor the spermidine effects were due to nonspecific
cytotoxicity as assessed by trypan-blue exclusion as well as the fluo-
rescein diacetate assay (< 2%dead cells).
PAO, 5 X 1O-4 U/ml; catalase, 7,000 U/ml; aMO, 50 mM; spermi-
dine, 1OMM.

even in the presence of aMOand spermidine. The PAOeffect
was also abolished by the specific PAOinhibitor MDL(data
not shown).

In conclusion, combination of PAOand a polyamine
caused an H202 dependent inhibition of IL 2 production,
whereas spermidine by itself or PAOin the absence of poly-
amines could not downregulate IL 2 production.

PAOinhibitors increase IL 2 production. Having shown
that exogenously added PAOcan inhibit IL 2 production, we
tested the effect of PAOinhibitors on IL 2 production in an
attempt to find whether there is endogenous PAOin our cul-
tures. As can be seen in Table III, the PAOinhibitor MDL(18)
enhanced IL 2 production. Two other PAOinhibitors: 10-6 M
quinacrine (19) and 10'- Mbenadryl (20) also increased IL 2
production by MNCin 10% FCS-containing medium by
42.2±4.3 and 18.9+1.6%, respectively. MDL is particularly
important because it is a specific irreversible inhibitor of PAO

Table III. Effect of MDLon IL 2 Production

MNC MDC FCS (10%) Increase in IL 2 production*

+ - 72.2±8.5*
+ - 0.8±1.0
+ + 25.3±2.3§

Fresh MNCor MDCwere placed in HB101 ± 10% FCS in the pres-
ence of 10-6 MMDLand PHAfor 24 h. Supernatants were har-
vested and assayed for IL 2 activity. The data presented is percent in-
crease in IL 2 production over the same culture conditions without
the PAOinhibitor. The values are means of three experimentsSD.
The actual IL 2 levels produced by cells without drugs were: MNC,
17.2±1.8; MDC, 24.8±2.3; MDC+ FCS, 21.4±1.9.
* In relation to cultures lacking MDL.
* The significance of IL 2 production enhancement, P < 0.005.
§ The significance of IL 2 production enhancement, P < 0.05.
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Figure 2. Effect of preincubation on IL 2 production. MNCwere
stimulated with PHAfor 24 h either as fresh cells (0 d) or after 1-3 d
of preincubation in complete medium. After the preincubation, cells
were washed and recounted. After the PHA-stimulation period, su-
pernatants were harvested and assayed for IL 2 activity. The results
are means of 13 experiments±SD. When the production at days 1-3
was compared with that of fresh cells, Pwas found to be < 0.0005 in
all cases (both normal and RA) with the exception of l-d preincuba-
tion of normal cells, P < 0.05.

(18). Table III also contains data suggesting that both FCSand
monocytes were a source of PAOin our culture and, therefore,
the IL 2 production of MDCgrown in a serum-free medium
was not affected by PAOinhibitors.

The concentrations of the drugs that were used were found
the optimal ones, whereas higher concentrations were toxic
(unpublished observations).

Preincubation in culture induces hyperproduction ofIL 2 by
RA PBMC. Normal PBMCproduced two times more IL 2
than unrested cells after preincubation for 3 d in culture fol-
lowed by exposure to PHA. However, RAPBMCproduced six
to seven times more IL 2 than fresh cells (Fig. 2). 3 d rest did
not increase IL 2 production by SF MNCin three experiments
(1.5±0.2 vs. 1.7±0.3 U/ml). Comparison of normal and RA
fresh and 3-d-rested PBMCfailed to reveal any significant
difference in the percentage of total T cells, T helper cells, and
T suppressor cells as assayed by flow cytometry.

Spermidine specifically suppresses the IL 2 hyperproduc-
tion after 2 days of rest. Spermidine present during the prein-
cubation period (10 ,M), reduced by 45% the amount of IL 2
produced by PHA-stimulated MNC(Fig. 3). This concentra-
tion of the polyamine was not cytotoxic as assessed by trypan
blue exclusion. Whenspermidine was added to cells that have
not been rested, it did not affect their PHA-induced IL 2 pro-
duction indicating that the effect of this polyamine is time
dependent. Three diamines were without effect. 10 mM
asparagine added to the preincubation culture inhibited IL 2
production by 29%. This amino acid is known to induce ODC
activity, which would bring about a rise in polyamine levels
(5, 21).

Both FCS and monocytes were important for the spermi-
dine effect. Withdrawal of both abolishes the inhibitory po-
tential of spermidine (Fig. 4). Either serum withdrawal or
monocyte depletion alone still allowed significant inhibition
by spermidine (P < 0.01 and < 0.025, respectively).

Increased polyamine levels in RA MC. The regulatory ef-
fect of spermidine on IL 2 production suggested that a possible
abnormality in polyamine synthesis might explain the IL 2

I

1,3-Diamino Putrescine Cadaverine Spermidine
Propane

Figure 3. Effect of preincubation in the presence of polyamines on
IL 2 production. MNCwere incubated for 2 d in the presence of var-
ious polyamines (10 ,uM) and then washed, recounted, and stimu-
lated with PHAfor 24 h. Supernatants were harvested and assayed
for IL 2. The results shown are percent inhibition of IL 2 production
versus control cells incubated just in complete medium for 2 d. The
actual IL 2 level produced in these control cultures was 67.2±6.1
U/ml. The results shown are means of three experiments±SD. The
inhibition by spermidine was significant at P < 0.005. The spermi-
dine did not have a cytotoxic effect as assessed by the fluorescein diac-
etate assay (< 5%dead cells).

deficiency in RA. Wemeasured polyamine levels in normal
and RA MNC(Table IV) and found that putrescine, spermi-
dine, and spermine were all significantly higher (P < 0.005 and
< 0.05) in RAblood and SF cells, respectively, in comparison
to normal cells. ODCactivity in T cells from RApatients was
very similar to that found in normal cells (20.4±7.3 vs.
22.2±6.1 pmol 14CO2/160 min per 2 X 107 T lymphocytes,
respectively) in four experiments.
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Figure 4. Serum and monocytes effects on IL 2 production by cells
rested in the presence of spermidine. MNCor MDCwere incubated
for 2 d in HBlOl±FCS (10%) in the presence of 10 uM spermidine
and then washed, recounted, and stimulated with PHAfor 24 h. Su-
pernatants were harvested and assayed for IL 2. The results shown
are percent inhibition of IL 2 production versus control MNCincu-
bated in HBIO1 + FCS for 2 d. The IL 2 production by either MNC
or MDCgrown in HBIO+±FCS but without spermidine, was very
similar (< 5%difference). Therefore, the production by MNCin
HBIO1 + FCSwas used as the control for all the conditions. The ac-
tual control value was 63.2±6.2 U/ml. The results shown are means
of three experiments±SD. The spermidine did not have a cytotoxic
effect as assessed by the fluorescein diacetate assay (< 5%dead cells).
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Table IV. Polyamine Content of MNCfrom RA Patients Is
Higher Than in Normal Cells

Putrescine Spermidine Spermine

Normals 1.5±0.27 69.1±10.7 198±46
RA patients' blood 12.2±2.12 179.4±23.2 462±56
RApatients' SF 30.4±21.2 224.0±92.1 426.2±150.5

Fresh MNCfrom peripheral blood and synovial fluid were washed
three times and assayed for polyamine content. The values shown
are pmol/liter X 106 MNC±SD.Five normal, five RAblood, and
three RASF samples were assayed.

IL 2 deficiency in RA cells is unrelated to OKT8 cells. T
suppressor cells were found to contribute to the deficient IL 2
production by PB lymphocytes from SLE patients (22). We
were not able to induce an increase in IL 2 production by RA
T cells after the removal of OKT8' cells by panning (Table V),
in agreement with recent findings (23).

Discussion

IL 2 production by normal human PB lymphocytes is regu-
lated by monocytes (24), PGE(24, 25), and polyamine levels
(8). A monocytic cell line product inhibits IL 2 produc-
tion (26).

Several autoimmune diseases (1, 27, 28), including RA, are
characterized by hypoproduction of IL 2. Monocyte depletion
enhanced IL 2 production by RAlymphocytes stimulated with
EBV(2). Indomethacin, which blocks prostaglandin synthesis,
also increased IL 2 production by RA cells (3). Both IL 1 (29)
and IL 2 (30) inhibitors have been suggested as the cause of the
low IL 2 production in RA.

Wereport another mechanism involved in the downregu-
lation of IL 2 production in RA. PAOcan oxidize polyamines
and the products of this enzymatic reaction downregulate IL 2
production. The concentrations of polyamines in RA blood
and synovial fluid MNCare increased 2-20-fold and mono-
cytes are activated in RAsynovial effusions. Thus, all the con-
ditions are present in RA SF to generate immunosuppressive
products based on a PAO-polyamine mechanism.

Monocytes from RA patients produce increased amounts
of prostaglandin (31) and demonstrate enhanced hexose
monophosphate shunt activity (32) and increased phagocyto-
sis (33). Therefore, we investigated several possible mecha-
nisms that monocytes might use to decrease IL 2 production.
It was recently found that reagent H202 can suppress IL 2

Table V. Removal of OKT81 Cells Does Not Affect IL 2 Production

Source of cells Total T cells OKT8depleted

Normal peripheral blood 11.3±1.2 12.5±1.7
RA peripheral blood 9.8±1.3 8.9±1.2
RASF 2.1±0.8 1.9±0.6

T cells and OKT8-T cells were prepared as described in Methods.
Cells were stimulated with PHAfor 24 h. Supernatants were har-
vested and assayed for IL 2 activity. Data shown is IL 2 U/ml, means
of three experiments±SD.

production by human lymphocytes (34) and so we decided to
assess the possibility that endogenous production of H202 by
human MNCregulates IL 2 production. We found that the
H202 inhibitor, catalase, increased the measurable levels of IL
2 produced by RA MNC, indicating that H202 produced by
the MNCmight play a role in the regulation of IL 2 produc-
tion. Furthermore, we have shown a dose-dependent inhibi-
tion of IL 2 production by H202 in the range of 50-200 ,uM
without a concomitant effect on cell viability. Wealso demon-
strated that monocyte depletion enhanced IL 2 production by
RA cells in a PHA-driven system.

The irreversible inhibitor of ODC-DFMO(35) and the re-
versible inhibitor aMOwere both potent enhancers of IL 2
production by RA cells. This effect was specifically inhibited
by spermidine. The combined data that the polyamine-sper-
midine and H202 can both downregulate IL 2 production sug-
gested that PAO, by oxidizing polyamines and producing
H202 (20), contributes to IL 2 suppression. PAOat low levels
can be found in human serum and its level is elevated in serum
from some hepatitis patients (17). Mouse-activated macro-
phages contain elevated levels of PAOand secrete it (17). Prod-
ucts of enzymatic oxidation of polyamines have immunosup-
pressive effects (10). We hypothesize that activated human
monocytes also produce and secrete PAOthat acts upon ex-
tracellular polyamines. The products of this enzymatic reac-
tion downregulate IL 2 production by an as yet unknown
mechanism. This regulatory effect is not necessarily restricted
to RAcells and might function as a physiological way by which
the immune response limits IL 2 production.

To test this hypothesis, we added PAOand spermidine to
RAMDCin serum-free medium where ODCwas blocked by
aMO. Wedemonstrated that the combination of PAOand a
polyamine is sufficient to downregulate IL 2 production and
that this effect is catalase inhibitable. aMO, at 50 mM, was
found to affect 9L cells through a mechanism that did not
depend upon polyamine depletion because the addition of ex-
ogenous putrescine did not reverse the aMOeffect (36, 37).
Although exogenous spermidine reversed the aMOeffect in
our system (Table II), the possibility that 50 mMaMOexerted
an additional effect not dependent on ODCinhibition cannot
be ruled out.

Wepresent data (increased IL 2 production in the presence
of PAOinhibitors) to suggest the presence of an endogenous
PAOin our cultures. This occurred also in a serum-free me-
dium suggesting that RA MCcontain PAO activity. As no
exogenous polyamines were added, their source had to be cel-
lular. Mammalian cells produce and secrete polyamines dur-
ing the natural course of their proliferation (38).

Elevated levels of Ia+ (activated) T cells were found in the
PB and much more profoundly in the SF of RA patients
(39-42). In view of the IL 2 deficiency in RA, we hypothesize
that the in vivo activation signal exhausts the T cells so they
appear activated by cell surface markers yet are weak func-
tionally. A similar theory was proposed by Huang et al. (4) to
explain the IL 2 deficiency in SLE. They found that T cells
rested in culture for several days produced increased levels of
IL 2. In this report we found that although SF MNCafter rest
still produced much less IL 2 than normal PB cells, MNCfrom
RAblood produced greatly increased amounts of IL 2 (about
three times more than normal blood cells) after rest. The pro-
duction by normal cells was also elevated after rest as observed
previously (4). Perhaps the SF T cells are too exhausted to be
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relieved by rest, whereas in RA blood, some in vivo suppres-
sive effect may be abolished by rest. An in vivo priming effect
is still functioning resulting in high levels of recovery.

Weattempted to find whether this rise in IL 2 production
after rest is polyamine inhibitable. Wefound that the poly-
amine spermidine but not three diamines significantly reduced
the recovery and that this effect was both FCS and monocyte
mediated. Because the cells were carefully washed after the rest
period and before they were incubated for IL 2 production, it
seems that the polyamine effect lasts even after the exoge-
nously added polyamine is withdrawn.

Because we found that polyamines downregulate IL 2 pro-
duction in RA MNC, we looked for an abnormality in poly-
amine metabolism of RA cells that might explain their IL 2
deficiency in comparison to normal cells. No difference in
ODClevels was found but a significantly increased content of
polyamines was measured in RAblood and SF MNC. Because
mammalian cells secrete polyamines (38), these elevated levels
could be a source of polyamines in the vicinity of RAMNC.
(No difference between polyamines levels in the sera of nor-
mals and RA patients was found [43], yet the concentration
near the activated cells secreting the polyamines might be the
critical factor.) The levels of PAOproduced and secreted by
normal and RA cells are currently under investigation. It is
interesting to note that blocking ODCwith DFMOwas re-
cently reported to have beneficial effects in the treatment of
murine lupus (44).

We suggest that RA cells use a polyamine-dependent
mechanism to shut off the proliferation of T cells by inhibiting
IL 2 production. This might be a compensatory and protective
mechanism designed to limit the T cell-driven destructive
rheumatoid process. In this sense, the polyamine cascade
would act in a manner similar to exogenous cyclosporin A
which, although toxic, does have some efficacy in RA(45, 46).
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