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A B S T RA C T The effect of D-penicillamine (Pen)
and mixtures of Pen and copper sulfate on the capacity
of normal human peripheral blood mononuclear cells
(PBM) to generate immunoglobulin-secreting cells
(ISC) in response to the T-cell-dependent polyclonal
B-cell activators pokeweed mitogen (PWM) and staphy-
lococcal protein A (SPA) was examined. PBMobtained
from normal individuals were incubated for 1-2 h at
37°C with medium alone, Pen, CuSO4, or a mixture of
Pen and CuSO4. After washing, the cells were incubated
for 6-7 d with PWMor SPA and then, with a reverse
hemolytic plaque assay, assayed for the number of ISC
generated. Preincubation of PBMwith either Pen (100
,uglml) or CuS04 (2 ,ug/ml) did not alter the subsequent
capacity of the cells to generate ISC in response to
PWMor SPA. In contrast, responsiveness to both mito-
gens was nearly abolished when PBMwere similarly
preincubated with a mixture of Pen and CuS04. Inhibi-
tion of responsiveness could not be ascribed to cell
death, carry-over of the inhibitors, or an alteration in
the concentration of PWMor the length of incubation
yielding maximum responses. Co-culture experiments
demonstrated that Pen and CuS04 preincubation had
not caused augmented suppressor cell function. Experi-
ments in which PBMwere separated into adherent and
nonadherent populations indicated that Pen and CuS04
preincubation inhibited the responsiveness of the non-
adherent cells but did not alter the accessory cell
function of monocytes. To determine whether Pen and
CuS04 preincubation effected T- or B-cell function,
PBMwere separated into B- and T-cell-enriched popu-
lations, individually preincubated with Pen and CUS04,
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and then co-cultured with PWM.The resuilts indicated
that Pen and CuS04 markedly inhibited helper T-cell
function and had little effect on the capacity of B cells
to generate ISC. The observation that in the presence
of CuS04 Pen inhibits helper T-cell activity may, in
part, explain the therapeutic efficacy of Pen in rheuma-
toid arthritis and especially the capacity of Pen therapy
to decrease antiglobulin titers in treated patients.

INTRODUCTION

D-Penicillamine (Pen)' has been demonstrated to be an
effective agent in the treatment of rheumatoid arthritis
(1-5). Despite extensive clinical experience with this
drug, the explanation for its capacity to suppress rheuma-
toid inflammation remains unclear. A number of po-
tential mechanisms for the action of Pen have been
suggested, including the possibility that it might dis-
sociate immunoglobulin (Ig)M antiglobulins in vivo
(6-9), interfere with collagen cross-linking in synovial
structures (10-14), exert an antiinflammatory action
(15-20), or interfere with polymorphonuclear leuko-
cyte chemotaxis (21-23). However, none of these
postulated modes of action has been convincingly
demonstrated to pertain in either experimental animals
or treated patients.

An alternate explanation for the mechanism of action
of Pen in rheumatoid arthritis is suggested by the
clinical observations that therapy with Pen frequently
results in lowered antiglobulin titers (1, 9, 24, 25), de-
creased levels of circulating immune complexes (26-
28), and, often, diminished levels of serum immuno-
globulins (27-30). This suggests the possibility that
Pen might exert an immunosuppressive action and,
thus, slow the progress of rheumatoid arthritis by sup-

'Abbreviations used in this paper: HBSS, Hanks' balanced
salt solution; ISC, immunoglobulin-secreting cells; MO,
monocytes; NAC, nonadherent cells; N-SRBC, neuramini-
dase-treated sheep erythrocytes; PBM, peripheral blood
mononuclear cells; PEN, D-penicillamine; PWM, poke-
weed mitogen; SPA, staphylococcal protein A.
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pressing the ongoinig iiimmutnological processes that
underlie the chronic inflammnation. Support for this idea
comes fromii the sttuldies of Hunnevball et al. (31) who
fouinid that ralbbits given 15 miig/kg of Pen orally exhibited
a depressed in vivo antibody response to immilunization
witlh egg alb)umin.

By examininiiig the effect of Pen on responsiveness
of hutmlan lymphocytes in vitro, wve have explored the
possibility that Pen mnav exert an immutinosuppressive
influienee. Initial stuidies indicated that a brief exposure
of htumlan peripheral blood mononuclear cells (PBM)
to Pen in the presence of' copper ions inhibited mito-
gen-inidticed T-cell proliferation (32). In the current
sttudies, the effect of a similar preincubation with Pen
and CtiSO on the capacity of htiiuman PBMto generate
immuntliioglobutlin-secreting cells in response to stimu-
lation with polyclonal B-cell activators hals been ex-
aimined. The data indicate that the mixture of Pen and
CtuSO, inhibits responsiveness by selectively inhibit-
ing helper T-cell activity. These observations stupport
the idea that Pen has an immuitlnosuippressive action
and may help to explaiin its action in patients with
rheuimlatoid arthritis.

METHODS

Cell preparation. PBMwvere ol)tained from normal adtult
volunteers l)y centrifugationi of heparinized venous blood on
sodiumil diatrizoate/Ficoll culshionis (Isolvmph, Gallard-Schle-
singer Chemiiical Mfg. Corp., Carle Place, N. Y.) as previously
described (33). The cells wvere washed three times in Hanks'
balanced salt solutioin (HBSS) before cuiltuire or further
processinig.

Reagentts. Pen was ol)tained from Mlerck Sharp & Dohme
Div., W\est Point, Pa. Pokeweed mitogen (PWMTNI, lot A665710)
was pIurchased from Granid Island Biological Co., Grand
Island, N. '., and Staphylococcuis atureus protein A (SPA)
from Pharmn-acia Fine Chiemiiicals, Div. of Pharmacia Inc.,
Piscatawvay, N. J.

Cuiltuire mediumiii. All ctultures were carried out in RPMII
1640 mediumiii (Microbiological Associates, Walkersville, Md.),
supplemiiented with penicillini G (200 U/ml), gentamicin (10
,ug/ml), L-gluttaminie (0.3 mg/miii), and 10% fetal bovine serum
(NMicrobiological Associates).

Preinctubation. Cells were suispended in serumiii-free culture
mediumi at a concentration of about 5 x 106 cells/ml. These
were incubated on a rotator at 37°C with Pen, CuSO4, or a
mixture of Pen and CuSO4 at various final concentrations.
Routinely, preinctubationis of 1-2 h Nvere used. Control cells
were preincubated in a similar manner in mediu-m alone. At
the end of the preincuibation period, the cells wvere washed
three times with HBSS and resuspended in fresh mediulm
containing 10% fetal bovine sertumn for culture.

Measuirement of cell viability. Cell viability was estimated
using a combination of ethiditum bromide (34) and fluorescein
diacetate (35). Cell stuspensions wvere incubated with the
fluoreseenit probes (2 and 5,g/ml, respectively) for 10 min at
room teml)erature and the number of viable cells (Iuantitated
xvith a fluoreseence microscope.

Cell separation. PBM xNere incubated on glass petri
dishes as previously described (33, 36) to separate them into
poptulations of adherent and nonadherent cells (NAC). NAC
were harxested, incubated on a second petri dish to remove

residtuatl adherenit cells, and then decanted and stuspenided in
f'resh mediumil for ctultuire. Adherent cells Nvere harvested f'rom
the initial petri dish with a rubber policeman, treated with
nitomivcin-C (40 gg/ml, Sigma Chemiiical Co., St. Louiis, Mo.)

for 45 min at 37°C, washed extensively, and .suspended in
f'resih medium for ctultture. The number of monocytes (MO) in
each population wxas determined by staining for nonspecific
esterase activitv uising a-naphthyl butvrate as a substrate (37)
and 1b estimatinig the number of cells capable of ingestinig
latex particles. NACcontatined <1% \kI, whereas 85-90% of
the adlherenit-cell population wxas Mo.

In somne experimnenits, NACwere separatecd into T- ancl B-cell-
eniriched populations by rosetting with neturaininidase-treated
shleep erythrocytes (N-SRBC) (38), followed by centrifulgation
onl diatrizoate/Ficoll ctislioIns. The interface cells were
harvested and againi rosetted with N-SRBCto remove residtual
T cells. After centrif'uigation on diatrizoate/Ficoll cslhslionls,
the interface cells containied <1% T cells as deteriniilecl b1v
N-SRBC rosetting aind >50% B cells as jutdged by staininig for
surface membrane-associated IgM withl a fluoreseein-colljui-
gated goat anti-humiiian IgM antiserurm. The pelleted cells
from the first centrifuigation were treated with isotonic NH4Cl
to lv se the N-SRBCand then passed over a nylon wool coluimn.
The poptulation eltuted from the coltumnil was highly enriched
for T cells (90-95% N-SRBC rosetting).

Cultture conditions for generationt of immunlltoglobullin-
secreting cells (ISC). Except where noted, cells were etil-
tuired in microtiter plates with U-wells (Dynatech Labora-
tories, Inc., Dynatech Corp., Alexandria, Va.). Routine cuiltuires
were carried ouit in triplicate with each microwell conitailling
1 X 1(5 PBM in 0.2 ml of culture mediumil. NMitogen (PWM,
10 jug/ml; SPA, 1 ,ug/ml) or an equivalenit volume of HBSS
as control was added to the wells, and they were incubated
for 6-7 d at 37°C in a humiidified atmiiosphere of 5% CO2 and
95% air. At the end of the incubation, cells from triplicate
wrells wvere pooled, wckashed, and resuspended in HBSS for
assay.

Cultures of separated B- and T-cell populations were simi-
larlv carried out with each microwell containing 2.5 x 104 B
cells alone or supplemnented with 1 x 105 T cells. When the
responsiveness of NAC\vas examined, cultures were carried
ouit in triplicate in microtiter plates with flat-bottomed wells
(Microtest II 3040, Falcon Labware, Div. of Becton, Dickin-
son & Co., Oxnard, Calif.) as previously described (36). In each
well, 5 x 104 NACwere cultured with or without supplementa-
tion with 5 x 104 mitomvcin-C-treated adherent cells.

Detection of ISC. ISC were detected with a previously
described reverse hemiiolytic plaqtue assay (36) that made uise
of SPA-coated sheep erythrocvtes. The lymphocytes to be
tested and SPA-coated sheep erythrocytes were stuspended in
agarose (Indubiose A37, L-Industrie Biologique Francaise
S. A., Gennevilliers, France) on microscope slides. After an
initial 1-h incubationi at 37°C, the slidles were supported on
Jerne racks and floatedl in developing anti-immunoglobulin
antiseruim (rabbit anti-humuan imimunoglobtulin [IgA + IgM
+ IgG], Cappel Laboratories, Inc., Downingtown, Pa.). After
an additional 1-h incubation at 37°C, the slides were floated
in a 1:20 dilution of guiinea pig serum (Pel-Freeze Biologicals
Inc., Rogers, Ark.) that previously had been absorbed with
sheep erythrocytes. After a final 1-h incubation at 37°C, the
hemolytic plaques that developed around ISC were enumerated.
All data are expressed as the nulmber of ISC/106 responding
cells initially cuiltuired.

RESULTS

Effect of Peni anid CuSO4 p)reincubation on) PMA
responsiveness of huzman PBM. Stimulation of human
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PBM with PWMresults in the generation of large
numbers of ISC. Preincubation of PBM with either
Pen (100 ,ug/ml) or CuSO4(2 ,tg/ml) alone had no signifi-
cant effect on their subsequent PWMresponsiveness
as shown in Table I. However, a similar 2-h preincuba-
tion with the mixture of Pen and CuSO4 significantly
inhibited the capacity of PBMto generate ISC in re
sponse to PWM.In nine additional experiments, a simi-
lar 2-h preincubation with Pen and CuSO4 was found
to inhibit the PWMresponsiveness of PBMby a mean
of 93.8+3.2% (mean+SEM), whereas preincubation
with either Pen (100 ,ug/ml) or CuSO4 (2 ug/ml) alone
had no significant inhibitory effect. Varying the PWM
concentration from 0.1 to 100 ,ug/ml or varying the
length of culture with PWMfrom 3 to 9 d failed to
significantly increase the responsiveness of Pen- and
CuSO4-preincubated PBM. In addition, lack of respon-
siveness did not appear to result from cell death, as the
viability of PBMjudged by staining with ethidium
bromide and fluorescein diacetate was comparable after
preincubation with medium or with Pen and CuSO4.

Pen and CUSO4preincubation not only inhibited the
PWMresponsiveness of human PBMbut also inhibited
their capacity to generate ISC in response to another
T-cell-dependent polyclonal B-cell activator, SPA.2 As
shown in Table II, SPAresponsiveness of human PBM
was markedly depressed as a result of the preincubation
with Pen and CuSO4. In four of these experiments,
PBMwere also preincubated with either Pen (100 gg/
ml) or CuSO4(2 ,ug/ml) alone and no significant inhibitory
effect on subsequent SPA responsiveness was noted
(data not shown).

To determine the minimum concentrations of Pen
and CuSO4necessary to inhibit the capacity of PBMto
generate ISC in response to polyclonal activators,
experiments were carried out in which the amounts of
Pen and CUSO4present during the preincubation were

2 Lipsky, P. E. Staphylococcal protein A, a T-cell-regulated
polyclonal activator of human B cells. Manuscript sub-
mitted for publication.

TABLE I
Effect of Preincubation ont PWAI Responsiveness

of Human PBM

PWM-induced ISC

Preincubation' Experiment Experiment Experiment Experiment
(2 h, 37C) 1 2 3 4

ISCuo' cells

Medium 18,375 8,400 3,750 9,000
Pen 16,950 8,665 3,550 11,175
CuS04 18,075 9,225 3,770 13,275
Pen + CuS04 75 300 50 2,775

* Pen, 100 Ag/ml; CuS04, 2 ig/ml.

TABLE II
Effect of Pen and CUSO4Preincubationi on the Capacity

of PBMto Generate ISC

Mitogen-induced ISC
Preincubation

(2 h, 37°C) PWM SPA

ISCI10' cells*

Medium 12,466+1,521 6,384-+-1,007
Pen + CUS04 1,735+686 90±43

* Mean+SEMof 16 separate experiments.

varied. As shown in Table III, preincubation of PBM
with any of the concentrations of Pen or CuSO4alone
had no significant effect on subsequent PWMrespon-
siveness. WhenPen and CuSO4were both present dur-
ing the preincubation, inhibition of responsiveness was
observed. The degree of inhibition appeared to be re-
lated both to the concentration of Pen and that of CuSO4
present during the preincubation. Inhibition of respon-
siveness was observed after preincubations with CuS04
and concentrations of Pen (12.5 and 25 Ag/ml) equiva-
lent to those found in treated patients (39, 40). The
largest concentration of CuSO4 used in these experi-
ments (2 ug/ml or 8 ,uM) is equivalent to about half
the concentration found in normal human serum and
less than one third of that found in the serum of patients
with active rheumatoid arthritis (41, 42).

The cellular basis for the depressed responsiveness
of Pen- and CuSO4-preincubated PBM. Experiments
were carried out to examine the cellular basis for the
decreased capacity of Pen- and CuSO4-preincubated
PBMto generate ISC in response to mitogenic stimula-

TABLE III
Effect of Pen and CUS04Preincubation on the

PWNMResponsiveness of Human PBM

PWM-induced ISC
CuSO4 concentration* (jug/ml)

Pen
concentration* 0 0.5 1.0 2.0

pg/nll ISC/106 cells (x 10 -3)

Experiment 1 0 8.4 8.4 8.9 9.2
25 10.2 6.1 1.9 3.4
50 8.7 4.6 1.5 0.1

100 8.7 3.3 1.4 0.3

Experiment 2 0 20.5 22.8 21.8 20.3
12.5 29.4 8.6 2.8 2.3
25 21.7 0.1 0 0
50 22.5 0.1 0 0

* PBMwere preincubated for2 h at37'C in medium containing
the concentrations of Pen and CuS04 indicated. After the
preincubation, the cells were washed three times, suspended
in fresh culture medium, and incubated for 6 d with PWM.

D-Penicillamine Inhibition of Human Helper T Cell Function 1071



tioIn. Initially, the possibility that Peni and( CuSO4pre-
incul)ation augmiien-ted suppressor cell activity Nwas ex-
amiinled. PBMwere preincubated for 2 h at 370C with
mediumiii alone or with Peni anid CuSO, washed, and
restuspended in fresh culture mediumil. As shown in
Table IV, Pen- anid CuSO4-preincubated PBM exhibited
markedly depressed responsiveniess to both PWMand
SPA compared wvith control PB\I that had been pre-
incubated in mediumll alone. Whenthe two populationis
were co-cultured, Peni- andl CuS04-pre incubated PBMI
did not ssuppress the responsiveness of control PBM1.
On the contrary, the number of ISC generated in the
co-ctultures was greater than that predicted from the re-
sponse ol)served wlheni each population was cuiltured
alonie. These data indicate that the depressed respon-
siveness resultinig from preincubation with Pen and
CtiSO4 could not be explained by the induction of a
stuppressor cell or 1b nonspecific carry-over of the in-
hibitors into the cultture.

The capacity of hlumllani PBM to generate ISC in re-
sponse to P\VM1 is dependent on the accessory cell
functioni of Mo (36). Therefore, it was possible that the
depressed responsiveness obser-ved after preincubation
witlh Peni anid CuSO4 resulted from an alteration of
NMi funiction. To examiine this possibility, PBMwere
cuiltuLred oIn glass petri dishes to separate them into M&-
depleted NACand MI&-enriched adherent cells. Each
pop1ilation was then individually preincubated witlh
the mixtture of Pen and CuSO4, Washed, and co-eultured
with PWN4. A typical experiment is shown in Fig. 1.
WVhen PBMwere (leplete(l of \I1 by glass aclhereniee,
their capateity to generate ISC in response to PWMwas
substantiallly redtuced (35,600 > 12,800 ISC/106 cells).
The addition of either control Mo that had been pre-
incubated withl meditumii alone or Pen- and CuSO4-pre-

TABLE IV
Effect of Peni and( CuIS04 PreintlctbationI o0) the

Capacity/ of PBAI to Genierate ISC

Cells culturedl

Stisls- Number of PB13\NI_
tillis Experiments PB\1,_, + PB\tpln PBM\fpen.

PWlAI-induced ISC/1IO cells

PWMI 12 9,175+1,371 7,152-1,660 431±238
SPA 10 7,566+1,482 5,138+1,219 58±19

* PBM1were preincubatecl for 2 h at 37 in medlium alone (PBMe1t)
or in medliumn containing 100l g/ml Pen and 2 ,ug/ml CuSO4
(PBMIp,n/eu). After the preincubation, the cells were washed
three times and( suspende(d in fresh culture medium. The
cells vere then aliquoted into the wells of microtiter plates
an(d incubated either alone (1 x 105/microvell) or mixed
together (0.5 x 105 PBMCont + 0.5 x 105 PBMpen/,u) wvith mito-
gen for 6 dI before assay. Data represent the mean±SEMof
the numiiber of experiments in(licated.

Responding
Cel Is Preincubation Addition

PBM Medium Nil

NAC Medium Nil

NAC

NAC

NAC

Medium M#Medium

Medium M4SPn+Cu

Pen+Cu Nil

NAC Pen+Cu M#Mediumr
NAC Pen+Cu MOPn+ Cu E

1 2 3 4
PWM-Induced ISC per 1O6 Cel Is

(x 104)

FIGURE 1 Lack of effect of Peni ad(1 CtiSO4 p)reircllhbatioln
onl the accessory cell fucetion of MIh. PBM xvere separated
into NACandl MI 1by adlherence to glass petri dishes. Eath
was tlhen l)reicnbl)ated for 2 h at 37°C withl miiediumiii alone as
control or with the miiixttnre of PeCI (100 Ag/mlil) and CiiSO,
(2 ,g/mnl). After washing, the cells were ali(utiote(d into Hat-
bottome(l mierotiter vells (5 x 10' NAC wtith or wvithowt
5 x 10( \10), incubated vith P\V\I for 6 (1, and(i assaved for the
1111number of ISC.

incubated NIo restored PNNIM responsiveness to the
NAC. In conitrast, Nwhen the NACwere preincubated
with the mixtture of Pen and CuSO4, their capacity to
generate ISC in responise to PWMwas flurther reduced
and couild not be reseued by either MOpopuilation.
These data indicate that the preincubation with Pen
and CuiSO4 diminished the PWMresponsiveness of
cells in the nonadherent populatioin, but had little
inhibitory effect on the ftunctional capability of the MO.

The differentiation of ISC from B-cell precuirsors in
responise to PWNI and SPAis dependent on the activity
of a subpopulation of helper T cells (43) 2 Experimenits
were, therefore, carried out to determine whether the
mixtuire of Pen acnd ClISO4 might alter helper T-cell
activity. PBM1 were preincubated with Pen and CuISO4
anid, ats shown in Fig. 2, the response to both SPA
(experiment 1) and PWM(experiments 2 and 3) was
mlarke(ly (lecreased. When the preincubated PBMwere
then co-cuiltured with a pturified poptilationi of fresh
atutologous T cells, their capacity to generate ISC in
response to mitogenic stimulation was restored. These
experiments suggested that Pen and CtISO4 preinctiba-
tion had altered helper T-cell activity but had not de-
pressed B-cell function.

To examine this possibility more fully, populations
enriched for B and T cells were prepared. As showni in
Table V, B cells, when cultured alone, were unable to
differentiate into ISC in response to PWM.When these
B-cell cultures were supplemented with control T cells,
large numbers of ISC were generated. Markedly de-
creased numbers of ISC were found when B cells were
co-cultured with Pen- and CuSO4-preincubated T cells,
indicating that preincubation of T cells with Pen and
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PBM
Expt Preincubation Addition

Medium 0

1 Pen+Cu 0 I
Pen+Cu T Cells

Medium 0

2 Pen+Cu 0 I
Pen+Cu T Cells

Medium 0

3 Pen +Cu 0

Pen+Cu T Cells

4 8 12 16
Mitogen- Induced ISC per 4o6 Cells

(x1O-3)

FIGURE 2 T-cell resecue of the depressed responsiveness of
Pen- and CtiSO4- I)reincublated PB.I PBMwere preincubated
for 2 h at 37°C with meditumii or with the mixture of Pen
(100 ,ug/ml) and CtiSO4 (2 ,ug/iml). After the preincubation,
the cells were ctulttured either alone (1 x 105 cells/well) or

co-etilttured wvith fresh autologouis T cells (5 x 104 PBMI with
5 x 104 T eells). Aftera 6-d incuibation with SPA(experiment 1)
or PW\MI (experiments 2 and 3), the numilber of ISC was

determined.

CuSO4 had profoundly decreased their capacity to func-

tion as helper cells. The dimiinished helper activity of
these T cells could not be ascribed to nonspecific
carry-over of the inhibitors or to an augmentation of
suppressor cell function because Pen- and CuS04-pre-
incubated T cells did not diminish responses supported
b1w cointrol T cells (Table Xl).

Finially, experiments were carried out to determine
w.hether the inhibitory action of Pen and CuSO4 was

specific for helper T cells or whether the responsive-
ness of B cells was also altered. Populations enriched
for B and T cells were prepared, individually preincu-

TABLE
Effect of Petn anid CtlSO4 PreiutlcubatiotI

o) Helper T-Cell FunIctionI

PWNI-induced ISC
Addition to

B-cell ctilttires* Experimi1enit 1 Experim1eint 2 Experim1eint 3

ISCIIO6 B cells

Nil 200 1,400 400
Conitrol T cells 14,400 120,000 86,800
Pen/Cu T cells 400 6,000 1,600
Control + Peni/Cu T

cells 18,000 112,800 82,000

* T cells were preinculbated for 60 min at 370C vith a mixture
of Pen (100 ,g/ml) ancl CuSO4 (2 ,tg/ml) or wvith medium
alone as control. B cells (2.5 x 104/microwell) were mixed
wvith eaclh T-cell population (1 x 105/microwell) as lnoted,
culturedl with PWV\ for 6 d, and the number of ISC
determinied.

bated with medium as control or Pen and CuSO4, and
co-cultured with PWMto determine the effect of the
preincubation on the function of each cell type. In each
of the experiments shown in Fig. 3, control B cells
failed to respond to PWM,although supplementation
with control T cells resulted in the generation of large
numbers of ISC. As previously shown, preincubation of
T cells with Pen and CuSO4 markedly depressed their
capacity to ftunction as helper cells. In contrast, pre-
incubation of B cells with Pen and CuSO4 had little
effect on their functional activity. Thus, in each experi-
ment, few ISC were generated without T-cell supple-
mentation, whereas co-culture with control T cells led
to the generation of similar numbers of ISC to those
found in cultures containing control B cells. As before,
Pen- and CuSO4-preincubated T cells were ineffective
in providing help. It should be noted that in these
experiments the cells were incubated with Pen at a con-
centration of 12.5 (experiments 2 and 3) or 25 ug/ml
(experiment 1 and 4) in the presence of CuS04 (2 ug/lml).
Preincubations writh higher concentrations of Pen (50
or 100 ,tg/miil) in the presence of CuS04 did interfere
w%ith B- as vell as T-cell function. However, at concen-
trations of Pen (<25 ug/Iml) approximating that fouind
in the serum of treated patients (39, 40), Pen and CtuSO4

Expt
Preincubation

B Cells TCells

Medium [Medium
S ~~~Pe+Cu

Pen+Cu Medium

Medium [Medium

2 e Pon[ edum
Pen +Cu Medium

Pen+Cu

r - I

Medium Medium
4 . Pen+CuE

Al~~ U

Pen+Cu Medium
L Pen4Cu I I I I I

2 4 6 8 10
PWM-Induced ISC per 16 B Cells (x10-4)

FIGURE 3 Peni and CuIS04 preincuhiation inhibits helper
T-cell hiut inot B-cell ftunction. Poptlattionis enrichedl for B or T
cells were preinctl)ated for 1 h at 370C with the miixture of
Pen (12.5 ,ug/ml in experimnents 2 and 3 or 25 tig/ml in experi-
ments 1 and 4) and CtiSO4 (2 ,g/ml), washed, anid co-
culttured as indicated. Culttures contained 2.5 x 104 B cells
,with no additional T cells, with 1 x 105 conitrol T cells, or wvith
1 x 105 Pen p1lts CuSO4-preincuibated T cells. After a 6-d
incuhbation wvith PWN\I, the numniber of ISC wvas determiinied.
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inhibited helper T-cell function without altering B-cell
responsiveness.

DISCUSSION

A number of immunological processes play an important
role in the pathogenesis of rheumatoid arthritis (44).
One such mechanism involves the production of rheuma-
toid factors that interact with IgG to form immune
complexes, activate complement, and trigger a number
of the pathogenic processes characteristic of rheuma-
toid inflammation. One of the hallmarks of therapy with
Pen is the capacity of this drug to decrease rheumatoid
factor titers (1, 9, 24, 25). It is unlikely that this results
from a direct action of Pen on IgM rheumatoid factors
because the serum concentration of Pen attained in
treated patients (39, 40) is many-fold less than that
needed to dissociate macroglobulins (6). Rather, it
appears more likely that the action of Pen results from
its capacity to alter the function of the cells involved
in antibody production.

We have previously shown that Pen inhibits the
capacity of human peripheral blood T cells to proliferate
in response to nonspecific phytomitogens (32). Inhibi-
tion required that the cells be exposed to Pen in the
presence of copper ions; a number of other metal salts
were ineffective in potentiating the inhibitory effect.
In the experiments presented in this report, Pen was
also found to inhibit the capacity of PBMto generate
ISC in response to in vitro stimulation with T-cell-
dependent polyclonal B-cell activators. Again, inhibi-
tion was only observed when cells were incubated with
Pen in the presence of copper ions. Moreover, the
inhibition of PBM responsiveness resulting from the
in vitro preincubation with the Pen and CuSO4mixture
persisted after the cells were washed free of the inhibi-
tors. As a result, the various populations of cells in-
volved in the generation of ISC could be individually
exposed to the inhibitors to determine the cellular
locus of action of Pen. In addition, the irreversible
nature of the inhibition made it unnecessary for Pen to
be continuously present during the entire culture period.
This ruled out the possibility that the inhibitory action
of Pen resulted from its capacity to bind sulfhydryl
compounds in the medium and, thus, make them un-
available to the cells as has been suggested to occur in
other systems (45).

Previous studies from this laboratory indicated that
Pen in the presence of CuS04 inhibited the capacity
of T lymphocytes to proliferate in response to non-
specific phytomitogens (32). Specificity for the inhibi-
tion was suggested by the finding that the capacity of
MOto function as accessory cells necessary for the
induction of T-cell proliferation was not diminished. In
the studies reported here, the ability of MOto serve
as requisite accessory cells for the generation of ISC

in vitro (36) was also not altered by Pen. The general
conclusion that Pen does not inhibit M4 function is
supported by Binderup et al. (46) who found that Pen
alone did not inhibit rat macrophage function. On the
contrary, some of the activities of these cells were
actually enhanced. The conclusion that Pen selectively
inhibits T-cell function is further supported by the
cuirrent observation that the Pen and CuSO4preincuba-
tion did not alter the capacity of B cells to undergo
terminal differentiation into ISC after appropriate
stimulation.

Inhibition of helper T-cell function was observed
with concentrations of both Pen and copper that were
similar to those likely to be found in serum of treated
patients. Thus, the maximum concentration of copper
employed (8 tkN4) was only half that found in normal
serum and much less than that found in patients with
rheumatoid arthritis who tend to have markedly elevated
concentrations of both serum and synovial fluid copper
(41, 42, 47, 48). However, the vast majority of serum
and synovial fluid copper does not occur in a free ex-
changeable form but, rather, as an integral part of the
cuproprotein ceruloplasmin (41, 42, 47-49). Thus, the
relationship of the effective concentrations of copper
used in these in vitro studies to copper levels found
in vivo is less clear. A central issue, therefore, involves
the capacity of Pen to interact with ceruloplasmin
copper in mediating the inhibition of T-cell function.
In preliminary studies, we have found that purified
human ceruloplasmin itself is not inhibitory but, at
physiological concentrations, can markedly augment
the capacity of Pen to inhibit T-cell function. This
finding provides additional evidence for the in vitro
relevance of the current in vitro observations.

Inhibition of PBMresponsiveness was seen routinely
after preincubation with 12.5 ,g/ml of Pen in the pres-
ence of CuSO4. In some experiments using purified
cell populations, inhibition of helper T-cell activity
could be observed after preincubations with as little as
6 ,ug/ml of Pen. Recent studies have shown that these
concentrations are within the range of serum concentra-
tions found in treated patients (39,40), which may reach
as much as 20 ,ug/ml after a single oral dose of Pen.
Therefore, the inhibition of helper T-cell activity ob-
served in the current in vitro studies was induced by
preincubation of cells with concentrations of both Pen
and CuS04 that might well be expected to be found
in vivo in patients treated with Pen.

A number of observations in treated patients support
the idea that Pen might exert an immunosuppressive
action in vivo. Thus, therapy with Pen has been shown
to decrease antiglobulin titers (1, 9, 24, 25), levels of
circulating immune complexes (26-28), and concenitra-
tions of serum immunoglobulins (27-30). However,
attempts to confirm the immunosuppressive action of
Pen in experimental animals has led to conflictinig re-
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sults. A number of studies have shown that Pen might
inhibit (50-52), enhance (53), or have no effect (18, 54)
on the immune response of intact animals. More recently,
Hunneybull et al. (31) have shown that administration
of Pen can have a significant immunosuppressive effect
in vivo. They showed that rabbits treated orally with
15 mg/kg of Pen, a dose equivalent to that used in pa-
tients with rheumatoid arthritis, exhibited a depressed
in vivo antibody response to immunization with egg
albumin. This was especially marked late in the immune
response and seemed preferentially to effect high-
avidity IgG antibody production. Concomitant with
this, there was a more striking decline in cell-mediated
immunity (55). These data suggested that prolonged
administration of Pen had depressed T-cell function
in vivo, resulting in inhibition of both cell-mediated
immunity and the high-avidity IgG component of the
humoral immune response. Our own results support
the idea that the major action of Pen is to inhibit
T-cell function. Previous work has shown that Pen in-
hibits the capacity of T cells to proliferate in vitro in
response to mitogenic stimulation (32), whereas the
current studies establish that Pen can selectively inhibit
helper T-cell function without altering B-cell respon-
siveness or the accessory cell function of MO. It is
possible that Pen may also interfere with the activity
of other functional subpopulations of T cells. For ex-
ample, the administration of Pen has been shown to be
associated with the development of a number of side
effects, such as myasthenia gravis (52, 56) and pemphigus
foliaceus and vulgaris (57), that involve the develop-
ment of autoantibodies. It is possible that in such pa-
tients suppressor rather than helper T cells are uniquely
sensitive to the inhibitory action of Pen. Studies using
cells from treated patients will be needed to evaluate
this possibility.
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