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Abstract-Preincubation of rat peritoneal macrophages with D-penicillamine increased their uptake of 

labelled aggregated human gamma globulin ([‘*“I]AHG) without affecting the rate of degradation of 
the aggregates. Administration of D-penicillamine (50 mg.kg-‘.day-’ p.0.) to normal tats resulted in 
increased uptake of [‘2’I]AHG by peritoneal macrophages after 4.days of treatment. but not after 14 
and 28 days of treatment. In contrast. macrophages from rats with adpant arthritis treated with D- 
penicillamine (SO mg.kg-‘.day-’ p.o.) exhibited an increased uptake of [‘-‘I]AHG throughout the course 
of the disease. Adminisfration of ~-peniciiiamine in viva had no effect on the rate of cfegI-adati~)n of 
[‘“‘I]AHG by freshly prepared macrophages. Culture for 24 hr in vitro prior to incubation with 
[1251]AHG led to a decrease in the rate of degradation of the labelled aggregates by macrophages from 
untreated or D-penicilfamine-treated rats and from rats with adjuvant arthritis, but not by macrophages 
from D-penicillamine-treated adjuvant arthritic rats. It is suggested that D-penicillamine may exert a 
stimulatory effect on the reticuloendotheiial function during chronic inflammatory disease, and that this 
effect may be mediated via an interaction with the macrophage plasma membrane. 

D-Penicillamine has been used for more than twenty 
years in the treatment of rheumatoid arthritis, but 
its mechanism of action still remains obscure. Treat- 
ment with D-penicillamine has been reported to 
influence a number of immunological parameters 
during the course of rheumatoid arthritis [l-4]. A 
consistent feature is the reduction in the level of 
circulating immune complexes which has been 
observed both in patients with rheumatoid arthritis 
[5-71 and with primary biliary cirrhosis 181. It has 
been suggested that D-penicillamine may alter the 
antigenic stimulus to immunoglobulin production 
[S], interfere with cellular immunological reactions 
leading to immunoglobulin synthesis [9] or interact 
with the de nova formation of complexes [IO]. 
Another possibility is that treatment with D-penicil- 
lamine may increase the removal of immune com- 
plexes by a stimulatory effect on the reticuloen- 
dothelial system. D-Penicillamine has previously 
been shown to influence macrophage functions in a 
number of animal studies. Rat peritoneal macro- 
phages preincubated with D-penicillamine were 
found to modulate the response of purified lympho- 
cytes to Concanavalin A [ll]. In ~ivo administration 
of D-penicillamine to rats has been shown to increase 
the response of spleen and lymph node cells to Con- 
canavalin A, but only in the presence of intact macro- 
phages 1121. In vitro ~‘~C]D-peniciIiamine binds to 
the plasma membrane of macrophages, but not to 
lymphocytes [13], and D-penicillamine enhances the 
uptake of ~14C]D-glucosamine by rat peritoneal 
macrophages [ll]. 

In the present study the effect of D-penicillamine 
in vitro and in vivo on macrophage phagocytosis was 
investigated. The uptake and rate of degradation of 
‘251-labelled human heat-aggregated gamma globulin 
by rat peritoneal macrophages were studied using 

macrophages preincubated with D-penicil~amine and 
macrophages from D-penicillamine-treated rats. 
Experiments were also performed with macrophages 
from rats with adjuvant arthritis in order to study 
the effect of D-penicillamine on the phagocytic pro- 
cess during chronic inflammatory disease. 

MATERIALS AND METHODS 

Preparation of macrophages. Macrophages were 
obtained from the peritoneal cavity of inbred, female 
Lewis rats (body wt 180-200 g) by injection of 10 ml 
sterile saline. The abdomen was gently massaged 
and the cells were aspirated, counted. washed, and 
resuspended in culture medium at 0.5 x 1Oh cells/ml. 
The culture medium consisted of RPM1 1640 sup- 
plemented with 2 mM glutamine, 100 units/ml pen- 
icillin, and 100 @g/m1 streptomycin. ~acrophages 
were collected from normal rats and from rats with 
adjuvant arthritis. Adjuvant arthritis was induced by 
injecting 0.3 mg of heat-killed I~ycobucter~~4m bzrty- 
ricum (Difco) suspended in 0.1 ml of mineral oil into 
the footpad of the right hind paw. Animals treated 
with D-penicillamine were dosed daily with 50 mgikg 
orally (D-peniciIlamine, free base, pyrogen-free, 
Sigma Chem. Co.) and macrophages were collected 
24 hr after the last dose. 

Preparation of rebilled aggregated ~i~rn~~~ ~~rnrn~ 
globulin [lZ51]ANG. Human IgG (Sigma Chem. Co., 
Cohn fraction V, 4 mgimlj was aggregated at 63” for 
30 min and centrifuged at 1500 g for 30 min to remove 
any insoluble aggregates. Iodination was performed 
by the chloramine-T method [14], using 2 mCi of 
carrier free [1251] (100 mCi/ml, The Radiochemical 
Centre, Amersham, U.K.) per ml of aggregated IgG. 
[‘251]AHG was dialysed against phosphate buffered 
saline (PBS), pH 7.4, for 24 hr, with four changes 
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of buffer, and centrifuged at 2WO s for 30 min. The 
preparation was adjusted to 2 mgiml of protein. with 
a specific activity of 3.3 x 10’ cpm/bcg protein. and 
stored at 4” for a maximum of 3 weeks. 

Assuy of phagcqtosis. The test was performed in 
flat bottomed tissue-culture-treated multidishes 
(Nunc No. 145-68357, Denmark) with 24 wells. The 
wells were pretreated for 1 hr with culture medium 
containing 10% heat-inactivated Lewis rat serum to 
reduce nonspecific adherenceof [“51]AHG to the 
plastic surface [15]. Aliquots of 0.5 ml macrophage 
suspension (0.5 x 10” cells/ml) were added to each 
well and the macrophages were allowed to adhere 
for 1 hr at 37” in S% CO: in air. Nonadherent cells 
were removed and counted. Adherent cell mono- 
layers were found to consist of 99 per cent pure 
macrophages, as assessed by staining for membrane- 
associated nonspecilic esterase [ 16j. A 0.5 ml portion 
of medium containing 10 pg/ml [““I]AHG was added 
to each well. After incubation for 60 min at 37”. the 
cultures were washed with 4 X 1 ml medium and the 
adherent cells were solubilized in 0.5 N NaOH over- 
night and counted. In some experiments the cultures 
were preincubated with o-penicillamine (U- 
SOO~g/ml) for 2 hr prior to incubation with 
f’Z’IIAHG. 

All samples were performed in triplicate and the 
results were calculated as mean cpm/lOh macro- 
phages. corrected for nonspecific adherence of 
[‘2sI]AHG. Nonspecific adherence was assessed both 
in cultures with [“‘IIAHG. but without macro- 
phages, incubated for the same period of time as the 
cultures with macrophages, and in cultures where 
[““IJAHG was added to the macrophages just prior 
to the washings. The two methods gave comparable 
results, nonspecific adherence being about IO per 
cent of the total amount of [“‘I\ incorporated. 
Macrophages were collected and assayed individu- 
ally from three rats from each experimental group, 

Uptake of 
[lz51} AHG 

cpmfl06 
macrophages 

x10-3 50 

with the exception of the experiments with D-peni- 

cillamine in vitro where pooled macrophages from 
three rats were used. All experiments were repeated 
three times and the results were expressed as cpm/106 
macrophages ? S.E.M. Statistical analysis was per- 
formed using Student’s t-test. The viability of the 
cells was determined before culture and at thz end 
of incubation by the eosin Y exclusion method. 

Degraciationoff”I]AHG. Macrophages(O.5 X 10’ 
cells/ml) were incubated with 10 ;cg/ml of J”‘I]AHG 
for 60 min. washed with il x 1 ml medium and rein- 
cubated in 1 ml medium. At various times aliquots 
of 100 /Al medium were removed and precipitated 
with 1 ml 6% trichloroacetic acid (TCA); 25 ;ll of 
serum was added as carrier protein. The amount of 
nonprecipitable [“‘I] was determined in the super- 
natant fraction. calculation of the half-life of 
(‘251]AHG was performed as described by Tew and 
Mandel [17]. 

RESULTS 

Effects of D-penicillaminr in vitro 017 mucrophagc 
phagocytosis. Uptake of j”‘i]-1abelled aggregated 
human IgG ([“‘IIAHG, 10 Llgiml) by rat peritoneal 
macrophages (0.5 x IO” cells/ml) was found to be 
maximal after 60 min of incubation. Litnger periods 
of incubation resulted in degradation of the aggre- 
gates taken up. as measured by the appearance of 
nonprecipitable [““I]AHG in the culture medium 
(results not shown). An incubation time of 6Omin 
was therefore adopted throughout the experiments. 
Preincubation of rat peritoneal macrophages with u- 
penicillamine f&.500 pgiml) for 2 hr prior to the 
addition of [“‘IJAHG resulted in a dose-dependent 
increase in the uptake of labelled aggregates (Fig. 
I), with a 57 per cent increase for the highest con- 
centration of D-penicillamine. No decrease in cell 
viability or in the number of adherent cells was found 

Fig. 1. Uptake of [“?]AHG by D-penici~lamjne-pre~ncubat~d macrophages. Peritoneal macroph~~g~s 
(0.5 x 10 cells/ml) pooled from three Lewis rats were preincubated with D-penicifiamine ((I-SotI pgugimlf 
for 2 hr, washed and reincubated with 10pgimf [‘251]AHG for 60 min. Uptake of radioactivity was 
determined after digestion of the macrophages with 0.5 N NaOH. Each point represents the mean of 

three separate experiments, expressed as cpm/l0’ macrophages (-tS.E.M.). 
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Fig. 2. Degradation of [tt51]AHG by D-peniciIIamine-preincubated macrophages. Peritoneal macro- 
phages (0.5 x lo6 cellsimi) pooled from three Lewis rats were preincubated with D-penicillamine 
(O--O OI.rglml; @---O lOO,~g/ml; M--a 250pgjml; 0 ---Cl 500 @g/ml) for 2 hr, washed and 
reincubated with 10 ELg/ml ]1251]AHG for 60 min. The cells were washed and the release of nonprecipitable 
[i2’I] was measured after 0.5,1.0,2.0,4.0 and 18.0 hr. Each point represents the mean of three separate 

cultures, expressed as per cent release of [‘“I] from the [“?]AHG taken up, 

under these conditions. The rate of degradation of 
the [‘2SI]AHG taken up was next measured. Figure 
2 shows the release of nonprecipitable fizsI] from 
macrophages preincubated with D-penicihamine 
(100,250 and 500 ,ug/ml). The half-life of the labelled 
aggregates was found to be 1.5 hr in untreated 
macrophages, while no significant differences were 
observed with ma~rophages preincubated with D- 
penicillamine. 

Uptake of [‘251]AHG by macrophages from rats 
treated with D-penicillamine. In order to study the 
effect of n-penicillamine in vivo on the uptake of 
]iz51]AHG, peritoneal macrophages were obtained 
from Lewis rats treated orally with b-penicillamine 
(50 mg.kg-‘.day-‘) for various periods of time. Max- 
imum uptake of [‘251]AHG by macrophages occurred 

after 60 min of incubation of cultures from both 
untreated and o-peniciiiamine-treated rats (results 
not shown). Table 1 shows that the recovery of 
macrophages from the peritoneal cavity was unaf- 
fected by treatment with n-penicillamine. After four 
days of treatment with n-penicillamine, the uptake 
of [izI]AHCi was significantly increased (by 158 per 
cent), compared to the uptake by macrophages from 
untreated rats. After 14 and 28 days of treatment 
with D-penicillamine, however, increased uptake of 
[lZ51]AHG was no longer evident (Table 1). No dif- 
ferences in cell viability or in the number of adherent 
cells were observed throughout the experiment. 

Uptake of [‘251]AHG by macrophages from rats 
with chronic inflammation. To studv the effect of 
treatment with D-penicillamine on <the uptake of 

Table 1. Uptake of [‘*‘I]AHG by macrophages from rats treated with D-penicillamine* 

Treatment 

Recovery of 
macrophages 

(106 cells/rat * SD.) 

Uptake of [rz51]AHG 
(cpm/106 macrophages 

* S.E.M.) 
Increase 

in uptake f%) P 

Control rats 
(N = 15) 

D-penicill~~ine 

5O(~g~~~).day-’ (4x) 

SO(;g:k;) D-penicill~,mine .day-’ (14 x ) 
D-penicillamine 
50mg.kg-i.day-’ (28X) 

(N = 9) 

10.19 rt: 1.07 30,744 c 2625 - 

9.15 I 1.92 79,242 -e 8820 158 <0.001 

11.10 +- 1.54 31,772 +-6448 3 n.s. 

10.30 It 1.31 30,246 -c- 2929 -2 ns. 

* Peritoneal macrophages (0.5 x lo6 cells/ml) were collected from Lewis rats, treated with u-penicillamine 
(50mg.kg-‘.day-’ p.o.) for 4, 14, and 28 days. The macrophages were incubated with lOpg/ml [‘251]AHG for 60 min 
and the uptake of radioactivity was expressed as cpm/lOb macrophages (*S.E.M.). N = number of rats in each 
experimental group, n.s. = not significant. 



2216 L. BINDERUP. E. BRNM arid E. ARKIGONI-MARTEI.LI 

f”“I]AHG by macroph~~ges during chronic in%m- 
matory disease. adjuvant arthritis was induced in 
Lewis rats. Macrophages were collected from the 
peritoneal cavity of normal and adjuvant arthritic 
rats, untreated or treated with qenicillamine 
(50 mg. kg-‘.day-’ orally) for various periods of time. 
Figure 3 shows that the uptake of [‘?]AHG by 
macrophages from untreated adjuvant arthritic rats 
was not significantly different from that of the cor- 
responding cultures of mncrophages from normal 
rats, with the possible exception of day 8 after 
induction of adjuvant arthritis where the uptake was 
inhibited by 46 per cent. This value, however. did 
not reach statistical significance. On the other hand, 
macrophages from adjuvant arthritic rats treated 
with D-penicillamine showed a significantly increased 
uptake of [‘-“I]AHG at all times of assay, with a 
mean increase of 140 per cent. compared to the 
cultures from untreated adjuvant arthritic rats. No 
differences in cell viability. recovery of cells or in 
the number of adherent cells were observed between 
any of the experimental groups. Maximum incor- 
poration of [“‘IjAHG was always observed after 
60 min of incubation. 

Dqradarion of (“‘IfAHG by mucrophages from 
ruts with chronic inflamrna~iorr. Figure 4, panel a, 
shows the release of nonprecipitable [“‘I] from 
freshly prepared macropha~es from normal and 
adjuvant arthritic rats, untreated or treated with D- 
penicillamine for 14 days. Macrophages from all 
experimental groups released [“‘I] at a comparable 
rate; the half-life of the (‘ZSI]AHG being l.Cl.5 hr. 
In contrast, when the macrophages were cultured 
for 24 hr before incubation with (‘“‘IJAHG. the rate 
of degradation was found to be much slower. Only 
50 per cent of the label was released after 6 hr of 
incubation from macrophages from normal rats, 
untreated or treated with D-penicillamine and from 

Uptake of 
[lz51] AHG 

cpm/@ 
macrophages 

x10-3 60 

rats with adjuvant arthritis (Figure 4. panel b). 
Macrophages from D-penicillamine-treated adjuvant 
arthritic rats, however, released [“‘I] at a rate com- 
parable to that observed with freshly prepared 
macrophages, and all the [“‘IJAHG taken up was 
degraded after 6 hr of incubation. No differences 
were observed in the uptake of f”‘I]AWG by freshly 
prepared macrophages and macrophages cultured 
for 24 hr prior to incubation with [“‘IJAHG (results 
not shown). All cultures were found to contain more 
than 90 per cent viable cells after 24 hr of culture, 

DZSCCESZON 

D-penicillamine was found to increase the uptake 
of labelled aggregated human gamma globulin 
([L”SI]AHG) by. rat peritoneal n~acrophages when 
added in viiro in concentrations from 100 to 
500 pgiml. [““IIAHG was degraded with a half-life 
of 1.5 hr both by untreated and D-penicillamine- 
preincubated macrophages, in accordance with the 
reported value of 2 hr for clearance of human 
immune complexes by mouse peritoneal macro- 
phages [ 171. D-penicillamine has previously been 
shown to bind to the plasma membrane of rat per- 
itoneal macrophages 1131 and this interaction may 
result in an increased access to or exposure of recep- 
tors for immune complexes and IgG aggregates. 
Alternatively, binding of ~-penicillamine to the 
macrophage membrane may increase membrane 
turnover, thus increasing the rate of internalization 
of bound aggregates. Evidence in favour of this 
possibility may be provided by the findings of 
increased ~14~]-glucosamin~ uptake in macrophages 
incubated with D-penicillamine [I 1 j. 

When D-penicillamine was administered in vitro 
to rats an increased uptake of [“51]AHG was found 
after four days of treatment. Despite continuous 

8 28 days afterkduction 
of adjuvant arthritis 

Fig. 3. Uptake of [L2sflAKG by macr~phages from rats with adjuvant arthritis. Peritoneal macrophages 
were collected from normai rats (Cl), rats with adjuvant arthritis (&1) and rats with ad’uvant arthritis 
treated with 50 mg.kg-‘.da -I. p.o. of D-penicillamine (B). The macrophages (0.5 x d 
incubated with 10 pggiml [I2 Y 

10 cells/ml) were 
I]AHG for 60 min and the uptake of radioactivity was expressed as cpm/106 

macrophages. Each bar represents the mean (-CS.E.M.) of three separate’experiments, each experi- 
mental group consisting of three rats. 
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Fig. 4. Degradation of [‘251]AHG by macrophages from rats with adjuvant arthritis. Release of 
nonprecipitable [“‘I] from peritoneal macrophages (0.5 X lo6 cells/ml) was measured at selected intervals 
after incubation with 10 pg/ml [‘251]AHG for 60 min. (a) Freshly prepared macrophages. (b) Macrophages 
cultured for 24 hr prior to incubation with [‘251]AHG. Macrophages were collected 14 days after the 
induction of adjuvant arthritis from rats receiving no treatment (U) or from rats treated with 
50 mg.kg-‘.day-’ of D-penicillamine (a---m). Control macrophages were collected from nonarthritic 
rats receiving no treatment (M) or treated with 50 m .kg-‘.day-’ of D-penicillamine for 14 days 
(O-O). Each point represents the mean release of [“I] from three separate cultures prepared 

individually from three rats from each experimental group. 

administration of D-penicillamine, this effect was not 
found at later times of assay. Treatment with D- 
penicillamine has previously been shown to increase 
the response of rat lymphocytes to the T cell mitogen 
Concanavalin A [12]. This effect was self-limiting 
and vanished after two to three weeks, despite con- 
tinued administration of the drug. These observa- 
tions suggest that the organism may respond by a 
feedback mechanism to control the stimulatory 
effects of D-penicillamine. In contrast, treatment 
with D-penicillamine of rats with adjuvant arthritis 
resulted in an increased uptake of [‘*‘I]AHG by the 
peritoneal macrophages throughout the course of 
the disease, thus giving rise to a longlasting effect 
of D-penicillamine on phagocytic functions during 
experimental chronic inflammatory disease. These 
results are consistent with previous reports describ- 
ing an increased clearance of carbon particles in New 
Zealand White rabbits treated with D-penicillamine 
[18] and an increase in the phagocytic rate of poly- 
morphonuclear leucocytes from patients with rheu- 
matoid arthritis after treatment with D-penicillamine 
[191. 

Treatment with D-penicillamine in vivo had no 
effect on the rate of degradation of [‘*“I]AHG by 
freshly prepared macrophages. Macrophages col- 
lected from normal untreated and D-penicillamine- 
treated rats and from rats with adjuvant arthritis and 
maintained in culture for 24 hr prior to incubation 
with [1251]AHG exhibited a decreased rate of degra- 
dation of the labelled aggregates, despite an 
unchanged uptake of [‘*‘I]AHG. This may be due 
to membrane alterations induced by culture of 
macrophages in serum free medium [20]. It is pos- 
sible to speculate that binding of [‘251]AHG to mem- 
brane receptors may proceed normally, but that 
membrane internalization or phago-lysosome for- 
mation may be impaired. In contrast, macrophages 

collected from rats with adjuvant arthritis treated 
with D-penicillamine displayed a rate of degradation 
of [‘251]AHG similar to that found with freshly pre- 
pared macrophages. These findings provide addi- 
tional evidence for an effect of D-penicillamine at 
the level of the macrophage membrane but require 
further investigations in order to clarify the exact 
mechanism of action. 

The reported observations may contribute to an 
understanding of the clinical effects of D-penicillam- 
ine. A stimulatory effect of D-penicillamine on the 
reticuloendothelial system resulting in increased 
clearance of circulating immune complexes may be 
of special benefit in view of the recently described 
deficient function of the splenic reticuloendothelial 
system in patients with rheumatoid arthritis [21]. 
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