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The Effect of D-Penicillamine on Polymorphonuclear

Leukocyte Function

HANNACHwALINsKA-SADowsKAand JoHN BAUM

From the Arthritis and Clinical Immunology Unit, Monroe Community
Hospital, and the Department of Medicine, University of Rochester School of
Medicine and Dentistry, Rochester, NewYork 14603

A B S T R A C T n-Penicillamine, a reducing and chelating
agent used in the treating of rheumatoid arthritis, was
tested for its effects on polymorphonuclear leukocyte
chemotaxis, phagocytosis, and lysosomal enzymes.

jO-Glucuronidase release from polymorphonuclear leu-
kocytes after phagocytosis of latex particles was not
affected by n-penicillamine at concentrations ranging
from 25 to 400 mg/liter. No direct effect was seen on
enzyme activity at the maximum concentration of the
drug. There was no inhibition of latex particle ingestion.
No cell damage was found at 400 mg/liter penicillamine
as measured by lactic dehydrogenase release. At this
drug concentration there was only a 15% reduction in
hemolytic complement levels.

Chemotaxis was significantly decreased at concentra-
tions of 50 mg/liter with a dose-dependent effect at
higher concentrations which showed a plateau from
200 to 400 mg/liter.

The parent compound n-cysteine was also tested in
these systems. The same lack of effect on phagocytosis
and enzyme release was found. n-Cysteine did inhibit
chemotaxis but to a lesser degree than n-penicillamine.

This dicotomy of drug effect may indicate that the
beneficial action of D-penicillamine in the treatment of
rheumatoid arthritis is due to the decreased chemotaxis
of polymorphonuclear leukocytes into the joint, while
the absence of an effect on phagocytosis and lysosomal
enzymes shows the cells can still function to ingest and
destroy bacteria. This latter effect correlates with the
absence of infection in patients treated with this
compound.

INTRODUCTION
Since the paper describing the use of D-penicillamine in
the treatment of rheumatoid arthritis by Jaffe, there
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have been several studies reporting the beneficial effects
of penicillamine in rheumatoid arthritis (RA)' (1-3).
More recently a double-blind trial was conducted in
England by a combined clinic group (4). Their re-
sults supported the beneficial effects found in the earlier
uncontrolled trials of n-penicillamine therapy. There was
found a significant improvement in disease activity with
a notable decrease in joint activity. The most common
adverse reactions including rash, G. I. disturbances,
leukopenia, thrombocytopenia, and proteinuria usually
responded to withdrawal of the drug. D-Penicillamine
thus appears to be an effective, relatively safe agent for
the treatment of RA. The immunosuppressive drugs
used for long-term treatment of RA such as the im-
munosuppressives (cyclophosphamide, azathioprine, and
chlorambucil) show a tendency to promote the develop-
ment of infection in treated patients but this problem
has not been reported during therapy with D-penicilla-
mine. This side effect is particularly important because
of the higher frequency of infection that is present de
novo in patients with RA (5). Since patients treated
with D-penicillamine are spared this complication, we
felt a study of n-penicillamine in relation to granulocyte
function might show how this drug could favorably
influence the course of RA while leaving intact the
body's ability to handle infection. The specific aim of
these studies, therefore, was to look at the in vitro effect
of n-penicillamine on human polymorphonuclear leuko-
cyte chemotaxis and phagocytosis. Since D-cysteine has
basically the same structure as penicillamine the experi-
ments were done with both drugs at the same concentra-
tions. Any differences found between the effect of peni-
cillamine and cysteine on leukocyte function might then

'Abbreviations used in this paper: CH50, total hemolytic
complement activity; F-II, Cohn Fraction II; HBSS,
Hanks' balanced salt solution; LDH, lactic dehydrogenase;
PMN, polymorphonuclear neutrophils; RA, rheumatoid
arthritis.
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provide some measure of the specific effect of penicil-
lamine.

METHODS
Cells. In the course of these experiments polymorpho-

nuclear neutrophils (PMN) were obtained from the blood of
20 normal, healthy laboratory personnel, and from 10 pa-
tients with RA. All RA patients were rheumatoid factor
positive. In seven of the patients the titer was equal to or
greater than 1: 5,120; in two the titer was 1: 320; and in
one. 1: 160. The individuals own cells were always used as
the controls during the course of the experiments.

Preparationi of leitkocvtes. 40 ml of blood was obtained
in heparinized Vaccutainer tubes (Becton-Dickinson & Co.,
Rutherford, N. J.). 20 ml of the blood was spunI for 10
min at 2,000 rpm to obtain plasma. To the 20 ml of remain-
ing blood was added 1.5 ml of 2% methyl cellulose. After
mixing, the blood was allowed to settle for 60 min at room
temperature. The cell-rich plasma was placed into plastic
tubes and mixed with an equal volume of Hanks' balanced
salt solution (HBSS) and washed twice. The final cell
button was resuspended in 25% plasma and HBSS to obtain
a final cell count of 5 X 108 cells/ml dilutent.

Drugs. D-Penicillamine was obtained through the cour-
tesy of Dr. Robert Thompson of Merck Sharp & Dohme
Research Laboratories, West Point, Pa. It was supplied as
the base without the addition of any preservatives. D-Cysteine
hydrochloride monhydrate was obtained from ICN Nutri-
tional Biochemicals Div., International Chemical & Nuclear
Corp., Cleveland, Ohio. Most studies were performed at
concentrations of 0, 25, 50, 100, and 400 mg/liter with both
drugs. An additional concentration of 12.5 mg/liter was
prepared for some chemotaxis experiments.

Preparationt of latex particles. The latex particles (di-
ameter 1.011 /Am) were obtained from The Dow Chemical
Company, Indianapolis, Ind. They were prepared for use by
the method of Kvarstein (6). A 1%7 solution in HBSS
was used. 0.1 ml of this solution was added to 5 x 108 leu-
kocytes in 2 ml of medium.

En-yiime assays. 6-Glucuronidase was selected as the
lysosomal enzyme to be measured following the observations
of Hawkins and Peeters (7) who found that of all the
lysosomal enzymes that they measured, p-glucuronidase
was the best indicator of lysosomal activity. The method of
B-glucuronidase measurement was that of Fishman (8).

0.1 ml of sample was added to a tube containing 0.1 ml of
substrate (phenolphthalein glucuronide) and 0.8 ml of 0.1
M acetate buffer, pH 4.5. A control was set up f or each
sample containing 0.1 ml substrate and 0.8 ml of buffer.
A blank containing 0.1 ml substrate and 0.8 ml of buffer
was also prepared. All the tubes were incubated for 18 h
at 38°C. The reaction was stopped by the addition of 2.5 ml
of alkaline glycine solution, 1.0 ml 5%7 TCA, and 1.5 ml dis-
tilled water.

Optical density was read at 540 nm. The percent of total
activity of ,B-glucuronidase in the medium was obtained by
dividing the activity of j8-glucuronidase in the medium by
the total activity of the resting cells.

Lactic dehydrogenase (LDH) was measured by the
method of Wr6blewski and LaDue (9). LDH activity was
measured as a means of identifying any destructive effects
on the intact cell, since as a cytoplasmic enzyme it would
only be released if there were damage to the cell membrane.
To measure LDH, 0.1 cm3 of sample was added to a tube
containing 2.4 ml phosphate buffer, pH 7.4, and 0.1 ml of
DPNH. The tubes were incubated for 20 min at room

temperature. 0.1 ml of sodium pyruvate was added at time
zero. The change in optic density after 3 min was used to
express the percent of total activity of LDH in medium
with resting cells and after phagocytosis.

Phagocytosis experiinen ts. The various concentrations of
D-penicillamine and D-cysteine were prepared in 0.5 ml of
HBSS. To this was added 0.5 ml of autologous plasma.
In the control tube, 0.5 ml of HBSS was substituted for
the solution of drug.

This material was then mixed with 1.0 ml of cell sus-
pension to obtain the final drug concentrations in the re-
spective tubes. Therefore, the final volume of cell suspension
was 2.0 ml containing 5.0 x 10' cells and the final plasma
concentration in the medium was 36%. The pH of the me-
dium with each drug at 400 mg/liter was 7.5.

After a 15-min prior incubation of the drug and the PMN
at 37°C, 0.1 ml of a 1% solution of polystyrene latex par-
ticles in HBSS was added to tubes with and without the
drug. An additional tube for resting cells was prepared in
which HBSS was substituted for the solution of drug and
latex particles. The cells were then incubated with the
polystyrene latex particles for 60 min at 37°C in a con-
stantly revolving rotor in plastic tubes. The PMN were
then spun for 10 min at 1,250 rpm and the supernates were
removed and used for the enzyme studies. No remaining
cells were observed in the supernate after spinning. The
cell button was then resuspended in 2.0 ml of 0.34 M
sucrose plus 0.1 ml of 2% Triton X (Rohm & Haas Co.,
Philadelphia, Pa.). (The final concentration of Triton was
1%). This was mixed thoroughly on a vortex and incubated
for 10 min at 37°C. After this, the material was spun for
20 min at 11,000 rpm at 4°C. The supernates of this mate-
rial were also used for enzyme measurements.

The measurements of 6-glucuronidase release from PMN
after phagocytosis were performed by preincubation of the
cells with the D-penicillamine and D-cysteine before the poly-
styrene latex particles were added. The total incubation
period for measurement of the release of ,B-glucuronidase
after ingestion of particles was 60 min. This time was used
following the studies of Ignarro et al. who found that p-
glucuronidase release increased with time after phagocytosis
with the curve flattening at 40 min (10). The concentration
of polystyrene 'atex particles used per cell and the duration
of uptake were based upon the studies of Kvarstein (11).
The concentration was approximately 100-120 particles per
polymorphonuclear leukocyte. Kvarstein also showed that
the uptake of particles went rapidly to a maximum with a
plateau at about 15 min. The time duration for both the
latex particles, phagocytosis, and drug exposure were based
upon the optimum levels found in these two studies.

To determine the effect of penicillamine on the uptake of
latex particles, slides were made with PMN after a 60-
min incubation with latex particles in the absence and pres-
ence of the maximum dosage of D-penicillamine (400 mg/
liter). The slides were stained with Wright's stain and the
cells checked for latex particle uptake.

Latex particle uptake was measured in the absence of
penicillamine and in the presence of concentrations of 100
and 400 mg/liter. At each concentration 100 cells were

counted in two separate runs. The number of particles per
cell was counted by light microscopy.

As a further control, the agents used in the preparations
were studied for any direct effect on the enzyme activity
in the plasma. D-Penicillamine and D-cysteine were added at
the maximum concentration 400 mg/liter and compared to
zero concentration. The plasma was incubated with this
concentration of drugs for 75 min and 8-glucuronidase and
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LDH measurements were made and compared with the
control which were incubated without these materials. The
latex particles were also used as controls and again incu-
bations were carried out for 75 min with the polystyrene
latex and compared to the plasma without this material.

Chemotaxis. The cells for this assay were obtained with
our standard method (12). The cell suspensions containing
the drug and the drug-free control were prepared in the
same manner as for phagocytosis. After a 60-min incuba-
tion with the drug the cells were spun onto cellulose mem-
brane filters (Schleicher & Schuell, Inc., Keene, N. H.)
and placed in chemotaxis chambers (Bellco Glass, Inc.,
Vineland, N. J.). In the top portion of the chamber, HBSS
was placed. To the bottom section (0.12 ml) was added a
mixture containing 20% (vol/vol) human serum and ag-
gregated Cohn Fraction II (F-II) 1 g/liter. A control for
each sample was prepared with aggregated F-II along in
1 g/liter HBSS in the bottom section (0.12 m).

The chambers were incubated for 3 h at 37°C. The
membrane filters were removed and stained by Boyden's
method. The cells were counted with semi-automated count-
ing system (PIMC particle counter, Millipore Corp., Bed-
ford, Mass.) (13). The chemotactic index was then calcu-
lated. Each experiment was done in triplicate.

Several experiments were performed incubating the cham-
bers for 1 h. Although a concentration effect was noted
with this short incubation period, the chemotactic index
was not as high as when the cells were incubated for our
standard 3-h period. Therefore, the 3-h incubation was used
to provide a better measurement at the different concen-
trations.

To determine the effect of penicillamine on complement
activation, experiments were done in which serum was mixed
with n-penicillamine so that the final concentration of the
D-penicillamine was 400 mg/liter. This was the maximum
concentration used in the phagocytosis and chemotaxis ex-
periments. This mixture was then incubated at 37°C for
75 min along with a control in which HBSS was added in
the same volume. Measurements of total hemolytic comple-
ment activity (CHO) were made after the incubation. Five
separate sera were used for these experiments.

To determine the effect on complement by prolonged in
vitro exposure to D-penicillamine, normal human serum was
mixed with varying concentrations of D-penicillamine and
incubated up to 72 h at 37°C. Aliquots were taken at 24-h
intervals. The treated serum was then mixed with aggre-
gated F-II for the induction of chemotactic factors from
the penicillamine exposed complement. Each run at the dif-
ferent concentrations was performed using the same sera.
The concentrations of penicillamine used were the control
(0 concentration), 5 mg/liter, 10 mg/liter, 25 mg/liter, and
50 mg/liter.

Statistical analysis for these studies were done using the
Wilcoxon signed rank sum test for paired replicates. When
unpaired tests were used the Wilcoxon rank sum test was
used. P values of 0.05 or less were considered significant
for these experiments. A regression line was fitted to the
mean responses (in log chemotactic index units) at the
various concentrations for both the D-penicillamine and cys-
teine. The analysis for the effects of D-penicillamine and D-
cysteine on chemotaxis was performed by analysis of
variance.

RESULTS
Table I shows the results obtained in studies of the
chemotaxis of PMNwith concentrations ranging from

TABLE I
Effect of D-Penicillamine on Chemotaxis of PMN

Chemotactic index
D-Penicil-

n lamine Agg IgG* Agg IgG + C

mg/liter .llean d:SE.1I P

30 0 76± 10 426±56
13 12.5 75±11 6034±103 <0.05
16 25 63±10 519483 NS
30 50 74±10 319±43 <0.01
30 100 73±-9 243 ±31 <0.01
17 200 66410 190±38 <0.01
15 400 59±8 175±48 <0.01

* P, NS at all concentrations.

12.5 to 400 mg/liter for D-penicillamine and in Table II
for D-cysteine from 50 to 400 mg/liter.

No significant effect (when compared to the control)
was seen at the 25 mg/liter concentration of D-penicil-
lamine, although there was stimulation at 12.5 mg/liter
(P < 0.05). A significant decrease of chemotaxis of the
PMNwas seen starting at a concentration of 50 mg/
liter and a more pronounced effect at the higher con-
centrations. There was a plateau as the higher concen-
trations were reached and this can be seen graphically
in Fig. 1. The data showing the means±SEM with the
number of experiments for each concentration is shown
in Table I. In this table are also seen the values when
aggregated gamma globulin only was present. Aggre-
gated gamma globulin alone in the absence of comple-
ment showed no chemotactic effect. It is noted that the
chemotactic values for the cells in these experiments
without chemotactic stimulation showed no change with
increasing drug concentrations. The constant values for
the chemotactic index shows that D-penicillamine will
not act to inhibit random migration even at concentra-
tions up to 400 mg/liter.

At the same concentrations of D-cysteine it can be
seen in Fig. 1 (and Table II) that the inhibitory affect
of this drug was not demonstrated until concentrations

TABLE II
Effect of D-Cysleine on Chemotaxis of PMN

Chemotactic index

n D-Cysteine Agg IgG Agg IgG + C

mg/liter Mean4SEM P

11 0 66i24* 583±133
10 50 92±18 587±140 NS
11 100 63410 407±80 <0.1
11 200 66±18 271±i52 <0.01
11 400 68+15 294±58 <0.01

* P, NS at all concentrations.
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FIGURE 1 Effect of D-penicillamine and D-cysteine on poly-
morphonuclear leukocyte chemotaxis.

of 100 mg/liter were reached. The effect on random
migration was the same as that seen with D-penicillamine
(Table II). The relationship of similar concentrations
of r-cysteine and r-penicillamine are seen in Fig. 1.

Estimates of dosage affects on chemotaxis were made
by setting up a computer program that would also take
into account day to day variation and a model prepared
for the data. When the responses were plotted against
levels of D-penicillamine over the range of dosages from
12.5 to 400 mg/liter, the response was approximately
linear. A regression line was fitted to the mean re-
sponses. Analysis showed that there were very sig-
nificant dosage affects when compared to the controls.
The affect among the dosage groups were linear with a
low concentration (12.5 mg/liter) showing higher chem-
otactic indices than controls and higher concentrations
with lower chemotactic indices than controls. For
cysteine there were similar findings, but there was sig-
nificantly less effect of D-cysteine on chemotaxis at dos-
ages 100, 200, and 400 mg/liter. The response to the
D-cysteine was also linear with the slope not significantly
different from that found with D-penicillamine. indicating
that the effect of both drugs on chemotaxis was similar
although less marked with D-cysteine. With both drugs
the effect seemed to level off at 200 to 400 mg/liter
dosage level.

TABLE III
Chemotaxis after Complement Incubation with

D-Penicillamine for Prolonged Periods

Duration Final D-penicillamine concentration
of

incubation 0 5 10 25 50

h mg/liter

24 170 136 228 245 72
48 265 479 319 274 325
72 655 760 514 600 605

TABLE IV
The Effect of D-Penscillamine and D-Cysteine

on f3-Glucuronidase Release Jrom
Phagocytosing PMN

Percent of total activity of fi-glucuronidase in medium

Drug D-Penicillamine
concen- D-Cysteine
tration Normals* RAI Normals*

mg/liter Mean4SEM

0 33.6+2.5 33.1±2.4 31.8±1.6
25 35.1 4.0§ 34.8±2.8 26.7±1.411
50 34.4±43.3 34.2 ± 1.9 30.9±-1.4

100 33.3+2.9 34.5±2.7 31.0±1.5
200 33.2±2.8 33.1 2.0 31.3±2.2
400 34.2±2.4 32.8±1.9 32.3±1.4

* 15 experiments.
10 experiments.

§ 8 experiments.
11 5 experiments.

The statistical analysis of the chemotaxis data was
performed by Professor W. Jackson Hall, Department
of Biostatistics, University of Rochester.

Since the chemotaxis method depends upon the acti-
vation of serum chemotactic factors by complement ac-
tivation we performed several studies to measure the di-
rect effect of D-penicillamine on complement. Table II
shows that at the higher concentrations of D-penicillamine
there was a reduction of about 10-14% of the CH5o at
maximum drug levels. This would be insufficient to ac-
count for the total effect of chemotaxis inhibition.

To measure the effect of prolonged exposure of peni-
cillamine on complement activation, penicillamine at
concentrations from 0 to 50 mg/liter was incubated with
a normal serum for periods up to 72 h before this serum
was used as the source of chemotactic factors.

It is shown in Table III that there was no difference
at any of the penicillamine concentrations used on chem-
otaxis for any one of the time periods when compared
to the control. It was of interest to note that at 72 h
there appeared to be the maximum stimulatory effect by
the chemotactic factors. However, this was not dependent
on the presence of penicillamine.

Table IV shows the results of studies looking for any
effect of i-penicillamine and D-cysteine on B-glucuroni-
dase release from polymorphonuclear leukocytes phago-
cytosing polystyrene latex particles. The results are ex-
pressed as the percent of the total activity of 8-glucuroni-
dase in the medium. Studies were performed with cells
from patients with RA as well as with cells from normal
controls. With drug concentrations up to 400 mg/liter
there was no effect of t-penicillamine on the release of
i-glucuronidase from phagocytosing cells. This was true
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TABLE V
PMNPhagocytosis of Latex Particles after Incubation

with D-Penicillamine

Concen-
tration of Number of particles/cell
D-penicil-

lamine 0 1-4 5-8 9-16

mg/liter

0 30* 30 31 10
100 28 14 44 17
400 29 24 30 19

* Number of cells counted.

with cells from both normals and from patients with
RA.

In a number of experiments, 60 min after the in-
gestion of latex particles, cells were stained with
Wright's stain to observe the uptake of latex particles
in the presence or absence of the maximum concentration
of penicillamine (400 mg/liter). No difference in up-
take was found when the drug was present. This study
was performed to insure that the enzyme release was
actually related to the uptake of the latex particles.

Although gross visual observation showed no differ-
ence in latex particle uptake at zero concentration and
at maximum penicillamine concentration of 400 mg/
liter, several experiments were performed in which
counts of the ingested latex particles were made in the
presence of no penicillamine, 100 mg/liter, and 400 mg/
liter. Table V shows the distribution of particles in the
polymorphonuclear leukocytes. There is no discernible
difference either in the absence of penicillamine or at
the intermediate or maximum concentrations.

D-Cysteine showed similar findings with virtually no
change in the release of P-glucuronidase as a result of
phagocytosis in the presence of this drug.

LDH activity was studied as an indicator of any toxic
effect of these drugs on the cells. Since LDH is a cyto-
plasmic enzyme, one would expect that if there were to
be any direct toxic effect of D-penicillamine or D-cysteine
then the concentration of LDH in the medium would in-
crease in the presence of these drugs and even more so
if there were to be a dose-related effect. In Table VI it
can be seen that neither o-penicillamine nor D-Cysteine

TABLE VI
The Effect of D-Penicillamine and D-Cysteine on Lactic

Dehydrogenase Release from Phagocytosing PMN

Drug Percent of total activity of LDHmedium*
concen-
tration D-Penicillamine D-Cfysteine

mg/liter Mean -ISEM

0 28.5±1.8 29.2±2.8
25 30.14±2.5 32.6±1.21
50 28.5±2.5 29.0±2.3

100 27.8±1.8 27.7±2.3
200 28.1±-2.1 25.9±2.5
400 29.0±1.3 29.4±2.4

* Mean of 11 experiments.
t Mean of 3 experiments.

had any affect on the cells to cause release of this
enzyme.

Our standard method for chemotaxis (14) has been
to use a 3-h incubation period. Since the phagocytosis
experiments normally use a shorter incubation period,
(i.e., 11 h), we performed a set of experiments with
chemotaxis using this shorter time period. At a con-
centration of 400 mg/liter of n-penicillamine the chemo-
tactic index was 54% of the control. This shows that
even with the shorter chemotaxis period D-penicillamine
demonstrated an inhibitory affect.

It should be noted that witlh chemotactic experiments,
the cells were exposed to the D-penicillamine for 60 min.
After they were placed on the membrane filter no addi-
tional penicillamine was added. Althouglh some penicil-
lamine would be present on the filter, the solution is
almost completely absorbed by the absorbant pads used
during the centrifugation process. The amount remain-
ing on the filter was calculated to be 5 X 10i of the
total chamber volume (by the weight of fluid remaining
in the filter). Thus, the effect of the penicillamine was
that present in the initial incubation and whatever was
present on the cell surfaces and not due to any D-peni-
cillamine in the medium in the chamber during chemo-
taxis. The phagocytosis experiments, on the other hand,
were carried out for the total incubation period with the
full concentration of the drug present in the medium.

The possibility existed that in the presence of mercap-

TABLE VII
Direct Effect of D-Penicillamine, D-Cysteine, and Polystyrene Latex on Enzyme Activity in Plasma

D-Penicillamine D-Cysteine Polystyrene latex (0.05%)

mg/liter
0 400 0 400 Absent Present

,#-Glucuronidase (OD) 0.050 0.050 0.046 0.042 0.069 0.073
LDH (IU) 96 97 115 120 62 60
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TABLE VIII
Effect of D-Penicillamine on Complement Activation

Activity of
D-Penicillamine control CH.o

mg/liter %

50 98.7
200 88.6
400 85.0

tans (D-penicillamine and D-cysteine) there might be a
direct affect on enzyme function. A series of control
experiments were performed to measure the direct effect
of D-penicillamine and D-cysteine on the activity of
,-glucuronidase and LDH. Wealso considered that the
latex particles might also have a similar effect (to de-
press measured enzyme) perhaps because of absorption
of the enzyme material and experiments were also made
to measure these enzymes in the presence or absence
of the polystyrene latex particles. As indicated in the
Methods, these measurements were made on enzyme
activity present in plasma.

Table VII shows that at maximum concentrations of
D-penicillamine and D-cysteine there was no measurable
effect on the activity of P-glucuronidase and LDH. In
addition it was also found there was no effect of poly-
styrene latex particles on the activity of these enzymes.
The concentration of latex particles used was the same
concentration as those used during the course of the
experiments.

As a further control, several experiments were per-
formed to measure the direct effect of penicillamine on
complement activation. In Table VIII it can be seen that
at concentrations of penicillamine up to a maximum of
400 mg/liter there was a slight drop in total comple-
ment activity up to a maximum of 15% loss at this level.
Even at these maximum concentrations there is seen to
be only a minimal effect of penicillamine on complement
activity.

DISCUSSION
The rationale for the use of D-penicillamine in the treat-
ment of RA was based upon the observation that this
drug acted as a dissociation agent on the disulfide bonds
of rheumatoid factor (15).

Subsequent studies have shown that D-penicillamine is
an inhibitor of lymphocyte transformation and by this
means will decrease immunoglobulin production (16).
It should be pointed out that in the work done by Roath
and Wills (16), inhibition of lymphocyte transformation
was not seen until a concentration of 600 mg/liter was
reached. When they used 200 and 400 mg/liter (the lev-
els used in our study) no effect was noted on the cell
activity. They noted that at concentrations up to 1,000

mg/liter lymphocytes were inert but relatively undam-
aged. This effect on lymphocyte function was inter-
preted by them as a clear demonstration of the effect of
D-penicillamine as an immunosuppressive agent. Though
this experimental evidence exists, Huskisson and Berry
(17) found no evidence of any in vivo change which
could correlate with an effect of D-penicillamine on thy-
mus-derived (T) lymphocytes. They did not find any
suppression of responsiveness to interdermal tuberculin
or Keyhole limpet hemocyanin while their patients
were taking this drug.

Liyanage and Currey (18) found no effect on delayed
hypersensitivity or on humoral reactions when D-penicil-
lamine was given to rats orally in doses 10 times greater
than have been used in studies in humans. They also
found that adjuvant arthritis was not affected by D-peni-
cillamine.

Specific immunoglobulin levels have been demon-
strated to fall after treatment with D-penicillamine since
Bluestone and Goldberg (19) reported that IgG, IgM,
and IgA fell during the course of treatment. These dif-
ferences may be either due to the varying effects of drug
concentration or to the cumulative effect of the drug.
Although there is little data on the blood levels required
for the action of penicillamine in the treatment of RA,
some estimates have been made. Blood levels of roughly
25-30 mg/liter are considered to be in the therapeutic
range.2 However, no data is available on measurements
of penicillamine levels during the course of therapy.

Cysteine was used to see if the properties of D-peni-
cillamine were due solely to its mercaptan structure
since this is identical in both compounds. Some of their
effects differ since D-penicillamine has been shown to
inhibit polio virus RNA synthesis at concentrations
ranging from 100 to 1,000 mg/liter, while D-cysteine
hydrochloride did not show this same inhibitory effect
(20). We found in our chemotaxis experiments that
D-cysteine showed quantitatively less inhibition.

Penicillamine is a derivative of n-cysteine (P-P-di-
methylcysteine). Although a mercaptan D-cysteine has
activity which is somewhat different from penicillamine
since as indicated above, this compound does not show
the antipolio virus effect shown by penicillamine. DL-
Cysteine hydrochloride has been shown to inhibit the
development of adjuvant arthritis in the rat (21). This
is another indication that cysteine (or similar mercap-
tan compounds) has an effect on inflammatory (cellu-
lar?) function. Cysteine has also been found to inhibit
blastic transformation of lymphocytes at concentrations
of 300 mg/liter. This dosage is within the levels used in
our study (22).

Jaffe has pointed out that the effects on bone marrow
that have been reported with penicillamine are not the

2Jaffe, I. A. Personal communication.
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same as those seen with cyclophosphamide or azothio-
prine. In the case of penicillamine the effect on the bone
marrow appears to be a hypersensitivity reaction to the
drug and not to any direct effect on the marrow. This
probably accounts for the usual reversibility of the he-
motologic side effects after treatment of patients with
penicillamine (23).

It was recently claimed in studies of penicillamine in
the treatment of arthritis that the effect was due purely
to a suppressive effect on the lymphocytes (24). Lym-
phocyte counts were significantly lower in patients
treated with penicillamine with a diminution of T and
bone marrow derived (B) lymphocytes. In comparison
with the patients given penicillamine, steroids, and cy-
clophosphamide, the patients on penicillamine and ster-
oids had a normal to increased number of granulocytes
in the blood, while, as would be expected, patients
treated with cyclophosphamide showed significantly
lower granulocyte counts. The authors considered the
effect on the lymphocytes by n-penicillamine to be im-
munosuppressive.

A major point which is demonstrated by our results
is the dicotomy of the effect of penicillamine on the func-
tion of the polymorphonuclear leukocyte. It is inhibitory
for chemotaxis. Chemotaxis defined as directed migra-
tion of the cell in response to a chemotactic stimulus
(25) may be affected by several mechanisms, e.g., me-
tabolism of the cell before phagocytosis (12), deficiency
of the attractant (26), or the presence of a chemotactic
factor inactivator (27). However, it was seen that there
was no effect on random migration even at the maxi-
mum concentrations used (Table I). This shows that
D-penicillamine has a specific effect on the cell during
its reaction to a chemotactic stimulus. Since there was
no effect on random migration it may be a specific ef-
fect on the interaction between the chemotactic attrac-
tant and a receptor site on the membrane of the poly-
morphonuclear leukocyte.

The effect of penicillamine on the PMNappears to be
quite similar to the effect we have seen with a specific
complement deficiency. Alper et al. (28) have reported
a patient with a homozygous C3 deficiency. This pa-
tient had a defect in both phagocytosis and chemotaxis
both of which were corrected by the addition of C3 to
her serum. On the other hand, we have studied a pa-
tient with C5 deficiency who, though showing a pro-
found impairment of chemotaxis, showed normal phago-
cytosis (26). This patient shows frequent recurring
and extensive infections (mostly cutaneous) (26).
Therefore, the effect of penicillamine is similar to that
seen in a patient with C5 deficiency but unlike the fea-
tures of C3 deficiency. Becker (29) has suggested that
chemotaxis occurs by the activation of proesterase present
on the membrane of the cell. Once this proesterase is

activated subsequent reactions are triggered, resulting
in movement of the cell in the direction of the site at
which the proesterase was activated. Based on this
theory there is a strong possibility that the penicillamine
action on the cell membrane may be by a dose-dependent
inhibition of proesterase activation.

Another possible explanation for the inhibition of
chemotaxis by penicillamine would be a direct effect of
the penicillamine on complement activation although
phagocytosis is enhanced by activated C3 (C3b) and
C5(C5b) (30). This appears to be unlikely, since in the
phagocytosis experiments there was direct exposure to
the various concentrations of the drug for the period
during which the incubation and phagocytosis with the
latex particles took place. No effect was seen on phago-
cytosis in spite of the continuous presence of the drug.

In the chemotaxis experiments the exposure to the
drug was only maintained at the experimental concen-
tration during the preincubation period of 15 min. After
this the cells were spun down on the membrane filter,
the fluid being absorbed by an absorbant pad. Although
some penicillamine would remain on the membrane, the
volume was fractional and is diluted by the serum and
HBSS which was then placed into the chamber. The
same complement factors are involved in chemotaxis al-
though another split fragment is involved (C3a and
C5a). Thus is would be unlikely for the marked effect
seen with chemotaxis to be due to complement interfer-
ence which in these experiments involves a shorter ex-
posure to the penicillamine and cannot be seen with
phagocytosis where the exposure to the penicillamine
occurred in higher concentrations for at least four times
as long. The direct effect of penicillamine on total com-
plement activation (CH5o) was found at the higher con-
centrations but appeared to be a minimal effect.

It appears that the effect of penicillamine causing the
inhibition of chemotaxis is due to a direct effect of peni-
cillamine on the cell membrane.

Phagocytosis is a more complicated function of the
polymorphonuclear leukocyte and under the conditions of
the experiment penicillamine would be taken into the
cell with the latex particle in the phogosome. This could
occur by adsorption of the material on the latex particle
or because of the presence of the compound on the mem-
brane surface. However, there was no inhibition of
phagocytosis or on the subsequent release of a lysosomal
enzyme into the medium. Our results are also in agree-
ment with Hawkins (31) who in similar experiments
with other drugs found the neutrophil lysosomal release
mechanism to be relatively resistant to drug effects. We
found in several experiments that the uptake of latex
particles into PMNwas not impaired by the absence
or presence of penicillamine in a concentration of 400
mg/liter.
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The demonstration of this unique dicotomy of drug
effect on leukocyte function leads one to several con-
clusions. New drugs which are planned for use in a
disease such as RA could be tested in these systems for
their possible effect on leukocyte function. If inhibition
of chemotaxis but no effect on phagocytosis simliar to
that seen with penicillamine is found, it would appear
that drugs of this type would be less likely to cause in-
fection as a side effect of their use in treatment.

The effect of penicillamine on the function of the
polymorphonuclear leukocyte in vivo is at present be-
ing studied. However, the protocol for this clinical study
is at the present time restricted to patients with Behqet's
disease. Wehave preliminary information but since we
are using the "go low, go slow" regimen most of our
patients are still at the lowest end of the spectrum of
therapeutic levels. The patient on the highest dosage of
penicillamine (1,000 mg/day) to date has shown after
3 mo of this level and 6 mo of total therapy a reduction
of his chemotactic index to normal levels. At the onset
of therapy the chemotactic index of his cells had been
137 to 413% of the normal control.

Whether or not this effect on chemotaxis is responsi-
ble for the decrease in the inflammatory activity of
Behqet's disease or hypothesized in RA cannot be proven
by our results. The major effect of D-penicillamine
therapy has been shown to be a reduction in inflamma-
tory joint activity. This may be a specific result of the
inhibition of chemotaxis restricting the movement of the
PMNinto the joint. Drugs showing inhibition of chemo-
taxis but without an effect on phagocytosis as deter-
mined by these in vitro techniques may thus be effective
and relatively safe for the treatment of RA.
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