loss of Rb function can promote spontaneous
apoptosis and can enhance apoptosis in-
duced by certain anticancer agents (4, 11—
13). In many of these instances, apoptosis
involves p53 (4, 12-15). These observations
predict that reintroduction of normal p53
function .into tumors harboring p53 muta-
tions will enhance apoptosis after radiation
or chemotherapy, an approach that has
proved successful for cisplatin in a lung car-
cinoma cell line (16).

Our results suggest a basis for the associ-
ation between p53 mutation and poor pa-
tient prognosis [for examples, see (17-20)]
and are consistent with studies linking p53
mutation to drug resistance in human tu-
mors. For example, p53 mutations dramati-
cally reduce the probability that patients
with B cell chronic lymphocytic leukemia
will enter remission after chemotherapy
(19). Mutations in p53 are also associated
with tumor relapse in acute lymphoblastic
leukemia (21), suggesting that attenuated
P53 activity confers a selective advantage on
tumor cells undergoing cancer therapy. Fi-
nally, p53 mutations are strictly associated
with anaplastic Wilms tumors (20), an ag-
gressive subtype that is particularly resistant
to therapeutic intervention. In these tumors,
p53 loss is accompanied by attenuated apop-
tosis (22). Because p53 mutations are among
the most common alterations observed in
human cancer, defects in p53-dependent ap-
optosis may be a significant impediment to
successful cancer therapy.
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Transformation of Lupus-Inducing Drugs to
Cytotoxic Products by Activated Neutrophils

Xiaoxia Jiang, Gus Khursigara, Robert L. Rubin*

Drug-induced lupus is a serious side effect of certain medications, but the chemical features
that confer this property and the underlying pathogenesis are puzzling. Prototypes of all six
therapeutic classes of lupus-inducing drugs were highly cytotoxic only in the presence of
activated neutrophils. Removal of extracellular hydrogen peroxide before, but not after,
exposure of the drug to activated neutrophils prevented cytotoxicity. Neutrophil-dependent
cytotoxicity required the enzymatic action of myeloperoxidase, resulting in the chemical
transformation of the drug to a reactive product. The capacity of drugs to serve as my-
eloperoxidase substrates in vitro was associated with the ability to induce lupus in vivo.

More than 40 different medications can
result in unremitting muscle and joint pain
and occasionally compromised heart and
lung function when used for long-term ther-
apy. Symptoms eventually resolve after the
therapy is discontinued. This side effect has
been termed drug-induced lupus because it
is clinically indistinguishable from the idio-
pathic disease systemic lupus erythematosus.
Both forms of lupus are accompanied by
serum autoantibodies to constituents of the
cell nucleus. The prototypic drugs associated
with a lupus-like side effect include anti-
arrhythmics such as procainamide and quin-
idine, the antihypertensive drug hydralazine,
psychotropic drugs such as chlorpromazine,
antibiotics such as isoniazid, and the anti-
thyroid agent propylthiouracil (I). Al-
though some of these drugs are aromatic
amines or hydrazines, there is no apparent
common denominator of a pharmacologic,
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therapeutic, or chemical nature that links
drugs with the capacity to induce lupus.
Idiosyncratic drug reactions such as drug-
induced lupus may depend on metabolic
transformation of the ingested agent to a
reactive intermediate that displays biological
activity different from the parent compound.
Transformation to reactive metabolites with
a common property could also explain how
chemically dissimilar drugs produce the same
adverse reaction. Although the liver is con-
sidered to be the main site of xenobiotic
metabolism (2), drug-induced lupus is a sys-
temic autoimmune disease with no clinical
evidence of liver involvement (I). These
considerations suggest three possibilities for
the productive exposure of the immune sys-
tem to labile metabolites: (i) Immunocytes
encounter the reactive metabolite in the
liver and then migrate to and expand in an
immune compartment. (ii) The metabolite
translocates from the liver to immune com-
partments in a form that preserves its activ-
ity. (iii) The reactive metabolite is produced
locally within an immune compartment
where it acts. Local production of the me-




tabolites maximizes contact between cells
of the immune system and reactive inter-
mediates, but a general mechanism for gen-
erating such products in an immune com-
partment is unknown.

The polymorphonuclear leukocyte (neu-
trophil) has access to all central and periph-
eral immunologic domains. These cells have
the capacity to initiate extracellular oxida-
tive reactions (3), and at a blood concentra-

Fig. 1. Cytotoxicity of lupus-inducing drugs (A)
and their analogs (B) in the presence or absence
of activated neutrophils. Neutrophils from normal
donors were isolated from anticoagulated blood
by Ficoll-hypaque gradient centrifugation after re-
moval of erythrocytes by dextran sedimentation
and ice water lysis (4). Culture conditions consist-
ed of 5 X 10° neutrophils per milliliter, 1 X 10°EL4
cells per milliliter as the targets, and increasing
concentrations of test drugs in a final volume of
0.75 ml of RPMI 1640 medium containing 5% fetal
bovine serum of low hemoglobin content (Hyclone
Laboratories) and 0.01 M Hepes buffer. Activation
was initiated by the addition of zymosan (Sigma)
opsonized with normal human serum to a final
concentration of 0.1 mg/ml. The pH of the medi-
um was maintained at 8.3 for 1 hour at 37°C, and
then the mixture was cultured overnight in
polypropylene tubes with loosened caps in a CO,
incubator (23). EL4 cell viability was measured by
capacity for overnight incorporation of 5 nCi/ml of
3H(thymidine]. Cells were harvested and °H levels

tion of 3 X 10° per milliliter to 4 X 10° per
milliliter, they represent a formidable reser-
voir of oxidative potential. We used a bioas-
say (4) in which the viability of EL4 cells, a
mouse T cell lymphoma, was measured in
the presence of the test drug and neutrophils
activated with opsonized zymosan. If neutro-
phils metabolize the drug to a cytotoxic
product or products in the extracellular me-
dium, the indicator cells will be killed. Cy-

100’A

Cytotoxicity (%)

20} T ;g
L e =

Drug concentration (pM)

measured by scintillation spectrometry. Percent drug cytotoxicity = 100 — 100[(cpm with drug)/(com
control)]. Previous studies demonstrated that DNA synthetic capacity correlated with trypan blue dye
exclusion as well as reduction of the vital dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (20). EL4 cells are not phagocytosed by neutrophils during the incubation period on the basis of
studies showing the lack of cosedimentation with Ficoll-hypaque-separated neutrophils of EL4 cells
prelabeled with *Hithymidine]. Filled and open symbols represent drug-mediated cytotoxicity in the
presence and absence, respectively, of activated neutrophils. The drugs in panel (A) are procainamide (¢,
<), propylthiouracil (¥, V), isoniazid (M, [, hydralazine (+, +), quinidine (&, A), and chlorpromazine (@,
O). The correspondence analogs in panel (B) are N-acetylprocainamide (¢, <), propyluracil (¥, V),
isonicotinamide (M, CJ), phthalazine (+, +), quinoline (A, A), and promazine (@, O). Variances are SD.

Fig. 2. Role of myeloperoxidase (MPO) in neutro-
phil-dependent drug cytotoxicity. The standard
cytotoxicity assay was performed with activated
neutrophils and the addition of increasing concen-
trations of NaN, in the presence of 30 uM pro-
cainamide (#), 30 wM propyithiouracil (¥), 30 pnM
isoniazid (M), 20 wM hydralazine (+), 15 uM quin-
idine (A), or 10 wM chlorpromazine (@). In the
absence of neutrophils, EL4 cells were unaffected
by >0.4 mM NaN,. In a separate experiment neu-
trophils were activated at 4 x 107 per milliliter in
Dulbecco’s phosphate-buffered saline [contain-
ing glucose (1 mg/ml), bovine albumin (1 mg/ml),
and 0.01 M Hepes (pH 7.2)] by addition of 1 mg of
opsonized zymosan per milliliter. After 30 min at
37°C, supernatant was collected by centrifuga-
tion. MPO activity was measured after 50-fold di-
lution into substrate solution consisting of 300 uM
H,0,, 250 uM o-dianisidine, and increasing con-
centrations of NaN,. MPO activity was based on
the initial velocity (V) of o-dianisidine oxidation at
37°C determined from the absorbance at 450 nm
(A,50) recorded every 0.3 min for 2 min and an
oxidized o-dianisidine molar extinction coefficient

NaN, (M)
5020 10 5 2 A 0

90

Drug-mediated cytotoxicity (%)

0 T 1 L 1
0 5 10 15 20

MPO activity (100 x A,5,/min)

of 1.13 X 1074 cm~" (24). At[NaN,] = 0.0 uM, MPO activity = 8.0 plU/ml. MPO activity is plotted against
percent cytotoxicity determined at the same [NaN,]. Variances are SD.
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totoxicity increased when neutrophils were
activated in the presence of increasing con-
centrations of all six therapeutic classes of
lupus-inducing drugs (Fig. 1A). Drug con-
centrations were selected to be less than or
equal to normal therapeutic blood concen-
trations; cytotoxicity ranged from 40 to 90%,
depending on the drug. Quinidine and chlor-
promazine displayed low but significant kill-
ing of target cells in the absence of neutro-
phils, but neutrophils enhanced toxicity of
these drugs two- to fourfold. Cytotoxicity
was very specific to the medically useful form
of the drug; analogs that do not induce
lupus (5, 6) or are not therapeutics were
noncytotoxic in the presence or absence
of neutrophils (Fig. 1B). Promazine, like
chlorpromazine, was slightly cytotoxic,
but unlike the lupus-inducing parent com-
pound, promazine toxicity was not en-
hanced by activated neutrophils.

When the complement receptor of neu-
trophils is engaged by opsonized particles,
respiratory burst and degranulation respons-
es are initiated, resulting in extracellular
production of various reactive oxygen spe-
cies including O,~, H,0,, and OCI™ (3).
We tested whether these agents or the bio-
chemical reactions that produce them me-
diate the transformation of drugs to cyto-
toxic products. Elimination of O, by su-
peroxide dismutase had no effect (7). As
shown in Table 1, removal of H,O, by
addition of catalase at the start of the reac-
tion completely blocked neutrophil-depen-
dent drug cytotoxicity. However, none of
the drugs directly reacted with H,0, con-
centrations as high as 0.1 mM, as measured
by drug recovery studies or cytotoxicity (7).
When activated neutrophils were preincu-
bated with each drug for various lengths of
time before addition of catalase and the
target cells, neutrophil-mediated drug cyto-
toxicity became increasingly independent
of H,0O, (Table 1). These results suggest
that H,0O, is necessary for transformation of
drugs to cytotoxic products but cytotoxicity
is not due to accumulation of H,O, (8).

Within a few minutes after activation of
neutrophils, myeloperoxidase (MPO) is de-
tectable in the extracellular medium because
of its exocytosis from azurophil granules (3,
9). To determine its possible role in drug
transformation, we inhibited MPO activity
by adding increasing amounts of NaN;. At
50 uM NaNj, approximately 1% of MPO
activity remained, and neutrophil-mediated
cytotoxicity of all the drugs was essentially
neutralized. With less inhibition of MPO
activity, drug-mediated cytotoxicity in-
creased (Fig. 2). The stoichiometric relation
between MPO activity and cytotoxicity sug-
gests that neutrophil-dependent drug cyto-
toxicity required the enzymatic activity of
MPO.

Further support for the role of MPO en-
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adding increasing amounts of test drug was
determined with H,O, as the primary and
o-dianisidine as the secondary substrate. All

zymatic activity in drug transformation was
obtained by enzyme kinetic studies with pu-

rified MPO. The effect on MPO activity of

Table 1. Effect of catalase on neutrophil-dependent drug cytotoxicity. Neutrophils were activated in the
presence of drug at the concentrations used in Fig. 2. Catalase at 50 U/ml and target cells were
subsequently introduced simultaneously at various times, and the standard cytotoxicity assay was:
continued. Percent catalase sensitivity = 100 — 100 X (drug-mediated cytotoxicity in the presence of
catalase)/(drug-mediated cytotoxicity in the absence of catalase). Variances are SD.

Neutrophil-dependent

Drug present Time of catalase cytotoxicity (%) Catalase
during neutrophil and target cell sensitivity
activation addition (hour) D Drug + (%)
rug
catalase
Procainamide 0.0 513 0x4 100
0.3 53+6 16 + 2** 69
1.0 44 +5 31 =3 29
2.0 30+6 27 £ 1+ 9
Propylthiouracil 0.0 57 £2 1x4 o8
0.3 53+6 11 £ 3 79
1.0 45 =7 28 + 2** 37
20 32=*3 27 + 3 15
Isoniazid 0.0 36 +3 -2=*0 104
0.3 38 %3 8+ 4* 79
1.0 32=+8 24 + 3" 27
20 20+ 3 18 + 4* 8
Hydralazine 0.0 362 —-2*7 104
0.3 40+ 4 4+2 91
1.0 315 23 = 3* 27
2.0 22+ 3 18 £ 2* 18
Quinidine 0.0 40 =6 -1+2 102
0.3 33+4 72" 79
1.0 25+6 22 + 3 12
2.0 16+2 11 + 4* 34
Chlorpromazine 0.0 384 2+2 94
0.3 28+ 5 4+2 84
1.0 18+6 71 60
2.0 5+4 2 +1 65

*P < 0.05; **P < 0.005, compared with time = 0.

Table 2. Inhibition of MPO activity by lupus-inducing drugs and their analogs. Dashes indicate that the
compound does not induce lupus. ND, not defined.

Lupus- Neutrophil- MPO activity
inducing mediated L
Drug incidence* cytotoxicity at % inhibition at clggls?ggt%
0
(%) 10 pM drugt 10 pM drugt K, uM)
Procainamide 15-20 76 = 11 17 +5 31396
N-Acetylprocainamide - -3+3 3x2 ND
Hydralazine 5-10 37 x4 95 +5 0102
Phthalazine - -3=*1 2=+1 ND
Quinidine <1 26+ 4 217 229+ 3.0
Quinilone - 1+1 0+3 ND
Chlorpromazine <1 307 29+8 145+ 43
Promazine - -5=1 3*5 ND
Isoniazid <1 24 +3 40 +5 7.4 *+51
Isonicotinamide - 1x1 1+3 ND
Propylthiouracil <1 63 = 11 87 =1 1.0+ 0.7
Propyluracil - —4+2 0x2 ND

*Approximate incidence of drug-induced lupus during 2 years of therapy (7). tValues at 10 pM drug were derived
by interpolation of the nonlinear least squares fit of the data shown in Fig. 1 and subtraction of cytotoxicity in the absence
of neutrophils. The measure, of variability is the standard deviation from regression. {The V; at 10 pM drug was

" determined at 37°C in 0.01 M.borate buffer (pH 7.2) with o-dianisidine (100 pM) and H,0,, (300 pM). The reaction was
initiated by addition of 10 wul of purified MPO (Calbiochem) to a final concentration of 5.7 wlU/ml. Oxidation of
o-dianisidine was monitored at 450 nm for 2 min and converted to an initial rate (V) by linear regression. Percent inhibition
(= SD) =100 — 100 X (V; in presence of drug)/(V, in absence of drug). §K; was determined by means of four
o-dianisidine concentrations between 100 and 250 wM and six drug concentrations. For each drug, nonlinear least
squares analysis was used to find the intersection point of the four plots of 1/V; versus [drug], which = —K; (26). The
measure of variability is the standard deviation of the estimated x-coordinate from the intersection point of the four
regression curves.
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the drugs behaved as competitive inhibitors
of MPO activity, as indicated by the kinetic
patterns of Lineweaver-Burk and Dixon
plots; inhibition constants (K/s) are listed in
Table 2. The K/’s of hydralazine and propyl-
thiouracil were significantly lower (that is,
had stronger inhibition potency) than those
of the other drugs (P < 0.05). At a concen-
tration of 10 uM, all lupus-inducing drugs
displayed significant MPO inhibitory activi-
ties (P < 0.005 compared with their respec-
tive analogs), and percent inhibition was
roughly comparable with cytotoxic potency
at this concentration, except for procain-
amide. In contrast, the analogs of these drugs
that were incapable of supporting a cytotoxic
reaction showed essentially no capacity to
inhibit MPO activity (Table 2). The associ-
ation between competitive inhibition poten-
cy and neutrophil-mediated drug cytotoxic-
ity supports the view that these drugs un-
dergo chemical transformation to cytotox-
ic products through the enzymatic action
of MPO. Furthermore, the hierarchy of
neutrophil-mediated cytotoxicity at 10
pM drug was similar to that of the inci-
dence of clinical lupus during long-term
therapy (10), suggesting that these in vitro

*

Drug recovery (%)
8

201

0 1 1 1 1
0O 20 40 60 80 100 120 140
MPO (pIU/ml)

Fig. 3. Chemical transformation of drugs by MPO.
Each drug was mixed with increasing concentra-
tions of MPQ in 0.01 M phosphate buffer (pH 7.3)
and 0.1 mM hypoxanthine. The reaction was initi-
ated by addition of xanthine oxidase (Sigma) at 25
mU/ml to generate O,~, which spontaneously
dismutates into H,O,. After 30 min at 37°C, sam-
ples were ultrafiltered into prefrozen tubes. Sam-
ples (500 p.l) were subjected to high-performance
liquid chromatography on a C-18 reversed-phase
column (Synchrome), and the recovery of parent
compound was quantified by integration of the
absorbance tracing measured at the absorption
maximum and elution position of each drug (25).
Initial concentrations were 30 wM for procain-
amide (), N-acetylprocainamide (<), and quini-
dine (A); 10 uM for chlorpromazine (@), isoniazid
(M), hydralazine (+), and phthalazine (+); and 3
wM for propylthiouracil (W) and propyluracil (V).



observations have in vivo significance.

Metabolism of the drugs by MPO was
demonstrated directly in a cell-free system.
The enzymatic action of xanthine oxidase
on hypoxanthine generated O, at a rate
equivalent to that generated by 3 X 10°
neutrophils per milliliter activated with op-
sonized zymosan. Cell-free drug metabolism
was measured in the absence of NaCl, there-
by precluding a role for OCl™ in these pro-
cesses. Addition of increasing amounts of
MPO caused a dose-dependent loss of all six
parent compounds (Fig. 3). Quinidine was
least susceptible, with approximately 10%
transformation at a MPO concentration of
0.1 mU/ml; this was followed by procain-
amide, chlorpromazine, isoniazid, propyl-
thiouracil, and hydralazine. Hydralazine was
essentially undetectable after the mixture
was incubated with 0.025 mU of MPO
per milliliter for 30 min. The analogs
N-acetylprocainamide, propyluracil, and
phthalazine (which were inert in the bio-
assay) were unaffected at the highest MPO
concentration tested.

The inhibition kinetics suggested that
the cytotoxicity of drugs exposed to activat-
ed neutrophils was due to their capacity to
serve as substrates for enzymatic reactions
involving MPO. Despite this substrate pro-
miscuity of MPO, analogs of lupus-inducing
drugs with blocked or missing functional
groups such as -NH,, -NHNH,, -SH, -Cl, or
-OCHj; were not metabolized by MPO, and
the oxidation of o-dianisidine by horseradish
peroxidase required 5- to 100-fold higher
drug concentrations to cause equivalent in-
hibition (7). Apparently, after oxidation of
H,O,, the heme group in MPO can accept
electrons from certain unnatural aromatic
compounds. As a result, the drugs are chem-
ically altered, producing numerous extra
chromatographic peaks (7). We suggest that
some of these metabolites are cytotoxic, pos-
sibly as free radicals capable of both oxida-
tion and reduction reactions (11, 12). There
have been other reports on the transforma-
tion of drugs by neutrophil MPO (12, 13) or
other peroxidases (14), but no biological ac-
tivity other than enhanced nonspecific bind-
ing to macromolecules was demonstrated
(15). We have shown that MPO-mediated
biotransformation is a general property of all
pharmacologic classes of lupus-inducing
drugs and that their metabolites display cy-
totoxicity at therapeutically relevant con-
centrations. Detection of oxidized metabo-
lites of procainamide in serum of procain-
amide-treated patients (16) and animals (16,
17) and the common finding of autoantibod-
ies to neutrophil MPO and lactoferrin in
patients with hydralazine-induced lupus (18)
are consistent with a role for activated neu-
trophils in oxidative transformation of lupus-
inducing drugs in vivo. Our in vitro bioassay
may provide a reliable way to screen medi-

cations with high potential for idiosyncratic
toxic reactions without the need for radio-
actively labeled drug.

The capacity to be oxidized by the extra-
cellular MPO-H,O, system of activated neu-
trophils appears to be a common feature of
lupus-inducing drugs despite their chemical
and pharmacological heterogeneity. Gener-
ation of reactive drug metabolites through
neutrophil action also provides a mechanism
for delivering labile compounds into im-
mune compartments where disruption of im-
mune tolerance presumably occurs. Cytotox-
icity may induce autoimmunity by exposing
autoreactive lymphocytes to abnormal forms
of self-material released during premature
cell death. However, it appears more likely
that subtoxic concentrations of reactive drug
metabolites could bring about immune dis-
regulation. Through a general capacity to
participate in oxidation-reduction reactions,
labile drug metabolites may act at the lym-
phocyte membrane to cross-link accessible
receptors involved in signal transduction
(19). Procainamide-hydroxylamine, which is
lymphotoxic at 13 uM (20), has been report-
ed to be mitogenic at 0.4 to 4 pM (21).
Identification of other reactive drug metab-
olites and the macromolecular targets that
produce hyperimmune effects offers promise
for explaining the processes that can lead to
systemic autoimmune disease.
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